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ABSTRACT: A facile synthetic route toward silica brush particles
with random and gradient copolymer grafts comprised of n-butyl
acrylate (BA) and methyl methacrylate (MMA) using surface-
initiated atom transfer radical polymerization (SI-ATRP) was
developed. The effect of chain architecture on the structure and
thermomechanical properties of copolymer-tethered brush particle
films was investigated and compared to linear copolymer analogues.
Random copolymer brush systems displayed a uniform and narrow
glass transition, and the dependence of the glass-transition
temperature followed a similar trend as for linear copolymers. In
contrast, gradient brush materials featured a splitting of the glass-
transition temperature with increasing MMA content along with a
step-like increase of Young’s modulus and a decrease in ductility. The results were interpreted in terms of the effect of brush
architecture on the microstructure of films. The results suggested a “molecularly uniform” microstructure in films of the random
brush as well as linear random and linear gradient copolymer systems. In contrast, gradient brush systems featured a heterogeneous
microstructure in which MMA-rich regions acted as “traps” that reduced chain mobility. The formation of compositional
heterogeneity was rationalized by the “prescribed orientation” of gradient copolymer chains near the particle interface that amplified
composition fluctuations and hence local segregation of repeat units. The results highlight the need for a better understanding of the
role of “geometric constraints” on the physical properties of copolymer brush particle-based hybrid materials and the opportunity for
multiple property enhancement by control of segment distribution in addition to the overall composition.

■ INTRODUCTION
The tethering of polymer chains to the surface of nanoparticles
to form “brush particles” (aka “hairy particles”) has been
shown to provide one-component hybrid materials with
improved properties such as biocompatibility, enhanced
thermal conductivity, or dielectric breakdown strength that
depends on the architecture and composition of the brush
particle system.1−31 Recent advances in the surface-initiated
controlled radical polymerization (SI-CRP) significantly
expanded the control over structural parameters of surface-
bound polymer ligands, such as degree of polymerization,
dispersity, or grafting density.21,32−44 This enabled the
synthesis of brush particle systems with structural and
dynamical properties that are tunable across the range of soft
(polymer-like) to hard (particle-like) interactions.45,46 Other
advantageous features of SI-CRP include the ability to control
the chain architecture via the concurrent or sequential reaction
of distinct monomers, thus enabling the synthesis of random,
gradient, or block copolymer brushes.47−57 Copolymerization
affords new opportunities to design the structure and
properties of brush particle-based materials. Elucidation of
the structure−property relations in copolymer brush particle

systems with varied architecture therefore not only promises
new insights into the physics of microstructured colloidal
systems but also holds opportunities for the design of hybrid
materials with novel functionalities.
To understand the mutual effect of polymer composition

and architecture on the properties of brush particle materials,
the Young’s modulus and the energy absorption during
fracture (in the following referred to as “fracture toughness”)
are of particular interest as they provide information about
brush interactions and energy dissipation pathways during
small and large strain deformation, respectively. Previous
studies have shown that the interaction between brush particles
depends on parameters such as the grafting density and degree
of polymerization of tethered chains.24 In the “dense” grafting
regime, brush particles were found to interact via hard-sphere
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type interaction potentials.58 The avoidance of brush layer
interdigitation resulted in brittle behavior of brush particle
films.58 In contrast, more relaxed chain conformations in the
limit of low grafting density promoted brush interdigitation

and entanglement formation.59,60 Chain entanglement gave

rise to crazing during crack propagation, which increased the

fracture toughness of brush particle-based materials.59,60

Scheme 1. Illustration of the Synthesis Process of Gradient and Random Copolymer Particle Brushes

