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density is increased which induces greater stiffness in the composites. Thiolated
organoclays, on the other hand, produce more flexible polymer networks that are able to
withstand greater deformation by enhancing the thiol-ene reaction that allows more
homogeneous polymerization with reduced cross-linking density based on the step-
growth reaction. While one acrylate double bond acts as a difunctional group in chain
acrylate homopolymerization, which induce the polymer network, the same double bond
in a thiol-ene step mechanism reacts with thiol only once thus becoming monofunctional,
resulting in lower cross-linking density.

Figure 8.6 shows the overall comparison of organoclay effects in elongation
properties by adding 3wt% of nonreactive, acrylated, and thiolated organoclays into the
thiol-acrylate mixture. This comparison clearly demonstrates how the organoclays
structure induces different tensile properties in thiol-acrylate photopolymer clay
composites. While adding nonreactive organoclay (Cloisite 93A) slightly increases the
stiffness with some decrease in ultimate elongation, addition of polymerizable
organoclays improves either ultimate elongation (thiolated organoclay) or Young's
modulus (acrylated organoclay). This behavior also indicates that the interaction between
clay surfaces and polymer matrices are significantly improved by incorporating reactive
groups on the clay surfaces,[14,21] not only by inducing enhanced clay exfoliation but
also by reacting with monomers and oligomers during the photopolymerization, forming
strong covalent bonds between the filler surface and organic polymer networks.

In addition to tensile strength and elongation, the overall toughness of a material
is an important parameter indicating energy absorptive capacity and durability of
materials in many engineering applications. The toughness of a material is typically
defined as the overall energy needed to deform the materials to failure and is commonly
found from the area under stress-strain curves in tensile experiments.[35] Figure 8.7 (A)
shows the toughness as calculated by the area under the stress-strain curve and

normalized to the toughness of the neat system. Toughness of composites with 3wt% of
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Figure 8.6. Comparison of DMA tensile profiles by adding 3wt% different type of
organoclays into CN9009/PEGDA/TRPGDA (3:3:4 by mass) mixtures
including 20mol% thiol from TMPTMP. The profile for the neat CN9009/
PEGDA/TRPGDA/TMPTMP system is included for comparison. Samples
were phzotopolymerized with 0.5 wt% DMPA using 365 nm light at 3.6
mW/cm”.

organoclays into thiol-acrylate mixture including 20mol% thiol are compared. The
average toughness for each composition was obtained based on three independent tensile
experiments. The addition of either C16A acrylated or PSH2 thiolated polymerizable
organoclays induces 60 and 80% increases in toughness of the thiol-acrylate mixture
compared to that of neat system, respectively while nonreactive Cloisite 93A decreases

the toughness about 10%.



216

To determine the impact of the polymerizable organoclay in the acrylate
photopolymerization system without thiol, tensile experiments were performed to
evaluate the formulation utilizing the basic acrylate mixture as summarized in Figure 8.7
(B). Incorporation of nonreactive CL93A organoclay slightly reduces the toughness again.
The addition of the two polymerizable organoclays induces a 30 to 40% increase in
toughness of the acrylate mixture with thiolated organoclay producing the greatest
toughness increase. This trend is similar to that observed in the thiol-acrylate mixtures
but the degree of enhancement is significantly smaller in each organoclay system. It is
also important to note that the use of thiolated organoclay also increases the elongation of
composite films significantly whereas adding acrylated organoclay basically induces the
highest Young’s modulus. These results provide opportunity to control the mechanical
properties of nanocomposites simply by choosing the organoclay type to control. For
instance, with significant enhancement in overall toughness of both polymerizable
organoclay systems, the use of acrylated organoclay can make materials stiffer while the
addition of thiolated organoclay produces more flexible nanocomposites than the neat
system.

Gas barrier properties for many gases such as oxygen and water vapor are often
important characteristics in many photopolymer applications such as coating and film
packaging. It is well known that the addition of plate shape inorganic fillers such as
silicates and micas can often improve the gas barrier properties by generating a longer
diffusion path for gaseous materials.[19] To demonstrate the impact of organoclay on
barrier properties, the water vapor transmission rate (WVTR) through photopolymer clay
nanocomposite films including organoclays was compared. In studying the gas transfer
rate, homogeneity in the thickness of the thin film and the absence of defects are critical
to achieve good experimental results. The ultimate cured film thickness was thus
controlled to 100 microns with at most 5% error. In addition, to make thin films that are

not easily damaged during removal from the mold, the toughness of the cured film
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needed to be increased from that observed in the mechanical testing. To this end, the thiol
concentration of the basic thiol-acrylate formulation was decreased to 8mol%. The ratio
of acrylic monomer-composition was not changed. To compare the experimental
reproducibility with an ASTM standard, 100 um PET film (Mylar) was used as the
control system. The measured WVTR value of the PET film was compared with the
literature value obtained based on a similar methodology.[36]

