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ABSTRACT: The thermal, dynamic mechanical, and
mechanical properties and morphology of two series of
semi-interpenetrating polymer networks (s-IPNs) based
on linear poly(vinyl acetate) (PVAc) and a crosslinked
n-butyl acrylate/1,6-hexanediol diacrylate copolymer
were investigated. The s-IPN composition was varied
with different monoacrylate/diacrylate monomer ratios
and PVAc concentrations. The crosslinking density
deeply affected the thermal behavior. The results

showed that a more densely crosslinked acrylate net-
work promoted phase mixing and a more homogeneous
structure. The variation in the linear polymer concentra-
tion influenced both the morphology and mechanical
pI‘OpeI‘tieS. © 2008 Wiley Periodicals, Inc. ] Appl Polym Sci
111: 2675-2683, 2009
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INTRODUCTION

The growing demand for materials for specialty
application is frequently not satisfied by one-compo-
nent systems. As far as polymers are concerned, the
development of polymer composites, blends, and
copolymers has attracted considerable interest in
recent years. Generally, multicomponent polymers,
because of a positive free energy of mixing, undergo
phase segregation. Thus, to obtain materials with
desired properties otherwise not achievable with a
single polymer, the phase adhesion, domain size
and structure, extent of molecular mixing, and mor-
phology must be controlled.

Particular types of polymer blends in which the
phase segregation can be kinetically controlled are
interpenetrating polymer networks and semi-inter-
penetrating polymer networks (s-IPNs).! The latter
may be obtained by the polymerization of a multi-
functional monomer (or by the crosslinking of a
functionalized polymer) in the presence of a linear
polymer. By the proper selection of the experimental
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setup, that is, the composition, crosslinking density,
polymerization mechanism, kinetics, temperature,
and, if used, solvent, different extents of phase mix-
ing can be obtained.

In the first part of this series,” we describe the
preparation and polymerization kinetics of s-IPNs
based on a crosslinked n-butyl acrylate (n-BA)/1,6-
hexanediol diacrylate (HDDA) copolymer network
and linear poly(vinyl acetate) (PVAc) and synthe-
sized in bulk by UV photopolymerization. The com-
ponents of our system were chosen according to the
following considerations:

* To obtain transparent films, the refractive indices
of the polymers should be very close [refractive
index for poly(n-butyl acrylate) = 1.466; refrac-
tive index for PVAc = 1.467].2

* Both polymers have applicatory importance

because of their damping properties over a wide

temperature range.™

The solubility of PVAc in the monomers permits

not using a solvent. Moreover, the resulting vis-

cous reaction mixture can be easily spread for
coating applications.

In this study, the effects of different concentrations
of HDDA (used as a crosslinking agent) and the lin-
ear polymer content on the thermal, mechanical, and
morphological properties were investigated.
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EXPERIMENTAL

s-IPNs, based on a crosslinked n-BA/HDDA copoly-
mer and linear PVAc, were synthesized in bulk by
UV photopolymerization. Two series of s-IPNs with
different crosslinking densities were prepared by the
reaction of n-BA (Aldrich, St. Louis, MO) and
HDDA (Aldrich) in an n-BA/HDDA molar ratio of 2
: 1 (s-IPN-A) or 4 : 1 (s-IPN-B) in the presence of dif-
ferent PVAc concentrations (9-28.4 wt %). After the
dissolution of PVAc (Aldrich) in the liquid acrylate
monomers and complete homogenization of the
components, the reaction mixture was poured onto a
glass surface and leveled at a fixed height by a roll
leaning on two side guides. The curing was carried
out in air by irradiation at 305 nm on one sample
side with Darocur 1173 (Ciba, Basel, Switzerland) as
the photoinitiator. After the films became tack-free,
the attenuated total reflection/Fourier transform
infrared spectra of the upper and lower film surfaces
were acquired with a Golden Gate diamond single
reflection device (Specac, Slough, UK). The polymer-
ization reaction was considered concluded when the
infrared peak intensity at 810 cmfl, due to the
H,C=CH out-of-plane deformation of the acrylate
double bonds, of both film surfaces reached a con-
stant value. For all the samples, a reaction conver-
sion of at least 95% was estimated. No remarkable
differences were observed between the spectra of the
upper and lower film sides. The 75-pum-thick films
that were obtained were self-standing, transparent,
and macroscopically homogeneous.

