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ABSTRACT: Well-defined diblock copolymers of polystyrene and aromatic polyether were synthesized by the
combination of atom transfer radical polymerization (ATRP) and chain-growth condensation polymerization
(CGCP) from an orthogonal initiator. A polystyrene macroinitiator was first synthesized by the ATRP of styrene
in the presence of 4-fluorobenzenesulfonyl chloride (FB as an orthogonal initiator, then the terminal chlorine

of the polystyrene was dehalogenated withS#H/Pd(OAc). The CGCP of potassium 5-cyano-4-fluoro-2-
propylphenolateX) was then carried out with the polystyrene macroinitiator in sulfolane at’CGMowever,

not only polystyrends-aromatic polyether but also macrocycleslofiere obtained, due to transetherification of
thep-sulfonylphenyl ether linkage of the macroinitiator within contrast, the CGCP dffrom another polystyrene
macroinitiator bearing a keto group, which was prepared similarly by the ATRP of styrene with 4-(1-bromoethyl)-
4'-fluorobenzophenone (FBMBr) as an orthogonal initiator, followed by reduction of the terminalBT bond

with BusSnH, afforded only well-defined polystyrefiearomatic polyether. This diblock copolymer self-assembled

in THF to form spherical aggregates.

Introduction prepared by transformation of the polymer end group in several

Rod—coil block copolymers containing a condensation poly- steps. . i o

mer or oligomer as a rod segment have recently received much A more convenient approach is to use an orthogonal initfator,
attention as intriguing polymer architectures, because they self-Which has two different initiating sites for two kinds of
assemble into unique nanoarchitectures that cannot be produce@olymerization, with one of the initiating sites being inert with
by self-assembly of coitcoil block copolymerg.In these block respect to polymerlzanon_from t_he other |n|t|§t|ng site. A block
copolymers, the condensation oligomer or polymer segmentscoPolymer would be obtained simply by chain-growth conden-
have been obtained by stepwise synttfesis conventional .38..'[.I0n polymerization and I|V|qg polymerization from this
polycondensatioR. The former method gives segments with initiator. To our knowledge, this approach has never been
precisely defined structure, but can be tedious, while the latter @Pplied to the synthesis of redtoil block copolymers, although

method affords segments with a broad molecular weight coil—coil block copolymers such as polylactobhgsolystyrene
distribution. and polylactondés-polyMMA have been synthesized via this

approact. Here, we report the synthesis of well-defined block

Condensation polymerization that proceeds in a chain-growth >
copolymers of polystyrene and aromatic polyether by the use

polymerization manner (chain-growth condensation polymeri- > . .
zation) from an initiator has recently been developeud of an orthogonal Initiator for atom transfer _radlcal poly_me_n-

allows easier synthesis of block copolymers of condensation 220N (ATRP) and chain-growth condensation polymerization
polymers and coil polymers. Furthermore, the condensation (CGCP) (Scheme 1). The orthogonal initiators employed herein

polymer segments possess a narrow molecular weight distribu-aré 4-fluorobenzenesulfonyl chloride (FBSI) and 4-(1-
tion, and so the roelcoil block copolymers including these ~Promoethyl)-4-fluorobenzophenone (FBFBr). The benzene-

segments as a rod component also have a narrow molecularts)u”Onyl chioride moiety in FBS—CI and thefl-bromoeth)klll-
weight distribution when the coil segment is synthesized by Penzene moietyin FBP—Br initiates ATRP of styrene in the

living polymerization. The reported synthetic approaches to well- presence of & copper _catalyst. The quorobenzene_moie_ty having
defined roc-coil block copolymers by means of chain-growth 2 electron-withdrawing group at the para position initiates
condensation polymerization can be classified into three CGCP of monomet, leading to the aromatic polyether.
categories: (1) coupling reaction between condensation
polymer and coil polymet, (2) living polymerization for
coil polymer from a macroinitiator synthesized via chain-growth ~ Measurements.’H, *3C, andF NMR spectra were obtained
condensation polymerizatiéh,and (3) chain-growth con-  on JEOL ECA-600 and 500 instruments using tetramethylsilane
densation polymerization from a macroinitiator synthesized 888 ppm !nig'Fal\TISI%: NMR) a? an Ilnt?rnral s(tjandard atn@:l@ s
via living polymerization’ The disadvantage of the first S0 ppm In as an external standard, respectively.
approach is difficulty of separation of the obtained block SPectra were recorded on a JASCO FT/IR-410. Column chroma-
| f ted starti h | In th tography was performed on silica gel (Kieselgel 60,2800 mesh,
copolymer from unreacted starting homopolymers. in the Merck) or basic alumina (alumina, activated, abt. 300 mesh, Wako).
second and third approaches, the macroinitiators have to beAnaIyticaI thin-layer chromatography (TLC) was performed on
silica gel (Silica gel 60 k4 aluminum sheets, Merck) or aluminum

