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ABSTRACT: Mixed poly(tert-butyl acrylate) (PtBA)/polystyr-
ene (PS) brushes with controlled molecular weights and narrow
polydispersities were synthesized from asymmetric difunctional
initiator (Y-initiator)-functionalized 67 nm silica nanoparticles by
sequential surface-initiated atom transfer radical polymerization of
tBA at 75 °C and nitroxide-mediated radical polymerization of
styrene at 120 °C in the presence of a free initiator in each
polymerization. The Y-initiator-functionalized nanoparticles were
prepared by the immobilization of a triethoxysilane-terminated Y-
initiator onto the surface of 67 nm silica particles via an ammonia-
catalyzed hydrolysis and condensation process. Transmission
electron microscopy studies showed that mixed PtBA/PS brushes grafted on 67 nm silica nanoparticles with comparable
molecular weights for the two polymers underwent lateral microphase separation after being cast from CHCl3 and annealed with
CHCl3 vapor, producing distinct truncated wedge-shaped nanostructures. In contrast, under the same conditions, mixed PtBA/
PS brushes grafted on 160 nm silica particles self-assembled into nanodomains with a more uniform width. This suggests that the
truncated wedge-shaped nanostructures formed by mixed brushes on 67 nm silica nanoparticles originated from a higher
substrate curvature.

Binary mixed homopolymer brushes are composed of two
chemically distinct homopolymers randomly or alternately

grafted by one end via a covalent bond on a solid substrate.1−10

These brushes have shown great potential in a variety of
applications due to their ability to exhibit different properties in
response to environmental changes. Driven by the minimiza-
tion of the system’s free energy, mixed homopolymer brushes
can self-assemble into various intriguing nanostructures under
different conditions. These nanostructures are fully reversible
because of the covalent grafting of polymer chains on the
substrate. The responsive properties of mixed brushes have
been intensively studied since Sidorenko et al. reported the first
synthesis of mixed polystyrene (PS)/poly(2-vinyl pyridine)
brushes grafted on silicon wafers.8−10

We have been particularly interested in the fundamental
understanding of how two grafted homopolymers microphase
separate from each other and how various parameters affect the
morphology of mixed brushes.10,11 Marko and Witten
theoretically studied whether symmetric mixed homopolymer
brushes undergo lateral microphase separation, forming a
“rippled” morphology, or vertical phase separation, producing a
“layered” nanostructure under equilibrium melt conditions.1

They predicted that the “rippled” nanostructure should appear.1

Further theoretical and computer simulation studies by other
researchers have shown that by tuning the chemical
compositions, chain lengths, and grafting densities of two
tethered polymers as well as the geometry and curvature of
substrates many interesting morphologies are possible.2,4−7 In
particular, when the polymer chains are grafted on sub-100 nm
nanoparticles, the microphase separation of mixed brushes
could be influenced by the substrate curvature. One can
imagine that the polymer chains are less crowded and stretched
at the exterior of the brush layer than at the interior close to the
grafting sites. Using computer simulations, Roan6 and we7

studied the self-assembly of mixed brushes on nanospheres with
sizes similar to those of polymer chains and found that the
morphology evolved from layered to various ordered
polyhedral and rippled nanostructures with the change of
relative grafting densities or relative chain lengths of two
polymers. Due to the spherical geometry and the high
curvature, the formation of truncated wedge-shaped nano-
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domains instead of nanostructures with a uniform width from
the surface of the core to the exterior of the brush layer has
been recognized.7

Although there are a number of reports in the literature on
the synthesis and self-assembly of mixed homopolymer brush-
grafted (nano)particles,11,12 none of them discussed the effect
of substrate curvature on microphase separation of mixed
brushes. The work presented in this Communication represents
our first step toward the synthesis of mixed brushes with
controlled molecular weights and narrow polydispersities on
sub-100 nm silica nanoparticles and the study of the effect of
substrate curvature on phase morphology of mixed brushes.
A triethoxysilane-terminated asymmetric difunctional initia-

