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Solid—liquid phase equilibrium for binary Lennard-Jones mixtures
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Solid-liquid phase diagrams are calculated for binary mixtures of Lennard-Jones spheres using
Monte Carlo simulation and the Gibbs—Duhem integration technique of Kofke. We calculate solid—
liquid phase diagrams for the model Lennard-Jones mixtures: argon—methane, krypton—methane,
and argon—krypton, and compare our simulation results with experimental data and with Cottin and
Monson'’s recent cell theory predictions. The Lennard-Jones model simulation results and the cell
theory predictions show qualitative agreement with the experimental phase diagrams. One of the
mixtures, argon—krypton, has a different phase diagram than its hard-sphere counterpart, suggesting
that attractive interactions are an important consideration in determining solid—liquid phase
behavior. We then systematically explore Lennard-Jones parameter space to investigate how solid—
liquid phase diagrams change as a function of the Lennard-Jones diameteirigtio;,, and
well-depth ratioe,/€,,. This culminates in an estimate of the boundaries separating the regions of
solid solution, azeotrope, and eutectic solid—liquid phase behavior in the space spamnetblyy

and e,/ €5, for the caser(1/0,,<0.85. © 1999 American Institute of Physics.
[S0021-960609)51122-1

I. INTRODUCTION theories of solid—liquid phase equilibria using simple mod-
els, such as the hard-sphere model or the Lennard-Jones
Successful design of melt crystallization processes dei2—6 potential model, in an effort to understand how mo-
pends upon knowledge of the equilibrium solid—liquid phaséecular size differences and interactions influence the phase
behavior of the mixture to be separated. Although mixturebehavior of a mixture. Cottin and Monsodeveloped a cell
solid—liquid equilibrium can, in principle, be measured attheory for binary solid solutions based on the early cell
any condition of interest, it would be useful to develop amodel of Lennard-Jones and Devonshire for single compo-
theory that predicts mixture phase behavior based solelyent solids. In this model, each molecule is assumed to move
upon knowledge of the components’ molecular architecturgvithin the cage formed by its nearest neighbors. A cell is
and intermolecular forces. Such a theory should be able teharacterized by the identity of its central molecule and by
predict the six types of binary solid—liquid phase diagramshe composition and geometrical arrangement of its nearest
introduced in 1977 by Matsuokaa classification based on neighbors. Assuming that the product of the cell partition
the analysis of nearly 1500 binary organic systems. The sifunctions is equal to the configurational partition function,
types of binary solid—-liquid phase diagrams are shown irthe solid solution free energy can be determined as a func-
Fig. 1; they include: solid solutions, azeotropes, eutecticsion of composition. The liquid solution free energy can be
with partial solid phase immiscibility, eutectics with com- obtained from an equation of state. Once the free energies of
plete solid phase immiscibility, peritectics with eutectics, andboth phases are obtained, the convex envelope construction
molecular compounds. method is used to locate the solid—liquid phase envelope.
Our intent in this paper is to explore the range of  The cell theory has been applied to phase diagram cal-
Lennard-Jones parameters that will yield the phase diagramsulations for both hard-sphere and Lennard-Jones binary
characteristic of solid solutions, azeotropes, and eutecticsixtures. Cottin and Monson calculated phase diagrams for
with partial solid phase immiscibility. The solid phase in all binary hard-sphere liquid mixtures coexisting with substitu-
of these phase diagrams is a substitutionally disordered soligbnally disordered fcqRef. 2 and several orderédinary
solution, i.e., both species pack with the same crystallingard-sphere solids. Cottin and co-worKershowed that the
structure and can substitute for one another in any order ogell theory is capable of predicting five of the six solid—
the lattice. In future work we will examine the effect of liquid phase diagrams displayed in Fig. 1. The only type of
Lennard-Jones parameters on solid—liquid equilibrium forphase diagram that the cell theory with the hard-sphere po-
cases in which the solid phase is an ordered crystal and thential model does not predict is that for molecular com-
associated phase diagram contains either a peritectic wiffound formation. The fact that the hard-sphere model can
eutectic or a molecular compound. generate five of the six known types of solid—liquid phase
Several workers have developed molecularly-basediiagrams indicates that packing and molecular size differ-
ences, which are the major consideration in a hard-sphere
aAuthor to whom correspondence should be addressed: electronic maiMixture, are the dominant factors in determining the shape of
hall@turbo.che.ncsu.edu solid—liquid phase diagrams in real systems.
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=0.5. The nonperturbative theoriéBenton and Ashcroft,
L L - Zeng and Oxtobygive more accurate results than the per-
L+S, turbative theoriegRick and Haymet As was the case with
T SHl, T N the cell theory, the density functional theory applied to bi-
g nary hard-sphere mixtures shows that size differences alone
s Sa +5p can determine the shape of the phase diagram. Density func-
0 Xp 10 Xp 10 3 1 tional theory is not as successful as cell theory at predicting
) Solid solution b) Azeatrope sty phase behavior in binary Lennard-Jones systems. Rick and
- - Haymet used density functional theory to calculate solid—
L Lss, S liquid phase diagrams for binary Lennard-Jones mixtures of
L8, e Anus, m\\x argon—methane, qrgon—krypton, and krypton—methane, and
T L+8g T T compared them with experimental results. Of the three sys-
tems, they were only able to predict the shape of the
S +5p sarc | 507C sarc | Spe€ krypton—methane phase diagram correctly.
h % A % A % ] It is common practice to test molecularly-based theories,
d) Entectic with ¢) Peritectic with eutectic ) Molecular compound such as cell theory and density functional theory, with mo-

complete immisciblity lecular simulation data. Since molecular simulations are ex-

FIG. 1. The six types of solid—liquid phase diagrams identified by act calculations for a given molecular model, they provide a
Matsuoka: (a) solid solution,(b) azeotrope(c) eutectic with partial immis-  direct test of theoretical approximations. The approach taken
cibility, (d) eutectic with completelmmlsmb{llty(,e) peritectic with eutectlc, in most simulations of solid—liquid phase equilibrium in-
and (f) molecular compound. The phase diagrams are shown i theg | lculati the f f h oh tel
plane wherexg is the mole fraction of component B. The symbols are: volves calcula m.g' e iree en?rgy or each p fise separately
L=liquid mixture of A and B, S-solid solution of A and B, $=solid  and then determining the coexistence curve using the convex
solution rich in A, $=solid solution rich in B, G-ordered solid with fixed envelope construction method. Since the free energy cannot
stoichiometric ratio A\B, . be directly measured in a simulation, thermodynamic inte-
gration techniques are often used. In thermodynamic integra-
tion, the free energy of a phase is calculated by numerically

Cottin and Monson also calculated phase diagrams folntegrating along a reversible path from a reference state to
binary Lennard-Jones liquid mixtufesoexisting with sub- the desired state. This integration requires simulation data at
stitutionally disordered fcc binary Lennard-Jones solidsmany intermediate state points. The liquid phase free energy
They calculated phase diagrams for argon—methane, argorfan be calculated by thermodynamic integration from the
krypton, and krypton—methane, and compared them with exideal gas reference state. The solid phase free energy cannot
perimental results. They found that the shape of the phagdee determined by thermodynamic integration from the ideal
diagram predicted by cell theory is similar to the shape of thegas state because this path crosses a first-order transition,
phase diagram observed experimentally. where appreciable hysteresis may occur, and is irreversible.

