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Phase equilibria of a square-well monomer-dimer mixture: Gibbs ensemble computer simulation
and statistical associating fluid theory for potentials of variable range
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The vapor-liquid equilibria of a monomer-dimer square-well mixture is examined. The square-well segments
all have equal diameter, well depth, and range=(L.5); the dimers are formed from two tangentially bonded
monomers. The phase behavior in this system is thus governed by the difference in molecular length of the two
components. Pressure-composition slices of the phase diagram are obtained from Gibbs ensemble simulation of
the mixture for a wide range of temperatures, including both subcritical and supercritical states. A small
negative deviation from ideality is observed. The simulation data are used to determine the vapor-liquid critical
line of the mixture. Additionally, we extrapolate the mixture data to obtain an estimate of the pure component
phase equilibria. The resulting values for the coexistence envelope are in good agreement with existing data,
and new vapor pressures of the square-well dimer are reported. The vapor-liquid equilibria data are used to
establish the adequacy of the statistical associating fluid theory for potentials of variable range. The theory is
found to give an excellent representation of the phase behavior of both the pure components and of the mixture.
[S1063-651%98)12302-4

PACS numbd(s): 64.70.Fx

[. INTRODUCTION ciating fluid theory for potentials of variable ran¢g8AFT-
VR) [7,8].

The system of interest in this paper is a monomer-dimer The statistical associating fluid theoAFT) [9,10],
binary mixture. This is an important prototype system whichwhich is based on the thermodynamic perturbation theory of
allows one to quantify the effect of chain length on fluid Wertheim[11-16, is now widely accepted as being one of
phase equilibria. Although the phase equilibria of such systhe most powerful predictive tools in the description of the
tems have been studied experimentédlyg., mixtures of ho- phase equilibria for both pure fluids and mixturesse[7]
mologous series such as alkanes, perfluoroalkanes, dinand references therginThe SAFT equation of state de-
ethysiloxanes, etf;.the complexity of the real intermolecular scribes the thermodynamic properties of associating chain
interactions makes it difficult to establish the precise effecimolecules formed from spherical segments. Although the
of molecular extension. The effect of chain length on theoriginal SAFT free energy is based on the hard-sphere refer-
vapor-liquid equilibria for a square-well monomer-dimer ence structure, it has now been extended to include an accu-
mixture is examined here using both a theoretical and aate representation of the monomer strucfiré-21], to in-
simulation approach. The dimer is formed from two tangen-clude higher-body interactions in its dimer versid@g,23,
tially bonded square-well monomers so that the segment® deal with double bondin24], ring formation[25-28,
comprising the monomers and dimers have the same rangsd bond cooperativity29], and to describe the isotropic-
and strength of interaction. Particular attention is paid to thenematic phase transitigr80,31]. Quite recently, the theory
vapor-liquid critical behavior. has been formulated to include a description of a chain of

The Gibbs ensemble Monte Car[6GEMC) simulation  segments interaction through attractive8] and repulsive
technigue is widely used in the determination of the fluid-[32] potentials of variable rangé€SAFT-VR); this is a par-
phase equilibria of mixturefl—3]. The method has been ticularly important extension of the original SAFT approach
used to describe the vapor-liquid coexistence for mixtures oés it enables a description of honconformal properties. The
hard spheres and square wedld, and the liquid-liquid co- SAFT-VR formalism is based on the Barker and Henderson
existence of symmetrical square-well mixtures in whichperturbation theornf33-35 with a compact and accurate
there are no unlike interaction$,4,6]. Here, we report expression for the mean-attractive energy. This is obtained
GEMC simulation results for a binary mixture of monomersusing the mean-value theorem and results in an equation of
and dimers with segments interacting by means of squarestate which can be applied to systems of chain molecules
well potentials of ranga =1.5, as a natural extension to the with different interaction potentials of variable range, where
previous studies. This enables us to focus on the effect ahe dispersive interactions are treated at a level beyond that
increasing the chain length of one component on the phasaf the mean-fieldvan der Waals approach. An important
diagram of the mixture. Simultaneously, the simulation dateadvantage of molecular-based theories such as SAFT is that
obtained for the phase equilibria of the mixture are used te@ach of the individual contributions to the equation of state
test the adequacy of the recently developed statistical assean be compared directly with computer simulation data.
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Il. GIBBS ENSEMBLE MONTE CARLO SIMULATIONS temperature state point are made by using the corresponding

Since its introduction 10 years ago by Panagiotopoulo SAFT-VR solutions(see the followinglsection one must .
[1,2], the GEMC technigue has become the most commonl%‘lways ensure that the overall composition of the system lies

