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ABSTRACT: Awell-defined cationic polymer and polymer brushwere simultaneously prepared by copper-
catalyzed atom transfer radical polymerization (ATRP) of 2-(methacryloxy)ethyltrimethylammonium chloride
(MTAC) in 2,2,2-trifluoroethanol (TFE) at 60 �C initiated with ethyl 2-bromoisobutylate and the corresponding
alkylbromide immobilizedon siliconwafer.ATRPofMTACinTFEaswell as aqueous solutionproceededquickly
but in a poorly controlled manner, leading to a relatively higher molecular weight distribution (MWD) than
Mw/Mn = 1.3, where Mw and Mn are weight-average and number-average molecular weights, respectively.
Addition of a small amount of isopropyl alcohol to the TFE-based reaction mixture reduced the polymerization
rate and produced a poly(MTAC) with predictable molecular weight and narrower MWD than 1.19. TheMn of
poly(MTAC) was controllable in the range 104-105 gmol-1 based on themolar ratio ofmonomer and initiator in
the feed. TheMn of the brush on a flat silicon wafer matched that of the free poly(MTAC). The graft density of
poly(MTAC) was 0.20 chains nm-2. The ATRP of MTAC in TFE/1-ethyl-3-methylimidazolium chloride
(EMImCl) also proceeded in a controlled manner at 60 �C, yielding polymers with narrow MWDs (Mw/Mn =
1.12-1.13). Analysis of the 13C NMR spectra of the carbonyl region of the resulting poly(MTAC)s revealed that
syndiotactic-rich configurations were produced by ATRP ofMTAC in aqueous solution, TFE/isopropyl alcohol,
and TFE/EMImCl. The solvent effect of TFE and ionic liquid on the tacticity of polymer was negligible.

Introduction

Swollen structure and interactions between polyelectrolyte
brushes in aqueous solution are very important to understand fric-
tion and adhesion among the amino acid constituents of poly-
peptide. The swollen structure of polyelectrolytes in an aqueous
solution has been studied by using atomic force measurement,1

X-ray reflectivity,2 and neutron reflectivity.3,4 These analytical
techniques require well-defined polymer brushes with precisely
determined molecular weights and narrow molecular weight
distributions (MWDs), and well-defined grafting densities to
determine the swollen brush thickness and the chain structure at
the interface between the brush and solution. For instance,
polymer chains immobilized on a flat surface with high-graft
density in a good solvent stretch in a direction perpendicular to the
substrate surface due to high osmotic pressure arising from the
excluded volume effect by densely grafted neighboring chains.5

Therefore, a polymer brushwith largeMWDcontaining chains of
various lengths in a good solvent affords a large gradient layer and
roughness at the interface between the brush and solvent, which
makes it difficult to estimate the swollen thickness and depth
profile of the swollen brush structure based on reflectivity curves.
Precise analysis of swollen polyelectrolyte brushes in an aqueous
media requires well-defined polyelectrolyte brushes with uniform
thickness on a flat substrate with large surface area.

Over the past decade, various types of well-defined polymer
brush6 have been prepared by surface-initiated polymerization
combined with controlled/living radical polymerization, such as
atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain transfer (RAFT) polymer-
ization. However, it is still difficult to control the polymerization
of vinylmonomerswithpolar functional groups, suchas carboxylic
acid,7 sulfuric acid,8-10 phosphoric acid,11 ammonium salt,12,13

sulfobetaines,14-16 and phosphobetaines,17-22 to produce a poly-
electrolytewith predictablemolecularweight larger than 105 gmol-1

and narrower MWD thanMw/Mn < 1.2, whereMw andMn are
weight-average molecular weight and number-average molecular
weight, respectively. Inmost cases, theMWDof the polyelectrolyte
are larger than 1.5 when the high-molecular-weight polyelectrolyte
was synthesized by ATRP.

Armes et al. have achieved the direct synthesis of well-defined
cationic polymers based on [2-(methacryloyloxy)ethyl]trimethyl-
ammonium chloride (MTAC) by ATRP in aqueous solution
initiatedwithwater-soluble alkyl bromides.23 ATRPofMTAC in a
water/isopropyl alcohol (iPrOH) mixture at 20 �C yielded poly-
(MTAC)with theMn of 1.28� 104 andapolydispersity index lower
than 1.19, indicating that adding alcohol to the aqueous polymer-
ization solution effectively controlled the ATRP of MTAC. The
additive ratio of iPrOH to aqueous solution should be carefully
controlled so as not to precipitate the resulting polymer because
iPrOH is a poor solvent for poly(MTAC). Although Armes et al.
did not describe a preparation of poly(MTAC) brush by surface-
initiated ATRP (SI-ATRP) in water/iPrOH system, we supposed
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that heterogeneous polymerization solution must be unfavorable
for preparing uniformly grafted polymer brushes on the substrate.
Water is a good solvent for poly(MTAC) but usually results in poor
control in ATRP probably due to coordination with copper-based
catalysts to displace halide ligands.

We focused on 2,2,2-trifluoroethanol (TFE) and ionic liquid as
a solvent for ATRP of MTAC. TFE is known as a good solvent
for sulfobetaine-type polymer24 and can dissolve MTAC mono-
mer and poly(MTAC). The ATRP of electrolyte monomers in
TFE will proceed in homogeneous solution without water.
Although TFE has already been used as a solvent or cosolvent
for the conventional free radical polymerization of styrene,25

vinyl acetate,26 ring-opening metathesis polymerization of
norbornene derivatives,27 and RAFT polymerization of
[2-(methacryloyloxy)ethyl]phosphorylcholine (MPC),28 con-
trolled polymerization has not been achieved yet. Ionic liquids
are widely known as nonvolatile and recyclable solvents29 that
readily dissolve many inorganic compounds, including copper-
based ATRP catalysts, and so a homogeneous reaction mixture
canbe obtained. SinceHaddleton andhis co-workers first reported
ATRP of methyl methacrylate (MMA) in 1-butyl-3-methylimi-
dazolium hexafluorophosphate,30 various types of ionic liquid
have been applied onATRP,31-33 reverseATRP,34 and activators
generated by electron transfer (AGET) ATRP.35One of the unique
effects of ionic liquid is the higher propagation rate constant of
ATRP in ionic liquid than those in bulk or other organic solvents.
Recently, ionic liquid was used for surface-initiated ATRP to
produce a PMMA brush at a confined geometry area on the
substrate by using microdroplets.36

