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ABSTRACT: Simulations and experiments are conducted on
mixtures containing polymer grafted nanoparticles in a
chemically distinct polymer matrix, where the graft and matrix
polymers exhibit attractive enthalpic interactions at low
temperatures that become progressively repulsive as temper-
ature is increased. Both coarse-grained molecular dynamics
simulations, and X-ray scattering and neutron scattering
experiments with deuterated polystyrene (dPS) grafted silica
and poly(vinyl methyl ether) PVME matrix show that the
sharp phase transition from (mixed) dispersed to (demixed)
aggregated morphologies due to the increasingly repulsive effective interactions between the blend components is distinct from
the continuous wetting−dewetting transition. Strikingly, this is unlike the extensively studied chemically identical graft−matrix
composites, where the two transitions have been considered to be synonymous, and is also unlike the free (ungrafted) blends of
the same graft and matrix homopolymers, where the wetting−dewetting is a sharp transition coinciding with the macrophase
separation.

■ INTRODUCTION

Driven by the need to develop functionally superior materials,
significant effort has been directed toward the understanding of
structure and thermodynamics of polymer blends1−5 and
polymer−nanoparticle mixtures/blends.6−11 Fundamentally,
the delicate balance of enthalpic and entropic driving forces,
arising from the interplay of polymer and particle chemistry,
polymer molecular weight, architecture, particle size, and the
blend composition, dictates the phase transition from mixed
(dispersed) to demixed (aggregated) states. A large body of
scientific work10,12−22 has focused on the development of
polymer nanocomposites wherein the particles are grafted with
polymers in order to maximize the particle dispersibility in a
chemically similar matrix polymer. Through these numerous
studies that are described in review articles,12,23−26 it is now
well understood that the extent of matrix polymer penetration
(exclusion) into the grafted polymer layer, also termed as
“wetting” (“dewetting”), dictates extent of dispersion (aggre-
gation) of polymer grafted particles in the free matrix polymer.

Experiments, theory, and simulations have shown ways to tune
this extent of wetting by varying the grafting density
(mushroom to brush regimes), ratio of matrix to graft
molecular weights, and particle size or curvature. Especially in
the dense grafting regime, where the direct particle−particle
interactions are screened,27 the chemical similarity of the graft
and matrix reduces the thermodynamic driving forces for
wetting−dewetting to being purely entropic. While the gain in
entropy of mixing drives wetting of the grafted polymer by the
matrix chains, the conformational entropy loss due to matrix
penetrating a dense grafted layer drives dewetting. Decreasing
ratio of matrix to graft molecular weights,24 increasing graft
molecular weight dispersity,27−31 and decreasing polymer
flexibility32 have been shown to increase the wetting and, in
turn, stabilize particle dispersion.
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While the wetting−dewetting and dispersion−aggregation
phase behavior of chemically identical dense brush graft−matrix
blends is largely governed by these entropic driving forces,
there is a nontrivial competition between the enthalpic and
entropic driving forces for chemically dissimilar graft−matrix
composites. Theoretical studies of flat surfaces or colloids
grafted with a dense polymer brush placed in a chemically
dissimilar polymer matrix have predicted how the choice of
chemically dissimilar graft and matrix polymers with negative or
positive Flory−Huggins χ parameter (quantifying the enthalpic
interactions between the blend components) impacts the graft
conformations and the wetting−dewetting.33−37 With the use
of highly controlled synthesis and characterization techniques, a
few experiments have also shown that particle dispersion and
aggregation are tuned by enthalpic interactions between grafted
and matrix chains.37−40 Especially in the case where there are
attractive enthalpic interactions between the graft and matrix
chains, the mixture is driven to a dispersed phase even with
grafts that are shorter than matrix chains, a case where
chemically identical systems would exhibit dewetting and
particle aggregation.38 This ability to disperse particles due to
graft−matrix miscibility allows for higher filler loadings than
athermal chemically identical graft−matrix composites.38

Choosing graft−matrix polymers with specific H-bonding also
enables thermoreversibility to particle dispersion−aggrega-
tion.40