To investigate the organoclay effect on WVTR of photopolymer clay systems,
3wt% of various organoclays were incorporated and compared with neat and natural clay
systems. Figure 8.8 shows the water loss through the composite films as a function of
time for the CN9009/PEGDA/TrPGDA mixture including 8mol% thiol from TMPTMP.
The neat system is also evaluated for comparison with the result for Mylar PET film
included to confirm experimental reproducibility. Measurements were performed for 28
days by recording the weight change from the initial weight of each experimental set. As
shown in Figure 8.8, adding 3wt% organoclays more significantly decreases the rate of
water loss through the composite film than adding CL Na natural clay, but there appears
to be no significant difference between organoclay systems. Even the system with
nonreactive CL93A organoclay exhibits a similar trend in weight change as compared to
those of systems with polymerizable organoclays.

Water vapor transmission ratio (WVTR) for each system is calculated from the
overall water loss after 28 days. This data is summarized in Figure 8.9 after normalization
for the film thickness. Each WVTR value is thus based on a 100 micron thickness. As
shown in Figure 8.9, WVTR of a 100 micron Mylar film is 4.3 g/m*/day with literature
value using similar experimental condition at 3.5 g/mz/day.[36,37] The experimental
value is slightly higher than the reference values but experimental accuracy appears
reasonable. Addition of 3wt% natural clay (CL Na) reduces WVTR about 16% from the
value of the neat system. Further decrease in WVTR is observed when organoclays are

incorporated into the thiol-acrylate mixture. Approximately 30% reduction in WVTR is
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achieved by adding 3wt% CL93A or polymerizable organoclays, suggesting that the clay

effect on water permeability is within the experimental error when clay is organically

modified and thereby dispersed with at least an intercalated morphology. The

Water loss (g)
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Figure 8.8. Water weight loss profiles as a function of time from water vapor

permeation tests based on the ASTM E96 standard with and without addition
of 3wt% organoclay into CN9009/PEGDA/TRPGDA (3:3:4 by mass)
mixtures including 8mol% thiol from TMPTMP. Shown are profiles
normalized by film thickness of the systems with 100um thick films for neat
CNO9009/PEGDA/TRPGDA/ TMPTMP (@),
CN9009/PEGDA/TRPGDA/TMPTMP with 3 wt% CL Na natural clay (O),
with 3 wt% CL93A organoclay (V¥), with 3 wt% C16A-acrylated organoclay
(A, W), and with 3wt% PSH2 thiolated organoclays (L], #). Samples were
photopolymerlzed with 0.5 wt% DMPA using 250~450 nm light at 18
mW/cm®. The result using Mylar PET (100pm) film (¢) is included for
evaluation of experimental accuracy.

30
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Samples were polymerized at 3.0mW/cm? using 0.2wt% DMPA.
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atomic mass of sulfur in the thiol.[38] Similarly, the inclusion of heavier atoms in
polymer networks often increases the thermal stability of polymeric materials but little is
known about this effect in thiol-ene systems. In addition, it has been reported that
incorporating clays enhances the thermal stability of acrylate polymers significantly.[6,
39] To investigate how the addition of thiol monomers as well as the inclusion of
organoclays affects the thermal stability of ultimate thiol-acrylate photopolymer-clay
nanocomposites, TGA experiments have been performed for the thiol-acrylate systems
with and without addition of organoclays.

Figure 8.10 shows TGA profiles of thiol-acrylate systems without organoclays by
increasing TMPTMP thiol monomers into PEGDA/TrPGDA mixture (Figure 8.10 (A))
and with addition of 5wt% organoclays (Figure 8.10 (B)). Comparing the profiles in
Figure 8.10 (A), significant enhancement in thermal stability is observed by increasing
thiol mol%. The neat acrylate system shows an initial degradation temperature of about
250°C. The degradation temperature is elevated to over 350°C by adding 30mol% of thiol
functional groups. As seen in Figure 8.10 (B), however, the addition of organoclays into
thiol-ene polymer including 20mol% thiol does not change the degradation temperature
significantly. Again, no significant decrease in thermal stability is observed by adding
thiolated organoclay though it induces a lower glass transition temperature than other
organoclays. Cautiously comparing the profiles in Figure 8.10 (B), thiolated organoclay
system show even slightly enhanced thermal stability at below degradation temperature

than other systems.

