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ABSTRACT: In the UV cured cycloaliphatic epoxy resins consisting of 3,4-epoxycyclo­
hexylmethyl-3',4' -epoxycyclohexane carboxylate and triphenylsulfonium hexaftuoroantimonate 
(TPSHA), which is a photoinitiator for cationic polymerization, the TPSHA residue was found to 
act as plasticizer above the initiator concentration of approximately 2 wt%, while act as 
anti plasticizer below this concentration. The photoreactivity of the uncured samples was investigated 
by using differential scanning calorimetry and tack free time measurements, and the physical 
properties of the UV cured samples were investigated by using dynamic mechanical measurements, 
thermal gravimetry, and high-resolution solid-state 13C NMR spectroscopy. Although no signifi­
cant difference in the chemical structure was detected for the cured samples containing various 
concentrations of the photoinitiator, ranging 0.5 to 9 wt%, the TPSHA concentration had a strong 
influence on the thermal stability and the glass-transition temperature of the samples. The 13C 
NMR spin-lattice relaxation time and spin-lattice relaxation time in the rotating frame provided 
information on the molecular motions of the epoxy polymers, which indicates the plasticization 
and antiplasticization effects of the TPSHA residue. 

KEY WORDS Epoxy Resin I UV Cure / Solid-State 13C NMR I Dynamic 
Mechanical Properties ! Photoreactivity I 

Onium salts possessing a non-nucleophilic 
anion, such as PF6 -, SbF6 -, AsF6 -, or BF 4 -, 

have been used as initiators for photo-induced 
cationic polymerization of ultraviolet (UV) 
curable epoxy resins. 1·2 The photolysis of the 
onium salts leads the production of the acid 
H+x-, where x- is the counter-anion, which 
becomes the polymerization initiator. The 
onium salts are classified into three catego­
ries1·2: diazonium, diaryliodonium, and tri­
arylsulfonium salts. For general use, the 
triarylsulfonium salts are considered as one of 
the best photoinitiators3 - 7 because of their 
wide range of UV absorption, good heat 
stability, and long pot life. 

The cure rate of the UV curable epoxy resins 
is affected by the factors such as the chemical 
structures of reactant epoxides and photo-

initiators, initiator concentration, curing tem­
perature, and the nature of the UV light 
used. 1.2 Crivello et a!. 3 •8 reported that 
maximum cure rate of a cycloaliphatic epoxy 
resin, 3,4-epoxycyclohexylmethyl-3' ,4' -epoxy­
cyclohexane carboxylate (ECC), was obtained 
with 2-3% by weight (wt%) of triphenyl­
sulfonium hexafluoroarsenate or with 3wt% 
diphenyliodonium hexafluoroarsenate. At the 
concentrations below l wt%, photopolymer­
ization is relatively slow. Increasing the con­
centration above 3 wt% produces no further 
increase in the rate. 8 Watt2 obtained similar 
results using ECC containing p-methoxyben­
zene diazonium hexafluorophosphate. There­
fore, epoxides containing 2-3 wt% onium salt 
photoinitiator have been believed to be 
practical for UV curable epoxy resin systems 
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from the consideration of both the rate of cure 
and the costs of the expensive initiator. 
However the effect of the initiator concentra­
tion on the physical properties of the UV 
curable epoxy resins has not yet been fully 
explored, because the previous works men­
tioned the above were concentrated on the cure 
rate. After the UV curable system was 
irradiated by UV light, the initiator residue 
(fragments and unreacted initiator) remains 
inside of the cured resin. Our studies have been, 
therefore, aimed at revealing the effect of the 
photoinitiator residue on the physical prop­
erties of the UV cured epoxy resin. 

In this paper, the photoreactivity of the UV 
curable cycloaliphatic epoxy resin system 
consisting of ECC and triphenylsulfonium 
hexafluoroantimonate (TPSHA) was investi­
gated using differential scanning calorimetry 
(DSC) and tack free time measurements, and 
the physical properties of the UV cured resins 
were investigated using dynamic mechanical 
measurements, thermal gravimetry (TG), and 
high-resolution solid-state 13C NMR spec­
troscopy. 

