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surface. The forces measured between these layers do not conform
obviously or closely to predictions made for irreversibly adsorbed
homopolymer layers immersed in good solvents. On the other
hand, a rather simple adaptation of the Alexander~de Gennes
theory?®2? of terminally attached chains to the case of block
copolymers provides a coherent interpretation of our force mea-
surements.

A more complete theory of the F(D) curves, enabling prediction
of the magnitude of F at a certain D, will be difficult to accomplish
without more detailed knowledge of the configuration of the
molecules in the adsorbed layer, via means independent from the
inferences we have made here from the surface forces measure-
ment. For example, it is not known from any direct measurement
whether, when these two copolymer layers are brought together,
the PS chains initially compress or interpenetrate. The very limited
lateral mobility of these chains and the step-function-like shape?®-3
of the segment density profile in these swollen layers of high
surface density argue against interpenetration. Direct spectro-
scopic investigation of the molecular configuration and degree of
segmental mixing between the layers when they are brought
together would be very valuable to the interpenetration. A
photophysical technique such as fluorescence quenching or energy
transfer may be useful.

In a more general vein, the application of surface forces
measurement between polymer layers has, we believe, great po-
tential to resolve some fundamental problems in adhesion, surface

chemistry, and structured fluids, such as block copolymer—hom-
opolymer blends, 33537 that exhibit a rich variety of phase be-
havior.
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Abstract: Rate constants and kinetic isotope effects for the title reactions have been calculated by using accurate quantum
dynamical methods and used to test the accuracy of corresponding rate constants from conventional and variational transition
state theory. The quantum dynamical rate constants are estimated to be within 35% of the exact rate constants for the potential
surfaces chosen for this comparison. For all the reactions considered, the conventional and variational transition state theory
rate constants with unit transmission coefficient are found to be very close to each other (better than 7%) but in poor agreement
with the accurate quantum results (off by factors of 6-22 at 300 K). This indicates that although variational effects are small,
tunnelling makes a very important contribution to the rate constants, and it is found that this tunnelling contribution is described
quantitatively for all the reactions considered with use of the least action ground state (LAG) transmission coefficient. The
combination of improved canonical variational theory (ICVT) and LAG yields rate constants which have an average error
(considering all the reactions and temperatures studied) of 15% compared to the accurate quantum rate constants, and in
only one case (D + H, at 200 K) does the ICVT/LAG rate constant differ by more than 35% from the accurate value. The
comparison of ICVT/LAG kinetic isotope effects is found to be similarly good, with the worst comparisons occurring for

intramolecular (X + HD) isotope ratios.

I. Introduction

Recent advances in quantal reactive scattering methods have
made it possible to calculate rate constants without dynamical
approximations for two series of isotopically related reactions:!

*Chemical Dynamics Corp.
tUniversity of Minnesota.
+ Northwestern University.

H+H,—~H,+H (R1)
D+H,—~DH+H (R2a)
H+ HD—~H, +D (R2b)
H+DH-—-HD+H (R3)

and
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O+H,—~OH+H (R4)
O+ D,—~O0OD+D (RS)
O+HD—-OH+D (R6)
O+DH—-OD+H (R7)

Although these calculations are subject to errors due to inaccu-
racies in the assumed potential energy surfaces, the errors due
to the numerical treatment of the dynamics are believed to be less
than 35%, as discussed below. Therefore these calculations can
be used to test the reliability of approximate dynamical methods,
provided the approximate calculations are based on the same
potential surfaces. In this paper we present such comparisons for
variational transition state theory (VTST) with ground-state (G)
transmission coefficients (VTST/G).3*

