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ABSTRACT: This article presents a broad class of materials made by copolymerization of
a family of telechelic free radically polymerizable siloxanes with various acrylate
monomers that polymerize to form high Tg polymers. Films with properties ranging
from strong elastomers to plastics have been obtained by UV-initiated bulk copolymer-
ization of functional siloxanes dissolved in acrylate monomers (in the presence of a
photoinitiator). The molecular weight of the functional siloxanes, the nature of func-
tional endgroups, the choice of (meth)acrylate comonomer, and the siloxane/acrylate
ratio all have a rather dramatic effect on the morphology, and thus, on the properties
of the copolymeric networks. Physical properties of the materials, such as optical
appearance and mechanical and transport properties are correlated with the unique
morphologies observed by TEM studies. Unusual properties such as reversible whiten-
ing of some of the materials and low Poisson ratios have been attributed to the
microcavitation observed when high Tg acrylate domains interfere with the network
deformation. Networks composed of high Tg acrylates (major fraction) coreacted with
elastomeric siloxanes can provide heat-shrinkable materials when they are elongated
at temperatures higher than the Tg of the corresponding polyacrylates and quenched.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 159–180, 2001
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INTRODUCTION

The discovery of new synthetic methods enabling
the preparation of high purity telechelic polydi-
methylsiloxane diamines1 prompted our interest
in difunctional siloxanes having free radically po-
lymerizable end groups, as the starting materials
for silicone elastomers. Indeed, high-purity sili-
cone diamines served as the building blocks to
develop a family of free radically curable materi-
als, by means of simple reactions with capping

reagents such as isocyanatoethylmethacrylate
(IEM), vinyldimethylazlactone (VDM), isoprope-
nyl dimethyl azlactone (IDM), and m-isopropenyl-
a,a-dimethyl benzyl isocyanate (m-TMI) to give
the various telechelic siloxanes shown in Figure
1. The reactive polydimethylsiloxanes thus formed
are referred to as MethAcryloxyUrea Siloxane
(MAUS), ACrylaMidoAmido Siloxane (ACMAS),
MethACrylaMidoAmido Siloxane (MACMAS),
and MethylStyrylUrea Siloxane (MeStUS), re-
spectively. Functional siloxanes with molecular
weights in the range of 5000 to 100,000 have been
prepared and studied.2,3 These siloxanes, having
free radically polymerizable end groups, proved to
be of great practical and theoretical interest.4,5
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Due to the polar nature of the hydrogen bonding
end groups and the nonpolar nature of the poly-
dimethylsiloxane chain, a transient network is
formed wherein the polar end groups tend to as-
sociate with each other. The relative strength of
the end group association for the various telech-
elic siloxanes is reflected in their viscosities, with
higher viscosities seen in the case of the more
strongly associating end groups (e.g., ACMAS and
MeStUS).

Functional polymers that are easy to cure to
elastomers are often referred to as “liquid rub-
bers.” Indeed, by the exposure of telechelic silox-
anes having free radically polymerizable end
groups to low-intensity UV radiation (when the
system contains photoinitiator), silicone elas-
tomers with controlled properties can be ob-
tained. The telechelic siloxanes can also be core-
acted with a variety of acrylate and methacrylate
monomers to form silicone–acrylate hybrid sys-
tems in which difunctional siloxanes function as
polymeric crosslinkers. Depending on the compo-
sition, such copolymeric networks may have the
properties of plastics, elastomers, pressure sensi-
tive adhesives, etc. Some of the materials of this
group have been described previously.6

There is a significant body of literature con-
cerning silicone-based interpenetrating polymer
networks (IPNs).7–17 In the broadest sense, co-
polymeric networks can be considered to be a type
of IPN. They are then referred to as graft, or
joined IPNs.18 Although hybrid networks com-
posed of free radically polymerizable siloxanes
and acrylates are known in the patent and trade
literature,6,19–26 there are very few articles de-
scribing this class of materials. Cooper et al.27

prepared a series of UV-cured silicone–acrylate
networks made from 1700 to 3700 molecular
weight methacryloxyurea siloxanes and various
reactive diluents (e.g., acrylate and methacrylate
monomers). The networks were examined by
stress–strain testing, dynamic mechanical mea-
surements, and differential scanning calorimetry,
which indicated that the networks possessed a
two-phase morphology, although all samples were
transparent. The aim of the present article is to
describe the unique microphase-separated mor-
phologies and physical properties of silicone–ac-
rylate hybrid networks formed by the copolymer-
ization of telechelic siloxanes with (meth)acrylate
monomers (e.g., isobornyl acrylate) able to form
high Tg (above room temperature) homopolymers.

Figure 1 A family of free radically polymerizable telechelic siloxanes derived from
a,v-bis(aminopropyl)polydimethylsiloxanes.
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Emphasis will be given to the tailorability of such
properties as optical appearance, mechanical
properties, and heat shrinkability of the copoly-
mer networks. The oxygen permeability of such
networks will also be discussed.

EXPERIMENTAL

Reactants

All reactants were used as received from the ven-
dors.

Synthesis of Telechelic Siloxanes

Amine-Functional Siloxane Iintermediates

Bis(3-aminopropyldimethyl) polydimethylsiloxanes
(silicone diamines) were synthesized according to
the procedure described by Leir et al.,1 which
provides highly difunctional silicone diamines.
Number-average molecular weights of the sili-
cone diamines were determined by acid titration
with 0.1 N HCl, using bromophenol blue as an
indicator. GPC analysis of the silicone diamines
indicated a normal molecular weight distribution
with polydispersities of about 2.0.

Synthesis of ACMAS

Polydimethylsiloxanes having acrylamidoamido
end groups were prepared by first heating silicone
diamine under vacuum (aspirator) to 100°C to
decompose any traces of carbamates, which could
be formed by the reaction of the amine endgroups
with CO2. Then, 2 mol of vinyl dimethyl azlactone
(VDM), purchased from SNPE, were added slowly
to 1 mol of the silicone diamine at room temper-
ature, while the reaction mixture was being
stirred. An increase in viscosity was observed in
all cases, but it was especially evident for lower
molecular weight materials.

Synthesis of MACMAS

Polydimethylsiloxanes having methacrylamido-
amido end groups were made in the same manner
as described for ACMAS, using isopropenyl di-
methyl azlactone (IDM), purchased from SNPE.
Viscosities of the resulting polymers were much
lower than for the corresponding ACMAS sam-
ples.

Synthesis of MAUS

Polydimethylsiloxanes having methacryloxyurea
end groups were made using the same procedure,

by reacting silicone diamines with isocyanato-
ethyl methacrylate (IEM), purchased from Showa
Rhodia. The reaction is exothermic; thus, in the
case of lower molecular weight diamines it is ad-
visable to add IEM slowly, and cool the reaction
mixture, if needed.

Synthesis of MeStUS

Polydimethylsiloxanes having a-methylstyrylu-
rea end groups were made by reacting silicone
diamines with m-isopropenyl-a,a-dimethyl ben-
zyl isocyanate (m-TMI), purchased from Cyana-
mid. A strong increase in viscosity was observed,
especially in the case of lower molecular weight
siloxanes.

Viscosity Measurements

The viscosities of the intermediate silicone dia-
mines and the telechelic silicones, as a function of
molecular weight, were measured at 25°C using a
model RVTDV-II Brookfield viscometer. Spindle
#21, 27, or 29 was used, depending on the viscos-
ity of the sample.

Preparation of Silicone–Acrylate Copolymeric
Networks

The polymerization mixtures were prepared by
dissolving telechelic siloxanes in the acrylate
monomers (purchased from Aldrich). Most of the
monofunctional acrylic monomers, with the ex-
ception of some strongly polar monomers such as
acrylic acid, are good solvents for siloxanes. Of the
polar monomers, methacrylic acid is a good sol-
vent for polydimethylsiloxanes. Darocur™ 1173
photoinitiator was then added to the solutions, at
a concentration of 0.5 wt %. Such solutions have
viscosities that permit the preparation of samples
in film form by direct coating and radiation curing
by the standard procedures. Most of the samples
were prepared by either spreading a polymeriz-
able solution between two polyester films to form
a layer approximately 0.3 mm thick, or by filling a
mold, with the thickness regulated by a spacer,
using a syringe. The most preferred curing proce-
dure involves UV-initiated polymerization be-
tween two polyester films. Sylvania blacklights
with intensity of 2.5 mW/cm2 were used as a
source of UV radiation. In most cases a sufficient
dose of radiation was of the order of 400–1000
mJ/cm2 (10 to 20 min exposure). It was also dem-
onstrated that medium pressure high-intensity
UV lights could be utilized for curing the samples
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between two PET films. In the case when high-
intensity UV lights were used (samples marked
as hiUV), the dose used for curing was of the
order of 1000 mJ/cm2.