Table 1. Material Characteristics of SiO2-g-PBA-grad/ran-PMMA Particle Brush Systems

entrya x, BA (mol %)b x, MMA (mol %)b Mn
c Mw/Mn

c f SiOd2
(%)d σ (nm2)e Tg (°C)f

H-G-B67M33 67.3 32.7 21,040 1.47 20.59 0.61 −20
H-G-B56M44 56.3 43.7 23,150 1.55 21.41 0.53 3
H-G-B50M50 50.4 49.5 36,700 1.37 12.37 0.64 10
H-G-B48M52g 48.1 51.9 44,350 1.41 12.96 0.50 −15, 23
H-G-B45M55g 45.5 54.5 54,470 1.39 8.94 0.62 −20, 38
H-G-B38M62g 38.4 61.6 49,960 1.42 10.14 0.59 −16, 41
L-G-B59M41 58.7 41.3 16,480 1.29 57.19 0.15 −21
L-G-B54M46 54.1 45.9 26,080 1.36 43.95 0.16 0
L-G-B48M52 48.5 51.5 28,210 1.32 51.65 0.11 6
L-G-B44M56g 43.6 56.4 32,670 1.37 44.38 0.13 −12, 25
L-G-B39M61g 39.1 60.9 44,010 1.36 30.86 0.17 −8, 36
L-G-B33M67g 32.8 67.2 36,620 1.43 36.02 0.16 −7, 47
H-G-M25B75 75.0 25.0 28,710 1.38 18.81 0.50 −22
H-G-M46B54 53.8 46.2 38,200 1.30 14.29 0.52 −10
H-G-M50B50 50.1 49.9 29,970 1.29 21.08 0.41 −5
H-G-M57B43 43.5 56.5 37,390 1.33 14.41 0.53 9
H-G-M74B26g 26.5 73.5 39,910 1.29 13.76 0.52 −31, 56, 108
H-R-B61M39 61.5 38.5 26,540 1.18 22.13 0.46 −15
H-R-B55M45 54.7 45.3 23,900 1.25 20.81 0.56 −2
H-R-B47M53 46.9 53.1 47,300 1.20 13.71 0.46 9
H-R-B44M56 44.5 55.5 45,420 1.21 13.43 0.49 15
H-R-B38M62 37.6 62.4 50,040 1.16 13.67 0.44 29
R-B46M54 45.6 54.4 58,100 1.34 18
G-B45M55 44.8 55.2 40,270 1.14 16

aReaction conditions: H-G-BxMy/L-G-BxMy particle brushes: [BA]0/[SiO2-Br]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0 = 5000:1:0.5:5:5 at 50 °C
with 25 vol % anisole, V0(BA) = 15 mL, MMA feeding rate = 0.5/1/1.5/2/2.5/3 mL/h, total [BA]/[MMA] = 5000:1500/3000/4500/6000/7500/
9000; H-G-MxBy particle brushes: [MMA]0/[SiO2-Br]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0 = 3000:1:0.5:5:5 at 50 °C with 25 vol % anisole,
V0(MMA) = 10 mL, BA feeding rate = 1/1.5/2/2.5/3 mL/h, total [MMA]/[BA] = 3000:3000/4500/6000/7500/9000; H-R-BxMy particle
brushes: ([BA]0:[MMA]0)/[SiO2-Br]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0= (3300:500)/(4300:1200)/(3000:1000)/(3400:1600)/
(2900:1700):1:0.5:5:5 at 50 °C with 30 vol % anisole; G-B45M55 linear gradient copolymer: [BA]0/[EBiB]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0
= 420:1:0.2:2:2 at 50 °C with 10 vol % anisole, V0(BA) = 3.3 mL, MMA feeding rate = 0.6 mL/h, total [BA]/[MMA] = 420:520; R-B46M54 linear
random copolymer: [BA]0/[MMA]0/[EBiB]0/[CuBr2]0/[Me6TREN]0/[Sn(EH)2]0= 3500:1700:1:0.5:5:5 at 50 °C with 30 vol % anisole.
bDetermined by 1H NMR. cDetermined by size-exclusion chromatography (SEC). dDetermined by thermogravimetric analysis (TGA). eCalculated
by eq S1. fThe major glass-transition temperature determined by differential scanning calorimetry (DSC). gSamples show the multiple “core−shell
corona” structures.
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While these previous studies were focused on homopolymer
brush compositions, copolymer brushes have become a subject
of recent research.61−75 The interest in copolymer brushes has
been fueled by the prospect of novel material properties that
could be enabled by the deliberate combination of repeat
units.76 For example, random copolymers based on poly(n-
butyl acrylate-r-methyl methacrylate), P(BA-r-MMA), were
recently proposed to exhibit lock-and-key-type interactions,
giving rise to increased material recovery and self-healing
ability.77,78 These findings suggest intriguing opportunities for
functional material design. Realizing these opportunities will
require an understanding of the role of copolymer brush
architecture on the structure and properties of brush particle-
based materials. This is because the copolymerization of
distinct monomers using techniques such as SI-CRP can result
in a variety of distributions of repeat units, such as random or
gradient, depending on kinetic constants and reaction
conditions.34

