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Abstract

A novel imide ring and siloxane-containing cycloaliphatic epoxy compound 1,3-bis[3-(4,5-epoxy-1,2,3,6-tetrahydroph-
thalimido)propyljtetramethyldisiloxane (BISE) was synthesized from 1,3-bis(3-aminopropyl)tetramethyldisiloxane and
tetrahydrophthalic anhydride by a two-step procedure, which was then thermally cured with alicyclic anhydrides hexahy-
dro-4-methylphthalic anhydride (HMPA) and hexahydrophthalic anhydride (HHPA), respectively. As comparison, a com-
mercial available cycloaliphatic epoxy 3.4-epoxycyclohexylmethyl-3’,4’-epoxycyclohexane carboxylate (ERL-4221) cured
with the same curing agents was also investigated. The experimental results indicated that the BISE gave the exothermic
starting temperature higher than ERL-4221 no mater what kind of curing agents applied, implying the reactivity of the
former is lower than the latter. The fully cured BISE epoxy resins have good thermal stability with thermal decomposition
temperature at 5% weight loss of 346-348 °C in nitrogen, although they gave the relatively low glass transition tempera-
tures due to the presence of flexible propyl and siloxane segments in the epoxy backbone. The BISE epoxy resins exhibited
good mechanical and dielectric properties as well as low water absorption. The improved dielectric properties and the
reduced water absorption of BISE epoxy resins are attributed to the low polarity as well as the hydrophobic nature of
siloxane segment in the epoxy backbone.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, an important trend in developing
advanced semiconductor devices is miniaturization,
aiming at high density and complex functionality
of electronic products [1]. The polymer materials
applied in the future microelectronic packaging must
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meet the following properties: (1) high purity, to
exhibit good reliability; (2) low coeflicient of thermal
expansion (CTE), to reduce the internal stress; (3)
high thermal stability and low water absorption,
for better solder resistance; and (4) low dielectric
constant and dissipation factor [2-5].
Cycloaliphatic epoxy resins have long been
applied in a variety of industrial applications, such
as paints, coatings, inks, reactive diluents, vacuum-
pressure impregnation of coils, encapsulation of
electronic circuit elements and printed circuit-board
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coatings because of their good heat and chemical
resistance, superior mechanical and electrical prop-
erties, as well as excellent processability [6-10].
Unlike aromatic epoxies, the cycloaliphatic epoxies
are highly resistant to ultraviolet light and more
durable for outdoor applications because of no
strong UV chromophore groups in their structure.
Moreover, the cycloaliphatic epoxies are essentially
free of chloride because they are synthesized by the
peracid epoxidation of olefins rather than the con-
densation of epichlorohydrin with phenols. There-
fore, the cycloaliphatic epoxy resins are suitable for
the applications in the microelectronic packaging,
in which even very low levels of chloride can cause
corrosion of microcircuits [11]. Despite the many
aforementioned advantages of cycloaliphatic epoxy
resins, certain properties, such as thermal and
mechanical properties, electrical insulating proper-
ties as well as moisture resistance, should be
improved to satisfy the demand of advanced micro-
electronic packaging.

It is known that siloxane-containing polymer
materials possess numerous unique properties,
including good flexibility, high thermal resistance,
excellent electrical insulating properties, good
moisture resistance and low surface tension [12,
13]. Recently, several investigations have been con-
ducted on epoxy resins modified with siloxane seg-
ments. Park and coworkers [14] reported that the
flexibility of bisphenol A diglycidyl ether epoxy res-
ins cured with a siloxane-containing curing agent
ETSO-DDM could be improved with the increasing
of ETSO content in the epoxy network. Kuo and
coworkers [15] described their research on epoxy-
siloxane copolymers blended with bisphenol A
diglycidyl ether and their results confirmed that
the thermal stability could be improved as the silox-
ane segments incorporated into the epoxy resin. Lin
and coworkers [16] studied a siloxane- and imide-
modified epoxy cured with a siloxane-containing
dianhydride and found the cured epoxy resin has
good thermal stability with similar thermal behavior
in both nitrogen and air atmospheres. Ho and Wang
[17] reported their work on modification of epoxy
resin with siloxane-containing phenol aralkyl epoxy
resin for electronic encapsulation application. Their
results suggested that the devices encapsulated by
the polysiloxane-modified epoxy molding com-
pound have excellent resistance to the thermal
shock cycling test and have resulted in an extended
lifetime for the devices, which attributed to the effec-
tive reduction of flexural modulus and coefficient

