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GIBBS ENSEMBLE CALCULATIONS WITH AN 
EQUATION OF STATE 

AN APPLICATION TO VAPOR-LIQUID EQUILIBRIA 

D.M. TSANGARIS and P.D. McMAHON 

Department of Chemical Engineering, University of Wisconsin, 
Madison, WI 53706, U.S.A. 

(Received December 1991, accepted December 1991) 

A new modification of the Gibbs ensemble Monte Carlo computer simulation method for fluid phase 
equilibria is described. The modification is based on a thermodynamic model for the vapor phase, and 
uses an equation of state to account for the weak interactions between the vapor phase molecules. 
Reductions in the computational time by 3040% as compared to the original Gibbs ensemble method are 
obtained. The algorithm is applied to Lennard-Jones - (12,6) fluids and their mixtures and the results are 
in good agreement with results obtained from simulations using the full Gibbs ensemble method. 

KEY WORDS: Monte Carlo, Gibbs ensemble, vapor-liquid equilibrium, Lennard-Jones 

1 INTRODUCTION 

Following our previous work [l] we describe another algorithm for the calculation of 
vapor-liquid equilibria based on the Gibbs ensemble method introduced by Panagio- 
topoulos [2,3]. The power of this technique and its modifications comes from the fact 
that a point on the vapor-liquid saturation curve can be located by performing a 
single simulation at the temperature of interest. 

In the original approach of Pangiotopoulos [2,3] the thermal equilibrium is 
established by using the Metropolis algorithm to control particle movements 
separately in each phase [43. Mechanical equilibrium is achieved by performing 
volume exchanges between the two phases and chemical equilibrium is achieved by 
transferring particles from one phase into the other. The above steps are essential 
since they satisfy the necessary and sufficient Gibbs conditions for phase equilibria. 

As it was shown in the modified Gibbs ensemble method [l], it is possible to reduce 
the computational effort required for vapor-liquid equilibrium (VLE) simulations by 
avoiding the exact calculation of the interactions between the particles in the vapor 
phase. Such a modification results in significant reductions since each phase typically 
accounts for about half the total computational effort. However, the lack of inter- 
actions between the vapor phase particles is equivalent to an ideal gas vapor phase 
model which can not predict very accurately vapor-liquid equilibrium properties at 
relatively high saturation pressures. 

In this paper we describe a new approach to the modified Gibbs ensemble method. 
The proposed algorithm has the same computational complexity with our previous 
method but predicts more accurately the equilibrium properties. The method is based 
on statistical mechanics and uses an equation of state to predict the properties of the 
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vapor phase. In contrast to the modified Gibbs ensemble of [l] where the vapor phase 
was assumed to behave as an ideal gas, this version treats the vapor phase as a real 
gas and uses an equation of state to describe its non-ideal behavior. 

The rest of the paper is organized as follows: In section 2 the theory for the 
proposed method with application to pure fluids is given and next the theory for the 
application of both versions of the modified Gibbs ensemble to mixtures is developed. 
In section 3 the theory needed for the application of the newly proposed algorithm 
to vapor-liquid equilibrium is presented and in section 4 simulation results for both 
pure fluids and mixtures are reported. I n  the appendix the reader can find technical 
details of the simulations. 

2 THEORY 

In this section we give the theoretical background of the proposed modified Gibbs 
ensemble method. The derivation following is for vapor-liquid equilibrium of pure 
Lennard-Jones fluids and mixtures. However, the method can be applied to any phase 
equilibrium problem when an analytic equation for the thermodynamic properties of 
one phase is available. 

2. I Pure Fluids 

Starting from the partition function for the Gibbs ensemble we have that 

x jdr?exp(-pU,,) Idr;Y’exp(--pU,), 

where A is the thermal de Broglie wavelength, j? = I/k,T, r ,  and rl are the scaled 
coordinates of the particles, and lJ,(ri;  i = 1, . . . , N )  is the intermolecular potential 
of the N interacting particles. This is the exact expression for a system of simple 
monoatomic molecules but it can be extended very easily to polyatomic molecules; the 
derivation that follows however, deals with monoatomic molecules. 

