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ABSTRACT: The use of nanoparticles (NPs) to compatibilize
immiscible polymer blends remains an ongoing challenge requiring
a high level of control over the NP dispersion and localization.
Here, we show that silica NPs “sparsely” grafted with long
polystyrene (PS) chains are surfactant-like because they permit
core−core, core−matrix, and corona−matrix interactions. When
placed at an immiscible polymethyl methacrylate (PMMA)−PS
interface, the silica core strongly interacts with one component
(PMMA), while the corona mixes with the other (PS). These
carefully designed NPs are demonstrated to be efficient stabilizers,
even outperforming block copolymers. While such surfactant-like behavior is evident, and understood on the basis of existing ideas, a
new concept that we leverage is how the shape of the interfacial free energy profile is affected by the surface grafting density. For an
optimally chosen grafting density and graft chain length, we find a nearly symmetric free energy profile as a function of the NP
contact angle at the interface, ensuring that the NPs are strongly localized in a region where they are the most efficient in terms of
stabilization.

■ INTRODUCTION
Polymer blending is a convenient technique for combining the
desirable properties of different polymers into a hybrid
material. However, most polymer blends are thermodynami-
cally immiscible because of their unfavorable enthalpic
interaction and the low entropy of mixing of long-chain
molecules. They are therefore dominated by poor interfacial
adhesion and unstable morphologies that are frequently
associated with the formation of large domainsshortcomings
that pose challenges in the processing of these materials and in
their end-use (mechanical) performance. Several compatibili-
zation strategies have been introduced to overcome these
issues;1 the most frequent one being the use of premade or in
situ-generated block copolymers.2−9 Because of their amphi-
philic character, these block copolymers (i) self-assemble at
polymer−polymer interfaces, (ii) minimize domain coales-
cence, and (iii) improve the interfacial adhesion between the
components.10 Thus, any potential compatibilizer must meet
or exceed these requirements to produce materials having
improved processability and mechanical properties.
Recently, interfacially active nanoparticles (NPs) have been

suggested as potential alternatives to blends compatibilized
with block copolymers.11−24 This is partly motivated by their
higher adsorption energy, which makes their displacement
from the polymer−polymer interface a high energy process,
leading to reduced domain coalescence.25 Unfortunately, their
use in polymer media requires special techniques to prevent
them from aggregating and macrophase-separating from the
matrix polymers.26 In the context of immiscible polymer

systems, they must also be tuned to localize them at the
interface. The most promising strategy involves attaching
molecular27−31 or macromolecular11−18,32−42 ligands to their
surfaces, which act to control the NP location within the blend
and also minimize NP aggregation by steric repulsion.

NPs in Polymer Blend Matrices. Composto and co-
workers16 investigated the segregation behavior of 12.8 nm
diameter silica NPs grafted with chlorine-terminated poly-
methyl methacrylate (PMMA) (PMMA-g-SiO2) in blends of
PMMA/poly(styrene-r-acrylonitrile) (SAN). The NPs had a
fixed grafting density (σ) of 0.7 chains/nm2, while the PMMA
graft molecular weight (Mn) varied systematically from 1.8 to
160 kDathus probing various melt to graft chain length
ratios (1/α; see Figure 1). They found that the NPs are
dispersed in the PMMA matrix at the higher Mn (lower 1/α)
end while becoming progressively more interfacially active with
decreasing Mn (increasing 1/α). At such high grafting density,
the NP surface is completely shielded by the PMMA brush.44

Therefore, these workers ascribed this interfacial segregation to
enthalpic and entropic effects stemming from the higher
density of PMMA-unfavorable chlorine end groups and the
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pronounced autophobic dewetting (i.e., the exclusion of the
chemically identical free polymer chains from the brush45−47),
respectively, in the limit of low graft Mn. However, they also
obtained interfacially active NPs with a hydrogen-terminated
PMMA brush analogue, although they exhibited a relatively
weaker interfacial activity. Thus, it appears that autophobic
dewetting is a major factor in the interfacial segregation of
these densely grafted NPs.
Similarly, some workers compatibilized PMMA/polystyrene

