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Association Reactions at Low Pressure. 2. The CH,"/CH,CN System
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The reaction between CH;* and CH4CN has been examined at pressures between 8 X 1078 and 1 X 107 Torr in an ion cyclotron
resonance mass spectrometer. At low pressures the reaction is bimolecular, having a rate coefficient of 1.8 X 107 em? s
The major ion products are H,CN* and C,H;*, but a bimolecular association channel also competes with these two main
binary exothermic channels. At pressures above ~4 X 107> Torr the termolecular association (CH;CNCH;*) reaction becomes
the major reaction. The results are rationalized in terms of barriers on the potential energy surface of the binary exit channels.
The rate coefficient observed for the termolecular association reaction CH;* + CH;CN + M — CH;CNCH;* + M was
found to be k = 1.90 X 1072 cm® s™' when M = CH,CN, and when M = N,, Ne, and He, k = 4.0 X 1072, 0.6 X 1073,
and 1.0 X 1072 ¢m® s7!, respectively. The lifetime of the collision complex was found to be =14 us.

Introduction

Association reactions in ion—molecule systems have been the
object of several experimental and theoretical investigations in
recent times. These studies have been concerned primarily with
collisional stabilization of the intermediate (AB*)* and unimo-
lecular dissociation with a rate coefficient k_; back to reactants
(reaction 1).!”* Under normal laboratory conditions most of the

A* + B == (AB")* = AB* + M (1
-

systems studied exhibit only dissociation back to reactants (A"
+ B) or collisional stabilization (to AB*) as the major loss pro-
cesses for (AB*)*. But under conditions of low temperature and
low pressure, a competing stabilization process, radiative stabi-
lization (reaction 2), has been suggested which may prove to be
one of the important mechanisms for molecular synthesis in in-
terstellar clouds.

(AB")* — AB* + hv (2)

In our first study in this series® we examined the efficiencies
of collisional stabilization of (A,H*)* in the reaction AH* + A
over the pressure range 107 to 0.4 Torr where A,H™ represents
the proton-bound dimer of dimethyl ether and acetonitrile.
Collisional stabilization of (A,H*)* was the only stabilizing process
observed in these two systems, and termolecular rate coefficients
were reported for several bath gases.® It has become apparent
from this and other studies,'*%7 and also supported from statistical
calculations,® that the average lifetime of (AB*)* with respect
to unimolecular decomposition (r(4g++) can be as large as several
microseconds in a number of cases. For example, (7(4,u+s) for
A = (CH,),0 was estimated as =13 us.5 A consequence of long
average lifetimes for (AB*)* is large rate coefficients, k5, for
ternary association (reaction 3). Values for k3 > 1072 cm® 57!
have been observed.®’

k
A*+B+M— AB* + M (3)

There are, however, a number of systems that exhibit association
in which binary pathways occur that compete with association.
Two such systems have received considerable attention from both
an experimental and a theoretical point of view. Bass et al®
examined proton-bound dimer formation of methyl alcohol in
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which association occurs in competition with H,O elimination from
the complex.

CH,OH,* + CH;OH —~ (CH,OH),H"
— (CH,),OH* + H,0

The pressure dependence of proton-bound dimer formation was
measured and adequately modeled by using a phase space form
of statistical theory in which a barrier of 0.69 eV (relative to
(CH;),0H* + H,0 at infinite separation) in the binary exit
channel leading to water elimination was deduced. The barrier
was required to account for the fact that this channel proceeds
at only 5% of the collision rate and had a strong negative tem-
perature dependence. Experimental evidence for a barrier was
also found from measurements of the average kinetic energy
release obtained from the (CH;),OH* peak shape produced by
the decay of the [(CH,OH),H*]* metastable.’