The acrylate monomers in the absence of the
linear polymer did not polymerize because of the
strong inhibition effect of atmospheric oxygen,
the diffusion of which inside the reaction mixture
was probably hampered by the dissolved PVAc.

The synthesis procedure and polymerization
kinetics are described in detail in the first part of
this series.” Table I summarizes the semi-IPN sample
codes and compositions.

For each composition, at least four films were pre-
pared and characterized, and the mean value of the
investigated property was reported.

TABLE I
s-IPN Names and Compositions

s-IPN n-BA HDDA n-BA/HDDA PVAc
series Sample (wt %) (wt %) (mol/mol) (wt %)

s-IPN-A A9 45.5 455 2 9.0

Al17 41.6 41.6 2 16.8

A23 38.5 38.5 2 23.0

A28 35.8 35.8 2 28.4

s-IPN-B B9 63.7 27.3 4 9.0

B17 58.4 24.8 4 16.8

B23 53.8 23.2 4 23.0

B28 50.2 21.4 4 28.4

Journal of Applied Polymer Science DOI 10.1002/app

MARTINELLI ET AL.

Characterization

Thermal analysis

Differential scanning calorimetry (DSC) analysis was
carried under N, with a Mettler TA-3000 DSC appa-
ratus (Mettler-Toledo, Schwerzenbach, Switzerland)
from —150 to 150°C. The scan rate used for the
experiments was 20 K/min, and the sample weight
was about 8-9 mg. The glass-transition temperature
(T,) values of the samples were taken as the transi-
tion inflection point determined in the first deriva-
tive plot of the DSC curve.

Mechanical testing

To evaluate the sample tensile properties, the standard
test method ASTM D 882-97 was used. Stress—strain
curves were recorded with an Instron 4502 (Bucks,
UK) test machine with a crosshead speed of 5 mm/
min on 10 x 50 x 0.075 mm?® films. The strain values
were reported as AL (elongation)/Ly (sample length).

Dynamic mechanical thermal analysis (DMTA)

DMTA was carried out in the tensile mode with a
Rheometrics RSA 1II solid analyzer (Piscataway, NJ).
The real component [storage modulus (E')] and
imaginary component [loss modulus (E”)] of the
complex tensile modulus and the loss factor (tan 6 =
E"/E") were investigated through the heating of the
sample at 5 K/min from —80 to 80°C at a test fre-
quency of 1 Hz with 0.05% dynamic deformation.

Morphology

For the morphological observations, which were car-
ried out with a Leo 1450VP Inca 300 scanning elec-
tron microscope (Thornwood, NY), the samples
were fractured in liquid nitrogen and coated with
gold. The scanning electron microscopy (SEM) anal-
ysis was also carried out on samples that were
extracted with tetrahydrofuran (THF) to etch out the
PV Ac-rich phase.

RESULTS AND DISCUSSION

In the first part of this series,” which deals with s-IPN
synthesis, it is shown that the PVAc and crosslinking
agent (HDDA) concentrations greatly influence the ac-
rylate polymerization kinetics. In particular, increasing
either the amount of PVAc or HDDA in the reaction
mixture increases the network formation rate. s-IPN-A
reacts systemically faster than s-IPN-B.

The different s-IPN compositions (i.e., the different
crosslinking densities and PVAc concentrations) and
the different kinetics modify the sample phase segre-
gation and hence the thermal, morphological, and
mechanical properties.
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Figure 1 DSC thermograms of the linear polymer and s-IPNs [(A) PVAc and s-IPN-A and (C) s-IPN-B for (—) the first
and (- - -) second heating runs] and first derivatives of DSC curves [(B) PVAC and s-IPN-A and (D) s-IPN-B for the
second heating run]. T is the temperature and W is the heat flow in Watt.

After photopolymerization and vacuum drying,
transparent and macroscopically homogeneous 75-
pum-thick s-IPN films were characterized with DSC,
DMTA, SEM, and mechanical tests, the results of
which are discussed hereafter.

DSC

In Figure 1 (A), the DSC thermograms of PVAc and
s-IPN-A samples are reported. The linear polymer
shows a glass transition between about 10 and 30°C,
which is centered at the PVAc T, value of 21°C.

