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Abstract: A simple and internally consistent quantitative model for hydrogen-abstraction reactions in low-temperature solids,
which implicitly incorporates zero point energy effects which allow for finite reaction rates at T = 0 K, is derived and applied
to new measurements of H-abstraction rate constants by methyl radicals in methanol and ethanol glasses at T = 13-99 K and
in acetonitrile and methyl isocyanide crystals at 69-128 K. Nonlinear least-squares fits of the model to the experimental data
yield effective one-dimensional barriers to reaction whose heights are virtually independent of the analytic form used for the
potential energy barrier, and are somewhat larger than the activation energies measured for the corresponding reactions in the
gas phase. This model predicts that values of the isotopic rate constant ratio kyy/kp will be larger than 10'2at 7 = 0 K.

Quantum-mechanical tunneling has long been believed to
make a dominant contribution to the rates of many chemical
reactions at low temperatures.>® However, it is only relatively
recently that convincing experimental evidence of this behavior

0002-7863/80,/1502-2325801.00/0

has begun to appear. In most studies,’-17 the evidence that the
reactions considered proceeded mainly by tunneling consisted
of (1) pronounced curvature in Arrhenius plots, (2) anoma-
lously small activation energies, and (3) anomalously largei0-14
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Figure 1. Hydrogen tunneling reaction rate constants calculated using the
*“traditional approach” from a symmetric Eckart barrier of Brunton et
al.'3 for which Vo = 13.8 kcal/mol and a; = 0.309 A,

or small!” isotope effects. For example, Sprague and Williams’
found that H-atom abstraction by methyl radicals in y-irra-
diated acetonitrile crystals at 77-87 K had an apparent acti-
vation energy of only ca. 1.4 kcal/mol, a value much smaller
than the 10.1 (£0.5) kcal/mol determined!® from room tem-
perature gas-phase studies of this reaction. Moreover, the
analogous D-atom abstraction was too slow to be detected at
these temperatures,’-'4 and Sprague'4 showed that at 77 K the
deuterium isotope effect gives rise to a rate constant ratio
kn/kp in excess of 28 000, a value some 20 times larger than
the maximum isotope effect expected in the absence of tun-
neling. Quantitative justification for attributing such effects
to tunneling was provided by the excellent agreement of ex-
perimental rate constants and their temperature and isotope
dependence with the calculated transmission rates for thermal
distributions of free particles colliding with potential energy
barriers of realistic height and width.8:%:12:13,15

An even more dramatic tunneling effect is the approximate
temperature independence displayed by some rate constants
at very low temperatures (say, T S 30 K).!°-23 This behavior
is particularly intriguing since it implies the existence of non-
zero reaction rates even at T = 0 K. It is widely believed that
this type of behavior was predicted in 1935 by Bell's® treatment
of tunneling through truncated parabolic barriers. However,
that prediction is an artifice of Bell’s use of an approximate
barrier permeability formula which predicts a finite trans-
mission probability for particles impinging on a truncated
parabolic barrier at zero kinetic energy. A fully quantum-
mechanical treatment of this problem shows that this is in-
correct,24 and that, as with smooth barriers (such as the fa-
miliar Eckart function?3) which are infinitely broad at the base,
the transmission probability for a truncated parabolic barrier
actually approaches zero at zero incident energy. Thus, the
(exact) thermally averaged barrier transmission rate for a
truncated parabolic barrier also approaches zero as T — 0 K.
While use of asymmetric exothermic potential barriers rather
than symmetric ones does enchance the predicted transmission
rates for low temperatures,!7:26 the existence of a finite rate
constant at 0 K is still not explained by any model which in-
volves a thermal distribution of particles impinging on one of
these “traditional” model potential barriers.

There are two ways in which the usual model of these low-
temperature reactions as the transmission of a stream of par-
ticles through a potential-energy barrier can be modified in
order to take account of this limiting temperature indepen-
dence of the predicted rate constants. The first is to use model
barriers of finite range which go to zero smoothly at some finite
distance?” and do not have the abrupt discontinuities in slope
which make the (exact) tunneling probability for a truncated
parabolic barrier become zero at zero incident energy. How-
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ever, in this approach there would be no natural way to explain
the source of the incident flux in this 0 K limit, so this approach
will not be considered further.

A much more plausible solution to this problem was sug-
gested 20 years ago by Goldanskii,2® who pointed out that, if
the Boltzmann continuum of reagent energies was replaced by
a discrete set of initial energies associated with the vibrational
motion of the reagents, the rate constant at absolute zero would
correspond simply to tunneling at the (nonzero) incident en-
ergy corresponding to the zero-point level. This explanation
has been invoked for rationalizing some of the recent obser-
vations of approximately temperature-independent rate con-
stants at low temperature.'®-2! However, no detailed model
of these processes which takes full account of this behavior has
yet been presented. A master equation approach to the problem
of reactions initiated from a discrete set of reagent levels was
proposed by Cribb et al.,2? and their method does predict
nonzero rate constants at 0 K. However, the only reagent states
allowed by their model are the vibrational levels of the potential
well representing the initial states of the system. This does not
provide a very realistic picture of the reagents in low-temper-
ature solids where internal rotation and vibrations of the matrix
blur these discrete initial states and provide a quasi-continuous
range of incident energies. The present paper therefore presents
a detailed mode! of intermolecular hydrogen atom abstraction
reactions under these conditions, which implicitly incorporates
the zero point energy effect predicted by Goldanskii.28 Some
new rate data for H-atom abstraction by methyl radicals in
methanol and ethanol glasses and in acetonitrile and methyl
isocyanide crystals are presented, and the model is tested for
its ability to fully account for the data for the five systems
considered.

Before proceeding further, it is perhaps important to point
out that examination of an Arrhenius plot is not a reliable way
for determining whether the rate constants for a given reaction
approach a finite limit at 7= 0 K. This fact is demonstrated
by Figure 1, where rate constants for T = 4-300 K, calculated
using one of the symmetric Eckart barriers considered by
Brunton et al.,!? are plotted both in the traditional Arrhenius
formvs. 1/T and vs. T itself. Figure 1b clearly shows that these
predicted rate constants approach zero at 7 — 0 K. However,
the distortion of the temperature scale in the traditional
Arrhenius plot of Figure 1a makes these same rate constants
appear to be approaching a constant by around liquid helium
temperature (4.2 K). It is therefore clear that the characteristic
behavior of rate constants at very low temperatures is much
more readily ascertained from plots of the rate constant (or its
logarithm39) vs, some positive power of T than from the
ubiquitous Arrhenius plot.3!

