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FOREWORD 

The National Resource for Computation in Chemistry (NRCC) was established 
as a division of Lawrence Berkeley Laboratory (LBL) in October 1977. The func-
tions of the the NRCC may be broadly categorized as follows: (1) to make 
information on existing and developing computational methodologies available to 
all segments of the chemistry community, (2) to make state-of-the-art computa-
tional facilities (hardware and software) accessible to the chemistry community, 
and (3) to foster research and developnent of new computational methods for 
application to chemical problems. 

Workshops form an integral part of the NRCC's program. Consultation with 
key workers in the field led us to the conclusion that a timely workshop for 
the summer of 1979 would be one on "Stochastic Molecular Dynamics." The NRCC 
is indebted to Dr. John Tully of Bell Laboratories for organizing the scienti- 
fic program. He was assisted in his efforts by Dr. David Ceperley of the NRCC. 
Their combined efforts and those of J. Owicki guided the preparation 
of these Proceedings. 

The National Resource for Computation in Chemistry is funded jointly by 
the Basic Energy Sciences Division bf the U.S. Department of Energy and the 
National Science Foundation. 

William A. Lester, Jr. 
Director, NRCC 
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INTRODUCTION 

A workshop entitled "Stochastic Molecular Dynamics" was held at Woods 
Hole, Massachusetts from July 9 to July 12, 1979. The workshop was sponsored 
by the National Resource for Computation in Chemistry (NRCC). There were 25 
participants, most of whom are presently active in developing and applying 
stochastic molecular dynamics methods; i.e., methods that incorporate effects 
of surrounding media and that reduce the number of degrees of freedom through 
the introduction of stochastic elements into molecular dynamics simulations. 

The main objective of the workshop was to attempt to identify some poten-
tially fruitful directions for future research in this area. Both the develop-
ment of new theoretical or computational approaches and the application of 
these approaches to important chemical problems were addressed. Many of the 
critical problems which currently limit the utility of molecular dynamics, 
stochastic dynamics, and Monte Carlo simulations were examined. Prospects for 
utilizing stochastic dynamics in studies of condensed phase processes, polymer 
motion, surface chemistry, and gas-phase dynamics were explored, and prelimin-
ary results were presented. 

The workshop consisted of loosely organized, informal talks accompanied 
by critical discussion. This report contains short summaries of each session, 
and identifies the principal speakers and the titles of their talks. The 
summaries include some conclusions drawn from discussions, and are not neces-
sarily accurate representations of the views of the principal speakers. They 
are intended only as an outline of the topics addressed and the problems 
uncovered. Because of their brevity, the summaries contain very little detail. 
Some literature references have been supplied, and further information can be 
obtained from the NRCC staff and from any of the participants. (Names and 
addresses are listed in this report, on page vii,) 

The next section of the report reviews some of the conclusions of the 
workshop, including ways in which the NRCC might aid in coordinating and 
promoting research in the new field of stochastic molecular dynamics. 
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CONCLUSIONS AND RECOMMENDATIONS 

Stochastic molecular dynamics is just beginning to emerge as a valuable 
tool of the chemical physicist. Reliable and practical computational tech-
niques are currently being designed and perfected, and the range of applica-
bility of various approaches is beginning to be explored. It was apparent 
throughout the discussions of this workshop that participants have no doubt 
that this new approach will be an important compliment to standard molecular 
dynamics and Monte Carlo techniques. There is also agreement that stochastic 
dynamics will not replace the older techniques; all three will be necessary 
components of the theoretical chemist's tool kit. 

Stochastic dynamics can be thought of as a link between the complete 
randomness of the Monte Carlo approach and the complete determinism of 
Newtonian Mechanics: 

Stochastic 	 Deterministic 

Monte Carlo "Smart" or 	Impulsive 	Brownian Generalized Molecular 
(Metropolis) "Forced- 	Stochastic Dynamics Langevin 	Dynamics 

Bias" 	Dynamics 	 Dynamics 
Monte Carlo 

Which method along this continuum, (or which combination of methods) is most 
appropriate for a particular chemical study was frequently the subject of 
energetic discussion, often with no final consensus. It is imperative that 
sound theoretical analysis and systematic documentation be carried out. In 
many cases this must be done anew for each application, because the advantages 
and disadvantages of the various methods can be modified strongly by the 
special nature of the problem. In addition, new stochastic dynamics approaches 
lying along the above continuum must be developed and systematically tested. 
It is important to keep in mind that any such stochastic dynamic approach must 
satisfy the "Doll Principle:*  it must be computationally less difficult than 
exact molecular dynamics. 

There will undoubtedly be very active research in the area of stochastic 
dynamics in the next few years. NRCC might contribute to this effort in 
several ways: 

1. Coordinate and supply computer support for systematic comparisons of 
Monte Carlo, stochastic dynamics, and molecular dynamics studies on 
prototype systems. Such studies, although critically important, may 
not be immediately directed toward the exciting chemical discoveries 
rightly encouraged by national funding agencies. 

* So named by Harold Friedman after its most vocal advocate. 
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Expand current efforts to develop, document, and maintain a portable 
Monte Carlo, molecular dynamics package.* 

Encourage workers in this field to send preprints to NRCC, and 
circulate monthly the abstracts of papers received to all interested. 
Perhaps an informal molecular dynamics newsletter separate from the 
current general newsletter might be established. 

Assist in adapting codes to different computers (particularly to take 
advantage of array processing capabilities). Make a study of relative 
speeds of standard Monte Carlo and molecular dynamics programs on 
different computers to facilitate time comparisons of different theo-  ge 

retical approaches. 

Be sensitive to the requirements of the molecular dynamics community 
so that, if needed, subsequent workshops might be organized to 
strengthen the dialogues that were initiated at the present workshop, 
and to re-evaluate the role of stochastic molecular dynamics in 
theoretical chemistry. 

*A statistical mechanics package "CLANPS" is now available, with documentation. 
Contact D. Ceperley of NRCC for information. 
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PAPERS 

GENERALIZED LANGEVIN METHODS FOR MANY-BODY PROBLEMS IN CHEMICAL PHYSICS 

by 

S. Adelman 
Department of Chemistry 

Purdue University 

An important objective is to provide practical generalizations of gas-
phase collision theory methods which permit one to treat the many-bodyproblems 
characteristic of condensed phase chemistry. In particular, we desire a de-
tailed molecular picture of the dynamics of condensed phase reactions. The 
Generalized Langevin theory, 1- 6  as developed here (Molecular Timescale GLE 
theory): 5,6 

• permits one to develop practical condensed phase collision theories 
as natural generalizations of the corresponding gas-phase theories, 

• provides a language for understanding the influence of the many-body 
system (solvent, metal, etc.) on the chemical process. This language 
permits one to understand complex many-body phenomena in simple 
physical terms. 

The basic problem is to find computationally straightforward and physical-
ly realistic methods for including energy exchange between the chemical system 
and the heat bath (breakdown of the Einstein model) in collision and other 
dynamical calculations. Some qualitative features that must be considered are: 

The overall magnitude of energy transfer is often controlled by the 
[W = second moment of spectral density]. Einstein frequency, we  

Heat-bath effects become increasingly important. for long collision 
times or slow processes; the Einstein limit obtains for collision 
times Tc  such that We T c <<l. 

Simple Brownian description of chain dynamics, 

= ..02 r0(t) - Br 0  + f(t) 

fails on all timescales. In particular, the adiabatic restoring 
force Q2  is often incorrect on the timescale of a chemical reaction. 

The Einstein (effective gas-phase) limit must be correctly built into 
any many-body collision theory. 

Heat-bath effects.modify the Einstein (effective gas-phase) picture of 
energy transfer and thus: 

• Radically modify gas-solid sticking probabilities and hence hetero-
geneous reaction rates. 
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. Drastically change molecule residence times on solid surfaces. 

• Permit free radical recomb'ination in solids and liquids. 

. Permit (vibrational) energy relaxation in solids and liquids. 

The MTGLE equations central to this approach are the following: 

(t) = We  r(t) + Wc 	 f 	- T)r(T) dT + Wc 2 R(t) 

The first term on the rhs is the Einstein restoring force, so Einstein limit 
is recovered as t -'- 0 and T - 0. The second term describes the dissipative 
dynamics. The third term represents stochastic dynamics. The second and 
third terms satisfy a fluctuation dissipation theorem. 

The Brownian approximation to the last two terms is not adequate. Memory 
effects can be included by considering a hierarchy of "fictitious particles," 
a fictitious linear chain, with nearest neighbor interactions. The end atom 
is coupled to a Brownian heat bath. The parameters of the fictitious chain 
(frequencies) can be determined from the velocity autocorrelation function or 
its spectral density. By increasing the length of the chain, a ny spectral 
density may be obtained to any desired accuracy. 

Some problems that deserve attention are the following: 

• The formalism is not always directly useful if anharmónic effects 
are important; i.e., if, for example, diffusive energy flow occurs 
rather than phonon propagation. Random forces become non-Gaussian, 
and the complete dynamics of the system may be required to determine 

• 

	

	the parameters of the heat bath. This is an important problem to be 
addressed. 

• It would be very interesting to examine the extent to which these 
ideas might be applicable to fluids. 

H. Mori, Progr. Theor. Phys.. 33, 423 (1965). 

R. Kubo, in Many Body Theory (R. Kubo, ed.), Benjamin, NY (1966). 

R. Zwanzig, Ann. Rev. Phys. Chem. 16, 67 (1965). 

A review of projection operator techniques in the theory of fluctuations 
is given by B. J. Berne, in Modern Theoretical Chemistry, Vol. 6, 

• (Statistical Mechanics, Part B: Time Dependent Process), B. J. Berne, 
ed., Plenum, NY (1978), p. 233. 

S. A. Adelman and J. D. Doll, J. Chem. Phys. 64, 2375 (1976). 

S. A. Adelman, J. Chem. Phy. 71 (1979). 
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Summary 

Velocity Autocorrelation Function of Isolated Reagents 

Fourier Transform 

Spectral Density 

I 	 (first few exact, rest 
Moment Analysis from continuum or molecular 

dynamics) 

Exact Chain Representation 

Markov Truncation (diffusion coefficient) 

Model Heat Baths 

I Chemical Interaction Potential 
Gaussian Noise 

Classical Trajectory Problem for Fictitious Few Particle System 

Observables 
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ISOMERIZATION BY TWO METHODS: IMPULSIVE STOCHASTIC DYNAMICS 
AND MOLECULAR DYNAMICS 

by 

B. Berne 
Department of Chemistry 

Columbia University 

Implulsive Stochastic Dynamics 

As an alternative to Langevin dynamics with continuous dissipative terms 
such as was discussed previously by Adelman, one can consider impulsive sto-
chastic schemes in which particles follow ordinary classical equations of 
motion except for certain instants when they suffer "collisions" of infinitesi-
mal duration.' Such an approach may be less time consuming than conventional 
Langevin simulations. In addition, the relationship to kinetic equations may 
be more apparent. 

