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Abstract

Functionalized silica nanoparticles with thiol or acrylate groups were synthesized, and the effect of the functionalized particles on the thiol—
ene photopolymerization kinetics was investigated by real-time FTIR spectroscopy. To explain the effect of the nanoparticles on thiol—ene
polymerization kinetics, the thiol—ene polymerization at the interface of the particle and the bulk monomer was studied in conjunction with
the effects of light intensity and viscosity changes caused by the nanoparticles. These results are compared with corresponding nanofilled
acrylate systems. Nanoparticles were not found to significantly affect the polymerization of acrylate-based nanocomposites regardless of the
functional group type attached to the particle surface while significant changes in polymerization kinetics were observed with thiol—ene based
nanocomposites. The thiol—ene polymerization rate decreases with increasing particle content for small amounts of particle loadings due to
a stoichiometric imbalance of thiol and ene groups at the particle surface. However, the polymerization rates increase with larger particle load-
ings because of polymerization viscosity enhancements. Thiol—ene based nanocomposites exhibit higher final conversions than acrylate systems,
reduce the oxygen inhibition relative to acrylate polymerizations, and still react rapidly to form highly crosslinked, hard, high glass transition

temperature materials.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

A great deal of interest has recently focused on hybrid
organic—inorganic photopolymerization reactions [1—10] as
photopolymerization provides a simple method for in situ pro-
duction of nanocomposite films from inorganic particle-dis-
persed organic monomer formulations. Conventional hybrid
composite formation processes such as melt mixing of linear
polymers with fillers and solvent based processes have many
problems including the release of volatile organic compounds,
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thermal degradation of the polymer, multi-step processing, and
high cost. On the other hand, photopolymerization eliminates
these problems and has many advantageous aspects with
respect to enhanced performance of the resultant products
and utilization of simple and efficient processing techniques
[11,12]. In photocured materials, enhanced properties such
as hardness, strength, and chemical resistance are obtained.
Also, spatial and temporal control of curing, short curing
times, and solvent free processing are all possible for photoc-
urable polymeric nanocomposites. In conjunction with these
advantages of photopolymerizations, incorporating inorganic
nanoparticles into photocurable monomers is a desirable
method for generating high performance materials. Dispersion
of nanosize inorganic particles in a polymer matrix results in
molecular level mixing between the polymeric chains and
the particles. Furthermore, covalent interfacial coupling of
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nanoparticles with the polymer matrix via modification of the
particle surface with polymerizable reactive groups reinforces
polymeric materials and improves properties such as hardness,
scratch resistance, thermal conductivity, and polymerization
shrinkage without sacrificing optical properties [1—3]. In par-
ticular, polymeric nanocomposites are attractive in surface
coatings because surface and bulk properties are tailored by
modifying the surface functionality of the nanoparticles.

An emerging area in photopolymerizations relates to thiol—
ene polymerizations. Thiol—ene polymerizations have an ex-
tensive list of advantages in regards to the polymerization pro-
cesses and resulting polymer properties. These reactions are
free-radical reactions that proceed by a step-growth mecha-
nism involving a free-radical addition followed by a chain-
transfer reaction [13—17]. In thiol—ene polymerizations
a broad spectrum of physical properties is achieved because
a wide variety of enes such as acrylate, vinylether, allyl ether,
vinyl acetate, and alkene are used. Also, flexibility, high refrac-
tive index, and reduced swelling are all obtained from thiol—
ene polymers [14,15]. In conjunction with these advantages,
delayed gelation [18], low polymerization shrinkage [14,19],
reduced oxygen inhibition [14,15,20], photoinitiatorless poly-
merization [20—22], and homogeneous polymer structures of
thiol—ene polymerizations promise thiol—ene polymers as
high performance materials. However, further improvements
of surface and bulk properties of thiol—ene coatings are highly
desirable because hard thiol—ene coatings are not easily attain-
able due to limited availability of rigid monomer structures,
low crosslink density compared to (meth)acrylates, and flexi-
ble thioether linkages.

