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Nascent product vibrational state distributions of
ion—-molecule reactions: The H+F —HF(v)+e™ associative

detachment reaction

Timothy S. Zwier,® James C. Weisshaar,” and Stephen R. Leone®

Joint Institute for Laboratory Astrophysics, National Bureau of Standards and University of Colorado and
Department of Chemistry, University of Colorado, Boulder, Colorado 80309

(Received 4 May 1981; accepted 5 August 1981)

The nascent product vibrational state distribution is obtained for the thermal energy associative detachment
reaction H + F-—HF({ <5)+e~, AH = — 57.0 kcal/mol. The relative vibrational populations are as
follows: N°_, = 0.00%0.06; NS_, =0.23+0.04; N°_; =0.27+0.03; M_, =0.29+0.03; and
N_s=0.21+0.03. Arguments are presented that suggest that N_, = 0. The average fraction of the total
energy deposited in product vibration is <f, > = 0.64+0.03. The release of the very light electron as one of
the reaction products places severe angular momentum constraints on the reaction system. A simple
kinematic model predicts a highly non-Boltzmann HF rotational state distribution which increases with
increasing J up to some cutoff level. The high degree of vibrational excitation in the HF product has been
accounted for by theoretical calculations of Gauyacq using the zero-range potential approximation.

. INTRODUCTION

In an accompanying article, we report the initial vi-
brational state distributions in the products of a series
of proton abstraction reactions F~+ HX~HF(v) + X",
X=Cl, Br, and I.! The results of this investigation
yield a valuable comparison between the dynamics of
the ion—-molecule reaction and that of their well-studied
neutral counterparts F +HX ~HF(v) + X.? The subject
of the present study is the thermal energy associative
detachment reaction

H+F -HF(v=s5)+e ,

AH=-57.0 kcal/mol** (1 kcal=4.18 kJ) .

As in the preceding paper, we report the nascent product
vibrational state distribution for v =1~5 obtained by
detection of infrared chemiluminescence from the HF
products formed in a flowing afterglow, In contrast to
the proton abstraction reactions, however, at thermal
energies there exists no neutral analog with which to
compare the associative detachment reaction.

Associative detachment presents an opportunity to
study the dynamics of a unique ion-neutral collision
process. One of its most important aspects is that an
electron is one of the products of the reaction, The
release of the extremely light electron has marked con-
sequences for the kinematics which govern the reaction,
since the electron is unable to carry away much of the
initial orbital angular momentum of the collision part-
ners. This results in a nearly direct mapping of the
orbital angular momentum of the reactants into HF prod-
uct rotation, which in turn affects the observed vibra-
tional distribution,

The transition state of the associative detachment
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reaction involves an unstable negative ion, in this case
HF". This transient species has been the subject of
widespread investigations in many different experimen-
tal and theoretical contexts, > ? since it is the same in-
termediate that is formed in electron~HF scattering
processes, Associative detachment is unique among the
methods to probe the negative ion intermediate in that

it necessarily samples the HF” intermediate from large
initial internuclear separation.

In addition to these aspects common to all associative
detachment reactions, the H+ F~ reaction exhibits several
features which single it out as an exceptional candidate
for detailed study. It involves the association of a two
atom system with relatively few electrons to form a
diatomic molecule, Furthermore, the reaction at ther-
mal energies is thought to take place without significant
interactions with higher lying HF™ electronic states.?
Both these facts greatly simplify the theoretical treat-
ment of the associative detachment process. The H+ F~
reaction also belongs to an interesting subclass of as-
sociative detachment reactions in which the product
molecule possesses a large dipole moment (ugp~1.8 D).
There is considerable interest!® in studying the interac-
tions between a large dipole and a slowly departing elec-
tron,

Extensive investigations of hydrogen halide negative
ions, primarily by means of electron-molecule scatter-
ing studies, 5=%1*~13 haye revealed a fundamental defi-
ciency in our understanding of the nature of the negative
ion intermediate through which the associative detach-
ment reaction must pass. Electron scattering experi-
ments have shown rather large, sharply peaked thresh-
old cross sections for vibrational excitation® and dis-
sociative attachment™® processes in hydrogen halides.
Such large cross sections can sometimes be attributed
to the presence of a shape resonance which traps the
electron for a time near the molecule inside an angular
momentum barrier. However, it has been suggested!¢1¢
that the concept of a shape reasonance does not apply
here since the hydrogen halide negative ions can decay
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by detachment of an s wave (I =0) electron with no
angular momentum barrier to inhibit its escape. One
solution which has been proposed involves virtual

states, *™!7 which unlike shape resonances may dominate
low energy [ =0 electron scattering. A great deal more
theoretical work is required in order to ascertain the
existence and role of virtual states in these systems,