of thermal expansion of cured epoxy molding
compound.

Aiming at preparation the cycloaliphatic epoxy
resins with excellent electrical insulating properties
combined with good thermal and mechanical prop-
erties, in the present research, a novel imide ring
and siloxane-containing cycloaliphatic epoxy com-
pound 1,3-bis[3-(4,5-epoxy-1,2,3,6-tetrahydrophthal-
imido)propyljtetramethyldisiloxane (BISE) was
synthesized by the imidization and epoxidation
reactions [18], in which the low polar and hydropho-
bic siloxane segment was introduced to the mono-
mer backbone in order to improve the dielectric
properties and the moisture resistance, meanwhile,
the rigid imide ring was also combined to ensure
the good thermal stability. The novel cycloaliphatic
epoxy was thermally cured with alicyclic anhydrides
hexahydro-4-methylphthalic anhydride (HMPA)
and hexahydrophthalic anhydride (HHPA), respec-
tively, and their thermal stability, mechanical proper-
ties, electrical and dielectric properties, as well
as the water absorption were investigated. Further-
more, the epoxy resins based on the commercial
available cycloaliphatic epoxy 3,4-epoxycyclohexyl-
methyl-3’,4’-epoxycyclohexane carboxylate (ERL-
4221) cured with the same curing agents were also
prepared and their properties were discussed in
comparison with the cured BISE epoxy resins.

2. Experimental
2.1. Materials

Tetrahydrofuran (THF) was purchased from Bei-
jing Chemical Reagents Co., China; which was dried
and distilled prior to use. Pyridine, acetic anhydride,
petroleum ether and methylene chloride were pur-
chased from Beijing Chemical Reagents Co., China
and used as received. 3,4-Epoxycyclohexylmethyl-
3’4'-epoxycyclohexane carboxylate (trade name
ERL-4221) was purchased from Aldrich and used
as received. Tetrahydrophthalic anhydride (THPA),
hexahydro-4-methylphthalic anhydride (HMPA),
hexahydrophthalic anhydride (HHPA) and m-chloro-
peroxybenzoic acid (m-CPBA, content 70%) were
purchased from Acros Organics and used as
received.  1-Cyanoethyl-2-ethyl-4-methylimidazole
(2E4MZ-CN) was purchased from Shikoku Chemi-
cals Corp. and used as received. 1,3-Bis(3-aminoprop-
yl)tetramethyldisiloxane was prepared in our labora-
tory according to the method previously reported in
literature [19].
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2.2. Monomer synthesis

2.2.1. 1,3-Bis[3-(1,2,3,6-tetrahydrophthalimido )-
propyl Jtetramethyldisiloxane (1)

