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ABSTRACT: The microscopic polymer reference interaction site model theory of polymer nanocomposites
composed of flexible chains and spherical nanoparticles has been employed to study second virial coefficients
and spinodal demixing over a wide range of interfacial chemistry, chain length, and particle size conditions. For
hard fillers, two distinct phase separation behaviors, separated by a miscibility window, are generically predicted.
One demixing curve occurs at relatively low monomparticle attraction strength and corresponds to a very
abrupt transition from an entropic depletion attraction-induced phase separated state to an enthalpically stabilized
miscible fluid. The homogeneous mixture arises via a steric stabilization mechanism associated with the formation
of thin, thermodynamically stable bound polymer layers around fillers. The second demixing transition occurs at
relatively high monometparticle adsorption energy and is inferred to involve the formation of an equilibrium
physical network phase with local bridging of particles by polymers. This spinodal is sensitive to both particle
monomer diameter ratio and the spatial range of the interfacial attraction. The miscibility window narrows, and
can ultimately disappear, with increasing polymer chain length, direct van der Waals attractions between fillers,
and/or particle-monomer size asymmetry ratio. The implications of our results for the design of well-dispersed
thermodynamically stable polymer nanocomposites, and the formation of nonequilibrium gels, are discussed.

I. Introduction Most recently, a detailed computational PRISM study of the

Dense polymerparticle mixtures, or polymer nanocompos- pair correlation function and potential of mean force (PMF)

ites, are of major scientific and technological intefest. between a pair of spherical particles dissolved i_n_adﬂorbing
Fundamental issues include equilibrium miscibility, dispersion °mopolymer melt has been perforniéd.he additional roles

and spatial organization of particles or fillers, particle-induced ©f the strength and spatial range of monorrgarticle attractions
modification of polymer conformation and packing, structure and direct interfiller attractions have been established. For hard-

of the polymerparticle interface, and the consequences of all SPhere fillers, four general categories of polymer-mediated
these considerations on thermomechanical properties in the fluid"@noparticle organization are found: contact aggregation due

and nonequilibrium glass or gel states. Diverse theoretical and!© depletion attraction, segment-level tight particle bridging,

simulation approaches have begun to be employed to Studysteric stabilization due to therr_nodynamically _stable “bound
polymer layers”, and “telebridging”, where distinct adsorbed

elementary aspects of model polymgarticle mixtures—17 : i do . .
However, severe computational difficulties associated with aYers coexist with longer-range bridging. As the direct inter-

equilibration and an exceptionally wide range of relevant length Particle attractions increase in strength, the globally stable
and time scales have largely prevented exploration of the bridging configuration is gradually destabilized and replaced

equilibrium phase behavior and the role of realistic particle ~PY contact aggregation as the most favored state of packing.

monomer size ratio, strong polymdiiller attractions, and long ~ However, bridging states often remain as metastable local
entangled chains. minima of the PMF. Mixtures in the steric stabilization category

Recently, we employed the microscopic polymer reference are much less affected by interfiller attractions due to the
interaction site model (PRISM) integral equation thébrp thermodynamic stability of distinct bound polymer layers. These

investigate structure, effective forces, and thermodynamics in theoreticgl studies hz_;tve also suggested the interegting_ possibility
entropy-controlledathermal mixtures in the one- and two- that sterically stabilized nanofillers may crystallize in a ho-
particle limitl® The influence of particle size, degree of mopolymer matrix at relatively low volume fractions, and the
polymerization, and melt density has been éstablished in PMF calculations have implications for nonequilibrium gelation

concentrated solutions and melts, there exist oscillatory depletion®" filler network fgrmann and kinetic stabilization via large
forces between two hard spheres due to monomer-level packing ©PUISive barriers:

correlations. The corresponding potential of mean force gener- The purpose of the present paper is to build on our prior work
ally exhibits extremely large attractive interactions at contact. to treat a key thermodynamic property (particle second virial
The key geometric variable is the ratio of particle diameter to coefficient) and phase separation. Two types of phase separation
monomer diameter. The presence of strong polymer-mediatedare found, one mediated by depletion attraction and contact
contact attractions between particles suggests that purely atheraggregation of fillers, and a second induced by local bridging
mal mixtures are macroscopically phase separated in equilib-of fillers resulting in the formation of a polymeparticle
rium. Hence, as long appreciated in the practical filled polymer complex. For specific ranges of system variables, a novel
composite field,* attractive interactions between polymer and miscibility window is predicted corresponding to a compromise
particle are required to achieve some degree of miscibility or state of spatial organization where relatively thin and distinct

dispersion. bound layers form around fillers.
The remainder of the paper is structured as follows. In Section
* Corresponding author. E-mail: kschweiz@uiuc.edu. I, we briefly review the model, theory, and results of prior work.
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A systematic study of the filler second virial coefficients is given ~ As described in depth elsewhéfethe basic form of eq 2 is
in Section lll. Section IV presents our primary phase diagram consistent with the even more realistic “composite particle”
results for hard-sphere fillers. The effect of direct interparticle model of Henderson and co-workéfswhich we refer to as
van der Waals attractions on miscibility is considered in Section the colloid Lennard-Jones (CLJ) potential. In the CLJ model,

