
Cyclohexane Isomerization. Unimolecular Dynamics of the Twist-Boat Intermediate†

Khatuna Kakhiani, Upakarasamy Lourderaj, Wenfang Hu, David Birney, and
William L. Hase*
Department of Chemistry and Biochemistry, Texas Tech UniVersity, Lubbock, Texas 79409-1061

ReceiVed: December 18, 2008; ReVised Manuscript ReceiVed: January 26, 2009

Direct dynamics simulations were performed at the HF/6-31G level of theory to investigate the intramolecular
and unimolecuar dynamics of the twist-boat (TB) intermediate on the cyclohexane potential energy surface
(PES). Additional calculations were performed at the MP2/aug-cc-pVDZ level of theory to further characterize
the PES’s stationary points. The trajectories were initiated at the C1 and C2 half-chair transition states (TSs)
connecting a chair conformer with a TB intermediate, via an intrinsic reaction coordinate (IRC). Energy was
added in accord with a microcanonical ensemble at the average energy for experiments at 263 K. Important
nontransition state theory (TST), non-IRC, and non-RRKM dynamics were observed in the simulations.
Trajectories initially directed toward the chair conformer had a high probability of recrossing the TS, with
approximately 30% forming a TB intermediate instead of accessing the potential energy well for the conformer.
The TB intermediate initially formed was not necessarily the one connected to the TS via the IRC. Of the
trajectories initiated at the C2 half-chair TS and initially directed toward the chair conformer, 35% formed a
TB intermediate instead of the chair conformer. Also, of the trajectories forming a TB intermediate, only
16% formed the TB intermediate connected with the C2 TS via the IRC. Up to eight consecutive TB f TB
isomerizations were followed, and non-RRKM behavior was observed in their dynamics. A TB can isomerize
to two different TBs, one by a clockwise rotation of C-C-C-C dihedral angles and the other by a
counterclockwise rotation. In contrast to RRKM theory, which predicts equivalent probabilities for these
rotations, the trajectory dynamics show they are not equivalent and depend on whether the C1 or C2 half-
chair TS is initially excited. Non-RRKM dynamics is also observed in the isomerization of the TB intermediates
to the chair conformers. RRKM theory assumes equivalent probabilities for isomerizing to the two chair
conformers. In contrast, for the first and following TB intermediate formed, there is a preference to isomerize
to the chair conformer connected to the TS at which the trajectories were initiated. For the first TB intermediate
formed, approximately 30% of the isomerization is to a chair conformer, but this fraction decreases for the
later formed TB intermediates and becomes ∼10% for the eighth consecutive TB intermediate formed.

1. Introduction

Cyclohexane is an archetype molecule for understanding the
energetics and isomerization kinetics of conformers.1 A sub-
stantial amount of theoretical and computational effort has been
devoted to the conformational analysis of cyclohexane and to
establish the fundamental features of its potential energy surface
(PES).2-7 There are two potential energy minima for the lowest
energy structure, which is the chair conformation of D3d

symmetry. The higher potential energy minima, for which there
are six, have a twist-boat structure of D2 symmetry. Two twist-
boat structures are connected via a boat structure transition state
(TS) of C2V symmetry. Interconversions between one of the chair
structures and each of six twist-boat structures can occur through
either of two TSs, one of C2 symmetry and the other of C1

symmetry. The geometry of the latter TS has been identified as
half-chair.2,3 The above features of the cyclohexane PES are
illustrated in Figure 1.8 The highest level ab initio electronic
structure theory calculations reported for cyclohexane4 give a
0 K energy difference [zero-point energy (ZPE) included] of
6.7 kcal/mol between the twist-boat and chair potential energy
minima, and 0 K barriers of 12.2 kcal/mol for the C1 and C2

half-chair TSs connecting the chair and twist-boat minima and
of 1.4 kcal/mol for the TS between twist-boat potential energy
minima.

The isomerization kinetics between the chair and twist-boat
conformers of cyclohexane have been measured in both solution
and in the gas-phase.9-14 For cyclohexane interconversion in
solution, ∆Hq was found to be 10.8 kcal/mol in CS2 at 173 K10

and 10.0 ( 0.3 kcal/mol for methyl cyclohexane interconversion
in CS2 at 225 K.11 This barrier is noticeably less than the ∆Eq

(0 K) ab initio barrier of 12.2 kcal/mol connecting the two chair
potential minima.4 In the gas phase at 263 K,12,13 the chair-chair
interconversion barrier ∆Hq is 12.1 ( 0.5 kcal/mol, similar to
the above ab initio value. In an argon matrix at ∼70 K, the
twist-boat to chair ∆Gq barrier is 5.27 ( 0.05 kcal/mol,14 and
similar to the ∆Eq (0 K) ab initio barrier of 5.5 kcal/mol.4

Theoretical and computational studies have addressed the
dynamics of cyclohexane isomerization.15-23 RISM calculations
of the cyclohexane PES in liquid CS2 indicate that the
isomerization free energy barrier increases with increasing
density of the solvent,15 contrary to the experimental finding11

that the isomerization rate increases with increasing density.
From molecular dynamics simulations of cyclohexane isomer-
ization in liquid CS2, using model analytic potentials,16 it has
been concluded that intramolecular vibrational energy redistri-
bution (IVR)24 in cyclohexane is inefficient and the isomerization† Part of the “George C. Schatz Festschrift” Special Issue.
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kinetics not in accord with RRKM theory. Analyses of the
trajectories17 indicate a significant fraction of the intramolecular
motion is quasiperiodic25 for excited cyclohexane. A model,18

which assumes a “bottleneck” different than that given by the
transition state26-28 controls the isomerization kinetics, has been
used to interpret the proposed non-RRKM kinetics. The isomer-
ization rate constant in the gas phase has been determined from
a reactive flux simulation19 based on the reaction path Hamil-
tonian model and the HF/6-31G PES. Quasiperiodic recrossing
of the TS was observed, giving a rate constant different than
that of TST but similar to those of condensed phase molecular
dynamics simulations16 and experiments.10,29 Molecular dynam-
ics simulations, utilizing analytic potential energy functions,
have investigated transitions between the different conformers
of cyclohexane.20-23

Given the archetypical role of cyclohexane in chemistry in
general,8 and organic chemistry in particular,1,3 it is important
to obtain an atomic-level understanding of the possible non-
RRKM and non-TST dynamics in its isomerization kinetics.
This requires an understanding of both the intramolecular
dynamics of the cyclohexane conformers and the unimolecular
dynamics for their transitions. Relevant issues include identify-
ing the vibrational modes which may lead to a bottleneck, or
bottlenecks, for IVR within a chair conformer, the nature of
the weak vibrational coupling leading to possible recrossing of
the TSs which connect a chair conformer with a twist-boat
conformer, and the nature of the intramolecular and unimolecular
dynamics of the six twist-boat conformers.