As has been pointed out, 15 any satisfactory explanation
of these phenomena must be consistent with all the re-
sults from scattering events which proceed through the
same negative ion intermediate, namely, vibrational and
rotational excitation, dissociative attachment, and as-
sociative detachment. It is in this regard that detailed
experimental investigations of the associative detach-
ment process are essential as a testing ground for the-
oretical descriptions of the negative ion intermediate.

To date there exists only one other experimental study
of the H+ F~ associative detachment reaction. The rate
constant for the reaction was found to be very large,
approaching the Langevin theoretical maximum (¢=1,6 -
%107 cm® molecule™ 57 == 0. 8 ky 4 0v1a), although this
value has a rather large uncertainty of +100%, —50%.'%
This suggests that the HF™ potential energy curve is at-
tractive into the autodetaching region so that reaction
can occur on nearly every collision, However, very
little is known about the range of internuclear separa-
tions over which electron detachment occurs or about
the “lifetime” of the HF” intermediate. These details
will most certainly affect the energy distribution in the
reaction products. The only direct measurement of a
vibrational state distribution formed in an associative
~detachment reaction is for the H+Cl'=~HCl(v=2) + ¢
system.'® The present results on the initial (v =1-5)
vibrational state distribution in the HF product of the
H + F~ associative detachment reaction thus represent
an important contribution to our understanding of the
mechanism which governs this class of reactions.

Il. EXPERIMENTAL

The flowing afterglow apparatus used in these studies
is identical to that described in the preceding paper. !
The only significant addition is a hydrogen-atom genera-
tor, which has been described in an earlier publical:ion.m
Hydrogen atoms are generated in a thermal dissociator®
by passing high-purity H, over a hot (2000 K) tungsten
filament, The filament is contained in a glass water-
cooled chamber coated with boric acid to inhibit surface
recombination, The H atoms and undissociated H, enter
the flow tube through a Teflon tube at a distance 6 cm
before the viewing region. The F~ ions are modulated
by a 0 to —12 V potential on a tungsten mesh positioned
5 cm before the hydrogen atom inlet. The modulated HF
product emission is observed by a Ge : Cu detector
equipped with a circular variable filter. The detector
output is summed in a signal averager and the infrared
emission intensity is recorded as a function of wave-
length.

As in the preceding paper, care was taken to ensure
that the observed emission was due to HF formed in the
reaction of F~ with H, A number of checks unique to
this particular reaction are reported here. Fairly large
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FIG. 1.
H+F —HF(v) +e” associative detachment reaction,
line is the least-squares fit to the data.

Infrared chemiluminescence spectrum from the
The solid

H, flows, corresponding to densities of 1.5X10!* cm™,

are necessary in order to generate the 10'* cm™ H atom
concentrations required to effect significant reaction
over the 6 cm between the H atom inlet and product
detection. This is a concern since the reaction F + H,,
which has a rate constant £=2.3Xx10™"! cm® molecule™
xs™1% could potentially mask the F~ + H emission. A
modulated background emission in the HF spectral re-
gion was observed in a flow tube configuration in which
the tungsten mesh used to modulate the ions was only

15 c¢m from the ion source. The background emission
occurred even without H atoms present. This spurious
emission probably was due to modulated fluorine atoms
reacting with H,. Modulated F atoms could be produced
if filament electrons are perturbed by the close proxim-
ity of the mesh. When the ion source-to-mesh distance
was increased to 50 cm, the background emission dis-
appeared.

Since both positive and negative ions are modulated in
a similar fashion at the mesh, we must also ensure that
the observed emission is not from reactions of positive
ions with H atoms. This possibility can be eliminated
since there were no relative changes in the positive ion
mass spectra upon addition of hydrogen atoms. An over-
all decrease in the size of the mass peaks in the positive
ion mass spectrum was observed. This is a consequence
of the increased positive ion diffusion coefficient in the
presence of the electrons produced in the H+ ¥~ re-
action, 2

Five spectra were obtained under a variety of exper-
imental conditions. One of these spectra and its least-
squares computer fit are shown in Fig. 1. The results
of these spectra and their conditions are summarized
in Table I. In particular, three spectra (Nos. 1,2, and
4) were taken under conditions in which vibrational de-
activation of the nascent product state distribution was
minimized. Two additional spectra were taken, one at
high H, flow (No. 3), and the other with the viewing
window 15 cm downstream from the H atom inlet (not
shown in the table). Considerable deactivation was
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TABLE L. Nascent product vibrational state populations derived from computer analysis of the infrared emission spec~

tra under the conditions specified.

