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ABSTRACT: Telechelic glycidyl epoxide siloxanes substi-
tuted with either methyl, cyclopentyl, or cyclohexyl groups
were cured thermally with corresponding telechelic ali-
phatic amine. Also, the three glycidyl epoxide functional-
ized siloxanes were homopolymerized via a photo-
initiated cationic mechanism. Both the UV and thermal
curing were performed by formulating with reactive
diluents. The mechanical properties, viscoelastic behavior,
and coatings properties of the thermally cured siloxanes
were studied. In addition, the X-ray measurements were
performed. The rate of polymerization increased with the
increasing size of substituent on the siloxane backbone.
The hardness, adhesion, and solvent resistance increased

as the bulk of the substituent increased in the siloxane
backbone. The release properties for adhesion and readhe-
sion increased with increase in steric bulk of the backbone
substituents. Crosslink density reduced and oxygen per-
meability increased with increase in siloxane substituent
size. There was also an increase in the advancing and the
receding contact angles with the increase in substituent
size. The inverse dependency of substituent size and free
volume was observed in the d-spacing of the X-ray data.
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INTRODUCTION

Polymers containing silicon are known to offer out-
standing electrical1 and weather-resistant2 proper-
ties. The incorporation of silicon into polymeric
compositions conventionally involves the use of
siloxanes, hence the polymers are composed of
highly stable SiAOASi bonds.3–5 It has been reported
in the literature that higher adhesive strength was
obtained with lower molecular weight epoxide resin
when siloxanes are incorporated in the backbone.6

Silicone containing epoxide derivatives are also well-
known,7 but not as widely used as BPA epoxide
resin, mainly due to economic reasons. Silicone ep-
oxy derivatives are mainly used as a silane coupling
agent and for exfoliation of clay nanocomposites.8–10

Epoxide siloxane can be synthesized from double
bond containing epoxide and silane by hydrosila-
tion.11 Epoxide siloxane offers the benefits of both sil-
icone resin and epoxide resin. The siloxane bond is
stable in response to heat and ultraviolet light, and
epoxide resins have high adhesive strength. Synthesis
and cationic polymerization of epoxide siloxane were
studied by Crivello et al.12,13 The synthesized mono-
mers consisting of epoxycyclohexyl groups exhibited
excellent reactivity in cationic ring opening polymer-

ization. The properties of the crosslinked resins
depend on the length of the siloxane backbone sepa-
rating the pendant epoxide groups. Silicones are also
used for toughening of epoxides. The phase separa-
tion of the siloxane component from the epoxide ma-
trix results in a rubber toughening mechanism that
effectively retards the fracture, thus improving the
fracture toughness.14–16 However, the phase incom-
patibility of siloxanes and BPA-epoxide leads to
problems, when compounding.17

One of the desirable characteristics of epoxide si-
loxane monomer is the high reactivity. The ideal
monomer can be cured with minimum catalyst con-
centration, and as a result the matrix will have good
color stability.18 It was reported that epoxide-substi-
tuted siloxanes can be easily polymerized by either
photo-induced polymerization or thermally induced
polymerization.11 Mechanical and thermal properties
of polydimethylsiloxane epoxides were investigated
extensively in literature.19–21 The mechanical proper-
ties of the resin can be directly related to the length
of the polydimethylsiloxane.18 As the length of silox-
ane increases, the mechanical properties of the poly-
mer decreases.22–25

Epoxide functional resins are used predominately
in UV-curing compositions, based on cationic homo-
polymerization polymerization. An important factor
which retarded the development of cationic poly-
merization in comparison with free radical polymer-
ization of unsaturated resins is the slower cure rates
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and dependence on relative humidity.26,27 The
slower rate of cationic polymerization is due to dom-
inance of termination and chain transfer process at
room temperature.28 This tendency is avoided by
utilizing cationic initiators with highly non-nucleo-
philic anions, such as PF6

�, AsF6
�, and SbF6

�.29

Because of cost issues of amine telechelic and
epoxide telechelic siloxanes, almost no applications
use these together. Amine-functionalized siloxanes
are used for curing conventional epoxy resins.30 Mis-
cibility of these functionalized siloxanes with the
epoxy resins, enhances compatibility, ensures homo-
geneous particle distribution, and thus leads to effec-
tive toughening.31 Interpenetrating networks having
better electrical, thermal, and mechanical properties
can be obtained from siloxane hybrids.32 The inter-
penetrating networks are most commonly synthe-
sized by curing alkoxy silanes with hybrid resins
i.e., siloxane epoxide–conventional epoxide resin,
polyol–epoxide resins, etc.33

