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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

b

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 05, N0, CO2, 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 0, , CO; ,

NO;~, and other atmospheric negative ions were determined, and {onic bond

disseciation 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. Among the systems examined

were He'/Xe, He*/Kr, He'/H,, He*/C1,, He'/Bry, and He'/1,. In still other
experiments, the kinetics of attachment of low energy electrons to F;, C1,,

Br,, XeF, and NF, were investigated using a flowing afterglow apparatus. 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 chemicai ionization reactions of

F” with a wide variety of organic molecules.
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IT. BACKGROUND AND SUMMARY OF RESEARCH ACCOMPLISHED

! M"‘Wﬁ:q’ru il

A. lon-Neutral Reactions

A e D

Some of the major research accomplishments of this program are

summarized below.

L

1. Endothermic Negative Ion Processes

Although many papers dealing with the kinetics and dynamics of
ion-neutral collisions have appeared in the l1iterature, 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

I el 1 11

far, It is clear, even from 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 neiahbar-

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.




Prior to undertaking the work accomplished during the present
AFOSR-supported program, there had been reports of several pioneering
investigations, both from our own 1aboratoryl-s and from ot:hev's,“9
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
we s.howed,z-6 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 number of molecular species,
using such techniques, were in good agreement with similar data
obtained by other methods,zq'lo although the interpretation of data
obtained from our fixed-collector beam instrumentation was complicated
by the lack of detailed data on product angular and velocity dis-
tributtons. There was also the requirement that energy thresholds
measured with the fon-beam-collision chamber apparatus be corrected
for the Doppler broadening caused by the thermai motion of the target
gas molecules. Because present theuretical knowledge with respect to
most ion-molecule reactions 1s still inadequate to specify a 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

L
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experimental data. "" The uniqueness of this fitting procedure was
d.fficult to demonstrate and generally resulted in increasing the
error limits on the derived thresholds. Still, these experiments

yielded highly useful electron affinity data, an a variety of

molecular species, at a time when such jata 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-

11
Molecule Reactions, Part I, Kinetics and Dynamics."

In the present research program, studies of the threshold

behavior for endothermic jon-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 theouretical description of the threshold
function for such processes was developed and reported just prior to
the initiation of our AFQOSR program.12 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 proaram (0, , CO, .,

NO, , CO. , N,O~, 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

arcurate negative ion reaction schemes for the upper atmosphere.

Results of the negative ion studies just mentioned have been

il
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documented 1n several publications and presentations which are

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

ylelded electron affinities, bond dissociation energies and heats
13=17

of formation for various negative ion and neutral species.

In several instances where subsequent determinations, using other

‘st111 more accurate techniques, provided analogous data on these

species, the agreement with our ion-beam threshold data was excellent.
This is true, for example, in the case of ozone.ls for which the
electron affinity was later determined using laser photodetachment
methods.18 Another highly significant result of the ion-beam
experiments conducted in this program was the detection of excited
states of 05 , CC; and NO; , and the determination of thermochemical
data for the excited species. These were the first reoorts nf such ex-
cited states, although the observation of a CO;'* state was subsequently

19
cornfirmed by the photodissociation experiments of Vestal et al.

ls8
These excited states were not apparent in other photodetachment

and photod‘issociat1on20 experiments, and are still the suybjects 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 fon species has not previously been considered.

Concurrent with the refinement in our laboratory of the ion-
beam techniques described above, other new experimental methods have

been developed and applied for determinino molecular electron

affinities and negative ion bond -issociation enerqies. The newer
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techniques applicable for such purposes, including laser photo-

detachment and photodissociation spectrr--opy,ion-beam threshold

ook e

measurements, chemical-bracketing techniques based on observation of
the production or reaction of a given negative ion, and theoretical
methods for calculating negative ion properties, were recently

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
Z0=20

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 theoreticail predictions of Rebick and Levine12 also
reveals some important details of the collisior process. For example,

the theoretical model yields a threshold function of the form,

o = A(E-Eo)"/E (3)

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
0;'*, are lower than for the corresponding ground state fon. 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

Lators, which showed that the A factor increased with increasing

internal energy of the reactants. Other observations relatina to




the 03'* CID reaction led to the conclusion that the internal
energy was probably in the form of vibrational excitation. The
values of the n factor which were indicated for the 0,  CID
reactions from the present studies were in the range which the

12
theoretical model predicted for so-called "direct' reactions.

Exothermic Reactions of Negative lons Which Exhibit Small Rate

Coaefficients

Most exothermic ion-neutral reactions which have been studied
occur at essentfally every collision (typical rate coefficients are
10'9 cma/mo1eCuTe 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 fons (D, NH. and larger organic ions
such as CH,CHCH, ) 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 ND, /D, reaction is of the

1.
form ¢ x (E__,-Eo) /Z/Ere]. as req 1 by theory, and that the

rel
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

3
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enolate anions are of special interest because they reflect a

B |
complex dependence upon energy. These excitation functicns do not é ';
exhibit transiational energy thresholds, but show an initially % %%
decreasing cross section with increasing translational energy, ? ‘g
followed by a sudden rise in the cross section, attaining a maximum é jg
and then again decaying. The effect of increasing the temperature of i ;%

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

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

3
|
=
=
E

barriers i1s lower than the potential energies of either the separated

LA TN

reactants or products. This barrier corresponds to the symmetrical

I

transition state for proton transfer, the reaction proceeding via a

vetwind e el

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

ol

i

state, (A---H---B)". According to this model, it is the competition
between two unimolecular decompositions of the intermediate, the back s
reaction forming (AH + B") via a simple bond cleavage, and the forward T
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 fts variation with translational

enerqgy are s‘rongly dependent on the ¢ollision chamber temperature. At

low translational energies, it 1s seen that an increase in the collision

chamber temperature decreases the overall rate coefficient. A similar

effect has been observed in certain hydride fon transfer reactions of
2”7
large polyatomic positive {ons. Increasing the collision chamber
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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
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 ~1.5 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 1i{fetime of such an intermediate collision complex decreases with
fncreasing 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
fs 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 s further supported by the fact that the point of
onset of the rising portion of the plot of k as a function of {fon
enargy shifts to lower relative energies as the temperature 1is
increased. This demonstrates the equivalent role of internal and
relative translational energy in reducing the 1ifetime of the inter-

mediate complex. The second decrease in the cross section at still
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higher energies is consistent with the behavior of many ifon-
molecule reactions at higher energies and presumably simply reflects

a decrease in the collision cross section.

Luminescence from lon-Neutral Collisions

A convenient method for assessing the role of internal energy
in fon-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 ploneering observations
of Tolk and coworkersze 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 Teast some reactions of this type, these cross sections proved to
be quite large, and it has been realized in the past 3-5 years that
such mechanisms may actually efficiently pump certain laser systems,
Subsequent to the wark of Tolk et a’I.28 more sophisticated experi-
mental devices for measuring luminescence from fon-neutral processes
were constructed in a few laboratories, including our own. At the
outset of the present program, development of this apparatus was Jjust
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 rzre gas ions with rare gas and halogen (C1., Br,,
I., F2) targets. Reactions of some dimeric species such as Hez+,

have also been examinad. As documented in several publications, this
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work has revealed that the emission spectra resulting from
many of these reactions are extremely complex and consist of many
lines. Moreover, the cross sectfon for radiative state production

in some of these reactions is quite large in comparison to the

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

of this work is the determination of relative transition probabilities
from individual excited Tevels to lower energy states. These are
obtained here under conditions which minimize external perturbations,
and some differences have been observed between our results and
analogous transition probabilities derived from discharges (where
there are substantial electric field perturbations). These results
suggest the need to reevaluate many atomic transition probabilities
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.

Crossed Ion-Molecular Beam Experiments

Prior to the initiation of the present research proaram,
development of a crossed fon-molecular beam apparatus had been
inftiated in our laboratory. This apparatus was designed to yleld
information on the angular distributions, as well as on the masses
and kinetic energies of the {onic products of low energy (down to

0.5 eV, lab) fon-neutral reactions. Clearly, such an apparatus

would markedly expand our capabilities to investigate in detail the

P
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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 fon-molecule reactions

having large cross sections were examined (Ar+/Dz, Ar+/H2, and others)
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 erdothermic 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 (1 /02, 0. /Ar and others) using
the apparatus indicated that under the conditions empioyed, 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.
Consequently, 1t was decided to replace the capillary array with

a nozzle beam source. This was a major modification affecting numerous
other instrument systems, A nozzle beam assembly was designed and
construction was undertaken in our machine shops. The nozzle and the
associated skimmer and coilimting s11ts were fabricated. Also
constructed was a mechanical assembly to permit variation of the

nozzle-to-skimmer distance during operation, (that 1s, adjustment is
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possible by controls positioned outside of the vacuum chamber).

A beam chopper assembly having a variable chopping frequency from

1 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 larger volume of
gas issuing from the nozzle beam source (as compared to the original
capiilary array) it was necessary to {ncorporate 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:2ral sections of the
nozzle beam source (which are separately r 1wed). At this tim,
extensive improvements were also made to the electrical distribtu ron
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 quadrupoie = .§s 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 tu less than 0.1 degree. Thi{s system was
then calibrated. Finally, a new projectile fon beam monitor was

fabricated and installed, with provision for external positioning.

At the time of completion of the present contract, the extensively
modified crcssed fon-molecular beam apparatus was completely assemblac
and operational, Preliminary tests indicated that the molecular

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




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
{nvestigation of endothermic fon-neutral reaction dynamics at lower

..5lational energies than have previously been accessidble.

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 1n a laser cavity (for example, F atoms in the HF
chemical laser using electron-beam initfation). Electron attachment data
for relevant molecules such as F, was critfcally needad for reliable

modeling of such laser systems.

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

afterqlow apparatus was completed, and this facility was employed to
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accomplish the first measurement of the rate coefficient for dissociative
electron attachment to fluorine, Other halogenated molecules, includina
XeF, and NF,, were also investigated. The attachment rate coefficient
for F, was found to be quite large, 3.1 + 1.2 x 10'9 cms/molecu1e sec,

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 F, derfved in our laboratory
was subsequently shown to be consistent with electron attiachment data
measured more recently at higher energies by Nygaard et a1.29 OQur results
for F, are somewhat at variance with the still more recent data of
Chantrygo, but other newer work suggests that the electron energy dis-
tribution in all such experiments 1s highly sensitive to the fluorine
concentrat1on.3l The latter factor may account for some of the observed
inconsistencies. Obviously, this is st11l an area of continuing research

activity and there {s 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, and NF,
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,

Negative lon-Chemical lonization Studies

One of the objectives of the present research program was to

establish the capability for conducting negative-ion chemical-fonization

experiments, This was successfully realized by completion of a unique
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high pressure ion source and other instrument adaptations for Time-of-

F1ight mass spectrnmeter. 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-{ionfzation (NICI) mass
spectra of various organic compounds. NF, 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
fon was shown to be useful for generating NICI spectra from a broad range
of organic compound types. This work has heen described in a paper
currently in press (see attachments) and was presented at a Symposium on
Negative lon Chemical Ionization Mass Spectrometry. The capability
established under this contract will be explofted 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.
A1l of the "collisional excitation and fonization" processes investigated
here however, are highly relevant to Air Force interests. Significant new
fundamental data has been obtained with respect to the reactions and eneraqy
states of simple negative fons such as O3, COy 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 surveillance




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 appuratus and the
negative-ion chemical {onization 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 0f the former apparatus, sig-
nificant new data relative to fundamental reaction dynamics can be expected.
This apparatuc 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
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 heen of considerable interest to the Air Force.

The continuing devalopment of high-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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30




e e
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at the 25th Annual Conference on Mass Spectrometry and Allied Topics,
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"Application of Ion Equilibrium Measurements for Qualitative and
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Presented at the 33rd Annual Symposium on Molecular Spectroscopy,

Ohio State University, Columbus, Ohio, June 14, 1978.
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"Distribution of Internal Energy in the Products of lon-Atom Charge
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FORMATION OF THE DIMER CATION (C,H,)," IN GASEOUS
BENZENE

E. G. JONESY, AL K. BHAYIACHARYA AND T. O. TIERNAN?*

Acruspace Keseareit Labaratiries, Chenastey Rescurch Luaborastary, Wrighi-Puartersun Air Force
Buse, Ohiv ¢5433 (L. 85.1.)

(Reccived 18 November 1974)

ABSTRACIT

The formation of the dimer cation (C,H¢)," in gaseous benzene has been
investigated. Two distinct dimer species formed by different mechanisms are in-
dicated. The ground state dimer cation is shown to be formed by a fourth vrder
process involving the eround clectronic state Ty My fon as precursor. [n addition,
cvidence s presented for an excited dimer cation formed bimolecularly by reaction
of C,H,"* ions having an energy of 3.5 4 0.5 ¢V above the ground state. 1t is
suggested that the ground state dimer is in a sandwich configuration and the excited
species has the form of a l-substituted benzene.

INTRODLUCTION

Dimers of aromatic svstems are of basic interest because of the interactions
of the = electronic systems [1]. Excimer Huorescence [2] observable in many aro-
matic systems has provided a method of studying neutrai dimers (excimers). How-
ever, much less information concerning aromatic dimer cations is available.

Ir several of the carly gas phase ionie studies of benzene [3--8], there was dis-
agreement as to the relative importance of the dimerization process. More recently,
Field ctal. {9) and Tieruan and Bhattacharya [10] have shown that the tempera-
ture of the 1on-source plays the dominant role in determining the relative yimpor-
tance of the dimer cation. Field et al. proposed that an equilibrium is established

¢ Prosent addreesst Systems Rescardh Laboratories, 1ne., 2800 Indiun Ripple Road, Dayton
Ohio 45409,
e Author o whom repring regquests shou!ld be addressed.
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CeHe* +Collg %3 (C,He)s )

and from van 't Hoff plots derived an enthalpy change of ~15 kcal mnol™!, In
subscquent experiments, Wexler and Pobo [11] have obiained an enthalpy change
of —10 keal mol™". They have also proposed a mechanism of diraer formation via
afourth order process, third order in benzenc and first order in primary C H,, " ion
abundance. The latter mechanism was supported by studies in our liboratery in
which it was found that charge-transter is the dominant reaction of C,H, ™ ions
with benzenc.

Friecdman and Rcuben {12] brought attention to the difficultics in resolving
the carly data; this prompted further studies [13, 14]. Using electron impact Stock-
dale [13] observed bimolecubir formanion of the dimer cation. Chupha [14] used
photoionization tu form C H, * ionsin the ground zlectronic and vibrational levels.
He found Jimer cation formation only after collisional stabilization. Similar results
were obluined by Anicich and Bowers {15). The present report concerns data ob-
tained as a continuation of the experiments of Tiernan and Bhattacharya (10] in
an eflort to understand better the fuctors controlling the dimerizalion process.

EXPERIMENTAL

Studies of the equilibrium between C H, " and (C,H,), " ions were made at
relatively high pressures in a single-source. modified ume-of-flight instrument
described previously [16). Tonizing voltages of 100 V were used and source temper-
atures, which were varied over the range from 300 to S00 K, were monitored
with an iron~constantan thermocouple attached to the ion-source block. All other
instrumental conditions were essentially as given in the detailed description of
the instrument and operating techniques [16).

Other data relevar! to the identification of the recaction scquences were ob-
tained using the ARL tandem mass spectrometer [17. 18], For these experiments
the collision chamber pressure was varied over the range from [ to 60 mtorr at
temperatures from 300 o S00 K,

Reagents used in these experiments were research grade chemicitls which
were checked for purity by gas chromatographic-mass spectrometric analyws,
Deuterated reagents were obtained from Merck, Sharp and Dohme. Lid. of Can-
ada. For experiments involving bensene-d, and benzene-de, appropriale correc-
tions were made to the observed product intensities w iecount for isotopic im-
puritics.

RESULTS AND DISCUSSION
Pressure and temperature stuiies in the tandem mass spectrometer

To select reactant ions unambiguously and to follow the individual 1cac-
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tion steps, the ARL tandem mass spectrometer was used in conjunction with iso-
topic labelling. The predominant channel for reaction of C,Hg* ions witit benzene
is charge-transfer as represented by the labelled reaction (2).

CeHet +Coldg —» CoH+CiD,* (2)

At a collision chamber temperature of 300 K the ionic products of condensation
reactions comprise less than 27, of the charge-transfer product. A value of 4.8 -
1071 em® molec ™' s7 " was measured for the rate cocllicient of reaction (2) (19].

The pressure dependence of the bimolecular products is shown in Figs, |
and 2. The bimolecularity is indicated by the initial hnear rise. Deviations from
lincarity above 20 mtorr ansc from further reactions with benzene-d,, ind from ion
scattering. The condensation products include a stable bimoleculur dimer 1on
C,.D,H,* and also C,,DyH,* and C,;D H, " corresponding to the release of
H and H,; respectively.

In addition to the bimolecular products the ion C,,D ;" is formed by a
higher order process. 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 pressurc.
Over a wide pressure range up to 60 mtorr the C,,D,, ion is formed by a fourth
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tion steps, the ARL tundem mass spectrometer was used in conjunction with iso-
topic labelling. The predominant channcl for reaction of C,H,* ivns with benzene
is charge-transfer as represented by the labelled reaction (2).

CeHe* +CoDg » CoH, +C Dy - ()

At a collision chamber temperature of 30 K the ionic products of condensation
‘ reactions comprise less than 27, of the chinge-transfer product. A valuc of 4.8
? 1071 em® molec™! 7! was measured for the rate coeflicient of reaction (2) [19].
' The pressure dependence of the bimolecular products i shown i Figs, |
and 2. The bimolecularity is indicated by the initial hinear rise. Deviations from
! lincurity above 20 mitore arise from further reactions with bensene-d,, and from ion
scatiering. The condensiation products mclude a stable bimoleculitr dimer ion
C,D G and also CaDHG* and C,D HL Y corresponding to the release of

H and H; respectively.
In addition 1o the bimolecular products the jon C,,D,,* is formed by a
higher order process. Ity pressure dependence is shown in Fig. 3. Included 1 this
: Fig. is a plot of intensity as a function of the cube of the coliision region pressure.
Over a wide pressure range up to 60 mtorr the € ;0% jon is formed by a fourth
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order processin ourinstrunient, The ton intensity was found to be extremely temper-
ature dependent. For example, using C,H,, * ions with 0.3-cV Kinctic encrgy (labo-
ratory system) impacted on 1S mtarr of benzene-d,, at o temperature of 300 K, the
C,;D . ionis the most abundant condensation product. Raming the collision
region temperature to 380 K completely eliminates the €D, dimer cation.
This ¢in be contrasted with only minor ¢hunges in the intensity of the mixed dimer
Cy2DuH, " jon over the same temperature range. Clearly, the C,,D,,% and
C, 2D, honic products have important ditferences other than isolopic come-
position. The cxistence of two diflerent dimeric citions formed by different
mechanisms, (second and fourth order) is obviously quite important in the anals
lysis of experiments in which unlabelled reactants are used.

Evidence concerning the origin ot the dillerence in the two dimer 1ons s
obtained by studying the pressure dependenee plots for reactant ions formed at
various clectron impact encrgies, These experiments were catried out with unlab-
elled reactants at a collision chanber temperature of 300 K where both dimer-
ization processes veeur concurrently. The pressure variations are shiownan Fig, 4
for reactant C,H, " jons Tormed v impact of 13,25 and 80 V electrons. The inital
lincitr portion indicates the bimolecubir process, while at higher pressures the
fourth order mechanism dominates under these conditions. The relative contni-
bution of the bimoleculinr component decreises with a lowermg of the clectron
bomburding energy. These results imply that a more energetic state of the CgH,”
jon is responsible for the bimolecular dimer formution and extablish the existence
of an clectron energy threshold below which the bimolecular process can no longer
occur,
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Electron encrgv dependence stidies in the tandem mass spectrameter

The existence of encrgy tosholds for virious product ioes was established
by impacting C,H,* ions on henzenc-d,, at o collision chamber temperature of
360 K und a pressure of 20 mioee. The intensities /,/7 were recorded for the product
jons as i function of the clectron energy. The results are plotted i 11g > along with
the varigtion of [ with electron energy. The threshold of the C H ™ 1on is taken as
9.24 ¢V [20). Both the C,, D H," and ;D H* ions dre observed to exhibil
the same encrpy dependence and the same threshold, the Tatter being 3.5 4 0.5 ¢V
above the beazene ionization potenual. Within the experimental limits,  the bi-
molecular dimer 1on shows the siume encrgy threshold for both the C, D, ' /C H,
and the C,H,*/C 1), experiments.
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These results indicate that the formation of €D H,", CDH* and
also presumably C DL requires the participittion of wn exeited C ' * jon
having interoal energy ¢ 3 5 ¢V oatbove the benzene iontzation threshold. On the
other hand, the CLD 0" product, as ihostrated i P 6, shows o sign ot an
encrgy threshold, appiarently indicating ity formanon by grouad state reactant
Celd,* ions.

It should be mentioned it this point that the existence of an eacited clece
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tronic stite in the vicinity of 12.8 & 0.5¢Vis uncertain from photoelection spectroy-
copy dara [21-24]). Simipson [25] has detected states at 9.3, 11,5, 13.9 und 15.5 ¢V
for benzene, Tn recent studies Lindholm and co-workers [26, 27] have found evi-
dence for two states assigned 3¢y, and Ly, with onsets in the region 11 —12 eV,
these are somewhat below the limit determined for the reacting ions. According
to the assipnment, the fornier 1s weikly €-C bonding and the latter stongly C-C
bondirg. Tn view of the unceriain evidence, the €, H,.” reucting ions cannot be
definitely assipned to an clectronic state. The identity of this species is considered
further in a later section.

Summuary of pressure and cneryy stidics

Conclusions front the presture and energy studies in the tandem instrument may
be summarized as follows.,

() The ground state oenzene 1on is the precursor of o benzene dimer ion
product formed by an overall Tourth order process, Experiments with fabeltd
reagents indicate that the mitial step s the charge-transfer reaction. (2). The fung.
tion of this reaction s apparently twolold: it etfectively relanes the vihrationad
cenerpy of the ons formed by cleciron impact and reduces their Kinetic enerpy by
as much as afactor of two Tor an intinite collison [28]. The next step i the dimer
formation is best considered [3-7] as anasseciative equilibrium reaction
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C,H," +C H, = (C.Hg), " (3)

which forms an excited species (CyHy )" * requiring collisional stabilization,
(reaction 4),

(CHy) ™% CoHy = (CH), " +CH® ()

in order 10 be observed as i stable 1on. The occurrence of such a series of reactions
depends critically on the lifctime of the excited dimer jon, 1f its internal energy s
large compared to the depthin the potentiul energy surlace along the direction of
the restction coordmate, then it will decomnose unimolecularly within it few vibra-
tiona! periods before astabilizig colliston can occur The sensitivity of the hifetime
to the internal energy of (C,H,,); " * is emphasized by the need for the initial vibra-
tional relaxation step. (2). This s probably the rewson why no rourth order dimer
ions are abserved at collision chumber temperatures 2 3%0 K, (0 CH, " ions were

LA

formed in the lowest vibrational levels as is the case with the pholotonizition
experiments, then the dimer cation would be obsetved 1o be farmed by an overall
third order process as observed by Chupha {14] and by Anicich and Bowers [13].

(b) An exerted state of the benzene molecaian ion having an energy threshotd
ca. 3.5 -+ 0.5 ¢V wbove the tomization threshold, (but apparently notan electronic
state), may also undergo an associative equihibriung reaction such as (3). Becuse
of the extrivinteraal energy, there are in addivon to the back resction. two other
reaction channcls, producing C,,H,, " and C,H,," products respectively,

(C(.Ho)z‘ ¢ - CIIHII‘ +H (5)
(CHy)"* = CpH (" +H, (6)

Considering the energy sensitivity of the fourth order process and the magnitude of
the enerpy thieshold for the bimoleculir reaction, it seems clear that the two mech-
anisms are forming quite different dimeric species, The existence of two distinet
rcaction mechinmsms invelving dificrent stites of the precursor ton accounts for
reported observations of reaction mechanisms ranging lrom second 1o fourth
order. In Stockdale’s experiments {13] the bimolecular dependence was stab-
lished for electron impact encrgies of 26 ¢V or greater. A glance at Frg. 4 indicates
that at this clectron energy appreciable amounts of excited C b, ™ * lons are present
to undergn o bimolecutar reaction. Furthermore, under the pressure conditions
(P < | mtorr) the higher order process would make @ neghigible contribution.
Further insight into understanding the tons involved iy provided m the following
isctopic study.

Isotopic study

The relative abuadances of the bimolecutin products from the benzene
parent fon reactions were mssured for vartous combmations of isetopaally
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H, D) IN THE TANDIM MASS

Anparoent

Reuctant ion Neutral Froduct iom intensitics Lurbitrary unirs)
o T N - - I
Dimer (D) (D-1) (0-2) -1y (D) vtal
Criss
R ection
(4%
CH* ® C,H, 100000 TN 285028 - ~ 0.9
(benzene) CeDy 9G.011.00)  116{1.52) 2700028 - — 0.9
C,H," C.l, SLICLOMY 10901.79)  6A.6(1L.0Y) 13910230 11LXwly) 03
N (&-dy-benzene) C. D\ H, L2.611.00)  96.1(L.61)  $7T.9097) 155027 1ol 0.8
C.D, 86.0(1.00)  T1.1(0.90)  49.6(0.58) 14.700.17) 103010 0.5
CeDe® C.H, G100 - 1570286y - 17240285 06
20 3(1.07) 0.6

(benzenc-dq) Colde I8.9¢1.00) - 147(7.78) - -

* Collision chamber temperature, 309 K jonizing voltage, 70 ¢V collision chamber pressure, 10 yems o hinetic

energy ca 0.3 ¢V

* The reactantions ' 2C CyHy* and P1C Cy D HL* were utiized o avord MO interteience in produat sdenntica.

tion.
¢ Va

lues i parentleses are relative tntensities normalized oy i vatue of 1.0 for the dimer ion.,

labelled reactants. The collision chamber pressure was maintained at 10 mtorr to
prevent the formation of any fourth order tanic products. The results are summa-
rized in Tuble 1.

The excited dimeric ion has several decomposition chinsels available. One
of these paths, that leading to the origimal reactants, cannoi be muonitared with
our in-line tundem experimental arrangement. Therefore, normalization of the
observed intensities by the total ton current is notyustified; the relative importance
of the various fragmentation processes is best visualized by normalizing the spectra
to umt dimer ion intensity. These quantities are shown in parentheses in Table 1.

Since the collision rates are essentially the same for all cases considered.
the magnitude of the apparent total reaction ¢ross seetion in the last column of
Table | provides some insight into the importanee of the baek reaction. Bocim be
concluded front these data that the extent of back reaction increases withinereasing
deuterivm substitution in the reacting ion.

An important observation from the dissociative product ions shown in
Table tisthatin the case o C HLL T reactions, oaly elimimation of Hand 1, oceurs,
while i the corresponding reactions of C, 0,7, only [ and D, are fast from the
dimene species. TCis apparent that the mised dimer product won, C, D H ",
retains some structural memory of the reacting ion in cach cise. To i first approx.
imation, the product distribution is principally a function of the impacting on,
the role of the neutral bemg rather minor. Tius is further emphasized by the von-
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stancy of the appurent 1otal cross sections for the reactions of a given ion with
various neutral targets.

The tncreased fragmentation of the dimer cation observed with decreasing
deuterium substitution in the neutral reactint is likely relined to internal encryy
differences in the ncutral species. Certainly, in the encrgy range studied, the de-
composition rates are raprdly changme functions ol the internal enerpy. We aie
unitble to speeify the internal encrey distnibutions of ¢ither the rzactants or products
from the present expenimenis, It seems cleir, however, that climination occurring

only from the “ionic” portion of the dimce jon excludes the posaibility of
symmetrical dimer structure stich s two sin membered rings attached appropri-

atcly. These resalts further sugpest than the excited reactantion probabiy docs not
have benzenc-ring structure but s rather a structural isomer, possibly @ hoear
chain or fulvene-structure. The tormer has been postulated (29 for excited benzene
ions formed by clectron impact. Recently Gross {30] has foand signtficant difler-
ences in the bimolecutar reactions ol C H, 7 vomers,

Equilibrium stedies in the high pressure single-scurce mass spectramerer

There have been two reported measurements of the enthalpy change for the
monamer- dimer cition eqinbihoum in bensene using miss spectrometric mesheds,
Field ¢t al. (9] and Wexler and Pobo [117] hive ebtained vaiues ol ~ 1S5 and - 10
keal mol ™! respeetively, under conditions thought to be ¢lose o wyuihboum, In
view of the eaistenve of two mechanisms for dimer ion formation estiablished in
the present study, the interpretation of van 't Hofl plots and the exitence o equi-
hibrium under various source conditions should be discussed,

For the wdeabized equlibrium,

B+, (7

"represent C H, " and (CL11,), " dons respectively, the equilib-

where B? and B,
riunt constant can be expressed as,

S (P8 B
Ke [n'](

where 77 is the pressure of bensene. Provided that an equilibriam exists witlion the

) (5)

ton source and that collected ion currents represent the concentrations of the rons
in the source, then van 't Holl plots of fog K, as o fusction ol the ceaprocal of the
temperiture can be made. Frong the slope ol such plots the enthadpy chimge can
be deternuned.

First, consider the bimolecular reaction sequence,
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ky

CoHe "+ CHy, T (CeH,) " ®)
k-,

k2 b €, H,, * 4+ H(10)
|

ky = Cald "+ H (1)

One of the cquibbrium requirements [31) s that (A 4+ %) -7 &k _ . Tha this con-
dition holds cnnnot be venificd without Anowmy the relative importance of the
back reaction. Evenif equihibriuni is attainable for this mechanism, the refevant
van 't Hofl plot can be made only if the fraction of the total observed benzene
parent 1on current carresponding to the excited species C.H ' s known, Since
this fraction ts not Known, no conclusions can be drawn concerning the existence
or non-gvisteace of equibbriun: for the bimeiccular reaction sequence.

The steps in the fourth order imechanismare given by (2), (3) and (3). The
tandem caperiments indicate o further reaction or decemposition of the dimer
cation at pressures up to 60 mrorr, Theoreticatly then, equilibrium is achevabie
but the existence of equilibriom under our eaperimental conditions ¢can only be
tested by measuring Ky as o function of the source pa -ameters. These experiments
must be done under conditions such that the quaternary process is the Jominant
pracess and the data obtamed in the tandem experiments sugpest that this should
be the case @ temperatures below 380 K and pressures in excess of 20 millitorr,

The reselts of such a study are represented by the van 't HofT plots shown
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in Fig. 7, for scveral ton-souree pressures and repeller field strengths in the high
pressure Bendix instrument. The issumption is made there that the cancentration
of excited 1ons, C M, 7%, is small relative to that of the ground state benzene tons.
The plots are lincar up 1o temperiture of ci. 370 K then are concave downwards,
The average slope over the pressure range 100-200 mtorr and the temperatu,
range 300-370 K at the Towest repeller ficld strenyths yields an enthalpy difference
4dH of =8 + 2kcal mol™ ", Thus 1y 10 reasonably good agrecment with the value
of Wexler and Pobo [11] and about a factor of two lower than the value obtained
by Ficld et al. [9). The change in slope at 370 K coincides with the temperature at
which the fourth order dimer was observed in the tandem experiments 1o beconie
unstadle, and at wiich the bnnolecular process dominates. The plots in the higher
temperature regron are fincar over the range from 390 K 1o <70 K. the latter being
the muximum emperiiure mvestigatad. Under our eapernnental conditions, no
meamngful enthadpy difference can be determuined from this high temperature
repion.

Formation of the fourth order dimer depends erineally on the gas tempera-
ture and the jon cnergy, 11 the pressure i too low or the Kineue encrgy of the ben-
Zene ion s oo high the Efctume of the associative product is oo short o allow o
stabilization collision. Under these conditions cautlibrinm cannot b2 achieved,
as evidenced by the plots in g 7 under conditions of fow pressure and high
repeiler field strengths, Under conditions of the fowest field strenaths and
highest pressure, the benzenc 1ons spend about 10 gis i the ion source. Increasing
the pressure from 13010 200 mitorr produces essentially no change in the measured
vaiue for Kp over the low temperature region. The achievement of equibibrium is
difficult to establish with certainty. However, the behaviar of the observed A,
clearly indicates tha the system is approaching equiibrivm, and the measured
enthalpy change is therefore a reasonable approvimation of the cquilibrium value.