Theory

The reactions considered here are those involving the exo-
thermic transfer of an atom (usually hydrogen or deuterium)
between two neighbors in a solid matrix (either a crystal or a
glass):

R-H + R —R. + R’-H (1)

where the reagent R” is typically a methyl radical and R-H
is the host species forming the matrix. Since the reagents and
products are frozen into fixed sites in the matrix, it should be
a fairly good approximation to treat such reactions as the
unimolecular transfer of the atom between the two wells of a
double minimum potential such as that shown in Figure 2b.
Species to the left of the barrier maximum are classified as
reagents and those to the right as products. Justifications for
modeling a chemical reaction by this type of simple one-di-
mensional reaction coordinate have been presented by oth-
ers32-37 and will not be repeated here. However, this type of
approximation does seem particularly reasonable in the present
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situation where the partners of the atom being transferred are
held at fixed positions by the matrix.

The temperatures considered here all correspond to thermal
energies which are much smaller than both the reagent barrier
height and the reaction exothermicity. This justifies the neglect
of back reactions, since once the product R’-H species is
formed, the reverse reaction is sufficiently slow that it will not
occur before the species thermally relaxes to a lower energy
state which either lies below the threshold for back reaction
or corresponds to a very much smaller specific rate constant.
The assumption that effects due to back reactions may be ne-
glected is used throughout the present work, including those
cases in which the barrier for an exothermic reaction is ap-
proximated by a symmetric potential energy function.

Critical Summary of the “Traditional” Approach

In a recent paper, Cribb et al.2% presented a nice derivation
of the quantum-corrected transition-state theory for one-
dimensional reactions, as applied to the double-well problem.
The following discussion generalizes and expands upon their
approach in order to incorporate important physical features
of the reactions of interest here. As a starting point, the rate
constant is written as

k(T) = ZE: k(E)g(E)e—E/kaT/ZE: g(E)e—E/kBT (2)

where g(E) is the total degeneracy of reagent energy level E,
k(E) is the corresponding specific rate constant, kg is
Boltzmann’s constant, and the sum is over all possible reagent
energies. The specific rate constant k(E) may in general be
written as the product of a frequency factor, »(E) s™!, times
the barrier permeability at energy E, P(E). k(E) =
v(E)P(E).® For the case of a simple continuum of initial
energies, the degeneracy factor g(E) is replaced by the density
of states p(F) and eq 2 becomes

k(T) = j;“’ 4E (E)PEY(E)e=E1T |

fo‘” dE p(E)e=E/ksT  (3)

Cribb et al.2% showed that, if the initial states correspond to
the vibrational levels of any single-minimum potential and the
frequency factor v(E) is the classical vibrational frequency
associated with this vibrational motion, then p(E) = 1/hv(E).
Introduction of the harmonic oscillator approximation that
v(E) =vis independent of energy then yields the simple rate
constant expression used in a number of tunneling-model
analyses of experimental data;®9:12:13,15.21,23,24

K(T) = (koT) [ AEP(BYe-EMT ()

where 4 =v.

In a number of studies,?9:12:13.15 rate constants calculated
from eq 4 using the permeabilities P(E) for realistic model
potential barriers were able to accurately reproduce the ex-
perimental data over the full range of temperature for which
results were available. However, the increasing inadequacy of
its predictions in cases where experimental results are available
at very low temperatures (7 < 30 K)!9-23 warns of a serious
weakness in this model. A more subtle sign of weakness is the
rather curious (in retrospect) conclusion of ref 9 that, in the
very limited temperature range T = 77-87 K, the analysis was
extremely sensitive to the functional form of the model barrier
(i.e., Gaussian vs, Eckart vs. truncated parabola). In the fol-
lowing, we present an improved version of this mode! which
takes better account of the actual nature of the reacting system
arf1d implicitly allows for the existence of nonzero reaction rates
of 0 K.
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Improved Model for Abstraction Reactions in Solids

Aspointed out in ref 9 and 21, a serious inconsistency of the
above model is its use of the stretching frequency of the
quantized R-H vibration to define the A factor in eq 6 while
the integral over energy assumes a continuous Boltzmann
distribution extending down to £ = 0. In the present approach
this inconsistency is removed by partitioning the total energy,
E = E, + E_, into a term associated with the stretching of the
R-H bond, E,, plus a term E associated with all other types
of motion (internal rotation, lattice vibrations, etc.) which can
contribute energy to motion along the reaction path. The for-
mer is of course quantized, while the spectrum of allowed
values of E is assumed to be a continuum for which the asso-
ciated density of states p(E.) does not depend on the vibra-
tional quantum number v.

As in the previous model, the reaction is assumed to be ini-
tiated by the large amplitude asymmetric stretching of the
R-H bond, so the frequency factor appearing in the specific
rate constant is simply the frequency of this motion. However,
geometric considerations such as the orientation of the R-H
bond relative to the R” scavenger may mean that only a frac-
tion of the momentum associated with this stretching con-
tributes to motion along the reaction coordinate. It is therefore
necessary to distinguish between the total vibrational energy
of the bond being broken, €y, and that portion of it which may
contribute to motion along the reaction path, E,. Since the two
are related solely by a geometric factor, it is clear that E, /ey
< 1 is a nonnegative constant which is independent both of v
and of the mass of the atom being transferred.

Application of this energy partitioning to eq 2 yields the
basic rate constant expression associated with the present
model:

k(T) = £ v(p)e=s/ksT

v

X (‘I;a dEc P(Ev + EC) p(Ec)e‘Ec/kBT)

X[Z e—“’/kBT(‘I;adEcp(Ec)e—EC/kBT)}—l ()

In the absence of a detailed knowledge of the distribution of
energies Eq, it is convenient to introduce the approximation
that p(E.) is a constant. Combining this with the harmonic
oscillator approximation, which implies that v(v) = v is a
constant and hence that

&=Qv+ e = (v+ YHo)hv

E,= Qv+ 1)Eg (6)
forv =10, 1, 2, etc., then reduces eq 5 to the form used in the
analyses reported below:

k(T) = (A/kpT)[1 — e~#"/ksT)
(= ~(E=Eq)/k
x\j;o dE F(E)P(E)e=(E=Ea/ksT| (7)
where again 4 = v and
F(E)y= %

V(E,<E)

The concomitant expression for the apparent Arrhenius acti-
vation energy, Ea = kpT? 2 In (k)/2T, is readily obtained by
differentiation of eq 7:

Ea = —kpT — hi/(e?¥/ksT — 1)

e—2u(eo—EO)/kBT (8)

+ (L: dE[(E — EQ)F(E) + G(E)]P(E)e-<E-EO>/kBT)

XU;: dEF(E)P(E)e‘(E‘EO)/kBT)—l 9)
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reagents

products

Figure 2. (a) Effective population distribution function f(E) = F(E)-
e~ (E—Eo)/ksT from eq 7 for the case E¢ = €. (b) Sketch of potential-energy
curve along the reaction path.

where

GE)= T 2v(eg—Eg)e—20l«o=Eo)/ksT (10)

o(E.<E)

In the simple case when Eg = € (i.e., all of the reagent vi-
brational energy contributes to motion along the reaction path,
F(E) is simply the number of reagent vibrational levels for
which the energy contributing to motion along the reaction
path, E,, is less than E. For this case, the schematic plot of the
effective population distribution function f(E) = F(E)-
e~(E=Eol/k8T shown in Figure 2a illustrates the essential fea-
tures of the present model. It clearly implies that the lowest
accessible reagent energy lies Eg above the base of the barrier
to reaction, at a point where the barrier permeability is non-
zero. Thus, the reaction may proceed at a finite rate even at
0 K when only this zero-point level is populated.

