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Fluid phase separation in model athermal mixtures of colloids and polymers is examined by means
of the first-order thermodynamic perturbation theory of WerthgvnS. Wertheim, J. Chem. Phys.

87, 7323(1987; W. G. Chapman, G. Jackson, and K. E. Gubbins, Mol. P8§s1057(1988]. The
colloidal particles are modeled simply as hard spheres, while the polymers are represented as chains
formed from tangent hard-sphere segments. In this study the(&ikoid—colloid, polymer—
polymep and unlike (polymer—colloid repulsive interactions are treated at the same level of
microscopic detail; we do not employ the common Asakura—OosA@a approximations which
essentially involve treating the polymer as an idewsininteracting chain. The effect of varying

both the chain length and the diameter of the hard-sphere segments of the polymer on the fluid phase
behavior of the model polymer—colloid system is investigated. We focus our attention on the
stability of the fluid phase relative to a demixing transition into colloid-rich and polymer-rich fluid
phases by using a spinodal instability analysis and determine the full coexistence boundaries
(binoda). The colloid—polymer system represents the limit where the diameter of the colloid is
much larger than the diameter of the segments making up the polymer chain. The precise segment/
colloid diameter ratio at which liquid—liquid demixing first occurs is examined in detail as a
function of the chain length of the polymer. In the case of moderately short chains the addition of
polymer induces the “colloidal vapor—liquid” transition found in polymer—colloid systems, while

for long chains a “polymeric vapor—liquid” transition is found. The diameter of the polymeric
segments must lie between the AO linfininimum diameter and the so-called protein limit
(maximum diametegrin order for the system to exhibit fluid—fluid phase separation. The maximum
value of the segment diameter which induces phase separation is determined from a simple
approximate stability analysis. The critical density of the demixing transitions is not found to tend
to be zero for infinitely long polymers, but has a limiting value which depends on the diameter of
the segment. An examination of the thermodynamic properties of mixing indicates that the fluid—
fluid phase separation in such systems is driven by a large positive enthalpy of mixing which is
induced by a large positive volume of mixing due to the unfavorable polymer—colloid excluded
volume interactions. The enthalpy of mixing makes an unfavorable contribution to the overall Gibbs
free energy(which is seen to counter the favorable entropy of mixirgiving rise to fluid—fluid
immiscibility. © 2003 American Institute of Physic§DOI: 10.1063/1.1565104

I. INTRODUCTION lowered; the free energy thus increases with decreasing tem-
perature, leading to an instability of the fluid relative to a
The theme of this contribution is an examination of thegemixed staté.On the other hand, there is a compelling
nature of fluid phase separation in purely repulsive mod_els °6ody of more recent experimental and theoretical work
colloid—polymer systems. In the case of mixtures of simpl&yhich provides unequivocal evidence for “entropy-driven”
molecules which interact with dispersive attractive interac+iq phase separation in purely repulsive, athermal, systems
tions, an unfavorable enthalpy of mixing due to relatively (e.g., see the reviews by FrenRellt is now widely accepted
weak unlike interactions s respopsible for quuid—liq.uid that fluid phase separation can occur in binary mixtures of
plhase:f se;:f)aretv;:ond Th'e' Ion.g-fst??::shedf thermody:gmm “Kard repulsive particles if the shapes and/or the sizes of the
planation for the demixing is that the unfavoralsitive components are very different. In these athermal systems the

enthalpic contribution to the free energy increasingly domi-. . .
P 9y gy Internal energy of the system is zero so that the only contri-