A 500 ml three-necked flask equipped with a
mechanical stirrer, a water condenser, and a nitro-
gen inlet tube was fitted with a mixture of 1,3-
bis(3-aminopropyl)tetramethyldisiloxane (20.00 g,
80.48 mmol) and anhydrous THF (60 ml). The mix-
ture was stirred at room temperature for 10 min in
nitrogen, followed by addition the tetrahydrophtha-
lic anhydride (24.49 g, 161.00 mmol) in portions
during 20 min. A yellow solution was obtained after
the mixture was stirred at room temperature for
12 h under a nitrogen atmosphere. To which a mix-
ture of acetic anhydride and pyridine (200 ml, 3:2
v/v) was added under stirring and then reacted at
ambient temperature for 2h and at 60°C for
another 4 h. The yellow crystals were gained after
the solution was vacuum distilled to remove the res-
idue solvent followed by cooled to room tempera-
ture, which was collected and washed with
petroleum ether and water. The yellowish powder
of compound 1 was obtained after dried in vacuum.
Yield: 33.30 g (80%). m.p.: 80 °C (determined by
DSC). '"H NMR (CDCl, 8, ppm): 0.01 (s, 12H);
0.35-0.39 (t, 4H); 1.41-1.49 (m, 4H); 2.15-2.58 (m,
8H); 3.01-3.03 (t, 4H); 3.37-3.40 (t, 4H); 5.81-5.87
(m, 4H). FTIR (KBr, cm™'): 3450, 3046, 2956,
2869, 1770, 1700 (imide group), 1354 and 1067
(Si-O-Si linkage) and 696 cm™'. MS: (EL, m/e, %
relative intensity): 501 (M—15, 12); 324 (M—192,
100). Elem. Anal. Calcd. for C,ygH4oN>OsSiy: C,
60.43%; H, 7.80%; N, 5.42%. Found C, 60.36%;
H, 7.81%; N, 5.51%.

2.2.2. 1,3-Bis[3-(4,5-epoxy-1,2,3,6-tetrahydro-
phthalimido ) propyl | tetramethyldisiloxane ( BISE)

A 500 ml three-necked flask equipped with a ther-
mometer, an addition funnel and a mechanical stir-
rer was first cooled with an ice bath for 10 min. It
was then charged with m-chloroperoxybenzoic acid
(28.62 g, 116.10 mmol) and 200 ml of methylene
chloride. After the mixture was cooled to 0°C, a
solution of compound 1 (25.00 g, 48.38 mmol) in
100 ml of methylene chloride was added dropwise
over 2 h. After the mixture was stirred at 0 °C for
10 h, it was filtered and washed with 10% of sodium
sulfite aqueous solution, 10% of sodium bicarbonate
aqueous solution, and deionized water to neutrality.
The organic phase was dried over anhydrous sodium
sulfate, and then the solvent was removed by vac-

uum distillation to yield crude product. The product
was purified by recrystallization from a mixed sol-
vent of petroleum ether and methylene chloride
(2:1 v/v). Yield: 12.64 g (48%). m.p.: 166 °C (deter-
mined by DSC). EEW: 275 g/equiv (determined by
HCl/acetone titration method). '"H NMR (CDCls,
6, ppm): 0.02 (s, 12H), 0.49-0.53 (t, 4H), 1.53-1.61
(m, 4H), 2.10-2.77 (m, 8H), 2.73-2.75 (m, 4H),
3.14-3.15 (t, 4H), and 3.41-3.47 (t, 4H). FT-IR
(KBr, cm™'): 3446, 3026, 2956, 2923, 2861, 1769,
1700 (imide group), 1351, 1076 (Si—-O-Si linkage)
and 948 cm ™' (oxirane ring). MS: (EI, m/e, % rela-
tive intensity): 533 (M—15, 6); 340 (M—208, 100).
Elem. Anal. Calcd. for C26H40N207Si21 C, 5690%),
H, 7.35%; N, 5.10%. Found C, 56.81%; H, 7.33%;
N, 5.05%.

2.3. Curing procedure of epoxy resins

The imide ring and siloxane-containing cycloali-
phatic epoxy BISE and a commercial cycloaliphatic
epoxy ERL-4221 were cured with anhydrides HMPA
and HHPA, respectively. The chemical structures of
epoxies and curing agents are shown in Table 1. The
reactant compositions were mixed in a 1:0.8 molar
ratio of epoxy to anhydride at room temperature
and 1.0 wt% of 2E4MZ-CN was added as a curing
accelerator. The mixture was stirred at 170 °C until
a homogeneous solution was obtained. The curing
cycles are listed in Table 2, which were determined
by DSC tracing of the respective epoxy/curing agent
compositions. After curing, samples were allowed to
cool slowly to room temperature in order to prevent
cracking.

