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ABSTRACT: A set of high grafting densitymixed poly(tert-butyl acrylate) (PtBA)/polystyrene (PS) brushes
with PtBAnumber-averagemolecular weight (Mn) fixed at 18.6 kDa andPSMn ranging from 8.7 to 28.0 kDa
was synthesized from 172 nm asymmetric difunctional initiator (Y-initiator)-functionalized silica particles by
sequential surface-initiated atom transfer radical polymerization of tert-butyl acrylate and nitroxide-
mediated radical polymerization (NMRP) of styrene. The Y-initiator-functionalized particles were prepared
by the immobilization of a triethoxysilane-terminatedY-initiator onto the surface of bare silica particles via a
hydrolysis/condensation process. The overall grafting densities of the obtained mixed brushes were 0.9-1.2
chains/nm2, which were significantly higher than those of mixed brushes prepared from silica particles that
were surface functionalized by amonochlorosilane-terminatedY-initiator (0.6-0.7 chains/nm2).Differential
scanning calorimetry analysis showed that all high density mixed brushes exhibited two distinct glass
transitions, suggesting that the two grafted polymers were microphase separated in the brush layer. TEM
showed that with the increase of PSMn from 8.7 to 28.0 kDa the morphology of the mixed brushes changed
frommostly isolated PS nanodomains buried in the PtBAmatrix to a nearly cocontinuous nanostructure and
two-layered nanostructures composed of a laterally microphase-separated bottom layer and a thin PS top
layer. These morphologies were similar to the asymmetric mixed brushes with grafting densities of 0.6-0.7
chains/nm2. However, the feature sizes of the patterns formed from the microphase separation were much
smaller. The observed grafting density effect on the pattern feature size was further confirmed from the study
of a high grafting density mixed brush sample with PtBA Mn of 23.7 kDa and PS Mn of 25.7 kDa.

Introduction

Mixed brushes, composed of two chemically distinct homo-
polymers each end-grafted on a solid substrate in a random or
alternating fashion, are an intriguing class of surface-responsive
materials.1-4Driven by free energyminimization, the two grafted
polymers in the brush layer can undergo spontaneous chain
reorganization in response to environmental variations. Conse-
quently, mixed brushes exhibit different nanostructures and
surface properties under different conditions. These brushes have
attracted tremendous interest in the past two decades because of
their rich phase behavior and potential in technological applica-
tions; their responsive properties have been intensively investi-
gated both theoretically and experimentally.1-10

Marko andWitten predicted that under equilibriummelt con-
ditions binary symmetric mixed homopolymer brushes on a flat
substrate would undergo lateral microphase separation, yielding
a “rippled”nanostructure.1aThey pointed out that the transitions
between different ordered states could be achieved by altering
the component compositions and molecular weights. After this
seminal work, the lateral microphase separation of symmetric
mixed brushes under melt or near-melt conditions and in non-
selective solvents were also observed in other theoretical and sim-
ulation studies.1c,d,3-6Moreover, the effects of various molecular

parameters on the phase morphology of mixed brushes were
investigated, and many interesting nanostructures have been
predicted.

Of particular interest to the present work are the effects of
chain length disparity and grafting density on the self-assembled
nanostructures of mixed brushes.3,4a,5,6 The effect of chain length
disparity on phase morphology of mixed brushes has been
theoretically investigated.5,6 Using computer simulations, Roan
studied the microphase separation of mixed brushes on spherical
nanoparticles with a radius comparable to the ÆRrmsæ values of
grafted polymers and observed a variety of ordered nano-
structures.5 For instance, the equilibrium morphology evolves
from a rippled, to a 12-islanded, and then a layered structure with
the increase of chain length difference under the condition that
the grafting densities of two polymers are identical. Wang and
M€uller recently used single-chain-in-mean-field simulation to
investigate the phase behavior of asymmetric mixed brushes
on flat substrates.6 At a large chain length asymmetry, mixed
brushes were found to self-assemble into a two-layered nano-
structure in a nearly nonselective solvent: a laterally structured
bottom layer and a top layer containing only the longer polymer
species.6 The effect of grafting density on microphase separation
of mixed brushes has also been studied theoretically. In general,
decreasing the grafting density leads to the weakening of the
demixing interactions between two grafted polymers in the brush*Corresponding author. E-mail: zhao@ion.chem.utk.edu.
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layer.3 In the limit where the two polymers are highly incompa-
tible and their grafting densities are high, Zhulina and Balazs
found, by scaling arguments, that in nonselective poor solvents
the periodicity of the ripple pattern scales with the one-sixth
power of the area per chain;3 i.e., the ripple wavelength decreases
with increasing grafting density.

There have been a few experimental studies on asymmetric
mixed brushes on flat substrates.8c,9d Minko et al. prepared a
series of asymmetric mixed brushes by a “grafting to” method
and investigated them by atomic force microscopy (AFM) and
contact angle measurements.8c For a small chain length asym-
metry, the brushes were found to exhibit lateral and vertical
segregation, depending on the solvent quality. With the increase
ofmolecularweight asymmetry, a transition froma “rippled” to a
layered structure was observed.We previously synthesizedmixed
brushes with various chain length asymmetries from asymmetric
difunctional initiator (Y-initiator)-functionalized silicon wafers
by sequential surface-initiated atom transfer radical polymeri-
zation (ATRP) and nitroxide-mediated radical polymerization
(NMRP) and studied their responsive properties upon exposure
to different solvents byAFM,X-ray photoelectron spectroscopy,
and contact angle measurements.9d Although interesting results
have been obtained from these studies, the phasemorphologies of
asymmetric mixed brushes had not been directly visualized in
these two works.

