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ABSTRACT: N,N-Dimethylaniline functional polystyrenes
with well-defined structures and low polydispersities were
synthesized by atom transfer radical polymerization of styrene
in bulk at 110°C using 4-(dimethylamino)benzyl 4-(bromom-
ethyl) benzoate as initiator in conjunction with a cuprous com-
plex [Cu(I)Br/bipyridine]. These polymers were further used
in block copolymerization with methyl methacrylate and cy-
clohexene oxide (CHO) by photoinduced radical and radical-
promoted cationic polymerization routes, respectively. In the
former case, macroradical generation was achieved with ben-
zophenone sensitizer by photoexcitation followed by hydrogen
abstraction from amino end groups. A visible light initiating
system was used in the radical-promoted cationic polymeriza-

tion of CHO. The system involves a xanthene dye (erythrosin
B) as the sensitizer, an aromatic N,N-dimethyl amino group
and diphenyl iodonium hexafluorophosphate as the radical
source and radical oxidizer, respectively. Whereas pure block
copolymers were obtained in the free-radical route, the free-
radical-promoted cationic polymerization yielded both block
and homopolymers. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci
93: 387-394, 2004
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INTRODUCTION

Block copolymers have gained great importance because
of their exceptional physical properties. They are readily
applied in various industrial areas, such as in the man-
ufacture of adhesives, surfactants, fibers, thermoplastics,
and thermoplastic elastomers."” A number of synthetic
methods for the preparation of block copolymers have
been developed. Among them living ionic polymeriza-
tion techniques yielded the best results. However, its use
is limited to a certain number of monomers that can be
polymerized through ionic means. Transformation poly-
merization is another technique that eliminates the dis-
advantage of the former. In this method, different poly-
merization mechanisms are combined, making it possi-
ble to use a greater number of monomers with different
chemical structures.*

Free-radical polymerization is usually used as one
of the routes of transformation polymerization be-
cause of its advantages over other methods. It is less
sensitive toward impurities present in the reaction
mixture and is applicable to a wide range of mono-
mers.®” Recent developments in the field of mediated
radical polymerization methods, particularly atom
transfer radical polymerization (ATRP) and stable
radical mediated radical polymerization (SFRP),
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opened new ways of combining different polymeriza-
tion routes.®'? Evidently, block copolymers possess-
ing at least one segment with well-defined structure
and narrow polydispersity were obtained when me-
diated radical polymerization was used as one of the
polymerization modes in the transformation process.

Photoinitiated polymerization is an important
method used for the production of coatings, inks,
adhesives, and photolithography. Using this method
commercially important olefinic monomers, epoxides,
and vinyl ethers can be polymerized by free-radical
and cationic modes, respectively. Although photoini-
tiated cationic polymerization has gained importance
in recent years, the corresponding free-radical poly-
merization is still the most widely used route in such
applications. Photoinitiated radical polymerization
may be initiated by both cleavage (type I) and H-
abstraction type (type II) initiators.”'> Because the
initiation is based on a bimolecular reaction, polymer-
izations promoted by type II photoinitiators are gen-
erally slower than those using type I photoinitiators,
which are based on unimolecular formation of radi-
cals. On the other hand, type II photoinitiators possess
better optical absorption properties in the near-UV
spectral region. Photolysis of aromatic ketones, such
as benzophenone, thioxanthones, benzyl, and qui-
nones, in the presence of hydrogen donors, such as
alcohols, amines, or thiols leads to the formation of a
radical produced from the carbonyl compound (ketyl-
type radical) and another radical derived from the
hydrogen donor."*'® The photopolymerization of vi-
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nyl monomers is usually initiated by the radical pro-
duced from the hydrogen donor. The ketyl radicals are
usually not reactive toward vinyl monomers because
of the steric hindrance and the delocalization of the
unpaired electron. The overall mechanism of the pho-
toinitiation is represented in Scheme 1.

After the pioneering work on the use of onium salts
such as sulfonium and iodonium salts with nonnucleo-
philic counter anions as cationic photoinitiators, cationic
polymerization also became the focus of increased inter-
est.'”"? Various modes of photoinitiation involving both
direct and indirect photolysis of onium salts have been
described. Among the several indirect systems devel-
oped to extend the applicability of onium salt photoini-
tiators toward longer wavelengths, the so-called radical-
promoted cationic polymerization appeared to be the
most elegant and fairly flexible method.

Many photochemically formed radicals can be oxi-
dized by onium salts according to the reaction shown
in Scheme 2.