2.4. Characterization

"H NMR spectra was record with a Bruker MSL-
400 (300 MHz) NMR spectrometer using CDCl; as
solvent. FT-IR spectra were obtained using a
Perkin—Elmer 782 Fourier transform infrared spec-
trophotometer. Mass spectra were recorded by an
AEI MS-50 mass spectroscopy. The EEW of epoxy
resin was determined by the HCl/acetone titration
method. Differential scanning calorimetry (DSC)
and thermal gravimetric analysis (TGA) were per-
formed on a Perkin—Elmer 7 series thermal analysis
system in nitrogen at a heating rate of 20 °C min~".
Dynamic mechanical analysis (DMA) was carried
out a Perkin—Elmer 7 series thermal analysis system
in nitrogen using at a heating rate of 5°C min~".

Mechanical properties were performed with 60 x
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Table 1
Chemical structures of the epoxies and curing agents

Component Abbreviation Chemical structure
Epoxy BISE ?Hs ?Ha Q
OC<NCHZCHZCHZSiOSiCHZCHZCHzN>i>0
CH; CHs 4
ERL-4221 o
O (0]
O
H;C
Curing agent HMPA 0

HHPA Cio

Table 2
Curing cycles of epoxy resins

Sample Curing temperature (°C) Curing time (h) Postcure temperature (°C) Postcure time (h)
BISE/HMPA 180 2 200 2
BISE/HHPA 170 2 190 2
ERL-4221/HMPA 150 2 190 2
ERL-4221/HHPA 140 2 180 2

15 x 3 mm specimens in accordance with GB1449-
87 using an Instron 3365 Tensile Apparatus. The
electrical properties were measured on a Hewlett—
Packard 4284A Presion LCR meter. The dielectric
constant and dissipation factor were determined by
the bridge method with an LKI-1 capacitance meter
at a frequency of 1 MHz at 25 °C. Water absorptions
were determined by weighing the changes of the
cured epoxy samples (@ 50 mm x 3 mm) before and
after immersion in water at 25 °C for 24 h.

3. Results and discussion
3.1. Synthesis

The novel imide ring and siloxane-containing
cycloaliphatic epoxy BISE was synthesized through
a two-step procedure as shown in Scheme 1. Firstly,
siloxane-containing diamine was reacted with tetra-
hydrophthalic anhydride by chemically imidization
with the mixture of acetic anhydride and pyridine
in THF to yield imide ring and siloxane-containing

cyclohexene (compound 1). Then, the compound 1
was oxidized by m-chloroperoxybenzoic acid, in
which the unsaturated cyclohexenyl ring was epoxi-
dized to give the imide ring and siloxane-containing
cycloaliphatic epoxy BISE. The chemical structures
of these compounds were confirmed by 'H NMR,
FT-IR, elemental analysis and MS. Fig. 1 shows
the "H NMR spectra of compound 1 and BISE in
CDCl;, respectively. All the signals corresponding
to the proposed structures were observed. In the
'"H NMR spectrum of compound 1 (Fig. 1a), the
methyl protons of siloxane (H;) were observed at
0.01 ppm. The propyl protons H, and H; showed
in the region of 0.35-0.39 and 1.41-1.49 ppm,
respectively. The propyl protons adjacent to the
imide rings (Hy) and the protons on imide rings
(Hs) shifted to the downfield because of the electron
drawing effect of carboxyl group, which were
observed in the range of 3.37-3.40 and 3.01-
3.03 ppm, respectively. The protons on the double
bonds of the cyclohexenyl rings (H;) appeared at
5.81-5.87 ppm and the other protons in the cyclo-