nates the favorable entropy of mixing as the temperature IB . . L
ution to the Helmholtz free energy is entropic; it is impor-
_ o ) tant to recognize that in the case of phase transitions at con-
“Present address: Department of Physics, University of Vesepe8201  sant pressure an enthalpic contribution to the Gibbs free
Veszpren, P.O. Box 158, Hungary. . .
gnergy may also be important. Contrary to some preliminary
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g.jackson@imperial.ac.uk theoretical predictioris' a simple binary mixture of large and
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small hard spheres does not undergo a phase transition bgelymeric component was not considered in these prelimi-
tween two fluid phases, irrespective of the diameter ratio, asary studies, but was later incorporated into the description
it is found to be metastable with respect to a first-orderof the AO colloid—polymer model by Lekkerkerket al°
fluid—solid transitior?.® Fluid phase separation is, however, who employed a free-volume theory; this provides the cor-
possible in multicomponen(polydispersg hard-sphere mix- rect description of the fluid—fluid—solid three-phase coexist-
tures for appropriate choices of the size distributibfisiith ence region. In the case of short polymers and large colloidal
the additional possibility of coexistence between two solidparticles corresponding tq<1 (ideal polymer limi}, the
phases. free-volume treatment of the AO model provides a good rep-
The case of colloid—polymer mixtures, where to a rea-resentation of the simulation dat£>*'and has been vali-
sonable level of approximation the colloidal particles can bedated by an exact one-dimensional descriptfori?
thought of as large hard spheres and the polymers as chains As the size of the polymer increases relative to the col-
of small hard-sphere segments, is more complex and perhajisid (g>1), the validity of the approximations inherent in
more interesting. Such an athermal system can exhibit phaske AO becomes questionable; this does not of course imply
separation into colloid-rich and polymer-rich fluid phasesthat the segments making up the chain are larger than the
(the review by Poon and Pus@provides an excellent intro-  colloid, only that the overall polymer dimension is large. For
duction to the topit This type of phase behavior has now long polymer chains the interactions between polymer chains
been studied experimentally in a variety of systems rangin@re no longer negligible and the overall shape of the polymer
from comparatively simple latex—polystyrene and silica—is not globular as far as its interaction with colloid is con-
polydimethylsiloxane colloidal dispersions to biological sys-cerned. Sedr has addressed the latter problem by extending
tems containing proteins or DNAe.g., see Refs. 10-20 the AO treatment to noninteracting chains with dimensions
The tendency of the system to reduce the excluded volumthat are larger than the colloidal hard sphergs (). In his
interaction between the polymer coils and the colloidalapproach the ideal polymer is described as a number of
spheres, which then leads to a larger free-volutnansla-  spherical blobsnp,, obtained by scaling the polymer dimen-
tional) entropy, induces an effective attractifgepletion) in-  sion with the size of the colloidal particlenf~ RS/ R(Z:); the
teraction between the colloidal spheres; this attractive interpolymer—colloid interaction can then be treated as an ex-
action in turn leads to a fluid phase separation into low- anctluded volume interaction between a hard-sphere colloid and
high-concentration colloidal phases which closely resemblea chain ofn, hard-core spherical blobs of the same diameter
the vapor—liquid transition in simple molecules with disper-as the colloid. Sear treats the contribution of the colloid—
sive interactions. The nature of the effective interaction wagolymer interaction to the free energy by using the first-order
first described by Asakura and Oosawand then by Vrf?>  perturbation theoryTPT1) of Wertheim3¢3"we also use the
and Joannyet al?® In the case of polymers with overall di- Wertheim TPT1 description, but in our study the polymer—
mensions which are small compared to the colloid, thepolymer interactions are included explicitly. Sear is thus able
colloid—colloid attractive interaction is pairwise addiié®> to describe the nonspherical nature of the colloid—polymer
(and as a consequence is easy to treat theoreticdlypoly-  interaction in the case of long chains for which the standard
mer dimensions which are of the order of the size of theAO model is inadequate. As with the usual AO model, the
colloid or larger, pairwise additivity can no longer be system exhibits a fluid—fluid demixing transition between
assumed®?® Depending on the relative size and the concen-colloid-rich and polymer-rich phasés;the main finding of
tration of the polymer, the effective attractive interaction be-the work is that the critical density of the colloid decreases
tween the colloids can be tuned, resulting in a rich variety ofand tends to zero as the length of the polymer is increased.
phases, including both fluid and solid states. We shall return to this point later in the discussion. Schmidt
It was recognized early on that the polymer—polymerand Fuch¥ have also examined the case of polymer dimen-
interaction can be neglected at a first level of approximatiorsions which are larger than the colloid by replacing the hard-
(ideal chain and a qualitative description of the phase be-spherical repulsion between the polymer coil and the colloid
havior of polymer—colloid mixtures can be achieved solelyby a repulsive step function potential to allow for the possi-
with the incorporation of the colloid—colloid and colloid— bility of chain configurations where the colloids are “inside”
polymer hard-body excluded volume interactiéh4>More-  the polymer. The main drawback of this modehd that of
over, if the colloid—polymer interaction is modeled by treat- Seaf®) is that the interaction between polymers is assumed
ing the polymer coil as an effective hard sphere, whichto be ideal.
corresponds to the so-called Asakura—Oosé&@) model, Up until this point we have only discussed the descrip-
a knowledge of the polymer—colloid size ratip=R,/Rc  tion of colloid—polymer systems where the polymer is
(whereRy is the polymer radius of gyration arfé: is the  treated as a noninteracting chain. There has also been recent
radius of the colloigl is sufficient to describe the main fea- effort in incorporating the polymer—polymer interactions
tures of the phase behavior. The first theoretical studies dhto the treatment of such systerttee reader is directed to
the global phase diagram of the AO model were undertakethe recent review by Fuchs and Schwef2éor more details,
by Gastet al?” and by Vincent and co-workeéfsfor mix-  where a particular emphasis is placed on the integral equa-
tures of colloidal hard spheres and noninteracting polymer§ion approachés Warrenet al*° were one of the first to ex-
in a background solvent using a standard perturbation theorgmine the effect of polymer—polymer interactions on the
for the depletion potentiglsee Ref. 29 for a review of these phase behavior of polymer—colloid systems using a pertur-
types of theoretical approachesThe partitioning of the bation theory around thé-point conditions. Integral equa-
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tion approaches have been used extensively to treat the ther- Before we outline the main goals of our study it is im-
modynamic and structural properties of colloid—polymerportant to acknowledge the work on the effect of the spheri-
system$1%° Seaf? has recently used his rescaling approachcal particles on the dimension of a polymer coil. It is well
(representing the polymer which is larger than the colloid agecognized that a polymer adopts a more extended configu-
a chain of spherical blopgo take into account polymer— ration in a “good” solvent and a more collapsed configura-
polymer and polymer—colloid repulsive interactions at thetion in a “bad” solvent (which can lead to demixing’~*°
level of the second virial coefficient within a Flory— The collapse of the polymer dimension does not necessarily
Huggins-type theory; the colloid—colloid interactions are ne-imply phase separation, but is clearly closely related to it.
glected in this study. A discussion of the effect of varying theThe evidence of a polymer collapse transition in simulation
solvent quality on the phase behavior is also made. The instudies for purely repulsiveathermal models where the sol-
corporation of polymer—polymer interactions, even at thevent and segments making up the polymer are of the same
crude second virial level, leads to the prediction that thesize is rather inconclusivé®: >3 one should point out that
density of the monomers at the critical point tends to a finitethese are models of polymer solutions and not colloid—
value as the polymer is made longer, a contrary finding tgolymer systems where the colloid is much larger than the
that of studies with noninteracting polymérsAlthough the  monomeric segments making up the polymer. Taylor and
qualitative trends obtained in simulation studfeare de-  Lipsor?* have used the Yvon—Born—Green integral equation
scribed correctly with the Flory—Huggins-like approach, theapproach for hard-sphere and hard-sphere models of polymer
critical densities are not in close agreement with the simulasolutions in which the spherical segments are all the same
tion data; this is most likely due to the truncation of the freesize to show that the chain contraction with increasing sol-
energy at the level of the second virial coefficient, whichvent density is almost identical to what one would expect in
essentially means that the treatment will only be valid at lowthe pure polymer melt. The lack of a dramatic collapse of the
densities. Another particularly appealing approach referred tpolymer is consistent with a polymer in a good solvent,
as the “polymer as soft colloids” model is worth a separatewhich would support the conclusion that the system does not
mention** the polymer—polymer interactions are incorpo- undergo a fluid phase transitiéfiaylor and Lipsor* did not
rated by using an effective potential acting between the cerexamine the fluid phase equilibria in their stiidyhe lack of

