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Gas-liquid coexistence and demixing in systems with highly directional pair potentials
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Recent computer simulation studies strongly indicate that fluids of dipolar hard spheres do not display
gas—isotropic liquid coexistence. In this paper we discuss a second example that also exhibits this rather
unexpected behavior. This is a simple liquid-crystal model that we explore employing Gibbs ensemble Monte
Carlo (GEMC) methods. It is shown that the system has clear gas—nematic liquid coexistence, but that the
gas—isotropic liquid coexistence line is completely missing from the phase diagram. We attribute this to the
highly directional nature of the attractive potential and argue that similar considerations are likely of relevance
in the dipolar hard-sphere case as well. We also use GEMC techniques to investigate demixing in binary
mixtures of neutral and dipolar hard spheres. For similar mixtures of neutral and charged hard spheres, it is
known that demixing is essentially condensation of the Coulombic fluid weakly influenced by the background
of neutral hard spheres. Therefore, given that dipolar hard spheres do not condense, whether or not the present
mixtures demix is an interesting question. In fact, demixing is observed and, moreover, the transition tempera-
tures are in reasonable agreement with those predicted by the same integral equation theories that incorrectly
predict condensation of the pure dipolar fluid. The critical temperature decreases rapidly with decreasing
diameter of the neutral species consistent with the lack of gas—isotropic liquid coexistence for pure dipolar
hard spheres. Clearly, for the present model demixing and dipolar condensation are not closely related phe-
nomena as they are in the Coulombic systems. The neutral species appears to reduce the formation of dipolar
“chains” or ‘“clusters” that inhibit condensation of the pure dipolar hard-sphere fluid.
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PACS numbe(s): 64.70.Fx, 64.60.Cn, 64.70.Md, 82.20.Wt

[. INTRODUCTION enough to overcome the entropy of the gas. This is only
accomplished by the nematic liquid-crystal phase where ori-
This paper is motivated by recent work on dipolar fluids entational order lowers the energy sufficiently to destablize a
[1-5]. Computer simulations have shown that fluids of dipo-dilute disordered gas. Thus one observes only two rather
lar hard or soft spheres exhibit rather interesting and unexthan the expected three fluid phases analogous to the situa-
pected phase behavior. Such systems form stable isotropfton for dipolar hard spheres. _
and ferroelectric fluid phasd4,2] but no gas—isotropic lig-  Mixtures of dipolar and neutral hard spheres are interest-
uid transition is observefB—5]. Isotropic fluid—ferroelectric ing for several reasons. Integral equation theofit3,13
fluid coexistence does occur, but the expected gas—isotropRiedict that these systems will demix, but the same theories
liquid coexistence line appears to be completely missingredict a gas—isotropic liquid condensation for the dipolar
from the phase diagram. Here we employ the Gibbs en ard-sphere fluifi14]. Since the predicted condensation does
semble Monte CarldGEMC) method[6—9] to further ex-  not occur in the pure fluid case, it is of interest to see if the
plore the question of gas-liquid coexistence in model fluidgheories are also qualitatively wrong for the mixture. Further,
characterized by highly directional pair potentials. First wefor mixtures of charged and neutral hard spheres, it has been
discuss a simple model liquid crystal that also has no gasshown[15,16 that demixing is largely a charged hard-sphere
isotropic liquid coexistence and second we examine th&ondensation only weakly influenced by the neutral hard-
phase behavior of mixtures of dipolar and neutral hardsPhere background. Thus one might expect that demixing
spheres. would not occur for mixtures of neutral and dipolar hard
To date, the dipolar hard-sphere fluid is the only modelsPheres because the pure dipolar hard-sphere system does not
having both attractive and repulsive pair interactions forcondense. Nevertheless, we find that demixing does occur
which a gas—isotropic liquid transition is not observed. In the2nd we investigate the behavior of the critical temperature at
present paper we give a second example where gas—isotrogiged pressure as a function of the diameter of the neutral
liquid coexistence does not appear to occur. This is a simpl§omponent. This is interesting because as the neutral compo-
liquid-crystal model of a type previously considered in com-nent decreases in size one must approach the pure dipolar
puter simulationg10] and theoretical calculatiord1]. In  hard-sphere behavior.
the present version, the particles interact via the hard-sphere
potential plus a short-range anisotropic term. The model ex-, ‘o;\gE BEHAVIOR OF A SIMPLE LIQUID-CRYSTAL
hibits isotropic-nematic coexistence, but gas—isotropic liquid MODEL
coexistence is not found. Physically, this unusual phase be-
havior must arise because the potential is so directional that Simple axially symmetric liquid-crystal models can be
the dense isotropic liquid cannot achieve an energy lowconstructed by employing pair potentials of the fdrb®,11]
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TABLE |. GEMC results(512 particles for isotropic-nematic coexistence for the simple liquid-crystal
model with A\=0.15. Boxes | and Il are the isotropic and nematic fluids, respectively. The numbers in
parentheses are the estimated uncertainties in the lagisgjiten.

