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Simulation and theory of fluid demixing and interfacial tension of mixtures of colloids
and nonideal polymers
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An extension of the Asakura-Oosawa-Vrij model of hard sphere colloids and nonadsorbing polymers is
studied with grand canonical Monte Carlo simulations and density functional theory. Polymer nonideality is
taken into account through a repulsive step-function pair potential between polymers. Simulation results
validate previous theoretical findings for the shift of the bulk fluid demixing binodal upon increasing strength
of polymer-polymer repulsion, indicating suppression of phase separation. For increasing strength of the
polymer-polymer repulsion, simulation and theory consistently predict the interfacial tension of the free inter-
face between the colloidal liquid and the colloidal gas phase to decrease significantly for fixed colloid density
difference in the coexisting phases, and to increase for fixed polymer reservoir packing fraction.
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I. INTRODUCTION of hard spheres. This introduces one additional model param-
. : . eter, namely the ratio of step-height and thermal energy, in-
Various different levels of description have been em-n51ing )tgetween the AOE)/ cage when this quantitygzl/an-
ployed in order to study mixtures of colloidal particles and ishes, and the additive binary hard sphere mixture when it
nonadsorbing globular polymef4,2]. While colloid-colloid ecor”nes infinite. Following the hard sphd¥] and AOV
interactions are reasonably well described by those of haraases[lz 13, the well-defined particle shapes of this model
spheres, the effective interactions between colloids and pOIVéllowed t,o othain a geometry-based density functional theory

mers, as well as that between the centers of two polymeriDFT) [28,29 specif ; :
. , pecifically tailored for this moddR5]. The
are more delicate. The model due to Asakura and Oo$ajva theory can, in principle, be applied to arbitrary inhomoge-

and Vrij [4] (AQV), taklng_the coI_I0|ds to be.haf‘?' spheres neous situations, which constitutes arposteriorijustifica-
and the pqumer-polyr_ne_r Interactions to vanish, is arguabuion for using these model interactions. The trends found for
the most simple description of real colloid-polymer Mixtures.yye ;i fluid demixing transition into a colloidal liquid
Its appeal clearly lies in its simplicity, rather than in very hase(that is rich in colloids and poor in polymérand a
close resemblance of experimental colloid-polymer system olloidal gas phaséhat is poor in colloids and rich in poly-
enabling detailed simulatiofb—9] and theoretical6,10-13 mers, upon increasing the polymer-polymer interaction

studies Of. b_ulk[5—81 an.d interf_acial[9,14—19 propertie_s. strength, demonstrated improved accordance with the experi-
More realistic effective interactions between the constituenf, oo findings of Ref[30], as compared to the AOV case
particles can be systematically obtained by starting at th 17,25, where the DFT prédicts the same phase diagram as

polymer segment level, and integrating out the micro_scopi he free volume theor11]. Furthermore the extended AOV
degrees of freedom of the polymef8,20]. The resulting 1,46l was used in the study of the “floating liquid phase”

cplloid—polymer interaction is a smoothly varying function of that was found in sedimentation-diffusion equilibriystd].

Burther discussion of the model and its relation to the AOV
rescription is given in Ref.25].

The aim of the present paper is twofold. First, we want to
assess in detail the accuracy of the DFT of Heb] by
comparing to results from direct simulations of the extended
AOV model. While phase coexistence is often studied in the
"Gibbs ensemblE32], we instead choose to take advantage of
recently developed methodd,33] that rely on the grand
canonical ensemble. Benefits are accurate estimates of the
interfacial tension[7,34] and access to the critical region
[35]. The binodal we obtain in the simulations is compared
to that from DFT, and good agreement between both is
found. This result strongly supports the original claim that a

*Present address: Institut fiir Theoretische Physik Il, Heinrich-straightforward perturbation theory, taking the AOV system
Heine-Universitat Dusseldorf, UniversitatsstraRe 1, D-40225 Dusas the reference state and adding polymer-polymer interac-
seldorf, Germany. tions in a mean-field-like manner, will fail, as the bulk fluid-

leads to a soft Gaussian-like polymer-polymer repulsion
Such effective interactions have been used to calculate bulﬁ
phase behavid,21,23.

