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ABSTRACT: We report in this article the synthesis of a series of mixed poly(zert-butyl acrylate) (PrBA)/
polystyrene (PS) brushes with PrBA number-average molecular weight (M) being fixed at 24.5 kDa and PS
M, ranging from 14.8 to 30.4 kDa on 160 nm silica particles and the study of their microphase separation
behaviors using differential scanning calorimetry (DSC) and transmission electron microscopy (TEM).
The samples were synthesized by a two-step “grafting from” process from asymmetric difunctional initiator
(Y-initiator)-functionalized silica particles using two different “living”/controlled radical polymerization
techniques. P/BA brushes were grown first from Y-initiator-functionalized particles by surface-initiated atom
transfer radical polymerization of rerz-butyl acrylate at 75 °C in the presence of a free initiator, followed by
nitroxide-mediated radical polymerization (NMRP) of styrene at 120 °C. The “living” nature of NMRP
allowed the synthesis of mixed PrBA/PS brushes with different PS molecular weights (14.8, 18.7, 24.9, and
30.4 kDa) in a one-pot polymerization. DSC studies showed that all thermally annealed mixed brush samples
exhibited two glass transitions with the middle points located at ~47 and ~90 °C, suggesting that the two
tethered polymers microphase separated in the brush layer. For TEM studies, the samples were dispersed in
CHCl;, a good solvent for both P/BA and PS, drop-cast onto carbon films, thermally annealed in vacuum at
120 °Cfor 3 h, and then stained with RuO,4 vapor. All samples showed clear microphase separation, consistent
with the DSC results. With increasing PS M, from 14.8, to 18.7, and 24.9 kDa, the morphology of mixed
brushes evolved from isolated, nearly spherical PS microdomains buried inside the PrBA matrix, to short PS
cylindrical microdomains in the PrBA matrix, and to nearly bicontinuous nanostructures. Further increasing
the molecular weight of PS to 30.4 kDa resulted in the formation of isolated PrBA microdomains which were

covered by PS chains.

Introduction

Binary mixed homopolymer brushes are composed of two
chemically distinct homopolymers randomly or alternately immo-
bilized by one end via a covalent bond on the surface of a solid
substrate.'* These brushes represent a new, intriguing class of
environmentally responsive materials. The two grafted polymers,
which are not necessarily stimuli-sensitive, can undergo sponta-
neous chain reorganization in response to environmental variations
and exhibit different nanostructures and surface properties.' > This
response mechanism is different from those of traditional stimuli-
sensitive, e.g., thermosensitive, polymer brushes where individual
polymer chains exhibit different chain structures and properties
upon application of an external stimulus.* Certainly, the use of
stimuli-responsive polymers would further enrich the self-assembly
behaviors and responsive properties of mixed brushes.’

The phase morphologies and responsive properties of mixed
homopolymer brushes have been intensively investigated in the
past two decades.' *>"'* Theoretically, Marko and Witten
studied whether symmetric mixed brushes on a flat substrate
microphase separated laterally or vertically under equilibrium
melt conditions and predicted that the lateral phase separation
preempted the vertical phase separation, yielding a “rippled”
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nanostructure instead of a “layered” structure.'® The periodi-
city of the rippled pattern was predicted to be 1.97 times the
chain root-mean-square end-to-end distance ((R,ms)). They
also pointed out that by altering the compositions and mole-
cular weights of mixed brushes, first-order transitions between
different ordered states could be achieved. The lateral phase
separation of symmetric mixed brushes under melt or near-melt
conditions and in nonselective solvents was also revealed by other
researchers in theoretical or simulation studies.'*%*%” In selec-
tive solvents, surface-tethered micellar structures with the solvo-
phobic polymer packing into a core and the solvophilic chains
forming the corona were predicted.>® By tuning parameters,
including chain lengths, grafting densities, chemical composi-
tions, solvent quality, and temperature, a variety of surface
nanostructures could be formed by mixed brushes.'”*¢7%
Moreover, different structures formed from the same brushes
are fully reversible because of the covalent grafting of polymer
chains to the substrate.

Experimentally, many methods have been developed to pre-
pare mixed brushes.>®~'* Sidorenko et al. reported the synthesis
of first mixed brushes by a two-step surface-initiated conventional
free radical polymerization process and demonstrated the switch-
ing properties of mixed brushes by treating them with selective
solvents.” Besides the two-step conventional free radical poly-
merization,'® “grafting to” and other “grafting from” methods
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Scheme 1. Schematic Illustration for the Synthesis of Mixed PfBA/PS Brushes with a Fixed PtBA M, and Various PS Molecular
Weights by Sequential Atom Transfer Radical Polymerization (ATRP) and Nitroxide-Mediated Radical Polymerization (NMRP) from Y-Initiator-
Functionalized Silica Particles
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were also developed.'' ™'* For example, Minko et al. reported a
“grafting to” method, in which carboxyl-terminated polystyrene
(PS) and poly(2-vinylpyridine) were grafted sequentially onto
silicon wafers that were functionalized with 3-glycidoxypropyl-
trimethoxysilane.''® Wang et al. prepared mixed PS/poly(methyl
methacrylate) brushes on silicon wafers by grafting ABC triblock
copolymers with a short central B block that can form covalent
bonds with silicon wafers in a one-step reaction.'' We reported a
“grafting from” method for the synthesis of mixed brushes with
controlled molecular weights, narrow polydispersities, and high
grafting densities by using two different “living” /controlled radical
polymerization techniques,'**" atom transfer radical polymeriza-
tion (ATRP) and nitroxide-mediated radical polymerization
(NMRP), from asymmetric difunctional initiator (Y-initiator)-
functionalized silica surfaces.'* " The responsive properties of
mixed brushes upon environmental variations, including solvent
changes and heating, have been intensively investigated and well
documented in the literature.” '