In the work presented here, direct dynamics trajectories30-32

at the HF/6-31G level of theory are used to study the dynamics
of the twist-boat intermediates. The trajectories are initialized
at C1 and C2 half-chair TSs connecting chair and twist-boat
conformers, with random initial conditions33 as assumed by TST
and RRKM theory. An emphasis is placed on studying the
dynamics of trajectories which immediately form the twist-boat
intermediate. Of interest are the twist-boat f twist-boat and

twist-boat f chair unimolecular dynamics found from the
trajectories and their comparisons with the predictions of RRKM
theory. Also presented is a comparison of ab initio energies for
stationary points on the cyclohexane PES and a comparison of
the gas-phase chairf chair rate constants determined from TST,
using the ab initio PES, and measured experimentally.12,13 In
future work, an emphasis will be placed on studying the
intramolecular and unimolecular dynamics of the chair conform-
ers. With respect to the current study, there is considerable
interest in studying the post-transition state dynamics for a
chemical reaction after it passes a rate-controlling TS.34,35

2. Electronic Structure Calculations

In previous work,4,6,7,19 stationary points for the cyclohexane
PES have been studied using the HF, MP2, and DFT methods
and different basis sets. In the work presented here MP2/aug-
cc-pVDZ theory, implemented in the NWChem computer
program,36,37 is used to supplement these calculations. Geom-
etries for the stationary points, optimized at the HF/6-31G, MP2/
6-31G, B3LYP/6-31G, and MP2-aug-cc-pVDZ levels of theory,
are summarized in Table 1. Values are given for the ranges of
C-H and C-C bond lengths, and the six torsion angles τ1-τ6;
i.e., C1C2C3C4, C2C3C4C5, C3C4C5C6, C4C5C6C1, C5C6C1C2,
C6C1C2C3. The torsion angles are defined in the conventional
way, in that positive and negative signs correspond to clockwise
and counterclockwise rotation about the middle C-C bond,
respectively. The four levels of theory give similar geometries.
In particular, there are no significant differences between the
lowest and highest level, i.e., HF/6-31G and MP2/aug-cc-pVDZ,
geometries. There are two chair conformers and six twist-boat
(TB) conformers, and a total of 12 TSs of C2 symmetry and 12
TSs of C1 symmetry connecting the chair and TB conformers.
These TSs are identified as half-chair. Two TB conformers are
connected via a boat TS of C2v symmetry. Conformers for each
of the five different types of stationary points are illustrated in
Figure 2.

Figure 1. Schematic of the PES for cyclohexane ring inversion. The half-twist TS corresponds to the half-chair TS for the work reported here.
(Adapted and used with permission from the Journal of Chemical Education 1997, 74, 813.)
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Harmonic frequencies were calculated for the stationary points
at the HF/6-31G level of theory and used to calculate zero-
point energy corrections, temperature corrections to the enthal-
pies, and RRKM and TST rate constants. These frequencies
are listed in Table 2. Frequencies were also calculated with MP2/
aug-cc-pVDZ and used to calculate the TST rate constant for
this level of theory.

Energies for the stationary points, calculated with different
theoretical methods and basis sets, are listed in Table 3. The
HF and MP2 energies are quite similar, but those obtained with
DFT are lower, particularly the BLYP values. Significant for
the HF/6-31G direct dynamics reported here, are the only small
differences between the HF/6-31G and much higher level MP2/
aug-cc-pVDZ energies. The MP2/aug-cc-pVDZ value for the
chairf TB 0 K activation energy with ZPE included, i.e., ∆Eq(0
K), is 12.42 kcal/mol and in overall good agreement with the
gas-phase experimental ∆Hq ) 12.1 ( 0.5 kcal/mol at 263

K,12,13 which if corrected for temperature using the HF/6-31G
frequencies gives a 0 K activation energy with the same value,
i.e., ∆Eq (0 K) ) 12.1 ( 0.5 kcal/mol. Neglecting the DFT
values, the ab initio values for ∆Eq (0 K) are in the range of
11.83-12.42 kcal/mol. At ∼70 K in an argon matrix, the twist-
boat (TB)f chair ∆Gq barrier is 5.27 ( 0.05 kcal/mol.14 After
correction for temperature and entropy effects, the resulting ∆Eq

(0 K) barrier is 5.43 ( 0.05 kcal/mol. If the DFT values are
not included, the ab initio values are in the range of 5.38-6.25
kcal/mol for this barrier, with the HF/6-31G value the lowest
and the MP2/aug-cc-pVDZ value the highest. The difference
between the gas-phase MP2 value of 6.25 kcal/mol and the
experimental condensed-phase value of 5.43 kcal/mol is sig-
nificant and indicates there may be a condensed-phase effect
on the TB f chair barrier and/or the reaction may have
important nonstatistical effects. The latter are discussed below
along with the direct dynamics results.

TABLE 1: Electronic Structure Stationary Point Geometriesa

HF 6-31G MP2 6-31G MP2 aug-cc-pVDZ B3LYP 6-31G

Chair
C-H 1.086-1.088 1.102-1.104 1.102-1.105 1.098-1.101
C-C 1.535 1.550 1.535 1.543
τ1 -54.89 -55.22 -56.28 -54.75
τ2 54.89 55.22 56.28 54.75
τ3 -54.89 -55.22 -56.28 -54.75
τ4 54.89 55.22 56.28 54.75
τ5 -54.89 -55.22 -56.28 -54.75
τ6 54.89 55.22 56.28 54.75

C2 Chair T TB Half-Chair TS
C-H 1.084-1.088 1.100-1.104 1.100-1.105 1.097-1.101
C-C 1.528-1.559 1.543-1.576 1.530-1.563 1.539-1.568
τ1 -13.45 -13.03 -13.38 -13.93
τ2 -7.29 -7.97 -7.98 -6.88
τ3 47.97 49.09 49.78 47.67
τ4 -69.47 -70.99 -72.07 -69.25
τ5 47.97 49.09 49.78 47.67
τ6 -7.29 -7.97 -7.97 -6.88

C1 Chair T TB Half-Chair TS
C-H 1.084-1.088 1.100-1.104 1.100-1.105 1.097-1.101
C-C 1.528-1.559 1.543-1.576 1.530-1.563 1.536-1.568
τ1 -13.29 -13.11 -13.37 -13.93
τ2 -8.05 -8.312 -9.01 -7.17
τ3 48.64 49.475 50.81 48.03
τ4 -69.44 -70.97 -72.04 -69.40
τ5 47.33 48.626 48.72 47.52
τ6 -6.75 -7.475 -6.95 -6.66

TB
C-H 1.085-1.087 1.101-1.103 1.101-1.104 1.097-1.099
C-C 1.532-1.545 1.548-1.56 1.534-1.547 1.541-1.553
τ1 -63.70 -65.09 -66.76 -63.61
τ2 30.67 31.28 32.03 30.63
τ3 30.67 31.28 32.03 30.63
τ4 -63.70 -65.09 -66.76 -63.61
τ5 30.67 31.28 32.03 30.63
τ6 30.67 31.28 32.03 30.63