ters of mass of the chains which enables large-scale simula demixing transition in such an athermal system has been
tions of the system. This coarse-graining method has beerecently corroborated by studies of the fluid phase equilibria
recently employed by Bolhuiet al*® to study the phase be- in model polymer solutions with the Wertheim TPT1
havior of colloid—polymer mixtures. Simulations of self- descriptior®® the athermal mixture is stable and does not
avoiding walks were undertaken for pure polymers and theidemix regardless of the length of the hard-sphere chain. In
mixtures with a single colloidal hard sphere to compute thehe case of polymer solutions the fluid phase separation is
polymer—polymer and polymer—colloid center-of-mass ra-driven by the polymer—solvent attractive interactiGhé\s

dial distribution functions; the structural information can was mentioned earlier, there is clear evidence of the exis-
then be inverted by using the hypernetted chain integralence of polymer collapse and a demixing transition for
equation to determine the effective polymer—polymer andathermal systems in which the diameter of the spherical par-
polymer—colloid interaction potentials, which are param-ticle (in our case the colloidis considerably larger than that
etrized in terms of a sum of Gaussians or exponentials. Thef the segments making up the chain. For these athermal
spherically symmetric effective interactions are thus obtainednodels of colloid—polymer systems a collapse of the poly-
for a series of polymer dimensiong)( and concentrations mer dimension is unambiguously observed when the concen-
and used to simulate the full phase behavior of the colloid-tration of the colloid hard spheres is increadéef The situ-
polymer system. As expected, the effect of the polymer-ation is completely different when attractive interactions are
polymer interaction is small for the systems of short chaingresent: chain collapse is found for a symmetric model in
(q=0.34) and there is close agreement with the results ofvhich the sphere—sphere, sphere—segment, and segment—
AO model and free-volume theof§When the polymers di- segment size and interaction energies are all equivaieft,
mension is increased the effect of the polymer—polymer inimplying liquid—liquid immiscibility in such a system. Less
teraction becomes more important and significant qualitativevork has been undertaken on the incorporation of attractive
differences are seen with the AO description. As has beemteractions in models of colloid—polymer systems in which
predicted by Aartset al*® with a recent extension of the the sphere—segment size ratio is lafgay., see Ref. 62We
free-volume theory to systems of interacting polymers, thedo not discuss the effect of attractive interactions on the
extent of the fluid—fluid immiscibility is found to decrease on phase behavior further, as the focus of our paper is on the
incorporating the polymer—polymer interactions. Bolhuisfluid—phase separation of athermal hard-core models of both
et al*® also show that the colloid density at the critical point the colloid and polymer.

is found to be insensitive to the length of the polymer in In our contribution we study the fluid phase equilibria of
agreement with the Flory—Huggins findings of S¥afhe  mixtures of large hard spherésolloid) and chains formed
main disadvantage of the use of these types of sphericallffom smaller hard-sphere segmeiftolymen. The density
symmetric effective interactions is that the approach is inadrange over which one would find fluid—solid phase transi-
equate in describing polymer chains which are large comtions in such systems is not considered. In contrast to the
pared to the colloid and that it is restricted to moderate denether theoretical work mentioned earlier we study a “micro-
sities of polymer. scopic” model of the polymer in which both the polymer—
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polymer and polymer—colloid excluded volume interactionswhere 8=1/KT (T is the temperature anklis Boltzmann’s
are treated at the level of the monomeric segments makingonstant and N is the number of particlessum of theN¢

up the chain. The polymer dimensidradius of gyration  colloids andNp polymers. The ideal free energy of the bi-
does not enter into the description in an explicit manner. Imary mixture is given by

principle, this means that our approach can deal with the

situation in which the polymer is smaller or larger than the BAideal

colloidal particle. The Wertheim TPT1 approdth’ is used = > x(Inp—1+Inv;+In x;), 3

to describe the polymer—polymer and polymer—colloid con- N =cP

tributions to the free energy; this choice is made as the ] o .
theory provides an excellent description of the equation ofvherep=N/V is the number density; is the mole fraction
state of chains of tangent hard spheres and mixifiékgy  Of the component, andv; is the de Broglie volume, which
using a spinodal stability analysis similar to that employed inf@kes into account the translatiortahd rotational in the case
an examination of isotropic—isotropic demixing in mixtures Of the polymey contributions to the kinetic energy of each
of cylindrical particles of different length and shape COmponent; though the precise form of the de Broglie vol-
(diametey,%* we examine the global fluid phase diagram of UmMe is not important in studle_s of phase equnlb_rl_a, |t_ is in-
the model colloid—polymer system. The precise chain-cluded for completeness. The ideal entropy of mixing is seen
segment to colloid diameter ratio that gives rise to an insta@S the last term of E¢3). _ _

bility in the fluid (and leads to fluid—fluid demixings de- ~ An accurate and relatively simple expression for the re-
termined for varying lengths of the polymer chain. The full Sidual free energy of a fluid mixture of hard spheres gg dif-
fluid-phase behaviotbinodals is also determined for the ferent diameter is given by Boukf® and Mansooret al.
system. We relate our findings to existing theoretical predic&S

tions, but leave any direct comparison with experimental

data to a future publication. In addition, an analysis of thegA"S 6 | [ {3 314> &
thermodynamics of mixing in our athermal coIIoid—ponmerT: W_p ?‘ o|In(1—&3)+ (1—Zs) T ra(1— 22|
model is made to highlight the roles of the entropic and 3 3 3 3 @)
enthalpic contributions to the free energy in such systems.

In the case of our colloid—polymer binary mixture the re-
duced densities are defined ag;=(mp/6) (xca'C
Il. WERTHEIM TPT1 APPROACH +mxpa'p), where |=0-3; the chain length is included
in the definition of the reduced density as the number of
We use the Wertheim thermodynamic perturbationmonomeric segments making up the chain is given by
theory(TPT1)*%3"to study the global fluid phase behavior of Neeg= MNo=mxsN. The total packing fraction of the sys-
the binary mixture of colloids and polymer chains as it pro-tem s given by 5= 3= (mpl6)(Xcoi+mxpad). The
vides a direct insight into the effect of varying the size of theggyp(k—Mansoori description has been shown to provide an
segment diameter and the chain length. As was mentionegcyrate representation of the equation of state for binary
earlier, the theory allows one to treat the system at the levglyixtures of hard spheres of significantly different sizer-
of the monomeric segments. Both the colloidal particles a”(ilesponding to diameter ratios of up to 20dver a wide
the segments making up the chain are modeled as a hafgnge of composition¥: this is a particularly relevant point
spheres of diameterc (colloid) andop (polymer segment  for our model colloid—polymer systems where the diameter
The chains are assumed to be formed frontangentially  of the polymer segment is much smaller than the colloid. The

bonded segments, but are otherwise completely flexible. Th@xpression reduces to the accurate Carnahan—Sfrling
interaction between the colloidal hard-sphere and a poneéquation for hard spheres in pure fluid limits.

hard-sphere segment is taken to be additive, rgp= (0 ¢ The remaining contribution to the free energy due to the
+ op)(z. The pair potential between the different species Calhonding together of then hard-sphere monomeric segments
be written in a compact form as to form the tangent, flexible polymer chain merits a more
o <o Qetailed discussior_L Werthefth originglly developed his .

