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Bond Cleavage / 

Macromolecular architecture including dendrimers 

and hyperbranched polymers is now receiving growing 

interest in both synthetic and applied polymer chemistry 

due to their potential application as novel functional ma

terials. The structurally well-defined dendrimers espe

cially enjoy recent pronounced progress; however, their 

synthesis often needs time-consuming protection and de

protection cycle of functional groups and rigorous purifi

cation. Hyperbranched polymers contain structural de

fects but exhibit properties analogous to those of den

drimers and the synthetic process is, to be emphasized, 

simple to easily prepare large quantity. Various type of 

hyperbranched polymers1 have been synthesized from 

monomers having ABn (n;;::;2) structure, in which the 

step-growth polymerization proceeds by the reaction of A 

with B to form stable covalent bonds. Recently, self

condensing vinyl polymerization (SCVP) of AB type 

monomer based on cationic,2 radical,3 and group transfer 

polymerization (GTP)4 systems have been developed to 

afford many hyperbranched polymers. At the initiation 

step, the pendant group B can be activated by the cata

lyst, such as SnC14 (cationic polymerization), CuCl (radi

cal polymerization), and nucleophilic reagent (GTP), to 

react with vinyl group of other molecules. Thus gener

ated dimer has two reactive centers, viz., one is an origi

nal pendant group B * and another is a newly formed 

B t, together with one double bond (Scheme 1). Both B * 

and B tare possible to bring about further reaction with 

the vinyl group of other dimers and the continuous reac

tion leads to the objective hyperbranched polymer. 
We have recently reported the radical polymerization 

of styrene utilizing benzylphenyl selenide (BPSe) as an 

initiator under ultraviolet (UV) irradiation,5 where the 

phenylseleno group can be well introduced at the propa

gating end of the polymer chain. The isolated selenium 

end-functionallized polystyrene was found to re-initiate 

the photopolymerization of styrene supporting the sta

bility of the carbon-selenium bond. The polymerization 

was considered to proceed via the reversible cleavage of 

the carbon-selenium bond6 by UV irradiation. Herein, 

the synthesis of branched polystyrene will be described 

by the photopolymerization ofp-(phenylselenomethyl) 

styrene (PSeMS) that can be prepared in one pot from 
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commercially available vinylbenzyl chloride (Scheme 2). 

PSeMS has an aforementioned AB type structure, 

namely A and B denote the vinyl group and the selenium 

moiety, respectively. 

EXPERIMENTAL 

Instruments 
1H Nuclear magnetic resonance (NMR) spectra were 

recorded in CDC13 on a JEOL GX-400 spectrometer (te

tramethylsilane as an internal standard). 77Se NMR 

spectra were recorded in CDC13 on a VARIAN UNITY 

plus-400 spectrometer (diphenyl diselenide as an exter

nal standard). Infrared (IR) spectra were obtained on a 

NICOLET Impact-400 D spectrophotometer. Melting 

points were determined on a YANAGIMOTO micro 

melting point apparatus. Elemental analyses were per

formed by a Yanaco CHN CORDER MT-3 analyzer. Gel 

permeation chromatographic (GPC) analyses were car

ried out on a Tosoh DP-8020 (TSK gel Multipore HXL-M, 

tetrahydrofuran (THF) as an eluent) on the basis of 

standard polystyrene samples. 

tTo whom all correspondence should be addressed (Tel & Fax: +81-52-735-5264, E-mail: zwtakagi@mse.nitech.ac.jp). 
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Materials 
Vinylbenzyl chloride, bromobenzene, 1-chloroethylbe

nzene, and 1-bromo-4-t-butylbenzene for the synthesis of 
PSeMS, 1-(4-t-butylphenyl)selenoethylbenzene (a model 
compound), and p- ( ( 4-t-butylphenyl) selenomethyl) sty
rene (BPSeMS) were used as received. Benzoyl peroxide 
(BPO) and 2,2'-azobisisobutyronitrile (AIBN) were re
crystallized from EtOH. THF was dried over Na/benzo
phenone and distilled under nitrogen. Benzene was 
dried over P2O5 followed by CaH2 and distilled under ni
trogen. All other reagents were used as received. 

