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ABSTRACT: Novel cylindrical polymer brushes consisting of a highly cis-transoidal poly(phenylacetylene) main
chain and either polystyrene (PS) or poly(methyl methacrylate) (PMMA) side chains were synthesized by the
macromonomer method. Two phenylacetylene-terminated macromonomers, naméhs M, = 1830) and
M—PMMA (M, = 1860), were prepared by atom transfer radical polymerization (ATRP) of styrene and methyl
methacrylate, respectively, using acetylene-functionalized initiatorsP&l and M-PMMA were polymerized
successfully with the [(nbd)RhGIE&N (2,5-norbornadiene) catalyst [Riito give high molecular weight polymer
brushes, poly(M-PS) (e.g.My, 1660x 1) and poly(M—-PMMA) (e.g.,M,, 1480 x 10°), respectively, according

to GPC-RALLS. Further, well-defined poly(M-PS) (e.g.M, 47 x 1, M,/M, 1.12) and poly(M-PMMA)
(e.g.,M, 30 x 1, M,/M, 1.16) with narrow MWDs were obtained with an Rh-based living polymerization
catalyst [Rh2]. The present polymer brushes were yellow to orange due to the conjugated main chain, and soluble
in many solvents including toluene and CH@\ccording to atomic force microscopy (AFM), the single molecules

of Rh-1-based poly(M-PMMA) were large and diverse in size and wormlike in shape, while those dI-Rh-
based counterparts were smaller and uniform.

Introduction Aiming at the synthesis of better-defined polymer brushes, ring-

Cylindrical polymer brush, also named molecular bottlebrush, ©Pening metathesis polymerizati&hliving anionic polymeri-
refers to one-dimensional polymer brush with a long linear Zation:®and atom transfer radical polymerization (ATRR)f -
polymer main chain and densely grafted side chaims. Macromonomers were exammed. Other routes t_o cylindrical
Cylindrical polymer brushes have received considerable attentionPolymer brushes by “grafting from” and “grafting onto”
due to their unique properties both in soluti@md in bulks as techmques have also begn reported, each of which exhibits
well as their potential applications in the preparation of Certain advantages and disadvantages.
nanowires, molecular activatorand crystallization modifier. Synthesis of novel substituted polyacetylenes is under inten-
Since the pioneering work by Tsukahara et*#l.on the sive research®19and attention has recently focused on novel
homopolymerization of methacryloyl end-functionalized poly- polymer architectures based on these polymers. Thus, there is
styrene (PS) macromonomers to yield extremely high molecular growing interest in the polymerization of acetylene-ended
weight poly(macromonomers), several chemically different poly- macromonomers with Rh catalysts for the purpose to synthesize
(macromonomers) such as those based on a poly(methylpolyacetylenes possessing linear polyr#efs or dendrimer&26
methacrylate) (PMMA) main chain and poly(ethylene oxide) as pendants. For example, helical substituted polyacetylenes with
(PEO);* poly(2-vinylpyridine);? and PMMA side chains were  pelical polypeptide side chains were prepared by the copoly-
successfully synthesized with the macromonomer technique. Themerization of theN-propargylamide-terminated peptide-based
traditional c.hemical pathway to c.ylindrical polymer brushes is macromonomer with the alanine-derivdEpropargylamidé?
the freg r'adlcal homopolymerlzathn of macromonomers. It has Further, a series of optically active, stereoregular poly(phenyl-
been difficult, howgver_, to synthesize such polymers with high acetylene)s (PPAs) bearing polypeptide chains as grafts were
degree of polymerization (DP) because of the inherently low piainaq by the polymerization of pojypenzyl-L-glutamate)-
concentration of polymerizable groups and the steric hindrance based macromonomers having an acetylenic chair?eidre
of side chains. Recently, Neiser et al. reported the polymerization recently, a PPA carrying polycarbohydrate ionophores as graft
of m_ethac_r_ylates Wit.h oligostyryl side Chaif‘s using organolan- chains ;/vas synthesized by the copolymerization of end-
thanide initiators to give polymer brushes with DPs above300. functionalized (-6)-2,5-anhydro-3,4-dB-ethyl-o-glucitol with

a 4-ethynylbenzoyl group with phenylacetylene (PARTRP
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Chart 1. Structures of Atom Transfer Radical Polymerization
(ATRP) Initiators, 1 and 2
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Scheme 1. Synthesis of a PS-Based Macromonomer,\PS,
and Its Poly(macromonomer), Poly(M-PS)
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with a functional initiator, propargyl 2-bromopropion&gT his
macromonomer unfortunately showed only low reactivity toward
Rh catalysts, resulting in rather low DPs of @.

