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a b s t r a c t

Diglycidyl ether of bisphenol A (DGEBA) is among the most popular and widely used epoxy monomers.
This monomer is commonly used in thermal network polymerizations with amines, phenols, isocyanates
or mercaptans as curing agents. However, the photoinitiated polymerization of DGEBA is very sluggish
and hence finds little use in high-speed photocuring applications. In this contribution, we demonstrated
that this monomer can undergo very fast visible-light photopolymerization when combined with a
silsesquioxane (SSO) functionalized with reactive epoxycyclohexane groups. The SSO was synthesized via
alkoxysilane hydrolysis/condensation chemistry, using DGEBA as a solvent. We found that the photo-
polymerization of DGEBA is markedly accelerated as the amount of SSO in the mixture is increased. The
promoter effect on the reactivity of DGEBA was ascribed to a combination of both thermal and copo-
lymerization effects. Using dynamic mechanical analysis, we demonstrated that the resulting hybrid
materials present a single-phase network structure, where the SSO species function as highly multi-
functional epoxy reactants.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Photoinitiated cationic ring-opening polymerization of multi-
functional epoxy monomers has been the subject of extensive
studies during the last two decades, as this technology has found
broad use in a variety of commercial applications, such as coatings,
adhesives, encapsulation of electronic components, printing inks,
and stereolithography [1e4]. The adoption of this technology is
driven by several motivating factors [5e7]. First, these polymeri-
zations proceed rapidly, with low energy and without the use of an
inert atmosphere, which provides important economic incentives.
Second, the process is solvent-free; therefore, the environmental
consequences of these polymerizations are minimal. Furthermore,
the network polymers that are formed exhibit outstanding thermal,
mechanical and chemical properties, low shrinkage, and very high
adhesion to a variety of surfaces [8].

Cationic ring-opening photopolymerizations are commonly
initiated with the aid of onium salts [9e11]. Diaryliodonium salts in
chroeder).
combinationwith visible light photosensitizers, such as carbazoles,
phenothiazines or camphorquinone, provide a convenient method
to generate strong Brønsted acids that initiate cationic ring-
opening polymerizations by visible light irradiation [12e16]. The
photogenerated acids very rapidly protonate the epoxy groups to
form oxonium ion intermediates that proceed further to give
polymer. It has been well documented that epoxy monomers
display a broad range of reactivity in cationic photopolymerization,
which is related to their molecular structures [17,18]. The overall
rate of photopolymerization of an epoxy monomer depends mainly
on the stability of the oxonium ion intermediates. It has been
observed that cycloaliphatic epoxides that bear no means of sta-
bilizing the oxonium ion intermediates undergo very rapid poly-
merization on UV or visible light irradiation [17]. Under the same
irradiation conditions, alkyl glycidyl ethers that bear neighboring
oxygen atoms in the structure able to stabilize the oxonium in-
termediates exhibit long induction periods prior to the onset of
polymerization, whereas aryl glycidyl ethers polymerize slowly
[17]. Therefore, practical applications that require short irradiation
periods and high polymerization rate are currently restricted to a
relatively few, typically expensive epoxy monomers. The photo-
initiated polymerization of other commercially available and less
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expensive epoxy monomers, such as diglycidyl ether of bisphenol A
(DGEBA), is very sluggish and hence finds little use in commercial
applications.

In recent years, interest has been directed toward the develop-
ment of strategies to effectively accelerate the cationic ring-
opening photopolymerization of low-cost epoxy monomers that
undergo overall slow reaction. One way to accelerate the photo-
polymerization of these epoxy monomers is simply increasing the
reaction temperature. It has long been known that the overall rates
of cationic polymerizations are highly sensitive towards variations
in the temperature [19e21]. Even a slight increase in temperature
results in destabilization of the oxonium ion intermediates, with
the consequent increase in the rate of polymerization. It has also
been demonstrated that the induction period of alkyl glycidyl
ethers can be markedly shortened through the copolymerization of
these monomers with more reactive epoxy monomers [17]. Clearly,
if the cationic photopolymerization of low-cost epoxy monomers
could be markedly accelerated, these monomers might find
numerous uses in high-speed photocuring applications.

In this contribution, we synthesized silsesquioxanes (SSOs)
functionalized with cycloaliphatic epoxy groups and explored their
virtues to promote the cationic ring-opening photopolymerization
of DGEBA. SSOs are an important class of hybrid organic-inorganic
compounds obtained by the hydrolytic condensation of organo-
trialkoxysilanes, RSi(OR0)3, performed in the presence of an acid or
base as catalysts [22]. Depending upon the synthesis conditions,
the species present in SSOs may vary from perfect polyhedra of the
formula (RSiO1.5)n (where n is an even number � 6) to partially
hydrolyzed/condensed species of the generic formula
Tn(OH)x(OR0)y, where T ¼ RSiO1.5-m/2n and m ¼ x þ y. Some repre-
sentative species of SSOs are depicted in Scheme 1.

