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Phase separation in suspensions of colloids, polymers and nanoparticles:
Role of solvent quality, physical mesh, and nonlocal entropic repulsion
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Analytic and numerical microscopic integral equation theory for polymer—particle suspensions is
employed to investigate the dependence of fluid—fluid phase separation on size asymmetry, solvent
quality, and higher order polymer—polymer interactions. For athermal good solvents, our prior novel
prediction of enhanced miscibility with increasif@ecreasingpolymer (particle size is found not

to be fundamentally tied to physical mesh formation or strong polymer-induced colloid clustering.
Rather, the key is a proper treatment of the polymer second virial coefficient, which is sensitive to
how chains organize in the empty space between particles. The origin of the qualitative error made
by classic mean-field theories for the shifting of phase boundaries with size asymmetry is
established. The phase separation behavior predicted by integral equation theory for ideal polymers
is completely different than the athermal case for all size asymmetries and particle volume fractions,
thereby establishing the remarkably large consequences of polymer—polymer repulsions. For large
polymers or small nanoparticles under ideal solvent conditions, the suspension miscibility worsens
with increasing size asymmetry, opposite to the athermal solvent behavior. However, over a
significant range of intermediate size asymmetries the spinodal curves are either nearly constant, or
display a nonmonotonic shifting, as size asymmetry is varied. Higher order contributions in polymer
concentration modestly stabilize the miscible phase in both athermal and ideal sc

I. INTRODUCTION separation on size asymmetry has only recently been accom-
plished under athermal good solvent conditions characterized
The phase behavior of polymer—particle suspensions is By strong repulsive interactions between all componénts.
complex subject due to the large variability in polymer/ cjassic theorigs*>have been formulated from a colloidal
particle size disparity, solvency conditions, and the presencerspective R>Ry) utilizing multiple  simplifica-
of multiple physical forces including Coulomb, excluded tjons, the most severe of which afé: approximating a flex-
volume, and attractive van der Waai<. The simplest real- jyje polymer by a sphere which neglects internal or segmen-
ization of such ternary mixtures is tieearly athermal sys- 5 (conformational degrees of freedom, and(ii)
tem composeq of flexible nonadsorbing _ polymer C°”5ign0ring all  polymer—polymer interactions(polymer
(radius-of-gyratiorRg) and hard sphere colloidsadiusR). < «phantom sphere}. These approximations are plausible
Such a model suspension continues to display rich and PUZat best under the restrictive conditions of an ideal
zling behavior as the full parameter space is explored, angheatg solvent, dilute polymer concentrationsp(c*<1),
can exist as a homogeneous fluid, two coexisting fluids, coznq ther>R.. colloidal regime. Based on these spimplifica-
existing crystal and fluid, or in nonequilibrium gel or glass tions, the cglassic statistical thermodynamic approaches
states ™6 Relev_ant parameters_ are polymer—pe_\rticle Sizettwo-componer?tor effective one-componéht3 predict, in
asymmetry ratioé=Ry/R, particle volume fractionds,  gnajogy with the liquid—vapor transition of a one-component
polymer concentration in units of the dllute—semldlluteﬂuid, that suspensions become less miscibleRg$R in-
crossover valuec,/cp, and solvent qualitygood, theta,  creases due to the growing spatial range of the depletion
poon  which . 7%?'1"”05 the effective  polymer—polymer auraction. The domain of validity of this prediction has been
interactions’™* , , unknown due to the difficulties in relaxing simplificatiofis
For Ry/R>0.3 or so, such suspensions fLrSt undergong (i), which require an explicit treatment of polymer
fluid—fluid phase sep_aratl‘??llthh_ increasing/c, and/or  giavistics Recently, a new microscopic liquid state descrip-
particle volume fractiod*"*! This is the topic of the (o of structure, thermodynamics, and phase separation has

preseqt work. Demixing_ is dr?ven by the entropic “de_p!etion been developed and applfed®which combines and extends
attraction” between particles induced by polymer additites. ideas from atomic and polymeric integral equation

Systematic experimental study of the dependence of pha?ﬁeow.lA‘lGThis “polymer reference interaction site model”
(PRISM) theory**®is potentially applicable over all ranges
3Electronic mail: kschweiz@uiuc.edu of suspension parameters. Initial applications to athermal
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mixtures resulted in the novel prediction that suspension The above discussion provides a summary of many of
miscibility improves with increasin@®,/R, opposite to the our findings which will be established using a combination
classic theorie§!! of analytic analysis and specific numerical calculations. Sev-
The qualitative differences between the classic and ligeral unexpected subtleties also arise for phase separation in
uid state theory phase behavior predictions motivated Raheta solvents. We also establish the origins of the errors of
makrishnanet al? to experimentally study model athermal the classic approaches which become increasingly severe as
suspensions whemR, /R was varied from 0.026 to 1.4. Mis- colloid volume fraction increases and/or tRg>R regime is
cibility was found to monotonically improve with increasing entered.
Ry/R, confirming the novel PRISM prediction. This trend The remainder of the paper is structured as follows. In
for Ry<R was subsequently found via large scale MonteSec. Il the two classes of theories and models considered are
Carlo simulation using an approximate “soft colloid” model described. Since the technical details of the theories have
of polymers!” Turbidity measurements of colloidal concen- been thoroughly documented in the literat(r&) we only
tration fluctuations in the homogeneous fluid phase have alssummarize the key elements. The dilute polymer version of
been performed PRISM theory was found to be quite ac- PRISM theory is developed in Sec. Ill and contrasted with
curate over the entire range of size asymmetry, while théhe full theory and the classic mean-field approach. Section
classic approaches incurred large errors for both small antV presents our numerical and analytic results and addresses
large values oR,/R. points (1)—(3) enumerated above. The paper concludes in
A primary conclusion drawn from the theory— Sec.V with a summary and future outlook. Technical details
experiment comparisofi$'%8is that in athermal suspen- Of the numerical implementation of PRISM theory are given

sions the consequences of relaxing approximatiohsnd  in the Appendix.
(i) are very large. However, a “simple” and unique expla-
nation is not readily deduced since PRISM theory included!- THEORY AND MOLECULAR MODELS

multiple effects not in the classic approachéa: nonlocal A ternary mixture of polymers, particles, and small mol-
polymer—particle entropic repulsiorib) polymer—polymer  ecyle solvent is simplified to an effective binary system by
repulsions;(c) polymer conformational degrees of freedom; treating the solvent as a continuum which influences only the
and (d) nondilute polymer concentration effects. Disen- effective pair decomposable interactions between polymer
tanglement of the consequences of including these aspectsdggments and particles. The relevant system parameters are:
not straightforward. coil radius of gyrationRy, colloid diameterD=2R, poly-