We demonstrate here the surface-initiated ATRP ofMTAC in
TFE to prepare high-density well-defined poly(MTAC) brushes
with narrow MWD and higher molecular weight than 105 g
mol-1. The effects of the solvent on the polymerization rate,
MWD, and tacticity of the resulting poly(MTAC) were investi-
gated by using TFE containing iPrOH or imidazolium type ionic
liquids as the cosolvent.

Experiments

Materials. Copper(I) bromide (CuBr, Wako Pure Chemi-
cals, 99.9%) was purified by successive washing with acetic
acid and ethanol and dried under vacuum. Ethyl 2-bromoi-
sobutyrate (EB, Tokyo Chemical Inc., 98%) was dried and
distilled over CaH2 before use. 2,20-Bipyridyl (bpy, Wako,
99.5%), 2,2,2-trifluoroethanol (TFE, Acros, 99.9%), 1-ethyl-
3-methylimidazolium chloride (EMImCl), and 1-ethyl-3-hex-
ylimidazolium chloride (HMImCl) were used without further
purification. MTAC aqueous solution (Aldrich) was concen-
trated by a vacuum pump to remove water and was dissolved
in TFE. The MTAC/TFE solution was purified by alumina
column chromatography and filtration by a membrane filter.
[((2-Bromo-2-methylpropionyl)oxy)hexyl]triethoxysilane
(BHE) was synthesized as described previously.37,38 The BHE
monolayer was immobilized on a silicon wafer by chemical
vapor adsorption. Deionized water was purified with the
NanoPure Water system (Millipore Inc.).

Polymer Brush Preparation. A typical protocol for the SI-
ATRP on MTAC in TFE was as follows (Scheme 1). A few
sheets of the BHE-immobilized silicon wafers (general-use
size = 10� 40� 0.5 mm3), 4.0 mL of MTAC/TFE solution
(2.0 M), and 0.30 mL of iPrOH were charged in a well-dried
glass tube with a stopcock and degassed by the freeze-thaw
process three times. CuBr (0.020 mmol) and bpy (0.040
mmol) were introduced into another glass tube, which was
degassed by seven cycles of vacuum pumping and flushing
with argon. A free initiator EB (0.025 mmol) diluted with
TFE was added to a catalyst to immediately give a homo-
geneous solution with characteristic red color. The copper
catalyst solution was degassed by repeated freeze-thaw
cycles and then injected to the monomer solution. The
resulting reaction mixture was again degassed by repeated
freeze-thaw cycles to remove the oxygen and stirred in an oil
bath at 60 �C for 16 h under argon to simultaneously
generate a poly(MTAC) brush from the substrate and free
(unbound) poly(MTAC) fromEB. The reactionwas stopped
by opening the glass vessel to air at 20 �C. The reaction
mixture was poured into THF to precipitate the free polymer
and unreacted MTAC. The MTAC monomer was insoluble
in THF, and hence the conversion of polymerization was
determined by 1H NMR analysis of the reaction mixture in
methanol-d4 after evaporationofTFEsolvent, andbycomparing
the peak integrals due to the monomer vinyl signals between
5.5 and 6.0 ppm to those of the ester methylene groups at
4.2 ppm, N-methyl groups at 3.5 ppm, and the methacrylate
backbone at 0.5-1.1 or at 1.5-2.0 ppm attributed to polymer
and monomer. The silicon wafers were washed with TFE
using a Soxhlet apparatus for 12 h to remove the free polymer
adsorbed on their surface, and were dried under reduced
pressure.

Characterization. Size exclusion chromatography (SEC)
of the free soluble poly(MTAC) was performed to determine
theMn,Mw, z-averagedmean-square radius of gyration, and
MWD with a Shimadzu HPLC system connected to three
polystyrene gel columns of Tosho G3000PWXL-CP (pore
size 20 nm, bead size 7 μm) þ G5000PWXL-CP (pore size
100 nm, bead size 10 μm) � 2 and equipped with a multi-
angle light-scattering detector (MALS; Wyatt Technology
DAWN-EOS, 30 mW GaAs linearly polarized laser, wave-
length: λ=690 nm) and reflective index detector (Shimadzu
RID-10A) using an acetic acid aqueous solution (500 mM)
containing sodium nitrate (200 mM) as an eluent at a rate of
0.6 mLmin-1. The polystyrene gel columns of G3000PWXL-
CP andG5000PWXL-CP are claimed to separate the polymer
with the molecular ranges 9 � 104 to 1 � 102 and 1 � 106 to
1� 103 gmol-1, respectively. The Rayleigh ratio at a scatter-
ing angle of 90� was based on that of pure toluene at a
wavelength of 632.8 nm at 25 �C. The corrections for
sensitivity of 17 detectors at angles of other than 90� and
dead volume for each detector were performed using the
scattering intensities of 0.30 wt % aqueous solution of
poly(ethylene oxide) standardwithMw=2.22� 104 gmol-1

and Mw/Mn = 1.08.