* Corresponding author. E-mail: yokozt0l@kanagawa-u.ac.jp. Tele- Oxide (Aluminum oxide 60 4, neutral, aluminum sheets, Merck).
phone: +81-45-481-5661. Fax:#81-45-413-9770. The M, and M/M, values of polymers were measured with a
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(0.705 g, 0.1 mmol) and triethylsilane (0.35 g, 3.0 mmol) in
anhydrous toluene (7 mL). The reaction mixture was stirred at
ambient temperature for 24 h, then filtered through a short column
of basic alumina (eluent, CHgl The CHC} was removed in vacuo.
The residue was taken up in a small amount of G§i{@&hd the
solution was poured into GJOH with vigorous stirring. The
precipitated polymer was collected and dried in vacuo to give 0.68
g of MIFBS—H (97%) M, = 8200, M,/M, = 1.36): 'H NMR
(600 MHz, CDC}): 6 7.29-6.16 (m, 5n H), 2.361.02 (m, 3n

H). *F NMR (565 MHz, CDC}): ¢ 57.6.

Synthesis of 4-Ethyl-4-fluorobenzophenone.A solution of
4-ethylbenzoyl chloride (4.00 g, 23.7 mmol), AKJB.85 g, 28.5
mmol), and fluorobenzene (9.11 g, 94.8 mmol) was refluxed for 3
h. The reaction was quenched it M hydrochloric acid, and the
mixture was extracted with ethyl acetate three times. The combined
organic layer was washed Wwita 1 M aqueous solution of NaOH
and water, and dried over anhydrous MgS®@he solvent was
removed in vacuo, and the residue was purified by flash column
chromatography on silica gel (hexane/s{tH, = 2/1), followed by
recrystallization from methanol to give 4.59 g of the ketone as a

[eluent, tetrahydrofuran (THF); calibration, polystyrene standards] White solid (85%): mp 67.568.5°C. IR (KBr): 2972, 2936, 2880,

using two TSK-gel columns (% Multipore Hy -M). Isolation of
macrocycles ofl was carried out with a Japan Analytical Industry
LC-908 Recycling Preparative HPLC (eluent: chloroform) using
two TSK-gel columns (2x G 2000H;r). MALDI —TOF mass
spectra were recorded on a Shimadzu/Krotos Kompact MALDI IV
tDE in the linear mode using a lasér< 337 nm). Sample solutions
of polymer (1 mg), with dithranol (30 mg) as a matrix, were

1928, 1649, 1597, 1500, 1414, 1156, 932, 855, 813'cti NMR
(500 MHz, CDCH): 6 7.83 (dd,J = 5.6 and 8.8 Hz, 2 H), 7.71 (d,
J=18.3Hz, 2 H), 7.31 (dJ = 8.0 Hz, 2 H), 7.15 (1) = 8.6 Hz,
2 H), 2.74 (q,J = 7.6 Hz, 2 H) 1.28 (tJ = 7.4 Hz, 3 H).13C
NMR (125 MHz, CDC}): 6 195.0, 165.2 (dlJcr = 254.4 Hz),
149.5, 135.0, 134.1, 132.5 (e = 9.6 Hz), 130.2, 127.8, 115.3
(d, 2Jcr = 21.6 Hz), 28.9, 15.21% NMR (565 MHz, CDCY): 6

prepared in chloroform (5.5 mL). Scanning electron microscopy 99-5 _ _
(SEM) was carried out with Hitachi S-4000. Samples were prepared ~ Synthesis of FBP-Br. A mixture of 4-ethyl-4-fluorobenzophe-