Characterization of Silicone–Acrylate
Copolymeric Networks

Several methods have been used to correlate the
optical, mechanical, and transport properties of
the silicone–acrylate hybrid networks with their
composition and morphology. The most relevant
information regarding the morphology has been
obtained using transmission electron microscopy.

Transmission Electron Microscopy

Thin sections, approximately 500 Angstroms
thick, for transmission electron microscopy stud-
ies, were obtained using a Reichert-Jung Ultracut
E ultramicrotome equipped with a FC 4D cryoat-
tachment. A diamond knife having a stainless
steel boat was used. Sections were floated off onto
n-propanol and picked up on 700 mesh copper
grids. The knife temperature was kept at 2100°C,
while the sample temperature was kept at
2130°C. A JEOL 100 CX microscope, operated at
100 kV, and calibrated with a 2160 lines/mm rep-
lica grating, was used to take the electron micro-
graphs. The silicone phases appear dark in the
micrographs without the need for staining.

Stress—Strain Curves

Mechanical testing was performed on an Instron
Model 1122 tensile tester. Testing was performed
according to a modification of ASTM D412-83.
Samples were prepared according to Method B
(cut ring specimens). Type 1 rings (5.1 cm circum-
ference) were produced with a specially designed
precision ring cutter. Modifications to the ASTM
test procedure were as follows: (1) the crosshead
speed was 12.7 cm/min rather than 50.8 cm/min;
(2) the test fixture shafts (upper and lower jaw)
both rotated at 30 rpm in the same direction in
order to maintain uniform strain throughout the
entire ring; (3) the thickness of the rings was
0.3–0.5 mm. The reported tensile moduli data are
an average of at least two measurements (in most
cases three measurements). Values of the stress
and strain at break are reported for the sample
having the highest stress at break in the series.

Swellability/Extractability

Some of the samples were analyzed for extent of
swelling and percent extractables in THF. Small

discs were cut from the film samples (15 mm
diameter 3 0.3 mm thickness), weighed, and sub-
merged in solvent for 24 h. The swollen samples
were weighed, to determine the percent swelling,
and then dried and reweighed to detect the level
of extractables.

Rheometrics

Dynamic-mechanical properties of a few select
samples were characterized in shear mode using
a Rheometrics RDA II rheometer in the temper-
ature sweep mode (5°C/min) at a frequency of
1 Hz.

Further Deformation Studies

Some of the more unique features of these mate-
rials were revealed upon deformation of the sam-
ples (examples are given in Table I). To elucidate
the underlying phenomena, some of the samples
were examined using the two methods of defor-
mation described in the following paragraphs.

The first method was used to determine the
volume changes upon elongation. The corners of a
20 320-mm square area on the film sample (100
3 30 3 0.3 mm) were chosen and marked for easy
measurements. The initial length and width be-
tween the marks were measured. In addition, the
film thickness was measured at the four points
corresponding to the marks, using a caliper gauge
(60.01 mm), and averaged. Measurements of the
length, width, and thickness were made at differ-
ent elongations, and used to calculate the volume
of the sample as a function of elongation.

To characterize the maximum elongation at
break, and to determine how the maximum elon-
gation depends on the strain and thermal history
of the material, some representative samples
have also been submitted to a sequence of elon-
gation and heating (above the Tg of the acrylate
polymer) steps as follows. As described above, the
corners of a 20 3 20-mm square area of the film
were marked for easy measurement. The initial
length and width between the marks were mea-
sured, and the thickness at the four points corre-
sponding to the marks was measured and aver-
aged using a caliper gauge. The sample was sub-
sequently stretched at room temperature to near
the maximum elongation (to avoid breaking) and
fixed in a jig. The length and width between the
marks, as well as the thickness, were remea-
sured. The stretched sample was then placed in

162 MAZUREK, KINNING, AND KINOSHITA



an oven at 120°C (above the Tg of the acrylate
domains) for 0.5 h to relax the stress. After cool-
ing the sample in the stretched form and remov-
ing it from the jig, the dimensions of the sample
changed very little (only a few percent elastic
recovery). If the sample was further stretchable,
at room temperature, after such a deformation
and heat treatment cycle, then the procedure was
repeated as many times as possible. The ultimate
elongation of the sample at break (or near break)
was then measured. Eventually, the sample was
placed in an oven at 120°C, without being fixed in
the jig, and the extent of heat-shrinkability or
permanent deformation was noted.

Oxygen Permeability

The oxygen permeability was measured using a
MOCON oxygen permeability tester. Depending
on the composition of the network, the thickness

of the films used for oxygen permeability testing
ranged from about 0.25 to 2.5 mm.

RESULTS AND DISCUSSION

General Optical and Mechanical Characteristics

A broad family of materials has been prepared to
study the effect of the different compositional
variables on the general characteristics of the
resulting copolymer networks. Telechelic silox-
anes with different functionalities (MAUS, AC-
MAS, MACMAS, and MeStUS) and a range of mo-
lecular weights (Mn of 5000 to 100,000) were core-
acted with several different (meth)acrylate
monomers (isobornyl acrylate (IBA), cyclohexyl ac-
rylate, trimethyl cyclohexyl acrylate, methyl
methacrylate, methacrylic acid, t-butyl acrylate (t-
BuA)) at different ratios of siloxane to acrylate. Re-

Table I General Characteristics of Siloxane/Acrylate Copolymer Networks

Acrylate Siloxane

Siloxane/
Acrylate

(w/w) Appearance Mechanical Characteristics

IBA 50 K ACMAS 10/90 white brittle
25/75 translucent/white flexible plastic, whitens upon stretching with easy to

feel “friction”
50/50 bluish elastomer
75/25 clear elastomer

IBA 5 K ACMAS 50/50 slightly bluish plastic
20 K ACMAS 50/50 slightly bluish flexible plastic
35 K ACMAS 50/50 slightly bluish elastomer
90 K ACMAS 50/50 bluish elastomer

t-BuA 50 K ACMAS 25/75 translucent flexible plastic, whitens upon stretching
50/50 slightly bluish elastomer

CHA 50 K ACMAS 25/75 translucent/white elastomeric at room temperature; at 15°C becomes
flexible plastic, whitens upon stretching

TMCHA 50 K ACMAS 25/75 translucent flexible plastic, whitens upon stretching
MMA 50 K ACMAS 25/75 translucent elastomeric, whitens upon stretching
MAA 50 K ACMAS 25/75 white very brittle plastic

50/50 white cheesy plastic
IBA 50 K MeStUS 25/75 clear plastic, irreversibly whitens upon bending

50/50 clear plastic, very little elasticity gained upon elongation
IBA 50 K MACMAS 25/75 translucent flexible plastic, whitens upon stretching with easy to

feel “friction”
50/50 clear elastomer

IBA 50 K MAUS 25/75 bluish plastic, irreversibly whitens upon stretching, becomes
elastomeric in whitened areas

50/50 clear plastic, gains elasticity at low elongation

IBA 5 isobornyl acrylate.
t-BuA 5 t-butyl acrylate.
CHA 5 cyclohexyl acrylate.

TMCHA 5 trimethyl cyclohexyl acrylate.
MMA 5 methyl methacrylate.
MAA 5 methacrylic acid.
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markably, in all cases a high degree of conversion of
the (meth)acrylate monomers was observed, as
judged by both the low residual odor and the low
concentration of extractables, even though the po-
lymerizations were done at temperatures much
lower than the Tgs of the corresponding (meth)ac-
rylate polymers. Some of the general optical and
mechanical characteristic of the networks are de-
scribed in Table I. It became apparent during the
course of these initial screening experiments that
materials with vastly different properties could be
obtained from the same functional siloxane. For
instance, copolymerization of 50K ACMAS with dif-
ferent acrylates at different siloxane/acrylate ratios
can give transparent to white films, elastomers, or
plastics, and reversibly or irreversibly changing op-
tical characteristics upon stretching. In addition,
changing the functional endgroup on the siloxane,
the molecular weight of the siloxane, or the choice of
(meth)acrylate comonomer can also change the net-
work characteristics appreciably. The influence of
these compositional variables on the appearance
and physical characteristics of the resulting copoly-
mer networks will be investigated more fully in
subsequent sections of this article.

