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ABSTRACT: One-component epoxy resins (OCERs) with improved stability (shelf life) { »q S~ .
and controlled curing temperatures were prepared using epoxy resins and polyoxazoline- ~ '--—---""-= e
imidazole (POZ-Im) based thermal latent curing agents (TLCs). POZ homopolymers PR

with molar masses of 1000, 2000, and 5000 g/mol were obtained via cationic ring- { @}4@ A

opening polymerization (CROP) of 2-ethyl-2-oxazoline, 2-propyl-2-oxazoline, 2-pentyl-2- 1 79 (é . A

oxazoline, and 2-phenyl-2-oxazoline. TLCs were prepared by physically entrapping 1 v @AV

imidazole, the curing agent, in the POZ matrix at the homopolymer/Im (HP/Im) ratios L W 4 t:

of 1:1 and S:1 and characterized by FTIR and TGA. TLCs were then mixed with . N

m1%
—PEOZ 1K 5:1 1%
—PPrOZ IK 511 1%

Im 1%
—PEOZ IK 5:11%
—PPIOZ IK 5:1 1%

bisphenol A diglycidyl ether (DGEBA) to obtain OCERs with Im concentrations of 1, 3,
and S wt %. Dynamic DSC tests were performed to determine the effect of the pendant
group and molar mass of POZ, the POZ/Im ratio, and Im concentration on the curing
behavior of the OCERs, whereas isothermal DSC tests were carried out to examine their
thermal stability and optimal curing temperatures. Optical microscopy was performed to
study the compatibility of the TLCs with DGEBA. This study showed that the dispersion quality of TLCs is highly associated with
the compatibility of POZs and DGEBA, which affected the release of Im, thus left limit temperatures of curing. In addition, higher
left limit temperatures were obtained when the POZ/Im ratio increased. Isothermal DSC results conformed to the improved stability
and better thermal latency of the samples with a POZ/Im ratio of 5:1. Moreover, the higher left limit temperatures were obtained
with the lowest molar mass of POZ due to the better interaction between the —OH end group of POZ and Im. The shelf life of
PEOZ 1K-Im 5:1 1% OCER was predicted at —20, 0, and 20 °C, with an estimated 15.3 days at 20 °C using isothermal DSC and
rheology at 50, 60, and 70 °C. Overall, this research contributes to the development of OCERs by introducing POZ-Im complexes as
novel TLCs. The findings shed light on the importance of compatibility in achieving optimal dispersion and release of Im and the
role of the POZ/Im ratio and POZ molar mass in controlling left limit temperatures, ultimately influencing the curing behavior of
OCERs.
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B INTRODUCTION start the chain-growth polymerization.'” Arimitsu et al.
reported that imidazoles have received attention, since their
catalytic amount is sufficient to initiate the chain-growth
polymerization of epoxy resins. On the other hand, since
imidazoles gradually undergo curing reactions and generate

moisture, and corrosion, outstanding mechanical strength, cross-linked networks due to their high reactivity with epoxy

and great thermal and adhesive properties.* Thus, they have resins at low temperatures, it is difficult to utilize them in one-

. 17
been used in many application fields such as coatings,””” component epoxy resins (OCERs). ) .
adhesives,® ' electronic device encapsulants,ll_w and com- In contrast to two-component resins, OCERs are readily

Posites.lé},ls Additionally, they have advantages in terms of used as a Fomblnatlon of a res_ln and a latent (furmg agent. The
formulation diversity for numerous applications.16 A variety of latent curzlong agents can be activated by heat, light, moisture, or
curing agents such as phenols, acid anhydrides, carboxylic pressure.” OCERs with thermal latent curing agents (TLCs)

acids, amines, and imidazoles are utilized for epoxy curing to

Epoxy resins are the most versatile members of thermoset
materials that undergo curing reactions to generate a highly
cross-linked structure with several favorable performance
characteristics such as excellent resistance to chemicals,

obtain cross-linked thermoset polymers.'” The epoxy curing Received: ~ April 23, 2024
reactions occur via three routes depending on the type of Revised:  August S, 2024
curing agent: step-growth polymerization, chain-growth Accepted:  August 7, 2024

polymerization, or a combination of both.'"® For instance, Published: August 14, 2024

primary and secondary amines initiate the step-growth
polymerization while tertiary amines such as imidazole (Im)
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are highly desirable since they are more stable at ambient
temperature (have enhanced shelf life) compared to two-
component epoxy resins and initiate curing only at elevated
temperatures.”’ Moreover, OCERs with TLCs are more
homogeneous and provide energy efficiency and money-savin
by eliminating the need for cold chain storage and shipping.”
In particular, extending the shelf life and controlling the curing
temperature are principal concerns while selecting the TLCs in
OCERs. Hence, epoxy resins can be stored over a very long
period and curing can be initiated at the desired time.”> TLCs
work via two mechanisms. The first mechanism is based on the
use of TLCs having crystalline structures that do not dissolve
in epoxy resins at low temperatures but get activated upon
melting at elevated temperatures.”* DICY is one of the good
examples of this type of curing agent since it is not soluble in
epoxy resin at ambient temperature; whereas, it starts to melt
and get activated when the temperature reaches between 160
and 180 °C. DICY has a shelf life of 6 to 12 months. The
second mechanism is based on the use of a precursor
compound, such as a complex or conjugate form of a curing
agent. Chen et al. reported the physical entrapment of Im in a
polyethylene glycol (PEG) matrix using a solvent evaporation
method. They found that PEG1000-Im had better latency and
curing performance as TLC compared to those of other PEGs
with different molar masses. The cured resins had T, values
around 150 °C, which was an indication of full conversion of
DGEBA.”