The goals of the present paper are to establish the funmer number densityc,, and colloid volume fractiong,
damental origin of the novel phase separation prediction ot 7, D%/6. The two binary mixture theories considered are
PRISM theory by systematically simplifying it. In pursuit of the “phantom sphere free-volumgPSF\) thermodynamic
this goal, three additional questions are addresé€BdThe  approach and PRISME 10
role of physical mesh formation and polymer-induced colloi-
dal clustering(free-volume modificationin an athermal sus-
pension is investigated by taking the dilute polymer concen-  The phantom sphere free-volume approach of Lek-
tration limit in analogy with what is done priori in the  kerkerker and co-workefsonsiders a model suspension of
classic approaches. Physically, one expects such a simplifirard spheres and noninteracting polymer coils in the dilute
cation will enhance depletion attraction between particlepolymer limit. Polymers chains are replaced by spheres with
and facilitate phase separation, but in a manner that wilho internal(conformational degrees of freedom which can
depend orRy/R and colloid volume fraction(2) The direct pass freely through each othélideal”) but act as hard
and indirect role of polymer—polymer repulsions is investi-spheres of radiu®k; when interacting with colloids. The
gated by considering the antithesis of an athermal solvent: adelmholtz free energy consists of three terms: a pure hard
“ideal theta” solvent where polymers are treated as nonin-sphere(HS) part, a pure(noninteracting polymer contribu-
teracting Gaussian random coils. Such ideal models havion due to center-of-mass translation, and a polymer—colloid
been the primary focus of prior theoretit&'?'*"?'and interaction term strictly linear iic,. The latter follows from
computer simulatioff studies due to the simplifications it computing the free-energy cost to insert a single polymer
affords. The absence of polymer—polymer repulsions is exito the hard sphere fluid and is quantified by a “free-volume
pected to enhance depletion attraction since no excess frefaction,” «, which depends o4 and size asymmetry ratio
energy penalty is incurred if polymers clust) The impor-  §=Ry/R.
tance of the loss of conformational entropy when polymer  Using scaled particle theorySPT) for hard sphere
segments are close to hard particles is established under ideaixtures?? the insertion chemical potentigddu,, and frac-
solvent conditions. Inclusion of this “nonlocal entropy” ef- tional free volumeg, are given by
fect is the primary new component of the recent PRISM b
theory?™*® and it plays a critical role in the novel phase  Bou,=—Ina=—-In(1-¢)+A—
separation predictions for athermal suspensions. Although 1-¢
any extra polymer—particle repulsion favors phase separa- s \2
tion, the strongly nonadditive nature of excluded volume in- +C -4 )
teractions in an ideal solvent is expected to render their ef- s
fects of a quantitative, not qualitative, nature. A=3¢+382+ €3, B=9¢%/2+3¢%, C=3¢&, @

A. PSFV approach
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from which the phase boundaries may be determinéde  ously applicable for “ideal” polymers. We also employ it as
spinodal curve, defined as the polymer and colloid densitiean approximate “effective” Gaussian model for interacting

at which the osmotic compressibility diverges, is polymers as commonly done in field theoretic approaéhes.
To solve Eq.(3), the new “modified Percus—Yevick”
c; (1— ) (1+2¢y) (mPY) clogure ap.proxi.mation for hard core site—site inter-
P A molecular interactions is employ&d'° The mPY closure en-
P ) forces the local exclusion constraint and accounts for nonlo-
B 3 ) 0 21 4343 cal polymer—particle entropic effects in a thermodynamically
A= — 12+ 156t~ 66+ £, consistent manner, and is given by
wheret;=¢s—1,1,=2ds+ 1, c; is the polymer concentra- gi(r)=0 for r<R;
tion at the spinodal, and dg=4ng/3 is the polymer coil
volume V. The PSFV theory predicts fluid—fluid spinodal C,i()=0 for r>R, (6)

(and binodal boundaries shift monotonically to smaller re-
duced polymer concentraticﬂ:},/c;r as ¢ increases. Even in
the £€<1 “colloid” regime under relatively dilute polymer & (k)=
concentrations, this is the opposite trend observed in recent ~ °°
athermalgood solvent experiments.

Gl o
T3 KON Cps(r)=0 for r>Rys,

whereR;; is the distance of closest approach between inter-
B. PRISM theory action sites of the typeandj (Rss=D andR,s=D/2). The
PRISM theor)]/4'15is a macromolecular extension of the correlation length\ describes the loss pf _Conformatlonal en-
tropy when polymer segments are within a distancef a

RISM theory of Chandler and Andersen for small, rigid, mo- ; . . .
lecular fluids® It is based on an interaction site repres,enta-partICIe surface. Itis computed by enforcing the constraint of

tion of molecules and a generalization of the matriXthermodynamm self-consistency on the polymer insertion

Ornstein—Zernike equation. The latter relates the intermo(-:hemlcaII potential based on the compressibility and free-

e ) . ; . nergy routes to the thermodynamic® If A=0, the site—
lecular site—site pair correlation functions as a function of”. oo .

i . a . site PY approximation is recovered. In analogy with hard
scalar site separatioh;;(r)=g;;(r)—1, the intermolecular

; 6,27 ;
site—site direct correlation functioi®;(r), and the intramo- sphere mixtures;*’based on the PY closure, spinodal phase

N separation is not found in athermal mixtures of repelling
lecular structure factor®;(k), where the caret denotes Fou- ~ ! I i
. : o coils and spheres due to the quantitative underestimate of
rier transformed function@vave vectork). The subscripts

. : . . depletion  attraction effects by the local PY
and j denote the mixture species, andis the real space . 31028
approximatiorf-1%

separation. In Fourier space, the matrix integral equations for . . . .
. . .2 . . The nonlocality length\ is a function of all system vari-
molecules composed of chemically identical interaction sites .
ables, and depends ap and ¢ in a manner that captures

are . !
many-body screening effects due to polymer and colloid con-
centration fluctuation$-1° A convenient analytic interpola-
By (k)= ai()| € (K @y (k) + 3 Ey(Kypfyy(k) | (3 tion formula for is’
|
L, V2H2mCR; 14245 7

Explicit chain end effects have been ignofédhe structure athermal solvent

factors describing collective partial density fluctuations are Rg 1-¢s D’
given by (7)
\/2 1+2¢S Y1
R R N AN l=—+ —=, ideal solvent
Sij(K) = p;@i(K) &;; + pipjhi; (K). (4) Ry 1-¢s D

The diagonal elements of the matrix of partial structure facwhere y;=1+ V5. The athermal solvent expression incurs
tors are nondimensionalized via division py, the site num- errors in rigorous enforcement of thermodynamic consis-
ber density fps,pp=CpN). The intramolecular structure fac- tency of <20% over the entire parameter range. The ideal
tor for hard sphere colloids i&(k)=1. A field theoretic  solvent formula follows from the athermal result by ignoring
type description of flexible polymers as infinitely thin con- blob screening effects consistent with the literal neglect of
tinuous Gaussian random walks or “threads” is employed. polymer—polymer interactiorid:*®