VTST calculations are useful for identifying geometric, ener-
getic, and entropic characteristics of dynamical bottlenecks to
reaction, and VTST/G calculations are useful for quantitative
estimates of reaction rates corresponding to a given potential
energy surface and of potential surface barrier heights corre-
sponding to experimental rate data and for the interpretation of
kinetic isotope effects.””1 Previously, VIST/G rate constants
have been compared with accurate quantal ones for many reactions
in a collinear world*¢!112 but only for three reactions in a
three-dimensional world, namely reaction R1'? and the reactions!4
D + HBr — DBr + H and H + H'Br — HBr + H’. Ineach case
the comparison involved accurate quantal dynamical rate constants
and VTST/G ones for the same assumed potential energy surface.
The agreement of accurate and approximate dynamical calcula-
tions was quite good for all three systems, with errors of less than
40% at T 2 300 K. An additional check showed that the sem-
iclassical methods used to estimate tunnelling contributions to
VTST/G rate constants are also accurate enough to calculate the
spectroscopic splitting caused by the inversion of ammonia.!’ Also,
VTST/G calculations of the tunnelling contributions for low-
temperature surface diffusion of H on Cu lead to excellent
agreement with an independent semiclassical estimate.!¢

The present comparisons provide more detailed quantitative
tests of VIST/G methods, with special focus on deuterium isotope
effects at temperatures where tunnelling dominates the dynamics.
Although the extensive comparisons of VTST/G results with
accurate quantum collinear results noted above are generally very
encouraging, they do not test how well VIST/G describes bending
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effects on the rate constant. Bending contributions to the energy
requirement for reaction play an important quantitative role in
determining threshold energies and activation energies,!” and
several approximate methods including the popular quasiclassical
trajectory method have been found to describe bending effects
very poorly.l’ The three-dimensional comparisons of VTST/G
and quantum results noted above provide some indication that
the VTST/G method describes bending effects accurately, but
the present study extends the number of three-dimensional re-
actions for which such comparisons are available from three to
nine, and it thus allows a better assessment of the general ap-
plicability of the VTST/G method. Two of the systems considered
previously, D + HBr and H + H’Br, are examples of small
curvature reactions where adiabatic theory is expected to do best,
while the third, H + H,, exhibits greater curvature of the reaction
path, but its dynamical bottleneck occurs at a point where the
curvature is relatively small. The present comparison considers
reactions with a large range of curvatures, bottleneck locations,
and bending effects, so the conclusions should be of more general
applicability. In addition, the present study is the first test of
approximate theory for intramolecular isotope ratios, which are
of great experimental interest but whose interpretation involves
subtle effects. Intramolecular kinetic isotope effects have never
been determined previously at the present level of quantum me-
chanical sophistication, and the present comparison should enable
a clear-cut assessment of how well the VTST/G method describes
them.

The accurate quantum rate constants for the present study have
been obtained from two different theories. For H + H, and its
isotopic variants, rate constants were obtained! by using the
centrifugal sudden (also called coupled states or CS) approxi-
mation!® for reactive scattering calculations and by using potential
surface no. 2 of Porter and Karplus.!® In these calculations, the
Schrodinger equation is solved by a converged CS propaga-
tion/matching technique which should yield rate constants which
are accurate to at least 35%,%0 based on comparisons with close
coupling (CC) calculations that represent a converged numerical
solution to the nuclear motion Schrodinger equation. The O +
H, reaction and its isotopic variants have been studied® by using
the CS distorted wave (CSDW) method.?! This method intro-
duces the CS approximation in determining the nonreactive wave
functions which are used to evaluate the distorted wave approx-
imation?? to the reactive scattering matrix. Past experience with
the CSDW approximation indicates that the rate constants ob-
tained should be as accurate as the CS ones (i.e., less than 35%
errors) provided that the temperature is low enough so that
contributions from energies where the reaction probability is
greater than 10% are not important.”! The potential surface used
for reactions R4-R7 is a modified version of the London-Eyr-
ing—Polanyi-Sato-type®? surface of Johnson and Winter.2* For
the present study the potential energy surface used for each system
is assumed to represent the true lowest energy potential surface,
the reaction is assumed to be electronically adiabatic, and con-
tributions from higher energy surfaces are assumed to be negli-
gible. Since these assumptions are made for both the accurate
and approximate dynamics calculations, they do not contribute
any error to the tests of VIST/G methods.