Another approach to calculating solid—liquid equilibria There are, however, other free energy reference states that
is density functional theory. In density functional theory, acan be used. Frenkel and Ldd#iave used the Einstein crys-
crystalline solid is treated as if it were an inhomogeneougal as a reference state to calculate the free energy of a hard-
liquid.” There seem to be two main approaches to developingphere solid via thermodynamic integration. An Einstein
analytical expressions for the free energy of the solid: truncrystal consists of regularly-spaced molecules that are held in
cated perturbation expansions in which the excess free efplace on a lattice by the repulsive forces between their near-
ergy is expanded about a uniform reference ligidicand  est neighbord? Eldridge et al**~*" have used Frenkel and
nonperturbative effective liquid approximations in which the Ladd’s Einstein crystal integration method to calculate the
excess free energy of the nonuniform liquidrystalline free energies of binary hard-sphere solids with ordered
solid) is approximated by the excess free energy of a unifornphases such a8B, AB,, and AB;3. Frenkel and Ladd’s
liquid evaluated at an effective densif** The liquid solu-  integration method is not well-suited for substitutionally dis-
tion free energy can be obtained from an equation of stateordered solid phases, i.e., solid solutions, because there are
As in the cell theory, once the free energies of both phasetelatively small free energy differences between the real mix-
are obtained, the convex envelope construction method iire and the Einstein reference mixtdfe.
used to locate the solid—liquid phase envelope. Other thermodynamic integration approaches have been

Density functional theory has been applied to the calcutaken for solid—liquid equilibrium calculations when the
lation of phase diagrams for hard-sphere and Lennard-Jonaslid is a disordered crystal. Kranendonk and FrefiKél
binary mixtures. Rick and Haym&€ Denton and Ashcroftt  developed two methods for calculating the free energies of
and Zeng and Oxto§ used density functional theory to disordered fcc binary hard-sphere solid solutions using the
calculate phase diagrams for binary hard-sphere liquid mixfree energy of a pure hard sphere fcc solid, as calculated by
tures coexisting with substitutionally disordered fcc hard-Frenkel and Ladd, as the reference state. In one method, they
sphere solid solutions. Rick and Haymet, and Denton andonstruct a reversible path from the pure hard-sphere fcc
Ashcroft also investigated the range of stability for severalsolid reference by fixing the density and diameter ratio and
ordered binary hard-sphere solid solutions coexisting with azarying the composition from unity to the composition of the
liquid, where the composition of each phase was fixed at hard-sphere mixture using particle insertion techniques. In a
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TABLE I. Diameter ratios for binary hard-sphere mixtures that exhibit solid—liquid phase diagrams of the solid
solution, azeotrope, and eutectic types. All of the solid phases are substitutionally disordered solid solutions
except for eutectics with complete immiscibility, in which case the solid phases contain only one component.

Thermodynamic Semigrand

Phase diagram Cell thedry integratio®? Monte Carl§
Solid solution 0.95, 0.97 0.95 0.95
Solid solution/azeotrope boundary 0.9425
Azeotrope 0.9, 0.92, 0.93, 0.94 0.9, 0.92 0.9, 0.93
Azeotrope/eutectic boundary 0.875
Eutectic with partial immiscibility 0.85 0.85
Eutectic with complete immiscibility 0.62, 0.73, 0.8

®Reference 4.
PReference 19.
‘Reference 20.

second method, they construct a reversible path by fixing theolids are stable. Table Il gives the range of diameter ratios
density and composition and varying the diameter ratio fronover which the structure#B, AB,, andAB, 3 are stable in
unity to the diameter ratio of the hard-sphere mixture.hard-sphere mixtures.

Kofke?® introduced another thermodynamic integration To our knowledge, the only simulation study of solid—
method for calculating solid—liquid coexistence for cases inliquid equilibrium in binary Lennard-Jones mixtures is that
which the solid is a disordered binary hard-sphere fcc solidf Viot et al?* who calculated solid—fluid phase diagrams
solution. This method utilizes semigrand canonical ensemblér symmetric(equal diametersr,;= o5,; equal attractions,
simulationd!#2in which the number of molecules, tempera- e,,= €,,) binary Lennard-Jones mixtures using a combina-
ture, pressure, and species fugacity fractions are fixed angbn of molecular simulation and theory. Cross interactions
the density and composition are allowed to vary. Kofke usedetween the components were definedgs- e/ e;,€,, and
semigrand canonical simulations to generate compositiog-,,=s(o;+ 07,,)/2 Where the parameteesands represent
versus fugacity fraction data for several solid phase isodeviations from the Lorentz—Berthelot mixing ruf@sThey
therms. Using this data and the chemical potential of one ofised a variety of thermodynamic integration and particle in-
the pure species as a referengaken from the data of sertion techniques to calculate free energies. The solid phase
Hoover and Reg” Kofke integrated the semigrand canoni- free energy was calculated using the Einstein crystal refer-
cal fundamental equation to calculate the species chemicance staté® the liquid phase free energy was calculated us-
potential as a function of fugacity fraction for each isotherm.ing the fg sampling method’?® and the gas phase free en-
The chemical potential versus fugacity fraction curve for theergy was calculated using Widom's test particle inserffon.
liquid phase was obtained from a hard-sphere equation ofhe excess free energy versus composition data for all of the
state. Since the species chemical potentials and fugacity fraghases was fit with a two-parameter Redlich—Kister
tions must be equal at equilibrium, phase coexistence coulgolynomial®® The convex envelope construction method was
be found for each isotherm by determining the intersection ofised to determine the temperature versus composition phase
the chemical potential versus fugacity fraction curves. diagrams.