(PS)11,12 and poly(2,6-dimethyl-1,4-phenylene ether)/SAN13

immiscible polymer blends by employing Janus NPs consisting
of polybutadiene (PB) cores coated with PS and PMMA
(brush) hemispheres. This was achieved by cross-linking the
middle PB blocks in poly(styrene-b-butadiene-b-methyl
methacrylate) (PS-b-PB-b-PMMA) triblock copolymers. How-
ever, despite some recent progress,48 the large-scale fabrication
of Janus NPs remains difficult relative to the well-established
grafting methods.49,50 They are therefore not the subject of this
work.
NPs in Block Copolymer Matrices. Kramer and co-

workers investigated the segregation behavior of small (d < 5
nm core diameter) gold NPs densely grafted with either
homopolymers,34−37 a mixture of homopolymers,32,33 or
copolymers35,37,39,40 in poly(styrene-b-2-vinylpyridine) (PS-b-
P2VP) diblock copolymer matrices. They investigated a range
of grafting density (σ ∼ 0.4−4 chains/nm2) and graft
molecular weight (Mn ∼ 1.5−13 kDa). These workers found
that PS-grafted NPs (PS-g-Au) localize in the PS domains for σ
> 1.6 chains/nm2, while they segregate to the PS−P2VP
interface for σ < 1.3 chains/nm2.34 They attributed this
transition to a more favorable P2VP−Au interaction relative to
that of PS−Au. Nevertheless, such densely grafted NPs are not
truly “surfactants” because the brushes would have minimal
conformational freedom to allow the free polymers to have
easy access to the surface, which, in turn, lowers the NP
adsorption energy at the interface.
Overall Understanding. Kumar et al.43 summarized the

literature data for the dispersion of homopolymer-grafted NPs
in a homopolymer matrix in a plot of the planar brush
overcrowding parameter σN0.5 against 1/α. Here, we replot the

data using x (Figure 1; black symbols), the curved brush
analogue of this overcrowding parameter, which represents the
ratio of the number of grafted chains to the number of chains
that occupy the same volume in an unperturbed melt.51 Thus,
x ≪ 1 and x ≫ 1 correspond to the grafted NPs being star-like
and strongly stretched, respectively. In the limit of high
grafting density (x ≫ 1), core−core attractions are screened,
and only two dispersion states exist: well-dispersed (wet-brush
regime) and phase-separated (dry-brush regime), with the
crossover occurring for 1/α ∼ 4−6. At intermediate grafting
density, self-assembled structures appear, with strings forming
for low 1/α and connected sheets for high 1/αthese
structures are the result of a competition between core−core
attractions and the entropy of distorting the grafted chains.26

On the same plot, we summarize the literature data for the
interfacially active homopolymer- and block copolymer-grafted
NPs in immiscible polymer blend (blue symbols) and block
copolymer (red symbols) systems. Clearly, all the studies on
the use of polymer-grafted NPs in polymer blends lie in the
dry-brush regime, where autophobic dewetting effects are
dominant, while most block copolymer studies are concen-
trated near the phase-separated−connected sheets boundary in
the high 1/α region.
Although these highly grafted NPs have indeed been found

to improve the stability of immiscible homopolymer
blends,18,38 they suffer from several important limitations.
First, the dense brush limits the extent of favorable interactions
between the melts and the NP surface, such as the strong
hydrogen-bonding interactions between PMMA and silica.52

Moreover, the interpenetration between the brush and the
melt is minimized in the high 1/α regime at high grafting
density.53 These effects reduce the NP adsorption energy at
the interface, which in turn reduces the stability of the
compatibilized blend. They also result in poor adhesion
between the two components, a necessary requirement for
obtaining good mechanical properties.10 Second, a positive
interfacial tension exists between the brush and the chemically
identical melt in the dry-brush regime,45−47 leading to brush−
brush attraction and aggregation to remove the unfavorable
brush−melt interfaces.54 This interfacial tension manifests
itself in the abrupt transition from well-dispersed to phase-
separated structures at high x with increasing 1/α. It is also
probably responsible for the transition from the one-dimen-
sional strings to the two-dimensional sheet morphology at
intermediate x (Figure 1). Such aggregation is particularly
problematic for melt mixing because a significant portion of
these brushes will get incorporated in aggregates, thus
preventing them from reaching the interface. Evidence of this
can be seen in the PMMA/SAN blends investigated by
Composto et al.,16 which exhibit a lower critical solution
temperature-type phase behavior. Their as-cast morphologies
show one-phase mixtures with homogeneously distributed
NPs; however, after annealing at 195 °C for 24 h, the blends
phase-separated, and large NP aggregates are seen in the
PMMA phase and at the interface. This limitation is analogous
to the one presented by premade high-molecular weight block
copolymer compatibilizers, which may become trapped in
micelles in a bulk phase even at very low loadings.5

On the other hand, in the low x limit, both the cores and the
coronas are easily accessible to the free polymers. It is precisely
in this limit, where we believe the maximum NP “surfactancy,”
and thus stabilization effect, is obtained: the cores strongly
interact with one free polymer and the coronas with the other.