The following impulsive stochastic process for a single particle in one 
dimension has been investigated: 

Collisions are independent events of zero duration. 

	

t 	 1 
P0 (t) = e a  

P(t) =! ( at) e -at 

Molecule executes free motion between collisions of zero duration. 
Motion is generated by propagator 

G(t) = e L0t 

iL- 1 	 V(x) 

	

o - p 	- 

Collision changes the state instantaneously from 

(x' ,p' ) + (x,p)  

Let us represent the effect of the collision by 

Tf(x',p') = f(x,p) 

T can be an integral operator. 
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The ensemble averaged propagator (G(t)) can then be represented in the 
following way, where Gn(t)  is the propagator for those trajectories which 
experience exactly n collisions: 

i 1  
1
4 

2 	 5  

r 	 * 2 	 F4  

G(t) = et 

Gn ( t )  = C (t_tn)TG0(tn_t 	••• G(t 2-t 1 )TC(t 1 ) 

(C(t)) n = fpo(t-T)e- Lo(t-T) (dT)T (G(T)) 1  

o 

prob. 	free 	prob. of 	prop. n-i coil. 
no coil. prop. 	coil. 	mt 

00 

(G(t))f(x,p,c) = E(G(t)) f(x,p,o) 

+ iL0 )f(x,p,t) = -ct(1-T)f(x,p,t) 
at 

If one writes the transition rate from x'p' to xp as T:A(x,p) = fdx' 
fdp'T(xpx'p')A(x'p'), then one can consider a variety of models by making 
particular choices of T(xpjx'p') (but it should be noted that for each choice 
the T operator should satisfy detailed balance): 

Collisions thermalize velocity: 

aT (1) (xpIxp t ) = ctS(x-x') q(p) 

where (p) is the Maxwell distribution function. 

Collisions randomize direction of p but do not change energy 
(dephasing): 



aT (2) (xpIxp) = a(x-x') 6(Ipf - jp'J) 

Collisions therinalize both positions and moments: 

aT 3 (xpjx'p') = ctS(x) 4(p) 

where S(x) = exp-W(x) is the equilibrium configurational distribution 
function. 

Incomplete velocity thermalization: 

aT(4)(xpl x'p') 

a 

= 	(x-x' ) ( 
a 	1/2 - 4mkT 

c 	 _' + 	t
Ct 

4mkT)
e  

(This gives Brownian motion in the limit of x - 

General models can be built: 

	

a(xpx'p') =Ea.T 	(xpjx'p') 
.3 
3 

where T(j) is the collision operator for the jth  kind of collision. 

This enables one to consider different kinds of collisions such as soft 
collisions and hard collisions. 

An impulsive stochastic dynamics calculation proceeds as follows: 

Sample a phase point (x 0 ,p0 ) from the canonical distribution 
function 

f(x,p) = Q1e 	
p2/2m + V(x) } 

Sample a set of "collision times" (t1,t2, ... ) from the Poisson 
distribution 

p(t) = e t 

where a '  is the mean time between collisions. 	- 
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Starting with initial phase point (x 0 ,p0 ), advance the trajectory 
to t1 using the free propagator 

C Ct) = e 1 0t1 
0 

At t1 sample a new phase point using one of the models. Now advance 
the trajectory to the next collision, and so on. 

Model number 1 proposed above (collisions thermalize velocity) has been 
applied to two double-well potentials, one involving a square barrier and the 
other employing an inverted harmonic potential barrier, with similar results. 
Starting the system in the transition state and calculating the reactive flux 
enabled us to determine the rate constant as a function of collision frequency 
(Fig. 1) and to ascertain the range of validity of such models as transition 
state theory and the Kramers small step diffusion theory. 

The impulsive stochastic approach may be very valuable as an alternative 
to Brownian dynamic simulations. One major uncertainty, at present, is the 
choice of the collision frequency a0 . It is difficult to define this parameter 
unambiguously for reactive degrees of freedom. A systematic method incorporat-
ing the correct physics is needed. Another problem, at least with the models 
proposed above, is the absence of spatial and temporal correlations between 
impulsive "collisions," which would be important, for example, in describing 
hydrodynamic effects. Extension to multi-dimensional systems presents no 
additional complications. 

Molecular Dynamics 

To provide a deeper insight into isomerization reactions, a molecular 
dynamics simulation of a system containing one "n-butane" molecule dissolved 
in 122 "CC14" molecules subject to periodic boundary conditions was carried 
out. 2  The "n-butane" is represented by a chain of four interconnected Lennard-
Jones spheres (representing CH3 and CH2 groups) and the "CC14" is represented 
by Lennard-Jones spheres. The model is shown in Fig. 2. The C-C bond length 
and the C-C-C bond angles are rigidly fixed 3  and the only internal degree of 
freedom is the dihedral angle, , depicted in Fig. 3. The intramolecular 
potential is shown in Fig. 3. This is the Scott-Scheraga potential. The 
solvent molecules interact with each other through a L. J. (12-6) potential 
and the solvent-solute interaction is taken as a site-site L. J. (12-6) 
potential. The density is adjusted to correspond to Cd4 at 1 atm at T = 
3000 K. For details, consult Refs. 2 and 4. 

Were we to start with n butane in either the Gauche or trans state it 
would librate there and only very rarely make a transition over the barrier. 
Thus much time would be wasted. The strategy adopted was to generate a set 
of "transition state" configurations. Each configuration has the butane at 
the top of the barrier with an "equilibrium" solvent configuration. For each 
of 4096 such initial states the trajectory was calculated using the shake 
algorithm, and the reactive flux',5. 
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k(t) = 2<(0) 6((0) +-) HT((t))> 

was computed. 

A plot of k(t)/kTST  is shown in Fig. 4. Here kTST  is the transition 
state value of the reactive flux. The plateau value of this ratio gives the 
gauche to trans rate constant kg+t  divided by its transition state value 

- 	TST 
+ 	g-)-t 

This shows that a large fraction of the trajectories (roughly 80%) consists of 
non-transition state trajectories; that is, they recross the transition state 

in a time short compared to k't.  The result is roughly three times smaller 

than that given by the Krainers small step diffusion theory. 

In conclusion, methods are now becoming available to make possible a de-
tailed study of solvent effects on isomerization reactions. 

J. Montgomery, D. Chandler, andB. J. Berne, J. Chem. Phys. 70, 4056 
(1979). 

Manuscript in preparation. 

These constraints have a subtle effect on the distribution function 
of dihedral angle. This will be discussed by Helfand in a subsequent 
talk. The effect on inflexible n-butane can be found in a small note 
(D. Chandler and B. J. Berne, J. Chem. Phys., in press, 1979). 

D. W. Rebertus, B. J. Berne, and D. Chandler, J. Chem. Phys. 70, 3395 
(1979). 

D. Chandler, J. Chem. Phys., 68,2959 (1978). 
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CONNECTION BETWEEN STOCHASTIC DYNANICS AND KINETIC EQUATIONS 

by 

D. Chandler 
Department of Chemistry 
University of Illinois 

It is important to have a systematic procedure for obtaining a generalized 
Langevin equation that is equivalent to a particular kinetic equation (i.e., an 
equation of motion for the autocorrelation function of the phase space density) 
and vice versa. This can be achieved fora completely general nonlinear prob- 
lem by a procedure of Mori and co-workers. 1  The procedure is outlined very 
briefly below. 

Let the phase space density be f(rpt) = 5[q(t) -r] S[v(t)-p]. An equation 
of motion for f(rpt) can be obtained from Mori-Zwanzig theory in a standard way: 

f(rpt) =.. 
	

. 	+F(r) .Ij f(rpt) 

t 

-f dt'fdr'JdP t E(rr''; t-t') f(r'p't') 
0 

+y'(rpt) 

where F(r) is the bath averaged forte. The three terms in the above equation 
are the flow or streaming term, the collisional or dissipative term, and the 
fluctuating "force" term. Here 

9(rpt) = eQLt QLf(rp) 

QA = (l-P)A 

PA. =fdrfdp f(rp)f(p))  (f(rp)A) 

(rp,r'p',t-t') 	 . 

The kinetic equation is obtained from af(rpt)/t, by taking the inner product 
with f(r"p"o). The result is 
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[

-L + Lav(rP)] C(rp,r"p",t) at 

f t-t')C(r'p',r"p",t') 

with 

C(rp,r'p',t) = < f(rpt) f(r'p'o)) 

L (rp) 
av 

The associated stochastic dynamics is obtained by taking moments of f(rpt)/at. 

f( r)af(rp) 	(;(t))

(t)

P,
drdp 

 = 

/ 	\ 

f  drdp(r)_ Ip + F(r) 	
v(t) 

] f(rpt) = 
	F[q(t)]) 

fdrdp ( 1\9pt) = fdrdp(r)eQU  QLf(rp) 
\p) 

0 

= 

where the random force is R(t) = eQLtQLV, and we have integrated by parts to 
obtain the last two equations. Combining these equations, we obtain the asso-
ciated stochastic equations of motion: 

(t) = v(t) 

= F[q(t)] - D(t) + R(t) 

where 

t 

3 	 _________ 
D(t) =  f dt 	- 	1 

(f(rp)) 	
( f(rp)) (R(t)R(o)f(rp)) 

f(r
_
p)> 	r = q(t-t') 

 p = v(t-t') . 
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Note that F[q(t)] can be nonlinear, and that a fluctuation-dissipation theorem 
is automatically satisfied. Obvious approximations to D(t) can be considered, 
such as linearization (note that this is not inconsistent with a nonlinear 
F[q(t)]), 

t 
D(t)J'  dt' (R(t') R(o)) v(t-t') 

and neglect of memory 

D(t) 	av(t), (R(t) R(o)) = (c/) 5(t) 

As an example, consider the stochastic equation that corresponds to the 
Bohm-Gross kinetic equation; i.e., the impulsive stochastic procedure described 
in Berne's talk. One possible (non-unique) stochastic equation is 

= F[q(t)] -av(t) + R(t) 

with 

R(t) = cv(t) + 	S(t-t) [ v+1(t) - v(t) ] 
i1 

(Note that the cv(t) terms cancel.) 

