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ABSTRACT: Acrylated soybean oil was irradiated in the
near UV in the presence of free radical photoinitiators. Given
the high substitution density of acrylic moieties, these oils
responded very rapidly to the photopolymerization giving
high yields of crosslinked materials within a few seconds.
The activity of three photoinitiators was compared and the
ensuing networks were characterized in terms of crosslink

density through swelling measurements. © 2006 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 99: 3218-3221, 2006
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INTRODUCTION

UV-initiated photopolymerizations have received con-
siderable attention in the last few decades, because of
their application in the rapid and solvent-free curing
of films, including adhesives, coatings, inks, var-
nishes, printing plates, and electronic resists.'™*
Among these phtoreactive systems, free-radical poly-
merizations play a very important role, particularly
with acrylates and methacrylates, which are among
the most reactive monomers in this context. It is worth
noting that triglyceride-based thermosets were the ob-
ject of different investigations aiming at the study of
their polymerization and the mechanical properties of
the ensuing materials.”®

We had recently begun a thorough investigation on
the possible use of chemically modified vegetable oils
as photocurable materials, and submitted a study on
the preparation of castor and soybean oils bearing
pendant acrylic and styrenic moieties” in view of their
use in photocrosslinking reactions involving free rad-
ical and cationic initiation, respectively. The present
report deals with the UV-induced free radical poly-
merization of acrylated soybean oil and the properties
of the ensuing crosslinked material.

EXPERIMENTAL
Materials

The acrylated soybean oil used in this study (AESO),
whose synthesis and characterization is reported else-

Correspondence to: H. Pelletier (Helene.Pelletier@efpg.
inpg.fr).

Journal of Applied Polymer Science, Vol. 99, 3218-3221 (2006)
© 2006 Wiley Periodicals, Inc.

where,” contained an average of five acrylic moieties
per triglyceride molecule (Scheme 1) and had a vis-
cosity of 17 Pa s, measured at 500 s™!. The photoini-
tiators selected to promote the crosslinking reaction of
AESO were 2-hydroxy-2-methyl-1-phenyl-propan-1-
one, 1-hydroxy-cyclohexyl-phenyl-ketone, and 2,2-di-
methoxy-1,2-diphenylethan-1-one (respectively, Daro-
cure 1173, Irgacure 184, and Irgacure 651 from Ciba-
Geigy; Scheme 1). The other reagents and solvents
were commercial products of high purity.

Acrylation of epoxidized soybean oil with acrylic
acid

About 10 g (10.9 mmol) of epoxidized soybean oil
having 4.9 epoxy groups by one molecule of soybean
oil was dissolved in 10 g of chloroform and placed into
a 250-mL round-bottom flask equipped with a mag-
netic stirrer and a reflux condenser. The reaction mix-
ture was brought to reflux under nitrogen and then
100 g (1.38 mol) of acrylic acid and 1 g (9 mmol) of
hydroquinone were slowly added. The reflux was
maintained for the reaction time, and at the end, the
reaction mixture was poured into an excess of distilled
water. The organic phase was dried over sodium sul-
fate and the solvent was evaporated under reduced
pressure to isolate the acrylated oil (AESO).

Photopolymerization

Kinetic experiments called upon FTIR spectroscopy
and were performed in a 0.1-mm-thick cell made up of
a teflon spacer held between NaCl plates. Samples of
the acrylated oil (AESO), diluted in methylene chlo-
ride (50% w/w), were introduced in the cell and ex-
posed to the UV radiation (A > 280 nm) of a medium-
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Scheme 1 Structure of the acrylated soybean oil and the
photoinitiators used in this study.

pressure mercury lamp, similar to those used in the
coating industry for the UV-curing of varnishes and
printing inks. Its power output was 80 W cm™*. Sam-
ples were passed several times under the lamp (with a
gap of 10 cm), at a constant speed of 30 m min~'. The
kinetic set up was followed in situ between the NaCl
pellets, which avoid the use of internal standard peak,
since the thickness of the films remained constant
during the kinetic studies. The intensity of the peak at
1619 cm ™}, attributed to C=C of acrylic moieties, was
followed as a function of time.

