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ABSTRACT: Atom transfer radical polymerization (ATRP) was applied to a novel synthesis of prototype
copolymer brushes. The procedure included the following steps: (1) free-radical copolymerization of vinylbenzyl-
terminated polystyrene (PS-VB) macromonomer BHrd-hydroxyphenyl)maleimide gave well-defined alternating
comb-shaped copolymers, (2) subsequent esterification rea®tiéf-fiydroxyphenyl)maleimide sites] of such
comb-shaped copolymer with 2-bromoisobutyryl bromide yielded a comb-shaped polyinitiator, and (3) the grafting-
from ATRP method of methyl methacrylate (MMA) using comb-shaped polyinitiator provided PS/poly(methyl
methacrylate) (PMMA) alternating copolymer brushes. Dilute solution properties and morphological results of
both comb-shaped polyinitiator and prototype copolymer brushes were investigated by static and dynamic light
scattering and transmission electron microscopy. As a result, prototype copolymer brush composed of short aspect
ratio changed the shape from ellipsoid to starlike conformation because both polystyrene (PS) and PMMA side
chains were stretched by introduction of PMMA grafted chains.

Introduction =

Nanostructured polymers are of rapidly growing interest (O/I J)
because of their sized-coupled properties. The interest in -
branched polymers arises from their compactness and their @) Thube-cylidertpe
enhanced segment density. Recently, a new class of branched /\ 0 \
architectural polymers, nanocylinders (often called polymer :
brushes), is attracting attention because their unique structures \) " )
may result in unusual properties. (b) Prototype

Comb polymers with densely grafted side chains in a good ? 7
solvent can adopt a wormlike cylinder brush conformation, in i :
which the side chains are stretched in the direction normal to \ i

the backbone owing to the excluded-volume interaction. More
recently, we systematically investigated the architecture of
multicomponent copolymer brush&s.Figure 1 shows the

illustration of three types of multicomponent copolymer brushes,

i.e., double-cylinder type, prototype, and block type. Herein, (PS-VB, donor; PEO-MC/SnGlacceptor) formed between the
we focus on prototype copolymer brushes. Two strategies cangectron donor and acceptor monomers.

be designed to construct such structures. Sehit al’ reported These alternating copolymer brushes with long aspect ratios
the synthesis of the prototype amphiphilic nanocylinders by (he ratio of diameter to the length of rodlike molecule) should
polycondensation of Suzuki-type dendron (having both hydro- ¢y hhase-separated cylindrical domains (prototype as sketched
philic and hydrophobic pendant chains in a molecule) with i, Figure 1b) because incompatible alternating PS and PEO side
diboronic acid ester. As another synthetic strategy reported by chains align densely on the main chain. Dilute-solution proper-
Ishizu’s group’, an alternating copolymerization of a mixture (a5 and structural analysis demonstrate that such alternating

of two macromonomers is an elegant approach for the archi- copolymer brushes formed large aggregates in an aqueous
tecture of prototype copolymer brushes. Free-radical copolym- qq|tions In this self-assembly process, hierarchical generation,

erization of binary macromonomers will form copolymers with i.e., aggregate formation from small rods to large rods, was
comb-shaped structure. In this preparation process, the relevangycarved. Moreover, in the self-assembly of prototype am-
copolymerization parameters are very important in determining phiphilic copolymer brushes consisting of PEO and poly-
the branch_ Qistribt_nion in the resulting comb-shaped copolymers. (propylene oxide) (PPX)an interesting morphology such as
The reactivity ratios fy(PS-VB) = 0.25 andry(PEO-MC) = cascade, i.e., treelike, generation of rods was observed. Since
0.02] obtained for free-radical copolymerization of vinylbenzyl- o hydrophobicity of PPO domains is weaker than that for PS
terminated polystyrene (PS-VB) and methacryloyl-terminated 4omains in water, PPO/PEO copolymer brushes may self-
poly(ethylene oxide) (PEO-MC)/tin tetrachloride (SiGhac- assemble to three-dimensional supramolecules. The PS/PEO
romonomers showed strong alternatfoit was suggested that b o10tyne copolymer brushes were converted into sulfonated
alternation results from homopolymerization of 1:1 complexes pg (PSS)/PEO brushes (anionic/nonionic polyelectrolyte pro-
totype) by sulfonation. We studied the binding behaviors of PSS/
* Corresponding author. E-mail: kishizu@polymer.titech.ac.jp. PEO brush to linear quaternized poly(4-vinylpyridine) (P4VPQ)