Jon structure SC MY ;0 The results deseribed previousty indicate the partic-
ipattion of two states of the benzene parent ion. 1t is found thint the ground elee-
tronic state ion having an ionization potential of 9.24 ¢V, and possibly other ¢x-
cited electronic states having a eyehe structure, ceaet viae a fourth order necha-
nism to form the dimer cation. The enthalpy change for this process (sssuming
that the charge-transfer and collisional stabilization steps huse zero activation
encrgics) is 10 the range — (6 — 10) keal mol ™',

In additicn, cur data demonstrate the existence of another C H, " species
with an appeiarance potentind of 128 5 0.5 eV, The isotopic experiments suggest
that this state is wonon-cyche isomer of the ground-state 1on. I this s indeed the
case, then the encray in exeess of the ionization potential of benzene whichiis re-
quired to produce this species, that e 35 4 0.5 2V, should correspond to the
activation eneryy for mmg-openingt, Taking A1, (CoHL ") = 233 heal mol 7' [32]

for the cyclic form of the benzene parent ion therefore yields an upper linut of
34 310 heal mol ' tor the hinear form of the C,H,* reactant. From studies of
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linear C¢Hg isomers, Momigny et al. [29] have determined 41 (C,Hq*) = 307
keal mol ™" for ionization of the structures CH--CCH-CHCH-CH, and C,H,C-
CC-CH. Thus, while we are unable to identify preciscly the isomeric C,H,* 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 encrgy for the ring opening may allow
the isomerization to compete effectively with the loss of H and H, from the C H,*
ion. If the isomerization were the dominant process, then the loss of a hydrogen
atom would take place via the linecar CoH,* isomer and the observed appearance
potential of C;Hs* would be higher than predicted on the basis of benzyl ion
formation [33).

The structural difference between the two benzene molecular ions may ex-
plain the failure to detect certain product ions at higher pressures. For example,
no C,,D,,* or C,,D,,”* products were observed at a temperature of ca. 400 K
when bombarding benzene-d, with C Hg* 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 C,DgHy*, C,,D Hs* and
C,,DeH,*, one would expect formation of C,,D,,*, C,,D,,* and C,,D,,*
ions to occur following charge-transfer. The absence of such ions implies that the
charge-transfer reaction,

CeHg**(isomer) + C¢Dy — C,Dg* *(isomer)+ CoHg (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
Franck-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.

lon structure (Cgle™),. As alrcady noted, two dimeric species are indicated
from the present study. The first, formed by a fourth order reaction mechanism,
has a binding cnergy in the range 6-10 keal mol ™', leading to the C¢Hg* ground
state ion on decomposition. The second is formed bimolecularly, having some
unknown binding energy, (but almest certainly > 10 keal mol™! because of its
temperature stability and bimolecular formation requiring no collisional stabiliza-
tion), and this yiclds the isomerized C,H,** ion on decomposition. The isotopic
studies and the conclusions concerning the C,Hg ¥ * ion suggest that the structure
of the bimolecular dimer is non-symmetric, probably huving the form of a l-sub-
stituted benzene.

It may be noted that both experimental studies and theoretical calculations
dealing with the structure of benzene excimers, (C,H,),, have been reported. The
calculations of Jortner and co-workers [1]and of Chesnut et al. [34] as well as
the experimental work of Birks and Conte [35], all of which treat the dimer
as two benzene molecules in u sandwich confliguration, are consistent with
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shallow well depths (0.3-0.5 c¢V) and interplanar separations greater than 3 A.

Badger and Brocklchurst [36] have discusscd the form of dimer cations and
from electron spin resonance experiments [37] have concluded that the benzene
dimer cation has a symmetric sandwich structure. Studies by Hamlet [38]) and -
Ficld et al. [9] have similarly concluded a sandwich structure for this dimer specics.
More recently, Chesnut {39] has performed Hiickel 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 ¢V, and large (ca. 3 A)interplanar separations.
This theorctical well depth is in good agreement with the experimental binding
encrgy 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 dimer cation make
it reasonable to predict the ionization potential of the B, excimer. Since it has been
shown that the ground state B* ion reacts to form this structure, the total energy
corresponding to the dimer ion in a relaxed state is ca. (9.2-0.3) ¢V. The corre-
sponding encrgy for the excimer has been calculated by Chesnut [34] as ca. (4.1+
0.2) eV at the cquilibrium interplanar separation. Thus, a value of ca. 4.6 ¢V 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.
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Measurement of thermal electron dissocia'tiv'e attachment
rate constants for halogen gases using a flowing afterglow
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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 treating the data were tested by measuring the thermal attachment rate
constant for clectrons in sulfur hexafluoride. The average value obtained for this rate constant is
4.2+ L1X10"* cm® molecule'sec™! when a microwave discharge was used as the electron source and
3.6£1.8x10°* cm’ molecule™'sec™! when a filament was used as the electron source. The average electron
temperature was cstimated 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 jon OF 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 107" cm’ molecule~'sec™! for an estimated ion temperature of 300-325°K.
The average rate constants obtained for the dissociative attachment of electrons in fluorine are
46121077 cm’ molecule~*sec™! for an clectron temperature of approximately 600°K and
3.1£1.2%107° em® molecule” 'sec™! 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
1.0£0.9%X 107" em’ molecule~'sec™!, respectively, for an electron temperature of approximately 350°K.
The rate constant for the three-body attachment reaction Br~ 4 Bry+Ar to form Br; was also measured

and found to be 1.9:0.5%10-?* cm® molecule=2sec™.

INTRODUCTION

The reaction rates for the atlachment of thermal elec-
trons to various molecules continue to be of consider-
able research interest. Applications of these data are
important in the fields of acronomy, laser physics, and
spacecralt communication. =3

A survey of published literature data reveals that
little information exists concerning thermal electron at-
tachment in the halogen gases, Table I summarizes
published thermal electron attachment rate constants
for fluorine, chlorine, and bromine. The rate con-
stant for fluorine, listed in Table I, was published ina
preliminary report of this work.! Prior te that publica-
tion, no rate constant for the dissociative attachment of
low energy electrons in fluorine had been published.
This article reports the final results of the measure-
ment of that rate constant, A recent publication by
Christodoulides ef al,® reports a rate constant for the
attachment of thermal electrons in chlorine, Truby®

has measured the dissociative attachment rate constant
for thermal electrons in bromine using a static after-
glow technique. The results summarized in Table I not
only illustrate the need for further halogen thermal elec-
tron attachment studies, but also suggest the desirabil-
ity of a different approach for such measurements,
Prior to the present work, none of the reported studies
of these reactions involved measurements. in which the
product ions formed in the dissociative attachment re-
action were monitored, Therefore, elcctron loss mech-
anisms other than the dissociative attachment reaction
are also possible and may have caused the measured
rate constant to be in error. The present work avoids
this limitation by monitoring the product ions in order
to determine the dissociative attachment rate con-
stants,

In view of the absence of rate data for the attachment
of thermal electrons to fluorine and the need to cor-
roborate existing data for bromine and chlorine, an ap-

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

Electron

temperature K) Reference

mine.

Molecute  k{em? molecule™! see™)  Technique

Fy 7.5%x107 Flowing ofterglow  ~500

cl 3.1x10"1 Electron cyclotron 293
resonance

Bry 0,82x10"1 Statlc aftorglow 206

4
s
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paratus was designed and constructed to obtain this in-
formation, A Nowing afterglow lechnique was selected
for these experiments afler a review of the methods
which have been used to measure thermal electron at-
tachment rate constants, The flowing afterglow method
was sclected primarily due to the ease with which ther-
mal electrons are produced in the afterglow, In addi-
tion, this technique has previously been used to mea-
sure a thermal clectron attachment rate constant,’?
Another reason for the selection of the flowing afterglow
technique is its general applicability to the study of
other kinetic processes such as ion-molecule® and
metastable atom-necutral molecule reactions.®

Another objective of the present work was the develop-
ment of a flowing afterglow apparatus considerably
smaller than those generally used in previous studies
of electron—molecule and ion-molecule reactions, '°
The smaller size decreases the cost and space require-
ments of such an apparatus,

The present experiments involved three stages: the
design and construction of the flowing afterglow appara-
tus, the use of this apparatus to measure known reac-
tion rate constants in order to assess the operation of
the apparatus, and the use of the apparatus to measure
thermal eleciron attachment rate constants for the halo-
gens fluorine, chlorine, and bromine. The reactions
studied in order to test the flowing afterglow apparatus
were the electron attachment process

¢°+SF»(SF;)* - SF; , (N
and the ion-molecule reaction
SFg+0;-SF;+0, . (2)

Both of thesc reactions were selected because their
thermal rate constants have been measured previously

using a flowing afterglow technique.™® In addition, the
thermal electron attachment rate constant for sulfur
hexafluoride has been measured using several other ex-
perimental techniques, ™" Once the initial tests of the
experimental technique were completed, the thermal
electron attachment rate constants for

e +Fr2(F3)* ~F 4+ F , 3
e"+CL=(CI3)*~Cl"+Cl?, (4)
e +Br,=(Br;)* - Br +Br, (5)

were determined, In addition, the rate constant for
Br™+Br,+Ar - DBrj+Ar (6)

was determined in the course of the present research,

EXPERIMENTAL

A schematic diagram of the flowing afterglow appara-
tus in the microwave discharge source configuration is
shown in Fig, 1. Electrons are procluccd by a 2450
MHz microwave discharge (approximately 2 W total
power) in argon buffer gas in a quartz discharge tube,
The microwave power supply is coupled to the buffer
gas by an Evenson cavity and monitored by a microwave
power meter (not shown), Electrons produced in the
active discharge are rapidly thermalized in the high
pressure environment (1-3 torr buffer gas pressure)
and flow past the reactant gas injection port, where a
gas such as fluorine may be introduced into the after-
glow. Negative ions formed in the reaction tube, 19.6
cm in length and 2. 57 cm inside diameter, are sampled
through an orifice, 0.23 mm in diameter and 0.076 mm
in length, located on the tip of a stainless steel cone at
the end of the reaction tube, The cone is maintained at
+4 to + 11 V with respect to ground in order to extract

l REACTANT GAS

SOURCE
ELECTRON REACTANT
MULTIPLIER
1ONIZER GTQS "}0‘” R
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v ]
= ¢ 5 lulﬂm ] onG Lt
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FIC. 1. Flowing afterglow apparatus in the microwave dlscharge source configuration,
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negative fons from the flowing afterglow. The fons ex-
tracted are focused by a cylindrieal electrostatic lens
system into the lens clements of an ionizer, These cle-
ments then focus the ions into an Extranuclear voltage-
scanned quadrupole mass spectrometer, The ions are
then mass resolved and detected by an electron multi-
plier. A preamp-electrometer combination (not shown)
amplifies the resulting signal and provides analog out-
puts for computer and oscilloscope inputs, The flow
tube is pumped by a 1000 liter min® rotary pump, A
charcoal trap in the pump line converts fluorine to car-
bon tetrafluoride' in order to prevent mechanical pump
degradation when fluorine is used as the reactant gas.
A molecular sieve trap in the pump line prevents the
back diffusion of hydrocarbons from the mechanical
pump,

The flowing afterglow apparatus was also used in a
filament source configuration, The basic difference be-
tween this coniiguration and that shown in Fig, 1 is the
removal of the microwave discharge source and the sub-
stitution of a filament clectron source. The filament is
a thoriated-iridium ribbon which is spot welded to her-
metic feedthroughs mounted in the flow tube walls, The
anode is al ground potential and mounted approximately
1,3 mm from the filament, Also, at this point in time
a sintered glass disc was installed upstream of the
source in order to smooth the buffer gas {low in the re-
action tube, In addition, an automatic flow control sys-
tem was installed so that the reactant gas flow rate
could be controlled by a computer.

The buffer gas generally used in these experiments
was argon, trapped with a dry ice-acetone slush, the
flow rate typically being 10-25 atm em®sec™, A Hast-
ings—-Raydist linear mass flowmeter was used lo mea-
sure the buffer gas flow rate for experiments presented
in this article. This buffer gas flowmeter can be used
to measure flow rates up to 155 atm cm® sec™ with an
accuracy of approximately + 0, 1% of full scale., The
flowmeter provides & 5 V output signal at full scale for
use with a readout device, The buffer gas linear mass
flowmeter was calibrated for argon, The buller gas
flow rate is maintained constant by regulating the back-
ing pressure behind a fixed leak, The stability of the
buffer gas flow was found to be within 10, 1% of full
scale per hour,

The reactant gas flow rate was monitored by a second
Hastings-Raydist linear mass flowmeter for which full
scale deflection corresponds to 8, 64 atm cm? sec™ of
argon, A monel transducer was used with this flow-
meter in order to permit the monitoring of corrosive
gascs, The flowmeter was calibrated for argon since
most of the reactant gas mixtures used in the present
rescarch conststed of at lcast 99, 8% argon; thus, the
thermal conductivity of the mixture is essentially that
of argon., Conversion factors supplicd by the manu-
facturer allow the calculation of gas flow rates lor
gascs or mixtures of gases other than argon,

The number density of the reactant gas in the flow
tube can be calculated from the measured reactant and
buffer gas {low rates and the measured buffer gas prese
sure (measured at the conter of the reaction tube with
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4 MKS Baratron capacitince manometer). As a check
of this method of determining the reactant gas number
densitly, the change in pressure in the reaction tube
may be monitored as the reactant gas flow is varicd;
the number densily of the reactant gas can then be cal-
culated independently of the lincar mass flowmeter sig-
nal. The agreement between the two techniques de-
scribed above has been found to be within at least 9%
over the full range of reactant gas flow, This indicates
that the use of the lincar mass flowmeter technique to
determine the reactant gas number density is valid,
The measurement of the partial pressure of the injected
reactant gas during an actual experiment is not f[easible,
since this cerresponds to only about 14 mtorr for full
scale reactant gas flow; therefore, a small drift in the
reaction tube pressure during an experiment would in-
troduce considerable error. Such drift probably ac-
counts for the difference observed in the two number
density measurement techniques compared above, es-
pecially since the deviations observed correspond to a
pressure of about 1 mtorr on a buffer gas pressure
background of 3000 mtorr.

The dala acquisilion system ultimately developed dur-
ing the course of this rescarch is shown in Fig. 2, The
system is designed around a Hewlett-Packard 24K, 16-
bit minicomputer and its peripheral devices, Analog
signals proportional to experimental parameters such
as reactant and buffer gas flows, buffer gas pressure,
jon signal, and ion mass are converted to digital sig-
nals by a 14-bit analog-to-~digital converter, A relay
register is used to advance the mass programmer-peak
switching hardware. A 12-bit digital-to-analog con-
verter provides the remote programmed input signal
necessary to control the automatic flow system hard-
ware. A calhode ray terminal is used to give the op-
erator input/output capability, A storage oscilloscope
allows the operator to display the ion signal as a func-
tion of the reactant gas flow at the end of each experi-
ment. The raw data for each experiment is stored on a
magnetic disc system to be reduced to 2 rate constant
at a later time,

DATA ANALYSIS

Mathematical models for the analysis of experimental
data, obtained using a flowing afterglow system, have
been developed by several authors.®!%!” The discus-
ston presented below briefly outlines the development of
the models used to calculale rate constants from the
kinetic data obtained in the present research.

Simple model

" The simplest analysis of reaction kinetics for a flow-
ing afterglow systemn assumes that the buffer gas axial
velocity 1 18 independent of radial or axial position in
the reaction tube, In this simple model, it is also as-
sumed that the neutral reaclant gas is injected uniforme-
ly througthoul the flow tube cross scction at £20, where
the £ nxis is the cylindrical axis of the reaction tube,

In addttion, the diffusion of reactanta and products in
the reaction tube is nol considered. For nct reactions
of the type
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ial velocity profile . . : 2
Radia vi buffer pas Mow rates, was used to mdicate the validily } e
I the planar velocity profile assumption made above of the parabolic velocity profile agsumption. lons, ox- | ! i;
is true, then the time regquired by any €pecies Lo transit tracted from the afterslow, were monilored as a fune- ' é
the reaction tube is given by tion of time aiter the apphication of a4 positive potential -t
R L | :
. . to a platinum probe tieerted Lelween the microwave :
tomatl/F - Ly 9) . . :

! ‘ e ( discharge and the reactant zas injection port for the !
where o is the reaction tube radus, 1 oos the redaction microwave discharee soaree conliauration, or after the :
tube Yensihy amd Foas the i fer von volwee How rate, application of a pasitive potential to tee tlament for the : i ?
Duc to frictional forees ab Ui walls ) this eachiad veloeaty Nlamert sonrce conhipuration,  The time reqaired fop P

profile for the viscous fiow ol as ina evhindreeal tubse charped =pecies al -0 to travel down the tiow tube




1970 Sides, Tiernan, and Hanrahan: Dissociotive attactinent rate constants
. 1 A T M T mathematical model for the Nowmg aflerglow apparatus
21.F \ 1 in the microwave discharpge confipuwration could 1o long-
1 O FILAMENT SOURCE cr he pursued, since the radal profile for the bhulfer
5 & MICROWAVE SOURCE kas velocity could nol he defevmined, Therclore, the
el s ~—— PLANAR MODEL J cqﬁ‘u.mc‘)'n u‘sc(l toqrﬁcdm,c. dala obtained with the micro-
Wave QISCHLr{ie SoUrce was
. —— PARABOLIC MODEL e
N (%)= (o1 = expl = HXsJ1 ) (2
15.F N 4 where £/ is the measured fon reaction tube transit time,
\\ ' In crder to uvoid the flow problem described above,
~ previous rescarchers have found it necessary to make
h their flow tubes long cnough to allow u parabolic velocity
2.+ RN 1 profile 1o develop' or to smooth the baffor gas flow with
" e~ a sinterer! ploss dise placed in the flow channel up-

=

REACTION TUBE TRANSIT TIME (msec)

60' 5 é Toda-m )
o
2 LI
30~ ae 2 ‘I
' - — e e L ———- Lo ]
1.00 200 300

BUFFER GAS PRESSURE (1orr)

FIG. 3. Measured foa teamsit thines as wfunctien ol Ln{fer , as

pressure,

from the point of dizturbance to the ion sampling orilice
was determinad by noting the tineo wt which the ion sir-
nal deereased sharpiy due to the depletion of charged
species by the positive poatential applied to the probe or
fillunent,  Figure 3 shows the results of o series of ion
rans~it time micasutrements versus buffer pas pressure
for the flow afteretow in the filument and microwave
discharge souree confipurations. The expectea jon
transit times for the two radial velocity preiiles dis-

cussod above are represented by a dached hne for the
planav prefile and o solid e for the parabahic profile,
These eapectad jon Lranait times were calculated using
Eq. (9) for the planar profile and

L= L7y -0)-ina?l F (11)

for the parabolic profile, The weasurced 1on transit
timies are nmch smaller than those expected fur even a
parabolic radial velocity profile with the flowing alter-
glow apparatus in the microwave disciurge sourve con-
figaration,  This may be W tributed o the goonvetry of
the present flow tube when in the nncrowave disclarre
source confizutation,  The micrewave discharye pro-
duces 1onsand electronsin the buffer pas ina quartz
tube with an ineor diameter of less than 1,12 v, The
buffer gas s pumped through s tibe into tee How tube,
Due to ths
arrvacgement the huffer cas Lends Lo streass through the

which bas an ey diamater of 2,57 ¢m

center ot the flev tube at a velocity higher than pre-
dicted by a parabolic volocily protrle, o adiiton, the

velocily of the bufler pas cutside Uns contral filarieat
will Lo dess than predicted from e parabohie ratial ve-

Iocity profide model, At this point die developnient of a

stream of the reaction region.® The Luler soludon was
cmploycd in the present rescarch,  This necessitated
the location of the electron source downstream from the
sinteved elass dise. Thus, at this point the apparitus
was converied Lo the filement eleclran source previcus-
Iy deseribed,  As shown in iy, 3, 1on transit thnes
calculated, ws=unming a parabeiic velocity prodle, trom
mensured buffer pas volume flow rates arc in geod
agrecment with mcasured lon trarsit times tor the flow-
ing alterglow appisitus in the filament source confivura-
tion., This mdicaters that the sirtered g'nss dise in-
stalled in the flow tube 18 clfecive by s
for gas flow (that is, in establishing a pavalolic voiocatr
profite in the flow tube).

coc e the bat-

<

Radial diffusion

In order to include the radial diffusion of the product
ions in the mathesatical model bewns developed, the
transport equiion' for these iens, produced by Gis-
sociative electron altuchment in the flowmmg afltorglow
reaction tube, must e solved,

2001 = ¥ a?)y X7} vz = (DU ) Rra X " 0s), Ara Mot XL,
(13)

where the left side represents the timc rate of chanee

ot the negative 1on concentration, the first term on the

rieht represents Lhe nocative ion concentration chaiyg

duc to radial diffusion, and the sceand term e neg
Live ion production rate from the altachment reaction,
D_ is the negative ion diftusion cocflicient, However,
Lefore a solution for this equation can be tound, a sinn-
lar transport cquation for the clectron densaty must be
solved:
2001 = 12 aMValeT) B2 = (D, 7Y arale ] 2r) o = ket § X,
(14)
witere the left side vepresents the unee rate of change
of the electron aenssity, the first torm v the richt rep-
resents the electron cenceniratin chasee due to radial
diffusion, and the second term represeats the electron
loss rate due to the clectron attachment reaction, ),
18 the electron diftusion coefiicient,  Fguation (14 las
Leen solvesdl by Cher and Hollingsworth,® and its solulion
is piven by

[7]- Coxp (= DY o 1{X, e 20
ep{e S 20T e = 3 ot et (15)

where
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2 =03 Ghad(Xol/D, - k2 X,)2 /DY, (16)
A=1+ka¥{x,)'D2, (17)

where A%= 17,3428, €, 0,2372, € - 0.00150, F,(\ ~ A/
B,1; 8% /a%) is a conlluent hypergcometric {unction,
and C is a constant, Now that a solutinon has been ob-
tained for the electron density in the flow tube, this so-
lution must be substituted into Eq, (13) and an cxpres-
slon for [X "] found, Jt is obvious at this point that ob-
tatning an exact analytical expression for the neyative
ion number density is impossible due o the intractabil-
ity of Eq. (13) upon subsiilution of the expression de-
rived for the clectron numi%er density, Thercfore, the
assumption is made that since the present experiments
measure only the axial variation of the products, only
the solution of kg, (14) at r= 0as necessary, The anal
variiation of the clectrun density may now be

[e) = {7l fenpl= 0. 6194(X, )2 1.0} (1)

where [r']‘, is the ¢lectron density ot »=0ana # - L (it
the ion samipling orifice) for [.\';,J: 0, The third term in
Eq. (16) has been dropped sinee it 1s not significanl in
the present experuments.  Eauation (18) appiies oaly to
the electron density it -0, thuat 1s, on the {low tuie
axis, Thercfore, the substitution ol i.q. (18) o kq,
(13) and the subscequent colution of B, (13) to vield an
expression {X =/ (r, &) 15 mearingless, Thercfore, 1l
is further assumed that

(x)=le] =1, | (19)

i, e,, that the difference between the electron number
densify al =0 and 2 - L with [0,]- 0 (that is, {7))) ond
the clectron number density at »= 0 and ¢ = L wilh {3,
#0 (that is, [¢°]) is due to the formatisn of regaiive ions
which undergo neglipgible radial dilfusion in their transit
through the reaction tube. Substitution of E¢, (19) am
z=L into Eq. (18) then yields

[X)=[e)o{1 = expl=0.6194x. ] L/ ), (20)
which is applicable to the flowing afterglow apparatus
in the filament souvce conficuration, The validitly of
this equation was tested by measuring known reaction
rates,

The mathematicil madels derived above do not take
inlo account pressure gradients in the (low tube or the
axial diffusion of charged species.  These factors would
result in only small corvections to Fq. (20). Other
factors which may be significant in the analysis of oxn-
perimental data include corrections for nonuniform re-
actant ¢as injection and variation of the ¢lectron diffu-
sion cocflicient tassumed Lo be constant above) with the
reactant gas number densily, "

Data reduction

In the present experiments Egs, (12) wnd (20) were
used to reduce experimental data, obtained with the mi-
crowave discharge cnd liliunent source conhyiurations,
respectively, 1o dissociative attachment rate constuants,
The dula were fit to these equidions using the Ltechnigure
discusscd in the first section of  paper by Curl, ™ in
whicl the nonlinear parimictors (4 this case) are hin-
carized by using o Tavler sceries approsimation,  With
this procciure, initial puesses must be ade for un-
kuown parwacters; throusch succrssive ilerations, the
values of these paramelers converce o the true values,
However, if the initial quesses for these paramceters
arc rol reasonable, (ke successive iterations may di-
verpe ad o solutien acill be found,  Inorder to over -
come this Jimitation and to curve fit data to more couin-
plex cquations, where the Taylor serics approxination
requires the imibial juesses to be quite near the truc
values (for example, inthe casce of several nonlincar
paramcters), the technique of Becsoy of ol ' was uged,
This technigue uses a grid scarch methot! to locate the
vilues of the unbheown parameters «haeh vield iz mini-
mum sum of the squares of the deviation,

RESULTS

As previously moenlioned, experiments using the flow-
ing aftergiow apparatns with both iomicrowave dis-
chirge electron source and a fudunent electron source
have been completed,  Thus, the experimenti] resulty
will be presented under these two headmss, The rade
constanls measured in the present research are sum-
marized e Table 11,

TARLII LI, Rate constants determined in the present experiments,
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Microwave discharge electron source

Several authors hive shown that clectrons are rapidiy
thermahized in o Nlowing aiterpglow chvironment, %Y Iy
the present research the only experimental procedure
used to actually cstimate the ¢lectron temperalure in
the flowing afterplow, downstremm of the clectron
source, was bascd on the measurement of the ratio of
SF; to SFg ion currents when sulfur hexafluoride was in-
jected at the neutral reactant port, This ratio has been
shown hy other investicators to he strongly denendent
on cleetron energy, 202" The SFy/s5F; riutio (~ 0, 2)
measured here indicates an average clectron tempera-
ture of approximulely 600K whern the ratin is comparaed
to the dati of Felsenteld,” who determined this ratio s
a furction of clectron temperature in o flowing ait>rglow
apparatus,

In order to determine whether attachment rate con-
stints measured with the flowin: aWitoredow systom in
the microwave dischaved clectron seurce conficuration
were rahable, the tetal attachnient rate constant for
electrons in sulfur hesiflucride was measured, The
rate constant for this attachment reaction is so larse
that pure sulfur hexafluoride cannet beanjected into the
afterglow without cuenching it tanoas, nmmedieely a-
taching ail free electrons, ‘Thns, nristures of sutlur
hexafluoride with argon, which were in ihe concontra-
fien ronge 0.1 10 0. 001 culiuy
in these experimonts,  These mikiures were nhwie using
a MKs Raratron cipacitance mancmieler to measure the
partial pressure of sulfur hexaflueride ard the total
ressure of the gas mixture, it the experiments utifiz-
ing the microwave discharge source, the total product
fon signal (Lhe sum of SEZ wnd §F]) was mcnitored us a
function of the sulfur hexafluoric:- flow vate into the
afterplow, The averame valae obuained for the towal at-
tachnient rate constant is 4,21 1,1 2107 em® molecule™
sec”! for an electron temyperalure ¢f about 600 X,

were used

In order to make accurate kinelic measurements in a
flowing afterplow syvatem, downstream sources of elee-
trons must be semoved o ensure that all clectrons in
the flow tube have the same tinge to reset with the in-
jected gas; that is, no clectrons should be produced
downslream of the reactant s injection port. Cne pos-
sible source of electrens in the reaction tuhe is Penning
jonization, Fhis is not a problent 1 the suliur hexa-
fluoride reaction studices, since the ciergies of the arpon
metastable wtoms (11, 54 and 11, 72 eV %) are less than
the joniz.ation potential of sulfur hesafluoride (16,15
oV ), Anothor possible mechanism for the production
of ¢lectrons by metastable aloms has heen suvrested by

Biondi. 2 I'he reaction
Ar"4Ar" = AriArts e’ (21)
is energetically possible, since DAY 2EAET, 3e-

caune of the possiility of tns metastable=nie-tastalshe
reaction, oxperments were conducted v which nirosen
was njectat into the altevplow, upJdreum of the reace -
ticn tube, The wiiced nilrogen rensove s mctastibile
AMoms by ihe reactione

(22)

I

ArCT) NN ) = N A(YS)
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followed by radiative emission of the excited nitrogen
product (C*1, = 5°0,). The rate constant for this
quenching reaction has been measured @ (0. 3> 10710

cmd molecule™ see™) and found to be Jarvpe enough that
the injection of even a few mtorr of nitroyen into the
afterglow should deplete the metastable atom concen-
trudion by several orders of magnitude before the re-
actant gas is injected, The results listed in Table 1 for
sulfur hexafinoride include experinients in which mtro-
gen was injected as o melastable atom quenchant, Con-
sidering Lthe scatter 1o the data, there s no sigmficant
differcnce between the average electros attachment rate
constant for experiments using the quenchant (k=4,86

: 13> 107 cd® molecule™ see”) and that for experi-
meats not using a ouwenchant (A= 3,92 0,9 107 an’inole-
cule™'sec™). Thus, it does not appoar that the meta-
stable=mectastable 1eaction is an unportant source of
clectrans i the present researcin

v

As previous!y stated, electrons undero a dissocin
tive attachient icaction n fluorine to Torm a nesudive
1on and an o [see Py, 8)), A 0,065 fiuorine in ar-
s anjovted into the witerelow moorder
to drlermine the dissociative clectiror attachment ratce
cong This @as misture, nomindly
0.1, was purchased irom Miatheson Gas Produ

gon £as miNtare wi

ant for Tluorine,
and
e
average vilue obtained for the bimolecular rate con-
stant for the dissociztive wttachment of clectronrs in
fluorine s 4.6: 1. 2x107 cm®molecule” see™! Tor an
clectron temperalure of approxim:tely o 'K, Since
the fonizatinn potential of fluorine (16,6 ¢V 27 is sreat-
cr than the chcray ol Ve argon nictasiable atoms, Pen-

analveod using o triphonyl tin fluoride techningue,

ning aonization will 1ot be o possible downslyeam source
of ¢lectrons, Therclore, no mictastable atom quenchint
was injected into the aftergiow for the [luorine oxperi-
ments,

In the pracess of determining whether the present
flowing afterplow syatem could be used to oblain reli-
able kinctic data, the rate constant for the charpe trans-
fer reaction Letween 5175 and O was micasured,  This
charge transfer reaction is particularly suitable for
testing the flowire aterydow system, since the reaction
rate is su slow that pure sulfur bexatluorids may bhe in-
jected into the alverplow in order to stwly the reaction,
This eliminades possible crrors which arise in maxing
reactant /diluent mistures,  In addition, the rate con-
stant for tus reaction has been measured previeusly
usine a flowing afterclow technigue, ® In making these
mceLsurcements, helivim was used as the bulicer pas and
oxypren was jected ite the aflerelow bafin 1o rernove
helim mectastable atoms and Lo produce Q5 1ens, U=
der Whese conditbioes, the heltum sncetasiable atoms are |
removed by the Penning ionization reaction

He™4 0= He+ O3 07, (23)

The Oz 10ns are furmed by the threce-bady attachment
reaction
010,07 =03:0, ., (24)

Sultur hevativorizle was mjected into the altervlow down-
stream of the osyyen islel port andt the diecay oi the O3

ton signal was monttorad as a function of the sulfur
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hexafluoride flow rate as determined by a lincar mass
flowmeter. The average vatue obtained for the bimo-

lecular rate constant & for the SF/O; charge transfer
reaction is 3. 7+ 0.4%10°" em® molecule™ see™ for an

O; ion temperature of about 300-325°K (approximately
the temperature of the buffer gas in the flow tube).