In this model, the number of sites per polyniers irrelevant For the thread model under athermal good solvent con-
and only the global polymer size ent&r$? The intramo-  ditions, the pointlike polymer—polymer repulsions enter via
lecular structure factor is approximated by the PY closuré* Cpp(r=0)=C,,d(r), whereC, is chosen
to enforce the local segmental scale excluded volume condi-
1 1 tion, gpp(r=0)=0, and is necessarily a function of all sys-
op(k) =5 @p(k) = 17 KRY2" () tem parameters. In field theoretic languageC,, plays the
9

role of aself-consistentlydetermined excluded volume pa-
which is accurate to within 15% of the exact Gaussianrameter. In strong contrast, ideal solvent conditions are de-
modef* and simplifies the partial analytic solution of the fined as allowing polymers to pass through each other,
coupled nonlinear integral equatiof*sThis form is rigor- Cpp(r)=0 for all r. In the absence of particles and in the
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dilute polymer limit,C,,=0 corresponds to the classic defi- polymers in a hard sphere fluid. These can be computed from
nition of ideal theta conditions and a vanishing secémid  Eq. (3), which decouple into three independent equations.
higher ordey virial coefficient?® Analytic progress has pre- However, the first-order correction to the colloid—colloid di-
viously been made for the athermal case based on theect correlation function, which describes polymer-induced
Wiener—Hopf factorization methatlin the present work we modification of sphere packing, is required. Thus, through
also employ iterative numerical methods as described in theowest order
Appendix.

The criterion for fluid—fluid spinodal phase separation is épp(cp)zﬁpp(cpﬂo)iégp,
the divergence ak=0 of all partial structure factors, or
equivalently vanishing of the determinant of the free-energy
second partial derivative matrix. This follows from E¢3)
and(4) as*

CsdCp)=CsdCy—0)+CcpAC=Cps+cACss,  (12)

6ps(Cp):Acps(cp_’o)i’égs'

0=1-pCos— CpCppt Cpps(CppCss— C29), (8)
R pf s PR pljs PpTSs Tes which is referred to as @(,) PRISM, or “PRISMO,” theory.

whereCij=C;j(k=0), Cpp=Cp,N? andCp=CpN. The quantityACg, follows from a perturbative analysis of
The single polymer insertion chemical potential calcu-Eq. (3) and is given by the linear integral equation

lated via the compressibility route is givenby

, Ahsd(k) =S AC(k) +Bp(K) CRy(k)?],
NBSplc —0=— f Cps(k=0;pl)dpy . 9 (13
0 Ahgdr)=0, r<2R, AC.(r)=0, r>2R,
For this property, solvent quality as manifested in the effec- R R
tive intermolecular polymer—polymer interaction isel-  where Syg(k)=(1—psCns(k)) ' is the hard sphere struc-
evant Analytic analysis of PRISM-mPY yields an expressionture factor, andS,s(k=0)=(1— ¢J)* (1+2¢J)? is the di-
that reduces in the extreme colloid+0) and extreme mensionless compressibilit). Analytic expressions are

nanoparticle {— ) limits to® available forC3, andCJ,? but notACe.
Through leading order in polymer concentration Ep)
Nﬁ5:“p|cp=0: —In(1=¢s), £-0, (10 appliesindependenbf intermolecular polymer—polymer in-
teractions. Thus, within our effective Gaussian chain model
3 P(2+ o) approximationsolvent qualityinterchain interactiongplays
NBSpple,~0= 57152W1 -, (1D no role in polymer mediated (depletion) colloidal clustering

_ through lowest orderThe spinodal boundary in E¢8) may
For large, Gaussian polymers, E@1) correctly scales as then pe rigorously written through 9 as
(Rg/R)dF~N, wheredg=2 is the fractal dimension of an

ideal random coil. This is in strong contrast to theéRg/R)?’

scaling in Eq.(1) of the PSFV theorywhich becomes un-

physical as¢>1, since the chain nature of polymers allows Here, the polymer molecule effective second virial coeffi-

them to “wrap around” colloidal obstaclés. cient consists of “direct” and “indirect”(colloid mediategl
contribution$?®

0=1—CppsSusA Csst2¢,Bopp- (14)

Ill. PERTURBATIVE LIMIT

— _ [P0 N2— _ RO & 02
PRISM-mPY theory accounts for contributions through 2Bapp™ ~NpoN™= = Cpp ™ PsSsCpss (19
all orders in polymer concentration; hence, “physical mesh” N
formatior?"**?*as the semidilute solution state is approached  Sp _ Vp
and enteredA priori, it is not obvious how important this cp —2B,ppt pSiA G
aspect is. In order to elucidate the connection of the integral
equation theory to the PSFV model, and the primary physical Vo

origin of the novel predictions of the former for athermal (16)

solvents, we analyze PRISM theory through lowest order in
polymer concentration. The analytic analysis provides the
basis for interpretation of the numerical results presented it{/

agp+ PSASHS( A éss+ 6332)

herec;,r is the polymer concentration at the spinodal. Note

Sec. IV. that polymer—polymer interactions or solvent quality is rel-
. . evant to demixing via its influence ddy,,,, which will be
A. Rigorous lowest order analysis shown to be very important for phase behavior.

We first consider an exact perturbative in polymer con-  An alternative exact form of the spinodal boundary fol-
centration analysisindependenbf solvent quality. Inspec- 10Ws from using the generalized Maxwell relatforappro-
tion of the spinodal condition of E8) reveals that through Priate to thec,—0 limit of present interest

lowest order only the infinite dilution values &f,s andC,, ) R , ,
are needed, corresponding to the problems of one or two ACss=dCss/dpy=—3"up/dps. 17
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Combining Eqs(14) and(17) yields hard sphere compressibility. This simplification is assumed
by PSFV theory and other recent approaché&superposi-
0=1+2¢,Bypp+ CppséHs&2ﬂ5Mp/ﬁ¢§, tion approximation').32 This result isnot rigorous if poly-
(18) mers interact, and the consequences in good solvents are
o/ 2B,,, R\ 2 -1 enormou§‘:.1° N o .
g— — V—p— d)s( R—g) SHS&Tﬁg’Bé’“p) . Under ideal conditions, substituting E@1) in Eq. (18)

yields a spinodal condition which is applicable for all size

The second term in the right-hand side denominator of Eqasymmetry ratios and is identical in general form to that
(18) is negative. Hence, phase separation requires a suffemployed in the PSFV theory. The first and second deriva-
ciently negativeB,,,, corresponding to colloid driven clus- tives of the polymer insertion chemical potential enter, which
tering of polymer coils. This imlways possible under ideal can be compactly expressed in terms of the fractional free-
coil conditionswhere excluded volume effects are strongly volume function,a= exp(—Bdu,), as"*

nonadditive, since polymers caanphysically pass through

each other. But, it i;iot guaranteed for athermal solvents, c; . 5 2a\ 7t
making theoretical description of this case far more subtle C—*=(¢55Hs) (Ry/R)°a ag2) ideal. (22
and difficult. P s