As mentioned above, only a few examples of cylindrical
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Scheme 2. Synthesis of a PMMA-Based Macromonomer,
M—PMMA, and Its Poly(macromonomer), Poly(M—PMMA)
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initiator 1 was used to initiate styrene in the presence of CuBr/
N,N,N,N",N"’-pentamethyldiethylenetriamine (PMDETA) to af-
ford PS containing a terminal trimethylsilyl (TMS) group,
namely, TMS-PS3* The acetylene functionality ol was
protected with the TMS group in order to circumvent complex-
ation with the copper catalyst during polymerizatférin the
next step, the complete desilylation of TMBS using tetra-
butylammonium fluoride gave the PS-based macromonomer
containing a terminal PA unit, MPS. In a similar way, PMMA
with an end TMS group (TMSPMMA) was prepared by ATRP

of methyl methacrylate using initiat@-3®> Subsequent removal
of the TMS group in TMS-PMMA in the presence of N&EO;

polymer brushes with polyacetylene main chains have beenproduced the PMMA-based macromonomer,—RMMA
known so far, in contrast to relatively many examples of those (v, = 1860, My/M, = 1.17, DR, puma = 16). The structures

with vinyl polymer main chains. Because PA exhibits high
polymerizability toward Rh catalysts to afford high molecular
weight cis-transoidal PPA, PA-terminated vinyl-based mac-

of M—PS and M-PMMA were confirmed byH NMR and IR
spectra (see Experimental Section).
Polymerization of Macromonomers.Polymerization of the

romonomers should homopolymerize well with Rh catalysts to ps macromonomer, MPS, was at first examined by using a
give polymer brushes having high DP main chain. If the PPA typical binary Rh catalyst, [(nbd)RhGIE:N (nbd = 2,5-
main chain has the cis-transoid fOI’m, it is eXpeCted that the norbornadiene), denoted by Cata|yst RIm this paper. The

resultant polymer brush would have a centipede-like struéture,
which consists of a rigid PPA backbone and flexible vinyl

concentration of M-PS in the feed was set to be 0.050 M,
because the polymerization reaction rapidly formed red gel in

polymer side chains. Such a structure may provide unique 0.10 M of a monomer concentration. The polymerization in

properties at the nanometer scéle.

0.050 M solution proceeded homogeneously and the solution

This paper reports the successful synthesis of cylindrical pecame red and viscous over time. The results of polymerization
polymer brushes composed of a highly cis-transoidal PPA main of M—PS with Rhd in toluene are summarized in Table 1. As

chain and either PS or PMMA side chains, poly{S) and

seen in run 1, the polymerization at 3G for 1 h gave poly-

poly(M—PMMA), respectively. These polymer brushes were (M—PS) in good yield (72%) having a high molecular weight
synthesized by the polymerization of PA-terminated PS and (M, = 264 x 10%) and an MWD of usual magnitud®i(,/M, =

PMMA macromonomers derived frorh and 2 (Chart 1),
respectively, which are abbreviated as-MS and M-PMMA

2.25) according to gel permeation chromatography (GPC)
analysis. Increasing the polymerization time from 1 to 6 h

(Schemes 1 and 2). Polymer brushes possessing high moleculaimproved both polymer yield (91%) and, (296 x 10%) to
weights were obtained by using a binary Rh catalyst, while those some extent (run 3), but further extension of time was

with relatively narrow molecular weight distributions (MWD)
(Mw/Mp 1.12-1.16) were synthesized with an Rh-based living
polymerization catalyst.

Results and Discussion

Synthesis of MacromonomersThe PS-based macromono-
mer M—PS M, = 1830, My/M,, = 1.18, DR ps (number-
average degree of polymerizatios) 15) was prepared by a

ineffective. At 0°C, the polymerization of M-PS gave a product
insoluble in any common organic solvent (run 5). The polym-
erization at a high temperature of 80 resulted in the formation
of poly(M—PS) with a somewhat low polymer yield (64%) and
Mn (175 x 10 (run 6). This is probably due to the slight
deactivation of the active species at high temperature.

