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The phase behavior of a liquid-crystal forming model colloidal system containing hard rodlike and
platelike particles is studied using the Parsons—Lee scflinD®. Parsons, Phys. Rev.1®, 1225

(1979; S. D. Lee, J. Chem. Phy87, 4972 (1987] of the Onsager theory. The rod and plate
molecules are both modeled as hard cylinders. All of the mixtures considered correspond to cases
in which the volume of the plate is orders of magnitude larger that the volume of the rod, so that an
equivalence can be made where the plates are colloidal particles while the rods play the role of a
depleting agent. A combined analysis of the isotropic—nematic bifurcation transition and spinodal
demixing is carried out to determine the geometrical requirements for the stabilization of a demixing
transition involving two isotropic phases. Global phase diagrams are presented in which the
boundaries of isotropic phase demixing are indicated as functions of the molecular parameters.
Using a parameter which corresponds to the product of the rod and plate aspect ratios, it is shown
that the isotropic phase is unstable relative to a demixed state for a wide range of molecular
parameters of the constituting particles due to the large excluded volume associated with the mixing
of the unlike particles. However, the stability analysis indicates that for certain aspect ratios, the
isotropic—nematic phase equilibria always preempts the demixing of the isotropic phase,
irrespective of the diameters of the particles. When isotropic—isotropic demixing is found, there is
an upper bound at large size ratigssakura and Oosawa limjtand a lower bound at small size
ratios (Onsager limit beyond which the system exhibits a miscible isotropic phase. It is very
gratifying to find both of these limits within a single theoretical framework. We test the validity of
the stability analysis proposed by calculating a number of phase diagrams of the mixture for selected
molecular parameters. As the hard rod particles promote an effective attractive interaction between
the hard-plate colloidal particles, the isotropic—isotropic demixing usually takes place between two
rod-rich fluids. As far as the isotropic—nematic transition is concerned, a stabilization as well as a
destabilization of the nematic phase relative to the isotropic phase is seen for varying rod—plate size
ratios. Moreover, isotropic—nematic azeotropes and re-entrant phenomena are also observed in most
of the mixtures studied. We draw comparisons between the predicted regions of stability for
isotropic demixing and recent experimental observations.20©2 American Institute of Physics.
[DOI: 10.1063/1.1507112

I. INTRODUCTION After the discovery of a first-order isotropic—nematic
phase transition in a suspension of rodlike particlesany
Binary mixtures of hard particles can exhibit a surpris-other colloidal systems of such particles have been found to
ingly complex phase behavior. For large size differences, algive rise to ordered fluid phases including layering into
tractive depletion interactions can be induced which may resmectics (see, for example, Ref.)4 Equivalent types of

S‘rj]lt in ]E)haslg separations. Phase ftLanZ't'ols n Ithe I!qlw hase transitions have been confirmed more recently in dis-
phase of multicomponent mixtures of hard spherical particle otic colloidal systems. Lekkerkerker and co-workers have

have been the focus of a great deal of atten{mg., see the . ) . .
: ; observed isotropic—nematiand nematic—column&phase
recent work?), but these systems of spherical particles are

not the focus of our current work. On the other hand, it iStransitions in sterically stabilized colloidal suspensions of
known that hard nonspherical particles can exhibit quuid-gibbSite pIaFeIer. The col!oidal system of Lekkerkerker and
crystalline phase behavior including nematir discoti ~ CO-Workers S highly polydisperse, but in a separate study by
and smectidor columnay phases. In these mixtures, a com- Brown et al,” monodisperse platelike particles of nicke)
petition between demixing and ordering determines the staydroxide have also been shown to exhibit structures of
bility of the many phases. A knowledge of the phase behavhigher order than the nematic phase. Monte Carlo simulation
jor in such systems is of prime practical importance instudie&® of the phase behavior of hard disklike particles
understanding colloidal product$oods, cosmetics, paints, confirm that such systems can exhibit nematic, columnar,
blood,..), and it can give an insight into the fundamentals ofand even cubatic phases, although the latter have not been
phase transitions. identified experimentally.
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It is well documentetf that the interactions between col- vent needs to be considered. Onsager showed that nematic
loidal particles can be tuned by the addition of nonadsorbingrdering arises due to the subtle competition between two
polymers to a suspension of the hard particles. The polymegntropic contributions: an orientational entropy which
molecules can induce an effective attractive interaction befavours disordered isotropic phases, and a packing entropy
tween the colloidal particles as they maximize their free vol-which maximizes the free volume available to the particles
ume by promoting the clustering of the large colloidal par-and favors orientational ordering. A drawback of the Onsager
ticles. This is the so-called depletion effect. The range andheory is that it is justified only for very long and thin par-
strength of the depletion interaction can be varied by changticles as the virial expansion is described only up to second
ing the size and concentration of the polymer component torder in his approach. The extension of the Onsager theory to
such an extent that it can give rise to the phase separatidsinary mixtures is straightforward, and it has been applied to
between two colloid-rich isotropic phases. This separatiora number of systems including rod—r&tr>! plate—plate’?
provides a useful means of purifying polydisperse colloidaland rod—plat&?32?° binary mixtures. Isotropic—nematic,
mixtures! The effect of the depletion interactions in mix- nematic—nematic, and isotropic—isotropic phase coexistence,
tures of rodlike colloidal particles has been investigated exas well as reentrant phenomena are commonly seen in these
perimentally using a flexible nonadsorbing polymer; demix-systems. The nematic—nematic transition usually occurs at
ing between isotropic as well as nematic phases has beemry high pressure, hence involving highly ordered phases;
observed?3 A mixture of spherical colloidal particles with one also finds upper and lower critical points which are as-
a rodlike polymer component has also been stulifiebhe  sociated with this demixing transition. It is interesting to note
phase equilibria can become quite complex; for examplethat upper critical pressures have been obtained for nematic
three and four phase coexistence of isotropic, nematic, andemixing in mixtures of hard rodlike particlé$;3! while
columnar phases has been observed experimentally in a milewer critical pressures are seen as the limit of nematic de-
ture of platelike colloidal particles and nonadsorbingmixing in mixtures platelike particle¥. In hard rod—plate
polymers!! The overall conclusion of this body of work is mixtures, the nematic directors of the rod-rich and plate-rich
that the depleting agent must be considerably smaller thacoexisting phases are always perpendicular to each other, so
the colloidal component in order to induce isotropic— that high-pressure nematic—nematic critical points have not
isotropic phase separation. Although the minimum size ratidbeen observed. Furthermore, the large rod—plate excluded
needed to induce the demixing transition has been extervolume means that the region of nematic—nematic separation
sively studiedt®>little is known about its upper limit. In a is very wide in composition. However, as we have mentioned
recent investigation of the phase behavior of a rod—platearlier, the stability of a mixed biaxial nematic phase relative
binary mixture with particle volume ratios of 20/1 isotropic to the nematic—nematic separation is still a matter of debate
demixing was not seeff. Furthermore, mixtures of plate- (see Ref. 26, and references therein for detailse neces-
and rodlike particles may give rise to stable biaxial phases asary conditions for isotropic—isotropic coexistence in mix-
suggested by Albeft: The possibility of finding a biaxial tures of nonspherical hard particles have been previously in-
nematic phase in such systems has also been the subject\astigated for a number of special ca3®&&-%It is known,
detailed investigation in recent yedfs? but the findings for example, that mixtures of rodlike particles of different
remain inconclusive. lengths but equal diameters do not exhibit this phase

