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We report a numerical study of equilibrium phase diagrams and interfacial properties of bulk and
confined colloid-polymer mixtures using grand canonical Monte Carlo simulations. Colloidal
particles are treated as hard spheres, while the polymer chains are described as soft repulsive
spheres. The polymer-polymer, colloid-polymer, and wall-polymer interactions are described by
density-dependent potentials derived by Bolhuis and Louis [Macromolecules 35, 1860 (2002)]. We
compared our results with those of the Asakura-Oosawa-Vrij model [J. Chem. Phys. 22, 1255
(1954); J. Polym Sci 33, 183 (1958); Pure Appl. Chem. 48, 471 (1976)] that treats the polymers as
ideal particles. We find that the number of polymers needed to drive the demixing transition is larger
for the interacting polymers, and that the gas-liquid interfacial tension is smaller. When the system
is confined between two parallel hard plates, we find capillary condensation. Compared with the
Asakura-Oosawa-Vrij model, we find that the excluded volume interactions between the polymers
suppress the capillary condensation. In order to induce capillary condensation, smaller
undersaturations and smaller plate separations are needed in comparison with ideal polymers.

© 2008 American Institute of Physics. [DOI: 10.1063/1.2818562]

I. INTRODUCTION

Mixtures of colloids and polymerslf3 are simple model
systems that have been studied extensively in the past few
years. Provided the size and the number of polymers are
sufficiently high, such mixtures can phase separate into a
colloidal gas phase that is poor in colloids and rich in poly-
mers and a colloidal liquid phase that is rich in colloids and
poor in polymers. While it is well established that the inter-
actions between sterically stabilized colloidal particles are
well described by the hard sphere potential,4 the interactions
between the polymers in the mixture can be, in general, very
complicated. Nevertheless, if we consider the case of flexible
polymer chains in a “good solvent” conditions, we can as-
sume that the excluded volume interactions between the
chains are small and that the chains cannot penetrate the
colloidal particles. The mechanism behind the demixing tran-
sition is then easily explained. In Fig. 1(a), we illustrate the
mixture of spherical colloids and polymer chains. Around
each colloid, there is a depletion region prohibited to the
polymers due to the hard-core interactions. If two colloids
approach each other, so that two depletion zones overlap,
there is an increase in free volume for the polymer chains,
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i.e., an increase in entropy. The increase in entropy can be
described by an effective attractive interaction between the
colloidal particles. A similar depletion mechanism occurs be-
tween a hard wall and the colloidal particles. If the polymers
do not adsorb at the wall, they are excluded from a region
close to the wall. The overlap between the depletion zone at
the wall and the depletion zone of one colloid induces an
increase in free volume and, hence, in entropy.

One particular simple model for colloid-polymer mix-
tures is the Asakura-Oosawa-Vrij (AOV) model’”’ that de-
scribes the polymer chains as spherical particles with a ra-
dius equal to the radius of gyration of the polymer.
Furthermore, polymer spheres can freely overlap, while they
are excluded from a center of mass distance from the colloi-
dal particles. The AOV model has been studied extensively
in the past few years, and it was shown that it describes
qualitatively the bulk®'® and interfacial phase behavior'
of mixtures of colloids and polymers. A similar level of
agreement was found for the interfacial tension of the
gas—liquidlf”B’z4 and wall-fluid interfaces,”**® and for the
phase behavior of confined systems.27_34

The quantitative discrepancies between experimental re-
sults and the AOV model results can arise from a number of
reasons, such as nonideal solvent conditions,35 colloid-
induced polymer compress.ion,36 effect of charges on the col-
loidal surface,””*® or polymer excluded volume interactions.

© 2008 American Institute of Physics
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FIG. 1. (a) Ilustration of a mixture of colloids and polymer chains in con-
tact with a hard wall. Depletion zones (dashed lines) and overlap zones
(light gray) are also depicted. (b) Illustration of a model colloid-polymer
mixture in the polymer-as-soft-sphere approach.