Therefore, the development of inorganic nanoparticle/
thiol—ene nanocomposites should be one of the most interest-
ing areas in photopolymerization research. For this research, it
is important to understand the effect of nanoparticles on the
thiol—ene photopolymerization kinetics. Fundamental under-
standing of the polymerization kinetics provides information
to design the polymer network structures and properties of
nanocomposites. Previous research has reported on (meth)-
acrylate-based photocurable nanocomposites and the effect
of nanoparticles on polymerization has not been clearly inves-
tigated. It was reported that the polymerization rates of
(meth)acrylate-based nanocomposites increased or decreased
based on the filler types and the monomers used [2—6,
8—10]. Several explanations for increased or decreased poly-
merization rates such as termination kinetics, viscosity effects,
and light scattering effects have been suggested, but little
evidence has been provided [4—6].

In thiol—ene polymerizations because of the step-growth
mechanism of thiol and ene monomers, a stoichiometric bal-
ance of the two functional groups is critical to obtain high con-
version and appropriate polymeric networks. In thiol—ene
reaction, prior to achieving high conversion, the polymeriza-
tion medium viscosity is lower and is relatively less important
as compared to chain polymerizations of (meth)acrylates which
form highly crosslinked microgels at the very initial stages of
polymerization [14,15]. Therefore, the polymerization kinetics
of thiol—ene nanocomposites could be significantly different

from (meth)acrylate-based nanocomposites. Herein, we
describe the effect of thiol functionalized nanoparticles on
thiol—ene photopolymerization kinetics. The polymerization
at the particle surface where thiol—ene monomers and particle
surface thiol groups exist is discussed. Light intensity and vis-
cosity changes caused by the particles are also investigated to
explain the polymerization kinetics of thiol—ene nanocompo-
sites. Also, acrylate nanocomposite systems are studied as
a control system and used to compare with the corresponding
thiol—ene systems.

2. Experimental
2.1. Materials

1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H )-trione  (TA-
TATO), 1,6-hexanedithiol (HDT), anhydrous toluene, triethyl-
amine, tetrahydrofuran, ethanol, methylene chloride, and
diethylamine were obtained from Aldrich. 3-Acryloxypropyl
trichlorosilane was purchased from Gelest Inc. The photoinitia-
tor, 2-hydroxy-2-methyl-1-phenyl propan-1-one (D1173), was
purchased from Ciba-Geigy. 1,6-Hexanediol diacrylate and
silica nanoparticles (OX-50, primary particle size 40 nm) were
donated by Cytec (Smyrna, GA) and Degussa, respectively.
16 Functional thiol (Boltorn H20-3MP) was donated by Bruno
Bock. All monomers and the photoinitiator were used as
received.

2.2. Immobilization of the chlorosilanes on silica
nanoparticle

The silica nanoparticles (40 nm, 1.0 g) were dried at 150 °C
for 3 h under high vacuum to remove moisture and then were
dispersed in dry toluene (50 ml) by vigorous agitation and
ultrasonication for 30 min. Trichlorosilane (1.0 g) in a solution
of dry toluene (10 ml) was added dropwise followed by tri-
ethylamine (1 ml). The reaction mixture was stirred under
nitrogen for 18 h. After the reaction, the particles were washed
seven times with toluene, ethanol, ethanol/water mixture (2x),
ethanol, and THF (2x). After washing with each solvent, the
particles were isolated by centrifugation. The functionalized
particles were then dried in a vacuum oven at room tempera-
ture for 24 h and obtained as a white powder.

2.3. Immobilization of thiols to SAM surfaces on silica
nanoparticle

Silica nanoparticles modified with acrylate groups (1.0 g)
were added in CH,Cl, (50 ml). The particles were dispersed
by vigorous agitation (30 min) and sonication (30 min) to
reduce aggregation. 16 Functional thiol (4 g) was added and
then the reaction mixtures were agitated for 30 min. Catalytic
amounts of diethylamine (10 drops) were added and stirred at
room temperature for 24 h. The resultant particles were
washed with MeCl, (5x) and centrifuged at 3000 rpm for
10 min.
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24. Methods