Initial relative vibrational populations®

Spectrum
no. Conditions® N%y N, N, N, N
1 4 mTorr H, —=0.04+0.05 0.22+0.03 0.26+0,02 0.30+0.02 0.22+0,01
2 6 mTorr H, ~0.04+0,05 0.25+0,03 0.30+0.02 0,26+0,02 0.19+£0,.01
3 12 mTorr H, 0.03+0.04 0.22+0.03 0.25+ 0,02 0.35+0.02 0,15+0,01
4 6 mTorr H,,

HF cell in place 0.01+0, 04 0.16+0.03 0.36+0,02 0.26+0,02 0.21+0,01
Best populations® 0,000, 06 0.23+0,04 0,27+0,03 0.29+0,03 0.21+0,03

4887

Standard conditions: 0.7 Torr He, 10 mA emission current, 4 mTorr 5% F, in He, 10! H/cm?®, viewing 6 cm down-
stream from the H-atom inlet. The H atom density is estimated from an ion-molecule reaction of known rate constant.

>The vibrational populations reported bere include small corrections for radiative and collisional relaxation, For de-
tails, see the text. The negative values under N%,, come about from the cascade corrections. The N{,; population is

zero within experimental uncertainty for all experiments.

The v >1 populations are normalized so as to sum to one,

°This is an average of spectra 1 and 2, weighted by the quality of the linear least~squares fits to the spectra, and assum-

ing the N%; population is zero.

apparent in the latter case, giving much less reliable
results, Correction of all the results for collisional
deactivation and radiative cascading is considered in
Sec. INI.

I1l. RESULTS

The relative vibrational populations are derived from
the spectra in a fashion described in detail in the ac-
companying paper.! They are reported in Table I, al-
ready corrected for radiative cascading and vibrational
deactivation. The quoted error bars for an individual
spectrum represent one standard deviation in the fitted
populations and reflect primarily the scatter in the
spectral data. In particular, it is worth noting that
spectra 1 and 2, which were taken under similar experi-
mental conditions, exhibit very good reproducibility,

A check on the internal consistency of the measurements
is available from spectrum 4. It was run under condi-
tions nearly identical to spectrum 2, but with a gas cell
containing 30 Torr HF inserted between the flow tube
and the Ge:Cu detector. The gas cell quantitatively
absorbs rotationally relaxed HF (v =1-0) emission, but
should leave the rest of the spectrum virtually unchanged.
The contribution to the spectrum from the HF (v=1)
emission is calculated by normalizing the data at wave-
lengths where HF (v =1) does not emit, and comparing
“this spectrum to the spectra without the gas cell. The
HF (v=1) emission contribution in the spectra taken
without the HF gas cell was found to be negligible, which
is consistent with the raw population (N, =0.01) ob-
tained in the direct fits.

The procedure by which we deconvolute the spectrum
to obtain relative vibrational populations' agsumes a
295 K Boltzmann distribution in rotation. Sung and
Setser?® report that high rotational states of HF (J210)
are incompletely deactivated in a flow tube with 1 Torr
Ar buffer gas (1 Torr =133, 322 Pa) when viewing 0. 4 ms
after reaction initiation. Under these conditions the
rotational distribution at the viewing region is bimodal,
with a low J peak well-characterized by a Boltzmann
distribution and a high J peak which is a remnant of the

high J nascent rotational distribution. They also found
helium to be much more efficient at deactivating any
high rotational states. In our experiments we need to
consider whether high J states formed in the reaction
relax to a 295 K Boltzmann distribution by collisions in
0.7 Torr He within 0.20 ms, the average time between
formation and detection of HF. If they are not complete-
ly relaxed, the rotational distribution in the viewing
region might be bimodal, with the high J peak at J~14,

