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ABSTRACT: We have generalized the microscopic polymer reference interaction site model (PRISM) theory
to study the structure and phase behavior of polymer-tethered spherical nanoparticles in a dense homopolymer
melt. In the absence of a polymer matrix, fluids of such hybrid nanoparticles show strong concentration fluctuations
indicative of aggregate formation and/or a tendency for microphase separation as the total packing fraction and/
or nanoparticle attraction strength increase. In the presence of a polymer matrix, there is a competition between
tether-mediated microphase separation and matrix-induced macrophase separation. For a single tether of eight
segments on a nanoparticle twice the diameter of a segment, the apparent microphase spinodal curve exhibits
both dilution-like and depletion-like features and a nonmonotonic dependence of the spinodal temperature on
matrix chain length. As the particle size and tether length are both increased, such that the total space filling
volume of the tether continues to equal the nanoparticle volume, the shape of the microphase spinodal curve
remains unchanged, but the effect of matrix polymer chain length on the spinodal temperature diminishes. For a
larger filler, the tendency for macrophase separation grows with increasing matrix polymer length. As the number
of tethers is increased, the microphase spinodal curves become more dilution-like, and the effect of matrix degree

of polymerization, particle size, and tether length on the apparent spinodal temperature diminishes.

I. Introduction

Polymer nanocomposites' consist of nanoparticle additives
(“fillers”) embedded in a polymer matrix. They offer a variety
of enhanced thermal, mechanical, optical, and electronic proper-
ties relative to pure polymeric materials because of interactions
between fillers and the polymer matrix. One of the biggest
challenges is the rational control of filler clustering or aggrega-
tion, which often adversely affects material properties. In the
past few years, several research groups have modified the surface
of nanoparticle fillers in an effort to improve their dispersion
in a polymer matrix. For example, if nanoparticles are grafted
with chains compatible with the matrix polymer, filler dispersion
is favored.® ® Motivated by this concept, experimentalists have
synthesized nanometer and micrometer sized particles with high
surface grafting density.>*'® At fixed polymer chemistry, when
the molecular weight of matrix polymer is lower (higher) than
that of grafted polymer, the nanoparticles disperse (aggregate).’
More recently, nanoparticles grafted with a relatively small and
controlled number of synthetic grafted polymers,''™'* such as
single-tethered CdTe quantum dots,'? gold nanoparticles with
a single PEO tether,'® and fullerenes end capped with polym-
ethylmethacrylate (PMMA),'® have been synthesized. Theoreti-
cal studies'” > have shown that concentrated solutions and
melts of this new class of hybrid nanoparticles with low grafting
density can indeed assemble into a variety of nanostructures.
However, their use as fillers in polymer nanocomposites has
been explored very little, and this is the subject of the present
theoretical study.

In recent work,***> we generalized and applied the microscopic
polymer reference interaction site model (PRISM) theory®®*’
to study concentrated solutions and melts of one-, two-, and
four-tethered spherical nanoparticles. The role of tether length,
particle size, number and placement of tethers, total packing
fraction, and interparticle attraction strength on the real space
statistical structure and scattering patterns, and tendency toward
aggregation and/or microphase separation, was investigated. We
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found that strong concentration fluctuations indicative of cluster-
ing and/or incipient microphase ordering occur with increasing
total packing fraction and/or nanoparticle attraction strength.
In analogy with block copolymers,”® a microphase spinodal
curve was deduced by extrapolation of the inverse intensity of
the small angle scattering peak. For one-, two-, and four-tethered
nanoparticles with a core diameter twice that of the monomer,
the microphase spinodal temperature grows roughly as a power
law of packing fraction. The apparent scaling law exponent is
less than unity and varies with the number of tethers, and the
spinodal curve shifts to lower temperatures with increasing
number of tethers. We compared our microphase spinodal
calculations for single-tethered particles with a recent simulation
by Glotzer and co-workers®' and found the agreement to be
surprisingly good. Upon increasing the nanoparticle diameter,
the microphase spinodal temperature decreases, and its packing
fraction dependence qualitatively changes because of a competi-
tion between increased tendency for macrophase separation and
decreased tether-induced driving force for microphase transition.

In this work, we study in detail single- and two-tethered spherical
nanoparticles in a homopolymer matrix. In this system, there is a
competition between tether-induced steric stabilization which can
induce microphase ordering, and matrix-induced depletion-like
attraction which can drive macrophase separation. For single-
tethered nanoparticles, the shape of the microphase spinodal curve
is a combination of dilution-like (as in copolymer-homopolymer
mixtures® or solutions of diblock copolymers®®) and depletion-
like (as seen in colloid-polymer mixtures®'~*?) behavior. Further-
more, the microphase spinodal temperature is a nonmonotonic
function of matrix chain length. As the nanoparticle size is
increased at a constant tether length, the tendency for mac-
rophase separation increases. As the nanoparticle size and tether
length are both increased, keeping the total volume of tethered
monomers equal to the volume of the nanoparticle, the shape
of the microphase spinodal curve remains unchanged, but the
effect of varying matrix polymer length on the spinodal
temperature diminishes. As the number of tethers is increased
from one to six, the microphase spinodal curves become more
dilution-like, and the effect of matrix polymer length, tether
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Figure 1. (a) Schematic of the model system containing single-tethered nanoparticles embedded in a polymer melt undergoing cluster formation
and higher level ordering. (b) Schematic of the microphase spinodal temperature, 7%, as a function of total fluid packing fraction (1) and filler
volume fraction (¢). (c) Colloid Lennard Jones potential U(r) (black solid curve) as a function of /D with D/b = 2, and standard Lennard Jones
potential (green dashed curve). All potentials are normalized to —1 at the depth of their respective attractive minimum.

length, and particle size on the spinodal temperature is reduced.