The modified DSC, referred to as photo­
DSC, has been used to monitor the reaction 
of photopolymerization. 9- 14 UV light is in­
troduced to the sample and reference cells of 
a differential scanning calorimeter, hence the 
enthalpy of photopolymerization of UV-ir­
radiated samples in situ. It is possible to cal­
culate the rate and conversion of the reaction 
from the enthalpy date obtained by the 
photo-DSC analysis. The tack free time 
measurement is easy and covenient procedure 
for evaluating the photoreactivity of UV 
curable systems. 15 The photoreactivity of the 
UV curable samples are discussed from the the 
results obtained by the photo-DSC and the 
tack free time measurement. 

The cross-polarization 16 ·1 7 /magic-angle­
spinning18·19 (CP/MAS) 13C NMR technique 
provided information on the chemical structure 
of the cured samples, while the TG analysis 
revealed their thermal stability. The effects of 
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the initiator concentration on the glass 
transition temperature, Tg, and the crosslinking 
density, p, of the UV cured epoxy resins are 
discussed in terms of the temperature de­
pendence of the complex Young's modulus, 
E*( = E' + iE", where E' is storage modulus and 
E" is loss moculus), obtained from the dynamic 
mechanical measurements at I Hz. 

Finally, molecular dynamics of the UV cured 
epoxy resins were investigated using two 
high-resolution solid-state 13C NMR relaxa­
tion times; spin-lattice relaxation time, Ti, and 
spin-lattice relaxation time in the rotating 
frame, T?,P. These relaxation times have been 
used previously to characterize the molecular 
motions of polymers in solids,20 - 41 including 
cured epoxy resins20 - 24 and polymer-plasti­
cizer systems. 25 - 29 . At room temperatures, 
Garroway et a/. 20·21 have found that the T?.P 
of a cured epoxy resin is dominated by 
spin-lattice relaxation process rather than 
spin-spin relaxation process, thus reflects the 
molecular motions in the mid-kilohertz regime. 
In the megahertz regime, it is accepted 
unobscurely that the T?, is completely spin­
lattice or motional in origin. The T?, and T?,P 
are measured for the UV cured samples in order 
to study the dependence of the concentration 
of the photoinitiator added. 

EXPERIMENTAL 

Materials 
A cycloaliphatic epoxide, 3,4-epoxycyclo­

hexylmethyl-3' ,4' -epoxycyclohexane carboxyl­
ate (ECC), and a photoinitiator, triphen­
ylsulfonium hexafl.uoroantimonate (TPSHA), 
were supplied from Union Carbide and 3M, 
respectively, and were used without further 
purification. The structural formula of ECC is 
given in Figure l. The initiator concentrations 
of UV curable samples investigated are listed 
in Table I. 

UV Curing Procedures 
The samples were poured into a UV-
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Table I. Photoreactivity and dynamic mechanical properties of UV curable epoxy resins 
consisting of ECC and TPSHA as a function of the photoinitiator concentration 

----- ------- --------------------------

Photoinitiator 
rb pd/104 

concentrtration Tack free T' log(E/P.) g 

Sample 
time• at Tg+40°C 

wt% 
% oc molm- 3 

-------· -·--·--·- -·-----·- ---- , ___ ---- --------

A 0.50 6 2.6 193 8.19 1.24 
B 0.74 4 2.3 183 8.24 1.51 
c 0.99 4 164 8.23 1.43 
D 1.96 3 161 8.21 1.51 
E 2.91 3 !50 8.18 1.32 
F 4.76 3 145 8.21 1.41 
G 9.09 3 1.9 127 8.28 1.69 

a The number of passes through the UV irradiation system (0.1 Jcm- 2 per pass at the wavelength of 350 nm). 
b See eq I and 2. 
' The temperature of tanb maximum at I Hz. 
d See eq 3. 