Conclusions

Incorporation of organoclay affects polymerization behavior and ultimate

nanocomposite performance including thermo-mechanical and gas barrier properties in
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photocurable thiol-acrylate systems. Incorporation of thiolated organoclay induces higher
thiol-ene reaction than other organoclays which has a significant effect on nanocomposite
characteristics. The addition of only 5wt% acrylate organoclay, which enhances acrylate
homopolymerization, increases the tensile modulus 80% with no significant changes in
elongation and glass transition temperature. Thiolated organoclay, on the other hand, with
greater thiol-ene polymerization induces greater flexibility in the nanocomposites with
decreased glass transition temperature. Adding 3wt% thiolated organoclays induces a
70% increase in elongation without changing Young's modulus significantly. The
toughness of nanocomposites, as measured by the area under stress-strain curves, is
substantially improved by adding polymerizable organoclays. The addition 3wt%
acrylated or thiolated polymerizable organoclays induces 60% and 80% increases in
toughness respectively, while nonreactive organoclay actually decreases toughness.
Additionally, gas barrier properties of clay nanocomposites are also influenced by
addition of organoclays. Both polymerizable and nonreactive organoclays improve
WVTR of the nanocomposites. While adding 3wt% natural clay reduces WVTR 16%
compared to that of neat system, polymerizable and nonreactive organoclays decrease it

about 30%.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

Nanocomposite materials based on various polymer matrices including inorganic
particles with nanometer scale dimension have been intensively studied due to their
unique characteristics that are not observed in conventional materials. This
nanocomposite technology has had a significant impact on material design in various
high-end applications including such as aerospace parts and biomaterials and will
continue to attract research interest. One of the important challenges in nanocomposite
production is the development of easy, cost-effective, and environmentally friendly
processes. This motivation has guided research in producing nanocomposite materials
based on in situ photopolymerization that combines the unique advantages of UV curing
technology with potentially enhanced performance upon addition of nanometer scale
inorganic fillers such as organoclays. Natural clay particles are relatively inexpensive and
easily delaminated to nanometer scale through simple organic modification. With the
recent and rapid expansion of photopolymer applications due to many advantages in
processing and performance, therefore, research groups have studied in situ clay
photopolymerization in pursuing new and advanced photopolymer materials.

The goal of this research has been the development of photopolymer clay
nanocomposites having enhanced physical, thermal and barrier properties utilizing unique
thiol-ene photopolymerization technique. Through extensive studies on dispersing
organoclays modified by various quaternary ammonium surfactants, the factors
governing the degree of clay exfoliation in diverse acrylate and thiol-acrylate monomer
compositions have been demonstrated. Accompanying kinetic studies have revealed that
the polymerization behavior of the systems including organoclays is closely related with

clay morphology and the incorporated reactive groups in the organoclay structure.
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Subsequent examination of various performance characteristics of photopolymer clay
nanocomposites have shown the great influence of clay particles on properties of cured
polymer networks and the possibility to modulate ultimate nanocomposite performance
simply by controlling the organoclay structure. One major portion of this research has
focused on detailed understanding of the correlations among the factors in nanocomposite
formation such as monomer composition, clay dispersion, and photopolymerization
behavior and their effect on evolution of ultimate nanocomposite properties. Another
important thrust for this research have been centered around overcoming two major
drawbacks in conventional free radical photopolymerization; i.e. severe polymerization
shrinkage and oxygen inhibition. By introducing some degree of thiol-ene step reaction
mechanism and by incorporating appropriate types of polymerizable organoclays,
remarkable improvements in both hurdles has been achieved. Based on this research,
fundamental understanding regarding the overall influence of incorporating
systematically modified clay particles has been gained and this knowledge provides
useful information in control of nanocomposite process and performance. The important
achievements from this work are briefly summarized below with supporting results and
the suggestion for future work.

