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Kinetics 

Donald G. Truhlar*f and Bruce C. Garrett* l 

Contribution from the Department of Chemistry, University of Minnesota, Minneapolis, 
Minnesota 55455, and Chemical Dynamics Corporation, 9560 Pennsylvania Avenue, 
Upper Marlboro, Maryland 20772. Received March 4, 1988 

Abstract: We partition the phenomenological enthalpy and entropy of activation for five hydrogen atom transfer reactions, 
H + H2 — H2 + H, D + H2 — HD + H, H + D2 — HD + D, 0(3P) + H2 — OH + H, and OH + H2 — H2O + H into 
substantial and nonsubstantial contributions. The latter, which are not considered explicitly in previous thermochemical kinetic 
models, are very significant. The present analysis could serve as the start of a semiempirical data base for the inclusion of 
variational and tunneling effects in future thermochemical kinetic models. 

1. Introduction 
From a knowledge of the structure and vibrational frequencies 

of bound chemical species, statistical mechanics provides the 
prescription for the direct calculation of thermochemical data such 
as heats of formation of stable compounds and heat release and 
equilibrium constants for chemical reactions.1 The structural 
and energetic information can be reduced into thermodynamic 
quantities, the enthalpy and entropy, which can be accurately 
approximated with bond additivity and group additivity rela
tionships. The quasi-thermodynamic formulation of conventional 
transition-state theory2,3 allows these ideas to be extended to the 
estimation of reaction rate constants. 

In thermochemical kinetics a quasi-equilibrium is postulated 
between reactants and a transition-state complex, and the con
ventional transition-state theory rate constant k*(T) is expressed 
in terms of the associated unitless quasi-equilibrium constant 
KJ(T) as 

k*(T) = -yW'KjiT) (1) 

In eq 1, k6 is Boltzmann's constant, T is the temperature, h is 
Planck's constant, C0 is the concentration in the standard state, 
and An* is the stoichiometric change in the number of moles in 
passing from the reactants to the transition state. The equilibrium 
constant can be expressed in terms similar to the usual thermo
dynamic quantities 

reaction rate constant. For a bimolecular reaction (AH* = -1) 
we obtain 

KJ(T) = exp(-AtGT°/RT) (2) 

where A,GT° is the conventional transition-state theory approx
imation to the standard-state free energy of activation at tem
perature T and R is the gas constant. (The standard state for 
all equations and tables in this paper is the ideal gas state at 1 
atm.) The free energy of activation can be further factored 

A4G7-
0 = -TAtST° + AtHT° (3) 

where A,HT° and A4S7-
0 are the enthalpy and entropy of acti

vation, respectively, at temperature T and are related to the 
equilibrium constant by the standard thermodynamic relationship 

AtHT° = RT2-
d In^ n 

dr 
d In K* 

A4S7-
0 - RT dJ. + R In Kp*(T) 

(4) 

(5) 

For an ideal gas at a standard state of P° = 1 atm, the concen
tration of the standard state is given by P0/RT, and, when eq 
1 is used, A4S7-

0 and A4ZZ7-
0 can be expressed in terms of the 
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AtHT° = RT2^J- - 2RT 
dr 

AtHT° 
A4S7-

0 = + R In 
k*(T)hP° 

(6) 

(7) 

where 7VA is Avogadro's number and u is 1 for k*(T) in molar 
units and O for k*(T) in molecular units. 

In many cases useful practical accuracy can be obtained by 
estimating A+S7-

0 and A4Zf7-
0 by group additivity and computing 

the rate constant from eq 1-3.3 This is particularly appealing when 
conventional transition-state theory,2,3 or variational transition-state 
theory4-7 with a temperature-independent transition state, is ac
curate. In this case, the quasi-thermodynamic activation pa
rameters may be interpreted in terms of the free energy (or en
thalpy and entropy) change on passing to a single transition-state 
complex. For this interpretation the transition state is treated 
just like a bound, stable molecule except that 1 degree of freedom 
is missing, corresponding to the reaction coordinate; all the bound 
internal degrees of freedom can be analyzed in terms of their 
structure and vibrational frequencies. In many cases, however, 
this simple picture breaks down because the variational transition 
state depends on temperature or is not a good dynamical bott
leneck, because of nonequilibrium effects, or because of quantal 
effects on reaction coordinate motion.4"7 In such cases, if the rate 
constant is still represented by eq 1 and 2, A4G7-

0 cannot be 
calculated by statistical mechanics from the properties of a single 
transition-state complex, i.e., a single "substance". In the spirit 
of group additivity though, an attempt can be made to represent 
these effects by additional "group" contributions. We will call 
such contributions "nonsubstantial" contributions. 