Of particular interest to the present work are asymmetric
mixed homopolymer brushes in which the chain lengths or
grafting densities of two polymers or both are different.?*%’
Here we focus on asymmetric mixed brushes that are composed
of two distinct homopolymers with different molecular weights
but similar grafting densities. The effect of chain length disparity
on phase morpholog;/ of mixed brushes in solvents has been
theoretically studied.™" Using computer simulations, Roan inves-
tigated the microphase separation of immiscible mixed brushes
grafted on spherical nanoparticles with a radius comparable to the
polymer size (Rms).° By varying chain lengths, grafting densities,
and grafting patterns, a variety of well-ordered nanostructures
can form. For example, the equilibrium nanostructure changes
from rippled, to 12-islanded, and then layered with the increase of
chain length disparity when the grafting densities of two polymers
are identical. Wang and Miiller recently used single-chain-in-
mean-field simulations to study the phase behavior of asymmetric
mixed brushes on flat substrates.” At a large chain length
asymmetry, two layers can be distinguished in a solvent that is
marginally good for both polymers with a slight preference for
one polymer: a laterally structured bottom layer and a top layer
that contains only the longer polymer species.

Asymmetric mixed brushes on planar substrates have been
experimentally studied.'**'* Minko et al. prepared a series of
asymmetric mixed brushes by a “grafting to” method and in-
vestigated them by AFM and contact angle measurements.'* They
found that for small chain length asymmetry the brushes exhibited
lateral and perpendicular segregation, depending on the solvent
quality. Upon increasing the molecular weight asymmetry, a
transition from a “rippled” to a layered (sandwich-like) structure
occurred. Using Y-initiator-functionalized silicon wafers, we
synthesized mixed brushes with various chain length asymmetries
and studied their responsive properties upon exposure to different
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solvents by AFM, XPS, and contact angle measurements.'*¢

Although interesting results have been obtained from these
studies, the phase morphologies of asymmetric mixed brushes
have not been directly visualized.

Transmission electron microscopy (TEM) has been proven to
be a powerful means for the study of phase morphologies of
block copolymers in bulk and in solutions.'> However, the use of
silicon wafers as substrates for mixed brushes makes TEM studies
difficult because microtoming of silicon wafers for the prepara-
tion of TEM samples is very challenging. Quite differently, silica
particles can be directly used or microtomed into thin sections for
visualization by TEM. Therefore, we synthesized Y-initiator-
functionalized silica particles and grew mixed poly(zert-butyl
acrylate) (PfBA)/PS brushes by sequential ATRP of /BA and
NMRP of styrene.' TEM studies showed that symmetric PrBA/
PS brushes with PrBA M, of 24.2 kDa and PS M, of 23.0 kDa
underwent lateral micr(;phase separation in the melt and in
nonselective solvents.'®'” The feature sizes were on the order of
(Rims) values of polymers in an unperturbed state (~10 nm). In
the present work, we synthesized a series of asymmetric mixed
PtBA/PS brushes from 160 nm Y-initiator-functionalized silica
particles by sequential ATRP and NMRP and studied their
microphase separation behaviors in the melt after thermal
annealing using differential scanning calorimetry (DSC) and
TEM. PrBA brushes were grown first from Y-initiator particles
by surface-initiated ATRP, followed by NMRP of styrene. By
taking advantage of the “living” nature of NMRP,'® mixed
brushes with PS M|, smaller than, comparable to, and higher
than that of PfBA were prepared in a one-pot reaction (Scheme 1).
We note here that Motornov et al. reported the preparation of
amphiphilic mixed brush-grafted particles by using a quater-
nization reaction between 11-bromoundodecyltrimethoxysilane-
functionalized silica particles and the pyridine groups in a triblock
copolymer PS-b-poly(2-vinylpyridine)-b-poly(ethylene oxide) and
the responsive properties of their particles.'

Experimental Section

Materials. Styrene (99%, Aldrich) and tert-butyl acrylate
(t-BA, 99%, Aldrich) were dried with CaH,, distilled under a
reduced pressure, and stored in a refrigerator prior to use. CuBr
(98%, Aldrich) was purified according to the procedure de-
scribed in the literature®® and stored in a desiccator. N,N,N',N',
N"-Pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich)
was dried with calcium hydride, distilled under a reduced
pressure, and stored in a desiccator. Tetrahydrofuran (THF)
was distilled from sodium and benzophenone and used imme-
diately. Tetraethoxysilane (98%) and ammonium hydroxide
(25% in water) were purchased from Arcos and used as received.
Chlorodimethylsilane (98%) was purchased from Aldrich and
used as received. The platinum—divinyltetramethyldisiloxane
complex in xylene (2.1—2.4% Pt concentration in xylene) was
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obtained from Gelest, Inc., and used as received. 2-[4-(But-3-
enyl)phenyl]-2-(2',2',6,6'-tetramethyl-1'-piperidinyloxy)ethyl
2-bromo-2-methylpropanoate (Y-initiator) was synthesized ac-
cording to the procedure described in a previous publication.'*
All other chemical reagents were purchased from either Aldrich
or Fisher and used without further purification.

