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ABSTRACT: The curing of a mixture of glycidyl phenyl ether (GPE) and
hexahydro-4-methylphthalic anhydride (MHHPA) with zeolitic imidazolate
frameworks (ZIFs)ZIF-7, ZIF-8, ZIF-11, and ZIF-14as latent thermal
initiators has been critically evaluated. For ZIF-8 and ZIF-14, the %
conversion values for GPE were 92 and 93%, respectively, for curing at 100
°C and for 1 h. With regard to the stability of ZIF-8 and ZIF-14 in the GPE-
MHHPA mixture, the % conversion values for GPE were 11 and 12% for
storage over 8 days at 25 °C. The ZIF-8 and ZIF-14 initiators exhibited
excellent thermal latency for heating at 100 °C and showed good stability for
storage at 25 °C. To evaluate the practicality of the resin curing system, the
reactions of 2,2-bis(4-glycidyloxyphenyl)propane (DGEBA) and MHHPA
with ZIFs were studied by differential scanning calorimetry. Prominent
exothermic peaks for ZIF-8 and ZIF-14 were observed at 157 and 162 °C,
respectively; by comparison, for the commercially available microencapsulated latent thermal initiators HX-3088 and HX-3722, the
respective peak maxima were 177 and 181 °C, respectively. The exothermic peak maxima for ZIF-8 and ZIF-14 were lower than
those for HX-3088 and HX-3722. The ZIF-8 and ZIF-14 initiators can be stored in precured epoxy resin at 25 °C and cured by
lower temperatures compared with commercially-available initiators HX-3088 and HX-3722.

1. INTRODUCTION
Zeolitic imidazolate frameworks (ZIFs) are porous materials
formed by coordination of metal cations with imidazolates.1−4

The coordination angle of the metal cations and the
imidazolate anions in the ZIFs is approximately 145°, an
angle that is similar to that for the Si−O−Si bond in silica and
zeolite.3 As a result, ZIFs are stable under high temperature
and relatively harsh chemical conditions. For example, Park et
al. reported the synthesis of 12 types of ZIFs and studied their
thermal and chemical stabilities.4 Among them, zeolitic
imidazolate framework-8 (ZIF-8) formed a sodalite structure
with zinc cations and 2-methylimidazolate, which was very
stable in boiling organic solvents and boiling sodium hydroxide
solution. Recently, numerous applications of ZIFs have been
reported. Zhuang et al. reported the release behavior of
fluorescein encapsulated in the pores of ZIF-8 in pH 7.4
phosphate-buffered saline (PBS) and pH 6.0 buffered
solution.5 A release of less than 10% of the encapsulated
fluorescein was detected in PBS, whereas 50% was released in
the pH 6.0 buffered solution within 1 h. The outer structure of
ZIF-8 collapsed after 1 h because of the dissociation of the
bonds between zinc cations and 2-methylimidazolate under
acidic conditions. Nanocomposite materials consisting of
epoxy resin and ZIFs have been studied on account of the
high functionality of polymer materials.6−9 For example, Liu et
al. focused on reducing the dielectric constant of epoxy resins
using ZIF-8 as a curing agent.6 With respect to the curing

temperature of epoxy resin with ZIF-8, an exothermic peak was
observed at 215 °C while using 2-methylimidazole at 110 °C as
determined by differential scanning calorimetry (DSC). The
reaction mechanism was considered to involve the partic-
ipation of the low-reactivity 2-methylimidazolate moiety in the
structure of ZIF-8 as a result of electron withdrawal by cationic
zinc. In the present work, the curing reaction of bisphenol A
diglycidyl ether epoxy resin is the focus of research. We have
already reported that intercalated imidazoles within zirconium
phosphate (α-ZrP) were utilized as latent thermal initiators in
the reaction of epoxy resins.10−15 Among them, 2-methyl-
imidazole (2MIm)-intercalated α-ZrP (α-ZrP·2MIm) exhibits
excellent stability during storage at 25 °C and high reactivity
under appropriate heating conditions. For the reaction of
glycidyl phenyl ether (GPE) and hexahydro-4-methylphthalic
anhydride (MHHPA) with α-ZrP·2MIm as a latent thermal
initiator, the % conversion for the reaction was 89% at 120 °C
for 1 h, whereas it was 67% at 100 °C for 1 h. When using a
latent thermal initiator for curing of epoxy resins, a heating
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temperature as low as possible should be used for curing. Also,
with respect to the storage of epoxy resin, it is desirable to
maintain a high stability for the precured resins for as long a
time as possible. In this study, the curing behavior of a mixture
of DGEBA and MHHPA epoxy resins with ZIFs as latent
thermal initiators is evaluated.

