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As ab initio electronic structure calculations become more accurate, inherent sources of error in
classical transition state theory such as barrier recrossing and tunneling may become major sources
of error in calculating rate constants. This paper introduces a general method for diabatically
constructing the transverse eigensystem of a reaction path Hamiltonian in systems with many
degenerate transverse frequencies. The diabatically constructed reaction path Hamiltonian yields
smoothly varying coupling constants that, in turn, facilitate reactive flux calculations. As an example
we compute the dynamically corrected rate constant for the chair to boat interconversion of
cyclohexane, a system with 48 degrees of freedom and a number of degenerate frequencies. The
transmission coefficients obtained from the reactive flux simulations agree with previous results that
have been calculated using an empirical potential. Furthermore, the calculated rate constants agree
with experimental values. Comparison to variational transition state theory shows that, despite
finding the true bottleneck along the reaction pathway, variational transition state theory only
accounts for half of the rate constant reduction due to recrossing trajectories. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1778161#

I. INTRODUCTION

There are two major challenges in calculating accurate,
ab initio rate constants for polyatomic systems. The first is
determining the potential energy surface~PES! on which the
reaction occurs. A large number of electronic structure theo-
ries are available for calculating the Born-Oppenheimer po-
tential energy as a function of the nuclear coordinates.1–4

The first and second derivatives of the potential energy with
respect to the nuclear coordinates are also available from
many electronic structure theories.2,4 Continuing improve-
ments in electronic structure theory promise increasingly ac-
curate energies and applications to larger systems in the
future.2–6

The second challenge is to use the relevant features of
the PES to calculate a rate constant. The widely successful
solution to this second challenge has been transition state
theory.7–11 In the harmonic approximation, transition state
theory ~TST! requires only the energy and frequencies at
three stationary points along the reaction pathway, i.e., in the
reactant and product basins and at the saddle point between
these basins.9 The success of harmonic TST at predicting rate
constants in truly remarkable because it relies on such a

sparse description of the PES. There are, however, many
systems that are not well described by harmonic TST. The
failure of TST can result because of classical recrossing
which decreases the rate or because of quantum tunneling
which increases the rate.12,13

Recrossing and tunneling corrections are often neglected
in calculating rate constants because these factors are usually
small compared to the error caused by an inaccurate estimate
of the PES, which is magnified exponentially in the rate con-
stant calculation. However, with recent fundamental im-
provements in electronic structure theory, activation barriers
for many reactions can now be calculated to within a few
kcal/mol of those measured experimentally.4 The new accu-
racy in state-of-the-art electronic structure calculations trans-
lates to TST rate constants that are often within a factor of 10
of the limiting accuracy of harmonic TST. With such accu-
rate energies, neglect of barrier recrossing and tunneling can
be the dominant sources of error in rate constant calcula-
tions.

The effects of tunneling and recrossing can be quantified
using anab initio reaction path Hamiltonian~RPH!.14 While
such calculations have been performed, the illustrations of
this approach have been limited to systems with very few
atoms15,16or to a few chosen degrees of freedom from larger
systems.17 This paper employs an improved method for com-
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puting RPH coupling constants to enable efficient dynamic
simulations of reactive systems with many degrees of free-
dom. The coupling constants that result from the new method
are smooth functions of the reaction coordinate even in large
systems with many degenerate transverse vibrational fre-
quencies. This paper uses the new method for constructing
an ab initio RPH to perform reactive flux simulations.

The dynamic rate constants are compared to TST rate
constants and to variational TST~VTST! rate constants. In
the literature it has been noted that VTST minimizes the
effects of dynamics by identifying the true bottleneck along
the reaction coordinate.18,19 However, VTST is a transition
state theory, and thus it may not fully account for recrossing.
The chair-boat interconversion of cyclohexane provides an
interesting example because previous studies20–22 using an
empirical potential energy surface23 have shown evidence of
ballistic trajectories that recross the dividing surface by tra-
versing the product basin and then bouncing back. These
studies resulted in transmission coefficients significantly
smaller than unity. Cyclohexane has 48 internal degrees of
freedom and a number of degenerate vibrational frequencies,
and thus provides a challenging test of our procedure for
constructing a reaction path Hamiltonian. Additionally, there
are a number of experimental measurements of cyclohexane
isomerization kinetics.24–26