Figure 1. Dispersion of homopolymer-grafted NPs in a homopolymer
matrix (black symbols), compiled by Kumar et al. in ref 43 from
experimental data in the literature (WD: well-dispersed, PS: phase-
separated, S: strings, CS: connected sheets, and SC: small clusters).
The y and x axes represent the spherical brush overcrowding
parameter (x) and the melt to brush chain length ratio (1/α),
respectively. On the same plot, we overlay the literature data for the
interfacially active homopolymer- and block copolymer-grafted NPs in
the immiscible polymer blend (blue symbols; refs 14−18) and block
copolymer matrices (red symbols; refs 34−40). The green circle
corresponds to the primary system investigated in this work.
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Motivated by these ideas, here, we consider the stabilization
efficiency of PS-grafted spherical silica NPs (PS-g-SiO2) of core
diameter d = 14 nm, grafting density σ = 0.02 chains/nm2, and
graft molecular weight Mn = 110 kDa, in a PMMA/PS
immiscible polymer blend. A simple geometric argument51

shows that these grafting densities are low enough that both
the cores (which have a more favorable interaction with the
PMMA52) and the coronas (whose miscibility with the PS
matrix can be tuned) are accessible to the matrix polymers.
Thus, these surfactant-like NPs combine the dual advantage of
being selectively localized at the interface while being hard to
displace from this zone. We show that the resulting
morphologies remain stable even after 25 days of annealing
at 190 °C, demonstrating the effectiveness of these NPs as
compatibilizers.
Localization Free Energy. Consider a spherical silica NP

sparsely grafted with PS chains adsorbed at a planar PMMA−
PS interface. The graft conformations are likely to be
asymmetric across the interface because of the different
brush−melt interaction parameters χ and 1/α ratios, coupled
with the low grafting density, which permits conformational
freedom for the grafts. However, for simplicity, we assume that
the grafts are uniformly distributed across the interface, and
that they work to shield a fraction S* of the silica surface
(Figure 2a).44 If we also neglect line tension, then the
interfacial free energy attributed to placing this NP at the
interface is

F A A S A A S

A

( )(1 ) ( )( )1C 1 2C 2 1B 1 2B 2

12 12

γ γ γ γ

γ

= + − * + + *

− (1)

where γij is the interfacial tension between the ith and jth
components (1 = PMMA, 2 = PS, B = brush, C = silica). The
first two terms represent the free energy associated with the
contacts of the cores and the coronas with the two free
polymers, while the last term corresponds to the elimination of
an area A12 of the PMMA−PS interface by the particle. The
areas are given by

A r A r

A r

2 (1 ); 2 (1 );

(1 )
1

2
2

2

12
2 2

π ω π ω

π ω

= + = −

= −

where r is the NP radius, ω = cos θ, and θ is the NP contact
angle at the interface (Figure 2a). The equilibrium ω can be
obtained by minimizing eq 1 with respect to θ, yielding

S S( )(1 ) ( )( )2C 1C 2B 1B

12

ω
γ γ γ γ

γ
=

− − * + − *

(2)

The particle localizes at the interface for −1 < ω < 1, while
for ω < −1 and ω > 1, it is preferentially located in the bulk PS
or the bulk PMMA, respectively. Because of the lack of
experimental data, the silica−PMMA (γ1C) and silica−PS (γ2C)
interfacial tensions were calculated using the Owens−Wendt
method55 (see Supporting Information). It was found that γ1C
= 12.86, γ2C = 19.18, and γ12 = 0.87 mN/m. The last number is
in close agreement with that obtained by experimental
measurements.56 Note that for S* = 0 (corresponding to an
ungrafted NP), eq 2 reduces to the well-known Young’s
equation and gives ω = 7.26. Thus, the bare silica NP prefers to
be in the PMMA phase. This is expected because the hydroxyl
groups on the silica surface form hydrogen-bonding
interactions with the carbonyl groups of the PMMA.52 At
the other end of the spectrum, with S* = 1 (corresponding to a
densely grafted NP), ω reduces to (γ2B − γ1B)/γ12, that is, the
core plays no role in the NP segregation, similar to the
Composto et al.16 work discussed earlier. The numerator of eq
2 can be manipulated through modulating S* by varying σ and
the graft Mn to obtain the desired wetting parameter ω.44

