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ABSTRACT: Molecular brushes consisting of statistical copolymers of di(ethylene glycol) methyl ether
methacrylate (MEO2MA) and tri(ethylene glycol) methyl ether methacrylate (MEO3MA) were synthesized by
grafting from poly(2-(2-bromoisobutyryloxy)ethyl methacrylate (PBIEM) macroinitiators using atom transfer radical
polymerization (ATRP) providing copolymers with controlled composition and molecular weights ranging from
Mn ) 601 500 to 2 731 000 with polydispersity indexes (Mw/Mn) between 1.06 and 1.20. The lower critical solution
temperature (LCST) of the brushes increased with the mole fraction of MEO3MA in the side chain, and the
hysteresis between the heating and cooling cycles decreased with the length of the side chain. Brush copolymers
with different graft density were also prepared, and the average hydrodynamic diameter, measured by dynamic
light scattering (DLS), varied with temperature above the LCST, and the maximum diameter of the aggregates
increased according to the graft density of side chain along the brush backbone. These two monomers were also
incorporated into side chain block copolymer brushes by ATRP. The cloud point of the block brushes solution
displayed two stages of aggregation during heating, exhibiting the results of both intermolecular and intramolecular
aggregation. This behavior was strongly dependent on the sequence of the side chain segments. As the temperature
increased, particles consisting of collapsed PMEO2MA and PMEO3MA segments aggregated upon further heating
to precipitate as larger particles.

Introduction

Stimuli-responsive polymers have been extensively investi-
gated for the development of smart materials for various
applications.1-6 Diverse types of stimuli, such as temperature,
pH, or light, can affect the properties and conformation of
polymer chains.7,8 Thermoresponsive, water-soluble polymers
exhibiting a lower critical solution temperature (LCST) in water
have been increasingly investigated for nanotechnology and
biotechnology applications.9,10 A variety of applications, includ-
ing phase separation immunoassays,11 hyperthermia-induced
drug delivery,12 and environmentally responsive Pickering
emulsions,13 have been reported. Poly(N-isopropylacrylamide)
(PNIPAM), which displays a LCST in water around 32°C, has
been the most studied thermoresponsive polymer targeting
biological applications.14 In addition, new thermoresponsive
water-soluble polymers were developed by the introduction of
nonionizable hydrophilic moieties, such as oligo(ethylene oxide)
groups, into copolymers. Poly(ethylene glycol) (PEG) is an
uncharged, water-soluble, nontoxic polymer used to prepare
biocompatible materials, such as biosensors and drug delivery
systems.15,16 Living cationic, anionic, and radical polymeriza-
tions were used to prepare thermoresponsive polymers contain-
ing oligo(ethylene oxide) side chains.17-31 Recently, Lutz and
co-workers carried out the copolymerization of di(ethylene
glycol) methyl ether methacrylate (MEO2MA) with poly-
(ethylene glycol) methyl ether methacrylate (MW) 475)
(PEGMA) by atom transfer radical polymerization (ATRP).19

The LCST of obtained polymer increased with the composition
of PEGMA. Also, Huck and co-workers investigated collapse
transition of this copolymer grafted from silicon surface upon

heating by the measurements of equilibrium contact angle by
AFM.31

Densely grafted copolymers, also known as molecular bottle
brushes, are the subject of continuing interest mainly due to
their unusual architecture and properties.32,33A molecular bottle
brush consists of a flexible backbone with a high density of
side chains along the backbone separated by a distance much
smaller than their unperturbed dimensions. This leads to
significant congestion and entropically unfavorable chain exten-
sion of the backbone and side chains, which prevents the
polymer from adopting a random coil conformation. Conforma-
tion behavior of molecular brushes in solution and at interfaces
have been studied theoretically and experimentally.34 ATRP is
one of the most robust controlled/living radical polymerization
(CRP) techniques, and suitable for the synthesis of multifunc-
tional macromolecules, since the low radical concentrations
present during the polymerizations reduce the contribution of
inter- and intramolecularly terminated chains.35-44 This is
especially important for the preparation of densely grafted
copolymers with a multiplicity of chains in the vicinity of the
polymer backbone to limit the propensity for cross-linking when
intermolecular termination occurs between multifunctional (co)-
polymers. Because of the wide range of monomers that can be
polymerized by ATRP, molecular brushes with interesting
solution properties can be envisioned.45-48