= : . ) o %omewhere between the compositions of the two coexisting
used direct simulation technique for the determination Ophases The chemical potential was determined with the Wi-
.phase. equilibria in.fluid systemg36,3. The isothgrmal- dom teét particle techniquet4] as adapted to the GEMC
'SOb"’.‘”C NPT) version O].c GEMC’ as appllgd _to m|xtl_Jres, approach[45], in order to ensure that phase equilibria is
cogst;sts.(;]f a lseparatae mgwuéatlon In two ‘1'5“”(;3‘ geg'ans achieved. The use of tieP T version of the Gibbs ensemble
filgles’ g&zhvﬁggis%f\?b \;n’ dﬁ\?fﬁ'g‘fg’;‘ %?e TW(E)?;'_ technique yields constant pressure slices of the phase dia-

' : gram of the mixture. One simulation cycle consistsNf

displacements and reorientations in each box, one volume
e . nchange for either box, and a specific number of particle in-
eq“"'b““”? with one another, the pressures, temperature?ferchanges. The maximum displacement and volume change
and cher_nlc_al potentials of each component must be equal e adjusted to give an acceptance ratio of between 30% and
the coexistinga andb phases: 40%, and the number of insertions is controlled so that be-
tween 1% and 3% of particles are interchanged each cycle.
The majority of the simulations are performed with systems
- . of N=512 particles, but it is necessary to use 1728 par-
gg&ec ?ésct;]r;](i:;u'\éki):fr dg?'g)osgt]ig\f/;fh:srz c%?wr(];(i)tzgqn? p'grtfgzticles to get closer to the critical line of the mixture. An

: . . P initial simulation of 50 000 cycles is performed to equilibrate
displacements and reorientatioisee Ref[37]) within either the subsystems, before averaging for between 100 000 and
subsystem to maintain equality of temperature; volume250 000 cycles '
changes of either subsystem to maintain equality of pressuré; '
and particle interchanges between the two subsystems to
maintain equality of chemical potential. As a consequence, lll. SAFT-VR EQUATION OF STATE
the energyE’, volume V!, and compositiorx!=N!/N! of
particles of typd in subsystenj will vary during the course
of the simulation. We use the particle transfer algorithm
originally proposed for mixtures by Panagiotopouketsal.
[2], although other algorithms can be ud&8]. The accep-
tance criterion for each of these moves in T Gibbs _ n 4 4 &)
ensemble is governed by the pseudo-Boltzmann probability NKT NKT NKT NKT NKT’
distribution[2]:

Ta="TP, pa=Pp®b, pi=pt. (1)

The SAFT-VR equation of state for a mixture of associ-
ating chain molecules is written in terms of four separate
contributions to the Helmholtz free energy,[7,8],

A Aideal Amono Achain Aassoc

whereN is the number of chain molecules in the mixtuke,

ibbs._ N, ! Nop! At a is the Boltzmann constant, arfdis the temperature. In this
P —exp{ln(Ni!N?! *in N2I NI TN in v equation A? s the ideal free energy™"is the residual
a b cana by ib frge energy due to the monomer segmeAfé‘,a'” is the con-
NP I Vb PV: PV ER(N%)  E°(N )} tribution due to the formation of chains of monomers, and
kT kT kT kT | AZ55%Cis the term that describes the contribution to the free

5 energy due to intermolecular association. In this paper we
(2) focus on systems interacting with a square-well potential:

The reader is referred to the original papers for detalils. )
The model mixture we consider is a binary mixture of te !f Fij < aij »
N=N;+ N, particles,N; monomers and\, dimers, at a uij(rij) =9y — &ij if oij=<rij<\jjoij, 4
constant temperaturd and a constant pressuf@. The 0 if rij=Njjoij,
monomers are square-well particles of diametewith an

attractive well of deptle and range\o=1.50. The dimers  wherer;; is the distance between two particles. The contact
are formed by tangentially bonding two of the square-wellgistance iso;; and the parametes; ande;; are the range

monomers so that the bond lengthds the strength and  and depth of the potential well for thej interaction, respec-
range of the square-well interaction are therefore the same if\ely. For our particular systemo = oq,= 01o= 099,

the monomer and dimer particles. Computer simulations fop — o —¢.,=¢,,, andA=\y;=\1,=\,,. We will present

the vapor-liquid equilibria have already been reported for thghe general SAFT-VR expressions for the free energy for

pure monomef39,40,§ and the pure dimelr41] systems.  each contributiolfi7,8] together with the specific ones for our
Simulations are performed in cubic boxes. The particlesyonomer-dimer system.

in the vapor subsystem are initially arranged on a face- The free energy of the ideal-component mixture is

centered-cubidfcc) lattice, while the higher density liquid given by[46]

configurations are obtained by compressing a single sub-

system with a standafd P T Monte Carlo techniqug42,43. Aideal

The usual periodic boundary conditiofBC) and minimum _ ) A3 1 3 3

image con\F/)entiomMIC) are Zset[43]. Initial guesses for the NkT_Z’l X In AT 1= 10 paAtx In paA2—1,

coexisting densities and compositions at each pressure and 5)
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wherex;=N; /N is the mole fractionp;=N;/V is the num- hs 4n—37°
ber density, and\; is the thermal de Broglie wavelength of a :W- (13
species.