We now consider the interfacial tensions between the PS
brush and the two free polymers. When the brush and the free
polymer are chemically nonidentical, this interfacial tension is a
combination of enthalpic and entropic components. Hence, in
principle, the PMMA−brush (γ1B) and the PS−brush (γ2B)
interfacial tensions are greater than γ12 and zero, respectively,
with the magnitudes increasing with increasing 1/α.57,58

However, as Archer and co-workers53 point out, polymer
brushes attached to “curved” surfaces exhibit a broad wet brush
regime, with the dewetting crossover being largely independent
of σ and occurring for 1/α ∼ 4−6 (compared to 1/α ∼ 1 for
flat brushes). Thus, even in the dry brush regime, the interface
between the brush and the free homopolymer is not a sharp
one for long enough grafts, and some degree of mixing occurs
near the free ends of the brush because of reduced brush
crowding in that region. Therefore, for the conditions that we
probe here, the entropic contributions to γ1B and γ2B are
negligible, and the difference (γ2B − γ1B) in eq 2 is dominated
by γ1B. Hence, in the following, we set γ1B = γ12 and γ2B = 0.
The wetting equation (eq 2) suggests that an interfacially

active band (0° ≤ θ ≤ 180°) exists for the PMMA/PS/PS-g-
SiO2 system between S* ≈ 0.76 and S* ≈ 1.00. (Because the
equation does not account for the thickness of the brush in the
area terms, these bounds serve as a guide in designing the NP.)

Figure 2. PS-grafted silica NP at the PMMA−PS interface where the red regions represent the excluded fraction of the silica surface (S*) because
of the presence of the grafts (a) and plots of the interfacial free energy (eq 1) normalized by kT for different surface coverages S* (b).
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In this framework, the particle has a 90° contact angle (i.e., it
equally wets both phases) when S* ≈ 0.88. A plot of the
interfacial free energy (eq 1) as a function of θ for r = 7 nm
reveals that this NP is trapped in a deep energy well of ∼32kT
(Figure 2b). By comparison, the S* = 0.84 and S* = 0.92
coverages show asymmetric free energy profiles with a ∼15kT
cost for them to desorb from the interface into the bulk
PMMA or PS phases, respectively (Figure 2b). Thus, subtle
changes in the grafting density and the graft chain length
drastically affect the stabilization efficiency, emphasizing the
importance of proper polymer-grafted NP design. To be clear,
these three free energy profiles can still be in the sparse brush
limit; for 14 nm diameter NPs, 110 kDa grafts, and S* between
0.84 and 0.92, σ is between 0.017 and 0.025 chains/nm2 and x
is between 0.13 and 0.18, respectively.44

To calculate the polymer surface coverage S*, we follow the
models developed by Asai et al.44 Briefly, each grafted chain is
treated as a rigid equivalent sphere (ES) of radius R. The ESs
are assumed to exclude a fraction S* of the grafted NP surface,
where another “bare” NP cannot contact. We use the
approximation R = 0.87Rg f

−1/5, which we calculated from
Asai et al.’s data for r = 7 nm PS-g-SiO2 NPs, where Rg ≈
0.5(N/6)1/2 and f is the number of grafts.44 There are several
combinations of σ and Mn for which S* ≈ 0.88. We anticipate
that using long grafts will be advantageous for stabilization and
(especially) for mechanical properties because the number of
entanglements between the grafts and the matrix are
maximized in the limit of high graft Mn.

