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Two molecular dynamics studies are made of isomerization dynamics of n#-butane dissolved 1n hiquid CCly and 1n a rigid
matny Rate constants for the gauche = trans 1somerization, determined from the long-time behavior of reactive flux, daffer
considerably from transition state theory Reactive fluxes (and rates) for the hquid and nigid matrix agree, ebhmmating vis-

cous continuum models

1. Introduction

Reaction dynamics 1n liguids involve fundamental-
ly different processes than in gases. Because molecules
undergoing a chemical transformation are in continu-
ous wnteraction with neighboring solvent molecules,
the motions of the reactant, product and solvent mole-
cules are lughly correlated, and “cage” or ““packing
effects” may be very important. Although much
talked about, these cage effects are not understood
at the microscopic level.

To better understand reaction dynamics in liquids
we have chosen to study, by computer experiment,
the simple isomenzation reaction

CH, /CH3 i CH, o
f
A CH,—CH, = \CHZ—CHZ £
AN
(gauche) b (trans) CHj

m whuch #-butane undergoes a gauche—trans 1someri-
zation. The stage for this work is set by our previous
molecular dynamics and Monte Carlo studies of n-
butane in hquid CCl, {1]. The basic thrust of that
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study was to show how solvent packing shifts the posi-
tion of equilibrium towards the gauche state. An im-
portant aspect of that work was the determination of
the reversible work required to change the molecular
conformation from the trans state (¢ = 0) to a con-
formation with a given dihedral angle ¢ This work,
W(0), 1s the free energy change for the process, and is
called the “‘potential of mean torsion’ It contains the
energy and entropy changes that accompany the con-
formation change — changes that come 1n part from
the reorganization of the solvent around the molecule.
Having a quantitative determination of W(¢) enables
us to determine the transition state theory rate con-
stant for the reaction and to compare this with the
exact result coming from the full molecular dynamics
stmulation described here.

Liquid state reactions are often treated by stochas-
tic theories In 1somerization reactions the problem is
to describe how a reaction coordinate moves over
energy barners separating the stable conformational
states of the molecule. In a liquud it 1s usually assumed
that interactions with the solvent molecules are so
frequent and so strong that the reaction coordinate
executes a small step random walk (diffusion process)
over the barrier. The resulting rate constants depend
on the barrier heights as well as on the curvature of
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the intramolecular potential, and hydrodynamic pa-
rameters such as the viscosity One of the simplhifying
features of this approach 1s that inertwul effects (i e.,
effects associated with the free intramolecular mo-
tion between strong solvent interactions) are 1gnored.
This approach 1s in marked contrast to transition state
theory according to which the rate constants are pro-
portional to the equilibrium population of the mole-
cules at the barrier heights and are independent of dy-
namical parameters such as the viscosity

The molecular dynamics study represented here
allows us to test these 1deas. We compare the reaction
dynamics of n-butane dissolved 1n a simple hquid
chosen to model carbon tetrachlonde, and 1n a ngid
but random environment The difference between the
two simulations is that in the fluid the solvent mole-
cules are free to move whereas 1n the rigid environ-
ment they are “frozen’. The particles and the imtial
configurations for the liquid and ngid are 1dentical.
We find that the reactive fluxes for these two systems
are very stmilar and in fact cannot be distinguished
from each other to within the error bars. Thus the
rate constants cannot depend on the “solvent viscosi-
ty”’, because 1n the fluid, 17 1s finite, whereas 1n the
rigid environment it 1s indeterminate. Had we not per-
formed the compantive simulation with the ngid en-
vironment, and had we only made comparisons on the
basis of rate constants, we could have convinced our-
selves that the Kramer’s small step diffusion model
with the viscosity of simulated CCly was vahid.

2. Molecular modeling and methodology

In this study, the system contains 122 CCl4 mole-
cules — each represented by a single Lennard-Jones
sphere and contains one butane molecule represented
by a chain of four interconnected Lennard-Jones
spheres (representing methyl groups). The potential
model is given schematicaily 1n fig. 1. The masses
adopted and the parameterization of the intermolecu-
lar potentials are described 1n ref. [1].

