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ABSTRACT: High performance epoxy resins have attracted much research interest in the last decades. Herein, two novel epoxy mono-
mers containing cycloaliphatic hydrocarbon, 1,4-bis(4-(N,N-diglycidylamino)phenoxy)cyclohexane (CyhEP) and 1,3-bis(4-(N,N-digly-
cidylamino)phenoxy)adamantane (AdaEP) were synthesized and characterized. They were cured with 4-methylhexahydrophthalic
anhydride (MHHPA) to prepare the highly crosslinked thermosets. Both epoxy resins show good thermal stability (T, > 300°C),
high glass transition temperature (> 200°C), and high storage modulus (> 3.2 GPa) due to their highly crosslinked structure. The
AdaEP/MHHPA resin shows a low dielectric constant (3.4 at 1 MHz) because of the introduction of bulky rigid adamantane into the

polymer. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43456.
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INTRODUCTION

Epoxy resins have attracted much research interest as adhesives,
coatings, composites, and insulants due to their good thermal
and mechanical properties, excellent electrical properties, and
good processability."® With the development of the electronic
industry, the epoxy resin with good heat resistance and low
dielectric constant will play a more and more important role.
Many researches focus on enhancing the thermal stability as
well as decreasing the dielectric constant of the epoxy resins.
Several methods have been developed to improve the thermal
stability of the epoxy resin, such as introducing the rigid heat
resistant groups like benzene, naphthalene, biphenyl, and
imide®™ into the epoxy resins; increasing the content of the
epoxy group to improve the crosslinking density''; preparing
the liquid crystalline epoxy resin'% and modifying the epoxy
resin with nanoparticles' like nano-$i0,'*"?
morillonite.'*™® And various methods have been developed to

and nano-mont-

achieve low k materials, such as introducing fluorinated
groups,”® bulky non-polar groups,”' and porous structure* in a
polymer. Unfortunately, these two parameters are in constant
competition with one another. And the incorporation of cycloa-
liphatic hydrocarbon is one of the most common methods for
this purpose.”*»** Adamantane is a rigid symmetric tricyclic
hydrocarbon with three fused chair-form cyclohexane rings in a
diamond lattice structure which has been introduced into many
kinds of polymers, such as polyimides®>® and poly(aryl ether
ketone),”*° to lower the dielectric constant. In our previous
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work,”" we introduced the adamantane into the benzocyclobu-
tene siloxane to afford the heat resistant low k polymers.

In this article, we introduced the cycloaliphatic hydrocarbon,
adamantane or cyclohexane, into the backbone of the epoxy
resin to enhance the heat resistant and lower the dielectric con-
stant. We attempted to develop thermal stable resins by increas-
ing the crosslinking density with multiple epoxy groups.
Moreover, the introduction of the non-polar cycloaliphatic
hydrocarbon can reduce the polarizability of the polymer,
thereby lowering the dielectric constant of the polymer. The
molecular structures of the two novel multi-functional epoxy
monomers containing adamantane or cyclohexane in the back-
bone are shown in Scheme 1. In addition, the curing behavior,
dynamic mechanical property, thermal stability, and dielectric
property of the resins were investigated.

EXPERIMENTAL

Materials

1,3-Adamantanediol (98%), 1,4-bis(4-nitrophenoxy)cyclohexane
(99%), hydrazine hydrate (50%), 4-nitrophenol (98%), and p-
fluoronitrobenzene (98%) were purchased from J&K Scientific.
Epichlorohydrin (99%) was purchased from TCI. Sodium
hydride (NaH, 60 wt %) was purchased from Aldrich. Extra dry
tetrahydrofuran (THE  99.9+%), N,N-dimethylformamide
(DME, 99.94+%) and triethylamine (TEA, 99%) were purchased
from ACROS. 1-Cyanoethyl-2-ethyl-4-methylimidazole (2E4MZ-
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Scheme 1. Molecular structure of CyhEP and AdaEP.

CN) and methylhexahydrophthalic anhydride (MHHPA) were
supplied by Energy-Chemical.

