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ABSTRACT: This paper investigates controlling the location of
nanoparticles (NPs) in a phase-separated polymer blend of
deuterated poly(methyl methyl methacrylate) (dPMMA) and poly-
(styrene-ran-acrylonitrile) (SAN). Silica NPs are grafted with PMMA
brushes having molecular weights of 1800, 21000, and 160000 at fixed
grafting density. Using ion beam milling combined with SEM
imaging, NP location and morphology are investigated for blends
containing 10 wt % NP. With increasing brush length, the NPs are
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found to segregate to the JPMMA/SAN interface, partition between
the interface and dPMMA phase, or locate in the dPMMA phase, respectively.

dding nanoparticles (NPs) to a polymer matrix is a
promising way to create novel nanocomposites with
enhanced strength, conductivity, permeability, catalytic activity,
optical, and magnetic properties." If the matrix contains
multiple components, such as in a polymer blend, these
properties will depend on the precise location of NPs within or
between phases. For about a hundred years, particles have been
used to stabilize emulsions by a mechanism call Pickering
stabilization.>™ "' Here, oil-and-water emulsions are stabilized
by colloidal particles that segregate to the interface between
two immiscible liquids. More recently, the self-assembly of NPs
in block copolymers”'>>* and polymer blends*™*" has
attracted much attention because they can direct structure
formation from the nanoscale to mesoscale. A comprehensive
review article by Balazs et al. summarizes this field of research.*’
Understanding how NP type, shape, size and surface
functionalization controls their location in multiphase polymers
will greatly improve our ability to manipulate and direct the
structure of both block copolymers and blends. For example,
NPs that selectively locate in one phase can slow down
structural evolution in polymer blends by increasing the
viscosity,”® whereas NPs that jam at the interface between
immiscible phases can stabilize a bicontinuous structure.**”*!
Recently, a jamming morphology map was constructed to show
how polymer blend film thickness and NP concentration
determined whether the morphology was discrete or
bicontinuous.*” In the present study, we aim to control
nanoparticle location in a phase separated polymer blend by
varying the length and end-group of polymer brushes grafted to
silica NPs.
The interfacial energy that controls the location of NPs in

polymer blends (a/f) differs in magnitude from oil-and-water
emulsions. If particle flocculation and entropic terms are
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neglected, the criterion for locating NPs at the a/f interface is

(1)
where ¢ is the interfacial energy.* On the contrary, NPs locate
in the a (f8) phase if 6,/xp < Gp/np (Gynp > Gpnp)- In typical
oil—water emulsions, ¢,; values range from 10 to 50 m]J/ m?
Thus, particle location can be readily controlled by varying the
hydroxyl (hydrophilic) and methyl (hydrophobic) groups on
the particle surface.”®> However, because most polymer blends
consist of hydrophobic components, 6,4 is typically very small,
about 1 mJ/m’ Therefore, subtle changes in the NP surface
functionality can be used to guide NPs to either the interface
between immiscible polymers or into one of the phases. Such
control is difficult to achieve with oil—water emulsions because
the interfacial energy between phases dominates.

Recent studies have investigated how brush type and surface
attachment chemistry controls the interfacial activity and
location of NPs in block copolymers. For example, Kim et
al”! showed that small changes in thiol end group chemistry
can drive polystyrene (PS) coated Au NPs from the PS
domains to the interface when dispersed in a symmetric poly(S-
b-2-vinylpyridene), P(S-b-2VP), diblock copolymer. These
results were attributed to a high areal chain density, 2.4
chains/nm? for brushes grafted by a primary thiol end group
versus a low areal density, 1.3 chains/ nm?, when attachment is
via a sterically hindered, secondary thiol. These researchers
were also able to control the location of AuNPs by varying the
brush composition using a random copolymer of PS and P2VP,
and areal density. Costanzo and Beyer’ were able to
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manipulate the location of AuNPs after their incorporation into
a symmetric P(S-b-methyl methacrylate), P(S-b-MMA),
copolymer. Here, the NPs were decorated with a diblock
copolymer brush containing a polyethylene glycol outer block
joined to a PS inner block via a Diels—Alder linkage that cleaves
above 90 °C. Initially, upon solvent annealing the NPs located
in the PMMA domains of the lamella in P(S-b-MMA) and
then, after thermal treatment, the linkage cleaved and the PS
grafted NPs migrated toward the interface to reduce the
unfavorable enthalpic interactions with the PMMA domain.
Huang et al.** also used thermal degradation of ligands attached
to Au NPs to control their location in a spherical PS-b-P4VP
copolymer.