Filament electron source

When sulfur hexafluoride was injected into the flow-
ing alterglow apparatus in the filament source configu-
ration, the $F; signal levels were so low that they could
not be extracted from the noise (~5 mV). Even for ex-
periments in which the system sensitivity was fairly
high (~5 V SF; signal), no SF; signal could be observed,
Therefore, it is assumed that the SF;/ST; ratio is less
than 1073 (the smallest detectuble ratio), This corre-
sponds to an average clectron energy of less than 350°K
when this ratio is compared to the data of Fehsenfeld,?
The lower clectron energy estimate for the filament
electron source configuration compared to the micro-
wave discharge clectron source configuration is not un-
reasonable, since a microwive discharge results in a
grealer heating of the buffer gos with which the clec-
trons are in equilibrium. ' In addition, the incidence
of superelastic collisions, which tend Lo increase the
average cleciron energy, between electrons and meta~
stable atoms is greater in a microwave discharge after-
glow due to the higher metastable atom densities, *

A scries of nineteen determinations of the rate con-
stant for the attachment of thermal electrons in sulfur
hexafluoride were made using the flowing afterglow sys-
tem in the filament source configuration, The average
value obiained for the rate constant % is 3,6+1,8x%10%
cm?®molecule™t sec™ for an cleciron temperature of
about 350°K, It has been shown that flowing afterglows
with a filament electron source have a lower metastable
atom density than those with a microwave discharge
source.?® Thercfore, no experiments were done in
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FIG. 56, Chloride ion signal as a function of chlorine Injection
rate for dissociative electron attachment {n chlorine (filament
source).

which a metastable alom quenchant was injected into the
afterglow, since the experiments with a microwave dis-
charge source configuration indicated that argon meta-
stable atoms were not a significant downstream source
of electrons,

The study of dissociative clectron attachment in fluo-
rine, using the filament source, yiclded a rate constant
kequal to 3.1+1,2x107° em?molecule™ see™!., A sam-
ple of the data oblained is shown in Fig. 4; the solid
line is the least squares curve fit,

The dissocintive attachment rate constant for elec-
trons in chlorine was also measured using the filament
clectron source. Both the C1” (/e = 35) and the CI”
(m/e =317) isotopes were monitored in these experi-
ments, The rale constants obtained for this reuction
are 3,71 1,8x10" em? molecule™ sec™ for the mass 35
isotope and 3.7z 1. 7x10°° cin® molecule™ sec™ for the
mass 37 isotope for an electron temperature of approxi-
mately 350°K. Figure 5 illustrates the results of a
typical chlorine experiment, The solid lines are the
curve fits, The chlorine/argon ratio in mixtures made
for these cxperiments was determined by measuring the
chlorine pressure and the total pressure of the mixture
during preparation with a capacitunce manometer,

The study of dissociative eleetron attachment in

_bromine

¢"+ Bry# (Bry)* - Br™+DBr (5)

is complicated by the occurrence of three other reac-
tions when bromine is injected into the afterglow

Ar"+Bry=-Bri+Ar+e”, (25)
Br 4 Bry+ Ar-Bry+Ar, (6)
Ar™4Bry=DBris+ Br's Ar, (20)

The injection of a metastable atom quenchant, such as
nitrogen, into the afterglow climinates the Penning fon-
fzatton and palr production processes (represented by
Eqs. (25) and (20), respeetively), ‘I'he data obtained in
the present experimenta then depend only on the two re-

trns r———
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FIG. 6. Bromide ion signal as a function of hromine injection
rate for Iry formation in bromine (filament source).

actions represented by Egs. (5) and (6). The study of
this system was then conducted under two different con-
ditions: the injection of a high concentration of bromine
so that only the reaction represented by Eq. (G) had to
be consideren i the reduction of data and the injection
of dilute brcmine so that only the dissociative electron
attachment reaction represented by Eq. (5) is impor-
tant. For the iiigh concentration experiments, pure
bromine was injected inlo the afterglow. For the low
concentration experiments, bromine/argon mixtures
were Injected, These mixtures were prepared using a
MKS Baratron capacitance manometer to measure the
bromine pressure and the total pressure of the mixture
during preparation, Figure 6 tllustrates the data ob-
tained when pure bromine was injected into the after-
glow, The solid line represents a least squares curve
fil of the Br” signal, The rate of bromine injection was
€0 rapid that only the reaction represented by Eq. (6)
was observed. The average rate constant obtained for
the formation of Brj, determined by moniloring the dis-
appearance of the Br” signal, is 1.9 0, 5x10"% cm®
molecule™ sec™ for a Br” ion temperature of about
300°K (approximately the buffer gas temperature), Brg
was not monitored since its mass exceeded the upper
mass limit of the mass spectrometer uscd in these ex-
periments, Figure 7 illustrates the data oblained in an
experiment for which the bromine injection rate was so
small that only the reaction represented by Eq. (5) oc-
curs, The average rate constant, oblained in the pres-
ent research, for the dissociative attachment of ther-
mal clectrons in bromine is 1,0+ 0,9x10°" cm? molc-
cule™ sec™ for an clectron temperatvre of about 350 °K,

The rate constants listed in Table I were measured
at various buffer gas pressures, No buffer gas pres-
sure dependence was obscerved for any of the bimolecu-
lIar rate constants determined in the present research,
This i8 expected in view of the limited pressure range
and relatively high pressures of the present experi-
ments,
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DISCUSSION

The first two reactions listed in Table Il were inves-
tigated in order to delermine whether rate constants

 measured in the present flowing aflerglow apparatus

are reliable. The rate constant (3.6+1,8% 107 em?®
molecule™ < ! for an clectron temperature of about
350°K) measured for the attachment of electrons to sul-
fur hexafluoride is approximately a factor of 5 to 8
smaller than the rate constant measured by Fehsenfeld?
(2.21%x10™ cm®molecule™! sec™ for an electron tem-
perature of 289°K) in a flowing afterglow apparatus and
by other researchers!!™ using various techniques
(2.14-3,1%10™ cm®molecule™ sec™ for an electron
temperature of 300°K). This agreement indicates thal
cleciron attachment rate constants measured in the
present research arc reasonable. The discrepancy be-
tween the present resull and other reported data may be
attributed to several factors not considered in the mod-
ei used in the present study to reduce cxperimental
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
gas injection, and product ion radia) diffusion.

As noted previously, prior to the presenl work, no
electron attachment rate data had been reported for
fluorine., The present results represent the first mea-
surement of the rate constant for dissociative attach-
ment of thermal lectrons in fluorine, The fact that
this reaction is rapid has significant implications for
the development of hybrid chemical lasers utilizing
fluorine. One important application of this data is in
the modeling of an clectron-beam initiated HF chemical
laser system, Rccent work has suggested that the pro-
duction of F atoms by the dissociative attachment of
thermal electrons to fluorine is the most important F
alom generation mechanism for such a laser device, ?°
The present results confirm the importance of this re-
action,

The rate constant measured in the present rescarch
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.

for the dissociutive attachment of near the-mal elec-
trous in chlorine is approximately a factor of 12 larger
thim the result reported by Christodoulides ef al,®
shown in Table 1. However, the values of the rate con-
stant measured for this reaction by those authors range
from 0, 27510 to 2.2x%10™ cm? molecule™ see™! for
thermal encrgy clectrons. In view of this scatter and
the spread in the rate constant measured in the present
research (3.711,8x10°° em®molecule™ sec™), the
agrecement between the two measurements is considered
to be reasonable,

The thermal clectron atltachment rate constant mea-
sured for bromine in the present research is a factor of
13 larger than that obtained by Truby® in a static after-
glow experiment (shown in Table 1). However, the stan-
dard deviation for the rate constant measured in the
present rescarch is large. In addition, the rate con-
stant for electron attachment in bromine has been shown
to increase with increasing electron temperature. *°
Thus, since the clectron temperature in the present
flowing afterglow (350 “K) is larger than the electron
temperature in Truby’s static afterglow (296 °K), the
measured rate constant is expected to be larger than
Truby’s result. The rate of the three-body formation
of Brj in which argon is the third body has not been re-
ported. The rate constant measured in the present re-
search {1,9£0.5%107% em®molecule™ see™) is larger
than that measured by Truby?®! for the corresponding re-
action in which bromine is the third body (2. 9%107% ¢m®
molecule™ sec™),

The relatively large rate constants determined for the
attachment reactions in fluorine and chlorine obviously
indicate that these molecules are cfficient scavengers
of thermal clectrons, Recenl studies of the energy de-
pendence of electron attachment in chlorine by other
workers® have demonstrated the existence of a broad
maximum in the attachment cross section at ~0, 25 ¢V,
Christodoulides ¢! al,® suggest that the low energy at-
tachment process involves formation of a vibrationally
excited temporary negative fon state, Cl;(zl‘,; , lying
about 1.1 eV below the ground state of the neutral mole-
cule. This state then leads to the dissociative products.
This picture is consistent with the potential energy
curves for Cl; calculated by Gilbert and Wahl®® which
show the C13(22}) curve crossing the Cl,('S}) curve in
the region of the well minimum of the neulral, Pre-
sumably a similar situation exists for the F, and the F,
potential curves, but little potential energy curve data
is available for either the F, or for the Br, system,
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Dissociative electron attachment in xenon difluoride

G. D. Sides and T. O. Tiernan
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(Reccived 2 July 1976)

The rate constant for the dissociative attachment of
thermal electrons {300-350 °K) to xenun diftuoride has
been measured using a flowing alterglow technique,
which was described in a previous publication.‘ The
data presented here have possible applications in the
development of discharge-sustained, rare gas-halide
lasers®™ and in the development of electron-beam
initiated HF laser systems, 56

Xenon difluoride is a white, crystalline solid at room
temperature and has a vapor pressure of 3.10 torr at
293.2 “K.7 The xenon difluoride used in the present
experiments was analyzed using mass spectrometric
techniques. No significant impurities were detected.

The results of the present rate constant measurement
are shown in Table 1. The average rate constant ob-
tained for the reaction

XeF,+e = F +products - (1)
is 2.4+1.1%10°° ¢m® molecule! sec™.

During the course of the present experiments, sam-
pling problems arose with the use of a stainless steel
“cone through which ions arc sampled from the after-
glow. 7The ion signals obtained from the fiow tube
were somewhat unstable and sensitive to the contamina-
tion of the stainless steel surface. The stainless steel
cone was then replaced with a molybdenum coune as
suggested by Ferguson ef al.® The data shown in
Table 1 include experiments performed using both sam-
pling cone materials. The improvement in the standard
deviation of the results with the molybdenum cone is
obvious.

After the replacement of the stainless steel cone
with the molybdenum cone, it was found that the maxi-
mum ion signal from the afterglow was obtained for
a buffer gas pressure of approximately 0.8 torr in-
stead of the previously observed maximum at approxi-
mately 2 torr. After the reinstallation of the stainless
steel cone, the maximum ion signal remained at ap-
proximately 0.8 torr. This phenomenon cannot be ex-
plaincd at present, However, it is felt that this change
in the fon signal maximum does not affect any measured

TABLE 1. Dissociative electron attachment rate constants
measured for xenon difluoride.

"attachment reaction by acting as a downstream source

Baffer gas

Number of Rate constant pressare
expertments tem® molecule”™ see™ torv) Comments
9 L.yl 207 0 stiinless steel
cone
12 2,010,6~ 10" 0.K molylxlenum cone

21 2,40 1.0 107

- P e

ol experiments

rate constants since the same rate constant, within
experimental error, was obtained at 0.8 torr and 2
torr for the reaction reported here. '

In several experiments, anargon metastable atom
quenchant, nitrogen, was injected into the afterglow
in order to determine whether metastable aloms might
be interfering with the measurcment of the electron

of clectrons.! There is no significant difference be-
tween rate constants measured with a quenchant and
those measured without a quenchant. Therefore, meta-
stable atoms did not interfere with the present rate
constant measurement.

The present data does not indicate whether the reac-
tion studicd is

XeFy+¢ - F +XeF (2)
or
XeF,+e =T +Xe+F, (3)

since the neutral products could rot be ohserved with
the experimental technique utilized. XeF is known to
be weakly bonded (~0.48 eV®): however, the exoergicity
(— 2.28 V%) of Reaction (2) is certainly sulficient

to break the XeF bond, provided that this encrgy goes
into internal modes of vibration.

The onily thermal energy attachment product observed
in the present experiments is F~ even though XcF™ and
XeF; have been observed by other workers.!'? This
fact may be explained in terms of the hypothetical po-
tential energy diagram shown in Fig. 1. Thermal
electrons attach near the minimum in the XeF, potential
curve, and the molecular negative ions are formed at
energies well above the XcF; dissociation limit. The
energetic XeF; formed then dissociates within one
vibration to XeF and F~. The potential curve represent-
ing an F-XeF~ bond apparently crosses the neutral

\ \\ ‘\
G \ \\ 4
‘z et s - - 3
"2 \ \ \\(" - XeF+F
& \\\ ) .
XeFy ™" \ - XeFF
g \ . /
\ tloLe
| XeF;*
g \\ ’ oo XeFoF
8 \\\ /
er“.‘.‘ ’ B
INTERNUCLEAR SEPARATION ;

F1G. 1. Hypothetleal potential encrgy dlagrams for Xek, and
Xeks.




molecule surface above the potential well minimum,
and thus the XeF™ cannol be formed by thermal energy
clectrons.  If the XeF;* surface crossed the XeF, sur-
face near the potential minimum, then one would ex-
pect to observe either XeF; or Xe¥™ as products.
Since this is not the case, the XeF;* curve apparently

crosses the XeF, curve above the potential energy min-
imum, )

Very little information exists concerning the negative
ton chemistry of the rare gas halides. The current
rate constant measurement is believed to be the first
electron attachment rate constant measured for this
class of molecules. In view of the current interest in
rare gas—halide lasers and fluorine-containing chem-
ical-lascer systems, there is obviously a need for fur-
ther research on these molecules.
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Theoretical and experimental studies of the N,O- and

N,O ground state potential energy surfaces. Implications for
the O~ +N,--N,0+ e and other processes*

Darrel G. Hopper and Arnold C. Wahl

Chemistry Division, Argonne Nativnal Laboratory, Argonne, Hlinois 60439

Richard L. C. Wu and Thomas O. Tiernan

Department of Chemistry, Wright State University. Dayton, Ohio 45431

(Reccived 14 July 1976)

The ground state potential encrgy surface of the nitrous oxide negative jon is characterized and related to
that of the ncutral molecule by a synergetic theoretical-eaperimental approach. Ab initio
multiconfiguration self-consistent-field/configuration interaction (MCSCF/CI) and other calculations for
N,O7(X?4°) yield the minimum cnergy geometry (RGy, RSor AGno) = (1.222:4:005 A, 1.375:4:0.10 A,
132.7£2%), the vibrational frequencics (vy,vy,v5) = (9124 100 cm ™!, 555+ 100 cm™!, 1666+ 100 cm™"), the
dipole moment ;u =2.42:£0.3 D, and other propertics. The N,O molecular jon in the X’4° 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 180 for the X '2*(1'4°) state of N,O as well as the

bending curve for the X°A’ state of N,O~ are_also reported. The dissociation energy
D(N,-O7)=0.43£0.1 eV and, thus, the adiabatic electron affinity E.A.(N,0)=0.224.0.1 ¢V and the
dissociation energy D(N-NO~)=5.1+0.1 eV are determined from beam~collision chamber experiments.
Corrections are made for both the dispersion in the ion beam and the translational motion of each target
gas. The combined theoretical and experimental results yield a vertical electron affinity V.E.A.(N,0) of
—2.23+0.2 ¢V and enable the construction of angular dependent Morse funciions to represent the neutral
and ionic surfaces. This construction leads to the determination of the minimum intersection locus as (V*,
R¥uxv R0 A%cx0) =(0.674:0.1 eV, 1.18+0.05 A, 1.28:£0.10 A, 154 2:3"). The predicted activation
energy of this critical point with respect to the asymptote O™, N,—0.21£0.1 eV—and the position of the
critical point with R*gy well outside of the N, (v =0) outer turning point imply that the reaction
0~ +N,;—~N,0+- ¢ will be strongly facititated by reagent vibrational excitation.

I. INTRODUCTION

The relationship of the potential energy surface for
the X2A' ground state of the nitrous oxide negative ion
N,O" {o the polential energy surface for the X'S+(1'4’)
ground state of the neutral molecule N,O has been of
some concern in recent years, *=** This relationship
is interesting partly because the possible ionospheric
associative detachment reaction

O CP)+ No(X'Z2) = NO(X'2*) 424 0,21 eV (1

is not observable in laboratory experiments conducted
at 300 °K, >%141 An upper bound to the thermal rate
coefficient has been placed at about 10-12-10°" ¢m? 5!
by various experimenters, #*%! There are conflicting
reports of reactivity!! or a lack of it"” above 0,3 eV
relative collision cnergy for N, (v=0), The low thermal
rate for this exothermic reaction and the cffects of
reagent translational or vibrational excitation are de-
termined by the characteristies of the aforementioned
potential energy surfaces. The N.O°(X24’) surface
connects adiabatically to the reagent asymptote for Re-
action (1) and passes in some regions above the

N,O(X '2*) surface. '* Characterization of these po-
tential enerpy surfaces and their intersection should
make it possible to predict the effects of increased
transtational or vibrational temperature on the rate of
Reaction (1), Vibrational excitation of nitrogen is
common in the fonosphere but has been little investi-
gated in laboratory experiments, Lastly, a knowledge

6474
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of the N,O™(X ?A’) potential energy surface and its re-
lationship to that for N.O(X 'Z*) can contribute to the
understanding of other interesting processes, including
the recombination reaction

0 P+ N (X '27) ¥ NO(X24') (2)
and the dissociative attachment reaction
NOX'E)+ e~ Ny(X'Z2)+0"(P)-0.21 eV . (3)

This paper presents both experimental and theoreti~
cal studies conducted to characterize the N,O0°(x34’)
potential energy surface and to relate it to that for
N,O(X'Z*). Bond dissociation energies and the adia-
batic electron affinity are derived from collision-in-
duced dissociation experiments with N,O", which are
the subject of Sec. 1I. Correlated ab initio and other
theorctical calculations which yield the N,O" (X 34’) and
N,O(X '*) bending potential curves and the N,O™(X %4’)
equilibrium geometry, force constants, vibrational fre-
quencics, and dipole moment are presented in Sec, III.
The necutral and negative ion polential encrgy surfaces
are related and the minimum energy intersection locus
determined by representing each by an angle-dependent
Morsc function as described in See, 1V. The potential
surface features which are delermined by these data
are summarized, and discussed in terms of their im-
plications for the above noted collision processes in
See. V. Conclusions are drawn in Sec, VI,
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. COLLISION-INDUCED DISSOCIATION
EXPERIMENTS WITH N, Q"

A. Apparatus and crass section determination

An in-line tandem mass spectrometer was utilized in
this study. The instrument has been deseribed pre-
viously, ' Rriefly, it is a beam-collision chamber
apparatus which provides mass analysis of the product
fons. The collection stage is fixed at 0° (LAB) scat-
tering angles. The projectile jon is formed in the elec-
tron-impact ion source of the first stage mass spec-
trometer which produces a mass and energy analyzed
beam which is impacted upon the target gas in the col-
lision chamber, The cnergy spread of the projectile
ion beam entering the collision cell is about 0.3 ¢V
(LAB) over the ion energy range 0.3 to about 180 eV
(LAB),'»? Pulse counting techniques are used to mea-
surc the product ion current, The product (secondary)
fon intensity I (%) is converted to an observed apparent
cross scction®

0os(E0) = CULE )/ PY/IL(E) , ()

where [,(I,,) is the primary ion intensity, E,, is the
nominal reactant ion energy in the laboratory frame, P,
is the target gas pressure, and C is a conversion fac-
tor.

In the present study the projectile ion, N,O°, was
formed by clectron impact on nitrous oxide gas at a
pressure of ~0.1 u. Under these conditions N,O is
most probably formed by Reaction (3) followed by Reac-
tions (5a) and (5b):

O (P)+ N,O(X 'S = NO(X3S7)+ NO(X ™) + 0, 12 eV, (5a)

NO*(X 32~ )+N20(x"z )~ NOMY 21 + N,O (Y 2A') 4 AE. A,
(5b)
It is estimated that the N,O" ion undergoes approxi-
mately 30 collisions within the source chamber and,
therefore, il is assumed that the exiting N,O" is pre-
dominately in the ground vibrational state, The tem-
perature of the collision chamber was maintained at
160 °C. The target gas pressure was 40 p; it was es-
tablished that single collision conditions prevail at
this pressure, The conversion factor C in Eq. (4) was
deterwined at £,,=0.3 eV usmg the previously re-
ported!? cross section of 63 A2 and the product ion in-
tensity observed in the prescent study for the charge
transfer reaction

O~(P)+ NO,(X24,) ~O(P) + NO3(X'4,) + 0,81 eV . (6)
B. Threshold behavior and corrections for the ion
energy distribution and Dojppler motion

The threshold behavior of the total cross section o for
collision-induced dissociation reactions

RS+ M~-R18S+M )]

is known from theoretical considerations' and cxperi-
mental studies'=% to be well approximated by the
functional form

om-(rrol) A(rf' Fo) /rnl ’ (8)

where E,,q 18 the relative translationl enerpy (c.m.,),

5475

A is a function of the internal energy in the reagent
molecule RS, Fg is the total enerpy (c, m,) less the
avcrage internal energy of the reactant molecules, and
Ey is the threshold value of £, The exponent » de-
pends upon the mechanism of Reaction (7), with the
range 1.9<n<2. 2 implying a direct process aad the
range 1,5<n< 1,8, an indirect process,

In the present beam-collision chamber experiments
the apparent cross section is related to the absolute
cross section via the equation

Og:;C(r‘a) - 4“0" dE‘ I.‘. d“’"f(E‘ I Ela)f("m)gahs(srel) ’ (9)

where E, is the nominal and E, is actual laboratory en-
ergy of ions moving along the axis directed through the
collision chamber, u, is the speed of the target mole-
cule M along this same axis, and E_,, is the relative
collision energy determined by E, and . The dis-
tribution function S(E,1£,,) for the RS ion energy about
the nominal value E,, is assumed to be a Gaussian func-
tion in the variable (E; - E,.) determined by the require-
ment {hat the full width at half-maxinmum be 0.3 eV, 518
It is further assumed in Eq. (9) that f(,) is the one-
dimensional Mixwellian distribution and that g, (E,,,)
has the form oSi3E.,,) given in Eq. (8). In the present
application E; has reduced to £, since the internal
energy distribution is well approximated by a delta func-
tion centered at the zero-point {i.e., average) level

for thermal molecular jons RS, Because of this
identity Ey may be ideatified as the dissociation energy
D(R-8). With this consideration and a change of vari-
able to transform E_; and E; to the laboratory encrgy
scale, Eq. (8) becomes?®?

oi{-:(Fl)=ALAn(Ei"Eo)"/E( . (10)

Optimum values of the parameters Ey and n are de-
termined for cach target gas by a grid search proce-
dure., For cach trial set of values for Egand », Ay, p
is found from the approximation 09232054 at the highest
ion energy included in the fit procedure. The optimum
sct of parameter values is the one which causes
a""(Em) to best fit 0 3(E,,) over the desired range.

For the present study the best fit was ascertained by
visual comparisons. Further details on this data reduc-
tion procedure and on the applicability of Fq. (8) when
RS in Eq. (7) is a negative molecular ion will be given
clsewhere, ¥

C. Results for D(N,-0"), OD(N-NO"}), and E.A.(N,0)

In the course of the present experiments a steady sig-
nal for m/e =44 negative ions (N;07) was detected in the
sccond stage mass spectrometer when the collision
chamber contained no target gas, This result implies
that the lifetime of N,O" is ™50 pusec, the transit time
through the apparatus, Such a lifetime implies stability
with respect to dissociation and is a precondition for
stability with respect to clectron detachment (i, c., for
a positive clectron affinity),

Quantitative determinations of the bond dissociation
cnergy D{N,~-0°) were made {rom studies of Reaction
(7), where R=N, and §=07, for M=He, Ne, Ar, Kr,
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FIG. 1, Observed apparent cross scctions o(E;,) for O
production from the collision~induced dissociation reactions
N;O" + M -=Na+ 07+ M, where M=1le, Ne, Ar, Ky, Xe, Na.
For plotting purposes Ky, has heen converted to the eenter-of-
mass coordinate system, and the cross scctions for He, N,
and Ar have been shifted upwards by 2, 4, and 6 A%, respee-
tively.
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Xe, N,. The observed apparent cross scetions ol L)
are shown in Fig, 1, All of the six reactions observed
exhibit thresholds and thus may be assumed to be endo-
ergic. The cress sections all show exponential in-
crease in the threshold region, followed by a linear rise
towards a maximum, and then a gradual decrease.

The true cnergy threshold for each reaction was ob-
tained from the observed apparent cross scctions by
means of the couvolution procedure outlined above,

The application of this procedure is illustrated in Fig,
2, where the calculated apparent cross sections o53¢(E, )
for the production of O” from the reaction of N,O° with
Ne are shown (solid lines) for various combinations of
Egand n, Comparisons with the data—o23(£, ) repre-
sented by solid circles—show that the computed curve
with Eg=0.4 eV (COM)=1.27 ¢V (LAB) and n=2,3 is
the best fit., The uncertainly in the values of E (COM)
and » is on the order of £0.1. These errors arc esti-
mated from the ranges of £, and » which yield a good
fit to the experimental data, Figure 3 compares the
calculated best fit curves o2l (£,,) [Eq. (9)] and the

corresponding absolute cross sections {3 (&) [Eq.

(10] to the experimental data ONE ) [Eq. (1)] for the
other five reactions studied. The values of £, and »
which correspond to these best fits are listed in Table 1,
The dashed lines in Figs, 2 and 3 are the (unconvoluted)
absolule cross sections o$%(£,) from Eq. (10). Com-
parison of these curves with the solid curves oS3e(E,,)
for each target gas and for given values of Eg and »n
shows the importance of taking the ion and ncutral

translational encrgy distribulions into consideration in

3

1 1 I 1 T T T I T
N0 +Ne —= 0"+No+Ne
12 o =AlE)-EQ"/E; -
Eq LAB/CM: 127/04  095/03 159/05
Ey SCALING: O ev 4ev 8ev
10 -

o
@

Q
o

REL CROSS SECTION

[
D

o2

14
NpO™ION ENERGY Ey (eV,LAB)

% 20 22

FIG. 2. Optimization of the parameters Ey and » for M=Ne. The cifect of the variation of » is shown for three values at Eq.
The curves for which £=0.3 or 0,5 ¢V (COM) are offset 1 or 8 ¢V (LA) on the encrpy seale for clarity of presentation. The
circles are the data points uﬁ;*,‘,(lz‘:o). Each solid line represcuts the caleulated apparent eross scction n““(l;‘,,,) which results from

are

the use of a given pair of parameter values, Shown for comparison {as dashed lines) are the absolute cross section functions
oS35 with which the calevlated apparent eross seetions ave computed,  ‘The near Gaussion distribution curve drawn for EpdcV
fllustrates the combined distribution function £y, u, 1 £y =fE 1 E) flu,) with which oS8z is convoluted to compute """l’-'«e)-

app

Note 1 22y in the {igure alternntively represents i, or £y and A’ in the figure is Ay Irom the text.® Note 2 All cross sce-

tions have heen normalized to the highest eneepy data point ol

(7Y whieh I fnclwded in the (i procedure. Note 8 Apgp 8

found for each set of values for the other parameters, ¥, and n, by the assumption that oS ol uihe and Egye By at the data
point a2z,
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14
I H 1 1 T 1 I | i
v - . U
NoO +X O +Na+X o =AlEy-Ey) /Ey F1G. 3. Compuarisons of the
12} ‘o ke Ne Ar N _ optimized, calculated apparent
s Ar Np He Cross scetions aSal®(£,) (=)
Eo(ngg.S 04 04 04 QS 04 with the observed data o2 (£,)
1ol 23 23 24 25 24 for the target gases Xe, Kr,

RELATIVE INTENSITY
[} o4
[=2) @
T I

b4
|

o2

Ne, Ar, N;, and He, The op~
timized values for £y and »
aro shown for cach reaction;
-1 the absolute cross sections
oS8(E)) (===} determined by
these values e also shown,
- Comparison of the solid and
dashed lines provides a visual
indication of the importance of
the combined cffects on the
cross section of thermal mo-
tion of the collision gas and
dispersion of the nominally
monoergic ion bean:, For sym-
bol elarification and plotling
delails, see the notes in the

s -~ | ]
0 5 10 12 14
NoO” ION ENERGY Ey (eV,LAB)

fitling the experimental data,

As indicated earlier (Sec. I1.B), the threshold Eq in
the present experiments corresponds to the dissociation
energy D(R-S), where R-S is N,-0O", From Table I the
average value for D(N,~-Q") for the six reactions
studied is 0,43 %0, 1 ¢V. This result is based upon the
assumption noted above (Sce. II. B) that neither reagent
moleculce is internally excited at the threshold, The as-
signed uncertainly of 0,1 ¢V (COM)ariscs from the lim-
iting resolution assessed inthe present study tothe opti-
mization of the parameter E;. The accuracy of the pres-
ent method has been established tobe £ 0, 1 eV by com-
parisons with results from more accurate methods for
the 03, NO-0O", and CO,-0" Lond dissociation encrgies, 2

The value determined for the dissociation energy
D(N,~O) enables the counstruction of thermodynamic
Hess cycles to evaluate the nitrous oxide adiabatic
electron aflinily E, A. (N,0) and the dissociation energy
D(N~=NO")

E.A. (N,0) =~ D(N,~O) + E. A. (0) + D(N,-0") , (11a)
D(N-NO")=+E. A, (N;O)+ D(N=-NO) - E.A. (NO) .  (11b)

The use of known values for D(N,~-O)=1.68 and D(N-
NO)=4.93 from Ref. 24, for E.A. (0)=1.47 from Ref.
25, and for E, A, (NO)=0,02 from Ref, 20 yiclds
E.A.(N,0)=0,2210. 1 and D{(N~-NO")=5,13+0, 1 in the
present work, All values are in electron volts, and
the uncertainties given for the latter two values result
{from the predominating uncertainty of 20, 1 in the value
for D{N,-0O"), '

1. AB /NITIO AND OTHER THEORETICAL
CALCULATIONS

A. Ab initio method of calculation

The al inftlo calculations were performed with sinple
configuration (SC¥), mulliconfiguration (MCSCF), and

caption to Fig, 2.

configuration interaction (MCSCF/CI) self-consistent~
field molecular wavefunctions, The MCSCI' method
employed in this study has been presented in detail
clsewhere, 2™ previous applications of the MCSCF
and MCSCF/CI methods o first row triatomics have
been reporied, #-** The calculalions were made with
BISON-MC and its associated-computer codes, 20392

In brief, and to establish terminology, the MCSCF
wavefunction ¥, for a molecular state s,

Nuc
Ve = Z Ci'ic.kd’; s (12)
k=

is obtained by the iterative optimization of the weight-
ing coefficients Cyg,, of the Ny configurations &3

hso
=@ H 63, dirc, s (13)

TABLE 1. DBest-fit values of A, E;, and n for Eq. (8) as ob-
tained by convoluting 033 =Ayxp (I = E)"/ Ep with the combined
ion and noutral translational distribution and comparing to the
obscrved appareut cross scction for the reaction N.O™+ M
—Ng+ Q"+ N,

Best-fit parameter values?