The kinetic profiles of the UV-induced polymerizations
were studied using real-time FTIR, a Nicolet 750 Magna
FTIR spectrometer with a KBr beam splitter and an MCT
detector. Infrared spectra were recorded on a spectrometer
designed to allow light to impinge on a horizontal sample using
a fiber-optic cable. A modified horizontal transmission unit was
designed to prevent sample flow. The real-time FTIR setup has
been illustrated elsewhere [23]. Monomer samples with thick-
nesses of about 25 um were placed between two sodium chlo-
ride plates while the FTIR sample chamber was continuously
purged with dry air. The series of infrared absorption spectra
was obtained under continuous UV irradiation with 3.5 scans/s.
The concentration of ene double bonds during polymerization
was monitored at 3080 cm™' and 1636 cm ™' while the thiol
functional group was monitored at 2575 cm™'. Conversions
were calculated using the ratio of peak areas as a function of
time to the peak area prior to polymerization. All reactions
were performed under ambient conditions. Polymerizations
were initiated via an EXFO Acticure light source (EXFO, Mis-
sissauga, Ontario) with a 320—500 nm filter. Irradiation inten-
sities were measured with an International Light, Inc., model
IL1400A radiometer (Newburyport, MA).

The viscosity of the inorganic particle/thiol—ene monomer
mixtures was measured using a Brookfield CAP 2000+ Vis-
cometer (Cone & Plate Type) at 25 °C.

UV Light attenuation by nanocomposite films was mea-
sured using the radiometer. After curing 30 pm thick films,
the films were placed on the top of the radiometer sensor. Ini-
tial light intensity was set to 10 mW/cm?. The changes of light
intensity with and without polymer films were recorded five
times for each sample, and average values were used.

3. Results and discussions

Generally, unmodified silica particles having hydroxyl sur-
face functional groups cause severe particle aggregation due to
strong hydrogen bonding interactions between the particles
coupled with poor compatibility of the particles with the
monomer mixtures. This behavior often results in deleterious
effects on the cured nanocomposites such as poor particle dis-
persion and reduced mechanical properties. Functional groups
on the particle surface which can participate in the polymeriza-
tion provide covalent interactions between the particles and the
polymer resins. These interactions strengthen the particle sur-
face—resin interface, resulting in enhanced mechanical proper-
ties [1,2]. In this study, we modified the particle surface with
thiol functional groups to be used as a polymerizable compo-
nent in the thiol—ene polymerization. To do so, acrylate groups
were first attached to the particles by sequential hydrolysis and
condensation reactions of acryloxypropyl trichlorosilane and
then thiol groups were introduced by an amine-catalyzed
Michael addition reaction [24,25] between multifunctional
thiols and surface acrylate groups. Fig. 1 shows the FTIR spec-
tra of silica nanoparticles before and after the modification
with an acrylate and a thiol functional group. Unmodified
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Fig. 1. (A) IR spectra of (i) unmodified before drying, (ii) unmodified after
drying, (iii) acrylated, and (iv) thiolated silica nanoparticles. (B) IR spectra
of (iii) acrylated and (iv) thiolated silica nanoparticles in 1800—1300 cem™!
region.
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particles show a silicon ether peak around 1100 cm™
a broad hydrogen bonded hydroxyl peak around 3500 cm
After drying, the hydrogen bonded hydroxyl peak disappears
and a sharp free hydroxyl peak is observed at 3750 cm™ .
The particles functionalized with a 3-acrylolpropyltrichloro-
silane show acrylate peaks at 1630 cm™' (C=C stretching)
and at 1406 cm™' (C=C—H bending). The IR spectrum of
the thiol functionalized particles shows no residual acrylate
groups, indicating that the multifunctional thiol groups react
with the acrylate double bonds, and the particle surface is
highly functionalized with thiol groups. The thiol peak at
2575 cm™ ! is not observed due to the low molar absorption
coefficient of the thiol groups.

After the modification of the particle surface with specific
functional groups, the most popular method to measure the
concentration of the functional groups attached to the particle
surface is a thermogravimetric method [26] which measures
very small changes in weight loss during a heating process.
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Here, one advantageous aspect of an amine-catalyzed Michael
addition reaction should be noted. An amine-catalyzed
Michael addition reaction is a stoichiometric reaction between
an electron poor double bond such as an acrylate and a thiol
[24,25]. Therefore, here, the amount of acrylate groups
attached to the particles is calculated by measuring the amount
of thiols reacting with acrylate double bonds during this reac-
tion. Fig. 2 shows the IR spectra before and after an amine-
catalyzed Michael addition reaction between the acrylated
particles and hexanedithiol (HDT). The peak intensity of the
acrylate double bond at 1406 cm™' decreased 75% and the
thiol peak area at 2575 cm ™' reduced 10%. Based on the con-
version of both functional groups and the concentration of the
acrylated particles and thiols used, it was calculated that
4.5 x 10~*mol of acrylate double bonds are present in 1g
of particles. The thiol concentration in thiol functionalized
particles was not measurable due to its low molar absorption
coefficient. However, it is expected that the thiol concentration
should be at least as high as that of the acrylate group because
a multifunctional thiol was used for the modification.