The monomer free energy is The mean-attractive energy in the perturbation expan-
Amono n AM n sion is given by
. m | - — m. M_ M
NKT (; Xim; NKT (Zl x,m,)a (X1+2x5)a™,

n n
(6) a;= izl le Xs,iXs, ja! , (14

wherem; is the number of spherical segments in each chain
i, m=1 for the monomefcomponent 1, m=2 for the dimer ~ Where
(component 2andNg is the total number of segments. The .
monomer free energy per segment of the mixtur al= _ZWPSSijJ rizjgrj'S(rij )dry;, (15)
=A/(NgkT) is obtained from the Barker and Henderson i
high-temperature expansi¢83—315:
and gfj's is the radial distribution function for a mixture of
aM=a"S+ pa; + fa,, (7)  hard spheres. The integral is transformed by applying the

) ) mean-value theorefY], which gives an expression fay in
wherea™® is the free energy for a mixture of hard spheres,tarms of the contact value of

B=1KkT, anda, anda, are the first two perturbation terms

associated with the attractive energy. non

The free energy of the reference hard-sphere mixture is a=—p > Xs,iXs,jai\J(Dng'—j‘S[o'ij ;ggff], (16)
obtained from the expression of Boub[47] and Mansoori i=1j=1
et al. [48]:

where
Hs_ o 3414 &
ol (g—g—éo In(1—-¢3)+ 1_§3+ Ak ay™"=2meiof (A} —1)/3 17
()

is the van der Waals attractive constant for the interac-

In this expressionps=N/V is the number density of the tion. The contact value of the radial distribution function for
. . . . peff

mixture in terms of the number of spherical segments. Notéhe hard-sphere reference S_ySt?ﬁ?[_o'ij (5], is evaluated

thatps=p(=!"_,x;m;), wherep is the total number density of at an effective packing fractiot", given by the expression

the mixture. The reduced densitigsare defined as of Boublk [47] and Mansooret al. [48],
n P Vel
_ | HSy . peffy ii~jj 2
gl_g Ps FE]_ Xs,i(a'i) ) 9 glJS[O-'J 3] 1_§gff o+ 0jj (1_§§ff)2
. . . - 2 eff?
where o; is the diameter of spherical segments of chigin Ui Ojj 2 (18
and xg; is the mole fraction of segments of typein the aji oy (1-5M*

mixture, given by
For our system the mean-attractive energy reduces to

_ m; X;
Xs,i —é—. (10 a,=— psa®Vg "y o) oM, (19)
My Xy
k=1 where
For the monomers we have aVPV=27ec3(N3-1)/3 (20
X
Xs1= 3% o +12x (11 andgi'?s[aij ;ggﬁ] becomes the Carnahan and Starling expres-
1 2 i
sion[49,44,
and for the dimers,
HS[ g 1] = 1= 472 21
2 2 9o 1= e @y
S27 X1+ 2%,

with 7°=". The parametrization for®" obtained for the
The overall packing fraction of the mixture is given by, pure square-well fluid7] is used:
which is equivalent top= 7po?/6 for the pure component.
In our case since-= o, = o, the free energy of the reference 79, N)=c1(N) p+ca(N) 2+ ca(N) 72, (22
hard-sphere mixture reduces to the Carnahan and Starling
expressior{49,46 where the coefficients,, c,, andc; are given by
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| =| —0.669270 1.40049 -0.827739] A 95 Loy 1 Ga1=0iT 01y 1 sl + Bey | 91T oy : 8"+ (A — 1)

C3 10.1576  —15.0427 5.30827 / \\?
(23 X(ﬁagﬁs[aij:é“gﬁ]_ agir?s[o_ij;ggﬁ]”

This corresponds to the MX1 or MX3 mixing rules given in
Ref. [8]. (32
The fluctuation term of the free energy is given by

Cl) ( 2.25855 —1.50349 0.249434) 1)

Since for our monomer-dimer mixture all of the square-well

n on ) segments are the same size, the contact value of the square-
a,=2, > XsiXs,24 - (24)  well distribution function simplifies to
i=1j=1 " 7
Each of the terms) are obtained with the local compress- oMo n]=9" o; 7]+ Be| g™ o; n* ]+ (N3~ 1)

ibility approximation(LCA) [33,34),

ij

dps’

XagHS[U;ﬂeﬁ] i’”]eﬁ_ &neﬁ
25 o \37an 7oy

This completes our description of the equation of state, as
whereK " is the isothermal compressibility for a mixture of our system does not associatéss°%=0.

| e

ij_1 |HS
a3 =3 K™%jjps

hard spheres, given by the Percus-Yevick expres&6h The pressure and chemical potential are required in order
4 to determine the conditions of phase equilibria given by Eq.
KHS_ {o(1—¢3) (26) (1). The chemical potentigk; of species can be written in
Lo(1— 53)2+ 6010,(1—435)+ 9@' terms of the free energy:
For our particular system i _ ( ‘?A/kT) (34
kT N Jiyn
_ 1 HS, day B
a,=3K eps 5 27 . : --
Ps whereN; is the number of chain molecules of spedie3he