Transmission electron microscopy (TEM) allows for direct
observation of phase morphologies of mixed brushes, provided
that the samples are suitable for TEM experiments and are pro-
perly stained, if needed.11,12 We recently reported the synthe-
sis of a series of asymmetric mixed poly(tert-butyl acrylate)
(PtBA)/polystyrene (PS) brushes by sequential ATRP of tBA
and NMRP of styrene from 160 nm silica particles that were
functionalized by a monochlorosilane-terminated Y-initiator.13

The total grafting densities (σtotal) of these mixed brushes were
0.6-0.7 chains/nm2 (these brushes are termed intermediate
grafting density mixed brushes, IDMB). With the increase of
PSMn from below to above theMn of PtBA, the morphology of
mixed brushes evolved from isolated, nearly spherical PS nano-
domains buried inside the PtBAmatrix, to short PS cylinders, to
nearly bicontinuous nanostructures, and a two-layered nano-
structure composed of a laterally microphase-separated bottom
layer and a thin PS top layer.

Although mixed brushes were intensively studied in recent
years, few experimental investigations were directed to the effect
of grafting density on phasemorphology ofmixed brushes. In the
present work, we prepared a set of high grafting density asym-
metricmixed PtBA/PS brushes (HDMB, σtotal= 0.9-1.2 chains/
nm2) and studied their phase behavior byusing differential scann-
ing calorimetry (DSC) and TEM. A triethoxysilane-terminated
Y-initiator was synthesized and immobilized onto silica particles
via a hydrolysis/condensation process (Scheme 1). This initia-
tor immobilization method was first used by Ohno et al. for the

synthesis of high grafting density homopolymer brushes on silica
particles (σ = 0.65-0.9 chains/nm2).14 PtBA brushes were then
grown first from Y-initiator particles by surface-initiated ATRP
of tBA at 75 �C, followed by NMRP of styrene at 120 �C. The
“living” nature15 of NMRP allows for the synthesis of mixed
brushes with various PS molecular weights in a one-pot reaction
(Scheme 1). Their morphologies were compared with intermedi-
ate densitymixed PtBA/PS brushesmade frommonochlorosilane-
functionalized silica particles. We found that the feature sizes of
the patterns formed from self-assembly of HDMB were signifi-
cantly smaller than those from IDMB.

Results and Discussion

Synthesis of High Grafting Density Asymmetric Mixed
PtBA/PS Brushes on Silica Particles. We used a procedure
similar to that reported by Ohno et al.14 to immobilize a
triethoxysilane-containing Y-initiator (Scheme 1) onto bare
silica particles.16 The key to this method is the ammonia-
catalyzed hydrolysis and condensation of the Y-initiator-
terminated triethoxysilane on the surface of bare silica
particles in ethanol, yielding a high density initiator layer.
The results from Ohno et al. suggested that this method pro-
duced a uniform initiator layer on the surface of silica parti-
cles.14 The bare silica particles were synthesized by the St€ober
process, which is known to produce silica particles with a
relatively uniform size distribution.17 The triethoxysilane-
containingY-initiator was prepared by a platinum-catalyzed
hydrosilylation reactionof 2-[4-(but-3-enyl)phenyl]-2-(20,20,60,60-
tetramethyl-10-piperidinyloxy)ethyl 2-bromo-2-methylpro-
panoate (the Y-silane precursor) with triethoxysilane (HSi-
(OC2H5)3). After the immobilization reaction proceeded at
40 �C for 18 h, the particles were isolated by centrifugation
and repeatedly washed with THF. The average diameter
of the Y-initiator-functionalized silica particles (Y-initiator
particles) was 172 nm, measured from TEM micrographs.
Thermogravimetric analysis (TGA) showed that the weight
loss ofY-initiator particles relative to bare silica particleswas
4.4%when the weight retention difference at 100 �Cbetween
the two curves was taken into consideration (Figure 1).

The Y-initiator particles were then used for preparing
mixed PtBA/PS brushes. PtBA was grown first by surface-
initiated ATRP of t-butyl acrylate carried out in anisole at
75 �C using CuBr/N,N,N0,N0,N00-pentamethyldiethylenetri-
amine (PMDETA) as catalyst and ethyl 2-bromoisobutyrate
(EBiB) as free initiator. TheTEMPOgroup in theY-initiator
was previously confirmed to be stable under this ATRP
condition.9,18 The polymerization was stopped when the
molecular weight of the free PtBA reached 18.6 kDa, deter-
mined by size exclusion chromatography (SEC). The poly-
dispersity index (PDI) of this free polymer was 1.09, sug-
gesting that the polymerization was controlled. The average

