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ELECTRON IONIZATION CROSS SECTIONS FOR HARD TO VAPORIZE MATERIALS 

C. K. Crawford 

Massachusetts Institute of Technology 

The accurate measurement of low energy electron ionization cross sections for low 

vapor pressure materials presents unusual experimental difficulties. In order to obtain 

neutral target particles, the use of a crossed beam geometry seems forced; a neutral 

beam is normally generated by vaporization of sample material under Knudsen or Langmuir 

conditions. Three serious problems arise: the identification.of the chemical species 

actually present in the beam, the calibration of neutral beam flux density (including 

the flux of each species) , and the identification of the specific reactions in the 

collision region which result in the ion species observed. Even pure elements 

frequently vaporize in a number of polyatomic species, and fragmentation commonly occurs 

(often with high fragment kinetic energies). 

A comparison is made herein between the relative advantages of several techniques 

proposed by various groups to circumvent these difficulties. Included are simple 

methods such as Knudsen cell weight loss measurements (coupled with thermodynamic 

arguments), beam trap weight gain measurements, and more complicated methods such as 

the multiple crossed beam technique. A new (completely untried) exponential depletion 

method, which can measure cross sections without any knowledge of neutral flux density, 

is discussed. 

The simpler techniques do not appear capable of providing adequate data. In 

using the more involved procedures however, the spectre of unexpected (and undetected) 

systematic errors is cause for serious concern. 

15 



COMPUTER CONTROLLED DATA ACQUISITION AND ISOTOPIC 

RATIO MEASUREMENTS IN REAL TIMS 

C. A. Bailey^ R. L. Peterson, P. D- Siemens, 

and R. J. Dupzyk 

Lawrence Radiation Laboratory, University of California 

Livermore, California 

June 6, 1969 

ABSTRACT 

A cora.puter program has been written on a kK PDP-8 for on-line data acquisition 

from a multistage mass spectrometer. This system includes real time data acquisition, 

display, and data reduction. Data are obtained by pulse counting techniques (20 nano

second double pulse resolution) with the computer providing raultisumming scaling over 

256 channels. 

A keyboard monitor provides the operator with complete control of the system. 

By typing control characters on the teletype various operations occur, such as; calling 

for real time data acquisition; storage of data on DECtape (magnetic tape); real time 

data display (log or linear); finding peaks in the spectrum; calculating atom ratios; 

or printing data on the teletype. By using program Interrupt techniques several of 

these operations appear to go on at the same time. 

This work was performed under the auspices of the U. S. Atomic Energy Commission. 
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COMPUTER CONTROLLED DATA ACQUISITION AND ISOTOPIC 

RATIO MEASUREMENTS IN REAL TIME 

C. A. Bailey, R. L. Peterson, P. D. Siemens, 

and R. J. Dupzyk 

A computer controlled data acquisition and isotopic ratio zneasuretnent system has 

been developed by four people. Mr. Dupzyk was responsible for the overall design of the 

system, Mr. Peterson was responsible for the pulse counting and magnet sweep interfaces, 

Mr. Siemens was responsible for the data acquisition program, and Mrs. Bailey was 

responsible for the data reduction program. 

At the heart of the system called MS-XL, which is a multistage, surface ionization 

mass spectrometer with electron multiplier detection in conjunction with pulse counting, 

lies a k-K PDP-8 computer. This small computer acts as a middle man between the Mass 

Spectrometer and its operator. 

In designing the system the following important features were included; 

1) The operator has complete control of the system, that is, he is able to 

start or stop any operation of his choice when he chooses. 

2) If an error is made while typing an Instruction, the system is able to 

recover from it without loss of time or information. 

3) All commands are given over the teletype, with the exception of initial 

start up, so that an operator with little or no computer experience can operate the 

system. 

For these reasons the entire system was written using the computer's interrupt service. 

This service gives the illusion that several operations occur at the same time. 

In this system the magnetic field is swept over several hundred gauss. Just how 

fast the field is swept is under hardwire control and is interfaced to the computer. 

Each sweep is divided into 128 equal time segments or channels. A sweep is defimd as 

the passing of the magnetic field from low gauss to high gauss. A free running clock in 

the computer is able to count to U096 in equal time segments, thus allowing 32 clock 

counts per channel. Every 32nd clock count causes an interrupt signalling the computer 

that there is data for a channel in the pulse scaler to be transferred to the computer. 

When the clock interrupts the computer the pulse scaler is gated off until the data has 

been transferred to a temporary buffer. The scaler is then cleared and gated on to 

continue accumulating data. The data transfer time is less than ^00 nanoseconds. Pulses 

are counted with a 20 nanosecond pulse resolution in a 12 bit scaler. 

At any time the operator is free to do several things with the information stored in 

the temporary buffer. 

He can -

1) cause the data to be stored in a single precision buffer and displayed on a 

scope as real time data. The operator can see what is occurring in each channel as 

the data are collected. 

2) or cause the data to he added to a double precision buffer, channel by channel, 

to give what is called multi-summing-scaling. In using this technique data for the 

incoming channel are added to the previous data for that given channel giving an 

enhancement of signal to noise. Signal enhancement is proportional to the square 
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root of the number of sweeps. 

Either of these operations can be displayed on a scope as a linear display with scaling 

available or as a logarithmic display with decade lines making it possible to estimate 

the number of counts in the peaks. 

After the data hâ e been collected, via the multi-summing-scaling technique, they are 

stored on dectape and the data reduction code is brought into core. 

The following ideas were used in reducing the data. 

1) A simple smoothing technique of a running sum is applied to the data. 

2) The first and last 1/2 mass unit of the spectrum are ignored when search

ing for peak heights. This blocks out tails from adjacent peaks not desired in 

the analysis. 

3) Peak heights are found by searching the spectral array for the largest 

number which represents a peak. 

k) Background are found by searching for the lowest number up to 3/^ of a 

mass unit from the peak height on either side of the peak. They are averaged to

gether and subtracted from the peak height to give a net count for the peak, which 

is then used to calculate the atom ratios. 

5) When the peaks are found they are displayed upside down so the operator 

can observe where the backgrounds were taken. 

6) An unweighted average of the atom rations from any number of spectra can 

be calculated. Errors are calculated as one standard deviation assuming a Poisson 

distribution. 

The interrupt service in tlais program has given the operator rauch more versatility 

in running his samples and collecting his information. 
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MSYS - A GENERAL-PURPOSE PROGRAMMING SYSTEM ' 
FOR MASS-SPECTROMETER COMPUTATIONS 

D. R. McAdams 
Esso Research Laboratories 
P. 0. Box 2226 

Baton Rouge, Louisiana 70821 

The mass spectrometrist defines his computing procedures with versatile codes 

which control over forty mathematical, data input-output, logical, and library 

subroutines. 

Applications have been spectral purification, multi-matrix assemblies, simple 

composition solutions, and complex compound-type analyses using custom assembled 

matrices. 

Addition of other subroutines is readily allowed, but 1 1/2 years of use have 

shown few such needs. A desired computing plan may involve multiple use of each sub

routine regardless of sequence. The plan or "definition" is converted to a compact 

numerical map, named, filed for later use, or used immediately for a sequence of 

similar problems. 

Established maps may be interrupted at any desired points in use for inclusion 

of additional computation steps. Temporary variations are convenient because neither 

language compiling nor core load building are ever required. 

The system operates in "non-process" mode with 20K of 1800 core in the presence 

of process or on-line programs. The disk-file indices permit use of the entire library 

space for spectra, matrices, and maps without pre-designated boundaries. 

Preparation o£ computing schemes usually requires less than one-fourth the 

time for conventional general languages. The system is available in simple Fortran. 
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THE DESIGN OF A TIME-SHARED DATA ACQUISITION 
SYSTEM PDR QUADRUPOLE MASS SPECTROMETERS 

by 
Peter D. Olson 
Edwin V.W, Zschau 

Decision/Analysis Corporation 
Palo Alto, California 

Introduction 

The advantages of a computer system for the acquisition and analysis of data 

from a mass spectrometer are well recognized, but the selection of the appropriate 

computer for such systems poses a dilemma. On one hand, economic considerations 

usually dictate that a computer dedicated to a mass spectrometer sho\U.d be a small, 

low-priced one, but on the other hand, a small computer may not have the computational 

power to perform data analysis and machine interpretation of mass spectra using 

techniques that are currently being developed.^ 

Ideally, a laboratory would like to get exactly the computing power it needs— 

where it needs it and when it needs it. In general, these requirements are (1) 

a minimal amount of computing power during the real-time data acquisition process, 

(2) the power of a small computer for data editing, data reduction, and presentation 

of results, and (3) the power of a medium or perhaps even large-scale computer 

system for sophisticated elucidation and interpretation of the spectra. 

The problem of getting the right amount of computational power to the right 

place when it's needed has been solved in several application areas by a time-sharing 

approach. Using a time-sharing approach, a single computer system is used "simul

taneously" by several users who are connected to it through telecommunications 

equipment and ordinary telephone lines. Since it could distribute the proper amount 

of computing power to many users—each user being charged -for the amount of time 

he uses—we suggest that a commercial time-sharing system might be an economically 

efficient answer to the dilemma of computer selection for mass spectrometry. 

Obviously, the question of whether or not a time-sharing approach is superior 

to a dedicated computer approach can't be answered by general, abstract arguments. 

Rather, specific designs for each approach must be compared along technical and 

economic dimensions. The purpose of this paper is to outline the design of a time-

shared system for quadrupole mass spectrometers which we are currently evaluating 

in comparison to dedicated systems for such instruments. This paper should also 

acquaint you with a few of the important considerations used in designing real-time 

data acquisition systems for operation over regular telephone lines. 

Computerized Data Acquisition Approaches 

When you talk about applying a time-sharing approach to mass spectrometry 

you have to distinquish between two types of jobs that the computer can do: (l) 

Data Acquisition and reduction, and (2) Spectral data analysis, interpretation, 

and presentation. To make the distinction more precise, let's say that the first 

job is complete when the peak height for each integral mass unit^scanned is recorded 

and ready for presentation or further analysis. The second Job consists of processing 

that spectral data. 

This distinction is important because the second job can be done with current 
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time-sharing systems; it's just a regular data processing job requiring no new 

computer technology. However, to do the data acquisition job on a time-shared 

basis over ordinary telephone lines, new developments are required. This is because 

data acquisition is a real-time prooess. Whereas delays, perhaps even several 

seconds long, can easily be tolerated when the computer is analyzing and interpreting 

your spectral data or when it's presenting your results, such delays during data 

acquisition would either slow down the scan of the mass spectrometer or cause the 

system to lose some of the measurements that the spectrometer had made. 

There are two approaches to computerizing the acquisition of data from a qiiadrupole 

mass spectrometer: data logging and computer control. Using the data logging 

approach, the mass spectrometer operates normally using the range of mass units 

and scan speed selected by the operator on the manual controls of the instrument. 

The computer system samples the ion intensities as they are generated at a rate 

specified to the computer by the operator. Next, these analog signals are converted 

to digital representations and those above a pre-set noise threshold are sent into 

the computer and stored. After the scan is complete, the computer retrieves the 

data points that have been stored, locates the peak centers, and stores the mass 

vs, intensity data for further analysis or presentation. Of course, with sufficient 

computing power, it is possible to do some or all of this peak identification 

"on the fly" as the data are being generated. 

The computer control approach to data acquisition can he used with RF mass 

spectrometers only. Using it, the computer controls the operation of the mass 

spectrometer as well as recording the data from it. The user inputs to the computer 

what mass points he wants scanned and how long to integrate the ion intensity at 

each mass point. During a scan, the computer—based on the results of a previous 

calibration run—calculates the proper control voltage which when applied to the 

mass spectrometer (e,g, to the rods of the quadrupole) will allow ions at each 

desired mass point to be collected. These voltages in digital form are transmitted 

to a digital-to-analog converter which outputs the analog voltage to be applied to 

the mass spectrometer. At each mass setting, the ion intensity is integrated for 

the user-specified time, and the result is converted to a digital representation, 

sent to the computer, and stored. Since measurements are taken only at desired 

mass points, these data constitute the mass spectrum in digital form. 

Because of the flexibility it gives the chemist in the ranges of the scan and 

the integration times he selects, we chose the computer control approach as the 

basis for our time-sharing system design, 

Time-Sharing System Design 

Our time-sharing system design consists of four components, illustrated in 

Fig. 1. 

a) Interface Units 
b) Communications Terminals 
c) A Real-Time Data Acquisition Computer 
d) A Central Time-Sharing Computer 

Each of these components will be described below. 

21 



MASS SPECTROMETER lOCATION TEIEPHONE 
CHANNELS 

COMPUTER CENTER 

/Storage^ 

Fij. 1—Time-Sharing System 
Overall System Design 

Interface Units Design 

To operate in a time-sharing system, the computer/mass spectrometer interface 

must contain its own timing and control circuitry to operate asynchronously from the 

computer on a request/response basis. For every digital voltage level and integration 

time input to the interface, the interface returns a digital representation of the 

ion intensity measured at that mass point for that time. Our design also includes 

the circuitry to automatically set the integration time as a function of the signal 

strength. The weaker the signal, the longer the integration time, so that weak 

signals, such as in the high mass ranges, are magnified while strong signals are 

recorded as they are produced. 

Here's how the automatic integration time adjustment works. The operator specifies 

five parameters that are stored in regi.sters in the interface, 

(a) A noise threshold level, N 
(b) A signal threshold level, S 

A base integration time, T 
(d) An initial repeats number, R^ 
(e) A maximum repeats number, Rni 
a 

After the mass filter control voltage has been set, the interface begins integrating 

the ion current. It integrates the signal R^ times for T seconds per integration; 

the integrator is not reset between integrations. After the Ri integrations, the 

integrator is sampled, and the result is converted to a digital representation and 

compared to N. If it's below N, it's assumed to be noise; the ion intensity at that 

point is assumed to be zero. If it's above N but below S, the integrator is sampled 

T seconds again to see if the total signal is up to S yet. Integrations of T seconds 

duration are repeated (without resetting the integrator) until the signal reaches S 

or until the total number of repeats reaches Rm. Then the total signal level and the 

number of integration repeats are transmitted to the computer where they can be con

verted to a normalized signal for a standard integration time. 

The effect of this automatic integration time adjusting mechanism is to produce 

spectral data with a nearly constant signal-to-noise ratio of about S/N, This is 

because the signal levels are nearly always up to S and the noise levels are nearly 

always below N, 

Communications Terminal Design 

The interface described above was designed to work directly with a computer 

in either a dedicated or a time-sharing mode. However, if it is to communicate with 

that computer over telephone lines, a communications terminal is needed to control 

the data flows, assemble received data inputs, and prepare data outputs for transmission. 
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Many of these tasks are standard in telecommunications equipment and will not be 

treated here. We'll discuss only the unique features of our communications terminal 

design. 

If mass spectrometry data acquisition is to be done successfully over telephone 

lines, the telecommunications design must overcome the limitations on the sampling 

rate stemming from two sources: (a) the channel capacity of about 4800 baud and 

(b) the time required to prepare (synchronize) the sending and receiving modems for 

a data transmission. 

Ignoring the effect of the channel capacity for a moment, let's look at the 

impact of the synchronization time on the sampling rate. Since the line preparation 

time is 8 milliseconds per transmission and since the interface, as designed, requires 

a minimum of 3.3 milliseconds per sample, the total time requirement per sample 

(ignoring the transmission time) using a standard request/response approach would 

be 19.3 milliseconds; 8 milliseconds to send the voltage, 3.3 milliseconds to sample, 

and 8 milliseconds to send the result back. Since this implies a maximum sampling 

rate of only about 50 samples per second, such a system would be too slow for many 

applications. 

Our design solves the data rate problems from both sources by employing two 

concepts: (a) Two continuous-flow channels using "dummy" data words and (b) an 

input buffer in the communications terminal using the computer at the other end to 

monitor and regulate the data flow. 

The dual line, continuous flow channel concept is based on the fact that once 

data transmission is initiated it can continue at the channel capacity without re

quiring another 8 milliseconds set-up. Our terminal design uses two telephone channels 

simultaneously; one for data flows out to the interface and the other for data flows 

hack to the computer. Once the data flow begins, it is maintained by sending "dummy" 

data words whenever real data is not ready to send. The communications terminal 

generates these "dummy" data words for transmission back to the computer and the 

computer generates them for transmission to the interface. The "dummy" words are 

recognized at each end by the presence of a particular code bit and are ignored; 

only the real data is actually stored and used by the interface or the computer. 

Although the dual line, continuous flow channel eliminates the channel preparation 

delays, the delays due to telephone channel capacities and data transmission times 

can still be significant. For instance, let's suppose that the system were designed 

such that after sending out to the interface a control voltage datum, the computer 

would wait for the ion intensity data at that mass to be sent back before sending 

out the next voltage level. The time reqiiirement per sample would be as much as 

15.6 milliseconds which would mean a maximum sampling rate of 64 samples per second. 

Here's how this time per sample is calculated. The voltage level datum going 

out to the interface is represented by a l6-bit word, a 15-bit voltage level, and 

1 control bit. This word, assuming a 48OO baud channel, requires 3.3 mil 1iseconds 

to transmit. Adding these times to a "worst case" line delay of 2 milliseconds 

yields a total of 5.3 milliseconds to get the data word from the computer to the 

interface. 

The same process is repeated for the intensity data that's sent back. A 24-bit 

data word is used, 12 bits for the intensity reading and 12 bits for the number of 

integration repeats. This requires 5 milliseconds to transmit which added to a 2 

millisecond line delay is 7 milliseconds. Finally, taking the 3.3 millisecond 
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sampling time into account yields the 15.6 millisecond per sample figure. 

By adding an input buffer to the communications terminal and by using the 

computer to monitor the number of data words in that buffer, all these transmission 

delays can be avoided once the scan is started. The idea is always to have stored 

in the buffer the next voltage level data word for the interface to use as soon as 

it's ready. The computer knows how many data words are "in the system" at any time— 

that's the difference between how many voltage data it sent out and how many intensity 

data it has received. Because of the transmission delays in both directions, the 

buffer must be large enough to avoid being depleted between the time a data word 

is taken from it by the interface and the time when that word's replacement reaches 

the buffer. That delay is about 12.3 milliseconds—7 milliseconds for the intensity 

data of the previous mass point to reach the computer, 5*3 milliseconds for the new 

voltage data word to reach the buffer, and negligible computer time (about 20 micro

seconds). During this delay no more than 4 samples can be taken (3.3 milliseconds 

per sample is the maximum sampling rate of the interface), so an input buffer of 

four l6-bit words is sufficient to maintain the maximum sampling rate of the interface. 

The Data Acquisition and Time-Sharing Computers 

The data acquisition computer is a small, general purpose computer devoted to 

the real-time handling of all the data streams coming over telephone lines from the 

several mass spectrometers. This machine is directly tied to the central time-sharing 

computer and to mass storage units (either disks or tapes) for spectral data storage. 

These storage units are also directly accessable by the central time-sharing computer. 

We estimate that a computer with the capabilities of a PDP-8/l, having 8000 12-bit 

words, could acquire and store data from about 15 mass spectrometers simultaneously. 

It appears that about 200 words of buffer in the computer would be needed for each 

user, but the actual processing time required per sample for each user would be only 

about 20 microseconds. The "dummy" data words would be handled—both peeled off of 

incoming signals and generated for outgoing signals—outside of the GPU by special 

hardware designed for that purpose. 

Summary 

A commercial time-sharing approach to computerizing mass spectrometers mi^ht be 

superior to dedicated systems, but specific designs must be compared. This paper pre

sents a design with the following features. 

(1) Use of the computer control approach to data acquisition. 

(2) An interface that operates asynchronously on a request/response basis and 
can automatically adjust the integration time as a function of the signal 
strength, 

(3) A communications terminal that enables the interface to operate at its 
maximum rate by employing, 
(a.) A diial line continuous flow channel with "dummy" data to maintain flow, 
(b) An input buffer, using the computer to monitor and regxilate data flow, 

(4) A small, reaL-time data acquisition computer connected to the main time-sharing 
computer and a commonly-accessable storage unit. 

We're currently evaluating this design in comparison to a technically equivalent 

dedicated system. 

Footnotes 

1, See, for example, R, Venkataraghavan, F. W. McLafferty,'G. E. Van Lear, 
"Computer-Aided Interpretation of Mass Spectra" Organic Mass Spectrometry, 1969t 
Vol. 2, pp. 1-15 
2. We'll assume, in this paper, that intensities of only the integral masses are re
corded, although the approach can handle fractional mass data, too, 
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PROCESSING OF SOLIDS MASS SPECTROGRAPHIC DATA VIA 12 

TIME-SHARING WITH SEMI-AUTOM(^TIC DATA ACQUISITION 

J. R. Woolston and E. M, Botnick 

RCA Laboratories 
Princeton, N. J. 

In processing solids mass spectrographlc data, the primary need is to determine the 

intensity of the spectral lines. There is little, if any, problem in identifying them, 

in contrast to the case of high-resolution organic mass spectrographlc data. The system 

described utilizes the RCA Time-Sharing System in spectral line-by-line, interactive 

fashion, and greatly facilitates the collection and processing of such data. A program 

has been vrrltten and a data acquisition system constructed that permits the following 

sequence: The selected line, which has been visually identified by the operator, is 

scanned on an optical microdensitometer and simultaneously displayed on a storage 

oscilloscope. A horizontal, non-storing cursor line is then positioned first at the peak 

level and subsequently at the background level of the displayed line profile. At each 

position, a digital voltmeter displays the percent blackening value. These two values, 

together with the line identification and exposure information, are then typed into the 

time-sharing terminal. The program then immediately calculates the parts per million 

atomic concentration and displays this result on the terminal. The program includes the 

following features: construction of the emulsion response curve from any number of 

available data via the Hull equation; geometric average of multiple analytical results; 

deletion of abnormal values; print-out of complete reports; suspension of partially 

processed analyses for later completion; and automatic billing to the customer for the 

analysis service. The system is designed for a planned enhancement that will transmit 

the complete peak profile, represented by 100 or so points, to the computer so that 

Integrated peak Intensity can be obtained. This will substantially improve analytical 

precision. 
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14 
A NEW, REMOTE ON-LINE DATA ACQUISITION-PROCESSING 

SYSTEM FOR LOW RESOLUTION COMBINATION 

GAS CHROMATOGRAPH-MASS SPECTROMETER 

H-Y. L i , J . W a l d e n , R. S a u n d e r s , D. S i m p s o n , 

L. M i l l s , K. K i n n e b e r g a n d G.R. W a l l e r 

D e p a r t m e n t s o f B i o c h e m i s t r y , E l e c t r i c a l E n g i n e e r i n g , and C o m p u t e r C e n t e r 

Oklahoma S t a t e U n i v e r s i t y , S t i l l w a t e r , Oklahoma 7l4-07lt 

A new, r e m o t e d a t a a c q u i s i t i o n - p r o c e s s i n g s y s t e m h a s b e e n p u t i n o p e r a t i o n 

f o r t h e LKB-9000 s i n g l e - f o c u s i n g f a s t - s c a n n i n g l o w - r e s o l u t i o n c o m b i n a t i o n g a s c h r o m a t o 

g r a p h - m a s s s p e c t r o m e t e r . An IBM-560/5O I s u s e d t o p r o c e s s t h e d a t a . The s y s t e m u s e s 

two p r i v a t e a n a l o g l i n e s t o t r a n s m i t t h e i o n - i n t e n s i t y s i g n a l a n d t h e H a l l g e n e r a t o r 

s i g n a l (mass m a r k e r ) v i a two p a i r s o f l i n e i s o l a t i o n d i f f e r e n t i a l a m p l i f i e r s t o a n 

IBM-I827 a n a l o g / d i g i t a l c o n t r o l u n i t s i t u a t e d o n e - h a l f m i l e f rom t h e m a s s - s p e c t r o m e t e r . 

The d i g i t i z e d s i g n a l s a r e s t o r e d t e m p o r a r i l y i n a 6 0 K - b y t e b u f f e r w h i c h i s composed o f 

5 0 , 0 0 0 a l t e r n a t i n g h a l f - w o r d s of m a s s - s p e c t r o m e t e r and m a s s - m a r k e r d a t a . The g r o s s 

c o r e s t o r a g e l a y - o u t w h i c h p r o v i d e s f o r a t o t a l of I 5 0 K - b y t e s o f d e v o t e d c o r e i s 

shown b e l o w : 

GROSS CORE STORAGE LAYOUT OF S / ; 6 0 - 5 0 AT OSU 

OS 

NUC 

M F T - I I 

MASS SPEC PROGRAM 

D 

13OK DEVOTED CORE 

HASP 

Fast Core 40000 

Bytes (256 K) 
16 

Slow Core 100000^ Byte 

(1024 K) 
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Digitized and reduced intensity-mass value pairs (up to 1,500 mass values) along with 

spectra labels are stored in the disk. The processed data (i.e., normalized by sub

tracting background) may be listed on the printer, punched on cards, stored on magenetic 

tape or plotted as a bar graph on a CalComp 565 digital incremental plotter upon 

request by the mass spectrometer operator. The plotter and an IBM-2741 Remote 

Communicatxons 'ferminal are situated near the mass-spectrometer. A digital line is 

provided to handle the two-way communication from and to the TZtA-^TjU-l and to send the 

plotting signal from the IBM 560/5O to the plotter. The digital, signals from the 

lBM-560 reach the mass spectrometry lab via an IBM-2701 data adapter, a Western Electric 

1C5F data set, and a CalComp 211 data interface control unit. 

(Supported in part by Research Grants, GB-5U82 and GB-775I from the National Science 

Foundation), 

Intended for publication in Analytical Biochemistry, 
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PERFORMANCE OF A COMPUTER-COUPLED DOUBLE FOCUSING MASS SPECTROMETER SYSTEM 

AT MEDIUM RESOLUTION 

A. L. Burlingame, D. H. Smith, F. C. Walls and R. W. Olsen 

Space Sciences Laboratory, University of C a l i f o r n i a , Berkeley, Ca l i fo rn i a 94720 

Over the past five years considerable effort has been devoted to the development of 
computer techniques in high resolution mass spectrometry. Our laboratory has been con
cerned with the development of on-line, real-time acquisition, processing and presentation 
of high resolution mass spec t ra as an a l t e r n a t e approach t o the recording and process ing 
of high resolution mass spectrograms. Since our first report of the on-line acquisition 
of high resolution data in 1965 (1), great strides have been made in the techniques of 
computer-coupled acquisition, processing and display of high resolution mass spectra (2). 
The general goal has been to explore and define in detail the quality of high resolution 
mass s p e c t r a l data both in terms of the accuracy of mass measurement and the accuracy of 
relative ion abundance measurement which can be obtained from rapid magnetic scanning of a 
double focusing mass spectrometer on-line to a high speed digital computer. The effect of 
the spectrometer scan rate, resolution, sensitivity, analog to digital converter digitiza
tion rate and multiple scan averaging techniques on the accuracy of mass and abundance 
measurements for real-time data we have discussed on previous occasions (3). The range of 
resolutions previously covered has been from 10,000 to 30,000 for both single magnetic 
scans as well as the averaging of multiple scans (3,4,5). Unresolved multiplet detection 
and identification has been based only on assumptions regarding the separation (AM/M) of 
isobaric species, shifts in the measured centers of gravity and the fragmentation pattern 
of the molecule in question ( A ) . The general conclusion from these studies has demon
strated that resolution mass be sacrificed for sensitivity in order to obtain very high 
precision mass measurements which then will permit both unambiguous assignment of elemental 
composition to singlets and recognition and identification of unresolved multiplets based 
on "errors" in the centers of gravity measurements (6). 

The range of mass measurement accuracy whicli has been demonstrated ranges from the 
order of 4 ppm down to O.l ppm, depending upon the instrument resolution scan and digita-
tion rates and calibration techniques for a given sample flow rate into the ion source of 
the mass spectrometer (7) . 

' At the previous E-14 meeting two groups presented data on accuracy of mass measurement 
for single focusing instruments: the AEI MS-12 and the Varian Atlas CH-5. Chapman, Evans 
and Holmes (8) reported a standard deviation of 14 ppm for a single scan, while Brunnee, 
Habfast, Markwardt, Meier and Wegner (9) reported 10 ppm on much fewer experimental data. 

We wish to report and discuss the accuracy of mass measurements obtainable at reso
lutions between 2,500 and 10,000 from a modified AEI MS-902 mass spectrometer coupled to 
an SDS Sigma 7 digital computer (4) and then discuss external calibration of the Perkin-
Elmer Model 270 mass spectrometer coupled to an SDS Sigma 2 computer. 

The hardware configuration which has been employed in our laboratory for the past 
couple of years was utilized (3). The mass spectrometer scan rate is 16 sec per decade, 
digitization rate 24 KHz and the clocking controlled by a temperature controlled quartz 
crystal oscillator. 

The software of the Sigma 7 computer for the data acquisition mode ("on the fly")under 
high resolution scanning conditions has been discussed previously (5). There is only one 
aspect of the system which is new, and that is a Tektronix 611 storage cathode ray display 
which has been added to the system. The quality of the line resolution is far superior to 
that which has been previously reported, although the system function is essentially the 
same (2). Previous results on the accuracy of mass measurement from single scan and 
averaged multiple scans from our system, at a resolution of 11,000, considered a dynamic 
range of 50:1 and yielded the majority of measurements in the 1 ppm range (4). 

Complete lO-average data was taken as discussed previously (4) excepting that all 
peaks over dynamic range 200:1 were considered and the results are plotted as a histogram 
(Fig. 1). It should be noted that all the data in this histogram show mass measurements 
better than 3 ppm with 95% better than 2 ppm. In Figure 2 data is plotted in a histogram 
for scanning at a resolution of 5,000. This data is essentially the same quality as the 
10,000 except that there is 5% scatter to 4 ppm. In Figure 3 data are plotted for the 
same experiment at a resolution of 2,500. It should be noted that the precision drops off 
an additional 1 ppm, although 80% of measurements are still 2 ppm or better. The dis
tribution of mass measurement errors in the histogram for a single scan of the spectrum 
at 2,500 resolution is shown in Figure 4. Sixty percent of the mass measurements for a 
single scan are still better than 3 ppm. The rest of this spread is out to 6 or 7 ppm, 
which one might expect, but 80% are still better than 5 ppm. It should be pointed out 
that even at 2,500 the distribution of errors on a single scan for this dynamic range 
shows spectra of higher quality than has been reported in the literature for recording of 
mass spectra on photographic plates at any routine instrument resolution (10,11,12). 
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It was of some interest to determine whether techniques discussed previously for reso
lution of unresolved multiplets (4,6) based on the shift of center of gravity applicable 
to data taken at this lower resolution. Working at this lower resolution, of course, 
means that one will encounter many more unresolved multiplets than at higher resolutions. 
To determine the applicability of the center of gravity resolution technique several spect
ra of the compound discussed previously (4), methyl arachidate, were recorded at a re
solution of 2,500. The following results are representative of the data obtained and the 
study of doublets of the type l̂ c vs. CH in the spectra of this ester. For mass 70 
(C5H10 vs. C41-5CH9) the observed error for the CH species was 10.4 ppm. The predicted 
error on the basis of the center of gravity technique was 12.1 ppm, a difference of 1.7 
ppm. Similarly for doublets the mass at 88 (C4H8O2 vs. C3I3CH7O2) and the mass at 130 
(C7H14O2 vs. C513{;;13H02) had observed errors of 27.6 and 12.7 ppm with predicted errors 
of 27.0 and 10.7 ppm, a difference of 0.6 and 2.0 ppm, respectively. As can be seen, the 
differences between the observed and predicted errors indicate that the center of gravity 
resolution technique is applicable to data taken at relatively low resolution. It yields 
mass measurement errors of the same order as errors on measurments of single peaks. 

This discussion may be concluded by pointing out that the performance of a double 
focusing mass spectrometer of smaller ion optical dimensions than the MS-902 should in 
principle yield similar quality data. It should be anticipated that in the very near 
future this will be routinely obtainable. If such accuracy is coupled with evaluation 
of multiplets from mass measurement errors, it would appear that the amount of information 
which is extractable from an on-line double focusing, medium resolution mass spectrometer 
would far exceed the normal utilization of any mass s p e c t r o m e t e r in research laboratories 
of organic chemistry throughout the world today. 

Finally, we wish to discuss briefly the results of on-line operation of the Perkin-
Elmer Model 270 gas chromatographic-mass spectrometer system with an SDS Sigma 2 computer 
using "external" calibration for nominal mass and pattern normalization during gas chroma
tographic runs. The software logic of this system is shown in Figure 5. Operating the 
mass spectrometer at a resolution of 400, digitizing at 8 KHz and scanning at 3 sec/decade 
in mass, the peak width is approximately 2,500 ppm. The mass accuracy is better than 12% 
of the peak width during a 24-hour period of operation subsequent to one calibaration run 
with PFK. This corresponds to a long term stability of approximately 300 ppm in mass 
measurement, i.e., 0.03 amu at m/e 100 and 0.15 amu at m/e 500. The salient feature of 
taking advantage of this accuracy is in the use of accurate masses in calibration routines 
rather than the nominal masses such as described in the systems by Hites and Biemann for 
the Hitachi RMU-6 mass spectrometer (13). 
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Appl ica t ions of a Small Digi ta l Computer 

In the M a s s Spectrometer Labora tory-

R. Venka ta raghavan , R . J . Klimowski , J . E . C o u t a n t , and F . W . McLafferty 
Depar tment of Chemis t ry , Cornel l U n i v e r s i t y , I t h a c a , New York 14850 

ABSTRACT: We have found that a fas t smal l d ig i t a l computer (PDP-8 , Digi ta l Equipment 
Corporat ion) can perform many important t a s k s of da ta a c q u i s i t i o n , r e d u c t i o n , and i n t e r 
p re ta t ion in the m a s s spec t romet ry l abo ra to ry . A computer memory of only 4096 words can 
be used by em ploying f a s t - a c c e s s d i s c s to rage for both da ta a c q u i s i t i o n and program s w a p 
p ing , and by coding rout ine programs in machine l a n g u a g e . Spec ia l d e s i g n c o n s i d e r a t i o n s 
of hardware and o rgan iza t ion of software are n e c e s s a r y to op t imize the time required for 
both da ta a c q u i s i t i o n and r e d u c t i o n . The final da ta needed by the m a s s s p e c t r o m e t r i s t c a n 
be ob ta ined near ly in r e a l - t i m e , the main l imi ta t ion be ing in the speed of da ta p r i n t - o u t . 
Comple te e l e m e n t a l compos i t ion data can be ob ta ined from exac t m a s s m e a s u r e m e n t s w i t h 
in 5 m i n u t e s after the s ta r t of the m a s s spec t rome te r s c a n . The sys t em i s a l s o a p p l i c a b l e 
to s e v e r a l o ther important da ta p r o b l e m s . 

INTRODUCTION: There a re s eve ra l repor t s in the l i t e ra ture descr ib ing r e a l - t i m e da ta a c 
q u i s i t i o n and p r o c e s s i n g s y s t e m s for high r e so lu t ion m a s s s p e c t r o m e t e r s . Such s y s t e m s 
have u t i l i zed computers c o s t i n g up to a quar ter of a mil l ion d o l l a r s . Our e x p e r i e n c e in 
th i s a r ea shows tha t a smal l ded i ca t ed computer s a t i s f a c t o r i l y p roduces s ign i f i can t i n 
formation for the m a s s s p e c t r o m e t r i s t . This fact combined with the low c o s t of the c o m 
puter and a s s o c i a t e d in te r face (about $50 ,000) makes such a s y s t e m s a p p r o a c h very 
a t t r a c t i v e . 

The inherent speed of the p r o c e s s o r and memory s u b s y s t e m s may be e f fec t ive ly r e 
t a ined through the u t i l i z a t i on of a low c o s t random a c c e s s bulk s to rage d e v i c e and o the r 
high speed p e r i p h e r a l s . This i s e s p e c i a l l y t rue in a p p l i c a t i o n s of large da ta volumes and 
high da ta r a t e s . Under such c o n d i t i o n s , the s m a l l , d e d i c a t e d computer can be more e f f i 
c i en t and va luab l e than other da ta a c q u i s i t i o n a p p r o a c h e s such a s a t i m e - s h a r i n g te rmina l 
and n e c e s s a r y ins t rument i n t e r f a c e . With suff ic ient ca re in the in i t i a l i n s t a l l a t i o n d e s i g n , 
such a sys t em can find mul t ip le u s a g e in many d i v e r s e a r e a s of c h e m i c a l I n s t rumen ta t i on . 

At the l a s t E-14 meet ing in Pi t t sburgh we briefly reported on an a p p r o a c h us ing a 
PDP-8 c o m p u t e r . ^ Since tha t t i m e , a s econd genera t ion hardware and sof tware d e s i g n has 
b e e n d e v e l o p e d . We would l ike to d i s c u s s some of the e s s e n t i a l f ea tu res of the p re sen t 
s y s t e m and s e v e r a l of Its current a p p l i c a t i o n s a t Co rne l l . 

SYSTEM APPROACH: Figure 1 shows a block diagram of the b a s i c i n s t rumen t - compu te r 
s y s t e m , in th i s c a s e u t i l i z ing a Hi tachi RMU-7 m a s s s p e c t r o m e t e r . The e s s e n t i a l point 
of t h i s diagram i s the in ter face region in the c e n t e r . The in te r face has the fol lowing 
f u n c t i o n s . 

(1) to p re sen t the ins t rument ana log output to the computer 
(2) to provide hardware cont ro l of the A/D conver te r and i t s s y n c h r o n i z a t i o n to a 

f requency e s t a b l i s h e d by an ex te rna l c r y s t a l c l o c k . 
(3) to provide hardware th i 'esholding of the d ig i t i zed ana log s i g n a l , a l lowing da ta 

c o m p r e s s i o n of up to 97%. 
(4) to provide a con t inuous time b a s e during an ins t rument c y c l e . 
(5) to provide a d i r ec t l ine ot communica t ion be tween the ins t rument and computer 

for control p u r p o s e s , which a t p resen t i n c l u d e s the START/STOP function and 
e l e c t r i c s ec to r po ten t i a l of the m a s s s p e c t r o m e t e r . 

The smal l 4096 word memory unit i s comple te ly a d e q u a t e for a l l o p e r a t i o n s when 
the sof tware sys t em i s d e s i g n e d a long modular l i ne s and the full po ten t i a l of the d i s c 
sys t em i s u t i l i z e d . The high r e s o l u t i o n sof tware sys tem i s cons t ruc t ed a long such l i ne s 
and the five p h a s e s (or s ec t ions ) of the m a s s spec t romete r software are refered to a s : 

I . da ta a c q u i s i t i o n 
IT. peak cen te r c a l c u l a t i o n 

III . r e fe rence peak iden t i f i ca t ion 
IV. e x a c t m a s s c a l c u l a t i o n 
V. e l emen ta l compos i t ion c a l c u l a t i o n 

At the beginning of a s c a n , an ope ra to r - compute r c o n v e r s a t i o n a l d i a logue t a k e s 
p l a c e . The information suppl ied to the computer r e s u l t s in the d e s i r e d ope ra t ing p a r a 
meters be ing se t in the i n t e r f a c e . Phase I t hen a c q u i r e s the da ta and s t o r e s the r e s u l t a n t 
c o m p r e s s e d spect rum on the d i s c s y s t e m . A logar i thmic amplif ier is used be tween the 
m a s s spec t romete r and A/D conver te r to a l low r e p r e s e n t a t i o n of a l inear dynamic range of 
a t l e a s t 2 0 , 0 0 0 in a 12 bi t computer word . An op t iona l da ta dump may be produced by 
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PHASE 5. TYPICAL PRINTOUT 

+ 1 . 1 

• . 0 
+ 1 0 0 . 0 
+ 5 . 4 

+ 1 8 5 . 9 6 9 5 
+ 1 8 5 . 9 7 5 2 
+ 1 8 6 . 9 8 5 8 
+ 1 9 3 . 0 7 1 1 
+ 1 9 3 . 0 7 7 3 
+ 1 9 3 . 0 8 1 6 
+ 1 9 4 . 0 8 1 1 
+ 1 9 5 . 0 8 2 9 
+ 2 0 0 . 9 8 9 8 
+ 2 0 0 . 9 9 8 9 

NO H I T 
NO H I T 
NO H I T 

+ 1 9 3 . 0 7 2 5 
NO H I T 

+ 1 9 3 . 0 8 0 5 
+ 1 9 4 . 0 8 0 3 
+ 1 9 5 . 0 8 3 6 

NO H I T 
NO H I T 

- 1 . 4 1 

+ 1 . 0 9 
+ . 7 4 
+ . 7 5 
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+ 
+ 
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8 / 1 
8 / 0 
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+ 10 

^M 1 

molecular ion region 

CAFFEINE: C8H1QN4O2 
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FIGURE 2. 

BENZENE-PYRIDINE DBLI 

R > 10,000 

R E L . A B . 

+ 6. 5 
+ 5 . 2 
+ 1 0 0 . 0 
+ . 6 
+ 1 .7 

MASS 

7 8 . 0 3 4 5 
7 8 . 0 4 5 6 
7 9 . 0 42 5 
7 9 . 0 50 3 
8 0 . 0 4 66 
9 2 . 9 9 9 6 

CALC. 

7 8 . 0 3 4 3 
7 8 . 0 4 69 
7 9 . 0 421 
7 9 . 0 502 
8 0 . 0 4 5 4 
NO H I T 

ERR. 

+ . 14 
- 1 . 2 4 
+ . 3 3 
+ . 14 
+ 1 . 1 4 

C 1 2 / C 1 3 H 

5 / 0 
6 /0 
5 / 0 
5 / 1 
4 / 1 

A 
6 
5 
6 
5 

1 
0 
1 
0 
1 

0 
0 
0 
0 

ELEMENTAL COMPOSITION PROGRAM COMPLETED. 

WOULD YOU LIKE TO TRY DIFFERENT L I M I T S ? 
I F SO* PRESS 'CONTINUE* AND WE'LL TRY AGAIN ! 

FIGURE 3. 
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Phase 1. This output c o n t a i n s a l l of the or ig inal da ta co l l e c t ed by the computer and i s 
grouped into d ig i t a l v a l u e s de sc r ib ing the peak profile followed by a t ime count Ident i fying 
the pos i t ion of t h i s peak from the beginning of the s c a n . 

Upon comple t ion of PHASE I, PHASE II i s swapped into core from the d i s c and b e 
g ins e x e c u t i o n , the en t i re opera t ion requir ing about 20 m i l l i s e c o n d s and no opera to r i n t e r 
v e n t i o n . This p h a s e c a l c u l a t e s the centroid of e a c h peak and i n t e g r a t e s the peak prof i le , 
af ter r e s c a l l n g the logar i thmic raw d a t a . An opt iona l l i s t i ng is a l s o a v a i l a b l e from PHASE 
n . Such an output c o n t a i n s the area of e a c h peak and the t ime a s s o c i a t e d with t h e cen t e r 
of e a c h p e a k . Centroid c a l c u l a t i o n s of th i s type require l e s s than 60 s e c . for an en t i r e 
t yp i ca l s p e c t r u m . 

PHASE III i s t hen au toma t i ca l l y swapped into c o r e . This p h a s e a u t o m a t i c a l l y i d 
en t i f i e s the r e fe rence l i n e s con ta ined in the centroid da ta and produces a l i s t i n g of t h o s e 
r e f e r ence l i n e s found and a b s e n t . This output i s a l w a y s produced and s e r v e s a s an i n 
d i c a t i o n of the ove ra l l performance of the s y s t e m . Again, in th i s c a s e , no opera tor i n t e r 
ven t ion Is required to l o c a t e the re fe rence l i ne s - a t ime consuming ope ra t ion compared to 
the speed of the compute r . I n s t e a d , the computer u s e s a b a s i c pa t te rn a lgor i thm to find 
the re fe rence l i n e s , qui te s imi lar to the app roach of the m a s s s p e c t r o m e t r i s t h imsel f . 

PHASE IV then b eg in s e x e c u t i o n . The e x a c t m a s s e s a r e c a l c u l a t e d us ing four r e 
ference l i n e s and a Legendre polynomial e q u a t i o n , and r equ i r e s abou t 5 s e c o n d s of t ime 
for the whole s p e c t r u m . An op t iona l output i s a v a i l a b l e from t h i s p h a s e g iv ing the no raml -
Ized area and e x a c t c a l c u l a t e d m a s s for e a c h sample l i n e . 

PHASE V then beg in s execu t ion and c a l c u l a t e s e l emen ta l compos i t i ons for e a c h 
sample m a s s . The opera tor may s e l e c t va r ious c r i te r ia to be used by the computer in p e r 
forming such c a l c u l a t i o n s . Figure 2 shows the output a v a i l a b l e from PHASE V. This 
par t i cu la r example shows the reg ion in the v ic in i ty of the molecular ion of c a f f e i n e . 
Various per t inen t information is g iven in t abu la r form for e a c h ion f ragment . 

RESULTS: The a b i l i t y of the ent i re sys t em to main ta in a working r e s o l u t i o n of 10 ,000 w a s 
verif ied by running a mixture of b e n z e n e - and py r id ine . Figure 3 shows the 78 -79 reg ion 
of the e l emen ta l compos i t ion l i s t i ng for such a s c a n . The mixture used produced a p p r o x i 
mate ly equa l l y abundan t ions a t m a s s 7 8 . A centroid method of de te rmin ing peak c e n t e r s 
w a s employed which required the dynamic r e s o l u t i o n of the whole sys t em to be a t l e a s t 
10 ,000 to produce the m a s s 79 double t shown . 

We have i n v e s t i g a t e d the s y s t e m ' s a c c u r a c y for m a s s m e a s u r e m e n t s under low r e 
so lu t ion cond i t i ons of about 2 , 2 0 0 , which are d e s i r a b l e for fast s c a n - G C o p e r a t i o n s . 
Figure 4 shows the random nature of the r e s u l t a n t errors of the C7H15 hydrocarbon ion for 
s u c c e s s i v e s c a n s . The ordered conve rgence l imi ts for such error o c c u r a n c e a s we l l a s 
the natura l a v e r a g e error a re shown a s a function of the number of s a m p l e s . We have a l s o 
noted a net improvement In overa l l m a s s measur ing a c c u r a c y us ing s u c c e s s i v e s c a n a v e r 
ag ing a t a r e s o l u t i o n of 1 0 , 0 0 0 . Table 1 shows the ave rage errors for 10 s u c c e s s i v e s c a n s 
for s e v e r a l hydrocarbon ion f r agmen t s . Such error conve rgence a p p e a r s to be independen t 
of the reg ion of the spectrum inves t i ga t ed and the resu l t ing a c c u r a c y may jus t i fy making 
s e v e r a l r epe t i t i ve s c a n s . 

Table 1. AVERAGE ERRORS FOR 10 CONSECUTIVE SCANS AT R = 10 ,000 

ION TYPE AVG. ERROR (MMU) 

C5H11 - 0 . 6 2 

C6H13 - 0 . 1 7 

C7H15 0 . 1 1 

C8H17 0 .24 

In add i t i on to high r e so lu t ion da ta p r o c e s s i n g , th i s sys tem can a l s o be u t i l i zed 
(in the low r e s o l u t i o n mode) for the fully au tomat i c p roces s ing and a c q u i s i t i o n of m e t a 
s t a b l e ion informat ion . The a v a i l a b i l i t y of such information to the chemis t i s a va luab l e 
tool in e l u c i d a t i n g s t r u c t u r e s , e s p e c i a l l y if a g rea t e x p e n s e of time or human i n t e r a c t i o n 
i s not n e c e s s a r y . 

Ions formed in the source of a m a s s spec t romete r and not undergoing d e c o m p o s i 
t ions before r each ing the de t ec to r a p p e a r as the normal sharp p e a k s of a m a s s spec t rum, 
whi le t h o s e ions decompos ing in the second field free reg ion a p p e a r a s the familiar dif
fuse m e t a s t a b l e p e a k s . In a d d i t i o n , decompos i t i ons a l s o occur in the first f i e ld - f ree r e 
gion and a re not normally s e e n b e c a u s e of d i s c r imina t ion by the e l e c t r o s t a t i c a n a l y z e r . 
If, however the magne t i c field i s s e t for d e t e c t i o n of a m e t a s t a b l e produced in the second 
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AVERAGE ERROR CONVERGENCE 

LOW RESOLUTION ( R = 2,200 ) 

* \ ordered average error 

'-.^.-o 

p-'" ordered average error 

( - to + ) 

I I I I I I I I I I I I I I I I I I I I I I I I I I I [• I 
10 20 

NO. SAMPLES 

FIGURE 4. 

35 



Int. 

FIGURE 5. 

THREE-DIMENSIONAL MASS SPECTRUM 
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field-free region and the potential of the electric-sector is lowered, the corresponding 
metastable produced in the first field-free region may be detected. Such 'defocused' 
metastables, as shown in Figure 5, appear at a unique mass and electric sector potential 
combination and are generally more abundant than the corresponding metastables observed 
in the normal spectrum. This then represents a three-dimensional mass spectrum with the 
new axis being the electric sector potential. To reiterate, all ion cones intersecting the 
line representing the 360 volt electric sector potential correspond to peaks seen in the 
normal mass spectrum. All other ion cones can only be seen using lower electric sector 
potentials. 

In practice, the computer acquires such three-dimensional spectra by sweeping the 
electric sector voltage of the mass spectrometer at a high rate compared to the sweep of 
the magnetic field while digitizing the electron multiplier output, 50 electric sector scans 
being acquired per amu of mass scan. On each electric sector scan, peaks are digitized 
and values ol the electric sector potential and mass position are stored for later calcula
t ions. Successive sweeps in the vicinity of an ion cone result in acquiring sufficient 
data to define the mass and voltage centroid of each ion cone. 

Figure 6 shows the digitized peak profiles of both "focused" and "defocused" ions 
in the mass 38-39 region of n-decane. The upper digital display is the normal "focused" 
spectrum occuring at an electric sector potential of 360 volts. The lower digital displays 
are the "defocused" metastables in the same mass region but occuring at different electric 
sector potentials. The increased sensitivity and lack of interference from other ions is 
evident. The final data output is a tabular listing of the abundance and mass of all ions 
observed and, in the case of metastable ions, the transitions which occured, based on 
the unique electric sector potential and mass observed for each. 

The reduction of the amount of time required to obtain such data and the ability to 
make a correct and unique transition assignment for each metastable are primary assets of 
this technique. 

The previous applications have suggested the usefulness of the smisU dedicated 
computer in the laboratory, but realistically such a small computer need not be dedicated 
always to one instrument or type of application. At Cornell we are attempting to in
corporate such small computers into larger data systems allowing both dedicated and non 
dedicated usage of any part of the whole system, with the emphasis on the small computer 
as a primary data processor. One such approach is the incorporation of a PDP-8 into a 
larger PDP-9 configuration. The net result of such interaction is the ability to produce a 
system capable of allowing operator-computer interaction of a sophisticated nature such 
as that utilizing a CRT display. Operator demand based on such a display can force the 
computer into various options that it might not ordinarily select , particularly in the case 
of poorly defined information such as that with a low signal to noise ratio. 

In co'ticlusion, the small computer has achieved a very real place in today's lab
oratory and is limited in operation and application only by the imagination of its users . 
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AB INITIO COMFDTIE HIOGKAMS FOR THE IHTEEPRETATIOII 

OF MASS SPECTRAL DATA. 

by 

James S. Morrison 
La Trobe University, 
Bundoora 3083, Victoria, Australia. 

The oombination of the gas ohroinatograph and mass speotrometer gives us the 
capability of recording the laaoe spectra of the individual components of complicated 
mixtures, fcom microscopic amounts of sample, and vith a minimal reĉ ulrement for 
chemical isolation of these samples. This capability produces a very real flood of 
data, and leads us in self-defence to attempt to mec^nlze its processing and interp
retation. This data processing oan take several forms. 

Firstly, there is the problem of recording the mass speotra, di^tizlng 
them, fixing on a mass scale, and producing a record of peak heists and mass 
numbers. This prohlem has been fairly adequately solved in different ways, by 
Biemann, McLafferty, and by Boven, and their collaborators. 

The seccrd type of processing is the visual presentation of the information 
Contained in the mass spectrum in as accessible a manner as possible. This may take 
the simple form of logarithmic plots of peaks, the removal of Isotope peaks, or may 
involve the assignation of exact formulae to each ion peak and its display on an 
element map."I*2 

The third type of processing Involves the comparison of the measured 
spectrum with a catalogue of mass speotra. This can he readily carried out. It is 
not necessary to compare all the peaks, the six strongest alone being quite adequate. 
To compare an uiUcnoTm spectrum with 3000-odd catalogued spectra req̂ uires only 
seconds.3 

The fourth step is to make a detailed study of the processes of retisoning 
by which a mass spectrometrist deduces a structure fiom a mass spectrum, and on the 
basis of tliis to attempt to program a computer to carry out the same processes, that 
is, the deduction of a chemical structure ah initio. 

Parte of this process can fairly easily be systematised, and as such are 
readily amenahle to programming. A computer can he made to trace out the McLafferty 
rearrangement in a spectrum explicitly, and to identify not only the groupings on 
both sides of the double bonded atom, but also the a -substituents. Another 
process of ion fra^nentation irtilch has been automated In this way is the sequencing of 
amino acid residues in a polypeptide. 

A ffce&t part of the interpretation of a mass spectrum is by no means so 
systematic. One proceeds by interrogating the mass spectrum using a series of 
questions, and it is seldoci that one gets a completely unequivocal answer in return 
to any one of them. 

Let us look at a typical interrogation scheme in simplified form. (Plg. l). 
Interest has been restricted for our purposes to a limited class of relatively 
simple molecules of molecular wei^t less than 250. One of the first questions one 
puts is what ia the molecular wei^t. When one breaks down the logic of this 
(Question, it turns out to involve a surprisingly complex set of decisions. A 
variety of consistency checks can he applied to verify the correctness of the 
assignment. 

e.g., a). Greater abundance of even-electron over odd-electron 
fragment ions. 

h). Ho significant peaks a t p - 2 t o p - 1 3 ? 

c). Is there a significant p - 3 ? 

The parent isotope peaks can be used to set upper and lower limits to the elemental 
composition. Estimates can be made of the number of uneaturations, and of the oxygen, 
and nitrogen atom contents, by calculating a A value from the postulated molecular 
formula. 
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Hext, one may determine the moot likely moleoular class, i.e., main 
functional groups present, by empirical methods such as the significant peaks, the 
^oup hypersphere distances and the condensed mass spectra.4 

Consistency checks follow on whether the distrlhution of peak intensities 
in the spectrum is consistent witli the postulated molecular class, and whether the 
functional groups proposed are consistent with the Ĉ  value for the postulated 
molecular wel^t. Inconsistencies can be used to modify either the molecular wei^t, 
or the functional type. 

At this stage it should be possible to determine the most prohable molecular 
formula, £ind to check that it in fact represents a possible moleoule. Thereupon, a 
blank nearest neig^hour tahle is constructed. 

The determination of the most probable functional types, in order of 
likelihood, oan be used to select a subprogram irtiich conducts a systematic interred 
atlon for each moleoul£ir class, in turn seeking out rearrangement ions, etc. Several 
suoh subprograms have been written, for carbonyl oompounds, for substituted aromatic 
molecules, for amines, and for paraffins. 

Each of the programs Identifies certain groups of connected atoms. 

e.g., 

• (43) 

(57) 0 
\ II 
c — c -
l\ 

(30) 

— c -
l\ 

(44) 

Upon such identification, a suhroutine is called which enters this Information in the 
nearest nei^bour tahle. 

After this operation, or if the group identification is unsuccessful, a 
general purpose program scans all unasslgned atoms and ^oups, and proceeds to look 
for mass peaks indicating chain segnents. If found, these are entered in the table. 
The nearest nel^bour table is useful, in that a simple scanning operation indicates 
at any time if sufficient information is availahle to completely specify the 
structure. 

Falling this a subprogram, termed appropriately the "stab in the dark" 
routine, makes arbitrary entries in the table. 

When the nearest neighbour table is completed, the final step is that of 
verification of the postulated structure. A simple algorithm has been devised for 
calculating the most prominent fragment ion in a given structure, which may be of 
more general utility. 

A program of this kind has heen developed hy my associate Mr. Crawford and 
myself.5 In size it is at the present time of the order of 24000 words. It requires 
a CDC 3600 and takes approximivtely 5 seconds to generate a solution. Contracted but 
typical outputs from it are shown in Fig. 2. 'iVe are now rewriting this program to 
see whether it can be operated on a PDP9 computer. This machine has a much smaller 
core, but the serial nature of the program, and the use of addressable tapes and discs 
appear to make this a perfectly feasible proposition. 

In the processing methods described so far, the computer has operated 
completely in a passive sense, in that it accepts the mass spectrum, measures it, and 
then proceeds to question it. The logical next step is to change the role of the 
computer from a passive to an active one. 

We are at present building, and hope to have working in the not too distant 
future, a system of this kind. 

The diagram of this system is shown in Fig. 3- The computer controls the 
mass scan, the ionizing electron energr, and the resolution in mass. It accepts as 
inputs the ion current output and the GLC effluent indicator output. The computer 
senses the sample flow from the GLC at fixed intervals. As soon as a peak is 
detected, at a predetermined level of concentration, a low resolution mass spectral 
scan is initiated. The resulting spectrum is processed, measured, and the deductive 
process initiated. At certain branch points in the significant peeiks routine, a h i ^ 
resolution scan may be requested and carried out on certain peaks in the spectrum. 
I believe that we can use other branch points in the general program to request 
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appearance potential data on certain ions. The whole time for this processing should 
he of the order of five seconds, so that a given GLC peak will be present throu^out 
the time required. 

This whole process of attempting to program "intelligence"? is fascinating, 
and has involved us in a muoh more general study of the thou^t processes of a 
chemist, and other aspects of mechanized chemical education. I believe that In the 
not too distant futxire, programs of 100000 words and more will he in use, with 
immediate capabilities for special purposes far exceeding any human operator. 
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E L E C T R I C A L BREAKDOWN IN VACUUM 

A. S. Denholn 

Ion P h y s i c s C o r p o r a t i o n 
Bur l ing ton , M a s s a c h u s e t t s 

V a c u u m as a d i e l e c t r i c has l i m i t a t i o n s in i t i a t ed by s u p e r f i c i a l ac t ion . L o s s 

of i n su la t ion s t r e n g t h can occu r both a c r o s s s i m p l e gaps and along d i e l e c t r i c s u r f a c e s , 

and is inf luenced by the qua l i ty of v a c u u m , the e l e c t r o d e m a t e r i a l , and the a m p l i t u d e 

and t e m p o r a l f o r m of the jipplied vo l t age . T h r e e r e c e n t s y m p o s i a have s e r v e d to 

c l a r i fy the s e v e r a l p r o c e s s e s which can l ead to d i s c h a r g e s in v a c u u m . 

With d i r e c t vo l t age or low f r equency , t h e r e a r e e s s e n t i a l l y two b r e a k d o w n 

conduct ion p h e n o m e n a a c r o s s v a c u u m gaps . One fo rm is known as the m i c r o d i s c h a r g e 

and is an i n c o m p l e t e conduct ion , w h e r e a s the o the r is a c o m p l e t e s p a r k b r eakdown . 

M i c r o d i s c h a r g e s a r e r e l a t e d to the o r g a n i c c o n t a m i n a t i o n c o n s i s t e n t with an unbaked 

v a c u u m s y s t e m . T h e s e s t a r t at a t h r e s h o l d vo l t age and take the fo rm of a p u l s e of 

c u r r e n t , p e r h a p s l a s t i n g r n i l l i s e c o n d s . The pu l se c h a r a c t e r i s t i c s a r e s t r o n g l y r e l a t e d 

to the s u r f a c e condi t ion. It is th i s phenomenon which g ives c u r r e n t loading in a c c e l e r a 

to r tubes and ve loc i ty s e p c i r a t o r s . A r n a l and o t h e r s have p rov ided good e v i d e n c e 

that the effect is r e l a t e d to a cha in mechan i snn involving h y d r o g e n ions of both s i g n s ; 

a l though m o s t of the c u r r e n t a p p e a r s to be e l e c t r o n i c . By r a i s i n g the p r e s s u r e in a 

s y s t e m , m i c r o d i s c h a r g e t h r e s h o l d s can be i m m e d i a t e l y i n c r e a s e d , a p p a r e n t l y by gas 

s c a t t e r i n g . 

Spark b r eakdown is i n i t i a t ed by e i t h e r a field e m i s s i o n p r o c e s s o r by s m a l l 

' c l u m p s ' of nna te r i a l de t ached f rom one e l e c t r o d e s u r f a c e and a c c e l e r a t e d a c r o s s the 

gap to s t r i k e the o the r . F i e ld e m i s s i o n o c c u r s at m i c r o p r o t r u s i o n s on the ca thode 

s u r f a c e , and b r e a k d o w n can be e i t h e r ca thode or anode in i t i a ted , depending on the 

g e o m e t r y of the p r o t r u s i o n s . P r o t r u s i o n s giving high field i n t ens i f i c a t i on lead to an 

i n s t ab i l i t y at the p r o t r u s i o n and ca thode in i t i a t ed b reakdown . P r o t r u s i o n s of s m a l l e r 

i n t ens i f i c a t i on l ead to an anode in s t ab i l i t y th rough the power dens i ty of the b o m b a r d i n g 

e l e c t r o n b e a m . T h e s e p r o c e s s e s have been d i s c u s s e d at c o n s i d e r a b l e l eng th by s e v e r a l 

a u t h o r s . ' ' ' ' F i e l d e m i s s i o n can be r e d u c e d and b r eakdown v o l t a g e s r a i s e d , by 

i n c r e a s i n g p r e s s u r e in a s y s t e m . H e r e , field e m i s s i o n e l e c t r o n s p r o d u c e pos i t i ve ions 

which s p u t t e r away the e m i t t i n g t ip and r e d u c e field in t ens i f i ca t ion . The i m p r o v e m e n t 

is not i m m e d i a t e but t a k e s a spec i f ic t i m e for s ign i f ican t s p u t t e r i n g . 

F o r the d e s i g n e r wish ing to p r e v e n t v a c u u m b reakdown , t i t a n i u m or s o m e of 

i t s a l l oys a r e i n t e r e s t i n g e l e c t r o d e j -na te r i a l s . D i e l e c t r i c coa t i ngs on nega t i ve s u r f a c e s 

have a l s o p r o v e n v a l u a b l e ; for exanriple, anodized a l u m i n u m h a s been u s e d with s u c c e s s 

on l a r g e ve loc i ty a n a l y z e r s . 
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With regard to insulator breakdown under low frequency or direct voltage, 

the mechanisms are not well understood. Hov/ever, end effects are crit ical as might 

be expected from the field intensification which can occur at the triple point. Stresses 

up to 250 kV/inch have been obtained in experiments, and accelerator tube s tructures 

can operate at 100 kV/inch. In general, where insulator surfaces have to operate at 

high gradients and voltages, grading techniques using equipotential planes at fixed 

potential interposed along the dielectric surface are necessary. 

At the other end of the time spectrum, it has been shown that with very fast 

pulses, breakdown is initiated by the explosion of cathode micro-projections, and that 

complete breakdown is not accomplished until a plasma has bridged the gap. Studies 
(6) 

in this area have been made by Mesyats and his colleagues. In this same time 

regime, breakdown across insulators is an electronic process involving avalanching 

down the dielectric surface. 

In summary, there appear to be three niechanisms which can account for 

breakdown in vacuum. One is field emission dependent where instabilities can develop 

either at the cathode or at the anode. There is also a 'clump' mechanism whereby 

particles from one electrode surface are accelerated across the gap to produce vapor

ization at the opposing surface. Finally, there is the hydrogen ion exchange mechanisn:! 

which initiates the microdischarge. 
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Measurement o f S e n s i t i v i t y i n a Secondary Ion Emiss ion M i c r o a n a l y z e r 

by C. M. Judson and R. K. Lewis 
CEC/Ana l y t i ca l I ns t rumen ts D i v i s i o n 
B e l l £• Howe I I Company 
Monrov ia , C a l i f o r n i a 91016 

The Ion Mi c r o a n a l y z e r was f i r s t d e s c r i b e d by C a s t a i n g i n 1962.^ '̂  A second v e r s i o n 
w i t h energy f i l t e r i n g added to improve r e s o l u t i o n was d e s c r i b e d i n I 9 6 5 . ( 2 ) Last year 
a t t h i s mee t i ng a paper" p repared by Rouberol and h i s co -wo rke rs a t Cameca d e s c r i b e d the 
des ign and per formance o f the commercial i n s t r umen t be ing manufac tu red by Cameca.(3) 

V/e have had one o f these i n s t r u m e n t s i n our l a b o r a t o r y i n Monrov ia s i n c e January , 
The main s u b j e c t o f t h i s paper i s t o d e s c r i b e our expe r i ence i n us ing t h i s i n s t r u m e n t , 
and i n p a r t i c u l a r t o r e p o r t on measurements of r e l a t i v e s e n s i t i v i t i e s under v a r i o u s con 
d i t i o n s . Some changes i n the des ign o f the o p t i c a l system which have been i n c o r p o r a t e d 
s i nce Jast y e a r , one o f wh ich appears t o i n v o l v e a s i g n i f i c a n t a d d i t i o n t o the under
s t a n d i n g o f the o p t i c a l system used w i l l a l s o be r e p o r t e d . 

Th i s i ns t r umen t combines a secondary ion emiss ion microscope w i t h a mass spec
t r o m e t e r t o o b t a i n a m a g n i f i e d s u r f a c e d i s t r i b u t i o n map o f the components o f a sample. 
The o p t i c a l system was d e s c r i b e d i n the paper by Rouberol p resen ted l a s t y e a r . A p r imary 
beam s t r i k e s the sample and secondary Ions a r e formed and a c c e l e r a t e d by an immersion 
l e n s , f o r m i n g a m a g n i f i e d image o f the s u r f a c e . Ions o f a s p e c i f i e d mass a r e s e l e c t e d 
by the mass a n a l y z e r . A mass a n a l y s i s i s made us ing two d e f l e c t i o n s i n a magnet ic p r i s m 
and one r e f l e c t i o n i n an e l e c t r o s t a t i c m i r r o r . The ions l e a v i n g the a n a l y z e r a re p r o 
j e c t e d o n t o an image c o n v e r t e r and the e l e c t r o n Image formed i s d e t e c t e d i n one o f 
seve ra l ways wh ich w i l l be d i scussed be low. 

Th i s p r i s m - m i r r o r - p r i s m system was s e l e c t e d as a conven ien t way t o b u i l d a 
s t i g m a t i c a n a l y z e r . The theo ry o f C o t t e ( ^ ) , r e c e n t l y revlev^ed by S e p t i e r ( 5 ) , showed 
t h a t w i t h a p r o p e r l y s e l e c t e d en t rance a n g l e , a magnet ic p r i sm has f o u r s t i g m a t i c p o i n t s 
such t h a t i f the c r o s s o v e r and i n i t i a l v i r t u a l image a re p laced a t the f i r s t two p o i n t s , 
a new c r o s s o v e r and v i r t u a l image a re formed a t the second two p o i n t s . The m i r r o r i s 
des igned so as t o cause a symmet r ica l second passage th rough the magnet ic f i e l d w i t h 
the f i n a l v i r t u a l image and c r o s s o v e r symmetr ica l t o the f i r s t image and c r o s s o v e r . 

I t I s now recogn ized t h a t the v i r t u a l Image formed by the immersion lens and con
s t i t u t i n g the o b j e c t f o r the p r i s m - m i r r o r - p r i s m a n a l y z e r does not have t o be a t the 
f i r s t s t i g m a t i c p o i n t . I f t he m i r r o r i s l o c a t e d w i t h i t s c e n t e r and apex a t t he second 
two s t i g m a t i c p o i n t s o f the p r i s m , an Image a t any p o i n t a l o n g the a x i s o f the a n a l y z e r 
i s reproduced as an image a t ano the r p o i n t , w i t h m a g n i f i c a t i o n o r d e m a g n i f i c a t i o n de
pend ing on the l o c a t i o n o f the image w i t h respec t to the f i r s t s t i g m a t i c p o i n t . 

The d e m o n s t r a t i o n o f t h i s p r o p e r t y of the p r i s m - m i r r o r - p r i s m system Is e a s i l y made 
In the Ion M i c r o a n a l y z e r by chang ing the focus on the immersion lens wh ich precedes the 
mass a n a l y z e r , and o b s e r v i n g t h a t good images a re m a i n t a i n e d w h i l e the t o t a l m a g n i f i c a 
t i o n o f the a n a l y z e r i s changed. 

The p r a c t i c a l use of t h i s c a p a b i l i t y which has been made i n the Ion M i c r o a n a l y z e r 
I s t o somewhat s i m p l i f y the lens system f o l l o w i n g the mass a n a l y z e r wh ich was r e q u i r e d 
i n o r d e r t o ope ra te w i t h e i t h e r p o s i t i v e o r n e g a t i v e secondary i o n s . The power supp ly 
r e q u i r e d f o r the image c o n v e r t e r i s now symmetr ic f o r both p o s i t i v e and n e g a t i v e i o n s . 
The same p h y s i c a l lenses which were d e s c r i b e d l a s t year a r e used, but w i t h d i f f e r e n t 
p o t e n t i a l s a p p l i e d . The bas i c d i s c o v e r y t h a t the p r i s m - m i r r o r - p r i s m system can ope ra te 
w i t h v a r i a b l e m a g n i f i c a t i o n seems t o be more impo r t an t than the p a r t i c u l a r a p p l i c a t i o n 
wh ich has been made o f t h i s p r i n c i p l e . 

Two o t h e r changes i n des ign have been made f rom t h a t d e s c r i b e d l a s t y e a r . A 
r e c t a n g u l a r a p e r t u r e has been p laced i n f r o n t o f the c i r c u l a r a p e r t u r e a t the i n t e r m e d 
i a t e c r o s s o v e r , des igned so as t o m in im ize a b e r r a t i o n s and r e s u l t i n g i n an improvement 
i n the compromise between mass r e s o l u t i o n and s e n s i t i v i t y . 

An a s t i g m a t i s m c o r r e c t o r has a l s o been p r o v i d e d f o r the p r imary beam. 

I t shou ld a l s o be noted t h a t the o p t i c a l des ign which was shown l a s t yea r does not 
show the f i e l d a p e r t u r e l o c a t e d Jus t b e f o r e the en t r ance to the p r i s m . Th i s f i e l d 
a p e r t u r e a c t s t o l i m i t the sample area seen by the a n a l y z e r . 
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The primary beam current is of the order of 25 uA and has an area of the order of 
several hundred microns. The spatial resolution is obtained by recording a stigmatic 
image and not by use of a small primary beam spot. The primary beam Is generally either 
argon or oxygen. 

Using a cylindrical condenser to deflect the primary beam Into the mass analyzer, 
the composition of the primary beam can be determined. Except for about 5% mass l6 for 
oxygen and the same amount of mass 20 for argon, the beams are found to be essentially 
pure mass 32 and mass ^0, the largest impurity peaks being of the order of 0,1%. 

know , ^ . ,, _ , 
only ions from the center are seen and we can eliminate any ions from the edges, Thi:» 
represents an inherent advantage of the microscope approach over any method which 
(Tieasures the total secondary ion beam formed, in that it permits obtaining measurements 
which represent entirely the signal from a specified depth. 

The ion beam is projected onto an image converter which Is essentially a Daly de
tector and is converted into an electron beam. There are three possible methods of 
observing the image, (l) The reflected electron beam can be Imaged onto photographic 
f i Im, (2) it can be deflected onto a sci nt I M a tor for vi sual ope rati on or (3) a part 
of the beam selected by a diaphragm in the image plane can be passed to a sclntlllator-
photomultiplier for current measurement. 

This instrument was designed with the primary objective of forming Images repre
senting the composition of the sample, and particularly of forming a series of images at 
successive depths within the sample. Examples of such images were shown last year. 
Images can be obtained in very much shorter times than are required v/ith an electron 
microprobe. One can also obtain images for the very light elements and for specific 
isotopes which cannot possibly be obtained with the electron microprobe. 

In order to fully understand the capabilities of the instrument, we have to know 
something about the concentrations which must be present and the time of exposure or 
depth of sample erosion required to obtain an image at a particular concentration of a 
particular element. We have carried out a series of measurements of the relative 
sensitivities for various elements being bombarded with either argon or oxygen. 

The same measurements of relative sensitivities which are needed to evaluate 
sensitivity for forming images are also required for comparing sensitivities for detec
tion of trace quantities by measurement of the total secondary current observed. We 
will first consider the question of sensitivity for current measurements and then come 
back to the question of sensitivity for image formation. 

The detection limit for current measurement for a given element is the ratio of the 
noise In the measurement system to the current obtained with a pure sample. The next 
slide shows that for aluminum, the most sensitive element, using O2 primary ions, this 
1 imi t is 

i ^ ^ J ^ = 10-8 or 10 ppb 
5 X 10-9 "̂ "̂  • 

This is for a system with one second time response, with the mirror adjusted for 507o 
valley at mass 200, and using the full 350 micron sample area. V/Ith 10% valleys at mass 
350, the detection limit is about 3 fold higher. When a complete spectrum is scanned, 
the time constant will generally be somewhat lower and the detection limit higher. When 
a single element Is being measured the time constant can easily be greater than 1 second, 
and the detection limit lower. Using longer measurement times and counting ions or 
using a digital memory oscilloscope, an improvement of at least one and possible two 
orders of magnitude can be expected. 

The detection limit for any element can be calculated by multiplying the detection 
limit for aluminum by the relative sensitivity compared to aluminum. 

Det. Limit -8 K-

where K is the y ie ld of the most abundant secondary ion as a ra t io to the number of 
primary ions. 
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The depth of sample consumed in the time required for a measurement can be cal
culated from three factors; the erosion rate for Aluminum, approximately 100 Angstroms 
per second, the time of the experiment, and the relative sputtering rate compared to 
a IumI num. . c 

depth = 100 7FF ' TIME • J ^ 
^^^ Ŝ i 

The relative sputtering rates under more or less similar conditions are available in 
the literature and are In the range of 1 to 10 times that for aluminum. In typical ex
periments involving a few seconds to a few minutes, one consumes of the order of 10^ 
Angstroms or 1 micron. 

The time required to form an image for pure aluminum is h milliseconds, and the 
concentration which can be detected in a specified time can be calculated by the 
following equation: 

c = Q-QQ^ . 1 
^ TIME Kĵ /K/ij 

This time may be limited by the tTme available or by the depth of penetration which can 
be allowed. Assuming maximum values are about 100 seconds or 1 micron, the limit of 
detection for an image with pure aluminum is ^.0 x 10~5 or kO ppm. This is considerably 
higher than the detection limit for current measurement from a large area, but very much 
less than the detection limit for current measurement from an area equal to the spatial 
resolution. The presence of a particular concentration In a sample area of micron size 
can be detected more easily from an Image than from an attempt to measure current. 

Figure 2 shows a plot of relative sensitivity against atomic number. The closed 
circles with the higher sensitivities are for oxygen bombardment, tfie open circles with 
somewhat 1ower sensi ti vi t i es for argon bombardment. PrevIous workers have shown tha t 
there is a change in atom sputtering yield and In secondary ion yield v^ithin a period 
of the periodic table. This variation appears to be related at least in part to the 
number of d electrons. At any rate we selected Cr, Mo and \! to represent elements near 
the beginning of the period, all in a single group, and Cu, Ag and Au as subgroup 
elements which represent approximately the lowest sensitivity. Elements between Cr and 
Cu in the periodic table might be expected to have sensitivities between the figures 
measured for Cr and Cu. 

The data shown are sensitivities for the most abundant isotopes. Similar but 
slightly different plots can be obtained for the total yield of all Isotopes. 

The data for 02"*" are generally similar to those which have been reported by 
Anderson for negative 0]5".(6) To our knowledge, however, there has not previously 
been presented any systematic comparison across the periodic table of sensitivities 
for argon and oxygen under similar conditions. 

The sensitivitiOS for argon are less, but the reduction between oxygen and argon 
is less for the low sensitivity than for the high sensitivity elements. On the average 
the sensitivity for argon Is about one order of magnitude lower, but the variation in 
sensitivity with element is less with argon. 

v/e have since measured four other elements (Mg, Si, Ti and Sn) and the results are 
consistent. We have obtained spectra for each of the elements studied which we are in 
the process of correlating. The most significant observations a r e that oxygen produces 
lower yields of dimers and higher polymers than argon but provides the additional com
plexity of forming many compound Ions with one or more oxygen atoms and one or more 
metal atoms. 

Finally It is interesting to consider what we know about the relation of sensitivity 
to the three factors v;hich determine sensitivity; the yield of sputtered atoms, the 
yield of ions from these atoms, and the transmission of the instrument. Experiments 
have been carried out with aluminum to measure the number of collected Ions per 
sputtered atom. This was done by integrating the aluminum ion current while sputtering 
through a film of knov/n thickness. The yields for oxygen and argon, respectively, were 
1.0 X 10"3 and 1.^ x 10"5 Al"'" ions per sputtered atom. The instrument transmission is 
mainly limited by the number of Ions eliminated by the aperture of the immersion lens 
because of the lateral component of energy. For aluminum the distribution of secondary 
Ion energies has been measured by Hennequin and the transmission can be calculated. The 
estimated value is 0.058. On this basis the ionization yields are 1,7 x 10-2 and 
2 .k X 10"^ for oxygen and argon respectively. 
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MASS SPECIROMEirRIC MEASUREMEOT OF THE THEBMAL VELOCITIES 
OF VARIOUB SEECIES EVOLVED FROM lASER-VAPORIZED MATERIALS 

K. A. Lincoln, F. A. Wodley 
Naval Radiological Defense Laboratory, San Francisco, California 9^155 

HfrRODUCTIOM 

The masB spectrometer, by acting as a selective detector, serves as an effective 

instrument for measuring the velocities of molecular species vaporized from refractory 

materials. In these measurements the spectrometer functions essentially to establish the 

time of arrival of specific molecules at a measured distance from the sample. For full 

realization of this potential, however, such an Instrument must have the capability of 

time resolving mass spectra obtained from short events in the submillisecond regime. 

The technique described here is applicable to gases vhich emanate from a conmon point 

and have long mean-free-paths (i.e., in a vacuum). 

We have employed a pulsed laser of moderate energy (about one Joule per pulse 

to bring very small amounts of sample material quickly to a high temperature inside 

the ion source of the mass spectrometer. A complete description of the laser system, 

the mass spectrometer and technique for time resolving spectra have been reported 

previously. 

The chief reason for using a TOF Instrument is its ability, to detect and time 

resolve, simultaneously, several molecular species produced by individual laser bursts; 

the resultant output of the instrument is an Intensity versus time record of the 

preselected mass peaks. This has provided us with an effective tool for determining the 

thermal velocities attained by individual molecular species, and at the same time learn 

something of the vaporization characteristics of some refractory-type materials under 

high thermal loadings. It has also provided us with a technique for quantitative 

measurement of the components comprising these vapor plumes which exist for only a 

millisecond or less. 

EXEERIMSmAL 

The lasers employed for vaporizing samples are Nd-doped glass operated In the 

normal burst mode. Their output pulse widths can be varied from 100 |j,s to nearly a 

millisecond, and the energy delivered to the sample is approximately 0.1 - 1.0 Joule. 

Figure 1 shows schematically how the laser is coupled to the mass spectrometer so that 

the beam from the laser is focused on the sample which is located within the ion source 

on the end of the inlet probe. The He-Ne laser merely facilitates aligning the optics 

and indicates where the pulsed laser beam will strike the target. The probe can be 

rotated and moved vertically to position the saû ile material at measured distances from 

the electron beam in the ion gun. It should be pointed out that the laser optics moves 

with the sample to Insure that the material is subjected to identical thermal loadings 

when the vapor path is varied, i.e., the distance between lens and sample remains constant. 

Although the mass spectrometer end the method we use for time resolving mass 

spectra has been fully described In the earlier publication, a brief resxmie le necessary 

for an understanding of the applications described here. The Instrument is a Bendix 

TOF mass spectrometer with a multichannel multiplier at the output and operates at a 

repetition rate of up to 65 kHz. To record the Intensities of Individual mess peaks as a 

function of time, each gating pulse to the multiplier is positioned (in delay time from 
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Fig. 3. C- and C,- from graphite (two laser shots) 
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the beginning of each cycle) to coincide with a mass peak of interest. Each is adjusted 

wide enough in time to divert the entire mass peak to the corresponding anode (see 

Figiire 2). The outputs from the anodes are fed directly to the' vertical inputs of the 

multitrace auxiliary oscilloscope (not shown) with its horizontal sweep triggered by 

the laser. Thus with each laser burst we get s complete, simultaneous time record of 

the intensity of each mess peak which has been selected for observation for that event. 

Note that it is not necessary to "synchronize the mass spectrometer with the laser; it 

runs freely and only the oscilloscope sweep is triggered by the laser. Figure 5 was 

recorded from a dual-trace oscilloscope via a two-gate multiplier and shows the time 

history of two mass peaks. (Up to six mass peaks can be recorded simultaneously by 

utilizing a six-gate multiplier available from the manufacturer.) The traces are made 

up of segments, becaiise they are con̂ josed of contributions from successive cycles of 

the spectrometer operating at 65;000 cycles/sec (i.e. every mass peek occurs at l6 

M,sec intervals). It is also evident that these two species are free radicals or 

condensibles, because their intensity drops to zero immediately after thevapor pluine 

has surged past the ion gun. 

Two types of time measurements are possible with this technique: As already 

shown, the difference in arrival time between two or more molecular species at the ion 

gun can be measured directly (Figure 3)' Secondly, the time lapse between laser pulse 

and arrival of vapor species at the ion gun can be measured by monitoring the laser 

beam with a photosensitive device and including that output on the oscilloscope 

presentation. This is shown in Figures h end 5 for identical laser energies and for 

varied laser energies. It also provides a comparison between laser pulse and resulting 

vapor pulse shape. 

Another useful contribution this technique makes to analytical measurement is 

in the determination of the relative concentre tions of vapor species produced by 

individual laser bursts. This is most easily accomplished by integrating the previously 

shown mass pulses electrically; the outputs from the multiplier are fed to the 

oscilloscope via an integrating circuit (or integrating amplifier). Figure 6 is 

the result of integrating two masses in this manner, and the vertical displacement 

of the trace is the integrated value of each one. However, no correction has been 

included for relative sensitivities or ionization cross-sections. 

RESUUS 

There are several instrumental factors which need to be considered in applying 

this time-fesolving technique to measuring the velocities of vapor components. 

(1) The time duration of the laser pulse (or actually the vapor pules) must 

not be too long compared to the travel time of the vapors. Otherwise it is difficult to 

actually ascertain the travel time. 

(2) The repetition rate of the TCF mass spectrometer must be fast enough so 

that the time between cycles is short compared to the event under study. This is 

necessary to adequately describe the intensity-time curve of the vapor spedies. The 

figures shown here resulted from a repetition rate fast enough so that each mass peak in 

the spectrum occurred every l6 ij,sec during these vapor plumes which lasted two or three 

hundred ̂ sec. 

(5) If the vaporization occurs at short range to the ion gim or if the 

vapor molecules travel quite fast, the time of flight in the drift tube between ion 

gun ard multiplier must be subtracted from the overall time. This is also true when 
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measuring time differences between species of widely separated m/e values. Usually this 

correction amounts to less than 20 [tsec. 

(4) In a high vacuum the laser-induced vapors leave the sxirface at essentially a 

2jt angle; therefore, there is a trade off between sample distance from the ion gun and 

detection sensitivity. 

Most of the applications of this instrumentation have been related to the study 

of graphite veporizaton at several hundred Joules/cm per laser puJ.se. We have found 

the major vapor component to be C- and have used this es a basis for comparing the other 

species. Our tentative conclusions are thet Ĉ . veporizetion occurs during a shorter 

time span than C,, but it occurs somewhat sooner, although its thermal velocity is less 

than C_. At increased thermal loadings the time difference between C_ end C, is 

increased and the ratio C and C is increased and the ratio C /C is also increased. 

The experimert al verification that all the vapors do not leave the surfaces 

simultaneously is important in this work. It means that velocities cannot be 

calculated by using thetime between laser pulse and vapor pulse; instead, the difference 

in arrival times at two different sample distances must be used: velocity = Ad/At. 

So far nothiiig has been said about thermally-produced ions. We have detected 

some such ions from graphite at short sample distances, but the spectral resolution 

has been poor. Furthermore, detection of ions produced at long sample distances 

requires that they be shielded from strey electric fields, otherwise, they do not reach 

thet critical zone within the ion gun which permits them to be accelerated down the 

drift tube tothe multiplier. 
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Mass Spectrometric Studies of Laser-Induced Vaporization of Solids 

V. S. Ban and B. E. Kno:? 
Materials Research Laboratory 

The Pennsylvania State University 
University Park, Pa. 16801 

Various inorganic substances were vaporized in the ion source of a time-of-flight 
mass spectrometer by means of a focused laser beam. Substances with relatively low 
melting points {T^ < lOOO'C), such as the elements of groups V-A and VI-A, various com
pounds consisting of these elements and some V-A - VI-A binary and ternary systems have 
been studied (1,2). The conditions of laser-solid interaction have been investigated, 
and a phenomenological model for the laser-induced vaporization has been proposed. 

It has been shown that laser-induced vaporization proceeds under conditions signif
icantly different from vaporization produced by other heating methods. Laser-solid 
interactions can result in surface temperatures of several thousand degrees and pressures 
of several thousand atmospheres. For many substances the critical temperature and 
pressure can be reached in the laser-solid interaction, thus providing new possibilities 
for the study of the behavior of the substances under extreme temperature and pressure 
conditions, not experimentally achievable before (3). Mass spectrometric analyses of 
the laser-produced vapor revealed the existence of new and unusual vapor species not 
discovered previously in vaporization experiments (4). Furthermore, it was shown that 
in some systems one can correlate the laser-produced vapor species with the structure of 
the condensed phase. For instance, in the case of AS2O3 polymorphs, the ionic spectra 
of arsenolite did not show presence of species containing less than four arsenic atoms; 
this is consistent with the presence of AS4O5 molecules in solid arsenolite. On the 
other handj lower species were abundant in the ionic spectra of claudetite indicating 
fracturing of the sheet-like structure of this compound. 

In the case of various organic materials, large unfragmented molecules dominate 
laser-produced vapor (5), The simplicity of the observed mass spectra suggests inter
esting analytical possibilities for the laser-mass spectrometer. 

Current address: RCA Laboratories, Princeton, N, J. 08540 
'f'Also with the Department of Material Science 
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ELECTRONIC CONFIGURATIONS AND THE SPARK-SOURCE 

MASS SPECTRA OF SOME ELEMENTS 

J. M. McCrea 
Applied Research Laboratory 

United States Steel Corporation 
Monroeville, Pennsylvania 15146 

Abstract 

In spark-source mass spectra of elements, all ions of Li, Be, Na, 
Mg, Al, and Si that must be produced by ionizing beyond helium-like (ls2) 
or neon-like (ls2, 2s2, 2p6) configurations are much scarcer than would 
be expected in a regular gradation. The very low values for the Nâ +ZNâ '*' 
and Mĝ +ZMg-'-'"' intensity ratios show that use of typical 2+/1+ and 3+/1+ 
ratios for iron and many other elements will produce enormous errors in 
determining sodium and magnesium from the Nâ "*" and Mĝ "̂  ion intensities. 

Introduction 

In the mass spectrometric analysis of solids, the spectra are 
influenced by the instrumentation and particularly by the ion source 
used.-'-' Craig, Errock, and Waldron described the spectrum of iron as the 
main example of spectra produced in the radio-frequency spark source.^' 
They reported that the intensity of multiply charged ions decreased 
rapidly, approximately by a factor of five, with each ionization. Owens 
mentions consecutive ionizations up to 16, with the rate of decrease in 
number of ions with increasing charge quite variable.-^' His examples 
indicate variation with both sample type and instrumental factors. This 
report is based on the distinctive spectra observed for various elements. 

Experiments and Data Acquisition 

Spectra were obtained with instrumental factors as constant as 
possible by the techniques described for analysis of high-purity irons.4) 
As a precaution against misidentification of lines in quantitative 
analysis, the progression of intensity with charge level was visually 
inspected on all analytical plates. Photometric data were taken only as 
required for quantitative analysis, or if the spectra appeared to have 
unusual intensity progressions. 

Visual Results 

All spectra obtained for iron samples showed a regular progression 
of intensity in the series Fel"*" to Fe""*" where n was typically 7 or more. 
The estimated factor for decrease in the progression ranged from 2.5 to 
3.0, and was smaller than the 5 suggested for different instrumentation.^' 
Similar progressions were observed for C, Cu, Zn, Nb, Sn, Pt, and Pb. 

Samples of aluminum and silicon did not yield regular progressions. 
The aluminum spectra had three strong lines followed by weak lines for 
more highly charged ions. Silicon spectra had four lines in a strong 
progression, followed by two weak lines. The sharp drop in intensity 
corresponds to ionization beyond the valence shell, and was also noted in 
special runs with Mg, Be, Na, and Li. Fig. 1 shows several spectra of 
magnesium. The lines at the 1+ and 2-t- positions are strong; those at 3+ 
and 4-t- positions are much weaker or not even recorded. Divalent beryllium 
like magnesium gave two strong lines. Only one strong charge level was 
noted for monovalent Li and Na. Lines for charge exchange processes, 
such as Al3+"̂ 2-f̂  Sî +'̂ -̂f̂  ^̂ ij Si''"'"*̂ "̂  were observed only if the initial 
charge level also gave a strong line. 
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FIG. I MASS SPECTRA OF MAGNESIUM. PLATE EXPOSURES WERE GRADED FROM 
50 TO 0 . 0 5 6 NANOCOULOMBS IN 9 APPROXIMATELY GEOMETRIC STEPS 
AND THEN RANDOMIZED AT 8 LEVELS BETWEEN 1.7 AND 14 PICOCOULOMBS 
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FIG. 2 LOGARITHMIC-PROBABILITY PLOT OF PHOTOMETRIC DATA FOR 
VARIOUSLY CHARGED IRON IONS (SEE TEXT FOR EXPLANATION OF 0 '«) 
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Results From Photometric Measurements 

The data were interpreted by logarithmic-probability plots as in 
the analysis of high-purity irons.'') The relationship of the plots for 
the iron is conveniently illustrated on a composite plot. Fig. 2. The 
visually regular progression corresponds to the crudely equal separation 
of roughly parallel lines on Fig. 2. 

Because the slopes differ, exposure comparisons are made at a 
selected ordinate. The 20% ordinate was selected as a compromise for 
reducing extrapolations and yet keeping close to the 10% level where 
Fel+ data for various Q2 plates showed reduced variations. 5) Let q-|̂, qĵ  
denote exposures at which lines plotted for the 1+ and n-*- ions cross the 
20% ordinate. A plate given an exposure q̂^ also receives q̂ /̂qĵ  times the 
number of n+ ions necessary to produce a 20% level at the n-i- spectral 
line. If n-1- ions are measured by the number of H- ions producing an 
equivalent response, q^/qn is an effective ratio for n-1- and 1+ ions in 
the spectrum. 

Effective ratios for the light metals correspond to uneven spacing 
on a composite plot. The points ql', q2', q3', and q4' on Fig. 2 show the 
spacing for the l-t- to 4-t- magnesium similar to the qi, q2, q5 , and q.̂  for 
iron. The difference in ionization between Mg2-t- and Mg3-t- corresponds to 
about four extra steps for Fê "*" and is reflected in a sharp drop in 
intensity on Fig. 1. 

Discussion 

Observations on light elements and Table I are consistent with 
independent measurements and with the periodic table and electronic 
configurations. Nlcholls found that 2+ ions of the alkali metals from a 
nonmetallic matrix never account for more than 2% of the total ionization."' 
Berkey, Sweeney, and Hickam report a rather variable ratio around 3000 
for Nai+ZNâ ''" that agrees with the reciprocal quantity in Table I.^' The 
trend of Owens' results is different from that in Table I, but different 
parts of the periodic table are emphasized and no essential inconsistency 
is present.^' 

Calculations made from Table I show that the intensity of multiply 
charged ions for several light elements does not decrease by a constant 
factor with each ionization. Semilog plots of ion charge and effective 
ratio. Fig. 3, illustrate this behavior. Iron ions from Fei'*' to Fê "*" 
show the nearly linear relation typical of a roughly constant factor, but 
other elements show distinct breaks. The breaks correspond to ions that 
must be formed by ionization beyond a helium-like (ls2) structure in the 
case of Li and Be, or beyond a neon-like (ls2, 2s2, 2p6) structure for 
the third period elements. Nioholls' data on the l-f/2-t- ratio for the 
alkali metals as a class show that the effect of the inert gas structure 
is present for the heavier alkali metals as well.^' 

Mechanisms such as electron bombardment, thermal ionization, and 
field ionization compete in spark-source ionization, and correlations 
rather than explicit formulas must currently be used to interpret spectra 
in terms of atomic properties.^' Energies of ionization offer an 
alternative to charge level for correlation with effective ratios. The 
energy E^ required to convert a l-t- ion to an n-̂  ion is the sum of (n-1) 
ionization potentials from the second to the nth. Some third period 
data are listed in Table II. Ions were observed up to E^ values of 350 
volts with the exposures used. 

Semilog plots of Ê , and the effective ratio n-t-/l-<- are distinctly 
curved; they do not show breaks because a break in E^ through a rare gas 
configuration compensates for a similar break in effective ratio. On 
empirical criteria of compensation and linearity, semilog plots of the 
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2+ 

3+ 

4-1-

5+ 

6-t-

T a b l e I I 

cumulative Ionization Energy E„ of Singly 
Charged Ions to Higher Ionization 

47.29 

118.94 

217.82 

(356.19) 

(528.28) 

Mg-H Al-i-

En, electron volts 

15.03 

9 5.15 

204.44 

345.67 

(532.16) 

18.82 

47.26 

167.22 

320.99 

(511.41) 

Si-f 

16 

49 

94 

34 

80 

93 

261.66 

466.77 

NOTE: Entries underlined correspond to strong progression ions, regular 
entries to observed ions in weak progressions, and entries in 
parentheses to ions detected very weakly or not at all. 
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nth ionization potential and the n+/l-̂  ratio are more satisfactory, in 
spite of an inconsistency in referring ratios to a 1+ level and energies 
to an (n-l)+ level. Several straight-line relationships for light metals 
can be seen in Fig. 4, along with relations for beryllium and silicon 
that are not straight. Owens has used similar plots for his data.8) 

Although electronic configurations and ionization potentials 
explain the effective ion ratios, two points remain to be mentioned: 
conversion of effective ratios to number ratios and the effect of uneven 
progressions on analytical results. In the ion-optics used, the energy 
of the n+ ion is n times that of a l-̂  ion and the width of the spectral 
lines may be different. Available data, such as Owens',1"' on the energy 
variation of the Q2 plate are for energies well below the normal energies 
of multiply charged ions in the spectrometer, and correction involves 
extended extrapolation not yet subjected to experimental check. Both 
energy and width factors act to make the number ratio substantially less 
than the effective ratio; quantitative evaluation should await data on 
ion beams of different charge by simultaneous current measurement or 
particle counting methods. 

No analytical problems arise if results are based on l-t- ions, but 
some techniques for avoiding interferences use lines for 2-I- and 3+ ions. 
One is the use of Na2+ for Na, presumably with the assumption of a 
"normal" ratio for 1+/2+ near five.2) Although data from the Nâ "*" line 
may be high as a result of surface ionization of sodium impurity, the 
sodium from Na2+ lines could be low by a factor of several hundred. 
Similar use of Mĝ """ to avoid interferences of 24(ig2-H with •'•̂ Ĉ''' and 
24fjg+ with •'•̂C2 would also introduce vast errors if ratios for the 
spectrum of magnesium were not used. Ideally, data for a matrix of 
similar work function and composition should be obtained for calibration 
of these analyses. 

Summary 

Spark-source spectra of some light elements have a sharp break in 
the progression of intensity with the ion charge. They correspond to 
ionization of a rare-gas-like configuration and to similar irregularities 
in ionization potentials. If ions such as Nâ "*" and Mg3+ with charge 
levels above the break are used for analytical determinations, correct 
data for the spectrum are necessary. Very large errors result from an 
assumption of a regular progression such as that for iron. 
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24 
THE mSS SPECTROMETRIC ANALYSIS OF A SERIES 

OF ELEMENTS AS VOLATILE IODIDES 

James E. Delmore, Jr. 
Idaho Nuclear Corporation 
Idaho Falls, Idaho 83U0I 

A series of elements has been evaluated as to suitability for mass 
spectrometric analysis as volatile iodides in a crucible source mass spectro
meter (Hitachi RMU-6E). Particular attention vas paid to the practicability 
of applying isotope dilution techniques to submicrogram quantities of the 
element. In this paper, four aspects of this type of analysis will be 
discussed: (l) The practicability of synthesizing the desired iodide 
from submicrogram quantities of the starting material. (2) The conditions 
under which the compounds have been analyzed. (3) The sensitivities of 
the individual iodides. {h) The forms of memory exhibited in the mass 
spectrometer. These four aspects will be discussed for six elements, the 
II-B series and the three heaviest of the V-A series. 

Of these six elements, only those of the II-B aeries (Zn, Cd", Hg) 
have proven to meet the stringent requirements for isotope dilution and 
are quite practical to analyze by the method. The method could be extended 
to several other elements if the memory problem could be overcome. It has 
been shown that the element must be baked from the ion source for memory 
to be eliminated; hence, an extension of the bakeout temperature to much 
higher levels vould open new possibilities. 
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ON THE ABSOLUTE EFFICIENCY OF ION BOMBARDMENT SOURCES OF MASS SPECTROMETERS 

Juergen M. Schroeer 

Department of Physics, University of Wyoming, Laramie, Wyoming 82070 

INTRODUCTION 

When mass analyzing solid samples, the problem is always how to produce ions of the 
different elements composing the solid. One technique for doing this is to bombard the 
sai.iple with inert gas ions, anu then to utilize the sputtered particles. Most of them 
are neutral atoms, but a small fraction, of the order of 10' to 10" consists of ions. 
A mass spectrometer might use the sputtered ions directly for the analysis of the mass 
to charge ratio, or ionize the sputtered neutral atoms by an electron beam. This latter 
technique is rather inefficient because of the high velocity of the sputtered atoms. 
Using the ions directly is more efficient, but requires a knowledge of the probability 
with which sputtered atoms become ionized as they leave the surface. 

I will present here an equation for the probability of ionization, tne theoretical justi
fication for it, and experimental evidence in support of it. 

The total sputtering yield S for a pure element is defined as the ratio of the 
number of sputtered atoms to the number of bombarding ions, 

- 1M°] + [M̂ "! . IM°1 , . 

where [M ], [M ], and [A ] are the nunters of sputtered neutrals, sputtered ions, and 
incident ions, respectively. 

Similarly, we can define the sputtering yielu for ions 

Ŝ  = 4^. (2) 
[A*] 

The probability of ionization is 

R = '"""l = 5l . LMII . (3) 
[H'̂ l + tM°] ^ tM°] 

In practice, the mass spectroscopist would measure the apparent sputtering yield for 
ions, 

1 * = c s \ (4) 

where c is the concentration of the element of interest in the sample. In fact, he 
measures Y and would like to deduce c from it, i.e., 

c = 1* /S* = Y'^/SR. (5) 

Thus in any par t i cu la r determination of c, in addit ion to Y , S and R need also be known. 

In th is paper we are concerned pr imar i ly with R. 

THEORY 

Past attempts at the in terpre ta t ion of the ionizat ion of sputtered atoms considered 
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the Langmuir-Saha equation, 

R - exp - (I-+)/l(T, (6) 

where I is the ionization energy of the sputtered atom, ^ the work function and T the 
temperature of the surface. Since Eq. (6) was derived under the assumption of thermal 

equilibrium between the surface and an evaporated atom, Eq. (6) is not expected to be 

applicable to sputtering which is not an equilibrium process. In fact, the temperature 

dependence predicted by Eq. (6) is not observed. ' 

A quantum mechanical calculation of the probability of ionization R is more fruit

ful. Fig. 1 shows a simple energy level diagram at the metal surface. Initially, 

the valence electron belonging to the sputtered atom Is in the conduction band. As the 

sputtered atom slowly leaves the surface, the wave function of its valence electron 

slowly changes from that appropriate to the conduction band, to that of an electron in the 

ground state of the free atom. But since the potential seen by the electron changes, 

even if slowly, there is a small chance of a transition to a state different from the 

ground state of the free atom. The nearest and most dense states are those at the top of 

the conduction band. 

(2) The so-called adiabatic approximation* gives the probability of such a transition, 

R = j l <*/|3H/3t|*^>(I-+)"^ exp [i(I-*)t/fi]dt|^ (7) 

ij(j and i;;, are the i n i t i a l and f i na l wavefunctions of the e lec t ron , and sH/at is the rate 

of change of the potent ia l as seen by the e lec t ron . 

I t is d i f f i c u l t at best to evaluate the matrix element 

Z( t ) = < t f * |3H/3tU^> (8) 

exact ly . But we do know that a p lo t of Z( t ) versus time t must have the fo l lowing 

charac te r i s t i cs : Z( t ) -• 0 as t -> + " ; Z = A/At , where A is the binding energy of a 

surface atom and At the time i t takes the sputtered atom to penetrate the surface; and 

Z( t ) has a width at ha l f maximum of i t . Also, i t = a /v , where "a" i s the thickness of the 

sur face, and v the ve loc i ty of the sputtered atoms. 

For s i m p l i c i t y ' s sake, we assumed two reasonable, a l te rnat ive expressions fo r Z ( t ) , which 

sa t i s f y the above condi t ions, and which make Eq. (7) in tegrab le : 

Z , ( t ) = ^ exp - I t l / A t , and Z , { t ) - ^ ^ - ^ ^ ^ ^ J ^ • 

Subst i tu t ing Z, and Z. in to Eq. (7) y ie lds 

and 

«2 = (l4^)' ( - " P - ̂ ' • (10) 

Since the choices of Z were somewhat arbitrary, it was decided to generalize Equations 
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T i ^ . ?. ^ r p h f l h i l i t v "̂  Cl* i o n i z a t i o n v ' an aiom dur inn • . r u t t c " no of 
( l i f f p r c n t r - r t a U . unaer homliardment wi t ' l 12 kcV a n o n ions . I i s tne 
i n n i r a t i o n p o t e n t i a l , v f e averanp v e l o c i t y , and A tne t i ind inn pner^iv o ' tne 
' .pu t te ro f l , i t on ; : u the '*ork f unc t i on c ' tne su r face . 
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(9) and (10) to 

Eq. (11) will be fitted to available experimental data, with n and "a" as the 

adjustable parameters. 