TB T TB Boat TS
C-H 1.085-1.086 1.101-1.102 1.101-1.102 1.098-1.099
C-C 1.535-1.553 1.551-1.571 1.536-1.559 1.544-1.563
τ1 -52.43 -53.20 -54.47 -52.74
τ2 52.42 53.20 54.47 52.74
τ3 0.00 0.00 0.00 0.00
τ4 -52.43 -53.20 -54.47 -52.74
τ5 52.42 53.20 54.47 52.74
τ6 0.00 0.00 0.00 0.00

a The range of C-H and C-C bond lengths are given in angstroms, and the torsion angles τ1-τ6 are given in degrees. The torsion angles are
given for one of the conformers for each type of stationary point.
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3. RRKM and Transition State Theory Calculations

A. RRKM Rate Constants. It is of interest to compare the
results of the direct dynamics simulations with the predictions
of RRKM unimolecular rate theory.38 As discussed below, the
direct dynamics simulations are initiated, with a microcanonical
ensemble of energy, at both a C1 and C2 half-chair transition
state, connecting chair and twist-boat (TB) conformers. The
quantum mechanical vibration and reaction coordinate energy
for this ensemble is 1.6 kcal/mol, which is the average thermal
internal energy of the TS for the 263 K temperature representa-
tive of the experiments.12,13 For the HF/6-31G PES used in the
direct dynamics simulations, the resulting vibrational energy of
the TB intermediate, with respect to its ZPE level, is 7.8 kcal/
mol. The classical vibrational energy of the TB intermediate,
with respect to its classical potential energy minimum and with
ZPE included, is 122.5 kcal/mol. The TS’s rotational energy is
0.8 kcal/mol, which corresponds to RT/2 added to each of its
rotation axes, with T ) 263 K. The average value, of the
rotational quantum number J, is 48 for this 263 K rotational
excitation.

Harmonic quantum and classical RRKM unimolecular life-
times,38 in picoseconds, are listed in Table 4 for the TBf TB,
TB f chair, and chair f TB isomerization pathways on the

HF/6-31G PES. The RRKM calculations are performed for the
above TB energies with J equal to both 0 and 48. Both quantum
and classical RRKM calculations are also included for chairf
TB isomerization. The RRKM calculations were performed39

using the equation

which assumes the K rotational quantum number is an active
degree of freedom.40-42 Here, E is the total energy of either the
chair or TB conformer, Eo is the barrier for unimolecular
decomposition, the Er are the symmetric top rotational energies
for the transition state and conformer, Nq is the transition state’s

Figure 2. Representative conformers for four types of stationary points
on the cyclohexane PES. (a and b) The two chair potential minima; (c
and d) two of the six twist-boat (TB) potential minima; (e and f) two
of the twelve C2 half-chair conformers, which are TSs connecting the
chair and twist-boat minima; (g and h) two of the six boat conformers,
which are TSs connecting two of the twist-boat minima.

TABLE 2: Harmonic Frequencies for Stationary Points on
the Cyclohexane PESa

Chair

245 245 401 468 468 577
851 878 878 925 925 1018
1018 1129 1129 1148 1187 1188
1255 1313 1416 1416 1416 1416
1506 1516 1518 1518 1537 1537
1648 1648 1650 1650 1660 1668
3165 3165 3167 3167 3168 3169
3212 3212 3216 3216 3219 3229

C1 Chair f TBb Half-Chair TS
240.8i 45 326 474 496 697
806 818 853 926 931 1036
1037 1101 1142 1165 1207 1264
1294 1325 1421 1425 1431 1441
1489 1515 1521 1524 1545 1548
1653 1653 1659 1664 1672 1688
3167 3169 3171 3174 3189 3199
3208 3209 3221 3221 3229 3249

C2 Chair f TB Half-Chair TS
240.7i 46 326 474 496 697
806 818 853 926 931 1036
1037 1101 1142 1165 1207 1264
1294 1325 1421 1425 1431 1441
1489 1515 1521 1524 1545 1548
1653 1653 1659 1664 1672 1688
3167 3169 3171 3174 3189 3199
3208 3209 3221 3221 3229 3249

Twist-Boat (TB) Intermediate
116 250 291 467 510 618
843 854 857 923 932 1006
1040 1121 1126 1152 1192 1228
1283 1304 1387 1395 1426 1437
1494 1507 1513 1520 1535 1536
1651 1653 1657 1662 1670 1679
3170 3172 3175 3182 3190 3192
3206 3211 3222 3229 3232 3243

TB f TB Boat TS
100.5i 229 316 483 507 620
846 852 854 921 929 992
1057 1115 1125 1155 1197 1233
1299 1300 1383 1403 1431 1440
1502 1506 1515 1517 1534 1542
1648 1652 1656 1666 1672 1681
3171 3173 3175 3185 3193 3197

a HF/6-31G frequencies in cm-1. b TB is the twist-boat inter-
mediate.

k(E, J) ) 1
h

∑
K)-J

J

N#[E - E0 - Er
#(J, K)]

∑
K)-J

J

F[E - Er
#(J, K)]

(1)
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sum of states, and F is the conformer’s density of states. For
the classical RRKM calculations the ZPE is included in the total
energy. Both classical and quantum RRKM rate constants are
included, because it is not evident which is more appropriate
for the current study. The classical value should be used if
the ZPE flows freely in the simulations. On the other hand, if
the vibrational motion retains a degree of adiabaticity with
restricted ZPE flow, the quantum RRKM value may be more
accurate.

Because classical mechanics place no restrictions on the flow
of ZPE, the classical RRKM rate constants exceed their quantum
analogues.43 For the TB f TB isomerization the unimolecular
barrier is small, ∼1 kcal/mol, and the classical lifetimes are
only ∼1.7 times smaller than the quantum values. However,
the TB f chair pathway has a much higher barrier of ∼5.5
kcal/mol and the classical lifetime is orders of magnitude shorter.
The difference between the classical and quantum RRKM
lifetimes is even greater for chair f TB isomerization, which
has a barrier of ∼12 kcal/mol. Of particular interest is the shorter
classical RRKM lifetime for the TB f chair pathway as
compared to the TBf TB pathway, even though the latter has
a much lower potential energy barrier. This is a result of the
lower vibrational frequencies for the TBf chair half-chair TS
as compared to those for the TB f TB boat TS (see Table 2)
and the high total energy of the TB intermediate for the classical
RRKM calculation (see footnote d of Table 4). It should be
noted that the short lifetimes for TB f TB isomerization are
comparable to the periods for the low frequency vibrations of
the TB intermediate; e.g., the period for the 116 cm-1 vibration
is 0.3 ps in comparison to the classical RRKM lifetimes of
0.16-0.25 ps. Finally, the RRKM rate constants were calculated
using the harmonic approximation for the sum and density of
states. Given the flexibility and low-frequency vibrations for
the stationary points on the cyclohexane PES, anharmonic

corrections may be important.38,44-46 An approximate anhar-
monic correction is considered in Section 4.B.3.