Scheme 1
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All NMR spectra were recorded in methanol-d4 at 25 �C
using a Bruker AV-400 spectrometer (1H 400.13 MHz, 13C
100.61MHz). The chemical shifts in ppmwere referenced to the
tetramethylsilane (δ 0) internal standard for 1H NMR and
CD3OD (δ 49.0) for 13CNMR. The thickness of the brush was
determined by a spectroscopic ellipsometer MASS-102 (Five
Lab Co.) with Xenon arc lamp (wavelength of 380-890 nm) at
fixed incident angle of 70�. For the calculation of poly(MTAC)
brush thickness, a reflective index of n = 1.495 was used.
Atomic force microscopy (AFM) observation was conducted
withAgilent 5000 (AgilentTechnologies, Inc.) using anacmode
(tappingmechanism) driven dynamic forcemicroscope in air at
room temperature. The polymer brush surface was scanned at
a rate of 10 μm s-1 by a silicon nitride integrated tip on a com-
mercial rectangle cantilever (Nanosensors, Type PPP-NCHR-
20) with a normal force constant of 42 N m-1 at a driving
frequency of 317 kHz in air.

SECMeasurement of Poly(MTAC)Brush on Substrate.To
measure the Mn of the surface-grafted poly(MTAC) on a flat
substrate by SEC, the polymer brush was prepared on a larger
silicon wafer compared with the general-use silicon plates. A
sheet of the BHE-immobilized silicon wafer (65 � 65 � 0.5
mm3), 30.0 mL ofMTAC/TFE solution (2.0M), and 1.50 mL
of iPrOH were charged in a specially designed separable flask
with a stopcock and degassed by the freeze-thaw process three
times. Copper catalyst solution containingCuBr (0.060mmol),
bpy (0.125mmol), and EB (0.060mmol) diluted with TFEwas
prepared in another glass tube and injected to the MTAC
solution. The resulting reaction mixture was degassed by
repeated freeze-thaw to remove the oxygen and stirred at
60 �C for 48 h under argon. The resulting silicon wafers were
washed with TFE using a Soxhlet apparatus overnight to
remove the free polymer adsorbed on their surface and were
dried under reduced pressure.

The brush-immobilized flat silicon wafers were immersed
in concentrated sulfuric acid (20 mL) for 3 days in a glass
vessel and carefully and slowly neutralized by sodiumhydrogen
carbonate aqueous solution. The resulting solution was
collected in a dialysis membrane tube (Spectra/Por 3, Stan-
dard regulated cellulose membrane, MWCO = 3500 Da)
and dialyzed in water to remove inorganic salt ions for 3
days and concentrated to give 0.65 mg of the residue, which
was diluted with aqueous solution and injected to SEC.
Theoretical yield of the surface-grafted polymer should be
0.18 mg; therefore, the obtained residue still contained salt
or impurities.

Results and Discussion

SI-ATRP of MTAC in TFE/iPrOH. In general, well-
defined free polymers can be obtained even if ATRP pro-
ceeded in a heterogeneous reaction mixture; however, a
homogeneous media is preferred for SI-ATRP to produce
a high-density polymer brush with narrow MWD because
the monomer and catalyst are required to react with the
immobilized initiator on the surface. The MTAC monomer
is soluble in water and methanol but insoluble in hexane,
toluene, benzene, 1,4-dioxane, THF, and acetone, while
poly(MTAC) is soluble in aqueous solution and insoluble in
a wide range of organic solvents and iPrOH. Armes et al.
reported that the ATRP ofMTAC in aqueous solution using
a hydrophilic free initiator bearing a morpholine group
proceeded very rapidly at 20 �C to give a polymer with very
broad polydispersity index, Mw/Mn > 1.3, indicating un-
controlled polymerization.23 They demonstrated that a poly-
(MTAC) with relatively narrow MWD was obtained by
ATRP in a methanol/water mixture at 20 �C for 15-20 h;
however, transesterification of MTAC with methanol par-
tially took place during ATRP to give a random copolymer
consisting of poly(MTAC) and poly(methyl methacrylate).
They eventually found that the ATRP of MTAC using an
iPrOH/water mixture (monomer concentration of 20-30%)
at 20 �C for 16 h produced a poly(MTAC) with predictable
Mn (Mn(SEC) = 1.28� 104) and narrow MWD, Mw/Mn =
1.19, without any undesirable side reactions. Therefore, we
applied the preferred cosolvent system using iPrOH and water
to SI-ATRP ofMTAC to prepare a well-defined poly(MTAC)
brush on a substrate.

Table 1 shows the Mn’s and MWDs of the resulting free
poly(MTAC) and thickness of the polymer brushes. All the
polymerizations were carried out in the presence of a free
initiator and the initiator-immobilized silicon wafer to si-
multaneously produce the free polymer and the polymer
brush on the substrate. We actually obtained well-defined
poly(MTAC) with lower Mn than 105 by ATRP in a water/
iPrOH (1/1.5, v/v) mixture at 25 �C; however, a broader
MWDthanMw/Mn=1.4was observed for the polymerwith
higherMn than 105, as shown in runs 1 and 2 in Table 1. The
addition of much more iPrOH to the polymerization solu-
tion retarded the propagation rate in ATRP to give a
polymer with narrowMWD, but an excessively high volume
ratio of iPrOH led to a heterogeneous reaction mixture
because iPrOH is a poor solvent for poly(MTAC). Expecting
a homogeneous polymerization mixture, we tried to use a

Table 1. Surface-Initiated ATRP of MTAC in TFE
a

10-4Mn

run solvents (volume ratio, v/v) temp, �C time, h conv,b % calcc obsd Mw/Mn thickness, nme