The cations thus generated are used as initiating
species for cationic polymerization.*

The use of xanthene dyes in the generation of oxidiz-
able radicals was previously reported.”’ The effect of
various xanthene dyes, such as rose bengal, eosin B,
erythrosin B, thodamine B, and methylene blue, on the
efficiency of cationic polymerization of cyclohexene ox-
ide was examined. It was found that erythrosyn B, with
the lowest oxidation potential but bearing two negative
charges, was the most efficient among these. Different
from aliphatic amines, which terminate the growth of
cationic chains, aromatic amines were found to be effi-
cient in initiation with negligible contribution in termi-
nation because of their lower basicity.

As will be shown below, both photoinduced free-
radical and free-radical-promoted cationic polymer-
ization methods have been used in block copolymer-
ization. First, polystyrenes possessing aromatic amine
end groups were prepared by ATRP using suitably
functionalized initiators. Subsequently, macroinitia-
tors thus obtained were photolyzed in the presence of

Scheme 2

benzophenone or a dye at appropriate wavelengths, to
generate polymeric radicals by hydrogen abstraction.
These radicals either initiated free-radical polymeriza-
tion or were oxidized to the carbocations capable of
initiating cationic polymerization.

EXPERIMENTAL
Materials

2-Bromopropionyl bromide (Aldrich, Milwaukee, WI),
a-bromo-p-toluic acid (Acros Organics, Morris Plains,
NJ), 4-(dimethylamino)-benzaldehyde (Aldrich), NaBH,
(Merck, Darmstadt, Germany), CuBr (Aldrich), 2,2'-bi-
pyridine (bpy) (Merck), benzophenone, and erythrosin B
(Aldrich) were used as received. Thionyl chloride
(Fluka, Buchs, Switzerland), triethylamine (TEA;
Mallinckrodt Baker, Phillipsburg, NJ), and N,N-dim-
ethylaniline (Aldrich) were distilled over calcium hy-
dride before use. Diethyl ether and dichloromethane
were purified by usual drying and distillation meth-
ods. Styrene (St, Aldrich), cyclohexene oxide (CHO,
Aldrich), and methyl methacrylate (MMA, Aldrich)
were purified by the conventional methods and dis-
tilled at reduced pressure from calcium hydride
(CaH,) before use.

Synthesis of 4-(bromomethyl)-1-benzene carbonyl
chloride® (1)

a-Bromo-p-toluic acid (16.128 g, 0.075 mol) and 80 mL
of thionyl chloride were refluxed for 12 h. Thionyl
chloride was removed by distillation under reduced
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pressure and the remaining reddish liquid was ex-
tracted several times with dry hexane. The solution
was concentrated and, upon cooling, 4-(bromom-
ethyl)-1-benzene carbonyl chloride (1) was deposited
as pale yellow crystals. A second crystallization from
hexane furnished the pure product as white crystals.
Yield: 63%. m.p. (DSC): 33-34°C.

'"H-NMR (CDClLy) (§, ppm): 8.12-8.11 (d, 2H, Ar ortho to CO),
8.09-8.06 (d, 2H, Ar ortho to CH,), 4.63 (s, 2H, CH,Br). >C-NMR
(CDCLy) (5, ppm): 167.32 (Cdbond]O), 147,93 (C,,,—CH,), 133.87
(C,—CO), 132.89 (C,,, ortho to CO), 132.16 (C,, ortho to CH,),
33.65 (CH,). IR (cm ): 1772 and 1740 (C=O).

The band at 1685 in the spectrum of the initial acid dis-
appeared in the spectrum of 4-(bromomethyl)-1-benzene
carbonyl chloride.

ANAL. calcd for CgHBrClO: C, 41.15%; H, 2.59%. Found:
C, 41.73%; H, 1.94%.

Synthesis of [4-(dimethylamino)phenyllmethanol®* (2)

4-(Dimethylamino)benzaldehyde (7.4595 g, 0.05 mol)
and 25 mL of methanol were charged to a 100-mL,
round-bottom flask, equipped with magnetic stirrer,
condenser, and dropping funnel. NaBH, (1.89 g, 0.05
mol), dissolved in 10 mL methanol, was added slowly.
The mixture was heated at solvent reflux for 2 h, and
then stirred at room temperature overnight. The con-
tents of the flask were poured into water and the
solution was extracted several times with CH,Cl,. Af-
ter drying the resulting solution over MgSO, and re-
moving the solvent, the product was obtained as a
pale yellow liquid. Chromatography using a silica-gel
column and diethyl ether as eluent afforded [4-(di-
methylamino)phenyl]methanol (2) as a colorless lig-
uid. Yield: 96%.