The paper is organized as follows. In section II, we discuss the
model, theory, and parameters used in this study. A qualitative
physical discussion of the homopolymer-mediated competing
effects of “depletion” and “dilution” on structure and phase
behavior is given in section IIC. Section III presents results for
structural correlations in real and Fourier space under purely
entropic athermal conditions. In section IV, calculations of local
structure, apparent microphase spinodal temperatures, and mac-
rophase separation are given as a function of particle—particle
attraction strength. The diverse phase behavior found is interpreted
on the basis of the physical discussion presented in section IIC.
The paper concludes in section V with a discussion and future
outlook. The Appendix collects key formulas required to perform
the numerical calculations.

II. Model and Theory

A. Model and Interaction Potentials. The tether and matrix
polymer are treated as freely jointed chains (FJC) of N, and N,,
spherical interaction sites (monomers), respectively. The monomers,
of diameter d, are connected by a rigid bond of length [ = 1.4 d (a
typical persistence length), where d = 1 is the unit of length used
throughout the paper. The polymer tethers are permanently grafted
on rigid nanoparticle spheres of diameter D. The subscripts p, c,
and m denote tether polymer, nanoparticle, and matrix polymer,
respectively. The total fluid packing fraction is defined by #, and
the fraction of 7 composed of polymer-tethered particles is the
mixture composition variable, ¢. A schematic of the model system
is shown in Figure 1la.

The site—site pair decomposable interactions between tether
monomers (or segments), Uy, tether monomers and nanoparticles,
Upe, matrix monomers, Upm, matrix and tether monomers, Upp,
and matrix monomers and nanoparticles, Uy, all include a hard
core repulsion. The only attractive interactions present are between
nanoparticles, U, modeled beyond contact to be the attractive
branch of the colloid Lennard-Jones (CLJ) potential.** The CLJ

potential describes the interaction between two nanospheres as a
pair wise sum over LJ potentials between elementary units of size
b. An example of the attractive branch of the CLJ potential for a
polymer-tethered particle with D = 2b, where b = d, shown in
prior work>* is also given in Figure 1c; its strength is characterized
by the value at contact, —¢&.

Our model system is meant to mimic a polymer nanocomposite
composed of tethered nanoparticles dissolved in a homopolymer
melt where the matrix and tether polymers are the same chemistry,
nanoparticle—homopolymer and homopolymer—homopolymer
attractions are weak and very similar, and nanoparticles have a
different chemistry from the polymer chains resulting in unbalanced
van der Waals attractions between them which can be strong
relative to the thermal energy.

B. Polymer Reference Interaction Site Model Theory.
PRISM is an equilibrium theory that describes well the structure
of both suspensions and dense melts composed of hard spherical
particles and linear chains.****"37 The theory is based on the
matrix Ornstein—Zernike-like or Chandler—Andersen integral
equations® that relate the total site—site intermolecular pair
correlation function between different sites, h;(r) = g;(r) — 1,
to the site—site intermolecular direct correlation function, Cyi(r),
and intramolecular probability distribution functions, w;(r). The
matrix PRISM equation in Fourier space is

H(k) = Q) C[Q(k) + H(K)] 40
H(k) = piph; (k) (2a)
Ni N
Ql=p) ; @ i/K) (2b)
a=1 p=1

Here, i and j are two types of interaction sites, N; is the number of
interaction sites of type i, p; the total site density of species i, and
p is the molecular number density. The 3 x 3 matrices H(k), C(k),
and (k) describe correlations of three types of sites, ¢, p, and m;
chain end effects are ignored (preaveraged) as in prior applications
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of PRISM theory to homopolymers,”®*” polymer nanocompos-
ites,>* 7 and block copolymers.>*~** Explicit equations for
hij(k), the tethered nanoparticle w;i(k), and the partial collective
structure factors, S;(k), are given in the Appendix. For all
calculations, the tethers are attached in fixed positions.

In this initial study, we ignore nonideal conformational perturba-
tions of the tether and matrix polymers. In principle, they can be
treated using the fully self-consistent and computationally intensive
version of PRISM theory, which involves a medium-induced
solvation potential and solution of an effective single-chain problem
via Monte Carlo simulation.?”** However, the construction and
testing of such a solvation potential for tethered particles in a
polymer melt is presently an unsolved problem in the framework
of PRISM theory. Moreover, we expect chain stretching or
contraction effects to be most important in dilute solutions and/
or when particle—polymer or polymer—polymer interactions are
attractive. Our focus is melt-like packing fractions and polymer-
related attractions are absent, conditions where conformational
nonidealities of excluded volume and enthalpic origin are
expected to be minimized. In addition, we do not consider long
tethers, which should also mitigate large nonideal conformational
effects, and minimize unphysical intrachain overlaps present in
any ideal chain model.>” We note that, in our previous work>*
on single-tethered particles, on the basis of the same model and
statistical mechanical approximations, we demonstrated a
surprising good agreement of the predictions of the (estimated)
microphase transition with computer simulations for the same
hybrid particle model.?*