1 H2O/iPrOH (1/1.5) 25 1 47 4.68 6.41 1.58 15
2 H2O/iPrOH (1/1.5) 25 12 72 12.9 14.1 1.43 43
3 TFE 25 1 73 4.84 3.48 1.31 3
4 H2O/TFE (1/50) 25 1 74 4.91 2.79 1.31 4
5 H2O/TFE (1/20) 25 3 47 3.22 3.44 1.23 5
6 H2O/TFE (1/5) 25 3 27 1.85 3.24 1.21 3
7 H2O/TFE (1/4) 25 20 73 4.99 3.73 1.18 3
8 H2O/TFE (1/1.3) 25 20 50 3.42 2.29 1.14 2
9 iPrOH/TFE (1/2) 30 20 58 4.70 4.05 1.21 6
10 iPrOH/TFE (1/20) 30 20 53 4.29 5.50 1.23 11
11 iPrOH/TFE (1/2) 60 16 66 4.37 5.37 1.12 12
12 iPrOH/TFE (1/20) 60 16 80 5.26 7.19 1.12 20
13 iPrOH/TFE (1/20) 60 48 99 26.4 22.0 1.19 56

aAtom transfer radical polymerization (ATRP) of [2-(methacryloxy)ethyl]trimethylammonium chloride (MTAC) in 2,2,2-trifluoroethanol (TFE)
was carried out with CuBr (0.025 mmol), bpy (0.050 mmol), MTAC (7.2-8.3 mmol), and ethyl 2-bromoisobutylate (EB, 0.025 mmol) in an Ar
atmosphere.Mn andMw represent the number-averaged andweight-averagedmolecularweights, respectively. b 1HNMR. cMn(calc)= [MTAC]/[EB]�
conversion/100� [MW of MTAC]. dMn(obs) of free poly(MTAC) was determined byMALS-SEC calibration using an acetic acid (500 mM) aqueous
solution containing NaNO3 (200 mM) as an eluent. eEllipsometry.
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fluoroalcohol, TFE, which is a good solvent for poly-
(MTAC). Commercially available 80% MTAC aqueous
solution was pumped up to remove water, and the white solid
residue was diluted with TFE to exchange the solvent. The
monomer/TFE solution was passed through the alumina col-
umn, filtered off by a PTFEmembrane filter, and then collected
as a 2.0mol L-1 solution. ATRPofMTAC in TFE at 25 �C for
1 h proceeded homogeneously with an orange color, producing
the free polymer with a yield of 73%,Mn of 3.48 � 104, and a
rather broadMWD (Mw/Mn = 1.31) (run 3). A small amount
of water was added to the polymerization system as a cosolvent,
expecting a higher polymerization rate (run 3-8), because
ATRP in aqueous solution generally proceeds very quickly.
However, increasing the volume ratio of water in TFE (“water/
TFE” in Table 1) from 1/50 to 1/1.3 resulted in lower conver-
sions and slower propagation rates. ATRP of MTAC in a 1/50
water/TFE mixture at 25 �C achieved 74% conversion within
1h(run3),whileonly27%ofmonomerwasconsumedbyATRP
in a 1/5 water/TFEmixture for 3 h (run 5). In the case of a 1/1.3
water/TFE mixture, it took 20 h to polymerize 50% of MTAC
monomer (run 8). The thicknesses of all poly(MTAC) brushes
produced by SI-ATRP in a water/TFE mixture were below 10
nm even though theMn’s of the free polymers were 2.3� 104 to
4.0� 104. If theMn’s of the free polymer and the brushwere the
same, the graft density of the brushwas estimated tobe as lowas
0.07 chains nm-2. The graft density of the brushwill be precisely
described in a later section. Although it is still unclear why the
polymerization rate and graft density drastically reduced in a
water/TFE mixture, poly(MTAC)s with a narrow polydisper-
sity index belowMw/Mn = 1.2 were obtained.

The additive effect of iPrOH was investigated for the ATRP
of MTAC in TFE. ATRP in an iPrOH/TFE mixture with
volume ratios of 1/2 and 1/20 at 30 �C proceeded homoge-
neously and very slowly (runs 9 and 10) compared with ATRP
in a water/TFE mixture, resulting in 53-58% conversion after
polymerization for 20 h. The MWDs remained at around
1.21-1.23. Controlled polymerization was further improved
in the ATRP of MTAC a 1/2 and 1/20 (v/v) iPrOH/TFE
mixture at 60 �C to give a free polymer withMn of 5.37 � 104

to 22.0 � 104 and narrow MWDs of 1.12-1.19 (runs 11-13).
TheMn determined byMALS-SECwas slightly higher than the
theoretical value based on the yield and the molar ratios of
MTAC to EB in the feed, suggesting that initiation efficiency of
free initiator EB was 75-85% under the condition. Figure 1
shows a first-order plot of the monomer concentration [M]

(ln([M]0/[M]) vs polymerization time) for the ATRP ofMTAC
in an iPrOH/TFEmixture at 60 �C. The logarithmic monomer
conversion index given by ln([M]0/[M]) increased linearly with
polymerization time from the initial stage, indicating that the
polymerization rate simply depended on the concentration of
monomerand initiator.Theapparentpropagation rate constant
kp

appwas1.0� 10-2mol-1L s-1.Theplots athigher conversion
stageno longer showeda linear relationship;however, the result-
ing free polymer had a relatively narrowMWD.

As shown in Figure 2, as the monomer conversion in-
creased, the Mn of free poly(MTAC) also linearly increased
maintaining narrow MWD by the ATRP in an iPrOH/TFE
mixture at 60 �C. With increase in the monomer conversion
and theMn of free polymer from 3.46� 104 to 9.56� 104, the
thickness of polymer brush also increased from 7 to 24 nm,
indicating that the SI-ATRP from surface-immobilized ini-
tiator proceeded kinetically similar manner to the ATRP
from free initiator EB. The linear relationship between the
Mn and the thickness are described in the later section again.