tor (Y-silane) was immobilized onto the surface of silica
nanoparticles with an average diameter of 67 nm via an
ammonia-catalyzed hydrolysis and condensation process in
ethanol (Scheme 1).11d,13 Mixed poly(tert-butyl acrylate)
(PtBA)/polystyrene (PS) brushes were then grown from Y-
initiator-functionalized silica nanoparticles by sequential sur-
face-initiated atom transfer radical polymerization (ATRP) of
tBA at 75 °C and nitroxide-mediated radical polymerization
(NMRP) of styrene at 120 °C in the presence of a free initiator
in each polymerization, which is an established protocol from
our laboratory.10f,11c,d We previously confirmed that the
TEMPO moiety was stable under the chosen ATRP
conditions.10c,f By taking advantage of the “living” nature of
NMRP, a series of mixed brush-grafted particle samples with
the same PtBA Mn but different PS molecular weights were
made from PtBA brush-grafted silica nanoparticles. The free
polymers formed from the free initiators were analyzed by size
exclusion chromatography (SEC), and the particles were
characterized by thermogravimetric analysis (TGA) for
polymer contents. We previously cleaved grafted polymers
from silica particles using HF and confirmed by SEC that the
molecular weights and molecular weight distributions of grafted
polymers and free polymers formed from free initiators were
essentially identical.10f By using the average size of silica
nanoparticles, the molecular weights of grafted polymers14 and
the TGA data, and assuming that silica nanoparticles have the
same density as bulk SiO2, that is, 2.07 g/cm3, the grafting
densities of PtBA and PS were calculated. Table 1 summarizes
the characterization data for three mixed PtBA/PS brush-
grafted particle samples with PtBA Mn of 22.2 kDa and PS
molecular weights of 18.7 kDa (MB-67-I), 23.4 kDa (MB-67-
II), and 29.5 kDa (MB-67-III). The polydispersity indexes of
free polymers were all <1.20. For comparison, we also include
in Table 1 a mixed brush particle sample synthesized from a

monochlorosilane-terminated Y-initiator-functionalized 160 nm
silica particles from a prior work.11c

For TEM study, mixed PtBA/PS brush-grafted silica
nanoparticles were dispersed in chloroform, a nonselective
good solvent for both PtBA and PS, and drop cast onto carbon-
coated TEM grids. The TEM samples were then annealed with
CHCl3 vapor in a closed container for at least 3 h, followed by
staining with RuO4 at room temperature for 20 min. Note that
RuO4 selectively stains PS, making PS nanodomains appear
dark and PtBA bright in the bright field TEM images.11

Without staining with RuO4, the brush layer cannot be seen,11a

that is, only dark silica particle cores are visible under TEM.
Figures 1−3 show typical top-view TEM micrographs of MB-
67-I, -II, and -III, respectively. More TEM images can be found
in the Supporting Information. For comparison, representative
bright field TEM micrographs of mixed PtBA/PS brush-grafted
160 nm silica nanoparticle sample, MB-160, are included in
Figure 4.
For MB-67-I, the chain lengths of PtBA and PS were almost

the same (DPPS/DPPtBA = 1.04), but the grafting density of PS
(0.28 chains/nm2) was smaller than that of PtBA (0.54 chains/
nm2). From Figure 1A, the grafted PS chains appeared to self-
assemble into isolated, truncated wedge-shaped nanodomains
with a typical width at half height of ∼12 nm in the PtBA

Scheme 1. Schematic Illustration of the Synthesis of Mixed PtBA/PS Brushes Grafted on 67 nm Silica Nanoparticles (NPs) by
Sequential Surface-Initiated Atom Transfer Radical Polymerization (ATRP) and Nitroxide Mediated Radical Polymerization
(NMRP)

Table 1. Molecular Characteristics of Mixed PtBA/PS
Brushes on Silica Particles and the Corresponding Free
Polymers

mixed brush-grafted
particle sample

PS Mn (kDa),
PDI, and DPc

DPPS/
DPPtBA

d
σPtBA, σPS, and σtotal
(chains/nm2)e

MB-67-Ia 18.7, 1.18, 180 1.04 0.54, 0.28, 0.82
MB-67-IIa 23.4, 1.17, 225 1.30 0.54, 0.31, 0.85
MB-67-IIIa 29.5, 1.17, 284 1.64 0.54, 0.31, 0.85
MB-160b 18.7, 1.20, 180 0.94 0.36, 0.26, 0.62

aMixed PtBA/PS brush-grafted silica nanoparticle samples (MB-67-I,
-II, and -III) were prepared from PtBA brush-grafted 67 nm silica
nanoparticles with PtBA Mn,SEC of 22.2 kDa and PDI of 1.19 by
surface-initiated NMRP of styrene at 120 °C. bMixed PtBA/PS brush-
grafted silica particle sample (MB-160) was made from PtBA brush-
grafted 160 nm silica particles with PtBA Mn of 24.5 kDa and PDI of
1.11 by surface-initiated NMRP of styrene at 120 °C.11c cThe values of
Mn and polydispersity index (PDI) of PS were determined by SEC; the
DPs of PS were calculated from Mns.