by dropping of copolymer solution (1 mg/mL) in THF (polystyrene
selective solvent) on glass plate and dried at°@5for 3 days.
Transmission electron microscopy (TEM) was carried out with a
JEOL JEM-2000EX/FX II. Samples were prepared by dropping of
copolymer solution (1 mg/mL) in THF (polystyrene selective
solvent) on a Cu grid and dried at 258C for 3 days. Gas

none (0.60 g, 2.6 mmol), NBS (0.41 g, 2.3 mmol), and BPO (19.0
mg, 0.08 mmol) in CCJl (12.9 mL) was refluxed for 6 h. The
solution was cooled to 8C, and the precipitated solid was filtered
off. The filtrate was washed witl M aqueous N#£LO;, saturated
aqueous Ng5,0;, and brine. The organic layer was dried over
anhydrous Nz50, and then concentrated in vacuo. The residue

chromatograph mass spectrometer (GCMS) was carried out with awas purified by flash column chromatography on silica gel (hexane/

Shimadzu GCMS-QP5050A.

Materials. Potassium 5-cyano-4-fluoro-2-propylphenolat#{
and 2-chloro-1-(4-fluorobenzenesulfonyl)-2-phenyletha)®vere
prepared according to the previously established procedures: FBS
Cl and CuCl were purified according to the literat@i8tyrene was
washed wih 1 M aqueous NaOH solution to remove the inhibitor
and then with water, dried over anhydrous MgSénd distilled

CH.Cl, = 2/1) to give 0.62 g of FBPBr as a pale yellow solid
(87%): mp 76-77 °C. IR (KBr): 3067, 2987, 2933, 1926, 1650,
1595, 1500, 1413, 1227, 1154, 969, 766, 594 trtH NMR (500
MHz, CDCk): 6 7.85 (dd,J = 5.4 and 8.9 Hz, 2 H), 7.75 (d,=
8.6 Hz, 2 H), 7.56 (dJ = 8.0 Hz, 2 H), 7.17 (t) = 8.6 Hz, 2 H),
5.23 (9, = 7.0 Hz, 1 H), 2.08 (tJ = 6.9 Hz, 3 H).13C NMR
(125 MHz, CDC}): 6 194.5, 165.4 (diJce = 254.3 Hz), 147.5,

over Cah under reduced pressure before use. Fluorobenzene,137.3, 133.6, 132.6 (&Jcr = 8.4 Hz), 130.3, 126.9, 115.5 (&lcr
triethylsilane, sulfolane, 4-fluoroanisole, and (1-chloroethyl)benzene = 21.6 Hz), 47.9, 26.5% NMR (565 MHz, CDC}): 4 56.3.

were distilled under reduced pressure. AIBN and-djdonyl-2,2-
bipyridyl (bpy9) were recrystallized from methanol and ethanol,
respectively. CuBr, palladium(ll) acetate, tributyltin hydride, 4-eth-
ylbenzoyl chlorideN-bromosuccinimide (NBS), benzoyl peroxide

(BPO), 4,4-diflorobiphenyl, and anhydrous toluene were used as

received.

ATRP of Styrene with FBS—CI. Styrene (5.2 g, 50 mmol),
FBS—CI (49 mg, 0.25 mmol), bpy9 (42 mg, 0.10 mmol), and CuCl
(7.4 mg, 7.5x 102 mmol) were placed in a Teflon tube. The tube
was sealed and degassed by means of six fregpamp—thaw
cycles, filled with argon and heated at 110 for 25 h. After the

ATRP of Styrene with FBP—Br and Reduction of the
Terminal C—Br Bond with Bu3SnH in One Pot. Styrene (1.04
g, 10.0 mmol), FBP-Br (31 mg, 0.10 mmol), bpy9 (82 mg, 0.20
mmol), CuBr (14 mg, 0.10 mmol), and 4-fluoroanisole (128 mg,
1.00 mmol) as an internal standard were placed in a Teflon tube.
The tube was sealed and degassed by means of six frpangp—
thaw cycles, filled with argon, and heated at 200for 2.5 h. After
the tube had been cooled to room temperature, styrene in the
reaction mixture was removed in vacuo, and a solution 8B
(1.45 g, 5.00 mmol) in anhydrous toluene (2 mL) was added. The
mixture was stirred at 88C for 3 h, and filtered through a short

tube had been cooled, the reaction mixture was filtered through a column of basic alumina (eluent, CHIAfter removal of CHGJ