2. RESULTS AND DISCUSSION
Epoxy resins using acid anhydrides as curing agents are used
for the preparation of electrical insulating materials. Among
them, hexahydro-4-methylphthalic anhydride (MHHPA) is a
colorless and transparent liquid and has the advantage of ease
of handling in the curing process. Liu et al. examined the
curing behavior of DGEBA with ZIF-8 by DSC measurement,
and an exothermic peak was observed at 215 °C.6 To avoid
thermal hysteresis under high temperature, we attempted to
use an acid anhydride as a curing agent in the curing of epoxy
resin. For this, the catalytic activity of ZIFs in the
copolymerization reaction of GPE and MHHPA as the curing
model was evaluated. To this end, the reaction of a mixture of
GPE-MHHPA with ZIF-8 (3 mol % of 2-methylimidazolate
content for GPE) was investigated for temperatures ranging
from 60 to 120 °C for 1 h. The results are presented in Figure
1, and it may be observed that the reaction did not proceed at

60 °C, whereas at 100 °C the % conversion reached 92%. It
has been reported that for the latent thermal initiator 2MIm-
intercalated zirconium phosphate (α-ZrP·2MIm) and the
commercially available latent thermal initiators HX-3088 and
HX-3722, the % conversion values were 67% (α-ZrP·2MIm),
66% (HX-3088), and 75% (HX-3722), respectively.10 In the
present study, the use of ZIF-8 at 100 °C gave the highest %
conversion value. In comparison, the % conversion value for
ZIF-8 at 90 °C was 53%. Clearly, the curing of epoxy resin at
relatively low temperatures, e.g., 90 °C, can be expected. The
% conversion values for GPE with ZIF-8 at 90 °C over 1−3 h
are presented in Figure 2. It can be seen that the % conversion
values increased with increasing reaction time and reached
94% after 3 h. The molecular weight of the polymer obtained
with ZIF-8 for the curing reaction at 120 °C and for 1 h was
measured by GPC. The number average molecular weight and

the molecular weight distribution were Mn = 2500 and Mw/Mn
= 1.3, respectively. To confirm the degradation of ZIF-8 in the
reaction of GPE-MHHPA at 120 °C for 1 h, the polymer
products obtained were dissolved in THF. The THF solution
was filtered by a membrane filter, and the remaining ZIF-8 was
hardly recovered due to the homogeneous reaction under
heating conditions.
The stability of the latent thermal initiator in the epoxy resin

at typical storage temperatures is also an important aspect of
the chemical reactivity that needs to be investigated. The %
conversion values for GPE with ZIF-8, α-ZrP·2MIm, HX-3088,
and HX-3722 were investigated at 25 °C as shown in Figure 3.

The % conversion values over 7 days were 8% for ZIF-8, 3%
for α-ZrP·2MIm, 6% for HX-3088, and 13% for HX-3722,
respectively. The initiator ZIF-8 shows adequate stability for
storage at 25 °C and high reactivity at 90 °C. Thus, the zeolitic
imidazolate framework of ZIF-8 can be considered to exhibit
excellent latent thermal initiation performance in the GPE-
MHHPA reaction system. The reactivity of GPE-MHHPA
with the imidazolates ZIF-7, ZIF-11, and ZIF-14 under various
heating regimes for 1 h are shown in Figure 4. None of these

Figure 1. Percent conversion of GPE as a function of temperature for
the reaction (1 h) of GPE-MHHPA with ZIF-8 (unshaded triangles),
α-ZrP·2MIm (unshaded squares),10 HX-3088 (shaded diamonds),10

and HX-3722 (shaded circles).10

Figure 2. Percent conversion for GPE as a function of time for the
reaction of GPE-MHHPA with ZIF-8 at 90 °C.

