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Abstract Cationically photopolymerizable phenyl epoxy-
silicone monomers (Ep-Ph-Si) with a high RI and high photo-
polymerization activity have been synthesized via sequential
hydrosilylation reactions of 1,3,5,7- tetramethylcyclotetrasi-
loxane by attaching first styrene, followed by 4-vinyl-1-
cyclohexene-1,2-epoxide in the presence of Lamoreaux cata-
lyst. The content of benzene ring in the monomers was deter-
mined by "HNMR; the epoxy value was examed by chemical
titration. The RI of the obtained monomers showed that the
benzene ring could improve the refractive indices (RIs) and
the RlIs of the phenyl epoxy-silicone monomers ranged from
1.50 to 1.52. The cationic photopolymerization of these
monomers initiated by triarylsulfonium hexafluorophosphate
(P-S) showed that phenyl epoxy-silicone monomers with little
amount of benzene ring still exhibited high photopolymeriza-
tion rate. Those properties are well suitable for the application
in UV-curing optical coatings and encapsulation materials.

Keywords Epoxy-silicone - Refractive index - Styrene -
Synthesis - Cationic photopolymerization

Introduction

Cationic polymerizations have attracted increasing attention
in recent years due to the growth of applications associated
with the synthesis of photoinitiators and monomers [1-4].
The insensitivity toward oxygen of photoinduced cationic
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polymerization is a great advantage over radical photopoly-
merization [5-8]. A wide range of different monomer sys-
tems, including epoxides, vinyl ethers, oxetanes, and many
others, can be employed in cationic polymerization [9-12].
The resulting polymers possess excellent adhesion, chemi-
cal resistance and mechanical properties. For these reasons,
there is a growing interest in the industrial applications of
cationic processes [13—16].

The use of epoxy-silicone monomers and oligomers in
cationic photopolymerization is very attractive because
epoxy-silicone offers the benefits of both silicone and epoxy
resins [17, 18]. The siloxane bond is stable under heat and
ultraviolet (UV) light; epoxy resin has a high adhesive
strength. The use of silicone resin alone prevents discolor-
ation, but its poor adhesive strength may cause optical
delamination between the semiconductor and its encapsu-
lant. Silicone-containing monomers bearing epoxycyclo-
hexane groups have been reported to possess reactivities
much higher than those of typical epoxides and exhibit high
rates of photopolymerization [19, 20]. Those properties are
well suitable for the application in optical coatings, and
encapsulation materials for optical devices. However, the
low refractive index (RI) of polysiloxane restricts their
application in above section. With the increasing demand
for high performance, a higher RI is especially important for
the optical efficiency and lifetime of such devices [21, 22].

It has been found that introducing aromatic ring can
increase the RI [23-25]. Silicone containing phenyl group
was usually prepared from phenyl chlorosilane. The reaction
process of hydrolyzation reaction of chlorosilane is difficult
to control. In this study, the aromatic group styrene was
incorporated into tetramethylcyclotetrasiloxane monomer
by hydrosilylation reaction and then reacted with the 4-
vinyl-1-cyclohexene-1, 2-epoxide (VCHO) in the presence
of Lamoreaux catalyst. By changing the ratio of styrene and
VCHO in the hydrosilation reaction of tetramethylcyclote-
trasiloxane, a series of phenyl epoxy-silicones was obtained.
The effects of the contents of benzene ring on the RI were
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studied. The cationic photopolymerization of these epoxy-
silicone monomers was investigated using triarylsulfonium
hexafluorophosphate (P-S) as photoinitiators under a high-
pressure mercury lamp.

Experimental
Materials

4-Vinyl-1-cyclohexene-1, 2-epoxide (VCHO) and 1,3,5,7-
tetramethylcyclotetra- siloxane (D,) were chemical reagents
purchased from Adrich Chemical and used as received.
H,PtClg-6H,0 was purchased from Shanghai Guichun Chem-
ical Material Co.. N-octyl alcohol was purchased from Beijing
Chemical Works. The commercial epoxy compounds used in
this work was 3,4-epoxycyclohexylmethyl-3, 4-epoxy-
cyclohexane carboxylate (ERL4221, epoxy value:0.78) and
diglycidyl ether of bisphenol A (E51, epoxy value:0.51),
which were industrial products supplied by Dow and Shell
Chemical, respectively. Cationic photoinitiator diphenyl-(4-
(phenylthio)phenyl)sulfonium hexafluorophosphate (P-S)
was synthesized via the condensation of diphenylsufied and
diphenylsulfoxide in the MSA-P,05 [26]. The abbreviations
and structures of the epoxy compounds and photoinitiators
employed in this study were summarized in Fig. 1. Other
reagents and solvents were commercially available and
reagent quality.