The properties of films obtained by thermal curing
of glycidyl epoxide functional polysiloxane and alkyl
amino polysiloxane are reported in this study. A set
of three glycidyl epoxide-terminated polysiloxanes
were prepared with methyl, cyclopentyl, and cyclo-
hexyl substituents, and photopolymerized with an
epoxide reactive diluent using a cationic photoinitia-
tor. The telechelic siloxane epoxides were also ther-
mally reacted with amine-terminated methyl,
cyclopentyl, and cyclohexyl substituted siloxanes.
The viscoelastic and mechanical properties were eval-
uated using dynamic mechanical thermal analysis,
stress strain measurements, and fracture toughness.
Coating properties, adhesion testings, release proper-
ties, were performed. Oxygen permeability, contact
angle, X-ray diffraction, chemical resistance, and
impact resistance were also studied. The properties of
the thermally cured systems were compared with the
UV-cured glycidyl epoxide functional siloxanes.

EXPERIMENTAL

Materials and reagents

Substituted siloxanes were synthesized and function-
alized with glycidyl epoxide and amine group prior
to this experiment and reported previously.34,35

The mentioned functional siloxanes were prepared
from substituted dichlorosilane as starting material.
Hydrolysis, ring opening polymerization with tetra-
methyldisiloxane, and hydrosilation of the dichloro-
silane afforded the products. The glycidyl epoxide
functionality was introduced by hydrosilation
reaction of hydride terminated siloxane with allyl-
glycidyl ether. For amine-terminated siloxane,
t-butoxycarbonyl (BOC) protected allylamine was
used as a hydrosilation agent, the BOC group was

removed using trifluroacetic acid. Heloxy Modifier
48 and Epicure 9551 were obtained from Hexion
Speciality Chemical (Columbus, OH). Acetic Acid
was obtained from EMD chemicals (Gibbstown, NJ).
Irgacure 250 was obtained from Ciba Speciality
Chemicals (Basel, Switzerland). Aluminum panels
(type A, alloy) (3 � 6 in) panels were obtained from
Q-panel Lab Products (Cleveland, OH). The struc-
tures of the synthesized siloxanes, Heloxy Modifier
48, and Epicure 9551 are shown in Figure 1.

Instrumentation

Tensile and release tests were performed on an Ins-
tron 5567 (Instron Corp., Grove City, PA). The visco-
elastic properties were measured on a dynamic
mechanical thermal analyzer (DMTA V, Rheomtrics
Scientific, Piscataway, NJ). Oxygen permeability
were measured using Model 8001 Oxygen Permea-
tion Analyzer (Illinois Instruments, Jonesburg, IL).
Contact angle measurement was performed using
the apparatus Rame-Hart Goniometer, model 100-00.
Wide-angle X-ray diffraction (WAXD) patterns of
cured specimens were generated using Bruker AXS
D8 Discover X-ray diffractometer. Photo-DSC meas-
urements were performed on a Thermal Analysis
Q1000 equipped with a photo-calorimetric accessory.
A Fusion UV-curing chamber (F300SQ Series) having
a mercury arc bulb (150 mW cm�2, UVB, 257 nm).

Coating formulation and film preparation

Aluminum and glass panels were used as substrates
for film preparation. The substrates were cleaned
with distilled water and acetone and dried. The ther-
mally curable coating formulations were made by
taking the synthesized glycidyl epoxide functional
polysiloxane and HELOXY Modifier 48 in a glass
vial and adding 0.1 wt % acetic acid, then mixing
thoroughly for 20–30 min at room temperature.
Then, the amine functionalized polysiloxane and
Epicure 9551 was added to the glass vial and mixed
again for about 15 min. The amount of the four com-
ponents used are shown in Table I. The films, to be
cured thermally, were cast on the substrates with a
thickness of 200 lm (8 miL) by a drawdown bar.
The films were cured at 120�C for 6 h and stored in
a dust-free cabinet for testing purposes. In the case
of UV-curable formulations, my mixing glycidyl
epoxide functional siloxane, Heloxy Modifier 48, and
the photoinitiator. The uniform mixtures were then
cast on the substrates with a thickness of 200 lm (8
miL) by a drawdown bar, and cured using a UV-
chamber. A Fusion UV-curing chamber (F300SQ Se-
ries) with a belt speed of 55 ft min�1 was used to
cure the polysiloxanes with a UV-source (mercury
arc bulb, 150 mW cm�2).
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Figure 1 Structure of functionalized siloxanes, reactive diluents and photoinitiators.

