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ABSTRACT: This study investigates the influence of organoclays modified with polymerizable dispersants on
the photopolymerization and physical properties of a binary thiol—acrylate copolymer system. Real-time infrared
spectroscopy (RTIR) was used to characterize polymerization behavior, while dynamic mechanical analysis (DMA)
and photorheometry were utilized to investigate mechanical and shrinkage properties. Adding nonpolymerizable
organically modified clays into thiol—acrylate system leads to no significant changes in photopolymerization rate
as compared to the unfilled polymer. Lower thiol conversion but equivalent acrylate conversions as the neat
formulation are observed when nonreactive organoclay is added. On the other hand, for organoclays with
incorporated acrylate functionalities, higher photopolymerization rates are achieved. As the concentration of
acrylated organoclays increase, higher thiol conversion also occurs. The higher polymerization rates are due to
reduced termination rates resulting from lower mobility radicals formed on the clay surface. Increases in Young’s
modulus are observed with addition of nonpolymerizable organoclays, and much higher Young’s modulus is
obtained with polymerizable organoclays incorporated into the polymer matrices. Polymerization-induced shrinkage
is significantly reduced upon incorporating polymerizable organoclay into the photopolymer nanocomposite. An
increased tendency toward step-growth polymerizations upon adding thiolated organoclays lead to reduction in
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shrinkage even with the higher Young’s modulus achieved in these nanocomposites.

Introduction

Polymer nanocomposites have been researched over the past
decades based on the opportunity to improve physical and
thermal properties with incorporation of nanometer-sized par-
ticles into polymer hosts. For polymer nanocomposites in which
the inorganic filler is clay, additional attraction stems from the
relatively low cost and the chemical nature of clay particles.
Clay is composed of negatively charged aluminosilicate platelets
separated by a van der Waals distance."* The negative charges
are counterbalanced by exchangeable cations embedded between
adjacent clay platelets. Because of the hydrophilic nature of the
clay, quaternary ammonium surfactants are typically utilized
to modify the surface in order to enhance dispersion in organic
monomers and/or polymers.

Although clay—polymer nanocomposites have been devel-
oped utilizing a number of polymers, their use has been limited
primarily to thermally initiated polymer systems or solvent-
processed, un-cross-linked polymers. Other polymeric materials,
such as photopolymers, which have applications ranging from
coatings, thin films, and biological systems,}9 could benefit
from the unique property enhancements induced by clay
nanoparticles. Photopolymerization continues to grow rapidly
due to the ultrarapid nature of the reactions, spatial and temporal
control of initiation, and temperature-independent initiation.
Photopolymers essentially consist of 100% solids and therefore
reduce or eliminate the use of solvents and other volatile organic
compounds (VOC).'°

Recent research has demonstrated various clay—photopolymer
nanocomposites based on acrylate and epoxy systems.''™?'
These nanocomposites show some improvements in both
thermal and mechanical properties without significant changes
to the photopolymerization rate when compared to the pristine
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polymer. However, the improvements are well below those
observed in linear polymer systems. Further enhancement to
photopolymer nanocomposite materials could be realized from
additional understanding of the evolution of their physical
properties with respect to reaction behavior. For instance, the
large aspect ratio of clay nanoparticles may induce unique
photopolymerization behavior that could be explored to optimize
polymer nanocomposite properties. Researchers have examined
ordering and surface effects and their influence on polymeri-
zation behavior.?? Significantly higher rates of polymerization
have been demonstrated in polymerizations performed in various
template media.>® Template polymerizations have also been
explored to control polymer morphology in a variety of
photopolymerizable systems.>*>

In the majority of research pertaining to photopolymerizable
systems, including that for nanocomposite systems formed
through free radical reactions, (meth)acrylate-based formulations
are most commonly used due to availability of monomers and
the range of properties that can be designed from those
monomers. Unfortunately, the polymerization of (meth)acrylate-
based photopolymers are inhibited by atmospheric oxygen,
exhibit significant shrinkage, and are often limited by incomplete
monomer conversion.”>?’ Photopolymers consisting of thiol
monomers copolymerized with other molecules which have
terminally unsaturated carbon—carbon double bonds (enes) have
recently been investigated as alternatives to (meth)acrylate-based
photopolymers.?® % Thiol—ene photopolymerization occurs
through a step-growth reaction mechanism that leads to more
uniform polymer network and reduced shrinkage.*® On the other
hand, these systems typically exhibit reduced mechanical
stability due to lower cross-link density of the polymer network.
Many advances have been demonstrated that improve mechan-
ical stability by designing specific properties into the monomer
backbone. Lee et al., for example, have shown that mechanically
stable polymers with reduced shrinkage can be generated from
combination of multifunctional allyl ethers and thiols.*”*® To
achieve desired mechanical properties, thiol and ene monomers
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Figure 1. Chemical structures of (A) tripropylene glycol diacrylate (TrPGDA), (B) trimethylolpropane tris(3-mercaptopropionate (TMPTMP), (C)
tetradecyl-2-acryloyloxy(ethyl)dimethylammonium bromide (C14A), (D) octadecyl-2-acryloyloxy(ethyl)dimethylammonium bromide (C18A), (E)
dimethyl dihydrogenated tallow (Me2HT), and (F) tetradecyltrimethylol bis(3-mercaptopropionate)dimethylammonium bromide (trithiol).

having functionalities equal to or greater than three are recom-
mended.*° Unfortunately, such monomer systems tend to have
high viscosities producing difficult processing conditions.