EXPERIMENTAL DATA 

Fig. 2 shews the fitting of available experimental data to Eq. (11). Various metals were 
(3) — ' • 

bombarded by 12 keV argon ions. R was measured by Beske* , the values for v were 
(4) 

derived from the data of Kopitzki and Stier, for A the bulk sublimation energy was 
used,^ and I and $ were obtained from a standard handbook. 

0 

Values of n = 2.7 and a = 1.4 A gave the best fit to the data points, which all lie with

in a factor of three of the solid line. It is impossible to say right now to what 

extent the scatter of the experimental points is due to inaccurate data and to what 

extent to inadequacies in Eq. (11). By looking at the shape of Z,(t) and Z2(t), together 

with the aefinition of at = a/v, it is seen that the actual thickness of the surface 

is at least 2a = 2.8 A. This is what one would expect on the grounds that the thickness 

of the surface should be about one lattice constant, which for most metals is of the 

order 3 to 5 A. 

PRACTICAL CONSIDERATIONS 

Equations (5) and (11) can be combined into 

For the case of a sample consisting of a basic metal with some impurities in it, Eq. (12) 

can be simplified. We assume for the velocity v of the sputtered impurity atoms of mass 

nu that 
^ 2m, 

where v is the ve loc i ty of a sputtered basic metal atom of mass m, . Eq. (13) holds 

exact ly fo r head-on e las t i c c o l l i s i o n s . Subst i tu t ing Eq. (13) in to Eq. (12) , and 

combining various constants i n to a new constant K, we obtain 

m, + m., n , 
C = KY^ ( - ? — - ) ( I - * ) • (14) 

I applied Eq. (15) to data* ' on the sput ter ing of Fe samples which had impuri t ies of 
-4 -1 

e i ther Mn, Cr, V, C, Cu, N i , or Mo in i t with concentrations between 10 and 10 

(100 to 100,000 ppm). The agreement between Eq. (14) and the experimental values was 

w i th in a factor of 3 to 4. 
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EXPERIMENTAL A N D CALCULATED CONSECUTIVE 
METASTABLE PEAKS I N TOLUENE 

Lorin P. H i l l s , Jean H. Fu t re l l , Aust in L. Wahrhaf t ig 
Universi ty of U tah , Salt Lake C i ty 

In t roduct ion. 

Unimolecular dissociations wh ich ore observed in a mass spectrometer as metastable 
peaks occur around a microsecond after formation of parent ion. They result normally 
from parents having internal energy only s l ight ly above the ac t i va t ion energy. The 
result ing primary Ionic fragment, sharing the small amount of ava i lab le energy w i th the 
neutral fragment, is un l i ke l y to undergo further dissociat ion. Examples have recent ly 
been found , ' " ' * however, of ions dissociat ing in the first f ie ld free region of a double 
focusing mass spectrometer ( region I) w i th the result ing primary fragment dissociat ing 
further in the second f ie ld free region (region I I ) . The occurrence of such a delayed 
consecut ive process seems l i ke ly to require rather special condit ions under the framework 
of the qucs i -equ i l ib r ium theory of mass spectra.^ An experimental study of such a 
consecutive system combined w i th extensive theoret ical calculat ions provides an interesting 
test for the stat ist ical approach. 

Fract ional Abundance Expressions. 

Consecutive dissociations of the type described above require that the primary and 
secondary rates be compet i t ive in the metastable range. It is necessary, therefore, that 
both rates be included in the expressions for peak intensit ies. Consider the general 
react ion: . , 

ABC^ ^ AB^ ^ A^ . 

Solut ion of the normal rate expressions gives for fractions of ions leaving the 
source (source residence time = T , ) : 

ABC"" = e"*"!^ ' (1) 

AB" " = ^ [ e ' ^ 2 - ' ' ^ - e ' ^ ^ ' ^ ' l (2) 

4. L- ~ 2 1 [y ~ 1 1 

^ = ' - ' ' I C " (3) 

ABC and AB are subject , however, to further dissociat ion In t l i gh t . For some time 
t > Tl we have , 

ABC'^ ( t ,T | ) = e ' ' ' ! ^ (4) 
- k t 

AB"'(t,r,) = ^ ^ i ^ [ l -e ' ^^ ' ' ^ ^^ " " ' ] (5) 
k̂  - k j 

A normal peak or metastable intensity is obtained by substitut ing the proper va lue(s) of 
residence t lme (s ) . A more complete der iva t ion and the ful l l ist of functions for a l l peaks 
ca lcu la ted may be found in the formal pub l i ca t ion .^ 

Calcu la t ions. 

We selected for calculat ions and experimental study the toluene consecutive 

react ions: , 

C7H7'^ - ^ CjHs"^ + C2H2 assumed e, = 2 . 4 eV 
+ k. + ^ ' 

C5H5 - ^ C3H3 + C2H2 assumed ^2= 1-09 eV. (7) 

This system Is of special interest due to the observation of a very small metastable peak 

corresponding to a dissociat ion in the first f ie ld free region (region I ) : 

C7H7'*" — * C3H3"' + C4H4. (8) 

This may be ent i re ly due to fast consecutive reactions (6) and (7) occurr ing w i t h i n a 

single reg ion. We therefore wished to compare the calculated consecutive -1,1 peak 

w i th this observed peak. 

The rates were ca lcu la ted using the method of Ves ta l , Wahrhaf t ig and Johnston.^ 
The first act ivated state was assumed to be preceded by t ropyl lum ring c leavage. The 
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Figure 1. Calcu la ted Primary and Secondary Rates. 

Figure 2. Breakdown Curves for Tropyl lum Ion. 
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rates (Figure 1) are plotted as k̂  (E), where E = energy in C7H7 , and k2(E - e , ) , i . e . , no 
energy lost to neutral primary fragment or reuct ion coordinate. The actual breakdown 
curves (Figure 2) Include a d is t r ibut ion of energies g iven to the neutra l . They are 
ca lcu la ted using the proper f rac t iona l abundance expressions (for example, Eq. 5) and are 
not normal ized to un i ty . 

The breakdown curves os a funct ion of internal energy can be compared w i t h 
experiment by assuming an energy transfer funct ion which is constant over the energy range 
2 .8 to 4 . 8 eV and normal iz ing the peak areas to the known intensity 65 = 1 4 . 0 . The 
results are shown in Table I. The experiments were done on a CEC 21-110 mass 
spectrometer w i t h the usual vol tage control modi f icat ions. 

TABLE 1 
Experimental Relat ive Abundance vs. Calculated Peak Areas 

(65"^= 14) 

Species Exp, R.A. Ca lcu la ted 

14. 

5 . 9 

0 .52 

2 . 0 

0 .094 

0.043 

9 .3x10 -14 

1 .1x10-3 

We fourxJ, as expec ted , that consecutive metastable peaks w i l l not be observed 
unless primary and secondary rates compete over some port ion of the region corresponding 
to metastable format ion. This range is approximately def ined by the dot ted l ine in Figure 
1 . This places an upper l im i t on ^2 the secondary ac t i va t ion energy. A lower l im i t for ^2 
is Indicated by the very high In i t ia l secondary rate. This rate rises rapid ly w i th 
decreasing f j ^""^ ° value only about 0 .3 eV smaller would result in a rate too high for 
metastable observat ion. 

Wh i le the ca lcu la ted metastable peaks are a l l larger than exper iment , we feel the 

re la t ive agreement is qui te satisfactory. The study indicates strongly that the process 

^ 7 ' ^ / "* ^ ^ "*" ^^'^4 "^o^s not occur as a s ingle-step react ion. 
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Energetic metastable transitioris and ttieir applications to the 
dissociation processes and structural transformations of 

aromatic molecules under electron impact (*) 

28 

Pierre Nounou 
Laboratoire d'Applications THOMSON-CSF 

51 Bd de la Republique - 78 Chatou 
France 

Introduction 

The so called metastable peaks of a mass spectrum are essentially due to decompositions 
of "metastable" ions occurring during their flight from the source to the collector of 
a mass spectrometer. As such, they can provide a direct, and, consequently, accurate 
information on the cracking pattern of a molecule under electron impact, but also on 
the structures of its resulting fragments. The purpose of this paper is to describe the 
study of metastable peaks applied to phenanthrenic ions, as an attempt to verify funda
mental hypotheses concerning skeletal rearrangements of the molecular ions and drawn 
from preceding studies of ttieir ionization processes (1) and mass spectra (2). These 
two studies constitute with the present one an interpretation method of the dissociation 
processes under electron Impact of large aromatic molecules. We have previously applied 
this method to the phenanthrenes and methyl-phenanthrenes (3) which are studied here. 

Experimental 

All experiments were carried out both on double and single focusing mass spectrometers 
operating in the same conditions. The results obtained by means of the double focusing 
apparatus have been previously described elsewhere (3). Some of them are presented in 
Fig. 1. More accurate and complete experiments were subsequently carried out on a 30 cm 
radius of curvature, 60*^ s e c t o r field simple focusing THOMSON-CSF THN 206 mass spectro
meter; its 52 cm distance between the ion source exit slit and the entrance boundary of 
the magnetic field represents a quite suitable condition for the occurrence of metas
table peaks. All measurements were made using 70 Volt ionizing electrons with a control
led trap current of 120 pA.. The source temperature was 220°C; the source pressure was 
of the order of 5.10"^ Torr while the pressure in the analyser tube was of the order of 
10"^ Torr. 

Results and discussion 

The principal metastable peaks observed and assigned to specific decompositions are 
listed in table I. They are quite consistent with similar reactions studied for other 
smaller aromatic molecules such as benzene and naphtalene. In Fig. 1 is presented the 
peak corresponding to the loss of an ethylenic fragment by the phenanthrenic ion 
C178''" —>152"'") first obtained by the double focusing apparatus (a) and then by the 
single focusing one (b). Under the same operating conditions, the peak shapes observed 
are quite identical and roughly gaussian for this reaction type. The kinetic energy 
determined from the width of this peak is, within experimental error, in good agreement 
with the results of Eland (4). Other similar peaks corresponding to the loss of C2 and 
C2H fragments expected and observed for the phenanthrenic and diphenylic ions, but not 
for the anthracenic or naphtalenic ions, seem to attest the existence of electron impact 
induced rearrangements pointed out by the ionization processes study and giving rise to 
the mesomeric phenanthrenic or "pseudo-tropylic" ions : 

(I) (II) 

These could also be radical ions (3), The portions of methyl-phenanthrene mass spectra 
represented in Fig. 2, 3 and 4 exhibit three groups of broadened metastable peaks occur
ring at masses higher than the molecular mass. Pressure versus ion current plots for 
the most of them indicated that the contribution of collision induced dissociation were 
not significant. 

a) The first of these broad metastable peaks observed in the range m/e = 280 to m/e =290 
can easily be ascribed to the decomposition of a doubly-charged ion into two singly-
charged ions ; 

"15^11 C13H9+ + C2H2+ (285,5) 

165+ -i- 26 + 

(*) a more detailed account of this work has been submitted to the "Journal of mass 
spectrometry and ion physics". 
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a) Me.9.Ph 
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Fig. 2 -
Mass spectra of the 9-niethyl-phenanthrene (a) and the 
1-methyl-phenanthrene (b) obtained by means of a single 

b ) M s . ' I . P h . focusing mass speotrometer THN 206 and recorded at 
masses hi her than m/e = 192 

Me.9.Anth 

.^JV i^A^ lA. „.. 

280 
1 1 I M I I I I I I I I'l 

290 320 350 
"TT~I I I 1 T T -

3 8 0 

Fig. 3 - Mass spectrum of the 9-methyl-anthracene obtained by means of 
a single focusing mass spectrometer THN 206 and recorded at 
masses higher than m/e = 192 
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Me.3.Ph.CD, 

Pig. 4 -
Mass spectrum of the . 
3-methyl-phenanthrene 
CD-I obtained by means 
of a s ing le focusing 
mass speotrometer 
THN 206 and recorded 
a t masses higher 
than ra/e = 195 

1 I I I I I I I I M I I I I I I ' , : n 

370 380 '390 

^ W > . . - . • • . ' 

Phenanbhrene 

- . ^ ' ^ • M j t -

302 304 

Anthracene 

3 52 3 56 

302 304 352 356 
Fig . 5 -
Mass speotra of the phenanthrene (a) and anthracene (b) 
obtained by a single focusing mass spectrometer THN 206 
and recorded at masses higher than m/e = I78 

77 



In fig. 2 and 3 the great intensity of these peaks outlines the important contribution 
Of the polycharged ions to the total ionization of aromatic molecules. The metastable 
peak shown in fig. 4 and assigned to the similar dissociation reaction of the methyl-1-
phenanthrene-CDo is splitted into three ones at least; these are well resolved and their 
mid points correspond closely to the expected losses of Ĉ Ho"*̂ , CoHD"*" or CODQ '̂y the 
^15^9^2 ^^ ^15^8^3^^ pseudo-tropylic deuterated ions, the relative intensities of each 
peak being proportional to the probability of each reaction. The accurate widths of the 
metastable peaks enable us to find a very strong kinetic energy released by the preceding 
reactions, of the order of 5 to 6 eV. If all this energy is, according to Beynon (5), 
the result of repulsion between two positive charges in the doubly-charged parent ion, 
it can be equalled to the work required to bring two unit charges from infinity to their 
distance in the doubly-charged ion, which would then be of 2,6 = 2 x 1,3 A°; this inter-
oharge distance would be equal to th6 diameter of a tropylic ring, which each IBl"*" ion 
was assumed to contain. Actually part only of the energy released in the reaction arises 
from the charge separation, so that the inter-charge distance is surely shorter than the 
above calculated one, which seems to assert the skeletal rearrangement we have assumed. 
Furthermore the identity of the shape of each peak and the equality of the kinetic 
energy released by each reaction seem to involve an identity of structure for each 
(M-26)"*' fragment ion. This consequence, giving by the way an information about the acti
vation energies calculations (7), is quite consistent with the fundamental hypothesis 
of the quasi-quilibrium theory which can thus be reasonably extended to large aromatic 
molecules. In fact, the peak shapes being the same only depend on the kinetic energy 
distribution; this means that the unimolecular, decomposition of excited ions depends 
only on its excitation energy and not on the way in which this energy may be transferred. 

b) The second group of metastable peaks consists in metastable peaks masked by normal 
peaks. The metastable peaks observed in the range of m/e = 320 to m/e == 332 can be 
ascribed to the reactions : 

C15H12"'"*"''—> C14H9 + CH3+ or C^5Hii + + ̂ C I ^ H Q - " + CH3+ 

leading to fragment ions of fluorenic structure by loss of CH^+ groups. 

c) The third group of peaks in the range of m/e = 376 to m/e = 384 arises from the loss 
of H+ or H2+ respectively by the molecular doubly charged or by the pseudo-tropylic 
191"*" ions; correspondent ly the peaks 1+ and 2+ have been observed in each mass spectrum 
as well as the peaks 3+ and 4+ in the mass spectra of the deuterated compounds. 

As regards the normal peaks masked by the two preceding groups of metastable peaks, they 
can be due to duplicated ions of the molecular ions, or of the most intense fragment 
ions; these dimerized ions can then dissociate according to the same cracking pattern 
of their monomer. Such processes can even be seen for the phenanthrenic and anthracenic 
ions on the mass spectra sho'Â  in fig. 5; the photosensitized dimerization of the anthra
cene molecule was already well known (6). Among the many possible structures which can 
be assigned to these dimerizations, the most probable seem correspond to bridges between 
the different carbon atoms of phenanthrenic radical ions having the structures I and II 
or by means of -CH„- groups of methyl-phenanthrenic radical ions. These would be "head 
to tail" dimerized ions and would represent a significant consequence of the skeletal 
rearrangements postulated at the beginning. However, "head to head" dimerized compounds 
of essentially fluorenic fragment ions can be taken in account and responsible for the 
normal peaks observed in the second group. But these peaks can also be due to fragment 
ions arising from the decomposition of the' first ones observed close to the double 
molecular mass m/e = 384. The expected dimerized ions arising from the dimerization 
processes of the'l-methyl-phenanthrene-CD3 can be found in the mass spectrum shown in 
fig. 4. 
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Table_l 

Observed metastable transitions (***) 

1) Phenanthrene 

178* > 

178* > 

178* — ^ 

178* > 

178* > 

178* > 

178* > 

1 7 8 * * — * 

1 7 8 * * — > 

178** * 

178** > 

178** > 

Ti-* > 

152** > 

126* > 

177 

176 

163 

152 

154 

126 

163 

152 

154 

139 

126 

153 

126 

126 

100 

2) 1-methyl-phenanthrene 

192* 

192* 

192* 

192* 

192** 

192** 

192** 

191* 

191* 

191* 

191** 

191** 

191** 

191** 

166** 

191* 

190* 

177* 

166* 

191* + 

177* + 

166*. + 

165* 

176* 

152* 

190* + 

166** 

166* + 

165* + 

140** 

H 

15 

26 

H* 

25 

26 

*) - represented in fig. 1 
* * ) - represented in fig. 2 and 3 
***) m is the observed centre of each peak 

176 

174 

149,26 

129,8 

133,24 

89,20 (*) 

74,6 

64,90 

66,60 

54,27 

44,52 

65,60 

104,43 

52,22 

79,40 

190 

188 

163,17 

143,52 

380 (**) 

326,34(**)and 2,34 

287,04(**)and 7,04 

142,53 

162,18 

120,96 

378 (**) 

71,80 

289 (**) and 6,53 

285 (**1 and 7,08 

59 
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Consecutive Metastable Decompositions 

U. Lohle and Ch. Ottinger 
Physikalisches Instltut der UniversitSt Freiburg, Germany 

29 

We have studied consecutive metastable decoraposicions of the type first reported by 

Jennings and at this meeting by Hills, Futrell and Wahrhaftig. In ethane, propane, 

butane, heptane, cyclohexane and cycloheptane we have found about 50 of these pro

cesses. In which an ion A decomposes Into B and then into C, each step occurring 

with a delay of several psecs. 

A conventional 60" 8" radius instrument was used which was equipped with an electro

static ion energy analyzer between the exit slit and the detector. In this arrangement, 

the first metastable transition, occurring between ion source and magnet, is detected in 

the conventional manner by the non-integral mass- The second decomposition step, 

occurring between the magnet and the electrostatic analyzer. Is detected by a further 

reduction of the kinetic energy of the ions. 

Careful checks on the pressure dependence of the decompositions were made. The 

analyzer tube was differentially pumped, and through a special gas inlet krypton gas was 

admitted to raise the pressure from 6 x 10 to about 1 x 10 Torr. This permitted 

a clear evaluation of the pressure-independent contribution, which was done in every 

case. 

The following examples illustrate various aspects of these consecutive metastables. 

In heptane 17 processes were found. Their intensities ranged between 10 and 8 x 

-4 
10 percent of the intensity of the base peak. With few exceptions a two-step process 

is Intense if and only if the Individual steps A -̂  B and B -̂  C, measured as normal 

metastables, are sufficiently intense. This can be best illustrated by cases where the 

intermediate ion B decomposes in several competing ways: 

n-heptane EC 

55 0.00080 0.090 

28 0.00002 0.005 

cyclo-hexane 

41 0,00039 0.51 

28 0.00003 0.072 

The first column gives the intensities of the three consecutive processes, the second 

those of the second decomposition steps occurring as normal metastable transitions. As 

would be expected, the first column is roughly proportional to the second. There are 

also examples for the inverse situation, where several ions A decompose into the same 

intermediate B, and this into C: 



n-heptane 

57 

42 

0.00017 

0.00001 

, -̂ AB 

0.41 

0.56 

0.031 

Again, the consecutive metastable intensities are about proportional to the intensities 

of the first step AB occurring as a normal metastable. 

On the whole it appears that in the case of heptane the consecutive metastables can 

be described simply as a succession of two normal metastables. For a molecule as large 

as heptane the rate constant for the first step A -»• B rises rather slowly with the 

Internal energy, so that this step can still occur as a metastable at excitation energies 

large enough for a secondary' decomposition to occur. We know experimentally the 

2 
dependence of the heptane decomposition rate constant on the internal energy. It rises 

quite slowly, from 10 to 10 sec over an energy Interval as large as 0.5 eV. The 

width of this energy band may be sufficient to explain the consecutive metastables in 

heptane on the basis of the statistical theory alone, without invoking any special 

mechanism. 

However, this is not true for the other gases we studied. In ethane, propane and 

butane we found analogous consecutive metastables consisting of the loss of an H atom 

from the parent ion followed by the loss of an H„ molecule. These are compared in the 

following table with the intensities normalized to the respective total ionizations. 

,+ 

ethane 

propane 44' -•-43' 

butane 58 

41 

^AB 

0.0045 

0.25 

0.00022 

^BC 

0.059 

0.05 

0.00045 

I 

4.5 • 

6.8 • 

1.9 • 

10-5 

10-5 

10-5 

^ c t 
(eV) 

2.5 

-1.8 

0.8 

Here it is obvious that the consecutive metastables have nothing to do with the normal 

metastables. The first step A -•- B as a normal metastable shows a very strong intensity 

variation among the three gases. This is well understood; the breakdown curves given by 

Chupka & Berkowitz demonstrate why propane should have a very intense transition, ethane 

much weaker and butane extremely weak. By contrast, the observed intensities I for the 

consecutive processes are all quite similar. This suggests that a specific mechanism is 

operative, possibly even the same in the three gases, which delays the loss of the H 

atom from some highly excited parent ions. The last column of the table gives the 

activation energy for the H. loss; it seems impossible to explain by the usual 
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statistical theory how a parent ion whose internal energy exceeds the threshold for H 

loss by this much could live for several microseconds. It is especially surprising that 

this failure of the statistical theory occurs at excitation energies rather high above 

Che threshold, where one would expect a particularly good coupling between the internal 

modes. 

There are also examples where the second decomposition step is not governed by the 

principles of the statistical theory. 

69 ^ 4 1 
39 

15 

39 

15 

cyclo-hexane 

I I„ 

O.OOOU 

0.000017\ 

0.0006 

0.000012' 

^O.OA 

\o ,000023 

cyclo-heptane 

1 I BC 

0.00002 

0.00001' 

The mass 41 ion can decompose Into mass 39 and also into mass 15, after it itself 

has been formed by a metastable transition from either a mass 69 or a mass 56 ion. 

It is very clear that the ratio of the consecutive metastable Intensities I has nothing 

to do with the ratio of the normal metastable intensities Î ,̂ . 

Some of the mass 41 Ions are prepared by the preceding metastable transition from 

69 or 56 in such a state, that their further decomposition to mass 15 is not in 

competition with the decomposition to mass 39. This particular state may be distin

guished by a special persistent isomeric structure or alternatively by certain excited 

energy levels which do not couple with other states. 
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METASTABLE IONS IN THE MASS SPECTRA OF N , NO, N O , AND N O ^ ' ^ 

Amos S. Newton and A. F. Sciamanna 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 9i;720 

3 
Except for a report by Kupriyanov on the existence of a metastable dissociation 

in CO , no metastable ions have been reported in the mass spectra of diatomic molecules. 
k 

Metastable ions have been studied in the mass spectra of the triatomic species CO ^ 

N^O,^' NO^, and H S.' 

Using a CEC Model 21-103B mass spectrometer which was modified to increase the 

pumping speed in the analyzer tube, to increase the sensitivity of the D. C. amplifier, 

and to accurately measure potentials applied to the metastable suppressor, metastable ions 

have been observed in the mass spectra of Np and NO. In N_0 and N0_ metastable dissocia

tion of N and NO were also observed. 

Metastable peaks which have been observed in these molecules are: 
+ + * 

1) N -• N + N (M/q) = 7-00 from N and N O 

2) NO"*" -*• 0 + N (M/q) 

3) N̂ O"̂ "̂  -»• N"^ + NO"̂  (M/q) = 8.91 

h) N 0"̂  -»- NO"̂  + N (M/q) = 20.145 

5) NO •'- -*• NO"^ + 0 (M/q) = 19.57 

Each of these transitions has been shown to proceed "by a unimolecular mechanism. 

Half lives for the metastahle dissociations have been studied by various methods. 

For reaction (3), studies on an AEI-MS9 high resolution instrument with an ion transit 

time from source to collector of about 7 ysec, showed that no N„0 ions exist (<10 % of 

N O intensity) at that time after formation. Therefore M/q = 22 in N O represents N O 

plus CO background and a half life of N^O is ohtainable fi'om an ion-accelerating volt

age discrimination curve of the intensity of M/q = 22. A value of t ,- = O.U6±0.05 usee 

was found. For the other transitions, especially those in Eqs. (l) and (2), the method of 
9 

Hippie could not be applied owing to the low intensity of these peaks even under the best 

conditions of focus. Therefore accelerating voltage discrimination curves of the inten

sity of the metastable peak were compared to computer calculated curves in assessing the 

half lives. 

Kinetic energy release in the metastable dissociation was evaluated from the width 

of the metastable suppressor cutoff curves of the metastahle ion peak. 

The Tables I, II, and III give data on these transitions as a function of the 

source of the metastable ion. 

Table I. Data for the transition N -- H + N, (M/q) = 7-00, with source of N . 

t^.^ (psec) ^0.15 

T (eV) 0.55±0.10 

AP (eV, ohs. ) 2l+.9±0.3 

AP (eV, calc.) 2U.Q'^ 

AAP (obs. - calc.) 

N^O 

SO .15 

0.2010.05 

27.5±0.5 

26 

'\'l 

.18 

.3 



T a b l e I I . D a t a f o r t h e t r a n s i t i o n NO ^ 0 + N, (M/q) = 8 . 5 3 , w i t h s o u r c e o f NO 

S o u r c e 

t ^ .g (usee) 

T (eV) 

AP ( e V , o b s . ) 

AP ( e V , c a l c . ) 

AAP ( o b s . - c a l c . ) 

NO 

> 0 . l 8 

0 . 0 l i ± 0 . 0 2 

2 0 . 2 + 0 . 2 

2O.1I4 

> 0 . 1 8 

0 . 1 3 ± 0 . 0 3 

2 7 . 5 ± 0 . 5 

2 5 . 1 6 

' ^ 2 . 3 

NOj 

2:0.18 

0 . 1 3 ± 0 . 1 3 

2 U . 6 ± 0 . 5 

2 3 . 3 5 

'^-1.3 

T r a n s i t i o n 

(M/q) 

t ^ , g ( u s e e ) 

T (eV) 

AP ( e V , o b s . ) 

AP ( e V , c a l c . ) 

AAP ( o b s . - c a l c . ) 

HgO •* N + HO 

8 . 9 1 

0.1)6+0, 

6 . 5 ± 0 . 

3 6 . 5 + 0 . 

3 5 . 2 

- - 1 . 3 

.05 

.5 

5 

NgO 

0 

[1 

- > • 1 

20 

.09 : 

>0 

. 0 5 : 

s o + N 

.1)5 

+ 0 . 0 1 

. 3 

to .05] 

1 5 . T 1 0 . 5 

15 

• \ JO 

. 2 3 

.5 

1 9 . 5 7 

[ 0 . 7 ] ^ 

[ 2 . 5 ] 

[ 1 . 1 ] 

[ 0 . 5 ] 

1 2 . 6 + 0 . 3 (w) 

l i + . l ± 0 . 3 ( s ) 

1 2 . 8 6 ( T = 0 . 5 ) 

"bracketed figures are from Ref. 6. 

In Table I, for N_ -»- N + N, the half life is seen to be independent of source 

NO as a source. From N„ the observed AP equals that calculated from the dissociation 

limits, but from NO as a source, about 1.3 eV of energy is unaccounted for. It is 

assumed.that this is kinetic energy released in the initial fast fragmentation of 

N O -»- (N ) + 0 . A similar situation exists in the metastable dissociation 

NO"*" •* 0 + N, in the mass spectra of N O and NO . 

In regard to the mechanism of the metastable dissociation, three mechanisms are 

considered. l) A slow radiation from a higher bound state to a dissociative state. The 

half life is then the radiation lifetime. This is impossible in Eqs. (l) and (2) since 

vith Np and NO as sources, the calc. and obs. AP's are equal, leaving no energy for radia

tion. 2) A tunneling mechanism through a low barrier to dissociation. In N -̂  N N 

from Np and NO sources, the difference in T would imply a difference in half life of at 

least a factor of 100 for tunneling. Since the half lives are essentially equal, this 

mechanism can be discarded. 3) A predissociation mechanism in which a bound state is 

crossed by a repulsive state. The crossing must be a forbidden one. In NO -'•0 + N, the 

state in NO is probably an unknown higher triplet vhich is crossed by the L state to the 
+ + + 2 -

dissociation limit at 20.101 eV. In N„ -̂  N + N, possible states of N- are the E , 
2 2 k 2 u 
"A , and II states with a forbidden crossing of the II state to the 2U.301 eV dissocia-
u* u 2^ 

tion limit. All of the bound states radiate to the D II state by allowed transitions but 

the radiation would be of low energy (<3 eV) hence have a long half life. 

The dissociation of N-0 may proceed by mechanism l), with the half life being 

determined by the radiation lifetime of 1J1.3 eV radiation from a bound state to a repul

sive state o r N2O . Q. 
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FAST H(2S) ATOMS PRODUCED BY DISSOCIATIVE 

EXCITATION OF MOLECULES 

R. Clampitt 

U.K.A.E.A., Culham Laboratory, Abingdon, 
Berkshire, England. 

A B S T R A C T 

The detection and tlme-of-flight resolution of fast H(2S) atoms 

from dissociative excitation of H^ by electron impact has been 

(1 2 ) reported ' . These atoms were studied by detecting Lyman-o. photons 

(1) arising from Stark-effect quenching of the atoms in an electric field 

(2) 
and by counting electrons ejected on de-excitation at a metal surface 

In the latter method, photons and Vi^^c tf) molecules are also detected. 

Tlmer-of-fllght resolution of H(2S) atoms from electron impact on H,0, 

NH., , and other molecules has been reported recently . The method is 

as follows. A molecular beam is formed by effusion through a honeycomb 

array of glass capillaries and intersects a pulsed electron beam 

(~ 10 uA) of 200 ns duration and 5 kHz repetition rate. Charged particles 

are removed from the beam by a combination of weak electric and 

magnetic fields. Metastable atoms are detected by electron ejection from 

the earthed cathode of an 18-stage electron multiplier. Pulses from the 

anode, operating at + 3 kV, are amplified and processed by a time-to-

height converter and pulse-height analyser to produce a time-of-flight 

spectrum Cp(t)J of excited particles. It can be shown that the observed 

excited species are H(2S) atoms by quenching them in a localised electric 

field (-- 100 V/cm) beyond the excitation region whereupon the spectrum 

disappears. Furthermore, if a lithium fluoride window is moved into the 

path of the beam to ensure that no excited particles reach the detector, 

P(t) distributions of the electric field-induced photons from the 

IS *• 2P transition can be obtained. 

In the hydrogen halides two metastable excited fragments are 

(4) 
produced : one is a fast H(2S} atom; the other cannot be quenched 

and has a tlme-of-flight corresponding to the parent molecule. The slow 

fragment could be an excited parent molecule but could also be an 

excited halogen atom since, on dissociation, the unexcited H atom would 
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carry away almost all of the kinetic energy. Electron excitation and 

time-of-flight analysis of the halogen molecules, viz. Ip, Br., etc., 

(4) shows that excited atoms are produced in considerable abundance 

Therefore it seems not unreasonable to suggest that the thermal meta

stable species from the halogen halides might be a halogen atom. 

It is significant that every one of the two dozen or so molecules 

examined so far gives electronically excited neutral fragments of one 

sort or another. These excited atoms probably'result from super-excited 

states of the molecule such as those predicted by Platzman . At 

electron impact energies greater than the lonisation energy of the 

molecules a process of dissociative excitation into excited atoms can 

occur in addition to dissociative excitation. 
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METASTABLE ION INTENSITIES AND IONIC STRUCTURE 

J. L. Occolowitz 

Lilly Research Laboratories, Indianapolis, Indiana, '15206 

Expressions are derived which relate the relative intensities 
of metastable Ions resulting from reactions of an ionic species to 
the energy distribution of progenitor molecular ions and the rate 
constants for the reactions involved. Two cases are considered, 
viz., where all reactions of the Ion occur from a single state and 
where the reactions arise from different states. 

For the case where all reactions arise from a single state, the 
derived expression shows that there may be some variation in the 
metastable intensity ratio for reactions of ions of identical 
structure derived from different origins. This variation arises 
because of differences in the energy distribution of molecular 
ions and differences in the rate of formation of the ions whose 
reactions lead to the metastable ions considered. It is estimated 
that in these cases variations of 30-50? are not unusual. 

The relative intensity of metastable ions arising from 
reactions of more than one state of an ion are much more dependent 
on the molecular ion energy distribution. If more than one reacting 
state is Involved, the determination of two or more metastable 
intensity ratios can show which reactions occur from states common 
to all origins. 

Experimental results are presented for C2H14O2 ions derived 
from acetic and substituted acetic acids, CeHio Ions derived from 
cyclohexene and cyclohexyl acetate, and CgHeO Ions derived from 
couraarln, benzofuran, and o-ethynylphenol. 

Scheduled for publication in full in the Se_p'temBer, 1969, 
issue of the Journal of the American Chemical Society. 
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ENERGETIC METASTABLE DECOMPOSITIONS* 

K. C. Smyth and T. W. Shannon 

The Dow Chemical Company 
Eastern Research Laboratory 

Wayland, Massachusetts 01779 

The observation of flat-topped metastable peaks^ has prompted a 
renewed interest in the shape of metastable peaks. The flat-topped nature 
of certain metastable peaks is attributed to the release of internal 
energy in the decomposing ion as relative translational energy of the 
products.^ A comprehensive study of the shape of metastable peaks has 
been carried out^ considering the effects of instrument discrimination, 
finite beam dimensions angular spreading and kinetic energy released dur
ing the decomposition. These calculations revealed that it was not 
possible to match experimental and computed peak shapes using a discrete 
value of the kinetic energy released. As the distribution of kinetic 
energy released in any such transition may be a sensitive indicator of the 
nature of the reaction involved, we have extended the original calculations 
in an effort to obtain the distribution of kinetic energies released in a 
metastable decomposition. 

The basic equations used in this work have been developed previously? 
For a decomposition occuring in the field-free region according to the 
reaction, 

mi — > mJ + (mi-ms) + T (1) 

where T is the total amount of kinetic energy released as kinetic energy 
of the products, the apparent mass of the metastable ion is given by 

Ect R m., 
ma — — = __2 E„ Ri mi 

1+ y=— cos2(^+2cos0cosl^ 
^o 

(2) 

Eo is the initial energy of mt and Eo, is the energy of ma entering the 
magnetic field at an angle oc to the normal ion direction and traversing 
a path of radius Rs through the magnetic field. A collector slit discrim
ination term is included in the calculations which takes into account 
the finite dimensions of the ion beam. 

+ + -^^ '• The 31 — > 29 Transition: This metastable transitions occurs in meth-
anol and gives a flat-topped metastable peak at m/e 27.13. The observed 
peak shape is shown in figure 1 and corresponds to the reaction 

CHJOH — > HCO"̂  + Ha 

The width W of the top of the peak gives a measure of the energy released 
and the^ slopes of the sides of the peak equals (W[nax~W)/2. The observed 
energy release in the transition is 1.5 eV. 

Attempts to match the experimental peak using various distributions 
of energy released Indicated that the true energy distribution involves a 
greater probability of high energy values. The calculated energy release 
(corresponding to W) was set equal to the average energy E. The distri
bution shown in figure 2 , constructed through a process of trial and error 
results in a calculated metastable peak shape in excellent agreement with 
the observed peak. The release of such a large amount of kinetic energy 
in the transition and the distribution of the energy raises the possibility 
that excited as well as ground electronic states may be involved in the 
reaction. 

The Reaction Mechanism: To test the importance of electronic states in 
the reaction, molecular orbital calculations were performed in which the 
effect of removing the elements of hydrogen from the reacting ion was 
studied. The method used has been amply discussed and documented.^"^ 

The m/e=31 is considered as protonated formaldehyde and calculations 
indicated that the ground state of the system is totally planar. The C-H 
and 0-H distances were set equal to 1.09 A and 0.96 A respectively while 
both the HCH and COH angles were put equal to 120°. The C-0 distance used 
was 1.32 A, intermediate between the single and double bonds in methanol 
and formaldehyde. The CHaOH ion in this configuration is a member of the 
Cg point group. Of the seven in-plane normal modes only the one which is 
3 combination of an HCH wag and COH bend brings the hydroxyl hydrogen 
close to a carbonyl hydrogen. The course of the reaction used for the 
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Calculations is shown in figure 3 and approximates the normal mode motion. 
The reaction distance is defined as the distance from the mid-point of a 
line joining the two hydrogen atoms to the center of the C-0 bond. This 
distance was varied from O.BS to 2.20 A with a corresponding change of 
2.35 to O.Y't A in the H-H distance. 

The reaction considered is a 1-2 elimination of hydrogen requiring 
the formation of a 4-center transition state, and may be discussed in 
terms of Benson and Bose's semi-ion pair model.*'"' In order to pass from 
the ground state of the reactants to the products, a concerted polariza
tion of the 0-H and C-H bonds in opposite directions must occur. This 
state is an association of two semi-ion pairs with a formal charge on each 
atom equal to half the electron charge. Energy is required to polarize 
the bonds and this accounts for most of the activation energy for the 
reaction. Once this is accomplished, charge transfer will proceed smoothly 
with the resulting formation of products. 

- S ' 
H 

l_ 

+5 
H 

-s 

.26 
H H + .07 

Predicted 

• '*^c=6 
/ 
H 

Observed 

.29 

The calculated net charges of the system indicate initially a high 
net positive charge on the oxygen atom in accord with the oxonium structure. 
As the reaction proceeds the change in the net charges is very pronounced 
with a maximum change occurring at a reaction distance of about 1.4 A. The 
corresponding dipolar structure, shown above, has resulted in the reversal 
of the relative magnitudes of the charges on carbon and oxygen. Similar 
effects on the hydroxyl and carbonyl hydrogens are observed. With further 
extension of the reaction distance the charges on the oxygen and carbon 
reverse and the hydrogens become neutral. 

The relative bond orders between the four atoms involved also undergo 
significant changes. At a distance of about 1.4 A the bond orders of the 
OH, CH and HH bonds are approximately equal. No significant H-H bonding 
occurs until the reaction distance is approximately r.3 A and at this 
distance the major changes in the net charge distribution have already 
occurred. It appears that formation of the semi-ion pairs is necessary 
before any significant bonding can occur in the transition state. 

An interesting picture is revealed on examination of the wavefunctiotB 
for the molecular orbitals involved in the reaction. Of major Interest are 
the two highest filled and two lowest vacant orbitals. The highest vacant 
orbital considered involves mainly in-plane pz orbitals on the carbon and 
oxygen atoms and Is orbitals on the hydrogen atoms. The relative signs 
are such that the H atoms are bonding to each other, the pz orbitals are 
bonding and the ls-2p interaction is antibonding. This molecular orbital 
is thus very characteristic of the products, and we have given it the 
designation ly * G" indicating anti-bonding between H-C and 0-H and bonding 
between the hydrogens. 

The lowest vacant orbital involves two out-of-plane py atomic orbitals 
on the oxygen and carbon atoms. These orbitals are of opposite sign and 
thus antibonding so that this molecular orbital is designated Ity*. Due 
to its out-of-plane nature it is not involved during the course of the 
reaction. 

The highest occupied molecular orbital again involves 2p„ orbitals on 
the carbon and oxygen and Is orbitals on the hydrogens. In this case it 
resembles.the reactants in that it is bonding for the hydrogens to the 
carbon and oxygen and anti-bonding between the hydrogens. The orbital is 
designated S"<r *. The last orbital considered is designated 5'x and 
involves bonding 2px orbitals on the carbon and oxygen and a Is orbital on 
the third hydrogen atom. 

The changes in the energy of these four orbitals during the course of 
the reaction is shown in figure 4. The T>5 * orbital, which resembles the 
reactants, becomes destabilized during the course of the reaction. As may 
be expected, the .> » o" orbital becomes increasingly more stable as the 
reaction proceeds. These two orbitals appear to cross. The crossing 
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Figure 1, Observed peak shape for the transitioa 
CHiOH — > HCO'*' + Ha in methanol. 

JO 1.5 
T(eV) 

Figure 2. Calculated distribution of kinetic 
energy release. 
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Figure 3. Atomic motions during the course 
of 'the elimination reaction. 

OS 1.0 12 1.4 1.6 t e ZÔ  2.2 
RtftcriON DISTANCE (ft) 

Figure 4. Orbital energy changes occurring during 
the elimination reaction. 
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point for these two orbitals occurs almost exactly at a reaction distance 
equal to 1.45 A, t . e . at the transition state. The system however 
possesses very low symmetry, the only element of symmetry being the plane 
of the system. As the ') ', * and '̂  *•'•> orbitals involve pz, px and Is orbit
als both molecular orbitals are symmetric with respect to the plane and 
thus may not cross. At the transition state the system is degenerate 
since the two orbitals have the same energy. This Introduces a resonance 
energy which separates the surfaces so that they never actually intersect 
but only approach each other closely. 

Although all the planar orbitals of the system change as a function 
of the reaction distance, the most severe changes in energy occur in the 
( J .S* and o * rr orbitals. Thus figure 4 mirrors the crossing of the 
electronic states of the system where the -7 7 * orbital represents the 
ground electronic state and the ,y * S orbital represents a repulsive 
excited electronic state. If the reactant ion possesses sufficient inter
nal energy so that the reaction distance will change with a finite rate, 
there is a finite probability that the ion will change from the ground 
electronic state to the excited electronic state. Once this has occurred, 
the ion will immediately decompose into HCO"*" and Ha and the products will 
separate with an amount of translational energy approximately equal to the 
energy difference between the crossing point and the asymptote of the 
repulsive state. Thus a mechanism exists for the conversion of internal 
energy into translational energy of the products and the states involved 
are identified. 

Discussion 

The transfer of the system to a repulsive electronic state, although 
permitting a large energy release to occur, would also result in immediate 
dissociation. However, metastable peaks in a mass spectrometer are the 
result of decompositions in the first drift region proceeding with a rate 
of 10^ to 10* sec ^. Dissociations from a repulsive state are usually of 
the order of 10^^ to 10^^ sec"^ so we must add a further requirement that 
if the dissociation does occur from a repulsive state the process of get
ting to that state must be slow enough to allow appreciable decomposition 
in the first drift region. 

A mechanism has been proposed® to account for such a slow dissociatixi 
rate. The ions are formed by electron impact of relatively high energy 
electrons and thus possesses considerable internal energy. The reaction 
requires a certain activation energy (i.e. the system must overcome an 
energy barrier) in order to transfer to the repulsive state. If the 
internal energy of the system is greater than the barrier height the ions 
will pass smoothly over the barrier and dissociate in the ion source it
self. These decompositions will not be observed as metastable ions. The 
ions present in the drift tube thus do not have sufficient energy to 
decompose by passing over the barrier. However, if the barrier is narrow 
enough the system may tunnel through it, and such a mechanism would pro
ceed with a rate more likely in the order of 10^ to 10* sec"^ and thus 
observable as a metastable peak in the mass spectrometer. 

The assumption of funnelling can also explain the distribution of 
kinetic energy released (figure 2). The barrier is formed by the cross
over of the states whose highest occupied molecular orbitals are T r • and 
6 *6 . The system, initially in the ground state, 1 T * doubly occupied, 
has vibrational energy to reach the transition state at which point it is 
more appropriately described by the repulsive state with ' 7 * ^ . It 
immediately decomposes. If the initial vibrational energy distribution 
was fairly uniform over the lower vibrational states the reacting system 
in the 3 T• state has its vibrational population cut off at the level 
corresponding to the barrier height. Further leakage of the system into 
the repulsive state may now occur by a tunnelling mechanism. It is 
difficult to judge the exact shape and height of the barrier in terms of 
the orbital energies as the energy values have not been minimized. How
ever, if we assume that the barrier is parabolic and associated with the 
transition state, then an estimate of its shape can be made by observation 
of the changes in the net charge distribution of the system. The estimated 
barrier has a half-height of approximately 0.25 A and a height of the 
order of 2 volts. The calculated probability^ of passing through the 
barrier mirrors the distribution shown in figure 2. However, the probabil
ity of tunnelling is very sensitive to the mass of the particle passing 
through the barrier. For reactions involving elimination of neutral 
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species from higher mass ions the tunnelling probability will be too low 
to explain the distribution of energy release. A possible alternate 
mechanism could involve predissociation to the repulsive state via some 
type of forbidden transition which would allow the reaction to proceed at 
a slow enough rate to be observed as a metastable transition. 
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35 
structure in Broad Metastable Peaks 

by S. Jones and K.R, Jennings 

(Department of Chemistry, The University, Sheffield S3 7HF IDngland) 

j^ntroduction 

Because of the release of kinetic energy during- the fragmentation 

process, peaks arising from metastable transitions are always broader 

than those arising from ions formed in the source. If the fragmentation 

occurs in the field-free region before the magnetic analyser, the kinetic 

energy release is readily evaluated from the width of the peak. If a 

double-focusing instrument of Nier-Roberts geometry is operated in the 

"defocussed mode", the widths of peaks arising from metastable transitions 

in the field-free region before the electrostatic analyser lead to values 

3 
of kinetic energy release which are less than the true values. For a 

given fragmentation, both the peak shape and the apparent kinetic energy 

release are markedly dependent on the accelerating voltage and this has 

been ascribed to the use of a relatively wide monitor slit which allows 

the passage of ions with a range of component energies perpendicular to 

the direction of the ion beam. The present work was undertaken to 

investigate the effect of reducing the monitor slit width on the peak 

shape and apparent kinetic energy release associated with a number of 

metastable transitions occurring in the field-free region before the 

electrostatic analyser, 

Sxperimental 

The work was carried out on an M39 double-focusing mass 

spectrometer (cCC-Ai^I Ltd, ) , For initial exploratory work, the standard 

monitor slit of width 0,28" was replaced by a fixed slit of width 0.10", 

but for later work, a variable monitor slit was fitted, each edge of 

which could be adjusted independently, and which could be used at slit 

widths from zero up to over 0,2", Because of the reduction in signal 

intensity, a minimum slit-width of 0,02" was used for most work. 

In order to improve the signal-to-noise ratio, the peaks were 

scanned repeatedly and the output fed into a CAT (Biomac lOOO), the 

oT-itput of which was displayed on a strip-chart recorder. The scanning 

voltage was derived from the magnet sweep coil supply and was 

incorporated into the reference voltage supplied to the 8kV stabilizing 
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Effect of monitor slit width on peak shape 
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amplifier. In this way, scanning rates up to about ten per second could 

be obtained, enabling one to obtain satisfactory peak shapes in 1-2 min, 

in most cases. During these scans, the magnet sweep coll was removed 

from the analyser tube so that the magnetic field remained constant. 

Results and Discussion. 

Since a careful study had already been made of the variation of 

peak shape with accelerating voltage for the metastable transition 

ĉ iig >• C5H3 " ^"3 (') 

in the mass spectrum of benzene, the variation of the shape of the peak 

given by the C H ions was investigated as a function of monitor slit 

width. Peak shapes at four different monitor slit widths are shown in 

Fig. 1, and it can be seen that as the slit width is reduced, the "wings" 

of the peak become much sharper and move further apart. The intensity 

in the centre of the peak is much reduced since the narrow slit transmits 

relatively few ions having components of velocity perpendicular to the 

direction of the ion beam, A plot of the apparent kinetic energy release 

as a function of monitor slit width for a constant electrostatic analyser 

voltage of 5̂ +0 volts is shown in Fig, 2 and is compared with t}ie variation 

with electrostatic analyser voltage using a constant monitor slit width 

of C.28", Xt is seen that the two plots lead, as expected, to the same 

limiting value of about 2.6 eV for the energy released in (1 ), in good 

agreement with the value of 2.67eV obtained from observations on 

metastable transitions which occur in the fie Id-free region between tlie 

electrostatic and magnetic analysers. In view of the ease with wliich 

the monitor 5lit width can be varied, the evaluation of kinetic energy 

release from the variation of peak shape with slit width provides a rapid 

method of general applicability. 

Peaks which arise from metastable transitions in which MF is lost 

by a singly-charged ion are frequently broad and approximately "flat-

topped" or slightly concave due to the release of 0,^ - 0,7 eV during the 

fragmentation. Several of these have been found to exliibit interesting 

structure when observed at narrow monitor slit widths, examples of which 

are discussed below. 

In the mass spectrum of CF Cn(0I-l)CTI , the metastable transition 

6h ^ h k + IIF gives rise to a broad metastable peak which when observed 



C 6 H 5 F ^ C 6 " 4 + HF 

C2H4F — C j H j + HF 

FIG.3a FIG. 3b 

CF3CH(OH)CH3 

6 4 t , 4 4 * 

Loss of HF by 

C2H2F2 

FIG..4 
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with a standard monitor slit (0,28") is approximately flat-topped with a 

slight increase in intensity at the centre of the peak. At a slit width 

of 0,10", this peak is resolved into three maxima, made up of a broad 

peak with two "wings" with a gaussian peak superimposed on it in the 

centre. At lower slit widths, the "wings" become sharper and their separ

ation incrorises; in addition, their intensity relative to the central 

peak drops. An examination of the high resolution mass spectrum of the 

compound shows that both m/e = 6k and m/e = hk are doublets, and the two 

processes responsible for the metastable transitions are: 

Ĉ Iî OF"̂  >• Ĉ Hĵ o"̂  + HF (gaussian) ") (2) 

'(FlG.4) 
Ĉ Ĥ F̂ "*" > C^HF"^ + HF (concave top) J (3) 

This is supported by the fact that reaction (3) can be observed to occur 

with no central component, 

V^en observed with a standard monitor slit, the peaks arising 

from the two metastable transitions 

CgH^F^ > Cgl!,/ . 1!F ( M 

CJIIJ^F"" >. c,i:^* + HF (5) 

in the mass spectra of fluorobenzene and ethyl fluoride respectively are 

broad with more or less flat tops. At higher gain, the peaks are 

approximately gaussian with flattened tops. \>iTien the monitor slit width 

is reduced, however, structure is observed in each peak, indicating that 

they are composed of a broad peak with two "wings" together with a central 

gaussian component, (Fig, 3)*(a&b) 

In the case of reaction (^), it was possible that the central 

component was an isotope peak of the reaction 

C^H^F"^ ^ ^6^S^ "*" ^̂ ^ ^^^ 

which gives rise to an intense gaussian metastable peak. At a nominal 

electron energy of l6eV, however, the intensity of the metastable 

transition dur to reaction (6) is very low, but the structure in the peak 

arising from reaction ( k ) is still present. The structure in the peak 

arising from reaction (5) cannot be explained in terms of isotope peak 

contributions, 

The structure in the peaks suggests that at least two different 
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fragmentation processes are occurring in each case, in only one of which 

kinetic energy is released. It is possible that ions of similar 

structure in different energy levels may account for the observation; 

alternatively, it is possible that isomeric ions of different strue tures 

fragment with and without the release of kinetic energj'^. 

A more detailed account of this work will be submitted for 

publication to the "International Journal of Mass Spectrometry and Ion 

Physics". 
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ENHANCED METASTABLE ION MEASUREMENT BY DEFOCUSSED OPERATION OF DOUBLE 

FOCUSSING MASS SPECTROMETERS 
BY: A. H. STRUCK & H. W. MAJOR, JR. 

THE PERKIN-ELMER CORPORATION, NORWALK, CONNECTICUT 06852 

In the normal operation of a double focussing mass spectrometer the 
metastable transitions observed are those that occur between the electric 

sector and the magnetic sector. Metastable transitions m.-»m.. + (m. m̂ )̂ 

which occur in the region between the ion source and the electric sector 
result in daughter ions m. which do not have sufficient energy to be 

transmitted by the electric sector and are not recorded. However, if the 
ratio of the acceleration voltage to the electric sector voltage, V/E, is 
increased above its normal value by the factor, m./m., the main ion beam 

will be lost and only the daughter ions m, from the decompostion 

m.—^m + (nig - "ii) will pass through the electric sector. The ratio of 

V/E can be changed by raising the acceleration voltage[1] or lowering the 
electrostatic voltage [2] [3]. 

If the acceleration voltage is held constant and the electric sector 
voltage is lowered to allow a daughter ion ra. to pass thru the sector, the 
ratio of the lower voltage to the normal voltage E./E will be equal to 

m^/m^. 

All the data shown was obtained using this technique of lowering the 
electric sector voltage. All the data was obtained on a Hitachi Perkin-
Elmer Model RMU-7 double focussing mass spectrometer except for Fig. 2, 
which was obtained on a Hitachi Perkin-Elmer Model RMH-2 double focussing 
mass spectrometer[4], 

The values of E./E. corresponding to transitions m.—^m. + (mg m-) 

for n-decane were determined in the following manner: 
The total ion monitor located after the electric sector directly 

behind the Beta slit was externally positioned to intercept 100% of the 
ion beam. The normal electric sector voltage supply was replaced by a 
separate supply which allowed the voltage to be varied automatically 
through two motor driven ten turn potentiometers. The output of the total 
ion monitor was connected to a potentiometric recorder and the electric 
sector voltage varied continuously and linearly from the normal value to 
some lower value. As the electric sector voltage passed through a value 

corresponding to m./m, for a metastable transition, a peak was recorded. 

Fig. 1 shows a record for n - decane using this technique. 

TRANSITION 

1 - 4 3 - 4 1 
41 - 39 

Z • 9 8 - 8 3 
3 - 0 4 - 6 9 
4 - 142-113 
5 - 142 -112 

70 - 55 
6 - 113-85 
7 - 113-83 

CALCULATED 

0.953 
.951 
.847 
.821 
.796 
.7B8 
.786 
.752 
.735 

MEASURED 

0.950 

0.845 
0, 819 
0.794 
0.784 

0.746 
0.736 

META-STABLE "SPECTRUM" 
n-DECANE 

.714 

.719 

.697 

.669 

12 
13 
14 
15 
16 
17 

113 
71 

142 
99 
55 

142 
113 

85 
57 
55 

71 
43 
85 
57 
29 
71 
57 
43 
29 
27 

.628 

. 606 

.599 

.575 

.527 

.497 

.504 

.506 

.509 

.491 

0.624 
0.604 
0.597 
0.573 
0.525 
0. 503 

FIGUr,S 1 

FIGURE 1 
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Column 3 of the data in Fig. 1 gives the measured values for the 
peaks obtained. These values were read from an index coupled to the 
potentiometers and which could be set to read 1.000 for the normal ion 

beam and which then read the ratio for ^l/^O 
+ / + m^/mg directly. The 

values obtained agreed with the calculated values to better than 1% and 
no attempt was made to improve the precision. It is possible to read the 
actual voltages with a digital voltmeter and improve the precision if 
necessary. 

Columns 1 and 2 of Fig. 1 give the transitions occuring and the 
calculated values. All the data obtained using the RMU-7 was done at an 
ion accelerating voltage of 3600 volts and 1 mm slit openings. 

FIGURE 2 

Fig. 2 shows a metastable "spectrum" of n-decane run by the same 
technique but obtained on a Hitachi Perkin-Elmer Model RMH-2 double 
focussing mass spectrometer. The energy spectrum obtained in this case 
is basically the same as for the RMU-7 but since it was run at higher 
acceleration voltage and smaller slits were used, the energy resolution 

The peaks have E./Eg. is better, especially at the higher ratios of 

been assigned the same numbers as used in Fig. 1 and a comparison of the 
ratios shows the better energy resolution obtained 

The scan in Fig. 1 was run at constant attenuation 
was attenuated and the attenuation factors are 

region of high E./E. 

for the RMH-2 scan, 
while that in Fig. 2 
given on the record. 

Having determined the ratio m/m. for which metastable transitions 
are occuring, it then is necessary to determine the masses of m. and m+ 

If the electric sector voltage is then set at a value corresponding 
to one of the maxima in an energy spectrum obtained as described above 

and a magnetic scan performed, a peak will be obtained for the m. ion 

from the transition mj.-»-m. + (m. - m. ) . This peak will occur at the 

same M/e position on the record as the metastable peak for this transi
tion in a normal spectrum. Since the following relationship is true: 

^l/^O 
m̂ /m̂ j m*/m. where ra* = ra^/m^ 

we can calculate .... ai.̂  ..... 

Also, because of the focussing properties of the electric sector, 
the divergence of the path of the metastable daughter ion will be energy 
corrected and thus the peak will be much narrower and thus considerably 
more intense than for the metastables occurring after the electric 
sector. In addition, under this "defocussed" condition the normal ion 
beam will not be transmitted to magnetic sector, thus the signal ampli
fication can be increased and a considerable real gain in sensitivity 
will be realized. 
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M* - 26.0 
FIGURE 3 

j JkUJ i 1 

FIGURE 3 

Fig, 3 shows such a magnetic scan with the electri 
set at a relative value of 0.604 compared to 1.000 for 

A sharp intense peak at M/e = 26.0 corresponding to the 
observed. A much smaller peak at M/e = 50.9 due to the 

142t 

c sector voltage 
the normal beam. 

71"̂ —».43'̂  is 
transition 

5 is also observed. The m,/ra„ value for this peak is 0.587, 

intensity of the 
creases. As the 
sufficient to 

rove the energy 

"1""0 
and if the sector voltage is adjusted to this ratio the 
peak at M/e 50.9 increases while the one at M/e 26.0 de 
systera was operated, the energy resolution was more tha 
assign these transitions and no attempt was made to imp 
resolution. In future work this will be investigated. 

Because of scarcity of peaks in such a scan it is not possible to 
determine the mass of the peaks from the scan itself. Therefore it is 
necessary to either run part of the normal spectrum so that it can be 
overlaid to obtain the mass of the metastable peak or as in the case 
demonstrated, use a mass marker. 

JktuMl 

J V 

META-STABLE SPECTRUM 
n-DECANE 

: rzK^ 
FIGURE z 
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Fig. 4 is a magnetic scan with the ratio set at 0.794. The peaks 
observed are due to the transitions 142"*"—•-113"'' and the P + 1 peak at 

143 going to 114 The 144 to 115 transition is also easily detectable. 

230 250 270 200 310 330 350 370 

FIGURE 5 
Fig. 5 is the partial mass spectrum of dimethyl diacetoxy-

binaphthalene. Two metastable peaks due to the transitions 

396 —^354 —»-312 can be observed. Fig. 6 is a partial energy 
spectrum of this compound showing the observed maxima for these 
transitions. 

META-STABLE "SPECTRUM" 

d l -METHYL-DlACETOXY-BmAPHTHALENE 

SOB* . 354* 
354* . 312+ 

CALCm-ATED MEASURED 

FIGURE 6 

FIGURE 6 

Figure 7 is a magnetic scan for this compound with the electric 
sector voltage set at a value of 0.893. A very intense, sharp peak is 

observed at M/e 316.4 for the transition 396 —»- 354 as well as peaks 

for the accompanying isotopic fragments 397 —^355 , etc. ^Also observed 
is a diffuse peak at M/e 274.9. This peak is due to the m, peak of the 

396 —^354 transition occurring before the electric sector now going 

through a second metastable transition 354 —^312 after the electric 
sector. In addition the scan shows a number of other peaks which can 
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which can also be easily assigned. 

Many of these transitions could not be observed in the normal 
spectrum due to the intensity of the fragment peaks in the same raass 
regions. This data demonstrates the potential of the method for 
observing metastable transitions that would be difficult if not impossi
ble to detect in normal spectra and also an unambiguous and accurate 
method of assigning daughter - precursor ion pairs. 

META.STABLE SCAN 

• 0. 893 

FIGURE 7 
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H. W. Major. ASTM E-14, 1968. Paper No. 53. 
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shown in Fig. 2. 
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C H E M I I O N I Z A T I O N : THEORIES A N D MECHANISMS 

R. Stephen Berry 
Department o f Chemistry and The James Franck Insti tute 

Universi ty of Chicago, Chicago, I l l ino is 

We mean, by the term "chemi ion i zo t i on " , those ion iz ing processes that occur in 

systems a t " c h e m i c a l " temperatures, corresponding to mean k inet ic energies of no more than a 

few e lect ron vo l ts , a t very most. We shall f ind i t useful to consider other very c losely related 

processes such as au to ion iza t ion and predissociat ion. Thus the pr inc ipa l processes of c h e m i 

ion iza t ion are 

a) associat ive ion iza t ion , e . g . H* + H—• H- + e or H + C O — » H C O + e; 

b) Penning ion iza t ion , e . g . He* + H g — ' H e + Hg + e, and 

c) the rearrangement process at t r ibuted to Kupr ianov, e . g . A r * + H j — ' ArH + H + e. 

Under some circumstances, e lect ron impact ion iza t ion may be considered a chemi ion iza t ion process, 

and a high concentrat ion of ions can be generated by thermal ly - induced col l is ions in some systems, 

e . g . CsBr(g) + Ar - » C s + Br" + Ar. 

We shall not try to survey a l l the theories of chemi - i on i za t i on here. This wr i ter 
2 

has recent ly rev iewed the subject, a lbe i t w i t h an intent to be d idac t ic rather than comprehensive. 

We shall merely rev iew br ie f ly what others have done, summarize b r ie f l y work of our own wh ich 

has been published or is now in press or in preparat ion, and expand a l i t t l e on some of the ideas 

wh ich may not appear elsewhere. 

It seems that the theory of chemi - ion iza t ion is in a state of rapid t rans i t ion. 

We can expect the next two or three years to carry the subject from the level of phenomenological 
3 4 

theories l i ke the c r i t i c a l react ion radius models of Gloumousis and Stevenson, Ferguson or Be l l , 

Dalgarno and Kingston, to a new plateau in wh ich our understanding is based on microscopic 

considerat ions. 

AM microscopic theories o f chemi - ion iza t ion have as their basis the idea that 

the nuc le i are slow and heavy, and electrons are l igh t and w a v e - l i k e . One l ine of development 

has been that of M o r i , Katsuura and Watanabe. This formulat ion is based on the model of 

r e l a t i ve l y unperturbed atoms fo l lowing classical t ra jector ies, w i t h the energy transfer occurr ing 

v ia simultaneous d ipo le transitions in both of the co l l i d i ng partners. Unt i l the most recent work 

of M o r i , the method was restricted to situations in wh ich the i n i t i a l l y exc i ted species was in 

a state connected to the ground state by an op t i ca l l y a l l owed t ransi t ion. A related formulat ion 

was also g iven by Smirnov and Firsov. N o d i rec t evidence is ava i lab le about experimental 

values of these cross sections because of the short l i fet imes of the required exc i ted states. 
12 

Sheldon has ca lcu la ted a number o f cross sections for ion izat ion o f a lka l is by exc i ted rare gas 

atoms. A t f irst sight the results may seem a l i t t l e hard to accept because the values ore only 

10-100 times the observed cross sections for processes invo lv ing metastable rare gas atoms, and 

i f the op t i ca l t ransi t ion probabi l i t ies o f the free atoms were the c ruc ia l factors, we would expect 
4 8 . 

cross sections for a l lowed transitions to be 10 - 10 times those invo lv ing transfer of energy from 
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a metastable stdte. However we must remember that the collision of A* +B does perturb both A 

and B, and that both optically allowed and optically forbidden transitions are perturbed. If an 

optically allowed state is perturbed and loses a few percent of its transition probability, this 

change would not hove much effect on the cross section for Penning or associative ionization in 

the Mori-Katsuura-Watanabe model. However if this transition probability were all stolen by 

a normally forbidden transition, then the probability of this transition in the perturbed system 

would be enormously larger than its forbidden counterpart in free atoms. It therefore seems quite 

possible that the theoretical cross sections involving optically allowed states ore compatible with 

the observed cross sections involving metastables. We look eagerly for the application of Mori's 

model for metastables to specific systems. 
13 

A very fruitful direction has been taken by Bardsley, who has developed the 

problem of associative ionization from the viewpoint of the formation of a resonance state. The 

cross section for associative Ionization Is then the product of the cross section for formation of 

this resonance state, multiplied by a survival probability toward ionization. The method seems 

very readily applicable to systems for which a moderate amount of spectroscopic data Is 

available. Bardsley has already considered processes involving NO and N«. 

S. E. Nielsen and this writer have developed a general near-adiabotic quantum-

mechanical formulation in which one uses initial and final state functions ^ i , ( of the Born-

Oppenheimer form, 

in which I ' i s , R) is the electronic function, dependent on electronic coordinates r and nuclear 

coordinates R; /(f(R) Is a vibrational function, and Q*) is a rotational function. If one can 

compute these functions for all the bound and free electronic states and vibrational states of 

Interest, one can put large variety of processes on a common basis. The only distinction among 

them is in which states are bound and which are free. The processes include Interactions among 

excited bound states, autoionization, predissociation, associative ionization, dissociative 

recombination. Penning ionization, electronic energy transfer and vibrational or rotational 

relaxation by electron collisions. This is discussed, together with the full development and 

consequences of the theory as applied to H«, In a series of papers by Nielsen and this author. 

Another formulation, falling roughly between that of Mori, Katsuura and 
19 20 

Watanabe and that of Nielsen and Berry, is one developed by Warke and elaborated by Chan. 

This model introduces some perturbation of the electrons in the form of on effective potential 

which varies during the collision. Applications to e-0« , e-N« and e-H« have been quite 

successful. 

We should point out that using the Born-Oppenheimer or adiabatic basis 

functions to represent the states solves only half of the problem of introducing the physics of the 

problem. The other half is solved when one decides what the important forces are that couple 

the basis functions and introduce transitions. Naturally this has its mathematical expression in 

one's choice of operator. There are apparently two operators (at least) that are important for 

this coupling. One is the electron correlation operator, which Is strictly the difference between 

the real electron-electron interaction potential I i^j- and the effective Hartree-Fock potential, 
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but which can be represented by J, i^j ; this operator introduces mixing among electronic 

configurations, and among these configurations we must include those with one or more free 

electrons. If they ore energetically accessible. The other operator is the nuclear kinetic energy, 

which makes the Born-Oppenheimer basis functions into nonstationary states. Examples are now 

known which exhibit the action of each of these operators. 

Certain general ideas have come out of our work concerning the classification 

of all the related coupling processes, on a microscopic basis, which Is quite different from the 

classification on an observational basis, to which we previously referred. The microscopic 

classification puts coupling processes roughly into three groups, according to the internuclear 

distance range in which the transition occurs. These ore: 

a) crossing-point cases, associated largely with transitions between states whose 

potential curves intersect quite sharply; 

b) turning-point cases, in which transitions in a given coliisional-rotational state 

occur near the classical turning point of the effective potential curve (Including 

the centrifugal potential) for the initial state, and 

c) broad-range cases. In which transition amplitude accumulates over a wide 

range of Internuclear distance. 

Both Case (a) and Case (b) occur when the asymptotic nuclear kinetic energy is relatively large 

and rather different for the Initial and final states. Case (c) occurs when the Initial and final 

states have rather similar potential curves. Case (a) leads to cross sections that ore relatively 

independent of angular momentum but are sensitive functions of vibrational state and final 

electron energy. Case (b) leads to cross sections that are sensitive to vibrational state and 

may give a broad distribution of final electron energies, and Is sensitive to rotational state 

(or impact parameter) as wel l . Case (c) is rather insensitive to rotational or vibrational state, 

but tends to put outgoing electrons in energy states that are sharply determined by the relative 

kinetic energy of the colliding partners. These cases are illustrated In Figures!, 2a, b and 3, 

The line of reasoning that seeks to interpret chemi-ionization in terms of 

potential curves has been developed recently by Cermak and Herman and by Hotop and 
24 

Niehaus. It is hoped that the application of their work on energy analysis of electrons from 

Penning ionization wi l l eventually allow the elucidation of potential curves. 
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(ABSTRACT) 

COLLISIONS OF FAST METASTABLE ATOMS 

James R. Peterson 

Stanford Research Institute 

Menlo Park, California 94025 

Various deexcltlng collisions of metastable species have been studied at thermal 

energies for some time. Recently developed techniques of producing fast, monoenergetic, 

excited neutral beams (by neutralizing ion beams with selected charge transfer reactions) 

have made studies possible over an extended range of higher energies. More stringent 

tests of collision theories are thus possible, and Information can be gathered on inter

molecular potential energies. 

Several methods of detection of fast metastables are possible, but each is of limited 

usefulness and must be selected according to the characteristics of a specific experiment. 

Using charge transfer of He and Ar beams in alkali atom vapors to produce beams of meta

stable He and Ar, we have obtained Penning ionization cross sections for several reactant 

pairs by measuring the spatial decay of slow ions produced as the excited beam traverses 

1 

a target gas. 

A more recent set of experiments has used certain optical emissions as measures of 

the metastable content In the beams. As the fast metastable atoms traverse a gas, some 

undergo collisions In which they are excited to higher energy levels. Since these levels 

are not easily excited from the ground state, emissions from them can be used to monitor 

the metastable concentrations in the beam. Deexcitation cross sections for N-,(A"'I/) in 
•̂  u 

2 

Ng and NO have been measured from 250 to 2200 eV by detecting 2nd positive band emissions 

from NgCC^n ). The metastable Ng beam was formed by N2 charge transfer in NO. Using an 

excited He beam obtained by charge transfer of He in Cs or Rb, individual cross sections 
3 

have been measured for the symmetric energy transfer reactions between the ground state 

He(l^S) and each of the metastables He(2^S) and HeC2^S) over a range of beam energies be

tween 150 and 2200 eV. .Spin conservation selection rules governing the collisions that 

produce the monitored emissions permit detection of the 2^S component of the beam by moni

toring the 6678 A radiations from the 3^D state, and similarly the 2^S component was 

detected by measuring the 5876 A emission from He(3^D). The total energy transfer cross 

sections obtained permit a fairly accurate estimate to be made of the difference between 
the potentials of the 2 and 2 He, molecular states at internuclear separations inside 

g u 2 
the repulsive barriers in these potentials, which are not effectively penetrated at 

4 
thermal energies. A recent calculation based on calculated and semi-empirical potentials 

gives a fair comparison with the experimental results but indicates the need for some 

modifications of the potentials. 
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Pulsed Mass Spectrometric Studies of Ionizing Collisions 
ft 

of Excited Atoms 

F. W. Lampe 
Department of Chemistry 

Pennsylvania State University 

The use of pulsed mass spectroraetry in kinetic studies of associative 
ionization and Penning ionization is discussed for several systems. It 
is shown that in a binary system X-Y, tne reactions are in accord with 
the scheme 

( 1 ) 

( 2 ) 

( 3 ) 

( U ) 

( 5 ) 

( 6 ) 

( 7 ) 

X + e -• X + e 

ft 
Y + e ->• Y + e 

ft + 
X + Y - Y + X + e 

ft + 
X + Y - XY + e 

ft + 
Y + Y ->• Y2 + e 

* 1 
X -I- X-" + h v 

ft 1 * 
Y ->• Y + h v . 

In (6) and (7) the numerical superscript indicates a lower energy state 
incapable of reactions (3)-(5). The determination of the kinetic 
parameters for a few systems are discussed. 

This work will appear soon as an article in The Journal of Chemical 
Physics. 
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43 
An Investigation of the Carbohydrate Components 

of Glycoproteins Using a Gas Chromatograph-

Mass Spectrometer-Computer System 

V. Reinhold* and K. Biemann 

Department of Chemistry 

Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

As part of the continued use of gas chromatography-mass spectrometry and computer 
assisted analysis to biomedical problems, we have undertaken the investigation of gly
coproteins. 

As a typical example of a glycoprotein, figure 1 shows the primary and secondary 
structure of porcine ribonuclease,^^^ The 125 amino acid enzyme possess approximately 
30X carbohydrate consisting of fucose, mannose, galactose, N-acetyl glucosamine and N-
glycolylneuraminic acid. 

(CHO)n, 

Figure 1 

Glycoproteins, Implicated with many diseases, associated with hormonal, blood 
coagulation, viral Inhibitor, and Immune reactions have long neglected the careful 
Investigative characterization subjected to many proteins. The neglect Is obviously 
associated with the difficulty In carbohydrate chemistry, A great diversity of struc
tural analogs are present In carbohydrate moieties bound to glycoproteins, from the 
basic amino sugars to the neuraminic acid components, but yet an even greater structur
al homogenlety within each class; that is, anomers and positional Isomers as with man' 
nose, galactose, and glucose. 

The past developments In the gas chromatography-mass spectrometry of carbohydrates 

(2-4) have shown that much could be gained by application of these techniques to gly

coproteins. 

We have chosen to approach the problem In the following manner: First,by quanti
tative and qualitative determination of each carbohydrate monomer; second, by the iden
tification of sequential or primary structure of these oligomers [ ( C H O ^ In Fig, 1 ] , 
and thirdly, by characterization of the linkage points of the carbohydrate oligomers 
to the protein backbone. In ribonuclease (Fig. 1 ) , the carbohydrate moieties are attach
ed to amino acids 20, 3A, and 76. If one assumes a tertiary structure analogous to the 
bovine enzyme it can be concluded that the carbohydrate is bound to the periphery of the 
enzyme. 

Briefly, the experimental approach consists of methanolysls and silylatlon. For 

* Helen Hay Whitney Fellow 
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quantitative studies, methanolysls was carried out for 16 hours followed by reacetyla-
Cion, silylatlon and extraction. For qualitative work, methanolysls was limited from 
one to three hours followed directly by silylatlon. This latter procedure had the 
obvious advantage of shorter time, but more importantly, provided mass spectra of the 
free amines related to the acetamido sugars. 

The analytical system Includes an IBM 1800 computer which handles raw data 
generated by a single focussing magnetic scanning mass spectrometer (Hitachi: P.E. 
RMU 6) Interfaced with a gaa chromatograph, (Aerograph, Hy-FI). Precise times for 
starting and stopping the magnetic scan provides the reproducibility necessary for 
accurate conversion of time units to masses. A mass spectrum is recorded and stored 
on magnetic disks every four seconds during the entire course of the gas chromatogram. 
The digitized signals are summed for each scan producing a plot analogous to a beam 
monitor recording and, ideally. Identical to the gas chromatogram produced by the flame-
lonlzatlon detector. 

GAS CHROMATOGRAM 

TOTAL-ION PLOT 

20 40 60 80 " IOO 120" 140 160 
SPECTRUM INDEX NUMBER 

200 2Z 

Figure 2 

A comparison of total-Ion plot with the gas-chromatograph flame-detector output, 
shown in figure 2, (bottom and top respectively) provides a careful check on sample 
elutlon, and loss of resolution or discrimination, if any. Although the time scales 
(abclssas) are not identical, it is easy to see the scan identity. It has been our 
experience in these studies to note that all components pass the separator with great 
facility and with essentially no loss in resolution. This is especially noteworthy 
since neuraminic acid derivatives, the last peak in figure 2, are classically very 
labile components. 

Identification of each of these sugars wis suggested by relative retention-time data 

;lhls, combined with mass spectra,compared to a standard mixture of methyl glycosides, 

allowolpositive identification. 

Porcine ribonuclease, a.-acid glycoprotein, a--(Zii)-glycoproteln, human and calf 
thyroglobulln, and fetuin were analyzed and found to consist of the expected compon
ents, fucose, mannose, galactose, N-acetyl glucosamine neuraminic acid, with the total 
qualitative analysis complete in a fraction of the time required with previous tech
niques. Mass-intensity plota are available for all components for the several gly
coproteins. Figure 3 shows the mass spectrum of N-Acetyl neuramlnate methyl ester, 
tne sugar moiety obtained from most of these glycoproteins, which was eluted as the 

116 



< 
2 

117 



last Deak from the gas chromatograph. The higher mass peaks can all be rationalized b; 
the loss of methyl, mechoxyl, carboxymethyl, or a combination of these. 

In the mass spectra, it has been of considerable Interest to observe fragmentation 
variation with subtle changes in structure, as examplified in the a and B configurations 
of the methyl glycosides of N-acetyl glucosamine and N-acetyl neuramlnate esters. This 
is best Illustrated by an overplot of the total-ion curve with the relative abundance 
of a single mass as shown in Figure 4, This is one of the subroutines available (̂ ) 

STANDARD METHYL GLYCOSIDE MIXTURE 
TOTAL ION PLOT 
PLCfT OF MASS 227 + 173 

Figure 4 

40 60 80 IOO 120 140 160 160 
SPECTRUM INDEX NUMBER 

and is analogous to having the spectrometer set to resolve one specified mass and com
paring this to the beam monitor recording. Any mass can be plotted, even on samples run 
months ago. As can be seen mass 227 is found to occur in 3-methyl-N-acetyl glucosamine 
and B-methyl-N-acetyleuramlnate, but not in the other anomer. While mass 173, is sig
nificant only in the a anomer of N-acetylglucosamlne. 

Overplots of this type with highly specific but yet low intensity masses have been 
extremely helpful in locating sugars found only in trace amounts or Incompletely re
solved by the gas chromatograph. 

Lastly, ve would like to present some preliminary studies on disacchrides. 

The dlmer of fucose and glucosamine associated with blood group typing phenomenon 
is one example and its silyl derivative has a mass of 726. Consideration of the monomer 
of fucose which shows a strong 191 peak probably representing the number one carbon and 
two TMS groups, one due to rearrangement analogous to the pertrlmethyl silylated glu
cose work presented recently by dejongh et al. ^ ^ In the mass spectrum of N-acetylglu
cosamlne, the prominent feature was the 173 peak associated with the second and third 
carbon of amino sugars, 

A consideration of the low mass region of the dlsaccharide shows the absence of 
both a 191 and a 173 peak, suggesting a fucosyl (1-3) N-acetyl glusamlne linkage. 
Detailed interpretation of this structure must await the determination of the mass 
spectra of a series of dlssaccharldes presently being considered. 

Thus in summary one can conclude that using the present continuous scanning GC-MS-
data acquisition system It is possible to approach a very complex area routinely and 
evaluate in a quantitative manner, as in this case, the carbohydrates bound to glyco
proteins. Furthermore, Indications are that much structural information can be gained 
from this systematic analysis of disaccharides and, hopefully, higher oligomers. 

Probably of equal significance is the fact that these GC-MS-runs are permantly stor
ed on tape to continuously reevaluate at the whim of the investagator with the different 
subroutines available, whether it be varying mass plots, library search, or just mass 
intensity grids. 
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A POROUS STAINLESS STEEL SEPARATOR SYSTEM FOR 

GAS CHROMATOGRAPHY-MASS SPECTROMETRY 

P. M. Krueger and J. A, McCloskey 

Baylor College of Medicine, Houston, Texas 77025 

The use of silanized porous stainless steel tubing has been investigated as a sep

arator interface for gas chromatography-mass spectrometry. Two versions w^ere 

designed and tested for a CEC 21-110 mass spectrometer: (1) a temporary system 

in which the eflluent is introduced through a direct inlet probe assembly, and (2) a 

compact, permanently mounted assembly with ion source entry through the shutter 

flange. The probe version produced an efficiency of 40% (cholestane) and separation 

factor of 108 at a column flov/ rate of 35 cc He/minute, resulting in an (uncorrected) 

ion source pressure of 1. 8 x 10" mm Hg. The mounted assembly produced an 

efficiency of 48%, separation factor of 10 at a flow rate of 7 atmospheric cc/min (with 

the columJi under vacuum) and 3 x 1 0 mm Hg source pressure . 

Comparison of the beann. nn.onitor chromatograms of cholestane and a compound of 

high polarity, 2' , 3 '-0-isopropylidene adenosine, show^ed only slightly increased tailing 

in the latter compound. The M-18 peak of cholesterol increased fronn 28% using the 

direct introduction probe (ion source 190°) to 34% using the GLC inlet system (source 

190^ ,̂ separator 250°), indicating low tendency for thermal decomposition in the GLC 

systenn. 

The porous stainless steel separator systenn is of rugged construction, beatable to 

high temperatures and is suitable for high molecular weight, polar connpounds. Since 

the porous tubing can be obtained in a variety of physical dimensions and porosit ies, 

considerable flexibility and ingenuity can be exercised in the design of a separator 

system for a particular instrunnental configuration. 

(To be submitted to Analytical Chemistry) 
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A SEPARATOR VJITII VARIABLE CONDUCTANCE FOR 

GC/MS ANALYSES 

C. Brunnee, H.J. Bultemann and G. Kappus 

VARIAN MAT GmbH, Bremen, Germany 

Abstract 

To obtain maximum separator efficiency in GC/MS analyses it is necessary 
to cope with the varying flow rates of the gas chromatographic column. A 
new type of separator is described whose conductance can be adapted during 
operation. Thus flow rates from below 1 up to 100 ml/min can be handled. 
No tailing effects could be observed due to the small volume and inner 
surface of the separator. Results obtained with tliis type of separator are 
reported. 

The efficiency of a GC/MS combination is determined by the enrichment K 

and the yield Y of the separator interfacing the two instruments. Fig. 1 

shows the relation between these two quantities, using the same 

designations as Grayson and IVolf 1-*. Enrichment N is defined as the ratio 

of the concentration of the sample in the carrier gas at the inlet of the 

mass spectrometer to the concentration at the outlet of the gas 

chromatograph. Neglecting sample flow rate Qs against carrier gas flow 

rate QQ, N becomes the product of the ratio Qgc^Qms °^ ^^^ carrier gas 

flow rates, and the ratio (QsJms^fQs'gc °f the corresponding sample flow 

rates. The second factor is the separator yield, Y. The yield determines 

how many per cent of a sample will finally be available for analysis in 

the mass spectrometer. The magnitude of the enrichment N alone is not 

decisive: It is possible to make the enrichment very large, for example 

by using multi-stage separators. However, in this case the amount of gas, 

Qn,s, entering the mass spectrometer has to be reduced. Thus it may well 

happen that the separator yield Y does not increase, as desired, but 

decreases. 

For separation of the sam.ples by molecular effusion - a principle 

utilized in the separators of Biemann and Watson ^ ' , Cree 3', Blumer ', 

and Lawson, Leemans and McCloskey ^̂  - the theoretical enrichment can be 

calculated. One obtains equation (3). 

There are three special cases ; 

1. If the amount of gas Q̂^̂^ flowing into the mass spectrometer is made 

much smaller than Qg^ so that Q„c/Qms is considerably larger than /FlgTTT̂  

then N approaches the optimum value NJ-JOL = >'M^7H^ , equation (3a). 

2. With indefinitely increasing molecular v.'eight ratio MS/HQ the 

enrichment tends towards a maximum value t'.j-ifiy. = Qpc^^ms ' equation (3b) as 

follows immediately from (3). This maximum value is attained, when the 

total amount of the sample enters the mass spectrometer, the separator 

yield thus being 1. With Y = 1, equation (3b) also follows from (2). Like 

the other equations marked with an asterisk, (3b) is independent of the 
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separation principle used. 

Special case no. 3 corresponds to the direct CC/MS connection without gas 

flow reduction v;ith a separator, for instance, when using capillary 

columns . Then Qj„s = Qgc ^nd the enrichment N becomes 1 according the 

equation (3), the yield Y also being 1, that is, 100 ii . 

It follows from the given formulae that tlie ratio of the flow rates 

Qms^Qgc -"-̂  °f great influence on the yield Y. Let us assume that a single-

stage separator vjcrking according to the molecular effusion principle is 

designed for an optimum flow rate Q of, for instance, 50 ml/m.in. Then 

under optimum conditions the flovj rate Qĵ g may have the maxim.um. permissible 

value for the mass spectrom.eter of 1 ml/min. If we use columns with a 

smaller flov; rate instead, e. g. SCOT columns with 10 ml/min only, the 

yield Y decreases, because Q̂ .̂  decreases not linearly, but quadratically 

with Qgc- 1'̂® reason for this: If possible, the flow into tlie ion source 

should be v i s c o u s , because then at the ion source another 

separation by effusion occurs, due to the molecular flow always found in 

the m.ass spectrometer. The total enrichment N'poT i^ than given by the 

product of the tvio enrichnents at the points (1) and (2) of fig. 1 that 

is to say by HQ/MI; in the ideal case, equation (M) . Mov.-ever, in the case 

of viscous flow, the flow rate Qjjjg does not decrease linearly but 

quadratically with pressure, that is, with Qg^, which results in the drop 

in yield Y mentioned before. This relation can be seen from fig. 2, 

showing the calculated yield Y as a function of Qgc- Tl>e parameter is the 

size of the effusion area, i. e. the area of the fritted glass tube or 

mem.brane which increases towards the right. As can be seen, a separator 

with an effusion area of a given size obtains optimumi results only at a 

single point. At this point, Qnis has the maximum permissible value. At 

higher flov: rates Qg^ the gas flov: into the mass spectrometer becomes 

unduly high; at lower flow rates the yield Y decreases. 

The drop in yield with decreasing carrier gas flov; can be eliminated by 

adding a miake-up gas at the outlet of the column, keeping the gas flovj 

into the mass spectrometer constant. Thus the yield rem.ains constant too 

(thin line), but it can never reach the optimum values lying on the dashed 

line of fig. 2. 

An effusion separator producing optimum results in the entire range of 

Q„^ can be realized, apparently, by making the effusion ar'ea variable. A 

separator of this type is shown on fig. 3. Here, effusion does not occur 

at a glass frit or porous membrane, but at two sharp circular edges about 

20 mm in diameter. The carrier gas is pumped away outside and inside the 

two circular edges. The distance betv;een the cover plate and the edges is 

continuously variable from zero to 50 pm by means of a spindle. When the 

slit is closed, gas flov; reduction is smaller than 1 ml/min, v;ith a 

medium slit opening of 30 um it is about 60 ml/min. Therefore, the sepa

rator is suitable for all types of columns. The flow rates Q of the 
gc 

columns can be v a r i e d , v;hereas the amount Qĵ g e n t e r i n g t h e mass 

124 



w 
E 

fn 
bO 
O 
-H 
OJ 
S 
o 

o 
(0 

•H 

125 



spectrometer can be set to any required value during operation. The outer 

diameter of the whole device is 6 cm only. 

The dashed line in fig. 2 represents the calculated yield Y. The points* 

represent the yield obtained with the separator experimentally. They are 

absolute values which have not been matched to the theoretical curve. In 

each case the size of the circular slit had been set such that Q^^ had the 

maximum permLissible value. Theory and experiment agree rather well. At 

very high flow rates, the yields obtained are slightly lower, because, due 

to the great distance between edge and plate, the condition for molecular 

flow is no longer exactly met. This effect can be utilized to reduce the 

height of the solvent peak: for this purpose, the separator is opened 

completely and then practically acts as a bypass. Thus the dynamic range 

of the GC/MS - combination is increased considerably. The curves apply to 

a mixture of argon and helium. At a higher molecular weight the yield is 

accordingly higher. For cholesterol with M = 386 we measured a yield of 

32 % at a flow rate of 30 ml/min. 

The diagram fig. 2 also shows that varying the area is resulting in a 

considerably iiiglier yield than varying tiie pumping speed at the separator 

by means of a throttling valve in the ty pass line (points • ) . 

According to the given formulae, the total enrichm.ent Nrj.g.p should increase 

linearly with increasing molecular weight. This was confirmed by experiment, 

as shown in fig. 4. At a molecular weight of 250 the total enrichment 

^TOT is about 50. 

Due to the very small interior surface of the separator, decomposition, 

adsorption and tailing effects are reduced to a minimum. The observed 

differences between the chromatograms, recorded without and with the 

separator, were negligeable. As an exam.ple in fig. 5, the chromatograms 

of a mixture of methylated undecanes in undecane are shown. 
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Mass Spectra and Gas Chromatography of the ORMOSIA Alkaloids, K. L. Rinehart, Jr., 

K. J. Schilling, C. L. Brown and R. H. Heckendorn, Department of Chemistry, 

University of Illinois, Urbana, Illinois 61801. 

Species of the Ormosia plant genus are widely distributed in tropical 

regions. Their seeds usually contain several closely related pentacyclic and 

hexacyclic aliphatic alkaloids of molecular formula C-_ ...H N . Some of these 

alkaloids have been shown to contain marked pharmacological activity. Mass spectra 

of alkaloids of known structures in this series and of their derivatives have been 

studied in detail. From these studies it is possible to make reasonable structural 

assignments, in part including stereochemistry, to a number of new alkaloids from 

the seeds. 

All of the alkaloids pass readily through a gas chromatographic column and 

mixtures can be separated especially well by the temperature programming procedure. 

Coupling of the gas chromatograph with a Varian-MAT CH4B mass spectrometer was 

investigated by a number of metJiods. Direct introduction through the probe was 

generally unsuccessful as was the use of a Teflon separator, in which the alkaloids 

were generally retained. Spectra of some of the alkaloids could be obtained by 

employing a standard glass frit separator, while use of a shortened glass frit 

was inore successful. Spectra of all of the alkaloids could be recorded via a 

commercial enrichment device (MAT) employing a glass frit separator and capillaries 

to restrict helitim flow. 
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Flash Mass Thermal Analysis: A Method for Studying Pyrolysis of Solid 

Rocket Propellant Ingredients*'' 
W. G. Stapleton*"^ 

Introduction 

The molecular basis of initiation and propagation of burning solid rocket propellants and 
detonation of explosives is not well understood. Some constituents of these mater ia ls 
have seemingly unexplainable correlations of thermal stability and sensitivity to impact, 
friction or spark. Inability to rationalize the behavior of these materials a r i ses from 
lack of knowledge as to the molecular events occurring during the detonation process . 
The usual picture of impact detonation, for example, assumes localization of the impact 
energy within nnicroscopic volume elements, with consequent initiation of thermal 
decomposition. Exothermic reactions in the decomposition process produce further 
localized adiabatic heating and very rapid escalation of reaction rate to the point of 
detonation. A complete understanding of detonation sensitivity requires a detailed 
understanding ofthe thermal deconnposition kinetics and mechanism at temperatures 
and t imes corresponding to detonation processes , i . e . , at temperatures of several 
hundreds of degrees centigrade and times approximately between 0. 05 and 50 mill i
seconds. The dependence of sensitivity upon molecular s tructure, for example, can be 
expected to differ if the explosive chain set up in the "hot spot" is strictly a thermal one 
or is additionally complicated by chemical chains, e. g. , free radicals . 

A method of mass spectral thernrial analysis has been developed to determine the 
energetics and kinetics ofthe initiating reactions in the decomposition of solid propel
lant ingredients and explosives. This method is called Flash Mass Thermal Analysis 
(FMTA) and is an outgrowth of thermogravimetric and differential thermal analysis 
techniques. The ternn "flash" is used to denote that this method utilizes a very fast 
rate of energy input to the sannple. A Bendix Tinne-of-Flight mass spectronrieter, 
Model 12-101, was used as the instrument to detect the gaseous products fronn the 
decomposing/reacting materials . The sampling rate of 10 KHz permits adequate data 
acquisition at the rapid pyrolysis rates encountered with fast heating. The method 
developed for this type of study is herein described. 

Method Developnnent 

Sannple Preparation 

A crit ical step in this analysis technique is insuring that the sample is uniformly dis
tributed over the surface ofthe pyrolyzing heat source. From the standpoint of heat 
transfer to the sample, source heat capacity and low pressure requirement of the mass 
spectrometer vacuum, the sample must be on the order of 1-5 yug to achieve the best 
resul t s . Samples of solid oxidizers or fuels were dissolved in suitable solvents and 
were deposited on a platinum ribbon, the dimensions of which are 1. 5 cm x 1 mm x 
0. 025 mm. Polymeric materials were successfully coated onto the ribbon by spreading 
a measured volume of solution along the length of the ribbon with a nnicrosyringe. This 
technique was not useful for crystalline nnaterials, however, since very large crystals 
form on the surface as the solvent evaporates. This difficulty was circunnvented by 
spraying the solution onto the ribbon with an a r t i s t ' s air brush set to produce a very 
fine spray. The result was an evenly distributed pattern of microscopic crystals , 
5-25 >o. in size, over the entire surface. 

Sannple Introduction Systenn 

A Bendix Direct Inlet Probe, Model 843A, which permits access to the mass spectro
meter ionization channber by nneans of a punnped vacuunn lock, was adapted to support 
the platinunn ribbon which bears the sannple. (Figure 1). When the probe is positioned 
in the mass spectrometer, the sample is approximately 2 mnn from the ionizing electron 
beann. {Figure 2). This arrangennent results in a higher intensity spectrum than would 
be possible for a systenn in which the sample were located at greater distances from the 
electron beam. Also, products which are short-lived nnay be detected before decay to 
secondary species. 

This work was perfornned under the auspices of the U. S. Air Force Rocket 
Propulsion Laboratory, Edwards Air Force Base, California under Air Force 
Contract No. AF 04(6ll)-ll385. 

Lockheed Propulsion Company, Redlands, California 
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The ionization channber is cryogenically pumped with two specially designed liquid 
nitrogen cold t r aps . (Figures 3 and 4). Their function is two-fold; (a) the residual 
HpO background is reduced to practically zero and (b) pyrolysis products which escape 
fronn the ionization region are trapped before they can rebound fronn the walls and r e 
enter the ionization region. This insures that most of the products which are being 
analyzed are detected while in a high energy state and have not collided with sampling 
system walls. 

Sample Heating System 

In our experiments, the sannple may be heated in two different modes: (1) very rapid 
tennperature increase (1 x 10°°C/3ec) to an isothermal condition and (2) a slower 
temperature rate of increase which may be varied fronn 50-200'*C/sec. In either case, 
the platinum filament constitutes one arm of a wheatstone bridge. Just prior to each 
sample run the bridge is nulled. As the ribbon is heated, its resistance changes and 
the bridge becomes unbalanced. The output signal of the bridge is fed to an oscillo
scope and recorded photographically. (Figure 5). 

The "slow heating" ofthe ribbon is produced by a 24 volt battery connected in ser ies 
with the bridge. The rate of heating nnay be varied with a rheostat also in ser ies with 
the bridge. 

Rapid heating of the sannple to an isothernnal condition is accomplished by discharging 
a high voltage fronn a capacitor through the platinum ribbon. (Figure 6). The capacitor 
is charged by a high voltage power supply and the discharge is effected by energizing 
the hydrogen thyratron. A constant low voltage from a 24 volt battery serves as the 
bridge power supply which enables the temperature to be nneasured after the current 
surge from the capacitor has subsided. The duration ofthe capacitor discharge is less 
than lOxt* seconds. As in the slow heating, the bridge output is fed to an oscilloscope 
and is recorded photographically. The resistance ofthe platinum ribbon is calculated 
from the equation 

„ ER., + 2VR + 2VR„ + R R_V/R, R^ = 3 s 3 s 3 1_ 
E-2V-VR /R, 

M 

in which R- is the ribbon resistance, E is the source voltage, R^ is the variable a rm of 
the bridge, R is the ser ies resis tance, R, and R^ are the remaining known a rms of the 
bridge and V is the bridge output voltage. The temperature of the ribbon is in turn 
calculated 

T = ^ft " ^fi 
P* 3.89x10-4 

in which T is the tennperature at tinne t, R- is the resistance of the ribbon at tinne t, 
R-. is the mitial resistance ofthe ribbon a n J T i is the room tennperature. 

In the fast heating experinnents, the question of ribbon surface temperature profile 
a rose . Fronn considerations ofthe physical properties ofthe platinum ribbon and its 
stainless steel supports, radiant and conductive heat loss paths and applied current, 
an expression was developed which, when solved, could define temperature gradients 
with respect to t ime. A computer program was written for the solution and the result 
was that the temperature was shown to be constant over the nniddle two-thirds of the 
ribbon up to 10 milliseconds, for tennperatures lying between 100 and 500**C. (Figure 6). 

Data Recording Techniques 

Tinne-of-Flight nnass spectronnetry lends itself well to fast pyrolysis studies because of 
its rapid sannpling rate (10 KHz) over the spectrunn of 0-250 mass units. This rapid 
rate pernnits the use of very snnall samples and small heat sources which character
istically possess low heat capacities and therefore require less energy for a given 
tennperature increase. 

Rapid analysis coupled with extremely short periods in which the pyrolysis products are 
available for detection present sonne stringent requirements for recording data. In 
these experinnents, the tinne range of interest may be as short as fifty nnicroseconds or, 
at most, two seconds. Obviously, the data nnust be recorded photographically from an 
oscilloscope t race . 
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For the slow heating experiments, a Milliken DBM-5C high speed framing camera was 
employed to photograph the spectrum oscilloscope trace at a speed of 200 frames/second 
(5 milliseconds/frame). In general, the heating rate was 100**C/sec. With the small 
sample, the pyrolysis event was usually completed within 2 seconds. To synchronize 
the temperature trace oscilloscope with the spectrum oscilloscope, a flashlamp was 
triggered simultaneously with the beginning of current input to the ribbon. The flash 
over-exposes the first few frames ofthe spectrum oscilloscope, thereby marking the 
beginning of the heating. The same trigger pulse that fires the flashlamp is also used 
to trigger the sweep ofthe temperature trace oscilloscope. 

With the rapid heating method, two techniques of data acquisition were used. In the 
first method, the spectrunn is recorded on a single exposure with a Polaroid camera . 
Since the mass species of interest are generated in the first 2 milliseconds after rapid 
heating is begun, it is necessary to blank out the oscilloscope trace after that period so 
that the build-up of gaseous products are not superinnposed over the species of interest . 
Another reason for doing this is that, even though the sannple is small, the ion concen
tration is high enough to saturate the nrultiplier electronic circuit which nnakes the 
resultant spectrum useless . The circuitry for blanking out the oscilloscope is given in 
Figure 7. The 10 KHz recurrent mass spectrometer trigger pulse is fed continuously 
to the spectrum oscilloscope causing the trace to^ sweep continuously. When the sample 
firing switch is activated, the positive 24 volt DC source is applied to the anode ofthe 
SCRi At the sanne t ime, the capacitor in the emitter circuit becomes charged through 
the variable res i s to r . At the peak emitter voltage, the UJT*conducts and the voltage 
ia applied at the gate of the SCR, causing it to conduct. The 10 KHz trigger signal 
voltage then falls sharply to a value which will no longer trigger the spectrunn oscillo
scope. An advantage of this nnethod over mechanical cannera shutters is that the 
blanking time can be continuously varied and also precisely synchronized with the 
beginning of the rapid heating. 

In the second nnethod, a roughly senniquantitative technique which has been described by 
Ijincoln^"^ ' was used. The method is ternned Z-axis data display. The data is dis
played on an oscilloscope in which each sweep is sufficiently displaced vertically up
ward from the preceding sweep. The mass units are displayed as a ser ies of dots along 
each sweep, and the dot intensity is a function of the signal strength of each mass peak. 
The experimental arrangement, which requires two oscilloscopes and three amplifiers 
is given in Figure 8. 

Oscilloscope No. 1 is triggered externally from the sample firing switch and is set for 
single sweep operation. Any single peak of interest in the spectrunn may be selected 
to be displayed on this oscilloscope by feeding the time variable analogue gate pulse 
fronn the mass spectrometer to the CRT*input. Since the sweep speed of this oscillo
scope is slow compared to the analogue pulse sannpling rate , as nnany as 500 samples 
of the selected mass peak nnay be displayed during the single sweep. 

Oscilloscope No. 2 is tr iggered as in the usual method for observing the nnass spectrum. 
The vert ical input is a linearly increasing ramp voltage which is derived from the 
sweep generator of oscilloscope No. 1. The sweep rate of oscilloscope No. 2 is 500 
times faster than oscilloscope No. 1, and consequently the ramp voltage is sampled 
stepwise and is displayed as a series of nearly horizontal lines starting in tinne at the 
bottom of the CRT and progressing to the top. The mass spectrunn signal which is 
originally fed into oscilloscope No. 1 is taken fronn the "vertical signal out" terminal 
of oscilloscope No. I, amplified and inverted by three wide-band amplifiers and is fed 
into the CRT terminal of oscilloscope No. 2. The trace of oscilloscope No. 2 is 
brightened by the mass peak pulses and appears as a ser ies of dots rather than ver t i 
cally deflected peaks. The intensity of the dots is roughly proportional to the nnass 
peak height. Since the vertical axis now represents tinne, the appearance and growth 
rate of nnass fragments with respect to each other nnay be observed. Although the 
method can be considered only semi-quantitative, it affords a convenient means of time 
resolution which can elucidate the order of appearance of nnass fragnnents. For a nnore 
detailed description, see References I and 2. 

Flash mass thermal analysis as described above has been used extensively to detect the 
early thernnal decomposition species in such nnaterials as nitrocellulose (NC)» annmo-
nium perchlorate (AP), hydroxylamine perchlorate (HAP) and hydrazinium diper-
chlorate (HP^). As examples of the types of phenonnena that are observed by means of 
F M T A , nitrocellulose and hydraziniunn diperchlorate t ime-intensity his tories shall be 
presented here . 

= SCR Silicon Controlled Rectifier 
UJT Uni Junction Transistor 
CRT Cathode Ray Tube 
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S p e c i e s 

H C l o / 

N2H3 + 

(from N^H^^) 

m / e 

100 

31 

P r e l i m i n a r y a n a l y s i s of the f i lms f rom the FMTA of HP-, shows that the d e c o m p o s i t i o n 
o c c u r s in two d i s t inc t s t a g e s . The t i m e - i n t e n s i t y c u r v e s , shown in F i g u r e 9 i l l u s t r a t e 
the double p e a k s which a r e t y p i c a l of a l l ion fragnnents a s s o c i a t e d with the p e r c h l o r i c 
ac id p a r e n t t he rnna l deconnposi t ion f r a g m e n t . The s ingle peaks which o c c u r at l a t e r 
t i m e s a r e t y p i c a l of a l l ion f r a g m e n t s a s s o c i a t e d with the h y d r a z i n e t h e r m a l f r a g m e n t . 
T h i s b e h a v i o r i n d i c a t e s that the f i r s t p r o c e s s involves sp l i t t ing off HCIO ., followed by 
c o m p l e t e d i s r u p t i o n of the m o l e c u l e at s t i l l h i g h e r t e m p e r a t u r e s . 

A r r h e n i u s p lo t s for the HCIO . (nn/e 100) fragnnent and the h y d r a z i n e fragnnent Nj,H^ + 
( m / e 31) a r e p r e s e n t e d in F i g u r e s 10 and 11. The ac t i va t i on e n e r g i e s c a l c u l a t e d T r o m 
t h e s e p lo t s a r e p r e s e n t e d be low. 