The rate constant can be expressed in terms of a transmission 
coefficient K(T), which includes the nonsubstantial contributions, 

(1) See, e.g.: Pitzer, K. S. Quantum Chemistry; Prentice-Hall: Englewood 
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1976. 
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(5) Truhlar, D. G.; Garrett, B. C. Amu. Rev. Phys. Chem. 1984, 35, 159. 
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and rate constant kGTST(T, s) based on a single temperature-in
dependent location 5 of the generalized transition state: 

Ic(T) = K(T)kGTST(T, s) (8) 

We introduce the factorizations 

kGTSJ(T, s) = — (C°)An exp(AsS7°/R) exp(-AsHT°/RT) 

(9) 

and 

K(T) = exp(A„ST°/.R) exP(-AnH7°/RT) (10) 

where A1S7-
0 and A1H7

0 are substantial activation parameters 
obtained from the properties of a generalized transition state, "a 
substance", by expressions analogous to eq 4 and 5, and AJs7-

0 

and AnH7
0 are nonsubstantial activation parameters obtained from 

AnH7
0= RT*—^ (11) 

AnS7
0 = RT ^ + R In K(T) (12) 

QT 

The nonsubstantial activation parameters AnS7
0 and AnH7-

0 

parametrize contributions from temperature-independent and 
temperature-dependent factors in the transmission coefficient, 
respectively. Since AnS7

0 and AnH7
0 are quasi-thermodynamic 

parameters, their temperature dependences are given by the usual 
formulas 

A1S7
0 = A1S7^

0 + §\ASCP°/T) AT (13) 

and 

A5H7
0 = A ^ 0

0 + CASCP° AT (14) 
u To 

where A1Cp0 is the temperature-dependent substantial heat ca
pacity of activation. The parameters AJS7

0 and AnH7
0 are purely 

phenomenological; however, because of their definition in eq 11 
and 12, their temperature dependences can also be obtained from 
a single heat capacity analogue AnCp0 given by expressions 
analogous to eq 13 and 14. In this case the nonsubstantial heat 
capacity cannot be given the physical interpretation of the change 
in heat capacity of the molecular complex as it proceeds from 
reactants to the transition state, but it will be useful for providing 
a compact representation of the temperature dependence of both 
AnS7-0 and AnH7

0. 
Estimates of the nonsubstantial activation parameters can be 

combined with estimates of the quasi-thermodynamic activation 
parameters to yield more accurate rate constants. In order to 
estimate the nonsubstantial contributions in the general case, it 
is useful to have some experience with their magnitude. In the 
present article we consider five reactions for which variational 
transition-state theory calculations8"15 with transmission coeffi
cients to account for quantal effects on the reaction coordinate 

(8) Garrett, B. C; Truhlar, D. G. Proc. Natl. Acad. Sci. U.S.A. 1979, 76, 
4755. 
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(10) Garrett, B. C; Truhlar, D. G.; Grev, R. S.; Magnuson, A. W. J. Phys. 

Chem. 1980, 84, 1730; 1983, 87, 4454(E). 
(11) Truhlar, D. G.; Runge, K.; Garrett, B. C. In Twentieth Symposium 

{International) on Combustion; Combustion Institute: Pittsburgh, PA, 1984; 
p 585. 

(12) Garrett, B. C; Truhlar, D. G. Int. J. Quantum Chem. 1987, 21, 17. 
(13) Garrett, B. C.; Truhlar, D. G.; Bowman, J. M.; Wagner, A. F.; Robie, 

D.; Arepalli, S.; Presser, N.; Gordon, R. J. J. Am. Chem. Soc. 1986,108, 3515. 
(14) Isaacson, A. D.; Truhlar, D. G. J. Chem. Phys. 1982, 76, 1380. 
(15) Isaacson, A. D.; Sund, M. T.; Rai, S. N.; Truhlar, D. G. /. Chem. 

