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ABSTRACT: Acrylate-functionalized copolymers were
synthesized by the modification of poly(butyl acrylate-co-
glycidyl methacrylate) (BA/GMA) and poly(butyl acrylate-
co-methyl methacrylate-co-glycidyl methacrylate). 13C-
NMR analyses showed that no glycidyl methacrylate block
longer than three monomer units was formed in the BA/
GMA copolymer if the glycidyl methacrylate concentration
was kept below 20 mol %. We chemically modified the
copolymers by reacting the epoxy group with acrylic acid to
yield polymers with various glass-transition temperatures
and functionalities. We studied the crosslinking reactions of

these copolymers by differential scanning calorimetry to
point out the effect of chain functionality on double-bond
reactivity. Films formed from acrylic acrylate copolymer
precursors were finally cured under ultraviolet radiation.
Network heterogeneities such as pendant chains and highly
crosslinked microgel-like regions greatly influenced the net-
work structure and, therefore, its viscoelastic properties.
© 2002 Wiley Periodicals, Inc. J Appl Polym Sci 86: 753–763, 2002
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INTRODUCTION

The copolymers poly(butyl acrylate-co-glycidyl
methacrylate) (BA/GMA) and poly(butyl acrylate-co-
methyl methacrylate-co-glycidyl methacrylate) (BA/
MMA/GMA) used for modification are acrylic copol-
ymers containing epoxy functional groups as pendant
units that are very versatile and have been described
in literature. Glycidyl methacrylate polymerizes with
many (meth)acrylic monomers, and then, it introduces
reactive epoxy functional groups into copolymer
chains. By modifying epoxy groups, one can adjust the
copolymer reactivities and properties on a wide range.
Epoxy groups can be further reacted with amines for
crosslinking,1–3 or they can be chemically modified to
introduce new reactive functional groups along the
copolymer chains. Pendant mercaptan groups are ob-
tained by the reaction of the epoxy groups with thio-
glycolic acid.4 Reactive (meth)acrylate double bonds
are introduced by modification of the epoxy groups
with (meth)acrylic acid.5,6 In this work, we reacted
epoxy groups with acrylic acid (AA) to chemically
modify acrylic copolymers with lateral reactive epoxy
groups into acrylic acrylate copolymers containing re-
active lateral double bonds.

Acrylic acrylate copolymers can be crosslinked by
thermal or ultraviolet (UV) curing. The industrial im-
portance of UV curing of acrylic monomers or oli-
gomers is still increasing. Polymerization under UV
radiation is used for coating wood, paper, plastic, and
metal and for inks. The main advantages of UV curing
are high productivity, low environmental pollution,
and low energy consumption.7 Photopolymerization
of multifunctional monomers provides an efficient
method for the formation of highly crosslinked net-
works. The network structure that is created is very
complex, especially because of its very heterogeneous
nature.8 Bowman and coworkers have undergone nu-
merous studies on the structural evolution of pho-
topolymerized networks by studying the kinetics of
reactions,9 by monitoring the radical concentrations
within the networks during polymerization,10 and by
using “living” radical polymerization.11 They con-
cluded that networks produced by the photopolymer-
ization of multifunctional monomers contain very
highly crosslinked regions, called microgels, as well as
much less crosslinked regions that connect the micro-
gels. This kind of network formation has been exten-
sively studied by Dusek and coworkers.12,13 Structural
heterogeneities broaden the relaxation spectra of poly-
mer chains. Barbeau et al.14 demonstrated two levels
of structure on photocured polyurethane acrylate
(PUA) networks by using transmission electronic mi-
croscopy and small-angle X-ray scattering, explaining
the broad viscoelastic relaxations. A low-temperature
transition was related to the PU soft segments,
whereas a high temperature transition was associated
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with the presence of acrylate microgel-like clusters
connected with each other, forming a kind of spider
web.

