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When mixtures of hard-sphere-like colloids do not behave as mixtures of hard spheres
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The validity of the concept of “hard-sphere-like” particles for mixtures of colloids is questioned from a
theoretical point of view. This concerns the class of pseudobinary mixtures in which the nonsteric interactions
between the colloids are “residudlvith very small range and moderate strengthis shown that contrary to
common expectation, such interactions may have unexpected consequences on the theoretical phase diagram.
The distinction between this situation and true solute-solvent mixtures is emphasized.
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I. INTRODUCTION suspension involves only a single species of the same colloi-

The concept of “hard-sphere-like” colloids refers to mac-dal particles, it behaves nearly as a one-component HS sys-
roparticles that are thought of as interacting mostly through &M (With the same equation of state, critical values at melt-
harsh repulsion associated with the particle cores. In recetffd, and crystallization[3,11-13. . . .
years, it has been applied to the analysis of numerous The purpose of this paper is precisely to question this
pseudobinary colloidal mixtures, that is, suspensions involv-Premise” in the specific case of the asymmetric mixture.
ing two supramolecular species in a suspending mediunfirst, it is generally difficult to anticipate in this case the
The underlying criterion assumes a hard-core diameter that gomplex interplay of non-HS contributiongsee Refs.
much greater, for both species, than any other characteristld4—17 for a discussion of true molecular solvent/colloid
length of the suspensio(solvent or small ion diameters, binary mixtures. Second, the fundamental features of the
thickness of the colloids surface layer, screening length, etcphase diagram of pure HS mixtures are critically dependent
This includes a large number of sterically stabilized mix-on the specific characteristics of the HS depletion well. In
tures, charge stabilized ones with a short screening lengtfhis work, we demonstrate that “small” non-HS interactions
and some that combine both mechanisms. Typical examplg®ay have more consequences on the phase diagram than
are mixtures of polymethylmethacrylatBMMA) and poly-  What is believed from the present consensus. The paper is
styrene(PS spheres, or mixtures of two silica particles with thus organized as follows. In Sec. II, the method used to
different sizes. The consensus in the literat(fa experi- compute the phase diagram is specified. In Sec. Ill, we
ments, see, e.g[1-5] and for theory[6,7] and references Present our results for model interactions corresponding to
therein is that, aside from those showing clear evidence ofspecific situations that are discussed. These results are inter-
specific interactionge.g., mixtures containing reverse mi- preted in Sec. IV. Section V is the conclusion.
celles[8]), such suspensions behave essentially as binary HS
mixtures. The behavior of the latter is governed by a small-
spheres mediated effective interaction between the bigger The model considered here is a highly asymmetric binary
spheres. Its most salient feature is a deep well at short sepepixture of “small” and “big” particleghereafter referred to
ration that is associated with an increase of the free volumby the indexes$’ and “b”). The corresponding physical sys-
for the small particles, when the exclusion spheres of the bigems will be specified in the next section. In all the situations
ones overlap. This is a special case of “depletion effects” thatonsidered in this paper, the fluid of small particles is as-
refer to situations in which the solvent is expelled from thesumed to remain in a single phase, irrespective of the big
inner space between sufficiently close macropartifdes0]. particles densityp,. The big particles phase behavior was
It will thus be referred to here as the HS depletion interacthus determined in the effective one-component fluid
tion. The special case of mixtures of colloids and ideal poly{EOCH representation. We briefly recall the main points of
mers and the related work based on the Asakura-Osawdis well-known method. The convenient variables in this
model [9] (see Ref.[11] for a recent reviewwill not be  representation are those of the semigrand ensemble
discussed here. In mixtures of “hard-sphere-like” colloids,(us; Ny, V,T), wherepus is the chemical potential of the small
one expects a HS depletion effect associated with the smaflarticles,N, is the number of big ones in the volurive and
colloid effective hard-core diameted,. As Dg is much T is the temperature. The free enefgyof the mixture is
greater than the lengths associated with the other interactions o
felt by t_he big solutes, the HS.depIetiqn pptential is suppqsed BF = - In(Trb,N [E Tron{exd— B(H - Mst)]}] ) .
in the literature to be the main contribution to the effective °L N, s
interaction. Accordingly, the phase behavior of “hard-sphere- 1)
like” colloidal mixtures should be close—at least
qualitatively—to that of pure HS mixtures. This conjecture isThe total potential energh is supposed to be pair additive:
also based on the experimental observations that when the=H,,+Hg,+Hgs with H;; the total interaction potential be-