The contribution of the vapor phase to the partition function can be factored out 
by introducing the canonical partition function of this phase. 

For the canonical partition runction of an ideal gas we have 

which gives for the configurational partition function 
ensemble 

of a real gas in the canonical 
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GIBBS ENSEMBLE CALCULATIONS 225 

Substitution of Equation (4) into Equation (1) gives 

The above partition function suggest a pseudo-Boltzmann weight factor 

exp In - + N, In V ,  + fi  In V + In QN,v,T - In Q$ovvT - PU,]. (6) [ N,!N,! N! 

For the canonical partition function of the vapor phase we can use the bridge 
equation and write 

where ANVVvT is the Helmholtz energy of N, particles at the temperature T and volume 
V,. If we substitute Equation (7) back into Equation (6), the psuedo-Boltzmann 
weight factor will be 

In QN,v,T - In QiovUT = - P ( A N , v , T  - A$,v,T), (7) 

where A R  now is the residual Helmholtz energy of the vapor phase. Finally, from 
Equation (8) we can define a generalized energy r for this modified Gibbs ensemble 
(this quantity is analogous to the configurational energy of the canonical ensemble) 
as 

(9) r = --In(") 1 - -N,ln 1 V ,  - -&In 1 6 + A: + U,. p N,!N,! P P 
Using Equation (9) we can implement a new Metropolis algorithm [4] which will 

sample the state space by displacing only the liquid phase particles, by changing the 
volume of both phases under constant total volume, and, finally, by transferring 
particles between the two phases. 

The new configurations will be accepted with a probability P given by: 

P = min [ 1, exp { - PAT)] (10) 
where for Ar we have: 
(1) Particles displacement in liquid phase. 

(2) Exchange of volume between the liquid and the vapor phases, A V  
Ar = Ulxw - V;IM. (1  1) 

(12) 
(3) Transfer of a particle from the liquid to the vapor phase 

(4) Transfer of a particle from the vapor to the liquid phase 
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226 D.M. TSANGARIS AND P.D. McMAI-ION 

We emphasize that the above equations are exact and do not involve any approxi- 
mation. Furthermore, this modified Gibbs ensemble has fewer degrees of freedom 
because the particle positions of the vapor phase have been integrated out, and any 
Monte Carlo algorithm implemented along these guidelines will sample from a lower 
dimension state space. However, an expression for the Helmholtz energy of the vapor 
phase (or, in general, for the phase that is not simulated) is needed. For some classes 
of problems such expressions are available and one of those classes will be examined 
next. 

2.2 Mixtures 

For the NPTversion one has to modify the previously given partition function for the 
NVT system of pure fluids in order to take into account the fluctuating total volume 
and the different mixture components. Thus, the partition function is given by 

x / dV,V,NuKNlexp(-PP~)exp(- BPI.;) 

x 1 drpexp(-  PU,) dr;v'exp (- PU,), 

n 

Therefore, the ensemble average of any function f(r") is simply 

V 

x d V ,  v;'. V"exp ( -  pPV,)exp (- PPK) 
n 

x I dr? exp (- BU,) 1 dry exp ( -  p U / )  f(r"). (If)) 

This partition function differs from the NVT form (Equation (1)) in two ways: the 
terms, and the exp( ~ PPVphase) terms. The first one accounts for the way 

that Nspccies molecules can be distributed between the two phases, and the second one 
for the contribution of the fluctuating volumes. 