In this contribution, the effect of BA/MMA composition in
grafted random and gradient-type copolymer ligands on the
deformation characteristics and thermomechanical properties
of particle brush-based hybrid materials was systematically
evaluated. A facile method to control copolymer architecture
of brush materials based on the variation of the conversion
ratio during surface-initiated atom transfer radical polymer-
ization (SI-ATRP) was developed. Subsequently, the thermo-
mechanical properties of random and gradient brush systems
were determined and compared with those of the linear
copolymer analogues. Depending on the grafting density and
composition, gradient polymer architectures exhibited hetero-

geneous microstructures with distinctively different properties
as random copolymer analogues. The results thus highlight the
importance of chain architecture as a “control parameter” for
the design of functional materials based on copolymer brush
particle-based hybrid materials.

■ RESULTS AND DISCUSSION
We recently reported the synthesis of SiO2-g-PBA-grad-PMMA
particle brushes with various grafting densities using a
semibatch copolymerization activator regenerated by electron
transfer (ARGET) surface-initiated atom transfer radical
polymerization (SI-ATRP).47 The deliberate variation of
monomer feed ratio and conversion ratio was shown to
facilitate the synthesis of gradient and random copolymer
brush particle architectures.79 A detailed analysis of the
distribution of various comonomer sequences in the gradient
and random copolymers was also recently reported.79 Here,
two series of SiO2-g-PBA-grad-PMMA were prepared, i.e. BA-
rich region inside (“BA-in”) with high (∼0.55 chains/nm2;
sample abbreviation: H-G-BxMy) and low grafting densities
(∼0.15 chains/nm2; sample abbreviation: L-G-BxMy) and
SiO2-g-PMMA-grad-PBA with MMA-rich inside (“MMA-in”)
and high grafting densities (∼0.5 chains/nm2; sample
abbreviation: H-G-MxBy) as well as SiO2-g-PBA-random-
PMMA with high grafting density (∼0.5 chains/nm2; sample
abbreviation: H-R-BxMy). Note that the sample IDs of brush
particle systems are to be read as follows: high/low grafting
density (H/L)�random/gradient architecture (R/G)�chem-
ical composition of grafted chains with subscripts, indicating
the volume fraction of the respective component. BA-in and

Figure 1. DSC curves for (a), (b) BA-rich inside gradient copolymer particle brushes with high (a) and low (b) grafting density; (c) MMA-rich
inside gradient copolymer particle brushes with high grafting density as well as densely grafted random copolymer brush systems (d). The stars in
the plots highlight the samples for which multiple Tg’s can be distinguished in the respective heat flow derivative curves (Figure 2). The positions of
Tg’s are highlighted with solid points in the figures. Sample identification is as follows: panel (a)�solid lines, H-G-B67M33: black, H-G-B56M44: red,
H-G-B50M50: blue, H-G-B48M52: magenta, H-G-B45M55: olive, H-G-B38M62: orange; panel (b)�dash-dot lines, L-G-B59M41: black, L-G-B54M46:
red, L-G-B48M52: blue, L-G-B44M56: magenta, L-G-B39M61: olive, L-G-B33M67: orange; panel (c)�dash lines, H-G-M25B75: black, H-G-M46B54: red,
H-G-M50B50: blue, H-G-M57B43: magenta, H-G-M74B26: orange; and panel (d)�dot lines, H-R-B61M39: black, H-R-B55M45: red, H-R-B47M53:
magenta, H-R-B44M56: olive, H-R-B38M62: orange. All curves were recorded during the third heating/cooling run at a heating rate of 20 °C/min.
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MMA-in gradient brush particles (H-G-BxMy, L-G-BxMy, H-G-
MxBy) were synthesized by changing the MMA/BA feeding
rate to the ongoing polymerization. The synthetic approaches
are illustrated in Scheme 1.
Brush systems were synthesized with varied BA/MMA