(c) Block-type

Figure 1. lllustration of multicomponent copolymer brushes: (a)
double-cylinder type, (b) prototype, and (c) block type.
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Scheme 1. Synthesis Route for Prototype Copolymer Brushes (AIBN 4,4-Azobis(isobutyronitrile), MMA = Methyl Methacrylate)
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was added as a catalysis, and the reaction was allowed to provide

aggregate/P4VPQ complexes were formed, because of PSS/PEQ (orange crystal; mp 182C, yield 56%).

brushes abundantly bound to P4VPQ due to electrostatic

interaction. More recently, Schmidt et&prepared statistical

Synthesis of Functionalized Comb-Shaped Copolymers 2.
Scheme 1 shows the synthesis routes for prototype copolymer

copolymer brushes consisting of statistically arranged P2VPQ brushes. Alternating copolymerizations of PS-Wa,(= 5000,M./
and poly(methyl methacrylate) (PMMA) side chains. They found M, = 1.04) with 1 were carried out in THF initiated by AIBN at

the supermolecular structure formation (supermolecular order

of a few polymer molecules into filament-like structures) of

such statistical copolymer brushes in the solid state due to

intramolecular phase separation of PMMA and P2VPQ side
chains.

60 °C for 5 h in asealed glass ampule under vacuum (the
polymerization has been degassed), varying the feed monomer ratios
(feed mole fraction of PS-VB- 0.25-0.75). Typical polymerization
conditions of CP3 (feed mole fraction of PS-\B 0.5) were as
follows: PS-VB (0.2 g, 0.04 mmol}, (0.0074 g, 0.04 mmol), AIBN
(0.0026 g, 0.016 mmol) in THF (1.2 mL). After polymerization,

A more general synthetic method is required to prepare the the resulting solution was poured into a large excess of methanol.

prototype copolymer brushes consisting of various chemical

The conversion (1525%) was estimated from peak areas of gel

components. As mentioned earlier, an alternating copolymer canPermeation chromatograph (GPC) chart for the recovered polymers

be easily obtained by free-radical copolymerization of an
electron-rich monomer and an electron-deficient monomer

through the formation of charge-transfer complexes. One of the

extensively studied systems is maleimide (MI) and styfeive

(the mixture of alternating copolym@rand unreacted PS-VB). The
reactivity ratio is the ratio of the rate constant for a propagating
species adding to its own monomer to the rate constant for its
addition to the other monomer. In order to determine the reactivity
ratios, r; (PS-VB) andr;, (1), the copolymerization product was

can expect to synthesize easily prototype copolymer brushesseparated by precipitation fractionation in a THF-methanol system.

by alternating copolymerization of VB-terminated and MI-

terminated macromonomers or grafting-from atom transfer
radical polymerization (ATRP) approach from alternating comb-
shaped copolymers having functionalized MI groups.

In this article, we present a novel synthesis of prototype
copolymer brushes by the grafting-from ATRP approach from
alternating comb-shaped copolymers having functionalized Ml
groups. The procedure included the following steps: (1) free-
radical copolymerization of PS-VB and(4-hydroxyphenyl)-
maleimide gave well-defined alternating comb-shaped copoly-

Preparation of Comb-Shaped Polyinitiators 3.A mixture of
2 (hydroxyphenyl groups= 0.53 mmol), 2-bromoisobutyryl
bromide (0.37 g, 1.59 mmol), and4&t (0.17 g, 1.59 mmol) as an
acid acceptor was stirred in THF (dried over with Na chips; 20
mL) for 3 h at 0°C, followed by stirring at room temperature for
18 h. Reaction produ@ [derivation to functional groupsN-(4-
(2-bromobutyryloxy)phenyl)maleimide] was poured into a large
excess of methanol and separated by filtration (degree of esterifi-
cation; 100%).