When polymerizable functional groups are attached to par-
ticles, they affect the polymerization kinetics of nanocompo-
sites because of the different geometric environment for
polymerization at the particle surface and/or the particle—
monomer interface. Fig. 3 shows the effect of thiol functional-
ized nanoparticles on the polymerization kinetics of triallyl
triazine trione (TATATO)/1,6-hexanedithiol (HDT) 1:1 molar
mixtures. The polymerization rate and final conversion of
the nanocomposites do not show significant changes as shown
in Fig. 3(a). However, an interesting tendency is observed with
increasing particle content for small loading levels (Fig. 3(b)).
Up to 5 wt% of the thiol functionalized particles, polymeriza-
tion rates decrease; however, the rate increases with further
loading of the particles from 5 to 33 wt% particles. Based
on these results, the polymerization kinetics of the thiol—ene
nanocomposites are affected by more than two factors which

after
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Fig. 2. IR spectra before and after an amine-catalyzed Michael addition
reaction between acrylated particles and hexane dithiol. Hexanedithiol

(3.176 x 10~* mol), 0.1 g of acrylated particles, and 1 ml of MeCl, as a solvent
were used.
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Fig. 3. The functional group conversion versus time plots of triallyl triazine
trione (TATATO)/1,6-hexanedithiol (HDT) 1:1 molar mixtures as a function
of thiolated particle content; 0 wt% (solid line), 1 wt% (dot), 5 wt% (dash),
10 wt% (A), 23 wt% (), and 33 wt% (O). Profiles are shown for the initial
(a) 60 s and (b) 12's. Samples contain 0.5 wt% D1173 and are irradiated at
14.5 mW/cm? using 320—500 nm light.

enhance or suppress the polymerization rates. Light scattering
by the particles, the nature of the polymerizations at the
monomer—particle interface, and the mixture viscosity are
all possible explanations for the results.

First, to investigate the effects of surface functional groups
on thiol—ene polymerizations, the polymerization kinetics of
the thiol—ene nanocomposites with unmodified particles were
examined. Fig. 4 shows the conversion versus time plots
of TATATO/HDT 1:1 molar mixtures containing different
amounts of unmodified nanoparticles which have silanol groups
on the surface. Interestingly, the polymerization rates are inde-
pendent of the particle content added. For the entire range of
irradiation time, the polymerization rate and final conversion
are identical for all samples. The only difference between the
particles used in Figs. 3 and 4 is the presence of polymerizable
thiol groups on the thiol functionalized particles. This result
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Fig. 4. The functional group conversion as a function of time for TATATO/
HDT 1:1 molar mixtures as a function of unmodified particle content (0—
23 wt%). Samples contain 0.5 wt% D1173 and are irradiated at 4.5 mW/cm?
using 320—500 nm light.

strongly indicates that thiol functional groups on the particle
surface are participating in the polymerization reaction and af-
fecting the thiol—ene polymerization kinetics.

To explain the effect of thiol functional groups on polymer-
ization kinetics, the polymerizations at the interface between
the thiolated nanoparticles and bulk monomer should be con-
sidered. A diagram illustrating the chemical composition at
the particle—monomer interface is suggested in Fig. 5(a). Be-
cause of the high thiol group concentration at the particle sur-
face, it is expected that there is a stoichiometric imbalance
between thiol and ene groups (large excess of thiol) at the
particle surface. Also, the mobility of the thiyl radicals on
the surface should be lower than those in the bulk. Because
a stoichiometric imbalance between the thiol and ene groups
is critical in thiol—ene polymerization kinetics, thiol—ene
polymerization kinetics at the particle—monomer interface
should be different from those in the bulk monomer phase
(Fig. 5(b)). This indicates that there are two different polymer-
ization environments in the nanocomposite systems studied,
and the reaction scheme for both is described below.