Ui (rij) = oo T (1) first-order perturbation theory to describe the thermodynamic

0, rj=ai, properties of associating fluids. By examining a two-site as-

o . . sociating monomeric fluid, Werthefh subsequently ob-
wherei,j=P,C andr;, IS the dls',tance b.etween the Centers ained an expression for the free energy of the chain fluid
of the two spherescolloid—colloid, colloid—monomer, and simply in terms of the structure of the monomer hard-sphere
monome_r—monomaar reference fluid and the average chain length of the polydis-

_ Within the TPT1 approach the Helmholtz free energy of o e mixture of chain aggregates that are formed on asso-
this binary C(l)IIO|d—ponmer mixture can be written as & SUMgiation. An identical expression for the free energy of the
of ideal A%, hard-spheré\"™, and chain formatior®*" monodisperse hard-sphere chain fluid can be obtained by
terms: considering a mixture of associating hard spheres in the limit
BA  pAUeal  gaHS  pachan of complete associatioff;in addition, the treatment was ex-
L + + , 2) tended to provide a general equation of state for mixtures of

N N N N chain moleculesand the special case of mixtures of spheres
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and chains which are the subject of our contributinin Achain
the Wertheim first-order theory, bonding at one site is as-
sumed to be independent from bonding at another site. As a
consequence, differences in the conformation of the chain or o )
in the degree of flexibility cannot be treated at this level of | € Mbody distribution function can then be treated at the
approximation. The effect of flexibility can be incorporated level of a linear apprquatlon such that it factonze; into a
by extending the theory to second ordehut this is beyond ~ Product of fn—1) equivalent monomer—monomer pair con-
the scope of our work. The Helmholtz free energy due tolfiPutions:
linking m monomeric hard-sphere segments together at con-
tact in the presence of colloidal hard-sphere particles can b@m (012025 **Tm-1m)
expressed in terms of the contact value of the reference _ Hs HS . aHS
monomer—monomer pair correlation functiorias 92710122 (029)" 92 (Tm-1m)

=gpp(op) ™Y, (10)

~ HS
~=Xp IN gy (012023 " Tm-1m)-

BAchain
— _ HS .
N xp(M=1)In gpp(p.x;0¢c,0p.M). ®  on substituting Eq(10) for the m-body distribution function

into expression(9) for the free energy, one recovers the
In order to be consistent with the treatment of the referenc@PT1 expressiolts):
hard-sphere contribution to the free energy, the BédGbli
expression for the contact value of the pair correlation func- gachain

tion of like hard spheres in a mixture of hard spheres of ~—xpIngpp(op) M V= —xp(m—1)IngR3(0p).
different size is used in expressigh): (11)
g';ﬁ(p,x;tfc o, M)= + % Lz T_he _sigpificance_of t_he linear approximation tp timebody
(1-¢9) 2 (1-¢) distribution function is that one loses information about the
5 5 structure of the chain, including the lack of an explicit de-
TP £ ©6) scription of the end-to-end vector and the radius of gyration
2 (1-¢5)° which are used as measures of the dimension of the polymer.

This does not mean, however, that the polymer dimension is

An alternative derivation of expressiah) which adds  absent from the Wertheim TPT1 description. When the TPT1

some insight into the approximations that are involved in thefree energy is expanded as a virial series in density, the re-

TPT1 treatment can be obtained by considering the chemicgllting virial coefficients are found to be dependent on the
potential of a chain in a reference solvent of mononi&r&>  chain lengthm.”® The ultimate consequence of this for our

Some time before Wertheim, Ben-Na?l?rderivgd an exact  colloid—polymer model is that both the polymer—polymer
expression for the chemical potentiab of a single chain and polymer—colloid TPT1 excluded volumes will depend
(infinitely dilute) in terms of thembody cavity function on the chain length, i.e., the dimension of the polymer. The

Y[ﬁf(l, ...,m) the reference monomers as TPT1 second virial coefficientexcluded volumgturns out
ref to be a linear function ofm (Refs. 76 and 7 this corre-
Bup=—Inyn(1, ... m), (7) " sponds to the correct scaling for long linear chdifisut not

for fully flexible chains in a good solvent where the second
virial coefficient scales an® ~m'® (see Refs. 49 and T6A
simple correction can be added to the TPT1 treatment to

count for the correct second virial coefficient of the fully
lexible chains, though only a slight improvement in the de-
scription of the equation of state is expecféd.

where the notation (1 ..,m) is used to denote the relative
positions of all of the segments in the chain. Equatigncan

be thought of as a definition of the cavity function. In the
case of chains of hard-sphere segments tangentially bond
in rolling contact, the chemical potential can be expressed i

terms of thembody distribution functionyHS(1, ... m) . ;
The Wertheim TPT1 theory described here was devel-
=ghS(1, ... M)exp(BuRS) = gn(1,055 T r-1m) OF the Y

oped to deal with the fluid state of mixtures of chain mol-
ecules, and no description of the solid states was incorpo-
Bup=—INgHS(0 1005 Tm_1m)- (g) rated into the treatment. Previous work with athermal
’ colloid—polymer systems has shown that there are regions
Two approximations now have to be made to make use o€orresponding to fluid—solid equilibria which are particularly
this exact result for the chemical potential of a infinitely extensive for colloid—polymer systems comprising short
dilute chain to provide a description of the free energy of thechains at high densities of the colloid.g., see Refs. 30, 39,
system. If one assumes that the chemical potential for thd5, and 46. Although there has been some work on the
formation of subsequent chains in the mixture is the same afuid—solid equilibria of flexible chains of tangent hard
that for the infinitely dilute solution, the contribution to the spheres within an TPT1-like treatméfitno general TPT1
Helmholtz free energy of formindl, polymer chains can be description is available at this stage for mixtures of large