TABLE I
Components of Thermally Curable Film Formation

Glycidyl epoxide polysiloxane Heloxy modifier 48 Amino polysiloxane Epicure 9551

MS_Ep_NH 2.5 g, 0.0123 mola 2.6 g, 0.018 mola 10.32 g, 0.02 molb 1.2 g, 0.01 molb

PS_Ep_NH 10 g, 0.0126 mola 2.6 g, 0.018 mola 8 g, 0.02 molb 1.2 g, 0.01 molb

HS_Ep_NH 10 g, 0.0122 mola 2.6 g, 0.018 mola 8 g, 0.02 molb 1.2 g, 0.01 molb

a represents mol of epoxide group.
b represents mol of amine group.

360 CHAKRABORTY AND SOUCEK

Journal of Applied Polymer Science DOI 10.1002/app



The UV-cured homopolymerized system were
abbreviated as MS_Ep (polydimethylsiloxane epox-
ide), PS_Ep (polydicyclopentylsiloxane epoxide),
and HS_Ep (polydicyclohexyl siloxane epoxide).
The thermally cured systems are abbreviated as
MS_Ep_NH (polydimethylsiloxane epoxide and
polydimethylsiloxane amine), PS_Ep_NH (poly-
dicyclopentylsiloxane epoxide and polydicycl-
opentylsiloxane amine), and HS_Ep_NH (poly-
dicyclohexylsiloxane epoxide and polydicyclohexyl-
siloxane amine). The sillicone epoxide functional
and sillicone amine formulations were prepared as
given in Table II.

Cured film characterization

Coating properties

After thermal curing, the general coating properties
of the glycidyl epoxide functional polysiloxane/ali-
phatic amine polysiloxane were evaluated. The pen-
cil hardness (ASTM D3363-74), reverse impact
resistance (ASTM D 2794-84), crosshatch adhesion
(ASTM D3359-87), pull off adhesion (ASTM D 4541-
02), tensile properties (ASTM D 2370-92) were meas-
ured according to the ASTM standards.

Dynamic mechanical thermal analysis (DMTA)

The viscoelastic properties of the siloxane films were
investigated with a dynamic mechanical thermal an-
alyzer in a compression mode at the frequency of 1
Hz and a heating rate of 2�C/ min over a range of
�160 to 150�C. The testing conditions and methodol-
ogy were performed according to ASTM D 4065-95.
The samples were cut into 4-mm squares with an
average thickness of 0.75 mm. A minimum preload
force of 200 mN was applied by the instrument. For
each formulation, four replicates were tested. The
crosslink density (ue) of the films was determined
through the elastic modulus in the rubbery plateau
region. The relationship between rubbery plateau
modulus and crosslink density is36:

te ¼
E0

min

3RT
(1)

where ue is the crosslink density of elastically effec-
tive network chains, E0

min is the minimum value of
the storage modulus (Pa) above the glass transition
temperature (Tg), R is the gas constant (J/K mol)
and T is the absolute temperature (T >> Tg) in
Kelvin. At the temperature much below Tg, loss
modulus (E00) is very low, therefore, modulus (E)
is approximately equal to storage modulus (E0). The
Tg of the specimens was considered to be the

peak point of the loss modulus (E00) signal. Determi-
nation of ue can be performed by defining it in terms
of moles of network chains per cm3 sample, consist-
ent with other mathematical approaches such as
Graessley’s.37