This formalism appears to provide a powerful framework to derive stochas-
tic equations for nonlinear systems and to analyze subsequent approximations. 

1. 	H. Mori, H. Fujisaki, and H. Shigematsu, Prog. Theoret. Phys. 51, 109 
(1974). 
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MOLECULAR DYNANICS SIMULATION AT CONSTANT TEMPERATURE 
AND/OR PRESSURE 

by 

H. C. Andersen 
Department of Chemistry 

Stanford University 

Molecular dynamics calculations on condensed phases normally are performed 
in the microcanonical (E,v,N) ensemble with periodic boundary conditions. 
There are many problems, though, for which constant energy and volume are not 
the most appropriate conditions for a simulation. Examples include chemical 
reactions (with pressure waves and the release of large amounts of energy); 
phase transitions (with density and energy fluctuations); systems with finite 
time rates of temperature or volume change; the calculation of partial molar 
quantities for comparison with experiment; and problems in which one wants to 
obtain a specific value of T or P without iterative adjustment of E and V in 
preliminary computations. In his presentation, Andersen described techniques 
for doing molecular dynamics in the isoenthalpic-isobaric (H,P,N), canonical 
(T,V,N), and isothermal-isobaric (T,P,N) ensembles.' 

The (H,P,N) ensemble is generated by a method similar in spirit to that 
which relates Monte Carlo calculations in the (T,v,N) ensemble to those in the 
(T,P,N) ensemble. 2  The coordinates of the atoms (or molecular centers of mass) 
are scaled by v 1/; the molecular dynamics is performed on the scaled system, 
which additionally includes V and its conjugate momentum as dynamical variables. 
The volume thus fluctuates about a mean value. Because of the scaling, the 
resultant density fluctuations are distributed uniformly throughout the volume. 
The mass associated with V is arbitrary but may be chosen self-consistently so 
that the time scale for volume fluctuations is that expected for a similarly 
sized region in a large volume of fluid, i.e.,4'V 1 / 3/(speed of sound). Time 
averages of variables over the quasi-trajectories generated in the scaled 
system are directly related to (H,P,N) ensemble averages. 

By introducing energy fluctuations, a second technique transforms the 
system from the (E,V,N) to the (T,V,N) ensemble. The molecules are forced 
to undergo stochastic collisions, whose occurrence is determined by sampling 
from a Poisson distribution. In each collision, new moments for the molecule 
are drawn randomly from a Maxwellian distribution for temperature T. 

The stochastic collision frequency, which is related to the thermal 
conductivity of the fluid, need not be high. For 500 atoms in a molecular 
dynamics simulation, the time steps between stochastic collisions for a given 
particle are greater than 600; this number scales as N2/3.  Time averages of 
variables are performed as in the usual molecular dynamics algorithm. 

Using these two techniques simultaneously gives computations in the 
(T,P,N) ensemble. The initial application of the procedure in Andersen's 
laboratory will be to simulate glass transitions brought about by very rapidly 
cooling (1012 K/sec) a liquid in the (T,P,N) ensemble. The glass transition 
temperature will be characterized by the conventional experimental criteria: 
a sharp bend in a plot of V versus T, and a sharp drop in the specific heat. 
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Much of the discussion of this work centered on the fact that, in the 
theory, density and energy fluctuations are produced uniformly in the volume. 
In a real fluid, they would pass through the surface of a similarly sized 
volume element. Andersen argued that at the very least the theory improves 
on the current treatment of the effects of surroundings -on a small sample 
under periodic boundary conditions. Furthermore, the fluctuations are not 
dominant effects, and they disappear as N ± . The participants discussed 
issues involving the optimum choice for the stochastic collision frequency 
and mass associated with V, as well as the relationship of this work to some 
non-equilibrium molecular dynamics methods. 3 ' 4  

Finally, the subtleties of defining the glass transition in a-real 
system, as opposed to an ideal glass transition, were explored. 

H. C. Andersen, "Molecular Dynamics Simulations at Constant Pressure 
and/or Temperature," submitted to J. Chem. Phys. See also T. Scheider 
and E. Stoll, Phys. Rev. B 17, 1302 (1978). 

W. W. Wood, Chapter in Physics of Simple Liquids (H. N. V. Temperley, 
C. S. Rushbrooke, and J. S. Rowlinson, eds.) North-Holland, Amsterdam 
(1968). 

B. R. Sundheim, Chem. Phys. Lett. 60, 427 (1979). 

W. T. Ashurst and W. G. Hoover, Phys. Rev. A 11, 658 (1975). 
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DIFFUSIVE LA1GEVIN SIMULATION OF MODEL ALKANES 

Ronald M. Levy 
Department of Chemistry 

Harvard University 

Molecular dynamics simulations are a powerful tool for the study of 
problems involving many particles. For many processes of interest in polymers, 
the relaxation times are too long for a full molecular dynamics approach. In 
stochastic dynamics of polymers only the atoms of a single chain are explicitly 
retained in the hamiltonian, and the effect of the solvent atoms is incorpor-
ated into the dynamics by the use of an effective solute potential, by the 
presence of a random force term, and by frictional damping. 

We' have used a diffusive Langevin equation of motion 2  to study the equi-
librium and dynamic properties of butane and heptane in aqueous solution. An 
extended atom model was introduced in which the CH3 and CH2 units are repre-
sented as spheres with Van der Weals radius 1.85A . Each extended atom group 
along the chain acted as a point center of frictional resistence with friction 
coefficient determined by Stokes law. Bond lengths and angles were constrained 
to initial values by use of the SHAKE 3  algorithm. A metric tensor correction 
term induced by constraints was omitted from the present simulation. Analytic 
evaluation of the correction indicates the relative populations in the trans, 
gauche, and transition states are changed by 10 to 20 percent, and the actual 
correction for our choice of step size and constraint tolerance is smaller. 
For the butane simulation, time steps of 0.005 Ps and 0.05 ps were compared; 
for heptane, time steps between 0.025 Ps and 0.05 Ps were used. The effective 
alkane potential of mean force was expressed as a torsional potential for bu-
tane and a torsional plus Lennard-Jones potential for heptane. The solvent 
contribution to the potential was obtained from the work of Pratt and Chandler4  
which expresses the potential due to the solvent as -KTln(y) where y is the 
cavity distribution function. Butane trajectories were run for 90 ns (25 0C) 
on the solvent-modified potential surface and 20 ns on the vacuum surface. 
Heptane trajectories on the solvent-modified surface were recorded for 20 ns. 

The equilibrium results obtained from the butane trajectories are in 
good agreement with values calculated directly from the configurational parti-
tion function. The equilibrium fraction of states from the trajectories are 
found to be 65 % trans on the vacuum potential surface and 44 % trans on the 
solvent modified surface. The equilibrium distribution of transstates in 
heptane is found from the configurational partition function and from the 
trajectory to be increased over butane, (fraction trans 49 %). This is attri-
buted to the presence of non-bonded interactions which prevents the formation 
of successive gauche+  gauche isomers along the heptane chain. 

The internal dynamics of these hydrocarbons separates into two very 
different time scales. The shorter, on the order of tenths of picoseconds 
corresponds to torsional oscillations within a potential well, while the 
longer, on the order of a hundred picoseconds, is associated with the transi-
tions from one potential well to another. For the motion of heptane within 
a given well the oscillatory motion is predicted to be overdamped with a 
relaxation time of 0.15 ps. The trajectory results are in close agreement. 
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The most straightforward procedure to obtain isomerization rates might seem 
to be to count the barrier crossing and divide by the duration of the simula-
tion. This method is difficult to use for diffusive trajectories because a 
molecule frequently recrosses the barrier several times before falling into 
a well. Isomerization rates were obtained from the relaxation of the time 
correlation functions of the fluctuations in the number of trans particles. 
For butane the rate constants on the solvent modified potential surface were 
calculated to be: 2 KTGI = 1.0 x 1010 S 1  and KG+T = 8.3 x 109  S 1 . For 
heptane the isomerization rates are between 1.5 and 2 times slower than in 
butane. Further, the rates for the outer dihedral angles are greater than 
those for the inner, though still less than for butane. The butane isomeriza- 
tion rates calculated from the trajectories are in good agreement with Krainers' 
classical diffusion treatment 5  for isomerization. The rate constants evalu-
atedfrom the Kramers model, which incorporates frictional effects on the top 
of the barrier, are about 20 percent of the transition state values. 

There are a variety of NMR relaxation experiments available which probe 
the reorientation of alkanes in solution. For small alkanes, in the motional 
narrowing limit, the experiments measure the relaxation of second order spheri-
cal harmonics of bond vectors embedded along the chain. In both butane and 
heptane the relaxation of the first and second order spherical harmonics is 
dominated by overall tumbling. The relaxation time of .y was calculated 
from the trajectories to be n,6 ps f or butane and 18 ps for heptane. There 
is a motional gradient in the relaxation times along the heptane chain which 
is in agreement with measured longitudinal T 1 1 s for heptane. In summary, 
diffusive Langevin simulations have proven to be an important tool for the 
study of intramolecular motions on widely separated time scales. The method 
will be used to calculate specific motional parameters in model alkanes and 
other polymeric systems for comparison with experiment. 

R. M. Levy, M. Karplus, and J. A. NcCammon, Chem. Phys. Lett., 
65, 4 (1979). 

D. L. Ermak and J. A. McCammon, J. Chem. Phys. 69, 1352 (1978). 

34 J. P. Ryckaert, G. Cicott-i, and H. J. C. Berendson, J. Comp. Phys. 23, 
327 (1977). 	 - 

L. R. Pratt and D. Chandler, J. Chem. Phys. 67, 3683 (1977). 

H. A. Kramers, Physica (The Hague) 7, 284 (1940). 
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Steps in the Simulation 

1. Choose a stochastic equation of motion. 

For polymer dynamics, the Langevin differential equation is the usual 
choice. 

- inertial terms included? 

- friction coefficient: 

Constraints employed to 

For diffusive dynamics replace 
tial of mean force. 