A chain extension experiment was performed for the
ATRP in iPrOH/TFE mixture to evaluate the living char-
acter of the chain ends. SI-ATRP of MTAC in iPrOH/TFE
mixture was carried out at 60 �C to give unbound poly(MTAC)
withMn of 1.94� 104 andMw/Mn of 1.06 and the correspond-
ing polymer brush on a siliconwafer. The free resulting polymer
was isolatedoncebyprecipitation inTHF,purifiedbydialysis in
water overnight, and freeze-dried from the methanol/1,4-diox-
ane (4/1, v/v) mixture. The 5-nm-thick brush substrate was
washed with TFE using a Soxhlet apparatus overnight. The
purified freepoly(MTAC) and thebrush substratewere charged
into a glass tube again together with a fresh MTAC/TFE
solutionanddegassedbyperforming freeze-thawseveral times.
The postpolymerizationwas carried out at 60 �C for 44 h by the
addition of copper catalyst diluted with iPrOH/TFE mixture.
As shown in Figure 3, the SEC curve of the postpoly(MTAC)
shifted toward the higher molecular side (Mn = 10.6 � 104)
than the base-polymer region while maintaining a relatively
narrowMWD(Mw/Mn=1.28).The thickness of thebrushwas
increased to 37 nm by the postpolymerization. These indicate
that the halogen group at the propagating chain end of the
polymer still retained the ability to reinitiate ATRP. The SEC
curve of the postpolymer had a tail at the lower molecular
weight region which slightly overlapped with that of the base
polymer, although it was at a negligible level.

Molecular Weight and Graft Density of Polymer Brush. It
has been reported that a polymer brush prepared by surface-
initiated polymerization in the presence of sacrificial free initia-
tor had the same Mn as that of simultaneously produced free

Figure 2. Evolution of the number-averaged molecular weight (Mn)
and molecular weight distribution with conversion of ATRP ofMTAC
in isopropyl alcohol/2,2,2-trifluoroethanol (1/20, v/v) at 60 �C.

Figure 1. First-order kinetic plots of ln([M]0/[M]) versus time for the
ATRP of MTAC at 60 �C (a) in isopropyl alcohol (iPrOH)/2,2,2-trifluo-
roethanol (TFE) (1/20, v/v) and (b) in 1-ethyl-3-methylimidazolium
chloride (EMImCl)/TFE (1/20, wt/wt); [CuBr]/[bpy]/[MTAC]/[EB] =
1/2/500/1 (molar ratio), [EB] = 3.4 mM, where bpy, MTAC, and EB are
2,20-bipyridyl, 2-(methacryloxy)ethyltrimethylammonium chloride, and
ethyl 2-bromoisobutyrate, respectively.
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polymer.39-42 In this work, the surface-grafted poly(MTAC)
was cleaved from the substrate to measure theMn of the brush
by SEC. The brush-immobilized flat silicon wafers (65 � 65
mm2)were immersed inconcentrated sulfuricacid for3daysand
carefully neutralized by sodium carbonate aqueous solution.
The resulting solutionwasdialyzed inwater to remove inorganic
salt ions and concentrated to collect the cleavedpolymer.Figure 4
shows the SEC curves of poly(MTAC) generated from the free
initiator and the polymer brush isolated from the silicon wafer
by acidic hydrolysis, which revealed that both polymers had
similar Mn’s and relatively narrow MWDs. The SEC curve of
the isolatedpoly(MTAC) brush sample showed lowRI intensity
and undulation of the baseline due to the extremely low yield of
the isolated poly(MTAC) from the substrates. TheMn’s of the
free poly(MTAC) and the brushwere 13.0� 104 and10.1� 104,
respectively. The peak of both SEC curves appeared at the same
Mn position, although the SEC curve of the polymer brush
showed tailing at the lower Mn region. These results indicated
that bothATRP from the surface-immobilized initiator and free
initiator in a solution proceeded in a controlled manner to give
polymers with the sameMn.

The Mn of the polymer brush affects the thickness of the
brush. As shown in Figure 5, the thickness of the poly(MTAC)
brush was proportional to Mn of the free polymer. The graft
density σ of the poly(MTAC) brush prepared by SI-ATRP in
TFE/iPrOH solution was estimated to be 0.20 chains/nm2 on
the basis of the relationship between the thickness L (nm) and
Mn, as follows:

σ ¼ d � L�NA � 10- 21=Mn ð1Þ

where d and NA are the assumed density of bulk polymer at
293 K and Avogadro’s number, respectively. The graft density
of thepoly(MTAC) brushproducedbySI-ATRP inwater/TFE
mixture was 0.07 chains nm-2, whichwas lower than that of the
brush prepared in the TFE/iPrOH system. If the Mn’s of the
brush and the corresponding free polymer were the same, a low
graft density suggests a low initiator efficiency. The reason for
the low graft density of the brush in water/TFE mixture is not
clear; densely graftingpolymerizationmightbepreventedby the
electrostatic repulsion between MTAC monomers in aqueous
solution.

SI-ATRP of MTAC in TFE/Ionic Liquid. Imidazolium
type ionic liquids are also promising candidates for cosolvents
due to their miscibility in MTAC monomer and TFE. For
instance, EMImCl and HMImCl are completely miscible in
TFE.EMImCl is a solidat roomtemperaturebecause itsmelting
point is 77-79 �C, while HMImCl is a room-temperature ionic
liquid. The reaction mixture of MTAC, TFE, ionic liquid, and
copper catalyst gives a red homogeneous and relatively viscous
solution compared with the TFE/iPrOH mixture. As shown in
Table 2, polymerization in the presenceof ionic liquid proceeded
very slowly; it took 16 h to achieve 33% conversion by the
ATRPofMTACinEMImCl/TFE (1/20,wt/wt) at 30 �C.How-
ever, the resulting polymer had a narrow polydispersity index of
1.12 (run 14). ATRP at 60 �C for 65 h (run 15) gave a polymer
with predictableMn and narrowMWD(Mn=11.4� 104,Mw/
Mn= 1.13). A slow polymerization rate can be seen in the first-
order plot in Figure 1b. The apparent propagation rate constant
kp

app of the ATRP in EMImCl/TFE (1/20, wt/wt) at 60 �Cwas
1.1� 10-3 mol-1 L s-1, which was much lower than that in the
TFE/iPrOH system (1.0� 10-2mol-1 L s-1). Similar improved
controlwas alsoobserved in the presenceofHMImCl (runs 16-
20). Poly(MTAC)s with relatively narrow MWDs (Mw/Mn =
1.11-1.28) were obtained by ATPR in TFE containing
10-20wt%ofHMImCl.Thegraft density of thepoly(MTAC)
brush estimated fromthe relationshipbetween the thickness and
Mn (Figure 5) was 0.20 chains nm

-2, which was the same value
as that of the brush prepared in the TFE/iPrOH system.