Theoretical methods can be used to explore the phasgeparatiorf: and that when the diameters are different, a
behavior of these complex mixtures by continuous changesritical volume ratio determines the stabilization of the
of the molecular parameters of the components, so thatansition®*3*3%|n the limit of very large size ratios, the
colloid—polymer mixtures and colloid—colloid systems cansmaller particles can be treated as ideal as far as the pure
be examined within the same framework. In this work wecomponent interactions are concerned, although in the mix-
examine the global phase behavior of plate—rod binary mixture the interactions between the small and large particles
tures in which the plate plays the role of the colloidal par-must be incorporated. This approximation is the well-known
ticle, while the rod, of much smaller volume, induces anAsakura—Oosawa mod& which has proved very useful in
attractive depletion interaction between the plates. We arthe description of colloid—polymer systerfs.Sear and
particularly interested in determining the molecular require-Jacksof® have studied a colloid—polymer mixture in which
ments for which isotropic—isotropic demixing is observed. Inthe colloid particles are represented as hard rods, and the
future work we shall be considering symmetrical plate—rodpolymer molecules are modeled as rods of zero diameter; the
mixtures concentrating on a study of the stability of the bi-colloid—colloid and colloid—polymer interactions were
axial nematic phas®. treated using the theory of Onsager in the Zwatizap-

The theoretical treatment of nonspherical colloid suspenproximation, and polymer—polymer interactions were treated
sions dates back to the seminal work of Ons&jexho  as ideal. The resulting phase diagram exhibits a demixing
showed that the isotropic—nematic phase transition of infitransition in the isotropic phase for a polymer/colloid length
nitely thin rodlike particles may be treated with a virial ex- ratio which is greater than about three. In subsequent work,
pansion of the free energy. Furthermore, if the colloidal parHemmer and Marthinséfidetermined the phase diagram for
ticles are immersed in a so-called “good” solvent, thethe mixture studied by Sear and Jackson, and examined a
solvent can be assumed to have a negligible effect on theange of length ratios using the continuous version of the
phase behavior of the colloidal component, so that only theéheory of Onsagefinstead of the Zwanzing approximatih
difference in free energy between the solution and the solincorporating the exact solution of the orientational distribu-
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tion functions. They find a critical length ratio of about one-

third instead of three, but agree on the fact that larger poly- L
mer lengths enhance the stability of the isotropic—isotropic @t b

demixing region. It should be noted, however, that the

Asakura—Oosawa model becomes unreliable when the rod-« —> -«

like polymer particles are very long as the assumption of
ideality breaks down; such particles would be closer to the
Onsager limit than to the ideal gas limit. Recent work hasFIG. 1. The platelike and rodlike particles are modelled as hard cylinders.
also been carried out on the transitions of platelike colloid—T"e platelike particles have a diame®§ and thicknesd., with L, /D,
polymer systems. Using computer simulation and perturbafl/'DWQ'lle the rodlike particles have a diamet@p and lengthL, with

tion theory, Bates and FrenR&lhave examined the phase - -
behavior in two colloidal systems of platelike molecules: one

of these consists of a mixture of infinitely thin colloidal The molecular models used are introduced in Sec. IV, results

plates with penetrablédea) spheres playing the role of the are given in Sec. V, and we end with some general conclu-
polymer; the other involves infinitely thin colloidal plates sjons in Sec. VI.

and penetrabléidea) rods. In both systems the isotropic—
|sotro_p|c dem|_x_|ng trgnsmon is strongly mﬂugpceq by the”_ PARSONS—LEE THEORY
ordering transitions, in the sense that a stabilization of the
ordering transition may preempt the isotropic demixing. In ~ We consider a binary mixture of hard cylinders, explor-
the work of Bates and Frenkel, the Asakura—Oosawa modehg the phase behavior of systems in which one of the com-
is assumed, and so isotropic demixing is always favored foponents is thin and fldi.e., platelike, and the other is long
the larger polymers. A fluid of platelike colloidal particles of and thin (i.e., rodlike (see Fig. 1 In order to study the
finite thickness with penetrablélea) spheres has also been mixture phase behavior we use the extension of the Parsons—
investigated® unfortunately, ordering was not included in Lee theory for hard-body fluids presented by Camp and
the model, so it is difficult to determine the range of stability Allen.**** Parsoné! and later Leé? independently pro-
of the isotropic demixing transition. In a more recent work posed a scaling procedure to take into account the high virial
isotropic demixing has been confirmed in this system usingerms which are neglected in the second virial theory of On-
computer simulations, in which ordered phases were takegager for the nematic pha$eThe Parsons—Lee approach, as
into account?® that of Onsager, is suitable for studies of phase transitions
As we have already mentioned, it is generally concludedbetween orientationally disordered and orientationally or-
that within the Asakura—Oosawa model isotropic—isotropicdered fluid phasesi.e., isotropic—nematic transitiopsbut
separation is stabilized with increasing polymer sizes. Theéot for phases exhibiting higher degrees of order, such as
approach is however limited in terms of the size of the poly-smectic, columnar, or solid phases. While the theory of On-
mer, as it is considered as ideal in the model and hence h&ager for rod particles is exact in the limit of infinite
zero volume. It is interesting to investigate the importance oflongations; it quickly breaks down for smaller aspect ra-
incorporating the excluded volume effects between polyme#os. An advantage of the Parsons—Lee approach is that it
particles in studies of colloidal—polymer mixtures. We focusprovides an accurate representation of the phase behavior of
on a mixture of colloidal platelike particles with small rod- anisotropic hard particles which are not necessarily of infi-
like particles which play the role of the “polymer(deplet-  nite aspect ratio.
ing agent taking into account plate—plate, rod—rod, and In the Parsons—Lee approximation the Helmoltz free en-
rod—plate interactions at the same level of approximation€rgy of the binary mixture is a functional of the orientational
one should note however, that in macromolecular systemdistribution functions {; ,i=1,2) of each componentn the
the polymer molecules can penetrate to a certain extent sgixture, and is given by
that in reality the polymer—polymer interactions are neither B 2 v
completely hard nor completely ideal. We use the continuous 21 Xi| Inp—1+ Inﬁ +Inx;+ o[ f;]