For block copolymers containing NPs, the guideline posed
by eq 1, solely based on interfacial energies, is insufficient
because the conformational entropy of the block can play a
dominant role in determining NP location." In polymer blends
containing NPs, however, this entropic penalty does not play a
significant role because the size scale of the phase separated
domains (>hundreds of nanometers) is much greater than the
radii of gyration of the polymers. Therefore, eq 1 provides a
useful guiding principle.

In this paper, we demonstrate that the location of NPs
dispersed in a phase-separated polymer blend can be tuned by
varying the brush length and end group. The polymer matrix is
a 50:50 mixture of deuterated poly(methylmethacrylate)
(dPMMA) and poly(styrene-ran-acrylonitrile) (SAN). Using
atom transfer radical polymerization (ATRP), silica nano-
particles are modified with Cl terminated PMMA brushes
having molecular weights (M,) of 1800, 21000, and 160000.
We have previously investigated the morphological evolution of
polymer blend films containing nanoparticles.”***** In  this
paper, these PMMA-grafted NPs are denoted as P2K, P21K,
and P160K, respectively. Using focused ion beam milling and
SEM imaging, the NP location and morphology are
investigated. The NPs are homogeneously distributed in the
as-cast films. Upon annealing at 195 °C, the polymer blends
undergo phase separation to dPMMA-rich and SAN-rich phases
(denoted as dPMMA and SAN). As brush length increases, the
NPs are observed to segregate to the dPMMA/SAN interface,
partition between the interface and dPMMA phase, or locate in
the dPMMA phase, respectively. Correspondingly, the
morphology evolves from a bicontinuous structure to macro-
separated domains. Replacing hydrogen with deuterium in the
PMMA matrix does not influence the location of the NPs in the
phase separated structure. Upon replacing the Cl terminal
group of the brush with H (i.e.,, dehalogenation), NPs with the
shortest brush partition between the interface and dPMMA
phase. The effect of brush length and end group termination on
NP location is consistent with the entropic and enthalpic
contributions originating from the conformation of grafted
brushes and the density of chain-end groups on the brush,
respectively.

Effect of Grafted Chain Length. The location of NPs in a
phase-separated blend will depend on the interactions between
the NP and each phase relative to a NP segregated to the
interface (ie., adsorption energy). After FIB milling to form a
trench, SEM was used to determine the blend morphology and
the location of NPs at the wall of the trench. In order to apply
thermodynamic models to explain the multiphase system, the
particles must be shown to be predominantly isolated and
uniformly dispersed in as-cast samples (ie., well-defined
starting state). At a NP concentration of 10 wt %, Figure 1
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Figure 1. Cross-sectional SEM images of dPMMA:SAN films
containing 10 wt % of P2K (a, b), P21K (¢, d), and P160K (e, f).
Initially, NPs are homogeneously dispersed in one-phase mixtures
(a,ce). Upon annealing for 24 h at 195 °C, dJPMMA and SAN phase-
separate and, consequently, P2K segregates to the interface between
dPMMA and SAN phases (b), P21K partitions between the interface
and dPMMA phase and (d), P160K locates in the dPMMA phase (f).
Scale bars are 500 nm.

shows that (a) P2K, (c) P21K, and (e) P160K are
homogeneously distributed in the as-cast films. Note that
only the silica particles, and not the brush, appear in the SEM
images. Using the grafting density and M,’s of the brushes, the
volume fractions occupied by the silica core decreases strongly
with brush length, namely 57.9%, 10.3%, and 1.6% for P2K
(P2K—H), P21K, and P160K, respectively.

The brush length of the PMMA-grafted NPs controls the
location of the NPs in the phase-separated dPMMA:SAN
blends. In Figure 1b, the P2K NPs are observed to segregate to
the interface between the dPMMA and SAN domains. This
result is consistent with our prior studies that show P2K NPs
jam at the interface between domains, resulting in a frozen
bicontinuous or discrete morphology.”** Block copolymer
micelles have also been observed to locate at an interface®*®
suggesting that “hard” NPs and “soft” micelles can act as
surfactants under the proper conditions. To test the effect of
deuteration, a PMMA:SAN film was prepared having 10 wt %
of P2K. After 24 h at 195 °C, the P2K segregated to the
interface (not shown), indicating that the deuterium of PMMA
does not affect the interfacial activity of the P2K NPs. Upon
increasing the brush length from 2K to 21K, the NPs are found
to partition between the interface (~33%) and dPMMA phase
as shown in Figure 1d. For dPMMA:SAN containing 20 wt %
P21K, the same partitioning of NPs was observed at 4 h and 24
h. (See Supporting Information). As the brush length increases
to 160k, the NPs locate mainly within the JPMMA domain as
shown in Figure 1f. In summary, PMMA grafted NPs tend to
segregate to the interface between the dPMMA and SAN
phases when the PMMA brush is short, whereas longer brushes
result in NPs that locate in the dPMMA phase.