A E,

M (Diev)t eV, com.) n
Xe 0.56 0.5 2.5
Kr 1.46 0.4 2,3
Ar 1,18 0.4 2.4
No 2,75 0.4 2,3
He 2.70 0.4 2.4
N2 1.26 0.6 2.5
Averages aee 0.43 2,40

*The values for £y md n are aceurate to 10,1 see text, For
the velationship of A to Apap, sce Rel, 22 and 23 and Feo,
IL B, of the text,
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and of the expansion coefficients Cj; of the N, spin or-
bitals &3

MCyy
.. Nos
liens= ‘Z; Chixim (14)

until a stationary variational solution to the cnergy
eigenvalue problem is achieved. In the present study
the convergence crilerion was 107 a,u. In Eq. (13),

@ is the antisymmetrization operator and the quantity
8}, is unity if spin orbital j is occupied in configuration
k for state s and zero otherwise, In Eq. (14) the basis
{x,} in which the spatinl component of the spin orbitals
are expanded is, in practice, always finite and usually
spans a limited eartesian space about the nuclear
framework, Also, in Eq, (14) 5, is the spin component
of spin orbital j. Because of the oplimization of both
the configurational and the orbital expansion coeffi-
cients, the MCSCF wavefunction is a compact wave-
function, consisting of the orbitals and a relatively few
(about 15-20 for u triatomic) configurations, These
configurations are chosen to allow the wavefunction to
describe dissociation to the formally correct atom-
diatomic asymplotic states and to contain most of those
electron correlation cifects necessary to determine
polential surface characteristics in the triatomic re-
gions, ' '

The MCSCF/CIwavefunction ¥§, for molecular state s,
Ney
Ve 2 Clindi, (15)

is constructed [rom the MCSCF orbitals ¢y, , nccording
to Eq. (13). This relatively small C1 wavefunction (N
is on the order of 100 for a first row triatomic) is a
helpful aid in the process of determining an appropriate
sct of MCSCF configurations {d$},. and is used ‘o pick
up additional correlation energy from the hundreds or
thousands of confirurations whose effect upon the
MCSCF orbitals is too small to warrant their inclusion
in {"'i}uc . The MCSCF/CI configuration set {Abz c1 may
be chosen from the complete configuration set {#3} for
state s by the criterion of a threshold contribution to the
total encrgy eigenvalue for ¥%, of, say, 105 a,u, Ex-
perience has shown, however, that one can, for con-
venience and wilh some confidence, usually make the
assumption that this energy selection criterion can be
met by retaining those configurations for which [Cg, !
is greater than a numerical threshold ¢, of, e.g.,
0.001-0,002,

The choice of orbital {x,} and wavefunction {d3},, ox-
pansion bases is crucial to the success of the MCSCF
method, Aspects of these choices peculiar to the pres-
ent application will be discussed below,

B. Basis set and accuracy considerations

The orbital expansion basis functions for nitrogen
and oxygen were taken to be the atom-optimized 9sbp
Gaugsian basis sets of Huzinap™ as contracted to 4s3p
scts by Dunning. > No altewpt was made to reoptimize
these basts sets for the calewlations reported in this
paper,  Since the posttive experimental electron affi-
nily indicates stability of N,O* towards clectron de-
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tachment in the vicinily of ils minimum and since pre-
liminary SCF calculations showed no Rydberg charac-
ter®® in the X 24’ wavefunction, this basis set should be
sufficient to predict the equilibrium reometry and the
shape of the surlace in the minimum region, The use
of a fixed basis, furthermore, enables the extension of
the XA’ surface sean into regions in which the ion sur-
face passes above the neutral surface, In the lalter
regions the computed results for N,O(X24’) are to be
interpreted as estimates of the N,O+ ¢ resonance en-
cergy, Lastly, test calculations are described below in
which the 4s3p basis was complemented with diffuse s,
p or with polarization d functions. The results tend to
indicate the sufficiency of the 4s3p basis for the pres-
enl survey in the triatomic interactive region,

From previous studies an accuracy of about 5% for
the geometric parameters and about 10% for the vibra-
tional frequencies and electric moments can be ex-
pecled with the 4s3p basis set and with the MCSCF
treatment of correlation effects, 23432 The sophistica-
tion of the presently applied level of ab initio methodol-
ogy has not, however, proven sufficient for the reli-
able prediction of cither trintomic dissociation cnergies
or adiabatic electron affinities. 3% Since these latter
quantities are provided by the experimental portion of
the present paper, no attempt is made here to go to the
additionnl expense and effort which would be required to
compute them reliably, Such a more sophisticated
computation would involve improvements in the orbital
expansion basis set {x,}, such as exponent reoptimiza-
tion plus the addition of polarization functions, and in
the wavefunction expansion basis set {d-;}, such as the
consideration of configurations invelving excitations
to nonvalence virtual orbitals,>®

C. Development of -optimum wavefunction expansion
1S St
bases { &} }ye and {5

1. Gencral conciderations

Throughout the present study, the selection of con-
fipuralions 4§ for the MCSCF and MCSCF/CI wave-
functions was restricted to a valence subset of the full
basis {«b:}. For a first row triatomic this valence sub-
sel, {43}, ences cONsists of the main, so-called SCF,
configuration(s) and those configurations obtainable
from it via spin orbital excitations among the valence
orbitals 4-9 ¢, 1-3 m,, 1-3 n,.* The rational and
general manner by which configurations are selected
from {03}, ,1e0ce Are embodied in the optimized valence
configuration (OVC) scheme discussed by Das and
Wahl, ¥ Aspects of the sclection procedure peculiar
to the present applications of Lthis scheme to first row
triatomics are discussed bricfly below and more ex-
tensively clsewhere,

1t should be noted that the present selection subset
{d-:}m,m may be somewhat deficient in that it does not
include any configuration {tn which nonvalence virtual
orbitals are occupied, The relatively small but cumu-
latively significant correlation enerpy obtainable from
such confifurations has been documented in dintomie
OVC-MCSCF calculations, ®™ " fn the present trintomie

?
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work on the X*'S* state of N:O and the 1°1 state of

.N«‘O‘ it is sipnificant that the SCP wavefunction for the
ion hut not the neutral involves occupancy of the 3x
orbital. For this reason, no quinrtieally and relatively
few doubly :md triply excited configurations can be
constructed in the vilence n-orbital space for N,O(1211),
Such configurations have been shown to be important for
NOWX'5*). " Thus, the lowes! unoceupicd nonvalence
virtual orbitals, ¢, g., 47, 57, 100, must be considered
in order to provide an orbital space for correlating the
Il ion state which is as flexible as the 15 orbital (va-
lence) space is for NO(Y'S*), It is fully intended to
incorporaie the 47 and higher orbitals in future cal-
culations on vertical excitation spectra of the N,O
neutral and jonic systems. For the present we confine
ourselves to pointing out the problem. This differenti-
ai sufficiency of the valence orbital space results in a
correlated vertical excitation energy from N,O(V!E*)

to N;O°(1 %) which tends to be too high. Corresponding-
ly, the adiabatic electron affinity tends to be under-
estimated, The quantitative amount of this underesti-
mate—a measure of the differential sufficiency of the
valence configuration space {3}, ... for the ion versus
the netural—will be deduced by comparing the experi-
menltal adiabatic electron affinity from Sce. II to the
computational results presented in this Section,

2. N,O(1°1)

Initially, the MCSCF wavefunction ¥}, s=121, for
N,O" was developed at the N,O(Y '2*) experimental cqui-
librium geometry by the sequential consideration of
configurations which differed by two spin orbitals from
(i.e., doubly excited wrt) the SCF configuration,

10220%30%40%50%C0* 0% 157' 2537 . (16)

The configurations for N.O™(1 M were selected for exam-
ination upon the basis of experience with the N,O sys-
tem, 442 After some testing, 15 configurations were
incorporated,

3 N,O(X?A)

The 15 configuration N,0°(1%11) wavefunction (15 MC)
was then used to scan the A’(1%11) potential energy sur-
face. Most of the effort was applied in the neighbor-
hood of the minimum located in an extensive prelimi-
nary scanwith the SCF wavefunction, &%,

(1a’)%+« o (94" )2(100") (10" Y2 (20" 1)? . (17

Most of the SCF resulls have been recorded in Ref. 31,
The minimum energy nuclear conformation located in
the 15 MC scan is (Ryy, Ryor dnno) = (2.3045 . u.,
2.6051 a,u,, 130,2").

Then {lb;}“c, s=X%A’, was rcoptimized near the 15
MC minimum but with Ayyx, - 130.0°, In addition to
configurations doubly excited with respect to &, those
configurations which become allowed upon bending from
C., v C, symmetry and all triply excited configurati-ns
were considered, N CI configuration set was sinul-
tancously determined. The ) were cunsidered for n-
clusfon in {4}, or {iriley on the basts of the mapnitude
of their weighting cocfticient Cly,, in ¥&;, The CI wave-
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function was optimized to include all singly but only
thoze doubly and triply excited confipurations for which
FC&y, ) >0.00155, The corresponding cutoff for ¥
was | Cle ,1>0.02. Allernating MCSCF and CI calculi-
tions led to an 18 configuration MCSCF wavefunction

(18 MC) and a ninety-one cenfipuration Cl wavefunction,
Seven configurations for which 0.00100 < 1CEgal
<0.00155 were added to obtain a final, 98 configuration
CI wavefunction (98 CI), The 18 MC configurations and
their weighting cocfficients at a few geometries are dis-
playcd in Table Il It is noted that {#3},. contains none
of the triply excited configurations from {d':},mm. It
is also noted that none of the MCSCF orbitals exhibits
significant Rydberg character®® in the vicinity of the
minimum,

4. N,O(X':")

The MCSCF and MCSCF/CI configuration sets for
N,O(Y'%*) were optimized at the experimental equi-
libram geomelry, The optimization was conducled in
much of the same fashion as just described for N.O~
(X247).3%% The MCSCF confisuration set is listed
in Table NI and the orbitals (for a slightly different
configuration set) in Ref. 43, There are several triply
and one quartically excited configurations in ¥{,.. The
ClI configuration set consists of the SCF configuration,
all single excitations with respect to it, and all doubly,
triply, and cuartically excited configurations for which
1Cg,,,1 >0.001,

D. Ab initio results for N,O(X*A’)
1. Stability with respect to electron detachment

Test calculations have been made in which the 4s3p
basis set was auvgmented with diffuse s and p functions,
The information that such an augmentation provides wich
regard to the stability toward clectron detachment of
N.O"(V24’) is of primary interest. However, for com-
parison purposes, calculations are also reported at the
experimental neutral equilibrium geometry for NoO(X 15
and for the N,O" resonant states 1%1 and 125°, The re-
sults are summarized in Table IV and Fig. 4. '

Na20™ (X2A) 18MC/98CI- -7410

Ry =2.30450u, Ry, 2.605lau.
Auuo= 132.7'
Basis set: 4s3p + diffuse s,p

)

=722  -720

Er+183,0u
~724

726
\
=]

-728

— e ey -y o~

00l 002 003 004 005

EXPONENT OF DIFFUSE S,P
FUNCTIONS

FIG, 1, Optimization of the 18 MC/98 C1 lotal enerygy of
Nz A7) with respeet to the exponent of diffuse s, p une=
Hons added to the dsdp basis set,
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TABLE I, Configurations of the 18 MC=7510 MCSCY wavelunction for N,O in its X247 () state and th
at selected geometries; total energies for the SCEF, MCSCYF, wnd MCSCEF/Cl wavelunctions at these

Hopper, Wahl, Wu, and Tiernan: N,O" and N,0 potential encrqy surfaces

cir weighting coefficients
geometries,

Orbilal occupuncy?

Welghting cocfficients al Ryn/Ryo/Axno

Conf.  Ia’ Ba’ Ga® 7o' S$a’ 9% 1loa’ v qans v mrn s, Suln 2,5045  2,3015° 2.1320  2.1320 2,105

o . " ;:; ‘.n ] Ba ‘ a ! Oa 1la 124 la 2a :!u eouplting 2,.6051 2,6051 2,278 2,2378 2.6051

No, e dr, Te 2r, 3r. S0 10 In,  2n, e,  scquence® 90° 132,73 130° 150° 180°

1, 2 2 2 2 2 2 1 v 0 2 2 v D 0.962 0,962 0.971 0,973 v, 963

2, 2 2 2 2 2 1 0 0 2 2 2 (] n 0,000 0.vo2 0,000  —0,0u2 0,000

3. 2 2 2 2 2 2 b 0 0 \ 2 2 D -0.207 =0,170 —0.111 «0.143 -0.167

R 2 2 2 2 2 2 1 v 0 2 0 2 D ~0.019 =0,029 =0.015 ~=0,039 ~0,021

5. 0 2 2 2 2 2 1 [ 2 2 2 0 n ~0.136 =0,095 =~0.068 ~0.071 =0,105

N, 2 2 2 2 0 2 1 2 0 2 2 0 D ~0.073 —0,063° ~0.033 ~0.051 —0,058

7. 2 2 2 2 2 1 2 0 v 2 1 1 SD ~0,01F =0,017 =~0.023 «0,02% =~0.015

L 2 2 2 b 2 1 2 0 0 2 1 1 ™ 0.021 0.023 0,027 0.031 0.021

9, 2 2 2 1 2 2 2 v 0 1 2 1 SD —0,050  =0,105 ~0,097 «0,081 —0.09]

10, 2 2 2 1 2 2 2 0 0 1 2 1 D 0.017 0,095 0,097 0,094 0,300

11, 2 2 0 2 2 2 ] 0 (] 2 2 2 D -0,027 =0.029 —=0,025 ~0,027 =v.031

12, 1 2 2 v 2 1 2 0 1 2 0 sh -0.055 =0,053 ~0,0i2 ~0.055 =0,061 :

13, 2 2 2 2 1 1 2 0 1 2 2 0 sh 0,099  =0,022 0,015 0.u12 0,018 N

1. 2 2 2 ] 1 2 2 ] 0 2 2 v Sh —0,083  =0.037 —0.030 ~0,058 =~0,062

13, 2 z ] 2 1 2 ] 1 0 2 1 1 SDTD =0.021 =0,020 —=0,029 =0,025 =0.015

16, 2 2 i 2 2 2 0 0 1 2 1 ) SD 0,011 v,020 0.011 0.0uu 0.000

17, 2 2 2 2 2 2 v 0 1 2 1 1 ™D -0.021  ~0,012 ~0,020 0,000 0.000

18, 2 2 2 2 2 2 0 0 1 1 2 1 ™ —0,020  -0,033 -0,030 0.000 0,000

fotul eneryy + 183, a.u,

SCr —-0,6032 —0.5661 —=0,3181 B .
MCSCE Us MC) ~0,6102 ~0,7078 —=0,6576 =0,6149 —0,6657 : o
MCSCF/CL U5 MC /95 C1) ~0.6510 ~0.7130 —0,6652 =0,6212 —~0,673)

is assumed,

+20 ;23012

¥The core 1a’“2a

*Cumulative spin coupling from the left, Abbreviations: S, singlet; D, doublet; T, triplet,
£ ] tad ¥ . .
“Ihe geometry al which the final optimization of the MCSCY configuration list was performed, (2,3045/2.6051/130°), is associated

with weighting coefficients which are within 0,001 of these 132

Ref. 36.

Calculations were made at the geometry Ry = 2, 3045
A, Rys=2.6051a.u., Ayye=130". Figere4isa
plot of the 18 MC/98 CI total encrgy of N.O"(V34’) as a
function of the exponent of the diffuse s and p type func-
tions. The same cxponent has been used for all 12
functions added to the basis set, A minimum occurs at
a total energy of — 183, 726753 a.u, for an exponent
value of 0,0291, The occurrence of this minimum is
evidence that the negative molecular ion is stable with
respect to electron detachment in the vicinity of its
equilibrium geometry, As shown in Table IV, the mini-
mum is not an artifact of the correlation energy: it
occurs also in the resulls with the 18 MC and the single
configuration wavelunctions, Also, the augmentation
of the basis set with 12 diffuse functions having the
optimized cxponent lowers the 18 MC/98 CI total en-
ergy for N,O"(V24’) by just 0.0112 a.u, (0,304 cV).
The corresponding change in the dipole moment is also
small, Sce the last two columns of Table IV, Examina-
tion of the 18 MC wavefunction shows that none of the
MCSCF orbitals may be described as diffuse, let alone
as Rydberg, in character. From these results
N0 (X2A’) appears to have i compact clectronic
structure. The “extra” electron resides in an orbital
which is bonding belween the terminal nitrogen and the
oxygen atom, This orbital, the 104'(3#) orbital, is
unoccupied in the SCF configuration for the neutral
molecule,

Comparisons with calculations made at the neutral
experimental equilibritm geometry provide perspective,

Gesa d

~

3° values. The atomic or.c-electron bases were the 4s3p sets from

From these calculations it is seen that the addition of
diffusion functions effects a lowering of less than 0,002
a.u, (0.05 eV) in the total energy of N,O(Y'E*)., See
Takle IV. The correspondingloweringfor the N.O™(1 m
resonance state is about 0.02a.u, (0.5 eV). By con-
trast, the SCF total energy for the N, O (1 ¥5*) resonance
state decreases by 0, 1940 a.u, (5,28 eV) with the addi-
tion of diffuse s functions., The large difference in the
effect of diffuse functions for the two resonance states
correlates with the valence character assumed by the
104’ (3%) orbital and the diffuse/Rydberg characler as-
sumed oy the 86(11a’) orbital upon occupancy in the
main (SCF) configuration in a wavefunction.

The improvements in the N,O™ (X ?A’) wavefunction
which result from the addition of diffuse functions are
small enough that the neglect of these functions is not
expected to have much cffect on the shape and tocation
of the potential surface minimum, lence, they have
been left out of the calculations described below,

2. Equilibrium geometry and force constants

The points computed for the N,O(X '4’) potential en-
ergy surface with the 18 MC and 18 MC/98 CI wave-
functions are given in Table V. Varlation of the angle
Auno from 125 to 140~ for the 18 MC wavefunction with
the 15 MC equilibrium bond leneths showed a minimum
tolal encrgy Fp at 132,73°, Scquential rcoptimization
of the bond tengths at this angle with the 18 MC wave
function mve Ry = 2.3047 a.u, and R, =2, 5960 a, u,

1970 .
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TABLE HL. Configurations of the 19 MC-7410 MCSCF wavefunction of the X 'y*(1

efficients at seleeted rreometries, 30

A '} state of NoO and their wuighling co-

Orbital oceupancy®

Weighting coefiicients at Ryx/ Ryo/ Axno

. Spin 2.132 2,132 2,132
Conf, Go v 8o 9o Im,  2m, 37, 1n, 2m, 3w, coupling 2.238 2.238 2,238
No. 6a’ 8a' 1le’ 12¢° Ta’ 92’ 100’ lg'* 2a’  3a’"  Scquence®  90° 130° 180°
1 2 2 0 0 2 2 0 2 2 0 0.955 0.919 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
6 2 2 0 0 2 2 0 0 2 2 -~0.058 -0.050 ~0.018
i 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 sns -0.140 -0.146 -0,.115
9 2 2 0 0 2 1 1 2 1 1 TDS -0.018 -0.055 —=0.043
10 2 2 0 0 2 1 1 2 1 1 SNs ~0.005 ~0.075 -0.071
1 2 1 1 0 2 2 0 2 1 1 SDs 0.048 - 0.051 0.050
12 2 1 1 0 2 1 1 2 2 0 8DS 0.054 0.052 0.050
13 2 1 0 1 2 2 0 1 2 1 Sps -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 0.051 0.045
16 2 2 0 0 0 2 2 2 1 1 ) 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 sSDS =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 energy +183, a.u.
scr . —0.4156 ~-0.5310 ~0,6019
MCSCYT (19 MC) ~0.5592 =0.7015 =0,771G
MCSCF/CI (19 MC/99 CI) =0.5727 ~-0.7105 --0,7819

The configuration list was optimized at (Ryy, Ryo, Axvo) = (2,132 a.u., 2.238 a.u., 150 °), the experimental cquilibrium
RNs /{80y 4ANNO s
geometry. The alomic-one electron bases were the 1s5p cets from Ref. 36,

» 2 2.
A core 10° 20? 30 40° 592 is assumed.

‘Cumulative 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%o, A%no)= (2.3085 a.u., 2,5979
a.u., 132,68°),

Figures 5 aad G illustrate the potential encrgy de-
pendence upon each internal coordinate at the minimum
located with cach correlated wavefunction. The total
encrgics at the minima illustrated in the Ry, Ryos
and Ayyp curves for the 18 MC and 18 MC/98 CI wave-
functions are within 0,00001 a,u, (<0,0003 ¢V) of one
snother, Thus, the 18 MC (18 MC/98 CI) minimum
given above is indecd optimized in all three coordinates.

Each potential curve minimum was located by a nu- -
merical search of a function fitted to the computed
points Ex(X), where X is Ryy, Ryg, or dyyo. The
form of the fit function V(X) was a polynomial of
degree -1 in X. The curve drawn throush each set
of computed points in Figs, 5, 6, and 8 represents V(X)
fitled to thosce points. The force constants were then
computed from the sceond derivatives V7 (N*) = [0%1°(V)/
OX %|yuxe of the fit function: Ly = V' (%), Fyo
V" (R%Go) Eyno= ""("fmo)/l‘?m“?:o .

The results for all SCF, MCSCP, and MCSCF/Cl
calcutations made of the minkmum in the N,O*(X24")
potential enerpy surface are summarized and com-
pared (o N;O(X'2*) in Table VI, From Table VI it can
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FIG. 5. Bending potential curves for NyOTWY A7) near the
minimum with the 15 M, 16 MC/95 Cl, 18 MC, and 18 MC/Y8
Cl wavefunctions,  ‘The bond lengths are Ryy=2,3045 a.u, and
Ryo™ 2.0001 n.u,
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TAULE W, Configurations of the 19 MC-7410 MCSCH wavefunction of the X 'u*

LAY wfaten .
cflicients at selected geometries, b (1°47) state of N;O and their weighting co-

),
Weighting coefflicients at Ryy/Ryo/ Apno g
Orbital occupancy® P
: Spin 2,132 2,132 2,132
Conf. 60 70 8o 90 in, 2m, 3m, iz, 27, 3m, coupling 2,238 2,238 2,238 , ‘
No, Ga' 8a’ 1la’ 124 Tu’ 9a’ 100’ la’* 22"  3a’ sequence®  90° 130° 180° ):‘
R
1 2 2 0 0 2 2 0 2. 2 ° 0.935 0.949 0.956 i
2 2 2 9 0 2 2 9 2 0 2 —-0,000  —0.127 ~0.126 9
3 2 2 0 0 2 (i 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 b
5 2 0 o 2 2 2 0 2 2 0 —-0.052  —0,048 0,054
6 2 2 0 0 2 2 (i 0 2 2 -0.058 ~0.050 ~-0.048
7 2 2 0 0 0 2 2 2 2 0 ~0.044  —0,053 =-0.048
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  ~0.043 g
10 2 2 0 0 2 1 1 2 1 1 sDS -0,005 =0.0756  =~0,071 e
11 2 1 1 0 2 2 0 2 1 1 SDS 0.048 - 0.051 0.050
12 2 1 1 0 2 1 1 2 2 o Shs 0,051 0.052 0.050 %
13 2 1 0 1 2 2 0 1 2 1 SDS ~-0,078  —0.069  =0,071 <H
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 2
16 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 [ -0.012  -0.019 -0,018 |
18 2 2 0 0 1 2 1 1 1 2 sDS —~0.000 0.028 0.027 8
19 2 2 0 ¢ 1 1 2 1 2 1 SDSs —0.003 0.033 0,027 K
Total energy +183, a.u.
SCF : _ ~0.4156 =0,5310 —C.6019
MCSCF (19 MC) -0,5592  ~0,7015 ~0.7716 :
MCSCF/CI (19 MC/99 CI) -0.5727 ~—0.7105 -0,7819 f

3The configuration list was optimized at (Ryy, Ryxo, Anxo) = (2,132 a.u., 2,238 a.u., 180°), the experimental cquilibrium
geometry, The atomic-one electron bases were the 453p sets from Ref. 36.

A core 10% 2¢° 302 10% 50% is assumed.

‘Cumulative 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 (R%y, RS0, Akno)=(2.3085 a.u,, 2,5979 g3

a,u., 132.68°). - l5MC-7504\// B
Figures § and 6 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 Ryy, Rye,

and Ayyo curves for the 18 MC and 18 MC/98 CI wave-
funclions are within 0, 00001 a,u. (<0, 0003 eV) of one
another, rhus, the 18 MC (18 MC/98 CI) minimum
given above is indeed optimized in all three coordinates,

=695 ~-690

-700
T

a. u.

® IBMC-75I10

Each potential curve minimum was located by a nu-

merical search of a function fitted to the computed T Hismesescl . 1

points E(X), where X is Ryy, Ryo, Or Ayye. The \_a/

-

Ey + 183,
-705

=710

form of the fit function V'(X) was a polynomial of
degree n~1 in X, The curve drawn through each set g ® 18MC/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' (\¥) =[2°¥(V)/ ‘r}' ] } ! 1.
3N 2|y, ce Of the fit function: kyy= V"' (R%y), kyo 1o 120 i30 1o 150 '
= V' (R, Funo® V' (Adwo)/ R oo - ANGLE
The results for all SCF, MCSCF, and MCSCF{CI FIG, 5. Bending potential curves for NaO(Y 24’ ) near the
caleulations made of the minin.um in the N.O*(X ") minfmum with the 16 MC, 15 MC/98 C1, 18 MC, and 18 MC/908
potential enerpy surlace are sutumarized and come- CJ wavelunctions.  The Lond lengths are Ryy= 23045 a.u. and R
pared to N,O(X %) tn Table V1, From Table VI it can Ryor 2.6051 u.u, ;
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I'IG. 6. Bond stretching potential curves for N;O. The curves
for the 15 MC and 15 MC/98 CI wavefunclions were computed

at 130°, The curves for the 18 MC and 18 MC/98 CI wavefunc-
tions were computed at 132,73°. The unvaried bond length wis
alternatively, Ryy=2.3015 a.u, and Rye~ 2.6001 a,u,

be seen that the bond lengths and their associated force
constants change little as correlation is added to the
wavefunction, The bond angle, however, increases
8.9, The last three configurations of the 18 MC
wavefunction (see Table 1I) account for 2,5” of the in-
crease. These configurations involve the excitation of
an electron out of the 10a(37.) orbital, It is the oc-
cupancy of this orbital in the SCF configuration which
causes N,O° to be bent in the X °4’ state. The remain-
ing 6.4° of the increase is attributable to Configura-
tions 3-15 of Table II.

With regard to the optimization of the MCSCF con-
figuration set it is notable that the 18 MC wavefunction
contains all correlation components of the 98 CI wave-
function necessary to represent the equilibrium bond
angle and other quantities defining the location and
shape of the minimum,

A comparison is made of the 18 MC/98 CI results for
N,O"(X2A4’) with the experimental equilibrium geometry
for N,O(X %) in Table VI. The results show the N—N
and N-O bond lengths of the ion to be about 8% and 16%
greater, respectively, than the necutral values, The
corresponding bond force constants kyy and ky, in the
fon arc but 4 and ¥, respectively, of thuse in N,O.

The ifon equilibrium angle is, of course, much less
than 180" and its associated bending force constant is
315 greater than for the neutral,

The accuracy of the geometry predicted here for
N,O7(X24’) can be assessed by reference (o other
MCSCF/CI calculations for the ground states of N,O
and NO,, Comparisons to experiment can be made
for the latter two molecutes,  As shown in Table VI,

3
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the MCSCF/CI calculations*? for N,O(X '2*) with the
same basis sct as used here for the ion give the N~=N
and N-O equilibrium bond lengths to be about 25, and
5% greater, respectively, than the experimental values.
The cquilibrium bond angle for NO,(X4,), which is
isoelectronic with N,0", is found in an MCSCF/CI cal-
culation by Gillispie et al. to be within 0, 5> of the
experimental value of 134, 17,2 The basis set for the
latter calculations was augmented with 4 functions,
From these considerations the crror in the minimum
located here for N,O7(X 24’) is estimated to be 0.05 A
in R%y, 0.10 A in R§o, and 27 in A%yo.

The error in the predicted force constants for
N,O"(X2A’) can be assessed by analogy to the MCSCF/
CI calculations for N,O(X'2*), ** I the latter calcula-
tions the force constants were found to be uniformly
less than their experimental counterparts—less by
about 4% for kyy, by 12% for kyo, and by 16% for kyyo.
The comparison is made in Table VI, In the absence
of further information 4%~15% errors must be ex-
pected in the ion force constants, Errors of 10,8,
+0.8, and +0,2 mdyn/A are estimated for kxos Ruxs
and kyyo, respectively.

3 Vibrational frequencies

The vibrational frequencies for N,O(X24’) may be
predicted from the computed force constants. These
force constants determine a potential V of the form

V(Ryx» Ruos Anxo)
1 2 2 ) 2
= 2(I‘,NN12'NH + ’”’NORNO"' Z’eNNO Ri’ﬂ R;O ‘4NN0) ’ (18)

where X' = (X = X°) in the neighborhood of the potential
surface minimum, The solution of the Schrédinger
equation for nuclear motion subject to this potential for
nonlinear triatomics has been made and recorded by
Wilson, Decius, and Cross. ' The expanded secular
equation given by these authors was programmed for
numerical location of roots and, in turn, solved with
the force constants from each electronic wavelunction.,
The results are included in Table Vi.

A calculation of the frequencies of neutral N,O {rom
the experimentally determined force constants' gives
values for v;, v,, and v, which are 32 cm*! higher, 14
cm~! lower, and 38 cm*! lower, respectively, than the
experimental frequencies, These discrepancies may
be taken as estimates of the error inherent in the as-
sumplion of Eq. (18) to represent the potential encrgy
surface near the minimum. On the other hand, com-
putation of the N,0O frequencies determined by the
MCSCF/CI equilibritm geometry and force constants
gives values for vy, vy, and py which are 62, 45, and
41 em™! (or 5%, 11%, and 2%) lower, respectively,
than the experimental values. Sce Table VI, Thus,
the crror in the potentinl shape determined by MCSCF/
CI calculations for N;O with the present, 4s3p, one-
electron basis sol exceeds the error introduced by

the use of the approximate potential form of Eq.
(18).

From the neutral molecule results one might rea-
sonably expect that the frequencles vy, vy, and py re-
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TABLE VI, Computed potential energy suvface characteristies
sons 1o NoOW 'eY),

Hopper, Wahi, Wu, and Tiernan: N,0" and N,O potential energy surfaces

for N,O"(X ®A”*) with a 1£3p basis set* and compari-

N0 (X%A7) wavelunction

N,O(X 1x%)
Paramcter SCF 15 MC 15 MC/98 CI 18 MC 18 MC/98 CI MCSCF/CIh Exptl,
ET (a.u,) - 183.6070 ~183.6965 ~163.7136 —183.7078 ~183,7159  ~183,7819
Ri(A) 1,204 1.219 1.223 1.220 1.222 1.147 1,128!
REo(d) 1,376 1.379 1.383 1,374 1,375 1.240 1.1844
Ao (deg) 123.6 130,19 132,72 132,73 132,68 180,00 180.,0'
Eny (mdyn/ ) 11.54 11,52 11.56 11.78 11.49 17.21 17.88¢
Ino (mdyn/A) 3,93 4,04 3,94 4,16 3.83 9,99 11.39}
kxno (mdyn/A) 0.645 0.576 0.593 0.658 0.643 0.41 0.49’
AEY™ (eV)® 1.41 1.16 1.05 1.15 1.10
AEt (ay)e 1.00 1.42 1.41 1.38 1.40
vy (em™H 915 934 919 9416 912 1223 1285
vy (cm™!)? 535 524 537 563 555 524 589!
vy (em™H? 1660 1667 1672 1690 1666 2183 2224!
€ (ev)® 0.196 0.195 0.195 0.199 0.195 0.215 0.254
1 AD) 3.03 2,78 2,67 2,52 2,42 0.157 0.166"
A, Wep)® 97.2 98.5 95.1 95.5 93.3 180.0
E.A. (eV)! 0.20 -1.98 ~1.80 ~1,68 -1.74 0.2210.1!
V.E.A. (eV)* ~2,38 ~4,51 —1.21 ~4.15 ~1,18 ~2,m

3The basis set is [rom Rel 36.

®Energy rise upon bending from Ajno 1o 180° at the computed equilibrium bond lengths,
‘Encrgy rise wpon contraction of both bund lengths to the neutral experimental boud lengths at 180°,

9The atomic musses used weve niy=11,00751 and mo= 16,0000,
¢Sce footnote d of table IV,

fAdiabatic clectron affinity of N,OX '2*%), computed as E.A. (NyO) = ES{N,O) = E§{N,07) + €{N,0) — €(N2O"), The SCV,
MCSCF, and MCSCY/CI tolal cnergies for N.O(X 1% at its experimental equilibrium geometry arc —-183,60187 a.u.,

—~183,771583 a.u,, and ~183.781931 a.u,, rcspectively.

fvertical electron affinity of N,O(Y *S*) to the 11 state of N,07, computed as V.E.A, (N;0)=— [E¢(1 2) — FfX 239
+ €(N,0) = <(N,0)| at the N,O(X '£*) experimental equilibrium geometry. The zero-point energy for N,O™(1 1) is esti-
mated to be that of Ny, 0.246 ¢V, since N0°(1'11) is bound only with respect to the N—N coordinate.

bprom Ref, 42.
'From Ref. 24,
IFrom Ref, 4.
YFrom Ref. 45,
IFrom the experimental section of the present work.

™There is a broad, strong featurc in the electron scattering results for NyO which peaks at an electron energy of ap-
proximately 2,2=2,3 ¢V, Sce Ref, 47 and other works quoted therein,

corded for the N,O(X24’) ion in Table VI are accurate
to within about 100 em-?,

4. Dipole moment

The dipole momient p at the equilibrium geomelry
is found to depend strongly upon the addition of correlat-
fng configurations, As shown in Table VI, the SCF

value is 25% greater than the final 18 MC/98 CI value of

2.42 D. The direction angle A, for the position ol the
center of negative charge places it inside the bond angle
Afno and adjacent to the N-O bond,

The MCSCF/CI dipole moment for N,O(X 15 0,16
D with the oxygen atom negative, ** The experimental
value 1s 0,17 1, On the busis of the 6 error in the
neutral computation, the MCSCEF/CI dipole mument for
N,O°(X2.4") i expected to be accurate to within 10,3 D,

The N,O"(x24’) dipole moment as a function of geom-
etry is shown in Table V for the 18 MC/98 CI wave-
function, A positive (negative) entry for p indicates
that the polarity is NiO"(N;0*). The angle 4, is the
angle subtended by T on the vector Ry~ Ry,), where
N1 is the terminal and N2 the central nitrogen atom,
See Fig, 7. Notice that A, = dyye.

5. Adiabatic and vertical electron affinities

As noted in Scc. 11, B, the ab initio caleulations re-
ported upon here were performed only to a depree of
sophistication which has proven sufficient for the re-
liable determination of equilibrium geometrics nnd
properties, The greater sophistication required to com-
pule aceurate clectron affinities or dissurlation energles
wiy avolded for the present since these quantities have
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X

FIG. 7. Coordinant system and definition of the dipole direction
angle A,

been determined to within £0,1 eV from the collision-
induced dissociation experiments reported in Sec. II.

It is of interest, however, to compare the computed
adiabatic electron affinity of N,O(Y'2*) to the experi-
mental result, From this comparison it is possible

to document the degree to which the differential one-
clcetron basis set sufficiency for N,O(X'Z*) vs
N,O"(X?4’) is balanced by the differential wavefunction
correlation energy, The degree of balancing is ob-
tained here as a function of the extent of correlation for
the fixed, 4s3p, onc-elcetron basis set, The depen-
dence is shown in Table VI. For the SCF wavefunction
the adiabatic electron affinity, afler zero-point vibra-
tional energies have been considered, is 0.20 eV, This
value agrees very well with the experimental value of
0.2210.1 eV from Sec, 1I. This agreement at the SCF
level is fortuitous, The value computed from the 18
MC/98 CI wavefunction is ~ 1.74 eV, or about 2,0 eV
below experiment. The agreement at the SCF level is,
thus, the result of a cancellation of the correlation
energy by the one-clectron basis set truncation error.