compositions across the range BA/MMA = 60:40 to 40:60 and
with a similar molecular weight. Low grafting densities were
realized by mixing a “dummy” initiator (trichlorosilane) in an
appropriate ratio with the ATRP initiator during the surface
modification step as reported previously.80 As shown in Table
1, for both H-G-BxMy and L-G-BxMy gradient copolymer
particle brushes, the molecular weight of polymer ligands
increased with a higher MMA feeding rate and MMA content

in the gradient copolymer ligands, except for samples H-G-
B38M62 and L-G-B33M67.
The drop in molecular weight of samples H-G-B38M62/L-G-

B33M67 could be attributed to the dilution of reactant
concentrations by the addition of MMA monomers, which
resulted in a decrease in the polymerization rate and thus the
molecular weight. To further investigate the effect of sequence
and chain architecture on the structure and properties of
particle brushes, a series of SiO2-g-P(BA-r-MMA) random
copolymer particle brush systems was prepared. The
conversion of each reaction was limited to below 10% to
avoid comonomer feed drift and to achieve a statistically
“random” structure. For this condition, previous work has
shown that the distribution and sequence of BA/MMA repeat

Figure 2. Plots of derivative heat flow vs temperature for (a), (b) BA-rich inside gradient copolymer particle brushes with high (a) and low (b)
grafting density; (c) MMA-rich inside gradient copolymer particle brushes with high grafting density as well as densely grafted random copolymer
brush systems (d). The stars in the plots highlight the samples for which multiple Tg’s can be distinguished in the respective heat flow derivative
curves. Sample identification is as follows: panel (a)�solid lines, H-G-B67M33: black, H-G-B56M44: red, H-G-B50M50: blue, H-G-B48M52: magenta,
H-G-B45M55: olive, H-G-B38M62: orange; panel (b)�dash-dot lines, L-G-B59M41: black, L-G-B54M46: red, L-G-B48M52: blue, L-G-B44M56: magenta,
L-G-B39M61: olive, L-G-B33M67: orange; panel (c)�dash lines, H-G-M25B75: black, H-G-M46B54: red, H-G-M50B50: blue, H-G-M57B43: magenta, H-
G-M74B26: orange; and panel (d)�dot lines, H-R-B61M39: black, H-R-B55M45: red, H-R-B47M53: magenta, H-R-B44M56: olive, H-R-B38M62: orange.
All curves were recorded during the third heating/cooling run at a heating rate of 20 °C/min.
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units are determined by the initial monomer concentrations
and the reactivity ratios (rMMA = 1.79, rBA = 0.30) (Figure
S1).81 The instantaneous composition of the brush copolymers
was calculated from the overall composition, which was
monitored during polymerization according to our previous
work.81

To determine the role of architecture, the composition and
molecular weight of random copolymer systems was matched
to gradient systems by variation of the initiator content ([M]0/
[SiO2-Br]0). The chemical composition, architecture, and
microstructure of the copolymer-grafted particle brush systems
were systematically characterized as follows: First, the overall
PBA/PMMA compositions of the polymer ligands were
determined by 1H NMR after etching the silica core with
HF aqueous solutions.47 The corresponding inorganic fractions
and grafting density were subsequently obtained by TGA.47

Subsequently, the morphology and structure of particle brush
systems in the solution and solid state were evaluated by
dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The size of copolymer-grafted brush
particles (measured as hydrodynamic radius or by image
analysis of electron micrographs) increased with the degree of
polymerization following similar trends as homopolymer brush
particle analogues (data pertaining to DLS and TEM image
analysis curves are shown in Figures S2−S6).59,60