Characterization. Size exclusion chromatography (SEC) was
carried out at ambient temperature using PL-GPC 20 (an inte-
grated GPC system from Polymer Laboratories, Inc.) with a
refractive index detector, one PLgel 5 um guard column (50 x
7.5 mm), and two PLgel 5 um mixed-C columns (each 300 x
7.5 mm, linear range of molecular weight from 200 to 2 000 000
according to Polymer Laboratories, Inc.). The data were pro-
cessed using Cirrus GPC/SEC software (Polymer Laboratories).
THF was used as the carrier solvent at a flow rate of 1.0 mL/min.
Polystyrene standards (Polymer Laboratories) were used for
calibration. The 'H and '>C NMR spectra were recorded on a
Varian Mercury 300 MHz NMR spectrometer, and the residual
solvent proton peak was used as the internal standard. Thermo-
gravimetric analysis (TGA) was performed in air at a heating
rate of 20 °C/min from room temperature to 800 °C using TA
Q-series Q50. The hairy particle samples for TGA were dried at
50 °C in vacuum for at least 5 h.

Synthesis of 1-Phenyl-1-(2',2',6',6'-tetramethyl-1'-piperidiny-
loxy)ethane (STEMPQO). STEMPO, an initiator for nitroxide-
mediated radical polymerization, was synthesized according to
the procedure described in the literature.?! "H NMR (300 MHz,
CDCls) 6 (ppm): 0.63 (s, CH3, 3H), 1.00 (s, CH3, 3H), 1.14 (s, CH3,
3H), 1.27 (s, CH3, 3H), 1.30—1.56 (m, 9H, CH, and CHCH3), 4.75
(q, 1H, CHCH3), and 7.20—7.30 (m, 5H, ArH). '*C NMR
(CDCly) 6 (ppm): 17.20, 20.32, 23.63, 34.10, 40.30, 83.11,
126.58, 126.75, 127.99, and 145.84.

Synthesis of Bare Silica Particles. Ammonium hydroxide
(25% in water, 13.860 g) and tetraethoxysilane (TEOS, 6.964 g)
were dissolved separately in ethanol (each 5 mL). The solutions
were added into a 500 mL flask that contained 190 mL of ethanol
under stirring. The concentrations of NH3, TEOS, and water in
the solution were 0.44, 0.15, and 3.03 M, respectively. The
mixture was stirred vigorously at room temperature for 6 h.
The particles were isolated by centrifugation (Eppendorf 5804
centrifuge, 6000 rpm), redispersed in ethanol, and centrifugated
again. This washing process was repeated with ethanol one more
time, water four times, and ethanol again. Particles were then
dried with a stream of air flow (2.261 g). The average size of
particles was 160 nm, determined by TEM image analysis.

Synthesis of Y-Initiator-Functionalized Silica Particles. 2-[4-(But-
3-enyl)phenyl]-2-(2/,2",6',6'-tetramethyl-1’-piperidinyloxy)ethyl
2-bromo-2-methylpropanoate (Y-initiator, 0.261 g, 0.545 mmol)
was added into a 25 mL two-necked flask and dried at room
temperature in vacuum for 30 min. Chlorodimethylsilane (2.0 mL,
18.4 mmol) was injected via a disposable syringe into the flask
under a N, atmosphere, followed by addition of Pt complex in
xylene (15 uL). The mixture was stirred under a nitrogen atmo-
sphere at room temperature, and the hydrosilylation reaction was
monitored by "H NMR spectroscopy analysis. Once the reaction
was complete, excess chlorodimethylsilane was removed by vacuum
and the product (Y-silane) was used directly in the next step for
the preparation of Y-initiator-functionalized silica particles.

Silica particles (1.081 g) were dried at 110 °C in vacuum
(~30mTorr) for 6—7 h and were dispersed in dry THF (10 mL).
A solution of Y-silane freshly synthesized from 0.261 g of
Y initiator in dry THF (2 mL) was injected into the dispersion
via a syringe. The mixture was stirred at 70 °C under a N,
atmosphere for 49 h. The particles were then isolated by
centrifugation, redispersed in THF, and centrifugated again.
This washing process was repeated four times, followed by
drying with a stream of air flow to yield dry particles (0.853 g).

Synthesis of Poly(zert-butyl acrylate) (PrBA) Brush-Grafted
Silica Particles. Y-initiator-functionalized silica particles (Y -initia-
tor particles, 0.406 g) and anisole (9.888 g) were added into a 50 mL
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two-necked flask. The mixture was ultrasonicated in an ultra-
sonic water bath to form a stable dispersion. CuBr (53.9 mg,
0.374 mmol), tert-butyl acrylate (1BA, 19.37 g, 151.3 mmol), N,N,
N',N',N"-pentamethyldiethylenetriamine (PMDETA, 65.9 mg,
0.380 mmol), and ethyl 2-bromoisobutyrate (EBiB, 48.6 mg,
0.249 mmol) were added into a separate 100 mL three-necked
flask and stirred under a N, atmosphere. The particle dispersion
was then transferred into the three-necked flask via a syringe, and
the reaction mixture was degassed by three freeze—pump—thaw
cycles. The flask was placed in an oil bath with a preset tempera-
ture of 75 °C, and the polymerization was monitored by SEC and
"H NMR spectroscopy analysis. After the reaction proceeded for
38 h, the flask was removed from the oil bath and opened to air.
THF (20 mL) was added into the flask to dilute the mixture. The
particles were separated by centrifugation, and the supernatant
was passed through a column of neutral, activated aluminum
oxide to remove the copper catalyst. The particles were redis-
persed in THF, allowed to stand at ambient conditions for 2 h
(the green precipitate was removed), and centrifugated again.
This washing process was repeated with THF one more time and
chloroform three times, followed by drying the particles with a
stream of air flow, yielding PfBA brush-grafted silica particles
(0.405 g). The M, sgc and polydispersity index (PDI) of the free
PrBA formed from the free initiator in the polymerization were
24.5 kDa and 1.11, respectively, determined from SEC analysis
using polystyrene calibration.