Synergistically combining the potential for improved physical
properties derived from incorporating clay nanoparticles with
the unique properties of thiol—ene photopolymers could lead
to new and improved photopolymer nanocomposites. This goal
may be realized through development of a fundamental under-
standing of the influence of organoclay on the photopolymer-
ization behavior. Previous studies have shown no significant
changes in polymerization behavior when organoclays are
incorporated into the nanocomposite systems.'' Others have also
shown that modifying clay surfaces with polymerizable moieties
induces significantly different polymerization behavior and
mechanical properties. The resulting properties are often de-
pendent on the type of reactive functionality utilized.”* By
considering the potential mechanical and thermal property
improvement attainable with reactive organoclays, photopolymer
systems with improved polymerization behavior and unique
properties could be developed.*’

This study investigates the influence of organoclay on the
photopolymerization behavior as well as on thermal, mechanical,
and shrinkage properties of nanocomposite systems based on
thiol—acrylate monomer systems. The photopolymerization
behavior of organoclay modified with typical quaternary am-
monium surfactants was investigated. The study was extended
to examine the effects of acrylated or thiolated organoclays on
nanocomposite properties and photopolymerization behavior.
Additionally, changes in mechanical properties and polymeri-
zation-induced shrinkage are probed to understand the evolution
of nanocomposite properties as a function of photopolymeri-
zation behavior.

Experimental Section

Materials. To examine the influence of polymerizable organoclay
nanoparticles on the photopolymerization behavior of thiol—acrylate
formulations, tripropylene glycol diacrylate, (TrPGDA, Sartomer,
Exton, PA) and trimethylolpropane tris(3-mercaptopropionate)
(TMPTMP, Aldrich) were used. Polymerizable organoclays were
developed by exchanging sodium cations on Cloisite Na (Southern

Clay Products, Gonzalez, TX) with acrylate and thiol-modified
quaternary ammonium surfactants. Cloisite Na has a cation
exchange capacity (CEC) of 92.6 mequiv/100 g. Tetradecyl-2-
acryloyloxy(ethyl)dimethylammonium bromide (C14A) and octa-
decyl-2-acryloyloxy(ethyl)dimethylammonium bromide (C18A) are
acrylated quaternary ammonium surfactants synthesized following
previously described methodologies.*? Organoclays bearing these
surfactants were produced following standard cation exchange
procedures.** Thiol-modified clay (trithiol—organoclay) was syn-
thesized by coupling a multifunctional thiol monomer to C14A-
modified clay through a Michael addition reaction scheme following
previously reported procedures.*! Cloisite 15A (CL15A), an organi-
cally modified clay having no polymerizable functionality, was used
for comparison. Cloisite 15A is modified with quaternary am-
monium salt of dihydrogenated tallow (dihydrogenated consists of
~65% C18, ~30% C16, and ~5% C14 aliphatic chains, CEC =
125 mequiv/100 g). Figure 1 shows the chemical structures of
monomers and surfactants used in this study. Ethyl alcohol (EA;
Aaper Alcohol and Chemical, Shelbyville, KY), tetrahydrofuran
(THF; Aldrich), and diethylamine (DEA; Aldrich) were used as
received to synthesize trithiol—organoclay. 2,2-dimethoxypheny-
lacetophenone (DMPA; Ciba) was used as the free radical photo-
initiator in all polymerizations at 0.1 wt %. A 1:1 molar mixture
of TrPGDA and TMPTMP based on monomer functionality was
used as the base monomer composition in all experiments. Since
thiols do not homopolymerize significantly, the equimolar concen-
tration was chosen to ensure reaction of the thiol monomers in the
formulation. Even at 100% of the cation exchange capacity, molar
concentration of acrylate or thiol functional groups on the orga-
noclay surface is much less than the bulk monomer and was
considered negligible. Table 1 summarizes typical compositions
of formulations used in this experiment. For brevity, all organoclays
will be referred to by the type of surfactant followed by organoclay,
e.g., Cl4A—organoclay to reference C14A surfactant-modified clay.

Methods. Photopolymerization Kinetics. Samples for photopo-
lymerization and viscoelastic property measurements were prepared
by adding requisite amounts of organoclay to TrGPDA and
sonicating for 2 h. Photoinitiator was added to the organoclay
mixture and allowed to dissolve over a minimum 2 h period.
TMPTMP was then added, and the sample was vortexed to form a
uniform mixture. Photopolymerization behavior was monitored
using real-time infrared spectroscopy (RTIR; Thermo Nicolet Nexus
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Table 1. Composition of Samples Used in Experiments

percent mass of mass of moles of mass of moles of mass of total sample
organoclay organoclay  organoclay (g) TrPGDA (g) TrPGDA“ TMPTMP (g) TMPTMP“  photoinitiator (g) mass (g)
Cloisite 15A 0 0.00 1.21 3.53 x 1073 0.99 236 x 1073 2.00 x 1073 2
1 0.02 1.19 349 x 1073 0.98 233 x 1073 2.00 x 1073 2
3 0.07 1.16 341 x 1073 0.95 227 x 1073 2.00 x 1073 2
5 0.12 1.14 332 x 1073 0.93 222 x 1073 2.00 x 1073 2
C14A—organoclay 1 0.03 1.19 3.49 x 1073 0.97 232 x 1073 2.00 x 1073 2
3 0.08 1.16 3.39 x 1073 0.95 2.26 x 1073 2.00 x 1073 2
5 0.13 1.13 3.30 x 1073 0.92 2.20 x 1073 2.00 x 1073 2
C18A—organoclay 1 0.03 1.19 348 x 1073 0.97 232 x 1073 2.00 x 1073 2
3 0.09 1.15 338 x 1073 0.95 225 x 1073 2.00 x 1073 2
5 0.14 1.12 3.28 x 1073 0.92 2.19 x 1073 2.00 x 1073 2
trithiol —organoclay 1 0.03 1.19 3.48 x 1073 0.97 232 x 1073 2.00 x 1073 2
3 0.09 1.15 338 x 1073 0.95 225 x 1073 2.00 x 1073 2
5 0.14 1.12 3.28 x 1073 0.92 2.19 x 1073 2.00 x 1073 2

“ TrPGDA functionality = 2, TMPTMP functionality = 3. Moles of TrPGDA and TMPTMP are adjusted to achieve equal moles of functional groups

when acrylated or thiolated organoclay is added to the formulation.