The n-butane molecule is perhaps the sumplest non-
polar molecule which undergoes a trans—gauche 1so-
menzation. If we label the n-butane molecule sequen-
tially, the reaction coordinate for this transformation
1s the dihedral angle, ¢, between the plane containing
carbons 1,2, 3 and the plane containing carbons 2,3, 4.
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Fig 1 Potential model for n-butane 1n CCls. The Lennard-
Jones spheres are drawn to scale The interaction between
the (CH,,) sites on the butane and the CCl; spheres are given
byaLJ 12-6 potential withay; =4 60 A and €, = 177 K.

The potential energy for the 1solated molecule 1s
taken to be
3

V=Vy(®) + 3Ky z=21 Bre1,0 — bo)?

3
+%K6§ (cos 0,4 , — cos 0g)> )

The first term, V,(é), corresponds to the potential of
the reactive degree of freedom. This 1s taken to be the
potential fitted to experiments by Scott and Scheraga
[2] and, more recently, by Ryckaert and Bellemans
{31, and given by eq (5) in ref. [1]. For our purpose
a plot of Vy(9) 1s shown in fig. 2. The second and
third terms 1n eq. (1) specify a harmonic model for
the stretching of the C—C bonds and the bending of
the C—C—C bond angles. The harmonic force con-
stants are taken to be K, = 3.5 X 107 J/nm?mole,

Ky =18X 105 J/mole and the equilibrium bond
lengths and bond angles are b =1.53 A and 6= 109°28'
respectively. These are the values used by Helfand and

163



Volume 75, number 1

Weber 1n their stochastic molecular dynamacs studies
of n-alkanes [4,5].

Molecular dynamics stmulations involve the brute
force solution of the classical equations of motion of
solute plus solvent subject to the whole system being
in some imitial microscopic state. Were we to start
with n-butane 1n either the gauche or trans state, it
would librate in these states before gaining enough
energy from the solvent to surmount the energy bar-
nier that separates the gauche and trans states (cf.
fig. 2). Thus much time would be wasted on non-
reactive dynamucs. The strategy adopted here 1s to
start with a set of “‘transition state configurations™
of molecule plus solvent and to follow the trajecto-
ries for each of these starting pomnts. We then calcu-
late the reactive flux.

k(2) = 243 (0)8((0) + 3 MH(6(1))) - @

Here ¢(0), 6(¢) and qS(O) respectively denote the di-
hedral angle at the imtial tzime O and at a time ¢ later
and ¢(0) 1s the 1nitial dihedral velocity. Hy(¢(r)) is
so defined that

SOLVENT EFFECTS ON CONFORMATION

1534
109° -— Q¢

GAUGHE TRANS
& - 2T $-0
E]

Vyl$) = [2 216 + 2 904 cos P ~3 134 cas?ep ~ O ?71cas>p
+ 6 268 cos%¢ - TH2I cos p] keal/male

Vyld) £ KT
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Fig 2. The intramolecular potential of n-butane s given by
the Scott—Scherega potential pictured above in units of AT
at room temperature The reactive degree of freedom 1s the
dihedral angle ¢.
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Hp()=1, —3a<¢()<in;

=0, otherwise, 3)

Only those trajectories contribute to eq. (2) for which
the butane is initially at the transition state ¢y = —47
(because of the delta function) and which at time #
are to be found 1n the trans well. This reactive flux
has several interesting properties [6,7].

lim k() =k
:Tm() 1ST > @)

where kpgr is the reactive flux in the transition state
theory approximation and the forward (gauche to
trans) rate constant in that approximation is Xg lkTST,
where x,, 1s the mole fraction of the gauche conformer.

The plateau value of £(r), should 1t exist, gives the
forward rate constant,

ke =xg Lk - 5)

Thus k(2)/ktg measures the fractional error in tran-
sition state theory. Its plateau value is the transmis-
ston coefficient. From (2) and (4) the transition state
rate constant is found to be

kst =<11Y'S(—37), 6)

where S(¢) is the probability distnbution of finding
the conformation ¢ (in this case ¢ = —Lx), and the
pnimed brackets, { ), indicate the equilibrium aver-
age with ¢ constrained to the transition state. As men-
tioned earlter we have already determined S(¢) in a
previous paper [1], and can thus determine kpgy.

