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Abstract

Novel polymeric photoinitator (PTX) was synthesized by introducing thioxanthone (TX) moieties to polymeric amine side-chain.
Compared with low-mulecular weight model compound, PTX has similar UV —vis absorption and weaker fluorescence emission, and some
radicals are trapped in the macromolecular coil cage. The kinetics for polymerization of trimethylolpropane triacrylate using PTX as
photoinitiator was studied by photo-DSC. It shows that PTX is an efficient photoinitiator, and that PTX concentration and light intensity have
similar effect on photopolymerization. The increase in PTX concentration and light intensity leads to the increase in the polymerization rate
and the final conversion. The increase in temperature also results in the increase in the polymerization rate and final conversion, due to the
enhanced molecular mobility and delay in vitrification at high temperature. At the late stage of polymerization, the reaction becomes more

diffusion-controlled than that at early stage of polymerization.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Photopolymerization science and technology have
assumed in recent years an increasing relevance in many
applications, such as curing of coatings on various
materials, adhesives, printing inks, and photoresists [1].
This technology is based on the use of photoinitiator
systems suited to absorb a light radiation of the appropriate
wavelength and to produce primary radical species able to
convert a multifunctional monomer into a cross-linked
network. Among the most studied photoinitiator systems are
those in which radicals are formed by a bimolecular process
consisting of an excited chromophore and an amine as a
coinitiator [2—5]. Polymeric photoinitiator systems, which
can be prepared by introducing chromophore and amine into
polymer chains, have obvious advantages such as good
solubility and compatibility in the curable medium, low
odor and toxicity, due to the well-known polymer effect
[6-10]. In particular, an improvement in photoinitiation
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activity can be obtained as the result of energy migration
between excited- and ground-state photosensitive moieties
along the polymer chain or of intramolecular reactions
affording more reactive species which can be protected as in
a cage by the microenvironment of the polymer chains, thus
reducing their tendency to coupling processes [8].

The other important research field in photopolymeriza-
tion is the polymerization kinetics of multifunctional
monomers which determines the structure and physical
properties of final polymer networks. This has been the
subject of many investigations [11-20], which have shown
that the photopolymerization of multifunctional monomers
can exhibit unique reaction behavior including unequal
functional group reactivity and auto-acceleration induced
by diffusion-controlled propagation and termination.

In this context, taking into account that thioxanthone
derivatives in conjunction with amines are efficient photo-
initiators [3,7,21-25], we synthesized polymeric photo-
initiator by introducing thioxanthone moieties into
poly(ethylene imine) (PEI) side-chain, as well as low
weight molecular model compound, purposely prepared to
compare the properties of the low and high molecular
weight photoinitiators, and then studied the kinetics for
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polymerization of trimethylolpropane triacrylate (TMPTA),
which is common by used multifuncational acrylates, by
photo differential scanning calorimetry (photo-DSC).

2. Experimental
2.1. Materials

Thiosalicylic acid (from Fluka), PEI (M,, 2500, from
BDH), TMPTA (from Nantong Litian chemical company)
were used as received. Other chemicals are of analytical
grade except as noted. Epichlorohydrin was purified by
refluxing with calcium hydroxide and redistilled.

2.2. Synthesis

2.2.1. Preparation of polymeric photoinitiator (PTX)

A mixture of 1.0g of 2-(2,3-epoxy)propoxylthiox-
anthone (synthesized according to Ref. [27]), 1.5g of
poly(ethylene imine), 40 ml of ethanol was stirred at 80 °C
for 10 h, and then filtered through a thin layer of activated
charcoal after cooling. The filtrate was evaporated to
remove ethanol, and residue was dissolved in water and
washed with benzene in a separating funnel. The aqueous
layer was separated and water was evaporated and the
residue was re-dissolved in ethanol, which was then
precipitated in 10-fold excess ether and dried in vacuo to
obtain the polymeric photoinitiator.

UV: A =398 nm log € = 3.74. '"H NMR (400 MHz) in
CDCl5: 8.67-8.42 (1H, aromatic), 8.15-7.91 (1H, aro-
matic), 7.64-7.25 (5H, aromatic), 4.01-4.05 (2H OCH,),
3.85 (1H OCH), 2.05-3.05 (52H NCH,, OH and NH). FT-
IR (KBr):1634 (C=0), 2815, 2944 (C-H), 3360-3500 (N-
H, O—H). Elemental analysis, found: C, 49.13%; H, 9.85%;
N, 15.99%; S, 3.54%. T, (DSC in N, 10 °C/min):
—20.3 °C.