In comparison of VTST/G and accurate quantal dynamical
results, we will place special emphasis on kinetic isotope effects
(KIEs). This is the first opportunity to make systematic tests of
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approximate theories against accurate results for series of iso-
topically related reactions in the full three-dimensional world
(earlier tests were limited to the collinear world*%143 or to a single
deuterated example'#), and to provide a benchmark in these
comparisons, we also test the predictions of conventional transition
state theory (TST). TST has provided the standard theoretical
framework for interpreting KIEs,? and there has been much recent
interest in this kind of application.}%¥"%® Since both VTST/G
and TST methods are applicable even for large polyatomic systems,
tests against accurate quantal results that can be obtained
practically only for atom—diatom cases are of general practical
interest.

II. Variational Transition State Theory Methods

Because of the importance of tunnelling in these reactions, the
present comparisons will primarily test the accuracy of the
transmission coefficient used in VIST/G calculations. We will
study two approximations to this transmission coefficient, one
based on the small-curvature-tunnelling semiclassical approxi-
mation?® for tunnelling governed by the adiabatic ground-state
potential curve (SCTSAG) and the other based on the least action
ground state method (LAG).® An important element in any
multidimensional semiclassical tunnelling calculation is the way
that the effects of reaction-path curvature are incorporated. When
the reaction path through mass-scaled coordinates is curved,
tunnelling fluxes tend to be dominated by tunnelling paths dis-
placed to the concave side of the minimum energy path (MEP).%
A kinematic indicator of the magnitude of the reaction-path
curvature is the skew angle, defined as the angle between the
entrance and exit valleys of the reactive potential energy surface
in mass-scaled coordinates.® Small skew angles generate large
reaction path curvature and large deviations of optimum tunnelling
paths from the MEP, whereas large-skew-angle systems may have
smaller reaction-path curvature and can often be treated ade-
quately by the small-curvature approximation.%?® For the reactions
R1-R7, the skew angle ranges from 36° for O + HD to 71° for
H + DH. Thus a range of curvatures will be considered, and for
some of these the small-curvature approximation, i.e., SCTSAG,
may be inadequate. The LAG method, on the other hand, should
be able to describe both the small- and large-curvature limits
correctly and thus might be expected to be generally more ac-
curate. Both the LAG and SCTSAG tunnelling factors are
combined with a VTST rate coefficient obtained from improved
canonical variational theory (ICVT), which is VTST for a can-
onical ensemble but enforcing the correct microcanonical
threshold.> Alternative VTST rate expressions®’ would change
the rate constants by negligible amounts relative to the ICVT ones
for the reactions considered. The vibrational partition functions
have been calculated by using a quadratic—quartic approximation
for the bend?! and either the Morse I>* (H + H, and isotopic
analogues) or WKB!! (O + H, and isotopic analogues) approx-
imation for the stretch. The influence of the choice of stretch
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eigenvalue method is small for these reactions, but past experience
suggests that the WKB based results should be slightly more
accurate. For reactions R4-R7, the multiple-electronic surface
coefficient®32 was set equal to 3/Q,R where the numerator is the
electronic degeneracy of the lowest energy potential surface and
the denominator is the electronic partition function of O. For
reactions R1-R3, the multiple electronic surface coefficient was
set equal to unity.

In addition to the VTIST/G calculations, we performed con-
ventional TST calculations, both without a transmission coefficient
(these calculations are denoted F) and with the lowest order
Wigner quantal correction for the reaction coordinate (these
calculations are denoted ¥/W). These calculations are performed
by standard methods reviewed elsewhere?? and employ the same
treatments of anharmonicity and multiple electronic surfaces as
mentioned above.

III. Accurate Quantum Calculations

The CS calculations for reactions R1-R3 used the propaga-
tion/matching procedure presented previously’® with the CS
approximation of ref 20. In these calculations, the D + H,, H
+ HD, and H + DH reactions are all studied in the same cal-
culation, corresponding to different parts of the scattering matrix.
H + H, is studied in a separate CS calculation. Only the @ =
0 projection quantum number is used in the CS basis, as the
contribution of excited bending states to the rate constant at 300
K is negligible. Other @’s and higher temperatures could have
been considered of course but were not because poor convergence
of the @ = 0 calculations for reactions R2 and R3 at total energies
above 0.6 ¢V made it impractical to obtain reliable rate constants
above 300 K for these reactions.