The apparent molecular weight of polymer brushes deter-
mined by GPC using a PS calibration is much smaller than

two-step procedure. First, the acetylene-functionalized ATRP their true value owing to rather compact structures. Thus, the
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Table 1. Polymerization of PS-Based Macromonomer MPS M, =
1830,M/M,, = 1.18), with Rh-12

poly(M—PSy
GPC GPC-RALLS
temp time yield Mpx My x My x

run (°C) (h) (%) 1073¢ 103¢ My/Mf DPd 103¢ DPR,f
1 30 1 72 264 594 225 144 1660 769
2 30 3 83 259 525 2.03 141 1730 801
3 30 6 91 296 666 225 161 1830 870
4 30 24 87 277 271 459 151 1710 792
5 0 6 78 9 9 9 -9 9 9
6 60 6 64 175 257 1.47 95 1150 532

aConditions: Rht = [(nbd)RhCIL/EtsN, [M—PS]= 0.050 M, [Rh]=
1.0 mM, [E&N] = 10 mM, in toluene? Methanol- and acetone-insoluble
product.c Main peak (area ratio~95%) of bimodal gel permeation

chromatography (GPC) traces (linear PS standards). The other was a low-

molecular-weight oligomer peakM ~10 x 10 area ratio ~5%).

d Number-average degree of polymerization (calculated My1830).

€ Measured by right-angle laser light scattering (RALLS)eight-average
degree of polymerization (calculated B raLLs/Mwv-ps Mwm—ps =

2160).9 Insoluble in any organic solvent.

Table 2. Polymerization of PS-Based Macromonomer MPS M, =
1830,M/M, = 1.18), with Rh-2

poly(M—PSY
GPC GPCG-RALLS
time vyield Mpx My x My x
run  (h) (%) 103 10°% MM, DPS 1034 DPR,f
1 1 78 47 53 1.12 26 93 43
2 3 80 54 63 1.16 29 99 47
3 6 87 109 133 1.22 59 363 168
4 24 93 120 168 1.40 65 508 235

aConditions: Rh2 = [Rh{C(Ph) = CPhy}(nbd) P(4-FGHa)3}]/(4-
FCsHa)3P, [M—PS]= 0.050 M, [Rh]= 1.0 mM, [(4-FGH4)sP] = 5.0 mM,
at 30°C in toluene P Methanol- and acetone-insoluble produdiumber-
average degree of polymerization (calculatedvby1830).9 Measured by
right-angle laser light scattering (RALLS)Weight-average degree of
polymerization (calculated byly, raLLs/Mw,m-ps Mw,m—ps = 2160).

GPC-RALLS (RALLS: right-angle laser light scattering)
method was employed to obtain absolitg values. As a result,

Macromolecules, Vol. 40, No. 2, 2007

Mn=1834
Mn= 54000 Mw/Mn=118
Mw/Mn =1.16

Rh-2-based poly(M-PS)
95%
Mn = 259 000
Mw/Mn=2.03 5%

Rh-1-based poly(M-PS) %W 0_010(1)2
n=-"1.

10 15 20 25 30
Retention time (min)
Figure 1. GPC curves of M-PS, Rhi-based poly(M-PS) (run 2,

Table 1) and Ri2-based poly(M-PS) (run 2, Table 2) using THF as
an eluent with linear PS standards.

Table 3. Polymerization of PMMA-Based Macromonomer
M—-PMMA (M, = 1860,My/M, = 1.17), with Rh-1?

poly(M—PMMA)®

GPC GPC-RALLS
temp time yield Mp,x My x My x

run (°C) (h) (%) 1073¢ 1073¢ M,/MS DPS 1073¢ DPR,f
1 30 1 78 230 460 2.00 124 1480 679
2 30 3 80 239 645 270 129 2020 926
3 30 6 80 262 741 283 141 2740 1259
4 30 24 82 234 674 2.88 126 2180 1000
5 0 6 91 353 1257 356 190 2020 927
6 60 6 71 106 153 1.44 57 432 198

a Conditions: Rhit = [(nbd)RhCIL/EtsN, [M—PMMA] = 0.050 M,
[Rh] = 1.0 mM, [E&N] = 10 mM, in tolueneP Diethyl ether-insoluble
product.c Main peak (area ratio~95%) of bimodal gel permeation

chromatography (GPC) traces (linear PS standards). The other was a low-

molecular-weight oligomer peakMp ~10 x 10% area ratio~5%).
dNumber-average degree of polymerization (calculated My1860).
e Measured by right-angle laser light scattering (RALL'S)eight-average
degree of polymerization (calculated My raLLs/Mw.m—PMma, Mw,M—PMMA
= 2180).

weight regions compared to that of-MPS, indicating that the

a!l the polymers in Table 1 showed absolute molecular weights resultant polymer consists of two fractions, namely, a high
higher than the GPC values. For example, the polymer of run molecular weight polymer¢95%) and a low molecular weight

1in Table 1 showed an absolué, value of 1660x 10%, which

polymer ¢~5%). In contrast, the GPC trace of RHbased poly-

is ca. 2.8 times as large as the GPC value. Interestingly, this (M —PS) was much sharper and was practically monomodal.