2.2.2. Preparation of model compound ATX

A mixture of 1.0g of 2-(2,3-epoxy)propoxylthiox-
anthone, 2 ml of diethylamine (DEA), 40 ml of ethanol
was stirred at 80 °C for 4 h, and then filtered through a thin
layer of activated charcoal after cooling. The filtrate was
evaporated to remove ethanol and unreacted diethylamine,
and the residue was dissolved in diluted hydrochloric acid
and washed with benzene in a separating funnel. Ammonia
was used to adjust the pH value of the aqueous layer to 8—9,
and the solution was extracted with chloroform. The
chloroform solution was evaporated to give crude product,
which was then recrystallized from mixed solvent of ethanol
and water.

UV: A =398 nm log € = 3.79. '"H NMR (400 MHz) in
CDCl5: 8.67-8.42 (1H, aromatic), 8.15-7.91 (1H, aro-
matic), 7.64-7.25 (5H, aromatic), 4.11-4.15 (3H OCHj,,
OCH), 2.65-2.85 (6H NCH,), 1.10-1.13 (6H, CH3). FT-IR
(KBr):1636 (C=0), 2815, 2944 (C-H), 3360-3500 (N-H,

O-H). Melting point (DSC in Nj): 115 °C. Elemental
analysis, calcd for CoH;9NO3S: C, 66.86%; H, 5.57%; N,
4.11%; S, 9.38%. Found: C, 66.78%; H, 5.63%; N, 4.09%;
S, 9.35%.

2.3. Measurement

The concentration of polymeric photoinitator (PTX)
system is in terms of TX moieties and the molar ratio of
ATX/DEA in the low-molecular weight photoinitiator
systems is always 1:9 in measurement.

2.3.1. Physicochemical measurements

'"H NMR spectra were recorded on a Mercury Plus
400 Hz spectrometer with CDCl; as solvent. FT-IR spectra
were recorded on a Perkin—Elmer Paragon1000 FTIR
spectrometer. The samples were prepared either as cast
films on KBr discs or as KBr pellets. Elemental analysis was
conducted on an Elementar Varioel apparatus. Differential
scanning calorimetry (DSC) was conducted with a Pyris 1
DSC. UV -vis spectra were recorded in ethanol solution by
Perkin—Elmer Lambda 20 UV —vis spectrophotometer. The
molar extinction coefficient values & are expressed as
Imol ' em™'. Fluorescence spectra were recorded in
ethanol solution by Perkin—Elmer LS50B luminescence
spectrophotometer. ESR experiments were carried out with
a Bruker EMX EPR spectrometer at 9.5 GHz with a
modulation frequency of 200 kHz with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as radical capturing agent. A
high pressure mercury lamp with a cut-off filter (365 nm)
was used for irradiation in the ESR spectrometer cavity.
Both concentrations of PTX and ATX dissolved in
dichloromethane were 1 X 10~ * M. 0.5 ml of each sample
was transformed into a quartz ESR tube and then purged
with nitrogen to get rid of oxygen.

2.3.2. Photocalorimetry

The photopolymerization of TMPTA was carried out by
DSC 6200 (Seiko Instrument Inc) photo-DSC with incident
light of 365 nm, whose intensity can be changed from 5 to
75 mw. Approximately 2 mg sample mixture was placed in
the aluminum DSC pans.

Heat flow versus time (DSC thermogram) curves were
recorded in an isothermal mode under a nitrogen flow of
50 ml/min. The reaction heat liberated in the polymerization
was directly proportional to the number of vinyl groups
reacted in the system. By integrating the area under the
exothermic peak, the conversion of the vinyl groups (C) or
the extent of reaction could be determined according to:

C = AH,/AH" (1)

Where AH, is the reaction heat evolved at time #, and
AH™" is the theoretical heat for complete conversion. For
an acrylic double bond, AH(‘)he"r = 86 kJ/mol [26]. The rate
of polymerization (R,) is directly related to the heat flow
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(dH/dr) by the following equation:

R, = dC/dt = (dH/d)/AHG*™ )

3. Results and discussion
3.1. Synthesis of PTX and ATX

PTX and ATX were synthesized by a modified literature
[27] procedure described for synthesis of amino-linked
thioxanthone according to Scheme 1. The structure of the
polymeric photoinitiator and model compound was con-
firmed by FT-IR and '"H NMR. The PTX composition was
determined by the elemental analysis data (nitrogen content/
sulfur content). The analysis results showed that the
structure unit of PTX n/m is about 1:9.