670).** RTIR samples were prepared by sandwiching 25 uL samples
between two sodium chloride slides. The samples were purged with
dry nitrogen gas for ~6 min before initiating polymerization. After-
effects studies*>*° were conducted by illuminating samples to a
desired conversion, shuttering the light source, and monitoring
functional group conversion in the “dark”. These reactions were
initiated with a 365 nm light at 3 mW/cm?.

Mechanical Properties. To determine viscoelastic properties,
rectangular bars measuring approximately 2 x 13 x 25 mm were
fabricated by irradiating samples sandwiched between two micro-
scope slides that were end-capped with 2 mm spacers. The
monomers were purged for 10 min and irradiated for 10 min on
each side. Before mechanical testing, all samples were stored at
room temperature for at least 48 h. Young’s modulus measurements
were taken at 30 °C with an applied dynamic tensile force in the
linear regime (typically less than 5% strain) and 1 Hz frequency
using dynamic mechanic analysis (DMA; Q800 DMA TA Instru-
ments). Data shown are averages of at least three runs.

Shrinkage Measurement. Polymerization-induced shrinkage prop-
erties were measured on a Physica MCR301 rheometer (Anton Paar)
equipped with UV cell and H-PTD200 hood for temperature control
and nitrogen atmosphere. Shrinkage was measured from samples
sandwiched between 25 mm parallel plates. Systems were irradiated
with a 100 W mercury short arc lamp and a bandpass filter that
transmits only 320—500 nm wavelengths (Omnicure 1000-EXFO).
The end of the light guide was fitted with a neutral density filter to
control light intensity during experiments (Edmund Optics). The
bottom plate in the rheometer was glass, and all experiments were
performed under nitrogen purge. Photorheometer experiments were
carried out using 1% oscillatory strain and a frequency of 1 Hz.
An initial gap was set to 0.7 mm. Because of low starting viscosity,
samples were loaded by lowering the top plate to the specified gap
and then injecting samples to fill the gap. Shrinkage was measured
by setting the instrument to maintain the force normal to the shear
direction at 0 N. As the samples shrank, the gap was thus reduced
to maintain a O N force, and shrinkage was recorded as change in
gap vs time. In each experiment, the shutter was opened after 16 s,
and the sample was continuously irradiated for the rest of the
experiment with an intensity of 0.8 mW/cm?.

Results and Discussion

Photopolymerization Behavior of Nonreactive Organo-
clay Systems. Previous research has shown that the rate of
photopolymerization of acrylate-based systems generally de-
creases when nonpolymerizable organoclay is added. In par-
ticular, the maximum rate of photopolymerization decreases with
increasing organoclay concentration in the photopolymerization
of acrylate monomers.>> In thiol—acrylate systems which
polymerize by a combination of both chain and step-growth
mechanisms, little is known regarding the effects of inorganic
particle and their surface functionality on polymerization
behavior, especially in clay—photopolymer systems. Lee et al.

demonstrated that lower photopolymerization rates occur when
small concentrations (up to 5 wt %) of thiol-functionalized
spherical silica nanoparticles are incorporated into a thiol—acrylate
formulation.*’ The reduced rate was attributed to surface effects
and species concentration imbalance at the silica—monomer
interface. To understand if similar photopolymerization behavior
is observed with platelike particles, RTIR was used to monitor
the photopolymerization behavior of thiol—acrylate systems
containing organoclay.

A relatively low-viscosity monomer mixture comprising 1:1
molar ratio of difunctional acrylate (TrPGDA) and trifunctional
thiol (TMPTMP) was investigated. Equimolar concentrations
of acrylate and thiol monomers were used since the thiol
monomer does not homopolymerize. Parts a and b of Figure 2
show acrylate and thiol functional group conversion plots as a
function of time, respectively. Without thiol monomer or
organoclay in the formulation, TrPGDA initially polymerizes
slowly and accelerates (due to the Tromsdorff effect) to a final
conversion of ~80% after 1 min of illumination. The rate of
photopolymerization and final double-bond conversion changes
significantly upon adding TMPTMP to the acrylate monomer.
The observed autoacceleration effect in photopolymerizing
TrPGDA is enhanced in the thiol—acrylate mixture. First, the
rate of acrylate photopolymerization increases substantially in
the TrPGDA/TMPTMP copolymer system. In addition, acrylate
conversion increases to greater than 95%. This behavior is likely
due to a more loosely cross-linked TrPGDA/TMPTMP polymer
network, which now consists of a mixture of acrylate ho-
mopolymers and thiol—acrylate copolymers. The step growth
nature of the thiol—acrylate reaction delays vitrification and
could allow greater free radical mobility to yield the higher
conversion. When 1 wt % CL15A, a nonpolymerizable orga-
noclay, is added to the TrPGDA/TMPTMP sample, the initial
slope of the acrylate conversion curve appears similar to that
for the pure monomer mixture. Nearly complete double-bond
conversion is also observed in the same period as the unfilled
formulation. Upon the addition of 3 or 5 wt % CL15A, however,
somewhat decreased double-bond conversion occurs, although
the polymerization rates remain similar to the samples containing
1 wt % organoclay.

