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ABSTRACT

The photoinitiated cationic polymerization of vinyl ether (VE) mo-
nomers has been studied by real-time infrared spectroscopy. For the
divinyl ether of triethylene glycol, the chain reaction was shown to de-
velop rapidly and extensively, with kinetic chain lengths on the order of
10,000. Interpenetrating polymer networks have been produced by UV
curing of a vinyl ether/acrylate mixture in the presence of a cationic
photoinitiator. The acrylate double bond polymerizes faster than the
vinyl ether double bond and reaches 95% conversion in triacrylate mono-
mers. Vinyl ether/acrylate hybrids were also found to polymerize readily
upon UV exposure in the presence of a radical photoinitiator, according
to a cross-propagation mechanism which generates a copolymer with
isolated VE units. Acrylate radicals were shown to be twice as reactive
toward the acrylate double bond than toward the vinyl ether double
bond, thus leading to a UV-cured polymer which contains a relatively
large amount of unreacted double bonds. The residual unsaturation con-
tent was markedly reduced by the addition of a cationic photoinitiator
and by exposing the sample successively to filtered and unfiltered UV
radiation.
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INTRODUCTION

Vinyl ethers (VE) are among the most reactive monomers known to polymerize
by a cationic mechanism. Therefore, they are increasingly used in UV-curing appli-
cations, mainly as fast drying coatings, adhesives, and photoresists. These com-
pounds appear as a valuable alternative to the widely utilized acrylate monomers,
which present a strong odor and irritating properties. Since the early work of Cri-
vello [1], who investigated the photoinitiated cationic polymerization of difunc-
tional vinyl ethers, the performances of these monomers in UV-curable formula-
tions have been thoroughly evaluated in both cationic- and radical-type systems
[2-11]. The subject has been recently covered by Lapin in a comprehensive review
[12].

Besides acting as effective viscosity reducers in UV-curable resins, VE mono-
mers offer the great advantage of undergoing a fast and complete polymerization in
the presence of photogenerated protonic acids to yield polymer materials showing
excellent solvent resistance and physical properties which can be modulated by
acting on the chemical structure of the vinyl ether monomer or oligomer. Although
neat vinyl ethers do not polymerize in the presence of free radicals because of
their electron-rich double bond, they are still able to undergo a radical-initiated
copolymerization in the presence of either acrylate monomers [1, 3] or unsaturated
polyesters like maleates [7, 9, 10].

The main objective of the present work was to monitor quantitatively both
the cationic and the radical-induced polymerization of vinyl ether/acrylate hybrid
systems exposed to UV radiation, in order to evaluate the important kinetic parame-
ters. As in a previous study on UV-curable acrylate resins [13, 14], polymerization
profiles were recorded directly by real-time infrared (RTIR) spectroscopy, a tech-
nique which permits one to follow ultrafast photochemical reactions and thus gives
valuable information about the basic mechanism of such crosslinking polymeriza-
tion. It proved particularly well suited to study the UV curing of hybrid systems
because RTIR spectroscopy offers the unique advantage of allowing the polymeriza-
tion of each monomer of the mixture to be monitored in-situ and quantitatively
during the whole process.

EXPERIMENTAL
Materials

A typical UV-curable formulation contains three basic components: a difunc-
tional vinyl ether monomer, an acrylate monomer or telechelic oligomer, and a
cationic- or radical-type photoinitiator.

Vinyl Ethers. The following vinyl ethers from ISP were used in this study:
the divinyl ether of diethylene glycol (RapiCure DVE-2), the divinyl ether of trieth-
ylene glycol (RapiCure DVE-3), and a divinyl ether derivative of bisphenol A (DVE-
BA) obtained by reaction of hydroxybutylvinyl ether (HBVE) with the diglycidyl
ether of bisphenol A (Aldrich).

Acrylates. The following acrylate monomer and telechelic oligomers from
UCB Chemicals were used, in combination with a vinyl ether monomer: trimethylol-
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propane triacrylate (TMPTA), a diacrylate derivative of bisphenol A (Ebecryl 600),
and a polyether tetracrylate (Ebecryl 80).