HS . . overall pressuré® may be calculated through the compress-
whereK"™ is now the pure component expression given byibility factor Z as

_ 4
(1-n) 28 PV

HS__ Mi
e o 2= N~ 2, i N

(39

The contribution to the free energy due to chain formation , . .
wheren is the total number of components in the mixture

is given by _ . .
and x;=N; /N is the mole fraction of componemt These
Achain n functions are used in the numerical determination of the
Nk _iZl xi(m—1)In y; (o), (299  phase behavior of the mixture, using a simplex metfid.

wherey>Y(o;) = exp(— Bei)g; V(o) is the background cor- V. RESULTS

relation function, andgﬁw(a“) is the radial distribution We examine the vapor-liquid equilibria of a binary
function for the square-well system, both evaluated at consquare-well mixture of monomerd) and dimers(2) with
tact. The term corresponding to the Boltzmann factoroc=o011=01,=05, A=A11=A1p=Ay,=1.5, and e=¢g;
exp(—Be;) is not required in the phase equilibria calcula- =¢,,=¢,,. The reduced thermodynamic variables that we

tions, so we can write use arep* =Ng?/V for the density,T* =kT/e for the tem-
. perature, and®* = Po®/¢ for the pressure. The mole fraction
Achain . sw sw of monomers i<;=N; /N and of dimers isx,=N,/N. The
NKT — _241 xi(mi—1)In gi7™ (o)) =Xz In g>"(a). phase behavior of the mixture is summarized in Figs. 1 and

(30) 2, and the corresponding Gibbs ensemble data are reported in
Tables I-VIIl. As will become clear later, the mixture data
We obtain the contact value of the radial distribution func-can be used to estimate the vapor-liquid equilibria of each
tion for segments of specigsandj from a first-order per- pure component fluid: the phase diagram of the monomer

turbation expansion square-well system is shown in Fig. 3 and that of the square-
well diatomic in Fig. 4, with the corresponding data given in
gﬁw(o”-)=gi'?s(oij)+ﬂs”gl(aij), (31  Tables IX and X. A pressure-temperature projection of the

full phase behavior, including the pure component data, is
whereg;(oj;) is obtained from a self-consistent calculation given in Fig. 5.
of the pressure using the Clausius virial theorem, as was Pressure-compositiorPik) constant temperature slices of
explained in the original SAFT-VR papé€T]: the vapor-liquid phase diagram for the mixture are shown in
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1.0

(a) 14
05 0.82 | 0.86
0.6 1
T*
n
(b) -15
-2.04
-2.54
*
X, In P -3.04
FIG. 1. Pressure-composition slices of the vapor-liquid coexist- -3.54
ence for the square-well mixture of monométs and dimers(2) 40
with A=1.5 for temperatures below the critical point of the pure 07 08 09 1.0 1.1
monomer system. The reduced pressiye P* /Py , is defined in
terms of the critical point of the monomer, and is the mole 1/T*

fraction of dimers. The curves are labeled with their corresponding
values of the reduced temperatufe=T*/Tg,. The data points Ui i ities for th
represent the results of the GEMC simulations for systems of FIG. 3. (a) Vapor-liquid coexistence densities for the monomer

N=512 particles, and the continuous curves correspond to thgquare-;/vel! system ,With)‘:,l'5’ where T*=KkT/e and 7
SAFT-VR prediction. =mpsol6 is the packing fraction. The triangles correspond to the

results obtained by extrapolating the mixture GEMC data, the
crosses correspond to the GEMC data of R&0)], and the asterisks
to the molecular dynamics data of REB9]. The continuous curve
represents the SAFT-VR prediction and the dashed curve represents
12 the Wegner expansion used in Rg40]. (b) Clausius-Clapeyron
1.00 representation of the vapor pressures for the monomer fluid. The
reduced pressure is defined R$=Po>/¢. The continuous line is
the SAFT-VR prediction and the dashed line corresponds to the fit
obtained in Ref[40Q].

Figs. 1 and 2. The square-well dimer is the less volatile of
the two components, and a slight negative deviation from
Raoult’s law can be detected. As the temperature is increased
above the critical point of the pure monomer square-well
fluid, vapor-liquid critical points are observed for the mix-
ture. The GEMC simulation data are compared with the
SAFT-VR predictions for a series of temperatures: four sub-
critical with respect to the pure monomer fluid, one at the
estimated vapor-liquid critical temperature of the monomer
(Tt,=1.22 andP};=0.108 [40], and three temperatures
above the monomer critical point. Very good agreement be-