V. The paper concludes with a summary and discussion. two spheresi andj, of different diametersg; andd;, are each
composed of elementary units of diameleinteracting via a
Il. Theory and Model 6—12 LJ potential with energy paramefgy. The net interaction

A. Chain Model and Attractive Interactions. Polymers are  between the two composite spheres is a pairwise sum over LJ
treated as athermal chains Nfspherical interaction sites, or ~ potentials holding the interparticle separation fixed. The discrete
monomers, of diametedt that interact via pair-decomposable sums are converted to volume integrals corresponding to
hard core potentials. A freely jointed chain (FJC) model is adopting a continuous distribution of the elementary uiits.
adopted with a rigid bond length= 4d/3 (corresponding to a contrast with standard continuum models in colloid sciedéé,
persistence length of 4/3), antl= 1 is the polymer segment the inclusion of (and integration over) the repulsive portion of
diameter which is the unit of length. The FJC structure factor the LJ potential prevents any unphysical divergence of the
is:21 attractive interactions when the two particles are in contact.

The full CLJ potential is a complicated, but kno##function
wy (K =@ -1 -F-2NTF+2NN (1) of all the relevant variabless, di, d;, b). When applied to the
monomef-particle interaction wherb < d < D, the attractive
wheref = sinkl)/kl. The FJC chain model ignores nonideal mMinimum energy is
conformational effects, which are expected to be minor for the
melt conditions of interest. In principle, filler perturbation of €pc ~ Epdi2b 3)
polymer conformation at nonzero volume fractions could be
treated based on the fully self-consistent version of PRISM which is independent oD because the particle appears as a
theory, which involves the construction of a medium-induced “wall or surface” to the much smaller monomer. For direct
solvation potential and solution of an effective single-chain particle-particle attractions, we employ the attractive branch
problem with Monte Carlo simulatiol®. The accuracy of this  of the full CLJ potentiaf®2?2 which is characterized by its
approach for polymer nanocomposites, particularly when the strength at contact
monomers are strongly attracted to the fillers, is not known.

However, the few existing experiments and simulations for €~ E;D/4b (4)
dense polymer nanocomposites at finite filler loadings suggest
that conformational perturbations are small or negligtfe. Note thatecc scales linearly with particle diameter, akg and

Most importantly for the present work is that, because our focus Epc are the LJ potential parameters for the elementary units (size
is the dilute filler limit, within the liquid-state theory approach b) that compose the monomer and particle. For example, a CH
the statistical conformations are not perturbed. Fillers are group corresponds tb ~ 3—4 A andE/ks ~ 40 K. We note
modeled as rigid spheres of diamefr which have a trivial that some real nanoparticle fillers have directional interactions
single-particle structure factomc(k) = 1. and such anisotropy is not addressed by our CLJ model.
Given the system-specificity of the attractive branch of real  B. PRISM Theory. PRISM theory has been previously
interaction potentials and our adoption of a (moderately) coarse-shown to describe quite well the physical behavior of a number
grained polymer model, a minimalist two-parameter monemer  of different systems (suspensions and melts) composed of hard
particle attraction of an exponential form is utilized. It is defined spherical particles and flexible linear chaifi$°2531 For dense
by the strength at contaeisc, and a spatial range parameter polymer nanocomposites, conformational changes are expected
to be small due to the short spatial range of the densignsity
I'— Oy fluctuation correlation length in mel.Nonlocal conforma-
Upc(r) = T€pc eXF{_ ] 2) i i i i
ad tional entropy effects, of paramount importance in dilute
polymer solutiong8 are highly screened for a nearly incom-
whereo,. = (D + d)/2. For real materials, the magnitude of pressible melt. Hence, the local sitsite Percus Yevick (PY)
epc can vary from “weak” (a fraction of kgT) to strong (several  closuré®3334 s quite accurate for monomemonomer and
ksT). Throughout the papeey. and all other energies are in  monomer-particle direct correlation functions. However, for
units of the thermal energy. The spatial range parametier dilute spheres in a dense polymer matrix, nonlocal effects
also material-dependent and within a coarse-grained chain modekssociated with a large particle diameter to monomer diameter
will depend on the Angstrom-scale chemical details that have ratio, D/d, are important, and the appropriate clod@ifer the
been averaged over, e.g., monomer size and shape. For garticle-particle direct correlation function is the hypernetted
chemically specific type attraction, the range can be significantly chain (HNC) approximatiof?
smaller than the size of a coarse-grained monomer. As previ- The technical details of the polymer nanocomposite version
ously discusseé, different values ofx mimic the differenttypes  of PRISM theory have been discussed in depth previotis®.
of intermolecular attractions experienced in real systems. For By treating all sites on a chain as statistically equivalent, the
low values ofa (~0.25), the model mimics specific chemical matrix site-site Ornsteir-Zernike-like equations in Fourier
types of attractions such as charge transfer or hydrogen bondingspace are given b\#3?
Moderate valuesof ~ 0.5) are representative of generic
dispersive Lennard-Jones (LJ) or van der Waals attractions. Even h; () = [C;(Ww; + Z Ci(Kphy (K] (5)
higher values oét (~1.0) are relevant when the coarse-grained
monomers contain a relatively large number of elementary units.
Negative values ofpc are not studied because they correspond where hy(r) = gj(r) — 1 is the nonrandom part of the
to a dewetting situation where phase separation is both enthal-intermolecular sitesite pair correlation function between
pically and entropically favored. species andj, C;(r) is the corresponding intermolecular direébv
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correlation functiong;(K) is the single-molecule structure factor 20
of specied, andp is the site number density of species