EXPERIMENTAL

Materials

Different copolymers with different molar masses and
different compositions and propoxylated neopentyl
glycol diacrylate (NPGPODA) were supplied by Cray
Valley (Table I). All solvents (analytical grade) were
received from SDS.

Chromium III diisopropyl salicylate (CrDIPS) was
synthesized according to Le Blainvaux et al.15 A mix-
ture of 4.65 g of chromium III triacetate (Carlo Erba),
13.5 g of 3,5-diisopropyl salicylic acid (Aldrich) and
300 mL of ethanol was heated to reflux for 3 h under
nitrogen. Ethanol and by-products were evaporated
under vacuum. A green powder was eventually ob-
tained.

Instruments

We used size exclusion chromatography (SEC) to de-
termine the average molar mass of the polymers. SEC
was performed on a Waters device fitted with a dou-
ble detection system (differential refractometer R401
and a UV detector operating at � � 254 nm), with
three columns with gel porosities of 104, 103, and 500
Å. We used Poly(butyl acrylate) standards (Polymer
Source Inc.) instead of poly(styrene) standards to bet-
ter represent the polymer structure. Tetrahydrofuran
(THF) was chosen as the mobile phase with a flow rate
of 1 mL/min. The glass-transition temperature Tg was
measured with a Mettler differential scanning calo-
rimetry (DSC) apparatus under argon flux, at a heat-
ing rate of 10°C/min and samples of about 15 mg. Tg

was determined as the onset of the Tg. The reactivity of
acrylic acrylate copolymers was checked by thermal
polymerization during DSC scan by adding 1 wt % of
azobis(isobutyronitrile) (AIBN; Fluka). We compared
measured exotherms to theoretical values, assuming
that the standard heat of polymerization was 78 kJ/

mol for one acrylate double bond.16 1H- and 13C-NMR
spectra were measured at 25°C in CDCl3 with a
Brucker 250 MHz spectrometer. To determine the con-
version of photopolymerized films, we conducted at-
tenuated total reflectance infrared (ATR-IR) spectros-
copy on a Magna-IR 550 Nicolet with an ATR attach-
ment. Measurements were taken from 4000 to 600
cm�1, with a 4 cm�1 resolution. Each measurement
was an average of 32 scans. Peak at 985 cm�1, corre-
sponding to �(CAC), was chosen for double bonds,
and peak at 945 cm�1, relative to �(COOOC), was
taken as an internal reference. Conversion was calcu-
lated respect to the liquid polymer mixture according
to the following equation:

Conversion (%)

� �1 �
[�(CAC)/�(COOOC]film

[�(CAC)/�(COOOC)]liquid
� � 100 (1)

Dynamic complex viscosity (�*) of acrylic polymers
was determined from �50 to 120°C with a Rheomet-
rics dynamic analyser RDA II, with parallel plates (�
� 25 mm, gap � 1.5 mm) with a frequency of 1 Hz. We
used dynamic mechanical analysis (DMA) to study
photopolymerized films using a Rheometrics solid
analyser RSA II. Sample thickness was about 100 �m,
width was 6 mm, and working length was 22.5 mm.
Dynamic temperature scans were conducted at a fre-
quency of 10 Hz from �80 to 150°C with 2°C steps.

Chemical modification of acrylic copolymers

We chemically modified the acrylic copolymers BA/
GMA and BA/MMA/GMA by reacting the epoxy
groups introduced along the acrylic chains by glycidyl
methacrylate units with the acid groups of AA. Be-
cause the viscosity of the copolymers was low enough
to allow accurate mechanical stirring, the reaction took
place in bulk. The Acrylic copolymer was charged in a
250-mL reactor and heated up to 100°C under an
argon blanket. Precise temperature regulation was
given by an oil bath. We blended hydroquinone (0.3
wt %) with the copolymer to prevent any reaction of
acrylic double bonds during heating. After the reactor
temperature was stabilized for 30 min, AA and
CrDIPS catalyst (0.4 wt %) were added. CrDIPS has
been shown to be a very efficient and selective catalyst
for epoxy/acid reactions.15 AA incorporation was ad-

justed to obtain an
Acid Value

Epoxy Value of 1.05. We used the

slight acid excess to prevent the potential reaction
between the epoxy and the secondary hydroxyl group
created during the chemical modification of the epoxy.
Conversion was periodically checked by chemical ti-
tration of the copolymer samples. Titrations took place
at room temperature. We measured the acid value by