Il. METHODS

1539-3755/2004/1@)/0414098)/$22.50 70041409-1 ©2004 The American Physical Society



GERMAIN, MALHERBE, AND AMOKRANE PHYSICAL REVIEW E 70, 041409(2004)

tween species andj. B=1/kgT (with kg Boltzmann’s con- PMF from the pair distribution function of the big particles
stany and the symbol TN, designates the integral over the at infinite dilution,

spatial coordiantes of thd , particles of species
P «P P GonfT,pp — 0) = X -~ Bupe(1) + ()], (8)

Na
Ty [X]= ;mf [Tdri )Xy, .rve) (2 ~ The formal proof of the equivalence of the two routes is
T Ny A =1 T given in Ref.[21], for example. To specify that we actually
used this last route, the PMF is denoted ¢ff. Details on

with A,=h/y27m.kgT. Equation(1) may be written as the practical use of Eq8) are given in Ref[20]. We men-
BF == In[Try, 5, exp(— BHEM], (3)  tion here that one needs the pair distribution functié?isF)
b gij(r) for a mixture with p,— 0. These were obtained from
where the Ornstein-Zernike equation®ZE) with the reference

o hypernetted-chai(RHNC) closure. The bridge functions we
exp(— BHE™ = Trw fexd = B(H = u.NJTL. 4 used were computed from Rosenfeld’s density-functional
P=BH™) ,\,52:1 snfexd= AH = u NI T} (4) theory[22] in the limit p,— 0. The accuracy of this method
_ ) has been positively checked against the simulation data of
F may be interpreted as the free energy of an effective onerefs. [17,23 for situations typical of solvent-colloid mix-
component fluid of big particles interacting through the ef-yres. \We performed a similar test with interaction param-

fective HamiltonianH®"=Hy,+H™ with eters corresponding to the pseudobinary mixtures considered
% in the literature as “HS-like.” The results are satisfyifsge
exp(— BH™) = > Tron{exd— B(Hss+ Hep— iNo) 1} the Appendix for the purpose of this paper, which is to em-
Nel o phasize the qualitative changes with respect to the HS deple-

(5) tion scenario.
The free energy of an EOCF of particles interacting with
He"is thus the sum of a direct interactibfy, and an indirect  ¢° was computed in théps pp) plane similarly as in Refs.
one,H™, that is mediated by the fluid of small particles. The [15,17: for the fluid phase, the very accurate RHNC integral
exact computation of thdl,-body interaction energii™ is  equations [24] were used with the bridge function of
not feasible. The usual approximation is then to expand Eqwalijevski and Labik[25] as unique inputsee Ref[26] for
(5) in terms of the grand potentials for the small particlesdetaily. The free energy in the solid was computed in the
without big onegQy(us, T,V)], in the presence of one big variational perturbation theory. The accuracy of the hybrid
particle[Q,(us, T, V)], two big particles separated by a dis- method was shown in Ref15] for the fluid-solid(FS) and
tancer [Q,(us, T,V,r)], etc. Up to the two-body terms, one fluid-fluid (FF) transitions, by comparison with the simula-
gets(see, e.g., Ref6]) tion data of Dijkstraet al. [6], and confirmed more recently
indy _ by simulations from our groupl?] for the FF transition.
exp(= BH™) = Qo TV) + Npwr (s T.V) Concerning a possible solid-soliG9 transition between
+ exp(— 8> wz(rij)>, (6)  two solid states with different densities, it was showii26]
that the perturbation treatment is suitable to describe a dense
solid near close packing but is more problematic for a
wherew;=Q4(us, T,V) =Qo(us, T, V) and “softer” one with lower density. However, no SS transition
wy(rij) = Qs TV, 1) = Qs TV, 0) (7) involving such as soft solid will be observed in our results.

i<j

is the potential of mean forcé®MF) between two big par- lll. RESULTS

ticles at infinite dilution in the bath of small ones. Note that We beain by directly showina the main result of this

this pair interaction approximation seems sufficient for the L g y directly 9 . )