Instruments
"H NMR spectra were recorded on a Bruker AV400 unity

spectrometer operated at 400 MHz using d®-acetone or
CDCl; as deuterated solvent. FT-IR spectra were recorded

Fig. 1 Abbreviations and

structures of the epoxy PEG-
compounds and photoinitiators S _O_S_Q

s
B S

Ep-Si

on a Nicolet 5700 instrument (Thermo Electron Corpora-
tion, Waltham, MA). UV—vis absorption spectra were
recorded in CH,Cl, solution on a Hitachi U-3010 UV-vis
spectrophotometer (Hitachi High-Technologies Corpora-
tion, Tokyo, Japan). Light intensity was recorded by a UV
light radiometer (Photoelectric Instrument Factory, Beijing
Normal University, China). The refractive index was mea-
sured by WYA-2S ABBE digital refractometer (Shanghai
Precision & Scientific instrument Co.LTD., China).

Preparation of Lamoreaux catalyst

Lamoreaux catalyst was self-prepared from H,PtCls'6H,O
and n-octyl alcohol according to the US patent [27].
The catalyst was prepared by dissolving 0.2 g of H,PtCls:6H,0
in 2 g of n-octyl alcohol in a one-port flask and heating
the solution at 70 to 75 °C under the electromagnetic
stirring for 10 h during which time all the water and hydrogen
chloride generated was removed. At the end of this time
a product was obtained which was a reddish-brown
liquid.

General procedure for the synthesis of phenyl epoxy-silicone
monomer (Ep-Ph-Si)

To a 100 ml three-necked round-bottom flask equipped with
a reflux condenser, a nitrogen inlet, and a thermometer,
1,3,5,7-tetramethylcyclotetrasiloxane (D4H; 0.1 mol), sty-
rene (0.1 mol to 0.3 mol), and toluene (10 ml) were loaded.
The reaction mixture was refluxed for 1 h. After cooling to
room temperature, 2 drops of the Lamoreaux catalyst
(1.24x10°mol Pt) were added. The temperature of the
reaction mixture was then raised to 40 °C and the reaction
was monitored by thin-layer chromatography (TLC) with

ERL4221

CH CH CH
Sl OHSI (0] Sl

Ep-Ph-Si-1, Ep-Ph-Si-2, Ep- Ph Si-3

CH;
LLCHzo—éQ @—OCHQCCHQ @C*®OCH2
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petroleum ether as the developing agent. Completion of the
reaction was indicated by disappearance of styrene by TLC.
The period of reaction was about 6-8 h.

After styrene completely reacted, VCHO (0.1 mol to
0.4 mol) was added dropwise to the mixture, which was
then allowed to stand for 6 h at 60 °C. After cooling
the reaction mixture to room temperature, 0.0005 g of
2-mercaptobenzothiazole was added to deactivate the
catalyst. Toluene and the excess reactant were removed
under 60 °C/10 mm Hg, and the product was further
purified using a chromatography column to yield a
viscous product.

"H NMR (d®-acetone, 400 MHZ) 8,m: 7.44-6.81 (m, Ar-
H), 4.70 (m, Si-H), 3.06-3.01(m, -O-CH-epoxy ring), 2.85-2.44
(m, Ar-CH,-), 2.12-1.03 (m, -CH,-cyclohexhane ring), 0.99-
0.92 (m, Ar-CH-), 0.61-0.54 (m, Si-CH,-), 0.18-0.01 (m, Si-
CH;). IR (KBI) V max (cm™"): 3060 (Ar-H); 2921 (CH;, CH,
and CH); 2121 (Si-H); 1602, 1495 and 1452 (Ar ring); 1257
(CH5-Si); 1078 (Si-O- Si); 905 (—CH-O-CH-epoxy ring).

The yields and epoxy value of the prepared Ep-Ph-Si
monomers were shown in Table 1.

