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lPAGE MANL.O PILLE

I. ABSTRACT

The objective of this research program was to accomplish fundamental

investigations of certain collisional excitation and ionization processes

which are relevant to highly energetic environments. In particular, these

studies have provided chemical dynamics data which are needed in understanding

the ion chemistry of the upper atmosphere and in the development of advanced

technological devices of interest to the Air Force, such as lasers. Ion-

scattering apparatuses were utilized to investigate the kinetics, dynamics

and energy transfer characteristics of selected positive- and negative-ion

neutral reactions. Thresholds for endothermic electron transfer reactions

involving 03, N20, C02, and other atmospheric molecules were determined, and

these data were used to determine electron affinities of these species.

Similarly, thresholds for collision-induced dissociation reactions of 03-, C03 -,

NO, and other atmospheric negative ions were determined, and ionic bond

dissociation energies, heats of formation and electron affinities were derived

from these results. Cross sections for excitation of specific internal

energy states in the ionic and neutral products of selected ion-neutral processes

were determined by monitoring the radiation emitted upon decay of the excited

species, using an ion beam-fluorescence apparatus. Amonq the systems examined
÷+

were He /Xe, He÷/Kr, He+/H 2 , He+/C1 2 , He+/Br 2 , and He+/12. In still other

experiments, the kinetics of attachment of low energy electrons to F2 , Cl 2 ,

Br2 , XeF 2 and NF3 were investigated using a flowing afterglow aoparatus. In

related studies, unique high-pressure negative icn sources were developed for

a t' e-of-flight and a quadrupole mass spectrometer, and these Instruments

were utilized to investigate negative ion chemical ionization reactions of

F with a wide variety of organic molecules.

- - - 1 - .- -l



II. BACKGROUND AND SUMMARY OF RESEARCH ACCOMPLISHED

A. Ion-Neutral Reactions

Some of the major research accomplishments of this program are

Isummiarized below.

1. Endothermic Negative Ion Processes

Although many papers dealing with the kinetics and dynamics of

ion-neutral collisions have appeared in the literature, in the past

twenty years or so, relatively few of the studies on which these

were based have dealt with endothermic processes. Endothermic

processes of this type exhibit energy barriers, and their excitation

functions therefore show energy thresholds. The potential energy

surfaces which characterize the latter reactions are clearly different

from the attractive type of surface which is typical of most of the

exothermic reactions which have been studied by beam techniques thus

far. It is clear, even trom the limited studies of these processes

accomplished thus far, that the utilization of ion beam techniques to

investigate ion-neutral reactions, at collision energies in the neighbor-

hood of threshold, can provide much important and previously unavail-

able Information with respect to energy barriers to reaction, and the

effectiveness of reactant translational energy in surmounting such

barriers. Such data is of fundamental Importance to theories of

chemical kinetics in general, since many interesting chemical reactions

(particularly those of neutral species) exhibit activation energies.

!2



Prior to undertaking the work accomplished during the present

AFOSR-supported program, there had been reports of several pioneering
1 -6 7-9

investigations, both from our own laboratory and from others,

in which heam-collision chamber apparatuses had been used to deter-

mine excitation functions for endothermic negative ion-neutral

reactions. Among the negative ion processes examined using these

methods were particle transfer and electron transfer reactions. The

major emphasis in most of the latter investigations was placed on

the determination of energy thresholds for various endothermic

negative ion-neutral reactions, rather than on the microscopic

mechanisms. The thresholds are of particular interest because, as
S~2-6

we showed, these thresholds can be used, in conjunction with other

known quantities, to derive thermochemical data for molecular

negative ions which are of great interest, such as electron affinities,

heats of formation, and bond dissociation energies. The data of this

type which we obtained for a sizeable nimber of molecular species,

using such techniques, were in good agreement with similar data
1-$ 10

obtained by other methods, although the interpretation of date

obtained from our fixed-collector beam instrumentation was complicated

by the lack of detailed data on product angular and velocity dis-

tributions. There was also the requirement that energy thresholds

measured with the ion-beam-collision chamber apparatus be corrected

for the Doppler broadening caused by the thermal motion of the target

gas molecules. Because present theoretical knowledge with respect to

most ion-molecule r~actions is still inadequate to specify priori

the nature of the true threshold functions, trial functions were

generally assumed and these were convoluted with the calculated

energy distribution function, and then compared with or fit to the

3
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experimental data. The uniqueness of this fitting procedure was

dfficult to demonstrate and generally resulted in increasing the 4

error limits on the derived thresholds. Still, these experiments

yielded highly useful electron affinity data, on a variety of

molecular species, at a time when such iata was generally unavailable.

It is noteworthy that one of the papers from our laboratory which was

published during this earlier period has recently been reprinted in a

collection entitled "Benchmark Papers in Physical Chemistry, ion-

Molecule Reactions, Part I, Kinetics and Dynamics."

In the present research program, studies of the threshold

behavior for endothernic ion-neutral collisions have been extended, but

emphasis has been placed on collision-induced dissociation reactions

of selected negative ions. Collision-induced dissociation processes

were chosen because a theoretical description of the threshold

function for such processes was developed and reported just prior to
12

the initiation of our AFOSR program. Thus, in deconvolutina the

experimentally measured excitation functions for these reactions, it

would no longer be necessary to assume the form of the threshold

function and employ a "trial and error" fitting procedure. The small

inorganic ions selected for study in this prooram (03", C0 3-,

NO3 -, CO0-, N20", and others) were chosen primarily becasue of wide-

spread scientific interest in their thermochemical properties,

especially electron affinities and bond dissociation energies, and

because of the relevance of this information to the formulation of

accurate negative ion reaction schemes for the upper atmosphere.

Results of the negative ion studies just mentioned have been

4



documented in several publications and presentations which are

listed in a later section of this report. This research has

yielded electron affinities, bond dissociation energies and heats
13 -17

of formation for various negative ion and neutral species.

In several instances where subsequent determinations, usinq other

still more accurate techniques, provided analoqous data on these

species, the agreement with our ion-beam threshold data was excellent.
15

This is true, for example, in the case of ozone, for which the

electron affinity was later determined using laser photodetachment
18

methods. Another highly significant result of the ion-beam

experiments conducted in this program was the detection of excited

states of 03, C03 and N03 , and the determination of thermochemical

data for the excited species. These were the first renorts of such ex-

cited states, althouqh the observation of a C03 state was subsequently
19

confirmed by the photodissociation experiments of Vestal et al.
18

These excited states were not apparent in other photodetachment
20

and photodissociation experiments, and are still the subjects of

considerable controversy. The existence of long-lived state: of

these negative ions, and the possibility that there may be struc-

turally different isomeric forms of these, has important consequences

for atmospheric negative ion schemes. The involvement of excited

negative ion species has not previously been ronsidered.

Concurrent with the refinement in our laboratory of the ion-

beam techniques described above, other new experimental methods have

been developed and applied for determinion molecular electron

affinities and negative ion bon,' dZissociation enerqies. The newer

5



techniques applicable for such purposes, including laser photo-

detachment and photodissociation spectrp-•opy,ion-beam threshold

measurements, chemical-bracketing techniques based on observation of

the production or reaction of a given negative ion, and theoretical
I

methods for calculating negative ion properties, were recently

. i- reviewed at a "Symposium on Electron Affinities and Negative Ion

Stabilities," at the Tenth Annual Meeting of the Division of

Electron and Atomic Physics (DEAP) of the American Physical
2 Q- 2'.

Society. The important role of the ion-beam techniques for

such applications was evident from the discussions at this conference.

Comparison of the experimental excitation functions for

endothermic reactions, such as those obtained in the present program,

with the theoretical predictions of Rebick and Levine also

reveals some important details of the collision process. For example,

the theoretical model yields a threshold function of the form,

= A(E-E 0 )n/E (1)

and the magnitude of the values of A and n which are required to

obtain a calculated excitation function which "fits' the experimentally

measured function are significant. It was observed in our studies,

as expected, that the CID thresholds for excited species, such as

03 , are lower than for the corresponding ground state ion. In

addition, the A factor is higher for the former threshold. This is

consistent with the conclusion from studies of collision-induced

ion-pair formation In neutral-neutral interactions by other investi-
25

.ators, which showed that the A factor increased with increasing

internal ener:y of the reactants. Other observations relating to

6
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the 03 CID reaction led to the conclusion that the internal A

energy was probably in the form of vibrational excitation. The

values of the n factor which were indicated for the 03" CID

reactions from the present studies were in the range which the
12

theoretical model predicted for so-called "direct' reactions.

2. Exothermic Reactions of Negative Ions Which Exhibit Small Rate

Coefficients

Most exothermic ion-neutral reactions which have been studied

occur at essentially every collision (typical rate coefficients are
9 3

10 cm /molecu'.e sec), and •xhibit decreasing cross sections with

increasing translational energy of the reactants. However, some

reactions of this type, in particular, proton transfer processes

involving certain negative ions (D-, NH2- and larger organic ions

such as CH2CHCH2") have been found to be very slow. In the present

program, the excitation functions of these and other similar reactions

were determined, and energy thresholds were observed for these pro-

cesses. The temperature dependence of these thresholds was also

determined over a limited range. It was demonstrated that the

deconvoluted excitation function for the ND2 "/D2 reaction is of the

form T x (Erel-Eo) /2/Erel, as req Ad by theory, and that the

measured translational energy threshold corresponds to the Arrhenius

activation energy for this process. Relatively few measurements of

such activation barriers for ion-neutral reactions have been reported.

The excitation functions observed for reactions of delocalized

7
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enolate anions are of special interest because they reflect a

complex dependence upon energy. These excitation functions do not

exhibit translational energy thresholds, but show an initially I
decreasing cross section with increasing translational energy, ]
followed by a sudden rise in the cross section, attaining a maximum

and then again decaying. The effect of increasing the temperature of

the reactants is to shift the translational energy at which the

increase in the cross section begins. This is consistent with a
26

model which predicts that there are energy barriers in the potential

Asurfaces which govern these reactions, but that the height of these

barriers is lower than the potential energies of either the separated

reactants or products. This barrier corrosponds to the symmetrical

transition state for proton transfer, the reaction proceeding via a

three-step mechanism involving the formation of a nonsymmetrical

intermediate, [AH---B], which lies in a potential well with respect

to the reactants, (AH + B'), as well as with respect to the transition

state, (A---H---B)'. According to this model, it is the competition

between two unimolecular decompositions of the intermediate, the back

reaction forming (AH + B-) via a simple bond cleavage, and the forward

rearrangement reaction, producing the svmmetrical transition state,

which determines the overall bimolecular rate coefficient at thermal

energies. This model is well supported by the present results. We

observe that the rate coefficient and its variation with translational

energy are s'rongly dependent on the collision chamber temperature. At

low translational energies, it is seen that an increase in the collision

chamber temperature decreases the overall rate coefficient. A similar

effect has been observed in certain hydride ion transfer reactions of
2llarge polyatomic positive ions. Increasing the collision chamber

----------------------------------------- -t'Th i - l "
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temperature results in an increase in the internal energy of the

neutral reactant, and in turn, the internal energy of the inter-

mediate, E , is increased. The larger internal energy of the A

intermediate favors the unimolecular channel having a high activation

energy and a high entropy factor, that is, the simple bond cleavage,

which corresponds to the back reaction yielding the original re-

actants. An increase in the cross section with increasing trans-

lational energy is observed at energies greater than ýl .5 eV in the

laboratory system. This may reflect a change in the mechanism of

the reaction, resulting from the fact that the long-lived inter-

mediate can no longer be formed at the higher Interaction energies.

It is well known that the mechanism of an ion-neutral reaction can

change from one involving formation of a persistent intermediate

complex to a direct mechanism as the collision energy is increased.

The lifetime of such an intermediate collision complex decreases with

increasing internal energy E , and in turn the internal energy in-

creases as the relative energy of the reactants is increased. When

the interaction energy increases to the point that the intermediate

is no longer formed, back reaction to give reactants can no longer

compete effectively with the forward reaction, and an increase in

the cross section 'and of k) with increasing energy is then observed.

This rationale 4s further supported by the fact that the point of

onset of the rising portion of the plot of k as a function of ion

energy shifts to lower relative energies as the temperature is

increases. This demonstrates the equivalent role of internal and

relative translational energy in reducing the lifetime of the inter-

mediate complex. The second decrease in the cross section at still

9
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higher energies is consistent with the behavior of many ion-

molecule reactions at higher energies and presumably simply reflects

a decrease in the collision cross section.

3. Luminescence from Ion-Neutral Collisions

A convenient method for assessing the role of internal energy

in ion-neutral collisions involves the observation of luminescence

which results from the radiative decay of internally excited pro-

ducts formed in these events. Prior to the pioneering observations

28
of Tolk and coworkers in 1965, it was generally assumed that the

cross sections for radiative emissions from excited ion-neutral

products would be too small to measure experimentally. In fact, for

at least some reactions of this type, these cross sections proved to

be quite larqe, and it has been realized in the past 3-5 years that

such mechanisms may actually efficiently pump certain laser systems.
25

Subsequent to the work of Tolk et al, more sophisticated experi-

mental devices for measuring luminescence from ion-neutral processes

were constructed in a few laboratories, including our own. At the

outset of the present program, development of this apparatus was Just

being completed. During the course of the AFOSR-supported project,

the apparatus was brought to the fully operational stage and several

reaction systems were investigated In some detail. Most of the

emphasis in this work has been on relatively low energy collisions

of He* and other rare gas ions with rare gas and halogen (Clz, Br2 ,

Iz, F2) targets. Reactions of some dimeric species such as He2
4 ,

have also been examined. As documented in several publications, this

S-l-



work has revealed that the emission spectra resulting from

many of these reactions are extremely complex and consist of many

lines. Moreover, the cross section for radiative state production

in some of these reactions is quite large in comparison to the I
cross section for total charge transfer. These experiments have

also revealed important details with respect to the internal energy

distribution of rare gas product ions. Another important outcome i
of this work is the determination of relative transition probabilities 1
from individual excited levels to lower energy states. These are

obtained here under conditions which minimize external perturbations,

and some differences have been observed between our results and I
analogous transition probabilities derived from discharges (where 1

there are substantial electric field perturbations). These results I
suggest the need to reevaluate many atomic transition probabilities I

obtained from other more conventional optical experiments. The

experimental capability established under this program is expected

to find extensive use in future studies of this type. i

4. Crossed Ion-Molecular Beam Experiments

Prior to the initlation of the present research program, j

development of a crossed ion-molecular beam apparatus had been -

initiated In our laboratory. This apparatus was designed to yield

Information on the angular distributions, as well as on the masses

and kinetic energies of the ionic products of low energy (down to |

,,Z.5 eV, lab) ion-neutral reactions. Clearly, such an apparatus

would markedly expand our capabilities to Investigate In detail the

_ _ 11



dynamics of these processes, and would complement our older

tandem mass spectrometer, which utilizes a collision chamber, and

which does not provide angular or energy distribution data on the

product ions. Soon after the AFOSR-supported project began, con-

struction of the apparatus was completed to the point of preliminary

test and evaluation. Several exothermic ion-molecule reactions

having large cross sections were examined (Ar+/D 2 , Ar+/H 2 , and others) j
and the scattering data obtained compared favorably to that reported

earlier from other laboratories. It was intended, however, that the

major focus of the experiments using the crossed ion-molecular beam

apparatus would be on endothermic processes (charge transfer and

collision-induced dissociation), and especially on the examination

of these in the threshold energy regime. However, attempts to study

several such endothermic processes (W/02, O2 /Ar and others) using

the apparatus indicated that under the conditions employed, reactions

of this type, which exhibit very small cross sections, could not be

observed in the translational energy region near threshold. This

was attributable largely to the fact that the capillary array molecular

beam source employed in the apparatus did not produce molecular beam

densities of the magnitude anticipated from the design estimates. i
I

Consequently, it was decided to replace the capillary array with

a nozzle beam source. This was a major modification affecting numerous I

other instrument systems. A nozzle beam assembly was designed and

construction was undertaken in our machine shops. The nozzlc and the i
associated skimmer and collirmting slits were fabricated. Also I
constructed was a mechanical assembly to permit variation of the I

nozzle-to-skimmer distance during operation, (that is, adjustment is

12



possible by controls positioned outside of the vacuum chamber).

A beam chopper assembly having a variable chopping frequency from

I to 60 cycles/sec was fabricated and installed. Additional ion-

ization gauges were installed to measure the molecular beam density

produced by the nozzle. Because of the markedly larqer volume of

gas issuing from the nozzle beam source (as compared to the original

capillary array) it was necessary to incorporate additional pumping

capacity into the apparatus in order to maintain a sufficiently low

pressure in the main vacuum housing and the collision region.

Accordingly, the main cylindrical vacuum tank was modified and

additional ports with flanges were added. One 6 in. diffusion pump

and two smaller 2 in. pumps were added to provide additional pumpin'

for the main vacuum chamber and for the se eral sections of the

nozzle beam source (which are separately r ,ped). At this tim•,

extensive improvements were also made to the electrical distribli 'on

system and the controlling electronic circuitry of the apparatus. A

new servo system was installed to drive the rotating platform which

holds the energy analyzer and the quadrupole 7 .ss filter. A

potentiometer counled directly to the servo drive shaft was installed

so that the angular position of the platform could be precisely

determined and controlled to less than 0.1 degree. This system was

then calibrated. Finally, a new projectile ion beam monitor was

fabricated and installed, with provision for external positioning.

At the time of completion of the present contract, the extensively

modified crcssed ion-molecular beam apparatus was completely assembled

and operational. Preliminary tests indicated that the molecular

beam densities attainable with the new nozzle beam source are an order

13
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of magnitude or more larger than were obtained previously. The

projectile ion beam currents which can be realized have also been

significantly enhanced, and much greater beam stability has been

achieved. Studies are now in progress to assess the capabilities

of the new apparatus for investigating the dynamics of selected

collisional dissociation processes in the threshold energy region,

and the indications are highly favorable for such experiments at

this time. AFOSR support of this program has therefore resulted in

completion of a major new scattering apparatus which should permit

investigation of endothermic ion-neutral reaction dynamics at lower

.,,slational energies than have previously been accessible.

B. Electron-Molecule Reactions

At the outset of the present program, there was a paucity of data

in the literature relating to the kinetics of reactions of low-energy

electrons (near-thermal) with halogenated molecules, and no data at all

was available for fluorine. Such data is of considerable importance

in developing hybrid laser devices, because processes of this type are

potentially applicable for producing a uniforn distribution of reacting

chemical species in a laser cavity (for example, F atoms in the HF

chemical laser using electron-beam initiation). Electron attachment data

for relevant molecules such as F2 was crit4cally needed for reliable

modeling of such laser systems.

In the course of the present AFOSR contract, development of a flowing

afterglow apparatus was completed, and this facility was employed to

14



accomplish the first measurement of the rate coefficient for dissociative

electron attachment to fluorine. Other halogenated molecules, includinq

XeF 2 and NF3, were also investigated. The attachment rate coefficient
9 3

for F2 was found to be quite large, 3.1 + 1.2 x 10- cm /molecule sec,
0

at an electron temperature of 350 K, indicating that this process is a

good source of F atoms for possible laser applications. The thermal

energy electron attachment kinetic data for F2 derived in our laboratory l •

was subsequently shown to he consistent with electron attachment data
29

measured more recently at higher energies by Nygaard et al. Our results

for F2 are somewhat at variance with the still more recent data of
30

Chantry , but other newer work suggests that the electron energy dis-

tribution in all such experiments is highly sensitive to the fluorine
31

concentration. The latter factor may account for some of the observed

inconsistencies. Obviously, this is still an area of continuing research

activity and there is much scientific interest in data bearing on low

energy electron attachment to halogens and halogenated molecules.

The results described above and similar data for XeF 2 and NF3

have all been published, and reprints of these papers are attached. This

work and these results were closely coordinated with scientists at the

Air Force Weapons Laboratory, who Initially prompted some of these studies.

C. Negative Ion-Chemical Ionization Studies

One of the objectives of the present research program was to

establish the capability for conductinq negative-ion chemical-ionization

experiments. This was successfully realized by completion of a unique

15
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high pressure ion source and other instrument adaptations for Time-of-

Flight mass spectrometer. In addition, a negative-ion chemical-ioni-

zation source was designed and fabricated for another quadrupole mass

spectrometer in our laboratory. Using these instruments, an extensive

investigation was accomplished of the utility of F as a reagent ion

for the production of negative-ion chemical-ionization (NICI) mass

spectra of various organic compounds. NF3 was used as the reagent gas

in this instance since it is a very clean source of F . A systematic

study of the reactions of F with a series of carboxylic acids, ketones,

aldehydes, esters, alcohols, phenols, halides, nitrites, substituted

benzenes, ethers, amines and hydrocarbons was conducted. The F reagent

ion was shown to be useful for generating NICI spectra from a broad range

of organic compound types. This work has been described in a paper

currently in press (see attachments) and was presented at a Symposium on

Negative Ion Chemical Ionization Mass Spectrometry. The capability

established under this contract will be exploitpd to study reactions of

other novel NICI reagent ions which have not yet been investigated.

III. RELEVANCE OF RESEARCH ACCOMPLISHED TO THE AIR FORCE

The research accomplished under the present contract was concerned with

a somewhat broader array of topics than is perhaps usual In such programs.

All of the "collisional excitation and ionization" processes investigated

here however, are highly relevant to Air Force interests. Significant new

fundamental data has been obtained with respect to the reactions and energy

states of simple negative ions such as 03, CO and NO , which are of major

importance in upper atmospheric reaction schemes and models, and therefore

bear directly on Air Force communication and detection and surveillaunce

16



requirements. More generally, the utility of ion beam threshold techniques,

originally developed in our laboratory, in deriving thermochemical data for

such negative ions has been firmly established, and all these methods can

be applied to many other species of interest.

In a similar vein, new experimental capabilities developed in the course

of this program , such as the crossed ion-molecular beam apparatus and the

negative-ion chemical ionization mass spectrometric instruments are expected

to have important future applications in the solution of fundamental problems

of interest to the Air Force. In the .e of the former apparatus, sig-

nificant new data relative to fundamental reaction dynamics can be expected.

This apparatus is expected to permit the first studies of the dynamics of

endothermic ion-neutral reactions, which should be the most informative

from the standpoint of understanding energy barriers to reaction and other

features of the potential surfaces on which these reactions occur. These

data, in turn, will provide tests and comparisons for theoretical computations I

of potential energy surfaces and will accelerate the development of reliable

theoretical predictive capabilities.

Finally, the electron attachment data derived in this program have a

significant bearing on hybrid laser development and modeling, as already noted;

and should therefore have been of considerable interest to the Air Force.

The continuing development of hiqh-technology Air Force weapons depends

critically on the status of fundamental scientific knowledge such as that

described herein. Hopefully, this program has contributed to this important

objective.
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FORMATION OF Till: DIMER CATION (CjHJ)2 IN GASEOUS
. [BENZENE

I:. G. JONES 9 , A. K, II1A1I 1( IIARYA AND) T. 0. TIERNAN*

Acrospoce Ri•'sarch Iborar as, Cicimsii., Rgeseirch L.thorii-Ar. I 'r lhf-P'attcrsun Air FVirce

Base. Ohio 45433 (U.S.A.1

(Reccivcd 18 Novcinbc. 1q74)

AHS1 RACI

The formation o1 the dhmcr cation (CH 6 ,) in gaseou- benzene has been

investigated. Two distinct dimner species formed b% different mechanisimis are in-
dicated, The ground state dimer cation is shown to be formed by a fourti order

process involving the gi ound electronic state C,,H, ion as precursor. In addition,
cvidence is presented for an excited dinicr cation formed bimolecularI, by reaction

of CbHU,** ions having an energy of 3.5 j. 0.5 eV above the ground state. It is
suggested that the ground state dimer is in a sandwich configuration and the ewcited

species has the form of a I-substituted benzene.

INTROI)i'(* ION

Dimers of aromatic systems are of ba,ic interest because of the intcractions

of the n, electronic sytcms [I]. E.cimer Iluorcscencc [2] observable in matny alo-
matic systc s hais pro\ ided a method of.studying neutrai dimiers (ewislei s). How-

ever, much IcNs informaition concerning aronmatic dimer cations, is available.
It, s,:veral of the carl) gas phase ionic studies of heniene [3--8], there was dI,-

agreemenitt a, to the rclat isc imptfortiance of the dinicrization proes:,S. More recently,
Field el al. [9] and Tieriin, and I3littali•aJrsa [10] haxe shown thu the temnpcra-
ture of the io1n-sMurcc plays the dominaiit role in detcrmining. the rclalisc impor-
tance of the dimer cation. Ficll ct al. proposed that an equilibrium i.% c't:,hlifhed

P(LscIII addrss" SysICiii' Rcsc.ir•hi Laboratories, Inc., 2800 Indian Ripple Road, t)aton,
Ohio 45-100
"" Author 1,) '5hon' reprl'it fic tli.c-is should bc .iddreswcd.
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C'1t6 ÷ +C'It I, (C " i2

and from van 't H-off plots dcrived an enthalpy change of - 15 kcal inol- In

subsequent experinents, Wcxler and Pobo [II] have obtained an cnihalpy change
or - 10 kcal mol- I. Thcy have also proposed a mechanism of dirner formation via
a fourth ordcr process, third order in beln7cflc and first order in primary C6 H,, ion

abundance. The latter mcchanisnm was supported by stu,Jie, in our laboratory, in
which it was found that charge-transfer is the doniminant reaction of CS,Ho" ions

with benzene.
Friedman and Reuben [121 brought attention to the difficultics in resolving

the early data; this prompted further studic.s [13. 14). Using electron impn.ct Stock-

dale [13] obsersved bimolecular formation of the dimer cation. ChupLa [14) ued
photoionization to form C1 I,' ions in the ground electronic and vibrational lescls.
He found dimcr cation formation onlN after collisional stabilization. Similar results
were obtained by Anicich and Roers [15]. The prcsett report concerns data ob-

tamned as :t continuation of the cxperimernts of Tiernan anjd IBhattachlarya (101 in1
an effort to understand better the factors controlling the dimerization process.

EXPERIMENTAL A

Studies of the equilibrium between C,11. and (C,,11,), ions were made at
relatively high pressures in at single-source. modified time-of-flight instrunment
described previously [16]. Ionizing voltages of 100 V were used and source temper-
atures, which were varied oser the range from 300 to 500 K, were monitored
with an iron-constantan thermocouplc attached to the ion-source block. All other

instrumental conditions were essentially as givcn in the detailed description of
the instrument and operating techniques [16].

Other data relevar,: to the identilication of the reaction sequcnces were ob-
tained using the ARL tandem mass spectrometer [17. 18]. For these experiments

the collision chamber pressure Awas varied ower the range front I to 60 mtorr at
temnperatures front 300 to 500 K.

Reagents used in these experiments were research grade cheinicals which i
were checked for purity by gas chromnatographic-nmass spectronmetric analysis.
Deuterated reagents were ohitined from Merck, Sharp and Dohlne. Ltd. of Can- 3
ada. For experinients invoking benicne-d. and benerne-d,, appropriate correc-
lions were made to the obervcd product intensities Lo account for isotopic im-
purities.

RESULIS AND DISCIUS3It)N

Prcsstre andl itiperafur. sttdies ini the tuw': m Iu1ass spectrometerrn

To select reactant ions unambiguously and to followA the individual teac-

I
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tion steps, the ARL tandem mass spectrometer Nvas used in conjunction with iso-
topic labelling. The predominant channel for reaction ofC6,H 6 ' ions with benzene
is chargc-transfer a-, represented hy the labelled reaction (2).

C6 H6 ++CD 6 - C6 H6 +C 6 D,+ (2)

At a collision chamber temperature of 300 K the ionic products or condensation M

reactions comprise less than 2 ".' of the charge-transfer product. A value of 4.h •
10- " cm3 molec s-I was mcltSUred for the rate cocllicicnt of icaction (2) [19].

The pressure dependence of the binmolecular products is shown in Figs, I -

and 2. The bimo!ccularity is indicated by the initial linear rise. I)c'viations from
linearity abovc 20 retorr aric from further reactions with benzenc-d•, ind from ion
scattering. The condensation products include a stable bimolecular dimer ion
C, 2 DL,H6 " and also C, 2D3,H"1' and C, 2D61 4.' corresponding to the release of

11 and 1-12 respectively.
In addition to the bimolecular products the ioi, C,,Dt 2 " is formed by a

higher order procc•s. Its pressure dependence is shown in Fig. 3. Included in this
Fig. is a plot of intensity as a function of the cube of the collision region pressure.
Over a wide presture range up to 60 mtorr the C, 2D1,2 ion is formed by a fourth

T. 366 K
ELECTRON IONIZ-NG EN[RCY

20-

ac

-20

I0

C' I --

0 0 20 3

COLLISION CIHAMBER PkESSUI r m Toir)

Fig. I. Charg t n'kr C.'6| 1 ,C 6 t) 6 : -. prcsurc .arialion.
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tion steps, Ihe ARL tandem mass spectrometer wa• used in conjunction with iso.
topic labelling. The prcdominant chanincl for rciction ofC,,J- 6 * ion•k ith bcnzcnc
is chargc.traifcr is reprcsented by the labellcd reaction (2).

C6H6  + CD,, -- C,, I,+ C, D,+ (2)

At a collision chambcr tcl'rcr.dturc of 300 K Ihc ionic products of condcnuitiun
rcactions coiilri.c lc, t[hn 2 ". of the clh.tiec-transfer product. A value of 4.X,.
10- 1 crn' molec- 1 was mcasurcd for the rate cocIlicint o(if reaction (2) [19].

The pressure dcpcndcncc of the biitolccul;tr products i Showti in I-if%. I
and 2. The hi molccularitv is indicm-icd by tlte initial linear rise. lMviationt from
lincarity aho~c 20 nitorr arise ft om furthcr r;;cQtiont with bicn/cne-d,, and fiorm ion
scattering. The condcits;tinn products include a ,tablc bitnolecukir dimer ion
C,,•D)ll'n and also C,1 D,,I,+ and C'.I),jll, corrcsponding to the rL!case of
H and 112 rcspcctivcly.

In atddilion to tlte hirnolecular products the ion C'lD),* is formcd by a
highcr ords&r process. ILt, prc•sur dcpcndencc is shown in Fig. 3. Included in this
Fig. i% a plot of intcnsty ;•s a function of the cubc of tl•e colsion region pressure.
Oser ,a ,i,, pressure range up to ('0 rntorr the C•21. + ion is formed by a fourth

IILCTRON IOhING rNEROY

40-

i30-

COLLISION CHAMBER FRESSU"E m Tore

Fig. I. Chiri:c tran,,lr (,Ic 'IC. C 6D6! P .:'tlirc %.iriatiwi.
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order pro.cs in our instrument. The ion intensity was found to bc extremely tzmpcr-
aturc dependent. For cxample, using CI 1,,* ions with 0.3-cV kinetic energy (labo-
ratory system) im pacied on 15 mn(orr or bcnzcnc-d,, it a tenpcrature of 300 K, the
C,11f)1 + inn i% thie mo.,1 abundant condensation product. Raising the collision
region temperature to 3SO K conmpplecl eliminates the C i D, 2 dimn.r cation.
This can be contrastcd sith only minor changes in the intensity of the mixed dimer
C,21 ),II,' ion over the suani ticnipcraturc rangc. Ccarly, the C.I)D ÷ and
C1 2D, ),II' i onic products have inportanit dilf'rcnee, otlher than isolopic comn-
position. The cxhteiicc Of two dtll•re-nt dintiric cation-, formed by different
micch•ninm,,, (,,i:¢und aid rouiril ord(ci ) is obviously quite important iii ihe anal-
l'sis of c\pcrirncnts in which unlitbellcd i ca.:taet, are uscd.

I vidknic we c'rning the orir.n (if' Iic dillerence in the two ditrer ions is
obtained b) stbdilng the pre,%urc dJiepndernc plots for reactant ions formed at
variou,, cleciron impact CnL•V,,r Tl'hesc c\pernilents were cairied out with unlab.
elled reactants it a colllsion chauL her tenmperarc ('1i .100 K where both diner-
ization pr ••e,,, occur concurrcii\ i The pressure vaimationl, ar. .h, n% i n m:ig. 4
for reactant .,,,im, formn d i -.1 inpmir:t of 13, 25 and 0 V k.leCtron,. "l'hwi l
linear portion indiciatcs the bimolectIClr proecc,, while at hlrh.cr r,t,,,ures the
fourth order mechianism dominate,, under these coindition,. The rChitiseC contri-
bution of the bimolecular component dlecreass with a lowering of the clectron

bombarding energy. Thlcs results i mplh that it mor enriergetic oI ate of the C' H,,-
ion is responsible for the hi molecriClar dilniie formation aind establi'h the existncie-A
of an electron energy ihreshold belo wuhich the bimolecular proce.s can no longer
OCCUF,

T, - ooK +- CIP12
4- A

"~ 4

0.

,.- OS Ik~V

0o 30 40 I 5

L Ot-USCO cIiA,' :: r 2•.- f. {r. "ctr ( ---

F'ig 4. [)io ritilion rcahirn: pt'sirc riid h:cct,ern ¢ rg) %amrition.

I
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Llectron cntcrqi' depcpilnce siittili in rite ftadclem m.usi .ipco~rcunicver

The existence of energy tI oholdJ, fror various product ions was ctuablished
. by impacting C,.1i,. ioni oft henene-dc . t a tcollision chamber tempcraturc of

360 K and a pressure of 20 mtorr. The intensities IJI wc:e recorded for the product
ioISah aS a F0ctio f o the ci %:tronl ciecrgy. The re,.tilth. are plotted m~ :ig altong with

L the variation of 1hkith lcctle on energy). The thrcshold of the (,,Hi, inn i, taken :I,,
9.24 cV (20). Both the C,21)|,11' and , ion, arc ohcrcd to chtibit

the same cCnerT( dcpendence ,ind the same thrc.hinld, the latter being 3.5 - 0.5 cV
above the hc1i,,cnc ioni/Uit,ln puolclltal. Within the C\flcMrAlmcltdl limits, the hi-
molecular ihmicr ,i :,how' 11w %a:tc cnergy thrcshold for both the (oD1,, /,,
and the Col,1 C vl), e•periments.

iIMPAINo IONI

0 "560 KJ

11111111.1¢11 / 560

It-

It C1 C b~

70 0 90 to00 110 120 1.0 140

NOMINAL ELCTRON ENER•Y ivW

Fit. 3, HIMIm tClLltur dimcr Inlsilt,: -- c1c€ron crl; crgy vfirm lion.

Thc•c riults indi,,tte that thie forlalio.it of C11l),11,,' , C•[2 D•), 1 .and
also preumnhl', C, ,Dl 1,' rcquircs tlhe pal ticipitilon l f ml Ckited Cjl I, ion

having iniucr. il energy Ca. 3 5 ;V ;1110C 1ie hC1n IC ionh/Oti•n,1 th-c!iold. Oil the
other hand, the C , 1), pioduci. ilý lltl,.tratcd il lig. 6. shloW% no 51igil ot In11

energy thriehold. ,tpp1trcntlN iltld•l-timg it,, lorration b\ gromnd ,ta•eI rcacttint
C611i' ions.

It should be nment;toIcd at thi16 point that the citcnce f oran c•.itcd e1cc-

I.
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.....-- IMPACTiING ION INTENSITY

C2 H

C60 6 COLLISION CI4AMOt.R Pi11J1'i
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0iz 200

NOMINAL E I EC T fe EN c HC, Y (eV

Ti.6. Dminwr iniviiiiiy: - -0~ro lvi rpr~ vairIiaioio.

troni !;title in the -icinity of 12.8 4- 0.5eV is uncrtain from' photoeeii oil %PCCtroS-

copy dalia [21. 24). Sanmpson [2"5' ha- deectcid states it 9.3. 11.5. 1.3.9 and 1 5.5 cV
for beni'ene, In rcccilt studies Li ndllu,11 and( Co_-wOrk.CrS [2(, 27)11have foundt c~rl
dencc for two states assigned 3c,, and i it , with onmcts in hlc region I I -]12 cV;
tlic~c arc somewhat bdow~ t he li nit doetrmi icd fir) t he reacting ions. Accordinig
to file .lssigrmnillctthe former is \%cakIy (. -C bonding and the lamtcr si ongly, (-C
bond i g. III \ic%% of tic unccriain cvideriec, t hc C,,11,, reacti ng ions can not be
dcli:itc i to an clectroniC state 1 le idCnL1tof tis sCles ]CoisiderCd

futrthcr in a liter section.

Summa~ry Irif PrCT.rrilL' (il, t)enery Siud11ie

Conclusions f ront filie prcs- urc mnd cnergy st dics in filhe t aniidc inmit ru 1Clet rn>a
he surnini.tri /cd as, follow'..

(a) The ground state oCn/cie on is, the prIcursr of at henienc dnier ion
ProdtIm( for[med by an wscrali fourth order process, ['L.pernients \%-itl libel lcd
rcal-ent' mifhI~atc tha~t the initial. ýtcp is the ci~arce-traihfer rCact~ton. (2). iHie fiofC-
11011 of thins reIL-tiOll I- allp~irciitl.\ msotoid: it elctivets rcl,\L tihe vihrationii1
cricrety of' file ions mi iiied Ib% clectron imnlp.:t and redcesLC their kinetic eneirgy hK
-is muchli% as 1acLtor of twko For :in fit Itiate Collision [28,j. 1Tle ncst step In [tie dimcr
formation 1% bcst consiidered [5-7] 1s Anll aSSOCIttise Cquillibriuin reaction
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CI1,' +CI,II,, (C,.H 6)."* (3)

which forms an excited spccics (CH 1 ,)_,** requiring collisional stabilization,

(reaction 4),

(Ctl,"2 ) CjI, ( -(C 5 ,,, + (-". (4)

in ordcr to be obhrscd a, a stable ion. The occulrrlicc of such a scrles of reaclion,

depends -riticaily on the lfetimc of the cxcitd dimer ion. If its internal cnergy is,
large compared to the depth in the potential eynergy surl'ace along the direction of
the reaction coordinate, then it will dccompose unliioleCLtlirly Within a few \ ibra-
tional periods befoc it astbilizilit vollision Car,; ocIi.i 1lh senit, it,, of the lifetimle
to the int•'rnad energy of (C,, * 'k,,). is emphlasiied by the iced for the initial %,bra-

tional rclai.ation step. (2). rhis, is probably tlhe rcaisoo -vh% no ltlurthi irdcr dimer
ion, arc observed at collisio, chAmwber tcinperatures _> 3.N0 K. It' C*-'l|, ' ions wkere
fornmled in the lo%ýCst \1bralional le,.el, a is the case sitil the rhoi)Loioii:/:,;ion

expcrimcnis, thcn the dinwr Cation would bc obse ,cL., to be fOmiwed b\ vi o ci all

third order process aS obsr,,cd b) Chupkii 14) and by Anicich and Howcr. 115].
(b) An excited state 1' the bnIZCnC iolC ',ar Ion has,11 an cnerg\, threhod

ca. 3.5 I- 0.5 c\ ,di,ve the ionization threshold, (but apparently noi an ClecCtillic
StaLe), ma'y also undergo n ass-,ociative equi libriumn rectiion suell as (3). [Bcc.i'tie

of the extra internal energy, there ;re in iaddition to the bac. rc:wtcion, two other
reaction channels, producing C,H, I * and C,,1 1,,o÷ product. re'peetisclv.

(CiHU 2'*- C121,," I,-1 (5)

(C(.'Hj)," * --. ClH,, +l, H(6)

Considzi ing the cnergy sensitis.it) of the fourth order process and the magnitude of
the ecnrgy tihrelhold for thie bimolCcula r re.action1, it seem; clear Lhat the two clie'h-

anist•s are forming quite diltereit dimeric species. 'rhe cxi,tence of two distinct
rtaction 1echi;iIns>Is Inm mvkiiing di ler;,-t stmt"es of the precoursor ion accounts I'for
reportcd obser'.ation s of reaction niech, l snitl ranging from scond to fourth

order. In Stockdle's expcriments [13] the himolecular dependence wca\, :stab-
lished fur electron impact encrgics of 26 .V or greater A glance at Fig. 4 indicates

thait at this clctron energy appiCciaible inia.|lilt:. of excit.d C,,1 1,, ' * io1 ire piC Cent

to undergo at bimolhculaar reaction. Ftrtherinore, under the pressure condition, '

(P < I mtorr) the higher order piocecs would make ai negligible cont rihui1 m.

Further insight into under:.tmding the imos ii',oljcd is pro ided M the fohIoSImg
isotopic ttiud\.

JIlopic snudr

The relitisc •aliidtllls, of th• bintlecclmt prodtiLti front the hii/ene

partnt ion ict.lion, were miaisturcd lotr _,trious conhbi;tios, of i-Clo-iially
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TABLEF I

WIMOLI'CUlAR I'kHilL'( 1 IoNS fRMI IM11 RI-AC tl'"JN\ i(r CX,6 |1)iNS '5T1 CQX, (X - 14, D) IN 11 I ADI %I MASS
SPI.C I KO{ML I UK'

Reactaut iont Neutral ir o d ujr ioInl c of C i )or',i CrCara " nits) Appoerenr

Di ur tier ) (1 -I) CD --2) iD - ?j (D.4j
cross
i,'CF 00','

('.! Cj I, W 1)1 O 1 "1 .17 4 1 28 5(0 25) -.-.. 0.9
(bcn iicl C'6,D, 9(,.0(1.00) II1,11.52) 2 O t)O0.25) - - 0.9

.6l)•lI, S C.II 61 GIOO) 10911.79) 6(1.6)n.0.2 I3'1 f.") II $oi 1,I1 08
(c:-d3 -bt nzcnc) C',[) '1 (3 5').6 1.00) 96.1 (l.6, i 57.9)0 47) I 5 . ?" In 21 1. C 0.S

(CO),, 86.0(1.00) 77. 10.90) 49.6(0.4.SJ 14."jo. 17j1 11.310.1 ) O.,

( l', C,,I . 6.1(1.0) -- 115725 6) - l1.4(2.85) 0.6
(bten e c.dw .) (C'I, I .Yi IC. ) -. )147 1. ) -- 20 1( 1.07) 06

a Collision ch 1onilcr )emCf l,.tirc. 300 K; jonuii, s,,olýiigc, 70 cV; co)Ilison ch;unuhcr prc%',uo e, IU oL!, ; 04r kilnld,,

energy •.i 0 1 cV
"( he rLxo;aaClt i1001 ' .C C.' , _ 'I un ' 'C CD) 3H I' XCe ooilic7d to aso id "t liicrt'i-,,, pC dU, :du ct '

lion.
Values in paircilcýc'c are relosiie . i mwcnitC norniali/id i:) a sluue of 1 .0 for lithe di cr ionl.

labelled reczitacis. The collision chamber pressure wkas maiwlained iat 10 ndlorr to

prevent the formation of any fournh order ionic produ, ct.. The r ,ilts ire summa-

riwed in Trable I.
The excited dimcric ion ha.s several dcconmposition chI;onel,, availablo. One

of these paths,, Ihat leadmy to the origlilal reactants, cannoti be monitored with

our in-line Iandenl experislealild arrolnFeen t w. Therefore, nornialztlation tif the

observed intensilies bh the ioittl ion currentl Is riot justiliicd; ihe relattise imluprta'i:cA

of the various fraguenhatli on procescss in best s i suaiiicd b- norimllii/ing 11hc ,piectra

to unit dinier ion intensitv. TIhc.s, quuantitic, ire hiowln III p;)relithesc,, ili lalulc I.

Since tie collision rates are essenltiIll\ tile same for all cie505 considered.

the nlagniltdc of' the apparent total rc.lctioll cr11,5 section in the last colililn of

Table I pit idces sonc insight into dth impoitlance o tile back icriction. It cian he

concluded fromi these dat that the e 1teilt (io back rcactlion itcrc'sc' s i iiirt'ii

deutcrinlil substitution in tile reacting ioll.
Ar. iniporiant obser.rvtion fronm the dissociatisc product ions slhssn it

Tabie I is tha in ilie ct.ie Ic .I I,, rcl`ion<.'.. ioik cliiiin:ItiOoll olf I I aid I[i. octuFr,

shilie in the Corre",poikdiitn rc;iclii, ols (.',,I,, 0 onl 1) and i), ac lo-1 lio l the
dinicric species. It i,, ip.prcnlt w)t tile il\d dinler product 10l1. (:[)1 ,,

retains Snlc strucmtural niciltorv of the reactin. ion in ch casce. 10 a firt ;i:ptrox-

iifl;itiOn, I.ie produoI.. distribtllioti is priiicip illk a Ilinciomn of the iimlj;.mtcing iOn. ,
thile role tCie neiutlral being ratlhcr ineor. I ins is Ifuthcr eniiphasi/ed bN Ihlt conl-

I
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stancy of the appiLrnt total cross Sc•tions for tile rcactions of , ,i'.Ncn ion with

various n.utral turgets;.
The inci CisCd fraigmcit"tun of the dimir cal io ohserved -with dccreainý

deuterium -,uhstitution in the neutral rcacunt is likely rckat.d to intcrnal eiirc_,y

diffrcnrecs in the neutral spcciLus. Certainly, in the clnccrg rangc studied. the d,-
composition r.Lh., arc rpirldl' dll.lgilc funct. nN otf the ier.il vnirg.'r V,'c mie

ulahble to slce.\ Iihp intcrni.l'jicr-. distributions ol'ci thcr tih rc.ictant, or products
from the prccnt cxpcrinm'its. it seems clcetr. hoevvei, that elimiittion O,,L rri ii

only from the "1TioL" portion of thi: dim.r ion e\cludes the possihility of L

symmetrical .limer stitl.ture ,udi as i, o si.\ mc.ib:ii LIred rn,, .tticli.d alpprpii-
atcl). Thcsc results furthcr sq:.c,,t that tile x•.'.tcd reiciait ,ma pro., Ly de, niot

h]pc benzenc-rine, structure but i, rmiler i ýIrucltural ioTmcr. o,,sili\ at linmcar
chainh or fulknc-structure:. Th-,,lormLur Ili, bee•.n If,),lul~ilcd (2"9) for u\citc'd h~uvin/i

ions formned by Clctroji irmpact. R'•.,eintl (.r,),s (30J Ires (mund 'i,,iifica•it dillei-

cnuce in the hinmoleca.ulir rerections l'(C,,l`I,, isomers,I L~~~~~Euilibriiou sit ic.5' ill O/li high i, j .ul5 rc su;qc IGrc'11.%s .5/It' 11ri!) rICT

There has e be.ii two re-ported maCtsure mcits of the ,nithalpV chaingo for tle
monlomer- dimer •;ation eqtihlhrJuiiI in bnen.•. il•.i11 ass llxtiil ric" nri'cods.

Field c al. [9) and \Wexler and V'obo 111] hite obtainCd "NSiailies of - 1-5 and -- 10
kcal mol-' rcspectively. utnder conditions thought to be Close tLi) ý.Llihrhiuni. In

view of the csislice:. of two nc.i',;uni,nis fCllr dinicr ion 'Orini tli,; ct;rhlhslicd inl
the prcsent silUd,. tlle int.rpr.-ctl01l of 1aii 't I ll-l phl,,t and 1he ,.1.,tec. o0I Lqui-
librium tunder variis source CoiiditiioS shuuld he di•.usSed.

For ihC idC31di/1d equilihliU;nI,

H + 4+ I B (7)

where 11' and B,' rcprescnt C_,, 1,' and (ICI.l,):" * ions it.,r.t i\ ly e c(l ,qilih.

rium conlistant can h s.pre-.'d it",

where I' is thme pr,'-sure of heieime Prlnidied lit;L] Mil Ct.I'ilil'tniriII C\ist, s.itliII the
ion soiurce and thal c,,I.•ctd ion CuirrenIts rrprct,.W lhe elll'ceritrtilt, ot the ions
in time SOllrce, lel an ',N ll 't ll ll lf ,lot,, of1 log ',. is .1 iItiii+oii Oll t IL h i 1iprO ._'i l ill ill%!

te.iniprature (ain he liitiul. I rll die slope of stchII phl>s tile Cltliil)01, c.hiuij'e (,Ill
be dclcrtrmiicl.

F'irst, ¢con.ikcr th•e !bimh.IIoulr reI1.'ic,, seq.lelic,
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k-cl°'c, 11 (C,,H,,)* (9)

k_,

f-. C' 2 11l t ++H(I0)

k, - C,, 11,, + lIf(I I)

One of the cqui hbritm requirements [31) is lLtat (A A . k_ . That thiý con-
dition holds c:innot bc ,erilicd without knowv,i>L thle relative importance of the
back reaction. Ecn if cquilibrium is attainable 1,0 this mechani,.mN, the reesanIt
%an 't I lon plot can be m~nde only i" the traction of the total obscrvcd hCniene
parent Ion current corrc,ponding, to tihe excited specics ' II is known, Since
this fraction is not known, no concluions can be drawn concerl nh' th0 C\istecnce
or non-ciste nc of Cqtuilihri intl for tihe biniojccular reaction sequence.