10 Thus, we set Mn =
110 kDa, and we find σ = 0.02 chains/nm2, giving S* ≈ 0.87.

■ EXPERIMENTAL DETAILS
Materials. Two PMMAs (Mw = 75 and 87 kDa, Mw/Mn ∼ 2) and

two nearly monodisperse PSs (Mw = 32 and 571 kDa, Mw/Mn ≈
1.04−1.09) were purchased from Scientific Polymer Products Inc. and
used as received. Symmetric poly(styrene-b-methyl methacrylate)
(PS-b-PMMA, Mw

total = 104 kDa, Mw/Mn ≈ 1.09) was purchased from
Polymer Source and used as received. PS-g-SiO2 NPs (14 ± 4 nm
core diameter) were synthesized using the reversible addition−
fragmentation chain transfer polymerization process50 (see Support-
ing Information for detailed instructions). Antioxidant Irganox 1010
was kindly donated by BASF. Tetrahydrofuran (THF, ACS reagent,
≥99.0%), toluene (ACS reagent, ≥99.5%), methanol (MeOH, ACS
reagent, ≥99.8%), and 1-chloropentane (99%) were purchased from
Sigma-Aldrich and Fisher Chemical. Silicon wafers (Si, 50.8 mm
diameter) were purchased from University Wafer.
Preparation of PMMA/PS Bilayers. Si wafers were cleaved into

1 cm × 1 cm squares, washed in a sonicated MeOH bath, and finally
plasma-cleaned to remove any remaining organics. The spin-coating
procedure was performed as follows: (i) a ∼600 nm PMMA film was
spin-coated from a toluene solution, (ii) the PMMA film was dried
under vacuum for 2 h, and (iii) a ∼600 nm PS film was spin-coated
from a 1-chloropentane solution, a selective solvent for PS. The
bilayers were then allowed to float on water, picked up onto pre-
prepared epoxy substrates, and annealed under vacuum for trans-
mission electron microscopy (TEM) studies or annealed under
vacuum and then immersed into a 1-chloropentane bath to remove
the PS layer for atomic force microscopy (AFM) studies. Annealing
was performed at 150 °C for 24 h.
Preparation of PMMA/PS Blends by Rapid Precipitation.

Stock PMMA and PS solutions of concentration 60 mg/mL were
prepared by dissolving in THF with 1.0 wt % Irganox 1010. PMMA/
PS blends of composition 80/20 (w/w) were prepared by mixing the
appropriate amounts from these stock solutions. The required
loadings of the PS-g-SiO2 (with respect to the silica core) and PS-
b-PMMA compatibilizers (both dissolved in THF) were added to the
PMMA/PS solutions. The solutions were then probe-ultrasonicated

for 3 min (pulse mode; 2 s sonication, 1 s rest) with a model GEX-
750 operated at 24% of the maximum amplitude. Separately,
mechanically agitated MeOH baths (MeOH/THF = 250:1 by
volume) were prepared.59 The THF solutions were poured into the
agitated MeOH baths dropwise with a syringe pump. The precipitated
blends were collected and dried under vacuum at room temperature
for 48 h to remove trace solvent and then annealed under vacuum at
190 °C for the designated period (up to as long as 25 days).

■ RESULTS AND DISCUSSION
Equilibrium Localization. Figure 3 shows TEM micro-

graphs for PMMA/PS bilayers that are prepared by sequential

spin-coating on silicon wafers with the NPs initially loaded into
either the PS or the PMMA layers. This arrangement is
designed to examine whether kinetic effects have any influence
on the NP localization after annealing. Regardless of the initial
layer, the NPs were placed in, the ungrafted NPs resided in the
PMMA layer (Figure 3a), and the sparsely grafted ones
localized at the interface (Figure 3b) upon annealing for 24 h
at 150 °C. Moreover, the contact angle of the NPs at the
bilayer interface was measured by AFM and was found to be
83 ± 11°. Thus, no measurable kinetic effects are observed in
terms of NP localization, and the measured θ is as predicted by
eq 2.

Stabilization Efficiency in the Melt State. To probe the
stabilization efficiency of these sparsely grafted NPs, we
prepared bulk PMMA/PS blends loaded with 0.5 vol % NPs
(with respect to the silica core). We choose an asymmetric 80/
20 (PMMA/PS) blend ratio to allow straightforward character-
ization of the domain size, although any other composition can
be used. (The NP localization and adsorption energy at the
interface are governed by the NP and the PMMA−PS
interfacial tension only.) The PMMA and PS molecular
weights, 87 and 571 kDa, respectively, were selected to ensure
that the two polymers have nearly the same zero shear viscosity
at the annealing temperature (ηPS/ηPMMA ∼ 4; see Figure S1).
The blends were prepared by the rapid precipitation of
homogeneous polymer blend solutions in nonsolvent baths.59