Recently, TLCs have been developed by encapsulating
curing agents with polymers instead of using high-temperature
curing agents such as DICY. The encapsulation is widely used
due to its feasibility and effectiveness.”® Chen et al. validated
that the polymer structure and properties significantly affect
the curing performance of the entrapped TLCs in polymer
matrices. Moreover, polymer molar mass, functional groups of
the polymer, and the miscibility/compatibility of the TLCs
with the resin affect the curing behavior of TLCs.”” Two
methods are used to obtain the encapsulated latent curing
agents, including TLCs. The first method is based on the
chemical bonding of curing agents and polymers to form
polymer matrix capsules, which are inactive until the time
when the curing agent is required for the curing process. The
second route is the physical entrapment and encapsulation of
curing agents in polymers. In this method, curing agents are
released from the polymer capsule and activate to initiate the
curing process when the temperature increases above the
melting point of the polymer. Polyethylene glycol, poly-
caprolactone, polystyrene, poly(vinyl alcohol), and acid-
hexadecyl acrylate copolymer are mostly used for the
entrapment of curing agents in polymers.”* " Entrapment of
curing agents can be accomplished through several processes,
including solvent evaporation, spray drying, and freeze-drying.
Shin and co-workers used solvent evaporation or spray-drying
methods to achieve the Im encapsulation in the polycapro-
lactone matrix with the target that the polycaprolactone melts
at elevated temperatures resulting in the reaction of released
Im with the epoxy resin.’’ The TLCs prepared by physical
entrapment/encapsulation of curing agents in polymer
matrices still require improvements both in their preparation
and in tailoring their curing temperatures, shelf life, and
compatibility with different resins. The current investigations
focus on the development of OCERs that can be stored at
room temperature and have a longer shelf life and mild curing
temperatures.

In this paper, we prepared tunable poly(2-oxazoline)
homopolymer-Im (HP-Im) complexes as TLCs for OCERs
to improve the processability and energy efliciency, thus
lowering the cost of thermal curing of epoxy resins. In
particular, formerly synthesized poly(2-oxazoline) homopol-
ymers with three different molar masses and Im were used to
prepare the TLCs. Im was physically entrapped in the
homopolymer by a solvent evaporation method. The prepared
TLCs were mixed with DGEBA to obtain OCERs and the
curing behavior of the OCERs was investigated. The effect of
POZ pendant group and molar mass, POZ/Im ratios, and Im
concentration in epoxy resin on the curing behavior of
obtained OCERs was studied using DSC. The curing behavior
was examined in terms of the curing enthalpy, left limit
temperatures of curing, and conversion.

B EXPERIMENTAL SECTION

Materials. The monomers (2-ethyl-2-oxazoline (EOZ), 2-
propyl-2-oxazoline (PrOZ), 2-pentyl-2-oxazoline (PeOZ), and
2-phenyl-2-oxazoline (PhOZ)) were synthesized following
procedures reported by our group.’” The synthesis and
characterization procedures, reported by our group as well,*
of the POZ homopolymers having different molar masses are
available in Supporting Information (SI). Bisphenol A
diglycidyl ether (DGEBA, molar mass: 340.41 g:mol™") was
purchased from Sigma-Aldrich. Dichloromethane (DCM) and
sodium sulfate (Na,SO,) were purchased from Merck. Unless
stated otherwise, no further purification was performed on the
chemicals. Deionized water was acquired from a Merck Direct-
Q3 UV.

Instruments. Dynamic differential scanning calorimetry
(DSC) analyses were performed on a Mettler Toledo HP DSC
2+ instrument. The samples were weighed in the amounts of
13—20 mg on the DSC pans. The dynamic DSC thermograms
were obtained from the first heating run in the range of 25 to
200 °C with a heating rate of 2, 5, and 10 °C/min under a
nitrogen atmosphere. Thermogravimetric Analysis (TGA)
measurements were performed on a Mettler Toledo TGA/
DSC 3+ in the range of 25 to 1000 °C. Samples of 10—20 mg
were heated at 10 °C/min under a nitrogen atmosphere with a
flow rate of 100 mL/min. Fourier-Transform Infrared (FTIR)
spectra were obtained with a ThermoScientific Nicolet iS50
FTIR spectrometer using an attenuated total reflectance
(ATR) accessory. The transmission mode was used, and the
resolution was 16 cm™'. The dispersion quality of the TLCs
and Im in the DGEBA resin was examined with a Nikon
Eclipse LVIOOND optical microscope. Time sweep rheology
analyses were performed with an Anton-Paar MCR 302
Rheometer using a gap of 1 mm, a shear strain of 0.1%, and a
frequency of 1 Hz. The transmittance spectrum was recorded
at room temperature on a Perkin Elmar Lambda 950 UV—vis—
NIR spectrometer. Dynamic mechanical analysis (DMA) was
carried out to investigate the mechanical and thermal
properties of a cured sample with a Mettler Toledo DMA-1
equipped with the single cantilever holder, which leaves a free
sample length of 17—17.5 mm. The measuring frequency was
1.0 Hz and the oscillation amplitude was 15 pm. The
temperature range was between 0 and 200° C with a heating
rate of 3 K/min.

Entrapment of Imidazole in Polyoxazoline Homopol-
ymer (POZ HP) Matrix. Poly(2-ethyl-2-oxazoline) (PEOZ),
poly(2-propyl-2-oxazoline) (PPrOZ), poly(2-phenyl-2-oxazo-
line) (PPhOZ), and poly(2-pentyl-2-oxazoline) (PPeOZ)

https://doi.org/10.1021/acsomega.4c03904
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Figure 1. Complex formation between POZ homopolymers and Im (a) PEOZ-Im, (b) PPrOZ-Im, and (c) PPhOZ-Im, and (d) the structure of the

DGEBA resin.
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Figure 2. FTIR spectra of Im, PEOZ 1K, and their complexes (PEOZ 1K: Im 1:1 and PEOZ 1K: Im 5:1) (a). TGA thermograms of pure Im,

PEOZ 1K, and PEOZ 1K/Im 1:1 and PEOZ 1K/Im 5:1 complexes

(heating rate: 10 °C/min) (b).

homopolymers with molar masses of 1000, 2000, and 5000 g/
mol were used with Im to prepare POZ HP-Im TLCs. The
synthesis procedures and characterization data for the
homopolymers are available in the SI (see SI, Parts 1, 2, and
3). HP/Im ratios of 1:1 and 5:1 were used, and the
concentrations of Im in DGEBA (Im: E) were set to 1, 3,
and 5 wt %. PEOZ, PPrOZ, and PPeOZ homopolymers and
Im were dissolved in DCM to prepare a 10 wt/v% solution
having a final HP/Im ratio of 1:1 and 5:1. The solutions were
heated to reflux (40 °C) in an oil bath and kept stirring for 2 h.