The steps in the fourth order meachunisnm are giecn b) (2). (3) and (41) The
tandem c.\pcri mcrtt indicttcd I,)o furth,'r rcaici on or dccompq'•o.it:, of tie dinincr
cattio at ;'.re-•sure, tip to 60 inutoir. iicorctically then. ea.u:librium is acLiIc, abie
but the cxitenec of equiiihriuiii undcr our c.\permeit.ltl condil;ons c;in ofld) be
tested by mcisuri n g K.a.s I function of the source pa aemeters. These experinments
mut be done under condiliow, such that the quaiernarv proccS, Is tile doirtinant
pi ,ccss and the d&ta obtacind in the tiiideni evpetiileints stlggest that ti'li, should
bc thc cawe at temperatures helom 380 K and pressuicis in excess of 20 millitorr.

The Fcsuhs of such a stud) are represented by the San *t H-loITplot shown

5 5 -T , i

45-

4.0-
o Flip . I0 Veo I, P. 2C' h vo l

t,* 0 Vc.-, '. 150 T,."
30 * E,60 -1Ovcm-o,' P- 100 m To, -

0 E,#p. 20 7 V,-. P.i0 - 1 ,0 t
25 - Eripe7 5 Z•Vc- 1, P.i00 re Tot,

2.-4 2 26 2T7 26-8 2 1 30 3 1 3 33

RECIrROCAL OF TEMPILHR'TuRE .1. I)

FIg. 7. Van 't tIfll rplot,
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in Fig. 7, for sescral ion-source presstires and repcllcr field strengths in the high
pressure Bendix instrument. The assumption k made there that the concentration
of excited Ions, .'I,, is small rclatise to that or the ground statc benzene ions.
Thc plots ar' linear up Ia temperature of ca. 370 K then are concave downs, aids.
The averagc slope over the pressure range 100-200 nitorr and the temperatu. : ,
range 300-370 K at the lcioc,( repeller field "IrCi i.'%s ,icklIS an entlmalpl diflerence
J H of -8 + 2 kcal nool- ills I,, in rcasonailly good agrecili.nt \% Ith the \aIlue "

of Wc\\ler and Pobo [! I d a hlout a factor of two Ios\scr thain tie Na Lduc obtained
by "ie'd c! al- [9]. The zhai i nc mi sdope at 370 K coincide, \kith the temperature at

Iihich the fourttl order dimer wa, obsersed il the tiandeilm e'xpcir-icanit to h.-otllie

unstaDle, and :It which the bmIno!Ccular proce,, dominates. The philt in the hilgher
tenmfperatturc i e•oo irc iineal os¢r the range from 390 K to 470 K. the latter being -

the Ialsit tnlLlMt t t .ni attire ir c n•c .tIatZd. U nder our e\reritt cntal conditions, no1

imseamngiful ehpImtlip fit1erencc can be determined from thi, high temperature
region.

Formatlo o(i the tfourth ordei dim,:r depend', criticallk on the ga, tempera-
ture and the ion ener .%, If tihe l1resstuI is tOO howý or the kinctic enc''r- of the ben-
L-r, in i )to LC:) .L. Ltc Iretiree of the assoc:aItixv product i, too short to ;lllm\ a
stabilizationr collision. Under these cond it ions' Coui ibinlt nlaot b: achiest,

a% c\idenced b\ the 1iots itt Ii-m. 7 under conditions of low presSure and hli-h
repe)ller field stre nthli U nder conditions o1i the lowest field strenet hs and
highest pres.uie, the bentene Ions spnd about 10 'Is in thl on iOUrce. Increaiin
the pre.stire front 150 to 200 mtorr produces essentially io chanoge in the nicaum ed
vautic fom K, oeei the ILasi, temperatLiure region. The aechicettieni of eqLIiilibtmit kit
dill'icult to c:thhli,,h with certaint\. luwever. the behaior of the obscr\cd K,
clearly indicaite, that the s\ytcnl ish approachiig equilibritim, and the nreasuied
enlhalpy change i, therefore it reasonable appro.iiiation of tlie 'quilibritum ialue.

Ion sirumt ui . Cfe ;. The results described prcviousl, indicate tlie partic-
ipation of two states of the betn/ene parent ion. It is found that the vround ctcc-
tronic state ion haimig an ioui/ation potential of 9.24 cV. and possibly other ex-
cited clectronic states having a iclic strtCt ur, ,.tct aI. at fourth order incliCih-

nisni to fllill thei ditier caition. The entithalp) ch:lnge, for this pi ocess (assuming
that the charge-trantf:r and -.olliiottal stabilwiation steps,, hae zero atcti\.atitn

energies) is in the range -- (6 - 10) Lval nol-.
Il addition, our data dceiontrie t(ie exitence of nmolher C,.l,,' species

with ani appearnItce poten1tial of 12.S -; 0.5 eV. Thic isoto)pic e\peritlietitN suggesI,t
thait this tatte is at non-.-L\liC iomItCr oF the grouind-st,ite on. If thiN i,, indeed the
case. then the enIlt l in C\C-,, of the ioii/;tliomi potCnitial or heicnmic w\hich i, re-
quired to prodUc thin, sptcit,. il:it ,,. 3 5 -" 0.5 V", ,ltoUld Cot respond t o the
activation cncrfN Ior iii -mmpeniui.. TIking ,rll1  (C',11. ' I"- 233 kcal itool- [32]
for tie eycitc form 1of the hbe iiic n pire it ion thlrieore yield, an upper lIimtt of
314 A h0 kcal iiol 1 for the linear formi of the' C,,I l e, I C. act llt. I [ro0i .tudies, of
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linear C6116 isomers, Momigny et al. [29] have determined A1,(Cl 6 +) 307
kcal mot-' for ionization of the structures CH[-CCII-CHICH-CI-1 2 and C2 H5C-
CC-CII. Thus, while we are unable to identify precisely the isomeric CC,H 6, ion
in question from the present study, the results are clearly consistent with a linear
chain structure formed by opening of the six-membered ring.

The existence of such a low activation energy for the ring opening may allow
the isomerization to compete eflectively with the loss of H and H2 from the C6 H,, +
ion. If the isomerization were the dominant process, then the loss of a hydrogen
atom would take place via the linear C6 Ho,+ isomer and the observed appearance
potential of C6,l-.÷ would be higher than predicted on the basis of benzyl ion
formation [33].

The structural diffcrence between the two benzene molecular ions may ex-
plain the failure to detect certain product ions at higher pressures. For example,
no C, 2 D11 + or C, 2D,2+ products were observed at a temperature of ca. 400 K
when bombarding benzene-d(, with C•,H6+ ions in the tandem instrument. In
view of the fast charge-transfer reaction observed for ground state benzene ions,
and the existence of bimolecular products such as CI 2 Dbl-I6 , C 12 D,1-l 5. and
C12 D6 H4 +, one would expect formation of C, 2D12 +, CAD, + and CJ2D1 o0
ions to occur following charge-transfer. The absence of such ions implies that the
charge-transfer reaction,

C6 H6 +*(isomer) + C6 D6 -- CD 6 + *(isomer)+ C6 H6  (12)

does not occur. There are two possible reasons for this. First, the change in struc-
ture requires a much longer time than the charge-transfer process, so that the
Franek-Condon factors for the latter reaction may be low. Secondly, the reaction
might form a vibrationally excited ion with a cyclic structure which then requires
an isomerization prior to undergoing a bimolecular dimerization reaction.

Ion structure (C6 1f6+)2. As already noted, two dimeric species are indicated
from the present study. The first, formed by a fourth order reaction mechanism.
has a binding energy in the range 6-10 kcal mol-', leading to the C 61-1 ground
state ion on decomposition. The second is formed bimolecularly, having some
unknown binding energy, (but almost certainly > 10 kcal mool-P because of its
temperature stability and bimolecular formation requiring no collisional stabiliza-
tion), and this yields the isomerized CoHb * ion on decomposition. The isotopic
studies and the conclusions concerning the CoH 6 +* ion suggest that the structure
of the bimolectlar dimer is non-symmetric, probably having the form of a 1-sub-
stituted benzene.

It may be noted that both experimental sttudies and theoretical calculations
dealing with the structure of benzene excimers, (C,1-1,),, have been reported. The
calculations of Jortner and co-workers [I] and of Chesnut et al. [34] as well as
the experimental work of Birks and Contc [35], all of which treat the dimer
is two benzene molecules in a sandwich configuration, are consistent with
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shallow well depths (0.3-0.5 cV) and interplanar' separations greater than 3 A.
Badger and Brocklehurst [36] have discussed the form of dimer cations and

from electron spin resonance experiments [37] havc concluded that the benzene
dimcr cation has a symmetric sandwich structure. Studies by Hamlet [38] and

Field et al. [91 have similarly concluded a sandwich structure for this dimer species.

More recently, Chesnut [39] has performed Hfickcl molecular orbital calculations

on the dimer cation in a sandwich configuration and again, the results indicate
well depths on the order of 0.3-0.5 eV, and large (ca. 3 A) interplanar separations.

This theoretical well depth is in good agreement with the experimental binding

energy of the dimer ion determined in the present work. Both theoretical and

experimental evidence therefore point to a sandwich structure for the ground state
dimer ion.

The structural similaritics of the benzene excimer and the dirner cation make

it reasonable to predict the ionization potential of the B2 excimner. Since it has been

shown that the ground state B13 ion reacts to form this structure, the total energy

corresponding to the dimer ion in a relaxed state is ca. (9.2-0.3) cV. The corre-

sponding energy for the excimer has been calculated by Chesnut [34] as ca. (4.1 +

0.2) eV at the equilibrium interplanar separation. Thus, a value of ca. 4.6 eV is

predicted for the ionization potential of the benzene excimer. Experimental deter-

minations of excimer ionization potentials, which would obviously be of interest

for comparison, have not yet been reported.

ACKNOWLEDGEENWTS

The authors are greatly indebted to Dr. D. B. Chesnut and to Dr. W. A.

Chupka for valuable discussions concerning the benzene dimer cation. Research

performed by E. G. J. and A. K. B. while in the capacity of Ohio State University

Research Foundation Visiting Research Associates under Contracts F33615-
67-1758 and F33615-67-C-I 758, respectively.

REFERIENCES

I M. T. Vala, Jr., 1. It. Hillier, S. A. Rice and J. Jortncr, J. Chemn. Plys., 44 (1966) 23
2 J. B. Birks, C/hne. Phys. Lett., I (1967) 304.
3 A. Henglein. Z. NaturJbrsch. A, 17 (1962) 44.
4 C. Lifshitz and 13. G. Reuben, J. Cheni. Phys., 50 (1969) 951.
S F. It. Field, P. ilamlet and W. F. Libby, J. Amer. Chem. Soc., 89 (1967) 6035.
6 L. 1. Virin, Yu. A. Satin and R. F. Dzhangatspanyan, Khhn. Vyls. Energ., I (5) (1967) 417.
7 A. GlardinI.G uidoni and Ir. Zocchi, Trans. ieraday Soc., 64 (1968) 2342.
8 S. Wexler and R. P. Clow, J. Anter. Chemt. Sor.. 90 (1968) 3940.
9 F. 11. Field, P. Harimnlet and W. 1F. I.ibby, J. Amer. Chen. Soc., 91 (1969) 2839.

10 T. 0. Ticrnan and A. K. Ilhattacharyu, Ab~stracts. 157th National Aleering of the Anterican

Chemical S•;iclo, MInneapoli.t, Minn., April 1969.
II S, Wexler and L. Co. Pobo, J. Phys. C/ien., 74 (1970) 257.

___



161

12 L. Friedman and B. G. Reuben. Ar/ain. Chem. Phys., 19 (1971) 33.
13 J. A. D. Stockdale, J. Chem. Phys., 58 (1973) 3881.
14 W. A. Chupka, unpublished work.
15 V. G. Anicich and M. T. Bowers, J. Amer. Che/,. Soe., 96 (1974) 1279.
16 J. IH. Fulrell, T. O. Tiernan, F. P. Abramson and C. D. Miller, Re,. Sci. Instrun,. 39 (1968) 340.
17 J. It. IFutrell and C. D. Miller, Rev. Sci. lnstron. 37 (1966) 1521.
18 11. M. Ilughes and T. 0. Tiernan, J. Che/,. Plhys., 55 (1971) 3419.
19 Value obtained relative to 12- 1010 cmn molec-I s-' for principal reaction in methane;

cf S. K. Gupta, E. G. Jones, A. G. Harrison and J. J. Myher, Can. J. Chemn., 45 (1967) 3107.
20 M. J. S. Dewar and S. D. Worley, J. Chemn. Phys., 50 (1969) 654.
21 M. 1. AI-Joboury and D. w. rurner, J. Chem. Soc., Loulon, (1964) 4434.
22 A. D. Baker, D. P. May and D. W. Tuarner, J. Chem. Soc. B, (1968) 22.
23 A. D. Baker, C. It. Brundle and D. W. Turner, J. A/ass Spectrom. foul. Phys.. I (1968) 443.
24 1. D. Clark and D. C. Frost, J. Amer. Chem. Soc., 89 (1967) 244.
25 J. A. R. Sampson, Chem. Phlys. Lett., 4 (1969) 257.
26 B. Johnson and E. Lindholm, Ark. i':s., 39 (1969) 65.
27 L. Asbrink, 0. Edqvist, E. Lindholm and L. E. Selin. Chena. Phlys. Lett., 5 (1970) 192.
28 G. Giouamousis and D. P. Stevenson, J. Che/,. Phys., 29 (1958) 294.
29 J. Momigny, L. Brakicr and L. D'Or, Bull. Cl. Sci. Acad. Roy. BelI., 48 (1962) 1002.

30 M. L. Gross, private communication.
31 1[. S. Johnson, Gas Pha.se Reaction Rate Theory', Ronald Press, New York, 1966.

32 J. L. Franklin, J. G. Dillard, It. NI. Rosenstock. J. T. Herron, K. Draxi and F. I-H. Field,

Ionizaition Potentials, Appeaaraance Potentaias and Ileats of Formation of Gaseous Positive Ioias,

NSRDS-NBS 26, 1969.
33 M. L. Vestal in P. Ausloos (Ed.), Fn, adentaol Processes in Radiation Chenistr)r, lnlcrscience,

New York, 1968.
34 I). B. Chesnut, C. J. Fritchie and H. E. Simmons, J. Chem. Phys., 42 (1965) 1127.

35 J. B. Birks and J. C. Conte, Proc. Roy. Soc., Ser. A, 303 (1968) 85.
36 B. Badger and B. Brocklchurst, Nature (London) 219 (1968) 263.
37 B. Badger, B. Brockichurst and R. D. Russell, Chem. Ph/ys. Lent., 1 (1967) 122.

38 P. L. Hamlet. P1h.D. Thesis, University of California, Los Angeles, 1968.

39 1). B. Chesnut, private communication.



Measurement of thermal electron dissociative attachment
rate constants for halogen gases using a flowing afterglow
technique
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A flowing afterglow apparatus was constructed and used to measure thermal electron attachment rate
constants in the halogen gases fluorine, chlorine, and bromine. The operation of the afterglow system and
the mathematical models applied in ,reating the data were tested by measuring the thermal attachment rate
constant for electrons in sulfur h.-xafiuoride. The average value obtained for this rate constant is
4.2"l.1Xl0-' cm3 molecule-'sec-' when a microwave discharge was used as the electron source and
3.6- 1.8 X 10-' cm3 rnolecule-'sec-' when a filament was used as the electron source. The average electron
temperature was estimated to be approximately 600"K for the microwave discharge source and
approximately 350"K for the filament source. A charge transfer reaction between sulfur hexafluoride and
the ion 01- was also investigated in the present study to further assess the operation of the flowing
afterglow apparatus in the microwave discharge source configuration. The average rate constant obtained
for this reaction is 3.7*0.4X 10-" em' moleculc-1scc-' for an estimated ion temperature of 300-325*K.
The average rate constants obtained for the dissociative attachment of electrons in fluorine are
4.6±L1.2X 0-' cm' molcculet sc-' for an electron temperature of approximately 600K and
3.1 + 1.2 X 10-9 cm3 molecule- 1sec-' for an electron temperature of approximately 350"K. The average rate
constants obtained for dissociative electron attachment in chlorine and bromine are 3.7+ 1.7X 10-' and
!.0±0.9Xl0-11 cm, molccule-'sec-', respectively, for an electron temperature of approximately 350*K.
The rate constant for the three-body attachment reaction Dr-+Br2+Ar to form Br; was also measured
and found to be l.9-'0.5X10-l cm6 molecule'-sec-'.

INTRODUCTION has measured the dissociative attachment rate constant
for thermal electrons in bromine using a static after-The reaction •rates for the attachment of thermal elec-

trons to various molecules continue to be of consider- glow technique. The results summarized in Table I notalresetovarchus inter ulest Apcatinuetons of teseidaere only illustrate the need for further halogen thermal elec-able research interest. Applications of these data are tron attachment studies, but also suggest the desirabil-
important in the fields of aeronomy, laser physics, and
spacecraft communication. 1-3 ity of a different approach for such measurements.

Prior to the present work, none of the reported studies
A survey of published literature data reveals that of these reactions involved measurements. in which the

little information exists concerning thermal electron at- product ions formed in the dissociative attachment re-
tachment in the halogen gases. Table I summarizes action were monitored. Therefore, electron loss mech-
published thermal electron attachment rate constants anisms other than the dissociative attachment reaction
for fluorine, chlorine, and bromine. The rate con- are also possible and may have caused the measured
stant for fluorine, listed in Table I, was published in a rate constant to be in error. The present work avoids
preliminary report of this work. 4 Prior to that publica- this limitation by monitoring the product ions in order
tion, no rate constant for the dissociative attachnment of to determine the dissociative attachment rate con-
low energy electrons in fluorine had been published. stants.
This article reports the final results of the measure-
ment of that rate constant. A recent publication by In view of the absence of rate data for the attachment

Christodoulides el al. 5 reports a rate constant for the of thermal electrons to fluorine and the need to cor-
attachment of thermal electrons in chlorine. Truby5  roborate existing data for bromine and chlorine, an ap-

TABLE I. Thermal electron attachment rate constants for fluorine, chlorine, and bro-
mine.

Electron

Molecule k(cm3 molecule"t see") Technique temperature ('K) Reference

F, 7.5x 10"s Flowing afterglow -500 4

C! 2  3. 1 x 10"O Electron cyclotron 293 5
resonance

hJr 2  0.82 x 10"2 Static afterglow 296 6

1966 ,jM jjTh JournAl ofChMicalPhY81Mca. Vl.65. No. 5&,1 Saptambe 1976 Copyright 0-1976-Amwrin.1nsti~tuf@1 Phsics
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pxtratus was designed and const ructed to obtain this in- using a flowing afterglow technique.10 In addition, the
formation. A flowinm afterglow technique was selected thermal electron attachment rate constant for sulfur
for these experiments after a review of the methods hexafluorlde has been measured using several other ex-
which have been used to measure thermal electron at- periniental techniques. 11-14 Once the initial tests of the
tachnient rate constants. The flowing afterglow method experimental technique were completed, the thermal
was selected primarily clue to the ease with which ther- electron attachment rate constants for

mal electrons are produced in the afterglow. In addi- +FZ1 (Fi)*-F-+F (3)
tion, this technique has previously been used to mea-
sure a thermal electron attachment rate constant.' e+ Cl2 r2(Cl;)* C+ Cl , (4)
Another reason for the selection of the flowing afterglow +Br 2 r2(Br;)*-Br +IBr , (5)
technique Is its general applicability to the study of
other kinetic processes such as ion-molecule8 and were determined. In addition, the rate constant for

metastable atom-neutral molecule reactions. 9  Br"+ r 2 +Ar-Br+Ar (6)

Another objective of the present work was the develop- was determined in the course of the present research.
ment of a flowing afterglow apparatus considerably
smaller than those generally used in previous studies
of electron-molecule and ion-molecule reactions. 10 EXPERIMENTAL

The smaller size decreases the cost and space require- A schematic diagram of the flowing afterglow appara-
ments of such an apparatus. tus in the microwave discharge source configuration is

The present experiments involved three stages: the shown in Fig. 1. Electrons are produced by a 2450

design and construction of the flowing afterglow appara- MHz microwave discharge (approximately 2 W total

tus, the use of this apparatus to measure known reac- power) in argon buffer gas in a quartz discharge tube.

tion rate constants in order to assess the operation of The microwave power supply is coupled to the buffer

the apparatus, and the use of the apparatus to measure gas by an Evenson cavity and monitored by a microwave

thermal electron attachment rate constants for the halo- power meter (not shown). Electrons produced in the

gens fluorine, chlorine, and bromine. The reactions active discharge are rapidly thermalized in the high

studied in order to test the flowing afterglow apparatus pressure environment (1-3 torr buffer gas pressure)

were the electron attachment process and flow past the reactant gas injection port, where a

gas such as fluorine may be introduced into the after-
c+SF (SF•)*_SF•, (1) glow. Negative ions formed in the reaction tube, 10.6

and the ion-molecule reaction cm in length and 2. 57 cm inside diameter, are sampled

through an orifice, 0. 23 mm in diameter and 0. 076 mm
SF 8+O•aSF+O . (2) in length, located on the tip of a stainless steel cone at

Both of these reactions were selected because their the end of the reaction tube. The cone is maintained at

th,!rmal rate constants have been measured previously + 4 to + 11 V with respect to ground in order to extract

REACTANT GAS
SOURCE

ELECTRONMULTIPLIER 
REACTANT -

MUTPIRIONIZER GAS FLOW M

________L IOTRANSN TANDUERMIROAV

LEAK VALVE VARABLE

S~~~VALVE .•BFE

INJECTION DISCHARGE

PORT CAVITY COLD
TRAP

MANOMETER

ELECTROSTATIC 0 BUFFER GAS
LENS SOURCE

TO
GC TE VALVE CHARCOAL MOLECULAR
COLD TRAP TRAP SIEVE
DIFFUSION PUMP TRAP-VALVE

FIG. 1. Flowing afterglow apparatus In the microwave dischargo source configurntion.
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negative ions from the flowing afterglow. The ions rX- a MKS Baratron capacitance manometer). As a check
tracted are focused by a cylindrical electrostatic lens of this method of determining the reactant gas number
system into the lens elements of an ionizer. These ole- density, the change in pressure in the reaction tube
ments then focus the ions into an Extranuclear voltage- may be monitored as the reactant gas flow is varied;
scanned quadrupole mass spectromcter. The ions are the number density of the reactant gas can then be cal-
then mass resolved and detected Iby an electron multi- culated Independently of the linear mass flowmeter sig-
plier. A preamp-electrometer coml)ination (not shown) nal. The agreement between the two techniques de-
amplifies the resulting signal and provides analog out- scribed above has been found to be within at least 9%
puts for conmputer and oscilloscope inputs. The flow over the full range of reactant gas flow. This indicates
tube Is pumped by a 1000 litermin'- rotary lump. A that the use of the linear mass flowmeter technique to
charcoal trap in the pump line converts fluorine to car- detormine the reactant gas number density is valid.
bon tetrafluoride'5 in order to prevent mechanical pump The measurement of the partial pressure of the injected
degradation when fluorine is used as the reactant gas. reactant gas during an actual experiment is not feasible,
A molecular sieve trap in the pump line prevents the since this corresponds to only about 14 nitorr for full
back diffusion of hydrocarbons from the mechanical scale reactant gas flow; therefore, a small drift in the
pump. reaction tube pressure during an experiment would in-troduce considerable error. Such drift probably ac-The flowing afterglow apparatus was also used in a counts for the difference observed in the two number

filament source configuration. The basic difference be- density measurement techniques compared above, es-
tween this configuration and that shown in Fig. I is the pecially since the deviations observed correspond to a
removal of the microwave discharge source and the sub.

pressure of about I mitorr onl a buffer gas pressurestitution of a filament electron source. The filament is background of 3000 ntorr,
a thoriated-iridium ribbon which is spot welded to her-
metic feedthroughs mounted in the flow tube walls. The The data acquisition system ultimately developed dur-
anode is at ground potential and mounted approximately ing dhe course of this research is shown in Fig. 2. The
1. 3 mm from the filament. Also, at this point in time system is designed around a Hewlett-Packard 24K, 16-
a sintered glass disc was installed upstream of the bit minicomputer and its peripheral devices. Analog
source in order to smooth the buffer gas flow in the re- signals proportional to experimental parameters such
action tube. In addition, an automatic flow control sys- as reactant and buffer gas flows, buffer gas pressure,
tem was installed so that the reactant gas flow rate ion signal, and ion mass are converted to digital sig-
could be controlled by a computer. nals by a 14-bit analog-to-digital converter. A relay

The buffer gas generally used in these experiments register Is used to advance the mass progranmmer-peak

was argon, trapped with a dry ice-acetone slush, the switching hardware. A 12-bit digital-to-analog con-
flow rate typically b5atm . A liast- verter provides the remote programmed input signal

bliner 1s cmws used tnecessary to control the automatic flow system hard-
ns-re ysth linear mass flowmrateforexperimwts u es eted tware. A cathode ray terminal is used to give the op-

sure the buffer gas flow rate for experiments presented erator input/output capability. A storage oscilloscope
in this article. This buffer gas flowmeter can be used allows the operator to display the Ion signal as a fune-
to measure flow rates up to 155 aim cnm scc'l with an tios of the reactant gas flow at the end of each experi-

accuracy of approximately ± 0. 1, of full scale. The mont. The raw data for each experiment is stored on a

flowmeter provides a 5 V output signal at full scale for man etic di te to e reducedt i re onsa

use with a readout device. The buffer gas linear mass malaetim e.

flowmeter was calibratel for argon. The buffer gas

flow rate is maintained constant by regulating the back-
ing pressure behind a fixed leak. The stability of the DATA ANALYSIS
buffer gas flow was found to be within ± 0. 1% of full Mathematical models for the analysis of experimental
scale per hour.

data, obtained using a flowing afterglow system, have
The reactant gas flow rate was monitored by a second been developed by several authors.2'10 "' The discus-

Hastings-Raydlst linear mass flowmeter for which full slon presented below briefly outlines the development of
scale deflection correspomds to 0. 04 atm cm 3 scc'" of the models used to calculate rate constants from the
argon. A monel transducer was used with this flow- kinetic data obtained in the present research.
meter in order to permit the monitoring of corrosive
gases. The flowmeter was calibrated for argon since Simple model
most of the reactant gas mixtures used In the present The simplest analysis of roacton kinetics for a flow-
research consisted of at least 99.8% argon; thus, the ing afterglow system assumes that the buffer gas axial
thermal conductivity of the mixtvire Is essentially that velocity ng is independent of radial or axial gositlon in

of argon. Conversion factors supplied by the mano- the reaction tube. In this simple model, it is also as-
gacturor llowte cfgalclao ofr gan flra for. sumed that the neutral reactant gas is Injected uniform-
gases or mxtures of gases other titan argon. ly throughout the flow tube cross section ait r - 0, where

The number density of the reactant gas In the flow the r axis Is the cylindrical axis of the reaction tube.
tube can be calculated from the measured reactant and In addillon, the diffusion of reactants and products in
buffer gas flow rates and the measured buffer gas pres- the reaction lube Is not considered. For net reactions
sure (measured at the center of the reaction tube with of the type
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--I-- , I pimatheiatical iunliu. fol' tine llowinlg afterglowv appalratus
21. , Int t ilItI C I Wic 'LVt' li-Chn.'IneiCnLt Ulln'ii c ln itoill could ln Inong-

0 FILAMENT SOURCE er lIt- lplursued, since tile radl-il ',rtmile for the Imliter

a MICROWAVE SOURCE gas velocity eihld tot be delern-imdi . Therelore, tile
i- PLANAR MODEL equation used to reduce data obtained with the micro-

- PARABOLIC MODEL wave dise source was

e i' [x -] = [ , -0 { i - o c p ( - 1 ..4 x 2 3 i 'f , ( 1 2 )

L 5 15 where I' is the measured ion roactionl tube transit time.

Iln crl'er to avoid IIhI( flo,,. p'rOileM dlesribed above,
previous rescnnchinrs have found it necessary to make

their flow tubes long enough to allow a paraboltc velocity
1 ' 2- profile to developI" or to smooth the bhafer gas flow with

<1: c•' "-'a slint re- ;I; .s disc hl;ncn'd li thim flow chianlnel up-

i strn-eain Do the r(-antion roegion. The hlten' soiutins

e 'ntl)oyd it Lh(1w lnCSbentI nc-se.arch. This inec-tisittcatei9W go[ the lo•.atiun of tlt- clectron sourncc dov,,ntroanr froin tlc

o,--:. I.., sihntcrcd ,.-lan.cs tiie. Thus, at tlas i)(i't the apiai-:1tuos

,"' ~1 § -... I watt ,oiverted to the tloih -st cl,.'uttn ,t ScitiroC p1. itiRus-
0 % ? ' - IV es c. Iibt . A s snhow-'k I)it n I'll . 3, ions trantAnit titn n

A nieasored bufrn- ta;t vtlumine flow r.Lte.; are inni giout

Li0 ,a 5 at0l rn'InI en't with mcý-,ure-d ion tr;n:sit times lor (t!i l~wý-
" "sin...ll r- . .ilpp ,';itis us 1 tine fltlnLnonL, son'rce ConIIlu a'.I-
100 200 3.00 tioni. This Inldicaters ttn th'" sil-irn-s- eI:ýss dh.;at in-

BUFFER GAS PRESSURE (torr) stall d in t-h I ie ilo ltoih Is eolcect Illc ,, :L .hin, " o 1)" !' ut-
fen' gas flow thLtit it, lit estabishiShig a paratis)lic N, idolet'-

I-Ic. 3. llt.tun Li iit ti.eii tm"-t a , to ,'n e f It i ,. Is lrofile, il the flow tulie).
pl-fkirt-e.

Radial diffusion

fruito) the polint Of tlnsturb.Ljee to tll(e l, sainllttittt Onifice In order to includt the radi;nl dillusion of hse 'it t l1011S tile then of,11'IA C I 1i1turb.111 toLlj! tile~t)LI ios~npl;',o
WaS (lltil'lllt.d Ia;,• n otilln :t u he tii:,' at X Ititch tintc ion si!- .(sit• ii I tfoc ia t

thnc rttntn at iltcn tl.t I) tic t iltiielod tc.i, I te

nal ciecreased shatip'y ,nlui to tine depcttion o- c tan-nted tn-te--punt erp:nihsnni for ihe.e io-:, pr-odutneed lv t;: t-
soinative e-ectron tittachiniit in thne flowing aftlortbowspecis b v th IYAT.IiZI X,[)IId to ile )1`01' Or ruaci-In tiube, 'Iulst bo solved.

filaite-.t. Pigouns . sihtnns iih-, n-cscuLts of :n se.'-is of ijun
tia;-itt i- s une nSetS ts x-en'Sers -s Ixuffer 1)as i-'ss-re 2

[-(1 - nX/aa) 4x -,

fon tine blov.tnt ; afit rI to' iw tin t' filitln-i ll ninth it( I'sn Vtw Ve

disch]:an-.e Source VICinnnnL attoi ' 11Th eNICCLn'"(i IM where n t he left sidc ,-epn'es ints ite linic ratte of cihtleew
transit limes for tI: Iwo rad-al veloitty pn'-fticss ,.IO-

ut sel theV w, e0tivt onel cnnsltnn!ti;ntionn, tl ' int- i ttnte onh1 tin-.'n-us.sc-d nlove -nrc ncqslt stlnted li Iityjtodt..d b~C fio' toi 'en tnrtnnt llencatv ont~itetiiiticniss

pnlnnanar irofilt .Mtni A solis IinI,, ton the jianitlolne proilte.
Tlihe ;- e Fcqtttcd ion r.iti.it tinine ;t veri caleculatn d t un i m nic- to idl , clnfr o sunot , mcI tlthe s l-on ld te n ienll t 'te .I-
Eq. (9) for tnun l,sulrinrctt on n-tt f-on thef M.1dcillitlit tchiti.

( no is the negative ion diliuson ct-oflicisnt. hlowever,

-: L,'- 0)-'I 7:n ., 'F (11) before a soluloioni for this equation canllite lojinct, n sntiti-

for the s.nn'abolic profile. '[he niieasurcd ion trnst Ian trnislnunt equnltti !ni tie ,oleetrn- henisnty stonIil;ie

inens are much stnn:tller than Il,,sji exptlctitl lon' cvclt a
pj ra n- lic n-aduit vchcity mnrofile Wi sh tie flowtni: ;titer- 2n-41 - ,. -)0[c'I its (D,,', .):•in ajCJ/i-) tT-, i Xai,
gloxt ill'•tn-atins in Ill,, illt icvlu v .e dist-ln-st'e s'no tII ec{I - (11)

fin.agtniit., Ti TI l; :nt-" bee otit -ibut, .1 to the ,ti htn v of W* W'e tin left side n elprc-scnts I licLil,( ' t "Itc tt0, Cintinne

thc' ncs'ietl Itt)'. trint e ls,-hem inn tih i. I l ossis'O\,.vt dn''•-I,.tn of hlii 'hlk'tttonn 6 i.;-tnh , th(i ilt'-f tt I i t l its' niihl '-
SOUlt' c uitfltlln ilIu . The IllniC IsQnA \• discd i .nn: c-,A IN o- resents tIne' Iutcl ro il colntIc t .nti-i t i n-., i n th.,Iw.r. tle to nt-'i,1i.lkI

duce; le~s 111elel(ct- g In t he I rfcr . ill ,a qju.I t t dif[u1inloon, and the s,'•o1tn i Let-ni reri- ,nnn-its tint, e[,cti ;
tube %% in in n 'r (lI iin -l(.t-nr of lc1: nn1 1. 12 tL 11. 'Th1 Iosts -Ante (11c 1 t tim0 ,-lec-tn'oin ;OltW hVtnnci Al nULnt-t ,Isn. 1, I
buff-er gas 1i; litisshIi thl-t)u.is thi s tlle" mi.tt ' IU w 11 tw tot 'nt-c t r-it tinit ost e.'''ir st . lit- , tit . I,.h s

i hil-Il ht-,is t inlIt'' (sl.tls [tl'' of 2. 57 (ninll DC ll' tni this bc-n ,:ohen l b.I hl " ti i no11d Il l til.i-tsb-l'th, anit n!i s nt i cll ls l

,annl s:gu-'ll:cint it h '-.ll I' e i. cw' i:; to st'. tt lsntn;t'Jit tie is lnlvciil b)

cc 'nttr ol tile I1'-a t --b,' .It tV( 10tiit) i hti r hL us 1 tr'-

(licltd bc ,. l tint- ,h tldit , -iI,.. in: t1ht ,1in, ith ['"] Cexli> .t' N)-l"[X 5P'0, I. 2n0
velocity el tint- sIf-i"- I ,-n n;il sti' hli nc1 tt. nil Cl'tIit i li;twilttitsu tt-n•-l(nu ti ~n -1~lS' ;.,xp( ?\ a P)/t~itn - ,i,],1; ;i.~rz/r¾)) (15)

W i l l c it ' i hom it' ll It . t ti n i n t i i i n i' ii i tiot ntnl. h . l t 3i i .n it,, e
luci~tV 1,,' ro lh in,,,cl, At ti t; lpoin|th kl (.I '(q n n LDE ýt Ilh ee
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xA+ ClI.'0X,1/1)E - c k'u'[X /D (10) The nmathematical models derivcd above do nut take
into account piressure .rrt ients in Hice flow .ube or the• I + 4.01[X,] 11z)2, (17/) axiatl diffusion• of Charlmed species, "T'Ic~e fato."Or \ouhl

wlereX2"7. 3428, (1 0.2372, E, - 0. 00150, F,('. ,X/ renult ionly sni:ll corrections to-'l. (V0). Other

•, 1 ;3-/a') is a cofluent hypergeometcri functio,, factors which ,ay be sigiificant in the analysis of e:,.-

and C is a constant. Now that a solution has heen oh- perineent-l data include corrections for inonuniformn ro-

tained for the election dhnbity in th: flow tube this so - letant ,:I injectiol and varitatioll of tile e.lect'rol diffu- I
lution must be substituted into Eq. (13) and ;an texpires- Sion coefficient (assumned to be const~ait amove) with the_ _

sloit for [X'] found. It is obvious at this poinl Utl ob- reactauit gas numlber density. 17 1]

taming an exact anialytical expressionl for tle mie.,ativo
ion number deisity is impossible due to the intractabil- Data reduction
Ity of Eq. (13) upon stllbs tultiori on thle exl)rcssion de- - t(

rived for the electron num'er disity. Therefore, thu he the present expe:imentatS Eqa. (1o2b)tid (20) were t
astunl fption is ,ianle ihilt e ri'cc-ts uscd to reduce experimecut al data, eltaimmei wvith tie 4l-

nfleaSure olly the ,Ixtl( %-tl l:otl ol r - t fr q lS, mIy crowave disehagr;e .:;(i liluiteint source (ill '.urjtil',

the solution of I-q. ( 1-) ai rz 0 is ntic es.,s;try. Tilt, t,.tal 10 t W IC IUM-e1' rAte 'ol ,. t. k -"

Tile datat Nwere fit to theýC ceqko~ttioils lsimen thle teCimltqe i -
v~ariation of the (Aecti'on denlsity may now be Tea~ eeftt h.; q~to~ sItl tc~lu-i =•

discussed in tile first sect0in of at tp)c- bv Curl, 1 il _

[c'- [c], f{exp(, - 0. 019!.4[X 2 . ,ý , 1 i) 00 .whiclh the ionlt e,, 1),ILY,'a,.t es, , t/' In tilis ,else) ,,- ]I,,- z_

where [jcbj is; the electron densýity it -1- 0 :tit( L. (.tt oari;.eml by usil a l.ih~i s riteS ,l r :i:llttt l. WVth
thiF lptt0Cture, jinitiatl piýSseS mu(((it b- .aiLd 1()I Ilill-the ion sulipl.n orifice) fur tXij: 0. The third t:lrn ' thos pirncore, tirougl suc. ss mu . iritto, . lte

La. (1G) has been dropped sincc it is not sign iic.1",1 ill nw ~ r, ttr;tw u.. u c• l, trti,5 h.•
Eq.(10 h's ben I rppe SI(Weit 5 101 it' u valI iest of these l);ir:'itletor5 conlVelge to thc. true vatlue.s.

the prCsent experiments. Equation (18) ;iti iies (,;oIf," to

the electron deinsity at r-0, that is, o1 i the flow tube HoW.ever, if the hf iii fUC$seS foi tl,..t IhtrlteiZJ
are rot reasonable, the successive iteraionlis Ina di-

at:is. Therefore, the iI, titut on ol I.q. (18) init 1, q. v(. l z, I,, S • .-olutin .:ll 1e h.,I uli~d. 11, ,_,r it71r to O)v('r-
(13) .11od illu i EOLA10mm Of EQ. (13 'd) ;.0 % O .1to
expression [Xi'J~fo, z) i.-, ill7Cilill~msS. Ther-fore, it come this hlillitation itild to Curve fit dlti! to more (to!t-

is further assumed Iuhat Ill?.: ,equsitioiis, where the T'aylor seris.e; :mpro:,iviiatilt
re~qtl 1( lhw- i11 i1 - l.l ,wto Ito be noii' near the true

[xi- [l.) - [C'l, (19) values (for examople, ij; the case of sever-al rellinme,t,

i. c. , that the differ-enc- between the Clectroni'.tuinbei palaulti.s), the techiique of leives y r!. i w us;ed.
density it ?- 0 av1 z L with [ - U W i [c10) This techiliclue uses a I'.id search lletlho(! to locate the

the le•ec ro ilnimunier density at I-- 0 ail , .L voithf te ulili-wm, Pr i]lieteirs yield JiCli l1li-

i 0 (that is, [eJ) is due to the for-mati-l of i'egal c iV S 111,11 ,Of tile sijIrcs of tile deviation.

which undmcre' iea' igible ra lial diffusion ir t'heir tfr.msit RESULi S
through the reactioil tube. Substitution of Eq. (19) and
z 1L into Eq. (18) then yieIlds As previously Il, ioiiii .( ; expierilniths using 1it.t flov.-

[X-] [ 0"]0ti - e>:p(- 0. 01 '4x.j L/')i , (20) ingt afterglow appe .'.tlis %wMith 1oMh 11 lilicro'i.,ve dis-
I -charge eleo'troli sotrce ailil a fiacilen! t'hctroil codirc(

which is. t1l)IlChh IV the flowin., afterlow appair:tus have been completecd. Thus, then 'Nltrmeinlt ('i al reslO.sl

in thle filamnclit s50(i(Co coifiguratioln. The v,itility of will he prlc."eitstd liihler Ih(esc two hT.hin,;. Th, ritt.

this equation wutl te..lt:d byh lllynlSklsillg linowil reaction colnstanlts nio.is.sre in the present rceei ci are s•tlum -

rat es. illiY.eitz d ill tabli_ It.

TAMI.IF: H. tiLte c'il(t;iiIt' tet'rrmind in the pitiec-nt (.Iltriiw lnt8.

ltuffe'r V
Nvt ) tI, ! klo!'lln iýtlet ( scu'") S lri'e

4  
m -'tC'Sý ' (r-irr) C:•hmmentr.

e r .- . - , .t.6' 1.3. 1< il ii. t 2. .- 2. 17 %iith ni't,.-.tA:lc (l,, el !%;mrt
"3. 9 0. 19 lo- Icim i-iw ve '.c . iG-2. 1 G 'A I ihiltit . i l.tia

4.2 1.1 I U"'im'i'r;' i'e ave,.•ra
3.6, LS, I. ' 0 fll:mlwetmmd 0. !lG-2. 32

S (1 -" S1 4 ( F 3.7, 0.4 - 10-' u i ,loxia' u ae .00-2. 03
e(41,-• 1-"+ •' 4.G: 1.2- hO~ iur,,v e '.tO -. :,t

3.1 i 1.2- '' filtan-e'lit 1.2s-'. 1)
' 4 C ,-- C " P I ('1 :1. I 1 ..I:i, 1.01 -2. :13 J!Ct- i.Jti1 -i , (Iijllt

3. 7i 1 . 7 ,1i , fil l wn, it I.O " 1, :• .i .. , q l ltll.lI('.

C'- Or. - 4li t r I r Io , il 9.- Il";emti 1.i--I. iI

1r '1 ] i - t -4 Al 1.9 1 m .t I I,'! ftl:ilhnmtl I . •- 2. Ill I i- (V, ,1 Ii i/ h iih ,

'A ýl', ; L' chlt'c(lrmil tr'iol i,,l i~ l f-11 tICit I'V t'l.-AW ýi~t .lll ! [I1 ,1;;It.lit %.:I('( I~ l , i tl Ll '(--, ;irt" api -ll - 01ii . \.d 111) I il d .iii tL-'1J [

I el l" . [- V ly)'.

- : - .....--- - . u t r' -, ui, . 6g. No. b. I S ,Lenuiler 19/6i - = -. ..-
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Microwave discha ge electron souirce followled hý rail jativ e em ission of tWe exuiHtd itri'o.en

Several authors have shown that Ict( oi - rapidly prochit (C31i.- W'ill). The r'tle eunstai.t for this

eI -L it quci'chli' l,, it ll tio'n. his iveen licasu eLL'd" (0.3 x 10"10thlernialilzed ill .: flu" tilil,. alter"l'l, k,: cvIVo11011 n(I t.l: Il
tii prese~ nt .. f ing ith oldli uxpoiiu~arolii'indi CID niotecuh,' SVC") aiid WoilI tu be ]nrle VIIOUIIh thattihc, prcscnt researerih the onlyv ixY!}i'l:' ii intl pl'ocedo d' te It ijoctiOin of even ,' few into'r of nitrogen' into the
used to actually ,,tihmate the electron temperature An aftei glow shuld dqpee No iitstalble Mom tootrn-
th(ý flowing afte:.;lo0-w, do's IIStrc;ii of thc: eitriji trillion by severnt coders of inanitude hefore t1-, rc:-

source, was based lon tit, lllt';istli'l'li('lit of the rattin of actant gas is injected. Ile rcsu ts listed in Table 11 for
SFQ to S IF; ion c'rent s whien sulfur hexaiflurrdce las n"- sulfuir hoxafhiuri:Il, includle experimeints in Which noitv-

jected at the neutral re:iitirt port. This ratio has been geli was injectedc :as at tite.stahi~e <iter'. cqeiehanlt. Coii-
shown by other invsticators to he stroii'ly denerndent slhrni tl;e s('cattr in the data, there is no sit',iificflt
on electron eniergy.o'.ZO' The SFiSF' ratio (- 0. 2) difference between the average clectro.;att:ichnieit rate
nicasured here Indicates an averatge lectrun tl.ipela- constant for experiments using the quenchait (k --4.6
ture of approx nitM l, 13 600-K whc r.: the rati - is coi i d. :.Lr.d 3 > (P c0" i ( I aolie -ulk i -' sm "c ) .lWl thl•, ior exlIeI-

to tie data of i el:- vei:;vWIt,1 tho dt'.izlxii-d this -ri al s monms lOt uwanh a; ow,-nl'l tilt (I. - 3.9 0.9 - 10' ciW anio• -.a fuvction of eh'i'tr"oi I tNl.riaturtc in a flowinh% ail "rglow Cule" sve' Thun it dues not auClvar thit the mta-
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hexafluoride flow rate as determineI I)v. a linear mass .--
flowmetLer. The average value obtained for the binio-
lecular rate constant k for the SI'JO.: charge transfer a- 2 C " Cc
reaction is 3. 7± 0. ,1 x 101"1 cni molecule'l sect for an c.Z
O ion temperature of about 300-325 'K (approximately ci- ()
the temperature of the buffer gas in the flow tube). . "

Filament electron source

When sulfur hexafluoride was injected into the flow- z
ing afterglow apparatus in the filament source coiifigu- YO4 -Cl (37)
ration, the SF' signal levels were so low that they could z
not be extracted from the noise (- 5 mV). Even for ex-
periments in wvhich the system sensitivity was fairly I I

high (- 5 V SF; signal), no SIF- signal could be observed. H. 2.2 3.3 -

Therefore, it is assumed that the SF/SFý ratio is less '5

than 10-3 (the smallest detectable ratio). This corre- CHLORINE FLOW (x8O0 molecules sac)
sponds to an average electron energy of less than 350'K FIG. 5. Chloride ion signal as a function of chlorine injiction
when this ratio is compared to the data of Fehsenfeld.7 rate for dissociative electron attachment in chlorine (filarnent
The lower electron energy estimate for the filament source).
electron source configuration compared to the micro-
wave discharge electron source configuration is not un-
reasonable, since a microw.ave discharge results in a which a metastable atom quenchant was injected into the
greater heating of the buffer gas with which the clec- afterglow, since the experiments with a microwave dis-
trons are in equilibrium. 10 In addition, the incidence charge source configuration indicated that argon meta-
of superelastic collisions, which tend to increase the stable atoms were not a significant downstream source
average electron energy, between electrons and meta- of electrons.
stable atoms is greater in a microwave discharge after-glow due to the higher metastatble atotn densities..2a The study of dissociative electron attachment in fluo-

rine, using the filament source, yielded a rate constant

A series of nineteen determinations of the rate con- k equal to 3. 1 .t 1. 2 x 10-0 cms moleeule-' see". A sam -
stant for the attachment of thermal electrons in sulfur pie of the data obtained is shown in Fig. 4; the solid
hexafluoride were made using the flowing afterglow sys- line is the least squares curve fit.
teon in the filament source configuration. The average The dissociative attachment rate constant for olec-
value obtained for tile rate constant k is 3.6 6. 1.8 x 10"cin moecue'lec- fo ,ineletro tepertur of trons in chlorine was also measured using the filament
cm molecule'tsec'l for an electron temperature ofelcrnsue.BtthCl(/=3)adtleC

about 350'K. It has been shown that flowing afterg~lows et/el 37) Isotopes were monitored in these expert-
with a filamient. electron source have at lower nictastable me=3)iopswreontedntheexr-wients. The rate constants obtained for this reaction
atom density than those with a microwave discharge are 3.7 1 1.8 x 10-' cm moleculeC se11 for the mass 35
source. 20 Therefore, no cxperimelnts were done in isotope and 3.7 ± 1. 7 x109 cinl molecule"' sec" for the

mass 37 isotope for an electron temperature of approxi-
mately 350 0K. Figure 5 illustrates the results of a
typical chlorine experiment. The solid lines are the

14 - curve fits. Tile chlorine/argon ratio in mixtures made

"*-F, F F for these experiments was determined by measuring tile
12 chlorine pressure and the total pressure of tile mixture

"during preparation with a capacitance manometer.
tO o a The study of dissociative electron attachment in

D - bromine

ce Brai,(1r;)*- Br'+ Br (5)
0 is complicated by the occurrence of three other reac-

tions when bromine is injected Into the afterglow
2 Ar'+fBr&-Br'+Ar+e , (25)

"0,2 Br4.B3r2+Ar- Br;+Ar , (6)

L J .. I.Ar"4 Br3- Br' B13r*+ Ar (20)

0S 16 2.4 3.2OR OW a t ll The Injection of a metastable atom quenehant, such as
F YLUORINE FLOW (WI molecules sail) nitrogen, Into the afterglow eliminates the Penning Ion-

71M. 4. Vh,'hrlde ion slgnal as it fnnetion of flirine iinjetictirn Iizationi and palr production processes (represented by
rate for dd(iliclitive eletnin nlttlchineit in fluorine (filnerint Eqs. (25) and (26), respectively). The data obtained In
gou r~ce. the present experlments theni depend only on tile two re-
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DISCUSSION
a

r'he first two reactions listed in Table I were inves-
'SV 0.8- tigated in order to determine whether rate constants

Br- + Br, + Ar -- Br + Ar measured in the present flowing afterglow apparatus
a a are reliable. The rate constant (3.6 * 1. 8 X 10" cm1
": 0.6 -molecule"' for an electron temperature of about
a 350VK) measured for the attachment of electrons to sul-

fur hexafluoride is approximately a factor of 5 to 8
z 0.4 smaller than the rate constant measured by Fehsenfeld1

Z,- •(2.21 x 10-7 cnl molccule" sec 1t for an electron tomn-
z perature of 289 *K) in a flowing afterglow apparatus and
- 0.2 by other researchersi"H using various techniques(2. 14-3. 1X10' cmnimolecule-' sec"- for an electron

temperature of 300'Y,). This agreement indicates that
________i .. _ ___ electron attachment rate constants measured in the0.35 0.70 1.05 1.40 1.75

present research are reasonable. The discrepancy be-
BROMINE FLOW (x1018 molecules seel) tween the present result and other reported data may be

attributed to several factors not considered in the mood-
FIG. 6. Bromide ion signal as a function of bromine Injection el used in the present study to reduce experimental
rate for JIr3 formation In bromine (filament source). data to rate constants. Such factors include the varia-

tion of the electron diffusion coefficient with changes in
the reactant gas injection rate, nonuniform reactant

actions represented by Eqs. (5) and (6). The study of gas injection, and product ion radial diffusion.

this system was then conducted under two different con- As noted previously, prior to the present work, no
ditions: the injection of a high concentration of bromine electron attachment rate data had been reported for
so that only the reaction represented by Eq. (6) had to fluorine. The present results represent the first inca-
be considererd in the reduction of data and the injection surement of the rate constant for dissociative attach-
of dilute brcmine so that only the dissociative electron ment of thermal ýslectrons ;n fluorine. The fact that
attachment reaction represented by Eq. (5) is impor- this reaction is rapid has significant implications for
tant. For the Ligh concentration experiments, pure the development of hybrid chemical lasers utilizing
bromine was injected into the afterglow. For the low fluorine. One important application of this data is in
concentration experiments, bromine/argon mi:tures the modeling of an electron-beam initiated IiF chemical
were injected. These mixtures were prepared using a laser system. Recent work has suggested that the pro-
MKS Baratron capacitance manometer to measure the duction of F atoms by the dissociative attachment of
bromine pressure and the total pressure of the mixture thermal electrons to fluorine is the most important F
during preparation. Figure 6 illustrates the data ob- atom generation mechanism for such a laser device. 20
tained when pure bromine was injected into the after- The present results confirm the importance of this re-
glow. The solid line represents a least squares curve action.
fit of the Br- signal. The rate of bromine injection was
so rapid that only the reaction represented by Eq. (6) The rate constant measured in the present research
was observed. 'rhe average rate constant obtained for
the formation of Br;, determined by monitoring the dis-
appearance of the Br' signal, is 1. 9+ 0. 5 x 10'20 cm 8

molecule' 2 sec-' for a Br' ion temperature of about
300'K (approximately the buffer gas temperature). Dr . 1.2-
was not monitored since its mass exceeded the upper 1. 0-+Br 2 - Br + Br

mass limit of the mass spectrometer used in these ex- 1.0
periments. Figure 7 Illustrates the data obtained In an '
experiment for which the bromine injection rate was so b 0.-
small that only the reaction represented by Eq. (5) oc- J

curs. The average rate constant, obtained in the pres- • 0.6

ent research, for the dissociative attachment of ther-
mal electrons in bromine is 1.0f0.9X10"n cm 3 mole- 0.4

cule'" see" for an electron temperattre of about 350 'K. ,'

The rate constants listed tit Table I were measured

at various buffer gas pressures. No buffer gas pres- 1H1 2.2 3.3
sure dependence was observed for any of the biniolecu-
lar rate constants dletcrmined in the present research. BROMINE FLW (KtO molecules sod')
This Is expected tin view of the limited pre•;sure range FiG. 7. llronhld Ion irlnni us n function of bronilno Injectlnn
anw relatively high pressures of the present export- rutv for diesochltlve electron ttaichinent in bromino (filameont
meats, boure,).
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Dissociative electron attachment in xenon difluoride
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The rate constant for the dissociative attachment of rate constants since the same rate constant, within
thermal electrons (300-350 'K) to xenon difluoride has experimental error, was obtained at 0.8 torr and 2
been measured using a flowing afterglow technique, torr for the reaction reported here.
which was describcd in a previous publication. Thewhic wa decried i a revousP~b~C',ti0l.'TheIn several ex'perimients, an argon metastable atomn
data presented here have possible applications in the queveral exprigen, an argo tae atom

deveopmnt f dichage-ustaned rae ga-haide quenehant, nitrogen, was injected into the afterglow
development of dischartge-sustained, rare g•as-halide in order to determine whether metastable atoms might
lasers2 ` and in the developmient of electron-bcam be interfering with the measurement of the electron
initiated }IF laser systems. 1-. attachment reaction by acting as a downstream source

Xenon difluoride Is a white, crystalline solid at room of electrons. I There is no significant difference be-
temperature and has a vapor pressure of 3. 10 torr at tween rate constants measured with a quenchant and
293.2 -K. 7 The xenon difluoride used in the present those measured without a quenchant. Therefore, meta-
experiments was analyzed using mass spectrometric stable atoms did not interfere with the present rate

techniques. No significant impurities were detected. constant measurement.