'Q:VA A B' A A Q/ 

B A A B 

0-..... 
/ A A 

Figure l. Structural formula of 3,4-epoxycyclohexyl­
methyl-3',4'-epoxycyclohexane carboxylate (ECC) and the 
reaction occurring in the cationic polymerization ofECC. 

transparent mold consisting of a pair of quartz 
glass plates, 5 mm thick, and a silicone rubber 
spacer, l mm thick, and were irradiated with a 
300W high-pressure Hg lamp for 1 h. The 
distance was 15 em between the lamp and the 
sample. The UV -irradiated samples were 
post-cured in an oven an 120oc for I h and 
then at 150°C for I h. 

DSC Measurements 
A photo-DSC system consisting of a Perkin 

Elmer DSC-4 differential scanning calorimeter 
and a Macam Photometries Flexicure model 
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UVLS 102 UV light source (Philips HPA400 
Hg lamp) was used for measurements. UV light 
was guided through two light pipes leading to 
the sample and reference cells, which were kept 
at 40°C, of the calorimeter. The light intensity 
at the cells was approximately I m W ·em- 2 at 
the wavelength of 350 nm. Approximately 3 mg 
of an uncured sample was weighed in an 
aluminum pan, and was set at the sample cell 
without an aluminum cover. An empty pan 
without a cover was used as reference. The 
photo-DSC data were acquired for 25 min at 
40oC under continuous UV-irradiated condi­
tions. After the photo-DSC measurement, a 
conventional thermal scan was carried out 
successively, using the irradiated sample in the 
pan at the heating rate of 20°C min -l in the 
temperature range of 40-250°C. 

The integrated peak intensities of the 
photo-DSC and the following DSC thermo­
grams were calculated with the DSC-4 data 
processor, and were represented as the heat of 
the photoreaction, 11Hp, and the heat of the 
post-curing reaction, 1'1Hreo respectively. The 
total heat of reaction, 11Hn was calculated as 
the sum of the two terms; /1HT = 11Hr + 11Hrc· 
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Tack Free Time Measurements 
The uncured sample was coated on a mild 

steel plate with a 50 J.lm applicator, and was 
UV-irradiated with an Ushio Electronics 
UVC-183 instrument (80 W em - 1 high-pres­
sure Hg lamp) equipped with a conveyor sys­
tem adjusted to 0.1 J em- 2 per pass at the 
wavelength of 350 nm; the sample was placed 
15 em away from the lamp and the irradiation 
time was 3.7 s per pass. The tack free time was 
defined as the number of passes through the 
instrument required for the coating surface to 
become sufficiently non-tacky that it will not 
pull cotton linters from a ball of absorbent 
cotton pressed firmly against it. 2 

Solid-State N M R Measurements 
The 13C CP/MAS, dipolar decoupling 

(DD)/MAS, 42 and pulse saturation transfer 
(PST)/MAS43 experiments were carried out at 
the 13C resonance frequency of 67.9 MHz 
on a JEOL GSX-270 spectrometer with a 
CP /MAS accessory. Typical spectra were re­
corded using 27kHz spectral width, 8 k data 
points, 2000--4000 accumulations at room 
temperatures. The cured sample was packed 
in a cylindrical ceramic rotor. The spinning 
rate of about 5.2 kHz was used for MAS. 
The CP/MAS spectra were obtained with I ms 
contact time and 5s pulse duration. The typical 
90° pulse width and spin-lock field were 4.5 J.lS 
and 60kHz, respectively, for both 1 H and 13C 
on the Hartmann-Hahn condition. 16 The 
DO/MAS spectra were observed using a 45° 
( 13C)pulse under high-power 1 H decoupling 
(60kHz). The pulse duration time was set to at 
least three times of the longest Tf. of the sample, 
and was typically 70 s. The PST /MAS spectra 
were measured on the same conditions as in 
the CP/MAS experiments. 13C Chemical shifts 
were calibrated through the methylene 13C 
signal of adamantane (29.5 ppm) relative to 
tetrameth y !silane. 