The introduction of appropriate functionalities in the organic
branch (R) has been used to incorporate SSOs into polymer chains
or networks by covalent bonding. A variety of SSO-containing co-
polymers have been prepared using condensation, ring-opening
metathesis and radical copolymerization techniques [23e27]. The
inorganic nature and multiple reactive organic functionalities of
SSOs make these compounds ideal for their use in the construction
of organic-inorganic hybrid nanomaterials. The incorporation of
SSOs into polymers often results in interesting improvements in
the material properties, such as higher Tg, oxidation resistance,
surface hardening, and enhanced mechanical properties [28,29].

In this work, we synthesized a SSO functionalized with cyclo-
aliphatic epoxy groups via alkoxysilane hydrolysis/condensation
chemistry, using DGEBA as a solvent. The resulting SSO/DGEBA
solution was characterized by size exclusion chromatography, ul-
traviolet matrix assisted laser desorption-ionization mass spec-
trometry (UV-MALDI MS), and IR spectroscopy. Then, we evaluated
the ability of the SSO species to accelerate the cationic ring-opening
Scheme 1. Schematic drawing of some SSO structu
photopolymerization of DGEBA. Finally, the thermomechanical
properties of the light-cured hybrid epoxy-based networks were
analyzed.

2. Experimental Section

2.1. Materials

The epoxy monomers used in this study were diglycidyl ether of
bisphenol A (DGEBA, DER 332 Aldrich Chemical Co.) and 3,4-
epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (EEC,
Aldrich Chem. Co). The silane containing a cycloaliphatic epoxy
group in its organic chain was trimethoxy[2-(7-oxabicyclo[4.1.0]
hept-3-yl)ethyl]silane (TOHES, Aldrich Chem. Co., 98%). The struc-
tures of these chemicals are shown in Fig. 1 p-(octyloxyphenyl)
phenyliodonium hexafluoroantimonate (Ph2ISbF6) was supplied by
Gelest Inc. (Philadelphia, USA). Camphorquinone (CQ), ethyl-4-
dimethyl aminobenzoate (EDMAB), formic acid (ACS reagent,
88e91%), and boron trifluoride ethylamine complex (BF3$MEA)
were from Aldrich Chem. Co. Tetrahydrofuran (THF, ACS reagent
>99.0%) was purchased from Cicarelli (Santa Fe, Argentina). All the
materials were used as received.

2.2. Synthesis of the silsesquioxane (SSO)

The SSO was prepared by hydrolytic condensation of TOHES,
following a procedure in three steps previously reported by Wil-
liams and co-workers [30]. Firstly, 1.5 g TOHES was dissolved in
1 mL THF, and then formic acid (0.1 N) was added until reaching a
H2O/Si molar ratio equal to 3. The reaction was carried out in an
open vessel for 24 h at 50 �C, enabling the continuous evaporation
of volatile products. The second step was performed by adding
DGEBA as a solvent in an appropriate amount such that 30% of the
epoxy groups were contributed by the SSO. The hydrolytic
condensation was continued for another 24 h at 70 �C. The third
and last step was performed using the following heating schedule:
3 h at 75 �C, 6 h at 105 �C, and 6 h at 140 �C, allowing complete
evaporation of volatile products. The solutions remained homoge-
neous during the three steps.

An SSO sample was also prepared in the absence of DGEBA. This
sample (denoted SSOneat) was prepared with the purpose of eval-
uating its heat capacity (see section 3.3). For this sample, TOHES
(1.5 g) was dissolved in 1 mL THF, and then formic acid was added
keeping the molar ratio H2O/Si ¼ 3. The reaction was performed in
an open vessel, using temperatures lower than those used for the
previous SSO in order to avoid the overall gelation: 24 h at 50 �C,
24 h at 70 �C, 3 h at 75 �C, and 2 h at 90 �C. Therefore, the SSOneat
was structurally similar but not identical to the SSO prepared using
DGEBA as a solvent.
res: R8Si8O12, R9Si9O12(OH)3, R10Si10O14(OH)2.



Fig. 1. Chemical structure of DGEBA, TOHES and EEC.
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2.3. Photopolymerization

After hydrolytic condensation, the SSO/DGEBA solution was
diluted with appropriate amounts of DGEBA to prepare samples
where the contribution of epoxy groups from the SSO varies be-
tween 30% and 10%. For example, the 20:80 SSO/DGEBA designa-
tion indicates that 20% of the epoxy groups in the mixture
originates from the SSO. The SSO/DGEBA samples were activated
for visible light polymerization by the addition of 2 wt% Ph2ISbF6 in
combinationwith 1wt% CQ and 1wt% EDMAB. The radiation source
was a LED unit (VALO, Ultradent; USA) with a wavelength range of
410e530 nm and irradiance equal to 600 mW/cm2. The intensity of
the LED was measured with the chemical actinometer potassium
ferrioxalate, which is recommended for the 253e577 nm wave-
length range.
2.4. Characterization techniques

Size Exclusion Chromatography (SEC). SEC was performed in a
Knauer K-501 device using the following set of columns: Phenogel
5m M2, Phenogel 5m 100 Å, Phenogel 5m 50 Å, and Ultrastyragel
10 Å; and a refractive index detector (Knauer K-2301). THF was
used as a carrier at 1 mL/min.