The results of the present rate constant measurement The present data does not indicate whether the reac-

are shown in Table I. The average rate constant ob- tion studied is
tained for the reaction XeF2 +e"- F"+XeF (2)

XeF 2 + C'- F" + products (1) or

is 2.4 * 1.1 x 10"9 cmi molecule"' sec". XeF2 +e- - F' +Xe + F, (3)

During the course of the present experiments, sam- since the rmutral products could rot be observed with
pling problems arose with the use of a stainless steel the experimental technique utilized. XeF is known to
cone through which ions are sampled from the after- be weakly bonded (- 0.48 eV9 ): however, the exoergicity
glow. The ion signals obtained from the flow tube (--2.28 eV 1i'"1) of Reaction (2) is certainly sufficient

were somewhat unstable and sensitive to the contamina- to break the XeF bond, provided that this energy goes

tion of the stainless steel surface. The stainless steel into internal modes of vibration.
cone was then replaced with a molybdenum cone as
suggested by Ferguson et a/.' The data shown in The only thermal energy attachment product observed

Table I include experiments performed using both sam- in the present experiments is F" even though XeF and

pling cone materials. The improvement in the standard XeF_ have been observed by other workers."2 This

deviation of the results with the molybdenum cone is fact may be explained in terms of the hypothetical po-

obvious. tential energy diagram shown in Fig. 1. Thermal
electrons attach near the minimum in the XeF2 potential

After the replacement of the stainless steel cone curve, and the molecular negative ions are formed at
with the molybdenum cone, it was found that the maxi- energies well above the XeF2 dissociation limit. The
mum ion signal from the afterglow was ohtained for energetic XeF formed then dissociates within one

a buffer gas pressure of approximately 0.8 torr in- vibration to XeF and F. The potential curve represent-
stead of the previously observed maximum at approxi- Ing an F-XeF" bond apparently crosses the neutral
mately 2 torr. After the reinstallation of the stainless
steel cone, the maximunm ion signal remained at ap-
proximately 0.8 torr. This phenomenon cannot be ex-
plained at present. However, it is felt that this change
in the ion signal maxinum does not affect any measured \

XeF.F

TABI.E I. Dissocintive electron attachment rate constants L xc\v_1measurecl for xenon difluoride. 7 XeF-F

Ikiffer gas \ XeF°
NlmiIlt r vi It;levonl,,tc t p s iluC XeF°F"
t.XIMNrIJI&¢';'• |II" ioh tlh*1Ht" ' ,'1 n l-I') (cuniment R

12 ,.9' 0.( C It'" 1., ,,,oh ,.,.,,. Colic INTERNUCLEAR SEPARATION

21 2.4 I. I - 10"il experlememts F!(.. 1. IIyplsllhtleal potential enei gy diagramns for XeF 2 anti

*3 ., . -
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Theoretical and experimental studies of the N20- and
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The ground state potential energy surface of the nitrous oxide negative ion is characterized and related to
that or the neutral molecule by a synergetic theoretical--expcrimenetal approach. Ab initio
multiconfiguration .;elf-consistent-field/configguration interaction (MCSCF/CI) and other calculations for
N:O-(X -A') yield the minimum cnergy geometry ( R ,, R';o. A' 5 0o)=(I.2224-0.05 A. 1.375:0.10 A,
132.7+2'), tite vibrational frcquencies (vl,vz,u3).= (912-100 cm-, 555- 100 cn- ', 1666+ 100 ena-), the
dipole moment :t =2.42±0.3 13, and other properties. The NOO" molecular ion in the X 2A' state is
found to have a ,ompact electronic wavefunction--one with very little diffuse character. The MCSCF/CI
bending potential energy curve from 70" to I8SO for the X 'I*(I 'A') state of N20 as well as the
bending curve for the X2A' state of N20- are. also reported. The dissociation energy
D(N,-0)= 0.43+k0.1 eV and, t!ius, the adiabatic electron affinity E.A.(N20)=0.22:1-0.l eV and the
dissociation energy D(N-NO-)= 5.13+-0.1 eV are determined from beam-collision chantber experiments.
Corrections are made for both the dispersion in the ion beaam and the translational motion of each target
gas. The combined theoretical and experimental results yield a vertical electron affinity V.E.A.(N20) of
-2.23-+0.2 cV and enable the construction of angular dependent Morse functions to represent the neutral
and ionic surfaces. This construction leads to the determination of the minimum intersection locus as ( V*,
R0 , R*. 0 , A *.'o)=(0.67J:0. eV., 1.18A0.05 A, 1.28+0.10 A. 154;-3"). The predicted activation
energy of this critical point with respect to the asymptote 0, NZ---O0.21 +-0.1 eV-and the position of the
critical point with R*.,, well outside of the N2 (v=0) outer turning point imply that the reaction
0 +N-+N20 + e will be strongly facilitated by reagent vibrational excitation

I. INTRODUCTION of the NO'(.X2 A') potential energy surface and its re-
lationship to that for NO(X iZ) can contribute to the

The relationship of the potential energy surface for understanding of other interesting processes, including
the X 2A' ground state of the nitrous oxide negative ion the recombination reaction
N 20 to the potential energy surface for the X tZ'(1 tA')
ground state of the neutral molecule N2 0 has been of . ,1-1 0- J/ e ) N, z(X 'Z ) .N zO .(X 2 A') (2)
some concern in recent years. - This relationship
is interesting partly because the possible ionospheric and the dissociative attachment reaction
associative detachment reaction

O-(P)-Nz(XtZ;)-NZ0(Xt'ý)+e+0.21 eV (1) NzO(X ')+e-N 2 (X t';)+O'(P)-0.21 eV (3)

is not observable in laboratory experiments conducted This paper presents both experimental and theoreti-
at 300 OK. 2-8-t1- An upper bound to the thernmal rate cal studies conducted to characterize the NO'(X2 A')
coefficient has been placed at about 10`2-10' ema s-' potential energy surface and to relate it to that for
by various experimenters. 2..5.t3 There are conflicting N 2O(X t Ž'). Bond dissociation energies and the adia-
reports of reactivitytt or a lack of it" above 0.3 eV batic electron affinity are derived from collision-in-
relative collision energy for N2 (v = 0). The low thermal duced dissociation experiments with Np-, which are
rate for this exothermic reaction and the effects of the subject of Sec. 11. Correlated ab inilio and other
reagent translational or vibrational excitation are de- theoretical calculations which yield the N2 0"(X 2 A') and
termnned by the characteristics of the aforementioned N,O(Y t1°) bending potential curves and the N-,O(X 2 A')
potential energy surfaces. The NO'(X2 A') surface equilibrium geometry, force constants, vibrational fre-
connects adiabatically to the reagent asymptote for Re- quencies, and dipole moment are presented in Sec. III.
action (1) and passes in some regions above the The neutral and negative ion potential energy surfaces
NO(X't?) surface. t2 Characterization of these po- are related and the minimum energy intersection locus
tentlal energy surfaces and their intersection should determined by representing each by an angle-dependent
make it possible to predict the effects of increased Morse function as described in Sec. IV. The potential
translational or vibrationtal temperature otn the rate of surface features which are determined by these data
[eatction (1). Vibrational excitation of nitrogen is are summarized, and discussed in terms of their lii-
common In the Ionosphere but lthas been little investi- plications for the above noted collision processes in
gated In laboratory experiments. Lastly, a knowledge Sec. V. Conclusions are drawn in Sec. VI.

6474 Tim Journal of Chemical Physics, Vol. 65, No. 12, 15 December 1970 Copyright 0 1977 American Institute of Physics
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II. COLLISION-INDUCED DISSOCIATION A is aI function of the internal energy in the reagent
EXPERIMENTS WITH N2 0- molecule ItS, F.T is the total energy (c. mi.) less the
A. Apparatus and cross section determination atperqge internal cnergy of the reactant molecules, and

E0 is the threshold value of Er. The exponent n do-
An in-line tandem mass spectrometer was utilized in ponds upon the mechanism of Reaction (7), with the

this study. The instrument has been described pro- range 1. 9 < n < 2. 2 implying a direct process and the
viously. "'= Briefly, it is a beam-collision chamber range 1. 5 <n< 1.8, an indirect process. 18
apparatus which provides mass analysis of the product
ions. The collection stage is fixed at 0' (LAB) scat- the prent becollis chaber experilent
tering angles. The proiectile ion is formed in the clec- cross section is rlt totetslt
tron-impact ion source of the first stage mass spec-
tromneter which produces a mass and energy analyzed duf(EllEjo)f(,,)cr,,z(E
beam which is impacted upon the target gas in the col- d E, f rod 1 (9)
lision chamber. The energy spread of the projectile where E10 is the nominal and E, is actual laboratory en-
ion beam entering the collision cell is about 0. 3 cV gy oi mi g axis directed through the
(LAB) over the ion energy range 0.ions moving alon the

(I ocollision chamber, ui is the speed of the target mole-
(LAB). "'-" Pulse counting techniques are used to mca-
sure the product ion current. The product (secondary) collision energy determined by E, and Erui The dis-
ion intensity I,(E1 o) is converted to an observed apparent tribution function/'(EllEo) for the 1S ion energy about
cross section1 etiuinf11t01.('I'dfrte Sineeg bu

the nominal value E,, is assumed to be a Gaussian func-
ao'('E1 o":C[I3 (Eto)/P 1/I (Ef) , (4) tion in the variable (E, - E,) determined by the require-w iment that the full width at half-ma.imunm be 0. 3 CV. is,16w h e re l l: o) is th e p r im a ry io rt in te n s ity , E ,, is th e i s f r h r a s m d i q 9 h t ~ t s t e o e

nominal reactant ion energy in the laboratory frame, P, It is further assumed in Eq. (9) that f0,,) is the one-
is the target gas pressure, and C is a conversion fac- dimensional MNaxwellian distribution and that cabs(EF.I)

thas the form urs(Er,1 ) given inEq. (8). In the presentto r. hs the Oven 'I E- 8

application E, has reduced to Er.I since the internal
In the present study the projectile ion, NO', was energy distribution is well approximated by a delta func-

formed by clectron impact on nitrous oxide gas at a tion centered at the zero-point (i. e., average) level
pressure of -0. 1 p. Under these conditions N2O" is for thermal molecular ions RS. Because of this
most probably formed by Reaction (3) followed by Reac- identity E0 miay be identified as the dissociation energy
tions (5a) and (5b): D(R-S). With this consideration and a change of vari-

able to transform E,., and E, to the laboratory energy0P)+ 0. 12 eV , (5a scale, Eq. (8) becomes22 '2 3

NO-(XZ") + NO(X *) - NO(X 211) + N20" (X"2A') AE. A. (10)
(5b) as(E 1 ) ALAB(EI -

It is estimated that the N20- ion undergoes approxi- Optimum values of the parameters E0 and it are de-
mately 30 collisions within the source chamber and, termined for each target gas by a grid search proce-
therefore, it is assumed that the exiting NýO" is pre- dure. For cach trial set of values for E0 and it, ALA.
dominately in the ground vibrational state. The tem- is found from the approximation or. a-td h e
perature of the collision chamber was maintained at ion energy included in the fit procedure. The optimum
160 'C. The target gas pressure was 40 p; it was es- set of parameter values is the one which causes
tablished that single collision conditions prevail at .Craf(E0• ) to best fit a o'(E,.) over the desired range.
this pressure. The conversion factor C in Eq. (4) was For the present study the best fit was ascertained by
determined at E,,= 0.3 eV using the previously re- visual comparisons. Further details on this data reduc-
ported"? cross section of 63 A2 and the product ion in- tion procedure and on the applicability of Fq. (8) when
tensity observed in the present study for the charge RS in Eq. (7) is a negative molecular ion will be given
transfer reaction elsewhere. 22
O'(eP)i NO,(X2A,)-O(',P),NO;(X'A,)+0.81 eV . (6) C. Results for D(NM-O'}, D(N-NO'), and E.A.(N 20)

B. Threshold behavior and corrections for the ion In the course of the present experiments a steady sig-
energy distribution and Doppler motion nat for m/e = 44 negative ions (NzO') was detected in the

The threshold behavior of the total cross section a for second stage mass spectrometer when the collision
chamber contained no target gas. This result impliesthat the lifetime of N20' is - 50 psec, the transit time

IS+ M- 11 S + M (7) through the apparatus. Such a lifetime implies stability
isknownfrom theoretical considerations' andexwith respect to dissociation and is a precondition foris now frnt heoetial onsdertiost•and expert-mental studiiss0-12 to be well approniwated by the stability with respect to electron detachment (i.e., for

functional form a positive electron affinity).

, =A( -tEO)8/Ert( Quantitative determinations of the bond dissociation
. l =,energy D(Ng-O') were made from studies of Reaction

where r,., is the relative translational energy (c. m.) (7), where It = N. and S w 0, for M a lie, No, Ar, Kr,

J. Chrem. Phyl., Vol. 05, No. 12, 15 Decemertxi 1970



S47G Hopper, Wahl, Wu, and Tiernan: N 20' and N 2 0 potential energy surfaces

Is -• I I - I Xe, NM. 'vie observed apparent cross sections u";(E,.)

NZO'X-- a'.NI* are shown in, Fig,. 1. A!1 of the six reactions observed
exhibit thresholds and thIus may be assunmed to be endo-
ergic. The cross sections all show exponential in-

n 2 A,I-A) crease in tile threshold region, followed by a linear risetowards a maximum, and then a gradual decrease.

The true energy threshold for each reaction was ob-
12- n0 ooN2 4;i) tained from the observed apparent cross sections by

0 , moans of the convolution procedure outlined above.

"1 t(••The application of this procedure is illustrated in Fig.
2, where the calculated apparent cross sections aE.

P for the production of 0' from the reaction of N.0- with
"" 0 8N Ne are shown (solid lines) for various combinations of
U) 0, 0 o .... K E 0 and n. Comparisons with the (Lata--¢1( 10/,.) repre-

osented by solid circles-show that the computed curve
o ^• with E 0 = 0.4 eV (COMt) = 1.27 eV (LAB) and I ,- 2.3 is

04 the best fit. The uncertainty in the values of EQ(COM)

and n is oil the order of ± 0. 1. These errors are esti-He o 0 0 mated from the ranges of E1 and ji which yield a good
0 00000000 0 0ae frm her

2' .. 0 a ° fit to the experimental dita. Figure 3 compares tile
,, ,, calculated best fit curves ,.ac(l) [Eq. (9)1 and t••e

corresponding absolute cro sections q.6 8 a to 12 14 (101 to the experimental data c(or ,,) [Eq. (1)] for the

CENTER OF MASS ENERGY(M,) other five reactions studied. The values of E 0 and n
which correslpond to these best fits are listed in Table 1.

FIG. 1. Observed apparent cross sections ,6o(toFj) for 0- The dashed lines in Figs. 2 and 3 are the (unconvoluted)
production from the collision-induced dissociation reactions absolute cross sections acid(E) from Eq. (10). Conl-
N2 0 M -- N2 + 0'4 '\, where M --Ile, No, Ar, Klr, Xe, N2 . abou A
For plotting purposes JIQ has been converted to the center-of- parison of these curves with tile solid curves uca c-F

mass coordinate system, and thc cross sections for He. NN. for each target gas and for given values of E 0 and n
and Ar ha:ve been shifted tipwards by 2, 4i, and 6 , respec- shows the importance of tal.ing the ion and neutral
tively. translational energy diktributions into consideration in

iA I I -

N2 0"+Ne O- +N 2 +Ne

1.2- a- 4A(Et-E o)n /Et

Eo LAB/CM: 1.27/04 0.95/0.3 159/0.5
EIt SCALW.: OeV 4eV 8eV

U0 0, -4

ua n8 -2. 22 n-2 2

S',' , n2,•,,:"••n._ n-2 26 -n-2,5
Sn-2.4 /

(I.4 -/ , ,/
I • / 6 ,/ --

0 2 4 6 . 12 14
N2 0-ION ENERGY Et (eV.LAB)

FIG. 2. Optimization of the parameters E0 and n for M.-No. The effect of the variation of n Is shown for three values at Fi.
The curves for which E0'O0.3 or 0.5 eV (COM) arc offset ,1 or 8 eV (LAII) on the cncriw scale for clarity of presentation. Thle
circles are tie data poinlts ir;(Etj). Iach solid line rvlnresvcts the calculated apparent cross sectioll - -( which results from
the use of a given pair of iparameter values. Showv for comparison (as dashed lines) are the absolute cross section functions
re,(l'Jil with which t0ie calculilated atparent cross sections are computeid. 'h'll( near Gaussian dlistributlon curve drawni for EI',:l3eV
Illustrat'le the combined distribution finwtion .'t i, I Io) z'f(EI I Eld.f(u,.t) with which ut(a(Ei) is convoluted to eOmltot
Note 1: 1', in the figtire lhternatively Ire'll0'Il1't E,, Or Elg anlld .I' InI tile fil1re Is At LAtt froint lit" text. Nob' 2: All crots Sec-
HUions ha V~C'b nI nI 01-111AIZINI (0 to e hi ghest 4 rj, data Ioin t WIP ,AtI•,.1,rtin•) which i Is included In the fit tprocedu re. Note 3: ALk. Is
found for iach, vvt Of v ties for tie Oithe r li ametets, E~ ani ?1, by the asslilitIon that uiJ ,I : Irit and ,I 1 1Q Ej at the data
point n(•"cE 7." 1 1 ).

j. Choe. Phys., Vol. 6S, No. 12. 16 Oocemnier 1078
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N2 0'X - 0'+N 2 +X -A(Ek,-Eo)n/E, FIG. 3. Comparisons of tile

12 - optinlizecl, calculated appalrent
Xe Kr No Ar N2  He cross sections arnc(Ei

E.•CM.)05 0.4 0.4 04 05 0.4 with the observed data ofIt•.()d
n- 2.5 2.3 2.3 2.4 25 2.4 for the target gases Xe, Xr,

Nc, Ar, N2, anti Ilec. The op-
_-_/ • / t a timizcd values for/', and n
V) I I are shown for each reaction;

08 the absolute cross sections
Z• //• ,a(]I.) (---) determined by

5/ // ,these valucs arc also shown.
06 o //Comparison of the solid and

/7 dashed lines provides a visual

indication of the importance of
0.4- / X the combined effects on the

cross section of thermal mo-
tion of the collision gas and

X, dispersion of the nominally
02- /onoergic ion beam. For sym-

/. bol clarification and lplotting
0A details, see the notes in tile

0O l2 114 l l caption to Fig. 2.

N;0" ION ENERGY Et (eVLAB)

fitting the experimental data. configuration interaction (MCSCF/CI) self-consistent-

As indicated earlier (Sec. II. B), the threshold Ei field molecular wavefunctions. The MCSCi method
the present experiments corresponds to the dissociation employed in this study has been presented in detail
energy D(R-S), where p-S is Nc-eo. From Table I the elsewhere. 27 , 28 Previous applications of the MCSCF
average " 'alte for e(N -O)i for the six reactions and MCSCF/CI methods to first row triatomics have

studied is 0.43 ± 0. 1 eV. This result is based upon the been reported. 2itsa The calculations w'ere made with
assumption noted above (Sec. II. B) that neither reagent ItISO..C and its associated-computer codes. 28,aa,34

molecule is internally excited at the threshold. The as- In brief, and to establish terminology, the MCSCF
signed uncertainty of ± 0. 1 eV (COM) arises from the lim- wavefunction T'-' for a molecular state s,

iting resolution assessed in the present study to the opti- K1zc
mization of the parameter E0 . rhe accuracy of the pres- qIc= - C1CS k 4Sk , (12)
ent method has been established to be + 0. 1 eV by com-
parisons with results from more accurate methods for
the O, NO-O', and CO e-O bond dissociation energies. Z is obtained by the iterative optimization of the weight-

ing coefficients Cm* ~ of the N,1 configurations .C'
The value determined for the dissociation energy

D(N 2-O') enables the construction of thermodynamic 4,•= a T e (13)
Hess cycles to evaluate the nitrous oxide adiabatic ;=(

electron affinity E. A. (NzO) and the dissociation energy
P(N-NO'): TABLE I. Best-fit values of A, E0, and n for Eq. (8) as ob-

E. A. (NO) = - D(Nz-O)+ E. A. (0)+ D(N 2-0'), (lla) taied by convoluting w•=Atn(/g -Eo)S/E 1 with tie comtbined
ion and neutral translational distribution and comparing to the

D(N-NO') ý + E. A. (N2 0) + 1)(N-NO) - E. A. (NO) . (lIlb) observed apparent cross section for the reaction N,0'- M

The use of known values for D(N2 -O)= 1.68 and D(N- -N 2 f401'I

NO)=4. 93 froin Ref. 24, for E. A. (O) = 1. 47 from Ref. Best-fit parameter valucsa
25, and for E. A. (NO) =- 0.02 from Ref. 26 yields A E,
E.A. (N2O)= 0.22t0. 1 and D(N-NO) " 5. 13*0. 1 in the M (A )(cV)E 0" (or, c.I.)
present work. All values arc in electron volts, and
the uncertainties given for the latter two values result Xc 0.56 0.5 2.5

Kr 1.46 0.4 2.3
from the predominating uncertainty of ± 0. 1 in the value Ar 1.18 0.4 2.4

frDN0'.Ar 1.18 0.4 2.4
for D)(N2-Oi. No 2.75 0.4 2.3

Ile 2.70 0.4 2.4
III. AB INITIO AND OTHER THEORETICAL NZ 1.26 0.5 2.5
CALCULATIONS Averages ... 0.43 2.40

A. Ab hyltio method of calculation "'Iric valu.s for ,'o and of are nacetl',I0 to) LO.l; see text. For
The alb hillo calculations were performed with single the rehltlonshl•p of A to ALtD, see ]Ief. 22 and 2.1 and Foc.

configuration (SCF), nulticonfiguration (MCSCF), and JI. II. of the text.
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and of the expansion coefficients C;, of the ,, spin or- tachment in the vicinity of its minimum and since pro-
bitals (ýi',c.j liminary SCF calculations showed no Pydberg charac-

mbf ter37 in the X2,11 wavefunction, this basis set should be

(14) sufficient to predict the equilibrium geometry and tie
shape of the surface in the minimum region. The use

until a stationary variational solution to the energy of a fixed basis, furthermore, enables the extension of
cigenvalue problem is achieved. In the present study the X 2 A' surface scan into regions In which the ion sur-
the convergence criterion was 10-8 a. ut. In Eq. (13), face passes above the neutral surface. In the latter
a is the antisymmetrization operator and the quantity regions the computed results for NO'(.\'XA') are to be
6,1 is unity if spin orbital j is occupied in configuration interpreted as estimates of the N2O + c resonance en-
k for state s and zero otherwise. In Eq. (14) the basis ergy. Lastly, test calculations are described below In
{xj In which the spatial component of tile spin orbitals which tile 4s3p basis was complemented with diffuse s,
are expanded is, in practice, always finite and usually p or with polarization d functions. The results tend to
spans a limited cartesian space about the nuclear indicate the sufficiency of the 4s 3 p basis for the pros-
framework. Also, in Eq. (14) 71, is the spin component ent survey in the triatomic interactive region.
of spin orbital j. Because of tile optimization of both
the configurational and the orbital expansion coeffi- From previous studies an accuracy of about 5% forciens, he CSC ~va efu cti n i a c mpa t w ve-the geom etric param eters and about 10% for the vibra-cie nts, the M C S C F w avefun ction is a com p a ct w av e - i n l f e u c es a d l ct c m o n s C li b extional frequencies and electric moments canl be ex-
function, consisting of the orbitals and a relatively few
(about 15-20 for a triatomic) configurations. These pected with the 4s3p basis set and with the MCSCF
configurations are chosen to allow the wavefunction to treatm ent ocr lion efet.'f Th sopliistica-
describe dissociation to the formally correct atom- o nof he wever, ppdvel of fo tle mel-diatomic asymptotic states and to contain most of those ogy has not, however, proven sufficient for the reli-
dletronic correltion effects anec to denternm intof se able prediction of either triatomic dissociation energiesele ctro n co rrela tio n effects n ecessa ry to de term ine o d a a i l c r n a f n t e .3 , 2 S n e t e e l t eor adiabatic electron ,affinities. 31,32 Sixice these latter
potential surface characteristics in the triatomic re-gions, quantities are provided by the e~xperimenital portion of
golens, the present paper, no attempt is made here to go to the

The MCSCF/Cl wavefunction %'P,[ for molecular state s, additionuI expense and effort which would be required to

MCI compute them reliably. Such a more sophisticated
q's Z Cc1 , , (15) computation would involve improvements in the orbital

kA. expansion basis set {x•}, such as exponent reoptimiza-

is constructed from the MCSCF orbitals 0-.4,cj according tion plus the addition of polarization functions, and in
to Eq. (13). This relatively small Cl wavefunction (Ntc the wavefunction expansion basis set {4,3',), such as the

Is on the order of 100 for n first row triatomic) is a consideration of configurations involving excitations

helpful aid in the process of determining an appropriate to nonvalence virtual orbitals. 38

set of MCSCF configurations {,I',.tc and is used to pick
up additional correlation energy from the hundreds or C. Development of-optimum wavefunction expansion
thousands of confi,,rations whose effect upon the
MCSCF orbitals is too small to wvarrant their inclusion bases k aiid

in {4'•}uc. Tile MCSCr/CI configuration set {l3,}1, may 1. General conciderations
be chosen from the complete configuration set 00l1 for
state s by the criterion of a threshold contribution to the Throughor the MreSet andy, tesel wave-
total energyeafiratios , for the MCSCF and MCSCF/CI w1ave-

Ct functions was restricted to a valence subset of the full
perience has shown, however, that one can, for conil- basis For a first row triatomic this valence sub-
venience and with some confidence, usually make the avlene. , consists of trie main, so-called SCF,
assumption that this energy selection criterion Cani be set, i{'k~V&IenCecnit f h an o-aldSF
asumti byrthatn those configurgy ations frirwhionchn be I configuration(s) and those configurations obtainable
met by retaining those configurations for which I Ch from it via spin orbital excitations among the valence
is greater than a numterical threshold (cI of, e. g. orbitals 4-9 a, 1-3 -,r1, 1-3 try.* The rational and
0.001-0.002.- general manner by which configurations are selected

The choice of orbital {xj and wavefunction { el,}icox- from n'Nkl}alemce are embodied in the optimized valence

pansion bases is crucial to the success of the MCSCF configuration (OVC) scheme discussed by Das and
method. Aspects of these choices peculiar to the pres- Wahl. 39 Aspects of the selection procedure peculiar
ent application will be discussed below, to the present applications of this scheme to first row

triatomics are discussed briefly below and more ex-
B. Basis set and accuracy considerations tensively elsewhere. 3.

Tile orbital expansion basis function:' for nitrogen It should be noted that the present selection subset
and oxygen were taha'in to be the ato~in-olpthull'.ed O.s5p { may be somewhat deficient hi that it does not
GaussIan basis setsi of I lhzhmilt.;05 as ctotratled to .4p hinclude any configuration In which non.valence virtual
stO iby l-Unning. 'u No alteuli w aI iiiade to reopthl e orlltls are oecupied. The relatively small but cumu-

these bts. sets for tit, t'ca.lculatiolls repoirted in this latively significant correlation energy obtainable from

paiper, Since flith podilvle ,xpellirlnetdLl electron a3fI- 11uch eotifilratlon, 1I;1.4 beetn documented li diatomte

nity indIcateg stalillity of NO" tinwvrds electron de- OVC-MCSCF Calculations. ,' In tile present trlatomic

j. Chem. PV,., Vol. 65, No. 12, 15 December 1976
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work on the X" ,' state of N.,O and the 1I .; state of function was optimized to include all singly but only
NO it i., significant that tlhl ,CF wavcflilction for the thomse doubly and triply excited configurations for which
ion but not the neutral involves occupancy of the 3,r I C., I >l0. 00155. The corresponding cutoff for +-,1i,.
orbital. For this reasnn, no quarticallv .nd relatively was I C >fc,,I>0.02. Alternating MCSCF and CI calcula-
few doubly and triply excited eonfilgurations can be tions led to an 18 configuration MCSCF wavefunction
constructed in the valence n-orbital spice for N2O'(1 2ri). (18 MC) and a ninety-one configuration CI wavefunction.
Such configurations have been shown to be important for Seven configurations for which 0.00100< IC,.,I
N20(X IV). '1, 1' Thus, the lowest unoccupied nonvalence < 0.00155 were added to obtain a final, 98 configuration
virtual orbitals, e. g., 4in, 5r, l0;r, must be considered Cl wavefunction (98 CIL). The 18 MC configurations and
in order to provide an orbital space for correlating the their weighting coefficients at a few geometries are dis-
211 ion state which is as flexible as the 15 orbital (va- playcd in Table I1. It is noted that J{},,,c contains none
lence) space is for N20(X I it is fully intended to of the triply excited conafigurations from {14's}, * It
incorporate the 4-, and higher orbitals in future Cal- is also noted that none of the MCSCF orbitals exhibits
culations on vertical excitation spectra of the NO significant Hydberg character37 in the vicinity of the
neutral and ionic systems. For the present we confine minimum.
ourselves to pointing out the problem. This differenti-
al sufficiency of the valence orbital space results in a
correlated vertical excitation energy from NO(XA'Z) 4 NO(x i
to N2O'(1 2l1) which tends to be too hi.,!h. Corresponding- The MCSCF and MCSCF/CI configuration sets for
ly, the adiabatic electron affinity tends to be under- NO(X ] were optimized at the experimental equi-
estimated. The quantitative amnount of this. underesti- librum geometry. The optimization was conducted in
mate-a measure of the differential sufficiency of the much of the same fashion as just described for N.onvalence config-uration space: 14,VI,' e.•

vit •},, for the ion versus ( 2'•A').4: The MCSCF configuration set is listed
the netural-will be deduced by comparing the experi- in Table flI and the orbitals (for a ,;lightly different
mental adiabatic electron affinity from Sec. 11 to the configuration set) in flof. 43. There are several triply
computational results presented in this section. and one quartically excited configurations in 'i,.. The

CI configuration set consists of tile SCF configuration,
2. NO(1 2I11) all single excitations with respect to it, and all doubly,

Initially, the MCSCF wavefunction ,l',c, s = I Zlr, for triply, and Quartically excited config'urations for which

N20" was developed at the NO(X .',) experimental equi- iCc1,ht >k0.0
libriurn geomlctry Iy the sequential consideration of
configurations which differed by two spin orbitals from D
(i. e. , doubly excited wrt) the SCF configuration, I. Stability with respect to electron detachment

la22cr23u 4 cr25u2GT7a 2 1ri2;43,r. (16) Test calculations have been made in which the 4.3p
basis set was augmented with diffuse s and p functions.The configurations for N eOx(1 "IT) were selected for examO - The information that such an augmentation provides with

ination upon the basis of experience with thle No sw - regard to the stability toward electron detachment of
tein.op,42 Atr sone testing, 15 configurations wdere N2O'(X 2 i') is of primary interest. However, for com-
incorporated. parison purposes, calculations are also reported at the

3. N2 OYXA') experimental neutral equilibriuni geometry for NzO(X IE)

and for the Ný.O" resonant states 1 211 and 1 2!*. The re-
The 15 configuration N20'(1l 211) wavefunction (15 MC) sults are sumnlarized in Table IV and Fig. 4.

was then used to scan the 2,1'(1 211) potential energy sur-
face. Most of the effort was applied in the neighbor-
hood of the minimum located in an extensive prelimi- 0 N20"(X 2A') I8MC/98CI- -7410
nary scan with tile SCF wavefunction, Ml, NI R 2.45au Rwt 2.6051ou

MY . . Y(17)A4,0 132.7'
( ')2 . •, (9')( ')(l")2(2 ")(17)N Basis set 4s3p 7 diffuse sp

Most of tile SCF results have been recorded in Ref. 31.se
The minimunm energry ntullear conformation located in
the 15 MC scan is (Ru, Ruo, .41jo) (2.30.15 a.u., C!
2.6051 a.u., 130.2).

Then {,l,•hfc, s = X.A', was reoptimized near the 15 t (0i
MC mininum but with A.,,; .. 130.0'. In addition to
configurations doubly excited with respect to 4,1,, those
configurations which become allowed upoun bending front -- "----0
"C., to C, symnniclry and aill triply excited confiurtr1i:11ti 001 002 003 004 005

EXPONENT OF DIFFUSE S.P
were considered. A CI (configturatioln set was stnitul- FUNCTIONS
tancotusly determined. The %. weit, eunsidered for In- FIG. I. (IIihnzation (if tht, I8 NdC/1J8 C, h4lu1 eienrgy of
elusion lit {,I or {' ol ct on i teihis of thie nmagnitude N:)'L\ y ') with rvcspect to ithe exs,,ent of dliffuse s, p (tine-
of their weilghting coefficient C',,, In spell. 'The Cl wave- t1o01 aulkdn to tie .1s.11. bia-.s set.

J. Chem. Phys., Vol. 66. No. 12, 15 Docemhwr 1076



54110 Hopper, Wahl, Wu, and Tiernan: N 2 0" and N 2 0 potential energy surfaces

TA IlLI: It. Confil1urations of tile Is ,MC-7510 M 'CX, wavefunctlon for N20- in its X 2A (111) stltc and their weighting coeffielent

at suetcted , g(o netries; Iotat c.nergies for the SC .', MCSC]F, and MCSCI/CI wavefu[netions at these geonet ries.

Weighting cuefficints at RjN/1R1m/A,,No

Orbi al ocCUIl:UI(cy, S o n 2.3015 2.3015e 2.1320 2.1320 2.:015

Conf. In' 5o' Gn' 
7

o' Sa' On' 10a' 11(r' 12er' la" 
2

a" 3,1" Coupling 2.6051 2.6051 2.2:178 2.2378 2.6051
No. Wr 5(y 6rr 1 r., 7a 2 r ..1-, 4( 9., l In, 27, :IIt, sequenceb 90" 1:12.73' 130' 180, 180I

I. 2 2 2 2 L 2 1 0 0 2 2 0 1) 0.962 0.962 0.971 0.07J 0.!63't2. 2 2 2 2 2 1 0 0 2 2 2 0 1) 0.000 0.002 0.000 -0.0012 0.000
3. 2 2 2 2 2 2 1 0 0 0 2 2 1) -0.207 -0.170 -0.141 -0.143 -0.167
4. 2 2 2 2 2 2 1 0 0 2 0 2 D -0.019 -0.029 -0.0U.5 -0.039 -0.021
,. 0 2 2 2 2 2 1 0 2 2 2 0 I) -- 0.116 -0.095 -0.061 -0.071 -0.105

2 2 2 2 0 2 1 2 0 2 2 0 1) -0.073 -0.063' -- 0.05:1 -0.051 -0.058
7. 2 2 2 2 2 1 2 0 0 2 1 1 SI) -0.01. -0.017 -0.023 -0.021 -0.015
8. 2 2 2 2 2 1 2 0 0 2 1 1 TI) 0.021 0.023 0.027 0.031 0.021
9. 2 2 2 1 2 2 2 0 0 1 2 1 S! -- 0.0Q. -0.105 -0.097 -0.061 -0.091

10. 2 2 2 1 2 2 2 0 0 1 2 1 T)D 0.017 0.095 0.097 0.09-I 0.J00
11. 2 2 0 2 2 2 2 0 0 2 2 2 1) -0.027 -0.029 -0.025 -0.027 -U.031
12. 1 2 2 2 2 1 2 0 1 2 2 0 SI) -0.055 -0.053 -0.012 -0.055 -0.061
13. 2 2 2 2 1 1 2 0 1 2 2 0 SI) 0.099 -0.022 0.015 0.U12 0.018
14. 2 2 2 1 1 2 2 2 0 2 2 0 SI) -0.(-33 -0.037 -0.050 -0.05:" - 0.t(62
15. 2 2 2 2 1 2 1 1 0 2 1 1 SIrTD -0.02I -0.020 -0.029 -0.025 -0.015
1f;. 2 21 2 2 2 2 0 0 1 2 1 1 SI) 0.011 0.020 0.021 0.000 0.000
17. 2 2 2 2 2 2 0 0 1 2 1 2 TD -0.021 -- 0.012 -- 0.020 0.000 0.000
18. 2 2 2 2 2 2 0 0 1 1 2 1 TD -- 0.020 -0.033 -0.030 0.000 0.000

r-uta: 'eler,'y IS,3. a.u.

SCI' --0.60:12 -- 0.5661 -0.311S
.MICSC1'(0", MC) -- 0.6112 -- 0.707b -- 0.G57 --. 619 -u.6657
MCSCIC',! l .i MCN'93 CD) -0.6510 -0.7139 -0.6652 -0.6212 -(1.0755

'Thc core la'222 ,'23o ,2 is as.tllhed.
bCtmnulative spinl coupling from tile left. Abbreviations: S, singlet; D, doublet; T, triplet."Flhe geonletry at v.hich the final optimization of the N1CSCF configuration list was performed, (2.30-15/2.6051/130"). is associated

With weighting coefficients which are within 0.001 of these 132.73 values. The atomic o.,; -electron bases were the 4S13p sets from
Ref. 36.

Calculations were made at the geometry R,,, - 2. 3045 From these calculations it is seen that the addition of
a. u., R•:o = 

2 . 6 0 5 1 a. u., A = 130. Figure 4 is a diffusion functions effects a lowering of less than 0.002
plot of the 18 MC/98 CI total energy of N20"(XIA') as a a.u. (0.05 eV) in the total energy of NO(X`'_). See
function of the exponent of the diffuse s and p type func- Table IV. The corresponding lowering for the N,0'(1 2 I1)
tions. The same exponent has been used for all 12 resonance state is about 0.02 a. u. (0.5 cV). By con-
functions added to the basis set. A minimum occurs at trast, the SCF total energ, for the N 2 0'(1 2l ) resonance
a total energy of - 183. 726753 a. u. for an exponent state decreases by 0. 1940 a. u. (5. 28 eV) with the addi-
value of 0.0291. The occurrence of this minimum is Lion of diffuse s functions. The large difference in the
evidence that the negative molecular ion is stable with effect of diffuse functions for the two resonance states
respect to electron detachment in the vicinity of its correlates with the valence character assumed by the
equilibrium geometry. As shown in Table IV, the mini- 10a'(3r) orbital and the diffuse/Rydberg character as-
mum is not an artifact of the correlation energy: it sumed by the 8a(lla') orbital upon occupancy in the
occtrs also In the results with the 18 MC and the single main (SCF) configuration inl a wavefunction.
configuration wavefunctions. Also, the augmentation The lnXprove2ents in tie N2 0 (XV2A') wavefunction
of the basis set with 12 diffuse functions having the which result from the addition of diffuse functions arc

optimized exponent lowers the 18 MC/98 CI total en- small enugh that tie nelet of these functions ino

ergy for NO(X2A') by just 0. 0112 a. u. (0. 304 cV). small enough thaet the neglect of these functions is not

Tiie expected to have e duch effect on the shape and locationThecorespndiir hane i th diolemomnt s aso of the potential surface minimum. Hlence, they have
small. See the last two columns of Table IV. Examina- of le otentia uaclmini dence, telov.been left out of the calculations described below~.
tion of the 18 MC wavefunctlon shows that none of the
MCSCF orbitals may be described as diffuse, let alone
ns flydberg, in character. From these results 2. Equilibrihm geometry and force constantsN2O(X=A') appears to have a conipact electronic
sNrtretuXre. arie "eXtrat" electron resides il at orbital The points computed for the N2O'(X .,'A) potential en-

ert!-T surface with the 18 MC and 18 MC/98 CI wave-which is bonding butween the terminal nitrogen and the functions are given In Table V. Variation of the angle
oxygen atoom. This orbital, the 10lt'(31r) orbital, Is 4 f 125" to 1.10' for the 18 MC wavefunction with
unoccupied in tile CF configuration for tie neutrat the 15 MC equilibritun bond lengths showed a minlinum
n~l~ioecuei total energy I"r at 132,73". Sequentiai reopthnization

Comparisons with calculatton! nMladie at the neutralt of the bond tengths at this angle wllh the 18 MC wave
exprilnlental equilibriunm igeonietry provide perspective. function Pgve 141. 2.3047 a. u. ai~d RNlo u 2. 59G0 a. u.

VoiPN 5.i17
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TAIILE 1ll. Configurations of thie 19 MC-7410 MCt:S.J' wavvefunelion of the X 1_*(I 'A ') state of N20 IOd their WeihIltillg co-
efficients na !,electcd geonlet rie., b

Orbital occupaney"b WVei hting Ioelficient•a ;t IRtNINo/.A 41,o
Spin 2.132 2.132 2.132Conf. 6(r 7Ve 8e 9c; I r 2 vx 3irx IIr) 2 7r 3 ry coupling 2.2:38 2.238 2.238No. Ga' 8a' Il a' 12o' 7a' 9a' 10a' ]all 2a" 3a" 1equenec' 90o 130° 180l

1 2 2 0 0 2 2 0 2 2 0 0.955 0.9,19 0.956
2 2 2 0 0 2 2 0 2 0 2 -0.090 -0.127 -0.126
3 2 2 0 0 2 0 2 2 2 0 -0.188 -0.158 -0.126
4 2 0 2 0 2 2 0 2 2 0 -0.019 -0.020 -0.018
5 2 0 0 2 2 2 0 2 2 0 -0.052 -0.018 -0.051
0 2 2 0 0 2 2 0 0 2 2 -0.058 -0.050 -0.0187 2 2 0 0 0 2 2 2 2 0 -0.044 -0.053 -0.018
8 2 2 0 0 2 1 1 2 1 1 SDS -0.140 -0.116 -0.145
9 2 2 0 0 2 1 1 2 1 1 TDS -0.018 -0.055 -0.01310 2 2 0 0 2 1 1 2 1 1 SI)S -0.005 -0.075 -0.07111 2 1 1 0 2 2 0 2 1 1 SDS 0.018 0.051 0.05012 2 1 1 0 2 1 1 2 2 0 SDS 0.054 0.052 0.050

13 2 1 0 1 2 2 0 1 2 1 SDS -0.078 -0.069 -0.07114 2 1 0 1 1 2 1 2 2 0 SDS -0.000 -0.067 -0.071
15 2 2 0 0 2 0 2 2 0 2 0.047 0.05.1 0.0.1516 2 2 0 0 0 2 2 2 1 1 S 0.011 -0.022 -0.018
17 2 2 0 0 2 1 1 0 2 2 S -0.012 -0.019 -0.01818 2 2 0 0 1 2 1 1 1 2 SDS -0.000 0.028 0.027
19 2 2 0 0 1 1 2 1 2 1 SDS -0.003 0.032 0.027

Total cnergy+183, a.u.

ScF -0.4156 -0.5310 --0.019
MCSCF (19 MC) -0.5592 -0.7015 -0.7713
MCSCF/CI (19 MC/99 CI) -0.5727 -0.7105 -0.7819

'The configuration list was optimized at (RNN, R~o,A.zNo)- (2.132 a.u., 2.238 a.u., 1S 1), the e.xperinentlal equilibrium
geometry. The atoraic-one electron bases were the 4sbp sets from Ref. 36.

bA core la" 2fY2 3&2 417' 5Y' is assumied.eunulative spin coupling from the left. Abbreviations: S, singlet; D, doublet; T, triplet.

