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ABSTRACT: A systematic study was conducted to investigate the
morphology transitions that occur in polystyrene-block-poly(ethylene
oxide) (PS-b-PEO) bottlebrush block copolymers (BBCP) upon
varying PEO volume fraction ( f PEO) from 22% to 81%. A series of
PS-b-PEO BBCPs with different PEO side chain lengths were
prepared using ring-opening metathesis polymerization (ROMP) of
PEO−norbornene (PEO-NB) (Mn ∼ 0.75, 2.0, or 5.0 kg/mol) and
PS−norbornene (PS-NB) (Mn ∼ 3.5 kg/mol) macromonomers
(MM). A map of f PEO versus side chain asymmetry (Mn(PEO-NB)/
Mn(PS-NB)) was constructed to describe the BBCP phase behavior.
Symmetric and asymmetric lamellar morphologies were observed in
the BBCPs over an exceptionally wide range of f PEO from 28% to
72%. At high f PEO, crystallization of PEO was evident. Temperature-
controlled SAXS and WAXS revealed the presence of high order reflections arising from phase segregation above the PEO
melting point. A microphase transition temperature TMST was observed over a temperature range of 150−180 °C. This
temperature was relatively insensitive to both side chain length and volume fraction variations. The findings in this study provide
insight into the rich phase behavior of this relatively new class of macromolecules and may lay the groundwork for their use as
templates directing the fabrication of functional materials.

■ INTRODUCTION
Block copolymers (BCPs) have attracted tremendous attention
due to their roles as scaffolds in directing self-assembly from a
few to tens of nanometers through microphase separation.1−15

For a traditional linear A−B block copolymer, the morphology
is governed by control over the Flory−Huggins parameter (χ),
the number of repeat units (N) and the block volume fraction
( f).1,3,5 Bottlebrush block copolymers (BBCP) are novel
architected macromolecules with densely grafted branches
attached to a linear backbone.16,17 Significant repulsive forces
between the short densely grafted side chains induce the
stretching in the backbone of BBCP, and the BBCPs exhibit a
reduced degree of chain entanglement compared to linear
BCPs.18,19 Such intrinsic properties enable BBCP to exhibit fast
ordering dynamics with large domain spacings (d-spacings)
over 100 nm, offering opportunities for rapid and scalable
manufacturing for various applications.20−30

Knowledge of BBCP phase behavior is essential for the
control of their morphology and subsequent applications.
Multiple parameters including the chemical incompatibility of
two blocks, the block volume ratio, the side chain asymmetry,
and the length of backbone should be considered when
investigating their morphology transitions. Theodorakis31 and
co-workers reported a simulation result for the self-assembly of
BBCPs in which the transition from lamellae to hexagonally

packed cylinders did not quite depend on asymmetry of volume
fraction, but rather from the asymmetry of the side chain. This
result significantly deviated from the current understanding of
linear BCP phase behavior.
Recent experimental studies have offered a glimpse into the

phase behavior of BBCPs but not yet provided a satisfactory
description of the parameters that precisely control the
morphology upon microphase segregation.32−35 To date there
has been incomplete control over molecular characteristics of
synthesized BBCP, and studies have been limited to the purely
symmetric system. The most developed “graft from” or “graft
onto” methods for BBCP synthesis introduced subsequent
growth of side chains from a linear backbone, requiring
orthogonal mechanisms or the purification of unreacted side
chain in grafting process.36−42 For example, Rzayev’s group20,32

reported the self-assembly of asymmetric polystyrene-b-
polylactide (PS-b-PLA) or polystyrene-b-poly(methyl meth-
acrylate) (PS-b-PMMA) BBCPs using the “RAFT-ATRP”
method, in which they observed the formation of cylindrical
structures with 55 nm in average pore size. However, the
limited initiation efficiency of macroinitiators could not
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guarantee complete grafting in most “graft-from” or “graft to”
methods, making it difficult to determine side chain character-
istics and precisely explain the control over the BBCP phase
transition.19