In the infinitely dilute particle limit of present interegtyd® 15 -
is the only relevant density, and eq 5 reduces to three uncoupled,
sequentially solvable integral equatiofig? 0t
hpp(k) = 0 (KC(K[wp(K) + pphp(K)] = e

(K Co(K)S,p(k) (6) ;3

hep(K) = Cep(K1Sp(K) ) o
heo(k) = CodlK) + ppCop (WSy(K) (8) 5
The pure polymer fluid structure factor is defined in eq 6. Hard- o
core interactions imply the exact impenetrability conditions:

GM=0,  r<g (©)

ij
whereg; is the distance of closest approach between sites of (r-Dyd

typei andj. Closure relations outside the hard core are required. Figure 1. Representative examples of the partigfgrticle potential
The site-site PY approximatiot¥33is adopted for the polymer of mean force for systems with/d = 16 andN = 100 which exhibit

: ; : . the four different types of organization: (I) Contact aggregation/ftuid
polymer (PP) and polymetparticle (PC) direct correlations: fluid phase separation(= 0.25,¢, = 0.25, dash), (1) bridgingd =

c _ Ui (1) 0.25, ¢5c = 2.25, solid), (Il) steric stabilizationo( = 1.0, exc = 2.0,
(N =(1- it )G; (1), r> o (10) dash-dot—dot), and (IV) telebridging ¢ = 1.0, e,c = 3.0, dotted).
Schematics of favored particle configurations are indicated.
whereUj is the site-site interaction potential. The HNC closure
is utlized for ther > o particle—particle (CC) direct

) nding nanoparticle organizati&t?°In general, four distin
correlations3.3 sponding nanoparticle organizati&t#®In general, four distinct

cases occur depending on the parameters of the exponential
cC.(=h()-In ) — BU_(r), r>o. (11 monomerf-particle attractive pair potential of eq 2: the monomer
o) = Nee) 0ed(r) = FU{1) e (11 particle attraction rangex(in units ofd) and strength at contact
Prior work for athermal systems has demonstrated that PRISM (€pc, in units of thermal energiksT). For alla, at low enough
theory with the above closures accurately captures all features¢pe all systems exhibit contact particle aggregation (Figure 1,
of the polymer-induced interaction of two nanoparticles in dense 1) This is the effectively athermal, entropy-dominated extreme.
melts1® For intermediate values @f,;, one of two behaviors emerges
In the present work, all calculations are performed at a total depending upon the value of. At low o (0 < o = 0.5), a
packing fraction of 0.4, which corresponds to a typical dense transition is seen from contact aggregation to bridging, where

melt value with a realistic dimensionless compressibifity? nanoparticles aggregate at a speciticdependent) distance
The integral equations are solved with the iterative Picard (Figure 1, 11). For largen, corresponding to a spatially longer-
method4 range polymerparticle attraction and, hence, a higher interfacial

C. Filler Potential of Mean Force. The complex conse- ~ Cohesive energy at constant, a bound polymer layer of-23
quences of both interfacial (polymenanoparticle) and direct ~monomer diameters forms around the nanoparticle, resulting in
(nanoparticle-nanoparticle) attraction on structural correlations Net repulsion between the fillers (Figure 1, Ill). Finally, for the

at the two-particle level have very recently been studfeto highera and sufficiently larger,, the tendency for particles to
gain a physical understanding of the new phase separation result§€ sterically stabilized is overcome by the longer-ranged strong
requires briefly reviewing our prior structural studies. attractions between polymer and fillers, and the system becomes

The structure of the model polymer nanocomposites reflects “telebridged” (Figure 1, IV). The latter jargon implies a state
a balance between two very different competing effects. One Of organization similar to bridging in the low-system (Figure
limit is the entropically dominated athermal system, where 1, Il) but at a larger interparticle distance, with bridging
oscillatory depletion attractions favor contact particle aggrega- Sup€rimposed on a remnant bound layer characteristic of
tion. The other limit is an enthalpically dominated mixture, Sterically stabilized systems (Figure 1, Iil). .
where the addition of strong attractive interactions between the D. Spinodal Phase Separation.The spinodal demixing
filler and monomers results in thin layers of polymer strongly Criterion of a multicomponent system %24
associating with, or adsorbing onto, the particles. The resulting )
particle—particle potential of mean force favors well-defined, Ilf_% Sj(k) = (12)
small interparticle separations, i.e., local “bridging”. Between
these two extremes is a third behavior, in which a polymer gains for all i andj. Here,S;j(k) is a partial structure factor or Fourier
enough cohesive interaction energy to associate with a singletransform of the real-space collective density fluctuation cor-
filler, but not enough to give up the additional entropy required relation function associated with speciemndj. This condition
for association with multiple particles. In this case, a nanoparticle is equivalent to vanishing of the determinant of the matrix of
is surrounded by ghermodynamicallgtable “bound” polymer second derivatives of the free energy:
layer, typically on the order a few monomer diameters thick,
which sterically stabilizes the particles in the polymer madfix. det(§’1) =det| — QC)=0 (13)

Figure 1 presents an overview of the different forms of the T
polymer-mediated potentials of mean force (PMF) between two where| is the identity matrix,Q2 is a diagonal matrix with
hard sphere particles and schematically indicates the corre-component£2; = piw;, andC is the matrix of direct correlatio&DV
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functions. For a single-component fluid, eq 13 reduces to the
scalar expressiot;34

S k=0)=N"1— pCk=0)= (oksTk) =0 (14)
where p is the site number density, and the isothermal

compressability. For the two-component system of present (a)
interest, eq 13 yields the spinodal stability conditién:

A=N"- pp(: - chilécc + pppc(cppccc - épCZ) =0

(15)

pp

whereCjj = Cjj (k = 0) andpp (po) is the monomer (particle)
number density.