Tensile properties and fracture toughness

Tensile measurements were made on rectangular
specimens 15-mm wide, 0.09 to 0.14-mm thick and
with gauge length of 60 mm. A crosshead speed of 2.0
mm/min was applied to determine the tensile
strength, elongation at break and tensile modulus. For
each film, five samples were tested, and the average is
reported. Plane-stress fracture toughness (KIC) meas-
urements were conducted on rectangular specimens
with single edge notch geometry. The dimensions of
the films were 60 � 15 � 0.09–0.14 mm3 (length �
width � thickness). Each film was cut with a razor
blade to create a notch at approximately half the
length of the specimen. The notch length was approxi-
mately 10% of the sample width. The fracture tough-
ness equipment is mounted on a microscope stage
and equipped with a 25 lbf load cell and a variable
speed motor. Crosshead speed of 5 mm/min is used
to deform the specimen in tensile mode. The com-
puter digitally records the variation of load versus
displacement. The crack tip region was on the com-
puter screen at the magnification of 10� and the onset
of propagation was marked on load-displacement
curve. Six samples were tested for each film. The
mean value was reported. The plane stress fracture
toughness (KIC) is given by the equation38:

KIC ¼ 3:94

�
2w

pa

�
tan

pa
2w

� �� �1=2
F

w� að Þb
ffiffiffi
a

p
(2)

where w is the sample width in cm, a is the notch
length in cm, b is the thickness in cm, F is the force
on sample at which crack propagation begins meas-
ured in Newtons.

The energy release rate per unit of crack area at
fracture (GIC) was calculated with the following
equation:

GIC ¼ K2
IC

E
(3)

where E is the tensile modulus. The GIC values were
calculated with average values of KIC and E.

Oxygen permeability

Oxygen permeation analysis is performed to provide
accurate measurements of oxygen permeation rates
(OTR) through flat films and packages. The cross
sectional view of the oxygen permeability apparatus
is given in Figure 2. Flat film samples are clamped
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in a diffusion chamber and pure O2 is then intro-
duced into the upper half of the chamber while an
oxygen-free carrier gas flows through the lower half.

Molecules of oxygen diffusing through the film
into the lower chamber are conveyed to the sensor
by the carrier gas. This allows a direct measurement
of the oxygen without using complex extrapolations.
The OTR rate of the test film is displayed either as
cc/100 in2/day or cc/m2 /day.

Contact angle measurement

Contact angle measurements were performed with a
Rame-Hart contact angle goniometer, model 100-00
using deionized water. Images of advancing and
receding angles were taken using image-capturing
equipment (Dazzle DVC, Dazzle media). Contact angle
on both sides of the droplet were measured using
Scion Image at ambient conditions (1 atm, � 25�C).
Five measurements were taken for each sample and an
average value of all the contact angles is reported.

Release testing by pull of adhesion

To measure adhesion of Al plates to substrate film,
the following procedure has been optimized.39,40 The
formulations were casted on Al plates and cured
thermally at 120�C, and then the Scotch Tape 249
was applied on the coated substrate. A 1-lb load
was rolled over it five times to ensure adhesion. The
release force of the tape from the cured silicone layer
was measured at 180� peeling angle using tensile
tester. After the tape was removed from the silicone
layer, subsequent adhesion was determined by reap-
plying the tape to a clean steel panel, rolling five
times with 1-lb roller, and again measuring the force
required to remove the tape at an angle of 180�. The
release energy (G) is given by:

G ¼ F

b
ð1 � cos hÞ (4)

where F is steady-state peel load, b is the width of
scotch tape and y is the peel angle.41 A minimum of
five trials was conducted on each sample and the
mean was reported. For this experiment, the peel
angle is 180�.

Wide angle X-Ray diffraction (WAXD)

WAXD of thermally cured siloxane films were taken
with Bruker X-Ray diffractometer at wavelength (k)
of 0.154 nm with tube voltage of 40 kV and tube cur-
rent of 40 mA. A scanning range of 2y from 5� to
30� with scanning interval of 0.05� were used.

Photo-differential scanning calorimetry (PDSC)

Samples were analyzed on a Thermal Analysis Q
DSC 1000 equipped with a photo-calorimetric acces-
sory. The photocalorimetric accessory included
transfer optic cables to produce UV light of varying
intensity and a monochromatic filter to produce light
at a specific wavelength. The initiation light source
was a 100 W mercury arc lamp. The polymerization
reactions were run isothermally at various tempera-
tures to regulate the heat released during polymer-
ization. The samples were placed in uncovered
hermetic aluminum DSC pans and cured with vari-
ous intensities and exposure times.