Analyze the trajectories using 
methods. 

time dependent, position dependent, or both? 

liminate "uninteresting" degrees of freedom. 

the intramolecular potential with a poten- 

time correlation functions or equivalent 

Langevin Equation of Motion 

dv 	-- 	-3- . 	••-* 
m -  

dt 	1 
= -. v. + F. + A.(t) 

	

1 	1 

is a gaussian random process with first and second moments: 

= 0 

( i(t) . Z(t')> = 	
KTS(t-t') 	ii 

For simulations of butane and heptane in water, 	calculated from Stokes Law. 

= 6rr a = 67r(0.01 poise) (1 - 85A ) = 3.45 x 10 	g/s

-14 momentum relaxation time m/ 	1 x 10 	 seconds. 

The Langevin equation is integrated twice to obtain the algorithm for the 
displacement vector. 	 . 

-3- 

= 1(t) 	
F1(t) 

	

+ 	At +A(t) 

< Ar.) = 0 	 <Ar. .Ar) 	6D.At.. 
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Corrections Introduced by Constraints 

b3  

3 bond chain 

bond lengths and "angles" constrained 

In the presence of bond length and angle constraints: 

	

-+-+ 

	I 	1 1/2 

	

P() ds c 	cm cm dR dP 	det g] 	d dq 

Covariant metric of "soft" (unconstrained) variable depends on 

	

4 	1 - 	-* 

Rk Rk 
g 

Contravariant metric of "hard" (constrained) variables is easier to evaluate: 

	

b. 	b. 

k=1 mk Ak k 

For example: 

4 

34 	1 b
3  Bb4  

	

g = 	---- 
k=1 Mk 9Rk akk 

= - I -b r 
sin 2 0 coscl + cos 2O - cosci]. 

2,m2 L 
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Fig. 1. Metric determinant for butane. 
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STOCHASTIC DYNAMICS OF CHAIN MOLECULES 

by 

David Chandler 
Department of Chemistry 
University of Illinois 

This work' was a molecular dynamics simulation study of isomerization 
rates in alkanes using the Bohni-Gross 2  stochastic collision model. The 
(intra-) molecular potential-energy function consisted of Lennard-Jones inter-
actions between carbon atoms and the torsional potential of Scott and Scheraga 3  
to account for rotational isomerism. Three types of geometric constraints were 
used: (i) all bond lengths and angles flexible, (ii) bond angles flexible, bond 
lengths rigid, and (iii) both bond lengths and angles rigid. In cases (i) and 
(ii), harmonic bond-stretching and angle-bending potentials were adapted from 
the work of Weber. 4  

The simulations involved a single alkane molecule of n carbons for which 
each of the n extended atoms experienced stochastic (Bohm-Gross) collisions. 
The occurrence was sampled from Poisson distributions with mean collision fre-
quencya. Each collision was taken to be instantaneous (no displacement) and 
to cause the appropriate momentum component to be replaced by a new value sam-
pled from the Maxwell-Boltzmann distribution for the ambient temperature. Be-
tween collisions, the dynamics was computed by the standard Verlet algorithm. 5  

Isomerization rates were calculated from the reactive flux equation: 6  

0 

k.(t) = <q 1 (o)S( 1 (o)  
1 

where 	= ith dihedral angle 

= dihedral angle for trans-gauche transition state 

( 1 if 	is in trans well 
H(4) 	 + 	 - 

. 	 i 0 if ct is n gauche or gauche well 

To compute k(t),  this correlation function was averaged over many (-40 4 ) 
short trajectories beginning at the transition state. k1(t) decayed to a 
plateau level which was taken as ki,  the phenomenological isomerization rate 
constant for the ith dihedral angle. The accompanying figure shows the com-
puted values of k for butane, normalized by the transition-state-theory value 
of k, as a function of the collision frequencyct . The value of a appropriate 
for butane in Cd4 was estimated to be near 4 	1013 sec 1 ; this1 was found 
to be significantly below the high-friction region, where ko c  in agreement 
with the theory of Kramers. 7  

For simulations of decane (seven dihedral angles), the isomerization rates 
for the four outer dihedral angles were found to be nearly equal. The rates 
for the three inner angles were about equal to 'each other, but they were almost 
a factor of two lower than those for the other four. The dynamical correlation 
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of transitions involving dihedral angles i and j can be examined by computing 
the flux: 

k..(t) 	 - *) H(.(t))> 

A lack of dynamical correlation is indicated by k(t) " 0. No evidence of 
significant coupling between any of the angles was observed for decane.- 
A definite coupling does exist, however, between the rate and the initial 
configuration of neighboring bonds (see-Table). In.the discussion, it was 
noted that Helfand 8  did observe correlated transitions between second-neighbor 
angles for a somewhat different polymer model. 

Several aspects of the effects of the choice of geometric constraints on 
the -simulation were presented and discussed. The results summarized above 
were obtained with the flexible model (i) although it was computationally more 
expensive than either the semi-rigid (ii) or rigid (iii) models, which were 
about equal to each other in cost. The rigid model had the disadvantage of a 
non-uniform metric; furthermore, it was shown to slow the transfer of energy 
within the molecule. The question of rigid versus flexible constraints cropped 
up repeatedly in this workshop; for, a fuller discussion, - -see the summary of 
Helfand's presentation on-the subject, (page 29). 	- - - 

J. A. Montgomery, Jr. and D. Chandler, manuscript in preparation, to 
be submitted to J. Chem. Phys. 	 - 	 - 

D. Bohm and E. P. Gross, Phys. Rev. 75, 1864 (1949). 

R. A. Scott and H. A. Scheraga, J. Chem. Phys. 44, 3054 (1966). 

T. A. Weber, J. Chem. Phys. 69, 2347 (1978). 	 - 

L. Verlet, Phys. Rev. 159, 98 (1967). -- 	 - - 

D. Chandler, J. Chem. Phys. 68, 2959 (1978). 

H. A. Kramers, Physica (The Hague) 7, 284 -  (1940). 

E. -Helfand, -page 55 in these -  Proceedings. 	- 
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Rate Constants for n-alkane Chains 

a = 4 x 10 13  sec' = "collision frequency" 

N Initial k/ kTST (# carbons in chain) Bond Configuration 

4 1 (ts) .39 + .01 

5 1 (ts,av) .38 + .05 

10 1 (ts,av,av,av, .29 + .05 
av, av, av) 

10 2 (av,ts,av,av, .33 + .05 
av,av,av) 

10 3 (av,av,ts,av, .18 + .01 
av, av, av) 

10 4 (av,av,av,ts, .17 + .01 
av,av,av) 

10 4 (t,t,t,ts, .18 + .05 
t,t,t) 

10 4 (t,t,t,ts, .15 + .05 
t,g+,t) 

10 4 (t,g-,t,ts, .30 + .05 
t,g,t) 

Abbreviations: 

ts 	transition state-bond is midway between trans and gauche states 

av average value - bond angle chosen from Boltzman distribution 

t 	trans 

g+ gauche 
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KINETIC EQUATION APPROACHES FOR CHEMICAL RATE PROCESSES 

by 

P. G. Wolynes 
Department of Chemistry 

Harvard University 

Many one-dimensional chemical rate processes can be modeled by kinetic 
equations of the form often discussed at this meeting: 

af  = -IV V f + F iff  
E)t 
	

ap] 

- K(v,v' ) f(x,v) 

+f dv'K(v,v') f(x,v') 

In this equation, the collision kernel K(v,v'), in the simplest models, can 
be determined from the dynamics of individual collisions. This kernel depends 
critically on the relative mass of collider and the degree of freedom of inter-
est. Simple results for low damping' and asymptotic expansions for high 
damping2  can be derived. The mass dependence of K can change critically the 
quantitative features of the chemical rate process. This is illustrated with 
a family of simplified collision kernels. 

A simple one-dimensional, double-well system was studied for a variety of 
mass ratios (cL). For high mass ratio (c - Ca) the problem reduces to the Lor-

entz model; for equal mass (ct = 1) to the BGK model (Bohm-Gross); and for small 
mass ratio (a-*O) to the Fokker-Plank model (diffusion limit). For butane in 
CC14, the system reported on here by Berne and Chandler, 	= 10. Essentially 
exact numerical close-coupling solutions of the kinetic equations were solved 
and the rate constants were compared with those predicted by transition rate 
theory. The ratios of KCC/KTRT are always less than one, with the maximum 

occurring at a z 1. In addition, this ratio is always less than that predicted 
by Kramers' theory. 

This study would lead one to use caution in directly comparing stochastic 
simulations with different collision kernels. 

J. L. Skinner and P. G. Wolynes, J. Chem. Phys. 69, 2143 (1978). 

J. L. Skinner and P. G. Wolynes, Physica, in press. 
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* 
NUMERICAL INTEGRATION OF STOCHASTIC DIFFERENTIAL EQUATIONS 

by 

Eugene Helfand 
Bell Laboratories 

Murray Hill, New Jersey 

Numerical integration of a stochastic differential equation, dx/dt = 
f(x)+ white noise, of the Langevin type can be performed by extension of the 
Runge-Kutta (RK) technique. An exact solution for x(s) given x(o) can be 
given as a sum of non-stochastic and stochastic terms. One then develops an 
algorithm similar to that of RK but involving evaluation of f at several 
points which are stochastically determined. The parameters involved in the 
algorithm are chosen so that all cumulants of x(s) - x(o) agree, through a 
given order in s, between the exact solution and the numerical algorithm. 

One measure of the accuracy of the procedure is to determine the closeness 
of the resulting steady state distribution to the known equilibrium distribu-
tion. The temperature as calculated by the square of the velocity is slightly 
less than that of the heat bath. 

*Submitted for publication to the Bell System Technical Journal. 	Preprints 
are available. 
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* 
FLEXIBLE VERSUS RIGID CONSTRAINTS IN STATISTICAL MECHANICS 

by 

Eugene Helfand 
Bell Laboratories 

Murray Hill, New Jersey 

The statistical properties of flexibly and rigidly constrained systems 
are in general different. 14  The reason for the difference is illustrated 
in terms of a simple two-degrees-of-freedom model. What emerges is that, in 
general, flexible constraints constrain one orthogonally to the constraint 
surface to differing degrees in different regions. Thus there is a difference 
of entropy at different points. This entropy is what is called the Fixman 
potential. 2  It does not follow that dynamics are correctly described by intro-
ducing the Fixman potential. The question is examined by projecting out the 
motion orthogonal to the constraint surface. 5  One finds that only in a high 
friction limit is the Fixman potential sufficient for dynamics. Otherwise 
there is an extra dissipative term. However, some progress has been made by 
explicitly integrating the equations of motion orthogonal to the constraint 
by WKB. Work is in progress. 