Synthesis of Prototype Copolymer Brushes 4ATRP opera-
tions were carried out in a sealed glass apparatus under high vacuum

mers, (2) subsequent esterification reaction of such comb-shapeqthe polymerization has been degassed). Typical polymerization

copolymer with 2-bromoisobutyryl bromide yielded a comb-
shaped polyinitiator, and (3) grafting-from ATRP method of
MMA using comb-shaped polyinitiator provided PS/PMMA
alternating copolymer brushes.

Experiments

Materials. PS-VB was synthesized by the coupling reaction of
polystyryllithium with an excess amount pfchloromethylstyrene
(CMS) in a benzenetetrahydrofuran (THF) mixed solvent. Details
of the synthesis and characterization are given elsewhdidA
(>99.8%, Tokyo Kasei Organic Chemicals, Tokyo) was distilled
under high vacuum. 4-Aminophenct 99%), 4,4-azobis(isobuty-
ronitrile) (AIBN, >99.5%), 2,2bipyridine (bpy,>99.0%), 2-bro-
moisobutyryl bromide ¥97%), N,N-dimethylformamide (DMF,
>99.5%), maleic anhydride>(99.0%), methanol (99.8%), THF
(99.5%), triethylamine (BN, >99.0%), toluene (99.5%jp-xylene
(>98%) (the commercial souce of these materials; Tokyo Kasei
Organic Chemicals, Tokyo), copper(l) bromide (CuBr, 95%),
hydrochloric acid (HCI, 35.8637.0%), sodium metal, zinc acetate,
(>99%) (the commercial souce of these materials; Kanto Kagaku
Reagent Division, Tokyo), and aluminum oxide active base
(Aldrich, Milwaukee) were used as received.

Synthesis ofN-(4-Hydroxyphenyl)maleimide (1).2° N-(4-Hy-
droxyphenyl)maleimidel) was followed by the method reported
by Rao et al! In brief, maleic anhydride was reacted with
4-aminophenol imp-xylene and DMF. Subsequently, zinc acetate

conditions for the synthesis of PS/PMMA prototype copolymer
brushes are as follows. Comb-shaped polyinitia®(0.5 g, 0.1
mmol), MMA (0.668 g, 6.67 mmol), CuBr (0.014 g, 0.1 mmol),
and bpy (0.027 g, 0.17 mmol) ([Br]:[MMA]:[CuBr]:[bpy¥ 1:67:
1:1.7, where [Br] indicates Br concentration of functionalized Ml
groups) were dissolved in toluene (0.38 mL) (67 wt % monomer
solution), and the resulting mixture was stirred at room temperature
for a certain time to form a copper complex, CuBr/bpy (we observed
color change of solution). After ATRP polymerization at 40
for 2.5 h, the crude product was recovered by precipitation in
methanol containing dilute HCI to remove roughly the copper
complex. The final polymerization mixture was diluted with THF,
the solution was filtered through a column filled with aluminum
oxide 90 active basis to remove the catalyst, and the polymer was
precipitated in excess of methanol and dried in vacuo to a constant
weight (conversion of MMA; 17.1%).

Characterization. Polydispersities NI,/M,) of comb-shaped
polyinitiator 3 and prototype copolymer brughwere determined
by GPC (Tosoh high-speed liquid chromatograph HLC-8120,
Tokyo) using two TSK gel columns, GM [excluded-limit
molecular weight Mgiy = 4 x 10°)] and G2000K, (Mgim = 1
x 10%, in series in THF as eluent (flow rate of 1.0 mL/min) at
40 °C using PS standard samples. The weight-average molecular
weights M) of 3 and4 were determined by static light scattering
(SLS; Photal DLS-8000PNA: Otsuka Electronics, Tokyo,—He
Ne laser: 1o = 632.8 nm, 10 mW) using Zimm mode in THR(
= 1.40,n = 0.456 cP) at 25C. The refractive index increment



3058 Ishizu and Yamada Macromolecules, Vol. 40, No. 9, 2007

dn/dc of each polymer was determined by a differential refracto-
meter (Photal DRM-1021%, = 632.8 nm). Sample solutions were
filtered through membrane filters with a norminal pore of Qg

just before measurement. The diffusion coefficiely)( was
determined by the extrapolation to zero concentration on dynamic
light scattering (DLS; Otsuka Electronics) data with cumulant CP3F
method at 25°C in 2—10 mg/mL THF solution of comb-shaped
polyinitiator 3 and prototype copolymer brush The scattering
angle was in the range 39615C.