In the above studies, the wetting−dewetting transition and
dispersion−aggregation transition have been assumed to
occur s imul taneous ly , and are t rea ted synony-
mously.10,12,20,22,24−26,41−44 In contrast, in this paper, using
simulations and experiments, we show that in chemically
dissimilar graft−matrix polymer nanocomposites, the wetting−
dewetting transition occurs gradually with increasing temper-
ature and is distinct from the sharp dispersion−aggregation
(phase separation) transition. The coarse-grained molecular
dynamics (CGMD) simulations focus on generic chemically
dissimilar graft−matrix polymer pairs that exhibit a lower
critical solution temperature (LCST) phase behavior with
increasing temperature. The experiments focus on deuterated
polystyrene (dPS) grafted silica particles in a poly(vinyl methyl
ether) (PVME) matrix as dPS−PVME blends have been shown
to exhibit miscibility at room temperature, and LCST phase
behavior with increasing temperatures.45 Through a compre-
hensive characterization of the composite using X-ray scattering
and neutron scattering experiments, along with morphology
and chain conformations from CGMD simulations, we provide
the molecular mechanism underlying the gradual wetting to
dewetting transition being separate from the sharp dispersion-
to-aggregation transition.

■ METHODS
Simulations. Briefly, we represented the polymer grafted spherical

nanoparticles in a polymer matrix using a generic coarse-grained model
with the nanoparticles (denoted as P) represented as a rigid-body of
several D = 1d beads (d ≈ 1 nm), and the graft (denoted as G) and
matrix (denoted as M) polymers as bead−spring chains.46,47 The
nonbonded G−G and M−M interactions were modeled by a Lennard-
Jones potential with εGG = εMM = 0.5kBT. The nonbonded G−M
interactions εGM were varied from 0.3kBT to 0.8kBT; therefore, the
reduced temperature defined as T* = 1/εGM* = 1.25−3.33. The P−P,
P−G, and P-M interactions were modeled via a purely repulsive
Weeks−Chandler−Andersen (WCA) potential with ε = 1.0 kBT.
In this paper, the filler fraction or blend composition was varied

over ϕG = 0.13−0.20, where ϕG is defined as

ϕ =
+

V

V VG
grafts

grafts matrix (1)

where VX is the total volume occupied by component X in the
simulation. These compositions were chosen as they were similar to
the systems studied in the experiments. For all simulations, the total
occupied volume fraction in the simulation box was maintained to be η
= 0.35. We note that the total occupied volume fraction includes grafts,
matrix, and particle beads. We maintained 60 000 matrix beads to
enforce a minimum box size of ≈44d × 44d × 44d, regardless of our
chosen filler fraction. We conducted Brownian dynamics (BD)
simulations in the canonical ensemble using the graphics processing
unit based HOOMD-blue package.48 At an integrator temperature of
T = 5.0, the initial configuration was integrated using a Brownian
Dynamics integrator for 5 × 106 time steps to both mix and relax the
grafted and matrix chains. The simulation box was then compressed to
the desired volume fraction over 1 × 107 steps, and then mixed again
for 1.5 × 107 steps at the compressed state. We then varied the
integrator temperature from T = 5.0 to T = 1.0 using 10, geometrically
sized quenches over a period of 5 × 107 time steps. After the annealing
was completed, we ran the simulations for an additional 5 × 107 time
steps where we sampled the equilibrium configurations of the system
every 5 × 105 time steps to calculate the ensemble averages of various
thermodynamic and structural properties. All the details of our model,
simulation method and analyses are in the Supporting Information
(SI) computational methods section.