Fourier Transform Infrared Spectroscopy (FTIR). Infrared spectra
were recorded with a Nicolet 6700 Thermo Scientific spectrometer
at room temperature. Near-infrared (NIR) spectra in transmission
mode were acquired over the range of 4000e7000 cm�1 from 32
co-added scans at 4 cm�1 resolution. The uncured sample was
sandwiched between two glass plates separated by a 2-mm rubber
spacer ring used to regulate the sample thickness. With the as-
sembly in a vertical position, the radiation source was placed in
contact with the glass surface. The specimens were irradiated at
regular time intervals and spectra were collected immediately after
each exposure interval. The background spectra were collected
through an empty mold assembly fitted with only one glass slide to
avoid internal reflectance patterns. The conversion of epoxy groups
in DGEBA was followed by measuring the height of the absorption
band at 4530 cm�1 with respect to the height of a reference band at
4620 cm�1. The conversion of epoxy groups in the SSO was evalu-
ated from the decay of the peak at 884 cm�1, using the peak at
1608 cm�1 as a reference. Mid-infrared (MIR) spectrawere acquired
with an attenuated total reflectance (ATR) accessory equipped with
a diamond crystal (4 cm�1, 64 scans). Three replicates of each
formulation were used in the measurements of conversion.

Temperature evolution during photopolymerization. The evo-
lution of temperature during polymerizationwas monitored with a
T-type thermocouple directly plunged into the monomer specimen
in the upper half of the sample, where the temperature is more
uniform. The thermocouple was connected to a data acquisition
system that recorded temperature every 2 s. Studies were con-
ducted on samples of 2 mm thick and 10 mm diameter, identical to
those used in the conversion measurements. Three replicates were
conducted for each experiment.

Differential Scanning Calorimetry (DSC). Calorimetric mea-
surements were performed using a Shimadzu DSC-50 differential
scanning calorimeter under a dry nitrogen atmosphere. The heat
capacity at constant pressure (Cp) of the different SSO/DGEBA
mixtures was evaluated fromDSC curves in dynamic mode [31]. For
all the scans, a rate of 10 ºC/min was used. Cp was calculated from
the following equation,

dH
dT

¼
dH
dt

� �

dT
dt

� � ¼ m:Cp (1)

where dH/dt is the power input in a dynamic run in DSC, dT/dt is



Fig. 2. SEC chromatograms of: (a) TOHES; (b) DGEBA; (c) products obtained from the
hydrolytic condensation of TOHES in the presence of DGEBA as a solvent (30:70 SSO/
DGEBA formulation).
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the heating rate, andm is the sample mass. For all the formulations
studied in this work, Cp was evaluated in the temperature range
from 60 �C to 120 �C, where it was found to be nearly constant.

Dynamic Mechanical Analysis (DMA). DMA tests were per-
formed using an Anton Paar, Physica MCR 301 rheometer. All test
specimens were photopolymerized under continuous irradiation
for 120 s on each side. A set of specimens was also subjected to a
thermal postcuring treatment, at 180 �C for 2 h, after photo-
irradiation. DMA tests were performed in torsion geometry, using
rectangular specimens with dimensions of 30 x 10 � 2 mm3.
Measurements were carried out at 30 �C for the irradiated speci-
mens and as temperature ramps (in the range from 20 �C to 250 �C
at a heating rate of 5 ºC/min) for the specimens subjected to the
additional thermal postcuring treatment. The frequency was kept
at 1 Hz and the applied deformation was 0.5%. DMA tests were
performed using four specimens for each formulation.

Ultraviolet Matrix Assisted Laser Desorption-Ionization Mass
Spectrometry (UV-MALDI MS). Measurements were performed
using a Bruker Daltonics Ultraflex II TOF/TOF mass spectrometer
(Leipzig, Germany), in the CEQUIBIEM Laboratory (CONICET-
Department of Organic Chemistry, University of Buenos Aires,
Argentina). Mass spectra were acquired in linear positive and
negative ion modes. Several chemicals were attempted as matrices:
9H-pyrido[3,4-b]indole (norharmane), 2,5-dihydroxybenzoic acid
(gentisic acid, GA), 3,5-dimethoxy-4-hydroxycinnamic acid (SA),
and alpha-cyano-4-hydroxycinnamic acid (CHCA). These chemicals
were purchased from Aldrich Chemical Co. External mass calibra-
tion was made using b-cyclodextrin (Aldrich Chemical Co) with
norharmane as matrix in positive and negative ion mode. The
matrix signal was used as an additional standard for calibration in
both ionization modes.