On the other hand, combinations of norbornene (NB)-
modified macromonomers (MM) and ring-opening metathesis
polymerization (ROMP) developed by Xia et al.19,43 and other
groups44,45 presented a more attractive route to synthesize
BBCP, ensuring complete grafting of every backbone repeat
unit. Nevertheless, only lamellar structure of BBCP18,43,46 in
symmetric system has been investigated in detail so far. For
instance, Gu et al.18 and Dalsin et al.46 separately revealed
phase segregation of symmetric PS-b-PLA or polystyrene-b-
(atactic) polypropylene (PS-b-aPP) BBCPs with well-ordered
lamellae over a wide range of domain sizes. While those works
explored the relationship between backbone length and the
resulting domain spacing, there were no complete studies of the
role of block volume fraction or side chain length on the phase
behavior of asymmetric BBCPs, especially the BBCPs
synthesized via MM methods.
Here we report the morphology transitions of polystyrene-b-

poly(ethylene oxide) (PS-b-PEO) BBCP as a function of PEO
side chain length and block volume fraction (Figure 1). We

specifically studied the asymmetric architectures, crystallization
effects on microphase segregation, and microphase transition
temperature (TMST). Understanding of the role that side chain
length and block volume fraction play in controlling the phase
behavior of BBCP offers new opportunities for creating
functional materials using BBCP as the scaffolds.

■ EXPERIMENT
Materials. cis-5-Norbornene-exo-2,3-dicarboxylic anhydride (95%),

ethanolamine (99.0%, ACS grade), triethylamine (>99.5%), N,N′-
dicyclohexylcarbodiimide (DCC, >99.0%), 4-(dimethylamino)pyridine

(DMAP, >99%), sodium azide (NaN3, >99.5%), styrene (contained 4-
tert-butylcatechol as stabilizer, ≥99%), CuBr (98%), ethyl 2-
bromoisobutyrate (98%), N,N,N′,N″,N″-pentamethyldiethylene-
triamine (PMDETA, 99%), poly(ethylene glycol) methyl ether (Mn
∼ 0.75, 2.0, and 5.0 kg/mol), and exo-5-norbornenecarboxylic acid
(97%) were purchased from Sigma-Aldrich. Pentynoicacid (98%),
anhydrous dichloromethane (DCM), anhydrous toluene (99.8%),
anhydrous N,N-dimethylformamide (DMF, 99.8%), and anhydrous
tetrahydrofuran (THF, 99.9%) were purchased from Acros Organics.
Third-generation Grubbs catalyst was prepared based on the reported
method.19 Styrene was passed through basic aluminum oxide before
the polymerization. Under nitrogen flow, PEO methyl ether was
heated at 120 °C for about 4 h to remove moisture before usage.
Ruthenium tetroxide (0.5% stabilized aqueous solution) was
purchased from VWR.

Measurements. Proton or carbon nuclear magnetic resonance (1H
NMR/13C NMR) spectroscopy was recorded in CDCl3 using a a
Bruker 300 or 500 NMR spectrometer. Gel permeation chromatog-
raphy (GPC) of the BBCPs was carried out in THF on two PLgel 10
μm mixed-B LS columns (Polymer Laboratories) connected in series
with a DAWN EOS multiangle laser light scattering (MALLS)
detector and an RI detector. A calibration standard of PS withMn ∼ 30
kg/mol was used for the BBCP, and dn/dc values were obtained for
each injection by assuming 100% mass elution from the columns. GPC
analyses of PS-NB and PEO-NB MM were carried out using a Polymer
Labotatories PL-GPC50 instrument with two 5 μm mixed-D columns,
a 5 μm guard column, and a RI detector (HP1047A). THF was used as
the eluent at a flow rate of 1.0 mL/min. Polystyrene standards were
used for the calibration. Fourier transform infrared (FT-IR)
(PerkinElmer 2000) spectra of BBCP were taken in the range from
4000 to 650 cm−1 on ATR mode. Differential scanning calorimetry
(DSC) analysis was performed on TA Instruments Q200-1390-RCS.
The melting enthalpy of PEO domain was measured on the second
heating scan from −60 to 110 °C at a rate of 5 °C/min. The heat of
fusion for 100% crystalline PEO was ΔHm

0 ∼ 197 J/g as referred in the
TA Instruments thermal application note. Morphology and domain
spacing of BBCP were characterized using small/wide-angle X-ray
scattering (SAXS/WAXS). Bulk films were placed in the center of a
metal washer and sealed with Kapton tape. These samples were
measured on Ganesha SAXS-LAB with Cu Kα 0.154 nm line on
SAXS/WAXS or ESAXS mode with a temperature control stage. Cryo-
microtoming (Leica Ultracut microtome) was used to cut the
nanocomposite bulk film into 50 nm thin films. Sections were
collected using a carbon film supported by copper grids. Subsequent
RuO4 staining was applied to improve contrast between PS and PEO
domains. The prepared thin films were then characterized by
transmission electron microscopy (TEM) on a JEOL 2000FX (200
kV).