Finally another picture emerges when motion orthogonal to the constraint 
surface is treated quantum mechanically. Then differences in the degree of con-
straint show up as different zero point energies in an adiabatic approximation. 

*Submitted to J. Chem. Phys. 

N. Go and H. A. Scheraga, Macromolecules 9, 535 (1976). 

M. Fixman, J. Chem. Phys. 69, 1527, 1538 (1978). 

M. Gottlieb and R. B. Bird, J. Chem. Phys. 65 9  2467 (1976). 

M. Pear and J. H. Weiner, J. Chem. Phys., in press. 

H. Mori, H. Fujisaka, and Y. Shigematsu, Prog. Theor. Phys. (Kyoto) 
51, 109 (1974). 
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a) Three-bead-two-bond structure of Gottlieb and Bird's computer simulation.4 
For rigid constraints on the bond lengths the angle 0 is not spherically dis-
tributed, but for flexible constraints it is found to be. b) Four-bead-three-
bond structure of Pear and Wiener's simulation. 5  c) For rigid constraints on 
the bond lengths and angles, the dihedral angle of the middle bond is found 
not be uniformly distributed. The results shown, for the mass ratio of end 
beads to middle beads of 10, do conform to theoretical prediction, the dashed 
line. d) For flexible constraints the uniform distribution is achieved. 
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VIBRATIONAL RELAXATION IN CONDENSED PHASES 

by 

J. Tully 
Bell Laboratories 

Murray Hill, New Jersey 

There are a host of important dynamical processes involving localized 
impurities or defects in solids. The generalized Langevin formalism affords 
a way to focus on the interesting local action in these very large systems. 
As an example, consider the vibrational relaxation of an impurity diatomic 
(C12) in a rare gas matrix (Ar). 1  

A collinear model involving the two impurity atoms and the two nearest-
neighbor lattice atoms has been studied. The lattice atoms are connected to 
the heat bath via generalized Langevin stochastic terms chosen to accurately 
approximate a Debye spectrum. An ensemble of stochastic trajectories is 
computed, with energy decay and dephasing monitored. Results appear to be 
qualitatively correct, exhibiting correct experimental trends. There are 
several problems which must be addressed, however, before this could become 
a general and practical approach. 

The main problem is that such calculations are very lengthy, even with 
the reduction of effort due to inclusion of stochastic terms. The chief reason 
for this is that trajectories must be integrated on a very fast time scale 
(10-14  sec = impurity frequency), whereas the relaxation processes of interest 
are very slow (10- 12 to 100  sec). This multiple time-scale problem is a very 
important and difficult one. 

Other problems are (1) the inadequacy of classical mechanics, particularly 
at low temperatures and for slow processes; (2) the optimal procedure for con-
structing memory kernels and random forces to represent the effects of the 
lattice; (3) the develonent of techniques for including anharmonic lattice 
interactions; and (4) the extension of these techniques to relaxation phenomena 

in fluids. 

1. M. Shugard, J. Tully, and A. Nitzan, J. Chem. Phys. 69, 336 (1978); 
69, 2525 (1978). 
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Three Time Scales 

Fast impurity vibrations (1014 sec) 

Slower matrix phonon frequencies (10-13 sec) 

Very slow relaxation times 

dephasing 10 	-  10 12  sec 

energy decay 10+ 1  -  10 10  sec 

U01(x 0 x1) tVb 	t UbZ(x2xb)1 

Da —w~r 

H. 	. 
x l 	 Kb 	 Req  

XBL 7911-12668 

Fig. 1. Four-atom model. Atoms 1 and 2 are host atoms (argon), and atoms 
a and b are impurity atoms (chlorine). Ual and Ub2 are exponential 
repulsions. V is a Morse potential appropriate for gas-phase C12. 
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fast transient decay. 
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INCLUSION OF MEMORY EFFECTS 

by 

J. Tully 
Bell Laboratories 

Murray Hill, New Jersey 

There are certain situations in which ordinary (white noise) Brownian 
dynamics is inadequate; memory effects must be included. An obvious example 
is vibrational relaxation of an impurity molecule in a lattice. If the fre-
quency of the oscillator is outside the range of the phonon spectrum of the 
solid, then in the absence of anharmonic interactions there would be no relaxa-
tion: the oscillator would be a normal mode. However, if a white noise spec-
trum were assumed in a computer simulation, the oscillator frequency would be 
imbedded in the spectrum and would decay even without anharmonic interactions. 
Thus the Brownian assumption drastically changes the physics. 

Since it is impractical to numerically integrate a friction integral over 
all past times at each step in a trajectory, simpler methods must be found. 
One such method stands out. 1 9 2  The method involves assuming that the friction 
kernel A(t) satisfies some linear differential equation, allowing the friction 
integral to be replaced by a finite set of differential equations which can be 
solved numerically along with the classical trajectory equations. This proce-
dure can quite accurately reproduce a wide variety of phonon spectra. 

There are two obvious problems with this procedure. First, singularities 
or cutoffs in the spectral density cannot be incorporated, except in the limit 
of an infinite number of differential equations for the friction integral. 
Second, anharmonic effects are not included. This can be important if energy 
is transferred diffusively rather than propagated as sound waves. 

S. Adelman, page 1 in these Proceedings. 

A. Nitzan, M. Shugard and J. Tully, J. Chem. Phys. 69, 2525 (1968). 

' 
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LANGEVIN EQUATIONS IN STUDIES OF GAS-PHASE COLLISIONAL ENERGY TRANSFER 

by 

George C. Schatz 
Department of Chemistry 
Northwestern University 

Although Langevin and related equations have historically been used to 
simplify the dynamical description of processes in liquids and solids, they 
can also be applied (for the same purpose) to studies of gas-phase collisions 
involving polyatomic molecules. Some modifications of the usual development 
must however be introduced, because the finite number of degrees of freedom 
causes correlated motions to be more important than in liquids or solids, and 
because mode couplings arising from anharmonic or Coreolis effects can have a 
significant influence on dynamical properties and therefore must be described 
accurately. A bibliography of gas-phase applications of stochastic techniques 
is listed below. 

The present work describes how Langevin-like equations can be introduced 
to problems in translational-vibrational energy transfer in atom-molecule 
collisions. The vibrational degrees of freedom are considered to comprise the 
heat bath, and if the normal modes are assumed to be uncoupled in the absence 
of collisional interaction, the development of a Langevin equation for rela-
tive translational motion largely follows the approach used by Adelman, Doll, 
and others for gas-surface collisions, except that the direct coupling of the 
colliding atom with all the heat-bath atoms cannot usually be ignored and, in 
addition, the vibrational-translational interaction potential is rarely linear 
in the oscillator or translational coordinates. To treat both these problems, 
an exact reference trajectory corresponding to zero initial vibrational energy 
is intràduced' and the resulting oscillator equations of motion are linearized 
about this reference. Several applications of the resulting Langevin equation 
to collinear atom-diatom and atom-triatom energy transfer problems are pre-
sented, and these indicate that this treatment is very accurate as long as a 
reasonable time-scale separation between translational and vibrational motions 
is maintained. 

Anharmonicity in the intramolecular potential introduces two additional 
complications to the above treatment which we have approximated using Brownian 
oscillator models. 2  First, anharmonicity-induced vibrational dephasing leads 
to an exponential decay of the oscillator correlation function, which we model 
by adding a friction term to the (harmonic) oscillator equations of motion. 
Second, vibrational mode coupling causes low combination-type frequencies in 
the oscillator response behavior, which we model by replacing the single 
Brownian oscillator (per normal mode) model by a many-oscillator model. 
Applications to a collinear atom-triatom system show that this model properly 
describes the changes induced by anharmonicity (see Figure) on the collisional 
energy transfer process. 	 - 

The method as described is limited to relatively short time-scale events. 
Thus systems involving strong attractive interactions and/or long-lived colli-
sion complexes must be examined carefully. In addition, there may be diffi-
culties in extending the method to three-dimensional collisions for which a 
single reference trajectory is no longer adequate. 
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C. C. Schatz, Chem. Phys. 31, 295 (1978). 

C. C. Schatz and M. D. Moser, to be published. 

C. C. Schatz and N. D. Moser., J. Chem. Phys. 68, 1992 (1978). 

/ 

Importance of anharmonicity in collisional energy transfer. Solid curve 
denotes the average energy transfer.(ETV>obtained using an anharmonic intra-
molecular potential for CO2 in a collinear Kr + CO2 model (as a function of 
the initial translational energy E 0 ), while dashed curve shows the analogous 
result using a harmonic potential. The Langevin equation result (not shown) 
properly describes the shift from dashed to solid curves as anharmonicity is 
"turned rn." 
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Treatment of Gas-Phase Collision 
Dynamics by Stochastic Theories 

and Related Methods 

Types of Applications: (direct collision process only) 

A. Master equations, Reduced density matrix equations, Moment ("transport") 
equations)--Time evolution of probabilities of various states during a 
collision. 

Finite difference phase interference approach--S. D. Augustin 
and H. Rabitz, J. Chem. Phys. 64, 1223 (1976); 66, 269 (1977); 
67, 64 (1977); 67, 2082 (1977); 70, 1286 (1979). 

R. Ramaswamy, S. D. Augustin, and H. Rabitz, J. Chem. Phys. 70, 2455 
(1979). 

Projection operator approach--G. C. Schatz, F. J. McLafferty, and 
J. Ross, J. Chem. Phys. 66, 3609 (1977). 

G. C. Schatz, Chem. Phys. 24, 263 (1977). 

Cumulant expansion approach--G. C. Schatz, J. Chem. Phys. 66, 5220 
(1977); Mol. Phys. 35, 477 (1978); Chem. Phys. Lett. 58, 368 (1978). 

B. Fokker-Planck, Diffusion-like equations--Time evolution of reduced 
phase space distributions. 

Continuum limit of master equation--Augustin and Rabitz [see A(1)]; 
Schatz, McLafferty, and Ross; Schatz [see A(2)]. 

Truncated basis expansion solution to the classical Liouville equation 
--W. H. Miller and B. M. Skuse, J. Chem. Phys. 68, 295 (1978). 