The imtial conditions for the MD simulation were
chosen in the following manner. The solvent particles
were placed on a 5 X 5 X § simple cubic lattice 1n a
cubic box with periodic boundanes. The volume of
the box was chosen so that the dimensionless solvent
density 1spaf =0.9375, which 1s appropriate for the
liquid at 1 atm pressure and room temperature. Three
solvent particles near the center of the box were re-
moved and the four methyl particles of the butane
molecule were placed 1n the vacated space in such a
way that the dihedral angle of n-butane is ¢y = —3,
and the bond lengths and bond angles were given their
equilibrium values. A force-bias Monte Carlo simula-
tion was then carried out on the system with the con-
straint that the dihedral angle remained fixed at 1ts
transition state value ¢ = —37. All other degrees of
freedom are allowed to change.
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Starting with the lattice configuration with the bu-
tane at the center, the system was equblibrated for
1000 passes at a temperature of 7= 300 K. The Monte
Carlo run was then continued for 3200 passes. The
configuration after every 100 passes was saved. Since
the mean squared displacements rapidly became linear,
the run was continued for 680 more passes and every
tenth configuration was saved. Thus in all, 100 “inde-
pendent” fransition state configurations were gener-
ated

The solvent particle momenta were sampled from
the Maxwell distnbution function with T"= 300 K.
The momenta of the methyl groups on n-butane were
umportance sampled as follows. Because the dihedral
velocity, $(0) can be expressed in terms of the carte-
sian velocities { X,,(0)} of the four methyl groups as
$(0) = 2}31 a,({X,,(0)}) X, (0), the reactive flux can
be expressed as

k(t) = [S(e1)/@nBM)/2]

i2
X2 [ar(@Em - D4 (X DE @),

where

X, 6(xX,)3(¢—¢1)exp(—BH)
ST X;0(£X,)8(0 — ¢p) exp(—BH)
Here 6(X) is the unit step function and I denotes a
point in phase space. The k(#) involves 24 integrals.
For each integral one must sample the phase points
from a given P)(I). From the definition of PC)(I),
1t is clear that the configurations should be sampled
from &(¢ — ¢ ) exp(—B¥). This 1s done by the force-
bias Monte Carlo scheme. It is also clear that the car-
tesian velocities are to be sampled from X, (X)) X
exp(—BT). Each of the 24 integrals are evaluated by
sampling (100 independent configurations) X(3 ve-
loctty samplings per configuration) for a total of
3 X 100 X 24 = 7200 trajectones.

Each ““transition state configuration’ and each sam-
pling of the momenta defines an initial microscopic
state. The equations of motion of the total system
(n-butane molecule plus 122 CCl, molecules) were
integrated using the Verlet algonthm. The time ste
of the integration is 0.007 7,where 7 = (12, a%/el)1 .
Here, my, 01, and €, are the mass, diameter and well
depth of the solvent molecules. Thus for each transi-
tion configuration, many trajectories of length ¢ =

PE(I) =
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0.7+ were generated, each corresponding to a differ-
ent momentum sampling. A total of 7200 trajectories
were used to evaluate &(r).

Having chosen the 100 mutial configurations and
the initial momentum, two sets of trajectories were
generated, one for the full system in which solvent
plus solute 1s allowed to move, and one in which the
solvent is frozen 1n each initial configuration. Thus,
two systems are sumulated. a fliud system, and a ran-
dom ngid environment.

3. Results and discussion

The ratio of k(£)/kygt is plotted in fig. 3. This
quantity clearly decays on two time scales. There is
a rapid mmtial decay followed by a long time decay,
or plateau region. The existence of this region implies
[6,7] that the hnear rate law of chemical kinetic phe-
nomenology describes the system at times long com-
pared to the initial decay time; that is

dﬁc(t)/dt = kfﬁg(f) - kbﬁt(t) N (7)

where N,(#) and N(?) are the average numbers of
gauche and trans molecules at time ¢ and k¢ and &,
are the rate constants. It 1s a simple matter to show
that if umimolecular phenomenology 1s correct, then
after a short tine the nonmalized reactive flux &(2)f
k(0+) should behave as \e~!/r,,, where 77l =k + k&,
is the kinetic relaxation tume and A =75 L/GIST) !
where TST designates the transition state value of
T;‘h. T;r,(snT can be computed using ('.";.l:‘snT)_l =
(xgxt)—lk(0+) and evaluating £(0+) from eq. (6).