MM Synthesis. The synthesis and characterization of PS-NB (Mn
∼ 3.5 kg/mol) and PEO-NB (Mn ∼ 0.75, 2.0, and 5.0 kg/mol)
followed the established procedures.19,43,47−50 PS-NB was prepared
using atom transfer radical polymerization (ATRP) and click

Figure 1. Illustration of PS-b-PEO BBCP with designated side chain
lengths: PEO-NB (Mn ∼ 0.75, 2.0, and 5.0 kg/mol accordingly) and
PS-NB (Mn ∼ 3.5 kg/mol). The PEO volume fraction ( f PEO) was
controlled approximately from 20% to 80%.

Figure 2. (a) A representative 1H NMR spectrum of PS-b-PEO BBCP; signal at 5.32 ppm is ascribed to residue dichloromethane (DCM). (b) GPC
MALLS traces of 5k-Y samples.
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chemistry. The synthesis details are provided in the Supporting
Information. We specifically describe a simple, high yield strategy to
synthesize PEO-NB MM by modifying the end group of commercial
available PEO. Under nitrogen flow, PEO methyl ether (CH3-PEO-
OH) was heated at 120 °C for about 4 h to remove moisture. After
cooling, 2 mmol of PEO-OH (Mn ∼ 0.75 kg/mol (1.5 g), Mn ∼ 2.0
kg/mol (4.0 g), or Mn ∼ 5.0 kg/mol (10.0 g)), exo-5-norbornene-
carboxylic acid (0.55 g, 4 mmol), DCC (0.99 g, 4.8 mmol), and
DMAP (24 mg, 0.2 mmol) were added into a 200 mL Schlenk flask
followed by 30 mL of anhydrous DCM. The reaction mixture was
stirred at room temperature for about 48 h and filtered to remove
precipitates, and the filtrate was precipitated in cool diethyl ether three
times to yield white solid as PEO-NB. The GPC traces, 1H NMR, 13C
NMR spectra, and molecular characteristics of MM are provided in the
Supporting Information (Figures S1−S7 and Table S1).
BBCP Preparation through ROMP. In a typical experiment, 40−

200 mg of PS-NB and PEO-NB MM were added to separate Schlenk
flasks followed by the desired amount of anhydrous DCM. The
concentration of the PS-NB MM was controlled from 0.05 to 0.1 M.
The resulting solutions were degassed with three cycles of freeze−
pump−thaw before the sequential polymerization. At room temper-
ature, the polymerization of PS-NB was initiated by adding the desired
amount of third-generation Grubbs catalyst solution in DCM. After
the first MM PS-NB reacted for 20 min, solution of the second MM,
PEO-NB, was injected into the reaction mixture. This solution was
stirred for an additional 2−3 h. The reaction was quenched with ethyl
vinyl ether. By tuning the mass ratio of reacting PS-NB and PEO-NB
MM, the volume fraction of PS and PEO block was controlled. The
mass ratio of PS and PEO block was calculated according to the
corresponding molar ratio as determined using 1H NMR spectra.
The nearly quantitative conversion of both PS-NB and PEO-NB

MM can be confirmed from 1H NMR spectra (Figure 2a and Figures
S8−S10) where the signals (6.15−6.28 ppm) of protons on the CC
bonds of NB end groups were absent for all the BBCP. At the same
time, signals at 5.04−5.38 ppm (Figure 2a and Figure S8) from
protons of opened CC bonds indicated successful polymerization of
norbornene backbone. 13C NMR spectra of BBCP are provided in the
Supporting Information as Figures S11−S13. In addition, we were able
to verify that nearly all PS-NB MMs were converted into brush
polymer after 20 min of reaction. This was accomplished by acquiring
the 1H NMR spectrum of first block (Figure S14) polymerized via
ROMP using PS-NB of similar molecular weight (2.9 kg/mol). The
second MM, PEO-NB, was added after 20 min reaction of the first
MM (PS-NB) and initiated the polymerization of the second MM,
affording PS-b-PEO BBCP for the study.

Bulk Sample Preparation. BBCP was dissolved in anhydrous
DCM as 2 wt % solution and drop-cast on glass under a nitrogen
atmosphere on a flat stage. After the solvent was evaporated, the dried
film was subjected to thermal annealing under vacuum at 120 °C for
12 h. Longer annealing time did not seem to improve the morphology.