TABLE I
Average Compositions and Molar Masses of the

Copolymers Used

Momomer Composition (%) M� n (g/mol)

BA/GMA 100/00 7500
BA/GMA 95/5 7500
BA/GMA 89/11 7500
BA/GMA 84/16 7500
BA/GMA 78/22 7500
BA/GMA 20/80 7500
BA/MMA/GMA 75/14/11 6200

For all copolymers, the polydispersity was about 2.5.
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titrating residual acid groups with sodium hydroxyl,
using penolphthalein an as indicator. The epoxy value
was determined on a mixture of copolymer, dichlo-
romethane, and 15 cm3 of a solution of tetraethyl
ammonium bromide (20 wt % in acetic acid). We
titrated the mixture with a perchloric acid solution
(0.1N in acetic acid), using violet crystal as an indica-
tor. We stopped the chemical modification of the ep-
oxy groups by cooling the solution down to 4°C when
the epoxy conversion was higher than 90%. Because of
the CrDIPS, acrylic acrylate copolymers were slightly
greenish at the end of the chemical modification.

Photopolymerization of acrylic acrylate copolymer
precursors

We polymerized neat acrylic acrylate copolymer pre-
cursors or solutions of acrylic acrylate copolymers
with a diacrylate reactive diluent (NPGPODA) by us-
ing UV radiation to obtain transparent films. CrDIPS
present in acrylic acrylate copolymers did not lead to
significant coloration of photopolymerized films. 2,2-
dimethoxy-2-phenylacetophenone (DMPA; 1 wt %;
Aldrich) was added to acrylic acrylate copolymers as a
photoinitiator. Thin layers (about 100 �m thick) were
cast with a bar coater on carefully cleaned glass plates.
These films were passed 10 times through a high-
power UV lamp Fusion System; mercury bulb, 120
W/cm) at a speed of 3 m/min. In these conditions, we
checked by ATR-IR spectroscopy that all films had
reached their maximum conversion. Samples were cut
and removed from the glass substrate before being
tested.

RESULTS AND DISCUSSION

Characterization of acrylic copolymers

Different copolymers with different compositions and
about the same molar masses were received from Cray
Valley (Table I). The composition and molar masses of
the acrylic copolymers used for the study are supplied
in Table I. The homogeneity of copolymers based on
BA/MMA/GMA by mole were studied by 1H-NMR.
The composition was 75/14/11%. We precipitated it
by incorporating more and more methanol to a solu-
tion of copolymer in THF. Several fractions with de-
creasing molar masses were collected. Samples were
analyzed by 1H-NMR. Spectra of the lowest and the
highest molar mass fractions are compared in Figure
1, and peak assignment is shown in Table II.17,18 Sam-
ple compositions determined by 1H-NMR are given in
Table III. According to the 1H-NMR results, composi-
tion remained the same whatever the molar mass of
the copolymer fraction was. Slight differences be-
tween samples were always kept within experimental
error.

Small traces of double bonds were noticed on the
low molar mass fraction of the copolymer. Those
traces were not present on the high molar mass frac-
tion. Furthermore, because precipitation removed all
potential residual monomers, double bonds traces
could not be due to unreacted monomers. We as-
sumed that double bonds were caused by termination
mode. On the one hand only termination by dispro-
portionation leads to the creation of a double bond of
the type ��CHACHOR. On the other hand, the av-
erage molar mass of chains terminated by dispropor-
tionation is about two times lower than those termi-
nated by combination. Such chains should be espe-
cially present in the low molar mass fraction of the
copolymer. This assumption was consistent with the
fact that double bonds traces were present only in this
fraction.