Recently, we reported the synthesis of thermoresponsive
copolymer brushes containing 2-(dimethylamino)ethyl meth-
acrylate monomer units in the side chains.49 A temperature-
induced coil collapse of single molecular brush macromolecules
with poly(N-isopropylacrylamide) side chains was also re-
ported.50 Here we report the synthesis and characterization of
statistical and block copolymer brushes of di(ethylene glycol)
methyl ether methacrylate (MEO2MA) and tri(ethylene glycol)
methyl ether methacrylate (MEO3MA) prepared by ATRP using
CuBr/4,4′-dinonyl-2,2′-bipyridine (dNbpy) as the catalyst. The
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cloud point of these brush molecules solution is strongly
dependent on the composition and architecture of the copolymer
side chains.

Experimental Section

Materials. All chemicals were purchased from Aldrich or Acros
and used as received unless otherwise stated. Methyl methacrylate
(MMA), di(ethylene glycol) methyl ether methacrylate (MEO2MA),
and 2-(trimethylsilyloxy)ethyl methacrylate (HEMA-TMS) were
purified by vacuum distillation before use. Copper(I) bromide
(Aldrich, 98+%) was purified by stirring with glacial acetic acid,
followed by filtration and washing the solids with ethanol (three
times) and diethyl ether (two times). Tri(ethylene glycol) methyl
ether methacrylate (MEO3MA) was prepared by the previously
reported procedure.18

Analysis. Apparent molecular weight and molecular weight
distribution were measured using GPC (Waters Microstyragel
columns (guard, 102, 103, and 105 Å), THF eluent at 35°C, flow
rate ) 1.00 mL/min). The detectors consisted of a differential
refractometer (Waters 410,λ ) 930 nm) and a multiangle laser
light scattering (MALLS) detector (Wyatt Technology DAWN EOS,
30 mW, λ ) 690 nm). The apparent molecular weights were
determined with a calibration based on poly(methyl methacrylate)
(PMMA) standards using GPCWin software from Polymer Stan-
dards Service. Absolute molecular weights were determined with
the dn/dc values of 0.023 using Wyatt ASTRA software. Conver-
sions were determined by gas chromatography (GC) using a
Shimadzu GC-14A gas chromatograph equipped with a FID detector
and ValcoBond 30 m VB WAX Megabore column.1H NMR
spectra of copolymers were examined in CDCl3 at 30°C using a
Bruker Advance 300 MHz spectrometer. UV-vis spectra were
recorded using a Varian Cary 7 Bio UV-vis spectrophotometer
equipped with a digital temperature controller. The wavelength of
600 nm was used for the determination of the cloud point. The
range of temperatures was from 20 to 60°C, and heating and
cooling rates were 1°C/min; the temperature onset of loss of
transmittance on heating cycle was defined as a cloud point. The
particle size was measured using dynamic light scattering (DLS)
(high-performance particle sizer, model HPP5001, Malvern Instru-
ments). Measurements were taken from 20 to 55°C at 1.0 °C
intervals.

Synthesis. Poly(2-(2-bromoisobutyryloxy)ethyl methacrylate)
(PBIEM) and poly(2-(2-bromoisobutyryloxy)ethyl methacrylate-
stat-methyl methacrylate) P(BIEM-stat-MMA) were prepared as
previously reported.45

General Procedure for the Preparation of Poly(2-(2-bro-
moisobutyryloxy)ethyl Methacrylate)-graft-(Di(ethylene glycol)
Methyl Ether Methacrylate)) (PBIEM- g-PMEO2MA) (B1).
0.025 g (0.06 mmol) of dNbpy, 0.67 mg (0.003 mmol) of CuBr2,
7.60 mg (0.03 mmol-Br) of PBIEM (Mn ) 34 000,Mw/Mn )
1.05), 2.82 g (15 mmol) of MEO2MA, and 2.4 mL of anisole were

added to a 25 mL Schlenk flask, and oxygen was removed by
subjecting the contents of the flask to three freeze-pump-thaw
cycles. Next, 3.86 mg (0.027 mmol) of CuBr was added under
nitrogen flow. The stirred flask was placed in an oil bath controlled
at 40°C. Samples were withdrawn periodically to monitor monomer
conversion (GC) and evolution of molecular weight (GPC). The
polymerization was stopped by opening the flask and exposing the
contents to air. The reaction mixture was diluted with THF and
passed through an alumina column to remove the catalyst. The
polymer was precipitated by adding the solution to hexane, filtering,
and drying under high vacuum, yielding a polymer withMn )
435 000 andMw/Mn ) 1.10. Other brushes containing homopolymer
or statistical copolymer as a side chain (B2-B10) were also
prepared using the same procedure.

