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The method of calculating the excess Helmholtz free energy from the averaged effective acceptance ratio for
the Lennard-Jones fluid and the inverse twelve fluid has been slightly modified and applied to the two-center-
Lennard-Jones liquid. The excess Helmholtz free energy is calculated directly from the average of the modified
effective acceptance ratio through a single Metropolis Monte Carlo simulation. Therefore this method does not
need any reference system. The results of the present method were satisfactory compared with those of the per-
turbation theories and the overlap ratio method.

Introduction recently a practical meth&d6to evaluate the excess Helm-
holtz free energy from the averaged effective acceptance
The evaluation of the free energy or the entropy in com+atio in the Monte Carlo simulation for model potential sys-
puter simulation has been the important but difficult subjecttems, where the excess free energy represents the configura-
There has been rapid progress in the field of computer simuional free energy of the model potential system over that of
lation recently. For the evaluation of the free energy or thethe ideal gas. In this method, the free energy has been evalu-
entropy in computer simulation, a number of methidliave  ated as the canonical ensemble average. This method did not
been proposed. The thermodynamic integration méthesl  need any reference system. The results of this method for the
been used commonly in the absence of any satisfactory corhennard-Jones fluid and the inverse twelve fluid were satis-
puter simulation method of calculating the free energy. In thdactory compared with those of other methods. This method
thermodynamic integration method, computer simulationscan be applied to high density fluids and also overcome the
on many densities or temperatures should be performed ifficulties arising from phase transitiohsThe two-center-
evaluate the excess free energy. Also this method would ndennard-Jones (2CLJ) flui#f® is composed of homonu-
be able to avoid difficulties arising from phase transitions.clear diatomic molecules with two Lennard-Jones interac-
Accordingly this method is a cumbersome and wastefution sites. For the 2CLJ liquid, the effective acceptance ratio
means of obtaining the free energy at high denditdee  used in previous studi€g® has been slightly modified. In
Widom’s particle insertion methbdavaluates the chemical the present work, the excess Helmholtz free energy for the
potential from the potential energy according to random2CLJ liquid has been evaluated from the modified effective
insertion of a test particle. Consequently this method isacceptance ratio. The results of the present method for the
closely related to the grand canonical Monte Carlo simula2CLJ liquid were satisfactory compared with those of the
tions! The overlap ratio methdd, originated by Bennet, perturbation theories and the overlap ratio method. Also the
evaluates the free energy through the comparison of energyesent method can be applied directly to molecular dynam-
distributions. The umbrella sampling meth&dwas pro- ics simulation.
posed as a way to obtain the free energy difference from a
single Monte Carlo run in which the parts of configurational Method
space relevant to a range of physical situations is sampled.
The umbrella sampling method evaluates the average overWe proposed recently an efficient equatigh for the
non-physical sampling distribution to calculate the freeevaluation of the excess entropy given by
energy difference. As a result, this method needs the relevant
reference system. Also this method uses a trial and error szlnff(rR' r)exp(—(p/k'quzln (re, 1)0 1
choosing of the weighing function. The success of this Nk J‘exp(—(p/kT)dq R
method would be doubtful if two systems are not so simi-
lar!! Valleauet al extended this method to the thermody- where < > denotes the canonical ensemble averageisad
namic scaling Monte Carlo meth&d!4 The umbrella configuration of a molecule sampled during the Metropolis
sampling method or the thermodynamic scaling MonteMonte Carlo simulatiocf andrg is a random configuration
Carlo method gives the relative free energy, and so thessithin the cell generated by the separate parallel Monte
methods need the relevant reference system. Carlo procedure. The cell for the evaluation of the effective
It will be difficult to evaluate the free energy or the acceptance ratigrg,r) was selected as a cube with fixed vol-
entropy from the canonical ensemble avefadye proposed ume V/N centered on a configuration of a molecule sampled
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during the Metropolis Monte Carlo procedure. The effectiveuid with I* = 0.3292 are listed in Table 1. For the 2CLJ lig-
acceptance ratio introduced for the Lennard-Jones fluid andid with I* =0.3292, simulations have been performed at
the inverse twelve fluid is slightly modified for the 2CLJ lig- various temperatures and densities. The results of the present
uid as method have been satisfactory compared with those of the
f(re )= eXp—(G—@/KT], if @G> @ perturbation theorié&®and the overlap ratio methédThe
R ' excess Helmholtz free energy in the present work is identi-
f(rg, r)=1+ 1.7 exg—(@g:— @)/ 2kT]-1}, if k>0 cal, in definition, with the configurational free energy in the
) perturbation theorie$:1® For the 2CLJ liquids withl*
=0.3292 at various temperatures and densities, the present
the Metropolis Monte Carlo simulation aglis the poten- Ynethod shows consistent tendency. The results for the 2CLJ
liquids withl* = 0.63 and 0.793 were not good at high densi-