dThe ratio of DPs of two
polymers. eThe PtBA and PS grafting densities (σPtBA and σPS) in each
sample were calculated by using the size of silica particles, DPPtBA and
DPPS, and TGA data corrected for the difference in the weight
retentions at 100 °C between hairy particles and Y-initiator particles.
The total grafting density σtotal = σPtBA + σPS.
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Figure 1. Top-view bright field TEM micrographs of mixed PtBA/PS brush-grafted 67 nm silica nanoparticles with PtBA Mn of 22.2 kDa and PS Mn
of 18.7 kDa (MB-67-I) after being cast from CHCl3 and annealed with CHCl3 vapor for at least 3 h. The sample was stained at room temperature
with RuO4 vapor for 20 min.

Figure 2. Top-view bright field TEM micrographs (A, B) and a top-view annular dark field scanning TEM micrograph (C) of mixed PtBA/PS brush-
grafted 67 nm silica nanoparticles with PtBA Mn of 22.2 kDa and PS Mn of 23.4 kDa (MB-67-II) after being cast from CHCl3 and annealed with
CHCl3 vapor for at least 3 h. The sample was stained at room temperature with RuO4 vapor for 20 min.

Figure 3. Top-view bright field TEM micrographs of mixed PtBA/PS brush-grafted 67 nm silica nanoparticles with PtBA Mn of 22.2 kDa and PS Mn
of 29.5 kDa (MB-67-III) after being cast from CHCl3 and annealed with CHCl3 vapor for at least 3 h. The sample was stained at room temperature
with RuO4 vapor for 20 min.
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matrix (see Figure 1B). These peculiar nanostructures are
especially pronounced at the vacuum-brush interface (marked
by arrows in Figure 1A), which were likely enhanced by the
spreading of the brushes on the carbon film. Note that the
TEM samples were prepared by drop casting the dispersion of
hairy nanoparticles in CHCl3 onto carbon-coated TEM grids.
When the solvent was evaporated, the microphase separated
mixed brushes collapsed, presumably vertically. Thus, the
center of the particles shows the top view of PS nanodomains,
which appeared to be ellipsoidal or irregular, and at or near the
edge of silica nanoparticles is the side view of PS nanodomains,
which are truncated wedge-shaped (Figure 1A). Because the
top-view of PS nanodomains is not perfectly circular, we call
them truncated wedge-shaped instead of truncated cone-
shaped. Figure 1B shows the morphology of a single mixed
brush-grafted silica nanoparticle; the truncated wedge-shaped
nanostructures at the nanoparticle’s edge can be clearly seen.
The morphology of MB-67-II was quite similar to that of

MB-67-I; the truncated wedge-shaped nanostructures can be
even better appreciated from the top-view bright field TEM
images in Figure 2A,B than those in Figure 1. The molecular
weights of two polymers in this sample were almost the same,
and the grafting densities of PtBA and PS were 0.54 and 0.31
chains/nm2, respectively. To some extent, the morphologies of
MB-67-I and-II resemble that of MB-160 (Figure 4). Note that
the molecular weights of PtBA and PS in MB-160 were 24.5
kDa and 18.7 kDa, respectively, and the grafting densities of
PtBA and PS were 0.36 and 0.26 chains/nm2, respectively.
Unlike MB-67-I and -II, the nanodomains at the edge of
particles in MB-160 were more uniform in the width. Although
truncated wedge-shaped nanostructures can also be seen, for
example, the one marked with an arrow in Figure 4A, they are
much less pronounced than in Figures 1 and 2. Interestingly,
alternate dark and bright nanodomains appeared at the
vacuum-brush interface (marked by an arrow) in Figure 4B.
These nanostructures, formed from lateral microphase
separation of mixed PtBA/PS brushes, are nearly uniform in
the width.
Figure 2C shows a top-view annular dark field scanning TEM

micrograph of MB-67-II, in which the PtBA nanodomains
appeared dark and PS was bright. Evidently, the PtBA
nanodomains were mostly connected, forming a matrix, while

bright PS nanodomains were isolated. At the edge of silica
nanoparticles, the PtBA domains also assumed wedge shapes.
For sample MB-67-III, the PS Mn was increased to 29.5 kDa,