Contact Angles of NP Films. Because the interfacial
energies between the NP and PMMA (SAN) are unknown, we
have indirectly determined the surface energy of the NPs as a
function of brush length in order to qualitatively predict their
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(@) P2K

~(b) P21K

(c) P160K

Figure 2. AFM surface topography images (1 yum X 1 ym) of NP films containing P2K (a), P21K (b), and P160K (c). Schematic cartoons above
each image represent the chain conformations for each particle and end group X (X = Cl or H). The nearest-neighbor, center-to-center distance
between NPs are 22 + 9, 52 + 15, and 101 =+ 28 nm for parts a—c, respectively.

location in a phase separated blend. The surface energies were
estimated by measuring the water contact angle on films
containing only NPs (i.e., no matrix polymer) deposited on
silicon. For a water (W) drop forming a contact angle (¢) on a
NP film, the Young equation is

Onp/A — ONP/W
COoSs 9 =

Oa/w )
where A represents air and 6,y is 71.9 mJ/ m?> For NP films
consisting of P2K, P21K, and P160K (cf. Figure 2), 6 decreases
from 84.0 + 0.7°, to 72.0 & 1.2° to 69.2 + 0.7°, respectively.
These results indicate that the films become more hydrophilic
as the PMMA brush length increases. For comparison, the
water contact angle on a PMMA film is 69.8 + 0.3° which is
the same as the P160K film. This result suggests that the long
brush of PMMA on the P160K NPs have a similar surface
energy as pure PMMA (i.e, no chain end effects). In contrast,
P2K films, which consist of NPs with a short PMMA brush,
exhibit a larger contact angle relative to PMMA (i.e., chain end
effect increases hydrophobicity). Thus, the contact angle results
support the experimental findings that show that P160K NPs
locate in the PMMA phase whereas the P2K NPs segregate to
the interface. These results suggest that the enthalpic penalty
for P160K to disperse in PMMA is less than that of P2K.
Namely, the interfacial tension between the longer brush in
P160K and PMMA is much smaller than that between the
shorter brush in P2K and PMMA. Not surprisingly, films of
P21K exhibit a contact angle of 72.0°, which lies between the
P160K and P2K values. Consistent with the surface energy of
these intermediate length brushes, the P21K NPs are found at
both the interface and within the PMMA phase in phase
separated blends.

Entropic and Enthalpic Considerations. The surface
properties of P2K and P21K films (i, covered with PMMA
brush) differ from pure PMMA. For example, when added to
dPMMA/SAN, P2K, and P21K segregate entirely or partially to
the interface, as shown in Figure 1, indicating that the PMMA
brush interacts somewhat unfavorably with the dSPMMA phase.
Furthermore, the water contact angles on P2K and P21K films
are greater than the PMMA film suggesting that the surface
energies of the NPs are greater than PMMA. This increase in
surface energy can be attributed to (i) an extended brush
conformation (entropic) and/or (ii) a high density of
“unfavorable” end groups (enthalpic).
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To investigate the role of brush conformation, AFM was
used to characterize the NP films . As shown in Figure 2, the
boundaries surrounding the P2K (Figure 2a) and P21K (Figure
2b) NPs are relatively sharp with each NP retaining a nearly
spherical shape. This hard sphere-like appearance is consistent
with a dry brush where interpenetration is limited and the
brushes are stretched as noted in the cartoons above Figure 2,
parts a and b. These images suggest that the high surface energy
of the shorter brushes, P2K and P21K NPs, results from
conformational restrictions at high grafting density. However,
for the P160K film shown in Figure 2c, the PMMA brush
regions between silica cores (yellow) are flat and smooth,
indicating that the brushes can interpenetrate. To quantify this
observation, the stretching of the bush was calculated from the
nearest neighbor distances, 22 + 9, 52 + 15, and 101 + 28 nm,
respectively. From small-angle X-ray scattering, the number
average silica diameter is 12.8 nm.*’ Using these values, the
brush thicknesses, h, are 4.6, 19.6, and 44.1 nm, respectively.
The degree of stretching relative to the unperturbed radius of
gyration, h/Rg, can be calculated for the longer brushes where
Gaussian statistics apply for the homopolymer. For the P21K
NPs, h/Rg is 3.8, which is greater than the value of 3.1
determined for P160K NPs. This smaller value for the P160K
NPs is consistent with interpenetration of neighboring brushes
and/or less stretching for the longer brush. With increasing
brush length, the transition from an extended, short brush to a
collapsed, longer brush with more conformational freedom
suggests a weakening of ‘wetting autophobicity’,***° an
observation that is consistent with the contact angle values,
O(PMMA) = 0(P160K) and O(PMMA) < 0(P2K).