To elucidate the effect of copolymer architecture on the
microstructure and thermomechanical properties of brush
particle materials, the glass transition and mechanical proper-
ties were analyzed by differential scanning calorimetry (DSC)
and dynamic mechanical analysis (DMA). Figures 1 and 2
depict the heat flow curves (1a−1d) and heat flow derivatives
(2a−2d) of gradient BA/MMA copolymer graft brush particle
systems with high (Figures 1a,c and 2a,c) and low (Figures 1b
and 2b) grafting densities as well as high grafting density
random copolymer analogues (Figures 1c and 2c).
Figure 1 reveals several pertinent features that give insight

into the role of graft architecture on the structure and
properties of brush particle films. First, the figure confirms that
the glass-transition temperature (Tg) of all systems increased
with the fraction of MMA repeat units. However, for random
copolymer brush materials, a single glass transition was
observed irrespective of composition (which follows approx-
imately the trend predicted by the Flory−Fox model, Figure
S11), and two separate transitions were observed for gradient
systems. Splitting into two distinct glass transitions occurred in
systems with high (H-G-B48M52, H-G-B45M55, H-G-B38M62; H-
G-M74B26) and low (L-G-B44M56, L-G-B39M61, L-G-B33M67)
grafting densities and with MMA content of approximately
50%. As will be shown below, this “splitting” was a “special
feature” of gradient copolymer brush particle films and was not
observed for linear gradient copolymers.
Derivative of heat flow curves shown in Figure 2 revealed

consistently broader transitions for gradient brush systems as
compared to their random brush analogues. The latter featured
a breadth of the glass transition (corresponding to the full
width at half-maximum of differential heat flow curves) similar
to the respective linear copolymer reference systems (Figures
S7−S10).82 For example, for a composition of about 50%
MMA, the breadth of the glass transition was δTdg,H‑G‑B50M50 =
59 °C, δTdg,H‑G‑M50B50 = 51 °C, and δT dg,L‑G‑B48M52 = 58 °C for
high and low grafting density gradient brushes, whereas for the
random analogue, δTdg,H‑R‑B47M53 = 32 °C was recorded. The

latter value was close to the breadth of the respective linear
copolymer analogues with δT dg,R‑B46M54 = 30 °C and δTdg,G‑B45M55

= 51 °C. Likewise, the Tg’s of linear random (16 °C) and
gradient (18 °C) copolymers were similar to those of the
random brush system H-R-B44M56 (15 °C) with a comparable
composition to the linear analogues (see below).
The trends suggested a (molecularly) uniform micro-

structure in the case of random copolymer brush particle
films. In contrast, the splitting of Tg’s in the case of the gradient
brush systems was rationalized as an indication of the
formation of local heterogeneities viz. BA- and MMA-rich
regions. The splitting bears resemblance to the expected
behavior of block copolymer-tethered systems; however, the
small difference between Tg’s suggests the presence of “mixed
BA/MMA-rich phases” rather than the formation of composi-
tionally uniform regions that would be expected from a block
copolymer-type microphase separation process. As will be
shown below, the mechanical behavior of “star-systems”
suggests that the regions connect to form a co-continuous
morphology. The different (proposed) microstructures for
random and gradient brush systems are illustrated in Scheme 2.

Because the splitting was observed for both high and low
grafting densities, we ascribe the heterogeneity formation to
the coupling of one chain end to the particle surface rather
than the dense or semidilute brush architecture. To further
elucidate the implications of microstructure on the properties
of random and gradient brush hybrids, the thermomechanical
characteristics of all systems were evaluated using uniaxial

Scheme 2. Illustration of Topologically Induced
Heterogeneous Microstructure in Films of Gradient
Copolymer Particle Brush Systems with Increasing Fraction
of MMA Componenta

aCore−shell structures in nonuniform systems connect to form a co-
continuous morphology.
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stress−strain (Figures 3 and 4) and dynamic mechanical
analysis (DMA, Figure 5). Figure 3 displays the room
temperature (T = 23 °C) strain−stress curves of H-G-
B38M62 and H-R-B38M62. The bulk films with about 0.1 mm
thickness were prepared via casting from 40 mg/mL THF
solutions. Tensile testing was performed at a constant
deformation rate of 0.005 mm/s, and the Young’s modulus
and toughness were calculated from the incipient slope and by
integration of stress−strain curves, respectively. Experiments
were repeated three times to evaluate reproducibility. The full
set of strain−stress curves is shown in Figures S14−S17 (the