We are unable to use the same experimental test for
rotational relaxation in F*+ H as the one performed in
the F~ +HX studies.! There we looked for emission
through a bandpass interference filter which transmits
wavelengths shorter than 2,38 um, corresponding to
emission only from R lines with J>7 from HF (v=1)
and J= 17 from HF (v =2). However, this is not ex-
pected to be a valid test here since the best-fit popula-
tions show no population in HF (v=1), Also, as dis-
cussed below, even the significantly populated (v =2)
level is constrained by angular momentum conservation
to form J levels less than 18, which are blocked by the
filter as well. Indeed, no emission is observed through
this filter from the H+ F~ reaction, However, P-branch
emission wavelengths associated with the high J peak of
a bimodal distribution would be observed far out in the
red tail of the spectrum. For instance, the P(14) line
from v=3-2 is at 3,36 um, while the P(12) line from
v=4-3 is at 3.40 um. The negligible emission inten-
sity at these wavelengths (Fig. 1) is a strong indication
that the relative populations remaining in these high J
levels is insgignificant. Thus we are confident that the
rotational distribution is relaxed.

The vibrational state populations generated from the
computer least-squares fit to the spectra must be cor-
rected for radiative cascading and vibrational relaxa-
tion in order to obtain the nascent distribution, The
only important collisional relaxation term to consider
is HF deactivation by H,. This could be significant
primarily because the H, flows required for H atom
generation are some ten times greater than the usual
reagent flows required to react the ion completely.

J. Chem. Phys., Vol. 75, No. 10, 15 November 1981
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Fortunately, studies have been performed on HF (v)
deactivation by H, for the vibrational levels of inter-

est. 2% From these rates, collisional deactivation ap-
pears to be a small correction to our populations. Spec-
tra Nos. 1, 2, and 4 were taken under conditions in
which the collisional deactivation correctionsto the popu-
lations were less than 5%.

The total correction (both radiative and collisional)
to our populations never exceed 30% of the population
under conditions where the viewing region was 6 cm
downstream from the H-atom inlet, A correction of
this size is required only for the HF (v =5) population
since its correction contains only removal terms. The
corrections to the lower vibrational levels are typically
510%. For instance, the best-fit relative populations
for v= 1 derived from spectrum 1, uncorrected for re-
laxation are Ny =0.00, N,=0.25, N;=0.29, N;=0, 29,
and N; =0.17, while the final corrected results are N
=-0.04, N2=0.22, N?=0.26, N}=0.30, and N)=0.22.
In order to obtain a qualitative measure of the extent of
deactivation at “long times, ” a spectrum was taken view-
ing 15 cm from the hydrogen atom inlet. Under these
conditions the initial distribution showed considerable
relaxation, with a corresponding shift in the emission
spectrum towards shorter wavelengths. Due to the poor
quality of the data and the large factors needed to cor-
rect for deactivation and cascading, no attempt was
made to obtain nascent distributions from these data.
The best-fit populations from this spectrum uncorrected
for deactivation showed an HF (v =1) population which
was smaller than would have been expected simply from
cascading into this level by radiative and collisional
mechanisms. There is no obvious explanation for this
observation. However, all spectra used to obtain the
nascent distributions in both the F~ + HX reactions® and
in this work were taken under conditions which minimize
the time between reaction and observation, and no un-
usual effects were observed which might indicate state
selective deactivation problems. The spectra taken at
6 cm are a priori much more reliable, both in terms of
their signal-to-noise and the magnitude of the deactiva-
tion corrections.

The final averaged and corrected result for the best
populations is given in Table I. The relative populations
are an average of the nascent populations derived from
spectra 1 and 2, since these spectra were taken under
conditions which minimize deactivation corrections.
Error bars are set so as to bracket the scatter in the
best-fit populations, and are somewhat larger than the
error bars associated with an individual spectrum. The
measured HF (v =1) population of N%, =0.00=0. 08 sug-
gests very strongly that the HF (» =0) population will be
negligible as well, If we assume NJ,,=0.00, the rela-
tive populations stated above become absolute branching
fractions (since they sum to unity) and the average frac-
tion of the total energy deposited as vibration in the
products {f, is 0.64+0.03.