Using cell theory and the molecular simulation tech-  |n the simulation techniques that we have discussed thus
niques described above, several workers have determined thg phase equilibrium is calculated indirectly in that many
range of size ratios in binary hard-sphere mixtures that yield&jmuylations must be conducted at uninteresting state points
the various types of phase diagrams. Table | lists hard-sphefg order to get one coexistence point. Prior to 1987, direct
diameter ratios that produce solid—liquid phase diagrams ofjmulation of phase equilibrium was considered to be too
the solid solution, azeotrope, and eutectic types, along witkomputationally expensive because the presence of an inter-
the diameter ratio boundaries between these three typeface requires the system to contain an unusually large num-
These substitutionally disordered solids are generally stablger of particles. Then in 1987, Panagiotopotitastroduced
with respect to phase separation at diameter ratios greatgfe Gibbs ensemble method for direct simulation of phase
than 0.85. For lower diameter ratios substitutionally orderecgexistence in single component fluids and in 1988, extended
the method to phase coexistence in multicomponent
mixtures®? In this method the coexisting phases are simu-
lated independently, so as to remove the interface, yet are
essentially coupled together in order to satisfy the criteria of
phase equilibrium: equal temperatures, pressures, and spe-

TABLE Il. Range of diameter ratios at which binary hard-sphere mixtures
form stable substitutionally ordered solid solutions of the tyhBs;, AB,,
andAB.

Solid struct Cell th Einstei tel : : : L o

old structure ell theofy nstein crys cies chemical potentials. These conditions are satisfied by
ABi3 0.54-0.61 0.474-0.626 simulating each phase at the same temperature and pressure,
ﬁgz 8-‘2*250429 0.4-0.62 and performing particle exchanges between the phases to

maintain chemical potential equality. The Gibbs ensemble
method has been widely used to study vapor—liquid and
liquid—liquid phase equilibria. However, because a large

aReference 4.
bReferences 16, 17.
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number of successful transfers of particles between eactletermining the type of solid—liquid phase behavior ob-
phase are required for chemical potential equilibrafibine  served and prompted a more thorough investigation of the
Gibbs ensemble method is not an efficient method for studyeffect of variations in well-depth ratio on solid-liquid phase
ing solid—liquid phase equilibrium. diagrams. We simulated 56 binary Lennard-Jones mixtures
Inspired by the Gibbs ensemble method, K3fk€ in-  over the range of parameters listed above to determine how
troduced the Gibbs—Duhem integration technique for direcsolid—liquid phase diagrams change as a function of diam-
simulation of phase equilibria. As in the Gibbs ensembleeter ratio and well-depth ratio. We found that for well-depth
method, two or more coexisting phases are simulated indegatios of unity (equal attractions among spedigshase be-
pendently at the same temperature and pressure. Howevdavior indicative of azeotropes and eutectics is observed for
instead of using particle exchanges, Kofke maintains chemidiameter ratios ranging from 0.85 to 1. We then varied the
cal potential equality in each phase by integrating along thavell-depth ratio of the mixtures at several constant diameter
Clapeyron equation for coexistence during the simulationstatios and observed transitions from azeotrope to solid solu-
Eliminating the need for particle transfers between phasetion, from azeotrope to eutectic, and from solid solution to
makes the Gibbs—Duhem integration method well-suited fosimple peritectic. Using our simulation results, we are able to
calculating phase equilibrium for cases in which one of themap out the boundaries separating regimes of solid solution,
phases is a solid. The Gibbs—Duhem integration simulatio@zeotrope, and eutectic solid-liquid phase behavior in the
approach has been used to tackle a number of multicomp@&pace spanned by the Lennard-Jones diameter ratio and well-
nent, multiphase equilibrium problems, including: finding depth ratios.
the triple point of the Lennard-Jones I’ determining The remainder of the paper is organized as follows. Sec-
the melting line of Gy,3® and calculating phase diagrams for tion Il reviews the Gibbs—Duhem integration method and
colloids in polymer solutiof and for polymer-induced pro- gives details of how we applied the technique to our study of
tein precipitatiorf® In each case the appropriate Clapeyronbinary solid—liquid mixture equilibrium. In Sec. llI, the
differential equation is derived and an initial coexistencesimulation results are presented and discussed. A brief sum-
condition is obtained from theory, experimental data, or amnary and further discussion are given in Sec. IV.
Gibbs ensemble Monte Carlo simulation.
In this paper, we combine Kofke’s Gibbs—Duhem inte-
gration technique with semigrand canonical Monte Carloy METHOD
simulations to calculate solid—liquid phase diagrams for bi-
nary Lennard-Jones mixtures. To our knowledge, these are In this section we describe how we calculated solid—
the firstdirect simulations of solid—liquid equilibrium in bi- liquid equilibria in binary Lennard-Jones mixtures using the
nary Lennard-Jones mixtures. Gibbs—Duhem integration method. We begin by presenting a
We calculate solid—liquid phase diagrams for binarybrief overview of the Gibbs—Duhem integration method. We
Lennard-Jones mixtures with diameter ratios ranging fronthen discuss our procedures for determining an initial coex-
0.85 to 1 and attractive well-depth ratios ranging from 0.45istence condition and integrating the Clapeyron equation. Fi-
to 1.6, at a reduced pressure equivalent to 1 atm. We detepally, we describe the details of the semigrand ensemble
mine the cross-species interaction parameters by using timulations used throughout the integration procedure.
Lorentz—Berthel&® mixing rules. The solid—liquid equilib- In the Gibbs—Duhem integration meth8t>** phase
rium line is calculated for each mixture by numerically inte- coexistence is determined by numerically integrating the
grating the Clapeyron differential equation for binary mix- Clapeyron differential equation appropriate to the system of
ture phase equilibria at constant pressure. The initiainterest. Clapeyron equations describe how field variables
condition for the integration is that of a single component(variables that must be equal among coexisting phases
Lennard-Jones liquid in equilibrium with a single componentchange along the phase equilibrium line. The Clapeyron
Lennard-Jones fcc crystalline solid at atmospheric pressur@&duation for equilibrium between a binary solid mixture and
The coexistence properties at subsequent integration poingsbinary liquid mixture at constant pressur&is
are determined by semigrand canonical Monte Carlo simula-
tions (constant temperature, pressure, total number of mol- gz (X,—X3)
ecules, and fugacity fractigorof the liquid and the fcc solid E: &(1— &) (N —ho)
phases. 2 %2 2
Highlights of our simulation results are the following. In
a test of the cell theory predictions for model argon—Wwheregis the reciprocal temperature kT, with k the Bolt-
methane, argon—krypton, and krypton—methane systems, wénann constant an@ the absolute temperaturé; is the
found that cell theory can qualitatively predict the shape offugacity fraction of species 2gzsf2/zfi, with T‘i, the
phase diagrams for Lennard-Jones mixtures. Comparison éfigacity of species in solution, x, is the mole fraction of
our simulation results for the argon—krypton Lennard-Jonespecies 2h is the molar enthalpy, and the superscripgnd
system with hard-sphere results at the same diameter rat®denote the liquid and solid phases, respectively. The right-
indicated that the presence of attractive interactions cahand side of Eq(1) can be integrated numerically to find an
change the type of phase diagram observed from azeotromguation forg as a function of, if we have an initial con-
(hard-sphereto solid solution(Lennard-Jones This sug-  dition describing the temperature, fugacity fraction, enthalp-
gested that attractive interactions are an important factor ifes, and compositions at one coexistence point.