Phenomenological---B. C. Eu, Chem. Phys. Lett. 47, 555 (1977); Chem. 
Phys. 27, 302 (1978). 

C. Phase space ensemble methods--"Swarms of trajectories"--E. J. Heller, 
J. Chem. Phys. 62, 1544 (1975); J. D. Doll, L. E. Myers, and S. A. Adelman, 
J. Chem. Phys. 63, 4908(1975); G. C. Schatz and C. Vaughn, Chem. Phys. 
Lett. 54, 327 (1978). 

D. Langevin-like equations--G. C. Schatz, Chem. Phys. 31, 295 (1978); M. D. 
Moser and G. C. Schatz, to be published. 
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* 
STOCHASTIC DIFFERENTIAL EQUATIONS 

by 

John 0. Eaves 

Department of Chemistry 
University of Colorado 

and 
Joint Institute of Laboratory 

Astrophysics 
National Bureau of Standards 
University of Colorado 

Boulder, CO 80309 

Nonlinear stochastic differential equations are often used to model non-
linear physical systems occurring in many areas of chemistry, physics, and 
engineering. Of particular interest to statistical mechanics are the general-
ized Langevin equations arising in, for example, gas-surface scattering and the 
vibrational relaxation of impurity molecules in crystals. Numerical methods 1 ' 2  
are customarily used to extract the (time dependent) statistical properties of 
interest. The high computational demands of this approach limit the accuracy 
of the results mainly through statistical sampling errors. 2  

In an attempt to avoid the difficulties in the numerical approach, one 
can try to linearize the nonlinear problem and to obtain statistical properties 
directly through analytic solutions of the linearized stochastic differential 
equation. From a practical viewpoint, one hopes that the errors due to lineari-
zation are small and that the calculation is computationally cheap. A variety 
of linearization methods exists for nonlinear generalized -Langevin equations.' 4  
One popular method in the engineering literature is that of statistical (or 
equivalent) linearization. 4  Shuler and co-workers 5  have investigated this 
method for problems of interest in statistical mechanics. Their studies 
suggest that statistical linearization is a useful method for obtaining 
approximate equilibrium properties of nonlinear stochastic processes. 

We have developed a new method, called the piecewise optimal lineari-
zation method, for obtaining approximate time dependent statistical properties 
of generalized Langevin equations. Statistical linearization is included as 
a special case of our technique. The method has been applied to the simple 
Langevin equation 

+ a x(t) +Ax(t) 3  = F(t) 

<F(t)>= 0 

<F(t) F(t')> = 2D6(t-t') 
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To implement our method, the time axis is divided into intervals of arbitrary 
length. Within each interval, the differential equation is rewritten 

(t) + 8. x(t) < t < t 
3
. 

3 	 3
_l + C. = F(t) + e.(t) 	 t.  

where 8• and c are constants and 

e. 
3 
 (t) = ( 8.-B) x(t) + c. - Xx(t) 3  

3 

The parameters 	and c are chosen so that 

<e.(t.) = 0> 

minimum. 

Then, in the sense of the Chebyshev inequality, 6  ej(tj) is small. 

We now neglect ej and solve the resulting linear equation analytically. 
By requiring (mean square) continuity of the solution process at the boundary 
between time intervals, we generate statistical properties within each time 
interval and propagate these through the entire time domain. For the choice 
of parameters x(0) = 2, 8 = A = 1, D = 1/2, the original equation above is 
highly nonlinear for short and intermediate time regimes (t.25). The errors 
in the second moment <x(t) 2 >in this time period are typically less than 0.3 
percent for our method. The errors obtained from statistical linearization 
are at least two orders of magnitude larger than the errors obtained using 
our scheme. Asymptotically, both our method and statistical linearization 
yield the same result, giving a 5 percent error in the equilibrium value of 
Kx2>. The details of the technique and its extension to multidimensional 
cases will be presented in a forthcoming article. 7  

*This work was supported by the National Science Foundation through grants 
CHE-77-16307 and PHY-76-04761 to the University of Colorado. 

S. A. Adelman and J. D. Doll, J. Chem. Phys. 64, 2375 (1976). 

N. Shugard, J. C. Tully, and A. Nitzan, J. Chem. Phys. 69, 336 (1978). 

S. Crandall, J. Acoust, Soc. Amer. 35, 1700 (1963); F. Arecchi, N. 
Asdente, and A. Ricca, Phys. Rev. A14, 383 (1976); J. D. Doll and D. 
R. Dion, Chem. Phys. Lett. 37, 386 (1976). 

T. K. Caughey, J. Acoust. Soc. Amer. 35, 1706 (1963). 

A. Budgor, J. Stat. Phys. 15, 355 (1976); A. Budgor, K. Lindenberg, 
and K. Shuler, J. Stat. Phys. 15, 375 (1976). 

W. Feller, An Introduction to Probability Theory and Its Applications 
(Wiley, N.Y., 1968), p. 233. 

J. 0. Eaves and W. P. Reinhardt, to be published. 
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STOCHASTIC DYNAMICS OF A SINGLE POLYMER CHAIN 

by 

D. Ceperley 
National Resource for Computation in Chemistry 

Lawrence Berkeley Laboratory 

Large flexible polymers' are thought to be well represented by the bead-
spring model where the potential energy is of the form: 

U(r) = 	(ri-r_ 	+ 	(rjj) 
i=2 

is the number of beads and r) is a short ranged repulsive pair potential. 
The dynamics are described by the Langevin equation in the diffusion limit, 
the Smoluchowski equation. If f(R,t) is the probability density of observing 
the chain configuration R at time t, then 

af(R,t)= 	D 	f + fVU(R)] 

The simulation method we have developed 2  consists of sampling displacements 
from a short-time approximation to the Green's function of this equation 
and enforcing detailed balance by using the Metropolis rejection algorithm. 
This is very similar to "Smart Monte Carlo" as discussed by Doll, but for 
small enough time steps it becomes an exact "simulation" of the diffusion 
equation. The time-dependent correlation functions are observed to be inde- 
pendent of the time step as long as the average rejection probability is less 
than 20 percent. 

Scaling or "renormalizatión group" theory 3  predicts that all slow relaxa-
tion times of chain configurations will be proportional to the number of beads 
to the 2.2 power. We have indeed found this to be the case for 10I563. 

Future areas of simulation are: 

longer chains to resolve the disagreement with the dynamic lattice 
model of polymers. 

multi-chain systems. Many interesting problems here. Unfortunately 
relaxation times can be very long. 

hydrodynamical interactions.4 
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Points of Discussion 

• Do real polymers evolve according to the Smoluchowski equation? Are 
they unaffected by the details of the microscopic angle transitions? 

• Are the chains in the simulations long enough for self-entanglements, 
which would slow the diffusion process, to occur? The effects of 
such entanglements may already be present in the long time behavior 
of correlation functions in the present simulations. 

H. Yamakawa, Modern Theory of Polymer Solutions (Harper, New York, 1971). 

D. Ceperley, M. H. Kalos, and J. L. Lebowitz, Phys. Rev. Lett. 41, 313 
(1978). 

P. G. deGennes, Macromolecules 9, 587 (1976). 

D. Ermak and J. A. NcCammon, J. Chem. Phys. 69, 1352 (1978). 

XBL 7911-12670 

Typical configuration of a 63-bead chain with the potential in Ref. 2. 
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STOCHASTIC DYNAMICS USING A LATTICE MODEL 

by 

David E. Kranbuehl 
Department of Chemistry 

College of William and Mary 

In developing models for the long time behavior of random-coil polymer 
chains, excluded volume has proven to be a particularly difficult type of 
interaction to treat analytically. It is, however, an effect which may be 
conveniently represented using a lattice model for a polymer chain. Lattice 
models have been extensively used to estimate equilibrium dimensions of poly-
mers. The equilibrium predictions of lattice models without excluded volume 
are usually in close agreement with those of the corresponding analytical 
models, where the latter exist. Lattice models may also be used to simulate 
dynamical properties of polymer chains. In particular, the relaxation of 
random-coil chains in dilute solution may be studied using a lattice model 
of the chain and simple local chain-movement rules to simulate the random 
collisions of the chain with solvent molecules. The agreement between the 
results obtained with the dynamical lattice models and those obtained with 
traditional bead-spring models in the absence of excluded volume interactions 
has been demonstrated both analyticaliy 3  and by simulation. 4 9 5  This agree-
ment lends support to lattice-model studies of the effects of excluded volume 
interactions on chain motion. However, it does not rule out the possibility 
that results obtained for lattice models with excluded volume may contain 
artifacts of the particular bead movement rules employed. 6 9 7  

The dynamical lattice model of a linear polymer chain has been described 
in detail previously. 5 9 8 9 9  A chain N - 1 units long is represented by a 
string of N connected points on a simple cubic lattice. The points, referred 
to as beads, lie on the vertices of the lattice, and the connections between 
the beads, each taken to be of unit length, are restricted to lie along cube 
edges. Brownian motion of the chain resulting from random collisions with 
solvent molecules is simulated by choosing a piece of the chain at random and 
then moving only this piece according to fixed rules which maintain chain con-
nectivity. Excluded volume effects are introduced by not allowing beads to 
move to sites which are already occupied. This choice and (possible) movement 
process will be referred to as a bead cycle. As it is repeated again and 
again, the chain moves from one conformation to another, eventually (in princi-
pie) taking on all the conformations of its equilibrium ensemble. 