p* Hres!KT (P2)

™ | Il I I | Il

0.353 1.09%4) 1.069) 1.767) 1.776) 0.139) 0.4910)

0.333 0.9%2) 0.865) 1.394) 1.396) 0.075) 0.682)

0.316 0.802) 0.746) 0.994) 1.0009) 0.06(3) 0.741)

0.300 0.681) 0.6713) 0.695) 0.709) 0.042) 0.8108)

0.286 0.582) 0.4327) 0.225) 0.21(10) 0.03Q9) 0.8417)

u(12)=ug(r)+uy(12), (1)  defining a symmetry axjsAlso, ¢ ando are the LJ param-
eters and\ determines the strength of the anisotropic inter-

where uo(r) is a spherically symmetric interaction and action. ,
u,(12) is an anisotropic term. In previous calculatiar) It is known from previous wor{10,11 that models of
was usually taken to be the Lennard-Jotied) interaction ~ this type exhibit at least isotropic and nematic fluid phases.
and the anisotropic potential was defined as Here we are interested in investigating gas-liquid coexistence

in a model that, as with dipolar hard spheres, has a highly
directional pair potential and no dispersion interaction.
o\ 6 Therefore, we takeiy(r) to be the hard-sphere interaction
ua(12)=—4>\s(—) P,(cosy), (2)  with o defining the hard-sphere diameter. For fixeda
r thermodynamic state of this model is completely determined
by specifying two parameters, for example, the reduced pres-
sureP* =Pg°/KkT and the reduced temperatufé =kT/e,
whereP;(cosy) is the usual second-order Legendre polyno-wherek is the Boltzmann constant ariithe absolute tem-
mial and y is the angle between the symmetry axes of theperature. Of course the properties of the hard-core model
particles(i.e., each particle is embedded with a unit vectorgepend only on the rati@*/\ and it is not necessary to
specify T* and\ independently. However, to be consistent

04 1T with previous calculations, we s&t=0.15 and varyT*.
C (a) 3 GEMC calculationg6—9] were performed for this model
035 C . using 512 particlesA priori one would expect to observe
T u R ] three fluid phases for this systefie., an isotropic gas, an
C o o ] isotropic liquid, and a nematic liquid However, only two
0.3 o ° fluid phases, isotropic and nematic, were observed. Values of
L ] P*, the reduced residual chemical potenf@]l u,./k T and
05l 1] the average second-rank order paramé@®e) in each phase
02 04 06 08 are given in Table I. The instantaneous order paramfjer
P was taken to be the largest eigenvalue of the ordering matrix
LIS B I L B commonly used in liquid-crystal simulatiofd7]. We see
1.2 = N (b) E that for all temperatures and pressures one of the coexisting
1F 3 phases is orientationally orderéice.,(P,) is nonzerg. Also,
P 0.8 1 3 we note that the pressures and residual chemical potentials in
o 3 each phase agree within statistical uncertainties.
0.6 = Coexisting densities at different temperatures and the
0.4 E ] | E nematic-isotropic coexistence line onP& vs T* plot are