short column of basic alumina (eluent, CHCIAfter removal of

in vacuo, the residue was again dissolved in a small amount of

CHCI; in vacuo, the residue was dissolved in a small amount of CHCls, and the solution was poured into gbH with vigorous

toluene, and the solution was poured into {OH with vigorous
stirring. This purification by precipitation was conducted three

stirring. This purification by precipitation was conducted three
times. The precipitated polymer was collected and dried in vacuo

times. The precipitated polymer was collected and dried in vacuo to give 0.24 g of MIFBP-H (M, = 3070,M,,/M, = 1.09).*H NMR

to give 2.8 g of MIFBS-CI (M, = 8100,M,,/M, = 1.38).:H NMR
(600 MHz, CDC}): 6 7.37-6.24 (m, 5n H), 2.591.11 (m, 3n
H). 1°F NMR (565 MHz, CDC}): ¢ 57.8.

Reduction of MIFBS—CI. Palladium(ll) acetate (4.3 mg, 0.02

mmol) was placed in a round-bottomed flask equipped with a three-

way stopcock and dried at 25€ under reduced pressure for 30

(600 MHz, CDC}): 6 7.36-6.21 (m, 5n H), 2.531.13 (m, 3n
H). 1% NMR (565 MHz, CDC}): ¢ 55.3.

Synthesis of Polystyrenés-aromatic Polyether. MIFBP—H
(0.15 g, 25 x 102 mmol), 1 (0.096 g, 0.44 mmol), 4,4
difluorobiphenyl (0.084 g, 0.44 mmol) as an internal standard, and
sulfolane (4.2 mL) were placed in a Teflon tube. The tube was

min. The flask was cooled to room temperature under an argon sealed and degassed by means of five fregzenp—thaw cycles,

atmosphere. Into the flask was added a solution of MIFBS

filled with argon, and heated at 15C for 5 h. After the tube had
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Figure 2. *H NMR spectra of (A) MIFBS-CI and (B) the product
after reduction of MIFBS-CI (MIFBS—H) in CDCl; at 25°C, and
GPC profiles of (C) MIFBS-Cl and (D) MIFBS-H.

Figure 1. *H NMR spectra in CDGlat 25°C: (A) model initiator2;
(B) the product obtained by the CGCP bWith model initiator2; (C)
model producB.

Scheme 2 (A) (B)
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MIFBS-H Figure 3. GPC profiles of the products obtained by the block
copolymerization ofl from MIFBS—H in sulfolane (L]Jo = 0.06 M,
d [MIFBS—H], = 0.0028 M) at 150C detected by (A) Rl and (B) UV.
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been cooled, the solution was added dropwise into vigorously stirre
1 M hydrochloric acid to afford a precipitate. The polymer thus .
obtained was dissolved in a small amount of Cki@hd the solution ~ (Mw/Mn = 1.22). In the!H NMR spectrum of the aromatic
was poured into CEOH with vigorous stirring. The precipitated ~ polyether thus obtained, the signaisof the chlorobenzylic
polymer was collected and dried in vacuo to give 0.19 g (87%) of proton of2 at 6 4.42 and 4.31 ppm were completely absent
block copolymer i, = 7620,M,,/M, = 1.22)."H NMR (600 MHz, (Figure 1A), and a new set of signdist o 4.80 and 4.57 ppm
CDCl): 6 7.29-6.16 (m, 5n+ 2m H), 2.84-2.52 (m, 2m H), appeared (Figure 1B). A model compouBdin which 1 can
2.46-1.14 (m, 3nt 2m H), 1.03-0.82 (m, 3m H).*F NMR (565 react only with the terminal chlorine & was also prepare'd,
MHz, CDCk): 0 50.6. and its'H NMR spectrum was compared with that of the product
of the polymerization ofl. with 2. The signals até 4.74 and
4.55 ppm of the model compoudagreed well with the signals