Thiol functional group conversion for these polymerizations
follows similar trends as the acrylate conversions. Thus, after
1 min of illumination, thiol functional groups in the unfilled
mixture reach ~60% conversion. Slightly lower thiol conversion
is observed when 1 wt % CL15A is added to the monomer
mixture. The overall conversion increases with higher organo-
clay concentration. However, the final conversion of formula-
tions that have up to 5 wt % CL15A remains lower than the
unfilled system. Overall, the maximum thiol conversion reaches
between 50 and 60% when up to 5 wt % of CL15A is added.
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Figure 2. RTIR conversion profiles of Cloisite 15A in 1:1 mol (based on functional groups) TrPGDA/TMPTMP mixture. Shown are (A) acrylate
double-bond conversion for TrPGDA (O), TrPGDA/TMPTMP (¥), and TrPGDA/TMPTMP with 1 wt % (O), 3 wt % (<), and 5 wt % (A) Cloisite
15A. (B) Thiol functional group conversion for TrPGDA/TMPTMP (¥) and TrPGDA/TMPTMP with 1 wt % (O), 3 wt % (<), and 5 wt % (A)

Cloisite 15A.
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Figure 3. Plot of functional group conversions for (A) double-bond conversion vs time for TTPGDA/TMPTMP with 0 wt % (a), 1 wt % (H), 3 wt
% (O), and 5 wt % (<) C14A—organoclay in 1:1 mol (based on functional groups) TrPGDA/TMPTMP. (B) Conversion of thiol functional groups
for TTPGDA/TMPTMP with 0 wt % (A), 1 wt % (H), 3 wt % (O), and 5 wt % (&) C14A—organoclay.

With 3 and 5 wt % CL15A, the polymerization rate of the thiols
appears to increase slightly as indicated by the greater slope of
the conversion curve. Even with small changes in acrylate and
thiol conversion and rates, the organoclay does not appear to
influence the polymerization behavior of the thiol—acrylate
mixture significantly. This behavior is in sharp contrast to that
of pure acrylate systems in which increasing nonpolymerizable
organzozclay concentration often lowers the photopolymerization
rates.

Photopolymerization Behavior of Polymerizable Organo-
clay Systems. Introducing reactive functional groups onto the
clay surface could allow much different photopolymerization
behavior of the thiol—acrylate system in similar fashion as
observed in other photopolymerizable systems. Previous work
has shown that modification of clay surfaces with reactive
groups enhances photopolymerization rates relative to nonre-
active organoclay analogues.?? Therefore, the polymerization
kinetics were studied for TTPGDA/TMPTMP samples containing
organoclays that have been modified with polymerizable
functional groups. C14A—organoclay has acrylate functional
groups that are capable of reacting with either TrPGDA or
TMPTMP monomer. Trithiol—organoclay, on the other hand,
is modified with thiol groups that can only copolymerize with
the TTPGDA monomer.

The effects of C14A—organoclay on the photopolymerization
behavior were investigated via RTIR. Parts a and b of Figure 3
show conversion profiles of acrylate and thiol functional groups

as a function of time, respectively. The plots of acrylate
conversion appear significantly different from that observed in
systems with CLI15A. Adding between 1 and 5 wt %
Cl4A—organoclay to the monomer mixture leads to slightly
higher double-bond conversion. Essentially 100% functional
group conversion is observed when up to 5 wt % organoclay is
incorporated into the monomer. In addition, the rate of photo-
polymerization is altered significantly compared to the CL15A
system. Incorporation of 1 wt % Cl14A—organoclay leads to
substantially higher photopolymerization rates compared to the
unfilled TrPGDA/TMPTMP mixture and translates into shorter
times to reach complete double-bond conversion. Further
increases in photopolymerization rates are observed when 3 wt
% Cl4A—organoclay is added to the formulation. With 5 wt
% organoclay loading, the rate does decrease compared to either
the 1 or 3 wt % organoclay systems. However, adding
Cl4A—organoclay at all concentration levels investigated leads
to photopolymerization rates that are substantially higher than
the unfilled monomer mixture. Both the rate of polymerization
and double-bond conversion behavior is in direct contrast to
the observed behavior in nonpolymerizable organoclay system
in which similar polymerization rates and lower conversions
are observed with higher organoclay content.

The extent of thiol conversion also exhibits significant
changes in comparison to the unfilled monomer mixture.
Compared to the unfilled system, a slight increase in thiol
conversion is observed when 1 wt % Cl4A—organoclay is
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Figure 4. Conversion profiles of trithiol—organoclay in 1:1 mol (based on functional groups) TrPGDA/TMPTMP. (A) Acrylate conversion for neat
TrPGDA/TMPTMP (A) and TrPGDA/TMPTMP with 1 wt % (O), 3 wt % (®), and 5 wt % (@) trithiol—organoclay. (B) Thiol functional group
conversion for neat TTPGDA/TMPTMP (A) and TrPGDA/TMPTMP with 1 wt % (O), 3 wt % (), and 5 wt % (@) trithiol—organoclay.

added. At 3 wt % C14A—organoclay loading, close to 70% thiol
conversion is observed. A further increase in conversion (to
~80%) occurs when 5 wt % C14A—organoclay is added to the
formulation (Figure 3b). The rate of thiol conversion also
appears to be greater when the polymerizable organoclay is
incorporated into the monomer mixture. Unlike the nonpolym-
erizable organoclay system, adding the reactive functionality
leads to faster photopolymerization rate and higher thiol
monomer conversion.

Addition of thiol functionality onto clay surface provides
another window through which the influence of organoclay
surface functionality on thiol—acrylate polymerization behavior
can be understood. Thiol polymerization requires addition of
species with terminal double bonds with which to copolymer-
ize.** Therefore, reaction of thiol species on the organoclay
surface is dependent on the presence of acrylate monomer in
the clay galleries. To examine the reaction behavior of these
thiol—organoclay systems, C14A—organoclay was modified
with multifunctional thiol monomer through a Michael addition
reaction.*! Trithiol—organoclay concentrations of up to 5 wt %
organoclay were dispersed in an equimolar mixture of TrTPGDA/
TMPTMP monomer (equal moles of functional groups). Figure
4 shows RTIR conversion vs time plots for 1—5 wt %
trithiol—organoclay in TrTPGDA/TMPTMP. Approximately 90%
double-bond conversion is observed upon adding the organoclay.
Ultimate functional group conversions in the trithiol —organoclay
formulations were independent of organoclay concentration.
Similar rates of photopolymerization are observed for all
concentrations of thiol—organoclay after 1 min of illumination.
Interestingly, addition of thiol—organoclay leads to similar
acrylate photopolymerization behavior as observed in the
nonpolymerizable organoclay systems.