In order to retain most of the simplicity of the AOV
model, but still to capture polymer nonidealit3,24], the
AOV model was extended using a repulsive step-functio
pair potential between polymers in Rg25] (note that using
a pairwise potential is an approximation; for a study of real-
istic effective pair potentials for polymer solutions see, e.g.
Ref.[26]). The colloid-polymer interaction was kept as that
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of the geometry-based DFT, as discussed in detail in Ref. 3

[25]. Instead, even to lowest order in strength of the

polymer-polymer interaction, a non-trivial coupling to the Particle numbers are denoted By, and as bulk thermody-
colloid density field needs to be taken into account; the DFThamic parameters we use the packing fractioms

of Ref. [25] does this intrinsically. Our second aim is to :mr?Ni/(GV), whereV is the system volume, anéc,p. As
study the interfacial tension between demixed colloidal gasan alternative toz, we use the packing fractiom[)

and liquid phases, which is known from experiments:wagp[)/G in a reservoir of pure polymers, interacting via
[36-39, theory[14,16,17,40) and simulation[7,41] to be Vpe(r) as given above, that is in chemical equilibrium with
orders of magnitude smaller than that of atomic substanceshe system, witrp; being the polymer number density in the
While much work has been devoted to the case of noninterreservoir.

acting polymerg7,14,16-19,40,4]1 only quite recent stud- The model is characterized by two dimensionless control
ies addressed the effect of polymer nonidealiy2—44.  parameters, namely the polymer-to-colloid size ratjo
Aartset al.[42] use a square gradient approach based on thegp/gc, and the scaled strength of polymer-polymer repul-
free energy of a free volume theory, to include polymer in-sion, e, with B=1/(kgT), kg the Boltzmann constant, affd
teractiond45], and the mean spherical approximation for thethe absolute temperature. As limiting cases, the present
direct correlation function. They find the gas-liquid interfa- model possesses the AOV model 8¢=0, where polymer-
cial tension to decrease as compared to the case of nonintgjolymer interactions are ideal, and the binary additive hard
acting polymers, when plotted as a function of the densitysphere mixture in the limiBe— . One can use the param-
difference in the coexisting phases. Similar findings wereeter Be to match to a real system at a given thermodynamic
reported by Moncho-Jordét al.[43], who also used a square statepoint, polymer type and solvent, by imposing equality of
gradient approach, but based on an effective CO”Oid-CO”OiC{he Secondpdymer-po]yme}’ virial coefficients. See Ref.
depletion potential that reproduces simulation results accy25] for an in-depth discussion of this procedure.

rately[46]. Our present study goes beyond R¢#2,43, and It is to be noted that changing temperature in an experi-
also beyond the very recent Re#4] using perturbative mental colloid-polymer mixture simultaneously affects the
DFT, as we employ a nonperturbative DFT treating the fullstrength of polymer-polymer repulsioe, as well as the
two-component mixture of colloids and interacting polymers.polymer size through coil swelling; see, e.g., Ré&3,24

We compare results for the interfacial tension to our datgor thorough discussions, and RE25] for the relation to the
from direct simulation of the binary mixture. Besides its in- present model. In the presentation of our data we will follow
trinsic interest, the interfacial tension is relevant for the oc-a slightly artificial, but theoretically appealing, route of vary-
currence of capillary condensation in confined systemsng ge at constantsize ratioq,.