■ RESULTS AND DISCUSSION
BBCP Synthesis and Characterization. We synthesized a

family of PS-b-PEO BBCPs with volume fraction of PEO block
( f PEO) varying from 22% to 81% and with different PEO side
chain lengths (Mn ∼ 2.0 and 5.0 kg/mol) following reported
procedures.19,43,48,49 The chemical compositions of the
obtained BBCPs were determined using 1H/13C NMR data
(Figure 2a and Figures S8−S13) and FT-IR spectra (Figure
S15). Figure 2a shows a representative 1H NMR spectrum of
PS-b-PEO BBCP, where the signals of 6.5−7.2 ppm are
ascribed to PS phenyl groups and 3.6−3.8 ppm for protons of
PEO side chains. The mass ratio of PS and PEO blocks was
calculated according to the corresponding molar ratio as
determined using 1H NMR spectra. Subsequently, the volume
ratio of PS and PEO (VPS/VPEO) was obtained using their
approximate bulk densities (1.05 and 1.08 g/cm3 for PS and
PEO, respectively). The PEO domain volume fraction was
calculated as f PEO = VPEO/(VPEO + VPS). The molecular weights
of BBCPs were obtained using GPC MALLS. The light
scattering (LS) traces of the BBCPs are provided in Figure 2b
and Figure S16. Table 1 summarizes the molecular character-
istics of the synthesized 2k-Y and 5k-Y series of PS-b-PEO
BBCP.
While all 2k-Y and 5k-Y samples exhibited a monomodal

peak, weak shoulders and tailing were observed in GPC traces
of a few samples, such as 5k-28 and 5k-32 in Figure 2b and 2k-
22 in Figure S16a. These features were observed previously for
other brush polymers with high molecular weights.35,37,39,51

The shoulders observed in GPC traces of 5k-28 and 5k-32 at
the shorter elution times could be due to higher molecular
weight species. The tailing observed for 5k-81, 5k-49, and 5k-32
were mainly due to low molecular weight species.19,35,43 The
low population of these “impurities” is not expected exert a
significant influence on the phase behavior of the BBCP.35,51−53

We attempted to prepare a series of PS-b-PEO BBCPs with
extremely short PEO chains (0.75 kg/mol). However, the

Table 1. Characteristics of the PS-b-PEO BBCP Series (2k-Y and 5k-Y)

BBCPa [Cat.]:[PSMM]:[PEOMM] f PEO
b (%) Mw

c (kg/mol) PDIc DP PSd DP PEOd d-spacinge (nm)

2k-22 1:47:21 22 346.0 1.09 70 34 43.3
2k-41 1:25:31 41 214.6 1.16 30 43 55.6
2k-45 1:38:46 45 393.3 1.38 49 60 82.7
2k-71 1:14:58 71 299.3 1.16 21 92 41.9
2k-79 1:9:61 79 282.9 1.25 14 89 34.4
5k-24 1:100:18 24 714.7 1.28 121 27 43.6
5k-28 1:51:12 28 320.2 1.10 60 16 41.9
5k-32 1:47:14 32 345.9 1.12 60 20 51.1
5k-37 1:101:30 37 727.9 1.26 105 41 46.9
5k-49 1:36:25 49 473.6 1.09 63 42 59.5
5k-57 1:72:50 57 808.0 1.23 81 75 76.2
5k-72 1:20:33 72 416.5 1.13 29 53 35.0
5k-81 1:15:43 81 401.9 1.16 19 56 34.0

aBBCPs are labeled as “Xk-Y”, where X and Y represent molecular weight and volume fraction of PEO side chain, respectively. bVolume fraction of
PEO ( f PEO) was calculated using mass ratios of PS and PEO obtained from 1H NMR spectra and approximate bulk densities (1.05 and 1.08 g/cm3