This traps the phase-separation process in an early stage
(before significant coarsening takes place), allowing the
investigation of any annealing-induced coarsening phenomena.
Annealing was performed under vacuum at 190 °C for different
times and the resulting morphologies were characterized by

Figure 3. TEM micrographs showing the equilibrium localization of
ungrafted (a) and sparsely PS-grafted (σ = 0.02 chains/nm2,Mn = 110
kDa); (b) NPs in PMMA/PS bilayers after annealing at 150 °C for 24
h. Initially, the NPs were loaded into either the PS (red border) or the
PMMA (blue border) layers. The molecular weights are 75 and 32
kDa for PMMA and PS, respectively. Brighter phase is PMMA, and
darker one is PS. Scale bars are 200 nm.
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TEM and phase-contrast optical microscopy. As controls, we
prepared neat blends and blends filled with a symmetric PS-b-
PMMA diblock copolymer (Mw

total = 104 kDa, Mw/Mn ≈ 1.09)
using the same technique. The latter is known to be an
excellent compatibilizer for PMMA/PS blends.4−6

Figure 4 shows the morphology evolution of the blends after
5 and 25 days of annealing. The corresponding number
average droplet diameters (Dn) and dispersity indices (PDIs)
are shown in Table 1. The observed directionality in these
micrographs is likely an artifact of ultramicrotomy because of
the large compression forces involved (i.e., the stretching of
the thin sections in the direction of cutting). Initially, all the
blends have approximately the same Dn and PDI, demonstrat-
ing the effectiveness of the rapid precipitation method in
quenching the system. The neat blend developed the largest
domains and broadest dispersity after annealing, increasing in
size from 222 to 3161 nm after 25 days (Figure 4g). In fact, the
neat morphology varied significantly across the sample, which
complicated the size distribution analysisFigure 4g shows at

least three different domain size ranges in a 140 × 140 μm
area. The estimated PDI of this sample (≈2.37) is therefore a
lower bound because of the neglect of some of the very large
and likely some of the very small droplets in the analysis. The
irregular droplet shapes are probably because of the
uninterrupted coalescence phenomena taking place. Similarly,
the droplet diameter of the diblock copolymer-filled blend
increased from 214 to 1921 nm, but the resulting morphology
was very regular (Figure 4h). The best improvement by far was
seen in the PS-grafted SiO2-filled blend, whose mean domain
size increased from 208 to 455 nm (Figure 4i). Because both
compatibilized systems have the same initial (as-quenched) PS
domain size, the differences in the domain sizes upon
annealing are attributed to the compatibilizers’ stabilization
efficiency.
The most striking aspect of the PS-grafted SiO2-compatibi-

lized system is that its domain size essentially remained
unchanged between 5 and 25 days of annealing. This suggests
that at around 5 days of annealing, the PMMA−PS interfacial

Figure 4. Micrographs showing the morphology evolution of neat (a,d,g), PS-b-PMMA-filled (b,e,h), and PS-g-SiO2-filled (c,f,i) PMMA/PS (80/
20) blends after static annealing for the designated periods (left). The compatibilizer loadings are 0.5 vol %. Brighter phase is PMMA, and darker
one is PS. Scale bar for the inset in (i) is 250 nm.

Table 1. Morphology Evolution of Neat and Stabilized PMMA/PS (80/20) Blends after Static Annealing at 190 °C for
Different Periods

adroplet diameter (Dn) (nm) adispersity index (Dv/Dn)

blend compatibilizer (vol %) unannealed 5 days 25 days unannealed 5 days 25 days

PMMA/PS 0.0 222 656 3161 2.06 3.07 2.37
PMMA/PS/PS-b-PMMA 0.5 214 657 1921 2.07 2.59 1.86
PMMA/PS/PS-g-SiO2 0.5 208 444 455 2.18 2.00 1.94
PMMA/PS/PS-g-SiO2 5.0 173 192 1.30 1.37

aCalculated based on the real droplet size distribution: Dn = ∑niDi/∑ni and Dv = ∑niDi
4/∑niDi

3, where ni is the number of droplets having
diameter Di. The droplet dispersity index (PDI) is calculated as Dv/Dn.
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area reduced to a degree at which the droplet coverage by the
NPs (τ) became sufficient to significantly suppress further
coalescence. To obtain an estimate of τ, we can approximate
the NP packing at the interface as that of circles on a two-
dimensional surface and normalize their total surface area,