low grafting density system L-G-B59M41 could not be tested
due to the brittleness of the film).
The figure reveals remarkable differences between the

respective deformation characteristics, despite the similar
composition (xMMA = 61.7 for H-G-B38M62 and 62.3 for H-
R-B38M62) and molar mass (MH‑G‑B38M62 = 49.96 kg/mol and
MH‑R‑B38M62 = 50.04 kg/mol). In particular, the random
copolymer system (H-R-B38M62, red curves) displayed a
strain-to-fracture exceeding 200% uniform plastic deformation
and continuous strain hardening. In contrast, deformation of
the gradient copolymer system (H-G-B38M62, blue curves)
displayed a strain-to-fracture of only about 120% along with
necking (viz. upper yield point) and strain hardening during
drawing. Consistent with its higher Tg, H-G-B38M62 displayed a
significantly larger Young’s modulus (EH‑G‑B38M62 = 775 MPa)
as compared to H-R-B38M62 (EH‑R‑B38M62 = 47 MPa).
Interestingly, H-G-B38M62 also featured a larger toughness
(24.2 × 106 J/m3, determined by integration of stress−strain
curves) as compared to the random copolymer brush particle
analogue. Figure 4 contrasts Young’s moduli and toughness
values of all gradient brush systems with high (Figure 4a,c) and
low (Figure 4b) grafting densities as well as random
architecture (Figure 4d). The figures confirm that the Young’s
modulus of particle brush systems increased with the fraction
of high Tg MMA component (H-G-B67M33 → H-G-B38M62, H-
G-M25B75 → H-G-M74B265, and L-G-B54M46 → L-G-B33M67).
However, for the random brush particle films (Figure 4d), the
modulus increased continuously with the fraction of MMA,
and gradient copolymer brush systems displayed two regimes.
In the limit of small MMA fraction, a continuous increase was
observed, similar to random linear copolymer analogues. This
was followed by a step-like increase of the elastic modulus for
gradient samples as the MMA content increased to about 51%
(Figure 4a−c). For densely tethered systems, the modulus

Figure 3. Representative strain−stress curves of high grafting density
gradient copolymer particle brushes H-G-B38M62 (61.6 mol % MMA,
major Tg = 41 °C): blue curves and high grafting density random
copolymer particle brushes H-R-B38M62 (62.4 mol % MMA, major Tg
= 29 °C): red curves (strain rate, 0.005 mm/s; testing temperature, 23
°C). Inset: Photographs of high grafting density gradient/random
copolymer particle brushes bulk films; film size: 5 × 15 mm with
thickness ∼ 0.1 mm.

Figure 4. Young’s modulus and toughness of copolymer brush particle films determined by uniaxial tension testing. (a, b) BA-in gradient
copolymer brush particle solids with high (a) and low (b) grafting densities; (c) MMA-in gradient copolymer particle brushes with high grafting
density; (d) densely grafted random copolymer brush systems. The inset shows the Young’s modulus and toughness of brush systems on a linear
scale to highlight their increase with MMA content. The stars indicate samples featuring a step-like increase of Young’s modulus.
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increased from 52.0 MPa (H-G-B48M52) to 521.0 MPa (H-G-
B45M55) and 72.4 MPa (H-G-M57B43) to 633.0 MPa (H-G-
M74B26), while for low-density brush particles, the modulus
increased from 47.1 MPa (L-G-B48M52) to 332.1 MPa (L-G-
B44M56). Both BA-rich inside and MMA-rich inside gradient
brush particles presented a comparable order-of-magnitude
increase of the elastic modulus, thus indicating that the
formation of heterogeneous regions in gradient brushes,
regardless of the gradient chain orientation, resulted in a
comparable increase of the materials’ cohesive energy
density.59,60 Since the Young’s modulus was found to be
independent of the direction of stress (not shown here), an
isotropic co-continuous morphology was concluded. We note
that the fractional increase in modulus for H-G and H-R
systems was comparable when normalization with respect to
the organic content was performed (see Figure 6 below).
Dynamic mechanical analysis was used to further support