Poly(2-(2-bromoisobutyryloxy)ethyl Methacrylate)-graft-(Poly-
(di(ethylene glycol) Methyl Ether Methacrylate)-block-Poly(tri-
(ethylene glycol) Methyl Ether Methacrylate)) (PBIEM-g-
(PMEO2MA- b-PMEO3MA)) (B11). 0.025 g (0.06 mmol) of
dNbpy, 0.67 mg (0.003 mmol) of CuBr2, 7.80 mg (0.03 mmol-Br)
of PBIEM-g-PMEO2MA (Mn ) 364 400,Mw/Mn ) 1.11), 3.48 g
(15 mmol) of MEO3MA, and 2.4 mL of acetone were added to a
25 mL Schlenk flask, and oxygen was removed by subjecting the
contents of the flask to three freeze-pump-thaw cycles. Next, 12.8
mg (0.09 mmol) of CuBr was added under nitrogen flow. The stirred
flask was placed in an oil bath controlled at 40°C; samples were
withdrawn periodically to monitor monomer conversion (GC) and
evolution of molecular weight (GPC). The polymerization was
stopped by opening the flask and exposing the contents to air. The
reaction mixture was diluted with THF and passed through an
alumina column to remove the catalyst. The polymer was precipi-
tated by adding the solution to hexane, filtering, and drying under
high vacuum, yielding a polymer withMn ) 604 000 andMw/Mn

) 1.21. Other brushes containing block copolymer side chain (B12
andB13) were also prepared using the same procedure.

Results and Discussion

Homopolymerization and Statistical Copolymerization.
We previously reported the synthesis of molecular brushes
consisting poly(oligo(ethylene oxide) methacrylate (Mw ) 300)
units in the side chain,51 but there has been no report investigat-
ing the thermal response of these brushes. Initially, we
investigated homopolymerization of MEO2MA by ATRP using
several different macroinitiators (Scheme 1).

PBIEM and PBIEM-stat-MMA macroinitiators (M1-M4)
were synthesized according to the previous reports (Table 1).
The molar fraction of initiation site was estimated by1H NMR
spectroscopy.

The results of the grafting from polymerizations of MEO2-
MA are listed in Table 2. The polymerizations were carried out
at 40°C in anisole, in the presence of PBIEM (M1) macroini-

Scheme 1
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tiator, copper(I) bromide/dNbpy as catalyst, and 10 mol % CuBr2

as a deactivator (B1). Several samples of PMEO2MA brushes
with different length of side chains were prepared. In every case,
the graft polymerization of MEO2MA was well controlled,
resulting in the synthesis of polymers with low PDI (B2 and
3). Apparent molecular weight measured by GPC was much
lower than the MW measured by GPC-MALLS because their
highly compact nature does not correspond well to the linear
standards. GPC traces are shown in Figure 1. GPC traces shifted
clearly to the higher molecular region with monomer conversion
while retaining narrow molecular weight distribution. The
polymerization was also conducted using P(BIEM-stat-MMA)
macroinitiators to obtain the corresponding brushes with low
PDI (B4-B6). The polymerization proceeded in a controlled
manner, similar to the case ofM1.

The homopolymerization of MEO3MA and statistical copo-
lymerization of MEO2MA with MEO3MA were investigated
using M1 as a macroinitiator (Scheme 2). These results are
shown in Table 3.

