Macromolecules

Volume 39, Number 19

September 19, 2006

© Copyright 2006 by the American Chemical Society

Communications to the Editor

Physical and Mechanical Properties of
Photopolymerized Thiol-Ene/Acrylates

Askim F. Senyurt,” Huanyu Wei," Brian Phillips, T
Michael Cole,' Sergei Nazarenko!, Charles E. Hoyle,*'
Scott G. Piland} and Trenton E. Gould*

School of Polymers and High Performance Materials and
School of Human Performance and Recreation,Jérsity of
Southern Mississippi, 118 College be, 10076,
Hattiesburg, Mississippi 39406

Receied March 7, 2006
Revised Manuscript Receed June 14, 2006

Photopolymerization is an efficient method for producing
cross-linked materials with thicknesses ranging from a few
microns to several millimeters. Traditional applications include
protective films on floors and wood to coatings on compact
disks and optical fibersA wide variety of monomers have been

of matrix will be formed by the photopolymerization of mixtures
of acrylates with thiotenes and what will be the resultant
impact on physical properties. Recently, Bowman et al. reported
that the photopolymerization of ternary systems involving
mixtures of a thiol, an ene that cannot inherently undergo
homopolymerization, and an acrylate that can participate in both
copolymerization (with the thiol) and homopolymerization leads
to network formation by a complicated kinetic procésgrom
their kinetic analysis of a tetrathiol, a divinyl ether ene, and a
monoacrylate, it can be speculated that a ternary system
comprised of a trithiol and triene with a triacrylate will result
in limited acrylate homopolymerization occurring simulta-
neously with thiot-ene and thiot-acrylate free-radical reactions.
We are currently engaged in a comprehensive investigation of
the physical and mechanical properties of networks formed by
the photopolymerization of thielene/acrylate mixtures that
include several thietene combinations with a range of acry-
lates. In this Communication, we report initial results for one

reported to undergo rapid polymerization when exposed to UV System to illustrate the type of structural and mechanical
light in the presence of a photoinitiator. The large majority of property development that occurs for the polymerization of
industrial photopolymerization processes involve the free-radical thiol—ene/acrylate systems. The results reported are indicative

chain growth polymerization of (meth)acrylates to produce
cross-linked networks.Early gelation in a multifunctional
acrylate polymerizatichr® leads to heterogeneous matrices with

respect to cross-linking density, resulting in mechanical transi-

tion regions that can extend over a range of up to 200In
contrast, photopolymerization of multifunctional thiols and enes

of the properties achievable with ternary thi@ne/acrylates
and suggest an opportunity for implementing a new strategy
for fabricating photocurable materials for both thin film and
thick cross-linked material applications.

This Communication focuses on the photopolymerization of
ternary systems involving the three components in Figure 1: a

occurs by a free-radical step-growth process that forms a highly trithiol (designated TriThiol), a triallyl ether (designated APE),

uniform cross-linked network with a narrow DMA tad
peaks’™19 Thiol—ene polymerizations are also known for
proceeding with very little oxygen inhibition, with the oxygen
incorporation into the matrix structure having a trivial effect
on the final mechanical/physical propertfed® On the basis

of a consideration of the great differences in the matrix structures

of photopolymerized acrylates and thi@nes, we ask what type
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and a propoxylated glycerol triacrylate (designated PGTA).
Mixtures were prepared by blending TriThiol with APE based
on equal molar functional groups and subsequently adding
increasing molar concentrations of PGTA. Each mixture con-
tained 1 wt % of the cleavage photoinitiator 2,2-dimethoxy-2-
phenylacetophenone. Thick samples (4 mm) were radiated with
low-intensity 254 nm low-pressure mercury lamps (0.1 mW/
cn¥) in an air environment; we stress that extra cautions were
taken to prevent the high-temperature rise during polymerization
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polymerization stage. Care was taken for the pure PGTA sample
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Figure 1. Monomer structures and acronyms.
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film cross section.
Figure 2. Tan ¢ vs temperature plots for 4 mm thick plates formed
from pure TriThio-APE and PTGA and mixtures of TriThielAPE
and PTGA with increasing mole percent concentrations of PTGA. DMA
first scan plots obtained with scan raté@/min and frequency 1 Hz.