IV. DISCUSSION

The initial HF product vibrational distribution in the
H + F~ associative detachment reaction is strongly

Zwier, Weisshaar, and Leone: Vibrational distributions of H+ F~ =>HF(v) +e"
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FIG. 2. Relative vibrational state populations in the H+F~
agsociative detachment reaction.

peaked towards high vibrational levels, Such a distri-
bution represents an extremely efficient disposal of
available energy into vibration. For comparison, we
can juxtapose these results with a fluoride ion reaction!
of almost identical exothermicity, F + HI~HF{y<5)
+1°, AH=-57,1 keal/mol. The relative populations
formed in the associative detachment reaction are pre-
sented in Fig, 2, while the F~ + HI populations can be
found in Fig. 6 of the preceding paper. The (f,) ob-
tained by extrapolation of the F~ + HI surprisal plot is
{f,)=0.45, compared to the value of 0.64 for F~+H.
The obvious differences between these vibrational dis-
tributions reflect the dramatically different reaction
dynamics of the two processes. The proton abstraction
reaction (F™ + HI) occurs on a single potential energy
surface., The large exothermicity relative to the well
depth and the kinematics of the light-atom exchange pro-
vide for efficient disposal of the available energy into
product vibration,! By comparison, the associative de-
tachment reaction (H+F") deposits even more energy
into vibration, with a vibrational distribution which is
strongly peaked towards the highest levels accessible.
As H and F~ approach, they eventually reach an inter-
nuclear separation R at which HF" is unstable with re-
spect to emission of an electron to form a neutral HF
molecule. The distribution of R’s at which electron
emission occurs determines the vibrational state of the
HF product. In addition, the associative detachment
product HF{2»’, J') states are kinematically constrained
by the small mass of the product electron.

A. The kinematics of the reaction

During the reaction H+ F~—HF (v’ < 5) + ¢, the re-
duced mass changes from that of the hydrogen atom to
that of the electron, nearly a factor of 2000. This has
marked consequences on the associative detachment
reaction dynamics, The light electron is unable to
carry away much of the angular momentum associated
with the H + F~ collision pair, and virtually all of the
orbital angular momentum L remains as HF product
rotation J°, i.e., J' &L = v, 5.1 Here u is the re-

J. Chem. Phys., Vol. 75, No. 10, 15 November 1981
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duced mass of the reagents approaching with relative
velocity v,,, at an impact parameter . Thus, at a given
relative velocity, only impact parameters within a par-
ticular narrow range will yield HF products in a given
rotational state J’. Here, we adopt the primed notation
to indicate product states of the associative detachment
process.

Such a one-to-one mapping from impact parameter
into product rotational state might often be obscured by
other dynamical constraints which limit the types of col-
lisions that can react. However, in the present case
the near-Langevin cross section!® associated with the
reaction should allow this effect to be seen, The Lange-
vin theory of ion—molecule reactions?’ is based on a
classical treatment of the reactive collision in which
the ion is considered as a point charge and the interac-
tion potential is the ion-induced dipole attraction, In
this simple picture, for impact parameters smaller than
some maximum value, all trajectories overcome the
centrifugal barrier and spiral into the origin to react.
This maximum impact parameter defines an upper bound
to the rate constant for the reaction which is called the
Langevin rate constant, A measured rate constant
which is so close to the theoretical maximum suggests
that the probability for reaction P(b) is nearly unity for
all impact parameters less than some by,,, i.e., P(b)
=1 for b <b,,, and P(b) =0 for b>b,,,. For the H+F"
associative detachment reaction, a measurement of the
rotational distribution associated with each vibrational
level should in this case directly reflect the distribution
in impact parameters which formed that vibrational
level in the products, 2

Unfortunately, our experiment can provide no infor-
mation on the nascent rotational distributions due to the
fast deactivation of HF rotational states by collisions
with helium in the flow tube. However, the above con-
siderations still allow us to predict with some confidence
an overall rotational distribution in the HF products,

To the extent that P(b)=1 for b< b,,,, ata fixed rela-
tive velocity the distribution of reactive impact param-
eters is governed solely by the geometric weighting fac-
tor 2nbdb o (24 +1)dJ’, which favors large impact
parameter collisions, This transformation from impact
parameters into HF rotational levels results in an HF
rotational distribution proportional to (2J°+1) up to the
maximum impact parameter (the maximum L value)
which can react. Transforming the experimental cross
section into a maximum impact parameter using the
mean relative velocity gives J,,,~ 18 and an average
HF product rotational level J' =12, The average rota-
tional energy over this distribution is E,,, =10 kcal/mol,
Finally, the average rotational energy can be divided by
the total energy available to the products to obtain the
average fraction of the total energy channeled into rota-
tion, (fg)~0.16. Thus, the experimentally determined
(fw of 0.64 when combined with the kinematic constraints
inherent in the system, suggests that the energy which
is not deposited into vibration is distributed approxi-
mately equally between HF rotation and electron transla-
tion. The electron translational energy is on average
equivalent to no more than a single vibrational quantum
in HF. Thus the product electron appears to be pre-
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ferentially ejected with low kinetic energy.