While eq 15 is exact for our compressible mixture, it requires
numerical solution of the three coupled integral equation8.6
For dense mixtures with a large size asymmetry, convergence
is often extremely difficult or impossible. Hence, for both
computational simplicity and conceptual clarity, we determine
the spinodal curves perturbatively in particle density by expand- gigyre 2. Schematic representation of the thermodynamic factors that
ing the terms of eq 15 through lowest nontrivial orderoin determine spinodal phase separation in the low nanoparticle concentra-
Inspection of eq 15 reveals only the infinite dilution & 0) tion limit. (a) Monomer-monomer entropic packing effects that
values Of(:cc and (:pc are then needed. However, evaluation of determine the compressibility of the pure polymer matrix. (b) Changes

L . P - in the polymer free energy due to the insertion of a nanoparticle in the
the polymer contributions requires both the infinite dilution polymer melt. (c) TheB, (second virial) level interaction between

value,Cyp, and an additional first-order correction to the polymer nanoparticles due to both direct dispersion interactions (when present)
direct correlation function associated with lowest-order polymer  and the polymer-induced correlations.
particle interactions. Physically, the latter describes particle- . o= - _ -
induced changes in polymepolymer correlations. Hence: 7 is the overall packing fractiorCpp = Cp/dP, Cee = CedD?,
and Cp@ = C,2/dD3. Although eq 21 is only rigorous

c =¢ —0)4+ 0 AC. =C. %4 o AC 16 perturbatively in particle concentration, we employ it as a zeroth-
polPd) = CoplPe ™ 0) F peACyy = Cop' + pACy, - (16) order estimate of spinodal phase boundaries at nonzero particle

Cpc(p ) = épc(pc —0)= Cpco 17) volume fra}cFions. We gxpgct the rgsulting phase boundaries will
be at a minimum qualitatively reliable.
C.(p) =C.lp.—0)=C.2 (18) An even simpler approach to investigating phase behavior

invokes a further approximation that the particle-related con-
where the first-order correction to the polymer direct correlation tributions dominate. By discarding the explicit polymeric
function is ACpp = (9C,p/dpc)| pe—o0- contributions in eq 19, the spinodal demixing condition becomes
By using egs 1618, the spinodal boundary of eq 15 can one of aneffectve one-component (E1C) system form:

now be written as: S
¢, = — (8By1) (22)

0=1- pcppsppACpp + ZPCBZ,CC (19) _

~ whereB, = By ¢dBz ns, andB;, s = 27D%/3 is the second virial
where S, = S§° (k = 0), and the particle second virial  coefficient of a hard-sphere reference system. This reduction is
coefficientB; ¢ consists of both “direct” and “indirect” (polymer-  a literal second virial analysis of spinodal phase separation for
mediated) contributions: a one-component particle fluid that interacts via the polymer-

. mediated PMF. One reason one might expect this simplification
2B, o= —h(k=0)=— (C.o+ Lo Coc ) (20) to be accurate is the low dimensionless compressibility of a
dense mixture (i.e., small value 8f, in eq 19). If one denotes

There are three distinct contributions to the spinodal boundaries,this PMF forhard-spherdfillers asWec ns then the total PMF
as illustrated schematically in Figure 2. The first two involve in the presence of direct interparticle interactiodsy is simply
the polymer matrix: (a)Sy, the dimensionless isothermal given by:
compressibility of theunperturbedpolymer melt, and (b) the
first-order correctionAC,yp, which quantifies the leading order W, (r) = W pdr) + U (r) (23)
modification of contribution (a) upon addition of particles to
the polymer melt. The remaining contribution (c) is due to both and ger) = e %", Equation 22 then follows from the
direct and polymer-mediated components of the particle effective one-component analogue of eq 15, where the second

particle second virial coefficient in eq 20. virial coefficient is:
By utilizing egs 19 and 20, the spinodal boundary can be 1 1
written as a critical filler volume fraction®(= pcD%/p): B, o= — > f drh (r) = — 5 f dr (e "% — 1) (24)
pC,p— 1
b= Ppp — (21) This approach allows relatively rapid investigation of spinodal
1= _ I =, 0C, phase behavior by reducing the problem to computing the PMF
P|Cop + Coc — p(cppccc_ Coc) ~ ¢ between two hard particles, with direct particle interactions

trivially appended. Such an effective second virial coefficient
wherep = p,Nd® + pD3 = 6y/x is the total reduced site density, approach has been widely applied in protein solution pha%‘\-/
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Figure 3. Normalized second virial coefficief®, of hard spheres{.
= 0) as a function o, for several size asymmetry ratibgd (symbols)
and interfacial attraction ranges(lines) forN = 100. Specific cases
shown areD/d = 10, 16, and 24 (circle, square, and triangle,
respectively) andr = 0.25, 0.5, and 1.0 (dash, solid, and dasdbt,
respectively). The lines are a guide to the eye, and for clarity, the
symbols for different size asymmetry ratios at constanrt 0.5 are
filled. Note the change of scale of the ordinate Byr< 0.