In order to evaluate the reactivity ratios; (and ry), the
composition of comb-shaped polyinitiatoBswas determined by
Fourier transform infrared (FT-IR) spectroscopy (Shimadzu FTIR-
8500, Tokyo). Calibration curve was constructed using the mixture
of PS and\-(4-hydroxyphenyl)maleimide (characteristic absorbance CP3
of PS, 735 cm?, and carbonyl moiety, 1700 crf). Two monomers,
M; and M, are defined as the PS-VB macromonomer &hl-
hydroxyphenyl)maleimide, respectively. The reactivity ratieend
ro, were estimated by a graphiaakr, determination and curve-
fitting proceduret?

Proton nuclear magnetic resonantié KMR) spectra (500 MHz, PS-VB
JEOL GSX-500 NMR spectrometer, Tokyo) f@rand 4 were
performed in CDG]. T T T

Morphological behavior of polymer brushes was obtained as 20 22 24 26 28 30
follows. THF solution of 0.1 wt % concentration was dropped on Elution Volume (mL)

a microscope mesh coated with carbon film for taking transmission
electron microscopy (TEM). The specimen was stained with Figure 2. Gel permeation chromatogragBPC) profiles of vinylben-

rutenium tetraoxide (Ru) vapor. Morphological results were  Zyl-terminated PS macromonomer (PS-VB), copolymer produced: feed
obtained on a Hitachi H-500 TEM at 100 kV mole fraction of PS-VB= 0.5 (CP3) and fractionated copolymer
’ CP3F.

R.I

Results and Discussion

Synthesis of Functionalized Comb-Shaped Copolymers.
Highly alternating copolymers are prepared by copolymerizing
electron-accepting monomers such as maleic anhydride or
MI with electron-donating monomers such as styrgtiehas
be_en _suggested that alternation results from the homopolym-fitting procedure. Reactivity ratios; = 0.15 andr, = 0
erization of 1:1 complexes formed between the donor and (line a) were well fitted on the observed values. It is found that

acceptor monomers. So, it can also be expected that MAC~copolymerization reactivity of PS-VB witlh shows a stron
romonomer PS-VB and maleimide derivatiie form 1:1 Poly Y g

alternation. However, maleimides are not as strong electron
complexes. . . i
To demonstrate this concept, free-radical copolymerizations acceptors as their maleic anhydrlde counterpart, They may not
. . ’ . form the molecular complex with styrene that maleic anhydride
of PS-VB with 1 were carried out varying the feed comonomer - X
. . easily forms. It has been left unsolved whether the propagating
concentration (feed mole fraction of PS-V8 0.25-0.75, copolymer radicals proceed always with homopolymerization
monomer concentratiorr 45 wt % THF solution). In order to oYy P y poly

. L ) . . of 1:1 complexes formed.
estimate the reactivity ratios, the yield of copolymers was in
the range 1525%. Normally these conversions should not be ~ Derivation to Comb-Shaped Polyinitiators 3.To synthesize
higher than 10% to minimize compositional drift. A typical GPC  the prototype copolymer brushes, we prepared newly alternating
profile of the copolymer produced (CP3; feed mole fraction of comb-shaped copolyme@B (M., = 6.88 x 10°, Mw/Mn = 1.41;
PS-VB = 0.5) is shown in Figure 2. In this copolymerization, PS-VB: Mn = 5000) with a large scale (conversion: 85.7%).
a new peak appears at the high-molecular-weight side comparedrhe esterification of hydroxyphenyl groups in alternating comb-
to PS-VB macromonomer. This peak corresponds to alternatingshaped copolymers was carried out with 2-bromoisobutyryl
comb-shaped copolymer. The conversion was evaluated to bebromide in THF solution. Figure 3 also shows the FT-IR
23% from the peak areas of GPC chart. To determine the spectrum of comb-shaped polyinitia®B. The spectrum o8B
composition of copolymer produced, the copolymerization shows the expected absorbance for the aromatic ring (1600 and
product CP3F was fractionated by the precipitation method 735 cnt?) and characteristic both absorbances for carbonyl
(THF—methanol system), as shown in Figure 2. groups of maleimide at 1700 crhand for carbonyl groups of