'"H-NMR (acetone-dg) (8, ppm): 7.25-7.21 (d, 2H, Ar ortho to
CH,), 6.76—6.71 (d, 2H, Ar ortho to N), 4.54 (s, 2H, CH,), 4.3
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(s, 1H, OH), 2.89 (s, 6H, CH;). ">*C-NMR (CDClL,) (8, ppm):
150.41 (C,,—N), 129.76 (C,,—CH,), 128.73 (C,, ortho to
CH,), 113.11 (C,, ortho to N), 65.13 (CH,), 41.18 (CH,). IR
(cm™1): 3380, 1008 (OH).

The peak at 1660 cm ™, attributed to the aldehyde group
in the spectrum of starting material, was not present in the
spectrum of 2.

ANAL. caled for CoH,3NO: C, 71.49%; H, 8.67%; N, 9.26%.
Found: C, 70.85%; H, 9.13%; N, 9.58%.

Synthesis of 4-(dimethylamino)benzyl 4-
(bromomethyl) benzoate® (3)

[4-(Dimethylamino)phenyl]methanol (2) (3.02 g, 0.02
mol), 25 mL of dry diethyl ether, and TEA (3.066 g, 0.03
mol) were charged to a 100-mL, three-neck, round-bot-
tom flask, fitted with a condenser, a magnetic stirrer,
nitrogen inlet-outlet, and an addition funnel containing
4-(bromomethyl)-1-benzenecarbonyl chloride (1) (3.5025
g, 0.015 mol) in 30 mL of diethyl ether. The flask was
placed in an ice-water bath. The mixture was stirred
under nitrogen as the solution of 1 was added dropwise
over a period of 1 h. Then the mixture was stirred at 0°C
for 4 h and 1 h more at room temperature. The white
precipitate that formed was removed by filtration. The
solution was washed three times with water. After dry-
ing over MgSO,, the solution was passed through a silica
gel column. The solvent was removed and the crude
product was recrystallized twice from hexane. White
crystals were obtained. Yield: 57%. m.p. (DSC) 90-91°C.
"H-NMR (CDCL,) (8, ppm): 8.05-8.02 (d, 2H, Ar ortho to CO),
7.56-7.53 (d, 2H, Ar ortho to CH,Br), 7.43-7.40 (d, 2H, Ar
ortho to CH,0), 6.75-6.69 (d, 2H, Ar ortho to N), 5.26 (s, 2H,
Ar—CH,—O), 458 (s, 2H, CH,Br), 2.96 (s, 6H, CH,). *C-
NMR (CDCL,) (5, ppm): 166.28 (C=0), 150.80 (C,,—N),
142.26 (C ,,—CH,Br), 131.15 (C,,,—CH,0), 130.68 (C,,, ortho
to CH,0), 129.19 (C,,, ortho to C=0), 128.67 (C,,—C=0),
128.55 (C,, ortho to CH,Br), 112.57 (C,, ortho to N), 67.56
(CH,—O), 40.88 (CH,), 31.30 (CH,—Br). IR (cm™%): 1700
(C=0 ester).

ANAL. caled for C,,H,sBrNO,: C, 58.63%; H, 5.21%; N,
4.02%. Found: C, 59.15%; H, 4.87%; N, 4.34%.

General procedure for ATRP reactions

A round-bottom flask, equipped with a magnetic stir-
rer and a lateral neck with tap, was used. The system

TABLE 1
ATRP of St in Bulk Using Bromine Terminal Initiator®
Initial Polym. M
concentration time Conversion -

Run (mol L™1) (min) Polymer (%) Theoretical '"H-NMRP GPC M, /M,
1 0.15 47 4a 26.4 1950 2000 1850 1.24
2 0.08 120 4b 18 2400 2500 2600 1.34
3 0.08 380 4c 45 5500 4800 4950 1.37
4 0.02 1620 4d 43 20,000 20,200 19,500 15

# Bulk, Initiator = 3, [I],/[CuBr]/[bpy] = 1/1/3 molar, temperature 110°C.
® M,, value determined by "H-NMR was calculated from the ratio of integrals corresponding to aromatic protons and

dimethylamino ones.
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was vacuumed and backfilled with dry nitrogen sev-
eral times. Catalyst (CuBr), ligand bipyridine (bpy),
initiator, and St were introduced under an inert atmo-
sphere. The flask was placed in an oil bath warmed at
110°C and the mixture was stirred at that temperature.
After a given time, the mixture was diluted with THF
and poured into a 10-fold excess of methanol. The
precipitated solid was collected by filtration and dried
at 40°C and reduced pressure overnight. To remove
complex salts the polymers were dissolved in THF
and the resulting solution was passed through a silica-
gel column. The solution was then treated with excess
methanol to precipitate the polymer that was collected
and dried as described above.