Synthesis of Mixed PtrBA/PS Brush-Grafted Silica Particles.
The PrBA brush-grafted silica particles (0.342 g) were dis-
persed in anisole (18.218 g) in a 50 mL two-necked flask using
an ultrasonic water bath. The particle dispersion was then
transferred into a 100 mL three-necked flask that contained
free NMRP initiator STEMPO (65.4 mg, 0.251 mmol), fol-
lowed by the addition of styrene (26.016 g, 250.2 mmol). The
mixture was degassed by three freeze—pump—thaw cycles. The
flask was then placed in a 120 °C oil bath, and the polymeri-
zation was monitored by '"H NMR spectroscopy and SEC
analysis. Samples were taken from the reaction mixture using a
degassed syringe when the molecular weight of the free poly-
styrene formed from the free initiator reached desired values.
The samples were diluted with THF. The particles were sepa-
rated from the free polymer by centrifugation, redispersed in
THF, and centrifugated again. For each sample, this washing
process was repeated four times to remove the physically
adsorbed polymer. The particles were then dried with a stream
of air flow.

Differential Scanning Calorimetry (DSC) Study of PrBA
Brush- and Mixed PfrBA/PS Brush-Grafted Silica Particles.
DSC analysis of polymer brush-grafted particles was conducted
on a TA Q-1000 DSC instrument that was calibrated with the
sapphire standard. The hairy particles were thermally annealed
at 120 °C in vacuum for 3 h and then cooled to room tempera-
ture. For each sample, approximately 10—15 mg of particles was
used in the analysis. The heating and cooling rates were 10 °C/
min; the second heating thermogram was used to determine the
glass transitions.

Transmission Electron Microscopy (TEM) Study. Chloro-
form, a good solvent for both PrBA and PS, was used to
prepare the particle dispersions. For each sample, about 1 mg
of particles was dispersed in 2 mL of chloroform in a vial by
ultrasonication for 5 min. A drop of the particle dispersion
was cast onto a carbon-coated mica and allowed to dry at
ambient temperature. The sample-loaded carbon films on
mica were floated onto the surface of double-distilled water
in a crystallization dish and picked up with 400-mesh copper
grids. The samples were thermally annealed in vacuum at
120 °C for 3 h and then stained with RuOy4 vapor at room
temperature for 30 min. TEM experiments were performed on
a JEOL 1200EX at an accelerating voltage of 80 kV. The
images were analyzed using the Image Processing Tool Kit 2.5
software (Reindeer, Inc.).
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Figure 1. Thermogravimetric analysis (TGA) of (a) bare particles, (b)
Y-initiator particles, (c) PrBA brush-grafted particles, (d) mixed brush-
grafted particles with PrBA M, sgc of 24.5 kDa and PS M, of 14.8 kDa
(particle 1), (e) mixed brush-grafted particles with PIBA M, sgc of
24.5 kDa and PS M, of 18.7 kDa (particle 2), (f) mixed brush-grafted
particles with PIBA M,, s of 24.5kDa and PS M, of 24.9 kDa (particle 3),
and (g) mixed brush-grafted particles with PIBA M, ggc of 24.5 kDa
and PS M, of 30.4 kDa (particle 4). TGA was performed in air at a heating
rate of 20 °C/min from room temperature to 800 °C.

Results and Discussion

Synthesis of Mixed PrBA/PS Brushes on Silica Particles
with a Fixed PrBA M, and Various PS Molecular Weights.
The Y-initiator-functionalized silica particles were prepared
via a procedure that we reported before using the Y-initiator-
terminated monochlorosilane (Y-silane) and 160 nm bare
silica particles.'” The bare silica particles were synthesized
by the Stober process, which involves the hydrolysis and
condensation of tetraethoxysilane in an ammonia/ethanol
solution and is known to produce silica particles with a
relatively uniform size distribution.?> Thermogravimetric
analysis (TGA) showed that the weight loss of Y-initiator
particles relative to bare silica particles was comparable to
our previous result if the difference at 100 °C between the two
curves was taken into consideration (Figure 1).'*