B. Transition State Theory Rate Constant for Chair T
Chair Isomerization. The HF/6-31G vibrational frequencies
in Table 2 and the MP2/aug-cc-pVDZ frequencies (not listed)
for the chair conformer and the chair T TB C1 and C2 half-
chair TSs, along with a value for the TS’s potential energy
barrier, were used with transition state theory (TST) to calculate
the chairT chair isomerization rate constant and compare with
experiment. A chair conformer can access one of the TB
intermediates via either one of the six C1 or six C2 half-chair
TSs. The statistical assumption is that 1/2 of these intermediates
return to the reactant chair conformer. The remainder forms the
product chair conformer, giving a chair f chair reaction path
degeneracy of 3 for both the C1 and C2 reaction pathways.

The potential energy barriers for the C1 and C2 chair f TB
half-chair TSs are the same and, with zero-point energy included,
are 11.83 and 12.42 kcal/mol for the HF/6-31G and MP2/aug-
cc-pVDZ methods, respectively. TST rate constants for chair
f chair isomerization, using the HF/6-31G frequencies, a
reaction path degeneracy of 3 for both the C1 and C2 reaction
pathways, and both the HF/6-31G and MP2/aug-cc-pVDZ
potential energy barriers are plotted in Figure 3. The 232-273
temperature range considered is that studied experimentally by
Ross and True.12,13 The HF barriers give TST rate constants
that overestimate the experimental values, while the MP2/aug-
cc-pVDZ barriers give rate constants in excellent agreement with
experiment. Using a barrier of 12.1 kcal/mol for both the C1

and C2 TSs, which is close to the MP2/TZ+P values of Dixon
and Komornicki,4 gives TST rate constants larger than the
experimental values.

4. Chemical Dynamics Simulations

A. Simulation Methodology. 1. Trajectory Integration and
Initial Conditions. The simulations were performed by direct
dynamics,30-32 using the HF/6-31G level of theory. In direct
dynamics, the trajectories are integrated “on the fly”, with the
potential energy, gradient, and also Hessian obtained directly
from an electronic structure theory without the need for an
analytic potential energy function. The chemical dynamics
computer program VENUS,47 interfaced with the NWChem-
4.7 electronic structure theory computer program,34,35 was used
for the simulations. The trajectories were integrated with a
Hessian-based predictor-corrector algorithm.48 A computer
processing time of 8 h, on a single dedicated node consisting
of Intel Xeon 5345 dual-quad cores (2.33 GHz per core) and
12 GB RAM, was required to integrate a single trajectory for
the maximum integration time of 3 ps.

To study the intramolecular and unimolecular dynamics of
the twist-boat (TB) intermediates, the trajectories were initiated
at both the C1 and C2 half-chair TSs which connect the chair-1
conformer with the TB-4 conformer (Figure 4). These TSs are
excited with the average vibrational and reaction coordinate
translational energy, 〈Evib,rc

q〉 , they have at 263 K, according to
TST. This energy is 1.6 kcal/mol and is added randomly so
that there is a microcanonical ensemble of states at each TS.
For a chemical reaction at a fixed temperature, TST assumes
there is a Boltzmann (i.e., canonical) distribution at the TS, with
a microcanonical ensemble for each energy in this distribution.
A quantum mechanical microcanonical ensemble is sampled49,50

so that each vibrational level between the zero-point level and
1.6 kcal/mol has equal probability of being populated. The
difference between the level’s energy and 1.6 kcal/mol is added
to reaction coordinate translation. The 1.6 kcal/mol excitation

TABLE 3: Energies for Stationary Points on the
Cyclohexane PESa

stationary points

method
chairT TBb

half-chair TS
TB

intermediate
TB T TB
boat TS

HF/6-31Gc 11.93 6.46 7.41
HF/DZ+Pd 12.21, 12.25 6.79 7.92
HF/TZ+Pd 12.35, 12.42 6.95 8.10
MP2/DZ+Pd 12.42, 12.49 6.95 8.44
MP2/TZ+Pd 12.30, 12.38 6.82 8.30
MP2/aug-cc-pVDZe 12.52, 12.52 6.18 7.82
B3LYP/6-31Gc 11.28 6.23 7.06
B3P86/6-311+G**f 10.6 6.1 -
BLYP/TZVP(A2)g 9.27 5.98 6.68
expt. gas-phaseh 12.2 ( 0.5 - -
expt. condensed-phasei 10.8

a The energies listed are the classical potential energies (kcal/mol)
and are relative to the chair potential energy minimum. They do not
include zero-point energies (ZPE). Using the harmonic HF/6-31G
vibrational frequencies, the ZPE corrections to the relative energies
are -0.10, -0.02, and -0.09 kcal/mol for the chair T TB TS, TB
intermediate, and TB T TB TS, respectively. TB represents the
twist-boat intermediate. b If two energies are given, the first is for
the C2 (TS) and the second for the C1 (TS); if only one is given, it
is for the C2 (TS). c From ref 19. d From ref 4. e This work. f From
ref 7. The harmonic HF/6-31G vibrational frequencies were used to
calculate the classical barrier from the reported ∆Hq. g From ref 6.
h Determined from the experimental activation enthalpy, ∆Hq )
12.1 ( 0.5 kcal/mol at 263 K,12,13 using the HF/6-31G harmonic
frequencies. i Determined from the experimental activation enthalpy,
∆Hq ) 10.8 kcal/mol at 173 K,10 using the HF/6-31G harmonic
frequencies.
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corresponds to 560 cm-1, and only the four lowest frequency
vibrational modes of the TS (i.e., 45, 326, 474, and 496 cm-1

for the C1 chairf TB half-chair TS in Table 2) may be excited.
The lowest frequency vibrational mode of 45 cm-1 may contain
up to 12 quanta.

The quasiclassical normal mode sampling method51,52 was
used to prepare a quantum mechanical microcanonical ensemble
at the TS. The TS’s vibrational energy levels are those for the
normal modes, whose vibrational frequencies are given in Table
2. Each level is identified by a set of normal mode quantum

numbers n, and a random phase is chosen for each normal mode
to transform its energy to its coordinate and momentum. The
normal mode eigenvector is then used to transform the normal
mode coordinates and momenta to the Cartesian coordinates
and momenta used to calculate the trajectories. A energy of
RT/2, T ) 263 K, is added to each of the principal rotation
axes of the TS by adding the angular velocities, associated with
these rotational energies, to the Cartesian momenta for the
normal modes. The sign for the reaction coordinate momentum
is chosen randomly, so that the trajectories are initially directed
randomly toward either the minimum of the chair conformer
or that of the TB intermediate.