Nnpecies 

Equation (1 5) gives rise to the following pseudo-Boltzmann factor: 

(171 

If we assume that the vapor phase behaves as an ideal gas mixture (version-I of the 
modified Gibbs ensemble method, MGE) then the U, term drops out and it  is not 
necessary to keep track of the particle positions in this phase. So the probability 
distribution will be 
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GIBBS ENSEMBLE CALCULATIONS 221 

Using the generalized energy we have that 

(19) 
If however, we use the version-2 of the modified Gibbs ensemble method (MGEV) 

described above for pure fluids then the generalized energy l+ will have the Helmholtz 
residual energy in place of the configurational energy of the vapor phase. 

N! 1 
- - N , h  V ,  r,,,, = -- In ( NZ!N!!W!NI)  P 1 

(20) 
1 + --N,In V + PV, + P?( + A: + U,. P 

Using Equation (19) and Equation (20) we can implement the steps of the modified 
algorithms described previously for studying mixtures vapor-liquid equilibria. 
However, the algorithm will slightly differ in the interchange step. As suggested by 
Panagiotopoulos et al. [3] this step should take place as follows: 

(1) First, the phase that receives a particle should be determined with equal proba- 
bility, 

(2) Then the species that will undergo the transfer should be determined. The two 
species do not have to be chosen with equal probability, but their relative ratio 
must remain constant during the course of the simulation. 

Finally, we should emphasize again that it is neither necessary to move particles in 
the vapor phase, nor to keep track of their exact positions. All we need is to monitor 
the number of particles of each species and the volume of the simulation sub-box. 

3 APPLICATION TO VLE 
3.1 Virial Equation of State 

The Helmholtz free energy of a real gas can be evaluated using an equation of state. 
In this application we had the choice of the virial equation in the density form given 
by 

z = - -  pv - I + - + .  B 
V RT 

and in the pressure form given by 

pv - I + - + . -  BP 
RT RT 

z = - -  

Here B is the second virial coefficient and z is the compressibility factor. 
The choice of the EOS was motivated by the simplicity of the calcultions and the 

existence of statistical mechanical background. The virial coefficients can be calcu- 
lated exactly from the molecular potential and, therefore, no extra parameters are 
introduced into the problem. In addition to that, the virial equation is particularly 
appropriate for studying vapor-liquid equilibria of mixtures due to the exactness on 
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228 D.M. TSANGARIS AND P.D. McMAHON 

the composition dependence. For example, the B,,, for a binary mixture can be 
calculated rigorously from 

B,,, = Y P m u  + 2YuY$B,, + .v;B,$> (231 

where for the BXp is the virial coefficient for the interaction between molecules of 
species a and p. 

In this work we assumed that the vapor phase is modeled accurately by the 
truncated form of the virial equation. Among the available pressure and density 
expressions we choose the pressure equation because on one hand it is more accurate, 
and on the other hand, experimental virial coefficients are often calculated by fitting 
experimental data to the truncated pressure equation. 

3.2 Residual Helmholtz Energy 

Using Equation (22)  the pressure at given specific volume and temperature will be 

P = RT/(v - B).  (24) 

The Helmholtz energy (per mole) at given temperature and specific volume is given 

CL = 7 [P  - RT/v] dv + aig ( 2 5 )  

where amg is the free energy of the ideal gas at the same conditions. Therefore, the 
residual part will be 

by PI 

V 

mR = 7 [ P  - RT/v]  dv 
V 

m 

z [RT/(v - B) - R l / v ]  dv 
2) 

(26’) 

After the integration the final expression for the residual Helmholtz energy is 

x R  = -- RT In (1 - B/v) (271 

The above equation is valid for both pure components and mixtures if in the latter 
case the virial coefficient of mixtures is used. 

The equation of state has also been used to calculate other thermodynamic quanti- 
ties needed in this work. The reader should refer to the appendix for the derivation 
of those quantities and for more details on the implementation of the algorithm. 