Approximate closure relations are required to solve the coupled
PRISM integral equations. For polymer nanocomposites (PNC),
the site—site Percus—Yevick (PY) closure®®*"3*3738 {5 quite
accurate for all direct correlation functions except particle—particle.
Previous PNC studies have shown that the hypernetted chain
(HNC) approximation®* is a good closure for the particle—particle
direct correlation function, which also ensures the physical
condition g.«(r) > 0 holds for all r. If g;; is the distance of closest
approach between sites of type i and j, the hard core impen-
etrability conditions are

gij(r)EO, r<0}j 3)

Outside the hard core, the site—site PY approximation>¢->">*38

is employed for all, except particle—particle, direct correlations:

Cy(n=>1—e""g.0, r>a; 4)

and the HNC closure*®*’ is adopted for the particle—particle
direct correlation function:

C.(N=h()—Ing(r)—pUr), r>o,. 5)

Our prior work?* for the single tether nanoparticle system
demonstrated quite good agreement with simulation,>' which
supports the usefulness of these atomic closures. We note that for
polymer blends and block copolymers composed of monomers of
(nearly) the same size the so-called “molecular closures™ are the
most accurate.”” Whether such closures are better for polymer
nanocomposites with hybrid nanoparticles is unknown, and their
investigation is beyond the scope of this work.

To efficiently solve the six coupled nonlinear integral equations,
we employ the Kinsol algorithm.*® The Kinsol algorithm is based
on the inexact Newton’s method and has a relatively high ease of
convergence for complex nonlinear integral equations, especially
compared with Picard algorithm.>* Upon solving the PRISM
equations, we obtain the pair correlation functions, g;(r), and partial
collective structure factors, S(k).

C. Physical Aspects of Filler Dispersion and Phase
Behavior. Prior simulation®’ and theoretical work  has
demonstrated that microphase separation can occur for dense
solutions of lightly tethered nanoparticles. Earlier work on
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athermal polymer nanocomposites®®>"*” has shown that the
matrix melt induces a depletion attraction causing macrophase
separation of nanofillers. For the case of lightly tethered particles
in a polymer matrix, there are potentially three qualitatively
different organizational scenarios that can arise because of the
competition between nanoparticle-nanoparticle attractions, steric
repulsion between grafted tethers, and filler-homopolymer
mixing considerations including the depletion-like entropic
attraction. (i) Strong intertether repulsions can sterically shield
nanoparticle—nanoparticle attractions, and if the depletion effects
are weak, then the fillers can form a well-dispersed correlated
fluid in the homopolymer matrix. (ii) If intertether repulsion is
weak and nanoparticle attractions are strong enough, then the
filler attraction plus matrix-induced depletion effects can induce
macroscopic phase separation into matrix rich and tethered
nanoparticlerich coexisting phases. (iii) If nanoparticle—nanoparticle
attractions are strong enough relative to the thermal energy, and
sufficient steric stabilization exists due to tether repulsion to
preclude macrophase demixing, then stable aggregate formation
and/or microphase type of ordering can occur. All three types
of behavior are found for attractive tethered nanoparticles as
described in section IV. The competing physical effects that
determine the thermodynamics and structure are functions of
chemistry (via nanoparticle attraction strength), tether grafting
density and chain length, matrix chain length, total packing
fraction, and mixture composition.

PRISM theory describes correlated and spatially segregated, but
globally homogeneous, fluid states. It is not a mean field theory
and includes concentration fluctuations on all length scales. Hence,
literal spinodal instabilities at nonzero wave vectors (structure factor
divergences at k*) are not predicted.**** However, in extensive
prior applications of the theory to diblock?”**~** and multi-
block*®* copolymers, an analysis of small angle scattering
profiles was proposed which allows a useful estimate of a
microphase separation transition in the sense of an extrapolated
spinodal instability. In polymer (mean) field theories and
experimental scattering analyses, the quantity 1/S..(k*) is taken
as the order parameter which would vanish at a literal spinodal
instability.”®>° We estimate the spinodal instability via linear
extrapolation of 1/S..(k*) as a function of the inverse dimen-
sionless temperature, 1/7%. When applied to melts of single-
tethered particles,>* the resulting microphase spinodal curve was
in good agreement with the order—disorder boundary obtained
using simulations by Tacovella et al.>' This prior work motivates
an analogous analysis of the tethered particles in polymer matrix
system.

A schematic of the microphase spinodal temperatures, 7%, versus
total packing fraction, 7, and volume fraction of tethered particles,
¢, phase diagram is shown in Figure 1b. In previous work,>*** a
power law dependence of T* (solid lines) on 7 for melts of
tethered particles (¢ = 1) was found for all values of number
of tethers, with an effective scaling exponent much smaller than
that for diblock copolymers. Our primary present aim is to study
how the microphase spinodal curves (dashed lines) change upon
addition of polymer matrix (decreasing ¢), as schematically
indicated in Figure 1b.