tial energy of random configuration of a molecule within the. " .
ties, but the results at some densities were satisfactory com-
cell generated by the separate parallel Monte Carlo proce- : .
: . ared with those of the perturbation the§ryhe values of
dure. In the cases of the Lennard-Jones fluid and the inverse

twelve fluid, the value of 2.3 was used instead of 1.7 in quxcess Helmholtz free energy for the 2CLJ liquids with

(2) for the 2CLJ liquid. The physical meaning of these num—l =0.63 and 0.793 at some densities are listed in Tables 2-3,

bers will be discussed later respectively.
The homonuclear 2CLJ potentide.s has the form The present method used only one fixed parameter for the

modified effective acceptance ratio even though the value of

whereg@is the potential energy of a molecule sampled durin

U,y = : ULs(ryy) 1.7 used in Eqg. (2) was different from the value of 2.3 used
=1
— 0 ? 0 Table 1.Excess Helmholtz free energg/NKT of the 2CLJ liqui

Ui(ri) = 45%5%%1 ‘%%%GB @) ith 1+ = 03292 o |
wheree is the potential energy well depth amib the length ™ p*  Thepresentmethod  Previous results
parameter with and andj denote two interaction sites on 0.70 -1.75 -1.74-1.73
different molecules. The distance between two interaction 0.68 -1.78 -1.84,-1.75
sites on one molecule is denoted by elongatioiThe 3.0 0.66 -1.83 -1.89-1.83
reduced quantities TH* andI* denote kT¢, po 3 andl /g, ' 0.64 -1.84 -1.95-1.90
respectively. 0.62 -1.89 -1.99-1.95

In each configuration sampled during the Metropolis 0.60 -1.91 -2.02 -2.0®
Monte Carlo simulation, the center of mass of a sampled 0.70 -4.75 -4.67 -4.69
molecule is moved temporarily to random position within 0.68 -4.76 474 -4.72
the cell and rotated freely about the moved center of mass. 0.66 471 472 -4.72
Then the modified effective acceptance ratio at the tempo- 2-0 0.64 -4.67 -4.67 -4.6%
rary random configuration is evaluated and averaged over 0.62 -4.64 -4.66 -4.66
the canonical ensemble. Thereafter the temporary configura- 0.60 -4.52 -4.6Q -4.58

tion in the cell is removed and the usual Metropolis Monte

: 0.70 -7.55 -7.39-7.37

Carlo procedure is performed. The excess Helmholtz free 068 750 7 32 737
energy is obtained by 0.66 a1 _7'29 736
ACU-TS* (4) 1.5 0.64 -7.24 -7.19-7.18

_ _ 0.62 -7.04 -7.07 -7.08

whereU is the potential energy of the 2CLJ system averaged 0.60 6.93 -6.92 -6.97

over the Canomc_al _ensemble. . . %Results of the perturbation theory from Reference®R@sults of th
For the 2CLJ liquid, 108 molecules were used in the simuoverlap ratio method from References 6Results of the perturbati

lation and about %L(° configurations were averaged after theory from Reference 19 for the 2CLJ liquid wlitkr 0.33.
equilibration. Only one atom was moved at a time. The

mean acceptance ratio of the Metropolis Monte Carlo procetfable 2. Excess Helmholtz free energy A/NKT of the 2CLJ li
dure was adjusted to about 0.5. The long-range energy cowith I* = 0.63
rection and the periodic boundary condition were used and T«