Experimental Preparation of Polymer-Grafted Nanopar-
ticles. Initiator-functionalized silica nanoparticles (SiO2−initiator)
were prepared according to the procedure in ref 49 (see details in SI
experimental methods section). Deuterated polystyrene-grafted SiO2
nanoparticles (SiO2−dPS) were then synthesized using a modified
AGET ATRP reaction50 where briefly, the Cu(II)Br catalyst and
dNbpy ligand were combined with d-styrene in a flask and bubbled
with nitrogen for 30 min. In another flask, the Sn(EH)2 reducing agent
and SiO2−initiator were dissolved in toluene, purged with nitrogen
and transferred to the first flask. The reaction mixture was then placed
in an oil bath at 90 °C and allowed to proceed for ∼40 h. After
polymerization, the reaction mixture was further diluted with
tetrahydrofuran (THF), filtered through a column of neutral
aluminum oxide to remove the catalyst, concentrated in vacuo and
precipitated in excess amount of cold methanol. The recovered
polymer-grafted nanoparticles were further purified through a mixed
solvent precipitation method using toluene and methanol. This step
ensured the removal of unfunctionalized silica nanoparticles as well as
free ungrafted chains from the grafted hybrid sample (see SI
experimental methods section). Prior to gel permeation chromatog-
raphy (GPC) experiments to determine the polymer brush molecular
weight, the grafted polymers were cleaved from the SiO2 surface by
first dissolving the hybrid nanoparticles in 2 mL of THF and then
adding 2 mL of a 2% (v/v) solution of aqueous HF. After stirring the
solution overnight, the polymer was precipitated in excess amount of
methanol and dried under vacuum for at least 24 h. GPC
measurements gave a brush molecular weight (Mw) of 33 000 g/mol
and polydispersity index (Mw/Mn) of 1.27. The grafted nanoparticles
(SiO2−dPS33k) were also subjected to thermo-gravimetric analysis to
calculate the polymer grafting density, determined to be ≈0.7 chain/
nm2.

Experimental Preparation of Nanocomposites. The nano-
composite was prepared following a simple solution mixing procedure.
Initially, PVME (Mw = 226 000 g/mol, PVME226k) was dried at 70
°C under vacuum overnight and cooled down to room temperature
prior to use. Afterwards, a 20:80 (by weight) blend composition of
SiO2−dPS33k/PVME226k was prepared by co-dissolving predeter-
mined amounts of SiO2−dPS33k and PVME226k in toluene and
mixing at room temperature for at least 24 h. The polymer blend was
obtained by precipitating the solution in a large excess of hexane and
collecting the solid sample by vacuum filtration. The resulting
composite was allowed to dry in air for 2 days and annealed at 60
°C under vacuum for at least 24 h before the scattering measurements
were performed. The samples were heated from room temperature to
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elevated temperature for the scattering measurements. In some cases,
the samples were also studied in cooling and we found reproducible
data between heating and cooling as long as the temperature did not
exceed 145 °C.
Additional details of the experimental methods can be found in the

SI experimental methods section.

■ RESULTS AND DISCUSSION

Coarse-grained (CG) molecular dynamics (MD) simulations of
homopolymer grafted particles in a chemically distinct
homopolymer matrix were conducted for a blend with Nmatrix
= 50 Kuhn segments (or effective “monomers”), Ngraft = 10
Kuhn segments, particle size D = 5d, where d is the size of the
Kuhn segment, at grafting density of 0.76 chains/d2 for two
different blend/mixture compositions.
Figure 1a shows that there is a transition from particle

dispersion to particle aggregation with increasing (reduced)
temperature, T*. The evidence of dispersion at this high matrix
to graft molecular weight ratio is in contrast to the chemically
similar graft−matrix blends, where aggregation is observed at
high matrix to graft molecular weight purely due to entropic
driving forces. The reason we see dispersion at low T* for this
high matrix to graft molecular weight ratio in this chemically
dissimilar graft (G)−matrix (M) polymer pair system is because
the attractive graft−matrix enthalpic interactions (negative χ)
drive graft−matrix contacts at low T*. This favorable enthalpic
driving force for wetting or mixing overcomes the net entropic
driving forces that favor graft−matrix dewetting or demixing,
and result in well-dispersed blends. As the temperature is
increased, the enthalpic forces become repulsive (positive χ)
and along with the entropic driving forces favor demixing of
grafted and matrix chains, and result in aggregated blends. The
dispersion to aggregation transition is seen both in simulation
snapshots rendered with the Visual Molecular Dynamics
software (VMD)51 (e.g., Figure 1b), as well as partial structure
factors (MM, PP, and GG) (SI Figures S1−S3) which show an
upturn with increasing temperature as q → 0, indicative of the
onset of particle aggregation. These partial structure factors are
calculated via Fourier transform of MM, PP, and GG radial
distribution functions, as described in the Supporting
Information, and an upturn at low q indicates increasing
aggregation of like-pairs, MM, PP, or GG. Since the simulations