Results are reported for a model which involves an equally weighted 
probability (p = .5) of two-bead movement rules and one-bead movement rules. 
Simulations were carried out for chains of from 9 to 63 beads. As in our 
previous work, relaxation of and from equilibrium configurations was examined. 
As the simulations proceeded, the vector end-to-end length Z was sampled at 
intervals, and the samples used to form estimates of the ensemble averages 

&(t)>. The autocorrelation functions p(&,&,t)  were estimated as: 

p(2,Z,t) =<&(0) 
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Our primary concern is with the longest relaxation times in the motions 
of the chains. End-to-end length was sampled in the belief that its relaxation 
is governed primarily by the slowest relaxation processes in the motion of the 
chain. All the autocorrelation functions appeared to have attained their 
limiting long-time behavior by the time they reached a value of 0.6 or less. 
We therefore extracted "relaxation times" Tp,N by fitting them, in the range 
p <0.6, to the form 

p,N = aP ,N exP (_t /TP ,N )  

Interpretation of the relaxation times is complicated by the fact that 
the two kinds of bead motion produce inherently different rates of relaxation 
measured in bead cycles. We therefore obtained relaxation times (OTp,N)  for 
the same values of p and N without excluded volume restrictions. 9  In this 
case, we do not need to resort to simulation; the relaxation times may be 
obtained directly by diagonalizing the transition matrix for vector movement. 
Finally, as a direct measure of the lengthening of the relaxation time by 
excluded volume, we obtain ratios 9  

RPN = Tp , N/OTp ,N 

Hilhorst and Deutch 6  and Henks and Deutch 7  have attempted an analysis of 
the effects of excluded volume restrictions upon the motion of lattice-model 
chains which move by the interchange of the bead connection vectors aj. They 
have correctly pointed out that if the motion of the chain is viewed as a 
random walk of the individual gj, then in the pure single-bead model, (p - 0), 
the mere prohibition of self-reversal prevents vectors of opposite sign from 
"walking" past each other. A similar argument applies to the pure two-bead 
model, (p = 1), but not to models in which both types of move are permitted. 
They also present an argument which suggests that this mutual interference of 
a's may increase the chain-length dependence of the longest relaxation times 
by a factor of N. From these results they conclude that the lengthening of 
relaxation times noted in previous studies of pure one-bead 5  and pure two-
bead8  models is primarily a result of the short-range constraint implied by 
the prohibition of self-reversal. They further conjecture that the chain-
length dependence of the long relaxation times should be much weaker for 
models in which both kinds of move are allowed. The results exhibited in 
the figure suggest that Deutch and co-workers may well be correct for short 
chains. However, the important point to be noted is that for the longer 
chains, the relaxation time is proportional to N, where C is in the range 
1 to 1.3. 

A recent paper by Ceperley, Kalos, and Lebowitz'° offers an opportunity 
to compare these results with those of a rather different kind of simulation 
model. Ceperley and colleagues have simulated the motion of a "bead-spring" 
model which is essentially a Rouse model with an added short-range repulsive 
potential between beads. They report autocorrelation functions for vector 
end-to-end length for chains of N beads, for six values of M from 5 to 63. 
Relaxation times obtained from these functions can be compared directly, if 
cautiously, with those reported here for lattice models. Their paper does 
not report relaxation times directly as a function of chain length. However, 



rdT1 

from their published graphs of autocorrelation functions versus scaled time 
(Fig. 2 of Ref. 10), it is possible to reconstruct half-times t1/2(M), defined 
by p(2,9.,,t1/2(M)) = 0.5. While the ti/2(M) are not the same measure of long-
est relaxation times as the Tp,N,  they might be expected to have roughly the 
same dependence upon chain length. Since the -  longest relaxation times in the 
Rouse model, to which the Ceperley, Kalos, and Lebowitz model reduces in the 
absence of the repulsive potential, become proportional to M2  as M becomes 
large, it is appropriate to compare the chain-length dependence of t1/2(M)/M 2  
with that of the ratios Rp,N  for our lattice models. The figure shows a plot 
of t112(M)/M2  versus N along with the log-log plot of Ro.5,N  versus N. The 
units of t1/2(M) have been arbitrarily chosen to give t1/2(N)/M 2  the value 3 
for N = 10, for convenient visual comparison with the plot of R0.5,N  versus N. 
It must be noted that Ceperley, Kalos, and Lebowitz explicitly state that for 
the correlation function for the 63-bead chain, "...the statistical errors are 
large enough to encompass the departures.. ." from a straight line of slope 
0.13, and that no estimates of statistical error are given for the other cor-
relation functions. Having noted this, however, one still cannot fail to be 
struck by the qualitative similarity of the two curves. In particular, the 
consistently upward curvature of t112(M)/N2  suggests that more is involved 
than statistical error. The data are at least suggestive of a transition 
from a weak N-dependence for short chains to a much stronger one at long 
chains for this bead-spring model, very similar to the results presented 
here for the lattice models with p = 0.5. 

(11 

• A break in the curve is what might be intuitively expected for large 
values of N. Here the chain's inability to pass through itself has a 
much stronger effect on chain dynamics as the chain becomes sufficiently 
long for self-entanglement. 

• 	The lattice models could be going to different "fixed points" in the 
renormalization group as was observed for single-bead rules. 

• Simulations at larger values of N and longer time intervals are needed 
to better resolve the- results of Ceperley, Kalos, and Lebowitz. 
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Log-log plots of R0.5,N  versus N and t1/2(N)/N 2  versus M. 
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* 
RIBONUCLEASE AS A MODEL SYSTEM FOR SIMULATION 

by 

A. Komoriya 
Laboratory of Chemical Biology 

National Institute of Arthritis, Metabolism, and Digestive Diseases 
National Institutes of Health 

Ribonuclease-A is an enzyme which catalyzes the hydrolytic cleavage of 
ribonucleic acids (RNA). It is well known that the enzyme can be modified 
to a noncovalent complex, ribonuclease-S, by proteolytic cleavage at the 
20-21 bond and the 21-22 bond. This complex, RNase-S, can be separated into 
S-peptide [residue 1-20(21)] and S-protein [residue 21(22)-124]. These frag-
ments reversibly associate to form an enzymatically active complex, RNase-S, 
upon mixing. Since the size of S-peptide is small enough to be suitable for 
synthetic preparation of the peptide analogues, many derivatives have been 
prepared'. A potentially useful S-peptide analogue for theoretical considera-
tion of peptide-protein interactions has been synthesized recently 2 . Native 
amino acid sequence was simplified in the analogue by the substitution of 
many native residues by alanines. These amino acid replacements reduced the 
degrees of freedom for the peptide's amino acid side chains to 30 from 42. 
Hence, it is possible to reduce some complexity of the real system, thereby 
minimizing the necessity for a large simplification in a mathematical model. 
The facile S-peptide analogue preparation, the availability of X-ray crystal-
lographic structural data for RNase-S 3  and the complexes with some synthetic 
S-peptide analogues 4 , and the availability of a variety of other structurai, 
kinetic as well as thermodynamic data, make this protein a good subject for 
theoretical investigation of the nature and dynamics of cooperative interac-
tions in globular proteins. 

* 
A. Komoriya and I. M. Chaiken, manuscript in preparation, to be submitted 
to J. Biol. Chem. 

F. M. Richards and H. W. Wyckoff, in The Enzymes, Vol. 4, (Paul D. Boyer, 
ed.) Academic Press, New York (1971), p. 647. 

A. Komoriya, W. R. Krigbaum, and I. M. Chaiken, in Peptides 1978, -
Proceedings of the 15th European Peptide Symposium. Gdansk, Poland, 
(1978). 

H. W. Wyckoff, et al., J. Biol. Chem., 245, 305 (1970). 
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MOLECULAR DYNAMICS STUDIES OF WATER CLUSTERS* 

by 

P. L. M. Plummer 
University of Missouri at Rolla 

Molecular dynamics simulations were performed (in collaboration with 
T. S. Chen) on systems of water clusters using the Stillinger-Lemberg central 
force potential. 	The motivation for this work was to investigate 1) the 
structure and stability of small water clusters, 2) the modes of energy trans-
fer in the clusters, 3) the growth and decay in these small clusters, and 
4) time evolution of properties of these clusters. Two water-cluster systems 
were examined in detail: the 20-molecule clathrate cage, and a series of 
5-molecule clusters. 

In the clathrate cluster, each water molecule participates in three 
hydrogen bonds, which form the edges of pentagonal faces of a dodecahedron. 
Symmetric and random proton arrangements were studied. It was found that the 
potential-energy minimum corresponding to the random structure was the lower, 
but the symmetric structure could tolerate higher temperatures without disrup-
tion of its structure. When energy was added in a variety of ways, it was 
found that the clusters are quite flexible, and that the energy was distributed 
throughout the vibrational modes of the cluster quite rapidly (on the order of 
0.5 psec or less). The librational modes of molecules in the cluster lie mid-
way in frequency between translational intramolecular vibrations. Examination 
of vibrational energy transfer simulations reveals that the librations serve 
as a "bridge" for the transfer of energy between the other two types of vibra-
tions. Simulations of the collisions of monomers with clathrates at 500  to 
2000  K indicated that the monomer was incorporated into the cluster, with the 
formation of two to three hydrogen bonds, within 0.5 psec of collision. 

Several local minimum-energy pentamer structures were used as starting 
points for molecular dynamics simulations. At temperatures between 700  and 
1500 K, all converted to a five-hydrogen-bonded pentagonal arrangement. This 
geometry, which was not the global minimum-energy structure, persisted up to 
3000  K. In addition, at around 2000  K, proton switching reactions were obser-
ved wherein a nonbonded hydrogen exchanged positions with a hydrogen-bonded 
proton. The duration of the interchange process was quite short: about 
0.002 psec. Collision studies showed the incorporation of incoming monomer, 
with ring enlargement. 

As dirners and then successively larger clusters are examined, the Fourier 
transforms of the time-dependent energies and velocities show a build-up of 
vibrational states in the 0 - 600 cm 1  region. This may indicate that clusters 
could play a role in the corresponding infrared absorptions observed in the 
atmosphere. 

Future work will include the scattering of monomers off ice surfaces. 
There was discussion of how the molecular dynamics data on interconversions 
in the pentamer cluster related to the heights of barriers (saddle points) to 
interconversion on the 39-dimensional pentamer potential-energy surface. 



* 
Manuscript by P. L. N. Pluinmer and T. S. Chen in preparation for submission 
to J. Chem. Phys. and J. Phys. Chem. 

1. H. L. Lemberg and F. H. Stillinger, J. Chem. Phys. 62, 1677 (1975), revised 
in F. H. Stillinger and A. Rabman, J. Chem. Phys. 68, 666 (1978). 
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SURFACE SCATTERING, ENERGY EXCHANGE, AND TRAPPING: 
SOME SIMPLIFIED MODELS 

by 

J. A. Barker 
IBM Research Laboratory 
San Jose, California 

Scattering of atoms by surfaces is important both as a probe of structure 
via diffractive and rainbow scattering and as a tool for studying dynamics of 
processes at surfaces such as energy exchange, trapping, and the kinetics of 
adsorption and desorption. Proper interpretation of these experiments requires 
computational tools appropriate for a number of different regimes--diffraction 
from low temperature surfaces requires quantum mechanics, energy exchange with 
high temperature surfaces may be treated adequately by classical mechanics. 
This talk will be devoted to the latter regime. 