4 RESIJLTS AND DISCUSSION 

4.1  Pure Fluids 
Table 1 contains the values for the second virial coefficient used in the simulations. 
The values have been evaluated through numerical integration of the following exact 
expression by Hierschfelder, Curtiss and Bird [ S ]  
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GIBBS ENSEMBLE CALCULATIONS 229 

Table 1 Second virial coefficient values for Lennard-Jones- (12,6) potential. EHCs is the reduced second 
virial coefficient reported in [5] with B = b,BHC’ and b, = 2xNn3/3, the hard sphere virial coefficient. E* 
is the reduced virial coefficient used in this work, B* = 2nB“cs/3. Also BYcs = T*(dBHCs/dT*). 

T* 

0.75 
0.90 
1 .oo 
1.15 
1.20 
1.25 
1.30 

B H C S  

- 4.17592830 
-3,04711430 
- 2.53808140 
- 1.98264920 
- 1,83594920 
- 1.70377840 
- 1.58410470 

B* 

- 8.74604378 
- 6.381861 27 
-5.31574525 
- 4.15245077 
- 3.84520301 
- 3.56838514 
-3.31774113 

BY” 

7.25401 350 
5.26491 840 
4.42826 I60 
3.55929250 
3.33748930 
3.14040740 
2.96420400 

T*dB*/dT* 

15.19277035 
11.0268193 1 
9.27452941 
7.45456478 
6.99002124 
6.57725388 
6.20821434 

where ~ ( r , ~ )  is the pair intermolecular potential of a simple Lennard-Jones - (12,6) 
fluid. 

For the Helmholtz free energy Equation (A. 1) was used. No major modifications 
in the programming code was necessary since the above equation replaces the function 
that calculates the configurational energy (of the vapor phase) in the full Gibbs 
ensemble. To avoid other modifications, Equation (A.6) was used, within the same 
function call, in place of the explicit evaluation of the virial. The chemical potential 
of the vapor phase was calculated at the end of the simulation using Equation (A. 12) 
and the ensemble average vapor density. 

Table 2 and Figure 1 show that the new modified Gibbs ensemble is able to predict 
the properties of simple Lennard-Jones fluids adequately. At temperatures up to 
T* = 1.15 the results are within the experimental error. The above temperature 
correponds to a reduced temperature (with respect to the critical temperature) of 
T‘ = T/T, = 0.87. Up to these temperatures the truncated virial equation of state 
sufficiently describes the behavior of real gas and no discrepancies are expected. For 
temperatures of T* = 1.20 and above, or T, 3 0.90, the model predicts a density for 
the vapor phase which is lower than the one obtained using the full Gibbs ensemble, 
but there is significant improvement over the previous model that treated the vapor 
phase as an ideal gas. At much higher temperatures, the algorithm still converges in 
contrast to the “ideal vapor” model which fails to reach the equilibrium values. The 
results for the liquid phase are very much in agreement with the full Gibbs ensemble 
results up to T* = 1.20. This is something that we also observed in the “ideal vapor” 
model and confirms that the liquid phase is not very sensitive to the small changes in 
the behavior of the vapor phase at those conditions. 

Table 3 contains the values of the configurational chemical potential. The vapor 
phase chemical potential was obtained at the end of simulation using the ensemble 
average vapor density and Equation (A. 12). For the liquid phase, we used Equation 
(C.  1)  (Widom’s expression) and Equation (C.2) (Smit and Frenkel’s expression). Both 
equations give almost the same estimates for the chemical potential of the liquid phase 
especially at low temperatures where the fluctutions in the number density are very 
small. Comparison between the chemical potentials of the two phases shows that there 
is a very good mutual agreement between the “configurational” chemical potential of 
the vapor and the liquid phase. It should be mentioned here that no error estimates 
for the chemical potential were obtained because the values were calculated from the 
total length of the simulation. 

The overhead associating with the equation of state is insignificant and as a result 
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Figure 1 
Gibbs ensemble (GE) and the modified methods described in [l] (MGE) and in the text (MGEV). 