@
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A. Initial condition ergy that would result if we were to switch the particle from
We need an initial coexistence condition before we Canspecies 1 to species 2. This is done without actually changing

begin a Gibbs—Duhem integration calculation of solid—liquidthe particle’s identity.

equilibrium in a binary mixture. A good choice is the solid—

liquid equilibrium condition for either of the pure

components?® Since the slope of the integrand in Eq) is

undefined for pure componentg,&0, X,=0 and £,=1, B. Integration

X,=1), we instead estimate it using the limiting case of i . .

e L Once we have an initial coexistence condition, we can

infinite dilution. Here we follow Mehta and Kofk&, who . . : . X .
begin the Gibbs—Duhem integration series using a

used the infinite dilution case to start their Gibbs—Duhem . X .
) : : N e predictor—corrector algorithm to integrate EG) over the
integration calculations of vapor—liquid equilibria in binary

mixtures. entire range of fugacity fractiong,=0 to &,=1. Stepping

Consider the case of pure species 1 solid—liquid coexis to the next fugacity fraction, &), from the initial data

ence. We can estimatel/dg,), _, by supposing that the point, the next reciprocal temperatuye,, can be estimated
. -

. . ) ; ! o using the trapezoid-rule predictor formula
real mixture displays ideal solution behavior at the limit of o
infinite dilution of species 2. With this assumption, the abun- ©O=Bo+[(£)1= (£2)0]F (Bo.(£2)0), (7)
dant componentspecies 1in the ideal solution follows the

where the “0” superscript indicates th&(® (a predicted
Lewis Randall rule p p # (@p

valug is our zeroth iteration attempt at finding the reciprocal
temperaturgd,, (£,)q and B, are the initial fugacity fraction
and reciprocal temperature, respectively, & the right-
while the dilute componertspecies 2obeys Henry's law  hand side of Eq(1) evaluated at the initial condition. Once
,8(10) is estimated at the given fugacity fractiog,};, two
?ZZXZHZ, 3 semigrand canonical (NR}) Monte Carlo simulationgone

R R for the liquid phase and one for the solid phasee con-
wheref, andf, are fugacities of species 1 and 2 in solution, ducted in order to equilibrate the configurations and to cal-
f, is the fugacity of pure component 1 at the temperature andulate the enthalpies and mole fractions at the new state
pressure of the mixture, ard, is the Henry’s law constant point. (Details of the NPE, simulations will be given in
for species 2. Letting;— 1 andx,— 0, the fugacity fraction Sec. Il C)

fi=x,f1, (2

of species 2 becomeg,=x,H,/f,. After making these After each phase is equilibrated we refine our estimate
substitutions into Eq(l) we get for B, with the trapezoid-rule corrector
dg fo/HL,—T,/HS
— = , 4 [(£2)1—(£2)0]
déo| o (xoHa/f1)(1=xoH,/f1)(h'—ho) @ B =Bot ———5——[FP(B . (£2)1)
=
which, after simplification, leads to +Fo(Bo.(£2)0)], 8
dg B f1(1H,— 1H3) where the subscripts “0” and “1” denote the initial and
d_.fz - (h'—hs) : ) current conditions, respectively, aﬁd‘)) is calculated from
*2=0 simulation averages of the enthalpies and mole fractions at

This gives us an estimate of the integrand at the initialﬂ(l()) and (52)1_‘ Afte_r the reciprocal temperature is corrected,_
condition of £,=0 and melting temperaturd;, of pure two NPT¢, S|mulat|ons,_ one for each phase, are qurted Si-
species 1. multangously and running averages of Fhe pomposmons .anq
We can calculate all of the quantities on the right-handemhalp'es are calgulated. Each simulation is paqsed periodi-
side of Eq.(5) with an NPT (constant number particles, N, cally and the running averages from the simulations to that

pressure, P, and temperaturé simulation of pure species 1. POINt are used to calculate}) and correct the reciprocal
- - " temperature to obtain the {1)th estimate, 8" . This

The molar enthalpy of each phasehis (u+ Pv)y\pt, Where p i i eI

u is the configurational energy of the system and the brackPattern continues until the temperature estimate stops vary-

ets,{ )yp7, denote an NPT ensemble average. The quantit)mg within a specified tolerance. A final production segment
f,/H, is given by? of simulations are run at the temperature determined from

the corrector segment to obtain the final average enthalpies
1 and mole fractions for the coexistence point.
H—2:<9XP(—BAU1_>2)>NPT, (6) After B, converges and the production runs are com-
pleted, the fugacity fraction is incremented to the next state
whereAu; _,, is the exchange energy associated with switchpoint and the predictor—corrector algorithm described above
ing a particle from species 1 to 2. The exchange energyis repeated. Higher order predictor—corrector equations are
Au,_,,, can be obtained by conducting trial identity used as we obtain more coexistence points. The midpoint
switches during the simulation. A trial identity switch con- predictor—correctd? is used once two state points are
sists of randomly selecting a particle and calculating the enknown,
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ﬂf1°+)1=ﬂn—1+ 2[ (&) 1= (E)nIFn( By (E2)n), (9) 'rl;;ZI?hI;EneI.II. Lennard-Jones potential parameters for argon, krypton, and
BRT= o+ M[lewm Fo1l, i /() oi(A)
(10) Ar 141.2 3.336
Kr 191.4 3.575
and the modified Adams predictor—correétds used once CH4 159.7 3.706
three or more state points are known,
[(52)n+1_ (fz)n]
53021:5n+ 24 [55F,—5%F 1 cal NPT¢, simulation is equilibrated for 15000 cycles and
then followed by a production run of 3000 cycles to compute
+37F -2~ 9F -3, (1)) the average enthalpy and mole fraction. The only difference
between solid and liquid phase simulations is that to main-
[(€2)n+1—(£2)n]
BUitb=p + M[gpglﬁ. 19F , tain an fcc crystalline structure in the solid phase simulations
24 we impose a single occupancy constréifit on the trial dis-
—5F,_+F, 5] (12) placements of particles in the solid, i.e., any displacements

that put the particle outside its lattice cell are rejected.
In these sets of equations the predictor is listed first. The  Other details of the NPZ, simulations are as follows.
subscripts denote the coexistence conditions determinephe simulation volume is a cubic box with periodic bound-

from simulations with (+1) being the current simulation ary conditions. The particles interact via the Lennard-Jones
and the superscripts denote the iterations of the corrector fgjotential model

7| (o)’

r

the current coexistence point. We mapped the entire tem-
perature versus composition phase diagram by repeating the

r
C. Simulations where u;; is the potential energy of interaction between
particlesi and j, r is the distance between particlés

predictor—corrector algorithm froré,=0 to &£,=1.