For the s-IPN-A samples, the thermograms reveal
a broad transition spanning over a wide temperature
range (10-45°C). With the exclusion of sample A9,
the total specific heat increase (AC,) is composed of
two overlapping jumps centered at about 20 (defined
as the lower T, value) and 34°C (defined as the
upper T, value). This is shown more clearly in Fig-
ure 1(B), in which the first derivatives of the DSC
curves are reported to examine the existence of the
two glass transitions. They are strictly related to the

linear polymer. In fact, upon sample extraction with
THF, which is a PVAc solvent, AC, at T, drastically
decreases, appearing in the thermogram as a flat
inflection at about 25°C. As an example, the DSC
profile variation of sample A28 before and after THF
extraction is reported in Figure 2.

The absence of any other transition up to 150°C, the
temperature at which PVAc degrades, reveals that in
the densely crosslinked acrylate network, the chain
segments between the junction points are not long
enough to relax. We can assign the lower temperature
transition of the s-IPN-A samples [Fig. 1(A,B)] to T, of
free PVAc domains segregated from the acrylic poly-
mer. The upper temperature transition of the A series
s-IPNs [Fig. 1(A,B)] may be associated with a mixed
phase in which the cooperative long-range segmental
motion of linear polymer chains, confined within the
acrylic rigid network, is restricted. A similar antiplas-
ticization effect of poly(butyl acrylate) (PBA) was also
observed by Pathmanathan et al.® in a 50/50 PVAc/
PBA blend and was related to partial homogeneous
mixing of the two polymers.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 DSC thermograms of (- - -) pristine and (—)
THF-extracted A28 and B28. T is the temperature.

Two well-separated transitions can be observed in
the DSC thermograms of s-IPN-B, which is charac-
terized by a lower crosslink density [Fig. 1(C,D)].
Although T, is unknown because of the impossibil-
ity of obtaining such a polymer in air (our experi-
mental condition), the lower temperature transition
shown in Figure 1(C) (=—10°C) can be attributed to
an acrylate-rich phase. In fact, a steady increase in
T, of PBA upon crosslinking has been reported in
the literature:” when the polymer was crosslinked
with 4 mol % tetraethylene glycol dimethacrylate, its

25 50 75 100
T(°C)
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T, increased from —55% to —13°C, as measured in
dynamic mechanical experiments.

Moreover, after the dissolution of the linear poly-
mer by Soxhlet THF extraction of sample B28, the
resulting very brittle, disaggregated material shows
only the lower T, (Fig. 2).

The higher T, value is superimposed to an endo-
thermic peak due to an enthalpy relaxation process
taking place at room temperature after the sample
synthesis. To better assign the transition tempera-
ture, a second heating scan was carried out to erase
the sample thermal history [the dotted line in Fig.
1(C)]. The higher T, was attributed to a mixed phase
rich in the linear polymer, which, like that in s-IPN-
A, is stiffened by the acrylate network and disap-
pears upon THF extraction (Fig. 2). This relaxation,
independent of the semi-IPN composition, is charac-
terized by an inflection point at about 40°C and an
end point at 45°C [Fig. 1(C,D)]. Moreover, the segre-
gated linear polymer relaxation, except for a very
small inflection at 21°C in sample B28, was no
longer observable [Fig. 1(C)].

DMTA

The dynamic mechanical properties of s-IPN-A and
s-IPN-B are shown in Figure 3, in which the temper-
ature dependence of E’ and tan § is reported. For the
sake of comparison, the tan ¢ intensity of PVAc has
been reduced by a factor of 2. In agreement with the
glass transition of the linear polymer, the s-IPN-A
samples also show an o relaxation [at the o-
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Figure 3 Temperature (T) dependence of E’ and tan & of (A) PVAc and s-IPN-A and (B) s-IPN-B samples with different

PVAc contents.
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Figure 4 Tan § peak height variation as a function of the
PVAc concentration in PVAc, s-IPN-A, and s-IPN-B.

relaxation temperature of s-IPN-A (T,)] character-
ized by a drastic E’ drop and a tan 3 peak.

At a low temperature, before the o-relaxation tem-
perature (T,), the linear polymer behaves more rig-
idly than the s-IPNs, showing the highest E’ value.
In s-IPNs, it decreases as the acrylic polymer concen-
tration increases. The opposite trend can be
observed at a temperature above the glass transition.
In fact, because of the large amount of creeping after
the o relaxation, the tan & peak of PVAc was not
completely recorded. The presence of the acrylic
three-dimensional network suppresses the drastic
modulus drop at T, and the dynamic mechanical
behavior of the s-IPNs may be followed at a higher
temperature. The E’ value of sample A28 in the rub-
bery state at 70°C is 1 x 10® Pa, twice that of those
of the other s-IPN-A samples. The maximum of the
tan 6 peak is at about 33°C for PVAc and at about
Tya = 41-43°C for s-IPN-A and does not vary with
changes in the composition. As shown in Figure 4,
the tan 6 peak height linearly increases with the
PV Ac concentration.