The kinematic constraints imposed by the electron
product may also dramatically affect the vibrational
distribution observed in these experiments. Since large
impact parameter collisions yield large rotational en-
ergy in the product, there exists an obvious energy con-
straint on the range of impact parameters which can
form the highest vibrational levels in the products., On
average, only ~0.8 of the collisions with impact param-
eter smaller than the Langevin maximum can form
HF (v = 4) while only ~0. 3 of them can form HF (v =5).
It is very likely that these energy restrictions are the
cause of the abrupt change in the trend towards higher
relative vibrational populations in going from HF (v =4)
to HF (v =5), as was described previously for the C1”
+H associative detachment reaction.??

The simple model just introduced for the H+ F~ as-
sociative detachment (AD) reaction allows us to predict
an HF product rotational distribution summed over the
product vibrational levels. Neither our experiment nor
this model can give information on how the overall rota-
tional distribution is apportioned among the various vi-
brational levels. If such rotational information were
available, it could be used to predict threshold dissocia-
tive attachment (DA) cross sections from a given HF (v,
J’) level by means of microscopic reversibility argu-
ments. The threshold dissociative attachment process
in HF has been studied in some detail recently, "® Allan
and Wong’ measured the cross section for dissociative
attachment as a function of the initial HF vibrational
level for HF (=0, 1, 2). They obtain p :0m;=1525
and 0,.5:0,.,=300x150, The experiments in the two
different directions can be related by mieroscopic re-
versibility since they sample a similar range of H+ F~
translational states.?*3% The dissociative attachment
results are threshold cross sections for H+ ¥~ forma-
tion, corresponding to slowly departing H+F",

Microscopic 1-eversibility29 in its most fundamental
form relates only the forward and reverse processes
from completely specified states, For the reaction H
+F =HF (v',J') + ¢”, microscopic reversibility states

that
(E 'U’J’E’) ul El
Sap =l & 27) (9 (. .
opaw I ETIEp) @7 +1) (u)('E_‘:) @)

Here 2J ' + 1 is the ratio of statistical weights of products
to reactants, p is the reactant reduced mass, E, is the
relative translational energy of the reactants, and p’

and E7 are the corresponding quantities in the products,
all referred to the exothermic (associative detachment)
direction.

It is obvious from Eq. (1) that a knowledge of the ro-
tational dependence of o,y (v') is sufficient to obtain ro-
tational information on ap, (v'). The ratio of cross sec-
tions is given by the ratio of the densities of states for
H+F and HF + ¢", The (2J' + 1) weighting arises be-
cause of the degeneracy associated with the rotational
levels in the HF product. There are no corresponding
rotational degrees of freedom in H+ F~, The remaining
terms give the ratio of translational densities of states.
This ratio contains a rotational dependence indirectly
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through its effect on the amount of translational energy
left to the departing electron Ej = E,p = E,. — BJ' (7' +1).
For low J' levels where E,,, — E, > BJ' (J' +1) this ef-
fect is small.

In order to check the sensitivity of oy, (v, J') to the
form of the rotational dependence in the associative de-
tachment reaction, the overall rotational dependence
Oap (7') = (2J' +1) derived in our kinematic model was
assumed to hold within an individual vibrational level
as well. In that case the rotational dependence of the
dissociative attachment cross section is proportional
to 1/E;, which is only weakly dependent on J' for low
rotational levels. We can compare the dissociative at-
tachment cross section predicted in this way with that
obtained from experiment™® for HF (v=2), the only vi-
brational level for which quantitative experimental in-
formation is available in both directions. We use the
absolute o, (v=0) of 2X10°% cm? ? the relative mea-
surements for op, (v=2, 1, 0)," the absolute rate coef-
ficient for the AD process, 18 and the relative kyp's from
this work. Agreement with experiment is very poor,
with microscopic reversibility predicting a dissociative
attachment cross section nearly 100 times larger than
observed by experiment, 8 A distribution of Oap v’ =2,
J') which weights high J' even more heavily than 2J' +1
is necessary to obtain agreement. This would suggest
a correlation between low vibrational levels and high
rotational levels in the HF product.