3.2. Properties of PTX and ATX/DEA

3.2.1. UV—vis absorption and fluorescence of PTX and
ATX/DEA

UV -vis absorption spectra of PTX and ATX/DEA in
ethanol are showed in Fig. 1. They exhibit the usual
characteristic of absorption of thioxanthone. PTX possesses
an absorption similar to ATX/DEA, which shows that
macromolecular structure has not obvious influence on
UV —vis absorption of thioxanthone moities of PTX.

Although, PTX possesses an emission characteristics
similar to ATX/DEA with a maximum at 475 nm, the
emission of PTX is obviously weaker than that of
ATX/DEA according to the Fig. 2. The weaker emission
of PTX can be ascribed to the intramolecular quenching of
the aromatic ketone by the amino groups of backbone
chains. Compared with ATX, the local amino concentration
is larger and the excited TX moieties can be more
effectively quenched in the polymeric photoinitiator.
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Fig. 1. UV-vis absorption spectra of PTX and ATX/DEA in ethanol
solution (PTX = 6 X 107> M, ATX = 6 X 107> M).

3.2.2. ESR spectroscopy

Spinning-trapping experiments with DMPO were per-
formed to trap amine radicals formed upon irradiation (see
Scheme 2). Fig. 3 shows that ESR signals obtained had six-
line spectrum, which is explained by a triplet with «-
nitrogen and a further split into a doublet with a 3-proton.
The value of the magnetic parameter, factor-g, was 2.0050,
thus indicating that the amine radicals had been released and
trapped by DMPO. Compared with that of ATX/DEA,
however, the ESR spectrum of PTX shows the existence of
other radicals, which were not trapped by DMPO, except the
DMPO radicals. This result may be addressed to the
macromolecular structure of PTX. The steric hindrance of
the macromolecular coil could be unfavor of the recombi-
nation between DMPO and radicals, thus some radicals
could not escape from the macromolecular coil cage timely
to be trapped by DMPO.

3.2.3. Photopolymerization of TMPTA

The photo-DSC profiles of the polymerization of
TMPTA for two photoinitiator systems are shown in Fig.
4, which shows both photoinitator systems are effective.
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Fig. 2. Fluorescence spectra of PTX and ATX/DEA in ethanol solution,
Ex =398 nm (PTX =1X 107° M, ATX = 1 X 107> M).

This polymerization behavior appears similarly to other
multifunctional monomers [12,14,28—-31]. In the photo-
polymerization of multifunctional monomers, gelation often
occurs at an early stage of the reaction. The formation of a
three-dimensional gel structure restricts the diffusion and
mobility of both macroradicals and pendant double bonds,
slowing down the radical termination rate. This results in a
buildup of radical species, promoting the rate of polym-
erization, leading to autoacceleration. However, when the
reaction continues, the increased cross-linking level even-
tually limits the monomer mobility; the propagation
reaction then also becomes diffusion controlled along with
radical termination. Thus, the overall polymerization rate
begins to decrease. As the mobility of the reaction system is
further reduced, the reactive species become trapped, and
the reaction eventually stops.