The accidental agreement at the SCF level allows one
to conclude that the 2,0 eV difference in the correlation
energy recovered by the 18 MC/98 CI wavefunction for
N,0°(X2A’) and by the 19 MC/99 C1 wavcfunction for
N;O(X'Z°) is an indication of the insufficiency of the
valence orbital space for the construction of correlated
MCSCF/CI wavefunctions for the two systems, The
two electron volt estimate is only indicative, rather

5485

thin predictive, of this differential valence space suf-
ficiency since the corrclation energy for these two par-
ticular ion and neutral states will probably not be cqual-
ly affected by basis set improvements,

The vertical electron affinity of N.O(X'S*) to the 12N
state of N,O" is computed to be -~ 2, 38 ¢V in the SCF
and — 4,18 ¢V in the 18 MC/98 CI calculations, Zero-
point vibrational energics have been considered. Sece
Table VI, From the above comparison of the adiabatic
electron affinily to experiment it is scen that the error
brackel for the present (4s3p valence space) ab initio
efectron affinities is at least 2 eV,

6. Barriers to linearity and bond length contraction

The barrier to linearity at the optimized bond lengths,
AEY™, is given in Table VI for the SCF, 15 MC, 15
MC/98 C1, 18 MC, and 18 MC/98 CI wavelunctions,

All of the correlated wavefunctions give a value of
about 1,1 eV. The somewhat larger value given by use
of the SCF wavefunction correlates with the location of
the equilibrium SCF valence angle at several degrees
below the correlaied equilibrium angle,

The barrier to the contraction at 180° of the bond
lengths from the equilibrium ion values (calculated) to
the equilibrium neutral (experimental) values is also
shown in Table VI for the various wavefunctions listed
above. The value for the final correlated wavefunctions
is about 1.4 eV, The SCF value is lower, which sug-
gests that the correlation effects which are stabilizing
at the relatively longer ion bond lengths are destabiliz-
ing at the neutral bond lengths,

1t is interesting to note that the sum of the bending
and contraction barricers, about 2,5 eV, is roughly in-
dependent of correlation in the wavefunction.

7. [Initial consideration of polarization functions

A partial consideration of the effects of polarization
functions upon the results reported above has been
made, The 4s3p basis set was augmented with a full
set of six Cartesian « functions with exponent 1, 00,

The MCSCF/CI results for N,O" and N,O at their respec- A\

tive equilibrium geomelries are given in Table VII. ‘The
4s3pld basis set yields total energies which are several
clectron volts lower than their 4s3p counterparts, Not

TABLE VI, Effect of polarization functions on the adinbatic eleetron/affinity of N;O and the dipole moments of N,O”

and Nz().a

Er+183 (a,u,)

Geosnetry (a.u., deg.) Basis AEg E.A.® (cV) basis u# (M basis
Molecute
(state) Kyun Ryno Axno As3p 4s3pld (ev) 483p  1s3p1d 4s3p 1<3p1d
N._.o‘(,\:’,\') 2,3046  2.6051  132.7 -0,715867 =0.782419 -1,81 ces 2,42 2,481 .
N-OWN I 2,1320 2,2378  180,0 -=0,781931 «0,88291 -2,70 =171 =2,68 0,157 0.051

— ——

fror N;OTWY 241, the 18 MC/98 C1 wavefunctlon was used, For NaO (X 139, the 19 MC/99 C1 wavefunction was nsed,
The d-functioy exponent was 1,00,
Srne adiabatic electron affinity {8 computed ns B, AL (N30) & Ep(NaO) == E2(N,07) + €(N;0) = ¢(N;0%),  The zero-point
encrgles ¢ are glven In Tuble VI
In alf entrles tho polavity s NJO®,

_J. Chem, Phys., Vol.88,iNoi12,15 December, 1078 o
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TABLE VIII. Bending potential eurve and dipole moment func-
tion for N,O(X '*),*

ATTI) Ky 183 Gaan,) BD) ALC
(e SC¥ 19 MC 19 MC/99 C1 18 MC/99 Cl (e
180 =0.601871  ~0,771088 -0, 781931 0,157 1500
175 =0.601873  «0,771118% g, 781457%
170 =0, 590%17  «0,76977y -0,779991 0.187 14641
150 =0.580170 =0,751865  =0.761365 0,379 113.3
130 =0.331015  ~0.701527 —0,710515 0.721 12,6
10 —0.455168  ~0,594661  =0,601653 1.214 103.5
100 —0.654466  —0,566623 1.302 101.8
90 ~0.415530 ~0.559230  ~0,5372735 0.675 75.5
80 ~0.539909  ~0,553218 0.616 59.6
70 —U, 486782  <0,502735 0,563 GG. L

2Basis sct=—4s3p Dunning; Ref. 36. Experimental bond lengths;
Ref. 24, MCSCF wavefunction 19 MC-7410.
YInterpolated,

“See footnote d of Table V,
9The experimental value is 0,166 D, See Ref. 45.

unexpectedly, there is a different lowering for the ionic
surface (~ 1,81 eV) than for the neutral surface (~2.175
eV). It is interesting that it is the neutral for which po-
larization functions have the greater effect,

The MCSCF/CI 4s3pld adiabatic clectron affinity,
- 2.68 eV, is 0,94 eV below the 4s3p MCSCF/CI result
and 2,9 eV below the experimental value from Sec. II.
This comparison shows that the valence orbital space
is even less adequate for the correlation of the ion
{versus the neutral) than suspected from the discussion
of the 453p results in Sec, 1IL D.5, It is apparent that
a further optimization of the MC and CI configuration
lists to include excitations to nonvalence virtuals would
be at least if not more important than the inclusion of
polarization functions in any attempt ot a reliable ah
initio calculations of the adiabatic electron affinity.
However, the addition of d functions effects dipole mo-
ment changes which are less than the 0,3 D uncertainty
assigned to the 4s3p results,

E. MCSCF/CI ab initio bending potential for N, O{X 'X*)

The bending potentinl curve for N,O(X !T*) from 180°
to 70° was computed with the SCF, 19 MC, and 19 MC/
99 CI wavefunctions for usec in the next section. The
bond lengths for these calculations were the experimental
values. The results are presented in Table VI and
Fig. 8, The metastable minimum near 90° in the cor-
related wavefunctions is yet to be confirmed by cal-
culations involving a reoptimization of the configuration
lists at 90”, It probably is real and derives from an
avoided adiabatic interscction with the '4/(1'a) surface,
The dipole moment function ji(Ayy,) is also reported
in Table VIII,

1V, INTERSECTION LOCUS OF THE N,O"{X*A’)
AND N,O(X'X*) POTENTIAL ENERGY SURFACES

A. Hypersurface representation by a two-dimensional
function V(R 4y, Apge) :

If one treals one bond length parametrically, the full
dimensional potential energy hypersurface for a tri-
atomic, V(Ryp, Rpey Aanch can be represented by two

Hopper, Wahl, Wu, and Tiernan: N,O and N,0 potential energy surtaces

dimensional cuts V(R,,, A,pclRye). If one relaxes

the parametric dependence upon Ry to an implicit de-
pendence, then a two dimensional function ViR,p,

Ayno) results, In the latter case Rye assumes the
equilibrium diatomic value at R, =« but the equilibrium
trintomic value R at R,p=R%,. The bonds AB and
BC can be treated interchangeably and comparisons
made to establish the extent to which such a two di-
mensional treatment is valid, A possible functional
form for V(R,y, A,pe)is

V(R\p, Appc)=~ 2D g exp{- Bas(Ryp=Rin)] f(Axge)

+ D;BCXP[-— zﬁ;B(RAB —R:B)]+ D‘AB + Vacate s

(19)
where f{A,pc) is determined from the condition f(A%y,)
=1 and a known bending potential function

£(Axgc)= VRS, R, Aapc) = Viears (20)
as

SAxpc)=1-{olAupe) - £(A% )]/ [205,] . (21)

Rationalizations for the placement of the angular de-
pendence in only the attractive term have been given
previously. ** The parameter V,,,, is used to adjust
the energy origin from zero at the hypersurfiice mini-
mum as desired. The conditions

Dip=V(Ryp=)~ Vecate=D4s (22a)

2. N0 (X?A")
< # SCF
B 18MC-7510
® I18MC/98C!
2]
H
Q N0 (X's*)
® SCF
® I19MC-7410
3 @ 19MC/99CI
l?
[23
0
<

Q(Anno) = Ex + 183, 0.u.
-063 -060

070 .

-080 073

80 100 120 140 160 180
Anno » degrees

FIG, 8, MCSCF/CI, MCSCY, and SCF beading potential curves
from 90° to 180° for N;O"(V 24 °) and NaOLX '8%),  The jen houd
teagths (Ryyn, Kpad In aou, ure (2,2745, 2,6011) for the SCF
and (2,3045, 2.6061) for the correlated wavelunctions, Tho
noutral bond lemths are the experimental equilibrium values,
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- V(RADI Ruc; Ainc)- V“.,,-‘ It 2/):“1 “7\!) + l)f‘n y

(22h)
. aV(RMn Ryey, Aupe)
0—[———“"“0—7{7:—-#']” R Dys¥an)
{22¢)
o [PV, R, ) '
*ap: [ alE AP (,:—zuiﬂ'ﬁn*4uinﬁ;5»
(22d)
V(R;n’ uc» ‘1Anc)’" VU"AH» RBC» AA!)C)
== 2iplexpl- B4y(RY - R4p)] - 1} (22¢)

+ Dyplexpl= 2854 (R% 5 - RSp)] - 1}

can be used to determine the values of the parameters
Diy [Eq. (22a)], D3, [to satisly Eq. (220)], D%, LEq.
(22b)], and 3%, and g3y [from Fgs. (22¢) and (22d}] so
as to establish the desired surface features. These
features are the potential binding energy 12, the
stretching force constant &, 5, the equilibrium geometry
(R%n, R4, A%pe), the bending potential function
E(A pe) /U R p=R%, and Ry =R, and the value of the
potential energy at a point (R%,, R%e, Aine) with re-
spect to the value at the equilibrium gecometry, The
distance R}, should be considerably less than RS, in
order to improve the representation of the repulsive
region, If Condition (22¢) is replaced by the assump-
tlon that i, = D4y, then D%, becomes D4, = DY, and

s becomes equivalent to 345 with the resull that
14 (RM,, A4 pe) becomes a Mores function in R, .

With the latter assumption, all of the features re-
quired to parameterize Fq. (19) for the ground state
energy surface of either N,O™ or N,O are available from
the results presented in Sees. IT and III along with
some literature values for N.O. Either bond length,
AB=NNor AB=NO, can be treated. The value of the
scaling parameter V . may be set to zero for N,O°
and determined for N,O from the adiabatlic electron
affinity (from Sce. II) and the zero-point energies (from
Sce, 1I).

B. Harmonic Morse representations

Wentworth, Chen, and Freeman® proposed the as-
sumptions that !»’(Amc) is the harmonic bending po-
tential

En(Appc) = 3k apc(Arnc = A4nc) (23)

and that D%y =D%p in Eq. {19). They wrote one such
resulting harmonic Morse representation Vy (Rau,
A,pc)y AB= NO, for N,O and one for N,O°, The pa-
rameters were determined for N,O from literature
values and for N,O” by a series of admittedly crude
assumptions. lowever, lyyo for N,O® in Eq, (23) was
treated as a calibeation parameter. Its value was de-
termined from the requirement thuat the lowest enerpy
crossing point V(R%,, Ayno) of the neutral and nega-
tive surfaces occur at an cneryy 0.4520.02 eV above
the zero-point encrgy of N,O. ‘I'hie ladter encryy is the
activation encrpey which they oblained from their mea-
surcment of the rate of Reaction (3) as a function of
temperature over the sanpe - 66 to 215°C,  The ob-
jective of Wentworth, Chen, and Fresman was the
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estimation of the adiabatic electron affinity, However,
it is interesting to note for later comparison that they
reported a vatue of 160 for A%y, .

The results of the present study may be used to
establish all of the parameters in the harmonic Morse
function without any assumptions or ealibrations to re-
action thresholds. The minimum energy crossing locus
(fthe, A¥no) and its activation energy with respect to

N,O°(0, 0, 0) may, thus, be predicted, Comparisons
with the experimental activation energy and the vertical
electron affinity will serve to check the appropriateness
of the harmonic Morse functional form, The values for
the parameters are given in Table IX. The minimum
energy surface intersection is shown in the harmonic
section of Table X for the SCF, 18 MC, and 18 MC/98
CI N;O" wavefurctions, The vertical surface separa-
tion at the N,O equilibrium geometry is also listed in
Takle X. The latter cnergy quantity is some 7,0-~9.8
eV. The ab-initio vertical excitation (resonance) en-
ergy for N,O™(1211) above N,O(Y'S*) is 2,3-3.9 ¢V,
depending upon the degree of wavefunction correla-
tion, See Table VI. The main source of this rather
large discrepancy is the assumption of a harmonic
bending potential, This source of error can be re-
moved by replacing Eq. (23) with an anharmonic repre-
sentation of g{A,5c). A direct way of providing the
anharmonic potential is taken in the next subsection. It
is noted that the crossing angle A%y, is about 6° be-
low the value reported by Weuntworth, Chen, and Free-
man, ?

C. Anharmonic Moise representations

The shape of the anharmonic bending potential,
ZalAxpe) = 84(A%ne), is reliably piven if

galAxnc)= Z C, AL, {24)

where the expansion coeflicienis C; are determined by
an exact-matching fit of Eq. (24) to n ab initio potential
energy surface points V(RS 5, Ryc, Aape)- The nval-
ues of A pe-are chosen in this study to span the range
90°-180°, Wherever necessary a point at 175° is in-
cluded to ensure that g}(180°)=0,

The bending poteatial energy curves for N;O°(X2A%)
and N,O(X'2*) are shown in Fig. 8 for selected SCF,
MCSCF, and MCSCF/CI wavefunctions, Note that only
the shape of these curves enters into Eq. (21) and,
thence, their placement on the energy seale does not.
The anharmonic Morse representation V, (R, p, Axpc)
is, then, Eq. (19) with the approximation that N} .
= D%y and with (1, nc) given by Egs. (21) and (24).

The anharmonic section of Table X displays the re-
sults obtained with V,y(Rap, Aanc). For AB=NO, the
soparation of the N;O aml N,O" surfaces at the cquilib-
rium geomelry (RS e Afpc) of the former is lowered to
3.8-4.8 eV, which slightly overlaps the 2,3-3.9 ¢V
ab initio range given in Table VI, Thus, the anharmonie
modification is » necessary improvement which preatly
Increases the Githfulness with which the shape of ab
initio potential surface is represented,

pesers

s
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TAGLE INX. Parameters for the angular—dependent Morse function Vg, Appe) .

Molecule (state)

N,O7 (X 24 7)e

NoO(X feyd MCSCF MCSCF/Cl
Parameter®*™©  Units (Exptl) SCFr (18 MC) (18 MC/98 CI)
Din-o eV 3.758 0.4860 0.183 0.479
Bro At 3.076 5,055 5.183 4,993
Rfo A 1.1842 1.3764 1.3739 1.3747
knyo eV/deg®  0.001215 0.002062  0.002101 0.002051
Afxo deg 180.0 123.6 132.7 132.7
Vacalo Y 0.16 0.00 0.00 0.00
Dhi-vo eV 5,006 5,157 5.160 5.156
B At 3.3188 2.643 2.669 2,647
R Ay 1.1282 1.2036 1.2197 1.2216

‘D?\B-c'"-l),\u-c + €apc = €ap, Where Dap_g is the experimental dissociation cuerygy and
the € are the zero-point vibrationad energics whose value in eV are 0,251 (N.0),
0,195=0,199 (N,07), 0,146 (No), 0.118 (NO), and 0,169 (NO'). Scc Ref. 21,

b@\,\? =1,76655 (l.-,\u/D‘,’\B)”z, where kap is in mdyu/f\ and Dy is in eV to give Pay in
‘ .

Veeate = Ev AL N;O) — €(N,0) 1+ €(N,07) positions the potential minimum of the neutral
surface with respeet to the negative. )

9The experimental quantities required to compute these parameters are listed and
referenced in Table VI.

*Computed from the results presented in Tables I and VI,

Further improvement can be made by removing the be seen as follows, The anharmonie Morse function
assumption that Diz=D},. The most important result for AR = NN places the vertical excitation energy at
of this improvement would be the treatment of the re- 1.8 eV, Sce Table X, This result is in better agree-

pulsive portion of V(R,p, A,pe) for AB=NO, This can ment with the more reliable, lower end of the ab initio

TABLE X. Minimum potential encrgy crossing point V¥(Rin, Rio, Afino) and cquilibrium geometry
vertical surface separations for the ground state cnergy surfaces of N»O and N.O™ as given by various
angular=dependent Morse functions V{Rag, Axno) s

Characler Minimum in the Surface séparation
of 'u“; intersection locus V(N;07)=V(N,0) eV
: e L
angular Wave Ve R,f‘m Advo at the cquilibrium geometry
dependence AR function® (eV) (A) (deg) N,O" N,O
Harmonic NO sCr 0.9629 1,295 146.,8 ~2,01 9.80
MCSCTF 0.7881 1.282 151.7 —-1,68 7.47
MCSCY/CI 0.7749 1,279 151.7 ~1.68 7.00
NN SCF 0.7681 1,175 149.3 -1.95 4,09
MCSCYF 0.6265 1.175 154.1 -1,51 3.23
MCSCF/C1 0.6221 1,176 154.2 -1,54 3.18
Anharmonic NO sCr 0.9110 1,310 152.6 - 2,35 1.85
MCSCY 0.7191 1.286 153.0 -1.81 1.25
MCSCI'/ClI 0,7536 1,284 153,1 ~1.52 3.89
NN SCr 0.6991 1,180 153.7 - 2,44 1.81
MCSCF 0,5795 1,178 155,3 ~1,72 1.69
MCSCPR/CY . 6010 1,179 155.6 -1,71 1.6

Wee Fys. (19 = (21) and (23 and, for the anharmonic only, Eq. (21 as well,

*rhe neuteal surface is determined eompletely from the experimental quantities in the harmonic Morse
representation, ln the anharmonie Morse representation the ab initio bending potential replaces the
harmonic for both acuteal and the fon, Al of the parameters for the lon surface are Jetermined from
the experimental and theoretical surfaee features reported in Sces, THand DU of this paper, Sce ‘Ta-
blo V1. The neutral geometey at equilibrium is experimental, The lon geometry il potentinl param-
cters are computed aml vary with the wavefunction employed,
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: FIG. 9. Overlaid N,O°(X 24 ) and NoOWX 134) contour plats of the angular dependent Morse function V(Rap, Anxo! With the ab initio
MCSCI'/CI berfding potential encrgy curves, The intersection locus of the ionic surface (shown as solid contours) with the ncutral
surface (shown as long~dashed contours) is illustrated by the short-dashed line. The surface contours are identified in electron
volts with respect to the minimum in the negative surface. The neutral surface is positioned in accordance to the adiabatic clec~
tron affinity and zero-point energies. (1) Rap = Ryn; (b)) Rap = Ryo.

viewing the N,O" plots one should keep in mind that V. SUMMARY AND DISCUSSION
near linearity there may be an avoided intersection be-

tween the 125°(A’) Rydberg state and the 2:A7(12M) va- A. Final rosults

! lence state. ** The solid contours represent the 24’ A summary of the final results from Secs. I, III,

i fon surface with valence character even near 180°, and IV is made in Table XI. These combined results

! Thus, il is the diabatic, valencelike 24’ surface that is constitute a detailed characterization of the N,O™(X 24')

; being represented, In viewing the plot for N,O in Fig, potential energy surface and its relationship to that of
9(b) onc should note that although the surface is drawn N,C(X x+). Further explanation of the values entered
for adiabatic dissociation to the asymptote O('D), is unnecessary except for the vertical clectron af-

. No(X ‘S;), the molecule is predissocinted to the ground finity. This explanation is given below, A discussion

, state asymptote O(/?), N,(X'2) by repulsive triplet of several of the quantities entered in Table XI in the

y surfaces, However, as shown clsewhere, the singlet- context of the literature is in order, Discussion is
triplet surface inlersection occurs outside of the pres- glven for the adiabatic and vertical electron affinities
cnt plot range at Ryo= 3.1 A, ' A similar situation of nitrous oxide and for the role that surface effects

‘ exists for the N-N bond for N,O. play in Reactions (1) and (3).

The various coltisional processes which involve the
N.O" and N0 ground state surfuces may be readily B. Electron affinitics of nitrous oxide
visualized from these ovcrlni(-l cont.our. plots, Thf- 1. Adiabatic
plots clearly show the great disparity in the location

of the minimum reglons and the potential barriers be- The adiabatic clectron affinity of the N,O molecule in
tween them, A comparison of Figs, 0(1) and 9(b) shows its ground electronic state has been determined ex-
the strong difference between the weak Np=O° bond v perimentally by various groups using different tech-
the strong N--NO* bond, niques. A tabulatlon of these studies is made in Table
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TALLE X1, Summary of the quantitics determined in the
present study to characterize the X224 (1) ground state poten-
thal energy surface of NaO™ and to retate it to the X fy cnergy
surface of N,O,

Parameclers Value Section
N,O°(Y 24 ) hypersurface characteristics

DNy O7) 0.4310.1 eV 1
D(N=NO") 5.1310.1 ¢V u
Rfn 1.22210,05 A 1l
Réo 1.37640.10 A m
Afino 132.7 12 deg m
P, 11.4940.8 mdyn/A 11
Exo 3.8340.8 mdyn/A 1
[, 0.6440.2 mdyn/X 111
v, 9124100 e’ I
gy 5551100 cm™! 1
v 1666 100 cm™! 1
€(N,07) 0.195+0,02 ¢V i
#" 2,4210,3D 11
AEF™ 1.10 eV 1

(barricr to linearity
at R?‘-N, Rﬁo)

AE%on!ucl

(barricr Lo bond length
contractfon to the
neutral values at 180°)

1,40 eV I

Electron affinities
E.A.(N;O
V.E.A.(N;0)

0.22£0,1cV 1

-2,2340.2 ¢V II and III as

combined in V

Minimum energy point in the erossing locus of the neutral and
ion ground state hypersurfaces

V* ~ V'(N,07) 0.67+0.1 cV v
Rin 1.1840,05 & v
Rio 1.2810,10 & v
Axxo 154 4.3 dog v
Reaction thresholds

Z, [Reaction (3] 0.4010.1 ¢V v
E, [Reaction (3)) 0.21 40,1 eV v

XII. That the adiabatic clectron affinity might be posi-
tive while the vertical electron affinity remained nega-
tive was suggested in 1967 by Ferguson, Fehsenfeld,
and Schmeltekopl, ! Bardsley? concurred in his molee-
ular orbital analysts in 1959, In 1971 Wentworth, Chen,
and Freeman reported a value of 0.310.2 eV which
they deduced from a thermal electron attachment rate
experiment, Nalley of al.” subsequently reported a
tower bound for the electron affinity of =0,1510. 1 eV
trom lhelr cosium collisional fenizition experiments in
1973, Tiernan and Clow'™ reported P AL (NJO) = 0.6 eV
on the hasts of collisional-induced dissoctation experl-
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ments, but they made no correction of the datla to take
into account the velocity distributions of the ion beam
and the target gas, The present collision-induced dis-
sociation result of 0.2210. 1 eV, which is based upon
data which have been corrected for the ion and necutral
velocity distributions, is perhaps the most reliable
measurement reported to date,

The cstimate of the adiabatic electron affinity re-
ported by Wentworth, Chen, and Freeman® is in good
agreement with the determination reported here, but
it appears that this agreement may be fortuitous.
Wentworth el al. made their estimate from the dif-
ference in the potential minima of the harmonic Morse
function discussed in Sec, 1V as parametrized for N,O
and N,0". This parameterization was based in part on
experimental information but involves some gross
assumptions, These assumptions—e, g., the value of
D(N,~Q), the harmonic form of g(d,ye), and the value
of R%o(N,C™)—are shown by the present study to be
markedly incorrect,

As noted in See, I, the theoretical calculations were
not performed at the level of sophistication necessary
to produce accurate adiabatic electron affinitics. The
good agreement at the SCF level is happenstance. An
error bracket of ~3 ¢V is assigned to the present
(4s2pli valence space) ah inilio adiabatic clectron af-
finity on the basis of the 0.2£0. 1 eV experimental
value,

2. Vertical

The vertical electron affinity (resonance energy) for
N,O(X 'Z*) going to the 2A’(121) state can be reliably
obtained from combining the cxperimental and theoret-
ical results of the present paper with the following
computative cycle:

V.E.A. (X'2*~121)
=E. A. (N,0) - €(X'S*)+ € (X 24")
— AEY L AESEt (X 120) - €(1%T) (29)

This cycle may be expected to yicld a reliable result
since it is wrilten so as to depend upon those areas of
the present study which have been established to be of
predictive quality—ab initio surface shape features in
the interactive, triatomic region and the experimental
adiabatic clectron affinity, All of the quantities needed
to evaluate Eq. (29) are listed in Table X, cxcept for
¢(N,0), which is 0.254 eV (Ref. 24), and €(1%n), which
may be estimated, for reasons given earlicr, as that
of nitrogen, 0.146 eV. The resulting vertical electron
affinity is

V.E.A.(X'S*~121)=-2,2320,2¢V ., (30)

This value is to be compared with the broad experi-
mental electron seattering feature centered it about
2.2 ¢V, Sve Zecea ot al, V!

Comparison can also be made to the vertical electron
affintty to the 170 state of the negative ion V. E. A,
(X'%* = 1%2%),  An MCSCF/CI calenlation of the
VLI AL (NS =130 ay —- 1,820,5 eV by lopper ¢f

nber 1870
R 5 e iR

S aRALL Y
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TABLE XL Adiabatic eleetron alfinity of N,OLY 'x*),
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Electron aflinity

Paper (cV) Method

Wentworth, Chen, Freeman {(1971)° 0,3:0,2

Nalley ef ol (1973)° >=0,1510,1
Tiernun and Clow (1975)¢ 0.6

Present work 0.22:0,1

Deducced from the activation energy for thermal electron attachment rate
Collisiunal jonization of Cs
Lincar extrapolation of collision-induced dissociation cross section

Section I1—Levine model fit to collision=induced cross scction with cor-

rections for Doppler motion of target gas and for jon velocity speed

0.20 Scction lll—ab initio SCT calculations with a 1s3p orbital expansion
basis. The good agreement is happenstance,

>-1.7 Section Hi=ab initio MCSCY/Cl calcutations with a 1s3p orbital basis and
and restriction of correliting counfigurations to those constructable
from the valence space. This is a lower limit; sec text.

*Relerence 8.

al. ¥ is probably reliable since it included a diffuse s
basis function to deseribe the Rydberyg character of

the 80 orbital in N,0°(X'%2°*) and since differential cor-
relation effects to the 37 orbital play no significant role
as they do for V. E AL (Y S~ 1%1). Thus, the broad
resonance in the electron scatlering spectrum centered
near 2,2 eV can probably be altributed to both the va-
lence 1°11 and the Rydbere 1°5* molecular ion resonance
states,

C. Threshold for the e+ N, O dissociative attachment
reaction

The activation energy predicted from the present
study for the dissociative attachment Reaction (3) is
0.40+0.1 eV.' This value is in agreement with the
experimental value of 0,45x0, 02 eV obtained by Went-
worth, Chen, und Freeman® by a least- squares fitting
of the rate expression K= AT-¥2exp(~ £, /27) to their
rate-temperature data for Reaction (8) over the range
- 386 to 215°C, The location reported in this paper for
the minimum intersection cnergy at 251 3° from lin-
earity requires that, in the harmonic approximation,
the bending mode v, in N,O be excited to at least the
v, =4 state. The energy required for the latler excita-
tion, 0,40 eV, may be just sufficient for reaction to
proceed. However, given the extended values of both
bond lengths at the minimum intersection energy (see
Table XI), it is likely that excitation of the symetric
stretch mode would greatly {acilitate reaction,

D. Implications of the potential energy surfaces for the
kinetics of the O° + N, associative detachment reaction

There is at present a controversy concerning the re-
activily of O° with N,, Comer and Sehulz*® impacted an
O fon beam onto nitrogen ¢as in such & manner that the
effective interaction repion was 0,5 mm in diameter,
They determined the eross section as 2 function of the
relitive cotlision energy trom 0,320,550 14,740,5
¢V by following the detached oloctron intensity,  The
cross sceclion seale was caltbrated apainst the 07 CO
results of MeFarland ¢f al, " From their results the
cross section falls from 0.62 A2at 0.3240.5cV toa

"Reference 9,

®Reference 10,

minimum of 0, 10 A%at 2,0:0.5 eV before beginning a
morotonic rise to 1.52 A% at 14,7£0.5 ¢V, Comer
and Schulz repert no observable reactivity at thermal
collision energies, Thus, the cross section is ex-
pected to rise from zero to a peak located at a col-
lision energy between 0,03 and 0,32 ¢V, Their cross
section at 0,32 eV corresponds to a rate cocfficient of
1.5% 10" em® s,

Lindinger e/ al,*® performed a flow-drift experiment
in which they followed an effcctive rate constant for
O depletion as a function of the N, concentration in the
ion drift region of their flow tube, Their effective rate
constant is averaged over internal energy distributions
but not uvver the relative collision energy, They report
no observable reaction for relative collision ¢nergies
from about 0,03 eV to about 1 eV, From this observa-
tion they suegest that the reaction rate for the entire
range is less than 1072 em?® s”!. Lindinger ef al, at-
tempted to reconcile their results with those of Comer
and Schulz'® by [olding the latter authors’ cruss section
into a displaced Maxwellian distribution applicable to
the ficld-drifl enviromnent, The assumption was made
that the Comer and Schulz cross section was zero be-
low 0.32 eV, The resulting effective rate coefficient,
7% 10" cmn® 7! for relative drift cnergies of 0.5-1 ¢V,
was taken by Lindinger ¢f al. lo indicate that the two
experiments are irreconcilable,

From the present paper the energy threshold 1o Re-
action (1) is established as 0.2120,1 eV. This result
implies a very, very low thermal rate coefficient as
reported both by Comer and Schulz'® and by Lindinger
el al.®® The magnitude of the predicted threshold and
the restricted region of the minimum energy in the in-
tersection locus of the ground state surfaces [see Table
XI and Figs, 9() and 9(b)] are in accord with the ob-
servation of reaclivity and an inverse temperature de-
pendence of that reactivity from 0,32 to 2,0 eV, low-
cver, the present results also strongly suggest that
reagent Ny must be vibrationally excited to at least the
first vibrational stale fur reaction to proceed for col-
lision energles helow several eV, This last conclusion
follows from the value of Ry being definitely greater
than that of the outer classical turning point of N (v
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=0) but approximately equal to that of N.(r=1). Also,
the statistically favored collision angle is 90 and, as
ilustrated in Fig, 9(b), a collision cnerpy of about 5
eV s required to reach the erossing locus at this angle.
The crossing locus is less than 1 ¢V above the re-
agents only for angles greater than about 1407, This
siteation may be aptly termed a dynamic hindrance to
Reaction (1) and because of it translational excitation
is not expected to promote reactivity for thermal N,
This dynamic hindrance suggested by the potential sur-
face studies of the present paper is in accord with the
lack of reactivity for thermal N, for relative energies
up to 1 ¢V or well above the energy threshold to Reac-
tion (1), The present results also indicate that the
results of Comer and Schulz could be explained if some
N, vibrational cxcitation is effected in their experiment
by collisions of the electrons being released in the col-
lision cell of their apparatus,

VI. CONCLUSION

The potential encrgy surface of the X24’(121) state
of N,O" is stable in its equilibrium region with respect
to cither dissociation or detachment. This conclusion
is supported by both the experimental and the theoret-
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.

An experimental value of 0,220, 1 eV is established
for the adiabatic electronaffinity of N,O. Itis concluded
from this study that it is an clectron correlation effect
which causes the adinbatic clectron affinity to be posi-
tive. In the ab inilio calculations reported here the
augmentation of the onc-electron basis set with neither
diffuse s and p functions nor polarization 4 functions
significantly improves the ab inilio adiabatic electron
affinity value, In fact, the discrepancy with the experi-
mental value becomes greater with some of these basis
set augmentations. The truncation of the orbital basis
to the valence shell is, thus, primarily responsible for
the large, nepative theoretical adiabatic clectron af-
finity, Work is currently underway to test this con-
clusion by including nonvalence orbitals in the orbital
basis from which correlaling configurations are con-
structed,

A presentation and discussion of the potential energy
surfaces of the X 24/ (1211) and X'2*(1'.47) states of
N,C™ and N.O, respectively, shows why the associative
detachment Reaction (1) is immeasurably slow for
thermal N,, First, there is a potential barrvier of some
0. 21 ¢V tht the reagents O°CP) ¢ No(X ':3;) must over-
come to reach the minimum energy interscction locus.
Sccondly, given the threshold energy, the collisions
are subject to a dynamie hindrance: only those which
approach the mintmum energy intersection locus with
Apno= 1547 and expanding while Ryq - 1. 28 contracting
can react, The X*A' cuergy minimum with Ayyq
2 132,7 " tends 1o cause Ayyg 1o be contracting or Ryq
expanding as O approaches N, near the minhmum in
the intersection locus.  More mportantly, collision
at an angle of 154" is statistically much less lkely than
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collision at 90° where the barrier to reaction’is several
electron volts, And, lastly, given threshold cnergy and
a collision angle A%y, = 154, the extended valve of

Ry suggests that vibrational excitation of reagent N,
will be necessary to reaction,

That Reaction (2) is slow at thermal encrgies is at
least partially understandable in terms of the limited
anpgular range 110°-160" over which short-range at-
tractive forces exist between O° and N,. See Fig. 9(M).
The probability of ensnarlment of the N,O" potential
well long enough for collisional stabilization is also
low owing to the remarkably low N,~O" dissociation
energy. '

Reaction (3), unlike Reactions (1) and (2), is not sub-
ject to a dynamic hindrance, The N,O molecule must
be at least in the (0, 4, 0) vibrational state in order
that the outer turning points reach the eritical geome-
try (R¥y, R%s, Afno). The threshold energy, how-
ever, is sufficient to populate N,O vibrational levels up
to and including (0, 6, 0), (1, 5, 0), (2, 4, 0), and
(0, 4, 1). Because the N,O outer turning point nuclear
separations for v,=v,=0 only just reach the critical
bond lengths, levels with »; or r;= 1 may be expected
to be the most reactive,
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Optical emissions produced by collision of 100-cV He* ions with Xe atoms have been studied cver the spectral
range from 40 to 900 nm. All of the major lines in the emission spectrum can be assigned to transitions in
Xett resulting from charpe-transfer reactions. Emission cross sections for the major lines in the vacuum.
ultraviolet and visible spectral regions are reported and the importance of cascading is assessed. The kinetic

energy dependence is discussed for several of these lines.