Phys. 1985, 82, 1338. 
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Table I. Activation Parameters for the Reaction H + H2 -* H2 + 
H" 

T, K A,HT° Avar//7° A111nTZ7-
0 A,S7° AvarS7° A111nS7

0 

200 
300 
400 
600 
1000 
1500 

8.3 
7.8 
7.5 
6.9 
6.3 
6.0 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-4.0 
-2.6 
-1.9 
-1.2 
-0.7 
-0.5 

-17.8 
-19.6 
-20.7 
-21.8 
-22.6 
-22.9 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

-10.2 
-4.4 
-2.3 
-0.9 
-0.3 
-0.1 

"Enthalpies in units of kcal mol '; entropies in units of cal mol""1 K"1. 

motion provide rate constants in good agreement with experi
ment,13'16-27 and we analyze the theoretical rate constants to obtain 
values for AnS7

0, AnH7
0, A1S7

0, and A5H7
0. The reactions 

considered are 

H + H 2 — H 2 + H ( R l ) 

D + H 2 — HD + H (R2) 

H + D2 — HD + D (R3) 

0 ( 3 P ) + H 2 -* OH + H (R4) 

OH + H 2 — H 2O + H (R5) 

In these cases the largest contributions to the nonsubstantial 
activation parameters are due to tunneling. 

2. Theory 

We consider two factorizations of the total variational transition-state 
theory rate constant. The first allows a quantitative assessment of the 
improvement over conventional transition-state theory obtained by in
cluding the effects of variationally locating the transition state and the 
effects of quantum mechanical tunneling. This factorization is based 
upon the improved canonical variational theory10 (ICVT) rate constant 
klcvJ(T) with a semiclassical transmission coefficient10-14-28"31 K10n(T) that 
accounts for quantal effects (tunneling and nonclassical reflection) on 
reaction coordinate motion 

k(T) = K,m(T)k™(T) (15) 

k(T) = K^CDK^WiT) (16) 

where Kvar(7") is defined by 

*var(D = k^(T)/k*(T) (17) 

Both Kvar(7") and K111n(T) are parametrized as in eq 10 leading to the 
following expressions for the entropy and enthalpy of activation 

AaS7° = A111nS7
0 + AvarS7° + A,S7° (18) 

\HT° = A111nTf7
0 + A v a r /V + A . / V (19) 

(16) Schulz, W. R.; LeRoy, D. J. J. Chem. Phys. 1965, 42, 3869. 
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(18) Baulch, D. L.; Drysdale, D. D.; Home, D. G.; Lloyd, A. C. Evaluated 

Kinetic Data for High-Temperature Reactions; Butterworths: London, 1972; 
Vol. 1. 

(19) Mitchell, D. N.; LeRoy, D. J. J. Chem. Phys. 1973, 58, 3449. 
(20) Schott, G. L.; Getzinger, R. W.; Seitz, W. A. Int. J. Chem. Kinet. 

1974,(5, 921. 
(21) Dubinsky, R. N.; McKenney, J. D. Can. J. Chem. 1975, S3, 3531. 
(22) Campbell, I. M.; Handy, B. J. J. Chem. Soc, Faraday Trans. 1 1978, 

74, 316. 
(23) Light, G. C; Matsumoto, J. H. Int. J. Chem. Kinet. 1980, 12, 451. 
(24) Pamidimukkala, K. M.; Skinner, G. B. J. Chem. Phys. 1982, 76, 311. 
(25) Ravishankara, A. R.; Nicovich, J. M.; Thompson, R. L.; Tully, F. P. 

J. Phys. Chem. 1981, 85, 2498. 
(26) Cohen, N.; Westberg, K. J. Phys. Chem. Re/. Data 1983, 12, 531. 
(27) Presser, N.; Gordon, R. J. J. Chem. Phys. 1985, 82, 1291. 
(28) Skodje, R. T.; Truhlar, D. G.; Garrett, B. C. J. Phys. Chem. 1981, 

85, 3019. 
(29) Truhlar, D. G.; Isaacson, A. D.; Skodje, R. T.; Garrett, B. C. J. Phys. 

Chem. 1982, 86, 2252; 1983, 87, 4454(E). 
(30) Skodje, R. T.; Truhlar, D. G.; Garrett, B. C. J. Chem. Phys. 1982, 

77, 5955. 
(31) Garrett, B. C; Truhlar, D. G. J. Chem. Phys. 1983, 79, 4931. 
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Table II. 
H" 

Activation Parameters for the Reaction D + H 2 - * D H + 

T, K A1W7-" A^W7-0 A111nW7-
0 A1S7-0 AnrST° A111nS7.