The graft polymerization of MEO3MA, using the same
catalyst, was also well controlled, yielding PMEO3MA brush
macromolecules with lowMw/Mn (B7). Furthermore, a graft
copolymerization was carried out using MEO2MA and MEO3-

MA as comonomers to obtain the brushes consisting of P(MEO2-
MA-stat-MEO3MA) as side chains (Scheme 2). The copolym-
erization was conducted with three different comonomer feed
ratios under similar conditions (B8-B10). In every case, the
polymerization resulted in brushes consisting P(MEO2MA-stat-
MEO3MA) copolymers as side chains with lowMw/Mn. The
compositions of side chains were estimated using1H NMR
spectroscopy. The mole fractions of the comonomers in the final
brushes were very close to the monomer feed ratio.

Block Copolymerization. Brush copolymers with blocks of
MEO2MA with MEO3MA in the side chain were prepared to
examine the effect of segment length and sequence of the blocks
in the side chain on LCST behavior. Details of reaction
conditions, and properties of the resulting copolymers, are listed
in Table 4. The first graft polymerization was carried out using
M2 as a macroinitiator. Chain extension was examined using
the same catalyst, but acetone was used as the solvent instead
of anisole because the first brush was poorly soluble in pure
anisole. The GPC traces are shown in Figure 2. The GPC trace
of the block copolymer clearly shifted to the higher molecular
region while retaining low PDI.

Thermal Properties of Homopolymer and Statistical
Copolymer. Transmittance of aqueous solutions of the PMEO2-
MA brushes was measured using a UV spectrometer in order
to determine the dependence of the thermal properties on
temperature. The transmittance of 0.3 wt % aqueous solution
of the polymer was monitored at 600 nm at a heating or cooling
rate of 1.0°C min-1. All of the solutions started to become
cloudy around 22°C, which is slightly lower than linear PMEO2-
MA (26 °C).18,19,52Subsequently, the transmittance dropped to
0%. This change was reversible and similar to the case of a
homopolymer of PMEO2MA. The effect of the increasing the
length of the side chains is shown in Figure 3. Aqueous solutions
of all of the brushes clouded at 22.5°C during the heating cycle.
However, the hysteresis between the heating and cooling cycle
decreased with increasing length of side chain, suggesting that
the PMEO2MA side chains cannot efficiently disaggregate close
to the PBIEM backbone due to steric hindrance. Therefore, the
polymer having short side chains needs longer time to dissolve.

The effect of the side chain density on the thermal properties
of the brushes (B4-B6) was also studied by DLS (Figure 4).
In every case, the apparent diameter of the aggregate increased
rapidly around the LCST and decreased upon further heating.
This behavior is very similar to the linear polymer containing
poly(ethylene oxide) side chains.30,52 The maximum diameter
of the aggregate increased with the graft density of the side
chains. This tendency indicates that the aggregation of PMEO2-
MA brushes more closely resembles the case of the linear
homopolymer as the density of initiation sites on the macro-
initiator decreases. These results suggest that the LCST of
brushes is determined by the structure of the side chain. The
diameter of the particle formed by aggregation above LCST
increases with the grafting density and with total molecular
weight.

Table 1. Characterization of P(BIEM-stat-MMA) Macroinitiator

macro-
initiator DPa Mn,app

b Mw/Mn
b

fraction of
initiator
groupsa

no. of initiator
groups per

chainc

M1 127 34 000 1.05 100 117
M2 246 65 800 1.11 100 226
M3 268 43 300 1.11 30 56
M4 238 48 000 1.08 53 87
M5 290 61 600 1.07 76 142

a Determined by conversion from GC.b Apparent molecular weights were
determined by GPC in THF with PMMA calibration.c Determined by1H
NMR.

Figure 1. GPC traces of graft polymerization of MEO2MA. Condi-
tions: [MEO2MA] 0/[PBIEM]0/[CuBr]0/[CuBr2]0/[dNbpy]0 ) 500/1/0.9/
0.1/2.

