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STUDY OF THE PHOTOINITIATED CATIONIC
POLYMERIZATION OF 3,4-EPOXY-1-BUTENE

M. Sangermano,1 S. N. Falling,2 and J. V. Crivello1,*

1Department of Chemistry, New York Center for Polymer Synthesis,
Rensselaer Polytechnic Institute, 110 8th Street, Troy, NY 12180

2Eastman Chemical Company, Research Laboratories, P.O. Box 1972,
Kingsport, TN 37662-5150

ABSTRACT

The photopolymerization of 3,4-epoxy-1-butene (1) was investigated using
Fourier transform real-time infrared spectroscopy (FT-RTIR). The effects of
photoinitiator structure and concentration and light intensity on the photopoly-
merization were investigated. Compared to related epoxide monomers, 1 was
shown to be more reactive and this was ascribed to stabilization of the growing
cationic chain end by the double bond during the ring-opening polymerization.
Epoxide 1 was also shown to be useful as a reactive diluent in the photopoly-
merization of multifunctional epoxides and was observed to accelerate the
polymerization of less reactive epoxy monomers.

Key Words: 3,4-Epoxy-1-butene; Cationic photopolymerization; Cationic
ring-opening polymerization; Epoxides; Onium salt photoinitiators; Vinyl oxi-
rane.

INTRODUCTION

Until recently, the best available route for the preparation of 3,4-epoxy-1-
butene (vinyl oxirane, 1) was the addition of hypochlorous acid to 1,3-butadiene
followed by treatment of the resulting chlorohydrin with base [1]. However, this
reaction is complicated by the formation of butadiene diepoxide and other by-
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products so that high yields of 1 have not been obtained by this method. The
development by Monnier [2] of a novel, high yield synthesis of 1 by the catalytic,
vapor-phase epoxidation of 1,3-butadiene (Equation 1) has made this compound
attractive as a versatile, low cost, difunctional monomer with reactive epoxy and
vinyl groups.

(1)

Epoxide 1 has been found to be a highly reactive compound that can be con-
verted to a wide range of interesting compounds by specific reaction at either the
epoxy group, the double bond or simultaneously at both functional groups [3].
One rapidly emerging technology upon which this monomer may have an impact
is cationic UV curing, a process which involves the rapid photoinduced polymer-
ization of liquid multifunctional monomers to give solid, crosslinked films useful
for coatings, printing inks and adhesives. Typically, onium salt photoinitiators
such as diaryliodonium and triarylsulfonium salts are employed in this process
[4]. Polymerization of the monomer results from the attack of a strong protonic
acid generated from the photolysis of these photoinitiators on the monomer.
Monomers containing the epoxide group undergo facile ring-opening polymeriza-
tion when irradiated with UV light in the presence of an onium salt photoinitiator.
In the case of 1, polyethers bearing pendant vinyl groups may result by simple
ring-opening polymerization. In addition, there was the possibility that the double
bond could also interact with the neighboring epoxy group during polymerization
to produce polymers in which all four-carbon atoms of the monomer are incorpo-
rated into the polymer backbone [5, 6].

Accordingly, a study of the cationic photopolymerization of 1 was con-
ducted. This article reports the results of this study as well as the determination of
the structure of the polymer that is formed. In addition, the cationic photopoly-
merizations of several related compounds were studied to determine the effect of
the vinyl group on the rate of photopolymerization of 1.

EXPERIMENTAL

Materials

3,4-Epoxy-1-butene (1), 3,4-dibromo-1,2-epoxybutane and 3,4-dichloro-
1,2-epoxybutane were obtained as gifts and used as received from Eastman
Chemical Company, Kingsport, TN. 1,2-Epoxybutane was used as purchased from

920 SANGERMANO, FALLING, AND CRIVELLO

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
1
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



the Aldrich Chemical Co., Milwaukee, WI. The diaryliodonium salt photoinitia-
tors employed in this investigation were prepared as described previously [7]. 1H-
NMR spectra were obtained using a Varian, Inova 500 MHz Spectrometer. 