The 13C CP spin-lattice relaxation experi­
ments were performed by using the Torchia's 
method. 44 Delay times between 13C 90° pulses 
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ranged from 0.5 to 15s. The 13C spin-lattice 
relaxation times, T{, were calculated using the 
standard procedures.44 

The 13C spin-lattice relaxation times in the 
rotating frame, T{P, were obtained using the 
standard procedures. 30 Delay times after the 
1 H radio-frequency field was removed ranged 
from I to !Oms. 

TG Measurements 
The TG analysis of the cured samples was 

carried out by using a DuPont 951 thermal 
gravimetric analyzer and a DuPont 9900 data 
processor with the heating rate of 20oc ·min -l 

in the temperature range from room tempera­
ture to 500°C under the air-flow conditions. 
The decomposition temperatures, T98 %, T95 %, 

and T90%, were defined as the temperatures at 
which the weight loss amounts to 2, 5, and 
10%, respectively, by thermal decomposition, 
and were calculated by the data processor. 

Dynamic Mechanical Measurements 
The complex Young's moduli, E*, of the 

cured samples were obtained with a Rheo­
metries RSA-2 solid analyzer at I Hz at 2oc 
intervals in the temperature range from 50 to 
250 oc. Temperature was raised by step, set 
to 5°C for every 30 s. The bending test was 
carried out using the bar shaped sample, 50 mm 
length, 6 mm width, and 1 mm thick, set on the 
dual cantilever bending fixture with 0.1% 
strain. The glass-transition temperature, Tg, 
was defined as the temperature of maximum 
tanb ( = E" 1 E'). The rubber-modulus was de­
fined as the storage modulus at the tem­
perature of Tg + 40oC. 

RESULTS AND DISCUSSION 

Photoreactivity 
The effect of the TPSHA concentration on 

the cure rate of ECC was evaluated by the tack 
free times listed in Table I. At the concentra­
tions below I wt%, the photopolymerization is 
relatively slow. When the concentration of 
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TPSHA is reduced to 0.1 wt%, the sample 
remains fluid and tacky. Increasing the 
concentration above 2 wt% leads no significant 
change in the rate. These results are in good 
agreement with previous works. 2 •3 •8 

The values of !J..Hp and !J..HT obtained from 
the photo-DSC analyses of the samples are 
plotted against the photoinitiator concentra­
tion in Figure 2. The !J..HT curve exhibits similar 
behavior to the !J..Hp curve; there is a marked 
TPSHA concentration dependence on both 
!J..Hp and !J..HT at the concentration below 
1 wt%, while raising the concentration above 
I wt% produces no further increase. The values 
of !J..Hp/ !J..HT are almost constant in the TPSHA 
concentration range of l-9wt%. The mean 
value of J.Hp/J.HT is 0.47 at l-9wt%, thus 
the conversion of the photoreaction alone is 
less than 50%, indicating the important role 
of the post-curing for the completion of the 
curing process. The results of both the tack 
free time measurement and the photo-DSC 
analysis indicate that there is no significant 
effect of the initiator concentration on the 
photoreactivity of the UV curable samples in 
the concentration range of l-9wt%. 

High- Resolution Solid-State 13 C N M R Spectra 
The CP/MAS spectra of Samples A, C, E, 

and G are shown in the traces a, b, c, and d, 
respectively, in Figure 3. The broad resonances 
of the spectra are attributed to the heterog­
eneous chemical environment due to the 
crosslinked network structure of the cured 
epoxy polymers. 21 The signal assignments were 
done on the basis of the solution 13C NMR 
assignments of ECC45 . The resonances at 
10-50 ppm were assigned to C A carbons and 
those at 60-90 ppm were assigned to C8 and 
C8 . carbons. The broad resonance at 110--
150 ppm, which is absent in the the solution 
spectrum of ECC45 and whose intensity 
becomes stronger as the initiator concentration 
increases, would arise from the TPSHA resi­
due. The resonance at 175 ppm was assign­
ed to Cc. The resonance at 55 ppm, which clear-
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Figure 2. TPSHA concentration dependence of the heat 
of the photoreaction, !JHP, and the total heat of the 
photoreaction and following thermal reaction, iJHT, of the 
samples. 