The Y-initiator particles were then used for preparing
mixed P/BA/PS brush samples. The surface-initiated ATRP
of tert-butyl acrylate from Y-initiator particles was carried
out in anisole at 75 °C using CuBr/PMDETA as catalyst in
the presence of a free initiator, ethyl 2-bromoisobutyrate
(EBiB). We confirmed before that the TEMPO group in the
Y-initiator was stable under this ATRP condition.'” The
addition of a free initiator to the polymerization mixture not
only made it possible to control the surface-initiated poly-
merization by the solution polymerization but also allowed
us to conveniently monitor the polymerization by "H NMR
spectroscopy and SEC analysis. We found that the M, sgc
and PDI of free PrBA were 14.1 kDa and 1.13, respectively,
at polymerization time of 16 h, 19.6 kDa and 1.10, respec-
tively, at 24 h, and 24.5 kDa and 1.11, respectively, at 38 h,
indicating that the reaction was a controlled process. The
polymerization was stopped at the monomer conversion of
31.4%, which corresponded to a degree of polymerization
(DP) of PtBA of 191. The PrBA brush-grafted particles were
isolated by centrifugation and repeatedly washed with THF
and CHCl; to remove the physically adsorbed free polymer.
The M, sgc and PDI of the free P/BA formed from the free
initiator EBiB were 24.5 kDa and 1.11, respectively, deter-
mined by SEC using polystyrene standards. TGA showed
that the weight retention of PrBA brush-grafted silica particles
at 800 °C was 69.5%. We and other researchers confirmed
that the molecular weight and molecular weight distribution
of polymer brushes synthesized by “living”’/controlled radical
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Figure 2. Size exclusion chromatography traces of four polymers
formed from free initiator STEMPO at different polymerization times
in the synthesis of mixed PrBA/PS brush-grafted silica particles by
NMRP of styrene at 120 °C from PrBA brush-grafted particles.

polymerization were essentially identical to those of the free
polymer formed from the free initiator.'**** By using the
average size of bare silica particles, TGA data, and the DP
of free PfBA, and assuming that the density of silica particles
was identical to bulk SiO, (2.07 g/cm?), the grafting density of
P7BA brushes on silica particles was calculated to be 2.8 nm?/
chain or 0.36 chains/nm?. This value was very close to that of
PBA brushes on 180 nm silica particles reported before.'

Mixed PtBA/PS brush-grafted particles were obtained
after the surface-initiated NMRP of styrene from the Pf1BA
brush-grafted particles. Again, a free initiator, 1-phenyl-
1-(2',2',6',6'-tetramethyl-1’-piperidinyloxy)ethane (STEMPO),
was added into the reaction mixture. The polymerization was
carried out at 120 °C and monitored by SEC. Four samples with
different PS molecular weights were taken from the reaction
mixture at different polymerization times. The hairy particles
were isolated by centrifugation and repeatedly washed with
THF. The free polymers were precipitated in methanol and
analyzed by SEC. Note that the C—Br bond at the grafted PrBA
chain end is relatively weak and might participate in the
chain transfer process in the NMRP of styrene. We pre-
viously used tri(n-butyl)tin hydride to remove the bromine
atom from the P/BA chain end;'*" however, it was non-
trivial to completely remove the tin compound, and any tin
residue could interfere with the NMRP of styrene. In the
synthesis of block copolymers from asymmetric difunc-
tional initiators by combining ATRP and NMRP, Tunca
et al. did not remove the bromine atom from the polymer
chain end but used the polymer directly for the preparation
of block copolymers by NMRP,** suggesting that the
possible chain transfer to the Pf/BA chain end in the NMRP
of styrene was negligible. In this work, we synthesized
mixed PzBA/PS brushes by surface-initiated NMRP of
styrene from PsrBA brush-grafted particles without dehalo-
genation.

Figure 2 shows the SEC traces of four polymers taken
at different polymerization times. The M, of PS increased
from 14.8 kDa (PS-1; the corresponding mixed PtBA/PS
brush-grafted particle sample designated as particle 1), to
18.7 kDa (PS-2; the corresponding mixed PrBA/PS brush-
grafted particle sample designated as particle 2), to 24.9 kDa
(PS-3; the corresponding mixed PzBA/PS brush-grafted
particle sample designated as particle 3), and 30.4 kDa
(PS-4; the corresponding mixed P/BA/PS brush-grafted
particle sample designated as particle 4), while the PDI
remained narrow ( < 1.25). From Figure 1, the weight reten-
tion of mixed brush-grafted particles at 800 °C decreased
with the increase of PS M, from 65.3% for particle 1, to
63.1% for particle 2, to 61.1% for particle 3, and 57.7% for
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Figure 3. Amount of the grafted polymers relative to the silica residue
calculated from TGA data versus polystyrene molecular weight.

particle 4. If the residue (silica) at 800 °C is used as reference,
the amount of the polymers grafted on silica particles can be
calculated. Figure 3 shows the relative mass of the grafted
polymers versus the molecular weight of PS; the amount of
the grafted polymers increased with PS M, in a nearly linear
fashion, indicating that the polymerization was controlled.

On the basis of the size of bare silica particles, TGA data,
and PS molecular weight, the grafting density of PS for
each sample was calculated. The results are summarized in
Table 1. The grafting densities of two polymers in these
samples were reasonably close to each other. Calculations
showed that the average distance between grafting sites in
these mixed brushes was 1.2—1.3 nm, indicating that the
polymers were densely grafted. To confirm that the tethered
polymers were in the brush regime, we estimated the radii of
gyration ((Rg)) of free polymers havmg the same molecular
weights in their unperturbed states® and found that they
were more than twice larger than the average distance
between the grafting points (see Table 1). According to the
results from Cheng et al ® when the reduced tethering
density, defined as (mR (where o is the reciprocal of the
cross-sectional area per cham and R, is the radius of gyration
of the free polymer), is greater than 14.3, the grafted polymer
chains are in the highly stretched brush regime. If the reduced
tethering density is between 3.7 and 14.3, the tethered chains
are in the crossover zone between the polymer mushroom
and highly stretched polymer brush regimes. Calculations
show that the reduced total grafting densities of four mixed
PtBA/PS brush samples were >23 (the average of the (Ry)
values of the two polymers in each sample was used in the
calculation), which further confirmed that the grafted poly-
mers in these samples were in the highly stretched brush
regime.