13C-NMR results showed a peak at � � 123.7 ppm
for both fractions, relative to the OCN coming from
the initiator used. On the low molar mass fraction, a
clear peak at � � 128.4 ppm was noticed, related to
OCHACHO, and much smaller peaks were also dis-
tinguished at 126.4 and 138.2 ppm, attributed to
�CACH2 and �CACH2, respectively. On the con-
trary, the peak at 128.4 ppm could hardly be seen on
the high molar mass fraction, and no peak was present
on the 126.4 or 138.2 ppm ranges. This confirmed that
the presence of double bonds was significant only in
the small molar mass fraction because of the termina-
tion mode. The �CACH2 peaks on this fraction indi-
cated that head-to-head propagation occasionally oc-
curred, even if the classical head-to-tail propagation
mode was the most widely developed. SEC chromato-
grams did not show residual monomer peaks at the
end of polymerization.

Due to the increase of molar mass, the physical
properties of the acrylic copolymers changed. Tg in-
creased when number-average molecular weight (M� n)
increased. For the copolymers previously described
(BA/MMA/GMA � 75/14/11 mol %), Tg was equal
to �48°C when M� n � 4500 g/mol, but Tg reached
�40°C when M� n � 30,000 g/mol. Figure 2 highlights
the relationship of Tg

�1 for the acrylic copolymers on
the basis of BA/MMA/GMA � 75/14/11 mol %.
Experimental data were fitted by linear regression.
The following simplified equation19 was verified:

Tg
�

Tg� �Mn	
� 1 	

c

M� n

(2)

where Tg(M� n)
is the Tg of a polymer of molar mass equal to

M� n, Tg
� is the Tg of a copolymer of the same composition

with theoretical infinite molar mass, and c is a pa-
rameter taking into account segments mobility. For
the studied system, Tg

� was found to be about
�38.5°C.
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Increasing molar mass also increased copolymer
viscosity because of more chain entanglements. For a
temperature of Tg 
 70°C, the relationship between
the �* and weight-average molecular weight (M� w)
showed a transition at the critical molar mass due to
chain entanglements (M� crit). A widely accepted empir-
ical relationship shows that �* is proportional to Mw

a

for linear copolymers and that the exponent a changes
at M� crit. For linear flexible copolymers, it has been
shown in literature20,21 that M� crit is directly propor-
tional at the entanglement molar mass (M� e). M� crit/M� e

is about 2.4. Theoretically, for M� w � M� crit, �* � M� w and
for M� w � M� crit, �* � M� w

3.4. Experimental data led to
exponent values of 0.9 and 3.5 for low and high molar
masses, respectively. M� crit for the acrylic copolymer of
composition BA/MMA/GMA � 75/14/11 mol % was
equal to 32,500 g/mol. It was in same order of mag-
nitude as M� crit of poly(methyl methacrylate), which
lays between 27,00022 and 30,000 g/mol.23

By using polymers with different [BA]/[GMA] ra-
tios from 100/0 to 80/20 mol %, we studied the effect
of composition on various properties. The average
molar mass of polymers was kept constant to M� n �
7500 g/mol for all compositions because the same

synthesis conditions were used for all the syntheses.
As shown in Figure 3, the increase of GMA concen-
tration in the copolymer increased Tg. The relationship
between the [BA]/[GMA] ratio of the copolymer and
its Tg fit the following typical Fox’s equation in the
studied concentrations domain:

1
Tg

�
WBA

Tg
BA 	

WGMA

Tg
GMA (3)

where WBA and WGMA are the weight fractions of BA
nd GMA, respectively, in the copolymer and Tg

BA and
Tg

GMA are the Tg’s of BA and GMA homopolymers, re-
spectively. Tg

GMA was found in literature to be equal to
76°C for M� n � 3100 g/mol.24 According to the correc-
tion due to the difference of molar masses, Tg

GMA was
calculated to be close to 87°C for M� n � 7500 g/mol.