behavior studies and empirically is found to often describe

experiments reasonably well even when the protein concentra- 5

tion is not smalP>-38

I1l. Second Virial Coefficients

Figure 3 shows dimensionless second virial coefficieBis,
for a variety of hard filler systems of variable size asymmetry
ratio (D/d), monomef-particle attraction rangen, and inter-
facial attraction strengthefc) at a fixedN = 100. For theepc =
0 athermal case (not plotted), there is a large and negative B
due to the extremely strong depletion attraction; for example,
B,=—25x 10 —1.25x 10, —7.58 x 1(° for D/d = 10,
16, 24, respectively. As polymeparticle attractions are turned
on, there is an abrupg . < 1 for all o investigated) change to
a net repulsive, positivd,, indicative of steric stabilization
behavior. All systems exceed the threshol®@gf= 1, indicating
an enhanced repulsion relative to bare hard spheresegthe
value at which this occurs monotonically decreasea &3/d)
increases (decreases) and can be significantly leskgfiaihe
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Figure 4. (a) Effect of direct van der Waals nanoparticle attractions
on the normalized particle second virial coefficieBg, for a system
with D/d = 16, N = 100, anda. = 0.25. The absolute nanoparticle
attraction at contact in units &§T: e.c= 0.0, 5.0, 10.0, 15.0, and 20.0
(solid, long dash, daskdot, short dash, and dotted, respectively).
Symbols are the calculations, while the lines are a guide to the eye.
Note the change of scale of the ordinate Byr< —2. (b) Effect of
direct nanoparticle attractions on the normalized particle second virial
coefficient. All variables are the same as in (a), exaept 1. Note

the change of scale of the ordinate &y < 0.

of organization, and subsequent increasegjmeinforce this

a dependence is a consequence of the larger interfacial cohesivetrong bridging attraction. Conversely, for the longest-range (

energy (at constant,;) with increasing spatial range of the
monomet-filler attraction. The size asymmetry ratio trend of
a smaller repulsiveB, for larger particles reflects both the
relatively smaller enhancement of the filler effective diameter

= 1) case, a diffuse, yet relatively large, bound layer of
monomers initially emerges due to the soft attractioAs epc
increases, this layer compresses until some crijgdsd reached,

at which point the system converts to the strongly attracting

due to polymer adsoption and the less effective stabilization at “telebridging” state?® For the intermediate range.(= 0.50)

a given value okpc due to the larger magnitude of the initial
depletion attraction that must be overcome. At the PMF level,
the latter scales linearly witb/d.19:20

attraction, however, a compromise behavior occurs where, even
at high attraction energy, the system remains stable.
As expected, Figure 4 shows that the addition of direct

As the interfacial attraction is further increased, one sees from nanoparticle attractionseg. > 0) causesB; to dramatically

Figure 3 that nonmonotonic,-dependent changes Bf occur.

For the shortest-ranged & 0.25) interactionB;, very quickly
becomes attractive again. In contrast, the longest-range (

1) system requires significantly more interfacial cohesion before
B, < 0. Thea = 0.5 intermediate range attraction system
remains surprisingly stablé4 > 0) over the largest range of

change. For the shortest-range polymparticle attraction
systems, which display little stabilization for hard spheres, the
presence of an attraction between the particles completely
destabilizes the system, resultingBa < 0 (Figure 4a). Only

in the absence of nanoparticle attractioag € 0) is enhanced
repulsive behavior found3 > 1). Aseqc > 10,B, < 0 for all

€pc Studied due to a subtle competition between packing entropy values ofey, indicating that the relative stabilization associated
and interfacial attraction considerations. For the shortest-rangedwith polymer adsorption is easily overcome by direct dispersive
(oe = 0.25) attraction, the system quickly adopts a bridging type attractions between particles. On the other hand, for the I&T?\'/
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) ) . ) ) of interfacial attraction strength for a hard-sphere system with
Figure 5. Comparison of spinodal phase-separation boundaries basedp 5, ¢.. = 0.0,N = 100, andD/d = 10 (solid), 16 (dotted), 24 (dashed),