Bulk Photopolymerization of 3,4-Epoxy-1-butene (1)

A 3 mL solution of 1 containing 1.0 mol% IOC10 was prepared. The solu-
tion was sealed with a rubber cap in a 15 mm dia. quartz reaction tube, the tube
placed in an ice bath and irradiated for two minutes in a Rayonet Photochemical
Reactor (Southern New England Ultraviolet Company, Hamden, CT). After this
time, chloroform was added to the reaction mixture and the polymer solution
poured into methanol. The polymer was isolated by filtration and once again dis-
solved in chloroform and reprecipitated into methanol. This process was repeated
one more time. The resulting polymer was dried in a vacuum oven at 50°C, and
then the 1H-NMR spectrum recorded. 

Real-Time Infrared Spectroscopy (RTIR) Photopolymerization Studies

The thin film photopolymerizations of all the monomers were monitored
using Fourier transform real-time infrared spectroscopy (FT-RTIR). A Midac M-
1300 FTIR spectrometer (Midac Corp., Irvine, CA) equipped with a liquid nitro-
gen cooled mercury-cadmium-telluride detector was used. The instrument was fit-
ted with a UVEXS Model SCU-110 mercury arc lamp (Sunnyvale, CA) equipped
with a flexible liquid optic wand. The end of this wand was placed at a distance of
4-20 cm and directed at an incident angle of 45° onto the sample window. UV
light intensities were measured with the aid of a UV Process Supply, Inc. radiome-
ter (Chicago, IL) at the sample window. 

Photopolymerizations were carried out at room temperature using unfiltered
UV light from a Hg arc source in bulk monomers containing various concentra-
tions of the indicated photoinitiator. All concentrations in this paper are given in
units of mol% with respect to the epoxide monomer. The monomer/photoinitiator
solutions were coated onto a 12 µm oriented and corona treated polypropylene
films (General Electric Capacitor Dept., Hudson Falls, NY), covered with an iden-
tical polypropylene film, and then mounted in 5 cm × 5 cm slide frames. The
thickness of the liquid monomer films was estimated at 10-25 µm. Infrared spec-
tra were collected at a rate of 1 spectrum per second using LabCalc data acquisi-
tion software obtained from the Galactic Industries Corp., Salem, NH and were
processed using GRAMS-386 software from the same company. During irradia-
tion, the decrease of the IR absorbance due to the vinyl group at 1640 cm-1 and/or
the epoxy groups between 790-915 cm-1 of the monomers were monitored. In all
cases, three to five runs were recorded and the results averaged. Data reduction
and subsequent conversion versus time plots were obtained using Excel software
(Microsoft Corp., Redmond, WA).
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The kinetic parameter, Rp/[Mo], for selected kinetic runs was determined
from the initial slopes of the irradiation time-conversion curves according to
Equation 2.

Rp/[Mo] = ([conversion]t2 � [conversion]t1)/(t2-t1) (2)

where Rp and [Mo] are respectively the rate of polymerization and the initial
monomer concentration and the conversions are as determined from the curves at
irradiation times t1 and t2.

RESULTS AND DISCUSSION

Figures 1 and 2 show respectively, the 1H-NMR spectra of neat monomer 1
and its polymer (in CDCl3) prepared by solution cationic photopolymerization
using (4-n-decyloxyphenyl)phenyliodonium hexafluoroantimonate (IOC10) as the
photoinitiator. The structures of IOC10 (CnH2n+1 = C10H21, MtXm

- = SbF6
-) and

other related diaryliodonium salt photoinitiators used in this investigation are
shown below. These photoinitiators were selected for their good solubility in 1, as
well as in the other monomers used in this investigation. Furthermore, it has been
previously shown that these photoinitiators possess high quantum yields of pho-
tolysis and are extraordinarily efficient photoinitiators of both vinyl ether and
epoxide cationic polymerizations. [8, 9] On photolysis (Equation 3), diaryliodo-
nium salts undergo irreversible fragmentation to give a variety of organic products
together with a protonic acid, HMtXm, derived by hydrogen abstraction reaction
from the monomer or solvent [4].