D, D,

Onsager theory, together with the scaling of ParSoasd N =

Le€*? (which corrects for the second virial truncation of the ’BFhs B

free energy expansigrno model the mixtures. + NL‘wzh (1)
S

This paper is organized as follows: A short description of
the Parsons—Lee theory for binary mixtures of hard-bodywhere 8=1/kT (T is the temperature arklis Boltzmann’s
fluids is given in Sec. Il together with the expressions for theconstank, p=N/V is the number density; is the mole frac-
equilibrium orientational distribution functions and the de-tion of component, andv; is the de Broglie volume which
tails of the numerical phase equilibrium calculation. In Sectakes into account the translational and rotational contribu-
[l a general stability analysis is presented. The boundaryions of the kinetic energy of each component. The sum cor-
values of the molecular parameters which delimit the regionsesponds to the ideal translational/rotational contribution, the
of parameter-space with and without isotropic demixing aradeal entropy of mixing, and the ideal orientational entropy.
determined using a combined analysis of the isotropic-The orientational entropy is determined from the normalized
nematic bifurcationSec. Ill A) and isotropic spinodalSec.  equilibrium orientational distribution functiongf;(w)dw
[11B) curves. The combined analysis is given in Sec. IlIC.=1 of each component as
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than this, the free energy expressions for the mixture are
U[fi]:f fi(w)In(47f|(w))dw, (2)  general. If the molecular parameters are known so that the
] ] ] ) ] particle volumes and excluded volumes can be determined,
where w is the orlentatlona}l unit vector defined by a polar expressions for the free energy can be obtained. It is impor-
angle (0<¢<) and an azimuthal angle (0p<2m). The (3¢ 1o mention however, that the scaling proposed would not
last term in Eq.(1), which takes into account the repulsive po the most adequate for a hard-sphere mixture, and that
interactions, is approximated according to the prescription of,re accurate expressions for the free energy of a mixture of
the Parsons—Lee theoty*?F{; andv,s are the residual free |44 spheres are well knoW” This approach is particu-

energy and volume of an equivalent hard-sphere systenlyjy syited to study isotropic—nematic transitions in mix-
while the second virial coefficienB, is a mole fraction e involving nonspherical particles.

weighted sum of the lik&,; andB,,, and unlikeB,, second In order to study the phase equilibria in the Parsons—Lee
virial coefficients, so that approach, the equilibrium single particle orientational distri-
B,=X2B11+ 2X1X,B1p+ X2Bos. (3)  bution functionsf;(w) must also be determined. At equilib-

rium, the total free energy must be stationary with respect to

In the case of hard particles, the second virial coefficBt \ariations of the equilibrium orientational distribution func-
can be obtained from an orientational average of the eXgon ie.

cluded volumev;; between moleculesand] as?

5(,8F/N+)\i(1—ffi(w)dw))_o ®
Bij:%f Vij(@1,0)) (@) fj(w;)dwdw,. (4) ofi(w) '
where\; are Lagrange undetermined multipliers and the nor-

dﬁwalization condition/ f;(w)dw=1 is also imposed. The re-
sulting integral equations are

At this stage it is necessary to specify the reference har
sphere system, i.ey,s. Following Camp and Allef® the
total volume occupied by the particles is written in terms of

a hard-sphere volume. The volume of the hard sphegés IN(4mf (@)=, — f*(n)
obtained as a mole-fraction weighted function of the vol- i@ b 4(xwq+ Xo05)
umesv; of each of the molecules,

UhS:Ule+U2X2. (5) X

le v11( @) f1(wy)dw,

The residual free energy of the hard-sphere system which is

used in the scaling of Parsdhsind Leé? [see also Eq(1)] +x2j 1 @®,) fo(wy)dw, |, 9
is introduced using the expression of Carnahan and Stétling
for a pure hard-sphere fluid, and

BF  4p—3497 f* ()

e In(4nf(w)=Ny— ———"——

N (1-75)?’ © (mto(w) =, 4(X101+Xa02)
with the difference that in our present system the packing ; q
fraction z is composition dependent. It is given by X| X2 | vad @) T5(e)de
* 02

n=n (X1+X20_1 ’ (7) +X1j Ulz(wwz)fl((ﬂz)dwz . (10)

where»* =Nuv,/V is a reduced density. The Lagrange multipliers can be eliminated using the nor-

Equations(4) and (5) are determined by the features of malization conditions of the orientational distribution func-
the molecules in the systefmolecular size and shapether tions to give the following self-consistent integral equations:

*(n)
exp( — W_:XZUZ)(levll(wwg)fl(wz)dw2+Xzfvlz(wwz)fz(wz)dwz))
falw)= () | o
S eXF{ - m(XJU 11(w1‘02)f1(002)dw2+Xzfvlz(wlwz)fz(‘*’z)d“’Z)) dey
and
f*(n)
&R~ m(xzfv 22 @) Fo( @) Ayt X1 [0 1) 05) f1 (@) dwy)
falw)= (0 | .
/ eXV{ - m(Xzfvzz(wlwz)fz(wz)dw2+levlz(wlwz)fl(wz)d“’z)) dey
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where we have useff = BFpJN [see Eq(6)]. tic, and columnar phases. It is also known that these phases

In order to avoid the uncertainties that arise when usingre stabilized by the reduction of the excluded volume in the
the series-expansion methotisywe solve the coupled inte- aligned configurations. In mixtures of anisotropic hard par-
gral equationgEgs.(11) and(12)] numerically. Using a po- ticles, ordering transitions are also observed, and in addition,
lar coordinate system, the unit vectors, excluded volumegphase separation may occur between phases of the same
and orientational distribution functions can be expressed asymmetry (isotropic—isotropic, nematic—nematic demixing
functions of the polap and azimuthalp angles. The integra- if the two components are of a very different size and/or
tion over the orientational unit vectap is carried out by shape. In these cases the demixing transitions are possible
Simpson’s quadratuf®.An interval [0, 7] divided into 160 when the loss in the entropy of mixing, and of orientational
equally spaced subintervals is used fprwhile an interval  entropy (in the case of a nematic—nematic demixingre
[0,277] divided into 320 subintervals is used fprto ensure  compensated for by a reduction of the excluded volume cor-
an accurate representation of the integrals even if the orierresponding to an increase in the free volufpacking en-
tational distribution functions are highly peaked. Since intropy. It is important to note that these are entropy-driven
this work we examine only orientationally disorder@go-  transitions as the interactions are purely repulsive. One
tropic) and axially symmetrically ordere@niaxial nematit  should note that isotropic—isotropic demixing is commonly
phases(i.e., biaxial nematic, smectic, and solid phases areseen in simple fluids (alkareperfluoroalkane mixtures are a
not taken into accouptthe orientational distribution func- well-known examplg® but in these cases the demixing tran-
tions can be defined to depend only on the polar angle. In thsitions arise due to weak unlike attractive interactions, i.e.,
numerical procedure a highly-ordered axially symmetric ori-the enthalpic terms dominate the free energy of mixing. An-
entational distribution functions are used as starting pointsther important point is that isotropic demixing is not always
for the iteration; we start with initial guesses for the two observed in mixtures of anisotropic particles because the or-
distribution functions using highly peaked Onsager trialdering transitions(leading to stable nematic phagefse-
functions one of which has a maximum in the direction ofquently preempt the separation between the isotropic phases.
the director and the other which has a maximum in the plan&his competition between demixing and ordering gives rise
perpendicular to the director. The procedure continues untilo a very rich phase behavior, which is the focus of our study.
maxlfi'new(e)—fi’0|d(0)|<10’9 (i=1,2). Oncef;(0) is de- In order to study the competition between the demixing and
termined, the free energy is obtained, and the coexistenaerdering transitions, we propose a simple approximate pro-
conditions(equality of pressure and chemical potenfi@se  cedure to locate the regions of the molecular-parameter space
solved using a Marquat—Levenberg algoritihthe numeri-  in which isotropic—isotropic phase separation may be stable.
cal accuracy in the coexistence pressire —[dF/dV]r Our analysis is based on a comparison of the isotropic—
and chemical potentialg;=[JF/dN;]r v nj-i is chosen to nematic bifurcation pressures and the critical pressures of the
be of at least 6 significant figures. isotropic—isotropic spinodal.