Synthesis of Monomers and a Model Compound 
To a THF solution (100 mL) ofphenylmagnesium bro

mide (0.10 mol), prepared from Mg (2.4 g, 0.10 mol) and 
bromobenzene (15.7 g, 0.10 mol), was slowly added Se 
(7.1 g, 0.09 mol) at room temperature in 0.5 h under ni
trogen and the reaction mixture was further stirred for 
0.5 h. Subsequently, vinylbenzyl chloride (13.7 g, 0.09 
mol) in THF (20 mL) was added dropwise and the reac
tion was conducted for 12 h. After pouring the reaction 
mixture into cold aqueous NH4Cl, the mixture was ex
tracted with Et2O ( X 3) and the combined organic layer 
was dried over MgSO4• The product was purified by re
crystallization from EtOH to give 4.92 g (20% yield) of 
PSeMS as a white needle:mp 64-67°C. IR (KBr) 1625, 
990, 904, 848, 730, and 691 cm - 1. 

1H NMR (CDC13, 400 
MHz) 8 4.08 (-CH2Se-, s, 2H), 5.19 (H2C =, d, J = 12 
Hz, lH), 5.68 (H2C =, d, J = 16 Hz, lH), 6.63 (=CH-, 
dd, J = 12 Hz, 16 Hz, lH), 7.13-7.46 (Ar, 9 H). 77Se 
NMR (CDC13, 76.3 MHz) 8 379.0. Anal. Calcd for C15H14 

Se : C, 65.94; H, 5.16. Found : C, 66.17; H, 5.25. 
BPSeMS and 1-( 4-t-butylphenyl)selenoethylbenzene 
were similarly synthesized. 

BPSeMS: Yield 13%. mp 64-66°C. IR (KBr) 1627, 
1496, 1361, 1008, 989, 844, and 813 cm - 1

. 
1H NMR 

(CDC13, 400 MHz) 8 1.30 (-C(CH3h, s, 9H), 4.07 (-CH2-

Se-, s, 2H), 5.19 (H2C=, d, J=ll Hz, lH), 5.69 (H2C=, 
d, J = 18 Hz, lH), 6.63 (=CH-, dd, J = ll Hz, 18 Hz, 
lH), 7.14-7.40 (Ar, 8H). 77Se NMR (CDC13, 76.3 MHz) 8 
366.0. Anal. Calcd for C19H22Se: C, 69.29; H, 6.73. 
Found : C, 69.40; H, 6.84. 

1(4-t-butylphenyl)selenoethylbenzene: Yield 19% (pu
rified by silica gel chromatography (n-hexane as an elu
ent), pale yellow oil). IR (neat) 1271, 1110, 1016, 822, 
766,695 and cm- 1

. 1H NMR (CDC13, 400 MHz) 8 1.29 (
C(CH3h, s, 9H), 1. 73 (-CH3, d, J = 7 Hz, 3H), 4.41 ( > 
CHSe-, q, J =7 Hz, lH), 7.18-7.38 (Ar, 9H). 77Se NMR 
(CDC13, 76.3 MHz) 8 462.9. Anal. Calcd for C18H22Se:C, 
68.13; H, 6.99. Found: C, 67.95; H, 7.03. 

Thermalpolymerization of PSeMS with AIBN 
To a Pyrex tube containing a stirrer bar was added 

AIBN (0.985 mg, 6.0 µmol), PSeMS (0.164 g, 0.6 mmol), 
and benzene (0.24 mL). The mixture was degassed sev
eral times by freeze-pump-thaw cycles, sealed under vac
uum, and the polymerization was carried out in an oil 
bath at 60°C for 46 h. The content was poured into 
MeOH and the product was purified by reprecipitation 
into MeOH (X2) to give 0.136 g (83%) ofpoly(PSeMS) 
after drying in vacuo. 1H NMR (CDC13, 400 MHz) 8 0.07 
-1.90 (main chain, 3H), 3.98 (-CH2Se-, 2H), 6.33-7 .33 
(Ar, 9H). 77Se NMR (CDC13, 76.3 MHz) 8 368.0. 
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Table I. Thermalpolymerization of PSeMS in benzene (2.5 M) for 46 h 

Run Initiator Temp./°C Yield/%' Mn b Mw I Mn b 

1 AIBN(l mo!%) 60 83 16200 4.52 
2 BPO(l mo!%) 90 16 3300 1.58 
3 None 60 6 5400 1.76 
4 None 

5 ° AIBN(l mo!%) 

90 

60 

20 

88 

4700 

32100 

1.97 

3.98 

a Isolated yield after reprecipitation into MeOH. b GPC(THF, 
PSt standard). 0 Styrene was used as a monomer. 
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c seQ 

d 

C 
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Figure 1. 1 H NMR spectrum ( 400 MHz, CDC13) of poly(PSeMS) 
obtained with AIBN initiator (Mn = 16200, MJMn = 4.52). 