The modification of the GMA concentration in the
acrylic copolymer from 5 to 20 mol % changed the
average epoxy functionality of copolymer chains from
about 2.4 to 9.8. The average epoxy functionality of
copolymer chains can be accurately used only if GMA
does not form blocks but follows random distribution.

Figure 1 1H-NMR spectra of fractions of the copolymer of BA/MMA/GMA � 75/14/11 mol %: (I) low molar mass fraction
and (II) high molar mass fraction.
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As a consequence, we further characterized copoly-
mers by 13C-NMR to evaluate the homogeneity of the
distribution of GMA along the chain. We studied a
new copolymer of BA/GMA � 20/80 mol % to com-
plete the determination of the microstructure effect on
13C-NMR spectra. Details of the 13C-NMR spectra of
BA/GMA � 20/80 and 80/20 mol % are displayed in
Figure 4. The chemical shift area between 50 and 55
ppm corresponded to GMA tetrads [noted
C
(MMMM)], whereas the area between 34 and 41
ppm was related to BA tetrads-[noted C
(AAAA)].17

Because no signal relative to C
(MMMM) was de-
tected for the copolymer of BA/GMA � 80/20 mol %,
whereas C
(MMMM) clearly appeared for the copol-
ymer of BA/GMA � 20/80 mol %, we concluded that
no GMA block longer than three monomer units was
formed in the copolymer chains when the GMA con-
centration was equal to or below 20 mol %. Therefore,
the epoxy groups were considered to be randomly
incorporated along copolymer chains.

Modification of acrylic copolymers

The second concern of this work was to react epoxy
groups of the acrylic copolymers with AA to prepare

acrylic acrylate copolymers. The chemical modifica-
tion was described in the Experimental section and led
to fully modified copolymers, without chain exten-
sions (as Mn remained about constant).

Thermal reactivity of acrylic acrylate copolymers

The reactivity of these acrylic acrylate copolymers was
studied by DSC with 1 wt % AIBN. Samples compo-
sition varied from BA/GMA � 95/5 to 80/20 mol %.
We varied the double bonds number-average func-
tionality (f�) from 0.9 to 8.6 by taking samples with
intermediate epoxy/acid conversion (�65%) in addi-
tion to samples with final conversion (�90%). The
molar mass was about constant for all samples (Mn �
7500 g/mol). We took nonisothermal DSC scans from
�100 to 200°C to obtain the maximum crosslinking
conversion of samples. No further exotherm due to
residual reaction was noticed on second scans. Tg’s of
copolymers were measured before crosslinking (first
scan) and after crosslinking (second scan). Results are
reported in Figure 5. The maximal conversion of
acrylic acrylate copolymers and the increase of Tg after
polymerization were greatly affected by f� of copoly-
mer chains. For low f� (� 3), maximal conversion was
close to 100%. However, the increase of Tg after
crosslinking was small, between 1 and 2°C. For higher
f�, maximal conversion never reached 100%. It was
close to 90% for f� � 6.5, and it dropped to about 80%
for f� � 8.6. Increasing f� led to a decrease of the maxi-
mal conversion as it is usually observed in literature.25

On the contrary, the increase of Tg due to crosslinking
increased as f� got higher and stabilized around 8°C for
very high f� (�6). As chain-average functionality in-
creased, the average molar mass per crosslink (M� �)
decreased. M� � was calculated from the following
equation:

M� � �
M� n

f� � Conversion
(4)

TABLE III
Composition Determined by 1H-NMR on the Same

Copolymer with Respect to its Molar Mass

Polymer
characteristic

Average
composition

High molar
mass

fraction

Low molar
mass

fraction

M� n (g/mol) 6,200 11,300 3,900
[BA] (%) 75 73 77
[MMA] (%) 14 14 13
[GMA] (%) 11 13 9
Double bonds 0 0 Traces

All percentages are given in mole percentage. Copolymer
samples were fractionated by multiple precipitations in
methanol.