The 1H-NMR assignments shown in Figure 2 were made on the basis of
model compounds and on the published spectra of structurally similar polymers
[5, 6, 10]. The spectrum of the polymer obtained on cationic photopolymerization
is indicative of mainly a straightforward epoxide ring-opening polymerization as
shown in Equations 4 and 5. In addition, there are also some repeat units involving
addition to both the double bond and the epoxide groups. These repeat units can
be rationalized as arising via an SN2’ conjugate addition mechanism as depicted in
Equation 6. 

(3)
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The polymer formed in this polymerization was found to be lightly
crosslinked. Crosslinking took place whether the polymerization was carried out
in air or nitrogen. In contrast, the cationic polymerization of 1 by trifluoro-
methanesulfonic acid has been reported to yield soluble, linear polymers.[5].
Photolysis of diaryliodonium salt photoinitiators also yields free radicals that can
result in the production of sites for crosslinking either by hydrogen abstraction-
coupling reactions or by direct addition polymerization of the pendant double
bonds.

924 SANGERMANO, FALLING, AND CRIVELLO

Figure 2. 1H-NMR spectrum of poly(3,4-epoxy-1-butene) produced by photopolymerization of 1
using 1 mol% IOC10 as the photoinitiator.
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(4)

(5)

(6)

A brief, systematic investigation of the effects of various experimental para-
meters on the rate of the photoinitiated cationic polymerization of 1 was carried
out. In this study we have employed Fourier transform real time infrared spec-
troscopy (FT-RTIR) [11, 12] to monitor the rates of the photopolymerization. We
have described the technique and the configuration of our apparatus in previous
publications [8, 13] from this laboratory. 

Figure 3 shows a FT-RTIR study of the polymerization of bulk 1 containing
2.0 mol% of IOC10 as photoinitiator. Depicted in this figure are two conversion

3,4-EPOXY-1-BUTENE 925

Figure 3. FT-RTIR study of the photopolymerization of 1 in the presence of 2.0 mol% IOC10: (▲)
epoxy groups; (■ ) vinyl groups. (light intensity 15 mW/cm2).
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versus time curves; one for the epoxy group at 820 cm-1 and the other at 1640 cm-1

for the disappearance of the vinyl group of 1 [14]. The results support the conclu-
sion drawn from the 1H-NMR spectrum (Figure 2) mentioned above. While the
conversion of the epoxy groups is nearly quantitative, only approximately 35% of
the vinyl groups are consumed during the course of the polymerization reaction
(250 seconds irradiation). 

Effect of Light Intensity

The photopolymerizations of bulk samples of 1, containing 1.0 mol% of
IOC10 as photoinitiator were investigated using FT-RTIR. Shown below in Figure
4 are the kinetic curves obtained at UV light intensities of 10 and 5 mW/cm2. The
kinetic parameters Rp/[Mo] taken from the initial slopes of these two curves are
respectively, 12 × 102s-1 and 1.1 × 102s-1. A considerably faster polymerization
rate was observed at the higher light intensity. These results suggest that at the
lower light intensity, the rate of polymerization is light limited. 