Scheme 1. Schematic Illustration for the Synthesis of High Grafting Density Mixed PtBA/PS Brushes with a Fixed PtBA Mn and Various
PS Molecular Weights by Sequential Atom Transfer Radical Polymerization (ATRP) and Nitroxide-Mediated Radical Polymerization (NMRP)

from Y-Initiator-Functionalized Silica Particles



Article Macromolecules, Vol. 43, No. 19, 2010 8211

degree of polymerization (DP) of the free polymer was 143,
which was calculated from the monomer conversion, deter-
mined by 1H NMR spectroscopy analysis, and the initial
monomer-to-initiator ratio. It has been established that
the molecular weight and molecular weight distribution of
polymer brushes synthesized by surface-initiated “living”/
controlled radical polymerization, including high density
homopolymer brushes (with grafting density of 0.65-0.90
chains/nm2),14 are essentially identical to those of the free
polymer formed from the free initiator.9f,14,19 TGA showed
that the weight retention of PtBA brush-grafted particles at
∼800 �C was 69.2% (Figure 1). By using the average size of
Y-initiator particles (172 nm), TGA data, and the DP of the
free PtBA, and assuming that the density of silica particles
was identical to bulk SiO2 (2.07 g/cm

3),9f the grafting density
of PtBA brushes on silica particles was calculated to be 0.63
chains/nm2. This value was comparable to those of high
density homopolymer brushes (σ = 0.65-0.90 chains/nm2)
on silica particles reported by Ohno et al.14 and was signifi-
cantly higher than that of PtBAbrushes thatwere grown from
monochlorosilane-terminatedY-initiator-functionalized silica
particles (σ = 0.36 chains/nm2).13

By taking advantage of the “living” nature ofNMRP, a set
of mixed PtBA/PS brush-grafted particle samples with PS
molecular weights ranging from below to above the PtBA
Mn were synthesized from PtBA brush-grafted particles in a
one-pot reaction via surface-initiatedNMRPof styrene. The
polymerization was carried out in anisole at 120 �C, and a free
initiator, 1-phenyl-1-(20,20,60,60-tetramethyl-10-piperidinyloxy)-
ethane (STEMPO), was added into the reaction mixture to
facilitate the control of surface-initiated polymerization.
Five mixed brush samples with the same PtBA Mn but dif-
ferent PS molecular weights were obtained at different
polymerization times. The particles were isolated by centri-
fugation and repeatedly washed with THF. The free poly-
mers were purified and analyzed by SEC.

SEC analysis of five free polymers showed that the molec-
ular weight of PS increased smoothly with the increase of
reaction time, while the PDI gradually decreased,20 indicat-
ing that the polymerization was controlled. Specifically, the
Mn of PS increased from 8.7 kDa (the corresponding hairy

particles designated as particle I-1), to 13.4 kDa (the particles
designated as particle I-2), to 19.4 kDa (the particles desig-
nated as particle I-3), to 25.3 kDa (the particles designated as
particle I-4), and 28.0 kDa (the particles designated as par-
ticle I-5). Note that by cleaving the grafted polymers off silica
particles and hydrolyzing the ester bond in the Y-initiator,
we previously confirmed from SEC and 1H NMR studies
that the molecular weight and molecular weight distribution
of the grafted PS were identical to those of the free PS.9f

Considering this experimental observation and the afore-
mentioned result for high density homopolymer brushes
from Ohno et al.,14 it is reasonable to assume that the values
ofMn andPDIof the graftedPS in current asymmetricmixed
brush samples are also the same as those of the free PS,
though the grafting densities are higher. From Figure 1, the
weight retention of mixed brush-grafted particles at 800 �C
decreased with the increase of PS Mn, from 65.2% for
particle I-1, to 63.7% for particle I-2, to 59.5% for particle
I-3, 54.6% for particle I-4, and 53.0% for particle I-5. Using
the silica residue at 800 �C as reference and taking into
consideration the difference in weight retention at 100 �C
between hairy particles and Y-initiator particles, we calcu-
lated the relative amount of the grafted polymers on silica
particles in each sample and plotted it again the PSmolecular
weight (Figure 2). The amount of the grafted polymers
increased with PSMn; however, the increase was slow in the
beginning of the polymerization. This seemed to be inherent
to the TEMPO-mediated radical polymerization, as we pre-
viously also observed a slow period in the study of the
kinetics of NMRP.9f

On the basis of the average size of Y-initiator particles
(172 nm), theTGAdata inFigure 1, and the PSMn, we calcu-
lated the grafting density of PS in each sample. The results
are summarized inTable 1. The total grafting densities of two
polymers (σtotal = σPtBA þ σPS) in these samples were in the
range of 0.9-1.2 chains/nm2. Except for the first two samples
(particles I-1 and I-2), the grafting densities of two polymers
were reasonably close to each other. The lower PS grafting
densities of particles I-1 and I-2 could be the result of the slow
reaction period in the early stage of the polymerization.9f

Calculations showed that the average distance between
grafting sites in these mixed brush samples was 0.91-1.06
nm, indicating that the polymers were densely grafted and
highly stretched. For comparison, we include in Table 1 four
intermediate density mixed PtBA/PS brush samples with
total grafting densities of 0.6-0.7 chains/nm2 (particles
II-1 to II-4). These IDMB samples were synthesized from
160 nm silica particles that were functionalized by a mono-
chlorosilane-terminated Y-initiator. The detailed synthesis

Figure 2. Amount of the grafted polymers in mixed PtBA/PS brush-
grafted silica particles relative to the silica residue at 800 �C, calculated
from TGA data, versus PS molecular weight.