Ac t iva t ion E n e r g i e s ( K c a l / m o l e ) 

F i r s t P e a k 

"Low T " "High T " Second P e a k 

23 86 18 

32 

The a c t i v a t i o n e n e r g i e s and the A r r h e n i u s p lo t s show that the in i t i a l l o s s of H C I O , 
beg in s with a low e n e r g y r e q u i r e m e n t , and c o n v e r t s to a high e n e r g y r e q u i r e i n e n t a t 
h i g h e r t e m p e r a t u r e s . Subsequen t p r o d u c t i o n of H C I O . at the second peak then p r o c e e d s 
with an a c t i v a t i o n e n e r g y approx inna te ly the sanne a s that for the low t e n n p e r a t u r e s t age 
of the in i t i a l deconnpos i t ion . P r o d u c t i o n of m / e 31 o v e r l a p s the f i r s t and s e c o n d HCIO . 
p e a k s and seenns to r e q u i r e an i n t e r m e d i a t e cons t an t a c t i va t i on e n e r g y . T h i s a c t i v a t i o n 
e n e r g y of 23 K c a l / m o l e connpares we l l with that ob ta ined at RMD^. The m a s s s p e c t r a l 
da ta ob ta ined fronn the dynannic FMTA a l s o is c o n s i s t e n t with the r e a c t i o n m e c h a n i s m 
p o s t u l a t e d by the RMD w o r k e r s - the in i t i a l peak is m o s t l ikely b e c a u s e of the l o s s of 
one H C I O . m o i e t y , leaving h y d r a z i n i u m m o n o p e r c h l o r a t e (HP). The H P then v a p o r i z e s 
a t the h i g h e r t e m p e r a t u r e , and y ie lds i t s c h a r a c t e r i s t i c nnass s p e c t r a l c r a c k i n g p a t t e r n . 

The F M T A of n i t r o c e l l u l o s e shows s i m i l a r i t i e s with that of HP. , . The A r r h e n i u s - t y p e 
data t r ea tnnen t h a s been app l i ed to the in i t i a l d e c o m p o s i t i o n s p e c i e s . F i g u r e 12 shows 
the i n t e n s i t y / t i m e h i s t o r y of n i t r o c e l l u l o s e . The t w o - s t a g e r e a c t i o n n n e c h a n i s m i s 
e v i d e n t , a s i s the t r a n s p o s i t i o n of the r o l e s of the ions at m / e 46 and 30. The p o r t i o n s 
of the c u r v e s l a b e l e d "A" a r e ob ta ined at e a r l y t i m e s (low t e m p e r a t u r e ) and the p o r t i o n s 
l abe led " B " a r e ob ta ined at l a t e r t innes (h igher t e n n p e r a t u r e s ) . T h e s e p o r t i o n s a r e for 
the f i r s t peak only and do not d e s c r i b e the ac t i va t i on e n e r g y r e q u i r e m e n t s for the 
second p e a k . 

F i g u r e 13 shows the r e s u l t s of the A r r h e n i u s plot for p o r t i o n s A and B of the NC 
d e c o m p o s i t i o n c u r v e . The ac t i va t i on e n e r g i e s of 95 + 5 K c a l / m o l e for the A por t ion and 
16 jh 2 K c a l / m o l e for the B po r t i on a r e in exce l l en t a g r e e m e n t wi th the v a l u e s of 
100 K c a l / m o l e and 14 K c a l / m o l e r e p o r t e d by R. Mussof'*) of H e r c u l e s (ABL) for t h e s e 
sanne p o r t i o n s . T h i s a g r e e m e n t with o the r data c o n f i r m s the c o r r e c t n e s s of the 
e x p e r i m e n t a l a p p r o a c h and the va l id i ty of the a s s u m p t i o n s nnade in the c a l c u l a t i o n of the 
a c t i v a t i o n e n e r g i e s . 

In s u n n m a r y , the F M T A techn ique p r o v i d e s an ins ight to e a r l y deconnposi t ion p r o d u c t s 
which no o the r nnethod h a s been able to d e m o n s t r a t e . The s m a l l s a m p l e , h e a t e d at a 
r a p i d r a t e , pe rnn i t s only a snnall amoun t of i n t e r a c t i o n in the g a s e o u s p h a s e . T h i s 
condi t ion e n a b l e s de tec t ion of in i t i a l deconnposi t ion p r o d u c t s which can be nnasked in 
l a r g e r s a m p l e s hea t ed at s l o w e r r a t e s . Agreennent of k ine t ic p a r a m e t e r s us ing F M T A 
with t h o s e of o the r m e t h o d s s e r v e s to c o n f i r m the va l id i ty of the F M T A t e c h n i q u e . 
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MASS THERMAL ANALYSIS OF HYDROXYLAMINE AND METHOXYAMINE PERCHLORATES 

Bcrgc R, CoshRarlan 
Air Force Rocket Propulsion Laboratory 

Edwards, California 

ABSTRACT 

Mass thermal analysis was used to study the thermal decomposition of hydroxylamine 
and methoxyamine perchlorates. The first step In the thermal decomposition of these 
salts Is the proton transfer from the substituted ammonium Ion to the perchlorate anion 
to form the free substituted amine and perchloric acid. Activation energies were deter
mined to be 20,7 + 2 kcal/moLe (65° - 77''C) for the dissociation of hydroxylamine perch
lorate, and 30 ± 2 kcal/mole (53° - 77*C) for the dissociation of methoxyamine perch
lorate. 

INTRODUCTION 

The use of a mass spectrometer to identify the gaseous species formed during con
trolled thermal degradation of a solid has been termed mass thermal analysis (MTA), 
This technique may be used In conjunction with differential thermal analysis [1,2] 
thermogravimetric analysis [3] and thermal decomposition analysis [4,5] to provide in
sight Into both the physical and chemical processes Involved in phase chane;es, weight 
loss, and decomposition resulting from the thermal environment of a particular system. 

The ion intensities of the gases liberated from the heated samples, and the tempera
ture at which the gases are liberated can be plotted by the Arrhenius method to obtain 
activation energies for the processes occurring. 

MTA techniques was chosen for our studies to determine the activation energies neces
sary for dissociation of hydroxylamine and methoxyamine oerchloratas, and to identify the 
dissociation and oxidation products occurring during thermal decomposition, 

EXPERIMENTAL PROCEDURE 

A self-contained solids sample probe fabricated in our laboratory for these studies 
Is shown in Figure 1. The probe head is made by wrapping five Inches of //28 gauge 
nichrome resistance heater wire around the 30 mm long x 3 mm OD alumina tube shield. Two 
copper lead wires, cemented Into the alumina probe body and used as electrical feed 
throughs for the heater, provided mechanical strength for the probe head. 

Sample holders were made by fusing the centers of 25 mm x 2 mm OD glass melting 
point tubes and fit tightly Into the alumina tube shield, A chromal-alumel thermocouole 
extending from the probe rod, fit tightly against the bottom of the sample holder to 
provide accurate measurement of the sample temperature. 

The probe was inserted horizontally through a vacuum seal to within 10 mm of the 
electron beam in the Ion source of a Consolidated Electrodynamics Corporation Model 21-
llOA mass spectrograph. The source was then evacuated to less than 2 x 10" torr prior 
to run. 

The heating rate of the sample during a run was controlled by a Hewlett-Packard 
temperature programmer, and was limited to 0,5°C/mlTmte. This permitted the pumping rate 
to maintain the total source pressure in the low 10 torr range during maximum gas 
evolution. 

Spectra were collected on Ilford 0-2 photo plates using a constant exposure value of 
7 X 10" coulombs. Obtaining this exposure value required from two minutes at the 
beginning of dissociation to less than one second during maximum dissociation and re
action, A constant exposure value was used to integrate and Identify small quantities of 
dissociated products during initial stages of thermal dissociation. 

Densities of the ion lines on the photoplates were obtained from a microphotometer 
trace and were reduced by computer. Line width and mass position corrections were made, 
however, no relative sensitivity corrections were made. 

Reduced ion line density data were divided by the time required to obtain the con
stant exposure at a specific temperature, to yield an ion intensity-time relationship. 
The logarithm of the ion intensity-time relationship was plotted versus the Inverse 
absolute temperature and the resultant slope value was Inserted in the Arrhenius equation 
to obtain activation energies. 
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RESULTS AND DISCUSSION 

A, Hydroxylamine Perchlorate 

An Arrhenius plot of the hydroxylamine (NH2OH) and chlorate (CIO3) Ion Inten
sities resulting from controlled thermal dissociation of hydroxylamine perchlorate 
(NH3OHCIO1,) and the resulting perchloric acid (HOCIO3) are shown in Figure 2, A change 
in slope of the ion intensity lines is evident at SA'C; this may be the result of a 
crystalline phase transition for hydroxylamine perchlorate which has been reported [6] to 
occur between 57° - 62°C. An activation energy of 57.7 ± 2 kcal/mole was calculated for 
the transition from the slope of the line below 6A°C. 

Once the crystalline phase transition is complete, dissociation of the solid hydrox
ylamine perchlorate continues smoothly to its melting-point at 80'C. Melting was noted 
by a variation in relative peak intensities from the slope as well as by momentary cool
ing of the sample temperature, as would be expected for the endothermlc melting process. 

The activation energy for the dissociation of hydroxylamine perchlorate to hydrox
ylamine and perchloric acid between 65° - 77°C, calculated from the slope of the hydrox
ylamine ion intensity line, is 20,7 ± 2 kcal/mole. 

The calculated activation energy obtained from the slope of the chlorate ion inten
sity line, resulting from perchloric acid dissociation was A6.4 ± 2 kcal/mole. This 
value compares favorably with the value of 45.1 kcal/mole obtained by Levy [7] for the 
activation energy of the homogeneous thermal decomposition of perchloric acid vapor to 
HO and CIO3, The activation energy thus corresponds to the HO-CIO3 bond strength of 43 
kcal. This value was used as an internal standard in our studies, 

Arrhenius plots for the NH2O ion and N2O oxidation product Ion are shown In Figure 
3. An increase in activation energy of 8 kcal/mole is required to dissociate the hydrox
ylamine after the hydroxylamine perchlorate has begun to dissociate. Once the hydroxyla
mine dissociates, oxidation of the dissociation products by perchloric acid proceeds. 

Proposed steps for the thermal decomposition of hydroxylamine perchlorate are; 
Ka kcal/mole 

NH30HC10^ > NH2OH + HOCIO3 

HO-CIO3 > HO + CIO3 

NH2OH + OH ) NH2O + H2O 

NH2O + ClOjCHOClOj) ) Oxidation Products 

The initial reaction is the dissociation of the hydroxylamine nerchloratc to the 
free amine and perchloric acid. Once dissociation occurs, further energy is required to 
dissociate the free amine and to oxidize the dissociation products. 

Products Identified during the oxidation of dissociated hydroxylamine by perchloric 
acid Include water, oxides of nitrogen, oxygen, and hydrogen chloride, all formed by 
processes exhibiting activation energies between 28-32 kcal/mole, 

B, Methoxyamine Perchlorate 

An Arrhenius plot of the methoxyamine (CH3ONH2) and chlorate (CIO3) Ion Inten
sities resulting from the thermal dissociation of methoxyamine perchlorate (CH30NH3C104) 
and the resulting perchloric acid (HOCIO3) are shown in Figure 4, No crystalline phase 
transitions for methoxyamine perchlorate occur in the temperature range studied, conse
quently, no changes in slope are observed. 

The activation energy for the dissociation of methoxyamine perchlorate to methoxy
amine and perchloric acid between 53° - 77°C, as calculated from the slope of the methoxy
amine ion intensity line, is 30 ± 2 kcal/mole. 

The slope of the chlorate ion, representing the dissociation of perchloric acid, 
yields an activation energy of 44.2 ± 2 kcal/moie. This value is similar to the previous 
activation energy calculated for the perchloric acid dissociation in the hydroxylamine 
perchlorate case, 

Arrhenius plots for some of the products of methoxyamine and perchloric acid Inter-
reactlons are shovm in Figure 5, The activation energies for these products lie in the 
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F i g u r e 3 
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range 28-32 kcal/mole, as with that calculated for the dissociation of methoxyamine 
perchlorate. Therefore, once methoxyamine perchlorate dissociates, sufficient energy Is 
available In the system for the dissociation and reaction of the amine with perchloric 
acid to proceed. 

Proposed steps for the thermal decomposition of methoxyamine perchlorate are: 

EA 

CH3ONH3CIO4 J CH3ONH2 + HOCIO3 30 kcal/mole 

HO-CIO3 ) HO + CIO3 44.2 kcal/mole 

CH?0NH2 ^ CHsO"*" + •NH2 A.P, = 19 ± 0.5 ev 

CH3ONH2 ) CH3» + "**0NH2 A.P. - 17 ± 0.5 ev 

CH3ONH2 dissociation products + 0103(1100103) 

) reaction and oxidation products 28-32 kcal/mole 

The rate limiting reaction is the thermal dissociation of the methoxyamine perch
lorate. Once this dissociation occurs, the methoxyamine immediately decomposes, forming 
either CH3O and NH2 or CH3 and NH2O, Appearance potential data for methoxyamine indicate 
that the CH3-0 bond is weaker than the O-NH2 bond. Therefore, preferential fragmentation 
will be CH3 and NH2O, with the methyl radical reacting further to form methylated com
pounds and oxides of carbon. The NH2O radical will readily oxidize to nitrocen oxides 
and water. 

Reaction and oxidation products include methyl chloride, methyl alcohol, hydrogen 
chloride, hydrogen cyanide, methyl perchlorate, water, and the oxides of carbon and 
nitrogen. All products exhibited activation energies between 28-32 kcal/mole. 

SUMMARY 

In summary, the mass thermal analysis of hydroxylamine and methoxyamine perchlorates 
indicate that the first step in thermal decomposition Is the proton transfer dissociation 
of the amine perchlorate salt to the free amine and perchloric acid. The perchloric acid 
then undergoes decomposition, forming reactive CIO3 radicals, which attack the amine or 
its dissociation products to form addition and oxidation products. 

Since the thermal dissociation of methoxyamine perchlorate requires an activation 
energy approximately 9 kcal/mole greater than that for the hydroxylamine perchlorate, the 
methoxyamine can be concluded to be a stronger base than the hydroxylamine. 
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CYCLIC OLIGOMERS PRODUCED BY DEGRADING POLY(ETHYLENE TEREPHTHALATE) 

IN THE SOURCE OF A MASS SPECTROMETER* . 

J . S. Lewis, J . C. Gilland, J r . , and V. W. Goodlett 

Research Labora tor ies , Tennessee Eastman Company, 

Division of Eastman Kodak Company, Kingsport, Tennessee 37662 

Abstract 

When poly(ethylene terephthalate) is heated in the direct insertion probe of a mass s p e c 

t romete r , degradation products a re formed. Some of the degradation products and low molecular 

weight oligomers present in the polymer a re volatile enough to give a useful mass spec t rum. Our 

objective was to use both high- and low-resolution mass spectrometry to identify the vaporizable 

components present and those produced thermally and to elucidate the mechanism of formation of 

these spec ies . 

Since approximately 90% of the solvent-extractable oligomers present in poly(ethylene 

terephthalate) is the cyclic t r imer of ethylene glycol and terephthalic acid (molecular weight 576), 

a thorough investigation was made of the m / e peaks from this molecule, with associated metastable 

ions, to determine the mechanism of ion fragmentation. The molecular ion undergoes fragmenta

tion via a McLafferty rearrangement to yield an ion at m / e 533 which is quite charac te r i s t i c of the 

cyclic t r i m e r . Intense peaks were found at m / e 725, 917, and 1109, which a re the strong peaks 

expected from the cyclic t e t r amer , pentamer, and hexamer, respectively, assuming a s imi la r 

r ea r rangement . 

Two questions a r i se concerning the origin of the cyclic ol igomers: 

1. Are the cyclic oligomers due to thermal degradation in the mass spec t rometer 

or a r e they present before heating 7 

2. If the cyclic oligomers a re thermal degradation products, what is the mechanism 

for their formation? 

A sample of poly(ethylene terephthalate) was dialyzed to remove the cyclic and linear 

o l igomers . The mass spectra of the degradation products from this sample a r e very s imi la r to the 

spectra of the normally prepared polymer, which is evidence that the cyclic oligomers a r e 

produced during the thermal degradation of the polymer. 

Two experiments were carr ied out to determine the effect of hydroxyl end group participation 

in the formation of cyclic ol igomers . In the f irs t experiment, poly(ethylene terephthalate) model 

compounds were heated in the inlet system of the mass spec t rometer . We found that cyclic t r imer 

is produced in the inlet of the mass spect rometer by heating hydroxyl-terminated monomer, d imer , 

or t r imer at approximately 200°C. The formation of the cyclic t r i m e r was not observed when a 

methyl es te r terminated sample was heated. 

A further study of the formation of cyclic oligomers involved the examination of dialyzed 

poly(ethylene terephthalate) and poly(ethylene terephthalate) with benzoate-capped end groups . The 

capped sample had been reacted with benzoyl chloride to form benzoate end groups from the 

hydroxyl end groups. Analysis of the end groups showed only 15% hydroxyethyl. Essentially all 

of the cyclic and linear oligomers had been removed from both samples . The spectra for the 

dialyzed sample and the capped sample are very s imi lar , which indicates that decreasing the 

hydroxyl end groups does not prevent reequil ibration. 

We conclude from the first experiment that the presence of hydroxyl end groups is necessary 

for cyclic oligomer formation. However, the second experiment shows that the reduction of 

hydroxyl end groups in the polymer does not reduce the amount of cyclic oligomers produced by 

thermal degradation. 

*This paper will be submitted for publication in the Journal of Polymer Science. 
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Poly(l,4-cyclohexylenedimethylene terephthalate) was also heated in the direct insertion 

probe. An intense peak was observed at m/e 423, presumably arising from a McLafferty 

rearrangement of the cyclic dimer. 
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THE USE OF PARTIAL PRESSURE MASS SPECTROMETRY IN THE THERMAL ANALYSIS STUDY 
OF CARBONS AND GRAPHITE ~ ' 

By 

John Dollimore, Clive M Freedman and Brian H Harrison 
Department of Pure and Applied Physics 

University of Salford 
Sal ford 5 
Lancashire 

UK 

ABSTRACT 

A versatile partial pressure mass spectrometer system is described for measuring 
thermally desorbed species from solid surfaces. The system evaluates not only the ratio 
of masses quantitatively present in the gaseous phase but also relates the specific mass 
(mg per g of solid) desorbed or decomposed during thermal treatment. The extension of 
the method to oxidation studies is also described. 

A study has been made of the evolution of gases from graphitic and non-graphitic carbons. 
These range in properties from a ground graphite of specific surface 102 square metres/gm 
to a nuclear type graphite of 0.6 square metres/gm. A study of a non-graphitic carbon, 
Saran Charcoal, of molecular sieve type is also included. 

The formation of surface oxide on a clean surface at pressures of the order 0.2 mm Hg is 
evaluated along with the resultant thermal decomposition of the surface oxide. The data 
from this paper along with other published work on graphites is reviewed and used to 
illustrate the application of the thermal desorption results to oxidation studies on 
carbons and graphites. 

1. Introduction 

The reaction of molecular oxygen with graphite is primarily associated with the 
peripheral atoms of the basal planes'. A study of graphite-oxygen reactivity is 
therefore closely aligned to the extent of the graphite edge planes. Low temperature 
oxidation of graphites at temperatures below 1000 C is markedly influenced by the 
presence of stable surface oxide^. 

It has now been established that the oxidation of graphite proceeds by the formation of 
stable surface oxide and the production of gaseous CO and CO^''. At a given temperature 
the reaction between oxygen and a clean graphite surface has an initial transient period 
of surface oxide formation followed by a steady state reaction of the oxygen with the 
remaining uncovered part of the reactive surface. The steady state rate of oxidation is 
thus dependent on the proportion of exposed reactive surface. 

The above mechanism has led us to investigate the proportion of the total surface which 
can be covered with surface oxide and its stability with temperature. The use of a 
partial pressure mass spectrometer allows us to follow the formation of surface oxide 
during the transient period of oxidation. The subsequent thermal decomposition of the 
surface oxide allows us to measure both its extent and thermal stability, thereby 
gaining an insight into the heterogeneity of the reactive surface"*. 

2. Experimental 

2.1 Apparatus 

The apparatus employed (Figure 1) was a static reaction system which consisted basically 
of a 40 cc's high purity silica reaction chamber leading into a 5.5 litre reservoir. 
The reservoir was connected to an AEI MSIO mass spectrometer via a fixed 10 lusec 
molecular leak valve, which allowed partial pressures of 0.1 to 600 microns in the 
reservoir tp be measured with %̂ accuracy on the mass spectrometer. The MSIO is a 2" 
radius, 180 deflection instrument employing electrostatic scanning. The mass 
spectrometer pumping system comprised of a 3" oil diffusion pump, cold trap and an 
orifice plate with a 1 litre/sec conductance. This arrangement allows continuous 
monitoring of the gaseous components in the reservoir with a sample loss of less than Z% 
over a period of 1 hour. A calibrated McLeod gauge was used to obtain conversion 
factors for ion current readings of CO, CO- and 0, etc on the mass spectrometer to 
partial pressures in the reservoir chamber. Typical sensitivity-calibration plots are 
shown in Figure 2, which are carried out at the beginning and end of each experimental 
run. The reaction chamber and the reservoir could be evacuated to 10"^ mm's mercury 
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using two cold traps and an oil diffusion pump. High vacuum PTFE greaseless stopcocks 
were employed throughout the reaction system. 

2.2 Design Considerations 

The present experimental arrangement has been based on experience gained from the usage 
and interpretation of results obtained on a previous design^ which employed a 'batch' 
type sampling system. Certain disadvantages in the use of a 'batch' sampling system 
were encountered for this type of investigation which can be categorised as :-

(a) The secondary reactions occuring between gaseous products and the sample when 
accumulating them over the sample. 

(b) The procedure of taking doses for analysis leads to a complicated mathematical 
correction^ to obtain quantitative results. 

(c) When the majority of the evolved gas is contained in the reaction chamber a 
large correction is necessary to allow for the difference in gas density in 
the hot and cold reaction zones^. 

(d) The restriction imposed on its versatility through being unable to directly 
monitor a continuous process. 

The present system employs a direct sampling technique in which the majority of the 
evolved gas is collected in a 5.5 litre reservoir. The correction for about 30 cc's of 
the gas in the hot reaction zone is negligible relative to large reservoir volume. By 
a method employing an incremental desorption programme the problem of secondary gaseous 
reactions is reduced to a minimum by removing the desorbed gas at the temperature of 
desorption (c.f. section 2.3). This system has eliminated all the previous difficulties 
and allows direct monitoring of the reaction process. 

2.3 General Procedure 

The graphitic and non-graphitic samples were first cleaned by evacuating them to 10~^ mm's 
of mercury for 3 hours at 950 C. After cooling to the reaction temperature, the sample 
was isolated in the reaction chamber and a pre-determined oxygen pressure set in the 
reservoir. Initial pressures of oxygen were measured with the McLeod Gauge and on 
exposing the sample to the oxygen, the increase in the 28 (CO'*') and 44 (CO-"*") mass peaks 
and the decrease in the 32 (02"'') mass peak were monitored with time. The depletion of 
oxygen in the gas phase gives the amount of surface oxide formed with time. To minimise 
the loss of sample gas, the leak valve was opened 2 minutes before a reading was 
required (allowing for dynamic equilibrium conditions to be obtained before taking the 
reading). At the end of an oxidation the oxygen and 'burn off products above the 
sample were removed by evacuation. The reaction chamber and the reservoir were isolated 
from the diffusion pump and the sample temperature raised in given increments. During 
desorption studies the evolved CO and CO, resulting from the decomposition of surface 
oxide were monitored with time. At the end of each desorption run the reaction chamber 
was isolated from the reservoir, which was then quickly evacuated. This method 
prevented loss by isothermal desorption of the surface oxide during evacuation. Once 
evacuated the reservoir and reaction chamber were re-connected and the residual gas in 
the reaction chamber allowed to expand into the reservoir. This contribution to the 
reservoir background was usually found to be small and could easily be corrected for. 
By accurately calibrating the volume of the reservoir and by using the General Gas Law, 
PV = mRT, the mass of evolved gas at each stage could be determined. 

3. Results and Discussion 

3.1 Non-graphitic Carbon 

This material was a polyvinylidene chloride carbon^ which has been the subject of a 
recent study . The versatility of the present system is illustrated in part by Figure 3 
which shows the progressive formation of surface oxide on the clean surface of the P.V.D.C. 
carbon of total specific surface 1000 metres^ gram"'. Also shown is the accompanying 
depletion of oxygen and the production of 'burn off products CO and CO-. It is note
worthy that one can see from Figure 3 a desorption of part of the surface oxide indicating 
that some of the oxide is unstable at the formation temperature. The amount of chemi-
sorbed oxygen can be obtained directly from Figure 3 or by subsequent decomposition of the 
surface oxide and analysis of the oxygen present in the CO and CO^ gaseous products. 

The extent of surface oxide coverage can be determined from the cumber of carbon atoms 
desorbed on the basis of an assigned cross sectional area of B.SA^ for a carbon atom on 
the edge plane of graphite. The extent of surface oxide coverage on this non-graphitic 
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carbon was found to be about 30 metres^ gram"' or about 3% of the total surface. 

The technique of isothermal desorption of the surface oxide can yield valuable information 
as to the energetic nature of the oxide on the surface. By using the isothermal pressure 
versus time curves shown in Figure 4 it is possible to obtain accurate isothermal 
desorption rate data. A computer programme has been developed which will fit each curve 
to an nth degree polynomial obtaining the best fit. This programme has the facility to 
differentiate the curves thus giving accurate rate data. Plots of log (desorption rate) 
versus total amount desorbed yield straight lines corresponding to each incremental 
desorption range. 

From these plots it is possible to obtain two values for the rate of desorption at two 
consecutive temperature increments, both rates corresponding to one value of surface 
coverage. The Activation Energy of desorption (E) is then given by :-

desorption rate ^t T- p i i 

^°^10 (̂ desorption rate at T^^g " T T R h ^ ' 1 ^ 

where R is the gas constant. 

Figure 5 shows a typical plot of log (desorption rate) versus amount desorbed for CO 
desorbed from the P.V.D.C. carbon. The results obtained for the relationship between 
the activation energy of desorption with surface coverage of CO is shown in Figure 6 for 
two successive chemisorption-desorption cycles. This type of result might well be 
expected for an active carbon. These carbons are adsorbents with energy-heterogeneous 
surfaces resulting from both the random arrangement of elementary carbon crystallites on 
the surface of the adsorbent and the effect of the increase in energy of adsorption in 
very fine pores of carbon due to the superposition of forces of the opposite capillary 
walis^ 

3.2 A Graphitic Carbon 

This material was a ground Acheson's graphite with a total specific surface of 102 metres^ 
gram"'. It has been the basis of extensive desorption studies^, using a combined vacuum 
microbalance and mass spectrometer system, to compare the extents of graphite edge planes 
by X-ray line broadening techniques with the result obtained from a study of the desorbed 
surface oxide. The present discussion is therefore confined to the use of the mass 
spectrometer to determine the oxidation behaviour of this particular graphite. A series 
of experiments have been carried out on the cleaned surface of this graphite over a range 
of increasing temperatures. The interaction of oxygen at 400 C and 600 C is illustrated 
in Figures 7 and 8. Plots of the type shown in Figures 7 and 8 show the relationship 
between the various gaseous products during the course of an oxidation. However for a 
more detailed insight into the rate controlling mechanism for the oxidation it is 
necessary to plot Figures similar to 9 and 10 where the log of oxygen pressure is plotted 
with time. 

The straight lines obtained indicate that there is a Ist order reaction where the rate 
controlling process is the dissociation of the oxygen molecule at the graphite surface. 
The initial deviations from a 1st order reaction are illustrated in the 300 and 400 C 
oxidation plots (but not at 600 C) and are due to the extra depletion of oxygen pressure 
to form the surface oxide in the initial transient period. 

At the lower temperatures the rate controlling process in the transient period is the 
formation of surface oxide, whilst at higher temperatures the rate of production of 
gaseous products is becoming comparable in magnitude. 

3.3 Nuclear Type Graphite 

This was an improved nuclear grjiphite with a total specific surface of 0.62 metres^ 
gram"' obtained by low temperature Krypton adsorption and showing the characteristic 
stepped adsorption isotherms of graphites. It is interesting to show how the present 
system can be used to study the initial degassing of such a low surface area material. 
Tables 1 and 2 show the masses of evolved species desorbed from the surface during the 
initial degassing and after exposure to the atmosphere for 15 days. 

Using 10 grams of sample, sensitivities down to 0.01 micrograms have been obtained which 
favourably compare with the most advanced microbalances. The extent of surface oxide 
coverage after atmospheric exposure was 0.099 and 0.037 metres^ gram"' before and after 
treatment to 950 C respectively. 
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TABLE 1 

Cumulative Thermal Desorption from Original Nuclear Graphite 

quantities expressed in micrograms per gram of sample 

Tempergture Range H^ CO CO2 H.O N- Hydro-carbons 

0 - 200 

0 - 400 

0 - 600 

0 - 800 

0 - 900 

0.04 

0.10 

0.55 

1.27 

1.78 

0.57 

6.75 

8.25 

14.74 

20.12 

5.66 

14.98 

48.69 

54.19 

56.34 

1.08 

2.45 

2.45 

2.45 

2.45 

1.58 

5.33 

7.62 

8.09 

8.66 

0.31 

1.12 

2.01 

2.01 

2.01 

TABLE 2 

Cumulative Thermal Deso 
and exposed to Atmosphe 

quantities expressed in 

Temperature Range 
°C 

rption 
re for 

mi croc 

"2 

from Nuclear 
15 days, 

jrams per gran 

CO 

Graphite Pre-

1 of sample 

™2 

-degassed 

H2O 

at 

"2 

950' 'C for 

Hydro 

3 hours 

-carbons 

0 

0 

0 

0 

0 

0 

- 200 

- 300 

- 400 

- 600 

- 800 

- 900 

Discussion 

0.01 

0.02 

0.10 

0.22 

0.21 

1.67 

3.71 

6.13 

0.51 

21.97 

23.52 

23.52 

0.18 

0.43 

0.51 

0.51 

0.42 

0.62 

0.82 

0.91 

0.06 

0.13 

0.16 

0.16 

The application of mass spectrometry to the study of carbon and graphite reactivity has 
provided a technique for studying the fundamental processes involved at the surface of a 
wide range of these materials. The present system allows accurate adsorption-desorption 
phenomena to be determined with at least the same accuracy as a conventional microbalance 
but yielding far more discriminate information. The additional information obtained from 
this type of system is clearly demonstrated in Figures 7 and 8, during the production of 
surface oxide on the clean graphite surface. The weight changes involved, if this 
process was monitored thermogravimetrically, would be a complex function of at least two 
independent processes. Both the weight increase due to chemlsorption of oxygen to 
produce surface oxide and the weight loss due to the removal of carbon atoms as CO and C0„ 
are contributing to the net measured weight change. Normally in thermogravimetric studiffi 
this period is usually by-passed and the process is monitored after the steady state has 
been reached where only the gaseous products CO and CO, are being formed. With the mass 
spectrometer system the initial transient period can be broken down into the various 
competing processes. It is hoped that a detailed study of the transient period will 
lead to more fundamental ideas about the relevant mechanisms. The direct monitoring of 
oxidation at different temperatures can be seen to produce varying ratios of CO and CO-. 
These can be easily followed with the aid of a mass spectrometer and compared with those 
ratios that are predicted by theoretical thermodynamic considerations. 

The combined use of a mass spectrometer and microbalance has provided a direct correlation 
between the two methods of study for the desorbed species from graphite^. A direct 
agreement has been obtained independently by using the two methods simultaneously. The 
present system described in this paper has been improved for the study of much smaller 
surface area materials by using a variable leak valve and ultra high vacuum components. 
This improved system will produce a well cleaned surface prior to chemlsorption 
experiments. In the range of pressures which the system normally encounters, degassing 
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from the walls and leaks are relatively undetectable, but development of the system to 
work at pressures below 10'̂ > mm's mercury requires a careful evaluation of leak rates, 
degassing and adsorption onto the walls. 

One of the main aspects of work which is currently in progress on carbon and graphites is 
associated with nuclear graphites. Initial degassing and subsequent chemlsorption and 
oxidation studies are of value in ascertaining reactivity and the amounts of occluded gases 
present in the graphite. These occluded gases if desorbed by the graphite moderator in a 
reactor at working temperature can embrittle fuel elements. A prior knowledge of the 
quantities of these occluded gases and the temperatures at which they are released is 
therefore important. 
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MASS SPECTRQMHTRIC-DIITEREimAI. THEK.IAL ANALYSIS OF SCftlE 
INORGAKtC Airo ORGAKIC im'EKtALS 

J . P . Redfem and B.L. Trehemei Stanton Instruments Limi ted , England. 

M.L. Aspinal and W.A. \7ols tenholne, Consultant l a b o r a t o r y , 
ASH S c i e n t i f i c Apparatus Div i s ion , Manchester, England. 

I n t r o d u c t i o n 

D i f f e r e n t i a l thermal a n a l y s i s (UTA) I S the technique of measurement of tempera ture 
change of a sample r e l a t i v e t o a s t andard as both a r e heated a t a unlforoi r a t e . The 
d i f f e r e n c e between t h e sample tempera ture and t h a t of the s t andard i s due t o 
exotheonlc or endothermlc processes occuring dur ing h e a t i n g . These may be phase 
changes, me l t i ng , o r deocmposltion of the sample invo lv ing the e v o l u t i o n of v o l a t i l e 
p roduc t s . The thermogram gives informat ion as t o when and a t what tempera ture t h e s e 
changes occur but does not g ive any Infoimat lon as t o what the more v o l a t i l e 
decomposition products evolved may be . The mass speot rometer i s i d e a l l y s u i t e d t o the 
I d e n t i f i c a t i o n of such v o l a t i l e s p e c i e s . In a KPA u n i t , t he c e l l i s g e n e r a l l y swept 
by a c a r r i e r gas such as helium or a i r , so t h a t t h e main protlem Involved i n t h e l i n k 
up I s t h e p r o v i s i o n of a s u i t a b l e r e p r e s e n t a t i v e sampling system of shor t t ime 
r e sponse . Some i n i t i a l work has been done on suoh a system by Langer and co-workers^ 
and Vlenlandt ' . I n t h i s paper , we wish t o p resen t some r e s u l t s o^itained on a new DIA-I4S 
u n i t , t h e main f e a t u r e of vrtiioh I s the r e l a t i v e s i m p l i c i t y of t h e mass spec t romete r and 
i t s l i n k t o t h e DIA u n i t . A block diagram of t h e system i s shown i n K . g . 1 . The l i n k 
•between t h e mass spect rometer and the HTA un i t i s a c a p i l l a r y system which a l lows t h e 
mass speotrometer t o sample a t p ressures up t o a tmospher ic . This c a p i l l a r y i s hea t ed 
e l e c t r i c a l l y and e n t e r s the DTA c e l l d i r e c t l y above the sample cup. The mass s p e c t r o 
meter tuhe i s a l s o hea ted t o about 150°C, The c e l l i s swept, u s u a l l y with hel ium, a t 
a flow r a t e of about 25ml per minute . The record ing of the DTA curves and the mass 
s p e c t r a may be achieved us ing s e p a r a t e r e c o r d e r s , or a l t e r n a t i v e l y , t h e two t r a c e s may 
be fed onto t h e same c h a r t . 

Resu l t s 

Eie,2 shows the differential theraiogram for copper sulphate pentahydrate which was 
chosen for the initial tests on the combined system. In this case, the maas spectro
meter must sample water and follow the variation in its concentration above the 
sample. Pig. 3 shows the reooi-der chart on viilch are displayed the DTA curve and the 
mass spectrometer trace for m/e 18, It can be seen that the mass spectrometer trace 
reflects quite faithfully the thermogram beginning with the relatively wide initial 
peak which Includes the shoulder due to the formation of a saturated solution after the 
first loss of water which occurs at about 95°C. The rate of temperature rise across 
the first two endotherms was 6°/minute and this was then Increased to 8°/mlnute for 
oanpletion of the run. This result indicates that the sampling system used for the mass 
spectrometer link is quite satisfactory, in that no prohlems due to adsorption of the 
water vapoux were encountered. 

Pig.4 shows a iUrther run on copper sulphate, this time using a sample of 1 mgn. 
Using this trace. It can be estimated that a further reduction in sample size of a 
factor three would still give a useful trace. In this pajrtieular case, due to extra 
amplifier ranges which are available, the mass spectrometer deteotlon limit is at 
least three times better than that for the DTA unit alone. 

One alternative method of operation of the apparatus Is to scan the mass spectrum when 
a peak is detected on the DTA trace. ligiS shows an ejcample of this type of operation, 
again for copper sulphate. The mass range covered In this case was m/e 45 ""̂  "i/e 12, 
The peaks at m/e 17 and 18 show the expected Increased intensities for the endothezms. 
Note that the m/e 28 and 32 peaks are due to the sampling of air in the cell along 
with the helium carrier gas. Thus these peaks have the sajne intensities between the 
second and final endothenns as before the start of the run. Their lower Intensity in 
the endotherm region reflects the lower relative concentration of air above the sample 
during the emission of water vapooi. 

Another hydrate studied was calcium oxalate monohydrate. Fig,6 shows the recorder 
trace giving the thermogram and the mass speotrometer traces for m/e 18 and m/e 44. 
Note that the ra/e 44 trace confirms the presence of the small peak preceeding the main 
exotheim at the end of the trace. 

Fig,7 shows another run on the same compound with the mass spectrometer operated In 
the scanning mode. The large increase in m/e 18 and 17 confirms the Ices of water for 
the first endotherm. In the case of the two exotherms, the peaks at masses 44 and 28 
have Increased In intensity. The peak at m/e 32 is at this point muoh lower relative 
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t-lg.^ DTA-tiS trace for copper sulphate pentahydrate. 
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to m/e 28 indicating that m/e 28 is due to carbon monoxide rather than nitrogen from 
air. Also the relative intensities of m/e 28 and 44 indicate that the increased 
m/e 28 intensity is not due solely to contrlhutlon from the spectrum of carbon dioxide, 
but rather that the mass spectrometer Is at this point sampling a mixture of carbon 
dioxide and carbon monaxj.de. 

Another major application of theimal analysis techniques is the study of the 
decomposition of organic ocmpounds including polymers. Here again, the KTA-mass 
spectrcmeter system can give valuable Information regarding the Identity of 
degradation products. Considerable amhlguity may exist In the case of high molecular 
weight organic compounds or polymers and the Interest lies in the identification of 
products and their order of evolution from the heated material. 

An example of polymer degradation is shown in ilg,8. This gives the thermogram and 
associated mass speotra for polyvinyl alcohol. The DTA trace shows three endothenns 
and the mass spectrum was scanned repetitively between m/e 45 and m/e 12, The results 
show that the first shallow peak is due to the loss of water. The second peak shows no 
real change In the mass spectrum from bacl:ground, and indicates the melting point of 
the polymer. The final endotherm involves a In of water, indicates by the intense 
m/e 18 peak, and other peaks with Increased Intensity are m/e 44, 29 and 15. These 
results oan be correlated with the loss of acetaldehyde. 

The results obtained have demonstrated the ability of the apparatus described to 
detect and Identiiy the species evolved In the thermal degradation of a variety of 
compounds. The mass spectrcneter and its link to the HTA unit are hasically very 
simple but obviously adequate to provide valuable extra information for thermal 
analysis studies. 
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EFFECTS OF ELECTRIC FIELDS AND SAMPLE EXPANSION 

ON ION SAMPLING AT HIGH PRESSURES* t 

Rudolf R. Burke and William J . Miller 

AeroChem Research Laboratories, Inc. 
Princeton, New Jersey, 

a subsidiary of Sybron Corporation 

INTRODUCTION 

Experiments have been performed in which ions were sam.pled from two different 
reacting gas s t reams: (i) supersonic jets of combustion plasma at = 1 Torr and{ii) 
streanns below corona discharges in air at 1 atnn. In both these systems, the donninant 
ions observed mass spectrometrically are H (HzO)^ where I <n< ~ 10 depending on the 
prevailing temperature and HjO concentration. The results indicate that the apparent 
relative concentrations of the various hydrates are sensitive not only to the chemistry of 
the reacting system, but also to electrostatic field effects which tend to break up the 
ions, and to clustering processes which have the opposite effect. Both phenomena can 
occur during mass spectrometric sampling, 

EXPERIMENTAL 

1. Supersonic Jets of Connbustion Plasnaa 

Part ial ly ionized gas is produced in the reservoir section of a previously de
scribed plasma jet facility by hydrocarbon combustion and then expanded into a test sec
tion through a supersonic nozzle contoured to produce a shock-free Mach ~ 3 free jet . 
The nozzle exit and m.ass spectrometer sannpling system are shown in Fig. 1. The sam
pling systenn consists of a cylindrical probe with a protruding conical section. The sann
pling orifice, located at the tip of the cone, is designed to penetrate the detached shock 
fornned by the supersonic gas s t ream innpinging on the end surface of the probe, Byplac-
ing plates of different thicknesses on the cylinder surface around the conical section of 
the sampling probe, the shock can be moved upstream of the cone tip, and the shock 
(front)-to-sampling orifice distance D can be easily adjusted. 

To study the effects of electric fields on ion sampling, the combustion plasnna is 
biased with respect to the grounded sampling probe. This is achieved by floating both 
the burner and supersonic nozzle (Fig. 1). 

Measured and estimated characterist ics of the combustion plasma produced by a 
lean H^/Oj flame (mixture ratio 0, 17) containing 1% of CH4 are shown in Table I. Since 
one ion is produced per ~ 10^ carbon atonns,^ the ion nnole fraction in the flame is ~ 10"^. 
Ion reconnbination before and during expansion of the combustion plasnna reduces the ion 
nnole fraction in the free jet to the order of 10'^. 

Profiles of the total ion current sannpled fronn the supersonic gas s t ream ahead of 
the shock wave (negative D) and through the subsonic gas streann behind the bow shock 
(positive D) are shown in Fig. 2. Figure 2 also contains total ion current data observed 
with various combustion plasma bias voltages (0 to 40 V). Figures 3 and 4 show total 
ion current and mass-analyzed ion currents , respectively, as functions o.̂  plasma bias 
for D = 0. The HsO"** and H5O2 ions dominate the ion spectrum. Mass-analyzed ion cur
rent data as functions of D at zero plasma bias are shown in Fig. 5. 

This research was sponsored in part by, but does not necessari ly constitute the opin
ion of, the Air Force Systems Command and the Air Force Cambridge Research Labo
ra tor ies , Office of Aerospace Research, under Contract No. F19628-67-C-0325. Fund
ing for th i s ' research was supplied by DASA under Subtask No. UBHAX 504 (07.504). 

This research was sponsored in part by the Department of the Army, Edgewood 
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T A B L E I 

E X P E R I M E N T A L CONDITIONS O F THE COMBUSTION P L A S M A * 

A. R e s e r v o i r Sect ion B . F r e e P l a s m a J e t 

U n b u r n e d gas c o m p o s i t i o n B u r n e d gas c o m p o s i t i o n 
(mole f r a c t i o n s ) (mo le f r a c t i o n s ) 

H J 0 . 2 5 
Og 0 . 7 4 
CH4 0 . 0 1 

Ad iaba t i c f l a m e t e m p e r a t u r e (K) 2150 Mach nunaber 2 ,7 
S tagna t ion p r e s s u r e ( T o r r ) 10 S ta t ic p r e s s u r e ( T o r r ) 0 . 4 3 5 
N u m b e r dens i ty (cm~^) 4 , 5 X lO'^ S ta t i c t e m p e r a t u r e (K) 1 2 7 5 / 7 3 0 t 
F low v e l o c i t y ( c m sec"^) 15 N u m b e r d e n s i t y {cm~^) 3 X 10^^ 

J e t v e l o c i t y ( c m sec"^) 2 X 10^ 

C. Subson ic F low Behind the Bow^ Shock 

P r e s s u r e ( T o r r ) 3 , 6 
T e m p e r a t u r e (K) 2100 

" "• . N u m b e r dens i ty ( c m ' ^ ) 1 . 5 X 1 0 ^ ^ 
F l o w ve loc i ty ( cm sec"^) 4 X 10^ 
Mach n u m b e r 0 . 4 7 

Unburned gas c o m p o s i t i o n , s t agna t ion p r e s s u r e and s t a t i c p r e s s u r e w e r e m e a s u r e d . 
L o c a l e q u i l i b r i u m in flanne and je t w e r e assum.ed to compu te the o t h e r p a r a m e t e r s . 

C o m p u t e d f r o m the H3O /H5O2 in t ens i t y r a t i o . 

2 . C o r o n a D i s c h a r g e s in F lowing Air 

The ion ized s a m p l e in t h e s e e x p e r i m e n t s is ob ta ined by flowing a i r at 1 a t m wi th 
a l i n e a r ve loc i ty of ~ S O c n a s e c * t h r o u g h a ~ 5 kV, 10 \iA p o i n t - t o - p o i n t c o r o n a . To s a m 
p le p o s i t i v e ions into the g r o u n d e d s a m p l i n g p r o b e , the n e g a t i v e c o r o n a point is connec t ed 
to g r o u n d . After s a m p l i n g , the ions a r e focused and m a s s a n a l y z e d , a s in the s u p e r 
son ic je t e x p e r i m e n t s . Two d i f fe ren t s a m p l i n g s y s t e m s a r e u s e d : (1) a s y s t e m with d i 
r e c t e x p a n s i o n fronn. a t m o s p h e r i c p r e s s u r e to ~ 10" T o r r , and (2) a s y s t e m wi th expan
s ion to ~ IO"* T o r r t h rough an i n t e r m e d i a t e pumping s t age at ~ 10" T o r r . 

The ob ta ined ion s p e c t r a a r e aga in d o m i n a t e d by the o x o n i u m (H3O ) and h y d r o -
n i u m (H3O • n H2O) i o n s . The i n t e n s i t i e s of the ions o b s e r v e d in a i r with d i f fe ren t w a t e r 
c o n c e n t r a t i o n s and us ing the d i r e c t sannpling s y s t e m a r e r e p o r t e d in T a b l e II . The mo le 
f r a c t i o n of w a t e r (Xp- ^ ) in " c y l i n d e r d r y " a i r i s ~ 10"*. To obta in " w e t " a i r wi th X u Q -
10"^, c y l i n d e r a i r w a s s a t u r a t e d wi th w a t e r . " V e r y d r y " a i r ( e s t i m a t e d Xj^ Q * 1 0 ' ) w a s 
o b t a i n e d by p a s s i n g cy l inde r a i r t h rough a P2O5 t r a p . In Tab le HI the o b s e r v e d ion i n t e n 
s i ty r a t i o s a r e c o m p a r e d with r a t i o s connputed fronn a v a i l a b l e t h e r m o d y n a m i c da t a for 
H3O (HjO)^^ ions .^ F i n a l l y , an ion spec t runn ob ta ined in c y l i n d e r d r y a i r wi th the t w o -
s t age s a m p l i n g s y s t e m is given in Table IV. 

T A B L E n 
OXONIUM AND HYDRONIUM ION INTENSITIES IN WET AIR, CYLINDER DRY AIR 

AND VERY DRY AIR 

I o n 

H30+ 
H30+(HjO) 
H30+(H20)2 
H30+(HjO)3 
H30+(H20)4 
H30+(H20)5 
H30+(HiO)6 
H30"'(H20)7 

(DIRECT 

W( 

SAMPLING SYSTEM) (Int< 

2t Ai r 
„ . 

2 

20 

40 

16 

6 

6 

3 

Cyl inde r D r y 
50 

. 865 
1200 

4 4 0 

4 2 

2 

--
--

3ns i t ies 

Ai r 

in 10-

Ve 

" ' ^ A m p e r e Unit 

: ry Dry Ai r 
14 

2 4 0 

2 7 0 

1 0 0 

5 

--
--
--
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T A B L E III 

C O M P U T E D AND OBSERVED RATIOS O F HiO'^ H Y D R A T E INTENSITIES 

A i r 

Wet 
C y l i n d e r Dry 
V e r y D r y 

A i r 

Wet 
C y l i n d e r D r y 
V e r y Dry 

^ H 

O 
ffi~ 

10-^ 
IC-" 
1 0 - ' 

o 
ffi 

X 

10-2 
10-* 
1 0 - ' 

Q*. m o l a r f r ac t i on of w a t e r ; a(b) = a X 10 

H30+(H20) 

HjO''' 

0 
U 

1.1(16) 
1.1(14) 
1.1(12) 

M 

o 

17 
17 

H30+(H20), 

H30+(H20) 

e 
0 
U 

5 (7) 
5 (5) 
5 (3) 

oi 
XI 

O 

10 
1.4 
1. 1 

H j O ^ H ^ O a 

H30'^(H20)2 

0 
U 

1.3(4) 
1.3(2) 
1.3 

cn 

0 

2 
4 ( - l ) 
4 ( - l ) 

H30+(H20)5 

H30"^(H20)4 

r 
o 

7 . 6 
7 . 6 ( - 2 ) 
7 . 6 ( - 4 ) 

01 

o 
4 ( - l ) 
5(-2) 

H30+(H20)6 

H30'*"(H20)5 

1 
o 
U 

1.2 
1 .2(-2) 
1.2(-4) 

6 
1 

H30'^(H20)7 

H30'^(H20)6 

o 
O 

4 ( - l ) 
4(-3) 
4(-5) 

VI 

O 

5 ( - l ) 

H 3 0 ^ H 2 0 ) 4 

H30+(H20)3 

1 
o 

u 9.6(1) 
9 . 6 ( - l ) 
9 . 6 ( - 3 ) 

o 
4 ( - l ) 

K - i ) 
5(-2) 

T A B L E IV 

ION S P E C T R U M F R O M A CORONA DISCHARGE IN CYLINDER DRY AIR, 

O B S E R V E D WITH A TWO 

Ion 

HjO'*' 

H30+(H20) 

H30+(H20)2 

H30"^(H20)3 

H30+(H20)4 

H30+(H20)5 

H30+(H20)4 

H30+(HiO), 

H30'^(H20)8 

H30+(H20) , 

( I n t e n s i t i e s 

In t ens i ty 

0 

0 

0 

5 

13 

2 3 

3 3 

4 8 

62 

99 

-STAGE SAMPLING SYSTEM* 

in 10- '^ A Units) 

Ion 

H30+(H20)io 

H30'^(H20)ii 

H30+(H20),2 

H30'^(H20)u 

H30'^(H20),4 

H30+(H20),5 

HjO'^lHjOjit 

H30'^(H20)i7 

H30'^(H20)l8 

H30'^(H20)i, 

I n t ens i t y 

141 

174 

210 

245 

260 

275 

2 6 5 

2 5 5 

2 3 5 

2 2 5 

H3O (H20)i9 is the l a r g e s t c l u s t e r that can be o b s e r v e d with our 
m a s s f i l t e r . 
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DISCUSSION 

A, Supersonic Jets of Combustion Plasma 

1, Influence of Bias Potentials - When a bias potential is applied, the total ion 
current increases , and the gradients behind the shock become steeper (Figs, 2 and 3), 
The electr ic fields resulting fronn the applied bias increase the ion collection efficiency; 
any field effect in the plasnna is furthernnore enhanced by the conical s tructure of the 
sampling probe. The effect is nnore pronounced as the (neutral) density decreases since 
the ion transport is mobility controlled. The field effect is therefore highest when the 
shock is behind the cone tip; it gradually decreases as the shock is nnoved upstream. 

The bias potentials also induce conversion of H5O2 into H3O (Fig. 4). This con
version can be nnade nearly complete at high potentials, which indicates that H5O2 is a 
genuine ion in the free jet and is not produced by clustering effects after sampling. 

2, Ion Recombination - When no bias potential is applied, interfering field effects 
are snnall. The ion decay slope behind the shock at zero plasnna bias (Fig. 2) nnaythere-
fore be used to conapute the product of post-shock ion density (n^_) with recombination 
coefficient (o-): 

n, Q ~ 10^ sec"^. +0 
With a(H30"^) ~ 2 X 10'^ cm^ sec"^ (Ref. 4), one computes n ^ ^ 5 X 10̂ ^ cm~^, or an ion 
mole fraction of == 10"^. The actual ion nnole fraction based on the CH4 ion yield is 
approxinnately 10" . The four-orders-of-magnitude discrepancy is apparently due to the 
non-neutrality of the plasma jet (the negative charge is carr ied by electrons, which 
nnore easily diffuse out of the plasma, leaving the plasnna slightly positive). The dis
crepancy show^s the appreciable effect of even a snnall interfering field. The apparent 
ion decay is therefore due to a decrease in ion collection efficiency and is not due to ion 
recombination. 

3, Ion Conversion - Unlike the ion decay, the ion composition shift behind the 
shock (Fig. 5) is kinetically controlled. Again, data at zero plasnna bias is used to 
minimize interfering field effects. Although at zero plasma bias the total ion current is 
extrennely sensitive to snnall changes in plasma bias (Fig. 3), the relative nnass ana
lyzed ion currents show only a weak dependence on plasnna bias (Fig. 4). In the free jet 
(negative D in Fig. 5) H3O and H5O2 are apparently in equilibriunn. This is indicated 
by the reasonable value for the temperature (730 K)* computed fronn the H5O2 /HSO"*" in
tensity rat io. Behind the shock, the composition s tar ts evolving towards its new equi
libriunn (no detectable H5O2 at the post-sliock temperature) . The data lead to a rate con
stant of *= 10"^^ cnn^ molecule"^ sec"^ for the coUisional break-up of H5O2 at ~ 2000 K: 

HSOZ"*" + M — HSO"*" + H2O + M . 

B. Corona Discharges in Flowing Air 

The effect of electric fields on ion sannpling are also extremely innportant in the 
corona experiments at 1 atm. Again, the potential of the sannpling systenn relative to 
the two corona points has been observed to have a strong influence on the nunnber of ions 
sampled. 

The ratios of observed currents for specific ions, when coupled with known tennp
era ture , composition, and equilibrium constants, provide a convenient measure ofthe 
degree of prevalent disequilibrium. Equilibrium ratios of vai'ious hydrates are given in 
Table III together with the experimentally measured rat ios. It may be seen that the data 
is very heavily weighted in favor of low mass ions. Ion breakup due to the strong fields 
induced by the corona is alnnost certainly responsible for the overabundance of the 
lower hydrates. 

The calculated value, 1275 K, given in Table I is unrealistically high for two reasons: 
i) due to heat losses and disequilibrium the adiabatic temperature will not be attained 
in the reservoi r , and ii) overall local equilibriunn of bulk species will not obtain in the 
jet; radical concentrations are much above equilibriunn and heat re lease ra tes due to 
reconnbination are correspondingly lower than at equilibrium. 
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Ion clustering in the sampling process is alnnost surely occurring also, but the 
effect is imperceptible \vith the one-stage sampling system. However, this is not true 
when a sannpling systenn with an internnediate pumping stage i s u s e d . Fronn the data in 
Table IV, it is obvious that the combination of high pressure and low tennperature in the 
first expansion section induces extensive cluster fornnation and shifts the nnass spectrunn 
toward high masses not representative of the pre-sannpling annbient distributions. 
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55 
MASS SPECTROMETRY OF IONS FROM RADIO FREQUENCY PLASMAS 

F. C. Kohout and D. D. Neiswender 
Mobil Research and Development Corporation 
Central Research Division Laboratories 

P. O. Box 1025, Princeton, New Jersey 08540 

As a result of some interesting chemical conversions obtained from 
benzene RF discharges,'^' a program has been initiated to study the de
tails of these discharges. This paper describes an apparatus designed to 
identify the plasma ions (+) and neutral species and to measure their 
relative densities. In addition, the results of some preliminary experi
ments with xenon will be included. 

The apparatus consisted of a quadrupole mass analyzer (EAI Quad 250) 
equipped with a discharge-ion focusing system, crossed electron beam ion 
source, and electron multiplier detector. The electron impact ion source 
could be used to ionize plasma neutrals but in these initial rare gas 
experiments it was only employed to obtain reference spectra for the 
assignment of masses and comparison of resolutions. The signal from the 
multiplier was fed into a high gain (Tektronix 1A7A) scope preamplifier 
which was used in lieu of an electrometer. With this system ion currents 
of 'v-lO"''' amps (multiplier gain ~10^) could easily be detected. The dis
charge tube was constructed of 1" square pyrex tubing into which a stain
less steel disk electrode had been sealed. The voltage applied to the 
electrode served to control the plasma potential at the sampling position. 
The RF power at 3.69 MHz was capacitively coupled into the gas via external 
parallel plate electrodes. The total power dissipated in the gas was 
estimated by measuring the RMS current and voltage and then correcting for 
the capacitive component of the reactor current. The plasma particles 
effused through an orifice that had been sparked in the apex of a glass 
cone. This cone projected •̂-l cm. into the discharge. The pinhole used 
was -V. 30w in diameter. The inside of the cone was coated with a thin 
film of gold in order to establish the potential beyond the orifice. The 
effusing ions were focused onto the entrance aperture of the quadrupole 
with a cylindrical electrostatic lens system.^' The potentials applied 
to this system were established experimentally to give the best sensi
tivity and resolution. A typical set of focusing voltages is illustrated 
in fig. 1. The quadrupole mass filter is inherently insensitive to a 
spread in axial ion energies; however, to obtain optimum resolution, the 
ions must remain in the field for a certain minimum number of I^ oscilla
tions. (3) Therefore, it is important to control the plasma potential 
(relative to the quadrupole entrance aperture) in order to maintain a low 
discharge-ion energy. 

An example of a RF discharge-ion spectrum from a Xe sample con
taining a trace (<.5%) of Ne has been reproduced in fig. 2. The spectrum 
was taken on the high mass range under low resolution conditions (in
creased sensitivity). The three major peaks correspond to the unresolved 
isotopes of Xe+'*', Xe"*", and Xe^ . The major ion in the spectrum was Xe+, 
which generally constituted at least 90% of the total ion intensity. A 
resolved spectrum of the dimer ion isotopes has been illustrated in the 
inset. The observed ion intensities agreed well with those calculated 
from the natural isotopic abundance of xenon. The initial part of this 
spectrum has been repeated in fig. 3 on the medium mass range at higher 
resolution. The observed resolution is very comparable to that obtained 
under normal operating conditions of the electron impact ion source. As 
can be seen from the high resolution inset the group of peaks at ~ m/e 45 
must correspond in part to Xe"*""*"̂  ions . Note also the presence of Ne+ 
together with many other ions'^' presumably due to traces of air, water, 
and organics that had not been eliminated during bakeout. It is apparent 
from the presence of Xe+++, Xe++, and Ne"*" that some electrons with 
energies in excess of ~30 ev must be present. These high energy electrons, 
together with Xe+ charge exchange on low ionization potential organics, 
produce the observed contaminant ions. It is interesting to note that 
XeH+ ions have never been detected, in contrast to observations on Ne, Ar, 
and Kr. 

The effects of power and pressure on the relative intensities of 
the three major ions Xe"*", Xe"*"*", and Xe^ have been investigated. The 
experimental procedure consisted of initially setting the ion focusing 
potentials for a maximum in the Xe+ intensity and thereafter maximizing 
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this peak via the internal plasma potential control electrode each time 
the power or pressure was varied. In addition, the axial ion energy was 
maintained to within ~ ^3 ev of its initial value by checking the potential 
(applied to ion source chamber) necessary to retard all ions from entering 
the quadrupole filter. 

The effect of power (up to a total of ~35 watts) on the ion densi
ties in a xenon plasma at .11 torr can be seen in fig. 4. It is apparent 
that the onset of the process producing Xe"*"*" occurs at a higher power than 
that forming Xe'*' and XeJ. As expected when the pressure is increased the 
entire Xe"'"'*' curve shifts to higher power reflecting the decrease in E/P 
and the lower electron temperature at equivalent fields. (5) At the same 
time, the dimer ion density always appears to inversely follow the total 
ion density (Zl). Since the total ion density must be approximately 
equivalent to the electron density this behavior may be attributed to the 
predominance of a dissociative recombination process which destroys XeJ 
ions . 

In experiments where the total power is held constant while the 
pressure is varied, the dimer ion density continues to follow inversely 
the total ion density. However, as indicated in fig. 5, the Xe"*"* ion 
density generally decreased very rapidly below our minimum detectable 
limit. This may be a result of a rapid decrease in electron temperature 
as E/P is decreased and/or to the increased importance of the energetically 
feasible charge-exchange reaction Xe"*"* + Xe > 2Xe"'" AH S; -8 ev. 

Quantitative interpretation of the data has been obscured by 
apparent changes in the plasma power density as the pressure and total 
power were varied. The inhomogeneity of the power density was suggested 
from an observed concentration of the emitted radiation toward the RF 
electrodes and variation of the total ion density during an experiment. 

Experiments have been conducted in which the total ion density at 
the plasma sampling orifice was held constant while the pressure was in
creased. The results of one of these experiments are indicated in fig. 6. 
There, instead of the relative dimer ion density increasing with pressure 
(as would be expected from a Hornbeck-Molnar or termolecular formation 
process) it decreases very dramatically. In fact, its decay is almost 
parallel to that of the Xe'*"*. During this experiment a concentration of 
the emitted plasma radiation toward the RF electrode was again observed 
as the pressure was increased. These observations may be explained con
sidering the fact that because of the increased importance of the resonant 
charge exchange reaction, the mobility of Xe"* ions through xenon will be, 
much lower than that of the other ions present.(7) Therefore, the dif
fusion rate (loss rate) of Xe"* to the walls would be lower than that for 
the other ions. In the extreme case (high pressures) there is little or 
no light being emitted from the sampled plane centered between the elec
trodes. It may be possible that there is no excitation or ionization 
occurring in this region and the electron temperature is very low. In 
this case all of the observed ions would have diffused into the sampling 
region and must be predominantly Xe"*. Therefore, the total ion density 
must not be a good measure of the power density in these discharges and 
caution must be employed in interpreting plasma ion and electron density 
data. In fact, the overwhelming importance of the diffusion term ob
served in this system may also predominate in inductively coupled dis
charges where a variation in the power density would not be as apparent. 
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'cisB F-pectrometric Measurement of the n.nte.s of Fant 

Association Reactions of ."̂ mall Inorganic Species 

T. P. fehlner and G. ' 1 . .'-appos 
Departr.ent of Clienistry 
University of K'otrc Dame 

l.otre Dai.io, Intliana 4G556 

A fast tubular flov; reactor utilizing! heliui.i as a carrier gas has 

been constructed and r.iadc operational. This reactor and flow systen has 

been designed to allow precise control over the temperature, length of the 

reaction zone, position of the reaction zone, temperat\ire gradients, 

pressure and flov; rate. It has been operated in the temperature range 

300-000° i;, pressure range 1-10 torr and linear flow rate range of 1-10 x 
3 

10 cni/sec. 'I'he coi.iposition of the efflux of the reactor is analyzed mass 

spectror.ietrically using modulated r.olecular beam sampling. 

The apparatus descrilied -has been used to produce from Bli,CO substan-

ially pure streams of r;hu in helium (ca 70S, nil,, 20% DIUCO and <3% Ê i;,; 

considering boron containing species alone). The production of DH, has 

been examined as a function of Bli CO partial pressure, temperature and 

flow rate. The loss of Bll, in a wall reaction to yield B and 11̂  limits 
-3 the usefulness of this thermal source of BI!, to short (ca 10 sec) flow 

times. Consequently only the fast reactions of BU, can be examined. 

Preliminary measurements on the fast reactions of this "orbitally 

unsaturated" molecule have been carried out. Our measurements on the 

self association of Bli, at 560 K and 5 torr total pressure yield an 
9 -1 -1 upper lir.,it of 10 H sec for the second order rate constant. Tlie 

second order rate constant for tlie association of BII, with CO under 
7 - 1 - 1 sir.iilar conditions is 3 x 10 t', sec , The latter reaction is in the 

third order region. 

Supported by the iiational Science Foundation. 
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57 
The Reaction of Atomic Oxygen with some Halo-Ethylenes 

by 

Robert E, Hule and John T, Herron 
National Bureau of Standards 

and 

Douglas Davis 

University of Maryland 

The reaction of atomic oxygen with various halogen substituted ethylenes has 
been studied by a mass spectrometric technique. Rate constants at 507^, for these 
reactions, have been determined, and a limited amount of product analysis has been 
performed. 

The apparatus consists of a discharge flow system connected to a mass 
spectrometer. A mixture of several percent oxygen in an argon carrier, at a 
total pressure of about two torr, is subjected to a microwave discharge, 
producing about Ig. of oxygen atoms. This stream, at a linear flow velocity of 
about 6 m/s. Is then passed thru a kO cm long, 20 mm diameter Pyrex reaction tube, 
which is surrounded by a thermostated water jacket. The organic reactant is 
introduced into the reactor thru a movable, multl-holed, central inlet. The inlet 
defines the start of the reaction zone. The end of the reaction zone is defined by a 
50 pm diameter glass leak, located at the base of the reactor, and directly above 
the electron beam in an open-type ion source. The ion source is part of a 
conventional mass spectrometer. 

For a simple bimolecular reaction, the Integrated rate expression is: 

k = ln(^/R)//^[0]dt 

where RQ and R are the concentrations of the organic reactant at times zero and t, and 

0 is the oxygen atom concentration. 

The concentration of the organic reactant was generally about 10 percent that of the 
atomic oxygen, and the degree of Its reaction was about 10-20 percent. Under these 
conditions, the integral may be replaced by the average value of the atomic oxygen 
concentration, times the reaction time. When a larger amount of reactant was used the 
integral was evaluated by graphical means. 

The reaction time is determined from the length of the reaction zone^ and the flow 
rate, R Q ^ ^ ̂ ^ determined as the ratio of the ion currents in the mass spectrometer, 
at the appropriate mass to charge ratio, with the discharge off and on. The oxygen 
atom concentration is determined at mass I6 at a reduced electron energy. This 
relative concentration is then put on an absolute basis by titration with nitrogen 
dioxide, 

A major assumption in this derivation of the rate expression is that secondary 
reactions make a negligible contribution to the observed rate. This will be true if 
the apparent rate iSj over a reasonable range, independent of the reactant 
concentration. The condition was not met for the reaction of atomic oxygen with 
C F H, O F and 1,1, £,2-C F Cl . For these compounds, we cannot measure the rate 
constant. 

The other compounds were well behaved in this respect. ^r,^^] showed evidence of 
a wall reaction, which manifests itself in somewhat erratic rate data. Therefore, only 

an approximate value for its rate constant is reported. It did not, however, show 
evidence of secondary reaction. 

Shown in the table are the results of this study. The races are given both as 
absolute rate constants, in cc/mol sec, and relative to the rate of the ethylene 
reaction. The relative rates for 1,1,2,2 - ^ o ^ ^ ^ P ' * ^̂ "̂  S^^^^ ^^^ ^^°"^ ^^^ recent 
paper by Tyerman , that for C F is from both Tyerman and fleicklen^. Also listed are 
upper limits for the rate constants for the reactions of CF 0 and CCl 0 with atomic 
oxygen. 

The aldehydic products for the reactions were determined by mass spectrometric 
analysis during reaction. In general, where they overlap, these results agree with those 
of Mitchell and Simmons-^ on the reactions of atomic oxygen with 1,1-difluoro-olefins. 
The major difference is our observation of CH 0 and CF 0 as products for 1,1-C F H . 
They saw little CF 0, and postulated that the CH 0, which they expected but did not 
observe, was formea with sufficient vibrational energy to dissociate. The products 
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listed for 1,1,2,2-C F Cl and C F Cl were not observed by Tyerman, but were by 
both us and Mitchell and Simmons. For C F Cl, the CF Q peak corresponds to a major 
fragment ion of the reactant, so its identification is less certain. CHCIO, which 
might have been expected from the CpH Cl reaction, is known to be unstable to 
di sassociation. CHBrO is probably the same. 

Rate Constants for the Reaction of Atomic Oxygen with some Halo-olefins 
at 307K, 

R e a c t a n t 

^ 2 \ 

CgHjF 

C^HjCl 

C^H^Br 

l . l - C g H g F g 

l . S - C ^ H / g 

i,i,2,a-c2Fg 

l , 2 , l , 2 - C 2 F g 

C2HF3 

C^FjCl 

' = 2 ^ 

C^HClj 

^2^h 
CFgO 

CClgO 

" 2 

^ ^ 2 

A l d e h y d i c 
P r o d u c t s 

CHgO 

CHF0,CH 0 

CHgO 

CFgO,CHgO 

CHFO 

CFgO 

CFCIO 

CF 0,CHFO 

CFCIO, (CF, 

CF^O 

-

-

1 0 - " 

cm^ m o l " ^ s " ^ 

5.6 

2 . 6 

5.6 

5 . 1 

2 . 2 

2 . 7 

5.5 

2 . 5 

- 1 . 0 

k / k ( C 2 H ^ ) 

1 .0 

.U6 

1.0 

. 9 1 

.39 

.1*8 

. 6 7 ( T ) 

.95 

.5 i ( r ) 

1 . 0 5 ( T , H ) 

.1*5 

~ . 2 

<0.2 

<0.2 

(T) W. J. R. Tyerman, Trans. Faraday Soc, 6^ 16? (I969). 

(H) D. Saunders and J. Helcklen, J. Phvs. Chem. . 70, I950 (I966). 
J. Helcklen and V. Knight, J. Phys. Chem. . 70, 3895 (I966). 
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58 
MASS SPECTROMETRIC STUDIES OF THE THERMODYHAMICS AMD KINETICS 

OF FORMATION OF WATER CLUSTERS 

By Frank T. Greene, A,E. Vandegrift, and Thomas A. Milne 
Midwest Research Institute 
Kansas City, Missouri 54110 

A combination of mass spectrometric and molecular beam techniques is being used to 
study the equilibrium thermochemistry and kinetics of formation of water clusters. By 
measuring the equilibrium concentration of water clusters as a function of temperature, 
one can obtain their heats and entropies of formation. The heats are directly related to 
the strength of hydrogen bonds in water. Both thermodynamic quantities may give some 
insight into the "structure" of liquid water. Kinetic measurements, which are also being 
made, are of importance to an understanding of homogeneous nucleation. 

In both the equilibrium and kinetic studies, water clusters are introduced as a 
molecular beam into the ion source of a Bendix TOF raass spectrometer. The general 
features of the apparatus have been discussed previously i^i The beam is modulated 
and phase sensitive detection has been included in the output circuitry in order to dis
criminate against background in the ion source and to enhance the signal-to-noise ratio. 
A double cell was used as the vapor source in order that the pressure and temperature of 
the water vapor could be varied independently. 

The equilibrium studies utilized both molecular effusion (or near molecular ef
fusion) and high pressure (free-jet) sampling techniques.V The molecular effusion ex
periments were limited to water dimer. Several series of these meas'̂ arements were made 
holding either temperature or pressure constant. The measurements in which pressure was 
held constant and temperature varied gave a heat of dimerization which was independent of 
the pressure to within experimental error. However, there was substantial inconsistency 
between the constant pressure and temperature experiments, suggesting that cluster forma
tion during beam formation may be very important. Consequently, more extensive studies of 
dimer concentration as a function of Knudsen number are in progress. 

High-pressure sampling techniques were also employed to determine equilibrium 
cluster concentrations. The dimer, trimer, and tetramer concentrations were measured 
using expansion orifices ranging from 0.0005 to 0.016 in. and initial conditions of 0.2 
and 0,8 atmospheres at 150*'C. The measured diraer concentrations were clearly dominated 
by cluster formation during the expansion and a meaningful extrapolation to zero orifice 
diameter was not possible. The measured trimer concentrations, however, when plotted 
against orifice diameter, approached an asymptotic value at small orifice diameters for 
the 0.2 atmosphere data. The trimer observed at 0.8 atmospheres was dominated by cluster 
formation during the expansion, and no extrapolation was possible. The tetramer concen
trations did appear to approach an asymptotic value at small orifices but the curve was 
too poorly defined to permit an extrapolation. These results are very encouraging. It 
appears that it is possible to measure the concentrations of a number of higher water 
polymers using high-pressure sampling techniques. 

It is of interest to note that the free-jet results cited above include implicit 
data on the rates of formation of water clusters. Since the temperature-pressure history 
of an ideal free-jet expansion is known, it is possible to fit rate equations to the ob
served polymer concentrations. Such a treatment has been carried out for argon dimer, and 
a similar treatment is in progress for water dimer. 

This work was supported by the Chemical Physics Branch, Office of Saline Water. 

References 

1. Greene, F.T., and T.A. Milne, "Mass Spectrometric Sampling of High Pressure - High 
Temperature Sources," Adv. in Mass Spec, Vol, III, p, 841, The Institute of 
Petroleum, London, 1966. 

178 



2. Milne, T.A., and F.T. Greene, "Direct Mass-Spectrometric Sanpling of High-Pressure 
Systems," Adv. in Chemistry Series, No. 72, p. 68, the American Chemical Society, 
Washington, 1968. 

3. Milne, T.A., and F.T. Greene, J. Chem. Fhys., 47^ 4095 (1967). 

4. Milne, T.A., A.E. Vandegrift, and F.T. Greene, Mass Spectrometric Observations of 
Argon Clusters in Nozzle Beams. II. The Kinetics of Dimer Growth, to be published. 

179 



59 
MOLECULAR BEAM STUDIES OF THE TEMPERATURE DEPENDENCE OF 

n-BUTANE FRAGMENTATION 

By Thomas A. Milne, J.E. Beachey, and Frank T. Greene 
Midwest Research Institute 
Kansas City, Missouri 64110 

I, Introduction 

Our work with the techniques and phenomena accompanying the direct molecular beam 
sampling of high pressure systerasV has led us to consider the information that can be 
gained from the temperature dependence of fragmentation patterns determined in beam ex
periments. Using a three-stage, high-pressure modulated molecular beam system previously 
described^' we have studied the temperature-dependent fragmentation of n-butane under a 
number of conditions. The results and implications of such studies are discussed in this 
paper. 

II, Molecular Beams from Effusive Source s 

The use of modulated molecular beams from effusive sources in studies of the tempera
ture dependence of fragmentation patterns has a number of advantages over conventional 
rflethods. The principal advantages are as follows: 

1. Gas temperatures can be more accurately determined since 
the entire mass spectrometer ion source does not need 
to be heated. 

2. Reactions with the source filament are avoided. 
3. The onset of thermal decomposition may be detected by beam 

diagnostic techniques. 
4. Velocity analysis may be used to indicate the parents of 

ions. 
The difficulties most likely to be encountered when using the molecular beam technique 
are: 

1. Signals will be weak as a result of the molecular beam path 
length. However, by employing beam modulation techniques, 
the signal-to-noise ratio may not be greatly reduced. 

2. Due to the longer residence time of the sample in the heated 
cell, required for thermal equilibrium at the higher pres
sures, thermal decomposition problems may be more severe. 

With pure n-butane heated in a nickel effusion cell at pressures such that molecular 
flow occurred through the orifice, we determined the fragmentation pattern as a function 
of temperature. The results agreed very well with those reported by Ehrhardt and 
OsberghausV using a heated ion source. 

III, Free-Jet Vibrational Relaxation Studied through Cracking Pattern Measurements 

With beams formed under continuum flow conditions, new possibilities for using frag
mentation patterns occur. In this case, the temperature-dependent fragmentation pattern 
of molecules in the beam can be a useful tool for studying the internal energy relaxation 
in free jets. Since the fragmentation pattern is independent of the translational and 
rotational energy but is determined by the average vibrational energy content of the 
ion,—' we can use the fragmentation pattern as a convenient "vibrational thermometer." 

Shown in Figure 1 is the fragmentation ratio 58 /43"'" from n-butane, under both ef
fusive and continuum flow conditions, as a function of temperature from 25 to 500°C when 
sampled through a 0,003 in, orifice. As mentioned above, the low pressure data agree 
quite well with Ehrhardt and Osberghaus£' whose data were taken using a heated ion source 
designed to provide an average of 40 wall collisions per molecule. The baffle values, in 
both the effusive and one-atmosphere case, represent data taken with a water-cooled baffle 
placed directly above the sampling orifice. This allows the n-butane to adjust to the 
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temperature of the beam systera and to be sampled effusively frora stage one. The con

stancy of the baffle values of 58"*"/43"'" with temperature indicates very little cheraical 

reaction up to 500*^0. 

The 58"*"/43"'" ratio for the one-atmosphere free-jet beam, at all temperatures, is 

higher than for the effusive case- Thus, at SCfCC, the free-jet value of 58"̂ /43"'' Is 

equal to that of the effusive gas at about 350°C. This we interpret as indicating about 

150°C of vibrational cooling of n-butane during expansion in the free jet. Data frora 

several other ions from n-butane show similar cooling effects. The degree of cooling as 

ascertained frora four different ion ratios varied from 150° to 170*'C. It was further 

found that by increasing the orifice diameter frora 0,003 to 0.006 in., the apparent 

vibrational cooling in n-butane, initially at one atmosphere and 500°C, was approximately 

240"'C. 

IV. Fragmentation of Clusters 

The one-atmosphere, room temperature ratio of 58"*"/43"'' of ~ 0.3 is equal to or very 

slightly higher than the effusive or baffle value, and is believed to be the highest 

value attainable by simply cooling the monomer gas. However, we found that by diluting 

the room temperature n-butane with argon, the 58"*"/43 ratio increased significantly, 

reaching a value of almost 2 at one percent n-butane in argon. Upon further dilution, 

the 58 /43"'" ratio again returns to the 0.3 value, indicating that cooling was not 

responsible for the observed changes. 

The explanation to the above behavior is apparently that the 58"'"/43"*" ratio is being 

dominated, in the intermediate dilution case, by contributions frora dimer or higher 

clusters. That n-butane nucleation would be promoted by initial dilution with argon is 

expected due to the effect of the argon on the free-jet expansion history. The frag

mentation ratios from the clusters seem to be significantly different frora the raonoraer 

value. To verify this, we measured the n-butane diraer (ra/e >= 116) ion concentration at 

several argon dilution levels. At one atmosphere, with a 0.006 in. sampling orifice, 

a search for diraer produced only an upper limit of the ratio 116 /58 of 1.25 x 10" . 

However, upon dilution with argon, the dimer and higher clusters became prominent. At 

1^ n-butane in argon, the 116 and 58 were approximately equal, and clusters giving ions 

up to (C4Hio)io "6^6 easily observable. Upon further dilution, 116"''/58"*' again became 

quite small, confirming the above explanation for the high 58"''/43"̂  ratio. 

A cluster ion like (C^H-]_Q)2 is possibly representative of the intermediate collision 

complexes which are involved in some ion-raolecule reactions.— A raass spectrometric study 

of these clusters and their fragmentation behavior has potential usefulness in eluci

dating the properties of such intermediate complexes. 

V. Conclusions 

1. The use of direct molecular beam-sarapling (under effusive conditions to avoid 

relaxation effects) to determine the temperature-dependence of electron-impact fragmen

tation appears to offer advantages in versatility and diagnostic ability over the conven

tional process of heating the ion sources to the desired temperature. 

2. The use of mass spectrometrically determined temperature dependencies of frag

mentation behavior in free jets makes possible a direct study of average internal-energy 

relaxation in expanding gases, 

3. In high-pressure molecular beam mass spectrometry, careful attention must be 

given to the fragmentation pattern changes which may result from clusters formed as a 

result of the free-jet expansion as well as from relaxation effects. 

This work was supported by the Office of Naval Research. 
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60 

THE IONIZATION PROPERTIES OF WATER CLUSTERS 

by J. Beachey, F.T. Greene and T.A. Milne 
Midwest Research Institute 

Kansas City, Missouri 

I. Introduction 

The series of ions, H+. (HgO)^^, are a prominent component of the D-region of the at
mosphere, as revealed hy recent rocket-borne mass spectrometer flights.i/ There is uncer
tainty as to the origin of such ions, one postulate being that they may be formed by pho
toionization of large water clusters. To provide information as to possible methods of 
formation, we have measured the appearance potentials of these ions by electron impact of 
neutral water clusters generated in supersonic expansions of water vapor. Such a study 
also supplies information about the nature of ionization processes in weakly bound hydro
gen-bonded systems. In the case of water clusters, ionization is predominantly through 
loss of an OH, whereas in methanol, for example, predominantly parent ions are formed. 
Ionization efficiency curves for ions through H+.(HgO)-[_Q are presented below, and appear
ance potentials determined by a log-matching procedure are compared with values deduced 
through a thermochemical cycle involving ion solvation energies. Evidence that the mass 
spectrum of highly nucleated water involves complex dissociative ionization is then pre
sented. 

II. Source of Neutral Water Clusters 

The observation of quite large neutral water clusters ionizing by loss of OH to form 
the series H*'(H20)jj was made during direct sampling studies for ONES/ and 0SW.5/ The 
circumstances for formation of the clusters involve homogeneous nucleation during a rapid, 
nearly isentropic, free-jet expansion of water or its mixtures into a high vacuum, with 
subsequent collimation into a modulated molecular beam followed by mass spectrometric de
tection. The extent of nucleation is governed principally by the molecular nature and 
specific heat ratio of the gas being expanded, the partial pressure of water, the total 
initial pressure, the initial temperature and the expansion orifice diameter. 

A particularly favorable circumstance for nucleation of water involves passing argon 
gas at 1 to 5 atmospheres over liquid water. Table I shows a typical cluster distribu
tion for 5 atmospheres of argon over liquid water held at room temperature. It is assumed 
at this point that mass 19+ comes from the dimer, 37+ from the trimer, etc. In Figure 1 
is shown the behavior of some of these clusters with argon pressure. It can be seen that 
quite large water clusters can readily he generated, even with rather limited pumping 
(6 in. diffusion pump in stage one). 

III. Predicted Appearance Potentials for Water Clusters 

We are presuming that the observed positive ions, H"'"*(H20)̂ , come from the dissocia
tive ionization of the neutral clusters (HoO) +-, via the reaction 

.("2°)n+l + «" >2e- + OH + H+-(H20)j, . 

A variety of evidence indicates that ion-molecule reactions are unimportant under the 
short residence times (a few microseconds) and low pressures (< 10"^ torr) that typically 
exist in the Bendix TOF ion source. 

Data exist to allow predictions to be made of the minimum energy for such processes. 

The appearance potential of H3O from dimer is Just the sum of four energy terms in
volving the proton affinity of water, the hydrogen bond energy of the dimer, the H-OH 
bond energy and the ionization potential of H. Choosing PA(H20), the proton affinity of 
water, as either 7.0 ev^j5,6/ gj. as 7.9 ev,l/ and taking E (H-bond) as about 0.25 ev, 
Do(H-OH) as 5.2 ev and I.P. (H) as 13.6 ev gives AP(H30*) as 12.1 or 11.2 ev as shown in 
Table II. 

183 



TABLE I 

ION INTENSITIES OBSERVED WHEN AEGON AT 5 ATMOSPHERES IS PASSED 

-

Ion 

HgO*" 

H3O+ 

H,o| 

H11O5 
H17OS 
H21O10 

iJsiOis 

(«2°)n 

2 
3 
4 
5 
6 
7 

8 
9 
10 
11 
12 
13 
14 

15 
16 
17 
18 

PREDICTED 

Proposed 

Neutral 

HgO' 

(H20)2 

(H20)3 

(H20)4 

("20)5 
(HaOs 
(H20)g 

(HgO)!! 

("20)l6 

THROUGH WATER AT ROOM TEMPERATURE AND EXPAMDED AS A 

FREE JET THROUGH 

Water 

Peaks 

18 
19 
37 
55 
73 
91 
109 
127 
145 
163 
181 
199 

235 
253 
271 
299 
307 

A 0.003 

Argon 

Peaks 

40 

80 

120 

160 

200 

240 

280 

TABLE 

IN. DIAMETER ORIFICE 

II 

AMD OBSERVED APPEARANCE POTENTIALS 

(Expansion fr( 

Predii 

Kebarle!/ 

12 
12.1 

10.9 

10.2 

9.8 

9.4 

8.9 

am Ar 

;ted 

Fl 

.6 

Relative 

Water 

Peaks 

8.0 
15.0 

12.0 

8.5 
6.0 
4.0 
3.1 
2.4 

1.9 
1.4 
1.3 

0.9 
0.6 
0.5 
0.45 

0.4 
0.2 

Inti 

FOR NEUTRAL WATER 

Saturated with Water at 25°C) 

Appearance 

•iedman§/ 

11. 
10, 

10, 

,2 
,5 

,0 

; Potentials 

Observed Relative 

5 Atm. Ar 1 Atn 

14.1 

14.6 

14.3 

13.8 

13.1 

13.1 

12.8 

12.8 

12.6 

± 0.3 12.8 

i 0.3 12.3 

± 0.3 

+ 0.5 

+ 0.5 

+ 0.5 

+ 0.5 

+ 0.5 

+ 0.5 

to 1 
i.Ar 

± 0, 

± 0, 

ensity 

Argon 

Peaks 

1000.0 

22.5 

5.8 

1.4 

0.5 

0.3 

CLUSTERS 

\r'^ at 15 8 ev 

3 Atm. He 

.3 12.4 ± 0.3 

.3 11.9 ± 0.3 

^2n-l^n 7.9 

Estimates of higher cluster-ion appearance potentials can be made using a set of re
actions which employ ion association energies. From these reactions it follows that in 
general: 

AP[H^.(H20)n] - AP[H^-(HgO}^.!] + AEn,n+l(H-Bond) 

+ AEĵ _i n (ion Association) 

That is, the appearance potential of successively higher clusters is lowered to the ex
tent that the ion association energy exceeds the hydrogen bond energy. Table II presents 
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the results of such predictions based on the ion association energies of Kebarle et al.°/ 
or. De Pas et al.,1/ and on estimated H-bond energies in the clusters involved. (Enthal
pies and energies are used indiscriminately at this point, the error being of order RT,or 
about 0.03 ev.) Both the ion association energies and the H-bond energies should ap
proach the energy of evaporation of water, about 0.42 ev, although the ion-association 
values may actually faUL below this value at some intermediate small cluster size. 

There is one further thermochemical cycle that can be used to predict the limit of 
the appearance potential for an infinitely large cluster, liquid water, to produce 
H+-(H20)„. 

(1) (H20)„.n ^(H20)„ + H2O AEii 

(3) H^O s-OH + H AE3 = DQ(H-OH) 

(4) H >H^ + e AE4 ^ I.P.(H) 

(12) K^ + (HgO^ >H+.(H20)„ AE12 

(5) e" ^ e ' AEt- = 0 

(13) (H20)„̂ -L + e —^2e ± OH •>- H^-.(H20)„ AE-LJ 

Taking the previously cited values for AE5 and AE4, taking AE2_3_ as the evaporation 
energy of liquid water, and taking AE^a? "tbe total enthalpy of solvation of the gaseous 
proton in liquid water, as equal to -261 Kcal/mole (11.3 ev),Z2~2/ yields AE]_3 =7.9 ev. 

At some point, parent water cluster ions may become important and these appearance 
potentials should approach the work function of liquid water or ice. 

IV. Electron-Impact Appearance Potential Results 

The first determinations of H"^-(H20) appearance potentials have been made using the 
Bendix TOF mass spectrometer and an ordinai'y hot-filament source of electrons. The vari
ation of ion intensity with electron energy was determined manually. Measurements were 
made on known species, as well as the water clusters, to calibrate the electron energy 
scale in terms of the voltage applied. A log-matching method was used to determine rela
tive appearance potentials of knowns and unknô m̂s. The semi-log plots of intensity ver
sus electron energy were of different shape for the water cluster ions and argon. 

The results shown in Table II were determined by carrying out the log matching at 
about 3 orders of magnitude intensity diminution from the 50 ev value. Indications are 
that comparison at lower intensity would yield lower appearance potentials for the water 
cluster ions. 

V. Evidence for Complex Fragmentation of Neutral Water Cluster 

The results in Table II indicate that the obsei^ed appearance potentials for the 
series H^'(H20) , at high degrees of nucleation, are considerably higher than minimum 
possible values. Tlie dependence of IB"*" and 19"*" appearance potentials on expansion condi
tions, the behavior of 18"*" and 18"̂ /!?"̂  ratios in Figure 1 and the indication that the 
lower the electron energy, the lower the apparent appearance potentials, all add to the 
conclusion that the ionization behavior of partly nucleated water is more complex than 
the simple loss of OH from a series of neutral clusters. 

To provide additional evidence as to the fragmentation behavior and energetics, we 
have applied the ion-peak-shape scheme of Franklin et al.iz/ to a determination of the 
kinetic energy of the observed ions and to indicate complexities in cluster fragmentation 
behavior. 

These workers have developed a relation between the ion peak shape in the Bendix and 
the amount of kinetic energy the ion possessed in the ion source. In the case of parent 
ions from species in thermal equilibrium at the ion source effective temperature 
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(random gas in the ion source), it was shown that the half-width of the approximately 

gaussian ion peak shape was proportional to the square root of the molecular weight 

(after correction for the finite width of the gate pulse). In the case of well collimated 

molecular beam sources of gas, the thermal spread of the beam molecules along the axis of 

the flight tube is very small, and hence all parent ions should exhibit the same peak 

shape, according to the model and assumptions of Franklin et al.y/This was found to be the 

case, at least for parent ions of mass up to 150. 

Our first results from peak shape analysis are shown in Table III. The widths of 

these ion peaks have not yet been interpreted in terms of kinetic energies of the fragment 

ion, but several observations can be drawn from the half-width behavior at 50 ev. For the 

background gas parent ions, the data shown, and other similar data, indicate a variation 

in half-width with molecular weight close to that expected from Franklin's work. For beam 

parent ions such as 2+, 18+, 40"*", 44+ and 80+ from 1 atmosphere beams, the peak half-

widths are all about 14 ±1 nanoseconds, apparently the minimum width possible with our 

electronic gate width and optimum space focusing. The fragment ions from the beam, 15+ 

from propane, and 19''', 37+, SS*, and 181+ from water clusters, are broadened, presumably 

due to kinetic energy acquired during dissociative ionization. Not expected were the 

broadened peaks for the argon gas cluster ions 80+ and 360+ (and presumably intermediate 

Arn ions). Likewise, 18+ is broad from 5 atmosphere Ar gas over H2O. These results are 

consistent with the postulate of complex fragmentation of highly nucleated water (and 

argon as well). 

If it is true, as we hope to verify, that a significantly broadened ion peak origi

nating from a beam species can only arise from a dissociative ionization process, then 

such peak shape analysis can serve an extremely valuable role in analyzing mass spectra 

by molecular beam techniques. 

ION PEAK SHAPES FRCM ELECTRON IMPACT (at 50 ev) OF 

VARIOUS BEAMS AND BACKGROUND GASES 

Beam and Source 

Conditions 

Supposed 

Neutral Ion 
Beam or 

Backt^round 

Very b road-base ion peak. Not gauss i an . 
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Peak Half-
Width 

(± 1 n s e c . ) 
(n s e c . ) 

Background Gases 
It It 

tr tl 

tl tl 

It 11 

II tl 

1 atm. Hg 

1 atm. Propane 

1 atm. Propane 

1 atm, Ar 

1 atm. Ar over HgO 

5 atm. Ar over HgO 

Hg 

"2 
Ar 

CsHe 

Hg 

C3H8 
Ha 

C3H6 
C3H8 
Ar 
Ara 
H2O 
Ar 

(H20)2 
(H20)5 

Ar„ 
2 

H2O 
(HgO)2 

(H20)3 

(H20)4 

(H20)io 
Ar 

Arg 

2 * 
28-' 

40* 
44* 

204* 

15+ 
2* 
44+ 
15+ 
40+ 
80+ 
18+ 
40+ 
19* 
37 + 

80+ 
+ 

18 
19+ 
37* 

K 181 
•1. 40 

80+ 
360+ 

Background 
II 

" 
" 
II 

II 

Beam 
II 

II 

II 

" 
II 

II 

II 

II 

II 

' 
II 

" 
II 

" 
II 

II 

14 
21 
21 
21 
34 
20 
13 
15 
24 » 
14 
14 
14 
14 
21 * 
20 • 
13 

22 * 
19 • 
19 • 
26 * 
36 * 
14 
29 * 
33 • 



VI. Future Studies Required 

From the standpoint of attempting to verify the predictions of Table II, further 
measurement of appearance potentials of vfater clusters will be attempted using less nu
cleated water, using electron impact and the vanishing current method, using resonance-
line photoionization and using very large water clusters. 

This work was supported by the Air Force Cambridge Research Laboratories and the 
Defense Atomic Support Agency. 
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61 
"MONOENERGETIC" ELECTRON IMPACT STUDIES OF SOME 

ATOMS AND SMALL MOLECULES 

BY C.E. Brion, L.A.R. Olsen and G.E. Thomas 

Department of Chemistry 

The University of British Columbia 

Vancouver 8, B.C., Canada 

ABSTRACT 

A system consisting of a double 127 degree electron monochromator and a monopole 

mass filter (1) has been used to study threshold electron impact excitation and ionization 

Sulphur hexafluoride was used to scavenge the near zero energy electrons ejected at 

the excitation thresholds. 

X + E|:E=E*) -* X* + e(E=0) 

S^6 

Studies o£ He, Ne, A T , Kr and Ke below the first ionization potential (2,5) show 

a high probability for optically forbidden transitions. Xenon also shows interesting 

structure above the first ionization potential due to excitation of the 5s electron (4) 

Xe and Xe formation (3). Interesting structure is also observed in the scavenging 

spectra of 

REFERENCES 

(1) C.E. Brion and G.E. Thomas, Internat. J. Mass Spectry Ion Phys. 1̂ ,25 (1968) 

(2) C.E. Brion and C.R. Eaton, Internat. J. Mass Spectry Ion Phys. 1_,I02 (1968) 

(3) C.E. Brion, C.R. Eaton, L.A.R. Olsen and G.E. Thomas - to be published, Chem. Phys. 
Letters. 

(4) C.E. Brion and L.A.R. Olsen submitted for publication. 

(5) C.E. Brion and G.E. Thomas to be published. 

189 



62. SECOND DIFFERENTIAL IONIZATION AND THRESHOLD LAWS FOR IONIZATION BY ELECTRONS 62 

by 

B. G. Giessner and G. G. Meisels 
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ABSTRACT 

Second d i f f e r e n t i a l ion izat ion e f f i c ienc ies of helium and xenon are compared with 
calculated curves obtained from l inear and nonlinear threshold laws convoluted with an 
experimentally determined electron energy d i s t r i b u t i o n . The method is sensi t ive to a 
^0% deviat ion from a l inear threshold law over more than ca. 0.5 eV above threshold. 
When proper allowance is made for autoionizing states of xenon, a l l resu l ts appear 
consistent wi th l inear dependence of ion izat ion cross sections on excess electron energy. 

The use of the maximum in the second d i f f e r e n t i a l ion izat ion e f f i c iency curve to 
assess appearance potent ia ls leads to an error less than I'T i t ( t yp i ca l l y ca. 0.16 eV) 
for exponents between 1.0 and 1.9 in the power law for a single s la te . 

INTRODUCTION 

The dependence of electron impact ion izat ion cross sections on energy above threshold 
has been of considerable in terest in the past few years and is a controversial subject . 
A theoret ical treatment by Wannier (1) suggested that ion izat ion cross sections should 
obey a 1.127 power dependence; Geltman subsequently derived a threshold law l inear in 
excess electron energy (2 ) . Recently, Kang and Foland (3) removed cer ta in shortcomings 
of Geltman's approach but confirmed his conclusion. 

Experimental evidence exists fo r both the 1.0 and 1.127 power dependencies. The 
broad electron energy d i s t r i b u t i o n , t yp i ca l l y of the order of 0.5 eV wide at ha l f height , 
causes d i f f i c u l t y in the assessment of the energy dependency of the cross sect ion. 
Electron energy selectors or quasimonoenergetic sources are therefore used to reduce the 
smearing of the ion izat ion e f f ic iency curve and to permit an assessment of the power de
pendency of the ion izat ion cross sect ion. The RPD resul ts of Fox e t . al_. (4) are perhaps 
the most widely c i ted evidence for the l inear threshold law, and were supported by 
Foner and Nail (5) using veloc i ty selected electrons. Br ion, using a 127° e lec t ros ta t i c 
electron energy selector , la te r obtained an ion izat ion e f f ic iency curve for helium which 
was consistent with a 1.127 power law over some 8 vol ts above threshold (6 ) , whi le 
McGowan and Clarke (7 ) , also using a 127° e lec t ros ta t i c -ve loc i t y se lector , suggested that 
ion iza t ion of atomic and molecular hydrogen exhibited a 1.127 power dependency for about 
0.4 eV above threshold, although a l inear power dependency best described t he i r data 
between 0.4 to 3.0 eV. 

Ion izat ion ef f ic iency curves can be described (8) by the equation 

i (V) = / P(E - V)(E - E j^dE ( I ) 

^c 

where i(V) is the ion current at an electron accelerating potential V, P(U) = P(E - V) 
the initial energy distribution function of the ionizing electrons, and B is the powei* 
dependency of ionization above the threshold energy, E^. 

It has been customary to derive the electron energy distribution P(U) from the 
second differential of the electron impact ionization efficiency curves (9,10): when a 
linear threshold law applies, the second differential is simply a reflection of the 
energy distribution with the energy axis reversed (8). Conversely it should be possible 
to obtain the power dependency B if the electron energy distribution is known a-priori. 
The results of a study in which the electron energy distribution was determined directly, 
convoluted with various power laws, and compared to experimental second differential 
ionization efficiency curves for helium and xenon are' reported here. 

EXPERIMENTAL 

A plastic junction box was inserted between the ion source and the power supply 
cable of an Atlas Ch-4 mass spectrometer equipped with a standard AN 4 ion source. The 
filament power supply was isolated and the ionizing voltage was supplied from mercury 
batteries and a ten-turn 0.1^ linear potentiometer. This potentiometer was ganged with a 
second potentiometer which was employed to drive the x-axis of a Hewlett-Packard model 
2D3 x-y recorder. A retarding potential could be supplied between the ionization chamber 
and the electron trap from 2 ten-turn ganged potentiometers and mercury batteries. D. C. 
potentials in reproducible steps of 0.07 eV and the output from a Hewlett-Packard model 
3300A function generator could be superimposed on the ionizing voltage. The modulation 
voltage from the function generator was maintained at 0.08 eV for all experiments. A 
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Trimetrics 4000-400M digital voltmeter with 0.01% accuracy (0.01 eV), powered from an 
isolation transformer, permitted direct measurement of the electron accelerating potential 
during each run. The filament shield was maintained at -0.6 volts with respect to the 
filament, and drawout potentials were maintained at -0.6 volts with respect to the 
ionization chamber. 

The ion beam was defined by a 0.1 im source slit and a 0.9 mm collector slit in 
order to obtain optimum peak flatness. The output of the electron multiplier, after one 
stage of amplification, was fed to a model 121 Princeton Applied Research lock-in 
amplifier, referenced by the function generator. The synchronously detected ion current 
output from the lock-in amplifier (the first differential of the ionization-efficiency 
cu rve ) was plotted directly. Second derivatives of the ionization efficiency curve were 
obtained experimentally using a constant step voltage of 0.07V, or could be calculated 
from the first derivative ionization efficiency curve using an IBM 7094 computer. 
Electron energy distributions were obtained as a function of retarding potential directly 
from the synchronously amplified electron current. Trap currents were maintained at 
luA in all experiments. 

RESULTS AND DISCUSSION 

Calculated second derivatives of the convolution of an electron energy distribution 
with threshold laws having an exponent B (equation I) equal to 1.00, 1.127, 1.4 and 1.8 
are shown in Figure 1. The maximum in the second derivative curve is retained even when 
the threshold law deviates substantially from linearity. For 6 = 1 and a thermal 
distribution, the maximum is displaced by l<7electron '''"°''' '•̂ ^ threshold electron energy 
if the scale is defined by V, the electron gun potential after corrections for contact 
potentials, etc. For B = 2, the second derivative becomes constant at the threshold 
without displacement. The maximum systematic error in the assessment of differences in 
the maxima of two second differential curves arising from single states but obeying 
different threshold laws is therefore less than kT , . or 0.16 eV under typical 
conditions. electron 

As shown by Morrison (8), the second differential ionization efficiency curve for 
the linear case is the original electron energy distribution, inverted on the energy 
scale. The tailing of the high energy side of the second derivative (beyond the maximum), 
corresponds to ionization from the low energy portion of the electron energy distribution. 
As the power law is increased, this tailing becomes more prominent. Figure 1 demonstrates 
clearly that the high energy portion of the second differential ionization efficiency 
curves can be used as a sensitive probe for the power dependency of the ionization cross 
section above threshold provided that the electron energy distribution is known accurate-

ly. 
Figure 2 shows experimentally measured electron energy distributions for several 

nominal electron energies. These distributions were not affected by the pressure of gas 
in the ionization chamber, and were not significantly dependent on electron current below 
ca. 3uA. The low energy side of the electron energy distributions changes as a function 
of nominal accelerating energies even though all measurements were made at the same 
filament temperature. A valid comparison with experimentally obtained second differen
tial ionization efficiency curves requires use of the electron energy distributions 
appropriate to the energy range covered since knowledge of the low energy tail of the 
distribution is crucial to the determination of the power dependency of the ionization 
cross sections. 

Figure 3 shows the second derivative ionization efficiency curve of helium and two 
computed second derivatives resulting from convolution of a 1.0 and 1.127 power depend
ency with the appropriate experimental electron energy distribution. Our results for 
helium are in agreement with those reported earlier (8,9) and are consistent with a 
linear threshold power dependency, o r a value of unity for s in e q u a t i o n I. 

The second derivative ionization efficiency curve for xenon is given in Figure 4, 
and is again similar to results reported earlier (8). Before a comparison can be made 
with the appropriate distribution, the effect of the known autoionizing state approxi
mately 0.3 eV above onset (11,12) has to be evaluated. 

A cross section following a linear and a 1.127 power law with an added step 
function were convoluted with an assumed electron energy distribution. The inverted 
distribution, or second differential ionization efficiency curve for a linear power de
pendence without autoionization, is shown in Figure 5. The effect of autoionization is 
clearly demonstrated by a second maximum in both calculated cases, but the magnitude of 
this second peak depends on the threshold law. In the region before the second culmina
tion, the second differential for the linear case with added autoionization falls below 
the inverted distribution whereas beyond this peak it superimposes on the inverted 
distribution. However, the second differential calculated on the basis of s = 1.727 and 
an added autoionizing state shows a positive deviation with respect to the inverted 
electron energy distribution in the region preceding the second crest, beyond which it 
follows the high energy portion of the second differential calculated for a 1.127 power 
dependency and no a u t o i o n i z a t i o n , and is substantially above the inverted distribution. 
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A precise match of calculated and experimental curves is not expected because the 
step height associated with the cross section for autoionizat ion is uncer ta in, and be
cause higher autoioniz ing states may be expected to contr ibute (9 ) . The comparison of 
the second d i f f e r e n t i a l ion iza t ion e f f ic iency curve of xenon wi th the inverted d i s t r i 
butions assuming B = 1 or 1.127 (Figure 4) suggests that our resul ts fo r xenon are also 
consistent with a threshold law for ion izat ion l inear with excess energy. 
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Total and Ind iv idua l Cross Sections for the Production of Free I ^d ica ls , Positive ions 

and Negat ive Ions from Water Vapor by ]00 eV Electrons ' 

63 

Cliarles E. Mel ton 
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Athens, Georgia 30601 

Abstract 

The abundances of , and the total and ind iv idua l cross section for , primary products 

{posit ive ions, neutral species, and negat ive ions) result ing from elementary reactions induced 

by the absorption of energy from Ion iz ing radiat ion (100 eV electrons) by H2O have been 

measured. This was accomplished by means of the dual beam and high transmission ion sources' 

at tached to the Georgia research mass spectrometer (see acknowledgement). Positive ions 

are produced in much greater abundance than free radicals 6 7 . 2 % vs. 32 . 1 %. Nega t i ve ions, 

on the other hand, are about two orders of magnitude less abundant than the other primary 

products. Results are shown in Table 1. 