A typical FT-IR spectrum of the copolymerization product ester bonds at 1750 crh To determine the esterification yield
CP3F is shown in Figure 3. The spectrum showed the expectedof hydroxyphenyl groups, we synthesized the model compound,
absorbance for carbonyl groups (1700 djrof 1 and aromatic i.e., esterification compound of with 2-bromoisobutyryl
ring (1600 and 735 cm) of PS comb chains. In order to  bromide. The spectrum of this model compound indicated the
determine the composition of the copolymers, the calibration same intensity ratios of absorbance at 1750%im that at 1700
curve was constructed using the mixture of PS aifdromatic cmL. This indicated the successful esterification of hydrox-
ring at 735 cmt and carbonyl groups at 1700 ci). Figure 4 yphenyl groups with 2-bromoisobutyryl bromide. Usually such
shows the graphical—r, determination plot for copolymeri-  esterification employed the introduction of initiating groups in
zation series. Reactivity ratiog,(= 0.08 andr, = 0) were ATRP approaches and proceeded quantitati{&if In the FT-
derived from this plot. On the other hand, each copolymer IR spectrum, the-OH resonance (broad band at 3500 ¢ém
compositionF; (PS-VB [My]; 1 [M3]) on the comonomer feed  looks more intense in the supposedly esterified product. This
composition,f;, for experimental series is shown in Figure 5. may be due to a small amount of water in the sample.

The line c indicates the curve for model compounds of styrene
and MI (r; = 0.1 andr, = 0.1°). Reactivity ratiosr; = 0.08
andr, = 0 (line b; estimated from graphical—r, determina-
tion) were fitted somewhat below from the observed values.
Then, reactivity ratios; andr, were estimated by the curve-
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- Figure 5. Plot of the dependence of instantaneous copolymer composi-
Preparation of Prototype Copolymer Brushes 4 by Graft- tion F; on the comonomer feed compositifarior CP copolymerization

ing-from ATRP. Preliminary experiments concerning the series: line a:r; = 0.15 andr, = 0 (curve-fitting method); line br;
relationship between conversion and time for prototype copoly- = 0.08 andr, = 0 (graphicalr;—r, determination); line ciry = 0.1
mer syntheses in toluene were performed under the following andrz = 0.1 (model compounds of styrene and maleimide).
conditions: BB] = 0.145 mmol/L, [MMA] = 9.75 mol/L,

[CuBr] = 0.145 mmol/L, and [bpy}= 0.250 mmol/L. Both type copolymer brushes via ATRP approacke3® Then,
polymerizations at 60C for 2 h and at 40C for 4 h led to grafting-from ATRP for prototype copolymer brugtB was
gelation due to intermolecular radical couplings. Similar be- performed at 40C for 2.5 h. The conversion of MMA was
havior was reported already in the synthesis of double-cylinder- 17.1%.
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Figure 6. Gel permeation chromatograph (GPC) profiles of prototype
copolymer brusiB and its precurso8B.
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Figure 7. *H NMR spectrum of prototype copolymer brughs in
CDCls.

Table 1. Characteristics and Solution Properties of Polymer Brushes

code 10°My® Mw/M® Rg@(nm) 10D (cm?/sf R (nm)
3B 6.88 1.41 18.5 8.67 6.1
4B 11.0 1.43 325 5.13 10.1

aRy = radius of gyration: determined by static light scattering (SLS)
with Zimm mode in tetrahydrofuran (THF) at 2&. ® Determined by gel
permeation chromatograph (GPC) profiles in THF as eluent using PS
standard sample8Translational diffusion coefficient: determined by
dynamic light scattering (DLS) in THF at 2%C.