Stock solutions of the sample (analyte) were prepared in THF
(Aldrich, HPLC grade). Sample solutions were spotted on a MTP 384
polished stainless steel target plate from Bruker Daltonics (Leipzig,
Germany). Matrix solutions were prepared by dissolving the cho-
sen matrix compound (1 mg/mL) in acetonitrile/water (1:1, v/v)
solution. Water of very low conductivity (Milli Q grade) was used. A
sandwich method of sample preparation was used according to
Nonami et al. [32], i.e. loading successively 0.5 mL of matrix solution,
analyte solution and matrix solution after drying each layer at
normal atmosphere and room temperature. Runs were carried out
by doping the samples with Naþ. Desorption/ionization was ob-
tained by using a frequency-tripled Nd:YAG laser (355 nm). Ex-
periments were performed using firstly the full range setting for
laser firing position in order to select the optimal position for data
collection, and secondly fixing the laser firing position in the
sample sweet spots. The laser power was adjusted to obtain high
signal-to-noise ratio while ensuring minimal fragmentation of the
parent ions. Each mass spectrum was generated by averaging 100
lasers pulses per spot.

3. Results and discussion

3.1. Synthesis of epoxy-functionalized silsesquioxanes

The protocol used here followed the strategy developed by
Williams and co-workers to synthesize SSOs polyfunctionalized
with epoxy groups [30]. The SSO was prepared by hydrolytic
condensation of TOHES using DGEBA as a solvent. The reaction was
catalyzed by formic acid keeping a H2O/Si molar ratio equal to 3.
Formic acid acts as a catalyst promoting the condensation through
the formation of sililformates as intermediate species [33]. As hy-
drolytic condensation of TOHES takes place, higher molar mass
molecules are generated. However, intramolecular condensation
reactions also occur, leading to cage-like molecules with few or no
reactive silanol groups. Therefore, the distribution of species in the
final product is governed by a competition between inter- and
intramolecular condensation reactions [30].

For reference, the SEC chromatograms of both TOHES and
DGEBA are shown in Fig. 2. These are compounds of lowmolarmass
(247 and 340 g/mol, respectively) and therefore have longer
retention time in SEC (41.7 min), as shown in Fig. 2a and b. Fig. 2c
shows the SEC chromatogram of the products obtained after the
hydrolytic condensation of TOHES in the presence of DGEBA (SSO/
DGEBA). The peak that appears at 40.5 min in Fig. 2c was assigned
to species containing four Si atoms, based on polystyrene (PS)
standards. The next peak appearing at 39.1 min had an average
mass that was about twice the mass of the previous one, based on
PS standards. It was thus assigned to clusters of perfect and
imperfect polyhedra containing eight Si atoms. The broad peak
centered at 36.1 min represents the envelope of a number of
higher-molar-mass peaks corresponding to clusters of species with
16 and even more Si atoms, based on PS standards.

A further characterization of the species present in the SSO/
DGEBAmixture was performed by UV-MALDI MS. Fig. 3a shows the
full mass spectrum using GA as a matrix, whereas Fig. 3b is a
magnification of the molar mass distribution in the m/z range from
400 to 2600. In every case, the cations correspond to particular
species that added a Naþ ion. It was observed a distribution of
species peaking in them/z range between 449.8 and 3986.4, which
corresponds to species with 2e22 Si atoms, being the most abun-
dant species the ones containing between 7 and 14 Si atoms. Every
cluster in Fig. 3b contains several peaks assigned to species with the
same number of Si atoms but different degrees of intramolecular
condensation. As expected, the m/z difference between two
consecutive peaks is equal to 18, corresponding to the release of
one water molecule. Since the most intense peak of every cluster is
at a high m/z value, we can infer that most of the species are
incompletely condensed structures with a small fraction of perfect
polyhedra.

Although Fig. 2c and Fig. 3 show the presence of high molar
mass species, the stability of the synthesized SSO with respect to



Fig. 3. UV-MALDI MS of the 30:70 SSO/DGEBA formulation (positive mode; matrix GA; sample doped with NaCl). (a) Full scale spectrum, and (b) magnification in the m/z range
from 400 to 2600.
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gelation or precipitationwas excellent, even after several months of
storage at 4 �C. FTIR analysis of a freshly synthesized 30:70 SSO/
DGEBA sample exhibited a spectrum nearly identical to that of a
sample stored at 4 �C and analyzed after 2 months (see Fig. S1 in
Supplementary Material). This is an important aspect to consider
for application purposes.