As mentioned previously, thiol—ene polymerizations pro-
ceed by a two step mechanism including both chain transfer
and propagation [14,15]. The chain-transfer reaction rate con-
stant (kct) and the propagation rate constant (k) should be
similar for both circumstances. However, the overall chain-
transfer reaction rate is faster at the particle surface than in
the bulk due to the presence of excess thiols on the surface.
The propagation rate is slower at the interface than in the
bulk because of a lower ene concentration and hindered mobil-
ity of the surface thiyl radicals. Also, due to the low ene con-
centration at the particle surface, the thiyl radicals have
a much higher probability of undergoing a chain-transfer reac-
tion to other surface thiols and a termination by recombination
of two thiyl radicals. This local functional group imbalance at
the surface reduces the overall polymerization rates of the

(a)

s [/
/ s \’*SH
)
s ——sH
DAy
HS— —SH
s

Fig. 5. A diagram illustrating the chemical composition at the particle surface
of a thiolated nanoparticle/thiol—ene mixture (a) before and (b) during
polymerization.

thiol—ene polymerization. As particle content is increased,
particle—monomer interface volume where excess thiol groups
exist increases and the polymerization rate decreases.

— + SH;(Bulkk) + SH, (surface)
kex
chain Re + SH; —> S;* (bulk)
ans k
transfer R + SH, —<L S,e  (surface)
X
Sy + =— — Re (bulk)
propagation k"
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To provide further evidence of reduced polymerization
rates due to stoichiometric imbalance, three model systems
were investigated and the results are shown in Fig. 6. First is
the result for an acrylated particles/hexanediol diacrylate
(HDDA) nanocomposite system. In this case, the acrylate rep-
resents the only polymerizable functional group both in parti-
cles and monomers so there is no concentration imbalance of
polymerizable functional groups at the particle—monomer in-
terface. If the stoichiometric imbalance is the primary reason
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Fig. 6. The functional group conversion versus time for (a) HDDA/acrylated
particles, (b) HDDA/thiolated particles, and (c) TATATO/HDT/thiolated parti-
cles with a 1:2 molar mixture of thiol:ene maintained as a function of particle
content (0—23 wt%). Samples contain 0.5 wt% D1173 and are irradiated at
4.5 mW/cm? using 320—500 nm light.

for the reduced polymerization, it is expected that acrylated
particles should have no effect on the polymerization of
HDDA. Fig. 6(a) shows the conversion versus time plots of
acrylated particle/HDDA mixtures. The mixtures of acrylated
particlessHDDA show no change in polymerization rates re-
gardless of the particle amounts incorporated. Because of dis-
solved oxygen in the HDDA, all samples show an induction
period prior to polymerizations. Secondly, the effect of thiol
functionalized particles on HDDA polymerization was investi-
gated and is shown in Fig. 6(b). The polymerization of HDDA
containing thiol functionalized particles yields a somewhat
different result. With increasing thiol functionalized particle
content, it is clearly shown that the induction period decreases
significantly. The thiol functional groups on the particles react
with peroxy radicals resulting in a reduced induction period.
This reduction indicates that the particle surface is indeed
functionalized with thiol groups which are not observed in
the IR spectrum due to the low molar absorption coefficient
(Fig. 1). However, once started, the polymerization rates are
almost identical as expected from the slopes of the conversion
curves of each sample. Actually, the thiol groups can decrease
the HDDA polymerization rate when the thiol concentration is
high. However, it is reported that in acrylate/thiol mixtures,
acrylate functional groups undergo much faster polymeriza-
tion than thiol functional groups [28,29] and small amounts
of thiols do not appreciably change the acrylate polymeriza-
tion kinetics in nitrogen [30]. Finally, another interesting result
supporting reduced thiol—ene polymerization rates by stoi-
chiometric imbalance is shown in Fig. 6(c): conversion versus
time plots of 1:2 thiol:ene mixtures with different amounts of
thiol functionalized particles. As shown in Fig. 6(c), final ene
conversions reach approximately 50% due to the 1:2 thiol:ene
molar ratio. The conversion rates of the samples do not show
any change as a function of particle content. These results in-
dicate that in 1:2 thiol:ene mixtures, the ene concentration at
the particle surface is closer to the thiol concentration at that
interface. Therefore, there is a reduced stoichiometric imbal-
ance between the thiol and ene functional groups, resulting
in almost identical polymerization rates.