O

In this article, we will concentrate on the latter aspect. The
simplest inclusion of polymer interactions was done by in-
troducing a step function interaction between the polymers,
i.e., an energy penalty for the overlaps of two polymers. The
step potential was used to study the bulk phase diagram and
interfacial tension”**" as well as the stability of the floating
liquid phase in sedimenting colloid-polymer mixtures*' with
a geometry-based density functional theory (DFT). This ap-
proach gives results that are in better agreement with experi-
ments when compared against the AOV model, but the
height of the step potential must be introduced as an addi-
tional free parameter. Furthermore, we expect the polymer-
colloid interaction to be modified as well when considering
excluded volume interactions between polymers. Other the-
oretical approaches have been developed to study the effect
of polymer interactions in colloid-polymer mixtures. Aarts
et al.** extended the free volume theory9 to include polymer
interactions and studied the gas-liquid interfacial tension
with the square gradient approximation z:1pproach.42_45 A one-
component perturbative DFT that includes excluded volume
interactions and uses the approach of Ref. 46 was developed
by Moncho-Jorda et al* to study confined systems and the
gas-liquid tension.

Another approach is to describe the polymers as soft
spheres,48750 with effective interactions derived from inver-
sion of the center of mass correlation functions in lattice
self-avoiding-walk (SAW) polymer simulations. This ap-
proach generates soft density-dependent potentials for the
polymer-polymer and colloid-polymer interactions, which
gives accurate simulation results for the bulk phase
behavior’' that are in quantitative agreement with experi-
mental results. In a similar approach, proposed by Jusufi
et al.,s2 the effective potentials are derived from off-lattice
molecular dynamics simulations of SAW polymer chains.
These potentials were used in Monte Carlo simulations to
study the bulk phase behavior>* and the gas-liquid interfa-
cial tension™ of colloid-polymer mixtures, leading to results
in quantitative agreement with experiments.

In this work, we study the effect of excluded volume
interactions on the interfacial properties and phase behavior
of confined colloid-polymer mixtures with Monte Carlo
simulations. We simulate a binary mixture with the density-
dependent potentials derived in Ref. 48 and compare the
simulation results with those for the AOV model.

J. Chem. Phys. 128, 024904 (2008)

TABLE I. Coefficients for the density-dependent parameters of the polymer-
polymer interaction potential v, defined in Eq. (2).

k=1 k=2 k=3
a) 1.474 09 -0.232 10 0.638 97
a -0.076 89 0.031 32 0.241 93
b 0.981 37 0.42123
b, -0.056 81 -0.026 28

Il. MODEL

The colloids are treated as hard spheres and the corre-
sponding pair potential reads

if r; <o,

Bvcc(Rij) = (1)

0 otherwise,
where R;;=|R;—R] is the distance between two colloidal par-
ticles, with R; the position of the center of mass of colloid i,
B=1/kgT, kg is Boltzmann’s constant, and T the tempera-
ture. For the coarse-grained effective polymer-polymer,
colloid-polymer, and wall-polymer potentials, we use the ex-
pressions of Ref. 48 obtained from microscopic simulations
of SAW polymer chains consisting of 500 segments on a
lattice and a radius of gyration R,=16.33 lattice units at*zero
concentration. We introduce the overlap concentration p de-
fined by the equation 4/377'p*R3 =1 and the polymer reser-
voir packing fraction 77,=p,/p", with p/, the density in the
reservoir of pure polymers in osmotic equilibrium with the
two-component system of interest.

The effective density-dependent
interactions™ read

polymer-polymer

3
Bop(ri ) = 2 (g )expl(= ryf Rbi (), (2)
k=1

where R, is the radius of gyration and r;j=|r;—r| is the dis-
tance between two polymers, with r; the position of the cen-
ter of mass of polymer i. The density-dependent parameters
are linear in the density, a,=a}+a; 77, and by=b)+b; 7, All
coefficients, except bi, are given in Table I. The coefficients
bz are fixed by imposing the equality of the mean field equa-
tion of state,

BPlp,=1+p,Bi(0;p,)/2, (3)

for the fitted potentials and the SAW simulations, where the
function

BH(0;p,) = 477[ rz,vap(r,pp)dr (4)

is the k=0 component of the Fourier transform of the
polymer-polymer pair potential. In practice, the condition is
satisfied by imposing the equality between

3
Bo0; 7)) = > al )b ) (5)
i=1

derived from Eq. (2) and
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TABLE II. Coefficients for the density-dependent parameters of the colloid-
polymer interaction potential v, defined in Eq. (7) for size ratio q=1.05.