are run at discrete temperatures, the dispersion−aggregation
phase transition (circles in Figure 1a) is marked as the
temperature where we see the onset of the low-q upturn in
these partial structure factors. The SMM(q → 0) versus T* data
for the ϕG = 0.13 and 0.20 compositions (Figure 1c) show a
sharp transition over a small T* range, indicating a first-order
dispersion−aggregation transition. We are unable to resolve
differences in the dispersion−aggregation T* of ϕG = 0.13 and
0.20 due to the discrete steps in T* at which simulations are
run.
Molecular simulations are also a powerful means to

characterize the wetting to dewetting transition associated
with the penetration of the grafted polymer chains by the
chemically dissimilar matrix polymers. Using CGMD simu-
lations, we calculated the extent of wetting in the dispersed and
aggregated states using two different methods. In the first
method, the graft and matrix Kuhn segment (or effective
“monomer”) concentration profiles (Figure 2a for ϕG = 0.13,
and SI Figure S4 for all ϕG) confirm that, with increasing
temperature, there is a gradual decrease in overlap between
graft and matrix monomer concentration profiles. In the second
method, which results in a single number that characterizes the
extent of wetting, we identify the spatial location of the
anisotropic, closed isosurface corresponding to the edges of the
aggregates (at high T*) or isolated grafted particles (at low
T*), and then calculate the fraction of matrix monomers that
are inside (wet) or outside (dewet) of this boundary as a
function of temperature (Figure 2b). At any temperature, the
magnitude of the wet monomer fraction increases with
increasing amount of grafted polymer chains in the blends, as
would be anticipated based on a simple volumetric scaling of
the number of particles. On the other hand, when a normalized
wet monomer fraction (normalized by the surface area of the
aggregates) is calculated from these simulations, the data
collapses onto a single curve irrespective of blend composition
(not shown). Remarkably, we observe no discontinuous or
abrupt change in the wetting shown in Figure 2 and instead
observe a continuous transition.
Another important feature of the gradual wetting to

dewetting transition (Figure 2) and the sharp dispersion to
aggregation transition (Figure 1) is that the onset of dewetting
occurs at a temperature well below the dispersion−aggregation

Figure 1. (a) Dispersion−aggregation phase-diagram; (b) simulation snapshots with bottom panel hiding the matrix polymer; and (c) low q-value of
the matrix−matrix structure factor for particles of diameter D = 5d grafted with “G” homopolymer chains of length Ngraft = 10 and grafting density Σ
= 0.76 chains/d2 in a “M” homopolymer matrix of length Nmatrix = 50 at a total volume fraction η = 0.35 and with blend composition ϕG = 0.13 and
0.20. The total volume fraction, η, is defined as ratio of volume of all CG beads to the volume of the simulation box. The blend composition, ϕG, is
defined as ratio of volume of graft CG beads to the volume of graft and matrix CG beads in the system. In part a, upward and downward triangles
denote aggregated and dispersed states, respectively, in the simulations, and the circles denote the dispersion−aggregation transition. The snapshots
in part b are for ϕG = 0.13 blends. The error bars in part c are standard deviations calculated from 50 uncorrelated configurations for each system;
the error bars when not visible are smaller than the size of the symbol.
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transition temperature, and that the dewetting continues at
temperatures higher than the dispersion−aggregation tran-
sition. These observations imply that the wetting−dewetting
and dispersion−aggregation are two distinct transitions. This is
in contrast to past literature, especially for chemically similar
graft−matrix systems, where the two transitions are treated
synonymously.10,12,20,22,24−26,41−44