1474

CHj CHj

NHZ_CH2CHQCH2_SI_O_SI_CHchchz_NHz

CHj CHj
THF

O

Z. Tao et al. | European Polymer Journal 43 (2007) 1470-1479

O
+ O
O

Ac,O/Pyridine

CHjz

CH, Q

I I
CQN—CHZCHZCHZ—Sl;i—O—Sli—CHZCHZCHZ—N

O CHjy CHg3
1
CH,Cl, | m-CPBA
CHy  CHj Q
(@) N—C H2CHQCH2_S I_O_SI_CHZC HZCHZ_N¢O>O
0 CHs Hs o
BISE

Scheme 1. Synthesis of imide ring and siloxane-containing cycloaliphatic epoxy compound BISE.

hexenyl rings (Hg) showed in the range of 2.15—
2.58 ppm. In the 'H NMR spectrum of BISE
(Fig. 1b), the resonance signals assigned to the pro-
tons H;—Hg showed no significant changes as com-
pared with those of compound 1. However, the
signal at 5.81-5.87 ppm for the double-bond pro-
tons in the cyclohexenyl rings of compound 1 disap-
peared. The signal attributed to the protons in the
oxirane ring was observed at 2.73-2.75 ppm.

Fig. 2 shows the FT-IR spectra of compound 1
and BISE, in which the absorptions for the asym-
metric and symmetric C=0 stretching vibrations
of imide groups can be observed at 1770 and
1700 cm ™", respectively. The characteristic absorp-
tions for Si-O-Si linkage of siloxane were also
detected in the region of 1050-1100 cm™'. More-
over, in the FT-IR spectrum of BISE, the absorp-
tions at 3046 and 696 cm ™' related to the double
bond in the cycloaliphatic rings of compound 1 dis-
appeared completely. The absorption bands of
deformation of the oxirane ring appeared at
948 cm~! and the absorption due to the CH,
stretching vibration of terminal epoxide exhinited
at 3027 cm .

The elemental analysis results of compound 1
and BISE are listed in Table 3, which were in good
agreement with the calculated values. In the mass

spectrum of BISE the characteristic peaks at 533
(M—15, lost a methyl group) and 340 (M-—208,
cleaved in Si-CH, linkage) were detected. The
epoxy equivalent weight (EEW) of BISE was deter-
mined to be 275 g/equiv by titration, which was
close to the theoretical value of 274 g/equiv. These
results confirmed that pure BISE compound was
obtained.

3.2. Thermal curing behavior

The thermal curing behavior of the epoxy and cur-
ing agent compositions were investigated by DSC.
Significant caution was taken during the DSC study
of the polymerization reactions to obtain homoge-
nous mixture of the epoxy resin and curing agents.
The reactivity of the epoxies can be studied directly
from the exothermic starting temperature. It is well
known that a curing agent exhibited a lower exother-
mic starting temperature under the same set of cur-
ing condition is more reactive toward the epoxy
resins. Fig. 3 showed the DSC thermograms for
the curing procedure of BISE and ERL-4221 with
HMPA and HHPA, respectively. The endothermic
peaks around 130 °C were observed only in BISE
system, which attributed to the melting course of
the BISE and anhydride mixture. The exothermic
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Fig. 1. 'H NMR spectra of compound 1 (a) and BISE (b) in CDCl;.

peaks were detected around 200-210 °C for BISE
and ERL-4221 system. As comparing with the reac-
tivities of these epoxy resins, we found that the BISE
exhibited the exothermic starting temperature higher
than the ERL-4221, which suggested the chemical
reactivity of the former is lower than the latter. We
suspect that it may be related to the reduction of
electron density in the oxirane ring because of the
electron acceptor character of the imide rings, which
is unfavorable for the electrophilic attack of the
anhydride curing agents. In addition, for both of

BISE and ERL-4221 epoxies, the exothermic start-
ing temperatures for HMPA curing system are
slightly higher than those of HHPA curing sys-
tem, which revealed that the chemical reactivity of
HHPA toward cycloaliphatic epoxies BISE and
ERL-4221 is higher than that of HMPA. It might
be attributed to electron-donating effect of methyl
group in the HMPA, which might increase the elec-
tron density of the anhydride and subsequently
reduced the electrophilic addition on the oxirane
ring of epoxies.
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Fig. 2. FT-IR spectra of compound 1 (a), and BISE (b).