The accuracy of the CS rate constants may be assessed by
comparison with the results of CC calculations®’ that have been
done on H + H,. The CC distinguishable-atom rate constants
at 200, 250, and 300 K are 1.6 X 1077, 1.7 X 107!, and 9.8 X
1071 cm?® molecule™ s7), respectively, while the corresponding CS
values are 1.7 X 10717 1.8 X 1073, and 1.0 X 107! ¢cm® molecule™?
s”!. These differ by 6% or less, suggesting that the CS approx-
imation introduces negligible additional error since the CC
thermally averaged rate constants, which are in principle exact,
are claimed3’ to be numerically converged only to within 30%.
Comparisons of reagent state resolved CC and CS cross sections
generally indicate somewhat larger differences, up to 25%.%°
Because the numerical approximations introduced in doing the
thermal averages for the present study add an additional 10%
uncertainty, it is probably more realistic to use 35% as the esti-
mated uncertainty in the CS rate constants.

The CSDW calculations on reactions R4-R7 have been ex-
tensively described elsewhere.? Although there have not yet been
comparisons of CSDW and CS or CC rate constants for these
reactions, comparisons of CSDW and CS cross sections for H +
H, suggest that as long as the CSDW calculation can be and is
converged with respect to basis set, the CSDW and CS results
are essentially the same.?® In the present case, convergence was
excellent up to total energies of 0.7 eV for all four reactions. Since
the 300 K rate constants are nearly converged at that energy, these
should be as accurate as our CS rate constants. By adding
partially converged cross sections at 0.8 and 1.0 eV, rate constants
up to 500 K have been obtained. We will use these here although
we are less confident in their absolute accuracy.

IV. Results

The results will be presented in two different ways for each set
of isotopically related reactions. First, for reactions R1-R3, in
Table I we present the ratios of various transition state theory
and variational transition state theory rate constants to CS ones

(32) Truhlar, D. G. J. Chem. Phys. 1972, 56, 3189; 1974, 61, 440(E).
(33) Garrett, B. C.; Truhlar, D. G. J. Chem. Phys. 1980, 72, 3460.
(34) Kuppermann, A ; Schatz, G. C.; Baer, M. J. Chem. Phys. 1976, 65,
4596. Schatz, G. C.; Kuppermann, A. J. Chem. Phys. 1976, 65, 4642.
(35) Schatz, G. C.; Kuppermann, A. J. Chem. Phys. 1976, 65, 4668.
(36) Schatz, G. C. Theory of Chemical Reaction Dynamics; Clary, D. C.,
Ed.; Proceedings of NATO Workshop, Orsay, France, 1985, to be published.
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Table I. Rate Constant Results for H + H,, D + H,, H + HD, and H + DH