Photoinitiator. A hexafluorophosphate triarylsulfonium salt, TAS (Dega-
cure KI-85 from Degussa), was used as a cationic photoinitiator at a typical concen-
tration of 5% by weight. As the commercial product is a 40 wt% solution in
propylene carbonate, the actual concentration of onium salt was 2 wt%. This com-
pound is known to generate a strong protonic acid upon photolysis in the presence
of a hydrogen donor molecule, which is an efficient initiator of cationic polymeriza-
tion [15]:

¢
l

S-(-@-—?* PF¢), —Tf-%% S¢®—S—9®), + 2¢’ + 2R + 2HPF,
¢

Because the sulfonium salt also produces free radicals upon UV irradiation, it can
serve to initiate both the cationic and the radical polymerization of vinyl ether/
acrylate mixtures [1].

In the UV-curing experiments where the polymerization of the vinyl ether/
acrylate mixture was to occur by a purely radical process, a hydroxy-phenyl ketone,
HPK (Darocur 1173 from CIBA), was used as the photoinitiator. This compound is
known to generate very reactive benzoyl and alkyl radicals upon UV irradiation by
a Norrish I cleavage reaction, with a high quantum yield [16].

CH,
l hv . I
IR e
OH o] OH

O

The chemical formulas of the various compounds used in this study are given in
Fig. 1.

Irradiation

The liquid resin was applied onto a 15-um thick transparent polypropylene
film by a calibrated wire-wound applicator. In most experiments a second polypro-
pylene film was laminated onto the sample to prevent oxygen diffusion and flowing
when placed in a vertical position. The thickness of the monomer film, typically 25
pm, was determined accurately from its IR absorbance at 810 cm ! by means of a
calibration curve.

The sample was inserted into a slide frame and placed in the compartment of
an IR spectrophotometer (Perkin-Elmer Model 781) where it was exposed for a few
seconds to the UV radiation of a medium pressure mercury lamp. The light intensity
at the sample position was measured by a radiometer (International Light 1L.-390).
All irradiations were performed at a light intensity of 50 mW-cm -2, A 340-nm
cut-off filter was used in some experiments to select near-UV radiation.
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VINYL ETHER MONOMERS
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2
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CH, OH
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Ebecryt 80 Oligomeric polyether tetraacrylate (M,, = 1000)
PHOTOINITIATORS
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HPK |-
O OH

FIG.1. Chemical formulas of the products used.

Analysis

Real-time infrared (RTIR) spectroscopy was used to follow the polymerization
of the two monomers continuously upon UV exposure. This technique has been
described in detail in a previous paper [13]. The sample was exposed simultaneously
to the UV beam which induces the polymerization reaction and to the IR beam
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which detects the amount of monomer present. The wavenumber of the dispersive
IR spectrophotometer (spectral resolution of 2 cm™') was set either at 1415 cm™' to
monitor the decrease of the acrylate double bond or at 1628 cm™' to monitor that of
the vinyl ether double bond. However, because the acrylate double bond also shows
a weak absorbance at 1628 cm !, it was necessary to substract the acrylate contribu-
tion from the curve recorded at 1628 cm™' to obtain the actual polymerization
profile of the vinyl ether monomer. The formulation reactivity (R) was determined
from the slope of the conversion versus time curve, which is directly recorded by
RTIR spectroscopy:

1 R

R = == P
oo — &, [VEl

where ¢, and t#,y are extrapolated values of the exposure time for 0 and 100%
conversion respectively, R, is the maximum rate of polymerization, and [VE], is the
initial concentration in vinyl ether double bonds. Because of its time resolution of
only 50 ms, RTIR spectroscopy permits one to monitor quantitatively and in real
time high-speed polymerization processes occurring within less than 1 second. This
technique also provides an accurate evaluation of the amount of residual unsatura-
tion (RU) of each type (acrylate or vinyl ether) which remains in the photocured
polymer.

PHOTOINITIATED CATIONIC POLYMERIZATION

As the first step we studied the polymerization of some vinyl ether monomers
exposed to UV radiation in the presence of a cationic photoinitiator. The effect on
the reaction kinetics of adding various multifunctional acrylate monomers to the
formulation was then examined, in particular with respect to the actual rate of
polymerization and the final conversion of each one of the two types of monomer.

Vinyl! Ether Monomers

The light-induced polymerization of three vinyl ether monomers (DVE-2,
DVE-3, and DVE-BA) was monitored in real time by following the decrease of the
strong IR absorbance at 1628 cm™' of the vinyl ether double bond. Figure 2 shows
the polymerization profiles recorded by RTIR spectroscopy upon exposure of a
25-um thick film to UV radiation at a light intensity of 50 mW-cm 2. The concen-
tration of the triarylsulfonium salt used as the photoinitiator was set at 2% in order
to achieve a uniform cure of the sample.