The rate of propagation (Rp) is directly propor-
tional to the rate at which heat is released from the
reaction. As a result, the area of DSC exotherm can
be used in conjunction with other sample informa-
tion to quantify the rate of polymerization. The rate
formula used in the analysis of the photopolymeri-
zation data was42,43:

Rp ¼
Q
S

� 	
M

nDHRm
(5)

where (Q/S) ¼ Heat flow per second released during
the reaction in J/s, M ¼ Molar mass of the reacting
species, n ¼ Average number of epoxide group per
polymer chain, and m ¼ mass of the sample. For the
cationic polymerization of glycidyl epoxide function-
alized siloxanes, light intensity was 300 mW/cm2.

RESULTS AND DISCUSSION

The cycloaliphatic-substituted telechelic siloxane
epoxides were homopolymerized via a cationic UV-

TABLE II
Components of UV-Curable Film Formation

Glycidyl epoxide
polysiloxane

Heloxy
modifier 48

Photoinitiator
(Irgacure 250)

MS_Ep 2.5 g, 0.0123 mola 2.6 g, 0.018 mola 0.26 gb

PS_Ep 10 g, 0.0126 mola 2.6 g, 0.018 mola 0.63 gb

HS_Ep 10 g, 0.0122 mola 2.6 g, 0.018 mola 0.63 gb

a represents mol of epoxide group.
b represents 5 wt % photoinitiator.

Figure 2 Cross section of sample chamber of oxygen per-
meability apparatus.
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curing mechanism as shown in Figure 3. The epox-
ides were also thermally cured with the correspond-
ing telechelic amine-functionalized siloxanes as
shown in Figure 4. The synthetic approaches for

attaching the glycidyl epoxide and amine groups
onto the ends of the siloxane have been recently
reported.30,31 Acetic acid was observed to accelerate
the thermal cure at 120�C and consequently was

Figure 3 Schematic representation of UV-initiated homopolymerization of telechelic epoxide siloxane

Figure 4 Schematic representation of thermal curing reaction between telechelic epoxide and amine siloxane.
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chosen as a curing catalyst for this study. The addi-
tion of phosphoric acid, diethylenetriamine (DETA),
diazabicyclo[2.2.2]octane (DABCO), or triethylamine
(TEA) gave either very weak or almost no DSC exo-
therm, and thus were not effective in catalyzing the
silicone–epoxide/silicone–amine reaction.

One of the target usages of the thermally curable
siloxanes are for release coatings. A qualitative idea
of the extent of cure was obtained by MEK double
rubs of silicone-epoxide/silicone-amine were used to
optimally choose the catalyst for silicone-epoxide/
silicone-amine curing. The catalyst, which gave the
film with largest number of MEK double rubs, was
chosen. When silicone–epoxide resins were cured
with the silicone–amine, very soft films were
obtained. To obtain continuous films for mechanical
and coating testings, HELOXY MODIFIER 48 and
Epicure 9551 were added as reactive diluents in film
formulations. The amount of reactive diluents was,
however, minimized to ensure that it did not domi-
nate the end properties of the siloxane films.

The thermal curing of glycidyl epoxide and amine
system were observed through DSC. Each of the
siloxane systems showed exothermic cure curve as
shown in Figure 5. This thermogram is similar and
representative of the other two systems (methyl and
cyclohexyl siloxanes). The heat of reaction is given
in Table III. The heat of curing reaction was deter-
mined for epoxide–amine systems with and without
reactive diluents. The heat of reaction for the combi-
nation of the siloxanes and reactive diluents are
much higher than cured siloxane systems alone. Not
surprisingly, the reactive diluents being small mole-
cules aided in the completeness of the cure. Conse-
quently, films for characterizations were formed by
curing siloxane with reactive diluents to obtain
representable mechanical properties.

The rate of homopolymerization of the epoxidized
siloxanes was obtained using photo-DSC. The over-
all heat of reaction, including initiation, propagation,
and termination can be measured as:

ER ¼ EP þ EI � ET (6)