Table 1 

Ind iv idual cross section for primary products 
result ing from the i r rad ia t ion o f H2O w i t h 
100 eV electrons at a pressure of 6x10~* torr . 

Neut ra l Species 

Neut ra l 

H 

H2 
O 
O H 

Total 

Ion 

7° of Total 
Products 

o-x 10'*cm2 

17.38 
4.27 
2.87 
7.57 

32.09 

Positive Ions 

0.57 
0.14 
0.094 
0.248 

1.052 

% of Total 

Products 
o-x 10"cm2 

; * 

H20 

Total 

Ion 

H ' 
O ' 
O H ' 

Total 

4.57 
0.34 

1.62 
13.12 
47.58 

67,23 

Negative Ions 

7o of Total 
Products " 

0.64 
0.034 
0.003 

0.677 

0.15 
0.011 

0.053 
0.43 
1.56 

2.204 

X I0"cm2 

0.021 
0.0011 
0.0001 

0.0222 

Values for the specif ic cross sections are 

ac tua l ly sums of cross sections for a l l 

reactions that produce a speci f ic product . 

Cross sections for ion iza t ion of free radicals 

were necessary but not ava i lab le to obtain the 

results for the neutral species g iven in 

Table 1. The cross sections for ion iza t ion 

of oxygen and hydrogen atoms was assumed 

to be one-ha l f that for ion iza t ion of the 

corresponding neutral d iatomic molecules 

for the same values of (E-1), where E is the 

e lectron energy and 1 is the ion iza t ion 

po ten t ia l . Results for the O H radica l are 

perhaps more uncer ta in . The cross section 

was assumed to be equal to 70% of that for 

H2O at equal values of (E-1). This assump

t ion probably gives the lower l im i t for the 

cross sections for ion iza t ion of O H . 

This research was supported by the 

U. S. Atomic Energy Commission under 
Contract N o . A T ( 4 0 - l ) - 3 7 2 9 w i th the 
University of Georg ia . 

To be publistied in ttie Journal of 
Chemical Physics. 
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A comparison of this w o r t w i t h previous results is restricted to the posi t ive ions because 

no data are ava i lab le for neutral species. Mann et a l ' reported a much lower abundance for 

a l l o f the fragment ions than that observed in the present study. Schutten et a l ' ' also reported 

a lower abundance for a l l fragment ions except H which is higher by a factor of three. Total 

cross sect ion, on the other hand, reported by Schutten et a l ' agree to w i t h i n 5% w i t h that 

measured in this study 2 .1 x 1 0 " ' * c m ' m o l e c u l e " ^ Furthermore, ind iv idual cross sections 

reported by these workers agree w i th the present results to w i t h i n 25% for the fragment ions 

w i t h the except ion of tl 

has not been resolved. 

w i t h the except ion of that for H wh ich di f fers by a factor of three. This large discrepancy 
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RELATIVE ELECTRON IMPACT IONIZATION CROSS SECTIONS OF COPPER AND GOLD, 
AND THE VELOCITY OF EVAPORATED ATOMS* 

Dinfer H, Gundifz, Juergen H. Schroeer, and Spencer Livingston^ 

Department of Physics, University of Wyoming, Laramie, Wyoming 82070 

INTRODUCTION 

We present here the variation of the total ionization cross section by electron 

impact of evaporated Cu and Au atoms as a function of the electron energy between 40 and 

250 eV. Me will also make a few remarks about the velocity of evaporated atoms. 

So far, the cross sections of only a few metals have been measured. In the thirties, 

mercury and some of the alkali metals were investigated. More recently, Pottie measured 
2 3 

the cross sections of Zn, Te, and Cd, McFarland the cross sections of Cs, and Crawford 
those of Ag and Cu. 

EXPERIMENTAL METHOD 

For the measurement of ion izat ion cross sections by electron impact of low vapor 

pressure mater ia ls , the so-cal led crossed-beam technique is used. A beam of electrons and 

of evaporated atoms in te rsec t , as shown in F ig. 1 , producing ions. Unless a mass spec

trometer is used, i t is not possible to d is t inguish between the ions o f d i f f e ren t 

change s ta tes . 

The ion current i , detected at the ion co l lec tor i s proport ional to the electron 

current i p . the t o ta l cross section o , the density n of the metal atoms, and the path 

length t of the electrons through the beam of evaporated atoms, 

i j = i ^ n 0 1 . (1) 

In p rac t i ce , the nunfcer N of the evaporated atoms a r r i v i ng at the beam co l lec to r 

during a time in te rva l t wi th average ve loc i ty v i s measured, together wi th the diameterct 

of the e lectron beam, 

i fON 

' l = - ^ • (2) 
t V d 

As the-source of the evaporated atoms we used an evaporation boat. The velocity of 

atoms evaporated from an open liquid has never been measured before. Other investigators 

always used a Knudsen cell for which the velocity of the escaping atoms is well known. 

We assume that the average velocity of the atoms evaporating from the boat can be 

expressed as 

v = S / 2kT/m , (3) 

where k is Boltzman's constant, T the surface temperature of the molten metal i n the boat, 

and m the mass o f the evaporating atoms. 6 is a constant, which depends on the deta i ls 

of the evaporating process, but i s assumed to be independent of the material being 

evaporated. 

Solving Eq. (2) fo r o , and using the expression i n Eq. (3) f o r v , we ob ta in , 
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' l " ^ \ f 2 k f f41 

A schematic diagram of the apparatus i s shown in F ig . 2 . Most of i t was constructed 
4 

from a connercial ly avai lable k i t , which consists of prepunched stain less steel parts 

and alumina rods. 

RESULTS 

Fig. 3 shows the re la t i ve cross sections fo r Cu and Au as measured by us, together 
3 

with Crawford's absolute cross section fo r Cu as a so l i d l i n e . We selected B = 0.72 

fo r p l o t t i n g our Cu and Au data, so as to give best agreement in the graph between our 

copper data and Crawford's. The er ror bars represent the random uncertaint ies in our 

measurements. In add i t i on , a l l our data points are subject to a possible systematic 

e r ro r of + 9%, and Crawford's data to + 25%. The inclusion of these systematic errors 

leads to B = 0.72 + 0.25. 

The resul ts can be summarized as fo l lows: 

(a) Our curve of the cross section of Cu versus the electron energy agrees wel l 

w i th Crawford's data. 

(b) Between 40 and 180 eV the ra t i o of the cross sections i s 

a(Au)/a(Cu) = 2.0 + 0 . 1 . (5) 

5 
This value agrees wi th Ackerman e t a l ' s value of 1.9 at 75 eV. Both experimental 

measurements are in disagreement with Mann's theoret ica l r a t i o of 1.6 at about 90 eV. 

(c) I f we assume that the average ve loc i ty of evaporated atoms is given by Eq. ( 3 ) , 

then"for Cu evaporating from an evaporation boat f i l l e d wi th l i q u i d copper at 

1730°K, 

B = 0.72 + 0 . 2 5 . (6) 

Thermal equilibrium between the liquid surface and the evaporating atoms predicts 

B = 1.33. Thus, on the basis of presently available experimental evidence, copper atoms 

evaporating from an open surface of liquid copper are not in thermal equilibrium with 

the surface. This contrasts with the findings of Mar and Searcy and of Rothberg et 
p 

al. who found that atoms sublimating from solid surfaces of gallium nitride and of 
alkali halides, respectively, are in thermal equilibrium with the solid surface. 

EVAPORATION MODEL 

Thermal equilibrium between the evaporated atoms and the liquid surface means that 

the velocity distribution, both In magnitude and in direction, of the evaporated atoms 

is the same as if we had a perfect gas in a large container at the temperature of the 

liquid surface, with atoms diffusing out of the container through a hole. Such a con

tainer is called a Knudsen cell, for which the velocity distribution and average velocity 
g 

of the diffusing atoms is well known, i.e. 
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/ - . , „ _ , . . . , - . Jo v^ exp - (mv'^/2kT)dv j g j 

/ ' " v^ exp - (mv^/2kT)dv 

= I v^ /2kT/m = 1.33 /2kT/m (7) 
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66 
ELECTRON IMPACT IONIZATION CROSS SECTIONS 

BY A DOUBLE CROSSED BEAM TECHNIQUE 

Lee H. Rovner and John H. Norman 

GULF GENERAL ATOMIC INCORPORATED 
San Diego, California 92112 

A simple method of accurately measuring relative electron impact ionization cross 
sections of low vapor pressure materials is extremely desirahle. We are in the process 
of developing a technique whereby the measurements are made on a molecular beam which 
is crossed by two successive electron beams. This idea is similar to that mentioned by 
Crawford,-̂  The additional electron beam, which is modulated, is interposed between the 
Knudsen cell and the entrance slit to the source region of a raass spectrometer. The 
effect of the consequent modulation in intensity of the molecular beam, Ll^t is observed 
for each of the component species of the beam on the output of the mass spectrometer, I_. 

The attenuation of the molecular beam flux, in, due to the first ionizer is 

An = K n ihAL/TV^^ 

where i is electron current, M molecular weight, T temperatxire, and K a geometric con
stant. As written, LQ is a collision probability and not the normal cross section as 
defined in terms of an equivalent ion current. The value of An therefore is related to, 
but not equal to, the ion ciurrent that would be collected in an experiment designed to 
measure absolute ionization cross sections. In such an experiment, several precautions 
are necessary relevant to the accuracy of defining the effective electron and molecular 
beam densities and their effective mutual volume of intersection. Secondary electron 
emissions must be suppressed and ions formed from background gases must be eliminated. 
These requirements are difficult to achieve in practice. 

For our measurements, we are interested only in the relative attenuation 

Eliminating An, 

Aii/n = Al^/Ig 

AI^/I^ = K i Ui(M/m\^/2 ^(M/TV 

and if the measurement is limited to a comparison of the relative attenuations of two 
different species in the molecular beam, 

% • 

The constant K as well as the electron current cancel and, therefore, the stringent 
requirements for absolute measurements are greatly relaxed for these relative measure
ments. Only the necessity for time constancy remains, and this is easily achieved. 
In addition, the method may be applied to condensed systems vaporizing in a complex 
fashion as well as to minor components of the vapor phase. These applications are of 
much interest to the study of the thermochemistry of high temperature systems. 

It must be noted that the collision probability, i.Q, includes all processes which 
will remove molecules from the beam. This certainly includes ionization since the 
entrance slit to the mass spectrometer is operated at about 6 KV positive with respect 
to the first ionizer, but may also include other inelastic as well as elastic collision 
processes. The apparent cross sections for these processes are dependent on the momen
tum transfer relative to the width of the molecular beam and the acceptance angle of 
the raass spectrometer. 

The uniform density portion of the molecular beam presents a l/2 half-angle to the 
raass spectrometer entrance slit and this, then, is the angular deviation required in a 
collision before the collision probability measxired will be affected by other than 
ionization processes. We had some concern that elastic collisions might possibly con
tribute measurably to the collision probability. Therefore, in checking out this tech
nique by comparison with some of the literature values for ionization cross sections, 
atoms having large differences in mass were chosen to see if the values obtained would 
show deviations appropriate to these other processes. 

The relative magnitude of the attenuation caused by the first ionizer, of the order 
of 0,1^, required use of phase sensitive detection in order to facilitate the measurement. 
The same square wave with which the electron current was modulated provided the reference 
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phasing of the lock-in amplifier. The intensities, I2 and Alg* were recorded simul
taneously. Their ratio for our present setup showed an experimental spread of about 15^. 

The experimental results are shown in Table 1. The total experimental collision 
probability is ÎQ and the collision probabilities for formation of the indicated ions 
are Qĵ + and Qĵ +̂+. The relative probability for formation of the doubly charged ions was 
obtained from the relative intensities given by the mass spectrometer which were cor
rected for the relative yields of the multiplier. 

By using the QĴ ^̂ _I-/QM+ ratios, the data were converted to total cross sections, a, 
(assuming only ionization) or to cross sections for production of single ions in order 
to enable comparison with the available literature values as shown in Table 2. The 
generally good agreement gives experimental verification of this technique for measuring 
relative ionization cross sections. For atomic vapors, other collision processes do not 
appear to have been Important in those cases designed to test this question. 

Table 1 

Experimental Results (50 eV) 

Tl/Ca 

Ag/Ca 

Ag/Pb 

"sV^s 
"3V"2°6 

"^/"*M' 

1.10 

0.63 

0.70 

2.4 

1.25 

Tl 

Ca 

Ag 

Pb 

'W/V 
0.055 

0.20 

0.023 

0.18 

Table 2 

Comparison with Literature (50 eV) 

Quantity Value Literature 

°Tl/°Ca °-^^ ^ • ° ^ 

Q̂ g+/Qp(,+ 0.81 0.70 (60 ev)^ 

o.eai'-
V°Fb °-ĝ  0.35̂  

1 C. K. Crawford, "Electron Ionization Cross Sections for Hard-to-Vaporize Materials," 
presented at the 17th Annual Conference on Mass Spectrometry and Allied Topics, 
Dallas, Texas, 1969; Technical Report AFML-TR-69-5, January 1969, Particle Optics 
Laboratory, Massachusetts Institute of Technology. 

2 R. H. McFarland, Phys. Rev. 159, 20 (1967). 

3 B-S Lin and F. E. Stafford, J. Chem. Phys. kj_, k66k (1967). 

It O.K. Crawford and K. I. Wang, J. Chem. Phys. 1|7, 4667 (l967). 

5 S. I. Pavlov, V. I. Rakhovskii and G. M. Fedorova, Soviet Physics JETP 25, 12 (1967). 

(This paper will be submitted for publication in the Journal of Cheraical Physics.) 

202 



67 
Negative Ion Mass Spectra of Some Cobalt and Manganese Carbonyl Derivatives 

F. E. Saalfeld and M, V. McDowell 
Naval Research Laboratory 
Washington, D. C. 20390 

The negative ion mass spectra of several cobalt and manganese carbonyl derivatives 
(ClaSiCoCCO)^; (CH3)3SiMn(C0)5; (CH3)3SiMn(C0)4CPF3> and (CH3)3SiMnCCO)3(PF3)2 Viave been 
investigated. These compounds exhibit interesting negative spectra in that several meta
stable ion transitions are observed. The kinetic energy released in these transitions 
ranges from 0 to 0.3 e.v. 

The appearance potentials of selected ions from these spectra have been measured and 
from these data the electron affinities have been estimated. In addition, the formation 
of a parent negative ion in the 70-volt spectrum of (CH3)3SiMn(CO)5 was shown to be due 
to electron scatter inside the ion source. The parent ion was eliminated by coating the 
inside of the source with an electron velvet (Aquadag); after this precaution, the largest 
m/e ion observed was the parent-CO. These results indicate caution must be employed when 
negative ion spectra are investigated because secondary electron scatter in the ion 
chamber can produce significant ion currents. 
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68 
TRANSLATIONAL ENERGIES OF SOME NEGATIVE IONS 

A. L, Yergey and J. L. Franklin 

Department of Chemistry 

Rice University 
Houston, Texas 77001 

The purpose of this work is to devise a method to obtain reliable values for 

energetic distribution in negative ions formed by dissociative resonance attachment. 

We hope to relate in a general way the measurement of the translational energy of a 

fragment ion to the total excess energy involved in an electron attachment process with 

a system analogous to that already in use for positive ions. We have investigated 

several triatomic molecules and their various fragment ions thus far and we have en

countered some difficulty in explaining che mechanisms of electron attachment and ion 

decomposition. 

A Model 12 Bendix time-of-flight mass spectrometer coupled with a Bendix Model 

3015 Output Scanner and Electrometer and a Model MPL-I53 Voltage Divider has been used 

in this work. The gated anode signal was lead through the vacuum flange with a shielded 

connection because of the presence of large leakage currents without this shielding. It 

was necessary to operate the electron gun at very low trap current levels in order to 

observe attachment process in the appropriate energy range and with the resonance peaks 

having appropriate widths. 

Due to low ion intensities, appearance potentials were obtained by using a very 

simple electron gun with no attempted use of monoenergetic electron methods. The 

appearance potentials obtained were in excellent internal agreement with those observed 
2 

by Kraus and his calibration of the energy scale for the initial onset was taken as 

correct after it was confirmed early in this work. Average translational energies of 
3 

fragment ions were measured by the method of Franklin, Hierl and V-Zhan by which the 

width at half height of an ion peak at a series of electron energies is measured and 

related to the average ionic translational energy and thence to the total average trans

lational energy of the fragments. 

A molecule may dissociatively capture an electron to form a particular ion at more 

than one electron energy. These captures are separated by 2 to 4 eV and have associated 

with them translational energies that are horizontal in the regions where the captures 

do not overlap. The lower energy resonance capture is associated with the lower level 

of the translational energy. When ions result from any process other than multiple 

resonance capture, plateaus are not observed. Any explanation of these plateaus is 

unsatisfactory in some respect and their origin is not understood at this time. We have 

several suggestions to advance for possible mechanisms of electron attachment but at 

this time we cannot positively eliminate or choose any one of these suggestions. We can 

propose mechanisms that require that the electron energy distribution changes as the 

electron energy varies, that there is anisotropic dissociation of the parent negative 

ion, that there are two different but nevertheless narrow energy cross sections for 

electron attachment or that all excess energy above a certain level is converted into 

excitation o£ internal modes of che fragments. 

In the dissociation process, the distribution of excess energy among the products 

of the higher energy dissociative attachment process is not completly understood at this 

time. In Che cases where cranslational energy is associated with a particular ion, we 
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observe that the total average translational energy of the fragments of the system 

amounts to about 15% of the total excess energy for the dissociative attachment process 

The total excess energy is the difference between an appearance potential and the 

ground state heats of formation of the fragments and precursor. The portion of total 

excess energy other than translation must be distributed somehow among internal modes 

of the fragments. The observation of excited electronic states of negative fragment 

ions is unlikely because they would probably be too short-lived to observe. We do, 

however, have some cause to suggest that the neutral sulfur atom resulting from the 

higher energy dissociative attachment to CS^ is formed in an excited electronic state. 

In the higher energy dissociative attachment to CO- or SO^ to form 0 , we can suggest 

that the non-translational portion of excess energy is distributed into vibration -

rotation of the diatomic fragment and not into electronic excitation of this fragment. 

Further work is underway in this area to characterize more fully the behavior 

cited here. We will extend this work to a larger number of systems to see if the 

behavior noted here is observed in larger molecules. 
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69 
NEGATIVE IONS IN NITROUS OXIDE 

Fred Dale and John F. Paulson 
Air Force Cambridge Research Laboratories (OAR) 

L. G. Hanscom Field, Bedford, Massachusetts 01730 

Negative ions produced in N^O, either by dissociative attachment 
or by ion-neutral reactions, have been studied by several workers. The 
production of ions at m /e 44 is of particular interest . Using a high p re s 
sure Ion source, we have confirmed our earl ier observation of a negative 
ion at m / e 44 in ^'^N^'^NO, shifting to m / e 45 in N^^NO, and therefore 
assigned as N-O". The reaction producing N2O" is found to be third 
order in N5O pressure , in conflict with our earl ier result. Studies using 
a double mass spectrometer have shown conclusively that the N^O" is 
produced by charge transfer between NO' and N^O, This result explains 
the third order pressure dependence in the ion source, since NO" is 
itself a secondary ion. 

Reactions observed with the double mass spectrometer system 

O" + N2O _ NO" + NO (1) 

O" + N^O _, O2 + N2 (2) 

NO" + N^O _ N^O" + NO (3) 

tfee of isotopically labeled reactants has shown that, in the kinetic energy 
range from 0. 3 to 10 eV, reaction (1) proceeds through both dissociative 
charge transfer and N-atom transfer mechanisms, whereas reaction (3) 
is almost entirely a charge transfer process. 
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TIME-of-FLIGHT ANALYSIS IN ION-NEUTRAL REACTIONS 

John F , Paulson, Stanley A. Studniarz , and Fred Dale 
Air Force Cambridge Research Laboratories (OAR) 

L, G. Hanscom Field, Bedford, Massachusetts 01730 

A double mass spectrometer systenri, consisting of a magnetic 
sector ion selector, a collision chamber, and a quadrupole mass filter, 
has been adapted for use in measuring time-of-flight (TOF) distributions 
of reactant and product ions in ion-neutral reactions, A 0. 1 to 1 mic ro 
second pulse applied to an electron control grid produces an ion bunch 
which, after mass analysis, enters the collision chamber, produces a 
product ion bunch, and passes through the mass filter. Times-of-flight 
of reactant and product ions through the mass filter are measured using 
a multichannel analyzer and a clock rate of 50 to 200 nanoseconds per 
channel. The TOF of reactant ions fronn formation in the ion source 
to the collision chamber is measured by applying a suitably delayed 
pulse at a retarding grid just downstream from the collision chamber. 
The mass filter is frequently operated as a high pass filter, the mass 
resolution required being obtained from the TOF principle alone. 

The TOF-quadrupole system described has been used to obtain 
velocity distributions of ions in synnmetric and asynnmetric charge 
transfer , atom and ion transfer, and coUisional ion dissociation and 
dissociative charge transfer reactions, in the range of product ion 
kinetic energies from thermal to 150 eV. Emphasis in this paper will 
be placed on symmetric and asymmetric charge transfer and atom 
transfer reactions. 

NAS-NRC Postdoctoral Research Associate 
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DETERMINATION OF GAS PHASE ACIDITIES FRCM NEGATIVE ION 
IMPACT EXPERIMENTS* 

Thomas O. Tiernan and B, Mason Hughes 
Aerospace Research Laboratories 

Office of Aerospace Research 
Wright-Patterson Air Force Base, Ohio 45433 

Recent studies in our laboratory have been concerned with negative ion-mole
cule reactions . It has been demonstrated that O" ions react with various alco
hols primarily by abstracting a proton from the alcohol, forming the alkoxide ion. 
The present investigation deals with the reactions of various alkoxide ions 
generated in this manner with a series of alcohols. As will be shown, these ex
periments yield some quite interesting chemical information. 

The instrument utilized in these studies was a tandem mass spectrometer which 
has been described in detail previously . Except where otherwise indicated, all 
experiments reported here were conducted with impacting ions of 0.3 eV kinetic 
energy. The collision chamber temperature was maintained at 190°C, and the 
collision chamber pressure held constant at 5 microns, which is sufficiently low 
to ensure that only single collision events occur. The impacting alkoxide ions 
were produced in the first stage ion source by electron impact on a mixture of 
N2O and the appropriate alcohol. Under the operating conditions of the experiment , 
the N2O inolecules undergo dissociative electron capture, forming 0~ ions and these 
then abstract a proton from the alcohol producing the alkoxide ion. The latter 
species is the impacting ion which is accelerated into the collision chamber. 

+ N2O ^ O" + N2 (1) 

+ ROH -*• R0~ + OH (2) 

The only detectable reaction between alkoxide ions and alcohols also involves 
transfer of a proton frora the neutral molecule to the ion. Thus, in the tandera 
spectrometer, the observed reaction of CH3O ions with ethanol is, 

CH^O" + C^H OH -* C^H^O" + CH^OH (3) 

In one sense, these reactions may be regarded as simple acid-base reactions in 
which the alcohol, of course, is the acid or proton donor. By making comparisons 
between a series of such reactions for various alcohols, one can establish a scale 
of relative acidities or acid strengths for the alcohols. In using such reactions 
to determine relative acidities, it is assumed, of course, that the proton trans
ferred in all cases comes from the hydroxyl group. That this is true at least 
for the case of ethanol is shown by the isotopic experiment in which deuterated 
ethanol is introduced into the collision chamber, 

CH^O" + C^D^OH -* C2D5O" + CH^OH (4) 

Here C2D5O* is the only product ion detected and the transfer is clearly from the 
hydroxyl group. For the low kinetic energy experiments reported here, only trans
fer from the hydroxyl group is expected for the other alcohols as well, although 
the lack of availability of the remaining deuterated alcohols prevented our 
actually establishing this experimentally. 

In a mixture of two alcohols, processes such as reaction 3 might be regarded 
as equilibrium processes in which the equilibrium constant is a measure of the 
relative acidity of the two alcohols. Thus in a water-methanol mixture, the 
equilibrium established may be represented as, 

kf 
OH + CH^OH ^^ CH3O + H^O (5) 

Since the equilibrium constant, to a good approximation is given by the ratio, 

Keq. = kf ^^j 

^̂  
it is apparent that these constants can be obtained by measuring k^ and kj.. Using 
the tandem spectrometer, the rate constants for both forward and reverse reactions 
of such equilibria have been independently measured for a series of alkoxide ion-
alcohol interactions and these are reported in Table I along with the calculated 

* A more detailed account of this investigation will be submitted for publication 
in the Journal of the American Chemical Society. 
+ Research performed at the U. S. A. F. Aerospace Research Laboratories while in 
the capacity of an Ohio State University Research Foundation Visiting Research 
Associate under Contract F33615-67-C-175B. 
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Table I 
Rate Constants for Alkoxide Ion-Alcohol Reactions Determined in 
the Tandera Mass Spectrometer and Calculated Equilibrium Constants 

-" 3 , , -1 -1. --^--ule sec ) 

li Keq(E -̂  0.3 eV) 

80.0 

10.9 

2.6 

1.4 

1.4 

1.7 

On the basis of this data and similar raeasureraents for various isomeric alcohols, 
the order of relative gas phase acidities established is, H2O < CH3OH < C2H5OH < 
n-CsHyOH < n-C^HgOH < t-C^H OH < n-C^H^ OH < t-C H^OH and, n-C H -OH < 
n-C^H]^30H. It will be realized that this order of acidities is essentially the 
reverse of the so-called "inductive" order determined from solution studies, which 
has been presumed to result from the electron donating properties of alkyl group 
substituents. In view of our data, it seems likely that the order observed in 
solution is actually the result of solvent effects, possibly hydrogen bonding or 
dipole interactions between the solvent and alkoxide ions which are subject to 
strong steric effects. 

It may also be noted that the results obtained in the present study are es
sentially in agreement -with those reported recently from ion-cyclotron resonance 
studies^. The latter studies, which involve single reaction chamber experiments, 
reportedly evaluated the relative acidities by determining the "sign" of AHp for 
the alkoxide ion-alcohol processes. Our data, however raise some interesting 
points regarding the energetics of these reactions and some questions about the 
general meaning of the "sign" of the reaction enthalpy. For example, it can be 
seen in Table I that the equilibrium constants for the first two systems are quite 
large while the remaining Keq. are somewhat greater than unity. A reasonable 
interpretation of this behavior is that the reverse reactions for the first two 
systems, (water-methanol and methanol-ethanol) are actually endothermlc. The 
reason for our observation of even a small rate constant for the reverse reactions 
in these cases is probably due to a small fraction of internally excited ions in 
the beam or to the 0.3 eV translational energy of the impacting ions, either of 
which may supply the necessary heat of reaction. On the other hand, the rather 
large reverse reactions observed for the other systems shown in Table I dictates 
that these processes must be very nearly thermoneutral. One must therefore be 
especially concerned about the measurements of the sign of AHf̂  in the cyclotron 
resonance instrument, since very little is currently known about energy effects 
such as those described above in such experiments. 

Energy dependence studies conducted with the tandem spectrometer support the 
above conclusions regarding the energetics of the alkoxide ion-alcohol reactions. 
In Table II, the relative cross sections for the forward and reverse steps of 
reaction 5 are shown as a function of kinetic energy of the impacting ion. As 
expected from the above considerations, the cross section for the forward reaction 
falls off rapidly with increasing energy, behavior typical of an exothermic 
reaction. The reverse reaction, however exhibits an apparent energy threshold 
followed by a rapid rise in cross section, similar to behavior observed for many 
endothermlc ion-raolecule processes. 

The energy dependence of the cross sect ion for both forward and reverse 
reactions in the propanol-butanol system, which has an equilibrium constant of 
1.4, is shown in Table III. Here both reactions exhibit behavior characteristic 
of exothermic or thermoneutral processes. 

Recent spectroscopic studies have pointed to the effect of alkyl groups in 
stabilizing negatively charged groups. In an effort to probe such possibilities 
for alkoxide ion reactions, the reactions of CH30~ with isomeric C4 and C5 
alcohols were studied. Rate constants for these reactions are reported in Table 
IV. At first glance, these results would seem to indicate that there are no 
substantial differences between the normal, iso- and tertiary structures as far as 
anion stability is concerned, if it can be assumed that the rates of these 
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reactions provide a measure of such stability. 

Table II 
Relative Cross Sections for Alkoxide Ion-Alcohol Reactions as a Function 

of Kinetic Energy of the Impacting Ion 

• + CHgOH 

E (OH") 

0.3 eV 
0.6 
0.8 
1.0 
1.4 
1.8 
2.8 
4.8 

OH 

^ CH3O' + 

Relative 

1.00 
0.50 
0.27 
0.15 
0.08 
0.05 
0.04 
0.03 

+ 

H. 

a 

CH 

2° 

3O" * CH3O + H^O 

CH3O 

E 

" + H^O -> 

(CH3O-) 

0.3 eV 
0.5 
0.7 
1.1 
1.5 
1.9 
2.9 • 
4.9 

O H " + CH OH 

Relative a 

1.00 
1.19 
1.05 
1.83 
2.24 
2.76 
2.29 
1.65 

Table III 
Relative Cross Sections for Alkoxide Ion-Alcohol Reactions as a Function 

of Kinetic Energy of the Impacting Ion 

S"7°" ̂  n-C 

E (C3H^0" 

0.3 
0.6 
0.8 
1.0 
1.4 
1.8 
2.8 

eV 

4"9°" 

) 

n-C^a^O + n--C^HgOH ^ 

•* ' ^ 4 % ° ' * CgH^OH 

Relative 

1.00 
0.46 
0.29 
0.21 
0.14 
0.08 
0.04 

a 

"-C4HgO 

C4"9° 

E 

+ n-CgH^OH 

' + n-CgH^^OH ^ 

(c^o") 

0.3 eV 
0.6 
0.8 
1.0 
1.4 
1.8 

S"70' ̂  C4"9' 

Relative a 

1.00 
0.43 
0.31 
0.22 
0.17 
0.11 
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Table IV 
Structural Effects on the Rate Constants of Alkoxide Ion Reactions 

-9 3 
k;(10 cm 

molecule"^ sec" ) 
CH O^ + n-C H OH -• C .H O" + CH OH 0.61 

0.55 

0.59 

0.52 

0.55 

0.52 

However, since the butanols and amyl alcohols are substantially more acidic than 
methanol, that is, these reactions are exothermic by a substantial amount, these 
factors may mask any possible structural effects. This , the reactions in these 
cases, may be controlled simply by the ion-induced dipole forces and the reaction 
rates therefore proportional to the polarizablllties of the neutral species which 
are essentially the same for the isomers in question. This reasoning is apparent
ly confirmed by trends observed in the reactions of CH„0 with a series of normal 
alcohols (not shown here), in which the observed reaction rates fall off smoothly 
with increasing molecular weights of the alcohol, that is with decreasing polar-
izability. 

Somewhat more evidence for structural effects can be obtained from some of the 
less exothermic reactions such as shown in Table V. It can be concluded from the 
reactions shown here that production of the tertiary ionic structure is more 
favorable than production of the primary structure. These results therefore 
seem to be consistent with the idea of increasing anion stability with increasing 
alkyl substitution around the charge center. Further studies are in progress to 
assess temperature effects on these reactions. 
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Table V 
Structural Effects in Alkoxide Reactions 

-9 3 -1 -Iv 
(10 cm molecule sec 

!if 

0.39 

0.35 

0.17 

0.50 

!ir 

0.28 

0.12 

0.42 

0.057 

K 
—e 

!q-(E~0.3eV) 

1.4 

2 . 9 

0 . 4 

8 .8 

n-C^H O" + n-CjHj^^OH # n-C^H^^^O + n-C^jH^OH 

^-^AO' * *"'=5"ll°" ' *-'̂ 5"ll°~ * ̂ "^4^9°" 

t-C^HgO" + n-CjH^^OH :? n-CgH^^O" + t-C^H^OH 

" " C 4 V ' * *-^5"ll°" ' •'"'=s"ll°" * "-C4H9OH 
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In the first part of the present study, a more detailed examination 
of the negative ion reactions in nitrogen dioxide has been accomplished. 
Mixtures of nitrogen dioxide and water have also been investigated at 
higher pressures in order to assess possible reactions of significance to 
the upper atmosphere. Also, since there has previously been considerable 
controversy regarding the value of the electron affinity of NOg , attempts 
have been made to assign this quantity within rather narrow limits. 
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experiments, the following rate constants were measured: 

(Ua) 0" 
( k h ) 

+ CH,OH ->• OH" -t 
•+ CHoO" 

CH3O 
+ OH 

k(10 "cm-^molecule" sec" ) 
0.366 
O.IU2 

(5a) 
(5t) 
(5c) 

(6) 
(7) 
(8) 
(9) 

(10) 
(11) 
(12) 

O^HjO-
+ !„ + 

OR 

H O 
• HjO 
NH. 

OH" + CH,OH ->• CH,0" + 
OH" + C H OH - C^H 0" . 
HH„" + CH^OH + CH,0 + .... 
NH " + C H OH ->• C H 0" + I H 
CH^O _+ SOJ + NOp 4 CH^O 3-
C ri 0 + N6 ^ N6 - + CpH 0 
CgH^O" + NO - NO + C H^O 

0 .298 
0 .lUl) 
0 .165 

1.35 
1 .00 

large 

0.515 
0.1*78 
1.37 

From reactions llt-l6, it can be deduced that EA(CH O ) , EA (0 H O) and 
EA(CpH 0) < 2.8 eV. In a similar manner, upper limits for the heats of 
formation can be assigned to AH (CH 0 ) , 4H (C H O ) , AH (CH,0 ) and AH (C 
H O ) if AH < 0 is assumed for reactions 5 - 13. Table I gives these 
limits, alofis vith knovn heats of formation of CH 0 and CpH.-0. The three 

Table I. Upper Limits for Heats of Formation in the Reactions of 0 
OH" 

Upper Limit Value"for 
AH,(X) in kcal/mole 

CH,0 
c^ijO 

C H 3 0 " 

S!!5°" 

11 
3 

- 3 1 
-2lt 
- 3 2 

-1*0 
- 3 2 
- 2 9 . 

• 9 
.8 

.9 
• 7 
.8 

.0 

.8 

.8 

Previous Values for AH (X) 

- 0 . 5 ^ 
- 8 . 5 ' ' 

Reference 9• 
values of AH (CH 0") and AH.(C H 0") arise frora reactions 6, 10 and 12 and 
9, 11 and 13, respectively. Using these heats of formation along with 
the heats of formation of the radicals shown in Table I, the lower limits 
of the electron affinities of CH 0 and C^H 0 are calculated to be l.U 
eV. A summary of these data along with limits of electron affinities for 
other radicals obtained in the same manner are given in table II. It is 
recognized that the precision of these results is not very great, but 
it is anticipated that further studies will lead to the establishment of 
much narrower brackets for some of these values. These experiments are 
in progress . 

Rea 

Table II 

ct ion 

Lower Limits for Electron Affinities of Several Radicals 
Lower Limit for 

Radical Electron Affinity(eV) 
Reported Elec-

tron Affinities(eV) 

0 " / 
° ' l 
OH 
NH, 
NHj 

°"Z 
OH 
NHg 

0 " / 
OH 
NH„ 
0"? 
0 / 
0 " / 

H C l 
C H , C 1 
/ C H , C 1 
- / H d i 

/ C H , C 1 

% \ 

CH OH 
/ C H OH 

/ C H OH 
CpH 8H 

= 3"fi 

cL8i 

CgH 

C H , 0 

CpH 0 

C H ^ C l 

1 . 5 
1 . 0 
1 . 5 
1 . 1 
1 . 2 

1 . 8 
1 . 5 
1.1* 

1.1* 
1 . 1 
1.1* 
1.1* 
0 . 5 
0 . 7 

3 .8^ 
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High Temperature Gaseous Oxides, 
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The evolution of gaseous species from a variety of solids, including binary 

oxides and halides, ternary oxides and halides, as well as more complex systems, 

can be followed conveniently by mass spectrometric techniques. 

A high-temperature mass spectrometric analysis of a philippinite tektlte, for 

example, indicates the presence of small amounts of benzene, polynuclear aromatics 

and other hydrocarbons. Benzene appears to have been embedded within the tektlte 

matrix as well as the trapped gases O2, CO and CO2(to be published in Science). 

The polymorphic nature of tetraphosphorus decaoxide has also been demonstrated 

by examination of the vapor species above its various crystalline modifications. 

At temperatures below 150 C, the equilibrium vapor consists primarily of Pi+Oio(g) 

with small amounts of Ptt09(g). Between 175 C and approximately 350 C, the vapor 

contains PMOioCg), Pi+Og(g) and Pi+OsCg), while at temperatures greater than 400 C, 

the molecular species P1+O7(g) is observed as well. Second-law heats of reaction 

for equilibria among the gaseous molecular species have been obtained. Also, free 

evaporation studies of both solid and liquid Pi+Og indicate that the vapor consists 

primarily of PiiOg(g). Average values for the (P-O) and (P=0)-bond energy have 

been calculated. (to be published in Ĵ. Inorg. and Nuclr. Chem.) 

Fluorlnated samples of reagent grade PitOiQ have also revealed the existence of 

of high molecular weight phosphorus oxyfluorides. Ionic species of mass greater 

than 1000 have been observed. The ions, formed by impact with 15-volt electrons, 

can be classified into three groups. Group I consists of ions of the type 

P 0„ -F ,„, for n = 1-13. The neutral molecular precursors for the first two 
n 2n-l n+2 ^ 

members of this series are the well characterized molecules, POF3 and P2O3F14. 

Group II consists of ions of the type P 0„ F .0. n = 2-11, and Group III includes 
^ •̂'̂  n 2n n+2' *̂  

ions of the type P 0„ -F ,9» n = 2-10. It is suggested that the parent ions of 

Group I result from the simple ionization of a linear polymer with the general 

formula, (PO2F) , where each of the terminal phosphorus atoms of the chain is 

bonded to two oxygen atoms, one of which Is a bridging atom, and to two fluorine 

toms. (to be published, Ĵ. Inorg. and Nuclr. Chem.) 
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Investigations of the equilibrium vapors over crystalline tellurium dioxide 

have shown the existence of the molecular species (TeOo) and (TeO) , where n = 1, 2, 
•̂  n n 

3, 4 as well as Te2 and O2. Under neutral conditions the most abundant species are 

Te02(g) and TeO(g). Second and third-law heats of reaction and entropies for the 

various equilibria among these species have been obtained. Fundamental frequencies 

obtained from infrared absorption studies of the species isolated in rare gas 

matrices were used for calculations of thermodynamic functions at various tempera

tures. Heats of atomizatlon for (Te02)2 and (Te0)2 were obtained. Using the 

"298 
average of the second and third-law heats, AH „ = 2 . 5 + 2 kcal. mole , for the 

reaction TeO(g) = ^ Te2(g) + h 02(g) one obtains the dissociation energy for TeO(g), 

D° = 89.4 ± 2 kcal. mole" . A bent geometry (110°) is indicated for Te02 and 
o 

evidence for cyclic structures of (Te02)2 at̂ d (TeO)2 is given. (to be published. 

Trans. Faraday Soc.) 
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73 
MTA - A COMBINATION OF OLD TECHNIQUES OR A NEW METHOD? 

H. G. Langer 
The Dow Chemical Company 
Eastern Research Laboratory 

Wayland, Massachusetts 01773 

Recently, aC the lUPAC Committee on Nomenclature and Thermal Analysis 

it was recommended that terms such as MTA and MDTA should not be used. 

Instead a full description of the method should be used when this technique 

is employed. Today, I would like to stand up in defense of the term MTA 

coined by Roland Gohlke and myself years ago, but have it describe in 

broader terms an analytical method instead of an instrumental technique. 

What then is the definition of MTA and why is it a new method? 

If we define MTA as the method of obtaining complete mass spectra as 

a function of temperature, we operate in a three-dimensional system where 

the result is represented as the change in the complete mass spectrum as a 

function of linearly increasing temperature. It is also obvious that a 

new technique and instrumentation is required to obtain this information 

for different sample imposed conditions and also record the changes in 

heat capacity of the test sample (which of course is defined as different

ial thermal analysis) as well as changes in decomposition patterns caused 

by reduced operating pressure inherent in mass spectrometry. 

Different instrumental approaches have been used by various investi

gators as this Symposium today really shows, each one adapted for a 

specific need and each one producing specific results. For our suggested 

universal use of the term MTA, however, let me refer to the schematic we 

introduced a year ago. (Figure 1) Even though we use a specific instrument, 

any system would be complete if it contained the following functions: 

#1 - Sample environment control of pressure, atmosphere, gas flow 

#2 - Sample temperature program (in most cases, linear temperature 

increase) 

#5 - Mass analyzer 

#k - Data storage capacity 

#5 - Data retrieval and display functions 

Other papers in this Symposium and at this meeting in general have 

shown a variety of applications of this general principle and thus for the 

following examples, I will restrict myself to the system used in our 

laboratory. 
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MTA Schematic 
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Decomposition of Tetrammine-
copper sulfate monohydrate 
at atmospheric pressure 

Decomposition of Tetrammine-
copper sulfate monohydrate 
in vacuo 

" ^ 
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JO IOO aoo 300 

Decomposition of Tetrammine-
copper sulfate monohydrate 
in vacuo after 2k h. 
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The first example shows the effect of time and pressure on diffusion-

controlled decomposition reactions. At atmospheric pressure the monohy

drate of tetramminecopper sulfate releases water and ammonia in clearly 

defined steps before a complicated final decomposition occurs according to 

the following equation -

2Cu(NH3)S04 = CusO + Na + 2S0s + 3H2O 

as shown in Figure 2. This was carried out with an external DTA cell 

sampling from atmospheric pressure through a capillary and valve into the 

ion source of the mass spectrometer. With an internal cell at 10"^ torr 

the loss of water and ammonia occurs at considerably lower temperatures 

whereas the chemical decomposition is rauch less affected (Figure 3). The 

next figure (Figure k) was obtained after a 24-hour evacuation in the mass 

spectrometer and shows clearly the loss of most water and a measurable 

amount of ammonia. No effect on the thermodynamically controlled high 

temperature reaction was detected. 

For the decomposition of perfluoropropylcyclopentadienyl nickel 

triphenyl phosphine we have demonstrated the effect of pressure changes on 

chemical decompositions. As shown on figure 5 the exothermic decomposi

tion is clearly separated from the melting process even though a change in 

slope after the melting point indicates a change in heat capacity of the 

sample. In vacuum (Figure 6), the melting process is no longer separated 

from the decomposition so that even for a complicated chemical reaction as 

demonstrated on figure 7 the rate of diffusion or that of vaporization 

of reaction products determines the rate of the overall reaction. This 

MTA trace at the same time explains the change in slope on the DTA curve 

which is most likely due to vaporization of solvent after the sample had 

melted. 

In summary, no matter which instrumentation or which environmental 

control over the sample is used, I would strongly urge that the term "mass 

spectrometric thermal analysis" or even its abbreviation "MTA" - is used 

whenever a changing mass spectrum is observed or recorded as a function of 

temperature which in turn is changing in a controlled fashion. Even though 

additional information such as changes in physical properties of the test 

sample, weight changes, changes in heat capacity, etc., are valuable infor

mation, the only direct result is the change of the mass spectrum as a 
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function of temperature; as simple as this relationship is, as general it 

is, and thus indeed constitutes a new analytical method and not a 

combination of instrumental techniques. 

~^ 
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DIA of a Nickel Complex MTA of a Nickel Complex 
(Internal DTA) 
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MTA of a Nickel Complex 

(Intensity Traces) 
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75 
ADVANCES IN SIMULTANEOUS THERMOGRAVIMETRIC -

MASS SPECTROMETRIC MEASUREMENTS 

H. P. Vaughan 
Mettler Instrument Corporation 

Princeton, NJ 08540 

Summary 

The combination of the mass spectrometer and the vacuum 
thermobalance is a logical step in the further study of 
gas-solid reaction systems. Both measurements are com
plimentary — thermograviraetry on one hand providing 
quantitative data on sample mass changes, the mass 
spectrometer on the other hand providing data on the 
identity, order of evolution and relative concentration 
of effluent gases. Gas analysis is useful not only in 
identifying reaction products but equally important in 
many cases, it is used to establish purity or concen
tration of reactive components in gas atmospheres prior 
to and during thermogravimetric studies of reversible 
reaction systems. 

Introduction: Thermogravimetrv 

At some temperature and pressure all solid or liquid compounds will 
either undergo a chemical conversion involving release or absorption of a 
gas, or they will vaporize. If a sample can be placed on a mass measure
ment instrument at the required temperatures and pressures, it will be pos
sible to directly measure the temperature at which the phenomenon occurs, 
the total amount of mass change and the rate of mass change. This latter 
value in a carefully designed experiment — and this careful experiment de
sign must be emphasized — can be related to the reaction rate, [l] 

This is the basis of the technique of thermogravimetry — which can be 
defined as the measurement of changes in mass of a sample as a function of 
controlled temperatures in specified gas atmospheres.and pressures. 

The range of conditions in which these measurements can be performed 
is quite wide as is shown in Table I. 

It can be quickly seen from this table that there is very little limi
tation on the environmental conditions under which an experiment can be 
carried out and that the measurement is quite sensitive. 

Thermogravimetry is generally broken down into two classes: Dynamic 
thermogravimetry, in which the temperature is changed at a linear rate 
(usually 0.5 - 15°/min); and Isothermal thermogravimetry, in which the tem
perature is held constant. Heating in isothermal steps is also another 
coimnon mode of temperature control. 

Fig. 1 shows an example of dynamic heating of a sample of calcium oxa
late in He at 0.5°/min. The TG curve on top is the integral weight loss 
curve showing loss of water, CO and finally CO2 at temperatures character
istic for these reactions under the experimental conditions used. 

The lower two curves are superimposed curves of the DTG or first deri
vative of the weight loss curve and a gas chromatography curve made simul
taneously by leading a series of samples of the effluent gas through a GC 
column and then to a thermal conductivity detector. Each point on the GC 
curve represents a measured peak area value at the corresponding tempera
ture. [2] 

This comparison gives a quick idea of the type of information available 
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Fig. 1 Simultaneous TG, DTG and GC of calcium 
oxalate in He at 0.5°C/min. showing 
thermal separation of reactions. 
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Fig. 3 Decomposition of CaCO^ at various pres
sures showing the lowering of apparent 
decomposition temperature -- character
istic of reversible gas-solid reaction 
systems. 
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and its relationship to methods of gas analysis. A second example is shown 
in Fig. 2 of the decomposition of praseodymium oxide in various gas atmos
pheres. The various oxidation steps characteristic of the material at var
ious temperatures are also here, clearly characteristic of the gas atmos
phere used. [3] A further example can be seen in Fig. 3 of the decomposi
tion of calcium carbonate as a function of various pressures. [4] The rela
tionship between the equilibrium decomposition temperature of this material 
and the partial pressure of CO2 is well known. Equilibrium conditions are, 

b by no means, obtained in a simple dynamic heating test and, as a result, 
these apparent decomposition temperature values are somewhat higher than 
the true values. [5] 

In another example in Fig. 4 we can see just how much information can 
be obtained from a single test using techniques of simultaneous measurement 
o£ weight, DTA and pressure changes caused by evolved gases under vacuum 
conditions. This example shows the decomposition of asbestos which, in ad
dition to dehydroxilation, also shows a solid state transformation at about 
800° which is clearly shown by the DTA exotherm. The sudden rise of tem
perature and/or the crystal lattice re-arrangement also causes a sudden 
loss of adsorbed gas, presumably H2O, which can be seen on the weight curve 
as well as on the DTG and pressure curve. 

Simultaneous Mass Spectrometric Analysis 

We have seen so far how, in a dynamically programmed experiment, char
acteristic reaction steps can be separated by thermal methods, analagous to 
the separation of gas components in a chromatographic column. No direct 
information, however, has been obtained on the identification of these gas
es or on whether or not the various gases evolved are single gases or gas 
mixtures. This would be very useful information and furthermore, when gas 
mixtures are being evolved a combination of total mass measurement and gas 
analysis is a basis for determining the different rates at which the vari
ous gas components may evolve. 

This is the main reason why the combination of the mass spectrometer 
and the thermobalance is one which is of increasing usefulness. 

1 The combination of the two techniques is not difficult, particularly 
; when one can use the relatively small, compact, low resolution type mass 
., analyzer, such as the various types of quadrupoles which are now on the 
t market. 

Fig. 5 shows a typical capillary inlet system which can be connected 
to most thermobalances operating above high vacuum pressures. A capillary 
of 0.2 - 0.15mm diameter is chosen since it: 

a) Creates a pressure drop from atmospheric pressure to rough vacuum, 
while drawing only about 5 liters of gas per hour. This flow is compatible 
with the achievement of high weighing sensitivity with most thermobalances, 
and this flow also limits the extent of dilution of the unknown gas by the 
carrier gas. Often only very small rates of gas evolution are available 
when slow dynamic or isothermal heating is used. 

b) Achieves a maximum rate of transfer of the sample gas from the 
thermobalance reaction chamber to the mass spectrometer. The time delay 
with this system is on the order of 30 sec, which is insignificant com
pared to the normal slow recording speeds and heating rates used in thermo
gravimetry. 

The capillary is shown here equipped with a heating mantle to 
prevent condensation of gases. 

With this general type of system, it is possible to have the sample at 
various pressures down to rough vacuum, since the mean free path of the gas 
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Fig. 4 Decomposition of chrysotile asbestos 
under vacuum showing loss of water,dehy
droxilation and finally conversion to 
forsterite at about 800°C. 
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Fig. 5 A typical capillary inlet system for a 
mass spectrometer-thermobalance combination. 

F ig. 6 High vacuum thermobalance connection for 
a mass spectrometer. (R) sample holder, 
(D) furnace, (G) balance, (F) mass anal
yzer, (S) ionization gauge, (C) calibra
tion gas inlet. 
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molecules is still short compared to the capillary diameter. 

In many cases, however, it is very desirable to have the sample at 
high vacuum. An arrangement showing this possibility is shown in Fig. 6. 
First of all, a double diffusion pumping system is used, which is separated 
by a diffusion baffle at the base of the sample holder. This prevents un
wanted diffusion of condensable gases into the balance mechanism chamber. 
The sample gases move from the sample crucible through approximately 1 3/4" 
tubes to the ionizing portion of the mass analyzer and thence to the dif
fusion pump. A separate cold cathode gauge is used to measure total pres
sure. A, B and C is a calibration gas inlet system in order to measure, 
with the help of the cold cathode gauge, the mass spectrometer peak height 
in amps/torr. The gas inlet, M, N, P can be used for pressure control in 
the systera. [6] 

-6 -5 
Normal working vacuum with this system is 10 torr to « 5 x 10 torr, 

well within the range of the quadrupole mass analyzer. 

Aside from extending the range of conditions under which one can work, 
some other advantages of the high vacuum thermogravimetry/mass spectrometer 
combination as opposed to the normal pressure system are: 

a) Less possibility of condensation, 

b) Nearly no measurable time delay between the balance and mass 
spectrometer, 

c) No dilution of the sample gas with carrier gas, 

d) All of the sample gases pass by the mass analyzer with no loss 
through the rough pumping system, as is the case with the capillary inlet. 

Examples of Recent Applications 

Simultaneous thermogravimetry and mass spectrometric gas analysis have 
been used recently to solve a number of interesting problems. Fig. 7 shows 
the oxidation and decomposition of very finely powdered palladium used as a 
catalyst. According to the stoichiometric formula, the end weight after 
loss of O2 should be exactly equal to the beginning weight. This was not 
the case, as can be seen on the weight curve. X-ray analysis, run in par
allel on the same sample lot, showed no presence of PdO before or after the 
thermal treatment. Fig. 8 shows the results of a high vacuum TG/MS test on 
the palladium after considerable vacuum treatment at room temperature. Ad
sorbed gases released at higher temperatures were identified by the mass 
spectrometer as mostly H2O, O2 and CO2, and were closely equal in weight to 
the difference noted in the previous slide. [7] 

As shown in fig. 9, this combined technique was used to show the vacu
um decomposition behavior of zinc oxalate, which first loses 2 moles of 
water and then decomposes directly to zinc oxide,simultaneously giving off 
CO and CO2. The partial pressures of the three gases along with total 
pressure are shown at the top of the slide; TG and DTA are shown at the 
bottom. The evolution of CO2 is about the same as CO, taking into consid
eration the logarithmic scale of the partial pressure curves. Measurement 
of CO, of course, was made more difficult by the N2 background. [8] 

Another example is given in Fig. 10 of the decomposition of dawsonite 
[NaAl(OH)2CO3] in an oil shale sample possibly containing other minerals 
such as, dolomite, nahcolite or analcite, all of which contain CO2 and an-
alcite containing Al, which would confuse any chemical analysis based on 
measurement of either of these constituents. By running a combined MS/TG/ 
DTA experiment it was possible to separate the various reaction steps due 
to other minerals and due to oil contained in the shale. Loss of CO2 due 
to decomposition of dawsonite occurs at approximately 395°, while the next 
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7 Oxidation and decomposition of palladium 
in a i r along with p a r a l l e l x-ray measure-
menta. Difference in weight of palladium 
a t beginning and end of tesc is due to 
adsorbed gases as shown in f i g . 8. 

PRESSURE CHANGES DURING OUTQASING 

TEMPERATURE 'C 

Fig . 8 Vacuum TG of palladium in f i g . 7, showing 
temperature of r e l ea se and i d e n t i f i c a t i o n 
of adsorbed gases . The t o t a l weight loss 
was almost i d e n t i c a l to that shown in f i g . 7. 

9 Simultaneous TG, DTA and mass spec of zinc 
oxala te d ihydra te , showing dehydration 
followed by decomposition of Che o x a l a t e . 
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step beginning just after 400° is due to loss of oil cracking products. By 
this thermal separation in vacuum of reaction steps and by identification 
of the evolved gases, it was possible to make an estimate of the dawsonite 
content of about 10% which agreed well with an estimate by chemical analy
sis of 10.3% which, until this time, had been in some doubt. [9] 

Fig. 11 shows some of the mass spectra actually taken from this mea
surement at 45°, 360° and 490°C. 

Measurements on Reversible Reaction Systems 

It had been briefly mentioned earlier that true equilibrium conditions 
were rarely achieved in a dynamically temperature programmed experiment, 
constantly changing temperatures may cause thermal gradients of some sort 
within samples of nearly all sizes. Thermal equilibrium conditions are ap
proached as the heating rate is lowered. When the heating rate is lowered 
to 0°/min or isothermal, there is a good chance with good sample holder de
sign that a very close approach to thermal equilibrium can be reached. 
Thermal equilibrium alone is not sufficient, however, whenever one is deal
ing with a reversible reaction whose reaction rate is not only dependent on 
a function of temperature but also on the partial pressure of the surround
ing reaction gas. 

In thermogravimetry, the researcher very quickly becomes aware of the 
effects of sample geometry and gas atmosphere around his sample. We have 
already seen these effects on the decomposition of calcium carbonate. Fig. 
12 shows the effect of sample shape on mass spectrometric measurements of 
water evolution from calcium oxalate monohydrate decomposed in high vacuum. 
The material at the bottom of the slide is in an ill-defined pile and, 
since this is a reversible decomposition, the gas evolution rate is depen
dent on the water partial pressures built up within the sample which, in 
this case, are also ill-defined. The flat sample layer arrangement shown 
in (A) or (B) gives an obviously better result. [10] 

This same effect by TG can be seen in Fig. 13 of the dehydration of 
two equal masses of calcium oxalate monohydrate; the one to the right is a 
6mg single crystal, while the curve to the left is 6mg of finely divided 
powder. Similar geometric effects can be expected with any reversible de
composition and will also affect apparent reaction rates with non-reversi
ble reactions which depend on exposed surface area or other geometric con
siderations. 

A close approach to both chemical and thermal equilibrium under vacuum 
conditions up to approximately 1 torr can be reached using a Knudsen Cell, 
such as shown in Fig. 14. This particular cell, made of aluminum, is suit
able for low or medium temperature work. Pressure outside the cell must be 
some degree of high vacuum to allow Knudsen effusion through the cell ori
fice. The orifice diameter must always be somewhat smaller than the mean 
free path of the molecules at the given pressure — which means a diameter 
of ^ 0.01mm to 2-3mm, at pressures from 10~2 torr -• 10" torr. 

The partial pressure of the reaction gas inside the cell is calculated 
from the rate of weight loss of the vaporizing or decomposing product by 
means of the ideal Knudsen equation. It can be assumed that equilibrium 
conditions are achieved when, at constant temperature, the rate of weight 
loss is constant over a long period of time, usually many hours. An exam
ple is shown in Fig. 15 of the sublimation of benzoic acid at 17°C. The 
rate of weight loss is 2.25mg over a period of 5 hours, or 1.24 x 10~^g/sec. 
Temperature is shown to be constant within 0.1°C. Outside pressure was 
maintained constant at'^1.5 x 10~5 torr. The resulting vapor pressure at 
this temperature was 4.6 x 10-4 torr. 

Fig. 16 shows a plot of log vapor pressure vs. l/T for a series of 
measurements on benzoic acid. The shape of the curve is calculated by re-
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Fig.10 Simultai.eous TG, DTA and mass spec of an 
oil shale containing dawsonite. The DTA 
peak at 395'̂  is due to dawsonite. The DTA 
peak at 670° is due to dolomite. Oil pro
ducts are evolved between 400° and 550°. 

Fij.ll Individual spectra taken from the test 
shown in fig.10. Three spectra are 
shown at each temperature. 
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gression analysis; in this case, using a CDC-3600 computer. The latent 
heat of sublimation can be directly calculated from this slope using the ex
pression Log P = -A/T + B, where A x 4.574 corresponds to the heat of sub
limation. The values in these tests of benzoic acid show excellent agree
ment with known values in the literature down to 10~2 torr. Values below 
this were not given in the literature. [11] 

It can be noted in the vapor pressure curve that there is a break in 
the curve below 290°K(17°C), which is suspected to be caused by a possible 
dimerization of the benzoic acid molecule. The mass spectrometer is cur
rently being used to investigate this irregularity. [12] 

Fig. 17 shows the instrument arrangement used for these tests. The 
molecules leaving the Knudsen Cell form a molecular beam which condenses 
mostly on the cold trap, B. This helps maintain a constant pressure within 
the apparatus. This is also a possibly excellent location for the mass an
alyzer. 

The combination of a mass spectrometer with a Knudsen Cell source can 
also be used to measure vapor pressures in the range below =̂  10" torr, 
where the ion current is equal to the vapor pressure times a proportionality 
constant. A plot of log (ion current) times/y/T" vs. l/T will give a straight 
line paralleling the plot of log p vs. l/T. Complications occur, however, 
in determining absolute values due to cracking of the parent molecule in 
the ionizing field and a number of other factors. [13] Gravimetry in com
bination with the mass spectrometer will possibly yield the best data. 

Monitoring Gas Compositions 

So far, all the examples of application given have been in identifica
tion of unknown gases or in separation of multi-component effluents. An
other very important area of use for the mass spectrometer is in checking 
the purity of inert gases or composition of reaction gas mixtures, when 
these gases are used in such common DTA and TGA applications as: 

a) Melting points and phase diagrams of metals subject to oxidation, 

b) Oxidation/reduction or reaction phase diagrams, etc. as a func
tion of the partial pressure of various gases or gas mixtures. 

In these cases, the mass spectrometer is used as an accessory control 
device rather than as a primary analytical tool; it is very useful, none
theless. 

Conclusion 

Although only relatively simple examples have been shown to demon
strate the feasibility of the combination of the thermobalance with the 
mass spectrometer, its application to more complex chemical problems such 
as polymer decomposition has already been undertaken. [14] 

Information obtained by both types of analysis is complementary in 
that, except in rare instances, it would be very difficult to obtain the 
same data by either method alone. 

Combined measurement methods can be used for all substances which 
evolve gases with a sufficiently high vapor pressure to be transported the 
short distance from the thermobalance to the raass spectrometer, at temper
atures ranging from 25° to a maximum of about 150°C. 

Experience gained from thermal analysis on the effects of sample con
figuration and temperature control on apparent reaction rates, can also be 
put to good use in the design of sample holders and means of temperature 
control and programming for solid sample probes directly introduced into 
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Fig.12 Hass spec measurements of the dehydra
tion of calcium oxalate monohydrate, 
showing differences in rate of water 
evolution with different sample shapes. 

Fig.13 TG measurements of the dehydration of 
calcium oxalate monohydrate, showing 
the difference between a 6mg single 
crystal (dotted line) and an equal mass 
of powder (solid line). 

Fig.14 Knudsen effusion cell used for vapor 
pressure measurements. Thermocouple (D) 
is used to control furnace temperature. 
Thermocouple (E) can be used to either 
measure the temperature of the substance 
(F) or of the vapor in the cell. A 
threaded cover (C) can be removed for in
sertion of the sample. 

Fig.15 A representative test curve (original 
size 10" wide), showing the sublimation 
of benzoic acid at 17°c. Temperature, 
pressure and weight loss in two sensiti
vities, 1;10, are shown recorded simul
taneously. 
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Fig.16 The vapor pressure curve of benzoic acid 
between 3B0K and 260K. The break in the 
curve below 290K is believed to be due 
to a possible dimerization. 

Fig.17 Scliematic of vacuum TG apparatus suitable 
for middle and low temperature vapor 
pressure measurements. 

Table I 

Approximate Measurement Ranges in Thermogravimetry 

Pressure 

Type of gas 

Temperature 

Sample mass 

Rate of weight change 

Detectable Aw 

Aw/sample weight 

Normal Range 

10"6torr -t 760 torr 

Nearly all,incl. cor
rosive 
-150°C -• 1600°C 

«= Img -» 500mg 

-» 1 X 10"10g/sec. 

5 - lOMg 

^ 1 X 10"'^ 

Extreme Range 

10"10torr -> 
lO^torr 

-» >2500°C 

«3 lug -* 
2-3 kg 

O.lMg 
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the mass spectrometer. The use of separate measurements on the thermobal
ance and the mass spectrometer under the same temperature conditions would 
be required for materials with very high vaporization temperatures, such as 
many of the metals or metal oxides, where the only means of transport to 
the ionization sector of the mass spectrometer is by short molecular beams. 
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78 
The Influence of Segmented Rods and Their Alignment 

on the Performance of a Quadrupole Mass Filter 

by W. Arnold 
CEC/Analytical Instruments Division 
Bell and Howell Company 
Monrovia, Cali fornia 

We have found in our work with quadrupole mass filters that an improvement over 
the performance of conventional quadrupoles could be achieved by three modifications of 
conventional design. These modifications are (1) use of segmented rods, (2) control of 
DC/AC ratio to maintain unit resolution, and (3) maintenance of very precise alignment. 

Figure 1 shows a quadrupole mass filter. 

A two dimensional quadrupole field is established between four electrodes of 
cylindrical cross-section with the two opposite rods connected together electrically. 
RF and DC potentials are applied to the two electrode pairs according to the formula. 

V = ± (U + V Q cos wt) 

Ions entering the quadrupole field start oscillating in the X and Y directions. De
pending on the ratio between RF and DC voltage, only ions that have stable oscillations 
can pass through the filter without striking the rods. 

1. Segmented Rods. 

Vie will first describe the results obtained from the use of segmented rods. 
Performance of the filter is affected by the fringing electric field in the region be
tween the exit of the ion source and the uniform field region of the filter assembly. 
Brubaker, at this meeting two years ago, described the use of segmented rods to minimize 
the effects of this problem. 

By segmenting the rods used in a quadrupole mass filter at the entrance to the 
filter assembly, transmission of ions from the source to the filter can be improved. 
The segments are only AC coupled to the main rods so oscillations for ions in both X and 
Y directions are stable. See Figure 2. Ions can pass through this section without 
colliding with the segments. 

The resulting advantage is that the instrument can be operated with lower ion 
energy thus allowing the ions to stay in the resolving fields longer, as reported by 
Brubaker, the result is that better resolving power and transmission are obtained. 

The use of segmented rods also has another advantage. In a conventional quadrupole 
filter, good peak shape at low mass is obtained only with low ion energies. Higher ion 
energies are required to get good transmission at higher masses. The result is that for 
optimum performance, ion energy should be varied with the mass range. Figure 3-

2. D.C./A.C. Ratio. 

We will next consider the way in which it is desirable to vary the DC/AC ratio as 
we vary the mass. Optimum sensitivity at all masses will be obtained if we maintain 
unit mass resolution at all masses. 

Near the apex of the stability diagram where the boundrles can be approximated by 
straight lines, the relationship between resolution and DC/AC ratio follows the function: 

Fi gure k 

^ « . ] 6 7 B k - .126 ^ ( , ) 

The RF peak voltage is proportional to m, in our case^ 

V c» .538 mf2 , // (II) 
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YT = .16784- .126 ^ ^ I 
V m 
V ^ .538 mf^ 2 
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/ ^ <^/ i J r^ f o y/ 1^ 

which means that the DC potent ia l at the rods must fol low the relat i \pn. 

U «* .361191 m - .271151 Am \ (111) 

To maintain uni t resolut ion, delta m is one. and constant voltage must qe added in 
series with the rec t i f i ed AC. 

Control of the DC/AC ra t io requires not only the addi t ion of a constant component 
to the DC but also that the DC/AC ra t io is constant before the constant DC^ompopent is 
added. ^ i ^ 

^ l-.-wJJ_l describe the ci rxui t_usfld-i.Q_the instrument that prp'duces a DC vol taqe by 
Rect i fy ing a transformed port ion of the R F v o T t a ^ . Figure 5. Iwo ident ical c i r c u i t s 
a?e^ uSed to load thg^RF ton-k-symmetri-ee-H-y^—At-tligh DC voltages (10 to IOO) the l inear
i t y of the r e c t i f i e r tube is adequate to obtain a l inear re lat ionship between the AC 
and DC po ten t ia ls . At lov; voltages <10 V the contact potent ia l of the r e c t i f i e r tube 
used is hi gh enough to upset the 1i near re la t i onshi p. 

In order to compensate for th is contact po ten t ia l , an adjustable current is added 
through the dropping res is tor (R^R'). As long as the f i r s t port ion of formula ( i l l ) is 
sa t i s f i e d , the second por t ion, a constant is our case because Am = 1, is simulated by 
adding a f ixed voltage source in series with the r e c t i f i c a t i o n system. The voltage can 
be selected from 0 to 1.5 V to obtain the best resul ts over the ent i re mass range. 

In order to measure the ra t io of DC to AC voltage in a convenient way and to com-
pare i t with the theoret ical value an analog d iv ider v-̂ as used. Figure 6. Ili.e feedbacl?^ 
s ignal ; which is proportional to the RF peak voltage, and a port ion of the DC signal 
was fed into the d iv ider . The output of th is c i r c u i t was used as tlie Y input on a X-Y 
recorder. The X component was developed from the feedback voltage. 

Figure 7- To ca l ib ra te the test setup, the X and Y ampl i f iers of the recorder 
were adjusted to the calculated values while the quadrupole was adjusted for unit 
resolut ions at m/e 300. Now by scanning the to ta l mass range the ra t i o var ia t ions could 
be easi ly observed on the recorder and corrected. 

Four traces are shown on the Figure 7. 

1) V/i thout compensati on. 
2) Current compensation only. 
3) Voltage compensation only. 
k) Theoretical compensation. 

3. A l i gnment. 

The final subject I want to discuss is the precision of alignment required. 
Fi gure 8. 

The four cylindrical rods are mounted on three aluminum insulators. Two more 

Insulators located between the mounting Insulators help to keep the ten inch long rods 

straight. This rod assembly is mounted concentrically in a stainless steel tube. 

The ion source was attached to the analyzer tube with intentionally loose tolerance 
so that it was possible to misalign the source. The individual rods were misaligned by 
putting thin metal spacers betv/een the rods and the ceramic insulator. A series of 
experiments were performed to evaluate the criticalness of rod alignment. 

k. Starting Conditions. 

The axis of the source was aligned to 1/1000 of an inch to the axis of .the mounting 
tube and the axis of the quadrupole assembly was also aligned to the axis of the tube to 
1/1000 of an Inch, therefore, the maximum total error between the center axis of the two 
assemblies should be less than 2/1000". The five spacers were selected to agree in X 
and Y dimensions to 5/10000", while the four rods used were straight to 3 to 5/10000"/ 
inch. After assembling and operating under these conditions unit resolution was ob
tained with tliis segmented rod assembly over a mass range from 1 to 31^- Figure 9. The 
ion energy In this case was 8 volts. To establish mechanical reproducibility the instru
ment was disassembled and reassembled three times and the same resolution and ion energy 
could be obtained each time. 
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5. Rod Mi sali gnment. Figure 10. 

a) One rod was misaligned by inserting a 1/1000" thick metal spacer between It and 
the Insulator nearest the source. The center mounting screw was loosened to 
avoid bending of the rod. Good results were still obtained, but it was still 
possible that the rod was located - 5/10000" from its ideal location and moved 
to + 5/10000". 

b) We misaligned the rod by 3/1000 in another experiment. Unit resolution could 
be achieved up to m/e 150. At m/e 275/276 30% valley was all that could be 
obtained. The ion energy was increased by 9 V also. 

c) We misaligned the rod by 5/1000". Unit resolution could be achieved up to 
m/e 75 at an ion energy of 10 V. At m/e 275/276 60% valley was the best 
result obtainable. Figure 11. 

d) After restoring the assembly to a well aligned assembly with the shim removed, 
the rod assembly was then misaligned by rotating two opposite rods from their 
normal perpendicular position. This was done by changing the insulator which 
was nearest to the source for one which misaligned this pair of rods. The 
center lines of the rods were now shifted by 1/1000". The resolution at 
m/e 275/276 was decreased to a 30% valley. Poor peakshape was observed, 

6. hlsaliqnment of the Segments. Figure 12. 

The relative location of the segments to the rods could not be changed to misalign 
the segments. Therefore, a 5/1000" diameter v;ire was wound around the segment. Two 
neighboring segments were treated this way. No change in resolution was observed at 
m/e 275/276. 

7. Axial Misalignment of the Ion Source. 

This test was done in three steps. 

a) The source was moved off center by 15/1000". The effect on resolution 
and peakshape are shown in Figure 13- The peakshape v/as not uniform 
anymore. Split peaks appeared. The necessary Ion energy had to be 
increased to 17 V. 

b) The source was moved to 10/1000" off center. The valley at m/e 275/276 
decreased to l5°ov;hIle the necessary Ion energy went back to 11 V. The 
peakshape was still similar to that of the previous case. 

c) We mounted the source back on center to at least I/IOOO" and good results 
were obtained again. A 1% valley could be obtained at m/e 275/276. 

In conclusion we have shown that by using segmented rods, varying the DC/AC ratio 
during the mass scan to keep unit resolution, and mounting the rods so that very high 
precision of alignment is iriaintained, we can scan a mass spectrum from mass 1 to mass 
300 with good resolution and sensitivity throughout the mass range. 
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OPERATION OF QUADRUPOLE MASS SPECTROMETER AT HIGH PRESSURE* 

W. M. Brubaker* and W. S. Chamberlin* 

Earth Sciences, A Teledyne Company 
Pasadena, California 

An experimental investigation has been made of the operation of a 

quadrupole mass spectrometer in a high ambient pressure of hydrogen. 

Three different experiments were performed. First, the hydrogen pressure 

was raised while the instrument was operated normally, with an electron 

bombardment ion source. The instrument sensitivity and resolving power 

for mercury were observed as functions of hydrogen pressure. Second, the 

experiment was repeated with potassium ions from a thermal ion source. 

Third, the current at a Faraday cup collector was observed when the trans

port of ions through the quadrupole was inhibited by one of several means. 

When the instrument is operated in the normal manner, with the 

electron bombardment ion source, the space charge of hydrogen ions be

comes quite large at the high pressures. Under the influence of static 

dc fields, the paths of ions which start at rest are completely independ

ent of their masses. Thus, the beam spreading effect of the positive 

hydrogen ions causes the paths of the mercury ions to diverge as they 

travel from the ion source to the quadrupole. Even though this distance 

is small, the ions move at low average velocities and the effect of 

space charge on their paths is appreciable. An increase in the radial 

component of the trajectory as the ion enters the quadrupole decreases 

the transmission probability, particularly at the higher resolving 

powers. The experimental data relating transmission efficiency and re

solving power at various pressures of hydrogen confirm this hypothesis. 

At 60% transmission efficiency, the resolving power is 680 at a back

ground pressure of 10~' torr. At 10"^ torr, mainly hydrogen, the 

resolving power for the mercury spectrum has fallen to 530. At a still 

higher hydrogen pressure of 4 x IO""", the resolving power at 60% trans

mission is 412. 

The second experiment was similar to the first, except that the 

space charge was independent of the pressure. Hence this experiment is 

concerned with the transmission of ions through the analyzer when their 

paths of entry are unaffected by the pressure. In this instance, the 

potassium spectrum was displayed at a constant resolving power of 100 

at all pressures below 10~^ torrl The transmission efficiency remains 

constant at 100% for pressures below 5 x 10"" torr. At 10"' torr, the 

transmission efficiency is 97%, but at 10"^ torr, it has fallen to 20%. 

*This research was supported in whole by the National Aeronautics and 
Space Administration under Contract No. NASW-17 36, monitored by 
Dr. Donald P. Easter and C. E. Giffin, J.P.L. 
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In the third experiment, the transmission of ions through the raass 

analyzer is blocked by placing the working points for all ions in the 

unstable portion of the stability diagram, or by reducing the ion 

accelerating potentials to zero. In either case, the current at the 

detector remains below detection limit (7 x 10"'^) for various combina

tions of applied potentials when the pressure is below 10"' torr. At 

higher pressures, the relationship between the background current and 

the pressure is I = 2.25 x 10"' P(torr). 

This background current sets a limit to the dynamic range of the 

instrument. When the pressure in the ion source is 5 x 10"* torr and 

the source sensitivity is 10"^ amperes per torr, the related uncertainty 

in the measurement of a low pressure is 

6p = 4.2 X 10"" (tj)""' ̂  

In this instance, t is the time duration of the measurement, seconds. 

If tj is one second, the dynamic range is 5 x 10"''/4.2 x 10"'', or 

1.2 X 10'. 

SUMMARY 

The quadrupole mass spectrometer has been operated at hydrogen 

pressures below 10"^ torr. In the absence of high space charge of 

Hydrogen ions (accomplished by the use of a thermal source of potassium 

ions), the resolving power of the device shows no deterioration at the 

highest pressure, 10"^ torr. Transmission efficiency suffers at pres

sures above 5 x 10""* torr, apparently by collisions of ions with the 

neutral gas. When ionization is produced by electron bombardment, the 

space charge of the hydrogen ions distorts the trajectories of heavier 

ions in the source-entrance regions to degrade the resolving power of 

the instrument. Photon-induced electrical noise at the detector limits 

the dynamic range (of the system used for these tests) to several million, 

for a one-second observation of the peak heights. 
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A NEW HASS SPECTROMETER FOR MEASUREMENTS OP VERY SMALL ISOTOPIC 

DIFFERENCES BETWEEN TWO URANIUM SAMPLES 

G. NIEF, M. LUCAS, R. BIR ^ ̂  

INTRODUCTION -

The precision of the isotopic measurements by mass spectrometry is chiefly limited 

hy the finite number of collected ions. Thus, increasing the precision involves reducing aTl 

delays as well as increasing analysing time. 

Another cause of error lies in the fact that the measures performed with the mass 

spectrometer are not absolute : the ratios of two given isotopes ion beams is not equal to 

the abundance ratios of these two isotopes. 

A bias does exit liing in various parts of the apparatus. This bias depends on time 

( drift ) as well as on samples introduction processus, pressure, temperature, chemical purity 

of samples and so cn» 

These properties of the mass spectrometer leads to the classical measurement condi

tions, say t double collection of ion currents, amplifiers the drift of which is as low as 

possible, frequent switching of samples and reference material. 

Direct ions counting is, up to now , not possible for high precision work. 
_5 

To obtain on ratio of isotopic abundance a standard deviation of 10 , at least 

2,10 ions of the less abundant isotope must be collected, for both sample and standard. 
12 

In the case of natural uranium, this means 5.10 ions for 238 isotope. Counting 

devices cannot work at such a rate. 

After these considerations we have more especially studied the following points t 

1 - Stabilisation of ion beams positions 

2 - Inlet system 

3 - Measuring circuit 

1 - STABILISATION OF ION BEAMS POSITIONS -

We use a device, firstly designed by R. BOYER (** ) , working as follow : in addition 

c ions , UF. 

•P 4-ViQ TFir 

A scheme of the collector device is showed on fig.l. 

The plate A is set to collect the half of the UF, current if the UFj. beams are 

correctly positionned. So, any variation of the ion beams position leads to a veiy important 

change of the collected UF current. 

An auxiliary electromagnet coil is fed via a control system, including a conventio

nal potentiometer pen recorder, the differential amplifier of •vriiich is connected to output of 

UF(- and UF. ion currents amplifiers. 

The potentiometer gives the error signal to control the magnet current. 

(*) - Commissariat a I'Energie Atomique - Services des Isotopes Stables - Service de Spectro

metrle de Masse - BP N" 2 - GXF-sui^YVETTE ( 91 ) France. 

(**) - R, BOYER - Dispositif d'asservissement en position des faisceaux d'ions dans un spec-

trometre de masse ( Rapport CEA - R. 3268 - 1967 ) . 
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to the UFj. ions, UF^ ions are collected and the magnet current is automatically adjusted to 

keep constant a part of the UF, ion curi-ent. 



Vith this device, the image position is fixed with an accuracy of — 2 microns. 

At the same time, the error signal is permanently recorded and an alarm circuit can be easily 

put in if the limits of control are to be reached. 

The excellent stabilisation of image position in our spectrometer makes possible to 

use a symetric double collector ( see fig.2 ) . 

' ^ , 
Both parts include a defining slit, irtiere falls only one ion beam, UP or 

'_ , and a Faraday box. So most of the troublesome phenomenas, as ions scattering and 

electron secondaiy emission, are suppressed. 

2 - INLET SYSTEM -

Inlet system is a fondamental part of the apparatus. 

The gas is introduced throu^ a metallic capillary tube, the low pressure side of 

idiich liing in the lonisation chamber. The h i ^ pressure region of the system is so designed 

that the gases flow permanently in front of the leak. The pressure of gases is kept constant 

by a cold trap ; in any oase the pressure can very, even if no sample is connected ( for 

example during samples switching ). After samples switching, the flow rate is hig^ enough to 

be sure that the gas flowing has reached the new composition in a few seconds. So the UP 

ion current is constant and not altered during permutation of samples . This feature is very 

benefic for permanent working conditions of the mass spectrometer. 

A principle scheme of the system is described on the fig.3. 

The flow of gases is adjusted by the central capillary and takes place between sample 

connection device A and the cold trap C • 

The temperature of 0 is fixed to 0°C and defines the constant pressure in the vessel 

B above the inlet of the leak. 

The value is so that in normal working conditions, the amount of trapped UF, is 

about constant. More precisely, this value is about•3g par hour that is 500 times the flow 

into tlie mass spectrometer. The consumption of product is very similar to that observed with 

conventional systems. 

Our experiments showed that the flow characteristic of the capillaiy leak remains 

inchanged for several months and that the ion currents are proportional to the pressure in B, 

that is on the only dependance of G temperature. 

3 - MEASUREiG CIRCUIT -

An overall scheme of the circuits is showed on fig. 4 . 

Voltage-to-frequency converters are in F and K . B and D are pulse shapers. 

A, C and E represent three pulses counters. J is the master clock, G and H define two delays 

from the output of J. 

At the beginning of a cycle, G opens the gates of A, C and E. When C has reached a 

fixed number of piilses ( say 10 ) , the gate of A is closed, its content proportional to the 

ratio to be measured is print. The delay fixed by H is sli^tly less than the cycle diuration. 

During this constant time, the gate of E is open. Its final content proportional to the high 

current intensity, is print too. During the delay defined by G, all gates are closed and 

samples switching may take place. Then G opens again the gates and the procedure is resumed. 

Two informations are available: one is proportional to the isotopic ratio, the other 

to the h i ^ ion current. The last one permits to make sure that the flow of gas is c;;nstant 

or eventually to correct for " pressure effects ". 
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DIGITAL RATIOS MEASURING CIRCUIT 
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ANALrriCAL PROCEDURE -

We ohosed the following analytical oyole t 

Samples switching ; 10 seconds 

Recording of ratio : 20 seconds 

that is 1 minute to get an enrichment value. 

The running ia fully automatic with digitized output* It is easy to determine the 

number of elementary cycles - i.e. the analysis time - to reach a given precision. 

In the present state of our experiments, the relative precision of an one minute 

cycle is 3.10 { 2 times the standard deviation }, that is 10 for a 10 minutes analysis. 

Further experiments will deal with longer analysis ( 1 or 2 hours ) • 
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AN ELECTRONIC DETECTION SYSTEM UTILIZING INTEGRATION TECHNIQUES 

FOR A SPARK SOURCE MASS SPECTROMETER* 

by 

Arthur J. Socha, C, William Baker, Eleanor M. Maaumoto 

Electronic Materials Division, Bell & Howell Company, Pasadena, California 91109 

I. INTRODUCTION 

The electronic detection systera described here utilizes the output from an electron 

multiplier which is first amplified and then the charge integrated. This system can 

handle all ion pulses without saturating but is only capable of detecting ions to a few 

parts per billion for most impurities. Below that level the noise becomes a serious prob

lem because no rejection system is used. Also described is a simple yet practical method 

for locating a particular m/e at the electron multiplier slit, 

II. ION BEAM LOCATION 

A. Magnetic Scanning. The initial problem in electronic detection is that of locat

ing at the entrance slit of the electron multiplier the ions of the element of interest. 

Magnetic scanning was chosen as the means to bring the ions of a specific m/e to the slit. 

A teslameter with minimal temperature sensitivity was devised using an ultrapure epitaxial 

GaAs Hall probe. Figure 1 is a schematic of the Hall probe and associated equipment. The 

power supply used is a 0 - 50 volt supply and has a regulation of 0,0057o. The digital 

voltmeter has 100 microvolt sensitivity. The Hall probe is shunt-mounted onto the magnet. 

The Hall voltage produced in the GaAs chip by the magnetic field is read by the digital 

voltmeter. 

The current through the Hall probe may be adjusted so that the numerical value of the 

Hall voltage is equal to the numerical value of the magnetic field strength, i.e. one volt 

equals one tesla. This is accomplished by che power supply and a simple bias voltage sys

tem consisting of a potentiometer, battery, and limiting resistor (Figure 1). Figure 2 

indicates the change in a tesla vs, m/e curve by changes in the power supply and by the 

bias voltage system. The power supply changes the slope of the curve whereas the bias 

voltage changes the intercept. With this system the magnetic field can be determined to 

better than one part in ten thousand. 

Using a variety of samples an instrument calibration curve was prepared. The mag

netic field strength was varied to locate the ion beam of the selected m/e at the entrance 

slit of the electron multiplier. The resultant curve relating mass to magnetic field 

strength in tesla is given in Figure 3. The curve shows a slight deviation from a straight 

line due to minor non-uniformity in the Hall voltage at various field strengths. The 

curve allows rapid selection of the magnetic field necessary to analyze for selected im

purities . 

The procedure for locating a peak is as follows: the magnet is first saturated and 

the masa in question ia approached by lowering the magnetic field strength. A gold stand

ard is always available in the source of the mass spectrometer. The teslameter is then 

calibrated such that Au^ at mass 196.967 is located at 0,7924 tesla. The gold also pro

vides a series of reference points which may be used from mass 28 to 197, This may be 

seen in Table I. 

TABLE I. Gold Reference Points 

Ion 

Au*= 

Au*^ 

Au** 

Mass 

196.96 

98.48 

65.66 

49.24 

Tesla 

0.7924 

0.5786 

0.4767 

0.4138 

Ion 
Au*" 

Au**̂  

Au*' 

Mass 

39.39 

32.83 

28.14 

Tesla 

0.3702 

0.3376 

0.3120 

B. Electrical "Tuning". A certain amount of fine tuning of the beam position is 

necessary and is accomplished by adjusting the field plate voltage with a helipot over a 

range of about ±15 volts. The field plate voltage is related to the accelerating voltage 

with a constant 1:10 ratio such that the instrument focus is not affected by this adjust-

*Supported in part by the United States Air Force under Contract No. F33615-68-C-1635. 
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ment. Nevertheless the amount of adjustment used is restricted so that changes in the 

accelerating voltage are no more than 0,1%. The helipot used is divided into 150 divis

ions. Figure 4 shows the effect of each of the helipot divisions at various m/e positions. 

The general procedure is to locate the m/e of interest from the tesla vs, m/e curve and 

obtain this by varying the magnetic field strength. After locating the general position 

of the m/e in question the centering of the ion beam in front of the slit would be 

achieved by adjusting the helipot. 

III. ELECTRONIC DETECTION SYSTEM 

Figure 5 is a schematic of the electronic detector used. The slit is a variable 

slit which is located about 13 inches from the energy slit of the magnetic sector. The 

electron multiplier is a commercially available CEC electron multiplier commonly used on 

gas mass spectrometers. The amplifier and integrator sections are actually another beam 

monitor where current and coulomb readings may be obtained. The output from the integra

tor is read by the digital voltmeter-printer. 

The electronic detector is controlled by an automatic exposure control.^ In typical 

operation most readings are made with a total beam monitor charge of KT" coulombs. 

When this charge is reached, the automatic exposure control shuts off the spark and trig

gers the digital voltmeter to read and print the electronic detector's integrator volt

age. Following the printing of the readout the beam monitor and the integrator are reset 

to zero by the automatic exposure control and the spark started for the next exposure. 

In this manner a series of exposures may be made in quick succession all being printed 

automatically by the digital voltmeter, 

IV. STANDARDIZATION AND SOME RESULTS 

A. Use of Standards. Samples are sparked in the usual way. The beam monitor of the 

mass spectrometer is used to determine the total beam charge. Normally, at least five to 

ten analyses, at a total beam monitor exposure (T) of 1 x ICT coulombs each, is made 

for each impurity. The impurity ion charge (I) is determined with the electron multipli

er system. The nominal impurity concentration for a given analysis is then obtained from 

the ratio of the impurity ion charge to the total beam charge, l/T. 

Actual concentrations cannot be determined directly without making corrections for 

various parameters (beam width, absolute multiplier gain, elemental sensitivity, etc.) 

affecting the electronic detection output. Since these effects are not all known stand

ards are used to obtain accuracy in the analysis. The impurity concentrations are deter

mined using the following equation: 

Impurity concentration in ppma (parts per million atomic) = S X — X — X — 

^S '̂ U ^ 

Where S = Impurity concentration in the standard in ppma 

Is = Electronic detection reading for standard in coulombs 

lu = Electronic detection reading for unknown in coulombs 

Tg = Beam monitor reading for standard in coulombs 

Ty = Beam monitor reading for unknown in coulombs 

Gg = Gain of the electron multiplier used for standard 

Gy = Gain of the electron multiplier used for unknown. 

The terms T and G deal with the total gain of the system. If all the analyses are per

formed with the same total beam monitor charge, then the ratio Tg/Ty drops out of the 

equation. For most work this is usually the case. The total gain of the system is usual

ly regulated by changing the gain of the electron multiplier "G" only, 

B, Carbon and Sodium in Cadmium Sulfide. Table II shows a typical electronic analy

sis of a cadmium sulfide sample. The sample was one of a series analyzed for carbon and 

sodium. It had previously been analyzed using photographic plate detection, so compari

son between techniques could be made. The second column shows the total beam charge (Ty) 

for each analysis made for each impurity. Note that the last analysis for each impurity 

has a total beam charge (Ty) ten times that of the other analyses. The third column 

shows the impurity beam charge (Ijj) at each exposure. The averages of the short expo

sures agree well with the values for the longer exposures. 
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Lot 315 Total Beam 
Impurity Charge, T Impurity Beam Charge, I 

Carbon 1.00 X 10"^° 
1.00 
1.00 
1.00 
1.00 

0.496 X 
0.394 
0.504 
0.444 
0.230 

icr^ 
Average 
0.413 

Concentration, ppma 
Standardized 

E l e c t r o n i c 

1.79 ) 

{ • f (Average 
^•^° ( 1.48 
1.59 I 
0.82 ) 

Photographic 
P l a t e 

1.7 

Sodium 

10.0 

10.0 

4.01 

1.00 
1.00 
1.00 
1.00 

0.485 
0.326 
0.539 
0.490 

4.57 

' Average 
0.460 

1.35 

0.036 

Table II. Analysis for Carbon and Sodium in Cadmium Sulfide Using Electronic Detection 
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Using the above equation impurity concentrations were determined utilizing another 
cadmium sulfide sample whose carbon and sodium concentrations were known. The results 
are given in the fourth column. The average values can be compared with the results of 
the photographic detection in the last column. The agreement is good especially for car
bon. Note that the total beam charge for all analyses add up to only 1.5 x ICT^ coulombs. 
Routine photographic plate analyses are made with a total beam charge of 3 X 10" cou
lombs. Also notice the difference in sensitivity between the sodium and carbon. For 
approximately the same beam charge ly the sodium level is 1/40 the carbon level. 

C. Uranium in NBS Zirconium, A study was made of National Bureau of Standards zir
conium alloy 1215, which has a certified uranium concentration of 3,5 ppma. Since ̂ ^ U 
hfts a normal abundance of 0,72%, the concentration of ̂ ^^u should be 0.024 ppma. One of 
the difficulties with this aample is that it contains 0.95% tin. After locating m/e 235, 
the peak intensity found was inconsistent with the small concentration expected, 

A helipot scan of the region, taking a set of 5 readings at each 0,0001 tesla from 
0*8530 to 0.8550 tesla produced the peaks shown in Figure 6. The larger peak was identi
fied as a tim dimer of m/e = 234,80. Since ̂ ^^u has a mass of 235.04, the two peaks were 
easily separated (1 part in 1000), The ̂ ^ U peak was used as a standard to determine the 
concentration of ̂  ̂ U after the latter had been corrected for the background level, that 
is: 

Mass Electronic Reading ClO"̂ ^ coulombs) PPMA 

Û °̂ 558 3,5 
Û ^̂  6.0 - 2.0 (Background) = 4.0 0.025 

(Natural Abundance Û ^̂  = 0.024) 

An estimate of the detection limit can be made at about 10 ppba in a sample with a 
similar tin content. With no tin, the detection limit would be much lower because the 
many tin dimers in the region of the uranium produced a background about 5 times that nor
mally experienced. This type of background noise is believed to be from ions which bounce 
off of the slit with just the right radius to enter the slit. 

V, CONCLUSION 

The teslameter is a simple device but has been very accurate in locating a given m/e. 
Standards must be used if a high degree of accuracy is desired in the analysis. This elec
tronic detection system offers accuracy of ±5-107» when standards are used. Linearity has 
also been found in calibrating the electronic detector. That is, the standard may be 
orders of magnitude different in concentration from that of the impurity in question. In 
addition the detector is capable of handling elemental concentrations which vary over ten 
orders of magnitude. 
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84. THE STUDY OF A MASTER EMULSION-CALIBRATION CURVE FOR QUANTITATIVE 

SPARK SOURCE MASS SPECTROMETRIC ANALYSIS 

by 

Ping-Kay Hon 
Argonne National Laboratory 

9700 South Cass Avenue 
Argonne, Illinois 60439 

ABSTRACT 

Preparation of a master emulsion calibration curve useful for a complete batch 
of photo plates has been attempted. Pure tin is used because it consists of ten isotopes 
of wide abundance. In a limited exposure range there will be many lines of various inten
sities. Four plates were run and in each plate the exposures were from 2 x 10"'* to 1.0 
nanocoulombs in steps of two or less. There were more than 100 lines with intensities 
from about 10% to over 95% transmittance and evenly distributed. Absorbance of the lines 
vs its logarithmic exposure was plotted as usual. All four curves showed good agreement 
in the low intensity region when they were normalized at A=0.434 absorbancy unit. The 
master emulsion-calibration curve was obtained by averaging these four curves. 

As a test of the accuracy of this emulsion calibration curve for quantitative 
analysis, a pure antimony sample was run on a plate from the same batch. The isotopic 
ratio of ^^Isb and 123sb was determined to be 1.348 as compared to the true value of 
1.339. The relative standard deviation was 8.8% for 16 pairs of measurements. Good 
accuracy, about 1%, was also obtained when the curve was used to determine the "^cu 
isotopic abundance in a copper standard. For impurity concentration determination, the 
accuracy and precision were as good as those from an individual on-plate calibration curve 
shown by a uranium sample. 
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85 
ROUTINE ANALYSIS USING A SPARK SOURCE MASS 
SPECTROGRAPH WITH ELECTRICAL DETECTION 

C. A. Evans, J r . , R. J. Guidoboni and F. D. Leipzlger 
Ledgemont Laboratory 

Kennecott Copper Corporation 

Lexington, Massachusetts, 02173 

At the 1968 Pittsburgh Conference on Spectroscopy and Analytical Chemistry, 
1 2 Bingham, Brown and Powers ' described an electrical detection system for the AEI 

MS-7 spark source mass spectrograph. The system is designed to be operated in either 
3 

a peak switch or scanning mode. Leipzlger and Evans discussed preliminary results 

with the high accuracy peak switch mode of the AEI system at the Montreal Electro

chemical Society meeting. This paper will present an analytical method which permits 

the use ofthe peak switch system for rapid, accurate, routine analyses. 

Electrical Detection System 

The mass spectrograph is converted to electrical detection by the addition of a 

high gain electron multiplier with its accompanying electronics, as well as modifica

tions to the electrostatic field and magnetic field power supplies. In the peak switch 

mode the magnetic field is held constant and the desired mass is switched onto the 

multiplier using the electrostatic analyzer voltage. In order to maintain high speed and 

sensitivity, electrostatic peak switching is limited to a range of M to 2M in mass at any 

one magnetic field. Therefore the magnetic field is changed if elements outside of this 

range a re to be analyzed. While the desired mass is focused on the multiplier, a mea

sured total ion beam exposure is made and the electron multiplier current amplified and 

integrated. With a constant monitor exposure for both a standard and an unknown, the 

concentration of element 1 is determined by the relationship: 

integrated multiplier current^" " ' _ concentration"" " ' 

. . . , , i- 1- . s td . . .. s td . 
integrated multiplier current. concentration. 

Analytical Procedure 

As has been suggested from use of the photographic plate as a detector, numer

ous parameters must be held constant in order to obtain accuracy in the analysis. Be

cause the electron multiplier is a more accurate detector and the data is instantly 

available, the importance of these parameters is much more apparent. It has been 

found that electrode positioning is the most important parameter and has been the most 

neglected in work using the photographic plate. In order to maintain electrode position

ing uniform from sample to sample, a rigorous mounting procedure has been estab

lished. Using a sample positioning jig, each of the electrodes is mounted either 4 or 

8 mm from the accelerating plate depending on whether the electrodes are to be vibrated 

or rotated during the analysis. Both electrodes must be the same distance from the 

accelerating plate so that there is no self-shielding with its deleterious change in ex

traction efficiency. The electrode gap is reproducibly positioned on the ion axis, using 

an inexpensive 6X microscope mounted onto the instrument. The electrode overlap is 

always set to 1 mm with the aid of a graduated microscope eyepiece. The effects of a 

changing spark gap a re alleviated by vibrating or rotating the electrodes after a pre l im

inary visual adjustment using the microscope. In addition to maintaining a more 
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uniform spark, rotation ofthe electrodes samples over a larger area reducing the 

effects of inhomogeneity in the sample. Little additional t ime is requiredifor .proper 

mounting ofthe electrodes and the resulting analysis is well worth this small effort. 

A critical test of this procedure and the electrical detection system as a whole 

is the precision of repetitive loadings of a given sample. Johnson-Matthey CA6 was 

loaded seven t imes according to the above procedure. Then ten 0. 3 nC exposures were 

taken while integrating the Ag line. The isotopic concentration of the Ag 

isotope is about 1. 5 ppma in CA6. The precision for each loading averaged 2. 7% and 

the average of the seven loadings had a relative standard deviation of ± 1. 9%. This 

1. 9% represents the overall accuracy and precision attainable with the system since 

the experiment was analogous to the analysis of a standard and six unknowns where all 

seven sets of electrodes happen to have the same Ag concentration. 

TO test the system against actual analytical standards several elements in the 

NBS 460 iron ser ies were analyzed. The concentrations of 100 ppm to 1% in these stan

dards a re higher than generally encountered with the spark source mass spectrograph 

but there a re few standards available which a re certified to the 2% accuracy of which 

the system is capable. Each set of electrodes was machined to 0. 035" in diameter and 

rotated using two small battery-powered motors mounted in the source of the ins t ru

ment. Table I shows the analytical results obtained using the spark source mass spec

t rometer and compares these results to the NBS values. The overall deviation of the 

mass spectrometric values from those certified by NBS is 7. 6% with precisions of ± 2% 

generally encountered for repetitive exposures ofthe same sample. A working curve 

obtained using electrical detection is shown in Figure 1. As can be seen the curve is 

l inear over several orders of magnitude and the excellent fit holds even at the 40 ppm 

level. Unfortunately, accurate , broad-coverage standards such as the NBS 460 ser ies 

are not available for concentrations below 100 ppm. However, analysis ofthe Johnson-

Matthey ser ies of copper standards demonstrates the validity of this method at ppm 

levels. 

Analytical Time 

In addition to being a highly accurate method of analysis, the electrical detec

tion method provides a more rapid analysis than is available with the photographic plate. 

About 15 minutes is required for sample turnaround, including mounting as described 

above, puffip-down and presparking. An additional 1-2 minutes for each peak is r e 

quired for 3-5 exposures. Since a mass range of only M to 2M is covered at each mag

netic field setting, analyses for elements lying outside this range require that the 

magnetic field be changed and the new peaks set up. For this reason, it is easiest to 

analyze all the samples for the elements in a given mass range and then to change the 

magnet and peak-settings for the analysis of the remaining elements in all the samples. 

If all the elements lie within the same M to 2M range, one sample can be analyzed for 

five impurities every 20-25 minutes with approximately 20 samples analyzed per day. 

With its ease of operation, electrical detection lends itself to automated oper

ation and data acquisition. A Wang Laboratories Model 370 Programming Keyboard and 

its peripheral equipment has been interfaced to the nnass spectrometer . The interface 

not only acquires data automatically but can also control peak switching, initiate ex

posures and sense their completion. 

In summary we feel an electrical detection system is now a reliable means of 

performing precise and accurate routine analyses for minor and t race element im

puri t ies . The system has been proven reliable and now the analyst must assume the 
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responsibility of providing a reproducible sample to the spectrometer . Methods must 

be developed for the special types of samples such as thin films and compactions. A 

more detailed discussion is in preparation for publication. 
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T a b l e I 

A n a l y s i s of NBS 460 S e r i e s S t ee l s 
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SPARK SOURCE MASS SPECTR0M5THY USINĈ  'AUTOSPARK' SAMPLE 

CONTROL AND ON-LINE DATA PROCESSING . 

R.A, Bingham, P, Powers and W.A, Wolstenholme 
AEI Scientific Apparatus Division, 

Manchester, England. 

Introduction 

The use of electrical detection techniques for the analysis of solids by spark source 
mass spectrometry is now firmly established,^»^»^»4 In this laboratory we employ two 
basic complementary procedures: Peak scanning to obtain an overall survey analysis of 
the spectrum and peak switching; to obtain more accurate quantitative analysis on 
selected peaks. 

Peak scanning employs an exponential magnet scan to sweep each peak of the spectrum 
across the electron multiplier detector whereas peak switching employs voltage switching 
by a decade control to switch several peaks in turn onto the collector BO that their 
signals can be integrated and the effects of ion and spark statistics are essentially 
removed. 

This paper discusses some of the more recent improvements in the peak scanning mode of 
operation, in particular the use of 'Autospark', an automatic spark control system, and 
the addition of computer processing of the data. 

Peak Scanning 

Sequential scanning of all peaks in the spectrum will produce quantitative analyses only 
if the inherent fluctuations of the r.f, spark discharge are corrected or removed. As 
has already been explained in previous papers ̂ >^ we normalise the collector signal by 
reference to a signal proportional to the total ion current passing through the spectro
meter. Such a reference signal is obtained from the monitor electrodes on the AEI 
MS702 used for this work, J?'igure 1 shows the principle diagrammatically. The two 
signals (of opposite polarity) are passed through logarithmic amplifiers of appropriate 
time constant and of 1000:1 dynamic range and their outputs are summed. The resultant 
output is proportional to the logarithm of the ratio and this is displayed on an ultra 
violet chart recorder. Figure 2 shows the tin-antimony region of such a ratio-scan 
from a copper sample, 

A concentration "window" of range 1000:1 is displayed. In Figure 2 the lower horizontal 
level (the detection limit) represents 0,2 ppm and the upper level 200 ppm. Concentra
tions below the detection limit do not of course appear, but the concentration window 
can be shifted from matrix level down to the ppb (part per billion) level simply by 
adjustment of multiplier gain. Impurity concentrations above the range in use will 
still appear as saturated peaks on the chart and again the concentration window can be 
shifted to cover the higher concentrations. The entire concentration range can thus be 
covered in 3 scans. This technique has now been improved and extended by the addition 
of the Autospark control and by computer processing of the output data. Figure 3 shows 
a block diagram of the system, 

Autospark 

The automatic spark control system usee electrode vibration to allow a sensing element 
situated close to the r,f, generator to detect the magnitude of the electrode gap, and 
a feedback circuit then arranges for the vibrated electrode to be adjusted accordingly. 
The electrode gap can thus be maintained to within a typical tolerance of approximately 
10,00025 inch (0,01 mm). In this way the discharge will run unattended for long periods 
and variations of analysis during the period of a scan are minimised. Figures 4 and 5 
illustrate the use of 'Autospark' when sparking tungsten and aluminium samples. The 
upper trace in each case shows the monitor signal obtained under manual conditions and 
the lower trace shows the same signal when Autospark is used. Each trace shows a one 
hour run and is recorded from right to left. 