After a short induction period due to the presence of a nucleophilic stabilizer
and traces of water in such commercial products, the polymerization of both DVE-2
and DVE-3 developed rapidly to reach nearly 100% conversion after a 5-second
exposure, so that the crosslinked polymer contained no residual unsaturation. This
is due to the elastomeric character of the polymer formed (low T;), which provides
sufficient molecular mobility to the reactive species to complete the chain process.
The divinyl ether bisphenol A derivative is much less reactive and polymerizes about
20 times slower than the other two monomers. This effect is a result of the lower
concentration in vinyl ether double bonds in the telechelic monomer, and mainly of
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Conversion (%)

100
DVE-2
DVE-3
75 T +DVE-BA
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FIG. 2. Conversion versus time profiles recorded by RTIR spectroscopy in the photo-
initiated cationic polymerization of various vinyl ether monomers. Photoinitiator: [TAS] =
2

2%; light intensity: / = S0 mW-cm™".

the much higher viscosity of DVE-BA (9,000 mPa-s, compared to 10 mPa-s for
DVE-3). Indeed, the addition of DVE-2 to the DVE-BA formulation leads to a
substantial increase of the reactivity, expressed as the ratio R,/[VE], to take into
account the variation of the initial concentration in vinyl ether double bonds. Figure
3 shows the marked influence of the initial viscosity on the reactivity of a UV-
curable vinyl ether resin.

Such a pronounced effect was not observed in the radical-induced polymeriza-
tion of acrylate monomers, where an increase of the viscosity first leads to an
increase of the polymerization rate. This is due to the fact that a decrease in molecu-
lar mobility has a greater slowing down effect on the bimolecular termination reac-
tion than on the propagation step, a phenomenon which was taken as responsible
for the autoacceleration often observed in the early stage of bulk polymerization. In
cationic polymerization the propagation rate constant is also expected to decrease
with increasing viscosity, but the termination step should be less affected by mobil-
ity restrictions because it involves the reaction of cationic species with nucleophilic
impurities, and not the encounter of two growing polymer chains.

Compared to the radical-induced polymerization of acrylate systems, the cat-
ionic polymerization of vinyl ethers presents two distinct advantages.

1. It is insensitive to oxygen inhibition because of the lack of reactivity of the
propagating carbocation toward the O, molecule. Indeed, we recorded similar
polymerization profiles for samples irradiated either in the presence of air or in
O,-free conditions.

2. The carbocations do not react among themselves, so that the polymerization
will continue to proceed in the dark in the absence of nucleophilic species after
the light has been switched off and the initiating species are no longer generated.
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FIG. 3. Influence of viscosity on the photopolymerization of a DVE-2/DVE-BA
mixture.

As a result of this postpolymerization, the photocured vinyl ether polymers
contained no detectable VE unsaturation after a 24-hour storage in the dark.
Figure 4 shows two typical polymerization profiles recorded by RTIR spectros-
copy after a 0.8 and a 1.2 second exposure. Under those conditions, 85 and
60%, respectively, of the polymer have been produced after the UV irradiation.
Because of such an important dark polymerization, the kinetic profile obtained
by discrete measurements, which are usually carried out at least 10 seconds after
the exposure, will greatly overestimate the cure speed, as shown on Fig. 4. It is
only by a real-time technique, like RTIR spectroscopy with its short response
time (50 ms), that it is possible to have access to the actual polymerization
profiles, as illustrated in Fig. 2.

By taking the ratio of the number of vinyl ether double bonds polymerized
after a short exposure to the number of photons absorbed by the sample, one can
evaluate the quantum yield of polymerization, ®,. For the most reactive system,
DVE-3, &, was measured to be on the order of 5,000 mol-einstein "', This quantity
was found to be independent of the light intensity, as expected for a photoinitiated
chain reaction where only one propagating species is involved in the termination
reaction. The kinetic chain length can then be calculated from the ratio of @, to the
initiation quantum vyield (typically 0.5 for such onium salts [15]). It appears that
each photogenerated proton is capable of initiating the polymerization of up to
10,000 viny! ether functions, a value which clearly shows the efficiency of the chain
reaction in such ultrafast polymerizations.
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FIG. 4. Importance of the dark reaction in the UV curing of a DVE-3/DVE-BA
mixture. {- - -) Continuous irradiation. / = 50 mW-cm ™2,