Herbst!® has also undertaken phase space calculations of the
association between CH;3™ and NH; which occurs in competition
with two binary channels (reaction 4) and for which the measured

. R .
CH3 + NH3 CH3NH3 (43.)
— NH,* + CH, (4b)
g CH2NH2+ + H2 (4C>

rate coefficients at 300 K and 0.3 Torr are'! k,, = 4.4 X 10719
em’ s kg =22 X 1070 cem’ s, and &y = 1.5 X 107° cm? 57,
According to simple RRKM theory, the existence of fast binary
channels as are found in the CH;*/NH, system should prevent
association via collisional stabilization from ever being competitive.
Herbst!® reconciled the experimental observations with theory for
the CH,*/NH; system, by including a contribution from angular
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momentum on top of the potential barrier in the binary channels.
Ab initio calculations predicted a height for a barrier of 9.6 eV
above the CH,NH,* + H, exit channel.'> Experimental support
for a barrier in this reaction was provided by Smith and Adams"?
and Bowers et al.'* When the effect of angular momentum was
included,!© the height of the barrier in the binary exit channel is
effectively increased, further preventing rapid dissociation of the
complex and also reducing the amount of energy required to be
removed in each collision by the stabilizing gas. Drift tube studies
by Thomas et al.!> and Saxer et al.! on the same system also
obtained results.consistent with the Herbst interpretation.
The association reaction presented in the present study is the
association between CH;* and CH3CN (reaction 5). This re-

CH3+ + CH3CN g CH3CNCH3+ (5)

action was chosen for investigation in the present work because
a selected ion flow tube (SIFT) study'” had earlier reported a rate
coefficient for association (k = 4.0 X 107° ¢cm? s7!) close to the
collision rate of the collision complex in a helium carrier gas. It
was also apparent from the SIFT study that reaction 5 was near
the pressure saturation regime as the rate coefficient for association
varied little in the pressure range 0.2-0.4 Torr. We report here
the results of a low-pressure ion cyclotron resonance (ICR) in-
vestigation of the CH;*/CH;CN system.

Experimental Results

Rate Constants. All the results pertaining to branching ratios
and rate coefficients for the CH,*/CH;CN system were obtained
on the JPL ICR mass spectrometer at a constant magnetic field
of 1.5 T as described previously.®'® Reaction rate coefficients
were usually obtained by using the McMahon-Beauchamp
trap—drift mode of operation.”” Branching ratios were determined
by using the drift mode of operation in conjunction with dou-
ble-resonance ejection. The CH,* ion was generated by near-
threshold electron impact ionization of methane, a methane—argon
mixture, or methyl bromide. )

In the ICR cell, the CH,;*/CH;CN system exhibited a very
different behavior than that reported earlier in the SIFT study
at ~0.3 Torr}” where the association product CH;CNCH,* was
the only major product ion observed. At pressures below ~4 X
1075 Torr, two further exothermic bimolecular processes (reactions
5a and 5b) competed with association. The products of the two
bimolecular channels subsequently reacted with the parent gas,
and the following sequence of reactions was observed to occur:

CH3+ + CH3CN - HzCN+ + C2H4 (Sa)
— CH,CNCH;* (5¢)

H,CN* + CH,CN — CH,CNH* + HCN  (6)
C2H5+ + CH3CN - CH3CNH+ + C2H4 (7)
CH,CNH* + CH,CN + M — (CH,CN),H* + M (8)

The rate coefficients and branching ratios measured for these
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TABLE I: Bimolecular Rate Coefficients (in Units of 107 cm? s™!)
and Branching Ratios of Ion-Molecule Reactions of CH;CN

reactant branching rate -AHSf

ion products ratio coeff  kJ mol™!
CH," H,CN* + C,H, 0.58 161
C,H* + HCN 0.37 1.8% 131
CH,CNCH,* 0.05 415¢
H,CN* CH,CNH* + HCN 1.0 3.8 69
C,H,* CH,CNH* + C,H, 1.0 3.8 99
CH,CNH* (CH,CN),H* 1.0 d 126°

9 Exothermicities have been taken from ref 20 unless specified oth-
erwise in text. ®Results shown represent bimolecular processes that do
not vary with pressure below 1 X 107 Torr. ¢Estimated from the alkyl
affinity data of Deakyne and Meot-Ner in ref 21. “The rate coeffi-
cient for proton-bound dimer formation from ref 6 is expressed as a
termolecular rate coefficient and has the value k = 2.0 X 1072 cmS 57!
when M, the bath gas, is the parent molecule CH;CN. ¢From ref 6.