250 200 150 100 50 -so 

Figure 3. 13C CP/MAS spectra of cured Sample A (a), 
Sample C (b), Sample E (c), and Sample G (d), and 
PST/MAS spectrum of cured Sample G (e). The peaks 
indicated by * in trace e arised from the spinning-rotor. 

ly appears as a sharp signal in the traces a 
and d, was assigned to the unreacted epoxy 
carbons. This resonance completely disappears 
in the trace b, thus the Sample C should be 
completely cured. The chemical shifts and the 
peak shapes of all resonances, except arising 
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from the TPSHA residue and the unreacted 
epoxy group, are the same in the CP/MAS 
spectra of all samples, indicating the identical 
chemical structure of the cured epoxy polymer 
in the samples. Hence, the chemical structure 
is independent of the initiator concentration in 
the range of 0.5-9wt%. 

The PST /MAS spectrum of Sample G is 
shown in the trace e in Figure 3. It is noted 
that the PST /MAS technique, in contrast with 
the CP/MAS technique, enhances the peak 
intensity of the resonances arising from the 
molecules with relatively rapid motions in the 
solid sample.43 The increase in the signal 
intensity of the resonances arising from the 
TPSHA residue and the unreacted epoxy group 
relative to those from the epoxy polymer in 
trace e clearly indicates the significant mo­
lecular motions of the former compounds. 
These results suggest the existence of the mobile 
residue trapped in the rigid epoxy networks at 
room temperatures. A similar phenomenon 
was observed in the case of residual monomer 
molecules remaining in the networks of its 
polymer, 29 where the rigid polymer forms 
inhomogeneous glasses with high density 
clusters of tight, fully polymerized networks 
and pools of monomer. 

The intensity ratio of the resonance at 
55 ppm (the unreacted epoxy carbons) to the 
resonances at 60---90 ppm (C8 and C8 ') in the 
CP/MAS spectrum of Sample G was the same 
as that in its DO/MAS spectrum measured 
under the conditions sufficient to quantitative 
analysis (results not shown). Thus the conver­
sion of the epoxy groups in ECC can be 
estimated from the integral intensities of these 
resonances in the CP/MAS spectra. Defining 
R as the molar ratio of the ECC monomer of 
which both epoxy groups were reacted to the 
total ECC monomer added and assuming that 
no ECC reamins unreacted, the fraction of the 
epoxy groups of the ECC monomers un­
reacted, r, is expressed as; 
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Figure 4. TPSHA concentration dependence of the 
thermal-decomposition temperatures, T 98 %, T95 %, and 
T90 %, of the cured samples. 

y 
r= (I) 

X{4R/5+2(!-R)j3}+ Y 

where X and Y are the intensities of the 
resonances at 60-90 ppm and the resonance 
at 55 ppm, respectively. Considering that 
R» 1 - R, eq l is simplified as; 

r= 5 Y/(4X + 5 Y) (2) 

The r values calculated using eq 2 are listed in 
Table I. Although Samples A, B, and G were 
cured incompletely, their conversions are 
relatively high (97.4--98.1 %). The calculation 
of the r values shows that the samples only in 
the range of the initiator concentration of 
1-5 wt% were completely cured and the other 
samples were cured imcompletely. 

Thermal Gravimetric Analysis 
In Figure 4 are shown the thermal-de­

composition temperature, T98 %, T95 %, and 
T90% of the cured samples as a function of the 
TPSHA concentration. The thermal stability 
of the samples becomes worse as the initiator 
concentration increases, though the chemical 
structure of the epoxy polymer is independent 
of the concentration. Furthermore, the trend 
of T90%, in contrast with that of T98 %, is 
relatively independent of the initiator con­
centration. In fact, the difference of T90 % 

between Samples A and G is 46°C, while what 
of T98 % is l24°C. The thermal-decomposition 
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Figure 5. Temperature dependence of the storage 
Young's modulus (E') and loss tangent (tan b) for cured 
Sample A, Sample C, Sample E, and Sample G. 

at the first stage is strongly affected by the 
initiator concentration, thus is dominated by 
the TPSHA residue rather than the epoxy 
polymer. 