S r
rNP 4 / 3 eff

2NP
3 π= ϕ

π
, by the total surface area of the PS droplets,

S D
DPS 1 / 6 n

2PS

n
3 π= ϕ

π
, giving60,61
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2

3
NP

PS

i

k
jjjjj
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k
jjjjj

y

{
zzzzzτ

ϕ
ϕ

=
(3)

where reff is the effective NP radius after including the
thickness of the brush and ϕPS and ϕNP are the PS and NP
(core) volume fractions, respectively. For σ = 0.02 chains/nm2

and Mn = 110 kDa, a simple geometric argument62 shows that
reff ≈ 9.5 nm, that is, the brush has a thickness of about 2.5 nm.
The maximum theoretical coverage for a monolayer of NPs,
τHCP ≈ 0.907, corresponding to the hexagonal packing density
of circles, is attained only when Dn ≈ 1060 nm. Clearly, such
extensive coalescence was not observed because the domains
are about half as large, Dn ≈ 455 nm (τ ≈ 0.39). This is
corroborated by the inset in Figure 4i, which shows the
existence of uncovered interfacial areas. The origin of this
stabilization is unclear at present; we conjecture that at higher
droplet coverages, the grafted NPs create a gel network around
the droplet that resists further domain coalescence at the time
scales considered here. Such “gel-like” behavior has been
reported for polymers filled with well-dispersed63 and
percolating NP morphologies.64

We also prepared a similar PMMA/PS system with 5 vol %
NP loading to investigate the change in τ (Figure 5). The

number-average droplet diameter Dn and the coverage τ for the
unannealed blend are, respectively, 173 nm and 1.34,
indicating the formation of more than a monolayer of NPs
at the interface, as shown in the high-magnification micrograph
(Figure 5b). More interestingly, because the average droplet
size is close to the TEM specimen thickness (∼60 nm), some
droplets are cut far from their centers, as indicated by the
arrows in Figure 5bapparently, the droplets are protected by
a near core−core packing of NPs. This is presumably a result
of the conformational freedom afforded to the grafts in the
low-grafting density regime.65 The suppression of domain
coalescence is confirmed by the 5-day annealing experiment
(Table 1), which shows a negligible increase in the domain size
to Dn ≈ 192 nm (τ ≈ 1.49).

Comparison to Past Work. Although the PMMA/PS
system is well studied in the literature, a direct comparison of
compatibilizer efficiency is complicated by the varying
preparation methods and experimental conditions. Walther et
al.11 adopted a melt mixing approach to investigate the PMMA
domains in 20/80 (PMMA/PS) blends compatibilized with
Janus NPs. They found comparable domain sizes to ours: Dn
ranging from 710 to 125 nm for NP loadings between 0.5 and
5 vol %, respectively. Bryson et al.12 used a similar Janus NP to
investigate the morphologies of solvent-cast PMMA/PS
blends. They observed larger domains, Dn ≈ 1 μm at 8.0 vol
% NP loading, although their blend composition, 56/44
(PMMA/PS), was different from ours. Similarly, Yoo et al.38

observed a reduction in the domain size of solvent-cast 50/50
(PMMA/PS) blends from 920 to 320 nm with the addition of
10 wt % of Au NPs densely grafted with a poly(styrene-b-
azido-polystyrene) (PS-b-PS-N3) block copolymer, where the
inner PS-N3 blocks were cross-linked to improve the thermal
stability of the Au−thiol bond. Because these domains are
larger than what we observed in this study, we conjecture that
the bulk of the coarsening phenomena in these compatibilized,
solvent-cast blends occurred during solvent evaporation. By
contrast, the rapid quenching of our blends in mechanically
agitated nonsolvent baths froze the domains earlier in the
phase-separation process,59 allowing us to stabilize domains
comparable in size to the ones obtained by melt-mixing11 at
relatively low loading. Clearly, the preparation method is an
important factor in the stabilization efficiency of these
compatibilizers, a phenomenon that we explain below.