(CHaCNCH3+) —= H,CNT+ CaHa
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Figure 1. Plot of reaction probability versus kinetic energy release of
H,CN* formed from the (CH;CNCH;*)* metastable.

individual reactions are summarized in Table I.

Kinetic Energy Distribution. The metastable species
(CH,CNCH;*)* was formed in the ion source of the VG ana-
lytical ZAB-2F mass spectrometer at Santa Barbara by the re-
action of CHy* + CH3CN in an Ar/CH,/CH,CN mixture. After
mass selection, the metastable underwent unimolecular decom-
position in the second field-free region of the mass spectrometer
to form the product ions C,Hs* and HyCN* (reactions 9 and 10)

(CH,CNCH,*)* — H,CN* + C,H, 9)
— C,Hs* + HCN (10)

for which the kinetic energy distribution was obtained from the
peak shapes as previously described.?? The distribution measured
is shown in Figure 1. An average kinetic energy release of 0.13
eV was obtained for C,Hs* and 0.11 eV for H,CN*. The relative
branching ratio between the two channels was 70% for H,CN*
and 30% for C,H;™.

Discussion

As noted above, the most obvious difference between the higher
pressure SIFT study!” and the present low-pressure investigation
was in the product distributions and the order of the reaction’s
dependence on the neutral pressure. In the ICR cell at pressures
below ~1 X 107 Torr, the major source of removal of CH;* was
in the two bimolecular channels leading to H,CN™* and C,H;*
whereas these two channels were not observable in the SIFT study.
This apparent discrepancy can readily be accounted for by con-
sidering the time between collisions. In the SIFT work, the time
between collisions of the collision complex and the carrier gas is
typically 0.1 us whereas the time between collisions of the collision
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Figure 2. Variation of the double-resonance signals HyCN*, C,H,",
CH;CNH*, CH,CNCH,*, and (CH,CN),H* from CH;* with CH,CN
pressure. The solid curves are the result of model calculations based on
the reactions and rate coefficients of Table I and yield a best fit for the
termolecular association of CH;* and CH,CN (M = CH,;CN) of 1.9 X
1072 ¢m® 571,

complex and the reactant neutral in the ICR cell at a pressure
of 1 X 1073 Torr is 0.8 ms. If a barrier exists in the potential
energy surface in each of the exit channels, then the time taken
to exit is considerably increased, thus extending the lifetime of
the (CH,CNCH,™)* complex and thereby increasing the likeli-
hood for stabilization by collision. The evidence for such a barrier
is provided by the kinetic energy release spectrum shown in Figure
1 for the H,CN* channel in which the average kinetic energy
release was 0.11 eV as determined from the peak shape. A barrier
of 20.13 eV was similarly determined for the C,Hs* channel.
Further evidence of a barrier in the C,Hs* + HCN exothermic
binary channel is that CH;CNCH,* is not a product of the C,H;*
+ HCN reaction at thermal energies.?

We conclude therefore that barriers greater than 0.11-0.13 eV
exist between (H,CN* + C,H,) and (CH;CNCH;*)* and sim-
ilarly between (C;Hs* + HCN) and (CH;CNCH;*)*, 1t is the
existence of these barriers that enables the complex to live long
enough for collisional stabilization and thus association to be the
major outcome of the reaction between CH3* and CH;CN at flow
tube pressures. Furthermore, the large dipole moment in CH;CN
(3.92 D) ensures there is a significant contribution from angular
momentum in this system which adds a centrifugal barrier to the
existing barrier in the binary exit channel. The net effect of the
combined barriers is to decrease further the dissociation rate of
the complex and thus make collisional stabilization (or dissociation
to reactants) more competitive.