DSC Study of Mixed PrBA/PS Brush-Grafted Silica Par-
ticles with a Fixed PrBA M, and Various PS Molecular
Weights. We previously observed that for microphase-sepa-
rated mixed Pf/BA/PS brushes on silica particles two glass
transitions appeared in the DSC thermogram, while miscible
mixed brushes exhibited only one broad glass transition.'®
This observation evidences that DSC is a powerful means to
determine whether the two grafted polymers in the brush
layer microphase separate or not. Therefore, we performed
DSC analysis of all four mixed brush-grafted particle sam-
ples. For comparison, PrBA brush-grafted particles were
also studied. Prior to the analysis, the particles were ther-
mally annealed at 120 °C in vacuum for 3 h and then cooled
in vacuum to room temperature. The results from DSC
studies are shown in Figure 4. The glass transition of PfBA
homopolymer brushes on silica particles occurred at 45 °C
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Table 1. Molecular Characteristics of Mixed PrBA/PS Brushes
with a Fixed PtBA M,, s of 24.5 kDa and Various PS
Molecular Weights on 160 nm Silica Particles and the
Corresponding Free Polymers®

PS Mn (Da), Ops and Ototal <ers> and
sample PDI, and DP? (chains/nm?)° (Ry) (nm)“
particle 1 14800, 1.24, 142 0.21,0.57 8.0,3.3
particle 2 18700, 1.20, 180 0.26, 0.62 9.0,3.7
particle 3 24900, 1.17, 239 0.27,0.63 10.4,4.2
particle 4 30400, 1.14, 292 0.32,0.68 11.5,4.7

“The M, sgc and PDI of PfBA were 24.5 kDa and 1.11, respectively,
determined by SEC using PS calibration; the degree of polymerization
(DP) of PtBA was 191, calculated by using the monomer conversion and
the monomer-to-initiator ratio; the grafting density of PrBA (op,pa) Was
0.36 chains/nm?, calculated by using the DP of PrBA, TGA data, and the
average size of bare silica particles (160 nm). ® The M,s and the values of
polydispersity index (PDI) of polystyrenes were determined by SEC
using PS standards; the DPs of polystyrenes were calculated from M s.
“The polystyrene grafting density (ops) in each sample was calculated
based on the size of bare particles (160 nm), DP of free polystyrene, and
TGA data along with the assumptions that the particles were spherical
and the silica particle density was 2.07 g/cm®. The total grafting density
Ototal = Opma + Ops. (Rums) and (R,) are root-mean-square end-to-end
distance (nm) and radius of gyration (nm) of polymer chains in an
unperturbed state, respectrvely The values of (R, s were calculated by
using (Rims) = (C.nl?)"?, where C.. is the Flory’s characteristic ratio for
an infinite chain, n the number of C—C bonds in the chain (n = 2DP),
and / the bond length of C—C bond (1.54 A).> The values of (Ry) were
calculated by using (Ry) = ((Rims) 2/6)!%. The value of C.. for PrBA was
not available in the literature. We used the value of C., of PS in the
calculation of the (R value of PfBA. The calculated values of (R, )
and (R,) of PtBA with a DP of 191 in the unperturbed state were 9.3 and
3.8 nm, respectively.

(thermogram 1), which was about 10 °C hrgher than the 7, of
free P/BA with a similar molecular weight,'® consistent w1th
our previous observation. This is believed to be the result of
surface tethering effect. Savin et al. also observed an increase
in the T, of homopolymer brushes grafted on silica nano-
partrcles compared with the corresponding free polymer.>’
All four mixed PrBA/PS brush-grafted particle samples
exhibited two distinct glass transitions with the middle points
being located at ~47 and ~90 °C (thermograms 2, 3, 4, and
5). These two transitions corresponded to the glass transi-
tions of PrBA and PS, respectively, suggesting that the two
grafted polymers phase separated into separate microdo-
mains that consisted of nearly pure polymer species. Since
one end of the polymer chains was fixed via a covalent bond
on the surface of silica particles, the microphase separation
was confined in the brush layer.

A closer examination of thermograms of mixed brush-
grafted particles in Figure 4 revealed that with the increase of
PS molecular weight the magnitude and width of PS glass
transition increased (using the PfBA glass transition as
reference). In particular, the glass transition of PS in particle
4 occurred over a temperature range of 20 °C (thermogram
5), which could be due to the fact that the chain length of PS
(DP = 292) was substantially longer than that of PrBA
(DP = 191). As suggested by simulation studies,’ it is very
likely that the PrBA chains and the inner part of PS chains
undergoes lateral microphase separation in the bottom layer,
while the outer part of PS chains forms a thin layer that
covers the microphase-separated microdomains of PS and
PrBA. The broad glass transition could be the result of
different mobilities of PS segments in the two layers. Inter-
estingly, with the increase of PS M, from 14.8, to 18.7, to
24.9, and 30.4 kDa, the glass transition temperatures of both
polymers shifted to slightly higher values. While the increase
of PtBA T, was quite small (1—2 °C), the middle point of the
PS T, increased noticeably from 88, to 90, to 93, and 94 °C,
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Figure 4. Differential scanning calorimetry (DSC) analysis of (1) PfBA brush-grafted silica particles (PfBA M, spc = 24.5 kDa), (2) particle 1 (PrBA
M, sgc = 24.5kDaand PS M, = 14.8 kDa), (3) particle 2 (PtBA M, sgc = 24.5kDaand PS M,, = 18.7kDa), (4) particle 3 (PtBA M, spc = 24.5kDa
and PS M, = 24.9kDa), and (5) particle 4 (PtBA M,, spc = 24.5kDa and PS M,, = 30.4 kDa). The heating and cooling rates in the DSC analysis were

20 °C/min.