Figure 1. Thermogravimetric analysis (TGA) of (a) bare silica parti-
cles, (b) Y-initiator particles, (c) PtBA brush-grafted particles with
PtBAMn of 18.6 kDa, (d) mixed brush-grafted particles with PtBAMn

of 18.6 kDa andPSMn of 8.7 kDa (particle I-1), (e)mixed brush-grafted
particles with PtBA Mn of 18.6 kDa and PS Mn of 13.4 kDa (particle
I-2), (f)mixedbrush-grafted particleswith PtBAMn of 18.6 kDa andPS
Mn of 19.4 kDa (particle I-3), (g) mixed brush-grafted particles with
PtBA Mn of 18.6 kDa and PS Mn of 25.3 kDa (particle I-4), and
(h)mixed brush-grafted particles with PtBAMn of 18.6 kDa andPSMn

of 28.0 kDa (particle I-5). TGAwas performed in air at a heating rate of
20 �C/min from room temperature to 800 �C.
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and characterization can be found in a previous publica-
tion.13 Clearly, the total grafting densities of mixed brushes
in the particle I series were substantially higher than those in
the particle II series. At a similar ratio ofDPPS toDPPtBA, the
σtotal for a sample in the particle I series was 1.5-1.8 times
that for the corresponding sample in the particle II series.

DSC Study of High Density Mixed PtBA/PS Brush-
Grafted Silica Particles. DSC has been widely used to study
the phase behavior of multicomponent polymeric systems.
We previously observed that there were two distinct glass
transitions in the DSC thermogram for the microphase-
separated mixed brushes on silica particles, while miscible
mixed brushes exhibited only one broad glass transition,11

suggesting that DSC can be used to determine whether the
two grafted polymers in the mixed brush layer are micro-
phase separated or not. Figure 3 shows the DSC thermo-
grams of five HDMB samples along with the corresponding
high density PtBA hairy particles. All particles were ther-
mally annealed at 120 �C in vacuum for 3 h prior to the DSC
analysis. For PtBA hairy particles, the glass transition
occurred in the temperature range of 33-51 �C with the
middle point at 44 �C (thermogram 1), which was essentially
the same as that of PtBA brushes grafted on 180 nm silica
particles with PtBA Mn of 24.2 kDa and grafting density of
0.40 chains/nm2 and was 10 �C higher than that of a free
PtBA with Mn of 24.2 kDa.11 This is believed to be caused
by the surface tethering effect as discussed by Savin et al.22

All five mixed brush samples exhibited two glass transitions
with the middle points at 47-51 and 79-94 �C, which corre-
sponded to the glass transitions of PtBA and PS, respec-
tively, indicating that the two grafted polymers were micro-
phase separated in the brush layer. Note that the PS glass
transition of particle I-1was quite weak, but still discernible.

By carefully examining theDSC thermograms in Figure 3,
we can find three trends for the two glass transitions. First,
with the increase of PS molecular weight from 8.7 to 28.0
kDa, theTg of PS increased from79 �C (particle I-1), to 84 �C
(particle I-2), to 90 �C (particle I-3), to 93 �C (particle I-4),
and 94 �C (particle I-5). This increase is believed to bemainly
due to the molecular weight effect on Tg.

13,21 It has been
reported in the literature that the enhancement of Tg of
polymer brushes caused by end grafting becomes smaller
with the increase of polymer chain length.22 Second, theTg of

PtBA also increased slightly with the increase of PS chain
length, from 44 �C for homopolymer PtBA brushes, to 47 �C
(particle I-1), to 49 �C (particles I-2 and I-3), and 51 �C
(particles I-4 and I-5). This is likely due to the confining effect
of PS, a higher Tg polymer, on PtBA nanodomains. Third,
the temperature range of the PtBA glass transition (16 �C) in
particle I-1 was similar to that of PtBA homopolymer
brushes on silica particles (18 �C), while the transition zone
became increasingly narrower with the increase of PS mo-
lecular weight from 13.4 to 28.0 kDa (Table 2). The tem-
perature ranges of the PtBA glass transition for particles I-1
to I-5 were ∼16, 14, 14, 12, and 6 �C, respectively. On the
other hand, the PS transition zone became increasingly
wider, from 10 and 8 �C for particles I-1 and I-2, respectively,
to 18 �C for particle I-3 and 24 �C for particles I-4 and I-5.
The glass transition ranges are related to the segmental
mobilities of polymer chains; the variations observed in
Figure 3 could result from the different nanostructures
formed frommicrophase separation of two grafted polymers
in the brush layer. For a large chain length disparity, as
suggested by theoretical and simulation studies5,6 and con-
firmed in our previous experimental work,13 a two-layered
nanostructure was formed, composed of a laterally micro-
phase separated bottom layer and a thin top layer of the
longer species. The longer polymer species thus had different
segmental mobilities in the bottom and outer layers and
consequently exhibited a broad glass transition. On the other
hand, the chains of another polymer were completely
wrapped by the longer species, which manifested in a nar-
rower glass transition zone. Evidently, this is the case for
particle I-1 in which DPPS/DPPtBA was 0.59 and for particles
I-3 to I-5 in which the ratios of DPPS to DPPtBA were 1.31,
1.70, and 1.88, respectively. Particle I-2was in between these
extremes (DPPS/DPPtBA = 0.90), and the two grafted poly-
merswere likely to self-assemble into a “rippled”morphology.