Generally, while inorganic fillers may improve many thermal and mechanical
properties of polymer materials, the addition of fillers into photopolymerizable systems
decreases the reaction rate by both scattering and absorbing the incident light that
initiates photopolymerization. Preliminary kinetic studies with only 1 wt% of natural
montmorillonite clay significantly lowered the photopolymerization rate of
tripropyleneglycol diacrylate (TrPGDA) and further decreases were observed by
increasing clay concentration up to 10 wt%. Interestingly, the addition of well exfoliated
clay particles modified with polymerizable surfactants bearing reactive groups induces a
higher rate of photopolymerization, whereas the use of nonreactive organoclay still

decreases the rate. It is believed that both increased surface area of polymerizable
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organoclays based on enhanced clay exfoliation and incorporated reactive groups in the
clay structure induce more interaction with monomers and thus immobilization of
propagating chains on the clay surface might be facilitated, which decreases termination
rate significantly. These synergetic clay effects may compensate for the light interference
of clays resulting in increased overall polymerization rate, suggesting that the
characteristics of organoclays and subsequent exfoliation behavior might be very
important in photopolymerization behavior.

On the basis of this hypothesis, the relationship between clay exfoliation and
photopolymerization kinetics was investigated utilizing various thiol-acrylate
compositions by examining both reactive and nonreactive organoclays. Because
monomer-clay interaction can be altered by the compatibility between the components, it
is important that the polarity of monomers be close to that of the organoclays that may
exhibit a wide range of polarities depending upon the organic modifiers. In addition, the
difference in monomer diffusivity into clay galleries between thiol and acrylate
monomers could potentially affect the stoichiometric balance especially near the
functionalized clay surfaces, which may also significantly affect the photopolymerization
behavior. For this reason, the effects of both monomer structure and the type of
polymerizable organoclay on the thiol-ene photopolymerization behavior have been
examined. Considering polarity, functionality, and viscosity of monomers, 1,6-
hexanediol diacrylate (HDDA) was compared with less hydrophobic tripropyleneglycol
diacrylate (TrPGDA). For thiol monomers, 1,6-hexanedithiol (HDT), which has a similar
structure to HDDA, was selected as the dithiol monomer and trimethylolpropane
trimercaptopropionate (TMPTMP) was used as a trithiol monomer to increase cross link
density as well as the viscosity of monomer systems.

To investigate the impact of polymerizable organoclays on reaction behavior, 3
wt% C16A acrylated organoclay or PSH2 thiolated organoclay was mixed into

HDDA/HDT and TrPGDA/HDT mixtures based on a 2:1 molar ratio. The polymerization
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rate, examined by photo-DSC and RTIR, of HDDA/HDT system with thiolated
organoclay is much faster than the system with acrylated organoclay. By changing the
monomer system to TrPGDA/HDT, on the other hand, both polymerizable organoclays
increase the polymerization rate significantly with increased clay concentration.
Interestingly, further study correlating the acrylate conversion with the thiol conversion
during polymerization revealed that adding thiolated organoclay facilitates thiol-ene step
reaction whereas acrylated organoclay increases the acrylate homopolymerization. In
addition, final thiol conversion significantly increases through incorporation of thiolated
organoclays. The addition of 5 wt% thiolated organoclay into TrPGDA/TMPTMP
increases final thiol conversion 50% from that of the unfilled system and further
increases the conversion with increased clay concentration. These results strongly suggest
that chemical compatibility between acrylate monomers and organoclays as well as the
type of reactive group on the clay surface are important for polymerization kinetics and
mechanisms by affecting the type of dominant reactions in the clay galleries.

Because the degree of clay exfoliation is an indicator for overall monomer-clay
compatibility and also important for understanding the impacts of the clay surface
functionality during the photopolymerization, exfoliation behavior of these thiol-acrylate
compositions with 3 wt% organoclay was studied utilizing small angle X-ray scattering
(SAXS). When incorporated into the HDDA/HDT mixture, C16A acrylated organoclay
showed a noticeable primary and secondary peak corresponding to d-spacing of 3.7 nm
and 1.8 nm, respectively. After polymerization, a significant decrease in intensity for the
peaks was observed, indicating further exfoliation through polymerization. Thiolated
organoclay systems, however, showed no obvious peaks before and after polymerization
indicating better clay exfoliation. On the other hand, the exfoliation behavior in the
TrPGDA/HDT mixture is quite different. C16A acrylated organoclay was almost
completely exfoliated before polymerization, whereas thiolated organoclay showed

intermediate exfoliation and was completely exfoliated after polymerization. This implies
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acrylated organoclay has greater compatibility with polar monomer systems while the
compatibility of thiolated organoclay, which is less polar due to further organic
modification, decreases by increasing the polarity of the monomer system.