Interestingly, for a ϕG = 0.13 blend with all WCA excluded
volume (athermal) interactions, that would mimic a chemically
similar χ = 0 graft (G)−matrix (M) polymer pair with the same
grafting density, particle size, matrix and graft chain lengths, the
wet monomer fraction (horizontal dashed line in Figure 2b)
coincides with the intersection of the wet-monomer fraction
profile and dispersion−aggregation transition of the ϕG = 0.13
chemically dissimilar composite. This means that when the
extent of wetting for the chemically dissimilar graft (G)−matrix
(M) polymer system reaches the (threshold or critical) wetting
seen in chemically similar athermal system, the chemically
dissimilar graft−matrix system goes through the dispersion−
aggregation transition.
We conducted Small Angle X-ray and Neutron scattering

(SAXS and SANS) studies as a function of temperature on
blends of 226k PVME (80 vol %) with 33k dPS-grafted silica
particles (grafting density = 0.7 chains/nm2). These scattering

techniques provide structural information that covers a broad
range of length scales, and can be compared to the simulation
trends presented. Since the X-ray contrast between the
polymers is small and their contrast with the silica particles
dominate the SAXS data, we use this method and the observed
peaks in the SAXS data to track the correlations between silica
particles and therefore monitor the changes in wetting of the d-
PS brushes on the silica particles. Separately, since the largest
contrast for neutrons are between dPS and PVME (see SI
experimental methods) and because of the small amount of
silica particles in the scattering volume, we monitor the bulk
phase behavior (and aggregation) of the dPS-grafted silica in
PVME using the low q behavior in SANS.
It is well understood that sufficiently concentrated nano-

particles will exhibit a liquid like ordering characterized by a
peak in the pair correlation function. This translates into a peak
in the scattered intensity which is essentially the Fourier
transform of the real space distribution of material. Thus, the
first order peak in the scattered X-ray intensity, denoted q* in
Figure 3a, is a direct measure of the distance between silica
particles and, in the case of no matrix or solvent, is a measure of
the height of the brush as established by Goel et al.52 The peak
in the X-ray scattering from the blend of dPS grafted SiO2 and
PVME at room temperature in Figure 3a indicates the silica
particles are fairly homogeneously dispersed. This is further
confirmed through a direct space transmission electron
micrograph shown in Figure 3e.
With increasing temperature, the primary scattering peak

shifts to higher q indicating the silica particles are moving closer
together. Since the concentration of particles does not change
this is a clear indication of a depletion of the matrix polymers
between particles, and thus strongly suggests that the PVME
matrix chains are dewetting the dPS grafted layer. Parentheti-
cally, we note that the dPS starts to dewet the portions of the
grafted brush structure closest to the silica particle (and
densest) first and progressively dewets portions farther away
from the silica core with increasing temperature. Finally, at the
highest temperature, the peak location almost coincides with
that of the pure dPS-grafted SiO2 nanoparticles in its melt state,
indicating no matrix polymer is left between the nanoparticles,
suggesting a complete dewetting and the formation of dense
nanoparticle aggregates. The formation of nanoparticle
aggregates is further confirmed by TEM of a sample held at
160 °C and is shown in Figure 3f. The peak position for the
pure SiO2−dPS33k nanoparticles (i.e., with no PVME added)
gives the particle to particle distance in its space filling state,
and thus the grafted brush height of ∼9 nm (SI Figure S5 ).
The gradual shift of the peak position with temperature from
evenly dispersed to “dry” grafted nanoparticle clusters suggests
a gradual dewetting in agreement with the gradual decrease in
wet monomer fraction seen in the simulations (Figure 2b).
The increase in low q intensity as a function of temperature

in both the SAXS and SANS data indicates an increasing
contribution of large-scale inhomogeneities. SAXS is only
sensitive to silica density inhomogeneities within the polymer
matrix, whereas the SANS data is sensitive to all three
components, and in particular, the large neutron contrast
between dPS and PVME make SANS especially sensitive to
large-scale concentration fluctuations between dPS and PVME
which would be characteristic of graft polymer−matrix polymer
phase separation. We note that while the silica (especially as it
aggregates) does contribute to the scattering in this q-regime,
the magnitude of such scattering is small because of the small