on the effective one-component second-order virial approach (solid and 32 (dashdot—dot). The miscible region between. ~ 0.5 and
lines) and the f_uII Iowes_t-order theory_(dashed lines) for hard-sphere ¢~ 2.25 has been omitted from the graph.
systems witho. = 0.5,N = 100 andD/d = 10, 16, 24 (circles, square,
triangle, respectively). The lines serve as a guide to the eyes. The central . . .
region bounded by the curves represents a miscibility window. polymer—particle attraction strength, the mixture undergoes two
phase transitions whose boundaries define a miscibility window.
ranged interfacial attractions in Figure 4b, the steric stabilization Because we have only computed spinodal instability curves,
associated with bound polymer layers results in tremendousprecise identification of the nature of the coexisting phases
stability in the sense thd, > 1 for a significant fraction of cannot be rigorously achieved. However, given the close
the e,c parameter range studied. Largg andecc are required agreement of the full second virial analysis and the E1C results,
to induceB; < 0. For stronger direct particigarticle attractions ~ and the fact that the latter are fully determined by the particle
(ecc > 10), contact aggregation and a strongly negatse PMF studied in depth previousand illustrated in Figure 1,
persists to larger values of,, although modest interfacial ~ educated guesses concerning the nature of the coexisting phases
cohesion ¢y, > 0.5) still suffices to overcome filler aggregation.  can be made. The first phase transition occurs atelgvior all
Hence, the system remains stable vigh> 1 for a large portion system parameters. Physically, it represents classicifidid
of the epc range, ultimately becoming attractive again at very phase (F- F) separation driven by polymer-mediated contact
high e, as telebridging becomes prominéfit. depletion aggregation resulting in the coexistence of a polymer-
Although we do not show more plots, at high monomer rich and a particle-rich phase. The nature of the coexisting
particle attractions the second virial coefficient decreases with phases for the second transition, indicated by the spinodal
polymer degree of polymerization. This follows from our prior boundary at relatively highy, is less obvious. However, from
finding?° that the bridging minima deepen witk. However, the PMF results of Figure 1 and elsewhé&tat highep it is
this is a rather modest effect, and thalependence is of a finite  clear that tight bridging is the favored state of organization.
size nature in the send®, saturates at a limiting long-chain ~ This suggests the demixed state involves a dense networked
value. The precise value of that represents the asympototic phase where nanoparticles and polymers are in strong contact.
limit depends on the specific material parameters. However, We caution the reader that a precise meaning of our jargon
typically, we find saturation is essentially achieved\by= 1600. “networked phase” has not been established in terms of standard
The reduced second virial coefficient can be used to estimatephase-separation concepts and the construction of a binodal.
spinodal phase boundaries based on the effective one-componenthe general features of the sequence of - to miscible to
fluid approximation. This approach ignores free energy changesdemixed network phase with increasigg are seen universally
associated with perturbations of the polymer melt by particles, for all combinations of system variables investigated. Quantita-
the accuracy of which is not a priori obvious. However, as tive changes in the location of phase boundaries and miscibility
Figure 5 demonstrates, the E1C description based on eq 22 doewindow width are introduced by variations of particle diameter,
quite well at capturing the full spinodal curves that follow from polymer chain length, and chemistry controlled variables
eq 21. It quantitatively and universally overestimates the (interfacial and direct particle attractions). The sequence of phase
maximum nanoparticle solubility by a variable amount but is behaviors with increasingpJ/ksT can be thought of in a
within a factor of~2 or less of the results of eq 21 for all cases traditional manner as indicating an entropy-driven lower critical
investigated. For the remainder of the paper, all spinodal curvessolution temperature (LCST) type of phase separation and an
are computed on the basis of the more accurate approach of egnthalpy-driven upper critical solution temperature (UCST) type
21. of phase separation separated by a miscibility window.

A. Size-Related Effects.We now describe in detail the
parametric trends found for the two phase boundaries. Previous

Figure 5 quantifies the phase behavior suggested by thework has demonstrated that, beyond a minimal size asymmetry
reduced virial coefficients of Figures 3 and 4. The representation ratio of D/d = 5—6, the magnitude of both the contact depletion
chosen is filler volume fraction versus monomgarticle and the bridging/telebridging attractions of the PMF scale
attraction strength nondimensionalized by the thermal energy. linearly with particle sizé?2°As can be seen in Figures 5 and
Hence, the latter can be experimentally varied by changing filler 6, this explains the narrowing of the miscibility window as the

and/or polymer chemistry or temperature. As a function of filler—monomer size asymmetry rati®fd) grows. For all bUtCDV

IV. Effect of Interfacial Cohesion on Phase Behavior
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Figure 7. Nanoparticle volume fraction at the spinodal as a function of interfacial attraction strength for a hard sphere system Rith=

of interfacial attraction strength for a hard sphere system With= 16, €cc = 0.0,N = 100, ando. = 0.25 (dash-dot—dot), 0.5 (solid), 1.0
16,0 = 0.5,ecc = 0, andN = 25 (dotted), 50 (short dash), 100 (solid), (dash). The inset highlights the higp region where there is a curve

400 (dash-dot), and 1600 (long dash). The region of miscibility crossing of the spinodal boundaries of the shortest- and longest-range
betweene,: ~ 0.5 andey. ~ 2.75 has been omitted from the graph.  attraction systems.