0.0 —_— ——— tween the theoretical predictions and the exact simulation
00 02 04 06 08 L0 00 02 04 06 05 10 data is observed for all temperatures studied. The compari-
x, sons have been made in terms of the reduced pressure and

temperature with respect to the pure square-well monomer,

FIG. 2. Pressure-composition slices of the vapor-liquid coexistPr=P*/P¢, and T,=T*/T¢ ;. As has been mentioned in
ence for the square-well mixture of monométs and dimers(2)  earlier work[7], the vapor-liquid critical point of the pure
with A=1.5 for temperatures above the critical point of the puremonomer square-well fluid is overestimated by the theory.
monomer system. See Fig. 1 for details. The squares correspond By viewing the phase behavior of the monomer-dimer mix-
GEMC data for a system dfi=1728 particles. ture in terms of reduced variables, we can focus on the ad-
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TABLE I. Vapor-liquid coexistence data obtained frddP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well
monomers and dimers with a range=1.5. The fixed variables during the simulation are the number of parti¢te§12, the reduced
pressureP* =Pgd/e, and the reduced temperatufé =kT/e=1.00. The packing fractions, dimer mole fractions,, and the reduced
energies per segmeBt* =E/eNs in the coexisting vapor and liquid phases are labelexhdl, respectively; the uncertainties correspond
to one standard deviation.

p* 7 ul X2, X2) E) =

0.004 0.003:0.0002 0.395:0.004 0.3130.015 0.87%0.015 —0.10+0.03 —5.29+0.06
0.007 0.004:0.0004 0.38%0.004 0.112-0.020 0.70&0.017 —0.13+0.03 —-5.27+0.07
0.011 0.006:0.001 0.3830.004 0.051*0.019 0.544-0.012 —0.09+0.04 —5.26+0.07
0.013 0.0080.001 0.37%0.004 0.047%0.016 0.4760.012 —0.14+0.04 —5.25+0.07
0.019 0.012-0.001 0.376:0.006 0.0320.012 0.33%0.017 —0.30+0.06 —5.29+0.08
0.027 0.015:0.002 0.3740.008 0.007%0.009 0.132-0.007 —0.19+0.06 —5.44+0.11
0.031 0.0210.002 0.366:0.008 0.007%0.006 0.096:0.005 —0.44+0.09 —5.360.12

TABLE II. Vapor-liquid coexistence data obtained frokP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well

monomers and dimers at a reduced temperatufE*ef 1.05. See Table | for details.

p* Ty Ul X2y X2 E; Ef

0.005 0.004:0.0003 0.3880.004 0.366:0.020 0.892-0.015 —0.12+0.03 —5.17+0.06
0.006 0.004:0.0003 0.396:0.005 0.3710.017 0.886:0.017 —0.15+0.03 —5.19+0.08
0.011 0.007%0.001 0.384-0.004 0.1590.020 0.71%0.017 —0.20=0.04 —-5.17£0.07
0.017 0.016:0.001 0.376:0.004 0.083%0.017 0.5390.012 —0.23+0.05 —5.14+0.07
0.020 0.012:0.001 0.3710.005 0.067%0.017 0.464:0.017 —0.30+0.05 —5.12+-0.08
0.027 0.0180.002 0.376:0.004 0.057%0.020 0.38&:0.010 —0.47+0.10 —-5.17+0.07
0.031 0.02@:0.002 0.366:0.006 0.032-0.013 0.255%0.014 —0.47+0.08 —5.12+0.09
0.034 0.022-0.002 0.355:0.006 0.01&0.010 0.1720.011 —0.54+0.09 —5.11+0.09

TABLE lll. Vapor-liquid coexistence data obtained frofP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well

monomers and dimers at a reduced temperatufe*ef 1.10. See Table | for details.

p* 7, vl X2, Xz E) =

0.009 0.006:0.001 0.377%0.004 0.322-0.023 0.834:0.017 —0.19+0.04 —5.00+0.08
0.017 0.01&:0.001 0.365:0.005 0.117%0.021 0.596:0.015 —0.25+0.05 —4.94+0.07
0.026 0.016:0.002 0.355:0.006 0.06%-0.017 0.4190.013 —0.40+0.07 —4.91+0.09
0.033 0.0220.002 0.35%0.006 0.0670.015 0.37&0.013 —0.55+0.09 —4.99+0.09
0.038 0.021#*0.002 0.357%0.006 0.0450.018 0.3120.010 —0.23£0.07 —5.00+0.09
0.047 0.03& 0.008 0.345:0.007 0.036:0.018 0.166:0.009 —0.95+0.26 —-4.96+0.11
0.052 0.05@:0.009 0.342-0.006 0.046-0.013 0.156:0.008 —1.33+0.28 —4.93+0.09
0.058 0.0510.007 0.341+0.013 0.00%0.007 0.035%0.003 —-1.26+0.22 —-5.02+0.18

TABLE IV. Vapor-liquid coexistence data obtained frakP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well

monomers and dimers at a reduced temperatufe*ef 1.18. See Table | for details.