Figure 3. Percent conversion for GPE as a function of time for the
reaction of GPE-MHHPA with ZIF-8 (unshaded triangles), α-ZrP·
2MIm (unshaded squares), HX-3088 (shaded diamonds), and HX-
3722 (shaded circles) at 25 °C.
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ZIFs exhibited reactivity at 60 °C. The % conversion value for
GPE with ZIF-14 was 93% for a 1 h reaction at 100 °C. The
alkyl imidazolate compounds ZIF-8 and ZIF-14 showed similar
reactivity for the reaction of GPE-MHHPA. In the case of the
benzimidazolate compounds ZIF-7 and ZIF-11, the %
conversion values were 12 and 21% for 1 h and 100 °C,
respectively. The reactivities of ZIF-7 and ZIF-11 were lower
compared with ZIF-8 and ZIF 14 presumably because of the
low nucleophilicity of the benzimidazole moiety of ZIF-7 and
ZIF-11. In the Knoevenagel reaction of benzaldehyde and
malononitrile using ZIF-8 as catalysts, the smaller-size catalysts
exhibited higher catalytic activity because of the increased
external surface of small crystals.16 It was hoped that by
altering the particle sizes in ZIF-7 (75 nm) and ZIF-11 (6.5
μm), there would be changes in reactivity, but this proved not
to be the case. Given that the reaction of GPE-MHHPA
proceeds after the degradation of the ZIFs, the reactivity may
not be affected by the particle size in the ZIFs. Different sizes
of 100 nm6 and 500 nm16 of ZIF-8 were prepared, and their
reactivity was compared to ZIF-8 (280 nm) as mentioned
above. These differences in ZIF-8 sizes were not observed for
the reactivity of GPE-MHHPA.
With regard to the stability of ZIF-14 in GPE-MHHPA at 25

°C, the % conversion value was 10% for 7 days of storage as
shown in Figure 5. The stabilities of ZIF-7, ZIF-11, and ZIF-14
were also found to be acceptable at 25 °C.
The model reaction of the epoxy resin using the monofunc-

tional epoxy compound of GPE as the epoxy monomer and the
subsequent curing of GPE-MHHPA with ZIF-8 and ZIF-14
showed good performance. The practicality of reacting the
bifunctional epoxy compound of 2,2-bis(4-glycidyloxyphenyl)-
propane (DGEBA) and MHHPA with ZIFs was evaluated by
DSC. The exothermic peak observed during the progress of the
reaction was examined. The DSC response curve for DGEBA-
MHHPA with ZIF-8 as curing agent is presented in Figure 6,
where it may be seen that the onset, peak maximum, and offset
temperatures occurred at 127, 157, and 183 °C, respectively.
Table 1 summarizes these temperatures for the selected ZIFs
and structural component imidazoles as curing agents. The
temperatures at the peak maxima for the ZIFs were adopted as
the curing temperatures. The order of these temperatures
(lowest to highest) was as follows: ZIF-8 < ZIF-14 < ZIF-7 =
ZIF-11. The order obtained by DSC was similar to the order

for the GPE-MHHPA systems as determined by 1H-NMR
analyses. The differences in the sizes of the crystal structures of
ZIF-7 and ZIF-11 did not result in differences in the respective
peak maxima temperatures, both values being 172 °C. The
temperatures for the peak maxima with 2MIm, 2-ethyl-
imidazole (2EIm), and benzimidazole (BIm) were lower
than those for the corresponding ZIFs. Comparing the
exothermic peak maxima for ZIF-8 and ZIF-14 with those
for the microcapsule-type latent curing agents HX3088 and
HX3722, the exothermic peaks for ZIF-8 at 157 °C and ZIF-14
at 162 °C were lower than those for HX3088 at 177 °C and
HX3722 at 181 °C. To conclude, ZIF-8 and ZIF-14 gave

Figure 4. Percent conversion for GPE as a function of temperature for
the reaction (1 h) with ZIF-7 (black unshaded diamonds), ZIF-11
(red unshaded diamonds), and ZIF-14 (black unshaded circles).