The other extreme case for the present model corresponds
to the limit when Eo — 0, i.e., when virtually none of the re-
agent vibrational energy contributes to motion along the re-
action path; in this limit eq 7 reduces to the traditional tun-
neling model rate constant expression of eq 4. Thus, the present
model provides a sound physical reason for setting the A factor
of eq 4 equal to the stretching frequency of the bond being
broken by the reaction.

It is important to realize that the essential characteristics
of the present model are in no way dependent on either the
approximation that p(E.) is a constant or on the harmonic
approximation represented by eq 6 and the assumption that
v(v) = v. Removal of the harmonic approximation simply
means that (1) the harmonic vibrational partition function [1
— ¢~#¥/kBT]~1 gppearing in eq 7 and 9 must be replaced by a
direct sum for the actual vibrational energies, (2) the quantity
2v(eg — Ep) appearing in eq 8 and 10 must be replaced by [(e,
—¢) — (Ey — Ep)], and (3) the (at most weak) dependence
of »(v) on the vibrational state will require minor additional
changes in the definitions of F(E) and G(E). While the re-
sulting rate-constant expression would be more complex, its
basic properties would be essentially the same as those of eq
7. In practice, however, the v = 0 level is usually the only one
which contributes significantly to reaction at low temperatures,
so deviations from harmonic behavior are of little real impor-
tance. Similarly, if a realistic estimate of p(E.) is available,
its use in eq 5 would require the integral in the denominator
to be evaluated numerically too, but would neither make the
calculations significantly more complex nor change the main
features of the resulting k(T) values.

Fitting the Model to Experimental Data

Since the frequency v and the total vibrational energy ¢y, are
known properties of the reagent R-H,39 rate constants cal-
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culated from eq 7 depend only on the values of Eg and of the
parameters characterizing the potential-energy barrier which
defines the permeability function P(E). For Eckart barriers
these permeabilities are known analytically,?s while for any
other barrier shape they may be readily calculated numeri-
cally.®24 The analysis reported here involves determination
of those values of E¢ and the barrier parameters for which the
calculated rate constants agree best with experiment. This is
accomplished by performing nonlinear least-squares fits4° of
rate constants calculated from eq 7, to the experimental data.
As in any least-squares fitting procedure, one is attempting to
minimize the weighted sum of squares of deviations

X2 = ’ZV.‘l [¥:(exp) — ¥i(p)]%u;2 (11)

where Vg4 is the number of data being fitted, Y, (exp) is the ith
experimental datum, Y;(p) is the value of it calculated from
a model defined by the trial parameters p = {py, p2, . . .}, and
(u;)? is the sum of the squared uncertainties in the calculated
and observed quantities (assuming the two to be uncorrelated).
In the present case, the uncertainty in the calculated rate
constants implied by the model may be made arbitrarily small,
so u; is attributed solely to experimental uncertainty.

If an estimated uncertainty is known for each of the exper-
imental rate constants, the rate constant itself may be used as
the dependent variable Y; in the x2 minimization procedure.
While such individual estimates are not available for the cases
considered here, to a very good approximation their relative
uncertainties are believed to be the same for all of the measured
rate constants for a given system. The present analysis there-
fore identified the logarithm of the rate constant,® Y; = log
[k(T})], as the dependent variable in the fits and set all of the
associated statistical weights (#;)~2 = 1. The quality of fit is
then indicated by the value of the standard deviation ¢ =
[min(x2)/(Ng — Np)]'/2 where Ny, is the number of parame-
ters being varied.

Most efficient x2 minimization procedures*® require eval-
uation of the partial derivatives 0Y;(p)/dp; of each calculated
datum with respect to each of the parameters being varied. For
models based on potential barriers for which the exact per-
meability P(E) is a known analytic function of the barrier
parameters, exact derivatives of k(T with respect to p; are
readily obtained from eq 7 by simply replacing P(E) in the
integral by the analogous known quantity 3P(E)/dp;. For
other types of potentials, these derivatives are readily estimated
using divided differences: dY;(p)/dp; ~ AY;(p)/Ap;. In this
second case, care must be taken that the increment Ap; is both
sufficiently small that the secant approximation provides a
reliable estimate of the actual derivative and sufficiently large
that evaluation of the difference in the numerator does not
cancel all the significant digits of the calculated rate constants.
In the present work, these restrictions were met by choosing
values of Ap; for which the corresponding average change in
Y:(p) = log [k(T;)] was 0.02 (i.e., which gave rise to a 5%
change in the calculated k(7T;) values).

The “best fit” of a given model to a set of experimental data
would of course correspond to the global minimum of x2 asa
function of the potential barrier parameters p. As in any non-
linear least-squares fit, this x2 hypersurface may in principle
have a number of local minima, and there is no rigorous way
of assuring that a minimum to which the fitting procedure
converges is indeed this global minimum. However, if fits
starting from widely different trial parameters converge on the
same point, it should be clear that there are no false local
minima within the range of parameters surveyed. Throughout
the present work, no such false minima were encountered, so
it seems that the type of fitting procedure used here can reliably
yield unique optimized potential parameters for any reasonable
model barrier.
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Table I. Known Properties of the Reaction Systems
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matrix Ny AT/K v/s"la €0/kcal mol~1 2 —AH/kcalmol™! ¢ E(gas)/kcal mol~! ¢
methanol 30 14.8-89.5 8.8 X 1013 4196 8.1 10.0 (+1.0)
ethanol 31 13.0-99.2 8.8 X 1013 4,196 10.9 9.7 (£1.0)
acetonitrile I 35 69.2-113.2 8.9 X 1013 4.244 19.9 10.1 (£1.0)
acetonitrile II 31 77.3-128.2 8.9 x 1013 4.244 19.9 10.1 (£1.0)
methyl isocyanide 19 77.3-125.8 8.9 X 1013 4,244

@ T, Shimanouchi, “Tables of Molecular Vibrational Frequencies”, Natl. Stand. Ref. Data Ser., Natl. Bur. Stand., No. 6 (1967); No. 11
(1967); No. 17 (1968). ¢ Defined as 47/2. ¢ J. A. Kerr and J. J. Parsonage, “Evaluated Kinetic Data on Gas-Phase Hydrogen Transfer Reactions,”
Butterworths, London, 1976. ¢ AT is the temperature range spanned by the N4 experimental rate constants.