Description of TEMs

Effect of Silicone Content and Reactive Silicone
End Group

Figure 2(a)–(c) shows electron micrographs of net-
works comprised of 50K ACMAS and isobornyl
acrylate (IBA), with ACMAS contents of 10, 25,
and 50 wt %, respectively. It can be seen that the
silicone (which appears dark in the micrographs)
forms a continuous phase, even at silicone con-
tents as low as 10%, while the isobornyl acrylate
appears to form spherical microdomains. The
scale of the phase separated structure is reduced,
and becomes more uniform, as the amount of sil-
icone is increased. At 10% 50K ACMAS, the di-
ameter of the acrylate domains ranges from about
0.1 to 3 microns, and the film is white. At 25%
50K ACMAS the diameter of the acrylate do-
mains is more uniform at about 0.4 microns, and
the film becomes somewhat more translucent. Fi-
nally, at 50% ACMAS the diameter of the acrylate
domains is quite uniform at about 0.1 microns,
and the film is fairly clear, exhibiting a bluish
tint. At 10% 50K ACMAS the film is a brittle
plastic, while at 25% 50K ACMAS the film is a

Figure 2 TEMs illustrating the effect of siloxane/acrylate ratio on the phase-sepa-
rated morphology of 50K ACMAS/IBA networks: (a) 10/90, (b) 25/75, and (c) 50/50 (w/w),
and 30K MAUS/IBA networks: (d) 5/95, (e) 15/85, and (f) 25/75 (w/w).
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flexible plastic exhibiting a yield point (with whit-
ening and elastomeric behavior above the yield
point), and at 50% 50K ACMAS the film is en-
tirely elastomeric. At low silicone contents, the
acrylate spheres are nearly close packed, with
very thin silicone regions between the high Tg
acrylate spheres. Therefore, significant deforma-
tion of the film results in microvoids being cre-
ated, leading to a plastic-like behavior. As the
silicone content is increased, it imparts more of its
elastomeric character to the network. The yield-
ing and whitening of the network containing 25%
50K ACMAS will be more fully explored in sub-
sequent sections of this article.

Figure 2(d)–(f) shows electron micrographs of
networks comprised of 30K MAUS and IBA, with
MAUS contents of 5, 15, and 25 wt %, respec-
tively. At 5% MAUS the silicone forms discrete
phases in the acrylate matrix, with the silicone
phases ranging from about 0.015 microns to about
0.3 microns in size. As the MAUS content is in-
creased to 15%, the silicone is seen to form a more
continuous phase, and at 25% MAUS the conti-
nuity of the silicone phase is readily apparent.
This change in the continuity of the silicone phase
strongly affects the oxygen permeability of the
networks, as discussed in a later section. Note
that the scale of the phase separation for the
network containing 25% 30K MAUS (roughly 0.1
to 0.15 microns), is smaller than that of the cor-
responding network prepared with 25% 50K
ACMAS, due in part to the lower molecular
weight of the 30K MAUS. Also, the acrylate phase
appears to be more continuous for networks made
with 30K MAUS (i.e., bicontinuous structure)
compared to networks made with 50K ACMAS.
The fact that the methacrylate group of MAUS
can undergo copolymerization with growing poly-
acrylates chain faster than it homopolymerizes
might also be contributing to the more uniform,
smaller scale distribution of the components. The
greater copolymerization rate of the MAUS end
groups could also be contributing to the formation
of a more bicontinuous phase separated structure.
Acrylamide groups of ACMAS, on the other hand,
may homopolymerize faster, establishing a con-
tinuous silicone network structure at the early
stage of polymerization, thus forcing the acrylate
monomer to homopolymerize within the already
established polysiloxane network. The role that
the relative rates of copolymerization vs. homo-
polymerization play in determining the structure
and properties of the networks will be further
discussed in a subsequent section of this article.

Figure 3(a)–(c) and Figure 2(b) show electron
micrographs of networks comprised of 25% 50K
reactive silicone and 75% IBA, with the reactive
silicone being MACMAS, MAUS, MeStUS, or
ACMAS, respectively. The silicone phase appears
to be continuous in all cases. In the case of net-
works made with MACMAS and ACMAS, the ac-
rylate portion appears to form discrete spherical
domains. The network containing MACMAS ex-
hibits the largest scale of phase separation, with
the acrylate domain diameter ranging from about
0.5 to 1.2 microns, while the acrylate domains are
about 0.4 microns in diameter for the network
made with ACMAS. Both of these networks are
translucent to white. Networks made with MAUS
and MeStUS have a smaller scale of phase sepa-
ration, on the order of 0.1 to 0.15 microns, and
are, therefore, more clear. In addition, the acry-
late phases in networks made with MAUS and
MeStUs appear to exhibit some continuity (i.e., a
bicontinous structure is formed), which would ac-
count for the more plastic character of these sam-
ples (see Table I).

Similarly, Figure 3(d)–(f) and Figure 2(c) show
electron micrographs of networks comprised of
50% 50K reactive silicone and 50% IBA, with
the reactive silicone being MACMAS, MAUS,
MeStUS, or ACMAS respectively. The silicone
phase appears to be continuous and the acrylate
phases appear discrete in the cases of MACMAS,
MAUS, and ACMAS. The networks made with
ACMAS and MACMAS are entirely elastomeric
in nature. In contrast, the network made with
MAUS behaves in a plastic-like manner at low
elongation, but becomes elastomeric after a small
degree of deformation. Therefore, there may be
some degree of continuity to the acrylate phases
in the case of MAUS. The network containing 50K
MeStUS exhibits a more irregular morphology,
and it is difficult to say which components are
continuous. Because the network made with
MeStUS exhibits plastic properties, with some
elasticity beyond the yield point, it would appear
that a bicontinuous structure is present. The
scale of the phase separation generally decreases
as the reactive silicone content is increased from
25 to 50%. For copolymeric networks having 50%
IBA, the scale of the phase separation is fairly
similar for the networks containing ACMAS,
MACMAS, and MAUS (about 0.1 micron), but
much smaller (about 0.01 micron) for the network
made with MeStUS. The scale of phase separa-
tion is small enough that fairly clear or slightly
bluish films are obtained in all cases.
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Effect of Reactive Silicone Molecular Weight

Figures 4(a)–(c), 2(b), and 14(a) show electron
micrographs of silicone–acrylate networks com-
prised of 25% ACMAS and 75% IBA, with the
ACMAS molecular weight being 5K, 10K, 20K,
50K, and 90K, respectively. In the case of 5K
ACMAS, the silicone segments form small dis-
crete domains on the order of 0.01 microns, uni-
formly distributed throughout the poly-IBA ma-
trix. This finding suggests that, in the solution of
5K ACMAS in IBA monomer, the functionalized
silicone may be associated to form discrete clus-
ters (micelles), and that homopolymerization of
the ACMAS silicone might take place at the early
stage of the free radical polymerization. For the
network with 10K ACMAS, the silicone phases
start to aggregate and form a much larger scale
phase separated structure, on the order of 0.5
microns, wherein the silicone is starting to form a
somewhat continuous phase. As the ACMAS mo-
lecular weight is increased even further, the con-
tinuity of the silicone phase becomes more devel-
oped, and the IBA portion appears to form dis-
crete spherical domains, with a diameter of about

Figure 3 TEMs illustrating the effect of the telechelic siloxane end group on the
phase-separated morphology of 25/75 (w/w) 50K siloxane/IBA networks: (a) MACMAS,
(b) MAUS, and (c) MeStUS, and 50/50 (w/w) 50K siloxane/IBA networks: (d) MACMAS,
(e) MAUS, and (f) MeStUS.

Figure 4 TEMs illustrating the effect of the func-
tional siloxane molecular weight on the phase sepa-
rated morphology of 25/75 (w/w) ACMAS/IBA net-
works: (a) 5K, (b) 10K, and (c) 20K, and 25/75 (w/w)
20K MeStUS/IBA network: (d).
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0.5 microns, in the silicone matrix. As the
ACMAS molecular weight is increased from 5K
through 90K, the mechanical response of the net-
works changes appreciably. At the lower ACMAS
molecular weights the networks exhibit a plastic
character, while at the higher ACMAS molecular
weights (20K and above) the networks whiten and
become elastomeric after a small initial deforma-
tion. We attribute the whitening to microcavita-
tion (to be discussed later) caused by the inability
of the high Tg acrylate domains to deform, or to
move without the formation of additional volume.
Similar trends were found for networks prepared
with MACMAS.

In the case of networks made with MAUS, the
continuity of the acrylate phase is maintained
even at high MW of functional siloxanes provid-
ing the networks with plastic characteristics in
the whole range of molecular weights. For in-
stance, the network containing 25% 90K MAUS is
a clear plastic material that becomes white when
elongated, and does not recover its original shape
at room temperature. Only when heated to about
100°C (i.e., above the poly isobornyl acrylate Tg)
can it recover its original shape and appearance.

In the case of MeStUS, larger molecular
weights are needed before a well-defined contin-
uous silicone phase develops. For example, Fig-
ures 4(d) and 3(c) show electron micrographs of
networks made with 25% MeStUS and 75% IBA,
with the MeStUS molecular weight being 20K
and 50K, respectively. In the case of 20K
MeStUS, a very fine scale (0.01 to 0.02 microns)
irregular phase-separated morphology is ob-
served. Only when the MeStUS molecular weight
is increased to 50K does a well-defined continuous
silicone phase start to develop. However, even at
the higher MeStUS molecular weights, it appears
that the polyacrylate phase still retains continu-
ity. This continuity of the acrylate phase domi-
nates the mechanical properties of such networks,
as the samples are actually so rigid that they
cannot be tested using the Instron method de-
scribed earlier, breaking easily at low elongation,
and whitening upon bending.