The corresponding energy minimum for the 98 CI wave- _

function with the 18 MC orbitals (18 MC/98 CI) was
found to be (R,,, R'N, Aio)= (2.3085 a.u., 2.5979
a.u., 132.68.). N 15MC-7504

Figures 5 and G illustrate the potential energy de-
pendence upon each internal coordinate at the minimum
located with each correlated wavefunction. The total
energies at the minima illustrated in the R.N, RNo, :•C
and ANNo curves for the 18 TVlC and 18 MC/98 Cl wave- o
functions are within 0.00001 a.u. (<0.0003 eV) of one II 18MC-7510
n•other. Thus, the 18 MC (18 MC/98 CI) ninimumn _

given above is indeed optimized in all three coordinates. +

Eachl potential curve nmininum wias located by a nu- 0
merical search of a function fitted to the computed +ISMC/98C1
points Et.(.V), where ,' is RN,, 1?,, or AiNO. The
form of the fit function l'(X) was ai polynomial of
degree it - I In X. The curve drawn through each set . 10MC/90Cl" \ý /*
of computed points in Figs. 5, 6, and 8 represents V(AV)
fitted to those points. The force constants were then o
computed fronm the second derivatives V''(X. ) -[D~l'(X)/ l - I • I
ox../w Of the fit funt'iion: "NI l'(Ul,), '-NO 110 120 130 N40 150

"1"-INO), O ANGLE
The resuilts for all SCF, M( , and MCSCI.'/CI F. 5. llending potenil'Il etirvts for N.,O1(X 2 A ')'non:r the

calcttlationw made of the liiinlminln in the N:O'(.A'il) milninuuu with the 15 MC,, 15 MC/mi9 CI', 18 MC, mid J$ MC./98
polentlil energy sturface are tinlinarlzt.td and conm- Cl wavcfuiwtionis. The bond h, igths are iNN•2123015 :a.u. Ind
pared to NO(.\'il;) It Tablvh V1. Froni Table VI It Can 11itio-2.6051 n.u.

J, Choem. Phys., Vol. 65, No. 12, 15 Occemlur 1970
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"'AIL1.: HiI. Conil.uratiolls of tile 19 MC-7410 MCSC,' wavefunction of the X 'A(1 1
.') state of N2 0 and their weJighlilng co-

efficIelt.s at secle(.hd gieoaiel rie .. ,

bWeighting coefficients at IRNO/INNo

Spin 2.132 2.132 2.132

Conf. 6y 7u 8(y 9ay 1 ir 2wr 3wr 1 ry 27r, 3:7r, coupling 2.238 2.238 2.238
No. Ga' 8a' 11a1' 12a' 7U1' 9

a' 10o' le" 2a" 3a' sequLence' 90* 130° 180

1 2 2 0 0 2 2 0 2- 2 0 0.955 0.9,19 0.956
2 2 2 0 0 2 2 0 2 0 2 -0.090 -0.127 -0.120
3 2 2 0 0 2 0 2 2 2 0 -0.188 -0.158 -0.126
4 2 0 2 0 2 2 0 2 2 0 -0.019 -0.020 -0.018
5 2 0 0 2 2 2 0 2 2 0 -0.052 -0.018 -- 0.054
6 2 2 0 0 2 2 0 0 2 2 -0.058 -0.050 -0.048
7 2 2 0 0 0 2 2 2 2 0 -0.044 -0.053 -0.0-18
8 2 2 0 0 2 1 1 2 1 1 SDS -0.140 -0.146 -0.145
9 2 2 0 0 2 1 1 2 1 1 TDS -0.018 -0.055 -0.0.43

10 2 2 0 0 2 1 1 2 1 1 SDS -0.005 -0.075 -0.071
11 2 1 1 0 2 2 0 2 1 1 SDS 0.0418 0.051 0.050
12 2 1 1 0 2 1 1 2 2 0 SDS 0.051 0.052 0.050
13 2 1 0 1 2 2 0 1 2 1 SI)S -0.078 -0.069 -0.071
14 2 1 0 1 1 2 1 2 2 0 SDS -0.000 -0.067 -0.071
15 2 2 0 0 2 0 2 2 0 2 0.047 0.054 0.045
1G 2 2 0 0 0 2 2 2 1 1 S 0.011 -0.022 -0.018
17 2 2 0 0 2 1 1 0 2 2 S -0.012 -0.019 -0.018
18 2 2 0 0 1 2 1 1 1 2 SDS -0.000 0.028 0.027
19 2 2 0 0 1 1 2 1 2 1 SDS -0.003 0.033 0.027

Total energyj+ 183, n.u.

SCF -0.4156 -0.5310 -0.6019
MCSCF (19 MC) -0.5592 -0.7015 -0.7716
MCSCF/Ci (19 MC/99 CD) -0.5727 -0.7105 -0.7819

&fhc configuration list w\,as optimized at (RN,1, 0o,ANNo)= (2.132 a.u., 2.238 a.u., 180°), the ex'perimental equilibrium

geometry. The atomic-one electron bases were the 4s3p sets from Ref. 3G.
bA core 1lo 2 2 302 4Ia7

2 
5a

2 
is assumed.

cCumulative spin coupling from the left. Abbreviations: S, singlet; D, doublet; T, triplet.

The corresponding energy minimum for the 98 C! wave- -.

function with the 18 MC orbitals (18 MC/98 CI) was
found to be (RN,, R'o, A 5No)= (2. 3085 a. u., 2. 5979

a.u., 132.68'). NI5MC-7504

Figures 5 and 6 illustrate the potential energy do-

pendence upon each internal coordinate at the minimum
located with each correlated wavefunction. The total .
energies at the minima illustrated in the R 5NN, RO,

and ANN, curves for the 18 MC and 18 MC/98 CI wave- 0

functions are within 0.00001 a.u. (<0.0003 eV) of one a ISMC-7510
another. Thus, the 18 MC (18 MC/98 CI) minimum OD

given above is indeed optimized in all three coordinates.

Fach potential curve minimum was located by a nu- t .
merical search of a function fitted to the computed • +I5MC/98CI

points Er(X), where X is R"I, Rjo, or ANNo. The

form of the fit function V'(X) was a polynomial of
degree n - 1 In X. The curve drawn through each set . I1MC/98Ci

of computed points in Figs. 5, 6, and 8 represents V(X)

fitted to those points. The force constants were then o
computed from the second derivatives V"(.Y\) = [a:V(X)/ I
8X

2
jC.,v of the fit function: k'N, l"'(•n), k,, IO 120 130 140 150

V" (RIo), k 5 5 o V" (A0,o)/1R',leo• ANGLE

The results for all SCF, MCSCF, and MCSCF/C FI'G. 15. Ilendng potential curves for N2 (}'.
2
A')near the

calcumlations mnatde of the miinimtum in the N.O'(X"A') 11tl11jiltllt willh the 1L' MC, 15 MC/98 CI, I8 MC, nld 18 MC/98

potential enerly snrface are summnnarized mid Connt- Cl waVfunetioCns. The lbond lengthis arc RoNN 2.30.15 n.u. and
pared to N 20(X '1,;") In Table VI. From Table VI It can RlO- 2.6051 .u.i.

~6-1 . , ý. J. 0mmPhy,..ol. 06r,!No.2, 15 Dftember,1976
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0 the MCSCF/CI calculations"2 for NO(X'N*) with the
"IR • J •same basis set as used here for the Ion give the N-N

I5MC-75O4 and N-O equilibrium bond lengths to be about 2% and
5% greater, respectively, than the experimental values.

STile equilibrium bond angle for NO 2(XA,1), which is

isoclectronic with N.0, is found in an MCSCF/CI cal-
o culation by Gillispie el at. 32 to be within 0. 5' of theo experimental value of 134. 1'% 2 The basis set for the
I' latter calculations was augmented with d functions.

ISMC-75IO From these considerations the error in the minimumtfl,• l1MC'7510

located here for NzO'(X 2A') is estimated to be 0.05
co in R, 0.10 A in R1o, and 2' in AONN.

The error in the predicted force constants for
Lt V. I"5MC/98cI N2O'(X 2A') can be assessed by analogy to the MCSCF/

Cl calculations for NO(X 1*). "2 In the latter calcula-
iins the force constants were found to be uniformly

Ln less than their experimental counterparts--less by
IOmc/98cl about 4% for ,.mk, by 12%: for k-No, Iard by 16% for kN.No

The comparison is made in Table VI. In the absence
0

of further information 4,0-1G• errors must be ex-

2.00 2.25 2.50 2.75 3.00 pected in the ion force constants. Errors of 1 0. 8,
R(NW) R(NO), o.u. ±0.8, and ±0.2 mcdyn/\ are estimated for ko, k,,,

I'IG. 6. Bqond stretching potential curves for NLO. The curves and k,, respectively.

for the 15 MC and 15 MC/9S (,I wavefutctions were comlputed
at 130%. The curves for thC 18 MC and IS MC/98 CI wavefune- 3. Vibrational frequencies
tiotis were computed at 132.73'. The unvaried bond length was, The vibrational frequencies for N2O(X.4') may be
alternatively, RNN = 2.3015 a.uI. and RNo-" 2. 6051 a. u. TevbainlfeunisfrNO(A)mybpredicted from the computed force constants. These

force constants determine a potential V of the form

be seen that the bond lengths and their associated force "(RN,, Rgo, ANNo)
constants change little as correlation is added to the
wavefunction. The bond angle, however, increases =•(k,'/N 5 R + IC5 R, o+ R k 5 R R R•o A' 2o 0 ) (18)
8. 9". The last three configurations of the 18 MC where X' = (X- Xe) in the neighborhood of the potential
wavefunction (see Table II) account for 2.5' of the in- surface minimum. The solutiou of the SchrZdinger
crease. These configurations involve the excitation of equation for nuclear motion subject to this potential for
an electron out of the 10a'(3r-T) orbital. It is the oc- nonlinear triatomics has been made and recorded by
cupancy of this orbital in the SCF configuration which Wilson, Decius, and Cross. The expanded secular
causes N20- to be Lent in the X.4' state. The remain- equation given by these authors was programmed for
ing 6.4' of the increase is attributable to Configura- numerical location of roots and, in turn, solved with
tions 3-15 of Table II. the force constants from each electronic wavefunction.

With regard to the optimization of the MCSCF con- The results are included in Table Vi.
figuration set it is notable that the 18 MC wavefunction A calculation of the frequencies of neutral N20 from
contains all correlation components of the 98 CI wave- the experimentally dcternined force constantsI gives
function necessary to represent the equilibrium bond values for zt, v, and v• which are 32 cm' higher, 14
angle and other quantities defining the location and cn"' lower, and 38 cmt lower, respectively, than the
shape of the minimlum, experimental frequencies. These discrepancies may

A comparison is made of the 18 MC/98 CI results for be taken as estimates of the error inherent in tile as-
N2O(X 2A') with the experimental equilibrium geometry sumption of Eq. (18) to represent the potential energy
for'N2 O(X .,;) in Table VI. The results show the N-N surface near the minimum. On the other hand, corn-
and N-O bond lengths of the ion to be about 8% and 16% putation of tile NO frequencies determined by tile
greater, respectively, than tile neutral values. The MCSCF/Cl equilibrium geometry and force constants

corresponding bond force constants k5 5N and kNO In tile gives valuer-, for vI, i'2, and 1', which are 62, 65, and

The Ion equilibrium angle is, of course, much less than thei experimental values. See Table VI. Thus,

than 180' and its, associated bending force constant is the error in the potential shape determined by MCSCF/
31% greater than for the neutral. CI calculations for N.O with the present, 4s3/, one-

The accuracy of the geolmetry ipredletcd here for electron basis set exceeds the error introduced by
The a yo the use of the approxnmate potential form of Eq.

NOi(X 2 A') can be asse;sed by reference to other
MCSCF/CI calculations for the ground states of NLO
and NO.. Comllarlsons in expetriment can be made From the neutral mtolecule results one mnight rea-
for thie latter two molecules. As shown in Table VI, sonably expect that the frequencies v2 , pl', and P3 re-

.J. Chem. Phys., Vol. 605, No. 12, 15 Doember 1070
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TABtLE VI. Computed potential energy surface characterisUtcs for N20(.X 2A') with a 4.03/ basis seta and Comilmri-
sons to N2OL" IV).

NZO'(X.t') wavctunttion N20(X LY )

Parameter SCF 15 MC 15 MC/98 Cl 18 MC 18 MC/98 CI MCSCF/CIh Exptl.

E". (a.u.) -183.6070 -183.69G5 -183.71:36 -183.7078 -183.7159 -183.7819 ...

RP, (A) 1.20.1 1.219 1.223 1.220 1.222 1.147 1.1281

R'o(:A) 1.376 1.379 1.383 1.374 1.375 1.240 1.1841

A'N4 o (deg) 123.6 130.19 132.72 132.73 132.68 180.00 180.01

kNN (mdyn/1k) 11.54 11.52 11.56 11.78 11.49 17.21 17.881

hko (mdyn/A) 3.93 4.04 3.94 4.10 3.83 9.99 11.390

kh• o(mdyn/A) 0.645 0.57G 0.593 0.058 0.643 0.41 0.491

AMP' (cV)b 1.41 1.16 1.05 1.15 1.10
_j~rntract (eV)c 1.00 1.42 1.41 1.38 1.40

vt (cm'1 )d 915 934 919 916 912 1223 12851

V2 (cna'I)t 535 52,1 537 563 555 521 589'

V3 (e01'iY 1600 107 1072 1690 1666 2183 22241

C (cV)d 0.19G 0.195 0.195 0.199 0.195 0.245 0.254

P (D) 3.03 2.78 2.67 2.52 2.42 0.157 0.166k

A" (deg)' 97.2 98.5 95.1 95.5 93.3 180.0 ...

E.A. (61)' 0.20 -1.98 -1.80 -1.68 -1.74 ... 0.22 :-0. 1

V.E.A. (eV)g -2.38 -4.51 -. 1.21 -4.15 -4.18 ... -2.2m

aThe basis set is from Ref 36.
bEnergy rise upon bending fromA'No to 180* at the computed equilibrium bond lengths.
CEnergy rise upon contraction of both bond lengths to the neutra"l experimental boud lengths at 180.
dThec atomic miasscs uocd were )m14=1..00751 and me- 16.0000.
eSee footnote d of table IV.
fAdiabatic electron affinity of N,O(X' ), computed as E.A. (N20)=Ee(N 20) -- TN 201 + C(N20) - c(N2CT). Thie SCI,

MCSCF, and ,MCSCF/CI total energies for NO(X t"*) at its experimental equilibriunm geometry are -- 183.00167 a.u.,
-183.7715S8 a.u., and -183.781931 a.u., respectively.
'Vertical electron affinity of NO(X GV.-*) to the 1 '?11 state of N20, computed as V.E.A. (iN2 O)=- WET(1 2!)'--(X 2. )
S(N,:O') - i (N20jl at the N.,O(X I-'*) experimental equilibrium geometry. The zero-point energy for 14,011 tl1) is esti-

mated to be that of N2, 0.1406 e', since N207(1 11I) is bound only with respect to the N-N coordinate.
hFrom Ref. 42.
t From Ref. 24.
t Froni Rcf. 4.1.
kFrom R1ef. 45.
t From tie expierimental section of the present work.

I'There is a broad, strong feature in the electron scattering results for N20 which peaks at an electron energy of ap-
proximately 2.2-2.3 eV. See Ref. 47 and other works quoted therein.

corded for the N 2 0(X 2 A') ion in Table VI are accurate The N 2 0-(X 2A') dipole moment asa function of geoni-
to within about 100 cm-1. etry is shown in Table V for the 18 MC/98 CI wave-

function. A positive (negative) entry for u indicates

4. Dipole monment that the polarity is NpO(N.O*). The angle A, is the

The dipole moment p at the equilibrium geometry angle subtended by ý" on the vector (R.,-RN2 ), where

Is found to depend strongly upon the addition of correlat- N1 is the terminal and N2 the central nitrogen atom.

ing configurations. As shown In Table Vl, the SCF See Fig. 7. Notice that A.-5  No.

value is 25f,, greater thtan the final 18 MC/98 CI value of
2.42 D. The direction angle A, for the position of the 5. Adiabatic and vertical electron affinities
center of nerative charge places it in~side the bond angle As noted In See. Il. B, the ab ini/io calculations re-
,,,(, and adjacenit to the N-0 bond, ported upon here were performed only to a degree of

The NICSCF/CI dipole moment for N,0(X' n..) Is 0. 16 sophistication which has proven sufficient for the re-,
D with (he oxygen ;item negative. 4- The experinienlal liable determination of equilibrium geometries and
value Is 0. 17 I). On tlth b;:nis of the 6O error In the properties. 'rite rretter 4ophlisticatliot required to corn-
neutral cotnulation, Ih, MCSCF/CI dipiole moiment for pute accurate electron affinities oe disburtation energies
N2O'(X 2.A') is ex~petetd to be accuratte to within 1 0. 3 D. was avoided for the present since these quattltieg have

SJ., .m. PhyL, Vol, 86,,No, 12.15 Dmmb•r 1970
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than predictive, of this differential valence space suf-
at -4 .ii ficiency since the correlation energy for these two par-

ticular ion and neutral states will probably not be equal-
A RN o ly affected by basis set improvements.

The vertical electron affinity of N.O(X 'Z) to the 1 211
I state of N20' is computed to be - 2. 38 eV in the SCF

and - 4. 18 cV in the 18 MC/98 CI calculations. Zero-
point vibrational energies have been considered. See
"Table Vi. From the above comparison of the adiabatic
electron affinity to experiment it is seen that the error
bracket for the present (4s3p valence space) ab inilio
electron affinities is at least 2 eV.X

FIG. 7. Coordinant system and definition of the dipole direction 6. Barriers to linearity and bond length contraction
angle A,. The barrier to linearity at the optimized bond lengths,

AETd, is given In Table VI for the SCF, 15 MC, 15

been determined to within ±0. 1 eV from the collision- MC/98 Cl, 18 MC, and 18 MC/98 CI wavefunctions.

induced dissociation experiments reported in Sec. Il. All of the correlated wavefunctions give a value of

It is of interest, however, to compare the computed about 1. 1 eV. The somewhat larger .'alue given by use

adiabatic electron affinity of NOO(X'ý) to the experi- of the SCF wavefunction correlates with the location of

mental result. From this comparison it is possible the equilibrium SCF valence angle at several degrees
to document the degree to which the differential one- below the correlated equilibrium angle.

electron basis set sufficiency for N20(X 1Z*) vs The barrier to the contraction at 180' of the bond
N20"(X 2A') is balanced by the differential wavefunction lengths from the equilibrium ion values (calculated) to
correlation energy. The degree of balancing is ob- the equilibrium neutral (experimental) values is also
tained here as a function of thie extent of correlation for shown in Table VI for the various wavefunctions listed
the fixed, 4s3p, one-electron basis set. The depen- above. The value for the final correlated wavefunctions
dence is shown in Table VI. For the SCF wavefunction is about 1. 4 eV. The SCF value is lower, which sug-
the adiabatic electron affinity, after zero-point vibra- gests that the correlation effects which are stabilizing
tional energies have been considered, is 0. 20 CV. This at tile relatively long•er ion bond lengths are destabiliz-
value agrees very well with the experimental value of ing at the neutral bond lengths.
0.22 * 0.1 eV from Sec. II. This agreement at the SCF
level is fortuitous. The value computed from the 18 It is interesting to note that the sum of the bending

MC/98 Cl wavefunction is - 1. 74 eV, or about 2. 0 eV and contraction barriers, about 2. 5 eV, is roughly in-

below experiment. The agreement at the SCF level is, dependent of correlation in the wavefunction.

thus, the result of a cancellation of the correlation
energy by the one-electron basis set truncation error. 7. Initial consideration of polarization functions

The accidental agreement at the SCF level allows one A partial consideration of the effects of polarization
to conclude that the 2. 0 eV difference in the correlation functions upon the results reported above has been
energy recovered by the 18 MC/98 CI wavefunction for made. The 4s3p basis set was augmented with a full
N 3O-(X 2A') and by the 19 MC/99 C1 wavefunction for set of six Cartesian d functions with exponent 1. 00.
N2O(X.'Z) is an indication of the insufficiency of the The MCSCF/CI results for N20' and N20 at their respec- J\
valence orbital space for the construction of correlated tive equilibrium geometries are given in Table VII. The

MCSCF/CI wavefunctions for the two systems. The 4s3pld basis set yields total energies which are several

two electron volt estimate is only indicative, rather electron volts lower than their 4s3p counterparts. Not

TABLE VII. Effect of polarization functions on the .idiahati: electron/affinity of N20 and tile dipolc moments of N2O"
and N2O.)

J.r + 183 (a. u.)

Moblecule Geolaetry (a.u., (leg.) Basis Rr, E.A.b (eV) basis p (i))' basis

(state) kN R5O ANO .Isp 4s3pild (CV) 4s3p 1s0/ld 403p .i3.Opld

N.(f\°2A') 2.30,15 2.6051 132.7 -0.715867 -0.782.1.19 - .81 ... ... 2.42 2.481

N:C(X'•') 2.1320 2.2378 180.0 -0.781031 -0.882111 -2.75 -1.7.1 -2.68 0.157 0.051

"For N20".X 1, the 1 AlC/lo Cl wavefunction was usedi. For N20 L" 'T°, the 11) MC/99 Cl wavefunctlon wa5 w, .t(.
Thrie i-fl.it loil M'.I. nwIlt w s 1. 100.bi'h, utlllaal,:lc lcl(,tr'•n stffhtty its comptnld ts E.A. (N2O)= ERtN 20) -EI'(N=Y) * c'(N•O)- r(N=Oi). The zero-point

encrtlcs ( sire given In 'I'aible VI.
tin nil entr•s'u the Iolarfly Is N•=O.

*. ~ J~c~mPhy, OLO l2l5ocgiier 07
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"T'AJILI ViII. IHending potential curve and dipole moment fune- dimensional cuts l'(RA!e A, c R13C). If one relaxestier) for N2•OLX\ I'). a
the parametric dependence upon Rnc to an implicit de-

, -- Ir:l.u. I))r AW pendence, then a two dimensional function l'(RAn,
(d'.lg Sci.e 19 NI 19 IN'/99 C-I I .MC/9MP C (fic") A mNo) results. In the latter case Rnc assumes the
ISO -0.601871 -0.771 54A -0.78',1:91 0 .1 57d 1M0.0 equilibrium diatomic value at RAI but the equilibrium
175 -0.601371 -0.

7 7 jj1 b _ 0 .7,18 57 b triatomic value R', at RxA=Rf s. The bonds AB and
170 - (•. 5998 17 -- 0.76 09774 -- 0.7779991 0.187 1 .16.4 BC can be treated interchangeably and comparisons
150 - o. 5hio7o -o. 75186;S -o0. 70;365 0.:179 113.3
130 -- 0.531015 -- 0.701527 --. 710515 0.721 102.6 made to establish the extent to which such a two di-
110 -0.-10516 -0.391661 -0.101633 1.211 103.5 mensional treatment is valid. A possible functional
100 -- 0.551166 -- 0.506623 1.302 101.8 form for l'(RAn, A~ac) is
90 -0.415539 - 0. 559239 - 0. 372735 0.675 75.5

70 -0.539909 -0.533218 0.61G 59.6 V(RAD, AABc) 2Da Bexp[- P3^(RAD-R ]70 -0.486782 -0.5027:15 0.56r 6 I.1

"&Basls set-4s3p Dunning; Ref. 36. Exp)erimental bond lengths; + DA exp[- A•(R~n-IRu)]+ AD8  scl'e ,
Itef. 24. MNCSCF wavefunction 19 MC-7-110. (19)"blnterpolated. where f(AABC) is determined from the conditionf(A'so)
"CScc footnote d of Table V. = 1 and a known bending potential function
dTho exI)erimental value is 0.1 16 1). See Ref. 45. (2A)

g(AAEc) = V(RCA, R~c, AcA sca) e (20)

as
unexpectedly, there is a different lowering for the ionic f(ABc) 1 - [g(AABc) - g(ABe)] / [2DM.] . (21)
surface (- 1.81 eV) than for the neutral surface (- 2.75
eV). It is interesting that it is the neutral for which po- Rationalizations for the placement of tIle angular de-
larization functions have the greater effect. pendence in only the attractive term have been givenSfapreviously. 

46 The parameter 1
',eal, is used to adjust

The MCSCF/CI 4s3pMd adiabatic electron affinity, the energy origin from zero at the hypersurface mini-
- 2.68 eV, is 0. 94 eV below the 4s3p MCSCF/CI result mum as desired. The conditions
and 2. 9 eV below the experimental value from Sec. 11. 0 V(R = ) (22a)
This comparison shows that the valence orbital space DA VAD - ele =AB s

is even less adequate for tile correlation of the ion
(versus the neutral) than suspected from the discussion
of the 4s3p results in Sec. 1II. D. 5. It is apparent that
a further optimization of the MC and CI configuration
lists to include excitations to nonvalence virtuals would 0 NO-{X'A,)
be at least if not more important than the inclusion of # 8MC-75I0

polarization functions in any attempt at a reliable ab 0 ISMC/98C1
initio calculations of the adiabatic electron affinity.
However, tile addition of d functions effects dipole mo- -P SCF
ment changes wihich are less than the 0. 3 D uncertainty A 19MC-7410
assigned to the 4 s 3p results. . * 19MC/99CI

E. MCSCF/Cl ab initio bending potential for NO(X ')

The bending potential curve for NO(.V "') from 180' 9 I
to 70' was computed with the SCF, 19 MC, and 19 MC! C/
99 CI wavefunctions for use in the next section. The .

0 o 0'-bond lengths for these calculations were the experimental T
values. The results are presented in Table VIII and I-
Fig. 8, The metastable minilium near 90' in the cor- so
related wavefunctions is yet to be confirmed by cal- "Z
cnlations involving a reoptimization of the configuration < *0
lists at 90". It probably is real and derives fro-:a all 9 -. =U>*

avoided adiabatic intersection with the l'A(l 1A) surface.
The dipole moment function il(ANo) is also reported
in Table VIII.

*41

IV. INTERSECTION LOCUS OF THE NO'(X 2 A') 91____. _"_-_-_

AND N 2 O(X'%2) POTENTIAL ENERGY SURFACES 100 100 120 1 '40 160 ISo

A. Hypersurface representation by a two-dimensional ANNo, degrees

function V(RAP, AAtIC) FIG. b. MCSCF/CI, MCSCF, and SCF b)endling potential curves
fromt 90' to 180* for NO"V 2

i1 ') and N.2OL\ IX*) The ion bondIf one treats one bond lenglh arnetrially, the full lengths (INN, Rtin) h a. u. Ore (2.27.15, 2.6011) for the SC'
dlienlonal potential energy hyplersurface for a tri- and (2.30-15, 2.6;t051) for the vorrelaltmd wavefuuettions. The
atomic, V(IAD, Re', '

1
Anc), can be represented by two neutral bond lengths are the exIerihncntnl equilibrium values.

k"1;ll llr oil.S iNo12i DecMbet1970
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0 -. l'(Io, I?"*., Anc)- V.~1,cr - 2D a ' l n estimation of the adiabatic electron affinity. However,
(221b) it is interesting to note for later comparison that they

reported a vatlue of 160' for All

0;ln -J AlAAD ' The results of thie present study may be used to
(2 2 c) establish all of the parameters in the harmonic Morse

Ua2€ )function without any assumptions or calibrations to re-20- j.•. 4-• j31 , action thresholds. The ininimnni energy crossing locus
(22d) (I 0 , A*) and Its activation energy with respect to

V(R,, Rc," A _ V(l.,, "R , A. N20"(, 0, 0) may, thus, be predicted. Comparisons
A with the experimental activation energy and the vertical

=- 2/)LA'jexl[- j3A,(RwB- RI)]- 1} (22c) electron affinity will serve to check the appropriateness

D D. {exp)[ - 2,3',t(R'B- RA,)] - 11 of the harmonic Morse functional form. The values for
A A[ A the parameters are given in Table IX. The minimum

can be used to determine the values of the parameters energy surface intersection is shown in the harmonic
D4 [Eq. (22a)], DA, [to satisfy Eq. (22e)], D•, [Eq. section of Table X for the SCF, 18 MC, and 18 MC/98
(22b)], and ;3A and j' [from Eqs. (22c) and (22(I)j so Cl NO" wavefunctions. The vertical surface separa-
as to establish tile desired surface features. These tion at the NO equilibrium geometry is also listed in
features are the potential binding energi, D)O,8, the Table X. The latter energy quantity is some 7.0-9.8
stretching force constant kAR, the equilibrium geometry eV. The ab iniio vertical excitation (resonance) en-
(R~s, Relc, A"4Dc), the bending potential function erg, for NO'(1 211) above N20(.Vx.) is 2.3-3. 9 eV,

g(AADc) at ARA=IR , and Rn,, RI , and the value of the depending upon the degree of wavefnnction correla-
potential energy at a point (R , Rec, .A'ge) with re- tion. See Table VI. The main source of this rather
spect to the value at the equilibrium geometry. The large discrepancy is the assumption of a harmonic
distance R.4 a should be considerably less than RID in bending potential. This source of error can be re-
order to improve the representation of the repulsive moved by replacing Eq. (23) with an anharmonic repre-
region. If Condition (22e) is replaced by the assump- sentation of g(AA,,c). A direct way of providing the
tion that D)An = DyD , then W,, becomes l 4  1A .)n and anharmonic potential is taken in the next subsection. It
d ,An becomes equivalent to ý-•n ivith the result that is noted that the crossing angle A*,,., is about 6' be-
V(RAD, 1t4'c) becomes a Mores function in RAT. low the value reported by Wentworth, Chen, and Free-

With the latter assumption, all of the features re- man.

quired to parameterize Eq. (19) for the ground state
energy surface of either N.O" or NO are available from C. Anharmonic Moise representations
the results presented in Sees. if and Ill along with
some literature values for NO. Either bond length, The shape of the anharmonic bending potential,

AB = NN or AB = NO, can be treated. The value of the gA(AABc)-ga(1A.nc), is reliably given if

scaling parameter 1 ..ca l may be set to zero for NO"
and determined for N20 from the adiabatic electron g'AAAC)= CIac (24)

affinity (from Sec. II) and the zero-point energies (from
See. III). where the expansion coefficients C( are deternined by

an exact-matching fit of Eq. (24) to n ab initio potential

B. Harmonic Morse representations energy surface points V(Rc,, Rec, AAc). The n val-
ucs of A;,,.are chosen in this study to span the range

Wentworth, Chen, and FreemanP proposed the as- 90?1-BO. Wherever necessary a point at 175' is in-
sumptions that A'(AA•C) is the harmonic bending pc,- cluded.to e'nsure that..,(180 0 )= 0.
tentiel The bending potential energy curves for NaO'(X 2.A')gH(A..c)- .k,(. a -A'23 +OXZ+ r

,.kAc(Axfc - A5nc) 2 
,(23) and NO(.X') are shown in Fig. 8 for selected SCF,

.(19). They wrote one such MCSCF, and MCSCF/CI wavefunctions. Note that only
a tthe shape of these curves enters into Eq. (21) and,

resulting harmonic Morse reAresentation lI,,,,(lAu, thence, their placement on the energy scale does not.
AABC), AB " NO, for NO and one for NO'. The pa- The anharmonic Morse representation V,(A, A~ac)
rameters were determined for NO from literature
values and for N20 by a series of admittedly crude Is, thnnwEqh(19)lwith tevapproximaton2thatnd (24

assumptions.~~~~~~~ noevr kofoN0inE.(3wa l, and with f(:IAec) given by Eqs. (2 1) and (24).assumptions. Hlowever, k,,,, lor N20- ill Eq. (23) wasA

treated as a calibration parameter. Its value was de- The anharmonic section of Table X displays the re-

termined from the requirement that the lowest energy suilts obtained with VAJI(RAD, IAAnc). For A3 = NO, the
crossing point l'(fl~,, Afo) of the neutral and ncga- separation of the NO and N.0 surfaces at the equilib-

tive surfaces occur at an energy 0..45 ± 0.02 eV above riutin geometry (Rc c|.t'c) of the former is lowered to

thie zero-point energy of N20. The latter energy. is the 3.8-4.8 eV, wili cl slightly overlaps the 2.3-3.9 cV

activation energ~y which tihy obtained from thiir ri ca- ab hinlin range given in 'Table VI. rhus, tile anharlnonic

surcentnt of the rate of Reacti.on (3) :t1, a finction of modification Is - necessary improvement which greatly
tenlperaturlr over the ranlge -- W; to 215 'C. The ob- Increases tile faithfulness with which the shape of ab
Jectliv, of Wmilworth, Chen, atndl Fr.enj),lut wa.s the hidlio potential surface Is represented.

J.010 ±hi. 1hy..o.65, N1, 15 Docombor 1976.
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''AI;LE IX. Parameters for the angular--dleniident Morse function V.l(JIAH, AAC).

Molec.ule (S-tate)

N1O0(X 
2A ')

N2 0(X t1-,)d MCSC F MCSC Fi/Cl
Parameter"c Units (Exptl) SCF (18 MC) (18 MC/98 CI)

VN-O eV 3.758 0.480 0.483 0.,479

PNO A.-I 3.076 5.055 5.183 4. 993

A•o 1.1842 1.3764 1.3739 1.3747

kNNO eV/deg
2  

0.0012.15 0.002062 0.002101 0.002051

AeNo dog 180.0 123.6 132.7 132.7

Vseale eV 0.16 0.00 0.00 0.00

DLNO cV 5.066 5.157 5.160 5.156

A-1; 3.3188 2.643 2.669 2.G37

IRHN A 1.1282 1. 2036 1.2197 1. 2216

aD 5..- C AIDAB-C + CABC - CAB, where DAB--C is the experimental di.:sociation enwr:!." Mid
the C are the zero-point vibrationad energies whose value in c% are 0.251 (NN0),

0.195-0.199 tN,0"), 0.1-16 (N,), 0.118 (NO), and 0.169 (NO-). Se'c Ref. 21.

AB 1.7G(;55 (Qk,/D',) '12, where /"An is in nidyn/A,• and DA is in CV to give A i

cVl E. A. (NO) - C(NO) -c(NzO') positions the potential ininimum of the neutral

surface with respect to the negative.
dThic exleriimental quantities required to compute these parameters are listed and

referenced in Table VN.
eComputed from the results presented in Tables I and VI.

Further improvemcnt can be made by removing the be seen as follows. The anharmonic Morse function

assumption that D' DI B . The most important result for AB = NN places the vertical excitation energy at

of this improvement would be the treatment of the re- 1.6 eV. See Table X. This result is in better agree-

pulsive portion of V(RAn, I.-Anc) for A13 =NO. This can ment with the more reliable, lower end of the ab initio

TAJIL.E N. Minimnum potential energy crossing point V*(fl*N, JýO, AANO) and equilibrium geometry

vertical surface separations for the ground state energy surfaces of N 20 and N.20" as given by various

angnlar-.depentlent N.orse flnctions V(IIAB, ANNO) .

cMinfillUnil in the Surface s'paration

Character Intersection locus V(N2O")-V(N-O) eV
of thle

aR at the equilibrium geometryangular Wave V* R A*N

dependence All functionb (eV) (A) (deg) NO- N 20

Harmonic NO SCl' 0.9629 1.295 146.8 -2.01 9.80
MCSCF 0.7881 1.282 151.7 -1.68 7.47

MCSC2)"/CI 0.77,19 1.279 151.7 -1.68 7.00

NN SCF 0.7681 1.175 149.3 -1.95 4.09
MCSCI' 0.6265 1.175 15-1.1 -1.5-1 3.23

MCSCI"/CI 0.6221 1.176 15.1.2 -1.51 3.18

Anharnionic NO SCF 0.9110 1.310 152.6 -2.35 1.85
MCSCF 0.7.191 1.286 153.0 -1.81 4.25

MCSCF/CI 0.75:36 1.28-1 153.1 -1.82 3.89

NN SCI. 0.6991 1.180 153.7 -2.41 1.81
MCSCF 0.5795 1.178 155.3 -1.72 1.69
MCScI'/c". 0.5nl4 1.179 155.6 -1.71 1.6.1

.,See l'. . (19) -(21) and (23. mnd, for (ihe alha rmnl.i only, Eq. (21) as well.
"bThe neuti u mijrf:i'e Is di.rirmined e.umipltcly from the experilment:al l:ilntiles In the h1:rm,in11c Morse

representa ,ti .u, [i Ihe ithar1:in,imile Morse 1,4p1)t'esen, (lIt lol the ab iuitio bendilng poteitial rellvees the
harmonIc for both noeutral andl hilt Jl,. All or lhe pal 'Ilin les for the bin surfaet' are r ic lerlnI hli I fronl
the experini ltll e nIl a und 1 eieu itt' 141i l 3ll lce ft'catouret; 'epl r'tvil Inl Seem. II atnd III of tlhl imlper. See TI-
bl0 VI. The M, lrnil geomet ry lit alillllhr 10iti es i trhu itiil, The '1o11 g1011ieinetry Wlln loteilllhl Itr'inli-
eters are 'oitiputei and vary with the wavefuunctIon employed.



Hopper, Wahl, Wu, arid 1iernan: N20' and NO potential energy surfaces

%%

00

, I
I , 

•.I

Ia. I , ad," \I

EDIII I LIIS It .I

I I I II,-

S( I I ct

, I

/ I

I[__ __ ___-- -,_

to)t

(VD

1 I. ? I . 1 . 5 1 . 8 2 .0 I I 2 1. 1 . 6 II %

R( N--NO) . ANGSTF-,!1S R( NN--0 A PNGSTROMS

FIG. 9. Overlaid N20"XY 2A')and N20(X ",,*) contour plots of the anguilar dependent Morse function VI.(RlAD, ANNo) with the ab initio

MCSCI'/CI bending potential energy curves. The intersection locus of the ionic surface (shown as solid contours) with the neutral

surface (shown as long-dashed contours) is illustrated by the short.lashcd linc. The surface contours are identified in electron

volts with respect to the mittiiumn in the negative surface. The neutral surface is positioned in accordance to the adiabatic elec-

tron affinity and zero-point energies. (a) RAB H RNN; (bI RAB = Rjo.

viewing the N20- plots one should keep in mind that V. SUMMARY AND DISCUSSION
near linearity there may be an avoided intersection be- A. Final results
tween the 12',".*(2A49 Rlydberfr state and tile 2,-V (12nI) va-
tence ate. 4 2 The solid contours represent the ?A' A summary of the final results from Sees. H1, 1lI,

Sion surface with valence character even near 180'. and IV is made in Table XI. These combined results

Thus, it is the diabatic, valencelike 2A' surface that is constitute a detailed characterization of the NO'(XZ.A')

being represented, In viewing the plot for N20 in Fig. potential energy surface and its relationship to that of

9(b) one should note that although the surface is drawn N 2C(Xl;'*). Further explanation of the values entered

for adiabatic dissociation to tile asymptote O(tD), is unnecessary except for the vertical electron ad-

Nz(, t-*t), the molecule is predissociated to the ground finity. This explanation is given below. A discussion

state asymptote O('11), N,(X ,1) by repulsive triplet of several of the quantities entered in Table XI in the

surfaces. However, as shown elsewhere, the singlet- context of the literature is in order. Discussion Is

triplet surface intersection occurs outside of the pres- given for the adiabatic and vertical electron affinities

ent plot range at RNof 3. 1 A. "- A sint ilar situation of nitrous oxide and for tile role that surface effects

exists for thie N-N bond for N 2e. play In Reactions (1) and (3).

The various collisional processes which involive the

N2 0 and N 20 grotndi state surfaces nlay' be readily B. Electron affinities of nitrous oxide

visualized from1 these overlaid conltour plots. The 1. Adiabatic

plots clearly show the great disparity ill the location

of the tninhum regionn and tile potential barriers be- The adiabatic electron affinity of the N2O molecule In

tween them. A comparison of Fis,. 00() and 0(0) shows its ground electronic slate has been dteternmined ex-

tile strong difference between the weak Nz-O" hond vs i)erinentally by various gr.OtupS using different tech-

thie strong N-NO" bond. niques. A tabulation of these studies is made In Table

1OmIIII
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"rAILE X1. Sumnmary of the quantities determined In the ments, hut they made no correction of the data to take

p]roent study In characterize the X 2A N ('II) ground state poten- into account the velocity distributions of the ion beam

tui energa y suerfac of N2 " and to relate it to the N O. energy and the target gas. The present collision-induced dis-

surface of N•O. sociation result of 0. 22 1. 0. 1 oV, which is based upon

Parameters Value Section data which have been corrected for the ion and neutral
- velocitydistributions, is perhaps the most reliable

N20"(\ 2
A ') hypersurface characteristics measurement reported to date.

ANz- O-) 0.43 10.1 eV if The estimate of the adiabatic electron affinity re-

D(N-NO') 5.13 10.1 cV II ported by Wentworth, Chen, and Freeman' is in good

ReN 1.222 10.05 1 1it agreement with the determination reported here, but

R 1.375 0.10 , it appears that this agreement may be fortuitous.
Wentworth el'al. made their estimate from the dif-

ANNO 132.7 t.2 deg III ference in the potential minima of the harmonic Morse

INN 11.,49 10.8 mndyn/A III function discussed in Sec. IV as parametrized for N20

o3.83 +0.8 mdyn/, l and N 2 0. This parameterization was based in part on

experimental infornmation but involves some gross
ko0.6,i 60.2 mdyn/,\ III assumptions. These assumptions-e. g., the value of

vt 912 :L100 cni III D(N.-O'), the harmonic form of g(A,. 0 ), and the value

of Re o(N 2G')-are shown by the present study to bet 555.1 100 cm"1 III
markedly incorrect.

13 0GGG 1100 em' III
As noted in Sec. III, the theoretical calculations were

not performed at the level of sophistication necessary

2.42 10.3 D Ill to produce accurate adiabatic electron affinities. The

,EmJ 1.10 ev good agreement at the SCF level is happenstance. An

(barrier to linearity error bracket of -3 eV is assigned to the present

at Rsr, Reo) (4s~plfl valence space) ab iniiio adiabatic electron af-

AE c.°afect 1.40 eV finity on the basis of the 0.2 20. 1 eV experimental

(barrier to bond length value.

contraction to the
neutral values at 180')

2. Vertical

Electron affinities The vertical electron affinity (resonance energy) for
E.A. (N20) 0.22 10.1 cV II N 2O(X 'E*) going to the 2A'(1 211) state can be reliably

V. E. A. (N20) - 2.23 10.2 oV II and IllI as obtained from combining the experimental and theoret-

combined in V ical results of the present paper with the following

computative cycle:
Mininium energy point in the crossing locus of the neutral and

ion ground rtatc hypersurfaces V. E. A. (X * - 2 rI)

V*- V"(N 20) 0.67± 0.1 eV IV =E.A. (N 0)- E(Xy)+E)(X 2A')

NN 1.18 *0.05 _ iv - A nd AE0trwet + IEGY tIS)- f(1 2
") . (29)T T

RAo 1.28 "0.10 A IV This cycle may be expected to yield a reliable result

ANzo 154j3 dog IV since it is written so as to depend upon those areas of

the present study which have been established to be of
Reaction thresholds predictive quality-ab inllio surface shape features in

f[Reaction (3)) 0.40 j 0.1 eV IV the interactive, triatomic region and the experimental

E. llcaction (3)1 0.22 tU.1 eV IVadiabatic electron affinity. All of the quantities needed

to evaluate Eq. (29) are listed in Table X, except for

c(N 2O), which is 0.. 254 eV (Ref. 24), and ((1 •l), whichl

may be estimated, for reasons given earlier, as that
XiI. Thlat the adiabatic electron affinity might be posi- of nitrogen, 0. 146 eV. The resulting vertical electron
tive while thle vertical electron affinity renmained nega- affinity is

tive was suggested in 1967 by Ferguson, Fehsenfeld,

and Schneltekopf. 4 lardsley7 concurred In his molec- V. E. A. (X I~o_ 1 -11) - 2. 23 + 0. 2 cV . (30)

ular orbital analysis in 1909. In 1971 Wentworth, Chen, This value is to be compared with the broad expert-and Fe(,ntn re~ort -taivlue of 0.. '110. 2 CV which Ti au st ecmae ihtl r~depr-:

and Freeman reported a vau omental electron scattering feature centered -it about

they deduced from a Ihermal electron attachment rate 2. 2 eV. Sce Zecca (,t (l1. 47

experiment. Nalley ci ,1.0 suln;vquently reported a

lower Immind for the electron affitity of - 0. 15 .0. 1 eV Comparison can also be made to the vertical electron

from ll ir cesium collislonal Ieniz'ation exlPerintilnts it' affinity to file I 2:' stat', (if the negative ion V. E. A.

1973. Tiernan atnd Clhw't ' rvported P. A. (N.O) 0.6 eV (V In* - 1 "I°). An MCSCF/CI calculation of the

on the basis of coll1s8111l-lndtclPd dissocIatIon experl- V, E. A. (X 12:-. as - 1._8 10.5 eV by Iopper el

J. Chore. Phys., Vol. 65, No. 12, 15 December 1970
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"TABI.EI XII. Adiabatic clecthon affinity of NýOI\ 1Z ).

.l, etruon :ffil i ty

Paper (CV) Method

We'itwrti it, Owin.Freeman ( 9 7 1 ), 0.3 i 0.:' D)educcd from the activation vaergy for thermal electron attachment rate

Nalley el I. •97:3)" >-0.15 t 0.] Collisional ionization of Cs

"rierm•n and Clmw (1975)e 0. Linear extrapolation of collision-induced dissocintion cross section

Presentl work 0.22 0.1 Section ll-Levine model fit to collision-induced cross section with cor-
rections for Doppler motion of target gas and for ion velocity speed

0.20 Section 111-ab initin SCF calculations with a *Is3b orbital expansion
basis. The good agreement is happenstance.

> - 1. 7 Section Ill-ab initie MCSCF/CI calculations with a ls3p orbital basis and
and restriction of correlating configurations to those constructable
from the valence space. This is a lower limit; see text.