Potential Models Used in the Analysis

In the fits reported below, four different model potentials
are considered: symmetric and asymmetric Eckart barriers

Ve = [(V)2 + (V2)1/2]2/4 cosh? (x/a,)
— (V2 — V1)e*/41/2 cosh (x/a;)

and symmetric and asymmetric Gaussian barriers

Vg(x) = Vie=x/a1)? forx<0
= Vye= /a2 — (Vo — V) forx >0 (13)

Here V| is the barrier height to reagents and ¥, is the barrier
height for the corresponding back reaction, and the two
Gaussian barrier width parameters a; and a5 are interrelated
by the requirement a, = a1+/V,/V; which ensures that the
second derivative of an asymmetric Gaussian barrier is con-
tinuous at x = 0. Since the reaction exothermicity AV is a fixed
(and usually known) quantity, it should not be treated as a
variable in the analysis, and, if the difference between reagent
and product zero-point energies is ignored, one can write V>
= Vi + AV. As a result, there are only two free parameters
characterizing each of the four barriers mentioned: the reagent
barrier height ¥, and the width parameter a;.

In the past, fits of calculated rate constants to experimental
data using the simple tunneling mode! of eq 4 have also been
performed using barriers defined in terms of truncated pa-
rabola or Lorentzian functions,”!323 and it is clear that any
number of analytic functions could be devised for representing
such barriers. However, if the present madel for these processes
is correct, the quality of the fit should not depend too much on
the precise analytic form of the potential-energy function.
Indeed, the apparent sensitivity to the functional form of the
potential-energy barrier reported in some earlier studies®!3
is one indication of the inadequacy of models assuming a pure
continuum of incident reagent energies. The four barrier types
described above should provide enough variety to allow this
model independence of the analysis to be properly tested.

(12)

Summary by Experimental Methods and Rate Constants

Abstraction by Methy! Radicals in Methano! and Ethanol
Glasses. The technique of methyl radical generation and the
details of the kinetic measurements by EPR spectroscopy have
been described previously for studies of the reaction at cryo-
genic temperatures in methanol glasses.!!2! Essentially the
same methods were employed in the investigation of the cor-
responding hydrogen transfer in ethanol glasses, the only dif-
ference being the use of a shorter exposure time (10 s) for the
photochemical generation of methy! radicals. The decay of the
methyl radical in ethanol was determined by monitoring the
inner lines (M7= % ') of the 1:3:3:1 spectrum. First-order rate
constants were evaluated from semilogarithmic kinetic plots
by the least-squares method using data points from the initial
portion of the decay over a period of 5 min. As observed pre-
viously for the reaction in the methanol glass,!!-2! the first-
order plots showed a slight curvature but the decay curves for
different initial concentrations of the methy] radical in ethanol
at the same temperature were exactly superimposable when

plotted as a percentage of the initial concentration. This result
excludes second-order processes, as expected for a reaction with
the matrix molecules, and the hydrogen transfer is considered
to obey composite first-order kinetics,4! The correlation
coefficients for the first-order plots were between 0.93 and 1.00
over the entire temperature range, with the majority of values
being above 0.96. These results justify the use of a simple
first-order relationship for the initial portion of the decay curve
despite the slight curvature noted above. A microscopic in-
terpretation of the composite first-order character of these
hydrogen-transfer reactions in glasses has been given previ-
ously 2!

The experimental proof that the decay of the methyl radical
in ethanol glass takes place by hydrogen-atom transfer from
the « carbon of the ethanol was obtained by following the
growth of the EPR signal attributable to CH;CHOD in the
ethanol-d (C2HsOD) glass. This signal was observed at a field
position about 10 G less than the low-field (M = +34) com-
ponent of the methyl radical quartet. The rate constants cal-
culated from CHj- decay and CH3;CHOD growth at 77 K
agreed within the experimental error of each determination.

The decay of methyl radicals at 77 K in a deuterated (99
atom % D) ethanol glass was slower than in C;HsOH by a
factor of about 6 X 102. To ascerfain if this decay might be due
to hydrogen atom transfer from the residual concentration of
protiated molecules in the matrix, the decay was measured as
a function of added C,HsOD concentration in the range from
0.57 to 5.3 mol %. Allowing for an effective concentration of
1 mol % C;HsOH in the neat deuterated ethanol, a plot of the
rate constants vs. the combined C;HsOD and C,HsOH con-
centration yielded a smooth curve which extrapolated to a
limiting rate constant for the 100% C2DsOD system which was
at least ten times lower than that obtained for the 99 atom %
D material. Hence, the deuterium isotope effect in the ethanol
system at 77 K corresponds to a rate constant ratio ky/kp
greater than 6 X 103,

For the five abstraction reactions discussed herein, Table
I lists the number N4 and temperature range AT for the ex-
perimental rate constants, together with the stretching
frequencies ¥ and associated zero-point energies €y = 4v/2 for
the C-H bonds being broken and the exothermicities —AH and
gas-phase activation energies E a(gas) reported for these sys-
tems. Tables of the experimental rate constants are presented
in the supplementary material deposited with this paper. Ex-
perimental errors can result from variations in the temperature
during the kinetic experiment as well as from drifts in the signal
from the EPR spectrometer. From the repeatability of the data,
the error (standard deviation) in the rate constant is estimated
to be +£20%.

Abstraction by Methyl Radicals in Crystalline Methy! Iso-
cyanide and Methy! Cyanide (Acetonitrile). The experimental
techniques that were used to study the reaction in methy! iso-
cyanide have been described.!® Essentially, the procedure
consisted of generating the methyl radical by y-irradiation at
77 K followed by kinetic EPR measurements at the tempera-
ture of interest in the range between 77 and 126 K. Both the
decay of the methyl radical and the concomitant growth of the
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Table II. Results of Fits to Rate Constants for Abstraction in Methanol Glass

potential Eo/kcal Vi/keal log [k(T = 0)/
form o mol~! mol~! a/A 571
SE 0.110 4.196 12.25(0.24) 0.979(0.024) -3.70
SG 0.111 4.196 11.87(0.20) 1.079(0.023) —3.69
AE 0.111 4.196 11.93(0.20) 1.197(0.028) -3.69
AG 0.114 4.196 11.65(0.17) 1.148(0.022) -3.67
SE 0.238 0.0 30.05(10.00) 0.268(0.049) —
SG 0.227 0.0 16.05(3.65) 0.455(0.058) —
AE 0.203 0.0 16.17(2.61) 0.483(0.051) —
AG 0.174 0.0 10.31(0.95) 0.660(0.036) —