This behavior is consistent with the polymerization behavior of each system. The
addition of polymerizable organoclays increases polymerization rate in sufficiently
exfoliated clay systems while the rate decreases with lower degrees of clay exfoliation.
To further understand the difference in photopolymerization mechanism, dark curing
experiments were performed by monitoring the post reaction after shuttering light and
thus eliminating initiation. To this end, moderately cross-linked TrPGDA/GDMP and
more highly cross-linked TrPGDA/TMPTMP systems with a 2:1 functional group ratio
was utilized with 3wt% C16A acrylated or PSH2 thiolated organoclays. Addition of
acrylated organoclays induces much higher dark acrylate conversion than the neat
systems while incorporating thiolated organoclays increases the dark thiol conversion in
both monomer systems. Based on this behavior, it is reasonable to conclude that chemical
compatibility is the primary factor influencing clay exfoliation. Additionally, the type of
functional group on the clay surface significantly directs polymerization behavior not
only by affecting the stoichiometric balance between thiol and acrylate in the clay
galleries but also by determining the type of predominant species of propagating radicals
on the clay surfaces. Thiolated organoclays enhance thiol-ene reaction with increased
thiol conversion while acrylated organoclays facilitates acrylate homopolymerization in
thiol-acrylate photopolymerization.

These differences in clay exfoliation and polymerization behavior upon
incorporation of organoclays may affect final performances of nanocomposites. To
demonstrate how these differences affect the ultimate thermo-mechanical properties of
nanocomposites, dynamic mechanical analysis (DMA) experiments were conducted for
TrPGDA/GDMP systems that were utilized for kinetic studies. The incorporation of

3wt% acrylated organoclays enhances the rubbery storage modulus, whereas the modulus
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of thiolated organoclay systems increases just slightly from that of neat system. It is
apparent that dominant acrylate homopolymerization in acrylated organoclay system
generates higher modulus than in thiolated organoclay system where the polymerization
occurs via an enhanced thiol-ene step growth mechanism, resulting in softening of
polymer chains by greater formation of flexible thio-ether linkages. In addition, about
50% increases in Young’s modulus were observed by adding C16A acrylated organoclay
while C14AGT or PSH2 thiolated organoclay systems show similar values compared to
those of neat and nonreactive CL93A organoclay systems. The small increase of Young's
modulus by adding nonreactive organoclay is mainly due to the insufficient clay
exfoliation, resulting in less formation of nano-scale clay morphology. Further evidence
is provided by glass transition temperature behavior upon adding 3wt% different
polymerizable organoclays in this system. Addition of C14AGT or PSH2 thiolated
organoclays reduces T, significantly due to enhanced thiol-ene reaction, whereas the
addition of C16A acrylated or non-reactive CL93A organoclays does not change T, from
that of the neat system. Again, this T, behavior of the systems confirms that increased
acrylate homopolymerization by adding acrylated organoclay forms harder domains in
the nanocomposites while thiolated organoclays make the networks more flexible.

Even with the many advantages of acrylate-based photopolymerization, several
disadvantages limit photopolymer applications. In particular, severe oxygen inhibition in
acrylate-based photopolymerization is of great concern. The addition of thiol monomers
into ene systems significantly changes the reaction mechanism from a free-radical chain
growth to a step-growth reaction in which thiol monomers act as a chain transfer agent.
This reaction mechanism can significantly reduce oxygen inhibition by chain transferring
a peroxide radical produced by oxygen molecule to a thiol to regenerate the thiyl radical.
This step-growth mechanism is also beneficial for reducing polymerization shrinkage due
to facile rearrangement of polymer chains in the liquid reactant mixture upon delayed

gelation until the system reaches high conversion. In addition, based upon significant
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effects of polymerizable organoclays on the degree of thiol-ene reaction, the use of
appropriate polymerizable organoclays may further decrease the extent of oxygen
inhibition and polymerization shrinkage with inherent filler effects decreasing the
diffusion rate of oxygen molecules system as well as inducing relaxation or
rearrangement of polymer networks.