The extent of ordering in a phase is characterized with . o .

o L . A. Isotropic—nematic bifurcation

the uniaxial order parameter, which is defined as an average

second Legendre polynomiaP§), A first indication of an isotropic—nematic phase transi-
tion can be obtained by determining the lowest density at
sizj P,(cos6)f;(6)dw, (13)  Which a nematic solution bifurcates from that of the trivial

isotropic solution. It is important to note, however, that the
where a value of,>0 indicates molecular alignment along actual transition coincides with the bifurcation point only for
the z axis (direction of the nematic directpin a nematic  second-ordefcontinuous transitions. In the case of a first-
phase, whileS;<0 means that alignment occurs in a direc-order isotropic—nematic transition, the bifurcation point
tion normal to the nematic directdplanar phasg and S merely gives an upper limit for the stability of the isotropic
=0 corresponds to a disordered isotropic phase. In rod—platehase.
mixtures these order parameters enable us to distinguish rod- An isotropic—nematic bifurcation equation can be ob-
rich and plate-rich nematic phases, as the most efficierfgined by studying the limiting behavior of the order param-
packing of the particles in homogeneous phases of hard rod¥erSas it approaches zero in the nematic phase. In the case
and plates requires a perpendicular arrangement of the syraf cylindrically symmetrical hard-particles the excluded vol-
metry axes of the two particles. This means that if the ordetmes are a function of the angjeformed by the symmetry
parameter of the plates is positive, i.e., if they are aligned iraxes of the two molecules, so that=arc cos; - ), and
the direction of the nematic director, the order parameter ofhe excluded volumes can be written as Legendre polynomi-
the rods is negative, and vice versa. als of the form,

vij(y)=a;+b;jjPy(cosy) +- -, (14)

I1l. STABILITY ANALYSIS
wherea;; andb;; are the zeroth and second order the expan-

It has been known for some time that the fluid phasession coefficients. All odd coefficients are zero due to the
of anisotropic hard particles such as ellipsdid®? up—down symmetry of the particles. In our case, the series
spherocylinders}~**and cylinderd can exhibit varying de- can be truncated at second order, which corresponds to the
grees of orientational and translational order which give risdeading term of the series. Certain values of the molecular
to liquid crystalline phase behavior including nematic, smecparametergcorresponding to near-spherical partiglesuld
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promote stable cubatic phases in which the fourth Legendr&he order parameters can be eliminated and a nonlinear
polynomial is greater than the second; we have not considequation for the reduced density is obtained in terms of a
ered these cases here. function, y=f*(%)/[20(x,v,+X,v,)] as

After inserting Eq.(14) truncated at second order into

_ 2 2
the coupled integral equatiofiggs.(11) and(12)], the ori- 0= (022011 b15)X1XaY "+ (X1D11+X2D20)y +1. (22)

entational distribution functions are given by For each composition the bifurcation reduced densgityis
obtained numerically from Eq22) with a Newton—Raphson
f1(0)= method?®
f*(n)P (cos#) be.S b
ex 4(Xq0 1+ X05) (X1D155; +X2D125,) B. Spinodal decomposition
f*(5)Py(coso) ’ In order to study phase separation in mixtures, the Gibbs
U F{ 4(X10 1+ Xo05) A0y L xq0) XaP1SLHXb12Sy) [dey free energy is the natural thermodynamic function, and it can

(15) be obtained by an appropriate Laplace transformation of the
free energy. In reduced form, this can be written as

fo(0)=

G=T+P*/7*, (23)
_ P (m)P5(cosh) b b where the reduced Gibbs free energy s BG/N, the
ex 2 T (X2D22S,+X1b155:) ~
(X1t Xa02) reduced Helmholtz free energyf=pF/N, and P*
f* (17)P2(cosé) ) ’ = 5*24F/9n* with P* = gP
n 7 7 BPvy.
Ie F{ A(Xq0 1+ Xo05) Axg 1t xgn,) 2P Xab1Sy) [dax Thermodynamic stability of a binary mixture with re-

(16) spect to phase separation at given temperature, pressure and
composition can be determined from the sign of the second
where the addition theorem of spherical harmonics, derivative of the Gibbs free energy. Iﬁ??@/axz)P >0 the
mixture is stable or metastable, while tf2©/<?x2)p <0 the

Pa(cosy)=P (Cosel)P (cosdy) mixture is unstablé® Therefore the relation

- < 5%9
+22 (2+ G Pa(e0st) Py(costy) (ﬁ—xz) -0, (24)
X cogi(@1—¢2)) (17)  represents the limit of stability of the miscible state in a

mixture. Equation(24) defines the points of the so-called
has been used, noting that the terms proportional to the a%pmodal curve. We have used the notatiofior the mole

sociated Legendre polynomial, vanish since the nematic o rion of one of the components. Unfortunately, the Gibbs

phase is uniaxial and does not depend on the azimuthal angf foe energy cannot be expressed as an explicit function of
¢. At the isotropic—nematic bifurcation point the order pa- density. It is more convenient to use the relation,
rameters must be zero. Hence taking $3e-0 andS,—0

limits in Egs. (15 and (16), and expanding the exponential J%F 2
function as a Taylor series up to second order (exfp+x) . . .
it is possible to write (5_9) _ ( 3_f) . X
2 2 ~ 77
(mPylcose) = o o XV pr X g ( Jf - al )
o A X+ Xgu,) 1P1SITXD12S,) In* In*2
1(0)= e - (19 " (25
and since the Helmoltz free energy is an explicit function of com-
position and density. The results of the straightforward but
f*(7)P,(cosé) tedious differentiations are not presented here. As for the
m( 20225, +X1b15S;) bifurcation densities, the reduced densities of the spinodal
fo(0)= LT (19)  curve are obtained by solving E®4) numerically with the

4 Newton—Raphson methttiat each composition.

Using Eq.(13) the corresponding coupled equations for the

order parameters are C. Stability conditions
f*(n) For mixtures of hard anisotropic particles, both the
0=5,+ m(xlbllsl+xzb1252) (20) isotropic—nematic and the isotropic—isotropic transitions,
while unfavorable in terms of the entropy of mixing, are
and driven by a reduction of the excluded volumes. In the case of
£ the isotropic—nematic transition, an added gain in free vol-
0=S,+ (7) (X5b25S,+ X;b15S)). (22) ume is obtained by the alignment of the particles in one of
20(X101+ X20 ) the phases. It is therefore evident that the spinodal decompo-
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sition of the isotropic phase depends strongly on thesions for the excluded volume in mixtures of hard cylinders
orientation-dependent terms in the excluded volumes, whicland define the molecular parameters of our study.