The polymerization rate changes of inorganic particle/or-
ganic nanocomposites also happen when UV light is scattered
or reflected by particles. However, the nanoscale size of the
particles, good dispersion, and the relatively thin sample
lead to relatively uniform light exposure throughout the sam-
ple thickness. The monomer/nanoparticle mixtures used in
this study are transparent with only a slight opacity. Fig. 7
shows the reduction of light intensity by thiol—ene and
HDDA based cured nanocomposite films with thicknesses of
approximately 30 pym. The light intensity decrease is more
pronounced with increasing nanoparticle content. However,
the extent of reduction in light intensity is quite small even
with 23 wt% nanoparticles. Thiol—ene and HDDA composites
with 23 wt% particles show about 17% and 6% reduction in
light intensity, respectively. It is expected that the additional
reduction of light intensity in the thiol—ene sample might
result from the high refractive index of thiol—ene mixtures
relative to the acrylates.
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Fig. 7. The light intensity reduction by cured nanocomposite films; thiol—ene
(O) and HDDA (O) based polymer composite films containing different
amounts of thiol functionalized nanoparticles. Film thickness is 30 pm.

By measuring the intensity dependence of polymerization
rates of thiol functionalized particle/thiol—ene mixtures,
decreases in polymerization rates associated with scattered
or reflected UV light can be calculated. For a neat thiol—ene
mixture without particles, the polymerization rate is propor-
tional to the light intensity to the 0.53 power which is consis-
tent with the previous reports [27]. Also, thiol—ene mixtures
containing 1—23 wt% of thiol functionalized particles showed
almost the same dependence on light intensity (ranging from
0.52 to 0.54, standard deviation 4= 0.0089). Based on this re-
sult, the termination reactions of thiol—ene polymerizations
occur by a bimolecular reaction. This behavior indicates that
the polymerization rate is proportional to the initiation rate
to the 0.5 power which is proportional to the light intensity
(ie., R, « 1°?). For HDDA, the polymerization rate is propor-
tional to ~0.7 power of the initiation rate (R, o °7y [31].
Based on the termination kinetics and the light intensity de-
crease measured, the polymerization rate on the bottom side
of the sample in thiol—ene and HDDA composites containing
23 wt% of particles should be 10% and 3% slower than neat
samples without particles, respectively. These explanations
are consistent with Figs. 4 and 6 and indicate that light scatter-
ing and reflection by particles do not significantly affect poly-
merization rates.

Based on the above results, it is expected that the increased
polymerization rates of thiol—ene nanocomposites are ob-
served when large amounts of thiol functionalized particles
are added resulting from different factors. One possible factor
enhancing the polymerization kinetics of nanocomposite sys-
tems is the monomer mixture viscosity. Increased viscosity
slows the termination kinetics due to reduced mobility of the
growing polymer chains, which results in enhanced polymeri-
zation rates. For this reason, the viscosity of the thiol—ene
nanocomposites was measured before polymerization. It was
observed that the viscosity of the thiol—ene nanocomposites
increased with increasing particle content as expected. The
viscosity of the thiol—ene mixtures with 23 wt% of thiol

functionalized particles (218 mPa s) has about 30 times higher
viscosity than the neat thiol—ene mixture (6.5 mPa s). There-
fore, we might expect that, as the particle content is increased,
the higher viscosity results in enhanced polymerization rates.
However, it should be noted that if we think about the viscos-
ity of monomers and polymers at the molecular level, the
viscosity increase in the nanocomposite should be considered
differently from purely organic systems. If organic viscosity-
modifiers are added to monomers, modifiers interact with
monomers and growing polymer molecules so that the viscos-
ity increases at the molecular level. However, in inorganic
particle/monomer mixtures, the viscosity increases due to the
presence of solid particles through interaction between parti-
cles and monomers at the particle interface. Thus, overall
viscosity at the macroscale increases while the viscosity of
the bulk monomer at the molecular level should remain nearly
the same. Therefore, the effect of increased viscosity on
polymerization should not be significant in nanocomposite
systems. Also, in traditional thiol—ene systems, viscosity is
not as important of a factor on polymerization kinetics. As
mentioned earlier, thiol—ene monomers do not build up high
molecular weight polymers and crosslinked gels at low con-
version. This explanation is consistent with the previous
results shown in Fig. 4. When unmodified particles are used,
the polymerization rates of the unmodified particle/thiol—ene
mixture do not change while the overall viscosity of the
samples increases dramatically.