. i . X 3 Sndj, €;j is the Lennard-Jones attractive well-depth, and
integration of Eq(1) are obtained from seml_grand_canonlcal is the Lennard-Jones diameter. We determine the cross-
(c_onstant ijf.z) qute Carlo computer snmulatpﬁ%.ln species interaction parametersrif,e;,) by using the

this work, all simulations were run with a system size of 500, .+~ _Bertheld® Mixing rules o= (011+ 055)/2 and
particles at a reduced pressure equivalent to 1 atm. The terrg—lz: Jeire,r. The potential interactions are truncated at a
perature and fugacity fraction were varied according to th%

I ified by the Gibbs—Duhem int i dict utoff radius of half the box length. To compensate for this
values speciied by the L5Ibbs=buhem integration preciclory, neation, a long range correction is applied to the energy
corrector. There are three types of Monte Carlo trial move

. ) . . X ; . Jnd virial calculations during the simulation by assuming a
in semigrand canonical simulations: particle displacement

L : Suniform density distribution beyond the cutoff raditfs.
volume change moves, and particle identity exchanges. The

particle displacements and volume change moves are con-

ducted just as they are in a standard NPT simuldtfdn.the 1li. RESULTS AND DISCUSSION

particle identity exchange moves, a particle is selected at In this section we describe the results of our Gibbs—

random and given a trial species identity switch. The identityDuhem integration calculation of solid—liquid phase dia-

switch is accepted according to the ratio of the species fugagrams for binary Lennard-Jones systems. We begin by com-

ity fractions, ¢, and&,. The overall acceptance probabifty ~paring our simulation results with cell theory results and with

for the moves in the NP&, ensemble is mii,exp(\)] experimental data. Since our molecular simulations are exact

where calculations for the Lennard-Jones potential model we can

. . compare the simulation data to experimental results to test

A== BUT=U°) — gR(VIE- Vo) the ability of the Lennard-Jones model to mimic behavior in

Uij(r):4€ij y (14)

The enthalpies and mole fractions needed as input to th

\trial & real systems. We can also compare the simulation data to the
+N InWer Inl_—gz. (13 cell theory results to test the cell theory’s ability to predict

the behavior of the Lennard-Jones system. We then examine
In Eq. (13), U" and U9 and V'@ and V° are the con- how variations in the ratios of Lennard-Jones diameters
figurational energies and volumes of the trial and existing a,/0,,) and well-depths é;,/¢,,) influence the types of
states, respectivelyn=-+1 if the trial identity switch is phase diagrams that will be observed.
from species 1 to 2, anth= —1 if the trial identity switch is
from species 2 to 1. In NP simulations the choice of the
type of Monte Carlo move is made randomly but weighted  Following Cottin and Monsofi,we calculated tempera-
such that the ratio of attempted moves is one volume changere-composition diagrams for the model mixtures: argon—
to N particle displacements ttN identity switches. The methane, argon-krypton, and krypton—methane, Pat
length of the simulation is given in cycles, where one cycle=1 atm. These phase diagrams were then compared with
represents eithed displacement attempts| identity switch  Cottin and Monson’s cell theory predictions and with experi-
attempts, or one volume change attempt. In our work, a typimental data.

A. Comparison with molecular theory and experiment
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FIG. 2. Temperature vs. composition solid—liquid phase diagram for ther|G. 3. Temperature vs. composition solid—liquid phase diagram for the
argon—methane system at 1 atm. The filled circles represent Gibbs—Duhepiypton—methane system at 1 atm. The filled circles represent Gibbs—
integration(GDI) simulations, the solid line corresponds to the Cottin and pyhem integratiofGDI) simulations, the solid line corresponds to the Cot-
Monson'’s cell theory prediction, and the stars correspond to van't Zelfde tin and Monson’s cell theofyprediction, and the stars correspond to Veith
et al*® experiments. and Schroder¥ experiments.

We used the same Lennard-Jones parameters as Cottin
and Monson; the diameterr(;) and well-depth §;) for ar-  approximations made in the theory could lead to error can-
gon, krypton, and methane are listed in Table Ill. We workedcellation. This cancellation effect is illustrated in Fig. 2
in reduced unitsT* =kT/e;; and P*ZPUil/fn- For P where the Lennard-Jones modsimulation) over predicts
=1atm, the corresponding reduced pressures Bfe melting temperatures for real systefegperiments and cell
=0.00193 (argon, P*=0.00175 (krypton), and P* theory under predicts melting temperatures for the Lennard-
=0.002 43(methang Jones model. There is a good agreement in the predicted

The initial condition for the Gibbs—Duhem integration @zeotrope composition between cell theory and the Lennard-
calculations came from the simulation data of Agrawal andJones model, although neither predicts the azeotrope compo-
Kofke*” who calculated the solid—liquid equilibrium line for sition found in experiments. After making these compari-
a single component Lennard-Jones system. They obtaineds@ns, it is also useful to compare the phase diagram of this
reduced me|ting temperature of =0.687 for the range of Lennard-Jones mixture with a hard-sphere mixture of the
reduced pressureR* =0.0008 to 0.008. In our calculations, same diameter ratio to determine whether attractive interac-
we started with an initial condition ofT¥=kT,/e;; tions are contributing to the type of phase behavior observed.
=0.687, whereT} and T, are the reduced and absolute In this case, a hard-sphere mixture with the diameter ratio
melting temperatures of component 1, respectively. We estioar/ocn,= 0.9 would also display azeotrope phase behavior.
mated the uncertainty in the simulation data by performing  Figure 3 shows the temperature-composition phase dia-
three Gibbs—Duhem integration simulations for each mixturegram of the krypton—methane system obtained using Gibbs—
and calculating the standard deviation of the temperature anduhem integration starting from pure methane solid—liquid
mole fractions of the liquid and solid phases at each coexisteoexistence, along with the cell theory prediction and the
ence point. In all three mixtures, the standard deviation irexperimental results of Veith and SchrodéiThe diameter
coexistence temperaturkT/e;;, is less than 0.2% and in ratio is GKr/UCH4=0-96 and the well-depth ratio iﬁ<r/GCH4
mole fraction,x,, is less than 0.6%. =1.2. We obtain a spindle-shaped phase diagram very simi-