II. DIABATIC CONSTRUCTION
OF A REACTION PATH HAMILTONIAN

For a reactive molecular system, the configurations and
potential energy profile along the minimum energy reaction
pathway~MEP!, along with the vibrational frequencies and
eigenvectors in directions perpendicular to the MEP, can be
used to construct an atomistic Hamiltonian description of the
reaction pathway region on the potential energy surface.
Miller, Handy, and Adams developed a RPH that includes
coupling amongst the reaction coordinate, transverse or
‘‘bath’’ vibrational modes, and rotational degrees of
freedom.14 This paper treats angular momentum and internal
degrees of freedom as separable contributions to the energy.
Thus we use the zero angular momentum version of the
RPH.14

The potential energy in the RPH is a harmonic valley
surrounding the steepest descent reaction patha(s), a curve
in the 3N-dimensional space of mass weighted Cartesian co-
ordinates that is commonly referred to as the MEP. The MEP
is typically parametrized by its arclength with the convention
that the saddle point isa~0!. There areF53N26 internal
degrees of freedom,F-1 of which describe position in the
hyperplane perpendicular to the steepest descent path. The
Fth degree of freedom, the arclength along the steepest de-
scent path, is the reaction coordinates. A coordinate system
for directions normal to the path is established by diagonal-
izing the Hessian matrix ata(s) after projecting out the path
tangent vectora8(s).14,27 Let K (s) be the projected Hessian
at a pointa(s). Diagonalization ofK (s) provides an ortho-
normal eigenvector basis for theF-1 directions transverse to
the path. The eigenvectors ofK (s) are the columns ofL (s)
interpreted as tranverse vibrational modes. The associated

eigenvalues are the squared transverse angular frequencies
V2(s):14,27

V2~s!5L ~s!TK ~s!L ~s!. ~1!

The curvature of the steepest descent pathway in the
F-dimensional subspace results in curvature coupling coeffi-
cients,

b~s!5L ~s!Ta9~s!, ~2!

where a prime denotes a derivative with respect to the ar-
clength parameters.14,27 The curvature coupling causes the
transfer of energy between the reaction coordinate and the
transverse ‘‘bath’’ modes. The transverse eigenvectors in
L (s) twist about the steepest descent path leading to Coriolis
coupling coefficients that describe the transfer of energy
amongst the bath modes,14,27

B~s!5L ~s!TL 8~s!. ~3!

Let q measure the displacement from the path along
each transverse eigenvector inL , and let the conjugate mo-
menta to (q,s) be (p,ps). Then the RPH for a system with
zero total angular momentum is14

H5
@ps1qTB~s!p#2

2@11qTb~s!#2
1

1

2
p21V0~s!1

1

2
qTV2~s!q, ~4!

where V0(s)5V@a(s)# is the potential energy along the
MEP.

In practical applications, the RPH is computed from a
collection of discrete points along the patha(s).27 The di-
agonalization ofK (s) at a pointsi on the MEP yields an
unordered transverse eigensystem that must be matched to
the transverse eigensystem at the neighboring points on the
MEP, i.e., to the eigensystems ofK (si 11) and K (si 21). A
‘‘diabatic’’ construction where the transverse eigenvectors
are matched to neighboring sets of transverse eigenvectors so
as to maximize overlap is preferable to an ‘‘adiabatic’’ con-
struction where the eigensystem at each point on the path is
ordered according to ascending transverse frequency.27 The
diabatic construction avoids unphysical spikes inB(s) where
transverse frequencies cross. The result is smoothly varying

FIG. 1. The top figures depict two transverse eigenvectors along the MEP
~black!. The lower figures depict the corresponding transverse frequencies as
functions of the reaction coordinate. Black and gray are used to show the
correspondence between eigenvectors and frequencies along the reaction
pathway. The two ordering systems differ where there is a frequency cross-
ing.
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coupling coefficients,B(s) andb(s), that facilitate dynamics
calculations. Figure 1 illustrates a reaction pathway with
crossing transverse frequencies and the difference between a
diabatic and adiabatic matching of eigenmodes.