The large mismatch indicates the importance of an
accurate knowledge of the rotational dependence of the
associative detachment cross section for each vibrational
level. Experiments capable of resolving nascent rota-
tional distributions in the associative detachment pro-
cess would be helpful both-in further delineating the
dynamics of the process and in providing much more
detailed information on the reverse dissociative attach-
ment process. In lieu of such data, models of associa-
tive detachment and dissociative attachment must con-

sider the possibility that rotational effects could play an
important role in the dynamics of these reactions.

B. Theorstical descriptions of associative detachment

Theoretical descriptions of associative detachment
and related processes such as dissociative attachment
and vibrational excitation by electron impact are in a
state of active development. At the heart of the problem
lies the question of the most appropriate description of
the transient intermediate species, in this case HF",

As F~ and H approach, they eventually reach internu-
clear separations R at which the HF" species is unstable
with respect to emission of an electron to form a neutral
HF molecule, Electron emission is a facile process,

as indicated by the near-Langevin cross section for F~
+H~HF + ¢".!® Theoretical methods for treating the
electronic instability at small R include resonance
state!®¥1-3 and virtual state'*~1"3* descriptions.

In the resonance state picture of the general A™ + B
reaction, 33 the strictly bound state of A” - B at large R
becomes a quasistationary state coupled to the " — AB
continuum at R less than some crossing point R, (Fig.
3). At all smaller R’s, the quasistationary state is
taken to correspond to a resonance of the fixed-R scat-
tering problem, characterized by a local complex poten-
tial V(R) —54I'(R). The width I'(R) gives the decay rate
into the continuum at each R, Such a description has
been applied with a good deal of success to the H"+H
reaction. 3»¥ Two important features of the local com-
plex potential are that it requires I' to vanish for R
greater than R, and that it neglects nonadiabatic coup-
lings to the continuum (i.e., those due to nuclear mo-
tion). Since detachment occurs only for R<R,, the de-
tachment probability must increase with increasing
amount of time spent at R<R,; thus the total cross sec-
tion should increase with decreasing collision velocity.
In semiclassical language, the distribution of final AB
vibrational states for a resonance model is essentially
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governed by the distribution of R’s (for R<R,) at which
detachment occurs during the collision. The probability
of detachment at each R is weighted by the time spent
there, the decay rate I'(R)/k, and the probability that
detachment has not already occurred at a previous posi-
tion,

As the width T becomes very large the notion of a
potential energy surface on which an intermediate nega-
tive ion exists begins to lose its appeal. In particular,
comparing HF with the well-studied case Hj,*® the
former has an open s wave (I=0) detachment channel
while the latter does not. This is because the lowest
electronic configuration of HF' is o’ no*, giving rise
to the 2Z* ground state.® In H;, a p-wave electron is
the lowest angular momentum electron that can detach
from the ¢} orbital. In contrast, the HF  antibonding
o* orbital has overlap with an s-wave electron. The s-
wave electron which can escape from HF does so with-
out tunneling through an angular momentum barrier,
Thus, HF" is expected to be very short lived, !*~'¢ pro-
vided that higher angular momentum components of the
o* orbital are efficiently coupled to the open s-wave
channel.

In light of the open s-wave decay channel, an alterna-
tive description of the F~ + H reaction in terms of virtual
states may be more appropriate than a resonance state
description, 1“1 A virtual state is an electronic state
“almost bound” in a potential well. One very promising
model which considers the role of virtual states in as-
sociative detachment employs the zero-range potential
approximation.3#3" The model begins with the physical
picture of a low energy (long wavelength) s-wave elec-
tron weakly bound at large R in a potential well caused
by the HF nuclei, As R decreases, the well depth be-
comes insufficient to bind the electron, which is ejected
into the continuum. Since the wavelength of the electron
is much larger than the range of the potential due to the
nuclei, the HF molecule is viewed as causing a short-
range distortion of the otherwise field-free electron.
The effectively zero-range nuclear potential imposes a
boundary condition at the origin of the electronic radial
wave function. The variation of this boundary condition
with internuclear separation R causes bound-to-free
electronic transitions (associative detachment).

Except for this zero-range approximation, the scat-
tering problem in this model can be handled essentially
in an exact manner. A very important feature of the
model is that “dynamical electronic transitions” induced
by the nuclear motion are accounted for explicitly, in
contrast to the resonance state model, The nuclear
motion can induce detachment at internuclear separations
considerably larger than the crossing point R, (Fig. 3).
This formalism has been used to perform detailed cal -
culations on H™-rare gas collisions, 3 on vibrational ex-
citation in ¢"-HCI collisions, !* and most recently by
Gauyacq on the F~ +H and CI” + H associative detach-
ment reactions.!” The results are very encouraging.

