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ABSTRACT: Silicone-epoxy (SiE) resins were synthesized
through the hydrolytic condensation of 2-(3,4-epoxycyclo-
hexylethyl) methyldiethoxysilane (EMDS) and the cohydro-
lytic condensation of EMDS with dimethyldiethoxysilane.
Structural characterization was carried out by 'H-NMR,
#Si-NMR, and mass spectrometry analysis; the resins were
linear oligomers bearing different numbers of pendant ep-
oxy groups, and the average number of repeat Si—O units
ranged from 6 to 11. Methyhexahydrophthalic anhydride
was used to cure the SiE resins to give glassy materials with
high optical clarity. The cured SiE resins showed better ther-
mal stability and higher thermal and UV resistances than a

commercial light-emitting diode package material (an epoxy
resin named CEL-2021P). The effect of the epoxy value on
the thermal and mechanical properties and the thermal and
UV aging performances of the cured SiE resins were investi-
gated. The SiE resins became more flexible with decreasing
epoxy value, and the resin with the moderate epoxy value
had the highest thermal and UV resistances. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 120: 1216-1224, 2011
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INTRODUCTION

Solid-state lighting technology based on high-bright-
ness white light-emitting diodes (LEDs) promises a
reduction in power consumption compared to that of
conventional lamps. Generally, white light is obtained
by the excitation of a phosphor with short-wavelength
light emitted by GaN-based chips. High brightness
means high light output intensity, and subsequently,
LED devices have to undergo a high intensity of UV
light and a high working temperature; these accelerate
the aging of the encapsulation materials. Currently,
most LEDs are packaged with epoxy resins. Normal ep-
oxy resins, such as bisphenol A epoxy resins, undergo
thermal and UV aging and display very pronounced
yellowing or discoloration with long-time exposure to
light and heat; these seriously decrease their luminous
efficiency."” The improvement of the thermal and light
aging resistances of LED encapsulation materials is a
very important issue.

Silicone-epoxy (SiE) resins, which combine both
the advantages of epoxy resins and silicone resins,
are promising as ideal materials for LED encapsula-
tion.>" On the one hand, they are less sensitive
than epoxy resins to heat and UV light because of

Correspondence to: W. Huang (huangwei@iccas.ac.cn).

Contract grant sponsor: National High-Tech R&D
Program of China (863 program); contract grant number:
2006AA03A136.

Journal of Applied Polymer Science, Vol. 120, 1216-1224 (2011)
© 2010 Wiley Periodicals, Inc.

the high bond energy of Si—O; on the other hand,
they can overcome the poor adhesive and mechani-
cal properties of silicone resins. SiE resins with opti-
mum thermal and mechanical properties can be
obtained by the introduction of different proportions
of the siloxane component through hydrosilyla-
tion''? or a hydrolytic condensation process.'*'¢

In this study, novel SiE resins were synthesized by
the base-catalyzed hydrolytic condensation of 2-(3,
4-epoxycyclohexylethyl) methyldiethoxysilane (EMDS)
and by the cohydrolytic condensation of EMDS with
dimethyldiethoxysilane. Our aims were to determine
the advantages of SiE resins over normal epoxy resins
and to examine the effect of the epoxy group content
on the properties of the SiE resins.

EXPERIMENTAL
Materials

Methyldiethoxysilane and dimethyldiethoxysilane
were purchased from Jilin Huafeng Organosilicon
Co., Ltd. (China), and 1,2-epoxy-4-vinylcyclohexane
was purchased from Synasia (SuZhou) Co., Ltd.
(China). These compounds were purified by vacuum
distillation before use. The Karstedt catalyst (a plati-
num-—divinyltetramethyldisiloxane = complex) was
obtained from Degussa (Evonik Degussa Co., Ltd.,
China) and was used as received. Methyhexahy-
drophthalic anhydride (MeHHPA) and the curing
accelerator tetra-n-butylphosphonium  o,0'-diethyl-
phosphotodithioate (PX-4ET) were supplied by Polynt
S.p.A., (Italy) and Nippon Chemical Industrial Co.,
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LTD. (Japan), respectively. 3,4-Epoxycyclohexyl-
methyl-3,4-epoxycyclohexane carboxylate (CEL-2021P,
epoxy value 0.74) was a commercially available epoxy
resin for LED encapsulation and was supplied by Dai-
cel Chemical Industries, Ltd. (Japan).