In practice, the matching is more complicated than the
situation depicted in Fig. 1. The eigenvectors are determined
numerically at best to within a minus sign. In the case of
degenerate frequencies, rotations among all degenerate pairs
of eigenvectors must also be considered. These consider-
ations suggest the following general scheme for constructing
the functionL (s) from a collection of adiabatically ordered
eigenvector matricies$S(sk)% wherek goes from one to the
number of points on the discretized patha(s). Our strategy
is to start with an adiabatically ordered eigensystem at the
transition stateL (0). Wethen move along the reaction path-
way ~in both directions! diabatically matching the next unor-
dered eigensystemS to the previously diabatically orderedL .
Each degenerate pair of eigenvectors inS requires optimiza-
tion with respect to a mixing angle during the matching of
eigenvectors inSandL . Degenerate pairs of eigenvectors are
those corresponding to eigenvalues that differ by less than
the accuracy of the electronic structure frequencies. Figure 2
depicts the matching process for a single pair of degenerate
eigenvectors inS to the eigenvectors inL .

A general procedure for matching eigenvectors ofS to
those ofL uses the matrix

A~u1 ,...,unum•pairs! i j 5US )
k51

deg•pairs

Rk~uk!SD
i

•L jU . ~5!

HereRk(uk) is a rotation matrix that rotates thekth degen-
erate pair of eigenvectors by an angleuk . For a given set of
angles the Hungarian algorithm28,29can be used onA to find
the matching with the maximum total absolute overlap. This
allows a number of schemes for maximizing thep/2-periodic
sum of matched overlap elements in the theta variables. The

result is a one-to-one correspondence between eigenvectors
of S and those ofL with optimized mixing angles in all
degenerate subspaces. The signs of the optimized eigenvec-
tors are undetermined because the matrixA was defined us-
ing the absolute values of the overlaps. The undetermined
signs are easily rectified by choosing the sign that makes the
overlap positive.

After diabatically ordering the transverse eigenmodes,
the coupling elements can be computed using difference ap-
proximations at the discrete reaction coordinate values,$sk%
wherek goes from one to the number of points on the dis-
cretized path. Now alls-dependent functions that appear in
the RPH are known at discrete values of the reaction coordi-
nate. The discrete values are used to spline continuous ver-
sions of thes-dependent RPH functions:B(s), b(s), V2(s),
andV0(s).

III. VARIATIONAL TRANSITION STATE THEORY

In conventional TST, the reactant and product basins are
separated by a hyperplane dividing surface that includes the
saddle point and is perpendicular to the unstable eigenvector
at the saddle point. VTST improves upon TST by optimizing
the dividing surface location so that it minimizes the TST
rate constant.30,31 This optimization is equivalent to placing
the dividing surface at the position along the reaction coor-
dinates that maximizes the free energy barrier. IfkTST(s,T)
is the flux through a hyperplane perpendicular to the reaction
pathway ats, then the VTST rate constant is

kVTST~T!5min
s

kTST~s,T!, ~6!

wherekTST(s,T) is defined as

kTST~s,T!5sG~T!
kBT

h
expF2

G~s!2GR

kBT G , ~7!

whereG(s) is the Gibbs free energy for states on a dividing
surface at a points along the reaction pathway andGR is the
Gibbs free energy for the entire reactant basin3,9

GR5Vmin2
kBT

2
lnFpS 2kBT

\2 D 3

det@ I min#G
1 (

k51

F F\vk,min

2
1kBT lnS 12expF2

\vk,min

kBT G D G .
~8!

Here Vmin , I min , and vk,min are the potential energy mini-
mum, the inertia tensor at the minimum, and thekth fre-
quency at the minimum. The factors ofs andG(T) represent
the symmetry factor and a tunneling correction. Tunneling
corrections are discussed in part II of this paper, but for the
cyclohexane reaction the small imaginary frequency allows
use of the parabolic barrier tunneling correction.32,33 From
the reaction path Hamiltonian, the free energy from the di-
viding surface partition function ats is3,34

FIG. 2. A diabatically ordered set of eigenvectorsL1 andL2 and a degen-
erate pair of eigenvectorsS1 andS2 at the next discretized point on the MEP,
the axis passing through both planes.S1 andS2 are rotated by the angleu in
the plane to give the vectorL18 and the dotted vector. By considering
changes in sign~shown by reversal of the dotted vector to obtainL28) the
rotation angles required for an optimal matching are between2p/4 andp/4.
These rotations and sign changes minimize spurious Coriolis twisting
among degenerate transverse modes.
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G~s!5V0~s!2
kBT

2
lnFpS 2kBT

\2 D 3

det@ I~s!#G
1 (

k51

F21 F\vk~s!