My value corresponds to a weight-average degree of polymer-

ization (DR,) of PPA chain up to 769.

Results of the polymerization of MPMMA using Rh4 are
listed in Table 3. It can be seen from runs4.that M—PMMA

The effect of polymerization solvents was studied (see Table also polymerized well with Ri-in toluene at 30C, affording
S1 in Supporting Information), indicating toluene gave higher poly(M—PMMA) with high molecular weightsNl, = 230 x
DP, of the product than do the other solvents such as benzene, 10 — 262 x 10%) and usual MWDs MI,/M,, = 2.00-2.88).

anisole,o-dichlorobenzene, CiLl,, CHCl, and THF.

The yield and\M,, of poly(M—PMMA) were hardly affected by

It has been reported that binary catalyst composed of [Rh- changing the reaction time in the range of24 h, indicating

{C(Phy=CPhy} (nbd) P(4-FGH4)3}] and (4-FGH4)sP in 1.5

mole ratio, namely RI2 catalyst, mediates the living poly-
merization of PA to afford polymer with controlled molecular
weight and narrow MWD Thus, this catalyst system was

examined (Table 2). With increasing time, both polymer yield

and M, (GPC) increased from 78% to 93% and 4710 to
120 x 103, respectively, while theM,/M, values (GPC)
remained fairly small (1.121.40). GPC-RALLS data of runs
1 and 2 showed that these polymers have absdlytealues
in the range of 93« 10°® —508 x 10° and DR, values of 43-
235. It is noted that this poly(MPS) has uniform molecular
weights with respect to both main chain and graft.

The GPC traces of MPS and poly(M-PS) observed using
linear PS standards are presented in Figure 1. Thé-Rised

that the polymerization is almost finished within 1 h. Unlike
the case of poly(M-PS), the polymerization of MPMMA at

0 °C provided a soluble polymer having the highest molecular
weight M, = 353 x 10°) in the present study in an excellent
yield (91%) (run 5). By contrast, raising the temperature to
60 °C, both M, and yield decreased to 106 10° and 71%,
respectively.

Solvent effects for the polymerization of MPMMA were
also studied and as in the case of polymerization ofi\s,
toluene was the best solvent with respect to the, bPthe
product (see Table S2 in Supporting Information).

The polymerization of M-PMMA catalyzed by R af-
forded well-defined poly(M-PMMA), which possessed lower
molecular weightsNl, = 30 x 10°—58 x 1) and relatively

poly(M—PS) exhibited a bimodal trace shifted to high molecular narrow MWDs M,/M, = 1.16-1.29) according to GPC (Table
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Table 4. Polymerization of PMMA -Based Macromonomer M-

Synthesis of Polymer Brushesl81

PMMA (M, = 1860,Mw/M, = 1.17), with Rh-2 i Aromatic H
poly(M-PMMA)®
GPC GPG-RALLS b g
time vyield Myx Myx My % c 0
run  (h) (%) 103 10° MM, DPS 103¢ DR ok o e
1 1 82 30 35 1.16 16 62 28 O
2 3 84 33 39 118 16 70 32 Br HFa c
3 6 94 58 75 129 31 164 22 M-PS b ¢
4 24 96 38 46 120 20 95 43

aConditions: Rh2 = [Rh{C(Ph}=CPh} (nbd) P(4-FGHa)3}1/(4-
FCsHa)sP, [M—PMMA] = 0.050 M, [Rh]= 1.0 mM, and [(4-F@GH4)sP]
= 5.0 mM, at 30°C in toluene ? Diethyl ether-insoluble product.Number-
average degree of polymerization (calculatedvby1860).4 Measured by
right-angle laser light scattering (RALLS)Weight-average degree of
polymerization (calculated by, raLLs/Mw,m—pvma, Mwm—pmva = 2180).

Mn = 1856
Mw/Mn =117

Mn = 30 000 r T T T T T T T T
Mw/Mn =1.16 M-PMMA 9 8 7 6 5 4 3 2 1
Chemical shift (ppm)

Figure 3. H NMR spectra of M-PS and poly(M-PS) (run 2, Table
1) (s, solventx, HxO).

a
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Rh-2-based poly(M-PMMA)
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Figure 2. GPC curves of MPMMA, Rh-1-based poly(M-PMMA)
(run 1, Table 3) and RB-based poly(M-PMMA) (run 1, Table 4)
using THF as an eluent with linear PS standards.