Using IR spectroscopy, we confirmed that the epoxy rings of
both DGEBA and TOHES did not react during hydrolytic conden-
sation, even after the thermal treatment at 140 �C (Fig. 4a and b).
This was proved by the constancy of the ratio of heights of the
absorption bands of the epoxy rings in DGEBA (4530 cm�1) and in
TOHES (884 cm�1) with respect to the reference bands (4620 cm�1

and 1608 cm�1 for DGEBA and TOHES respectively).

3.2. Visible light photopolymerization

TOHES and DGEBA displayed different reactivity in photo-
initiated cationic ring-opening polymerization, which can be
readily ascertained by examining their conversion vs. time plots as
determined by FTIR (Fig. 5). In both cases, the three-component
initiator system (Ph2ISbF6, CQ and EDMAB) was used, and irradia-
tions were conducted with a LED unit operating in the visible re-
gion of the spectrum (410e530 nm, 600 mW/cm2). The possible
initiating mechanism previously reported is briefly described here
[14,16]. Irradiation with visible light produces the excitation of CQ
to its singlet, which is rapidly converted to its triplet state by
intersystem crossing. The excited CQ molecule is reduced by
EDMAB, giving place to ketyl and a-amino free radicals. These
radicals are oxidized by the diaryliodonium salt (Ph2ISbF6) to
generate cationic species, which initiate the cationic ring-opening
polymerization of epoxy monomers.

Fig. 5 shows that TOHES and DGEBA present two extreme be-
haviors under cationic ring-opening photopolymerization condi-
tions at room temperature. TOHES underwent very rapid
polymerization on visible light irradiation, resulting in a percent
conversion of 99% after 10 s irradiation. In contrast, under the same
conditions, DGEBA underwent very slow photopolymerization. In
fact, no significant conversion of this monomer was detected after
40 s irradiation. The different responses of these two monomers
can be related to their structures. Crivello and co-workers reported
a detailed study on the reactivity of a wide variety of epoxy
monomers, and concluded that the epoxide ring strain is one of the
most important factors in determining their reactivity [17,34,35].
These authors found that monomers containing the highly strained
epoxycyclohexane and epoxycyclopentane rings are considerably
more reactive than open-chain epoxy compounds. In addition,
glycidyl ether-type epoxide monomers (such as DGEBA) contain
neighboring oxygen atoms in the molecule that are located such
that they can stabilize the intermediate protonated species (oxo-
nium ions), retarding the growth of the chain ends. These mono-
mers underwent slow photoinitiated cationic polymerization at
room temperature (Fig. 5).

Experiments were carried out to determine whether photo-
polymerization of DGEBA can be effectively accelerated by



Fig. 4. FTIR spectra of: (trace A) 30:70 TOHES/DGEBA mixture before hydrolytic
condensation; (trace B) 30:70 SSO/DGEBA mixture after hydrolytic condensation. (a)
NIR; and (b) MIR.

Fig. 5. Comparison of the behaviors of TOHES and DGEBA under cationic ring-opening
photopolymerization conditions at room temperature. The monomers were photo-
activated with 2 wt% Ph2ISbF6 in combination with 1wt% CQ and 1 wt% EDMAB. Ir-
radiations were conducted with a LED unit operating in the visible region of the
spectrum (410e530 nm, 600 mW/cm2). Lines are drawn to guide the eye.
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conducting the reaction in the presence of the SSO functionalized
with highly reactive epoxycyclohexane groups. To explore this
possibility, the SSO/DGEBA solution obtained after hydrolytic
condensation of TOHES was diluted with appropriate amounts of
DGEBA to prepare samples where the contribution of epoxy
groups from the SSO varies between 30% and 10%. The photo-
activated samples were irradiated for periods of 4 s and NIR
spectra were collected immediately after each exposure interval.
Fig. 6 shows the conversion of epoxy groups from DGEBA as a
function of irradiation time for the tested samples. As may be
noted, the polymerization of DGEBA was markedly accelerated as
the amount of SSO in the reaction mixture was increased. For
example, for 60 s of irradiation, the percent conversion of epoxy
groups from DGEBA increased from 4% in neat DGEBA to 37% and
51% in the 20:80 and 30:70 SSO/DGEBA blends respectively. We
interpret that the polymerization of DGEBA is accelerated by
copolymerization effects with the more reactive epoxy groups
from the SSO. Thus, the polymerization rate of DGEBA increases
with the content of SSO as the number of highly reactive oxonium
intermediates formed by the SSO increases.

To understand whether the structure of the SSO has any effect
on the activation of DGEBA polymerization, we tested a 20:80 blend
where the SSO was replaced by a commercial biscycloaliphatic
epoxy monomer (3,4-epoxycyclohexylmethyl 3,4-epoxycyclohex-
anecarboxylate (EEC)). The conversion vs. irradiation time curves
for the 20:80 SSO/DGEBA and 20:80 EEC/DGEBA blends are shown
in Fig. 7a and b respectively. To aid in the comparison of these re-
sults, we plotted the conversion of DGEBA vs. conversion of cyclo-
aliphatic epoxy groups for both blends (Fig. 7c). It can be seen that
both SSO and EEC activate DGEBA polymerization, although SSO
makes it to a greater extent than EEC. These results suggest the
diffusional and topological constraints due to the polyhedral
structure of the SSO make the oxonium cations formed by the SSO
react with DGEBA to a greater extent than the oxonium cations
formed by EEC.