2
1kBT lnS 12expF2

\vk~s!

kBT G D G .
~9!

The term depending on the inertia tensor I(s) accounts for
classical, rigid rotation. Here we have assumed that the dif-
ference between the Gibbs free energyG(s) and the Helm-
holtz free energy is negligible, i.e., that the molar volume is
constant along the reaction pathway. Note that this assump-
tion is not suitable for bimolecular reactions.

The optimal dividing surface location, i.e., the bottle-
neck, may differ from the saddle point location if the path-
way width changes rapidly near the transition state. The re-
duced rate constant at the shifted dividing surface
approximately accounts for those trajectories that have
enough energy to cross the barrier, but are deflected by nar-
rowing valley walls before reaching the VTST dividing sur-
face.

IV. REACTIVE FLUX SIMULATIONS

The reactive flux correlation function35,36 has been used
to quantify dynamical effects on rate constants in classical
molecular dynamics simulations.17,20–22 These studies are
usually restricted to systems for which empirical models are
available and valid for the whole reaction pathway. However,
a recent study simulated barrier recrossing dynamics by in-
tegrating the motion of selected degrees of freedom from an
ab initio RPH.17 Here an improved construction of the RPH
makes it possible to include all degrees of freedom in a re-
active flux simulation.

The reactive flux correlation function is defined as35

kDYN~ t !^12h~s!&5^ṡ~0!d@s~0!#h@s~ t !#&, ~10!

whered(s) is Dirac’s delta function, andh(s) is a step func-
tion that indicates a product species by returning 1 ifs.0
and 0 otherwise. The functionkDYN(t) decays to zero on the
reaction time scale. However, on timescales much shorter
than the reaction timescale, the rate constant decays from the
transition state theory rate,

kTST̂ 12h~s!&5^ṡ~0!d@s~0!#h@s~01!#&, ~11!

to an apparent plateau.35,37 The plateau value is the true,
dynamically corrected rate constant.

Molecular dynamics algorithms for computing the reac-
tive flux correlation function20,21,36,38are easily adapted for
use with the reaction path Hamiltonian. An ensemble of tra-
jectories that cross the dividing surface are obtained by sam-
pling initial positions and momenta from the Boltzmann dis-
tribution on the dividing surface (s50). Each initial
condition is then propagated forward and backward in time
using Hamilton’s equations from the RPH. In practice the
reactive flux correlation function is normalized by its short
time limit, so that the plateau value determines the ratio of
flux that is reactive to the total flux crossing the dividing
surface at timet50.

A. Example: Chair to boat interconversion
of cyclohexane

The saddle point on the PES was located using a Cerjan-
Miller transition state search39 started from the chair configu-
ration at the HF/6-31G level. The energies and geometries of
the stationary states along the MEP are shown in the Appen-
dix. The steepest descent path was computed using the local
quadratic approximation27 at the HF/6-31G level with a step-
size of 0.25a0 amu1/2, wherea0 denotes a bohr radius. All
electronic structure calculations were done using
Q-Chem2.02.40 The coupling coefficients were computed
with the eigenvector matching algorithm of this paper. At the
ends of the pathway, the RPH was smoothly joined to a
harmonic half well matching the transverse frequencies at the
minima and the second derivative along the path tangent at
each of the minima. To obtain an accurate activation energy,
the stationary points were reoptimized at the B3LYP/6-31G
level. The forward and backward barrier heights were scaled
to match the B3LYP/6-31G values by rescaling the function
V0(s).41,42

A VTST calculation for the chair-boat interconversion of
cyclohexane was performed using theab initio RPH. Figure
3 showsV0(s) andG(s) for several temperatures. All ener-
gies have been shifted so that the zero of energy is the chair
minimum. The stationary point configurations of cyclohex-
ane in the chair, transition state, and twist minimum are
shown below the reaction coordinate axis. The inset shows
the ratio kTST(s,T)/kTST(0,T)5exp†2@G(s)2G(0)#/kBT‡
at each of the nonzero temperatures. The minimum value of
this ratio is the variational correction to the standard transi-
tion state theory rate constant.