ratio to CS rate constant

T7.K i /W ICVT ICVT/SCTSAG ICVT/LAG CS rate constant?
(A) H + H, — H, + H (Distinguishable Atoms)
200 0.0018 0.021 0.0018 0.38 0.74 1.6 (-17)®
250 0.014 0.11 0.014 0.51 0.87 1.7 (-16)
300 0.044 0.25 0.044 0.60 0.92 1.0 (-15)
(ByD+H,~DH+H
200 0.0035 0.036 0.0033 0.27 0.57 2.6 (-17)°
250 0.021 0.15 0.021 0.39 0.69 2.6 (-16)°
300 0.060 0.31 0.058 0.47 0.74 1.4 (-15)°
(C) H + DH — HD + H (Distinguishable Atoms)
200 0.0040 0.031 0.0040 0.97 1.03 1.2 (-18)
250 0.029 0.16 0.029 1.17 1.10 1.5 (-17)
300 0.086 0.35 0.086 1.22 1.07 1.1 (-16)
¢In ecm?® molecule™ s, ®Numbers in parentheses are powers of ten. ¢Forward (D + H,) rate constant.
Table II. CS and VTST Kinetic Isotope Effects for H + H,, D + H;, and H + HD/DH
T,K i /W ICVT ICVT/SCTSAG ICVT/LAG (&
(A) D/H?
200 3.1 2.8 2.9 1.2 1.3 1.6
250 2.3 2.1 2.2 1.1 1.2 1.5
300 1.9 1.9 1.1 1.1 1.4
(B) H/(HD + DH)
200 2.6 3.1 2.6 3.6 5.0 5.3
250 2.2 2.7 2.3 3.0 4.1 4.0
300 2.0 24 2.1 2.7 35 3.2
(C) D/(HD + DH)
200 7.9 8.7 7.7 42 6.3 8.4
250 5.2 5.7 5.1 34 48 6.0
300 3.9 4.3 3.9 2.9 3.9 4.5
(D) HD/DH
200 1.4 1.8 1.3 0.45 0.87 1.7
250 1.4 1.8 1.3 0.62 1.2 2.0
300 1.4 1.7 1.3 0.76 1.4 1.8
2See section IV for labeling convention for kinetic isotope effects.
Table ITI. Rate Constant Results for O + H,, D,, HD, and DH
ratio to CS rate constant
T, K i /W ICVT ICVT/SCTSAG ICVT/LAG CS rate constant?
(AYO+H,—-OH+H
300 0.053 0.25 0.052 0.87 1.28 1.1 (-17)*
400 0.16 0.51 0.16 0.91 1.11 2.9 (-16)
500 0.30 0.70 0.29 0.95 1.06 2.3 (-15)
(BYO+D,—~OD+D
300 0.14 0.42 0.14 1.29 1.00 6.9 (-19)
400 0.30 0.62 0.30 1.09 0.83 3.7 (-17)
500 0.44 0.74 0.44 1.03 0.82 4.5 (-16)
(C)O+HD—-OH+D
300 0.085 0.37 0.085 0.64 1.22 2.0 (-18)
400 0.21 0.60 0.21 0.71 1.09 7.3 (-17)
500 0.33 0.74 0.33 0.77 1.04 7.0 (-16)
(D)O+DH—OD+H
300 0.15 0.48 0.14 1.47 0.91 7.3 (-19)
400 0.39 0.86 0.36 1.41 0.92 2.7 (-17)
500 0.64 1.14 0.61 1.48 1.06 2.6 (-16)

4In cm® molecule™ s™'. ®Numbers in parentheses are powers of tens.

at three temperatures (200, 250, and 300 K) where the CS result
should be accurate. The ratios for reactions R2a and R2b are
the same because of microscopic reversibility. Included in the
table are results from conventional transition state theory (¥),
Wigner-corrected conventional transition state theory (¥/W),
improved canonical variational theory (ICVT), ICVT with
small-curvature-tunnelling semiclassical adiabatic ground-state
transmission coefficients (ICVT/SCTSAG), and ICVT with
least-action ground-state transmission coefficients (ICVT/LAG).
For reference, in Table I we also present the absolute rate constants
from ref 1, each one referring to a distinguishable-atom mode!l

of the reagent diatomic. Table II presents an alternative way to
analyze the results in Table I through an evaluation of the kinetic
isotope effects, i.e., the rate constant isotope ratios D + H,/H
+ H,,H+ H,/((H+ HD) + (H + DH)), D + H,/((H + HD)
+ (H + DH)), and H + HD/H + DH, where we have used the
convention that A + HD refers to A+ HD — AH + Dand A
+ DH refers to A + DH — AD + H. We abbreviate these ratios
by D/H, H/(HD + DH), D/(HD + DH), and HD/DH, re-
spectively.