The second term in Eq18) is unimportant ifé>1 [as  This equation reduces exactly to the PSFV result of(Eif
rigorously follows from Eq.(20) below], and Eq.(18) takes  the ideal polymer coils are approximated as hard spheres and
the form appropriate for a polymer solution at an effectivescaled particle theory is employed to compute the fractional

second virial level free volume. Hence, for this ideal polymer limit the differ-
ences between the perturbative PRISM and PSFV theories
0=1+2¢,Bypp, &1, (19 can be precisely identified as enterisglely through the

single polymer insertion chemical potential.

In the £&1 nanoparticle limit, Eqs(15), (18), and(20)
show that the colloid-induced attractive contribution to the
fwlymer second virial coefficient dominates the determina-
tion of the spinodal. Thus, very large differences between
PRISM and the PSFV theories occur due to the PSFV treat-
ment of a polymer as a hard sphere. In particular, Eds.
(11), and(22) yield

For an athermal suspension, addition of polymer duatsa
priori guarantee a negativ, ,, or fluid—fluid demixing.

In general, the qualitative behavior of the &) phase
boundaries depends on the bare interactions and all thr
direct correlation functions. Further simplifications will be
deduced by utilizing analytic “scaling” results in the ex-
treme size asymmetry regimes

C% ~—R?R, AC.~—-R?R* for &>1,
ps~ ~Rg ss Ry ¢ 20 ¢ [(RIRy% idealPSFV, ¢1,
(20 P (23

ESSN_RS’, AéSSN_R6 for §<1 ; (R/Rg), ideaH PRISM, €>1

These results follow from Eq$9)—(11) and(17), and have The “polymer~hard sphere” approximation results in a
been discussed previousiyNote that in the¢>1 extreme massive reduction of miscibility, as also found more recently
nanoparticle regimeAC,, is smaller tharC9.2 by a factor Dy an alternative approach. .

~ £, which provides the justification for the reduction of N the <1 colloid regime, representing a polymer as a
Eg. (18) to Eq. (19). Physically, it also implies that when sphere is far more tenable, and one expects only quantitative
polymers are much larger than the particles the local coIIoiQ'ﬁeren{?eS bgtween the PSFV .e}nd PRISM approaches for
dal structure is nearly unaffected by tfeow long-range ideal coils. This argument is verified in Sec. IV C.

depletion attraction? consistent with classic van der Waals ¢ Athermal limit

fluid ideast*16:3° -

The above analysis holds for arbitrary solvent quality, ~Jnder athermal solvent conditions, strong polymer—

We now apply the perturbative results to understand the limPClymer repulsions result in qualitatively new phase behav-
iting ideal and athermal solvent behaviors. ior associated with a nonzero value Gﬁp. The latter is

self-consistently chosen to enforce local excluded volume
between polymer segmentg;,(r = 0)= 0. This constraint is
B. Ideal polymer limit highly nontrivial and effectively couples local packing con-

In the ideal limit the polymer—polymer direct correlation Siderations to long wavelengifthermodynamig properties.

function vanishes. Only the secofiattractive contribution It is the origin of the ability of PRISM theory for athermal
in Eq. (15) remains. Employing Eq9) then yields semidilute polymer solutions to correctly capture strong cor-
relation effects consistent with scaling arguments and field

. 9BSmy\? theory!*24The analytic result in the low polymer concentra-
2Bypp— — pSSHS( P p) , ideal. (21)  tion limit is®
S
If polymers do not interact, the colloid-induced contribution 4 2
. o the coll . w0 o[ 1 3&pg2+7)
to their second virial coefficient is determined solely by ~ —CJ o« (24)

knowledge of the polymer insertion chemical potential and PPUER| 1o 2‘07’5(1—%)2 ’
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wherel2=RZ/2N is an effective polymer step or persistence

length (N-independent for ideal coils arideN* for self-

avoiding walkg. In the dilute colloid limit, —Cp =Ry*, i
consistent with recovering, > RS from Eq. (15) for both

ideal and good solvent conditions. With increasing colloid

volume fraction,—(\‘,gp and the corresponding contribution 4 N
to the polymer second virial coefficient in EGL5) become 2
increasingly repulsive, approaching a finite limiting value in -~ <
the extreme nanoparticle limit.

Any approximation which computeB,,, by simply
adding a “bare” isolated two chain contributiofsecond
virial in absence of colloidsto the colloid-induced contribu-
tion determined under ideal conditiofsg. (21)] is not valid. . . . . . . . . ,
This is dramatically illustrated by the fact Eq45) and(20) =51 0.2 0.3 0.4 0.5
imply that in the nanopatrticle regime the PSFV approach o,
predicts Bzvpp~—Rg/R, which corresponds to a much _ _
greater depletion attraction than the PRISM resuIBQI,p FIG. 1. PRISM-mPY spinodal boundaries for an athermal solvent &nd

39 - . =0.14, 0.56, 2.83. Perturbative PRISM results are shown as thin dashed
NRg' The full PRISM theory polymer second virial coeffi- lines, the extreme nanopatrticle limit is the thick dashed line. The full PRISM

cient result in theRy>R regime is results are shown as thin solid lines, the extreme nanoparticle limit is the top
thick solid lines, and the extreme colloid limit is the thick dot-dashed line.

V27RS 364 1+ y1+ 23

= , >1.

