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trolled cationic photo-curing of
a thick, dark composite†

Long Yang,a Jinliang Yang,b Jun Nieab and Xiaoqun Zhu*ab

In this research, the cationic photopolymerization of 1,4-butanediol diglycidyl ether was found to have an

infinitely long induction period due to the sustained stability of the secondary oxonium ions species at low

temperature. Based on this, the system could be separated into two steps: photolysis of the photoinitiator

without polymerization under irradiation and polymerization in the dark. Under irradiation, only the

secondary oxonium ion species was generated at low temperature, whereas the polymerization could

proceed and auto-accelerate at room temperature without irradiation. The two steps could be

monitored by a significant change of the temperature. The temperature controlled cationic mechanism

resolved the issue of light penetration in colored thick composites. Through temperature control, the

infinitely thick and dark material could be prepared by cationic photopolymerization.
Introduction

Attributed to different active centres, photopolymerization can
be divided into two kinds of mechanisms: cationic polymeri-
zation and free radical polymerization. Much work on free
radical photopolymerization has been reported because it has
the advantages of fast polymerization and a large choice of
initiator, monomer, and oligomer, and the technique of radical
photopolymerization has been widely used in industry. Cationic
photopolymerization, on the other hand, has a low rate of
polymerization and requires a long induction period.1–6

However, cationic photopolymerization exhibits some advan-
tages over free-radical photopolymerization,1,7,8 such as the
absence of air inhibition, a “dark-curing” reaction, low levels of
toxicity and irritation, a lower volume shrinkage during pho-
topolymerization and so on. These peculiarities of cationic
photopolymerization have attracted scientists' growing interest
in researching it.

Among these researches, many studies have focused on
shortening the induction period and increasing the reaction
rate of cationic photopolymerization,3,4,9–13 because the rate is
one of the most important factors. The most common method
of increasing the rate of cationic photopolymerization is by
increasing the reaction temperature, because cationic photo-
polymerization is sensitive to temperature and the induction
period could be shortened by a temperature increase.10,14
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Alternatively, the monomer structure and formulation also have
a strong effect on cationic polymerization. Crivello's studies
showed that cycloaliphatic epoxy monomers exhibited essen-
tially no induction period and a very high rate of ring-opening
polymerization. In contrast, alkyl diglycidyl ethers displayed
a long induction period.3,9,15 The studies showed that vinyl
substituted epoxides markedly accelerated the cationic ring-
opening photopolymerization of oxetane monomers with the
addition of small amounts (3–5 wt%) of the epoxide to the
oxetane monomer.11

On the other hand, the photogenerated active centres in
cationic photopolymerization have long lifetimes and are
essentially non-terminating, which means they have the
potential to migrate out of the irradiation region into the
shadow region of the sample, thereby polymerizing the unex-
posed monomer.1,8,14,16–19 However, the diffusion coefficient of
these active centres is low,16,18,20,21 which means that curing
thick samples, if it is possible at all, takes a long time or
requires a high temperature. What is more, coloured additives
like pigment or bres, especially dark colours, further reduce
the ability of light to penetrate the solution and the rate of
production of active centres, and thus the maximum thickness
of dark-coloured samples that can be cured is limited.16

Possibly, post-curing might be effective for dark-coloured or
thick samples. Taking advantage of the diffusion of active
centres, Sangermano and coworkers successfully prepared
antistatic epoxy coatings with 1 wt% carbon nanotubes and
a thickness of more than 1 cm through cationic
photopolymerization.16