In the pressure range of the present study (8 X 107 to 10 Torr)
the time between collisions changes from ~75 ms to 8 us when
CH;CN is the parent gas. In this pressure range the reaction
between CH3* and CH,CN is observed to change from bimole-
cular to termolecular in keeping with the suggested mechanism.
The reaction therefore exhibits bimolecular kinetics at pressures
below 3 X 107° Torr and termolecular kinetics at pressures higher
than this in the ICR but returns to first-order dependence on the
neutral pressure in the SIFT flow tube because the termolecular
kinetics are now in the saturation regime.

Stabilization in the CHy*/CH,CN System. The variation in
ion signals with pressure of the parent gas, CH;CN, is shown in
Figure 2. The data were obtained by monitoring the products
of the m/e = 15 (CH;") ion, by measuring the double-resonance
peaks at m/e = 28 (H,CN%), 29 (C,H;"), 42 (CH,;CNH™), 56
(CH,;CNCH;%), and 83 ((CH;CN),H") at different pressures
of CH;CN. Tt was observed that the binary products of reaction
5, H,CN™ and C,H¢*, underwent subsequent proton transfer with
CH;CN to produce CH3;CNH™ at m/e = 42 (reactions 6 and 7).
CH,;CNH" in turn underwent association with CH;CN to form
the proton-bound dimer at m/e = 83. Because of the presence
of sequential reactions, it was not possible to obtain the rate for
association via collision stabilization (reaction 11) directly. Instead,
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CH,* + CH,CN + M — CH,CNCH* + M (11)

the entire kinetic system was computer modeled by using the
reactions and their measured rate coefficients shown in Table I
with the addition of the association reaction (11). The model
calculations are represented by the solid line in Figure 2 and the
experimental observations by the points. The best fit to the data
was found when the rate coefficient for reaction 11 was assigned
a value of 1.9 X 1022 ¢m® s~! for M = CH,CN.

The Limits of the Elementary Rate Constants. The bimolecular
and termolecular association reactions occurring in the CH;*/
CH;CN system may be represented by the mechanism

k
complex formation: CH;* + CH,CN = (CH,CNCH;*)*
ke

k.
dissociative rearrangement: (CH;CNCH;*)* —
(H,CN* and C,Hs*) exothermic products

collisional stabilization:
Bk!
(CH;CNCH;"* + M — CH,CNCH;* + M
radiative stabilization:
ke
{CH,CNCH;*)* — CH,CNCH;* + h»

where 3 represents the fraction of collisions effective in producing
stabilization.
The following differential equations are thus defined:

d[A*]/dt = —kJAT][B] + k.,[(AB¥)*]

and
d[(AB*)*)/dr =

k{AT][B] - (ko) + ko + k. + Bk [M])[(ABT)*]
where A* = CH;*, B = CH,CN, and AB* = CH,CNCH,*.

In the steady-state approximation
d[(AB*)*]/dr =0
this reduces the equation for d{(AB*)*]/dr to
[(AB)*] = k[ AT][B]/ (ko + Koy + &, + Bk [M])

The data are given in terms of the experimentally observed rate
coefficients, either bimolecular, k,°*%, or termolecular, ;. The
bimolecular process defined in the reaction

Ky
A* + B — products

is first order in {B] and has the partial differential equation
d[A*]/dt = —k,"™[A*][B]

The two partials in d[A*]/ds can be equated and the value of
[(AB*)*] substituted to give the general equation

ko = k(k_y + k, + Bk M)/ (k. + k_, + k, + Bk [M])
(12)
In the limit where [M] = 0 this reduces to
kzobsd =kilk,+ k) / (ko + kot k) (13)

The termolecular rate coefficient, k;°°9, is defined in the re-
action
k obsd

A*+B+M— products

so that k,°¢ is defined as d(k,°®)/d[M]. Taking the derivative
of eq 12 then gives an expression for &,°*¢ in the limit [M] —
0 as

kyo® = kek_ Bk, / (kg + kg + k) (14)

From eq 12-14 the results of the ICR and SIFT experiments can
be analyzed.