HS or short-range potentials;(r) considered heresee, for study: in the specific case of pseudobinary mixtures, very
! : ; ' small non-hard-core interactions can have an unexpected im-

example,[18] and refergnces there_)lnAs we are interested act on the phase diagram. Three different situations are

onlyin tehﬁe.phase behavior of the big particles, the usefgl pa ompared in Fig. 1 for a diameter ratie-10: Fig. 1a) is for

H' of H® is H' =2 up(ry)) + wp(ryy)], whereuyy is the big pure hard-spheres mixture. Figurgb)land Xc), relative

particle direct interaction. This effective interaction is afunc—to systems with attractions, correspond, respectively, to the

tion of ug, T, andV. Equivalently, it may be expressed as a ' ' '

¢ : Tand the reduced densit of th I o following models.
.unct|on orfan the re 3uce ensipg o ,t e small particles (1) A HS mixture with a very-short-range Yukawa tail in
in the reservoi(p,=pD3). Thus, for a fixed temperaturg

the small-big particle interaction:
the theoretical phase diagram can be deduced from the free gp

energy of the EOCF of big particles in tiigs pp) plane.

To this end, one first computes the PMF at infinite dilu-
tion. The route based on the grand poteni. (7)] is use-
ful when a practical expression of the free energy is avail- uP(r<D )=+ (9)
able, as in density-functional-theory calculations for hard sb s .
sphereg[19]. An alternative, which is more appropriate to with Dg,=Ds{gq+1)/2. The inverse interaction range,
models with attractive forcef20], is the expression of the =x;Dg is specified in the table, and the contact valu{e

*

€

r/Dg

BUS(r > Dgp) = -~ ——expi- k1(Dgp— 1)},
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0.6 ; TABLE |. Parameters of the small-big Yukawa potentia
=KDy, Asé?:(Bg?—B(si)Hs)/BgHs ié)the change in the second
virial coefficient from hard spherd8_,,J) to the Yukawa potential

@) :
0.4 3 ] (Bsb).
"o Model K ABZ

1 [40, 109 [-3.1%,-1.3%

02+ 1 2 2.5 ~54.1%

0 , ‘ ‘ Yukawa ug, with u;:—l.45 andappropriate ranggsee
0 0.2 0.4 0.6 0.8 Table ).
(@) n, Before analyzing the results show in Fig. 1, it is useful to

stress first the essential difference between modgland

0.8 SSNC (2): they correspond to widely different attraction ranges.

"'TQ/;% ! This is obvious foruggs Now the range ofig, is of the order
- ;‘;%“ ...... of the “solvent” diameter in modeR): K§1:O.4Ds. For the

06 i/ P 7 same contact valuel, it is much smaller in mode(1):

. o ! [ 0.01D,< k;*<0.02D. A more visual illustration of this last

04 N ! situation is Fig. 2, which shows the attraction range at the

4 L \ ¢ H B . * .
OV . appropriate scalgx;=60 in model(1)]. For what concerns
- \*\_ £ the connection with real systems, modély and (2)—
0.2 L i / ] although very simple—may be related to two different
&" /'/ classes of mixtures. Mod&R) typically corresponds to a
0 1 1 1
0 0.2 0.4 0.6 0.8
(b) "
*Qw
0.6 o7 0.2 04 0.6 )
o 0.2 0.4 0.6
My

FIG. 1. Phase diagram of the big particle effective one-
component fluidEOCH with q=10. (a) Hard spheres, fluid-solid
transition. (b) Model (1): long dashesx'=100; short dashess”
=60, dots,x =40. The nearly straight lines observed in the upper
right region correspond to a solid-solid transitign) Model (2):
line, fluid-solid transition; dots, fluid-fluid transition. The inset
shows the same lines for a 9% smaligs. p, is the small particle
reduced density in the reservoir anf the big particle packing
fraction.