‘The simulation results for k(£)/k(0+) are fitted by
the function

KOO+ = (1 — N e F1f + pe ko | ®)

where A = k75T Best fits were obtamned by varying
%y and k while fixing T;_l'xsnT at a value that was calcu-
lated independent of any dynamics. This value of
T;S,,T requures the knowledge of the dihedral distribu-
tion function, $(9), for flexible butane in our CCl,-
like solvent (cf. eq. (2)). 5(¢), for rigid butane in the
same solvent was calculated in ref. [1]. From this
value of S(¢) one obtains the distnbution for flexible
butane using Fixman’s theorem as discussed in ref. [8].
Values for 1/755F and best fit values for &; and &, =
1/7 .y, are histed in table 1.
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Fig 3. Thereactive flux divided by its imtial value (the TST
value) as a function of ime The data for the stochasticdynam-
1cs{e=0 2 % 10'3 s71), the flu:d and ngid matnx (“glass™) sys-
tems are plotted along with their best fit of these curvestoa
sum of two exponentials (see text). The discontinuity mn the
graph for the fluid system at 1.3 ps s due to the difference in
statistics, 1 e , the first half 1s averaged over 7200 trajectories
yielding error bars of +0 04 tumtless), while the second half
contamns the extension of only the first 480 trajectories with
error bars of +0.1 For the “glass™ plot, error bars are about
+0 04 for all points The stochastic dynamic result 1s also dis-
continuous 1n 1ts statistics, before 0 6 ps, 10000 trajectonies
are used, while after 0 6 ps only 2200 trajectories are used,
yielding error bars of £0 01 and =0 025 respectively. In the
nset the fluid graph is agamn shown but this time compared
with the high friction dynamue results (= 0 96 X% 1079 gls
wiuch was averaged over 10 000 trajectories with error bars
of =0 01.

13

Table 1

Rigid environment Fluid
= IST 20x 10! 57! 20x 10' 57!
UTixn 0s54x10'ts?  070x10'st
ky 58x 1012471 7.1 x 1012571
A= Tl oo™ 0276 0361
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The deviation of A= TE‘}]/(T;I,‘S"T)-I from unity
shows that there are considerable deviations from
transition state theory. This is entirely expected. More
than 50% of the trajectories rapidly recross the transi-
tion state due to imnteractions with the solvent. In fact
A could be regarded as a ‘‘transmmission coefficient™
over the barner.

It 1s of 1nterest to compare molecular dynamics 1n
the fluid to predictions of the high viscosity (small
step diffusion) Kramers theory. To do this we assume
that each of the four spheres (representing the CH;
and CH, groups) experience a hydrodynamic drag
specified by the same friction constant and we further
assume that there 1s no hydrodynamic interaction be-
tween the spheres. This friction constant 1s related to
the translational self-diffusion constant of the n-butane
molecule by ¢ = kT/4D (a result found from the free
draiming limat) A browmian dynamics stmulation was
carnied out for n#-butane in which the four spheres ex-
pertence a fluctuating force which is consistent {(through
the second fluctuation dissipation theorem) with the
friction constant used. The plateau value of the reac-
tive flux, A, was thus computed as a function of { and
1t was found that [9] for & > 3.5 X 10-9 g/s,

A= [(0.65+003) X 102 gfs]¢—1. )

Thus 1s the high friction non-inertial regime of the
Fokker—Planck theory; that is, it 1s the Kramers small
step diffusion theory of the reaction rate.

To estimate { we apply Stokes law with ship bound-
ary conditions ¥

¢=2mo. (10)

Here o 1s the diameter of the spheres representing the
CH3 groups (3 92 A for our model of 7-butane) and
718 the shear viscosity of the solvent. For the Len-
nard-Jones fluid at the temperature and density of
our simulation [11}, 7 = 0.5 &P. It should be noted
that real Iiquid CCl, has a viscosity close to 1 cP. Thus
higher value 15 due to the translation rotation coupling
present in the molecular fluid but absent in the
simple Lennard-Jones model of our sumulation [12].
The Lennard-Jones value of pyrelds { = 1.2 X 10-9
gfs, a value outside the asymptotic hugh friction lmit