For the gel content measurements, 2 g of AESO and
the appropriate quantity of photoinitiator were placed
in a 1-mm-thick teflon mold. Samples were irradiated
with the lamp as described earlier for a cumulated
time of 360 s. After completion of the reaction, the
photopolymer was soxhlet extracted with methylene
chloride for 24 h. The gel content was calculated as the
mass of the polymer remaining after extraction rela-
tive to the mass of the initial sample.

Analytical techniques

Infrared spectroscopy was conducted with a Perkin—
Elmer Paragon-1000 FTIR spectrophotometer. The
electronic absorption spectra of the different photoini-
tiators or photosensitizers were obtained from sam-
ples diluted in spectrophotometric dichloromethane,
using a Thermospectronic UNICAMUYV 500 appara-
tus. The extent of swelling in methylene chloride after
irradiation was assessed by measuring the differences
in weight between the dried and the swollen film. The
weight of the swollen film was measured immediately
after blotting it between sheets of filter paper. The
following equation was used to calculate the swelling
ratio S:

where W, and W, are the weight of the swollen and
dried films, respectively.

RESULTS AND DISCUSSION
Photopolymerization of AESO

When the acrylated soybean oils were exposed to the
UV radiation in the presence of Darocure, its free
radical polymerization took place rapidly and led to
the product PPAESO. Figure 1 shows the FTIR spectra
of AESO before and after 12 s irradiation in the pres-
ence of 2% of Darocure. The occurrence of the poly-
merization was clearly confirmed by the strong de-
crease in the intensity of the acrylate moiety peaks (i)
at 1617-1636 cm ™! for the C=C stretching, (ii) at 1406
cm ™! for the in-plane CH, deformation, (iii) at 810
cm™! for the out-of-plane deformation, and (iv) at 984
cm ™! for the out-of-plane deformation. Moreover, the
double carbonyl peak, attributed to both the glyceride
and acrylate ester moieties, became a single absorp-
tion after the transformation of the acrylic moiety into
a saturated ester group, following its polymerization.

A brief kinetic study was also performed by follow-
ing the decrease in the intensity of the peak at 1619
cm ! with time, which monitored the rate of acrylate
moiety consumption during the polymerization. The
results are presented in Figure 2 and confirmed the
very high rate of polymerization of AESO, and thus,
its suitability as an additive in photocurable films. The
spurious presence of variable amounts of residual at-
mospheric oxygen in the AESO films was the most
probable cause of the very modest induction period
observed in some cases.

An increase in the concentration of photoinitiator in-
duced a modest increase in the rate of polymerization
(Fig. 2), probably because 2% of Darocure already ab-

Figure 1 FTIR spectra of AESO before (a) and after (b)
irradiation.
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Figure 2 Kinetics of the AESO C=C consumption with
two concentrations of Darocure 1173.

sorbed most of the relevant radiation. The fact that the
acrylic moiety consumption did not reach 100% was
related to the lack of mobility of the crosslinked product.

Figure 3 shows the conversion profiles for the pho-
topolymerization of AESO with different photoinitia-
tors, which shows that Darocure 1173 was the most
efficient one and Irgacure 651 the least efficient. To
explain these results, we focused on the photochemi-
cal behavior of the different photoinitiators. Their ab-
sorption spectra are depicted in Figure 4 and the val-
ues of the absorption maxima and the corresponding
extinction coefficients are summarized in Table I.

All absorption spectra had the same shape and their
maxima were all located around 250 nm, with a shoul-
der near 285 nm. However, Darocure 1173 had the
highest extinction coefficient, followed by Iracure 184,
and finally Iracure 651, i.e., this parameter followed
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Figure 3 Kinetics of the AESO C=C consumption with 2%
of various photoinitiators.
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Figure 4 UV absorption spectra of the different photoini-
tiators at 10> mol/L in dichloromethane.

the same trend as the efficiency of the photoinitiators,
a feature which explains the latter behavior.