give rise to the nematic ordering, since the isotropic—nematic

phase transition frequently preempts the isotropic demixing

trgq5|t|on. In ordgr to study the competlng order[ng and dgiv_ MOLECULAR MODELS
mixing effects, it is useful to compare the isotropic—nematic

and the spinodal demixing pressures. Having obtained the |n order to model a mixture of platelikeomponent 1
isotropic—nematic bifurcation reduced densif; from Eq.  and rodlike(component 2molecules we have used hard cyl-
(22) and the isotropic—isotropic spinodal reduced density  inders of different aspect ratios, chosen so that one is thin
from Eq.(24), the pressureB* = P v, can be calculated for and flat(the platé and the other long and thitthe rod. The

a given composition from the following equation for the iso- plate molecules have a length and diameteD; fixed so
tropic phasgwhich is the same as that of the nematic phasehatD,/L,>1, while the length_, and diameteD, of the

at the bifurcation point rodlike component are set so tHat/D,>1. The advantage
4— 21 (X281 + 2X X0+ X22 of modeling both molecules as hard cylindéas opposed to
P* = p*| 1+ 77*(1 ;73( 1*11 ; 2812+ X382) _ using ellipsoids, spherocylinders or cut sphgiigsthat the
-n U1

expression for the excluded volumes are relatively simple.
(26)  The excluded volumes reduced by the diameter of compo-

o nent 1 @i’} =0jj /Df) can be written as functions of the as-
As a good approximation one can reasonably assume that ﬂbeect ratiosk,=L,/D; and k,=L,/D,, and the diameter
binary mixture will undergo a phase separation in the isotro; 5+ 4= D, /D, of the two componentZ,
pic phase if the critical pressure of the spinodal line is below
the lowest isotropic—nematic bifurcation pressure. In this . T )
way we can define a set of stability conditions for the demix- ~ v11(¥)= 5 ka(1+ |cosyl|) +2x,E(siny)

ing transitions by determining the minima in the spinodal

: . . -
and bifurcation pressures, and taking them to be equal, so n _+2K§ siny, 29)
that 2

PH () =Piy(Xin), . - _

op* v Y)= §K2(1+|COSY|)+2K2E(5|W}’)

IN 0, @27)
ax | w 2| .
IN + §+2K2 siny /ds, (29
P},
ox | . T Ko 1+d\/ = _
o 012(’)’):Z kit @ gz || 7 TZ)siny

As we will see in the Results section, the spinodal pressure-
composition curve always exhibits a minimum within the n ﬂ+g E(sin )+z ﬂ+g Icosy|
composition range 0—1, but a minimum pressure is not al- d d? Y7 a2 d Y

ways observed in the isotropic—nematic bifurcation curve
(i.e., sometimes the lowest bifurcation pressure corresponds
to that of one of the pure componentss0 or x=1). The Here, z corresponds to the product of the aspect ratos

(30

second condition in Eq(27) is not considered if the mini- = k1x,, andE(X) is the complete elliptical integral of sec-
mum bifurcation pressure occurs»t0 or x=1. ond kind, defined aE(x)zfg’z\/l—x2 sir? ¢de. As can be

Using Egs.(22), (24), (26), and(27) the regions of the seen from Eqs28) to (30), the shapes of the particles, given
molecular parameter space in which isotropic demixing iy «;, andk,, and their relative sizd, need to be defined in
thermodynamically stable can be determined. It is importanbrder to determine the excluded volumes. At this stage, how-
to recall at this point that these equations do not give thever, expression&8)—(30) are general, and may be used to
necessary and sufficient conditions to identify the systemsdescribe rod—rod, plate—plate or plate—rod mixtures. The
possessing the isotropic demixing transition in a rigoroussalue of the parameterfurther determines the type of mix-
way, since in most cases the isotropic—nematic bifurcatioriure in question. In this work we considered cases with val-
pressures are higher than the isotropic—nematic transitiones ofz from 1 to 5, in order to ensure that our models
pressures. However, despite the approximate nature of theorrespond to rod—plate mixtures regardless of the individual
stability analysis that is proposed, it will become clear fromaspect ratios. In future, we plan to continue this work by
the examples presented in the following sections that theonsidering molecular parameters corresponding to rod—rod
method is extremely useful in giving an indication of the (z>>1) and plate—plate mixturez<1).
shape of the global phase behavior in complex binary mix-  Before concluding this section it is also useful to con-
tures of hard anisotropic particles. Furthermore, our stabilitysider the corresponding excluded volumes for plate and rod
analysis has the advantage of being general. So far no restriparticles in the well-known model of Onsadéin this limit
tion has been imposed as to the shape and size of the pahe thickness of the plate particles approaches zero but the
ticles involved. In the next section we specify the expres-diameter is finite so that,— 0, while the diameter of the rod
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particles tends to zero compared to their length so #hat (a) 18 . L : { —
—o0, Taking these limits in Eqs(28)—(30), the excluded ] \\
volumes are given by 1.6 1 \ or
] \ '
* T 1.4 \\ / o
vii(y)= 5 siny, (31 J \ i
1.2 1 v L
2 i N L
% Ky | % \i i
VoY) = =5 Sin. (32 P* 1.0 1 NI
e / \\ 1 E
. TK) 08 / i
vidy)= 2d |cosy], (33 I ) I
0.6 N 7 =
where it has also been assumed that the diameter of the 0 4_' N _/,/ i
plates are much larger than the diameter of the radls ( o s T |
—), It is evident that expressiori81)—(33) correspond to 0.2 , . . : . : :
the dominant contributions of the total excluded volumes, 02 04 06 08 10
and hence also determine the phase behavior to a larger ex- x

tent. However, the lower order contributiofsften referred

to as end effecismay play a crucial role in mixtures of
moderately long and moderately flat particles. In this study  (b)
we take into account the exact excluded volunfies., in-

cluding the end effecisbut in order to elucidate the differ-

ences between the two approaches, we will also examine a
system in the Onsager limit.

V. RESULTS p

As discussed earlier, we aim to determine the regions of
the global phase diagram for which isotropic demixing
would be stable in mixtures of platelike and rodlike mol-
ecules. It is useful to start by solving the stability conditions
given in Eq.(27) with the expressions for the excluded vol-
umes given by Eqg28)—(30) for different molecular param-
eters. Throughout this sectiorrefers to the mole fraction of
rodlike particles(component 2