the smallesD/d investigated, changes in nanopatrticle size have the presence of) the particle surface and their subsequent effects
a rather modest effect on the location of the leyy, F + F on the attractions generated between nanoparticles. We have
spinodal boundary. This is understandable because, at lowpreviously shown the net effect of increasing chain size leads
interfacial attraction, strong entropy-driven depletion attraction to somewhat larger repulsive barriers in the PMF and slightly
causes nanopatrticle clustering. As monosparticle interfacial increased attractive well depths at the global (deepest) minimum
attraction is increased, a sharp (except for the smallest particles)and also deeper PMF minima at larger interfiller separati®ns.
transition or crossover occurs from the system not having Such trends are physically intuitive and consistent with our
enough interfacial cohesive energy to overcome the depletionprediction of a modest enhancement of the stability of the
aggregation to having sufficient enthalpic interaction that particle networked phas.This chain length dependence is a finite size
clusters can be dispersed via the formation of distinct bound effect in the sense that the PMF and phase boundaries approach
layers on different fillers. Furthermore, because of the polymeric limiting values for largeN.
nature of the chain, a small change in e segmenenthalpic An interesting consequence of the abdvalependence is
contribution can result in a substantial amount of steric that, for a fixed material, the networking phase transition can
stabilization. These two effects combine to render the location potentially be induced by increasing degree of polymerization.
of the F+ F phase boundary relatively insensitive to nanopar- Realization of this trend does require values of the monemer
ticle size. In contrast, the phase boundary separating the miscibléfiller attraction energy in a rather narrow range. Measurements
state from the networked phase not only occurs much more of g network-type phase separation, or perhaps its nonequilib-
gently (i.e., over a much broader range of mononfiler rium analogue gelation, could probe this effect. Most directly
attraction strength), but also shows a marked shift toward lessrelevant within the context of our present work would be
miscibility with increasing particle size. Here, the ability of the measurements of the-dependence of the second virial coef-
particle size to affect the phase diagram is attributed to the ficient. At the rather large values ofy relevant to the
enhanced polymer-bridging interactions that can be realized with networking transition, the second virial coefficient decreases
increasingly larger (and hence, locally flatter) filler surfaé®s.  with N (ultimately saturating), and near the onset of the network
The effect of increasing polymer chain length has also been transition perhaps could be observed to even change sign with
studied and contrasted with the consequences of increBéihg ~ increasing chain length.
Qualitative trends similar to those found with increasing particle ~ B. Chemistry-Related Effects.The controlling chemical or
size occur, as demonstrated in Figure 7 for a wide rangé of material-specific variables of a polymer nanocomposite is the
= 25—-1600. As chains get larger and lose translational entropy, effective contact cohesive energy per segmeg, and the
the miscibility window narrows, although the quantitative spatial range of the monomeparticle attractiorf® Figure 8
magnitude of the effect is much less than that found for illustrates the role of interfacial attraction range on the phase
increasing nanoparticle size. Thet boundary remains sharp  diagrams. The F+ F boundary monotonically shifts to lower
and stable ineyc value for the same qualitative reasons as values ofepc with increasing attraction range. This trend reflects
discussed above. The network phase boundary does systematthe enhanced interfacial cohesion associated with a larger value
cally shift in the direction of less miscibility as chain degree of of a.
polymerization increases. The reason for the much weaker A complex honmonotonic dependence on spatial range exists
dependence ol compared toD/d is that, when the system for the networked phase spinodal curves at high The
organizes into a bridging configuration, it does so on the local narrowest miscibility window is associated with the shortest-
segmental length scat Because the dense polymer matrix is range interactiono{ = 0.25) due to the strong bridging tendency
dominated by effects that occur at the polymer mesh size, which of this system at large monomeparticle adsorption energies.
is nearly independent of chain leng$2 a zeroth-order However, the next smallest miscibility window is not for the
expectation would be that chain size should have no effect on= 0.5 system (the next-strongest bridging system at moderate
the networked phase boundary. However, a networked phasevalues ofepc), but rather the longer-range or “softer” attraction
occurs because of packing near (and packing distortions due tosystem ¢ = 1.0). This is due to an inversion of the relations@BV
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Figure 9. Nanoparticle volume fraction at the spinodal as a function
of interfacial attraction for sticky particles with/d = 16, N = 100 €
anda = 0.5. Calculations are shown f@e.. = 0 (solid), 5.0 (dotted), . . . ) . )
10.0 (short dash), 15.0 (dashot—dot), and 20.0 (long dash). Figure 10. Effect of nanoparticle size on spinodal boundaries for sticky
particles and fixed system chemistiy, = 100 anda. = 0.5. The

. . . reference system corresponds:§8 andDo = 24d. Results are shown
between the values of and the minimum in the PMF at high ¢, 'p/g = 24 D, circle), 16 (0.66Do, square), and 10 (0.42o,
epc? While smaller values of generally lead to larger attractive triangle).
(bridging) wells in the PMF at low to moderate valuesegy,

this trend reverses at high valuescgfdue to the deep attractive  constant net interaction, this scaling of attraction with nano-

wells that result from the transition from steric stabilization to particle size will play an important role in exacerbating phase-
telebridging configurations foow = 1.20 For such high per- separation tendencies as the size asymmetry Ddtlancreases.
segment adsorption energies due to the already highly com-Introducing a reference system, thHi¥d scaling corresponds

pressed bound layer near the nanoparticle surface, the magnitudeo:

of the attraction between nanoparticles becomes very large with

small incremental increases #p, causing the shift of the eggf Dot

network formation curve to cross tle= 0.5 system spinodal = g (25)
€

boundary. In fact, at the highest valuesegf investigated, the cc

o = 1.0 telebridging is even stronger than the tightly bridged
o= 0.25 system, as can be seen in the inset of Figure 8. Hencewheree.L andD° represent the reference state values,éﬁd

the window of miscibility at relatively low filler volume is the net direct attraction at contact of a chemically identical
fractions is widest for the,c = 0.5 system due to a subtle particle of diameteDesr. As can be seen in Figure 10, when
balance of bridging and steric stabilization contributions to the direct nanoparticle attractions are included, there is a tendency

free energy of mixing, which efficiently frustrates the formation for smaller particles to undergo a network-type phase separation
at higher interfacial energies. On the other hand, the initial onset

of the network phase.
of miscibility at low epc is again only weakly sensitive. This is