Figure 2. (a) Graft monomer (dashed lines) and matrix monomer
(solid lines) concentration (in units of d−3) versus distance from the
particle surface at ϕG = 0.13. The graft concentration profile is
calculated for each grafted particle independently and the average of
these profiles is presented. In the calculation of each grafted particle’s
profile, we only include the contribution of grafts that are attached to
the same particle, and do not include any inter-grafted particle
contributions. (b) Wet monomer fraction versus reduced temperature,
T*. Also shown are the dispersion−aggregation transition temperature
(vertical dot-dashed line) and the wet monomer fractions for the
athermal ϕG = 0.13 and 0.20 blends (horizontal dashed and dotted
lines). The error bars in parts a and b are standard deviations
calculated from 50 uncorrelated configurations for each system; the
error bars when not visible are smaller than the size of the symbol.
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volume fraction of silica used in these samples and therefore we
adopt a pseudobinary approach to analyze the SANS data.
Indeed, the increase in the low q SANS intensity data (Figure
3b) is consistent with a lower critical solution temperature
(LCST) system where the concentration fluctuations increase
with increasing temperature. For a binary blend, the scattering
at low q in such a system can be described by the Ornstein-
Zernike equation:

ξ
=

+
I q

I
q

( )
(0)

1SANS,Coh 2 2
(2)

where ξ is the correlation length. The scattered intensity in the
forward direction, I(0), is obtained by extrapolating the 1/I(q)
vs q2 data to q = 0 (Figure 3c). Both the zero-angle scattering
intensity, I(0), and correlation length ξ diverge as the spinodal
temperature is approached (SI Figure S6). Plotting 1/I(0) and
1/ξ2 against 1/T (Figure 3c and Figure S6) allows a linear
extrapolation to q = 0, and leads to the identification of the
spinodal temperature, Ts ∼ 143 ± 2 °C. The behavior of the
intensity and correlation length with temperature bears
remarkable similarity to that observed for polymer blends and
star-PS/PVME mixtures.53,54

These dPS (graft)−PVME (matrix) blend experiments are
thus in remarkable agreement with the simulations using a
generic LCST graft−matrix pair, suggesting that (a) the wetting
to dewetting transition is a gradual process with increasing
temperature while the dispersion−aggregation or macrophase
separation transition is first order, (b) the onset of wetting to
dewetting occurs at temperatures lower than the dispersion to
aggregation transition, and (c) dewetting continues at temper-
atures above the spinodal temperature in the aggregated state.
To better understand the chain conformations that are linked

to the above wetting−dewetting behavior, we unravel the effect
of grafting one of the polymers in the LCST graft (G)−matrix
(M) polymer pair, on the enthalpic and entropic driving forces
of the phase behavior. To do this we also simulate using
CGMD a blend of ungrafted (G) polymer and ungrafted (M)
polymer, termed the f ree blend, with the same number of G and
M chains and chain lengths as the graf ted blend, for the blend
compositions discussed so far. Figure 4a shows that, for the free
blend, the transition from mixed to demixed states occurs at
higher temperatures and has a stronger dependence on the
blend composition than the grafted blend. We explain this
difference between the free and grafted blends through the

Figure 3. (a) Temperature dependence of Small Angle X-ray Scattering (SAXS) intensity data for blends of a 33k dPS-grafted silica (grafting density
of 0.7 chains/nm2) with a 226k PVME at a blend composition of 80% PVME by volume; data for the scattering intensity from a pure 33k dPS-
grafted silica particles with no PVME matrix are shown for comparison. (b) Temperature dependence of the Small Angle Neutron Scattering
(SANS) intensity for the blend described in (a). (c) Ornstein−Zernike representation of selected SANS data to estimate the intensity in the forward
angle (I(0)) and correlation length (ξ) as a function of temperature for the single phase blends. (d) Temperature dependence of I−1(0) from SANS
and primary scattering peak position (q*) from SAXS for the blend described in (a) and (b). TEM images of thin sections of unstained blends at (e)
25 °C showing individually dispersed nanoparticles and after annealing at (f) 160 °C showing large-scale phase separation.
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enthalpic and entropic contributions to the change in free
energy to go from mixed (dispersed) to demixed (aggregated)
states, ΔA, defined as