A rotary evaporator was used to remove the DCM under
reduced pressure. The prepared HP-Im TLCs were further
dried at 25 °C under 1 mbar vacuum pressure overnight. After
being dried, the obtained solid TLCs were ground to a fine
powder form. The fine powder of HP-Im TLC was mixed with
DGEBA resin to give Im concentrations of 1, 3, and 5 wt %.
The mixture was prepared by slow manual mixing using a
spatula under ambient conditions. On the other hand, for
PPhOZ homopolymers, HP and Im were dissolved in
acetonitrile (ACN) and the solution was heated to reflux (82

36400 https://doi.org/10.1021/acsomega.4c03904
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°C). The remaining preparation steps were the same as the
steps followed for the other homopolymers (Figure 1).

Curing Procedure of PEOZ 1K-Im 5:1 1% OCER. The
prepared TLC of PEOZ 1K-Im S:1 was cooled to subzero
temperature and then ground with a mortar and pestle. The
ground powder was mixed with DGEBA resin at 1% ratio using
a homogenizer at 1000 rpm for 10 min in the ice bath. The
sample was degassed for half an hour. Then, the corresponding
cast sample was poured into a Teflon mold. The curing of
PEOZ 1K-Im 5:1 1% was performed at 80 °C for 30 min and
then at 120 °C for 3 h. To achieve full curing, the sample was
held at 160 °C for 8 h. Eventually, the corresponding cast
sample was cut and polished to the DMA specimen.

B RESULTS AND DISCUSSION

Confirmation of Complex Formation Between POZ
Homopolymers and Imidazole. The complex formation of
POZ homopolymers and Im was confirmed by FTIR and TGA
analysis. As a representative of all POZ HP-Im complexes, the
results for PEOZ 1K/Im complexes in 1:1 and 5:1 ratios are
provided in the following section. Since other POZ HP-Im
complexes behaved the same way as PEOZ/Im complexes,
their FTIR and TGA data are not shown. Figure 2a shows the
FTIR spectra of Im, PEOZ 1K, and PEOZ-1K/Im 1:1 and
PEOZ/Im 5:1 complexes. In the FTIR spectrum of Im, the
sharp C=N peak of Im was observed at 1668 cm™’, while the
peaks related to the N—H bending and stretching of Im were
seen at 1540 and 3124 cm™!, respectively. In the FTIR
spectrum of PEOZ 1K, amide peaks were observed at 1625
cm™ . In the FTIR spectrum of the PEOZ 1K-Im complex, the
sharp C=N peak of Im and the broad C=0 peak of PEOZ
1K merged. Furthermore, other peaks of Im and PEOZ 1K
were noted in the FTIR spectra of the obtained complexes.
Similar FTIR spectra were observed for the other POZ-Im
complexes.

TGA thermograms shown in Figure 2b demonstrate the
thermal stability and degradation temperature of pure Im,
PEOZ-1K, and PEOZ 1K-Im complexes in 1:1 and 5:1 ratios.
The single-step decomposition of Im was at 178—222 °C
(T4 onser) with a residue of less than 0.1%, conforming to the
high purity of Im. TGA thermograms showed that PEOZ 1K-
Im 1:1 and PEOZ 1K-Im S:1 followed multistep decom-
positions since each component of the complex had a different
decomposition temperature. The degradation steps for PEOZ
1K-Im 1:1 were observed at 206—357 °C (T opeerr 553 Wt %)
and 357—800 °C (T opser 39-0 Wt %). Thus, the % weight loss
values of the two degradation steps validated the 1:1 ratio of
HP/Im. The weight loss (2.57%) observed up to 130 °C
stemmed from the evaporation of the water absorbed by the
complex. The total degradation was completed with a 0.96%
residue. In the case of PEOZ 1K-Im 5:1, the first
decomposition was observed at 121-357 °C (Tgone) and
corresponded to a 24.3% weight loss. The second decom-
position step was performed at 357—800 °C (T ) with a
72.5% weight loss. The moisture absorbed by the complex was
3.0 wt % (up to 120 °C). The ratios obtained from the TGA
thermograms confirmed the S5:1 HP: Im ratio. The total
decomposition of PEOZ 1K-Im 5:1 was completed with a 0.1%
residue. Similar TGA thermograms were observed for the other
POZ-Im complexes.

Dynamic DSC Results and Parameters Affecting
Curing Behavior of OCERs. Dynamic DSC Results of
OCERs Containing POZ-Im TLCs and Epoxy Resin-Im

Mixtures. Dynamic DSC analyses were performed to assess
the thermal latency behavior of OCERs containing POZ-Im
TLCs. Dynamic DSC results of the OCERs were compared
with those of the epoxy resin-Im mixtures. Table 1 shows

Table 1. Dynamic DSC Results of Curing of Epoxy Resin-Im
Mixtures”

curing  molar mass  Im/E enthalpy  left limit right limit
agent  (g/mol) (wt %) (/g temp (°C)  temp (°C)
Im 68.077 1% 5591 63.88 192.31

3% 104.22 63.30 192.43

5% 199.99 68.07 191.81

“Heating rate: 10 °C/min.

dynamic DSC results of epoxy resin-Im mixtures. The data in
Table 1 showed that epoxy resin-Im mixtures had different
enthalpy values depending on the Im concentrations in
DGEBA, namely, 1, 3, and 5 wt %, with the highest enthalpy
reached when 5 wt % Im was used. The left-limit and right-
limit temperatures of curing were at 63—68 and 192 °C,
respectively, and differed slightly with the change in Im
concentration.