Synthesis
Synthesis of EMDS

Methyldiethoxysilane (40.2 g, 0.5 mol) was loaded
into a 250-mL, three-necked, round-bottom flask
equipped with a thermometer, a reflux condenser,
and a magnetic stirrer. A 1% Karstedt catalyst-iso-
propyl alcohol solution (0.41 g) was added to the
flask, and then, the reaction mixture was heated to
80°C. 1,2-Epoxy-4-vinylcyclohexane (40.92 g, 0.33
mol) was added dropwise in 1 h via a dropping fun-
nel, and the reaction was continued for a further 30
min to give the crude product, which was purified
by vacuum distillation, and the fraction at 104°C/1
mmHg was collected as the product EMDS.

Synthesis of the SiE resin SiE-1

EMDS (20.64 g, 0.08 mol), deionized water (2.88 g,
0.16 mol), and NaOH (0.04 g) were added to a 100-
mL, three-necked, round-bottom flask equipped
with a reflux condenser, a thermometer, and a me-
chanical stirrer. The reaction mixture was stirred at
20°C for 12 h. The ethanol generated in the reaction
was distilled off, and 60 mL of toluene was added.
The solution was then washed with deionized water
several times until it reached a pH of 7. Then, n-hex-
ane was added to the toluene solution, and the pre-
cipitated material was collected. The residual solvent
was evaporated under reduced pressure to give the
product SiE-1, a colorless viscous liquid.

Synthesis of the SiE resins SiE-2 and SiE-3

EMDS (10.32 g, 0.04 mol), dimethyldiethoxysilane
(2.96 g, 0.02 mol), deionized water (2.16 g, 0.06 mol),
and NaOH (0.03 g) were loaded into a 100-mL,
three-necked, round-bottom flask equipped with a

CH;
step1:  H;CH,CO-Si-OCH,CH; +
H

CH,

|
step 2: 1 H;CH,CO-Si-OCH,CH; + m H3CH,CO-

O

SiE-1: m=0 ; SiE-2: n/m=2 ; SiE-3: n/m=1

Karstedt catalyst
80°C
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reflux condenser, a thermometer, and a mechanical
stirrer. The reaction mixture was stirred at 20°C for
6.5 h. Next, the ethanol generated in the reaction
was distilled off, and 30 mL of toluene was added.
The solution was then washed with deionized water
several times to neutral pH. Then, the solvent was
distilled off under reduced pressure to give the
product SiE-2, a colorless viscous liquid. SiE-3 was
synthesized by the same procedure, except the molar
ratio of EMDS to dimethyldiethoxysilane was 1:1.

Curing procedures and aging tests

SiE-1, SiE-2, SiE-3, and CEL-2021P were mixed with
MeHHPA, respectively, according to the stoichiome-
try; the mass ratio of the accelerator PX-4ET to
MeHHPA was 1:50. The mixtures were degassed
in vacuo and then poured into 2 mm thick molds."”
The curing was conducted at 120°C for 2 h and then
at 150°C for 1 h. The samples were removed from
the molds after they were cooled to room tempera-
ture. Thermal aging was performed at 150°C in a cir-
culating air oven, and UV aging was accomplished
in a UV aging oven. The wavelength of the UV light
was 310 nm, and the radiation intensity of the resin
surface was 300 mW/cm?

Measurements

'H-NMR and *’Si-NMR spectra in CDCl; were
recorded on a Bruker Avance400 MHz NMR spec-
trometry at room temperature. The viscosities of the
SiE resins were measured on a Brookfield model
DV-II+ cone and plate viscometer (Brookfield Co.,
USA). Mass spectrometry (MS) analysis was per-
formed on a Bruker Biflex III matrix-assisted laser
desorption/ionization (MALDI-TOF)-MS spectrome-
ter. The surface atomic compositions of the cured
SiE resins were analyzed by an ESCALab220i-XL X-
ray photoelectron spectrometer (VG Scientific, UK)
with a 300-W Al Ko X-ray source; the base pressure
was about 3 x 10~ mbar, and the sample was ana-
lyzed at a takeoff angle of 15°. Transmittance spectra
of the SiE resins (placed in a 10 mm thick quartz

CHs
H3CH,CO-Si-OCH,CH;