In the ICR experiment, the termolecular rate is measured
graphically by plotting k,°* against [M]. Then the intercept at
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Figure 3. Fractional abundance of CH;CNCH,*, for association of
CH,;* and CH;CN measured in the drift mode at low pressures. Each
data point represents the fractional abundance of CH;CNCH;* to as-
sociation. The solid line represents the contribution to association from
the termolecular process when k; = 1.9 X 10722 em® 571

[M] = 0 is given by eq 13. In the SIFT experiment, when a
reaction is near the saturation limit, i.e., 8k,[M]) > (k. + k_,
+ k,), the rate coefficient experimentally observed is first order
in the neutral pressure, and eq 12 in this case reduces to

kzobsd = kf (15)

and the k,°*4 measured in the limit of “saturation” is then k;. In
most STFT studies of association, the flow tube pressures are such
that the “complete saturation” region is approached but never
reached. Accordingly, values of k,°*¢ obtained will be less than
the collision rate.?* This is not the case for the reaction of this
study. From eq 12 it can be shown that the SIFT result at 0.4
Torr is within 99% of the saturation limit, because the overall
termolecular rate coefficient is very large for this system.

There are a variety of experimental data that can be used to
evaluate the elementary rate coefficients. We will restrict ourselves
in this analysis to data available from the SIFT and ICR ex-
periments. The ICR experiments provide measurements of k;°°
for the parent gas and for other bath gases such as helium. The
comparison of k;°* for the different bath gases with the parent
gas enables the collision efficiencies, 8, to be evaluated relative
to the parent gas. The parent gas is usually assumed to have 8
< 1.0; i.e., every collision of (AB*)* with B results in stabilization
of less than or equal to one (AB*)*. We have found that 3 for
the parent gas is typically the largest and is several times larger
than the values of 8 observed for atomic bath gases. This is
consistent with previous studies.?426

Limits can be established from the experimental data available
for the following elementary reaction rate coefficients: ki, k_j,
k_y kg, ke, and 7 = 1/(k.y + k., + k). To obtain this number
of parameters, on equal number of independent experimental
measurements are required. The following approximations were
used:

1. k, = ko, Where k. is the calculated collision rate coefficient
for CH,CNCH;* with the bath gas.

B8 < 1.0 for the parent gas. The upper limits to 8 values
of the other bath gases are obtained directly from the measured
k%4 determined after normalizing against the collision rates such
that

BM) = (kM / ko) / (k348 / ke )

3. k,°sd (“saturated rate”) in the SIFT < k.

4. ki < k. Variational transition state theory combined with
classical trajectory calculations®” provides a reasonable approx-
imation to ke (CH;3*/CH3CN) (5.5 X 107 cm® s7!) and kqg-
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(CH;CNCH;*/CH;CN) (3.8 X 107 cm® 571),

The following set of data were used:

1. The branching ratios for the bimolecular channels are those
measured in the ICR at the lowest pressures.

2. k,°4 measured in the ICR in the limit [B] = 0.

3. k,°"d measured in the ICR, for the parent gas and for the
other bath gases. This was measured as d(k,°*d)/d[M] in the
limit [M] — 0.

4. kb4 (“saturated rate”) measured in the SIFT.

A set of limits on the elementary rate coefficients can be
uniquely determined, such that the values of k,°*% and k4°*! from
the ICR experiment and the k,°*¢ from the SIFT experiments

~ are reproduced from eq 13, 14, and 15, respectively.