Normally, for cationic photopolymerization, aer irradia-
tion, the sample can have a long induction period and can
remain quiescent for more than 1 h at 25–28 �C without an
appreciable change in appearance or viscosity.22,23 Crivello's
This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Hydrogen bonding in secondary oxonium ions species.
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studies showed that the photopolymerization of many alkyl
glycidyl ethers displayed a prominent induction period at room
temperature as a result of the formation of long-lived, relatively
stable secondary oxonium ion species that are formed as
intermediates, through protonation of the monomer by pho-
togenerated Brønsted acid. Furthermore, it has been proposed
that the protonated glycidyl ethers are stabilized through the
formation of bidentate hydrogen-bonded species, as depicted in
Scheme 1. Because the basicity of the oxygen atoms of open
chain ethers and epoxides is similar,24 the proton in such
structures is intramolecular hydrogen bonded to both oxygen
atoms of the glycidyl ether moiety. The more the oxygen atoms
are coordinated to the proton, the more stable the secondary
oxonium ions species.3 Further studies revealed that secondary
oxonium ions species are much more stable under low
temperature conditions.10

The disadvantage of a long induction period of cationic
photopolymerization has been recognized and much attention
has been paid to shortening it. However, few studies have
focused on taking advantage of the long induction period of
cationic photopolymerization to prepare thick and/or dark-
Scheme 2 Temperature control of cationic photopolymerization of epo

This journal is © The Royal Society of Chemistry 2017
coloured materials in a short time. In this research, we took
advantage of the long induction period of cationic photo-
polymerization and even prolonged it; we then separated the
irradiation process and the curing process of the cationic
photopolymerization completely by controlling the tempera-
ture. At the low temperature, through stirring and irradiating
the monomer solution with a cationic initiator, the cationic
initiator could be photolyzed completely and stable secondary
oxonium ion species were formed. If the temperature control
was removed, the temperature of the sample increased to
room temperature naturally, the secondary oxonium ions
species turned into active centres, which quickly induced
polymerization, and the released heat propelled the reaction
further, and then the sample was cured. In theory, the thicker
the material, the better the curing, because the heat could be
retained well in the thick material and the material could be
self-heated; in turn, the polymerization of the epoxide was
auto-accelerated by the heat. The whole process had a “snow-
balling” effect. From this process, material with innite
thickness and/or dark colour could be cationically photo-
polymerized in theory. This kind of cationic photo-
polymerization is described in Scheme 2.
Experimental
Materials

1,4-Butanediol diglycidyl ether (BDE, 98%) was obtained from
Kegonghua (Beijing) Chemical Technology Co. Before use, the
monomer was dried by calcium hydride and then ltered to
xy.

RSC Adv., 2017, 7, 4046–4053 | 4047
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View Article Online
remove the excess inorganic drying agent and its hydrolysis
products. The photoinitiator triphenylsulfonium hexa-
uoroantimonate (50 wt% solution in propylene carbonate,
PAG201) was obtained from Changzhou Tronly New Electronic
Materials Co. All concentrations of initiator used in this article
are given as weight percentages based on the monomer used.

Sample preparation and temperature measurement

The conversion of photopolymerization can be characterized
well by photo-DSC. However, if the sample is large and is irra-
diated under stirring, photo-DSC cannot be used for its char-
acterization. In this research, except for the characterization of
the induction period by photo-DSC, the temperature–time curve
that was collected by the type T thermocouple in real time was
used to describe the extent of photopolymerization.

The photo-DSC experiment was performed by using a photo-
differential scanning calorimeter (DSCQ2000 series, TA instru-
ments) equipped with a photo-calorimetric accessory. Approxi-
mately 7 mg of sample (BDE and PAG201) was placed as a thin
layer in a standard aluminium pan. The pan was placed on the
thermostatic head of the device and sample was irradiated by
a UV lamp (EFOS Lite, 100 W miniature arc lamp with a wave-
length of 200–800 nm and 5 mm crystal optical bre, Canada).
The DSC cell was purged with ultra-high-purity nitrogen gas
during the polymerization, and the nitrogen ow was 50 mL
min�1. According to our selected programme, the sample was
cooled to the assigned temperature, kept isothermally for 5min,
then subjected to irradiation in isothermal conditions, and
nally kept isothermally for 30 min aer the irradiation was
terminated.