3.3. Thermal properties

The thermal stability of fully cured BISE and
ERL-4221 was evaluated by thermal gravimetric
analysis (TGA) and the results are shown in
Fig. 4. It was found that the cured epoxy resins
did not loss any original weight before the scanning
temperature reached up to 300 °C, implying that
they have good thermal stability below 300 °C.
The decomposition temperature at 5% of weight
loss (Ts) for BISE/HMPA and BISE/HHPA epoxy
resins were at 346 and 348 °C and that for ERL-
4221/HMPA and ERL-4221/HHPA epoxy resins
were at 351 and 343 °C, respectively (Table 4). As
the scanning temperature rose to 360 °C, the TGA
cures of these epoxy resins exhibited a dramatic
decreasing. However, we found that the BISE epoxy
resins exhibited a relative slow weight decreasing
tendency in comparison with ERL-4221 epoxy res-
ins, which suggested that the former have better
thermal stability than the latter. The residual weight
retention at 450 °C for the BISE/HMPA and BISE/
HHPA was 30.2% and 29.9%, respectively, whereas
that for the ERL-4221/HMPA and ERL-4221/
HHPA was 1.0% and 1.4%, respectively. The
improved thermal stability of BISE epoxy resins
might be attributed to the presence of the thermal
stable imide rings and Si—O-Si linkages in the poly-
mer backbone.

Heat Flow

6I0' '9IO' '1é0' '15;0' '1é0' '21IO' '2;10' '270
Temperature (°C)

Fig. 3. DSC thermograms of the curing procedure of epoxy

resins; (a) BISE/HMPA; (b) BISE/HHPA; (c¢) ERL-4221/

HMPA, and (d) ERL-4221/HHPA.

Weight (%)

1 60 260 360 4(I)0 5(I)0 6(I)0 760
Temperature (°C)
Fig. 4. TGA thermograms of the cured epoxy resins; (a) BISE/

HMPA; (b) BISE/HHPA; (c) ERL-4221/HMPA, and (d) ERL-
4221/HHPA.

Table 4

Thermal properties of the cured epoxy resins®

Sample Ts (°C) Tyo (°C) Ry, (%)
BISE/HMPA 346 364 30.2
BISE/HHPA 348 365 29.9
ERL-4221/HMPA 351 363 1.0
ERL-4221/HHPA 343 357 1.4

% Ts: decomposition temperature at 5% of weight loss; To:
decomposition temperature at 10% of weight loss; Ry,: residual
weight retention at 450 °C.

Table 3
Elemental analysis of monomers
Monomer Molecular formula C (%) H (%) N (%)

Found Found Calcd. Found Caled.
Compound 1 Co6H40N,05Si, 60.36 7.81 7.80 5.51 5.42
BISE C,6H49N,05Si, 56.81 7.33 7.35 5.05 5.10
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Fig. 5. DMA curves of the cured epoxy resins; (a) BISE/HMPA;
(b) BISE/HHPA; (c) ERL-4221/HMPA, and (d) ERL-4221/
HHPA.