As temperature increases, the optimal dividing surface
shifts along the reaction coordinate towards the chair basin.

FIG. 3. Free energy at three temperatures and the energy along the MEP,
V0(s), as functions of the reaction coordinate. The configurations shown
~hydrogen atoms omitted! are the chair minimum, the half chair saddle
point, and the twisted boat minimum. The dots in the upper left inset plot
show the VTST correction that results from the leftward shift in the optimal
dividing surface at each temperature. The free energy curves vanish for a
portion of the boat basin where the ring-twisting transverse frequency is
imaginary. The imaginary transverse frequency indicates that in the ring-
twisting direction the PES looks like a ridge rather than a valley along the
MEP.
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This suggests that the pathway widens with increasing reac-
tion coordinate near the saddle point. The transverse frequen-
cies shown in Fig. 4 reveal that this widening of the pathway
is directed along the ring twisting mode.

The ring twisting frequency decreases rapidly near the
saddle point indicating that the pathway widens in the direc-
tion of the transverse ring twisting mode. On the twist-boat
side of the reaction pathway, the frequency of the twisting
mode actually becomes imaginary. Where the transverse
twisting frequency is imaginary, the MEP looks like a path
down a ridge rather than a valley. The ridge is not a problem
for determining the variational bottleneck along the reaction
pathway as seen in Fig. 3. However, for the dynamics calcu-
lations, the imaginary transverse frequency does pose a prob-
lem. To prevent trajectories from running off to infinity along
the imaginary twisting mode, its frequency was reset to 10
cm21 at each point where the ring twisting frequency is
imaginary. The dynamics calculations also require the RPH
curvature and Coriolis coupling constantsb andB. These are
shown in Figs. 5~a! and 5~b!. The coupling elements are only
slightly affected by filtering,43 which indicates that they are
smooth functions on the length-scale of the MEP stepsize.

To obtain decorrelated initial conditions for the reactive
flux simulations, a thousand Monte Carlo steps were taken
between each trajectory. The autocorrelation functions for
the sampling of initial conditions are shown in Fig. 6.

An adaptive version of the fourth-order Runge-Kutta al-
gorithm was used to solve the equations of motion. The time
step was adjusted based onq(t)Tb@s(t)# and the difference
between k1 and k2 evaluations in the Runge-Kutta
algorithm.43,44 One-twelfth of the fastest transverse vibration
period was used as a maximum timestep. All trajectories
conserved energy to within 0.01kBT. Figure 7 shows the
reaction coordinate versus time for three trajectories that
were all initially crossing the barrier in the chair to boat
direction. The trajectories are color coded according to the
difference between the number of forward and reverse

barrier crossings for 1600 fs of forward and backward
history.

The reactive flux correlation functions are shown in Fig.
8. The drop ink(t) at 200 fs corresponds indicates a large

FIG. 4. The ring twisting frequency decreases rapidly near the saddle point.
The free energy curves in Fig. 3 vanish because the ring twisting frequency
becomes imaginary for an interval on the boat side of the saddle point. A
band of C-H stretching frequencies above 3000 cm21 has been omitted from
the plot. The inset plot contains three frequency crossings to show that the
diabatic construction of the RPH successfully tracks eigenvectorsalong the
reaction pathway.

FIG. 5. ~a! shows the absolute value of curvature coupling elements and the
norm of the curvature vector along the MEP. Figure 5~b! shows the norm of
individual rows of the Coriolis coupling matrix. The coupling elements are
forced to zero at the ends of the MEP so that the RPH smoothly joins to a
harmonic end cap. The dotted curves show the effect~on the norms! of
smoothing the individual curvature and Coriolis coupling elements using the
formula xk85(xk2112xk1xk11)/4 wherek indicates the discretized point
along the MEP. The smoothing procedure has little effect on the coupling
elements indicating that they are relatively smooth functions on the length-
scale of the MEP stepsize. The units ofs are bohr amu1/2 and the units of the
coupling elements are in inverse units ofs.