This is the first case that the ionic liquids were used as
additives or cosolvents for ATRP, although the ATRP in a
pure ionic liquid has been investigated.30-36 Therefore, the
role of ionic liquids in controlled polymerization of MTAC
remains unknown. Several research groups have reported
that the polymerization rate of MMA in an ionic liquid was
faster than that in bulk or nonpolar organic solvent;30,33

however, the reduction in rate of the MTAC polymerization
was observed by addition of ionic liquid to the reaction
mixture in this study. The polymerization rate depends on

Figure 3. SEC curves for poly(MTAC) produced (a) in the first
polymerization in isopropyl alcohol/2,2,2-trifluoroethanol (1/20, v/v)
at 60 �C (dot line),Mn(obs)=1.94� 104,Mw/Mn=1.06, and (b) in the
postpolymerization (solid line),Mn(obs)= 12.3� 104,Mw/Mn= 1.15.

Figure 4. Comparison of SEC traces of (a) free poly(MTAC) produced
from ethyl 2-bromoisobutyrate (solid line) and (b) the cleaved poly-
(MTAC) (dotted line) from the polymer brush generated from surface-
immobilized initiator on silicon wafers.

Figure 5. Thickness of poly(MTAC) brushes as a function of the
number-averaged molecular weight (Mn) of the corresponding free
polymer produced by ATRP in 2,2,2-trifluoroethanol (TFE)/water
(open circle), TFE/isopropyl alcohol (filled circle), and in TFE/1-
ethyl-3-methylimidazolium chloride (triangle).
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the value of the ATRP equilibrium constant, which is the
ratio of the rate constants for activation and deactivation estab-
lished through homolytic cleavage of a C-X bond of dormant
species by aCuI/ligands complex that generates the correspond-
ing higher oxidation state CuII/ligands complex deactivator and
active species with an organic radical. Therefore, the ATRP
equilibrium is governed by a redox process of copper catalyst; a
linear correlation has been reported between the logarithm of
apparent polymerization rate constant kp

app and the redox
potential of CuII/ligand catalyst.43,44 We suppose that the
imidazolium ionic liquid behaved as an electron-donating sol-
vent enhancing the reducing power of a CuII complex. As a
result, the position of theATRP equilibriummight be shifted to
the dormant species side to result in a slow polymerization rate.
On the other hand, not only the coordination of the ionic liquid
to copper catalyst but also interaction between MTAC mono-
mer and ionic liquid could occur during the polymerization.
Further experiments to explore the effect of ionic liquid on
electrolyte monomers are currently in progress.

The surface morphology of the poly(MTAC) brush sur-
face was observed by AFM under air at room temperature
(AFM image was shown in Supporting Information). The
root-mean-square (rms) of the surface roughness of the
poly(MTAC) brushes prepared by SI-ATRP in iPrOH/
TFE and ionic liquid/TFE were 0.7 nm in a 2 � 2 μm2

scanning area. Other polymer brush surfaces prepared in
iPrOH/H2O solution also revealed similar rms values. No
significant difference was observed in the surface roughness
and morphology of the poly(MTAC) brushes with narrow
and broad MWDs in air. The surface roughness of the
swollen poly(MTAC) brushes in aqueous solution might be
affected by MWD of the polymer. Swollen structures of
poly(MTAC) brushes in aqueous solution are characterized
by AFM and neutron reflectively measurement,4,19 which
are described in the upcoming paper.

The effect of solvents on the stereochemistry of radical
polymerization is attracting great attention in research on con-
trolled polymerization. Okamoto et al. found that free radical
polymerization of methyl methacrylate (MMA) in fluoroalco-
hol at -40 �C afforded a syndiotactic-rich polymer.45 An
enhancement in syndiotacticity was also observed in copper
mediatedATRPofMMA in 1,1,1,3,3,3-hexafluoro-2-propanol
at-78 �C.46Kamigaito et al. prepared stereogradient polymers
by ruthenium-catalyzed living radical copolymerization of
methacrylate monomers in 2,2,2,20,20,20-hexafluorocumyl
alcohol.47 These stereospecific polymerizations were mainly
caused by hydrogen bonding interaction between fluoroalcohols
and monomers forming an apparent bulky complex and their
large steric effects upon adding monomer to the propagating
species. Here, we explore the solvent effect of fluoroalcohol and

ionic liquids on the tacticity of poly(MTAC) by 13C NMR.
Figure 6 shows 13C NMR signals of carbonyl carbons of poly-
(MTAC)s produced by ATRP in aqueous solution, TFE/
iPrOH, and TFE/EMImCl mixture. Although accurate assign-
ments have not yet been determined for each signal in the spec-
tra, the resonance at 177.6-178.0, 178.0-178.3, 178.2-178.6
ppmmay be attributable tomm,mr, and rr triads, respectively,
analogous with the case of PMMA.48 All the samples showed a
characteristic sharp peak at 178.4 ppm attributed to the rr
configuration, indicating that syndiotactic-rich poly(MTAC)
was produced by ATRP both in aqueous and in TFE solution.
A slight increase in the peak intensity at 177.7 ppm due to the
mm triad was observed for the polymer produced in TFE/
iPrOH; however, themm ratio was lower than 10%. Therefore,
the effect of TFE or ionic liquid on the stereoregularity of
poly(MTAC) was negligible in this study.