The vertical ticks on the manual control traces show 

above the trace - points where electrode readjustment was needed 
below the trace — points where the signal fell to zero. 

It will be seen that under automatic control no manual electrode adjustment was required 
and that the signal never fell to zero for a period long enough for the recorder to 
respond, 
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Using automatic electrode control samples of copper and steel have heen sparked for more 
than eight hours without operator intervention. 

Data Acquisition 

The ratio signal produced from the summing amplifier is passed to the data acquisition 
system after antilogging, Thie is tested against a threshold level to separate peaks 
from background, the peaks are digitised, the time of the centroid of each peak calcu
lated on the fly by the computer and this centroid time together with the peak area is 
stored in the computer memory. A PDP8 computer was used and the data were outputted on 
paper tape so that it could be processed further using an IBM 36O/4O computer. This 
procedure was followed to allow easy development of the processing algorithm althou^ 
the algorithm itself is designed to be used on a small computer like the PDP8, All the 
data given in this paper have been obtained from a PDP8 system on line to the spectro
meter and processed on tha 360/4O. 

The first step in the processing algorithm is to convert the peak centroid times into a 
list of masses. At this time the operator must identify six peaks down the spectrum. 
The computer then uses this information to calculate by interpolation the accurate masses 
of all the other peaks in the spectrum. The table below shows the mass measurement 
accuracy achieved when two reference peaks are 50 mass units apart. The data are from a 
copper spectrum where a total of 6 peaks were identified between m/e 209 and m/e 27. 
The reference peaks used were 209Bi, ̂ Obp^^ 120311, 109Ag, 6lifi, and 27AI. The accuracy 
of mass measurement is much better than the 0,1 amu required by the elemental analysis 
program described below. 

PEAK 
TIME 

35620.74 

36393.94 
37345.50 
37546.49 
37750.44 
37952.38 
53422.37 
54161.23 
54604.31 
55180.04 
56416.63 
57080.88 
57686,37 
57960.82 
58341.06 
58637.82 
58758.61 
58990.44 
59315.99 

MEASURED 
MASS 

108.910 

106.926 
104.530 
104.031 
103,526 
103.029 
70.962 
69.695 
68,946 
67.984 
65.960 
64.896 
63.941 
63.512 
62.922 
62.466 
62,281 
61,928 
61,435 

PEAK 
AREA 

81397 

80505 
54827 
39770 

26147 
24233 

101321 
7422 

100071 
2806 

25486 
201346 

40421 
1475 

259070 
1004 
1395 

12598 
36928 

ERROR 

+0,021 
+0,040 
+0.042 
+O.038 
+0.042 
+0.037 
+0.035 
+0.020 
+0.059 
+0.034 
-0 .032 
+0.012 

-
-0 .008 

-
-

0 
-0 .017 

(AG 109) R 

(AG 107) 
(BI 104.5) 
(PB 104) 
(PB 103.5) 
(PB 103) 
(CA 71) 
(BI 69.66) 
(GA 69) 
(23f 68) 
(ZN 66) 
(CU 65) 
(ZN 64) 

-
(CU 63) 

-
-

(NI 62) 
(SB 61.5) 

59651.68 60.930 2430 (NI 61) REFERENCE 

MASS MEASUREMENTS FROM MS702 SPARK SOURCE EXPONENTIAL SCAN 

Elemental Analysis 

The algorithm for identifying and calculating the concentration of each element is 
derived from the basic thought process which the chemist normally employs in interpret
ing a spark source mass spectrum. Rather than attempting to place an identification 
onto each peak in the spectrum each element is searched for in turn. Every element has 
its characteristic isotope and if a peak is present at this mass in the mass list then 
that element is assumed to be present and its concentration is assessed from the area of 
that peak relative to a previously specified internal standard. Figure 6 shows this 
process in block schematic form. Several checks are then made to confirm the identifi
cation. 

The program is written so that the same type of routine can be used for each element. 
The basic data for all the elements from uranium to lithium (with the exception of the 
rare gases ) is read sequentially during excecution of the program; each element being 
printed as and when its characteristic isotope is found. This arrangement makes it easy 
for the operator to search for all elements or only for those he has specified. 
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For some elements (notably nickel), the isotope by which they are recognised is chosen 
only after a search for possible interference from other major isotopes. In the case of 
nickel m/e 59 is used as the characteristic isotope if "^Q^j is absent, othervriise m/e 60 
is used. 

If the characteristic isotope is found in the spectrum, i.e. a peak is found in the mass 
list such that its mass is within a specified tolerance (±0,1 amu) of the characteristic 
isotope, then the element name is printed, its concentration in ppm atomic is calculated 
and printed and the presence of the element is confirmed by looking for other relevant 
isotopes. If they are all found then their relative abundances are checked. Absolute 
agreement of relative abundance is not required since the accuracy of a single scan will 
not necessarily give such agreement. The actual criterion used depends on the element 
being analysed. Figure 7 shows the process for lead. Checks are also made for either 
doubly or triply charged peaks according to whichever element is being examined, S and 
Fe are examples where the triply charged spectrum is preferable to the doubly charged 
one in this respect. Figure 9 shows the print-out format - in this case for analysis of 
a copper sample. 'YES* is only printed under Confirmation Isotopes if all relevant 
isotopes are found in roughly the correct ratio. In the event of any doubt 'NO* is 
printed. 

Overlap checks are then made of all higher mass peaks in the spectrum to see if doubly 
or triply charged ions of those elements would cause overlap with any of the relevant 
isotopes of the element under consideration. Checks are also trade to see whether the 
more common polyatomic and complex ions involving the matrix element (identified 
separately by the operator ), e.g. combinations of C, N, 0 and OH with the matrix would 
interfere with any of the isotopes used for the interpretation process. This is repeated 
for multiples of each matrix isotope up to a factor 4. 

Figure 7 shows the interpretation process in more detail for lead. The characteristic 
isotope is m/e 208, If it is not found then the next element is looked for - in this 
case thallium. If it is found then doubly charged 207 is checked and this is followed 
by the series of rough checks on isotope abundance. 

Figure 8 shows the process for a monoisotopic element, manganese, m/e 55 is the 
characteristic isotope, its doubly charged peak is checked but clearly no isotope checks 
are possible. 

Figure 9 shows the complete print out for the analysis of a copper sample. Silver was 
used as the internal standard. Bismuth, rhodium, cobalt, manganese etc. are unconfirmed 
because they are monoisotopic and the possibility of overlap from lead 206 is recognised 
in the case of rhodium. Selenium tentatively identified at mass 80 is unconfirmed and 
the entry in the complex ion column indicates that in reality m/e 00 is probably CUOH, 
Tlotice that since iron is present nickel has been assessed by the use of m/e 60. In this 
case there is clear indication of overlap from tin. 

A total of 53 seconds computer time was required for the elemental interpretation process 
using the 360/40, The corresponding time using a small computer with teletype output 
might be 5 minutes. 

Conclusion 

The addition of computer processing and automatic spark control have brought the peak 
scanning method to the point where quantitative analysis of inorganic samples by spark 
source mass spectrometry can be made with reasonable precision {̂ 2% standard deviation 
4) covering the entire range of elements in a single run and with a minimum of operator 
intervention and interpretation. 
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87 
Multiple Specimen Holder for the 
Spark Source Mass Spectrometer 

Lewis Fergason, John Dowdy and Emile Pierron 

A multiple specimen pair holder has been built for the CEC 21-110 solid-state 
spark-source mass spectrometer. The design allows eight specimen pairs to be 
analyzed without venting the source region,^ 

The efficiency of carbon, nitrogen, and oxygen determination in semiconductor 
rnaterials has been increased by a factor of three or four because only one source con
ditioning for each set of eight specimens is required. A more consistant background, 
obtained by exposure of eight sannples under similar conditions, results in more 
reliable comparisons of volatile element abundances. 

The basic mechanism of the Bell and Howell single specimen holder has been 
retained with the exception of few alterations. The moveable specimen support rod 
has been replaced by a hollow tube. A one eighth inch rod, inserted through the hollow 
tube, actuates a Geneva like mechanism which permits selection of sample pa i rs . 

Viton A "O" rings at each end of the tube form rotary vacuum seals . Differen
tial pumping is applied to the seals . All degrees of freedom of movement of the 
original sample holder have been retained so that the selected electrodes can be aligned 
with reference to the entrance slit. Stainless steel drafting pens are used for specimen 
clamps. 

No measureable cross contamination of impurities has been detected for levels 
up to 100 ppm. Higher impurity concentrations have not been investigated. 

The nnachining operation, exclusive of the CEC parts used, cost about $1 , 500. 

1. Socha, A. J. and Willardson, U. S. A. F. 33(615)-276l, Project No. 7885, July. 
1968. 
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Hiotolonizatlon Yields and Cross-Sections of HgO and DgO 

E.E. Hufftnan, D.H. Katayama, and Capt. CL. O'Bryan 
Air Force Cambridge Research Laboratories (CVm), Bedford, Mass. 01730 

The photoionization yield, total absorption cross-section, and photo
ionization cross-section have been measured for HgO and DgO over the wave
length range 58O-IO5OA. The Hopfield helium continuum was used as background, 
with a bandwidth of O.JA (0.0062 to O.OI8 e v). The total ion current was 
measured using a parallel-plate ionization cell at the exit slit of a vacuum 
monochromator. The cell was calibrated with xenon. The ionization yields 
of DgO and HgO are approximately equal frcm the threshold near 983" to 83QA, 
but toward shorter wavelengths the DgO value is definitely larger In accordance 
with theoretical predictions for IsotqpicaUy-substituted molecules. For 
example, at 795A the DgO yield is 0.88 and the HgO yield is 0.80. A number 
of diffuse bands are observed. From the ionization cross-sections, it is 
apparent that some of these bands are not autoionized. This is confirmed by 
the neutral-product cross-section, which is the difference of the total and 
photoionization cross-sections. The results are in general agreement with the 
photoionization mass spectronetry and photoelectron spectroscopy results; 
however, the present measurements give the absolute cross-sections. The 
electron impact (electron energy loss) spectrum and the present results are 
in general agreement In the location of stronger diffuse bands. There is a 
difference in the relative intensities of the underlying contlnua. It is 
planned to submit this work for publication in the Journal of Chemical Physics. 
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A Study of Some Reactions of H in Selected Vibrational States, W, A. 

Chupka, J . Berkowitz, and M. E. Russell, Argonne National Laboratory, Argonne, 

Illinois—Photoionization with photons of narrow band width (0. 14 A) was used to 

produce H_ iona in specific vibrational states from v = 0 to v = 5. The reactions of 

these iona with helium has been studied as a function of kinetic energy in the range 

0—10 eV. The reactions studied were 

Ĥ "*" + He - HeH"̂  + H (1) 

Ĥ "*" + He - H"*" + H + He. (2) 

2 

Ear l ier work had shown that reaction (1), which is endoergic by about 

0,80 eV, occurs for H ions with v 5t 3. The crosa section at thermal kinetic energies 

in t reasee rapidly with increasing vibrational excitation of the reactant ion. In the 

present study, the kinetic energy of the reactant ion was varied from 0 to 10 eV by 

varying the repeller voltage in the ionization chamber. Values of the phenomenological 

cross section Q were measured with high relative accuracy aa a function of kinetic 

energy by a repetitive scanning technique which employs a multichannel sca lar . Micro-

sGopic cross sections as a function of kinetic energy were then obtained from the data 3 + 
by use of the expression given by Light. The final results for H. with v = 0 and v = 3 
are shown in Figs. 1 and 2. Similar curves have been obtained for H. in all 

vibrational states from 0 to 5, inclusive. The following conclusions are immediately 

apparent from the data. H- in any vibrational state will react according to both (1) and 

(2). The threshold for the reaction occurs at the calculated value^ i. e , , there is no 

evidence for excess activation energy. Even well above threshold the cross section for 

both reactions is strongly dependent on the vibrational energy of the H_ ion* The form 

of thfe cross-sect ion curves (e. g. , Figs. 1 and 2) are very similar to the analogous 
4 

curves calculated by Karplus _et al . for the isoelectronic reaction 

T + H^ - TH + H. (3) 

In order to assess the relative effectiveness of vibrational energy and 

kinetic energy in causing reaction (1) to occur, the cross sections for this reaction were 

displayed (Table I) for H_ in the vibrational states with v = 0 — 5 and for total center-of-

mass internal energy E = 1 , 0 , 2 0, 3,0^ and 4.0 eV. The values shown have been 

corrected for the variation of the Langevin cross section —though this correction is very 

much less than the differences shown in the table. If vibrational and kinetic energy 

4( 

Work performed under the auspices of the U. S. Atomic Energy Commission. 

^J. Berkowitz and W. A. Chupka, J . Chem. Phys. 45, 1287 (1966); W. A. Chupka 

and J. Berkowitz, J. Chem. Phys. 47, 2921 (1967). 

^W. A. Chupka and M. E. Russell, J. Chem. Phys. 49, 5426 (1968). 

^J. C. Light, J. Chem. Phys. 41_, 586 (1964). 

^M. Karplus, R. N. Por te r , and R. D. Sharma 45, 3871 (1966). 
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were equally effective in causing reaction, the values of cross section within each 

colunnn would be equal. The large variation actually observed shows that vibrational 

energy is much nacre effective than translational energy in causing reaction (1). Pa r t 

of this variation can be attributed to the large values of angular nnonnentum associated 

with higher translational energies of reactant ions. 

TABLE I. Cross section values for reaction (1) as a function of total 

energy content and vibrational quantum number. 

v 

0 

1 

2 

3 

4 

5 

^ = 1.0 

0.06 

0.49 

1.95 

-
-
-

eV E 
t 

= 2.0 

0. 10 

0. 35 

0.93 

1.70 

2.35 

2.49 

Cross 

eV 

s. Bction (A ) 

E 
t = 3.0 . 

0. 13 

0.31 

0.55 

0.99 

1.22 

1.70 

BV E 
t = 4.0 eV 

0. 17 

0.25 

0. 34 

0.56 

0.68 

0.89 
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RECENT EXPERIMENTS IN PHOTOELECTRON SPECTROSCOPY 

BY G.R. Branton, D.C. Frost, T. Makita , CA. McDowell and I. Stenhouse 

The Department of Chemistry, 

University of British Columbia, 

Vancouver 8, B.C. Canada. 

90 

Abstract 

Photoelectron spectroscopy has been shown to be a means of obtaining accurate 

information on molecular ionization potentials and the vibrational frequencies with 

which ions are formed. This data is of great use in the formulation of molecular 

orbital theories of electronic structure. 

The design of a 180 degree spherical electrostatic spectrometer is described, with 

the photoelectron kinetic energy spectra for a variety of molecules. The resolution and 

Sensitivity of the instrument have been enhanced by incorporating a 1000 channel 

Fabritek signal averager. 

In many cases the spectra have been obtained not only with the usual helium 21.21 eV 

source, but also using gas discharges in argon (11.61, 11.82 eV doublet) and neon 

(16.65, 16.83 eV doublet). 

Using the neon source the 0_ X TL ground state ion spectrum consists of a 

vibrational progression of 21 members with at least two maxima. A tentative explanation 

involving a long-lived super-excited state of the neutral molecule is presented. High 

resolution spectra are given for C_H., C.D., NH„, ND_, PH_, C„H-, C„D.., and several r 6 2 4 * 2 4 3 3 3 2 2 2 2 

Substituted acetylenes. The orbital energies and vibrational progressions derived from 

the spectra are compared and correlated with theory. 

A description of the apparatus and the work on C-H. and C^D. has been submitted to 

the Journal of Chemical Physics and that on NH_ and ND- to Chemical Physics Letters. 

Permanent Address: Department of Chemistry, Faculty of Science, Kyoto University, 

Kyoto, Japan 
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Photoionization of Cesium Halides: Chemical Shift of Autoionization. * 

J. Berkowitz, Argonne National Laboratory—Several autoionization peaks have been 

observed in the photoionization efficiency curves of the cesium halides, somewhat 

displaced in energy from their positions in atomic cesium. In particular, the 

(5p) 6s — (5p) (69) transition, which occurs at 12.306 eV in atomic cesium, is 

shifted to 12. 1, 12.4, 12.5, and 12. 6 eV for CsF, CsCl, CsBr, and Csl, respectively. 

These peaks are also present in the ionization efficiency curves of the dimer ions. 

Siegbahn and collaborators have proposed a rnodified free-ion model to 

predict the effect caused by various ligands on the binding energy of core electrons. 

This energy shift has the sinnple form 

AE (-f-i) 
where (in this case) R is the internuclear distance of CaX, r is the radius of a 6s 

orbital in Cs, and q is one electron charge. 

It is suggestive that the niagnitude of the shifts observed, as well as the 

change of sign between CsF and the heavier cesium halides, is predicted by this 

equation. It should be borne in mind, however, that the equation purports to predict 

a change in one state whereas the autoionization peaks reflect a relative change in 

binding energy between the ground state and first excited state. 

A detailed account of this work will appear in the Journal of Chemical Physics . 

Work performed under the auspices of the U. S. Atomic Energy Commission. 

K. Siegbahn, C. Nordling, A. Fahlman, R. Nordberg, K. Hanarin, J. Hedman, 

G. Johansson, T. Bergmark, S. -E. Karlsson, I. Lindgren and B. Lindberg, Electron 

Spectroscopy for Chemical Analysis; Atomic, Molecular and Solid State Structures 

Studied by Means of Electron Spectroscopy (Almqvist and Wiksells Publishing Co. , 

Stockholm, 1967). 
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93 
Chemical Ionization Mass Spectroscopy Using a Modified Source with the MS-9 

H. M. Fales,^ G. W. A. Milne,^ and Marvin Vestal^ 

Section on Chemistry, Molecular Disease Branch, National Heart institute, Bethesda, Md. 
and Scientific Research Instruments Corporation, Baltimore, Md. 

The normal source and pumping system of the AEI-MS-9 spectrometer has been replaced 

by a source embodying a "closed' ion chamber equipped with a direct insertion probe and 

reactant gas inlet. The electron beam is admitted at 500 eV through a .013" hole and 

the ion exit slit is only ;003" x .125"; all gas is exhausted through these exits to a 

housing pumped at 500 l/sec. Pressures of 1 mm of CH^ were attained at 8 KV and the ion 

tf 
intensity-pressure relationships established by Field and Munson were duplicated. 

A variety of natural products including steroids, alkaloids, peptides, and sugars 

were studied using CH. as the reactant gas. In general, alkaloids such as ephedrine and 

0-methylpellotine give abundant ions of mass (M + H) in the chemical ionization mode while 

giving negligibly small molecular ions under electron impact. Deoxyribose shows ions of 

mass ( M + l ) - H^^ (M + l) - H2O, ( M + l ) - 2H2O, ( M + l ) - 3H2O. Cleavage at the C2-C3 

bond also occurs. Alanyl valine gives intense ions corresponding to the alanyl and 

valine components; l7-ketoandrostane but not 3-cholestanone loses water with this 

reagent gas. 

:^ Details available from Scientific Research Instruments, Baltimore, Md, 21207 

ff F. H, Field, Accounts of Chemical Research, Vol, 1, American Chemical Society, 
Washington, D, C. , 1968, p, 42. 
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94 
Photoionization and Dissociation of Fluorine,* 

Vernon H, Dibeler, James A, Walker, and K. E, McCulloh 

Institute for Materials Research 
National Bureau of Standards 
Washington, D, C. 2025^ 

Abstract 

o 
Photoionization yield curves from threshold to 60OA for the fluorine molecular 

and atomic ions, the latter produced both by dissociative Ionization and lon-palr 
processes have been obtained with a combined vacuum ultraviolet monochromator-raass 
spectrometer. The F "*" yield curve shows a very sharp onset at 15,69 ±0.01 eV, 
preceded by a weak hot band, and followed by partially resolved autoionization peaks. 
The observed threshold for the process F + hv - F"*" + F + e, I8.76 ± 0.05 eV, ts 
estimated to be not appreciably affected by hot bands. From this threshold Is 
calculated the dissociation energy D°(F ) = l.'^k ±0,05 eV, or 50. 9 ±0.7 kcal mol~ . 
Identical yield curves are observed for F"*" and F~ ions formed by the ion-pair process, 
but the adiabatic threshold is not observed for this spin-forbidden process. 

The photoionization of hydrogen fluoride was studied in order to achieve a 
consistent set of values for ^Q^i^Q^' \ ° ^ \ ^ ' D °(HF), and AHfQ°(HF). The HF+ 
yield curve has a slightly tailing onset at 15.9^ ± 0.01 eV. No F"*" ion Is observed. 
The onset of dissociative Ionization yielding H"̂  occurs at 19.5^ i O.O5 eV. The 
corresponding dissociation energy is D °(HF) = 5.7'̂^ ±0.05 eV. Results of the present 
study thus indicate that A Hf °(HF) = -65,5 ±0.7 kcal mol"^, in agreement with 
accepted thermochemical values. Identical yield curves for H and F~ formed by the 
ion-pair process have a threshold at 15,87 ± 0.02 eV, indicating that EA(F) = 5, U? eV, 

* Work supported In part by the U, S, Atomic Energy Commission, 
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95 
Mass Spectroraetrlc Study of the Photoionization of 

Nitrogen Trifluoride and Trlfluoramine Oxide* 

Vernon H, Dibeler and James A, Walker 

National Bureau of Standards 
Washington, D. C, 2025^ 

1-U 
Electron impact studies have been reported for a number of nitrogen-fluorine 

molecules and ionization threshold data used to derive N-F and N-N bond dissociation 
energies. The thermodynamic values thus obtained are generally in fair agreement for 
several molecules, although the ordering of some N-F bond strengths is uncertain and 
rather broad limits of error must be assumed for some values. Furthermore, in the case 
of at least one molecule, tetrafluorobydrazlne, the ambient temperature of the electron 
Impact source affects the equilibrium 

N F ^ 2NF 

and results in ambiguous interpretation of the NF ion yield of the molecule. 

Recently, a new highly-stable nitrogen-fluorine molecule, trlfluoramine oxide, 
was discovered and produced Independently by several research groups^ and a thorough 
investigation of its physical and chemical properties is in progress in at least one 
laboratory'. Elsewhere, a determination of the heat of formation of ONF has been 
reported" as the result of a high temperature and high pressure kinetics'^study. The 
value, ^f°(0NF ) = -5^.1 ±0.5 kcal mol"l, suggests that the bond dissociation energy 
D ( 0 - N F ) is considerably less than that of nitric oxide and is nearly the same as the 
first N-F bond in NF,- This is contrary to conclusions reached by Fox, et al'. 

Experimental Section 

The photoionization yield curves and ionization threshold data were obtained by 
means of the combined vacuum ultraviolet monochromator and mass spectrometer described 
previously In some detail?. The means of sample introduction, the continuum photon 
sources, the photon and ion detection systems, and the probable uncertainties in 
measurements of the ion and photon Intensities are essentially as reported in a 
preceding paper , 

The nitrogen trifluoride was a commercial sample of research-grade material obtained 
through Dr. G. T. Armstrong of the Thermochemistry Section. The trlfluoroamine oxide 
was very kindly supplied by Dr, W. B. Fox of Allied Chemical Corporation, through 
Dr. Armstrong. 

Results and Discussion 

NF, -- The relative intensities of the positive ions in the mass spectrum of NF, 
—A o 3 

produced by 58UA photons are given in Table I. No negative ions were observed and it is 
estimated that the relative abundance of any lon-palr process is less than 0.001, These 
data are consistent with the electron impact mass spectrunr obtained at 70 eV, The 
absence of N and F ions in the photoionization mass spectrum Indicates that the 
thresholds for those ions must be greater than 21.22 eV, a conclusion that is also 
consistent with the published electron impact data. 

The definite onset of the NF5 ion occurs at 95UA (l5,00 ± 0,02 eV). This agrees 
with the electron impact value^' of 15,2 ± 0,2 eV within the estimated uncertainty of 
that value. Apparently, no Rydberg series converging to an ionization limit of NF has 
been reported. However, LaPaglia and Duncan^^ have obtained the ultraviolet absorption 
spectrum and observe a very strong absorption below 96OA, They ascribe that wavelength 
limit to the lowest ionization threshold of the molecule and our value of 95UA clearly 
supports their interpretation. 

Two independent, careful determinations of the heat of formation of NF have been 
reported recently^^ the results of which are in agreement within the experimental 
uncertainties. We have selected the value obtained by the combustion of sulfur in 
NF, and, taking the enthalpy difference between zero and 298,15^ for NF3 as tabulated by 
Wagman, et al. ̂ ^^ „ Q o b t a i n iiHf°(NF ) = -^Q,3& ± 0,20 kcal mol"l (-1,517) ± 0 ,00&^ eV). 
Adding the threshold energy of the NF,"*" ion results in 11.68, ± 0.02 eV (^69,^ ±0,5 
kcal mol"l) for the heat of formation of the ion. Threshold energies and derived 
thermodynamic values for this and subsequently-treated ions are summarized In Table II. 

* Supported in part by the U, S, Atomic Energy Commission. Condensed from a paper 
accepted for publication by InorRanic Chemistry. 
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The principal ion in the mass spectrum, NF ^ exhibits a weak but definite onset at 
(lU,12 ±0,01 eV). The ion-yield curve gives evidence of some step structure with 

Intervals of about 8 A (lOOO cm"-*-) in the wavelength region above 8508. The threshold 
at 14.12 eV Is interpreted as the heat of reaction, A H Q for the process 

NF + hv -« NF + F + e 

From the A H an^ the heats of formation of NF and F we can calculate the heat of 
formation of NF . A recent study of the photoionization of fluorine^^ has resulted 
in a new, more accurate value of AHf°(F) = 0.67 ± 0,015 eV (15,^5 ± 0.55 kcal mol"^). 

This value, together with the beat of formation of NF results in AHf°(NF "*") = 12.15 ± 
0.02 eV (279.7 ± 0.5 kcal mol'^ ), WalkerBb has combined second and third law 
evaluation of data on the thermal dissociation of N F, with a newly-derived value for 

the heat of formation of N F, to calculate A Hf° n IP.(NF ) = 8,5 ± 2 kcal mol" , or 

applying the enthalpy difference for temperature^?, AHf°(NF ) ^ 9. 1 ± 2 kcal mol" , 
We combine the heats of formation of the Ionized and neutral species of NF to 
redetermine l(NF ) = 11.75 ± 0.09 eV, or 270.6 ± 2 kcal mol'^, Although more accurate, 
this is probably within the total range of previously reported electron Impact values. 

The new heat of formation of NFp also permits a more accurate calculation of the 
bond dissociation energy, D Q ( N F -F) = 2.59 ±0.09 eV (55.1 i 2 kcal mol" ). Again, 
although more accurate, this is essentially in agreement with the results obtained by 
electron impact '-̂  and further Improvement in derived values must await support from 
Improved thermal or spectral data, 

A second onset for NF at I5.0 eV is difficult to interpret. Mader and Loughran 
observed an upward break aBout 0.7 eV above threshold in their electron Impact ionization 
curve for NF "•" under experimental conditions which very likely produced NFp radicals 
from the N Fr introduced into their ion source. Thus they suggested the possibility of 
an electronically-excited state of the NF„ ion 0.7 eV above threshold. Assuming that 
our somewhat greater energy interval (O,9 eV) results from the more favorable means of 
determining the photoionization thresholds, the interpretation seems reasonable; 
particularly as there is no possibility of thermal decomposition in the present 
experiments and as no known excited state of the product fluorine atom exists within 
100,000 cm' ^ of the ground state. A low-lying singlet, excited state of the NF "*" ion 
would not be surprising. 

The NF ion curve exhibits a sharp rise at about 7078 (17,5^ ± 0.02 eV), shows 
some evidence for step structure in the region 7OO to 675^i iind possibly for unresolved 
autoionization in the region 675 '-o 6OOA, The photoionization threshold which is just 
outside of the reported range of electron impact values (17,9 ±0.5 eV), is ascribed to 
A H for the reaction 

+ 
NF + hv -* NF + 2F + e. 

From observations on UF from N F, reported by Herron and Dibeler , we assume I ( N F ) «̂  I 
(NF^), and calculate A > : £ Q ( N F ) = 3.2 xO.2 eV, or 7U ± 5 kcal mol" ̂  . 

ONF,: The relative intensities of the positive ions in the mass spectrum of 

trlfluoramine oxide produced by 58UA photons (21,22 eV) are listed in Table I. The two 
principal ions, NO"*", and ONFo"*" and the very weak molecule ion are consistent with the 
relative abundances in the 70-V electron impact spectrum reported by Fox, et al.^. The 
higher energy of the latter spectrum produced additional fragment ions, Including NF_"*". 
As indicated in the Experimental Section, our observation of NF and NF + Ions by 
photon impact is ascribed to impurity. No negative ions have been reported or observed 
here. 

As the NO ion provides a means of determining the heat of formation of the ONF 
molecule, it is convenient to discuss first the results for that Ion. The definite 
and rapidly-rising onset of the NO"*" ion of ONF first appears at 8I58 (15.21 ±0.02 eV). 
The^curve exhibits some evidence for unresolvgo autoionization in the region 715 to 
65OA, and then a nearly constant yield to 6OOA. Aside from the questionable 

interpretation of autoionization, there is no evidence for thresholds of electronically-
excited states of the ion and we can make no contribution to the recent discussions 
on that matter. 

Assuming negligible excess energy in the process, the threshold Is taken as 

A H Q for the reaction ONF + hv ^ ON + 5F + e. The heat of formation of NO"*" ig 

kcal mol"-'-, or 10. I8 ±0.01 eV, Thus we calculate AHf°(ONF ) = -5,02 ± 0.05 eV 

the 

25'+. 

278 



Compared with a dissociation energy of 65 kcal mol derived from the 
experimental results of Bougon, et al., our value indicates a much stronger 0-N bond 
and is quite consistent with the observations by Fox, et al. ' on the relative chemical 
and thermal stabilities of the N-0 and N-F bonds. On the other hand, King and 
Armstrong ' report preliminary calculations from a flame calorimeter study of ONF 
resulting in AHf(ONF ) = -kk.7 kcal mol"'". If this value is correct, the dissociative 
ionization process forming the NO ion must include about 1 eV of excess energy. There 
is no indication of that in the ion-yield curve. 

The molecule ion (ONF ) has an abrupt onset at 955X (13..26 ± 0.01). No other 
determination of the ionization energy has been reported. The A H = I3.26 eV for the 
reaction, ONF + hv -• ONF "*" + e added to the heat of formation of the molecule results 
in AHf°(ONFj'+) = 10.2U i 0.05 eV, or 236.1 ± 1.2 kcal raol'l. The summation of the 
appropriate heats of formation indicate that D(0-N'''F ) = i.OO eV or about 92 kcal mol"^. 
Thus the 0-N bond dissociation energies in the ion and the molecule are similar. 

+ o 
The ONF ion, the second principal ion of ONF has a definite onset at 912A 

(15.59 ± 0.01 eV). In the absence of excess energy In the dissociation process, the 
threshold is assumed to be AH = 13.59 eV tor the process, ONF + hv - ONF •*" + F + e. 
The usual summation of heats ot formation results in AHf°(ONF -'+) = 9. go ± 0.05 eV 
(228.3 ± 1.2 kcal mol"l). Assuming the ionization energies of the ONFp and NF„ radicals 
are approximately equal, we estimate a AHf(ONF ) = -1.8 eV and, consequently, a vond 
dissociation energy D(ONF- - F) = I.9 eV or kk Real mol~^. Although speculative, this 
value is quite consistent with conclusions drawn and assumptions made in previous 
sections and with observations reported by Fox et al. '. 
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Table I. Mass Spectra of Nitrogen Trifluoride and 
Trifluoramine Oxide by Photon Impact. 

a/ 
Molecule Ion Rel. Abundance" 

NF NF 0.29 

NFg'̂  1.00 

NF* 0.21 

ONF, ONF 0.005 

ONFg+ 1.00 

0N+ 0.55 

a_/ Measured at the 58U8 helium resonance line (21.22 eV). 

Table II. Summary of Threshold Energies and Thermodynamic Properties of Ions and 
Radicals from Nitrogen Trifluoride arid Trlf luoramine Oxide. 

Ion Process Threshold, eV Thermodynamic Property 

NF, + hv - NF,"^ + e I3.OO ± 0.02" AHf°(NF,"^) = 11.68 eV (269.1* kcal 
5 ' 5 0 3 ^„i-i)_ 

- NF -̂  + F + e lU. 12 ± 0.01 Anf°(NF "̂ ) = 12.13 eV (279.7 kcal 

I(NFg) = 11.73 eV 
mol ). 

15.01 ± 0 . 0 2 AHf(NF •'^) = 13.02 eV (3OO.2 kcal 
1 - 1 ^ mol J. 

- NF"^ + 2F + e 17.51* ± 0.02 AHf°(NF'^) = 11*. 88 eV (31*3.1 kcal 
-1 mol ) 

I(NF) = 11.7 eV 

ONF + hv - ONF "̂  + e 13.26 ± 0.01 AHf°(ONF "̂ j = 10.21* eV (236.1 kcal 

. mol ) . 
13.59 ^ 0.01 AHfg(0NF2 ) = 9.90 eV (228.3 t e a l 

mol ). 

AHf(ONF ) = -1 .8 eV(-U2 kcal mol" ' ' ) . 

D(0-NF ) = 1*.26 eV '(98 kcal m o l ' ^ ) . 

D(ONF -F) = 1.9 eV (1*1* kcal mol"'"). 

- NO'"' + 3 F + e 15.21 ± 0.02 AHf°(ONF ) = -3.02 ± 0.05 eV (-69.6 
5 ±1.2 kcal 

mol"'-) 

a/ Estimated uncertainties. 
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MOLECULAR BEAM STUDIES USING A QUADRUPOLE HASS SPECTROMETER 

T. C. Ehlert 

Chemistry Department, Marquette University 
Milwaukee, Wisconsin 53233 

Introduction 

A coimerclally available quadrupole mass spectrometer (1) has been adapted to the 
study of molecular beams originating In an effusion cell source. Although the total 
cost of the apparatus Is less than one-third that of complete systems available 
commercially, performance characteristics are comparable. For example, 1t Is possible 
to detect partial pressures In the cell as low as 10-12 atm and to determine lonlza-
t1on/appearance potentials to within a few tenths of a volt. In addition to the 
details of the adaptation described earlier (2), attempts have been made to sharpen 
Ionization onset measurements, to lower noise levels and to define the Ion discrimina
tion properties of the quadrupole analyzer. An Internal calibration has been devised 
which permits accurate determination of the absolute vapor pressure and Its temperature 
dependence for low vapor pressure substances In a single experiment. 

Description of Work 

As others have reported (3) there appears to be a very large spread In energy In 
the Ionizing electron beam even though the electron energy power supply Is regulated 
to better than 0.02 volts. Although It Is possible that this Is due to field penetra
tion It seems more likely that the wide beam entrance slit and high filament temperature 
used In order to achieve high sensitivity are the causes. We have been able to obtain 
quite satisfactory appearance potential curves by halving the width of this slit to 
prevent entrance of electrons from the extremes of the filament potential and by using 
a thorlated tungsten filament operated at significantly lower temperatures thus reducing 
the voltage drop across the filament and narrowing the Boltzmann distribution of 
energies. For example, Mn* from Mn(g) was found to appear at 7.4 ± 0.2 eV (7.43 eV 
accepted value) with the energy scale calibrated on the Ionization potential of O2. 
The data also clearly showed the contributions of the ^D states of Mn* appearing at 
9.1 eV. 

Considerable effort was devoted to reducing the output noise levels In order to 
Increase the dynamic range of the Instrument, a very Important consideration for 
thermodynamic studies. Signal routing switches were eliminated, detector output leads 
were shortened and stiffened, and the multiplier dark current was lowered to about 
20 cpm by baking 1n oxygen (4) and then In vacuum at 400°C. However, with the 
Ionizer and the analyzer also turned on one finds about 10-10 amperes of noise con
sisting of random pulses throughout the spectrum. Possible sources peculiar to the 
quadrupole and/or the In-line lonlzer-analyzer-detector geometry used here Include 
a) photons emitted by metastables, b) unflltered Ions, and c) photons resulting from 
collisions of Ions with the analyzer rods. Because of this It Is at the present time 
necessary to use current suppression techniques In order to measure very small Ion 
currents. 

It has long been recognized that the efficiency of Ion transmission by a quadrupole 
analyzer drops considerably with Increasing Ion mass to charge ratio. The nature of 
this form of discrimination must be known If one wishes to normalize Ion current data 
as In fragmentation pattern work to those obtained with nondiscriminating analyzers or 
to make partial pressure measurements without laboriously calibrating the entire system 
for each gas. A technique has been devised which gives the relative transmission 
efficiency of any discriminating analyzer under actual operating conditions (5). Essen
tially the method consists of comparison of measured and known Isotope abundances In 
order to determine the slope of the transmission - m/e function. We have found that 
the transmission Is a non-linear function of m/e which Initially Increases then 
decreases nearly one hundred fold as the spectrum Is scanned upward In m/e (by scanning 
the RF voltage In our Instrument). The Initial Increase appears to be a result of 
non-linearity In the RF detection circuit and may be compensated for by an electronic 
bias In the circuit so as to Increase the transmission for low m/e Ions (6). 

The decreasing transmission efficiency for heavy Ions appears to be due to 
fringe field effects at the entrance to the quadrupole analyzer. Two means of Increasing 
the transmission for heavy Ions are to a) use a segmented rod structure so as to expose 
the Ions to the RF fields before the combined RF/DC fields (7) or b) reduce the 
time spent In the fringing fields by a suitable combination of slits and bias on the 
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quadrupole structure (8). The transmission efficiency can also be determined by 
comparing a large number of organic fragmentation patterns with literature values, 
however this method is very time-consuming and Inaccurate due to the considerable 
variation In reported patterns. 

The apparatus described has been applied to studies of the MnF3 - graphite 
reaction (9); the sublimation of manganese (10); and the vaporization of magnesium, 
calcium, magnesium hydride and calcium hydride (2). 

In order to Improve the accuracy of vapor pressure data and the temperature 
dependence thereof obtained by the effusion method and monitored mass spectrometrically 
we have devised an Internal calibration method which provides all the necessary data 
without recourse to a silver calibration as Is often done. A semi-continuous record 
Is made of time, the vaporizing sample's temperature, and the observed Ion current. 
The total weight loss Is determined experimentally and then the P = kIT (11) and 
effusion equations are solved by successive approximations to find the unique value 
of the constant k̂. Additional details of this method are available (10). 
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THE DISSOCIATION ENERGY AND IONIZATION 

POTENTIAL OF SILICON MONOXIDE 

by 

Donald L. Hildenbrand 
Advanced Research Laboratory, McDonnell-

Douglas Corp. , Huntington Beach, Calif. 92646 

and 

Edmond Murad 
Air Force Cambridge Research Laboratories (OAR) 

L. G. Hanscom Field, Bedford, Mass. 01730 

ABSTRACT 

The dissociation energy of SiO(g) has been determined mass 
spectrometrically by measuring the heat of reaction of the isonnolecular 
equilibrium Ge(g) + SiO(g) = GeO(g) -J- Si(g). Third law calculations 
lead to AH^qo - 26.6 ± 2 kcal/mole for the reaction, which leads to 
a D° [SiO(g)] = 182. 8 ± 3 kcal/mole or 7. 93 ± 0. 13 eV. The ioni
zation potentials of SiO and GeO were measured and found to be 
11.6 ± 0. 2 eV and 11. 5 ± 0. 5 eV, respectively. From the measured 
D° (SiO). IP (SiO) and IP (Si) = 8. 15 eV, a value of 4. 5 ± 0. 2 eV is 
derived for D° (SiO ). From the known D° (GeO) = 6. 77 ± 0, 8 eV, 
the measu red^P (GeO) and IP (Ge) = 7. 8^eV, a value of 3. 2 ± 0. 5 eV 
is derived for D (GeO ). 

NOTE: A detailed paper on the subject of this abstract is scheduled 
to appear in The Journal of Chemical Physics (probably 15 July 1969). 
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Dissociation Energies of the Group IIA Metal Chlorides 

from Equilibrium and Electron Impact Measurements 

D. L. Hildenbrand 

Douglas Advanced Research Laboratories 
Huntington Beach, California 92647 

Although the band spectra of the Group IIA monochlorides have been 
known for many years, the dissociation energies of these molecules are 
very uncertain. In the work reported here, high-temperature gaseous 
equilibria involving the mono- and dichlorides were studied by mass spec
trometry, and the desired dissociation energies, along with information 
about the chemical bonding, were derived. In addition, the bond dissocia
tion energy D(MCl-Cl) was obtained from electron impact threshold measure
ments, and the results were compared with the equilibrium data as an inter
nal check. 

Measurements were made with a 12" radius, 60° sector mass spectro
meter equipped with a Nier-type electron bombardment source. Effusion 
beams containing the species of interest were generated by vaporizing the 
metal dichlorides in the presence of a reducing agent; neutral beam species 
emanating from the effusion oven were identified by means of appearance 
potential studies. From ion intensities measured a few volts above the 
respective ionization thresholds, equilibrium constants were calculated 
for isomolecular gaseous reactions of the type 

and 

M + AlCl = MCI + Al 

M + MCI, = 2MC1 

over a range of temperatures. Thermodynamic analysis then gave the reac
tion enthalpies and derived dissociation energies listed in Table I; pri
mary reliance was placed on third law calculations since the molecular 
constants of all species are fairly well established. D? values obtained 
from the diatomic exchange reactions are felt to be more reliable than 
those obtained from the dihalide reactions, but the agreement is reasonable 
in all cases. 

As a check on the equilibrium measurements, the MCI /MCI2 fragment 
ion appearance potentials and the MCI vertical ionization potentials were 
measured with an estimated accuracy of +0.15 eV, and the bond dissociation 
energies D(MCl-Cl) were derived. Ionization efficiency curves were plot
ted automatically on an X-Y recorder and the thresholds evaluated by the 
extrapolated voltage difference method, using background Hg+ or the M+ 
parent ion signals as calibrants. The electron impact and equilibrium 
data are compared in Table II. Except for Ba, the agreement is within 
the combined experimental errors. Ion beam half-width measurements, 
however, give some indication of excess kinetic energy in the fragmenta
tion process producing MCI"*", expecially for the heavier halides, and this 
may account for part of the discrepancy. All things considered, the 
comparison indicates that there are no serious systematic errors in the 
equilibrium data. This is particularly important since the mass spectro
metric equilibrium method remains the most generally applicable method 
for obtaining dissociation energies of "high-temperature" molecules. 

When compared with the predictions of the Rittner electrostatic 
model, the measured DJ(MCI) values show, as expected, that the degree of 
ionic character increases markedly in progressing from the lighter to the 
heavier monochlorides. Agreement between measured and calculated values 
of DS is good for BaCl, SrCl and CaCl, but the calculated values are 
increasingly too low on going to MgCl and BeCl. Further, the results show 
that dissociation energies inferred from the electronic band spectra 
(Birge-Sponer extrapolation) can be brought into accord with the equili
brium data if the degree of ionic-covalent character is considered. A 
full account of the work will be submitted to the Journal of Chemical 
Physics. 
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TABLE I 

REACTION ENTHALPIES AND DISSOCIATION ENERGIES 

* * 

M Reaction AHzae ,Kcal Dg (MCI) ,Kcal 

Mg Mg + ,AgCl = MgCl + Ag -0.3 •. 7 4.6 

Mg + CuCl = MgCl + Cu 14.1 75.6 

Mg + MgCl2 = 2MgCl 34.6 75.6 

Ca Ca + AlCl = CaCl + Al 

Ca + CaClj = 2CaCl 

Sr + AlCl = SrCl + Al 

Sr + SrCl, = 2SrCl 

24.1 

21.0 

22.5 

16.5 

94.2 

97.5 

95.9 

97.2 

Sr 

Ba Ba + AlCl = BaCl + Al 13.4 105.0 

Ba + BaClj = 2BaCl 6.9 106.6 

*all + 2 Kcal 

TABLE II 

COMPARISON OF EQUILIBRIUM AND ELECTRON-IMPACT 

VALUES OF D(MCl-Cl) 

D(MCl-Cl), Kcal 

_M 

Mg 

Ca 

Sr 

Ba 

Elec. 

112.1 

116.2 

119.9 

122.2 

Impact 

+ 4.6 

Equil. 

110.0 + 3.0 

115.8 

112.5 

112.3 
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High Density Effects Associated with 
Pulse Vaporization in a Time-of-Flight 

Mass Spectrometer* 

Richard T. Meyer 
Sandia Laboratories 

Albuquerque, New Mexico 87115 

INTRODUCTION 

The techniques of capacitor-discharge resistive-heating and time-
resolved mass spectrometry are being applied to high temperature Langmuir 
vaporization of solids. 1 Pulse heating releases large quantities of 
contaminant vapors from various refractory metal, metal oxide and carbon 
filaments. These high density vapors produce several perturbations upon 
the experimental measurements of vapor-density and surface temperature 
versus time. This paper describes the observation and understanding of 
these high density effects. 

EXPERIMENTAL 

A detailed description of the experimental methods has been published. 
A Bendix time-of-flight mass spectrometer provided successive mass spectra 
of the evolved vapors at 50-|isec intervals.2 A resistive heating pulse 
of 400-jisec duration was obtained from a high energy capacitor bank. 
Measurements of the energy dissipated in the sample as a function of time 
were obtained from oscilloscope records of current and voltage waveforms. 
Surface temperature measurements were made with photomultipliers (RCA 8645 
with 6500A interference filter). The samples were located within a few 
millimeters of the ionization zone of the mass spectrometer. The sample 
materials included wires of Ag, Mo, Zr, Ti, Ta, W, Hf, commercially pre
pared from high purity, zone-refined raw stocks, and spectroscopic grade 
graphite rod. 

RESULTS AND DISCUSSION 

Contaminant Vapor Release - Time resolved mass spectral records revealed 
that large quantities of hydrocarbons and hydrocarbon decomposition pro
ducts were released when most solid samples were resistively pulse 
heated from 500°K to just below the melting points. The contaminant 
vapors dominated the mass spectra from mass 12 through about mass 200. 
The individual ion intensities due to the contaminants all equaled or 
exceeded those due to the background gases (e.g., Ng, Og) and those due 
to the vapor of the metal sample. The contaminant Spectra persisted 
for many milliseconds as the sample cooled by radiative energy loss. As 
the maximum temperature achieved was increased by increasing the input 
energy pulse, the higher masses diminished and the lower masses increased 
in relative abundance. This result appears to correspond to thermal 
decomposition of the higher molecular weight contaminants. Graphite rod 
produced a high abundance of Hg, CO and COg as well as other hydrocarbon 
masses. ''• 

In most pulse heatings, the amount of contaminant released was 
proportional to the average temperature of the sample; in some experiments, 
however, it appeared that localized hot spots developed which released 
larger quantities of vapor and produced a melting of the sample. 

Mass Spectrometer Interferences - The quantity of contaminant released 
with some pulse heatings caused perturbations to the spectrometer opera
tion. A major effect was a transient increase in the time-of-flight 
of the ions from the ion source to the electron multiplier. This appar
ently resulted when the number density of ions produced in the ionization 
zone was large enough to overload the ion gun power supply, which tem
porarily decreased the ion accelerating voltages. In some instances, 
dense pockets of vapor were rapidly released during the pulse heating 
cycle; the overloading of the ion source was severe enough to render the 
spectrometer inoperable for several milliseconds. 

•This work was supported by the United States Atomic Energy Commission. 
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Another Interference was a transient dlmunition of.spectrometer 
sensitivity. This perturbation resulted from saturation of the electron 
multiplier and from scattering of ions in collisions with neutrals in 
the flight tube. 

The time dependent behavior of these various spectrometer responses 
correlated roughly with the expansion of a cloud of contaminant vapor 
from the sample surface to the Ionization zone and into the flight 
tube, followed by cryogenic pumping of the spectrometer volume to normal 
vacuum. 

Energy Dissipation in Gaseous Discharge - A consequence of the release of 
a high density cloud of contaminant vapor during a resistive heating 
pulse was that electrical arcing through the vapor occurred. The arcing 
was definitely attributable to the heating pulse of energy and was not 
associated with the operation of the mass spectrometer. Independent 
evidence substantiating these conclusions consisted of current and volt
age waveforms, photomultiplier records and visual observations obtained 
for samples located in a separate high vacuum chamber as well as in the 
spectrometer ion source. 

The current and voltage waveforms for a Ta sample which was pulse 
heated in the spectrometer showed discontinuities at the same point in 
time that the spectrometer interference occurred. The voltage decreased 

.and the current increased rapidly; both effects correlate with a de-
crease'd"resistance path which is characteristic of a gaseous discharge. 

Arcing for a Tl sample, pulse heated in a high vacuum chamber, was 
identified by a ringing of the current waveform through several half 
cycles of discharge; normally, the energy was discharged completely in 
one half cycle. The formation of the gaseous discharge decreased the 
circuit resistance and converted the system from an overdamped to an 
underdamped LCR circuit. • 

Photomultiplier records of graphite rods showed various degrees of 
energy dissipation between tb;.'solid and the gaseous discharge. Visual 
observations indicated an incense blue emission when arcing occurred; 
the emission may have beer, associated in part with excited C- species,5 
since C, vapor was positively identified in the mass spectrometer measure
ments. •̂  

Time Delayed Response of Photomultiplier to Surface Temperature - Graphite 
samples could be sufficiently outgassed by successive pulse and dc heat
ings in order to prevent the occurrence of gaseous discharges. However, 
photomultiplier records continued to show a delay to the maximum inten
sity of about 200 [isec after the end of the input pulse of electrical 
energy. Hafnium wires, on the other hand, provided photomultiplier 
records of the surface radiation which peaked precisely at the termina
tion of the energy pulse (total duration equaled 400 ijLsec). It was 
concluded that contaminant vapor, carbon vapor, carbon particles or a 
combination of vapors and particles was creating an opaque cloud sur
rounding the graphite sample; this opaque cloud diminished and delayed 
the photomultiplier response to the surface radiation until the cloud 
expanded to a sufficiently low density so as to interfere no longer 
with the optical path. Tveekrem has reported a similar pyrometry error 
due to soot formation from high temperature graphite.^ 

Origin and Cleanup of Contaminants - Evidence exists that the hydrocarbon 
contaminant vapor arose both from the surface and the bulk volume of 
the samples. DC heating of a refractory metal wire or a graphite rod at 
1000 to 1500°K in high vacuum ( 10"' torr) did provide some outgassing of 
a sample; but when a pulsed current was superimposed on the dc level to 
raise the sample to a higher temperature, larger amounts of contaminant 
were released. Successive pulse heatings diminished the amount released 
per pulse, but a minimum was achieved after only a few pulses. The addi
tion of a liquid N^ cooled surface surrounding the sample greatly enhan
ced the cleanup procedure. It not only provided a higher ultimate vacuum, 
hence a cleaner sample surface, but also trapped a large fraction of the 
desorbed condensable vapors before readsorption on the sample could occur. 

Quantitative measurements on vapors evolved from graphite samples 
showed numbers of molecules comparable to the impurity specifications. 
A fresh graphite rod, 0.25 mm diameter by 10 mm long, was found to release 
enough contaminant vapor, during a single pulse heating to about 2500°K, 
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to raise the pressure of a 1.5 liter volume from 2 x 10"7 torr to about 
1 x 10"^ torr. In such cases, the instantaneous vapor pressure surround
ing the sample was apparently great enough to cause a gaseous discharge. 

CONCLUSIONS 

High purity refractory materials in fabricated forms contain hydro
carbon contaminants in sufficient quantity to interfere with quantitative 
measurements of the vaporization properties when the material is resis
tively heated to high temperatures by a capacitor discharge energy pulse. 
The high density cloud of contaminant vapor can cause mass spectrometer 
interferences, energy dissipation in gaseous discharges, and, in the case 
of graphite samples, time delays and radiation intensity errors in the 
measurement of surface temperatures with photomultipliers. Possible ways 
of circumventing these problems include extended high temperature out
gassing of the samples in a very high vacuum chamber, utilization of high 
purity single crystals, and localized vaporization with laser beams. 
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A Mass Spectrometric Study of the Positive 

and Negative Ions from Carbon Vapors* 

C. Herndon Williams 
Sandia Laboratories 

Albuquerque, New Mexico 87115 

The purpose of this work was to investigate the electron-molecule 
Interactions in ttie carbon vapor system producing both positive and 
negative ions. The ion yield for_0 - 30 eV electrons was measured for 
each species (Cĵ''', Co"*", C-j and Cg") and used to determine the ionization-
fragmentation energetics "(ionization potentials, appearance potentials 
and electron affinity). 

The electron-molecule collisions took place in the ion source of a 
Bendix Model 3OI5 mass spectrometer, with the molecular beam, electron 
beam and ion beam mutually orthogonal to each other. The carbon molecu
lar beam was obtained from a Knudsen cell, consisting of a resistively 
heated tantalum tube with a 1-mm orifice in the side wall. A temperature 
of 3000 ± 100°K was used to produce Ci (g), C2(g) and C-5(g) from pyro
lytlc graphite powder and C-|̂ (g) from TaC pcwder. The molecular beam was 
defined by two sets of slits and manually interrupted by a shutter to 
distinguish condensable species from the residual gases. 

The ion yield curves exhibited a number of linear regions inter
spersed with upward "breaks", indicating ionization by different processes. 
For C-(^, breaks were observed at 18.4, I9.8 and 21.4 eV f±0.2 eV) ; the 
two lower breaks are associated with fragmentation of Cgig) and C3(g), 
respectively. For Cg"*", breaks were seen at lg.9 and 22.8 eV (±0.2 eV) eV) 

For C-j"*", the ion yield curve had breaks at I3.9 (±0.3'̂ ev5 and 
the first break is the threshold for the fragmentation of C3(g) to give 
- -• - - -̂  . . - . - - • 1.3 ev) 
17-4 (±0,2 eV), neither_of which should be associated with fragmentation 
since C/j and Zs^ were < Vf> of Ĉ"*". These and the upper breaks in the 
Ci+ and C2+ curves are currently^not identified, but may be associated 
with ionization into excited electronic states. 

The semi-log method for measuring appearance potentials was used, 
with Xe+ as reference for all of the positive carbon ions. Results are 
given in Table I and compared with literature values. 

The negative ion Co" was seen in appreciable intensity in the elec
tron impact spectra, and C-ĵ- about two orders of magnitude lower in 
Intensity. Ion yield measurements indicate that these ions are formed 
by the dissociative attachment o£ a electron to C-}(g). The appearance 
potential of the Cg" was determined to be 5 ± 0.7 eV, yielding an electron 
affinity for C2(g) of 3 ± O.7 eV, assuming that there is negligible 
kinetic energy and electronic excitation energy in the products of the 
dissociative attachment: Cg" + C. These measured values are compared 
with literature values in Table I. 

»This work was supported by the United States Atomic Energy Commission. 
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A MASS SPECTROMETRIC STUDY OF HIGH TEMPERATURE SPECIES IN THE W-O-I SYSTEM 

By 

Suresh K. Gupta 

Lamp Research Laboratory, General Electric Co., Nela Park, Cleveland, Ohio 4A112 

Abstract 

An examination of the evaporation behavior of solid WO2I2 ^"^ the reaction of 

gaseous I2 with condensed WO2 has been conducted by mass spectrometrlc and Knudsen 

effusion techniques. Ij, W02l2» *"^ WOI3 in order of decreasing partial pressures 

have been established as the vapor species over solid WO2I2 ^y the appearance potentials 

and temperature dependence measurements. Minor quantities of atomic Iodine as an 

additional species in the cell arise from the dissociation of molecular iodine. The 

observed strong orifice dependence of I2 pressures over solid WO2I2 ^^ ^ Knudsen cell 

has led to an estimate of 10" for the condensation coefficient for iodine. WOI3 is 

present to only about 0.1% of the WO2I2 pressures at SOO'^K. 

The mass spectrometrically determined enthalpy of WO^In sublimation is 

45.2+1.0 kcal/mole at 298°K. For the enthalpy of the dissociation of solid WO2I2 to 

^2^S)> 3 value of 40+3 kcal/mole at 550 K ts obtained by the mass spectrometric and 

effusion measurements. The decomposition reaction has been assumed as: 

2W02l2(8) ° 2W02l(s) + 12(g) on the basis of the reported existence of condensed WO2I 

phase, and the heat of formation of solid WOjI Is derived as -136+5 kcal/mole at 550 K. 

The present data suggest that W02l(s) ts only a transient species which further 

dissociates to the stabler W02(s) phase. 

The equilibrium data for the reaction: W02(s)+l2(g) = W02l2(8) have been treated 

by the second and third law methods, which yield -102.8+2.0 kcal/mole and 90.1+2.0 eu 

for the AH° and S°, respectively, of gaseous WO2I2 ^t 298'^K. 

Details will be published in the Journal of Physical Chemistry. 
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SPARK SOURCE MASS SPECTROMETRIC ANALYSIS 

OF THE LUNAR SAMPLE 

G. H . Morr ison and A. T. Kashuba 
Department of Chemis t ry 
Cornel l Univers i ty 
I t h a c a , N .Y. 14850 

Among the most important t ypes of information d e s i r e d from the lunar mater ia l 
to be re turned by the Apollo Miss ion i s the c h a r a c t e r i z a t i o n of i t s c h e m i c a l c o m p o s i t i o n . 
The compos i t ion of the lunar sur face re f l ec t s a t l e a s t t h ree major p r o c e s s e s : c h e m i c a l 
f r ac t iona t ions during acc re t ion of the moon from the so la r n e b u l a , magmat ic 
d i f fe ren t ia t ion , and infal l of m e t e o r i t e s and c o s m i c d u s t . Thus , one can c o n s t r u c t a t 
l e a s t the major ou t l i ne s of the c h e m i c a l h is tory of a lunar sample from a s tudy of i t s t r a ce 
e l emen t a b u n d a n c e p a t t e r n . 

The Lunar Sample Ana lys i s Program of NASA h a s i nc luded in i t s s e l e c t i o n of 
e s s e n t i a l exper iments in the ca t ego ry "Chemica l and I so top ic A n a l y s i s " a l l of the 
important p r e sen t ly a v a i l a b l e t e c h n i q u e s for bulk compos i t i ona l a n a l y s i s . Of t h e s e , 
spark source m a s s spec t romet ry offers the p o s s i b i l i t y of the mos t comple t e su rvey of the 
e l e m e n t s p r e s e n t in a g iven l imi ted s i z e d s a m p l e . 

Based on t h e r e s u l t s ot the a lpha s c a t t e r i n g a n a l y s i s of the top l a y e r of the 
moon ' s sur face a t the landing s i t e s of Surveyors V, VI, and VII, t h e c h e m i c a l c o m p o s i 
t ion r e s e m b l e s tha t of t e r r e s t r i a l b a s a l t s . C o n s e q u e n t l y , a number of b a s a l t i c s a m p l e s 
have been examined by spark source m a s s spec t romet ry and the c a p a b i l i t y of de termining 
60 e l e m e n t s in a g iven sample h a s been d e m o n s t r a t e d . Spec ia l in te r fe rence a n d / o r 
insuf f ic ien t l imi ts of de tec t ion In th i s complex rock matr ix p reven t s the de te rmina t ion of 
add i t i ona l e l e m e n t s : however , t h o s e tha t can be de termined inc lude many of g rea t p o t e n 
t ia l g e o c h e m i c a l i n t e r e s t . 

The rock s a m p l e s in powdered form were b lended with spec t rog raph lc g rade 
g r a p h i t e or high puri ty s i l ve r powder and b r ique t t ed to form conduc t ing self e l e c t r o d e s . 
A 60kv r . f . d i s c h a r g e be tween the e l e c t r o d e pa i r s r e s u l t e d . i n v o l a t i l i z a t i o n and i o n i z a t i o n 
of the s ample c o n s t i t u e n t s . A Nucl ide GRAF - 2 spark source m a s s spec t rog raph w a s 
e m p l o y e d . 

For a c c u r a t e q u a n t i t a t i v e measu remen t s to be m a d e , a compara t ive s t anda rd 
mus t be employed to obta in e l emen ta l s e n s i t i v i t y fac tors to co r rec t for d i f f e rences in 
behav io r of the var ious e l e m e n t s in a given ma t r i x . Therefore, expe r imen t s have been 
run us ing the U . S . G . S . D i a b a s e Standard W - 1 a s one p o s s i b l e s t anda rd for ob ta in ing 
s e n s i t i v i t y f a c t o r s . Another U . S . G . S . s t a n d a r d , B C R - 1 Basa l t , h a s a l s o been a n a l y z e d 
and t r e a t e d a s an unknown in order to a s s e s s the c a p a b i l i t y of the spark source m a s s 
spec t rome t r i c me thod . Neutron ac t iva t ion a n a l y s i s of t h e s e two s a m p l e s h a s a l s o been 
performed a s a check on the val id i ty of the r e s u l t s . At p r e s e n t the method r e s u l t s in a 
r e l a t i v e s t anda rd dev ia t ion of + 5 - 2 5 % and an a v e r a g e a c c u r a c y of 10% for most e l e m e n t s , 
but expe r imen t s a re in p rogress to improve t h i s . 

(This paper is to be submi t ted for pub l ica t ion in ANALYTICAL CHEMISTRY) 
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METEORITE DATING WITH THE INERT GASES 

by 
D. Heymann 

Depts. of Geology and Space Science 
Rice University 
Houston, Texas 

Several of the pioneering papers written on meteorite ages began on 
a hopeful note: that the study of meteorite chronology might in time 
lead to the complete understanding of the origin of these objects. Today, 
some 10-15 years later one has learned that meteorites are among the old
est rocks in the solar system; that it takes them from millions to bil
lions of years to reach the Earth; but the question of their origin is 
still as elusive today as it was one decade ago. 

My talk is about inert gases in meteorites and the related calcula
tions of radiation ages and gas-retention ages. Together with Rb-Sr, 
Os-Ir, and Pb-Pb ages they still represent the most extensive information 
on solar system chronology. Soon lunar chronolgy will be added to mete
orite chronology, and while the studies of the lunar samples may not re
solve the question of meteorite origin, a new and exciting field will be 
opened for investigation. 

Figure 1 shows the basic experimental apparatus used by most of the 
investigators. The meteorite samples, usually weighing several tens of 
milligrams are melted and outgassed in a vacuum-furnace which consists of 
a molybdenum crucible in a water-cooled glass enclosure. Temperatures 
greater than 1700°C are normally required. The crucible is induction-
or resistance-heated. Induction heating has the advantage that the load 
coil is outside the vacuum, but considerable gas-loss may occur in case 
of a gas-discharge in the furnace. 

The liberated gas contains impurities which must be removed; nor
mally this is done with hot Ti or Pd-Ti getters, but more rigorous 
cleaning is sometimes required such as "cracking" of hydrocarbons on hot 
W filaments, the removal of H^ through a hot Pd barrier, the oxydation of 
impurities with Cu-CuO. 

One cannot admit all the inert gases together into the mass spectro
meter. For example doubly ionized Ar appears on mass-20 together with 
Nê *̂ . However, He and Ne can be admitted together; likewise Kr and Xe. 
In order to achieve the fractionation of the gases, Ar, Kr, and Xe are 
adsorbed on charcoal immersed in liquid N2 while He and Ne are measured. 
Then Ar containing a small fraction of Kr is released at about -120°C. 
Finally, the remainder of Kr and Xe are liberated at or slightly above 
room temperature. 

The mass spectrometer which I use is a 4.5 inch radius 60 sector 
typed with Nier-source. The ion beam can be detected either on a Fara
day cup or on a nine-stage secondary electron multiplier. Because of the 
extremely small quantities of gas available, typically some 10~ ccSTP 
or less, the spectrometer is operated in the static mode, that is to say: 
the gas flows from the extraction line directly into the ion source 
through a tube several mm. wide, while the valve between the spectrometer 
and the pump remains closed. The scanning is magnetic and the read-out 
is on chart paper. 

Normal operating conditions of the spectrometer and typical sensi
tivities are listed in Table 1. The sensitivity of the instrument is 
checked in each experiment by calibration with carefully metered amounts 
of He , He , Ne, Ar, Kr, and Xe (the last four gases having atmospheric 
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Fig. 2 Al-26 contents of chondrites reproduced from 
Heymann and Anders (1967). The systematic dif
ference between the if - î  coincidence (middle) and 
the D -counting results (top) is in part due to a 
"summing" effect in the JC-results which was not 
corrected. The ̂  - î  coincidence results range 
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Fig. 3--Potassium contents of ordinary chondrites 
(top), carbonaceous chondrites (middle), and en-
statite chondrites (bottom); data taken from the 
literature. Note that most of the ordinary chon
drites have K between 700 and 1000 ppm. 
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composition). The gases are stored in containers of several liters which 
are connected with the spectrometer via all-metal gas pipettes of 0 .08 
cm^ volume. The "standards" can be admitted at any time during the ex
periment: before, during, or after the measurement of any sample gas. 

I owe you a few remarks concerning precision and accuracy. Under 
normal operation conditions the precision is a few percent, occasionally 
one percent or better for isotope ratios of a given element. However, 
there are complications in the static-mode operation. He^ from the at
mosphere diffuses through the glass envelope of the spectrometer at a 
rate of 10"9 ccSTP/min; memory from preceeding samples can be a problem 
also. Incomplete gas-extraction or gas loss cannot always be detected. 
Generally speaking, the accuracy of the measurements should be better 
than 10% for absolute quantities when peak-ratio calibrations are made; 
possibly 5% or better for isotope dilution work, which is done by a num
ber of investigators. 

Let me now turn to the ages themselves. Table 2 shows gas contents 
of four representative meteorites. The inert gases in the iron meteorite 
Grant are almost wholly cosmogenic, i.e. cosmic ray produced. The diag
nostic features are: He4/He3~4; Ne20/Ne21/Ne22~i:i.i; Ar^^/Ar^S^i.6 ; 
He-3/Nê -''~80; and He-^/Ar^ ~15. These gases were produced ̂  situ when the 
meteorite was exposed to cosmic rays in space. Cosmic-rays also produce 
radioactive species such as H^, C-*-̂, Al26^ Cl-'̂ , Ar3'', and Ar^S. Because 
the radiation age is known to be much greater than the longest half-life, 
0.7 m.y. for Al , the radioactivites listed above are in secular equili
brium with the radiation at the time of fall of the meteorite. Hence, 
their specific activities at the time of fall are equal to the average 
production rate during the last several half-lives, i.e. for Al26 during 
the last few million years. The stable inert-gas nuclides on the other 
hand represent the time-integrated radiation rate. In order then to find 
the radiation age one must know at least one relative production yield 
a stable/a radioactive. Such relative yields have been obtained by ac
celerator simulated proton bombardment on targets of appropriate compo
sition . 

The basic assumptions that one makes are the following: 
a. Before time t=0 the meteorite was effectively shielded against 

cosmic rays on its parent body; no cosmogenic nuclides were formed. 
b. After the departure of the meteorite from its parent body, its 

size remained unchanged; and the meteorite was a closed system for the 
inert gases. 

c. Exposure to high-energy radiation terminated when the meteorite 
collided with the Earth; the meteorite remained a closed system. 

Every one of these assumptions has been questioned from time-to-time; 
however, I shall use them now as a working hypothesis. 

The next meteorite, Bruderheim contains substantial amounts of O 
(~37% by weight) , Si (-19%) , Mg (—15%) and significant amounts of S (-2%) , 
Ca (-1.5%), and Al (-1.5%) besides Fe(~15%). Yet the effect on the cosmo
genic part of the gases is only slight: He^/He3~5; Ne20/Ne/Ne22—1:1:1 
and Ar-^^/Ar^^ -1.5. The effect of Mg, Si, and Al is seen in He3/Ne^-^-5 
and the effect of the decreased content of nuclides A>30 is seen in He^/ 
Ar38~35_ 

Actually, the measured ratios are not the same as the cosmogenic 
ones, because Brudenheim contains substantial amounts of radiogenic He 
and Ar'̂ ŵhich have arisen from the decay in situ of U, Th, and K. The 

3R Tfi 
observed Ar / A r ^ ° ratio is unity because of the presence of a small 
amount of trapped Ar with Ar^S/^r^^sO.19. 

Radiation ages can be calculated for stony meteorites in the same 
manner as for iron meteorites. However, stony meteorites weigh generally 
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Fig . 4 U and Th conten ts of c h o n d r i t e s : data taken from the 
l i t e r a t u r e . U: open c i r c l e s ; Th: closed c i r c l e s . 
Most of the U-values l i e between<0.01 and 0.015 ppm. 

Bronzites 
U,Th-He Ages 
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Fig. 5 U, Th-He ages of the bronzite chondrites(top), hypers
thene chondrites(middle) and amphoteric chondrites 
(bottom). The ages range from 1 b.y. to about 4.5 b.y. 
The "age peak" at about 500 m.y. among the hypersthene 
chondrites contains moderately and heavily shocked mete
orites, many of which have concordant ages, i.e. U, Th-He 
and K-Ar ages agree within -20%, 
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rauch less than iron meteorites such that production rates will not vary 
as greatly in the stones as they do in the irons. On this ground, several 
authors have used fixed production rates for He^, Nê -'-, and Ar3S such as 
listed in Table 3. These production rates have to be adjusted when the 
composition changes significantly. Figure 2 shows to what extent: when 
2( - if coincidence measurements of Al^° are considered alone, the range is 
from -50-7 5 dpmAg. 

The rion-cosmogenic portions of He and Ar '̂  can be used to compute 
U, Th-He^ and K-Ar^'' ages with the usual assumption: That the meteorite 
became a closed systera at time t=0 and remained so ever since. The pro
duction rates follow directly from the present U, Th, and K^O con.tents 
and the decay constants. Again, calculations have been made with adopted 
U, Th, and K contents; Figures 3 and 4 show the extent to which these 
procedures are justified. 

The next meteorite, Orqueil, is listed to show what happens when a 
meteorite contains vast amounts of trapped gas: the information con
tained in He3, He'', Ne^O^ Ne22_ Ar^S, and Ar^S cannot be used because the 
cosmogenic and radiogenic components of these nuclides are wholly masked 
by the trapped component. 

Finally, Haraiya is listed because this Ca-rich achondrite resembles 
the composition of two lunar mare areas as reported by Turkevich, Franz-
grote, and Patterson (1967, 1968). The one salient difference with Bru
derheim is that He-'/Ar3°—7, reflecting the rauch greater Ca content of 
Haraiya (~7.5%Ca). 

Let me now turn to certain of the highlights in meteorite dating. 
Figure 5 shows the U, Th-He ages of the three major chondrite classes. 
The K-Ar̂ '-' ages are shown indirectly: a concordant age implies that the 
K-Ar^O age agrees with the corresponding U, Th-He^ age within *20%. No
tice first that the gas-retention ages range from —0.1 to —4.6 b.y. 
VJhy this great range? Were these meteorites buried deeply within their 
parent objects such that it required billions of years for them to cool 
below approximately 450°C where Ar'̂ '' retention begins? We do not think 
so. The clue lies in the remarkable "age-peak" near 0.5 b.y. among the 
hypersthene chondrites. The chondrites in this peak are known to have 
been moderately to heavily shocked; many of them have concordant gas-
retention ages which implies that they were wholly or nearly wholly out
gassed 0.5 b.y. ago. Apparently the short ages were caused by one or se
veral impacts on the parent body of the hypersthene chondrites. Vast 
amounts of rock were shock-heated and totally or partially outgassed such 
that we now measure short concordant ages in the range 0-1 b.y., discor
dant ages ~lai4 b.y. and concordant ages again >4 b.y. This explanation 
has been widely accepted, although certain specific points such as the 
accuracy of the 500 m.y. date have been questioned. The implications for 
the problem of meteorite origin are twofold: The chondrites need not come 
from the interior of large, lunar-sized or greater, objects where the 
cooling was slow; and at least one-third of the hypersthene chondrites, 
perhaps even two-thirds of them come from a single parent object rather 
than from the tens of thousands of objects known to exist in the asteroid 
belt. 

Figure 6 illustrates another hotly debated issue: the difference in 
radiation ages of the iron meteorites and the stony meteorites. The radi
ation ages of the irons are typically hundreds of millions of years, wher-
as the stones were only millions to tens of million years in space. Urey 
(1959) concluded that the iron meteorites come from the asteroid belt, 
the stony meteorites from the Moon. This is grossly consistent with the 
observed "transit-times". But Eberhardt and Hess (1960) argued that both 
stones as well as irons could come from the asteroid belt owing to the 
fact that stones are more fragile than irons such that "secondary colli
sions" in the asteroid belt after the departure of the meteorites from 
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Fig. 7—Radiation ages calcu
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(1967). Numbers in parenthesis 
denote number of cases. 
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their parent objects would destroy the stones at a much faster rate than 
the irons, hence prevent the survival of "old" stony meteorites. Judging 
from the age-distributions one requires a mean survival time against de
struction of —lO^years for irons and —10' years for stones which is not 
unreasonable. Arnold (1965), however, has pointed out that this model 
requires a space density of dust and rubble in the asteroid belt that is 
substantially greater than current estimates. Subsequently, Arnold's 
model-calculations were used by a number of authors in a search for suita
ble parent objects that would give radiation ages consistent with the ob
served distribution of the chondrites. Arnold himself had made calcula
tions for the Moon and the ring asteroids. The results of similar calcu
lations by Heymann and Anders (1967) are shown in Figure 7. Objects ex
pelled from the Moon at slightly more than escape velocity find themselves 
in earth-like orbits with a very high probablility of collision with the 
Earth such that the majority of such ejecta would strike the Earth within 
the first 2 m.y. The age-distribution calculated for the Moon, while 
grossly similar to the observed one for chondrites, suffers from an over
abundance of cases <1 m.y. Since stony meteorites with such short ages 
are uncommon, Arnold proposed that no major impacts have occured on the 
Moon in the last 2 m.y. 

If the Moon is not quite satisfactory for the origin of chondrites 
(there are other objections against the Moon which I will not repeat here), 
then what objects are? From the work of Arnold (1964, 1965) it is clear 
that the chondrites must have been placed into Earth-crossing orbits ini
tially, because an additional step such as earthward deflection from a 
Mars-crossing orbit increases the mean collision time with the Earth to 
such an extent that an embarrassingly large proportion of ages >100 m.y. 
is predicted again. 

Following private suggestions by Wasson and Anders I proposed 
(Heymann, 1967) the following scheme: the chondrites were initially on 
kilometer-sized asteroids, presumably Mars-crossers, a number of which 
were deflected into Earth-crossing orbits. From then on the object resem
bles the Earth-crossing Apollo asteroids in its orbital characteristics. 
Debris broken off from this object will have mean lifetimes against colli
sions with Earth from 1-10 m.y. Accordingly, the age distributions pre
dicted for Apollo asteroids (Figure 6) is in very good agreement with the 
observed chondritic case 

Wetherill and Williams (1968) and Wetherill (1968) have pointed out, 
however; that a quantitative study of other aspects such as the time of 
fall of chondrites during the day and the mass of chondrite influx as com
pared to the"mass of the known Apollo asteroids indicates certain diffi
culties which must be overcome before the Apollo hypothesis my be consi
dered plausible. Wetherill (1967) has concluded that the morning-after
noon asymmetry (twice as many chondrites are observed to fall in the af
ternoon) appears to require an aphelion in proximity to Jupiter such as 
could conceivably be provided by the Hilda or Trojan families of asteroids 
or by short-period comets. 

with these examples I hope to have given you an impression of one of 
the contributions of mass spectrometry to cosmochemistry. Let me conclude 
on a hopeful note: meteorite chronology may not have solved the problem 
of meteorite origin, but as we will learn more about these enigmatic ob
jects the ages will continue to provide an important input for any theory 
on meteorite origin. Hopefully, one day all the pieces of the puzzle will 
fit together more coherently than they do at the present time. 
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Table 2 

Normal Operating Conditions of RSS Mass-spectrometer 

Emission Current 

Trap Current 

Electron Voltage 

Accelerating Voltage 

Voltage across 9-stage 
Cu-Be multiplier 

Multiplier Gain 

Input resistor 
of electrometer 

0. 

30 

75 

2 

2 

-2000 

10^° 

5 mA 

UA 

V 

KV 

kv 

n 

Sensitivity—All on secondary electron 
multiplier collector. 

He4 

Ne2° 

Ar^° 

70 rav/lO"' 

100 mv/10"'' 

400 mv/lO"' 

ccSTP 

ccSTP 

ccSTP 

Table 3 

Production Rates in Hypersthene Chondrites 

— 8 
Units: 10 ccSTP/g per m.y. 

He'' =2.00 

Nê """ = 0.377 

Ar = 0.0526 
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108 
STUDIES OF THE COMPOSITION OF THE IONOSPHERE 
WITH A SATELLITE MOUNTED MASS SPECTROMETER 

SEVENTEENTH ANNUAL CONFERENCE ON 
MASS SPECTROMETRY AND ALLIED TOPICS 

by 

John H. Hoffman 
Southwest Center for Advanced Studies 

Dallas, Texas 

Magnetic deflection mass spectrometers have been used by the author since 1964 

to study the composition of the ionosphere from rockets and satellites. Such 

instruments have been successfully flown on four high altitude rockets and one 

satellite, the Explorer XXXI, which operated for 2-1/3 years in orbit. Basically, 

the instrument consisted of a 1-1/2" radius 60 sector-field magnetic analyzer 

(permanent 2200 gauss magnet) with an electron multiplier detector followed by a 6 

decade logarithmic electrometer amplifier. An entrance aperture covered by a fine 

wire secreen at -6V with respect to the vehicle skin potential and mounted normal to 

the vehicle spin axis draws ions from the atmosphere into the instrument, where a 

negative sweep voltage (-4000 to -200 or -150) produces a mass scan to 1 to 20 amu 

(satellite) or 1 to 32 amu (rocket) with a period of 2 or 3 sec. An internal 

-11 -9 -7 
calibrator in the log amplifier supplies currents of 10 , 10 , 10 amp to the 

amplifier input periodically, enabling the amplifier output voltage to be related 

to input current. 

The mass spectra are produced serially by the repetitive high voltage sweep 

circuit, as is shown in Figure 1, the position of each peak in the spectrum 

identifying the ion species, and the amplitude of the peak being proportional to 

the logarithm of the concentration of ions in the vicinity of the entrance aperture 

of the mass spectrometer, which is dependent on the satellite attitude, velocity, 

and potential and has a complex relation to the ambient ion concentration. An 

in-flight calibration, described below, is necessary to obtain absolute ion 

concentrations. 

The data from the satellite experiment shows considerable roll modulation 

(Figure 1) due to the high vehicle velocity (especially the satellite) with respect 

to the mean ambient ion velocities and the side mounted (normal to the spin axis) 

entrance aperture of the mass spectrometer. However since the satellite attitude 

is known and the spacecraft is in a cartwheel orbit (spin axis normal to orbit plane), 

it is most practical to use only the data taken in the ram position, when the angle 

of attack is a minimum, and the sensitivity of the instrument to each ion species is 

a maximum. The rocket data are also roll modulated and an empirical correction is 
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made on each ion peak amplitude to 0*̂  angle of attack from a detailed knowledge of 

the rocket altitude. 

An ion mass spectrometer measures relative abundances of the ions it samples 

from the ionosphere but can be calibrated, as is described below, to give absolute 

ion concentrations. An in-flight calibration was done by the Explorer XXXI mass 

spectrometer by comparing the total ion current (the sum of all the peaks) with 

nearly simultaneously acquired electron density data from the Alouette II topside 

sounder satellite, (Hoffman, 1969). The Alouette II and Explorer XXXI satellites, 

launched piggyback into similar orbits, were less than 30 minutes apart over a given 

latitude for the passes used in this calibration, and it is assumed that both satellites 

were measuring the same ionosphere for these calibrations. Comparisons were first 

+ 4 3 

made in regions of almost pure (>99%) H of various concentrations up to 10 /cm , 

then, in regions of greater than 95% 0 in the range from 10 to 5 x 10 ions/cm . 

Calibration curves for the two major constituents were thus produced, as are shown 

in Figure 2. For the other ion species calibration was done by interpolation. The 

overall precision of the measurements, after applying this calibration procedure, is 

of the order of 10% as is demonstrated by comparisons with other Alouette II data 

and the other direct measurements probes on the Explorer XXXI satellite, (Donley 

et al., 1969). 

Since data from a spin stabalized cartwheel orbit type of satellite like 

Explorer XXXI are highly roll modulated, and only the ram position data are used, 

the spatial resolution of the data is of the order of 100 to 200 km for spin periods 

of 2 to 3 rpm. On an oriented satellite such that the angle of attack is maintained 

near 0 the spatial resolution would be the mass spectrum sweep period times the 

vehicle velocity, or from 6 to 20 km. 

A magnetic deflection mass spectrometer exhibits good mass resolution and 

sensitivity as is evidenced by the Explorer XXXI data. Ten different ion species 

have been observed between mass 1 to 20 amu at 1(H ), 2(D ), 4(He ), 7(N ), 

8(0""̂  or He^*), 14(N*), 15(N^^''), 16(0*), 18(H20* or O^g*) and 20(Ne*) amu, 

(Hoffman, 1967). All except mass 15 are shown in Figure 1. The sensitivity of 

the Explorer XXXI mass spectrometer to H ions is of the order of 0.3/cm and to 

0 ions of the order of 10/cm . 

A summary of recent scientific advances obtained with the magnetic deflection 

mass spectrometer follows. In general it has been found from the Explorer XXXI 

data that below 1000 km 0 is the dominant ion species in the ionosphere (see 

Figure 3). N varies from 5 to 30% of the 0 and H -is generally a minor constituent, 

305 



• ' 

5 

-

. 1 
j -

' 
a 

* 
= 

f l 
U7 

~ f - I 

ffl 

L 

^ 

-
\ 
r 

: 

^ s 

ii 

.'1 
"' 

ra j i L 

t 
• , 

1 
J l . L 

r u 

Li 

-
• i 

-
t^ 

. 

-
^ 
S 

r 

F 

3t 
: ! 
iiJ 

! 1 

L:-

sm 

•s 

'!! 
'1 

1 " 

d 

\ li 

EP 

- d 
M 

1 
OJIITOR 

•• 

- - - + J -

^ 
• 

HA^S SPE 

1 

QL HJ lA 

•••a 
Ji 

1 
1 
, -

Stil^' • 

4̂  
; a . i i 

IE CL Ul 

1' 

i l l i 

t 

-

S 

' ] l 

;»! 

' C T R A 1 

1 

it 
' • 1 1 

^ .;-
r U 

M-

[ii 

•ill 
] 

,11 

1" 
lib lli 

'!'',: 

iff 
'̂̂ . F 

lii III; 

' ' i ' ' ' 
•ll " • 

T 
LLL 

^ .ri i' 

••: 

\ 
,1,1. ,|, 

Fi 
[I 

Jt * 
Lll i l l ] 

' 
•>, 

[ L l 

1 . 

• i d l l h r 

• ' 

: j i . 

^^Ejar;!! 

~ - — 1 C E ; -

•: i,:i<l. 

r.r 
t -. -
JjT 
j j 

Fig. 1. Portion of Explorer XXXI telemeter record showii.^ 
sweep monitor in upper channel and mass spectram 
below. Downward blips are markers showing recharge 
of high voltage sweep circuit. Note roll modulation 
of ion peak amplitudes (labeled in amu). 
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ION CONCENTRATION 

Fig. 2. Calibration coefficients. Ratio of Alouette II 

electron density to H and 0* concentrations versus 

ion concentration; Note scale change in abscissa 

of 0* curve. 
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Ion ConcantrQlion 
Fig. 3. Typical low altitude data showing ion concentration 

versus altitude and latitude. Ten different ion 
species are observed. Alouette II electron 
concentrations are also given. 
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{broken l i n e s ) . X's refer to the s a t e l l i t e data at the 
point of In tersec t ion of the two t r a j e c t o r i e s . The 
Alouette 11 e lec t ron density from the topside sounder 
experiment i s matched to the Wallops Island ionosonde 
data at the 1-' maximum. 
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occasionally, as low as 5% of the 0 . Above about 2000 km at mid to low latitudes 

the ionosphere generally consists of the order of 99% H , the remainder being He , 

D , and 8 . The cross-over altitude between 0 and H is quite variable, being a 

function of several parameters. He is a very minor constituent at all altitudes 

being of the order of a few % to less than 1%. 

An ion peak at mass 8 amu is frequently observed in the data, always at low 

altitudes and not infrequently above 2000 km. In regions where 0 is the dominant 

constituent, the mass 8 ion is identified as 0 , formed by photoionization of 0 . 

Its relative abundance is of the order of a few x 10 of the 0 . Likewise a peak 

at mass 7 is identified as N . These are the first data in which the doubly charged 

constituents have been observed. From 2200 to 3000 km the mass 8 ion distribution, 

3 
at a concentration of the order of 1/cm , favors the southern hemisphere in January 

and February, whereas, in the northern summer, it is more equally distributed. 0 is 

found above 2200 km only in the summer northern hemisphere and, then, almost always 

above 60 N geomagnetic latitude. On the other hand, He appears at all times in both 

hemispheres. 

In the winter polar region above 2500 km, 0 has been observed to become the 

dominant ion constituent in a highly structured narrow region between 75 and 85 N 

geomagnetic latitude. Figure 4 shows such a situation. The H concentration 

exhibits I to 2 orders of magnitude trough at 70 N geomagnetic latitude, whereas, 

the 0 region lies to the north, but not to the south, of the trough. There is evidence 

from the phase difference of the maxima in the roll modulation curves in this 

structured region. Figure 5, that H ions are flowing upward with a velocity of 

10 to 15 km/sec. This is the first experimental evidence for the polar wind (breeze). 

In the summer, the region of 0 dominance and the flow of H ions is considerably 

broader, extending down to 55 or 60 N and shows much less structure than in winter. 

A Javelin rocket, flown on August 15, 1966 to rendezvous with a pass of the 

Explorer XXXI satellite, carried a mass spectrometer, identical to that in the 

satellite, which was calibrated in-flight against the satellite instrument (Hoffman, 

et al. 1969). The results are shown in Figure 6 and summarized below: 

0 is the dominant constituent from 200 km to 1000 km with H 5% and He less 

than 1% of the 0 . The chemical equilibrium relation between H and 0 gives a value 

4 
for the neutral hydrogen concentration of 6.2 x 10 at 250 km and a neutral gas 

temperature of 940 K. From the He concentration at 400 km a rate coefficient for 

the He loss reaction with N- of 1.2 x 10~ cm sec' is calculated. The NO"*" and 

0 scale heights from 200 to 300 km agree with those of N and 0- giving credence 
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to the ion chemistry involved. In comparing the results from this rocket flight 

with those of other types of mass spectrometers flown in a similar time period, 

it is seen that the major discrepancy lies in the n(H ) measurements, the present 

result being lowest. The in-flight calibration tends to indicate that a raass 

spectrometer is more sensitive to light mass ions than to 0 . This phenomenon may 

account for the discrepancy noted. 

Presently, a second generation magnetic deflection mass spectrometer is being 

developed for ionospheric composition studies and will be flown on a Javelin rocket 

in June 1969, and on the ISIS-B satellite in 1971, and the S -B satellite in 1972. 

It consists of a dual channel analyzer set to simultaneously measure the 1-8 amu 

and 8-64 amu mass ranges, and a "Peaks" circuit which is an on-board computer that 

seeks the position and amplitude of each peak in the mass spectra telemetering only 

this information at an order of magnitude saving in telemetry band width. The dual 

analyzer will provide an increased mass range, better resolution and sensitivity 

at the high mass end of the spectrum, and a sweep time of 1 sec per spectrum giving 

either increased spatial resolution or more precisely defined roll modulation of the 

data. 
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110 
PRECISE MASS DETERMINATIONS FROM MIGH RESOLUTION 
SPARK SOURCE MASS SPECTRA OF ORGANIC SUBSTANCES 

K.H. Maurer, C. Brunnee and K. Habfast 

VARIAN MAT GmbH, Bremen, Germany 

Abstract 
Using a double focusing mass spectrometer of the Mattauch - Herzog type, 
equipped with a unipolar low-voltage discharge ion source, high resolution 
mass spectra of organic molecules are recorded photographically. The 
evaluation of the mass spectra, recorded with a resolution of mate than 
25,000,is performed automatically by a precision comparator. The samples 
are introduced via a new vacuum lock. 

1. Introduction 

In recent years, a nuznber of authors have published papers on spark source 

raass spectra of organic compounds. FJodgson, Desjardins and Baun ^ ' ^^ , for 

example, reported on studies which were carried out to investigate whether 

the spark source could be used as a further means of obtaining information 

on the structure of a molecule. They studied a larger number of aromatic 

hydrocarbons and steroids and found that the low-mass fragment ions are 

much more abundant than the high-mass fragment ions, but that the spectra 

exhibit quite characteristic features of the molecular structure. 

Other authors 3,t,5,6) reported on spark source mass spectracbtained with 

a spinning electrode. They observed that the spectra were less complex 

than those obtained with fixed electrodes and attributed this to the fact 

that undegraded material is brought to the spark continuously. When 

comparing conventional spark and electron impact spectra of organic 

substances, Faust and co-workers ^ ' found that, despite the high degree 

of fragmentation and a far greater number of mass lines, spark mass spectra 

exhibit many features which suggest that electron impact ionization plays 

an important part within the spark. They point out that spark source mass 

spectrometers allowing the correct identification of mass lines by means 

of accurate mass determinations might provide a possibility to study 

fragmentation processes, rearrangement and ion-molecule reactions within 

the spark. 

However, to our knowledge, all studies of this type have been performed 

using high voltage radio frequency spark sources. Thus because of the 

rather large energy spread of the ions 9)10,HJ emitted by the r. f. 

source the resolving power obtained has not been sufficiently high to 

permit accurate mass determinations. In contrast to the r. f. source, the 

energy spread in the case of the unipolar low-voltage discharge source , 

is smaller by one order of magnitude so that a very high resolving power 

can be obtained without reducing the ion beam aperture. 
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2. Exper imen ta l 

2 .1 Ajialyzer System 

For our measurem.ents, we used a double-focusing VARIAN MAT SMI B-F mass 

spectrometer of Mattauch-Herzog geometry, which allows mass spectra to be 

recorded both photographically and electrically. The instrument is 

equipped with a low voltage discharge source which has already been 

reported on in detail earlier 13)_ Image errors are corrected such that 

the system, at an accelerating potential of 20 kV can cope with the full 

energy width of about 150 eV of the ions produced and that a resolving 

power of 20,000 - 30,000 over 80 % of the photoplate length can be 

obtained. 

Fig. 1 shows a portion of a high-resolution spectrum of an iron sample. 

This spectrum is used as a test for the subsequent measurements on organic 

substances. To resolve the tungsten/niobium doublet a resolving power of 

1,250 is required. The resolution obtained is 27,000. 

2.2 Sample Preparation and Introduction 

We have used two preparation methods : 1. the organic material was mixed 

with pure graphite and pressed to electrodes; 2. the sample and PFK as 

reference substance were placed into boreholes 1"*̂  of the gold electrodes. 

The highly volatile PFK had been mixed with praphite before. 

Fig. 2 shows the introduction of the electrodes by means of a new vacuum 

lock. At the end of a sample rod there is a tilting device to which the 

electrode carriers together with the electrodes are mounted with retaining 

springs. While the sample is being passed through the lock, the electrodes 

are lying horizontally in the dotted position. After the rod has reached 

the ion source chamber it is turned by 180°, and the tilting device tilts 

the electrodes to vertical position due to overweight on one side. The 

rod is pushed in further, and the electrode adjustment devices take over 

the electrode carriers together with the electrodes. Then the sample rod 

is pulled back. Thus change of sample is a matter of a minute without 

breaking vacuum. 

The mass spectra, which were highly resolved for accurate mass 

determinations and lowly resolved for intensity measurements, were 

recorded photographically. The high-resolution spectra were evaluated 

automatically by using the Leitz-MAT precision comparator 1 ^ ' . The ion 

accelerating system permits a homogeneous illumination of the object slit 

and a dilution of the space charge in the ion beam. Therefore, the lines 

on the low-resolution spectra have rectangular line profiles, as shown in 

fig. 3b, and the line widths follow the square-root-of-m law, so that the 

conversion from the measured transparency values to intensities is 

relatively easy. The transparency values were corrected with regard to 

background ^^^ . The dependence of the photoplate sensitivity on the mass 

was taken into account 1'). 
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Fig. 1 Portion of a high-resolution spectrun of an iron sample. 
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TABLE I. RCSULTS OF AN AUTOMATIC EVALUATION 
WITH A PRECISION COMPARATOR 

aiMrosiTKw 

SAMPLE 
ION SOURCE : 

CALCULATED 
MASS 

°C„ \ H, 179.0813 

°C. H . 

Cu H , 

C« H, 

C« H, 

C. H, 

Co H, 

t , H . 

Co H , 

Cn H , 

Cn H , 

Co H , 

178.0778 

177.0687 

176 0613 

175 0513 

174.0462 

163.0543 

167.0494 

161.0376 

152 0615 

151 0528 

150 046 

ERROR' 

- 0 3 

- 0 4 

-1.7 

-1.3 

- 0 5 

- 0 7 

- 0 5 

^ I J . 

- 1 5 

-1.0 

- 2 0 

- 0 9 

ANTHRACENE 
LOW-VOLTAGE DISCHARGE 

COMPOSITION 

Co H J 

Cii H , 

Cl , H , 

C„ H , 

C . H . 

° C , " C H , 

C . H , 

C . H , 

C , H , 

Cn H 

C . 

C , H , 

CALCULATED 
MASS 

149 037 

139 0526 

135.0226 

134 0139 

128 0613 

126.0430 

125 0392 

123.0211 

122.0143 

121 0064 

118.9997 

115 0544 

ERROR 

-1.9 

- 2 2 

- 0 9 

- 1 8 

-1.3 

* 0 6 

+ 01 

- 2 4 

- 1 3 

-1.4 

- 0 3 

-03 

TABLE I . CONT'D 

a»«>09TiaN 

C% H J 

C , H , 

C , H J 

C , H 

c» 

C , H , 

C , H J 

C , H , 

C , H , 

C , H 

C| 

C , H , 

C T H , 

C , H , 

C, H J 

C, H 

• ERBOH w 

CALCULATED 

113.0193 

111.0207 

110 0150 

109.0072 

107 9991 

102.0472 

101 0361 

99 0218 

9e.oua 

97 0063 

95.9992 

89.0380 

88.0301 

87.0226 

S6.01S8 

85.0077 

MLLIMASS U N I T S 

ERROR-

+ 03 

-2 .7 

-a7 

-06 

-09 

+02 

-1.1 

-1.7 

- 08 

-1.5 

- 0 8 

-1.1 

-1 .2 

- 09 

+ 0.1 

-0 .1 

cof«)srnoN 

C l 

c, 

c , 

c, 

C l 

c , 

C| 

c . 

c. 

Cs 

c , 

c» 

c, 

c* 

c* 

C t 

H | 

H , 

H i 

H J 

H^ 

H 

H , 

H i 

H 

H } 

H i 

H 

CALCULATED 

8*0005 

78.0156 

77.0386 

76.0306 

75.0227 

71.01SO 

73.0075 

71.9997 

63.0236 

62.0155 

61.0080 

60.0001 

51.0233 

50.0161 

<g.O067 

t7.9999 

ERROR 

+ 0 5 

- I . i 

-OJ 

-0.7 

-0.7 

+ 0.i 

-0.3 

- 0 3 

+ 02 

-0.1 

-0.2 

* 0 1 

-1.6 

+ 05 

-1.1 

+ 0.1 

PCAN E R R O f i : 0 9 

T A B L E I I . ACCURATE MASS DETERMINATIONS 

MULTIPLET AT MASS •* t 

COMPOSITION CALCULATED 

MASS 

ERROR [rnvj 

Ca 

CS 

CHP 

COj 

CH2NO 

C2H^0 

C2H6N 

HS.SSSt 

43.9718 

43.981"* 

43.9895 

44.0132 

44.0257 

44.0496 

- 0 . 1 

- 0 .2 

- 0 .2 

- 0 . 3 

- 0 .4 

- 0 .5 

- 0 .4 
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Fig. 8 Portion of a high resolved spectrum of blood plasma. 

Resolution : 22,000 

Ion source : low-voltage discharge. 
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3. Results 

Fig. 3a shows the molecular peak group of anthracene and the lines of the 

reference sample perfluorokerosene, recorded with high resolution, for 

accurate mass determinations. The same spectrum, recorded with low 

resolution for intensity measurements is shown in fig. 3b. 

Fig. 4 shows once again the molecular peak group and the line of the 

electrode material (gold) together with the hydrogen association line. 

Spectra of ions produced in the low-voltage discharge source are compared 

against ions from an electron impact source (fig. 5). The molecular peak 
is set to 100 %. In the higher nass range, the two spectra are very 

similar, in the lower mass range the abundance of the fragment ions in the 

case of low-voltage discharge is considerably higher, whereas the abundance 

of the doubly - charged molecular ion is below 1 %. 

The results obtained by an automatic photoplate evaluation with the pre

cision comparator are shown in table I. It includes lines vjith abundances 

of below 1 %. The errors are stated in millimass units. 

The mean error of the mass determination of 57 lines is below one 

millimass unit and, therefore, comes very close to the values obtained so 

far with electron impact sources. 

The low-voltage discharge spectrum of pentacene, shown in fig. 6, is also 

very similar to the electron impact spectrum. Fragmentation increases 

noticeably in the lower mass range with decreasing mass numbers. In each 

case, the first line of each group is a carbon cluster. The doubly charged 

molecular ion is more abundant th'an in the case of anthracene. 

A high degree of fragmentation can be observed with pyrene (cf.fig. 7). 

The molecular peak has only 10 % of the abundance of the carbon cluster at 

mass 36. Even so, the characteristic fragment ions in the higher mass 

range are found here, too. 

Fig. 8 shows a portion of a high-resolution spectrum of blood plasma. All 

lines are multiplets. The sample contains impurities and a high resolving 

power is required for line identification. 

To illustrate the resolution, the multiplet at mass k^ is shown in fig. 9, 

considerably enlarged. It consists of 7 lines. The high resolution 

obtained permits unequivocal line/mass correlations. 

Table II shows a portion of the complete element map of this spectrum, 

showing the data belonging to this m.ass number. The errors are in the 

order of 0.3 millimass units. 
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4. Conclusions 

We have reported here on first results of our measurem.ents on organic 

materials performed with the low-voltage discharge source. These results 

show that high resolution and accurate mass determinations, provide a 

possibility to carry out exhaustive investigations concerning ionization 

and fragmentation processes of organic molecules in the plasma of the 

low-voltage discharge. 

Over and above this, the high resolution obtained also provides new -

possibilities in the field of trace analyses of biological materials by 

direct sparking techniques. 
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112 
DETERMINATION OF ORGANIC CONTAMINANTS IN AIR AND WATER 

BY HIGH-RESOLUTION MASS SPECTROMETRY 

A. G. Sharkey, Jr., J. L. Shultz, T. Kessler, 
and R. A. Friedel 

U.S. Department of the Interior, Bureau of Mines 
Pittsburgh Coal Research Center, Pittsburgh, Pa. 15213 

INTRODUCTION 

The Pittsburgh Coal Research Center of the U.S. Bureau of Mines is investigating 
processes to remove various pollutants from flue gases and uses of coal and coal-
derived materials to remove organic contaminants from secondary waste water.i:-i=.' As 
part of this investigation, high-resolution mass spectrometry has been used to study 
concentrates of organic contaminants in airborne particulate matter and waste water. 

Although a wide variety of organic contaminants including chemical carcinogens 
have been identified in air and water from various sources, little use has been made 
of modern instrumental techniques such as high-resolution mass spectrometry and 
nuclear magnetic resonance to further these qi-nHipg.3,4,5,6/ Only recently the 
Federal Water Pollution Control Administration, Southeast Water Laboratory, reported 
that mass spectrometry and nuclear magnetic resonance in addition to infrared and 
ultraviolet spectrophotometry are now being applied to the characterization of organic 
pollutants in water.Z' 

Sawicki and co-workers have made extensive studies of organic compounds found in 
urban atmospheres.H* Because separation and identification of individual components 
is difficult, the concentrations of 3,4-benzpyrene and one or two other polynuclear 
aromatics have been used as a basis for comparing organic pollutants in atmospheres.^' 

EXPERIMENTAL PROCEDURE 

High-resolution mass spectra were obtained using a Consolidated Electrodynamics 
Corp. Model 110 at a resolution of approximately 1 part in 15,000. Precise masses 
used in determining the elemental compositions were, with few exceptions, assigned 
with accuracies of 1-3 millimass units. 

The solid particulate matter was introduced in the heated inlet system of the 
mass spectrometer and vaporized at approximately 300® C; about 12 percent was vapor
ized at this temperature. Concentrates of the organic material in waste water samples 
were prepared using ether extraction.—' 

RESULTS AND INTERPRETATION 

Airborne Particulate Matter 

Precise mass data were obtained for approximately 750 peaks in the mass 76 to 
266 range. Six typical airborne pollutants reported by Sawicki and others are used 
in table 1 to illustrate the applicability of the high-resolution technique to detect
ing and determining the elemental composition of polynuclear species in airborne par
ticulate matter.2' The five most intense peaks in the mass spectrum were 178, 202, 
228, 252, and 276. Elemental compositions derived from the precise masses and examples 
of known pollutants corresponding to these formulas are also shown. 

The detection of alkyl derivatives is important as it has been shown that in some 
instances alkyl derivatives are more carcinogenic than unsubstituted aromatic ring 
structures.2/ The presence of alkyl derivatives is possible for three of the ring 
systems indicated in table 2. Alkyl substituents containing from 2 to 4 carbon atoms 
were detected. 

Effluent from Sewage Treatment Plant 

Organics extracted from treated waste water with ether totaled approximately 1 ppm. 
Contaminants with molecular weights as high as 400 were detected by mass spectrometry. 
Many multiplets were observed in the mass spectra of the concentrates, indicative of 
the presence of heteroatoms. Six of the most intense peaks showing multiplets were 
masses 182, 202, 228, 230, 252, and 276. 
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Table 1.- High'resplution mass spectrometric data for several 
organic pollutants in airborne particulate matter 

Nominal 
Mass. amu 
cisal/ This work 

Elemental composition 
C H 

Examples of 
possible compounds b/ 

178 
202 
228 
252 
276 
300 

.0783 

.0783 

.0938 

.0938 

.0938 

.0938 

.0775 

.077^ 

.0930 

.0932 

.0943 

.0925 

.0008 

.0009 

.0008 

.0006 

.0005 

.0013 

14 
16 
18 
20 
22 
24 

10 
10 
12 
12 
12 
12 

Anthracene 
Pyrene 
Benzanthracene 
Benzopyrene 
Benzo[ghi]perylene 
Coronene 

a/ Exact fractional mass for elemental composition shown, 
b/ Previously identified air pollutants, see reference 3. 