INTRODUCTION

Charge transfer has recently been shown to be
an efficient pumping mechanism for certain laser
systems.* In this laboratory, luminescence from
ion-neutral reactions having potential laser appli-
cations has been investigated. Part of this study
has focused on reactions of He* with rare gases.’-®
These reactions are of particular interest because
of the earlier reports by Lipeles ¢f al.® of vacu-
um-ultraviolet (VUV) and visible emissions from
these reactions at relatively low interaction en-
ergies, However, no spectral assignments or
cross-section measurements for the production of
specific states were made by these authors for the
He'/Xe system. In this communication, we will
report assignments and cross sections for some
of the major lines in the visible and vacuum ultra-
violet regions.

EXPERIMENTAL
A. Apparatus

The cmission spectra and the translational ener-

gy dependences of selected spectral lines were ob- -

tained using a previously described® beam-spec-
trometer apparatus constructed in our laboratory.
Briefly, the apparatus consists of a single focus-
ing mass spectrometer with conventional electron
impact source which is utilized to produce a mass-
resolved ion beam and transmit it into a collision
chamber. The apparatus incorporates differential
pumping in order to minimize collisions of the
projectile ion beam in the region between the ion
source and the collision chamber. The energy and
focal point of the fon beam are controlled by a de-
celerating lens positioned immediately ahead of the
collision chamber. This is a four-element slot
lens which slows the fons from 170 ¢V, as they
exil the mass spectrometer, to the desired inter-
action energy, as low as 1.0 eV (lab) with nncer-
tainty represented by an energy spread of 1 eV
(FWIIM). Somec of the photons produced in the

collision chamber pass through the ion exit slit
and enter a McPherson 1-m VUV monochromator.
The monochromator is equipped with a variety of
gratings and photomultiplier detectors to permit
monitoring a broad spectral region. The output
from the photomultiplier detectors is pulse count-
ed using an SSR Model 1110 photon counter.

With the experimental configuration described,
the monochromator views along the axis of the
ion beam, and some of the radiation collected
originates from collisions occurring in the region
of the decelerating lens, where the He* ion energy
is higher than at the collision chamber. To deter-
mine an appropriate background correction factor,
the ion beam is deflected immediately in front of
the collision region, thereby eliminating reaction
in the collision chamber, however, not affecting
reactions occurring within the deceleration lens.
The resulting pholon count is then subtracted from
the total photon count observed while the ion beam
is traversing the collision chamber. This correc-
tion varies from 10 to 30% depending on the energy
dependence of the emission.

B. Operating conditions

The He* ion flux was 2,5 X 10" jons cm™sec™!
(current of 40 nAem=?) and Xe atom density was
1.6 X 10" alomsem™ (5-mTorr pressure at room
temperature) in the interaction region. The pres-
surc was measured using an MKS Baratron capa-
citance manometer directly coupled to the colli-
sion region. For isotropic photon emission, typ-
ically 1 out of 2000 photons strikes the mono-
chromator grating.

C. Calibration

In the VUV region, cross sections were calcu-
lated using the best available data for detector
quantum efficiency. Both Bendix Channeltron and
EMR 541-F? deteclors were used. Namioka and
Hunter® have reported an absotule reflectance of
4% at 121.6 nm for a pold-coated grating. Samp-
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son'® has shown platinum to have a reflectance of
about 1.4-1.5 times that of gold. On this basis

and consistent with reports of Zaidel and Shreider!!
we have estimated a reflectance of 6% at 121.6 nm.
Using these assumptions we f{ind that the calcu-
lated cross section of 0.60 A® for Lyman-a pro-
duction (121.6 nm) from impact of a 100-eV Ie*

ion beam on hydrogen compares favorably with the
accepted value of 0.44 A? derived by Dunn, Geb-: .

alle, and Pretzer.'? The relative spec'tml.re,f'lecl-; S

ances were interpolated from the data of Namioka’
and Hunter at 121.6, 58.4, and 30.4 nm.

An absolute calibration of the monochromator
was made in the 450-900 nm region for each gra-
ting, using an NBS-calibrated tungsten strip lamp,
based on the method outlined by Kostkowski and
Lee.'* Below 450 nm, the internally reflected
light was equal to or greater than the light emit-
ted by the tungsten lamp. Therefore, the relative
grating reflectance!! and photomultiplier quantum
efficiency!® between 250 and 450 nm were used to
determine a relative instrument function. This
function was normalized at 450 nm to the absolute
valuc obtained from the NBS-calibrated hmp

Errors are estimated to amount to £30% uncer-
tainty in the relative values of the emission cross
section and a factor of 2 to 3 in the absolute values.

RESULTS AND DISCUSSION

Emission spectra observed in the visible and
VUV regions from impact of 100-eV He* ions on
Xc are shown in Figs. 1 and 2. These were ob-
tained with the monochromator slits adjusted for
a speclral resolution of about 2 nm. Higher-reso-
lution spectra (0.2 nm) have also been obtained for
most of the intensc lines. The raw data were re-
duced using a computer program which compares
the observed spectral lines with transitions ex-
pected on the basis of known energy levels in the
Hel, Xel, and Xell systems.!'® About 95 of the
emissions observed in the VUV can be uncquivo-
cally assigned to specific transitions, but many
of the lines observed with high resolution in the
visible can be assigned o more than one transi-
tion, In assigning the states listed in Tables 1

on the recorder, it is auto-
matically rceduced by a
factor of 10 for plotting.

and II, all wavelengths calculated by the computer
search routine for Xe IT transitions which do not
violate the sclection rule aJ=0, +1 or Laporte’s
rule, are included. None of the observed lincs
could be positively identified with Hel or Xel
transitions.

The dependences of the cross sections for seve-

- ral of the major emissions upon He* translational

cnergy were also determined. The major line ob-
served in the visible region (484.6+ 0.2 nm), was
found to exhibit an energy threshold which is be-
low 10 eV (c.m.). Only one transition can be iden-
tified which is consistent with this threshold, that
is, 6s*P;;,-6p*D3,,. Other J combinations with-
in this band can be recognized among the possible
assignments that are summarized in Table I.
Table I includes all possible transitions for the
five wavelengths listed, consistent with the spee-
tral resolution. From relative cmission cross
sections!” and relative transition probabilities,'®
we infer that the transition Gs P - 6p *D° is the
major contributor to the emission cross section at
these wavelengths. The same five transitions (J
combinations) have also been observed in this lab-
oratory in the analogous He*/Kr system. It is
interesting to note that of the five assigned transi-
tions listed in Table I, two are among the strong-

100eV He' 4 X0 -

-3
(=]

»
<]

INTENSITY {ARB!TRARY UNITS)

WACLENGTH (am)

FIG. 2. Optical emissions obscrved in the VUV from
the reaction of 100-cV Ie' fons with NXe. Optical reso-
lutton is 2 nm,
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TABLE 1, Xen transitions observed in the visible spectral region from the reaction of
100-eV fle* with Xe. :

Observed Total cross scction Possible

wavelength? for observed emission® assignments, Xcn Ar-Ag € AHE®
Ag (nm) (1078 ey Tower Upper {(nm) (eV)
484,634 0.2 6.4 6s'P;0  Gp DYy, -0.06 1.64
542.1,40,2¢ 5.6 6s%Py,,  6p DYy, -0.11 1.62
421,5;40.2 1.9 6sPy  Gp DYy, 0.10 2,02
54, 6p*PY, 0.01 3.62

608, 6diPy,, -0.10 541

460.45+0.29 1.2 6siry,,  6ping, -0.05 2,02
5diF,,  6p 5, -0.05 2.83

519.3;£0.4 1.1 6s'Py, 60Dy, -0.,05 247
54y,  6p 2Py, ~0.06 2.99

. Py 2 0.31 4.02
68, cd'Py,, 0.03 5.01

6pURyy TSPy, -0.38 5.20

3 Calculated in vacuum,

b The ealculation of these values assumes isotropic photon emission and neglects possible
polarization effects.

€Ap, caleulated from levels listed in Ref. 16, is the wavelength corresponding to the as-
signed transition.

¢ These are among the strongest lines observed in the xenon ion laser (see Ref. 19).
. Enthalpy change for the reaction Het ~Xe—lIle + Xe**,

TABLE II. Major emissions observed in the VUV from reaction of 100-eV et with Xe.

Observed Total cross seclion Possible
wavelength ? for observed emission® agsignments, Xe i Ap-kg €
Ag (nm) {10718 cm?) Lower Upper (nm)
93.13%0,1 5.2 5p5 %5, 50 %Py, 0.00
93.52+0,1 7.8 5p5%P3;, 5d‘'P/, 0.02
93.9540.1 9.5 5p3%PY, 5d'Py, -0.02
94.42£0.1 5.4 5p 58,  sd'Py, -0.03
94.9820.1 9.4 5p 3%,  5d %Py, -0.03
98.90+ 0.1 28.5 5p %, 65'Py, -0.04
103.2540.2 1.7 5p3%Pfy, 5d'Dyy, -0.01
5p 5%PPy  5d Py, 0.01
103.61%0.1 4.7 5p Py, 51'Py, -0.04
104.831 0.1 25,3 5p 5%¢;, 5d°'Dyyy 0.00
' 5p 3%y 5Py, -0.01
105.22+ 0.1 10.4 5p 5%, 65y, -0.03
107.4740.1 16.5 5p %P8, sl -0.02

* Caleuliated in vacuum,

P The ealeulation of these values nssumes {sotropic photon emiasion and neglects possible
polarization effecis,

€Ay, calenluted from levels listed in Ref, 16, ta the wavelength covresponding to the as-
signed transition,




15 LUMINESCENCE FROM

est lines observed in the cw xenon-ion laser.'?

The VUV emissions shown in Fig. 2 can all be
assigned to Xell transitions. Table I is a sum-
mary of some of the morc intense lines. This in-
cludes all of the observed transitions from 6s P,
5d*P, and 5d*P slates. 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 cV.
In constrast, emissions monitored over the inter-
val 97.3+1 nm as shown in Fig. 3 exhibit a strong
kinetic energy dependence. There are two lines,
97.34 nm (5p® *P§,, - 6s °P,,,) and 97.70 nm
(5p°*PY,, - 6s’ *D,,,) contributing to this curve.
The maximum, occurring at 12 eV (lab), corre-
sponds to a cross section of ~0.4 A2, Lipeles
el al.® observed a similar dependence in the total
cross section for photon production in the range
20-120 nm. The tolal cross section obtained by
summing the emission cross sections (100-eV He*
ion impact) of all individual lines in this interval
is 2.4 A% which is about one-half the apparent
cross section observed by Lipeles ef al.® De Heer
and co-workers®®*! have studied this reaction at
higher energies and have obtained a total cross
section®! of 3.6 AZ over this interval for impact
of 300-eV He* ions.

A detailed study of the excitation mechanism for
the 6s *P, 5d*P, and 5d°*P states is summarized
in Table 1II. The energetics of formation of each
of the possible J levels of the */’ and °P slates of
Xell from ground-siate He* and Xe reactants are
listed. In addition, the total emission cross sec-
tion for radiation to the 5p°® “P3,, and 5p°® *P},,
ground ionic states (determined from VUV emis-
sion cross sections) is shown, along with the total

LOW.ENERGY lie*/Xe... 1449
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FIG. 3. Emission cross scction for Xen radiation
observed within the interval 97.3+1 nm from impact of
He' ions on Xe.

cascading cross section from high-energy states
to those individual states (determined from visible
emission cross sections). The last column is the
difference between the measured emission cross
seclion in the VUV and the measured cascading
cross sections in the visible region for each indi-
vidual state populated and thus is the cross sec-
tion for direct formation of the states indicated

in Table I formed in the original ion-neutral
collision. As can be secn, the first two states
listed in Table III are formed mainly by populating
higher-cnergy states, followed by cascading,
rather than directly in the ion-neutral collision.
This is in agreement with the findings of De Hecer

TABLE NI. Total emission and cascading cross sections for the major Xeil P and ¥ states
observed in the He' /Xe reaction.

|

Cross sections (1071 cm?) I

Total Direct {

State, Xen AN (eV) emission Cascading formation s

6s ‘Py/y -0.92 16.5 15.1 14 :

65 Py, -0.67 10.4 12.0 ~1.6 ‘

65 Py 0.09 28.5 1.2 27.4 !

5427y, 0.60 9.4 0.4 9.05 !
54%P/y 0.68 18,1 (12.7)® Sy 18,1
54'P, ), 0.74 9.5 1.6 4.9
5d4P/y 0.80 12,5 0.6 12.0
54 Py, 0.86 6.1(0.9) oee 6.1

3 Bnthalpy change for the reaction lle* + Xe—He + Xe**.

b There Is an uncertainty on the order of £12,7 in this value because of unknown contribution
of the unresolved transition 5p% 35y 1o &l 1Dy ya. Tabulaled value nssumes approximately cqual
contribution from each transition,
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and co-workers® at 360-cV ie* ion cenergy. How-
ever, in contrast, the 6s "1",2 state is almost ¢n-
tirely formed directly in the ion-neutral collision.
Radiation from this state constitutes more than
7% of the total radiation produced in the reaction.
Similarly, the remaining states listed in Table I,
which are also populated by processes which are
endoergic for ground-state reactants, are formed
direetly in the ion-neutral collision. The total
cross section for those emissions listed in the
table approaches one-third of the total cross sec-
tion for radiation produced by impact of 100-cV
He* ions on Xe. While cascading effects must be
assessed for each state on an individual basis,
overall cascading contributions account for about
30% of the total observed radiation (visible and
VUV) in the He*/Xe reaction al 100-eV ion ener-
gles.

De Heer and co-workers® have extensively stud-
ied this system at impact energies above 300 cV.
The highest ion encrgy attainable on our instru-
ment is 150 ¢V preventing a direc! comparison
with the data of De Heer and co-workers,™ ™
Nevertheless, one might expect many similarities
in the results of these two studies; however, some
gross disparities exist in tlie states populated and
in their total emission cross sections. De lleer
and co-workers®! make no mention of transitions
from 6s 'P,,, 5d%P,,,, or 5d7°P,,, levels, 1t is
presumed, therefore, that transitions from these
three levels arc relalively unimportant under
their experimental conditions, although these are
the three most intense lines observed in the pre-

sent study. No XcI resonance lines were observed .

in this investigation, yet De Heer and co-workers
report large apparent emission cross sections for
Xel resonance lines (¢>0.15 A? at 147 nm).

While a detailed comparison of the experimental
methods of De Heer et al.**! with those of the
present study will not be presented here, it is
appropriate to note some obvious differences
which may account for this discrepancy. One im-
portant difference is the ion beam flux. De Heer
el al. used a plasma ion source which resulted in
a much larger flux of He* jons in the collision
rerion than is realized in the present experiments
{typically larger by a factor of 10°), This very
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large density of He* ions may permit the oceur-
rence of neutral-neutral excitation processes in
the collision region. De Heer el «l.?! find that the
cross sections for the resonance atomic lines do
not vary linearly with pressure in the collision
region. This indicates that some of the radiative
states may be formed by competitive processes in
their experiments, and these authors suggest that
fast He atoms may be involved. In the experi-
ments reportedhere, the cross sections of all
major emissions were found to depend linearly
upon collision chamber pressure, up to pressures
of 8 mTorr. Thesc emissions therefore result
only from bimolecular He*/Xe reactions with little
possibility of their formation by He-atom reac-
tions or other processes.

It is noleworthy that Tanaka ef al.?? have recent-
ly observed 2 strong emission line of Xell, cor-
responding to the transition 5p°% 2P5,, - 6s ‘P, ,,,
from the excitation of a mixture of He and Xe in
an ac pulsed discharge at a total pressure of about
10 Torr. As shown in Tables II and III, this line
is one of the major emissions observed in the
present study. Tanaka et al.*® detected only very
weak emission bands from the (HeXe)* dialomic
ion.

The results of the present investigation indicate
that the production of radiative states of Xelrl in
the reaction of He+ (100 eV, lab) with Xe is quite
efficient. The total cross section for direct exci-
tation measured in this study consitutes about 25%
of the total He*/Xe charge-transfer cross section
(10 A% at 100 eV).>* A complete reporting of all
lines observed in this and cther He* rare gas
systems is in preparation.
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The chemical physics of the gas nitrogen trifluoride
is currently of interest owing to its applicability in the
development of HF/DF chemical lasers and its use in the
rare gas~halide laser systems, '=* Since these lasers
are electron-beam or discharpge initiated, the reaction
of electrons with NI is of particular interest,®

The rate constant for the dissociative attachment of
thermal eneryy electrons (300-350 “K) {o nitrogen tri-
fluoride has been measured using a flowing afterglow
technique deseribed in a previous publication, ' The
rate constant obtained for the reaction

e”+ NFy~ F* 4 products (1)

is 2,1+ 0,8%10""" ¢m® molecule™' sec’!. This rate con-
stant was obtained using a filament electron source, and
with an argon buffer gas pressure of 0.3 torr.

The rate constant for thermal energy electron attach-
ment in nitrogen trifluoride has previously been mea-
sured by Mothes ¢/ al.!! using an electron cyclotron res-

~onance technique. The current measurement agrees

well with the value, 2.4x10"" cm?® molecule™ sec™! at
300 °K, obtained by Mothes ¢f ¢l. In addition, the cur-
remt research establishes the identlity of the ionic allach-
ment products,

The only product fon observed in the prescent study is
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F*. This result contradicts a previous publication' ¢it-
ing the formation of NI*, Pz and F° by theemal electron
attachment, However, that work was performed using
wtme=of=fiplt mans upeetrometor, in which it wag not
possible to obtaln a thermal eloclron bheam, which g
necessary to determine thermal energy electron atlach-
ment prodvets. No cvidence was obtained in the present
experiments for the formation of the ions NF- or F; at
thermal cnergy.

Reactions which may be proposed to occur at thermal
energy include

¢”+ NFy~ F"+ NF, (2a)
~F +NF+F (2b)
- F"+N+TF+F (2¢)
¢ +NFy=NF "+ F, (3a)
~NF "+ F+F (3n)
e"+NFy= F; +NF (4a)
~F;+N+F (4v)
e”+ NF,~ NF; + F (5)
e"+ NI+ Ar = NF; + Ar. (6)

Each of these reactions may be discussed using avail-
able thermochemical data {in kcal moie™! at 298 °K)
AHY(N)=112.979," all(F)=18.88," Al (NF)=57, '
AH(F")=~ 60.0,'S, AH (NF¥-)=43.2,'® all,(F;)-68.6,""
AH/(NF,)=10.3," AIL(NF,) = ~ 29.8," and AH,(NF;)
=-28.4,"" Using these data, Reaction (2a) may be shown
to be exoergic by 19.9 keal mole! while Reactions (2b)
and (2¢) are endoergic by 45.7 and 120.5 kcal mole™?,
respectively. Reactions (3a) and (3b) are endoergic by
73.0 and 110. 8 keal mole™?, respectively. Reactions
(4a), (4b), and (5) are also endoergic (by 18.2, 93.1,
and 20. 3 kcal mole™?, respectively). Thus, a thermo-
chemical analysis of the proposed Reactions (2)-(5) in-
dicates that Reaction (2a) is the only process expected to
occur in the reaction of thermal cnergy clectrons with
NF;. To the authors’ knowledge, the formation of NF;
has not been reported and is not observed in the present
experiments [I < 10" cm®molecule™ sec™ for Reaction

(6)].

The present experiments were performed at NF,; den-
sities approximately threc orders of magnitude greater
than in Thynne’s experiments. Thus, the possibility of
fon—-molecule reactions disguising the direct thermal
clectron attachment products must be considered. Re-
actions (2b)-(5) are thermochemicalty forbidden. How-
ever, the clectron affinity of NI has not been measured
experimentally, and reaclion {3a) would be exoergic if
the electron aftinity of NF is 86,8 keal mole™!, which
falls within the known range of electron affinitics for
small molecules. ™ However, the charpe transter
reaction

NI?* + NFy~ F" 4 NF4 NT, n

would be endoergic by 66,0 keal mote!, and NIF* would
be observed in the afterglow, Thus, it ts unlikely that

e » J: Chom. Phys,, Vol, 87,
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the electron affinity of NF iy ag large as 86.8 keal
molet,

ILNFZ I formed by Reetion (G}, then the reaction
NI« NFy F* 4 NIy 4 NF, (8)

may occur if the electron affinity of NF, is less than or
cqual to 19.9 keal mole!. However, even in experi-
ments where the NF, density was ~ 5x 10! molecules
em™®, no NF; was observed. Under the present experi-
mental conditions, the rate constant for Reaction (8)
would have to be > 107 ecm?® molecule! sec! in order for
NFjy not to be observed.

The results of the present research show that only one
product ion, F*=, is formed in the thermal energy attach-
ment of clectrons to NF;. The rate constant has been
found to be quite slow but significant for high pressure
NF, mixtures.

The authors gratefully acknowledge the contribution of
the nitrogen triiluoride to our laboratory by Dr. E. A.
Dorko of the Air Force Institute of Technology. This
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Associative detachment reactions of the type A"+ D3
~ AR+ ¢ have been studied recently! using flow-drift
techniques, These experiments yield rate coefficients
based on observations of the disappearance of the nega-
tive ion reagent as the concentration of I is increased,
Neither clectrons nor ncutral products are directly mon-
itored in such experiments., It is difficult to determine
branching ratios for olher negative-ion reaction chun-
nels from measurements of this type. An alternative
method which has been utilized to study nssociative de-
tachment processes employs an ion beam-collision
chamber apparatus? in which electroas produced in the
detachment reaclion are directly observed. Other chan-
nels producing negative ions are not monitored, how-
ever. A third method, recently developed in our lab-
oratory® is also based on ion beam-collision chamber
experiments, but both negative ion products and elec-
trons from the negative ion-ncutral collision can be
readily monitored. Cross sections for negative ion
products are obtained as previously described, ! while
detached slow electrons are monitored by using SF, as
a scavenger in the collision chamber, and measuring
the resultant SFg currents. The wide translational en-
ergy range accessible 1o the tandem mass spectrometer
used for these experimoents (0.3-180 eV in the labora-
tory system) facilitates studies of the energy depen-
dences of the reactions. At the lowest energies em-
ployed (~ 0.3 eV), cross sections for associative de-
tachment reactions determined by this method are quite
reliable, since the direct reaction of most simple nega-
tive ions (for example, O~ or S-) with $F, is endoergic,
and the observecd SFg can be formed only by capture of
the electrons released in the detachment reaction, At
higher translational encrgies, contributions to the SFg
signal from the direct reaction become more important
and must be subtracted from the total SF; current to 6b-
tain a measure of the associative detachment channel.

In the present experiments, we have employed the SF,
scavenger technique to observe associative detaichment
reactions of several negative ions with O, which have
not previously been reported. Table I summarizes the
reaction rate coefficients determined for these reac-
tions. These rate coeff{icients &k are related to the ex-
perimentally determined cross scctions ¢ via the rela-
tion, k=07, where 7 is the average incident ion velocity
at the corresponding laboratory energy employed.

Of particular interest is the-associative detachment
reaction
§710,~5054¢ (1)

for which the rate approuches the gasg kinetic collision
rate. This reaction is highly exocrgic, and apparently
the reactants approach cach other along altractive po-

tential surfaces which lead into the autodetaching region,

A fairly long-lived collision complex must be formed in
order to permit the extensive rearrangement which is
necessary for the sulfur atom insertion to occur. It is
also interesting to note that one of the fastest associa-~
tive detachment reactions previously observed, '** O
+80,~ 80, + ¢ yields the same final products as Reaction

TABLE 1,

Rate coefficienls for various negutive ion reactions
with 0y, 2 :

Reaction 10-*% em3/molecule - sce
0" +0;— 20,+ e +2,65 ¢V® 311

-~ 0+05+0,7 eV 20, 49

—0;40,43.1 eV 0.140,05

OH™+0;—~0,+110y +e~0,16 eV - <0,01 (not obscrved)

—~OI+0;+0.3 ¢V 50,2
— HO; +0, 0.340,1
—~0;+110,+0,28 eV 0.140,05

S +03—$0;+¢ +G.4 eV 1142

—~§+05+0.1 eV 9.940,3
T - 50"+0,+3.5 eV 0.3+0,1
—~0;+80+2.8 ¢V 0.08
~50,+0"+4.3¢V 0.01
~$0;+0+3,9 eV 0.02

SH" +0y — (Ol +50) +¢ +3.3 ¢V 5.541
—~SH+0;-0,15 eV 0.640.3
—~11S0"+0, 1,04 0,4
—~S0"+HO, +1.5 eV 0.240,1
—~ 50 +HO; 0.06
—~S0;+OH +4.4 eV 0.02
~-50, +OH"+5.1 cV 0,01
—5 47 0.09
~0" 47 0.01

Measured with reactant jons of ~0.3 ¢V laboratory cnergy.

YExoergicitics were calculated using known heats of formation
(Ref, 5) and clectron affinitics, [EA{O) - 1,462 eV; EA(OH)
=1, 826 eV; FEA(S) =2,097 eV; EASH) =2,319 eV, EA(O,)
=0.44 ¢V; EARO) = 1,1 ¢V; EA(SO,) =1,097 ¢V, Refs. 6~-12],
and from the recently obtained clectron affinity of ozone EA{O,)
=2,154 0,15 ¢V (Rel, 13),

CAll aysociative detachment rate coefficients were determined
relative to the rate, & =1,4% 10 em?/molecules see for the
reaction 074 NO «+ NO, 4 ¢,

YAIL charge teanster and particle teansfer rate coofficients were
determined relative to the rale k=1, 2x10°? em?/molecules sec
for the reaction 0" +NOy —=NO3 +0,
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FIG. 1. Rate cocfficients for S"+03—S0; 1 ¢ as a function of

relative kinetic energy. The predictions of the average dipole
orientation (ADO) theory' are given, (A polarizability, a =4

%x10" ¢m?®, was employed for ozone, ')

(1). Apparently, both of these associative detachment
reactions are quite rapid, in spite of the fact that more
than three atoms are involved, hecause none of the al-
ternative charge transfer or particle transfer channels
is more exoergic.' The final products of Reaction (1)
may however be S0, and O, since SO, carries away most
of the reaction exoergicily as internal energy and is
therefore likely to dissociate.

The rale coefficient for Reaction (1) as a function of
relative kinetic encrgy has also been determined in the
present study, as shown in Fig. 1. The decreasing rate
with increasing energy is typical of that previously ob-
served for other associative detachment reactions.?
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Translational encrgy thresholds were determined for collision-induced dissociation of O3 formed by two alternative reac-
tons. The different thresholds observed for these two processes, 0.96 eV and 1.80 ¢V respectively, suggest the existence of

a long-lived (> us) excited state or isomeric form of 03.

1. Introduction

Ozone and its ions play an important role in the
chemistry of the atmosphere [1]. Yet there is still con-
siderable controversy and uncertainty regarding such
basic thenmochemical quantitics as the electron affinity
of O3 and the bond dissociation energy of the O3 nega-
tive jon. The purpose of this communication is to pres-
ent new experimental results bearing on these topics.
These results suggest the existence of two stable forms
of 03, a fuct which may serve to resolve some of the
current experimental discrepancies. The experimental
procedures employed here involve measurements of:
the threshold for collision-induced dissociation (CID)
of O3 ions upon impact with various target gases. The
CID method has previously been shown to be useful in
detecting the presence of excited states in positive ion
beams [2], but to our knowledge, no application of
this metliod which indicates the presence of a long-
lived excited negative ion state has yet been reported.
The derivation of reliable energy thresholds from CID
measurements has also been facilitated by the recent
development of an adequate theoretical model, which
predicts the energy dependence of the cross section in
the threshold region [3].

* On sabbatical leave from The Tlebrew University of Jerusalem,
1976-11.

2. Experimental

An in-line tandem mass spectrometer, previously
described [2,4], was utilized for these studies. The pro-
jectile ion is formed in the electron-impact ion source
of the first stage mass spectrometer, which produces
a mass and energy resolved beam. This beam is then
decelerated in a retarding lens and impacted upon the
target gas in the ficld free collision chamber main-
tained at a temperature of 30°C. The cnergy spread of
the projectilc ion beam entering the collision cell is
+0.3 eV (lab). Pulse counting techniques are used to
measure the product ion current.

The gases used in these studics were reagent grade
and were obtained from the Matheson Co. Ozone was
produced by a Tesla coil discharge through oxygen at
low pressure (=10 torr) in a vacuum system which was
free of hydrocarbon grease or mercury [5]). The ozone
was condensed at — 196°C and residual oxygen was re-
moved by pumping on the trapped O5. The latter was
then vaporized immediately into the ion source of the
first stage mass spectrometer.

The prajectile ion, O3, was formed by clectron im-
pact on gascous mixtures of O3 and N0, and of O,
and H,0. Under these conditions O3 is most probably
formed by the ion—molecule reaction

0"+0;-0+03 m
in the first gascous mixture, and the reaction

211
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OH™ +0; > OH + 03 (2

in the latter mixture,

3. Data treatment

The measured primary ion intensity, and target gas
pressure were employed to convert the product ion in-
tensity to an observed apparent cross section for the
CID reactions

03 +X=>0"+0,+X, X=He,Ar,CO, 3)

asa function of projectile ion translational energy. Cor-
rections for the ion energy distribution and Doppler
motion of the target gas were applied as previously
described {4,6]. A statistical model for the threshold
behavior of the CID reaction was assumed to be appli-
cable [3]. With this model, the threshold dependence
of the cross section is well approximated by the func-
tional form,

O(Ercl) =4 (ET - I“O)"/Ercl ’ (4)

where £ is the total energy available from the colli-
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sion, £ is the threshold energy, and £, is the rela-
tive translational energy of the colliding pair. 4 is a
function of the internal energy in the reagent jon. The
~xponent n depends upon the mechanism of the CID
reaction, with the range 1.9 <n < 2.2 implying a di-
rect process and the range 1.5 <n < 1.8, an indirect
process [3]. A computer fitted excitation function
based on these energy corrections, calculated using
an assumed threshold function, was compared in cach
case with the experimental data. Assuming that the
products are in their ground states at threshold, the
bond dissociation energy D(0™-0,) is then deter-
mined from the best fit value of £.

4. Resulis and discussion

Typical excitation functions for the O3 /He reac-
tions are illustrat~d in fig. 1. Table I summarizes the
translational energy thresholds derived from these
curves and from similar data obtained using Ar and
CO, as target gascs. The uncertainty in the values of
Eq is 0.1 eV in the center of mass system, and the
uncertainty in n is on the order of £0.1. These errors

CROSS SECTION
(ARBITRARY UNITS)

1 1 1 1 ! 1 1 1 1 H [ 1 1 1

5 I5 25 35 45 55 65 75 85 95 (05 15 125 135 145 155 LAB
1 i I 1 1 A 1 I [
T2 3 4 5 6 7 6§ § 1o cM

ION ENERGY , eV

Fig. 1. Cross section for the reaction O3 + lic = O™+ 0, 4 He as a function of translational cnergy. & — experimental data for O3
from ON7(OQ3, 01D O7; 0 - data for O3 from 07(03, 0)03. Solid lines are the calculated “best-fit™ excitation functions.
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Table 1
Best fit values of /£ and » obtained by convoluting o =
AlFT - Eo)"/lz'n.l‘S with the energy distribution for the col-
lision-induced dissociation reactions, 03 + X - 074 03 + X

Target O3 from 07(03,0)03

03 from OH™(03, O11)03

gas X St R - -
n Eg(eV,eam) n Eq(eV, c.m.)
He 2.1 1.08 2.1 1.77
Ar 2.1 0.95 2.0 1.82
CO, 2.0 0.86

average 0.96

averape 1.80

a) ET was actually equated with Eye) (or £ ) ) in these com-
puter fit calculations.

arc estimated from the ranges of £y and r which yield
a good fit to the experimental data.

Two different threshold cnergics were obtained de-
pending upon the method of formation of O3, but
irrespective of the target gas employed for CID. O3
produced via reaction (1) gave in each case a lower
threshold than the one produced via reaction (2).
These thresholds apparently represent the bond dis-
sociation energies of two different states of O3, The
average values for D(0™—0,) are calculated to be
0.96 £ 0.1 ¢V and 1.80 £ 0.1 eV, respectively.

Taking D(0™-0,) = 1.8 eV, in conjunction with
the known electron affinity of the oxygen atom, 1.462
eV [7] and the bond dissociation energy of neutral
ozone, 1.05 eV [8], one can calculate the electron af-
finity of ozone to be EA(O4) = 2.2 eV. This valuc is
in very good agreement with recent results obtained
from endocrgic charge transfer [9] and collisional ioni-
zation [10] experiments.