0 

200 
300 
400 
600 
1000 
1500 

7.8 
7.3 
7.0 
6.5 
6.0 
5.7 

0.1 
0.1 
0.1 
0.1 
0.0 

-0.1 

-3 .5 
-2 .2 
-1 .6 
-1 .0 
-0 .6 
-0 .4 

-18.3 
-20.1 
-21.2 
-22.2 
-22.8 
-23.1 

0.0 
0.0 
0.0 
0.0 

-0.1 
-0.2 

-9 .1 
-3 .9 
-2 .1 
-0 .8 
-0 .2 
-0.1 

Table IV. Activation Parameters for the Reaction 0 ( 3 P ) + H2 -*• 
O H + H" 

T, K AtHT° AvarW7" A111nW7-
0 AtS7-" A731S7-0 A l unS~7 

200 
300 
400 
600 
1000 
1500 

9.5 
9.2 
8.9 
8.6 
8.2 
7.9 

0.2 
0.2 
0.2 
0.1 
0.0 

-0 .3 

-5.7 
-4.2 
-2.5 
-1.1 
-0.6 
-0.3 

-19.6 
-20.9 
-21.7 
-22.4 
-22.9 
-23.1 

0.0 
0.0 
0.0 

-0.1 
-0 .3 
-0 .5 

-14.8 
-8 .9 
-3 .9 
-1 .1 
-0 .3 
-0.1 

' Enthalpies in units of kcal mol"1; entropies in units of cal mol ' K"1 "Enthalpies in units of kcal mol"1; entropies in units of cal mol"1 K" 

Table III. Activation Parameters for the Reaction H + D 2 - * H D + 
JT 

7-,K A1W7-" An,HT° A111nW7-
0 A1S7-0 A v a rS r° A111nS7.

0 

Table V. 
+ H" 

Activation Parameters for the Reaction O H + H 2 - * H 2 O 

200 
300 
400 
600 

1000 
1500 

9.0 0.1 
8.6 0.1 
8.3 0.1 
7.9 0.1 
7.5 0.0 
7.0 -0.1 

-3 .2 
-1 .7 
-1 .0 
-0 .6 
-0 .3 
-0 .2 

-18 .9 
-20.5 
-21.4 
-22.2 
-22 .8 
-23 .2 

"Enthalpies in units of kcal mol"1; entropies in 

where A,S V° and A1W7-" are given by 

0.0 
0.0 
0.0 
0.0 

-0.1 
-0 .1 

-9 .7 
-3 .2 
-1 .4 
-0 .5 
-0 .2 
-0 .1 

units of cal mol"1 K"1. 

eq 6 and 7 and represent sub-
stantial contributions and Ai11nS7-

0, A111nZZ7-
0, Av31S7-0, and Ava rW r° rep

resent nonsubstantial contributions. 
The second factorization attempts to maximize the substantial con

tributions to the enthalpy and entropy while minimizing the nonsub
stantial contributions by basing the substantial part on a single temper
ature-independent transition state located at the maximum of the adia-
batic ground-state potential curve10 (the variational transition state at 0 
K) instead of the conventional transition state at the saddle point. W e 
write 

k™(T) = « t h e r m ( m G T S v , ^ G ) (20) 

where s = s$° denotes the location of the adiabatic ground-state maxi
mum and KthermCD accounts for finite-temperature deviations due to the 
temperature dependence of the improved canonical variational transition 
state. Analysis of k°rsT(T, s£G) by eq 9 yields A5S7-0 and A1TZ7-

0, and 
analysis of eq 15 and 20 yields 

AnS7-0 - A111nS7-
0 + AinJ1^S7-0 

AnH7" = A111nW7-
0 + A 1 n^W 7 - 0 

(21) 

(22) 

In all cases we used ab initio potential energy surfaces, namely the 
surface of Liu, Siegbahn, one of the authors, and Horowitz32"34 for re
actions R 1 - R 3 , a surface called M2 1 2 based on the modified35 polariza
tion configuration interaction calculations of Walch et al.36"38 for reaction 
R4, and the Walch-Dunning-Schatz-Elgersma surface39,40 for reaction 
R5 . 

For reactions R 1 - R 4 , *llln(7~) is approximated by the least action 
ground-state (LAG) method.31 In these cases all geometries along the 
minimum energy paths are collinear, stretching anharmonicity is included 
by the W K B approximation41 for the ground state and the Morse I 
approximation42 for excited states, and bending anharmonicity is included 
by a quadrat ic-quart ic approximation.43 '44 For reaction R5 , KM(T) is 

(32) Liu, B. J. Chem. Phys. 1973, SS, 1925. 
(33) Siegbahn, P.; Liu, B. J. Chem. Phys. 1978, 68, 2457. 
(34) Truhlar, D. G.; Horowitz, C. J. J. Chem. Phys. 1978, 68, 2466; 1979, 

71, 1514(E). 
(35) Lee, K. T.; Bowman, J. M.; Wagner, A. F.; Schatz, G. C. J. Chem. 