Thiol conversion in the trithiol—organoclay samples, however,
differs from the samples containing either CL15A or C14A—
organoclay. Approximately 70% of thiol species is converted
when 1—5 wt % trithiol—organoclay is added to the mixture.
Figure 4b shows that the conversion is independent of organo-
clay concentration since similar final conversions are observed
for up to 5 wt % concentration. While more thiol monomer
convert into the polymer matrix compared to the CL15A system
at any concentration level, it is interesting to note that
trithiol—organoclay does not induce significant concentration-
dependent behavior. However, samples containing trithiol—
organoclay polymerize faster than the neat formulation. In-
creasing the organoclay concentration to 3 or 5 wt % leads to
slightly faster polymerization rates relative to the 1 wt % sample
and even higher in comparison to the neat sample.

Surface Interaction Effects. Clearly, the photopolymeriza-
tion behavior appears to be influenced significantly by the type
of functionality incorporated into the organoclay. To further
understand the mechanism for the observed photopolymerization
behavior upon introducing organoclay into the reaction mixture,
after-effects experiments were performed.**® After-effects
studies are conducted by shuttering the initiation light source
at various double-bond conversions. With no exposure to light,
the initiation rate goes to zero. Therefore, any observed reaction
is directly related to the nature of radicals remaining in the
system. Functional group conversion determined in the dark can
then be correlated to free radical longevity and concentration.
Better understanding of the mechanism for the observed changes
in photopolymerization behavior can be gained from monitoring
such “dark” reactions.

Real-time infrared spectroscopy measurement of dark conver-
sion as a function of conversion during illumination is shown
in Figure 5. Postillumination acrylate and thiol conversions for
TrPGDA/TMPTMP mixture containing 3 wt % organoclay are
shown in parts a and b of Figure 5, respectively. Without
organoclay, double-bond conversion in the mixture increases
by ~10% after illuminating the sample to ~10% conversion.
Irradiating the unfilled sample to higher conversion levels before
shuttering the light leads to lower dark conversion as ~6% dark
cure occurs when irradiation is maintained to achieve 35%
double-bond conversion. On the other hand, dark conversion
of double bonds actually increases when the samples are
polymerized to higher conversions before shuttering the light
in the presence of CL15A. While 8% more acrylate functional
groups polymerize in the dark for samples that are illuminated
to 10% conversions, further 15% dark conversion occurs in
samples that are illuminated to 35% conversion before shuttering
the light. C14A—organoclay achieves almost double the dark
conversion levels compared to the unfilled formulation or the
other organoclay systems. Thus, nearly 20% additional acrylate
conversion is observed in the C14A—organoclay systems at
different shutter times and conversions. On the contrary, ~10%
dark conversion is observed in samples with trithiol —organoclay
even after illuminating to achieve 40% conversion.

Dark conversion of thiol functional groups appear to behave
in a similar manner as the acrylates. Thus, both the unfilled
monomer and trithiol—organoclay samples have lower conver-
sion levels in the dark when compared to the C14A—organoclay
samples (Figure 5b). Approximately 6% thiol functional group
conversion is observed in the dark for the unfilled formulation
and samples that contain trithiol—organoclay. In comparison,
substantially higher dark conversion (~14%) occurs in the
Cl4A—organoclay samples under the same polymerization
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Figure 5. Dark conversion of thiol—acrylate formulations: (A) double-bond conversion in the dark vs conversion during irradiation of 1:1 mol
(based on functional groups) TrPGDA/TMPTMP (@) and TrPGDA/TMPTMP with 3 wt % Cloisite 15A (A), 3 wt % Cl4A—organoclay (M), and
3 wt % trithiol—organoclay (<>). (B) Thiol functional group conversion for TrPGDA/TMPTMP (®) and TrPGDA/TMPTMP with 3 wt % Cloisite
15A (A), 3 wt % Cl4A—organoclay (M), and 3 wt % trithiol—organoclay (<).

conditions. CL15A and the unfilled samples initially have similar
dark conversions for illuminated conversions up to 15%. Dark
conversion increases as the samples are illuminated to higher
conversions before shuttering the light. Since no more free
radicals are generated after shuttering the initiating light source,
the behavior observed in Figure 5 suggests that free radical
concentration depends on the added organoclay. The number
of free radicals generated in C14A—organoclay is the highest
among the four samples. The free radicals also appear longer
lived and suggest a change to the polymerization mechanism
upon introducing acrylated organoclay into the reaction medium.

Considering the low concentration of C14A surfactants on
the clay surface, the higher free radical concentration in
C14A—organoclay sample is likely not due to increased double-
bonds concentration. More likely, this behavior may be at-
tributed to decreased termination rates as indicated by the higher
conversion and polymerization rates. In terms of the photopo-
lymerization behavior, immobilizing free radicals on the clay
surface leads to faster polymerization rates due to diffusion
limitations. Because of their immobility, growing radical chains
from the polymerizable species on the clay surface are less likely
to participate in bimolecular termination, resulting in the
observed behavior in Figure 5. In addition, the free radicals
could polymerize rapidly with other acrylate species along the
surface due to the close proximity of adjacent molecules
anchored on the particle surface. Hence, the clay surface may
serve as a medium for facilitating faster polymerization rates
in a similar fashion as observed in other templated polymeriza-
tions.>**> For free radicals generated from C14A molecules on
the clay surface, such a mechanism is consistent with what has
been observed previously in pure acrylate—organoclay sys-
tems.>* This additional radical propagation and polymerization
would also lead to the higher overall thiol and acrylate
conversions in the presence of Cl4A—organoclay. On the
contrary, the lack of such propagation mechanism in the CL15A
formulations is evident in the lower thiol functional group
conversion as well as slower rates of conversion.