"aReIcrence 8. bieferenec 9. RefLerence 10.

al. is probably reliable since it included a diffuse s minimum of 0. 10 A2 at 2,0 1 0. 5 eV before beginning a
basis function to describe the Rydberg ch'tracter of monotonic rise to 1.52 A2 at 14.7+ ±0. 5 eV. Comer
the 8a orbital in NO-(XV '-) and since differential cor- and Schulz report no observable reactivity at thermal
relation effects to the 3-r orbital play no significant role collision energies. Thus, tie cross section is ex-
as they do for V. I. A. (X . 1 2l1). Thus, the broad pected to rise from zero to a peak located at a col-
resonance in the electron scattering s:pectrum centered lision enermy between 0,03 and 0.32 eV, Their cross
near 2. 2 eV can probably be attributed to both the va- section at 0. 32 eV corresponds to a rate coefficient of
lence 1 "if and the Rydberg I molecular ion resonance 1. 5x 10-11 cm3 -".
states. Lindinger et (t. So lperformed a flow-drift experiment

in which they followed an effective rate constant for
C. Threshold for the e + N. 0 dissociative attachment 0- depletion aq a function of the N2 concentration in the
reaction ion drift region of their flow tube. Their effective rate

constant is -iveraged ever internal energy distributionsThe activation enerpy' predicted from tile presentn

study for the dissociative attachment Reaction (3) is but not over the relative collision energy, They report

0.4010. 1 eV.' rThis value is in a-greement with the no observable reaction for relative collision energies

experimental value of 0.45±0.02 eV obtained by \Vent- from about 0.03 eV to about 1 eV. From this observa-

wvorth, Chen, and Freemana by a least- squares fitting tion they suggest that the reaction rate for the entireof the rate eapression K.*4-atI b exp(- Es /k.) to their rangie is less than 10-'2 cm 3 s"1. Lindinger el al. at-raterteemperaxure data for Reaction (3) over the range tempted to reconcile their results with those (if Comer

- 36 to 215 `C. The location reported in this paper for and Schulzt 5 by folding the latter authors' cross section
the minimum inter.section energy at 25± 3 ' from lin- into a displaced Maxwellian distribution applicable to

earity requires that, in the harmonic approximation, the field-drift environment. The assumption was made

the bending mode v. in NO be excited to at least the that the Comer and Schulz cross section was zero be-
low 0.32 eV. The resulting effective rate coefficient,v2=4 state. The energy required foi- the latter excite-
7× 1.0-12 cin3 s-1 for relative drift energies of 0. 5- 1 eV,

tion, 0.40 eV, may be just sufficient for reaction to 7 c

procced. llowever, given the extended values of both was taken by Lindinger ci al. to indicate that the two

bond lengths at the minimum intersection energy (see experiments are irreconcilable.
Table XI), it is likely that excitation of the symetric From the present paper the energy threshold to Re-
stretch mode would greatly facilitate reaction, action (1) is established as 0.21 ± 0. 1 eV. This result

iml)lles a very, very low thermal rate coefficient as

D. Implications of the potential energy surfaces for the relported both by Comer and SchulzA8 and by Lindinger
kinetics of th O" + N.: associative d~etachment reaction ai al. 5o The magnitude of the predicted threshold and

the restricted region of the minimum energy in the in-
There is at present a controversy concerning the re- tersection locus of the ground state surfaces [see Table

activity of 0' with N, . Coner and Schulz'8 impacted an XI and Figs. 9(a) and 90Q)j are in accord with the ob-
Cr ion he0.m onto nitrogoen "was in such at muaner that the servation of reactivity and an Inverse temperature de-
effective interaction region was 0. 5 mm in diameter. pendence of that reactivity from 0. 32 to 2.0 eV. H1ow-
They deternihied the cross section a!; a function of the ever, the present results also strongly suggest that
relative collision enerlgy Irom 0.32 -t 0. 5 to 14.7 1 0. 5 realent N. mu;t be vibrottioually excited to at least the
eV by followint, the detach,,d electron Intensity. The first vibrational state fur reaction to proceed for col-
cross section Scale wes; calibrated against the 0 1 CO lishon energies below several eV. This last conclusion
results of Mc' Farlandcl / al. ' From their results the follows from the value of R)C being definitely greater
crovs setlion falls from 0.62 A2 at 0.32 i 0.5 eV to a than that of the outer classical turning point of N2(v
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= 0) but approximately equal to that of N(z, ' 1). Also, collision at 900 where tile barrier to reaction is several
the statistically favored colliekion angle is 90'' and, as electron volts. And, lastly, given threshold energy and
Illustrated in Fig. 9(b), a collision energy of about 5 a collision angle A*,;,.- 154 , the extended vall~c of
eV is required to reach the crossing locus at this angle. R*4,t suggests that vibrational excitation of reagent Nz
The crossing locus is loss th0n 1 vV above the re- will be necessary to reaction.
agents only for angles greater than about 140". This
situation may be aptly termed a dynamic hindrance to That Reaction (2) is slow at thermal energies is at
Reaction (1) and because of it translational excitation least partially understandable in terms of the limited
is not expected to promote reactivity for thermal N2. angular range 110"-IG0 over which short-range at-

tractive forces exist between 0 and N2 . See Fig. 90().This dynamnic hindrance suggested by tile potential sur- The probability of ensnarlment of the NO" potential
face studies of the present paper is in accord with the well long enough for collisional stabilization is also
lack of reactivity for thermal N. for relative energies
up to 1 eV or well above the energy threshold to Reac- l ngti
tion (1). The present results also indicate that the energy.
results of Coiner and Schulz could be explained if some Reaction (3), unlike Reactions (1) and (2), is not sub-
N. vibrational excitation is effected in their experiment jecr to a dynamic hindrance. The N.0 molecule must
by collisions of the electrons being released in the col- be at least in the (0, 4, 0) vibrational state in order
lision cell of their apparatus, that the outer turning points reach the critical geome-

try (I?•, R 0:*, AM, 0 ). The threshold energy, how-

VI. CONCLUSION ever, is sufficient to populate N20 vibrational levels up
to and including (0, 6, 0), (1, 5, 0), (2, 4, 0), and

The potential energy surface of the X 2A'(l 2 fl) state (0, 4, 1). Because the N20 outer turning point nuclear
of N20- is stable in its equilibrium region with respect separations for v I = 0, = o only just reach the critical
to either dissociation or detachment, This conclusion bond lengths, levels with v, or r3 - 1 may be expected
is supported by both the experimental and the theoret- to be the most reactive.
ical studies which have been described in this report.
The quantities required to characterize this surface
and to relate it to the neutral ground state surface have
been determined and are summarized in Table XI. Doctor P. P. Ilosteny and Doctor P. J. Fortune

assisted in the establishment of a CDC 0600 version of
An experimental value of 0. 22 ± 0, 1 eV is established Biso\,..%w and its associated codes. Dr, A. Hinds; pro-

for the adiabatic electron'affinity of N2 0. It is concluded vided much helpful information on the use of the IBM
from this study that it is an electron correlation effect version of ItISON..Mc. The ab 1inio calculations reported
which causes the adiabatic electron affinity to be posi- here were performed mostly on the CDC 6600 computer
tive. In the ab inilio calculations reported here the at Wright-Patterson AFB. The remainder were per-
augmentation of the one-electron basis set with neither formed on the 1I3M 300/105 at Argonne or the IImM
diffuse s and P functions nor polarization e functions 370/155 at Wright-Patterson AFB3. We thank the Ap-
significantly improves the ab jilijo adiabatic electron plied Mathematics Division, Argonne National Labora-
affinity value. In fact, the discrepancy with the experi- tory, and the ASD Computer Center, Wright-Patterson
mental value becomes greater with some of these basis AFB, for the computer resources which they made
set augmentations. The truncation of the orbital basis available to us 'for this study.
to the valence shell is, thus, primarily responsible for
the large, negative theoretical adiabatic electron af-
finity. Work is currently underway to test this con- *Research supported in part by the Air Force Office of Scien-
elusion by including nonvalence orbitals in the orbital tific Research under Contract FIt4620-76-C-007 with Wright

basis froom which correlating configurations are con- State University and Contract 1)7510A with Argonne Naticazl
structed. Laboratory (U. S. E. it. .A.) and supported in part by the

Aerospace Research Laboratories, Wright-11atterso' AI.'l ,
A presentation and discussion of the potential energy under Contracts F33615-72-M-5015 and MIPI\89917-t10117

surfaces of the X A.,1'(1 211) and X '(1 (l 1..) states of with Arrgonne National aiuoratory (U.S. E. 11.1).A.).

N20- and N2O, respectively, shows why the associative j. F. . Paulson, d. Chema. 5er. 59, 2e (19(kG).
detachment Reaction (1) is imnmeasurahly slow for .F. c lcihinln.f4ld, E. E. 1erguson, and A. U. Schmeltekopf,
thermal N.. First, there is a potential harrier of some 31CcN .:ufmihy, a. Chem. 5, ys. 46, 2-1-19 0,1671).
0. 21 eV that tile reag'cnts O( 11) MN2(.Y ,.) itust over- 4E. E. 1'ec. ruson, 1'. C. 1ehenfeld, and A. I_. Schmeltekopf,
come to reacit the mninimum energy intersection locus. j. (?hem. lhys. 47, (1965 19G7).
Secondly, given the threshold energy, thle collisions 5j. L. tlu.tizzi, J. W. lkln, ind A. V. Phclpr., J. Chem.
are subject to a, dynamic hindrance: onlly those which 1'hys. 48, It70" 968). u 99)

approach the nilin nl un,,rnr i interset lon locus with 1 .1 .J Chauit ry, J. .c chri. I'hys. 5S, t150 (191;94

Ai,,,," 154" and exl)anding while l ,Ne 1. 211 contracting 8*. N. Whtarl thy, rJ l.(Iem. J'h It. 51, a9.i (1 J. D49).KW i*: Werntw,-'ith, E . Chl'a, and II. Ireet, eni, J . (lit, m. I hyla.
can react. The X'A. ( ,jergy inininitin with ,O 55, 2.075 (1971).

132. 7' tnds to Caills( Ate 10 be (0ont'1talhlg or 14N 08. .1. Nalhvy, It. N. Conmptoti, It. C. SehOMehnler, and V. E.

expantidlng -is 0 a1pproaclhes N, near te in ntll ill Aidnrs(li, 'I. (ht, l. lhy:m. 59, .11., (1973).
tilt, eie tlo''h n locus. ire0 hluiporlhtintly, collision 10T. L. tro(I it. I'% (1.ow, Atdv. 2 lI-ss. 1 pectro).. 6

at an angle of 154 is 't:titlIally mut'h les, likcly than L195 tlW7 1).

.j. Chem. Pnys., Vol. 65, No. 12, 15 Dctcmlmwr 1970
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11j. Cu-omer and (G. J. Schulz., l'hys. R1ev. A 10, 2100 (097.1). NTIS, Sprinrgfield, VA 2'1161.
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Luminescence front low-energy H+c/Xc charge-transfer reactions

E. G. Jones, 1B. M. Hlughes,* D. C. Fee,' and T. 0. Tiernan
Departmnent of Chemistry, lllritht State University. Dajyton. Ohio 45431

(Received I November 1976)

Optical emissions produced by collision of 100-eV le* ions with Xe atoms have been studied ever the spectral

range front 40 to 900 nm. All of the major lines in the emiksion spectrum can be assigned to transitions in
Xetl reslting from charge-transfer reactions. Emission cross sections for the major lines in the vacuum-
ultraviolet aid visible spectral regions are reported and the importance of cascading is assessed. The kinetic
energy dependence is discussed for several of these lines.

INTRODUCTION collision chamber pass through the ion exit slit
and enter a McPherson I-mn VUV monochromator.

Charge transfer has recently been shown to be The monochromator is equipped with a variety of
an efficient pumping mechanism for certain laser gratings and photomultiplier detectors to permit
systems.,' 2 In this laboratory, luminescence from monitoring a broad spectral region. The output
ion-neutral reactions having potential laser appli- from the photomultiplier detectors is pulse count-
cations has been investigated. Part of this study ed using an SSR Model 1110 photon counter.
has focused on reactions of He" with rare gases.3 5  With the experimental configuration described,
These reactions are of particular interest because the monochromator views along the axis of the
of the earlier reports by Lipeles cl al.1 of vacu- ion beam, and some uf the radiation collected
um-ultraviolet (VUV) and visible emissions from originates from collisions occurring in the region
these reactions at relatively low interaction en- of the decelerating lens, where the He* ion energy
orgies. However, no spectral assignments or is higher than at the collision chamber. To deter-
cross-section measurements for thle production of mine an appropriate background correction factor,
specific states were made by these authors for the the ion beam is deflected immediately in front of
Ile*/Xe system. In this communication, we will the collision region, thereby eliminatinsg reaction
report assignments and cross sections for some in the collision chamber, however, not affecting
of the major lines in the visible mad vacuum ultra- reactions occurring within the deceleration lens.
violet regions. The resulting photon count is then subtracted from

the total photon count observed while the ion beam
is traversing the collision chamber. This correc-EXPEREIMENTAL
tion varies from 10 to 30% depending on the energy

A. Apparatus dependence of the emission.

The emission spectra and the translational ener-
gy dependences of selected spectral lines were ob- B. Operating conditions

tained using a previously described" beam-spec- The -1e ion flux was 2.5 X 101 ions cm 2 sec"-
trometer apparatus constructed in our laboratory. (current of 40 nAcmn- 2 ) and Xe atom density was
Briefly, the apparatus consists of a single focus- 1. 6 X 1014 atomsemn"I (5- mTorr pressure at room
ing mass spectrometer with conventional electron 1.mperatoms cme int on re e aroom
impact source which is utilized to produce a mass- temwas measnte intean region Tepr-sure was measured using an MIKS BI'aratron capa-
resolved ion beam and transmit it into a collision citance manometer directly coupled to the colli-
chamber. The apparatus incorporates differential sion region. For isotropic photon emission, typ-
pumping in order to minimize collisions of the
projectile ion beam in the region between the ion ia tof 20 o sre h n
source and the collision chamber. The energy and
focal point of the ion beani are controlled by a de-
celerating lens positioned immediately ahead of the C. Calibration

collision chamber. This Is a four-element slot In the VUV region, cross sections were calcu-
lens which slows the ions from 170 eV, as they hited using the best available data for detector
exit the mass spectrometer, to the desired inter- quantum efficiency. Both Bendix Channeltron7 and
action energy, as low as 1.0 eV (lab) with 'incer- EMR 541-F1 detectors were used. Natnioka and
tainty represented by an energy spread of 1 eV huntier3 have reported an absolute reflectance of
(.WIIM). Some of the photons produced in the 4% at 121.6 ntn for a gold-coated grating. Sanip-

S15 14.46
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-- - -- - FIG. 1. Optical emits-

-ll. slons observed in the vlsi-
MW 0.X ' ,sblc spectral region from

the reaction of 100-eV lie'

ions with Xe. Optical reso-
10.' lution Is 2 nm. Note: When

, , • fC •output fronm the digital

__________1 . .. counter exceeds full scale

: .on tie recorder, it is auto.-630 600 ,570 540--r"510 480 450 42•0 390 3ý0 3k0 30'0 '270 240 matically reduced by a

WAVELENGTH (em) factor of 10 for plotting.

son'0 has shown platinum to have a reflectance of and II, all wavelengths calculated by the computer
about 1.4-1.5 times that of gold. On this basis search routine for Xe 1c transitions which do not
and consistent with reports of Zaidel and Shreider" violate the selection rule aJ=. 0, ± 1 or Laporte's
we have estimated a reflectance of 6% at 121.6 nm. rule, are included. None of the observed lines
Using these assump)tions we find that the calcu- could be positively identified with Hel or XeI
lated cross section of 0.60 A• for Lyman-a pro- transitions.
duction (121.6 nm) from impact of a 100-eV Ile* The dependences of the cross sections for seve-
ion beam on hydrogen compares favorably with the ral of the major emissions upon He* translational
accepted value of 0.44 A2 derived by Dunn, Geb- .. energy were also determined. The major line ob-
alle, and Pretzer . The relative spectral. reflect- . served in the visible region (484.6±0.2 nm), was
ances were interpolated from the data of Namioka found to exhibit an energy threshold which is be-
and Hunter at 121.6, 58.4, and 30.4 nm. low 10 eV (c.m.). Only one transition can be iden-

An absolute calibration of the monochromator tified which is consistent with this threshold, that
was made in the 450-900 nm region for each gra- is, 6s 4P 5 /2- 6p 4D012. Other J combinations with-
ting, using an NBS-calibrated tungsten strip lamp, in this band can be recognized among the possible
based on the method outlined by Kostkowski and assignments that are summarized in Table I.
Lee."3 Below 450 nm, the internally reflected Table I includes all possible transitions for the
light was equal to or greater than the light emit- five wavelengths listed, consistent with the spec-
ted by the tungsten lamp. Therefore, (he relative tral resolution. From relative emission cross
gi-ating reflectance14 and photomultiplier quantum sections'7 and relativc transition probabilities,"
efficiency"5 between 250 and 450 nm were used to we infer that the transition 6s 4P - 6p 4D1 is the
determine a relative instrument function. This major contributor to the emission cross section at
function was normalized at 450 nm to the absolute these wavelengths. The same five transitions (J
value obtained from the NBS-calibrated lamp. combinations) have also been observed in this lab-

Errors are estimated to amount to ±30% uncer- oratory in the analogous He/Kr system. It is
tainty in the relative values of the emission cross interesting to note that of the five assigned Iransi-
section and a factor of 2 to 3 in the absolute values. tions listed in Table I, two are among the strong-

RESULTS AND DISCUSSION

Emission spectra observed in the visible and 100.v Ptx.
VUV regions from impact of 100-eV He* ions on
Xe are shown In Figs. 1 and 2. These were ob- so 4---E••. SIPw,1.
tained with the monochromator slits adjusted for MtOM OF MY•i

a spectral resolution of about 2 nm. fligher-reso-
lution spectra (0.2 nm) have also been obtained for
most of the intense lines. The raw data were re- t40,
duced using a computer program which compares
the observed spectral lines with transitions ex-
pected on the basis of known energy levels in the
He!, Xe1, and Xe i systems. " About 95',3 of the
emissions observed in the VUV can be unequivo- I2o ow 90 S5

cally assigned to specific transitions, but many WAXLDTH (--)
of the lines observed with high resolution in tile FIG. 2. Optical emissions observed in the VUV fromi
visible can be assigned to more Mhan one transi- the reaction of I00-eV lie" Ions with Xc. Optical reso-
tion. In assigning the states listed In Tables I lution is 2 nm.

1I€ '-" .. _, • .• • ••-,.. .... . . . .. . . ... ,-
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TABLE I. Xe In transitions observed In the visible spectral region from the reaction of
100-eV lie' with Xe.

Observed Total cross sect ion Possible
wavclengtib for ob)sewved emission b assignments. Xe 1i A .X0e C AHC

)0 (nm) (10 -18 cm) Lowevr Upper (nm) (CV)

484,;3 A 0.2 6.4 69sPS," 6P 
4

D7I 2  -0.06 1.64

542.1,A 0.2d 5.6 6s
4
.'p3/ 2  Gp 

1
ID/2  -0.11 1.62

4 2 1
.5• 1

0.
2  

1.9 6S
4
PS1 2  GP

4
L.V/ 2  0.10 2.02

5d 2PI/ 2  6'
2
P3'0/2  0.01 3.62

6p 
4

D,0 2  6d 41'3/ 2  -0.10 5.41

460.4, ± 0.2 d 4.2 6s 4P3/2 (P 4'1q,2  -0.05 2.02

Sd 4F5/ 6p 2 P0/2  -0.05 2.83

519.33,: 0.4 1.1 6s 
4

P,/ 2  6p 
4
Dt/ 2  -0.05 2.47

5 2dP3/ 2  6p 
2
Pf/ 2  -0.06 2.99

OP 41.,/2 2t/2 0.31 4.02

GP 
4
S3. 2  Cd 4

Pt/ 2  0.03 5.01

6p D',l, 2  7s 2
P3 / 2  -0.38 5.20

a Calculated in vacuum.
b The calculation of these values assumes isotropic photon emission and neglects possible

polarization effects.
car, calculated from levels listed in Ref. 16, is the wavelength corresponding to the as-

signed transition.
d These are among the strongest lines observed in the xenon ion laser (see Rdf. 19).
. En(halpy change for the reaction Ilic I Xe- lie Xe+*.

TABLE nf. Major emissions observed in the VUV from reaction of 100-eV Ile+ with Xe.

Observed Total cross section Possible
wavelength a for observed emission b assignments, Xc 11 A, -Ao C

A0 (nm) (10-i cm
2
) Lower Upper (nm)

93.13*0.1 5.2 5p / '13/ 2 Sd'P 3 / 2  0.00

93.52*0.1 7.8 5p
5 2

P.,l2 5d 4PI/ 2  0.02

93.95* 0.1 9.5 5P 511/ 2  5d4P5/ 2  -0.03

94.4210.1 5.4 5p '210/•2 5d1
2
P,/ 2  -0.03

94.98k0.1 9.4 5P s21'3"/2  5d 2
P 3/ 2  -0.03

98.90*0.1 28.5 5 p Sp0//2 6Os
4
'P/ 2  -0.04

103.25L 0.2 1.7 5 P'P
3

01
2  

5d'Dtl2  -0.01

5p 12p?,/2  514p3/2 0.01
103.814--0.1 4.7 5p12P10l2 5d l'Pt/2 -0.041

104.893 10.1 25.3 5 p Sp,/ 2  d4'ID• 2  0.00

5sp
1 0•

2 l Sd 
2
P1 1 2  -0.01

105.22* 0.1 10.4 5p 523/ 2 r '4'3,,2 -0.03
107.47i 0.1 16.5 5,i 'PaI/ z6S 11,5I2 --0.02

SCalculated in vacuum.

"b The ca, eulntion of these values assutmes Isotropic photon emission and neglects possible

polarlailon effects.
c A r, ealetiluted fromt levels listed in Ret. 10, Is the wavelength correspon(ling to the as-

sirned transition.
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est lines observed in the cw xenon-ion laser."' 0.4 D o
The VUV emissions shown in Fig. 2 can all be XO-W.3 IsI

assigned to Xell transitions. Table II is a sunm-
mary of some of the more intense lines. This in-
cludes all of the observed transitions from Gs "P, 0.p

5d'P, and 5d 2 )' states. The cross section of the
most intense line in the VUV (98.90 nm) was found
to be constant over the energy range 20-140 eV.

020
In constrast, emissions monitored over the inter- Uo

val 97.3 ± 1 nm as shown in Fig. 3 exhibit a strong -
0kinetic energy dependence. There are two lines,

97.34 nm (5pI 1 -Gs 'P 3 /.,) and 97.70 nm 0
(5p5 2P1 -6s' _ 2D5 /1 ) contributing to this curve.
The maximum, occurring at 12 eV (lab), corre-
sponds to a cross section of -0.4 A2

. Lipeles o _'__'o_ '_ ,_o

et at.6 observed a similar dependence in the total 0 20 40 60 so 100 120 140

cross section for photon production in the range He ENERGY (eV.LAB)

20-120 nm. The total cross section obtained by FIG. 3. Emission cross section for Xcij radiation

summing the emission cross sections (100-eV Hie* observed within the interval 97.3±1 nm from impact of

ion impact) of all individual lines in this interval lie* ions on Xe.
is 2.4 A2 whihel is about one-half the apparent
cross section observed by Lipeles el al.0 De Ifeer cascading cross section from high-energy states
and co-workers2 °, 2' have studied this reaction at to those individual states (determined from visible
higher energies and have obtained a total cross emission cross sections). The last column is the
section ' of 3.6 A2 over this interval for impact difference between the measured emission cross
of 300-eV lie' ions. section in the VUV and the measured cascading

A detailed study of the excitation mechanism for cross sections in the visible region for each indi-
the 6s 4P, 5d1P, and 5d 2P states is summarized vidual state populated and thus is the cross sec-
in Table III. The energetics of formation of each tion for direct formation of the states indicated

of the possible J levels of the 4t) and ')P states of in Table III formed in the original ion-neutral

Xeni from ground-state He* and Xe reactants are collision. As can be seen, the first two states

listed. In addition, the total emission cross see- listed in Table III are formed mainly by populating

tion for radiation to the 5p5 "1•/. and 51,5 P1/•,2 higher-energy states, followed by cascading,

ground ionic states (determined from VUV emis- rather than directly in the ion-neutral collision.

sion cross sections) is shown, along with the total This is in agreement with the findings of De Bleer

T,ABLE HIl. Total emission and cascading cross sections for the major Xc01 4P and 21' states
observed in the lie*/Xe reaction.

Cross sections (10-18 cm 2)
Total Direct

State. Xeu All' a (CV) emission Cascading formation

6sP0I 2  -0.92 16.5 15.1 1.4

6s 4P 3/ 2  -0.67 10.4 12.0 -1.6

6s 4P,/ 2  0.09 28.5 1.2 27.4

5d'13/2 0.60 9.4 0.4 9.05

5d 2Pt/ 2  0.68 18.1 (12.7) b -. 18.1

5d4PSl 2  0.74 9.5 4.6 4.9

5d'P,/2  0.80 12.5 0.6 12.0

5dP 3/2  0.86 6.1 (0.9) 6.1

SJnlhapy change for thie rc'aclhn lie* I- Xo- lie 4 Xc+'

b There Is an umicerlfalnly on I he order of 1 12.7 In tilis vnalue because of unknown contribution

of (he unresolvedl transiltin 5P :i'j'/:- •iDil).. Tnl.ulaled value assumes approximately erual
contributlon from each transltion.

......
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and co-workers:" at 300-eV lIe' ion energry. How- large density of He' ions may permit the occur-
ever, in contrast, the 6Gs Jl,t/. state is almost cn- rence of neutral-neutral excitation processes in
tirely formed directly in the ion-neutral collision, the collision region. De Ileer el al.2' find that the
Radiation from this state constitutes more than cross sections for the resonance atomic lines do
7(,7 of the total radiation produced in the reaction, not vary linearly with pressure in the collision
Similarly, the remaining states listed in Table II, region. This indicates that some of the radiative
which are also populated by processes which are states may be formed by competitive processes in
endoergic for ground-state reactants, are formed their experiments, and these authors suggest that
directly in the ion-neutral collision. The total fast Ile atoms may be involved. In the experi-
cross section for those emissions listed in the ments reported here, the cross sections of all
table apl)proaches one-third of the total cross sec- major emissions were found to depend linearly
tion for radiation produced by impact of 100-eV upon collision chamber pressure, up to pressures
He* ions on Xe. While cascading effects must be of 8 mTorr. These emissions therefore result
assessed for each state on an individual basis, only from bimolecular He'/Xe reactions with little
overall cascading contributions account for about possibility of their formation by lie-atonm reac-
30% of the total observed radiation (visible and tions or other processes.
VUV) in the Ile'/Xe reaction at 100-eV ion ener- It is noteworthy that Tanaka et al.22 have recent-
gies. ly observed a 'trong emission line of XelI, cor-

De lHeer and co-workers 2' have extensively stud- responding to the transition 5P' 2-;/ 2 -6s 4p1/ 2 ,
ied this system at impact energies above 300 eV. from the excitation of a mixture of lie and Xe in
The highest ion energy attainable on our instru- an ac pulsed discharge at a total pressure of about
ment is 150 eV preventing a direct comparison 10 Torr. As shown in Tables II and III, this line
with the data of De Heer and co-workers.N* "l is one of the major emissions observed in the
Nevertheless, one might expect many similarities present study. Tanaka et al. 2 detected only very
in the results of these two studies; however, some weak emission bands from the (HeXe)" diatomic
gross disparities exist in the states populated and ion.
in their total emission cross sections. De lleer The results of the present investigation indicate
and co-workers 2' make no mention of transitions that the production of radiative states of Xeli in
from 6s 'PI/,2 5d[Pl,,, or 5d2P,/, levels. It is the reaction of He' (100 eV, lab) with Xe is quite
presumed, therefore, that transitions from these efficient. The total cross section for direct exci-
three levels are relatively unimportant under tation measured in this study consitutes about 25%.
their experimental conditions, although these are of the total Ite*/Xe charge-transfer cross section
the three most intense lines observed in the pro- (10 A2 at 100 eV).2- A complete reporting of all
sent study. No Xci resonance lines were observed lines observed in this and other He* rrue gas
in this investigation, yet De Ioer and co-workers systems is in preparation.
report large apparent emission cross sections for
XeI resonance lines (a>0.15 A2 at 147 nm).
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Dissociative electron attachment in nitrogen trifluoride
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The chemical physics of the gas nitrogen trifluoride is 2.1 ± 0.8,x 10" cmn3 moleculeo"sec". This rate con-
is currently of Interest owing to its applicability in the stant was obtained using a filament electron source, and
development of HF/DF chemical lasers and its use in the with an argon buffer gas pressure of 0.0 torr.
rare gas-halide laser systems. '( Since these lasers
are electron-beani or discharge initiated, the reaction The ratc constant for thermal energy electron attach-
of electrons with NF, is of particular Interest.8 ment in nitrogen trifluoride has previously been inea-

sured by Mothes el a/. 11 using an electron cyclotron res-
The rate constant for the dissociative attachment of onance technique. The current measurement agrees

thermal energy electrons (300-350 "K) to nitrogen tri- well with the value, 2.4x 10-11 cm 3 molecule' sec" at
fluoride has been ineasurcd usingl a flowing afterglow 3000 K, obtained by Mothes cl al. In addition, the cur-
technique described in a previnous publIcation. in The rent research establishes the identity of the ionic attach-
rate constant obtained for the reaction inent products.

c'+ NF 3- F'+ products (1) The only product ion observed in the present study is
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F'. This result contradicts a, previous publication1 2 cit- the electron affinity of NF is as large as 86.8 keal
Ing the formation or NF', F1 and F" by thermal electron niole-'
attachenint, Ilowever, that work was performeid usin gI N In form ed by flea ution (0), Ithen the r eaction
it lime-or-fli igit 111.11 ti eltromvoe1,, in which It was not (I
possihihi, to oblti in t ihe(rnial electron be3: lln, which Is N F; 4 N F3- F' 4 N J", 4 N Fi (8)
necessary to determnine thermnal energy electron attach-
ment prodcts. No evidence was obtained in tie present may occur if the eletron affinity of NF 3 Is loss than or
exp)eriments for the formation of the ions NF- or F" at equal to 19.9 kcal mole". However, even in experi-
thernml energy, ments where the NF 3 density was - 5fx 1011 moleculescm"3, no NF; was observed. Under the present experi-

Reactions which may be proposed to occur at thermal mental conditions, the rate constant for Reaction (8)
energy include would have to be :?- 10-9 cm 3 molecule" sei-l in order for

eC' NF3- F'4 NF 2  (2a) NF; not to be observed.

- F" -t NF+ F (2b) The results of the present research show that only one
product ion, F-, is formed in the thermal energy attach-

- F + N + F+ F (2c) ment of electrons to NF 3 . Tlhe rate constant has been
found to be quite slow but significant for high pressure

c" + NF 3 - NF"+ F2 (3a) NF 3 mixtures.

- NF-+ F4 F (3b) The authors gratefully acknowledge the contribution of

the nitrogen triiluoride to our laboratory by D)r. E. A.e'+NF 3 - F"+NF (4a) Dorko of the Air Force Institute of Technology. This

- Fj+ N + F (4b) work was sponsored by the Air Force Office of Scientif-
ic Research (AFSC), United States Air Force, under

e-'.s NF 3- NFj + F (5) Contract No. F44620-76-C-0007.

e'+ NF 3 + Ar - NF .:Ar. (6)

Each of these reactions may be discussed using avail- 'M. C. L.in, J. Phys. Chern. 75, 284 (1971).
able thermochemical data (in kcal mole 1 at 298 *K) 2W. 11. Green and M. C. ],in, IWEE J. Quantum Electron. 7,
AIII(N) = 112.979,t AlItF) = 18.88, 3 AH/I(NF) = 57, 98 (971).
AU,(F-) -- 60.0, 0, AHf(NF-) - 43.2, 16 AII,(Fj)- 68.6,17 3D. W. Gregg, B. Krawetz, R. K. Pearson, P. R. Schleicher,
AHIf(NF,) - 10.3, 13 AJII(NF,)=- 29.8, 13 and AF 1j(NF;) S. J. Thomas, E. B. IHuss, K. J. Pettipiece, J..R. Creigh-
=-28.4. 8 Using these data, Reaction (2a) may be shown ton, R. E. Nivcr, and Y.-L. Pan, Chem. Phys. Lett. 8, 609
to be exoergic by 19.9 kcal mole-1 while Reactions (2b) (1971).

and (2c) are endoergic by 45.7 and 120.5 kcal mole't, 4W. If. Green and M. C. Lin, J. Chein. Phys. 54, 3222(1971).

respectively. Reactions (3a) and (3b) are endoergic by 5E. R. Ault, R. S. Bradford, Jr., and M. L. Bhaumik, Appl.
73.0 and 110.8 kcal mole"1, respectively. Reactions Phys. Lett. 27, 413 (1975).
(4a), (4b), and (5) are also endoergic (by i8.2, 93.1, chi. L. Bhaumik, R. S. Bradford, Jr., and E. I. Ault, Appl.
and 20. 3 kcal mole", respectively). Thus, a thermo- Phys. Lctt. 28, 23 (1976).
chemical analysis of the proposed Reactions (2)-(5) in- 71. Ilurnharn, N. W. Harris. and N. Djou, Appl. Phys. Lett.

28, 8G (1976).
dicates that Rleaction (2a) is tie only process expected to 8J. A. Mangano, J. It. Jacob, and J. B. Dodge, Appl. Phys.
occur in the reaction of thermal energy electrons with Lett. 29, '426 (1976).
NF 3 . To the authors' knowledge, the formation of NF; 9J. lIsia, Appl. Phys. 1,.tt. 30, 101 (!977).
has not been reported and is not observed in the present 11G. D. Sides, T. 0. Tiernan, rnd I. J. llanrah-l, J. Chem.
experiments [k << 10"'- cm6 moleculez sec" for Reaction Phys. 65, 1906 (1976).
(6)]. 11K. G. Mothi-s, E. Schultes, and R. N. Schindler, J. Phys.

Chemn. 76, 3758 (1972).
The present experiments were performed at NF 3 den- 12J. C. J. Thynne, J. Phys. Cheni. 73. 1580 (1969).

sities approximately three orders of magnitude greater 13D. 1). Wagman, W. 11. Evans, V. B. Parker, I. Ilalow, S.
than in Thynne's experiments. Thus, the possibility of M. Bailey, and R. II. Schusmm, NBS Tech. Note 270-3, U.S.

Government Printing Office, Washington, 1). C. 20-102 (i96;S)..ton-molecule reactions disguising tihe direct thermal t4J. L. Frankldin, J. G. Dillard, 11. Mi. Roscnstock, J. T. |ler-
electron attachment products must be considered. Re- JLFrnlnJ.GDilrI MIosntcJ.Tli-ron. K. Dra~xl, and F. It. Field, Nat]. Stand. Ilef. Data Syst.,
actions (2b)-(5) are thernlochemically forbidden. Ilow- NIIS 26, U. S. Government Printing Office, Washington. D. C.
ever, the electron affinity of NF has not been mneasured 20.02 (1969).
experimentally, and reaction (3a) would be exocrgic if t'B'ased on the heat of formation of F given in flef. 13 anttd the
the ch,ctron affinity ot N F is :- 86. 8 kcal nlol•', which electron affinity of F (78.9 kcal mole") obtained fronm an aver-
falls within the known rainlge of electron affinities foor age of the vahles given In: F. A. Page and G. C. Goode,

small imlolecules. ' Io However, the clharge transfer Netjire liee and theise Alinrtton, (WilVy, New York, 19619);
reaction It. S. Berry anid C. W. lHeimann, J. Cheat. Phys. 38, 15i-1

(190J3); I1. 1'. Popp, Z. Naturforseh. Teil A20, 6l-2 Q1WJ5);
NI"" NF 3 - F" 4 NF N F2  (7) It. P. Vl,, Z. Naturttlrsch. T'ell A22, 251 t(1067): It. Mil-

Stteiln and It. S. Blerry ,, I Chenl. P'hlyst, 55, 11.1 11071)t;
would lKl (.lndoergic by 66.0 kcal inole", and NF" would "alluned oil thw hlent of formation of NP given In Itef. 14 and the
be observed in tile afterglow. Thus, it is unlllkely that etitlnated electron affinity of NF (13.8 kcal nmolh') given in:
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P. A. G. O'llare and A. C. W\ahl, J. Chem. Phys. 54. 4563 2724 (1971).
(1971). 1 lB:ased on tOwi heat of formation of NF., given in lMIv. 13 and the

"IAverage of the vwluens given in: J. J. DeCorpo and J. L. elucLron affinity of NF2 (33. 7 kcal nohle") given in I). W. Iliar-
Franklin, J. Chier. Phys. 54, 15 (197 1). P. W. H:arland land "n(d J. L. Franklin, J. Chemn. Phys. 61, 1)(;.' (197.1).
and J. IJ. Franklin, .7. Chtim. Phys. 61, 1621 (1974); W. A. 19J. L. Franklin and 1'. W. Hlarlind, Ann. Rev. of Phys. Chern.
Chmplua, J. IBerkowitz and 1). Gutman, J. Chem. Phys. 55, 25, 485 (1974).



Associative detachment reactions of negative ions with 03
C. Lifshitz,a R. L C. Wu, J. C. Haartzb) and T. 0. Tiernan

D)e'partmlnt of cheinivir t' and The IBrehmn La/oratori., Wright Slate Unirer!ity. Dayton, Ohio 45431
(Rcceived 16 May 1977)

Associative detachment reactions of the type A- 4 B A fairly long-lived collision complex must be formed in
- Al # e have been studied recently' using flow-drift order to permit the extensive rearrangement which is
techniques. These experiments yield rate coefficients necessary for the sulfur atom insertion to occur. It is
based on observations of the disappearancc of the nega- also Interesting to note that one of the fastest associa-
tive ion reagent as the concentration of IB is increased. tive detachment reactions previously observed, tb,- 0"

Neither electrons nor neutral products are directly meon + S0 -S03 + C yields the sanie final products as Reaction
itored in such experiments. It is difficult to determine
branching ratios for other negative-ion reaction chan-
nels from measurements of this type. An alternative
method which has been utilized to study associative de- TABIE I. Rate coefficients for various negative ion reactions
tachment processes employs an ion beam-collision with 03.a
chamber apparatus' in which electrons produced in the
detachment reaction are directly observed. Other chan- Reaction 10"-1 cmn3/molccule .sec
nels producing negative ions are not monitored, how- 0+03- 202 +e 42.65 eVb 3 - It
ever. A third method, recently developed in our lab- d

oratory" is also based on ion beam-collision chamber

experiments, but both negative ion products and ele- -O +024 3.1 eV 0.1 - 0.05
trons fromn the negative ion-neutral collision can be
readily monitored. Cross sections for negative ion Of-40 3 0 2 +110 2 +C-016 CV <0.01 (not observed)

products are obtained as previously described, 4 while -0II40j+0.3 eV 5 - 0.2
detached slow electrons are monitored by using SIFT as -- HOj +O0 0.3 -t 0.1
a scavenger in the collision chamber, and measuring
the resultant SF; currents. The wide translhtional en- 2

ergy range accessible to the tandem mass sl)ectrometer S-+0 3 -- S03+e+G.4 cV 114-2
used for these experiments (0.3-180 eV in the labora-
tory system) facilitates ztudies of the energy depen-
dences of the reactions. At the lowest energies ema- SO-+0 2 +3.5 eV 0.3t0.l
ployed ( 0.3 eV), cross sections for associative de- -- O+SO+2.8 eV 0.08
tachment reactions determined by this method are quite S 4 0.01
reliable, since the direct reaction of most simple nega-
tive ions (for example, Oeor S-) with SF8 is endoergic, - -O+O.-Y3.9 eV 0.02
and the observed SF- can be formed only by capture of
the electrons released in the detachment reaction. At SWi-+0 3 -- (OII+SO') +C+3.3 CV 5.5-1

higher translational energies, contributions to the SF; -- Sll +Oj-0. 15 eV 0.6t 0.3
signal from the direct reaction become more important -- lSO-+O2 1.0*0.4
and must be subtracted from the total SF; current to 6b- 102 +15 eV 0.2+0.1
tain a measure of the associative detachment channel.

-So + ll10 0.06
In the present experiments, we have employed the SF, - S0+011+4.4 eV 0.02

scavenger technique to observe associative detachment
reactions of several negative ions with 03 which have -- S0 +01"+5.1 eV 0.01
not previously been reported. Table I summarizes the -5-+? 0.09
reaction rate coefficients determined for these reac- --O+ ? 0.01
tions. These rate coefficients k are related to the ex-
perimentally determined cross sections c, via the rela- 'Measured with reactant ions of -0.3 eV laboratory energy.
tion, k =a F, where 7 is the average incident ion velocity bExoerglcities were calculated using known heats of formation
at the corresponding laboratory energy employed. (Ref. 5) and electron affinities, llA(O):- 1..462 eV; EA(OII)

"-t1.825 eV; EA(S)M 2.077 eV; EA(Sll) =2.319 eV, EA(l.)
Of Iatticular interest is the, associative detachment -0.44 eV; EA(O) = 1.1 eV; EIA(sO) =1.097eV. Refs. 6-121.

reaction and from the recently obtained electron affinity of ozone EA(O 3)
-2. 153 0.15 cV (flef. 1:1).

S" 3- O8 0 (1) CAll nsociative detachment rate coefficients were determilned
for which the rate ipproac'e.s the gas kinetic collision relative to the rate, k 1. 10 C13/molecule.sec for the

reaction " 4 NO -- NO, +,..
rate. This reaction is highly exoergie, and apparcntly dAll charge transfer and particle trtatsfer rate coefficients were
the reactants appl)roacl each other along attractive p1- determined relative to the rate k=I. 2x 10"- cint /rnolecule, see
tentlal surfaces which le:id into the autodetachlng region, for the reaction 0'+N0 2-- NOj-4O.
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"-TT-F",wFT~-x-r-l 1 knowledgelhelpfii discussions with Dr. F. C. Fehwenfeld
and Professor J. IIeicklen.
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tp a)On salibatical leave from The Ilebrew University of Jerusalehm,
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tL b)Present address: National Institute for Occupational Safety
0 6 and Health, Cincinnati, Ohio 45226.U E
W " S + 03- So$+ e '(a) M. McFarland, D. L. Albritton, F. C. Fehsenfeld, E. E.

Ferguson, and A. L. ';chmeltekopf, J. Chem. 1Phys. 59, 6629
(1973); (b) W. Lindinger, D. L. Albritton, F. C. Fehsenfeld,
and E. E. Ferguson, J. Chem. Phys. 63, 323b (1975).

".1 010 u(a) J. Comer and G. J. Schulz, J. Phys. B 7 L249 (197.1); b)
JO ______0___,_______ J. Comer and G. J. Schulz, Phys. Rev. A 10, 2100 (197,1).

0.03 0.05 007 0.1 0.3 0.5 0.7 1.0 3.0 3T. 0. Tiernan, "Interactions Between Ions and Molecules,"

edited by P. Ausloos (Plenum, New York, 1975), p. 353.
CENTER OF MASS ENERGY (eV) 4D. C. Bopper, A. C. Wahl, R. L. C. Wti, and T. 0. Tiernan.

FIG. 1. Rate coefficients for S +O3- SO3 1 e as a function of J. Chem. Phys. 65, 5474 (1976).
relative kinetic energy. The predictions of the average dipole 5J. L. Franklin, J. G. Dillard, II. M. RosenstAlck, J. T. hler-

orientation (ADO) theory1 5 are given. (A polarizability, o -4 ron, K. Draxl, and F. 11. Field, Natl. Stand. Ref. Data Ser.

x10-2 4 cm3 , was employed for ozone.') Nat]. Bur. Stand. 26, (1969).
oIl. S. Berry, Chem. Rev. 69, 533 (1969).

711. llotop, T. A. Patterson, and W. C. Lineberger, J. Chem.
(1). Apparently, both of these associative detachment Phys. 60, 1806 (197.1).
reactions are quite rapid, in spite of the fact that more 8W. C. Lineberger and B. W. Woodward, Phys. Rev. L.ett. 25,

than three atoms are involved, because none of the al- 424 (1970).

ternative charge transfer or particle transfer channels 9B. Steiner, J. Chem. Phys. 49, 5097 (1968).

is more exoergic." The final products of Reaction ) '0 M. W. Siegel, R. J. Cclotta, J. L. flall, J. Levine, and R.

A. Dennett, Phys. Rev. A 6, 603 (1972).
may however be SO2 and 0, since sO 3 carries away most z"j. L. Franklin and P. W. HIarland, Anno. Rev. Phys. Chem.

of the reaction exoergicity as internal energy and is 25, 485 (1974).

therefore likely to dissociate. 1211. J. Celotta, R. A. Bennett, andJ. L. Hall, J. Chem. Phys.
n(1) as a function of G0, 1740 (1974).

The rate coefficient for Reaction (0. Lifshitz, R. L. C. Wo, and T. 0. Tiernan (to be pub-

relative kinetic energy has also been determined in the lished).

present study, as shown in Fig. 1. The decreasing rate 14F. C. Fchsenfeld, "Interactions Between Ions and Molecules,"

with increasing energy is typical of that previously ob- edited by P. Ausloos (Plenum, New York, 1975), p. 337.

served for other associative detachment reactions. 1 1,N1. T. Bowers and T. Su, "Interactions Between Ions and Mol-

ecules," edited by P. Ausloos (Plenum, New York, 1475), p.
This work was supported by the Air Force Office of 163.

Scientific Research under Contract No. F44620-76-C- 16M. J. Weiss, J. Berkowitz, and E. H. Appelman, J. Chem.

0007 with Wright State University. The authors ac- Phys. 66, 2049.(1977).
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A LONG-LIVED EXCITED STATE OF03
EVIDENCE FROM COLLISION-INDUCED DISSOCIATION

R.L.C. WU, T.O. TIERNAN and C. LIFSIIITZ*
Department of Ch/icis'try, lWright State Unirersity,
Da),ton, Ohio 45431, USA

Received 27 June 1977

Translational energy thresholds were determined for collision-induced dissociation of 03 formed by two alternative reac-
t..'ns. The different thresholds observed for these two processes, 0.96 eV and 1.80 cV respectively, suggest the existence of
a long-lived (>jus) excited state or isomeric form of 03.

I. Introduction 2. Experimental

Ozone and its ions play an important role in the An in-line tandcm mass spectrometer, previously
chemistry of the atmosphere [I]. Yet there is still con- described [2,4', was utilized for these studies. The pio-
siderable controversy and uncertainty regarding such jectile ion is formed in the electron-imnpact ion source
basic thermochemical quantities as the electron affinity of the first stage mass spectrometer, which produces
of 03 and the bond dissociation energy of the 03 nega- a mass and energy resolved beam. This beam is then
tive ion. The purpose of this communication is to pres- decelerated in a retarding lens and impacted upon the
ent new experimental restilts bearing on these topics. target gas in the field free collision chamber main-
These results suggest the existence of two stable forms tained at a temperature of 30 0 C. The energy spread of
of 03 , a fact which may serve to resolve some of the the projectile ion beam entering the collision cell is
current experimental discrepancies. The experimental ± 0.3 eV (lab). Pulse counting techniques are used to
procedures employed here involve measurements oF- measure the product ion current.
the threshold for collision-induced dissociation (CID) The gases used in these studies were reagent grade
of O3 ions upon impact with various target gases. The and were obtained from the Matheson Co. Ozone was
CID method has previously been shown to be useful in produced by a Tesla coil discharge through oxygen at
detecting the presence of excited states in positive ion low pressure (- 10 torr) in a vacuum system which was
beams [21, but to our knowledge, no application of free of hydrocarbon grease or mercury [5]. The ozone
this method which indicates the presence of a long- was condensed at - 196 0 C and residual oxygen was re-
lived excited negative ion state has yet been reported. moved by pumping on the trapped 03. The latter was
The derivation of reliable energy thresholds from CID then vaporized immediately into the ion source of the
measurements has also been facilitated by the recent first stage mass spectrometer.
development of an adequate theoretical model, which The projectile ion, 03, was formed by electron ima-
predicts the energy dependence of the cross section in pact on gaseous mixtures of 03 and NO, and of 03
the threshold region [3]. and 1120. Under these conditions 03 is most probably

formed by the ion-nmolecule reaction
On sabbatical leave from The IlHebrew Univeisity of Jeru.salem, 0+03-0+03 (I)

1976-77. in the first gaseous mixture, and the reaction
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01-" + 03 . Ol + 0- (2) sion, E0 is the threshold energy, and EreI is the rela-
live translational energy of the colliding pair. A is a

in the latter mixture, function of the internal energy in the reagent ion. The
",xponent n depends upon the mechanism of the CID
reaction, with the range 1.9 < n < 2.2 implying a di- !

3. Data treatment rect process and the range 1.5 < n < 1.8, an indirect
process [3]. A computer fitted excitation function

The measured primary ion intensity, and target gas based on these energy corrections, calculated using
pressure were employed to convert the product ion in- an assumed threshold function, was compared in each
tensity to an observed apparent cross section for the case with the experimental data. Assuming that the
CID reactions products are in their ground states at threshold, the

bond dissociation energy D(O--0 2 ) is then deter-
03+X, X le, Ar, C02  (3) mined from the best fit value of E0 .

as a function of projectile ion translational energy. Cor-
rections for the ion energy distribution and Doppler
motion of the target gas were applied as previously 4. Results and discussion
described [4,6]. A statistical model for the threshold
behavior of the CID reaction was assumed to be appli- Typical excitation functions for the 0/He reac-
cable [3]. With this model, the threshold dependence tions are illustratd in fig. 1. Table I summarizes the
of the cross section is well approximated by the func- translational energy thresholds derived from these
tional form, curves and from similar data obtained using Ar and

O(Ere() =A('T - EO)n/EreI (4) CO2 as target gases. The uncertainty in the values of
F0 is ±0.1 eV in the center of mass system, and the 4

where ET is the total energy available from the colli, uncertainty in n is on the order of ±0.1. These errors

I I !I I I I I I " I I I I I !

03+ He 0- + 02+ He

CO

za O 

X

5 15 25 35 45 55 65 75 85 95 105 115 125 135 145 155 LABi II I I I I I dI 2 3 4 5 6 7 8 9 10 II CM

ION ENERGY, eV
Fig. I. (Cross seclion for the reaction 03 + li - 0 4 0 11Cie as a function of translational energy. A - cxperimnental data for 03
from Oil-(Oj, O01)O3:; - d.ta for O0 froin 0-(03, 0)03. Solid lines are the caiculated "Ixst-fit" excitation functions.
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Table I The transit time required for 03 to reach the collision
Best fit values of P: and n obtained by convoluting 0 = chamber is such that the lifetime of this species must
AMET - Fo)"/i a) with the energy ditribution for the col- be on the order of several microseconds.
lision-induced dissociation reactions, 03 + X - O-+ 02 + X b e o xcti sener of 0 - pros e donds.. ~ ____The cxcess energy of 05" produced from reaction

Target O3 f'ronl O-(0 3,O)O 03 fromO1l-(03, 0Il)003 (I) may be in the form of vibrational excitation, as
gas X ............. has been suggested to be the case for N02 [ 121. Vi-

n E0 (eV, c.m.) n E0 (eV, c.m.) brational excitation of positive ions in the electronic

lie 2.1 !.08 2.1 1.77 ground state is known to cause a reduction in the trans.