However, as the particle content increases so that the dis-
tance between particles in the monomer solution decreases sig-
nificantly, the viscosity can lead to enhanced polymerization
rates when polymerizable (thiol functionalized) particles are
used. To explain this behavior, a diagram illustrating the cross-
linked structure of a thiol—ene nanocomposite is presented in
Fig. 8. In nanocomposites containing high particle content,
only a few propagation steps are required to chemically con-
nect each particle due to the proximity of particles as shown
in Fig. 8(b). This proximity and coupling result in incorpora-
tion of particles into the crosslinked network at the initial
stages of polymerization and lead to a huge increase in vis-
cosity. This type of reaction-induced viscosity enhancement
results in enhanced polymerization rates, especially at the
initial stage. Fig. 9 shows normalized maximum R}, and relative
average R, versus particle content. Relative average R,, values
were obtained by calculating 1/(¢y — ts0) and 1/(fy — t5) values
where fg, ts, and fso are the times required to reach 0, 5, and
50% conversions, respectively. It is obvious that the maximum
polymerization rates decrease up to 23 wt% particle loading
then increase while relative average R, is reduced up to
5 wt% particle content and then increases dramatically. These
results indicate that initial polymerization rates are enhanced
more than the maximum polymerization rates by particle
addition. The sample containing 33 wt% particles (near the
maximum loading) shows a significant increase in the initial
average Ry, value (1/(tp — t5)). We observed that the polymeri-
zation rates of the sample containing 33 wt% particles are
higher than the neat sample in Fig. 3(b), and this result strongly
indicates acceleration due to the viscosity increase.
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(a)

(b)

Fig. 8. A diagram illustrating the crosslinked structure of a thiol—ene nano-
composites with high contents of thiol functionalized particles (a) before
and (b) during polymerization.

4. Conclusions

The effects of surface thiol functional groups from nanopar-
ticles on thiol—ene photopolymerization kinetics have been
investigated. The viscosity of monomer/particle mixtures, the
light intensity reduction, and the polymerization kinetics at
the particle surface were investigated to explain the results.
The unmodified nanoparticles do not exhibit any effect on
the polymerization kinetics. However, small changes with
unique tendencies were observed when thiol group functional-
ized particles were used. Thiol functional groups on the parti-
cle surface cause a stoichiometric imbalance between ene and
thiol groups at the particle surface. The excess thiol concentra-
tion at the particle surface results in slow thiyl radical addition
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Fig. 9. (a) Relative maximum R,, and (b) relative average R, up to 5% (O) and
50% ([d) conversion as a function of particle content. Samples contain
0.5 wt% D1173 and are irradiated at 14.5 mW/cm? using 320—500 nm light.

to the ene bonds due to the relatively low ene concentration
and hindered thiyl radical mobility. In acrylate group function-
alized particles/acrylate mixtures, the particles do not affect
the polymerization kinetics, indicating that the functional
group imbalance is a primary reason for decreasing polymer-
ization rates in thiol—ene polymerizations. With high loading
of thiol functionalized particles, polymerization rates were
enhanced. Because of particle proximity when high concen-
trations of particles were added, it is expected that reaction-
induced viscosity enhancement causes the incorporation of
nanoparticles into the crosslinked networks, resulting in in-
crease in viscosity and conversion rates of thiol—ene polymer-
izations, especially at the initial stage of polymerization.
Thiol—ene nanocomposites show advantageous aspects com-
pared to the acrylate systems. Because of reduced oxygen
inhibition and the low viscosity of thiol—ene polymerization,
thiol—ene nanocomposites exhibited less reduction in final
conversion and no induction period.
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