FIG. 6. Autocorrelation functions from Monte Carlo sampling of each di-
viding surface degree of freedom. 0.953106 Monte Carlo steps were used to
generate 950 trajectories~10 per degree of freedom! for each temperature.
Heredxn5xn2^x& wherex is a degree of freedom andn is the number of
Monte Carlo steps.
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number of trajectories recross on this timescale. The trans-
mission coefficient slightly decreases with increasing tem-
perature from 0.47 at 173 K to 0.37 at 273 K.

Table I compares the VTST rate constants to the dynami-
cally correct rate constants. The VTST rate is approximately
twice as large as the true dynamically corrected rate constant
for this system. The dynamic corrections in Table I are very
similar to those obtained from reactive flux simulations by
Kuharski et al.20 using the Pickett-Strauss potential energy
surface for cyclohexane. Although the transmission coeffi-
cients from these studies are similar, the barrier height used
by Kuharski et al. was scaled to match experimental esti-
mates. In this work the potential energy surface and dynamic

rate constants were obtained without adjustable parameters
~except for those in the B3LYP density functional!. Figure 9
shows Arrhenius plots of the TST, VTST, and dynamic rate
constants with experimental measurements of the chair to
boat isomerization rate. The experimental data are taken
from 1H-NMR studies of cyclohexane interconversion.25,26

Results are shown for cyclohexane and also for cyclohexane-
D11 where the experiments of Anet and Bourn26 cover a large
temperature range.

The agreement of the dynamically corrected rate con-
stant with experiment is excellent for cyclohexane. However,
below 200 K where data are available only for theD11 iso-
tope, the experimental results begin to agree most closely

FIG. 7. Plot of reaction coordinate as a function of time for three trajectories
initially ( t50) crossing the dividing surface from chair to boat. The reac-
tion coordinate values corresponding to boat and chair minima are indicated
by labeled horizontal lines,s55.7a0 amu1/2 and tos527.8a0 amu1/2, re-
spectively. The black trajectory commits to the boat basin in forward time
and originates from the chair basin in backward time. The gray trajectory is
a non-reactive temporary crossing event. The trajectory shown by the dotted
line is actually a reaction from boat to chair.

FIG. 8. The reactive flux autocorrelation function for isomerization in~a!
cyclohexane and~b! cyclohexane-D11 . The autocorrelation functions drop
at 200 fs because many trajectories reemerge from the boat basin after
200 fs. For cyclohexane-D11 half of the trajectories were propagated to
61600 fs to ensure that the plateau had been reached.

FIG. 9. Arrhenius plot showing the transition state theory~TST!, variational
transition state theory~VTST!, and dynamic~DYN! rate constants. In~a! the
computed rates are compared with experimental measurements of Anet
et al. and Allerhandet al. for chair to boat isomerization of cyclohexane,
and in ~b! the computed rates are compared to the measurements of Anet
et al. for chair to boat isomerization of cyclohexane-D11 .

TABLE I. Transmission coefficients from VTST and dynamic corrections,
kVTST /kTST andkDYN /kTST , respectively. The ratiokDYN /kVTST is '0.5 for
all conditions. The dynamic corrections were taken as the value of the re-
active flux autocorrelation function at 1000 fs.

173 K 223 K 273 K

kVTST /kTST

C6H12 0.81 0.78 0.74
C6HD11 0.81 0.78 0.76

kDYN /kTST

C6H12 0.47 0.41 0.37
C6HD11 0.42 0.42 0.35

kDYN /kVTST

C6H12 0.58 0.53 0.50
C6HD11 0.52 0.54 0.46
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with the TST rates. The low-temperature discrepancy may be
the result of an inadequate treatment of tunneling. Neverthe-
less, the dynamic rate constant is within a factor of 3 from
the experimental rate over five orders of magnitude in the
rate constant. This agreement suggests that the importance of
barrier recrossing can be quantified using a reactive-flux
simulation with anab initio reaction path Hamiltonian even
for large, weakly coupled systems that exhibit correlated re-
crossings on the picosecond timescale.