TABLE II
Peak Assignment of Chemical Shifts of 1H-NMR Spectra

Peak Chemical shift (ppm) Assignment

(a) 
 (b) 6.15–6.10 
 5.45–5.55 OCHACHO
(c) 4.15–4.40 GMA(3)
(d) 3.80–4.15 BA(4)
(e) 3.50–3.70 MMA(OOCH3)
(f) 3.10–3.25 GMA(2)
(g) 2.75–2.85 GMA (1)
(h) 2.55–2.65 GMA(1)

The copolymer was BA/MMA/GMA � 75/14/11 mol %.

BA: O(OC
H2OCH)O
P
COOOCH2OCH2OCH2OCH3

�
O (1) (2) (3) (4)

MMA:

O(OC
H2O

CH3

P
CO)O
P
COOOCH3

�
O

GMA:

O(OC
H2O

CH3

P
CO)O (2) H (1)
P }
COOOCH2OCHOC
� {}{

O (3) O H (1)
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This calculated M� � cannot be considered the real value
due to the numerous pendant chains that were not
elastically active. Results are summarized in Table IV.
The decrease of maximal conversion came from the
different chain mobility. For a multifunctional mono-
mer, reactive groups became linked to the network
from the beginning of the reaction, limiting the final
conversion.26 After crosslinking, DSC pans were put
in THF for 2 weeks to extract potential unreacted
linear copolymer chains. Solutions were filtered at 0.45

�m, and they were injected in SEC. A small peak
corresponding to about 2% noncrosslinked polymer
was found for the acrylic acrylate copolymer of f� � 2.
These nonreacted linear chains had low molar masses.
Because maximal DSC conversion of acrylic groups of
this sample was 100%, it can be concluded that a f� of
two double bonds per chain was not high enough to
ensure at least one double bond on every copolymer
chain. For f� higher than 4, no more nonreacted linear
copolymer chains were detected by SEC. In this case,

Figure 2 Effect of the molar mass on the onset of Tg of acrylic copolymers (BA/MMA/GMA � 75/14/11 mol %). The solid
line corresponds to linear regression.

Figure 3 Variation of Tg of copolymers based on BA/GMA. [BA]/[GMA] ratio varied from 100/0 to 80/20 mol %; M� n � 7500
g/mol. The solid line represents 1/Tg � WBA/Tg

BA
WGMATg
GMA.

758 VALETTE ET AL.



Figure 4 13C-NMR spectra of BA/GMA copolymers: (a) BA/GMA � 20/80 mol % and (b) BA/GMA � 80/20 mol %.

Figure 5 (�) conversion and Tg before crosslinking (Œ) or after crosslinking (‚) versus f�. Results from nonisothermal DSC
scans (10°C/min) with 1 wt % AIBN. Acrylic acrylate copolymers were BA/GMA � 95/5 to 80/20 mol %; M� n � 7500 g/mol.
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all acrylic acrylate copolymer chains were linked to
the network at least by one crosslink. In conclusion,
for a given average molar mass, f� must be high enough
to prevent the formation of nonreactive copolymer
chains that cannot be linked to the network after
polymerization.