the proposed structure formation of gradient brush particle
films. Figure 5 shows the loss tangent (tan δ) for gradient
brush particles with high (Figure 5a,c) and low (Figure 5b)
grafting densities as well as the random copolymer brush
analogues (Figure 5d). The figure reveals a similar peak
relaxation at ∼40 Hz for H-G-B56M44, L-G-B54M46, H-G-
M46B54, and H-R-B55M45. The similar relaxation dynamics is
consistent with the assumption of a molecularly uniform
microstructure at a monomer composition xMMA ∼ 0.51 (red
curves in Figure 5). In contrast, gradient brushes with xMMA >
0.53 displayed a significant slowdown of the relaxation
frequency as compared to the random brush analogues. For
example, the peak relaxation for H-G-B48M52, H-G-M57B43, and
L-G-B44M56 is <0.1 Hz and thus outside the experimental
resolution, while for the random analogue H-R-B47M53,
relaxation is observed at ∼3 Hz (purple curves in Figure 5).
The slowdown further supported the formation of glassy
MMA-rich domains in films of gradient brush particles that
“pin” grafted chains. It is interesting to note that the formation

of an inhomogeneous microstructure in gradient brush systems
gave rise to both a step-like increase of Young’s modulus and
the toughness of films (Figure 4). This indicates that the
formation of “hard regions” also introduced new pathways for
energy dissipation, which could be useful in designing
composite material systems with multiple property enhance-
ments. Since previous work had shown that the elastic
properties of brush particle films are determined by ligand
dispersion interactions, normalization with respect to the
organic fraction could be used to identify the role of brush
architecture on the elastic properties.7,83 Figure 6 displays the
normalized Young’s moduli En = Ei/forg,i of high-density
gradient and random brush systems together with the upper

Figure 5. Frequency-dependent loss tangent (tan δ) of brush particle systems at 23 °C across the frequency range of 0.1−100 Hz with 0.1% strain
oscillation. (a, b) BA-in gradient copolymer particle brushes with high (a) and low (b) grafting densities; (c) MMA-in gradient copolymer particle
brushes with high grafting density; (d) densely grafted random copolymer brush systems (d). Samples are labeled for identification. The stars
indicate samples featuring a step-like increase of Young’s modulus (see also Figure 4).

Figure 6. Comparison of normalized Young’s moduli of high grafting
density gradient/random (HG-BxMy/HR-BxMy) copolymer particle
brush solids vs volume fraction of MMA with effective medium
predictions. E|| (red dashed curve) represents the upper and E⊥ (gray
dashed curve) represents the lower bound corresponding to a layered
PBA/PMMA structure with stresses acting in the parallel and
transverse direction, respectively. HG-BxMy: blue triangles; HR-
BxMy: green circles. Inset: Modulus ratio of HG-BxMy to HR-BxMy vs
volume fraction of MMA. Schemes indicate reference structures for
upper (red) and lower (gray) bound; arrows indicate the direction of
stress application.
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and lower bounds of a layered PMMA/PBA reference
structure ( forg,i denotes the fraction of the organic phase in
brush system i). Upper (E||) and lower (E⊥) bounds were
calculated according to E|| = EPMMAϕMMA + EPBAϕBA and E⊥ =
(EPMMAEPBA)/(ϕMMAEPBA + ϕBAEPMMA), with ϕMMA and ϕBA,
denoting the respective volume fraction of MMA and BA. The
elastic constants of pure polymer constituents were assumed to
be EPMMA = 1800 MPa and EPBA = 1.2 MPa.84