1. Blocf:k Copolymelrizatiohn from FBSh_CI' 1) ﬁ\TRP of ¢ bof the polymer (Figure 1C). Accordingly, the CGCP bis
Styrene from FBS—CI. As shown in Scheme 2, the ATRP of o1y 14 take place from not only the terminal fluorine, but also

styrene was first carried out fr_o_m _FBS:I’ t_)ecause aromatic the chlorine of MIFBS-CI, i.e., selective polymerization df
polyether, po!)t, has_a low SOIUb'I'tY n orgamc_sol\_/ents. Styrene from the terminal fluorine of MIFBS CI cannot be expected.
was polymerized with a CuCl/44linoyl-2,2-bipyridyl (bpy9) o ) ]
catalyst system in the presence of FBS ([styrene}/[FBS— . .I-.|owever, this implies that the terminal chlorine from the
Cllo = 200/1) in bulk at 110°C according to the reported initial ATRP process can be used_ for the CGCP as well; the
procedure for ATRP of styrene with a benzenesulfonyl chloride "0d—Ccoil block copolymer of aromatic polyether and polystyrene
initiator? The obtained polystyrene macroinitiator (MIFBS can be easily synthesized without a need to involve orthogonal
C|) ha\/ing the 4_f|u0robenzenesu|fony| group as an end group initiator FBS—CI. ACCOfdingly, we checked that the CGCP of
possessell, of 8100 andWi,/M, of 1.38, as evaluated by GPC 1 carried out with (1-chloroethyl)benzene as a model initiator
based on polystyrene standards. in sulfolane at 150°C gave an aromatic polyether with a

In our initial plan for the synthesis of the block copolymer, relatively broad polydispersityMw/Mn = 1.42). Furthermore,
the CGCP ofl would next be carried out from the terminal ~ production of styrene was confirmed by GCMS. These results
fluorine of MIFBS—CI. However, we thought the polymerization ~ indicate that the secondary benzylic chloride not only initiates
of 1 might occur from not only the terminal fluorine, but also slowly the CGCP ofl but also undergoes elimination of
the terminal chlorine of MIFBSCI. To examine this issue, a  hydrogen chloride with phenoxide mononieif the CGCP of
model initiator 2, shown in Figure 1, was prepared as a 1 is carried out from the terminal chlorine of polystyrene
diastereomeric mixtur® and then the polymerization afwith macroinitiator, some amount of polystyrene macroinitiator will
2 was examined. Thus, the CGCP bivas carried out witt2 remain because of the elimination of hydrogen chloride at the
([1e/[2]o = 10/1) in sulfolane at 150C to give an aromatic  polystyrene end. Therefore, we judged that this method is not
polyether withM, of 3940 and a relatively low polydispersity — appropriate.

Results and Discussion
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sulfone)s that have a strongly electron-withdrawing sulfonyl
group at the para position of the ether linkage, transetherification
with the monomer phenoxide or a fluoride ion is known to occur

Pd catalyst at room temperature. This reduction system is knowneasily at high reaction temperatdfeConsequently, the sulfonyl

to reduce the €CI bond selectively even when carbonyl and
sulfonyl groups are present in a substrgtén the IH NMR
spectrum of the product, the signal at 43050 ppm due to

group in initiator MIFBS-H caused the side reaction in the
synthesis of the block copolymer of polystyrene and fioly
2. Block Copolymerization from FBP—Br. (1) ATRP of

the benzylic proton on carbon adjacent to chlorine of MIFBS ~ Styrene from FBP—Br. To suppress the transetherification at
Cl completely disappeared (Figure 2A, B), and the GPC elution the ether linkage between the monomer unit and the initiator
curves were almost identical before and after the reduction unit, a less strongly electron-withdrawing group should be
(Figure 2C, D). Therefore, the dehalogenation of the chlorine introduced at the para position with respect to the fluorine in
of MIFBS—CI occurred quantitatively without cleavage of the the macroinitiator. In the reported CGCP biwith 4-fluoro-
backbone or coupling between the polymers. The polymer 4'-trifluoromethylbenzophenone as an initiator, transetherifica-

obtained after the reduction was designated as MH-BS
(2) CGCP of 1 from Macroinitiator MIFBS —H. Monomer
1 was polymerized with MIFBSH ([1]¢/[MIFBS—H]o = 20/
1) in sulfolane at 150C for 12 h. Figure 3 shows the GPC
profiles of MIFBS—H and the polymerization products obtained

tion did not take place, and pdlywith a low polydispersity
was obtained! Accordingly, a new orthogonal initiator, FBP
Br, bearing a keto group at the para position of the fluorine
was prepared. Thus, 4-ethylbenzoyl chloride was reacted with
fluorobenzene in the presence of Al@ give a ketone, which