Vapor-liquid coexistence curve for a Lennard-Jones - (12,6) fluid as  obtained from the standard 

the proposed algorithm falls into the same class with the first version of the modified 
Gibbs ensemble. Complete time analysis of the modified Gibbs ensemble method can 
be found in our previous paper [l]. 

4.2 Mixtures 

For the simulation of mixtures one has a choice between an NPTand an NVTsystem. 
That is, the composite vapor-liquid system can have constant number density or 
constant pressure. Both systems however, must have constant temperature and 
constant total number of particles. This choice rises from the fact that a binary 
mixture has an extra degree of freedom compared to a pure fluid. For vapor-liquid 

Table 3 Comparison between the chemical potential of the 
vapor phase as  obtained from the virial EOS using Equation 
(A.12) and the chemical potential of the liquid phase as  
obtained from the simulation using (C.1) and (C.2). 

T* F:OS PY 4 
0.75 -4.535 - 4.639 - 4.639 
0.90 - 4.130 - 4.003 - 4.003 
1 .oo - 3.905 - 3.901 - 3.897 
1.15 - 3.694 - 3.654 - 3.648 
1.20 - 3.547 - 3.546 - 3.545 
1.25 - 3.459 - 3.495 - 3.457 
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x GE 

0 MGE 

Table 4 Lennard-Jones mixture parameters and virial coefficients for the various interaction types. Symbols 
are as in Table I. 

7" Interaclioti type E a B* dB*/dT 

I 00 1 - 1  
2 -  2 
1 - 2  

I 1 - 5  315745 9 274529 
I I 5 3 15745 9 274519 
0.750 1 - 3  165761 4 493785 

calculations the NPT version is more useful than the NVT because i t  allows the 
pressure to be specified externally, whereas in the NVT system the pressure is calculated 
from the virial equation as an ensemble average and therefore is subject to random 
error. Accurate knowledge of the pressure is important because one is usually interested 
in constructing a P,  T,  x rather than a p,  T, x diagram. For those reasons in the 
application of the modified Gibbs ensembles to mixtures we chose the NPT system. 
The implementation of the NVT would be a simple modification that would require 
minor changes in the computer code. 

The mixture simulated was a mixture of simple spherical Lennard-Jones parlicks. 
Table 4 gives the values of the LJ paramcters of the mixture and the values of the virial 
coefficients for the three types of interactions. 

c a 

0.05 

0.04 

0.03 

0.02 I I I I I 1 
d.0 0.1 0.2 0.3 0.4 0.5 

X 
Figure 2 Vapor-liquid cocxistence curve for a Lennard-Jones - ( I  2 ,6)  mixture as obtained frorri ~ h c  
standard Gibbs ensemble (GE) and the modified method which assumes ideal gas mixture vapor phase 
(MGE). The dashed lines are drawn as a guide to the eye 
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J.0 0.1 0.2 0.3 0.4 0.5 

X 

Figure 3 Vapor-liquid coexistence curve for a Lennard-Jones - (12,6) mixture as obtained from the 
standard Gibbs ensemble (GE) and the modified method which uses the virial equation of state for the 
vapor phase (MGEV). The dashed lines are drawn as a guide to the eye. 

For this mixture the size parameters of the two species are the same. The energies 
of interaction between like molecules ( E , , ,  E ? * )  are also the same but the unlike 
interaction parameter, E , * ,  differs giving rise to positive excess Gibbs energies. This 
kind of mixture is symmetric and shows an azeotrope for a mole fraction of 0.5. 
Table 5 compares the calculated properties from the full and the modified Gibbs 
ensembles. In Figures 2 and 3 the P ,  T, x diagram for the reduced temperature of 
T* = 1.00 is given. From Figure 2 we can conclude that the modified model which 
assumes ideal gas vapor phase (MGE) is able to predict the azeotrope and to give a 
qualitative description of the system. For mixtures “rich” in tl (or p since it is 
symmetric) the modified and the original model gives almost indistinguishable results. 
As the mixture composition approached x = 0.5 the deviations increases and 
the model underestimates the azeotrope. The newly proposed algorithm however 
(MGEV),  which uses the virial equation of state to describe the behavior of the vapor 
phase, gives excellent results and slightly underestimates the azeotrope (Figure 4). 