Figure 6 reveals that the normalized elastic modulus of BHG
brush particle films followed the predicted trend lines for E⊥
and E|| in the limit of low and high MMA contents,
respectively, and displayed a transition between both regimes
at ϕcrit ∼ 0.45. The excellent agreement of En with the upper
bound E|| at ϕcrit > 0.45 suggested the formation of a “co-
continuous MMA-rich domain structure” with similar load-
bearing capability as the layered reference structure. In
contrast, HR brush particle materials were well represented
by E⊥ in the limit of low MMA content and failed to approach
the upper bound over the entire tested compositional range.
The maximum slope of En is observed at ϕcrit ∼ 0.45, i.e., near
the “critical” composition that marks the transition between
the stiffness regimes of BHG (see the inset of Figure 6). We
thus rationalize this transition as the onset of formation of
continuous PMMA-rich regions that store the strain energy
upon deformation. Note that this interpretation is also
consistent with the splitting of the glass transition into two
distinct transitions (Table 1 and Figure 2).
To better understand the role of brush architecture on the

formation of a heterogeneous microstructure, the thermal
transitions and mechanical properties of copolymer brush
particle solids were compared to linear polymer analogues with
a similar composition, molecular weight, and chain architec-
ture. A set of linear gradient/random P(BA-co-MMA)
polymers (G-B45M55, R-B46M54) with composition PMMA/
PBA = 55/45 mol % and molecular weight similar to the
grafted polymer chains in H-G-B45M55 and H-R-B44M56 was
prepared using ARGET-ATRP.85 Figure 7 compares the
derivative heat flow curves and the Young’s modulus and
toughness of linear and brush analogues.
Figure 7a reveals that linear polymers and random brush

systems displayed a similar glass transition at Tg = 16 °C (G-
B45M55), Tg = 18 °C (R-B46M54), and Tg = 15 °C (H-R-
B44M56). The near-identical transition temperatures suggest a
“molecularly uniform” microstructure that provides a homoge-
neous environment for chain relaxation. Interestingly, both

random copolymer systems (R-B46M54 and H-R-B44M56)
exhibited a similar breadth of the transition (δR‑B46M54 = 35
K and δH‑R‑B44M56 = 34 K), whereas the gradient linear polymer
displayed a significantly broader transition with δG‑B45M55 = 50
K. This confirmed that the gradient architecture introduced
some degree of heterogeneity; however, it was not enough to
significantly alter the main chain relaxation. This differed from
the gradient particle brush system H-G-B45M55, which
displayed both an increase in the glass-transition temperature
and the breadth of the transition (Tg,H‑G‑B45M55 = 253, 311 K,
δH‑G‑B45M55 = 83 K). As elaborated above, the increase in Tg
was rationalized with the formation of co-continuous MMA-
rich regions that retard the relaxation of chains (see also
Scheme 2) and also contributed to the higher Young’s
modulus and toughness of H-G-B45M55 (Figure 7b). The
absence of the slowdown in the G-B45M55 reference system
indicated that the heterogeneity formation is induced by the
defined orientation of chains through surface tethering. This
motivates the classification of the heterogeneous micro-
structure in HG systems as “topologically induced” hetero-
geneity formation.

■ CONCLUSIONS
In conclusion, a facile synthetic route toward BA/MMA
copolymer brush particles with controlled random and
gradient (BA-in/BA-out) architecture was reported. The
thermomechanical properties of hybrid materials comprised
of brush particle assemblies were sensitive to the architecture
of grafted chains. In random copolymer brush systems, the
glass-transition temperature followed a similar trend as for
linear random copolymer systems, indicating a molecularly
uniform microstructure. In contrast, gradient brush particle
systems could display, depending on their composition,
heterogeneous microstructures that feature an increase in the
glass-transition temperature and Young’s modulus as well as
the toughness of brush particle films. The absence of
heterogeneity formation in linear gradient copolymer reference
systems highlights the role of geometric constraints that
originate from the tethering of chains and the resulting
amplification of compositional gradients in brush particle films.
We envision that this form of “topology-induced hetero-
geneity” provides new opportunities for the design of hybrid
materials with multiple property enhancements (such as
modulus and toughness) that derive from both the chemical

Figure 7. (a) Plot of derivative heat flow vs temperature of linear gradient/random copolymers and gradient/random copolymer particle brush
solids with a similar PMMA/PBA composition (BA/MMA = 45:55), (b) Young’s modulus and toughness of linear gradient/random copolymers
and gradient/random copolymer-grafted SiO2 particle brushes with the same PMMA/PBA composition (BA/MMA = 45:55).
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composition of copolymer grafts and the microstructure of
brush particle assemblies.
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