Tables III and IV present results analogous to those in Tables
I and IT but for reactions R4-R7. Here the isotope ratios refer
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Table IV. CSDW and VTST Kinetic Isotope Effects for O + H,, D,, HD, and DH

T.K 1 /W ICVT ICVT/SCTSAG ICVT/LAG CSDW
(A) Hy/D,?
300 5.81 9.48 5.72 10.7 20.4 15.6
400 430 6.44 4.25 6.50 10.4 7.7
500 3.49 4.85 3.46 471 6.62 5.0
(B) H,/(HD + DH)
300 2.06 2.51 2.08 4.05 4.53 4.0
400 1.86 2.20 1.87 291 3.07 29
500 1.72 1.98 1.73 2.37 2.44 24
(C) (HD + DH)/D,
300 281 3.78 275 2.64 4.50 3.9
400 2.31 2.93 2.27 2.23 339 27
500 2.03 2.45 1.99 1.99 272 2.1
(D) HD/DH
300 1.52 2.12 1.64 . 3.67 27
400 1.44 1.89 1.53 1.36 3.19 27
500 1.38 1.73 147 2,65 2.7

2See section IV for labeling convention for kinetic isotope effects.

to O+ H,/O + D,, O + H,/((O + HD) + (O + DH)), (O +
HD) + (O + DH))/O + D,, and O + HD/O + DH and are
respectively abbreviated H,/D,, H,/(HD + DH),*(HD +
DH)/D,, and HD/DH.

V. Discussion

The ¥ and F/W results are used to assess the accuracy of
commonly used approximate theories. Both the ¥ and ICVT
models correspond to classical reaction-coordinate motion and
quantized vibrational-rotational motions but differ as to whether
the location of the generalized transition state is variationally
optimized. Thus reference to these two results provides an in-
dication of the importance of tunnelling when compared to ac-
curate or ICVT/G rate constants. Table I indicates that the ¥
and ICVT results are nearly the same for the H + H, reaction
and all three isotopic analogues, indicating that variational effects
(i.e., differences due to variational location of the generalized
transition state somewhere other than the saddle point) are not
important. (See ref 25, 33, and 37 for earlier discussions of this
point for the H; isotopes.) These methods are not in good
agreement with the accurate results though, indicating that
tunnelling is very important. More detailed analysis of the LAG
result shows that at 300 K tunnelling contributes 97% of the H
+ H, rate constant, 94% of the D + H, one, and 95% of the H
+ DH one. (These tunnelling fractions are computed as described
elsewhere.?) At 200 K, tunnelling increases the ICVT/LAG rate
constants by factors of 555, 303, and 250, relative to ICVT, for
these same reactions.

We turn now to the accuracy of the tunnelling-corrected /W
and VTST/G results. First we note that the Wigner-corrected
results are low for all four reactions, by factors of 3-4 at 300 K
and 30-50 at 200 K. The ICVT/SCTSAG and ICVT/LAG
results are much more accurate, with the LAG ones being no-
ticeably better than the SCTSAG ones for H + H, and especially
D + H,. The LAG result is within the 35% uncertainty of the
CS rate constant for H + H, and H + DH but not for D + H,
at low temperatures. However, the worst error in the LAG rate
constants for D + H, over the whole temperature range considered
is only 43%. The worst error in the SCTSAG rate constants is
also for D + H,, for which it is 73% at 200 K. The SCTSAG
method does best for the reaction with the largest skew angle, H
+ DH; this aspect of the results is consistent with the fact that
the SCTSAG method assumes small curvature of the reaction
path.

Turning now to the isotope ratios in Table II, we note that the
D/H and H/(HD + DH) ratios are strongly influenced by tun-
nelling. For example, at 250 K, the ICVT D/H ratio is 2.2, but
the ICVT/LAG approximation reduces this to 1.2 and the CS

(37) Miller, W. H. Potential Energy Surfaces and Dynamics Calculations;
Truhlar, D. G,, Ed.; Plenum: New York, 1981; p 265.

value is 1.5. For H/(HD + DH) at 250 K, ICVT predicts the
value 2.3, but the ICVT/LAG approximation raises this to 4.1
and the CS value is 4.0. The D/(HD + DH) and HD/DH ratios,
by contrast, are not as strongly influenced by tunnelling, with the
ICVT and ICVT/LAG results within 10% of each other.