[47-49 as is apparent from a treatment based on the Kelvin
equation[50]. It determines static and dynamic properties of
thermally excited capillary waves that decorate the interface;
colloid-polymer mixtures are a primary model system to A. Density functional theory
study capillary-wave induced roughness of interfaces . . , . .
[49,51). We find good agreement of theoretical and simula- To investigate bulk and interfacial properties of the

tion results demonstrating that the theory is well suited t resent model, we use the geometrically based DFT of Ref.
tackle further interesting inhomo enegus situations 0{25] that has its roots in generalizations of Rosentfeld's
9 9 fundamental-measure theory for additive hard sphere mix-

colloid-polymer mixtures under external influence. tures[27], namely the treatment of the “penetrable sphere

The paper is organized as follows. In Sec. Il we define th«s-m " . .
S odel”[52] (equivalent to the present polymer partiglaad
extended AOV model taking into account polymer-polymerthe DF'E' g]egluci]nely developedpfor the ?AOX/ molcj[élz](.) The

;Gi}r?]lallit(i)gﬁ {gcﬁﬁic.ulellsvﬁ ggsﬂ?(/sriiﬁ?stgf ;B%ﬂﬁ?galhzggminimization of the grand potential is carried out with a
ques. ; P simple iteration technique. We refer the reader directly to

2323\332 zianngettgevlnterfamal tension are presented, and WRef. [25] for all details about théapproximate Helmholtz
n free energy functional.

fluid binodal from this approach differs markedly from that v e r<oyp,
poll) = 0 otherwise.

IIl. METHODS

Il. MODEL
We consider a mixture of hard sphere colloidpecies & B. Simulation method
of diametero,, and effective polymer spher¢species pof The simulations are carried out in the grand canonical

diameteray, that interact via pairwise potential;(r) with  ensemble, where the fugacities and z,, of colloids and
(i,j) e (c,p), as function of the center-to-center distarrce polymers, respectively, and the total volurveare fixed,

between two particles, given as while the number of particled\, and N,, are allowed to
{m r<o fluctuate. We use a rectangular box of dimensidns L
Vo) = < (1) XD, with periodic boundary conditions in all three spatial
0 otherwise, directions, and simulate the full mixture as defined by the
pair potentials given in Eqg1)—(3), i.e., the positional de-
Vo (r) = { r<(oc+aopl2, ) grees of freedom of both colloids and polymers are explicitly
° 0 otherwise, taken into account. Note thasymmetridinary mixtures are
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in general difficult to simulate, and prone to long equilibra- rating the phases, is very small. In this approach, states
tion times. To alleviate this problem, we rely on a recentlywindows are sampled successively. In the first window, the
developed cluster moV&,53], that has already been applied number of colloids is allowed to vary between 0 and 1, in the
successfully to the standard AOV mod@|35,53,54 Here  second window between 1 and 2, and so forth. The number
we perform the generalization 8> 0 which is straightfor-  of polymers is allowed to fluctuate freely in each window.
ward. . ) . Our sampling scheme is thus strictly one-dimensional: the
During the simulation, we measure the probabifyz:)  pjas is put on the colloid density only. Note that this becomes
of finding a certain colloid packing fractiom,. At phase prgplematic for very large systems because of droplet forma-
coexistence, the distributioR(z;) becomes bimodal, with oy an additional free energy barrier, which grows with the
two peaks of equal area, one located at small valueg.of sjze of the simulation box, must be crossed before the tran-

corresponding to the colloidal gas phase, and one located kion from the droplet state, to the slab geometry occurs
high values ofp, corresponding to the colloidal liquid phase. hich is required if the interfacial tension is to be deter-