Viny! Ether—Acrylate Mixtures
O,-Free Formulations

A distinct feature of sulfonium salts is to generate free radicals upon photoly-
sis in the presence of a H donor molecule. Therefore, it is possible to use this
type of photoinitiator to polymerize acrylate monomers like trimethylolpropane
triacrylate (TMPTA), as shown in Fig. 5 (Curve a). However, the photopolymeriza-
tion of bulk TMPTA carried out on a laminated film and monitored by the decrease
of the acrylate peak at 1415 cm ™' appears to be much slower with the onium salt
than with a conventional radical photoinitiator like Darocur 1173 (Fig. 5, Curve b).
It also develops less extensively, leveling off at 40% conversion after a 30-second
exposure compared to 60% for Darocur 1173. This is probably due to a faster
consumption of the cationic photoinitiator [17] as well as to the poor H donor
character of TMPTA.

The addition of DVE-3 to TMPTA (in a 1-to-1 weight ratio) was found to
markedly accelerate the polymerization of the acrylate function, as shown by Fig. 5
(Curve c). The 8-fold increase of the acrylate polymerization rate was attributed to
the stronger hydrogen donor character of the vinyl ether. A greater number of
radicals is generated by H abstraction upon photolysis of the sulfonium salt, thus
increasing the initiation rate of the acrylate polymerization. An interesting two-step
profile was recorded by monitoring the IR absorbance at 1628 cm™', where both
TMPTA and DVE-3 absorb in a 1-to-4 ratio (Fig. 6a). It can be seen that, due to the
longer induction period of the vinyl ether monomer (0.6 seconds), most of the
acrylate functions have already reacted when DVE-3 starts to polymerize cationi-
cally. By substracting the cure profile of TMPTA recorded at 1415 cm™', one can
obtain the polymerization profile of DVE-3 (Fig. 6b). By taking the first derivative
of Curve a, one can determine the polymerization rate of each monomer and its
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Acrylate conversion (%)
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(o]
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............................... b
50 +
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25+
': i 4 | | ) | 1
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FIG. 5. Photopolymerization of TMPTA in the presence of 2% TAS (a), 3% HPK
(b), and of a 1/1 mixture by weight of TMPTA and DVE-3 in the presence of 2% TAS (c). /
= 50 mW-cm ™. Laminate (O,-free conditions).

Absorbance at 1628 cm-! Conversion (%)

0 100
a b

0.1-+ Acrylate

0.2+ 175
037 Vinyl ether

044 4-50
0.51

06 +-25
0.7+

08 1 f H 5 0

1 2 0 1 2
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FIG. 6. Photopolymerization of a TMPTA/DVE-3 mixture in the presence of a
cationic photoinitiator ([TAS] = 2%). (a) Variation of the absorbance at 1628 cm™'. (b)
Conversion versus time profiles of the acrylate and vinyl ether functions.
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dependence on the exposure time. The bimodal rate obtained (Fig. 7) clearly shows
that the radical-induced polymerization of the acrylate takes place before the cat-
ionic polymerization of the vinyl ether.

It should be noticed that in addition to the cationic polymerization of DVE-3,
a radical-induced copolymerization of the vinyl ether and acrylate functions also
takes place in the early stage of irradiation as long as acrylate double bonds are
available. This process, which will be studied in the next section, is characterized by
the slow polymerization of the vinyl ether which occurs during the first 0.6 second
of exposure, i.e., the induction period of the cationic polymerization. In one experi-
ment the sample was exposed to a 0.8-second flash of light, The profile recorded
was essentially the same as that obtained upon continuous exposure (Fig. 6), the
vinyl ether monomer then polymerizing cationically only in the dark to give the
same UV-cured polymer. The presence of TMPTA was found to reduce significantly
the DVE polymerization rate as well as its maximum conversion, as shown by Figs.
2 and 6(b), most probably because of chain mobility restrictions brought upon by
the stiff acrylate network performed.

In such a hybrid system containing a cationic photoinitiator, the vinyl ether
and acrylate monomers are expected to polymerize by cationic and radical mecha-
nisms, respectively, with the formation of two interpenetrating polymer networks
having well contrasting characteristics: on one hand a stiff and glassy acrylate
polymer and on the othér hand a highly flexible and elastomeric vinyl ether polymer.
The latter will make chain migration and diffusional processes more easy, and will
therefore favor the polymerization of the acrylate function, as shown by the marked
increase in the extent of the final acrylate cure which rises from 60% for TMPTA to
93% conversion in the hybrid system (Fig. 5).