Characterization

'"H-NMR and "C-NMR were measured using a Bruker DMX-
400 spectrometer. Fourier transform infrared (FTIR) spectra
were performed on a Nicolet Magna-IR 550 II FTIR spectro-
photometer at a resolution of 4 cm™' and using KBr pellets.
Thermogravimetric analysis (TGA) was performed on a Shi-
madzu DTG-60H simultaneous DTA-TG apparatus at a heating
rate of 10 °C/min under nitrogen purge rate of 35 mL/min. Dif-
ferential scanning calorimetry (DSC) was measured on a TA
Q200 calorimeter. Dynamic mechanical analysis (DMA) was
carried out on a TA Q800 instrument by the three-point bend-
ing mode at a heating rate of 3°C/min with the test frequency
at 1 Hz. The dielectric constants of the polymers were measured
by the capacitance method at various frequencies with an Agi-
lent 4294A precision impedance analyzer at 25°C. The parallel
plate capacitors were fabricated by depositing aluminum on
both sides of the bulk epoxy resins in vacuum. The electrode
areas were 13.00 mm X 13.50 mm. The thickness of CyhEP/
MHHPA and AdaEP/MHHPA were 1.55 mm and 1.50 mm,
respectively.

Synthesis of Monomers

1,4-Bis(4-aminophenoxy)cyclohexane. 1,4-Bis(4-nitrophenoxy)-
cyclohexane (25.0 g, 69.8 mmol), Pd/C (10%, 0.3 g), and etha-
nol (80 mL) were added to a 250-mL round-bottom flask under
nitrogen protection. Then hydrazine hydrate (50%, 40 mL) was
added to the mixture by syringe. The reaction was heated to
reflux with stirring for 5 h. After the reaction was completed,
the mixture was filtered with celite. The filtrate was extracted
with dichloromethane (100 mL X 2). The combined organic
phase was washed with deionized water (100 mL), dried over
Na,SO,, filtered, and concentrated. The residue was recrystal-
lized in ethanol to afford 1,4-bis(4-aminophenoxy)cyclohexane
as a white solid (18.6 g, 89.4%). '"H-NMR (400 MHz, CDCl;,
ppm) d: 6.77 (d, 4H, J= 8.8 Hz), 6.64 (d, 4H, J = 8.8 Hz), 4.17
(s, 2H), 3.43 (s, 4H), 2.10-1.59 (m, 8H). *C-NMR (100 MHz,
CDCls, ppm) 9: 150.6, 140.4, 118.2, 116.4, 75.5, 28.1.

1,4-Bis[4-(N,N-diglycidylamino)phenoxy]cyclohexane. 1,4-
Bis(4-amino-phenoxy)cyclohexane (3.8 g, 12.8 mmol), epichlor-
ohydrin (9 mL), and ethanol (3 mL) were added into a 100-mL
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round-bottom flask. The mixture was heated to 60°C with stir-
ring overnight, and then it was concentrated to remove the
excess epichlorohydrin. The residue was dissolved in 50 mL
extra dry THF and NaOH (2.4 g, 60.0 mmol) was added. The
mixture was heated to 60°C with stirring overnight. After the
reaction was completed, 30 mL of deionized water was added.
The mixture was extracted with ethyl acetate (30 mL X 3). The
combined organic phase was washed with deionized water
(30 mL X 3), dried over Na,SO,, filtered, and concentrated
to afford 1,4-bis(4-(N,N-diglycidylamino)phenoxy)cyclohexane
(CyhEP) (6.0 g, 89.8%) as a pale yellow oil. '"H-NMR (400
MHz, CDCl;, ppm) d: 6.88 (m, 4H), 6.81 (d, 4H), 4.22(s, 2H),
3.67 (m, 4H), 3.44-3.32 (m, 4H), 3.17(m, 4H), 2.80 (m, 4H),
2.59 (m, 4H), 2.14-2.01 (m, 4H), 1.77-1.60 (m, 4H). ">C-NMR
(100 MHz, CDCl;, ppm) ¢: 150.1, 143.5, 117.9, 114.8, 75.3,
53.9, 50.8, 45.5, 28.1, 27.5.

1,3-Bis(4-nitrophenoxy)adamantane. NaH (10.5 g, 262.5 mmol,
60 wt %) was added to a solution of 1,3-adamantanediol
(20.0 g, 119.0 mmol) in extra dry DMF (150 mL) under nitro-
gen protection. The mixture was stirred at room temperature
for about 30 min and then p-fluoronitrobenzene (35.2 g, 0.250
mol) was added. The mixture was heated to 130 °C with stirring
overnight. After the reaction was completed, the mixture was
poured into 30 mL of deionized water. The precipitate was col-
lected to afford 1,3-bis(4-nitrophenoxy)adamantane (40.0 g,
82.0%) as a yellow solid. "H-NMR (400 MHz, CDCl;, ppm) 9:
8.09(d, 4H), 7.00(d, 4H), 2.36(s, 2H), 2.07(s, 2H), 1.81(m, 8H),
1.14 (s, 2H). "C-NMR (100 MHz, CDCl;, ppm) J: 160.4,
144.0, 125.2, 124.0, 81.6, 48.5, 41.4, 34.7, 31.4.