Following this procedure for the CH;*/CH;CN system, the
following conclusions were made.

4.0 X 1070 < k; < 5.5 X 10° cm? 57!
For 8(CH,CN) =
25X 104 <k
1.9 X 10* <k, £23 X 10%57!
10X 103 <k, < 1.2 X 10% 57!
14 £ 7523 us
For B(CH,CN) = 0.5
12 X 104 < k, < 2.5 X 104s™!
09X 103 <k, <1.1X10%s"!
49X 102 < k, < 6.1 X 102 57!
27 < 1 <46 us

< 5.0 % 10*s™

We have thus learned the following information about this system.
First, the overall lifetime of the collision complex at room tem-
perature is =14 us. This long lifetime is to be expected for this
type of complex and reflects the unusual stability of the complex
and the large number of modes available for redistribution of
energy. These times are consistent with the microsecond flight
times of the metastable (CH;CNCH;*)* in the VG analytical
ZAB mass spectrometer. We also find at low pressures, when
collisional stabilization is unimportant, that 267% of the collision
complexes revert to reactants and <33% continue on to form new
ions.

Finally, we point out that the association channel (m/e = 56)
in Figure 2 has a nonzero intercept. The CH;CNCH,* association
peak was observed in both the drift and trap—-drift modes of
operation at pressures down to 8 X 107® Torr in the latter. The
behavior of the rate coefficient for association at low pressures
in the drift mode is shown in Figure 3. Each data point in the
Figure represents a rate coefficient for association (reaction 11)
which was obtained from the total rate coefficient after correction
for the association branching ratio. Branching ratios were
measured by double resonance at a drift time of 2.0 ms. We have
superimposed on the data a solid line representing the contribution
to association from both the radiative association reaction (16)

CH,* + CH,CN — CH,CNCH,* + hv (16)

and the termolecular association (reaction 11). The rate coefficient
for the termolecular association reaction of 1.9 X 10722 cm® s}
was obtained from the model calculations shown in Figure 2. The
agreement is satisfactory, but again a source of CH;CNCH;* that
is not via collision stabilization of the complex is evident at low
pressures. We believe this process to be radiative stabilization,
and our measured rate coefficient for the bimolecular association

process is 9 X 107! em? s7!,

Conclusions

There are three regimes, based on kinetics, in the reaction
between CHy* and CH;CN. At pressures below 3 X 1073 Torr
the reaction is bimolecular and proceeds through exothermic
channels with a rate coefficient of 1.8 X 107 cm?®s™. Competing
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with the exothermic bimolecular process is bimolecular association
which we suggest is the result of radiative stabilization of
(CH;CNCH;*)*. At pressures above 3 X 107 Torr the reaction
becomes termolecular with a rate coefficient of 1.9 X 10722 cm®
s”! when M = CH,CN. The change to termolecular kinetics is
due to an increasing fraction of the (CH;CNCH;*)* complexes
being stabilized by collision. Barriers on the potential energy
surface prevent rapid exiting from the complex to the binary
exothermic channels that lead to H,CN* and C,H;* as ion
products. [t is the existence of these barriers that allows ter-
molecular association to become competitive with the bimolecular
channels. At still higher pressures such as occur in flow tubes
(>0.1 Torr), the reaction becomes bimolecular again corresponding
to the onset of saturation when almost every complex is stabilized
by collision. Under these conditions, association is the only product
of the reaction and the rate coefficient for association (k = 4.0
X 107 em? 57!) approaches the collision rate.

As a larger number of systems of this type are studied in the
laboratory, more confidence can be gained in making assessments
of the viability of association processes when in competition with
binary exothermic processes at room temperature and under in-
terstellar cloud conditions. At low temperatures and pressures
the lifetime of the (CH;CNCH;%)* to unimolecular dissociation
of reaction may be sufficiently long that radiative association
becomes the dominant outcome of reaction.