J. Chem. Phys. 128, 024904 (2008)

. ' @ ‘ ‘ C®

1/c
o

% 0.3 T

05

i 15
z/G
.

k=1 k=2
! 5.5610 1.8477
cl -0.8042 1.4759
d 0.7751 1.2720
d; -0.1151 0.1052
el 0.4082 0.0

e 0.1410 0.0

B6(0; 77,) = 477(1.2902 + 0.281 3277, + 0.136 76(77,)*
—0.040 892(7))°) (6)

derived using the potentials obtained from the inversion of
the radial distribution function determined from SAW simu-
lations.
The concentration-dependent colloid-polymer potential
reads”’
2

s 77;,) = g cxl n;,)exp[— ((|Ri - l'j|

ﬁvcp(|Ri - rj

= el /(R di(7))*], ()

where |R;—r/| is the distance between colloid i and polymer
j. The density-dependent parameters are linear in density,
ie., ck=c2+c,l<17;, dk=d2+d,i17;, and ek=e2+e,1{7/;. The coef-
ficients are given in Table II for size ratio ¢g=1.05.

The interaction between colloidal particles and the hard
wall is hard-sphere-like; that is, the colloidal particles cannot

penetrate the walls. The interaction between polymers and
the hard wall*® reads

Bowp(z. 1) = fo(n,)explf1(7)) 2/ R, + fo(1,)Z*/R:
+ ()2 IR}), (®)

where z is the distance between the wall and the center of
mass of the polymer. The parameters have a quadratic den-
sity dependence fi(77)) =/} +fi 7, +/fo(7,)% with k=0,1,2.3.
The coefficients are given in Table III. In Fig. 2, we show the
effective polymer-polymer, colloid-polymer, and wall-
polymer interactions for 771’,: 1.029 95 as an example.

A final note on the potentials described in this section is
in order. Due to a small error in the calculation of the radius
of gyration in Ref. 48, all the equations and coefficients pre-
sented here were parametrized assuming a radius of gyration
Rg=16.495 lattice units, instead of the correct value of R,
=16.83. The simulations we carried out for this work, as well
as the simulations presented in Ref. 51, were done imposing

TABLE III. Coefficients for the density-dependent parameters of the wall-
polymer interaction potential v, defined in Eq. (8).

k=0 k=1 k=2 k=3

b 62.7242 -6.4093 2.5081 ~0.6904

/7t 56.4595 ~3.8880 5.1562 ~1.5519
2 -29.9283 2.0442 -2.1336 0.5973

FIG. 2. Interaction potentials for polymer density n;=1.029 95. (a) Pair
potential between polymers Bv,, (full line) and between polymers and col-
loids B, (dashed line). (b) Wall-polymer potential Buy, as a function of
the distance z/ o, of the polymer center of mass from the wall.

a size ratio ¢g=1.03 (corresponding to the radius of gyration
Rg=16.495) in the calculations. All the results have been
interpreted using the correct value for the size ratio g=1.05
(corresponding to the radius of gyration R,=16.83). This
correction only changes the values of the polymer packing
fractions 77, and 7][’,, while the colloid packing fraction 7, is
unaffected.

lll. METHOD

We carried out Monte Carlo simulations in the grand
canonical ensemble, i.e., with fixed volume, temperature, and
chemical potentials . and w, of colloids and polymers, re-
spectively. For each value of w,, we determined the poten-
tials given in the previous section, at the polymer reservoir
packing fraction 7,(x,) calculated by inversion of the equa-
tion of state,

M r r
k—B”}Rg =log(p,R}) +0.046 58 + 11.05p)R.

+3548(p,R)* = 15.71(pR))>. (9)

This equation was derived by integrating the Gibbs-Duhem
equation with the pressure given by Egs. (3) and (6).
To study phase coexistence, we sample the probability
P(NC)|ZC,,/) of observing N, colloids in a volume V at fixed
colloid fug'acity z. and fixed polymer reservoir packing frac-
tion 77]’,, using the successive umbrella sampling.56 We use
the histogram reweighting technique to obtain the probability
distribution for any z/ once P(N.)| o is known for a given

Zes

g +N. 1n(i). (10)
< p

c

In P(Nc)|zé,77;= In P(NC)

At phase coexistence, the distribution function P(N,) be-
comes bimodal with two separate peaks of equal area for the
colloidal liquid and gas phases. We determine which z/ sat-
isfies the equal area rule,

(N o
f P (NC)|Z(,7]rdNC= f P (NC)|Z(,,]rdNC, (11)
0 e p V) e p

c

with the average number of colloids
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100 .

log(P(N,)
3

1 L 1 " 1 1

0 01 0.2 0.3 04
N,

FIG. 3. Logarithm of the probability P(N,) (not normalized) as a function of
the colloid packing fraction 7. for a simulation box with dimensions of
12X 12X 160> at varying polymer reservoir packing fractions 771';=1.14,
1.20, and 1.23, from top to bottom. All state points are at coexistence.