Figure 6 shows GPC profiles of the prototype brdgéhand
its precursor3B. The GPC curve ofAB shifts to the high-
molecular-weight side compared to that of tBB precursor,
keeping not only a unimodal distribution but also almost the
same polydispersityM,/Mn = 1.43). The'H NMR spectrum

Macromolecules, Vol. 40, No. 9, 2007
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Figure 8. Dynamic light scattering (DLS) data for prototype copolymer
brush4B and comb-shaped polyinitiat8B in tetrahydrofuran (THF):

(a) angular dependendaq2 vs ¢? (T and q are the first cumulant
and scattering vector, respectively) and (b) plots of diffusion coefficient
against polymer concentration.

of the main chain was calculated to be 194 from bdthof 3B

and PS-VB macromonomeiMg = 5000). The DR of the
PMMA grafted chains was also calculated to be 29 from both
M, of 4B and 3B (converting fromM,, and M,/M,, of 4B and
3B), assuming that all of the initiation sites on the comb-shaped
polyinitiator led to propagation of MMA. This value is very
small compared to DRpwma = 48 determined byH NMR data

in the former section. The DRuma determined from SLS data
may be contained some experimental error due to polydispersity
of comblike polymers. As mentioned earlier, the polydispersities
of 4B and3B were almost the same. Then, tWg/M, of grafted
PMMA chains may be narrow. It was concluded that this sample
4B has in total 194 main chain units (RPs + DPyw) as
compared to 48 (PS) and 48 (PMMA; employed NMR data)
side-chain units, respectively.

To discuss the geometrical anisotropy and intermolecular
interaction, we determined the translational diffusion coefficient
(Do) of polymer brushes. In general, the mutual diffusion
coefficientD(C) is defined ad(C) = I'eq %0, Wherel, q,

also gives support to the prototype brush formed (see Figureand ¢ are the first cumulant, scattering vector, and scattering
7). The spectrum displays the expected resonances for aromatigngle, respectively. Angular dependenced’af 2 (QR, < 1,

protons of PS (a,h} 6.30-7.21 ppm) and the methoxy protons
(c; 3.60 ppm) and methyl protons (d; 0:68.12 ppm) of PMMA
grafted chains. The integration ratio of aromatic protons (a, b)

whereR;, is hydrodynamic radius) for comb-shaped polyinitiator
3B and prototype copolymer brughB are shown in Figure 8a.
3B shows a weak angular dependence. On the other hand, it is

to methoxy protons (c) was 5:3. These results indicate that thefound that the observed data 4B are fitted on an almost flat

PMMA grafted chains had almost the same degree of polym-

erization (DR puma = 48) as PS side chains. The characteristics
of prototype copolymer brushes will be discussed later.
Characterization and Solution Properties of Polymer
Brushes. Table 1 lists the characteristics of comb-shaped
polyinitiator 3B and prototype copolymer brustB. The DR,

line. In the case of a spherical shape, it is well-known that the
slope of line shows zero. On the other hand, the weak
dependence of 2 on ¢? shows that there is only a single
diffusion mode. In general, polymer brushes composed of long
aspect ratio took the wormlike conformation in a good sol-
ventl”18However, these brushes composed of short aspect ratio
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Conclusions

Free-radical copolymerization of PS-VB amd(4-hydrox-
yphenyl)maleimide gave well-defined alternating comb-shaped
copolymers. Subsequent esterification of such comb-shaped
copolymer with 2-bromoisobutyryl bromide yoelded a comb-
shaped polyinitiator. The grafting-from ATRP approach from
functionalized alternating comb-shaped initiator is a new route
to construct the prototype copolymer brushes. Two brush side
chains were stretched by introduction of PMMA grafted chains
due to not only dense conformation but also intramolecular
repulsion between PS and PMMA side chains. This work raises
the possibility for the architecture of prototype copolymer
brushes composed various vinyl monomers.

100nm
[Aehabidoior

Supporting Information Available: Synthesis of vinylbenzyl-
terminated polystyrene macromonomer (PS-VB). This material is

Figure 9. Transmission electron microscopy (TEM) photographs of : : .
comb-shaped polyinitiatcB (a) and prototype brushB (b). available free of charge via the Internet at http://pubs.acs.org.
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