B Soeience bl o e et o mined. A poried outn RefS56.57, s adiionl ar
play similar behavior. The equal area riss] implies that rier is not one in colloid density, but rather in the energylike
(ne P()d7.= 1% \P(n)dme with (7.) the average of the parameter, which for our system would pe the pol_ymer qlen-
o P He= ) (pe) 77; e e sity. Hence, for very large systems, a naive one-dimensional

full distribution (7¢)= [ 72P(7c)d7c, where we assume that piasing scheme such as described above, is prone to severe
P(n.) has been normalized to unitfyP(7)d7.=1. The  sampling difficultiessmore appropriate in this case would be
packing fraction of the colloidal gas, now follows trivi- 3 two-dimensional sampling scheme in both the colkmidi

ally from the average ofP(5) in the first peak: 7  the polymer density For the system size used in the present
=2/ n.P(5)d7, and similarly for the colloidal liquid:  study, however, no problems in obtaining the slab geometry
anzfzoﬂc)ncP(ﬂc)dﬂc’ where the factors of 2 are a conse- were encountered.

guence of the normalization &(7,). In this work, we simulate up to a colloid packing fraction

The interfacial tensiory is extracted from the logarithm 0f 7.~0.45, corresponding to a maximum of around 1000

of the probability distributionW=kgT In P(7,). Note that colloidal particles. The maximum number of polymers is ob-
~W corresponds to the free energy of the system. Therefordained at lowz.. While the precise number depends g

the heightF, of the peaks i'W, measured with respect to the and Be, a value of 3000 is typical. In each windo®(10’
minimum in between the peaks, equals the free energy bagrand canonical cluster moves are attempted, of which
rier separating the colloidal gas from the colloidal liquid O(10°) are accepted at low;,, and O(10°) at high 7, (the
[34]. F_. may be related to the interfacial tensigrby noting ~ grand canonical cluster move thus becomes less efficient

that, at colloid packing fractions between the pegRs< 7, with increasing colloid packing fractionThe typical CPU

< 7., the system consists of a colloidal liquid in coexistencetime investment to obtain a single distributi®{z,) is 48

with its vapor. A snapshot of the system in this regime re-hours on a moderate computer.

veals a so-called slab geometry, with one region dense in

colloids, and one region poor in colloids, separated by an V. RESULTS
interface. (Because of periodic boundary conditions, two '
such interfaces are actually presgiftan elongated simula- In Fig. 1 we plot results for the bulk fluid-fluid demixing

tion box with D>L is used, rather than a cubic box with binodal as obtained from theory and simulation in the
D=L, the interfaces will be oriented perpendicular to the(7c, 77,) plane, i.e., using the “system representation.” For the
elongated direction, since this minimizes the interfacial areaAOV case(recovered foBe=0), the DFT predicts the same
and hence the free energy of the system. The total interfaciddulk free energy for fluid states, and hence the same demix-
area in the system thus equals®2nd, following Ref[34], ing binodal, as free volume theof{1]. The theoretical bin-
y=F_/(2L?). An additional advantage of using an elongatedodal is known to compare overall reasonably well with simu-
simulation box is that interactions between the two interfacesation results for a variety of size ratigs but to deviate from
are suppressed. This enhances a flat regioif lmetween the  simulation results close to the critical poir&,7—9. For in-
peaks, which is required for an accurate estimate of the inereasing strength of the polymer-polymer repulsi6a, (and
terfacial tension. In this work, an elongated box of dimen-constant size ratiq, i.e., neglecting impact on the polymer
sionsD/0.=16.7 andL/0,=8.3 is used. size upon changing temperatls,24]) the theoretical criti-
Close to the critical point the simulation moves back andcal point shifts toward higher values @, and very slightly
forth easily between the gas and liquid phases, while furtheto lower values ofp,. The accompanying shift of the binodal
away from the critical point, i.e., at higher polymer fugacity, leads to a growth of the one-fluid region in the phase dia-
the free energy barrier between the two phases increasegram, hence polymer-polymer repulsion tends to promote
Hence transitions from one to the other phase become lessixing. The simulation results indicate the same trend, but
likely, and the simulation spends most of the time in only oneshow a quantitatively larger shift of the binodal toward
of the two phases. A crucial ingredient in our simulation ishigher values ofy. upon increasing3e. Note also the pro-
therefore the use of a biased sampling technique. We emplayounced finite-size deviations of the simulation data in the
successive umbrella sampling, as was recently developed hycinity of the critical point. As a result, the slight decrease in
Virau and Mdller[33], to enable accurate sampling in re- the critical value ofz, with increasingge, as predicted by
gions of . whereP(7,), due to the free energy barrier sepa- DFT, cannot be identified in the simulation data. To better
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FIG. 2. The analog of Fig. 1, but as a function of colloid pack-
ing fraction, 7, and polymer reservoir packing fractiow[), in a
reservoir of interacting polymerga) DFT results;(b) simulation
results.