for PS and PEO, respectively). cMw and PDI were determined by GPC-MALLS. dThe degree of polymerization was estimated using absolute
molecular weights as measured by GPC-MALLS. eDomain spacings (d-spacings) of BBCPs were calculated using the equation d = 2π/q*,where q*
corresponded to the primary peak in SAXS.
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synthesis of the BBCPs containing PEO of 0.75 kg/mol was
poorly controlled, possibly due to the rapid polymerization
kinetics of small PEO-NB MMs with short side chain lengths.
The GPC traces (Figure S16b) of the resulting samples show
multiple peaks, indicating that multiple species in fact exist in
those samples. Therefore, we did not include discussion of the
morphology of these BBCPs in the text even if they showed
strong phase separation and well-ordered nanostructures
(Figure S17 and Table S2). Despite the exclusion of 0.75k-Y
system from our discussion and conclusions, the preparation of
5k-Y and 2k-Y PS-b-PEO BBCPs was generally under control,
and the samples were suitable for subsequent morphology
studies.
BBCPs Morphology Transition. The morphologies of PS-

b-PEO BBCPs in the bulk state were measured with SAXS
(Figure 3) as well as complementary TEM analysis (Figure 4)
of cryo-microtomed samples. The domain spacing (d-spacing)
was calculated using d = 2π/q* for each primary scattering peak
and listed in Table 1. All samples showed sharp primary
scattering signals, suggesting strong phase segregation between
the PS and PEO domains.
A disordered morphology ( f PEO ≈ 22%) was observed

(Figure 4a), in which short and irregular shaped PEO domains
were dispersed within the PS matrix. In this sample, the BBCP
exhibited strong phase segregation but did not form a well-
defined periodical structure such as lamellae or hexagonal
packed cylinders. The SAXS spectra (Figure 3a) only show

strong primary peak without high order reflections. Annealing
for longer times or at higher temperature did not improve the
regularity of packing. The formation of such strongly
segregated but disordered morphology may result from a
highly asymmetric volume fraction coupled with irregular
interface curvature.
As f PEO increased, we noticed that the morphology transition

more depended on the variation of f PEO rather than PEO side
chain length (Figure 3). PS-b-PEO BBCP appeared to arrange
into well-ordered lamellae at approximate equal volume fraction
( f PEO ∼ 0.5) similar to other symmetric PS-b-PLA brush
polymer systems.18 Asymmetric lamellar structures were
observed with f PEO as low as 28% or as high as 71% in 5k-Y
series. SAXS spectra of samples 2k-71, 5k-28, 5k-32, and 5k-72
reveal the ratios of q*:q2 = 1:2 and are consistent with TEM
analysis (Figure 4b−e).
TEM images of highly asymmetric PS-b-PEO BBCPs, for

example, 5k-81 (Figure 4f), show some evidence of parallel
cylindrical or lamellar morphology patterns, while 2k-79
(Figure 4g) does not reveal clear morphology information
due to the high crystallinity of PEO block and the low staining
contrast between PS and PEO domains. Although TEM images
have limitations for determining sample morphology, SAXS
profiles with a characteristic high order reflection ratio of q*:q2
= 1:√3 (Figure 3a,c) indicate that in fact 5k-81 and 2k-79
exhibit cylindrical morphology at bulk state. Temperature-

Figure 3. SAXS spectra (at room temperature) of PS-b-PEO BBCPs with PEO side lengths: (a) PEO Mn ∼ 2.0 kg/mol, f PEO from 22% to 79%; (b,
c) PEO Mn ∼ 5.0 kg/mol, f PEO from 24% to 81%. The broad curve with an arrow is attributed to X-ray scattering from PEO crystalline lamellae.

Figure 4. TEM images of cryo-microtomed PS-b-PEO BBCPs: (a) a disordered morphology in 2k-22; (b−e) asymmetric lamellae in (b) 2k-71, (c)
5k-28, (d) 5k-32, and (e) 5k-72; highly asymmetric BBCPs (f) 5k- 81 and (g) 2k-79. Ruthenium tetroxide (RuO4) was used as the staining agent to
improve the contrast between PS (bright area) and PEO (dark area) domains; all scale bars correspond to 100 nm. The arrow in (g) points to a
region where PEO crystalline lamellae can be identified in the PEO-rich BBCP.
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controlled SAXS profiles (Figure 5a,b) provide a more
convincing result, which will be discussed later.
TEM images of PS-b-PEO BBCPs have relatively low

contrast, especially with high f PEO samples, mainly due to
weak selectivity of RuO4 staining of PS-b-PEO BBCP and PEO
crystallization. The right bottom of Figure 4g shows the PEO
crystalline lamellae with a feature size approximately 14−20 nm
(labeled by a small arrow), which is consistent with appearance
of broad peak at high q in SAXS spectra (Figure 3a).
Crystallization Effects. The crystallization of PEO became