The comparison of VIST/G and CS isotope ratios generally
reflects trends seen in Table I. Thus, since ICVT/LAG under-
estimates the D + H, rate constant but is very close for H + H,,
the LAG D/H ratio is below the CS result by ~20%. Since the
LAG rate constant is lower than the CS one for H + HD, but
slightly higher for H + DH, the HD + DH summed rate constant
is slightly lower than the CS result, making the H/(HD + DH)
ratio essentially perfect and D/(HD + DH) slightly low. The
worst comparison of LAG and CS isotope ratios is for the HD/DH
ratio. This reflects the fact that the H + HD rate constant is too
low while the H + DH one is slightly high, leading toa HD/DH
ratio which is too low by 22-49%. The ICVT/LAG isotope ratios
are in better agreement with CS results than are the %, /W,
and ICVT ratios for D/H and H/(HD + DH). For D/(HD +
DH) and HD/DH, where tunnelling has less effect on the ratio,
the ¥, /W, and ICVT ratios are generally of comparable ac-
curacy to ICVT/LAG. The ICVT/SCTSAG results are generally
less accurate than the ICVT/LAG ones, although the differences
are quite small except for HD/DH. The latter ratio is especially
poor when SCTSAG is used because the H + HD rate constant
is very low while H + DH is essentially perfect. This result
suggests that one should be cautious in using SCTSAG to predict
intramolecular isotope effects when there is a substantial difference
in curvature between the two competing arrangement channels.

Turning to reactions R4-R7, we see in Table IIT that the ¥
and ICVT results are in good agreement with each other but are
very different from the tunnelling corrected results. This suggests
that, as for reactions R1-R3, variational effects are small while
tunnelling contributions to the rate constants are large. Among
the tunnelling corrected rate constants, the ICVT/LAG rate
constants are in overall best agreement with accurate quantum
ones, with differences that show no significant isotope dependence
(to within about £30%). The ICVT/SCTSAG results are also
quite accurate, though usually less so than the ICYT/LAG results.
The least accurate SCTSAG results are for O + HD and DH,
which show trends somewhat like H + HD and H + DH in that
the SCTSAG rate constants for the smaller-skew-angle reaction
are below the accurate results while those for the larger-skew-angle
reaction are too high. However, unlike the H + HD/DH case,
the error for the larger-skew-angle reaction is as large as that for
the small-skew-angle reaction. This is not surprising, however,
since O + DH has a larger skew angle than O + H, or O + D,
and SCTSAG does sometimes overestimate the tunnelling for the
largest skew angles.® Also, the differences between the SCTSAG
and LAG rate constants are quite large for O + DH, suggesting
that curvature effects are substantially larger for O + DH than
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for H + DH where the SCTSAG and LAG rate constants are
essentially the same.

Note that the ICVT/LAG results are better than ¥/W for all
four reactions R4-R7 over the temperatures considered. This is
consistent with studies of the collinear O + H, reaction for five
potential energy surfaces,® on which basis, it was concluded that
the LAG transmission coefficient provides an accurate method
for describing tunnelling in this case,

Table IV shows that the ICVT/LAG isotope effects are in good
agreement with the CSDW ones for all four ratios; the worst
difference is 38%. The ICYT/SCTSAG method also does well
except for HD/DH where the direction of the error is opposite
that of the ICVT/LAG results. Considering the /W isotope
ratios, we see that the ¥ /W approximation does much better in
predicting isotope ratios than absolute rate constants. For (HD
+ DH)/D,, the cancellation of errors in the ¥/W ratios is usually
better than for the ICVT/SCTSAG or ICVT/LAG ratios, but
for the other ratios it is not.

As stated in the introduction, the goal of this study has been
to compare approximate rate constants and kinetic isotope effects
to accurate dynamical ones for the same potential energy surface
rather than to experiment. We have found that the approximate
VTST/G rate constants are indeed quite reliable, and we conclude
that comparisons of calculations based on more accurate potential
energy surfaces to experiment for these systems®%13:3%3%3% may
be interpreted in terms of the accuracy of the potential energy
surfaces and the experiments, with relatively much less possible
error attributable to the dynamical treatment. Since the potential
surfaces employed for this study are typical medium-barrier-height
surfaces, the conclusion is assumed to be generalizable.