ZPP (14 26g) 1-¢s ¥ ¢ previously?~° Analytic expressions for the spinodal have
(29 peen derived in the extreme—0 andé— limits,®° and

The By pp~ RS dependence is identical to the pure polymerare given by

solution behavior, in which case the prefactor is proportional

to the segmental excluded volume parameter, which is posi- c; 2v2 (1+ q§5—2¢§)

tive in good solvents. Colloidal particles induce polymer C_*:TW' §¢—-0 mPY, (27)

clustering which reduces, and catepending on colloid vol- P

ume fraction reverse the sign of, the polymer effective sec- +

ond virial coefficient. In the extreme colloid limit af<1, P 42 (1+2¢5)(1— ¢5)

(g

g mPY. (29

very different behavior is predicted by PRISM thebry CE 3 ¢y(6y1—1)-2"°
) PRISM-mPY predicts no spinodal demixing at low enough
B, £D3¢(1— ®) f<1 20 ¢s in athermal solvents. As observed from Fig. 1, the spin-
2pp 127 (1+2¢)% odal boundaries shift monotonically to higheg/cy as

R ,10
The magnitude of the polymer second virial coefficient ing/R increases.

now controlled by colloid size and is negative for all colloid = _ -
volume fractions. A detailed study @&,,, over the entire PRISM predictions for the spinodal are qualltat_|vely the
range of parameters has been given previously. same as those of full PRISM theory. f\s discussed in Sec. lll,
As will be shown in Sec. IV B, thé- and ¢s-dependent When ¢>1 the first order correctiod Css is negligible and
consequences of polymer—polymer repulsion®gp, is the ~ Ed- (19) applies. By using Eqs9), (11), and (24) in Eq.
fundamental physical effect which reverses in good solvent§l9. straightforward algebra yields an analytic expression
the (incorreci shifts of phase boundaries witRy/R pre- for cp/.c;c along the spinodal curve. Remarkably, we find the
dicted by the PSFV and related classic approaches. A pridiesult isexactly a factor of 2 belowthe full theory result of
attempt within the PSFV framework to access the role ofEd- (27)! Hence, in the nanoparticle limit, there is only a
polymer—polymer repulsions concluded it had only a minormodest quantitative correction due to all the higher order in
effect on phase behavidt,n contrast to PRISM theory and Polymer concentration contributions whichiflependenof
experiment. The primary origin of this disagreement is the SPhere volume fraction. The lower values of reduced poly-
inability of the prior approach to determine ho,, is ~ Mer concentration at _the spm_qdal is e_xpected, since
modified by the presence of colloids under conditions ofPolymer—polymer repulsions stabilize the mixed phdsé.

Our present interest is to see if the &) version of

strong polymer repulsions. Comparison of the full and @() spinodal boundaries is
shown in Fig. 1 over a range of polymer-to-colloid size ra-
IV. RESULTS tios. The qualitative trend of monotonically increasing fluid—

fluid miscibility with increasingé¢ is established even at the
simple OC,) level. Differences between the perturbative and
full theories are a factor of 2 or less undalt conditions
“Full” (contributions through all orders ig,) PRISM-  studied. The influence of higher order polymer—polymer re-
mMPY numerical results for polymer—colloid mixture spinodal pulsions doesncreasewith colloid volume fraction. This
boundaries in an athermal good solvent have been presentathkes physical sense since the ability of coils to avoid each

A. Role of nondilute polymer concentration for
athermal solvents
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) ) . FIG. 3. PSFV and perturbative PRISM-mPY spinodal boundaries under
FIG. 2. Perturbative PRISM-mPY spinodal boundaries under athermal goog | solvent conditions. PRISM-mPY results are showner0.14 (thin

solvent conditiongsolid symbols and ideal solvent conditiortempty sym- - 55iq jine with diamonds 0.56 (dashed line with squares2.83 (dotted line

bols) for £=0.56 (squares 1.41 (triangles, and 2.83(circles. The inset with circles, and the corresponding PSFV predictions for the same ratios

shows only the spinodals under ideal solvent conditions at high colloidye ghown without symbols. The thick solid line is the PSFV prediction in
volume fraction, with the addition of thé=0.14 (diamond$ case.

the extreme colloid limit. The inset shows the dense colloid regime in more
detail.

other in the free volume between particles decreaseggas

increases. Regarding the incorrect spinodal predictions of the  Since direct polymer—polymer interactions are absent in
PSFV approach, we can definitively conclude it doed ideal solvents, the more complex response of the spinodals to
fundamentally arise from higher order polymer—polymer in-size asymmetry and particle volume fraction must arise from
teractions or strong modification of colloidal structure anda competition between polymer—sphere and sphere—sphere

free volume by depletion forces. direct correlations. As shown in Sec. Ill, when the polymers
are comparable in size or larger than the particles, an in-
B. Role of solvent quality: Ideal versus athermal crease ofRy has less and less influence on local colloidal

Having established the quality of @) PRISM predic- structure and tha C, contribution becomes negligible rela-
tions compared with the full theory, we employ the numeri-tive to C) 2. Thus, the spinodal boundary is dominated by
cally and analytically simpler lowest order method to furtherpolymer—particle correlationénsertion chemical potentigl
investigate the role of polymer—polymer interactionscg)(  and simplifies to:céﬁ/c;§~1/(ﬁg32c;). Since C)2~Ry for
spinodal predictions for the athermal good solvent and ideaf>1 and 1¢;~Rg, the spinodal curve shifts down a&s
solvent cases are compared in Fig. 2. The primary trends aggrows. Using these results and E¢8) and (22) yields the
as follows.(i) At fixed £ and ¢, fluid—fluid demixing under explicit result
ideal solvent conditions always occurs at lower reduced
polymer concentration than in good solvents. The reduction c;/cﬂl,c =0.1711— ¢/ (Eps), ideal mPYO, £—o,
factor is~3—7 (over a wide a range abs), with deviations (29

growing asR, /R increasestii) At very high colloid volume  here the notation mPYO refers to the lowest order mPY

fractions, the ideal coil spinodals do shift down with increas-prgm theory. Equatior29) quantifies the scaling results
ing size asymmetrg. However, in contrast with the athermal shown earlier in Eq(23).

iolver;:] behe_lviodr, Ia:jlowdanq mogerate coIIoiq .volume frac- In the é<1 colloidal regime, Eqs(16) and (20) imply
tlc?r::i sh?ft?r?mooranegrur(]:o?]rsl?;ns C;W 2I SnlflreprrsI incrg];sneo-in c;/c;~1/(D3¢S(E:§S+Aéss)c;). Since agSZN_AéSS
9 ©as poly ~R8, we find that low-order analytic expansionsémo not

size relative to colloids. This nonmonotonicity becomes . . L .
. . . . “suffice to establish the qualitative trends due to cancellations.
more pronounced with decreasing colloid volume fraction, : : : .
Numerical calculations are required, and Fig. 2 shows the

but is still weakly present up t¢s~0.35-0.4. Fog<1, the . : : . . . i
spinodals first shift towards higher reduced polymer concen§pInOdaIS shift up ag increases in the colloid regime, oppo

tration (improved miscibility as ¢ increases, and then re- site to the nanoparticle regime behavior. Hence, a reversal of

verse with further increase of. Hence spinodal “curve the qualitative shifting of the demixing curves with size

crossings” are predicted. This unexpected behavior has beeansymmetry in ideal solvents may be understood as a subtle

recently found in AO model simulatiohs of an ideal gpnstequemlzet_of tfhe ihange.,'[?] sc?llng ofﬁ;es a?dls—p
polymer—colloid system. Thus, ©() PRISM-mPY theory irect correlation functions with polymer and particle sizes.
captures a very subtle feature of ideal solvent phase behavio&. Role of conf ional in ideal sol