Phys. 1982, 76, 3583. 
(36) Walch, S. P.; Dunning, T. H., Jr.; Bobrowicz, F. W.; Raffenetti, R. 

J. Chem. Phys. 1980, 72, 406. 
(37) Walch, S. P.; Dunning, T. H., Jr.; Bobrowicz, F. W.; Raffenetti, R. 

J. Chem. Phys. 1980, 72, 2894. 
(38) Bowman, J. M.; Wagner, A. F.; Walch, S. P.; Dunning, T. H., Jr. J. 

Chem. Phys. 1984 ,5 / , 1739. 
(39) Walch, S. P.; Dunning, T. H., Jr. J. Chem. Phys. 1980, 72, 1303. 
(40) Schatz, G. C ; Elgersma, H. H. Chem. Phys. Lett. 1980, 73, 21. 
(41) Garrett, B. C ; Truhlar, D. G. J. Chem. Phys. 1984, 81, 309. 
(42) Garrett, B. C.; Truhlar, D. G. J. Phys. Chem. 1979, 83, 1709; 1983, 

87, 4553(E). 
(43) Truhlar, D. G. J. Mol. Spectrosc. 1971, 38, 415. 
(44) Garrett, B. C ; Truhlar, D. G. J. Phys. Chem. 1979, 83, 1915. 

T, K A1W7-
0 A^1W7-0 A111nW7-

0 A1S7-" A v a rS r° A111nS7-
0 

200 
300 
400 
600 
1000 
1500 

4.9 
4.4 
4.0 
3.6 
3.4 
3.6 

0.4 
0.4 
0.5 
0.4 
0.3 
0.1 

-4 .4 
-3 .2 
-2 .5 
-1 .7 
-1 .0 
-0 .7 

-21.6 
-23.5 
-24.5 
-25.4 
-25.6 
-25.5 

0.1 
0.2 
0.3 
0.2 
0.0 

-0.1 

-10.1 
-5 .2 
-3 .0 
-1 .4 
-0 .5 
-0 .2 

" Enthalpies in units of kcal mol '; entropies in units of cal mol"1 K '. 

Table VI. Activation Parameters for Five Reactions0 

A5W7-
0 

AnW7-
0 

Atherm^r 

A1S7-0 

AnS7-0 

Acherm^y0 

T, K 

200 
300 
400 

1500 
200 
300 
400 

1500 
200 
300 
400 

1500 
200 
300 
400 

1500 
200 
300 
400 

1500 
200 
300 
400 

1500 

H-I-H2 

8.3 
7.8 
7.5 
6.0 

-4.0 
-2.6 
-1.9 
-0.5 

0.0 
0.0 
0.0 
0.0 

-17.8 
-19.6 
-20.7 
-22.9 
-10.2 

-4.4 
-2.3 
-0.1 

0.0 
0.0 
0.0 
0.0 

D + H2 

7.8 
7.4 
7.0 
5.6 

-3.5 
-2.2 
-1.6 
-0.5 

0.0 
0.0 
0.0 
0.0 

-18.3 
-20.1 
-21.1 
-23.2 

-9.1 
-3.9 
-2.0 
-0.1 

0.0 
0.0 
0.0 
0.0 

reactions 

H + D2 

9.1 
8.7 
8.4 
7.0 

-3.2 
-1.7 
-1.0 
-0.2 

0.0 
0.0 
0.0 
0.1 

-18.9 
-20.5 
-21.4 
-23.3 

-9.7 
-3.2 
-1.4 
-0.1 

0.0 
0.0 
0.0 
0.0 

0 + H2 

9.7 
9.4 
9.1 
7.8 

-5.7 
-4.2 
-2.5 
-0.5 

0.0 
0.0 
0.0 

-0.1 
-19.6 
-20.9 
-21.7 
-23.6 
-14.8 

-8.9 
-3.9 
-0.2 

0.0 
0.0 
0.0 

-0.1 

OH + H2 

5.3 
4.8 
4.4 
3.8 

-4.4 
-3.2 
-2.5 
-0.7 

0.0 
0.0 
0.0 
0.0 

-21.4 
-23.3 
-24.2 
-25.5 
-10.1 

-5.2 
-3.1 
-0.3 

0.0 
0.0 
0.0 

-0.1 

" Enthalpies in units of kcal mol '; entropies in units of cal mol"1 K"1. 

approximated by the small-curvature semiclassical adiabatic ground-state 
(SCSAG) approximation.14,28"31 For this reaction all geometries along 
the minimum energy path are coplanar, anharmonicity is included by the 
independent-normal-mode approximation6,14 with the Morse III approx
imation14 for in-plane vibrations and a quadratic-quartic approximation6 

for out-of-plane bends. 