The major differences between two photopolymerization
systems were that the polymerization rate of PTX was
slower than that of ATX/DEA at early stage, but faster at
later stage. This was obviously observed in the Fig. 5(a),
which shows the relationship between the polymerization
rate and the conversion for two photoinitiator systems. This
result may be addressed to the macromolecular effect of
PTX. At early polymerization stage, macroradicals are not
as active as low-molecular-weight radicals because of the
low mobility of macromolecular chains, and the difficulty of
some macromolecular radicals in escaping from the cage
timely to initiate the polymerization for the steric hindrance
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Fig. 3. ESR spectra of PTX (a) and ATX/DEA (b), photolysis time 3 min.

of the macromolecular coil (see Section 3.2.2), further more,
radicals located on polymer chain for PTX could not
dispersed as uniformly as in the system for ATX/DEA. As
the polymerization time goes on, the number of low-
molecular-weight radicals is less than that of macroradicals
because of its higher termination rate. The steric hindrance
of the macromolecular coil is unfavor of the recombination
reactions between the propagating radicals and macroradi-
cals, thus strongly limiting the extent of terminations and
hence preventing a reduction of the concentration of the
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Fig. 4. Photo-DSC profiles for PTX and ATX/DEA in TMPTA, cured at
25°C by UV light with an intensity of 50 mw/ecm® (PTX = 0.07 M;
ATX = 0.07 M).
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Fig. 5. (a) Rate vs. conversion; (b) conversion vs. time, for polymerization
of TMPTA for PTX and ATX/DEA, cured at 25 °C by UV light with an
intensity of 50 mw/cm? (PTX = 0.07 M; ATX = 0.07 M).

active species. Moreover, at higher conversion, the
intramolecular H-abstraction between amino backbone
and TX in PTX is less effected by gel effect than that in
ATX/DEA because of the higher local amino concentration
in PTX, which makes PTX photoinitiator systems yield
more active species. Fig. 5(b) shows the relationship
between the conversion and time for two photoinitiator
systems. The final conversion of TMPTA for PTX system is
higher than that for ATX/DEA system, which shows that
PTX can carry out the photopolymerization of TMPTA
more effectively.

3.3. Kinetic study of photopolymerization of TMPTA
initiated by PTX

3.3.1. Influence of initiator concentration

Comparisons of the rate of isothermal photopolymeriza-
tion at different PTX concentrations are presented in Fig. 6.
The rate of photopolymerization can be expressed by the
equation [32]

R, = —d[MV/dt = ky/k!*[M1(¢pelo[Aly)" (3)

Where k;, and k; are the propagation and termination rate
constants, [M] is the molar concentration of the acrylate
group, @ is the initiation efficiency, € is the absorption
coefficient, I is the incident light intensity, and [A] is the
photoinitiator concentration. Fig. 6 shows that the time to
reach the maximum polymerization rate decreases with

Heat flow (mw/mg)

120 180
Time(s)

Fig. 6. Photo-DSC profiles of TMPTA for different PTX concentrations,
cured at 25 °C by UV.

increased PTX concentration. Especially at the very low
PTX concentration (0.0035 M), it takes more than 30 s to
reach the maximum (while the others need less than 10 s).
This is because that very low initiator concentration yields
few radicals by the incident light, thus leads to the
requirement of a long period of time to form the gel
structure which produces a maximum in the polymerization
rate.

Fig. 7 shows that the maximum polymerization rate
occurs at higher conversion, and the final conversion
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Fig. 7. (a) Rate vs. conversion; (b) conversion vs. time, for polymerization
of TMPTA at different PTX concentrations, cured at 25 °C by UV light with
an intensity of 50 mw/cm?.
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increases as the PTX concentration increases. This may be
attributed to the free volume effect, which is caused by the
delay in the volume shrinkage rate [15,31,33,34]. In the case
of photoinitiated polymerization, initiation rate is very high.
Thus, cross-linking systems can not be in volumic
equilibrium because the volume shrinkage rate is much
smaller than the chemical reaction rate. This difference
generates a temporary excess of free volume which
increases the mobility of the residual double-bond and
leads to a higher conversion.

Conversion rate verus [PTX]g'5 plots (Fig. 8) show the
limitation of the Eq. (3) with a deviation from the linearity
when the photoinitator concentration increases. Similar
behavior has been observed in photopolymerization of the
dimethacrylates [31]. This may be ascribed to the decrease
of the initiation efficiency with the increase of photoinitiator
concentration and preliminary radicals located on polymer
chain.

3.3.2. Influence of light intensity

Figs. 9 and 10 show that the light intensity has the similar
effect on the polymerization to the phototoinitiator concen-
tration. The increase in the light intensity leads to the
increase in the polymerization rate and final conversion.
This similar result can be accepted according to the Eq. (3).
In contrast to the deviation of linearity for conversion rate
verus [PTX]) plots (Fig. 8), however, the initial slopes of
the curves (R,) are almost in agreement with the Eq. (3) and
proportion to [0 (Fig. 11). This shows that the light
intensity has not obvious effect on initiation efficiency .