at 1, 3, 6, and 12 h. In the GPC profiles detected by RI, the was then brominated at the benzylic position wikoromo-
elution curves shifted toward the higher-molecular-weight region succinimide (NBS) in the presence of benzoyl peroxide (BPO)

with time, implying the formation of the block copolymer

(Figure 3A). In the GPC profiles detected by UV, however, a

peak whose molecular weight is lower than that of MIFB$

to yield FBP-Br (Scheme 3).
The ATRP of styrene with FBPBr as an initiator ([Styreng]
[FBP—Br]p = 100/1) was conducted with the same CuBr/bpy9

was observed at 1 h, although the main peaks shifted towardcatalyst system in bulk at 110C for 2.5 h (Scheme 4). The

the higher-molecular-weight region. To identify the low-

resulting polymer (MIFBP-Br) hadM,, of 2900 and\,,/M,, of

molecular-weight compound detected by UV, it was separated 1.08, and was characterized By and*°F NMR spectroscopy.
by preparative HPLC and analyzed by means of matrix-assistedThe IH NMR spectrum of the polymer showed the signal of

laser desorption ionization time-of-flight (MALBITOF) mass
spectrometry. The spectrdtontains only one series of peak,
the values of which correspond to macrocycles lofFor

the —CHBr end group of polystyrene at 4.5¢.34 ppm and
the signals of the initiator unit at 7.8¢.74, 7.68-7.51, and
1.02-0.80 ppm, as well as the typical signals of polystyréhe.

example, the 10-mer macrocycle of this distribution is expected In the 1% NMR spectrum, the signal of the aromatic fluorine

to produce a signal atVz 159.06x 10 (repeat unity= 1590.6,

and in fact a signal is observed at 1588.6. The linear polymer

of 1 [159.061 (repeat unit)+ 19.0 (F)+ 1.0 (H)] is absent
(m/z 1610.7 was not detected).

One might think that the formation of the macrocycleslof
can be accounted for by the self-condensatiord,dbllowed
by cyclization. Howeverl does not undergo self-condensation
under these conditiordd. We think that transetherification
betweenl and the polymer would occur at the ether linkage
between the monomer unit and MIFBS segment to generate

was observed at 55.3 ppm.

In a manner similar to that described above, reduction of the
terminal C-Br bond of MIFBP-Br with Et;SiH was attempted
in the presence of Pd(OAc)Surprisingly, however, the GPC
elution curve of the product showed a bimodal peak, and the
molecular weight of the peak in the higher-molecular-weight
region was almost double that of the main peak (Figure 4A).
Therefore, bimolecular radical coupling between the polymers
appears to take place during the dehalogenation of the terminal
bromine with this reducing system, which was effective for the

the homopolymer of before cyclization (Scheme S2), because reduction of terminal chlorine, as noted above.
the ether linkage between the monomer units did not undergo  Trialkyltin hydrides are known to be common dehalogenation

transetherification under the conditions used to polymetize
from an initiator!! In polycondensation leading to poly(ether

agents, and Matyjaszewski et al. reported that the termin&rC
bond of polystyrene obtained by ATRP was reduced with this
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Figure 5. GPC profiles of (A) MIFBP-Br and (B) MIFBP-H
obtained by the reduction of MIFBFBr of different M, with Bus-
SnH: [BuSnH}/[FBP—Br], = 50.

reagent and a Cu catalyStAccording to this report, we treated
MIFBP—Br with BusSnH in the presence of CuBr/bpy9 in
toluene at 110C, but the GPC profile of the product showed

Macromolecules, Vol. 40, No. 15, 2007

(a)

(b)
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Elution volume (mL)

Figure 6. GPC profiles of (a) MIFBP-H | (M, = 3030, My/M,, =
1.08) and (b) polystyrenb-polyl (M, = 7620, My/M, = 1.22)
synthesized by the polymerization dfwith MIFBP—H I in sulfolane
at 150°C ([1]o = 0.107 M,[1]o/[MIFBP—H], = 18).

had disappeared completely. The signal of the methine proton
of the biphenyl carbinol moiety, which could be formed by the
reduction of the keto group of the FBBr unit, was not
observed, either. In addition, tHéF NMR spectrum showed
only one signal at 55.3 ppm. Therefore, this reduction method
turned out to be effective for the synthesis of a nonbrominated
macroinitiator, MIFBP-H. Other MIFBP-Hs of different
molecular weight M, = 6080 and 12700) were also prepared
without side reactions by this method.