1,3-Bis(4-aminophenoxy)adamantane. 1,3-Bis(4-nitrophenoxy)
adamantane (30.0 g, 73.2 mmol), Pd/C (10%, 0.2 g), and etha-
nol (130 mL) were added to a 250-mL round-bottom flask
under nitrogen protection. Then hydrazine hydrate (50%,
30 mL) was added to the mixture by syringe. The reaction was
heated to reflux with stirring for 5 h. After the reaction was
completed, the mixture was filtered with celite. Then the filtrate
was extracted with dichloromethane (80 mL X 2). The com-
bined organic phase was washed with deionized water
(100 mL), dried over Na,SO,, filtered, and concentrated. The
residue was recrystallized in ethanol to afford 1,3-bis(4-amino-
phenoxy)adamantane as a white solid (22.0 g, 85.9%). 'H-NMR
(400 MHz, CDCls, ppm) o: 6.51(d, 4H), 6.35(d, 4H), 4.65(s,
4H), 2.14(s, 2H), 1.65(s, 2H), 1.50(t, 8H), 1.27 (s, 2H). C-
NMR (100 MHz, CDCl;, ppm) J: 145.5, 143.9, 125.6, 114.7,
78.5, 48.6, 41.8, 35.1, 31.2.

1,3-Bis[4-(N,N-diglycidylamino)phenoxy]adamantane. 1,3-Bis
(4-aminophenoxy)adamantane (2.0 g, 5.7 mmol), epichlorohy-
drin (6 mL), and ethanol (3 mL) were added to a 100-mL
round-bottom flask. The mixture was heated to 60°C with stir-
ring overnight. Then it was concentrated to remove the excess
epichlorohydrin. The residue was dissolved in 50 mL extra dry
THF and 1.0 g NaOH was added. The mixture was heated to
50°C with stirring for 4 h. After the reaction was completed,
20 mL of deionized water was added. The mixture was extracted
with ethyl acetate (30 mL X 3). The combined organic phase
was washed with deionized water (30 mL X 3), dried over
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Scheme 2. Synthetic routes of the epoxy monomers.

Na,SO,, filtered, and concentrated to afford 1,3-bis[4-(N,N-
diglycidylamino)phenoxy]adamantane (AdaEP) (2.7 g, 82.3%)
as a pale yellow oil. '"H-NMR (400 MHz, CDCls, ppm) J: 6.87
(d, 4H), 6.72 (d, 4H), 3.74-3.65 (m, 4H), 3.45-3.33 (m, 4H),
3.17 (m, 4H), 2.79 (m, 4H), 2.59 (m, 4H), 2.33 (s, 2H), 1.97 (s,
2H), 1.74 (s, 8H), 1.44 (s, 2H). >C-NMR (100 MHz, CDCls,
ppm) J: 145.2, 144.8, 125.6, 112.9, 79.0, 53.6, 50.6, 48.0, 45.4,
41.4, 34.8, 31.1.

Preparation of the Polymers

For curing reactions, the molar ratio of epoxy ring to anhydride
is 1/0.85. The liquid epoxy (AdaEP or CyhEP) was mixed with
MHHPA and 1 wt % of 2E4MZ-CN was added before curing as
accelerator. Then the mixture was poured into the glass mold
(40 mm X 20 mm X 1.50 mm). The mold with the resin was
heated at 120°C for 5 h and 160°C for 2 h under nitrogen.
After cooled down to room temperature, the thermosetting res-
ins were polished as rectangular bars with a size of 20 mm X
13 mm X 1.50 mm for DMA test.

RESULTS AND DISCUSSION

Synthesis and Characterization of Epoxy Resins

The synthetic routes of the two epoxy monomers are shown in
Scheme 2. 1,4-Bis(4-aminophenoxy)cyclohexane was obtained
by reduction of 1,4-bis(4-nitrophenoxy)cyclohexane using
hydrazine hydrate and 10% Pd/C in ethanol. Then it was
reacted with epichlorohydrin in the presence of sodium hydrox-
ide to give CycEP. AdaEP was synthesized from 1,3-bis(4-nitro-
phenoxy)adamantane in a similar way. Both synthetic routes are
simple and convenient. The epoxy monomers are pale yellow
oils, which are convenient for further processing.