Conclusions

In this study, we found that theATRP ofMTAC in TEF in con-
junctionwith a small amount of iPrOHor ionic liquids proceeded in
the homogeneous solution state at 60 �C to give poly(MTAC)
having narrowMWD (Mw/Mn< 1.19) and predictableMn even if

Table 2. Surface-Initiated ATRP of MTAC in TFE Containing the Ionic Liquid
a

10-4Mn

run solvents (weight ratio, wt/wt) temp, �C time, h conv,b % calcc obsd Mw/Mn thickness, nme

14 EMImCl/TFE (1/20) 30 16 28 2.99 3.32 1.12 6
15 EMImCl/TFE (1/20) 60 65 93 11.0 11.4 1.13 25
16 HMImCl/TFE (1/9) 30 3 21 2.51 3.01 1.16 5
17 HMImCl/TFE (1/4) 30 3 15 1.73 2.21 1.12 3
18 HMImCl/TFE (1/4) 60 6 30 3.18 3.69 1.28 4
19 HMImCl/TFE (1/4) 60 16 39 4.13 4.61 1.24 8
20 HMImCl/TFE (1/9) 60 16 43 5.50 3.22 1.11 5

aAtom transfer radical polymerization (ATRP) of [2-(methacryloxy)ethyl]trimethylammonium chloride (MTAC) in 2,2,2-trifluoroethanol (TFE)
and 1-ethyl-3-methylimidazolium chloride (EMImCl) or 1-ethyl-3-hexylimidazolium chloride (HMImCl) was carried out with CuBr (0.025 mmol),
bpy (0.050 mmol), MTAC (7.2-8.3 mmol), and ethyl 2-bromoisobutylate (EB, 0.025 mmol) in an Ar atmosphere. Mn and Mw represent the
number-averaged and weight-averaged molecular weights, respectively. b 1H NMR. cMn(calc) = [MTAC]/[EB] � conversion/100 � [MW of MTAC].
dMn(obs) was determined by MALS-GPC calibration using an acetic acid (500 mM) aqueous solution containing NaNO3 (200 mM) as an eluent.
eEllipsometry.

Figure 6. 13C NMR spectra of the carbonyl region of poly(MTAC)
synthesized by ATRP in (a) water/isopropyl alcohol (iPrOH) (1/1.5,
v/v), (b) iPrOH/2,2,2-trifluoroethanol (TFE) (1/20, v/v), and (c) 1-ethyl-
3-methylimidazolium chloride (EMimCl)/TFE (1/20, wt/wt); measured
in methanol-d4 at 25 �C.
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theMn was higher than 10
5 g mol-1, indicating satisfactory control

of the polymerization. Lower polymerization rates kp
app of 10-2

molL-1 s-1 inTFE/iPrOHand10-3molL-1 s-1 inTFE/EMImCl
were observed than in the aqueous solution. A well-defined poly-
(MTAC) brush with a graft density of 0.20 chains/nm-2 was also
prepared on a silicon wafer by SI-ATRP in TFE/iPrOH. Both the
resulting free polymer and the corresponding brush can initiate
ATRP again smoothly, thus increasing their Mn’s and thickness.
The combination of TFE and ionic liquid offers good potential is a
goodcandidate solvent for the controlledATRPandAGET-ATRP
of (meth)acrylate monomers bearing various types of polar or
charged functional groups.

Supporting Information Available: Surface morphology of
the poly(MTAC) brush, including theAFMimage. Thismaterial is
available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Spruijt, E.; Cohen Stuart,M.A.; van derGucht, J.Macromolecules
2010, 43, 1543–1550.

(2) Kaewsaiha, P.; Matsumoto, K.; Matsuoka, H. Langmuir 2007, 23,
20–24.

(3) Hollmann, O.; Steitzb, R.; Czeslik, C. Phys. Chem. Chem. Phys.
2008, 10, 1448–1456.

(4) Kobayashi, M.; Terayama, Y.; Hino, M.; Ishihara, K.; Takahara,
A. J. Phys: Conf. Ser 2009, 184, 012010.

(5) Tsujii, Y.; Ohno, K.; Yamamoto, S.; Goto, A.; Fukuda, T. Adv.
Polym. Sci. 2006, 197, 1–45.

(6) Advincula, R. C.; Brittain, W. J.; Caster, K. C.; R€uhe, J. Polymer
Brushes,; Wiley-VCH: Weinheim, 2004.

(7) Tugulu, S.; Barbey, R.; Harms, M.; Fricke, M.; Volkmer, D.;
Rossi, A.; Klok, H.-A. Macromolecules 2007, 40, 168–177.

(8) Masci, G.; Bontempo, D.; Tiso, N.; Diociaiuti, M.; Mannina, L.;
Capitani, D.; Crescenzi, V. Macromolecules 2004, 37, 4464–4473.

(9) Ramstedt, M.; Cheng, N.; Azzaroni, O.; Mossialos, D.; Mathieu,
H. J.; Huck, W. T. S. Langmuir 2007, 23, 3314–3321.

(10) McCullough, L. A.; Dufour, B.; Matyjaszewski, K. J. Polym. Sci.,
Part A: Polym. Chem. 2009, 47, 5386–5396.

(11) Suzuki, S.; Whittaker, M. R.; Grøndahl, L.; Monteiro, M. J.;
Wentrup-Byrne, E. Biomacromolecules 2006, 7, 3178–3187.

(12) Moya, S.; Azzaroni, O.; Farhan, T.; Osborne, V. L.; Huck,W.T. S.
Angew. Chem., Int. Ed. 2005, 44, 4578–4581.

(13) He, L.; Read, E. S.; Armes, S. P.; Adams, D. J. Macromolecules
2007, 40, 4429–4438.