The dynamic DSC data for the DGEBA-Im mixtures in
Table 1 was compared to the dynamic DSC data for the
OCERs in Tables 2 and 3 to evaluate thermal latency behavior
of these systems. The results presented in Table 2 and Table 3
were separated based on the POZ: Im ratio. Table 2 shows the
data for the OCERs containing the POZ: Im 1:1 TLCs,
whereas Table 3 shows the data for the OCERs containing
POZ: Im 5:1 TLCs. The dynamic DSC results were analyzed
systematically considering the effect of four important
parameters, namely, POZ/Im ratio (1:1 and S:1), Im
concentration (1, 3, and § wt %), POZ structure (pendant
group type: ethyl, propyl, pentyl, and phenyl), and POZ molar
mass (1K, 2K, and 5K), on the thermal latency behavior of the
prepared OCERs. These parameters are discussed below in the
order of importance of their effect on thermal latency.

Effect of POZ/Im Ratio on Curing Behavior of Prepared
OCERs. Tables 2 and 3 show the data for the OCERs
containing the POZ/Im 1:1 TLCs and POZ/Im 5:1 TLCs,
respectively. This section discusses the results in terms of the
POZ/Im ratio. The effect of other parameters is discussed in
the relevant sections below based on the data presented in
Tables 1—3. When the data was analyzed for two POZ/Im
ratios of 1:1 and 5:1 by keeping all other parameters the same,
it was observed that an increase in the POZ/Im ratio from 1:1
to 5:1 resulted in an upward shift in left-limit temperatures of
curing meaning that as the amount of POZ increased with
respect to Im, there was a latency in curing. This behavior was
observed at all Im concentrations with all polymer types and
molar masses. For instance, when the left-limit temperatures of
PEOZ 1K-Im 1:1 1% in Table 2 were compared with that of
PEOZ 1K-Im 5:1 1% in Table 3, it was observed that there was
a shift from 94.09 to 111.55 °C. When the polymer type,
polymer molar mass, and Im concentration were changed, for
example in the case of PPrOZ SK-Im 3%, the left-limit
temperatures of curing changed the same way as the previous
example, from 70.98 to 87.17 °C. The analysis of all results
showed that left-limit temperatures of curing shifted to higher
values at temperature ranges of 7—29 °C for PEOZ, 9—47 °C
for PPrOZ, 10—29 °C for PPeOZ, and 13—37 °C for PPhOZ

https://doi.org/10.1021/acsomega.4c03904
ACS Omega 2024, 9, 36398—36410
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Table 2. Dynamic DSC Results of the OCERs Containing
POZ/Im 1:1 TLCs

molar Im/E Im-normalized  left limit right limit
TLC mass  (wt %) enthalpy (J/g) temp (°C) temp (°C)
PEOZ-Im 1K 1% 145.97 94.09 196.03
3% 400.46 85.80 194.64
5% 445.12 78.79 185.87
2K 1% 373.66 64.04 199.79
3% 468.25 63.45 194.30
5% 310.83 60.02 196.82
SK 1% 194.54 84.49 194.92
3% 307.08 60.17 154.65
5% 362.80 57.86 190.70
PPrOZ-Im 1K 1% 329.70 72.46 196.45
3% 449.18 82.99 196.19
5% 474.58 70.12 179.71
2K 1% 482.18 67.71 195.34
3% 409.77 68.22 198.86
5% 518.44 61.39 199.67
SK 1% 213.90 77.90 198.66
3% 479.59 70.98 194.45
5% 423.04 50.89 198.99
PPeOZ-Im 1K 1% 286.61 69.50 193.27
3% 505.81 60.14 200.34
5% 634.67 54.46 196.38
2K 1% 107.91 87.98 192.74
3% 507.34 72.14 200.01
5% 586.91 60.81 200.01
SK 1% 276.51 76.52 192.41
3% 475.32 61.02 200.08
5% 674.39 56.89 198.53
PPhOZ-Im 1K 1% 268.11 57.10 197.96
3% 218.05 66.02 199.84
5% 435.81 58.62 198.98
2K 1% 93.44 62.06 199.75
3% 432.65 45.28 199.81
5% 375.84 57.32 192.83
SK 1% 183.70 66.21 191.53
3% 447.16 57.03 198.88
5% 417.54 60.56 199.77

polymers in comparison to the left-limit temperatures of curing
of DGEBA-Im mixtures.

Figure 3 shows the DSC thermograms and conversion
curves of DGEBA-Im 1%, POZ HP 1K-Im 1:1 1% (al, a2),
and POZ HP 1K-Im 5:1 1% (bl, b2). The observations
provided for Tables 1—3 are more clearly seen in these
thermograms and conversion curves.

Effect of Imidazole Concentration on Curing Behavior of
Prepared OCERs. Dynamic DSC results of the OCERs
containing POZ-Im TLCs at 1, 3, and S wt % Im
concentrations (shown in Tables 2 and 3) indicated that as
the Im concentration increased, the left-limit temperature (the
lowest temperature at which an exothermic heat flow is greater
than the limit of detection of the DSC instrument’) values
decreased irrespective of the HP: Im ratio, polymer type, and
polymer molar mass. To illustrate this with examples, dynamic
DSC results of PEOZ 1K-Im 1:1 at 1, 3, and 5§ wt % Im
concentrations were examined (Table 2). The Ileft-limit
temperatures were found to be 94.09, 85.80, and 78.79 °C,
respectively. Additionally, left-limit temperatures for PPrOZ
SK-Im 5:1 at 1, 3, and 5 wt % Im concentrations were found to