—o

4). Although both yield andV, increased with time in the
range of 124 h, it is noted that the polymerization proceeds
very fast within 1 h. The GPC traces of Rh-and Rh2-based
poly(M—PMMA)s displayed similar patterns to those of poly-

O

(M—PS)s, as seen in Figure 2. As in the case of poly@®s), o
GPC-RALLS analysis of poly(M-PMMA)s given by Rhi and ¢ d,c'
Rh-2 showed the higher molecular weight comparing to the fo e
results of GPC measurement. I'goz . h'

We synthesized PA-terminated macromonomers having a
longer PS or PMMA chain (DRsor DP, puma above 35), and
attempted their polymerization by using RhHowever, these s & 7 & 5 4 3 3 1
macromonomers only produced poly(macromonomers) with
multimodal GPC traces and low DPs of less than 15 in the main
chain. This is probaly due to the steric hindrance of too long
and bulky substituents.

Characterization and Properties of the Polymer Brushes.
The structures of the formed poly(macromonomers) were
elucidated by infrared spectra (IR) aHdl NMR spectroscopies.
The IR spectra of both MPS and M-PMMA exhibited

absorption peaks at 3288 and 3265 énrespectively, due to . .
the=C—H stretching vibration, which disappeared in the spectra Vas Performed in order to elucidate the stereoregul&ttable

of their poly(macromonomers), suggesting that the polymeri- S3 (see Supporting Information) summarizes results of the laser
zation of the triple bond of the macromonomers occurred Raman spectra of the Rlwased poly(M-PS) and poly(M-
properly. According tdH NMR spectra (Figures 3 and 4), the PMMA) measured in both solid state and solutlon§ (_Cj,—t‘ﬂ?id
resonances of acetylenic proton in macromonomers;P8 THF). The Raman spectra of both samples exhibited intense
(3.08 ppm) and M-PMMA (3.10 ppm), completely disappeared ~characteristic peaks at 1533574 cnt! (C=C stretching),

in the polymers. Highly stereoregular cis-transoidal PPAs are 1343-1337 cni* (C—C stretching) and 886907 cn* (C—H
known to display a sharp signal at3 ppm due to the olefinic ~ deformation) based on thes-polyacetylene structure (Figures
proton in the main chaif’-38 However, the cis olefinic proton ~ S1-S6). In contrast, no clear peaks due to the trans structure
signal was not observed in thel NMR spectra of the present ~ were detected in these spectra, thus indicative of highly cis-
poly(macromonomers), so the stereoregularity of their main transoidal structures of Rhbased poly(macromonomers). It

Chemical shift (ppm)

Figure 4. 'H NMR spectra of M-PMMA and poly(M—PMMA) (run
1, Table 3) (s, solvents, H.0).

chain could not be determined. This tendency is similar to
recently reported polymers from polypeptide-based macromono-
mers carrying PA chain end grodpThe low mobility of PPA

main chain should be responsible, and thus laser Raman analysis
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Figure 5. AFM height images of (a) RA-based poly(M-PMMA) (run 2, Table 3) (ca. 1.861.92 nm in height) and (b) RB-based poly(M-
PMMA) (run 3, Table 4) (ca. 1.842.03 nm in height). Samples were prepared by spin-casting a drop of polymers in benzerd®(2g/mL).
The figures correspond to an area ofith x 1 um.