The enthalpy changes for reactions (1) and (2) are
Ally =—0.75eV and AH, = ~0.37 ¢V, respectively
(the electron affinity of the OH radical is 1.825 eV
[11]). Reaction (1) is thus more exoergic than (2) and
the results described above indicate that, within ex-
perimental error, the total exoergicity of this reaction
appears as internal excitation energy of the O3 prod-
uct, since the ion must be formed with an energy of
(1.80 £0.1) --{0.96 £ 0.1) = 0.84 £ 0.2 ¢V above the
encrgy of the most stable ground state configuration
of 03 . On the basis of the pressures existing in the
fon source (P < 0.1 torr), the rate coefficient for col
lisional deactivation of the excited O3 must be
< 10— em?/sin order for the excited O3 tosurvive,
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The transit time required for O3 to reach the collision
chamber is such that the lifetime of this species must
be on the order of several microseconds. .

The excess energy of O3 produced from reaction
(1) may be in the form of vibrational excitation, as
has been suggested to be the case for NOy [12]. Vi.
brational excitation of positive ions in the electronic
ground state is known to cause a reduction in the trans-
lational energy thresholds for CID by an amount equal
to the degrec of cxcitation [13]. Alternatively, the ex-
cited O3 may be formed in an clectronically excited
state which correlates to ground state fragments. The
only possible candidate for such an‘electronic state is
the 2A1 state, for which the exact cnergy above the
ground 2B, state is still unknown [14]. This state has
not yet becn observed spectroscopically, but by analo-
gy with a similar state in SO, [15] (the !B, state) the
lifetime should be quite long. Still another possibility
is that the O3 formed in reaction (1) is a cyclic isomer
of the open-chain O3 formed in reactinn (2). Recent
theoretical calculations [16,17] have indicated that the
ground state potential surface of neutral 03(l Aj) has
two minima occurring at bond angles of 117° and 60°
respectively, with the 60° configuration corresponding
to a metastable ring structure. Similar behavior for O3
is quite plausible [18].

The present CID data provide information relative
to the structure, excited states, and reactivities of the
O3 ion which is complementary to that which has
been obtained from photodissociation [19] and flow-
drift [20] experiments. The latter are less suitable for
the detection of excited states owing to the high pres-
sures and long ion residence times which characterize
the experiments and which dictate that reactant jons
are usually fully relaxed.
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Thermochemical Datfa for Molecular Negative
lons From Collisional-Dissociation Thresholds

Thomas O. Tiernan and Richard L. C. Wu

Department of Chemistry, Wright State University, Dayvion, Olio 15431, U.S..

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 thermodynamic data
to obtain ionic bond dissociation energics. In the earlier beam-collision chamber
experiments, the thresholds determined for these reactions were not corrected
for the cffects of cnergy broadening resulting from 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 COy, the experimental excitation functions (that is. the cross-
sections as a function of cnergy) have been treated to take account of energy
broadening and the thresholds have been more reliably deduced. These thres-
holds yicld the enthalpy of formation of the reactant negative ions, which in
turn can be used to calculate electron aflinities for the corresponding ncutral
molecules. Comparison of the threshold behavior with the predictions of a
statistical theory of the dissociation process also provides insights into the
dissociation mechanism.

EXPERIMENTAL
Instrumentation and Procedures

The apparatus utilized for these experiments is an in-line tandem mass spectro-
meter which has been desceribed previously. s * The reactant ion beam, produced
in an clectron impact source is mass- and encrgy-analyzed by a double-focusing
mass spectrometer, retarded by a slot lens which controls the collision energy,
and impacted on the target gas in a collision chamber. The energy distribution
of the projectile ion beam is +0.3 ¢V (Lab) over the entire accessible encrgy
range of 0.3-180 ¢V. Product ions, produced by reactions in the shiclded ficld-
free collision chamber, exit from the reaction zone, are reaccelerated, and enter
a second double-focusing mass spectrometer where mass analysis orcurs. The
ion detector is an electron multiplier coupled to a pulse counter. The collector
stage of the apparatus is fixed and preferentially accepts product ions scattered
in the forward dircction (07 scattering angle). Possible diserimination eflects
have been discussed in other publications.! For the experiments reported herein,
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the temperature of the collision chamber was maintained at 160°C, and collision
chamber pressure was typically 4 x 10-2 Torr. Pressurc-dependence studics
were conducted over the range of collision chamber pressures, 0.5 x 10-2--
4x10-*Torr, lo cnsurc that the observed product ions result from single
bimolecular collision events. Cross-sections for the observed reactions were
calculated relative to the cross-section for the O-/NO, charge-tiansfer reaction,
which is 63 A% at 0.3 ¢V (Lab) ion energy.?

Reactant negative ions were formed by clectron impact on various pure
gases or mixtures. These ions and the respective molecules from which they
were derived were as follows: NO-, N,O; NO;, mixture of N,O and NO,;
N,O-, N,O; O3, mixture of N,O and Q,; CO;, mixture of CO, and N,O,

Determination of Dissociation Thresholds
Endoergic collision-induced dissociation reactions of the type
AB-+X — A-+B+X ¢}

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,! the energy dependence of the
cross-scction in the post-threshold region has the form

Ag(E—E)»
o Erer) = Ao (Fi = Ey)" (2)

Ercl

where Ey is the total energy available from the collision (c.m.), E, is the thres-
hold encrgy, and Ey is the rclative energy for the colliding pair. The value of
the exponent n depends upon the mechanism of the reaction. The statistical
theory? predicts that 1.9 <n <2.2 for a direct process, where in the final state
all three particles are unbound, and 1.5 <» < 1.8 for an indirect process, where
two of the three particles are guasi-bound in the final state.. The cocflicient A,
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, is thus independent of the internal states. When it is converted to the
laboratory system of encrgy, Eqn (2) reduces to

ay Ao (Ej = Eg)n
o) = o E= )" (3)
where F is the effective encrgy for the reacting ion-neutral pair.

In the actual experiments, /) represents a distribution of cnergics, owing to
the translational cnergy spread of the incident ion beam and the velocity
distribution of the target molecules which leads to Doppler broadening.® The
experimentally measured cross-section is thercfore related to the absolute
cross-scction by the expression

(-]

oexp(Fin) = J o(E)) (wki|Erg) dEy 4)

[
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where o(F)) is given by Eqn (3) and w(E; I£\g), the effective energy-distribution
function for the collision, is given by

[ N 1) 2
w(E|Exg) dFE = {(anm)—l exp [ ...(51'52.510)_]}

{(n)—n/z A= exp [—-({:‘1—1—:{)‘2]} drdri  (5)

The first bracketed term in Eqn (3) is the encrgy distribution for the incident
ion translational energy about the sct point £y, where Ej is the particular iron
encrgy in the laboratory frame and the parameter a is computed o be 0.2
from the fact that the full-width at half-maximum of the reactant ion transla-
tional cnergy distribution is 0.3 ¢V. The sccond bracketed term in Eqn (5)
is the energy distribution arising from the thermal motion of the target molecules
and Doppler broadening,®* where A, the Doppler width, is given by
A=2(mlkT|my)1/?, and m; and my are the masses of the jon and ncutral
species respectively. The Doppler width is the half-width of the probability distri-
butions at 1/e of the maximum height.

In order to enable one to deduce thresholds from the experimental data, the
following 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 . The calculated curves are then firted to the experimental data points
in the energy region from onset up to the cnergy at which the experimentally
measured cross-scction attained a maximum. The optimum values of # and the
threshold 5, were then obtained from the calculated cross-section curve which
gives the best fit to the experimental data.

Thermochemistry

The encrgy threshold determined as described above for a particutar collision-
induced dissociation process is taken 1o correspond to Al the enthalpy of the
dissociation rcaction (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, AR7, is given by

"AHE(AB™) = AHR(A™) + AP (B) — AH, (6)
or
AHP(ABT) = AHZ(A™) + AH{(B) — En 0]

If the heat of formation of the neutral molecule AB is known, the clectron
aflinity of AB can then be calculated from the expression

E.A.(AB) = AH;(AD) — AH(ABY) (8)
RESULTS AND DISCUSSION OF RESULTS

Cross-scctions were measured as a function of incident ion “.anslational energy
for the collisional dissociation reactions of NO-, NQ7, N,0O-, OF and CO;,
impacted on various atomic and molecular targets (Ne, Kr, Ar, Ne, He, N,
O,, NO and CO). T'hese processes, which are of the general form

XOn+Y —» 0" +XOpa +Y (9)

cam
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are all endocrgic and exhibit energy thresholds. The effective energy distribu-
tion for such collisions, calculated using Eqn (5), is illustrated for the case of
the NO~/Xe¢ reaction in Fig. 1. Figure 2 shows typical experimental cross-
section data as a function of translational energy for dissociation of NO- upon
impact with several different targets. Figure 3 presents excitation functions
caleulated for the NO-/CO collisional-dissociation reaction using Eqn (4)
for various combinations of n and [5,. Figure 3 also demonstrates the fitting of
these calculated funciions to the experimental data points for this reaction.
The sensitivity of this procedure is such that the best values of n and %, can be

X
>

1-2

(o) {b)

08}

1 UE; fEg)—
0-6f

Relative intensily

o4

02

b—

0-0

7 A 1
g

1
[} [ 2 37 6
NO~ ion energy (ev, Lab}

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 ¢V NO" laboratory
encrgy and a temperature of 443 K. The solid line represents the calculated function
for a mono-cnergetic ion beam and a Boltzmann distribution of {arget molecules.
The dashed line represents the calculated function incorporating both the ion
translational energy distribution and the neutral velocity distribution.

deduced to within ~0.1 and ~0.1 ¢V respectively. When such energy correc-
tions arc made, the energy thresholds determined from the reactions of NO-
with Xe, Kr, N,, CO and NO are identical (within the experimental error),
and indicate an N—O- bond dissociation energy of 5.0 £ (.1 eV, When this
value is used in Egn (7). it leads to an electron aflinity value of 0.02 4 0.1 ¢V
for NO. Table 1 summarizes the bond dissociation energics derived similarly
for all the negative ions investigated in the present study, and the clectron
aflinities calculated for the corvesponding neutral molecules. As is also indicated
in Table 1, these values are in good agreement with recently reported clectron
aflinity data obtained by several other techniques, including laser photodetach-
ment, collisional ionization and endocrgic charge transfer. Tt appears, therefore,
that the collisional dissocintion methods applicd here yield generally reliable
ionic bond dissociation energies, This technigque should be particularly useful
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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.
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Fig. 3. Effects of varying n and E, on the calculated excitation functions (solid
curves) for the NO-/CO 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 are
experimental data. Where noted, thc{ curves are shifted by the indicated scaling
actors,
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for more complex negative molecular jons (such as hydrates) which may he
less amenable to photodetachment, and for many of which the corresponding
neutral species are unstable,

In Figure 3, it is seen that a value of #=1.7 is determined from the curve
fitting procedure for the NO' /CO reaction. According to the statistical model
of the dissociation process, ¥ 1his is indicative of an indirect process in which two
of the three particles in the final state are grasi-bound (in the present case, the
target is considered 10 be a single particle even if it is diatomic as in the case of
CO). For the negative ions of interest here, such guasi-bound final states would
be more likely expected in the case of reactions with N, CO, O, and NO targets,
than for the reactions with rare gas targets. Indeed, all negative 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 LElectron aflinity Electron aflinity
Ion (XO;) (eV) of XOQu (eV) obtained from other experiments®
NO- V5.0i0.l 0.02+0.1 0.0244+0.010 (PD);?

0.1+0.1 (Cl);*
20.015+0.1 (1)

0; 4.140.1 0.4440.1 0.43+0.01 (PD);0
20.4540.1 (CT)¢
NOj; 4.040.1 2.440.1 2.540.1 (Cl):» 1
. 2.350.1 (C1)
N,O" 0.43+0.1 0.22+0.1 > —0.140.1(Cl};?
0.6 (CTY*
co; 2.0+0.1 3.1+0.2 >2.7 (My)w

e Symbol following the data designates the tvpe of experiment: PD=photoadetachment; Cl=
collisional ionization; CT'=endoergic charge transfer.

with rare gas targets which were observed in the present study yiclded values of
n>1.9, as the statistical theory? predicts for direct processes, in which the final
states are unbound.

The reactions of NO- and 61607 with N'O were also studied to
determine if the O- product originates entirely from the projectile ion. In both
reactions, %0~ and O~ products were observed, again indicating that some
quasi-bound intermediate state is formed which results in isotopic scrambling.
The thresholds for production of Y0~ and *O~ were found to be identical, and
the relative cross-scctions at the maximum are in the ratio, cieg-:omg-~1:1
and 2: 1 respectively.

The collision-induced dissociation reactions of the larger negative ions
studied here (NOy, N,O7, CO,) are characterized by values of 2 which gener-
ally exceed the limits predicted by the Rebick -Levine model, ! and the distine-
tion between reactions with rare gas and molecular targets is less evident.
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Discussion

R. W. Rozett (Fordham University, New York): Your experimental curve

near threshold showed a slight shoulder. Tsn't there a danger that you are fitting
your curve to two states rather than to one?

T.

O. Tiernan: That is always a possibility; little is known about negative ion

states. The shoulder is not very pronounced.




Negative ion-molecule reactions of ozone and their
implications on the thermochemistry of O;
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An in-line double mass specirometer has been employed 1o determine reaction rate cocflicients and
excitation functions for scveral types of negative ion reactions involving ozone. The interactions studied
include electron transfer reactions, such as; M~ 40,—~M+0O; (where M™ =07, OH~, F~, CI-, Br-,
1°,8°, SH-, Cly, C.H, NOjy, and CO;) and particle transfer reactions, such as MO™ +0,—M+.0,
(where MO~ = O, , NO;, NO;, COj). Translational cnergy thresholds have been determined for those
reactions which are endothermic by applying exact Doppler corrections for the thermal motion of the
neutral as well as corrections for the transktional encrgy distribution of the projecticle ions. These
experiments place a lower limit of 2.26' 00, <V on the electron affinity of ozone. This value is in excellent
agreement with the value computed froun the bond dissocistion energy of Oy in its most stable
configuration, D YO -0,):= 1.80 ¢V, as deduced from measurements of the tramslational energy
thresholds for the collisional dissociation process, O;7 4-M—0~ 4 O,+M, where M = e, Ar. Further
implications of these experiments with respect to the structure, thermochemistry, and excited states of

O, are discussed.

I. INTRODUCTION

Negative ion-neufral reactions involving ozone have
attracted considerable attention owing to their impor-
tance in atmospheric chemistry. *™** Various experi-
mental techniques have been employed Lo study these
reactions, including flowing aftcrglow""s"7 and static
drift tube® methods, as well as ion beam techniques.? R
The former have provided reliable rate coefficients for
thermal energy ion reactions involving ozone while the
latter yielded excitation functions at somewhat higher
ion translational energies (>1 eV). In addilion, a re-
cently reported study of the reaction between O3 and CO,.

03;+CO,=C0;+0,, (1)

was accomplished using {low-drift techniques, in the
intermediate range between thermal energy and a few
eV. ! Still, several questions remain to be answered
with respect to ozone negative ions, a major uncertainty
which persists being the bonrd dissociation energy of

O3. The value of the latter quantity which is calculated
from All for Reaction (1) is in disagrecment with the
value derived from the electron affinity of O; which is
reporied in the literature. 10

Previous determinations of the electron affinity (E. A))
of ozone have been made using photodetachment meth-
ods, M1z eollisional ionization, B and endothermic charge
transfer'® experiments, and lattice cnergy®® and con-
figuration interaction calculitions. ¥ The reported val-
ues of E, A, (O,) oblained from these studies range from
1.9 to 2. 15 ¢V, with estimated uncertainties as high as
0.4 eV, Among the lowest of these vilues is that de-
termined by Berkowitz, Chupka, and Gutman'* from the
energy threshold for the I"/Q; charge transfer reaction,
where the 17 reactant was produced by photon impact
(ion pair formation), It is interesting to note that in the
same study the Luter authors reported a lower limit for

S0n gabbatical leave from The Hebrew Unlversity of Jerusalem,
1976-717,

the electron affinity of NO, (= 2,04 ¢V) which is con-
siderably lower than the now accepted value, E. A,
(NO,)=2.36+0.1eV."™ 2 A review of the literature,
however, reveals that the first reported invesligaticn
which obtained the currently accepted NO, clectron af-
finity was that conducted in our laboratory, & and this
study was employed endothermic charge transfer mea~
suremenls, in which Br® was the projectile ion. At the
same time, lhe lower limit for E. A, (NO,) which we
obtained by similar methods, but using I” as the projec
tile ion, was somewhat lower (2.21 eV). This sug-
gested that there might be an inherent difference in the
threshold behavior of I" and Br~ reactants.

Several experiments have recently been reported in
which direct dissociiation of O3 has been observed. La-
ser photodissociation of OF was shown to yiceld O” and
0,, and this is the major reaction channel at photon en-
ergies between 1.8 and 2,7 ¢V, although photodetach-
ment is also energetically feasible,**? Collisional
dissociation of O3 was observed in flow-drift experi-
ments, and il was determined that the bond dissocia-

tion energy of O3 is lower than that of COj, 1 However,

. neither of these experiments has provided an accurate

value for the bond dissociation energy 1)3(0'-02), in the
O] ion.

The above considerations suggested the desirability
of investigating additional endothermic charge transfer
reactions of negative ions wilh ozone. In the experi-
ments reported here, we have employed a tandem mass
spectrometer, applied previously for many similar
negative ion studies, 232 and have observed the re-
actions of some 15 diffcrent negalive ions with O;, In
some cases, both electron and particle (O und O) trans-
fer reactions have been deiceted. Energy thresholds
for such endothermic charge transfer reactions vield,
of course, only lower limitls for the clectron affinity
of the molecular target. However, if a series of pro-

jectile ions are employed which indicate a range of
electronaffinity values, as in the present experiments,
then the highest value obtained will be elosest to the
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trae electron affinily; thus, the value of this approach,

In other experiments described in the present paper,
translational energy thresholds for collisional dissoci-
ation® of O have been determined, yielding an accurate
vitlue of the bond dissociation energy of 05, in what is
Lelieved Lo be its most stable ground state configuration,

H. EXPERIMENTAL

A. Instrumentation and techniques

Anin-line tandem mass spectrometer was utilized in
this study. The instrument has been described in de-
tail previously, #4213 priefly, it is a beam-collision
chamber apparatus which provides mass analysis of the
product ions. The colleclion stage is fixed at 0° (LAB)
scaltering angle, The projectile ion is formed in the
electron impact ion source of the first stage mass spec-
trometer, which produces a mass and cnergy resolved
beam. This beam is then decelerated in a retarding
lens and impacted upon the targel gas in the field free
collision chamber maintained at a constant temperature.
Collision chamber temperatures employed in the pres-
ent studies range from 30 to 170 °C. The cnergy spread
of the projectile ion beam entering the collision cell is
+0.3 ¢V (LAB) over the ion energy range 0.3 to about
180 eV {1.LAB), Product ions are mass analyzed in the
second stage mass spectrometer. Pulse counting tech-
niques are used to measure the product ion current.

The gases uscd in these studies were reagent grade
and were obtained from the Matheson Co. Ozone was
produced by a Tesla coil discharge through oxygen at
low pressure (7 10 torr) in a vacuum system which was
free of hydrocarbon grease or mercury.® The ozone
was condensed at - 196 °C and residual oxygen was re-
moved by pumping on the trapped O;. The latter was
then vavorized immediately into the ion source of the
first stage mass specirometer or into the collision
chamber, as required by the specific reaction studied.

Reactant halide ions were produced by dissociative
clectron attachment to CH,F, CCl;, CH{;Br, and CHjl.
The COj reactant was produced in the primary ion
source by the ion molecule association reaction, O°
+CO,+ M- CO3+M. The ions O and $” were produced
by dissociative electron caplure in N,0 and COS, re-
spectively, The OH" ion was produced from H,O by a
sequence of reaclions involving first, dissociative elec-
tron sttachment yielding O" and H°, followed by the ion
molecule reactions, O° (11,0, OH)OH", and H™ (1,0,
H,)OIl", The ions NO; and Cl; were formed in mixtures
of their parent gases with N,O, by electron transfer
from O°. The ions SH” and C,11" were produced in mix-
tures of 1,8 or C,M,, respeclively, with N,O, by both
direct dissociative electron attachment and by proton
transfer to O°, The projectile ion O3 was produced by
change transfer reactions involving O or O™ and Oy,
as discussed in later sections,

The ions are all formed at source pressures 5~0,1
torr. Il is esttmated that they underpo approximalely
30 collisions within the source chamber before exiting,
If they are initially formed in some excited state, the
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rite coefficient for collisionnd deaetivation must be
210" em®/sce in order for the excited species to sur-
vive, The transit lime required for « projeciile ion to
reach the collision chamber is such that an excited

species must have a lifetime of the order of 10 jisec or
longer to survive,

Charge transfer reactions of 87 and SH” with O; were
observed by using the low intensity isotopic ions *8°
and 'SH" as reactants, in order to distinguish the Oj
product from the SO” product which would normally ap-
pear at the same nominal mass to charge ratio.

Associalive detachment reactions were studied using
a method recently developed in our laboratory.? In
these experiments, the targel gas in the collision cham-
ber consists of a mixture of the desired necutral reactant
and SF;, The latter serves as a scavenger for the de-
tached slow electrons which are monitored by measuring
the resultant SFy currents,

All charge transfer, particle transfer or collision-
induced dissociatlion reaction rate cocfficients (or eross
sections) were determined relative to the rate (or cross
section) for the reaction O° (NO,, O)NO;. Associalive
detachment reaclion rate coefficients (or cross sections)
were determined relative to the rate for the reaction
O™ (NO, NO,y)e".

B. Data treatment

The producl (secondary) ion intensity 7, (E,,) is con-
verted to an observed apparent cross section using the
relation, ** 2

U::(Elo)=C[,s(Elo)/P!]/I’(Elo); 2)

where /,(E,,) is the primary ion intensity, E,, is the
nominal reactant ion cnergy in the laboratory frame,

P, is the target gas pressure, and C is a conversion
factor. C is determined at E;;=0.3 eV using the pre-
viously reported cross section of 63 A%, and the product
ion inlensity observed in the present study for the charge
transfer reaction O° (NO,, O)NO;, "

The absolute cross seclion o(E,,,) and its dependence
upon the true relative cnergy of the ionic and neutral re-
actants (the so-called excitation function) must be de-
duced from the experimentally observed dependence of
o 3% () on the nominal ion laboratory energy E,,. The
experimentally obtained excitation function differs from
the absolute function owing to two factors, (1) the experi-
mental spread in the incident ion energics and (2) the
thermal (Doppler) motion of the neutral target. In
earlier treatments of similar data, ** we have neglected
the first {actor and treated the second by an approximate
one-dimensional Maxwellian distribulion function due to
Bethc and Placzek.*® More recently, * we have modi-
fied the data reduction procedure to lake account of
both factors (1) and (2), but have still treated Doppler
broadening using the Bethe approach, In the present
study, we have adopled the exact treatment of the Dopp-
ler broadening developed by Chantry,* in conjunction
with the exact treatment of the incident ion beam energy
distribution. In the following, the formulas relating
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mthe e coclDioent for particie transfer U hether en- ton of O is due 1o decompasition =f O, vhieh has been
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directly excited (o its vibeational conlinamm or (o de-
corpositiog of COL hieh e been formed by o
tiad prohicle transter, moan enerpey state ai wve il dis-
socrabion bty Toasay e nobed, tioscever, thad the
extcitttion functions foir the O2 Ar and O3/CO, reactions
yicelding O7 wre quite sinnlar and the x valoes required

o f1t bow processes are w the rapee Gpicad of direet

CID rractions, R namly Vo9 000,

that RReaction (34) 12 meleed a divect CHD precess.
1

Thie sureels

The threshald duta for C1D of the OF specics which is
presumably in e vrout fremy ile-
action (321 vields o bond dissociation eperay !)'U‘(()-,—O),
=1.8020.05 ¢V, The O] bund dissociation cneruy in
redated tothe QL clectron afinily by the relation,

f - .
stale [thial forneed

KA 105 - G00.-07 ) B AL (O) = 1150 -0, 3

and by inserting this value o Ja(O.-07), aleng wath te
other ermochennea) data, T, AL (O 1,462 ¢V 5 e
10, -0) - 1,03 eV, avalue of Foa, 100 2,21 0000
eV o cMtained, Tl vielue 1s entirdly consistent with
the Jower Timit for 1L A0 ) derivea from «
charee transfer experiments, as well us with the Tinots

RMRTERNTITY

for LA G, estallinhod by the oberrvation of varioas

exodiversiie charge trensier @ cul low eneray,

v for the

botiv of which were i o

O3 bondi dissociation ¢y and the electron cfifmity of
03 ol

mvestieatyEmea ape cumaearized o Table VI,

aed in the prescetand other proviousiy y
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Excitation Functions of Slow Proton Transfer
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Abstract: Excitation fenctions were determirsd for aseries of slow proten eod devteron tarsfer te ctions involving pevalive

[N P LT taadem muassspedtromicter. S
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el The recctois obsenveo tor evabe U iNDT R DA T Ny enbabaneans
ey are exotiiermie. Othier reactions, such s CHLCO0 T 4+ CEhCO0D, -
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The translational enerps thresholds olerai Tar several of the reactions are coissstent wirh the enisteree ol g jaoentini coerges

barnier i the reaction coerdimate Benween the reactmds and prodecee T demenstrated ot the devonvenied exatabon

function for the ND7 2D reaction s o L durm e o (F G —
crgy threshald curresponids to the Arrhe aotination

Among the many gaseplise 1en -veutral reactions which
ave beon studicd, praton tansler processes hine pevlags been
the subjocted reatestinicre Lecentiy, owinz on cely torbarr
important role in solution chemistre 3 NMuci of the recent
rescarch has been concerned with proton transter to nepatine
ions, and hus focused on the dacrmizaion of rote cosiicients
for thermul encipy reactions and Ui apphication of such data
in constricting pas-plrase acidy and basicris seales. P While
the rates Tor iy of these reactions e Dy pnead ol those useelly
observed for exnothernue o thermongutea! reactans, several
interesting exeeprons have been obsensed. Tnparnicute cer-
tin exothermic profon transi reactions o anude ond and

of larger dilocalized neratine oas" have been found 1o be re-
marrhably slov s Fhese observations prompicd sone tertative
conclusions with respect o e dviemios of stow proloi
transfer reactions of ney

ative e Sueh conclugons, bused
solely on the mapnttude ol rae cosfilcients measured at
single temper
of the reacton dvnamies, smee o bos e cocis

vz cannod cb couese siovide ader aled pictuse

ent far oo

paricular proion froansder renction of this tope condd e ey

planed by eitiier an activet oo cneney B cas has been
: t

suyrested tor the amtde on rercuees"y or baoclow entnoem

favtor (s supeested Tor the deiovarcd eopame don reace-
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Joi
Berey 1or ths process.

Ao e nred by thieory and et the vaesbational one

tionsf). Obviously, insome cases, bath factoes might be oper-
ative.

Owing 1e the hmitations of rate Jata which were jost dis-
Cussedomeresing mterest has deseloped o tne determinaiinn
of tranationd Cnerey -'|C|‘;n\l.cn;r\ of reacing TSI CTONS
sections (se-celled rexcitation functions™) asa pinbe of reag.
tion dynannes. ™ Soch data can provide considaable intor-
ndon with rospect tooenerpy bar

N S TOR G R SR TH I RN
Tlas s weliilustiated by mvestivations of the three cdosely
related procesaes,

P VD 4 ()
D ESINEIIUERE )
D74 D411 (3)

which have been discussed by Henchiman =t al 21 Al thiee
of these dee nosnaliy thermonenirab reactions. Hhoveever the
exartation furs toss for reactzoes 2 and 3,0 whiek cre gane
spnhar, Bath exddnbe peanshonesal enceey theeshalga, wiscicns
H‘:!\'Ii\\ll Povhnba no lil:-'x!hiid, cend st s sedchon decie s

foneinally wilomerease enerey T The teulin e

consetent witi the calentared poene b fees onon hieh the e
reactinodg provecd, ance th s tices relevant toacacisons 0ol

Vohow ceerey fo s Between the reactant i peodoen 000

while the strface relevant toa cachon [eontains adeep basan
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in the reaction coordinate between the reactant and product
speeies. !

In the present study, we have determined exeitation func-
tions for several thrmeneutral and exothiennic proton transter
reactions of newatne fons, for whivh thermal rate data bave
been previously repoited. T was eapecied that these mea-
surcrments would provide additional ingght into the dy nantics
of these gas-phase processes.

Experimental Section

Materials, The chanivals utilized in this worg, were oblsaned Troni
camierctal sourees, wmi were used withoet Turther purnihcation,
Acetane ¢y, (97500 D) was obtned from Stabfer Tsotepe Chemieals
while D (95 13y and NDy (997 D) woie supplied by Merch Sharp
and Dohme of Canada, Ltd.