3.3.3. Influence of the temperature

Fig. 12 is the photo-DSC profiles of the polymerization
initiated by PTX at different temperature. It shows that the
time taken to reach the exotherm peak is essentially
independent of the isothermal curing temperature and that
the maximum rate of photopolymerization only increases by
twofold even though the polymerization temperature is
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Fig. 8. Polymerization rate (at 10% conversion) vs. [PTX]S? for
TMPTA/PTX systems, cured at 25 °C by UV light with an intensity of
50 mw/cm?>.
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Fig. 9. Photo-DSC profiles, for polymerization of TMPTA for different light
intensity, cured at 25 °C with [PTX] = 0.07 M.

raised by more than 50 °C. Scott [35] reported the similar
results. This is because that the rate of decomposition of a
photoinitiator is not dependent on the temperature.
Arrhenius plots of the rate data at different conversions
are shown in Fig. 13. At a low conversion (10%), the
Arrhenius plot is linear, and from the slope of the plot, we
can obtain that the apparent activation energy is
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Fig. 10. (a) Rate vs. conversion; (b) conversion vs. time, for polymerization
of TMPTA, for different light intensity, cured at 25 °Cwith
[PTX] = 0.07 M.
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Fig. 11. Polymerization rate (at 10% conversion) vs. I for TMPTA/PTX
system, cured at 25 °Cwith [PTX] = 0.07 M.

6.6kImol . Ata high conversion, however, the Arrhenius
plot is curved. This may be due to the diffusion-controlled
kinetics for the late stage of the cross-linking polymeriz-
ations. The increased cross-linking level eventually limits
the molecular mobility, then the propagation and termin-
ation steps become diffusion controlled. In this case, as the
molecular mobility drops with the decrease of the
polymerization temperature, the reaction rate becomes
markedly slower than that predicted by the Arrhenius
equation.

The maximum polymerization rate of TMPTA occurs at
a higher conversion as the polymerization temperature
increases (see Fig. 14(a)). This behavior is in agreement
with the chemico-diffusion modeling of polymerization
made by Cook [12,13]. Fig. 14(b) shows that raising the
isothermal cure temperature also results in increased final
conversion, as has been found in other thermosetting
systems [12,13,28,33,35—-37]. This increase in the conver-
sion is mainly due to the increased mobility of the reactive
species. Since increasing temperature lifts the limitation of
the 7, on the polymerization and makes the polymeric
radicals more mobile, and the reaction systems can further
polymerize and reach a higher level of conversion before the
T, of the network reaches the curing temperature.
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Fig. 12. Photo-DSC profiles for polymerization of TMPTA measured at
different temperatures, [PTX] = 0.07 M with light intensity of 50 mw/cm?.
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Fig. 13. Arrhenius plots of the rate at different conversions,
[PTX] = 0.07 M with light intensity of 50 mw/cm?® UV+ light with an
intensity of 50 mw/cm?.

4. Conclusions

1. Polymeric photoinitiator, prepared by covalently linking
the photosensitive moiety of thioxanthone to the side
chain of poly(ethylene imine), has the similar UV —vis
absorption and weaker fluorescence emission compared
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Fig. 14. (a) Rate vs. conversion, (b) conversion vs. time, for polymerization
of TMPTA measured at different temperatures, [PTX] = 0.07 M with light
intensity of 50 mw/cm?.
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to the corresponding small molecular photoinitiator
system, and can be used to photocure TMPTA effectively
with higher final conversion and polymerization rate.

2. Photoinitiator concentration and light intensity have
similar effect on the polymerization process of TMPTA
using PTX as photoinitiator. The increase in PTX
concentration and light intensity results in the increase
in the polymerization rate and the final conversion.

3. The increase in polymerization temperature leads to the
increase in the polymerization rate and final conversion,
due to increased molecular mobility and delay in
vitrification at high temperature. At the late stage of
polymerization, the reaction becomes more diffusion-
controlled than that at early stage of polymerization.
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