2. Trajectory Analyses. The classical trajectories were ana-
lyzed for short-time recrossing of the barrier for the initially
excited half-chair TS connecting the chair-1 and TB-4 conformer
(Figure 4), and the unimolecular dynamics of the TB conformer
formed by motion from the initially excited half-chair TS and
of other TB intermediates formed by ensuing TB f TB
isomerizations. Each TB intermediate can isomerize to either
of the two chair conformers or to two of the other five TB
intermediates (see Figure 1). Of particular interest is the time
that excited cyclohexane resides in one of the TB or chair
conformers. The average of this time, for the trajectory
ensemble, may be compared with the prediction of RRKM
theory. Beyer and Schuster, in their MD calculations on the
same system,20 used the sequence of the signs of torsional angles
to identify the various conformers of cyclohexane,3 and we
follow their convention in this work. The τ1 (C1C2C3C4) torsional
angle is defined by rotation about the C2-C3 bond. When the
C1C2C3 plane is rotated clockwise toward the C2C3C4, τ1 is
considered positive (0 to +180°). A counterclockwise rotation
renders τ1 negative (-180 to 0°). As illustrated in Table 1 and
Figure 5, the six torsional angles τ1, τ2, τ3, τ4, τ5, and τ6 which
are defined by any four adjacent C atoms in the carbon ring,
have the same absolute value of ∼56° (MP2/aug-cc-pVDZ
calculations) but alternating signs in a chair conformer.

In moving from a chair conformer to a half-chair TS,
connecting a chair and a TB conformer, one of the torsion angles
changes sign. This is illustrated in Figure 4 for the chair-1 T
TB-4 T chair-2 transitions. As shown in Figure 5, for a boat
TS connecting two TB conformers, the six torsion angles are
divided into groups of two, each pair sharing their terminal C
atoms. One pair is 0°, and the other two are +54.5° and -54.5°,
respectively. In the twist-boat conformers, there still exist these
three pairs of torsional angles, only that two of them now
become equal and are either +32.0° or -32.0°, while another
pair takes values of -66.8° or +66.8°. The combination of the
signs of the torsional angles is unique for the conformers.

During a TB to TB transition, two torsion angles at opposite
ring positions, change sign and pass through zero at the

TABLE 4: RRKM Unimolecular Lifetimesa,b

TBf chair TBf TB Chairf TB

energyc quant. class. quant. class. quant. class.

2.40d 7.1 (5.4) 0.16 (0.16) 0.37 (0.38) 0.22 (0.22) 164 (105) 0.24 (0.25)

a Calculations for the HF/6-31G PES and both harmonic quantum and classical RRKM rate constants are reported. b Lifetimes are for J )
48, the average value of J for the chair T TB TS at 263 K. Lifetimes in parentheses are for J ) 0. The reaction path degeneracy for TB f
chair is 4, since the TB can isomerize to either chair-1 or chair-2 and there are two half-chair transition states, i.e., C1 and C2, for each of these
processes. The TB f TB reaction degeneracy is 2, because each TB intermediate can isomerize to two TB intermediates. The chair f TB
reaction path degeneracy is 12, because each chair conformer can isomerize to either one of the six TB intermediates, via either a C1 or C2

half-chair TS. c Energy is in kcal/mol. d This is average total energy, i.e., vibration, reaction coordinate translation, and rotation, at the
half-chair TS connecting the chair and TB conformers for T ) 263 K. For the HF/6-31G PES, the resulting quantum total energies of the TB
and chair conformers are 7.78 and 14.22 kcal/mol, with respective to their zero-point levels. The resulting classical total energies are 122.45
and 128.92 for the TB and chair conformers.

Figure 3. Comparison of TST and experimental12,13 rate constants (9)
for chairf chair isomerization. The TST rate constants were calculated
using both the HF/6-31G and MP2/aug-cc-pVDZ for the chair
conformer and C1 and C2 chair f TB TSs (Table 2), and the potential
energies for these TSs. The TST rate constants are: HF/6-31G (---)
and MP2/aug-cc-pVDZ ( · · · ). The solid line represents the TST rate
constants calculated using the HF/6-31G frequencies and an intermediate
barrier of 12.1 kcal/mol for both the C1 and C2 pathways.4

Figure 4. Qualitative depiction of the potential energy curve connecting
two chair conformers via a twist boat (TB) intermediate. The trajectories
were initiated at the half-chair TS connecting chair-1 and TB-4. Also
depicted are the signs of the C-C-C-C torsion angles (see text).
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connecting TS. The time cyclohexane spends at this boat TS
with two zero torsion angles is infinitesimally small and, thus,
the time for the TB f TB transition is well-defined. A half-
chair TS, mediating a chair T TB transition, does not have a
zero torsion angle, and during a trajectory there is a finite time
of finding cyclohexane in the TS’s conformation with its torsion
angles. However, this time is quite small and from the
simulations is found on average to be 36 fs for direct motion
(without TS recrossing) from the half-chair TS to the TB
intermediate, for the trajectories initiated at the C1 half-chair
TS. For the trajectories initiated at the C2 half-chair TS, this
time is 32 fs. In comparing a trajectory lifetime with the RRKM
lifetime, the TS lifetime should be zero. Thus, these times are
included in the lifetime of the first TB intermediate formed in
the simulations.

The focus of the work reported here is to study the dynamics
of the TB conformers and not of the chair conformers. Thus,
when a trajectory acquired the torsion angle signs for one of
the chair conformers, it was terminated. Because the twist-boat
conformers and their boat TSs have approximately the same
energy (a difference less than ∼1 kcal/mol within the accuracy
of our calculations), rapid interconversions among the twist-
boat conformers, so-called “pseudorotations”, are possible at
room temperature and observed in the simulations discussed
below.

B. Simulation Results. As discussed above and shown in
Figure 4, the trajectories were initiated at both the half-chair
C1 and C2 TSs for chair-1f TB-4 isomerization, with random
conditions in accord with a microcanonical ensemble at the
average energy of isomerizing molecules at 263 K. The sign of
the reaction coordinate momentum was chosen randomly so,
that for a large trajectory ensemble, 50% of the trajectories
would initially move toward either the chair-1 or TB-4
conformer. For the 600 trajectories initiated at the C1 half-chair
TS, 57.0% initially moved toward the TB conformer and the
remaining toward the chair-1 conformer. This percentage is
49.7% for the 999 trajectories initiated at the C2 half-chair TS.
Detailed analyses of these trajectories are described in the
following.

1. Recrossing Dynamics of the C1 and C2 Half-Chair TSs.
The fractions of trajectories forming a TB-4 intermediate, for
the trajectories initiated at the C1 and C2 half-chair transition
states (Figure 4), are listed in Table 5. It takes 38 and 34 fs,
respectively, for the trajectories initiated at the C1 and C2 TSs,
and initially directed toward TB-4, to acquire torsion angles

for a TB intermediate. For these C1 trajectories, directed toward
TB-4, 0.80 formed a TB intermediate and the remaining
recrossed the TS, forming chair-1. For the C2 trajectories,
directed toward TB-4, this fraction is 0.99 and there is negligible
recrossing of the TS to form chair-1. Thus, for trajectories
directed toward TB-4, the recrossing probability is different for
trajectories initiated at the C1 and C2 half-chair TSs.