Effect of the Choice of Acrylate Comonomer

Figures 2(c), 5(a), and 5(b) show electron micro-
graphs of silicone–acrylate networks comprised of
50% 50K ACMAS and 50% comonomer, with the
comonomer being IBA, t-butyl acrylate, and
methacrylic acid, respectively. In the case of t-
butyl acrylate, the morphology of the network is

fairly similar to that observed earlier in the case
of IBA. A continuous silicone phase and discrete
acrylate phases are observed, with the scale of the
phase separation being about 0.1 to 0.15 microns,
resulting in a slightly bluish film which shows
good elastomeric properties. However, for the net-
work prepared with methacrylic acid, a more ir-
regular and larger scale phase separated mor-
phology is seen, resulting in a white film. In ad-
dition, the network prepared with methacrylic
acid is a stiff plastic, indicating that the acrylate
component forms a continuous phase.

Mechanical Properties

Effect of Silicone/Acrylate Ratio

Table II summarizes the results of the stress–
strain measurements for a series of materials
made of 50K ACMAS/IBA at different ratios of
the two components. The tensile modulus in-
creases from a characteristically low value of 0.3
MPa for an unfilled silicone elastomer, through
the intermediate values typical of filled silicone
elastomers, to the very high values more typical
of plastic materials (tens of MPa). The data can
easily be interpreted in terms of the morphology
changes observed by TEM. At a low concentration
of the acrylate component, discrete plastic do-
mains are present that can act to reinforce the
silicone elastomer. Increasing the concentration
of the acrylate component results in steadily in-
creasing tensile moduli and stress at break. At an
acrylate concentration higher than about 60%,
the tensile modulus increases strongly, and plas-
tic behavior (a yield point) is detectable during
the stress–strain measurements. At strains
higher than the yield point, the networks exhibit
an elastomeric region, with characteristic revers-
ible whitening of the sample. Another observation

Figure 5 TEMs illustrating the effect of the acrylate
monomer on the phase-separated morphology of 50/50
(w/w) 50K ACMAS/acrylate networks: (a) t-butyl acry-
late, and (b) methacrylic acid.
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with such networks is that their stress–strain
curves can exhibit a slightly “wavy” character (see
Figs. 6 and 8) at higher elongations, for acrylate
concentrations as low as 40%. A possible interpre-
tation of this phenomenon will be discussed later.

Figure 6 shows some representative stress–
strain curves for a series of 35K ACMAS/IBA
samples. At 75% acrylate, the elastomeric behav-
ior can only be observed after the sample goes
through the “yield point,” where the sample
changes its appearance from translucent to white.
This sample exhibits the morphology of almost
close packed hard discrete domains [see Fig. 2(b)].
We attribute the whitening, upon elongation, to
microcavitation due to the inability of the glassy
acrylate domains to deform, or move freely within
the elastomeric matrix, as discussed later. At 62%

acrylate the network shows fairly regular elasto-
meric stress–strain curve at low elongation, but
undergoes “yielding” at higher elongations to be
followed again by elastomeric behavior at large
strains. In the “yielding” zone the sample, origi-
nally slightly bluish, becomes white. Again, the
whitening is attributed to microcavitation at the
yield point. At 50% acrylate, a stress–strain curve
more typical of an elastomer is seen, with no yield
point observed. Nevertheless, some small devia-
tions of the stress–strain curve from perfect elas-
tomeric behavior can even be observed at 50/50
ratios at higher (150% strain) elongations.

As shown by the data in Table II, the degree of
swellability of the networks increases with de-
creasing amount of difunctional siloxane. This is
expected, because the difunctional siloxane acts
as a high molecular weight crosslinker. The
amount of extractable material does not increase
significantly with increasing acrylate content
(over the level observed for the network formed of
the silicone itself), indicating that the components
of the networks remain chemically bound, and
that there is a high degree of conversion of the
acrylate monomers. Similar trends have been ob-
served for networks prepared with the other func-
tional siloxanes and acrylates.

Effect of Siloxane Functional Group

The data in Table III and the stress–strain curves
illustrated in Figure 7 demonstrate the remark-
able differences in the mechanical properties of
the copolymeric networks due to the nature of
functional siloxane end groups. At both the 25/75
and 50/50 ratio of 50K siloxane to acrylate, two

Table II Effect of Siloxane/Acrylate Ratio on the Mechanical Properties of 50 K ACMAS/IBA

Siloxane/
Acrylate

w/w

Tensile
Modulus

(MPa)

Stress at
Break
(MPa)

Strain at
Break

(%) Features
Swelling

%
Extract.

%

100/0 0.3 0.7 390 elastomer 352 6.1
90/10 0.4 0.9 380 elastomer 403 7.2
75/25 1.0 3.9 500 elastomer 415 6.9
60/40 1.6 6.0 390 elastomer, wavy curve 437 7.7
50/50 hiUV 3.4 10.3 340 elastomer, wavy curve 493 7.8
50/50 2.6 8.6 340 elastomer, wavy curve — —
40/60 4.0 6.8 210 “yield” at 70–140% elongation 591 7.9
38/62 hiUV 9.1 8.3 190 “yield” at 40–120% elongation — —
35/65 7.7 5.6 170 “yield” at 20–60% elongation 644 8.5
30/70 15.1 4.5 100 “yield” at 15–40% elongation 722 9.0
25/75 hiUV 28.4 10.3 110 “yield” at 15–45% elongation 816 9.6

Figure 6 Stress–strain curves of 35K ACMAS/IBA
networks at siloxane/acrylate ratios of 100/0, 50/50,
38/62, and 25/75 (w/w).
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distinct types of mechanical behavior are seen,
depending on the reactive siloxane end group.
Networks containing ACMAS and MACMAS form
polymers with elastomeric characteristics at the
50/50 ratio. In contrast, networks containing
MAUS and MeStUS form plastic materials at the
50/50 ratio, which show elasticity at elongations
beyond the yield point. At the 25/75 ratio, net-
works containing ACMAS and MACMAS form
translucent flexible plastics, which whiten (from
cavitation) and become elastomeric upon stretch-
ing. However, the whitening disappears immedi-
ately upon releasing the stress. In contrast, the
MAUS, and especially the MeStUS, based mate-
rials are high modulus plastics, which whiten ir-
reversibly (at room temperature) upon stretching
or bending. These differences in mechanical prop-
erties are not surprising in view of their morpho-
logical differences observed by TEM (compare

Figs. 3(a) through (c) and 2(b) for 25/75 ratios,
and Figs. 3(d) through (f) and 2(c) for the 50/50
ratios). ACMAS and MACMAS exhibit a more
pronounced continuous silicone phase with the
acrylate domains remaining primarily discrete.
In the case of MAUS, and especially MeStUS, the
acrylate phase remains somewhat continuous,
even as the silicone phase gains continuity. This
continuity of the acrylate phase must be broken
upon elongation at yield point to restore the elas-
tomeric character of continuous silicone network.

Effect of the Functional Siloxane Molecular Weight

Table IV lists the stress–strain properties of si-
loxane–acrylate networks made from a 50/50 ra-
tio of functional siloxane/IBA, as a function of the
siloxane molecular weight. In addition, represen-
tative stress–strain curves of the series of net-
works made with ACMAS and MAUS siloxanes
are shown in Figures 8 and 9, respectively. While
there are similarities in the values of stress at
break and the strain at break in the ACMAS and
MAUS series, the corresponding materials differ
substantially in terms of tensile moduli. The ac-
tual stress–strain curves reveal significant differ-
ences between the corresponding members of the
ACMAS and MAUS families. The networks made
of ACMAS show fairly typical elastomeric behav-
ior, with relatively low moduli, down to a molec-
ular weight of 20K. However, in the case of 10K,
and especially 5K, the moduli increase markedly,
and a distinct bend (pseudo-yield point) in the
stress–strain curve is seen at fairly low elonga-
tions. For the MAUS series, on the other hand,
plastic behavior and high moduli of the samples
are observed for all molecular weights.

Table III Effect of Siloxane Functional Group on the Mechanical Properties of 50 K
Siloxane/IBA Networks at 25/75 and 50/50 Weight Ratios

Siloxane
Siloxane/Acrylate

(w/w)
Tensile Modulus

(MPa)
Stress at

Break (MPa)
Strain at Break

(%)

50 K MeStUS 25/75 a a a

50 K MAUS 25/75 60.0 5.7 60
50 K MACMAS 25/75 26.3 8.4 104
50 K ACMAS 25/75 28.4 10.3 112
50 K MeStUS 50/50 20 4.2 380
50 K MAUS 50/50 16 7.1 390
50 K MACMAS 50/50 4.4 10.3 330
50 K ACMAS 50/50 3.4 9.1 340

a Not able to test, too brittle.