Ar 2.1 0.95 2.0 1.82 lational energy thresholds for CID by an amount equal

C02  2.0 0.86 to the degree of excitation 1131. Alternatively, the ex-
average 0.96 average 1.80 cited 03 may be formed in an electronically excited

.. ..... .state which correlates to ground state fragments. The

a) LT was actually equated with Frel (or Ec.l.) in these corn- only possible candidate for such an'electronic state is

puler fit calculations. the 2 A1 state, for which the exact energy above the
ground 2 Bt state is still unknown [14]. This state has

are estimated from the ranges of F0 and n which yield not yet been observed spectroscopically, but by analo-
a good fit to the experimental data. gy with a similar state in S02 1151 (tile I BI state) the

Two different threshold energies were obtained de- lifetime should be quite long. Still another possibility
pending upon the method of formation of 03, but is that the 03 formed in reaction (I) is a cyclic isomer
irrespective of the target gas employed for CID. 05 of the open-chain 03 formed in reaci >•n (2). Recent
produced via reaction (1) gave in each case a lower theoretical calculations [16,17] have indicated that the
threshold than tile one produced via reaction (2). ground state potential surface of neutral 03(0 A1 ) has
These thresholds apparently represent 'the bond dis- two minima occurring at bond angles of 1170 and 600
sociation energies of two different states of 05. The respectively, with the 600 configuration corresponding
average values for D(0--O2) are calculated to be to a metastable ring structure. Similar behavior for 0-
0.96 ± 0.1 eV and 1.80 ± 0.1 eV, respectively, is quite plausible 118].
. Taking D(O--0 2 )= 1.8 eV, in conjunction with The present CID da.ta provide information relative
the known electron affinity of the oxygen atom. 1.462 to the structure, excited states, and reactivities of the
eV [7] and the bond dissociation energy of neutral 0 ion which is complementary to that which has
ozone, 1.05 eV [8], one can calculate tile electron af- been obtained from photodissociation [19] and flow-
finity of ozone to be EA(0 3 ) = 2.2 eV. This value is drift [20] experiments. The latter are less suitable for
in very good agreement with recent results obtained the detection of excited states owing to the high pres-
from endoergic charge transfer [9] and collisional ioni- sures and long ion residence times which characterize
zation [10] experiments, the experiments and which dictate that reactant ions

The enthalpy changes for reactions (1) and (2) are are usually fully relaxed.
AH1 = -0.75 eV and AH2 = -0.37 cV, respectively
(the electron affinity of the 01-I radical is 1.825 eV
[111). Reaction (1) is thus more exoergic than (2) and Acknowledgement
the results described above indicate that, within ex.
perimental error, the total exoergicity of this reaction This work was supported by the Air Force Office
appears as internal excitation energy of the 03 prod- of Scientific Reýsearch under Contract No. F44620-
uct, since the ion must be formed with an energy of 76-C-0007 with Wright State University. The authors
(1.80 ± 0.1) -- (0.96 ± 0.1) = 0.84 ± 0.2 eV above the are grateful for the invaluable assistance of C.D. Miller
energy of the most stable ground state configuration with the tandem mass spectrometer, and for the assis-
ofOM. On the basis of the pressures existing in the lance of D.T. Terwvilliger in programming the comn-
ion source (P < 0.1 torr), the rate coefficient for col. puter fit calculations. We are indebted to D.L. Albrit-
lisional deactivation of the excited 03 must be ton for providing us a preprint of the manuscript de-
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Thermochemical Data for Molecular Negative
Ions From Collisional-Dissociation Thresholds

Thomas 0. Tiernan and Richard L. C. WVu

Department of Che'nistr), It righ. State LUniversity, Day-ton, Ohio .1j4311, U.S.A.

Previously reported experiments' conducted in our laboratory demonstrated
that thresholds measured for collision-induced dissociation reactions of positive
molecular ions could be used in conjunction with other thermodvnamic data
to obtain ionic bond dissociation energies. In the earlier beam-collision chamber
experiments, the thresholds determined for these reactions were not corrected
for the cfl'hcts of energy broadening resulting firom the velocity distributions
of the incident ion beam and the target gas. In the present study of collision-
induced dissociation reactions of the molecular negative ions, NO-, NO ,
N.O-, O- and CO', the experimental cxcitation functions (that is. the cross-
sections as a function of energy) have been treated to take account of energy
broadening and the thresholds have been more reliably deduced. 'T'hese thres-
holds yield the etthalpy of fiormation of the reactant negat;ve ions, which in
turn can be used to calculate electron affinitics for tihe corresponding neutral
molecules. Comparison of the threshold behavior with the predictions of a
statistical theory of the dissociation process also provides insights into tihe
dissociation mechanism.

EXPERIMENTAL

Instrumentation and Procedures

The apparatus utilized for these expciriments is an in-line tandem mass spectro-
meter which has been described previously. 1. . The reactant ion beam, produced
in an electron itnpact source is mass- and energy-analyzed by a double-fiocusing
mass spectrometer, retarded by a slot lens which controls the collision energy,
and impacted on the target gas in a collision chamber. The energy distributioa1
of the projectile ion beam is + 0.3 eV (ILab) over the entire accessible energy
range of 0.3-180 eV. Product ions, produced by reactions in the shielded field-
free collision chamber, exit friom the reaction zone, are reaccelerated, and enter
a second double-tbcusing mass spectrometer where mass analysis ocurs. The
ion detector is an lectron mnuil licir coupled to a pulse counter. The collector
stage of the apparatus is fixed and preferentially accepts product ions scattered
in the frorward direction (0' scattering angle). Possible discrimination efllcts
have been discussed in other ptmlhications., For tile experi,'icilts reported herein,
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the tempcraturc of the collision chamber was maintained at 160'C, and collision
chamber pressure was typically 4 x 10-2 Torr. Prcssure-dependencc studies
were conducted over the range of collision chamber pressures, 0.5x 10-x -
4 x 10- Torr, to cnstire that the observed product ions result from single
bimolecular collision events. Cross-scctions for the observed reactions were
calculated relative to the cross-section for the O-/NO 2 charge-tiansfer reaction,
which is 63 A2 at 0.3 eV (Lab) ion energy.3

Reactant negative ions were formed by electron impact on various pure
gases or mixtures. These ions and the respective molecules from which they
were derived were as follows; NO-, N.0; NO- mixture of N20 and NO.;
N20-, N20; O, mixture of N..O and 02; GO- mixture of CO 2 and N,O.

Determination of Dissociation Thresholds

Endoergic collision-induccd dissociation reactions of the type

AB-+X---- A-+B+X (I)

exhibit translation energy thresholds which may be assumed to correspond to
the ionic bond dissociation energy. According to the statistical model for such
processes developed by Rebick and Levine, 4 the energy dependence of the
cross-section in the post-threshold region has the form

Erei

where Et is the total energy available from the collision (c.m.), E0 is the thres-
hold energy, and Ere, is the relative energy for the colliding pair. The value of
the exponent n depends upon the mechanism of the reaction. The statistical
theory4 predicts that 1.9 <nz <2.2 for a direct process, where in the final state
all three particles are unbound, and 1.5 < n < 1.8 for an indirect process, where
two of the three particles are quasi-bound in the final state. The coeflicicnt A0
is a function of the internal energy of the reactant ion. In the present study,
however, the reactants and products are assumed to be in their ground states
and A 0 is thus independent of the internal states. When it is converted to the
laboratory system of energy, Eqn (2) reduces to

e,(Et)=A(iE) (3)
o(EE

where E1 is the effective energy for the reacting ion-neutral pair.
In the actual experiments, E, represents a distribution of energies, owing to

the translational energy spread of the incident ion beani and the velocity
distribution of the target molecules which leads to Doppler broadening.5 .6 The
experimentally measured cross-section is thercforc related to the absolute
cross-section by the expression

o0ao

VeXP(Eta a(E) (w~lr.,) d, (4
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where a(E 1) is given by Eqn (3) and w(E1 E10), the eflhctive energy-distribution
function for the collision, is given by

The first bracketed term in E'cn (5) is the energy distribution for tile incident
ion translational energy about the set point Jl, where E, is the pArticular iron
energy in the laboratory frame and the parameter a is computed to be 0.2
from the fact that the full-width at half-maximum of the reactant ion transla-
tional energy distribution is 0.3 eV. The second bracketed term in Eqn (5)
is the energy distribution arising firom the thermal motion of the target molecules
Pnd D)oppler broadening,5',' where A, the Doppler width, is given by
A=2(ntEjkT/rni) 12 , and mn and mn, are the masses of the ion and neutral
species respectively. The Doppler width is the half-width of the probability distri-
butions at l/e of the maximum height.

In order to enable one to deduce thresholds from the experimental data, the
flollowing procedures were employed. The cross-section as a function of energy
for a given reaction was calculated using Eqn (4) for various assumed values of
n and E0 . The calculated curves are then fitted to the experiniental data points
in the energy region from onset up to the energy at which the expcrinentally
measured cross-section attained a maximum. The optimum valtmes ofn and the
threshold E0 were then obtained from the calculated cross-section curve which
gives the best fit to the experimental dlata.

Thermochemistry

The energy threshold determined as described above for a particular collision-
induced dissociation process is takcn to correspond to AIr, the enthalpy of thle
dissociation reaction (Reaction 1). If it is assumed that the reactants and
products are in their ground states at threshold, the heat of formation of the
molecular ion, AB-, is given by

"A"B-= AiiA'(A-) + AI.0(ll) - Air (6)
or

AHi(AB-) = All(A-) + AHt(B) - Eth (7)

If the heat of formation of the neutral molecule AB is known, the electron
affinity of All can then be calculated from the expression

E.A.(AB) = AHr(AB) - AHI'(AB-) (8)

RESULTS AND DISCUSSION OF RESULTS

Cross-sections were measured as a function of incident ion -.. anslational energy
for the collisional dissociation reactions of NO-, NO-, NtO-, O," and CO'
impacted on various atomic andi molecular targets (Xe, Kr, Ar, Ne, lHe, N.
0, NO and CO). These processes, which are of the general form

XO,; +Y 0-- + NO,-, +Y (9)
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are all endoergic and exhibit energy thresholds. The effective cnergy diistribu-
tion lbr such collisions, calculated using l'qn (5), is illustrated for the case of
the NO- /Xe reaction in Fig. J. Figure 2 shows typical experiunental cross-
section data as a finction of translational energy Ibr dissociation of NO - utpon
impact with several diff'hrent targets. Figure 3 presents excitation functions
calcuulatedl for the NO-/CO collisional-dissociation reaction using l-¢ln (4)
for various conmbinations of n and P'0.F Figure 3 also detnonstrat.es the fitting of
these calculated functions to the €Cxperimental data points for this reaction.
The sensitivihy of this procedure is suich that the, best values of n and /"0 can be

tot tb)

1-0-

0.8

••0.4 i. f(/Ei •--]t

,21

I

0 2 3 6 7 8 9 I0

NO- ion energy (eV, Lob)

Fig. 1. (a) Energy distribution of the NO- incident ion beam. (b) Calculated relative
energy distribution functions for the reaction pair NO /Xe at 8.5 eV NO laboratory
energy and a temperature of 443 K. The solid line represents the calculated function
for a mono-energetic ion beam and a Boltzmann distribution of target molecules.
The dashed line represents the calculated function incorporating both the ion

translational energy distribution and the neutral velocity distribution.

dcduced to within -,0.1 and -0.1 eV respectively. WVhcn such energy correc-
tions are made, the energy thresholds determined fr'om the reactions of' NO-
with Xe, Kr, N., CO and NO are identical (within the exj)Ceimcntal error),
and indicate an N-0- bond dissociation energy of 5.0+0.1 eV. \When this
value is tused in Elqn (7). it leads to an electron allinity value of 0.02 + 0.1 eV
for NO. 'Table I sutntrarizes the bond dissociation cnergius dcrived similarlh
for all the ncgative ions investigated in the present study, and the electron
aflinities calculatd for the corresponding tucutral nmolecules. As is also indicated
in Table 1, these values are in good agreement with receuitly reported electron
affinity data obtained by several other techniques, including laser pihotodetach-
nient, collisional ionization and endocrgic charge transfer. It appears, thereflore,
that the collisional dissociation mnethods applied here yield generally reliable
ion ic bond dissociation energies. 'i'lTis technique should be partictturly usefil
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Fig. 2. Energy dependence of the cross-section for the collision-induced dissociation
of NO--on various atomic and molecular targets. Where noted, the curves have been

scaled by the indicated factors.

N04 CO - 04N+ CO
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Fig. 3. Efiects of varying n and E,, on the calculated excitation functions (solid
curves) for the NO-ICO collisional-dissociation reaction. Dotted-line curves are
the threshold functions predicted by the statistical theory. The dotted-line curve at
left of figure is the calculated energy distribution function for the reaction, which is
convoluted with the threshold functions to obtain the solid-line curves. Points nre
experimental data. Where noted, the curves are shiifted by the indicated scaling

factors.
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for more complex ncgativc mnolh'cillar ions (such as hydrates) which may be
less amenable to iphotodctacliment, and fir many of which the corresponding
neutral specics arc unstable.

In Figure 3, it is seen that a val of' n = 1.7 is determined frotn the curve
fitting procedure for the NO /(.O reaction. According to the statistical model
of tile dissociation process, - t)is is indicative of an indirect process in which two
of the three particles in the final state are quasi-bound (in the present case, the
target is considered to be a single particle even if it is diatomic as in the case of
CO). For the negative ions of interest here, such quasi-bound final states would
be more likely expected in the case of'reactions with N., CCO, O. and NO targets,
than for the reactions with rare gas targets. Indeed, all negativc ion reactions

TABLE 1
Bond dissociation energies for molecular negative ions obtained from
collisional-dissociation thresholds and calculated electron affinities

O---XO,,,.. bond
dissociation cnergy Electron aflinity Electron affinity

Ion (XO,) (CV) of XOr, (cV) obtatined from other experiments"

NO- 5.0+0.1 0.02+0.1 0.024 +-0.010 (11D);I
0.1+-0.1 (1l);'

-> 0.015+ 0. I (C 'I') •
02- 4.1+0.1 0.44+0.1 0.44+0.01 (1DI));1o

>_0..5_+0. I (C'I)
NO- 4.0+-0.1 2.4+0.1 2.5+0.1 (CI):8.11

2.3+0.1 (CT)'
N2O- 0.43+0.1 0.22+0.1 > -0.1 +0.1 (CI);3

0.6 (CT) 12
CO-3 2.0±-0. I 3.14-0.2 > 2. 7 (111.))13

a Symbol following the data dessignates the type of exp.rinient: PlD= photmictachnent; CI =
collisional ioni7:,tion; C1'l= endoergir charge transfer.

with rare gas targets which were observed in the l)reseilt study yielded valtics of
n > 1.9, as the statistical theory 4 predicts fbr direct proccsses, in which the final
states are unbound.

The reactions of N14O- and 16.160- with N11s0 were also stutdied to
determine if the 0- product originates entirely friom the projectile ion. In both
reactions, 110- and 1s0- products were observed, again indicating that some
quasi-bottnd intermediate state is formed which results in isotopic scrambling.
The thresholds lbor production of' t - and 1 8- were fibuind to be identical, and
the relative cross-sections at the maximum are in the ratio, om,;0-: ao--1:1
and 2: 1 respectively.

The collision-intduced dissociation reactions of the larger negative ions
studied here (NO.;, N:O , CO.,) are characterized by values nf'n which gener-
ally exceed the limits predicted by the Rebick -lxevinC model. I and the distinc-
tion Ibetween reactions with rare gas and miolectular targets is les:; evident.
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Discussion

R. W. Rozett (Fordhanm University, New York): Your experimental curve

near threshold showed a slight shoulder. Isn't tl c¢ a danger that you are fitting

your curve to two states rather than to one?

T. 0. Tiernan: That is always a possibility; little is known about negative ion

states. The shoulder is not very pronounced.
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Negative ion-molecu!c reactions of ozone and their
implications on the thermochemistry of 03
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An in-line double mass spectrometer bas beeii employed to determine reaction rate coefficients and
excitation functions for several types of negative ion reactions involving ozone. The interactions studied
include electron transfer reactions, such a0% NM-+O+-.M+O; (where M--. =O-, Oil . F-. C1-. IHr-.
P, S* SI1, ClI. C.,! , NO;, and CO00 and particle transfer reactions, such a% MO" +O-.M --O-
(where MO- =- 0.. , ,NO; , NO,. CO) ). Tr:nslational energy thresholds have been determined for those
reaction, which are endothermic by applying exact Doppler corrections for the thermal motion of the
neutral as well as corrections for th, translational energy distribution of the projecticle ions. These
experiments place a lower limit of 2.26 , on the electron affinity of ozone. This value is in excellent
agreement with the value computed froin the bond dissociation energy of O in its most stable
configuration. D '(O -0,) 1.80 eV. a•s deduced from measurements of the translational energy
thresholds for the c(ollisional dissociation process. 03- +M -0 4 0.4-+ M. where M = Ile. Ar. Further
implications of these experiments with respect to the structure, thermnoeclemis!ry, and excited states of
O-, are discussed.

I. INTRODUCTION the electron affinity of NO2 (: 2.04 eV) which is con-
siderably lower than the now accepted value, E. A.

Negative ion-neutral reactions involving ozone have (NO 2) = 2. 36 * 0. 1 eV. 17-20 A reriew of the literature,attracted considerable attention owing to their impor- however, reveals that the first reported investigacn

Ltance in atmospheric chemistry. 1-10 Various experi- which obtained the currently accepted NO2 electron af-
mental techniques have been employed to study these finity was that conducted i1 our laboratory, 21 and this
reactions, including flowing afterglow' 3'- 7 andt static fiudy was employed endothermic charge transfer isa-
drift tubee iethods, as well as ion beami techniques. surernerts, in which Br' was the projectile ion. At the
The former have provided reliable rate coefficients for same time, the lower litit for E.A. (NO2 ) which we
thermal energy ion reactions involving ozone while the obtained by similar methods, but using I as the projec-
latter yielded excitation functions at somewhat higher tile ion, was somewhat lower (2. 21 eV). This sug-
ion translational energies (>1 eV). In addition, a re- gested that there might be an inherent difference in the
cently reported study of the reaction between 0; and CO2 . threshold behavior of I' and Br- reactants.

o; +COP CO + 02, (1) Several experiments have recently been reported in

was accomplished using flow-drift techniques, in the which direct dissociation of a; has becn observed. La-
intermediate range between thermal energy and a few ser photodissociation of 0; was shown to yield 0 and
eV. 10 Still, several questions remain to be answered 02, and this is the major reaction channel at photon en-
with respect to ozone negative ions, a major uncertainty ea-gies between 1. 8 and 2.7 eV, although photodetach-
which persists being the bord dissociation energy of ment is also energetically feasible. 22,23 Collisional
O;. The value of the latter quantity which is calculated dissociation of 03 was observed in flow-drift experi-
from All for Reaction (1) is in disagreement with the ments, atnd it was determined that the bond dissocia-
value derived from the electron affinity of 03 which is tion energy of o3 is lower than that of . 10 However,
reported in the literature. 10 neither of these experiments has provided an accurate

value for the bond dissociation energy D•(O'-O 2 ), in the

Previous determinations of the electron affinity (E. A.) va ion.

of ozone have been made using photodetachment nmeth-
ods, t t.12 collisional ioniz.ation, 13 and endothermic charge The above considerations suggested the desirability
transfer• expuriments, :nd lattice energyis and con- of invcstigating additional etidothermic charge transfer

figuration interaction calC.Ll:Ltions. 1 The reported val- reactions of negative ions with ozone. In the experi-

ues of E. A. (03) obtained from these studies range front ments reported here, we have employed a tandem mass

1.9 to 2. 15 eV, with estimtated uncertainties as high as spectrometer, applied previously for many similar

0.4 eV. Among the lowest of these values is that do- negative ion studies, 17,21,24-29 and have observed the re-
termied by Berkowitz, Chupka, and Gultnantt• from the actions of some 15 different negative ions with 0. It1energy threBhold for the IO chargte transfer reaction, sonic cases, both electron and particle (0- and 0) trans-

where (lte I" reactant was produced by photon inmpact fer reactions have been detected. Energy thresholds

(ion pair fornmation). It is interesting to note that in the for such endotherm ic charge transfer reactions yield,
same study the latter authors reported a lower limit for of course, only lower limits for the electron affinityof the poletcular target. However, if a series of p)1ro-

jectile ions are employed which indicate a range of
"LiOn sahbalc-al leave r(tom The lIethrew ntuiverstty of Jetrut:dem, elet--on affity values, as-, ill the present experiments,

1976-77. then the hiehest value obtained will be closest to the

* J C~m.Ph 9 11 ani.1978 002 1 -9116 1 110243S011.00 Am 97 I Initt I fP -27
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true electron affinily; thus, tile value of this approach. rate coeffi in'ilnt for collisional deactivation must be
-10"11 cm13/sec in order for the excited species to stir-In other experiments described in the present paper, vive. The transit tin e requirc d for a prjit ectile i01 to

trans:lational energy thresholds for collisional dissoci- r e . the transit t i be i s fur tt e xci te
ation29 of O have been determined, yielding an accurate reach the collision chamber is such that an excited
value of the bond dissociation energy of 03, in what is species must have a lifetime of the order of 10 1'sec or
believu-d to be its most stable ground state configuration, longer to survive.

Charge transfer reactions of S- and SII" with O3 were
II. EXPERIMENTAL observed by using the low intensity isotopic ions 34 S,

and 34S1i as reactants, in order to distinguish the O
A. Instrumentation and techniques product from the SO- product which would normally ap-

pear at the same nominal mass to charge ratio.
An in-line tandem mass spectrometer was utilized in

this study. The instrument has been described in do- Associative detachment reactions were studied using
tail previously. 17,24-27,30 Briefly, it is a beam-collision a method recently developed in our laboratory. 2' In
chamber apparatus which provides mass analysis of the these experiments, the target gas in the collision chain-

product ions. The collection stage is fixed at 00 (LAB) ber consists of a mixture of the desired neutral reactant
scattering angle. The projectile ion is formed in the and SFc. The latter serves as a scavenger for the de-

taclhed slow electrons which are monitored by measuringe le ctron im tpac t iota sou rce of th e firs t stage m a ss spe c - U C r s l a t S ; c r e t ,
trometer, which produces a mass and energy resolved the resultant SF• currents.
beanm. This beam is then decelerated in a retarding All charge transfer, particle transfer or collision-
lens and impacted upon the target gas in the field free induced dissociation reaction rate coefficients (or cross
collision chamber maintained at a constant temperature. sections) were determined relative to the rate (or cross
Collision chamber temperatures employed in the pres- section) for the reaction 0- (NO 2 , O)NO0. Associative
ent studies range from 30 to 170 *C. The energy spread detachment reaction rate coefficients (or cross sections)
of the projectile ion beam entering the collision cell is were determined relative to the rate for the reaction
± 0. 3 eV (LAB) over the ion energy range 0.3 to about 0- (NO, No 2) e-.
180 eV (1,AB). Product ions are mass analyzed in tile
second stage mass spectrometer. Pulse couniing tech-
niques are used to measure the product ion current. B. Data treatment

The gases used in these studies were reagent grade The p roduct (secondary) ion intensity io (En) is con-
and were obtained from the Matheson Co. Ozone was verted to an observed apl)arent cross sectio. using the
produced by a Tesla coil discharge through oxygen at relation,
low pressure (7 10 torr) in a vacuum system which was o )(2)
free nf hydrocarbon grease or mercury. 11 Tile ozone ap( = E I,2
was condensed at - 196 °C and residual oxygen was re- where I,(E1 0 ) is the primary ion intensity, Ei. is the
moved by pumping on tie trapped 03. The latter was nominal reactant ion energy in the laboratory frame,
then vaporized immediately into the ion source of the Pt is the target gas pressure, and C is a conversion
first stage mass spectrometer or into the collision factor. C is determined at E,0 =0.3 eV using the pre-
chamber, as required by the specific reaction studied. vfously reported cross section of 63 A2 , and the product

Reactant halide ions were produced by dissociative ion intensity observed in the present study for the charge
electron attachnment to CI13F, CC! 4, CI13Br, and C113l. transfer reaction 0O(NO2 , O)NO2. 21

The CO reactant was produced in the primary ionTsoure b th ionmolcul assciaionreaciol, ~The absolute cross sectionl O(Eret) and its depiendence
source by the ion molecule association reaction, 0" upon the true relative energy of the ionic and neutral re-+C0 2 + M-CO;+M. The ionls 0- and S- were produced actants (the so-called excitation function) must be de-
by dissociative electron capture in N 2O and COS, re- duced from the experimentally observed dependence of
spectively. The 011' ion was produced from 1120 by a obs (E,,) on the nominal ion laboratory energy Et.. Thesequence of reactions involving first, dissociative clue- 299••o ntl nnia o aoatr nryE c h

experimentally obtained excitation function differs from
tron attachment yielding 0' anld I1', followed by the ion the absolute function owing to two factors, (1) the expert-molecule r'ea'ctions, O" (1120, OIl) OWl, andi It" (120, .e0lecule. rhe ions, and Cl2 were formed in mixtures mental spread in the incident ion energies and (2) the
112)0n NO thermal (Doppler) motion of the neutral target. Inof their parent gases with N 2 0, by electron transfer earlier treatments of similar data,24 we have neglected
from 0-. The toios S' and C2 11' were produced in nix- the first factor and treated the second by an approximate
tires of 112S or C 2112, respectively, with N20, by both, one-dimensional Maxwellian distribution function due to
direct dissociative electron attachment and by proton Bethe and Placzek.3 2 More recently, 'a we have modi-
transfer to 0'. 'rhe projectile ion 0; was produced by fled thie data reduction procedure to take account of
change transfer reactions involving 0" or Oil" and O, both factors (1) and (2), but have still treated Doppler
as discussed In later sections. broadening usingg the Bethe approach. In the present

The ions are all formed at source pressures ! -0. 1 study, we have adopted the exact treatment of the Dopp-
torr. It Is estimated that they undergo al)lproximlaLtely ler bro.adening developed by Chantry, "3 in conjunction
30 collisions within fhe source chamber before exitinir. with the exact tlreatment of tile Incident ion beam energy
If they are Initially formed in some excited state, the distribution. li the following, the formulas relating
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cviiji l di' fncicti ei ditt' ll cr , itci ) c-' ici A> /;.t* : in i'lt itrl u,"ithli iito iI.
fN 1c'riutcnt Sct hiii-on iik l li N~r w mi- rflM teI~ ~ tndc~ qNd irliillo lcicd n n
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affiniLicu, and .staid;ard t•inIpic"' sIr it) e slecie. jllli.sl'g l ill f *
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States ae summaized il Fig. 1 The rections r I ic ithN rA-an nlsi

to g prdc Eexcit sed i flcil Sta tes~v- vag" ar ~et csmponsid ith\ meorettoI edthri tha tile~

reactions of IlIe' with Kr or Ne and fewer emission linies are ohscrvcd at low-to.
moderate Il~e translational energies I'S. 7. 9]. Thus. thle low enlergy Ilie -*Xe and
l ie' + Kr reactions p~rovide anil excellent mecans or populating thle hasw-lying stales In
Xc + and Kr. The intensities or thle vacuum it .\. emissions which resuilt from Xc'
or Kr' * produtct states are reason ably high and there is lio apparenlt interferenicc
from rictitral Xe* or Kr* emissions.

ExmNVEI1:,I',Ai. Tw~i INIQUaIs

In ordler to ch:.r~acterjim comllelItet) file waveklengtlls and ahlsolil cross wet~ioni; or spct'trat cmifjioInh
front iI c',Rg cot ionsii. re.aciions i itl arc Ni tidictd under iinm-piositire anid iiswcoiiser~iml comfdit l,; A

ill a colI~itoll cthamb~er (pa~th tvi' 5!th 11 .475 cnal I lie lion c\iI %fit of tile viiotllo chal.libeI i% twawted alt tile
focal pisti of filte I fil cOiImd S grat inr. or a N iýPtmirmli NI .ttd 2:'5 uctitimu if.% .s it rmtsinew \\icii is
oriciuled titi,' me t or radiaii '' illit ted a I1,11t; the ci moi II 511 i%,t A pli itoli otit iptier dielecor andti ptit. voi lea~i
life used. Thie uuao-lice l Cwiv id Ill~ 111 vtttststio lqion i,.1% l'~tiven~ deeliltOlet to lie le%%tiit 111. I iRit Gl altd
lthe elctii c livid I% e~ inuited to li e lo-, tliani 0 I V oni. thle i~ I1111.~ltsr:,'~c.ot lto gIi'l~lI" t
diitferentiali)I mm iutip l atnd the% plossule Ill tlei 1%sir'ttg.iIllsl) Is aitijaitt lted at1 ofi t'elms I 110 it'll
for tile vIst'rIincIIls IV11t lid he. e he1 ilew-iio %%%ItiNt1etO lt~ o isnl t %%kIs'iidou% for nlea,i .11 til-

c(vi% x-at5itm'I for cmli%%ioni of raiion ft l ll iithe .54) I31 Hit)Io raltlv!i, te .ttltiiled (winti life reait on



('hiiatraelij~alio of the ithluint•-m.'eie fit-) lot% eierj'v Ile' /Xv and lie '/Kr rea•.ctiitn, 7X9

where i(l,) is the 'ro's sect¢litl fill ciis*tn tt if the olherted ,,•:at'e•ingilh ,. , t 1 ik the Iotll I iilu uber

of photon- produced per e.rond :11 W\avLcei'lh ,; 1i i. the numher densjtity titnis inl tie cti'li,,iti re..gion. S

I is the colliitio ccli lengthit, and I, is tie Ile' ion *tirrent. "lhec qutanity i(,R) is d.letermined Iby ' ,ntin' .

isotropic photonI cinis.ion [121. Ilie Irt;Iun,,Iikn f'utIleionI Mhich is. used to calcitl•tc i,01 .I i le ihte\ l)
ulir~ivioict (v.i.t.) region i k eahlikled by u.iti, esiniatted gratitel i ctl tar•,e.; 13]. as'.11lltg iil•ihraiiire

values for photlnuiiliplier lUanttlum elfi.ieecnies 11.1. 15"I and by vnpi•oyitIt the proiduclitin by I.\ n-:.alphta

radiation in the lie' /1i1. reaction Ittr caitiratiti f 161. M,,ore dutetil l on ah p lparatus are puabi.,hed elswhere

'117]. The uncertainties in the emuiss;ion cros(s scetitils reported here ait ettim11ated to he on the order of a

factor of three. Relative errors are eslimated to he :1. 25".

CLASsIiFICATIONS

The spcctral classifications are based upon the energy levels tabttlated by MooiuM [181
and Mi.NNIiAG:N V1 al. [.19]. The criteria for each chlasification are (a) an cner,-y
match, (b) the selection rule AJ - 0. -± 1, and (cM Laporte's wavcfunction parity rule
(even ,--* odd) [20]. The energy selection criterion which is applied is such Its to rcquire
that the diflerence between two levels match the observed line to within its experimental
uncertainty. The latter quantity varies with vwavelength Iad(] is reported in the tables
with each observed line.

A rigorous, self-consislent classification of all lines observed in l lei /Xc ad I le' /Kr

collisions can be made to transitions between states of Xe+ and Kr', respectively.
These classifications are provided in Tables I and 2 and in [21]. None of the observed
lines can be classified with confidence by ir1ansitions betweenl excited states of lIc, Xe, or
Kr, although sporadic maiches occur, mostly in the visible region [2 11.

Processes such as reaction (3) which yield excited atomic prodticts have been excluded
as possibilities, and all observed lines have been IttribUted to allowed ionic transitions,
for a combination of reasons. First, the endoihermicity of such processcs is S- 12cV
for collisions which would populate the upper levels for the potentially assignablk
neutral Alhmic transilions. The corresponding c ldothermicity for all Iransitions contribu-
ling appreciably to the total intensity is less thlt 4 eV if all classific:ations ire made in
XCII. Secondly, the allowed v.u.v, transitions frotn the tirsl few excited neultral stales

to the ground state are not observed. Even if these excited neutral levels catnnot be

directly populated in reaclion (3). they should be popiulatcd by cIsCad ing as they are the
lower levels of some :;trong visible transitions which match observed lines. A flirJ

reason for excluding excited atomic products is ihat the spuis of intensities ,f :ill

[12] Calibr:ition was hlased o• Ithe tltchuiques Outlined I"y II. J. K•o•,;sl.owtI .1ani R. D. Itl! in Ile,'orr anrd
h,,i'Iiiodt tlJOptif I'. r',,l'strt. Natiotial ititeanm of Standarik Monol'vrph 41, \V;ithing.lron ( I%1621.

[13] V;alifes tot 1ett:tee t.r" obitained b y inet roitinrih tle daai of T. N..AIOKA an11d \V; R. Ii-tNIT.

Opliit% (C 'nlitjtttniiii(t l * ii, 221) t1973h irlese nitumbers ,\ere hrinrcalelld b 50".. t,, tarofillial the

incleased rellthcet'ite of a pilatintinm comlpiared itto a gt 'd et-ated gr;llillp,.
[14] K. C. SicItlltlf, "elith itct AP pli ctleion, Nl the q03. hlelid i .Jo le 1ro- Op ties I)i siti , \il ln Arbor.

Mti'iii:'a: M. C. JoltIN..iN ;and .1. Svi.Nso., Absoluile tltlnlltnlllll clliciency of ait atitmnetion photo-
inutIIiplier. Techni a I Nole. Ilend ix CorpIN.. Itescarch la•boraitorics D)k iiion. SotI it Ilieid. Mic hII.

(1i] I.,1 photoelectric dala l't c.ililraition of 5-i1 F-Os,-18-03i0-)3 %Itoloiv;t uipiier-tub ta 11 i taseil ill Ili2

[I1 Thne ro-t,, ,eeiton for L, .mtan-a:phti radiaiioi ill the Ile* It.- reaeftion determinvtd ulsing die e•.liallated

grating reileclance 1131 and qtlinltllilh ellicitty 1 -1, i a1 at 1216A.. a:rees %\ ithiti 30",, of hlie a.cepled

value ic¢.lairetd In ( . I1. Ill \N. x R. -It ii Mi id ID. I'i /tt . it. I'r. I- 2 ._ 221I) ii 2 I..

[17] It. NJ. Ih rI t .11 h, to ie s iltlittit tl Ito Rer. St't. l ,•1 tnim .
[191 C. I:. A, t tug. .. ih i ' ni r io i'ii'h, Ve ii. I. II anti III. N.i'oiuai Itutrtil of ",;tautl ,t 'i .C eutar .ii.?,

U.S. Dept I of ('',mninerce.
il]L. MNhNii \(,I -.. I I. Still,,I, A ilil10, It. Ill I I It,m•iN t/. iiV1 .l .11.. .171 119.611) illett

[u1J I). G. Ilot',', SL.I•(i'. A I"(01111,\N Iv pioItt~im tot e\antinitt ettiet lcel ¢,, for Iateite, to
ol'•l~'d Illi,.il ql,, 1). ki. hlll 1 ý. . I i. JoINl,,, 1). 1, I'll, illi K S i. 1%jll ,i titl l. "IML,\l .Fr A\ w 1 tof

Citulstli'• lftrnt.t i i sitwl tn l t lert' h') let i Iael , Ihir aild N ' . \ lie. Ni'. K . Ne. 0. Or. aid I.

firot t •,loio l litirc .iltre soititrec. -ltie ciltup tier prograinm SFIl ('II. letl lable, I,\1 FT, II. a i • td uar'e

u~o~ttiCii a reii itt' atitaitbe upon) requlieti.[21]~~~~~~~~ 0! 1t ,'•, I,1 I nl• I' ) I" oo• %.DI.c(. Ill.a•ml 1! (i. Ihli~t'-m. Ilr,_'m I .|iohlhin T¢e.hilik'al

Ilulloml III I it771. ,\t.ttl;iIle upon retiq~tt ,t oi' n! Iheltti I ..ii'oi tot0.d . \Vright St11ii I ni i triCl .l). 1,lon.

OIl 1.1 S1Ill.
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Iiii'k I, I lalI~ccnce fromthl he leaclioll Ilm)cV lie' Xe -. lic + Xe'

wa vel'iit-h1 IV n Inkhio Xcii Transition
ine ~ C, (loss Sect iont I,-;.? - ;1..11 ,AM
1o. (11111) 10 "C111 2.) Lower StateC Uppeo Sal c (Own) (CV)

I 71.48 * 0.4 1.2 314Il,, 6,1 -0.09 4.79
5p' :1". 64 41" -0.37 4.86

3" 2 
2
(o .l 0.10 4.74

S I.•"l"S, 7 .' 2 0,,; -018 6.12
2 73.33 "J. 0.4 [.0 51'". ., 6d '1)3 ,: 0.36 4.37

5 I1(, -0.08 4.47
.1, 21'. 18 , -0. I0 4.47

51l 2p1,0 8,,z -0.11 4.48
519 l I.., I10r2 -- 0.19 4.50

3 75.13 i- 0 1.0 5ps :210,J ? 4p), 0.33 3.97
3 2 Tv 74 "l.2 -0.05 4.(16

51)5 : I",2 21j2 0.11 4.02
P 3 . 2 4 1!, -0.20 4.09

5p• I'p , 43, -0.2(0 4.09
5; 1.2 614 P1,•2 -0.29 5.41

4 77.17 : (13 0.5 5l,•1" I 5p S 2S,2 -0.10 3.57
5 78.75 J. 0.3 2.0 3 5d' •I' -0.02 3.29

6 80.63 4- 0.2 6.0 9 2P pI "- "
(S. 26. n -0.02 2.93

7 M4.01 ± 0.1 4,) 51" I'.l 5d" 2 -D2 -0.0-1 2.31
8 %8.2) + 0.! .9 51, '.1 5( 2's ,. - 0.05 3.57

85.5 t 0.1 I.. 5d I S&.-Y., -002 3.35
10 S7.07 1 0.1 6.7 51)' '5,r l:,.2 0.08 1.77
11 Sh.7) 0.1 5.5 3 5¶1 d fl., -0.06 1.52
12 4().3 ± 0.1 0.7 ips.'I"'. 5 OAf0 1.35
13 '11.2 :t 0.1 9.5 5.5 12. 2 D 2 0.02 1.13
1.1 92.58 ± .1 15.5 S1S 2 I' 5,1 'l) 3 '2 0.0'9 0.92

S-I 6.. 'D•,, 0.05 0.93Is 9,1.13 -± 0.I 2.1,0a,,
II0.1 5.2 S .2  511 1,., O.00 0.86

16 93.52 J 0.1 7.8 5p% 2IV) 5,1 "1"' 0.02 0S")
17 93.90 ± 0.1 9.5 Sill :101 5, 4l,.,, -0.03 0.7.1
I 94.42 . 0.1 5..1 51 3 5.11 -0.03 0.68
14) 9.1,98 0 I 9.4 31" ,-. 1 ,a - 0.03 0(11
20 93.94 ± 0.1 3.6 5- .',, -0.02 0.47
23 98.9-10 (.1 10,4 3p 114 ?2 6' 2 -004 0021 '17)74. 4:O. 0 10.4 5p~1, 2 6s 'P, - 0.07 0-11)
2? 97.701 0A.1 7,5 510'I'?2 6,' I.3 .... 0,3 1.54
21 98.90 RL 01 28.3 5111 •I"• . 41, 2li -0.0-4 0.09

2.1 I 01 6.5 5 1k 1A ' . pI' 2l1) -0.02 1.35
2f 102.73 1 0.1 .1.7 510 .1j I1 5d1 :19. 2 -0.02 0.92
26 1 I10..?5 Q 0.2 1:7 51q 'l ,2 5,1 '), : -0111 -0..5

5p3 ~ ~ ~ A 25, S D2 0.1 0.86
27 11.81 I I 0.1 .. 7 5p , 2 511 w Pl .2 -(0.0-1 0.80
28 10.1.17 1 0 1 6.0 51S 2 ": 51 ")). -0.01 -0.I5l

29) I113 , . 0.1 25.3 1),' 5,1 4 1A .(X) -0.63
.5,1 1 Il'. -0.01 0.68

10 105.22 J.: 01 10.4 1,' I.,:2 6k; "1,,, -0.03 - 0.67
31 1016.72 _ 0.1 2.6 51p% 1S, 6• "I',, -10.01 0.472.

32 1117.47 : 111 16.4i 'I' 2 6' 1,, .2 -0.02 -0.92
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RI:SULTS

"Tablcs I aid 2 summnarize the emission cross sections and classifications for radiation
within (he interval 50- 130nin from the lie' + Xe and He+ + Kr reactions, respectively.
An analysis of emissions observed in the spectral range 130-890nm has also been
completed ['211. In total, 116 lines in lie' /Xe and 84 lines in lie+/Kr systems have
been classilicd and emission cross sections determined. The complete spectra are not
presentcd here due to the volunme of these data; they are available upon request [21]. The
lines reported here represent about 70%, of the total emissions cross section observed
from each of the reactions.

CONCUJSIONS

Within tile limitations listed above, the data in Tables I and 2 provide the basis
for determining the relative probability for transition from individual levels to either
the 2 1,11, 2 or ,.t,, states of the ion. It should be emphasized that the spectra arc
obtained under expcrimental conditions which minimize the perturbing effects of (a) gas
collisions, (b) resonance absorption of the emitted radiation [22], and (el electric and
inagnetic fields in the reaction region. Consequently, the ratio of the emission cross
sections for transitions from each level to the 3P,2 and 2PI- electronic ground states
should more closely represent the relative transition probabilities than does the corres-
ponding intensity ratio obtained from discharge spectra [23].

It is notable that in some cases tile cross section ratio for a given pair of states
in KrlI is small when the cross section ratio between the analogous states in XCII is
large and vice versa. For example, in the Kril spectrum the only observed transition
from 5s1 1,2 is 'P1-14 5S1s I.; 2. In the XCiI spectrum the corresponding transition2110" S1 P p! Stl

•; 6s4
1 ., is below the detection limit but the transition 2P%, ,--6s4 P1 ,, is the

most intense line in the spectrum. For another example, the emission cross sectior,
ratios of the first doublets nnp-P, 1iSfl 2IS2/ IP5 

2P"?2 - nSnP' 2S112 is I -01'.55
in lKrl) but 11.1/1.5 in Xell. It is not presently clear why the ratioe -,I' analogous
transition pairs differ so markedly from Kril to XeI. However, the effect is also
observed in BrI an(d Ii spectra [24] taken by the same methods as employed here
for Kril and Xell. That is. the cross sections are comparable to a large degree for
the spectra of the isoclectronic sequences Krli, BrI anid XcIi, I. For the reasons given
above, we expect that these results for cross section ratios are correct. Obviously, the
problem can be viewed in termnis of the transition matrix elements. For the present we
conclude that (I) in Xcll, transitions to tile 2P, .1 = 3/2 state arc heavily favored over
the statistical ratio of 2/I for J = */J = : and (2) in KrIl transitions to the 2Po, J = 1/2
state are slightly favored relative to the same statistical ratio. The physical reason for
this behavior is currently under study in our laboratories.

All of [he lines reported in Table 2 for Krll were classifiable [20,21] as transitions
in the level table of Moolu.m [18] in spite of the critical revisions of the Kril analysis
by MINNIIAt ; t N, STRIMIIT). and PIITRSON [19]. It is expected that the same situation
will obtain when a revised Xell analysis is employed to reclassify our Xell results.
This result is a significant fact for the analysis since the observation of a line by
the present technique can serve as a confirmation of the existence of the levels connected
with it for.I < 5,2 [25].

In addition to problems associa ted with the basic physics of transition processes.
the data in Tables I and 2 have imporlatnt connotations to the study of non-resonant

1221 ut?,iig lit' itin heim curicils <"10 t A thwre i, h.,s ith ",,l";i.. ImIeil' timin ill Il,,iiig rtlh-ii h tilt'
collwi,,n %hli~ r s• t, lihte protluctio~n dent,il\ i,, ,j llelligiblý ,,n cl ol of•li, t l'te nieutltiI

a1 t•l thll ,. ,

[211 .. (,. lii * ii. -iW v'. 1~r..11). 710 ft(1361
[2l fIt; K 1F. Sit (1 n 11 I it. 1ti 11 thoiw . Air 'or'" hi,fitihti orre "l'hthg) 1l 14t7,

Ili) A ciln:m kuun tof iv cettomlic eu em-l o IhliI Kill. II X ll, i, in preii laraiihn
1251 ' li lmlilor% mie 1gr,liefutl hi thile ,eC Vt-i for ih,, rllml.
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cluiaipe-tranlslel rra.tccsses. Foar example. thle croos sectiotns for lines inl the full >eil
spe)CIrn in 1.211 h Iave been Ut iili/d to make sign ilican t c'ascadting correct ions (-30%)
to thle cm is'iunl sped ruini. Bly employing Such Correct ionts experimental determina tion of
thle enlergy distribution ill thle reaction prodticts of I ()) V I le' + Xe collisions has boen
made Ilo. 10261.
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THERMODYNAMIC PROPERTIES OF GAS PHiASE MOLECULAR IONS

R.L.C. Wu, C. Lifshitz and T. 0. Tiernan
Department of Chemistry, Wright State University

Dayton, Ohio 45431

INTRODUCTION

been determined from translational energy thresholds for endoergic

reactions in which these ions are involved. Excitation functions for these
reactions were obtained using a tandem mass spectrometer. Three types of
reactions have been studied - charge transfer, particle transfer and
collision-induced dissociation. Previously reported experiments con-
ducted in our laboratory (1-81 have shown that reliable values of
molecular electron affinities, bond dissociation energies and ionic heats
of formation may be obtained from such measurements. New data relating to
CO3 and 03- will be presented in the present paper, and results obtained
for several other ions of interest will be reviewed.

EXPERIMENTAL

An in-line tandem mass spectrometer previously described (1-81 was
utilized in this study. The projectile ion is formed in the electron-
impact ion source of the first stage mass spectrometer which produces a
mass and energy analyzed beam which is impacted upon the target gas in the
collision chamber. The energy spread of the projectile ion beam entering
the collision cell is about +0.3 eV (LAB) over the ion energy range, 0.3
to about 180 eV (LAB). Pulse counting techniques are used to measure the
product ion current.

Projectile ions are produced by dissociative electron attachment
using appropriate source molecules or by ion molecule reactions occurring
in the primary ion source. For example, Br- is produced by the direct
electron impact process, e+CH3 Br-->CH3 +Br- while 03 is produced in a
mixture of N2 0 and 03 by the sequence of reacrions, e+N 2 0->O0-+N 2, and
O+O03-5,0+03-. Ozone was produced in these studies by a Tesla coil
discharge through 02, the excess 02 being removed at -196*C (9]. Grease
free, mercury free vacuum lines were employed and the fresh 03 was directly
introduced either into the ion source or into the collision chamber, as
required.

Data Treatment and Corrections for Ion Energy
Distribution and Doppler Motion

The product ion intensity I (E ) is converted to an observed apparent

cross section [7] a io

I ohs (E.) C 1i1 (E o)/P /I (E(1)
app io s io t p io

IOn sabbatical leave from The Hebrew University of Jerusalem, 1976-77.
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where I (Eo) is the primary ion intensity, E is the nominal reactant ion

energy in the laboratory frame, Pt is the target gas pressure, and C is a
conversion factor based on the intensity for the reaction O-/N02 , for which
the cross section is known.

Corrections for the ion energy distribution and Doppler motion of the
neutral were applied as previously described 12,8. A computer fitted
excitation function based on these corrections, calculated using an
assumed threshold function was compared in each case with the experimental
data. The threshold behavior of the total cross section a for collision-
induced dissociation reactions is known from theoretical considerations [i0.
The threshold functions for charge transfer and particle transfer have not
been predicted theoretically. A model assitning a linear-plus-step function
gave the best fit to most of the charge transfer data described here.

RESULTS AND DISCUSSION

Charge Transfer

Excitation functions were obtained for the charge transfer reactions
of the projectile ions 0, OH-, S-, SH-, F-, Cl, Br-, I-, NH-, C2 H-, NO2 -
and C03- with 03. The experimental data points, as well as the computer
fitted curve for the excitation function of the Br-/03 reaction are shown
in Fig. 1.

"I

[A I

-COIe'1TER FIT
EXCPERIMENT

0.4.

02- Or- or0;v

LABORATORY ENERGY, eV

Figure 1. Cross Section for the Reaction br- +03 03 +%~r as a
Function of Translational Energy. Points arc experimental
data. Solid line is the calculated "best-fit" excitation
unction.
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The translational energy threshold of the linear-plus-step function threshold
law employed for the computer fit (2.8 eV in the laboratory system),
corresponds t-o an electron affinity of EA(0 3 ) - 2.3 eV. Other projectile
ions gave similar results leading to an average value for the electron
affinity of ozone of 2.28 +0.1 eV.

Particle Transfer

Considerable caution must be exercised when employing translational
energy thresholds for particle transfer reactions in order to calculate
their endoergicities. Many exoergic and rhermoneutral reactions involving
negative ions were observed to demonstrate translational energy thresholds
due to the presence of energy barriers in their respective potential
surfaces. Notable examples are the reactions, O-(H 2 ,H)OH-, NH-2 "(H 2 9NH3 )1-
and D (H2 ,HD)H'. The great advantage of beam experiments such as those
reported here is the ability to determine excitation functions for both
the forward and reverse steps of a particular particle transfer reaction.
The non-existence of a translational energy threshold in the exoergic
direction ensures that the translational energy threshold in the endoergic
direction is equal to the endoergicity. This principle has been applied
in studying the ozone system for which the following particle transfer
reactions were investigated: C03 "(0 2,C0 2)0 3-' 02"(02'0)03,'

NO"(O2,NO)O3, NO-(0,NO2)03. The experimental data points and theN2 (02 1N) 3 , 3O 20 2 3j
corresponding computer fitted curve for the CO -/O2 reaction are shown in3 -

Fig. 2. The translational energy threshold yields a bond dissociation
energy of D(02 -0) - 1.6 +0.1.