Photoinitiator Concentration

The effect of the photoinitiator concentration on the rate of the cationic ring-
opening polymerization of 1 was investigated at a UV light intensity of 5 mW/cm2

using FT-RTIR. The photopolymerizations were carried out in bulk 1, containing
1.0 mol% and 2.0 mol%, respectively, of IOC10 as the photoinitiator. The conver-
sion versus time curves for the two different photoinitiator concentrations are
reported below in Figure 5. A higher polymerization rate was obtained at the
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Figure 4. Study of the effect of UV light intensity on the rate of the epoxide ring-opening poly-
merization of 1 in the presence of 1.0 mol% IOC10: 5 mW/cm2 (▲); 10 mW/cm2 (■ ). 
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greater photoinitiator concentration. This is indicative of the generation of a
greater number of active initiator species when the optical density of the photoini-
tiator in the polymerization mixture is doubled. Previously, [15] we have observed
generally that the maximum rate of most epoxide ring-opening photopolymeriza-
tions was achieved at a photoinitiator concentration of 2-3 mol%.

Based on the results obtained in the above two studies, a UV light intensity of
10 mW/cm2 and a photoinitiator concentration of 2.0 mol% were adopted for all of
the subsequent studies of the cationic ring-opening photopolymerization of 1.

Comparison of Different Cationic Photoinitiators on the
Photopolymerization of 1

Several different diaryliodonium salts were employed as cationic photoinitia-
tors for the polymerization of 1. In each case, the concentration of the photoinitiator
was 2.0 mol% with respect to the monomer. Initially, three related hexafluoroanti-
monate salts were employed, with different length side chain alkoxy groups on the
phenyl ring. Using IOC8, IOC10, and IOC11 (CnH2n+1 = C8H17, C10H21, C11H23,
respectively), no difference in the kinetic behavior of the 1 photopolymerization was
observed (Figure 6). However, major differences were observed when the counte-
rion of IOC10 was varied as shown in Figure 7. As expected, [16] the polymerization
rate increases according to the following sequence: SbF6

->AsF6
->PF6

-. 
Figure 8 shows a comparison of the photopolymerization of 1 with several

closely related compounds and derivatives. Monomer 1 exhibits considerably higher

3,4-EPOXY-1-BUTENE 927

Figure 5. Effect of the concentration of IOC10 on the rate of the ring-opening photopolymeriza-
tion of 1: 1.0 mol% (■ ); 2.0 mol% (▲)  (light intensity 5 mW/cm2).
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Figure 6. Effect of the structure of the photoinitiator (2.0 mol%) on the rate of the photopolymer-
ization of 1:  IOC8 (4-n-octyloxyphenyl)phenyliodonium SbF6

- (■ ); IOC10 (4-n-decyloxyphenyl)
phenyliodonium SbF6

- (▲); IOC11 (4-n-undecyloxyphenyl)phenyliodonium SbF6
- (● ) (light inten-

sity 10 mW/cm2).

Figure 7. FT-RTIR study of the influence of the counter ion of the photoinitiator (2.0 mol%) on
the rate of the photopolymerization of 1:  IOC10 (4-n-decyloxyphenyl)phenyliodonium SbF6

- (■ );
AsF6

- (▲); and PF6
- (● ) (light  intensity 10 mW/cm2).
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reactivity in cationic photopolymerization than its saturated analogue, 1,2-epoxybu-
tane, and is also more reactive than its dibromo and dichloro derivatives (3,4-
dibromo-1,2-epoxybutane and 3,4-dichloro-1,2-epoxybutane). This suggests that
the neighboring vinyl group of 1 exerts an activating influence on the epoxide
group. One way in which this may occur is through resonance stabilization of the
propagating oxonium ion end group of the polymer chain as depicted in Equation 7.

(7)

Thus, equilibration between the oxonium and allylic cations would be
expected to provide a strong driving force for the polymerization of 1 and also
accounts for the observed formation of repeat units arising from 1,4-conjugate
addition.