is presumed that the Rkbased ones are also highly cis- (M—PS) showed the monolayer island formation, which was
transoidal® frequently observed for PS-based poly(macromonomers) be-
M—PS was soluble itN,N-dimethylformamide (DMF), ethyl ~ cause of the low affinity of PS to mic&.On the other hand,
acetate, CHG| THF, toluene, benzene, acetone and diethyl single molecules of Rii-based poly(M-PMMA) were clearly
ether, while its polymerization product, poly(MPS), became identified by AFM height image (ca. 1.86..92 nm in height)
insoluble in acetone and diethyl ether-MMMA displayed ~ thanks to the sufficient affinity of PMMA to mica (Figure 5a).
similar solubility to M—PS. After polymerization of MPMMA, Interestingly, this high molecular weight cylindrical polymer
the resulting polymer became insoluble in diethyl ether. The brush adopts wormlike conformation, similarly to the poly-
Rh-1-based poly(M-PS) and poly(M-PMMA) were yellow (macromonomers) composed of a PMMA main chain and
solids, while the Ri2-based polymers were orange solids. All  relatively short PMMA side chains (apparevii, of the whole
the poly(macromonomers) showed BVis absorptions in the  polymer 7.5x 10° to 60 x 10% M, of side chain 2410j? and
range of 366-600 nm, whose maxima were located from 423 its chain is not so rigid as the chain of poly(macromonomer)
to 454 nm, which are attributable to the conjugated main chain consisting of a PMMA main chain and longer pehgaprolac-
(Figure S7). tone)blockpoly(n-butyl acrylate) side chains [absolut4, of
Thermogravimetric analysis (TGA) revealed that poly(M  the whole polymer 10.% 10% DP;, of poly(e-caprolactone) 35;
PS) and poly(M-PMMA) were thermally stable up to 15 DP, of poly(n-butyl acrylate) 110f* The AFM profile also
in air. It is noteworthy that poly(MPS) and poly(M-PMMA) manifests that the length of the of RRbased poly(M-PMMA)
displayed very good stability in solution as compared to PPAs. molecule is diverse with one another. In contrast, the AFM
Most of the polymers from monosubstituted PAs readily figure of the Rh2-based poly(M-PMMA) is characterized by
decompose in solution, and the degradation is extremely rapidelatively short molecules with high uniformity in length, which
in THE. For example, thé/l, of PPA decreases from 523 shows in the range of same height asRbased product (Figure
10° to 42 x 10° within 5 h in THFA! By contrast, the 5b). This observation is quite consistent with its lower molecular
degradation of the present poly(macromonomers) was muchWeight as well as narrow MWD.
slower. For instance, Ri-based poly(M-PS) with initial M, .
of 259 x 10° maintained relatively high molecular weight ~onclusions
(Mn = 182 x 10°) and theM, of Rh-2-based poly(M-PS) The Rh-catalyzed polymerization of PS and PMMA mac-
slightly decreased from 4% 10° to 45 x 10° even after they ~ romonomers terminated with PA yielded novel cylindrical
were stored in THF for 24 h, and poly(MPMMA) had similar brushes, poly(M-PS) and poly(M-PMMA), respectively. Use
stability in solution to poly(M-PS). This enhanced stability  of two different Rh catalysts provided polymer brushes with
probably originates from the presence of long and bulky graft different DPs and MWDs. Single molecules of poly{M
chains, which help to stabilize the PPA main chain against the PMMA)s were clearly visualized by AFM. These single
degradation. molecules showed coiled wormlike conformation, indicating that
To visualize single molecules of the present polymers by the main chain was not very rigid. To the best of our knowledge,
atomic force microscopy (AFM), poly(MPS) and poly(M- poly(M—PS) and poly(M-PMMA) are the first examples of
PMMA) were dissolved in benzene at low concentration=( cylindrical polymer brushes that consist of a conjugated polyene
2 x 1075 g/mL), and spin-cast onto mica. AFM images of poly- main chain and vinyl polymer side chains. We anticipate that
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many new and unique polymer brushes bearing the PPA mainpropionyl bromide (4.32 g, 20.0 mmol) were added in sequence to
chain can be synthesized by the macromonomer strategy. @ solution of [4-(trimethylsilylethynyl)phenyl]methanol (4.08 g, 20.0
mmol) in 40 mL of dry THF cooled at OC under an argon
atmosphere. The reaction mixture was allowed to warm to room
temperature and stirred overnight. The mixture was washed with
water, dilute hydrochloric acid, and brine, dried over MgSénd
concentrated. The crude product was purified by silica gel column
chromatography eluted with hexane/ethyl acetat20/1 (volume
ratio) to give 2.80 g ofl as a white solid. Yield: 41.3%. Melting
point: 28-29 °C. H NMR (CDCls, ppm): 6 = 7.44 (d,J = 8.4

Hz, 2H, Hy), 7.28 (d,J = 8.0 Hz, 2H, Hy), 5.17 (s, 2H, Eiy),

4.41 (g,J = 6.8 Hz, 1H, G4(CHj3)Br), 1.83 (d,J = 6.8 Hz, 3H,
CH(CH3)Br), 0.23 (s, 9H, SiCH3)3). ¥*C NMR (CDCk, ppm): ¢