V. CONCLUSIONS

This study presentes a general diabatic matching scheme
for constructing the transverse eigensystem of a reaction path
Hamiltonian. The matching procedure extends the applicabil-
ity of reaction path Hamiltonian studies to large systems with
many degenerate transverse frequencies. The RPH coupling
constants that result from the matching procedure exhibit
smooth reaction coordinate dependence that facilitates reac-
tive flux simulations. When used withab initio methods for
obtaining potential energy surfaces, reactive flux simulations
based on the reaction path Hamiltonian can be applied to a
variety of chemical systems.

The cyclohexane example demonstrates that the reactive
flux formalism can be applied to anab initio reaction path
Hamiltonian for a system with 54 degrees of freedom and
several degenerate transverse vibrational frequencies. This
study, based entirely onab initio calculations, found similar

transmission coefficients as obtained in reactive flux simula-
tions using empirical models for cyclohexane. The reactive
flux simulations also agree with previous simulation results
that the trajectories tend to recross in a quasiperiodic fashion
indicative of a weakly coupled unimolecular system. These
quasiperiodic type barrier recrossings are a purely dynamic
property of the system, and cannot be described by transition
state theory or variational transition state theory. Addition-
ally, the rates obtained are in agreement with experiment.
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APPENDIX: STATIONARY POINT GEOMETRIES
ALONG MEP FOR CYCLOHEXANE
INTERCONVERSION

The geometry along the MEP affects the coupling coef-
ficients which in turn affect the reactive flux trajectories. The
MEP was computed at the HF/6-31G level and the potential
energy profile,V0(s), was rescaled using energies from re-

TABLE II. Energies and geometries of the chair minimum, the saddle point, and the twist-boat minimum at the
HF/6-31G and B3LYP/6-31G levels.

Chair Saddle Twist-boat

HF B3LYP HF B3LYP HF B3LYP

Energy~kcal/mol!
0 0 11.92 11.20 6.46 6.11

Zero point corrected energy~kcal/mol!
C6H12 0 0 11.82 11.06 6.44 6.10
C6HD11 0 0 11.74 11.00 5.87 6.07

Bond lengths~Å!
1 2 1.535 1.543 1.553 1.558 1.545 1.553
2 3 1.535 1.543 1.559 1.568 1.533 1.540
3 4 1.535 1.543 1.553 1.565 1.545 1.554
4 5 1.535 1.543 1.531 1.541 1.545 1.552
5 6 1.535 1.543 1.528 1.536 1.533 1.540
6 1 1.535 1.543 1.531 1.537 1.545 1.554

Bond angles~deg!
1 2 3 111.4 111.4 118.2 117.6 111.1 111.0
2 3 4 111.4 111.4 118.2 118.6 111.1 111.0
3 4 5 111.4 111.4 114.6 115.3 112.2 112.0
4 5 6 111.4 111.4 109.7 110.6 111.1 111.0
5 6 1 111.4 111.4 109.7 109 111.1 111.0
6 1 2 111.4 111.4 114.6 113.8 112.2 112.0

Dihedral angles~deg!
1 2 3 4 54.9 54.9 13.4 13.3 63.7 64.1
2 3 4 5 54.9 54.9 7.3 0.6 30.7 30.2
3 4 5 6 54.9 54.9 48.0 40.9 30.7 31.5
4 5 6 1 54.9 54.9 69.5 68.6 63.7 64.2
5 6 1 2 54.9 54.9 48.0 54.2 30.7 30.3
6 1 2 3 54.9 54.9 7.3 13.9 30.7 31.4
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optimized stationary points at the B3LYP/6-31G level. Table
II shows the energies and geometries of the chair minimum,
transition state, and twist-boat minimum at each of the two
levels. The energies are relative to the energy of the chair
minimum. The B3LYP/6-31G transition state is shown in
Fig. 10 with the numbering system used in Table II. Hydro-
gens have been omitted for clarity.
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FIG. 10. The saddle point optimized at the B3LYP/6-31G level with carbon
atoms labeled according to the numbering system used in Table II.
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