0
CH;  CH,
NaOH | ]
Si-OCH,CH; + (n+m) Hy0 — 8i-0}—tsi—0}
CH3

Scheme 1
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TABLE I
Synthesized SiE Resins
Sample m:n m 4+ n® Silicon content (%) Viscosity (cp) Epoxy value®
SiE-1 0 8-9 15 18,000 0.503
SiE-2 1:2 6-7 19 1,280 0.407
SiE-3 1:1 10-11 23 650 0.356

3 Estimated from the 'Si-NMR spectra. m denotes the number of 2-(3,4-epoxycyclohexylethyl) methyl siloxane units and

n denotes the number of dimethyl siloxane units.

b Measured with a hydrochloride-butanone titration method.

absorption cell) and the cured samples were meas-
ured on a Unico UV-4802 UV-vis spectrophotometer
(Unico Instrument Co., Ltd., Shanghai) in the range
300-800 nm, and the yellowness index (YI) were cal-
culated from the spectrum intensity. Differential
scanning calorimetry (DSC) was performed on a SII
EXSTAR6000-DSC6220 (Seiko, Japan), and thermog-
ravimetric analysis (TGA) was carried out on an SII
EXSTAR6000-TGA6300 in nitrogen at a heating rate
of 10°C/min. Dynamic mechanical analysis (DMA)
was carried out on a TA Q800 (TA Instruments,
New Castle, USA) in the double-cantilever mode
under a nitrogen atmosphere at a frequency of 1 Hz
and at a heating rate of 5°C/min. Thermomechanical
analysis (TMA) was performed on a TA Q400 at a
heating rate of 5°C/min under a flow of N, gas. The
hardness of the cured samples was measured with a
LX-D Shore D Durometer (Haibao Instrument Co.,
Ltd., China) according to ASTM D 2240.

RESULTS AND DISCUSSION
Synthesis and characterization of SiE resins

SiE resins can be synthesized by hydrosilylation
between a polysiloxane containing Si—H bonds and
an epoxide containing vinyl groups.”'® However,
the catalysts most used for hydrosilylation, such as
platinum or rhodium, are very difficult to separate,
and residues of which will lead to a remarkable
reduction in the transmittance of synthesized SiE res-
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Figure 1 'H-NMR spectrum of SiE-1.
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ins. In this study, SiE resins were prepared by the
hydrolytic condensation of silicon alkoxides (Scheme
1). Although the reagent used for the hydrolytic con-
densation, EMDS, was synthesized through platinum-
catalyzed hydrosilylation, it was purified by distilla-
tion; thus, the platinum catalyst was removed easily.

Here, we wused diethoxysilane rather than
trimethoxysilane, such as 2-(3,4-epoxycyclohexylethyl)-
trimethoxysilane, which is commonly used to prepare
SiE resins in the literature for two reasons. First, the
hydrolytic condensation of ethoxysilane is more con-
trollable because it is less reactive than methoxysilane;
second, the condensation of dialkoxysilane can only
generate linear polysiloxanes, but gelation, which
occurs easily in the condensation of trialkoxysilane,
can be avoided.

Generally, the hydrolytic condensation of silicon
alkoxides can be catalyzed by a proton acid or base.
However, a proton acid catalyst was not suitable for
this study because the epoxy groups would have
undergone a ring-opening reaction with it. We chose
sodium hydroxide as a catalyst and synthesized
three SiE oligomers with different epoxy group con-
tents by changing the molar ratio of EMDS to dime-
thyldiethoxysilane (Table I).

The 'H-NMR, **Si-NMR, and MALDI-TOF spectra
for SiE-1 are shown in Figures 1-3, respectively. We
can see from the *Si-NMR and 'H-NMR spectra
that except for a very small amount of cyclic silox-
anes (peak shift at —22.4 ppm in Fig. 2), SiE-1 was a
linear polysiloxane with Si—OH end groups, and the

o
E
E=epoxy
7
—E}i—OH
E
J[cyclic siloxane
r T T T T iz T T T 1 ppm
0 -10 =20 -30 -40 -50 -60 =70 -80

Figure 2 *’Si-NMR spectrum of SiE-1.
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Figure 3 MALDI-TOF spectrum of SiE-1.

ethoxy groups almost disappeared after condensa-
tion. The number of repeat Si—O units of SiE-1, esti-
mated from the 2’Si-NMR spectra, was 8-9; this
means that the average molecular weight of SiE-1
was about 1800. This was confirmed by the MALDI-
TOF results shown in Figure 3.