Phase Morphologies of High Grafting Density Asymmetric
Mixed PtBA/PS Brushes on Silica Particles. For TEM study
of phase morphologies of mixed PtBA/PS brushes, the
particles were dispersed in CHCl3, a good solvent for both
PtBAandPS, drop-cast onto carbon-coated TEMgrids, and
then annealed with CHCl3 vapor in a closed jar for at least
3 h.The sampleswere stainedwithRuO4 at room temperature
for 20 min and then examined under a transmission electron

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

sample
PS Mn (kDa),
PDI, DPb DPPS/DPPtBA

c
σPS and σtotal
(chains/nm2)d ÆRrmsæ (nm)e

typical PS domain width
and periodicity (nm)h

particle I-1a 8.7, 1.28, 84 0.59 0.26, 0.89 6.2 8, NA
particle I-2a 13.4, 1.19, 129 0.90 0.33, 0.96 7.6 8, 12
particle I-3a 19.4, 1.14, 187 1.31 0.43, 1.06 9.2 8, 12
particle I-4a 25.3, 1.13, 243 1.70 0.56, 1.19 10.5 7, 11
particle I-5a 28.0, 1.11, 269 1.88 0.58, 1.21 11.0 6, 11
particle II-1 f 14.8, 1.24, 142 0.74 0.21, 0.57 8.0 13, NA
particle II-2 f 18.7, 1.20, 180 0.94 0.26, 0.62 9.0 13, NA
particle II-3 f 24.9, 1.17, 239 1.25 0.27, 0.63 10.4 15, 20
particle II-4 f 30.4, 1.14, 292 1.53 0.32, 0.68 11.5 17, 22
particle III-1g 25.7, 1.14, 247 1.31 0.51, 0.99 10.5 8, 13

aParticles I-1 to I-5 were prepared from PtBA brush-grafted silica particles with PtBAMn of 18.6 kDa and PDI of 1.09; DPPtBA= 143; the grafting
density of PtBA (σPtBA) was 0.63 chains/nm2. bThe values of Mn and polydispersity index (PDI) of PS were determined by SEC; the DPs of PS were
calculated from Mns.

cThe ratio of DPs of two polymers. dThe PS grafting density (σPS) in each sample was calculated using the size of Y-initiator
particles, DPPS, and TGA data. The total grafting density σtotal = σPtBA þ σPS.

e ÆRrmsæ is root-mean-square end-to-end distance of polymer chains in
the unperturbed state. The values of ÆRrmsæwere calculated using ÆRrmsæ= (C¥nl

2)1/2, whereC¥ is the Flory’s characteristic ratio for an infinite chain, n
the number of C-C bonds in the chain (n = 2DP), and l the bond length of C-C bond (1.54 Å).21 The value of C¥ for PtBA was not available in the
literature.We used the value ofC¥ (9.5) of PS to estimate the ÆRrmsæ of PtBA. The ÆRrmsæs of PtBAwithDPs of 143, 189, and 191 in the unperturbed state
are 8.0, 9.2, and 9.2 nm, respectively. fParticles II-1 to II-4were prepared from PtBA brush-grafted silica particles with PtBAMn of 24.5 kDa and PDI
of 1.11, which were prepared from 160 nm monochlorosilane-terminated Y-initiator-functionalized silica particles.13 DPPtBA = 191. The σPtBA was
0.36 chains/nm2. gParticle III-1was prepared fromPtBAbrush-grafted silica particles with PtBAMn of 23.7 kDa and PDI of 1.09;16 theDPPtBAwas 189
and the σPtBA was 0.48 chains/nm2. hThe width of a typical PS nanodomain and the ripple wavelength were estimated from TEM micrographs.
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microscope. Note that RuO4 stains PS chains, making PS
and PtBA nanodomains appear dark and bright, respec-
tively, under the electron microscope.11-13 Without RuO4

staining, the nanostructures formed from microphase sepa-
ration of mixed PtBA/PS brushes cannot be seen.11 Figure 4

shows the typical top-viewTEMmicrographs of fiveHDMB
samples (particles I-1 to I-5).23 For comparison, the repre-
sentative TEM images of particles II-1 to II-4 are presented
in Figure 5 (the TEM samples of particles II-1 to II-4 were
prepared using the same procedure for HDMB samples).23

Figure 3. Differential scanning calorimetry (DSC) analysis of (1) PtBA brush-grafted silica particles (PtBA Mn = 18.6 kDa), (2) particle I-1 (PtBA
Mn= 18.6 kDa and PSMn= 8.7 kDa), (3) particle I-2 (PtBAMn= 18.6 kDa and PSMn= 13.4 kDa), (4) particle I-3 (PtBAMn= 18.6 kDa and PS
Mn= 19.4 kDa), (5) particle I-4 (PtBAMn= 18.6 kDa and PSMn= 25.3 kDa), and (6) particle I-5 (PtBAMn= 18.6 kDa and PSMn= 28.0 kDa).
The heating and cooling rates in the DSC analysis were 10 �C/min.