hard-sphere monomers for the contact distanges

approximated by hard spheres and hard-sphere chains. As with some of the
chai Hs other studies, one could assume that the polymer is not play-
BAT ™~ —Np N9 (012023 " Tim-1m), ©) ing an important role in determining the structure of the
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solid, but this will only be valid for short polymers with 15 ' ' ! ' < L . L :

segments that are much smaller than the colloid. In our paper igg: \ \ | \)

we focus on the effect of the polymer chain length)(and 1401 \ \ 10

the segment—colloid size asymmetigharacterized by the 1 1204 | | \\ i
diameter ratiod=op/oc) on the fluid phase behavior, 100 \ |

avoiding the high-density states where one would expect 10 - ﬁ‘;: =m\\ m=2;\<n=f\fv fmso L
fluid—solid transitions(highlighting states where a stable w0l Y

solid phase would preempt the fluid—fluid coexistenéen 20

examining the TPT1 expressiori8)—(6) that make up the P* - 05 06 07 08 09 10 |

free energy of the athermal colloid—polymer system, it is
clear that the thermodynamic properties of the mixture at a
given composition(the mole fraction of the polymex
=xp) and densityreduced number densigy* =pod) only
depend on the number of segments in the ctmiand the
polymer—colloid diameter  ratio d. One can
thus examine the global fluid phase behavior entirely
in terms of these two parameters. Having described the
analytical form of the Helmholtz free energy for our ather-
mal colloid—polymer model, the TPT1 expressions can
easily be used to determine the thermodynamics and the fluiglG. 1. Pressure—composition representation of the spinodal curves of the
phase equi”bria of the System_ The other thermodynamiduid—ﬂuid phase equilibria for athermal binary mixtures of colloitiard
properties are obtained through the standard relafiongSPheres of diameterc) and flexible polymergchains formed from tangent

. : . hard spheres of diameterp) determined from the Wertheim TPT1 ap-
pressureé®= — (‘9A/‘9V)N,T’ chemical pOtem'al of each com- proach. Results are presented for systems with a fixed polymer-segment to

ponent i, ui= (‘9A/‘9Ni)Nj¢iV,T; internal energy U= colloid diameter ratio ofi= o /o c=0.06 for polymer chain lengths rang-
—[&(A/T)/&(l/T)]N v enthalpy H=U+PV; entropy S ing from m=10 up to 1000. The reduced .pressure is definedPas
=(U—A)/T' and Gibbs free energG=A+ PV (the last :,BPag, andx=Xxp represents the mole fraction of the polymers.
three expressions corresponding to the appropriate Legendre

transformationps

0.0 02 04 x 06 0.8 1.0

numerically by expressing them analytically in terms of the
appropriate volume and composition derivatives of the
Helmholtz free energ}.
Il. RESULTS AND DISCUSSION From previous studies on athermal mixtures of colloids
and polymers and of other hard-body cylindrical
The simplest method to search for the molecular parammolecule$? it is well recognized that the size and shape of
eters @,m) which give rise to an instability of the mixed the two components have to be very different for fluid—fluid
(homogeneousfluid state relative to a demixed state in the demixing to be observed. In such systems the mixing of the
binary colloid—polymer hard-core mixture is based on a detwo components is associated with an unfavorable unlike
termination of the spinodal. The spinodal or limit of stability packing (excluded volumg entropy. As an initial step, we
of the miscible state is obtained from the following condition search for the first sign of an instability in the fluid phase
for the second derivative of the Gibbs free ene@ywith  [cf., Eq. (12)] of the colloid—polymer mixture for systems

respect to compositioh: with an increasing polymer chain lengtm& 10—1000 seg-
5 mentg, but with a fixed segment/colloid diameter ratid (
9°GIN -0 (12) =0.06). If one employs the usual polymer scaling id®as,
Ix2 ' the radius of gyration of a polymer in a good solvent scales

P 1/2

as Ry~m™~“op, which would correspond to a polymer/
The Gibbs functiorG is the natural thermodynamic function colloid dimension ratio ofj= Rg/RC~m1’2d in terms of our
for phase equilibria in mixtures at constant pressure. Th@arameters. In the case of the systems with chains of length
solution of Eq.(12) determines the spinodal curve of the m=500 and 1000, the overall dimension of the polymer is
phase diagram, which meets the bino@#iase coexistente larger than the colloid d~1.3 andg~1.9, respectively
curve at the critical point. In order to locate the critical pointswhile for systems withm=200 the polymer dimension is
of the phase separation, the third derivative of the Gibbs freemaller than that of the colloid witg<1 (q~0.85 for

energy with respect to composition must also varish: chains of lengthm=200 andg~ 0.20 form=10). With this
. choice of diameter ratiod=0.06) and set of chain lengtins
d°GIN| one is thus able to cover systems of both short and long
=0. (13 : d
Ix3 polymers relative to the colloid.

P The spinodal boundaries denoting the limit of stability of

For given values of the molecular parametedsnt) of the  the colloid—polymer mixture witll=0.06 are shown in Fig.
colloid—polymer system, Eq$12) and (13) together deter- 1 for polymer chains of varying length. The extent of the
mine the critical density and composition of the fluid—fluid fluid—fluid demixing is seen to increase with increasing poly-
demixing transition if it exists. The two conditions are solvedmer chain length. The critical pressurléé‘(=,8Pcr%) and the
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critical packing fraction ¢o=7p* (1—x+xmd)/6) corre- 0.3 . ' : ‘ . '
sponding to the minima of the spinodal curves both decrease
with increasing chain length. As the chain length is in-
creased, the composition at critical point also moves from
the polymer-rich region of the phase diagram to the colloid-
rich region. This means that for systems with short chains a 0.2
“colloidal vapor—liquid” transition is seen between a
colloid-poor and a colloid-rich phasgsee inset of Fig. 11