more apparent as f PEO increased and therefore its effect on
microphase segregation must be taken into consideration. A
broad peak with feature size around 14−20 nm appeared in 2k-
71, 2k-79, 5k-49, 5k-57, 5k-72, and 5k-81 SAXS spectra,
corresponding to the thickness of PEO crystalline lamellae. To
obtain a better understanding of the effect that crystallization
has on the morphology transition, we compared both SAXS
and WAXS spectra of four samples with high f PEO (70%−80%)
acquired at room temperature and above the PEO melting
point (Figure 5).
In Figure 5a, at 25 °C the sample showed both sharp

crystalline peaks in WAXS regime and broad peak beside the
secondary high order reflection (q*:q= 1:√3) in the SAXS
regime. A series of higher order reflections (1:√3:√4:√7)
consistent with a cylindrical morphology appeared as temper-
ature increased to 65 °C, accompanied by the disappearance of
PEO crystalline scattering signals in WAXS regime. The
crystalline lamellae of PEO completely melt at this temperature
and a well-ordered cylindrical structure was observed. Figures
5b, 5c, and 5d show similar behaviors, confirming the
cylindrical (5k-81) and lamellar (2k-71 and 5k-72) morphol-
ogies of the BBCPs above the PEO melting point.

Before and after heating, the SAXS/WAXS profiles of BBCPs
remained same at 25 °C. SAXS and WAXS spectra of PS-b-
PEO BBCPs with low f PEO do not show significant PEO
crystallization effects on the morphology transitions. The
microphase segregation of 2k-22 and 5k-28 remained
approximately the same when heated within the same
temperature range (Figure S18). DSC (Figure S19) analysis
reveals decrease in degree of crystallization of lower f PEO
samples. For 2k-22, the PS-b-PEO BBCP had degrees of
crystallization of around 50% compared to 60%−66%
crystalline degree for 2k-79 and 5k-81. The slightly lower
degree of crystallinity may be attributed to reduced mobility of
PEO in the high-Tg PS matrix, which limited PEO side branch
arrangement into crystallite lamellae.

Microphase Transition Temperature. A microphase
transition temperature was observed when PS-b-PEO BBCPs
were heated from 25 to 250 °C in a 30 °C step heating
schedule with 3 min thermal equilibration at each temperature.
The primary peaks in SAXS profiles of three typical PS-b-PEO
samples (5k-28, 2k-79, and 2k-22) were fitted to Gaussian
curve, and a series of full-width-at-half-maximum (FWHM)
values were calculated. An abrupt change in slope determined
the transition temperature in a plot of FWHM versus
temperature (Figure 6).
When temperature was elevated, decreased intensities of the

primary peaks and the disappearance of high order reflections
was observed, indicating the decrease in degree of phase
segregation.54−56 Because the BBCP did not display long-range
ordering, we followed the reference57 and defined this
temperature as microphase transition temperature TMST rather
than order-to-disorder transition temperature (TODT).
The TMST were found to be within the range of 150−180 °C

for 5k-28, 2k-79, and 2k-22 which had Mw from 280 to 350 kg/

Figure 5. Temperature-controlled SAXS and WAXS 1-D profiles of BBCPs containing high volume fractions of PEO: (a) 2k-79, (b) 5k-81, (c) 2k-
71, and (d) 5k-72. Higher order reflections peaks can be observed at temperature that result in a melt state of the PEO domain.
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mol. In light of these observations, the TMST seemed to be
relatively insensitive to volume fraction and side chain length
within the molecular weight range investigated.
A few studies also investigated the effects of molecular

characteristics of brush polymer on TODT. Although given the
extensive variable space available in the design of brush
polymers, these data sets are limited at this time. Xia and co-
workers19 found that changes in TODT of polylactide-b-poly(n-
butyl acrylate) (PLA-b-PnBA) bottlebrush random polymers
(75−85 °C) were dominated by the degree polymerization N
of side chain. Dalsin et al.46 reported that only polystyrene-b-
(atactic) polypropylene (PS-b-aPP) brush block copolymer
(BBCP) of low molecular weight (Mn ∼ 28.3 kg/mol) had
measurable TODT of approximately 215−220 °C, while most
high molecular samples did not exhibit accessible TODT below
the decomposition temperature of 300 °C. In this case, the
overall molecular weight affected the final TODT of BBCPs. For
a typical linear BCP, the product of the Flory−Huggins
parameter χ and the degree of polymerization N determines the
phase transition temperature. To fully understand the role of
the complex molecular characteristics of BBCPs on TODT for

any one system, a comprehensive family of BBCPs with
measurable TODT as a function of variable side chain lengths,
backbone lengths, and block volume fractions need to be
synthesized and studied.