Table 2. Glass Transitions of High Grafting Density Homopolymer PtBA Brushes and High Grafting Density Mixed PtBA/PS
Brushes on Silica Particles

sample DPPS/DPPtBA
b Tg,PtBA (�C)c

temp range of PtBA
glass transition (�C)c Tg,PS (�C)c

temp range of PS
glass transition (�C)c

PtBA particlesa 0 44 33-51 NA NA
particle I-1 0.59 47 38-54 79 74-84
particle I-2 0.90 49 41-55 84 80-88
particle I-3 1.31 49 42-56 90 81-99
particle I-4 1.70 51 45-57 93 81-105
particle I-5 1.88 51 48-54 94 82-106

aPtBA brush-grafted silica particles with PtBA Mn of 18.6 kDa; the grafting density of PtBA (σPtBA) = 0.63 chains/nm2. bThe ratio of degree of
polymerization (DP) of PS to that of PtBA. cThe glass transition temperature (Tg) and the temperature range of glass transition were estimated from
DSC thermograms in Figure 3. There could be an error of (1 �C.
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Clearly, all high grafting density mixed brushes were micro-
phase separated, consistent with the DSC results. Moreover,
the morphology varied with the increase of the PS molecular
weight. By comparing the TEM micrographs in Figures 4
and 5, one can easily find out that the grafting density has a
significant effect on the self-assembled nanostructures of
mixed brushes, particularly, the feature size. For particle
I-1 in which the PSMn (8.7 kDa) was significantly lower than
that of PtBA (18.6 kDa,DPPS/DPPtBA=0.59), the PS chains
self-assembled into irregular, mostly isolated nanodomains
with a typical width of around 8 nm (the nanodomain pointed
by arrows in Figure 4A and its inset; see the illustrated
nanostructure in Scheme 2a). This is similar to the morphology
of particle II-1 (PS Mn = 14.8 kDa; DPPS/DPPtBA = 0.74)
where PS segregated into isolated nanodomains with a typical
width of 13 nm (the nanodomain pointed by arrows in
Figure 5A and its inset). Different from Figure 5A, the dark
PS nanodomains in particle I-1 were denser and smaller. The
smaller size is believed to mainly result from the higher overall
graftingdensity (σtotal=0.89 chains/nm2 inparticle I-1and0.57
chains/nm2 in particle II-1), though the difference in PS molec-
ular weight may also contribute. Note that the root-mean-
square end-to-end distances ÆRrmsæ of PS withmolecular weight
of 8.7 and 14.8 kDa in the unperturbed state are 6.2 and 8.0 nm
(Table 1), respectively.ThePS inparticle II-2was slightly longer
than that in particle II-1; short cylinders with a typical width of
13 nm were observed (the nanodomain pointed by arrows in
Figure 5B and its inset).

For particle I-2 in which the chain lengths of two polymers
were very close to each other (DPPtBA = 143 and DPPS =
129), the two grafted polymers underwent lateralmicrophase
separation, producing a “rippled” nanostructure (Figure 4B),
though there was a difference in the grafting densities of two
polymers (σPtBA=0.63 chains/nm2; σPS=0.33 chains/nm2).
Note that simulation studies have suggested that the cocon-
tinuous “rippled” morphology can tolerate small chain
length and grafting density asymmetries.5,6 The polymer
chains spread out and covered the interstitial space among
neighboring particles. Interestingly, the dark and bright
stripes fromone particle were connected to those fromneigh-
boring particles, forming alternating bridging nanodomains
(marked by an arrow in Figure 4B). No dark or bright thin
layer was observed at the boundary of neighboring hairy
particles, suggesting that the nanostructure was simply a
“rippled” phase with no thin layer of a pure species on the top
(Scheme 2B). This is consistent with the DSC result for this
sample, where relatively narrow glass transitions were observed
for both grafted polymers. The width of a typical PS stripe and
the ripple wavelength (pointed by the arrows in Figure 4B and
its inset) on the particles were estimated to be 8 and 12 nm,
respectively. This sample resembles particle II-3 in which the
twograftedpolymers self-assembled intoa“rippled”nanostruc-
ture (Figure 5C). However, the feature size of particle II-3 is
significantly larger with the PS stripe width of 15 nm and the
ripplewavelength of 20 nm (the PS and PtBAstripes pointed by
the arrows in Figure 5C and its inset).

Figure 4. Top-view bright field TEMmicrographs of (A) particle I-1 (PtBAMn= 18.6 kDa, σPtBA= 0.63 chains/nm2; PSMn= 8.7 kDa, σPS= 0.26
chains/nm2; DPPS/DPPtBA = 0.59), (B) particle I-2 (PtBA Mn = 18.6 kDa, σPtBA = 0.63 chains/nm2; PS Mn = 13.4 kDa, σPS = 0.33 chains/nm2;
DPPS/DPPtBA=0.90), (C) particle I-3 (PtBAMn=18.6 kDa, σPtBA=0.63 chains/nm2; PSMn=19.4 kDa, σPS= 0.43 chains/nm2;DPPS/DPPtBA=
1.31), (D) particle I-4 (PtBAMn = 18.6 kDa, σPtBA = 0.63 chains/nm2; PSMn = 25.3 kDa, σPS = 0.56 chains/nm2; DPPS/DPPtBA = 1.70), and (E)
particle I-5 (PtBAMn=18.6 kDa, σPtBA=0.63 chains/nm2; PSMn=28.0 kDa,σPS=0.58 chains/nm2;DPPS/DPPtBA=1.88) after being cast froma
CHCl3 dispersionandannealedwithCHCl3 vapor (CHCl3 is a good solvent for bothPtBAandPS).The sampleswere stainedwithRuO4vapor at room
temperature for 20 min. The inset in each TEM micrograph shows the enlarged area marked by the long white arrow.
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For particle I-3 inwhich the chain length of PS (DP=187)
was slightly longer than that of PtBA (DP = 143) and
the grafting densities of two polymers were comparable
(σPtBA = 0.63 chains/nm2; σPS = 0.43 chains/nm2), the
morphology (Figure 4C) is quite similar to that of particle
I-2 (Figure 4B), but there is a difference. A dark layer
appeared in the interstitial area between the particles and