Because the cationic photopolymerization of epoxy is an
exothermic reaction, the time evolution of the temperature is
directly proportional to the conversion of epoxy groups,
assuming no heat loss.25,26 For our experiments, the tempera-
ture was measured by a type T thermocouple. The thermo-
couple, which was electrically insulated from the mixture with
PFA Teon, was connected to a data logger (TP9008U, Toprie,
Fig. 1 (a) Schematic diagram of experimental set-up. (b) Scheme of exp

4048 | RSC Adv., 2017, 7, 4046–4053
Shenzhen, CT), which was set at a frequency of 1 Hz. The details
of the operation are described as follows.

The system of cationic photopolymerization was stirred
during the irradiation process under low temperature condi-
tions. Unless otherwise stated, in this paper, the mass of the
sample was 4.0 g, the concentration of photoinitiator was 0.1
wt%, and the light intensity was 1 mW cm�2. The sample was
put in a glass bottle sealed by a rubber plug with an inside
diameter of 20 mm. The bottle was immerged into the double
bottle lled with circulating coolant by the precise cryogenic
thermostat on the magnetic stirrers. The thickness of the
sample was about 10 mm. The sample was irradiated by a UV
spot light source with an optical bre that penetrated the rubber
stopper for the assigned time (EFOS Lite, 100 W miniature arc
lamp with a wavelength of 200–800 nm and 5mm crystal optical
bre, Canada) and the temperature was measured using
a thermocouple at a depth of 5 mm. The light intensity on the
surface of samples was detected by UV radiometer (Beijing
Normal University, China).

Under stirring, the sample of BDE with the photoinitiator
was cooled to an assigned temperature, kept isothermally for at
least 30 min, irradiated for some time in isothermal conditions,
kept isothermally for 60 min aer the irradiation (for working
process), and then put into an incubator rising to an assigned
temperature through natural heating to research the “dark
reaction”. The set-up is shown in Fig. 1(a). The whole process of
the temperature change could be divided into different stages
and is shown as Fig. 1(b).
Results and discussion

Many researches have reported the effect of temperature on
cationic photopolymerization. These works mainly considered
static thin lms.1,4,10,17 Due to the limited penetration of UV
radiation into organic materials, it is difficult to prepare sample
of super thickness or a large quantity of samples by cationic
photopolymerization. However, provided that a large quantity
erimental process: cooling, irradiation, isothermality and dark reaction.

This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25346f


Fig. 3 Heat flux vs. time in the irradiation process from �30 �C to
70 �C, irradiated 30 min, light intensity of 1 mW cm�2, 1 wt% PAG201.
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of sample is irradiated without curing, it is possible to photolyze
all the photoinitiator in it with stirring. Thus, we proposed to
separate cationic photopolymerization into two independent
and discontinuous parts, which are the photolysis of the
cationic initiator without polymerization under irradiation and
then the polymerization process in the dark. We tried to turn
the hypothesis into reality by controlling the temperature.

Effect of different cooling temperature on the induction
period

To demonstrate how the temperature inuences the length of
the induction period, 0.1 wt% photoinitiator PAG201 in BDE
(4.0 g) was irradiated under different cooling temperatures
(from �20 �C to 15 �C) and the change of the temperature was
monitored by a type T thermocouple in real time. The results are
shown in Fig. 2.

When the cooling temperature was lower than �15 �C (from
�20 to �15 �C), the temperature of the samples showed almost
no change throughout the irradiation and remained the same
as the cooling temperature, which meant there was no photo-
polymerization. As reported, the Bronsted acid that was
produced by the photolysis of PAG201 could be formed as
secondary oxonium ion species, which are relatively stable,
through protonation of the glycidyl ethers. Our research further
demonstrates that the secondary oxonium ion species remained
stable enough or had no ability to trigger the polymerization at
low temperature. However, when the temperature was higher
than �15 �C (from �10 to 15 �C), there was an obvious peak on
the temperature–time curves during irradiation and the peak
became stronger as the temperature increased. It can be spec-
ulated that the stability of the secondary oxonium ion species
declined and some of the species decomposed into active
centres, which initiated the polymerization of the epoxide,
because the polymerization of epoxide is an exothermic reac-
tion, which raises the temperature of the sample.