Photopolymerized films based on acrylic acrylate
copolymers

DMPA (1wt %) photoinitiator was blended with
acrylic acrylate copolymers. Thin layers, about 100 �m
thick, were cast on glass plates, and they were photo-
cured. Dry transparent films were obtained. The effect
of the average molar mass was evaluated with two
copolymers of BA/MMA/GMA � 75/14/11 mol %
with different molar masses (M� n � 6200 or 30,000
g/mol). f� was equal to 5 for the low molar mass
copolymer, and f� was 26 CAC/chain for the high
molar mass copolymer. We tried to keep the average

molar mass per unsaturation constant around 1200
g/CAC. Final conversion of both films was about 80%
as measured by ATR-IR, leading to M� c � 1500 g/mol.
Mechanical-transition temperature (T), defined as the
maximum of the tan � peak raised from 28 to 40°C
when M� n increased from 6200 to 30,000 g/mol, as
shown in Figure 6. The width of the tan � peak broad-
ened for the high molar mass copolymer. It implied a
wider distribution of relaxation times and a more
heterogeneous network.27 The modulus of the rubbery
plateau at T 
 50°C, noted Ec, also slightly increased
with the molar mass, changing from 15 to 21 MPa.
Because M� c was roughly the same for both networks,
we assumed that the modification of the viscoelastic
properties was caused by differences in the network
structure. More pendant chain ends may have been
present in the network, obtained from the low molar
mass copolymer precursor because of lower f�. Because
the viscosity of the copolymer was higher and, there-

TABLE IV
Effect of the f� of Acrylic Acrylate Copolymer Chains on Maximal Conversion and Networks Properties

f� (CAC/chain) M� n (g/mol) Maximal conversion (%) Increase of Tg (°C) M� � (g/mol)

0.9 7800 100 2.0 8650
2.0 7800 100 1.6 3900
3.1 7800 99 1.5 2550
4.4 7700 92 5.8 1900
4.5 7800 99 7.6 1750
6.4 8200 95 8.5 1350
6.5 7700 87 8.0 1350
8.6 8200 79 7.8 1200

Figure 6 Viscoelastic properties of photocured films formed from acrylic acrylate copolymer precursors with different molar
masses (M� c � 1500 g/mol; BA/MMA/GMA � 75/14/11 mol %). The open symbols are related to E, and the filled symbols
are related to tan �: M� n � (Œ‚) 6200 and (��) 30000 g/mol.
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fore, chain mobility was lower, the high molar mass
copolymer precursor may have also favored intra-
chain crosslinking, creating very densely crosslinked
regions, usually called microgels,14,28 which could also
changed viscoelastic properties.

To complete the DSC study on the functionality
effect, we formed photocured films from the acrylic
acrylate copolymers based-on BA/GMA precursors
(with compositions in the range 95/5 to 80/20), with f�
ranging from 2 to 8.6 and with Mn � 7800 g/mol. Final
conversion measured by ATR-IR was around 95 to
80% when f� increased. The viscoelastic properties are
displayed in Figure 7. According to the previous DSC
study, variation of f� of the copolymer chain greatly
affected viscoelastic properties of films. T changed
from �21 to 44°C when f� increased from 2 to 8.6. The
shift of the maximum of tan � toward high tempera-
tures reflected lower chain mobility into the network.
The width of the tan � peak became much larger for
films formed from high-functionality acrylic acrylate
copolymer precursors. It confirmed the heterogeneous
structure of networks, resulting from highly func-
tional copolymer precursors. Ec increased with f� of
the copolymers. Film formed from the copolymer with
f� � 2 was very brittle, and it always broke before the
rubbery plateau. Ec increased from 9.5 to 35 MPa when
f� changed from 4.5 to 8.6. The enhancement of Ec was
explained by the increase in the crosslinking density
and by the change in the network structure, especially
the decrease of the fraction of dangling chain ends
when f� increased.