Polymerization rate (mol kg-! s°)

10JL Acrylate
Vinyl ether
51
| {
i I
0 0.5 1.0

Exposure time (second)

FIG.7. Polymerization rate profile in the photoinitiated cationic polymerization of a
TMPTA/DVE-3 mixture. [TAS] = 2%. TMPTA/DVE-3 = 1. Laminate.
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Air-Saturated Formulations

In the presence of air, TMPTA was found to hardly polymerize under the
experimental conditions used (thin films exposed to relatively low intensity radia-
tion) because of the well-known inhibition effect of oxygen on radical-induced
polymerization (Fig. 8). As cationic polymerization of vinyl ethers is not affected by
the presence of oxygen, the polymerization profile of DVE-3 is essentially the same
as that recorded in neat DVE-3 (Fig. 2). After a short induction period due to the
stabilizer, the polymerization develops faster and more extensively in the presence
of air than in the O,-free laminated sample, as shown in Fig. 8. This behavior can
be accounted for by the fact that the acrylate polymer network, which hinders VE
polymerization in such a hybrid system, is hardly formed in the presence of air,
Under those conditions the radical-induced copolymerization is not expected to take
place either.

When the light intensity was increased tenfold to reach values comparable to
those of industrial UV-curing lines, the exposure time was reduced in the same ratio
and oxygen diffusion became much less important. The polymerization of both
viny! ether and the acrylate monomers developed extensively in the presence of air,
as previously observed with the laminated samples. By acting on the O, concentra-
tion or on the light intensity, one can drastically change the polymerization kinetics
of the two types of reactive functions and consequently modify the structure of the
crosslinked polymer.

By using a 200-mW krypton ion laser tuned to its UV emission lines at 337 and
356 nm as the light source, the polymerization of vinyl ether/acrylate hybrids was
found to occur quasi-instantly in the presence of air to give tack-free and hard
coatings, very much like those for acrylate resins [18]. Reducing the photoinitiator

Conversion (%)

100 |
Air
................ Laminate
75-+ g
50—+
ACRYLATE
i / Air
0 i 5 ! f .

Exposure time {(second)

FIG. 8. Influence of oxygen on the photoinitiated cationic polymerization of a 1/1
mixture by weight of TMPTA and DVE-3. [TAS] = 2%. Film thickness: 24 ym. (--*) Vinyl
ether conversion in O,-free conditions.
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concentration leads to the expected decrease of the polymerization rate, but also to
a greater penetration of the laser beam, so that a deep cure of 3 mm thick samples
was achieved within a few seconds.

PHOTOINITIATED RADICAL POLYMERIZATION

Vinyl ether (VE) monomers have been shown to undergo fast radical-induced
copolymerization when they are exposed to UV radiation together with an acrylate
(A) monomer [1, 3, 8, 19, 20]. While inactive toward the electron-rich vinyl ether
double bond, VE radicals are capable of reacting with the electron-poor acrylate
double bond. These monomers can thus be used as reactive diluents to reduce the
viscosity of acrylate functionalized oligomers and to give UV-curable resins having
less odor and a lower irritation index.

Radical Photoinitiators

Figure 9 shows the polymerization profiles recorded by RTIR spectroscopy
upon UV exposure of a mixture of DVE-3 and a polyether acrylate oligomer (Ebe-
cryl 80) in the presence of a radical photoinitiator (2% HPK). The composition of
the mixture was adjusted to have an acrylate to vinyl ether double bond ratio of 2.
The acrylate function, monitored at 1415 cm ™!, polymerizes faster and more exten-
sively in the VE/A mixture than in the polyether acrylate alone, i.e., the same trend
as that observed previously with TMPTA. Up to 95% conversion was reached
after a 5-second exposure because of the greater chain mobility of the crosslinked
copolymer formed.