=-2¢"/(g+1) is fixed to u;:—l.45 inunits of kgT (or &"

=8).
(2) HS macroparticles in a Lennard-Jor&d) fluid [17],
Busdr > Dg) = 48LJ[<TS) - (—S) } :

(10
r

The strength of the LJ potential was takeneag=0.6 and
the other interaction potentials are a pure Hs and a
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FIG. 2. Extension of the small-big attractive Yukawa tail for
=60/Dsandk=2.5/Dg at the scale of the small particle diamelzy
(a). The dots and dashes correspond to the separations for which
usp=u./e for k=60/Dg and k=2.5/Ds, respectively(b) ug, versus
(r-Dgp)/Ds for K"=100, 60, 40, and 2.5.
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“true” solute/solvent mixture: colloidal particles of one spe-[28]. In this study, the pair potential of PMMA particles
cies suspended in a molecular solvent. The choice of an atnixed with charge-stabilized PS ones was directly measured
tractive interactionus, should be appropriate to sterically (for another example, see REB0]). At small PS density, the
stabilized colloids: the attraction may correspond, for in-authors compared the theoretical HS depletion potential to
stance, to the van der Waals force between the solvent mojhe experimental values. They observed a deviation at con-
ecules and the microscopic objects forming the colloids angiact, A ¢(Dy) ~ 30%¢%AD,), although the screening length
their surface layer. Since it is expected to operate at the scalg ihe electrostatic repulsiod was very small 5~ 3%D,).

Ds of the small(solveny particles, it falls in the category \vu couid re : - ;
. e e produce this deviation by computing the PMF as
described by mode&R). This is the situation more often con- . model(1) but with a repulsive tail having a range fixed to

sidered in the papers discussing the non-HS interactions eﬂ—:e experimental value: kZ:0.03 and a contact valuez

fectin colloidal suspensior{d4—-17. =+2.5. This is certainly not excessive for a repulsive poten-

In contrast with this, the interaction range in modg) ial It lead h £ 1h iated d virial
corresponds to those colloidal mixtures that are classified iff&- |t 1eads to a change of the associated second virial co-
B ~2.3%, which is comparable to those found

the literature as “hard-sphere-like.” They involve two differ- €fficient A
ently sized colloidgand a molecular solvenhaving dimen- ~ for model(1). _ _

sions much greater than any other characteristic length in the Finally, we mention also the study in ReB1] of the
suspension. As a result, the non-HS part of the intercolloidainedification of the effective potential induced ?2))/ nonaddi-
interactions has a range much smaller tianas in model tivity of the hard-core diameters. The valuesA, in the
(1). The values used here may be compared with the estimé@b'e are similar t(_) those obtained with the smaller nonaddi-
tions found in the experimental literature: recently, the ex-ivity, corresponding roughly tos~3-10 %D In Ref.
perimental phase diagram of mixtures of two differently [32], the influence of Yukawa heteroattractions with ranges
sized silica particles grafted with stearyl alcohol and sus1/x =0.05 and 0.1 was also computed at the level of the
pended in cyclohexane has been investigg®s. One had effective potential. _ .

D¢=32 nm andD,=185 nm for the system classified as HS- _Thls discussion shows that although mo¢Blis an ide-

like, having a stabilizing layer thickness of less than 2 nmalized one, the values of the parameters that we have selected
(the exact value was not specifie€onsidering then an at- are indeed representative of *hard-sphere-like” situations, as
traction range of, say, 1 nm due, for example, to the surfac@bserved in .real systems. These. “reS|dgaI” interactions are
layers overlap, the values discussed here cover the rang@ually considered as irrelevant in the literature. Therefore
40 nm=<D,=<100 nm for the small colloid diametgland  the features of the phase diagram associated with this situa-
hence 0.4um=<D,<1 um for q=10). The ratio between the tion and |_Ilgstrated in Flg._(b) should const_ltute a g(_)od t_es_t
attraction range and the particle diameters in madglis ~ Of the validity of the HS mixture as a sensible physical limit.
thus probably even smaller than in the real system. Anothefhe main information provided by Fig. 1 appears now more
example is the case of PMMA particles mixed with polysty- clearly.

rene studied in Ref28]. Here, the screening length charac- (1) The phase diagram shown in Figal, obtained from
terizing the intercolloidal electrostatic repulsion was esti-the methods described in Sec. II, shows the same features as

mated to bext~3 nm forD,=83 nm(andD,=1.1 um) or  those described in the literatufé,15,33. We summarize

«"=27. The interaction range is again greater than in moddhere the main points: the absence qf a stable FF transition

(1). This shows that the interaction ranges selected for modéind the broad FS coexistence domain that appears at rather