C0co; + o;.co0 +

- COMPUTER FIT 0

0 EXPERIMENT

0 0

2-

0 I 2 3 4 5 6 7

LABORATORY ENERGY, eV

Figure 2. Cross Section for the Reaction CO3 +02 -` 03 + CO as a
Function of Translational Energy. Points are experimental data,
8olid line is the calculated "best-fit" excitation furction.

51.



1-4 CC)

ta (.3 4

H 1f-4
--4

09 -t 4
44- V- F-4

44.

0. -4 -h

0-4

1-4 w*C4h
( -4 0 7 .-

P-4H P) 
4

,-~l- ~1.-~IJ< I1-4

0 fu -4 r4 0 r4

.~ ZO 0 flu p 10C

0~0 N.O %-- cm

0 0
.- 44

V) .. %

(~z C~ C14

Icc c 0
<I-'

0 C-40

OW 
li

o N2



Collision-Induced Dissociation

Collisional -issociation thresholds have been measured to obtain the
bond dissociation energies and heats of formation of molecular negative
ions of O2-1 No-, NO,-,$ N 20- CO3-, 0 - and NO3-. Rare gas atoms, diatomic
and triatomic molecules served as collision reaction partners in these
experiments. The corrected threshold data for C03- yield a dissociation
energy, D(CO2 -0-) - 2.0 +0.1.

Data obtained for various negative ion species using the techniques __

described are surmoarized in Table I. These results will be compared with
similar data obtained in other ion-beam, flowing afterglow, flow-drift,
photodestruction and collisional ionization studi2s [11-161.
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Distribution of inte.rnal energy in the products of the
reactions of 100 eV He- with Xe
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Ile turninre..cre Ipecýtrum in the range fromt T to Sq90 tm which rmuitt from eollimon of a tOO cV
beAof ground niac HCtoe ns -ith Xc hasi teen in'ttestdii. All oý%erve cm~wonion c.'t Lc c~j~sile as

XC I ume.1,ron.t. Corre~l~ons of the sPV-fa (vr ca,.ýjdmq. ýamouruii.j to about 30. .ir tie total emiwan
Crota %Wionn) hi-e tcrn made in ordler to dcn~t cro~s smectiun for direct prr.'.Ju.:ion ;f Xte' in toe
buimolecii!.a colihsion. Czmplhi'ari of the crosi sectiton fjr radiatise state productron 'tith thtc total a"os
-- oo for ctiaafe traruiiýr tndi IC ittut eretted Xe'' states aft formed %itS hi''t eirti,.nv h ief
a~tegy disttnbut~ois ot Xc** peouviu miximi~m It an energy cormenonding to the ronverron n( < I cV
of truittlattonal ellerý) in-o internal enerry. For it.- n~arnor-rcant cnar~e irairmsee fe..ctioii slujwd. a
pi-otertity to conuer e tne rro~czton along the ncer-nu:ear sits of the total elcý;irin~c arigulir
moecrticriu is ohr~d The sqmtficance of the da~:rtbuioun of Xe" states and the cefleti of kinetic
eugyare- M ducutaed.

1. INTRODUCTION opmltzat~an of charge transfer rectilons for laser
* The charge transfer rcaction between H-e" and Xe pmi;a'lct~z

* He.Xe--fe4Xe ~The emission spect.-umn observed from cotUsinns of
He'ý+e-He+Xe-100 cV tIe* ions w~th Ke.ts ar-d a tabulatlon ot tlho clas-

has been-a suuject at interest for mnany, years. Cross Uiical~ions in Xz U~ and the abwioute emissizn cross

sections for total char" e transfer at collision energies sections" have been previously reported. In tic fi res-
2bove 100 t'. Mti~s. I z.nd 2) =nd below ICO eV (Refl. 3) era paper, we present an~d aiscu.ss the distrtbuuon of

-have been renortod. ba.itel on mecasurementst of Xe' radiating states of Xc" produced directly by reic:iair.
product Ion currents, Sruidies at thermal' and near. (1) for 100 eV callision oer~tcres, or, :he bassi of the
thermal$ cner,-'es mndica'e tnMt th'.s renction has an ex- pre-.'iously measurcd errission cross sectiotis.1 i4 r

d~tretmely arall cross section. Recortsl of extensive rectiorns of the spectral dati'. 'or canqcadiný which miust
optical excitation in X* fo.- low relative collision tin- bet mrade In order to derive the cross SeCti0113 tar direct
ergle3 (<500 eV) led to (u-.:ho: stuJdies of luminescence production of :,:e- In. reaction (1), are discusaied.

N at enerries above 300 !V (l6!1f3. 17 ind 8) and more re-
*cently below 100 eV. IL. EXPERIMENTAL

Comparisons oet'ween the cross sections for total A. Apparatus
* chazge transfi.r and for Vrcciuction of luronitescence from The optical emission apparatus used !o obtntii the
thils reaction indicale that 2 lacce frsetion 01 the c~harce omission sn.'i'truni aflaly7ed in the prepipnt qttadv has

' transfer reactions prod-ice notical c.c~tin' Tho bee descriLed elscwriereio.t".il ,s is shw scenai
* efficiency and succaiicity 04 t'le ex~citation in reactions co:ly to Flfr. 1. Briefly, thr, zpapiraitus f'jnct~ons as

- of this t)-pe may t~axe aiciarrant iratications withJ -a- follows. Projc~tile He' iomi formecd by electron i.'mrirt
u pect to the use of charce tran.s~cr reczclions in laser are mass and enei cy arInatyed andI irrpived on tnrý-et
pumping. liloevcr. thei nrucal tacectrurn In ulle region Xe atoms located in a cniliti.nn charnbcr. 'r-r~ical (--
50-890 nnm proctuced A! 10)-3 V Inoact ctcr~y" is a pierimetttal cootditions [or (l~csc uapecinients; .1iF Sum-

I/very COMPICK pj4ttern of Noi i; enui'stoins. rmost of which marized in Taible I and are antrniporiae fo~r r.orntcriti;0
ikrises trotto tran~sfer of kinetic- in',- -niernal electreruc predominantly Dimnoiecuilar i'n-reutrol evv.nts.
energy, The numbL.r of !4(ttes nirectly populated tiy the [pia msin rdcdintecli~cncane
He'/Xe charge !r3aniffcr reaciton is rmuchs i~rcater thannOua msin rdcdt h othcncanc
tUse number of 3aiacs Po¶:lyiited bv r. correst~oniwtnc are monitorcdi over the 5pectr.11 interval 10-V-3 tiat in

Ile*/Kr, He'; Ar, tie' !';. r-r IPo' lci reaction~s. 1 Coni - te direrlioti of ~the tnn L-icam, usini- a Mc~hicrsorn I. ;it
scuedy m potaohi ý' ornjý4-ir~~v sac cn vacuum ni,,noc;,rutjr~lor with *ntorchar.ýcablie grat~io5 L

more readily bi. currh-.itcd with 'ýinctc to ljioritat en. add ct 1

c rgy I ransiter. ar~d w itp 'reIC r rv3'2 wi -urn .(71c rantC at
Selcctiorst rulc' :.1 a staltisc:i1Y l:iitt.'oe Ir L Cboin
the Ile' ,i.t rc~ict~ui. Thocr corrnlai~nwi i'vrrilt to. 'rho optIcal n 'vtiU~in wns cilibrated fcr :he spectral

- irit !nt rharg frtsc tacin riti;y;eltf .n-e 1,49 ii tl -. 6 .;Ir !~ n
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W•'•'E v resonance lines produced from the lie'/Xe reaction at
----. v higher collision energies. More recently we have re-

examined emissions fronm thiS prucess in the spectral
range from 120-150 nrm. We find that at X - 147 nrn the

m-u-- , Xe I resonance line is present, but only under higher
A- ca -'•- -- --_J collision chamber pressures, In fact, the intensity of

I • I ' F ' this line was observed to vary as the square of the Xe
1' 0 COuLEC~it atom concentration over the ranqe from 0.1- 7.0 mtorr.

Stc. g •.A• 41.47 c)~A It appears that this excitation results from a two-stepprocess involving the formationof fast helium metastazles, "
-- 'or Xe* metastable ions, which subsequently collide with Xe.

$s0o" These observauons confirm the h 1rher-order pressure ef-

fect reported by De Ieer et al. I No edfects of resonance
" esai •zabsorption were detected over the pressure interval

Y10. 1. Schematic represe'-taioa of the opucal emission ap- studied.
pezlsbis. On the basis of Xe 11 line ciassflications"s and the

measured emission cross sectijns, we have corrected

ILmp. In the range 250-450 rim, a relative instru- the He'/Xe spem;trai data for cascading, making the fot-

waunt function was calculated based on tne relative lowing assumptions.

gptiz•u refloctance and photomultipLier quantum ef- (1) All o" Jlcal emissans occur isatropically without
," cia:.-y. This function was then normali~zed.at 450 nm poLarmationl.
to the absolute value obtained using the calibrated amp. (2) Luminescence at wavelengths >890 r.in is not

In the racuum ultriviolet (vuv) region, no simplc sl't.lcant under the experimental 'ondaLions employed
absolute calibration methods are available. The-tiore, here.
attempts were made io dernve an appropriate cattbra-

'tion function utilizing quantum efficiency cata obtained r(3) AI excited w pecnes formed in th e coltslon have

VfroIm the detector suppliers. ;'10 and reflectan.ce e%:e radi scan dfuse outwithtnhe .sIo ewnig i e ongerthan

data estimated in the lollowing manner, NamroKoa and ctnd ical mured i e giof rit ing

Hunteri have reported an ab-olute refle -.nce of 4'ý' Xe" states are Ia" s o.

at 121.1 nm for a gold-coated gratin: blazed a! 80 rim.

Sampson"i has further shown platinum to have a refe .c-
laice Of about 1.4-1.5 iunes that of s.old. On this basis, TABLE 1. Expertmental conditions and parametors for optical
and counstent with reports of Zaidel and Shreider, '= emiusion experiments.
we have estimated a reflectance of 6-0 at 121.6 nm for MACtAUL 1on formation 70 eV telectron impaut)
the gratinen u-ed in the present experiments. The
reLative rpectral reftectances were interpoiatad from the He' iota energy (lab. evl 1-170
daft of Namliokia and Hunter at 121.6. 58.4. and 30.4 Het ion kinetic en-rgy I -

am. As a chcic of t'us overali procedure, the expert- spread (FMH.ti. eV)
mental cross section for production of Lyman or radia- Primary He* Current MA) 1-4
tion from 1.00 eV He','Hr collisions2 ' was determined. CoUlision ••amber pres- 1-5
The value derived. 0.60x10'" cm' compares favorably sure imTorr.

etv h tWe previously reported Valu,0e of 0. 51 x 10i cmz. C..ii Toer r
Collii[on g|U temperature 300

It is estimated that absolute cross sections ue•.d in (KM
Ws study are accurate writhin a factor of 3 and relative Iao path length in collision 0.47$

-crOss sectionS witlin 30;. oliamber tcm)

Ill. APPLICATION OF CASCADING CORRECI IONS hamgetib fields in coG)sic. <1
TO SPECTRAL DATA chamber (C)

rlectric fields in collision < 0. 1
A. Discusion of spectral data and ainmptions made in chamber (Vcm")
-applying c Macading corrections Direction of photon in-UL . withb Ion beam

As already mentioned. r.'e have presented in previous detection
reports the emission soectrum:' and a tabulation of the .Moochromator entrance 1.0 slow resoiution)
"absolute emission cross sections" for radiative products sill Width (mmi 0.1 1high resolution)
from collisions of 100 eV lie' ions with Xe. The spec- Photon detection Slncle-shoton countin (58R 1110'
t rum is consisLent with transitions in Xe 11 arising from ,v Pendix Channeitron
the radiation of Xe'" products formed in the reaciton. EMR 541-F', LiF' window
None of the observed emission lines COLId be pusi•:vely VtB: RCA C31034A 1195 -N)

/ Chessfled at transitions in Ne 1. As noted in our earlier C rom-.4'ct inn dotcctfoo 0.3v i0"* cim

communication. :' this is in disagreemeni -with 'he pre- ltrrut
v/ ious studies of Do M.eer l al.,'* who reported Xe I
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-rABLE I1. Total cross. sections for emission, coscadinK, and TABLE 11 tCo',jJxw.d)
direct formrnto• for each Xe** level produced from reocotins
o1 100 eV He' wtU Xe. Cros_ _ _ _tio_ _ (10"_ _ _ra")

Xe II Total DirectCross setlon• lIO' •.m) state a h4 emlislon Cascadln forma-
Xe G Total Direct des&lnatiO; (e'' (o, (e.), (ad)I"autot An, evmlulo Caseadin•g forms* - . 0 0..3
deasmuolo a eV) (0.1, 311) 2. 2 00.S" s 6P'1, 2. 0 0.4 (0.4) 7

50P$ PI/I -12.46 ao rsrdLative 191. o Se"I$1 2.02 3.0 0.0} 0.4 2.6

5plll -11.15 nour-adlatlve 50 a b 3.21 2.0 0 2.0

-1.906 0 12.6 Pll 3.35 1.4 0 1.4
o4 
4

PI.' -0.92 16.5 1.5.1 1.4 3.52 7.5 (2.9) 0

6e 4P111  -0.67 104 12.0 -1.45 so, IF4 3.67 3.2(0.7) 1.0 4.2
g ill / 0.09 28.5 1.2(0.4) 27.3 de IS1J/ 3.57 5.0(0.5) 0 5.9

A 4DI/2 -0.62 0 2.6 P 14p1,, 3.62 1.5 (0.4) 0 1.5

W Sd4Dt -0.63 12.7 (12.7)d 1.7 11.0 6s' 1 Pl., 4.00 0 0 0

-0.51 6.0 1.3(0.6) 4.7 3.90 1.4 (0.1) 0 1.4

/'Dill -0.44 3.4 (0.9) 1.6 (0.2) 1.6 6'0D!, 3.93 1.9 (0.SI 0 1.9

fd'Ftli -0.13 0 5.8 " . 7s'P 3.37 4.0 (0.5) 0 4.0
68d 4'Fz -0.20 3 1.4 7 *'Pill 4.04 0 0 0

6dlF,11 . 0.'3 0 5.6 7s 4P,, 2  4.29 0 0 " 0

681 Pl/l 0.29 10.4 3.7 (0.4) 6.7 2,,1 4.02 0 0 0
6#'Pl, 0.47 6.2 0.6 5.6 4 09 0 0 0

"SP311 0.60 9.4 0.4 (0.2) 3.0 4 4.09 0 0 0
3daPSt" 0.88 18.1 (1 7)' 0 18.1 11/1 4.16 0 0 0

4d
4
Pill ti 0.74 9.5 4.6 (3.2) 4.9 6d4D:/l 4.34 3.1 0 3.1

5d'P21  . 0.64 6.1 (0.9) 0 6.1 A~d'D1 l2  4.35 0.7 0t, 1) 0 0.7

Sd Pptl 0.80 12.5 0.5 (0.6) 11.9 8d'Dill 4.37 1.5 (0.6) 0 1.5

Sd'lnD3 0.92 12.5 (7.3)0 1.1 (1.1) 11.4 16311 4.47. 0 0 0

1riDill 1.13 9.5 3. (0o.3) 5.7 IBMl 4.47 0 0 0

ill 0.93 7.8 (7.3) 1.1 (0.3) 4.7 B 4.47 1.2(0.?) 0 1.2
Gs"D jlI 1.54 7.5 3.9(2.0) 3,6 O l l 4.46 2.0 (0.2) 0 2.0

1U% I)31 .35 7.2 4.3 2.9 6d'FI12 4.73 0 0 * 0

1.6.2 5.5 0.9(0.6) 4. 4.8 0 0 0

S6,'PI/, 1.462 7.4 (0.6) 3.8 40.3) 3.6 1012/ 4.49 0 0 0

1.40 5.5(0.7) 2.2 (0.5) 3.3 1? 4.54 0 0 0
, 4

1rP•, 1.64 1.8 0.1 (0.1) 1.? 4rf"Git 4.57 1.5 0 2.5

* 'D11, 1.84 13.3 2.9 10.4 4,-'",2 4.54 1.3 (0.¶) 0 1.3
"dO'Dt/t 1.62 10.3 1.0 (0.1) 6.4 4f'r"•'/ 4.b3 1.2 0 1.2
l o'tll2  2.02 5.1, 0U.3) 0.5 5.2 LIlz 4.64 0 0 0

404,1D?1/ 2.47 0.4 10.4) 1. 4(1.8) -1.4 201,1 4.74 0 0 0

Sd"''?l, 1.77 6.7 3.2 (0.8) 3.5 3'11 4.78 0 0 0
U l IF ,,, 1.79 0 6.4 7 S /4 4.79 0 0 0

add JD, 1 :.31 4.9 0.3 (0.3) 4.4 -/ 4.80 0 0 0'1/2 48

bd"'Diil 2.9 3.0 (3.0) 0.3 (0.3) 2.7 94/1 4.34 0 0 0

40156" 2.57 0.5 (0.5) 0.3 (0.1) 0.2 11*1. 4.86 0 0 0
ep 2.62 4.0 (4.0) 0.4 3.6 0131/ 4.90 0 0 0

2.61 6.7 0.3 6.4 d 4.90 2.040.6) 0 20

2.ID 1 1,95 2.4 (1.2) 0.1 ,0.1) 2.3 Jt 1 4. n 0 00
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fIABLF 0 (ACo't'veed) (0d)1. the cross section for emission from level t. (a.),.

"- Cross sections lu"s cn:) WAd the cross section (or cascading into level i, (q,),
are related by fhe expression,

X9 Total Direct
stat me emitsion Casicadig formsn- t')I , - a',.,-(a'),-(u.)1 , (2)
ovotlpiatiod (eV ba, ta), ((ai, (
e6"•.P•l 4.93 0 0 where a,., Is the emLssion cross section from level

1S/3 4.34 0 0 0 to any lower levetj, and e,., is the cross section for

, ddPlj2I .01 1.2 (.21 b cascading into level i from any higher level J.

6ddPs/t 5.41 1. S 1l.5l 0 5 "Tibie r. summarizes the values obtained for *#. a.
.,and , for the different Xe" levels. The Xe'" levels In

4W 4PSi 1 S.32 0 0 0 Table 12 are denoted by the L-S designation of Moore, a

21/1, 1.02 0 0 0 sTea though the c-upling fohXe 1 is not pure L-5. Only -

"7t0P112  3.:o 0.5 (0.3) 0 0.5 two selection rules, W J- Vnd even -odd. have been .•-,41
7s5Pjl2 5.26 0.7 t0.4) 0 0.7 Used to deduce the line classifications, because these

rules are applicable for dipole radiation with J-J and
2 5/ .33 0 0 0L-S couplingll

Id 5Dll 5.44 0 0 0 The extant to which the cross sections In Table 13 are

ai ID11 , 5.64 0 0 0 uncertain lo given in parentheses. This is based on

611P1 1  5.55 0.1 (0.1) 0 0.1 estimates from the emission spectrum."1 The enthltpy

7eIDS3 5.69 0.1 (0.1) a0 change for reaction (1) which corresponds to forMation
t0.1 o the specific product states listed is alse :n Table 11.

7"ID312 6. 11 0 0 0 As can be seen, only the first few.' srites are themro-

14•,2 5.75 0 0" 0 ekamically accessible for collisions occurring at ther-
S•' .S3 0 0 0 mal energy'.

:r4,, 5.584 0 5 o B. Cases where cross seciions for cascadling contributions

""0/3 5.5.14 0.1 (0.2) 0 0.2 exceed the total emr'sion cross section
•4,•tD11 , s.9o 0 0 o Since large errors can arise In tilting the differencer
,4'2DS/, 6.10 0 0 0 between numbers of similar magnitude, negative cross

1 0se0tIons in Table 1I are considered to be zero within
experimental uncertainties. Two of the most important

"331/3 6.01 0 s 0 St Gsal OS'P,,,,, radiating in the v•uv are oopulated
. 1/3 4.03 0 0 0 mostly via cascadLng from higher energy states, so the

"• 6.10 0 0 0 cross sections for direct excitation are nearly zero.
S -10 This finding agrees with results obtained by De Heer

.40PS11 6.64 2.0 0 LO al al.,' under different conditions, and it confirms

S341 4.2 0.7 0 0.77 the relative accuracies of our optical calibrations.

, 41s/2 7.02 0 a 0 Emissions from long-lived states are not efficiently

S/ U EXe MI o 0 0 detected unde, the experimentat conditions. for ex-
-,__ _ •_am;Ie. five Of the Stoes listed in Table U (Od'4DI1,
'/"AWpY chsie "orb, rsscfon Hes'-X-Ke--.Xse'". 5d'F,,. 5d'F,l,, Sd'F,,, and 5d' 'F,,,) are nonradla-

/ 'lbae y"bu•l 0 under q, column id•cates L.ro no emUisiCm Unee tve under the present conditions. R.adlation from four
LIou the leve.l vre onferved in toe siwetaum. The i'rmboi 0 of these states is electr.c -dipole forbidden, and radia-
-Mfr 9, column •.i.CAZ&$ tW, DO ciScaCe 1l114e iWto the level tion from 5,d'F,,, to the groprnd state is not found in

I W L ob ere t the the croa se.- ,oI this study.) 0 ach of these states can be populated by

Ma been ternmad. tSee Hal. ,.) cascading from higher Levels, and siKnificant pcpula-

elbe present snuavv prowUk-s no direct mtbarum.vm of 151s tlon inversions carn occur. These studies provide infor-
vul". Errimau,, have OeA mUM;l ."e tex. mation about their population by cascade; however,,

*Tr. irs to =%rrthlaw oi , L. - in these vatues :,ciuse of since no information concerning their (irect excitation
the utreeoixed trLa 0-itoii. . jltP d.4"D,,:, 5P :P.1/ isl available the term "?' is used under column 7, In
A-..'pj/,. TQiu.ai€d values ass•me equal conLrii-Auon •rom Table IL (or these cases.
emhb Lrnition.

elbarr is an unceruunar of a .5 in the"e values because of
the urevolved trinsi•irn=3 :e P5# ap"O 41. , C. Magnitude and uncirtainty of cascading corrections
-OS•'DjII 2. Ta~adia~ d values asuume .eiaA colZ~rtlo Le"•s Corrections to the !otnl observed emission cross sec-

-amab ttaansifo. dons for cr, amount to approximrnnteiy 30ý. On the aver-
iage. states of Xe" with total anuiar momentumr qun'Jnii

(4) The radiation observed is adequately resolved number J of 1 and ' are populated significantly by cas-
and correctly classified. cading (> 30*"). whereas cascading corrections io Xe"

(5) The cross section for dc.rect formaion Of level i, (J - J) states are almost negl-gible As a result.
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,rods sections determined for direct formation of Xe" 09.
W J) States closely approximate those measured for ... .... TOTAL EMISSiON ,Oe

.total emlission from the original spectrum.
Os8 DIRECT FORMATION ,"

The cross section for directly forming Xe" (Ji 1)
sta•es which have large emission cross sections and

.very small cascading corrections can be determined 0
with a relative accuracy close to that cited for the
emission cross section (t30"o). There will be larger 06
uncert6nty in most of the other derived direct forma-
lion cross sections, however, since each cascading "E
gross section listed in Table U reoresents the sum of Q0

am many as five individual emission cross sections. It -
is thus difficult to assess the magnitude of the errors "4
for much of the data presented in the last column of z
Talble U. •o

There are also errors in the reported cross sections • I
for emission and cascading (indicated by the estimated 0-.

Ilaqibrs Ut parentheses) which are due to insufficient 02
"opUical resolution in the e.'xperiments. The latter pre- , .

01 vents unambipous classLLication of some of the lines 0.
i the original spectrum. Th4 two most serious cases
ut outlined in the footnotes of Table U. in each case
th two classifications for the observed lines were 112.4 . .v
assumed to be equally valid, and both transitions were 10 oo o ; 20 130 140 ;! ,0
issessed as having equal weight. ENERGY of Xei* LEVELS (1Ocnr')

MFO. 2. Dashed line: histogram of the total cross section for
A.. Comparison of the total reaction cross section with vale, u a function of the energy of the ralaticng states lormeo

io reaction of 100 eV Ha" ions with Xe. Solid line: histourart'-. o secJon for forming radIative Xo"* states of a,, the total cross section for direct proctuct'on, &n 100 ev

The total cross section for the direct production of Heo,'Xo coiltisuns. of Xe'" levels lying witiil.o 500U-cm" inter-

Sadiative Xe' states La reaction (1). for 100 eV He* yas, as a fntio, of ihe energy of the radiating ates.
hmu, is 2.7xl"(11 cm:. Th~is represents a lower limit
b O totaW change transfer cross section because the and first excited states indicate that Xe'OP,,/) and
M il of production of nonradiative excited states in the Xe'P,/z) are populated (after most of the emissions
igaction Is unknown. The total charge transfer cross~ont reported by ,taier' at te same energy •s 10. S are completed) approximately in the ratio of 4.,'1.

x1r6 em', whereas Koopman: has obtained a value of
SSXIO4"6 cm'. The total cross section for formation of B. Diribution of the radiative Xe° levels formed
PdMUtlve Xe' stales Is therefore about one-fourth the Spectroscopic analysis of the excited products formed
OW #urge transfer cross section indicated by Ma'ier's in collisions ,f 100 eV He* ions with Xe shows that the
dW*, t'Of the analogous He', Kr reaction under the excitation is exclusively in Xe'" and that reaction il).

t tpXotlmental conditions, we have measured a !otal the charge transfer process, is the dominant reaction.
Oft~s 6*E411On (or radiative Kr' production" which is As a result of this spectroscopic information, the charge

dW aIefoiIMAttiv onequarter to ooe.third of Maier's tr-arfer process can be represented more specifically
26 ftf he totl charge transfer reaction.3 This by the reaction
Ad be5 ihtefpfeted as indicating that there Is a con- H'(tS)X(',%) He(i),Xs" (Ia)

A tM f.r etf1 lo•n factor difference between our data

A¶0 fiff•g t f Mt•v1PI•Atrid that all lie' reactions result There is the possibility, under 70 V electron imoact
he W'H6d te" titsie fnrmation. There is evidence conditions, of producing He'" metastable ions. We.do
lf f+ ji•un4 lste Xe'i' :, and first excited not observe signiflcant spectral changes using 50 V elec-

*6' * (•hEli,.l arc not formco in Lhe reaction at tron impact- hence, we assume that their contr.bution
, iFiim- .il .tioralcs. 3 -, For interactions at 100 eV, to the reactant He* ion beam is negligible. in adzition.
K if i•if 14 hdt Xnnwn how mucn. if •ny, none of the 3bserved luminescence arising from bi-
*6 (5,I,4.f/,) lt ltirnmcd in reaction •)l. In any molecular reaction could be positively classi!.ed as He I -

; It 6hin be ,,trted with certainty that a large frac- or He U lines. Formation of the metastable '2, state of
&R 81 ifie He'. xe rdeSetons produce excited Xec" levels,. He, being endo(hermic by more than 19 eV, is not con-

Mirju•hl In dlfett excitation, most excited statee sidered significant.

P__dc_6 I filahln fl) eventually radiate, reaching: It ls useful !o represent the diatributlon of Xe"
Lthif 1 fbk Queftes the Xe'(5p"P, 1,.,:) states. Tlie levels produced in reaction (la) by a series of histo-
iGlo i E aAlhg tett¶s listed in Table U for the ground grams. Such a histogram is presented in Fig. 2. where
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.. gi, where g, is the degenezty of the ith level. is

plotted as a function of the energy of the radiating states
for each of the Sanie intervals selected In Fig. 2. In

Fig. 4, the nacerave cros4 &ection per radiating state.
oS F,, for direct formation of Xe" states is plottea in a

I similar manner. 1"hS latter term is defined by the re-

Winon W (.at'4r), /*A ,' , where g, i-s the degeneracy of

0 so.ith state and the summation over i covers al1 radiating

states within the energy interval (5000 cm'". " The

representation in Fig. 4 takes into account the large
. "toriaztons in the density of states which occur withinthe onergT intervals of the histogram.

40 By plotting the data is shown in Fig. 4. Xe'" states

baving excitation energies in the range 100 000-105 000
cm"t are shown to be preferentially formed in reaction

(It). The second mxcimum in Fig. 2 (which was men-

_ Uoned above) does not appear in Fig. 4, indic-iting that

4V . . . .it is a consequence of the g-eater density of Xe"° states010 Ie 0in that region. The maitmum in (he distribution occurs

5o 0oo mo 120 iSo 40o '0 i in the region of neaz -resonance (see arrown" in Fig. 4). "

ENERGY of Xe' £ LEVELS (103'ler) This result is generally consistent with the adiabatic

FIG. 3. Histogram of the number of Xe" radlatLng states il' principle"' which predicts a ma:imum reaction cos

lying within each 5000-cm' ( ýergv iterval as a nutito ot section at low collision energies only for states in the

the energy of the radiating states. vicinity of resonar.ce (that is. states lying near 100 500

cm",). As noted earlier. exothermic channels 'or re-

action Ila) can only produce States of Xe*" with enerey
'.!4(0.), the total cross section for emission from below 100000 cm". =nd ;* t is quite clear fri-m Fig. 4 that

ottee i of Xe" (within a s•.res of arbitrarily selected such exothermic cha.nnets. although available, are con-
5000-cm" intervnLst, is plotted a. a function of the siderably less important than endothermic channels at

energy of the radiating states. "*,e summation is over the reaction energies employed here (LU0 eV He* impact).
all radiating slates which lie within each 5 000-cm'

1

interval. Similarly, tLe total cross section rsoa), C. Uistribution of Xo+* quamntm states formed
for uirect population of radiating states of Xe" lyinyt
within these energy intervals is also plotted in Fig. 2. 'The fo.iowinS observations can be made concerning

The difference between tie two histograms, within each the dfiutbi.ion of quantum, states of Xe' produced in

energy Interval., represents the correction to tho total reai:ftot (la).. .

emission cross section arising from cascading contri-
butions. It can be seen that the magnitude of Lthes. cor- - .. , ,
auctions is a greater fraction of the total emission cross
section for the lower-energy states, chat is. those
radiating in the 7uv spectral region. The total cross
section for production of states of Xe'" lying within the (-. i
energy region 100000 s'l15 000 cm*' in reacuon (la) is

obviously large. Hence. the total emission cross sec- " F""|

tion, a, is grestest for states within thui mterval. o.

The amount of energy available in reaction (1a) for 2 - 1
thermal energy reactants is 12.46 eV MRel. 32) or - I

100500 cm" (1 eV8068.3 cm'
1

). This quantity, shown . 1
by an arrow in FLg. 2. represents the ma.ximum amount z X

of energy tnat may be deposited in Xe' in the abaence 2
of tianslat-Ional to interral energy convtirsion. Clearly. U-
formation of the ma)ority of the product Xe" ions ob- 0

served In the present study requires the convirsion of

some translational ener-'y Into internal energy. The _
,/ quantity of energy transierred II reaction (1a) at 100 -.a-

OV Impact as show'n in Fig. 2 can exceed 50000 cm". y.46,V
I.e., -6 eV, ilthouch the most probi-ote quantity of 90 102 ic '2.0 ! O 40 A O ISO
energy transferrto is in the rangs of 0-1 eV. There :s ENERGY of X+ * LEVELS (103 cri')
a suggestion in he data shown -n Fic. 2 of a second

max.lmu in the vicinity of 120 000- 1".0000 cm'T. cor- FtC. 4. Historram of %,. the cross sectton aver~aed pet
responding to Lhe transfer of - 3 eV of energy. roidianc state for dire..t production if stzacs of NXv'" Iv'Inwithil 5000-ci"' Lnterrlss U% reaction of 1OU e ' Hc' iOns

In Fig. 3, the Ittal number of r~diating Xe" states, "wth Xe.



Jones, Tiernan, Fee, and Hughes: Reactions of 100 eV He* with Xe

suc.h behavior for states with J = , -, and -, respective.
V"en ly (the latter two are not shown in Fig. 6, but see Table
I 0).

Production of Xe'- (Ji states near resonance,
I in which very little (< 1 eV) translational to internal

odd energy conversion takes place, is exemplified by the
4 0l formation of Xe*(6s 'P113 ),

podd Ho'SI/s) +Xe('S.) +0.09 eV

He( ,S,) (1b)

From Table Ui, it can be seen that reaction (ib) has the
largest cross section of any reaction producing lumines-
cence In this system. This r.zaction channel is only

r-L J slightly endoliermic and is within 0.09 eV of being
resonant. It is clear from zhe data in Table U that
under the relatively low pressure collision cornditions

a . ......16eV employed in the present study (which ensure that pre-
• .4eVdominantly bimolecular ion-neutral events occur),

to 100 110 120 i30 '40 ISO 160 charge transfer reactions are highly qpecific in popula-
ENERGY-cf Xeo LEVELS (103 cnfi) ting certain levels of Xe". This is in snarn contrast

710. 5. Histograms of the cross section in reoction of 100 eV to the behavior observed in afterglows, as indicated by
nlo* ion* witli %e tot prod6;cmg even- or oad-partt: states of the spectra obtazied for He /Xe mixtures .at much higher
Xe** t a function of the eaer-v of ,he rat•at,' state-t. The
cross section is Averseed per naniattng state of either even or pressures. For e.ample. Shuer e d,; reported en-
Odd parity 91ithit 5oui.)-CnM" I ie . banced Xe il emission in afterglow experiments due to

1. Total spin (S) and total dlectronic angular
momentum (1L

For the heavy Xe" ion, neither S nor L are valid
*quantum numbers. F1

2. Parity
For all levels of Xe". the parity is well defined. A

=mparlson of the distribuuons of states with even and *
odd parity is shown in Fie. 5. The comparison is in- J a/2

Salld in the interval90000-110000 cm" (because there .
are no odd-parity Xe" levels within this region), but in
the intervals where both even-parity and odd-parity I
States ey.,t. there does not appear to be a preferred we
reuac.on channel based on t'he parity of the Xe*" product O%
tons.

3. Total angular momentum QJi . J 3/2

In the vicinity of near-resonance. itates of Xe" with t8
-lotal angular momentum quantum number J- j are pre. *
farentiaLly populated. The cross section. averaged per 0
state, for directly for'mnn , via reaction ýIa). levels of '
Xa'' with total angular momentum quantum nlumbers of 4
J, 1, and 1. re'pectavelv are plottea in thle hustuIram 5/2
format in Fig. 6. The ordin~ate 'or the upper histogram I
II S o •), L ,(g1,,), . where (o4.1/I) us the cross sec-
tion for directly formin: Ine ith level having J - in I.i
reaction (Ia). (g•/z), is the deeeeneracy of the ith level ,IIZ.4,
bhaving J a 1, i.e.. Z. and the Summation Is carrieci out 100 110 '20 30 ,40 ',o 4,0
over all radiating states within the Lntervai. States of ENERGY of Xe4* LEVELS (IO3 cwli)
Xe'O with J =- wnich lie in the vicin ity of near-reson- FtG. 8. ll tognanS of the cros e section ui reaction at iu u e
ence for 'he reaction arc formed with relatively hiwcher He" ions with Ne for pro'ducing Xe'* j . j. . 1) as a function
probabilities than those in other energy regionus. ý(ates of LIN, cncr'y ,l the rntui•ting slateS. The cross section is
with J-1 are also ,ormed preterentially in the same averag¢ed per rodlating stat.o with J1 j, 3, or j within 53000-

tnedr"y reelors, but there does not appear to be any cm" Interval-.
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,ihe presence'of He, but the broad, nonspecilic enhance- number of slates of each J, are Plotted Is a function of
meat of all Xe" levels which they observed, led them the total electronic ang.ular momentum. J. uf Xe"
to conclude that the enhancenient did not 4rims from formed in riaction (1). Figure I again indicates that the
charge transfer processes, most probable reaction under 100 cV collisions involves

It should be noted, at this point, that all of the con- the formation of Xe'" (JV a). At large internuclear

tclusons discussed above ace drawn from the cross see. separations, the total electronic angular momentum of
don data presentd in Table U. The inability to spectro- the approaching system is given by (J, 1 .)4 =J.1 .. (Xe .

scoplcally resolve some of the transitions, as already .JIt9 *(He). For reaction (1a). this reduces to

mentioned. results in some uncertainty for the cross -he o . Similarly for the separated products,

sections deduced for direct formation o specific sttes, the total i(ectror ,Hc angular momentum is given by

but the validity of the general conclusions La unaffected. r ) o J.1 ,.(Xe).J..(Xe) For reaction (1a), this

reduces to (, .1.JI.,(Xe* . For the most probable
To summarize then, the conclusions from Figs. 2-6 reactions, particularly near resonance, J,.1 ,(Xe'I -.

are as follows. The reaction of He' with Xe at 100 eV or W.I.,-0. 'That is, there is no change in the totai
teatds to pcpuLate specific levels of Xe" near the energy electronic angular momentum quantum number during
resonance for the charge transfer reaction, The most the collision. According tu the selection rules de-
probable reaction channels involve the transfer of some veloped by Kroig:6 for radiationless processes such as
sImallt (<1 eV) amount of translational energy (2) into enarge transier reactions), Wd,, a0 where Jte 1.4 the
internal energy ('). In the viciruty of near-resonance, total angular momentum quantum number of the system.
states of Xe" with total angular momentum quantum It follows that the production of Xe" J = j) states does
number Js j are preferentally populated. not require transfer of angular momentum of the col-

11s2on into electronic anrilar momentlum of one of the
D. Total production of Xe÷" in seletd J levels se;arated products. For collstons of 100 eV He* Lons

The total cross sections for directly forming Xe* with Xe in a react'on cell, the angular momentum J...,,
elates with Ja*, J, 1, and 7 are 1.0. 0.7, 0.7. and 0.2 associated with the collision is not well defined, because

xl0"" cmt, respectively. The larger total cross sec. processes with a wide range of impact parameters are

tion for forming J , ½ levels is consistent with the peak smpled. However, for the reactats, J,,,, is very
""aglarge compared to (J,1 ,4 ),. The preponderance of Xe ..'.

.near resonance a shown In Fig, 6. V-)(,.) product states for near-resonant processes in.
In Fig. 7 the total cross sections divided by the total dicates that there is no significant transfer of collisional

angular momentum into electronic angular momentum oi
.... the product Xe' ion. This result is consistent with the

2.0 occurrence of "long-range" processes invoiving rela-
tively weak interactions i.d small amounts of transla-
tionml (7) to internal U') energ7 kT- I) conversion. It

would appear that, although the initial collisional angular

momentum can be very Large, it is difficult 'o transfer
*OOeV He*+ Xe He + Xe the latter into internal angular momentum of the atoms1.5 Iwithin the short ame period and at the tong interaction

6 ringe which are characterist-c of the collision.
S'1"The possibility of transfer of the ct~ltsloral angula~r

Smomentum is greatest for low-impact-parameter or
short-range processes in which the particles can pene-

"" 1.0 brate to the region where the potential is highly re-
pulsive. In this region. the ion-neutral Interactions are

0 strong and the relative velocity of approach recomes
small. Under such "short-range" conditions there is a

higher probability for transfer of translational tnto
( internal energy. The mainitude ol energy transfer

T- r for the He'&.Xe sy stem can be seen in Fig. Sla),
o ina which reaction probability (per available raciialtng
(X Xe' statetý is plotted as a (unctnon of !he ex:ent of

kinetic energy transfer. Clearly, the most probable

reactions Involve a minimum amount of enerzy :rans-
for. in Fig. 8(b). rolative reaction probability is piottld

0.c1 as a 'unction of the extent o{ an•,Jlar momentum trans-
/I. 3/2 5/2 7i2 9/2 fer. It should be noted, however, that the iatter histo-

T * gram Is only an approximate representation of ancuLar
TOTAL ANGULAR MOMENTUM of Xe momentum transfer, since it ls assumed that !or all col-

rIa. 7. Total cross section (or oroduction n( Xe" id, 1, 3, lislons. the angular mumcittum transterrea in !he col-
I, L, f) in collision* at N0 eV Hie" ions *,th Xv. The etas lislon has a projcc!ion along the intcrnuclear axis in
Nctiom to avenried per total nuinier of statie ol rocn J. the same direction as the pro)Cctwon of Ji(Xe'l.
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1111TI SINCRY TRANPISCR0.• @sy elT¢|[IyTMN$M.4* * Xe

! 0. -. * ii.

0 ., 1 97.3 11.0 mn

1MRGY TRANSFERRED (:V) ) 0 98.9-O.2nm

* 104.8*.0 nm

0 1007.5 4-O.2nm

S.J.•Tut~ H4E+NE.RGY (eV, ,LAS)
400 V fti 1*e FIG . 10. K inetic oe. , ,rg~y depe n~d ence o f selected Xe Ul *m is sio n 1

line produced in col5lisons of He' Ion$ wLthX*. 97.3 nm
(S50lIP01/2-fi-6 P/), 98.9 nm 15P- :P/z -6| ,P!yl), 104., 3 rnm
(6 1, (pI•/--S• Ds1111, 5p"$P' ,t- Sd'Pil,)o 107., 5 a (W 12PI/

"A., -Goe 4PS/ e),

states, despite the fact that the reaction to produce
die latter is almost 0.5 eV less exothermic for ground-
state reactants.37 In addition, no other Hiro states with

i__ _ _J__ _ were observed in this reaction, at thermal ener-
I z 3 gio, although several exist in the energy region be.AWLAR MQMENTIJM ?TA. FERREDD11) twveen the .'7P2 z1 and ?p:P 1,, states of Hie. Apparent-

FIG. 8. (2) Reaction probabUttY 'Per available radiasting Ne ly this observation is also an indication of the low prob-
hote), to collisio•s of IOU eV He' ions with Xe. as a function ability of transferring colLisional into electronic anguLar
of kinetic to Internal crieri'v convervion. hbi Data of Fig~.
represented~l as Uerz eationer-r litv 'per ava,, lable) rI-o momentum, slmitlar to that suggested by the results ofr ze p r e se n te d a s re ac t io n p r o b ab il ty 'p e r av ai a b le r ad i atlin gt e p e e t s u y
X Xe" state) in collisions of IOU eV He' Ions with %a - ; t - present study.
Utel of collislonat to interoal aLnglsr momentum tranaler.
"This plot iisa tru revresentaioan oniv if the orotection along E. Efficu of changing collision energy
the Laternuclear axis of the collisional ancular momen.tum The product distributions discussed previously per-
'samsferred arnd J (Xe* vcto re have the "me dLreato, tn. n to 100 eV He*,Xe collisions. Although we have not

carried oul a complete analysis of the emissions at lower

"Tl~re is further experimental evidence from Ion- akinetic energies, we have monitored the energy depen-m reaciuont which indicates the conservation of dence of most of the major lines. Common behavior 'or
slow Bionds and co-workers found that tonthe HefHg all of the observed linea is a lowcnergv (2 ev) kineticisBst iod at thermal enerpes tfene is essentially equal energy threshold consistent with that indicated by studies,
systbelmty of productr g Kg"[i* t ee is e an equal of the behavior of the total charge transfer cross sec-ion.3." The results of the kinetic energy depen~dence

experlments are summarized in Figs. 9-11. In Fig. 9,

K4 EINERGY.II;

UjdlA . . ..
""1W5eeV s

•404.63 mm •-

_A_ 4L- -_Lt.;,• L _,v . •

VYqW..LENTH (rimj K iocItPGY sv.LASI

TIC. 9. Luminescence in the viv spectral region &rising from FIG. i1. Kinctic energy Jepcndcnce of 48..63 nm Xe It line
. ohlllonig of 10. 14, 2U, Ad ISO eV Kec iofts with NO. (C's P•/1 . tV D), proiiuccd in collisionrs A• *i" ions with Xe.

tI
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several vuv.spectral scans at different collision ener- instances. kinetic energy alone Is not sufficient to pro-"
'glee are shown, Obviously. the same levels of Xe' are mote reaction, The existence of thresholds and pro-
populated at Laboratory kinetic energies from. 10-150 nounced maxima in the excitation functions of several of
eV, but the relative distributions of Xe*" products the Xe" states formed in reaction (1) sug;ests the oc-
change sinificantly with energy. There is evidence curenCe oa potential curve-crosaing mechanisms, as
that the total charge transfer cross section2 as well as have been proposed in analogous systems.,"' These
the cross section (or light emisston6.s maximize at will wm be discussed further.
colUsion energies below 20 eV. We have previously

* PReported" that radiation from Xe'(Gs 'Pi,1 ) at 97, 3 nni F. Rection mechanism
ham a pronounced maximum at about 12 eV. This is
shown in Fig. 10, along with the energy dependence Several previously reported studies have provided
of several other mator lutes. The low-energy maxima insight into the mechanism of the se', Xe interaction.
of the 97.3- and 98.9 nm lines account, in part, for the Elastic scattering of H"' in collisions with Xe has been
maximum observed at 10 eV by Lipeles et a/.' in the studied by Baudon ej'2. t" and by Weise and Mittman.
IntDW cross section for light production in the vuv re- Weise and'MAttman conclude that poLartza•ion forces
gion. The 104. B-nm line due to unresolved radiation are the dominant interaction forces berween He* arnd
from Xe* (5d'D,/,). level 8 in Table 1T. and Xe' (5d:pi,:), Xe. By treating their scattering data, using a 12-4 p.-
level 17 in Table 10, is also shown in Fig. 10. The tential, the latter authors have calculated a well depth

ki* 1etic energy behavior of tlus line is characteristic of of 0.28 eV. This minimum is assumed to occur at,
itiat observed for many of the spectral lines, that is, long range (- 3.2,1,which is the sum of the estiniated radii
It exhibits a low.energy onset, tollowed by a continuous, for He' and Xe).2 In other experiments. Tanaka et al."4

slow rise in the cross section up to 150 eV: Other have observed weak He/Xe" molecular emissions, ex- '
spectril lines were found to exhibit sharp mnimna in cited by electric discharge of binary qe.,'Xe tnLxtures. .
their cross sections. The total charge ranster cross- at pressures in excess of I Torr. These have been
""eion dependence on kinetic energy., as observed by ascribed to HeXe"' exctted states having relatively small

" Mair,' represents the summation of the behavior of dissociation energie'i. There is no evidence forastrong-
"all of the excited states populated in reaction i V. as ly bound, stable HeXe" species ianlogous lo t.hose re-
weU as that of the ground states. Certuinly the luminem- ported for other rare-gas heteronuclear diatomic loris."
cence results reported .n Lhe present study are consis- The present stud) has also yielded i-.ormation bear-
tent with the previously mrasured total cross-section inig on the He'/ Xe reaction met nariism. We have oh-
dait in that there is a low kinetic energy onset for all served a propensity ior conser'ing the total electronic
emimssions and several states are observed with sharply angular momentum of the F-. Xe system, partcularlv
peaking excitation functuons that may contribute to the for near-resonant processes. We have also observed'
overall energy max.mum observed in the total reaction that a significant Iracton of the He' 'Xe collisions re-
,cl5l secition. suiting in reaction involve the conversion df small

T k.netic energy dependences of some of the ob- anmounts of translational to internal energy, and it is
.,served spectral lines are indicative of the probability reasonable to identify these collisions as long-range in-
of directly forming the corresponding radiating states toractlons. In addition, He*/Xe charge transter reat-
sfrom reaction (1) at particular energW.es. For example, tions, involving extensive (>2 eV) kinetic energy trans-

* for each of the lines (97,3, 98.9. and 104.8 nm. Ftg. for, were Observed in the present experiments, and
'10) discussed anove. cascading etfects are quite small these also :nvolve the "ransfer of coillsionaL angutar
for 100 eV collisions." fit contrast, the behavior of momentum into orbital angular momentum of X ."
IAN 101.1 nm line. which is also shown in Fig. 10, and Such collisions must involve stronger close-range in-
which Is produced by radiation irom the Xe'(6s 'Pt/.. teractions which occur on the highly repulsive region
state, does not provide anv information concerning the of the potential curves,
Sdirect population of Itus level in reaction Il. WiV~thin the Information from the present study coupled with aN'ail-
accuracy of the cross section measurements given in able lterature data p the construction of a qualhta-

abl ltertue dtapermits tecntuo faqaiafTable 3, the difference between a. and a, ior Xe'(6s 'P,1 ie potential diagram, ma shown in F2_. 12. 'hich L
Is approximately zero, indicating that this level is popu- useful n the visual diaton of the He' -Xe reaction. The
lated only via c•ascawnn from the higher-energy levels.
"tberefore, the kinetic ernercv variauon of '.te 101. 5-nm reactant cha.nnel, l )e't"S -. Xe(iSi), and the 'our. pri- ,Marv product channels, He••.e(t*$/LHe('So)
"line represents the excitauonluncuonfor the forationof ma'y produc hels, -te(SP , X n1  Het iS5)

* . e' tate. nmely 6pD~ ad G 4p~* sich ave Xe'(6s 'Pj/ 2 ). He(iS, .Xe'i5d'Pij2). and Het'S)hignherXe" states. namely. 6P*'Danc16h'o. wnichhave -Xe*t5•dP,/:), are depicted in this figure. All of these"2-3teV more ener.-v than N 5' s 'P,,:l. The cnerzy product channels have cross sections in the raince (0.1-
ai i o tn2P,_-6/D ) is 0.3)x10*t - cm -. At' four of 'hese product channels in-

shown in Fir. 11. This is the major cascate pro~ess valve Xe" (JV= jstates, so ihat these reactions are in
which contributes to Xe'6.A 'P,,2 ). wnichl explains the the category id,,., z0. Using the qualitative uiagram
similarity of ;is energy behavior to that of the 107.
Am line. depicted i FiK. 12, :he following reaction sequence .s

suggested. Reactants at thcrmal energy approach aloha
In stummary, the tansfer of translational to internal the He'(-St,,, - Xe(.So) curve, pass throuch the mintmum

* energy is necessary for the direct iorm•tion o[ Xe' and in the absence of radiation or stabilLzing collisions.
states from the He' Xe reaction. However, in some exit via the saime path. Thcse elastically scattered

_ - --- ** - -, .~-*_ __ - . _
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*(2St2) Xe(1SO)._ -He+and finally, a decrease as the velocity of the projectile

Sie.Xe increases. The onset of additional exit channels as-

He X'sociated with short-rance interactions competes ef-

short-ronqe He W fectively at higher energies, causing a sharp decrease
\-. in the excitation functions displayed by the 97.3 andlogt-roalng ISO 5d 4 P,12  98.9 nm lines.