Conversion (%)

100
Acrylate VE+A
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ A
75 -
Vinyl ether
50 VE+A
251 [
AP fssrvassassses P gamsas VE
] | )
0 1 2 3

Exposure time (second)

FIG. 9. Photoinitiated radical polymerization of a vinyl ether (DVE-3) and acrylate
(Ebecryl 80) mixture. A/VE = 2; [HPK] = 2%. Laminate. (---) Neat Ebecryl 80 (A) or
DVE-3 (VE).
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The disappearance of the vinyl ether double bond was here again evaluated
from the drop of the IR absorbance at 1628 cm™' after substracting the acrylate
absorbance at that wavelength. It clearly appears that the vinyl ether monomer
participates to the polymerization from the very beginning of the irradiation, and
that it stops polymerizing once the concentration of the acrylate double bond be-
comes too low. This result is in marked contrast with the conclusion of a recent
study by DSC of the radical UV curing of a similar VE/A hybrid system [20] which
stated that vinyl ether monomers participate in the polymerization toward the end
of the reaction when the concentration of acrylate is low. Actually, the fact that
similar heat flow profiles were observed with the pure acrylate and with the hybrid
formulation [20] is a clear indication that the two types of monomers do polymerize
simultaneously. A further confirmation is that the RTIR curve recorded at 1628
cm™! presents a typical S-shape profile, quite different from the two-step profile
observed with the acrylate/vinyl ether formulation containing a cationic photoiniti-
ator where the two monomers polymerized one after the other. In the presence of a
radical photoinitiator, similar polymerization rate profiles were obtained for the
acrylate and vinyl ether double bonds, as shown in Fig. 10. The vinyl ether polymer-
izes at half the rate of the acrylate, but the two monomers reach their maximum rate
at the same time, after a 0.2-second exposure.

The cure limitation of the vinyl ether monomer at 50% conversion after 1
second irradiation was attributed to the fact that most of the acrylate double bonds
have already polymerized at that time, or are trapped in the polymer network and
are no longer accessible to the VE radicals, which are inactive toward the vinyl ether
double bonds. Higher VE conversions can be reached by increasing the A/VE ratio.
Figure 11 shows how the amount of vinyl ether and acrylate double bonds remaining
in the UV-cured samples varies with the monomer feed composition. The amount
of residual VE unsaturation was further reduced, down to 30%, by increasing the

light intensity up to 500 mW-cm ™2,

Polymerization Rate (mol kg-! s1)
ACRYLATE

5-1 | VINYL ETHER

| |
0 1 2

Exposure time (second)

FIG. 10. Polymerization rate profiles in the photoinitiated radical polymerization of
a DVE-3/Ebecryi 80 mixture. A/VE = 2; [HPK] = 2%. Laminate. ] = 50 mW-cm™%.
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FIG. 11. Influence of the monomer feed ratio on the amount of residual vinyl ether
and acrylate double bonds in a radical UV-cured DVE-3/Ebecryl 80 mixture, after 10 seconds
exposure. [HPK] = 2%. Laminate.

Radical and Cationic Photoinitiators

A more effecitve way to reduce the content of unreacted vinyl ether double
bonds in the photocured copolymer is by the addition of a cationic photoinitiator.
Figure 12 shows the polymerization profiles recorded upon UV exposure of a 70/30
mixture by weight of a bisphenol A diacrylate oligomer (Ebecryl 600) and DVE-3,
which corresponds to a A/VE ratio of 1. The formulation contained both a radical
(HPK) and a cationic (TAS) photoinitiator at a weight concentration of 2% each.
After a rapid radical copolymerization of the vinyl ether and acrylate double bonds
within the first 1 second exposure, the cationic polymerization of the unreacted
vinyl ether functions continued to proceed at a sustained pace (Fig. 12, Curve b).
However, because the triarylsulfonium salt is undergoing a fast photolysis [17] and
has been mostly destroyed after a 2-second exposure, the cationic polymerization of
the vinyl ether does not proceed to total completion. A simple method to overcome
this difficulty is to perform the polymerization by a two-step irradiation (see below).

The accelerating effect of the vinyl ether monomer on the polymerization of
acrylate oligomer is clearly apparent in Fig. 12 where the conversion versus time
profile of Ebecryl 600 (Curve a) is compared to that of the Ebecryl 600/DVE-3
mixture (Curve c¢). In the presence of DVE-3, essentially all the acrylate double
bonds polymerized within 2 seconds whereas the conversion hardly reached 50%
upon prolonged exposure of the neat phenoxy-acrylate oligomer. The vinyl ether is
acting here both as a reactive diluent to lower the formulation viscosity and as a
plasticizer of the acrylate polymer network formed to increase its molecular mobil-
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FIG. 12. Photoinitiated polymerization of a DVE-3/Ebecryl 600 mixture (30/70 by
weight) in the presence of both a radical and a cationic photoinitiator. [TAS] = 2% [HPK]
= 2%. Laminate. (- - -) Neat DA-BA (Ebecryl 600) + HPK (2%).