Figure 7 Stress–strain curves of 50/50 (w/w) 50K
siloxane/IBA networks vs. siloxane functional end
groups: ACMAS, MACMAS, MAUS, and MeStUS.
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The stress–strain data correlate well with the
findings of the morphology studies. In the case of
networks made with higher molecular weight
ACMAS, the discrete plastic domains are sur-
rounded by the continuous silicone (elastomeric)
phase [e.g., Fig. 2(b) and (c)], while networks
made with MAUS [e.g., Figs. 3(e) and 2(f)] tend to
have a more bicontinuous structure. Therefore,
the networks made with MAUS behave like plas-
tic materials at low deformations. When the con-
tinuity of plastic domains is disrupted (at the

yield point) the elastomeric character of the sili-
cone phase is able to dominate the material be-
havior (i.e., at higher strains). As can be seen in
Table IV, networks made with high molecular
weight MACMAS exhibit stress–strain properties
similar to that of the ACMAS based network. This
is not unexpected, considering that the corre-
sponding samples made of ACMAS and MACMAS
have similar morphologies [compare Figs. 2(c)
and 3(d)]. The mechanical properties of the
MeStUS based copolymeric networks more closely

Table IV Effect of Telechelic Siloxane Molecular Weight on the Stress–Strain Properties
of Siloxane–Acrylate Networks, at 50/50 Siloxane/Acrylate Weight Ratio

Siloxane Acrylate
Tensile Modulus

(MPa)
Stress at Break

(MPa)
Strain at Break

(%)

5 K ACMAS IBA 47.7 7.5 120
10 K ACMAS IBA 35.6 10.1 210
20 K ACMAS IBA 7.3 10.2 240
35 K ACMAS IBA 5.3 9.1 300
50 K ACMAS IBA 3.4 9.1 340

100 K ACMAS IBA 2.1 9.0 350
5 K MAUS IBA 66.7 10.1 140

10 K MAUS IBA 44.4 10.3 230
20 K MAUS IBA 51.0 10.6 310
35 K MAUS IBA 32.0 8.9 380
50 K MAUS IBA 20.0 7.1 390
20 K MeStUS IBA 27.3 5.4 240
35 K MeStUS IBA 40.0 7.4 370
50 K MeStUS IBA 40.0 7.2 190

100 K MeStUS IBA 93.3 6.0 540
35 K MACMAS IBA 6.7 8.2 280
50 K MACMAS IBA 4.4 10.3 330

Figure 8 Stress–strain curves of 50/50 (w/w)
ACMAS/IBA networks at ACMAS molecular weights of
5K, 10K, 20K, 35K, 50K, and 100K.

Figure 9 Stress–strain curves of 50/50 (w/w) MAUS/
IBA networks at MAUS molecular weights of 5K, 10K,
20K, 35K, and 50K.
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resemble those of the networks made with MAUS.
Networks made with MeStUS form high modulus
plastics when copolymerized at a 50/50 ratio with
IBA, over the whole range of MeStUS molecular
weights. Again, these findings are consistent with
the network morphologies observed by TEM. In
the case of MAUS, and especially with MeStUS,
the morphology appears to be somewhat bicon-
tinuous [Fig. 3(e) and (f), respectively].

Table V lists the stress–strain properties of
networks prepared from 50/50 mixtures of func-
tional silicones with IBA, wherein a mixture of
two functional silicones were used (at a ratio of 1 :
1). When a mixture of 50/50 50K ACMAS/50K
MAUS was used, the resulting stress–strain
curve resembled that of a pure ACMAS/IBA net-
work, with a slightly higher modulus. ACMAS
could presumably homopolymerize first establish-
ing the continuity of silicone phase and only then
the copolymerization of MAUS with IBA would
proceed. On the other hand, a network in which a
mixture of 35K ACMAS/MeStUS was used had
plastic properties with modulus in the range in-
termediate between the sample made of pure
ACMAS and pure MeStUS. A network made from
a mixture of 35K ACMAS and MACMAS had
properties similar to those made of either compo-
nent.

Effect of Acrylate Monomer

Table VI lists the characteristics of siloxane–ac-
rylate networks made with t-BuA as the acrylate
monomer. The networks prepared with t-BuA and
different molecular weight ACMAS have mechan-
ical properties similar to the corresponding net-
works made using IBA as the acrylate monomer
(see Table IV). The only significant difference be-
ing in tensile moduli—lower Tg poly-t-BuA gives
materials with lower tensile moduli. These find-
ings are consistent with the similar phase sepa-
rated morphologies observed for the IBA and t-
BuA containing networks based on ACMAS [see
Figs. 2(c) and 5(a)]. In contrast, a significant dif-
ference in mechanical response was noticed for
the network made of 50% 50K MAUS copolymer-
ized with t-BuA compared to the corresponding
network made with IBA. The network made with
t-BuA shows a low tensile modulus and elasto-
meric character, while the network made with
IBA exhibited a much higher tensile modulus and
more plastic-like behavior. This difference might
be due to the fact that the t-BuA monomer poly-
merizes to a lower Tg polymer. The Tg of the
poly-t-BuA phase is about 50°C, while that of
the poly IBA phase is about 87°C, as judged by the
location of the tan delta maximum seen in the

Table V Mechanical Properties of Copolymer Networks Made with Mixtures of Functional Siloxanes

Siloxane Siloxane w/w Acrylate
Tensile Modulus

(MPa)
Stress at Break

(MPa)
Strain at
Break (%)

50 K ACMAS/MAUS 50/50 IBA 5.2 6.7 275
25 K ACMAS/MeStUS 50/50 IBA 26.7 7.9 330
35 K ACMAS/MACMAS 50/50 IBA 6.3 10.1 310

Table VI Characteristics of Siloxane/Acrylate Networks Made with t-BuA

Siloxane

Siloxane/
t-BuA
w/w

Tensile
Modulus

(MPa)

Stress at
Break
(MPa)

Strain at
Break

(%) Features

5 K ACMAS 50/50 13.9 6.9 230 plastic, yields, tensilizes
10 K ACMAS 50/50 16.5 6.5 260 plastic, yields, tensilizes
20 K ACMAS 50/50 2.4 7.7 230 wavy, elastomer
35 K ACMAS 50/50 1.7 7.5 270 elastomer, slightly wavy
50 K ACMAS 50/50 1.7 8.3 290 elastomer, slightly wavy

100 K ACMAS 50/50 1.7 8.9 410 elastomer, wavy
90 K ACMAS 38/62 3.4 7.8 280 elastomer, “yields” at high elongation,

tensilizes
50 K MAUS 50/50 3.1 7.4 420 elastomer
50 K MAUS 25/75 44.4 7.9 140 plastic, yields, tensilizes
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dynamic mechanical data of these networks (dis-
cussed in the next section, and presented in Figs.
11 and 12). The softer poly-t-BuA may show more
mobility at the polymerization temperature, and
may be able to develop more discrete polyacrylate
domains. No morphological analysis by TEM has
been performed to confirm this hypothesis, how-
ever. The difference in properties between the
networks based on IBA vs. t-BuA are even more
pronounced at higher acrylate concentrations.
For example, networks based on 25/75 (w/w) 50K
MAUS/IBA form a rather stiff plastic material,
which whitens irreversibly when stretched (at
room temperature), breaking at only 60% elonga-
tion. Its analog, made with t-BuA, is somewhat
softer, and also whitens when elongated (cavita-
tion); however, the whitening is reversible, al-
though the recovery is rather slow at room tem-
perature.

Dynamic-Mechanical Properties

Dynamic-mechanical properties of films made of
50K ACMAS/IBA (50/50) and 50K MAUS/IBA
(50/50) were investigated, with the results shown
in Figures 10 and 11, respectively. Recall that
these materials, which differ only in the siloxane
end group, have different morphologies. The net-
work made with MAUS exhibited somewhat more
continuity in the acrylate phase. Also, their cor-
responding mechanical properties are quite dif-
ferent, the former is an elastomer, while the lat-
ter, showed plastic characteristics at small elon-
gation. Dynamic mechanical studies confirm that
at 20°C (1 Hz), 50K ACMAS/IBA (50/50) has a
shear storage modulus, G9, of 2.4 3 105 Pa vs 1.5

3 107 Pa for 50K MAUS/IBA (50/50). Even stron-
ger differences were observed in the correspond-
ing loss moduli (G0 5 2.5 3 104 Pa vs 4.0 3 106 Pa,
respectively). The storage modulus vs. tempera-
ture scan of the ACMAS-containing sample shows
the first transition at about 240°C, which can be
attributed to the melting of the crystalline silox-
ane component, followed by a gradual decrease of
the modulus, with two more transitions observed
at temperatures of about 65 and 105°C. These
higher temperature transitions are both thought
to be due to the Tgs of the polyisobornyl acrylate
component, either polymerized within the already
phase separated acrylate domains or polymerized
while still mixed with the siloxane segments.
Note that the level of G9 does not change much on
going through these higher temperature transi-
tions, indicating that the siloxane component is
dominating the mechanical response at small de-
formations (due to the discrete nature of the ac-
rylate phases).