To gain further understanding of the differences in polym-
erization of both thiolated and acrylated organoclay systems,
polymerization behavior in the early stages of the reaction was
examined more closely. RTIR plots of double-bond vs thiol
conversion in the first 15 s of reaction are shown in Figure 6
for samples containing 3 wt % organoclay and the neat monomer
mixture. The graph indicates that illuminating the unfilled
monomer mixture for 15 s leads to ~45% double-bond and 18%
thiol conversion. For this system, double bonds are converted
at more than twice the rate of thiols. Acrylate conversion in the
Cl14A—organoclay system reaches almost 50% for 15% thiol
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Figure 6. Double-bond vs thiol conversion at short irradiation times
for 1:1 mol (based on functional groups) TrPGDA/TMPTMP (@),
TrPGDA/TMPTMP with 3 wt % Cloisite 15A (A), 3 wt %
Cl4A—organoclay (M), and 3 wt % trithiol—organoclay (<). Samples
were irradiated for 15 s using 365 nm light at 3 mW/cm>.

conversion. In comparison, the thiol—organoclay system shows
much different polymerization behavior from the other systems.
At 20% double-bond conversion, ~15% conversion of thiol
functional groups is observed.

Previous studies have demonstrated that acrylate homopo-
lymerization occurs extensively in acrylate/thiol mixtures.*®
Hence, the polymerization behavior of the TTPGDA/TMPTMP
mixture and Cl4A—organoclay systems are consistent with
typical acrylate—thiol copolymerizations. In the thiol—organoclay
system, however, the similarity in double-bond and thiol
functional group conversions suggests that acrylate—thiol co-
polymerization occurs to a more significant degree relative to
the other formulations. The nature of the copolymerization
observed is indicative of significant preference for a step-growth
reaction behavior. Clearly, the nature of the organoclay func-
tionality alters the polymerization behavior significantly and
could have a significant impact on the properties of the resulting
nanocomposite.

From the above discussions, the faster photopolymerization
rates and higher functional group conversions (both acrylate and
thiol) could further be explained considering the nature of
acrylate or thiol polymerization at the organoclay—monomer
interface. It has been shown previously that acrylate homopo-
lymerization in a thiol—acrylate system occurs at a faster rate
compared to the copolymerization.*® For the C14A—organoclay
system, rapid polymerization of free radicals along the surface
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due to templating effects could lead to the observed photopo-
lymerization behavior. In addition, immobilization of free radical
chains would lead to lower termination rates and, ultimately,
faster polymerizations as observed. On the other hand, because
thiol molecules at the clay surface do not hompolymerize,
potentially faster polymerization induced by immobilizing
species on the particle surface could depend on the concentration
of acrylate monomer within the clay galleries. Upon reacting
anchored thiol molecules with acrylate radicals, polymerization
can ensue between either thiol or acrylate monomers in the
gallery. Consequently, rapid polymerization along the surface
would occur only after the surfactant molecule reacts with a
homopolymerizable species. This may also allow copolymeri-
zation that approaches a true alternating reaction in the bulk.

In preparing samples, C14A—organoclay mixes uniformly
with TrPGDA, while trithiol—organoclay and CL15A phase
separate over time from TrPGDA. Upon adding thiol monomer,
CL15A still exhibits some phase separation while the trithiol —
organoclay forms uniform mixtures. The observed mixing
properties suggest that the acrylate monomer tends to swell
Cl4A—organoclay to a greater degree than either the CL15A
or trithiol—organoclay. Such swelling would lead to higher
initial intragallery acrylate monomer concentration in the
C14A—organoclay system, while a mixture of thiol and acrylate
monomers would induce trithiol—organoclay swelling. Hence,
at the organoclay—monomer interface, acrylate homopolymer-
ization proceeds rapidly due to decreased termination from
immobilizing CI14A radicals as well as potentially higher
localized monomer concentrations. Since acrylate homopolym-
erization is more rapid in thiol—acrylate copolymerizations, the
observed polymerization behavior strongly supports the faster
reaction mechanism in the C14A—organoclay system. For the
thiol—organoclay system, the tendency to induce swelling by a
mixture of thiol and acrylate monomers may lead to relatively
lower intragallery acrylate concentration. Since the thiol —acrylate
copolymerization is slower, the overall polymerization rate
would be reduced as compared to the sample containing
Cl14A—organoclay.

Polymerization Rate Parameters. To understand further the
influence of the type of reactive organoclay on the observed
polymerization dynamics, apparent propagation and chain
transfer rate parameters were evaluated according to eq 1.** The
apparent chain propagation rate (k,) and chain transfer rate (kcr)
parameters were calculated using eq 1:

dc=C] _ . , k [c=C] n
d[SH] ke [SH]

where d[C=C] and d[SH] are the rates of acrylate and thiol
polymerization, respectively, k, represents apparent propagation
rate parameter for acrylate homopolymerization, kcr is the
apparent chain transfer to thiol, [C=C] is molar concentration
of acrylate, and [SH] represents thiol molar concentration. The
rates of polymerization (d[C=C] and d[SH]) are deduced from
the first derivative of conversion vs time plots from RTIR
data.*>*® Since conversion of functional groups versus time is
known from the RTIR plots, [C=C] and [SH] is calculated as
follows:

[C:C]O(l - x)C=C (2a)
[SH],(1 — X)gy (2b)
d[c=C] _ k, [C=Cly(1 = X)c=c
=14+ =
d[SH] ker [SHI(1 — X)gy )

where x is fraction conversion and [SH], and [C=C], are the
initial molar concentrations of TMPTMP and TrPGDA, respec-
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tively. The limit as d[SH] approaches 0 in eq 3 is 1. Hence, a
plot of d[C=C]/d[SH] vs [C=CJ/[SH] in eq 3 with the vertical
axis intercept set to 1 yields the value of k/kcr. On the basis of
experimental results for neat formulations as well as monomer
mixtures containing 3 wt % organoclay, the apparent chain
transfer rate parameter for trithiol —organoclay samples is 9 times
less than the propagation rate parameter. For the C14A—organo-
clay samples, the apparent k,/kct has a value of ~3, while the
unfilled mixture has an apparent k¢t that is ~2 times less than
the apparent k, (see Figure 6 inset). This supports the greater
degree of acrylate homopolymerization in samples containing
Cl14A—organoclay and the tendency toward step-growth copo-
lymerization behavior in the trithiol —organoclay system. Since
the copolymerization step in thiol—acrylate mixtures is slower
compared to acrylate homopolymerization, the trend toward
copolymerization in trithiol—organoclay systems would lead to
slower polymerization rates. Similarly, faster photopolymeri-
zation rates would be observed for the C14A—organoclay
system because of the higher tendency of acrylate monomers
to homopolymerize in that system.

Influence of Dispersant Chain Length. The ability to
modulate the degree of copolymerization in binary thiol—acrylate
formulations potentially has significant implications in the design
of clay—photopolymer nanocomposite systems. For instance,
modifying clay surfaces with the appropriate functionality could
facilitate control of the polymerization mechanism, network
structure, and thereby nanocomposite properties. Such tech-
niques could be useful in optimizing dispersion behavior of
organoclay in various polymer matrices. Considering that
monomer diffusion into clay galleries and delamination induced
by larger polymer chains may cause exfoliation,* changing the
polymerization dynamics could be a useful tool in material
design. For example, the greater degree of step growth behavior
in thiolated organoclay systems could facilitate exfoliation due
to delayed gelation during reaction, while acrylated organoclays
could be utilized to increase thiol conversion in binary
thiol—acrylate photopolymers.

Previous research has shown that chemical similarity of the
dispersant and monomer can significantly alter ultimate clay
morphology. To determine the effect of increasing the oleophilic
nature, and thereby changing the compatibility of the polymer-
izable surfactant, a C14A analogue with longer aliphatic tail
was developed. The effects of this increased aliphatic chain
length on photopolymerization behavior were examined using
octadecyl-2-acryloyloxy(ethyl)dimethylammonium bromide
(C18A) surfactant to form C18A—organoclay. The influence
of C18A—organoclay on photopolymerization kinetics of the
TrPGDA/TMPTMP formulation was investigated via RTIR.
Conversion profiles as a function of time for both acrylate and
thiol functional groups in the TrPGDA/TMPTMP mixture
containing C18A—organoclay are shown in parts a and b of
Figure 7, respectively. Complete double-bond conversion is
observed when 1 wt % C18A—organoclay is added to the
TrPGDA/TMPTMP monomer mixture. Upon increasing the
concentration of C18A—organoclay up to 5 wt %, the extent of
double-bond conversion decreases to levels slightly above the
neat monomer mixture. Additionally, lower polymerization rates
occur when higher concentrations of organoclay are added to
the monomer mixture. Similar photopolymerization rates occur
when 3 and 5 wt % organoclay is added to the formulation,
with both formulations exhibiting higher acrylate polymerization
rates compared to the unfilled monomer.

Conversion of thiol monomers differs from the C14A—
organoclay system in that the conversion behavior is apparently
independent of organoclay concentration. Slightly more than
60% conversion is observed upon adding C18A—organoclay
to the TrPGDA/TMPTMP mixture. In addition, similar thiol
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Figure 7. RTIR profiles for (A) double-bond conversion of 1:1 mol (based on functional groups) TrPGDA/TMPTMP (¥), TTPGDA/TMPTMP with
1 wt % (O), 3 wt % (@), and 5 wt % (&) C18A—organoclay. (B) Thiol conversion for TTPGDA/TMPTMP (¥) and TrPGDA/TMPTMP with 1 wt

% (O), 3 wt % (@), and 5 wt % (<) C18 A—organoclay.
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Figure 8. SAXS profiles of 3 wt % C14A—organoclay in TrPGDA/
TMPTMP before polymerization (@) and after polymerization (O) and
of 3 wt % C18A—organoclay in TrPGDA/TMPTMP before polymer-
ization (M) and after polymerization (O).

levels are observed in both filled and unfilled formulations when
Cl18A—organoclay is added. Unlike the C14A—organoclay,
however, similar thiol conversion levels are observed for
samples containing up to 5 wt % organoclay. The rate of thiol
conversion changes when C18A—organoclay is added to the
monomer mixture. Greater rates of thiol conversion as compared
to the neat polymer are observed with organoclay addition.
Incorporating higher concentrations of C18A—organoclay (from
1 to 5 wt %) results in corresponding increases in the rate of
photopolymerization. Such thiol conversions observed in the
C18A—organoclay system are interesting considering the con-
version behavior in samples that contain C14A—organoclay.
Since polymerization behavior may change due to aggregation
of organoclay particles,*' the dispersion of C18 A—organoclay
was examined to determine morphological changes in the clay
aggregates.