(N.y= f NP (Nc)|zcr,,7;dN(,, (12)
0

using the histogram reweighting Eq. (10). The simulations
are carried out in a rectangular box V=LXL X H, and the
sampling of the probability ratio P(N)/P(N+1) is done, in
each window, until the difference between two successive
samplings of the probability ratio is smaller than 5X 107,
An example of the sampled probability distributions is given
in Fig. 3.

We used single particle insertion/deletion of colloids and
polymers. The typical acceptance probabilities for the
insertion/deletion of colloids were from 4% to 1% (from low
to high colloid density) for state points close to the critical
points and from 0.1% to 0.01% at high 77;. On the other
hand, the acceptance probabilities for the insertion/deletion
of polymers were always larger than 40%. The low insertion/
deletion probabilities of colloidal particles have only an ef-
fect on the efficiency of the algorithm. As shown by the
smooth probability distributions in Fig. 3, our simulations
were long enough to get good data.

The liquid-gas interfacial tension v, is obtained from

P(NC)|Z((,,7; at coexistence,’’

p4 g

1 (P(N§max)+P(N§
T 217 2

’maX)) - 1H(P(]Vc,min)):| B

(13)
where P(N¢,.) and P(N...) are the maxima of the gas and
liquid peaks, respectively, and P(N, ;) is the minimum be-
tween the two peaks.

IV. RESULTS

In Sec. II, we explained the straightforward but non-
trivial procedure for generating the interaction potentials. It
is, therefore, important to check the internal consistency of
our calculations. Figure 4 shows the predictions of the equa-
tion of state (9) plotted against simulation results of a grand

J. Chem. Phys. 128, 024904 (2008)

8 T y . .
— equation of state
7+ |0 Simulation .
o 6F :
o}
o
=5 5t i
[cn K
4t _
3l i
06 08 112 14
np

FIG. 4. The chemical potential B,upa*z as a function of the polymer packing
fraction 77[’] in a system of pure polymers. The equation of state (9) (solid
line) is compared with the results of grand canonical Monte Carlo simula-
tions (circles) of pure polymers interacting with the interaction potential
[Eq. 2)].

canonical simulation of pure polymers interacting with the
potential [Eq. (2)]. In the range of chemical potentials that
are relevant for the gas-liquid separation, the simulation re-
sults are consistent with the equation of state.

A. Bulk phase behavior and gas-liquid interfacial
tension

In Fig. 5, we present the bulk phase diagram obtained
from grand canonical Monte Carlo simulations using succes-
sive umbrella sampling and histogram reweighting. In par-
ticular, Fig. 5(a) shows the phase diagram in the polymer
packing fraction 7,, colloid packing fraction 7, representa-
tion. These results are consistent with the findings of Ref. 51.
The free volume theory58 extended to include excluded vol-
ume polymer interactions* overestimates the simulation re-
sults by almost a factor of 2. This result may be explained by
the renormalization group theory expression used in Ref. 42
to evaluate the polymer interactions, which underestimates
the correlation length of the polymers. Since the polymers
are effectively smaller, a higher number of polymers is
needed to drive the demixing transition. Also shown are the
experimental results of de Hoog and Lekkerkerker.'” The ex-
perimental polymer concentration is much larger than those
in our simulation results. This discrepancy can be explained
by considering the depletion force measurements of Wijting
et al.”® in the same colloid-polymer system as was used in
Ref. 12. They found that the depletion forces are much
smaller than expected, probably due to adsorption of the
polymers on the colloidal surface. We stress that the poten-
tials used in this work compare well with the experiments of
Ramakrishnan et al.®° at a size ratio q=0.67.51