3 . Results and Discuss ion 

Tables I-V show results of the factorization of the activation 
parameters into contributions from conventional TST, variational 
effects, and tunneling effects for the five reactions over a range 
of temperatures from 200 to 1500 K. Table VI summarizes the 
results of the factorization into substantial and nonsubstantial 
contributions at four selected temperatures for all five reactions. 
The deviations of the VTST values from GTST values calculated 
at the 0 K transition state are also shown for reference. Table 
VII provides a compact presentation of the substantial and non-
substantial contributions to the activation parameters for the five 
reactions in terms of the heat capacities of activation. 

The nonsubstantial contributions (primarily from tunneling) 
to both the enthalpy and entropy of activation are seen to be quite 
large. For the systems studied here the classical barriers are fairly 
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Table VII. Activation Parameters for Five Reactions0 

reaction 

H + H2 

D + H2 

H + D2 

0 + H2 

OH + H2 

contribution 

substantial 
nonsubstantial 
substantial 
nonsubstantial 
substantial 
nonsubstantial 
substantial 
nonsubstantial 
substantial 
nonsubstantial 

AZZ7-
0 

(T = 300 K) 

7.8 
-2.6 

7.4 
-2.2 

8.7 
-1.7 

9.4 
-4.2 

4.8 
-3.2 

AST° 
(T= 300K) 

-19.6 
-4.4 

-20.1 
-3.9 

-20.5 
-3.2 

-20.9 
-8.9 

-23.3 
-5.2 

200 

-4.9 
20.8 
-4.8 
18.7 
-4.6 
23.2 
-3.5 

9.0 
-5.4 
13.2 

300 

-4.2 
9.4 

-4.0 
8.5 

-3.5 
9.5 

-3.0 
19.2 
-3.9 

9.6 

400 

-3.4 
5.3 

-3.2 
4.7 

-2.7 
3.9 

-2.5 
12.8 
-2.8 

5.8 

AC7-
0 

600 

-2.1 
2.1 

-2.0 
1.9 

-1.7 
1.3 

-1.7 
3.2 

-1.5 
2.6 

1000 

-1.1 
0.6 

-1.1 
0.5 

-1.1 
0.3 

-1.0 
0.6 

-0.3 
1.0 

1500 

-1.0 
0.3 

-1.0 
0.1 

-1.0 
0.1 

-0.6 
0.0 
0.5 
0.6 

"Enthalpies in units of kcal mol , entropies and heat capacities in units of cal mol ' K" 

high (9.8 kcal/mol for H + H2 and isotopic analogues, 12.6 
kcal/mol for O + H2, and 6.1 kcal/mol for OH + H2), which 
favors locating the variational dividing surface close to the saddle 
point. Therefore, the variational contributions to the enthalpy 
and entropy of activation are generally small; they are largest for 
the reaction with the smallest barrier, OH + H2, where they 
contribute up to 0.5 kcal/mol to the enthalpy of activation and 
3 cal mor1 K"1 to the entropy of activation. The high barriers 
also lead to considerable tunneling at low temperatures. This is 
reflected in the large contributions to the enthalpies and entropies 
of activation at temperatures of about 600 K and lower. Tunneling 
effectively lowers the threshold for reaction below the classical 
threshold, and thereby makes a negative contribution to the en
thalpy of activation. Thus, since tunneling decreases with in
creasing temperature, A111nZZ7-

0 also increases (becomes less neg
ative). We see a similar trend for the entropy of activation; A111nS7-

0 

is consistently less than zero but decreases in magnitude for in
creasing temperature. 

Table VI shows that most of the effect of variationally optim
izing the location of the transition-state dividing surface at each 
temperature can be obtained by placing the transition-state di
viding surface at a single temperature-independent location, the 
maximum of the ground-state adiabatic curve (s = s$G). A 
measure of the importance of placing the dividing surface at a 
location different than s*G is provided by A111CT1nS7-

0 and AtttemHT°, 
which are both small; these quantities vary from -0.1 to 0.0 cal 
mor1 K"1 and from -0.1 to 0.1 kcal/mol, respectively, for all five 
reactions from 200 to 1500 K. The effect of the variational 
contributions in Tables I-V are approximately combined with the 
conventional TST contributions to give the substantial contribu
tions in Table VI (e.g., ASHT° ~ AtHT° + AmHT°), and the 
nonsubstantial contributions are dominated by the tunneling 
contributions. 