p* 7y ul X2, X2 E) =
0.008 0.007%0.001 0.368 0.005 0.79&:0.015 0.966:0.008 —0.24+0.05 —4.80+0.07
0.013 0.011#+0.001 0.37&:0.005 0.547%0.017 0.90&:0.015 —0.32+0.06 —4.89+0.08
0.018 0.012-0.001 0.3610.005 0.31%0.024 0.77&0.017 —0.24+0.05 —4.77+0.08
0.032 0.019-0.002 0.3680.006 0.1390.022 0.53%0.017 —0.29+0.06 —4.71+0.09
0.036 0.0220.002 0.34&0.007 0.1240.018 0.491*0.016 —0.51+0.07 —4.66:0.10
0.045 0.0320.004 0.34%0.007 0.131%*0.019 0.42%0.018 —-0.80+0.13 —-4.70£0.11
0.060 0.0470.005 0.32&0.010 0.0720.013 0.25&0.020 —-1.11+0.15 —-4.61+0.14
0.076 0.077%0.012 0.306:0.010 0.03%-0.014 0.10&0.008 —1.68+0.27 —4.45+-0.14
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TABLE V. Vapor-liquid coexistence data obtained fradP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well

monomers and dimers at a reduced temperatufe*ef 1.22. See Table | for details.

p* 7y ul X2,p X2 E) Ef
0.016 0.01%0.001 0.3570.006 0.5130.044 0.8270.018 —0.35+0.07 —4.67+0.08
0.022 0.015:0.002 0.354:0.006 0.36&0.028 0.78&0.017 —0.39+0.08 —4.65+0.08
0.027 0.016:0.002 0.336:0.007 0.209-0.028 0.644-0.018 —0.36:0.07 —4.48+0.09
0.032 0.022-0.002 0.345:0.007 0.236:0.029 0.642-0.022 —0.54+0.10 —4.59+0.10
0.043 0.02%0.004 0.33%0.008 0.155:0.023 0.48& 0.023 —-0.69+0.12 —-451+0.11
0.054 0.036:0.005 0.316:0.010 0.099-0.022 0.3450.021 -0.82£0.14 —4.38+0.13
0.065 0.0520.007 0.3140.009 0.09%*0.019 0.2740.016 —-1.15+0.19 —4.40+0.13
0.076 0.0670.018 0.2990.010 0.066:0.022 0.18%0.010 —1.41+0.35 —4.26+0.13
0.081 0.071#0.010 0.285:0.014 0.046:0.018 0.1250.010 —1.48+0.32 —4.14+0.17

TABLE VI. Vapor-liquid coexistence data obtained frakP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well

monomers and dimers at a reduced temperatufe*ef 1.28. See Table | for details.

p* Ty Ul X2y Xy E; Ef
0.022 0.0230.005 0.3530.005 0.75%0.050 0.931#+0.011 —0.65+0.19 —4.56+0.07
0.027 0.02%0.003 0.346:0.006 0.561*0.032 0.85¢:0.016 —-0.62£0.11 —4.50+0.09
0.032 0.02%0.002 0.331*0.008 0.336:0.029 0.715%0.019 —0.55+£0.10 —4.36:0.10
0.043 0.031*0.003 0.327%0.009 0.266:0.032 0.6190.018 —-0.71+0.12 —4.35£0.12
0.054 0.0410.005 0.326:0.009 0.236:0.025 0.523%0.023 —-0.94+0.14 —4.,30+0.12
0.065 0.046:0.005 0.3040.011 0.1590.022 0.407%0.019 —1.00+0.13 —-4,15+-0.14
0.076 0.062-0.011 0.294:0.012 0.136:0.026 0.322-0.018 —1.30+0.24 —4.08+0.15
0.085 0.08&:0.020 0.277%0.015 0.114-0.030 0.2410.014 —1.60+0.36 —4.93+0.18

TABLE VII. Vapor-liquid coexistence data obtained fratP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well

monomers and dimers at a reduced temperatufe*ef 1.34. See Table | for details.

p* 7y ul X2, X2 E) =
0.027 0.025:-0.003 0.329-0.008 0.71%0.028 0.90%0.012 —0.64+0.12 —4.23+0.10
0.032 0.0280.003 0.325:0.008 0.577%0.030 0.842-0.016 —0.69+0.12 —4.,21+0.10
0.038 0.033%0.005 0.324-0.007 0.5140.034 0.79%0.017 —0.79+0.15 —4.21+0.10
0.043 0.035:0.004 0.316:0.009 0.426-0.027 0.72%0.020 —0.79+0.13 —-4.13+0.11
0.054 0.046:-0.006 0.296:0.010 0.294-0.036 0.596:0.018 —0.85+0.15 —3.95+0.12
0.065 0.051*0.006 0.2990.012 0.292-0.028 0.555:0.020 —1.08+0.16 —-3.99+0.14
0.076 0.066:0.011 0.28:0.015 0.221#0.033 0.426:0.019 —1.34+0.23 —-3.83+0.17
0.086 0.077%0.012 0.266:0.018 0.2010.030 0.364-0.018 —1.51+0.24 —-3.71+0.20
0.097 0.088& 0.025 0.235:0.039 0.17%0.034 0.2970.003 —1.69+0.40 —3.43+0.41