Figure 5(b) shows the phase diagram in the polymer res-
ervoir packing fraction 77;, colloid packing fraction 7, rep-
resentation. The discrepancy between our results and those
of Ref. 51 is due to a slightly different equation of state used
for the conversion of the chemical potential w, to the poly-
mer packing fraction in the reservoir 77;. In this work, we
inverted Eq. (9), while in Ref. 51, the original SAW equation
of state was used. The binodal has a critical point at lower
7][’,, and the density difference between the gas and liquid
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2 T \ T 4 T T T T T

FIG. 5. Bulk phase diagram of colloid-polymer mixtures with a size ratio
¢=1.05 for volumes V:5160'§ (circles) and 23040’3 (squares). Also shown
are the binodals of the AOV model with size ratio g=1.0 (dashed lines) and
the results of Ref. 51 (solid line). (a) Polymer packing fraction 7,, colloid
packing fraction 7. representation. Shown also are the results of the free
volume theory with polymer interactions (Ref. 42) (dotted-dashed line) and
the experimental results of de Hoog and Lekkerkerker (Ref. 12) (diamonds).
(b) Polymer reservoir packing fraction 77;, colloid packing fraction 7,
representation.

phases increases for increasing 7]1’,. This phase diagram is
equivalent to the temperature-density phase diagram of a
simple fluid, with the polymer reservoir packing fraction
playing the role of inverse temperature.

In Fig. 6, we present the simulation results of the dimen-
sionless interfacial tension ,B‘yglo% for the gas-liquid inter-
face, as a function of the difference in packing fractions be-
tween the gas and the liquid phase. The interfacial tensions
decrease in the case of excluded volume interactions with
respect to the AOV model. The comparison between our re-
sults and the experiments of Aarts et al*' is quantitatively
better than the results of the AOV model, although de Hoog
and Lekkerkerker'” show that it is difficult to obtain accurate
interfacial tension measurements. In addition, we compare
our results with the predictions of the extended free volume
theory plus a square gradient approximation to evaluate the

J. Chem. Phys. 128, 024904 (2008)
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Y8102 03 04 05
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FIG. 6. Dimensionless interfacial tension ,Byof between the gas and the
liquid phase as a function of the difference in packing fractions A#n=1,
-7, of the coexisting liquid (7,) and gas (7,) phases. Results for the inter-
acting polymers with size ratio ¢g=1.05 (circles) are compared with the
results for the AOV model with size ratio g=1.0 (square). Triangles denote
experimental results of de Hoog and Lekkerkerker (Ref. 12) (triangles up)
and Aarts et al. (Ref. 21) (triangles down). The thick continuous line indi-
cates the DFT predictions of Moncho-Jorda er al. (Ref. 47), while the
dashed lines are the predictions of the square gradient approximation theory
of Aarts et al. (Ref. 45).

tension® and the DFT of Moncho-Jorda et al.*’ The DFT
uses effective one-component pair potentials between the
colloids that include the excluded volume interaction accord-
ing to the approach of Louis et al.*® The predictions of the
two theories are very close to each other and to our simula-
tion results.

Figure 7 shows the phase diagram of colloid-polymer
mixtures confined between two hard walls with separation
distances H/o,=,16,8,4,2. In particular, Fig. 7(a) shows
the phase diagram of colloid-polymer mixtures in the poly-
mer packing fraction 7, colloid packing fraction 7, repre-
sentation. The binodals in Fig. 7(a) hardly change under con-
finement. We stress that the comparison between the absolute
densities inside capillaries of different sizes is complicated
due to two factors. First, the density for confined systems is
an ill-defined quantity because it depends on the definition of
the volume. Our choice of volume depends on the wall sepa-
ration. Therefore, the comparison between densities for dif-
ferent wall separations is not entirely consistent. Second, the
adsorption of colloids and polymers is different for different
wall separations. We find that the colloid adsorption is, in
general, larger for larger wall separations and, consequently,
the polymer adsorption is smaller. Therefore, for larger wall
separations, we expect a larger colloid density and a smaller
polymer density. The combination of these two effects ren-
ders the interpretation of the phase diagram in the 7, and 7,
representation fairly complicated. Figure 7(b) displays the
phase diagram of colloid-polymer mixtures in the polymer
reservoir packing fraction 7];, colloid packing fraction 7,
representation. The critical points of the confined systems
shift toward higher 7]; for decreasing wall separation. The
interpretation of the binodals in the (7,, 77.) representation is
more straightforward because only 7, suffers of the problems
described above. We can say that the huge shift in gas den-
sities at coexistence for the confined systems with respect to
the bulk binodal is due to the formation of liquid layers at the
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1.2