while a “polymeric vapor-liquid” transition between a e
polymer-poor and a polymer-rich phase can be observed for

long chains. In other words, the short polymers act as the 0.1 +
“depletion agent” and mediate the phase separation between

the colloids in one limit, while the colloids play the role of

the “depletion agent” in the phase separation of long poly-

d =01

d =0.05

mers in the other. This reversal in the role of the colloid and d =0.005
polymer has not been highlighted previously. For polymer 0.0 ' . ' ' ; '
chains of moderate lengtte.g., 106cm<200) the phase 0 10000 20000 30000 40000

behavior is more symmetric in comparison and neither com-
ponent can strictly be referred to as the “depletion agent;”F'G- 2 Criticgl packing fract?on of the fluid—fluid phase equilibriafor' ather-
one should not use the analogy with a “vapor—liquid" tran- mal binary ml_xtures of colloidg¢hard spheres of dlameterc_) and flexible

. . 7 . . polymers(chains formed from tangent hard spheres of diametgrdeter-
sition for the fluid phase behavior in this case. An additionalmined from the Wertheim TPT1 approach. Results are presented for selected
consequence of this is that neither the polymer nor the colvalues of polymer-segment to colloid diameter rafie op /0 as a func-
loid should really be taken as the perturbative component tgon of the polymer chain lengtm. The packing fraction is defined ap
describe the phase separation of the other component in 27" (L-x+xmd)/6.
semigrand ensemble treatment. It is interesting to note that
the critical pressure and packing fractitf. Fig. 2 do not
tend to zero in the limit of a very long polymer chain size results in a stabilization of the mixed state with a corre-
(m—<), but converge to finite values: in the case of thesponding increase in the critical density. This result is not
colloid—polymer system witld=0.06 the infinite-chain lim-  surprising because akis made very smal(for a fixed chain
iting values of the critical point arey,,=0.1 andP%=0.31.  length m) the polymer can be thought of as an ideal gas;
This limiting behavior has also been found in the studies othere is no fluid phase demixing transition in the limiting
Seaf? and Bolhuis et al,* which explicitly include the ideal-gas-hard-sphere mixture, though there is the usual
polymer—polymer interactions; when the polymer is treatedluid—solid phase transition at high packing fractidn.

as an ideal chain, the critical density is found to vanish for ~ The dependence of the critical packing fractigg and
infinite chain lengths of the polymét. compositionx,, on the diameter ratio is plotted in Fig(e3

We now examine the effect of varying the segment tofor polymers of short, moderate, and long length={10,

colloid diameter ratio on the stabilization of the fluid—fluid 100, and 1000 The observation that the segment size cannot
demixing transition. By simultaneously solving the two con-be too low or too high in order for the system to exhibit a
ditions for criticality [Egs. (12) and (13)], the critical prop-  stable region of fluid phase separation, either in the polymer-
erties(packing fraction, mole fraction, and pressuaee de- rich (small d) or in the colloid-rich (large d) regions, is
termined for the colloid—polymer mixture with a given chain clearer to see in this representation. For values of the critical
lengthm and diameter ratial. The chain-length dependence packing fraction above 50% one would expect the appear-
of the critical packing fraction for selected diameter ratios isance of solid phases. In the case of the larger diameter ratios
shown in Fig. 2. In all cases a fluid demixing transition is not(d>0.2), the critical point of the mixture moves deep into
likely to be found for systems of short chainm{15), be- the solid region; it is likely that a first-order fluid—solid tran-
cause this would correspond to states with a very high packsition between two colloid-rich phases preempts the “poly-
ing fraction (5,,>0.5 at the critical pointwhere one would meric vapor—liquid” transition, because the pure hard-sphere
expect the solid phases to be stable. On the other hand, tlelloid freezes at aroung=0.5. For systems with small val-
critical packing fractiony, is seen to decrease rapidly with ues ofd (d<0.01), the critical packing fraction does not
increasing chain length, and as observed previously, it tendacrease in the same way as for systems with lakge this
to a limiting value at largen. The long-chain limit ofy., is  case it is probable that there is a “colloidal vapor—solid”
seen to decrease when the diameter ratio is decreased. Roansition because the critical pressure is seen to diverge for
the system of polymers with the smallest segmerds ( very small values ofl [see Fig. 8)]. This is also consistent
=0.001), the critical packing fraction decays more slowlywith the phase diagram of the AO model for small polymers
with chain length and is always found to be higher than thatvhere the size of the polymécharacterized by the radius of
of the system withd=0.005 over the range ah shown in  gyration must exceed a certain valug>*$0.3) to stabilize
the figure. This finding suggests that a decrease in the polythe “colloidal vapor-liquid” transition with respect to the
mer segment size promotes the demixing transition up to &colloidal vapor—solid” transition®*4° In the limit of short
certain value ofd, but that any further decrease in segmentchains,m— 1, the disappearance of the demixing depends
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FIG. 4. Maximum value of diameter ratid=op /o for the demixing
1 transition of athermal binary mixtures of colloifisard spheres of diameter

L o) and flexible polymergchains formed from tangent hard spheres of
800 - diameterop) determined from the Wertheim TPT1 approach as a function
m=10 of the chain lengtim. The term I-I demixing is used to denote a phase
separation between two isotropic fluid states.