Acknowledgment. This paper represents the results of one phase
of research carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under Contract No. NAS 7-918, spon-
sored by the National Aeronautics and Space Administration. We
also gratefully acknowledge the support of the National Science
Foundation under Grant CHE-8817201.

Registry No. CH;*, 14531-53-4; CH,CN, 75-05-8; H,CN*, 21107-
92-6; C,H*, 14936-94-8; H;CCNH*, 20813-12-1.

Kinetic and Mechanistic Investigations of F + H,0/D,0 and F + H,/D, over the
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The rate constants for the reactions of fluorine atoms with H,O and D,0O have been determined over the temperature range
240-373 K by using a discharge flow system at 1-2 Torr of total pressure. F atoms were detected by chemical conversion
with deuterium. The resulting D atoms were detected by atomic resonance scattering. The rate constants are k; = (1.6
% 0.3) X 107" exp[(-28 % 42)/7] cm® molecule™ s7! for F + H,0 — HF + OH and k, = (8.4 £ 1.2) X 1072 exp[(-260
+ 110)/7] cm?® molecule™ s7! for F + D,0 — DF + OD. The reported error limits are at the 95% confidence level. The
reactions F + H, — HF + H (k; = (1.2 £ 0.1) X 1070 exp[(~470 £ 30)/7T] cm® molecule™ s™') and F+ D, = DF + D
(kg =1(9.3 £ 1.1) X 107" exp[(~680 = 50)/7] cm? molecule™! s™') were also studied over the same temperature range. The
rate constants for the latter reactions are in excellent agreement with previous studies. The low activation energy and 4
factor for the F + H,O/D,0 reactions, as well as the slightly enhanced kinetic isotope effect (3.9 at 298 K), suggest a tunneling
mechanism for these reactions, and thus the mechanistic interpretation of this system requires some knowledge of the potential
energy surface at the microscopic level. Ab initio calculations on this system predict a classical barrier height of approximately
10 keal/mol, while a semiempirical BEBO calculation predicts a barrier height of <1 kcal/mol. Neither of these models
is able to accurately reproduce the observed reaction rate parameters when used in transition-state theory and a one-dimensional
tunneling model. With use of the theoretical implications in conjunction with the experimental evidence, a potential energy
surface has been calculated for this reaction that leads to better agreement with the experimental results. The best-fit prediction
of the observed activation energy and kinetic isotope effect suggest that the mechanism for this reaction involves tunneling

through a classical barrier height of approximately 4 kcal/mol.

Introduction

The abstraction of hydrogen atoms by fluorine has received a
substantial amount of attention in recent years, both experi-
mentally,' using the traditional methods of chemical kinetics and
molecular beams, and theoretically.? The mechanistic inter-
pretation of many of these reactions has usually been based on
either the bulk-phase experimental implications or the results of
highly involved ab initio and semiempirical calculations. The latter
have been limited to simple systems that are accessible to detailed
theoretical treatments. The interpretation of larger systems has
often relied on the kinetic experimental evidence alone, which does
not lend itself easily to a complete understanding of the mechanism
on a microscopic level. Since larger systems are difficult to study
on a high theoretical level, a balanced interplay between exper-
iment and a moderate level of theory is necessary to understand
the detailed mechanism of many of these reactions.
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There are a number of reasons motivating the study of hydrogen
abstractions by fluorine. Due to the strength of the HF bond,
these reactions are highly exothermic and form the basis of the
HF chemical laser.!® In addition, reactions of fluorine atoms occur
in the stratosphere after photolysis of chlorofluorocarbons.’*
Although the fluorine atoms liberated in the stratosphere may
react quickly to form a stable reservoir of HF, the reaction se-
quences have not been very well characterized. These reactions
are also being used increasingly as primary sources of radicals
(i.e., OH, HO,) in experimental measurements as the high re-
activity of fluorine allows for low concentrations of reacting species
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