The chain end density can be estimated from the center-to-
center distance between neighboring NPs. Using the silica
diameter of 12.8 nm and a brush grafting density of 0.7 chains/
nm? the number of chain ends per volume is calculated and
decreases rapidly from 6.4 X 107> to 4.9 X 107 to 6.7 X 107*
/nm?® as brush length increases. The cartoon in Figure 2 is
meant to capture this reduction in chain end density, denoted
as X. These calculations do not account for the effect of matrix
interpenetration on brush height.*’ Nevertheless, the signifi-
cantly greater chain end density for short brushes may account
for the higher surface energies of P2K and P21K. Moreover,
because the chain end density for P160K is low, chain ends will
have a much smaller effect on the surface energy (relative to
P2K and P21K), consistent with the similar contact angles for
the P160K film and PMMA .

dx.doi.org/10.1021/mz200068p | ACS Macro Lett. 2012, 1, 252—256



ACS Macro Letters

Effect of Chain End Groups. Chain end groups may
contribute to an enthalpic interaction between NPs and the
surrounding matrix. For P2K, P21K, and P160K, the PMMA
brushs are terminated with Cl. To understand whether chain
ends provide a discernible enthalpic contribution, P2K NPs
were dehalogenated to produce a H terminated analog denoted
as P2K—H. For P2K—H films, the water contact angle was only
72.0 + 12° compared with the P2K value of 84.0 + 0.7°,
indicating that P2K—H NPs are more wettable than P2K. To
test this observation, P2K—H at 10 wt % were added to
dPMMA:SAN films and annealed for 24 h at 195 °C. In
contrast to the P2K case, the P2K—H partition between the
interface and dPMMA phase as shown in Figure 3. Although

Figure 3. Cross-sectional SEM images of dPMMA:SAN films
containing 10 wt % P2K—H after annealing at 195 °C for 24 h. The
P2K—H NPs partition between the interface and the dPMMA phase,
suggesting that the hydrogen-terminated NPs are more miscible with
PMMA than the chlorine-terminated P2K.

this partitioning is similar to the behavior of P21K, the P2K—H
NPs tend to form larger aggregates in the dPMMA phase
suggesting that they are less miscible than P21K.

NPs grafted with identical brushes of the same chain length
but differing in termination group can exhibit different surface
properties. For P2K and P2K-H, contact angle and
morphology (Figure 3) studies suggest that NPs terminated
with H are more hydrophilic and more miscible with PMMA
than Cl terminated brushes. The effect of chain ends on the
matrix-brush interaction is likely related to their different
atomic parameters. For example, the van der Waals radii,
atomic polarizability, and electronegativity values of Cl and H
are 175 vs 12 A, 218 vs 0.667 A3 and 3.16 vs 220,
respectively.50 We hope that these insights, along with surface
segregation studies of end terminated polymers® spark the
development of theories that can accurately determine the
surface energy of polymer-grafted NPs. Once the surface energy
of polymer-grafted NPs can be precisely determined by theory
and/or experiment, eq 1 can be used to accurately predict
where the NPs will locate in polymer blends . This insight can
also be used to design polymer brushes to control NP location.
In addition, this advance would allow technologists to direct the
location of NPs in other heterogeneous polymer systems such
as block copolymers.

In this paper, we demonstrate that the location of polymer-
grafted NPs in polymer blends depends on both the chain
length and end group of the brush. For short (P2K),
intermediate (P21K), and long (P160K) brushes, silica NPs
segregate to the interface, partition between the interface and
dPMMA phase, and locate in the dPMMA phase, respectively.
The P2K, P21K, and P160K NPs are all terminated with CL. To
understand the role of chain ends, a hydrogen-terminated
analog of P2K (P2K—H) is prepared and found to partition
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between the interface and dPMMA phase. Water contact angle
values confirm that the surface energy of NPs depend on brush
chain length and end group. The NP location can now be
predicted by knowing the interfacial energies between NP and
matrix polymers. Surface and interfacial energy of polymer
grafted NPs are determined by chain conformation (entropic)
and the density and the species of end groups (enthalpic). We
hope that these results motivate future theoretical studies aimed
at controlling the location of NPs in polymer blends and block

copolymers.
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