The above results are in full agreement with the results obtained for the pure fluids. 
First of all, at any fixed composition the mixture can be thought of as a pure fluid that 
has an “effective” E which depends on the compositions. As the mixture composition 
moves away from the azeotrope the E , , , ~ ~  approaches the value of 1 (pure a) and the 
mixture behaves as a pure component at T* = 1 .OO (T* = T/kB&,) .  As it was shown 
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earlier, the mcdified methods gives good predictions at this temperature range and the 
mixture is simulated satisfactorily. As the mixture moves close to the azeotrope, the 
emix approaches a value close to q2 = 0.75 and the mixtures behaves as a pure 
component at T* much higher than 1.00. (A value of E , ~  = 0.75 corresponds to a 
T* = 1.33). In those conditions the modified models underestimate the vapor phase 
properties of pure components resulting in the underestimation of the mixture 
azeotrope. The success of the new method however are due mostly to the higher 
accuracy of the algorithm at higher saturation pressures. 

In conclusion, the newly proposed modified Gibbs ensemble is able to accurately 
predict the properties of pure components in chemical equilibria. In addition to that, 
the thermodynamic models proposed have been shown to accurately predict the 
thermodynamic properties of mixtures when the vapor phase is modeled as an ideal 
or as a real gas. At extreme conditions the models still give quantitatively reasonable 
description of the system. Computationally, they reduce the CPU requirements by 
30-40%, a reduction independent of the complexity of the intermolecular potential 
and the number of species. 
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APPENDIX 

A Statistical Mechanics Notation 

The equation of state can be used to calculate thermodynamic quantities needed for 
a complete description of the system. However, for a reasonable comparison a 
reduction in the statistical mechanics notation must take place by initially reducing 
the above quantities in units “per molecule” and finally by applying another reduction 
with respect to the Lennard-Jones parameters E and a. In the later notation T* = 
k,  TIE, p* = pa3, and P* = Pa3/&. Here p is the number density equal to N / v  where 
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v is the molar specific volume. Also for the second virial coefficient B given in 
volume/mole we define B* = B/03N.  

A.l Residual Helmholtz energy 
For the Helmholtz residual energy we have using Equation (27) that 

A R  = a R / N  = -k,Tln (1 - B/v) 

A*R = A R l ~  = - T  * In ( 1  - B*p*) 
(‘4.1 

A . 2  Pressure and excess pressure 
Using Equation (24) the pressure of the vapor phase is given by: 

It is also possible to define the excess pressure from 

where PIg = rT/v and therefore PE“ = RTB/v(v - B). The Ppx is related to the 
“virial” w (per mole) with Pex = w/v. As a result 

11’ = RTB/(v - B) (A.41 
Returning to the statistical mechanics notation and using Equation (24) the reduced 

P = RT/(v - B) (A.2) 

p = p’g -t p“ (A.3)  

pressure is: 
P = kBTN/(v - B) 

P* = PO’/& = T*p*/(I - B*p*)  
(A.5) 

while from Equation (A.4) the reduced virial is: 
W 1 w / N  = kBTB/(n - B) 

(A.6) 

The virial pressure (P” = W / v )  is due to intermolecular forces. Version-2 of the 
modified Gibbs ensemble implicitly evaluates the contribution of those forces to the 
vapor phase mechanical properties (through the second virial coefficient). This in 
contrast to the full Gibbs ensemble where an explicit calculation takes place. 