Table I1I, Results of Fits to Rate Constants for Abstraction in Ethanol Glass

potential Eo/kcal Vi/keal log [k(T = 0)/
form o mol~! mol~! a/A s~1]
SE 0.156 4.196 12.51(0.24) 0.946(0.026) -3.53
SG 0.154 4,196 12.15(0.20) 1.039(0.023) —3.50
AE 0.154 4.196 12.19(0.20) 1.190(0.029) -3.50
AG 0.156 4.196 11.93(0.17) 1.108(0.022) —3.46
SE 0.340 0.0 24.95(8.52) 0.295(0.059) -
SG 0.318 0.0 14.00(2.85) 0.488(0.059) —w
AE 0.301 0.0 14.92(2.70) 0.522(0.066) -
AG 0.252 0.0 9.83(0.86) 0.681(0.039) —

Table IV. Results of Fits to Rate Constants for Abstraction in Crystal I of Acetonitrile

. Eo/kcal V1/kcal log [k(T = 0)/

potential c mol~! mol~! a)/A s

SE 0.096 4.244 13.76(0.14) 0.886(0.014) —4.19

SG 0.108 4.244 13.43(0.13) 0.966(0.014) —4.08

AE 0.108 4.244 13.44(0.13) 1.177(0.018) —4.08

AG 0.123 4.244 13.19(0.12) 1.039(0.014) -3.97

SE 0.067 0.0 12.88(0.40) 0.483(0.012) —

SG 0.067 0.0 10.92(0.22) 0.613(0.010) —c

AE 0.066 0.0 11.16(0.24) 0.747(0.015) —

AG 0.075 0.0 9.71(0.14) 0.742(0.009) —

‘CHNC radical were followed, the derived first-order rate
constants generally agreeing with each other to 10% or
better.

In contrast to the studies in alcohol glasses, where composite
first-order kinetics applies, the reaction kinetics in the crys-
talline systems of methy! isocyanide and acetonitrile obeyed
the simple first-order relation without any significant deviation
for more than 90% of the reaction. Since the orientation of the
reaction partners is expected to be uniform in a crystalline (or
polycrystalline) substance, this result lends strong support to
the idea noted above that composite first-order kinetics results
from the nonhomogeneous orientation of reactants in a glassy
matrix.

Acetonitrile possesses two crystalline phases with the
solid-solid transition occurring at 217 K.#2 However, studies
of the reaction in the temperature range from 69 to 128 K were
not confined to the thermodynamically stable low-temperature
phase (crystal II) since the high-temperature phase (crystal
I) could be metastabilized by rapid cooling from above the
transition temperature to 77 K. Therefore, studies were made
on the kinetics of the reaction in each of the two solid phases,
the data being treated independently since the results for the
two phases at the same temperature were not in agreement. Of
course, this is expected to be the case for an intermolecular
solid-state reaction which is sensitive to the width of the po-
tential barrier.

Methy! radicals were generated in the crystallirie acetonitrile
phases by subsequent photobleaching of acetonitrile radical
anions produced by +-irradiation. As described elsewhere 4345
the dimer radical anion is produced in crystal I and the
monomer radical anion in crystal I1. Since both these species

are photosensitive to light from a tungsten filament lamp, it
was possible to generate a high yield of methyl radicals almost
instantaneously at any reaction temperature. This feature al-
lowed for a greater flexibility in the study of the reaction in
acetonitrile as compared to methyl isocyanide, especially at
the higher temperatures.

Rate constants for hydrogen-atom abstraction from aceto-
nitrile were derived from EPR measurements similar to those
already described for methyl isocyanide, using data points for
the decay of CH3- and the growth of -CH,CN. Since the
mechanism,of methyl radical decay in the acetonitrile systems
also involves a parallel first-order reaction leading to the re-
covery of the appropriate radical anion,” the experimental rate
constant obtained from measurements made on the dark re-
action after a short burst of intense illumination is equal to the
sum of the rate constants for abstraction and recovery. How-
ever, if the sample is exposed to steady illumination such that
the recovery reaction is completely and continuously reversed
by the photobleaching process, then the measured rate constant
refers only to the abstraction process.”#6 In practice, the
contribution due to the recovery reaction becomes very sig-
nificant in the higher range of temperatures which have been
studied.

An independent method of obtaining the rate constant for
the abstraction reaction in the acetonitrile crystalline phases
depended on following the recovery of the optical absorption
band due to the radical anion.#” From the theory of parallel
first-order reactions,*® the measured or apparent rate constant
is again the sum of the rate constants for abstraction and re-
covery. Multiplication of this result by the fraction of the
original absorption which was ultimately recovered in the ex-
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Table V. Results of Fits to Rate Constants for Abstraction in Crystal II of Acetonitrile
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Ep/keal Vi/keal log [k(T = 0)/
potential o mol~! mol~! a/A s
SE 0.123 4.244 14.58(0.12) 0.879(0.013) —5.24
SG 0.148 4.244 14.33(0.12) 0.950(0.014) —5.04
AE 0.147 4.244 14.34(0.12) 1.148(0.018) —5.05
AG 0.177 4.244 14.15(0.12) 1.014(0:015) —4.86
SE 0.103 0.0 12.15(0.32) 0.552(0.014) —
SG 0.092 0.0 11.05(0.17) 0.659(0.010) —o
AE 0.093 0.0 11.14(0.18) 0.813(0.015) —
AG 0.101 0.0 10.31(0.11) 0.765(0.009) —
Table VI. Results of Fits to Rate Constants for Abstraction in Crystals of Methyl Isocyanide
Eg/kcal Vi/keal log [k(T = 0)/
potential c mol~! mol~! ay/A s71)
SE 0.129 4.244 14.56(0.20) 0.862(0.019) -4.84
SG 0.155 4.244 14.29(0.20) 0.934(0.020) -4.67
AE 0.154 4.244 14.30(0.20) 1.129(0.026) —4.68
AG 0.185 4.244 14.10(0.20) 0.998(0.022) —4.51
SE 0.098 0.0 12.57(0.49) 0.523(0.018) —
SG 0.088 0.0 11.21(0.26) 0.636(0.013) —
AE 0.089 0.0 11.34(0.28) 0.781(0.020) —
AG 0.100 0.0 10.33(0.18) 0.747(0.012) —

periment yields the rate constant for recovery, and hence the
value for abstraction can be determined by difference.