Photopolymerization of PSeMS 
Likewise, a benzene solution (2.5 M) of PSeMS (0.164 

g, 0.6 mmol) in a Pyrex tube containing a stirrer bar was 
degassed and sealed under vacuum. The tube was then 
irradiated with the output of a Riko 100 W high-pressu
re mercury lamp at an 8 cm distance at room tempera
ture. After the polymerization for 46 h, the content was 
poured into MeOH and purified to give 0.07 g (44%) of 
poly(PSeMS) after drying in vacuo. 1H NMR (CDC13, 400 
MHz) 8 0.07-3.47 (main chain, 4.2H), 4.05 (-CH2Se
and >CHSe-, 1.4H), 5.15 (H2C=, 0.lH), 5.65 (H2C=, 
0.lH), 6.00-7.57 (Ar, 9.0H). 77Se NMR (CDC13, 76.3 
MHz) 8 372, 464. Photopolymerization of BPSeMS was 
similarly carried out. Poly(BPSeMS) : 77Se NMR 
(CDC13, 76.3 MHz) 8 359. 

RESULTS AND DISCUSSION 

Thermalpolymerization of PSeMS with Radical Initiators 
The radical polymerization of PSeMS was performed 

using AIBN and BPO (1 mol%) as an initiator at 60°C 
and 90°C, respectively (Table I). In consistency with pre
vious reports by Okamoto et al.,7 BPO initiated radical 
polymerization of PSeMS did not successfully proceed 
(run 2). The oxidative addition of the benzoyloxy radical 
to selenium was expected to occur to form a tetravalent 
selenium species rather than the addition to the double 
bond at the beginning of the polymerization. On the con
trary, the polymerization with AIBN well progressed to 
give rise to poly(PSeMS) in 83 % yield (run 1). It was 
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Table II. Photopolymerization of PSeMS in benzene (2.5 M) with 
a high pressure mercury lamp 

Run 

1 
2 
3 

Time/h 

20 
46 
66 

Yield/%' Mn 
6 

36 
44 
49 

1400 
1900 
2200 

1.58 
1.87 
2.07 

a Isolated yield after reprecipitation into MeOH. b GPC(THF, PSt 
standard). 

PSeMS 
DPDSe 

700 600 500 100 300 200 

o(ppm) 

Figure 2. 77Se NMR spectrum (76.3 MHz, CDC13) of a MeOH sol
uble part obtained by precipitating the polymer solution after the 
photopolymerization for 46 h. 

considered that the polymerization was triggered not by 
any radical species generated from the decomposition of 
PSeMS but by the conventional carbon radical from 
AIBN. Because the control thermal polymerization ex
periment in the absence of AIBN at 60°C afforded a poly
mer in very low yield (6%), the carbon-selenium bond in 
PSeMS was supposed to be thermally stable, although 
the polymerization at 90°C brought about the polymeri
zation to some extent (runs 3 and 4). 

The chain transfer to the selenium moiety8 in this 
radical polymerization system cannot be ignored since 
the molecular weight distribution of poly(PSeMS) was 
broader (Mw / Mn = 4.52) compared with that of polysty
rene obtained under the same condition (Mw / Mn = 
3.98) (run 5). The most probable explanation may be 
that the chain transfer to selenium in the polymer back
bone forms multifunctional macroinitiator that ran
domly reacts with the monomer. Judging from the 1H 
NMR spectrum of poly(PSeMS) (Figure 1), however, the 
integral ratio of aliphatic protons assignable to the poly
mer main chain (a +b) to methylene protons adjacent to 
selenium (c) was approximately calculated to be 3 : 2, 
which indicated that the vinyl polymerization funda
mentally occurred. 