(2) CGCP of 1 from Macroinitiator MIFBP —H. MIFBP—H
I (Mp = 3030, My/M, = 1.08) was first employed as a
macroinitiator. Monomet was polymerized with]]o/[MIFBP—
H 1]o = 10, 18, 24, and 36 in sulfolane at 18C (Scheme 4,
Table 1). In the polymerization withl[o/[MIFBP—H []o = 10
and 18,1 was consumedni 5 h toyield polymers with low
polydispersity (Table 1, entries 1 and 2). The GPC trace of the
product obtained in entry 2 showed a clear shift toward the
higher-molecular-weight region while retaining low polydis-
persity, and the peak in the low-molecular-weight region, which
was observed in the polymerization bivith MIFBS—H, was
not detected (Figure 6). In tH&~ NMR spectrum of the product
obtained in entry 2, the signal of the initiation site of MIFBR

a small shoulder in the higher-molecular-weight region (Figure disappeared, and only one signal assignable to the end group

4B). Even when AIBN was used instead of CuBr/bpy9, the

shoulder was still observed (Figure 4C). We next tried a one-

of polyl was observed at 50.5 ppm (Figure 7A). Furthermore,
the 'H NMR spectrum of the product showed the sigaadf

pot reaction. Thus, the ATRP of styrene was carried out at 110 the benzophenone unit shifted toward lower magnetic field
°C (about 16% conversion), then after cooling, a solution of compared with the signal of MIFBP—H, and the signalb—d
BusSnH in toluene was added, and the reaction mixture was of the propyl group of the pollyunit (Figure 7B). Those results

heated at 88C. The GPC profile of the product did not show

indicate thatl underwent CGCP from the fluorine of MIFBFH

the shoulder, but a broad peak was observed in the much higheito give a block copolymer of polystyrene and pbhiYOn the
molecular weight region (Figure 4D). This peak is probably due other hand, the polymerization witl]p/[MIFBP—H 1]o = 24

to polystyrene formed by the polymerization of the residual
styrene in the reaction mixture initiated by tributyltin radical.
Accordingly, styrene remaining in the reaction mixture was
removed in vacuo after the ATRP, and then a solution of Bu
SnH ([BwuSnH}/[FBP—Br]o = 50) in toluene was added,
followed by heating at 83C.16 The GPC profile after reduction
showed a monomodal peak with a low polydispersi§, &
3030,M,,/M, = 1.08) (Figure 5B). In théH NMR spectrum of
the product, the signal of the CHBr end group at 4.50 ppm

and 36 gave polymers with relatively broad molecular weight
distributions (entries 3 and 4). In particular, the GPC profile of
entry 4 showed a tailing toward the lower-molecular-weight
region than that of MIFBPH |. When the GPC traces of
MIFBP—H | and the products obtained by polymerization for

1 and 7 h under the conditions of entry 4 were compared,
however, the GPC traces showed a clear shift toward the higher
molecular weight region with time, and the profile of the
polymer obtainedtal h had a narrow distributiorM, = 4700,

Table 1. Polymerization of 1 with MIFBP—Ha

temp time conv. Mn
entry MIFBP-HP [1]o/[MIFBP—H]o (°C) (h) of 1¢(%) Mn(calcd) (Mw/Mp)d
1 | 10 150 5 100 4620 5800 (1.13)
2 | 18 150 5 100 5900 7620 (1.22)
3 | 24 150 7 100 6850 6810 (1.31)
4 | 36 150 7 100 8760 5780 (1.46)
5 Il 18 150 6 100 8960 10 300 (1.25)
6 1] 18 125 14 100 15 560 14 400 (1.18)

a polymerization was carried out in sulfolané]d = 0.105 M).? MIFBP—H, |: M, = 3030,My/M, = 1.08.1I :

Mn = 6080,Mw/M, = 1.07.11l : M, =

12 700,M,/M;, = 1.10.¢ Determined by GCY Determined by GPC based on polystyrene standards (eluent. THF).
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Figure 8. SEM images (a-c) of the block copolymer of polystyrene