Δ = Δ − Δ→A U T Smixed demixed (3)

where ΔU is the change in internal energy and ΔS the change
in entropy going from mixed (dispersed) to demixed
(aggregated) states.
If we assume that the G−M attractive interactions are the

dominant energetic driving force for G−M mixing, we can
define ΔU ∼ ΔnεGM, where Δn is the change in number of
contacts between G and M monomers going from mixed
(dispersed) to demixed (aggregated) states, and εGM the
attractive interaction strength between G and M monomers.
Since both free and grafted blends have the same number of G
and M monomers, the total number of possible G−M monomer
contacts should be the same for the grafted and free blends.
However, in the grafted blend, the dense grafting shields some
of the G monomers from making contacts with the M
monomers in the mixed (dispersed) state, as seen in the
monomer concentration profiles in Figure 2a. It is fair to
assume that in the demixed (aggregated) state, the number of
G−M contacts is minimal and negligibly different between the
grafted and free blend. Thus, the (negative) Δn and (positive)
ΔU going from mixed (dispersed) to demixed (aggregated)
states is smaller for the grafted blend than the free blend.
The major contributions to the change in entropy going from

mixed (dispersed) to demixed (aggregated) states is the
conformational entropy gain of matrix chains, ΔSconf, and

mixing entropy loss, ΔSmix. Even though these two contribu-
tions to entropy cannot be fully decoupled, it is useful to see
individually how these impact the total entropy change.
ΔSconf, the conformational entropy gain of the matrix chains

going from mixed (dispersed) to demixed (aggregated) state, is
larger for the grafted blend than the free blend. This is because
the M matrix chains that penetrate the grafted layer in the
dispersed state have fewer conformations in the crowded
grafted G layer than they do outside the grafted layer in the
aggregated state. In contrast, we expect that the free blend has
relatively negligible differences in matrix conformations in the
mixed and demixed state. ΔSmix, the mixing entropy loss going
from mixed (dispersed) to demixed (aggregated) state, is
smaller for the grafted blend than for the free blend.55 This is
because in the mixed state, due to the G chains being end-
grafted to the particle surface in the grafted case, the volume
available for G and M monomer mixing is significantly lower in
the grafted blends compared to the free blends. In the demixed
state, the grafted and free blends should have similar low mixing
entropy.
Thus, with a larger energetic and entropic driving force to

stay mixed, the free blends have a higher mixed-to-demixed
transition temperature than the grafted blends. The grafted vs
free blend phase behavior is, thus, not surprising due to the
above intuitive thermodynamic driving forces.
Surprisingly, in contrast to the gradual continuous transition

of wet monomer fraction with increasing temperature for the
grafted blends, for free blends, the wet monomer fractions,
which characterize the extent of G−M monomer mixing, show

Figure 4. (a) Mixed−demixed phase-diagram comparing the grafted or free blend, the wet monomer fraction vs temperature (b and c), graft radius
of gyration (d and e), and matrix radius of gyration (f and g) for particles of diameter D = 5d grafted with chains of length Ngraft = 10 and grafting
density Σ = 0.76 chains/d2 in a matrix of length Nmatrix = 50 (a, b, d, and f) or blends of Ngraft = 10 and Nmatrix = 50 chains (a, c, e, and g) at a total
volume fraction η = 0.35 and filler fractions ϕG = 0.13 (triangles), and 0.20 (diamonds). The error bars in parts b−g are standard errors calculated
from 50 uncorrelated configurations for each system; the error bars when not visible are smaller than the size of the symbol. (h) Change in
experimentally measured radius of gyration of the outer shell (called Rg

corona) with temperature from an excluded volume model for blends of a 33k
dPS-grafted silica (grafting density of 0.7 chains/nm2) with a 226k PVME at a blend composition of 80% PVME by volume. We note that Rg