The experimental techniques which were used in following
the reactions by optical spectroscopy have been described.4’
Most of the studies were carried out using a specially designed
optical cryostat4’® cooled by a flow of nitrogen gas using an
arrangement similar to that employed routinely for variable-
temperature EPR studies. The cryostat was inserted into the
sample compartment of the Cary 14 spectrophotometer and
the optical cell containing the y-irradiated acetonitrile posi-
tioned in the light beam. After the initial optical absorption
had been measured, the sample was photobleached in situ and
the recovery of the optical band followed at the temperature
of interest. The temperature of the sample was constantly
monitored during the run and could be controlled to within a
fraction of a degree Kelvin.

The EPR and optical determinations of the rate constants
for abstraction are in such good agreement for both crystal 1
and crystal II of acetonitrile that we have not differentiated
between the two sets of results in the figures showing the
temperature dependence of the rate constant. However, the
source of the data is referenced in tables included as supple-
mentary material.

Results and Discussion

The results of nonlinear least-squares fits of the present
model to the five sets of experimental rate constants described
above are summarized in Tables II- VL. In order to ascertain
the model dependence of the analysis, the fits for each case
were performed using four different potential barrier shapes:
symmetric Eckart (SE), symmetric Gaussian (SG), asym-
metric Eckart (AE), and asymmetric Gaussian (AG). In all
of these fits, the frequency parametersv and 4 were held fixed
at the appropriate value listed in Table 1. For the first four sets
of data the exothermigity of the asymmetric barriers AV = V,
— V), was held fixed at the thermodynamic value given in
Table 1. However, since no AH value was available for the
methyl isocyanide abstraction reaction, AV for this case was
arbitrarily set equal to the value for the acetonitrile reaction,
19.9 kcal mol~!. The overall quality of each fit is indicated by
the value of the standard error, o, which has units log [k/s~!].
The statistical uncertainties in the fitted values of ¥, and a,
for each case, given in parentheses, correspond to a 95% con-
fidence limit (approximately 2 standard errors). The last col-

umn of each row of these tables indicates the value of the T =
0 K rate constant implied by that barrier.

Figures 3-7 compare the experimental rate constants for
these systems (solid points) with values calculated from the
potential barriers listed in the tables. All of these results cor-
respond to one of the two limiting cases in which either all of
the vibrational energy of the bond being broken contributes
to motion along the reaction path, Eg = €y (upper half of each
table and solid curves in Figures 3-8), or when none of it does,
Eo = 0 (lower half of each table and dashed curves in Figures
3-8). Three-parameter fits in which Eg, V4, and a,; were all
varied simultaneously in general converged to results which
were statistically indistinguishable from those for the one of
these limiting cases for which o is smallest.

In addition to the above, two-parameter fits were performed
in which E¢ was fixed equal to either zero or to the appropriate
€o value taken from Table I and v was fixed at the Table I value,
while the frequency factor 4 was set equal to trial values dif-
fering from this ¥ by factors ranging from 10~4 to 104. For all
five systems, these changes by eight orders of magnitude in
the assumed value of A4 led to fitted ¥, values differing by up
to 40% from the corresponding values in Tables II-VI, but had
virtually no effect on either the quality of fit (i.e., the o value)
or on the fitted value of the width parameter a;! This shows
that the parameters 4 and V; of both the present and the
“traditional” models are completely correlated when the data
analyzed all describe the reaction of a single isotopic species,
and it illustrates the ambiguity which could arise if 4 were a
free parameter which had to be determined from the anal-
ysis.

The above demonstration of the correlation between A4 and
V' raises serious doubts about the claim in ref 13 and 23 that
unique values of 4, ¥}, and a; could be obtained from fits of
eq 4 to the rate data for one isotopic form of an intramolecular
H-atom transfer reaction.4® At the same time, it seems clear
that the simultaneous changes in 4 and V¥ whose effects on
the calculated rate constants exactly cancel one another for
an H-atom transfer reaction will not cancel each other’s effect
on the rate constants for the analogous D-atom abstraction.
Thus, for intramolecular hydrogen atom transfer in large
molecules where the most appropriate value of A is not readily
apparent, it should be possible to determine a unique value of
this quantity from a simultaneous fit to the rate constants for
both isotopes.0:3!
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Figure 3. Lower: for H abstraction by :CHj in methanol glass, comparison
of experiment (solid points) with theoretical rate constants calculated from
the barrier parameters in Table II for both Eg = € (solid curves) and Eq
= () (dashed curves) versions of the model. Upper: activation energies
calculated for the same barrier parameters and £ values.
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Figure 4. For H abstraction by -CH3 in ethanol glass, as in Figure 3 (lower)
for the barrier parameters in Table I11.

The curves in Figures 3-7 clearly illustrate the way tun-
neling-mode! rate constants depend on the functional form of
the potential-energy barrier. In particular, the fact that
Gaussian barriers are relatively narrower at the base than are
equivalent Eckart barriers explains the slightly larger low-
temperature rate constants associated with the former. Simi-
larly, the fact that asymmetric barriers are relatively narrower
at the base than are equivalent symmetric barriers explains the
enhanced low-temperature rate constants for the former seen
in these figures (and previously noted in ref 17). However, for
cases in which the experimental rate constants are clearly
approaching a finite limit at 0 K, these barrier-shape effects
alone are much too small to properly simulate the observed
behavior (e.g., see the dashed curves in Figures 3 and 4).

While the rate constants themselves are the fundamental
experimental observable, the behavior of the apparent acti-
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Figure 5. For H abstraction by :CHj in crystal I acetonitrile, as in Figure
3 for the barrier parameters in Table IV.

vation energy E 4 is often invoked in discussions of the char-
acteristic properties of these low-temperature rate constants.
The upper segments of Figures 3 and 6 therefore show how the
calculated (from eq 9) values of E 5 vary with temperature for
the various cases summarized in the tables. The analogous plots
for the ethanol reaction are very similar to those seen in Figure
3, while those for acetonitrile II and methyl isocyanide are very
similar to the curves in Figure 5. Note that in all cases these
E A curves will asymptotically approach the constant value [V
— Ep] at high temperatures.

Importance of Nonnegligible Effective Zero-Point Energy
Eo. When comparing the Eq = €p and Eo = O results in Tables
II-VI, the implications of the model dependence of the po-
tential barrier parameters yielded by the fits must be consid-
ered. Since the barrier width parameter a, has a slightly dif-
ferent meaning for each of the four different potential forms,
the values of it obtained from fits to a given set of data are not
expected to be identical. However, the fact that the barrier
height is directly related to the limiting high-temperature
behavior of the observable (the rate constant) means that, for
any reasonable model of the reaction, the derived barrier height
V) should not depend significantly on the functional form
chosen for the potential.