Photo-DSC is one of the most accurate methods of charac-
terization of the conversion by detecting the change of the heat
ow. In order to verify that this method was suitable to
Fig. 2 Effect of cooling temperature on irradiation and isothermality
process, irradiation time 60 min, light intensity of 1 mW cm�2.

This journal is © The Royal Society of Chemistry 2017
characterize the induction period of cationic photo-
polymerization, the method was performed to check the
cationic photopolymerization of BDE with 1 wt% PAG201 at
different temperatures. When photopolymerization of BDE was
characterized by photo-DSC, we found that the sample with 0.1
wt% photoinitiator could not be polymerized. We suppose that
the quantity of photoinitiator PAG201 may be too small to
induce photopolymerization. The result of photo-DSC proved
there was no photopolymerization of BDE at the temperature of
�20 �C from the change of the reaction energy (Fig. 3). This is in
agreement with the tendency of time evolution of the temper-
ature. This result proved that the secondary oxonium ion
species could remain stable enough and the induction period
could be innitely long at low temperature.

The samples transformed from liquid to gel during irradia-
tion when the cooling temperature was more than 5 �C (from 5
to 15 �C), which indicated that the secondary oxonium ion
species were more unstable and the polymerization was accel-
erated. Fig. 4 shows the appearance of the sample before the
dark reaction at different temperatures. The sample was always
liquid at low temperature, and the viscosity increased until it
turned into solid with the increase of the temperature. Based on
the above results, it could be concluded that the induction
period of the cationic photopolymerization could be tuned by
Fig. 4 The photographs of the samples irradiated at different
temperature before dark reaction.

RSC Adv., 2017, 7, 4046–4053 | 4049
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Fig. 5 The effect of temperature of isothermally to dark reaction,
irradiation time 60 min, light intensity of 1 mW cm�2, isothermality
time 60 min.
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temperature and the period could be prolonged innitely if the
temperature was reasonable.
Effect of different cooling temperature on the polymerization

In order to prove that secondary oxonium ion species would
initiate cationic photopolymerization once the temperature was
suitable and also to prove that the cationic photopolymerization
could be separated into two independent processes by
controlling the temperature, a series of the experiments were
carried out in which the sample was kept cool at different
temperatures for 60 min aer irradiation and then allowed to
warm up naturally to room temperature (about 27 �C). The
results are shown in Fig. 5.

Firstly, the temperature of samples with the initial tempera-
ture below 0 �C rose rapidly to a maximum temperature (Tmax) of
more than 100 �C. When the temperature reached room
temperature, the active centres were discharged together in short
time. More importantly, the active centres were uniformly
distributed in the sample. Therefore, the active centres initiated
the polymerization evenly and simultaneously. Furthermore, the
polymerization of the epoxide groups is an exothermic reaction.
This instantaneous collective heat caused the temperature to rise
rapidly, and conversely, the increase of the temperature acceler-
ated the polymerization of the epoxide groups. This phenomenon
has a “snowballing” effect and the reaction is self-accelerated.
Along with the consumption of the epoxide groups, the heat
release was smaller than its dissipation, and the temperature of
the sample declined gradually. As the temperature rose, the
liquid sample turned into solid. This result proved our hypoth-
esis that the secondary oxonium ion species was only dormant at
the low temperature and the function of initiation could be
triggered once the temperature was reasonable. Thus, the
cationic photopolymerization could be separated into two inde-
pendent processes by controlling the temperature.