Figure 2 shows the temperature-composition phase didar to the experimental data and cell theory prediction. A
gram for the argon—methane system obtained using Gibbshard-sphere mixture with the diameter ratig, /ocy,=0.96
Duhgm integration stgrtmg from pure metha_ne_ solld—l|qu_|dwou|d also display solid solution phase behavior.
coexistence, along with the _ceII theory prediction of Cottin Figure 4 shows the temperature-composition phase dia-
and Il/(laonson and the expenmer_nal results of van't Zelfdegram for the argon—krypton system obtained using Gibbs—
et al;” the cell theory and experimental data have been repnem integration starting from pure argon solid—liquid co-
duced with the Lennard-Jones parameters given in Table lllyyistence, along with the cell theory prediction and the
The diameter ratio i, /ocy,=0.9 and the well-depth ratio  gyperimental results of Heasff@Here the diameter ratio is
is €Ar/GCH4: 0.88. We obtain a minimum azeotrope similar 4, /o,,=0.93 and the well-depth ratio i, /e =0.74. We
to the experimental data and cell theory prediction. A glancebtain a spindle-shaped phase diagram similar to the experi-
at the comparison of the ability of simulations and theory tomental data and the cell theory prediction. The simulation
predict experimental behavior would, at first, lead one tomatches the shape of the experimental data, especially in the
think that the theory is more accurate than the simulationsargon-rich region where the temperature-composition line
However, as Cottihpoints out, direct comparison of theo- tends to level off. A hard-sphere mixture with a diameter
retical predictions with experimental data is difficult becauseratio o, /ok,=0.93 would not exhibit solid solution behavior
inadequacies in the potential model coupled with simplifyingbut instead would have a minimum azeotrope. This suggests
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FIG. 4. Temperature vs. composition solid—liquid phase diagram for the 2

argon—krypton system at 1 atm. The filled circles represent Gibbs—Duhe
integration(GDI) simulations, the solid line corresponds to the Cottin and
Monson’s cell theor¥ prediction, and the stars correspond to Headfle's
experiments.

BiG. s. Temperature vs. composition solid-liquid phase diagrams for
Lennard-Jones binary mixtures at diameter ratf@,/o,,=1.0 and well-
depth ratiose;,/€,,=0.65, 0.75, 0.85, 0.90, and 0.95. Lines are drawn
through the simulation points for clarity.

that the intermolecular attractions between molecules can b&es 2 particles become strongethe melting point tempera-
a significant factor in determining the type of solid-liquid (e of species 2 increases and the degree of phase separation

phase diagram observed. (width of the spindlg increases.
_ _ We also calculated phase diagrams for binary mixtures
B. Influence of attractions on phase behavior with a well-depth ratio e;;/e,,=1 and diameter ratios

As we have discussed in Sec. I, five of the six different?11/22=0.85, 0.86, 0.87, 0.88, 0.9, 0.91, 0.93, 0.94, and

types of solid—liquid phase diagrams for binary mixtures carf-9- Figure 6 shows selected temperature-composition
be predicted by using a hard-sphere model with an approprphase diagrams for these binary mixtures. An azeotrope

ate diameter ratio. Of the three Lennard-Jones mixtures dihase diagram is obtained fer;/02=0.95. Ascy,/03;
cussed thus far, we have seen one instdacgon—krypton decreases from 0.95 to 0.86, the azeotrope temperature de-

where the difference in attractive interactions was large'€@ses and the degree of phase separation on either side of

enough to change the type of phase diagram observed frolhe azeotrope composition increases. The azeotrqpe tem_pera—
azeotropehard sphereto solid solution(Lennard-Jones In ture decreases as;;/0,, decreases because for increasing

order to get a better idea of what role attractive interaction$'2€ dif.ferenceésg, the liquid phase becomes more stable than
play in solid—liquid mixture phase equilibria, we performed the solid phase> At o,/075,=0.86, the solidus line takes a

a systematic investigation of how solid—liquid phase dia-St€€P drop in temperature over the composition range

grams change as a function of both Lennard-Jones diameté&© t©© 0:05, and as a result, the shape of the azeotrope ap-

ratio (o41/05) and well-depth ratio é;,/€,,). pears distorted. Atoq,/0,,=0.85 the solidus line is no

All of the phase diagrams presented in this section were
calculated at a reduced pressuRe,=0.002, which corre-
sponds to a real pressure of 1 atm using the Lennard-Jones
parameters for argon. Due to the large number of mixtures
investigated, we did not estimate error bars for the simula-
tion data but we expect the uncertainty to be similar to the 0.65
uncertainty estimated for the simulation data in Figs. 2—4.

To begin our investigation, we examined two limiting
cases: sizes are equaty;/o,,=1) while attractions are var- &
ied, and attractions are equad(/e,,=1) while sizes are =
varied. The ultimate limiting case, a binary mixture with 055
ogi11loo=1 and e€q1/e5o=1, is uninteresting; the
temperature-composition phase diagram would simply be a
horizontal line afT* =0.687 since the components are indis- X
tinguishable. Phase diagrams were calculated for binary mix- 045 : : » ‘
tures with a diameter ratio;/0,,=1 and well-depth ratios 0.0 0.2 0.4 0.6 0.8 10
€11/ €55=0.65, 0.75, 0.85, 0.90, and 0.95. Figure 5 shows X
te_rnperature-composm(_)n phase dlagrqms for_ these_ blnarIyIG. 6. Temperature vs. composition solid—liquid phase diagrams for
mixtures. All of the mixtures form solid solutions with @ | ennard-Jones binary mixtures at well-depth ratig/e,,=1.0 and diam-
spindle shape. Ag,,/€,, decreasesattractions among spe- eter ratios oy, /o,,=0.85, 0.86, 0.87, 0.91, and 0.95.

eyfe,=1
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FIG. 7. Temperature vs. composition solid—liquid phase diagrams forFIG. 9. Temperature vs. composition solid—liquid phase diagrams for
Lennard-Jones binary mixtures at diameter ratip,/ o,,=0.925 and well- ~ Lennard-Jones binary mixtures at diameter ratig,/o»,=0.875 and well-
depth ratiose;;/ €,,=0.625, 0.8, 1.0, 1.2, and 1.6. depth ratiose;,/€,,=0.625, 0.8, 1.0, 1.2, and 1.6.