General procedure for photopolymerization
reactions

Solutions of monomers (CHO or MMA), either in bulk
or in dichloromethane, sensitizer (benzophenone, dye,
etc.), coinitiator (N,N-dimethylaniline), and onium salt
(diphenyl iodonium hexafluorophospate) were added
to Pyrex tubes and degassed with nitrogen before
irradiation. The tubes were irradiated at room tem-
perature in a merry-go-round type photoreactor
equipped with 15 Philips lamps and emitting light
nominally at 350 nm. Alternatively, a monochromatic
light source was used in cases for which a wider range
of wavelengths interfered with the reacting species.

TABLE II
Photoinduced Radical Polymerization of MMA in Bulk and Solution Using Various Macroinitiators with Differing
Chain Lengths®

Blocking St/MMA, r.u.
[M] (mol Irradiation Conversion yield
Run LY Macro-initiator time (min) (%) (%) M,, M,/M,, GPC H-NMR

5P 9.43 3 60 22.4 — 25,500 1.48 — —
6° 9.43 4a 60 7.3 48 20,370 1.93 1/9.6 1/10.2
7° 4.72 4b 15 2.8 100 4140 1.66 1/0.7 1/0.3
8° 4.72 4b 30 10.2 100 4630 1.86 1/0.9 1/0.6
93 4.72 4b 60 21.2 100 6000 1.86 1/1.5 1/11
10° 4.72 4b 120 41.2 100 8580 2.02 1/2.5 1/2.3

[l =5 X 10 2mol L™
b Superior b indicates bulk; superior s indicates solution
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Elution Time (min.)

Figure 1 GPC traces of (a) PSt (Table I, Run 2) and block
copolymers (PSt-b-PMMA) at different conversions: (b) 2.8;
(c) 10.2; (d) 21.2; and (e) 41.2.

The viscous solution, either alone or dissolved in di-
chloromethane, was poured into methanol for precip-
itation. Finally, the solid polymers were collected by
filtration at reduced pressure and dried overnight at
reduced pressure.

Characterization

GPC chromatograms were obtained by using a Waters
instrument (Waters Chromatography Division/Milli-
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pore, Milford, MA) equipped with an R410 differential
refractometer and 600E pump and THF as the eluent at
a flow rate of 1.0 mL/min. Monodisperse polystyrene
standards were used for calibration. 'H-NMR measure-
ments were carried out in CDCl; solution using a Bruker
(Darmstadt, Germany) 250 MHz instrument. The IR
spectra were recorded using a Shimadzu IR-470 infrared
spectrophotometer (Shimadzu, Kyoto, Japan).

RESULTS AND DISCUSSION

A dimethylamino-terminated ATRP initiator 3 was
prepared, to explore the possibility of using photoin-
duced radical and cationic polymerization strategy to
synthesize block copolymers from well-defined pre-
polymers. Compound 3 was synthesized by the ester-
ification of 1 and 2 in diethyl ether, as described previ-
ously, according to the following reactions (Scheme 3).

The ATRP of St in bulk was performed by using 3 as
the initiator, CuBr as a catalyst, and dNbipy as a
complexing ligand (Scheme 4).

The reaction conditions and results are presented in
Table I. In all cases the conversions were determined
gravimetrically. As expected, polymers with increas-
ing chain lengths were obtained upon decreasing the
initial concentration of the initiator and increasing the
polymerization time. The molecular weights deter-

T
4 3 2 1

T T

0 PPM

Figure 2 'H-NMR spectrum of poly(St-b-MMA) (Table II, Run 8).
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mined by 'H-NMR were calculated from the ratio of  respectively. The molecular weights determined by
integrals corresponding to aromatic protons and di- GPC and 'H-NMR agreed well with the theoretical
methylamino ones at about 6.58—7.05 and 2.87 ppm,  values calculated according to the following equation:

TABLE III
Photoinduced Radical Promoted Cationic Polymerization of CHO in Bulk Using Various Macroinitiators with
Differing Chain Lengths®
Blocking
[1] x 10% Conversion yield
Run Macro-initiator (mol L1 (%) (%) M, M, /M,
11 3 2 39 — 5100 1.69
12 4a 2 25 70 4430 1.73
13 4c 2 5.6 24 6000 1.22

aBulk, [M] = 9.90 mol L™ ; Aine = 525 nm; irradiation time = 120 min.
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Figure 3 'H-NMR spectrum of poly(St-b-CHO) (Table III, Run 12).