Photopolymerization of PSeMS 
A stirred benzene solution of PSeMS (2.5 M) was irra

diated with a high-pressure mercury lamp at room tem
perature to perform the photopolymerization. In our pre
vious report,5 the benzyl carbon-selenium bond in BPSe 
were supposed to be homolysized6 by UV irradiation to 
induce the radical polymerization of styrene. Accord
ingly, the benzyl radical was generated from PSeMS by 
UV irradiation to attack the double bond of other mole
cules and therefore PSeMS was expected to function as 
"inimer"9 to result in the hyperbranched polystyrene. 
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Figure 3. 77Se NMR spectra (76.3 MHz, CDCl3) of (a) photopoly
merized poly(PSeMS) (Mn = 3500), (b) poly(PSeMS) obtained with 
AIBN initiator (Mn = 6000), and (c) photopolymerized poly
(BPSeMS) (Mn = 3300). The inset in the section (a) represents a 
partial spectrum ofl-(4-t-butylphenyl)selenoethylbenzene. 

Although poly(PSeMS) (Mn = 1900) was obtained in 44 
% isolated yield after the polymerization for 46 h (Table 
II, run 2), the polymer yield and the molecular weight 
(Mn) did not satisfactory increase even after the pro
longed reaction period. The isolated yield was almost 
comparable (49%) when the polymerization was per
formed for 66 h (run 3). 

In the 77Se NMR spectrum of a MeOH soluble part ob
tained by precipitating the polymerization mixture after 
46 h, a peak assignable to diphenyl diselenide (DPDSe) 
was detected at 465 ppm in addition to that of unreacted 
PSeMS (379 ppm) (Figure 2). We have already demon
strated that DPDSe could effectively work as a chain 
transfer reagent in the polymerization of styrene to 
modulate the polymerization rate and the polymer mo
lecular weight.10 There are two possibilities for the for
mation of DPDSe. On one hand, DPDSe could be ob
tained by the combination of phenylseleno radicals di
rectly released from the monomer. On the other hand, 
phenylseleno radicals could be provided from the closely 
approached propagating end in the branched poly
(PSeMS) to give DPDSe. The polymer molecular weight 
clearly increased to Mn = 3500 (Mw I Mn = 3.57) when 
poly(PSeMS) (Mn = 1300, Mw I Mn = 2.09) was purified 
by the repeated precipitation process to exclude a con-

Polym. J., Vol. 32, No. 11. 2000 
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taminated DPDSe and subsequently irradiated for 20 h. 
Consequently, DPDSe produced in situ was proved to in
hibit the smooth polymerization of PSeMS. The broad 
molecular weight distribution ofpoly(PSeMS) is rational 
because the growing branched polymer has a large num
ber of reactive centers in contrast to a linear counterpart 
and therefore randomly reacts with the monomer. 

In the 1H NMR spectrum ofpoly(PSeMS) (Mn= 3500), 
olefinic protons were detected at 5.15 ppm and 5.65 ppm. 
The molecular weight of dendritic polymers was often 
underestimated in the GPC analysis due to the smaller 
hydrodynamic volume; on the other hand, we have also 
experienced that polymers containing selenium tend to 
be excessively evaluated. The MALDI-TOF-Mass meas
urement also did not show the absolute molecular 
weight due to the fragmentation of the phenylseleno 
group during the ionization. 11 Hence, the accurate mo
lecular weight and double bond-content of the branched 
poly(PSeMS) could not be determined. A broad peak at 
464 ppm in the 77Se NMR spectrum (Figure 3a) obvi
ously proposed the branched structure of poly(PSeMS) 
judging from a reference peak at 463 ppm of a model 
compound, 1-( 4-t-butylphenyl)selenoethylbenzene (inset 
in Figure 3a). A peak at 372 ppm indicated linear struc
ture and the integral ratio of peak at 464 ppm to 372 
ppm was calculated to be 1 : 2.94. The 77Se NMR spec
trum suggested that the degree of branching was 25 % 
which agreed with a report12 describing that the statisti
cal process of SCVP should involve a linear component 
leading to the degree of branching< 0.5. However, the 
present result includes some errors because the 77Se 
NMR spectrum was measured by the proton noise decou
pling method. In sharp contrast to the photopolymeriza
tion of PSeMS, the branched structure was not recog
nized in poly(PSeMS) obtained with AIBN initiator (Fig
ure 3b). The photopolymerization of BPSeMS also pro
vided a linear polymer because only one peak at 359 
ppm was detected in the 77Se NMR spectrum (Figure 3c). 
These results consequently express that both the polym
erization condition and the monomer character dis
tinctly change the structure of polystyrene. Since the 
degree of branching is unsatisfactory probably due to the 
higher energy for the selenium cleavage from the pri
mary carbon than that from the secondary carbon, the 
photopolymerization of p-(1-phenylselenoethyl)styrene 
is now under investigation. 
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