Table 5

DMA analysis of the epoxy resins

Sample T, (°C) Storage modulus (GPa)
50 °C T, +40°C

BISE/HMPA 102 1.72 0.004

BISE/HHPA 127 1.45 0.007

ERL-4221/HMPA 222 1.40 0.018

ERL-4221/HHPA 246 1.96 0.044

The dynamic mechanical analysis of these cyclo-
aliphatic epoxies was carried out to get more details
about their thermal properties. DMA curves of the
cured epoxy resins are shown in Fig. 5 and the data
are summarized in Table 5. The glass transition tem-
peratures (the peak temperature of the loss tangent)
of BISE/HMPA and BISE/HHPA are 102 °C and
127 °C, respectively, which are much lower than
that of ERL-4421/HMPA (222 °C) and ERL-4421/
HHPA (246 °C). The low glass transition tempera-
ture of BISE epoxies is considered to be due to
the existence of the flexible propyl and siloxane seg-
ments in the epoxy backbone. The storage moduli of
these epoxy resins at low temperature (50 °C) show
no obvious difference, which are in the range of
1.40-1.96 GPa. However, the storage moduli of
BISE/HMPA and BISE/HHPA at rubbery region
(Tg + 40 °C) were as low as 0.004 and 0.007 GPa,
respectively, which attributed to the flexible propyl
and siloxane segments in the polymer structure.
While the ERL-4221 epoxy resins gave the storage
moduli at rubbery region about ten times of the
BISE epoxy resins, which are 0.018 and 0.044 GPa
for ERL-4221/HMPA and ERL-4221/HHPA,
respectively. It is well known that the crosslink den-

sity is proportionate to the storage modulus at
Ty + 40 °C according to rubber elasticity theory
[20]. Therefore, the ratios of crosslink densities for
BISE/HMPA:BISE/HHPA and ERL-4221/HMPA:
ERL-4221/HHPA are 1.0:2.1 and 1.0:2.4, respec-
tively. It is suggested that the cycloaliphatic epoxies
cured with HHPA have the higher crosslink density
than the corresponding epoxies cured with HMPA.
This result also can be confirmed by the T, of these
epoxies determined by DMA, in which the glass
transition temperatures of BISE/HHPA and ERL-
4221/HHPA are 25 °C and 24 °C higher than those
of the corresponding epoxies cured with HMPA. In
addition, from the DMA curves of the cured BISE
epoxy resins, it is found that both loss tangent
(tang) and storage modulus (E’) curves of these
epoxy resins displayed a single transition course
implying good compatibility of the system. Further-
more, no phase separation phenomena was
observed in the SEM micrograph of fracture surface
of the cured BISE/HMPA epoxy resin (Fig. 6),
which also suggested the homogeneity and good
compatibility of the cured BISE/HMPA.

3.4. Mechanical and dielectric properties

The mechanical properties of cured epoxy resins
were investigated. As comparing the results listed
in Table 6, we found that the cured imide rings
and siloxane-containing cycloaliphatic BISE epoxy
resins have the mechanical properties as good as
the commercial cycloaliphatic epoxy resins derived
from ERL-4221. The flexural strength and the flex-
ural modulus of these epoxies are ranged at 63—

WD148mm, 15 .0kY %3 .0k

Fig. 6. SEM micrograph of fracture surface of the cured BISE/
HMPA epoxy resin.



1478 Z. Tao et al. | European Polymer Journal 43 (2007) 1470-1479

Table 6
Mechanical properties of the epoxy resins

Sample Flexural strength (MPa) Flexural modulus (GPa) Tensile strength (MPa) Tensile modulus (GPa)
BISE/HMPA 63 3.35 33 1.44

BISE/HHPA 83 2.68 31 1.21
ERL-4221/HMPA 81 2.95 36 1.35
ERL-4221/HHPA 88 2.52 31 1.46

Table 7

Electrical and dielectric properties of the cured epoxy resins and their water absorption®

Sample oy (Q cm) ps (Q) & tano Water absorption (%)
BISE/HMPA 2.3x%x10' 7.3%x 10" 3.2 24x1073 0.48
BISE/HHPA 3.3x10'° 3.1x10'° 3.3 48%x1073 0.50
ERL-4221/HMPA 7.9%10'6 2.0x 10" 3.6 6.9%x1073 0.54
ERL-4221/HHPA 5.4x10'° 4.2%10' 3.6 7.5%x1073 0.55

% Water absorption: immersion in water at 25 °C for 24 h; p,: volume resistivity; p,: surface resistivity; ¢.: dielectric constant at 1 MHz at

25 °C and tand: dissipation factor.

88 MPa and 2.52-3.35 GPa, respectively. The ten-
sile strength and tensile modulus of these resins
are in the region of 31-36 MPa and 1.21-1.46
GPa, respectively.