corona

does not represent the overall dimension of the polymer chains but only the outer shell of the grafted chains.
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a sharp transition with increasing temperature. Furthermore, for
the ϕG = 0.13 and 0.20 free blends, this mixing−demixing
transition coincides with the macrophase separation transition
(dotted lines), in contrast to the grafted blends at those
compositions. We conjecture that the gradual wetting to
dewetting transition for the grafted blend/composite in
contrast to the sharp transition for the free blend is due to
the permanent tethering of the grafted chains. Tethering of
graft chains to the particle creates regions in the grafted layer
with variable entropic driving forces for graft−matrix mixing.
With increasing distance from the particle surface, each
successive layer of grafted monomers has increased free volume
available for mixing with matrix monomers. This creates a
gradient in graft−matrix mixing entropy gain and conforma-
tional entropy loss upon wetting. For example, the grafted
region closest to the particle center has a higher conformational
entropy loss and lower mixing entropy gain from graft−matrix
wetting than the outer region in the grafted layer. Thus, as the
temperature increases likely various regions of the grafted layers
are dewet in a step by step fashion rather than sharply as in the
case of free blends. While curvature of the grafted surface affects
the available volume for mixing within the grafted layer, the
gradual wetting to dewetting transition is also seen in zero-
curvature flat surface limit (SI Figure S8). This further
strengthens the argument that the grafting/tethering of one
of the polymers in the blend leads to the gradual continuous
wetting to dewetting transition.
To elucidate the single chain conformations within the

blends during this sharp vs continuous wetting−dewetting
phenomena for free blends vs grafted blends, respectively, we
calculate the ensemble average radius of gyration for the G and
M chains in the grafted and free blends. There are clear
differences between the behavior of the G homopolymer chains
when grafted (Figure 4d) and free (Figure 4e). First, due to
dense grafting-induced chain extension, the size of the G chains
in the grafted systems is larger than those in the free blends.
Second, as temperature increases, coinciding with the wetting−
dewetting transition, the grafted G chains’ sizes decrease
gradually until they plateau to a value when the system has
completed the wetting to dewetting transition. In contrast, the
free G polymer chains go through a coil−globule−coil
transition, coinciding with the mixing-demixing transition in
the free blend. In this case it has been argued that as the
temperature increases, the (minority component) G chains
have an increasing drive to shrink or collapse to a globule
because they are amidst increasingly unfavorable M matrix
chains. Once macrophase separation occurs, the G chains are in
a domain of other G chains and are able to relax their
entropically unfavorable globule configurations and expand
modestly. In the grafted blend, the segregation of the G chains
in the grafted layer decreases the need for the G chains to
collapse to the same extent as free G chains, as the grafted
architecture prevents single G chains from ever being totally
surrounded by M chains. Additionally, the dense grafting also
prevents the G chains from going through the drastic changes
in chain conformations that they do in the free blends.
Interestingly, applying an excluded volume model56 to
quantitatively model the SANS data for the dPS-grafted SiO2
and PVME blends, allows for the extraction of a radius of
gyration of the outer layer of the grafted chains (Figure 4h).
The decreasing radius of gyration of the outer layer of the
grafted chains in experiments (Figure 4h) and decreasing graft
radius of gyration in molecular simulations (Figure 4d) are

remarkably similar. The matrix M chains in the grafted and free
blends adopt similar chain conformations at all ϕG, with the
effect of temperature on the matrix chain conformations
decreasing with decreasing ϕG for both free and grafted blends.
In summary, through a combination of coarse-grained

simulations and X-ray and neutron scattering, we demonstrate
that, unlike chemically identical graft−matrix systems, the sharp
dispersion to aggregation transition is distinct from the gradual
continuous wetting to dewetting transition in a polymer
nanocomposite with a chemically dissimilar graft−matrix
polymer pair that exhibits LCST behavior. We also show that
the dispersion to aggregation transition occurs when the extent
of wetting in the attractive graft−matrix polymer composite
approaches that of the analogous chemically similar graft−
matrix polymer composite.
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