Secondly, there was another peculiar phenomenon whereby
the lower the cooling temperature, the shorter the time taken to
4050 | RSC Adv., 2017, 7, 4046–4053
reach Tmax. It took 16, 18.5, and 20 min when the cooling
temperature was �20, �15, and �10 �C respectively. This also
indicated that the lower the cooling temperature, the more
stable the secondary oxonium ion species and the fewer species
were decomposed. Once the temperature increased, more active
centres were released almost at the same time, triggering the
polymerization of the epoxide group together. Thus, the
instantaneous collective heat was more signicant and the
temperature rose quickly. Although it took a short time for the
higher cooling temperature to rise to room temperature, some
of the active centres and epoxide groups were consumed before
the temperature rise and the instantaneous collective heat
declined, which caused the Tmax to be reached later.

Thirdly, Tmax declined with the increase of the cooling
temperature. Similarly, it was also determined by the effect of
the instantaneous collective exothermic. The more clearly
instantaneous the collective heat was, the higher Tmax was. If
the cooling temperature was high, some secondary oxonium ion
species were decomposed and the epoxide groups were
consumed too. Thus, in the process of curing, the amount of
secondary oxonium ion species and epoxide groups was lower
compared with the low cooling temperature, which resulted in
a low Tmax with the high cooling temperature.

Thus, the cooling temperature determined the amount of
secondary oxonium ion species, and the oxonium ion species
determined the amount of active centres released simulta-
neously, which determined the rate of ring-opening polymeri-
zation and the level of instantaneous collective heat. Inversely,
the heat could accelerate the rate of ring-opening polymeriza-
tion of epoxide groups. This was like a “snowballing” effect.
Because the irradiation and polymerization were separated,
cationic polymerization of a thick sample was possible.
Effect of different photoinitiator contents on
photopolymerization

Since the amount of the secondary oxonium ion species affected
Tmax signicantly, it can be speculated that the concentration of
cationic photoinitiator should also affect the Tmax because the
secondary oxonium ion species are produced by photolysis of
the cationic photoinitiator. Therefore, it is necessary to inves-
tigate how different concentrations of photoinitiator affect the
Tmax. The results of the temperature versus time proles of
cationic photopolymerization with different photoinitiator
concentrations ranging from 0.05 to 5 wt% are shown in Fig. 6.

With an increase of the photoinitiator, Tmax rst increased
and then declined. When the temperature was �20 �C, under
irradiation, there was almost no temperature change when the
concentration of photoinitiator was less than 0.5 wt%. The
secondary oxonium ion species and epoxide groups were not
consumed until the temperature was raised. Thus, with the
increase of the concentration of photoinitiator, the instanta-
neous collective heat was more and more obvious and Tmax

increased. However, when the concentration of the photo-
initiator increased further (>0.5 wt%), it was found that the
temperature increased during the irradiation, which demon-
strated that photopolymerization proceeded due to the high
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 The effects of photoinitiator concentration on temperature
during irradiation, isothermal and dark reaction irradiated 30min with 1
mW cm�2 at 20 �C.

Fig. 8 The effects of the dark reaction temperature on the polymer-
ization irradiated 30 min with 1 mW cm�2 at 20 �C, 0.1 wt% initiator.
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concentration of the secondary oxonium ion species, and part of
them decomposed into active centres, triggering the photo-
polymerization. Although the concentration of the secondary
oxonium ion species may still be higher than the low concen-
tration of the photoinitiator, the quantity of the epoxide groups
in the sample declined because some of them were consumed
during the irradiation. Besides, the high concentration of active
centres caused the gel point to be reached early. It conned the
activity of the epoxide groups or active centres, which resulted
in a decrease of the conversion too. Because the total heat
release decreased with a high concentration of photoinitiator,
nally, Tmax was reached early but then declined.