600 - -
P* J L
« knowledge about the colloidal solidification. A pure hard-
400 ~ m=100 - sphere systentcolloid) undergoes a first-order fluid—solid
transitiorf at 7=0.494 andys=0.545, and a “polymeric
vapor-liquid” transition(which occurs in the high-colloid-
200 1 B mole-fraction region of the phase diagrais not likely for
] L the molecular parameters resulting in a critical packing frac-
— 1000 tion higher than about 50%. To determine the maximum size
' of the monomers for which the system still exhibits a stable
fluid—fluid demixing transition, we assume that the critical

FIG. 3. Dependence of the critical properties on the polymer-segment t&aCkmg fracFlon %2Qn0t be hlgher thar,l_SO%' By addlng this
colloid diameter ratiad= o /o for athermal binary mixtures of colloids NE€W constraint g~ = 0.5) to the conditiong12) and (13),
(hard spheres of diameterc) and flexible polymergchains formed from  the upper limit of the diameter ratidcan be determined for
tangent hard spheres of diametes) determined from the Wertheim TPT1 3 system with a given chain length In Fig. 4 we show that

approach. The critical packing fractidoontinuous curvesand composition the maximum value of the segment diameter increases as the
(dashed curvesare shown in@) and the critical pressure iib) for selected

values of the polymer chain lengtin. The reduced packing fraction and polymer chain is made longer. FUrthermore, it iS_ C!ear that
pressure are defined ag=mp* (1—x+xmd)/6 and P*=pPcs2, andx  the diameter of the segments making up the chain is always

=Xp represents the mole fraction of the polymers. smaller than the diameter of the colloid<1). This sup-
ports the conclusio®® that model athermal polymer solu-
tions of hard spheres and chains of hard sphere segments of
strongly on the value of the diameter ratio; on decreasing théhe same sized=1) do not exhibit a fluid phase instability
diameter ratio, the lowest possible valuenofirst decreases with the corresponding demixing. In the case of polymer
and later increases agaie.g., whend=0.1 the limiting  solutions the attractive interactions play a key role in pro-
chain length isn=6.3, ford=0.005 it drops tan=2.9, and  moting the fluid phase immiscibilitycloud curves®® The
for d=0.001 it increases again to=17.0). The trimer thus limiting diameter ratio below which one would expect the
appears to be the shortest chain which may show a meta&thermal colloid—polymer model to exhibit fluid phase sepa-
stable fluid phase and demixing. ration appears to go to a limiting value for infinitely long
In view of the above findings it would be desirable to chains @.,~0.22). This result is consistent with the simula-
determine the precise molecular parametelsn) for which  tion study of Sueret al®® for a single athermal hard-sphere
we would expect our polymer—colloid system to exhibit polymer in a hard-sphere solvent, where the system dith
fluid—solid separation. This is highly nontrivial task because=0.2 exhibits a collapse transition at a packing fraction of
the solid phase is not incorporated into the theory. In this#4%, which points to a demixed state. The promotion of a
work we make no attempt to determine the Asakura—Oosaweollapse transition for systems with a larger hard-sphere sol-
limit (minimum size of the segments making up the polymervent (colloid), corresponding to a decreasing valuedphas
characterized byl), but the protein limitmaximum size of also been notett As we mentioned earlier, the lower AO
the polymeric segmentscan be predicted in the light of limit (minimum size of the polymer segment corresponding

0 T T T T
0.0 0.1 d 0.2 0.3
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1.0 — AGy(P, T)=G(P,T)=NcGc(P,T) = NpGp(P,T),

09 1 i ASH(P,T)=S(P,T)~NcSc(P,T)~ NpSp(P,T),

0.8 7 i AHm(P,T)zH(P,T)—NCHC(P,T)—NPHP(P,T),(14)

7] i AV (P, T)=V(P,T)=NcVc(P, T)—NpVp(P,T).

0.6 4 " The Gibbs free energy of mixing of the colloid—polymer
T,:).s ] B system withm= 500 andd=0.06 is shown in Fig. @) for a

temperatureT* =1.25 (P*=0.8) above and a temperature
T*=0.833 (P* =1.2) below the critical point. In the case of

04 | L the P* = 0.8 statgabove the UCSJthe Gibbs free energy of
0.3 4 - mixing is always negative and does not exhibit a change in
- curvature over the entire composition range, indicating a
0.2 A - stable miscible mixture. For the staB =1.2 (below the
7 i UCST), the Gibbs function remains negative, but a change in
0.1 " T " T ' ' " T ' curvature can be seen in the colloid-rich region of the dia-
0.0 0.2 04 x 06 0.8 1.0 gram; the second derivative of the Gibbs free energy with

composition becomes negative in this region, indicating an
FIG. 5. Temperature—composition phase diagram of the fluid—fluid phase P 9 9 9

equilibria for an athermal binary mixture of colloidisard spheres of diam- msftab'“ty_'n the ﬂu_'d mixture which leads to (‘:iemIXIr(gﬁe
eterac) and flexible polymergchains formed from tangent hard spheres of Spinodal is the point at which the curvature is first seen to
diameterop) determined from the Wertheim TPT1 approach. The param-become negatiye The entropy of mixing of the colloid—
eters characterizing the system are a polymer-segment to colloid diametfﬁmymer system for these twianixed and demixedstates is

ratio of d=op/0:=0.06 and a polymer chain length of=500. The re- . . . .
duced temperature is defined as the reciprocal of the reduced pr@Ssure represented in Fig.(B). The first rather surprising observa-

—1P*=KT/(Pol), andx=x represents the mole fraction of the poly- tion is that the entropy of mixing is always pOSiti_VG for the
mers. athermal colloid—polymer system; for the mixed state

(P*=0.8), it is virtually indistinguishable from the ideal

entropy of mixing, and though the entropy of mixing is seen
to a lower value ofd) is not shown in Fig. 4 because of the to drop for the demixed stateP{ =1.2), it is still signifi-
lack of a proper stability condition to include the solidifica- cantly positive. The consequence of this is that the entropy of
tion of the polymer-rich phase. mixing in such a system favors the mixed state, and care

We end our discussion with an examination of the thershould be taken when one refers to “entropy-driven” transi-