M) o

wh =[] X 104 X (conversion) + M, initator
where M, and [ are the initial molar concentrations of
the monomer and initiator, respectively.

The molecular weight distributions were narrow,
which is characteristic of a mediated polymerization.
However, a slight increase in the polydispersities was
observed for longer polymerization times, indicating
the presence of some side reactions taking place.

Subsequent to the preparation of the macroinitiators by
ATRP, several experiments were carried out to explore the
photopolymerization of MMA and CHO by radical and
radical-promoted cationic polymerization routes, respec-
tively. The former involves hydrogen abstraction by the
photoexcited benzophenone from the dimethylamino-
bearing chain end. This leads to the formation of a carbon-
centered radical, which initiates the free-radical polymer-
ization of MMA, as depicted in Scheme 5. Polymerizations
were performed in a merry-go-round type photoreactor in
which light was emitted nominally at 350 nm. The results
are summarized in Table IL

Polymerization in neat MMA gave a polymer that gave
rise to a bimodal GPC trace, which is typical for these
conditions given that MMA is known to autopolymerize,
and part of the initial PSt was not involved in the formation
of block polymer (Table II, Run 6). However, after extrac-
tion with various solvents, pure block copolymers with
about 50% blocking yield were obtained. As a control ex-
periment this procedure was repeated with low molar
mass initiator 3. Much higher conversion was observed
(Table II, Run 5). Thus, terminal amino groups participate
effectively in the radical-generation process. Furthermore,
repetition of the polymerization in solution generated ma-

terials with almost ideal blocking. The effect of the reaction
time on the polymerization was also examined. No-
tably, the conversion increased from 2.8 to 41.2 by
increasing irradiation time. The molecular weights
were also increased, as reflected by the shift of the
initial GPC peak to higher elution volumes (Fig. 1).
The composition of copolymers was estimated from
'H-NMR data by comparing the ratio of the peak
intensities at 3.6 ppm (-OCH; of the PMMA seg-
ment) to that appearing at 6.5-7 ppm (aromatic
protons of the PSt segment) (Fig. 2).

A relatively good correlation between the composi-
tion of copolymers estimated from GPC and "H-NMR
data was observed. The results are presented in Table
II. Some observed differences may be attributable to
the differences in the hydrodynamic volumes of the
corresponding segments of PSt and PMMA.

Similar to the free-radical process, the amino-termi-
nated polymers were used successfully as polymeric
initiators for free-radical-promoted cationic polymeriza-
tion of CHO to afford block copolymers. In this case,
polymeric radicals, generated upon monochromatic ir-
radiation of CHQO, in bulk containing a dye sensitizer
and the macroinitiator, were oxidized by a diphenyl
iodonium salt. The polymeric carbocations thus formed
initiated cationic polymerization to yield block copoly-
mers. The overall process of the block copolymerization
is shown in Scheme 6. It should be pointed out that at the
irradiation wavelength, 525 nm, the iodonium salt is
transparent and all the emitted light is absorbed by
erythrosin B. Therefore, direct decomposition of the io-
donium salt can be disregarded. Notably, the three com-
ponents of the initiating system are indispensable for the
polymerization to occur. Either no polymer or a negligi-
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Figure 4 GPC traces of (a) PSt (Table I, Run 1) (b) poly(St-
co-CHO) (Table III, Run 12).

ble amount of polymer is formed in the absence of one or
more compounds.

As can be seen from the data presented in Table 111, the
chain length of the macroinitiator, irradiation time, and
the concentration of CHO affect both the conversion and
the blocking yield. Block copolymer formation was evi-
denced by both '"H-NMR and GPC analysis (Figs. 3 and
4). Besides block copolymers, homopolymers of CHO
are also formed and consequently block yields are rela-
tively low. Homopolymer formation is attributed to the
participation of phenyl radicals formed from the decom-
position of the iodonium salt according to the reaction.'?
This represents a further cation-generation process.

CONCLUSIONS

It has been demonstrated that well-defined amino-
terminated polymers can successfully be used in pho-
toinduced polymerizations to prepare block copoly-
mers of structurally different monomers. In this ap-
proach the ATRP is combined with photoinduced
radical or cationic polymerization.
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