Another interesting trend seen in Tables I-V is that A4ZZ7-
0 

monotonically decreases with increasing temperature for all re
actions. From eq 6 we see that if In k*(T) varies linearly with 
\jT, then AtHT° will decrease with temperature from the -2RT 
term. At the low temperature the decrease is approximately the 
same as for -2RT, but at higher temperatures the curvature of 
In k*(T) becomes larger and AtHT° decreases less rapidly. Be
cause the variational contributions are small, this trend is also 
reflected in the substantial enthalpy of activation seen in Table 
VI. Also, as noted above, the nonsubstantial contributions have 
the same trends as the tunneling contributions. Because tunneling 
is so important at the lower temperatures, the total enthalpy of 
activation (substantial plus nonsubstantial) increases with in
creasing temperature for all five reactions at the lowest few 
temperatures. For all systems except OH + H2 this trend reverses 
at higher T so that the total enthalpy of activation does not have 
a monotonic dependence on the temperature. 

These trends are also exhibited in the heat capacities shown 
in Table VII. We see that for all five reactions the substantial 
contributions to the heat capacity of activation are negative and 
the nonsubstantial contributions are positive. At low temperature 
(T < 400 K) the magnitude of the nonsubstantial contributions 
to ACP° are larger than those of the substantial contributions, 
leading to a net increase in both A3S7-

0 and A3ZZ7-
0 at higher 

temperatures. For all reactions except the OH + H2 reaction the 
magnitude of the substantial contributions to AC7,

0 becomes larger 
at temperatures above 600 K, and both A3S7-

0 and A3TZ7-
0 decrease 

with further increases in T. 
It is typical to write the rate constant in Arrhenius form 

k(T) = A(T) exp[-E,(T)/kBT] (23) 

and express the Arrhenius parameters in terms of the enthalpy 
and entropy of activation. From the Tolman definition45"47 of the 
activation energy, we obtain 

Zi3(D = A1ZZ7-
0 + AnZZ7-

0 + 2RT 

and using eq 8-10, 23, and 24, we obtain 

In A(T) = In 
(WAV 

hP° 

AjS7-
0 + AnS7-

0 

R 
+ 2 

(24) 

(25) 

For all five reactions studied here, the substantial contributions 
to the activation energy are nearly constant at low temperature, 
changing by less than 0.2 kcal/mol from 200 to 400 K. However, 
because of the importance of tunneling at low temperature, the 
total activation energies are greatly decreased at these lower 
temperature—by as much as 5.7 kcal/mol at 200 K for the O + 
H2 reaction—and the activation energy changes significantly over 
the entire temperature range. For example, the activation energy 
for the O + H2 reaction is 4.8, 6.4, 8.2, 9.9, 11.6, and 13.3 
kcal/mol at 200, 300, 400, 600, 100, and 1500 K, respectively. 
Similarly, the change in the entropy of activation with temperature 
and the explicit temperature dependence in eq 25 lead to a change 
in A(T) for this reaction of 4 orders of magnitude from 200 to 
1500 K. The nonsubstantial contributions to the quasi-thermo-
dynamic properties account for these significant non-Arrhenius 
effects. 

Using estimates of the contributions to the conventional TST 
entropy of activation based on group additivity relationships, 
Benson3 has approximated the Arrhenius A factor for the H + 
D2 reaction; an estimate for A4S300

0 of-18.7 cal mor1 K"1 yielded 
3̂00 = 10~9'8 cm3 molecule"1 s"1. The estimate of AtS300

0 is slightly 
higher than our computed value of-20.6 cal mol"1 K"1 but neglects 
the contribution of-3.2 cal mol"1 from tunneling. Combining the 
substantial and nonsubstantial contributions yields our computed 
value of AT = 10"10-9 cm3 molecule"1 s"1. Our results show that 
tunneling contributions can change the Arrhenius A factor by over 
1 order of magnitude at low temperatures. Benson's estimate of 
the Arrhenius A factor at 300 K is in better agreement with our 
computed value at 1000 K (IO"96 cm3 molecule"1 s"1), where 
tunneling contributions are less than 30%. 

4. Conclusions 
A new partitioning of the phenomenological enthalpy and en

tropy of activation into substantial and nonsubstantial contributions 

(45) Truhlar, D. G. J. Chem. Educ. 1978, 55, 309. 
(46) Blais, N. C; Truhlar, D. G.; Garrett, B. C. J. Phys. Chem. 1981, 85, 

1094. 
(47) Blais, N. C; Truhlar, D. G.; Garrett, B. C. J. Chem. Phys. 1982, 76, 

2768. 