FIG. 7. Phase diagram of colloid-polymer mixtures confined between two
hard walls with distances H/o,=(bulk),16,8,4,2. Solid lines are a guide
for the eye. (a) Polymer packing fraction 7,, colloid packing fraction 7,
representation. Inset: Blowup of the high 7, region of the binodal. (b) Poly-
mer reservoir packing fraction 771’,, colloid packing fraction 7,
representation.

walls [see Figs. 8(a) and 8(c)]. The adsorption of colloids at
the walls is due to the depletion attraction, which was also
observed in the AOV model. However, the thickness of the
liquid layer was in that case much smaller than in the present
case and the shift in gas density is less pronounce:d.27’31

Figure 9 displays the phase diagram in the polymer
chemical potential w,, colloid chemical potential u. repre-
sentation. These variables do not depend on the definition of
the volume and are, therefore, independent of the wall sepa-
ration distance. This is the ideal representation to compare
the binodals for different wall separation distances. The bin-
odals collapse to a single line because of the thermodynamic
equilibrium conditions of the gas-liquid coexistence. Regions
above the binodal are gaslike, while regions below the bin-
odal are liquidlike. We find a shift of the binodals toward
higher polymer chemical potential and smaller colloid
chemical potential indicating the occurrence of capillary con-
densation. Our estimates for the critical points are reported in
Table IV.

J. Chem. Phys. 128, 024904 (2008)

FIG. 8. Typical configurations from computer simulations of the [(a) and
(c)] coexisting gas and [(b) and (d)] liquid phase for the confined system
with separation distance H/o,=16 and chemical potentials u.=10.38 and
Hp=5.6 (7]/’,= 1.086). Colloids are dark gray and polymers are light gray. For
clarity (c) and (d) display the same configurations of (a) and (b), respec-
tively, without the polymers.

6.5- 7
o
= — Kelvin Equation
GOBI;H( p
o Hio =1
5.5 ¢ H/o =8
A H/o =4 1
5 %* H/6C=2 H

9 10 11 12 13

5.75r
A
o,
3 — Kelvin Equation| |
GOBulk
55 o Hio =16 i
ey H/0C=8
¢ A H/O‘C=4
" 1 N
>-230 105 11

He

FIG. 9. Phase diagram of colloid-polymer mixtures confined between two
hard walls with distances H/o,.=%,16,8,4,2 in the polymer chemical po-
tential u,, colloid chemical potential u, representation. In (b), we show a
blowup of the phase diagram. For clarity, the results of H/o,=2 are not
shown.
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TABLE IV. Critical values of the polymer reservior packing fraction 7,
colloid packing fraction 7., and chemical potentials w, and . for wall
separation distances H/o,=%, 16, 8, 4, and 2.

H/o, (7)er (7e)er (tp)er (e)er
o0 1.06(5) 0.192(5) 4.99(5) 9.23(5)
16 1.08(5) 0.243(5) 5.10(5) 9.45(5)
8 1.09(5) 0.235(5) 5.16(5) 9.50(5)
1.17(5) 0.219(5) 5.72(5) 10.25(5)
2 1.27(5) 0.199(5) 6.43(5) 10.64(5)

Also shown in Fig. 9 are the predictions of the Kelvin
equation31

2 pl—pt

bulk c c
Me= e+ (Va1 = Yag) ,
U TR T (ol )%+ (pl, - pf)?

(14)

2 ph—p5

bulk D 14
Mp =ty + (Yo = Yowg) .
P R T (ol = )+ (p), - pf)?

The predictions of the Kelvin equation are in good agree-
ment with the simulation results for H/o.=16 and 8 but
underestimate the shift for H/o.=4 and 2.