To investigate the synergetic effects of organoclay and thiol monomers on
reducing oxygen inhibition, 5wt% nonreactive and polymerizable organoclays were
added into three acrylate systems exhibiting inherently different degrees of oxygen
inhibition based on differences in hydrogen abstraction and viscosity. Without
incorporation of thiol monomers, the lowest viscosity HDDA system with no abstractable
hydrogen was completely inhibited by oxygen. The less inhibited and more viscous
formulations such as PEGDA/TrPGDA and CN9009/PEGDA/TrPGDA systems can
reach at most 60% of the degree of polymerization in air as compared to that in nitrogen.
While adding nonreactive and thiolated organoclays significantly decreases the rates in
these acrylated systems, the addition of acrylated polymerizable organoclays slightly
enhances polymerization in air, but the polymerization is still severely inhibited by
oxygen. On the other hand, regardless of the type of basic acrylate composition, addition
of 5wt% thiolated organoclays into thiol-acrylate systems including 20mol% thiols
enhances the rates in air significantly to virtually identical rates achieved under nitrogen,
whereas incorporating either non-reactive or acrylated organoclay often decreases the
conversions and polymerization rates in air.

Volume shrinkage and subsequent induced stress are important to control and
understand not only for dimensional stability of materials and but also for preventing
substrate deformation in coating and packaging applications. Similar to the organoclay
impact on oxygen inhibition, adding polymerizable organoclays significantly affects the
polymerization shrinkage with the impact varying by organoclay type. For

PEGDA/TrPGDA system by incorporating up to 10mol% thiol, a maximum of 40%
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reduction in volume shrinkage, as examined by density difference between liquid
monomers and cured solid samples is observed. An additional 10% reduction for both
acrylate and thiol-acrylate systems is induced by adding only 3wt% thiolated organoclays,
while acrylated organoclay does not change shrinkage significantly. Polymerization
induced shrinkage stress evaluated by utilizing an ASTM standard is substantially
reduced by adding clays into various acrylate and thiol-acrylate systems that show
different extents of inherent shrinkage stress. A much greater reduction in shrinkage
stress with polymerizable organoclays with enhanced interaction with monomer and/or
polymer networks is observed than that in systems with natural and nonreactive
organoclays. Therefore, the functional group type in the clay structure also plays an
important role for maximizing the reduction in shrinkage stress. Acrylated organoclays
are more effective than thiolated organoclays for reducing the shrinkage stress of various
acrylate systems such as high shrinkage TMPTA and moderate shrinkage CN9009/
PEGDA/TrPGDA systems, whereas both thiolated and acrylated organoclays greatly
decreased the shrinkage stress of TMPTA/TMPTMP thiol-acrylate systems. The addition
of only 5wt% of appropriate polymerizable organoclay induces up to a 90% decrease in
the shrinkage stress, whereas the same amount of nonreactive clays reduces the stress to
less than 20%. These results regarding oxygen inhibition and shrinkage behavior with
organoclays demonstrate that these two major drawbacks of acrylate radical
photopolymerization systems can be effectively overcome by synergetic effects of the
suitable type of polymerizable organoclays with minimal use of thiol monomers.

Because the ultimate goal of this research is the development of advanced
photopolymer clay nanocomposites with improved performance utilizing polymerizable
organoclays, understanding the overall impact of polymerizable organoclays on ultimate
nanocomposite performance is also important for providing practical information in
material design. On the basis of evidences that the type of organoclay induces

significantly different photopolymerization behavior as well as thermo-mechanical
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properties, characterization of some important material properties have been performed.
Tensile properties such as elongation and toughness are good indicators for mechanical
performance of a material. To study the organoclay effects in tensile properties, DMA
tensile experiments have been conducted by adding 3wt% various non-reactive and
polymerizable organoclays into CN9009/PEGDA/TrPGDA thiol-acrylate mixture
including 20mol% thiol from TMPTMP. Interesting differences in tensile property
behavior was observed by organoclay type. While the addition of only 3wt% of acrylate
organoclay increases the tensile modulus 60% with no significant changes in elongation
of cured nanocomposites, adding 3wt% thiolated organoclays induces a 70% increase in
elongation while Young's modulus does not change significantly. With this unique
behavior by organoclay type, it is remarkable that both polymerizable organoclays induce
up to an 80% increases in toughness, compared by the area of stress-strain curves, while
nonreactive organoclay actually decreases the toughness.