The "H-NMR of two epoxy monomers is shown in Figure 1.
For AdaEP, the peaks at 6.87 and 6.72 ppm are attributed to the
protons of benzene. The two multiple peaks at 3.74-3.65 ppm
and 3.45-3.33 ppm are assigned to the methylene group
attached to nitrogen. Likewise, the two quartet peaks at 2.79
and 2.59 ppm belong to the methylene of the epoxy group. The
characteristic peak at 3.17 ppm is assigned to the proton
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attached to the chiral carbon. The peaks at 2.33, 1.97, 1.74, and
1.44 ppm are attributed to the proton of adamantyl. The chem-
ical shift of CyhEP is similar to AdaEP, instead of adamantyl,
the protons of cyclohexyl appear at 2.14-1.60 and 4.22 ppm.

The C-NMR of two epoxy resins is shown in Figure 2. For
AdaEP, the peaks at 145.2, 144.8, 125.6, and 112.9 ppm are
attributed to the benzene ring. The peaks at 53.6, 50.6, and 45.4
ppm are assigned to the glycidyl group. The peaks at 79.0, 48.0,
41.4, 34.8, and 31.1 ppm belong to the carbons of adamantyl
group. For CyhEP, the carbons of benzene appear at 150.1,
143.5, 117.9, and 114.8 ppm, and the carbons of glycidyl group
appear at the similar position with AdaEP. The peaks at 75.3
and 28.1 ppm are attributed to the cyclohexyl group. Both 'H-
NMR and "*C-NMR are in good accordance with the chemical
structure of AdaEP and CyhEP.

In the FTIR spectra (Figure 3), the characteristic absorption of

. . 2, . —1 . .
the oxirane ring’>>® is observed at 908 cm ™', which is

9
o} I 8
> " 1;% 3 49
?JNO-:O NL@: 8

AdaEP

Chemical shift (ppm)
Figure 1. "H-NMR spectra of the epoxy monomers: AdaEP and CyhEP.
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Figure 2. "?C-NMR spectra of the epoxy monomers: AdaEP and CyhEP.

attributed to the C—O deformation vibration. The peaks at
2929 and 2858 cm ™' correspond to the C—H stretching vibra-
tion of adamantyl or cyclohexyl group. The peaks at 3049 and
3000 cm ™' are assigned to the C—H stretching vibration of
benzene. The peak at 1453 cm™' is attributed to the C—H
bending vibration of methyl and methylene. The C=C stretch-
ing vibration of the benzene ring is observed at 1512 cm™'. The
characteristic peak of the =C—N stretching vibration appears at
1226 cm™ .

Cure Behavior

The cure behavior of both epoxy resins were examined by DSC
as shown in Figure 4. The DSC diagram of CyhEP/MHHPA
shows an exothermic peak with onset at about 100 °C and maxi-

MHHPA

{

L\ _11s5-1182
CyhEP Vol @4/

W

AdaEP/MHHPA

Transmittance (a.u.)

{3
304? ‘3358
3000 2929

T T : T T
2000 1500 1000 500
Wavenumber (cm™)
Figure 3. FTIR spectra of the monomers (AdaEP, CyhEP) and their poly-

mers. [Color figure can be viewed in the online issue, which is available

3000 2500

at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

mum at 150 °C, and AdaEP/MHHPA shows an exothermic peak
with onset at about 100 °C and maximum at 140 °C.

The curing reaction mechanism of the epoxy is shown in
Scheme 3. The curing reaction is initiated by the attack of the
accelerator 2E4MZ-CN on MHHPA to form the carboxylate
anion. Then the oxirane ring is opened by the attack of the car-
boxylate anion, forming the ester bond and an alkoxy anion.
The alkoxy anion attacks on another anhydride to form a new
carboxylate anion. Thus, the curing reactions progress repeat-
edly to form the crosslinked structure.

The FTIR change after curing is shown in Figure 3. The peak at
1453 cm ™' is assigned to the asymmetric bending vibration of
the methyl. The characteristic peaks of anhydride group of
MHHPA at 1859 and 1754 cm ™' disappeared and the character-
istic peak of oxirane at 908 cm ' decreased significantly after
curing. Moreover, the new peak at 1735 cm™ ' and two wide
peaks at 1155-1182 cm ™ ' are attributed to the stretching vibra-
tion of C=0 and C—O of carboxylic ester of AdaEP/MHHPA
and CyhEP/MHHPA, respectively, indicating that the anhydride
reacted with oxirane group to form the ester in the curing reac-
tion as shown in Scheme 3.