modynamics of mixing for the athermal colloid—polymer tions in athermal colloid—polymer systems. So what is re-
model. For the purpose of comparison with the fluid—fluidsponsible for the phase separation? The answer of course lies
phase equilibria exhibited by simple mixturkit,is useful to  in the enthalpy of mixing which constitutes the other contri-
display the phase separation of the colloid—polymer systerbution to the free energy of a system at constant pressure
in the “temperature”—composition representation. A reduced(AG,,=AH,,—TAS,). It is clear from Fig. 6c) that the
temperature can be defined in terms of the reciprocal of thenthalpy of mixing is larg€in comparative termsand posi-
reduced pressures ¢ =1/P* =kT/(Pod), noting that in  tive over the entire composition range both for the mixed and
an athermal system only the temperature—pressure ratio demixed states, with a slight asymmetry in the curves to-
the important variable. The fluid phase equilibflzinodal  wards the colloid-rich part of the diagram. The importance of
curve for the colloid—polymer mixture witm=500 and such an enthalpic contribution to the free energy in these
d=0.06, determined by ensuring that the pressure andthermal mixtures has already been recognized by Honnell
chemical potentials of each component in each phase amnd Hall®®As the temperature is lowerddr in this case the
equal, is represented in this fashion in Fig. 5. At temperaturepressure increasgdthe contribution of the enthalpy to the
above the upper critical solution temperatdt&CST), which  Gibbs free energy of mixing dominates over the entropic
correspond to the low-pressure states, the mixed fluid phasmntribution and mixing becomes unstable relative to fluid
of the system is stable. When the temperature is lowereghase separation. This is the same mechanism that is respon-
below the UCST(in this caseT%=0.980, corresponding sible for liquid—liquid immiscibility in simple mixturescf.,
to increasing the pressure abof¥,=1.02), the mixture Fig. 5. The positive contribution of the enthalpy of mixing
exhibits fluid—fluid phase separation into colloid-rich andgives rise to the change in curvature of the Gibbs free energy
colloid-poor phases. One can now ask the question: What ig the colloid region of the diagram and to the subsequent
the main thermodynamic contribution leading to such a fluidphase separatiofcommon tangent conditionWhat is the
phase separation? In order to answer this type of question ieason for this large positive enthalpy of mixing in athermal
is common to determine the thermodynamic functions ofcolloid—polymer systems? The change in the internal energy
mixing. The changes in the Gibbs free energy, entropy, enef an athermal system is zera J,,=0), so the only con-
thalpy, and volume on mixing of the colloid and polymer for tribution to the enthalpy is due to the change in volume of
a compositiorxc andxp at a constant pressuReare defined mixing (AH,, =AU+ PAV,=PAV,)). This means that
in the usual way ds the volume of mixing in the system must be positive, as can
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-0.2 0.20 -| R FIG. 6. Thermodynamic properties of
AG* NI L mixing f_or an athermal binary mixture
" 0"?15 | L of colloids (hard spheres of diameter
-0.3 ] oc) and flexible polymers(chains
0.10 | formed from tangent hard spheres of
' diameter op) determined from the
-0.4 1 0.05 _ L Wertheim TPT1 approach. The param-
’ eters characterizing the system are a
1 polymer-segment to colloid diameter
0.5 0.00 N ratio of d=op/0oc=0.06 and a poly-
0. 0.0 02 04 x 06 08 1.0 mer chain length ofn=500. The re-
(b) 0 \ , . \ (d) 0.3 R SO TR S o_lug:t(egd /Gibbs free energyAGEn
I i Proos L =AG,,/(NKT), (b) entropy AS;,
o6 1 P*=0.8 i 0.30 4 L =AS,/(NK), (c) enthalpy AHZ
’ | ) =AH,,/(NkT), and(d) volume AV},
05 _ L 0.25 pr=ta = =AV,, /o of mixing are plotted for
' I j L mixed (P*=0.8) and a demixedR*
04 P*=12 L 0.20 4 - =1.2) states; the ideal entropy of mix-
ASH o | AV® L ing is also shown as a dashed curve.
" 0.15 - L The reduced pressure is defined as
0.3 7 i J | p* zﬁPaé, andx=Xp represents the
02 0.10 - L mole fraction of the polymers.
o1 4 L 0.05 - 3
0.00 ———— T
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00 02 04 5 06 0.8 Lo 0.0 02 04 x O 0.8 1.0

indeed be seen from Fig(d®. The positive volume of mix- V. CONCLUSIONS

ing leads to a positive enthalpy of mixing, which in turn

makes an unfavorable contribution to the Gibbs free energy In this work we have presented the results of a study of
of mixing. The large volume of mixing in the system is due the molecular conditions which give rise to fluid phase sepa-
to large colloid—polymer excluded volume interactions:ration in binary mixtures of hard colloids and flexible poly-
when the colloid and polymer are mixed at constant volumemers. By using the Wertheim TPT1 theory, it is possible to
the increase in the excluded volume interactions leads to #eat both components at the “microscopic” level of the seg-
higher pressure; in order to maintain the pressure constanents making up the polymer; i.e., not only the length of the
the mixture will tend to increase its volume and minimize thepolymer, but the diameter of the segment is a relevant vari-
unfavorable excluded volume interactions. Of course, theble. As well as a description of the colloid—colloid and
maximization of the free voluméminimization of the ex- colloid—polymer interactions, this approach allows for the
cluded volumeis an entropic effect, but as we have shownexcluded volume effect between polymers to be taken into
for the athermal colloid—polymer system this leads to anconsideration. One advantage of the TPT1 approach is that
unfavorable enthalpy of mixing not an unfavorable entropyone does not explicitly require any information about the
of mixing. The Gibbs function represents all the entropicdimension of the polymer, which can change abruptly both
contributions of the system and its surroundings, and everyith density and composition. The incorporation of
spontaneous process is driven by an increase in the totpblymer—polymer interactions leads to significant differ-
entropy. When the diameter of the polymer segment is inences with the theoretical predictions for ideal chains, not
creased relative to the diameter of the coll@drresponding only in the protein limit(large polymers and small colloigs

to an increase in the ratid), the volume of mixing de- but also in the AO limit(polymers which are much smaller
creases and eventually becomes negative. For the systetmn the colloids In common with other recent studi&s?®
with m=500 the volume of mixing becomes negative for we find that the treatment of the polymer—polymer interac-
ratios aboved~0.24; this confirms that the symmetric sys- tions suggest that the critical density for fluid phase separa-
tem with d=1 has a negative volume of mixing as was tion tends to a finite value as the chain length is increased. In
found by Honnell and Haft® The explanation for the nega- addition, there also appears to be a maximum in the polymer
tive volume of mixing and lack of fluid phase separation forsegment—colloid diameter ratio of abodtop/o:~0.2,

the systems with a larget is that as the polymer segments above which the athermal colloid—polymer system is not ex-
are made larger, the magnitude of the polymer—polymer expected to exhibit fluid phase separation regardless of the
cluded volume increases relative to polymer—colloid ex-chain length of the polymer. We also show that an unfavor-
cluded volume which drives the demixing. able enthalpy of mixingdue to the large colloid—polymer
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