(B) and aromatic polyether: (ay, = 7620, My/M, = 1.22, (b)M, =

@ 10 300,Mw/M, = 1.25, (c)M, = 14 400,M,/M,, = 1.18. TEM image

3 (d) of the block copolymerNl, = 7620,M,/M, = 1.22).
a the length of block copolymer. Furthermore, transmission
) | electron microscopy (TEM) image showed similar spherical

(b)§ aggregates, not hollow structures Jenekhe reported (Figure
‘_M_JMW

cl| d 8d)3abConsequently, the obtained aggregates may be onionlike
micellel”
Conclusions
We have demonstrated that well-defined polystyrbne-
: L aromatic polyether can be synthesized by using orthogonal
[ ——
2 1

b
8 7 6 5 AR initiators FBS-CI and FBP-Br for ATRP and CGCP. First,
. 10 the synthesis of the block polymer was attempted by the use of
EégpLglsrrZér(iﬁ)CDFC;JNa'}AZRnge‘(:tBr? 1,?|fN(€,\iA)RMSIEE§r|; (I)fazg)d ,\Sltl),):é)g)ﬁk FBS—CI. The ATRP of styrene Wi_th FBSCI was c_arried out,
I and (b) block copolymer in CDglat 25°C. followed by reduction of the terminal-©Cl bond with E¢SiH
in the presence of Pd(OAc)o give the macroinitiator MIFBS
My/M, = 1.18) without the tailing? The observed low-  H. The CGCP ofl with MIFBS—H, however, yielded not only
molecular-weight polymer formed in the last stage of polym- the block copolymer, but also macrocycles bbecause of
erization is probably a homopolymer @fgenerated by self-  transetherification of the polymer with at the ether linkage
polycondensation, which might have occurred as the block between the MIFBSH, containing the sulfonyl group, and the
copolymer became insoluble with increasing amounts ofithe  monomer unit. Second, macroinitiator containing a keto group,
unit in the copolymer, preventing the reaction bfwith the MIFBP—H, was synthesized by ATRP of styrene with FBP
propagating end of the block copolymer. Br, followed by reduction of the terminal-€Br bond with Bu-
The polymerization of1 was further carried out with  SnH. The CGCP of proceeded well from MIFBPH to yield
MIFBP—H Il andlll (Il , M, = 6080,M,,/M, = 1.07;lll , M, polystyreneb-aromatic polyether with low polydispersity. Even
= 12 700,M,/M, = 1.10) with thel]o/[macroinitiator}, ratio when MIFBP-H with higher molecular weight\{, < 13000)
of 18. When MIFBP-H Il was usedl was consumed in 6 h  was used, a well-defined block copolymer was obtained. On
to yield a block copolymer with a narrow molecular weight the other hand, when the feed ratipf[MIFBP—H]o, was greater
distribution (entry 5). The polymerization with MIFBFH I , than 18, not only the block copolymer, but also the homopoly-
at 150°C under similar conditions, however, gave not only the mer of 1 was obtained. The obtained block copolymers self-
block copolymer but also the homopolymer bf To prevent assembled in THF to form the spherical aggregates whose size
the self-polycondensation, the polymerization was carried out was dependent on the polystyrene length of the block copoly-
at 125°C, affording only the block copolymer with a narrow  mers. Studies on the detail structures of the aggregates will be

*
H

L e e ERamam e o
55 50 ppm

T
0 Ppm

molecular weight distribution (entry 6). When MIFBM with reported in the near future.

higher molecular weight is used as a macroinitiator, self-
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polyether units are insoluble in it, dilute solution (1.0 mg/mL) Procedures (including a reaction scheme) for the model com-
of the block copolymers with different length of the polystyrene PouUnds2 and 3, a figure showing the MALD+TOF mass

o . spectrum of the macrocycle df, a scheme for the proposed
units in THF were dropped on a glass plate and dried at room mechanism of formation of macrocyle di, figures showing

temperature. Scanning electron microscopy (SEM) images i 14 NMR spectrum of MIFBP-Br and the GPC analysis of
revealed that relatively large spherical aggregates were formede ime course of the polymerization bfrom MIFBP—H, and a
and that the diameter increased from 300 nm tenl with table summarizing the solubility of the block copolymers. This
increasing the length of the polystyrene units (Figure-8a material is available free of charge via the Internet at http:/
The size of the spherical aggregates is much larger thanpubs.acs.org.
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