A.3 Internal energy 
For the internal energy (per mole) at given specific volume and temperature we have 
that 

W* = W/& = T*B*p*/(l - B*p*) 

uR = 
[P - T ( g ) v ]  dv 

(A.7) 

IJsing the equation of state and carrying out the integration we get that 
dB R T 2 -  (v - 
d T I  

In the statistical mechanics notation Equation (A.8) gives: 

u R / N  = - 
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A.4  Residual chemical potential 
For the residual chemical potential (per mole) of a pure component at  given specific 
volume and temperature we have 

pR = i [P - RT/v] dv + v(P - Pig) 
” 

= A R  + v(P - Pig) 
= - R T  In (1 - B/v) + RTB/(v - B) 

(A.lO) 

Using Equation (A. 10) the statistical mechanics expression gives: 

p R / N  = - k,T In (1 - B/v)  + k,TB/(v - B) 
(A.11) 

p* = p R / N &  = - T* In (1 - B*p*) + T*B*p*/(l - B* P )  * 
However for the simulations the “configurational” potential is usally reported, 

pL,* = p* + T* Inp* 
(A.12) 

For mixtures, the same equations were used after the virial coefficient of the pure 
component was replaced by the corresponding one for mixtures (Equation (23)). For 
the calculation of the chemical potential of the mixture species however, we postpone 
our discussion to the next section. 

= - T* In (1 - B*p*) + T*B*p*/(l - B* p * ) + T* In p* 

B Vapor Phase Chemical Potential 

For the version-1 of the modified Gibbs ensemble method which treated the vapor 
phase as an ideal gas mixture the configurational chemical potential of species a was 
calculated from 

p z  = T* In p*x, (B. 13) 

In version-2, where the vapor phase was treated as a real gas mixture modeled with 
the virial equation of state, the chemical potential of species a was calculated from: 

11,” = “(g) V. r, n, - R W V I d V  

= - R T  In (1 - Bmix/v) + RTC,/(v  - Bmi,) (B. 14) 

pL,* = p f / N ~  = -T* In (1 - B,*ixp*) + T*C,*p*/(l - B*- m1x P*> 

where 

(B. 15) 

In the statistical mechanics notation the “configurational” chemical potential of 
species tl is finally given by 

p z  = pz + T* lnp*x, 
(B. 16) 

= - T* In (1 - B,*,,,p*) + T*C,*p*/(I - B:,,p*) + T* In p*x, 
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C Liquid Phase Chemical Potential 

For the chemical potential of the liquid phase Widom’s expression [6] was used. 

py = - T* In (exp ( -  fiU,*),, + T* In py (C.  1 ) 

where U, is the intermolecular potential energy of interactions of an imaginary test 
molecule with all the N molecules in the system. 

Equation (C. 1) was derived for the canonical ensemble and a modified expression 
valid for the Gibbs ensemble derived by Smit and Frenkel [7] gives 

where V is the volume of the simulation box of the liquid phase. 

from Widom’s expression using the formula below: 
For mixtures, the configurational chemical potential of species CI was calculated 

where U, is the intermolecular potential energy of interactions of an imaginary test 
molecule of species z with all the N molecules in the system. 

D Sirnulation Detaifs 

All the simulations were started from a face-centered-cubic intial configuration. An 
equilibration period of 10 000 Monte Carlo cycles preceeded the production period of  
another 10000 MC cycles to ensure equilibrium independent of the initial conditions. 
The initial guesses for the liquid and vapor densities were taken from Panagiotopoulos 
[2] as well as the number of attempts per MC cycle for particle swaps between the two 
phases. The maximum position change and the maximum volume exchange were 
automatically adjusted during the course of the simulations to maintain a fifty percent 
acceptance ratio. Periodic boundary conditions were used and a spherical cutoff 
distance equal to the half box length was employed. Long range corrections were 
applied to account for the energy of interactions extending over the cutoff distance [9]. 
The estimated accuracy of the values reported in tables were calculated from the 
standard deviation of the block averages, using blocks of 1000 Monte Carlo cycles. 
Further details of the Gibbs ensemble simulation method are given in [ I ]  and [2,3]. 
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