Formulated acrylic acrylate copolymers

Finally, 30 wt % acrylic acrylate copolymer precursors
(based on BA/GMA with compositions in the range
95/5 to 80/20) were blended in a diacrylate reactive
diluent, NPGPODA. Solutions were translucent and
homogeneous. No phase separation was observed
even when solutions were kept at 4°C. Photopolymer-
ized films were optically homogeneous and transpar-
ent. Conversion measured by ATR-IR was about 90%
for all films. The viscoelastic properties of films with
incorporation of acrylic acrylate copolymer precursors
with different functionalities are shown in Figure 8.
Elastic moduli of the different films are displayed in
Figure 8(a). Ec of mixtures was always lower than the
one of neat NPGPODA (Ec � 78 MPa). Average molar
mass per crosslink was indeed lower for neat
NPGPODA, leading to a more compact network. Ec of
blends increased with the f� of acrylic acrylate copoly-
mer precursors from 36 MPa for f� � 2 to 70 MPa for f�

� 8.6. The increase of Ec was very important between
f� � 2 and 4.5 (an increase of 21 MPa), whereas Ec was
almost constant with f� � 6.5 and 8.6. This confirmed
the previous results that network structure probably
changed when copolymer precursors with higher
functionality were crosslinked. As shown in Figure
8(b), the viscoelastic transition was greatly broadened
when copolymer precursors with low f� were blended
with NPGPODA. This is due to the relaxation of dif-
ferent chains species in the network. A second relax-
ation was present at low temperature on the tan �

Figure 7 Viscoelastic properties of photocured films formed from acrylic acrylate copolymer precursors with different f�s (M� n
� 7500 g/mol). The open symbols are related to E, and the filled symbols are related to tan �: (��) 95/5, and f� � 2.0, (FE)
BA/GMA � 90/10 and f� � 4.5, (Œ‚) BA/GMA � 85/15, and f� � 6.5, (}{) BA/GMA � 80/20 and f� � 8.6.
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curve. Such a behavior with two distinct transitions
has been reported by Kannurpatti and Bowman for
dimethacrylate networks29 and by Barbeau et al. for
PUA networks.14 In our case, the higher the copoly-
mer functionality was, the lower the amplitude of the

second relaxation was. It eventually almost disap-
peared for the blend with the acrylic acrylate copoly-
mer precursor with f� � 8.6. The low temperature
transition probably corresponded to chains with
higher mobility, such as dangling chain ends. Al-

Figure 8 Viscoelastic properties of photocured films formed from blends of NPGPODA and 30 wt % acrylic acrylate
copolymer precursors with f�s (M� n � 7500 g/mol): (a) E as a function of temperature and (b) tan � as a function of
temperature. (�) f� � 2.0, (E) f� � 4.5, (‚) f� � 6.5, ({) f� � 8.6, and (�) neat NPGPODA.
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though the width of the peak was much larger when
copolymer precursors were incorporated, T was only
slightly modified by the incorporation of acrylic acry-
late polymers, ranging from 58 to 68°C.

CONCLUSIONS

The characterization of different acrylic copolymers,
BA/GMA and BA/MMA/GMA, with different molar
masses and compositions showed that Tg and the vis-
cosity were greatly affected by both the molar mass
and composition of the copolymers. We analyzed mi-
crostructure by 1H- and 13C-NMR, in particular to
point out the influence of the termination reaction
during radical synthesis and to confirm the random
distribution of GMA units along the copolymer chains.

We chemically modified acrylic copolymers by re-
acting AA with the epoxy groups incorporated along
the copolymer chains by the GMA units. Acrylic ac-
rylate copolymer precursors with various molar
masses and with f�s were obtained.

Crosslinking reaction of those copolymers were
characterized by nonisothermal DSC. We finally cured
films under UV radiation by crosslinking neat acrylic
acrylate copolymer precursors or mixtures of these
copolymers and a diacrylate reactive diluent. Vis-
coelastic properties of films were characterized by
DMA. Average molar mass between crosslinks and
pendant chain ends were found to be very influential
parameters. Network structure changed as f� of the
copolymer was modified. Numerous dangling chain
ends were present when f� of acrylic acrylate copoly-
mer was low. Highly crosslinked microgel-like heter-
ogeneities were probably present in the network when
high-functionality polymers were photocured.

The authors thank M.-F. Llauro and C. Monnet from
LMOPS/CNRS (Service RMN/RPL—Vernaison) for doing
NMR measurements and for their interesting discussions.
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