Epoxide 1 as Reactive Diluent in Epoxide Photopolymerizations

Monomer 1 was employed as a reactive diluent in the crosslinking pho-
topolymerization of mono- and difunctional epoxides such as phenyl glycidyl
ether (PGE, 1,2-epoxy-3-phenoxypropane) and the biscycloaliphatic epoxy com-

3,4-EPOXY-1-BUTENE 929

Figure 8. Comparison of the reactivity of 1 (■ ) with 1,2-epoxybutane (◆ ); 3,4-dibromo-1,2-epoxybu-
tane (▲); and 3,4-dichloro-1,2-epoxybutane (● )  (2.0 mol% IOC10, light intensity 15 mW/cm2).
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pound, 3,4-epoxycyclohexylmethyl 3’,4’-epoxycyclohexanecarboxylate (ERL-
4221E, Union Carbide Corporation). 

In all cases, a 1:1 molar ratio with respect to the epoxy groups of the two
monomers with 1 was employed. It was possible to simultaneously follow the pho-
topolymerization of both of the two monomers in the mixtures using FT-RTIR
because they have different and characteristic IR epoxy bands. The results are
shown in Figures 9 and 10. For comparison, in each kinetic study, the kinetic
curves for the photopolymerization of the pure monomers is also included in these
two studies. As can be seen in Figure 9, the polymerization of 1 takes place much
more rapidly than ERL-4221E. The addition of 1 to ERL-4221E substantially
increases the rate of polymerization of the epoxide groups of ERL-4221E, while
depressing the rate for 1 in the mixture. Similar, but very much smaller effects are
observed for the polymerization of a 1/1 molar mixture of 1 and PGE (Figure 10). 

The results of these studies show that 1 is a highly reactive monomer under
the conditions of photoinitiated cationic polymerization. The reactivity of this
monomer is qualitatively greater than the “high reactivity” biscycloaliphatic

930 SANGERMANO, FALLING, AND CRIVELLO

Figure 9. FT-RTIR study of the photopolymeriation of pure 1 (■ ), ERL-4221E (● ), 1 (820 cm-1

band) in a 1/0.5 mixture with ERL-4221E (▲) and ERL-4221E (750 cm-1 band) in a 1/0.5 mixture
with 1 (◆ )  (2.0 mol% IOC10, light intensity 10 mW/cm2).
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epoxy resin ERL-4221E that is commonly employed for commercial applications
in coatings, printing inks and adhesives. There are several explanations for the
high reactivity of 1 as a monomer in these polymerizations. First, as mentioned
before, the neighboring vinyl double bond may serve to activate the epoxy group
towards ring-opening polymerization. The presence of 1,4-enchainment in the iso-
lated polymer demonstrates that the double bond is reactive in these polymeriza-
tions. In addition, we have shown that the reactivity of epoxide monomers
decrease when nucleophilic groups are present in the molecule such as the ester
groups in ERL-4221E [17, 18]. Lastly, epoxide 1 is a liquid monomer with low
viscosity. It has been observed that the rates of photopolymerizations are
decreased in media of high viscosity [19].

CONCLUSION

3,4-Epoxy-1-butene (1) is a very reactive monomer in photoinitiated
cationic polymerization. Using typical diaryliodonium salt cationic photoinitia-
tors, rapid ring-opening epoxide polymerization of this monomer takes place. We
have observed that the polymerization of this monomer is subject to the same
experimental parameters as other epoxy monomers and that there is an optimum
light intensity and photoinitiator concentration necessary to achieve the highest
rate. Diaryliodonium salt photoinitiators bearing the hexafluoroantimonate anion
are the most reactive for the photopolymerization of 1. The addition of 1 was
found to increase the rate of polymerization of other typical epoxy monomers.
Specifically, 1 may have utility as a reactive diluent in UV curable epoxy systems
employed for coatings, printing inks and adhesives. 

3,4-EPOXY-1-BUTENE 931

Figure 10. FT-RTIR study of the photopolymeriation of pure 1 (■ ), PGE (◆ ), 1 (820 cm-1 band) in
a 1/1 mixture with PGE (▲) and PGE (760 cm-1 band) in a 1/1 mixture with 1 (● )  (2.0 mol%
IOC10, light  intensity 10 mW/cm2). 
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