Dynamic Mechanical Properties 
In Figure 5 are shown the storage Young's 

modulus, £',and the loss tangent, tanb, in the 
temperature range covering the glass-transition 
region. Both curves shifts to lower temperature 
and the tanb-termperature curve becomes 
broader, as the initiator concentration in­
creases. The glass-transition temperatures, Tg, 
obtained by the tanb curves are listed in Table 
I. The difference of Tg between Samples A and 
G is 66°C. The TPSHA concentration exhibits 
a strong influence on Tg. 

The glass-transition temperature of polymer 
is, in general, affected by the factors as follows; 
observation time (or frequency), molecular 
weight, crystallinity, and species of plasticiz­
er.46 The dynamic mechanical measurements 
of all samples were carried out at 1 Hz 

constantly. Furthermore, the UV cured epoxy 
polymer is completely amorphous, thus the 
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degree of crystallinity is nil in all samples. 
Hence the effects of the observation time and 
the crystallinity on the Tg can be ruled out in 
this case. The molecular weight was replaced 
by the molecular weight between crosslinks, 
M 0 or crosslinking density, p( = d/Me, where 
d is the density of polymer) in the case of 
crosslinked polymers. The crosslinking density 
of the sample is given by the temperature at 
rubber state, T., and the storage modulus at 
T., Er.46-48 

(3) 

where R is gas constant. Tr was set as Tg 
+ 40oC. The values of Er and p are listed in 
Table I. The p values are almost constant 
irrespective of the initiator concentration. 
Therefore, the crosslinking density should be 
ignored as the factor which affects the Tg of 
the samples used here. The mean Me value in 
the samples was calculated to be 83 with the 
density of the sample, 1.2 gem- 3 . If the ester 
linkage in the ECC molecule is regarded as a 
crosslinking, there are 3 crosslinkings per ECC 
monomer unit in the cured sample. Since the 
molecular weight of ECC is 252, the Me value 
of the sample was calculated to be 84 ( = 252/3), 
and is in good agreement with the experimental 
value. 

The Tg shift of the samples was then 
interpreted as the plasticization effect of the 
TPSHA residue. Boyer and Spencer49 showed 
that the effect of plasticizer on the Tg can be 
expressed as 

(4) 

where Tg, and Tg2 are the Tg's of polymer with 
and without plasticizer, respectively, w is 
weight fraction of polymer, and k is a constant. 
The plot of square root of the w values against 
the reciprocal absolute temperatures of Tg is 
shown in Figure 6. The data were found to be 
fitted by two straight line below 164°C, while 
the curve seems to be saturated above the 
temperature. The fact that the data were fitted 
to the straight lines verifies the plasticization 
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Figure 6. Glass-transition temperature dependence of 
square root of the weight fraction of polymer in the cured 
samples. 

effect of the TPSHA residue on the UV cured 
epoxy polymers. The broadening of the tan 
b-temperature curve in Figure 5 are often 
observed when a plasticizer is added in 
polymer. 

13 C NMR Relaxation Times: 
The 13 C NMR spin-lattice relaxation times 

in the laboratory frame (70 MHz), and in 
the rotating frame (60kHz), of the cured 
samples are plotted in Figures 7 and 8, 
respectively, against the TPSHA concentra­
tion. A mean relaxation time was calculated 
from the variation of integral intenstity of the 
whole CA pattern (10-50 ppm) or the whole 
C8 and C8 ' pattern (60---90 ppm). 