In contrast, the network made of 50K MAUS/
IBA (50/50) appeared to have a more bicontinuous
morphology, as evidenced by TEM and stress–
strain measurements. Thus, the plastic character
of poly IBA phase should dominate the properties
of the network below the Tg of the poly IBA. At
temperatures above the Tg of the poly IBA phase,
the continuous siloxane phase should play a more
important role. Indeed, although in the range
from 0°C to the onset of poly IBA glass transition,
the storage modulus is observed to decrease some-
what, (possibly due to changes in the phase mix-
ing in the interphase regions) it is only in the
temperature range between 70–90°C (max tan d
;87°C), that a steep transition in G9 is observed,

Figure 11 Dynamic-mechanical data for 50/50 (w/w)
50K MAUS/IBA network. n 5 1 Hz.

Figure 10 Dynamic-mechanical data for 50/50 (w/w)
50K ACMAS/IBA network. n 5 1 Hz.
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followed by a fairly steady plateau up to at least
180°C.

The dynamic-mechanical scans of 50K MAUS/
t-BuA (50/50) are shown in Figure 12. The general
appearance of the scans is similar to those of 50K
MAUS/IBA (50/50). However, note that the Tg
transition of the poly-t-BuA phase is observed at a
lower temperature range of 40–60°C (max tan d
;50°C) compared to that of the poly IBA phase.
Another difference is that the storage modulus for
the t-BuA containing network, at temperatures
below the acrylate Tg, are significantly lower than
the corresponding network made with IBA. As
described earlier, the network made with t-BuA
showed elastomeric character during stress–
strain testing at room temperature. For these
MAUS based materials, both the dynamic me-
chanical and stress–strain testing point to a mor-
phology of discrete acrylate domains in the case of
t-BuA and acrylate phase continuity in the case of
IBA.

Further Deformation Studies

Some of the characteristic phenomena associated
with the deformation of the siloxane-acrylate net-
works have already been mentioned. The materi-
als differ greatly in terms of their appearance, as
some of them are crystal clear, some have a light
bluish tint, some are translucent, and some hazy
or white. In the broad family of materials that
have been prepared, there are plastics and elas-
tomers. Some of the materials show plastic behav-
ior at small strains, and become elastomeric at
higher elongations. The most unusual materials
are those that become white upon stretching but

reversibly become clear once the stress is re-
leased. Characteristic whitening upon stretching
was associated in some cases (at high acrylate
content), with easy to feel apparent “friction”
upon stretching by hand. The working hypothesis
was put forward that the whitening was associ-
ated with microcavitation taking place at the in-
terfaces between the glassy acrylate domains and
the siloxane matrix.

Cold Stretching

To corroborate the hypothesis of microcavitation,
networks made of 25% 25K or 35K MAUS and
75% IBA were stretched beyond their yield point
at room temperature, and while stretched, irradi-
ated with electron beam to “fix” the structure in
place by crosslinking. The morphology of the sam-
ples was then determined using TEM. Figure
14(d) shows an electron micrograph of the silicone–
acrylate network based on 25K MAUS, after
stretching. Long thin cracks (microcavitation) are
evident as a result of the stretching. It appears
that there are thin siloxane filaments that bridge
the cracks. Similar results were seen for the net-
work made with 35K MAUS as the siloxane com-
ponent.

As a consequence of the microcavitation upon
stretching, one would anticipate an increase in
the volume of the sample. This increase in volume
should be reflected in a Poisson ratio that is lower
than that expected for an ideal elastomer (0.5). To
study this aspect of the networks’ characteristics
the deformation of a few select samples was stud-
ied. Figure 13 illustrates volume changes upon
room temperature elongation for networks con-
taining 90K ACMAS and (a) 50% IBA, (b) 68%
t-BuA, or (c) 75% IBA. At 50% IBA the discrete
high Tg acrylate domains appear to function as an
in situ filler, providing the film with good elasto-
meric characteristics. For this network, there is
no volume change observed upon stretching, as
expected for an ideal elastomer.

Higher concentrations of a high Tg acrylate
component (68% t-BuA) also provide for signifi-
cant reinforcement of the elastomer and, up to
about 90% elongation, no volume changes are ob-
served. However, as the sample is further
stretched it becomes white (cavitation), and the
volume of the sample increases linearly upon fur-
ther stretching up to the break point.

In the case of even higher concentrations of the
acrylate component (75% IBA), for which the high
Tg acrylate domains are nearly close-packed, the

Figure 12 Dynamic-mechanical data for 50/50 (w/w)
50K MAUS/t-BuA network. n 5 1 Hz.
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sample increases volume upon stretching, even at
low elongation. This is associated with the visual
changes observed upon elongation: the film, orig-
inally translucent/white, becomes white in the
sections that undergo elongation. The elongation
of the sample proceeds in zones starting at the
ends of the coupon. The data is in good agreement
with the stress–strain curve of the sample, which
indicated plastic deformation of the sample at low
strains. At an elongation of 55%, the Poisson ratio
for this sample is only about 0.1.

Hot Stretching

Copolymer networks discussed in this article can
be considered as molecular composites in which
the glassy domains of high Tg acrylates restrict
longer range deformation of the samples. Thus, it
was of interest to investigate the behavior of de-
formed samples upon heating at temperatures
above the acrylate Tg, where the acrylate domains
are able to deform. Certain copolymeric network
materials were submitted to a multistep deforma-
tion (see Experimental section) by elongating the
sample to near its break point, heating above the
acrylate Tg while fixed in a jig, and then cooling
the samples under stress (while still in the jig) to
quench the acrylate domains in their new ar-
rangements. This deformation cycle could typi-
cally be repeated three to five times.

The following general features were noted dur-
ing these deformation experiments. First of all,

even the samples that were hazy and white be-
came more clear once heated and then quenched
in the elongated state. Second, once cooled and
released from the elongation fixture, the samples
show only marginal (a few percent) elastic recov-
ery. Another interesting result was that the fully
stretched and cooled samples exhibited a new re-
gime of elastic deformation. As shown in Table
VII, the samples could be deformed three to five
times to an ultimate elongation of several hun-
dred percent. Following this deformation regime,
all samples nearly recovered their original
shapes, sizes, optical appearance, and mechanical
characteristics upon being heated for 0.5 h at
120°C (with no stress applied).

In some cases the samples were also submitted
to deformation at a constant stress (dead-load) at
100–120°C, and subsequently cooled to room tem-
perature while under stress. Similarly to the re-
sults described above for the multistep deforma-
tion regime, the samples show much higher ulti-
mate elongation than the samples deformed in
one step at room temperature. They maintain a
highly elongated state when quenched, and show
a return to their original shape when heated in
the absence of stress. Such a procedure was used
to prepare samples for TEM analysis to study the
effect of deformation, at temperatures above the
polyacrylate Tg, on the morphology. Figure 14(a)–
(c) shows electron micrographs of a silicone–acry-
late network comprised of 25% 90K ACMAS and

Figure 13 Volume change as a function of elongation for networks comprised of 50/50
(w/w) 90K ACMAS/IBA, 25/75 (w/w) 90K ACMAS/IBA, and 32/68 (w/w) 90K ACMAS/
t-BuA.
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75% IBA. Figure 14(a) shows that in the unde-
formed state the IBA forms discrete spherical do-
mains, about 0.5 to 0.6 microns in diameter, with
the silicone forming the continuous phase. This
network was heated to 120°C (i.e., above the Tg of
the IBA phases) and then elongated approxi-
mately 200%. The sample was quenched while
stretched, and then examined by TEM. Figure
14(b) shows a view of the morphology perpendic-
ular to the stretch direction. The stretching direc-
tion was along a 45 degree angle (from lower left
to upper right) in the micrograph. The IBA
spheres present in the undeformed sample are
seen to form ellipses upon stretching, with the
long axis in the direction of the stretching. The

long axes of the ellipses are about 1.2 microns in
length, roughly double that of the original diam-
eter of the spherical domains. Figure 14(c) is a
view along the direction of the stretching. Note
the reduction in the cross-sectional area of the
IBA domains upon stretching. Notably, the sam-
ple, originally translucent/white, became almost
clear upon heating under stress and remained
clear until it was heated again (no stress) to re-
cover its original shape and appearance. This
change in optical appearance is attributed to the
changing shape and size of the acrylate domains
upon deformation. Samples heated, biaxially
stretched, and cooled while stretched should give
films with disk-like hard acrylate domains. The
films should demonstrate heat shrinkability in
the x-y plane with heat expansion in the z-direc-
tion. No experimental evidence for this effect has
been sought, however.

