
JOURNAL OF CHEMICAL PHYSICS VOLUME 117, NUMBER 4 22 JULY 2002
Validation of variational transition state theory with multidimensional
tunneling contributions against accurate quantum mechanical dynamics
for H¿CH4\H2¿CH3 in an extended temperature interval

Jingzhi Pu and Donald G. Truhlar
Department of Chemistry and Supercomputer Institute, University of Minnesota, Minneapolis,
Minnesota 55455-0431

~Received 15 March 2002; accepted 22 April 2002!

Variational transition state theory with multidimensional tunneling contributions~VTST/MT! is
tested against quantum mechanical rate constants for the reaction H1CH4→H21CH3 at
temperatures up to 1000 K. The VTST/MT method can be and has been applied to many reactions
that cannot be treated by rigorous quantum dynamics methods. Studying the accuracy of VTST/MT
by comparison with accurate quantal results that are becoming available for systems of increasing
size is important for validating the theory. In the present study, covering a factor of five in
temperature, the VTST/MT method is found to have a mean deviation from accurate quantal rate
constants for a six-body reaction of only 13% and maximum deviation of only 23%. ©2002
American Institute of Physics.@DOI: 10.1063/1.1485063#
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Model chemistries for electronic structure calculatio
are consistent levels of theory that can be applied to a var
of systems.1,2 An advantage of model chemistries is that th
can be tested and validated on systems for which accu
results are available so that their level of reliability can
assessed; such validation and reliability estimates are
useful when computational methods are applied to pract
applications.

For dynamics computations, there are two sources
error—the potential energy surface or surfaces and the
namical method itself. In order to disentangle these sou
of error, it is desirable to compare approximate dynam
calculations to accurate quantum mechanical dynamics
given realistic potential energy surfaces.3 This enables one to
estimate how much error is due to the dynamical meth
itself, and in principle this information can be combined w
a separate estimate of the reliability of the potential ene
surface to gauge the overall credibility of a dynamical p
diction.

Variational transition state theory with multidimension
tunneling contributions4–9 ~VTST/MT! has been extensivel
validated against accurate quantum mechanical dynam
especially for atom-diatom reactions.10 Recently, well con-
verged quantum dynamical calculations for a realistic pot
tial energy surface became available for the title react
over the 200–500 K interval,11 and these were used12 to test
VTST/MT. In an even more recent paper13 the results at
400–500 K were revised, and the temperature interval
extended up to 1000 K. This extension is very importa
because now the upper temperature limit includes the lo
range of temperatures of interest for combustion14 and be-
cause the rate constant at higher temperatures includes m
greater contributions from excited vibrational states. T
provides an opportunity to extend the previous critical tes
VTST/MT for a polyatomic reaction, and this extension
presented in the present note.
1470021-9606/2002/117(4)/1479/3/$19.00
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The potential energy surface used for the previous11–13

and present studies is the Jordan–Gilbert surface,15 which is
a modified version of an older surface by Josephet al.16

The quantum dynamics calculations13,33 are well con-
verged for total angular momentum zero, and contributio
of higher total angular momenta are added by the separ
rotation approximation.

The versions of VTST used here are canonical va
tional theory~CVT3,4,17! and improved canonical variationa
theory ~ICVT4,18!. Tunneling contributions are included b
the microcanonically optimized multidimensional tunnelin
~mOMT! algorithm8,9 which involves the ground-state tran
mission coefficient approximation,4 semiclassical method
for calculating tunneling probabilities in terms of multid
mensional imaginary-action integrals,5–9 and choosing at
each total energy between the small-curvature tunnel7

~SCT! approximation, and the large-curvature tunneling6,8,9

~LCT! approximation. The version of the LCT approxim
tion used here is the most recent one,9 called version 4; this
represents a modification of the version-3 algorithm8 that
was used for many years in order to take better accoun
anharmonicity along low-energy tunneling paths. All gen
alized normal mode analyses required for the calculat
were carried out in redundant curvilinear coordinates w
the harmonic approximation.19,20

Although anharmonicity is known to be important,21–23

one can rely on a certain amount of cancellation betw
anharmonic corrections for the reactant and for the gene
ized transition states,10,23 and testing the validity of this and
other assumptions of the standard VTST/MT approach is
goal of the present work. VTST/MT also involves the sep
rable rotation approximation,24 but that is not really tested
here because it is also used in the quantum dynamics ca
lations; however, tests of the separable rotation approxi
tion on simpler systems indicate that it is very accurate wh
9 © 2002 American Institute of Physics
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TABLE I. Generalized transition state theory and benchmark rate constants (cm3 molecule21 s21).

T (K) TST CVT CVT/mOMT ICVT/mOMT Accuratea

400 2.50(216) 1.78(216) 3.58(216) 3.60(216) 4.20(216)
500 3.38(215) 2.65(215) 4.11(215) 4.15(215) 4.67(215)
600 2.02(214) 1.68(214) 2.26(214) 2.30(214) 2.50(214)
700 7.53(214) 6.53(214) 8.03(214) 8.22(214) 8.70(214)
800 2.09(213) 1.86(213) 2.16(213) 2.22(213) 2.31(213)
900 4.74(213) 4.31(213) 4.80(213) 4.95(213) 5.09(213)

1000 9.32(213) 8.60(213) 9.31(213) 9.62(213) 9.74(213)

aReference 13.
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applied using accurate dynamical data from a high eno
value ofJ.25–27

The comparison of the new calculations to the quant
dynamical11,13 rate constants is given in Table I. For conv
nience the ratios of approximate rate constants of both R
12 and here to the quantum dynamical ones are given
Table II for selected temperatures. In addition to ICV
mOMT ~our most accurate model! and CVT/mOMT ~a
slightly simpler model that is easier to apply to condens
phase systems!, we also present the results of conventiona24

transition state theory without tunneling~denoted TST! and
CVT without tunneling. Conventional TST and CVT withou
tunneling lead to significant errors at lowT. Both CVT/
mOMT and ICVT/mOMT are accurate within 22% over th
full factor of 5 in temperature. This is quite gratifying, esp
cially when one considers that the quantum rate cons
increases by more than eight orders of magnitude over
temperature range. The approximate methods employed
are available as standard options in thePOLYRATE computer
program,28 which is available on the Internet.29 The com-
puter time for the calculations in Table I is 63 seconds on
processor of an IBM SP computer.

The fact that the error in CVT/mOMT is only 21% at 200
K is very encouraging in that temperatures of 200–300 K
very important for atmospheric modeling. The fact that t
error in CVT/mOMT is only 21% at 300 K is very encour
aging since ensemble-averaged CVT/mOMT has recently
been developed as a general method for enzyme kinetic
physiological temperature.34 The fact that the approximat
theories remain accurate at the highest temperature stu
1000 K, is very encouraging for combustion applicatio
The ability of the flux correlation function method30–33 em-
ployed by Huarte–Larran˜aga to provide benchmark calcula
b 2004 to 160.94.96.139. Redistribution subject to AIP
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tions for testing dynamical theories is very encouraging
the future progress of computational science in addres
the fundamental problems of chemical kinetics.
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