ity. The product obtained upon UV curving of the hybrid formulation consists of
two interpenetrating polymer networks: on the one hand a vinyl ether-acrylate
copolymer with isolated VE units, and on the other hand a viny! ether crosslinked
homopolymer. Actually, the two networks are likely to be connected through the
difunctional vinyl ether monomer which can polymerize by a radical mechanism at
one terminal double bond and by a cationic mechanism at the other one.

A distinct feature of photoinduced polymerization of such hybrid systems is
to allow each type of polymerization process to be temporally differentiated by
selection of the proper photoinitiators and irradiation wavelengths. A first exposure
at A > 340 nm will destroy only the radical photoinitiator and generate the benzoyl
and alkyl radicals which will initiate the copolymerization of the acrylate and vinyl
ether functions. A second exposure at A > 250 nm will destroy the sulfonium salt
and generate the Bronsted acid which will initiate the cationic polymerization of the
remaining vinyl ether functions.

This two-step generation of interpenetrating polymer networks (IPN) is clearly
illustrated in Fig. 13 which shows the polymerization profiles of the vinyl ether
and acrylate double bonds upon the two successive UV exposures. As the cationic
photoinitiator is not consumed in the first exposure, a higher VE conversion can be
reached by this two-step irradiation. A highly crosslinked polymer containing less
than 1% residual unsaturation has thus been produced by a 10-second exposure at
50 mW-cm ™2 This two-step procedure is easy to implement on an industrial UV-
curing line by passing the sample successively under two lamps emitting in the
near-UV for the first one and in the deep UV for the second one. With the DVE-3/
Ebecryl 600 formulation, unsaturation-free IPNs were generated within less than 1
second by operating the line at a belt speed of 10 m/min.
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FIG. 13. Two-step polymerization of a DVE-3/Ebecryl 600 mixture (30/70 by weight)
by successive exposure to filtered and unfiltered UV radiation. [TAS] = 2%; [HPK] = 2%.
Laminate. (- - -) Neat DA-BA (Ebecryl 600) + HPK (2%).

Polymer Composition—Reactivity Ratio

A direct consequence of the faster polymerization of the acrylate function is
that the UV-cured copolymer contains a larger amount of polymerized acrylate
units than of polymerized vinyl ether units, as shown by Fig. 14. The composition
of the monomer formulation appears to have a strong influence on the polymer
composition for UV-curable vinyl ether/acrylate hybrids. For a monomer feed
A/VE ratio of 1, the A/VE value of the copolymer was found to be 3. The copoly-
mer composition was found to be related to the monomer feed composition by the
following equation:

(A/ VE)polymer = 1 + 2(A/ VE)monomer

High values of (A/VE)_.ome: Will lead to an acrylate homopolymer containing a few
VE units. Low values of this ratio will give an alternate copolymer with a large
excess of unreacted vinyl ether monomer, which can then be homopolymerized by
photoinitiated cationic polymerization. All these results point toward a copolymer-
ization mechanism involving cross-propagation by the vinyl ether and acrylate radi-
cals together with a homopolymerization of the acrylate moiety, as represented
schematically in Fig. 15.

In the copolymerization of vinyl ether/acrylate hybrids, three propagation
reactions have to be considered:

~—~M,; + M, LTI ~~~M,M; 0))