Oxygen Permeability of Siloxane–Acrylate
Networks

The oxygen permeability of a series of siloxane–
acrylate networks comprised of 30K MAUS and
IBA was measured to assess the influence of the
phase-separated morphology on transport proper-
ties. Networks having 0, 5, 15, 30, 70, and 100%
30K MAUS were used for this study. As shown
earlier in Figure 2(d)–(f), the silicone phase devel-
ops some degree of continuity at 30K MAUS con-
tents as low as 15%. (In some cases illustrated
earlier, for example, for high molecular weight
ACMAS/IBA systems, the continuity of silicone
phase is evident at silicone concentrations as low
as 10%). Because the oxygen permeability of the
elastomeric silicone component is expected to be
orders of magnitude larger than that of the glassy
IBA component, the continuity of the silicone
phase is expected to have a large influence on the
oxygen permeability of the copolymer network.

The oxygen permeability was measured using
a MOCON oxygen permeability tester. The re-

Table VII Multistep Deformation of 90 K MW Siloxanes/Acrylate Networks

Siloxane Acrylate Ratio «1 «2 «3 «4 «5 «90

ACMAS IBA 25/75 0.47 1.18 1.76 2.12 0.13
ACMAS IBA 50/50 1.00 1.85 2.32 2.91 3.33 0.05
ACMAS t-BuA 38/62 1.44 3.25 4.53 5.79 0.03
MeStUS IBA 50/50 1.80 2.12 3.29 0.08

«n 5 tensile strain after nth stretching cycle.
«90 5 residual tensile strain after heating to 120°C for 0.5 h (with no stress applied).

Figure 14 TEMs illustrating the effect of high-tem-
perature deformation on the phase-separated morphol-
ogy of 25/75 (w/w) 90K ACMAS/IBA: (a) undeformed
sample, (b) a view perpendicular to the stretch direc-
tion, and (c) a view along the stretch direction. Micro-
graph (d) shows the microcavitation, which developed
for a 25/75 (w/w) 25K MAUS/IBA network upon cold
stretching beyond the yield point.
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sults are listed in Table VIII, and are also shown
graphically in Figure 15, which shows a plot of
the log of the oxygen permeability vs. the volume
fraction of 30K MAUS in the network. The upper
and lower bounds of oxygen permeability, as a
function of composition, should be given by the
parallel and series laws, respectively28

Pparallel 5 P1f1 1 P2f2

Pseries 5 P1P2/~f1P2 1 f2P1!

where P1, P2, f1, and f2 refer to the permeability
and volume fractions of phases 1 and 2, respec-
tively. These two limits correspond to diffusion
parallel and perpendicular to a lamellar struc-
ture. For a morphology of spherical domains em-
bedded in a matrix, the permeability of the com-
posite can be written as28

P 5 Pm@Pd 1 2Pm 2 2fd~Pm 2 Pd!#

4 @Pd 1 2Pm 1 fd~Pm 2 Pd!#

where m and d refer to the matrix and the dis-
persed phase, respectively. The theoretical pre-
dictions of the parallel, series, and spherical mor-
phology models are compared to the experimen-
tally determined permeabilities of the 30K
MAUS/IBA networks in Figure 15. Note the
abrupt increase in oxygen permeability between 5
and 15% MAUS. This is a direct result of the
increase in the continuity of the silicone phase, as
evidenced by TEM, at MAUS concentrations
equal to or greater than about 15%. At the higher
MAUS contents the permeability approaches that
predicted by the parallel model, consistent with
the observed continuity of the silicone phase.

Polymerization Scenario

The scenario envisioned during the network for-
mation is as follows. Originally, the siloxane
chains are dissolved in the acrylic monomers (and
photoinitiator). Due to their highly polar nature,
the siloxane end groups will tend to associate
with each other forming a transient network
structure in the acrylic monomer. If the volume
fraction of siloxane chains in the system is high
enough, this siloxane network can fill space uni-
formly; otherwise isolated siloxane-rich aggre-
gates may be suspended in the acrylic monomers.
After irradiation begins, and free radicals are
generated, polymerization may proceed at the si-
loxane endgroup aggregates (silicone homopoly-
merization), or between acrylic monomers (acry-
late homopolymerization), or the crossover reac-
tion between growing acrylic chains and siloxane
end groups can also occur (copolymerization). As

Figure 15 Plot of the log of the oxygen permeability
(cmSTP

3 cm/m2 day atm) vs. the silicone volume fraction
for networks comprised of 30K MAUS and IBA (exper-
imental data points shown as filled squares). The oxy-
gen permeability versus silicone volume fraction pre-
dicted based on the series, parallel, and spherical sili-
cone domain morphology models (using the measured
pure component permeabilities) are also shown.

Table VIII Oxygen Permeability of Siloxane/
Acrylate Copolymer Networks

Network Composition
(% by Weight)

Oxygen Permeability

(cmSTP
3 cm/m2 day atm) (Barrer)

IBA 15.5 2.37
30 K MAUS/IBA 5/95 15.9 2.43
30 K MAUS/IBA 15/85 122 18.6
30 K MAUS/IBA 30/70 666 102
30 K MAUS/IBA 70/30 3490 532
30 K MAUS 5240 799

176 MAZUREK, KINNING, AND KINOSHITA



polymerization proceeds and the concentration of
high molecular weight polyacrylate and polysilox-
ane components increase, the polysiloxane and
polyacrylate components will eventually become
incompatible and phase separate, subject to the
restrictions imposed by the molecular architec-
ture (e.g., crosslinking sites already formed) of
the growing hybrid network. Further polymeriza-
tion must occur within this phase separated sys-
tem.

Thus, there are several competing factors that
may influence how the polymerization and phase
separation proceed in these acrylic-siloxane hy-
brid networks including: (1) the degree (i.e.,
strength) of association of the polar siloxane end
groups prior to and during the polymerization; (2)
the volume fraction of siloxane in the system; (3)
the relative rates of siloxane–siloxane, siloxane–
acrylate, and acrylate–acrylate reactions; (4) the
degree of (in)compatibility between the siloxane
chains and the acrylic monomers and, as polymer-
ization proceeds, between the siloxane and poly-
acrylate chains; and (5) the rate of the different
polymerization reactions vs. the rate of phase sep-
aration. It was hoped that by studying the result-
ant morphology the way in which these factors
influence the polymerization pattern could be de-
duced.

An indication of the relative abilities of the
different reactive siloxanes to aggregate (i.e.,
strength of the polar end group association) can
be ascertained from their relative viscosities.
As the data in Table IX shows, the ACMAS and
MeStUS series have a much higher viscosity
than the MACMAS and MAUS series, and are
therefore expected to be more strongly associ-
ated. Of course, the association of the siloxane
end groups will also be dependent on the ability
of the acrylate monomer to solvate the end
groups. More polar (meth)acrylate monomers,
such as methacrylic acid, should lead to less asso-
ciation of the siloxane end groups.

The volume fraction of siloxane for which there
is a complete filling of space by the swollen tran-
sient siloxane network can be considered to be the
borderline between systems in which the siloxane
forms discrete domains and systems in which the
siloxane may form a continuous phase.

The relative abilities of the different functional
siloxanes to undergo homopolymerization vs. co-
polymerization with acrylates is also known. The
acrylamide group homopolymerizes easier than it
copolymerizes with acrylates while methacrylate
end groups undergo somewhat easier copolymer-

ization with acrylates than homopolymerization
(crossover reaction between acrylate and methac-
rylate is favored over the crossover from methac-
rylate to the acrylate, and over homopolymeriza-
tion of methacrylates and acrylates). Alpha-meth-
ylstyryl groups cannot homopolymerize, and
therefore, can only undergo copolymerization
with acrylates. This requires that aggregates of
the functional endgroups dissociate before any
copolymerization reaction can take place. Natu-
rally, each polysiloxane chain-end must be sepa-
rated from another siloxane end group by the
growing polyacrylate chain. Not surprisingly,
very small scale phase separation is observed in
all MeStUS-based copolymeric networks.