Gas barrier properties for many gases such as oxygen and water vapor are
important characteristics in many photopolymer applications such as coating and film
packaging. The addition of plate shape inorganic fillers may inherently improve the gas
barrier properties by generating a longer diffusion path for gaseous materials. To evaluate
the impact of organoclays on barrier properties, the water vapor transmission rate
(WVTR) based on ASTM standard was compared utilizing 110um films of
CNO9009/PEGDA/TrPGDA compositions including both 8 mol% thiol from TMPTMP
and 3wt% various organoclays. With at least intercalated clay morphology, no significant
difference between polymerizable and nonreactive organoclays was observed.
Approximately 30% reduction in WVTR is achieved by adding 3wt% organoclays while
3wt% natural clay (CL Na) reduces WVTR about 16% from the value of the neat system.
Further decrease in WVTR 1is observed when organoclays are incorporated into the thiol-

acrylate mixture. Considering the significant improvements in other performance aspects
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by adding polymerizable organoclays, 30% improvement in barrier properties with only
3wt% organoclays may also increase the usefulness of polymerizable organoclays.

Through this work, the importance of a fundamental understanding of the crucial
factors in processing photopolymer clay nanocomposites including clay dispersion,
photopolymerization, and evolution of nanocomposite properties and performance has
been verified based on various acrylate and thiol-acrylate systems. Use of appropriate
type of polymerizable organoclay for a monomer system promises enhanced clay
exfoliation and thereby polymerization behavior as well as ultimate nanocomposite
properties can be controlled. In particular, control of the compatibility between
components and the choice in the types of reactive moieties of polymerizable organoclays
are important challenges for designing specific characteristics of photopolymer clay
nanocomposites. Understanding how these key factors determine the structure and
properties of the nanocomposites in various photopolymerization systems can potentially
contribute to increase of photopolymer applications. While the knowledge from this
research provides important tools for designing advanced and new photopolymers,
additional research is recommended based on novel polymerizable organoclays and
expansion to other polymerization systems.

This research has mainly focused on acrylate and thiol-acrylate for the base
polymer material considering their wide variety of current use in industrial production.
Recently, another type of photo-curing technique, namely epoxy cationic
photopolymerization, has been attracting renewed research interest because of its unique
characteristics. As with thiol-ene photopolymerization, it involves low shrinkage and no
oxygen inhibition during the polymerization process. In addition, the ultimate polymer
usually exhibits excellent adhesion properties to many substrates such as metals, plastics
and paper. In addition, radical and cationic photopolymerization can occur at the same
time by use of suitable photoinitiator systems with hybrid monomer mixtures, e.g. epoxy

with acrylate monomers. This hybrid radical-cationic photopolymerization system can
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impart diversity in properties via interpenetrating polymer networks. Polymerizable
organoclays bearing corresponding epoxy moieties in the clay structure would be applied
for modulating and enhancing hybrid photopolymerization systems. To this end,
preliminary studies were performed utilizing polymerizable organoclays possessing
epoxy functional groups. These organoclay analogous were prepared by further Michael
addition reaction to thiolated organoclays using a hybrid monomer with both acrylate and
glycidyl group in the structure. One example of an epoxy terminated organoclay was
produced from acroyloxy-ethyl-trimethyl-ammonium chloride (AETAC). In contrast to
the results for acrylic or thiol-ene system, however, a large decrease in polymerization
rate by adding organoclays was observed in epoxy cationic photopolymerization systems
and varied by surfactant structures, which implies that the efficacy of cationic initiation
was limited by impurities in the surfactants or ammonium surfactants themselves by
scavenging protonic acid. To overcome the large decrease in reaction rate induced by the
addition of organoclays, more properly designed surfactants such as phosphonium
bromide, chloride, and iodide types should be developed for this cationic system. Overall,
the use of organoclays in epoxy cationic systems presents many challenges for future
studies but may be highly useful for expanding the range of properties for these materials.

Through this research, well exfoliated clay morphology can be achieved in
various photopolymer compositions. Further control of clay dispersion morphology based
upon potential needs, especially the orientation of delaminated clay layer in a particular
direction may be highly beneficial for improving several aspects of clay based polymer
nanocomposites. For instance, the orientation of these plate-like clay layers could induce
significant enhancement in barrier properties by effectively blocking the transport of
gaseous molecules in polymer networks with continuous formation of wall-like
dispersion morphology. In addition, this oriented morphology could change the aspect
ratio of each clay layer to an approximately unlimited value in two lateral directions,

which may result in enormous increase of biaxial tensile strength of cured polymer films
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or sheets. One possible route to reach this goal is use of the plentiful hydroxyl groups on
the edge surfaces of montmorillonite natural clay. Prior to clay exfoliation, appropriate
polymerizable groups could be introduced on the surface of aggregated natural clay
particle via suitable reaction with the surface hydroxyl groups, followed by organic
modification of each clay layer through the ion exchange methodology provided in this
research but using a nonreactive surfactant. Through these modification procedures,
polymerizable groups can exist only at the edges of each delaminated clay plate. After
mixing into monomer mixtures with exfoliated morphology, subsequent polymerization
would then generate oriented clay morphology by reaction between monomer functional
groups and polymerizable groups on the edge of clay layers. Achieving this oriented clay
morphology, it is expected that the required amount of clay would be greatly reduced
without sacrificing the significant improvements in various properties, which could be
another beneficial impact of the technique.