The isotropic—nematic bifurcation curve and the curve
for SPmOdaI dgcomposﬂmn I!’] the isotropic phase have beeEIG. 2. (a) Spinodal demixing pressures afig isotropic—nematic bifurca-
obtained for fixed aspect ratios &f=1/50 andk,=50, for  tjon pressures for binary mixtures of plates and rods with aspect raios
varying values of the plate—rod diameter radi¢see Fig. 2 =1/50 andk,=50 (z=1), and varying plate/rod diameter ratib The
It is noticeable that the critical pressure of the isotropic spinvalues ofd which are consideredfrom bottom to top are 16(dashed—
odal decomposition shows a rather unexpected behavi%pglt:‘:rggtri‘ﬁ i?lhzes'roSc?s’ 60, and 8Qashed curve x corresponds to the
[Fig. 2(@)] for varying diameter ratios: the critical pressure '
decreases fod<<18, remains practically constant for 48l
<25, and later increases fde>25. The corresponding criti- The regions of the global parameter space in which iso-
cal mole fraction continually increases with increasing diam-tropic demixing is the thermodynamically stable state can be
eter ratio. On the other hand, the isotropic—nematic bifurcaestimated by solving the stability conditiofi&g. (27)] for a
tion pressure always increases with increasing diameter ratifixed product of the aspect ratiady varying the aspect ratio
[Fig. 2(b)]. It is also apparent that the minimum bifurcation of the rodsk,; the diameter ratiosl and compositiony
pressure and its corresponding mole fraction are shifted toand x;, satisfying the conditions for eack, are obtained
wards the pure component plate edge of the phase diagramsing a simplex methot.In Fig. 3 the global phase diagram
with increasing diameter ratio. For the larger diameter ratioss shown forz=1; the boundaries between the stable and
the minimum takes place at=0, which means that the sec- metastable isotropic demixing regions are indicated. It is
ond criteria in EQ.(27) cannot not be used in the stability clear that for mixtures involving particles of small aspect
analysis. In such cases the second criteria is slightly changedtios (more preciselyx;<1/5.7 with x,<5.7) the demix-
by taking the isotropic—nematic bifurcation pressurexat ing of the isotropic phase is predicted as the stable thermo-
=0. From a comparison of Figs(# and Zb) one can an- dynamic state for a very wide range of diameter ratio®ne
ticipate that there must be a lower and an upper bound on th&hould point out at this stage that our theory might not be
stability range of the isotropic demixing transition; note thataccurate in this range of aspect ratios as columnar and cu-
only one of the two boundaries has previously been proposeblatic phases, which have not been incorporated in the ap-
in studies of rod—rod mixtures:18-3¢ proach, may be favored. On the other hand, for aspect ratios
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100 e =1/50, k,=50, andd= 80 is shown. The pure fluid of plates
90 ] | (x=0) exhibits an isotropic—nematic transition Rt ~0.4.
] Although an orderingisotropic—nematic transition is also
80 . - expected in the pure fluid of rods, this will occur at very high
20 ] | pressures due to the small size of the particles compared to
4 that of the plates. It is noticeable that the addition of rod
60 - particles destabilizes the nematic phase of the plates. A re-
d 50 ] | entrant transition in pressure is also observed for rod mole
1o fractions ofx~0.4, together with a wide isotropic-nematic
40 -E NO I-I DEMIXING B fractionation for the highest pressures presented;Pat
10 IS FIDEMIXING | >0.9 the isotropic phase coexisting with the plate-rich nem-
18 atic phase is almost a pure fluid of rods. In agreement with
20 13 Py B the results of the stability analysis presented in Fig. 3 a de-
10 ] * | mixing of the isotropic phase is not observed in this mixture.
1 o ° Figures 4b) and 4c) correspond to the phase diagrams
0 L Bt S B for mixtures with «;=1/50, x,=50, andd=60 andd=50,
0 10 20 30 40 50 60 respectively. In this case a destabilisation of the nematic
K, phase of plates, and re-entrant phase behavior are also seen,

FIG. 3. Global phase diagram for rod-plate mixtures with a product of thebUt nov‘,’ a I’egIOI’.l of Isotropic—isotropic CoeXIStence,IS ob-
aspect ratios of= 1. The regions of stabl@-l DEMIXING) and metastable ser_ved in both _mD_(tureS- One should recall that the (_j|ameter
isotropic demixing(NO I-I DEMIXING) are indicated. The continuous ratio of d=60 is just above the upper boundary diameter

curves correspond to the boundaries obtained with the stability analysigatio d=57.79 that was obtained using the stability criteria

proposed in this work. The circles denote the molecular parameters of ellip-. . . -
soidal plate—rod system studied by Campal. (Ref. 49, the cross the given by expressiofi27). The consequences of the approxi

molecular parameters of the experimental system of van der Kabaij. mations made in our stability analysis are now apparent: ac-
(Ref. 20, and the diamonds the molecular parameters chosen to the test ttgording to the global phase diagram, a mixture with molecu-

accuracy of the stability analysis in this work. lar parametersk,=1/50, x,=50, and d=60 would not
exhibit isotropic demixing, while a region of isotropic—
isotropic coexistence, albeit small, is found for this system
of 5.7< k,< 24.6 (With 1/5.7< ;< 1/24.6) isotropic demix- [cf. Fig. 4b)]. As can be seen from Fig(e) the two-phase
ing is not observed for ang. A second region corresponding isotropic—isotropic region is broader in composition and
to mixtures with stable isotropic demixing is seen for largepressure for the system with the smaller plate—rod diameter
particle aspect ratios«;> 1/24.6 andk,>24.6); in terms of ~ ratio ofd=50. It is also interesting to note that, for both the
the relative sizes of the particles, the extent of this regiorsystem withd=60[Fig. 4(b)] and that withd =50 [Fig. 4(c)]
increases with increasing aspect ratio. Previously, a numbéhe two coexisting isotropic phases are rich in rod particles.
of theoretical® and computer simulation studf@é of the  The nature of the phase transition is often explained by com-
phase behavior of rod—plate mixtures have been carried o@aring it to a vapor—liquid transitiotf, in the sense that the
which correspond to mixtures with=1. Demixing of the small particles, here the rodwhich are also referred to as
isotropic phase was not, however, observed in these studieie depleting agehgive rise to an effective attractive inter-
In agreement with our calculations, when the molecular paaction between the larger colloidlike particles, here the
rameters of Refs. 44 and 56 are plotted in the parameteplates. For certain relative molecular sizes and concentra-
space of Fig. 3, they are well within the region in which notions, the interactions induced by the depleting agent result
isotropic demixing is predicted. in phase separation. The analogy with the vapor—liquid tran-
It is important to recall at this stage that the stability sition can be made by treating the depleting agtre small
conditions that have been used are stipulated as an approxiarticles as ideal(although interacting with the colloidal
mate first indication, and so it is useful to determine explic-component and using an appropriate semigrand
itly the phase equilibria for a number mixtures in different potential®>3* Unfortunately, this transformation cannot be
regions of the global phase diagram presented in Fig. 3. Theerformed analytically with the Parsons—Lee theory because
phase diagrams of six plate—rod mixtures with moleculaof the complicated density dependence of the free energy
parameters as indicated in Fig(@amond$ have been cal- functional due to the incorporation of the interactions be-
culated. The molecular aspect ratios are fixedk{e=1/50  tween the rodlike particles.
andx,= 50, while the plate—rod diameter rafielative size When the plate—-rod diameter ratio is decreasedl to
is varied fromd= 80 (well above the upper boundary diam- =25 (with x,;=1/50 andx,=50), a dramatic change in the
eter ratiod=57.79) tod= 16 (just below the lower boundary phase behavior is observgsee Fig. 4d)]. In this system the
diameter ratiad=16.85). The phase diagrams for this seriesnematic phase of plates is stabilized with respect to the iso-
of binary mixtures are collected in Fig. 4. Here the phasedropic phase by increasing the mole fractions of rods; an
behavior is obtained from a full analysis of the Gibbs freeisotropic—nematic azeotropic point is seenxat0.34, and
energy surface by equating the pressures and chemical ptie region of isotropic—isotropic coexistence extends over a
tentials of each component in the coexisting phases. In Figvide composition rangéalthough still shifted towards the
4(a) the phase diagram for a plate—rod mixture with  rodrich region. The phase diagram for the system with a
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FIG. 4. Pressure-compositid?* x representations of the fluid phase diagram for mixtures of plates and rods with aspect ratjesl#60 andx,=50 (z