each particle was surrounded by a nearly continuous “ring”
of such a dark layer (marked by a short arrow in Figure 4C).
This suggests that the two grafted polymers microphase
separated into a two-layered nanostructure in which the
bottom layer was laterally microphase separated and cov-
ered by a thin PS top layer because the PS chainswere slightly
longer than that of PtBA (Scheme 2c). The typical width of
dark PS nanodomains and the typical periodicity in the bot-
tom layer, pointed by the long arrows, were 8 and 12 nm,
respectively, which were significantly smaller than those
of particle II-3 (15 and 20 nm, respectively). Note that the
ÆRrmsæ of PS withMn of 19.4 kDa in the unperturbed state is
9.2 nm (Table 1), only slightly smaller than that of PS with
Mn of 24.9 kDa (10.4 nm), which cannot explain the ob-
served much smaller feature size. The higher overall grafting
density appears to be responsible for the observation. From
Figure 4C, the PS and PtBA nanodomains that were under-
neath the thin PS layer appeared to be mostly cylindrical.
Note that the ratios of DPPS to DPPtBA and σPS to σPtBA in

Figure 5. Top-viewbright fieldTEMmicrographs of (A) particle II-1 (PtBAMn=24.5 kDa,σPtBA=0.36 chains/nm2; PSMn=14.8 kDa,σPS=0.21
chains/nm2; DPPS/DPPtBA = 0.74), (B) particle II-2 (PtBAMn = 24.5 kDa, σPtBA = 0.36 chains/nm2; PSMn = 18.7 kDa, σPS = 0.26 chains/nm2;
DPPS/DPPtBA=0.94), (C) particle II-3 (PtBAMn=24.5 kDa, σPtBA=0.36 chains/nm2; PSMn=24.9 kDa,σPS=0.27 chains/nm2;DPPS/DPPtBA=
1.25), and (D) particle II-4 (PtBAMn= 24.5 kDa, σPtBA= 0.36 chains/nm2; PSMn= 30.4 kDa, σPS= 0.32 chains/nm2; DPPS/DPPtBA= 1.53) after
being cast from a CHCl3 dispersion and annealed with CHCl3 vapor (CHCl3 is a good solvent for both PtBA and PS). The samples were stained with
RuO4 vapor at room temperature for 20 min. The inset in each TEM micrograph shows the enlarged area marked by the white arrow.

Scheme 2. Schematic Illustration of Microphase Separation of High
Density Mixed PtBA/PS Brushes with PtBA Mn (a) Higher Than, (b)

Comparable to, and (c) Lower Than That of PS Mn
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particle II-3were almost the same as those in particle I-3, but
dark rings in Figure 5C were not as visible and defined as in
Figure 4C. We speculate that at lower grafting densities the
PS nanodomains formed from lateral microphase separation
can accommodate more PS segments, while at higher graft-
ing densities the polymer chains aremore stretched, resulting
in the formation of a thin PS top layer. The distribution of
PS segments in two layers is presumably the origin of the
broader PS glass transition of particle I-3 compared with
those of particles I-1 and I-2 (Figure 3).

For particles I-4 and I-5 where the grafting densities of
two polymers were very close to one another and the PS
chain length was significantly longer than that of PtBA, two-
layered nanostructures were formed as in particle I-3 and
composed of a microphase-separated bottom layer and a
dark PS top layer. The dark rings became thicker with the
increase of PS molecular weight (Figure 4D,E). Moreover,
compared with the bottom layer in particle I-3, the PtBA
nanodomains became increasingly isolated. The typical
width of PS nanodomains and the periodicity were 7 and
11 nm, respectively, in particle I-4 and 6 and 11 nm,
respectively, in particle I-5 (marked by long arrows). These
values are significantly smaller than those observed in par-
ticle II-4 (17 and 22 nm, respectively). Note that the ratios of
DPPS toDPPtBA and σPS to σPtBAwere all similar for particles
I-4, I-5, and II-4 (Table 1) and the dark rings can also be seen
in the TEM image of particle II-4 (Figure 5D). The difference
in the overall grafting density appears to be responsible for
the observed feature size differences.