Though the trajectories are directed toward TB-4, when
initiated at the C1 and C2 half-chair TSs the actual dynamics
does not preclude the possibility that the first TB intermediate
formed is not TB-4.53 It is possible that movement off the
intrinsic reaction coordinate (IRC) reaction path54 connecting
the TS and TB-4, before TB-4 is formed, may result in the
formation of another TB intermediate. This is in fact the type
of dynamics that was observed in previous simulations for
cyclopropyl radical ring opening,53 and the F- + CH3OOH
reaction.55 Of the trajectories initiated at the C1 half-chair TS,
and directed toward TB-4, 273 formed a TB intermediate and
did not recross this TS and form chair-1. Of these 273 TB
intermediates formed, 223 were TB-4, 14 TB-3, 34 TB-5, and
2 TB-6. Thus 223/273 ) 0.82 of these trajectories formed the
TB-4 intermediate toward which they were directed, 36/273 )
0.13 formed a TB intermediate with an index higher than that
of TB-4, and 14/273 ) 0.05 formed a TB intermediate with a
lower index (see Figures 1 and 5 for the relationship between
the TB intermediates and their indices). As discussed below,
the propensity for motion toward a TB intermediate, with a
higher index than that of TB-4, is also seen as for trajectories
initiated at the C1 half-chair TS but initially directed toward
chair-1.

For the trajectories initiated at the C2 half-chair TS and
directed toward TB-4, there are equal probabilities for initially
forming either TB-3 or TB-5 and, thus, the dynamics is different
than that described above for the C1 half-chair TS. Of the 493
C2 half-chair TS trajectories directed toward TB-4, 358 form a
TB intermediate and the fractions forming TB-4, TB-3, and
TB-5 are 358/493 ) 0.73, 72/493 ) 0.14, and 63/493 ) 0.13.

There is substantial TS recrossing for the trajectories initiated
at both the C1 and C2 half-chair TSs and initially directed toward
chair-1. The fraction of these trajectories which formed a TB
intermediate, instead of chair-1, is 0.31 and 0.35, respectively,
for the trajectories initiated at the C1 and C2 half-chair TSs. It
took 58 fs for these C1 TS initiated trajectories to acquire the
torsion angles for a TB intermediate and 49 fs for these C2 TS
initiated trajectories. As for the trajectories initially directed
toward TB-4, the first TB intermediate formed was not neces-
sarily TB-4. Of the 79 trajectories initiated at the C1 half-chair
TS and directed toward chair-1, but which recrossed the TS
before acquiring the torsion angles for chair-1, 1, 12, 44, 19,

Figure 5. Depiction of the signs of the torsion angles for the chair
and twist-boat (TB) conformers and of the transition states connecting
these conformers. Each TB intermediate can isomerize to either the
chair-1 or chair-2 conformer.

TABLE 5: Recrossing Dynamics of the Initially Excited C1

and C2 Half-Chair Transition Statesa

fraction of trajectories forming the TB intermediateb

TS excited directed toward TB directed toward chairc

C1 half-chair 0.80 0.31
C2 half-chair 0.99 0.35

a The trajectories are initiated at the C1 and C2 half-chair TS-1 in
Figure 4 and randomly directed toward either the chair-1 or TB-4
conformer. b The remaining fraction of the trajectories attained the
torsion angle for chair-1. c The trajectories are stopped when they
acquire the torsion angle for chair-1. This is the fraction of
trajectories which did not acquire the chair-1 torsion angles and
instead returned to the half-chair TS-1 and formed a TB conformer
(see text).
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and 3 initially formed TB-2, TB-3, TB-4, TB-5, and TB-6,
respectively. Thus, there is the same propensity, as found above,
for initially forming a TB intermediate with an index higher
than that of TB-4, instead of lower.

Considerably different dynamics were found for the trajec-
tories initiated at the C2 half-chair TS and directed toward chair-
1. Here, 178 trajectories formed a TB intermediate instead of
chair-1, and the numbers of trajectories forming the different
TB intermediates are 2, 70, 28, 73, and 5 for TB-2, TB-3, TB-
4, TB-5, and TB-6, respectively. Thus, the most likely TB
intermediate to be formed is not TB-4, but a neighboring
intermediate TB-3 or TB-5.

The times required for trajectories initially directed toward
TB-4 and chair-1, to first acquire the torsion angles for a TB
intermediate are 38 and 58 fs for the trajectories initiated at the
C1 half-chair TS, and 34 and 49 fs for the trajectories initiated
at the C2 half-chair TS. From these times, and taking into
account the weights of the respective trajectories, one can
estimate the time it takes an average trajectory to first acquire
torsion angles for a TB intermediate as it moves directly (without
TS recrossing) from the half-chair TS toward the TB intermedi-
ates. This time is 36 fs for the trajectories initiated at the C1

half-chair TS and 32 fs for the trajectories initiated at the C2

half-chair TS. These times are included in the lifetimes of the
first TB intermediates formed.

It should be recognized that the above fractions of trajectories
which recross the half-chair TS, after their initial direction
toward chair-1, may be an underestimate of such short-time TS
recrossing. This is because the trajectories are terminated as
soon as the torsion angle signs acquire the values for chair-1. It
is certainly possible that all of these terminated trajectories do
not have a long lifetime in the chair-1 region of the phase space,
as predicted by RRKM theory, and instead an appreciable
fraction may recross the half-chair TS in short times.

2. Unimolecular Branching Ratios for the TB Intermedi-
ates. The TB-i intermediate formed by the trajectories, initiated
at the half-chair TS, can isomerize to chair-1 or chair-2 or to
TB-(i-1) or TB-(i+1). The probabilities of these four unimo-
lecular reactions for TB-4, and such reactions for ensuing TB

intermediates that are formed, are plotted in Figure 6. Results
are given for the consecutive TB intermediates formed in the
simulations.

Each of the consecutive intermediates can undergo an
isomerization to a TB intermediate with a higher or lower
i-index. For the first TB intermediate, these isomerizations are
TB-i f TB-(i+1) and TB-i f TB-(i-1). For the next
isomerizations, there are two pathways to a higher i-index, i.e.
TB-(i-1) f TB-(i) and TB-(i+1) f TB-(i+2), and two
pathways to a lower i-index, i.e. TB-(i-1) f TB-(i-2) and
TB-(i+1) f TB-(i). Of interest is a possible difference in the
probabilities for isomerizing to TB intermediates with higher
and lower i-indices. The graphs on the left side of Figure 6
show that there is a tendency for the TB intermediates, resulting
from the trajectories initiated at the C1 half-chair TS, to
preferentially isomerize to the TB intermediate with the higher
index. If all the TB intermediates are considered, i.e., first to
eighth, it is 1.22 times more likely to isomerize to the higher
index TB intermediate as compared to the one with the lower
index. For the trajectories initiated at the C2 half-chair TS, the
opposite is observed, and it is 1.16 times more likely to form
the TB intermediate with the lower index. RRKM theory
assumes equivalent probabilities for the isomerizations to the
higher and lower indexed TB intermediates.