When functional polysiloxanes oligomerize, the
process is associated with a dramatic increase in
the molecular weight of the polysiloxane mole-
cules. Therefore, the mobility of the polysiloxane
molecules would be quickly reduced. If the con-
centration of polysiloxane is high enough to form
a continuous network in the polymerization vol-
ume at the early stage of the reaction, by either
homo-oligomerization or by partial copolymeriza-
tion with the acrylate monomer before any major
portion of the acrylate monomers is polymerized,
the remaining polymerization components would
be forced to polymerize within such a pre-formed
network. Such might be the situation in the co-

Table IX Viscosities of Telechelic Siloxanes

Siloxane
Molecular

Weight
Viscosity at 25°C

(Pa z s 3 103)

Silicone Diamine 5,000 130
10,000 360
20,000 1,640
35,000 7,060

ACMAS 5,000 49,200
10,000 52,400
20,000 83,600
35,000 84,000

MACMAS 5,000 3,300
10,000 2,500
20,000 6,100
35,000 11,300

MAUS 5,000 4,900
10,000 6,500
20,000 21,600
35,000 51,500

MeStUS 5,000 59,200
10,000 29,400
20,000 81,600
35,000 137,000
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polymer systems containing a high concentration
of functional siloxanes. All of the copolymer net-
works containing 50% siloxane (except in the case
of MMA) are either clear, or bluish, indicating a
small scale of phase separation, as the polymer-
ization of the remaining monomers must continue
within relatively uniformly distributed con-
straints of the network. A lower crosslink density
of the siloxane network (higher siloxane molecu-
lar weight) should, in general, lead to a larger
scale of phase separation because the acrylate
portion is able to form larger domains. Indeed,
more bluish films are seen for networks made
with higher molecular weight ACMAS siloxanes.
At which stage of the polymerization such pre-
formed networks are formed, either primarily
by oligomerization of functional siloxanes, or
through their acting as crosslinkers in the co-
polymerization with acrylates, would depend on
the relative reactivities of the functional groups
participating in the reaction.

For the sake of qualitative correlation between
the morphology and the composition of the copoly-
meric networks, the following hypothetical mech-
anisms might be postulated. If the polymerization
of functional siloxane end group aggregates is
favored, the oligomerization of polysiloxane
would quickly lead to gellation. Any acrylate poly-
mer chains initiated at the siloxane end groups
would initially grow in intimate contact with
polysiloxanes (in the vicinity of the crosslinking
sites of the network) forming a mixed interphase
region. Subsequent acrylate homopolymerization
would lead to the formation of separate polyacry-
late domains. Higher concentration of siloxane
functional end groups (lower siloxane molecular
weights) should lead to larger mixed interphase
volume fraction and smaller acrylate domains
sizes.

On the other hand, if the polymerization be-
tween the acrylate monomers is favored, the ho-
mopolyacrylate formed within the swollen tran-
sient siloxane network can phase separate and
form its own domains, perhaps breaking the con-
tinuity of the siloxane phase (particularly easy at
low concentration of functional siloxanes), until
the growing acrylate chain reacts with siloxane
crosslinker, eventually leading to gellation and
freezing-in of the network structure. The homo-
polymerization of acrylate within its own domains
may lead to larger acrylate domain sizes, partic-
ularly when the probability of reacting with func-
tional siloxanes (crosslinking reaction) is low.

Finally, there is the case where the crossover
(copolymerization) reaction between acrylate and
siloxane is favored over homopolymerization. In
such a case, the growing polymer chain must seek
its counterpart to react with, leading to signifi-
cant phase mixing and a small scale of phase
separation. The example of such a system is pro-
vided by the copolymerization of MeStUS with
acrylate monomers. Not surprisingly, in all of the
MeStUS containing systems studied, the materi-
als are clear, and they exhibit a plastic character,
suggesting continuity of the acrylate phase.

In all three cases, lower concentrations of func-
tional siloxane endgroups (e.g., through lower si-
loxane contents or higher siloxane molecular
weight) favor the formation of larger and more
well-defined discrete acrylate domains. The con-
tinuity of the siloxane phase is favored for sys-
tems in which the concentration of siloxane is
high enough to form a continuous transient net-
work swollen with acrylate monomers. This may
not be the case at lower siloxane contents, for
example, at 5 wt % of MAUS [see Fig. 2(d)]. How-
ever, siloxanes that homopolymerize readily (e.g.,
ACMAS) are able to form a continuous siloxane
phase at low siloxane contents [see Fig. 2(a)].

The continuity of the siloxane phase in the
copolymeric networks is the key to the elasto-
meric properties of the materials. When polyacry-
late forms primarily discrete domains within the
siloxane network such plastic domains act to re-
inforce the silicone elastomers, thus providing
materials with good elastomeric properties. When
the acrylate phase does not form clearly discrete
domains, and there might be a considerable de-
gree of phase mixing (such as in the case of lower
molecular weight functional siloxanes), the mate-
rial properties may be dominated, at the least at
low deformations, by the plastic character of poly-
acrylate phases. In most cases, when the continu-
ity of the acrylate phase is broken (beyond the
yield point) the materials will behave like elas-
tomers, as the continuous siloxane network will
dominate the properties at higher elongations.
In the case of networks made with MAUS and
MeStUS such a behavior is even characteristic of
high molecular weight siloxanes at high siloxane
content. Once the continuity of the acrylate
phases is broken it is not restored when the stress
is released, unless the samples are heated above
the Tg of polyacrylate. This is in contrast to the
situation in which well-developed discrete acry-
late domains are formed (e.g., 25/75 50K ACMAS/
IBA and 50K MACMAS/IBA). In these cases the

178 MAZUREK, KINNING, AND KINOSHITA



materials are flexible pseudoplastics. The mor-
phology of the samples is that of large acrylate
domains nearly close packed. Filled with such
hard spheres the continuous silicone matrix can
only provide some flexibility to the material. Elon-
gation of the sample, and the concomitant con-
traction of the sample in the radial direction, is
virtually impossible due to the incompressibility
of the rigid close packed acrylate domains, unless
internal voids are created within the material.
Indeed, upon elongation the network, translu-
cent, or white, becomes whiter than it was before.
Clearly visible zones of deformation are observed
perpendicular to the direction of stretching. The
deformation is accompanied by an easy to feel
“friction.” Rather remarkably, the whitening dis-
appears as soon as the stress is released. The
whitening was proven to be associated with the
formation of cavities. Interestingly, similar phe-
nomena were observed in the systems containing
lower concentration of polyacrylates (see: 50K
ACMAS/IBA 38/62, 35K ACMAS/IBA 38/62, or
90K ACMAS/t-BuA 38/62) when samples were de-
formed to a larger extent. The interpretation of
the phenomenon is based on the same principle
except that, in this case, the materials are able to
be elongated to a small degree before the cavita-
tion occurs. Again, the whitening due to the cav-
itation is fully reversible as soon as the stress is
released.

Interestingly, all of the samples prepared have
a high degree of acrylate monomer conversion
despite the fact that the polymerizations were
conducted at ambient temperatures—much lower
than the Tg of polyacrylates formed as a result of
the reaction. This suggests that the siloxane may
function as a matrix in which high Tg polymer is
formed before it phases out to form its own high
Tg domains. A similar finding and interpretation
has been put forth previously in the literature for
other IPN systems.29,30

CONCLUSIONS

This article presents a broad class of materials
made by copolymerization of a family of telechelic
free radically polymerizable siloxanes with vari-
ous acrylate monomers that polymerize to form
high Tg polymers. Films with properties ranging
from those characteristic of strong elastomers to
plastics have been obtained by UV-initiated bulk
copolymerization of functional siloxanes dissolved

in acrylate monomers (in the presence of photo-
initiator). The molecular weight of the functional
siloxanes, the nature of functional end groups, the
choice of (meth)acrylate comonomer, and the si-
loxane/acrylate ratio all have a rather dramatic
effect on the morphology, and thus, on the prop-
erties of the copolymeric networks. Physical prop-
erties of the materials, such as optical appearance
and mechanical and transport properties, are cor-
related with the unique morphologies observed by
TEM studies. Unusual properties such as revers-
ible whitening of some of the materials and low
Poisson ratios have been attributed to the micro-
cavitation observed when high Tg acrylate do-
mains interfere with the network deformation.
Networks composed of high Tg acrylates (major
fraction) coreacted with elastomeric siloxanes can
provide heat-shrinkable materials when they are
elongated at temperatures higher than the Tg of
the corresponding polyacrylates and quenched.
The scope of the study made it challenging to
perform a more in-depth analysis of the correla-
tions between the various parameters determin-
ing the morphology of such copolymeric networks;
however, some interpretations of the observed
phenomena have been proposed.

This article was presented in part at the XIth Interna-
tional Symposium on Organosilicon Chemistry, Mont-
pellier, France, 1996. The authors would like to ac-
knowledge Dr. Mary Buckett for obtaining some of the
TEM micrographs. In addition, Jeanie Snell helped to
prepare some of the silicone–acrylate copolymer net-
works, Dr. Robert Galkiewicz assisted with the me-
chanical property analysis, and Dr. James Sax helped
with permeability studies.
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