(1) are truly representative of the “small” non-HS interac- 10w small particles density: fop;=0.4, the EOCF separates

tions observed in real systems. !nto a dilute gas in equilibrium with a solid near close pack-
The importance of the non-HS interactions in modéls  N9- . . . _ _ .

and (2) may also be assessed by comparing the associated (2) Before discussing Fig.(b) in more detail, we briefly

second virial coefficien(B(Sf))) to the pure HS situation. For describe the phase diagram of mod@®| [Fig. 1(c)] that was
obtained in Ref[17]. One observes first a considerable ex-

the Yukawa potential, which is monotonous, the deviation X A X :

2 _/p2_r?2 () (N tension of the stability domain of the fluid phase. Second, for
AB. = (B¢, ~Beyns)/ Benns from hard sphere@B, o) is in- . ; S )

s s sb sb, i sb, ind suitable choice of the parameters, a significant domain cor-
deed a global measure of the attraction strength. One finds d ble FF . e I b
AB?=-13-31% with model(1) to be compared to responds to a stable coexistence. It is now well estab-

(szb ' ' lished that in this regime, non-HS interactions may lead to a
ABsb)z—54% for model(2). This last situation departs sig- rich variety of phase behavior landscapes by changing the
nificantly from the pure HS case, whereas modglis very  magnitude or range of the potentialg,(r) [see the inset, the
close to the HS limit. Note that the small values M(Si) effect of a small change s, ;).
mean that the very short range considered here does not cor- (3) The phase diagram shown in Fig(bl is, to our
respond to Baxter's “sticky” limit[29]. The interaction knowledge, the first one computed for nearly HS interac-
strength remains indeed here quite moderate. To emphasitiens. This has not been done before precisely because the
again the actual smallness uﬁf, we have computed also residual interaction beyond the hard core is usually consid-
AB® for the—already very steep—direct interaction esti-ered as negligible. The deviations from the pure HS phase
mated in Ref[12] by the surface force apparatus: we founddiagram in Fig. {b) are quite unexpected given the very
AB®=3-18 % for spheres of diameter 800—100 nm. “small” addition to the HS potential in modé€l) (recall here

As a final check of the adequacy of modg) to a HS-like  the very low change of the second virial coefficierithe
situation, we also considered the experimental results ahteresting features observed in the upper part of the diagram
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FIG. 3. Potential of mean force®"/xgT for model (1) with
small colloid densityp;=0.6. From top to bottom at contact’ FIG. 4. Influence of the small colloid—big colloid Yukawa tail on
=40, 60, and 10@Qline =HS). the contact value of the effective potential in mo@gl From top to

bottom: " =40, 60, and 10Qline =HS).
will not be discussed here. Some caution is indeed required
here since the accuracy of the RHN(E™ has not been tested minimum in the solid branch of the free-energy cuRfgsee
in this region of relatively higtp; [see Fig. 6) in the Ap-  Fig. 5a&)]. As p; increases, its depth becomes very important
pendix. Forp;s0.65, one observes first that the metastablewith respect to the variations of the free energy occurring at
FF transition found fop,=0.55 with the HS mixturg6,15  lower density. Indeed, states with intermediate density do not
is removed by the attractive tail. Furthermore, a significantake advantage of the attractive well, which is too narrow.
extension of the fluid phase is again observed, although it i¥he common tangent construction is thus possible only be-
less important than for mod€R) in the range @sp;sO.G.
While the broadening of the FS coexistence domain starts for 2
a value Ofp; that is rather close to that of hard spheres, the
crystallization line strongly departs from that model Whén ‘j
increasegbelow " =40, no broadening is obseryedbove
p’;z 0.5, the slope of the crystallization line reverses, leading
to a reentrant fluid phase. In this region, the fluid phase may
be stable even up to greater valuesrgfthan for model2).
For the melting line, no significant change is observed for
p;$0.65.