D. System Parameters. There are many controllable material
parameters: tether degree of polymerization, N, number of tethers,
£, placement of tethers, ratio of particle-to-monomer diameter, D/d,
matrix polymer degree of polymerization, Ny, total fluid packing
fraction, #, fraction of 1 composed of tethered particles, ¢, and
absolute magnitude of the particle—particle attraction strength in
units of the thermal energy, e... Most calculations are for tethered
particles with N, = 8 and 27, f= 1 and 2, and D/d = 2 and 3, and
polymer matrix lengths ranging from N, = 1(“solvent”) to 50.
For the two-tethered nanoparticles, the grafted chains are placed
180° apart. We also present a few results for f = 6 where the tethers
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Figure 2. Particle—particle pair correlation function, g.(r), and collective structure factor, S..(k), as inset, for nanoparticles under athermal conditions
with 1 (black) and 2 (red) tethers of N, = 8, particle size D/d = 2, in a matrix of variable polymer of degree of polymerization: (a) N, = 8 at a
packing fraction 7 = 0.5, ¢ = 0.2 (solid), 0.5 (dashed), 0.8 (dotted) and (b) Ny, = 1 (solid), 8 (dashed), and 50 (dotted) at a packing fraction =

0.5, ¢ = 0.5.

are placed symmetrically on the filler surface. In all cases, the
attachment points are fixed corresponding to a “quenched” (not
annealed) grafting process. The consequences of variable tether
placement on structure and phase behavior of tethered nanoparticles
in the absence of free homopolymer has been discussed in ref 25.
The attraction strength & is varied from O (athermal) to several
kT. The total packing fraction, #», is varied from 0.3—0.5,
representative of a dense melt.

In section III, we present results for a purely entropic (athermal)
system of f= 1 and 2 tethered nanoparticles in a polymer matrix.
Section IV explores the effect of interparticle attraction strength,
number of tethers (f= 1, 2, and 6), matrix polymer length, particle
size, and tether chain length on filler dispersion, and microphase
and macrophase spinodals. Although PRISM theory provides all
six distinct g;(r) and partial structure factors, Sy(k), we focus entirely
on the nanoparticle—nanoparticle correlations, g..(r) and S..(k).

III. Athermal Limit

The particle—particle pair correlation function, ge(r), and
collective structure factor, S..(k), provide a statistical picture of
the spatial organization of the polymer-tethered nanoparticles in
the polymer matrix. In Figure 2a, we present these quantities for
D/d = 2 with f =1 and 2 tethers of length N, = 8 in a Ny, =
8 matrix at a packing fraction 7 = 0.5 for ¢ = 0.2, 0.5, and
0.8. For all compositions, as the number of tethers increases
from 1 to 2, g.(r) at contact decreases. The presence of
additional peaks at /D ~ 1.55 and 2 suggest weak local ordering
beyond contact. The structure factors for f = 1 systems have a
weak small angle peak, which is absent for 7 < 0.5 (not shown),
and two-tethered particles do not exhibit any small angle peak.
All trends imply that as the number of tethers increases
nanoparticle clustering is reduced because of enhanced steric
repulsion. For both f= 1 and 2, as ¢ decreases from 0.5 (dotted
curve) to 0.2 (solid curve), g.(r) at contact and the magnitude
of the small angle peak increase. This is because, as the fraction
of polymer matrix increases, the tethered particles are entropi-
cally pushed together due to matrix-induced depletion attraction.

The effect of matrix polymer chain length on the organization
of f=1 and 2 tethered particles is shown in Figure 2b for tether
length N, = 8 and Ny, = 1, 8, and 50, at fixed # = 0.5, ¢ =
0.5. The local particle order is not very sensitive to Ny, under
athermal conditions, although the contact values of g..(r) weakly
decrease as Ny increases. Interestingly, this trend is opposite
that found in the case of the homopolymer matrix containing
relatively large nanoparticles with high surface grafting density.”
The reason is presumably that classic polymer brush physics is
relevant at high graft densities under locally flat surface (D/d
> 1) conditions where filler dispersion is governed by entropic
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Figure 3. Particle—particle pair correlation function, g..(r), and structure
factor, S..(k), for tethered nanoparticles with 1 (black) and 2 (red) tethers
of N, = 8, particle size D/d = 2, in a matrix polymer of degree of
polymerization Ny, = 1 (solid), 8 (dashed), and 50 (dotted) at a packing
fraction 7 = 0.5, ¢ = 0.5, and &, = KkT.

wettability considerations.>' ~3* For nanoparticles with only one
or two polymer tethers, dispersability is likely controlled by
the fraction of a filler surface covered by grafted chains and
unavailable for nanoparticle contacts.

The weak small angle peak in S..(k) (inset of Figure 2b) for
single-tethered particles decreases as Ny, increases and disap-
pears for Ny, = 50. There are no small angle peaks for two-
tethered nanoparticles. The nanoparticle osmotic compressibility,
directly related to S..(k = 0), grows as Ny, increases for both 1
and 2 tether cases.

IV. Attractive Tethered Nanoparticle Fillers

We now study the effect of increasing nanoparticle—
nanoparticle attraction strength on local structure and phase
behavior. We remind the reader that a physical discussion of the
“dilution” and “depletion” aspects of the microphase and mac-
rophase spinodals discussed below was presented in section IIC.

A. Pair Correlation Functions and Structure Factors. In
Figure 3, g..(r) and S.(k) of nanoparticles with 1 and 2 tethers
of length N, = 8 and particle size D/d = 2 in matrices of chain
lengths Ny, = 1, 8, and 50 at 5 = 0.5, ¢ = 0.5 are presented for
a relatively weak attraction strength .. = kT. At fixed Ny,
aggregation of the tethered particles decreases as f increases,
similar to athermal limit results in Figure 2b. For both f = 1
and 2, the local ordering is similar, with no major effect of
matrix polymer chain length on either structure. In the inset of
Figure 3, the single-tethered particles exhibit a much stronger
small angle peak in S..(k) than two-tethered particles for all
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Figure 4. Inverse of the microphase order parameter, 1/S.(k*), as a
function of particle attraction strength in units of the thermal energy, &,
for single-tethered particles of size D/d = 2 with tether length N, = 8 in
a polymer matrix of length 8 at 7 = 0.5 and ¢ = 0.2 (circle), 0.4 (square),
0.6 (up triangle), 0.8 (down triangle), and 1.0 (star). Dashed lines show
the linear extrapolation employed to obtain spinodal attraction strengths
(% c0)-

matrix polymer lengths. In addition, for f = 1, the small angle
peak is higher for the intermediate value of Ny, = 8 compared
with N, = 1 and 50. This nonmonotonicity, only seen for f =
1, is further discussed in the next section. For both f = 1 and
2, Scc(k = 0) grows as N, increases similar to athermal limit
results (Figure 2b).