Phase Behavior Summary. A map of PS-b-PEO BBCP
morphology trends was constructed using side chain
asymmetry versus volume fraction ( f) to provide a basic
understanding of the morphology for these polymers. A linear
BCP phase diagram is typically plotted as the phase segregation
parameter χN versus volume fraction f. Considering the
complex parameters in tuning the BBCP morphology, the
side chain length ratio or asymmetry was applied for the Y-axis
of a phase behavior plot (Figure 7) rather than χN. It is
necessary to point out that there might be several physical
parameters that could also be used to illustrate the phase
behavior of a BBCP. For instance, Runge et al.33 used mole
fraction of one monomer in backbone as the Y-axis for their
preliminary phase diagram.
Figure 7 shows the observed morphology transitions of PS-b-

PEO BBCPs based on our experimental results. For the
reported BBCPs, a lamellar structure formed over a much wider

Figure 6. 1-D SAXS profiles of BBCPs: (a) 5k-28, (c) 2k-79, and (e) 2k-22 show the influence of temperature on FWHM of the primary peak. (b, d,
f) FWHM as a function of temperature of BBCPs: (b) 5k-28, (d) 2k-79, and (f) 2k-22 obtained by Gaussian fitting of the primary peak.
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range of volume fraction when compared to linear BCP
systems. The prevalence of lamellae was weakly dependent on
the side chain length. This phenomenon was expected due to
the existence of a highly extended backbone and the fact that
the volume fraction change did not significantly affect the cross-
sectional area of BBCP.20

The samples with high f PEO yielded cylindrical morphologies
with PEO acting as the matrix domain. On the other end, we
noticed that in samples with low f PEO the PEO domain did not
exhibit cylindrical morphology; instead, they formed a
“disordered” structure. This unsymmetrical morphology
evolution was different from a linear PS-b-PEO, in which
hexagonally packed PEO cylinders have been observed with
f PEO ∼ 33%.58 Although the hexagonal packing of PEO
cylinders in PS matrix was not observed in the low f PEO
samples, such a morphology could still be expected by tuning
the molecular weight of PEO-NB MM to much smaller than
that of PS-NB MM.20,59 For instance, previous studies showed
that20 PLA cylinders were observed in a PS-b-PLA BBCP, in
which the PLA side chains were much shorter than the PS. This
asymmetry introduced a favorable curved interface, leading to
the formation of well-defined PLA cylinders.
The chemical nature of side chain may also account for the

interface curvature change and effect the subsequent morphol-
ogy transition. Recently, the Osuji group60 explored phase
behavior of liquid crystalline brush like polymers, in which
spheres, cylinders, lamellae, inverse cylinders, and spheres were
observed by merely increasing weight fraction of liquid crystal.
The simple occurrence of curved interface for spherical or
cylindrical morphology had strong dependence on volume
fraction but regardless of side chain asymmetry was apparently
apart from the current understanding of BBCP system.31,59

Such an interesting phenomenon may be due to the existence
of liquid crystal group. More detailed investigations of side
chain effects on BBCP morphology should be performed in the
future.

■ CONCLUSIONS
We have demonstrated the preparation of PS-b-PEO BBCPs
and investigated the morphology transitions as a function of
side chain asymmetry and volume fraction. The molecular
characteristics of side chain length and block volume fraction of
2k-Y and 5k-Y BBCPs were determined as a result of the MM
synthesis approach. BBCPs showed strong phase segregation
and highly asymmetric lamellae morphologies were observed
with f PEO ranging from 28% to 72%. Disordered and cylindrical
morphologies were obtained with ultralow and high f PEO,

respectively. The crystallization of PEO domain interfered with
the microphase segregation of PS-b-PEO BBCP. Consequently,
higher order reflections arising from well-ordered periodic
structures were readily observed in SAXS spectra measured
above the PEO crystalline melting point. Upon further heating,
a microphase transition temperature TMST was found at 150−
180 °C and was relatively independent of the side chain length
and block volume fraction. An understanding of BBCP
morphologies will become increasingly important as these
materials find utility in the fabrication of functional materials
and devices.
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