The SiE resins SiE-2 and SiE-3 had similar struc-
tures to that of SiE-1. As —Si(CHj3),0O— segments were
introduced, the relative content of epoxy groups
decreased. The epoxy values of the silicone epoxy
resin were measured through a hydrochloride-buta-
none titration method, and the results are listed in Ta-
ble I. The viscosity of the SiE resin decreased with
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Figure 4 Transmittance spectrum of SiE-1.

decreasing epoxy value, as shown in Table I, and the
convenient adjustment of viscosity would make SiE
resins useful for LED packaging.

A high optical transparency is important premise
for use in LED encapsulation materials. SiE-1 was a
highly transparent and colorless liquid, as clear as
water, and its transmittance spectrum over the range
from 300 to 800 nm is shown Figure 4. SiE-2 and
SiE-3 were also very transparent, with transmittan-
ces over 90% at 400 nm.

2.0k =
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1|----SiE-2 !
0.0 |
Z
E
£ 2.0k
=
=
@
T 4.0k
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T T T T
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Figure 5 DSC curves of the SiE resin/MeHHPA and
CEL-2021P/MeHHPA systems. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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TABLE II
DSC and TGA Characteristics of the SiE Resin/MeHHPA and CEL-2021P/MeHHPA Systems
Sample T, (°C) AH (m]/mg) Tse, (°C) Ty (°C) Ts (°C)
SiE-1 173 321 328.2 339.5 459.3
SiE-2 176 276 341.8 353.7 464.9
SiE-3 179 273 335.3 351.6 465.6
CEL-2021P 165 359 3129 330.7 None

Curing of the SiE resins

MeHHPA is a commonly used curing agent for
epoxy resins when they are used for LED encapsula-
tion because MeHHPA-cured epoxy resins have sev-
eral advantages, such as a high optical clarity and a
high weather resistance. Figure 5 shows the DSC
thermograms for the SiE resin/MeHHPA systems,
with the CEL-2021P/MeHHPA system shown for
comparison. The exothermic peak temperatures
(T,’s) and exothermic enthalpies of the curing reac-
tion (AH’s) are summarized in Table II. All of the
SiE resins showed a higher T, than did CEL-2021P,
the order of T, for the SiE resins was as follows: SiE-
3 > SiE-2 > SiE-1; this was consistent with the order
of their epoxy values. Because the epoxy value of
CEL-2021P was 0.74, which was higher than those of
the SiE resins, the curing reactivities of the SiE resins
were comparable to that of CEL-2021P. This was rea-
sonable because their epoxy groups had very similar
structures. Also, AH decreased with decreasing ep-
oxy value.

The MeHHPA-cured SiE resins were glassy mate-
rials with a high transparency without any yellow-
ing. Figure 6 shows the transmittance spectra in the
range from 300 to 800 nm for the cured SiE resins
and CEL-2021P; all four resins showed a high trans-
mittance. However, at wavelengths below 450 nm,
CEL-2021P showed an apparently lower transmit-

100 f——ememmme,
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Figure 6 Transmittance spectra of the MeHHPA-cured SiE
resins and CEL-2021P. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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tance compared to the SiE resins; this explained why
the cured CEL-2021P exhibited slightly visible
yellowing.

Thermal stability of the cured resins

Figure 7 gives the TGA curves for the MeHHPA-
cured resins. A two-stage weight loss was observed
for all of the cured SiE resins. The first weight loss
occurred at about 340°C; this was close to the ther-
mal decomposition temperature of the MeHHPA-
cured CEL-2021P and was attributed to the decom-
position of organic parts from anhydride and epoxy
groups; the second weight loss occurred at about
450°C. This corresponded to the decomposition of si-
loxane chains. The values of the onset decomposition
temperature (T, the temperature at 5% weight loss
(Ts%), and the second decomposition temperature
(Ts) are summarized in Table II. It was clear that the
MeHHPA-cured SiE resins had a higher thermal sta-
bility than the MeHHPA-cured CEL-2021P.