Table 3. Dynamic DSC Results of the OCERs Containing
POZ/Im 5:1 TLCs

molar right
mass Im/E  Im-normalized left limit limit
TLC (g/mol) (wt %) enthalpy (J/g)  (°C) (°C)
PEOZ-Im 1K 1% 63.31 111.55 191.22
3% 176.85 99.49 191.64
5% 349.72 85.64 176.62
2K 1% 45.08 93.48 195.13
3% 73.53 101.69 184.52
5% 143.62 95.33 176.58
SK 1% 27.89 100.71 184.46
3% 92.88 99.43 187.43
5% 142.29 97.49 187.85
PPrOZ-Im 1K 1% 26.46 119.73 197.85
3% 263.38 88.63 197.95
5% 426.07 90.38 199.80
2K 1% 62.28 77.61 193.18
3% 142.40 66.27 199.86
5% 279.20 61.20 199.82
SK 1% 71.09 102.07 189.90
3% 221.40 87.17 194.56
5% 432.64 82.77 191.84
PPeOZ-Im 1K 1% 127.64 100.95 190.48
3% 527.82 72.92 198.81
5% 547.10 72.73 196.09
2K 1% 124.00 98.13 195.02
3% 349.70 83.67 199.18
5% 544.63 74.67 198.92
SK 1% 111.08 93.28 189.80
3% 136.64 93.16 196.36
5% 259.89 90.10 199.88
PPhOZ-Im 1K 1% 118.44 88.40 195.11
3% 277.24 75.19 199.90
5% 356.98 73.64 199.95
2K 1% 36.50 89.37 182.72
3% 215.49 81.48 199.87
5% 289.48 78.96 199.54
SK 1% 107.39 78.90 198.86
3% 143.43 69.70 189.81
5% 293.33 69.58 196.26

be 102.07, 87.17, and 82.77 °C, respectively. As a general
trend, the higher left limit temperatures of both POZ:Im of 1:1
and 5:1 samples were obtained at 1 wt % Im concentration. As
Im concentration increases from 1 to S wt % the amount of
free Im increases, which results in an increase in enthalpy of
curing and a decrease in the left limit temperature of curing,
Effect of POZ Pendant Group on Curing Behavior of
Prepared OCERs. Dynamic DSC results of the OCERs
containing POZ: Im 1:1 TLCs and POZ: Im 5:1 TLCs at 1,
3, and 5 wt % Im concentrations were also examined to
investigate the effects of pendant group type of homopolymers
on the curing behavior of OCERs. When the data was analyzed
for all POZ: Im ratios of 1:1 and S5:1 at the same Im
concentration (shown in Figure 4 and Tables 2 and 3), it was
observed that the miscibility of the polymer matrix with
DGEBA significantly affects the curing behavior of the OCERs
with the TLCs. The higher miscibility causes a decreasing
trend in the left-limit temperature values. The samples with 2-
phenyl and 2-pentyl pendant groups have lower left limit
temperatures of curing compared to the samples with 2-ethyl
and 2-propyl pendant groups. This behavior may be associated
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Figure 3. DSC thermograms and conversion curves of POZ HP 1K-Im 1:1 1% (al, a2) and POZ HP 1K-Im 5:1 1% (b1, b2) (heating rate: 10 °C/
min).
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Figure 4. DSC thermograms and conversion curves for DGEBA-PEOZ-1K-Im ((al, a2), (b1, b2)) and DGEBA-PPrOZ 1K-Im OCERs ((c1, c2),
(d1, d2)) (heating rate: 10 °C/min).

with the miscibility of these polymers with DGEBA resulting in can be related to the interactions of the 2-phenyl and 2-pentyl
an accelerated release of Im from the HP-Im complex, which group with the aromatic groups of DGEBA. For the polymers
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Figure S. Optical microscopy images of (a) DGEBA-Im 1%, (b) PEOZ 1K-Im 1:1 1%, (c) PPrOZ 1K-Im 1:1 1%, (d) PPeOZ 1K-Im 1:1 1%, and

(e) PPhOZ 1K-Im 1:1 1%.

with aliphatic pendant groups such as 2-ethyl, 2-propyl, and 2-
pentyl, the homopolymers with 2-pentyl groups have higher
miscibility with the resin. Thus, the left limit temperature
values are in the following order for the pendant groups: 2-
phenyl< 2-pentyl <2-propyl <2-ethyl. For instance, left limit
temperatures of the PEOZ-Im 1:1 1% (94.09 °C), PPrOZ-Im
1:1 1% (7246 °C), PPeOZIm 1:1 1% (69.50 °C), and
PPhOZ-Im 1:1 1% (57.10 °C) indicated that PPhOZ exhibited
a faster release of Im compared to PPeOZ, PPrOZ, and PEOZ,
respectively. This trend was observed for all OCERs. In
addition, better miscibility between PEOZ and PPrOZ
polymers and Im can be assumed since these homopolymers
and Im have hydrophilic characteristics. However, since other
homopolymers, PPeOZ and PPhOZ are hydrophobic,
immiscibility between these polymers and Im were observed.
Due to the compatibility between different homopolymers and
Im, the dispersion quality of Im in POZ differs. Im is well
dispersed in PEOZ and PPrOZ while not in others. Therefore,
PEOZ-Im and PPrOZ-Im TLCs can be dispersed well in
DGEBA and the immiscibility of Im with DGEBA can provide
latency, whereas Im in other polymers behaves like virgin Im,
thus, their left limit temperatures of curing are lower.
Miscibility/immiscibility behavior of the TLCs are examined
in detail in the Optical Microscopy Images section.