Solvent-Cast PMMA/PS/PS-g-SiO2 Blends. We prepared
a PMMA/PS (80/20) blend filled with 0.5 vol % of our
sparsely grafted PS-g-SiO2 NPs by solvent-evaporation-induced
demixing. The blend was solvent-cast from a dilute toluene
solution, and the solvent was allowed to evaporate over a ∼24
h period. The optical micrograph in Figure 6a shows the

formation of micrometer-sized domains, in sharp contrast to
the highly stable 455 nm domains that we obtained by rapidly
quenching the system and annealing in the melt state.
The origin of this discrepancy emphasizes the dominant role

that the solvent plays in forming these morphologies. As the
solvent is removed, the total polymer concentration (c)
increases and eventually reaches a critical demixing concen-
tration (cK) at which phase separation occurs. Broseta et al.66

showed that far from the critical point of demixing and in the
limit of infinitely long chains, the interfacial tension of a

Figure 5. TEM micrographs of unannealed PMMA/PS (80/20) with
5 vol % PS-g-SiO2 NPs at low- (a) and high magnification (b).
Brighter phase is PMMA, and darker one is PS.

Figure 6. Micrographs of solvent-cast PMMA/PS (80/20) with 0.5
vol % PS-g-SiO2 NPs at low- (a) and high-magnification (b). Brighter
phase is PMMA, and darker one is PS.
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polymer/polymer/solvent system depends on the total
polymer concentration as follows

kT u
c

612 2
1.65γ

ξ
= ∼∞

(4)

where the interfacial tension expression is analogous to the
self-consistent field theory of Helfand and Tagami67,68 with u
(∼c0.3) being the effective monomer A−monomer B
interaction parameter and ξ (∼c−0.75) being the correlation
length of concentration fluctuations. Thus, the interfacial
tension in the vicinity of cK is nearly zero, and it increases with
continued solvent evaporation. This suggests that the NPs are
not firmly fixed at the interface near cK because the free energy
of adsorption depends on the interfacial tension as ∼γ12.25 It is
also very likely that the NP localization in the demixed solution
is different from that in the melt state, that is, when the five
interfacial tensions in eq 2 vary differently with polymer
concentration. Therefore, regardless of the NP stabilization
efficiency in the melt, significant coarsening could occur in
solution near cK because of favorable kinetics and weak to
nonexistent NP adsorption.
An interesting feature of these solvent-cast blends is the

(occasional) formation of dense NP multilayers at the
interfaces (Figure 6b). The near core−core packing of the
NPs is again attributed to their low grafting density. The
prevalence of these multilayers varied across the sample, but
they were generally more pronounced in regions where
significant coarsening occurred. This likely points to a major
role played by coalescence in their formation, presumably
through reducing the total PMMA−PS interfacial area to a
degree much lower than the total surface area of the NPs.
Because the critical demixing concentration varies with the
molecular weight of the components like cK ∼ Mw

−0.62,69 the
solution demixes at a lower cK for higher molecular weights.
For such systems, one might expect to form more NP
multilayers because of extended coarsening. Quantitative
measurements for the domain sizes and the number of NP
layers were difficult to perform because of considerable
variation across the sample. Tsige and Grest70 used computer
simulations to show that the polymer concentration near the
film−air interface increases sharply during solvent evaporation,
creating a barrier for further solvent evaporation from deeper
within the film. Therefore, the domain size and multilayer
variations are likely because of a polymer concentration
gradient across the film thickness during solvent evaporation.
Evidently, these multilayer structures are inaccessible by melt
preparation, at least over practical time scales. However, better
control of the evaporation-induced phase separation is needed
to obtain fine droplets with monodisperse NP multilayers.

■ CONCLUSIONS

In summary, silica NPs were designed to localize at immiscible
PMMA−PS interfaces by sparsely grafting their surface (σ =
0.02 chains/nm2) with long PS chains (Mn = 110 kDa). The
resulting NPs strongly segregated to the interface and
stabilized 455 nm PS domains at a low NP loading of 0.5
vol %; evidently, partial droplet coverage was enough to halt
droplet coalescence in the melt over practical time scales. We
showed that the blends stabilized by these NPs far outperform
the ones compatibilized with a conventional diblock copolymer
in terms of droplet size and stability against coalescence.
Moreover, we demonstrated that these sparsely grafted NPs

could achieve a dense, near core−core packing at the interface.
We conjecture that this is a result of the conformational
freedom the grafts experience at such low grafting densities.
Thus, by carefully tuning the grafting parameters and the
preparation method, we were able to obtain a fine morphology
comparable to that produced by melt mixing. We also showed
that solvent evaporation-induced phase separation provides
access to densely packed NP multilayer structures at the
interface; apparently, these structures form because of domain
coalescence phenomena occurring in solution.
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