As shown by the graphs on the right side of Figure 6, a
difference with RRKM theory is also observed for the TB f
chair isomerizations. Each TB intermediate can isomerize to
either chair-1 or chair-2, and RRKM theory predicts equal
probabilities for these isomerizations. However, the simulations
show that for the first TB intermediate formed, the fraction
isomerizing to chair-1 is approximately a factor of 2 higher than
to chair-2. The trajectories were initiated at the transition state
connecting chair-1 and TB-4 and show a nonstatistical prefer-
ence for the initially formed TB intermediate to return to chair-
1. This preference for isomerizing to chair-1 instead of chair-2
remains for the next TB intermediate formed but not for any of
the further consecutive TB intermediates formed. In considering
all the TB intermediates, the overall preference to form chair-1
instead of chair-2 is 1.23:1.00 and 1.39:1.00 for the trajectories

Figure 6. Left side: for each of the consecutive TB intermediates formed, plotted are the fractions of the intermediate’s trajectories isomerizing
to a TB intermediate with a higher index (i+1), 9, and a lower index (i-1), 0. Right side: for each of the consecutive TB intermediates formed,
plotted are the fractions of the intermediate’s trajectories isomerizing to chair-1, b, and chair-2, O.
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initiated at the C1 and C2 half-chair TSs, respectively. This short-
time non-RRKM dynamics is consistent with apparent non-
RRKM behavior,28 arising from the nonrandom excitation of
the initially formed TB intermediate.

The fraction of trajectories which isomerize from a TB
intermediate to form a chair conformer instead of another TB
intermediate is shown in Figure 7, for each of the consecutive
TB intermediates formed during the simulations. This fraction
is largest for the first intermediate, because of its preference to
form chair-1 and then decreases for the remaining intermediates.
The fraction to form a chair conformer, from the initially formed
TB intermediate, is 0.30 and 0.32 for the trajectories initiated
at the C1 and C2 half-chair TSs, respectively. For the latter TB
intermediates, and at longer times, this fraction appears to
approach a value near 0.10 or slightly lower. Also shown in
Figure 7 are the classical and quantal harmonic RRKM
predictions for the fraction of trajectories which isomerize from
a TB intermediate to form a chair conformer. The quantal
fraction is 0.05 and in much better agreement with the long
time simulation value of ∼0.10 than is the classical fraction of
0.58. There are obvious non-RRKM dynamics in this fraction
because it depends on time. In addition, it is not clear why the
quantal fraction is in better agreement with the long time
simulation value for the fraction than is the classical fraction.

3. Comparison of Trajectory and RRKM Lifetimes. The
average lifetimes, obtained from the trajectories, of the first to
eighth consecutively formed TB intermediates are 198 ( 9, 160
( 16, 109 ( 7, 127 ( 17, 124 ( 10, 113 ( 12, 92 ( 6, and
99 ( 8 fs for the trajectories initiated at the C1 half-chair TS,
and 198 ( 8, 123 ( 8, 115 ( 9, 152 ( 11, 150 ( 12, 158 (
17, 125 ( 12, and 110 ( 11 fs for the trajectories initiated at
the C2 half-chair TS. In comparison, the classical and quantal
harmonic RRKM lifetimes are 93 and 352 fs, respectively. The
trajectory lifetimes are intermediate of these values. The quantal
RRKM lifetime is longer, because of zero-point energy con-
straints, which require a fixed ZPE for both the TB potential
energy minimum and TSs for isomerization of the TB conformer
to a another TB conformer or a chair conformer. These
constraints are not present for the classical RRKM calculation,
and the ZPE is assumed to flow freely among the vibrational
degrees of freedom.41 That the trajectory lifetimes are intermedi-
ate between the classical and quantal RRKM values suggests
that ZPE is not constrained as assumed by quantal RRKM theory
but does not flow freely as assumed by classical RRKM theory.

The overall tendency for the trajectory lifetimes to shorten in
moving from the first to eighth TB intermediate suggests that
the intramolecular dynamics is becoming more classical, without
any constraints on ZPE flow, as there is more time for energy
flow between the vibrational modes. It should be noted that this
analysis is based on harmonic RRKM calculations, and the role
of anharmonicity is to decrease the unimolecular rate constants
and increase the lifetimes. If the ZPE is assumed to have
randomized for the last, i.e. eighth, TB intermediate formed,
the trajectory lifetime for this intermediate is the classical
anharmonic RRKM lifetime. Combining the lifetimes for the
eighth TB intermediate, obtained from the trajectories initiated
at the C1 and C2 half-chair TSs, gives a lifetime of 106 ( 7 fs
for the TB intermediate, suggesting an approximate classical
RRKM anharmonic correction factor of (106 ( 7)/93 ) 1.14
( 0.08.

5. Summary

In the work presented here, a direct dynamics simulation at
the HF/6-31G level of theory was used to investigate the
atomistic dynamics of trajectories initiated at the C1 and C2 half-
chair TSs separating a chair conformer from a twist-boat (TB)
conformer on the cyclohexane PES. Initial conditions were
chosen for the trajectories which correspond to a microcanonical
ensemble at the average energy of 263 K experiments. The
following important non-TST, non-IRC, and non-RRKM dy-
namics were observed in the simulations.

1. The trajectories initially directed toward the chair con-
former had a large probability of recrossing the TS at which
they were excited before accessing the chair potential energy
minimum. For the trajectories initiated at the C1 and C2 half-
chair TSs, 31 and 35% of these trajectories recrossed the TS,
respectively, and formed a TB conformer instead of the chair
conformer toward which they were initially directed. TS
recrossings are much less important for the trajectories initially
directed toward the TB intermediate. For trajectories initiated
at the C1 half-chair TS, 20% recrossed this TS to form the chair
conformer, while there was only 1% recrossing for the
trajectories initiated at the C2 half-chair TS.

2. The C1 and C2 half-chair TSs, at which the trajectories
were initiated, are connected to a specific TB intermediate via
an intrinsic reaction coordinate (IRC) reaction path.54 However,
this is not necessarily the first TB intermediate formed. For the
trajectories initiated at the C1 half-chair TS, and directed toward
the IRC TB intermediate, this was the first TB intermediate
formed for 82% of the trajectories. For the remaining trajecto-
ries, there was nearly a factor of 3 higher probability of forming
a TB intermediate with a higher index than that for the IRC
TB, as compared to forming a TB with a lower index (see Figure
5). Similar dynamics were found for the trajectories initiated at
the C1 half-chair TS and directed toward a chair conformer but
which instead formed TB intermediates. For 56% of the
trajectories, the first TB intermediate formed was that for the
IRC. Of the remaining trajectories, it was nearly a factor of 2
more probable to form a TB intermediate with a higher index
than that for the IRC TB, instead of forming a TB with a lower
index.