Experimental Section

Materials. Styrene (Wako, Japan; 98%) and methyl methacrylate
(MMA) (Wako, Japan; 98%) monomers were dried over GaCl
overnight and distilled twice from CaHinder reduced pressure.
CuBr (Aldrich, 98%),N,N,N,N",N"-pentamethyldiethylenetriamine
(PMDETA) (Wako, Japan; 98%), 2-bromopropionyl bromide (TCl,
Japan; 98%), 2-bromoisobutyryl bromide (TCI, Japan; 98%),
tetrabutylammonium fluoride [TCI, Japan; 1.0 M in tetrahydrofuran
(THF)], triethylamine (EN) (Wako, Japan; 98%) and (4-Eid4)sP
(Aldrich, 99%) were used as received. [4-(Trimethylsilylethynyl)- = 169.84 C = 0), 135.37 (G, (parato C=C)), 132.11 (2C, &
phenyllmethanot? [(nbd)RhCIp# and [RH C(Phy=CPhy} (nbd)- (ortho to C=C)), 127.85 (2C, & (metato C=C)), 123.25 (G,
{P(4-FGH.)3}]** were synthesized according to the literature. THF  (ipsoto C=C)), 104.50 (E&=C—Ar), 94.88 C=C—Ar), 66.98 CH,),
and CHC} used in the laser Raman measurements were dried over39.83 CH(CHs)Br), 21.60 (CHCH3)Br), —0.11 (3C, SiCHa3)s).
sodium benzophenone ketyl and Gakespectively, and distilled Anal Calcd for GsH;9BrO,Si (339.3): C, 53.10; H, 5.64. Found:
under nitrogen. These solvents were stored under nitrogen overC, 53.39: H, 5.64.
molecular sieve 4 A (Nacalai Tesque, Japan). Toluene, benzene,  2-Bromo-2-methylpropionic Acid 4-Trimethylsilanylethynyl-
CHCl; and CHC} were distilled from Caliunder argon. Anisole  penzyl Ester (2). This compound was prepared in a similar way
and o-dichlorobenzene were purified by distillation from GaH a5 for1 except the use of 2-bromoisobutyryl bromide as the starting
under reduced pressure. THF used as polymerization solvent wascompound; the product was purified by silica gel column chroma-
distilled from sodium benzophenone ketyl under argon. Other tography eluted with hexane/ether acetatel0/1 (volume ratio)
reagents were commercially obtained and used without further {g give 4.20 g o2 as a white solid. Yield: 59.1%. Melting point:
purification. 57-58°C.H NMR (CDClz, ppm): ¢ = 7.45 (d,J = 7.6 Hz, 2H,

MeasurementsH (400 MHz) and*C NMR (100 MHz) spectra Har), 7.31(d,J= 7.8 Hz, 2H, H), 5.18 (s, 2H, Ely), 1.94 (s, 6H,
were recorded in chloroforrd{CDCls) using tetramethylsilane as  C(CHj3),Br), 0.25 (s, 9H, Si(€Elz)3). 13C NMR (CDCk, ppm): 6 =
internal referenced = 0) on a JEOL EX-400 spectrometer. The 171.32 C = 0), 135.64 (G; (parato C=C)), 132.12 (2C, &
melting points were measured with a Yanaco micro melting point (ortho to C=C)), 127.66 (2C, & (metato C=C)), 123.16 (G
apparatus. Elemental analysis was carried out at the Kyoto (ipsoto C=C)), 104.55 (&C—Ar), 94.80 C=C—Ar), 67.00 CH,),
University Elemental Analysis Center. Infrared spectra (IR) were 55.47 C(CHs),Br), 30.67 (2C, CCHy3).Br), —0.09 (3C, SiCHy3)3).
recorded on a JASCO FTIR-4100 spectrophotometer with KBr Anal. Calcd for GeH»:BrO,Si (353.3): C, 54.39; H, 5.99. Found:
pellets. Laser Raman spectra were taken on a Jasco RMP-200C, 54.32; H, 5.88.
spectrophotometer. A typical procedure for the measurements in  Synthesis of M—PS. Styrene (9.07 g, 87.2 mmol}, (0.740 g,
solution is as follows: 1.0 mg of sample was placed in a 100 mL 2.18 mmol), and CuBr (0.156 g, 1.09 mmol) were placed in a 40
flask equipped with a stopcock and 50 mL of the solvent was added mL flask equipped with a three-way stopcock, and the mixture was
to it. The solution was then transferred to a 1.0 mm glass capillary subjected to three freez@ump—thaw cycles. The flask was placed
with a pipet and the ends were sealed. The appargnM,, and in an oil bath preheated to RC, and PMDETA (0.187 g, 1.09
MWD were determined by gel permeation chromatography (GPC) mmol) was added with an argon-purged syringe. After 90 min, the
on a Jasco Gulliver System (PU-980, CO-965, RI-930, and UV- flask was removed from the bath, and opened; the mixture was
1570) equipped with a series of PS gel columns (Shodex KF805L diluted with THF (7.0 mL), and passed through a neutral alumina

x 3, bead size: 1@m, molecular weight range up to 4 106,
flow rate 1 mL/min), using THF as an eluent at 40 with a PS

column to remove the catalyst. The solution was concentrated to
ca. 15 mL by rotary evaporation. The product was precipitated in

calibration. The absolute molecular weights were determined by a large amount of methanol and dried under reduced pressure to