Effect of POZ Molar Mass on Curing Behavior of Prepared
OCERs. To examine the effect of the molar mass of POZ
homopolymers on the curing behavior of OCERs, dynamic
DSC analyses were performed. DSC thermograms and
conversion curves are shown in SI, Figures S2—S12. Since
the samples of different molar masses were prepared with the
same weight of the polymer, homopolymers with a molar mass
of 1K were expected to provide a higher molar content of
—OH end groups. Thus, the lower molar mass leads to a higher
interaction between the —OH and Im making the release of Im
slower and the left limit temperatures to shift to higher
temperatures. For instance, OCERs containing PEOZ 1K, 2K,
and SK polymers at 1:1 HP/Im ratio and 1% Im concentration
had left limit temperatures of 94.09, 64.04, and 84.49 °C,
respectively. This general trend shows that 1K samples have
higher left limit temperatures compared to those of other
molar mass polymers at the same Im ratio. On the other hand,
for SK polymers, the polymer matrix with longer backbones
provides the opportunity for the entrapment of Im in the
polymer matrix regardless of the protonation. Homopolymers
with 2K molar mass exhibit unsatisfactory behavior in terms of
shifting the left limit temperatures of curing to higher values.
This behavior is also valid for most of the PPrOZ, PPeOZ and
PPhOZ-based TLCs.

Considering the obtained data, it was concluded that PEOZ
1K-Im 1:1 1%, PEOZ 1K-Im $:1 1%, PPrOZ 1K-Im 1:1 1%

and PPrOZ 1K-Im S5:1 1% OCERs provide more latency
compared to the other OCERs. Thus, four promising
candidates among 72 HP-Im complexes were selected, and
related results are shown in Figure 4.

Further investigations, including the miscibility studies of
prepared TLCs with DGEBA and their long-term stability at
different temperatures, were carried out using these four
candidates. Although the left limit temperature values of the
S:1 samples have higher values among the two selected data
sets, the 1:1 samples were also chosen to make a reliable
comparison between the prepared systems. In addition,the
enthalpy values of 5:1 samples are lower than those of 1:1
samples at the same Im concentration owing to the lower
amount of free Im in the HP-Im complex leading to the
insufficient introduction of Im to the curing reaction and lower
enthalpy values.

Optical Microscope Images. Optical microscopy imaging
was conducted to investigate the behavior of the DGEBA-Im
1% and the POZ 1K based OCERs. Figure 5(al),(a2) shows
that hydrophilic Im fragments stay as bulky pieces inside the
hydrophobic DGEBA resin when no polymer is involved. This
results in a heterogeneous mixture of DGEBA and Im with Im
being localized in numerous spots. The same trend can also be
seen in PPeOZ 1K 1:1 1% and PPhOZ 1K 1:1 1% OCERs
where big chunks of polymer-Im complexes are scattered
throughout DGEBA. This trend arises from the better aflinity
of these polymers for DGEBA due to their high hydrophobicity
and impedes the microencapsulation between polymer and Im
resulting in polymer-Im complexes staying as big fragments.
Heterogeneity of these samples has resulted in localized curing
and decreased enthalpy of curing. The heterogeneous
distribution seen in PPeOZ 1K-Im 1:1 1% and PPhOZ 1K-
Im 1:1 1% OCERs is replaced with well-dispersed micro-
capsules in PEOZ 1K-Im 1:1 1% and PPrOZ 1K-Im 1:1 1%
OCERs without aggregates. The entrapment of Im in the
polymer matrix has led to the formation of microcapsules with
PEOZ 1K-Im 1:1 1% OCERs as PEOZ is the most hydrophilic
polymer among the studied polymers. The average diameter of
the microcapsules was measured by Image] software to be 4.26
pum for the PEOZ 1K-Im 1:1 1% sample. This micro-
encapsulation shows itself in the curing studies as a higher
left limit temperature of curing and a higher curing enthalpy,
meaning that it provides latency in the curing reaction and fine
distribution of the curing agent in the epoxy resin.

Also, to study the effect of the HP: Im on the
microencapsulation, a comparison of four chosen OCERs
was performed, which is shown in Figure 6. The images for
PEOZ 1K-Im 5:1 1% and PPrOZ 1K-Im 5:1 1% (Figure 6(b1),
(b2)) show a higher density of microcapsules in comparison
with their 1:1 counterparts. This, in turn, increases the left
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Figure 6. Optical microscopy images of (al) PEOZ 1K-Im 1:1 1%,
(a2) PPrOZ 1K-Iml:1 1%, (bl) PEOZ 1K-Im S:1 1%, and (b2)
PPrOZ 1K-Im S:1 1%.

limit temperatures of curing but decreases Im-normalized
enthalpy, which may be due to the slower release of Im as a
consequence of higher amounts of polymer. The observed
curing latency in OCERs containing PEOZ- and PPrOZ-based
TLCs can be attributed to the efficient microencapsulation of
Im. Since inefficient microencapsulation of Im in PPhOZ- and
PPeOQZ-based OCERs is observed, these TLCs fall short of
providing any significant latency in return.

Isothermal DSC Results. To investigate the stability of the
TLC systems, isothermal DSC tests were carried out for
DGEBA-Im 1% and the four chosen OCERs. The isothermal
DSC tests were carried out at 70, 90, and 110 °C based on the
left limit temperatures of curing of the chosen OCERs. The
curves for DGEBA-Im 1% and the chosen OCERs are shown
in Figure 7.

After the isothermal DSC test, the dynamic DSC tests were
performed from 25 to 250 °C at a heating rate of 10 °C/min to
determine the residual enthalpy of curing. The enthalpy values
both for the isothermal DSC step and the following dynamic
DSC step are shown in Table 4. Examining the results for all
temperatures, OCERs with chosen TLCs provide latency in
comparison to the DGEBA-Im 1% sample. This latency can be
seen as a shift in the characteristic double-peak of Im curing to
the right for all of the OCERs. The biggest shift belongs to the
PEOZ 1K-Im 5:1 1% sample at all temperatures with PPrOZ
1K-Im 5:1 1%, PEOZ 1K-Im 1:1 1% and PPrOZ 1K-Im 1:1 1%
having smaller shifts, respectively. It is also worth noting that at
lower temperatures, the peaks expand over longer time
intervals. This expansion is also more distinct in the PEOZ
1K-Im S:1 1% sample.