Preliminary experimental and full mPY numerical calcula- ole of conformational entropy in ideal solvents

tions reveal an even strongeb,-dependent, nonmonotonic The O(,) PRISM-mPY predictions for ideal coils are
variation of demixing boundaries. compared to PSFV theory in Fig. 3. This comparison prima-
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rily reveals the role of treating a polymer as a connected
chain with segmental conformational degrees of freedom. In
contrast to the complex nonmonotonic behavior of the
PRISM-mPY spinodals, the PSFV theory predicts phase
separation boundaries shift monotonically downward with
increasingé. Hence, one can deduce the crucial importance
of treating a polymer as an open interpenetrating fractal ob-
ject and not an impenetrable hard sphere. The PRISM spin-
odals also shift far less strongly with increasing size asym-
metry (a factor of ~2 for a factor of 20 change i),
compared to a much larger factor 6f10—20 by the PSFV
model which is due to the increasing overestimation of the
polymer insertion chemical potentiédr depletion attraction
between particlésas ¢ increases. 0
It is also interesting to note that the PSFV model spin-
odals are above their PRISM analogs for small polymers, but , _ , )
Shitto well below for long polymers. This systematic dif- 7o, Peribeive PRUEMLPY wud 7y o coumares fr e
ference has been previously documented in a combinegith diamonds, 0.56 (dashed line with squargs2.83 (dotted line with
theory—experiment study of colloid concentration fluctua-circles, and the PY results for the same ratios are shown without the sym-
tions in athermal solvent€ The interpretation advanced was bols. The thick solid line is the PY curve in the extreme colloid limit.
that for small polymers the PSFV model underpredicts deple-
tion attraction, since it ignores the additional conformational

0.75F

0.5

cfc *
p/p

0.25F

entropy gained by polymers leaving the spatial region near or C;r £ (1+2¢,)2 \/ 8 1— s |2
ids. - = —————| -1+ /1+ , PY
between colloids. But, for large polymers the PSFV repre c;‘ 9 b [ zZ 1+2¢S) J

sentation of a chain as a hard sphere ignores the ability of
polymers to “wrap around” small particles, resulting in a
strong overestimation of depletion attraction. Such competwhich in the extreme limits simplifies to

ing effects imply the existence of a narrow ranget ealues

(~0.5) where the PSFV and PRISM predictions cross due t6, /¢y =2V2(1— ¢o)(1+2¢5)/(9¢s), é—0, PY (31)
a cancellation of errors. Such “agreement” is fortuitous. CIICk = (419)(1- $%l (Eby), £, PY. (32)

(30

The corresponding @() PRISM-PY(PY0) spinodal

D. Influence of nonlocal entropic repulsion in ideal boundary can also be deduédd

solvents

Analytic results for the spinodal boundaries of mixtures ¢
of ideal coils and hard spheres have been previously derived
using the local PY approximatiol\&0). Comparison of (33)
the PY and mPY predictions allows the influence of nonlocal
entropic repulsion to be accessed within the common PRISM  The limiting O(cp) PY and PSFV spinodal boundaries
framework. In athermal solvents, the consequences are endt€ given by
mous since PY(incorrectly predicts miscibility under all

.

P
*

Cp

Q (1_¢s)2(1+2¢s)
9 p(1— o)+ s(1+2ps)El(2V2)

conditions due to its quantitative underprediction of deple- CplCh=v2(1—¢5)(1+2¢5)/(9¢s), PYO

tion attractiorf?°3® However, for ideal coils one expects Y Cplch=(1-¢o)(1+2¢5)/(12¢45), PSFV,

nonlocal entropic effects result in relatively modest correc- (39

tions since phase separation of atomic mixtures is predicted

by PY type theories under such strongly nonadditive ex- c;/c;=(4/9)(1—¢S)2/(§<;/>S), PYO

cluded volume COﬂdI'FIOI’I:g _ _ §—, c;/c; =(1— ¢ [ E3h(1+2p5)?], PSFV.
Example comparisons of ©f) spinodals are shown in (35)

Fig. 4. The PY demixing curves always lie above their mPY
counterparts due to the extra nonlocal entropic driving force  There are multiple interesting aspects of these analytic
for phase separation. The PY theory predicts a much strongeesults. Consider first the relationship between mPY and PY
dependence on size asymmetry than the mPY. This is due twhich reveals the role of nonlocal conformational entropy.
the reduction in importance of nonlocal entropic effect§€as (i) In contrast to the mPY prediction for ideal solvents, the
increase$:'°A consequence of the latter behavior is that thefull and O(cp) PY results of Eqs(30) and(33) predict that
PY and mPY spinodals disagree less with increagingnd  as ¢ increases the spinodals shift monotonically downward
become identical in form ag—ce limit (see below. (to Iowercp/c’;) for all colloid volume fractions. Thus, the
The trends suggested by the numerical results in Fig. 4ubtle nonmonotonic behavior found in the mPY theory is a
can be understood based on analytic analysis. The(dllll consequence of nonlocal entropic restrictions on polymer
orders inc,) ideal coil PY spinodal is given By*° conformational degrees of freedom near a hard partiile.
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The PY spinodal approaches zeroas for large size asym-
metry (é— ), in agreement with PRISM-mPY in E§R9).

(iii) The full and perturbative PY spinodals become qualita-
tively identical in the large polymer limit. This is generically (2)
expected for all theories for ideal coils since as size asym-
metry increases and the spinodal curves monotonically de-
crease towards zero, a lowest order in polymer concentration
treatment becomes exadiv) The O(c,) PY and mPY spin-
odals of Egs.(35) and (29) areidentical in form in the ¢

—oo limit, differing by a numerical prefactor-0.38. This is
presumably a consequence of the nonlocal entropic effects
having an intrinsic spatial range D in this limit,° which
becomes increasingly less important dgrows. Quantita-
tively, the mPY spinodal is lower than its PY analog due to
the nonlocal entropy consideration.

Concerning connections between the PSFV and PRISM
approaches we conclude the followingv) As &— oo,
PRISM-PY predicts the same qualitative trend as PSFV
theory in the sense that the spinodals of the latter also shift
downward in an unbounded and monotonic mannef s
creases. However, the PSFV approach predicts the spinodals
approach zero as 49, qualitatively much faster than the
PRISM-PY (or mPY) prediction of 1£. This difference re-
veals the large consequences of the “polyrrerphantom
sphere” approximation(vi) Remarkably, in the&&—0 limit
the O(c,) PY and PSFV approaches predict spinodal bound-
aries ofexactlythe same mathematical forfiq. (34)], dif-
fering only by a modest numerical prefactor-eR. Perhaps
this is because for small “pointlike” polymers the internal
conformational degrees of freedom are gatlitativelyim-
portant, and large colloids obviously cannot penetrate the
polymer coil domainQuantitatively the PSFV spinodal lies
between the two integral equation theory curves. Wien
<1, the colloids become wall-like relative to the polymers,
and neither PRISM-PY nor PSFV approaches account for the
loss of polymer conformational entropy near a hard surface.