TABLE VIII. Vapor-liquid coexistence data obtained froMP T Gibbs ensemble Monte Carlo simulations for a mixture of square-well
monomers and dimers at a reduced temperaturd*of 1.46. See Table | for details. Results labeledhwét T are obtained using

N=1728 particles.

p* Ty Ul X2y X E; =

0.043 0.056:0.012 0.2930.011 0.914:0.020 0.962-0.007 —-1.17+-0.26 —-3.73+0.13
0.049 0.0710.009 0.292-0.012 0.8610.015 0.9280.012 —-1.47+0.17 —-3.72-0.14
0.054 0.056:0.010 0.2740.012 0.681-0.042 0.83%0.013 —-1.12+0.22 —-3.56+0.13
0.065 0.066:0.013 0.246:0.016 0.5630.052 0.73&80.014 —1.17+0.26 —3.25+0.16
0.065 0.070+0.004 0.25@:0.013 0.575:0.015 0.7310.013 —1.40+0.08 —3.35£0.13
0.076 0.077=0.004 0.2540.010 0.57%0.013 0.72%0.011 —1.51+0.08 —-3.39£0.10
0.081 0.101+0.012 0.235%0.019 0.53%0.024 0.651*0.015 —-1.86:0.20 —-3.23+£0.18
0.086 0.122+0.017 0.197%0.034 0.5190.024 0.58%0.027 —2.13+0.22 —2.90+0.32
0.097 0.113+0.011 0.2120.024 0.50&0.020 0.5950.017 —2.01+0.15 —3.04+£0.22
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TABLE X. Values of the reduced temperatufé =kT/e, the

(a) reduced vapor pressue* =P/, and the packing fractiong
for the vapor-liquid coexistence of the pure square-well dimer fluid
with a range\ =1.5. The results are obtained by extrapolating the
monomer-dimer mixture simulation datsee text for details The
vapor and liquid densities are denoteddbyndl, respectively.
T*
™ P* M m
1.46 0.040 0.060 0.304
1.34 0.020 0.019 0.342
oS 1.28 0.017 0.023 0.361
1.22 0.011 0.003 0.368
n 1.18 0.006 =0.001 0.379
1.10 0.002 =0.001 0.384
(b) 20 1.05 0.002 <0.001 0.395
3.0 1.00 0.001 <0.001 0.398
-4.0
In P* Raoult’'s law dependence close to thie=0 andx,=1 axes,
-3:01 to estimate values of the pure component vapor pressures.
6.0 An extrapolation of the temperature-density data for the mix-
ture is used to estimate the coexisting densities of the pure
7.0 —————— 9 components. The large curvature of the data close to the pure
05 06 07 08 09 10 1.1

1/r*

FIG. 4. (a8 Vapor-liquid coexistence densities for the dimer
square-well system with = 1.5 (see Fig. 3 for detai)s The crosses
correspond to the Monte Carlo simulation data of Réfl]. The
dashed curve is obtained by fitting a Wegner expansion to the simu-
lation data of Ref[41]. (b) Clausius-Clapeyron representation of
the vapor pressures for the dimer fluid. The continuous line is the
SAFT-VR prediction and the dashed line corresponds to a linear fit
of the simulation data.

equacy of the theoretical prediction for the mixture, without
clouding the comparison with the mediocre description of
the pure component critical point.

Computer simulation data for the vapor-liquid phase be-
havior of the pure monomer syst€r&9,40,5,8, and of the
pure dimer systeni41l], have already been reported. The
GEMC simulation data at each temperature are presented in
Tables 1-VIIl. Our monomer-dimer data can be used to es-
timate the vapor-liquid coexistence of the individual compo-
nents. We extrapolate the mixtuiex data, using a linear

TABLE IX. Values of the reduced temperatufé =kT/e, the
reduced vapor pressu* =Pg?/e, and the packing fractiong
for the vapor-liquid coexistence of the pure square-well monomer
fluid with a rangex =1.5. The results are obtained by extrapolating
the monomer-dimer mixture simulation datsee text for details

1.2

monomer axesX,=0) made a linear extrapolation unsuit-

1.0+

0.84

0.4

0.2

A

0.0 T T : T T T T T
05 06 07 08 09 10 1.1 12 13
T,

14

FIG. 5. Pressure-temperature projection for the binary mixture

The vapor and liquid densities are denotecvbgndl, respectively. ~ of square-well monomers and dimers. The reduced presBure