It is clear from the broad temperature range spanned by the
experimental measurements that the methanol and ethanol
systems provide the most stringent tests of the present model.
For these reactions, the agreement with experiment seen in
Figures 3 and 4 and the relative sizes of the o values in Tables
IT and 111 unambiguously affirm that the Eg = €o version of
the model is in much closer agreement with experiment than
is that based on the assumption that £y = 0. Independent
confirmation of the appropriateness of this model is provided
by the fact that for both systems, the ¥; values obtained from
the four Eg = € fits summarized in each of Tables 11 and 111
are virtually identical, while those corresponding to £o = 0
differ by up to a factor of 3. As a further test of this model
dependence, these fits were repeated using symmetric and
asymmetric Lorentzian potential energy barriers3? which are
typically much broader at the base than the exponential-tailed
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Figure 6. For H abstraction by -CHj in crystal 11 acetonitrile, as in Figure
3 (lower) for the barrier parameters in Table V.

Eckart or Gaussian barriers. While these Eq = ¢, fits yielded
Vi values some 1-2 kcal/mol larger than those seen in Tables
I1 and I1I, this difference is still negligible in comparison with
the differences among the ¥, values obtained from the various
Eq = 0 fits. In contrast, Eg = O fits to Lorentzian barriers had
very much larger ¢ values and the corresponding ¥, values
were >80 kcal/mol.

For the acetonitrile and methyl isocyanide reactions the
situation is much more ambiguous in that comparison of the
various o values suggests that the Eo = 0 fits should be pre-
ferred while the mode! dependence of the fitted ¥, values still
favors Ey = €g (though not so dramatically as for the alcohol
systems). Firm conclusions are difficult to reach here because
the temperature ranges spanned by these data are much nar-
rower and do not include the very low temperatures at which
the alcohol reactions were studied. However, Figures 5-7 show
that the differences between the o values for these two sets of
fits are largely due to the differences between their agreement
with the experimental data at the lowest available tempera-
tures. Owing to their relative magnitude, these are the mea-
sured rate constants which are expected to be least reliable. The
types of fits reported in Tables IV-VI were therefore repeated
with the experimental data at the very lowest temperature
omitted from the analysis. In all cases, the resulting barrier
parameters were very similar to those shown in the tables, but
the differences between the o values for the Eg = €pand Eg =
0 cases were markedly reduced; indeed, for methy! isocyanide
the two sets of o values become virtually the same. Moreover,
three-parameter fits to these slightly truncated data sets (Vg
= 34,29, and 17 for acetonitrile I, acetonitrile 11, and methyl
isocyanide, respectively) converged on Eg values which, though
distinctly smaller than g, were distinctly larger than zero.

One final point which bears on this argument concerns the
size of the fitted ¥/} values relative to the E A values for the
analogous gas-phase reactions (see Table I). In the course of
a gas-phase reaction the reagent particles are free to move so
as to minimize the overall potential energy while the reagent
C-H bond is stretching toward its breaking point. As a result,
the observed gas-phase activation energy should be associated
with the barrier height along the minimum-energy path on the
full potential energy surface. In contrast, the reagents in the
solid-phase abstraction are held at fixed positions, effectively
defined by the van der Waals radius of the molecules of the host
matrix, so they may not move to minimize the overall potential
energy as the reaction proceeds. As a result, the barrier height
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Figure 7. For H abstraction by -CH3 in crystalline methyl isocyanide, as
in Figure 3 (lower) for the barrier parameters in Table VI.
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toreaction in the solid is expected to be somewhat higher than
the activation energy for the analogous gas-phase reaction.’3
The results in Tables II-V show that this is true for all barriers
obtained from Eg = ¢ fits to the solid-phase alcohol and ace-
tonitrile rate constants, but not true for some of the Eq = 0
barriers. This observation therefore further discriminates
against the appropriateness of the latter model for the aceto-
nitrile and methy! isocyanide reactions.

Conclusions

The quantitative agreement with a wide variety of experi-
mental results shown by Figures 3-7 and Tables 11-VI provides
a convincing demonstration of the usefulness of the present
model. The simple and internally consistent picture of the re-
actions which it provides contrasts strongly with the somewhat
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ad hoc assumptions of the “traditional” approach. Moreover,
the energy partitioning which is at the core of the present ap-
proach implicitly allows for either a finite reaction rate con-
stant of ¥P(Eyp) at 0 K or for the k(0 K) = 0 behavior predicted
by the traditional approach. It seems clear that the Eg = ¢,
or at least Ey significantly greater than zero, version of the
present model provides the most satisfactory overall expla-
nation of the data for the five systems considered here. This
conclusion is certainly significantly weaker for the acetonitrile
and methyl isocyanide reactions than for the abstractions from
methanol and ethanol, and its unambiguous confirmation for
those systems clearly awaits new lower temperature mea-
surements. However, the quality of the agreement found here,
combined with the simplicity and internal consistency of the
theory, suggests that the present way of incorporating zero-
point energy effects into the theory of tunneling-dominated
reactions in low-temperature solids is essentially correct.

In view of the above and of the known exothermicity of the
reactions for the first four cases considered, the potential-
energy barriers for these five reactions are probably best rep-
resented by the asymmetric Eckart and asymmetric Gaussian
functions (AE and AG). However, there are no grounds for
choosing between these functions or indeed, on the basis of their
ability to fit the data, even between them and their symmetric
counterparts. Thus, although the trends seen in Figures 3-7
suggest that higher temperature measurements should be able
to discriminate between them, present predictions based on
either the AE or AG functions for these systems must be
deemed equally reliable.

For all five reactions, Figure 8 shows the temperature de-
pendence of the ratio of the calculated rate constants for H-
atom and D-atom abstraction implied by the asymmetric
Eckart barriers for Eg = € fits (solid curves) and Eq = 0 fits
(dashed curves). The dramatic difference between the isotope
effects for these two versions of the model would appear to be
an ideal way for discriminating between them, except for the
fact that over this whole temperature range the D-atom
transfer rates are too slow to be measured reliably using present
techniques. Thus, the present predictions of isotope effects of
magnitude 10'2 may be rather difficult to test.

Listings of the computer program used for calculating the
theoretical rate constants and fitting them to experimental data
may be obtained from the first author (R.J.L.).

Supplementary Material Available: Tables of rate constants for
hydrogen atom abstraction by methyl radicals (5 pages). Ordering
information is given on any current masthead page.

Refernces and Notes

(1) Research supported by the National Sciences and Engineering Research
Councll of Canada and by the Division of Chemical Sciences, Office of
Basic Energy Sciences, U.S. Department of Energy (Document No. ORO-
2968-117).

(2) University of Waterloo; John Simon Guggenheim Fellow, 1979-1980.
Address until Aug 1980: Theoretical Chemistry Department, Oxford OX1
3TG, England.

(3) University of Tennessee.

(4) Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada
T6G 2G2.

(5) R.P.Bell, Proc. R. Soc. London, Ser. A, 148, 241 (1935).