V. CONCLUSIONS (4

We summarize our findings by returning to the issues
raised in the Introduction.

(1) For athermal good solvents, analysis of the lowest order
in polymer concentration version of PRISM-mPY shows
that the prior novel predicti$hof increased miscibility
with increasingRy /R is not fundamentally tied to physi-
cal mesh formation nor strong polymer-induced colloid
clustering. This is consistent with recent numerical
PRISM-mPY studies of polymer—particle and polymer—
polymer structural correlations, which show a remark-
ably weak dependence on polymer concentratfofhe
key is a proper treatment of the polymer second virial
coefficient B, ,,, which contains direct and colloid-
induced contributionspoth of which depend on size

sertion chemical potential in the PSFV theory has no
qualitative consequences on th@correc) spinodal
behavior*

The differences between athermal solvent spinodals pre-
dicted by the full and lowest order PRISM theories are
modest, a factor-2 or less for all parameters. Higher
order contributions in polymer concentration stabilize
the miscible phase in both athermal and ideal solvents,
and the common physical reason is clear. Increasing
polymer concentration enhances the depletion attraction
between particles. This results in physical clustering of
the particles, and hence more “free volume” in the mix-
ture. The latter reduces the free-energy cost of adding
more polymers, and hence delays phase separation.

) For ideal theta solvent conditions, the phase separation

behavior predicted by PRISM-mPY theofst the sim-
plest perturbative levglis completely different forall

size asymmetries and colloid volume fractions than
found for athermal solvents. Hence, polymer—polymer
repulsions have remarkably large consequencesRgor
>R, the suspension miscibility does worsen with in-
creasing size asymmetry, opposite to the athermal sol-
vent behavior. However, intriguing and complex subtle-
ties are also predicted. Over a significant range of
intermediate size asymmetries the spinodal curves are
either nearly constant and/or display a nonmonotonic
shifting (at lower ¢¢) aséis varied. This behavior arises
due to a competition between polymer—particle and
particle—particle correlation contributions to the demix-
ing condition which scale in different manners with size
asymmetry. Major differences between the PRISM pre-
dictions and those of the PSFV model are generally
found for all values of and ¢5. The deviations increase
with colloid volume fraction, and are systematic in size
asymmetry in that weakdmuch strongerdepletion ef-
fects are predicted by the PSFV model than PRISM
theory in the colloid(nanoparticlg regimes.

By comparing the PY and mPY versions of PRISM
theory the role of nonlocal conformational entropic ef-
fects was established under ideal solvent conditions.
Qualitatively identical spinodal behavior is predicted in
the extreme nanoparticle limit, and is also expected in
the colloid limit, in sharp contrast to the athermal solvent
case. This is due to the highly nonadditive nature of
excluded volume effects if polymer—polymer interac-
tions are ignored. However, the PY theory predicts a
monotonic reduction of miscibility with increasing,

and thus misses the nonmonotonic variations predicted
by mPY and also seen in simulatibhHence, nonlocal
conformational entropy effects appear essential to cap-
ture the subtle aspects of ideal solvent phase behavior.

Full numerical mPY theory calculations are reported

asymmetry and particle volume fraction reflecting theelsewhere, along with complementary experimental phase
importance of how polymer chains organize in the emptydiagram and turbidity experiment3The curious nonmono-
space between particldsThe qualitative error incurred tonic shifting of fluid—fluid boundaries predicted by pertur-
by the classic theoriés' has been shown to arise from bative mPY PRISM theory is enhanced when higher order
neglect of this aspect. This conclusion is consistent withpolymer concentration contributions are included.

the prior demonstration that use of the PRISM-mPY in-

PRISM is fundamentally a theory of structure. Predic-
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tions for how site—site radial distribution functions and scat-numerically determined spinodals are found to overestimate
tering structure factors depend on solvent quality are availby less than 5% thgsemjanalytic spinodals forR,/R
able and will be reported in future work. Such structural=0.14—-2.83, with the errors largest at highandRy/R.
information is essential input to microscopic dynamical ap-
proaches such as mode-coupling theB8r?

Finally, the present work has two additional implica-
tions. First, the demonstration that a perturbative PRISM-1J. N. Israelachviliintermolecular and Surface Forcdgécademic, Lon-
mPY theory is quite accurate compared to the fatluch don, 199); W. B. Russel, D. A. Saville, and W. R. Schowalt€plloidal

; ; ; ; _ Dispersions(Cambridge University Press, Cambridge, 1991

more numerlcally |ntensn)ever5|_on of th(_e theory may pro 2W., C. K. Poon, J. Phys.: Condens. Matfet, R859(2002.
wqe a qomputatpnally convenient basis for calculation of sg . jiett, A. Orrock, W. C. K. Poon, and P. N. Pusey, Phys. ReG.1E
fluid—fluid and fluid—crystal binodals. Second, understand- 1344(1995.
ing the two extreme limits of athermal and ideal solvents 4S. Ramakrishnan, M. Fuchs, K. S. Schweizer, and C. F. Zukoski, J. Chem.

: - o Phys.116 2201(2002.
prqwdes a fqundat|or! to treat the general solvency situations, Poon, P. Pusey, and H. N. W, Lekkerkerker, Phys. Wag6 27.
which promises to display even more subtle and complexsg. y. a. de Hood, W. K. Kegel, A. van Blaaderen, and H. N. W. Lek-

phase behavior. kerkerker, Phys. Rev. B4, 021407(2001).

"H. N. W. Lekkerkerker, W. C. K. Poon, P. N. Pusey, A. Stroobants, and
P. B. Warren, Europhys. LetR0, 559 (1992.

8M. Fuchs and K. S. Schweizer, Europhys. Lé&tt, 621 (2000.

. ; 9M. Fuchs and K. S. Schweizer, Phys. Rev6& 021514(2001).
Work at lllinois was Supported by the Nanoscale SCIeanoM. Fuchs and K. S. Schweizer, J. Phys.: Condens. MditerR239

and Engineering Initiative of the National Science Founda- (59,
tion under NSF Award Number DMR-0117792. M.F. was A. P. Gast, C. K. Hall, and W. B. Russel, J. Colloid Interface 86j.251
supported by the Deutsche Forschungsgemeinschaft undle2f1983- _ _
Grant No. Fu309/3 and through the SFB 563. Many stimu- %Alsgg?lrgsagd F. Oosawa, J. Chem. PE51255(1954; J. Polym. Sci.
lating discussions with Syed Ali Shah and Chip Zukoski areis; £ joanny, L. Leibler, and P. G. de Gennes, J. Polym. Sci., Polym. Phys.
gratefully acknowledged. Ed. 17, 1073(1979.