Table 2.- Partial high-resolution mass spectrum of organic 
contaminants in airborne particulate matter 

Nominal mass Relative intensity 
Elemental composition 
C H 0 N 

Examples of 
possible compounds-

154 

168 

182 

196 

167 

181 

6.9 

6.5 
4.0 

6.2 
2.7 

5.5 
2.5 

12.8 

5.3 

12 

13 
12 

14 
13 

15 
13 

12 

13 

10 

12 
8 

14 
10 

16 
8 

9 

11 

a/ All isomeric variants are possible. 
b/ Previously identified air pollutants, see reference 3. 

Acenaphthene—' 

Methylacenaphthene 
Dibenzofurank' 

Dimethylacenaphthene 
Benzophenone 

Trimethylacenaphthene 
Xanthen-9-onek/ 

Carbazolek' 

Methylcarbazole 

CONCLUSIONS 

A major advantage of this type of instrumentation is that the elemental composi
tions of a wide variety of components can be determined on essentially total samples. 
Information concerning alkyl derivatives such as carbon number distribution data 
obtainable by mass spectrometry could be of prime importance in studies of carcinogenic 
pollutants. A limitation is that particular isomers cannot be determined. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge the assistance of Dr. Morton Corn, Graduate 
School of Public Health, University of Pittsburgh, for supplying the sample of airborne 
particulate matter, and Dr, Charles Caruso, Water Resources Research Project, Mellon 
Institute, Carnegie-Mellon University, for assistance in preparing the concentrates of 
the organic contaminants in the water. G. E. Johnson of the Pittsburgh Coal Research 
Center obtained the waste water samples and provided helpful discussion during this 
investigation. 

321 



REFERENCES 

1. Blenstock, D., J. H. Field, and J. G. Myers, Bureau of Mines Rept. of Inves. 7021, 
1967, 52 pp. 

2. Johnson, G. E., L. M. Kunka, A. J. Forney, and J. H. Field, Bureau of Mines Rept. 

of Inves. 6884, 1966. 

3. Sawicki, Eugene, Arch. Environ. Health, 14, 46 (1967). 

4. Middleton, F. M., and A. A. Rosen, Public Health Reports 71, 1125 (1956). 

5. Middleton, F. M., Wallace Grant, and A. A. Rosen, Indus, and Eng. Chem., 48, 268 
(1956). 

6. Caruso, S. C , H. C. Bramer, and R. D. Hoak, Air and Water Pollution, 10, 41 
(1966). 

7. FWPCA Team Identifies Organic Pollutants in Water by Wide Variety of Techniques. 
Chem. and Eng. News, Oct. 14, 1968, p. 56. 

8. Sawicki, Eugene, Thomas R. Houser, Walter C. Elbert, Frank T. Fox, and James E. 
Meeker, Am. Indus. Hygiene Asso. Jour., 22, 137 (1962). 

9. Stanley, Thomas W., Myma J. Morgan, and Ethyl M. Grisby, Environ. Sci. and Tech., 
2, 699 (1968). 

322 



113 
On-Line Computer Analysis of High Resolution 

Mass Spectra: Mass Spectrometry of Medium Chain Length Compounds 

S.R. Shrader, Wyeth Laboratories, Inc., Radnor, Pa. 

A.M. Chalmers, Cornell University, Ithaca, New York 

An MS-902 high resolution mass spectrometer PDP-8 computer system has been used to 

considerable advantage for the structure elucidation of natural products and drug meta

bolites. The system, as supplied by Picker Nuclear and AEI (England), is schematically 

described in Figure 1. Centroids and areas of peaks are determined on the fly during a 

scan, which is typically thirty seconds per decade at a resolution of 10,000-12,000. 

Following decisions by the operator whether to punch the data and/or repeat the scan, 

the computer calculates all ion masses by interpolation between reference peaks. The 

third program phase determines elemental compositions and provides an easily read out

put. For the composition calculations, the operator has the choice of entering any 

three heteroatoms in addition to nitrogen and oxygen. Good results are obtained, with 

very little set-up time required, from quantities of only a few micrograms. 

One important application of this tool is the identification of the extremely small 

amount of materials isolated from biological systems. In particular, the major component 

of the hairpencils of the monarch butterfly, Danaus plexippus, was identified by mass 

spectrometry and a combination of other techniques including the preparation of several 

simple derivatives . The mass spectra of the natural material (trans, trans-10-hydroxy-

3,7-dimethy1-2,6-decadienoic acid, I) and of the derivatives provided not only informa

tion leading to the structure, but some interesting observations concerning mass spectral 

fragmentations. 

y ^ ^ A i ; y ~ - ^ A i ^ COOH 

OH 

(1) 

The mass spectrum (Figure 2) of compound I, with the important high resolution data 

indicated, contains significant structural information. The molecular ion at m/e 212 

gives the elemental composition of the compound (C-^H 0 ) and the M-18 peak is formed 

by the elimination of water, demonstrating the presence of a hydroxyl function. The 

M-CH 0 peak at m/e 182 is most easily explained as a rearrangement fragmentation involv-
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ing the primary alcohol. 

Two very significant fragment peaks appear at m/e 100 and II3 (C.HoO. and C_H,.0, 
5 o 2 7 1 3 

respectively). These ions are formed by cleavage of the doubly allylic C-^-C-5 bond. 

The base peak in the spectrum, at m/e 95 , is formed by loss of water from the C H O ion. 

A second fragmentation of this ion is the elimination of ethylene to form the ion at m/e 

85 ( C H O , m'' 63.9). Unfortunately, the scarcity of sample precluded a labelling experi-

mfent to determine whether this fragmentation is similar to that observed from certain 

2 
carboxylic acids . 

OH 
C^H^O . C^H^ 

OH 

m/e 113 m/e 85 

/-CHOH + CoH-,0 

The mass spectrum (Figure 3) of the methyl ester obtained by reacting I with diazo-

m^thane is remarkable in that no elimination of water is observed. This is best inter

preted as blockage bf 1,4-elimination from the primary alcohol by the C-6 and C-7 double 

bond. Otherwise, the spectrum exhibits the expected changes in fragmentation behavior. 

The molecular ion loses methanol, methoxy radical and formaldehyde (from the primary 

alcohol) to give peaks at 19^, 195 and I96, respectively. The base peak remains at m/e 

95, as does the fragment at m/e 113, but the fragment corresponding to the other half of 

the molecule is shifted to m/e 11^, 

Other compounds which were studied included the 0-acyl, 0-acyl methyl ester, and 

the bis-(trimethylsily1) derivatives. The spectra were not unusual, and as would be 

predicted from the earlier discussion of the loss of formaldehyde these derivatives do 

not undergo this fragmentation. 

J, Meinwald, A.M. Chalmers, T.E. Pliske and T. Eisner, Tetrahedron Letters, 1968 (^7), 

^93-6. 

2 
H, Budzikiewicz, C. Djerassi, and D.H. Williams, "Mass Spectrometry of Organic 
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Compounds", Ho lden-Day, I n c . , San F r a n c i s c o , 1967, p . 218. 
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THE ANALYSIS OF SCME lOXTtlRHS USTITG UITHA HI(3I REEOLtmON ABD 
HELD ICIia2WII0N TBCHBKjnS 

S. Evans, T.R, Kemp ajid W.A. ffolstenlioljne, AEC Scientific 
Apparatus Division, Manchester, England. 

Introduotlmi 

The analysis of such complex mixtures as tobacco extracts and petroleum fractions 
wliioh may oontaln many canponenta presents many problems, preliminary separation 
procedures being lengthy and complicated even under ideal conditions. One of the 
ear l ies t applications of mass spectrometry was the analysis of ccxnplex hydrocarbon 
mixtures. This type of analysis can be perfojmed using lo\i resolution and electron 
impact as the sole method of ionization. However, for more complex mixtores, where 
different ccmpound types are present and whose molecular weights are much nearer than, 
say 14 maas units apart, or even are nominally the seme, then a mass speotrometrio 
analysis of the mixture requires the use of high resolution techniques to separate 
multiplet peaks. Also the use of a ocmbined electron impact-field ionization source is 
highly desirable so that at least a low resolution study can be made in the field 
ionization mode In order to fac i l i t a te the identification of molecular ion 

This paper presents some results which have been obtained using these techniques. In 
particular, the petroleum fraction studied was shown to contain sulphur containing 
compounds which give r ise to multiplet peaks in the mass spectrum requiring for 
separation a resolving power of 70,000. 

Experimental 

The petroleum fraction studied had a boiling range 355-375°0 and a sulphur content of 
1.55^. Low resolution spectra were recorded using electron impact at 70eV and field 
ionization as the source of ions, and then using electron impact, studies were made at 
resolving powers of 10,000, 30,000 and 70,000. 

Preliminary results were obtained on the polycyclic fraction from a tobacco extract 
using low resolution electron impact and field ionization studies. 

All speotra were recorded on a double focusing AEI MS902 instrument. Initial setting 
up for the very high resolution studies was done using a mixture of xenon and 
ethylene tetrachloride as the sample since it gives a convenient doublet at m/e 129 
v;ith a mass separation of 1 part in 70,000. The performance waa also checked using a 
synthetic mixture of 1,1,3,3,5,6-hexamethyl indane and 7-thiatridecane. 

Samples for assessing instrumental performance were admitted via the heated reservoir 
inlet system and the petroleum fraction and tobacco extract were admitted on the direct 
insertion probe. 

Results 

The low resolution electron impact speotra of both the petroleum fraction and the 
tobacco extract showed the typical pattern for such complex mixtures, namely a peak 
at every mass number with the intensi ty generally increasing towards the lew mass 
region. Per the petroleum fraction, the field ionization spectrum showed much more 
clearly the molecular weight range of the ccinpountTs present. Peaks were present from 
about masa ISO to mass 35O. Thus, the moleoular weight range was established, and a 
study of higli resolution electron impact data was undertaken. 

Fig.l shows part cf a scan taken at a resolving power of 10,000 showing the spectrum 
of the petroleum fraction plus perfluorokerosene. I t oan be seen that each peak Is 
sp l i t into at least two components. The mass range covered in Fig.l i s that which 
would include the molecular weights of some of the sulphur containing compounds which 
may be expected to be present, namely mass 202 (7-thiatridecane) and i t s homologue at 
m/e 230. There are indications in Fig.l that some of the peaks are in fact wider 
than others. Also, any doublets involving C3-SH4 differences would remain undetected 
at this resolution. Some of the peaks were, therefore, examined at higher resolution, 
and Fig, 2 shovTS the peak at m/e 230 at a resolving po\Ter of 30,000. I t i s now clear 
that the higher mass canponent contains at least two different ion species and the 
lower masa canponent at least three. Also, i t i s now clear that a resolving power cf 
the order of 70,000 is required to obtain well resolved speotra in th is case. 
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P i g . l Petroleum f r a c t i o n and per f luorokerosene . 
Resolut ion 10,000 
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P i g . 2 Petroleum i ' r ao t lon , mass 230. Resolut ion 30,000 
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Xe 
(J18-1047) 

CCl l ^ ^ i 
( l 2 « 1 0 6 6 ) 

J ^ L 
Fig .3 m/e double t in Xe - C_C1 mixture.Mass sepa ra t ion 

1 pa r t in 70,000. ijeasurid lOJb v a l l e y r e s o l u t i o n 
7U,000. 

M u 
/ - \ ^ 

118.4 '"/® U l double t in Xe The OgCl mixture 

components are Xe and C " c i CL,, with 
raass separa t ion of 1 pa r t m t>9,000, 10^ 
v a l l e y r e s o l u t i o n meaaured from t h i s scan 
200,000. Average of 4 r epea t scans was 
160,000. 
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i l g . S Repeat scan of doublet in i l g . 4 . 10?t va l l ey 
r e so lu t ion measured from t h i s scan 140,000. 
Average of 4 repea t scans was I60,0o0, 
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Fig.6 Doublets of the type expected in a petroleum 
f rac t ion spectrum. 
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Ci/H^t 

•^AJ^ 

Ci5 H,i 

J£ 

C,3H„S 

CCuHi, 

C16H10 

CisHq 
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"/̂ sos 

Fig.7 ra/e 202 and 230 from petroleum fraction, 
flasolution -̂  60,UUU. 

PETROLEUM FRACTION 

CC16 H27 
(231-2117) 

CisHtC"^'^'^) 

CC17H1S 
(231. IJO') 

y.?a^ 

ii^g.8 ra/e 232 from petroleum fraction. Kesolution -^60,000 

TOBACCO EXTRACT-FIELD IONIZATION. 

ANTHRACENE 

ACENAPHTHALENE 

/ FLUOREWE 

Illill,, 

•LUOHENE 

1./ 

lilM 

PHENYL NAPHTHALENE 

/ DIMETHYL ANTHPACENE 

BEN7FLUORENE 

•* ETHYLPrRENE 

. l | . l l . i l | i I.I.I I.I.I 

Fig.9 Line drawing of Ion resolution field ionization 
Bpectrum of tobacco eitraot. 
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The IC9O2 Bpeotromater i n the a u t h o r s ' Laboratory w i l l r o u t i n e l y g ive a r e s o l u t i o n of 
70,000 and when r e q u i r e d t h i s i s s e t up wi th the a i d of a mixture of xenon and 
e thy l ene t e t r a c h l o r i d e . This mixture gives a doublet peak a t m/e 129 which r e q u i r e s a 
r e s o l u t i o n of 70,000 for s e p a r a t i o n . K g . 3 shows an example of t h i s doublet recorded 
dur ing a s e t t i i ^ up procedure . I t should be poin ted out t h a t the o the r v i t a l parameter 
t o be cons idered when working under t he se u l t r a h igh r e so lv ing power cond i t ions i s 
s e n s i t i v i t y . I t i s important t h a t t h e instrument I s ad jus ted t o g ive maximum 
s e n s i t i v i t y a t t h e r equ i r ed r e s o l v i n g power i n order t o avoid s i g n a l - t o - n o i s e r a t i o or 
i o n s t a t i s t i c a l problems dur ing t h e ana ly s i s t o be performed. Bearing t h i s i n mind, i t 
i s worthwhile n o t i n g t h a t the maximum r e s o l u t i o n obta ined on t h e ins t rument i s 
f r equen t ly i n excess of 70,000, and t h i s "ex t ra" can then be u t i l i s e d t o al low wider 
s l i t s e t t i n g s and, t h e r e f o r e , t o g ive h i ^ e r s e n s i t i v i t y a t 70,000 r e s o l v i n g power. 

F i g s . 4 and 5 show some of t h e l a t e s t r e s u l t s ob ta ined . These a r e record ings of the 
m/e 131 doublet i n t h e spectrum of the xenon t e t r a o h l o r o e t h y l e n e mix tu re . This r e q u i r e s 
a r e s o l u t i o n of 89,000 for s e p a r a t i o n . The r e s o l v i n g power shown i n F ig .4 i s i n f ac t 
over 200,000. However, i t should be noted t h a t under t he se c o n d i t i o n s , t h e r a t e of 
a r r i v a l of ions i s low enough for randcm v a r i a t i o n s t o be s i g n i f i c a n t , and hence t h e 
peak widths observed w i l l va ry from one i n d i v i d u a l scan t o ano the r . I t i s t h e r e f o r e 
important t o run s e v e r a l repea t scans i n order t o determine a r e l i a b l e f i gu re fo r t h e 
r e s o l v i n g power of t h e ins t rument . F ig .5 i s a r epea t scan of t h e m/e 131 doublet 
whioh shows a r e s o l u t i o n of 140,000. I n t h i s p a r t i c u l a r oase , four repea t scans were • 
t a k e n , of rtiioh F i g s . 4 and 5 a r e two, and the average va lue obta ined fo r the r e s o l v i n g 
power was 160,000. 

F i g . 6 shows two double ts of the type expected t o be present i n t h e spectrum of the 

f atroleum f r a c t i o n under s tudy . The top t r a c e sliows a r e s o l v i n g power cf 70,000 
10^ v a l l e y ) and i s the molecular Ion peaks cf 1 ,1 ,3 ,3 ,5 ,6-hexamethyl indane (C.,5H22) 

and 7 - t h i a t r i d e c a n e . The lower t r a c e i s a CH-IJc doublet a t the molecular ion of 
pyrene . These two known samples served t o sliow t h a t t h e performance of t h e ins t rument 
waa adequate f o r t h e problem i n hand. 

The spectrum of the petroleum f r a c t i o n was now examined a t a r e s o l v i n g power of about 
60,000. F lg .7 shows t h e r eco rde r t r a c e fo r m/e 202 and 230, i . e . t h e molecular weight 
of t h e two known compounds p r ev ious ly s tud ied and a h igher homologue. I t can be seen 
t h a t i n each case t h e two main componente have s p l i t i n t o a doublet (h igher mass) and 
t r i p l e t ( lower mass ) . No peak corresponding t o t h e molecular i on of 7 - t h i a t r i d e c a n e 
a t m/e 202 or t h e homologue a t m/e 230 was observed. The doublet peak at each mass 
r e p r e s e n t s t h e molecular ion of the methylated indane and the ' '3c i s o t o p e peak from one 
mass u n i t lower . However, i n each case the lower mass canponent i s a t r i p l e t . The 
lowest mass canponent of t h i s t r i p l e t i s a ^^C i s o t o p e peak and t h e o t h e r two peaks 
r e p r e s e n t an SH^-Cj doub le t . l i g . S shows the t r a c e fo r m/e 232 wliich aga in sliows a 
s i m i l a r p a t t e r n . The t a b l e below gives the p o s s i b l e i d e n t i t i e s of t h e oompounds 
r e s p o n s i b l e fo r t h e s e peaks. Those which a re under l ined a r e most c e r t a i n l y p re sen t i n 
t h e sample, o thers a r e t e n t a t i v e i d e n t i f i c a t i o n s . 

PCTROLHXM FRACmOH 

m/e Formula Poss ib le I d e n t i t y 

230 (Cf-j Hgg ( .2034) Alkyl indane and/or t e t r a l i n 

( l 3 c C16 H25 (.1990) I s o t o p e Peak 

(C.]5 H.|g S ( .1129) Alkyl t e t r a h y d r o dibenzothiophene 

C Alkyl t e t r a h y d r o naphthothiophene 

(C.|8 H.|;« ( .1095) Dihydronaphthacene 

(13C C^j H13 ( .1051) I so tope Peak 
232 (C-]7 H26 (.2191) Alk.Yl benzene 

V^O C16 H27 ( .2147) I s o t o p e Peak 

(''15 ^20 S ( .1286) Alkyl benzo thiophene 

{^18 Hig ( .1252) Tetrahydronaphthacene 
T et rahy dr ochrys ene 

13, C C.,y H15 (.1208) I s o t o p e Peak 
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The tobacco extract studied was the polycyclic fraction whioh had been previously 
separated from the heterocyclic fraction of the same extract. In this case, because 
of the aronatic nature of the compounds present, the low resolution electron impact 
spectrum was somewhat less conplex than that for the petroleum fraction in that it 
was possible to obtain more information regarding the molecular weight range of the 
canpounds present. However, the field ionization spectrum was further simplified and 
a line drawing of it is given in Fig.9. Marked on here are the tentative identifica
tions of some of the peaks. The molecular founulae have been oonfinned by the canplete 
high resolution spectrum run at a resolving power of about 10,000. However, some of the 
quite intense peaks are still unidentified and further work on this fraction as well aa 
the corresponding heterocyclic fraction is required before more definite analytical 
infonnation can be given. 

This work has shown the value of field ionization techniques and ultra high resolution 
studies with electron impact ionization for the study of complex mixtures. The very 
high resolution has allov/ed the confirmation of the presence of sulphur containing 
compounds previously thought to be present in petroleum extracts, but unconfirmed 
because of the lack of resolving power. It should also be pointed out that the peaks 
studied were by no means the most intense and yet the instrumental sensitivity was 
adequate for the doublets involved to be readily measured and identified, 
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PYROLYSIS OF NATURAL PRODUCT IV. 

Identification of Products from Nucleotide Pyrolysis 
by High Resolution Mass Spectrometry 

H. G. Boettger and A. M. Kelly 

Jet Propulsion Laboratory 
Space Sciences Division 

U800 Oak Grove Drive 
Pasadena, California 9IIO3 

During the past years a long series of pyrolysis experiments on biologically 
Important compounds has been carried out at JPL in preparation of proposed life 
detection experiments on the planets. (1,2,3) 

The present study wac designed to Investigate possible alternate methods to the 
G C / M S approach for the analysis of pyrolysis products from nucleic acid materials. The 
main reason for this investigation Is to determine whether the lack of characteristic 
fragments In their pyrograms is due to their inability of being formed under pyrolysis 
conditions or their inability to pass the gas chromatographic column. 

The experimental set up in our laboratory includes a modified MS-902 and the 
computerized data system described previously. (^,5j6) The modifications on the MS-9 
include a high capacity pumping system (TOO liter/sec at the diff. pump), a direct 
coupled capillary or Scot-type GC column for the G C / M S pai't of the experiments and a 
new heated probe for the MS-9 direct insertion lock. The oven for the gas chromatic 
column is fitted with pyrolyzer and hypodermic injection port. (3) The oven can be 
operated isothermally and/or programmed from below ambient to 400 C. However, due to 
limitations on the columns which are suitable for the over-all experijnent, maximum 
operating temperatures did not exceed 220 C. 

Figure 1 shows the modified probe for the MS-9 Insertion lock. It is fashioned 
after the one described by Teeter, et al. (7) It is interchangeable with the standard 
probe. However, it can be heated to approximately 85O C and cooled down to the 
temperature of liquid nitrogen. A thermocouple is located near the tip of the probe 
to monitor and/or control the temperature. 

During vacuum probe pyrolysis approximately 1 mg is loaded into the probe 
cavity and pumped down. Spectra are recorded at approximately 30 sec intervals as 
the probe is heated at a programmed rate continuously or stepwise from ambient to f^G C. 
The beajn monitor output is recorded during the entire run and marked automatically 
whenever a spectrum is tal'.en. During all experiments spectra are recorded at a 
resolvinf^ power which is never less than that required for mass measurement. V̂ e like 
to operate at a dynamic resolving pov;er of at least 1/5OOO. However, useful data can be 
obtained at lower resolving power. 

The analysis of the data is carried out by oî r previously described data system 
in combination vjith frequent monitoring by the investigator. The more frequent 
monitoring of these data in contrast to the usual high resolution processing is 
carried out to eliminate redundant data and easily identified spectra at an early stage 
Cl' the pi'ocessing, and thus reduce the ainount of data to be fully processed. Should 
questions arise at a later date, processing of part cr all chese spectra can be 
resumed as required. The presently used system represents a simulation of man-machine 
interfacing on the remote console of a time shared system such as the Univac IIO8. 

Figure ? summarizes the data flow. The recorded spectra are dicltized and 
converted to mass vs. intensity t̂ iata. We now inspect the data for obvious s i n f i l e 
component spectra and separate them from suspected multi-component spectra. From the 
former we eliminate the spectra of readily identified substances, •.Jhlle the remaining 
single component spectra are submitted to a library search. The results of this 
search provide identification of the majority of this group. The remainder is submitted 
for elemental comrjosition calculation a.nd a final identification is attempted by 
conventional high resolution techniques. 

Meanwhile, the obvi'ji.i.s mixture spectra are inspected for recognizable components. 
If these 3.re detected, intensity adjusted reference spectra are subtracted and the 
residuals are submitted for library search. Spectra which cein still not be identifier! 
ai"o also processed further by the high resolution mode in order to get a handle on the 
mixture. 
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V.1CUUH fROBK A.3SE'IBLY 

FICURE 1 

DNA-VACUUM - PYROLYSIS 

TEMPERATURE, °C 

CYTOSINE 

METHYLCYTOSINE 

THYMINE 

ADENINE 

GUANINE 

ADENOSINE 
ADENOSYL 

DEOX ADEN, 
- 2 H p 

HCN 

105 

0 

0 

0 

0 

0 

0 
0 

0 

800 

175 

6S00 

600 

102,000 

80,000 

0 

800 
1,700 

55,000 

18,000 

300 

450 

0 

10,000 

2400 

1600 

0 
0 

3900 

56, 000 

450 

0 

0 

12,000 

1500 

0 

0 
0 

3400 

98, 000 

600 

0 

0 

12,000 

2100 

0 

0 
0 

2900 

132,000 

FIGURE 3 
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Finally, assignments are checked against standard spectra and, in case of GC/MS, 
against retention data. 

Typical results are shown in Figures 3 and- ̂ « The nucleic acid bases, e.g., 
adenine, thymine, etc., are released Intact at r ^ l j ^ C and dominate the part of the 
spectrum above mass 50. As the temperatore of pyrolysis continues to rise, only low 
mass fragments such as HCN, COp, etc., are found in high intensity. 

The data show that pyrolysis indeed does yield extremely characteristic 
fragments, at least under the conditions described above. The bases can be identified 
readily qualitatively and, hopefully, quantitatively with some refinements of the 
technique. 

T)ie major products of nucleic acid pyrolysis using the vacuum probe technique 
are summarized in Figure 5- In contrast. Figure 6 shows the products found by GC/MS 
pyrolysis at 500 C. These products are mostly of minor nature, if one excludes HCN, 
COp, and HpO. In addition, they are not characteristic of nucleic acid type materials. 

The next question to be answered is whether or not the above technique can be 
combined with the GC/MS technique to yield an over-all pyrogram of a substance subjected 
to a search for life related materials. We will report about this phase of the 
investigation at a later date. 
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COMPUTER ANALYSIS OF HIGH RESOLUTION MASS SPECTRA IV. 
The Influence of Peak Model Parameters Upon 

Mass Measurement Accuracy and Multiplet 
Recognition 

H. G. Boettger and A. M. Kelly 

Jet Propulsion Laboratory 
Space Sciences Division 

U800 Oak Grove Drive 

Pasadena, California 91103 

Two years ago (1,2) we described a new "PeaJt Analysis" method as part of our data 
reduction setup for fast scanning high resolution mass spectrometers. The major 
difference between this method and the methods which had been reported at that time was 
the attempt to recognize and measure more or less unresolved (threshold ^ 1 ^ of full 
scale) multiplets. With only minor changes from the reported version, this program has 
been in routine operation for the last two yeai's. During this period we have tried to 
analyze all the factors which might affect the quality of the results. The goal of this 
study •vas to improve mass measurement accuracy, peak recognition, and most importantly 
the over-all confidence in a given set of results. 

Figure 1 lists the factors which influence the quality of the processed data: 

1. As the resolving power of the mass spectrometer is increased, the quality 
of the data increases until the point is reached where the loss of 
sensitivity offsets gains made by greater separation of ionic species. 
There.fore, the mass spectra should be recorded at a resolving power high 
enough to make the best possible mass measurement, but not so high that a 
parent peak of greater than 0.1^ would be lost or noise would begin to 
affect the mass measurement seriously. 

2. We investigated the effect of different digital sample rates and recording 
systems response. We found, that as long as a "normal" peak is represented 
by about 20 samples and the pealt is not significantly distorted, the 
improvements v;ith increased bandwidth and sample rate are only marginal. 

3> Peak model parameters will be discussed in detail in the second part of 
this presentation. 

k . Tiie effect of the data threshold is quite complex and will be studied in 
more detail elsev/here. At this time I wish to call your attention only to 
the follov.'ing facts: 

as the tliresholds for minimum intensity and minimum numbers of data 
points are raised, the processing of the data becomes simpler all the 
time since only large singlet peaJts will remain. As a matter of fact, 
if we raise both values hî ,h enough, the peaiv analysis problems will 
go away entirely. Unfortunately, that defeats the purpose of 
running the sample in the first place. Therefore, we provide two 
chances for thresholding: 

a. during the data logging stage, which accepts all signals 
resulting from more than 5-lÔ Ji of the width of a "normal" 
peal': at tlireshold and greater than 2 - 3 times rms noise. 

b. during peak analysis where vo accept pea]; width down to 
25/0 on the first pass and intensities ?.1*5 of full scale, 
here we have the option of reprocessing at different 
levels if desired. 

5- The effect of spectra averaging (3) and reasons for it will be discussed 
in the final pai't of this presentation. 

F i g u r e 2 dernonstrates, as pointed out before, any improvements in niass m e a s u r e -
ment accuracy with increasing clock rate are marginal as long as a sufficient number of 
points is used to describe the peai-.. This is due to the fact that at the lov/er rates 
a certain amount of noise filtering occurs which is IOSL- at hii.];her rates. Improvements 
can only be achieved v;hen the data ''smoothing rate" is increased proportionately. But 
this also increases the LOst of processin,:^ significantly and can be justified only in 
speciaj. coses. 
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Figure 3 demonstrates several factors. First, increasing the bandwidth does not 
in itself improve m.as3 measurement accuracy. Secondly, due to the ever present noise 
In a fast-scan system there are always discontinuities in the relationships because of 
(competing forces. We found that in general the empirical selection of operating 
parameters leads to the quicl'.est results. 

Third, and most comforting, is the fact that the mass measurement accuracy is not 
critically sensitive to any of these operating parameters as long as one stays i;-ithin 
reasonable limits and is willing to accept average errors in the 1-2 milli-AI>lU range. 

Figure h shows the variation of the average error with multiplier gain. As 
expected, as the gain increases, the noise and v;ith it the error increases. But 
again, there is no critical deterioration as long as one stays within a reasonable 
y-BJi£,e of multiplier gain. 

Thin leads us to the effect of the peaJc model parameters. Figure 5 presents a 
list of the ores v/hich are a part of our prograjn: 

1. Easewidth (sec.) 
2. Filter window {'-p basevridth) 
3. Minimum number of points for slope analysis (̂i basewidth) 
h. Minimum number of points for pealv acceptance (samples) 
5. Resolution (sec.) 
6, Minimum change of slope 

It becomes obvious from the relation of items (2) and (3) to (l), that the "basewidth" 
is the peak model parameter of the greatest importance. If the selected value of (l) 
Is too small, every noise spike and scattered ion is accepted as a peak: and produces 
a spectrum listing which requires as much work to analyze as would have the raw 
spectrum. On the other hand, if the selected value is too large, multiplets will be 
treated as singlets. Therefore, peaks wil]. be lost and erroneous mass values and 
compositions will be calculated. Thus, it is important to determine the basewidth of 
a normal peak with as much accuracy as possible. The determination of this input 
Value can be made in one or all of the following ways. The spectrum is monitored on 
an oscilloscopo as it is recorded and/or reproduced. The peak width of a number of 
clean singlets is measi-ired. Alternatively, the determination can be made from raw 
digital data (PEAK E:DIT). The question remains as to how critical is the determination 
of the basewidth value. 

Figure 6 gives us an answer to this question. The true peak width is about I.5 
milllsec. It can be seen that varying the input value from 1.0 to 2.0 produces no 
significant variation. Tlie optimum filter window was determined in the region of 
•̂0-60̂ 3. Below hO't insufficient smoothing of the data occurs and above 60*/̂  artifacts 

ere produced due to "ringing" of the filter. 

Tlie minimum nujiiber of points which is required before slope analysis is carried 
out is normally set at 125-150^ of basewidth. 125/i is used for good spectra with a 
minimum of pressure broadening on the peaks. This means that a peak is considered a 
singlet and treated by the centroid technique unless the vrldth of the peak at the 
threshold exceeds that of a "WORf'lAL" peak by 25^. Again, the importance of selecting 
a good value for the normal peal(. cannot be over-emphasized. 

The remaining throe parameters which were listed in Figure 5 are additional 
safeguards against accepting extraneous pealcs due to a noisy spectrum. The "minimum 
number of points for peak accejjtance" limits again the number of signals above 
threshold that are classified as peaks. The number is usually more restrictive tlian 
the one used in the data logging stage. The same is true for the intensity 
threshold which is used at this point as was mientioned above. 

T:.e minimum resolution criterium is derived fromiesolving power at which the 
mass spectrum was recorded and eliminates the listing of combinations of ion species 
which could not have been recognized under the given experimental conditions. 

The minimum change of slope guards against introduction of false fragments due 
to minor distortions in the peak profile. For routine separation this value is set 
permanently such that the slope must go to zero before a peak is identified. 
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Having worked out optimized peaklogging and data analysis schemes, \re found that 
in the case of fast scan, high resolution spectra our confidence level in some of the 
results was less than what vre v/ished it to be. Often mass measui-ement of an ion did 
not agree with out preconceived notion of the composition of the ion or the ion of 
the expected composition showed a larger than usual error. It was obvious from the 
data that our problems resulted almost exclusively from excessively high random 
variations due to ion statics, etc., which occasionally was complicated by unresolved 
multiplets in anoisy spectrimi. An analysis of the available data showed that the 
solution was to increase the statistical sample. Obviously, the most direct approach 
would be to scan more slowly and thereby collect more ions. Due to over-all 
experimental requirements, this approach Is not always possible. Therefore, alternate 
routes were investigated. As a result of this investigation, we concluded that the 
best solution would be to run as many duplicate spectra as possible, usually 3-5j 
and average the calculated masses for each peak. The program will also average the 
intensities. The average intensities, however, are used only when the sample 
concentration in the ion source stayed rasonably constant during the period when the 
spectra were taken. 

Figure 7 shows the results which are obtained by this technique. It can be 
seen that typically the mass measurement error is reduced by a factor of three. In 
addition the confidence in the measured masses is enhanced greatly. 

Figures 7 and 8 show the effects of peaJ<: averaging as a function cf both mass 
and intensity of the peak. 

It has been sho^m that by optimizing the "PEAK MODEL" and "DATA ANALYSIS" 
parameters mass measurement errors can be held in the order of 1-2 x 10"-̂  AMU up to m/e 
/•̂  800. Further improvement in the order of a factor of 3-5 can be made by ''PEAK 
AVERAGING". In addition, the confidence in the numbers which are generated by the 
data system Is increased signlfleant].y by this technique. Finally, by means of the 
averaging technique, it is possible to extract usefuD. information from relatively 
poor spectra. 
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ANALYSIS OF TRIMETHYLSILYL DERIVATIVES OF 

CARBOHYDRATES BY MASS SPECTROMETRY* 

Don C DeJongh and J. D- Hribar 

Department of Chemistry, 
Wayne State University, 
Detroit, Michigan 48202 

ABSTRACT 

The fragmentations of a number of common monoBaccharides and disaccharides 

have been studied in detail as their trimethylsilyl (TMS) derivatives, using deuterium 

labeling and exact-mass measurements . It is possible to recognize ring size and 

degree and position of substitution from the mass spectra. A number of interesting 

rearrangements are observed, also. 

The results obtained from these spectra have been applied to mass spectrometric 

studies on aminocyclitol antibiotics. These antibiotics, together with model compounds 

derived from them by various degradative reactions, have been investigated in the 

form of their ^-acetyl-O-tr imethylsi lyl derivatives. From the mass spectral data, it 

is possible to recognize the sequential arrangement and gross structures of the units of 

\vhich the saccharides are connprised. 

Minute nnolecular ion peaks are present in the mass spectra of the N-acetyl-O-

trimethylsilyl derivatives of the intact antibiotics. Peaks 15 mass units lower, from 

loss of CH fronn a trinnethylsilyl group, are more intense- Cleavage of glycosidic 

bonds is observed. The fragmentations are many and complex. 

Although the preparation of TMS derivatives greatly increases the molecular 

w^eight, the use of such derivatives is advantageous because of the increase in 

volatility. 

For previous publications in this area see: a) D. C DeJongh, J. D. Hribar, 
S. Hanessian, and P . W- K. Woo, J. Am. Chem. Soc , 8^, 3364 (1967) and b) D. 
C DeJongh, T. Radford, J. D- Hribar, S. Hanessian, M. Bieber, G- Dawson, and 
C. C. Sweeley, ibid., 91, 1728 (1969). 
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119 
MASS SPECTRA OF POLYSUBSTITUTED MACROCYCLIC 

LACTONES DERIVED FROM MACROLIDE ANTIBIOTICS 

by 

R. L. Foltz, Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 
L. A. Mitscher, College of Pharmacy, The Ohio State University, Columbus, Ohio 
M. I. Levenberg, Abbott Laboratories, North Chicago, Illinois-

The macrollde antibiotics are a clinically important class of compounds uhich 
possess as a characteristic feature a substituted macrocyclic lactone system. In order 
to explore mass spectrometry as an analytical tool for determining the functionality 
present in specific macrollde molecules, ve have obtained mass spectral data on a series 
of compounds related to the macrocyclic ring system found in erythromycin B. 

CHH/ 

Figure 1. Erythromycin B 

Erythronolide B la the aglycone of erythromycin B and is known to be a 
biological precursor of the antibiotic. Its unit-resolution spectrum is shown in 
Figure 2. The spectrum is very complex with the stronger peaks at lower masses, making 
Interpretation a definite challenge. The interpretation, however, haa been greatly 
facilitated by our being able to obtain complete high resolution mass spectra on more 
than twenty compounds related to erythronolide B. The mass spectral data were obtained 
using the on-line digital data recording system described at last year's conference. 
As you will see shortly, the high resolution data are nearly essential to the 
interpretation of these mass spectra. 

In this study we have also utilized a semi-automatic metastable acanning 
system employing the "defocuslng technique". With thla system it is possible to obtain 
experimental evidence rapidly and conveniently for precursor Ions for nearly every 
fragment Ion in a mass spectrum. 

Although there Is evidence for many different fragmentation processes 
occurring in the electron-impact mass spectrum of compounds related to erythronolide B, 
two specific processes have proven to be particularly useful for structure Identifica
tion. Both processea are apparently initiated by ring-opening via a McLafferty 
rearrangement involving the lactone carbonyl. Process A then undergoes rupture of the 
C_-Cg bond as shown in Figure 3. Ions corresponding to retention of the positive charge 
on either fragment are observed in the mass spectrum of erythronolide B. However, 
retention of the charge on the fragment containing carbons 6 through 13 (structure II) 
leads to the more prominent and structurally significant ions. These iona are prominent 
in the spectra of all of the compounds investigated having a hydroxyl group at the 
6-poaltlon. The process is completely suppressed in those cases where there is no 
Cg-oxygen function. In the mass spectrum of erythronolide B, ion II undergoes two 
consecutive losses of water molecules followed by further C-C bond cleavage. In those 
compounds in which the C---OH group is absent or has been acetylated, we see the 
expected shift in composition of these ions 
in the expected ion composition changes. 

Also, reduction of the Cg-carbonyl results 

Fragmentation Process A, therefore, produces ions which are informative in 
regard to functionality present at carbons 6 through 13. 
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CH^ OH 0 CH3 CH3 

CH3CH=CH-CH-CH-CH-C-CH-CH,-C-

CH, OH 

0 OH OH 

HOC-CH-CH-CH-CH 
CH 

Figure 3 . Fragmentation Process A 

CH3 
I 

Fragmentation Process B (Figure 4) is complementary to Process A. Ring 
opening via the same McLafferty rearrangement is followed by cleavage of the C Q - C - ^ 
bond adjacent to the ketone carbonyl. In this case the more prominent Iona are due 
to retention of the positive charge on fragments containing carbona 1 through 9. 

OH 
I 

OH CH, CH,0 

HOC-CH-CH-CH-CH-C-CHrCH-C 
I I ' "= 
CH, CM3 

in 

OH 

Figure 4 . Fragmentation Process B 

Fragment ion III then undergoea consecutive losses of 4 water molecules, 
loss of CO and further C-C bond cleavage. Acetylatlon or, the absence of the 
hydroxyl groups a t the Cy.,Ct. and C, positions results in the expected ion 
composition shifts. 

In a number of cases the two fragmentation processes lead to ions having 
the same nominal mass but different elemental composition. A striking example of 
thla la aeen in the apectra shown In Figures 5 and 6. Figure 5 shows the spectrum 
of 3,5,ll^triacetyl-erythronolide B. The m/e 223 peak corresponds exclusively to 
the compoaition C-,H„.30„. This is the ion composition that would result from 
fragmentation proceaa A with loaa of the C,--acetate group as acetic acid. 

Figure 6 shows the unit-resolution spectrum of a closely related compound 
in which the hydroxyl group at C-6 is absent. Again the m/e 223 ion is extremely 
intense; tn fact it is the base peak in the spectrum. However, the high resolution 
data show that more than 99 percent of the peak corresponds to the composition 
C.-H-gO~. This is the composition that would result from fragmentation process B; 
tHat is, ting opening via the McLafferty rearrangement at the lactone carbonyl, 
a-cleavagfe at the ketone carbonyl with charge retention on the larger fragment, and 
loss of two molecules of acetic acid. 

Other examples can be cited where the unit resolution spectra by themselves 
present a confusing picture. Fortunately, complete high resolution spectra, 
particularly when combined with the metastable acanning data, provldea the Information 
necessary to effectively determine the structure of compounds in this series. 
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We therefore turned our attention to an examination of the mass apectra of 
similar compounda possessing sugar substituents. The inass spectrum of auch a compound 
is shown in Figure 7. This compound corresponds to erythronolide B having one sugar 
residue attached at the 3 position. Conveniently, the masa apectrum is very similar to 
that of erythronolide B except for the Inclusion of several prominent peaks (indicated 
by check marks) corresponding to fragments of the sugar residue. 

Therefore, in spite of the scarcity of peaks In the high maas region, it is 
relatively easy to extract Important structural information from the high resolution 
mass spectral data. 

Unfortunately, the situation is not quite as satisfactory in the maas spectrum 
of erythromycin B ahown in Figure 8. Erythromycin B contains two sugar substituents, 
one of which is an amino sugar. Becauae of the well-known ability of amine nitrogens 
to stabilize a positive charge, nearly all of the intense peaka correspond to Ions 
containing the nitrogen atom. Furthermore, becauae of the facility of cleavage of 
the glycoaidic linkage nearly all of theae peaks are predominately due to fragments 
of the amino sugar. These peaka are indicated in the maaa spectrum by check marks. 

Consequently, in this case, the dominance of the nitrogen-containing 
fragments seriously interferes with the ability to uae the mass spectral data to 
obtain structural information concerning other portions of the molecule. It may be 
possible to chemically alter the amino group in order to inhibit this fragmentation-
dominating effect. 

The study of the mass spectra of compounds related to the macrollde 
antibiotics Is continuing and a more detailed description of the results will be 
provided in Che near future. 

348 



124 
Abstract 

Uses of C-'-'̂/C-'- ratios in biological and biogeochemical research. 

P. L. Parker 

University of Texas 

Marine Science Institute at Port Aransas 

Variations in C-'-̂/C-'-̂  ratios which arise from kinetic isotope effects in 

biological and geochemical systems may be used to gain insight into the 

chemical processes of these systems. Three problem areas in which C-'-̂/C-'-

ratio variations have been used in my laboratory will be discussed. 

1. We have found that pure cultures of blue-green algae (BGfl) may be 

grown so that the cells show the same overall fractionation factor (f.f.) 

to within better than 1 per mil from day to day. Different species of BGA 

show similar fractionation factors although filamentous forms will vary 

unless special care is taken. We have found that the f.f. is dependent on 

the concentration of CO2 in the air used to grow the organisms. 

2. Using BGA and other plants we have found that the "product molecule" 

normal hydrocarbons may or may not have the same C-̂  /C-'-̂  ratio as the assumed 

"precursor molecule". The implications of this approach are discussed. 

3. We have found that petrochemical pollution in marine waters may be 

recognized by C-^^/C-^^ ratios. We have published on this method (Environm. 

Sci. & Tech. 2 535 (1968). 
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COMPARATIVE MASS SPECTROMETRIC STUDIES ON THE ISOPRENOIDS 

AND OTHER ISOMERIC ALKANES IN TERRESTRIAL AND 
EXTRATERRESTRIAL SAMPLES 

E. Gelpi and J. Oro' 
Departments of Biophysical Sciences and Chemistry, University of Houston 

Houston, Texas 77004 
ABSTRACT 

The extractable aliphatic hydrocarbons of numerous meteorite specimens 
(carbonaceous chondrites and graphite-troilite nodules of iron meteroites) 
as well as several terrestrial graphites were separated and identified by 
the combination of gas chromatography-mass spectrometry. Due to the ex
treme complexity of the hydrocarbons in these samples and the very low 
levels of concentration in which the individual components are present, 
unequivocal structural assignments can only be obtained by means of their 
respective mass spectral features. From the mass spectrometric patterns 
eleven homologous series of aliphatic hydrocarbons have been identified. 
These include the n-alkane series, two isoprenoid series of 2,6,10-trimethyl 
and 2,6,10,14-tetramethyl alkanes, five series of raonomethyl substituted 
alkanes (2-,3-,4-,5-,6-methyl alkanes), one of 4,8-dimethyl alkanes, and 
two of monocycloaikanes (cyclohexyl and cyclopentyl). From the data thus 
obtained we can establish interesting correlations between the two types of 
samples, terrestrial and extraterrestrial, and also determine whether 
these compounds were derived from biological or abiological sources. 

INTRODUCTION 

With the advent of the modern chromatographic and mass-spectrometric 
techniques the organic geochemist has been particularly active in the study 
of the morphological and molecular records of past life events which are 
found in terrestrial sediments. It is recognized that the study of these 
records may provide us with an insight into the evolutionary history of the 
first living organisms on earth. 

The significance of the results obtained in the field of terrestrial 
bio-geochemistry (1-9) suggests that, from this point of view alone, it 
would be very interesting to study in detail the extraterrestrial environ
ment. However, although this situation may soon be changed by the NASA 
Apollo program for the exploration of the moon, the only extraterrestrial 
samples that are presently available for this kind of work are the meteor
ites. It follows that an understanding of the nature of the organic matter 
in meteorites may tell us something about the possible existence of life, 
past or present, outside of our biosphere. 

The chemical approach to the determination of the presence of life pro
cesses, on earth or in any other place in the solar system, involves the 
structural identification of "biological markers" among the organic com
pounds present either in living systems or in products suspected of bear
ing or having borne any particular form of life. Because of their chemical 
and structural properties as well as their stability towards diagenetic 
changes, the isoprenoid hydrocarbons have often been implicated as biologi
cal markers (3-5,9,10). Mass spectrometry has proved of great value in the 
identification of this type of structures as well as other isomeric alkanes. 

EXPERIMENTAL 

The analytical techniques used in this type of studies have already 
been reported in some detail in the literature (9,11). In essence the 
method is based on the extraction of the powdered samples with organic 
solvents, fractionation by silica gel chromatography, and analysis of the 
alkane eluate by gas chromatography and mass spectrometry. Necessary pre
cautions to avoid contamination were taken in much the same manner as pre
viously described (9,11). All the control blanks showed either negative 
results or negligible amounts of alkanes. 

The gas chromatographic analyses were made on an "F and M Model 810" 
gas chromatograph equipped with a flame ionization detector. Polysev 
[m-bis-m-(phenoxy-phenoxy)-phenoxy-benzene.] was used as the stationary 
phase. It was obtained from Applied Science Laboratories, Inc. State Col
lege, Penn. Quantative values of the areas under each one of the gas 
chromatographic peaks were obtained directly from an electronic digital 
integrator, Infotronics CRS-llAB/H/41. The gas chromatographic-mass 
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Fig . 1 - HIGH RESOLUTION GAS CHROMATOGRAM OF THE 
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spectrometric analyses were performed on an LKB 9000 gas chromatograph-
mass spectrometer. In the case of the graphitic nodules the samples were 
secured from the iron meteorites according to the following procedure. 

Several meteorite iron pieces were pierced with a carborundum saw 
until a successful cut was made which showed a nodule divided by the saw 
in approximately two halves, each one embedded in the corresponding half 
of the iron meteorite. Tap water was used as a coolant and precautions 
were taken to avoid contamination. This first operation was carried out 
at the American Meteorite Laboratory. The cut pieces of iron, containing 
two halves was then properly identified and considered as an individual 
specimen out of which three (sometimes only two) portions were taken for 
analysis. They are the so-called surface,center, and bottom portions. 
The surface represents material removed from the exposed surface of the 
cut. After this portion was removed then a second sample of a more inter
nal part of the half-nodule was taken (center) and finally a portion was 
taken from the deepest part (bottom), that is the part closer to the 
metal-graphite interface, or the one farther away from the surface of the 
cut. Equal weights of the three samples were taken for the analyses. 

RESULTS 

a) Carbonaceous chondrites. The presence of extractable aliphatic 
hydrocarbons in meteorites has been positively established by their gas 
chromatographic analyses (9,11,12). An example is shown in Figure 1, 
which could be taken as the typical gas chromatographic pattern of most 
meteorite extracts. At this concentration level the complexity of the 
pattern in terms of the isomeric alkanes eluted in between each n-alkane 
peak becomes apparent. The identification of the many components detected 
in meteorites by gas chromatographic techniques would be almost impossible 
on the basis of GC retention times alone. However, the application of 
the combined technique of gas chromatography-mass spectrometry affords 
reliable identifications, even in cases where the gas chromatographic 
resolution has reached a limit or is rather poor. The peaks shown in 
Figure 1, whose structural identities have been established by mass spec
trometry are numbered for identification purposes according to the system 
used in Table I. Isoprenoids are indicated by their common name, in Fig.l. 

As shown in Table I, a total of 68 individual components have been 
identified mass spectrometrically in several meteorite extracts. They 
constitute several homologous series of aliphatic hydrocarbons, such as 
the n-alkane series, two isoprenoid series of 2,6,10-trimethyl and 2,6,10, 
14-tetramethyl alkanes, five series of monomethyl substituted alkanes (2-, 
3-,4-,5-,6-methyl alkanes), one of 4,8 dimethyl alkanes and two of mono
cycloaikanes (cyclohexyl and cyclopentyl). The total relative percent 
composition of the four major hydrocarbon groups is given in Table II. 

Mass spectrometric identifications. The members of the isoprenoid 
series in Vigarano with the exception of pristane and phytane which have 
already been reported in the literature (12) are shown in Figure 2, 
arranged from top to bottom according to their increasing molecular 
weights. Their respective structures are displayed schematically in this 
figure. The preferred points of cleavage of these molecules (at either 
side of the methyl substituents due to the formation in each case of a 
relatively stable secondary carbonium ion) are in all instances reflected 
in their corresponding maxima within the raass spectral patterns. The C,^ 
isoprenoid, not shown, in this figure, was also identified, (see Table I). 

In general the use of high efficiency gas chromatographic columns in 
this kind of separations enabled us to obtain rather clean isoprenoid mass 
spectra. However, this was not always the prevailing situation and it 
must be pointed out here that the utility of the mass spectral data ob
tained from very complex mixtures of alkanes containing many isomeric 
forms is limited by the resolving power of the GC columns. In other 
words if two or more components of the mixture under analysis are eluted 
together in one single GC peak, the corresponding mass .spectrum will re
present a combination of their individual fragmentation patterns. 

Table III shows an example of the mass spectrometric approach applied 
in the identification of the components of an unresolved GC peak. This 
represents an actual case encountered in the analysis of the alkane frac
tion from the Mokoia meteorite. It has been proved difficult to get 
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three separate peaks out of the mixture of iso C.^, anteiso C.._ and pris
tane (12) (see similar case in Fig. 1, peak labelled 26,27, and 28), but 
the mass spectra taken at some points along the upward slope, at the top 
of the peak and at some points along its downward slope can usually tell 
each component apart from the others. Careful inspection of Table III 
shows that the contribution of pristane to the 2-methyl C., spectra is 
very low, the spectra being in this case fully representative of the iso-
alkane structure as indicated by the parent ion at m/e 240, the M-15 peak 
at m/e 225 and the high M-43 peak at m/e 197. In the next scan pristane 
starts to dominate the spectrum as shown by the increase of the intensity 
of the peak at the m/e 268, the parent ion of pristane, and also be the 
increase in the intensities of the M-15 peak (m/e 253) and that of the 
characteristic fragment at m/e 183. Also to be considered are the de
crease of the m/e 99 peak and the intensity of the C,, fragment. In the 
next mass spectrum there is practically no contribution of the iso struc
ture as indicated by the intensity of the iso C._ parent ion. Then, on 
the last two spectra,taken on the descent of the peak, the anteiso C,._ 
features start to appear on top of the spectrum of pristane. The m/e 99 
peak rises, the C,. fragment is no longer higher than the preceeding C,. 
fragment, the intensity of the m/e 240 ion begins to grow again and the. 
characteristic M-29 peak at m/e 211 has increased in intensity. All these 
features are more pronounced in the last spectrum which has not been label
led as 3-methyl C., with the purpose to emphasize that the spectrum does 
still show a relatively high m/e 183 fragment contributed by the fragmen
tation of pristane. 

This illustrates how identification problems which would be very diffi
cult to solve by gas chromatography can easily be resolved with the aid of 
mass spectrometric techniques. 

TUiother example of the utility of the mass spectrometer in this field 
is unequivocal identification of several cycloalkane structures. The mass 
spectrometric patterns of two cyclohexanes are shown in Figure 3. 

b) Graphitic nodules in iron meteorites. After having completed our 
extensive study of the aliphatic hydrocarbons in carbonaceous chondrites, 
a similar study was carried out on the graphitic nodules that are found 
embedded in iron meteorites. It was felt that since these nodules had 
been completely isolated from the terrestrial environment until their re
lease from their surrounding iron matrix, the results would be more reli
able than those obtained with the carbonaceous chondrites. 

The results of the gas chromatographic-mass spectrometric identifica
tion of the hydrocarbons extracted from several specimens of graphite 
nodules (9,12)indicated that they are essentially of the same type as 
those identified in carbonaceous chondrites (see Table I), although the 
amount of alkanes in the nodules was found to be much lower, ranging from 
0.32 to 4.1 ppm. The compounds identified in the graphitic nodules are 
also indicated in Table I by placing their corresponding identification 
number in parenthesis. 

A typical example of the results obtained in this phase of our work is 
shown in Figure 4. Refer to experimental section for description of the 
meaning of the words surface, center and bottom. The surface cut shows a 
distribution of hydrocarbons qualitatively identical to most other meteor
ite samples. A very clear concentration gradient is readily apparent 
within the three cuts. That is the part of the nodule best protected 
from the atmosphere after the cut, the so-called "bottom" shows essen
tially negligible amounts of extractable hydrocarbons. Mass spectra of 
four of the isoprenoids and two of the monomethyl alkanes identified in 
this nodule are shown in Figures 5 and 6, respectively. 

An interesting observation is the possible presence of the branched 
hydrocarbon, 4,7,11-trimethyl hexadeoane, in some of the meteorite ex
tracts including the nodules (see Table I). The mass spectrum of this 
compound is displayed in Table IV in the grid type pattern (13). The 
different mass series are arranged in columns under their corresponding 
z value which is taken from the hydrocarbon formula CnH2n+Z. Each row is 
characterized by a constant carbon number, n. The fragmentation pattern 
appears to fit very closely the proposed structure. The branching sites 
are clearly indicated by the rise in the intensities of the ions under
lined in the alkyl ion series {z=+l) and the olefin ion series (z=0). 
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Relatively intense C , C„, C,,, C , and C,, ions would be expected from 
a structure such as '̂  "̂^ '•° 

Nevertheless, this identification must remain tentative until the corres
ponding standard is synthesized and both spectra are compared. 

The observed concentration gradient for the hydrocarbons in the gra
phitic nodule (Figure 4) is graphically represented in Figure 7 by a plot 
of the total isoprenoid concentration in three different nodules versus 
their location within these nodules. 

c) Terrestrial graphites. A parallel study of the hydrocarbon com
position and distribution of several naturally occurring terrestrial 
graphites (14)showed essentially identical results as those obtained in 
the case of the extraterrestrial graphite samples. In some samples (e.g. 
a graphite schist) we observed a similar concentration gradient between 
the surface hydrocarbons and hydrocarbons trapped in the interior part of 
the sample. This work has been presented for publication elsewhere (14). 

DISCUSSION 

Considering the current criteria of biogenicity (9) frequently 
applied to the aliphatic hydrocarbons, especially to the isoprenoids 
which have been considered as suitable biological markers, it turns out 
that the aliphatic hydrocarbons detected in meteorite extracts can be 
truly classified as biogenic. This statement can be partially supported 
by the data condensed in Figure 8. From a comparative point of view the 
characteristic isoprenoid distribution of sediments, (Figure 8A), and 
petroleum crudes (Figure 8 C,D) show a great deal of similarity to the 
distribution of these compounds in the Vigarano meteorite (Figure 8 B). 
which can be considered representative of most carbonaceous chondrites. 
This by itself strongly supports the hypothesis that these hydrocarbons 
may be derived from biological sources. This unique distribution, with a 
minimum at the C. isoprenoid (9,12) and two maxima at C.g (pristane) and 
C,g (methyl farnesane), is considered to be the result of the diagenetic 
degradation of the phytol in the plant chlorophylls (15) . Higher molecu
lar weight isoprenoid precursors, such as the carotenoids, have been sug
gested as the possible parent substances of the C,, isoprenoid (16), 

It must be emphasized here that an extensive study of Fischer-Tropsch 
synthetic processes, implicated in the abiotic synthesis of hydrocarbons 
within the solar nebula (17), has yielded negative results in terms of 
the synthesis of isoprenoid structures (9). Although relatively large 
amounts of normal (Figure 8,E) and monomethyl substituted alkanes are 
produced in this process no trace of trimethyl or tetramethyl alkanes has 
ever been detected. 

Now if on these grounds we accept the possible biological nature of 
these hydrocarbons, another question still remains unanswered. That is, 
whether they are indigenous or not. An answer to such a question can best 
be given after consideration of the results obtained with the graphitic 
nodules. The marked concentration gradients of the hydrocarbons found in 
these samples as well as their nature and unique bimodal distribution of 
their isoprenoids clearly indicate that besides being most likely of bio
genic origin they may be terrestrial contaminants, of the same type 
found in terrestrial graphites (14), which somehow found their way into 
the nodules after their exposure to our environment. It would be hard to 
accept any argument in favor of biological activity within the iron 
meteorite. Furthermore the very low amounts of hydrocarbons in these 
nodules are in line with what one would expect from processes of relative
ly fast terrestrial contamination by contact of the samples with air, 
dust particles (9,18), petroleum fumes, etc. (9,18). 

As a final remark and in support of these observations, it may be 
pointed out that the analyses recently performed on a freshly recovered 
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meteorite, the "Pueblito de Allende", show negligible amounts of extrac
table organic matter. A fact that would be in line with its relatively 
very short history of terrestrial contamination. 
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TABLE II 

RELATIVE PERCENT COMPOSITION OF PARAFFINIC HYDROCARBONS 

IN THE TOTAL n-PENTANE EXTRACT OF METEORITES 

Meteorite 

Murray 

Grosnaja 

Mokoia 

Vigarano 

Cy. =loalk 

1.54 

5.00 

2.16 

1.05 

anes me-Alkanes 

13.44 

10.00 

7.92 

7.98 

Isoprenoids 

11.39 

11.25 

13.68 

11.55 

n-Alkanes 

70.52 

72.50 

40.08 

61.53 

Total 

96.89 

98.75 

63.84 

82.11 

TABLE III 

PARTIAL SPECTRA REPRESENTING FIVE SUCCESSIVE SCANNINGS OF A 

THREE COMPONENT C-îS CHROMATOGRAPHIC PEAK 

m/e 

99 

113 

127 

141 

155 

169 

183 

197 

211 

225 

239 

240 

253 

267 

268 

ion 

S"l5^ 

S"l7^ 
CgHj^g 

^^10^21^ 

'̂ ll"23'*' 

'^12"25"' 

'^13"27 

'^14"29 

^15"3l'' 

^16^33 

'^17^35 

^17"36"' 

"^18^37 

C19H39 

'=19"40 

2-meC^g 

127 * 

100 

80.5 

60 

42 * 

32.5 

25 

138 * 

13.5 * 

42.5 

7.5 

13.5 

3 

4 

2 

Relative 

Pristane 
+2-meC^g 

62 

100 

41 

20 

22.5 

8 

63 

26 

4 

7.5 

4 

2 

' 5.5 

--

5 

Intensities 

Pristane 

57 

100 

38 

18 

20 

6.5 

61 

8.5 

2.5 

5.1 

3.5 

1 

5 

— 

4.8 

Pristane 
+3-meC^g 

71 

100 

42 

45 

24 

12 

55 

10 

12 

8 

4 

1. 

4. 

--
3 . 

5 

3 

8 

Pr: 
+ 3-

istane 
-meC^g 

106 

100 

71 

55.5 

42 

31 

43 

24 

42.5 

18 

— 

15.5 

4 

--
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TABLE IV 

MASS SPECTRUM OF 4,7,11-TRIMETHYL HEXADECANE FROM THE SURFACE OF A 

CANYON DIABLO EMBEDDED NODULE 

• ^ n ' 

^5 

^6 

^7 

^8 

^9 

ClO 

= 11 

= 12 

=13 

= 14 

=15 

=16 

=17 

= 18 

= 19 

-5 

12.5 

3 

3.1 

5 

4 

4.8 

Mass 

-4 

6 

4 

3.1 

3 

3 

Series 

-3 

16 

15 

13 

9 

7. 

7. 

6 

6 

6 

22 

4 

5 

5 

(Z in 

-2 

6.5 

93 

20 

12 

9 

5 

4 

3.5 

4.5 

4.8 

6.5 

3 

3 

=n"2n.z' 

-1 

]] 

100 

39 

28 

26 

13 

8 

6 

5 

5 

7 

3 

0 

30 

23 

37.5 

18 

19 

13 

7 

14.5 

5 

7.8 

6 

20 

4.5 

4 

3 

+ 1 

90 

80 

ii 
31 

35 

18. 

11 

2_8 

8 

17_ 

5 

12 

6. 

5 

5 

8 

+ 2 

6 

5 

3 

3.5 

5 

3 

4 

3 

The characteristic fragments originated around the 
methyl branches are underlined. 
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SOME SYSTEMATIC TRENDS IN c'^ AND o'^. CONCENTRATION VARIATIONS 

IN A CARBONATITE 

P. Deines 

The Pennsylvania State University 
University Park, Pennsylvania 

Carbonatites represent a rather peculiar rock type in that 

they consist largely of carbonates, like sedimentary limestones 

or marbles, show on the other hand, however, textures and mineral 

relationships which suggest a formation at high temperatures from 

a carbonate melt. 

The study of the origin of carbonatites derives its impor

tance from a number of sources: (i) it is of basic interest to 

know what conditions led to the formation of such a peculiar rock 

type; (ii) carbonatites are genetically closely related to sub-

silicic alkalic igneous rocks and kimberlites, hence, formulation 

of hypotheses on the origin of these rocks necessarily requires 

some consideration of the processes involved in the formation of 

carbonatites; (iii) the economic potential of carbonatites and 

related alkali complexes as reserves for raw materials e.g. rare-

earth elements, barium, niobium, uranium, phosphate and agricultural 

lime is impressive. 

The two main problems that have to be considered in the 

formulation of hypotheses on the origin of carbonatites are: 

(i) the source of the carbonate, and (ii) the mode of emplacement 

of the carbonate. 

Some authors have suggested that sedimentary limestones 

should be considered as the source of the carbonate. It was 

then proposed to test this hypothesis by the study of the carbon 

isotopic composition of carbonatite carbonates. Since marine 

limestones show a restricted isotopic composition range, they 

could be ruled out as source, if the carbonatite rocks showed 

distinctly different isotopic compositions. This assumes 

naturally that the isotopic composition is not altered in pro

cesses that might be involved in a derivation of carbonatite 

carbonates from sedimentary rocks. Studies by us have shown, 

however, that under certain geologic conditions the carbon and 

oxygen isotopic composition of sedimentary carbonates can be 

altered to approach that considered by some authors as char

acteristic for carbonatites. Hence it is not unproblematic to 

base conclusions about the source of carbonati-te carbonates on 

their isotopic composition. 

Since physicochemical conditions can influence the isotopic 

composition systematically, it is logical to inquire whether the 

conditions of emplacement of the carbonatite have left a record 
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in the isotopic composition of two of the major elements (carbon 

and oxygen) of the carbonatite rocks. This led us to study in 

greater detail the carbon and oxygen isotopic composition dis

tribution pattern of a single carbonatite i.e. the Oka carbonatite 

complex. 

The Oka carbonatite lies about 25 miles due west of Montreal, 

Quebec, Canada. It has geologically the form of a figure eight 

(Fig. 1) and intrudes a Precambrian inlier of highly, regionally 

metamorphosed rocks. Through the intrusion of the carbonatite 

the country rock has been altered, and a zone of fenitization can 

be noticed around the complex. In the complex itself two major 

rock units can be distinguished (i) carbonate rocks (calcite rocks 

and dolomite rocks) and (ii) silicate rocks, i.e. rocks consisting 

mainly of silicates containing, however, In many cases also con

siderable amounts of carbonates. The silicate rocks may be divided 

into the okaite series and the melteigite-urtIte series. Alnoites 

and alnoite breccia pipes, representing the last intrusive phase 

of the carbonatite cut through the complex and the surrounding 

country rock. 

Accepting as a working hypothesis the crystallization of the 

carbonatite from a carbonate magma, we consider two points in 

order to make some general prediction about possible isotopic 

composition changes in the carbonate melt during the carbonatite 

formation, (i) The carbonate mass contained in a carbonatite 

is of limited size. (ii) In the crystallization of a carbonate 

mineral from a carbonate melt a small difference exists between 

the isotopic composition of the two carbonate phases. 

Statistical mechanical calculations have shown that the solid 

carbonate might have a slightly lower C concentration than the 

CO2 with which it is in isotopic equilibrium. Continued crystal

lization of carbonates from a carbonate melt will hence lead to a 
I 3 

progressive increase in the C content of the reservoir. The 

isotopic composition changes are characterized by a Rayleigh-

fractlonatIon process. 

In the study of natural isotope variations we are In many 

cases not so much interested in absolute isotopic abundances 

but In small changes of Isotope ratios. This and the fact that 

Isotopic composition measurements may be made more precisely if 

the samples are directly compared to a standard has led to the 

use of isotopic reference standards when measuring and reporting 

geochemical isotopic composition variations. The variations are 

expressed as per mil deviations from the reference standard as 

foilows: 
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5C'^ = (̂ ''l/'̂ i J " - 1 ) X 1000 o/oo 
(C'^/C'^)st 

ggl8 ^ ((0 /O )Sa . ,̂  ^ ,ggQ ^/^^ 

(O'^/O'^st 

13 12 The carbon reference standard commonly used is the C /C ratio 

of the carbonate of a belemnite of the Upper Cretaceous Peedee 
I o I c 

formation and is called the PDB standard. For oxygen the 0 /O 
ratio of mean ocean water is used as reference (SMOW). 

It can be shown that in a Rayleigh-fractIonation process the 

isotopic composition of a phase removed from the reservoir will 

change according to: 

(6 + 1000) = { 5 ^ + 1000) F^""'' 

a = fractionation factor, 

(c'3/c'2) /(c'^/c'^) 
^^ "- ' removed/^^ ' ^ 'reservoir 

8 = isotopic composition of the first 
carbonate removed from the reservoir 

5 = isotopic composition of the carbonate 
removed from the reservoir when 
the fraction, F, of the reservoir 
remai ns. 

From this equation we may calculate the Isotopic composition of 

a carbonate crystal forming when the fraction, F, of the reservoir 

is left. Examples of such calculations are given in Fig. 2A. 

These curves represent also the cumulative frequency for the 

isotopic composition of the solid carbonate formed. The ordinate 

has to be labeled in this case: "amount of carbonate accumulated," 

and the scale will run from zero to one. From the cumulative 

frequency distribution we may deduce the relative frequency 

distribution, an example of which is given in Fig. 2C. This model 

assumes that the isotopic composition of the reservoir originally 

is very homogeneous, and that the isotopic composition of a 

carbonate may be determined with unlimited precision. Both 

assumptions are somewhat unrealistic. We have hence modified 

our model and assumed that the isotopic composition of the first 

carbonate removed would show a measured isotopic composition of 

mean 5 and a variability which is characterized by a standard 

deviation a . An example of a cumulative frequency curve and 

relative frequency distribution derived on the basis of this 

model is given in Fig. 2B and Fig. 20. 

If we compare this calculated frequency distribution to that 

actually observed for the rocks of the carbonatite (Fig. 3) we 

find a considerable similarity in the shape of the two curves. 

The observed frequency distribution was compared by chi-square 

366 



4 0 - SILICATE ROCKS 
(ALL SAMPLES) 

10 12 

8 0 " v « SMCW 

So ' " FREQUENCY DISTRIBUTIONS OF CARBONATE ANO SILICATE ROCKS 

Fig, 5 The Oxygen Isotopic Composition Frequency 
Distributions of Carbonatite Carbonates 

'"f"io" vf 'U 
•0**1. SMOW 

Fig. 6 The Oxygen Isotopic Composition Frequency 
Distributions of Carbonates from Silicate Rocks 

367 



tests with a set of theoretically calculated curves varying In 

5 , a , and a . For a computed distribution based on 5 = -5.5 o/oo, 
o o o 

a = + 0.3 o/oo and a =0.9993 the sum of chi-squares exhibits a 

minimum and is statistically not significant. Fig. k shows the 

actually observed points superposed on the calculated curve; the 

excellent fit of the data Is taken as evidence that the observed 

C frequency distribution could be produced by a Raylelgh-

fractionation process characterized by a fractionation factor of 

a = 0.9993, starting with a slightly inhomogeneous reservoir of 

mean isotopic composition BC = - k , 8 o/oo and a variability 
characterized by a = + 0.3 o/oo. 

I fl 
The 80 histogram for all carbonatite rocks (Fig. 5) shows 

13 some resemblance to the 5C frequency distribution, I.e. the 

limited range of classes with high frequencies, the positive 

skewness and the sharp decrease in frequencies for light delta 

v a l u e s . H o w e v e r , there are two distinct d i f f e r e n c e s : (I) the 
18 

total range in 50 values is about three times as large as that 

In 5C , and (II) there is a peculiar tail of low frequency towards 

very light oxygen isotopic c o m p o s i t i o n s , which is probably due to 

isotope exchange with light surface w a t e r s . 
1 fl 

The 50 frequency distributions of carbonate and silicate 

rocks (Fig. 5) are distinctly d i f f e r e n t . The histogram of the 

carbonate rocks shows a steep maximum at 7 , k o/oo, w h i l e the 

distribution of the silicate rocks Is platicurtic with a mode of 

8.0 o/oo; the median for the carbonate rocks lies at 7 . k o/oo 

and for the silicate rocks at 8.7 o/oo. The cumulative frequency 

distribution of the carbonate rocks is too symmetrical to be 

explained in terms of a Rayleigh-fractionation p r o c e s s , and the 

variation in the isotopic composition of the carbonates from the 

silicate rocks are too large to be reasonably interpreted in 

this fashion. 

Significant differences in the oxygen isotopic c o m p o s i t i o n 

distribution pattern do exist not only between the silicate and 

carbonate rocks g r o u p s , but also within the silicate rock group 

between rock types (Fig. 6 ) . Ijolites (i.e. rocks belonging to 

the m e l t e i g i t e - u r t i t e series) show practically the same d i s 

tribution as the 1amprophyres, whereas the okaite cumulative 

frequency distribution is significantly displaced to higher 
I fl 

delta v a l u e s , the 50 distribution of rocks for which a 

meta s o m a t i c origin might be considered (derivation by extremely 

intense alteration of intruded country rock) is displaced towards 
1 R 1 fl 

still higher 60 va l u e s . In a broad w ay the 0 concentration 

in the carbonate m i n e r a l s associated with the main rock types 

increases in the following sequence: 
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carbonate rocks < ijolites and lamprophyres < okaites < 

rocks of possible metasomatic origin < fenites 

Fig. 7 shows the mean Isotopic composition of different rock 

types and rock groups of the Oka carbonatite. From the cumulative 

frequency distributions the isotopic composition of the first 

carbonate crystallized was estimated and is indicated in the 

figure. If this point is connected with the mean Isotopic com

position of the carbonate rocks, which represents probably fairly 

closely the original composition of the carbonatite magma, we 

obtain very approximately the direction In which the isotopic 

composition of the carbonates might have changed in the course of 

crystallization of the carbonatite. Most of the carbonate rocks 

fall very close to the line or directly on it, and the rocks that 

are recognized last phases in the petrogenetic sequence i.e. 

alnoites and related rocks lie close to the heavy-carbon heavy-

oxygen end of the fractionation line, and individual alnoite 

analyses showing the highest C and 0 concentrations fall 

di rectiy on i t. 

Further evidence that this Is the general trend of 5C -
1 fl 

50 changes in the carbonatite Is derived from the fact that the 
13 1 Q 

5C values and 50 values of carbonate rocks, ijolites, and 

okaites (treated as three separate sample groups) all show 

significant, positive correlations with slope estimates which 

are similar to that of the indicated line. 

The mean isotopic compositions of the silicate rocks are 

displaced from this trend towards heavier oxygen isotopic com

positions. This, together with the wide variation in the oxygen 

isotopic composition of these rocks Indicates that there was a 

second source of oxygen involved in their formation. 

The mean isotopic composition of carbonates from rocks of possible 

metasomatic origin and from fenites are farthest removed from 

the trend. In these rocks isotopic exchange with the country 
1 fl 

rock (which shows considerably higher 0 concentrations than 

the carbonatite) is indicated, and there is the possibility 

that part of the silicate rocks which are now an integral part 

of the Oka carbonatite are derived from the country rock by 

ul trafeni t izat ion. 

The following working hypothesis could account for the 

general complexity of the isotopic composition distributions 

found and explain the larger scale trends that are observed. 

The carbonate rocks and probably some of the silicate rocks 

crystallized relatively undisturbed and in isotopic equilibrium 

from the carbonatite magma. At various stages silicate material 

from the country rock was fenitized to rocks in which the 

original texture of the rock can no longer be distinguished. In 

this process the carbon isotopic composition remained unaffected. 
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but oxygen exchanged with the country rock. The isotopic 

composition of the carbonate minerals crystallizing in such 

a rock would then depend on the amount and isotopic composition 

of the carbonate and water introduced during the fenitization 

process, the temperature, and the degree to which isotopic 

equilibration between the intruding solutions and the altered 

rock was achieved. 
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Fig. 7 The Mean Carbon and Oxygen Isotopic Composition 
of Carbonate and Silicate Rocks: • Mean of 
Carbonate Rocks, Al Mean of Okaite Group, 
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ISCTOPH: RATIO ' ^ S S SPECTROMĥ TRy .̂ T PHILLIPS PETR0I£U:-1 COMPANY 

by 

T. D. liorgan and R, S. Scalan 
P h i l l i p s Petroleum Company 

Research and Developjnent Div is ion 

D a r t l e s v i l l e , Oklahoma 74003 

A B S T R A C T 

An isotope ratio mass spectrometer facility is described with which routine 

measurement of carbon isotope ratios are provided with an over-all precision of 

0,063 per mil. The system is designed so that carbon and sulfur isotope ratio 

measurements are made interchangeably without deleterious "memory" effects. This 

objective was accomplished by providing two identical gas handling systems, and 

gold plating the inside surfaces of the kovar and copper components cf the mass 

spectrometer. Details cf construction are included for solenoid valves v/here the 

seal is provided by polished sapphire balls and polished glass seats. 

Carbon isotopic data for sediments from British Honduras are included to 

show dependence on depositional environment. These correlations provide a basis 

for the interpretation of similar ancient environments. 
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CHEMICAL IONIZATION MASS SPECTROMETRY OF BIO-ORGANIC COMPOUNDS 

G. P. Arsenault 

Department of Chemistry 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

Chemical Ionization mass spectrometry was discovered by Munson and Field, and vas 
reviewed recently by Field.^ Our work differs from all previous work In that ve have 
obtained chemical Ionization mass spectra of more complex organic compounds using a 
direct Introduction probe and accurate mass measurements for all Ions In these spectra 
Using the photoplate technique. 

A CEC 21-llOB double focusing mass spectrometer with Mattauch-Herzog type ion 
optics was modified to make it suitable for chemical ionization as well as electron 
Impact ionization. The modifications are listed in Table I. The opening or closing of 
a single valve of the ambient temperature reservoir vhich contains the reactant gas is 
sufficient to convert from one mode of ionization to the other. 

TABLE I 

MODIFICATIONS MADE TO CEC 21-llOB FOR USE IN 
CHEMICAL IONIZATION MASS SPECTROMETRY 

1. Ion source 

0.05 X 1.7S mm electron entrance silt 
0.05 X 5 mm Ion exit slit 
400 eV 
gas tight probe-to-lon source connection 
direct pressure measurement with Bourdon gauge 

2. Source vacuum system 

high conductance valve and cold trap 
285 l/sec oil diffusion pump 
165 1/mln mechanical pump 

3. Inlet system 

ambient temperature reservoir 

Excunples of lov resolution chemical ionization mass spectra obtained using the 
electrical detection system of the modified instrument are shovn In Figures 1 and 2. 
Details of the use of chemical ionization mass spectrometry in determining the 
molecular weight and elemental composition of the antibiotic botryodlplodln^ will be 
published elsewhere.^ 

The computer techniques developed earlier for the conversion of line positions to 
elemental compositions of ions recorded on photographic plates were used for the 
analysis of photographic recordings of chemical ionization mass spectra. Table II 
shovs a summary of the extrapolation data produced by the computer. Table III shovs 
the computer-output of the elemental compositions determined for the ions in a veak 
spectrum of 

3 
H2N-CH-CH2-NH-CH2-CH2-NH-CH_-CH--OH 

The Ions listed at m/e 85 and 107 originate from the reactant gas and the calibration 
compound, respectively. The data shovs that chemical Ionization of polyamino alcohols 
may yield amino acid sequence Information of a different nature than that provided by 
electron impact Ionization.^ 
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Figure 1. Cheinical Ionization mass spectrum of acetylsallcyll acid; source tempera
ture: 110^. The spectrum is dependent on source temperature changes. At 90^, m/e^ 163 
and 181 have about the same relative intensity as m/e^ 139 in the above spectrum. 

100-1-

75-. 

S5.-

ADEMOSINE Cl TORR liCTHANE) 

U4 

HO OH 

Mr 

MW2G7 

.JL 
. ' I ' I ' I ' I ' I " ' I " ' 1 1 " r ' I I ' 1 ^ 1 ' I ' I ' I ' I ' I ' 1 1 1 ' I ' I ' I ' I ' I ' I ' I ' I ' " I ' " ' r I 

so 40 60 BO 100 ISO 140 ISO IBO SOO SSO £40 S60 SSO 300 3S0 

Figure 2. Chemical ionization masa spectrum of adenosine; source temperature: 225°. 
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TABLE II 

B33-03-1 

STDMl 
113.13301 
127.14866 

141 .16431 

ISS.17996 
169.19561 

183.21126 
197.22691 
21 1 .24256 
225.25821 

HYDROCARBON MARKER 

DIFF 
0.00 
0.00 

-0.41 

9.53 
10.48 

3.29 

0.70 
-0.13 
-0.22 

DISTl 
0.8248 

20.6616 

39.4315 
57.3024 
74.3954 

90.7977 

106.5845 
121.8195 
136.5567 

(1 TORR METHANE 

SLOPE 
0.0322441 

0.0322451 

0.0322236 
0.0322001 

0.0321926 
0.0321910 
0.0321914 
0.0321919 

DIFSLO 
0.00 
0.09 

- 2 . 14 

-2.35 
-0.74 

-0.15 

0.03 
0 .05 

TABLE III 

833-17-3 ALA-GLY-GLY POLYAMINO ALCOHOL (1 TORR METHANE) 

INT 

135 
166 
68 

761 
999 

DETM. 
85.09171 

88.07649 
101.10826 
107.08S59 
162.15934 

CALC. 
85.09277 
88.07624 

101.10787 
107.08607 
162.16062 

DIFF 

-1 .0 
.3 
.4 

- .4 
-1 .2 

TOL 
1.7 

2.0 

C 
4 
4 
5 
8 
7 

c 
2 

. 

. 

. 

. 

H 

1 1 
10 
13 
1 1 
20 

N 

. 
1 
2 

. 
3 
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Studies In Chemical Ionization Mass Spectrometry + 

* 
John Michnowicz, Donald Schoengold, and Burnaby Munson 

Department of Chemistry 
University of Delaware 
Newark, Delaware 19711 

Successful modification has been made of' a CEC 21-llOB mass spectro
meter for chemical ionization mass spectrometric studies at pressures up 
to 0.5 torr. Moderately high resolution and precise mass measurement have 
been achieved with this Instrument. 

The instrumental modifications were relatively minor and are as 
follows: (1) A standard gas manifold for Introducing the high pressures 
of reactant gas has been added. The manifold is very similar to earlier 
models^, and is connected through a gold foil leak by a heated glass line 
into the source. The glass line must presently be maintained at less than 
150°C. 

(2) A section of Teflon tubing is used to give a tight connection 
between the entrance port and the ionization chamber. The electron 
entrance slit was reduced in area from about 2 mm2 to 0.8 mm2 and the ion 
exit slit was reduced from about 2.4 mm2 to 1 mm2. The probe is always 
inserted into the probe entrance for operation in the high pressure mode. 

(3) A quartz spiral gauge (Texas Instruments Precision Pressure 
Gage, Model 144) was attached to the source by glass and Teflon connec
tions through the port opposite to the probe entrance. Since it is the 
quartz capillary that is connected to the source, there are no problems 
with high voltage discharges. 

(4) An additional vacuum pump was attached directly to the exit 
port of the diffusion pump attached to the source housing. No additional 
diffusion pumps have been added. 

The modifications necessary for chemical ionization mass spectro
metry have not seriously affected the performance of the instrument for 
high resolution studies in the conventional low pressure operation. Our 
instrument is currently being used for both high and low pressure opera
tion without major inconvenience to either mode. If anything, it 
appears that the sensitivity in the low pressure operation is somewhat 
higher with the present source design because of the greater source 
pressures for a given sample size. 

Liquid and gas samples may be introduced through the regular oven 
inlet system of the instrument. Solid samples are introduced through 
the probe introduction system. 

The spectra appear to be normal and show only a slight broadening 
at the highest pressures and highest resolution. At the highest pres
sures, the resolution achieved in the chemical ionization studies is 
somewhat less than the resolution at low pressures, 7000 vs 10,000 (107o 
valley). This deterioration may be the result of pressure broadening 
since the chemical ionization peaks appear somewhat wider on the 

* On leave. Sun Oil Co., Marcus Hook, Pennsylvania. 
+ This work was supported in part by a grant from the University of 

Delaware Research foundation. 
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oscilloscope. The precision of mass measurement by the peak matching 
technique is not affected by the high source pressure. The average error 
for precise mass measurement is about i 2 mmu for both high and low 
pressure operation. 

Methane, propane, and isobutane have been successfully used as the 
reactant gases for chemical ionization studies. The majority of the 
spectra have been obtained at source pressures of about 0.35 torr. 
Several compounds have been examined whose spectra have been determined 
previously with methane at pressures of 1.00 torr.''-'̂  In general, we 
find the same ions, but their relative abundances are different. For 
several esters, for example, we find with methane at 0.35 torr less 
(MW + 1) ions and more fragmentation than was reported for methane at 
1.00 torr. 2 This difference may be attributed to more coUisional 
stabilization of (MW + 1)+ ions at 1 torr of CH4 than at 0.35 torr. 

The variation of chemical ionization spectra with the energy of the 
reacting species is shown in the accompanying table. The major ions of 
each reactant gas are methane (CHs"̂ , 447.; C2H5+, 307.), propane (C2H5+, 
15%; C3H7+, 607o), and isobutane (C3H7+, 127,; C4H9+, 647.). The pressure 
of reactant gas was 0.35 torr in each case. Ions of less than 17. 
abundance have been omitted. 

Table 1 

Effect of Reactant Ions on Chemical 
Ionization Mass Spectra of Acetophenone 

% of Additive Ionization 

Isobutane m/e 

43 

44 

77 

91 

105 

121 

122 

Ion 

CH3C0'̂  

Isotope 

C6H5+ 

9 

CgH5C0+ 

(MW + 1)+ 

Isotope 

Methane 

69.7 

2.6 

4.9 

1.1 

10.8 

10.4 

1.0 

Propai 

--

--

--

--
18.8 

74.8 

6.3 

94.3 

5.7 

Table II shows the chemical ionization mass spectra of a series of 
aromatic ketones with propane as the reactant gas, P=0.35 torr. 

Table II 

Chemical Ionization Mass Spectra of Aromatic Ketones 

0 
0CR 
R= 

CH3 

CH3CH2 
(CH3)2CH 

<b 
0CO 

X of Adi 
(MW + H)+ MW+ 

75 <1 
47 <1 

40 <1 
60 6 
36 <1 

(MW + H-RH)+ 
19 
33 

50 
24 
55 

RCO+ 
Present 
12 

<\ 
(MW+H-RH)"*" 
(MW+H-RH)'*' 
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All of the spectra are simple, only two or three major productions. 

The protonated molecules are always present. Only one case shows any mol
ecular ion (benzophenone), and that may be the result of a small 
contribution from the electron impact mass spectrum. The major product 
ion is the 0(.-cleavage ion, corresponding to the loss of the R group from 
the molecule. There is also a smaller amount of RCO'*" formed. 

We prefer to consider that the 0CO"'' ion, m/e=105, which is the major 
product ion, is formed by a decomposition reaction of the protonated 
molecular ion. 

li-R 0C-R + BH -> (0C-R)* + B 

(0C3R) ^ 0CÔ " + RH 

that is, the reaction is loss of RH from the protonated molecular ion and 
not loss of R from the molecular ion. 

Using AHf(0CO"^)=186 kcal/mole^, we calculate that dissociative 
proton transfer from C2H5 is exothermic for acetophenone (R=CH3), benzo
phenone (R=0), and benzil (R=0CO). Dissociative proton transfer is about 
14-20 kcal/mole endothermlc for reaction of t-butyl ion in all three 
cases. Dissociative proton transfer from S-C3H7''' is about thermoneutral: 
AH = 3 kcal/mole for acetophenone; +5 kcal/mole for benzophenone; -8 kcal/ 
mole for benzil. 

Transfer of the hydrogen to the benzene ring by a sim:ilar four-center 
reaction will give RCO''' and benzene. A small amount of CH3CO''' is formed 
from acetophenone, but it is difficult to obtain precise amounts in the 
presence of the large C3H7''' ion current. This dissociation process is 
less favored. These products (CH3CO''' and CgHfi) are of higher energy than 
the former pair (fiCÔ  and CH4). Indeed dissociative proton transfer from 
C2H5''"is about T kcal/mole endothermlc, if AHf(CH3CO"'')=172 kcal/mole^. 
Dissociative proton transfer frora S-C3H7''" and t-Ĉ Hg"'' will be more endo
thermlc. Benzophenone and benzil are symmetrical and give only one pro
duct ion. 

In addition to these experiments in high resolution cheraical ionization 
mass spectrometry, we have modified a Bendix TOF mass spectrometer for 
high pressure studies and have attached this directly to a gas chromato
graph. In this manner, the carrier gas for the gas chromatograph can be 
used as the reaction gas in chemical ionization mass spectrometry. 

The Bendix high pressure source was modified by the addition of a shield 
around the filament. The purpose of this modification was to prevent 
ions formed around the filament frora being attracted into the ion 
sarapling region. 

A packed column gas chromatograph is connected to the mass spectrometer 
through a Nupro valve which is used as a stream splitter. 

Cheraical ionization mass spectra of several hydrocarbons injected into 
the GC inlet have been obtained with methane as carrier and reactant gas. 
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Crossed Beam Study of the Ion-Molecule Reaction 

N"*" + O2 

Zdenek Herman, John C. Tully, Richard Wolfgang 

Department of Chemistry, University of Colorado 

Boulder, Colorado 80302 

The dynamics of the reaction 

N''" + Oj + NO'"' + 0 

was studied in the eV range of laboratory energies using a crossed beam 

apparatus EVA ; a beam of mass selected ions N of variable energy and 

narrow angular and energy apread was intersected by a modulated beam of 0. 

of thermal energy. The angular distribution and energy speotra at various 

angles of the product, NO , were measured. The data are plotted as a con

tour map showing the distribution of the Ionic product in the velocity 

vector (Newton) diagram. 

The product recoils forward with respect to the center of mass. The 

position of the peak suggests that the prevailing mechanism of the reaction 

in the energy range studied is a direct, stripping mechanism. 
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ION-MOLECULE REACTIONS IN METHANE-AMMONIA MIXTURES* 

by 

W. T. Huntress, Jr. anci D. D. Elleman 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena) California 91103 

ABSTRACT 

The ion-molecul-e reactions of ions formed by electron impact in methane-ammonia 

mixtures have been studied by ion-cyclotron resonance techniques. ICR double resonance 

experiments on a mixture of ammonia and perdeuteromethane have identified the following 

reactions: charge transfer between CD̂"** and ammonia, proton transfer to ammonia from 

methane parent ion CD^* and from the product ions CDg"*" and CgDg"̂  , and hydrogen atom 

abstraction by NK̂ "̂  from neutral CD^ . A resonant proton transfer process was also 

observed to take place from the NHgD"̂  product ion to NH3 , producing NĤ "̂  ion. Hydrogen 

atom abstraction from neutral KE, by CD̂ "̂  ion has been previously observed by Harrison 

and Thynne at CD̂ "̂  ioii kinetic energies in excess of 3*7 eV. This reaction was not 

observed by ICR due to faster competing reactions of CD̂'*' . 

The most interesting reactions occurring in CH,j.-NH3 mixtures is a condensation 

reaction between the fragment ion CHg'*' and ammonia to form CHgNHg"̂  and a hydrogen 

molecule. The product ion CHgNĤ "̂  is apparently formed initially in an excited state 

and at low pressures undergoes proton transfer with ammonia to produce the ammonium ion 

and neutral methyleniniine. At higher pressures, the (CHgNHg"̂ ) is deactivated by non-

rearrangement collisions, and the CHgNHg"*" ion in the ground state will not transfer a 

proton to ammonia at thermal kinetic energies. At high double-resonance irradiating 

power, however, the CHâ ĝ"*" ground state ion can gain sufficient kinetic energy from 

the rf field that the process again becomes exothermic and the proton transfer reaction 

can be forced to occur. 

Submitted to the Journal of Chemical Physics 

This paper presents the results of one phase of research carried out at the Jet 
Propulsion Laboratory, under Contract No. NAS 7"100, sponsored by the National Aero
nautics and Space Ac3ministration. 

NRC Postdoctoral Resident Research Associate, supported by NASA. 
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Kine t ic Analysis of Concurrent Reaction Systems Using Ion E jec t ion -

Ion Cyclotron Resonance Techniques 

by 

Michael T. Bowers, Department of Chemistry 
University of California, Santa Barbara, California 931-06 

and 

Daniel D. Elleman, Jet Propulsion Laboratory 
Pasadena, California 

1 2 

The addition of the ion-ejection capability to the general ICR technique 

affords an opportunity for quantitatively determining rate constants in concurrent 

ion-molecule reaction systems. In an ion-ejection experiment, the ions of a given raass 

are selectively ejected from the cell in a time short relative to the total reaction 

time. The non-ejected ions are not affected and proceed to drift through the cell 

and react. A standard kinetic treatment will then yield the rate constant of the 

non-ejected ions. The ejection field can then be turned off and the increase in 

intensity of the product ion will be due to reaction of the initially ejected ions. 

An expression for the relative rates of the ejected and non-ejected species can readily 
be derived. 

k . V .1 o L 
ej _ ej ej non non , ^ 
k ~ V I a .L . ^ ^ 

noil non non ej ej 

where v is the ion velocity, I is the intensity of the product ion, o is the ioniza

tion cross section and L is the zero collision ion path length. The a's are known, 

the I's are measured, the v's are proportional to m -"-̂^ and the pathlengths can be 

calculated from the equcstion of motion of the ions. Conveniently, the L's are very 
-l/a^ 

nearly proportional to m and hence to a very good approximation the v's and L's 
cancel. Results are given in Table I for the concurrent reactions in N2-H2 and 

Ar-Hs systems. For example, two such reactions are 

N2"̂  + H2 - NSH"^ + H (RI) 

HS^ -f W2 - N^H"^ + H. (R2) 

The treatment can be extended to cover more complex reaction systems. In N2-

H2 mixtures, for example? 

Hs"̂  + H2 - Hg"̂  + H (R5) 

Hg"̂  + N2 " N^H"" + H2 ( R k ) 

(R5) and (Rh) are also observed and k4 can be determined using ion-ejection methods. 

* To be published in the Journal of Chemical Physics. This research was supported 

by Contract No. NAS 7-100 extended to the Jet Propulsion Laboratory by the National 

Aeronautics and Space Administration. 
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The details are too lengthy to be given here, but a straightforward kinetic analysis 

yields ^^/k^^ and hence k4. Again the results are summarized in Table I. Similar 

results have been obtained for the Ds and HD isotopes.' The reaction of N2 with Hg 

has been previously studied with a value of k^ + = I h . l x 10 ^ ° cc molecule ^sec ^ 

obtained in exact agreement with the ion-ejection results. The H3 - N^ system has 

been studied by Aquilanti et al. who determined a rate constant of 10.0 x 10 "'•° cc 

molecule "̂ sec •'• also in excellent agreement with the ion ejection results. Several 

T ft 

studies on the Ar-Hs system have been made using standard high pressure techniques 

with the general finding that the rate constants are close to the theoretical. This 

contrasts with the ion-ejection results. No reason for the discrepancy is obvious. 

Table I. Thermal Energy Rate Constants Determined by Ion Ejection Methods. 

Reaction * 1̂  ̂  10^*^ cc molecule "'"sec"̂  

This Work Theory^ Ratio 
Exptl. Theory^ 

N / + H2 - NSH"" + H Ilt.l 15.1* I Q_.j.2 Q_68 

H2* + Na - NeHs"^ + H 19.5 22.8 • 

+ #b . 
[H3 ] + Na-NaH + ffe 10. J 19.0 

Ar* + H2 - ArH"̂  + H 6.8? 15.61 

Ha"̂  + Ar - ArH"̂  + H 12.lt- 22.5 " 

[H3 ] + Ar - ArH + H2 3.65 19 

1. 88 1. 20 

0.55 0.(. 

+ ,*b . ..+ .. - ._ .. i 5.1*0 1.20 

a) G. Gloumousis and D. P. Stevenson, J. Chem. Phys. 29, 29l*(l958). 

b) [H3 ] denotes H3 formed from reaction of H2 with Ha. H3 so formed has up to 

2 eV internal energy [j. J. Leventhal and L. Friedman, J. Chem. Phys. 1*9,197l*( 19681 
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The Reactions of 0^ Ions with Slniple Alkanes and Ethylene 

D. K. Bohrae, R. A. Vane, F. C Fehsenfeld, and E. E. Ferguson 

Environmental Science Services Administration ' Boulder, Colorado 

INTRODUCTION 

Reactions between ions and hydrocarbon molecules play an important role in the 

study of irradiated, ignited, and discharged hydrocarbon gas mixtures. In order to 

verify these reactions, the gas-phase ion chemistry of hydrocarbons has been investigated 

extensively in recent years using a numher of different experimental techniques• A 

majority of these investigations have been performed with accelerated ions in suitably 

modified mass-spectrometer Ion sources. With the advent of pulsing techniques and 

Improved source chamber designs which eliminate stray electric fields it has become 

possible to measxire rate coefficients for these reactions near thermal energies. More 

recently ion-molecule reactions in hydrocarbon systems have been investigated using a 

tandera mass spectrometer in an attempt to establish unambigously the product channels in 

these reactions (l). During the past several years, a flowing afterglow technique has 

been used extensively to obtain quantitative information on specific rates and product 

channels of many ion-molecule reactions at thermal energies (2). Most of these studies 

were concerned with reactions of interest in aeronoray involving atmospheric gases such as 

H t 0 , 0 and NO . It is the purpose of this paper to present some of the first 

investigations in a flowing afterglow system of reactions of 0^ and some positive 

hydrocarbon ions with hydrocarbon gases such as methane, ethane, propane, butane, and 

ethylene. The results demonstrate that the flowing afterglow technique provides a 

valuable method for the study of such reactions. 

EXPERIMENTAL 

The experiments were performed in the ESSA flowing afterglow system. The details 

of this experimental apparatus, its operation, and the related data analysis have been 

described in detail elsewhere (2). In the present experiments either pure 0 or 0 in 

small fractional quantities 'in a helium or nitrogen buffer gas are introduced into the 

excitation region. Alternatively 0^ is added just downstream from the electron impact 
+ 

ion source in a helium buffer gas. The 0 ions are then produced either directly by 

electron impact or indirectly by secondary reactions in the early helium afterglow. 

Electronically excited 0^ ions decay by radiation or coUisional quenching before the 

point of hydrocarbon gas addition further downstream. In the region following the 

addition of the hydrocarbon reactant gas, the characteristic reactionsbetween 0 and the 

re&ctant gas take place. The reaction region is terminated by the sarapling orifice of a 

quadrupole mass spectrometer. In the normal operating mode this spectrometer has a resolu

tion of about TO for full width at 10^ maximum. The decline of the 0 and hydrocarbon 

ion signals as a function of hydrocarbon gas addition constitute the raw data from which 

rate coefficients are determined. In the present system the rate coefficients are 

determined with an estimated absolute accuracy of 30^. The experiments were performed at 

22-5 C at a number of total steady state pressures. The hydrocarbon gases used in these 

studies were standard bottled gases having the following minimum purity in mole ̂ : 
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Methane Flow (atm cmVsec) 
Fig. 1. Ion currents for the reaction of 0 with CH. In a helium huffer 

gas at a steady-state pressure of 6.375 torr. 

TABLE I. Reactions of Ions In Methane 

Primai*y 
Ion 

< 

Loss of Primary Ion 
k(cm3moleeule-lsec"l) 

7.8 ± 0.6 (-12)® 

Secondary 
Ion 

CH3O/ 

CHî "" 

CH; 

CHgO"" 

Fraction of 
Secondary Ion 

1 

< 0.001 

< 0.001 

< 0.001 
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methane, 99.95, ethane, 99-0; propane, 99-5; n-butane, 99-5; ethylene, 99-5 • 

RESULTS 

An 0 ion loss curve as a function of methane addition is shown in Fig. 1-

The only si©iificant product ion observed at the operating pressures and temperature 

of this experiment had a mass of U7 which was identified by isotope analysis to be the 

ion CH 0 . No other product ions with an abundance greater than 1^ of CH 0 were 

observed in the raass range /e = 10 to 100. 

The rate coefficient for the loss of 0^ ions due to the reaction 

Ô "" + CHJ^ - CH^O^"^ + H (1) 

was measured at four different pressures from 0.235 to O.865 torr with helium as the 

buffer gas. The rate coefficient was found to be pressure independent and had an average 
-12 "̂  -1 -1 

value of 7-8 ± 0.6 x 10 cm molecule sec" . This value is in fair agreement with the 

value of 1.26 ± 0.20 x 10 cm /sec obtained by Franklin and Munson (3) in an ion source 

mass spectrometer experiment in CH, - 0 mixtures. The low value for the rate coefficient 

suggests that only one in about every l40 Langevin collisions completes the above ion-

molecule reaction. 

The charge transfer reaction and the H abstraction reaction are both endoergic 

with ground state 0 ions and were not observed in the present experiments. There was 

also no indication of the formation of CH 0 ions. This result is not in agreement with 

that of Franklin and Munson who have suggested that CH^O ions are produced by the 

reaction of ground state 0^ ions with methane with a specific rate of 2.8 x 10 cm 
-1 -1 

molecule sec . Perhaps there was sufficient uncertainty in their appearance potential 
+ + 

measurement of the CH 0 ion to allow for the possibility of CH 0 ion formation by the 
+ + 

reaction of CH. with 0 or of vlbrationally excited 0 with CH. -
The results for the reaction of 0 ions with methane are summarized in Table I. 

°2^ ^ °2"6 

As shown in Fig- 2, the experimental results Indicate that the 0 ion reacts 

rapidly with ethane to produce a variety of secondary ion products. The rate coefficient 

for the loss of primary Op Ions was measured to he 1.6 ± 0.2 x 10 cm molecule sec 

with both Op and He as a buffer gas- There are three principle products of this reaction. 

The production of the ion at mass 20 accounts for about gijt of the reactions. About 8^ 

of the reactions give mass 28 . Finally about 1^ of the reactions result in the formation 

of mass 1*7. 

The most abundant secondary product ion is mass 29 which, according to stoichl

ometry, may be either CpH_ or CHO . The formation of the latter ion would however re

quire considerable bond breaking and is not expected on mechanistic grounds. The 

production of the ethyl carbonium ion 0 H on the other hand would simply involve the 

transfer of a hydride Ion according to the reaction 

Oj"" + CgHg - CpH^ + HOg (2) 

The intensity of the mass 30 ion accounts for the Isotopic contribution from 0 H . This 

suggests, but does not prove, that mass 29 is C H . The isotope abundance ratio may 
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Indeed be misleading since C Hg , which has "/e = 30, is a possible exoerglc charge 

transfer channel. The identity of mass 29 was therefore established from its further 

reaction with C„H,. As indicated in Fig. 3, the mass 29 ion reacts further with ethane 

to yield the product ion masses 1*3 and 57- The CHO Ion can be generated in the absence 

of the C H ion by the reaction 

CO''" + H - CHO"̂  + H 

which has a measured specific rate of 2.0 x 10" cm molecule sec (1*). It was found 

that CHO reacts rapidly wi 

according to the reactions 

that CHO reacts rapidly with ethane to yield major product ions with masses 57 and 31 

CHO* + CgHg - ^•^^•j°'*^ + Hp (Ita) 

and 

CHO"̂  + CpHg - CH O"̂  + CgHĵ  (l*b) 

The measured rate coefficient for the loss of the CHO ion was about 2 x 10 cm molecule 

sec . This specific rate Is about four times that for the loss of the mass 29 ion in 

the Op , CpHg system. Moreover, the mass 31 ion was not observed as a product ion in the 
+ + 

Op , C Hg system. These results identify the mass 29 ion observed in the 0 , C Hg 

system as predominantly CpĤ . . The magnitude'of the /e » 30 ion signal now allows an 

estimation of an upper limit to the rate coefficient for the charge transfer process of 
,.-11 3 , , -1 -1 1 X 10 cm molecule sec 

The second most abundant product ion for the reaction of Op with CpHg is mass 

28 which may be either CpH. or CO . Here the production of CO'*' is expected to be 

unlikely on mechanistic grounds. The resxilts of this experiment did not indicate a 

significant loss process for the mass 28 ion even though exoerglc two-body reactions 

can be written for both the C H, and CO ions. It was again expected that an 
+ 

independent investigation into the reaction of CO with 0 Hg would establish unequivocally 
the identity of this mass 28 ion. CO did indeed seem to react with C Hg. However, 

+ 
CpH. appeared to be a product of this reaction so that a rate coefficient for the loss 

+ + 
of CO could not be measured. CO has concurrently been found to react rapidly with 
CH, , C HQ and n-C,H. j.. These results suggest that the mass 28 Ion observed in the 

0 , ^2^6 ^y^^^^ ^^ '"^^k ^"^ that this ion is non-reactive in ethane. The non-reactivHy 

of CpHi in ethane has been established previously by Munson and Field (5). 