V. Effect of Direct Filler Attractions on Miscibility analogous to the trends in Figure 6 and reflects the reduced
To gain a feeling for the consequences of direct, dispersive, cohesion associated with bridging as fillers get smaller.

or van der Waals attractions between particles, the CLJ potential . .
mode?%?2has been utilized to address two different questions. V!- Discussion and Summary
For one series of calculations, all system variables are fixed PRISM theory has been employed to compute the second

except the overall attraction between fillers at contagtwhich virial coefficients 8,) of hard-sphere nanoparticles dissolved
allows the effect of increasing interfiller cohesion on the in polymer melts for a wide variety of monomsfiller attractive
miscibility window to be deduced. In practicg¢ increases with interactions that mimic the highly nonuniversal chemical aspects
the magnitude of the dielectric contrast between polymer and of real polymer nanocomposites. A generic finding is an
fillers and the nanoparticle diameter. Figure 9 shows results for attractive(depletion)-to-repulsive(sterically stabilized)-to-attrac-
0 < ec = 20 kgT. As expected, as the strength of the direct tive(local bridging) transition oB; with increasing interfacial
attraction between particles is increased, the miscibility window contact cohesion strengtl,.. Direct nanoparticle attractions
shrinks. Asec.c — 15 kgT, there is a clear maximum of the can greatly modify the breadth of each region of this transition
miscibility window at epc &~ 1.0—1.5 corresponding to an  depending on the spatial range of the interfacial attraction. In
interfacial energy range which best frustrates the direct contactparticular, for the shorter-range attractian € 0.25), second
aggregation that controls the location of the+FF phase virial coefficients display little repulsive character. On the other
boundary while minimizing the bridging mechanism that induces hand, for the longest-range attractiom € 1.0), B, remains
the networked phase. The slight shift of the location of this repulsive over the majority of,c values investigated. Polymer
optimally miscible state to highe asecc increases is due to  chain length plays little role for weak monomseparticle
the enhanced shift of the + F phase boundary brought about attractions where the contact depletion attraction mechanism
by the direct attraction. dominates. However, for bridging-induced attraction, the second
As pointed out in eq 4, the magnitude of the direct van der virial coefficient decreases with increasing degree of polymer-
Waals attraction scales linearly with nanopatrticle size. For real ization. As the network-like phase-separation boundary is
materials with constant constituemhemistry rather than approached, values ef. must exist such that increasihgcan CDV
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result in B, changing from repulsive (positive) to attractive predicted to require nanosized fillers rather than traditional
(negative). These virial coefficient predictions are potentially micron-sized particles. As previously discusseeyen for cases
measurable using small-angle X-ray scattefihg. where thermodynamic phase separation is expected, kinetic
Utilizing either an effective one-component model based Stabilization and particle dispersion due to large repulsive
solely onB; or the rigorous perturbative in filler concentration barriers in the filler potential of mean force is also possible in
approach, PRISM theory predicts two distinct spinodal demixing analogy yvith the classic case of stable sticky charged colloidal
curves, separated by a “miscibility window”, for all combina- suspensions'
tions of the materials parameters investigated. One demixing Ongoing theoretical work is employing PRISM theory to
curve is encountered at relatively low attraction strength<£ determine phase diagrams and structure at nonzero filler volume
1 ksT) and represents a very abrupt transition from an entropic fractions. Novel predictions in the miscible phase for both the
depletion-induced demixed system composed of polymer-rich collective polymer and filler structure factors at both small and
and nanoparticle-rich phases to a miscible fluid. The transition large angles have been obtained that are amenable to testing
to a miscible fluid is enthalpically triggered by the formation using X-ray and/or neutron scatteriffgComputational studies
of thermodynamically stable bound polymer layers around of the three coupled nonlinear integral equations, from which
fillers. Such layers result in an increase of the effective particle spinodal boundaries based on the full theory at finite filler
diameter and interparticle repulsions via a steric stabilization- volume fraction follow, are also under study. However, for
type mechanism. The location of this spinodal boundary is parameter values where phase separation is expected from the
relatively insensitive to nanoparticle size asymmetry rafip ( Virial-like analysis, we encounter extreme difficulties with
d) and interfacial attraction rangec). numerical convergence that render such calculations very
The second demixing transition occurs at relatively high difficult at present. Not surprisingly, preliminary results do find
monomer-particle adsorption energy and signals the dominance differences with respect to the virial-based phase boundaries.
of enthalpic effects in the free energy of mixing. On the basis However, these differences are only quantitative in nature and
of the nanoparticle potentials of mean force in the infinite @Ppear to often be of modest magnitude. Generalization of the
dilution limit,20 we infer its physical nature is the formation of ~theory to treat more complex fillers such as rods, disks,
a thermodynamically stable networked phase where fillers are déformable microgels, and nanoparticles coated with grafted
locally bridged by polymer chains. This spinodal boundary is Chains is a major direction of ongoing and future work.
more sensitive to botiD/d and o, with increases of either

resulting in a narrowing of the range of parameter space over Acknowledgment. This work was supported by the Nano-
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