longer continuous across the entire range of composition and _ _ o
a eutectic phase diagram is obtained. Thus, we conclude thahase diagram displayed a minimum azeotrope ef\$ €5,
an azeotrope to eutectic transition occurs betweepio,,  Mmoves away from unity, the width of the spindle increases. A
=0.85 and 0.86. In comparison, Kranendonk and Frefikel hard-sphere mixture with this diameter ratio has a solid so-
found an azeotrope to eutectic transition for hard-spheréution phase diagram.
mixtures ato,/oy=0.875. In the second series, we calculated phase diagrams for
Next, we attempted to establish boundaries for solid sobinary mixtures witho;1/05,=0.925 ande;y/e,=0.625,
lution, azeotrope, and eutectic phase behavias e, ver- 0.8, 1.0, 1.2, 1.4, and 1.6. Figure 7 shows selected
sus o1,/ 0, parameter space. We calculated five series ofemperature-composition phase diagrams for binary mixtures
phase diagrams at diameter ratiog /o»,=0.85, 0.875, 0.9, from this series. An azeotrope phase diagram is obtained for
0.925, and 0.95. Within each, /o, series, the well-depth €11/ €2,=1.0. Ase1/ €5, decreases from 1 to 0.8, the melting
ratio e;,/€,, was varied from 0.45 to 1.6. point of pure component 2 increases and the azeotrope tem-
In the first seriegnot shown, we calculated phase dia- perature increases._ When the azeotrope temperature is equal
grams for binary mixtures withr;;/0,,=0.95 ande;;/e;, 10 the melting point temperature of pure component 1
=0.55, 0.65, 0.75, 1.0, 1.1, 1.2, 1.3, 1.4, and 1.6. We foundi€11/€2,=0.625), the azeotrope disappears and the phase
solid solution phase diagrams for all the mixtures in thisdiagram becomes a solid solution. Conversely,ead ez

series, except at;;/€,,=1.0 where, as described above, theincreases from 1 to 1.2, the melting point temperature of
pure component 2 decreases and the azeotrope temperature

decreases. When the azeotrope is equal to the melting point
of pure component 2¢€;4/€,,>1.2), the azeotrope disap-
pears and the phase diagram becomes a solid solution. As
€11/ €5, increases from 1.2 to 1.6, the melting point of spe-
cies 2 decreases and the degree of phase separation increases.
A hard-sphere mixture with this diameter ratio has an azeo-
trope phase diagram.

In the third series, we calculated phase diagrams for bi-
nary mixtures witho11/05,=0.9 ande;,/€,,=0.45, 0.65,
0.85, 0.9, 1.0, 1.05, 1.1, 1.2, 1.4, and 1.6. Figure 8 shows
selected temperature-composition phase diagrams for binary
mixtures from this series. An azeotrope phase diagram is
obtained fore;;/€,,=1.0. As €;1/€5, decreases from 1 to
0.65, the melting point of pure component 2 increases and
the azeotrope temperature increases. eid e,, decreases
from 0.65 to 0.45, the azeotrope disappears and the phase

X, diagram becomes a simple peritectic. A simple peritectic
- L o _ Iphase diagram is characterized by a peritectic temperature at
8. Temperawre vs. composition solid—liquid phase diagrams fofy ;o e liquid composition is either greater than or less
Lennard-Jones binary mixtures at diameter ratig,/o,,=0.9 and well- . X . X X
depth ratiosey;/ep=0.45, 0.65, 1.0, 1.4, and 1.6. The inset shows the than the compositions of the two solid phases with which it
region around the peritectic temperaturexgt=0—0.1 fore;/e,,=0.45. coexists. The inset in Fig. 8 shows the region of the peritectic

6,/6,,=0.9
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FIG. 10. Temperature vs. composition solid—liquid phase diagrams folFIG. 11. Boundariegdashed linesseparating regions of solid solutions

Lennard-Jones binary mixtures at diameter ratig,/o,,=0.85 and well- (squarey azeotropegtriangles, eutectics(circles, and simple peritectics

depth ratioseq;/€,,=0.625, 1.0, and 1.6. (diamond$ in Lennard-Jones parameter space, €45 /e,,<1.6 and
0.85<014,/05,<1.0.

phase diagram between the compositions=0—0.1. As

€11/ €5, increases from 1 to 1.4, the melting point tempera-parameter space where the four types of solid—liquid phase
ture of pure component 2 decreases and the azeotrope tediagrams(solid solutions, azeotropes, eutectics, and simple
perature decreases. When the azeotrope temperature is eqpatitectics are found for the Lennard-Jones model. Each
to the melting point of pure component 2, the azeotrope dismixture studied in this paper is given a symbol correspond-
appears and the phase diagram becomes a solid solution. &w to the type of phase diagram calculated via a Gibbs—
€11/ €55 increases from 1.4 to 1.6, the phase diagram changd3uhem integration simulation. We did not calculate phase
from a solid solution to a simple peritectic. A hard-spherediagrams foroq;/0,,=1 and €;;/€,5>1 because due to
mixture with this diameter ratio has an azeotrope phase dissymmetry the phase diagrams in this region will be identical
gram. to the phase diagrams fef/e,»<<1.

In the fourth series, we calculated phase diagrams for  Using these simulation results, boundaries separating the
binary mixtures witho,/05,=0.875 ande;;/€,,b=0.625, regions of solid solution, azeotrope, and eutectic phase be-
0.8, 1, 1.2, 1.4, and 1.6. Figure 9 shows selectedhavior have been estimated. Boundaries for the peritectic re-
temperature-composition phase diagrams for binary mixturegion have not been estimated because simple peritectics oc-
from this series. An azeotrope phase diagram is obtained farurred only a few times. Between;/o,,=0.95 and 1, solid
€11/€2p=1.0. As €;,/€5, decreases from 1 to 0.625, the solution type phase diagrams are found everywhere except
melting point of pure component 2 increases and the azeder a narrow region neat,;/e,»=1 where azeotropes are
trope temperature increases. Ag/e,, increases from 1 to formed because the melting points of the pure components
1.2, the melting point temperature of pure component 2 deare nearly equa® As o,/0,, decreases below 0.95, this
creases and the azeotrope temperature decreases,/&},  azeotropic region broadens and then narrows again as
=1.2, the solidus line takes a steep drop in temperature over,,/0,, approaches 0.86, forming a fish-shaped region
the composition range,=0 to 0.1 and as a result, the shape whose maximum height spans the rarge/ €,,=0.6 to 1.2.
of the azeotrope appears distorted. g/ €,, increases from The region outside of the azeotrope region switches from
1.2 to 1.6, the phase diagram changes from an azeotrope tcsalid solution to eutectic as the diameter ratig; /o, de-
eutectic. A hard-sphere mixture with this diameter ratiocreases below 0.9.
shows a transition between azeotrope and eutectic phase be- To understand how and why variations in the attractive
havior. interactions lead to the boundaries shown in ¢hg e,, ver-