) 8 p* The present method Previous result:

the cutoff distance for the 2CLJ potential was half the box
length o5 0.48 -0.91 -0.93
' : 0.46 -0.98 -1.01
Results and Discussion 20 0.48 -2.07 -2.02
0.46 -2.11 -2.07
Calculations have been performed for the 2CLJ liquids 15 0.48 -4.06 -3.93
with elongationd* = 0.3292, 0.63 and 0.793, respectively. ' 0.46 -4.02 -3.89

The values of excess Helmholtz free energy for the 2CLJ ligaResults of the perturbation theory from Reference 18.
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Table 3. Excess Helmholtz free energy A/NKT of the 2CLJ kiui  configurations, using the square-well fluid at T* = 1.29 and

with I* = 0.793 p*=0.1 as the reference system. However, the method

T+ 0* The present method  Previous results ~ Using the effective acceptance ratio gives the resuiebf

NKT = -1.34 through a single Monte Carlo run &fL0f con-
0.40 -1.31 -1.29 . . -
2.0 0.38 135 133 figurations for the square-well fluid at T*=1.29 apy
i i i = 0.68 with no reference systéfAs a result, the present
175 040 -2.02 -1.92 method is very efficient method for calculating the free
' 0.38 -2.02 -1.94

energy.
In cases of the Lennard-Jones fluid and the inverse twelve
fluid, the present method gave excellent results for high den-
for the Lennard-Jones fluid and the inverse twelve fltiid. sity fluids® A method similar to the present method had
The effective acceptance ratio was introduced to reduce tHaeen applied to hard sphere and hard dumbbell fluids previ-
fluctuations originated from the average of the Boltzmannously?® From the average of the acceptance ratio or the
factor. Accordingly, the value of 2.3 in the effective accet-effective acceptance ratio within the cell centered on the
pance ratio used for the spherically symmetric model potensampled molecule, the excess free energy can be calculated
tial systems can be changed appropriately in the unsymmefficiently for hard® or soft>1¢ potential systems. Even
trical 2CLJ system. The present method using the modifiethough Eq. (1) is an approximate equation, the effective
effective acceptance ratio gives consistent results for thacceptance ratio must be a useful function. The present
2CLJ liquids withI*=0.3292. Also, the present method method needs further study.
does not need any reference system. As a result, the present
method gives the free energy and other thermodynamic
properties in a single Metropolis Monte Carlo run. Because
the separate Monte Carlo procedure is adopted for the evalu-The method of calculating the excess Helmholtz free
ation of the excess entropy, the present method is very easyergy from the averaged effective acceptance ratio has been
to implement. The present method can be applied directly tapplied to the two-center-Lennard-Jones liquid. The effec-
molecular dynamics simulation because the present methdive acceptance ratio used for the Lennard-Jones fluid and
evaluates the average of the effective acceptance ratio ovtre inverse twelve fluid was slightly modified for the appli-
the Boltzmann distribution. As pointed out by Mezei andcation to the two-center-Lennard-Jones liquid. The excess
Beveridge? such methods as the present method may not beelmholtz free energy for the two-center-Lennard-Jones lig-
applied efficiently to systems consisting of large moleculesuid could be evaluated efficiently from the average of the
Nevertheless, the present method using very simple effectivaodified effective acceptance ratio through a single Metrop-
acceptance ratio can be a practical and efficient method talis Monte Carlo run.
evaluate the free energy because general method of evaluat-
ing directly the free energy in computer simulations has not
been known yet. Accordingly, the present method may be
extended to more complex molecular fluids. If we want fast 1.
evaluation of the free energy for simple fluids, we would be
able to use the present method. Considering the present-
method has been applied satisfactorily to the inverse twelve
fluid with only repulsive potentid® it is thought that the ?g;’;?'vc‘i- é]pli%g Plenum Press: New York, U. S. A,
present r_nethod does not depgn_d sensitively on model potens. Mezéi, M.; ’Beveridge, D. LAnn. NY Acad. Scil986
tial function. The quasi-ergodicity related to slow potential 482 1.
energy barrier crossing behavior of the Metropolis Monte , Kirkwood, J. G. InTheory of LiquidsAlder, B. J., Ed.;
Carlo method may be overcome using the jump-walking

aResults of the perturbation theory from Reference 18.

Conclusion
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