but the grafting densities of two polymers were the same as in
MB-67-II. Figure 3 shows two representative bright field TEM
images. The distinct truncated wedge-shaped nanostructures
remained visible, despite that the PS nanodomains became
more connected and the interstitial space became darker. At the
brush-vacuum interface, the truncated wedges were especially
pronounced as in Figure 1. A closer examination revealed that
each particle seemed to be surrounded by a diffusive dark ring
as indicated by a dotted ring. The ring, though not fully closed,
appeared in the center of the interstitial space. This suggests
that the mixed PtBA/PS brushes might self-assemble into a
two-layered nanostructure in which a laterally microphase
separated bottom layer was covered by longer PS chains.
The observed different shapes of nanodomains formed by

mixed brushes grafted on 67 and 160 nm silica particles suggest
that the peculiar truncated wedge-shaped nanostructures
originated from the higher curvature of 67 nm silica
nanoparticles. By using the TGA data and a density of 1.05
g/cm3 for both PS and PtBA and assuming that the polymer
brushes formed a uniform film on the surface of silica particles,
we estimated the thickness of the polymer layer in MB-67-II
and MB-160 and it was 18.5 and 18.3 nm, respectively.
Therefore, the periphery of a polymer-grafted silica particle is
1.6 times that of bare silica particles for MB-67-II and 1.2 times
for MB-160. Due to the higher polymer content in MB-67-II
(the weight retention at 800 °C was 39.8% in contrast to 63.1%
for MB-160), we believe that the collapse of polymer brushes
further enhanced the formation of truncated wedge-shaped
nanostructures as evidenced by the pronounced features at the
brush-vacuum interface in Figures 1, 3, and S2.
In summary, we synthesized mixed PtBA/PS brushes with

controlled molecular weights and narrow polydispersities from
Y-initiator-functionalized 67 nm silica nanoparticles by surface-
initiated ATRP and NMRP. TEM studies showed that these
mixed brushes self-assembled into distinct truncated wedge-
shaped nanostructures after being cast from CHCl3 and
annealed with CHCl3 vapor. The wedge-shaped nanostructures
are particularly pronounced at the brush-vacuum interface. In
contrast, under the same conditions, mixed PtBA/PS brushes

Figure 4. Top-view bright field TEM micrographs of mixed PtBA/PS brush-grafted 160 nm silica particles with PtBA Mn of 24.5 kDa and PS Mn of
18.7 kDa (MB-160) after being cast from CHCl3 and annealed with CHCl3 vapor for at least 3 h. The sample was stained at room temperature with
RuO4 vapor for 20 min.
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on 160 nm silica particles phase separated into nanodomains
with a more uniform width. This report is the first experimental
study on the effect of substrate curvature on phase morphology
of mixed homopolymer brushes. We are currently synthesizing
mixed brushes on various sized silica nanoparticles. A more
systematic investigation on the curvature effect is underway.
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Bründermann, E.; Rühe, J.; Santer, S.; Havenith, M. Soft Matter 2010,
6, 3764−3768. (g) Estillore, N. C.; Advincula, R. C. Langmuir 2011,
27, 5997−6008. (h) Ochsmann, J. W.; Lenz, S.; Lellig, P.; Emmerling,
S. G. J.; Golriz, A. A.; Reichert, P.; You, J.; Perlich, J.; Roth, S. V.;
Beger, R.; Gutmann, J. S. Macromolecules 2012, 45, 3129−3136.

(i) Price, A. D.; Hur, S.- M.; Fredrickson, G. H.; Frischknecht, A. L.;
Huber, D. L. Macromolecules 2012, 45, 510−524. (j) Xiong, D. A.; Liu,
G. J.; Duncan, E. J. S. ACS Appl. Mater. Interfaces 2012, 4, 2445−2454.
(10) (a) Zhao, B. Polymer 2003, 44, 4079−4083. (b) Zhao, B.
Langmuir 2004, 20, 11748−11755. (c) Zhao, B.; He, T. Macro-
molecules 2003, 36, 8599−8602. (d) Zhao, B.; Haasch, R. T.;
MacLaren, S. J. Am. Chem. Soc. 2004, 126, 6124−6134. (e) Zhao,
B.; Haasch, R. T.; MacLaren, S. Polymer 2004, 45, 7979−7988. (f) Li,
D. J.; Sheng, X.; Zhao, B. J. Am. Chem. Soc. 2005, 127, 6248−6256.
(g) Santer, S.; Kopyshev, A.; Donges, J.; Rühe, J.; Jiang, X. G.; Zhao,
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