Figure 5. Top-view TEM micrographs of (A) particle 1 (PrBA M, sgc = 24.5kDa, PS M, = 14.8 kDa), (B) particle 2 (PtBA M, sgc = 24.5kDa, PS
M, = 18.7kDa), (C) particle 3 (PtBA M, sgc = 24.5kDa, PS M,, = 24.9kDa), and (D) particle 4 (PrBA M, spc = 24.5kDa, PS M,, = 30.4kDa) after
being cast from CHCls, a nonselective good solvent for both PrBA and PS, and thermally annealed at 120 °C in vacuum for 3 h. The samples were

stained with RuOy vapor.

which might be due to the molecular weight effect on T,. It is
known that the glass transition temperature is higher when
the polymer molecular weight is higher before a plateau value
is reached.?® In summary, for all four mixed brush samples,
two distinct glass transitions were observed from DSC analy-
sis, implying that the two grafted polymers phase separated in
the brush layer.

TEM Study of Mixed PfBA /PS Brushes on Silica Particles
with PrBA M,, sic of 24.5 kDa and PS M, Varying from 14.8
to 30.4 kDa. To prepare samples for the TEM study, the
mixed brush-grafted particles were dispersed in CHCl;, a
nonselective good solvent for both PrBA and PS, and drop-
cast onto carbon films. After the solvent was evaporated, the
samples were thermally annealed at 120 °C in vacuum for 3 h
and then stained with RuO,4 vapor at room temperature for

Scheme 2. Schematic Illustration of Phase Morphologies of Mixed
PtBA/PS Brushes with a Fixed PrfBA Molecular Weight and Varying

PS Molecular Weight
PS
PtBA PtBA PS
(@Mpps<Mipma  (D)Mpps~Mipma () Mpps > My pma

30 min. Figure 5 shows the typical top-view TEM micrographs
of four mixed brush particle samples. Note that RuOy, selec-
tively stains PS chains, making PS and P/BA microdomains
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Figure 6. Equivalent diameter distributions (A) of polystyrene nanodomains in particle 1 (PtBA M, spc = 24.5kDa, PS M,, = 14.8 kDa) and particle
2 (P1BA M, sgc = 24.5 kDa, PS M,, = 18.7 kDa) and cylinder length distribution (B) of PS nanodomains in particle 2 from TEM image analysis.
A Gaussian function was used to fit the statistical data in order to guide eyes.

appear dark and bright, respectively. By quickly looking
through the four TEM images, one can easily find out that
the phase morphology of mixed PfBA/PS brushes grafted on
silica particles changes with the molecular weight of PS. For
particle 1 in which the molecular weight of PS (14.8 kDa) was
substantially smaller than that of PfBA (24.5 kDa), relatively
short PS chains segregated into isolated, nearly spherical micro-
domains (Figure 5A). A distinctive feature of Figure 5A is that
the silica particles were separated from each other by a bright
gap that was filled with “invisible” (i.e., unstained) P/BA chains,
though occasionally dark PS nanodomains were found to
bridge neighboring particles. Thus, it was very likely that PS
microdomains were buried inside the PrBA matrix (Scheme 2a).

The size of PS nanodomains was retrieved from TEM
image analysis using Image Processing Tool Kit 2.5 software.
We were aware that TEM only showed a two-dimensional
projection image of mixed brush features on spherical SiO,
particles. However, restoring the three-dimensional (3D)
image from a 2D image was nontrivial, and we had to ignore
the 3D effect on the actual feature sizes in our image analysis.
To minimize errors, we purposely chose areas in the center
of spherical particles for the analysis of feature size.
The average equivalent diameter of PS microdomains in
Figure 5A was 11.5 nm (Figure 6A). Note that the (R, )
of PS with a molecular weight of 14.8 kDa in the unperturbed
state was 8.0 nm, reasonably comparable to the equivalent
diameter. With the increase of PS molecular weight to
18.7 kDa, the isolated PS nanodomains began to merge into
short cylinders but did not fully connect (Figure 5B), though
the PS chain length (DP = 180) was quite close to that of
PtBA (DP = 191). This is likely because the PS grafting
density (0.26 chains/nm?) is slightly lower than that of PrBA
(0.36 chains/nm?). A calculation shows that the volume ratio
of PtBA to PS is 65:35;* an immiscible diblock copolymer
with such a volume ratio for the two blocks is most likely to
exhibit a cylindrical phase.” The grafted polymer chains
spread out and covered the interstitials of particles. More-
over, some dark domains formed bridges among neighbor-
ing particles. From the edge of the hairy particle shown in the
inset of Figure 5B, both dark and bright nanodomains
appeared to be present at the brush—vacuum interface. Note
that the surface free energies of PrBA and PS are close to each
other.>*3! The average equivalent diameter and cylinder
length of PS microdomains from the image analysis were
14.5 and 26.0 nm, respectively (Figure 6).

