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Because of the enormous interest in tailor-made materials for
specific application in various fields such as bioengineering,

medicine, biochemistry and material science, synthesis of such
engineered macromolecular structures has become the main
subject of the polymer science. However, these common
polymerization techniques have still some drawbacks that need
the attention of the polymer community. For instance, radical
polymerization has important problems such as molecular
oxygen inhibition, toxicity of monomers, requirement of high
temperature and inability in polymerization of certain mono-
mers (i.e., vinyl ethers). As an alternative method, various
approaches of living cationic polymerization1 have been re-
ported for the synthesis of polymers of industrially impo-
rtant monomers to overcome the disadvantages related to free
radical polymerization.

For decades, living cationic polymerization has been princi-
pally achieved by tuning nucleophilicity of counteranion gener-
ated in the presence of a metal halide, an externally added
weak Lewis base, or an added salt.1b,2 Among the living cati-
onic polymerizations, the Lewis acid-catalyzed approach has
been perfectly adapted to light-induced living cationic poly-
merization.3 In this methodology, photochemically generated
cationic species (either carbocation or Brønsted acid) from
photoinitiators containing halogen react with monomer (i.e.,
vinyl ether) and form a halide-monomer adduct required in the
first stage of the propagation. Addition of newmonomers to the
adduct is catalyzed by Lewis acid, namely metal halides, by

coordination of metal ion with the halogen of the adduct
(Scheme 1).

Although onium salts are the most widely employed photo-
initiators in cationic photopolymerization, new photoinitiation
modes4 such as vinyl halides5 in conjunction with co-initiators
have recently been proposed as alternative photoinitiators with
improved solubility and spectral response. Principally, photolysis
of vinyl halides generates vinyl/halogen radicals and subse-
quently vinyl cations5,6 that initiate cationic polymerization in
the presence of metal halides such as zinc halides (Scheme 2).7

Scheme 1. Living Cationic Polymerization of Vinyl Ethers
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ABSTRACT: A novel photoinitiation approach for Lewis acid-
catalyzed cationic polymerization of vinyl ethers, based on
in situ formation of zinc halide, has been developed. The
proposed mechanism of photoinitiation involves photoinduced
generation of vinyl cations from subtituted vinyl halide, 1-bro-
mo-1,2,2-tris(p-methoxyphenyl)ethene, by electron transfer
and subsequent reaction with the monomer to form an adduct.
In the process, zinc bromide, which plays central role in
propagation step, was generated simultaneously by the reaction
of metallic zinc with the photochemically produced bromine
radicals. The living nature of the polymerization was studied by
the investigation of time dependence of logarithmic conversion
and molecular weights. The capability of the photoinitating
system to induce cross-linking was also demonstrated using
various difunctional monomers.
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Lewis acid or metal halide plays the central role in the activa-
tion of propagating chains in this type of living polymerization.
The common metal halides including ZnX2, TiX4, SnX4, WX6

and MoX5 employed in such polymerizations are extremely
sensitive to water and can be deactivated or transformed to less
active Lewis acids in the presence of even small amount of air
moisture and become useless in the activation process.2,8 Thus,

such polymerizations must be carried out under strictly dry condi-
tions. One possible way to overcome this drawback is to use of
water-tolerant Lewis acids such as ytterbium triflate [Yb(OTf)3].

3d

Alternatively, the Lewis acid (e.g., zinc halide) can be produced in
the polymerizationmedium. As reported previously, metallic zinc
is readily converted to Zn(OH)2 by peroxide radicals when it is
treated with H2O2 aqueous solution and consequently oxidized
to ZnO.9 Essentially, zinc can be utilized as a reducing agent for
free radicals leading to the formation of zinc salts. This redox
process is also valid for halogen radicals; for instance, when vinyl
halides are exposed to light at appropriate wavelengths,5 they
produce both vinyl, which then can be transformed to vinyl
cation by spontaneous electron transfer, and halogen radicals
capable of oxidizing metallic zinc. Therefore, photolysis of vinyl
halides affords not only formation of vinyl cations required in the
initiation step but also concomitant generation of zinc halides
required in the propagation step (Scheme 3).