For the validity of the above equation, production of
active cationic centers must be distributed through-
out the reaction.44 The rate of propagation of a pho-
toinitiated reaction is proportional to the height of
PDSC exotherm, since most of the heat is due to the
propagation. Figure 6, shows the overlay of exo-
therm for cationic polymerization of PDMS_Ep,
PDPS_Ep, and PDHS_Ep, respectively, at 60�C for
10 s. Figure 7 depicts exotherm for cationic polymer-
ization of PDPS_Ep at three different combinations
of time and temperature. It was found that for a par-
ticular siloxane, when the exposure time was kept
constant, and the temperature was increased, the
rate of polymerization increases, e.g., Figure 7(a,c). It

was observed (Fig. 6) for UV-cured epoxides tele-
chelic siloxanes that as the bulk of the pendant
group increased at the siloxane backbone, the rate of
polymerization also increased. With increase in
bulk of the pendant group, the epoxy equivalent
increases, i.e., the number of epoxide group present
at a given weight of siloxane polymer decreases. The
free volume between each epoxide group was more,
leading to an increase in mobility of superacid
moiety (Hþ) in the resin matrix. Thus, an increase in
the efficiency of conversion. A similar effect was
observed in the polymerization of multifunctional
acrylates.45

Tensile, DMTA, and fracture toughness were per-
formed to determine the general mechanical proper-
ties of the three thermally cured and UV-cured
siloxane systems. A DMTA was used to determine
the crosslink density and glass transition tempera-
ture (Tg) of the cured systems as given in Table IV
and Table V. The Tan d plots of the termally cured
siloxanes are given in Figure 8. The crosslink den-
sities were calculated from the modulus on the rub-
ber plateau and the corresponding temperature (T
� Tg) using eq. (1). The Tg was obtained as the max-
imum of tan d. The same trend in Tg was observed
in both DSC and DMTA. As the size of the backbone
substituents increased the crosslink density
decreased, thus, sterics and packing had an effect on
the crosslink density. It was found that glass transi-
tion temperatures of polymers can be controlled by
adding suitable pendant group through hydrosila-
tion. As the pendant groups were varied from
methyl to cyclopentyl to cyclohexyl, the Tg was
observed to increase from �104 to 82�C. With
increase in the bulk of pendant group rotation along
SiAC bond becomes more hindered. Thus, a more
rigid system results and crosslinking reactions
between glycidyl epoxide telechelic siloxane and ali-
phatic amine telechelic siloxanes are slowed.

The plane stress fracture toughness (KIC) was also
found to be increasing with increase in size of the
pendant group. This may be due to the fact that as
the backbone pendant group of a polymer becomes
bulkier, the rotational freedom of the substituents
along SiAOASi is inhibited, flexibility reduces, and
toughness increases. With increase in size of the sub-
stituents in the backbone, a reduction in crosslink
density is observed. Young’s modulus of the ther-
mally cured matrix increased, hence more energy is
released for the crack to propagate, hence GIC

increases as the substituents size increased.
The overall mechanical properties of UV-curable

and thermally curable siloxanes showed a mixed
trend as given in Table IV and Table V, respec-
tively. The tensile modulus of UV-cured poly-
dimethylsiloxane and polydicyclohexylsiloxane
siloxanes were higher than the corresponding
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thermally cured siloxanes while PDPS showed the
opposite trend. The tensile strength for all the three
UV-cured siloxanes were higher than the thermally

cured siloxanes. The fracture toughness, elonga-
tion-to-break, and energy release rate of UV-cured
siloxanes were lower than thermal cured siloxanes.

Figure 5 Curing exotherm of (a) telechelic epoxide and amine polydimethylsiloxane (PDMS), reactive diluents (Heloxy
modifier 48 and Epicure 9551), and cured siloxane with reactive diluents, (b) telechelic epoxide and amine polydicyclo-
pentylsiloxane (PDPS), reactive diluents (Heloxy modifier 48 and Epicure 9551), and cured siloxane with reactive diluents,
and (c) telechelic epoxide and amine polydicyclohexylsiloxane (PDHS), reactive diluents (Heloxy modifier 48 and Epicure
9551), and cured siloxane with reactive diluents. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Though the number of moles of epoxide functional-
ity in both UV-cured and thermally cured systems
were the same, the crosslink density of UV-cured
siloxanes were considerably less than the thermally
cured siloxanes. This may be attributed to the fast
UV-curing process, which does not allow all the re-
active groups to participate in the crosslinking pro-
cess. Thus, the films are cured only at the surface,
and have high modulus. Crosslink densities of UV-
cured siloxanes are lower than the thermal cured
systems.