SiE-2 showed the highest Tso, and Ty values; this
implied that the SiE resin with the moderate epoxy
value had the highest thermal stability. This was
because the thermal stability of the SiE resins
increased with increasing silicon content and
increasing crosslinking density; the silicon—epoxy
resin with a higher silicon content had a lower

100
804
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8 60- - - -SiE-2
- S I 1 R E SiE-3
£ e o
g w0l CEL-2021P
H
[
20
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Wavelength / nm

Figure 7 TGA thermograms of the MeHHPA-cured SiE
resins and CEL-2021P. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8 Transmittance spectra of the MeHHPA-cured SiE resins and CEL-2021P during thermal aging: (—) before
aging, (- - -) after 72 h of aging, (- - -) after 144 h of aging, and (---) after 260 h of aging. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

epoxy value, and consequently, the cure resin had a
lower crosslinking density, with the assumption that
the curing reaction for all of the resins was com-
plete. Thus, the highest thermal stability was
achieved at a compromise between the silicon con-
tent and the epoxy value.

Thermal and UV aging performances of
the cured resins

The thermal and UV aging performances of the
cured materials were characterized by the changes
in transmittance over the range 300-800 nm after
aging, as shown in Figures 8 and 9, respectively. At
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Figure 9 Transmittance spectra of the MeHHPA-cured SiE resins and CEL-2021P during UV aging: (—) before aging, (- - -)
after 24 h of aging, (- - -) after 72 h of aging, and (---) after 192 h of aging. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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any stage of UV or thermal aging, CEL-2021P
showed a lower transmittance than the SiE resins in
the purple region (455-390 nm), which meant it
absorbed more purple light and displayed more
yellowing.

On the basis of the transmittance spectra, YI of the
cured materials was calculated with the following
equation:"

YI =100 x (Tego — Taz0)/Ts60

where Tgso, Tazg, and Tsgp are the transmittances of
the samples at 680, 420, and 560 nm, respectively.
The degree of discoloration was characterized by the
increase in YI during thermal and UV aging (Figs.
10 and 11).

For both thermal and UV aging, the SiE-2 resin
showed the best resistance to discoloration, and
CEL-2021P exhibited the most serious discoloration.
Morita et al.” reported that the thermal aging resist-
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Figure 11 Change in YI over time for the MeHHPA-
cured SiE resins and CEL-2021P during UV aging. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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TABLE III
Atomic Si/C Ratios for the Cured SiE Resins
Si/C
Bulk?® Surface® Surface/bulk ratio
0.128 0.171 1.34
0.190 0.283 1.49
0.235 0.481 2.05

@ Calculated with the formulations of the cured resins.
" Determined from X-ray photoelectron spectroscopy
measurements.

ance of SiE resins was proportional to the silicon
content. Here, we considered that the aging perform-
ance of the SiE resins, just like thermal stability, was
influenced not only by the silicon content but also
by the crosslinking density. As a result, the highest
thermal and UV resistances were obtained by a com-
promise between the silicon content and the epoxy
value, as discussed previously.

Comparing the aging performance of SiE-1 with
SiE-3, we observed that the former showed better re-
sistance to UV aging, whereas the latter showed bet-
ter resistance to thermal aging. This may have been
due to the surface enrichment of siloxane because of
its low surface energy. The surface enrichment of si-
loxane for the epoxy resins was characterized with
the atomic ratio of silicon to carbon (Si/C) of the
surface layer (as measured by X-ray photoelectron
spectroscopy) and compared to that of the bulk (Ta-
ble III). It was likely that the thermal oxidation of
the surface of the cured resins was more serious
than that of the bulk during thermal aging, and the
enriched siloxane acted as a protecting layer against
thermal oxidation. The enrichment degree of silox-
ane was enhanced with increasing silicon content (or
decreasing epoxy value), as shown in Table III; thus,
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S N ERERS SiE-3
g | |- CEL-2021P
s 10+
e
S
wn
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Figure 12 Storage modulus versus the temperature for
the MeHHPA-cured SiE resins and CEL-2021P. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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the silicon content played a more important role
than the crosslinking density for thermal aging.

However, the surface enrichment of siloxane was
not so effective for the improvement of the UV re-
sistance. This was reasonable because surface oxida-
tion was not pronounced in this case. Therefore, the
crosslinking density of the resins played a more im-
portant role than the silicon content, and SiE-3
showed poorer UV resistance than did SiE-1.

In the CEL-2021P resin, an antioxidant and a UV
stabilizer were added, whereas no additives were
used for the SiE resins in this study. We believe that
the thermal and UV aging performances could be
further improved by the introduction of some spe-
cific antioxidants and UV stabilizers.