The current paper reports the cationic living polymerization
of isobutyl vinyl ether (IBVE) initiated by the photolysis of a
substituted vinyl halide, 1-bromo-1,2,2-tris(p-methoxyphenyl)ethene
(AAAVB) in the presence of metallic zinc. The capability of this
novel photoinitating system to induce cross-linking was also
evaluated utilizing several difunctional monomers.

As proposed previously, photolysis of a vinyl halide in the
presence of vinyl ether monomer yields an adduct through a
reaction between the photochemically generated vinyl cation and
the monomer.7 In the subsequent step, a zinc halide coordinates
with the halogen atom leading to insertions of the monomers to
the adduct and, in turn, triggers chain propagation (Scheme 2).
In this approach as presented in Scheme 3, Lewis acid (i.e., zinc
bromide) was produced in situ during the photoinduced decom-
position of vinyl halide, AAAVB. In addition to their participation
in zinc bromide formation, some portion of the photochemically
generated vinyl radicals undergo spontaneous electron transfer
reaction yielding vinyl cations that essentially form monomer
adducts. Subsequently, chain propagation proceeds after the activa-
tion of the adduct thus formed by the coordination with zinc
bromide. The polymerization then continues in the usual manner
as described for conventional living cationic polymerization
mechanism.2,3,10 Because of its limited solubility in organic medium,

Scheme 2. Photoinitiated Cationic Polymerization Vinyl
Ethers by Vinyl Cations in the Presence of Zinc Halide

Scheme 3. Photo-Induced Cationic Polymerization of Vinyl
Ethers in the Presence of Metallic Zinc

Figure 1. Kinetic plots of cationic living photopolymerization of isobutyl vinyl ether (7.68 mol 3 L
�1) initiated by photolysis of 1-bromo-1,2,

2-tris(p-methoxyphenyl)ethene (6.12� 10�3 mol 3 L
�1) in the presence of metallic zinc (6.12� 10�2 mol 3 L

�1); and polydispersity index (PDI) values
of resulting polymers. T = 0 �C; λ = 350 nm; I = 3.0 mW 3 cm

�2.
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10-fold excess of metallic Zn with respect to photoinitiator
concentration was used throughout the polymerizations.

Possible living nature of the polymerization of IBVE initiated
by photolysis of AAAVB in the presence of excess metallic zinc at
0 �C was examined by the investigation of reaction kinetics
(Figure 1). As can be seen, the polymerization proceeded with
first-order kinetic with respect to monomer concentration.
Moreover, reasonably low polydispersity index (PDI) values
were attained. However, the experimental molecular weights
are lower than the calculated values. Although the propagation of
the polymerization proceeds in a controlled manner, the new
initiating species are produced photochemically at the any stage
of the process and relatively low molecular weight polymers
are also formed. Thus, the polymerization exhibits a quasi-living
character.

Figure 2 and Table 1 summarize the effect of metallic zinc
amount on the polymerization. As seen in Figure 2, the final
conversion increases with increasing metallic zinc concentration
up to 0.122 mol 3 L

�1, and levels off thereafter. The behavior is
probably due to the limited light absorption. At sufficiently high
Zn concentrations, the solution becomes almost opaque and the
penetration of the light into solution is prevented. Furthermore,
at this Zn concentration, the amount of vinyl halide may not be
sufficient as it was utilized for the generation of both vinyl cation
and ZnBr2.

Notably, polymerizations under identical experimental condi-
tions utilizing ZnI2 directly resulted in the formation of polymers

with high conversions but lower molecular weight and higher
polydispersity (Table 1, entry 5). This clearly indicates that metallic
zinc assisted polymerizations proceed in a more controlled manner.