Dispersion Behavior of Acrylated Organoclays. Accord-
ingly, SAXS was used to characterize the dispersion behavior
of the organoclays in the TrTPGDA/TMPTMP monomer mixture.
Figure 8 shows X-ray scattering profiles of 3 wt % CI14A or
Cl18A—organoclay in the TrPGDA/TMPTMP mixture. The
position of the primary peaks in the SAXS profiles of both
unpolymerized C14A—organoclay and C18A—organoclay samples
show d-spacing of 4.5 and 4.6 nm, respectively. A peak shift
to higher 26 is observed in both organoclay systems after
photopolymerization, indicating a reduction in d-spacing. Though
diffused, the prominent peaks observed in the polymerized
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Figure 9. Young’s modulus of 3 wt % organoclay in TrPGDA/
TMPTMP. Data were taken at 30 °C using a frequency of 1 Hz.

samples also indicate that both C14A— and C18A—organoclays
form primarily intercalated domains in the polymer. Considering
the differences in polymerization behavior, the similarity in
dispersion behavior suggests that the aggregation of CI18A
molecules on the particle surface is significantly different from
C14A dispersants. The longer aliphatic chains of C18A mol-
ecules could reduce accessibility to the surface acrylate func-
tional groups through steric effects. Hence, fewer immobilized
species are available for polymerization to the bulk monomers.
This behavior could explain the lower thiol functional group
conversion observed in C18A—organoclay samples as enhance-
ment in conversion appears to be due to reaction through radicals
on the clay surface.

Physical Properties. While significant advances have led to
improvements in the properties of thiol—ene photopolymers,
addition of organoclay to improve mechanical properties may
be another alternative to further expand existing applications.
In addition, the enhanced conversion and rate behavior observed
could also be a useful tool for tailoring the physical properties
of thiol—acrylate photopolymer systems. Mechanical properties
were investigated by evaluating the elastic modulus of 3 wt %
of the various organoclay in TrPGDA/TMPTMP polymer via
dynamic mechanical analysis instrument. Figure 9 shows the
Young’s modulus as a function of the type of organoclay.
Addition of 3 wt % CL15A increases the Young’s modulus by
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Figure 10. Volumetric shrinkage as measured by change in sample
gap during photopolymerization. Samples contain 3 wt % Cloisite 15A
(¥) or trithiol—organoclay (<) dispersed in TTPGDA/TMPTMP. Neat
polymerization of TTPGDA/TMPTMP (O) is also shown for compari-
son. Polymerizations were performed at 0.8 mW/cm?.

~40% over the neat polymer. Incorporation of either C14A—
organoclay or C18 A—organoclay leads to even higher increases
in modulus (ca. 50%) compared to the unfilled polymer while
the Young’s modulus is 40% higher than the neat polymer when
the same amount of trithiol—organoclay is added. The higher
modulus in the acrylated organoclay systems could be due to
the higher functional group conversions. In the trithiol —organoclay
system, the increased tendency toward a step growth mechanism,
which leads to relatively lower cross-linked networks, results
in the lower modulus. It is interesting to note that by changing
the functionality of the polymerizable organoclay, the reaction
behavior could be modulated to afford different network
properties in these photopolymers.

In addition to polymerization behavior and mechanical
properties, another physical property that affects the performance
of nanocomposites was examined to elucidate the impact of
organoclay on thiol—ene photopolymers. Polymerization-
induced shrinkage, a major concern in applications of pure
(meth)acrylate systems, is generally reduced in thiol—ene
systems.’ However, shrinkage reduction is typically achieved
at the expense of mechanical properties since higher shrinkage
is associated with increasing modulus. To investigate the
influence of polymerizable organoclays on shrinkage in thiol —
acrylate photopolymers, photorheometry studies were used to
monitor polymerization-induced shrinkage of samples containing
3 wt % organoclay (Figure 10). These experiments were
conducted at lower light intensity to more accurately capture
the influence of the organoclays. Only results for CL15A and
trithiol —organoclay compared to the neat polymer are presented
for illustration. The sample gap decreases during polymerization
by the same amount in both the neat polymer and CL15A
samples while trithiol—organoclay samples show significantly
less decrease in the gap length. This implies that similar degrees
of volumetric shrinkage occur in the CL15A system as the
unfilled polymer. The trithiol—organoclay system, however,
exhibits lower volumetric shrinkage compared to either the
unfilled polymer or the CLISA—organoclay system. Addition-
ally, the onset of polymerization induced shrinkage appears to
commence later than the nonpolymerizable organoclay system
or the neat polymer. The lower degree of shrinkage as well as
the delayed incidence of shrinkage is further evidence of the
shift in reaction mechanism in the trithiol—organoclay system.
Since the reaction mechanism in thiol—acrylate copolymeriza-
tions evolves more through a step-growth nature, formation of
high molecular weight polymer networks occur more slowly.
This behavior has been shown to relieve stresses through delayed
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gelation in such polymer systems and apparently results in low
shrinkage in this system.>

Conclusions

The effects of adding organically modified clay nanoparticles
bearing both thiol and acrylate functional groups on the
polymerization, mechanical, and shrinkage properties of a
thiol—acrylate system have been evaluated. Higher photopo-
lymerization rates and conversions of both acrylate and thiol
occur in acrylated organoclay systems compared to both unfilled
thiol—acrylate mixtures. With thiols on the clay surface, little
difference is observed in the rate of photopolymerization as
organoclay concentration increases. Similarly, introducing a
nonpolymerizable organoclay into TrTPGDA/TMPTMP formula-
tion does not change acrylate and thiol functional group
conversion appreciably. The enhanced polymerization behavior
with acrylated organoclay is related to reduced termination rates
due to presence of immobilized radicals on the clay surface.
Introducing thiol functionality into the organoclay changes the
polymerization behavior toward a step-growth reaction mech-
anism in which both acrylate and thiol functionalities convert
to similar degrees early in the reaction. This behavior increases
thiol conversion to higher levels than the unfilled mixture. The
thiolated organoclay system also exhibit thiol conversion
behavior that is less dependent on organoclay concentration.
Materials with higher modulus are generated as a result of the
higher functional group conversions in the acrylated organoclay
system. Additionally, adding thiolated organoclay reduces
polymerization induced shrinkage in comparison to the neat
photopolymer.
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