The tensile strength, elongation-at-break, and ten-
sile modulus of the UV-cured and thermally cured
films are given in Table IV and Table V, respec-
tively. The tensile strength of the cyclohexyl siloxane
system was highest at 5.4 MPa, more than five times
higher than the methyl-substituted siloxane system.
Tensile modulus of the cyclohexyl system was 2.5

times higher than the methyl substituted siloxane at
187 Pa. The elongation-to-break (%) of methyl silox-
ane was 9%, six times higher than the cyclohexyl
siloxane system. It was observed that as the bulk of
pendant group increases, the tensile modulus and
strength was increased and the elongation-at-break
decreased.

The general film properties for the three thermally
cured systems is summarized in Table VI. Usually,
the larger the organic substituents on the siloxane
backbone, lower release properties are observed,
thereby improving the adhesion of PSAs.46 As the
pendant group in the silicone backbone was varied
from methyl to cyclopentyl to cyclohexyl, the back-
bone becomes more rigid. Hence, the segmental
mobility reduces resulting in a denser network.
Readhesion values increase significantly for all the
systems. Pencil hardness of a cured film is related to

TABLE III
Heat of Curing for Polysiloxanes and Reactive Diluents

Sample name Cured composition Heat (J/g)

PDMS Polydimethylsiloxane epoxide and polydimethylsiloxane amine 251.4
PDPS Polydicyclopentylsiloxane epoxide and polydicyclopentylsiloxane amine 97.4
PDHS Polydicyclohexylsiloxane epoxide and polydicyclohexylsiloxane amine 127.4
Reactive diluents Heloxy 48 þ Epicure 9551 208.8
PDMS þ Reactive diluents Polydimethylsiloxane epoxide 562.2

Polydimethylsiloxane amine
Heloxy 48
Epicure 9551

PDPS þ Reactive diluents Polydicyclopentylsiloxane epoxide 277.5
Polydicyclopentylsiloxane amine
Heloxy 48
Epicure 9551

PDHS þ Reactive diluents Polydicyclohexylsiloxane epoxide 285.4
Polydicyclohexylsiloxane amine
Heloxy 48
Epicure 9551

Figure 6 Exotherm for cationic photopolymerization of
glycidyl epoxide functionalized (a) polydicyclohexylsilox-
ane (PDHS) (b) polydicyclopentylsiloxane (PDPS) and (c)
polydimethylsiloxane (PDMS) at 60�C for 10 s.

Figure 7 Exotherm for cationic photopolymerization of
glycidyl epoxide functionalized polydicyclopentylsiloxane
(PDPS) (a) at 60�C for 10 s, (b) at �10�C for 20 s, and (c)
at �10�C for 10 s.
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the elongation-at-break, i.e., the coating is broken
only when the maximum stress due to the pencil or
indenter scratching exceeds the tensile strength of
the coating film. Therefore, the pencil hardness
shows the same trend as the tensile properties. With
increase in substituent size, the pull-off adhesion is
increased. This may be attributed to increase in
toughness.

The falling weight impact test was performed to
determine the ability of the coating to resist damage
caused by rapid deformation (impact). The resist-
ance of the coating to the penetration by the falling
weight is directly proportional to strength of the
coating matrices. So, in this case both for reverse
and direct impact testing energy that the coating can
withstand increased with increase in bulkiness of
the pendant group attached to silicone backbone.
Impact resistance was found to be directly propor-
tional to the fracture toughness. A high value of
fracture toughness and impact resistance in the ab-
sence of crack is the reflection of good resistance to
crack initiation and crack propagation. It was found
that as the bulkiness of the pendant group in the sil-
icone backbone increased, the adhesion strength,
and MEK resistance increased, and crosslink density
decreased. Crosshatch adhesion values of thermally
cured PDPD and PDHS was observed to be much
higher than the PDMS system.

Oxygen permeability values were found to
increase with increase in the bulk of the pendant

group. This was due to the fact that as the steric
bulk of the organic groups attached to the silicone
backbone increases, the sites of crosslinking become
further apart. The free volume of the cured polymer
matrix increases and hence the oxygen transmission
rate rises. Both the advancing and receding contact
angle increase with the increase in hydrophobicity of
the thermally cured siloxane layer on the silicone
wafer. The methyl substituted siloxane is the least
hydrophobic and cyclohexyl substituted siloxane is
the most hydrophobic.