Effect of different light intensity and irradiation time on
polymerization

For the photopolymerization, the light is one of the key factors
because it controls the photolysis of the photoinitiator. It is
necessary to investigate the effects of the irradiation intensity
Fig. 7 Effects of the light exposure on dark reaction. (a) Light intensity a

This journal is © The Royal Society of Chemistry 2017
and time on the dark reaction. The temperature of the dark
reaction with different irradiation times and intensities is
shown in Fig. 7. When the light intensity was 1 mW cm�2 and
the irradiation time was increased from 5 to 15 and 30 min,
respectively, Tmax increased from 39 to 118 and 183 �C, and the
time taken to reach Tmax decreased from 31 to 12 and 9 min
(Fig. 7a). This is because the photoinitiator could be photolyzed
completely when it was irradiated for a long time. If the irra-
diation time was insufficient, some photoinitiator was not
photolyzed, reducing the quantity of the secondary oxonium ion
species.

Similarly, the light intensity could also affect the photolysis
of the photoinitiator. As shown in Fig. 7b, when the light
intensity ranged from 1 to 30 mW cm�2, irradiation was carried
out for 5 min, and Tmax was increased from 38 to 134 and
164 �C, respectively, the time required to reach Tmax was
shortened from 30 to 18 and 16 min. A further increase of light
intensity did not change Tmax or the time taken to reach Tmax

much, whichmeant that a light intensity of 10 mW cm�2 and an
irradiation time of 5 min were sufficient to photolyze all the
photoinitiator in this sample.
t 1 mW cm�2 at 20 �C; (b) irradiated 5 min at �20 �C; 0.1 wt% initiator.

RSC Adv., 2017, 7, 4046–4053 | 4051
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Fig. 9 The interception of segments from the video of the process of polymerization (the volume of solution is more than 45 mL) (a) pouring
solution into beaker, (b) waiting for polymerization, (c) polymerized.
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Effect of temperature of curing process on polymerization

Cationic photopolymerization is sensitive to the temperature,
and the reaction rate increases as the temperature rises.14 The
photoinitiator triphenylsulfonium hexauoroantimonate was
stable up to 300 �C without decomposition. When dissolved in
multifunctional epoxy resins, it may be kept at 120 �C for several
hours without initiating polymerization.27,28 The change of the
dark reaction when the temperature ranged from 12 �C to 64 �C
is shown in Fig. 8. When the temperature of the dark reaction
was 12 �C, Tmax only increased to 41 �C. However, when the
temperature was higher than 25 �C, the Tmax could reach over
150 �C and the time taken to reach the Tmax was clearly short-
ened by the increase of the temperature. As we know, the
polymerization of epoxide is an exothermic reaction, and the
high temperature could raise the polymerization rate. At the
same time, the thermal dissipation also decreases. Thus, the
high temperature brings a high Tmax and causes Tmax to be
reached early.

All the above results demonstrated that the cationic photo-
polymerization could be controlled by the temperature;
however, they could not prove that the thickness and the colour
of the sample were not directly conned by this kind of cationic
photopolymerization. In order to conrm that temperature
control of cationic photopolymerization could cure ultra-thick
and deep colour samples, samples with a thickness of more
than 3.5 cm and with 2 wt% of carbon black were cured and the
videotaped curing process is shown in ESI Movies 1 and 2†
respectively. The polymerization speed of the thick sample was
very quick and the sample was cured within a few minutes. The
interceptions from the video of the polymerization of the
sample with 2% carbon black are shown in Fig. 9.

Conclusions

Herein, the two steps of cationic photopolymerization of 1,4-
butanediol diglycidyl ether (BDE) were investigated in the
presence of the photoinitiator PAG201. The irradiation process
and curing process were separated by control of the tempera-
ture. The experimental results showed that the secondary
4052 | RSC Adv., 2017, 7, 4046–4053
oxonium ion species remain stable enough and the system
retains a low viscosity throughout the irradiation process under
low temperature with stirring. The curing process was per-
formed without irradiation and was controlled by temperature.
This method completely overcomes the problems of photo-
polymerization such as light attenuation, additive interference,
and difficulty of curing in shadow regions. Besides, the photo-
cured production was almost uniform because the active
centres were spread throughout the whole system by stirring.
This temperature-controlled cationic photopolymerization is
expected to be used in the fast curing of thick and dark-coloured
materials.
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