FIG. 1. Bulk fluid-fluid demixing phase diagram as a function of
colloid packing fraction,n;, and polymer packing fractiony,, for
size ratiog=0.8 and increasing strength of the polymer-polymer
repulsionBe=0, 0.1, 0.25, and 0.%as indicateyl (a) The binodal
(lines) and critical point(symbolg as obtained from DFT. The case
Be=0 (dashed line and open symbpabrresponds to the result from
free volume theory for the AOV modelb) The binodal as obtained

from simulations(symbols indicate data points; lines are guides to -
(@) Pe=0 ——
the eye. 0.1 ----
N _ o ) ) _ 0.25 ==
access the critical region, a finite size scaling analysis 3l 0.5 e

[58-60 would be required. While such an investigation has
been carried out for the standard AOV mo{®%], it would
require extensive additional simulations for the extended
model, which is beyond the scope of the present work.
When plotted in thé 7, ;) plane or “reservoir represen-
tation,” the theoretical results display a similar shift of the
binodal toward larger values of., and considerable broad-
ening of the coexistence region; see Fig. 2. This implies that

0 005 0.1 0.5 02 025 03 035 04

at a given value ofng above the critical point, increasing the e

polymer-polymer repulsion leads to a larger density differ- 41 1380='(1) T

ence between the coexisting phases. The broadening of the w, 0.5 —-oeen ]
coexistence region is strikingly confirmed by the simulation 3l Teag o, 05 e e
data. We again observe an overall shift of the binodals to- <

ward higher values ofy.. In accordance with findings for the ;2_&,& e
standard AOV mode[5,7-9, the critical value ofz, ob- = T s
tained by DFT underestimates the simulation value. This is 1 ?**u —— I PEEES
related to the universality class of the AOV model, which is \Nﬂm - M
that of the 3D Ising mod€I35], and hence, close to critical- ok ]

ity, deviations from a mean-field treatment like the present
DFT are to be expected.

0 005 01 0I5 02 025 03 035 04

IncreasingBe has a profound impact on the range of val- e
ues of the(scaled chemical potential of polymersu, FIG. 3. The same as Fig. 1, but as a function of colloid packing
=In(zpo§), at colloidal liquid-gas coexistence. We plot in Fig. fraction, 7, and (scaled chemical potential of polymersgu,
3 the phase diagram as a functiongfand Gu,,. A profound =In(zpa§). (a) DFT results;(b) simulation results.
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FIG. 4. Dimensionless interfacial tensiq@ryog, of the free col- . . .
FIG. 5. The analog of Fig. 4, but as a function of the colloid

loidal gas-liquid interface as a function of the difference in colloid
packing fractions of the coexisting state$sy.= 77|c‘ 73. The size
ratio is =0.8, and the strength of the polymer-polymer repulsion
equalsBe=0, 0.1, 0.25, and 0.5 as indicatdd) DFT results;(b)
simulation results.

packing fraction,s., and polymer reservoir packing fractio%. (a
DFT results;(b) simulation results.

0.7

shift of the binodal to larger values @u, is induced by 06l

increasingBe. This seems reasonable as large values of the ‘

chemical potential are required to overcome the polymer- 05t

polymer repulsion and hence to achieve sufficiently high o 04lb
©

polymer densities that lead to phase separation.