shown in Figs. (& and Xb), respectively. We emphasize
025 03 035 again that the expected gas—isotropic liquid coexistence line
T is completely missing from Fig.(lh). We could find no evi-
FIG. 1. Gibbs ensemble results giving part of the phase diagrarﬁence_ v_vhatsoe_ver for this tran3|t!on. At the Iowe_r temp_era-
for the simple liquid-crystal model withh=0.15. The coexisting tur_es it IS possible that the nemaﬂc phase found in the simu-
densities are given ia). The regions of stability of the isotropic 1ations might be metastable with respect to the solid. To test
and nematic phases {b) are denoted by andN, respectively. To  for this, fcc lattices were heated under constant pressure until
the right of the dashed line ifb) a 108-particle system melts from Melting and the results obtained are represented by the
a fcc lattice; to the left the lattice remains stable or metastable foflashed line in Fig. (b). To the left of this line the solid
long simulations. This line was generated by melting the lattice afémained either stabléor metastablewith respect to the
constant pressure using NPT MC simulations at a variety of presliquid. To the right of the line the lattice melted to give
sures. isotropic or nematic fluid phases. Thus we can be confident

~
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that for the three highest temperature points the GEMC cal- TABLE II. Reduced critical dipole moments as a function of

culations give the thermodynamically stable coexistingreduced pressure for an equal diameter mixtee=(0.8) of neutral

phases. and dipolar hard sphereg? is the reduced density of the mixture
just before the demixing transition.

I1l. MIXTURES OF NEUTRAL AND DIPOLAR HARD p* M: p*
SPHERES 5.9 1.8 0.8
We consider mixtures consisting df,, neutral hard 3.7 19 0.7
spheres of diameter,, andNy dipolar hard spheres of diam- 24 2.0 0.6

eteroy. The total number of particles M=N,+ Ny and it
is useful to introduce the reduced denSﬁfS/=pcr§, where
p=N/V is the total number density, the mole fractioxg

=Ng/N and x,=N,/N=1—xy, the reduced diametery  Forstmanr{13] have determined the absolute stability limits
=on/ogy, and the reduced dipole moment = u/\kToy,  for u* = 2.5 ando* =1 as a function op* and mole frac-
wherek is the Boltzmann constant aridthe absolute tem-  tjgn Xn. At Xx,=0.8, the system was predicted to demix for
perature. Instead qf*, one could equally define the reduced )| p* =0.66. Constant volume GEMC calculations were car-
temperaturél* =1/u*?, but to be consistent with most ear- ried out for an equal diameter mixture witf =0.7 andx,
lier work, we will describe the system in terms jof . =0.8. Starting atu* = 2.5~1.6, the reduced dipole mo-

~The phase separation was investigated using GEMGnent was increased until a demixing transition occurred. At
simulations[6—9]. This method introduces two simulation u*=1.8, the system was clearly mixed andt=2.0 it
boxes, which we label I and II. Onesthen specifiés, Nn,  was clearly demixed. Ak* =1.9, the system exhibited very
and the reduced total VO";M =Vloygor, alternatively, the  |arge deviations from the mixed phase and we take this value
reduced pressur* =Poy/kT. These, along withu* and  to be a good estimate of the reduced critical dipole moment,
oy » completely characterize the system. Typically, one bez¥ . These observations are qualitatively consistent with the
gins \{wth a uniform mixture in each c_eII and _|f the _|n|t|al RHNC theory, although the theory does appear to underesti-
state is unstable the system separates into a dipole-rich phaﬁﬁite uc. Chenetal. [12] have also reported the absolute
in one box and a neutral-rich phase in the other. The simustability limits for equal diameter mixtures at =0.8 as a
lation may be carried out in different ways. One method is tofunction of u* andx,. At x,=0.8, they report that the mix-
exchange both neutral and dipolar particles between boxestlire becomes unstable for al* =1.5. We also carried out
and Il. This proved to be a relatively inefficient method be-constant volume GEMC calculationst=0.8,x,=0.8 and
cause the probability of e;x_chqngmg dipolar particles befound the reduced critical dipole moment: ~1.8. Again,
comes prohibitively low ag.™ is increased. Another method the theoretical predictions underestimate the critical dipole
is to perform particle exchanges for one comporémthis  noment. Some critical dipole moments, pressures, and den-
case the neutral ohalong with indentity exchanges. Identity sjties for equal diameter mixturesaf= 0.8 are summarized
exchanges consist of converting a neutral hard sphere intojg Taple II.
dipolar hard sphere in one box while in the same move con- \ye have also used the GEMC method to determine coex-
verting a dipolar hard sphere into a neutral hard sphere in thgence curves at fixed pressure for different values-bf
other. We verified that both methods gave identical resultsyi o reduced pressure was fixedPdt=2.0 and coexistence
However, the method using identit ; :