There is a marked effect of the on the 
initator concentration below 2 wt%, while the 

is relatively independent of the concentra­
tion above 2 wt%, as shown in Figure 7. The 
trend of the above 2 wt% indicates that the 
TPSHA residue negligibly affects on the 
localized motions of both the cyclohexyl ring 
and the crosslinking in the cured sample. This 
is the same phenomenon as the case of 
PMMA-plasticizer systems reported by Edzes 
and Veeman26 in which increased mobility of 
the polymer in the presence of a plasticizer is 
not reflected in significant changes in On 
the other hand, the TPSHA residue restrains 
the megahertz motions of the entire epoxy 
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Figure 7. TPSHA concentration dependence of the 13C 
spin-lattice relaxation time, T'j, of the cured samples. 
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Figure 8. TPSHA concentration dependence of the 13C 
spin-lattice relaxation time in the rotating frame, Tir• of 
the cured samples. 

polymer at room temperatures below the 
initiator concentration of 2 wt%. The suppres­
sion of the molecular motions by the addition 
of a low molecular weight diluent is known as 
antiplasticization. 50 - 52 Belfiore et a/. 27 re­
ported that antiplasticization substantially af­
fects the megahertz mobility of polycarbon­
ate at 25°C. Consequently, the trend of 
the samples revealed that the TPSHA residue 
acts as antiplasticizer below 2wt%. 

This phenomenon was more clearly observ­
ed by the spin-lattice relaxation experiments 
in the rotating frame, as shown in Figure 8. 
We confirmed by the variable spin-lock field 
experiments20 that the of the cured samples 
is dominated by spin-lattice relaxation, there­
fore the relaxation parameter is sensitive to 
molecular motions in the kilohertz regime. The 
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molecular motions of the cyclohexyl ring was 
reported to result from the process of internal 
ring inversion in a solid polyacrylates. 38 The 
rise of the TiP of both the cyclohexyl ring and 
the crosslinking in the cured samples was 
observed as the initiator concentration in­
creases in the range of 0.5-1 wt%, while the 
TiP was decreased above the concentration of 
1-2 wt%. This trend clearly indicates the 
antiplasticization and plasticization effects of 
the TPSHA residue. Sefcik et al. 28 reported by 
using 13C NMR rotating frame relaxation 
experiments that the cooperative main-chian 
molecular motions of poly( vinyl chloride) are 
reduced when the additive behaves as an 
antiplasticizer and are increased when the 
polymer is plasticized. The work of Belfiore et 
a/. 27 on polycarbonate-diluent systems and 
Allen et al. 29 on poly[ oligo( ethylene glycol)­
dimethacrylates]-its residual monomer sys­
tems showed similar trends of Tip· In addition, 
the diluent which has a flat molecular structure 
with ring structures empirically acts as strong 
anti plasticizer. 53 The molecules ofTPSHA and 
its fragments meet this criterion. 

CONCLUSION 

At the TPSHA concentrations below 1 wt%. 
the photopolymerization ofECC was relatively 
slow and the heat of the photopolymerization 
was highly affected by the concentration. 
However, there was no significant effect of the 
TPSHA concentration on the photoreactivity 
of the samples in the concentration range of 
1-9wt%. 

The CP /MAS 13C NMR spectra showed that 
there is no significant difference in the chemical 
structure among the cured samples in the 
TPSHA concentration range of 0.5-9wt%. 
The conversion of the samples was calculated 
from the resonance intensity in the CP/MAS 
spectra. All samples were cured almost com­
pletely. The PST/MAS spectra revealed the ex­
istence of the mobile TPSHA residue trapped 
in the rigid epoxy networks. The thermal 
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gravimetric analysis showed that the thermal 
stability of the cured samples becomes worse 
as the TPSHA concentration increases, indi­
cating that the thermal-decomposition at the 
first stage is dominated by the TPSHA res­
idue rather than the epoxy polymers. 

The TPSHA concentration strongly influ­
ences on the glass-transition temperature, Tg, 
of the cured samples. The Tg shift of the samples 
was interpreted as the plasticization effect of 
the TPSHA residue. The 13C NMR spin-lattice 
relaxation time and spin-lattice relaxation time 
in the rotating frame provided information on 
the molecular motions of the epoxy polymers, 
indicating that the TPSHA residue acts as 
plasticizer above the TPSHA concentration of 
approximately 2wt%, while it acts as anti­
plasticizer below this concentration. 

The physical properties, for instance brittle­
ness, ofUV cured epoxy resins may be affected 
by the photoinitiator concentration, thus we 
must pay attention to the physical properties 
as well as the cure rate when compounding a 
UV curable system. 
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