GPC conducted in THF at 4@ using a TOSOH TSK gel column
(TSKgel GMH, bead size: 9m, molecular weight range up to
4 x 10, flow rate 1 mL/min) in series with a triple detection

give 3.90 g of TMS-PS (Scheme 1) as a white powder. Yield:
42.8%.M,, = 2410,M,,/M,, = 1.19 (GPC, linear PS standard).
NMR (CDCl;, ppm): 6 = 7.80-6.30 (broad m, &), 4.89 (broad

system: a differential refractometer (JASCO RI930), and a Viscotek s, Ar—CH,—0), 4.60-4.35 (broad m, CkCH(Ph)Br), 2.66-1.20

T60A dual (viscosity and RALLS, wave length 670 nm, output
power 7 mW) detector. Samples (6 1074 g/mL in THF) were
filtered through 0.2tm-pore-size membrane filters (TOSOH H-13

2) beforehand, and the injection volume was 200 The absolute
molecular weights were calculated using TriSEC software (Vis-
cotek). Because the compositions of PS and PMMA in poly(M
PS) and poly(M-PMMA) were ~95%, the refractive index
increment values of PS ii¢tlc = 0.184)7 and PMMA (dh/dc =
0.886)7 were used for themldc values of poly(M-PS) and poly-
(M—PMMA), respectively. Samples for AFM measurements were
prepared by spin-casting a drop of polymers in benzene (&>

g/mL) at room temperature at 1800 rpm on freshly cleaved mica.

(broad m, ¢, and CH of PS chain), 0.93 (broad m, ,0—
CH(CH3)CHy), 0.26 (s, Si(Ei3)s3). IR (KBr, cm™1): v = 3025, 2923,
2157 (G=C), 1735 (G=0). To remove the trimethylsilyl (TMS)
group, TMS-PS (3.90 g, 1.62 mmol) was dissolved in THF (160
mL), and tetrabutylammonium fluoride (21.0 mL, 21.0 mmol) was
added. The reaction mixture was stirred overnight at room tem-
perature, and then concentrated to ca. 10 mL by rotary evaporation.
The macromonomer was precipitated in a large amount of methanol
and dried under reduced pressure to yield 3.44 g ofA8 as a
white powder. ThéH NMR spectrum indicated that the deprotec-
tion of the TMS group was complete. Yield: 92.7%4, = 1830,
Mw/M, = 1.18 (GPC, linear PS standard$d NMR (CDCls,

The AFM measurements were performed using a Nanoscope IV ppm): 6 = 7.80-6.30 (broad m, i), 5.00-4.70 (broad, A

with a multimode AFM unit (Veeco Instruments, Santa Barbara,

CH,—0), 4.60-4.30 (broad m, Ck-CH(Ph)Br), 3.08 (s=C—

CA) in air at ambient temperature with standard silicon cantilevers H), 2.60-1.10 (broad m, @&, CH of PS chain), 0.93 (m, §&—

(NCH, NanoWorld, Neucttal, Switzerland) in the tapping mode.

CH(CH3)CH,). IR (KBr, cm™Y): v = 3288 =C—H), 3025, 2923,

The AFM images are shown without any image processing except 1735 (G=0).

flattening. UV—vis spectra were recorded on a Shimadzu UV-2200

Synthesis of M—PMMA. In a manner similar to that used to

spectrophotometer. Thermogravimetric analysis (TGA) was con- prepare TMS-PS, ATRP of methyl methacrylate (3.74 g, 32.7

ducted on a Perkin-Elmer TGA thermal analyzer.

Synthesis of 2-Bromopropionic Acid 4-Trimethylsilylethy-
nylbenzyl Ester (1). Pyridine (2.55 g, 32.2 mmol) and 2-bromo-

mmol) catalyzed by a mixture & (1.156 g, 0.327 mmol), CuBr
(0.235 g, 1.64 mmol), and PMDETA (0.284 g, 1.64 mmol) was
carried out at 70C for 15 min. The product was precipitated in a
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