the rate of polymerization of the vinyl ether double bond will be
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R, = ky[M;][M|]
M+ M, R MM @
~~~M; + M, LI MM, ()

and the rate of polymerization of the acrylate double bond will be
Ry, = kp[MIIM:] + k5[M:][M]

with M, designating the vinyl ether and M, the acrylate. Under steady-state condi-
tions, the concentration of the radicals remains constant with time:

d[M;] . .
T = ky[M]IM] — k[Mi]IM,] = 0

The rate equation of the acrylate polymerization can thus be written as
sz = Rpl + knM;)IM,]
or after rearrangement:

Rm - Rm - kpIM,]
R, ky[M,)

1

Vinyl ether polymerized (mol kg-1)

AVE

1.0 0.5
1.0
o.5+ 2.0
4.0

| i
0 1 2

Acrylate polymerized (mol kg1)
FIG. 14. Amount of vinyl ether polymerized versus amount of acrylate polymerized

in radical-induced polymerization of DVE-3/Ebercryl 80 mixtures having different A/VE
ratios. [HPK] = 2%. Laminate.
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FIG. 15. Copolymerization mechanism of a vinyl ether/acrylate mixture exposed to
UV radiation in the presence of a radical-type photoinitiator (PI).

The polymerization rates of the vinyl ether (R,) and of the acrylate (R,) functions
have been determined for hybrid formulations having different A/VE values. By
plotting the quantity (R, /R,) — 1 versus the ratio A/VE, a straight line was ob-
tained (Fig. 16), in agreement with the rate equation of statistical copolymerization.
The reactivity ratio of the acrylate radical (r, = k»/k,;) can be evaluated from the
slope of the straight line. The calculated value, r, = 1.8, indicates that acrylate
radicals are about twice as reactive toward the acrylate double bond as they are
toward the vinyl ether double bond. Because VE double bonds do not homopoly-
merize by a radical mechanism, the crosslinked copolymer formed will contain
isolated vinyl ether units, e.g.:

[(Rp)a/(Rplvel -1

10
5
(4
®
I i 1 |
1 T 1 i
0 1 2 3 4

Acrylate/Vinyl ether (molar ratio)

FIG. 16. Influence of the monomer feed ratio on the rate of polymerization of a vinyl
ether/acrylate hybrid (DVE-3 + Ebecryl 80). [HPK] = 2%. Laminate.
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The reactivity ratio can also be determined from the polymer composition
which, for a statistical copolymerization, is given by the Mayo equation [21]:

dim) _ M] ( niM] + [Mz])

dim,) M) \ M, + [M]]
where [m,] and [m,] represent the concentration of structural units M, and M, in the
copolymer. For the VE/A hybrid, where the vinyl ether radical is inactive toward
the VE double bond (r, = 0), this equation becomes

d[VE]oyym _ VE

d[ALaym  nlAl + [VE]

or

2

= YE(M — 1)
[A] d [VE]polym

It was previously found that 3 acrylate functions have polymerized per vinyl ether
double bond polymerized for A/VE = 1, and 5 for A/VE = 2 (Fig. 14). From
these values the reactivity ratio was calculated to be 2, a value in good agreement
with that determined from rate measurements.

It should be mentioned that radical-induced copolymerization of the VE/A
hybrid might also occur via an acceptor-donor complex mechanism. This process
would develop at the same time as the polymerization of the acrylate monomer and
would lead to a tridimensional polymer network with crosslink chains made of both
an acrylate homopolymer and an alternate A/VE copolymer. However, experiments
carried out without added photoinitiator do not favor such a donor-acceptor mech-
anism. No polymer formation could be observed after a 50-second exposure of a
DVE-3/TMPTA mixture, in contrast to the viny!l ether/maleate system where an
alternate copolymer was shown to be formed by a donor-acceptor mechanism {22},

CONCLUSION

Multifunctional vinyl ethers are extremely reactive monomers which undergo
a fast and extensive photopolymerization by either a cationic process or a radical
mechanism in the presence of a comonomer. One of the distinct characteristics of
these compounds is their versatility; they can generate tridimensional polymer net-
works upon UV curing as well as statistical or alternate copolymers. Polymer mate-
rials having quite different properties can thus be obtained by adjusting the formu-
lation composition and the selected monomers and photoinitiators.

Such ultrafast reactions can be easily monitored in real time by infrared spec-
troscopy, a technique which is unique in that it gives the conversion versus time
profile directly for each of the monomers undergoing polymerization. The impor-
tant kinetic parameters have been evaluated for both cationic and radical photoiniti-
ated polymerization of vinyl ether-based systems, thus providing basic information
about the mechanism of such processes. A most remarkable feature is that vinyl
ether monomers tend to increase the polymerization rate as well as the overall cure
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extent of multiacrylate monomers. Highly crosslinked polymers containing little
residual unsaturation have thus been generated by a short UV exposure. The best
results were obtained for such hybrid systems with a combination of a radical and a
cationic photoinitiator.

Further progress on UV-curable vinyl ether systems can be expected to occur in
the near future because of the recent development of new vinyl ether functionalized
oligomers. This will enlarge the formulation range and help create UV-cured high
performance polymer materials having well-designed properties for specific applica-
tions.
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