In order to compare the results with those for the AOV
model, we scale the binodals by the bulk critical points
()2 and ()", reported in Table IV. Figures 10(a) and
10(b) show that the shift of the binodals and critical points is
smaller for the model with interacting polymers than for the
AOV model studied in Refs. 27 and 31 for all state points
considered. As shown in Fig. 5, the difference pi— p® be-
tween the colloid packing fractions of the liquid and the gas
at coexistence is smaller for the interacting polymers than for
the AOV model for low 7, but larger for high 7,. On the
other hand, Figs. 10(a) and 10(b) show that the shift in
chemical potential is always smaller for the interacting poly-
mers than for the AOV model. Therefore, we deduce from
Eq. (14) that the difference 7y~ ¥y, (liquid-wall and gas-
wall interfacial tensions at coexistence) is smaller for the
interacting polymer model.

Moncho-Jorda et al.*’ have shown that at constant 77;,
the excluded volume interactions increase the difference in
wall tensions. This is not in contrast with our findings be-
cause for capillary condensation, we need to consider the
difference in wall tensions at bulk coexistence, that is, at
different 7][’7 for the AOV model and the interacting polymer
model.

V. CONCLUSIONS

We have investigated bulk and confined colloid-polymer
mixtures, using Monte Carlo simulations. Colloids are
treated as hard spheres, while polymers were described as
soft repulsive spheres. Colloid-polymer, polymer-polymer,
and wall-polymer density-dependent interactions were de-
scribed by the coarse-grained potentials derived in Ref. 48.
We find a bulk phase behavior consistent with the findings of
Bolhuis et al.”® Our results for the bulk phase behavior are

J. Chem. Phys. 128, 024904 (2008)

1.6 GO Bulk 7 ' ' '
AAH/G =4 (a)
Nk H/O'C=2 1

MG,

1.6

(b) |

/)
S

15 2
I’l’ C/(uC)Cr

FIG. 10. Phase diagram of colloid-polymer mixtures confined between two

hard walls in the polymer chemical potential M,,/(Mp)b“"‘ colloid chemical

cr ?
potential /()2 representation. (a) H/o.=%, 4, and 2 for the model

discussed in this paper. (b) H/o.=%, 5, and 2 for the AOV model. Results
are taken from Ref. 31.

also similar to those for the AOV model with interacting
polymers42 but here, the binodal line lies at higher polymer
packing fractions; i.e., the number of polymers needed for
the demixing transition is larger. These results are in agree-
ment with the findings of other authors.***>*'% The com-
parison of our phase diagram with experiments12 is found to
be poor for the size ratio g=1.05 considered here. This is
surprising, since the same interaction potentials provided
good agreement with experiments60 at a smaller size ratio.”!
In fact, this discrepancy can be explained by considering the
results of Wijting et al”® on depletion potential measure-
ments on the same colloid-polymer mixtures that were used
in the phase behavior experiments. These measurements con-
cluded that the depletion attraction was smaller than ex-
pected, probably due to polymer adsorption on the surface of
the colloids.

On the other hand, better agreement is found for the
gas-liquid interfacial tension when compared to the experi-
ments of Aarts ef al.*' for the same system. Our results show
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that the gas-liquid interfacial tension is smaller for the inter-
acting polymers than for the AOV model. This is in agree-
ment with the works of others on colloid-polymer mixtures
with interacting polymers.40’45’47’55 Both the square gradient
approximation and the DFT provide a good description of
the simulation results.

In addition, we studied the phase behavior of the mixture
confined between two parallel hard walls with separation dis-
tances H/o.=16, 8, 4, and 2. We find that the hard walls
induce capillary condensation and that the theoretical predic-
tions of the Kelvin equation are in reasonable agreement
with the simulation results for H/o,=16 and 8 but underes-
timate the binodal shifts for H/o,.=4 and 2. Compared to the
AOV model, the excluded volume interactions suppress the
capillary condensation. This implies that the effect can only
be observed at state points close to bulk coexistence and that
smaller plate separations are needed to induce capillary con-
densation for fixed supersaturation compared with noninter-
acting polymers. In other words, the Kelvin length is smaller
for interacting polymers than for the AOV model. In addi-
tion, we observed the formation of rather thick wetting layers
at the largest wall separation we studied. This effect seems to
be enhanced by the presence of the excluded volume inter-
actions. At large wall separations, the wetting layers provide
an effective confinement H-2¢, with ¢ the thickness of the
wetting layer, as was recognized by Derjaguin,61 which in-
creases effectively the Kelvin length30 for the colloid-
polymer mixtures with excluded volume interactions. The
influence of excluded volume interactions on the wetting
properties of colloid-polymer mixtures is currently under in-
vestigation.
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