(6) S.Glasstone, K. J. Laidler, and H. Eyring, ""The Theory of Rate Processes”’,
McGraw-Hill, New York, 1941,

(7) E.D. Sprague and F. Williams, J. Am. Chem. Soc., 93, 787 (1971).

(8) O. Ye. Yakimchenko and Ya. S. Lebedev, Int. J. Radiat. Phys. Chem., 3,
17 (1971).

Journal of the American Chemical Society [/ 102:7 | March 26, 1980

(9) R.gJ. Le Roy, E. D. Sprague, and F. Williams, J. Phys. Chem., 78, 546
(1972).

(10) J.-T. Wang and F. Williams, J. Am. Chem. Soc., 94, 2930 (1972).

(11) A. Campion and F. Williams, J. Am. Chem. Soc., 94, 7633 (1972).

(12) A.M. Dubinskaya and P. Yu. Butyagin, Dok/. Akad. Nauk SSSR, 211, 141
(1973).

(13) G. Brunton, D. Griller, L. R. C. Barclay, and K. U. Ingold, J. Am. Chem. Soc.,
98, 6803 (1976).

(14) E. D. Sprague, J. Phys. Chem., 81, 516 (1977).

(15) M. lwasaki, K. Toriyama, K. Nunome, M. Fukaya, and H. Muto, J. Phys.
Chem., 81, 1410 (1977).

(16) M. lwasaki, K. Toriyama, H. Muto, and K. Nunome, Chem. Phys. Lett., 56,
494 (1978).

(17) K. Toriyama and M. lwasaki, J. Phys. Chem., 82, 2056 (1978).

(18) M. H. J. Wijnen, J. Chem. Phys., 22, 1074 (1954).

(19) V.| Goldanskii, M. D. Frank-Kamenetskii, and |. M. Barkalov, Dok/. Adad.
Nauk SSSR, 211, 133 (1973); Science, 182, 1344 (1973).

(20) N. Alberding, R. H. Austin, K. W. Beeson, S. S. Chan, L. Eisenstein, H.
Frauenfelder, and T. M. Nordlund, Science, 192, 1002 (1976).

(21) R. L. Hudson, M. Shiotani, and F. Williams, Chem. Phys. Lett., 48, 193
(1977).

(22) K. Toriyama, K. Nunome, and M. lwasaki, J. Am. Chem. Soc., 99, 5823
(1977).

(23) G. Brunton, J. A. Gray, D. Griller, L. R. C. Barclay, and K. U. Ingold, J. Am.
Chem. Soc., 100, 4197 (1978).

(24) R.J. LeRoy, K. A. Quickert, and D. J. Le Roy, Trans. Faraday Soc., 66, 2997
(1970).

(25) C. Eckart, Phys. Rev., 35, 1303 (1930).

(26) H. Murai, unpublished work, 1978.

(27) One posslibie function of this type is V{x) = A(x2 — x?)?, for | x| < xo; Vx)
= 0 for | x| > xo.

(28) V. |. Goldanskii, Dok!. Akad. Nauk SSSR, 127, 1037 (1959).

(29) P. H. Cribb, S. Nordholm, and N. S. Hush, Chem. Phys., 28, 43 (1978).

(30) Throughout this paper, log refers to the common logarithm (base 10)and
In to the Naperian logarithm (base e).

(31) As an alternative to Figure 1b, a plot of log (k) vs. { 7)/2 might be consld-
ered.

(32) H. S. Johnston and D. Rapp, J. Am. Chem. Soc., 83, 1(1961).

(33) E. M. Mortensen and K. S. Pitzer, Chem. Soc., Spec. Publ., No. 18, 57
(1962).

(34) 1. Shavitt, J. Chem. Phys., 49, 4048 (1968).

(35) M. D. Harmony, Chem. Soc. Rev., 1, 211(1972).

(36) R.P.Bell, "The Proton in Chemistry,” 2nd ed., Chapman and Hall, London,
1973.

(37) E. Caldin and V. Gold, Eds., "Proton-Transfer Reactions,”” Chapman and
Hall, London, 1975.

(38) This is the same specific rate constant which appears in the semiclassical
theory of the rotational predissociation of quasi-bound levels of a diatomic
molecule; see, e.g., M.S. Child, Spec. Perlod. Rep.: Mol. Spectrosc., 2,
466 (1974).

(39) Of course, for transfer of different atomic isotopes via a given chemical
reactlon, 7 (and A), €, and E, all scale as (m,)~ /2, where m, is the mass
of the atom being transferred.

(40) N. R. Draper and H. Smith, "’ Applied Regression Analysis”, Wiley, New
York, 1966.

(41) J. E. Willard, Int. J. Radiat. Phys. Chem., 8, 325 (1974).

(42) W.E. Putnam, D. M. McEachern, Jr., and J. E. Kilpatrick, J. Chem. Phys.,
42, 749 (1965).

(43) (a) M. A. Bonin, Y. J. Chung, E. D. Sprague, K. Takeda, J. T. Wang, and F.
Williams, Nobe! Symp., 22, 103 (1973), and references clted therein; (b)
T. Gillbro, K. Takeda, and F. Williams, J. Chem. Soc., Faraday Trans. 2,
70, 465 (1974).

(44) E.D. Sprague, K. Takeda, J. T. Wang, and F. Williams, Can. J. Chem., 52,
2840 (1974).

(45) E. D. Sprague and F. Williams, Acc. Chem. Res., in preparation.

(46) J. T. Wang, Ph.D. Thesis, University of Tennessee, 1972.

(47) (a) H. L. Holloman, M.S. Thesis, University of Tennessee, 1970; (b) E. D.
Sprague, Ph.D. Thesis, University of Tennessee, 1971; (¢) K. Takahashi,
M.S. Thesis, University of Tennessee, 1972; (d) J. D. Skelton, unpublished
work.

(48) A. A. Frost and R. G. Pearson, "'Kinetics and Mechanism,” 2nd ed., Wiley,
New York, 1961, p 160.

(49) This high correlation between A and V, was also observed in the results
of fits to the H-atom data of Brunton et al.’323 which used either the £, =
0 or the E, = € versions of the present model.5¢

(50) R. J. Le Roy, unpublished work, 1979.

(51) Assuming, of course, that the transition state is the same for the two iso-
topes.

(52) AFl).orentzian potential barrier is defined by V{x) = V4/[1 + (x/a4)?], for
x<0,and VIx) = Vo/[1+ (W a)?] = (Vo— V), for x> O,\)fm_continulty
of the second derivative at x = 0 requires that a, = av/ Vo/ V4

(53) Note that In the gas-phase reaction the zero-point energy of the C-H stretch
does not contribute directly to motion along the reactlon path, so that Ea
(gas phase) is the analogue of our barrier height V.