Instrumientation. An in-line Landem mass spectrometer, previously
deseribed S wanutizcd tor these st s Brietly s o beanesce o
chiamber app ! ool the |"u('m‘l s
The collection sty is inad at 0% (CLAR) seaitonma anvde. The
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peratres and prossties emploned oam 200 U0 ¢ i bienn
S0P o200 107" Lo, cespeet Product iorm re s -
a

odiices 3 Bis s ahd ensrev e ed team

ved marebardie leas aadare aciad upon

RTHISUIRIN

cid-lres o

Bozod i the seoond o1 e mass speciromes Pole conndnee i
I'liq::\’s, creusesd Lo e the
Preparation of 1eactt Tonse Rescrat s wie picduved
suclbine clectan Ltlechiment ung pan
dusenbod previousiv, ' oz v on melecnle reactionn coiaf
fitategre oisouree. 1
clecion capiure to NI,

IS N PPN EO RO 1Y

sontigie souree inoloon

DT ks werc tonmod e
CTapacal carreals of thowe sons cobaeed m
ierwere Lot gad E ATy
sed by proon iransder

Secied imalocuics e O borevarnte:
2407 Ly s catie decton captinesdand soehme was emplosad
tu produce CHLCEO ) =CHy (e
Lensivr feacion § dione o Q)

Coflecton U ffivicncy al evpermments were conduered oo
(‘fl rrl 10 s l"lk’ d.'
‘\
licn‘ .\nch Sary s cuuhl bo e reanit
tansfer atd
the mcae

3y wnn the wellskeown jaoton
114

fee to whach |I\< ceilecian elhiciency o

LETITE Fert ..I [P THIN

crovcleanies and could seraensdy altect the shajos ol

wtunctoes. 1 he l‘.'L|H‘h||I\, aed by s esi-
ron
wbeen doscnbed proiowsdy U The aevalar
o hyemoasstenet frens te collison climibeg
iseinated by apptsie s lareral nehd e s twosphit toca-
trodes amicolaleiy

Hate (he parine
Lo pronle™, and
dnereenve of the p

vive
Howme the Chamibar Pie prodisct o e

celeston o

thes Dy swepiacoos:

Mouronnis of th Vi

wohe degiee ol forsenbseatern e ol vhe sedect HE o oleechon
Lo i incent D7 G eneney isvaricd Toihus appars vt evenf
A mechanem nch o g etten stoppme T et mas the sodant

s

Cy onercased, s desv et he prodacton wlachon
this Case presumabiy sesves e
ni

‘.-l\-r", o whinch AR lotie
e LEY sty ) We b
hieve therctore that, .-|‘."-‘.|_5-|| Vi sevcsnd st e st rer ot e e

tardenm vl

mwentumos transtonred (the s ot

eots frone o ainnred e o she forwnd wationad

product wasibe Yictiens ealiedted Lo theae,

candenal ot spendeiit on ceerg

tared e o s for

o the g

G en l‘l\‘ll‘ll

ot fon peans ro et the - cent eds b not e sy

detarbad oot ey e linges,
TR breatment, The poosdugt (ovonndasron nsrenats /00 00 s

coneriod T beepved e Coones secbon, sy U ety

tiapt™ -

= Ol )P 4

whore Fo0F Vi the g ey mon eson iy b e the o e bl

onenctpy b el ey e, T e L e e, e

mature of NGO eninei

Civa conversion bactor, C i determined ot L= 03 eV psing the
previoasts tepn led eraes section 6f 63 A7 and the production inteasity
obsetvad i the present study for the Charpe trasler reachion
O (NO-OINQ-7
dernved from the expermentally maasured Cross sections, ¢
the relaton A = a0

ate ceclbicients rennrted 1 tis st d\ wore

[INHIIY

e, wiere -os the averare meident un'.”\duul_\
at the Livoruieny enepy seeied

The absoiute crosssection n{f e and us dejendence upon the true
relative cirerpy of the jonic and neatral reactants can o principle be
dedtnedd o the experentatly vhverved depensdence of o) ‘,.' (WS
on the powimal on Liboratory eacigy £, The exvponmientaliy obtaidd
excitation functien difters from the cbaelute tunction awiny to twa
factorss U b translzoonad cocrgy distnibution of the incident jon
boatm, and (20 the thermal (Dopplend velecty dienibution of e
ncutral target, The .\cmn:l Lactor (which reanhis in Doppler broad-
ening ) ob particular inpostanee foe the e whieh heavy projectile
wons are imeacted on lipht Geepets. The manaer inowhich the absolute
cxcitation Tunctions are deduced from evpenmentally observed
fenctions s been described oy detanl previnusly 352

Results suud Discussion

1. D" Reactions. Table 1 Hists the rate coefficients deter-
mined inhe presentstudy tor several proton transier reactions
o D7 sta reactantion traeslitionab eocrey of G 3 eV (1 AR),
No previoushy reported data with which these values can be
din-.;lI\ compared s available. Padsons has reparted @ value
of o= 15 107" ciaVmolecules atl Ly = 0.6 ¢V tor the
D710 proton transdar reacticn, wn sotapic vanant of the
b /lI U n u.hm‘ sondizd pere, The reactions of D7 wnth HHO,
HCOL Gl TS e CHEO are ohsenved to be very it ton
the order uf P kn.\lu vallision rates). These reactions, as
show i ia Table b, are aii exathermic: tists, the neuatral mol-
ecules are stionper acids 1o the gas phase than is ) A5-80
Beiowshi ot a2 determsingd rate coctiiienis for s seiies of
proton transfer reactions msolving bath positive and negative
jons, and their resule mdicae that the eaponmental rite
coclfivienis are penerafly furper than the Langevin cates by a
factor of Jor 4,0 the cose o thase readciions winch e e inpaly
exothermiz (20 keal/maoly, This s not surprising since these
reactions s olved pobar malecuies, and the permanent Jipate
morents of the latter load to tnereased reacinvaty. On tae vthier
Lana, several proton Lranster reactions from pol.'.r moleen's,
o neratnve was which creendy shphtly exotherie Gindadimy
the T AROeactony were found to have experimental rate
coclfivicats which eveced the D angevin rate by aosaadler focror
Betowsii et ah noted that this reduced probanihity tor sheiige
exvothormic praton transter reachons i
of the reaciion et

i

i bea u\n\uum nev
s, o alternsivare, coubd result fron
sl activatien encrey haarier. The excicamon Diction ve-
ternnned in the present sthuddy for the anelepous 17 7EHO re-
action (and the othier Lt egative 1on prolen b m\lcr Proces s
mentinged aboved pive no anchications ef enerev threshold cton
these proce s, anad theretore any activation tuericis tor these
provesses mnst e snvaller than the dover Tomit of the jon
tnshional encepy attamabie inour apparatun (~0.3 ¢V,
LABL

Pothe stidies discused above, Betowekietal 70 Tound that
the cvpensnente b rate utivients foe geiny oxatlierieg |\:u1m1
transter reactons ivehany polar mefecnles were i Bt
apreezent winh the safocw calenbaed vt the ADO |||u\l\
(han with the b ameevsn tates. As can by ween from the dateom
Table £ s does noteerm to be the case for he nerabive on

polarinetecile rectons studied here

Rotecocthiononts fer the e tiops ot 1Y wthi FES N and
N vare oo feble oand are seen ta oo rather gl
10 Compaten sath e tor the reactions st drcussed . T
Additioes the caatation taecioss for the reactions o 17wt
TS TN I

thecshoids, wlhisch e aedc e Al actinasian barners Lo the g
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Table 1.} ircients Tur Variows Praton 'llzlll\lu‘_l(g arbiii bo 1) saund N . — e
Ko 10710 Ayt A anod LA
Nit cmt/molecutess-b 1 1 em Y naleculer. [ Y SN heal Zinol
e E—— ——— - —— et m e e—em - —— . e . —— e o . ——— e m et im e hrme e e e e e —————— < - Ve e e = e d e s —————
1oDT Reactions: D 4 N = X7 4 (D
CHLON 19 0 .1 0.49 20
11,0 22 210 329 0.07 10
HCI 17 27.6 322 0.53 (Y]
sl 19 g 3 0.60 ~30
HeS 26 EEN| 3606 0.71 S0
CCLH G.07 450 $0.% 0.013 J
1" 0.3 0% 20.% 0.014 0
Nit, 02 RIOK) 14K .0057 -2.6
ND, 0.064 261 REN{ 0.0019 -9
2.NH,  and NDa Reactions
NEL7 -+ 01 » 1 4+ NH, 0.1% 15.6 15.0 0.012 3.2
N4 D o D= A NHSD 0.10 118 11.8 0.0087 ~30
Nit- 4 HD =B 4+ Nt 017 0OS" (O] (NG 2.6
NH 4 1D e 0 NIEHED 017 65T [ 0.004 ~ 3.0
N 4D D 4 NI, a0y 114 V4 u(n,“w 2.4

o Meanred withreacteatiom of 0370V Libeatony eneesy and a e

relative Lot pate 2= F2 0000 ot !

vkl Ton

cinsion s bbb koperature of 100K
roaction (O7 4 NGO
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Fig. 1. Encrgy spectrum of low-lyving (HeXey asymptotes with respect to He " (°8; ) -+ Net'Sq)

states arc summarized in Fig. 1. The reactions of He' with Ne or Ar and inclastic
scattering with Ne, Ar, Kr, or Xe.

He*(38),2) 4 Ra('Sg) = He' (S 2) + Re* (3)

to produce excited neutral states Re* are considerably more endothermic than the
reactions of He' with Kr or Ne and fewer emission lines are observed at low-to-
moderate He® translutional energies [5.7.9]. Thus, the low energy He® + Xe and
He* -+ Kr reactions provide an excellent means of populating the low-lyving states in
Xe* and Kr*. The intensities of the vacuum u.v, cmissions which result from Ne' ¥
or Kr** product states are reasonably high and there is no apparent interference
from neutral Xe* or Kr¥ emissions.

EXPERIMENTAL TECHINIQUES

In order 10 characterize completely the wavelengths and absolute cross sections of specteal ciissions
from e’ Ry collisions, seactions (1) are studicd under lowspressure amd lowscomersion conditions, A
massasclected beam of He® ions (1 SnALis directed upon xenon or Mispton gas at low pressire ¢4 X millitorn)
in o collision chamber (path fength = 0475cm. The jon enit slit of the collision climber s Tocated at the
focal point of the Tm concive griting of a4 McPherson Madel 228 vacuum va, spectrometer which s
oricnted to monitor radiation enntted sfong the collisien avis. A photomultiplicr detector and pulse couate
ute used. The mupnetic fichl m the collision repion his been determined 1o be Jess than 00 Gauss and
the elevtric fichd s ostimated o be fess than 91V eme The collisionschamber monochromator region »
differentially pumped dnd the pressine in the menochromator housing is maintained at o below 1> 10 S
for the experiments seported here Phe detection system ineonporates no optical windows for measisements
in the region between SO amd F W0 nm.

Cross sections for emission of vadisttion i the SO T30 mm ranpe are caleutated from the velation

otir s 100 [1 ), h
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4
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. pr » at wavelength 2, s the number density of atonis in the collision region,
{ is the collision cell tength, and 1, is the He' fon current. The quantity 1,47) is determined by assuming
isotropic photon emission (12§, "Fire transmission function which is used to caleulate 1,42) in the vacuum
ultraviolet (vanvy) region is established by using estimated griting reflectances [13], assuming literature
values for photomultiplier quantum elliciencies | 1L 157 and by employing the production by Lymuan-alpha
radiation in the He® /Hj reaction for catibration {16]. More details on the apparatus are published clsewhere
[17). The uncertainties in the emission cross sections reported here are estimated to be on the order of 2
factor of three. Relative errors are estimated o be 4 253%,.

.

CLASSIFICATIONS

The speetral classifications are based upon the energy levels tabulated by Moore: [18]
and MINNHAGEN ¢ al. [19]. The criteria for cach classification are (a) an energy
match, (b) the sclection rule AJ = 0.4 1, and (¢) Laporte’s wavelunction parity rule
(even «»add) [20]. The encrgy selection criterion which is applied is such as to require
that the difference between two levels match the observed line to within its experimental
uncertainty. The latter quantity varies with wavelength and is reported in the tables
with cach obscrved line.

A rigorous, self-consistent classification of all lincs observed in He* /Xc and He* /Kr
collisions cun be made to transitions between states of Xe™ and Kr*, respectively.
These classifications are provided in Tables T and 2 and in [21]. None of the observed
lines can be classified with confidence by iransitions between excited states of He, Xe, or
Kr, although sporadic matches occur, mostly in the visible region [21].

Processes such as reaction (3) which yield excited atomic products have been excluded
as possibilitics, and all observed lines have been attributed to allowed ionic transitions,
for a combination of reasons. First, the endothermicity of such processes is 8- 12¢V
for collisions which would populate the upper levels for the potentially assignable
ncutral atomic transitions. The corresponding endothermicity for all transitions contribu-
ting appreciably to the total intensity is less than eV il all classifications are made in
Xell. Sceondly, the allowed vanv, transitions from the first few excited neutral states
to the ground state arc not observed. Even if these excited neutral levels cannot be
dircctly populated in reaction (3). they should be populited by cascading as they are the
lower levels of some strong visible transitions which match observed lines. A thard
reason for excluding excited atomic products is that the sums of intensities of all

[12] Calibration was based on the techniques outlined by 1. J. Kosikowskt and R, D, Lix in Theory wnd
Methds of Optical Pyroery, National Bureaw of Standards Monograph 41, Washington (1962,

[13) Valses for seflectanee were obtained by interpolating the data of T, Namoga and W, Ro HuNwer,
Opties Commmicarions $, 229 (1973 These numbers were increased by 507, to approximite the
incteased reflectance of i phtinum compared o i gold coated grating.

(141 K. € Senmon, Techmeal Applications: Note 9303 Bendin Llectro-Opties Division, Ann Arbor,
Michigan: M. C. Jonssos and 1 Svexsos, Absolute yuantum: efliciency of a channeltron photo-
multiplicr. Technical Note, Bendix Corp., Research Laboratories Division, Southiield, Mich,

(15) EMR photoclectric data for calibration of SHI-08-18-03900 photomultiplier-tube that was used in this
study.

[16] The cross secton for Lynan-alpha radiation in the He* 'H reaction determined using the estinsted
grating reflectance [13] und quantum eticiency [ 14 18] at 12067 agrees within 307, of the aceepted
vitlue meastred by G, 1L Dess, R Gesatteand D0 PRErzer, Phys. Rev, 128, 2200 (1962),

{171 B AL Heams, o be submitted o Rer. Sei Insoren,

(18] C. E. Moone, AMtomic eneryy levels, Vols, LI and HIEL National Burean of Standands, Circalar 407,
U.S. Dept. of Commeree.

{191 Lo Messoaors, T Sonmpand B P igssos. Ak Py W 47111960

[20] 5. G. Hopprk, SEARCH A FORTRAN IV program for examiining encepy Jevel tables for matches o
observed tramsitions: 1, G, Hom e, B, GoJoxis, D0 C Ve and K Sias i, TARLET: A et of
compaterformat sersions of enerpy leved tables Jor Noand NN He Ne, Ki, Nes CL B, and L
from vatious hteratiire sourees. The computer program SEARCIHL Teved tables $ABLET, and weage
divcamentation are avatlabie upon reguest,

(217 B G o B AL MGG, T O Fksas DoCoTn, and DG Heeron, Brehm Taboratory Tediedd
Repwnt 10 (19771 Avakable upon request from Birch Laborators, Wright State Universty, Daxton,
O 45085,
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Table 1V uminescence from the reaction 100eV e 4 Xo -+ He + Ne ' ¢ !
Observed !
wavelengith® Eamission Xl Transition . ;
Line fu Cross Sectiont = s e e Alls i
no. {nm) (o "em?) Lower State Upper State (nn) {eV) |
1 7108+ 04 1.2 Sptap, 6d *Fya -0.09 4.79 i,
S, 6d gy -0.37 1.86 18
Sphipyy 20,13 0.10 474 ‘ E
5 ‘31’" I Dy ~018 6.12 v
2 723404 10 it 60 4Dy s 0.36 437 E
i T ~0.08 447 )
sprapt 18, 5 -0.10 447 !
sptiph LI -0.11 4.48 . t
spt 21’“ ) 1042 --0.19 4,50 e
3 7543 £ 04 1.0 spripdy I Py, 0.33 397 i
qp“l"' Ts 1, -0.05 406 )
5p* e, 212 0.1} 4.02 "
5p Py, 4y -0.20 4.09 :
) 'P” 432 -0.20 4.09
%p“l'" 6d *Py.y ~0.28 5.1
4 7747 4 0.3 0.5 Sptiey s Sd' %Sy, -0.10 3.57 4
s 7875403 20 5pript, SR -0.02 329 i
6 8063 + 0.2 6.0 SpPars., S Dy -0.17 205
SpRirg, 05 2802 -0.02 293 &
7 §4.01 4 0. 19 Sprary 54" Dy —0.04 231
8 1.2 4 0.1 19 sptirta S8y -005 kR
] £5.50 - 0.1 1.4 Sp*ipt, Sd 2Py, -002 135
10 §7.07 4 0.1 67 ﬁp”l'" d' 2y 0.08 1.77
I $8.79 + 0] 55 Spt Py, Sd' *Dygy, - 0,06 1.52
12 8983 4 0.1 0.7 sp‘ 'I"‘ S Dy, 0.00 1.35
I3 91,25 + 0.1 9.5 i;- iy 5d :I), '3 o0 113
B 92.5% + 0] 153 s2ph Sd 2Dy 0.00 092
s[" : "“ (0 21)5,3 0.05 093
15 CARRECE (N | 52 sprapy 5d 4Py, 0.0 086
16 92824 0.1 7.8 Sphiry, Sd APy, 0.02 osn
¥} 93954 0.1 9.5 ﬂp‘ Py Sd 4Pyy ~0.03 0.5
" 9442 0 5.4 ﬂp‘ piy SdOAPy -003 0.6%
v 9408 + 01 94 LYREI TN S 2Py, -0.03 o0
20 9894 + 0.1 0 ey 6 Py, -002 047
N 9.3 301 104 e, 6s *Py,y -0.07 o
» 97.70 + 0.1 2.5 ptirt, 68" Dy, -0,03 1.54
n YRI0 4 04 288 Sptiny, (O LIS ~0.04 0.09
WX ML 00 6.5 Sprir, S by, -0.02 1.38
28 10273 4 0.4 4.7 spt ‘l"' Sd Dy, -0,02 092
20 103254 02 17 spt 'l"' Sd Dy, -om -0:48
'~p‘=l"' & 4Dy 0.01 056
2 10381 408 4.7 spriry, 5Py ~0.04 0.80
w7100 60 ‘]" AR Sd Dy ~0.01 -0.88
M 10083 3 0 253 %I."l"‘ (AT ) I 000 - 063 -
iy, Sy ~0.01 0.68 ;
Y 105.22 4 011 104 Sp“l",' : 63 Py, -0.03 -0.67
k]| 106,72 1 0} 20 prapy, Os PPy, -00 047 ]
» 107474 04 16.4 pIr, O Py, -0.m -092 ;
3N oot 1 <;-‘ ", SpUis) . 002 - 119 ]
3 11587 400 28 ST LY R J I -00? ~0458
I3 M50 LS sp‘-‘l".', SIS, 01 ~1.19 ;
e et e - . S H

* Caleubaied i vacuum

1 e calculation of these vidues assumes sotropic photon emission and pegleets posaible

pobarization ¢ifects,

10 wavelemgth 7y corresporshing te the chassification is ‘caleutated from the Tevels hsted
inll‘%ll») the wearch program | 20]
$ Enthalpy vhange for the ieaction e’

v Ne-oHle s Xe'*.

ransitions popukiting specitic ion fevels which are not evpected 1o be diveetly populated
in reaction (D agree vary well with the corresponding sums for ransitions depleting
those Tevels, provided that all classifications are made 10 jonie transitions. Finally, the
mmber of matchesof observed lines with excited neutral ransitions decreases ||r.lll\.lllul"}
for 1le’ Ry collisions in the sequence Ne Ar K Ne, whereas the number of matches
with cweited o trmsitions increases,
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Table 2. l,un?muunu from the Reaction 100V He' 4 Kr - 1e + Kr*»

AllY
(V)

11,49
11.52
1.4
1148
TLAS
11588
10,73
10.74
.49
1144
1148
11.54
10,35
10.56
11,23
10.12
10.11
10,18
10,12
10.23
10.74
988
9.80
989
10.56
9,80
.59
LY
463
957
0.35
943
9437
7.95
7.9
8.24
828
§.03
6.1
6,10
6.10
S0
5.90
570
564
549
6.10
§.27
S50
547

Observed
) witvelength* Emission KrIl transition
Line ‘o cross seetiont -~ 1 - 2ot
no, (nm) (0" "™ em?) Lower state Upper state (nm).‘
! 56.24 4- 0.3 0.15 dp ”‘l"’ trs te, -0.0%
aptiey, DS D, , ~0.16
"r“ 3 (*DVSd 2Py, 004
4,»”1'" 2 ("DYSd 3P, -003
vy, ¢/ ipy, ~0.05§
‘ p"l"' ("INSd 2Py, -0.22
2 5804 403 0.21 4 ’il"' (*D16s 2Dy o1
4,»"1"' (*D)6s 2Dy, 0.08
4p* ey, P Py ~0.13
ap32py, ('D)Su -l'.. -0.01
4]1 ’l’": (3P)7s “I’\ 3 ~-0.10
apspy., ('D)SI 2P, ~0.28
3 5873403 0.1 4,,”1"‘ CPSsd 2h., 0.20
4,,:11'" CPsd 2Dy, ~0.10
apspt (‘\PISd 2D, , ~0.16
4 59.77 £ 0.3 0.17 4p* 31'" CPysd ‘l’;; 0.09
ap ”P" PSPy, 0.13
4,.5 ’l”' (P)Sd 4pg -0.08
4pi2pe, CPsd 2F,., on
4[!‘ ‘l’ (AP)SJ ""'3‘: -0.22
4,,”:’" (' D)6s D, , 0.23
5 60.74 £ 03 0.17 4p3py, (*Mmsd ‘I-';., ~0.16
4’)'i 1[’1’4_ (3Msd ‘I’, a 0.07
a4pspg, CPisd 3rF,, ~0.19
4 sz ,1) I <, 3 N -0
6 6293403 042 aps :"" :’;';i: *?,’ - o6
7 6345403 025 ap s ’P{’,, (*P16s *Pg 0.21
4,,“;’3’ p ('P)6s 4P, , -0.11
4piil",’3 (':I’)(!s 2p,a -002
4 2pY, CPSd D, 0.17
R 64.20 4 0.3 0.29 ap* o) (*D)d °S, , 0.14
ap “I’“ ('S)4d 2Dy, —~0.11
4 -I; 3 N 2p N -0
9 66904023 103 4,';’ :pt; :’f)))g:l 111)"5', ~g:62
10 6833403 0.30 ptipy, ('S)ss 38, , 0.26
4p i’P“ (DM 2Py -005
4p¥ipy DM 2P —0.2]
1 69.03 +0.3 0.56 4,1-‘ Py, oV 31)'. 2 003
2 729940 1.26 apiipq, (P 2Ds s -005
13 7434%01 1.01 ap* ipfz 2 CPMd 2Py, - 002
4’,5 l’" 2 ("I'Ntl :Dg 3 —~0.006
4 7518 01 140 apt iy, CPyd 2Py, 0.03
aptpl, Iy 2F, 1.02
15 7614401 0.87 4;:-‘ 2pi | :’;’:J:I Py -:),g:
16 7644 0.1 0.29 4ptpi P P, —0.04
17 77.00+£01 0.8 aptiph P 0.00
18 7740+03 143 apsipy ) CPMd Dy -003
19 7824401 3.69 4p*py, ('D)3x *D; 003
20 7995401 0.19 aptipt PR Fy 004
21 80584 0.1 0.24 aptipn G, --0.03
2 818740, 213 4ps2p0, ('S 2Dy —0.06
23 8265101 0.39 apt ey, (*/Ss 2Py, —-001
apPiph 3P Dy, -00
24 8304 401 0.59 4f:5 iy :-‘1»;411 s -o.(xl)
25 K8 4 O 1.24 apsipt CPssiey, ~008
26 8646 4 0.1 0.77 dptiph, CMmss e, —00
daptipy, IMad i -002
27 8641 401 1.99 .sf»-‘ ey {‘“S‘\I "I’: : - 8'.02
B K868+ 0. 277 aptipy ETRE NI —00%
9 R0 401 0.72 At GRS P 0.0
20 91,70 40,1 1.10 ptpy dudpt 2Ny 0.00,
1 96,54 + 0.1 1.88 dptipy, delpt 28y, -0

¢ Calealated in vacuum,
tThe cateulation of these values .mumu isotropic photon emission and neglects possible
polarizition ellects,
$ The wavelength 4y corresponding to the classificiion is calealated from the fevels listed in [19]
by the search program |2,
& Enthalpy chonge for the eeaction Tle* 4 Ke-o He + Ke* e,

™t
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Tables | and 2 summurize the emission cross scctions and classifications for radiation
within the interval 50-130nm from the He' + Xe and He* + Kr reactions, respectively.,
An analysis of cmissions observed in the spectral range 130-890nm has also been
completed [21]. In total, 116 lines in e’ /Xe and 84 lines in He*/Kr systems have
been classified and emission cross sections determined. The complete specira are not
presented here due to the volume of these data; they are available upon request [217]. The
lines reported here represent about 70%; of the total emissions cross section observed
from cach of the reactions.

CONCLUSIONS

Within the limitations listed above, the data in Tables 1 and 2 provide the basis
for determining the relative probability for transition from individual levels to cither
the 2P, or 2P%, states of the ion. 1t should be emphasized that the spectra are
obtained under experimental conditions which minimize the perturbing effects of (a) gas
collisions, (b) resonance absorption of the emitted radiation [22], and (c) electric and
magnetic ficlds in the reaction region. Consequently, the ratio of the cmission cross
sections for transitions from each level to the 2P, and 2P, electronic ground states
should morc closely represent the relative transition probabilities than does the corres-
pondm" intensity ratio obtained from discharge spectra [23].

It is notable that in some cases the cross section ratio for a given pair of states
in Krll is small when the cross section ratio between the analogous states in Xell is
large and vice versa. For example, in the Krll spectrum the only observed transition
from 5s*Py,2 is 2P§ « 55*Py5. In the Xell spectrum the corrgspondinu transition
2P0, « 65*P, 5 is below the detection limit but the transition 2P%,; - 6s*Py,, is the
most intense line in the s‘pcclrum For another example, the emission cross sectior
ratios of the first doublets ns*np? 2 P2 « nsnp®2S,,2/ns?np® 2Pz nsnp"-’S',,a is 1.10/1.55
in Krll but 111715 in Xell. 1t is not presently clear why the ratios of analogous
transition pairs dilfer so markedly from Krll to Xell. However, the effect is also
observed in Brl and It spectra [24] taken by the same mecthods as employed here
for K1l and Xell. That is. the cross scctions are comparable to a large degree for
the spectra of the isoclectronic sequences Krll, Brl and Xcll, 1. For the reasons given
above, we expect that these results for cross section ratios are correct. Obviously, the
problem can be viewed in terms of the transition matrix clements. For the present we
conclude that (1) in Xell, transitions to the , P9, J = 3/2 state are heavily favored over
the statistical ratio of 2/1 for J = 3/J = 4 and (2) in Krll transitions to the *P%, J = 1/2
state arc slightly favored relative to the same statistical ratio. The physical reason for
this behavior is currently under study in our laboratorics.

All of the lines reported in Table 2 for Krll were classifiable [20,21] as transitions
in the level table of Moore [18] in spite of the critical revisions of the Krll analysis
by MiINNIAGEN, STRIED, and PETERSON [l‘)] 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 obscrvation of a line by
the presemt lcchniquc can serve as a conlirmation of the enistence of the levels connected
with it for J < 5,2 [25).

I addition lo problems associated with the basic physics of transition processes,
the data in Tables 1 and 2 have important connotations to the study of non-resonant

(22} Using Fle’ ion beam currents < 19 A there iy hess than 10%, attlemnation in passing through the
colliston chamber. As a resnlt, the production density v a negligibly small fraction of the nevtal
wtom density,

ML CoBover, Plhivs, Ree. 49, 730 (1930) )

H o) K E S, P thesis, A Foree Tistitute of Technology (1976)

(b)Y A compatizon of isoclectronic sequences Bel Kell P Nellis in poreparation.

[28] The anthors are grateful 1o the resiewer for this pomt.

1
-
]
-

S A

=




Charactenization of the Jumineseence from low encerpy He' /Ne and He' /KT reactions ™3
charge-transfer processes. For example, the cross sections for lines in the full Xell
speetrum [21] have been utilized 10 make significant cascading corrections (~ 30%)
to the emission speetrum. By employing such corrections experimental determination of

the energy distribution in the reaction products of 100¢V e + Xe collisions has been
nuande [0, 26].

Achnowledgement We thank Jons Go Dryviax for his preparation of the ink drawing for Fig. 1, and

Mrsc Porey Suviey for her capable typing of the manuseript.

126} E. Goodosis, DOCoFr T O Hiernas and B ML Heains, Distribution of internal enerpy in the
products of He™ 4 Xe reactions; to be submitted to 2 Chem. Phys.




Distribution Category:
Coal Conversion and
Utilization - MHD
UC-90¢g

ANL-77-21

ARGONNE NATICONAL LABORATORY
9700 South Cass Avenue
Argonne, Illinois 60439

CONFERENCE ON HIGH TEMPERATURE SCILENCES
RELATED TO OPEN-CYCLE, COAL-FIRED MHD SYSTEMS

at
Arponne National Laboratory

Argonne, Illinois 60439
April 4-6, 1977

Sponsorced by Argonne National Laboratory and
the Arponne Universities Association

Sl bl

e




THERMODYNAMIC PROPERTIES OF GAS PHASE MOLECULAR IONS

R.L.C. Wu, C. Lifshitz+ and T. 0, Tiernan
Department of Chemistry, Wright State University
Dayton, Ohio 45431

INTRODUCTION

Thermochenical properties of gas phase molecular negative ions have
been determined from rranslational 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 ctransfer and
collision~induced dissociation. Previously reported experiments con~-
ducted in our laboratory (1-8) 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
C0,” and 03' will be presented in the present paper, and regults obtained
for several other ions of interest will be reviewed.

EXPERIMENTAL

An {n~line tandem mass spectrometer p.eviously described [1-8] was
utilized in this study. The projectile ion is formed in the electron-
impact ion source of the first scage mass spectrometer which produces a
mass and energy analyzed beam which is lmpacted 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 +CH Br'->CH3-+Br: while 03' is produced in a
mixture of N,0 and O3 by the sequence of reactions, e-*NZO->0’ +N2, and
0" +0,—0+0,". Ozone was produced in these studies by a Tesla coil
discharge through 0, the excess O, 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 lon Energy
Distribution and Doppler Motion

The product ion intensity I (Ei ) {8 converted to an observed apparent
cross section [7] § 10

Tapp (Eio) = CIT (B D/P /T (E ) (1)

10n sabbatical leave from The Hebrew University of Jerusalem, 1976-77.
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wvhere Ip(Eio) is the primary ion intensity, Eio is the nominal reactant ion

energy in the laboratory frame, P, is the target gas pressure, and C is a
conversion factor based on the intensity for the reaction O'/N02.for which 9
the cross section is known,

Corrections for the ion energy distribution and Doppler motion of the
neutral were applied as previously described {2,8). A computer fitted
excitation function based on these corvections, calculated using an
agsumed threshold function was compared in each case with the experimental
data. The threshold behavior of the total crouss section ¢ for collision-
induced dissociation reactions is known from theoretical considerations {10}.
The threshold functions for charge transfer and particle transfer have not
been predicted theoretically. A model assuming a linear-plus-step function :
gave the best fit to most of the charge transfer data described here. E

wt b

cllL ...

RESULTS AND DISCUSSION

Charge Transfer }?

Excitation functions were obtained for the charge transfer reactions §

of the projectile ions 07, OH™, §7, SKT, F7, C17, Br~, IT, NH=, CoH™, NO,~
and CO5” 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 Pig. 1.
Wb
g o8t
s — COMPUTER FIT
O EXPERIMENT
§ as
g [« W13
¥
g ozl o7 Oy~ 8r + 0;
°j A - L
o 2 4 6 ]

LABORATORY ENERGY, eV

Fipure 1. Cross Section for the Reaction Br +03 ° 03' +Br as a
Function of Translational Encrgy. Points arc experimental

ata. Solid line is the calculated "best-fit' excitation
unction,




-— et

S T A AR 26 M 4 TR AReg % o WA L e B £ M T = e Bl s oo i B e ot s o 0 s ki s B Ans e

TH NS e e e e et o wasln

il b i

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 o an electron affinity of EA(O3) = 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 excergic and thermoneutral 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, 07 /(H,,H)OH™, NHz'(Hz,NH3)H-
and D"(HZ,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 18 equal to the endoergicity. This principle has been applied
in studying the ozone system for which the following particle transfer
reactions were investigated: COB'(OZ.C02)03-, 02'(02,0)0 -,

NO2 (02,N0)03 . NO3 (02,N02)03 . The experimental data points and the

corresponding computer fitted curve for the CO °/02 reaction arc shown in
Fig. 2. The translational energy threshold yields a bond dissociation
encrgy of D(0,-0") = 1.6 +0.1.

- —— — ———

10F ° !
F . .
CO5 +0,— 05 + CO,
8 e
- — COMPUTER FIT

© EXPERIMENT

CROSS SECTION{ARBITRARY UNITS)
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Figure 2. Cross Section for the Reaction CO3_-+02 ~> 03 + (O~ as a
Function of Translational Energy. Points are experimental data,
solid line i{s the calculated "best-fic" excitation function.
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Collision~Induced Dissociation

Collisional dissociaticn thresholds have been measured to obtain the
bond dissociation energles and heats o‘ formation of molecular negative
ions of 0,7, NOT, NO,~, N,07, CO.” ~ and NO, . Rare gas atoms, diatomic
and triatomic molecuIes served as coliision redction partners in these
experiments. The corracted threshold data for CO3 yield a dissociation
energy, D(COZ-O ) = 2.0 #0.1.

Data obtained for various negative ion species using the techniques
described are sumnarized in Table I. These results will be compared with
similar data obtained in other ion-beam, flowing afterglow, flow-drift,
photedestruction and collisional ionization studizs [11-16].
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The luminscense specirum in the range (rom 5C to 390 nm which resulis from collivon of & 100 ¢V
beam of ground sidic He™ 1ons with Ne has Peen imvesticated. All obsened em:ssions c3n ¢ <afied as
Xell vanatons. Corresions of the spevifa e cascading ;3mounti.g 10 abeut 17 af the total emission
CToAs section) have teea made 1n order 19 Jemve Cross sections for direct prduciion of Xe'' i e
bimolecnlar colision. Cormpan+ons of the cross section far raciative state preduction with the total cross
secaon for charge trassive indicale that excued Xe* ' states are formed with high eMiciingy. The sntermal
enetgy distnbution of Ne™ ' products maumiiss 3t an energy corresponding to the ronversion of ¢ | <V
of translanonul enery :n:0 inteman energy. For (nz Near-resonant cnarge trafsier fecchions siudicd. &
propensily 1o ¢oncer-e ine procstion along the nteenasicar ans of the toral elecirenic angulae
momertum is observed. The signuicance of the disinbution of Xe™' states end the ¢flests of kineuc

saergy are dissussed.

I. INTRODUCTION

The charge transfer reaction between He' and Xe
He*+ Xe ~ He « Xe*® (1)

has been-a sublect of interest for manv years, Cross
sections {or total charze transfer al collision energies
~above 100 ¢V (Refs. 1 and 2) and below 100 eV (Ref, 3)
.have been renorted. based on mcasurements of Xe®
product jon curtents, Sticies at thermal® and near-
thermal? cnera:es indicate that this reaction has an exe
tremely small cross secnon, Revorts* of extensive
optical excitation in Xe' for low relative collision en-
ergles (<570 eV led 10 fusther studies of luminescence
at energies above 300 2V (itefs. 7 and 8) and niore ra-
-cently below 100 ey, !

'Co:npulsons vetween the cross sections for total
-charge transfer and {or production of lununescence {rom
this reiction indicate that a larce [raction of the charce
*transfer reactons produce aotical excization, *' Tho
elficiency and spceiricity oy 1ne excitation in reactions
-of tus type may have tmportant tmalications with ra-

rgpect to the use of charce transicr reactions in laser
pumping. Howevcr, the npucal soectrum in the region

/ $0=890 nm procuced At 19) eV ninpact enerzy't 18 3

very complex pattern of Xe ii eniysions, most of which
arise {row tracsfer of Kinetic: 1n*n nieraal alectrone
enetry, The numbus of stitey aicectly popuiated by the
He' /Xe charpe trancfer reaction 1s much greater than
the number of slates porulated by the corfesponding
He/Kr, He' Ar, He” Yo, or i1¢" Ilo reactions, 't Con.
scquently, the protaoility oo {armins 3 riven state can |
more readily be correlited with Yinatic to uitprnal ene
ergy ‘raasier, and with brejerred quantum.-meoranical
geleclion rules :na statstently siztieant sanner, {ne
the He'/Xe react:un, These ¢arrsiatong tereit 1y
pighis into eharge transier reazticns trd tiny saciltaty

obumlzal:an of charge transfer rcactions for laser
pumping applications.

The emission spe