Table 2. Conversion and Molecular Weight Data of PMEO2MA Initiated from PBIEM a

entry macroinitiator time (h) DPconv
b Mn,theo

b Mn,app
c Mn,absolute

d Mw/Mn
d

B1 M1 1 25 648 000 165 000 602 000 1.06
B2 M1 2 50 1 261 000 267 000 1 299 000 1.08
B3 M1 4 115 2 783 000 435 000 2 457 000 1.12
B4 M3 3 90 1 377 000 522 000 1 935 000 1.20
B5 M4 4 120 2 549 000 626 000 2 407 000 1.18
B6 M5 3 100 3 559 000 586 000 2 667 000 1.14

a Conditions: [MEO2MA] 0/[In]0/[CuBr]0/[CuBr2]0/[dNbpy]0 ) 500/1/0.9/0.1/2 in anisole solution (40 vol %).b Calculated from conversion measured by
GC. c Determined by GPC in THF with PMMA calibration.d Determined by GPC MALLS in THF.
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The effect of the molar ratio of comonomers in the statistical
copolymer side chains on LCST was also studied (Figure 5).
All changes were thermally reversible, but a small hysteresis
(∼2 °C) was observed between the heating and cooling
cycles. The LCST ofS7, with PMEO3MA side chains, was
about 45°C, which is slightly lower than linear PMEO3MA
(51 °C).18,52 The relationship between the LCST and the
composition of the copolymer is shown in Figure 6. The
measured LCST values increased with increasing percentage
of MEO3MA in the PMEO2MA-stat-PMEO3MA side chain.
These results are similar to that of linear PMEO2MA-stat-
PMEO3MA.

Thermal Properties of Block Copolymer. Light transmit-
tance through solutions of the brushes consisting of side chain
block copolymers of MEO2MA and MEO3MA were measured
using UV spectrometry in order to determine the dependence
of the thermal properties on temperature (Figure 7). In the case

of B12, where the sequence was PMEO2MA-b-PMEO3MA, the
cloud point was around 50°C, which is higher than the
temperature predicted from the statistical copolymer brush with
the same composition (ca. 40°C). On the other hand, the
solution ofB13, PMEO3MA-b-PMEO2MA, started to cloud at
ca. 26°C, which corresponds to the LCST of PMEO2MA, and
then the curve of transmittance displayed a plateau around
30 °C. Finally, the solution restarted to cloud rapidly ca.
40 °C. However, the % transmittance in the cooling cycle was
constant until ca. 30°C, and then it increased rapidly around
28 °C.

This suggests that in the case of sampleB12 the inner
PMEO2MA segments aggregate to form small micelles at its
intrinsic LCST, but the brush remains water-soluble, since it is
held in solution by the hydrophilic nonaggregated PMEO3MA
segments. We observed a similar behavior in the case of the
block copolymer of linear PMEO2MA with PMEO3MA.52 On

Scheme 2

Table 3. Conversion and Molecular Weight Data of Graft Copolymerization of MEO2MA with MEO 3MA a

entry [MEO2MA] 0/ [MEO3MA] 0 DPconv
b Mn,theo

b Mn,app
c Mn,absolute

d Mw/Mn
c compositione (m/n)

B7 0/500 90 2 992 000 489 000 2 731 000 1.09 0/100
B8 125/375 100 2 920 000 523 000 2 898 000 1.11 38/62
B9 250/250 85 2 366 000 437 000 2 544 000 1.12 58/42
B10 375/125 95 2 472 000 621 000 2 004 000 1.11 78/22

a Conditions: ForM1 (Mn ) 34 000 g/mol,Mw/Mn ) 1.05, DP) 127), [monomers]0/[In]0/[CuBr]0/[CuBr2]0/[dNbpy]0 ) 500/1/0.9/0.1/2 in anisole
solution (40 vol %).b Calculated from conversion measured by GC.c Determined by GPC in THF with PMMA calibration.d Determined by GPC MALLS
in THF. e Determined by1H NMR.

Table 4. Conversion and Molecular Weight Data for the Block Copolymerization of MEO2MA with MEO 3MA a

first blocka second blockb

entry monomer DPconv
c Mn,theo

c Mn,app
d Mw/Mn

d monomer DPconv
c Mn,theo

c Mn,app
d Mw/Mn

d compositione(m/n)

B11 MEO2MA 55 2 307 000 454 000 1.21 MEO3MA 20 3 354 000 549 000 1.25 65/35
B12 MEO2MA 25 1 128 000 364 000 1.11 MEO3MA 55 4 008 000 604 000 1.21 22/78
B13 MEO3MA 35 1 898 000 416 000 1.10 MEO2MA 50 4 020 000 747 000 1.23 73/27

a Conditions: ForM2 (Mn ) 65 800 g/mol,Mw/Mn ) 1.11, DP) 246), [monomer]0/[In]0/[CuBr]0/[CuBr2]0/[dNbpy]0 ) 500/1/0.9/0.1/2 in anisole solution
(40 vol %) at 40°C. b Conditions: [monomer]0/[In]0/[CuBr]0/[CuBr2]0/[dNbpy]0 ) 500/1/0.9/0.1/2 in acetone solution (40 vol %) at 40°C. c Calculated
from conversion measured by GC.d Determined by GPC in THF with PMMA calibration.e Determined by1H NMR.