' 9 y exchanges gave bett urves were obtained far; =1.0, 0.9, 0.8, and 0.7. Coex-

acceptance rates and allowed us to obtain converged resulls ce densities and residual chemical potentials ofpr

at higher reduced dipole moments. =1.0 are given in Table Ill. We note that as one might

Of course, due to the long-range nature of the dipolar . . L .
interactions one must employ periodic boundary conditionsexpect the dipole-rich fluid is the denser phase at coexist-

with Ewald summation method47-19. This requires that ence. The values Qiresq agree(with.in.the uncertaintigsin .
the dielectric constant’ of a surrounding continuum be each phase; however, the uncertainties are rather large. This

specified. This raises a minor question for the present siij—S due to the diffigulty ".‘ esti.mating'the chemical potential
Iaption because whilee’ ~1 wguld be approeri)ate for a when the probability of inserting a dipolar hard sphéesl

neutral-rich phases’ ~ o would likely be a better choice for or ghos} becomes extremely small. Reliable converged re-

a dipole-rich phase. The results reported here were obtaineséJlts could not be obtained in the two-phase region for val-

* H i *
with €’ =1, but we verified that using’ = had little effect 4% of o, smaller than 0.7. Simulations at, =0.7 and

on the thermodynamics or observed demixing behavior. Ad#” = 2-5 were at the limit of our ability to obtain converged
ditional tests were performed to ensure that the results og€sults. —
The coexistence curves are plotted in Fig. 2. From the

tained were not strongly dependent on the number of parf—_ hat th Lrich ph 4 il
ticles used. All results reported here were obtained with 9uré we see that the neutral-rich phase remains a very dilute

=500. Also, calculations were carried out to verify that theSolution of dipolar hard spheres in neutral hard spheregas
dipole-rich phase had no long-range orientational order at thd€creases. In the dipole-rich phase, the mole fraction of neu-
largest reduced dipole moment considered. tral hard spheregat fixed u*) increases significantly as;;

We first attempted to confirm theoretical predictions that aS reduced from 1 to 0.9, but then varies only slightlyces
demixing transition does in fact occur. Applying the refer-is further reduced to 0.8 and 0.7. Estimated valuegbfas
ence hypernetted-chaifRHNC) approximation, Chen and a function of o are given in Table IV. We note that}
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TABLE lll. Some coexistence resultdNE 500) for equal diameter mixtures of neutral and dipolar hard
spheres aP* =2.0. Boxes | and Il are the dipole-rich and neutral-rich phases, respectivgly, and s g
are the residual chemical potentials of the neutral and dipolar hard spheres. The numbers in parentheses are
the estimated uncertainties in the last dgjigiven.

p* Hresn/KT Mresd/KT
n* I 1] I 1] | 1]
2.1 0.6626) 0.54647) 3.8311) 3.8411) —1.0530) —1.2545)
2.2 0.68%3) 0.5466) 3.868) 3.8609) —0.9239) —1.3610)
2.3 0.6979) 0.5468) 3.86(15) 3.8614) —2.1570) —1.9444)
24 0.7196) 0.5435) 3.81(10 3.81(9) —1.7076) —-1.9013)