Stoichlometry unequivocally identifies the non-reactive mass 1*7 product ion 

as CH 0 . This ion was found to be the only significant oxygen-containing product ion. 
^ + + 

The specific rate for the reaction of 0„ with C.H, to yield CH,0. is equivalent to the 
+ <̂  2 b i li 

ratio of the CH 0 signal to the total product ion signal times the rate coefficient 
^ + + 

for the loss of Op ions. This means that the rate of formation of CHpO from the 

Op , C Hg reaction is roughly equivalent to the rate of formation of CH 0 "*• from the 

reaction of Op with CH. as discussed above. 

'^2"5^ * ' 2 % 

The results of this experiment for the reaction of the ethyl carbonium ion with 

addition of ethane to the flowing afterglow are shown în Fig. 3. The variations of the 

ion currents at /e = 1*3 and 57 suggest that C H and C, H are both primary products of 
+ o T 1* 9 

the reaction of CpH with ethane. The rate coefficient for the loss of C H ions was 
measured as a function of total pressure in both He and Np buffer gases at 20 different 
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pressures from 0.17 to 0.61* torr. The results suggested that C H is lost by a two-
-11 3 - 1 - 1 

body process with a specific rate of J.l ± 1.0 x 10 cm molecule sec . In addition 

C| H was found to be the dominant product channel with IC^ of the output channel going 

to C H . The overall condensation reaction may be written as 

CpHj"" + CpHg 2-9ĉ Hg'*' + Hp (7a) 

S'̂ Ĉ Ĥ "̂  + CH^ (7b) 

Mass spectrometric studies of gaseous ionic reactions in mixture of CH, + 1^ 

CpHg at pressures up to 2 torr have led Munson and Field (5) to propose the following 

product channel for the reaction of C H with ethane: 

'=2"5'' * ^ 2 \ " ^3"7'' "̂  ™1* (5) 

for which they report a rate coefficient of about 6 x lO" cm molecule sec" . 

Furthermore they conclude that although C. H can be formed from a second-order reaction 

of CpH with ethane by an exoerglc process, the reaction does not occur to an apprecia-

ble extent. Instead they propose that the C.H ion may result from a three-body reac

tion of the type 

"̂ âs"" * ^ 2 \ •" °"i* - W ^ * «2 (̂) 

or the equivalent reaction involving a collision complex 

'̂2"5'' * ^ 2 \ - '^'^k\A* ^S^' 

^WA* "- ™1* " '̂1*'̂9'' "• 2̂ (̂ '̂ 

The apparent discrepancy of our observations with those of Munson and Field may be 

a result of the different states of the C^H ion. In the flowing afterglow experiments, 

the C H ion is produced by the reaction of 0 with ethane whereas in the mass spectro

meter ion source experiments Munson and Field attribute the formation of the C H Ion 
+ + + 2 5 

from the reaction of CH^ ions with CH, and CH^ ions with C^H^. The C^H^ ion in the 
i ^ ? 2 D 2 5 

two experiments may contain different amounts of internal energy which may yield 
differences in the ratio of product ions-

°3"7" " "2"6 

An effective binary rate coefficient of 3 x lO" cm molecule" sec' may be 

estimated for the condensation reaction 

^ B V ^ =2"6 - S"ll' ̂  "2 (Ŝ  

from the production of /e = 71 shown in Fig. 3. We must point out that the order of 

this reaction has not been experimentally established. It is assumed that this reaction 

is the only source of Ĉ -H . However, the allowance for an additional source of this 
+ 5 11 

ion, such as C, H„ reacting with CpHg, will make the above estimate an upper limit to 

the rate coefficient of reaction (8). To our knowledge this reaction has not been 

reported previously. 
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^ " 9 ^ ^ '2"6 

From the production of /e = 85 shown in Fig. 3 an estimated 'value of the 

effective binary rate coefficient for the condensation reaction 

• V 9 ^ *'^2^6 -'^6"l3^ * "2 (5) 

is 6 X 10" cm molecule sec In addition, for the condensation reaction 

^ 9 " •" '=2"6 " S^ll"" •" ^i^ '•̂ °̂  

an upper limit estimate to the rate coefficient of 7 x 10 cm molecule sec may be 

made. As was the case with the reaction of C.H., with C.H^ the order of these reactions 
3 7 ^ 2 6 

has not been established. There are no previously reported investigations of these 

reactions. It is interesting to note that the ratio of the product channels leading to 

the elimination of H and CH, is similar for the condensation reaction of CpH and 

C,Hg with 0 Hg. The product channel leading to the elimination of CH, for the reaction 

of C,H with C Hg could not be observed since the return of the product C,H ion of 

this, no doubt slow, reaction Is masked by the C, H ion produced by relatively fast 

reaction (7a). 

The results for the reaction of 0 ions with ethane and the further reactions 

of the fragment hydrocarbon ions vith ethane are summarized in Table II. 

0̂ "̂  + C,H„ 
2 3 8 

The rate coefficient for the loss of Op ions due to the reaction with propane 

was measured at 5 different total pressures in helium from 0.20 to 0.37 torr. The results 

suggest that Op is lost by a fast two-body process having a rate coefficient of 1.8 ± 0.3 

X 10 cm molecule sec . The dominant product ion was observed at /e = 1*3- Minor 

product ions were observed at masses 1*2, 28, 29, kk and 6l. The raass 28 and 29 ions were 

lost rapidly upon further addition of propane. Unfortunately, both isotope analysis and 

secondary reaction studies did not lead to an unequivocal identification of most of the 

product ions. The intensity of the mass 1*1* ion accounts for the isotopic contribution 

from C-H and sets an upper limit of about 6 x 10~ cm molecule sec to the exothermic 

charge transfer channel. Mass 6l is determined by stoichlometry to be the oxygen contain

ing ion CpĤ Og"̂ . 

The secondary reactions of hydrocarbon ions in propane are relatively well 

understood as a result of recent mass-spectrometric measurements (l). The results of 

this experiment are in fair agreement with these measurements when masses 1*3, 1*2, 28 and 

and not the oxygen 

of the reactions and 

+ + + + 
29 are assumed to be the hydrocarbon ions C H , C,H, , C H, and C H 

+ + + 3 ( 3 o c ^ 4 c?p 
containing ions CgH 0 , C H O , CO and CHO . Table III is a summary o 

the measured specific rates which are believed to apply in this system. 

°2 *"-'^"lO 

The rate coefficient for the reaction of 0 ions with n-butane was measured 

at 5 different steady-state pressures in helium from 0.15 to O.36 torr. The reaction 

was found to proceed rapidly in two-body fashion with a rate coefficient of 2 .k ± 0.6 x 
-9 3 -1 -1 

10 • cm molecule sec . The two dominant secondary ions were observed at masses ^3 and 

58. Minor secondary ions were observed at masses h-2, 28, 29 and ^1. The mass ^3 Ion 

and all the minor ions were found to react rapidly with n-butane to form product ionswith 

masses 57 and 56. Again however, isotope analysis and secondary reaction studies did not 
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TABLE II. Reactions of Ions in Ethane 

Primary 
Ion 

= 2»5 

^3«7 

''kS'' 
^ 9 ^ 

Loss of Primary Ion 

k(cm molecule sec ) 

1.6 ± 2 (-9) 

5-1 ± l.O(-ll) 

S3(-12) 

~£(-13) 

£7(-ll*) 

Secondary 
Ion 

CpHj^ 

CgH^^ 

°"3°2' 

=2"6^ 

C^H^Op^ 

CHO"̂  

%Ŝ  
C3H/ 

S'^ii^ 

^6«13'' 

S"ll' 

Fraction of 
Secondary Ion 

0.915 

0.078 

0.007 

<0.01 

<0.001 

<0.001 

0.9 

0.1 

TABLE I I I . Reactions of Ions in Propane 

Primary 
Ion 

< 

CpH^+CCO"") 

C2Ĥ ''(CH0"') 

c.^n.^'^{c^n.^o'^) 

C3Hg''(CpH20^) 

Loss of Primary Ion 

k(cm molecule" sec" ) 

This work Munson et al(5,6) 

1.8 ± 0.3(-9) 

1.3(-9) 6.3±1.0(-10) 

8.2(-10) 6.2 ± 1.3(-10) 

<(-ll) no net reaction 

<(-ll) 

Secondary 
Ion 

C3H/(CpH30^) 

C2Hî (̂C0-') 

C2Hj'̂ (CH0"̂ ) 

C3Hg^(CpHpO^) 

=3"8' 

CpH^Op^ 

=«3°2' 

C3H.̂ ''(CpH30'') 

C3Hg^(C2HpO^) 

C3H.̂ ''(C2H30"̂ ) 

Fraction of 
Secondary Ion 

0.75 

£0.08 

£0.08 

£0.08 

£0.015 

-0.001 

<0.001 
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TABLE IV. React ions of Ions i n n-Butane 

Primary Loss of Primary Ion Secondary F r a c t i o n of 

^ ° " k(cm3molecule"^ec"^) I ° " Secondary Ion 

This work Munson e t a l ( 5 ) 

Oo"̂  2.1* ± 0 . 6 ( - 9 ) C,H.,"^(C^H,0'^) 0 .60 

£0.05 

C3H^ (CPH3O ) 5-1 ± 0.1*(-10) 

C3Hg"'(CpHpO"') 1 .0(-9) 

C.H '̂ (CpHO'̂ ) 9.1*(-10) 
"3 5 

=2»5' 

CpH^''(C0"') 1 .7( -9) 

CpH^'^(CH0'^) 2 . 0 ( - 9 ) 

8 .5( -10) 

6.6 ± 2 .8 ( -10 ) 

1.2 ± 0.1*(-9) 

CjH.̂  (CPH3O ) 

=4"lO^(S"6°^'' 
C2H^'^(C0'') 

C2H^"'(CH0"') 

C3Hg^(CpHpO-) 

C3H^'^(CpH0'^) 

™3°2' 

^2«5°2 ' 

\^:^''('^^^^°'^) 
W^^^h"^^ 

£0 

SO 

£0 

<0 

<0 

20 

£0 

•05 

.01* 

.01 

.001 

.001 

•9 

• 1 
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lead to an unequivocal identification of the product ions. The ion-molecule reactions 

which are believed to apply in this system are summarized in Table IV. together with the 

measured specific rates. 

°2^ ^ " 2 % 

Op ions were found to react rapidly vith ethylene to yield a product ion at 
-9 3 - 1 -1 

mass 28 with an apparent two-body rate coefficient of 1-9 x 10 'cm molecule sec at 

0.182 torr in oxygen. The formation of the reaction products CO + CH OH was calculated 

to be endoergic and thus can be precluded at thermal energies. This identifies the mass 

28 ion as C H, and the reaction of 0 with ethylene as the charge transfer reaction 

Oz" •" °2"l* "• ̂ 2"l*'' * °2 ' • ^ ^ ' > 

No attempt was made to resolve the hydrocarbon ion chemistry initiated by the reaction of 

C H. with C H. . Such investigations have been reported in detail by several workers 

(7.8). 

CONCLUSIONS 

The early mass-spectrometric investigations of Franklin and Munson (3) indicated 

that 0 ions react only slowly with the hydrocarbon gases methane and acetylene. The 

present flowing afterglow results corroborate the low reactivity of 0^ Ions toward 
+ 

methane but indicate that Op ions react essentially on every spiralling or orbiting 

collision with ethane, propane, butane and ethylene. The dominant product channel in the 

reaction of 0^ with ethane and propane corresponds to hydride ion abstraction. There 

was no evidence for an appreciable charge transfer product in these two reactions - This 

Indicates that in these tvo cases hydride ion abstraction successfully competes with the 

less exoergic charge transfer for the output channel. The formation of the dominant 

product ions by dissociative charge transfer is endothermlc. Hence the intimate collision 

can be thought to proceed via the direct breakup of the Intermediate ion, 

(RHO^"*")* - R"*" + HO2 (12) 

The dissociative charge transfer mechanism is often invoked in the initiation of radiation 

chemistry by ions of a higher recombination energy than 0 (l). 

pr 

ion abstraction although a significant charge transfer product is observed. The hydride 

ion transfer channel which in this case is less exoergic than the charge transfer channel 

was not significant. The reaction of 0 vith ethylene has been shown to proceed princi

pally by charge transfer. The hydride ion transfer channel is endoergic. 

The hydrocarbon ion chemistzy Initiated by 0^ in ethane was round to be 

determined by relatively slow condensation reactions acconrpanled by the elimination of H 
+ 

and CH, . In contrast, the postulated hydi'ocarbon ion chemistry Initiated by 0 in 

prcpane and butane proceeded principally by H abstraction reactions and to a much lesser 

extent by H abstraction reactions. These observations are consistent with the earlier 

measurements in mass-spectrometer ion source experiments in which the hydrocarbon ions 

are generated in the hydrocarbon gas by secondary reactions involving ions of higher 

recombination energy than 0 . 

In conclusion, the flowing afterglow technique has been applied to the study 

of reaction sequences initiated by 0^ reacting with a variety of simple hydrocarbon 

gases. The present results indicated the suitability of the method as a tool for the 

systematic investigation of chemionlzation in hydrocarbon gases-
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135 
l O N - C Y C l O T R O N RESONANCE STUDY OF THE KINETIC ENERGY 

DEPENDENCE OF I O N - M O L E C U L E REACTION RATES 

Roger P. C low and Jean H. Futrel l 
Univers i ty of U tah , Salt Lake C i t y , Utah 84112 

The method of ion -cyc lo t ron resonance (ICR) mass spectrometry has been u t i l i zed 
to g ive good qua l i t a t i ve results on mechanisms of ion-molecule reactions and the k inet ic 
energy dependence of react ion rates. However, some characterist ics of the standard ICR 
ce l l and operat ing procedures have made quant i ta t ive deductions d i f f i c u l t . In 
par t icu lar , " leakiness" of the ce l l and ion space charge effects are prominent ar t i fac ts . 
By using a newly designed ICR ce l l and by pulsing the electron gun and i r rad iat ing rf 
osc i l la tor , we are able to e l iminate these effects. The energy dependence of react ion 
rates in methane and argon-deuter ium mixtures have been invest igated. The results agree 
we l l w i t h theoret ical predict ions and published values which have been obtained through 
other experimental means. 

Figure I is a schematic of the modif ied c e l l . Its dimensions are those of Var ian 's 
convent ional bakeable f la t ceramic ce l l except for the add i t ion of a 2 Vz inch react ion 
zone between the source and the analyzer reg ion. To reduce the leakiness of the c e l l , 
the t rapping f i e ld plates have been separated between the source and the reac t ion-ana lyzer 
regions. A n addi t ional total ion current co l lec t ion plate was added at the end of the ce l l 
to increase co l l ec t i on e f f i c i ency . F ina l l y , the various ion dr i f ts can be var ied 
independent ly . 

The monoenergetic ions were obtained by pulsing the e lect ron energy from below 
the ion iza t ion potent ia l to above at a frequency of 1.2 k i l oher tz . This lOO-microsecond 
pulse was fo l lowed by ac t i va t ion of the i r rad iat ing radio- f requency osc i l la tor at the 
cyc lo t ron resonance frequency of the ion to be energ ized. The rf pulse durat ion was 250 
/iseconds and the ampl i tude was varied to establish the terminal energy. These mono
energet ic ions were dr i f ted into the react ion zone and the products detected in the 
analyzer region w i th a phase sensitive detector . The various ion dr i f ts and the pulsing 
frequency were judic iously chosen to insure minimum react ion dur ing acce le ra t ion . Ion 
losses from the ce l l were reduced by operat ing at high magnetic f ields and by using 
trapping f ields in the react ion-analyzer region wh ich was general ly about f i ve times 
greater than that in the source reg ion. 

Figure 2 is a plot of the C H j and CH3 ion intensit ies as a funct ion of center of 
mass energy for the react ions: 

(1) C H / + CH4 -> CHj"^ + CH3 - . 4 e V 
CH5+ -t CH3++ Hj 1.5 eV 

The C H j intensi ty begins to decrease almost immediately w i t h CH^ energy. This decrease 
can be at t r ibuted in port to more react ion channels being opened up w i th energy. The 
formation of CH3 wh ich is endothermlc by 1.5 eV is such a case. 

The formation of C2H3 as a funct ion of CH3''" energy behaves analogously: 

(2) CHj"^ + CH4 -> CjHj '^ + H J - . 8 eV 

C2H5+ -> C2H3"^ + H2 1,6 eV 

The thermo rate constants for these processes were determined to be 
th 

th 
k / ^ = 1,2 + 0 .1 X 10"* cm^-mo l - ' sec- ' 

= 1.0 + 0 , 1 X IO-* cm3-mo|- ' sec- ' 

These values are in exce l len t agreement w i t h published results using other techniques. 

The argon-deuter ium system ( 1 : 3 . 5 mixture) behaved qui te d i f fe rent ly from that of 

methane. The reactions studied were: 

(3) Ar"^ + D2 -> ArD"^ + D 

(4) 02 " ^+Ar -• A rD ' ^+ D. 

As can be seen in Figure 3 , the ion intensity of A rD is constant w i th k ine t i c energy of 
reactant ion Ar , This is the behavior predicted by the po lar izat ion theory of i o n -
molecule react ions. Thus, al though it proceeds via a str ipping mechanism over the energy 
range invest igated, the overal l cross-section is apparent ly governed by long-range i o n -
induced d ipole forces, ( I t is worth noting that the convent ional double resonance 
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techniques should not c o n f i m the Ar"*" + Dj -* ArD"*" + D channel due to the constancy of 

ArD intensity w i t h energy of Ar"*".) 

The energy dependence of react ion (4) was not investigated in de ta i l because of 

exper imental compl icat ions. Thermal rate constants for the argon-methane systems were 

found to be , 

l<3 = 0 . 9 + 0 .1 X 10-^ cm^ -mo l - ' sec - ' 

\^^^ = l . 6 ± 0 . 2 x 1 0 - ' c m 3 - m o | - ' s e c - ' 

wh ich are in good agreement w i th both theoret ical and previously published results for the 
argon-deuter ium system. 

A more deta i led account of these results w i l l be submitted to the Journal of 
Chemical Physics, 

Figure Capt ions. 

Figure 1 . Mod i f i ed ICR ce l l permit t ing separate control of d r i f t and trapping potentials for 
source, reac t ion , ana lyzer , and total ion current regions. 

Figure 2 . K ine t i c energy dependence of react ion rate of CH^ w i th CH4. 

Figure 3 . K ine t i c energy dependence of react ion rate of Ar'*' w i th D2, 
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136 
COMPOUM) IDEHTIFICAIION Bf COMPUTER MATCHIN& OF MASS SPECTRA 

B. Knock*, D. W r i ^ t * , W, Kelly* and R, G, Ridley* 

I n t r o d u c t i o n 

The G-C/̂ S technique has vastly increased the opportunities for producing large 
numbers of low resolution n&ss speotra. In mai^ applloations it would be extremely use
ful to have a prellminftiy identification of the data by matching the spectra against a 
library file. Ideally, even where the actual spectrum is not Included in the library the 
output should give some guide to the type of compound being examined. 

In a prellmlnaiy study of computer matching of low resolution mass speotra presented 
at Denver it was found that of four methods tried then, two were worth pursuing further. 

"a 

Method 1 Ilk) : P̂  =-^2^(n- |i - jl 
1 

\_-^/_, (n- li- Jlk)J 

k=1 

R 

Method 2: Pj = f i _ , . _ 

r=1 kT=1 

Method 1 is a variation of using the 'n' strongest peaks whioh takes account of the 
position, 'i', of eaoh peak compared in the unknown to the position, ' ) ' , of the corres
ponding peak in the library spectrum. Method 2 was developed in the earlier studies to 
handle spectra which showed particularly large differences with different instruments and 
operating conditions. The spectrum is divided into R intervals of 'm' amu and inside 
each of these the 'n' strongest peaks are compared, as with Method 1. The factor P. and 
P2 in each ease is a measure of the degree of match, being 1.0 for an exact match. 
Table 1 shows a typical computer output for one of these methods with ten compounds 
printed out in order of decreasing 'P' value. 

Table 1. Method 1 20; 197 s p e c t r a i n L ib ra ry M.Wt. 167-173 

Ref. No, 

API 0404 
API 0023 
API 0981 
API 1028 
API 1598 
AST 2012 
AST 2013 
AST 2011 
API 1944 
API OlfOS 

Mol. Wt. 

170 
170 
170 
170 
170 
170 
170 
170 
170 
170 

t p . 

1,00 
0.87 
0.83 
0,82 
0,80 
0 .78 
0.75 
0.74 
0.72 
0.64 

Compound 

N-Dodecane C12,H26 
N-Dodeoane 012,H26 
N-Dodecane C12,H26 
N-Dodeoane C12.H26 
N-Dodeoane C12.H26 
2-Methylundecane C12.H26 
4-Methylundeoane C12,H26 

2,5-Dimethyldecane C12.H26 
2,5-Dimethyldeoane C12.H26 

2 ,2 ,4 ,6 ,6-PentamethyIheptane C12.H26 

Hydrocarbons 

In coopera t ion with MIT, JPL and ICI the Data Centre now has more than 6200 complete 
speo t r a from the ASTM, DOT/, MCA art. API c o l l e c t i o n s on magnetic t ape . Together with the 
f i r s t 1000 speo t ra from the MSDC ool lec t ionT i t was p o s s i b l e to extend the e a r l i e r work 
t o a much ??ider range of compound type and molecular we igh t s . I n i t i a l l y 174 hydrocarbons 
were s e l e c t e d each of which had a t l e a s t two spec t r a on these t a p e s . One spectrum, of 
eaoh compound was run as the 'unknown' u s ing both Method 1 and Method 2, the former us ing 
n = 20, and t h e l a t t e r us ing n = 3 , m = 20. Somewhat a r b i t r a r i l y , a range of ^ 3 amu on 
the molecular weight was se l ec t ed t o def ine t h e range of match. The compounds covered a 
range of chemical type A l i p h a t i c S a t u r a t e d , A l i p h a t i c Double Bond, A l i p h a t i c T r i p l e Bond, 
A l i c y c l i c , Aromatic Benzene Rings and Fused Ring, The molecular weight ranges covered 
and t h e average number of spec t r a examined i n the l i b r a r y in each range were 56-150 ami 
(250) , 151-200 amu (175) , 201-250 amu (100) and 251-506 amu (50) . 

•*Mass Spectrometry Data Cent re , AWRE, Aldermaston, Berks, 
•Uni lever L t d . , Colworth L a b o r a t o r i e s , Bedford. 
/MSDC 1001-2000 are now a v a i l a b l e on magnetic t a p e . 
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Table 1 shows an example where several duplicates are retrieved successfully. Here 
the chain isomers have been ranked in order of their structural differences from the 
'unknown', hut in many other cases the spectra were sufficiently similar to rank suoh 
isomers or positional isomers above the duplicate. 

Table 2 summarises these results for both methods. There is very little to choose 
between the two methods, both of which show a high degree of success. It is of interest 
that one apparently bad result was traceable to a tape error, adjacent speotra being 
interchanged. 

Table 2. Hydrocarbons (Percentages) 

Mol. Wt. Range 

Method 

1s t P o s i t i o n 

1s t P o s i t i o n or 
isomer 

56-150 

1 

67 

98 

2 

59 

98 

151-ZOO 

1 

87 

100 

2 

81 

96 

201-250 

1 

78 

100 

2 

70 

100 

251-506 

1 

98 

100 

2 

98 

100 

Several variations were tried: -

Method 1. n = 10 

In this variation only the ten strongest peaks are used, but in general again the 
results were very good. Of 31 oompounds tested, only 5 were worsened by this change, and 
that marginally. Two were slightly improved with respect to isomers. 

Method 2, n Ji 
This v a r i a t i o n gave very s i m i l a r r e s u l t s . About 6fo were improved, and 9yi> were made 

worse, i n most cases only with regard to isomeric p o s i t i o n s . For manual measurement of 
Spect ra the 5/20 method i s p r e f e r a b l e . 

Method 2. n = 6. m = 40 

This v a r i a t i o n was t e s t e d for 5'1 compounds with no s i g n i f i c a n t d i f f e rence in the 
r e s u l t s , 

N on-Hydro carbons 

A s i m i l a r s e t of r e s u l t s was obtained fo r a s many o the r compound "types as p o s s i b l e 
t h a t s t i l l s a t i s f i e d the requirement of having a d u p l i c a t e spectrum a v a i l a b l e . Sulphur, 
Ni t rogen , Halogen and Oxygen compounds were s tud ied . The molecular weight ranges covered 
and t h e average number of s p e c t r a examined in the l i b r a r y in each range were 
78-130 amu (250) , 13I- I90 amu (275) and 191-350 arau (125) . The o v e r a l l r e s u l t s a re 
summarised i n Table 3 which g ives the percentage matching in t h i s way. 

Table 3* Non-Hydrocarbons (Percentages) 

1 

Mol, Wt. Range 

Method 

1 s t P o s i t i o n 

I s t P o s i t i o n or isomer 

78-130 

1 

84 

95 

2 

70 

84 

131-190 

1 

34 

100 

2 

84 

100 

191-350 

1 

50 

68 

2 

80 

84 

The r e s u l t s a r e very s imi l a r t o the hydrocarbons, but somewhat l e s s succes s fu l . 
Severa l exact matches were found where the same s p e c t r a have been included in d i f f e r e n t 
c o l l e c t i o n s , and t he se r e s u l t s have not been used. The d i f f e r e n t s t a r t i n g po in t s used in 
r eco rd ing t h e d a t a , and a l s o impuri ty peaks, accounted fo r most of the poorer r e s u l t s . 
Method 2 has given s l i g h t l y b e t t e r r e s u l t s compared to Method 1. 

Some of the p o s s i b l e v a r i a t i o n s were examined. 

399 



Method 1. n = 10 

Using only the ten strongest peaks, the results were about the same. Out of 75 
trials, 5 were worse, and 4 better (not counting isomeric positions) compared to using 
n = 20. 

Method 2. n = 2, Ji 
The 75 speo t r a were t e s t e d w i th t h i s change, and the r e s u l t s for 7 were worse, and 

for 3 b e t t e r . 

Ranee - 20 t o +20 

The a lcoho ls were r e - r u n a t a range of -20 to +20 and, as expected, a match was 
obta ined occas iona l l y with the corresponding i insa tura ted hydrocarbon, 

aC/US Spec t ra 

The e a r l i e r s tudy had i n d i c a t e d t h a t t h e methods appl ied encouragingly to t e r p e n e s , 
Sinoe t h a t time a s p e c i a l f i l e of 300 speot ra has been assembled from the l i t e r a t u r e and 
elsewhere to enable t h i s t o be t e s t e d more thoroughly. To simulate an a c t u a l complete 
system a geranium o i l was run through the &C/MS us ing a Biemann type s e p a r a t o r and an 
MSI2, The s p e c t r a were manually measured us ing t h e t h r e e l a r g e s t peaks out of 20 and 
t h i s d a t a was pimched on to cards and run as unknowns aga in s t the te rpene l i b r a r y . 

S i x of the 'unknowns' were not on the f i l e , end 4 of the o the r s p e c t r a were found 
t o be mixtures from unresolved G-C peaks. Table 4 shows t h a t out of the 30 remaining 
spec t r a t aken , 24 were i d e n t i f i e d c o r r e c t l y in the 1 s t p o s i t i o n , and the o the r s were a l l 
given in the 4 th p o s i t i o n or b e t t e r . Th is i s an e x c e l l e n t r e s u l t when i t i s considered 
t h a t none o f the l i b r a r y s p e c t r a were obta ined on the same ins t rument as used for t h e 
GC/MS measurements. 

Table 4 

Peak No. 

4 
5 
6 
7 

11 
14 
16 
17 
18 
21 
23 
25 
26 
27 
28 
29 
31 
33 
36 
38 
39 
40 
41 
42 

44 

45 
48 
49 

Compoimd 

o-Pinene 
2 , 6 , 6 , -Me3-2-vinyl te t rahydropyran 
Myreene 
a -Phe l landrene 
Limonene 
p-Ooimene-X 
p -Ooimene-Y 
p-Cymene 
a -Terp ino lene 
2 - I sobu t -1 - eny l methyl THP 

" (isomer) 
c i s L ina loo l oxide 
t r a n s " " 
Menthone 
Isomsnthone 
L ina loo l 
0-Gurjunene 
Neomen-lhol 
C i t r o n e l l y l formate 

" a c e t a t e 
( p -Famesene 
( Neryl formate 
o -Terp ineo l 
Geranyl formate 
C i t r o n e l l y l p rop iona te 
( P - C i t r o n e U o l 
( 8 -Cadinene 
Nerol 
Geranyl propionate 
Geran io l 

P o s i t i o n 

1 
1 
2 
2= 
1 
4 
3 
1 
1 
1 
1 
1 = 
1 = 
2 
1 
1 
1 
1 
1 
1 
3 
1 
1 = 
1 
1 
1 
1 
1 
1 
1 = 

Px100 

95 
76 
93 
78 
93 
87 
82 
80 
76 
96 
85 
86 
69 
79 
89 
85 
86 
74 
93 
76 
58 
67 
63 
68 
71 
77 
70 
85 
72 
89 

Av, = 80 
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Conolusion 

These studies have shown that comparatively simple mathematical procedures oan 
produce an excellent computer identification of low resolution mass spectra. No manual 
allocation of ' s ignif icant ' peaks is necessary with these methods. Over a wide range of 
compound types and molecular weight, and using a l ibrary of over 7000 spectra, the 
re t r ieva l of duplicates was 83^, Counting similar isomers as successes the re t r ieva l 
was 97^. I t oan be expected that where exact duplicates are not on f i l e , but closely 
similar compounds are available, these will be retrieved. 

Variations on the basic methods used do not show very significant changes in the 
resul ts , but i t is s t i l l l ikely that in practical applications of the method refinements 
oan be added to improve the re t r ieva l in the part icular area of in teres t . In part icular , 
i t i s possible that weighting on the larger peaks or the peaks of highest mass to charge 
ra t io may be advantageous. In many cases i t will be possible to u t i l i s e other chemical 
or spectroscopic information, 

A tes t of matching of an actual GC/to run was very suocessf\il and there seems no 
reason why in pract ical oases the GC/MS and the computer cannot be linked to give useful 
automatic presorting of mass speotral data. 
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137 
A DETAILED STEREOCHEt'IICAL ANALYSIS OF ELECTRON D-IPACT INDUCED 1,3 

ELmiNATION IN CYCLOHEXANOL AND CYCLOHEXYL CHLORIDE 

Mark M. Green and Richard J. Cook 
Department of Chemistry 
University of Michigan 
Ann Arbor, Michigan ilSlOij-

Thls work has been published: J. Amer, Chem. Soc, gl, 2129 (I969). 

Eleotron Impact Induced elimination reactions (1) are commonly 

occurring processes in mass spectrometry and various researchers have 

documented the positions of hydrogen abstraction. The importance of 

the heteroatom (X) in the site selectivity is dramatically demonstrated 

(1) (CnH,>C)-+ -> (C„H^.i)-+ + HX 

by the behavior of acyclic chlorides and alcohols vjhlch show predomin

ant 1,3 and l , h elimination respectively. In contradiction to the 

proposed dominant role of the heteroatom it has been found recently 

that both cyclohexanol (I) and cyclohexyl chloride (II) show closely 

similar site seleotivitles. These results suggested that the hydro

carbon nay control the choice of hydrogen abstraction site. 

We now report that the apparently similar 1,3 eliminations in I 

and II oocur by different mechanisms, with the eliminations continuing 

to follovj the pattern observed in the acyclic compounds. These results 

have prompted us to propose a theory which Invokes the bonding radius 

of the heteroatom as the driving force for selection of the hydrogen 

abstraction site. 
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140 
MASS SPECTRA OF SOME ORGANOTINS AND ORGAMOSILICCNS 

Istvan Lengyel, Michael J, Aaronson, and James P. Dillon 

Department of Chemistry, St. John's University 
Jamaica, New York 111*32 

Conventional ("low resolution") and high resolution mass spectra of the 
heterocyclic organotln and organosillcone compounds I-IX were recorded and 
evaluated. Low voltage studies (at 12eV) were carried out to identify energet
ically favorable decomposition paths. Conparlson with the mass spectrum of di
ethyl bis(o-phenoxyphenyl)tin (compoimd X), an analog without heterocyclic ring, 
showed seme unexpected differences. We are unaware of any previous published 
reports on electron-impact Induced reactions of closely related compounds. 

CKr-So-CfcHj-

(a„)o) 
I , X-Sn, R"CH3 V I I I , X-Sn 

I I , X=Sn, R-CaHo DC, X-Si 

I I I , X-Sn, R-n-C^Hg 

IV, X-Sn, R-CaHe 

V, I - S n , R-Cl 

VI , X-Si , R-CHa 

VII , X-Si , R-CeHe 

The mass spectra of the tin and silicone derivatives investigated show 
maiy common features; the differences observed can be related to the lower 
ionization potential of tin, compared vith silicone, and to the Increase in 
the metal-carbon bond strength when going from tin to silicone. Thus, the 70eV 
spectra of the dlalkyl- and diarylphenoxasilins (VI and VII) exhibit a moderately 
abundant molecular ion, while in the spectra of the dlalkyl- and diarylphenoxa-
stannins (I-IV) the molecular ion is very weak or absent, 10,10-Dichlorophenoxa-
stannln (V) and the two spiro-oompounds, 10,10'-spirobiphenoxastannin and 10-10'-
spirobiphenoxasilin (VIII and DC) show abundant molecular ions. 

Radical elimination hy R-X bond cleavage is the dominant decomposition 
path for the moleoular ions of all compounds Investigated (even at 12eV), except 
the two spiro-compounds. In the latter, fission of at least two bonds is required 
for any particle, except hydrogen, to be eliminated. The reason for the over
whelming predominance of this fragmentation in the tricyclic systems studied is 
that the ion formed, (M-R) , contains the metal in the IV oxidation state which 
is 3''* the most stable for both Sn and Si. Radical elimination is also observed 
from odd-electron fragment ions. 

t [oAo] 
# ' 

\ 

I -VII 
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Formation of a radical ion at m/e 168 (CijHaO)^ by elimination of XRg Is a 
significant process in all tin compounds and in the spiro-Si-oompound IX. The ab
sence of m/e 168 in the speotra of VI and VII is probably due to the reluctance of 
silicone to form divalent species SiRj, whereas divalent tin is much more stable. 

-SriRa OTTol 

I-V, VIII-IX m/e 168 (C^HeO) 

Only a few examples of loss of a neutral particle from the molecular ion 
leading to an odd-electron fragment ion with tetrasubstituted metal have been ob
served. The scarcity of this type of fragmentation oan be understood, as it would 
require the metal to be in the V oxidation state, which is known ̂  to be "abnormal". 
There is no evidence for the formation of (XRj). type ions, with the exception of 
a small peak at m/e 182 in the spectrum of VII. 

The (M-R) ion undergoes at least three different characteristic fragmenta
tions, each involving the elimination of a neutral particle and leading to a metal-
containing even-electron ion. Alkene elimination (a) from the (M-R) ion is an 
important process, even at 12eV, for slgma-bonded metal alkyls if R contains two 
carbon atoms or more (II and III) 

—CHg—CH—1,^ 

© ^CM,-CH,-R, 

II, Rj.=H 
III, Ri-CzHe 

-O' ^ Ĉ l̂  
fl 

-(QPC 
^ 1 -

In some of the compounds studied, the (M-R) ion undergoes additional, more 
complex fragmentations, involving both skeletal and multiple hydrogen rearrange
ments. Thus, the (K-CHj)* ion in the spectrum of compound VI (m/e 211, CiaHiĵ OSi) 
eliminates both CH^O and HjSiO to yield m/e l8l (Cĵ jHgSi) and m/e 165 (CiaHs), re
spectively. On the other hand, the tin-analog, compound I, shews an ion at m/e 
181, wh|ch is metal-free (CisHgO), corresponding to elimination of Srflj from the 
(M-CU3) species. Details of the mechanisms of these reactions are under stu<fy. 

-CHjO ,0^ -H^SiO 

O] o. 
®\ CH, 

-» LO r i Q 

m/e 181 (K-!iS) 
OiaHgSi 

VI, m/e 211 (M-15) 
CisHiiOSi 

m/e 165 (M-61) 
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-SnHa 

^ s M ° • ^ J & 
I , m/e 303 (M-15)* m/e I 8 I (me ta l - f r ee ) 

A d e t a i l e d account of t h i s work w i l l be submitted to Org. Mass Spec t rone t ry . 
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STEREOISOMERIC EFFECTS ON MASS SPECTRA. II, THE ISOMERIC METHYLDECALINS 

Seymour Meyerson and A, W. Weitkamp* 

Research and Development Department, American Oil Company, Whiting, Indiana 4639^ 

ABSTRACT 

Mass spectra of the four stereoisomeric l-methyldecalins and the 

four 2-methyIdecaIln6 have been measured. Intensities of the parent Ions 

do not correlate with relative stabilities of the molecules, but those of 

the parent-less-CHj Ions do. For each set of stereoisomers, the order of 

relative intensity of the parent-less-CH^ ion parallels the order of relative 

stability of the molecules. The correlation suggests that loss of the methyl 

group frora the members of each set of stereoisomers leads to a common product, 

with the differing conformational energies converting into differences in 

vibrational energy, which in turn lead to differing extents of further 

decomposition. 

*Research and Development Department, Amoco Chemicals Corporation, Whiting, 

Indiana 46394 

To be published In Or^ani_c Mass Spectrometry. 
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The [M-15]^ Peak in the Mass Spectrum of Benzene 

By: M. A. Baldwin, D. P. Craiĝ ' and Allan Maccoll 

William Ramsay and Ralph Forster Laboratories, University 

College, Cower St., London, W.C.I. 

Abstract: By use of deuterium labelling, namely by the study of 1,4-dedeutero- and 

1,3,5-trideutero-benzene, it has been shown that over the energy range 

between 20 and 50 eV, the three hydrogen atoms lost in the production of 

[M-15] come randomly from the benzene nucleus. Mechanisms are discussed 

which could account for this. 

Macdonald and Shannon have shown very elegantly, by examining a number of deu

terated benzenes, that the peak in the mass spectrum of benzene at m/e 52, [M-26] , 

corresponds to the loss of two carbon atoms with two hydrogen atoms selected at random 

from the benzene nucleus. They explain this result in terms of a series of 1,2-hydrogen 

shifts. The mass spectrum of benzene also shows a small peak at m/e 63 {^%) which 

formally corresponds to a loss of a methyl group. Jennings has shown that this peak 

arises in part through the process 

[CgHg]^ - [CsHjf + [CHjf 

which gives rise to a metastable peak at m /e 101.8. Using his metastable defocussing 

technique , he was able to collect the ion [CHj] from [CgHg]' at 1.24 E/V. He 

further showed by a study of deuterated benzenes, using this technique, that the 

hydrogen atoms involved in the loss of CHT* come randomly from the benzene nucleus. 

We thought it of interest further to pursue the mechanism of the production of [M-15] 

from the molecular ion. 

In the mass spectrum of benzene, there is a very weak feature at about m/e 51, 

which is partly hidden by the peaks at m/e 50,51 and 52, which could correspond to the 

metastable transition (m/e = 50.7, calc.) below. It was decided to run the mass spectra 

[CgHg]'^ - [CsHj]-" + CH3-

of benzene and a series of deuterated benzenes at electron beam energies between 20 and 

50 eV, and analyse the peaks in the region m/e 63. 

Commercial samples of benzene(l), l,4-dideuterobenzene(Il), 1,3,5-trideutero-

benzene(III) and hexadeuterobenzene(IV) were used without further purification. Low 

voltage mass spectra (~ 8 eV) were run to check the isotopic purity. The value obtained 

for II, III and IV were 94.2^, 91.5^ and 96.9^ respectively. The mean value of 

Present address: Dept. of Chemistry, School of Advanced Studies, Australian 

National University, Canberra, A.C.T. 
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m/e 65 

m/e 64 
m/e 63 

(1) 
(2) 
(3) 

[M + l]t/[M]" for I and IV was 5.35^. The reason for the deviation frora the 

calculated value (6.58® is not known. 

For dedeuterobenzene the processes of interest are 

^_^ [C5HD2]"^ + CHJ. 
[CgH4D2]"!̂  ::^ [C5H2DI+ + CH2D-

* [C5H3] + CHD2. 

The abundances of these three peaks were measured on the collector meter as a function of 

electron beam energy, between 20 and 50 eV. Two corrections have to be made to get the 

true abundances. In the first plan m/e 65 and m/e 54 have to be corrected for the C 

abundances of m/e 64 and m/e 63. And secondly the mass spectrum of benzene shows a peak 

at m/e 62 of relative abundance 24.2^ (50 eV). This peak can arise in either of two 

ways + + ^ 
^ ^ i ^ e ' ^ ' " f'̂ 5̂ 3̂  + ™ 3 - - [C5H2]- +CH3. + H- (I) 

[CgHg]"̂ " - [C5H2]- + CH4 (II) 

The corrections to the measured abundances will differ in cases (I) and (II). For the 

trideutero compound, the processes of interest are 

[CsDj]"" + CHj-

_,^-;^ [C5HD2]'^ + CH2D-

^ ^ ^ ^ [CjH^D] + CHDj' 

[C5H3]+ + CD3-

Corrections to the abundances were made as for the dedeutero compound. The relative 

abundances of m/e 62 / m/e 63 in the benzene spectrum from 20-50 eV were measured, in 

order to enable the correction to be made. 

The relevant experimental abundances are set out in the Table, together with the 

values calculated on the basis of random loss of hydrogen atoms. Values of the 

experimental results based on corrections I and II are given in the Table. 

Table: Comparison of Experiment with Theory. 

1:4-dideuterobenzene 

Random loss (theor.) 
Correction I (exptl.) 
Correction II (exptl.) 

m/e 66 

m/e 65 

m/e 64 

ra/e 63 

(4) 

(5) 

(6) 

(7) 

[CsDj]"" 

11.1 

10.8 

11.0 

[CsHDj]"^ [C5H2D]"^ 

33.3 100 

32.6 100 

32.7 100 

1:3:5-trideuterobenzene 

[C5HD2]'^ [C5H2D]"^ 

100 100 

97.4 100 

98.1 100 

CCsHj]^ 

33.3 

31.8 

31.2 

fCjHs]'' 
11.1 

14.5 
12.3 

Random loss (theor.) 
Correction I (exptl.) 
Correction II (exptl.) 11.0 

From the data, the unavoidable conclusion is that the loss of hydrogen atoms in forming 

the ion [C5H3] from the benzene molecular ion is completely random. 
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Wacks and Dibeler have determined the second ionization potential of benzene 

by electron impact, as 26.4 eV. Since there is no abrupt change in the ratios 

reported here in the range 20-50 eV, it would appear that the process 

[CeHs]'*^ - [C5H3]"^ + [CH3]'^ 

plays only a minor role in the production of m/e 63. An approximate estimate of the 

contribution of [CgHg] to the peak at m/e 39 can be made frora the mass spectrum of 

monodeuterobenzene. For this molecule [M] /e occurs at 39.5, [C5H3] at m/e 39 and 

[C5H2D]''' at m/e 40. The abundances are 3.4^, 7.0% and 5.8^ respectively . For 

benzene examined under the same conditions, the abundance of m/e 39 was 14.3^, and 

from the above figures, about 20^ of this comes from [CgHg] 

Two plausible mechanisms can be written for the random loss of hydrogen atoras. 

These will be illustrated in the case of trideuterobenzene. The first involves a 

succession of 1,2-hydrogen shifts which suffice to produce a mixture of all possible 

isomers . 

IJ ^^<tl> l̂ 
Alternatively the process could be written as 

The five membered ring ion can be regarded as a type of distorted resonating pre-

fulvene , 

<-. ^ « 

Either of these mechanisms suffices to explain the observed results. The second has 

perhaps the advantage over the first in that it leads naturally to the CH abstracting 

two H atoms (or H, D or 2D) to yield the ion under discussion. 
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Experimental. 

Measurements were made with an MS9 raass spectrometer, samples being introduced 

through the cold inlet to give a pressure of about 2 x 10~^ torr. A trap current 

of 200 1-iA was used. 
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143. CARBON SKELETAL REARRANGEMENT OF BUTENE-1 ION 1*3 

by 

G. G. Meisels, J. Y. Park, and B. G. Giessner 
Department of Chemistry 
University of Houston 
Houston, Texas 77004 

ABSTRACT 

Ĉ Hg ion formation from l-butene-4d, and l-butene-4c by electron impact has been 13 
^.niir lu l l l u n n a t i u i i I I um i -uuuci ic-nu.^ aiiu i -uu i .c i i c - t i , uy c icv . i . iu i i i i i i^ai, i . iiQS ucc 
ned near the ionization threshold. The deuterated compound shows essentially sta

tistical elimination of hydrogens in the dissociation. Fragmentation of the c " labelled 
compound leads to 75% retention of the label in the Ĉ Hg''' ion, indicating skeletal re
arrangement. A series of 1,3 ring closures and reopehings with simultaneous occurence 
of 1,3 hydride or hydrogen atoms shifts is proposed to account for these observations. 
At higher electron energies both randomizations are decreased significantly, and this is 
ascribed to competition between rearrangement and fragmentation. 

INTRODUCTION 

It has long been known that it is difficult to assign the location of the double 
bond in alkenes on the mere examination of the 70 eV fragmentation patterns. The simi
larity of spectra can be demonstrated even with C4Hg compounds (1), and suggests that 
part of the fragmentation occurs from a precursor common to all isomers. This argument 
is essentially substantiated by the observation that the hydrogens in specifically deu
terium labelled butene-1 readily randomize before dissociation to allyl ion, first re
ported by Bryce and Kebarle (2). Later investigations (3,4) suggested series of 1,2 and 
1,3 shifts as a mechanism for the hydrogen atom migration. This appeared awkward since 
it required a three-membered ring intermediate, while most other rearrangements typically 
involve five or six membered rings (5). 

We have recently reconfirmed that hydrogen randomization occurs before fragmentation 
of butene-l-4d3 to C3(H,D)5''' ion, and have shown that skeletal isomerization must occur 
near the threshold for the formation of this ion (6). In this comnunication we report 
further details of the fragmentation of butene-1 specifically labelled with deuterium 
or with C'-̂ . 

EXPERIMENTAL 

Materials: Unlabel led butene-1 (Matheson Co.) was purified by preparative gas 
chromatography. CD3I and C'-'HjI were obtained from Merck, Sharpe and Dohme (Canada); the 
former had an isotopic purity (stated by the manufacturer) of 99%, the latter one of 40%. 
The corresponding labelled compounds were prepared by converting the iodides to the 
Grignard compounds and reaction with allylbromide (Matheson, Coleman and Bell) following 
the procedures given by Regier and Blue (7) and references quoted there. The products 
were purified by preparative gas chromatography. Mass spectrometric scans at low electron 
energies where fragmentation to other four-carbon ions did not occur showed isotopic 
purities of 98 and 37%, respectively, for the deuterated and the C'3 labelled compounds. 

Mass Spectrometry: The mass spectra for the unlabelled and one of the labelled 
1-butenes were obtained in rapid succession through the use of the dual inlet system of 
an Atlas CH-4 60°, 20 cm radius of curvature commercial mass spectrometer. The electron 
energy had a width at half height of 0.55 eV, as measured by differential retarding 
analysis at the electron trap; this width was slightly dependent on electron energy (8). 
The distribution could be well represented by convolution of a uniform potential drop 
across the electron emitting filament, and a Maxwell distribution. Nominal electron 
energies are reported here; they were not corrected for contact potentials, etc., but 
were within 0.2 eV of the maximum associated with the distribution function. 

RESULTS AND DISCUSSION 

The randomization of deuterium atoms in the precursor of C3H5 ion when l-butene-4d3 
is subjected to electron impact is well known to decrease with increasing electron 
energy (3,5). The retention of the label in the C3H5''' ion from l-butene-AC^'' also de
creases substantially over a range of ca. 5 eV (Figure 1). This decrease in C''̂  content 
is well outside experimental error, and continues at higher energies. Unfortunately, it 
is necessary to correct for the contributions of labelled C3H4''' ion to the intensity of 
the peak at m/e 41. Since the Ĉ -̂  content of the C3H4''" ion can only be estimated, the 
correction begins to introduce an appreciable uncertainty at nominal electron energies 
greater than ca. 17 V. It is clear, however, that skeletal randomization decreases with 
increasing electron energy. 

The decrease in randomization could have two causes. At higher energies it is 
possible that dissociation occurs from a methyl cyclopropane ion structure leaving the 
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C3Hc'*' ion in the cyclopropyl structure. The heat of formation of the cyclopropyl ion is 
approximately 10 kcal/mole greater than that of the allyl ion, however, the appearance 
potentials of these ions from methyl cyclopropane probably differ by ca. 0.9 eV (9). 
While such a change in product ion structure is certainly possible, the second differen
tial ionization efficiency curves of C3H5''' ion from butene-1 show no fine structure 
corresponding to the formation of cyclopropyl ion (10). 

A second and more attractive interpretation invokes competition between rearrange
ment and fragmentation. Near the threshold of C3H5"'" formation the intermediate is formed 
with barely sufficient excess energy to permit dissociation, and the average observable 
rate constant of dissociation may therefore be assumed to be of the order of 10^ sec"', 
typical of ions no longer detected as metastables. The rearrangement has been suggested 
to proceed in a methyl cyclopropane ion structure, and the process therefore presumably 
has an activation energy or barrier lower than that of fragmentation and therefore pro
ceeds at a faster rate. As the internal excitation energy of the parent ion is increased 
beyond the dissociation limit, the dissociation rate constant will increase considerably 
more rapidly than that for rearrangement because of the disparity in activation ener
gies (11). 

While the precursor ion has lost the memory of its original structure near the onset 
of allyl ion formation, this does not imply that structural information cannot be derived 
from the mass spectra at higher energies. Even neglecting the decrease in randomization, 
the ions from different butene isomers will differ in energy content. To a first approx
imation it may be assumed that the energy deposition distributions as derived from dif
ferential photoionization efficiencies or photoelectron spectroscopy (11) are similar 
for these molecules. Since these are additive to the threshold energy for parent ion 
formation, a higher heat of formation of the parent ion will increase the fraction of 
initial parent ions with energies in excess of any given possible fragmentation path. 
This is demonstrated in Figure 2 where the shaded areas correspond to the fraction of 
the total ions capable of dissociation to C3H5"'' + CH3. It appears, therefore, that 
characteristic features of a spectrum may appear merely on the basis of available 
energies and without relation to the ion precursor structure. 
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BIMOLECULAR REACTIONS OF IONS TRAPPED IN AN ELECTRON SPACE CHARGE 

A. G, Harrison and A, A, Herod 

Department of Chemistry 

University of Toronto 

Toronto 181, Ontario, Canada 

The technique for ion trapping in pulsed-source mass spectroraetry 
proposed by Bourne and Danby (1) has been applied to the study of ion-
molecule reactions at near-thermal energies. In this technique ions 
produced by a short (-vl usee) pulse of electrons of 30-50 eV energy are 
trapped in the space charge created by a continuous low energy (5-8 eV) 
electron beam, A known and variable time after the ionizing pulse a 
positive voltage pulse {'\-4 usee duration, '\'8 V amplitude) is applied to 
the repeller plate to push the ions out for mass analysis. The present 
work was carried out using a 6 inch 90° magnetic deflection instrument 
equipped with a Nier type source using a magnetic field of 100-200 gauss 
to focus the electron beam. 

By such a technique ions can be trapped for periods of time up to 
at least 2 milliseconds and the rates of bimolecular reactions followed 
as a function of time at pressures in the region of 3 x 10~4 torr. In 
the present work ion-molecule reactions in methane, ethylene and acetylene 
were studied. Source pressures were not measured directly but were 
related to the inlet pressures from observations of the rate of decrease 
of the CH4'*' signal in methane using a rate constant (2) of 1.2Q X 10"^ cm 
molecule"^ sec"l for the reaction CH4''" + CH4, The rate constants for 
disappearance of the CH3+ and CH2''" primary ions in the methane system were 
found to be 1,1 x 10"' cm^ molecule"^ sec"l and 2,0 x 10"' cm^ molecule"-'-
sec"l respectively. 

The rate constants measured in the ethylene system are summarized 
in Table I and the relative rates compared with previous results. The 
kc2H4''" = 0,85 x 10"' cm-3 molecule"-'- sec~l,is in good agreement with an 
earlier measurement (3) of 0,83 x 10"' cm molecule"^ sec"-'- obtained from 
pressure studies at 0,85 eV ion exit energy. In addition the relative 
rates are in reasonable agreement with previous studies particularly the 
work of Tiernan and Futrell, 

TABLE I 

REACTION RATES IN ETHYLENE 

Relative Rate Constants 

Reactant 
Ion 

S«2^ 

C 2 » 3 ^ 

C2«4^ 

CoHr:"" 

k_ x 

1 . 

0. 

0. 

0, 

1 0 ^ 

.6 

•«8 

.85 

•37 

This 

Work S. — — — 

1,9 2.2 1.5 3,3 1,1 

1.0 1,0 0,7g 1,2 0,7^ 

1,0 0,6.̂  1.0 1.0 1,0 

0.4^ 0,60 0,45 0.4, 

^Tiernan and Futrell, J. Phys, Chem. 72^, 3080 (1968). 

"^Kebarle and Hogg, J. Chem. Phys. £2, 668 (1965). 

'^wexler et al. , Advances in Chemistry 58, 193 (1966). 

Sowers et al., J. Phys, Chem, 72^, 3599 (1968). 

The rate constants measured in the acetylene system are 
summarized in Table II and the relative rates compared with those 
previously reported. Again good agreement with the tandem experiments 
of Futrell and Tiernan is obtained, 
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TABLE II 

REACTION RATES IN ACETYLENE 

Relative Rate Constants 

Reactant This 
Ion k X 10 Work S. ^ £ 1 

C,"̂  2.-6, 1,9 2.4, 1,1, 1.5, 1,4 
2 '-"7 ^•=' 6 ' 6 6 0 
2H'^ 2,43 1.7^ 1.6g I.I3 l,4g 

2^2^ 1.4^ 

4^2 C l j u,i "•-'g 

C^H"^ 2,4^ 1.7, 1.60 1.1, 1,4„ 1,6 

C,H2'^ 1.4, 1.0 1.0 1,0 1.0 1,0 

C.H,"^ 0.1, 0,1 0.3. -; - 0,5 

Futrell and Tiernan, J, Phys, Chem, 72, 158 (1968). 

"^Derwlsh et al,, J, Am, Chem. Soc, ST̂ , 1159 (1965), 

•^Munson, J, Phys. Chem. 69, 572 (1965), 

"^Wexler et al., Adv, Chem, 58, 193 (1966), 

Full details of this work will be published at a later date, 
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MASS SPECTROMETRIC DETERMINATION OF THE PROTON 

AFFINITIES OF VARIOUS MOLECULES 

Max A, Haney and J. L. Franklin 

Department of Chemistry 
Rice University 

Houston, Texas 77001 

Previous mass spectrometrlc determinations of proton affinities have utilized one 

of two methods. In the first method, the appearance potential of the protonated species 

yields its heat of formation, from which the proton affinity can be calculated according 

to the relation: 

(1) P.A.(M) = 366 + AH (M) - AH (MH''") 

The second method involves the occurrence or non-occurrence of ion-molecule re

actions Co place limits upon the proton affinity. The original supposition was that if 

an ion-molecule reaction occurs, it must be exothermic, while if it does not occur, it is 

endothermlc. Neither of these assumptions can be true for ion-molecule reactions in 

general. Endothermlc reactions may occur if the reactant ion is internally excited. 

Exothermic reactions may not be observed because of competing processes. The latter 

restriction should not prevail in the special class of ion-molecule reaccions Involving 

proton transfer from an even-electron ion to an even-electron molecule. Charge exchange 

is Impossible and the simple process of exothermic proton transfer should occur with a 

fast rate. 

In a recent study of exothermic ion-molecule reactions involving transfer of 

hydrogenlc species, the translational energies of the products were found to be a nearly 

constant fraction of the heat of reaction, "0,2, This suggests that the heat of forma

tion of a protonated species may be obtained by estimating the exothermicity of a 

reaction producing it. 

The latter two methods have been used to determine the proton affinities of 

several simple molecules. All work was performed on a Bendix model 12 time-of-flight 

mass spectrometer equipped with the ion-molecule reaction source. The procedure for the 

second method consisted of introducing a pair of gases into the mass spectrometer simul

taneously and adjusting the pressure and electron energy so that the only peaks in the 

spectrum were the two protonated molecules. The relative intensities of these two peaks 

were then recorded as the reaction time was increased. An example is shown in Figure 1. 

In some cases, the relative Intensities were constant as reaction time increased, indicat

ing nearly equal proton affinities. By comparing the proton affinities in this manner, 

a consistent relative order was established as listed in the first column of Table I, 

Several molecules having known proton affinities are included for reference points. 

The procedure for the third method Involved measuring the translational energies 

of the products of the following reaction: 

(2) RH"*" + RH "̂  RH2'^ + R 

The translational energies were multiplied by five as an estimate of the heat of 

reaction (2). This quantity is listed in column 2 of Table I, The proton affinity 

estimated by this method is listed in column 3, Except for HCN and CH-CN, che proton 

affinity obtained by this method is consistent with the relative order independently 

established by method 2. The unusually large exothermicity of reaction (2) for these 

two cases may result in electronic excitation of CH„CN and CN. The values in column 3 
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TABLE I. Values In kcal/mole 

Decreasing 
Order 

CHjNHj 

CHjCOCHj 

CHjOCHj 

PH3 

CH^CN 

CHjSH 

CHjCHO 

'^e^e 
CH.OH 

HCOOH 

HCN 

H,S 

CH^O 

«2° 
CHjCl 

HI 

CO 

HCl 

HBr 

CH, 

reference 

reference 

reference 

reference 

2 

3 

4 

5 

Estimated 
-AH°(Reaction 2) 

9 

6 

12 

21 

16 

10 

19 

22 

9 

0 

8 

7 

Estimated 
P.A. 

211 

188 

189 

186 

135 

189 

182 

139 

164 

145 

141 

lAO 

Best 
F.A. 

211±3 

207±3^ 

188+2 

187±1 

186±1 

186±1 

185±1 

185±l'' 

183±3 

182±3 

179±3* 

170±3 

170±3^ 

168+1*' 

165±3^ 

164±3 

145±3 

14213" 

141±3 

140±3 

126±l'' 

Due to unknown AH^(HCO^), this proton affinity could not be determined 
-I-

by method 3. This value comes from appearance potential of HCOOH^ from 

ethyl formate, corrected for excess energy. 

X 

NHj 

CN 

SH 

HCO 

OH 

Cl 

TABLE II. 

P.A. (HX) 

207 

170 

170 

168 

165 

141 

Values In kcal/mole 

F.A. (CH.,X) 

211 

186 

185 

185 

182 

164 

Difference 

4 

16 

15 

17 

17 

23 
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were compared with the relative order in column 1 and with the reference values to 

arrive at the "best" proton affinities in column 4. 

Table II illustrates the difference between the proton affinities of HX and 

CH~X molecules. Note that methyl substitution has a more pronounced effect the lower 

the proton affinity. 

Conclusions: The consistency of this data with previously determined proton affinities 

indicates that both of these methods are valid. 
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ION-NEUTRAL REACTIONS IN CARBON DIOXIDE 

Steven M, Schildcrout and J. L, Franklin 

Department of Chemistry 
Rice University 

Houston, Texas 77001 

-3 
Positive ion mass spectra of CO- have been obtained at pressures from 10 to 1 

corr using an electron bombardment ion source with a quadrupole mass filter. The trans

lational energy of ions in the source is determined by the potential applied to an ion 

repeller grid. From consideration of the dependence of ion intensities upon pressure, 

repeller potential and electron energy, the occurrence of certain ion-neutral reactions 

is established and their rates are determined. 

Bombardment of C0„ at low pressures by 150 eV electrons produces significant 

abundances of the fragment ions C , 0 and CO , as well as the parent ions CO- and C0_ . 

The process 

C"*" + CO- -»- CO"'' + CO (1) 

accounts for loss of C at higher pressures and proceeds with a rate constant of about 
-9 3 -1 -1 

1.4 X 10 cm molecule sec , which is close to a thermal rate constant previously 

reported. There is evidence that at a sufficiently high repeller potential C is 

formed by collision-induced decomposition of excited CO^ , 

2 3 + + 

While it has been assumed in other studies that 0 reacts only to give 0- , 

O"*" + CO2 -*• 0 ^ + CO (2) 

It is found here that the energy imparted Co 0 by the field of the repeller permits the 
charge transfer 

O"̂  + CO2 -•• 002"*" + 0 (3) 
-9 3 -1 -1 

CO compete with (2). When (3) is energetically allowed, k- = 1.0 x 10 cm molecule sec 
J 1 o c in-10 3 T - -1 -1 

and k_ = 2.5 X 10 cm molecule sec 

While (1) creates CO , this ion is destroyed by the charge transfer 

CO"*" + CO2 -̂  CO2'*" + CO (4) 

-9 3 -1 -1 
whose Trate constant is found to be 2.0 x 10 cm molecule sec , somewhat greater than 

rmal 
2+ 

- The.-ion CO- is destroyed by reaction with CO- with a rate constant of 
-9 3 - 1 - 1 

3 X 10 • cm; molecule sec but the reaction products are not known. 

The most abundant of the primary ions is CO- . Also, this ion is formed by 

secondary processes 3 and 4. At pressures above several tenths of a torr, however, 

CO- reacts with CO- to yield C„0. and near 1 torr this dimer ion is the most 

abundant in the mass spectrum. The reaction is 

C20̂ "*" + (m-l)C02 (5) 

where m takes on apparent values from 3 to 5 as the repeller potential goes from 1.4 V 

to 12,4 V, The reacting CO2 is in the ground state. A suggested mechanism consists 

of a sequence of steps 

=x°2x"'+=02 - =x+l°2x+2^ (̂ > 

where x = 1,2,* • • (m-1) and where the product ion is unstable with respect to 
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spontaneous decomposition. The sequence is terminated by 

C 0„ "*" "t- CO- -> C-0."̂  + (m-l)CO„ (7) 
m m̂ I z 4 I 

where now C-O, is in a long lived state. With the repeller at 5.9 V, m = 4, and k̂  is 
-59 12 -4 -1 

Calculated as 1.0 x 10 cm molecule sec ., which seems reasonable for the suggested 

Tnechanism. 

This work was sponsored by Project SQUID, which is supported by the Office of Naval 

Research, Department of the Navy, under Contract N00014-67-A-0226-0005, NR-098-038. 

Reproduction in full or in part is permitted for any use of the United Scaces Government. 

A full paper has been submitted for publication to Journal of ChexKical Physics. 
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154. HIGHER ORDER ION-MOLECULE REACTIONS II. ENERGY DEPENDENCY '** 

OF INTERMEDIATE COMPLEX LIFETIMES 

by 

H. F. Tibbals and G. G. Meisels 
Department of Chemistry 
University of Houston 
Houston, Texas 77004 

ABSTRACT 

The c o l l i s i o n model fo r higher ion-molecule reactions has been applied to the 
ethylene system, and a f i t of Myher and Harrison's experimental data at low terminal ion 
energies is obtained read i ly . When the reaction parameters derived therefrom are used to 
calculate ion abundances at higher terminal energies, poor agreement with other exper i 
mental resul ts is observed. Various complications such as symmetrical charge t ransfer 
and the contr ibut ion of hard-sphere co l l i s ions were examined. Only allowance fo r depend
ence of the f i r s t order d issociat ion rate constant of intermediate adduct ions such as 
C4Hg''' and CsHg"*" on incident ion k inet ic energy could approach an adequate account of the 
experimental observations. Such a var ia t ion with energy arises from conversion of t rans
la t iona l energy to in terna l energy in the formation of a strongly bonded intermediate. 
I t was found impossible to assign a simple reaction order to an ion par t i c ipa t ing in such 
competitive react ions. This is consistent with a change of reaction order reported fo r 
C5Hg''" formation even at low terminal ion energies. 

INTRODUCTION 

A theoret ica l descr ipt ion of ion-molecule reactions applicable to higher order 
processes in the ion source of a mass spectrometer has recently been reported (1) . This 
treatment is based on a s imp l i f ied classical descript ion of the t ra jec to r ies of i n d i v i 
dual ions and integrates the reaction probab i l i t y as a funct ion of posi t ion over the ion 
path in a conventional ion source. Reaction p robab i l i t i es are calculated using energy 
dependent c o l l i s i o n cross sections and invar iant unimolecular d issociat ion rate constants 
of intermediate complexes. 

In th is paper we present a comparison of the model with the experimental results for 
ethylene reported by three groups of invest igators , and demonstrate that some previous 
discrepancies can be accounted for by the energy dependency of unimolecular d issociat ion 
rate constants. 

COMPARISON WITH EXPERIMENT 

The model (1) was used to calculate curves of normalized ion current versus pressure 
for various path lengths and draw-out or repel ler f ie lds in the ion source. The fo l low
ing reaction mechanism, suggested by a number of invest igat ions (2 ,4 ) , was assumed: 

C2H, + C ^ H / ! l [C^HgY (1) 

[C^Hg^]* J C3H5" + CH3 (2) 

[C^Hg""]* J - C ^ H / + H (3) 

[C^Hg^]* + C^H^ "J - C^Hg^ + C2H4 (4) 

C^W^ + C2H^ -*^ CgHg"" (5) 

Fourth and higher order reactions were neglected. Simple unimolecular d issociat ion of 
complexes with invar iable rate constants and with reaction cross sections proport ional 
to the inverse square root of the re la t i ve k ine t i c energy (5) were used in the calcula
t ions . Good agreement with the experimental results reported by Myher and Harrison (2) 
could be obtained (Figure 1) when the fo l lowing parameters were used: 

k^ = 9 X 10^ sec "^ 0^ = 02 = 37 X 10"^^(/eVcm^)//E~|Tevy 

kg = 8 x 10^ sec'^ 03 = 0.15o^ 

The same treatment was applied to the data of Wexler and Marshall (3) and those of 
Tiernan and Futrell (4). Although parameters were varied extensively no fit was obtained, 
even when allowance was made for the additional production of CgĤ '*' by charge transfer 
for acetylene 

C ^ n ^ + C^H^ ^ CgHg + CgĤ "̂  (5) 
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Figure 2 gives a comparison between Tiernan and Fu t re l l ' s data and ion in tens i ty curves 
calculated fo r the i r conditions using the parameters derived from Harrison's data. The 
major discrepancy is the appearance of secondary and t e r t i a r y ions at pressures much 
higher than expected. 

I t is possible that the assumptions of the model do not hold at the high ion 
energies employed in the ea r l i e r studies. An obvious refinement is to replace simple 
induced dipole cross sections by energy independent cross sections at higher ion 
energies (6) . However, inser t ion of reaction cross sections of the form suggested by 
Hamill and co-workers (6 ) , which are constant above a c r i t i c a l energy, leads to var ia 
t ions of ion currents only s l i g h t l y d i f f e ren t from those calculated using the simple 
cross sect ions, and do not improve the f i t to experimental data (Figure 3) . The s i m i l a r i 
ty of the var iat ions calculated fo r the two funct ional forms of the cross section i n d i 
cates that reactions at low energies dominate the observed d i s t r i bu t i on in the mass 
spectrometer at higher pressures and moderate draw-out f ie lds (up to 10 v/cm). 

An addi t ional fac tor of possible importance is the range of pressures used by 
Fut re l l and Tiernan and by Wexler and Marshal l , which substant ia l ly exceeds that employed 
by Myher and Harrison. The shorter ion paths and higher repel ler f ie lds employed in 
these invest igat ions necessitated the use of higher pressures in order to obtain appre
c iable y ie lds of higher order ions. Under these conditions one of the basic assumptions 
of the model, that ions t ravel in two dimensional f ree ly accelerated t r a j e c t o r i e s , may 
have been i n v a l i d . A deviat ion may be in fac t indicated from Warneck's studies of d r i f t 
times of nitrogen molecular ions in a i r ( 7 ) , which were found to increase threefo ld over 
a pressure range of 0 to 0.2 t o r r . However, nitrogen readi ly undergoes charge exchange 
with Ng'*' i o n , a process in which a l l momentum of the charge ca r r ie r is l os t . The conden
sat ion react ion 1 occurs very nearly wi th c o l l i s i o n e f f i c i ency , and reactant ions are 
therefore not as readi ly retarded in the ethylene system. 

Apparently a more complicated mechanism must be invoked in order to in te rp re t the 
experimental resul ts w i th in the assumptions of the model. I t is plausible (3) that the 
d e f i c i t of CjHg"*" with regard to the calculated quant i t ies at low pressures is a resu l t of 
red issoc ia t ion: 

[CgHg^]* - C3H5* + CgH^ (7) 

CCHQ observed at higher pressures would then be a resu l t of coUis iona l s t a b i l i z a t i o n of 
excited CgHg^ 

[CgHg'']* + CgH^ - CgHg"" + CgH^ (8) 

with reaction 7 competing with reaction 8 and withdrawal of the ion from the source. 
C3H5''" formation may thus be calculated by summing the d issociat ion paths of C^Hg'*' and of 
CgHg"*', and C5Hg''" in tens i ty is calculated as the sum of the component which survives w i th 
out undergoing co l l i s i on or decomposition, and that which is s tab i l i zed with c o l l i s i o n 
e f f i c iency . Dissociat ion rate constants were again taken as invar iant with ion energy. 
However, even when such a mechanism was assumed, i t was not possible to f ind a set of 
parameters which would give sat is factory f i t s to the experimental data, although an 
" induct ion" in te rva l could be obtained. Typical resul ts are shown in Figure 4. 

In view of the inherent p l a u s i b i l i t y of red issoc ia t ion, and the a b i l i t y to obtain 
a pressure range where C5Hg+ is not formed, i t appeared advisable to remove the most 
in judic ious remaining approximation: the immutabil i ty of the rate constant. Such an ^ 
assumption i s , in f ac t , excluded by the known existence of a long- l ived complex of C.Hg . 
The re la t i ve k ine t i c energy of the co l l i s i on w i th in the center of mass system must be 
converted to in terna l modes. The in ternal energy of the c o l l i s i o n complex therefore 
increases rapid ly as the point of c o l l i s i o n moves toward the ex i t s l i t , and th is e f fec t 
w i l l be more important when terminal ion energies are larger such as in the invest iga
tions whose results could not be f i t t e d by our model. Since the average distance through 
which the ion beam has been accelerated pr io r to reaction decreases with increasing 
pressure, one would expect less dissociat ion at higher pressures. At the low ion ener
gies used by Myher and Harrison (2 ) , such processes would be much less important. 

The e f fec t of pressure and source f i e lds on the unimolecular d issociat ion rate 
constant and hence on ion abundances can be calculated by noting that the in terna l 
energy (E ) of a complex w i l l be given by the sum of i n i t i a l (thermal) k ine t i c and 
electroniS exc i ta t ion energies of the primary reactant ion (Ej^), the heat of reaction 
(E[,) associated with the complex formation (such as in reactions 1 and 5 ) , and the 
contr ibut ion from the ion t rans lat ional energy, or: 

E(. = E^ + E[j + E|^(l - m,/(m^ + m^)) 

where E|̂  is the re la t i ve t rans lat ional energy and m-| and mp are the masses of the ion 
and neutral species, respect ively, E5 fo r reaction 1 can be estimated from thermody
namic data to be 58 kcal ( th is volume, paper no. 62). By the assumptions of the model. 
EL is expressible as a funct ion of the f i e l d strength and a set of parameters L , ,L2 , . . . L 
which represent posit ions of primary, secondary, etc. ions in the source. 

422 



FIGURES 

X.ti''.* 

y< / O 
" ^ 

Ill 

Y' 
^ . 
' * ^ 

I/XI 

.«. 

.s. 

. 4 . 

. 2 -

. • • " • • 
y °«.° . 

d v ' i ^ ' ' ^ o " ~ e ••" 

© / ^ ^ • f i ^sS* 

y *fco*<o*^~*-*j_8 * 

0 
O IVIKIMHIM. 

• C,H* 

OC«H/^ 

iKOHAtO 

-
0 

9 « 
-=# 1 

1.0 2.S 9.0 3.fl 

P R l S S U R t IH T O R . ( X K T * ) 
PRESSURE IN TORR 

Fig. 1. Comparison between calculated and 
experimental variations of ion abundance 
(ref. 2) for reactions of C-H.''' 

Fig. 2. Comparison between calculated and 
experimental variations of ion abundance 
(ref. 4) in the C.H. system: simple model 

-

n. 
S 

la. 
*~ 

s 
8 

A 

a 

.00 

Hamlir c r o t a MCt lo( i i .EcfH ' ' - ^ * ^ 
G k n o u t J i 

/ 
r̂ _̂ ^ 

•B, 

a 

/ 
V 

.— 

y i ^ 
V 

y ' 

MCtI 

,•" 

ons 

^ H ? 
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Recent advances in unimolecular d issociat ion rate theory (8,9,10) permit ca lcu la t ion 
of k(E,) fo r l im i ted ranges of Eg provided information on v ibra t iona l frequencies and 
thermodynamic data on the d issociat ing molecule are known. Accurate appl icat ion of th is 
theory to ion ic species is prevented by the lack of v ibra t iona l data and by the inadequa
cies of the theory at low energies (11). As an approximation to the behavior of the 
rate constant f o r d issociat ion of [CAHg"^]* (react ion 2 ) , quasi-equi l ib r ium calculat ions 
were carr ied out using s l i g h t l y modified v ibra t iona l frequencies of 2-butene and the 
state density equation given by Haarhoff (8 ) . The threshold fo r fragmentation was taken 
as the di f ference between the ion izat ion potent ia l of 2-butene and the appearance poten
t i a l of C3H5+ from 2-butene, or about 1.3 eV. The exc i ta t ion energy, E^, was taken as 
0.1 eV, obtained as an estimated average of the f i r s t band in the photoelectron spectrum 
of ethylene (13). The range of rate constant values centered about 10^ sec " ' , the value 
which gave the best f i t to Myher and Harrison's data (2) for low ion energies when an 
invar iable rate constant was assumed. 

In order to i l l u s t r a t e the e f fec t of the draw-out f i e l d on unimolecular d issociat ion 
ra tes , the average value of the rate constant, 

^x h 
,_/ k (E^) [M]o(L^) -exp( -J [H]o(L ' )dL ' )dL, 

T7 . _ _ 0 0 

J [M]o(L^)-exp(-|_/ [M]o(L ' )dL ' )dL ' 
0 0 

was calculated as a function of pressure for various field strengths, as shown in 
Figure 5. The curves shown here cannot be truly representative of the true physical 
behavior of the complex because 0 goes to infinity at low energies. However, they pro
vide an insight into the rate constant range of interest here since the model is sensi
tive only to rate constant changes in the range of 10^ - 10° sec"'. 

The threshold for the redissociation of C5Hg"'' (reaction 7) was taken as 1.54 eV 
using thermodynamic data (14). As a rough approximation, it was assumed that the mean 
vibrational frequency and the mean square vibrational frequency of C-H.''' equalled those 
of C^Hjf. 

When calculations are carried out using energy dependent rate constants for the 
unimolecular dissociation of Ĉ Ho'*' and C5H9 , and allowing for competition with 
coUisional stabilization for both species, it is possible to reproduce the shape of the 
pressure dependency, but not the intensities, of the experimental data reported by 
Wexler and Marshall (3) and those ofTiernan and Futrell (4) (Figure 6). The same 
parameters fit Myher and Harrison's results (2), including intensities. The failure to 
reproduce the intensities of the former experimental curves is probably due at least in 
part to participation of reaction 6, charge exchange of C2H2"'" with ethylene, and an in
adequate selection of parameters which must be selected by trial and error. 

In conclusion, the experimental results obtained under widely differing conditions 
can be interpreted consistently on the basis of a simple kinematic model, provided 
allowance is made for the dependence of unimolecular dissociation rate constants on ion 
kinetic energy. 
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HIGH-RESOLUTION CHEMICAL I O N I Z A T I O N MASS SPECTROSCOPY 

Leonard Wo ic i k and Jean H. Futrel l 
Univers i ty of U tah , Salt Lake C i t y , Utah 8 4 n 2 

Since Field and Munson introduced chennical ion iza t ion mass spectroscopy in 1966, 
much interest has been shown in this lower energy method of generat ing mass spectra v ia 
ion-molecu le react ions. The basic technique has been wel l documented elsewhere, so we 
shall describe br ie f ly only unique construct ion detai ls of our high-pressure source and 
sample-handl ing equipment a long w i th some prel iminary results, 

A CEC model 21-11 OB mass spectrometer was substantial ly modif ied to ensure high 
pressure d i f fe ren t ia l between the sourceand analyzer . A standard gas source was equipped 
w i th an ion ex i t s l i t 1.25 by ,062 mm, and an electron entrance mask .25 mm in d iameter , 
whi le a l l other obvious leaks in the source were e l im ina ted. Inlet source connections were 
made w i th bal l joints and a stainless steel bellows assembly welded to the source to reduce 
leakage. 

Among add i t iona l modi f icat ions, a 500-vo l t power supply was instal led to supply 
electrons w i th suf f ic ient energy to penetrate the gas in the source when at 1 mm pressure, 
and the f i lament regulat ion c i r cu i t was changed to regulate on total f i lament emission. The 
latter mod i f i ca t ion was required since under operating condit ions the electron current is 
to ta l l y attenuated and l i t t l e anode current was expected. A 680-1 i ter-per-second pumping 
system {T. M . Vacuum Corporat ion) was instal led d i rec t l y below the source housing. A 
MKS Baratron was used to monitor the source pressure, and its output was connected to a 
Granv i l l e -Ph i l l i p s Automat ic Pressure Control ler which kept the source pressure constant by 
rfieans of an au tomat ica l l y adjusted var iable leak. 

Since pressures of approximately 1 Torr are very prone to e lec t r i c discharge when 
high voltages are appl ied across i t , we bui l t an in let l ine which contained a vol tage 
d iv ider network consisting of glass-encapsulated resistors, a l ternat ing w i th balls of stainless 
steel wool gauze to control the vol tage gradient . By this system, i t is possible to control 
the gradient at a magnitude wh ich w i l l not sustain a discharge. The total system operates 
over the pressure range of 10"^ - 5 Torr at 10 KV po ten t ia l . A resolution check at 1 Torr 
demonstrated a resolving power M / A M = 56,000 w i th 20/^ va l l ey , which was at least equal 
to our best resolut ion w i th convent ional operat ion. 

Chemical ion iza t ion spectra of some primary alcohols were studied using both 
methane and isobutane as reagent gases. W i t h methane as reagent gas, the smaller alcohols 
through propanol show protonat ion w i th l i t t l e f ragmentat ion. The longer chain length 
alcohols exh ib i t hydride abstraction as the preferred react ion pathway for format ion of the 
psuedomoleculor ion . Considerable fragmentation occurs in the longer chain length a lcohols , 
especia l ly loss of water (wh ich is s t i l l much less than thot observed w i th e lectron impac t ) . 
The site of hydride abstract ion in alcohols was shown by deuterium label ing to include both 
alpha and cha in posit ions. The amount of abstraction from the chain became larger w i th 
increasing chain length. N o abstraction occurs from the hydroxyl posi t ion. 

Chemical ion izat ion spectra w i th isobutane as the reagent gas resulted in less 
fragmentat ion than w i th methane. This is reasonable since a ter t iary ion ( t - bu t y l ) is 
thermodynamical ly more stable than the methane reagent ions (CH5"*", C2Hg'*"). Hence, 
exothermic i ty of the i n i t i a l react ion w i l l be less. More interest ing, perhaps, is the 
observation of condensation products between the alcohols and the t -bu ty l ions. Ions 
observed were: M + 1 , M + t - b u t y l , M + C3H3, 2M H- 1 , and 2 M + t - b u t y l . A plausible 
mechanism for forming the protonated monomer and dimer is the decomposit ion of the t -bu ty l 
adduct of the alcohol and of the t -bu ty l adduct of the dimer of the a l coho l . The suggested 
mechanism was substantiated by observing metastable transitions for these processes. This 
was done bydefocus ing the e lec t r ic sector to a l low the metastables to pass. 

In add i t i on , a pronounced temperature ef fect on d is t r ibut ion of chemical ion iza t ion 
products was observed. At higher temperatures the t -bu ty l adduct of the dimer disappeared 
and the amount of monomer t -bu ty l adduct decreased substant ial ly. Further studies of 
chemical ion iza t ion mechanisms for alcohols w i th several reagent gases are in progress. 

The metastable defocusing technique and source modif icat ions w i l l be described in 
the Review of Sc ient i f ic Instruments. The chemical ion izat ion study of the alcohols w i l l be 
submitted to the Journal of the American Chemical Society. 
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COLLISION INDUCED DISSOCIATION OF NO"^ IONS AT LOW 

KINETICS ENERGIES* 

Ronald E. Marcotte and Thomas 0. Tiernan 
Aerospace Research Laboratories 

Office of Aerospace Research 
Wright-Patterson Air Force Base, Ohio 1+5^33 
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A more detailed account of this investigation vill be submitted for pub-
lication in the Journal of Chemical Physics. 
••"Research performed at the U. S. A. F. Aerospace Research Laboratories 
while in the capacity of an Ohio State University Research Foundation 
Visiting Research Associate under contract F33615-6T-C-1758. 
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Figure 1. Cross sections for the production of N from the NO /NO 
reaction as a function of kinetic energy of the reactant 
ion at various ionizing electron energies. 
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Figure 2. Cross sections for the production of N from the NO /Ar 
reaction as a function of kinetic energy of the reactant 
ion at various' ionizing electron energies. 
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Figure 3. Cross sections for the production of N from collision 
of excited NO"̂  with argon as a function of ion kinetic energy. 
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From the 13 volt electron energy curve of Figure 1, one can get an ap
proximate value for the dissociation energy of the ground state (X E"*") 
ion by extrapolating the straight portions of the curve before and after 
the threshold region. This gives a value of 11.6 eV which is comparable 
to the value of 11.77 eV vhich can be obtained from the potential curves 
reported by Gilmore^. Similar methods vere applied to several other 
reactions examined and the results are summari zed in Table I. 

Table I. Comparison of Measured Thresholds for Collision-Induced 
Reactions with Known Dissociation Energies. 

Reported^ Dis-
Ground State Reaction Measured Threshold(eV) sociation Energies(eV) 

NO+(X^Z+) + NO -> N+ + 0 + NO 11.6 11.77 

NO"^(X^Z"^) + Ar -»- N+ + 0 + Ar 11.8 • 11-77 

NO"** (X^E"^)+ Ar -»• 0+ + N + Ar 10.7 10.8 

o^'^(^n ) + Ar -> 0"*" + 0 + Ar 6 . 9 6.6 
2 g 

The excellent agreement vith knovn dissociation energies was taken as 
an indication of the validity of the method and this treatment was ex
tended to the curves obtained at higher electron energies. Metastable 
electronic states are known to exist in NO. , but there is some disagree-
ment in the recent literature as to whether the long lived excited state 
present under these experimental conditions is the A state or the a.-^l'*' 
state.' To obtain the cross-section dependence for excited states from 
our data, the ground state curve ( E = 13 eV) vas subtracted from the 
curve for 20 eV electrons. The resultant curve (Figure 3) shovs a break 
vhich closely approximates the reported dissociation energy of the A 
state. In a similar manner, curves and dissociation energies were ob
tained for the remaining systems studied. The results, vhich are sum-
marized in Table II, shov that in all the NO dissociations observed, the 
measured dissociation energy most closely approximated that of the A 

state . 
Table II. Comparison of Measured Thresholds for Collision-Induced 

Dissociation Reactions with Known Dissociation Energies. 
Reported'' Dis-

Excited State Reaction Measured Threshold(eV) sociation Energies(eV) 

k . 3 i^.ii9 
3.9 h . k g 
U.U U,U9 

3.2 3-56 
2.7 2 .60 

Another method of detecting the presence of excited ionic states in
volves the observation of charge transfer reactions wh ich are endother
mlc for ground state ions but exothermic for ions in excited states. The 
reaction, 

NO'*"(-̂ A or 
which is a reaction of this type, &as observed as a function of the elec
tron energy used to produce the NO ions. Argon was added to the first 
stage ion source to act as an internal standard for the electron energy. 
As shown in Figure U, the appearance potential of HpO"*" from the above 
reaction was found to be l6.9 eV. This is close to the estimated ap
pearance potential of N0"'"( A) of 16.55 eV. Production of f̂p̂"*" from the 
a Z state would be expected to show a threshold at an electron energy o f 
li+.2 eV. Similarly, vhen argon was used in the collision chamber, the 
A. P. of the excited state was found to be 17 eV. Again, these results 
indicate that under our experimental conditions the principal excited 
electronic state present in the NO beam is the A state. 

A study of the low kinetic energy collision-induced dissociation reac
tions of NO has recently been reported by Moran and Roberts^. A single 
source mass spectrometer operating in the Cermak-Herman mode-^ was utilized 
in this investigation. The cross section dependences on ion kinetic 
energy reported by Moran and Roberts vere quite different than those ob
served in the present study and showed quite sharp thresholds. Since the 
Cermak-Herman technique necessarily yields an ion beam of rather broad 
kinetic energy distribution, such sharp thresholds are somewhat sur
prising. A possible explanation of the dependences observed by Moran and 
Roberts may be found from a consideration of the limitations of the ex
perimental technique employed which requires that the ion kinetic energy 
and the electron energy be simultaneously varied. On the basis of our 
data reported in Figures 1 and 2, it can be seen that such a simultaneous 
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l^Z*) + H O + NO + H O * (2) 



variation of these parameters vould yield cross section points vhich ef
fectively step across the family of curves. Artificial thresholds vould 
therefore he expected and it is not surprising, therefore, that the 
thresholds observed hy Moran and Roberts vere in much poorer agreement vith 
knovn dissociation energies than those determined in the present study. 
The single source methods seem to be clearly inadequate for detailed 
study of collision-induced dissociation phenomena such as those under 
cons iderat i on 
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157. ION-POLAR MOLECULE REACTIONS: ENERGY DEPENDENCY OF HYDROGEN ATOM 

AND ION TRANSFER IN THE METHANOL-ACETALDEHYDE SYSTEM 
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and 

T. 0. Tiernan 
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Wright-Patterson A i r Force Base, Ohio 45433 

ABSTRACT 

A tandem mass spectrometer has been employed to investigate hydrogen atom, hydrogen 
ion, and charge transfer in collisions involving specifically deuterium labelled methanol 
and acetaldehyde and their molecular ions at energies between 1 and 7 eV (laboratory sys
tem) ions. At the lowest incident ion energies, hydrium transfer is preferred from the 
electronegative group, while randomness is approached at higher energies. Ion transfer 
is the most important process at all energies, and transfer of the hydrogen ion from the 
electronegative group is always favored. The non-randomization of equivalent atoms in a 
possible complex suggests that the ion retains its identity in the reaction. Both the 
atom and the ion transfer show a marked isotope effect. These results are interpreted 
by charge localization in the reactant ion and a stripping mechanism in which long range 
forces are important. 

INTRODUCTION 

Ion-molecule reactions have been studied extensively during the past decade. 
Giomousis and Stevenson (1) provided a quant i ta t ive theory based on the in teract ion 
between a point charge and an isot rop ic polarizable neutral point molecule ( 2 ) , which 
showed agreement wi th experiment in simple systems. For more complex molecular reactants, 
however, deviations from the Giomousis and Stevenson theory occurred even at very low ion 
energies. One possible explanation fo r such deviations takes in to account the e f fec t of 
a permanent dipole on the forces of the system. Moran and Hamill proposed (3) that the 
dipole of the neutral molecule aligns with the ion in a minimum energy conf igura t ion, 
that i s , with the negative end of the dipole closest to the posi t ive ion . This would 
lead to an increase in the reaction cross section o{E) gver that derived from the simple 
model; moreover, o(E) would not simply vary as E " l / ' . The " l ock - i n " suggested by such a 
treatment neglects the ro ta t iona l energy of the neutral species. 

A complete evaluation of the c lassical dynamics of a system containing an ion and a 
ro ta t ing permanent dipole was reported by Dugan and Magee (4 ,5 ) , who demonstrated that 
conservation of angular momentum prevents complete alignment. Their conclusion that the 
permanent dipole increases the to ta l reaction cross section only s l i g h t l y was confirmed 
experimentally by Harr ison(6). 

Another manifestation of the e f fec t of a permanent dipole may be i t s preferred 
or ien ta t ion in an atom or ion transfer react ion. This e f fec t should be pa r t i cu la r l y 
large i f a long l ived reaction complex is involved, but may also be expected when a 
s t r i pp ing mechanism applies (7) . For a pure spectator s t r ipp ing mechanism no prefer
ence fo r t ransfer due to the dipole moment would be expected (8 ) . 

Meisels and Leger (9,10) have investigated the e f fec t of the permanent dipole 
moment on hydrogen atom transfer in the methanol-acetaldehyde system, using a conven
t ional mass spectrometer and the ra t i o p lo t technique (11-15). The use of appropriately 
deuterated compounds demonstrated that H atom transfer occurred predominately from the 
electronegative end of the molecule. This ear l i e r study was performed at one terminal 
ion energy and the resul ts therefore represent an average over a range of ion energies. 
The present invest igat ion was undertaken in order to obtain fu r ther ins ight in to the 
nature of ion-polar molecule reactions from an analysis of the ef fects of ion energy on 
the preferred- t ransfer . This is f a c i l i t a t e d by the beam instrument u t i l i z e d in these 
experiments i n which the reactant ion energy has an energy spread of approximately 
±0.3 eV. 

EXPERIMENTAL 

Mater ia ls : Unlabelled methanol and acetaldehyde (Matheson Coleman and Bell research 
grade) were pur i f i ed by repeated bulb-to-bulb d i s t i l l a t i o n s . CD3OH, CD3CDO, CD3CHO were 
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obtained from Merck Sharpe and Dohme of Canada and CH3CDO was prepared as described by 
Leitch (16). 

Instrumentation and Procedure: The tandem mass spectrometer used fo r these studies 
has been described elsewhere (17). The pressure in the co l l i s i on chamber of the mass 
spectrometer was maintained at 5 m i U i t o r r by a Granvi l le Ph i l l i ps Series 213 automatic 
pressure con t ro l l e r using an MKS Baratron model 77H1 pressure transducer as a reference 
sensor. Pressure in the ion source was adjusted i n i t i a l l y to provide a primary ion beam 
of approximately 10-9 amps. Most experiments were performed with the c o l l i s i o n chanter 
at room temperature, but a few runs were made at 198°C to determine the e f fec t of tempera
ture on the react ions. 

A par t i cu la r set of experiments was performed by introducing the gases in to the 
c o l l i s i o n and ion chambers, adjust ing the i r pressures, and maximizing the primary ion 
in tens i ty at a selected energy. The appropriate peaks were then scanned and the i r in ten
s i t y measured using pulse-counting techniques. The energy of the primary beam was then 
increased, the instrument parameters again optimized, and the appropriate mass peaks 
recorded again. This procedure was repeated fo r impacting ion beam energies ranging from 
0.3 to 7 eV ( l ab ) . 

RESULTS 

(1) Relative reaction cross sections. Reaction cross sections were approximately 
proport ional to reciprocal ion energy. Typical var iat ions of secondary to primary ion 
current ra t ios are shown in Figure 1 fo r the impact of CD30H''' on CH3CDO. The mass to 
charge ra t ios shown correspond to the possible hydron (proton or deuteron), hydrium 
(hydrogen or deuterium atom) and charge t ransfer react ions. These are the most important 
processes in a l l mixtures. 

(2) Preferent ia l Transfer. The dipole e f fec t can be examined with greater c l a r i t y 
i f secondary ion in tens i ty rat ios are examined re la t i ve to each other. The var ia t ion 
with ion energy of the r a t i o of hydrium transfer from the methyl group to that from the 
funct ional group is shown in Figures 2 and 3. In a l l the reactions studied the probabi l 
i t y of hydrium transfer from the methyl group increases with increasing energy. 

The ion current ra t i o i46/ i45 observed for the reaction of CH3CHO with CD3CHO 
(Figure 3) exhib i ts a stronger dependence on energy than the re la t i ve t ransfer probabi l 
i t i e s in other systems. This is probably the resu l t of a simultaneous cont r ibut ion to 
m/e 46 from the dissociat ive charge transfer react ion, 

CH CHO+ + CD3CHO -• CH3CHO + CD3CO+ + H 

This could be expected since i t is wel l known that the re la t i ve importance of charge 
t ransfer increases at higher energies (18) ; fragment ions were indeed also observed in 
other reactions in th is study. Even a small contr ibut ion from such a process would have 
a sizable e f fec t since the cross section for atom transfer from the methyl group is 
smal l . A s imi lar ambiguity is possible for the impact of CH3OH+ on CD3OH, however, i t s 
e f fec t would be small because of the large secondary ion currents resu l t ing from atom 
t ransfer . Contributions from dissociat ive charge exchange in other systems would not 
lead to products ident ica l in mass with those resu l t ing from the reactions of i n te res t . 

The var ia t ion with energy of hydron t ransfer from the methyl group re la t i ve to that 
from the funct ional groups is summarized in Figure 4. Most of the ion t ransfer processes 
also show a preference for t ransfer from the methyl group at higher ion energies. Only 
the hydron t ransfer reactions from methanol to acetaldehyde display much smaller var ia
t ions wi th energy. 

(3) Temperature Dependence. Since ro ta t iona l energy may be expected to decrease 
the pre ferent ia l o r ienta t ion i f i t occurs at any one ion k ine t i c energy, a series of runs 
were also carr ied out with the co l l i s i on chamber maintained at 198°C. The corresponding 
resul ts are shown in Figures 2 and 4. 

(4) Comparison with Ear l ie r Experiments. An ea r l i e r invest igat ion (9,10) reported 
a threefo ld preference for atom transfer from the hydroxyl group to that from the methyl 
group fo r the reaction of CH3CH0''' wi th CD3OH. This invest igat ion was carr ied out i n a 
conventional mass spectrometer so that reactions were averaged between thermal energies 
and a terminal ion energy of 1.20 eV. I n o r d e r to carry out a comparison i t i s necessary 
to average the present resul ts over the range 0 - 1 . 2 0 eV, using an appropriate reaction 
p robab i l i t y funct ion P(E). Such a calculat ion can only be approximated from the present 
invest iga t ion since the energy dependence of the r a t i o is uncertain at the lowest 
energies. Assuming that the t ransfer r a t i o is l inear with energy as suggested by the 
dashed l i ne in Figure 2 and taking the reaction cross sect ion, and therefore P(E), to be 
proport ional to E"V2, one obtains 

1.19 eV 
<CH3CH0H'^/CH3CH0D'^> = / (CH3CH0H'̂ /CH3CH0D"̂ )P{E)dE = 0.4 
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This is in acceptable agreement with the value of 0.33 reported previously. 
Ear l ie r studies of methanol using the same instrument (19) led to a r a t i o of i3A/ i33 

of 1.08 fo r the reaction of CH3OH* with CD3OH at 0.3 eV. This is in disagreement wi th 
our value of 0.54 at that energy, which was reproducible over several months. The 
previous value may have been affected by isotopic impur i t ies . I t is also worthwhile 
noting that the ra t i o is strongly temperature dependent (Figure 2 ) , possibly o f fe r ing an 
a l ternate explanation of the discrepancy. 

DISCUSSION 

(1) Evidence fo r par t i c ipa t ion of the permanent d ipo le. The e a r l i e r suggestion that 
the permanent dipole ef fects preferent ia l atom transfer is supported by the resul ts of this 
inves t iga t ion . I t is d i f f i c u l t , i f not impossible, to extrapolate results showing 
preferent ia l t ransfer to zero ion k ine t ic energy. I f one disregards data at the lowest 
ion energies because instrument adjustment and tuning are d i f f i c u l t below 1 eV, and i f 
one extrapolates the resul ts at higher energy l i n e a r l y , one could argue that atom t ransfer 
to thermal ions occurs only from the func t iona l , electronegative group. Since the 
alignment of the dipole must be in competition with i t s r o ta t i on , a decrease in the pref
e ren t ia l t ransfer may be expected at increased temperature, which w i l l substant ia l ly 
increase the average ro ta t iona l energy, and indeed higher temperatures reduce the apparent 
dipole e f fec t (Figure 2) . The approach to random ( s t a t i s t i c a l ) atom t ransfer at higher 
ion energies is also consistent with the par t i c ipa t ion of the permanent dipole in the 
reaction mechanism, since at higher ion energies the c o l l i s i o n encounter should be 
shorter. 

(2) Evidence fo r the e f fec t of ion s t ruc ture . At the lowest ion energies hydron 
conveyance from the funct ional group from acetaldehyde predominates j u s t as in the atom 
t ransfer react ions. The simple picture that t ransfer occurs p re fe ren t i a l l y from the 
negative end of the molecule because th is species al igns i t s e l f with the ion cannot be 
applied for the hydron transport. The ion t ransfer from the aldehyde group is by 
fa r the most dominant process at a l l energies, and conveyance from the methyl group 
never exceeds approximately 20%. A possible complication is the existence of charge 
t ransfer preceding the react ion, followed by hydrium transfer of the new neutral ized 
o r i g i na l inc ident species. The l ikelyhood of such a react ion is qu i te small f o r the im
pact of acetaldehyde ions on methanol since charge t ransfer is endothermic by 14.3 kcal 
i n th is case. 

. ine pre ferent ia l ion transfer in the reactions of methanol ion wi th acetaldehyde 
shows only a very small energy dependency, and the re la t i ve p robab i l i t ies of conveyance 
from the hydrojtf l group never substant ia l ly decreases. While such a decrease is apparent 
in the reactions of aldehyde ion with acetaldehyde, under no circumstances is a nearly 
s t a t i s t i c a l r a t i o observed. While these results may indicate that at least at the lower 
energies the ro ta t ion of the ion may also a f fec t the t ransfer p robab i l i t y from the 
funct ional group, th is is not consistent with the absence of an e f fec t of temperature on 
the t ransfer r a t i o (Figure 4) . We prefer therefore to ascribe the pre ferent ia l hydron 
t ransfer to a weakening of the bond being broken. The charge should be local ized near 
the oj^ygen atom, therefore pr imar i ly lengthening and weakening the 0-H bond. 

(3) Reaction mechanisms. The data discussed up to th is point cannot d is t inguish 
between a mechanism involv ing a long- l ived complex or a s t r ipp ing process in which the 
long range forces are e f fec t i ve . Addit ional evidence can be obtained fo r a s t r i pp ing 
mechanism by considering the acetaldehyde se l f - reac t ions . A s imp l i f i ed consideration 
of a possible long- l ived intermediate in acetaldehyde se l f reactions is i ns t r uc t i ve . One 
might expect a complex for the reaction of CH3CD0̂  with CD3CDO to a t t a i n a minimum 
energy conf igurat ion. When CD3CDO is "al igned" with CH3CD0''' a reasonable s t ructure may 
wel l be that shown in Figure 5. Assuming essent ia l ly complete red i s t r i bu t i on of energy 
in the complex, scission should occur with equal probab i l i t y at A or B. This would lead 
to a r a t i o of CD3CDOD+/CH3CD0D'̂  (50/47) of approximately uni ty while the observed r a t i o 
is 3.5. The s imi la r reaction of CHoCHO''' wi th CD3CHO leads to a value of 4.0 fo r the 
r a t i o of 48/45 (CD3CHOH+/CH3CHOH+), and not one of uni ty as predicted from the complex. 
Moreover, the ra t ios remain nearly invar iant throughout the energy range studied (F ig
ure 6 ) . I t is c lear that the ion retains i t s iden t i t y during the react ion. Hydrogen 
atom t ransfer , where preferent ia l conveyance would be most probable, is a r e l a t i v e l y 
minor channel of reaction at the lowest ion energies. The charac ter is t ic which dominates 
the overal l reaction appears to be the bond strength of the en t i t y to be t ransferred from 
the incident ion . Clearly the majori ty of the encounters do not y i e l d products through 
a long- l ived intermediate complex. 

(4) Isotope e f fec ts . The existence of an appreciable isotope e f fec t on the hydrium 
or hydron t ransfer was demonstrated for two systems (Figures 2 and 4) . Such ohenomena 
have been reported in the past, and have been ascribed to several e f f ec t s : a) the change 
in the reduced mass of the co l l i d i ng pair and i t s e f fec t on the Langevin cross sec
t i on ( 1 . 2 ) ; b) changes in the displacement of the center of mass from the center of 
charge and i t s e f fec t on the "act iva t ion energy" of the d issociat ion process (20) ; 
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c) the k ine t i c isotope e f fec t on the f i r s t order d issociat ion process (21) ; and d) the 
d issociat ion of product ions when the in ternal energy deposited in the product ion ex
ceeds i t s d issociat ion energy (8 ) . The f i r s t three are of primary concern for long- l ived 
complexes surv iv ing numerous v ib ra t ions , while the las t is the source of the large e f fec t 
associated with s t r ipp ing react ions. 

The f i r s t two factors cannot readi ly make a noticeable di f ference in systems of th is 
complexity, even though one is seeing the product of two isotope e f f ec t s , one fo r t rans
fer from the methyl, and the other fo r t ransfer from the aldehyde group. The reduced 
mass of the c o l l i d i n g pair is al tered by only 2%, while the major cause of the displace
ment e f fec t is the or ig ina l assymetry of the compound, and would be only l i t t l e affected 
by the isotopic subs t i t u t i on . The explanation may therefore be sought e i ther in 
phenomena associated with fur ther decomposition of the ion , or in the greater a v a i l a b i l 
i t y of the hydrium atom in the aldehyde group when i t is not labeled. 