The described approach can also be employed in UV curing
applications of alkylvinyl ethers. Thus, potential activity of the
photoinitiating system was examined in cross-linking of several
difunctional monomers, namely tri(ethylene glycol) divinyl ether
(TEGDVE), 1,4-butanediol divinyl ether (BDVE) and di-
(ethylene glycol) divinyl ether (DEGDVE). The formulations
containing AAAVB, metallic zinc, and cross-linkable monomer
were exposed to light. As presented in Table 2, all the monomers
employed underwent cross-linking upon irradiation confirming
possible value in practical applications involving UV curing of
vinyl ether based formulations.

In conclusion, a new photoinitiating system based on in situ
formation of zinc halide has been described for living cationic
photopolymerization of vinyl ethers. Polymerization formulation
consists of a vinyl ether monomer, a vinyl halide type photo-
initiator and a metallic precursor, zinc. The polymerization
shows usual characteristics of living mode when polymerization
kinetics and PDIs of the resulted polymers are evaluated. The
photoinitiating system is also useful in photoinduced cross-linking
of difunctional monomers.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental procedures and
1H NMR spectra of AAAVB and resulting poly(isobutyl vinyl
ether). This material is available free of charge via the Internet at
http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: yusuf@itu.edu.tr.

’ACKNOWLEDGMENT

The authors would like to thank the Istanbul Technical University
for financial support. Y.Y. thanks the Turkish Academy of Sciences
for partial financial support. M.U.K. thanks Tubitak (Turkish

Figure 2. Effect of metallic zinc concentration on cationic living
photopolymerization of isobutyl vinyl ether (7.68 mol 3 L

�1) initiated
by 1-bromo-1,2,2-tris(p-methoxyphenyl)ethene (6.12� 10�3 mol 3L

�1).
T = 0 �C; t = 7 h; λ = 350 nm; I = 3.0 mW 3 cm

�2.

Table 1. Photoinitiated Cationic Polymerization of Isobutyl
Vinyl Ether (7.68 mol 3 L

�1) Initiated by 1-Bromo-1,2,2-tris-
(p-methoxyphenyl)ethene (6.12 � 10�3 mol 3L

�1)a

entry catalyst (mol 3 L
-1) convn (%) Mn (g 3mol

-1) PDI

1 Zn (0.031) 14.7 12 800 1.64

2 Zn (0.061) 38.8 22 500 1.36

3 Zn (0.122) 70.4 67 900 1.34

4 Zn (0.245) 71.9 59 100 1.35

5b ZnI2 (0.061) 85.2 48 500 2.03
a T = 0 �C; t = 7 h; λ = 350 nm; I = 3.0 mW 3 cm

�2. b Irradiation was
ceased after 6 h since the solution became extremely viscous.

Table 2. Photo-Induced Cross-Linking of Various Difunc-
tional Vinyl Ethers Using 1-Bromo-1,2,2-tris(p-methoxyphenyl)
ethene (1.22� 10�2mol 3L

�1) andZinc(6.12� 10�2mol 3L
�1)a

entry

monomer

(mol 3 L
-1)b

gelation

time (min)c
convn

(%)d
gel content

(%)e

6 TEGDVE (4.90) 45 46.9 86.1

7 BDVE (6.32) 30 76.6 95.4

8 DEGDVE (6.12) 90 29.3 72.4
a T = room temperature; λ = 350 nm; I = 3.0 mW 3 cm

�2. bTEGDVE:
tri(ethylene glycol) divinyl ether. BDVE: 1,4-butanediol divinyl ether.
DEGDVE: di(ethylene glycol) divinyl ether. cGelation was followed
qualitatively by simply observing motion of the magnetic bar in the
tube, and the system was considered to have gelled when there was no
flow of solution. Irradiation was ceased at this moment. dConversion of
monomer to polymer was determined from weight of the precipitated
polymer in proportion to weight of the monomer. eGel content was
determined by measuring the weight loss after 24 h extraction with
methylene chloride at room temperature.
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