B. Apparent Microphase Spinodal Curves. We expect that
microphase separation is induced primarily via clustering of
nanoparticles, as schematically illustrated in Figure la, a signature
of which is the emergence of a prominent small angle peak in
Sce(k). In contrast, we find (not shown) only a weak small angle
peak in the tether collective structure factor, S,,(k), and in the
matrix polymer structure factor, S,,(k), for ¢ > 0.6, and no
peaks in S,,(k) or S,..(k) for ¢ < 0.6. These differences reflect
the large asymmetry of collective concentration fluctuations of
the different species due to excluded volume and packing
considerations, and nonzero mixture compressibility, in contrast
with the essentially incompressible block copolymer melt.”®
Hence, S..(k*) is employed as the order parameter to estimate
microphase separation spinodal temperatures. In Figure 4,
1/S..(k*) is plotted as a function of particle—particle attraction
strength, &, for single-tethered particles of size D/d = 2, tether
length N, = 8, in a polymer matrix of length N, = 8, at =
0.5 and varying ¢. Dashed lines show the linear extrapolation
utilized to obtain spinodal attraction strengths (e*..).

In Figure 5a, the deduced microphase spinodal temperature
T* (= 1/e*..) is presented as a function of ¢ for f = 1, D/d =
2, N, = 8 fillers at 7 = 0.5 and 7 = 0.3, and varying matrix
polymer length. For all Ny, the shape of the spinodal curve for
1 = 0.5 (solid curves) exhibits a competition between dilution
(T* decreases as ¢ decreases) and depletion (7* increases as ¢
decreases) behavior. For single tethered particles, the steric
hindrance due to the intertether repulsion is minimized, and
nanoparticles can form enthalpic contacts that are further favored
via the depletion-like attractions mediated by matrix polymers
as occurs in bare nanoparticle—polymer mixtures.**> Note also
that for 7 = 0.5 as the matrix polymer length increases the
spinodal temperature varies nonmonotonically for most ¢. When
0.2 < ¢ < 0.6, as Ny, increases from 1 to 4, the microphase
spinodal temperature increases, but as Ny, increases from 4 to
50, we find T* decreases with the highest value attained for Ny,
= 4. When ¢ < 0.2 (system consisting of mostly polymer
matrix), 7% decreases monotonically with increasing N,,. When
¢ > 0.6 (system consisting of mostly tethered particles), the
trend is not clear since the 7* does not vary much with Ny,.

Macromolecules, Vol. 41, No. 23, 2008

At a packing fraction of 7 = 0.4 (not shown), there is a slight
change in shape of the spinodal curves, shifting toward dilution-
like behavior, while the nonmonotonicity continues to exist. The
value of Ny, at which T* is highest is different from that for =
0.5. At high ¢ (>0.8), the effect of Ny, is minimal since there is
not much matrix polymer present. At intermediate ¢ (0.4 < ¢ <
0.7) when N, increases from 1 to 8, we find 7* increases, but for
N > 8, the spinodal temperature decreases with its highest value
achieved for N, = 8. At low ¢ (<0.3), macrophase separation
occurs, and thus there is no clear trend for 7* with varying Np.
We note that the spinodal macrophase separation transition is
determined by the simultaneous divergence of all partial collective
structure factors at zero wavevector, that is, S;(k = 0) — o or
equivalently A(k = 0) — 0 in eq A9 in the Appendix.

At a lower packing fraction of 7 = 0.3 (dashed lines in Figure
5a), the shape of the spinodal curves become more dilution-
like, and the microphase spinodal temperature decreases. The
nonmonotonic behavior, with 7* being highest for an intermedi-
ate Ny, is still present at 7 = 0.3. For clarity of presentation,
the N, = 4 and 25 results are not shown since the nonmonotonic
dependence of T* on N, is apparent from the N, = 1, 8, and
50 results. Overall, we conclude that for single-tethered particles
in polymer matrix there is a rich competition between depletion
and dilution effects.

C. Mean Field-Like Limits. In order to better understand the
origin of the interesting nonmonotonic behavior in Figure 5a and
make contact with the classic block copolymer theory of
microphase separation,® we calculate the spinodal 7* using
mean-field-like approximations (or “random phase approxima-
tion”, RPA) within a liquid state theory framework. Unlike the
incompressible mean field theory for block copolymers,” in
the PRISM framework a “RPA” does include liquid compress-
ibility effects and local correlations,?”>* in the spirit of a nonself-
consistent mean spherical approximation (MSA) closure of the
Ornstein—Zernike integral equation theory.*’

Technically, the liquid state RPA implies an additive structure
for the direct correction function, which plays the role of an
effective pair potential®”*>>*

Cyk) = C’(k) + AC, (k) (6)

where beyond the distance of closest approach:
AC,-j(r) = —ﬁUij(r) (MSA) 7
ACy(r)= —BU g (r) (MPY/HTA) (®)