Figure 5. Percent conversion for GPE as a function of time for the
reaction of GPE-MHHPA with ZIF-7 (black unshaded diamonds),
ZIF-11 (red unshaded diamonds), and ZIF-14 (black unshaded
circles) at 25 °C.

Figure 6. DSC results for DGEBA-MHHPA with ZIF-8.

Table 1. Onset, Peak Maximum, and Offset Temperatures
from DSC Curves for Different Curing Agents

curing agent onset T (°C) peak maximum T (°C) offset T (°C)

ZIF-7 135 172 202
ZIF-8 127 157 183
ZIF-11 146 172 202
ZIF-14 136 162 184
2MIm 122 148 169
2EIma 121 147 171
BImb 128 156 171
HX3088 138 177 203
HX3722 141 181 205
α-ZrP·2MIm 123 162 184

a2-Ethylimidazole. bBenzimidazole.
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excellent performance as latent thermal initiators in the curing
of epoxy resin.
The tan δ values obtained from the DMA measurements for

DGEBA-MHHPA are plotted as a function of temperature for
ZIF-8 and 2MIm in Figure 7. The temperature at the peak

maximum (Tg) was 152 °C for ZIF-8 and 147 °C for 2MIm.
The storage modulus for DGEBA-MHHPA cured with ZIF-8
and 2MIm is shown in Figure 8. No significant differences

were observed below Tg at 152 °C. The storage modulus over
Tgs at 180 °C and the log E′ with ZIF-8 and 2MIm were 7.40
(25.2 MPa) and 7.14 (13.7 MPa), respectively. The difference
of 11.5 MPa in the E′ values might have originated from the
density of the cured DGEBA-MHHPA as a result of cross-
linking. Optical images of the cured resins of DGEBA-
MHHPA with ZIF-8 and α-ZrP·2MIm are presented in Figure
9. As a result of a residue of the inorganic filler α-ZrP
remaining in the cured resin, the image was cloudy. However,

the resin cured with ZIF-8 was transparent, and residual ZIF-8
was not observed.
A plausible reaction mechanism for DGEBA-MHHPA with

ZIF-8 is outlined in Figure 10. The small number of acidic
protons from the carboxylic acid of the hydrolyzed anhydride
of MHHPA may accelerate the degradation of ZIF-8. To avoid
the impurity of carboxylic acid in MHHPA, purified MHHPA
by vacuum distillation was used in the polymerization of GPE-
MHHPA with ZIF-8, and the conversions were 33, 89, and
90% at 90, 100, and 120 °C for 1 h. In the polymerization with
unpurified MHHPA, the conversions were 53, 92, and > 99%
at 90, 100, and 120 °C for 1 h as shown in Figure 1. The
conversions decreased especially at 80 °C from 53 to 33%, but
the reaction could not be stopped in the polymerization. ZIFs
might be decomposed under heating conditions to generate
very small amounts of carboxylic acid by impure water. The
generated 2-methylimidazole attached to MHHPA may react
with GPE to generate the corresponding cured products.

3. EXPERIMENTAL SECTION
3.1. Materials. Glycidyl phenyl ether (GPE), hexahydro-4-

methylphthalic anhydride (MHHPA), and 2,2-bis(4-
glycidyloxyphenyl)propane (DGEBA) were purchased from
Tokyo Chemical Industries, Co., Ltd. (Tokyo, Japan). Zeolitic
imidazolate frameworks comprising ZIF-8,17 ZIF-14,18 ZIF-
7,19 and ZIF-1120 were prepared as described elsewhere.
Solvents and other chemicals were used as received without
further purification. The mold releasing agent, Daifree GA-
7500, was purchased from Daikin Industries Ltd. (Osaka,
Japan). The microencapsulated latent thermal initiators, HX-
3088 and HX-3722, were obtained from Asahi Kasei Co. Ltd.
(Tokyo, Japan).