* Recent work on molecular hydrodynarics shows that shp
rather than stick boundary conditions apply to small mole-
cules Seeref. [10].
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given by eq. (9). If we use this estimate of { ineq (9)
we find

(kplat/kTST)KIamers ~05. (an

Thus result is close enough to the simulation result of
0.36 to suggest that the Kramers theory might be an
adequate representation of the dynamics. In fact, 1f
¢ 1s set equal to

=096 X102 gs, (12)

the Kramers small step diffusion model gives the reac-
tive flux shown in the inset of fig. 3 (labelled high
friction dynamics). For this value of {, it can be seen
from thus figure that the plateau values and thereby
the rate constants are 1n agreement. Unfortunately it
can also be seen that the reactive fluxes themselves
are 1n complete disagreement We are thus forced to
conclude that the small step diffusion model does not
represent the observed isomerization dynamics. Fur-
ther, 1t should noted from fig 3 that the reactive flux
for the reaction in the rigid environment 1s the same
as that for the fluid (to within expenimental error).
Here there 1s no solvent viscosity. The solvent 1s fro-
zen and has no momentum transport. The simidanty
of the relaxation in fluid and the glass-like system
shows that viscous continuum model for 1Isomenza-
tion 1n our system 1s not valid.

In the ngd environment, the collisions of the meth-
yl particles with the ngidly fixed solveént molecules
enables momentum and energy to be transferred be-
tween various intramolecular modes and particularly
from and to the reactive mode. No energy 1s trans-
ferred to or from the solvent. The solvent merely pro-
vides a crystal field coupling of the internal degrees
of freedom The molecular motion in the short-ranged
forces of the solvent cage gives nise to collisional pulses
of couplings between the different internal degrees of
freedom. In a one-dimensional model, the “reaction
coordinate collision rate” will be an effective rate,
that 1s, 1t will be dependent on the efficiency of the
collision to cause energy transfer between the reactive
modes and the other modes. It 1s of interest to see
whether a simple collisional model can describe the
dynamucs in the fluid and n the rigid matrix. Recent-
ly, the effective dynamics model used by Montgomery
et al. [6] has been extended to r-butane [9]. Each
site on the n-butane molecule undergoes thermalizing
collisions with a collision rate «. Fig. 3 shows that the
reactive flux of this model can be fit to the molecular
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dynamics results if the collision rate 1s taken to be
a=02X1013s-1 (13)

Thus collision rate 1s 1n accord with estimates of the
gas kinetic rate, indicating the collisions with the in-
dividual sites are effective with respect to momentum
and energy transfer to the reaction coordinate. Of
course this collision model 1s overly simplified. It 1g-
nores correlation, in collisional events, the structure
of the fluid, etc. Nevertheless, we regard this result as
being of some interest.

It 1s important to note that our simulations involve
a solvent with large mass and a solute of small mass
mey,/Mccy, = 0.11. Thus the solvent molecules move
slowly compared to the solute. It is for this reason
that ngid matnx simulation might be expected to be
in rough agreement with the fluid simulation. In the
case of less massive solvent molecules, the agreement
might not be observed. Nevertheless, our ssmulation
serves to point to the weakness of viscous continuum
models or molecular hydrodynamic models for the
reactive and energy transfer processes. It also hints at
a possible theoretical approach to the computation of
rate constants.

A word of caution is necessary at this juncture. In
the random nigid environment, 1t is expected that in
each solvent configuration there will be a well-defined
reactive flux. At long times this flux will decay as
({XD ek tX })‘, where k5({X]) 1s the Kinetic rate
constant (1/7,,) for that particular configuration of
solvent molecules. Thus the long time flux for the
whole set of configurations should behave hke
k(XD e~ *2(X D1y where the average 1s taken
over the configurational distribution function p({X})
of the nigid environment. Thus can be developed in a
cumulant expansion giving

k(£) > (k) exp(—Tt — A222[21 + . ), (14)
where
U =2k, A2 = Uy — (K3, . (15)

Clearly for the glass-hike system, the reactive flux will
be exponential at long times only if the distaibution
of relaxation rates 1s very narrow {sharp). In general,
the flux will be non-exponential and the usual linear
phenomenology should not be valid; that is, the usual
rate constants cannot be defined. In the limit where
the distnibution 1s uniform, the reactive flux will de-
cay as powers ¢~ 1.
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