The enthalpy values show an increasing trend for DGEBA-
Im samples as the temperature is increased from 70 to 110 °C
and the opposite is true for residual enthalpies. However, for
OCERs there is an increase in enthalpy from 70 to 90 °C and a
subsequent decrease from 90 to 110 °C. This again may be due
to the kinetics of Im release in DGEBA. At high temperatures,
Im seems to be cured before full diffusion into DGEBA and
subsequent local curing makes diffusion harder for unreacted
Im resulting in decreased enthalpy of curing. A decreasing
trend is also observed for residual enthalpies of TLC systems
the same as DGEBA-Im samples. Higher enthalpy values are
seen in PPrOZ 1K-Im 1:1 1% and PEOZ 1K-Im 1:1 1%

samples at all temperatures in comparison to DGEBA-Im.
Taking the optical microscope images into account, this is due
to a homogeneous distribution of Im throughout DGEBA
realized by the polymers. However, they do not provide high
stability at lower temperatures, as opposed to S5:1 samples.
PEOZ 1K-Im 5:1 1% when compared to PPrOZ 1K-Im 5:1 1%
shows higher stability at 70 °C, with an enthalpy of 151.10 J/g
in contrast to an enthalpy of 198.46 J/g for PPrOZ 1K-Im 5:1
IK 1%. PEOZ 1K-Im 5:1 1% OCER showing higher stability
and latency can be attributed to the higher —OH to Im ratio
present in 1K samples and to the microencapsulation of Im
taking place in the presence of a hydrophilic polymer such as
PEOZ.

To examine the stability of Im 1% and prepared OCERs,
four different samples were prepared and stored at room
temperature. Since PEOZ 1K-Im 5:1 1% provides better
latency according to Table 4, PEOZ 1K-Im 5:1 1% was
selected for long-term stability tests among the prepared
OCERSs. Initial samples were tested upon mixing, while other
samples were stored for 3 days under ambient conditions and
analyzed. Dynamic DSC analysis was performed to investigate
the long-term stability by following the enthalpy changes.
Figure 8 shows the results of the stability analysis. When the
stability results are examined, the curing enthalpies of the
samples at the initial state have higher values than 3 days
samples. As the curing reactions progress, Im starts to form a
cross-linked structure, thus a reduction in curing enthalpies is
observed. When Im 1% and PEOZ 1K-Im S5:1 1% were
examined, it was observed that the decrease in the curing
enthalpy of PEOZ 1K-Im 5:1 1% was less than that of Im 1%.
Based on this result, it can be concluded that OCER
containing PEOZ 1K-Im S:1 1% was more stable than Im 1%.

Rheology Results and Shelf Life Estimation. The
stability was also examined by time sweep rheology analyses
conducted at 50 °C (18 h), 60 °C (6 h), and 70 °C (6 h) for
PEOZ 1K-Im 5:1 1% and DGEBA-Im samples. As can be seen
in Figure 9, at 60 and 70 °C PEOZ 1K-Im S5:1 1% OCER
showed higher stability in comparison to DGEBA-Im sample
with an approximately one h difference in the rise of viscosity.
At 50 °C, the DGEBA-Im sample showed a slow increase in
the viscosity starting after 100 min. However, PEOZ 1K-Im 5:1
1% OCER exhibited stability up to a 360 min time frame with
little to no change in the measured viscosity. Comparing the
slope of increase in the viscosity between these samples, it can
be inferred that the rate of curing for the DGEBA-Im sample is
affected by the temperature. This shows itself as a less steep
rise in viscosity at 50 °C compared to 60 and 70 °C. On the
other hand, PEOZ 1K-Im 5:1 1% OCER showed the same
slope of viscosity increase for 50 and 60 °C after the curing
started. For 70 °C, the curing reaction seems to have a steeper
increase in viscosity for PEOZ 1K-Im 5:1 1% OCER. This can
be attributed to the microencapsulation of Im in PEOZ
homopolymer, which inhibits the curing reaction for a certain
time period and after this time interval as the microcapsules
release the Im curing starts simultaneously at every region of
the epoxy resin especially at lower temperatures. For the
DGEBA-Im sample, with the chunky fragments of Im seen
throughout the resin, the curing reaction proceeds rather
slowly.

Shelf life is defined as the time it takes for the viscosity of
OCER to double at room temperature. To estimate the shelf
life of the chosen OCER at room temperature, the isothermal
rheology data at 50, 60, and 70 °C were coupled with
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Figure 7. Isothermal DSC thermograms and conversion plots for DGEBA-Im, DGEBA-PEOZ-1K-Im, and DGEBA-PPrOZ-1K-Im systems at (al,

a2) 110 °C, (b1, b2) 90 °C, and (c1, c2) 70 °C.

isothermal DSC results at the same temperatures for this
sample. The isothermal DSC results at 50 and 60 °C are given
in Figure S13 and Table S7. The conversions corresponding to
the time for the complex viscosity to double were found in the
isothermal DSC curves. The kinetics of epoxy curing with
imidazole were assumed to be of first-order. Using the
Arrhenius equation, rate constant values (k) at different
temperatures were determined. By plotting the In k values
against 1/T and using the linear regression for 50, 60, and 70
°C, k values for —20, 0, and 20 °C were predicted. For
conversion at lower temperatures, an average of conversions at
50, 60, and 70 °C was used, and eventually, time required to
reach this conversion (shelf life) was determined. The shelf life
of PEOZ 1K-Im 5:1 1% OCER was found to be 15.3, 297.7,

36406

and 9191.7 days at 20, 0, and —20 °C respectively. The
equations used for predicting shelf life and the corresponding
graph are given in detail in SI, Section 7.