increases in an apparently linear fashion with decreasfng  ably with a few of them. Indeed, for the present model it is
It is possible to show20] that in theo* =0 limit any ap-  only in the nematic phase that the energy of the liquid can
parent demixing must come from condensation of the dipolafchieve energies low enough to drive condensation. The di-
hard-sphere component. Rery bold linear extrapolation Polar potential is also highly directional and we would ex-
suggests the.* ~3 in the limit ¢ —0. This is a relatively Pect similar considerations to apply. However, for the
large value ofu* (or low temperatureand it is possible that Present model we do not Qbserve t_he “chains” or “clusters”
the dipole-rich phase becomes orientationally ordered beford1at appear to help stabilize the dipolar hard sphere “gas.”
this limit is reached, thus cutting off the gas—isotropic liquid ~We have also considered mixtures of dipolar and neutral
transition. One might well have gas—ferroelectric liquid co-hard spheres. It is shown that this system undergoes demix-
existence in the pure dipolar system, but convergence protd into two fluid phases as predicted by integral equation

lems make this possibility extremely difficult to explore with theories[12,13. The critical reduced dipole moments given
GEMC simulations. by the theory are somewhat low, but the qualitative predic-

tions are correct. This contrasts with the situation for the
pure dipolar hard-sphere fluid where the gas—isotropic liquid
coexistence predicted by the same theories is never in fact
Previous computer simulation studigs-5] strongly indi-  observed. This behavior also differs from that of mixtures of
cate that gas—isotropic liquid coexistence does not exist focharged and neutral hard spheres, where demixing can be
dipolar hard-sphere fluids. In this paper we give a secondiewed essentially as condensation of the Coulombic fluid
example of this rather surprising behavior. We discuss aveakly perturbed by the neutral hard-sphere background.
simple liquid-crystal model that exhibits gas—nematic liquid This is obviously not the case for the mixtures considered
coexistence, but the expected gas—isotropic liquid coexisthere. Furthermore, it was found that at constant pressure the
ence branch is completely missing from the phase diagrantoexistence curves are strongly dependent on the diameter of
This behavior is clearly related to the fact that the attractivehe neutral species. The critical reduced dipole moment in-
part of the pair potential is highly directional. This meanscreasegthe critical temperature decreases o}, decreases.
that the energy of the system cannot be greatly reduced biyowever, unfortunately, the dipolar interactions become too
condensation to a densieptropicfluid phase. Increasing the strong for reliable coexistence curves to be obtained for val-
number of near neighbors a particle has does not lead to @es ofo}; <0.7. In the limita}; =0, any apparent demixing
significant energetic advantage if it can only interact favor-must come from condensation of the dipolar species. Obvi-
ously, extrapolating to this limit using points fef =0.7 is

IV. SUMMARY AND CONCLUSIONS

8.6 T T T a highly dubious procedure. Nevertheless, we note that linear
i i extrapolation gives a critical dipole moment of3 at o},
i ?} =0. This value is sufficiently large to suggest that ferroelec-
o4 i tric order might develop in the dipole-rich phase s ap-
- ‘i\ proaches zero. Thus it is possible that gas—ferroelectric lig-
u o A uid coexistence exists for dipolar hard-sphere fluids. This
r would be similar to the gas—nematic coexistence found for
R.2 I~ L the simple liquid-crystal model, but the reduced dipole mo-
: i TABLE IV. Reduced critical dipole moments as a function of
2 Lo b b by by |l the()';c at P*=2.0.
0O 02 04 06 08 1
(@0) on me
FIG. 2. Coexistence curves for mixtures of neutral and dipolar 1.0 2.0
hard spheres @* =2.0. The solid, dotted, short-dashed, and long- 0.9 21
dashed curves are fer; =1.0, 0.9, 0.8, and 0.7, respectively. The 0.8 2.2
horizontal bars on the data points indicate the estimated uncertain- 0.7 2.3

ties in the coexisting mole fractions.
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ments required are too large for this to be tested directl\creased, this effect is diminished and the critical reduced
using GEMC calculations. dipole moments increase.

It is interesting to ask why the neutral species is so im-
portant here or, in other words, why demixing and dipolar
condensation are so unrelated for this system. As least a ACKNOWLEDGMENT
partial answer seems to be that the neutral species inhibits
the formation of dipolar “chains” that appear to prevent The financial support of the Natural Science and Engi-
condensation in computer simulations of pure dipolar hardneering Research Council of Canada is gratefully acknowl-
sphere fluids. As the diameter of the neutral species is deedged.
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