=1) and varying plate/rod diameter ratibobtained using the Parsons—Lee theory. The values of the corresponding diameter rati@scse0, (b) d

=60, (c) d=50, (d) d=25, (¢) d=18, and(f) d=16. The horizontal lines indicate the nematic—isotropic—isotropic three-phase coexistence presshyes for
d=60, (c) d=50, and(d) d=25, and the isotropic—nematic—isotropic three-phase coexistence press(@edferl8. The labeld,, I,, N,, N, denote the
rod-rich isotropic, plate-rich isotropic, rod-rich nematic, and plate-rich nematic phases, respextoa@tgsponds to the mole fraction of the rods.

diameter ratio ofd=18 (just above the lower boundary di- atic phase is at a composition which is between that of the

ameter ratiod=16.85) is shown in Fig. @). The stabiliza-

two coexisting isotropic phases. The strong tendency of the

tion of the plate-rich nematic phase is significant in this casemixture to form ordered phases means that isotropic demix-
Now a heteroazeotrope is se€nyhere the coexisting nem- ing is only observed in a very limited pressure region. The
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fact that the isotropic demixing is still stable is in agreement 0.50 . L . L . ! .
with the global phase diagram obtained with our stability ;
analysis. For the system with= 16 [Fig. 4(f)] further stabi- 7 -
lization of the ordered phases means that the isotropic de- ‘
mixing equilibria has become metastable with respect to the
isotropic—nematic coexistence over the entire composition | }
range. Another consequence of the lack of isotropic— Np+iy
isotropic phase coexistence is that one recovers the px 49 - Np L
isotropic—nematic azeotropic behavior seen for the system \

with the larger plate—rod diameter raficf. Fig. 4(d)]. 1 ;

It is very gratifying to find that the existence of the upper
and lower critical values of the diameter ratio as bounds of 035
stability of isotropic demixing estimated with the simple sta-
bility criteria has been confirmed in the case whetel. The
predictions of the stability analysis are found to be very re-
liable for the lower boundary, even though the pressures of
the isotropic—nematic transitions are usually lower than the
bifurcation pressures. The underestimation of the upper
boundary is not surprising as in most of these cases the biG. 5. Pressure—compositid*x phase diagrams for a mixture of plates
furcation curve does not have a minimum, and instead thand rods with aspect ratios &f = 1/50, x,= 50, and plate/rod.diarr)eter ratio‘
bifurcgtion pressure of the pure plate fluid is used. The mini-th:e2;:’5;2;;“2;’;?3;’:;%3;20EL?SF;’QE,E;JQE(zcg)'f?é%?fnvsvﬁﬂgoiﬁgra“ng
mum in the spinodal curve, however, corresponds to COMPQgashed curves correspond to the calculations using only the leading terms of
sitions very close to the pure component rgskse Fig. 2a)],  the excluded volume expressiof&gs. (31)—(33)].
and the isotropic—nematic bifurcation pressure at this com-
position may be much higher than estimated.

Let us now re-examine a mixture with molecular param-critical point of the spinodal decomposition is brought down
eters ofic; =1/50, x,=50, andd=25. Wensinket al*® have  to ower pressures. The lower-order terms in the excluded
studied the phase behavior of this mixture using the Onsag&folume play a significant role even for molecules of reason-
second virial theory with the Parsons—Lee scaling, i.e.aply large aspect rations. We have estimated that in the case
where the free energy is given by E@) as in our present of a plate—rod symmetric mixture, i.e., a mixture in which
work. Two significant approximations are however made inthe volumes of the two partides are eq(m‘brresponding to
their work: first of all only the leading terms in the excluded g product of aspect ratios af= 7/4), the end effects become
volumes are included, so that the end effects are neglectaskgligible only for aspect ratios of,>1000%°
[Egs. (31)—(33) are used instead of Eq$28)—(30)]; sec- We have also investigated the effect of varying the rela-
ondly, a trial function is used to determine the equilibriumtive shapes of the two componertighich translates as vary-
orientational distribution functions instead of the essentially-ing the parametez, the product of the aspect ratjosn the
exact numerical solution. According to our stability and phase behavior. As mentioned in Sec. Il we limit our study to
phase equilibria calculations, the mixture should exhibitvalues ofz between 1 and 5 to ensure that we are considering
isotropic—isotropic demixingsee Figs. 3 and(d)]. Wensink  plate—rod mixtures and not rod—rod or plate—plate systems.
et al® do not however report this demixing. We have al- The global phase diagram with=1.45 (see Fig. 6 is rather
ready pointed out that the method used to determine thdifferent to that shown in Fig. 3 which corresponds to
equilibrium orientational distribution functions can have az=1. In contrast with the phase diagram corresponding to
marked effect on the predicted phase behavior of ordered=1 whenz=1.45, theregions corresponding to mixtures
phasese.g., see Ref. 25However, this should not affect the with stable isotropic demixing transitions are connected, so
prediction of the phase behavior in isotropic states. Hencehat isotropic demixing can be observed for @j>1.8.
we expect that the observed difference between our results A check of the stability analysis has been carried out for
and the phase behavior obtained by Wenghhkl. is due to  mixtures of particles of moderate elongatior; & 1.45/5
neglecting the lower order terms in the excluded volume. Inand x,=5). In Fig. 7 the phase diagrams of the plate—rod
order to confirm this statement we have performed phaseixture for a plate/rod diameter ratio af=6 (above the
equilibria calculations for the mixture using only the leadingboundary diameter ratid=4.15) and ofd=4 (just below
terms in the excluded voluni&gs.(31)—(33)], but with the  the boundary diameter valuare presented. A destabilization
numerical solution of the orientational distribution functions, of the nematic phase of plates is seen in both systems, to-
and compared it with the results obtained when the exaagether with a strong fractionation between the rod-rich iso-
excluded volumes$Eqgs. (28)—(30)] are used. The resulting tropic and plate-rich nematic phases, and re-entrant phenom-
phase diagrams are compared in Fig. 5. It is clear that thena in plate-rich composition range. The main difference
lower-order terms in the excluded volumes are crucial inbetween the phase behavior of the two systems is, as sug-
determining the isotropic demixing transition. When the endgested by the stability analysis, the presence of two coexist-
effects are taken into account, the isotropic—nematic transing isotropic phases in the mixture with=6.
tion is seen at higher pressures, and at the same time the A further increase in the product of aspect rattassults