For particle 3 in which the PtBA M, spc was 24.5 kDa and
the PS M, was 24.9 kDa (the grafting densities of PrBA and

60
v = Particle-3-PS
50 ® Particle-3-PtBA
A Particle-4-PS
= 40 v Particle-4-PtBA
s
> 30
[0}
]
GCJ 20
o
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o 1o
04
5 10 15 20 25

Domain width (nm)

Figure 7. Width distributions of PS and PrBA microdomains in particle
3 (PtBA M, sgc = 24.5kDa, PS M,, = 24.9 kDa) and particle 4 (Pr1BA
M, sec = 24.5kDa, PS M,, = 30.4kDa) from the TEM image analysis.
A Gaussian function was used to fit the statistical data in order to guide
eyes.

PS were 0.36 and 0.27 chains/nm?, respectively), a nearly
bicontinuous, random wormlike morphology was observed,
which is the same as the phase separated nanostructure of
mixed P/BA/PS brushes with PrfBA M, ggc of 24.2 kDa and
PS M, 0f23.0 kDa on 180 nm silica particles that we reported
before (Scheme 2b)'” and is similar to the results obtained
from computer simulations by Wang and Miiller.” Again,
the grafted polymer chains were highly stretched and spread
out; the interstitials among silica particles were completely
covered by the phase-separated PS and PrBA chains. Some
dark PS and bright PfBA stripes bridged among neighboring
particles. From the image analysis, the widths of PS and
PBA stripes were 14.0 and 12.3 nm, respectively. The
distributions of the widths of PS and P/BA microdomains
are shown in Figure 7. Note that the values of (R, s of the
corresponding free PS and P7BA in the unperturbed states
were 10.4 and 9.3 nm, respectively. Our results again corro-
borate the theoretical prediction that the ripple wavelength is
about twice the (R, of polymers. It should be noted here
that for this sample the DPs of PrBA and PS were not
identical but 191 and 239, respectively. Computer simulation
studies have shown that the bicontinuous “rippled” nano-
structure can tolerate small chain length asymmetries.®’
Figure 5D shows a typical micrograph of particle 4 in
which the PrBA M, sgc (24.5 kDa) was lower than that of PS
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M, (30.4 kDa) and the grafting densities of PfBA and PS
were 0.36 and 0.32 chains/nm?, respectively. Compared with
the image in Figure 5C, a morphology transition can be seen;
bridges that connected the dark PS stripes began to form,
and more bright PfBA domains became isolated. Unlike the
PS nanodomains in Figure 5A, the shape of the PrBA
nanodomains here appeared to be more irregular. An ex-
amination of the interstitials among silica particles and the
edge of the hairy particle (the inset in Figure 5D) suggested
that the isolated P/BA nanodomains were buried in the
continuous PS matrix (Scheme 2c¢), which can be explained
by the fact that the grafting densities of PrBA and PS were
very close to each other and the chain length of PS (DP =
292) was longer by 101 than that of PrBA (DP = 191). This
observation is consistent with the prediction for asymmetric
mixed brushes that at a large chain length asymmetry a two-
layered structure is formed in which the bottom layer is
laterally microphase separated and covered by the longer
polymer species that form the upper layer.” A quantitative
analysis shows that the width of PS domains increased
slightly from 14.0 nm in particle 3 to 16.2 nm for particle 4
(Figure 7), while the width of PrBA nanodomains remained
the same, i.e., 12.3 nm. Thus, our TEM studies evidently
showed that when the PfBA chain length was fixed, the phase
morphology of mixed PtBA/PS brushes changed from the
isolated PS nanodomains in the PrfBA matrix at a relatively
low DP of PS, to bicontinuous wormlike nanostructures at
the PS chain length slightly higher but comparable to that of
PrBA, and to a two-layer structure in which the bottom layer
was laterally phase-separated and covered by a thin PS layer
at the PS M, much higher than that of PrBA. Note that we
cannot rule out the contribution of the slight difference in the
grafting densities of two polymers in the first three samples,
but the morphology evolution appears to be mainly gov-
erned by the chain length disparity.

Conclusions

We synthesized a series of mixed PrBA/PS brushes with a fixed
PiBA M, sgc of 24.5 kDa and the PS M, varying from 14.8, to
18.7, to 24.9, and to 30.4 kDa on 160 nm Y -initiator-functiona-
lized silica particles by combining ATRP and NMRP. Based on
the TGA data, the size of silica particles, and the DPs of free
polymers, the grafting densities of two polymers in these samples
were calculated and found to be comparable to each other.
Two distinct glass transitions, located at ~47 and ~90 °C, were
observed from DSC analysis for all four mixed brush particle
samples, suggesting that the two grafted polymers underwent
microphase separation. TEM studies evidently showed that the
phase morphology of mixed brushes on silica particles evolved
from isolated PS nanodomains in the PrfBA matrix, to bicontin-
uous, random wormlike nanostructures, and to a two-layer
structure in which the bottom layer was laterally phase-separated
and covered by the longer polymer chains with the increase of PS
molecular weight from below to above that of PfBA. This is the
first time that the theoretically predicted morphology evolution
of mixed brushes with the change of chain length disparity
between two grafted polymers was directly observed from
TEM. The results reported in this article could open up new
opportunities in the preparation of novel nanostructured hairy
particles and the applications of mixed homopolymer brushes in
technological uses.
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