In the fifth and final series, we calculated phase diagramsuso,/ o, parameter space displayed in Fig. 11, it is help-
for binary mixtures with o411/0,,=0.85 and e;1/€5,  ful to consider the schematic phase diagrams for the selected
=0.625, 0.8, 0.9, 1.0, 1.1, and 1.6. Figure 10 shows selectealixtures shown in Fig. 12. The columns correspond to mix-
temperature-composition phase diagrams for binary mixturegires with constant diameter ratias,,/o,,=0.875, 0.9, and
from this series. A eutectic phase diagram is obtained fo0.925, and the rows correspond to mixtures with constant
€11/€2p=1.0. As €;,/€,, decreases from 1 to 0.625, the well-depth ratios,e;,/€,,=0.625, 1.0, and 1.6. The solid—
melting point of pure component 2 increases and the eutectiiquid lines are based on our simulation results. The solid—
temperature increases. As;/€,, increases from 1 to 1.6, solid equilibrium lines are based on our best guess as to how
the melting point temperature of pure component 2 decreasdbe upper critical solution temperature of the solid—solid im-
and the eutectic temperature decreases. A hard-sphere mixiscibility dome shifts with variations in well-depth ratio.
ture with this diameter ratio has a eutectic phase diagram. Underpinning this guess is quasichemical thedr},which

In Fig. 11, we show the regions of;,/0,, VS. €11/ €5,  tells us that the upper critical solution temperature increases
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011 875 Ou_g9 011,925 IV. SUMMARY
Cp On On
The Gibbs—Duhem integration technique was combined
%:1.6 ke—'ﬁ lfg—}; lfg—}; with semigrand canonical Monte Carlo simulations to calcu-
. = late solid—liquid phase diagrams for binary Lennard-Jones
' S mixtures.
X X X
: : : We calculated phase diagrams for model mixtures:
¢ KT kT kT argon—methane, argon—krypton, and krypton—methane, and
t%:1.0 n € N LT compared them to cell theory predictions and experimental
A4 data. We found that cell theory qualitatively predicts the
X X X shape of phase diagrams for Lennard-Jones mixtures. Com-
parison of our simulation results for the argon—krypton
€u_g65 kL kT / kT / Lennard-Jones system with hard-sphere results at the same
2 & fu fu diameter ratio §,, /o, = 0.93) indicated that the presence of
/\ attractive interactions can change the type of phase diagram
X X X observed from azeotropéhard-sphere to solid solution

(Lennard-Jones This suggested that we further explore the

FIG. 12. Schematic phase diagrams showing how variations in diametegffect of asymmetry in the attractions on the types of phase
ratio and well-depth ratio lead changes in the phase diagram. The column&-
iagrams observed.

correspond to mixtures with constant diameter ratiog,/ o»,=0.875, 0.9, . . .
and 0.925, and the rows correspond to mixtures with constant well-depth W€ simulated 56 binary Lennard-Jones mixtures over a

ratios, e,/ ,,=0.625, 1.0, and 1.6. The solid—liquid lines were calculated range of diameter ratios;/o5,=0.85—1.0 and well-depth
in this work. The solid—solid lines have not been calculated for these mixratios €,,/€,,=0.45—1.6. We found that for well-depth ra-
tu‘res, bgt we h_ave guessed hqw the_ upper grltlcal _solutlon temperature shlf{fos of unity (equal attractions among speolephase behav-
with variation in well-depth ratio using quasichemical theory. Lo R .
ior indicative of azeotropes and eutectics is observed for di-
ameter ratios ranging from 0.85 to 1. Much to our surprise,
we also found that varying the attractive interactions at a
fixed diameter ratio can perturb the type of solid—liquid
as the attractions between like molecules become strongghase diagram obtained, a trend that previdifslyad not
than the attractions between unlike molecules. This meaniseen explored in Lennard-Jones mixtures.
that the upper critical solution temperature will increase as  There are several areas for further study. First, it would
€11/ €5, increases above unity or decreases below unity. Thige helpful to know where the solid—solid immiscible dome is
is shown schematically in Fig. 12. located relative to the solid-liquid lines that we have calcu-
In the o11/02,=0.925 column, the phase diagram is alated in this paper. Determining solid—solid equilibrium lines
solid solution at e;;/e,,=1.6. As the well-depth ratio Would give a more complete picture of how the solid—liquid
€11/ €2, decreases, the melting point temperature of compoand solid—solid equilibrium lines merge as we vary param-
nent 2 increases and the solid—liquid lines “pull away” from eters and observe transitions between solid solutions, azeo-
the solid—solid immiscibility dome. In the;/05,=0.9 col-  lropes, eutectics, and simple peritectics. Second, it would be
umn, the phase diagram is a simple peritecticeat/ €,, interesting to repeat this type of |nvest|gat|on_ o1,/ 059
=1.6. As the well-depth ratio decreases, the solid—liquid=0-85 @ region where several ordered solid phases are

lines move away from the underlying solid—solid immisci- X"OWn to be stable.
bility dome (shown in dashed lingsand the phase diagram
becomes an azeotrope. In thg,/0,,=0.875 column, the M. Matsuoka, Bunri Gijutsi7, 245 (1977.
phase diagram is a eutectic af;/e»»=1.6. As the well- zx- Cottin ang P. A. Monson, J. Cﬂem- PRW 8914(%9935
- : PO X. Cottin and P. A. Monson, J. Chem. Phy€)2, 3354(1995.
depth rfatlo de.crgase.s, the Solld—lquId lines move an’:ly from‘x. Cottin, Ph.D. thesis, University of Massachusetts, 1996.
the solid—solid immiscibility dome and the phase diagramsx. cottin, E. P. A. Paras, C. Vega, and P. A. Monson, Fluid Phase Equi-
becomes an azeotrope. Jibria 117, 114(1996.

In the e;;/€,,=1.6 row, the phase diagram is a solid 73' Sftg‘xgl‘;m;h ?&"L'(‘)Snodr; 5;43?‘57”;5 '(Dlhgg); 10022(1996.
solutior? atq11(02?=0.925. As the diameter ra.tio decreases, ss_ w. Rick and A. D. J. Haymet, J. Chem. Phgs, 1188 (1989.
the solid-liquid lines “fall” because the liquid phase can °S. W. Rick and A. D. J. Haymet, J. Phys. Chedd, 5212(1990.

. . . . 10

accommodate the larger differences in size easier than they- = 2eng and E-I\‘I’VWO’:OEV' v %hhem- ghm@%;?l(zlg%gb
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