Characterization of Cured PEOZ 1K-Im 5:1 1% OCER.
Optical Properties. As it can be seen in Figure 10a, the
prepared mold was filled with the PEOZ 1K-Im S:1 1% OCER.
Optical image of the same sample exhibited a homogeneous
distribution of microcapsules in epoxy resin (Figure 10b).
After curing (Figure 10c), the sample had a thickness of 2.4
mm and showed a transparent brownish color, which can be
attributed to environmental conditions (high temperature and
presence of oxygen) of curing. The UV—vis-NIR spectra of the
cured sample was measured (Figure 10d). In the visible range,
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Table 4. Isothermal DSC and Dynamic DSC Enthalpy
Values after Isothermal DSC Samples

sample residual
tem, normalized enthalpy durin, enthalpy
sample name (°Cc isothermal experiment (J/g /g
DGEBA-Im 70 120.28 32.28
1% 90 177.23 10.68
110 250.17
PEOZ 1K-Im 70 250.00 57.00
1:1 1% 90 371.00 23.50
110 263.00
PEOZ 1K-Im 70 151.10 33.89
5:1 1% 90 177.17 1.88
110 165.71 0.95
PPrOZ 1K-Im 70 289.85 52.39
1:1 1% 90 324.77 34.15
110 343.39 5.04
PPrOZ 1K-Im 70 198.46 35.86
5:1 1% 90 250.77 7.77
110 204.79
381,25 mIm 1%
®PEOZ 1K-Im 5:1 1%
=
B
£ 163,87
s
107,48 90,18
Initial 3 Initial 3
Time (days)

Figure 8. Enthalpy values of DGEBA-Im 1% and PEOZ 1K-Im S:1
1% samples upon mixing and after 3 days of storage at room
temperature.

the sample showed a maximum transmittance of 30% at 700
nm and no transmittance at 380 nm.

Thermomechanical Properties. Dynamic mechanical anal-
ysis (DMA) was performed to measure and analyze different
mechanical properties of cured PEOZ 1K-Im 5:1 1% OCER, in
terms of the storage modulus (E’), loss modulus (E’'), and the
tan 6. tan O was obtained from the ratio of the loss to storage

a)

-

c)

Transmitt:
=N WS
ooooo

[N]
S 4
S

600 1000 1400 1800 2200
Wavel h (nm)

Figure 10. Image of the mold before curing of PEOZ 1K-Im S:1 1%
OCER (a), the corresponding optical image for this sample (b), the
image of the mold after curing (c), and the UV—vis-NIR spectra of
the cured sample (d).

modulus. Figure 11a shows the DMA results of cured PEOZ
1K-Im 5:1 1% OCER. As the temperature increases, E’
typically starts to decline after 57 °C and reaches a minimum
at 176 °C. This behavior is generally characteristic of the
material that reaches the region of the glass—rubber transition.
Thus, DMA was also utilized for the T, assignment of cured
PEOZ 1K-Im 5:1 1% OCER. Different criteria can be selected
to analyze the T, value, such as the onset and offset of the E’
peak, the half-height of the E’ step, the location of the E” peak,
and the position of the tan 6 peak. The E” peak is often
considered the best option for determining the Tg.35 Using this
information, the T, values of the cured PEOZ 1K-Im S:1 1%
OCER were obtained as follows according to the different
criteria: the onset of the E’ and the half height of the E” peak
are 57°C and 69.35 °C, respectively. The tan & peak is
observed at higher temperatures compared to the other
criteria. As seen from Figure 11b, dynamic DSC result also
shows a T, within an onset at 58 °C and midpoint at 70.37 °C
for the cured PEOZ 1K-Im 5:1 1% OCER, which validates the
results of the DMA.

a) b)
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Figure 9. Rheological data for DGEBA-Im 1% and PEOZ 1K-Im 5:1 1% at 50, 60, and 70 °C (a), a magnified view of a specific region within (a) is

shown in (b).
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Figure 11. (a) E’, E”, and tan § of cured PEOZ 1K-Im S:1 1% OCER as a function of temperature, and (b) dynamic DSC result of the same

sample.

B CONCLUSIONS

OCERs were prepared using newly developed POZ-Im TLCs
and DGEBA. Dynamic DSC analysis demonstrated that the
curing behavior of the OCERs was influenced by Im
concentration, HP:Im ratio, POZ molar mass, and pendant
group type. Higher concentrations of HP-Im TLCs in the resin
led to lower left limit temperatures and higher enthalpy values,
likely due to increased free Im and local exothermic curing
reactions. Increasing the HP:Im molar ratio resulted in higher
left limit temperatures, with OCERs containing POZ-Im 1:1
TLCs exhibiting greater enthalpies compared to those with
POZ-Im S5:1 TLCs due to slower and incomplete Im release.
Lower POZ molar mass increased the molar content of
hydroxyl end groups, increasing the interaction between these
groups and Im, consequently slowing Im release and increasing
the left limit temperatures. Optical microscopy revealed
superior Im encapsulation in hydrophilic PEOZ and PPrOZ
compared to hydrophobic PPeOZ and PPhOZ. Increasing
hydrophobicity of the homopolymers resulted in better
miscibility of the polymer with DGEBA, decreasing the left
limit temperatures. Additionally, PEOZ-Im TLCs exhibited
improved thermal latency, supported by stability studies using
DSC and a rheometer, confirming their superior performance
compared to Im alone. After the screening of the curing
behaviors for POZ-based TLCs, the stability of the selected
PEOZ 1K-Im 5:1 1% OCER was investigated using isothermal
DSC and rheology analysis at 50, 60, and 70 °C. Furthermore,
the shelf life of this sample was predicted at —20, 0, and 20 °C.
The sample was estimated to have a shelf life of 15.3 days at 20
°C. The mechanical and thermal properties of the said OCER
were also examined using DMA and dynamic DSC. From the
DMA results, the E, E”, and T, values were obtained.
Subsequently, the T, value obtained from the dynamic DSC
test conformed with the DMA results. Overall, PEOZ HP-Im
TLCs show promise as effective thermal latent curing agents
for OCERs, owing to their straightforward synthesis and
excellent performance.
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