1236 J. Am. Chem. Soc. 1989, 111, 1236-1240 

has been presented. The former are obtained from the properties 
of a single temperature-independent transition state (a 
"substance") by conventional methods. The nonsubstantial con
tributions are obtained from more global properties of the potential 
energy surface (including the dependence of the variational 
transition state on temperature and quantum mechanical tunneling 
effects). An analysis of these contributions has been performed 
for five reactions for which the potential energy surface is known 
to give computed rate constants in excellent agreement with ex
periment. This analysis shows that the nonsubstantial contribu
tions can be very significant; for example, for the OH + H2 

reaction the substantial and nonsubstantial contributions to the 
enthalpy of activation at 300 K are 4.8 and -3.8 kcal/mol, re
spectively, and for the O + H2 reaction the substantial and 
nonsubstantial contributions to the entropy of activation at 300 
K are -20.9 and -8.9 cal mol"1 K"!, respectively, for a standard 
state of 1 atm. 

All the reactions studied here are hydrogen (or deuterium) atom 
transfer reactions with fairly high barriers (6-13 kcal/mol). For 
these reactions the nonsubstantial contributions are predominantly 
from quantum mechanical tunneling and the effect of variationally 
optimizing the location of the transition-state dividing surface is 
small. For reactions with smaller barriers we expect the effect 
of quantum mechanical tunneling to be smaller, but for those 
reactions the effects of variationally locating the dividing surface 
will become more important especially at higher temperatures.48,49 

The stereocontrolled formation of carbon-carbon bonds is of 
great importance in organic synthesis.1 Additions of allylic 
organometallic reagents to carbonyl compounds have been actively 
explored in recent years,2'3 and the use of allylic organoborane 
reagents, in particular, has been shown to be a valuable method 
for the construction of carbon-carbon bonds with excellent control 
of stereochemistry.3"5 

(1) (a) Evans, D. A.; Nelson, J. V.; Taber, T. R. Topics in Stereochem
istry; Wiley-Interscience: New York, 1982; Vol. 13, 1. (b) Heathcock, C. 
H. Science 1981, 214, 395. 

(2) (a) Kira, M.; Kobayashi, M.; Sakurai, H. Tetrahedron Lett. 1987, 
4081. (b) Hoppe, D.; Tarara, G.; Wilckens, M.; Jones, P. G.; Schmidt, D.; 
Stezowski, J. J. Angew. Chem., Int. Ed. Engl. 1987, 26, 1034. (c) Hoffmann, 
R. W.; Lanz, J.; Metternich, R.; Tarara, G.; Hoppe, D. Angew. Chem., Int. 
Ed. Engl. 1987, 26, 1145. (d) Yamamoto, Y. Aldrich. Acta 1987, 20, 45. (e) 
Yamamoto, Y.; Maruyama, K. J. Organometallic Chem. 1985, 284, C45. (f) 
Reetz, M. T. Organotitanium Reagents in Organic Synthesis; Springer-Verlag: 
New York, 1986; pp 162-174. (g) Imwinkelried, R.; Seebach, D. Angew. 
Chem., Int. Ed. Engl. 1985, 24, 765. 

(3) (a) Hoffmann, R. W. Angew. Chem., Int. Ed. Engl. 1982, 21, 555. (b) 
Yamamoto, Y.; Maruyama, K. Heterocycles 1982, 18, 357. (c) Yamamoto, 
Y. Ace. Chem. Res. 1987, 20, 243 and references cited therein. 

It is therefore expected that the nonsubstantial contributions will 
be significant for a wide range of gas-phase chemical reactions. 

The temperature dependence of both the substantial and 
nonsubstantial contributions to both the enthalpy and entropy of 
activation can be expressed in terms of temperature-dependent 
heat capacities of activation. This allows both contributions to 
the enthalpy and entropy of activation to be compactly tabulated 
in terms of their values at a single temperature (e.g., room tem
perature) and the temperature dependence given by the heat 
capacity of activation at several temperatures. This provides the 
basis for establishing a semiempirical data base, which includes 
important variational and tunneling effects in a thermochemical 
kinetic model. 
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Abstract: Chair and twist-boat transition structures for the reactions of formaldehyde with allylborane and allylboronic acid 
have been located with ab initio molecular orbital calculations and the 3-21G basis set. The relative energies of the transition 
structures were evaluated with the 6-3IG* basis set. The twist-boat transition structure is predicted to be 8 kcal/mol less 
stable than the chair. 
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