Here, Cj; is the direct correlation function between species i and j;
C;© is the corresponding athermal limit; Uy (r) is the (noncontact)
potential between species i and j, and g;%(r) is the athermal pair
correlation function. Equation 6 neglects the coupling between
repulsive and attractive interactions on the direct correlations,
which is required on the local scale to rigorously enforce
excluded volume constraints. It also neglects long-range con-
centration fluctuations, which destroy the spinodal of a first order
transition such as microphase separation via coupling of local
and macromolecular scale correlations.*®*'~**5 Equation 8
corrects the MSA for nonrandom local packing correlations in
the athermal reference system, as suggested by molecular closure
analysis for polymer mixtures.”’* A literal microphase spinodal
temperature does exist based on eqs 6—8 in the PRISM
formalism.?”>* For the system of present interest, it is found
by determining the value of &, for which all of the partial
structure factors simultaneously first diverge at a nonzero wave
vector (see Appendix).

Mean-field-like microphase spinodal results are presented in
Figure 5b. As expected, the values of 7% are not the same as
those deduced based on full PRISM calculations (Figure 5a).
Spinodal temperatures computed using eq 7 are in the same
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Figure 5. Microphase spinodal temperature, 7% (=1/¢*..) as a function of mixture composition, ¢, for single-tethered particles of size D/d = 2 with
tether length N, = 8 in a polymer matrix of length Ny, = 1 (circle), 4 (square), 8 (up triangle), 25 (down triangle), and 50 (diamond) for (a) =
0.5 (solid) and 1 = 0.3 (dashed) using the full PRISM theory (for clarity, the N, = 4 and 25 calculations for 7 = 0.3 are omitted) and (b) at =
0.5 based on the mean-field-like approximations of eq 7 (solid) and eq 8 (dashed). Results for N, = 50 are not shown since no microphase
separation spinodal transition was found for most mixture compositions (0.1 < ¢ < 0.9).
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Figure 6. Macrophase separation spinodal temperature as a function
of mixture composition for bare particles of size D/d = 2 in a polymer
matrix of length 8 (red) and 50 (blue) at total fluid packing fractions 7
= 0.4 (square), 0.35 (triangle), and 0.3 (circle).

range as full PRISM analogs, while the 7% values calculated
using eq 8 are higher than full PRISM calculations. Most
importantly, there are qualitative differences. For example, at
n = 0.5, T* increases as ¢ decreases in the range 0.5 < ¢ <
1.0 in both mean-field-like approaches, in contrast to the results
in Figure 5a. Also, the mean field 7% do not exhibit any
nonmonotonic behavior with increasing matrix polymer length
Nm. This suggests the latter subtle behavior predicted by the
full PRISM theory is primarily due to changes of local packing
of the particle and tethers with increasing &.. which is sensitive
to matrix chain length.

It is of interest to contrast our results with those of analogous
bare nanoparticle systems, which undergo macrophase demixing.
Questions such as the temperature scale, role of matrix chain length,
and form of the spinodal curve are of interest. For bare fillers,
nanoparticle—nanoparticle attractions and entropically mediated
depletion attractions reinforce each other resulting in poor filler
dispersability.** ¢ Figure 6 shows representative macrophase
separation results determined numerically using the full PRISM
theory via the condition Sj;!'(k = 0) = 0. The nonmonotonic
behavior with varying N, (seen in Figure 5a) is not seen for
bare nanoparticles in a polymer matrix, and the macrophase
spinodal temperatures are much higher than the analogous
microphase spinodal temperatures of single-tethered particles
at the same packing fraction. For example, at n = 0.3 the
macrophase T* for bare fillers is ~1—2 (Figure 6), while the
microphase 7* for single tethered particle is ~0.2—0.4 (Figure
5a). At all ¢, the macrophase 7™ increases with Ny, suggesting

that the nonmonotonic trend with Ny, is unique to single-tethered
particles.

D. Effect of Number of Tethers on the Phase Behavior.
The effect of number of tethers (f= 1, 2, and 6) on the microphase
spinodal is shown in Figure 7a for nanoparticles of size D/d =
2, tether length N, = 8, at 7 = 0.5. For the f = 6 system, the
six tethers are placed symmetrically on the nanosphere. As f
increases, T* decreases due to enhanced steric shielding of
nanoparticle close contacts (also seen for a melt of tethered
particles®*?%), the effect of matrix length N,, on 7% diminishes,
and a strikingly more dilution-like behavior occurs.

Figure 7b,c presents the analogous mean-field-like results for
one- and two-tethered nanoparticles. For f = 1, both mean-field
calculations predict the same shape of the spinodal curve found
based on the full PRISM calculation (Figure 7a). However, for
f = 2 the dependence of T* on ¢ is qualitatively different; in
the mean-field calculation, 7* weakly increases as ¢ decreases,
while in full PRISM theory 7% decreases as ¢ is lowered,
indicating a dilution-type behavior. The fact that the mean-field-
like calculations do not predict dilution-like behavior with
increasing number of tethers suggests its origin is coupled
energetic/packing effects on the local structure of the nanopar-
ticles that depends on interparticle attraction strength.