Given a model for the crystal potential and the gas surface interaction, 
it is then necessary to carry out dynamical trajectory calculations and to 
perform thermal averaging to permit comparison with experimental angle and 
energy distributions; in the long run, one would hope to use the results of 
the comparison to improve and refine the potential model. 

Calculations have been made' both by straightforward molecular dynamics, 
and by a method using response functions'9 2  which permits elimination of ir-
relevant coordinates and gives some gain in speed. For a model study of neon 
scattering from silver these methods gave results in good agreement. The com-
puted results for scattering from a cold surface (initially stationary) showed 
complex rainbow phenomena (multiple classical rainbow). When a thermal surface 
(400 °K) was used, these features disappeared and the angular distribution exhi-
bited rather featureless "Gaussian" shapes, quite similar to the experimental 
data of Tau and Merri11 3  for this system. An important device which permitted 
thermal averaging was the use of interpolation of final momenta as functions 
of impact parameter for a given set of initial positions and velocities of the 
surface atoms. An important observation was that the "hard" part of the colli-
sion during which energy was exchanged lasted for relatively short times over 
which the response functions of surface atoms were close to "freeparticle" 
response functions. 

This observation provided partial motivations for study of simplified 
stochastic models in which the collisions were treated as hard-sphere colli-
sions with free surface atoms. Further motivation was provided by experi-
mental data on energy and angle distributions for argon scattered from tungsten 
surfaces. 4  Both these tungsten data, which were taken using a polycrystalline 
surface, and more recent data5  for scattering from a single crystal face of 
platinum, showed a remarkable and simple empirical regularity. The average 
energy of the scattered atoms, E0t,  the initial energy Em, and the surface 
temperature T5  showed a linear relationship of the form 

	

Eout 	Ej 2kT =b2-+b3 

	

S 	 S 
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where b 2  and b 3  were independent of incoming energy and surface temperature 
(but dependent on incident and scattered angles). This suggests that quanti-
ties such as the Debye temperature 0D  well depth E, and slope of repulsive 
potential were irrelevant, since they would destroy this simple temperature 
dependence. This in turn suggests that the collisions could be described 
adequately as hard-sphere collisions with free surface atoms. 

We have implemented a model based on this idea and find that it repro-
duces the general features of the experimental data. 6  We also incorporated 
a "square well" attractive potential, with which "multiple hopping" becomes 
possible. We have used this model to study residence time distributions as 
well as angle and energy distributions. 

J. A. Barker, D. R. Dion, and R. P. Merrill, "Classical Surface Scattering 
Computations; Rainbows and Energy Exchange," preprint. 

J. A. Barker and W. A. Steele, Surface Sci. 74, 596 (1978). 

R. Tau and R. P. Merrill, Surface Sci. 34, 268 (1973). 

K. C. Janda, J. E. Hurst, C. A. Becker, J. P. Cowin, D. J. Auerbach, and 
L. Wharton, submitted to J. Chem. Phys. 

J. E. Hurst, private communication (May 1979). 

J. A. Barker and D. J. Auerbach, "Energy Exchange in Thermal Energy Atom-
Surface Scattering; Impulsive Models," in manuscript. 
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Fig. 1. Relative intensity NR  of Ne scattered from Ag(111) as a function 
of out-of-plane angle 0, computed by response function technique 
(Ref. 1). Temperature of surface is 00  K, incident energy is 
0.6 kcal/mole, and incident angle is 450. 
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Fig. 2. Same as Fig. 1, except temperature of surface is 400 0  K. Note 
rainbow structure is washed out by thermal motion of the surface. 
The arrow shows the specular angle. 



52 

SMART MONTE CARLO 

TO 

J. D. Doll 
Los Alamos National Laboratory 

Recently' a pseudo-dynamical algorithm has been adapted for use in 
ordinary equilibrium Monte Carlo calculations. The essential feature of this 
approach (shared by the related, independent work by Pangali, Rao, and Berne 2 ) 
is that in the present work, Markov process underlying the Monte Carlo method 
makes use of information about the Newtonian forces acting on the system of 
interest. By so doing, the method's attempted moves are "smarter," typically 
reducing the need for rejection. Our simulations on liquid argon imply that 
the "smart" Monte Carlo method is often (but not universally) superior to 
conventional approaches. 

A dynamical scheme correct to order At (the step time) is: 

X + i = X + VAt 

where the velocity is chosen from the Boltzman distribution 

An algorithm correct to order At 2  (Smart Mont Carlo) is obtained by 
putting the force fn into the algorithm 

Xn+iXn+VnAt 	
fn At2 (SMC) 

This algorithm can be made to satisfy detailed balance by using the Metropolis 
rejection method. 3  If T(X X') is the transition probability, one calculates 

-(v(x' )-v(x)) T(X'+ x) q = e 	
T(XX') 

If 	q > 1 	the move is accepted 

O < q < 1 move is accepted with probability q. 

An alternative is the force bias algorithm2  for which 

= 	+ In 	(ea - e) + 	(FB) 
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where ct = 	A 

A is the step size, X is a parameter, and 	is a random number uniformly 
distributed between zero and one. To get agreement with Smart Monte Carlo 
to second order in A one must have: 

A = AtF1m2 and 

A study has been carried out on liquid argon (64 particles, T = 84 0  K, 
p03  = .83) with 4 algorithms: Metropolis [M(RT) 2] Monte Carlo (•), Smart 
Monte Carlo (A), force bias with X = 1/2 (o), and with A = 1 (0). The follow-
ing four figures plot as a function of the step size: 1) the acceptance ratio; 
2) the autocorrelation function of the potential energy after 50 steps; 3) the 
mean square displacement after 100 steps; and 4) the variance of the potential 
energy. 

The results show that SMC and FB are much quicker (twice as fast) in 
passing through regions of energy fluctuations. However, the Metropolis pro-
cedure is adequate for diffusion and for sampling the energy. It was remarked 
that these properties are probably system dependent. In water, force bias was 
better than M(RT) 2  in allowing the particles to diffuse4  while the opposite 
was true in paired ion systems. 5  In addition it was thought that FB converges 
(in energy) about 5 times faster than molecular-dynamics for water. 4  

P. Rossky, J. D. Doll, and H. L. Friedman, J. Chem. Phys. 69, 4628 (1978). 

C. Pangali, N. W. Rao, and B. J. Berne, Chem. Phys. Lett. 355, 413 (1978). 

M. Metropolis, A. W. Rosenbluth, N. N. Rosenbluth, A. N. Teller, and 
E. Teller, J. Chem. Phys. 21, 1087 (1953). 

M. W. Rao, private communication. 

H. L. Friedman, private communication. 



54 

1.00 

5.6 

0.80 

4.8 

p 0.60 

	

040 
	

3.2 
0 

	

0.20 
	

24 

	

0 
	 1.6 

0 	0.12 	024 	0.36 	0.48 

A/c- 	 0.8 
X8L 799 - 2835 

	

Fig. 1. Average acceptance probability. 	0  

111003  

AU 
0 

C-) 

0.7 

[.1:1 

AN 

s—I 

—S 

L I  

	

0 	 - 

	

/ 	 / '9 	 I 
S 	 I 

0'  
S 	 I 	/ 

S 	 / 

\\L 	
0 

0- 

L /cr 
XBL 	2837 

Fig. 3. <((i) - (i + 100)) 2 > 

(i) = 3n vector of argon 
positions at step i. 

I 	I 

—o 

- 	I 	. 

'l 

/ 	

1P

>('000 •5 

9 	

% 
9% 

- 

- 	9 9 

I  

I 	I 

0 	0.12 	0.24 	036 	0.48 
A/cr 	 XBL799-2836 

Fig. 2. <M(i) LV(i + 50)'> 

where i = step number and 
tV is the deviation of potential 
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BROWNIAN DYNAMICS OF CONFORMATIONAL TRANSITIONS AND HAZARD ANALYSIS 

by 

Eugene Helfard 
Bell Laboratories 

Murray Hill, New Jersey 

In an effort to understand several complex aspects of conformational 
transitions of polymers and smaller molecules, Brownian dynamics simulations 
have been performed. Systems studied include a single bistable oscillator, 
a chain of bistable oscillators, butane, octane, 2 ' 3  and a polymer. 3  Confor-
mational transition rates have been extracted from first passage times using 
hazard analysis. 

A central question is the degree to which cooperativity exists between 
transitions of units on a chain. The simulated rates are in reasonable agree-
ment with theories which have no cooperative transitions (although the reaction 
coordinate is a localized collective mode). 2 ' 4  Also, the activation energy is 
only one reaction barrier height. However, direct examination of the data for 
the correlation of neighboring transitions shows that there is a fair degree 
of correlated transitions. 

E. Helfand, J. Chem. Phys. 69, 1010 (1978). 

J. Skolnick and E. Helfand, J. Chem. Phys. to be published. 

E. Helfand, Z. R. Wasserman, and T. A. Weber, J. Chem. Phys. 70, 2016 
(1979); Macromolecules, to be published. 

E. Helfand, J. Chem. Phys. 54, 4651 (1971). 



3.0 

2.5 

c2.0 
N. 
cø 

a) 
• - 
— 

E 
0 

1.5 

1.0 

56 

0.5 

II 

/ ,.. 

/ 

I 	. 1 	./ ,•. 

	

• 	 I 
/ I.. 

If 	0.4 •0 	

/ .,. 

	

• 	I.' / 	 0.3 

 I•# 	
1/ 

0.2 

/ 	 II,, 	

I 	••- 

0.1 	
•., 	•._ 

'I  
0 	0.0 

	

 

1
0 - 	0.01 	0.02 V  

	

0 	0.08 	0.16 	0.24 	0.32 

0  Transition Time (ns) 
XBL 7911-12671 

Hazard plots of transition times. The solid curve relates to times from one 
transition to the next. Other curves are transitions of neighbors measured 
from time of transition of the central bond (m = 1, dashed; m = 2, dot-dashed; 
m = 3, dot-dot-dashed). The short time region, magnified at lower right, 
shows the enhanced transition rate (slope) for back-transitions and neighbor 
transitions. The time offset of the solid curve is due to the finite time 
required to go from one potential minimum to another. From E. Helfand, Z. R. 
Wasserman, and T. A. Weber, J. Chem. Phys. 70, 2016 (1979). 
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