.i.,/ Cd2 P1 1 2  Charge transfer reactions Involving formation of% ~ /IS d26Pi/2

0%, -------------- states of Xe' with J I I would occur at much higher
He.Xe energies on the steeply repulsive regions of the po-

ISO 625,2 tential curves. Presumably, the mechanisms of these
reactions also involve curve crossings, but in the strong
interaction region, (here is considerably more energy
and angular momentum transfer. Clearly, there is con-
siderable need for theoretical calculations relevant to
the He°/Xe system, analogous to those completed for

W mema smaller systems such as He*,'Ne (ReL. 39) and

Na*/I. 40

V. CONCLUSIONS

In the present study, state-to-state cross sections
'SO 505 2POV 2  for charge transfer in the He',Xe system have been pre-

so 5jo 2p setnted. Comparison of the total cross section for
radL.tve state formation with the total reaction cross

R section indicates that a large fraction of the charge

FIG. 12. Schematic repres•tation of a mecbaniIam for produc- transfer reactions produce excited Xe"°. The distri. I
ing the four major Xe'* states in collisions of 100 eV He* ions bution of energy in Xe' indicates that the most probably
wvh X.. Relative energy o( the HeXe" s'stem Is shown with charge transfer reactions at 100 eV involve the trans-
reqnect to He('So).Xe*(",t) taken as 0.00* V. The system for of a small quantity (<I eV) of translational energy
approaches along the He-t,,/,) -Xet'SI) potential curve isoild lnt,.. internal energy of the product Xe' ions. A ma=x-
line) and extts along the dashed potential curves. mum was observed in the overall distribution of Xe"

product states which is due in large part to the relative-
ly high cross section for producing Xe"(J' - ) levels

He*eS,1,) ions, which experience no kinetic energy loss within I .eV of resonance. Although spin is not an im-

" (Q-0), have been observed by Baudon et al.," in studies portant quantum number in this system, the total an-
at somewhat higpher energies. Such elastic collisions guLar iomentum is conserved. At 100 eV collis-on en-
domainate until the relative kinetic energy of approach ergy, the most probable reactions in the He* Xe system
neiars 0.8 eV (Maier's kinetic energy onset for Xe' tend to conserve the total electronic angular momentum.

/ ions)." At this point the system is at a total energy The production of Xe"(J' -) is a maniiestation of this
close to the asymptotic limits for He('S,) .Xe'[5d't P,18 ) conservation law. Formation of Xe"(J > 4) states re-
and He(fSt) *Xe'(5d'P,/I), and a series of near or
avoided crossings may occur allowing the system to exit quires the celeroni o angular momentum of the cop -

along the product curves. These re.ttively long-range results indicate that for 100 eV He'T'Xe Collisions, the

interactions, involving reactant and product channels greater the extent fo colllslonal to internal angular tme-

within 0. 8 eV of resonance, would account for the gea h conve sion to win te oger re*

maxima in the distribution of product Xe° levels having menuon conversion required, the lower the overall re-
-J.Acessaction probability Finally, a mechanism has been pro-Xeo3 t ) Aces toth grounabl and i rsltecited statesn posed to explain the near-resonant He' Xe charge trans-

1CS1•'(P=°,,,/ 1 ) Is not available at low reltivee reaction ier reac:tion, in terms of long-range potential cur',e

energies. Presumably. not until relatively high tranis- crossing,.

latdonal energies of approach are achieved can these

Xs' states be formed via radlationless transitions.4 ACKNOWLEDGMENTS
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ABSTRACT

A systematic study of the negative-ion chemical ionization I
mass spectra produced by the reaction of F with a wide variety of ,

-organic compounds has been accomplished. A time-of-flight mass

spectrometer fitted with a modified high pressure ion source was

employed for these experiments. The F" reagent ion was generated

from CF3H or NF3, typically at an ion source pressure of 100 microns.

In pure NF3, F" is the major ion formed and constitutes more than 90% 1
of the total ion intensity. While F- is also the major primary ion

formed in pure CF3H, it undergoes rapid ion-molecule reactions at

elevated source pressures, yielding (HF)nF" (n=l to 3) ions, which

makes CF3 H less suitable as a chemical Ionization reagent gas. Among

the organic compounds investigated were carboxylic acids, ketones,

aldehydes, esters, alcohols, phenols, halides, nitriles, nitrobenzene,

ethers,amines and hydrocarbons. Ar. intense (M-l)_ ion was observed

in the F" chemical ionization mass spectra of carboxylic acids, ketones,

aldehydes and phenols. Alcohols yield only (M + F)- ions upon reaction

with F'. A weaker (M + F)" ion was also detected in the F" chemical

ionization spectra of carboxylic acids, aldehydes, ketones and nitriles.

The F" chemical ionization mass spectra of esters, halides, nitriles,

nitrobenzene and ethers are characterized primarily by the ions, RCOO",

X, CN', N02 " and OR-, respectively. In addition, esters show a very

weak (M - I)- ion (except formates). In the F" chemical ionization

spectra of some aliphatic alkanes and a-xylene, a very weak (M + F)"

,,i " " , i . . ., , W • : ÷ . .i• •• i : • . .



ion was observed. Amines and aliphatic alkenes exhibit only

Insignificant fragment ions under similar conditions, while

aromatic hydrocarbons, such as benzene and toluene are not reactive

at all with the F- Ion. The mechanisms of the various reactions

mentioned are discussed, and several experimental complications

are noted. In still other studies, the effects of varying several

experimental parameters, including source pressure, relative prm-

portions of the reagent and analyte, and other Ion source para-

meters, on the observed chemical ionization mass spectra were also

Investigated. In a mixture of NF3 and n-butanol, for example, the

ratio of the intensities of the ions characteristic of the alcohol

to that of the (HF)n F ion was found to decrease with increasing

sample pressure, with increasing NF3 pressure, and with increasing

electron energy. No significant effects on the spectra were observed

to result from variation of the source repeller field or the source

temperaturc. The addition of argon to the source as a potential

moderator did not alter the F" chemical ionization spectrum signifi-

cantly, but the use of oxygen appears to inhibit formation of the

(HF) nF cluster ion. The advantages of using F" as a chemical ioni-

zation reagent are discussed, and comparisons are made with other

reagent ions.
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INTRODUCTION

Interest in the development and applications of negative-ion

chemical Ionization (NICI) mass spectrometry has expanded rapidly

in the past ten years, as clearly indicated by the attendance at the

present and other recent symposia (1) concerned with this topic. The

number of publications appearing in the chemical literature which

deal with NICI mass spectrometry has also increased significantly

durinq this time period. Several current comprehensive reviews (2-4)

4hive surveyed these publicotiuns. In spite of the increasing activity

in this field of research, however, relatively few negative ions have

yet been investigated as chemical ionization reagents. This is illust-ated

by the listing shown in Table 1. This situation is due to the lac."

es-tablished methods for generating usable quantities of many types of

negative ions, )nd to tne uncertainties which currently prevail in the

understanding of gas phase negative ion chemistry.

In the present paper, we report the results of a systematic study

of the reactions of the fluoride negative ion, F-, with a variety of

organic molecules, which are representative of different functional

group classes. The F" ion was selected for investigation as a NICI

reagent Ion for several reasons. First, it was expected that F" could

be readily produced in large abundance by electron impact on molecules

such as CH3F and NF3 . The appearance potential of F" from NF3 is very

near zero eV (11), and previjus experiments in our laboratory have

,' 'strated that the rate coefficient for attachment of near-thermal

t.trons to NF3 , yielding F', was very large (12). Also, F" is the

' ' . . . • -' ,• :• -• , • • 1
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only ionic product observed from ion energy electron attachment

-to NF3 . Secondly, the proton affinity of F" is relatively high,

1548 KJ/mole, which is Just between the proton affinities of OH',

1632 KJ/mole, and Cl , 1393 KJ/mole (2). The anionic nucleophilicity

of F also lies between that of OH- and Cl, which have previously

been utilized in NICI studies (see Table 1). These considerations

suggest that F" should be reactive with a number of organic mole-

cules. Still another feature of F" as a NICI reagent ion is that

fluorine is monoisotopic, so that if F" associates with a particular

molecule, only one (M + 19)" product ion will be observed, since

no isotope peaks can be formed. Thus the F" NICI mass spectra

should be simpler and more readily interpreted than those resulting

from reactions of other halide negative ions.

The experimental procedures employed and the results obtained

in this investigation are described in the following sections.

EXPERIMENTAL

The instrument utilized for the experiments reported herein is

a Bendix Model 12-101 Time-of-Flight Mass Spectrometer equipped with

a 100 cm. drift tuoe. The mass spectrometer is fitted with a specially

designed, high pressure ion source, which was developed by Chang and

Tiernan (13). Figure 1 shows a schematic diagram of the ion source

and the focusing lens system. The source, which was constructed from

a solid copper block, is actually an open cylinder with an inside

diameter of 1.91 cm and a length of I cm. A gas inlet orifice, 0.64 cm

In diameter was cut into the side of the block. An electron entrance

plate (EEP" and an ion exit plate (IEP) are utilized to seal tne top
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Figure 1. Schematic Diagram of High Pressure Ion Source Developed

for a Time-of-Flight Mass Spectrometer.
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and the bottom of the sourc* cX11nder. Both plates were identically

manufactured from stainless st"'I, and are cone shaped, with a 0.05 cm

diameter orifice at the cone apex. A -6V dc potential is applied

continuously to the electron entrance plate as a repeller potential.

This facilitates removal of Ions from the source. The ion exit plate

is maintained at ground potential. Both plates can be used to monitor

the electron beam current If desired, by suitable connections. A

coiled tungsten wire filament Is located about I cm from the electron

entrance plate. In order to collimate the electron beam, a beamI

focusing cylinder, which was constructed from 90% transparent rhenium

mesh screen, is used to surround the filament. Use of the transparent

wire mesh permits efficient pumping of neutral gas from the filamentI
region. This focusing cylinder and one end of the filament are main-

tained at a negative potential of -240 volts.

The filament is mounted in such a way that the electron beam path

coincides with the ion axis. This arrangement differs from that used

in most conventional ion sources, in which, the electron beam typi-

cally enters the side of the source chamber at an angle of 90 degrees

to the direction of Ion extraction. With the latter configuration,

ions formed in the region just above the ion exit aperture are more

likely to be extracted and detected. At lower source pressure this

conventional configuration functions well, since ions are formed uni-

forlmly along the electron path. However, as the source pressure is

increased, the penetrating power of the electron bedm decreases rapidly.

Thus, only a few ions are formed in the region near the exit aperture.

With our new source design, all primary ions are formed along the

electron beam path (which is coaxial with the ion extraction path) and

-____ m- -- z _________ - ___ ____ _____



are therefore produced in the region directly adjacent to the ion

exit aperture. At higher pressures in the source, these primary

ions then react with other molecules in the same region to form the

secondary product ions. As noted earlier, a repeller field is

applied to drive ions thus formed through the ion exit aperture,

which increases the number of ions reaching the detector on any

given pulse cycle.

The ion source of the mass spectrometer is housed inside a T-

shaped stainless tube which was fabricated for this purpose and

which is connected directly to the drift tube of the mass spectro-

meter. This housing incorporates a high speed pumping port, to which

a 4-inch oil diffusion pumping system is directly attached via a

flexible 10-cm stainless steel bellows. For the source exit aperture

currently used, this is adequate to maintain a pressure differential

of about 1000:1 between the source interior and the surrounding region.

This differential pumping reduces collisions between ions and neutrals

outside the source region to a significant extent. The drift tube

region is pumped by the standard pumping system which consists of a

4-inch mercury diffusion pump, a Bendix combined liquid nitrogen trap

and Freon-cooled baffle, and a Welch forepump (52). The pressure is

monitored by a Philips-type cold-cathode ionization gauge (Veeco) which

measures pressures as low as 2 x lO 6rmm of Hg.

The sample inlet system is an all-metal dual reservoir system,

containing two 1-liter stainless steel expansion tanks. Each reser-

voir is connected to the ion source via a variable gas leak, in one

case, a Granville-Phillips Series 213 motor-driven variable leak, and

In the other, a Granville-Phillips Series 203 manually adjusted leak.

_______________________6 --
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Additions to the sample inlet system were constructed recently to

permit introduction of multi-component reagent mixtures and gas

samples, and to allow coupling of a gas chromatograph (GC) to

the mass spectrometer. These additional inlet sections are also
I

controlled by Granville-Phillips Series 203 manually adjusted leaks,

and permit introduction of condensed phase samples from an inlet

tube. The latter is a U-shaped 1/4-inch ID glass tube with one end I

sealed by a septum, and the other end connected to a Whitey SS-2RS4

metric valve, which controls the molecular flow of the sample vapor.

This tube was installed near the source-housing flange in order to

reduce condensation in the inlet to a minimum. A MKS Baratron

pressure sensor head (type 77-H-1) is attached to the source housing

to measure the ion source pressure directly. All tubing used for

interconnections in this system is 1.27 cm diameter stainless steel

tubing. Swagelok tube fittings are used for all couplings. A variety

of valves are also used in the system. The sample inlet system and

the pressure reference side of the MKS sensor are pumped by means of

a CVC type PMCS-2B diffusion pump, backed by a Welch.1400B forepump.

A Hewlett-Packard 2116C computer with 16-bit word length and

24K core memory was used for data acquisition. Since the analog

electrometer used for the recording of negative ions is not electri-

cally isolated, the signals from the multiplier cannot be directly

input into the computer. Instead, the output signal of the amplifier

is further amplified by a Keithley Instrument Type 109 pulse amplifier

with 50 ohms input resistance and 20 DB gain. The amplified signal

is then transmitted to a •can converter (Pacific Instrument), which is

7



built into the oscilloscope. The computer directly accepts the =

signal from the scan converter. This procedure introduces some

noise, and reduces detection sensitivity considerably, but permits

direct computer acquisition of the data. Four channels are used

to establish communication between the computer and the TOF mass

spectrometer. The first channel transmits a signal from the Y-

axis of the oscilloscope to the computer for the ion intensity. The

second channel transmits a signal from the X-axis of the oscillo-

scope to the computer for a ramp voltage. The third channel trans-

mits the junction voltage of a thermocouple used for temperature

measurement. The fourth channel carries a relay message to the

computer. These analog signals are converted into digital signals

by the A/D converter of the computer. The digital signals are then

processed by the computer using previously designed software developed

In our laboratory.

Negative ion mass spectra were recorded with the TOF mass spectro-

meter, normally under the following conditions: accelerating voltage,

3.6 kV; primary electron beam voltage, 240 eV; ion source envelope

pressure, approximately 5 x 10-6 mm Hg; source temperature, 70-120

degrees C; and the emission current (which is the current measured at

the electron entrance plate) was adjusted to obtain maximum ion in-

tensity. Usually, the latter was varied from several tenths milli-

ampere to about 10 milliamperes. The source pressure was monitored

by an MKS Baratron Type 77-H-1 pressure sensor head. The sample

pressure was maintained at a constant value, usually between 0.5 and

10 p and the total pressure was maintained at 100 v (with the reagent

gas added).

8



Fluoroform used in these studies was obtained from Matheson

Gas Products, East Rutherford, N.J., and was specified to be

approximately 99.9% pure. NF3 was obtained fror. Air Products and

Chemicals Inc., Allentown, Pa., with a reported purity of 99.92%

minimum. All organic compounds studied were obtained from commercial

suppliers and were used without further purification.

RESULTS AND DISCUSSION

A. Formation of the Primary F" Ion Reactant

1. Using Fluoroform as the Reagent Gas

a. The Spectrum of Pure CHF, Under NICI Conditions. In prin-

ciple, the F" ion can be produced from several gaseous fluoride compounds

by electron impact. The appearance potential of F" from fluoroform

(CHF 3 ) is about 9.3 eV (11). Thus initially the latter molecule was

selected as the reactant source molecule. The NICI mass spectrum of

CHF 3 at a pressure of 0.1 Torr and a temperature of lOO0C is shown in

Table 2. It can be seen that electron impact on CHF 3 at relatively

high source pressure yields very small amounts of F-, and larye abund-

ances of various cluster ions. Apparently this is due to the rapid

association reaction of the F" ion with one or more HF molecules, to

form cluster ions of the type, [(HF) nFY, where n-l to 3 (14). There

are two possible sources for the HF molecules. One possibility is the

proton transfer reaction between F" and the fluoroform molecule, in

which CF3 " is also formed,

F- + CHF 3 - CF3" + HF (1)



TABLE 2

NICI MASS SPECTRUM OF FLUOROFORM OBTAINED AT 1000C ArID

0.1 TORR ION SOURCE PRESSURE

Relative

m/e Ion Intensity (%)

19 F

39 (HF)F 19.2

59 (HF) 2 F" 100.0

69 CF3  6.9

79 (HF) 3F" 23.8

85 CF3O" 24.7

89 (CHF 3)F'/(CF 3 )"(HF) 8.0

105 (CF30)(HF)" 8.3

109 (CHF 3 )(HF)F" 11,5

128 (CF2 )(CF 30'" 9.5

135 C2F50 10.3

_____ _ __ , __ , . ."-.10



The other possibility is a reaction of F radicals, generated in the

initial electron impact event, with hydrogen-containing impurities (RH)

resident within the ion source,

CHF 3 + e F- + 2F + CH (2)

and

F + RH * HF + R (3)

The enthalpy of Reaction 1 is on the crder of -56.5 kcal/mole and this

process is therefore substantially exothermic. For many RH reactants,

Reaction 3 would also be highly exothermic.

Trace quantities of 02- or 0" ions inside the source could react

with fluoroform molecules to yield the observed m/e 85 peak corresponding

to the (M - H + 0)" ion in the NICI spectrum shown in Table 2. The

m/e 89 ion could be formed either by clustering between fluoroform and

F-, or by clustering between HF and CF3. As shown'in Table 2, both

the m/e 105 and the m/e 109 ions can be explained on the basis of

clustering of HF with the m/e 85 and 89 ions. There are also relatively

small amounts of m/e 128 and m/e 135 in the NICI spectrum. It is

tentatively assumed that the former ion is (CF2 )(CF 30) , while the

latter ion is apparently C2F50', which probably arises from HC2 Fs or

other such impurities in the fluoroform.

b. Temperature Effects on the NICI Spectrum of CHFI. The

relative abundances of ions observed in the fluoroform NICI mass

spectrum were found to be temperature dependent. The variation in the

relative intensities was studied over a temperature range of 70 to

2300C, at a total source pressure of 0.1 Torr. It was observed that



the relative intensity of m/e 3S increases with increasing source

temperature, while the intensities of m/e 59 and 79 decrease, as

do those of the m/e 105 and 109 ions. It seems apparent that at -

higher source temperatures tne formation of the larger cluster ions

in fluoroform is less favored. This is consistent with the increased

relative intensity of the m/e 69 ion as the temperature is increased.

A trace quantity of n-butanol (about 0.5 u) was injected into j •
the ion source which also contained fluoroform at a pressure of 0.1 • i
Torr. Molecular, or quasi-molecular ions, such as (M-l1) and (M + F)',

were not observed in the NICI spectrum under these conditions. The

failure to observe such ions possibly indicates that the reaction rate

of F- with n-butanol is much slower than that of F_ with neutrals

such as HF.

2. Using NF, as the Reagent Gas

a. The Spectrum of Pure NF. Under NICI Conditions. Owing to

the very low intensity of the primary F- ion observed in the fluoroformi

NICI spectrum, a second reagent gas, NF3 , was tested as a source of F'.

The NICI spectrum of NF3 at a total pressure of 0.1 Torr shows that

the m/e 19, F is the major peak, with only a trace quantity of m/e 39,

HF2 ". Again, the HF molecule with which F- clusters here is probably

fnmed from hydrogen-containing impurities in the source, by a mechanism

similar to that described previously.

b. The NICI Spectrum of n-Butanol Obtained with NF• Reagent Gas.

Table 3 shows the NICI spectrum of n-butanol obtained with NF3 reagent

gas at a total pressure of 100 u and at a temperature of 70*C. About
A0.5 v of n-butanol was injected into the source with the NF3 for this

experiment. The ions at m/e 19, 39, and 59 are presumably formed as

I



TABLE 3

NICI SPECTRUM OF n-BUTANOL (0.5u) OBTAINED WITH NF• REAGENT GAS

AT A TOTAL PRESSURE OF 100 u

Relative

m/e Ions Intensity (%)

19 F" 47.7

39 (HF)F" 100.0

59 (HF) 2 F" 64.5

93 (M + 10.8

113 (HF)(M + F)" 3.2
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described earlier. The m/e 93 likely originates from the direct

attachment of F to the n-butanol sample molecule, and the m/e 113

-Is then formed by clustering of an HF molecule with the (M + F) §

ion. Apparently, F undergoes competing reactions with the n-butanol

and HF molecules. Sevwral additional experiments were therefore

conducted In which vt us experimental parameters were varied, in an

attempt to maximize the intensity of the (H + F)" product.

c. The Effects of Varying Experimental Conditions on the

NICI Spectrum of n-Butanol Obtained with NF _Reagent.

I. Variation of the Total Pressure of NF3. At an

I electron energy of 240 eV, and a source temperature of about 70*C,

the relative intensities of m/e 39, (HF)Fr, and m/e 93, (CjHqOH)Fr,

in the NICI spectrum of an n-butanol-NF 3 mixture were observed at

varinus total Ion source pressures over the range from 40 to 120 u.

SThe observed intensities and the ratio of these are shown in Table 4.

The n-butanol sample in these experiments was maintained at a constant

pressure of 0.5 Torr. It can be seen, from Table 4, that the ratio

of the relative intensity of mle 39 to that of m/e 93 increases as the

pressure of NF3 increases. This indicates that at higher pressures

the preferred reaction is the association reaction of F" with HF. The

iz/e 93 ion is formed via a second-order reaction, in which F_ Ions are

first produced from NF3, and then cluster with n-butanol molecules.

The (HF)t" product Ions, on the other hand, are formed by a reaction

which is at least third-order. Probably, the F radical, produced by

electron Impact on NF), abstracts a hydrogen atom fr... an n-butarol

molecule or other hyarogen-containing impurities to form an HF molecile,

1 '14



TABLE 4

RATIO OF RELATIVE INTENSITIES OF m/e 39 TO 93 1N THE NICI SPECTRUM

OF NFq-n-BUTANOL AT VARIOUS PRESSURES OF NF,

PNF 3  Relative Intensity (%) Ratio

6Iq l9. 139/193

30 8.4 7.4 1.1

40 25.0 19.9 1.3

60 31.2 8.3 3.8

80 59.8 10.2 5.9

100 100.0 10.8 9.3

120 31.3 2.e 11.2

-= __ __ _____ _ " 15~is



which then clusters with F'. Thus, the observed intensity of the I
(HF)F" ion varies as the third power of the pressure. At higher r
pressures, the reaction forming (HF)F" is thus more favorable than

that forming (M + F)'. Thus, in order to observe a distinct quasi-

molecular anion in the F" NICI mass spectrum, such as m/e 93 in this

example, the total source pressure has to be kept relatively low.

Hcwever, the pressure cannot be lower than 30 u, or this product is

not observed, owing to the characteristics of the ion source em-

ployed in the present studies.

ii. Variation of the Electron Energy. The electron I

energy is another parameter of considerable importance in NICI experi- I

ments. When the electron energy was lowered to 40 eV, while all other

parameters were kept constant for the present gaseous system, the

reaction leading to formation of the (M + F)" ion was found to be

favored. The ratio of mle 39 to m/e 93 was found to decrease abruptly

as the electron energy was reduced from 240 V to 40 V. A possible

explanation Is that the production of F radicals is enhanced signifi-

cantly at highc, electron energies. The F radicals thus formed react,

in turn, with n-butanol to form more HF molecules. Thus, F" collisions

with HF molecules are more pr- •ible than collisions with n-butanol

molecules at the higher electron energy._|

III. Variation of the Repeller Field. By applying a small

repeller field to the electron entrance plate of the Ion source,

(-6 V, d.c.), the residence time of ions inside the source can be re-

duced. However, the distribution of reaction products was not observed

to change sign4 flcantly as the repeller potential was varied over this

16



range.

iv. Variation of Source Temperature. Varying the

ion source temperature over the range 1000 to 190*C, while other

parameters are kept constant, resulted in little change in the ratio

of relative intensities of m/e 93 to 39. Apparently, the competi-

tion between (HF)F- and (M + F)- production is rather insensitive

to temperature. However, the relative intensities of both the m/e 39

and 93 ions, with respect to m/e 19, decrease markedly as the tempera-

ture increases.

v. Variation of Sample Pressure. A series of NF3 -

NICI spectra of n-butanol were obtained at various n-bt~tanol pressures

ranging from I to 40 u, at a total pressure of 80 u and with all

other parameters held constant. Listed in Table 5 are the relative

Intensities of the major ions observed, and the ratios of relative

intensities of two successive cluster ions. At higher n-butanol

pressures, larger clusters are observed, m/e 79 and 99, which result

from successive HF additions. At butanol pressures above 4 u, a pedk

is observed at m/e 167. This probably ':orrespond3 to an M(M + F)"

ion, which Is formed by clustering of another butanol molecule with

the (M + F)" ion. The 159/139 ratio is seen to increase sharply as

the sample pressure increases. Moreover, the ratios, 179/159,

199/179 and 1113/193 also increase proportionately with pressure.

This indic.:tes that n-butanol plays an Important role in the cluster

Ion formation. It is probable that n-butanol is the nost significant

source of hydrogen atoms for the rractions yielding HF molecules. With

Increasing n-butanol pressure, the yield of HF molecules therefore

17
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increases. These HF molecules then react further with F- to

produce cluster ions of various orders. The ratio, 1167/193,

is also observed to increase gradually as the sample pressure

increases. This is because at higher concentrations of sample

molecules, the formation of the (2M + F)" ion is enhanced.

Finally, as seen in both Table 5, at sample pressures above 4 u.

the cluster ion, m/e 59, formed by association of two HF molecules

with F" is preferred to other cluster ions.

vi. Addition of Other Gases to the NF1 Reagent Gas.

In order to reduce the population of highly energetic electrons in

the ion source, certain gases can be added to the reagent gas which

act as electron scavengers. Removal of these electrons is desirable

because the reaction of high energy electrons with NF3 is considered

to be the major source of F radicals. In the present study, the use

of argon as a high-energy electron moderator was investigated. Argon

was mixed with the NF3 gas in different proportions, while maintaining

a total ion source pressure of 80 V. The n-butanol sample pressure

was maintained at about 0.5 P, while other parameters were kept con-

stant, as before. It was observed that the ratio of relative inten-

sities of m/e 39 to 93 obtained with various pressures of Ar added to

the source gas mixture did not decrease, as was expected,

In both solution and gas phase reaction studies, oxygen has been

employed as an inhibitor, owing to its ability to scavenge atoms or

radicals, thus forming species which are incapable of partlcipat 4 ng

In the chain-propagation steps. It was considered feasible, therefore,

that the addition of oxygen to the NF3-hutanol gas mixture in the ion

S......._ _ --- . - - ... . - . ..19 _



source might reduce the population of F radicals. Small quantities

of oxygen gas (pressure ranging from 2 to 6 v) were therefore added

to the source, in a series of experiments, in which the total pressure

was maintained at 50 P, the n-butanol pressure was kept constant at

2 V, and other parameters were not varied. The ratio of the relative

Intensity of m/e 93 to that of m/e 39 observed in the NICI spectrum

was observed to increose by a factor of six, as the pressure of oxygen

Increased from 0 to 6 v. Thus, oxygen clearly appears to inhibit

the formation of the fluorine radical. However, the overall ion

intensities decrease as O pressure increases, and in addition, the

lifetime of the tungsten filament is shortened, both of which are

undesirable results.

B. Negative Ion Chemical Ionization Mass Spectra from Reactions of F"

With Various Organic Comoounds

As described in the foregoing sections, impact of electrons on

gaseous NF3 produces a large population of F" ions, which can be used

as reactant ions to generate negative chemical ionization mass spectra.

Since F" has a large gas phase proton affinity, reactions of this ion

with many molecules to produce (M-l)" products by proton transfer are

expected to be common. Furthermore, F" is a strong nucleophile, and

so bimolecular nucleophilic substitution reactions with this ion are

expected to be observed In some cases. The organic compounds, for

which F" NICI mass speccra were examined In this study, were selected

as representative of a variety of functional group classes. The

detailed experimental results obtained for each functional group class

are discussed In the following sections. The experimental conditions

I
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used in obtaining these NICI spectra were selected on the basis of

the results obtained in the previously described studies of the

effects of pressure, temperature and other experimental parameters.

1. Carboxylic Acids.

The F" NICI mass spectra of formic, acetic, isobutyric and

mercaptoacetic acids are shown in Table 6. It is seen from these

data that the most intense ion in the spectra of all these carboxylic

acids is the (M-1)- ion. This ion is formed by the abstraction of

a proton, probably from the COOH group. In mercaptoacetic acid,

both the SH and ti'e COOH groups contain active hydrogen, but more

likely, abstraction occurs preferentially from the COOH group.

F" attachment to these carboxylic acids to form (M + F)" ions

was also observed, as indicated by the spectra shown in Table 6, but

the relative intensities of these ions are much smaller than those of

the (M-I)" products. At higher ion source pressures, the NICI spectra

of formic acid and acetic acid show clusters of these molecules with

the (M-I)" ions, that is, (2M-l)" ions. Cluster ions formed by

association of product ions with HF molecules, were also observed in

the formic acid NICI mass spectrum. A very weak intensity ion at

mle 42 was observed in the spectra of acetic acid and formic acid.

Possibly, this ion is CNO-, as suggested by Alpin et al (15), or
C 2 -lated by Field (10). The mechanism of formation of

:.N:

this ion is unclear, but it seems more likely that CNO- would be formed

than CH2 -C 2, because neither formic acid nor acetic acid contains an

:N: -

acetylenic group. Other observed ions having m/e values which do not

22



correspond to any expected fragments for the compounds undergoing

chemical Ionization are quite possibly formed from impurities con-

tained in the samples.

2. CarboxXlic Acid Esters.

The F" NICI mass spectra of isopropyl acetate, ethyl acetate,

ethyl formate and methyl methacrylate are shown in Table 7. Both

isopropyl acetate and ethyl acetate exhibit an intense m/e 59 peak

in their F" NICI spectra, while ethyl formate exhibits an intense

rn/e 45 peak, and methyl methacrylate is characterized by a strong

m/e 85 peak. These peaks correspond to the carboxylate anions from

each of these esters, CH3CO2 , HC02- and CHý=C(CH 3)C02-, respectively,

which are formed by an O-alkyl cleavage, resulting from F" attack on

the alcohol alkyl group and subsequent displacement of carboxvyate

ions. This can be visualized as a oimolecular nucleophilic substitu-

tion reaction.

A weak (M-l)- ion is also observed in each of the esters studied

here, with the exception of ethyl formate. This ion is expected to

be primarily formed by abstraction of a relatively acidic hydrogen

from the molecule. In isopropyl acetate and ethyl acetate, an alpha

hydrogen is available for abstraction by the F" ion, but in methyl

methacrylate, an allylic hydrogen must be abstracted. No (M-l1) ion

is observed in ethyl formate, since this molecule contains no active

hydrogen atoms.

Since alkoxide ion, R'O , is more nucleophilic than F" (16), the

attack of F" at the carbonyl-carbon center, to release the alkoxide

ion, does not occur with this group of ester compounds. This is

23
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demonstrated by the NICI spectrum of ethyl acetate, since no m/e 45

peak (C2HsO") is observed.

Ions at m/e 26, 42 and 46, having very weak intensities, also

appear in the spectra of these compounds. In addition, a low inten-

sity ion at m/e 41 appears in the spectrum of each ester except that

of ethyl formate. This ion probably corresponds to the ketene anion,

"HC-C=O ' HC=C-O-, (15), which is rather commonly observed from

oxygen-containing compounds. The ion at m/e 61 in the spectra of

ethyl acetate and isopropyl acetate is quite puzzling. It is possible

that this ion is "CH2 COF. Two possible mechanisms can be conceived

for its formation. One mechanism would involve nucleophilic attack

of F" on the carbonyl carbon, resulting in displacement of the alkoxide

ion, yielding an acyl fluoride compound (CH3 COF), followed by abstraction

of an alpha hydrogen by F_. Another possible mechanism would involve

addition of an HF molecule to the ketene anion. As mentioned above,

nuclenphilic displacement reactions involving attach of F" at the

carbonyl carbon apparently do not occur with esters. Therefore, the

first mechanism is not probable. Other minor ions observed In the

spectra shown In Table 7 are again likely due to impurities.

3. Ketones and Aldehydes.

The F" NICI mass spectra of acetone, 2-hexanone, 4-heptanone,

2,5-hexadione and cyclopentanone are shown in Table 8. It is seen that

the (M-l)- ion Is the predominant Ion for all compounds of this type

which were examined. The mechanism of formation likely involves abstrac-

tion of the active alpha hydrogen in each of these compounds. In

addition, (M + F)" ions, in varying relative abundances (1.2 - 22%),

S.... . . . _2 5
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are also observed in the spectra. These probably are formed by way

of tetrahedral intermediates resulting from the attack of the F" ion

at the carbonyl carbon, this being a typical reaction of ketones and

aldehydes (17). The molecular anion M is also detected in the

spectra of these compounds, but in very weak intensity. This ion

probably results from resonance electron capture by the molecule.

An ion at m/e 26, apparently CN', is also observed in each of the

ketone spectra.

Similar to the ketones, the F" NICI mass spectra of aldehydes,

Including acetaldehyde, propionaldehyde and 2-ethylbutyraldehyde, are

all characterized by an intense (M - I)- ion, as shown in Table 9.

Undoubtedly, the reaction mechanism in these cases also involves

abstraction of an active alpha hydrogen from the molecule. The

(M + F)- ion is also a prominent species in the spectra of this group

of compounds, and again, formation of these ions probably involves a

tetrahedral intermediate. Analytically insignificant ions, such as

m/e 26, 39, 42, and 59, are all present in quite high concentrations.

4. Aliphatic Alcohols

The F" NICI mass spectra of n-butanol, iso-butanol and tert-amyl

alcohol are shown in Table 10. All of these compounds exhibit sig-

nificant (M + F)" ions. In contrast to the compounds previously

discussed, however, aliphatic alcohols show no (M - l)- ion In their

F" NICI spectra. This is likely attributable to the fact that

aliphatic alcohols are very weak acids, and thus it is relatively

difficult to remove a proton from the -OH group.

As discussed earlier, the reactions of F" 4ith the sample molecule

27
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are in competition with reactions of this ion with HF. It is evident

from the data in Table 10, that In the case of the alcohols, formation

of F'(HF) is more favorable than the formation of the (M + F)" ion.

However, F" NICI may be useful in distinguishing structural isomers

of the alcohols. As can be seen by comparing the spectra of n-butanol

and Iso-butanol, the relative intensities of the (M + F)" ion in the

two spectra are markedly different.

5. Alkyl Chlorides and Halobenzenes

The F" NICI mass spectra of carbon tetrachloride, chloroform,

methylene chloride and 1-chlorobutane are shown in Table 11. All of

these compounds exhibit intense m/e 35 and 37 peaks, which correspond

to the two isotopes of CI'. Formation of these ions apparently oc~curs

via bimolecular nucleophilic substitution reactions. The observation

of prominent Cl" product ions from these reactions supports the con-

clusion that the nucleophilicity of F" Is greater than that of Cl" in

the gas phase (16).

Since F- is a stronger Lewis base than CI', it is also possible

for F" to abstract a chloronium ion, Cl , from the CC14 molecule to

form a CCl 3" ion, although this product is formed in relatively small

amounts (1.4% relative intensity at mWe 117). The characteristic

chlorine isotope ratio leads to the observation of CC1 3" ions at m/e 117,

119 and 121, in the Intensity ratio, 3:3:1, which confirms the Identity

of this Ion.

In the F" NICI mass spectrum of chloroform (CHCl 3 ), an intense

CC1 3" ion is also observed (about 73.4% relative intensity at m/e 117).

This is consistent with the expectations of the "inductive" effect in
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this molecule. Chloroform contains three equivalent chlorine atoms

located at the methane carbon center, and since chlorine is an

electron-withdrawing substitiA..nt, the presence of these serves to

pull the electron pair, shared by the carbon and hydrogen atoms, away =

from the hydrogen. This enhances the probability of a proton being

released from the molecule upon reaction with F_. In methylene chloride,

the formation of the observed (M - l)- ion can be attributed to a

similar mechanism. In the latter case, however, the molecule contains

only two chlorine atoms, and so the inductive effect should be reduced

substantially, and only a very weak (M - lI) ion is observed (about

0.3% relative intensity).

Other weak intensity ions, such as the isotopic groups beginning

with m/e 70 in the spectra of both chloroform and methylene chloride,

and with m/e 105 and 117 in the spectrum of methylene chloride, are

also observed. These ions are assumed to be Ci2", C13" and CHCI 3 ",

respectively, and are probably produced in subsequent reactions of the

chloride ion. However, the l-chlorobutane spectrum shows no signifi-

cant ions other than Cl'.

Ions at m/e 55 and 57, which presumably correspond to the two

isotopic ions having the structure, (HF)Cl", are observed in all of

the spectra listed in Table 11, except that of carbon tetrachloride.

This again suggests that the HF molecule, which is observed to cluster

with ions in many of the F" NICI spectra, is directly derived from

sample molecules which contain hydrogen.

Cl" is observed to be the most abundant ion in the F" NICI spectra

of chlorobenzene and 2-chlorophenol. Similarly, Br" is the most

-~ -_ ___ _ __33



abundant ion in the spec.-.jm of bromobenzene. The Br" ion is

easily identified by the presence of the two isotopic peaks at

m/e 79 and 81, which are approximately equal in intensity. Formation

of the halide ions can also be visualized as occurring by a mechanism

which involves the attack of a nucleophilic reagent upon the ring

to form a carbonion intermediate, followed by ejection of the halide Ion.

F" NICI mass spectrometry offers no apparent advantages for

either analysis or structural determinations of aliphatic or aromatic

halides, since the spectra of all such compounds studied here exhibit

halide ion as the only intense product.

6. 2-Chlorophenol and Salicylaldehyde,

The F° NICI mass spectra of 2-chlorophenol and salicylaldehyde

were investigated during this study. As shown in Table 12, the

spectrum of 2-chlorophenol exhibits mainly Clf ion and a smaller

intensity of (M - I)- ion. Salicylaldehyde also shows an intense

(M - W) ion. Since phenols are rather strong acids, it is relatively ]
easy for the F" reactant to abstract a proton from the hydroxyl group

of these compounds, yielding stable phenoxide ions (ArO'). Since the

2-chlorophenol molecule contains an active hydrogen atom in the

hydroxyl group, it would be expected to complex readily with the F"

ion to form a (M + F)- product. However, while an abundant (M + F)"

ion appears in the spectrum of salicylaldehyde, no such Ion is

detected in the 2-chlorophenol spectrum, This may indicate that pro-

duction of the Cl" ion is kinetically favored over the addition reaction,

At fairly high source pressures the (M - l) ion clusters with another
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molecule of salicylaldehyde to form the (2M-l)" ion.

7. Nitriles.

The F" NICI mass spectra of acetonitrile, propionitrile and

benzonitrile are shown in Table 13. The spectra of all nitriles

studied here are dominated by a very intense CN" ion peak (m/e 26).

The spectrum of acetonitrile exhibits an (M - 1)' ion as the

major peak. This can be reasonably explained by the fact that the

cyano group (CN) is a strongly electron-withdrawing group, which

can readily activate the hydrogen atoms attached to the adjacent

carbon atom (alpha hydrogen). The reaction of the F" ion with this

molecule in the gas phase thus results in abstraction of a proton,

yielding a carbonion, which can be stabilized by electron delocali-

zation. Since benzonitrile does not contain an alpha hydrogen, no

significant (M - 1)- ion is observed in its spectrum. Strangely,

the (M - I)- ion is also absent in the spectrum of propionitrile,

although it does contain an alpha hydrogen. Possibly, this is ex-

plained by the electron-donating inductive effect of the methyl group,

which reduces the residual electron affinity of the alpha carbon atom,

and thus makes removal of the attached hydrogen more difficult.

All of the nitriles investigated here exhibit weak (M + F)" ions,

which are probably formed by a mechanism which involves F" ion attack

on the carbon center adjacent to the cyano group. The F" NICI spectra

of these compounds also display a series of peaks corresponding to

CnN' (n=l,3,5 and 7), which appear at m/e 26, 50, 74 and 98. In the

spectrum of acetonitrile, only the peak at m/e 26 is observed. The

propionitrile spectrum shows both CN" and C3N , it m!e 26 and 50,

respectively. In the spectrum of benzonitrile, all four peaks at

36Ij
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mle 26, 50, 74 and 98 are present. These ions were also observed by

Alpin eL al (15) In their study of the negative ion mass spectra of 1
these compounds produced by electron impact.

8. Nitrobenzene. i
The F" NICI mass spectrum of nitrobenzene, shown in Table 13,

is dominated by a very intense N02 ion peak. Neither the (M - l)

ion, nor the (M + F)" ion is observed in the spectrum of this compound.

However, a very weak molecular anion, M" is observed (1.21 relative

intensity). The ion at m/e 93 may be characteristic of this compound,

but the mechanism of formation is not clear.

9. Ethers.

Ethers are very weak acids, and the F" NICI mass spectra of

diethyl ether and isopropyl ether, which appear in Table 14, exhibit

no (M - l)" ions. The oxygen in diethyl ether is apparently not

sufficiently electro-negative to activate the hydrogen on neighboring

methylene groups, and so abstraction of protons from these groups by

F" does not occur. Although a number of intense peaks of no particular

significance are observed in the ether spectra (m/e 26, 42, etc.), the

only ions of interest produced from these compounds are those at m/a 45

(possibly CzH 50') and m/e 43 (possibly C3H30). Apparently, these ions

are displaced as a result of nucleophilic attack of F" at the methylene

carbon. The ion at m/e 43 must be formed by loss of H2 from the CjH 5O"

ion, yielding an allyl-type structure which is resonance stabilized (10).

Similarly, in the spectrum of isopropyl ether, the ions at m/e 59 and

57, which correspond to (CH3 ) 2 CHO" and CHZ=C(CH 3)O, respectively, are

the dominant ions in the spectrum. No (M + F)" ions were observed in
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the spectrum of either ether.

10. Amines.

The F" NICI mass spectra of diethylamine and n-butylamine are

shown in Table 15. Amines are basic, and so no (M - I)- ion can be

formed by abstraction of a proton from these molcules by the F- ion.

The spectra of the amines are similar to those of the ethers in that

they also exhibit several very intense, but analytically insignificant

Ions (mie 26, 42, etc.). In contrast to the ethers, however, no

larger fragment ions are observed in the amine spectra. This is under-

standable because the amino group (NH2) is a stronger nucleophile and

does not behave as a good leaving group.

Smit and Field (10) suggested that a possible structure for the

Ion with m/e 42, which is observed in the spectra of the amines, is

CH2 .- CH2 . This is the anion comprising the conjugated base of
:N/_

ethylenimine (aziridine). The mechanism of its formation is not yet

clear. In the spectrum of diethylamine, a weak (M + F)" ion, which

is probably formed by hydrogen bonding, is also observed. However, no

such ion was found in the spectrum of n-butylamine.

11. Hydrocarbons.

a. Aliphatic alkanes and alkenes. The F" NICI mass spectra

of n-pentane, n-hexane, cyclohexane, 1-octene and cyclohexene are

shown in Table 16. All of the aliphatic alkanes investigated here

exhibit weak (M + F)" ions in the spectra. The hydrogen atoms in these

compounds are not sufficiently acidic to be abstracted by the F" ion,

and thus no (M - I)- ion is observed. The F" NICI spectra of the
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aliphatic alkenes (olefins) show neither (M - I)- nor M + F)"

product ions in their spectra.

b. Aromatic hydrocarbons. The F" NICI spectra of benzene,

toluene and o-xylene are also shown in Table 16. Benzene is not

ionized by F" ion, which indicates that the riny hydrogens are ir,-

sufficiently acidic to be removed by the F" Ion. The hydrogens in

the side chains of the aromatic hydrocarbons examined here are also

not sufficiently acidic to facilitate reaction, as indicated by the

absence of (M - I)- ions in the spectra of toluene and o-xylene.

However, o-xylene does produce a very weak (M + F)" ion.

CONCLUSIONS

A summary of the major product ions observed in the F" NICI mass

spectra of various types of organic compounds studied in the present

Investigation is given in Table 17. The ability to generate intense

quasi-molecular anions, such as (M - 1), and/or (M + F) ions, from

a variety of organic compounds, as was demonstrated to be possible in

the present experiments, is certainly of value for analytical appli-

cations. The product ions resulting from nucleophilic displacement

reactions of F" are, obviously, of less analytical value, owing to

their lower masses. Some of the compounds, examined here, such as

carboxylic a:ids, phenols, aldehydes and alcohols, exhibit both quasi-

molecular anions, (M - l1), as well as (M + F)_ products, in their F"

NICI mass spectra, and thus two ionic products are available which

indicate the molecular weight of the sample species.

F" NICI mass spectrometry Is also potentially applicable for

distinguishiny chemically sim4lar compounds, such as isomers, as was

demonstrated in the case of n-butanol and iso-butanol in the present

experiments. For at least some types of compounds with multiple



TABLE 17

MAJOR IONS IN THE F" NICI SPECTRA OF VARIOUS CLASSES OF COMPOUNDS

Major Product Ion Compound Type

(M - )- Carboxylic Acids
Ketones
Aldehydes
Phenols

(M + F) Aliphatic Alcohols
Aliphatic Alkanes
Cycl oal kanes

(CN)" Nitriles
(NO) Nitrobenzene

X Halogenated Molecules

RO Ethers

RCOO0 Carboxylic Acid Esters

None Amines
Olefins
Aromatic Compounds

IA



functional groups, the F" NICI mass spectra show peaks characteristic

of both groups. For example, for 2-chlorophenol, which contains both

chloro- and hydroxy- groups, the F" NICI spectrum exhibits Cl" ion, I
and an (M - 1)- ion. -1

It seems clear that F NICI is a useful technique which is com-

plementary to positive ion CI and electron impact mass spectrometry.

F" NICI mass spectrometry also appears to offer several advantages

over NICI mass spectrometry using other reagent ions. Among these

advantages are:

a) Some aliphatic alkanes exhibit small but measurable (M + F)-

ions in their F- NICI mass spectra, while these compounds are

generally unreactive with all other NICI reagent ions for which

studies have been reported thus far; b) Since the F- ion has

only one isotope of significant natural abundance, F" NICI mass

spectrometry yields a much simpler and more easily recognizable

spectral pattern than that produced by reagent ions such as Cl'.

The (M + F)" ion can be readily identified since it differs in

mass by 19 amu from other ions in the region of the molecular

ion. With other typically used NICI reactant ions, product species

formed by electron and/or ion attachment processes may sometimes

interfere with those produced by chemical ionization; c) In 02"

NICI mass spectrometry, 02" will not react with weaker gas-phase

acids such as phenol, chlorophenols and dichlorophenols. The

ionization of these compounds by proton transfer reactions with

the F" ion to form (M - I)- ions occurs readily in F" NICI mass

spectrometry; and finally, d) F" NICI mass spectrometry is con-



siderably more sensitive than Cl NICI mass spectrometry for

some organic compounds, such as aldehydes and ketones.

Investigations are currently in progress in our laboratory to

determine the applicability of F" NICI mass spectrometry for the

analyses of more complex molecules, including various pesticides,

drugs, and hydrocarbon mixtures.
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