Then, while one would have expected the phase behavior
of model(1) to closely resemble that of hard spheres, quali-
tative differences are actually observed as with ma@gl
Recall that the latter corresponds to much greater contribu-
tions of the attractionsexpressed, for instance, by the sec- , S
ond virial coefficient. /0

IV. INTERPRETATION ’

scenario: in that case, the main features of the phase diagram

in the (p;,nbc) plane are closely related to the depth and the

range of the well shown near contact by the depletion poten-

tial deP, '
Indeed, the rapid increase @¢f®A(D,) (Figs. 3 and $#with

p. and the simultaneous sharpening of the well leadspfor 0 0.2 0.4 0.6 0.8

=0.2 (wheng=10) to a separation of the big colloids fluid n,

into a dilute vapor governed by entropy and a close-packed (b)

solid governed by energy6,19 as in simple fluids with FIG. 5. Reduced free energ§/=D§F/KbT V for HS (a) and for

short-range attraction. The close-packed solid is of coursg, e (1) with «" =100 (b). F is the EOCF free energy. Lingy,

favored by the large value ap"*{Dy). In this state indeed, =g 3; dashesp,=0.5; dots,(@) p,=0.7. Inset in(a): Influence of

the energy per particle is roughl~1/22¢%RDy), z=12  the long-range part of the HS depletion potential on the free energy

being the number of nearest neighbors. The rapid increase of the HS solid. Line, full RHNC depletion potential. Dots, same

$9eADy) with p; is then reflected by the onset of a sharppotential truncated at=Dy+Dx.

|
\
|
'-,'l
- . ]
To analyze these results, it is first useful to recall the HS - 2 /) }
i
i
i
|
]
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tween densities corresponding to a very dilute gas and Bzed there the effect of small nonadditivity on the effective
close-packed solid. The FS coexistence domain widens thgmotential and the associated second virial coefficient. They
very quickly with p;. The effect of the residual tails is pre- argued that the deviations from the additive HS mixture
cisely to break this scenario that is essentially due to thehould hardly be observable at the level of the phase dia-
“singularity” of the HS depletion well. The minimum of the gram, due to the uncertainty in the definition of the colloids
solid free energy is now shiftefig. 5b)] roughly by AF packing fraction. This reasoning assumes that the modifica-
=6N,A¢(Dy), whereA¢=¢*— $%P (this perturbative view tions due to residual interactions should be purely quantita-
is valid near close packin@6]). As A¢>0, one has\F>0. tive. On the contrary, our present results suggest qualitative
For the “small” interactions considered here, however, on€hanges in the phase behavior with respect to additive hard
might have expected this contribution to be dominated byspheres.

¢%P, leading thus to moderate shifts of the transition lines.

On the contrary, when comparing®™ to ¢%P (see Figs. 3 V. CONCLUSION

and 4, the weight ofA¢ is found to increase strongly with ) )

p.. Above p.~0.5, this eventually leads to an inversion in _ Ne results presented in this paper show that the com-
the variationg®(Dy), which is the direct origin of the reen- monly ad‘r‘nltted view a.cco"rdlng to which mixtures of the
trance observed in the phase diagram. In addition, the re30-calléd “hard-sphere-like” colloids may safely be modeled

moval of the FF metastable transition line is also a conse@S Nard sphere mixtures is disputable. A first analysis based

quence of the strong reduction of the depletion well theon the sizes of the particles would indeed have considered

energy gain corresponding to a liquid density being then in_residual non-hard-sphere interactions existing in these sus-

sufficient. pensions as irrelevant “decorations” of the hard spheres. On
We emphasize here that it is actually the sharpness of the
depletion well that determines the main features of the HS
mixture phase diagram. On the contrary, this phase diagram
does not seem to be significantly affected by the longer-range
oscillatory part,¢%Ar=D,+D,): indeed, the phase diagram
of Fig. 1(a) computed from the full RHNC depletion poten-
tial is very close to that obtained in R¢1.5] with the poten-
tial of Gotzelmannet al. [34], which is truncated at=D,,
+D; (the EOCF free energy was computed in the same)way
This striking difference between the respective effects of the
depletion well and the longer-range oscillatory part may be
understood by recalling that, in the close packing solid de-
scribed above, the internal energy is determined essentially
by ¢%AD,) [E~1/2z¢AD,)] and not by ¢%Rr=D,

4

B

¢/ T

+Dy). This is illustrated in the inset of Fig(#& that shows, @ 10 105 11 115 12
for p;:0.5, the very small effect on the minimuiRy of trun- D,
cating the HS depletion potential beyobg+D.. Of course, 60 .