0.45 - L

0.30

0.0
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FIG. 6. Global phase diagram for mixtures of plates and rods with a product (b)
of the aspect ratios af=1.45 indicating the regions of isotropic demixing.
The continuous curves correspond to the boundaries obtained with the sta- 45
bility analysis proposed in this work. The triangles indicate the molecular
parameters of the systems studisde also Fig. )7
40
in a greater stabilization of isotropic demixing, as shown for P*
z=2.5 in Fig. 8. The single region of the global phase dia- 3
gram corresponding to mixtures with isotropic demixing al-
ready seen foz=1.45 (see Fig. 5 is much wider for the
system withz=2.5 as can be seen from Fig. 8. The value of
the lower boundary plate/rod diameter ratio increases for in- 30
creasing aspect ratios of the rod particles)(up to at least 1 L
values ofx,= 60, while the upper boundary exhibits a mini-
25 r T T T T T T T

mum diameter ratio ofl = 34.35 atk,=17. Recently, van der

0.2

04 x 0.6

0.8

1.0

Kooij and Lekkerkerké® have carried out an experimental 0.0

study eXplormg_the pha_se diagram of a CO||OId§| Sys_tem,OT:IG. 7. Pressure—compositid?t x representation of the phase diagram for
rod and platelike particles. They use platelike gibbsitemixtures of plates and rods with aspects ratigs-1.45/5 andi,=5 (z
(AlI(OH);) and rodlike bohemiteAIOOH) colloidal par-  =1.45) obtained using the Parsons—Lee theory for plate/rod diameter ratios
ticles, which are rigid and essentially behave like hard parof (8 d=6 and(b) d=4. The horizontal line in@) indicates the nematic—
ticles. In their system, the volumes of the plates are muc[gotrpplc—lsotroplc _three-phase coexistence pressure. See Fig. 4 for more
. . etails of the notation.
bigger than the volumes of the rods, as in our study. How-
ever, the experimental system is highly polydisperse, which
gives rise to an extremely rich phase diagram. Together with
isotropic—nematic and nematic—nematic coexistence, fouof plates is found in coexistence with an isotropic phase
and five-phase coexistence are also observed, unfortunatelyhich is practically pure in rods. From an experimental point
the experimental system does not exhibit isotropic—isotropiof view, a density-density representation of the phase dia-
phase separation. We have used our analysis to investigaggam is usually more conveniefiEig. Yb)], although it
the possibility of observing this phase behavior with theshould be noted that in this representation the tie lines which
types of particles examined by Lekkerkerletral?® The av-  connect the coexisting phases are not horizontal. The pack-
erage aspect ratio of the rods4g= 10, while the polydis- ing fraction of the plates;, and rods», are obtained from
persity of the platelike particles gives a range for the producthe total packing fraction asp,=(1-x)»*, and 7
of the aspect ratiog between 0.5 and 3. In principle by =x%*v,/v,. It may be noted that the coexisting packing
purifying the mixture it may be possible to study a system offractions of the isotropic and nematic phases close to the
molecular parameterg,= 10, k;=2.5/10 andd= 10, which  pure plate-fluid are very higt60%—60%, which may sug-
may have an extensive region of isotropic—isotropic phasgest that more ordered columnar or solid phases would be
separatior{see Fig. 9. It is clear that the demixing transition stable instead of the nematic phase examined here. The criti-
would take place over a wide range of pressures and compa@al point of the isotropic—isotropic transition corresponds to
sitions, and above the three-phase pressure, a nematic phaseacking fraction of about 35%.
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FIG. 8. Global phase diagram for mixtures of plates and rods with a product | L
of the aspect ratios af=2.5 indicating the regions of isotropic demixing.
The continuous curves correspond to the boundaries obtained with the sta-
bility analysis proposed in this work. The triangle indicates the molecular 0.15 11, L[
parameters of the systems studigde also Fig. P
In Fig. 10 we summarize all of our calculations in two My 0.10 - B

global phase diagrams in which the regions corresponding to %

mixtures with isotropic demixing are indicated for varying
plate/rod diameter ratid [Fig. 10(a)], and volume rati¢Fig.

10(b)]. When the product of aspect ratioszs 1 two sepa- 0.05 "
rate regions are observed, one for moderately elongated rod- |
like particles and the other for long rodlike particles. On 1

increasingz the two regions get closer, and eventually meet 0.00 — :

for the system witle=1.428. A continuous region of isotro-
pic demixing is seen foz>1.428; the region widens for
increasingz. We have only considered cases upzte5 to
ensure that our calculations model the phase behavior of rodHG. 9. (&) Pressure—compositidh* x representation of the phase diagram
like and platelike mixtures. The molecular parameters corre®f @ mixture of plates and rods with aspect ratiosxgf=2.5/10 andx,

. . . e =10 (z=2.5) obtained using the Parsons—Lee theory for a plate/rod diam-
spondlng to the mixture studied by van der KOO” arldeter ratio ofd=10. The horizontal lines indicate the nematic—isotropic—

0 . . . . . . .
Lekkerkerkef® are mdl_Ca_lt.ed inFig. 1C(a)] !t IS mt?r?St'ng _ isotropic three-phase pressur@) Phase diagram of the system in the
to note that the possibility of observing isotropic-isotropic density—density 4,—7,) representation. The diamond shows the location

coexistence is determined by the product of the aspect raticd the critical point of the isotropic phase separation. The three phase region
of the two componentéour parameterz) Our calculations is highlighted in the figure inset. See Fig. 4 for more details of the notation.
predict that for mixtures witlz>1.5 isotropic demixing can

be expected in the experimental system.

0.0 0.1 02 03 04 05 06 07

transitions. Moreover, the extent of the isotropic—nematic
fractionation, which no doubt also determines the stability of
the isotropic—isotropic demixing transition, cannot be pre-
In this contribution we have considered the moleculardicted with the bifurcation analysis. This having been said,
requirements for the stabilization of an isotropic demixingwe have shown that our simple method gives a very good
transition in mixtures of plate- and rodlike particles. Basedestimate of the molecular parameters for which isotropic de-
on a comparison of the critical pressure of the isotropic demixing is stable.
mixing transition and the lowest pressure of the isotropic—  Two important conditions have also been imposed in our
nematic bifurcation curve, a global phase diagram in term@resent study. The first is that we have focused on platelike
of the molecular parameters has been obtained which indimolecules which are of much greater volume than the rodlike
cates the regions with and without isotropic demixing. Theparticles. This means that the plates play the role of colloidal
stability analysis that we propose is very simple but it is alsgparticles while the rods mediate a colloidal “vapor—liquid”
approximate, as the isotropic—nematic bifurcation pressur&ransition. It has already been observed in a number of
rarely coincides with the coexistence pressure in first-ordestudie$®3°that a diameter ratio which is different than 1 is a

VI. CONCLUSIONS
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100 —l 1 T ——— the nematic—isotropic transition, sometimes associated with
' NO LI DEMIXING a marked fractionation of composition, reentrant phenomena,
and azeotropic points. A common trend is seen in our results,
L which indicates that low rod/plate volume ratioé,(V,) are

’ e associated with a destabilization of the nematic phase with
' respect to the isotropic phase.

We have also considered a system with molecular pa-
rameters close to those of systems examined in recent experi-
mental studies of rod—plate polydisperse mixt&sOur
aim is to provide a guide for future experiments to help lo-
cate regions of isotropic—isotropic demixing; our calcula-
tions indicate that this may be achieved by reducing the
polydispersity of the experimental system. It is likely that the
longer rods f,>10) will promote the phase transition, but
the aspect ratio of the plates is also important since systems
0  —— with higher values of the product of aspect rati@s are
associated with extensive isotropic—isotropic demixing re-

K, gions. We hope that our predictions will also be of interest in
S T R S P N future theoretical and simulation studies concerned with the
: ' e behavior of complex fluids.
| NO 1 DEMIXING /,/ I
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