In Fig. 4, we show results for thescaled gas-liquid in-
terfacial tensionfyog, plotted as a function of the difference o2l
between the colloid packing fraction in the coexisting
phasesA 7.= 77|c‘ 72. Both DFT and simulation indicate that
the interfacial tension decreases markedly upon increasing 0
Be, in accordance with results from square-gradient treat-
ment [42,43 and perturbative DFT44]. Note that this

change is not due to interfacial contributions alone, but also ) F

to the pronounced changes in the location of the bulk demix- 0.6} N .

ing binodal discussed above. The decrease might seem rea- J ;025 e

sonable based on the profound increase in the density of the 051 / 0.5 ==

coexisting liquid upon increasing@e, see again the phase o 047 N

diagram in the reservoir representation, Fig. 2. As is appar- & 03l f

ent, a given value oA 7, corresponds to a reduction Qt) at ’ ; .

coexistence upon increasinge. We believe that this de- 0.2t J fi g

crease induces the observed decrease in interfacial tension. 01t ; Z
Alternatively, comparing the interfacial tension as a func- S M;m

tion of 7 thus reveals aincreasewith increasingBe; see 0 05 T 15 5 25 3 35 4

the upper panel of Fig. 5 which shows the DFT result. The B,

lower panel of Fig. 5 shows the corresponding simulation

data. The increase in the interfacial tension with increasing FIG. 6. The same as Fig. 4, but as a function of teealed
Be is confirmed up toBe=0.25, but not forBe=0.5. The  polymer chemical potentialﬁﬂpzln(zpag). (a) DFT results; (b)
simulation data for the latter case, however, should be treatesimulation results.
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with some care, as in grand canonical simulations, the quarpolymer mixture. We have used a simplistic pair potential
tity 7IL does not play the role of a direct control parameter,between polymers, given by a repulsive step-function, to ex-
which rather the polymer fugacity,, does. Consequently, tend the standard AOV model to cases of interacting poly-
conversion to the reservoir representation requires an addiners. Grand canonical Monte Carlo simulations of the full
tional step, namely the determination gf as a function of mixture demonstrate the reasonable accuracy of the theory,
With the exception of Be=0, in which case 7 with a tendency to quantitatively underestimate the shifts in
:mrgzp/G holds trivially, this conversion introduces an addi- the bulk fluid-fluid demixing binodal, and the gas-liquid in-
tional statistical uncertainty. Figure 2 shows that, fé¢  terfacial tension, upon increasing strength of the polymer-
=0.5, the binodal has become very flat, so even small uncepolymer repulsion. The present study demonstrates the use-
tainties in# imply rather large uncertainties ih7.. Hence, fulness of the model as such, as it clearly displays previously
for very flat binodals, the reservoir representation is not confound features due to polymer non-ideality. This offers ways
venient in simulationgmore reliable in this case is the sys- to study further interesting inhomogeneous situations, like
tem representation, see Fig. 4, which, as a benefit, is experihe wetting properties at substrates. Such investigations
mentally more relevait A second point is that the Monte could test the robustness of the results obtained for the sur-
Carlo cluster move becomes less efficient with increasing face phase behavior at a hard wall using ideal polymers
and Be (see Ref[7]) and this will also adversely affect the [9,16—19.
data(especially forBe=0.5, since then botlBe and 7l|c are

substantigl Therefore, we conclude that the shift of the ACKNOWLEDGMENTS
simulation data forBe=0.5 in Fig. 5 most likely reflects a ) . i
simulation artifact. When plotted as a function of fisealed We thank Jurgen Horbach, Marcus Milller, Kurt Binder,

chemical potential of polymersu,, the interfacial tension Marjolein Dijkstra, and Andrea Fortini for many useful and
shifts to significantly higher values @, upon increasing INSPIrng discussions. The work of M.S. is part of the re-
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