K. S. Schweizer and J. G. Curro, Adv. Chem. Ph98, 1 (1997, and

references cited therein.

APPENDIX: NUMERICAL METHODS 15K. S. Schweizer and J. G. Curro, Adv. Polym. Sti6 319(1994.
18D, ChandlerStudies in Statistical Mechani¢slorth-Holland, Amsterdam,

The full PRISM-mPY matrix Eqs(3) and(6) are solved (1982, Vol. VI, p. 274; D. Chandler and H. C. Andersen, J. Chem. Phys.
numerically using a Picard iteration scheme with a mixing,,>" 1930(1972. _
parameter to improve convergenieThe central iterand is PG .BOIh'US’ A-A. Louis, and J. P. Hansen, Phys. Rev. 811128302
the quantityl’;;=h;; — C;; . However, use of the field theo- 185 Rramakrishnan, M. Fuchs, K. S. Schweizer, and C. F. Zukoski, Lang-
retic thread polymer modgLC,, (k) = C,,] introduces modi- ~ muir 18 1082(2002.

o . . ' 19R. Tuinier, G. A. Vliegenhart, and H. N. W. Lekkerkerker, J. Chem. Phys.
fications to the iteration scheme which makes CONVergence ;3 147682000,

more difficult. SinceC,, is a constant, a Newton—Raphson 20y schmidt, H. Laven, J. M. Brader, and R. Evans, Phys. Rev. L&
(N-R) routine is embedded in the Picard iteration to enforce 1934(2000.

. . 21
the thread g,,(r=0)] constraint for simultaneous calcula- ,,R- P- Sear, Phys. Rev. LefiG, 4696(2001.
E. J. Meijer and D. Frenkel, J. Chem. Ph{80, 6873(1994.

tions of the coupled function€,,(k), Cs{(k), andCpe(K). 2. Reiss, H. L. Frish, and J. L. Lebowitz, J. Chem. PI8fs.369 (1959;
In the O(cp) version of PRISM-mPY, the PRISM equa- _J. L. Lebowitz, E. Helfand, and E. Praestgaahitl. 43, 133 (1964.
tions may be decoupled and solved independently in the OI’2-4M' Doi and S. F. EdwardsTheory of Polymer Dynamid®©xford Univer-

sity Press, Oxford, 1986P. G. deGennesscaling Concepts in Polymer
der of sphere—sphere, polymer—sphere, and pOIymer_Physics(CorneII University Press, Ithaca, 1979

polymer integral equationé:ss(ppa 0) andhcps(pp—>0) are  ZFor athermal solvent conditions, the Gaussian polymer model ofSEés
calculated using the Picard method aﬁglp is determined adopted as a technical approximation to a self-avoiding walk polymer

- since it allows major analytic progress to be made in solving the integral
from the N-R method. Once these functions are found, the equations using the Baxter factorization technigRefs. 8—10.

first-order correction term C is then determined using the 26J. L. Lebowitz and J. S. Rowlinson, J. Chem. Phy.133(1964; J. L.
Picard method Lebowitz, Phys. Revi33 A895 (1964).

: . . . 27A. Vrij, J. Chem. Phys69, 1742(1978.
In order to calculate the spinodal boundaries, highly aczs,’ p Chagerjee and K. S. Schweizer, J. Chem. Phgs, 10464(1998;

curate estimates of the values 6f,, Cs(k=0), Cpe(k 109, 10477(1998.

- A~ _ . : 29The ideal polymer model employed is a literal one in that polymer seg-
=0), ACs{(k=0) are required because the solution of Eq. ments can occupy the same space in a given configuration. Such a toy

(8) is very sensitive to numerical subtraction errors. The lat- model has been widely employed in prior theoretical and simulation work
ter are reduced and characterized (by varying the error since it significantly reduces the technical complexity of the problem. In
tolerance defined for convergence, (il varying the grid reality, theta conditions require the presence of both repulsive and attrac-

. . . _ tive segment-segment interactions which perfectly cancel at the second
(spacing and system sizen which the calculations are per virial coefficient level(Ref. 24.

formed. A four-point Lagrange interpolation method is uti- 205 p. Hansen and I. R. McDonal@heory of Simple Liquigs2nd ed.
lized to compute thé&k=0 values, and these errors are neg-sl(Acade_mic, London, 1996
ligible compared to the inherent errors of the numerical J- G Kirkwood and F. P. Buff, J. Chem. Phyi, 774 (1951. Although

algorithm. The overall errors of the numerical calculations the Maxwell relation may be invoked o caloulai€.{k=0), itis well
9 ) known not to be exactly obeyed by integral equation thedifRefs. 30,

are benchmarked by comparison to (beml‘anawtic results 36). We find for the present problem that the quantitative differences be-
given for the athermal good solvent mixtd& The fully tween theA C,(k=0) determined from numerically solving the integral

ACKNOWLEDGMENTS



3890

equations versus deduced using the Maxwell relation of(Ef.are less  *2R. Tuinier, G. A. Vliegenthart, and H. N. W. Lekkerkerker, J. Chem. Phys.
than 10%—15%. However, calculation of the spinodal boundary from Eq.33113 10768(2000.
(4) or (8) can be extremely sensitive to quantitative accuracy of the direct, 4g-BS%Cm'dt ar;d IQA.IIFZChS’d J\}vcge?.Ifhﬂybﬁw%z%%géz%(lgga
correlation functions. This is especially true in the extreme colloid limit 4 = 'veITen, . B. llett, and W. ©. K. Foon, Fhys. Re :

on funet 1S 18 especia’ly rue in e ex ¢ "M 355 A Shah, Y.-L. Chen, K. S. Schweizer, and C. F. Zukoski, J. Chem.
where accurate calculation of the ord@rcorrection toA C(k=0) plays Phys. (in press
a critical role in spinodal predictions. Hence, in all our priBefs. 8—-10 %M. Fuchs and K. S. Schweizéunpublisheil
and present work the Maxwell relation is not employed in the calculation®’D. Gazzillo, J. Chem. Phy$€5, 4565(1991).

of spinodals. 38W. Gotze and L. Sjogren, Rep. Prog. Phys, 241 (1992.



	Text1: 
	Text2: First publ. in: Journal of Chemical Physics 118 (2003), 8, pp. 3880-3890
	Text3: 
	Text4: 
	Text5: 
	Text6: 
	Text7: 
	Text8: Konstanzer Online-Publikations-System (KOPS)
URL: http://www.ub.uni-konstanz.de/kops/volltexte/2007/3785/
URN: http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-37859