Previously [36], we have reported that a neat DGEBA sample
photopolymerized under visible light irradiation (at 60mW/cm2, in
the 390e800 nm range) at room temperature reached a conversion
of 46% after 24 h irradiation. We also demonstrated that, at room
temperature, neat DGEBA reaches the glassy state at that conver-
sion level. As shown in Fig. 6, only a few seconds of irradiation (at
600 mW/cm2, in the 410e530 nm range) are enough for the onset
of vitrification in the 30:70 SSO/DGEBA formulation.

Better results were obtained under continuous irradiation con-
ditions. Table 1 displays the conversion of epoxy groups from
DGEBA and SSO, as well as the overall conversion of epoxy groups,
in SSO/DGEBA blends photopolymerized under continuous irradi-
ation. As can be noted, a sample irradiated for 60 s under contin-
uous mode reached higher conversion of the epoxy groups from
DGEBA than the same sample irradiated for periods of 4 s during a
total time of 60 s (Fig. 6). The same feature was observed for all the
formulations tested.

These results cannot be ascribed as due solely to the copoly-
merization of DGEBAwith themore reactive epoxy groups from the
SSO. Evidently, thermal effects must contribute to these results. The
polymerization reaction is highly exothermic, which results in an



Fig. 6. Conversion of epoxy groups from DGEBA in SSO/DGEBA blends versus irradi-
ation time. The blends were photoactivated with 2 wt% Ph2ISbF6 in combination with
1wt% CQ and 1 wt% EDMAB. Irradiations were conducted with a LED unit operating in
the visible region of the spectrum (410e530 nm, 600 mW/cm2). Lines are drawn to
guide the eye.

Fig. 7. (a) Conversion of epoxy groups from DGEBA and SSO versus irradiation time in the 20:80 SSO/DGEBA blend. (b) Conversion of epoxy groups from DGEBA and EEC versus
irradiation time in the 20:80 EEC/DGEBA blend. (c) Conversion of DGEBA versus conversion of cycloaliphatic epoxy groups in the 20:80 SSO/DGEBA and 20:80 EEC/DGEBA blends.
The blends were photoactivated with 2 wt% Ph2ISbF6 in combination with 1wt% CQ and 1 wt% EDMAB. Irradiations were conducted with a LED unit operating in the visible region of
the spectrum (410e530 nm, 600 mW/cm2). Lines are drawn to guide the eye.

Table 1
Conversion of epoxy groups from DGEBA and SSO, and overall conversion percentage of epoxy groups in SSO/DGEBA blends irradiated for 60 s under continuous irradiation
(410e530 nm, 600 mW/cm2).

Sample % Conversion of DGEBA % Conversion of SSO % Overall conversion of epoxy groups

0:100 SSO/DGEBA 5.4 (±0.3) - - 5.4 (±0.3)
10:90 SSO/DGEBA 41.4 (±2.7) 89.0 (±5.6) 46.2 (±2.9)
15:85 SSO/DGEBA 46.8 (±1.6) 81.1 (±2.8) 51.9 (±1.8)
20:80 SSO/DGEBA 59.7 (±1.5) 71.7 (±1.9) 62.1 (±1.6)
30:70 SSO/DGEBA 60.2 (±1.9) 69.1 (±3.1) 62.8 (±2.1)
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increase in the sample temperature during the process [17]. In the
first mode (Fig. 6), samples were irradiated for a short time and
then, during collection of the NIR spectrum, heat was dissipated
and the sample temperature fell rapidly. In contrast, continuous
irradiation led to excessive heat build-up, which resulted in a
substantial increase in the sample temperature. A higher sample
temperature induced an increase in the mobility of the reaction
environment (i.e. monomers, oxonium ion intermediates and
polymer) and consequently increased both the reaction rate and
the vitrification conversion. The temperature evolution during
polymerizationwill be examined in more detail in the next section.
3.3. Temperature evolution during photopolymerization

To quantify the thermal effects produced in the course of pho-
topolymerization, the temperature of the sample was monitored as
a function of the continuous irradiation time. As a control test, we
first measured a non-initiated DGEBA sample. Only a very small
temperature increase (between 3 and 4 �C over 3min of irradiation)
was observed when the sample was irradiated in the absence of
photoinitiator (see Fig. S2 in Supplementary Material). Therefore,
we can rule out the visible light irradiation as a considerable source
of heat.