VI. Conclusions

For six of the seven independent reactions considered in this
study, the ICVT/LAG rate constants agree with accurate
quantum rate constants at all the temperatures considered to within
the estimated (35%) uncertainty of the quantum rate constants.
The only exception is the D + H, <= H + HD reaction, for which
the ICVT/LAG rate constants differ from the numerical quantal
dynamical ones by 43% at 200 K. Kinetic isotope effects are also

(38) Blais, N. C.; Truhlar, D. G.; Garrett, B. C. J. Phys. Chem. 1981, 85,
1094; J. Chem. Phys. 1982, 76, 2768; 1983, 78, 2363.
(39) Garrett, B. C; Truhlar, D. G. Int. J. Quantum Chem., in press.

accurately predicted by the ICVT/LAG approximation, with the
worst results occurring for intramolecular (X + HD) isotope ratios.
The ICVT/SCTSAG rate constants are generally less accurate
than the ICVT/LAG ones, with the worst error being 73%.
Considering all seven reactions at all temperatures studied, the
average errors for the ICVT/LAG and ICVT/SCTSAG rate
constants are only 15% and 31%, respectively. Since all of these
reactions have tunnelling factors larger than about 5 at the tem-
peratures studied, these comparisons demonstrate the remarkable
accuracy of the LAG and SCTSAG methods for determining
tunnelling factors. Simple theories like conventional TST, with
or without a Wigner tunnelling correction, are found to be grossly
in error for predicting the rate constants of these reactions and
usually less accurate in predicting isotope ratios.

We can summarize the overall accuracy of the ICVT/LAG
method for all nine reactions for which comparisons to accurate
quantal results are available by combining the present results with
those of ref 11, 13, 14, and 35. The only temperature for which
comparisons are possible for all nine cases is 300 K. At this
temperature, the average discrepancy between the ICVT/LAG
results and the accurate quantal ones is only 12%. Furthermore,
in only one case is the discrepancy larger than 26%. For the
reactions involved in the comparison, the error is expected to
decrease as the temperature is increased because most of the error
at 300 K is probably caused by inaccuracies in the semiclassical
transmission probabilities for energies below the effective barrier,
and these become less important as the temperature is increased.
Thus the accuracy attained is very encouraging, especially since
variational transition state theory with semiclassical ground-state
transmission coefficients is a practical theory for a wide range
of systems, including reactions of polyatomics for which more
accurate methods are impractical.
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Abstract: The chemisorption and subsequent decomposition of methyl bromide on a Mg(0001) single-crystal surface is found
to lead cleanly to the formation of a surface bromide and gas-phase hydrocarbon products including ethane. Stable surface
alkyls are not observed even at temperatures as low as —150 °C. Co-adsorbed dimethyl ether does not perturb this reactivity
pattern. The formation of either a thin surface bromide or a surface oxide passivates this material to further reaction under
UHY conditions. The implications of these results with respect to the mechanisms of carbon—halogen bond cleavage on magnesium

and the formation of Grignard reagents are discussed.

There is perhaps no general class of organometallic reactions
that rivals in importance the reductive cleavage of carbon-halogen
bonds by active metals.! Of the many examples of this type of
process that one could cite, none assumes the synthetic and his-

torical stature of the formation of the Grignard reagent. The
reactivity of these complexes has been studied extensively and,
as a result, there is much known about the application of these
reagents in synthesis.'> Reliable information about the mech-

(1) Coates, G. E.; Green, M. L. M.; Wade, K. Organometallic Com-
pounds. Volume \. The Main Group Elements, Methuen and Co.: London,
1967; and references cited therein,

(2) See, for example; Kharasch, M, S.; Reinnuth, O. Grignard Reactions
of Nonmetallic Substances; Prentice-Hall: New York, 1954; and references
cited therein.
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