3.2. Measurements. X-ray diffraction (XRD) spectra were
recorded using a Rigaku RINT2200 spectrometer (Tokyo,
Japan) under the following operating conditions: Cu Kα

radiation of 40 kV, 40 mA over a scan range of 3−40° at a
rate of 2° min−1. NMR spectra were obtained using a JEOL
JNM-ECZS (400 MHz) spectrometer (Tokyo, Japan) with
tetramethylsilane (TMS) as an internal standard. Fourier
transform infrared spectroscopy (FT-IR) measurements were
carried out with an Alpha spectrometer (Billerica, MA, USA).
Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-840 (Tokyo, Japan) and a Zeiss Auriga
(Oberkochen, Germany). Differential scanning calorimetry
(DSC) was carried out with a Hitachi DSC7020 (Tokyo,
Japan) at a heating rate of 10 °C min−1 under nitrogen. Gel
permeation chromatography (GPC) was performed with a
Shimadzu 20A (Tokyo, Japan, Shodex KF-804 L, KF805L, and
KF806L; THF as eluent) using polystyrene standards.
Dynamic mechanical analyses (DMA) were performed with a
Hitachi DMA7100 thermal analysis system (Tokyo, Japan) in
tensile mode at a frequency of 1 Hz and with a heating rate of
3 °C min−1 from −20 to 200 °C.

3.3. Typical Polymerization Procedure. A mixture of
GPE (151 mg, 1.0 mmol), MHHPA (168 mg, 1.0 mmol), and
ZIF-8 (3.4 mg, 0.015 mmol) was stirred with a stirring bar at
ambient temperature. The reaction was carried out for 1 h
while stirring in an oil bath preheated at 80 °C. A small aliquot
of the reaction mixture was dissolved in CDCl3, and an 1H-
NMR spectrum was acquired to determine the extent of
conversion of GPE.

3.4. Measurement of Molecular Weight and Molec-
ular Weight Distribution. A mixture of GPE (1.50 g, 10.0

Figure 7. Tan δ from DMA plots for DGEBA-MHHPA as a function
of temperature with ZIF-8 (red line) and 2MIm (black line).

Figure 8. Storage modulus from DMA plots for DGEBA-MHHPA as
a function of temperature with ZIF-8 (red line) and 2MIm (black
line).

Figure 9. Optical image of DGEBA-MHHPA cured with ZIF-8 (left)
and α-ZrP·2MIm (right).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c02619
ACS Omega 2021, 6, 30292−30297

30295

https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02619?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


mmol), MHHPA (1.68 g, 10.0 mmol), and ZIF-8 (34.1 mg,
0.15 mmol) was stirred by stirring bar at ambient temperature.
The reaction was carried out for 1 h while stirring in an oil
bath preheated at 120 °C. After the reaction, tetrahydrofuran
(THF, 5 mL) was added to the mixture. The polymer was
precipitated from the THF solution with methanol and dried
under a vacuum (48% yield). The molecular weight was
determined by GPC analysis (Mn = 2500, Mw/Mn = 1.3).
Molecular weights with ZIF-14 (Mn = 2400, Mw/Mn = 1.2),
ZIF-7 (Mn = 2600, Mw/Mn = 1.3), and ZIF-11 (Mn = 2700,
Mw/Mn = 1.3) were determined by similar procedures.
3.5. Particle Size Measurement for ZIFs. The average

particle sizes for the ZIFs were determined from inspection of
the SEM images and were based on measurement of the
diameters of five particles selected at random. The average
particle sizes for ZIF-8, ZIF-14, ZIF-7, and ZIF-11 were 280
nm, 2.1 μm, 75 nm, and 6.5 μm, respectively.
3.6. Preparation of Cured Epoxy Resin for DMA

Measurement. The cured epoxy resins with ZIF-8 were
prepared as follows: A mixture of DGEBA (342 mg, 1 mmol),
MHHPA (336 mg, 2.0 mmol), and ZIF-8 (7.0 mg, 0.031
mmol) was stirred in a preheated oil bath at 90 °C for 30 min.
The mixture was then poured onto a glass slide enclosed with
masking tape (4 cm × 5 mm) and coated with a mold-releasing
agent. The resin on the glass slide was kept under reduced
pressure at ambient temperature for 1 h. After degassing,
reaction of the precured resin was allowed to proceed for 1 h at
100 °C.
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