We previously reported self-assembled nanostructures of
particles II-1 to II-4 after thermal annealing at 120 �C, which
was above the glass transition temperatures of PS and
PtBA.13 The phase morphology evolution was the same as
observed here for the particles after being cast and annealed
with CHCl3 vapor. However, compared with the morphol-
ogy of the same sample after thermal annealing, the width
of PS nanodomains here was slightly larger; the PS nano-
domains look slightly “swollen”, especially for particle II-4
(Figure 5D). This observation could be due to the following
reasons. (i) CHCl3 is a good solvent for both PS and PtBA.
Theoretical studies have suggested that the microphase
separation of mixed brushes in a nonselective solvent may
be delayed with improving the solvent quality.4b We spec-
ulate that the interfacial layer between PS and PtBA nano-
domains was thicker and RuO4 also stained the interfacial
layer. (ii) The solubility parameter of CHCl3 is 9.3 (cal/
cm3)0.5.21 Using the group molar attraction constants and
molar volume constants from a textbook,24 we calculated the
solubility parameters of PS and PtBA and they were 9.5 and
8.5 (cal/cm3)0.5, respectively. Thus, CHCl3 is a slightly better
solvent for PS than for PtBA and it could slightly preferen-
tially swell PS during the solvent casting and annealing
processes, making PS nandomain width slightly larger.

The DP of PtBA in HDMB was 143, lower than that of
PtBA in IDMB (DP = 191). To further confirm that the
observed much smaller feature sizes in Figure 4 were mainly
due to the higher total grafting densities, not the molecular
weight differences between the polymers in HDMB and
IDMB, we synthesized another high density mixed PtBA/
PS brush sample (particle III-1 in Table 1).16 The values of
PtBA Mn, DP, and PDI were 23.7 kDa, 189, and 1.09,
respectively, while the Mn, DP, and PDI of PS were 25.7
kDa, 247, and 1.14, respectively. The ÆRrmsæs of free PtBA
and PS, corresponding to particle III-1, in the unperturbed
state are essentially identical to those corresponding to
particle II-3 (Table 1). The calculated grafting densities of
PtBA and PS were 0.48 and 0.51 chains/nm2. DSC analysis

showed that the two polymers were microphase separated.20

A morphology similar to those in Figure 4C-E was ob-
served, i.e., a two-layered nanostructure composed of a
laterally microphase-separated bottom layer and a thin PS
top layer (Figure 6).23 The width of a typical PS nanodomain
and the periodicity in the bottom layer marked by the long
arrows were 8 and 13 nm, respectively, which were similar to
those in Figure 4C. This confirmed that the observed much
smaller feature sizes in Figure 4 indeed resulted from the
higher total grafting densities. It can be imagined that at high
grafting densities polymer chains are highly stretched, which
means that the entropy of polymer chains is considerably
lower compared with that in IDMB. Consequently, the
lateral microphase separation is restricted to a smaller lateral
dimension as any further stretching of polymer chains in the
lateral direction would further decrease the entropy, which
may not be compensated by the energy gain from lateral
microphase separation.

Conclusions

We synthesized a series of high density asymmetric mixed
PtBA/PS brushes with a fixed PtBA Mn of 18.6 kDa and PS
molecular weight ranging from 8.7 to 28.0 kDa from 172 nm
Y-initiator-functionalized silica particles by sequential ATRP
and NMRP. The Y-initiator particles were prepared from bare
silica particles by using a triethoxysilane-terminated Y-initiator
via a hydrolysis/condensation process in the presence of ammo-
nia. The total grafting densities of the obtained mixed PtBA/PS
brushes were in the range of 0.9-1.2 chains/nm2, which were
significantly larger than those of IDMB synthesized from mono-
chlorosilane-terminatedY-initiator-functionalized silica particles
(0.6-0.7 chains/nm2). DSC analysis suggested that all HDMB
were microphase separated. TEM showed that the phase mor-
phology of these mixed brushes evolved from mostly isolated PS
nanodomains in the PtBA matrix to a nearly cocontinuous,
wormlike nanostructure and two-layered nanostructures com-
posedof a laterallymicrophase-separated bottom layer and a thin
top layer of the longer polymer chains with the increase of
PS molecular weight from below to above that of PtBA. This
observation is similar to that of intermediate density mixed
brushes with total grafting densities of 0.6-0.7 chains/nm2.

Figure 6. Top-view bright field TEM micrograph of particle III-1
(PtBA Mn = 23.7 kDa, σPtBA = 0.48 chains/nm2; PS Mn = 25.7
kDa, σPS = 0.51 chains/nm2; DPPS/DPPtBA = 1.31) after being cast
from a CHCl3 dispersion and annealed with CHCl3 vapor (CHCl3 is a
good solvent for bothPtBAandPS).The samplewas stainedwithRuO4

vapor at room temperature for 20min. The inset on the top right corner
shows the enlarged area marked by the long white arrow.
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However, the feature sizes of the patterns formed from micro-
phase separation of HDMBwere significantly smaller than those
of IDMB, which was attributed to the difference in total grafting
density. In HDMB, polymer chains are much more stretched
than those in IDMB. As a result, the lateral microphase separa-
tion occurred in a smaller lateral dimension because splaying of
polymer chains to any larger extent in the lateral direction would
further decrease the entropy, which is not compensated by the
energy gain from lateral microphase separation. This is the first
time that the effect of grafting density on phase morphology
of mixed brushes was directly observed by TEM. The results
reported in this article could allow us to better use mixed brushes
in the design and fabrication of novel nanostructured materials
for future technological uses.
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