As expected from DSC experiments, the dynamic
mechanical analysis of s-IPN-B samples shows two
well-defined relaxations, o'z and o’p. The tan d
peaks, centered at about —3 [o/p-relaxation tempera-
ture (Typ)] and 47°C [op-relaxation temperature
(Torp)]l, as reported in the DSC result analysis
regarding such transitions, have been assigned to
the glass transition of the acrylate network and the
acrylate/PVAc mixed phase, respectively. The tan 6
peak intensities of o'p and oy are linearly related to
the acrylate and PVAc content in the s-IPNs, respec-
tively (Fig. 4).

To compare the dynamic mechanical behavior of
the two s-IPNs, the tan & values versus the tem-
perature for samples A23 and B23 are reported in
Figure 5.

The less densely crosslinked sample (B23) shows a
symmetric damping o'y peak with a half-height
width (full width at half-maximum) of 14°C. The
shape of the A23 tan 6 peak is large (full width at
half-maximum = 22°C) and asymmetric, with a
broad hump on the low temperature side. This may
due to the local structural heterogeneity and to the
relaxation of a PVAc fraction partially segregated
from the network, which was also found in the DSC
analysis.

SEM

The morphology of the s-IPNs was investigated with
SEM. Figures 6 and 7 show fracture-surface micro-
graphs of s-IPN-A and s-IPN-B samples as prepared
and extracted with THF for the removal of the
PVAc-rich phase.

Nonextracted and extracted A9 and B9 samples
[Fig. 6(A,B) and 7(A,B)] show a vague structure
without any marked evidence of phase separation.
No drastic changes can be observed for the extracted
samples.

As the linear polymer content in the s-IPN-A
samples increases, the morphology progressively
assumes a granular structure, which is well defined
in A28 [Fig. 6(G)], and it does not undergo marked
modifications after the THF extraction. This observa-
tion, together with the thermal analysis results,
strengthens the more homogeneous structure model
for s-IPN-A.

0.6
0.4.
o
o
g
0.2-
O '-‘I I 1 I I I
-60-40-20 0 20 40 60 80
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Figure 5 Comparison of the dynamic mechanical behavior
of s-IPNs with different crosslinking densities: tan 6 versus
the temperature (T) for (—) A23 and (- - -) B23 samples.
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Figure 6 Fracture-surface SEM micrographs of s-IPN-A samples: as prepared [(A) A9, (C) A17, (E) A 23, and (G) A28]
and extracted [(B) A9, (D) A17, (F) A 23, and (H) A28]. The bar represents 400 um.

With the linear polymer concentration increasing,
the average size of the connected globular domains
decreases from 230 nm for sample Al17 to 130 nm
for sample A28.

The granular structure of the s-IPN-A samples in
less densely crosslinked s-IPN-B is completely
wrapped in a continuous phase; this is very clear in
the samples with the higher PVAc content [B23 and
B28; Fig. 7(E,G)]. Spheroidal particles can be clearly
highlighted after the THF extraction [Fig. 7(F,H)].

In the densely crosslinked semi-interpenetrating
network (s-IPN-A), both the small acrylate network
mesh and the fast reaction hinder polymer segrega-

Journal of Applied Polymer Science DOI 10.1002/app

tion, which presumably takes place only in the last
polymerization stage. On the other hand, in s-IPN-B,
as the polymerization and crosslinking reaction start,
the incompatible PVAc has sufficient mobility and
time to segregate during the acrylate network forma-
tion. Such a process gives rise to a material com-
posed of insoluble, crosslinked acrylate-rich beads
surrounded by a continuous PVAc-rich phase.

Before and after THF extraction, the weight loss of
all s-IPN samples was evaluated, and the results are
reported in Figure 8 as a function of the PVAc con-
tent. The dotted line represents the expected amount
of solubilized PVAc (slope = 1).
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Figure 7 Fracture-surface SEM micrographs of s-IPN-B samples: as prepared [(A) B9, (C) B17, (E) B23, and (G) B28] and
extracted [(B) B9, (D) B17, (F) B23, and (H) B28]. The bar represents 400 pm.