No significant change in temperature was recorded during
irradiation of a photoactivated sample of neat DGEBA (Fig. 8a).
However, it can be seen that the temperature of the samples con-
taining SSO rapidly increased with the irradiation time as a result of
the most rapid rate of polymerization. As may be noted, the 10:90
SSO/DGEBA sample attained a maximum temperature of 74 �C at
64 s irradiation. When compared with this sample, the 15:85 blend
experienced an appreciable increase in the polymerization rate,
together with a marked rise of the maximum temperature attained
(higher than 105 �C). This is consistent with the higher content of
epoxy groups provided by the SSO in this last formulation. How-
ever, to our surprise, we found that when further increasing the
amount of SSO in the blend, the maximum temperature progres-
sively decreased. To highlight this effect, we plotted the ultimate
temperature attained during the photopolymerization as a function
of the number of epoxy groups provided by the SSO (Fig. 8b). It can
be seen that the maximum temperature first increased with the
addition of SSO, reached a maximum at 15%, and then gradually
decreased.

To aid in the interpretation of these results, we evaluated the
heat capacity at constant pressure (Cp) of the different SSO/DGEBA
formulations. For these tests, we first measured a DSC curve in
dynamic mode for each sample and then computed its Cp value by
applying eqn. (1) in the manner described in the Experimental



Fig. 8. Thermal effects produced in the course of the photopolymerization of SSO/
DGEBA blends. The blends were photoactivated with 2 wt% Ph2ISbF6 in combination
with 1wt% CQ and 1 wt% EDMAB. Irradiations were conducted with a LED unit oper-
ating in the visible region of the spectrum (410e530 nm, 600 mW/cm2). (a) Temper-
ature evolution during continuous irradiation time. (b) Maximum temperature
attained during photopolymerization as a function of the percentage of epoxy groups
provided by the SSO. The line is drawn to guide the eye.

Fig. 9. Heat capacity at constant pressure (Cp) of SSO/DGEBA blends as a function of
the percentage of epoxy groups provided by the SSO. The line is drawn to guide the
eye.

I.E. dell'Erba et al. / Polymer 83 (2016) 172e181 179
Section. The Cp value of a SSO synthesized in the absence of DGEBA
(denoted SSOneat) was also assessed. Fig. 9 shows the Cp of the
mixture as a function of the number of epoxy groups provided by
the SSO. As can be seen, as the SSO content increased, the Cp of the
mixture increased significantly. As a first approximation, we can
consider that in the short period of time in which the temperature
rises during irradiation (see Fig. 8a) the system has a pseudo-
adiabatic behavior. Under this assumption, we can explain the
trend shown in Fig. 8b as the result of a competition between two
effects. With increasing SSO content, more heat is produced due to
the highly exothermic polymerization, but also, more heat is
required by the system to increase its temperature. The competi-
tion between these two effects would explain the maximum
observed in Fig. 8b. The 10:90 SSO/DGEBA sample was excluded
from this analysis because its temperature rise was slow and thus
the heat generated by polymerization was partially dissipated.

Based on these results, we suggest that DGEBA may undergo
rapid photopolymerization in the presence of SSO due to a com-
bination of thermal effects (due to the heat released by ring-
opening polymerization) and copolymerization effects. It is worth
noting that while the maximum temperature attained by the 15:85
sample was the highest of all the formulations studied, this sample
achieved a lower final epoxy conversion (51.9 ± 1.8) than the 20:80
and 30:70 samples (62.1 ± 1.6 and 62.8 ± 2.1 respectively). This is
because with increasing SSO content, the Tg shifted to lower tem-
peratures, as discussed in the next section.

3.4. Thermomechanical properties of the resulting networks

The network properties of the resulting light-cured samples
were investigated by dynamic mechanical analysis (DMA). For
comparison purposes, we also tested a set of samples subjected to a
thermal postcuring treatment (at 180 �C for 2 h) after photo-
irradiation. We found that after the thermal treatment, the over-
all conversion of epoxy groups advanced to around 90% for all the
SSO/DGEBA samples tested. The postcuring effect is assumed to be
due to the activation of the reactive species that remained alive
when the sample was devitrified. Evidently, the maximum con-
versions in these highly crosslinked matrices approach, but do not
reach, 100% due to the limited mobility and restricted diffusion in
these systems.

The photo-irradiation of all the SSO/DGEBA formulations stud-
ied during the course of this work leads to transparent, glassy and
completely tack-free materials. The transmittance spectrum of the
photo-cured 30:70 SSO/DGEBA hybrid material is shown in the
Supplementary Material (Fig. S4). SEM photographs of the photo-
cured materials showed flat fracture surfaces with no phase-
separation features, and this was in agreement with the trans-
parency of these samples (see Fig. S5 in the Supplementary
Material). Table 2 summarizes the DMA results in terms of stor-
agemodulus (E0) for thematerials obtained after irradiation and the
materials subjected to the additional thermal postcuring treatment.
As a control epoxy network, we used a neat DGEBA sample fully
cured by thermal cationic polymerizationwith BF3$MEA as initiator
(details regarding the preparation protocol are shown in the Sup-
plementary Material). The data in Table 2 show that after irradia-
tion, the SSO/DGEBA formulations studied produced networks with
E0 values in the glassy region (evaluated at T ¼ 30 �C) as high as the
control DGEBA network. Furthermore, no significant differences in



Table 2
Storage modulus (E0) at 30 �C and at 50 �C above Tg for the materials obtained after irradiation and the materials subjected to an additional thermal postcuring treatment.