Figure 2. GPC traces of block copolymerization of MEO2MA with
MEO3MA from PBIEM (B12).

Figure 3. Effect of the side chain length on temperature dependence
of optical transmittance changes at 600 nm for PBIEM-graft-PMEO2-
MA aqueous solution.

Macromolecules, Vol. 40, No. 26, 2007 Thermally Responsive Molecular Brushes9351



the other hand, sampleB13could precipitate by the aggregation
of outer PMEO2MA segments at 26°C, and then the PMEO3-
MA segments located on the inside of the brush aggregate
around the LCST of PMEO3MA on continued heating. While
in the cooling cycle, PMEO3MA segments disaggregated around
the intrinsic LCST of PMEO3MA, and the PMEO2MA segments
remain aggregated. Therefore, the % transmittance of the
solution remained low until the shell disaggregated at 26°C,

corresponding to the LCST of PMEO2MA reaching 100%
transmittance.

The change ofZ-average hydrodynamic diameter of thermo-
responsive polymer particles was also measured (Figure 8). In
the case ofB12, the diameter of the brush started to decrease
at 20°C, reaching a minimum at 45°C, and then the diameter
increased upon further heating. While in the case ofB13, the
diameter started to increase at 23°C, reaching a maximum at
31 °C, and then decreased with further increase in temperature.
These results suggest that the PMEO2MA segment inside of
the block-brush copolymer,B12, aggregated around 25°C by
intramolecular aggregation, but PMEO3MA segments in the
outer shell of the brush behaved as a water-soluble corona. The
PMEO2MA segment located on the outside ofB13 aggregated
around their LCST to form a shell. These vesicles assembled
by intermolecular aggregation. Then, the vesicles shrank by
internal aggregation of the PMEO3MA core segments upon
further heating.

Conclusion

Molecular brushes consisting of statistical and block copoly-
mers of MEO2MA with MEO3MA in the side chains were
prepared by Cu-based ATRP. Well-defined brushes with
predictable molecular weights and lowMw/Mn were formed.
The thermal properties of aqueous solutions of the brushes were

Figure 4. Temperature dependence of hydrodynamic diameter change
for 0.3 wt % aqueous solution of PMEO2MA brushes.

Figure 5. Effect of the composition in statistical copolymer of MEO2-
MA with MEO3MA on optical transmittance changes at 600 nm for
0.3 wt % of aqueous solution.

Figure 6. Relationship between LCST determined in heating cycle
for 0.3 wt % aqueous solutions of the copolymers and % composition
of MEO3MA in the brushes.

Figure 7. Temperature dependence of optical transmittance change
for 0.3 wt % aqueous solution of block brushes. Solid curve: PBIEM-
g-(PMEO2MA-b-PMEO3MA) (B12). Dashed curve: PBIEM-g-(PMEO3-
MA-b-PMEO2MA) (B13).

Figure 8. Temperature dependence of hydrodynamic diameter change
for 0.3 wt % aqueous solution of block brushes. Solid curve: PBIEM-
g-(PMEO2MA-b-PMEO3MA) (B12). Dashed curve: PBIEM-g-(PMEO3-
MA-b-PMEO2MA) (B13).
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studied by UV-vis and DLS. The LCST values determined for
the brushes scaled linearly with the composition of the statistical
side chain. Upon heating, the brush with PMEO2MA-b-PME3-
MA sequence in the side chain formed micelles consisting of
collapsed PMEO2MA segments and soluble PMEO3MA chains
as core and corona, respectively. Upon further heating the size
of particles progressively increased, even above the cloud point
observed by UV-vis. On the other hand, brush molecules with
PMEO3MA-b-PMEO2MA side chains formed vesicles consist-
ing of aggregated PMEO2MA shell segments and soluble
PMEO3MA core segments.
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