The X-ray diffraction pattern of the three ther-
mally cured siloxanes is shown in Figure 9. The
packing density of the cured siloxane specimens
were studied by WAXD. All the samples exhibit a
broad peak indicating amorphous nature of these
samples. The d-spacing in the diffraction pattern,
which characterize the chain to chain distance in the
polymer matrix was calculated using Bragg’s equa-
tion as shown here:

nk ¼ 2d sin h (7)

where y is the angle of maximum intensity of the
peak observed in the sample spectrum and k is the
wavelength of the X-ray radiation. As the bulkiness
of the pendant group on the siloxane main chain is
increasing, the peak intensity is found to decrease.
There is a small shift in the peak position, as the
pendant group varies from methyl (2y ¼ 17.7�, d-
spacing value of 2.5 A�), to cyclopentyl (2y ¼ 16.6�,
d-spacing value of 2.7 A�), to cyclohexyl (2y ¼
15.45�, d-spacing value of 2.9 A�). The broadness is
most likely an overlap of the unreacted oligomers
and the lack of packing of the cycloaliphatic sub-
stituents. The increase in d spacing supports the
DMTA and oxygen permeability results that, as the
steric bulk of pendant group in the siloxane back-
bone increases the crosslink density decreases,
oxygen permeability increases and polymer chain to
chain distance within the polymer matrix increases.

TABLE IV
The Mechanical Properties of UV-Cured Siloxanes

MS_Ep PS_Ep HS_Ep

Tensile
Modulus (Pa) 89.0 � 5.1 143.0 � 12.7 204.0 � 17.4

Tensile
Strength (Pa) 1.8 � 0.5 6.2 � 2.4 6.9 � 1.9

Elongation-to-
break (%) 0.70 � 0.01 0.08 � 0.01 0.05 � 0.01

ue (mol/m3) 1562 671 598
Kc (MPa m1/2) 0.008 � 0.002 0.050 � 0.009 0.080 � 0.010
GIC (J m�2) 20.0 � 2.6 57.0 � 6.1 68.0 � 7.7

TABLE V
The Mechanical Properties of Thermally Cured Siloxanes

MS_Ep_NH PS_Ep_NH HS_Ep_NH

Tensile
modulus (Pa) 73.00 � 1.68 156.00 � 2.15 187.00 � 2.02

Tensile
strength (Pa) 0.8 � 0.1 4.8 � 0.4 5.4 � 0.1

Elongation-to-
break (%) 1.80 � 0.87 0.40 � 0.07 0.30 � 0.04

ue (mol/m3) 2935 228 115
Kc (MPa m1/2) 0.07 � 0.01 0.15 � 0.05 0.26 � 0.06
GIC (J m�2) 67.1 � 5.6 144.2 � 9.2 361.5� 15.4

Figure 8 Tan d plot of thermally cured polydimethylsi-
loxane (PDMS), polydicyclopentylsiloxane (PDPS), and
polydicyclohexylsiloxane (PDHS).
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As previously reported,37 an unusual relationship
between free-volume, Tg, and curing exists for cycloa-
liphatic substituted siloxanes. It has been surmised
that due to packing of the cycloaliphatic group. For
both the methyl and phenyl group the packing is
driven either by size or dipole-dipole effects, respec-
tively. The cycloaliphatics bring the unique feature of
a higher usage temperature (Tg), and greater free vol-
ume. This will be useful for a number of applications,
i.e., membranes,47,48 and coating applications.49,50

CONCLUSIONS

The glycidyl epoxide functionalized methyl, cyclo-
pentyl, or cyclohexyl siloxanes can be homopolymer-
ized or reacted thermally with an aminoplast
hardner. A reactive diluent was needed for film for-
mation in both the UV-curable homopolymerized
siloxane epoxides and for the thermally cured silox-
ane epoxide-amine. The tensile strength and modulus
of UV-cured homopolymerized siloxanes were found
to be greater than the corresponding thermal cured
siloxanes. The fracture toughness and elongation-to-
break of thermal cured siloxanes were larger than the
UV-cured siloxanes. It was found that overall me-
chanical and coatings properties of thermally cured
siloxanes improved with increase in bulk of the
pendant group in the backbone. The hydrophobicity

increased with increase in steric bulk of the side
groups as evidenced by an increase in contact angles
and release forces. Also, crosslink density increased
and oxygen permeability decreased with increase in
the size of pendant group. The rate of cationic poly-
merization was observed to increase with increase in
bulk of the side groups.
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