(14) Donovan, M. S.; Sumerlin, B. S.; Lowe, A. B.; McCormick, C. L.
Macromolecules 2002, 35, 8663–8666.

(15) Zhai,G.;Yu,W.H.;Kang,E. T.;Neoh,K.G.;Huang,C.C.; Liaw,
D. J. Ind. Eng. Chem. Res. 2004, 43, 1673–1680.

(16) Azzaroni, O.; Andrew, A.; Brown, A., A.; Huck, W. T. S. Angew.
Chem., Int. Ed. 2006, 45, 1770–1774.

(17) Ma, Y.; Lobb, E. J.; Billingham, N. C.; Armes, S. P.; Lewis, A. L.;
Lloyd, A. W.; Salvage, J. Macromolecules 2002, 35, 9306–9314.

(18) Iwata, R.; Suk-In, P.; Hoven, V. P.; Takahara, A.; Akiyoshi, K.;
Iwasaki, Y. Biomacromolecules 2004, 5, 2308–2314.

(19) Kobayashi,M.; Terayama,Y.; Hosaka,N.; Kaido,M.; Suzuki, A.;
Yamada, N.; Torikai, N.; Ishihara, K.; Takahara, A. Soft Matter
2007, 3, 740–746.

(20) Ma, Y.; Tang, Y.; Billingham, N. C.; Armes, S. P.; Lewis, A. L.;
Lloyd, A. W.; Salvage, J. Macromolecules 2003, 36, 3475–3484.

(21) Yusa, S.; Fukuda, K.; Yamamoto, T.; Ishihara, K.;Morishima, Y.
Biomacromolecules 2005, 6, 663–670.

(22) Feng, W.; Brash, J.; Zhu, S. J. Polym. Sci.: Part A Poly. Chem.
2004, 42, 2931–2942.

(23) Li, Y.; Armes, S. P.; Jin, X.; Zhu, S. Macromolecules 2003, 36,
8268–8275.

(24) Huglin, M. B.; Radwan,M. A.Makromol. Chem. 1991, 192, 2433–
2445.

(25) Matsumoto, A.; Mohri, Y. J. Polym. Sci., Part A: Polym. Chem.
1999, 37, 2803–2814.

(26) Yamada, K.; Nakano, T.; Okamoto, Y. J. Polym. Sci., Part A:
Polym. Sci. 2000, 38, 220–228.

(27) Rankin, D. A.; P’Pool, S. J.; Shanz, H.-J.; Lowe, A. B. J. Polym.
Sci., Part A: Polym. Sci. 2007, 45, 2113–2128.

(28) Yu, B.; Lowe,A. B.; Ishihara,K.Biomacromolecules 2009, 10, 950–
958.

(29) Ma, H.; Wan, X.; Chen, X.; Zhou, Q.-F. J. Polym. Sci., Part A:
Polym. Chem. 2003, 41, 143–151.

(30) Carmichael, A. J.; Haddleton, D.M.; Bon, S. A. F.; Seddon, K. R.
Chem. Commun. 2000, 1237–1238.

(31) Sarbu, T.; Matyjaszewski, K. Macromol. Chem. Phys. 2001, 202,
3379–3391.

(32) Biedron, T.; Kubisa, P.Macromol. Rapid Commun. 2001, 22, 1237–
1242.

(33) Biedron, T.; Kubisa, P. J. Polym. Sci., Part A: Polym. Chem. 2002,
40, 2799–2809.

(34) Ma, H.; Wan, X.; Chen, X.; Zhou, Q.-F. Polymer 2003, 44, 5311–
5316.

(35) Hu, Z.; Shen, X.; Qiu, H.; Lai, G.; Wu, J.; Li, W. Eur. Polym. J.
2009, 45, 2313–2318.

(36) Nett, S. K.; Kircher, G.; Gutmann, J. S. Macromol. Chem. Phys.
2009, 210, 971–976.

(37) Ohno, K.; Morinaga, T.; Koh, K.; Tsujii, Y.; Fukuda, T. Macro-
molecules 2005, 38, 2137–2142.

(38) Kobayashi, M.; Takahara, A. Chem. Lett. 2005, 34, 1582–1583.
(39) Matsuno, R.; Yamamoto, K.; Otsuka, H.; Takahara, A. Macro-

molecules 2004, 37, 2203–2209.
(40) Werne, T.V.; Patten, T. E. J.Am.Chem.Soc. 1999, 121, 7409–7410.
(41) Husseman, M.; Malmstrom, E. E.; McNamura, M.; Mate, M.;

Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang,
E.; Russell, T. P.; Hawker, C. J. Macromolecules 1999, 32, 1424–
1431.

(42) Pyun, J.; Jia, S.; Kowalewski, T.; Patterson, G. D.; Matyjaszewski,
K. Macromolecules 2003, 36, 5094–5104.

(43) Tang, W.; Kwak, Y.; Braunecker, W.; Tsarevsky, N. V.; Coote,
M. L.; Matyjaszewski, K. J. Am. Chem. Soc. 2008, 130, 10702–
10713.

(44) Braunecker,W.A.; Tsarevsky,N.V.;Gennaro,A.;Matyjaszewski,
K. Macromolecules 2009, 42, 6348–6360.

(45) Isobe, Y.; Yamada, K.; Nakano, T.; Okamoto, Y.Macromolecules
1999, 32, 5979–5981.

(46) Miura, Y.; Satoh, T.; Narumi, A.; Nishizawa, O.; Okamoto, Y.;
Kakuchi, T. J. Polym. Sci., Part A: Polym. Chem. 2006, 44, 1436–
1446.

(47) Miura, Y.; Shibata, T.; Satoh, K.; Kamigaito, M.; Okamoto, Y.
J. Am. Chem. Soc. 2006, 128, 16026–16027.

(48) Hatada,K.; Kitayama, T.;Ute, K.Prog. Polym. Sci. 1988, 13, 189–
276.