The electrical and dielectric properties of the
cured epoxy resins are shown in Table 7. The vol-
ume resistivities (p,) and surface resistivities (ps) of
the epoxy resins are at the level of 2.3-7.9 x
10" Qcm and 2.0-7.3 x 10'° Q, respectively. The
dielectric constants (&) and the dielectric dissipation
factors (tan o) at 1 MHz were measured in the range
of 3.2-3.6 and 2.4-7.5 x 10, respectively. In com-
parison, the cured BISE epoxy resins exhibited
lower dielectric constants and dissipation factors
than the commercial ERL-4221 epoxy resins cured
with the corresponding curing agents. The improved
dielectric properties of the cured BISE epoxies may
be attributed to the presence of the low polarity
dimethylsiloxane segments in the epoxy backbone
[21].

3.5. Water absorption

In actual service, microelectronic packaging
materials are subject to varying conditions of humid-
ity and temperature. Unfortunately, moisture has a
detrimental effect, especially at elevated tempera-
ture, on the mechanical properties and electrical
insulating performance of epoxy resins [22,23].
Table 7 summarizes the water absorption of the
cured epoxy resins, in which the water absorption
was determined by immersing the dried samples (@
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Fig. 7. Water absorption of the cured epoxy resins; (CJ) BISE/
HMPA, and (A) ERL-4221/HMPA.

50 mm x 3 mm) in water at room temperature for
24 h, followed by weighing. The cured BISE epoxy
resins gave the water absorptions slightly lower than
the ERL-4221 epoxy resins. For instance, the water
absorptions of BISE/HMPA and BISE/HHPA are
0.48% and 0.50%, respectively, whereas the ERL-
4221 cured with the corresponding curing agents
are 0.54% and 0.55%, respectively. Fig. 7 depicts
the changes of water absorption of these epoxy res-
ins according to the time. It was found that these
epoxy resins showed the water absorptions increased
with the time prolongation. After the samples
immersed in water for 6 days, the water absorptions
of BISE/HMPA and ERL-4221/HMPA increased to
1.20% and 1.41%, respectively. In addition, the
results also clearly revealed that the siloxane-
containing epoxy resins exhibited lower water
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absorption than that of nonsiloxane-containing
epoxy resins due to the presence of the hydrophobic
nature of the siloxane segment. Because of free rota-
bility and polarization of the Si—O bond, the siloxane
chain is able to align itself accordingly resulting in
hydrophobic properties [13].

4. Conclusions

A novel imide ring and siloxane-containing
cycloaliphatic epoxy compound BISE was success-
fully synthesized by a two-step procedure, which
was then thermally cured with alicyclic anhydrides
HMPA and HHPA. The reactivity and the proper-
ties of the fully cured BISE epoxy resins were inves-
tigated and compared with the cured commercial
cycloaliphatic epoxy ERL-4221. The experimental
results indicated that the BISE gave the exothermic
starting temperature higher than ERL-4221 no
mater what kind of curing agents applied, implying
the reactivity of the former is lower than the latter.
The fully cured BISE epoxy resins have good ther-
mal stability with thermal decomposition tempera-
ture at 5% weight loss of 346-348 °C in nitrogen,
although they gave the relatively low glass transition
temperatures due to the flexible propyl and siloxane
segments in the epoxy backbone. The BISE epoxy
resins exhibited good mechanical properties with
the flexural strengths of 63-82 MPa and tensile
strengths of 31-33 MPa. As comparing with the
commercial ERL-4221 epoxy resins, the cured BISE
epoxy resins exhibited improved dielectric proper-
ties with the dielectric constants of 3.2-3.3, the
dielectric dissipation factors of 2.4-4.8 x 10~ and
the lower water absorptions of 0.48-0.50%. The
improvement in dielectric properties and the mois-
ture resistance may be attributed to the low polarity
as well as the hydrophobic nature of siloxane seg-
ment in the epoxy backbone.
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