Sample After irradiationa After thermal postcuringb

E0 at 30 �C (GPa) E0 at 30 �C (GPa) E0 at 50 �C above Tg (MPa)

Neat DGEBA (control)c - - 1.09 (±0.03) 44.2 (±1.2)
10:90 SSO/DGEBA 1.08 (±0.04) 0.95 (±0.09) 46.6 (±0.7)
15:85 SSO/DGEBA 1.07 (±0.09) 1.11 (±0.05) 47.9 (±3.0)
20:80 SSO/DGEBA 1.09 (±0.10) 1.01 (±0.08) 50.8 (±5.1)
30:70 SSO/DGEBA 1.04 (±0.11) 1.02 (±0.03) 85.9 (±3.8)

a Continuous irradiation for 120 s on each side of the specimen (410e530 nm, 600 mW/cm2).
b Heating at 180 �C for 2 h.
c The neat epoxy network was obtained using BF3$MEA as initiator. Curing was carried out at 140 �C for 3 h, and postcuring at 180 �C for 2 h.
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the values of E0 at 30 �C were observed after subjecting these
irradiated materials to an additional postcuring treatment (see
Table 2). This is because in the glassy state the modulus is mainly
dependent on the interaction between chains rather than on the
degree of crosslinking and conversion [37].

The DMA spectra in terms of E0 and loss factor (tan d) for the
materials subjected to the additional thermal postcuring treatment
are shown in Fig. 10a and b respectively. It can be seen that the E0

values in the rubbery state increased as the SSO content in the
formulation increased. For reference, the E0 values taken at 50 �C
above the glass transition temperature are listed in Table 2. As the
rubbery modulus is proportional to the crosslink density, we can
conclude that the SSO species function as multifunctional epoxy
reactants with average epoxy functionality greater than that of
DGEBA.

All tan d profiles (Fig. 10b) showed the occurrence of one a-
relaxation (corresponding to Tg), indicating single-phase network
structure. This is expected, since, as already mentioned, all the
samples were found homogeneous and visually transparent after
photo-irradiation and postcuring treatment. This is additional ev-
idence that copolymerization between DGEBA and SSO occurs
during network formation. With increasing SSO content, the a-
relaxation shifted to lower temperatures from 166 �C for the control
neat DGEBA to 146 �C and 135 �C in the 20:80 and 30:70 SSO/
DGEBA samples respectively. As discussed above, the addition of
SSO increased the concentration of crosslink points in the network
and this should in principle shift the a-relaxation to higher tem-
peratures. However, the presence of SSO commonly increases both
the amount of free-volume and the average flexibility of chains in
the epoxy network, and these effects act in the opposite sense, i.e.,
shift the a-relaxation towards lower temperatures [25,38]. Based
on these arguments, we suggest that the prevailing trend should be
attributed to free-volume effects and enhanced chain mobility
produced by the presence of SSO in the epoxy network.
Fig. 10. Dynamic mechanical analysis data for the materials subjected to a thermal
postcuring treatment after photo-irradiation: (a) storage modulus (E0) and (b) loss
factor (tan d).
4. Conclusions

In this report, we showed that the slow cationic ring-opening
photopolymerization of aryl glycidyl ether monomers, such as
DGEBA, can be markedly accelerated by combining them with SSO
functionalized with reactive epoxycyclohexane groups. The SSO
was prepared by hydrolytic condensation of TOHES using DGEBA as
a solvent. The epoxy functional groups remained unreacted during
the hydrolytic condensation process as revealed by FTIR spectros-
copy. The resulting SSO showed very good stability with respect to
gelation or precipitation, even after several months of storage at
4 �C. The photopolymerization of DGEBAwas markedly accelerated
as the amount of SSO increased. The promoter effect on the reac-
tivity of DGEBA was ascribed to a combination of thermal effects
(due to the heat released by ring-opening polymerization) and
copolymerization effects. The resulting light-cured materials
exhibited good mechanical characteristics at room temperature,
similar to those of a neat epoxy network fully cured by thermal
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cationic polymerization. Using dynamic mechanical analysis, we
demonstrated that the resulting hybrid materials present a single-
phase network structure, where the SSO species function as highly
multifunctional epoxy reactants. The approach delivered in this
study can offer the possibility of greatly increasing the use of aryl
glycidyl ether monomers in a variety of high speed photocuring
applications.
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