the dilute gas is itself weakly affected by truncation of the
interaction potential. Hence, the hard-sphere mixture phase .
diagram is very sensitive to those “details” of the depletion 30 . i
potential that concern the well at contact but not to its long- .
range part. o
Figure XIb) illustrates then the modifications—at the
qualitative level—of the phase behavior that may arise from
residual non-HS heteroattractions. We have checked that
adding a tail to the interaction between the small colloids

induces also effects that increase V\ﬂlﬂ’JThUS, although the =30, .3' 1
phase diagram shown in Fig(k) is specific to mode(1), .
strong deviations from the HS scenario can be expected in .
general in systems usually classified as HS-like. In this re- -60¢. ‘ ! ‘

. . . 10 10.5 1 1.5 12
spect, experimental phase diagrams of model mixtures of (b) /D

sterically stabilized silica particles have been recently re-

ported[27]. For the system having typical characteristics of  FG. 6, (a) Potential of mean force for a mixture with=10 and

an “HS-like” situation (see abovg significant deviations ,'=0.585. RHNC, curves; simulation, symbols; HS, line and full
from the HS fluid phase boundary were found for the highesquaregsee alsq35]); Yukawa tail with «* =20 , dashes and open
values of the small particles density. Our present results sugquares(b) Mean force for the Yukawa tail witk" =20. Symbols,
gest similar trends that we plan to examine in more detail irsimulation; full circlesF,,s; empty circlesF,,; squares, total force
the future. Finally, we note that our conclusions do not cor+"=Fg+F,,. The dashed lines connecting the simulation points

attr
roborate the conjectures made in R@R]. The authors ana- are guides to the eyes. Line, RHNC total force.
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the contrary, the situations considered here provide clear evintroduced in Ref[20] and outlined in Sec. I, we performed
dence that such interactions may lead to qualitative changedonte Carlo simulations. As detailed in RéfL.7], we ob-
with respect to hard spheres in the phase diagram. Previoygined ¢¢" following the method of Dickmaret al. [36],

studies have underlined the natural insufficiency of the HSyhose direct output is the mean force between two fixed big
scenario in the context of pure solvent—sterically Stab'“ze‘%)articles:
r -

solute systems. This was explained by the fact that the va
ous non-HS interaction®.g., dispersion forcghave ranges
comparable with the solvent diameter. This work raises now
the issue of the extreme sensitivity of the HS depletion Ny N )
scheme with respect to small departures from the pure hard- _ Usplu
sphere interaction. This scenario is indeed so tightly linked to F(r) = ; cos ¢ {2 cosd
the singularity of the hard-core potential that “decorated”
hard colloids behave quite differently from ideally hard ones.
Although this sensitivity to “details” in the interactions raises
the question of the feasibility of quantitative calculations forFigure Ga) shows ¢ obtained by numerically integrating
real systems, its observation should also stimulate furth

. . . - . he mean force fok” =20 (the simulations become increas-
studies with the aim of determining more precisely the pa- - . .
4 “~ingly difficult as the range of the interaction decreas&be
rameters that are actually relevant in these systems. This is-

sue is of practical relevance, since the effective interaction’émcert"jllnty 'n‘ﬁeﬁ(r,) obtained by integrating the MC forge
in colloidal systems can be controlled to some extent. IPUMS the uncertainty on the force over all the integration
mixtures containing two colloidal species with different ra- PCINts [shown by symbols in Fig.(®)] beyondr. The main
dii, it is conceivable that the non-hard-sphere interactions—S0urce of uncertainty in the force lies now in the extrapola-
for example between unlike species as discussed abovelion tor=Dg0f the HS contributior(first term in brackets
might also be tuned by acting on the chemical composition here is no problem with the second term. In the example
or the structure of the colloids surface laygesg., [27]). ~ shown below, the reduced force at cont&ct=FDg/kgT=
Progress in this direction might provide practical ways to—15 results from a HS contribution estimatedRgs~ -60
control the thermodynamics of these complex systems.  and the tail contributiorF,,,~45. The final uncertainty on
¢ from simulation is thus difficult to asses, as are the dis-
APPENDIX: RHNC POTENTIAL OF MEAN FORCE crepancies that are visible near contact in Fi@g) ®etween
VERSUS SIMULATION RHNC and simulation. Nevertheless, the deviatid
In order to check the accuracy, for the short-range inter=¢°-¢%P is well reproduced (4.6 xgT and ~4.3 kgT,
actions of this study, of the PMF computed by the methodespectively.
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