thermal transition regions. Furthermore, neither DSC studies
conducted at slower scan rates °@/min) nor DMA studies
with different strain rates revealed multiple transitions; i.e., only
in order to eliminate @ inhibition. Kinetic analyses were  single mechanical or thermal transitions were observed for the
conducted with real-time FTIR in order to confirm high cured samples based on thi@ne/acrylate ternary systems.
conversions of thietene and acrylate monomers. The addition ~ While it is clear from the results in Figure 2 that films
of the thiol-ene mixture to the triacrylate monomer results in  prepared by the photopolymerization of mixtures of the thiol
acrylate conversion of100%. However, the thielene mono- ene with the triacrylate are quite uniform on a scale that involves
mer conversions are dependent on their initial concentrations. molecular motions affecting mechanical/thermal transitions,
In the case of high thietene concentrations (80% TriThiel there is still some questions as to the presence of larger scale
APE/ 20% PGTA), TriThiol and APE reach 90% conversions. Structure in the range between 10 and 100 nm. The atomic force
On the other hand, in the samples with lower thiehe microscopic (MultiMode AFM, RTESP with nominal resonance
concentrated mixtures (30% TriThieAPE/ 70% PGTA), 42%  frequency of 275 kHz was used in the tapping mode) analysis
of the APE was converted while TriThiol and PGTA conver- 0f a cross section of freeze-fractured samples containing 50 mol
sions reached 100%. For the sample containing 50% TriFhiol % PGTA (with no surface treatment) clearly shows at room
APE with 50% PGTA, acrylate and thiol groups were com- temperature a phase-separated morphology on the scale-of 20
pletely consumed during the polymerization, while APE reached 80 nm. Similar AFM analysis of the 4 mm thick plates formed
80% conversion. by photopolymerization of pure TriThielAPE and pure PTGA
Cured 4 mm thick plates were analyzed by dynamic me- showed little variation in structure and certainly no indication
chanical analysis (DMA; 2C/min at 1 Hz) and differential ~ of the phase-separated morphology shown in Figure 3 for the
scanning calorimetry (DSC; 1C/min scan rate) to determine  polymerized ternary thietene/acrylate network.
mechanical/thermal transitions. DMA first scan results in Figure  In view of the observation in Figure 2 that thieéne/acrylate
2 clearly show that all of the plates formed by polymerizing mixtures can be photopolymerized to give cross-linked films
samples with at least 20 mol % of the thi@ne have with relatively narrow transitions, whose peak maxima can be
symmetrical tand vs temperature plots that are substantially tuned to occur at a given temperature by the concentration of
narrow compared to the sample formed by photopolymerization acrylate, an investigation of the impact resistances of the 4 mm
of pure PGTA. Pure PGTA has a broad taplot with a main thick samples were measured with a Tinius Olsen instrument
peak maximum around 8 and a very small peak around 20 modified to measure the energy absorbed by moderate impact
°C. Hence, it can be readily concluded that, from a mechanical/ (energy of 1.13 J) with a steel head. As shown in Figure 4, the
thermal basis, the matrices become more uniform with increas- photocured ternary samples containing 40 and 50 mol % PTGA
ing TriThiol—APE content. There is no indication of multiple are the most effective at dissipating impact energy at room
peaks in the tard vs temperature plots for the films with  temperature, as evidenced by the peak maximum of the energy
TriThiol—APE present. To characterize thermal transitions, DSC absorbed vs the mole percent acrylate plot. The 40 and 50 mol
scans (not shown) were recorded for the same samples. As in% acrylate sample plates account for 84 and 86%, respectively,
the case with the DMA plots, the DSC scans of samples with of the impact energy of the striking head being absorbed. The
TriThiol—APE present were characterized by single, narrow energy absorption depends on the davalue (at the frequenc&DV



Macromolecules, Vol. 39, No. 19, 2006 Communications to the Editor6317

1.0 In conclusion, analysis of photopolymerized thi@ne/
acrylate systems indicates narrow mechanical/thermal transition
n—R regions. The peak maxima in the tércan be readily changed

by the concentration of acrylate to occur at essentially any
temperature within the boundaries of the transition temperatures
of the pure materials. This gives the flexibility to make materials

[ | with high energy absorbing properties tuned for maximum
performance at a given temperature. Finally, the ternary systems
are characterized by a phase-separated nanoscopic morphology.
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