Mechanical properties

The mechanical properties of the cured SiE resins were
determined with DMA, TMA, and hardness measure-
ments. The storage modulus and loss factor (tan 9),
measured by DMA, are shown in Figures 12 and 13,
respectively. The glass-transition temperature (T;) was
determined as the peak temperature of the tan  curve

1223

(Table IV). The mechanical properties were greatly
affected by the crosslinking density, which was directly
related to the epoxy value. The cured SiE-1 showed a
wide and flat tan 6 peak; thus, it was difficult to deter-
mine its Ty actually, it did not exhibit an obvious
decrease in the storage modulus during the scanning
range. This indicated that the cured SiE-1 was very
rigid because of a very high crosslinking density. With
decreasing epoxy value, SiE resins became flexible, and
the storage modulus and T, decreased.

In general, the height of the a-transition peak
[(tan 8)max] for thermosetting resins is related to the
mobility of the polymer chain segments; a higher
(tan 8)max means a longer distance between cross-
links. As shown in Figure 13, the order of (tan 6)max
for SiE was as follows: SiE-3 > SiE-2 > SiE-1; this
indicates that a lower epoxy value resulted in a less
densely crosslinked network and a higher mobility
of chain segments. This was consistent with the anal-
ysis of the storage modulus and T,. Of course, the
crosslinking density was related not only to the ep-
oxy value but also to the functionality of resin. This
is why CEL-2021P showed the highest (tan &)max,
although it had the highest epoxy value of 0.74; it
was a two-functional epoxy resin, whereas the SiE
resins were multifunctional.

It was reported that the full width at half-maximum
of the o relaxation peak was sensitive to the homoge-
neity of the networks.'® In this case, as the epoxy
value increased, the tan & peak became broader and
covered a wider temperature range; this indicated a
more nonuniform distribution of chain lengths
between crosslinks. SiE-1 showed the largest full
width at half-maximum of the o relaxation peak,
mainly because it had the most side epoxy groups
bonded to siloxane main chains among the SiE resins.
The curing reaction of the SiE resin with anhydride
was a random process, which occurred at either the
interchain or intrachain; SiE-1 was inclined to form
the most complicated network with the widest distri-
bution of chain lengths between crosslinking sites.

Table IV also gives the TMA and hardness results.
The coefficients of linear thermal expansion of the
SiE resins below T, (o) and above T, (o) both

TABLE IV
Mechanical Properties of the MeHHPA-Cured SiE Resins and CEL-2021P
CTE (ppm)

Storage modulus Hardness

Resin at 50°C (Pa) T, (°C) ol olp (Shore D)
SiE-1 2.39 x 10° — 66.51 101.3 91
SiE-2 1.63 x 10° 166.6 76.03 159.8 88
SiE-3 1.73 x 10° 147.5 94.43 180.5 86
CEL-2021P 2.47 x 10° 169.7 53.49 80.49 91

CTE = coefficient of thermal expansion.
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increased with increasing silicon content. All three
silcone—epoxy resins showed larger coefficients com-
pared to CEL-2021P. This implied that the coeffi-
cients of linear thermal expansion depended not
only on the density of polymer network but also on
the flexibility of the molecular chains. Hardness
measurements showed that SiE-1 was as hard as
CEL-2021P, and SiE-2 and SiE-3 were a bit softer.
These results confirmed, again, that the SiE resins
became more flexible with decreasing epoxy value.

CONCLUSIONS

SiE resins with different epoxy values were synthe-
sized through the base-catalyzed hydrolytic conden-
sation of EMDS and the cohydrolytic condensation of
EMDS with dimethyldiethoxysilane. These resins
were linear oligomers bearing pendant epoxy groups;
the average number of repeat Si—O units ranged from
6 to 11. The structures of the SiE resins were con-
firmed by 'H-NMR, *’Si-NMR, and MALDI-TOF-MS
spectra. MeHHPA was used to cure the SiE resins;
they showed a similar curing reactivity to the epoxy
resin CEL-2021P, and the cured resins exhibited a
high optical clarity. The SiE resins were superior to
CEL-2021P in thermal stability and thermal and UV
resistances. SiE-2 displayed the highest thermal and
UV resistances because it had an optimal balance
between the silicon content and crosslinking density.
DMA, TMA, and hardness analysis showed that a
decrease in the epoxy value made the SiE resins more

Journal of Applied Polymer Science DOI 10.1002/app
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flexible. Because of the adjustable viscosity, good
thermal and mechanical properties, and high thermal
and UV resistances, the SiE resins are very promising
materials for LED packaging.
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