In agreement with the previous results, it can be
observed that in s-IPN-A the extraction cannot com-
pletely solubilize the linear polymer, which partially
remains in the tight acrylate meshes. On the con-
trary, in s-IPN-B, the dissolved amount is higher
than expected, probably because of partial solubili-
zation of a less crosslinked acrylate fraction.

Mechanical properties

The tensile behavior of PVAc and s-IPNs was inves-
tigated at a strain rate of 5 mm/min at room tem-
perature. Some stress—strain curves up to a strain of

0.05 and the variation of Young’s modulus (deter-
mined as the maximum slope of the curve) as a
function of the PVAc content are displayed in Fig-
ures 9 and 10(A), respectively. In the inset of Figure
9, the mechanical behavior of PVAc is reported.

The s-IPNs do not exhibit any evident yield point
or necking during the tensile experiments. To char-
acterize the viscous behavior of the s-IPNs, the offset
yield strength at an elongation of 0.02 was followed,
and the data are displayed in Figure 10(B).

As far as the stress and strain at the break are con-
cerned, great data dispersion and no direct relation
with the PVAc concentration for the same s-IPN

Journal of Applied Polymer Science DOI 10.1002/app
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function of the PVAc content.

series have been found. In general, the s-IPN-A sam-
ples show a greater ultimate strength and lower
elongation at break than s-IPN-B.

PVAc shows at room temperature, close to its T,
a low Young’s modulus of 22 MPa and tensile
strength of 0.3 MPa, a high elongation at break of
200%, and a very broad not well-defined yield point.
Despite its scarce mechanical properties, PVAc pro-
duces a synergistic reinforcing effect when mixed
with the acrylic network in the s-IPNs. In fact, as
shown in Figure 10, with the linear polymer concen-
tration increasing, the Young’s modulus and the off-
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Figure 9 Some stress—strain curves up to a strain of 0.05
for some selected samples. In the inset, the mechanical
behavior of PVAc is presented.
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Figure 10 Mechanical properties of PVAc, s-IPN-A, and
s-IPN-B samples: (A) Young’s tensile modulus and (B) off-
set yield strength at an elongation of 0.02 as a function of
the PVAc content.

set strength increase in both semi-interpenetrating
networks.

This synergistic effect has also been observed in
other immiscible blends and in general has been
attributed to different causes, such as strong polymer
interpenetration in the phase interface,9 blending-
induced changes in the specific volume,'® and the for-
mation of a strong interaction between the component
polymers.11 In addition, the behavior observed in our
samples (Fig. 10) can be explained by the fact that the
PVAc-rich phase in s-IPNs is in the glassy state and
thus contributes to the increase in the sample stiffness,
its T, being above room temperature. Moreover, a sys-
tematically higher rigidity can be recorded for s-IPN-
A (Fig. 10). The different morphologies of the s-IPNs,
as revealed by electron microscopy, can explain this
experimental evidence. In fact, s-IPN-A shows more
marked phase continuity, a result of a more homoge-
neous structure. In the s-IPN-B samples, the discontin-
uous, rigid acrylate-rich phase segregates from more
compliant, continuous PVAc-rich domains, which
more easily yield when stressed.

CONCLUSIONS

DSC, DMTA, SEM, and mechanical tests were
employed to study the effect of the PVAc
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concentration on the behavior of two s-IPN series
that were characterized by different monoacrylate/
diacrylate monomer ratios.

It was observed that the crosslink density plays
the main role in defining the material properties;
meanwhile, inside each s-IPN series, the proper-
ties change smoothly with the linear polymer
concentration.

According to the experimental results, it has been
proposed that more densely crosslinked s-IPN-A
exhibits greater phase mixing, the small acrylate net-
work mesh partially hampering the linear polymer
segregation. On the contrary, in less densely cross-
linked s-IPN-B, PVAc has sufficient mobility to seg-
regate during the formation of the acrylate network
and can be completely solubilized in THF. These dif-
ferent s-IPN structures directly influence the me-
chanical behavior of the material. Tensile stress—
strain tests showed that the s-IPN-A samples were
systematically more rigid than the s-IPN-B ones.

The authors thank Silvia Vicentini for her useful experimen-
tal work.
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