Though many advances have been demonstrated in processing photopolymer clay
nanocomposites in this research, some practical aspects in using this technology based on
utilizing polymerizable organoclays remain for further study. One is the difficulty in
increasing a clay amount over 10% due to substantial increases of system viscosity
beyond this concentration. Some industrial applications still need highly filled
photopolymer nanocomposites for various reasons such as cost reduction and density
control. Development of nanocomposites including greater than 10 wt% concentration of
organoclay may thus be useful for allowing wide variety of application windows. To
increase filler concentration, it is recommended to use mixed clay formulations
comprised of organoclays and other fillers such as natural clay or mica. Critical
performance will be achieved by inclusion of organoclay while other minor properties
could be controlled by choice of the other filler and its ratio in the filler mixture.

The other important challenge is dispersion stability of clay particles in the

monomer mixture. Many polymerizable organoclays developed in this research exhibit
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reasonable dispersion stability for at least three days. Some industrial production,
however, requires long-term formulation stability for many end uses. This challenge may
appear simple to solve, but will, in fact, involve significant research including
fundamental chemical and physical studies. Interestingly, the decrease of clay
concentration significantly prolongs the dispersion stability. For example, while the
TrPGDA/C16A acrylated organoclay mixture with 5 wt% clay concentrations exhibits
about a week of dispersion stability, the same organoclay-monomer mixture with 1 wt%
clay concentration shows over a month of stability. If the aforementioned clay orientation
is achieved and thereby the amount of clay can be decreased with sufficient properties,
this concern in formulation stability may be overcome in most applications.

One other minor recommendation for practical use of polymerizable organoclays
is stabilization of the clay-monomer mixture preventing any unexpected reaction prior to
photopolymerization. Particularly for thiolated organoclays, thiol-ene reaction can occur
without irradiation and addition of stabilizer such as an inhibiter may be necessary.
Simple trials show the addition of 200 to 500ppm of radical scavenger successfully
suppresses the thiol-ene reaction during storage. By adding the inhibitor, no meaningful
difference in photopolymerization rate was observed for wvarious thiol-acrylate
formulations except for lengthening the reaction induction time by about 3 seconds when
3mW/cm? is used. This delay of reaction was even eliminated by increasing the light
intensity to 6mW/cm”.

In summary, this work has established a fundamental understanding in design and
use of polymerizable organoclays for fabricating advanced photopolymer -clay
nanocomposites with contemporary acrylate and thiol-ene photopolymerization systems.
In the preparation of clay nanocomposites, the extent of clay exfoliation is critical for
control of nanocomposite processes and properties. It has been clearly demonstrated that
monomer polarity, functionality, and viscosity play important roles in achieving an

enhanced clay exfoliation by determining the compatibility between monomers and
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organoclays, which subsequently affects the polymerization kinetics. With enhanced clay
exfoliation, increased rates of photopolymerization are observed. In addition, the type of
polymerizable groups in the organoclay governs the polymerization behavior and is
closely related with the characteristics of the nanocomposite formation process and
ultimate performance. In particular, incorporating thiol functionalized organoclays
enhances the thiol-ene step-growth reaction while acrylated organoclays facilitate
acrylate homopolymerization in various thiol-acrylate formulations. This critical
influence of polymerizable organoclays on reaction mechanisms has substantial impact
on many nanocomposite properties and thereby can be used as a simple but powerful tool
for controlling properties of photopolymer systems. This work has also shown that
oxygen inhibition and polymerization induced shrinkage during photopolymerization can
be successfully overcome by using suitable type of polymerizable organoclays, which
may be highly useful in many industrial productions. Upon deep understanding
morphology-polymerization behavior-performance relationship, significant improvement
and/or optimization of nanocomposite properties has been achieved such as tensile, gas
barrier, and thermo-mechanical properties. The knowledge obtained from the series of
this research will present useful means for control of the nanocomposite process and
performance and should devote to development of other nano-structured polymerizable

filler materials.
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