E. Effect of Particle Size and Tether Length. Figure 8a
presents microphase spinodal curves for a larger nanoparticle
of D/d = 3 with a single tether of length N, = 27 and 8 in a
polymer matrix of varying chain length at 7 = 0.4. We have
chosen N, = 27 so that the total volume of a single tether equals
the nanoparticle volume. This allows a fair comparison to be
made with the smaller N, = 8 and D/d = 2 nanoparticle system
under the same equal space-filling volume condition. The shape
of the microphase spinodal curve for N, = 27 and D/d = 3
(solid curves) is similar to that for N, = 8 and D/d =2 at 5 =
0.4 (not shown). The microphase spinodal temperatures are
slightly higher for D/d = 3 at all compositions. Unlike the
smaller single-tethered particle which exhibited a nonmonotonic
dependence of 7* on matrix polymer length, the value of Ny
does not have any effect on the spinodal temperatures for the
larger single-tethered particles. However, by simply decreasing
the tether length from N, = 27 to N, = 8, while maintaining
constant particle size at D/d = 3 (dashed curves in Figure 8a),
the shape of the spinodal curves are completely changed. We
observe macrophase separation at all ¢ < 0.6 for matrix polymer
length Ny, = 4, at all ¢ < 0.8 for N, = 8, and at all ¢ < 0.9 for
Nm = 25. Thus, the range of compositions where macrophase
separation occurs significantly increases with matrix polymer
length.
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Figure 7. (a) Microphase spinodal temperature as a function of mixture
composition for tethered particles of size D/d = 2, with f= 1, 2, and
6 tethers of length N, = 8 in a polymer matrix of length 1 (circle), 8
(up triangle), and 50 (diamond) at a packing fraction 7 = 0.5. Mean
field microphase spinodal curves for 1- and 2-tethered particles of size
DI/d = 2 and tether length N, = 8 in a polymer matrix of length 1
(circle), 4 (square), 8 (up triangle), and 25 (down triangle) at 7 = 0.5
are shown based on (b) eq 7 and (c) eq 8.

The results in Figure 8a suggest that, for single tethered
particles in a polymer melt with fixed chain length, as the tether
length is decreased (N, = 27 to 8) at a constant particle size
(D/d = 3), or the particle size is increased (D/d = 2 to 3) at a
constant tether length (N, = 8), the tendency for macrophase
separation increases. In our previous work>* on melts of single-
tethered particles, a similar trend of increasing macrophase
separation with increasing particle size at constant tether length
was found. This trend occurs because as the nanoparticle volume
becomes much larger than the tether volume, the effectiveness
of grafted chains in promoting dispersion diminishes and
macrophase separation is favored. The presence of a homopoly-
mer matrix enhances this macrophase separation tendency via
the entropic depletion-like attraction.

Figure 8b presents analogous results for two-tethered particles.
The shape of the microphase spinodal curves is again completely
changed by simply decreasing the tether length from N, = 27
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Figure 8. Microphase spinodal temperature as a function of mixture
composition for tethered particles of size D/d = 3 with (a) one tether
of length N, = 27 (solid) in a polymer matrix of length N, = 8 (up
triangle), 27 (down triangle), and 50 (diamond) and one tether of length
N, = 8 (dashed) in a polymer matrix of length N,, = 4 (square), 8 (up
triangle), and 25 (down triangle) and (b) two tethers of length N, = 27
(solid) in a polymer matrix of length 8 (up triangle) and 27 (down
triangle) and N, = 8 (dashed) in a polymer matrix of length 8 (up
triangle) and 25 (down triangle).

(solid lines) to N, = 8 (dashed lines) when D/d = 3. The gaps
in the spinodal curves, especially at 0.3 < ¢ < 0.7, occur since
we were unable to numerically converge the integral equations
to an extent that allows calculation of the spinodal temperatures
at those compositions. An interesting feature in Figure 8b is
that the change in 7% with decreasing N, is smaller for the two
tether particles compared with the f = 1 analogs. This suggests
that increasing the number of tethers reduces the effect of
particle size and tether length on the microphase spinodal curves.

V. Summary and Discussion

We have extended and applied PRISM theory to study the
structural correlations and phase behavior of spherical nanoparticles
with a modest number of tethered chains dissolved in a homopoly-
mer matrix under dense melt conditions. Only particle—particle
interactions are attractive. For melts and dense solutions of one-,
two-, and four-tethered nanoparticles,>** we previously discov-
ered a power law dependence of the microphase spinodal
temperature, 7%, on packing fraction 7 with an exponent much
smaller than that for diblock copolymers.*>® In the presence
of a polymer matrix, grafted chain and attractive nanoparticles
experience clustering and/or microphase separation determined
by a competition between tether repulsion and interparticle
attraction, and depletion-like macrophase separation induced by
the polymer matrix. Overall, a rich and subtle competition
between dilution-like and depletion-like effects on the structural
organization emerges depending on system parameters and
hybrid filler architecture.



Macromolecules, Vol. 41, No. 23, 2008

Calculations of the particle—particle pair correlation functions,
gcc(r), and collective structure factors, S..(k), of single- and two-
tethered particles, under both athermal entropic conditions and in
the presence of filler attractions, suggest that as number of tethers
increases nanoparticle clustering decreases. A plot of the inverse
of the microphase order parameter, 1/S..(k*), as a function of
particle attraction strength, &.. (in units of kT), was employed to
obtain an extrapolated microphase spinodal temperature. For single-
tethered nanoparticles with D/d = 2 and tether length N, = 8 in a
homopolymer matrix of length Ny, = 8, the shape of the microphase
spinodal curve is a combination of dilution-like and depletion-like
behavior, and shows a nonmonotonic dependence on varying matrix
polymer length for 7 = 0.3—0.5. This nonmonotonicity is absent
in mean-field-like calculations, which ignore the coupling of
repulsive and attractive interactions on a local scale and longer
wavelength concentration fluctuations. This suggests that short-
range structure plays a major role in the nonmonotonic microphase
ordering scale behavior via a coupling of local and macromolecular
correlations.”’**~*3 As the number of tethers is increased from
one to six, the microphase spinodal curves become more
dilution-like, and the matrix polymer length no longer affects
the spinodal temperature. The reason for the former trend is
that as the number of tethers grows there is enhanced shielding
of the nanoparticle surface which precludes close contacts.