S impl i f ied analysis of the fu r ther d issociat ion of the product ion using rate theory 
suggests that the deuterated compound should be longer- l ived and therefore more abundant 
i f the two complexes are formed with the same energy content, the exact reverse of the 
present observation. However, i f the t ransfer occurred by a s t r ipp ing mechanism, 
whether one takes such a model in i t s o r ig ina l ideal ized form or in the modi f icat ion 
which allows fo r a t t r ac t i ve po ten t ia l s , the larger in ternal energy when deuterium atom is 
abstracted would lead to j us t such an isotope e f fec t . 

CONCLUSIONS 

The retent ion of ion iden t i t y during the reaction and the considerable isotope e f fec t 
suggest that in the 1 - 7 eV (laboratory system) energy range the dynamics of ion-polar 
molecule reactions cannot be described purely in terms of long- l ived intermediates. 
However, ro ta t ion of the molecule and the dipole moment c lear ly play an important part in 
determining the posi t ion from which atom t ransfer occurs. These observations are 
consistent wi th a s t r ipp ing model in which long-range forces are e f f ec t i ve . 
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FRAGMENTATION OF SOME EVEN-ELECTRON NITROAROMATIC IONS: ^̂ ^ 
THE QUESTION OF THE NITROTROPYLIUM ION 

Robert H. Shapiro and James W. Serum 
Department of Chemistry 
University of Colorado 
Boulder, Colorado 80302 

The molecular ions of nitrobenzoic acid derivatives initially 
cleave alpha to the carbonyl group to yield mass 15o, nitrobenzoyi 
cations (Figure i). This mass 150 ion further decomposes by expulsion 
of NO and NOj (both of which are odd electron species) to yield odd 
electron ions, a process which is usually energetically unfavorable. 

NO 2 \ - N 0 f. L, _ + • -CO _ +• 
• C7H4O2 ^ C5H4O 

Figu re 1 

A problem arises in an attempt to kinetically investigate these 
two decomposition modes, in that although the expulsion of NO must 
arise from a rearranged nitrobenzoyi cation, the expulsion of NO2 can 
in principle arise from either a rearranged or an unrearranged nitro
benzoyi cation. It was therefore necessary to determine the mechanism 
of NO; expulsion,and nitrobenzene was chosen for initial investigation. 

The mass spectrum of nitrobenzene has been thoroughly studied, 
and, as in the case of the nitrobenzoyi cation, the expulsion of NO2 
may arise from two possible pathways. 

In 1959 Chupka reported that a rearrangement process will show a 
more abundant metastable ion than a simple cleavage process^ and 
recently McLafferty and Fairweather'^ have provided additional evidence 
for this using nitrobenzene as an example. The metastable ion for 
expulsion of NO was found to be much more abundant than the metastable 
ion for the loss of NO2. These results may be interpreted to mean that 
most of the C5H5" ions are formed by simple cleavage of the C-N bond In 
the unrearranged molecular ion. 

Another method for determining the occurrence of a rearrangement 
process is based on the quasi-equilibrium theory. This method, 
originally stated by Chupka2 and recently employed by Williams and 
Cooks4, is based on a simplified form of the basic rate equation of the 
quasi-equilibrium theory (equation 1). For two competing reactions, one 

K(E) = V 
—iS-l 

E — 6 
(equation 1) 

being a simple cleavage and the other a rearrangement process, the terms 
E and s-1 will be constant for the two reactions. The frequency factor 
("V, ) for a rearrangement reaction is lower than the frequency factor 
(Vs) foi" ̂  simple cleavage, and it has been experimentally determined 
that the activation energy ( t , ) for a rearrangement process is generally 
lower than the activation energy (e, ) for a simple cleavage. At high 
ionizing energies then, the simple cleavage would be expected to dominate 
because the frequency factors will be most significant; however, at 
lower ionizing energies the activation energies control the reactions, 
and the rearrangement process should become progressively more important. 

This method was used to interpret the data for nitrobenzene, and 
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the results (Figure 2) showed that as the ionizing energy is lowered, 
the (M-NO)*/(M-NO)* + (M-NOj )* ion abundance ratio progressively increases. 

These results provide additional evidence that the (M-NO2) ion from 
nitrobenzene is being generated from an unrearranged molecular ion. 

Using the same method, data were examined for the loss of NO and 
NO2 from the nitrobenzoyi cation, and, as in the case' of nitrobenzene, 
the (150-NO)*'ion became progressively more abundant as the ionizing 
energy was lowered. It was therefore concluded that the (150-NO2)ion 
from the nitrobenzoyi cation was formed via a simple cleavage and that 
the (150-NO)*'ion was formed via a rearrangement process. 

In an attempt to study other even-electron nitroaromatic systems 
to determine if they behaved in an analogous manner, the expulsion of 
NO and NO2 from the mass 136 ions (CiHjNO^) generated frora m- and £-
nitrobenzylbromide was investigated. Although it had recently been 
reported that decomposing CiHjNOf ions produced from m- and p- nitro-
benzylphenyl ethers possessed the nitrotropylium ion structure,^ the 
values obtained for the dependence of the (136-NO)7 (136-NO)*'+ (136-N02)'*' 
abundance ratio on ionizing energy were quite different for the m- and 
p- isomers (Figure 2). It would be expected that these values would be 
The same if the 136 ion does indeed rearrange to a nitrotropylium 
structure . 

Dependence of (136-NO)+'and (ISS-NOj) •*"'f rom Nitrobenzyl Compounds 

on Ionizing Energy 
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Figure 2 

It appears that the driving force for expulsion of NO is much 
stronger for the p- isomer than for the m- isoraer. These results can 
be rationalized by examination of contriFuting structures of the 
CjHjNOj ion, using the nitrobenzyl ions as models. In the unrearranged 
£-C7HjN0f ion, there are contributing structures which violate the 
adjacent charge rule, and these can be relieved by rearrangement to a 
nitrito ion. There are no such direct interactions in the contributing 
structures of the ra-isomer. 

Additional evidence to support the existence of different structures 
for the m- and p- isomers is that metastable ions are observed for both 
loss of ITO (m/e 82.6) and NO2 (m/£ 59.5) in the mass spectra of the 
p- isoraers, whereas only the meTastable ion corresponding to the loss of 
il02 (59.5) is observed in the raass spectra of the ra- isoraers. 

It is concluded frora these results that the decomposing mass 136 
ions generated from m- and p- nitrobenzylbroraides and ra- and p-nitro-
benzylphenyl ethers ^o not Have the sarae structure and therefore do 
not both decompose as nitrotropylium ions. 
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160 
LOSS OF LARGE AND SMALL RADICALS FROM 

ACETALS AND KETONES* 

R. G. Cook8+ A. N. H. Yeo, and D. H. Williams 

Univereity Chemical Laboratory 

Lensfield Road, Cambridge, U.K. 

Metastable transitions have been used in an investigation of the relative ease of 

loss of small ve large n-alkyl radicals from ethylene acetals and ketones. The low 

energy parent ions in each case exhibit the more abundant metastable ion for loss of the 

snnaller radical, which indicates that the process M -Rg has a lower appearance 

potential than the M -RT process . Both processes apparently involve a simple bond 

cleavage yet the relative daughter ion abundances are reversed at 70eV. Such a " c r o s s 

over" in daughter ion yield appears to be a general phenomenon in compounds where 

connpetitive loss of n-alkyl radicals can occur (e .g. phenylalkanes, e thers , imines). 

That this unexpected result is not due merely to the fact that the M -Rg ion 

possesses a greater average internal energy and has more decomposition pathways 

open it than has the M -R. ion was shown by studies at electron energies at which 

further decomposition of both daughter ions was negligible. The result was also not due 

to the nnore extensive deconnpositions of the M -Rg ion during its slower passage 

through the analyser, although this factor had a small effect as seen by the effects of 

varying accelerating voltage on ion abundances. 

Surprisingly, it was observed for both the ketones and ketals studied, that neither 

the M - R - nor the M -RT ions formed in the first field free region necessarily arose 

only fronn the nnolecular ion. For exannple, loss of the larger radical from n-butyl 

n-propyl ethylene ketal resulted equally from transitions M —• M -C4^HQ and 

(M-C-H^)"*"—•M - C . H Q , while the smaller radical was largely formed directly from 

the molecular ion. While it is innpossible to extrapolate quantitatively fronn processes 

occurring in the metastable region to those occurring in the source, this observation 

does provide a possible explanation for the "cross-over" behavior. Thus, the greater 

nunnber of routes by which M -RT nnay be formed relative to M -R<-, means that in 

high energy parent ions (fronn which multistep deconnpositions are possible) M"*"-Rj_̂  

* Subnnitted for publication in Org. Mass Spectronn. 

t Present address . Department of Chennistry, Kansas State University, Manhattan, Ks. 
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In ketones the McLafferty rearrangement and the loss of an alkyl radical exhibit 

metastable peaks of sinnilar intensity and daughter ions of at least comparable abund

ances, yet one process is a rearrangement and the other ostensibly a simple cleavage. 

This observation leads to the suspicion that both the M -Rg and the M -RT ions are 

each formed by two processes , one favored in ions of high and the other in ions of low 

internal energy. Thus it is suggested that at the threshold, M -Rg and M -RT are 

formed by a low frequency factor reaction which favors M -Rq formation, that is by a 

rearrangennent process . At higher internal energies the higher A. P. , higher 

frequency factor oc -cleavage process will be donninant. 
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ABSTRACT 

FRAGMENTATION PROCESSES IN THE MASS SPECTRA 

OF THE BENZO(b)THIENYLTHIAALKANES 

by 

Norman G. Foster, Julie Pei-min Liao and Robert W. Higgins* 

Contributed by the Chemistry Department 
Texas Woman's University 

Denton, Texas 76204 

The mass spectra of five I-[2-benzo(_b)thI eny I ]-I-thiaal kanes , five 

1-[3-benzo(^)thienyI ]-I-thiaalkanes, and 4,5,6,7-tetrahydro-l-[2-benzo(^)-

thieny1 ]-l-thiapentane are reported. 

Fragmentation-structure correlations are outlined and some pathways to 

prominent ions established by means of low-voltage and metastable ion data. 

In all cases, the most intense ion is formed by cleavage of the C-S bond 

in the thienyl chain. The sulfur atom and a rearranged hydrogen atom 

remain with the fused ring moiety. Expanded ring structures and 

"propel lane" like intermediates are proposed to explain the fragment ions 

observed. Evidence supporting the ring expansion and other structures is 

cons idered. 

Other cleavage processes are shown to be parallel to those expected 

from the alkylbenzenes, a Iky1thiophenes and the thienylthiaalkanes. An 

m/e 147 ion appears that contains only one sulfur atom and which requires 

either a carbon skeletal rearrangement or the formation of an additional 

fused ring system followed by ejection of a neutral sulfur containing 

moiety. Beta cleavage accompanied by the hydrogen atom rearrangement was 

found to be an energetically more favorable process than the loss of a 

neutral ethylene group from the tetrahydrobenzene ring for the one com

pound of this type. The mass spectrum of this molecule showed fragments 

corresponding to all the functionalities originally present. 

Throughout this study it was found that the sulfur containing moieties 

preferentially held the charge in competitive fragmentation. 

This work was supported by The Robert A. Welch Foundation of Houston, 

Texas, and by the Texas Woman's University Institutional Research funds. 

•Deceased 
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163. MASS SPECTROMETRIC INVESTIGATION OF SUBSTITUTED 
DIARYLMETHANES 

W. M. Scott, M. E. Wacks, J. D. Fitzpatrick and C. Steelink 

Department of Chemistry, The University of Arizona 

Tucson, Arizona 85721 

The mass spectra of a number of ortho substituted diarylmethanes (listed 

below) were presented and several interesting aspects of fragmentation modes 

were discussed. 
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I:- R^. R^, R3, R4 = H 

n : - Rj = CH3; R^, R3, R^ = H 

III:- R^, R2 = CH3; R3, R^ = H 

IV:- R _̂ R3 = CH3; R^, R^ = H 

V:- R j , R^, R3 = CH3; R^ = H 

VI:- R^, R^, R3, R4 = CH3 

Meyerson, Drews and Fields noted that when an OH, SH, CH , etc. group 

is present in the ortho-position of one or the other of the two aryl moieties in 

substituted diphenylmethanes, a characteris t ic even mass fragment ion is ob

served in the mass spectrum due to decomposition of the molecular ion by 

"ortho-rearrangement . " In the mass spectrum of I, which has no ortho sub

stituents, an ion was observed at m/e 134. Many related diphenylmethane 

mass spectra were examined but no other "pseudo" ortho rearrangement ions 

were observed. Investigations as to the origin of this ion are continuing via 

deuterium labelling techniques. 
J O " I'. 

However, the ortho-rearrangement was examined in the mass spectra of 

compounds II~VI. Steric interactions between ortho methyl groups on each aryl 

moiety cause the planes of the two rings to twist to a more s train-free con

figuration in which these planes are mutually perpendicular. This is the geo

metry which most favours or tho-rearrangement . The intensity of the r ea r r ange 

ment ion (I ) i s expressed as a function of the total ion current (>~oq) in 
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Table 1, which gives an indication of steric interactions between these ortho 

methyl groups. 

Compound 

II 

HI 

IV 

V 

V 

VI 

Rearrangement Ion (m/e) 

148 

162 

148 

162 

148 

162 

'R /S^SQW' 

8 .2 

U . O 

23.2 

18.4 

14.7 

38.2 

Abundant doubly-charged ions were particularly evident in the mass spectra 

of several t-butyl substituted diphenylmethanes, whose s tructures are listed 

below. 

VII:-

vni:-

DC:-

X : -

« 1 ' 

R j . 

^ 1 -

R j , 

S-
« 2 

« 2 

^ 3 

R3. R4 = t-butyl 

= CH3; R3, R^ = t-butyl 

= OCH3; R3, R^ = t-butj 

= CH3; R^, R^ = t-butyl 

When there is a t-butyl group located on each "half" of the molecule, i. 

in VII and X, the doubly-charged fragmentation route is 

(M-30) 2 + . 
-28 

(M-58) 
2 + . 

-28 
(M-86) 

2 + 

but when both t-butyl groups are on the one aryl moiety, the doubly-charged 

fragmentation route is 

(M-15) 
2 + 

-* (M-43) 

There a re metastable ions which indicate stepwise loss of these molecules, each 

of 28 mass units. An explanation of these phenomena, based on the deuteration 
2 

studies of Rylander and Meyerson of the mass spectrum of t-butyl benzene, has 

been proposed . 

Finally, the mass spectrum of the triphenylmethane analogue of this system 

was examined and a few of the abundant multiply-charged ions a re listed below. 
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Ion 

Rel. Ab. 

(M-30)^"^ 

25.6 

(M-58)^"^ 

9 .2 

(M-45)^"^ 

2 . 1 

(M-73)^"' 

1.3 

(M-101)^'*' 

0 . 9 

(M-129)''"^ 

2 . 5 

While the intensities of the triply-charged ions are indeed low, it is hoped 

that by defocusing the normal ion beam and looking at the focused metastable 

ion spectrum, there will be found the first evidence of stepwise decomposition of 

ions in the triply-charged state, by elimination of small neutral molecules. The 

energetics of these and related systems of multiply-charged ions are currently 

under further investigation in this laboratory. 

EXPERIMENTAL 

All spectra were obtained on an Hitachi RMU-6E double-focusing mass 

spectrometer via the direct insertion probe, at temperatures in the range 

100-150°C. 
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ELIMINATION OF SMALL NEUTRAL MOLECULES IN THE I0NIZATI0N-i3ISS0CIATI0N 

OF SALICYLIC ACID AND ITS ESTERS 
by 

Cleamond D. Eskelson, Jack C. Towne, and C. Cazee 
Veterans Administration Hospital, Tucson, Arizona 85713 

and 
Morton E. Wacks and Ward M. Scott 

University of Arizona, Tucson, Arizona 85721 

In the mass spectra of salicylic acid and some of its simple esters,— it was noted 
that the primary dissociative ionization processes involved the consecutive loss of the 
elements of sm^ll neutral molecules. If the ions having the same value of m/e fonned 
from each of the compounds, salicylic acid (SA), methyl salicylate (MeSA), 2-acetoxy 
benzoic acid (AcSA), and methyl 2-acetoxy benzoate (MeAcSA), were assumed to have the 
same structure, then positive identification of the neutral species lost in these 
processes as the corresponding unexcited molecules could be made through energetic 
considerations. 

TABLE I 
RELATIVE ABUNDANCE OF PRINCIPAL IONS IN THE MASS SPECTRA 

OF SUBSTITUTED SALICYLIC ACIDS 

CMPD 

SA 
MeSA 
AcSA 
MeAcSA 

m/e 92 

80.2 
45.1 
28.7 
27.3 

120 

100.0 
100.0 
100.0 
100.0 

138 

52.A 

59.5 

152 

45.4 

64.3 

180 

2.9 

194 

2.7 

The principal ions in the mass spectra of these compounds (Table I) correspond to 
the parent ion (small in the acetylated compounds); loss of C_H„0 from the acetylated 
compounds followed by loss of H-0 or CH.O (from the methylated compounds) giving the base 
peak in all these compounds (at m/e = 120). This fragmentation is in turn followed by 
loss of CO to give an ion at m/e = 92. These fragmentation pathways are shown in Scheme 
1. If the structure for the Ions of m/e = 120 and m/e = 92 are indeed common to all the 
compounds, then the heats of formation of these ions calculated from thermochemical data 
and measured ionization and appearance potentials should be the same. In order to calcu
late the heats of formation of the ions in question. It is necessary only to know the 
heats of formation of the gaseous compounds, the neutral molecules assumed to be formed, 
the ionization energies of the compounds, and the appearance potentials of the ions in 
question. It is not necessary in this series to approximate any ionic heats of formation 
since these are all measurable within the group. 

oS^ 

m/e=l80 CH-

m/e=120 0+ m/e=92 

Scheme 1. Fragmentation pathways for salicylic acid and derivatives. 

The basic equations describing these processes are Eq. 1 which describes the disso
ciative ionization process, 

e"+ R^R2 •> R| + R^ +2e' , (1) 

Eq. 2 which describes the energetics of this reaction in terms of the measured appearance 
potential of ion R-, [A(R-)], and any excitation energy (electronic, vibrational, rota
tional, and kinetic), E, associated with the dissociative ionization process (1) 

^ < ^ = ^Vaction = *»f ̂ 4 ^ + '̂"f »2) " ̂ H^^2 + ̂  ^̂ ^ 
and Eq, 3 which relates the ionization energy to the heat of formation of the ion and the 

1/. W. M. Scott and M. E. Wacks, QMS 1̂ , 847 (1968). 
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molecule 
I(R^) = AH^(R ) -AH^(R^). (3) 

As an example, the heat of formation of the salicylic acid ion (SA ) formed by the loss 
of CH CO from AcSA is given by 

AH^(SA ) = A(SA"'") - AH (CH2C0) +AH (AcSA) (4) 

If the basic assumptions that (1) the neutral fragments lost in the dissociative ioniza
tion are the neutral molecules, ketene, water, methanol, and carbon monoxide, and (2) 
the ions formed having the same value of m/e have the same configuration, then the value 
of c(SA ) from Eq. 4 should correspond to that found for this ion from the measurement 
of tne ionization energy of salicylic acid as shown in Eq. 3. The heats of formation of 
the neutral molecules used in these calculations are given In Table II. These are accu
rate values for the gaseous molecules involved. The only estimate is for MeAcSA and is 
estimated to be within ±2 kcal. TABLE II 

HEATS OF FORMATION (KCALS/MOLE) OF NEUTRAL MOLECULES 
CMPD Ĥ O MeOH CO CH^CO SA MeSA AcSA MeAcSA 

AH 
-57.8 -48.1 -26.4 -14.6 -118.1 -113.8 -157.2 -152.9 

SA 
MeSA 
AcSA 
MeAcSA 

14.02 
14.30 
14.45 
15.05 

10.60 
11.00 
11.16 
11.74 

Calcd. 
The measured ionization and appearance potentials for these compounds are given in 

Table lit. These values show the expected differences between appearance potentials for 
similar Ions [e.g., AP(m/e 120 - m/e 92) = 3.3 eV] indicating that the assumption of 
common ionic structures for these compounds is indeed valid. If it is assumed that there 
is very little or no excess energy associated with the dissociative ionization and that 
the neutral species formed are unexcited, then it is possible to calculate a value (or at 
least an upper limit) for the heats of formation for these ions. These calculated values 

TABLE III 
IONIZATION AND APPEARANCE POTENTIALS (eV) 

n/e 92 120 138 152 180 194 

9.03 
8.90 

9,50 8.80 
9̂ 52 8.90 

are presented in Table IV. The heats of formation for the ions for the unacetylated 
species confirm the assumptions, i.e., that the ionic structures are the same and the 
neutral fragments lost are the molecular species, essentially unexcited, of water, 
methanol, and carbon monoxide. The data for the acetylated compounds do not yield values 
as close to the values of the unacetylated as expected in view of the precision of the 
experimentally measured ionization and appearance potentials. However, the mean value 
for the heat of formation of the m/e 120 ion is 100.6 k cal/mole ±0.35 eV (the experi
mental uncertainty for the appearance potentials was approximately one half of this 
value). This spread in the values of the ionic heat of formation is undoubtedly due to 
the difficulty of measuring ionization energies for the low abundance molecular ions and 
the small amount of thermal cracking occurring in the acetylated compounds. 

TABLE IV 
HEATS OF FORMATION OF IONS (KCALS/MOLE) 

M/e 92 120 138 152 180 194 

91.6 
45.9 

81.5 52.5 
In conclusion, the measured ionization energies and appearance potentials of the 

ions formed in these substituted salicylic acids by loss of small neutral fragments 
confirms the fact that these fragments are the molecules, water, ketene, methanol, and 
carbon monoxide. In addition, the fragmentation of these molecules leads to the forma
tion of ions at m/e 120 and m/e 92 which have the same structure and give rise to the 
observed similarities in the fragmentation pattern for these and related salicylic 
acids. 

The authors are indebted to Dr. Daniel R. Stull of the Dow Chemical Company and 
Dr. William H. Evans of the National Bureau of Standards for supplying from their files 
pertinent data on the heats of formation of molecules used in calculating the ionic heats 
of formation. 

SA 
MeSA 
AcSA 
MeAcSA 

292.2 
290.7 
275.1 
283.5 

184.4 
188.2 
172.8 
180.8 

90.3 

76.7 
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THE MASS SPECTllA OF SOME HALOGENATED PUiENOLS AND NAPHTHOLS 

Theodore L, Folk 

Research D i v i s i o n , The Goodyear T i r e & Rubber Company 
Akron, Ohio, 44316 

A c o m p e t i t i o n observed i n t h e mass s p e o t r a of ha lopheno l s has 
r e c e n t l y been r e p o r t e d frora t h i s l a b o r a t o r y . ^ The two p r o c e s s e s 
i n c o m p e t i t i o n a r e l o s s of ha logen atom (and HX) and l o s s of 
CO (and CUO) from t h e molecu la r I o n . In the mass spect rum of 
o - c h l o r o p h e n o l l o s s of [ C l ] p lus l o s s of JICl] was noted t o be 
twice t he l o s s of [CO] p l u s the l o s s of [CHO] . This r a t i o 
was r e v e r s e d f o r £ - c h l o r o p h e n o l . The p r o x i m i t y of t h e 
c l i loro group t o t he l a b i l e hydroxyl hydrogen p robab ly accoun t s 
f o r t h i s unexpec ted r e v e r s a l . In c o n t r a s t t o t he c h l o r o p h e n o l s , 
t h e bromo- and lodophenols a l l showed much g r e a t e r l o s s of 
ha logen than [COjfrora t h e molecu la r i o n . 

We have begun i n v e s t i g a t i o n by mass s p e c t r o m e t r y of s e v e r a l 
ha lonaph tho l and s u b s t i t u t e d ha lophenol compounds, V i t h only 
two e x c e p t i o n s , the mass s p e c t r a were d i v i d e d i n t o two t y p e s : 
( 1 ) those w i t h [M-X] ion as t he base peak* and (2) t h o s e wi th 
t h e moleou la r ion as t h e base peak . 

The mass s p e c t r a in t h e f i r s t c a t e g o r y were t hose of 2 - c h l o r o -
4 -me thy lpheno l , 4 - c h l o r o - 2 - m e t h y l p h e n o l , 4 - c h l o r o - 3 - m e t h y l p h e n o l , 
2-bromo-4-methylphenol and 4 - c h l o r o - 3 , 5 - d i m e t h y l p h e n o l . The 
mass s p e c t r a wi th t he molecu la r ion as t he base peak were than of 
2 - c h l o r o - 4 - p h e n y l p h e n o l , 4 - c h l o r o - l - n a p h t h o l , 6 -bormo-2-naphthol 
and 4 -b romo-2 ,6 -d ime thy l pheno l . 

The f r a g m e n t a t i o n p a t t e r n fo r l -b romo-2-nnphtho l has no t a s y e t 
been r a t i o n a l i z e d . The b a s e peak is formed by l o s s of [BR+CHO] 
from the mo lecu l a r i o n , 

2 -Dromo-4-^-buty lphenol showed a base peak due t o l o s s of a methyl 
r a d i c a l from the moleculnr i o n . Onoo aga in a c o m p e t i t i o n between 
l o s s of [CO] and [ B r ] e x i s t e d . However, t h e s e l o s s e s were from 
the base peak, no t t he moleoular i o n . Seve ra l o the r d i m e t h y l h a l o -
phenol and h a l o n a p h t h o l compounds a r e be ing I n v e s t i g a t e d . When 
t h e s e i n v e s t i g a t i o n s and p o s s i b l y l a b e l l i n g s t u d i e s a r e comple ted , 
t he r e s u l t s w i l l be submi t t ed fo r p u b l i c a t i o n in Organic Mass 
S p e c t r o m e t r y . 

We theink James R. Boa l , Carnegie-Me 11 on U n i v e r s i t y , fo r runn ing t h e 
mass s p e c t r a on t h e ^E-9 mass s p e c t r o m e t e r . 

1 . T. L. Folk £Uid L, G. Wideman, Chem. Commun., 491 (1969) . 

* In a l l cases t h e base peak i s the l a r g e s t peak . 

This i s Goodyear C o n t r i b u t i o n No. 432 , 
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QUANTITATIVE ANALYSIS OF TRIGLYCERIDE MIXTURES BY MASS SPECTROMETRY 

Ronald A, Hi tes 

Northern Peglonal Research Laboratory , P e o r i a , I l l i n o i s 61604 

Vegetable and animal f a t s have cons iderable commercial impor tance—severa l b i l l i o n 
d o l l a r s per year worldwide. Furthermore, ed ib l e f a t s and o i l s form a l a rge po r t i on 
of the human d i e t . I t i s , t h e r e f o r e , remarkable t ha t the re are few methods for the 
q u a n t i t a t i v e a n a l y s i s of these n a t u r a l l y occurr ing t r i g l y c e r i d e mixtures . Ex i s t ing 
methods such as t h i n - l a y e r chromatography and l i pa se hydro lys i s (Ref. 1) , e i t h e r are 
time consuming, somewhat i n a c c u r a t e , or r equ i re r e l a t i v e l y l a rge samples. A new semi-
automated mass spec t romet r i c method has been developed in t h i s Laboratory for mea
su r ing the t r i g l y c e r i d e composition of f a t s t h a t i s both rap id (-̂ -l hour per sample) 
and s e n s i t i v e ( l e s s than 100 micrograms of f a t ) . 

The mass spec t r a of t r i g l y c e r i d e s show a small molecular ion peak (Ref. 2) and an 
M-18 peak which decreases in i n t e n s i t y as unsa tu ra t ion I n c r e a s e s . The base peak i s 
due to the loss of an acyloxy group. Since few peaks are wi th in a t l e a s t 200 amu. 
of the molecular i o n , i t was f e l t t h a t the molecular weight d i s t r i b u t i o n of a t r i 
g lycer ide mixture could be accu ra t e ly measured. 

The following procedure was, t h e r e f o r e , evolved: (1) The fa t i s placed i n t o the mass 
spec t rometer on the probe i n l e t and heated at a f ixed , known temperature ('^250^ C«) 
u n t i l the t o t a l ion cur ren t i s cons t an t . (2) The mass spectrum i s recorded from M/e -
700 to 900 seve ra l t imes while the da ta (magnetic f i e l d readings and i n t e n s i t i e s ) 
are acquired and punched on paper tape by an I n f o t r o n i c s CRS-160 d i g i t i z e r . (3) An 
IBM 1130 computer reads the paper t a p e , converts magnetic f i e l d s to masses , c o r r e c t s 
for heavy i s o t o p e s , sums the W" and (M-IS)"*" i n t e n s i t i e s , averages r e p l i c a t e s , app l i e s 
the c o r r e c t i o n s (see be low) , and p r i n t s the molecular weight d i s t r i b u t i o n . I t should 
be emphasized t h a t s ince var ious s t r u c t u r a l l y d i f f e r e n t t r i g l y c e r i d e s have the same 
molecular weight , no molar s e n s i t i v i t y co r r ec t i ons can be app l i ed . 

Because an i n l e t system i s used tha t i s equivalent to molecular d i s t i l l a t i o n , a cp r -
r e c t i o n must be made for the consequent f r a c t i o n a t i o n . For a small range of molec
u l a r weights and a t a constant t empera ture , the r a t e of molecular d i s t i l l a t i o n for 
a given substance i s d i r e c t l y p r o p o r t i o n a l t o i t s vapor p res su re (Ref, 3 ) . Since 
the logar i thm of the vapor p res su re of t r i g l y c e r i d e s i s p ropo r t i ona l to the t o t a l 
number of carbon atoms r e g a r d l e s s of unsa tu ra t i on or carbon d i s t r i b u t i o n wi th in the 
th ree a l k y l chains (Ref, 4 ) , the logar i thm of the f r ac t i on c o r r e c t i o n f ac to r should 
be d i r e c t l y p r o p o r t i o n a l to the carbon number of the t r i g l y c e r i d e . 

To t e s t t h i s hypo thes i s , a mixture of known composition was analyzed by t h i s mass 
s p e c t r a l procedure and c o r r e c t i o n f ac to r s were c a l c u l a t e d . The r e s u l t s , shown in 
Figure 1, confirm the f e a s i b i l i t y of t h i s type of f r a c t i o n a t i o n c o r r e c t i o n . The 
datum poin t for 1 ,2 -d ipa lmi toy lo le ln (PPO), however, l i e s fa r from the l i n e . This 
dev ia t ion i s a t t r i b u t e d to d i f f e r e n t molar i n t e n s i t i e s of the molecular ion peaks 
of fu l ly s a t u r a t e d and unsa tura ted t r i g l y c e r i d e s . Data for o i l s of known composi
t ion (see Table I ) show tha t a simple s a t u r a t e d - u n s a t u r a t e d c o r r e c t i o n as we l l as 
the carbon number f r a c t i o n a t i o n c o r r e c t i o n , gives reasonably accura te v a l u e s . 

The procedure was used t o analyze cocoa b u t t e r (see Table I ) . The mass spec t romet r i c 
va lues are compared to values ca l cu la t ed on the b a s i s of the 1,3-random ( s a t u r a t e s ) 
2-random ( u n s a t u r a t e s ) theory of t r i g l y c e r i d e d i s t r i b u t i o n (Ref. 1 ) . This theory 
assumes tha t unsa tura ted ac ids are e s t e r l f l e d p r e f e r e n t i a l l y a t the b e t a - p o s i t i o n 
of g l y c e r o l . The good agreement between t h e o r e t i c a l and observed v a l u e s , shown in 
Table I , suppor t s t h i s model of t r i g l y c e r i d e d i s t r i b u t i o n and v a l i d a t e s the 
s a t u r a t e d - u n s a t u r a t e d and carbon number c o r r e c t i o n s . 

Because a s i n g l e f a t does not have the co r r ec t p r o p e r t i e s for many a p p l i c a t i o n s , new 
f a t s are made by chemically scrambling the f a t t y acid moie t ies among a l l g lyce ro l 
p o s i t i o n s . Because t h i s process produces a random d i s t r i b u t i o n of t r i g l y c e r i d e s , 
i t i s c a l l e d randomization or i n t e r e s t e r i f i c a t i o n . 
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As an example of the mass s p e c t r a l technique descr ibed h e r e , n a t u r a l and randomized 
cocoa b u t t e r and n a t u r a l and randomized ta l low (beef f a t ) were analyzed (see Fig
ure 2 ) , Note the g rea t change in the cocoa b u t t e r composition upon randomizat ion; 
t he re i s a corresponding change in phys ica l p r o p e r t i e s as w e l l . This l a rge change 
i s a r e s u l t of the nonrandom s t r u c t u r e ; namely, the p r e f e r e n t i a l e s t e r l f i c a t l o n of 
unsa tu ra t ed f a t t y acids a t the b e t a - p o s i t i o n . 

The corresponding da ta for a p a r t i a l l y hydrogenated ta l low having about the same 
f a t t y acid composition as cocoa b u t t e r are a l so given in Figure 2 . As expected , 
the randomized d i s t r i b u t i o n i s s i m i l a r t o t h a t of randomized cocoa b u t t e r . Unlike 
cocoa b u t t e r , however, the d i f fe rence between the n a t u r a l and randomized d i s t r i b u 
t i o n s I s sma l l . Therefore , we conclude tha t there i s l e s s s p e c i f i c i t y for unsa tu ra t ed 
ac id s in the b e t a - p o s i t i o n of tallcK</ than in cocoa b u t t e r . Other da ta from l i p a s e 
hydro lys i s confirm tha t animal f a t s have l e s s be t a -una tu ra t ed s p e c i f i c i t y than do 
vege tab le f a t s (Pef. 1 ) . 

Acknowledgment, The a s s i s t a n c e and encouragement of W. K. Rohwedder, H. J . Dutton 
and J . C. Cowan are g r a t e f u l l y acknowledged. 
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Table I . T r ig lyce r i de composition of n a t u r a l cocoa b u t t e r 

T r i g l y c e r i d e ^ D i s t r i b u t i o n ^ 
Theory Observed 

POP-* 12,3 13,3 
POO + PLS 11.1 10 ,1 
POS 32.1 30.5 
OOS + SLS 12.2 11.2 
SOS 20,8 20.3 

"T " p a l m i t i c , 0 = o l e i c , S " s t e a r i c , L • l i n o l c l c 

2 
Mole percent of t o t a l 

3 
Order of l e t t e r s i s not s i g n i f i c a n t 
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Figure 1. Semi-logarithmic plot of the fractionation correction factor versus 
carbon number for triglycerides (see Table I for explanation of 
point labels) 

8 | — 

50 52 
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Figure 2, Partial triglyceride composition of natural and randomized cocoa 
butter and tallow. Only selected triglycerides are shown. The 
order of the letters Is not significant (eg, PSO = POS = OPS). 
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CARBON-HETEROATOM BOND CLEAVAGE IN THE FRAGMENTATION 

OF N-ACETYLPYRROLIDINE AND HOMOLOGUES 

J . T e s a r e k , W. J . R i c h t e r and A. L. B u r l i n g a m e 
Space Sciences Laboratory, University of California, Berkeley, California 94720 

Carbon-heteroatom bond rupture may be expected to result from multi-step rather than 
from single-step fragmentation, e.g., as terminating event in sequences where a radical 
site has been generated adjacent to the heteroatom during molecular rearrangement. In 
cyclic amine systems, simple a-cleavage produces radical sites at beta- rather than alpha-
carbon atoms, and excludes carbon-nitrogen bond rupture as a direct result. Skeletal re
arrangement effecting ring contraction of molecular ions has recently been suggested as a 
cause of C-N bond cleavage in acylated cyclic amines, particularly in N-acetyl morpholine 
and related systems (1). In this case, the radical center required for C-N bond cleavage 
is generated by the formation of a "new" bond by cyclization of the a-cleavage product. 
An alternative and more obvious mode of generating a radical site at the appropriate posi
tion is abstraction of hydrogen from positions adjacent to nitrogen by N-acyl substituents. 
Certain features of the fragmentation of N-acetyl-pyrrolidine provide evidence for the 
actual occurrence of C-N bond cleavage as a direct consequence of such hydrogen abstraction. 
In contrast to the formation of a-radical sites by skeletal rearrangement as exemplified by 
the N-acetyl morpholine system, the hydrogen-abstraction step in the fragmentation of the 
pyrrolidine analog reflects a much more amide-like behavior in suppression of a-cleavage 
and even more so in rapid hydrogen abstraction by the carbonyl function as the initial step 
of fragmentation. 

N-acetylpyrrolidine represents a relatively small and simple system in which the 
radical-induced ring contraction of the N-acetylmorpholine type seems to be precluded, 
since a strained four-membered cyclic intermediate would have to be traversed (see Fig. 1). 
A previous study reported several years ago included N-acetylpyrrolidine in a series of 
acylpyrrolidines, investigated to establish the source of hydrogen retained in the loss of 
acyl substituent as ketene or i ts higher homologs. This study required the introduction of 
deuterium only into the alkyl portion of the acyl moiety, and fragmentation of the ring 
atoms was inferred in this context largely from analogy to processes which were elucidated 
for pyrrolidine and i ts N-methylated derivative; this projection, however, appears inade
quate in several respects, requiring major revision. 

The compounds studied in our laboratory include N-acetylpyrrolidine together with i ts 
2,2-d^, 3,3-d^, 7,7,7-d,, 2,2,3,3-d. and 2,2,5,5-d, derivatives, 2* 2' 3 ' 4 > > > 4 

The mass spectrum of N-acetylpyrrolidine (Fig. 1) shows four major peaks: a molecular 
ion peak at m/e 113 and peaks at m/e 43, 70 and 85. 

M-28 Ions: These ions are unusual with respect to their genesis rather than their 
composition. Accurate mass measurement establishes that these ions are formed by loss of 
C2H4, as already inferred by the previous study (1). An analysis of the spectra of the 
ring-labeled compounds demonstrates, however, that in contrast to earlier suggestions 
adjacent a- and 3-carbon atoms (2 and 3, or 4 and 5, respectively) rather than beta and 
beta are expelled, a fragmentation which requires C-N bond rupture. Thus, the spectra of 
2,2-d2- and 3.S-d^-N-acetylpyrrolidine display a clear split of the M-28 peak at m/e 85 
peak Between m/e 85 and 87 (now representing losses of 28 and 30 mass units). Correspond
ingly, the 2,2,5,5-d. analog shows a clear loss of 30 mass units,.while--as would have to 
be expected from symmetry--the 2,2,3,3-d4 compound shows an approximately equal distribution 
of ion current between M-28 and M-32 fragments, indicating loss of either all or none of 
the deuterium labels. 

These data clearly exclude a fragmentation process analogous to that encountered in the 
free amine pyrrolidine, where exclusively carbon atoms 3 and 4 are implicated in the expul
sion of ethylene. In view of this striking difference, some allowance for operation of 
amide--rather than amine--characteristics in governing the fragmentation of acylated deri
vatives appears mandatory. Amide-like behavior, for instance, would be reflected in 
hydrogen abstraction by the carbonyl function, preferably from positions adjacent to the 
C-N bond to be broken. Abstraction from this position might also be favored by resonance 
stabilization of the resulting isomeric molecular ion. Substantial driving force for the 
C-N bond cleavage should arise from generation of an extended conjugated system. Ejection 
of a stable ethylene moiety from the isomeric molecular ion can be interpreted as a conse
quence of the preceding or concomitant C-N bond cleavage, which produces a radical center 
at a site favorable for terminal decomposition. Of course, totally or at least partially 
concerted alternatives with C-N bond cleavage as a terminating rather than a preceding 
event of ethylene elimination must also be considered. This concerted type of reaction 
would apply, however, solely to the particular five-membered ring systems of pyrrolidine, 
in contrast to the higher homologs. 
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M-43 i o n s , formed by the p rev ious ly e s t a b l i s h e d expulsion of ketene and hydrogen, a r i s e 
via e i t h e r o rde r ing of the sequence, as s u b s t a n t i a t e d by metas table peaks . Data from 
deu t e r a t ed compounds e s t a b l i s h t h a t the hydrogen atoras l o s t o r i g i n a t e in t h i s case p r e 
dominantly from a - p o s i t i o n s . 

The M-70 peak (at m/e 43) corresponds to t h r e e d i s t i n g u i s h a b l e components, a n i t r o g e n -
con ta in ing spec ies which dominates, an ace ty l ion and a hydrocarbon fragment. Loss of 
e thy lene t o g e t h e r with ketene appears s t rong ly ind ica ted from the composition of the major 
component, p a r t i c u l a r l y s ince both losses are observed a l so as s ing le p r o c e s s e s . Two 
sequen t i a l p rocesses (Scheme 1) have been considered, with the upper being supported by 
obse rva t ion of an appropr i a t e metas table peak. That e thylene loss in t h i s p a r t i c u l a r i n 
s tance does indeed, as p rev ious ly proposed, involve the two 6-carbon atoms follows from the 
s p e c t r a of the deu te ra t ed d e r i v a t i v e s , where the appropr ia te s h i f t s are observed. I t be
comes apparent t h a t the overwhelming majori ty of M-28 ions observed as such (S t ruc tu re I) 
cannot serve as p recu r so r s for the generat ion of M-70 ions or f a i l - - i n o the r words- - to 
e l imina te ketene in subsequent decomposit ion. The fac t t ha t ions r e s u l t i n g from loss of 
both 6-carbon atoms (S t ruc tu re 2) e x h i b i t s i g n i f i c a n t l y s h o r t e r l i f e t i m e s and escape de
t e c t i o n due t o r ap id fu r the r ketene e l imina t ion appears q u a l i t a t i v e l y unders tandab le . I t s 
p ro tona ted isomer (S t ruc tu re 1) would r equ i re t r a n s f e r of two hydrogen atoms in loss of 
ketene and, consequent ly , e x h i b i t enhanced l i f e t i m e leading t o i t s almost exc lus ive 
d e t e c t i o n . 

Ex t r apo la t i on of the mechanis t ic concept abs t r ac t i on - induced C-N bond cleavage to both 
expanded r i n g systems and extended acyl s u b s t i t u e n t s i s compatible with the following 
observa t ions (Scheme 2 ) : 

Loss of e thy l r a d i c a l s incorpora t ing a-carbon atoms can be a s c e r t a i n e d in the case of 
N - a c e t y l p i p e r i d i n e ; however, the opera t ion of an add i t i ona l competing process of comparable 
importance and the simultaneous product ion of M-C2H4 ions of s i m i l a r abundance impedes an 
exact eva lua t ion of the r e l a t i v e con t r ibu t ion of the p r o c e s s . N-acetylhexamethyleneimine^ 
the seven-membered r i ng homolog, e x h i b i t s d i s t i n c t peaks for l o s se s of 29 and 43 mass u n i t s , 
both hydrocarbon fragments, as e s t a b l i s h e d by p r e c i s e mass measurement. These peaks are 
sh i f t ed in p a r t to M-33 and M-47 in the 2 ,23 ,3 -d . d e r i v a t i v e , a f inding very well compatible 
with a b s t r a c t i o n - i n d u c e d C-N bond r u p t u r e . 

To probe the in f luence of extended acyl s ide -cha ins upon t h i s mode of f ragmentat ion, 
N-n-butyryl p y r r o l i d i n e was analyzed t o g e t h e r with va r ious ly deu te ra t ed d e r i v a t i v e s . In 
t h i s case , the a lky l por t ion of the acyl moiety i s s u f f i c i e n t l y l a rge to permit a McLaffer
ty rearrangement , which does indeed account for the main po r t i on of the M-28 fragments. 
Abs t rac t ion- induced a,B-carbon loss can be i n f e r r ed from the spectrum of the deu te ra ted 
analogs ch i e f ly as a mode of secondary decomposition of these M-28 ions generated v ia 
McLafferty rearrangement , r a t h e r than as a primary process involving molecular i o n s . This 
follows from an in spec t ion of the spectrum of 2 ,2 ,5 ,5 -d4 compound, which e x h i b i t s primary 
loss of 28 mass u n i t s followed by d i s t i n c t loss of 30 mass u n i t s , as documented by the 
appropr i a t e metas tab le peaks . No evidence e x i s t s for a reverse o rde r ing of the s t e p s . 

The evidence presen ted lends support to the i n t e r f e r e n c e of a novel mode of fragmenta
t i o n which more genuinely r e f l e c t s amide-proper t ies of N-acyl f u n c t i o n a l i t i e s than t h e i r 
otherwise apparent amine-governed behavior . However, while these amide-type p r o p e r t i e s 
are conspicuously r e t a ined in the modified systems considered, t h e i r r e l a t i v e importance 
seems to diminish within the framework of the o v e r - a l l f ragmentat ion. The occurrence of 
these p rocesses in the fragmentation of N - a c e t y l p y r r o l i d i n e might be cons iderably favored 
by the geometry of the five-membered r i n g , which could, for i n s t a n c e , enhance the impor
tance of the c o n t r i b u t i o n of a concerted p roces s . On the o the r hand, the a v a i l a b i l i t y of 
a d d i t i o n a l competing pathways of fragmentation due to the l a r g e r molecular s i ze of the 
homologs might diminish the r e l a t i v e importance of the abs t r ac t i on - induced p r o c e s s . Pro
j e c t i o n of the concept of amide-dominated fragmentation to simple non -cyc l i c acy la ted 
amines appears to have l imi t ed a p p l i c a b i l i t y , as can be concluded from a p re l iminary study 
(2) of s u i t a b l y labeled t e r t i a r y acetamides. However, i t might be expected t h a t the ob
served i n h i b i t i o n of secondary ketene l o s s from c e r t a i n fragment ions can provide a con
venient d i a g n o s t i c means for f a c i l e recogni t ion of abs t r ac t ion - induced p r o c e s s e s . 

Acknowledgement. F inancia l support was provided by National Aeronautics and Space Admini
s t r a t i o n Grant NGL 05-003-003 and Contract NAS 9-7889. 
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INTRAMOLECULAR HYDROGEN REARRANGEMENT PRIOR TO FIELD-INDUCED DISSOCIATION 

P. Schulze, W.J. Richter and A.L. Burlingame 

Space Sciences Laboratory, University of California, Berkeley, California 94720 

When a molecule is subjected to a sufficiently high, static electric field (-10 V/cm) 
perturbation of its potential barrier permits the tunneling of a valence electron to the 
emitter anode to form a molecular ion-radical (1). Since the residence time of this mole
cular ion in the high field region is less than 10"^^ seconds, Beckey and co-workers (2,3) 
have claimed recently that rearrangement processes prior to field-induced dissociation 
occur too slowly to yield appreciable abundances (> O . l h of base peak) of positively 
charged fragment species, excepting as decomposition processes taking place during or 
after acceleration for mass analysis, i.e., metastable ions, or as ion-molecule reactions 
occurring in the condensed phase, i.e., the adsorption layer on the field anode (4). 

During recent investigations of carboxylic esters by field ionization, we found, 
however, a number of fragment ions of surprising prominence which can arise only from 
field-induced dissociation of rearranged molecular ions. That the processes represented 
by these peaks are genuine unimolecular gas phase reactions has been deduced from an 
analysis of the kinetic energies of species in question. The techniques employed were 
similar to t h e decoupling techniques which have been employed f o r the detection of meta
stable transitions during acceleration (5). 

Of particular prominence were CnH2n + ions formed by several aliphatic esters, e.g., 
n^-propyl acetate, propionate and n^-butyrate (Fig. 1). In these compounds, the field-
induced rearrangement ions at m/e 42 (C3H5+) even represent the base peaks of the FI mass 
spectra. The process itself corresponds formally to a McLafferty rearrangement with 
charge retention on the olefinic moiety thus formed. The equivalent rearrangement in 
electron impact induced fragmentation is of only little importance, as is the complemen
tary process with opposite charge retention on the acyl portion of the molecule (M-42 ions). 
Suppression of this latter process is probably due to competing double hydrogen transfer 
prior to dissociation. In this case a protonated carboxylic acid fragment is produced as 
the more stable species. These ions are also observed with remarkable abundance in the 
FI spectra. 

For the elimination of neutral carboxylic acid moieties from alkyl alkanoates under 
electron impact, it is known that hydrogen transfer prior to O-alkyl cleavage proceeds 
with little specificity,. The abstraction takes place mainly from alpha and beta positions 
of the alkyl substituent involving favorable six- as well as five-member transition states 
(6). 

Employing deuterium-labeled derivatives of n^-butyl acetate, it could be shown that 
field induced rearrangement proceeds with almost exclusive transfer of beta hydrogen atoms, 
i.e., with specific involvement of cyclic six-membered transition states. 

This preference for charge retention by the olefinic rather than the carboxylic acid 
fragment is in obvious contrast to the behavior of the model compounds under electron im
pact. This phenomenon, which seems, in addition, to pertain to related classes of com
pounds, can be rationalized by considering the different kinds of processes involved as 
well as th& different sources of energy available to the decomposing species. Thus, 
sufficient excess energy is transferred to the molecule during ionization by electron 
impact to permit almost any kind of bond rupture, whether of ionic or radical nature. 
Radical and ionic processes will occur depending upon the thermodynamic properties of 
the possible products. Field ionization, however, provides almost no excess energy for 
the molecular ion, thus limiting fragmentation possibilities to processes promoted by 
interaction of positively charged, or at least of sufficiently polarized, bonds with the 
very strong electric field. Consequently, the typical mode of fragmentation to be ex
pected would reflect heterolytic rather than homolytic reaction. For the present case, 
the rearranged molecular ion Mj would more probably undergo ionic dissociation to m/e 42 
much more readily than a radical-triggered cleavage to m/e 60 (Fig. 2), The rate-acceler
ating effect of the electric field on the rupture of polarized bonds in the course of 
ionic (i.e., non-radical) processes could be viewed as an analogy to the promotion of 
heterolytic reactions by polar media in solution chemistry. Measurements yielding infor
mation about the time elapsed between ionization and fragmentation show that these re
arrangement ions are not formed instantaneously with ionization, i.e., in less than 10"^^ 
sec. These short times are only observed for such single bond cleavages normally observed 
in field dissociation. 

-12 
Although some rearrangement ions are observed within 10 sec. as shown by their 

occurrence in the normal FI mass spectrum, the majority was found to be formed lO^H to 

454 



-l 

1-p.Ofr, » « r . r i " » 

I . I , 

5 

«r«o»v i r ioriONATi 

••••r 

• MOPTL lUTYIAre 

, 1 1 » , 

- I 

**»TM« V>tlI«Ar| 

1 
s 

s 
-

(1 

- I 

J^UJi 
"••I 

f T 
^Jj , 1 

ll J 

El 

Figure 1 

r 
. OH 

e 
0 ( 0 

O 
m/e 60 

r^ i <-" 
OH ©^ 

(+) 

m/e 42 

455 

Figure 2 



IQ-IO sec. after ionization. These data appear compatible with a concerted as well as 
sequential course of the process as long as both steps are sufficiently fast. In view of 
potential applications for distinguishing between two major classes of fragmentation re
actions, the scope and limitations of abstraction induced field dissociation are currently 
being explored in further detail. 
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MECHANISTIC STUDIES IN THE ERAGMENTATIOH 

OF SUBSTITinED BENZIfL COMPOUNDS. 

Peter Brown 

Department of Chemistry, Arizona 

State University, Teiiipe, Arizona 8528I 

In studies Intended to elucidate the energy/structure characteristics of daughter 
ion A'*' produced directly from a molecular ion, e.g., Vit > A* + 1 ' , two types of 
infonnation may be obtained. 

(i) From decomposition of A"*'. This Includes fragmentation pattern, especi
ally isotope distribution In labelled compounds, metaatable ion peaks, 
and ion/molecule reactions. Such data refers to the activated complex 
for A"*" decomposition, and gives information only about those daughter 
ions energetic enough to decompose. 

(li) From formation of A"*". This includes ionization and appearance potentials, 
reaction rates, and isotope effects. Such data reflect the transition 
state for formation of all A'*' ion from Mt. 

It is suggested that formation rather than decomposition data vill be 
more useful in characterizing the energy/structure of A'̂  because (a) 
according to Hammonds Postulate, the transition state resembles the 
product rather than the reactant for an endothermlc reaction (e.g., 
bond cleavage); (b) the daughter ion A"*" may possibly rearrange before 
decomposing. 

The importance of conducting both kinds of experiments is emphasized. 

Traditionally, isotope labelling and appearance potential measurements 
have been used for decomposition studies, and ionization and appearance 
potentials for formation investigations. In an attempt to extend the 
somewhat limited range of experimental methods available, simple kinetic 
methods^ for estimation of ion formation activating energies (i.e., AP-IP) 
and metastable Ion peak relative intensltiesS for ion decomposition have 
been evaluated. 

In order to overcome certain severe objections to the original simple 
steady state kinetic treatment,^ it is sî ggested that the effect on acti
vation energy for the smallest feasible structural change in isomers be 
compared, for the one major reaction Mt > A"*". Thus m- and £-X sub
stituted isomer pairs of aromatic compounds with the same substituent X 
have been employed, and the relative rate parameter Zj/Zm determined as 
a function of electron energy. ̂> 5 In addition, metastable ion peeik 
relative abundances for isomeric Mt and isomeric A"*" ions have been re
corded. 

As test systems, compounds that have been studied by conventional tech
niques were selected, to allow critical ccraparlson and evaluation of the 
newer techniques. These included the M •> M-Y reaction of a series of 
m and £-X substituted benzyl phenyl ethers (Y = OCgH^), ethyl benzenes 
•(y = CH,) and toluenes (Y = H). 

The correlations possible and the limitations of this approach will be 
discussed in papers submitted to Organic Mass Spectrometry. 
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Franck-Condon Factors for the Ionization of Nitrous Oxide 

H. M. Rosenstock 

Institute for Materials Research 
National Bureau of Standards 

Washington, D. C. 2023ij-

Previous work on calculation of polyatomic Franck Condon factors has emphasized 
0 

the determination of geometry changes on the basis of experimentally observed Franck 

Condon factorSj using simple valence force fields to determine normal modes. The 

results obtained on acetylene and water were rather insensitive to the choice of 

force field. In the case of N O , there are available experimental Franck Condon 

factors for two ionizing transitions for which che geometries are known. These 

make possible a determination of the vibrational force field. It is found that it is 

possible to determine the value of the Bond-Bond interaction constant in the valence 

force fields of the two ion states. The physical basis for this is discussed. It Is 

shown that simplified considerations relating vibrational excitation to changes in a 

given bond length are invalid. 
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PEAK HEIGHT DISTRIBUTION OF ORGANIC MASS SPECTRA 

S. L. Grotch 
Jet Propxilsion Lahoratory 
Pasadena, California 

INTRODUCTION 

The gas chromatograph-maES spectrometer (GC/l^) is an instrument being considered for a 
Mars lander as part of Project Viking. Because of the large ainount of mass spectral data 
produced by this instrument, there is a significant incentive to investigate the digital 
encoding of these data. 

One important aspect of the data problem is the distribution of peak heights in mass 
spectra, i.e., the relative frequencies of occurrence of peaks within specified peak 
height ranges. This distribution is iinportant in digital encoding for two reasons: 

1. For most encoding schemes the average number of bits required to encode a mass 
spectrum (for a given mass and tjynamic range) requires an estimate of the 
expected number of peaks which lie above a specified threshold. 

2. Based on concepts of information theory^ ' one would expect that, if mass 
spectral peak height information is to be encoded with maximizm information 
content, the transitions between digital levels should be set so that equal 
numbers of peaks lie in each level. To make this transition assignment 
optimally, it is necessary to know the distribution of peak height. 

Although these two considerations provided the primary in̂ êtus for this work, it is 
believed that these results may prove to be of more general interest. Two potentially 
important areas of application are those of pattern recognition^^J and compound 
identification (3) 

MASS SPECTRAL DATA 

The approach adopted in this study was the use of a large library of mass spectral data to 
serve as a statistical model of spectral behavior. Four sources of low resolution mass 
spectral data were utilized; 

1. The Dow Chemical Co. uncertified collection ^ ' (19^7 spectra). 

2. A collection provided by Prof. K. Biemann ^ ^ of MIT, consisting of the ASTM 
collection and other spectra measured in his laboratory (200^ spectra). 

3. A collection of 500 spectra provided by the Mass Spectrometry Data Centre ^ . 

h. A group of 2261 certified spectra frora the API collection and I50 spectra from 
the t-lanufacturing Chemists Association (MCA), provided by the MSDC. 

For purposes related to Project Viking the spectra from sources 1 and 2 above were 
merged, redundancies removed, and the resultant collection was divided into two groups 
called Category I and Category II, Category I consisted of ll64 compounds thought to be 
particularly relevant to a proposed GC/MS experiment for a Mars lander. Compounds 
specifically excluded from Category I were: (a) all conpounds containing halogens or 
deuterium, and (b) all non-hydrocarbons with molecular weight greater than 175' Category 
II consisted of all remaining non-redundant spectra from sources 1 and 2 (223^ spectra). 
The primary purpose of this division was to provide the spectra of a group of confounds 
relevant to the Viking GC/MS experiment which could be studied in more detail in future 
studies (cat, l), while also providing a second group (Cat, II) to assess the sensitivity 
of results to the choice of library. The spectra frora sources 3 and h will eventually be 
merged into Categories l/llj but in this study they were considered as two additional 
groups. Several characteristics of the four groups (Cat. I, Cat, II, MSDC, API/MCA) are 
summarized in Table I. 

It should be en̂ jhasized that the somewhat arbitrary divisions imposed by the Viking 
application did not affect the basic conclusions of this study. A number of other 
con5>ound groupings were also studied, all yielding the same general conclusions regarding 
the peak height distribution. 

PEAK HEIGHT DISTRIBUTION OF COLLECTIONS OF SPECTRA 

The mass spectral data used in this study were stored on digital magnetic tape, and an 
IBM 709^ computer was used for all calculations. Each spectrum was normalized so that 
the maximum intensity peak (base peak) was assigned a value of 100.0. The minimum peak 
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TABLE 1. MASS SPECTRAL LIBRARY * 

GROUP 

CATEGORY 1 

CATEGORY II 

MSDC 

API/MCA 

NUMBER 
SPECTRA 

1164 

2234 

500 

241) 

AVERAGE 
MOL. WT. 

132.1 

171.3 

234.0 

177.2 

MOLECULAR 
WEIGHT RANGE 

16-536 

18-536 

59-862 

2-1318 

AVG. NUMBER 
PEAKS/SPECTRUM 

71.2 

94.3 

102.7 

111.8 
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height reported for any of the spectra was 0.01% of the base peak. However, approximately 
25% of the spectra used contained no peaks with heights less than 0.1% of the base peak. 
Only low resolution spectra (integral mass) were used. 

For the calculation of the group peak height distribution, the combined distribution was 
considered to be the aggregate sum of all of the individual spectral peaks in the 
collection. Peaks at the same mass number in different spectra were considered as 
distinct peaks. 

A convenient means for presenting these results is in terms of a cumulative peak height 
distribution plot, i.e., the fraction of all peaks less than or equal to a given peak 
height vs. peak height. In Figure 1 are given the cumulative peak height distributions 
for the four groups of spectra. These results are plotted on a log-probability grid 
which has the property that, if the logarithm of a variable is distributed normally, the 
cumulative distribution will plot on this grid as a straight line. 

Several observations are apparent from these plots: 

1. From the near linearity of these data in the central portion of the curve when 
plotted on a log-probability grid, it appears that the logarithm of the peak 
height is in fact distributed normally for each group of spectra. (The 
curvature'observed near peak heights of 0.01 and 100.0 will be discussed in more 
detail shortly.) 

2. For each grouping of spectra the distribution of peak heights is highly non
linear. For example, for all of the groups, approximately one-half of the 
reported peaks lie below a peak height of only 1% of the base peak, 

3. Three of the four groupings show similar peak height distributions over the 
entire range of peak heights (0.01-100.0). The API/MCA group, however, appears 
to have a significantly larger number of smaller peaks than do the other 
groupings. This is probably due to the fact that the API spectra were derived 
for purposes of quantitative analysis and hence a greater emphasis was placed 
on the determination of smaller peaks. 

Each of the cumulative distributions shown in Figure 1 exhibits an asyratptoraatic curvature 
towards peak heights of 0.01 and 100. This results from the truncated nature of the 
distributions under consideration. That is, no peak heights less than 0.01 ai'e reported 
in these data, and by the nature of the normalization procedure, no peaks greater than 
100.0 can exist. 

Also presented in Figure 1 is a true log-normal curve truncated at both 0.01 and 100.0 
fitting the data of Category I. This truncated curve was obtained by calculating a log-
normal distribution of specified mean and variance and considering the distribution of 
only those peaks in the range of .01^ peak height S 100.0. The truncated log-normal 
curve and the calculations of chi-square ( 7 ) , indicate that excessively large disagree
ments occur in the lower range of peak heights (< l'^). Most likely this is due to the 
experimental difficulty in accurately measuring small peak heights as evidenced in the 
fact that many spectra did not report any peaks with height< 0.1%, The addition of only 
1-3 peaks/spectrxom in this lower range causes the data to agree well with the log-normal 
fit. 

The cumulative peak height distributions for the four groups, considering only the larger 
peaks (i.e., only those peaks with heights .^1% base peak), are given in Figure 2. Here 
it can be seen that the distributions for the groups are more nearly the same than when 
the smaller peaks were included. These data also appear to follow a log-normal 
distribution (truncated at peak heights of 1 and 100) as can be seen in Figure 2 where 
the solid curve is such a doubly truncated log-normal distribution fitting the Category I 
data. This suggests that the "average" peak height distribution for the larger spectral 
peaks is probably insensitivity to the choice of compounds forming the aggregate. In 
Project Viking it is likely that only the larger peaks will be encoded and this result 
provides assurance that the peak height distribution should not be sensitive to the 
choice of library. 

PEAK HEIGHT DISTRIBUTION OF INDIVIDUAL SPECTRA 

The data presented thus far represent the average peak height distributions for large 
collections of mass spectra. It is also interesting to examine the corresponding 
distributions for individual pure con5)ound spectra. 

( h ) 
The peak height distribution for propane^ ^ is presented in Figure 3. A log-normal 
distribution (not truncated) with a log mean and variance calculated frora the propane 
distribution is also shown. Since the propane spectrum contains only 29 peaks, the 
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discontinuous nature of the cumulative distritution is more apparent than for the larger 
speotral groupings. It oan be seen that the data are reasonably well fit by a log-normal 
curve. Approximately one hundred individual spectra were compared in the manner of 
Figure 3 and all could be approximated by a log-normal distribution. 

It appears that the underlying cause of the log-normal distribution for large groups of 
spectra is that each Individual spectrum conforms to a log-normal distribution. 
Calculations show that the mean and the variance of log height of individual speotra are 
each distributed approximately normally. In these distributions, moreover, the variance 
of the variance is much less than the variance of any individual spectrum. It can be 
shown that, if this is the case, the resultant heterogenous mixture of distributions will 
be distributed normally. 

The log-normal distributions found for individual spectra can probably be ascribed to a 
common origin of suoh distributions; namely, that "If the change in magnitude 
corresponding to a given cause is proportional to the Intensity of that cause and further 
to the size of the element, the distribution obtained will be log-normal" (Ref. 7, pg. 
197). 

It should be mentioned that the distribution of peak heights will remain log-normal if the 
spectra are normalized in terms of the total ion current rather than the raaximimi peak 
height, since this merely involves a linear operation on each spectrum. 

REACTIOH KIMETIC MODEL 

J\n atten̂ jt has been made to describe the observed peak height distribution for groups of 
spectra in terms of a siii5)lifled reaction kinetics rrodel. Since the model describes a 
very coii5)lex system, it was felt that a gross characteristic such as peak height distri
bution would provide a first test of model validity. In order to obtain sufficient 
statistics for this test, each of a group of 600 spectra from Category I was fit using 
the model and the resultant peak height distribution was conipared with the actual 
experimental data. 

The formation of ionized species in a mass spectrometer is assumed to proceed in a 
cascade process as illustrated in Figure k. For each generation 1 (1 = 0,1,2,...), the 
jth distinct Ion AJj, is assumed to disintegrate further into mj_i daughter products. (In 
Figure k, all m^j = 2 ) . If all reactions are assumed to be first order, and 
Irreversible, with rate constant k̂  for the ith reaction, the kinetic equation describing 
the system is: 

dC. . 

T r = - V i j C i j + Vi°i-i ,n (i>°) (̂ ) 
Cij is the concentration of species AJ_A at time t, and Ci-i n ^^ '^^^ concentration of the 
species n in the i-1^^ generation which disintegrates Into A^-j. 

If it is assumed that only the iFirst ionic species A^ is initially present, the 
appropriate initial condition is: 

at t=0 CQ = 0° 

at t=0 C.j= 0 for i> 0 (2) 

To make the problem tractable in terms of only a few parameters, it Is assumed that all 
rate constants are equal to a constant, k. If it is further assumed that the Increase in 
moles in each generation also is a constant (i.e., all m^j = m), the resulting solution of 
differential equation (1) subject to boundary condition (2) Is: 

C. . /, . s i -ktm 
x j . i k t m l e j = l ,2 , . . . ,m^ (3) 

C° m^i'. 

This solution is a slightly modified form of the classical Poisson process with Polsson 
parameter > = ktm (7), For m=l (no Increase in moles as the reaction proceeds) the 
resultant distribution is a true Poisson process (Reference 8, pg. 38). 

The interpretation of Equation 3 in physical terms is as follows. It is assumed that in 
the 1**̂  generation of ions (1=0,1,2...) there are ra^ Independent species, each having a 
concentration given by Equation 3 (i.e., C n = Ci2 = Cĵ o, etc.). It is seen that this 
concentration is a function of the two model parameters, m and >v . 
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It should be noted that even for m=l, where the right hand side of Eq. 3 is of the 
Poisson form, the distribution of concentration is not statistically Poisson. The reason 
for this apparent paradox is that Eq. 3 describes the magnitude of the random variable, 
whereas in the statistical view, the right hand side is the probability that the random 
variable will be equal to a given value. Thus, the statistical distribution of 
concentration resulting from Eq. 3 will not be Poisson but will be highly skewed to 
smaller peaks. 

DETERMINATION OF MODEL PARAMETERS 

In order to fit the proposed kinetic model to actual mass spectral data, the following 
procedure was followed for each of 600 different organic raass spectra (mol. wts. 16-157). 
The resultant individual fits were then combined to generate a group peak height 
distribution which was coi):5)ared with the actual data for the same spectra. 

1. The modified Poisson distributions generated from Eq. 3 were normalized in 
the same manner as the experimental data. 

2. Since the available spectra reported peak heights only above 0.01, only 
heights greater than this value were considered. 

3. A maximum of 6 generations (i^ 6) was assumed to occur in the cascade 
process. Calculations show that the restriction of a miniicum peak height 
of 0.01 (step 2) cuts off most spectral distributions before i=6. It is 
obvious that the cascade model must break down in a finite number of 
generations due to the finite divisibility of compounds. 

h. The multiplication factor for ionic species, m, is calculated by fitting the 
total number of peaks predicted by the model (with heights*^ 0.01) with the 
experimental data. (The average value of m found for the 600 spectra was 
2.U.) 

5. The remaining Poisson parameter A ^ was determined by fitting the total 
ion current (i.e., the sum of ELII of the peak heights) of the model with the 
experimental data. 

In summary, then, for each individual spectrum the two model parameters were determined 
by: (1) fitting the total number of peaks, and (2) fitting the total ion current. 

COMPARISON OF THE MODEL WITH ACTUAL DATA 

The model predictions frora the individual fits were combined into larger aggregates and 
the peak height distributions were compared with the corresponding experimental data as 
shown in Figure 5. It is seen that the siii:5)le cascade model predicts the observed peak 
height distribution reasonably well for peaks > 0.10. 

However, the model described here is obviously too crude to predict other important 
details of mass spectra. For example, when fit as above, the height of the second 
highest peak predicted by the model agrees only qxialitatively with that observed 
experimentally. Nevertheless, the scheme proposed here may prove to be a valuable 
starting point for a more refined model (probably in terms of more free parameters). It 
may prove possible to predict additional spectral details or to suggest relationships 
between spectral and chemical parameters. 

CONCLUSIONS 

1. 1̂ 6 mass spectral peak height distributions of individual pure compounds and 
large groups of compounds appear to be log-normal. Since the peak height 
distribution is known in analytical terms, further studies of digital encoding 
will not necessitate the time-consuming use of individual spectra or selected 
spectral libraries. 

2. The peak height distribution of the larger peaks (height > 1*̂ ) for large 
collections of coii?)ounds appears to be insensitive to the choice of compounds. 
Since it is genereilly these peaks which are of most interest, certain encoding 
schemes can be made relatively insensitive to the choice of library. 

3. When fit to pure conpound spectral data, a very siit5)le cascade reaction scheme 
yields a peak height distribution agreeing with that experimentally observed. 
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VARIATIONS IN U^^^ CONCENTRATION OF NATURAL URANIUM* 

R. F . Smith and J. M. Jackson 
Union Carbide Corporation, Nuclear Division 

Paducah Gaseous Diffusion Plant 
Paducah, Kentucky 42001 

Uranium ore concentrates from sixteen world sources have been analyzed to 
determine variations in the U^^* content of natural uranium. A spread of ap
proximately 7-5/̂  of the Û "̂'* content was apparent among the various sources. 
The lowest concentration, O.OO^OOiO.00002 Wt.^ Û *̂*, was obtained on ore 
concentrate from Mines Development in Edgemont, South Dakota. The highest 
concentration, 0.00559;0.00002 Wt.'̂  Û "̂*, was obtained on Belgian Congo Pitch
blende. The latter is in substantial agreement with "best values" quoted by 
Glenn T. Seaborg. 

Of the sixteen world sources, five showed significant Û "̂ ^ differences 
between independent lots. The maximum spread between lots from the same 
source was about 1.5^ of U^^^ assay. Independent lots from the remaining 
eleven sources were not significantly different. 

This work was supported by the United States Atomic Energy Commission. 
The report (KY-581) will be available from: 
Clearinghouse for Federal Scientific and Technical Information 
National Bureau of Standards, U. S. Department of Commerce 
Springfield, Virginia 22151 
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Mass Spectrometric Determinations of 
2200 m/s Neutron Cross Sections of Fissile Nuclides 

M. Lounsbury, R.W. Durham and G.C. Hanna 
Atomic Energy of Canada Limited 
Chalk River, Ontario, Canada 

INTRODUCTION 

Most measurements of alpha, (the ratio of the neutron capture to 
fission cross section,) for thermal neutrons have been made in reactor 
spectra with an appreciable contamination of eplthermal neutrons and with 
some uncertainty in the neutron temperature. This makes the interpreta
tion of the experimental measurements, in terms of the standard 2200 m/s 
cross sections, difficult. 

This paper describes an experiment designed to yield 2200 m/s values 
of alpha for U-233 , U-235 and Pu-239 with little aiTibiguity in the spectral 
conditions. For this work, thermionic emission mass spectrometry was 
coiTODined with isotope dilution, using U-238 and Pu-242 as internal spikes 
for uranium and plutonium, to determine fhe destruction of the fissile 
nuclides and the growth of the capture products. 

EXPERIMENTAL PROCEDURE 

Samples were prepared by mixing together pairs of the fissile 
nuclides. Series A samples consisted of 3.5 mg each of fissile U-235 and 
pu-239 and 0.35 mg each of U-238 and Pu-242 spikes, diluted with 20 times 
their weight of aliaminum to reduce neutron self-shielding. Series B 
samples were similar except that the fissile pair was U-233 and Pu-239. 

The samples were accompanied by cobalt-aluminum spectrum monitors and 
irradiated inside a light-water annulus in a thermal pit in a bismuth rod 
position between the core and the graphite thermal column of the NRU 
reactor. This provided a well-thermalized neutron spectrum with a very 
low Westcott eplthermal index, r, of (2.4 ± 0.2) x 10 t The temperature 
of the water was maintained at 37.5 ± 0.5°C throughout the one year 
irradiation. Thermalization and self-shielding calculations indicated 
that the effective neutron temperature was 51 ± 3''C. The integrated 
neutron flux was 0.7 nAb, (0.701 nAb for Sample A, 0.710 nAb for B). 

After a cooling period of one year, the samples were separated into 
uranium and plutoniiom fractions and analyzed with a Consolidated Electro
dynamics triple-filament mass spectrometer Model 21-7 03. The mass spectra 
were scanned magnetically, and the ion currents measured with a Faraday 
cage detector, vibrating reed electrometer and pen recorder. 

EXPERIMENTAL RESULTS 

The isotopic analysis results are summarized in Table 1. In all 
cases, the standard error is quoted; it ranges from about ± 10% for the 
minor isotopes to about ± 0.1% for the major isotopes. 

The results obtained for the 22 00 m/s parameters are summarized in 
Table 2. The 2200 m/s absorption cross sections of U-233 and U-235 were 
taken to be 575.64 ± 3.28 b and 679.48 ± 2.54 b respectively, frora 
piiblished transmission data. The Westcott g factors and their uncertain
ties were taken from Westcott's latest tables (AECL-3255, in press). 
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TABLE 1 

S a m p l e A ( 2 3 5 / 2 3 9 ) 

U r a n i u m F r a c t i o n 

Mass 
234 
235 
236 
238 

I n i t i a l 
0 . 0 6 2 ± 0 . 0 0 2 

1 0 0 . 
0 . 0 6 5 ± 0 . 0 0 3 
9 . 5 2 9 ± 0 . 0 0 9 

F i n a l 
0 . 0 9 1 + 0 . 0 0 2 

1 0 0 . 
8 , 7 2 8 ± 0 . 0 0 9 

1 5 . 0 9 9 ± 0 . 0 1 2 

P l u t o n i u m F 

Mass 
238 
239 
240 
2 4 1 
242 

I n i t i a l 
0 . 0 5 7 ± 0 . 0 0 2 

1 0 0 . 
1 . 2 1 4 ± 0 . 0 0 2 
0 . 2 9 0 + 0 . 0 0 2 
6 . 2 1 0 ± 0 . 0 0 5 

r a c t i o n 

F i n a l 
0 . 1 1 2 + 0 . 0 0 2 

1 0 0 . 
3 2 . 8 6 1 ± 0 . 0 3 0 

3 . 2 3 5 ± 0 . 0 0 4 
1 3 . 9 4 5 + 0 . 0 1 2 

S a m p l e B ( 2 3 3 / 2 3 9 ) 

U r a n i u m F r a c t i o n 

Mass 
233 
234 
235 
236 
238 

I n i t i a l 
1 0 0 . 

0 . 0 5 6 ± 0 . 0 0 2 
0 . 1 0 0 ± 0 . 0 0 2 
0 . 0 0 0 ± 0 . 0 0 0 
9 . 6 2 2 ± 0 . 0 0 8 

F i n a l 
1 0 0 . 

4 . 0 9 0 ± 0 . 0 0 4 
0 . 2 2 5 + 0 . 0 0 2 
0 . 0 1 7 ± 0 . 0 0 2 

1 4 . 4 2 4 ± 0 . 0 1 4 

P l u t o n i u m F r a c t i o n 

Mass 
238 
239 
240 
2 4 1 
242 

I n i t i a l 
0 . 0 5 7 + 0 . 0 0 2 

1 0 0 . 
1 . 2 1 5 + 0 . 0 0 3 
0 . 2 9 1 ± 0 . 0 0 3 
6 . 1 9 7 ± 0 . 0 0 5 

F i n a l 
0 . 1 1 0 ± 0 . 0 0 2 

1 0 0 . 
3 2 . 9 2 6 + 0 . 0 3 0 

3 . 2 5 5 ± 0 . 0 0 3 
1 3 . 9 3 2 ± 0 . 0 1 0 

TABLE 2 

QUANTITY 

a ( 2 3 3 ) 
a (234 ) 

a ( 2 3 5 ) 

a ( 2 3 9 ) 
a ^ 2 3 9 ) 

0 ( 2 4 0 ) 
Y 

22 00 m / s 
VALUE 

0 . 0 8 9 9 
9 6 . 1 b 

0 . 1 7 0 2 

0 . 3 5 9 4 
1 0 1 7 . 7 b 

2 8 9 . 3 b 

ERRORS 
M . S . 

± 
± 

± 

± 
± 

± 

0 . 0 0 0 4 
2 . 0 

0 . 0 0 0 7 

0 . 0 0 0 9 
4 . 0 

0 . 6 

OTHER a ' s 

0 
± 0 . 4 

0 

± 0 . 0 0 1 1 
± 1.3 

± 1 .1 

SPECTRUM 

0 

0 

± 0 . 0 0 1 5 
± 4 . 8 

± 0 . 6 

q FACTOR 

± 0 . 0 0 1 7 

± 0 . 0 0 2 0 

.+ 0 . 0 0 4 6 
± 2 . 9 

? 

DISCUSSION 

The results obtained for a(U-233) and a(U-235) are slightly lower 
than those recoiTimended by Westcott et al in 1965 (At.En.Rev. 3_ (2) , 3-62) 
but not outside their errors. For Pu-239, the result for aagrees with 
Westcott et al's value, but is more accurate. The o value is higher 
than the recoiTmiended 1008.1 ± 4.9 b, though hardly significantly. It 
agrees satisfactorily with the best value from transmission measurements 
which is 1012.0 ± 6.3 b. 

The authors gratefully acknowledge the contributions of their 
colleagues at Chalk River: C.B. Bigham, F.W. Molson, J.A. Schruder, 
Miss CM. Sprague and S.A. Kushneriuk. A complete description of this 
work will be given in the AECL series of publications. 
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A DIFFUSION-THERMAL IONIZATION SOURCE 

FOR THE ASSAY OF TRACE METALS 

W. G. Myers and F. A. White 

Division of Nuclear Engineering and Science 
Rensselaer Polytechnic Institute 

Troy, New York 12181 

Introduction 

A new thermal ionization source has been developed for the mass 
spectrometrlc assay of trace metals. Previous attempts to enhance 
the ion emission of such sources have involved changes in source de
sign and/or treatment of the sample and ion emitting surface. However, 
sample evaporation and chemical reactions on the surface have either 
retarded the ionization process or restricted the operation of these 
sources to temperatures well below optimum. 

The concept of this new source is to utilize a diffusion mechan
ism in addition to thermal (surface) ionization, in order to obtain 
a higher ionization efficiency and a mass spectrum which is not obscured 
by impurities or superposed molecular spectra. The sample element to
gether with its isotopic "spike" is "encapsulated" within an appropriate 
"filament" that is made of a refractory metal of high work function. 
After insertion in the mass spectrometer, the filament is operated at 
a high temperature, which causes the sample atoms to diffuse to the 
exterior surface and become ionized by thermal ionization. High tempera
ture operation of this source provides the following potential advantages 
over conventional ion sources: (1) prompt loss of the sample in the 
form of neutral vapor is minimized, (2) the diffusion time required for 
the sample atoms to reach the ionizing surface allows this surface to 
become free of impurities and to stablize with a work function that is 
characteristic of the pure metal, (3) the diffusion controlled release 
of the sample provides a longer time to focus the spectrometer and con
duct the analysis, (4) the elevated filament temperature minimizes the 
"mean residence time" and reduces the probability that atoms of the 
sample will undergo surface recombination prior to ionization, and (5) 
the diffusion process promotes the generation of an "atomic" ion beam 
as the diffusion process dissociates virtually all the sample molecules. 
Therefore, the chemical form of the sample plays a minor role. 

Experimental Results 

A number of techniques or filament configurations were investigated 
to test the sample encapsulation condition including; physical vapor 
deposition, spot-welding, and tubular containment. The ion filament 
material used was high purity rhenium, while enriched NBS uranium iso
topes were employed as the diffusant atoins. The fabricated filaments 
were operated over a temperature range of 3500 to 4000OF (2200-2480°K) 
brightness, using rhenium cover thicknesses from 5 x 10"" to 8.75 x 10 
centimeters. In connection with this ion source development, measure
ments were also made of the diffusion coefficients of uranium in rhenium, 
in order that a comparison could be made of experimental results with 
theoretical calculations. A number of determinations were made over the 
temperature interval of 2530-2840°K (absolute) using the mass spectro
metric procedure developed by Schwegler and White(IJ. This data indi
cated a dilute impurity diffusion coefficient equation for uranium in 
polycrystalline rhenium of: 

D = (0.78 + 0.78) exp-(107,000 + 20,000) cal/mole 
RT 
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Figure 1 shows the 0^35 ion emission profile from four different fila
ments having the same sample size (,̂  3 x 10-8 gm U^^S^ NBS U930) but 
rhenium "cladding" thicknesses deposited by a physical vapor deposition 
process. Filament temperatures were maintained at approximately 3700OF 
for all four runs. Curve A clearly demonstrates the result of operating 
an ordinary "canoe" filament (no metal cladding) at high temperatures. 
Here, most of the uranium sample is promptly lost by evaporation, leaving 
only a fraction of the sample on or impregnated within the surface of 
the filament. Curves B, C, and D show the effects that an increasingly 
thicker vapor deposit covering has on the retention and ultimate ion
ization efficiency of the sample. The shape of these ion emission curves 
requires an explanation which includes both sample diffusion mechanisms 
and changes in the ionization efficiency of the source. However, there 
does appear to be an optimum cladding thickness (Curve "C") for this type 
of encapsulation technique. This thickness, estimated in the order of 
500 X, is apparently heavy enough to retain and prevent most of the 
sample from evaporation, yet thin enough to evaporate away before too 
much of the sample can diffuse deep into the crystalline lattice of the 
substrate filament. At these operating temperatures (,.,3700°F) , uranium 
atoms woujd diffuse into the rhenium filament to a depth of 0.0001" 
(̂ 25,000 X) in this period of time (4 minutes), producing a shallow 
"doped" filament. The experimentally observed ion emission decay from 
those filaments having vapor deposits of 500 A or thicker (Curves C and 
D), followed a rate characteristic of the depletion of a doped, thin 
plate. 

Satisfactory results were obtained also when uranium samples were 
sandwiched between thin (0.0005") rhenium ribbons and fused together 
with a spot welder. Limited success was found using 0.002" walled x 
0.015" O.D. rhenium tubing formed by chemical vapor deposition. Two 
additional encapsulation methods which appear to merit consideration 
are: (1) electron-beam welding, and (2) sputtering. An electron-beam 
welder permits the welding together of very thin ribbons of refractory 
metals under high vacuum. The sputtering process is capable of laying 
down heavy deposits in a very short period of time. In addition, the 
energy of the sputtered atoms are higher than those created by physical 
vapor deposition, and are known to produce coatings having better sub
strate adhereing properties. The ability of the process to deposit 
alloys and non-metallics suggests the possible deposition of materials 
having ionization properties (high work function, melting point, etc.) 
superior to those of the substrate. 

Conclusions 

An improved thermal ionization source for the mass spectrometric 
assay of trace metals has been developed, based on the concept of 
"Implanting" sample and tracer atoms within the crystalline lattice of 
a refractory material. There is some latitude in the method or technique 
that is employed to achieve this "implanted" or "doped" condition, for 
subsequently, the temperature dependent diffusion and thermal ionization 
processes can be controlled to provide both desired source character
istics as well as optimum ionization efficiences. The diffusion con
trolled release of the "spiked" sample, regardless of its original 
chemical form, from within the source material, provides ion emission 
currents that allow precise isotopic ratio measurements to be made. On 
the basis of the experimental results obtained, it would appear that 
all the advantages of high temperature operation of thermal ionization 
sources were achieved, while either reducing or eliminating their in
herent disadvantages. The sample encapsulation techniques investigated 
in this work, while not always fulfilling theoretical boundary conditions, 
did function to retain most of the sample long enough so that crystalline 
lattice "impregnation" conditions could be achieved before prohibitive 
loss, via evaporation, had occurred. For highest sensitivity, the en
capsulation or covering thickness should be kept to minimum values to 
reduce diffusion times and maintain most of the sample close to the 
ionizing surface. At the same time, the cover thickness should be great 
enough to allow a thorough cleaning of its surface to take place before 
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TIME (MINUTES) 

Figure 1. Ion Emission Rates of Uranium Samples 
(yy.̂  3 X 10-8g) Having Different 
Rhenium Vapor Deposited "Cladding" 
Thicknesses. 
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the appearance of the sample atoms. This cleaning of the surface ensures 
the maintenance of a high and constant work function; essential for high 
ionization efficiencies. For uranium diffusion in rhenium, this thick
ness should be a maximum of 0.0005" when operating in the temperature 
range of 3500 to 3900°F. When analyzing lighter elements, their faster 
diffusion rates will allow the use of considerably thicker coverings. 

Reference 

(1) Schwegler, E. C , Jr. and White, F. A., International J. Mass 
Spectr. & Ion Physics, 1, 191, (1968). 
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The Observation of UH and PuH Produced During the Thermal Ionization 

of Uranium and Plutonium'^ 

P . E. Moreland, J r . , D. J. Rokop, and C. M. Stevens 

Argonne National Laboratory, Argonne, Illinois 60439 

Following an initial observation of PuH /Pu ion concentrations of about 
239 240 

3 ppm during analysis of Pu having ppb concentrations of Pu, brief studies have 

been made of the UH , UD , PuH , and PuD ions produced in a triple-filament 

thermal ionization source when H , D , H O , or D O is adnnitted to the source chamber 

, at ion gauge pressures up to 10 i^Torr. A tandenri magnetic sector mass spectrometer 

with a retarding potential energy filter at the detector was used. 

For H and D , the hydride ion yield, relative to the metal ion, appears 

to increase as the 1. 1 power of gas pressure . Since ion gauge linearity was not 

calibrated, this slight deviation from linear pressure dependence may be instruinental. 

At the same indicated source pressure , the UD ion yield is 4 tinnes the PuD yield, 

and UH has 60% greater yield than UD , including any mass discrimination effects for 

these ions at the electron multiplier detector. The hydride ion yields, at constant gas 

pressure , are independent of ionizing surface material (Re, W, and Ta were used) and 

surface temperature over the range 2200-2500 K. Variation of the electric field 

gradient near the ionizing surface does affect the hydride yield. These effects indicate 

that gas-phase ion-molecule reactions of the form U + H — UH + H + AE, rather 

than surface phenomena, are the source of the observed hydrides. 

In each case, the hydride and deuteride ions have a distribution of 

kinetic energies somewhat lower than that of the metal ions. Both retarding-potential 
+ + 

energy analysis and a de-convolution analysis of the UH and UD ion peak shape 

versus the shape of the U ion peak indicate that this energy distribution is roughly 

Maxwellian. For hydride ions produced in H or D , the distribution has a threshold 

about 1. 5 eV below the metal ion energy, a maximum 1. 1 eV below this, and a tail of 

still lower energy ions extending some 13 eV below threshold. These results seem 

consistent with an endothermic ion-molecule reaction process . 

The 1. 5 eV energy difference between metal ions and the most energetic 

hydride ions allows the latter to be very effectively discrinninated against with the 
240 

retarding potential analyzer. In this way we have successfully determined Pu 
239 239 

concentrations of 24 ± 5 ppb in Pu, despite a large background of PuH ions, 

A complete report of this work is being submitted to the International 

Journal of Mass Spectrometry and Ion Physics . 

Work performed under the auspices of the U. S, Atomic Energy Commission. 

Kurt A. Kaiser and Charles M. Stevens, Argonne National Laboratory Report 

ANL-7393, "Ion-Retarding Lens to Improve the Abundance Sensitivity of Tandem Mass 

Spectrometers . " 
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FIELD-IONIZATION MASS SPECTROMETRY - FRAGMENTATION AND METASTABLES* 

Contribution No. l^Bh , Central Research Department 
E. I. du Pont de Nemours and Compeinyj Wilmington, Delaware 19898 

E. M. Chalt 

Field-ionizatlon (FI) mass spectrometry is an established 
method for obtaining abundant molecular ions of a variety of compounds, 
and has recently been used in conjunction with exact mass measurements. 
Very little, however, has been reported on the value of the normal 
fragment ions and metastable ions appearing in the field ion spectrum 
as a source of structural information. We report here the observation 
of normal ion peaks In the FI mass spectrum corresponding to the mass 
spectral rearrangements commonly observed in electron impact spectra 
for several compounds. Such rearrangements are unexpected from previous 
literature reports that rapid acceleration of molecular ions in FI pre
vented the observation of relatively slow rearrangement processes as 
normal ions. '' Experiments show that these rearrangements are at least 
in part a surface phenomenon on the FI anode as observed for the rear
rangement loss of ethylene in the FI spectrum of n-butyrophenone. '^ 
Metastables accompanying these reactions were examined using the de
focusing technique In the double focusing mass spectrometer. 

Experimental 

Spectra were obtained using the dual FI/EI source designed 
and constructed for the CEC21-110B high-resolution mass spectrometer 
and described previously. ' Commercially available chromium-plated 
razor blades were used as FI anodes. With these blades, no con
ditioning procedure was required to reach full sensitivity as with 
other types of anode materials. Defocusing of normal ions to observe 
metastables was accomplished by variation of electrostatic sector 
potential^ so that the magnitude of the ionization field would not be 
disturbed. 

Observation of Rearrangements and Multistep Processes in FI Spectra 

Mass spectral rearrangements have been observed as normal 
ions in field ion spectra. Most common among these are the McLafferty 
rearrangements of 2-alkanones to give ions at m/e 58, the consecutive 
hydrogen rearrangements in 4-octanone to give ions at m/e 86 and 58, 
and the double rearrangement in sec-butyl acetate to give an ion at 
m/e 61. Other rearrangements are observed as part of multistep decom
position processes. Note that although such multistep processes are 

A full account of this research will be submitted for publication 
in the Journal of Mass Spectrometry and Ion Physics. 
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relatively slow mass spectral reactions with low frequency factors, 
they are still observed as abundant normal ions as well as metastables 
in the FI mass spectrum. 

Origins of FI Rearrangement Ions 

Observation of rearrangements as abundant normal ions leads 
to the conclusion that these reactions must occur primarily in the ion 
source. They cannot occur exclusively in the gas phase or they would 
be observed as metastable ions. '-̂  

The conclusion that these rearrangements occur in part on 
the surface of the anode is supported by the effect of increasing 
temperature on the abundance of the m/e 58 ion in the spectrum of 2-
octanone. As the temperature of the anode is increased from 80 to 250°C, 
the abundance (relative to the molecular ion at m/e 128) drops from 8 
to h%. This may be interpreted as the evaporation of the condensed 
phase from the surface of the anode. It is apparent that hydrogen 
transfer to the carbonyl oxygen occurs in this condensed phase prior 
to field-dissociation loss of olefin from the molecular ion. '5 

CH,=CHCri,CH2CH3 

m/e 128 m/e 58 

The component of the rearrangement reaction occuring in the gas phase 
is observed both as a low mass tall on the m/e 58 peak corresponding 
to the "fast metastables" (10" sec) described by Beckey^ and as a 
typical metastable transition at nv'e 26.3. The m/e 58 ion from ^-
octanone formed by a consecutive rearrangement process does not show 
the temperature effect of the surface reaction and is of lower abundance. 
This reaction occurs exclusively in the gas phase and is too slow to 
give an abundant normal ion in the FI mass spectrum. 

Use of FI Fragmentation and Metastables for Organic Structure DeterminatJoi 

The rearrangement ions in field ion spectra are a source of 
additional structural Information. Metastable ions observed in FI 
spectra are valuable for identifying isomers. In the case of the isomers, 
camphor and trans-8-methylhydrindanone, which give identical electron 
Impact spectra, the abundances of FI metastables for the processes M-CE,, 
M-OH, M-CH,, and M-CH C=0 may be used to distinguish the compounds. 
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Electron Microscopic Study of the Surfaces of Wires 

Used in Field Ionization Mass Spectrometry* 

James C. Tou and L. B. Westover 
Chemical Physics Research Laboratory 

E. J. Sutton 
Microscopy Laboratory 

The Dow Chemical Company 
Midland, Michigan'48640 

Introduction 
After years of development^ '̂  , field ionization mass spectrometry, a com
plement to electron impact mass spectrometry, has now become available to 
laboratories as a routine analytical tool for the elucidation of organic 
molecular structure. Wollaston wires^ '̂  , sharp metal tips^ , razor 
blades^ '* and metal foils' have been used in field ionization mass spec
trometry for generating the necessary high electric fields (on the order 
of IV/i) . Their surfaces* '̂  have been studied using transmission electron 
microscopes in an attempt to understand the role of the surfaces in the 
field ionization process. However, few surface details have been re
ported. In this paper, two Wollaston wires, used in a MAT CH4 mass 
spectrometer and with different sensitivities, have been studied using a 
Cambridge scanning electron microscope and a Cameca electron microprobe. 

Experimental 

The two wires studied had a field ionization sensitivity ratio ol about 
70 as shown in Figure 1. The sensitivities of the wires were measured as 
multiplier output voltage produced by the acetone molecular ion, m/e = 58, 
with 9 KV applied between the wire and its counter electrode. The ion 
source pressure was adjusted to 2 x 10"^ torr, which was also the pressure 
used in conditioning the wires. The wire having higher sensitivity is 
designated as Wire C in the text and that having lower sensitivity as 
Wire B. The average sensitivity of the conditioned wires used so far has 
been found between 5 and 40 volts. Wire C had a preconditioned sensitiv
ity of about 16 volts as contrasted to 10-20 millivolts for an average 
wire. Both wires had been exposed to organic molecules containing 
C,H,N,0, halogens, As and S in the mass spectrometer before the investi
gation was initiated. However, field ionization analysis had been per
formed on only one sample containing S using Wire C and on no samples 
containing S using Wire B. 

Figure 2 shows the mountings, Ĥ  and H2, used to support the wire and the 
wire holder for the studies with the scanning electron microscope and the 
electron microprobe spectrometer respectively. In the case ol the elec
tron microprobe analysis, the wire was suspended above a hole drilled in 
the center of the mounting, H2. The bottom of the hole was lined with 
graphite to avoid any back scattering of X-rays. 

In the Cambridge scanning electron microscope used in this study, the 
energy of the bombarding electrons was maintained at 15 KV and the pres
sure of the spectrometer at about 10"' - 10^ torr. The electron probe 
microanalysis of the wire surfaces was done using a Cameca/CEC electron 
microprobe spectrometer. The samples were bombarded by 15 KV electrons 
and the X-rays emitted were analyzed. A liquid-nitrogen cold plate was 
used just a few centimeters above the samples to avoid the deposition of 
C on the wire surface during electron impact. For the purpose of quanti
tative comparison, the specimen current was adjusted to 100 na at maximum 
X-ray emission. Because of the round shape of wires, it was impossible to 
obtain a quantitative determination of elements present', The results 
obtained can only be treated as a semiquantitative comparison of a 
particular element between the two wires studied. The electron beam, 1^ 
X 25(1, was scanned over the wire in order to get an average element dis
tribution. Vibration of the wire was observed when the electron beam 
bombarded an area located 90ii or greater away from the end of the wire. 
The e.xperiraent was carried out on an area, 60(J-90(J frora the end where no 

*Submitted to the Journal of Mass Spectromety and Ion Physics for 
publication. 
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vibration occurred. The X-rays emitted were diffracted by different 
crystals and their intensities were recorded either with a Polaroid Land 
Camera or as counts per second with a gas fluid proportional counter con
taining 9C% Ar and ICfk CH4. A search was made for the possible elements 
with atomic number larger than 5 on the surface of Wire B. However, no 
effort was made to detect the presence of elements on the surface of 
Wire C, other than those observed on Wire B. 

Results and Discussion 

Figure 3 shows the general features of the wire surface near the center 
of Wire C. The magnification is 4,750X. Several interesting phenomena 
can be seen from the picture: 1) Whiskers grow on the wire, 2) Whiskers 
appear to be longer and denser on the side toward the wire holder than on 
the side toward the counter electrode containing the ion exit slit, 3) 
Ridges are observed on the surface of the wire, 4) Small amounts ol 
deposits are seen on the surface. These observations can be seen more 
clearly on Figures 4-6 where higher magnification was used. Figure 4 
shows the upper portion as shown in Figure 3, but with magnification of 
19,000X. Similarly, Figure 5 shows the lower portion of the section of 
the wire shown in Figure 3. Comparing Figures 3 and 4, it is obvious 
that the whiskers appear longer and denser on the side toward the wire 
holder. One ol the possible explanations might be as follows. The ion 
draw out rate would be faster at the side facing the slit than the side 
facing the holder, because the ions must travel around the wire. Hence, 
the partial pressure of the ions must be higher on the side of the wire 
away from the slit and so the partial pressure of the neutral molecules 
must be lower if the total pressure remains the same. The gaseous neutral 
molecules at high temperature (200°C) and high electric field might inter
act strongly with the whiskers removing some materials from the whiskers. 
In this case, the materials would be removed faster from the side facing 
the slit because, from the above argument, there are more neutral 
molecules present on this side of the wire. The possible explanation is 
consistent with the earlier report of Beckey^ that the whiskers were 
found to be shorter after a sample had been run and is also supported by 
the fact that the sensitivity of the wires were observed to have decreased 
after a sample had been run. More interesting is the growth ol whiskers 
along the wire ridges. This is shown in Figure 6 with a magnification ol 
47,500. This phenomena might not be too surprising considering the higher 
catalytic activity and the higher field strength at the ridges than on the 
flat portion of the surface. Figure 7 shows the end portion of the wire. 
It is obvious that there are not as many whiskers as observed on the 
center portion of the wire. Figure 8 shows the bending portion of the 
wire, which is approximately the area investigated by electron microprobe 
spectrometry. The general features of this area are about the same as 
those near the center of the wire. Figures 9-12 show the surface features 
near the center portion of Wire B before and after conditioning with 
acetone. Deposits of various sizes on the wire surface are clearly 
demonstrated in Figures 9 and 10. The deposits tend to cover the wire 
surface more evenly after the wire was conditioned, as shown in Figures 11 
-12. Generally speaking, few whiskers were found on such a coated surface, 
which is in contrast to what was observed for Wire C, a wire with much 
higher sensitivity. 

Figure 13 shows the X-ray pictures of pt-M^j and S-Kctj emitted from Wire B 
and Wire C. It is obvious that the intensity of the S-Kcii signal from 
Wire B is much stronger than that from Wire C. All the elements with 
atomic number larger than 5 detected by electron microprobe spectrometry 
on Wire B and Wire C, after conditioning, are summarized in Table 1. The 
significant differences between the two wires are the contents ol C and S. 
Wire B contained more C and S than Wire C. This is consistent with the 
observation from the scanning microscopy than Wire B has more deposits 
than Wire C. However, the compounds themselves were not specifically 
identified. 

Conclusion 

From our study of the two wires with quite different sensitivities, the 
following points might be concluded: 

1) The sensitivity of the wire depends upon not only the cleanness of 
the wire surface but also on the population of whiskers. 

2) The deposits on the wire tend to prevent the growth of the whiskers. 

3) A deposit appeared to cover the surface of Wire B after conditioning 
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as contrasted to the observed agglomerates before conditioning. 

4) Pure platinum metal induced field ionization can be seen at the be
ginning of the sensitivity curve of the wire, where whiskers might 
not be present. 

5) The whiskers tend to appear in greater density and to be longer on 
the side of the wire facing the holder rather than on the side facing 
the counter electrode consisting of the ion exit slit. 

6) The whiskers tend to grow along the ridges on the wire, probably 
because the ridges have higher catalytic activity and higher field 
strength than the flat part of the wire. 
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Table 1: Intensities of X-rays Emitted by Elements Detected in Wire C 
and Wire B 

Elements 

P t 
S 
C 
S i 
Ag 
0 
K 

D i f f r a c t i o n 
C r y s t a l s 

KAP 
PET 
LSD 
KAP 
PET 
LSD 
PET 

X-rays 

M^i 
Kai 
Ka 
Ka 
La i 
Ka 
Ka 

Wire C 
I X-ray (cps) 

1104 
2 

22 
1 0 
1 0 

7 
6 

Wire B 
I X-ray (cps) 

1268 
61 

238 
7 

20 
23 

5 
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A.S.T.M. Publications on Mass Spectrometry* 

A. Recommended Practices and Methods of Test** 

Title and Citations in 1968 Book of ASTM Standards 

Designation 

D1137-53 Analysis of Natural Gases and Related Types of Gaseous 
Mixtures by the Mass Spectrometer, Part 19, pp. 213-223. 

D1302-61T Analysis of Carburetted Water Gas by the Mass Spectrometer, 
Part 19, pp. 288-294. 

01658-63 Carbon Number Distribution of Aromatic Compounds in 
Naphthas by Mass Spectrometry, Part 17, pp. 599-602. 

D2424-67 Hydrocarbon Types in Propylene Polymer by Mass Spectroraetry 
Part 18, pp. 574-582. 

02425-67 Hydrocarbon Types in Middle Distillates by Mass 
Spectrometry, Part 17, pp. 875-884. 

D2498-66T Isomer Distribution of Straight-Chain Detergent Alkylate 
by Mass Spectrometry, Part 18, pp. 622-627. 

D2567-66T Molecular Distribution Analysis of Monoalkylbenzenes by 
Mass Spectrometry, Part 18, pp. 751-753. 

D2601-e7T Low-Voltage Mass Spectrometric Analysis of Propylene 
Tetramer, Part 18, pp. 779-782. 

D2650-67T Chemical Composition of Gases by Mass Spectrometry, Part 18, 
pp. 796-804. 

E137-65 Evaluation of Mass Spectrometers for Use in Chemical 
Analysis, Part 30, pp. 339-342. 

E244-64T Atom Percent Fission in Uranium Fuel, Mass Spectrometric 
Method, Part 30, pp. 767-772. 

E304-66T Use and Evaluation of Mass Spectrometers for Mass Spectro
chemlcal Analysis of Solids, Part 30, pp. 1003-1009. 

Title and Citation in Other ASTM Publications 

Proposed Hydrocarbon Types in Olefinic Gasoline by Mass Spectrometry 
ASTM Standards on Petroleum Product and Lubricants, App. 
VIII, Vol. I, p. 1128 (October, 1961). (Published as 
information only.) 

Proposed Hydrocarbon Types in Low Olefinic Gasoline by Mass Spec
trometry: App. VII, Report of Committee D-2, 1961; 
republished for information. 

Proposed Carbon Number Distribution of Saturate and Aromatic Classes 
in Distillate Waxes by Mass Spectrometry: App. Ill, Report 
of Committee D-2, 1967; published for information. 

B. Other ASTM Mass Spectrometric Information 
DS27 Index of Mass Spectral Data, published Sept., 1964, 248 

pages (Initially published as STP No. 356). 
DS27-la Mass Spectral Data - Punched Card Index—3200 cards 
DS27-lb Mass Spectral Name Formula - Punched Card Index—3500 cards 
STP No. 149 Chemical Analysis of Inorganic Solids by Means of Mass 

Spectrometer, published 1951. 

Prepared by Subcommittee VI, ASTM Committee E-14, June, 1968. 

** Committee jurisdiction for the mass spectrometric practices and 
methods is as follows: 

Committee D3 - D1137 and D1302 
Committee ElO - E244 
Committee E14 - E137 and E304 
Committee D2 - all others listed. 