Characterization of the irradiated oils

The results of the extraction of the remaining soluble
polymers are presented in Table II, together with the
final consumption of acrylic moieties. First, the
amount of crosslinked product never attained 100%,
even for complete monomer unit consumption. This
suggests that diffusion problems, associated with the
very high viscosities attained at high gel conversions,
strongly affected the macromolecular mobility, and
therefore, a small but significant proportion of grow-
ing chains could not participate in the network forma-
tion and gave instead soluble oligomeric products.
The differences observed between experiments carried
out with different proportions (2% or 4% w/w) of
initiator were not significant, confirming the interpre-
tation given earlier in the context of the polymeriza-
tion kinetics for these two experiments.

Second, values of maximal conversion ratios were
systematically higher than the corresponding values
of gel content. This can be readily rationalized by the
fact that the conversion takes into account all acrylate
double bonds that had reacted, including those that
led to the formation of soluble oligomers quenched
into the very viscous network.

TABLE I
Maximum Absorption Wavelengths and Molar
Extinction Coefficients of the Photoinitiators

g(mol L™ em™1) Amax (NM)
Darocure 1173 14,781 247
Irgacure 184 14,460 246
Irgacure 651 12,855 253
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TABLE 11
Gel Contents and Maximal Conversion Ratios of the
Photopolymers

TABLE III
Crosslink Densities (1) and Average Molecular Mass
between Two Crosslink Points ("M,)

Maximum

Gel content (%) conversion (%)

2% Darocure 1173 76.1 97.06
2% Irgacure 184 80.2 92.6
2% Irgacure 651 80.7 90.6
4% Darocure 1173 81.6 97.1

Third, the gel content increased when a less-efficient
photoinitiator was used. This was explained in terms
of classical nonlinear polymerization behavior. When
a more efficient photoinitiator was used, the polymer-
ization rate increased, and consequently, the onset of
gel formation occurred more rapidly, leaving a higher
proportion of residual oligomers.

Figure 5 shows the swelling behavior of PPAESOs
obtained with 2% and 4% of Darocure 1173. The equi-
librium swelling ratios were used to calculate the av-
erage mass between two crosslink points and the
crosslink density of the network using the classical
Flory-Rehner equations:

¢P
Vs, moldp(z - CI);/S)

“TIn(l — @) + B, + D, + D3

M

= (In(1 = dy) + D, + xD)

n =
o,
vs,mol(q)%/3 - 2)

where M, is the average molecular mass between two
crosslink points, V .. is the solvent molar volume
(here 64.34 mL mol ™' for methylene chloride at room
temperature), d,, is the polymer density (here we took
a value close to unity, as calculated from the weight
and the volume of the polymer samples under inves-
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Figure 5 Room temperature swelling kinetics of two
PPAESO samples in CH,ClL,.

M. (g/mol) n (mol/cm®)
2% Darocure 683 0.0015
4% Darocure 191 0.0048

tigation), ¢, is the volume fraction of the crosslinked
polymer network, n is the crosslink density, and x is
the Flory polymer—solvent interaction parameter (here
we took the value of 0.856 for polymethylmethacrylate
at room temperatures). _

Table III shows the values of 1, and M, for the two
samples. The networks formed were quite dense, as
expected for starting triglyceride bearing five poly-
merizable acrylic moieties. This high crosslink tight-
ness is promising in terms of the envisaged applica-
tion of these photoreactive oils in thin film coatings.

Some preliminary experiments were carried out us-
ing dynamic mechanical analyses and showed that the
modulus of oil-based films was about 10” and 107 Pa,
for the glassy and rubbery states, respectively. These
performances are encouraging, but more work is
needed. Work is in progress to confirm these relatively
good properties.

CONCLUSIONS

This investigation showed that the acrylation of epoxy-
dized soybean oils leads to a dramatic improvement of
their photoactivity, since they can react under UV radiation
and form crosslinked photopolymers within a few seconds.
The photopolymerization of AESO with a small amount of
photoinitiator gave very satisfactory results, characterized
by high gel content and conversions, even in the presence
of atmospheric oxygen. This is very promising for the pos-
sible use of these modified commercial oils as vehicles in
UV inks and other film coatings.

The mechanical properties of these materials as thin
films are being assessed.
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