Thermal and Mechanical Properties

The thermal stability of the thermosets was examined by ther-
mogravimetric analysis (TGA), as shown in Figure 5. For
AdaEP/MHHPA, the temperature at 5% and 10% weight loss
(T4s and Ty) are 302°C and 330 °C, respectively. For CyhEP/
MHHPA, the Ty and Ty are 308°C and 314 °C, respectively.
They had higher decomposition temperatures than the trifunc-
tional cycloaliphatic epoxide (237°C) without adamantane or
cyclohexane in the backbone.*

DMA was carried out to investigate the mechanical properties
of the cured epoxy resins. Figure 6 shows the temperature
dependence of the storage modulus and tan J for both epoxy
resins. The storage modulus (E) of AdaEP/MHHPA and
CyhEP/MHHPA is 3.8 GPa and 3.2 GPa at room temperature,
respectively. The high E' suggests high stiffness of the resins.
The E of both epoxy resins remain constant up to 180°C and
then decreases sharply with the increase of temperature. The
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Scheme 3. Curing mechanism of the epoxy.

glass transition temperature (T,) of AdaEP/MHHPA and
CyhEP/MHHPA is 206°C and 224°C, respectively, as deter-
mined by the peak temperature of tan J. Both resins exhibit
higher modulus and higher T, than the diglycidyl ether of
bisphenol A (DGEBA)/MHHPA polymer (146°C).”
The crosslinking density of the two epoxy resins can be calcu-
lated according to the equation [eq. (1)]%*
p=E /3RT (1)

where p is the crosslinking density expressed in moles of elasti-
cally effective network chains per cubic meter of the sample, F

100 -
80
< 60
£ |——AdaEPIMHHPA
\
® 404- - - CyhEP/MHHPA %
=
20 4
0
0 150 300 450 600

Temperature (°C)
Figure 5. TGA of the cured epoxy resins under nitrogen. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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is the storage modulus of the cured network at a temperature
well above T, R is the universal constant (8.314 J/mol-K) and T
is the absolute temperature at which the experimental modulus
is determined. The E (T,+40°C) of AdaEP/MHHPA and
CyhEP/MHHPA are 67.1 MPa and 115.3 MPa, respectively. The
crosslinking density of AdaEP/MHHPA calculated by the eq (1)
is 5.18 X 10° mol/m>, lower than that of CyhEP/MHHPA (8.61
X 10° mol/m®). That may be the reason why CyhEP/MHHPA
shows a higher T, than AdaEP/MHHPA. The lower crosslinking
density of AdaEP/MHHPA is probably due to the rigid adaman-
tyl structure, which increases the steric hindrance between the

10000 - 15
— CthPIMHHPA
—— AdaEP/MHHPA
© =
o
£ 1000 11.0
[2] 1
ER 5
3 e
] =
E
% 1004 10.5
© ]
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w
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Figure 6. Storage modulus and tan ¢ of the cured epoxy resins.
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Figure 7. Frequency dependency of dielectric constant and dielectric loss
of the epoxy resins. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

chains, thus hinders the crosslinking and increases the free vol-
ume of the polymer.

Dielectric Properties

Dielectric constant (k) and dielectric loss are important parame-
ters for materials applied in the electronic packaging industry.
Figure 7 reveals the frequency dependence of the dielectric con-
stant and dielectric loss ranging from 6 kHz to 5 MHz at room
temperature. The k values of AdaEP/MHHPA and CyhEP/
MHHPA were 3.39 and 3.63 at 1 MHz, respectively, and the
dielectric losses were 0.021 and 0.022 at 1 MHz, respectively.
Moreover, k value of both resins showed less frequency depend-
ence in the measuring range. The adamantyl group exhibited
better effect than cyclohexyl group to decrease the k value of
the polymers.

CONCLUSIONS

We synthesized and characterized two novel multifunctional
epoxy resins. Both epoxy resins exhibited high glass transition
temperature (T, >200°C, tan &), high thermal stability and
high storage modulus due to their highly crosslinked structure.
Because of the introduction of the rigid adamantyl group into
the polymer, the AdaEP/MHHPA shows a low dielectric con-
stant of 3.39 at the frequency within 1-5 MHz which is lower
than the most of the epoxy resins in the markets. The good
dielectric, thermal and mechanical performance of the epoxy
resins shows potential application in the microelectronic
packaging.
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