Considerably different dynamics for forming the TB inter-
mediate were found for the trajectories initiated at the C2 half-
chair TS. Of the trajectories initially directed toward the IRC
TB and which formed a TB intermediate, 73% formed the
IRC TB with nearly equal probabilities for the remainder to
form TB intermediates with an index either higher or lower than
that for the IRC TB. For the trajectories initially directed toward

Figure 7. Fraction of the trajectories isomerizing to a chair conformer
for each of the consecutively formed TB intermediates. Results are
give for the trajectories initiated at both the C1 (triangle right solid)
and C2 (triangle right open) half-chair TSs. The harmonic RRKM
prediction, both classical and quantal, is also given.
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the chair conformer, but which instead formed a TB intermedi-
ate, the most probable TB formed is not that for the IRC. The
probability of forming the IRC TB is only 16%, and there are
nearly equal probabilities for forming a TB intermediate with
an index either higher or lower than that for the IRC TB.

3. The TB intermediates exhibit non-RRKM dynamics.
Apparent non-RRKM behavior is expected, as a result of the
initial nonrandom excitation resulting from the motion from the
half-chair TS to the initially formed TB intermediate.28 Different
initial nonrandom excitations of this TB are expected for the
trajectories initiated at the C1 and C2 half-chair TSs, because
they have different structures and, thus, eigenvectors for their
normal modes including the reaction coordinate.

RRKM theory assumes that each consecutively formed TB
intermediate has equivalent probabilities of isomerizing to a TB
intermediate with either a higher or lower index. As shown in
Figure 6, this is not observed and the non-RRKM behavior
appears to be present for all the consecutively formed TB
intermediates and not just the first one formed by the motion
from the half-chair TS. For all the TB intermediates formed,
first to eighth, it is 1.22 times more probable to isomerize to a
TB intermediate with a higher index for the trajectories initiated
at the C1 half-chair TS and 1.16 more probable to isomerize to
a TB intermediate with a lower index for the trajectories initiated
at the C2 half-chair TS. The longevity of these dynamics suggest
they may arise from intrinsic non-RRKM behavior.28

Non-RRKM dynamics is also observed for isomerization of
the TB intermediates to the chair conformers. RRKM theory
assumes equivalent probabilities for isomerizing to the two chair
conformers. In contrast, for the first and next TB intermediate
formed there is a preference to isomerize to the chair conformer
connected to the half-chair TS at which the trajectories were
initiated. That this dynamics only exists for short times indicates
it is apparent non-RRKM behavior.28 Non-RRKM dynamics is
also seen in the branching between TB isomerization to a chair
conformer versus TB isomerization to another TB conformer.
For the first TB conformer formed, approximately 30% of the
isomerization is to a chair conformer, but this fraction decreases
for the later TB intermediates that are formed and becomes
∼10% for the eighth consecutive TB intermediate formed. The
simulations indicate that this percentage has not reached a
constant value and is still decreasing, and the long time behavior
of these non-RRKM dynamics suggests they are intrinsically
non-RRKM.28

The work presented here suggests several future investiga-
tions. The extensive recrossing of the half-chair TS, connecting
chair and TB conformers, for trajectories initially directed
toward the chair strongly suggests weak couplings within the
chair phase space, because the large density of states of the
chair’s modes does not provide a bath to temporarily trap all
the trajectories. Intrinsic non-RRKM dynamics are suggested
for isomerization of a chair conformer to a TB conformer. Thus,
if a chair conformer is excited randomly, in accord with a
microcanonical ensemble, its chair f TB isomerization prob-
ability will be nonexponential and its gas-phase isomerization
rate constant will depend on the total pressure.56,57 For some
pressure regimes, the rate constant may appear to be independent
of pressure. It will be of interest to determine whether the chair
f TB isomerization probability is nonexponential and, if it is,
whether it is a biexponential or a more complicated as seen for
other non-RRKM dynamics.56,57

It will also be important to investigate the cyclohexane
potential energy surface at higher levels of electronic structure
theory and to perform more accurate TST calculations of the

chair-1 f chair-2 unimolecular rate constant. As discussed in
Section 3.B the MP2/aug-cc-pVDZ potential energy surface,
when combined with TST and RRKM theory, gives a chair-1
fchair-2rateconstant inexcellentagreementwithexperiment.12,13

In comparison, important non-RRKM and non-TST effects are
observed in the direct dynamics reported here. The TST
calculation is highly sensitive to the potential energy of the half-
chair TS connecting the chair and TB conformers; e.g., a 0.5
kcal/mol shift in the potential energy of this TS, by a more
accurate ab initio calculation, would change the rate constant
by a factor of 3 at 263 K. The current TST calculation was
performed using harmonic vibrational frequencies, for the chair
conformer and half-chair TS, to determine their zero-point
energies and vibrational frequencies. For a more accurate TST
calculation, anharmonic frequencies would be used to calculate
these terms.

Another interesting dynamical question concerns whether the
TB intermediates are thermalized at the system temperature for
reactions performed in solution. If the energy relaxation between
the excited TB intermediates and the solution molecules is
slower than the lifetime of a TB intermediate, the TB intermedi-
ate will retain a memory of the nonthermal excitation it acquired
during its formation. Thermalization may become more impor-
tant for the TB intermediates formed by consecutive TBf TB
isomerizations. These thermalization dynamics may be studied
by performing the type of direct dynamics reported here in the
midst of a bath of solute molecules.58
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Note Added in Proof. Additional electronic structure cal-
culations, with a tighter convergence criterion, were performed
for the C1 and C2 half-chair TSs connecting the chair and TB
conformers. Though these two TS structures, each with a single
imaginary frequency, were identified previously4 and in the work
presented here, these additional calculations indicate that for
some (and maybe all) levels of theory these two TS structures
may coalesce to a single TS. However, these additional
calculations are only suggestive, and more extensive work needs
to be performed to prove that this is indeed the case. What both
the calculations reported here and these additional ones show
is that the chair T TB TS region is broad and flat, illustrated
by the nearly isoenergetic C1 and C2 half-chair TSs. The
quasiclassical TS sampling method used here is expected to be
accurate if the TS structure is well-localized, with harmonic
motion, so that the quadratic Hamiltonian for the saddlepoint
has a reaction coordinate eigenvector which describes the motion
across the TS and has normal modes which gives the TS
vibrational energy.33,50 However, for a broad, flat TS region this
sampling method may be less accurate, since the vibrational
motion may be highly anharmonic and the TS crossing motion
not localized and, thus, may not be generally defined by a single
reaction coordinate eigenvector. Somewhat fortuitously, by
sampling both the C1 and C2 TSs with their individual reaction
coordinate eigenvectors, as is done here, more representative
chair T TB TS crossing motions may have been obtained. In
addition, including two TSs in the TST calculation may in some
manner account for TS anharmonicity. Further methodological
development is clearly needed to quantitatively sample TS
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anharmonic vibrational energy levels quasiclassically,59 with
delocalized TS crossing.
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