In all cases, Gauyacq finds dynamical transitions at
large R to be very important, This leads to ‘“under-
crossing transitions” in which the electron is emitted
at an internuclear separation where the HF™ potential is
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significantly below the HF potential (Fig. 3). Associa-
tive detachment at these large R’s leads to a great deal
of product vibrational excitation, in qualitative agree-
ment with both the present ¥~ +H and earlier CI"+H
experimental results.!® Such large-R contributions to
the total detachment cross section increase with increas-
ing collision velocity.

Gauyacq’s F~ +H calculation'” uses the ab initio HF"
?5* potential energy curve of Segal and Wolf® to fix the
boundary condition at the electronic origin for each inter-
nuclear separation R. Relative cross sections into each
product state HF (v,J) are calculated at various collision
energies. These are summed over J and averaged over
a Boltzmann distribution of collision energies to obtain
an HF (v) distribution,!? The calculated distribution
agrees qualitatively with the experimental one. Both
peak at v =4, but the experimental distribution is some-
what broader. Furthermore, the probable correlation
between low vibrations and high rotational levels which
was suggested by our microscopic reversibility calcu-
lation is also borne out by his results.

Given this qualitative agreement, it seems likely that
the zero-range approximation provides an accurate
physical picture of the F* + H associative detachment
reaction, However, our experiment cannot rule out a
theoretical description of the process in terms of a local
comnlex potential, If the HF" lifetime were about one
vibrational period, it would be just long enough to allow
reflection off the inner turning point of an ¥~ + H reso-
nance state but short enough so that detachment occurs
on essentially every collision. In that case, a mapping
of the inner turning point of the HF" curve (where the
trajectories slow down) onto the HF neutral curve could
again lead to strong product vibrational excitation be-
cause the HF™ and HF curves’ mimic each other at short
R. Indeed, using very diffuse basis sets, Segal and
Wolf? find an apparently stable ’5* HF" state in the re-
gion of the neutral HF potential minimum and at slightly
higher energy (<0.1 eV). The HF  curve crosses the
neutral curve at R,=0.97 .3., very near the bottom of
the HF potential well, A partial wave expansion of the
?5* electronic wave function at the energy minimum con-
tains a large non-s-wave component which could exhibit
resonance behavior. Segal and Wolf refer to such states:
as resonance states, but their nature and the magnitude
of the coupling of the />0 components to the s wave is
not yet well understood.

It is possible that experiments measuring the product
vibrational state distribution as a function of isotope
(F"+ D) and temperature may provide further important
information. In both cases, one would be altering the
range of collision energies sampled. As noted above,
large R, “nuclear-velocity-induced” transitions would
increase in importance at higher collision energy. By
contrast, small R, “resonance state-to-continuum”
transitions would decrease in importance. Detailed
zero-range potential calculations vs collision energy

-are now available for F~ +H and CI” + H,!” and the model

is clearly consistent with experimental product vibra-
tional state distributions in each case. Detailed reso-
nance state calculations on the same system are not yet
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available, These would require a width function I'(R),
and it is not clear how to calculate such a function at
present.® Further work in both the experimental and
theoretical arenas will continue to refine our under-
standing of associative detachment reactions and their
negative ion intermediates.

V. CONCLUSION

We have presented results on the relative rate con-
stants into HF (v =1-5) for the thermal associative de-
tachment reaction H+ F~"—HF (v<5) + ¢”. The product
vibrational state distribution is found to be highly vi-
brationally excited, peaking at HF (v =4). However,
angular momentum and energy conservation appear to
reduce the populations in v =4 and v =5, effectively re-
versing the trend in which v =5 would be the most popu-
lated state. The average fraction of total energy dis-
posed in vibration is (f,)=0.64+0.03. The high degree
of vibrational excitation in the products is well accounted
for by recent theoretical calculations using the zero-
range potential approximation, The calculation stresses
the importance of dynamical electronic transitions in-
duced by the nuclear motion. The kinematic conse-
quences of an electron as reaction product predict a
highly non-Boltzmann distribution in product rotation,
sharply peaked toward high J levels, The {fg) and (fy)
predicted by this simple model share the remaining en-
ergy approximately equally.
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