=P*/P%, and temperatur&, =T*/T; , are defined in terms of the

T* p* 7, 7

1.18 0.086 0.055 0.283
1.10 0.061 0.046 0.306
1.05 0.040 0.220 0.318
1.00 0.034 0.016 0.332

critical point of the monomers. The triangles are the vapor pressures
obtained by extrapolating the mixture GEMC data, the crosses are
the GEMC data of Ref.40], the circles correspond to the estimated
vapor-liquid critical points, and the filled circles are the pure com-
ponent critical points. The continuous and dashed curves represent
the SAFT-VR prediction for the pure component vapor pressures
and critical line, respectively.
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able; the theory was used to guide the extrapolation in thisegion, only rough estimates of the vapor-liquid critical
case. The resulting estimates of the vapor-liquid equilibrigpoints could be made. The resulting vapor-liquid critical line
for the pure component monomer and dimer systems aref the monomer-dimer mixture is presented as a pressure-
reported in Tables IX and X, respectively. The coexistingtemperaturé®T projection in Fig. 5, together with the vapor-
densities and vapor pressurésepresented as Clausius- PFGSSW?_CUF\_/GS_Of the_ two pure components. The vapor-
C|apeyr0n p|0t£ are Compared with the previous results in IIqUId critical line is continuous and e_XtendS from_ the C_rItIC_aI
Figs. 3 and 4. It is gratifying to see that the extrapolation ofPCint of the monomer to that of the dimer. There is no liquid-
the mixture data leads to values which are in close agreemeHfluid immiscibility in this system due to the similarity in the
with the previous data. As an added bonus, we can estimaf@tractive interactions. This type of vapor-liquid equilibria
the coexistence curve of the square-well dimer to mucﬁ:orresponds to type | in the classification of Scott and van

lower temperatures, and provide values for the vapor preggonynenbu_rg[SS,Sé_l]. The vapor-hqgld cr|t|cal_ line O.f our
sures which were not determined in the earlier wptk]. monomer-dimer mixture also exhibits a maximum in pres-

Also shown in these figures are the SAFT-VR predictions ofSUre: & feature which is reproduced by the SAFT-VR predic-

the vapor-liquid phase equilibria. It has already been demorfions. As was mentioned earlier, the SAFT-VR theory is seen

strated that the SAFT-VR approach provides a good descrig® Provide an excellent description of the vapor-pressure

tion of the phase envelope of the pure component monoméerves for both the monomers ar_ld dimers. The critical points
and dimer square-well systerfi], which is again apparent estimated from the GEMC coexistence data are seen to de-

from an inspection of Figs. 3 and 4. In addition, we show aviate from the predicted critical line, although a large amount

comparison of the SAFT-VR predictions for the vapor pres-Cf Scatter is evident.
sures of the pure components with the simulated values: V. CONCLUSIONS
SAFT-VR is again seen to provide a good description of the

vapor pressures, although a slight underestimate is found. As In our monomer-dimer square-well mixture all of the

was mentioned earlier, the SAFT-VR approach overpredictgﬁgg]eeggﬁggirgre Z;Lri]lg?tgg té)ontsh:r;it)zirseairg Z c'?:)crfséd{?gr%etg(?
the coexistence curve in the critical region, a feature which i y q

common o all anayical cuatons o sase]. Tis means U1 S1SES 10l 0 U S 6 nonerer el
that both the critical temperature and pressure occur at loweoH'eS- P comp ;e phas 9
btained using the Gibbs ensemble technique indicate that

values than predicted by the SAFT-VR approach. The USUdhere is a smal negative deviation from Raoult’s law; the

methodology for the determination of the critical parameters onideality can be attributed entirely to the difference in

from Gibbs ensemble simulation data is from an appropriaté1 . L . : .
critical expansion(e.g., see Refs40.4). The coexistence ¢hain length in this case. As an interesting aside we note that

curves obtained from a fit to the data using a Wegner expar{'E Is possible to obtg!n _reasonable estimates of th_e pure com-
sion with a fixed critical exponent gg=0.325, and the fit of ponent phase equilibria by extrapolating the mixture data.

the vapor-pressure curves using a Clausius-Clapeyron pIoPue to its simplicity, the monomer-dimer mixture offers an

are also shown in the figures for both the monomers an!]deal testing ground for equations of state for chain mol-
dimers (see Ref[40] for detaily. The corresponding esti- ecules. The statistical associating fluid theory for potentials

- of variable rangdSAFT-VR) is one such theory. The phase
mates for the critical parameters afg;,=1.22, Pg, 9 y b

- Qo tor th 4T equilibria of the monomer-dimer mixture predicted with the
=0.108, and7,=0.157 for the monomef40], and TS, gAFT.VR equation of state compares favorably with the ex-

=1.58,P¢ ,=0.085, andy, ;=0.147 for the dimer; the latter 4¢¢ simulation data. This study represents the first test of the
are in good agreement with the estimatesTpt=1.59 and  adequacy of the SAFT-VR approach to model mixtures com-
7:2=0.14 by Yethiraj and Hal[41], but P;ZZ 0.085 is a  prising chain molecules.
new estimqte for Fhe gritica}l pressure. _ ACKNOWLEDGMENTS
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