For single tether fillers of fixed tether length, as the nanoparticle
size is increased the tendency for macrophase separation increases,
and more so for longer matrix chains. This occurs because as
nanoparticle volume exceeds tether volume the ability of the grafted
chain to promote steric stabilization diminishes. When the particle
size and tether length are both increased, such that the total volume
of tethered monomers and nanoparticle volume are equal, the shape
of the microphase spinodal curve remains unchanged, but the
sensitivity to matrix polymer length diminishes. As the number of
tethers increases, the effect of particle size and tether length on
the microphase spinodal temperatures also decreases.

We note that ignoring the nonideal conformational effects in
this work, although a reasonable first approximation at high melt-
like volume fractions in the absence of all matrix polymer and
tether polymer attractive interactions, could potentially bias the
predicted local structure in these systems. Unfortunately, the present
lack of experimental and simulation results for single- and two-
tethered particles dissolved in a dense polymer melt precludes
critically testing our theory. There are preliminary experiments on
six-tethered particles (albeit with larger nanoparticles) in a ho-
mopolymer melt by Kumar and co-workers,”” and a detailed
PRISM study of this system will be presented in a future
publication. We are also not aware of any liquid state theory based
density functional study of microphase separation, and to date self-
consistent field theory has only been applied to melts of single
tether “tadpoles” in the absence of free homopolymer.>® Finally,
our approach is not only applicable to spherical tethered particles
in a homopolymer matrix, but can also treat physical and chemical
heterogeneities of nanoparticles (e.g., nonspherical fillers) and/or
matrix (e.g., blends, block copolymers).
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Appendix

We summarize the key equations for the intramolecular
structure factors of the hybrid tethered nanoparticle, w;;(k), total
intermolecular structure factors, h;(k), and partial collective
structure factors, Sj(k), used in the PRISM calculations.

The intramolecular structure factors for the particle—particle,
tether-particle and tether-tether are
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o, (k) =1 (AD)

sin(kl) 1o 1Isin(kR)
0= Nf+1 Z[ (A2

kR
al al 1 —y |
w/)p(k) = 1%/{2 z [Slf}{#]'“: Vil n
- 1)2 Z [Sm(kl) o [%]ly’_“m@ (A3)

where for two tethers placed at 180° is T(k) = sin(2kR)/2kR.
The matrix polymer intramolecular structure factor is

0,0) = e
(1 ki )

(A4)

The equations for h;(k), for any three species two-
component system containing an AB molecule in C “solvent”
are (A denotes tether, B is nanoparticle, and C is matrix
polymer)

Ahy, = (1= petw oo Coo) {— P, 00OC + 3 ,Coy +
fa zwfxBCBB +
2fy ]wAAwABCAB} + pcwccl Pp® 4400 C g+ wiACiC +
fa 2‘”3\BC%;C +2fy lwAAwABCACCBC} (A5)
Ahye=0ccl Cyc i +f;1CBCwAB + pp0W(CypCre— CppCiuc)}
(A6)

and Ahgp and Ahpc follow by interchanging the A and B
labels

Ahyp= (1= pctwcCoc){ = p,0450WOC + Cp(@ 40 +
fa f_ wAB) + wAB(f_ @44Crx +f_ wpsCpp)} +
Pl CacCpcl @@+ 14 f; wAB) + wAB(f; Wpy CAC +
f;leBCleC) + 0,045000C 5} (AT)

Ahee=0¢c papgddC,pc+ pypsCocdwdC+
Cocl = pa44Cap — P pgCrp — 20,0 45Cap) T
20,,045CacCpct pAwAAsz‘xC + PBwBBclzgc} (A8)

where

AR =1~ 0,044Coa = Pp®ppCrp — 20,0 45Cap T+
AP0 {(1 = pcwccCe)OC — Pt ccOC, 5} —
Pc®@ccCect 20,000 cc(CapCoc = CacCho) +
PAPP @ cc(CyaCrc — szxc) +
PP pp® cc(CppCrc — Ctz;c)
(A9)
0w = w,,0py _f;lfglwiz;
0C=CyCpp— Cf&B
6CABC = 2CABCBCCAC - CAAC%C - CBBC/Z\C
and pm = pat pB
The corresponding partial collective structure factors are
AS, = 1{pawss(1 = pcwccCec) =
PaPOD(Crp = P ccCocCrp+ Pcwccczc)} (A10)
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ASsc= PO ccl Pa®asCact 0,045Cpc T
PaPOD(CypCpe — CppCh)} (Al)

Sgp and Spc can be obtained by interchanging A and B labels,

ASi =P ap(1 = pcccCc)
PaPOD(Cop = P ccCocCag+ P ccCacCpe)} (A12)

ASce=pcwccll = pawaCas = Pp0pCrp = 20,W45Cap +
PaPsOWOCY (A13)
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