Determination of the epoxy value

Exactly 0.5 g of momomer was accurately weighed and
placed in a container. A 20 ml solution containing
hydrochloric acid (36.5 %, 0.50 ml) and acectone
(19.50 ml) was then added. After the monomer dis-
solved, the container was sealed and placed in the dark
for half an hour. Then, 2 or 3 drops of methyl red
indicator were added, and the mixture was titrated with
a standard sodium hydroxide solution (0.2 mol/L) until
the color changed from red to yellow. At the same time,
another parallel mixture to the sample and blank was
prepared for comparison.
The epoxy value is calculated:

(Vi = V) x 100 M

EV = 1000 G

Wherein: V;-Titration of the blank solution volume of so-
dium hydroxide required, ml; V>-Titration of hydrochloric acid

Table 1 Yield and properties of Ep-Ph-Si

Notation Reactant ratio (mol)  Yield Epoxy RI* RI®
(11134H N, nycuo) (%) value

Ep- Si 1:0:4 94.5 047 1495 1503

Ep-Ph-Si-1  1:1:3 92.7 036  1.505 1.511

Ep-Ph-Si-2  1:2:2 94.3 027 1514 1.520

Ep-Ph-Si-3  1:3:1 95.1 0.14  1.523 1.527

#The RI of epoxy silicone monomers

°The RI of cured epoxy silicone after photo-polymerization

in acetone solution by adding epoxy sample required volume
of sodium hydroxide, ml; G-Weighed sample mass, g; M-
Concentration of standard sodium hydroxide solution, mol/L.

Photopolymerization procedure

0.01 g of photoinitiator was added to 1.00 g of epoxide and
then stirred. The formulated mixture was then cast on a glass
plate to a thickness of about 100 um and irradiated by a
high-pressure mercury lamp. The lamp was placed over the
plate with distance of 10 cm. After different time's irradia-
tion, the glass plate along with the mixture was separately
weighed (;) and then was immersed into anhydrous alco-
hol/acetone for about 30 min to remove uncured composi-
tions. After removing from the anhydrous alcohol/acetone,
the glass plate with the cured resin was dried in oven and
was weighed (75). The gel yield (%) was calculated accord-
ing to the following equation:

W, — Wy

Gel yield = ———
Wy — Wy

where W, is the weight of the glass plate (g).

Test for light transmission of cured epoxy-silicone resin

The light transmittance of cured epoxy-silicone resin was
measured on 2 mm thick specimens over the range of 300 to
800 nm by a UV—-vis spectrophotometer. The specimens of
cured epoxy-silicone resin were obtained from the mixture
0f 0.02 g P-S, 0.8 g Ep-Ph-Si monomer and 0.2 g ERL4221
irradiated for 10 min with a high-pressure mercury lamp.

Results and discussion
Synthesis and characterization of monomers

Phenyl epoxy-silicone monomers were synthesized by the
well-known hydrosilylation reaction. The synthetic process
is depicted in Scheme 1. In the first step, the hydrosilylation
reaction of D4™ and styrene occurred, catalyzed by Lamoreaux
catalyst at a certain Si-H to double bond ratio. In the next
stage, the remaining reactive Si-H of the first obtained product
reacted with VCHO. In the hydrosilylation reaction, it was
found that styrene is more active than VCHO. So, the most
preferred reaction temperature of D, and styrene was 40 °C
and the most preferred reaction temperature of D,” and
VCHO was 60 °C. Another condition that was considered
was that a long reaction time results in the partial ring-open
polymerization of the epoxy group catalyzed by Lamoreaux
catalyst and gelation occurs. Thus, the optimal reaction time
was less than 8 h.
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Scheme 1 Synthetic method

f(I)llf the preparation of epoxy- CH3 ot CH3 L‘?Hg CH, ?Hs CHs
silicone monomers. S| O S| 0 S| VCHO S‘i*O SifoHSifOHSi*O 4
C LamoreaustataIyst ol B
X
/ s
CH X%
[ N Ep-Ph-Si
Si0O—
H 4 Ep-Ph-Si-1: a=0.23, b+c=1.11, d=2.66
D4H Ep-Ph-Si-2: a=0.04, b+c=2.08, d=1.88

The compositions of the epoxy-silicone monomers were
determined by ' H NMR. The 'H NMR spectrum of Ep-Ph-
Si-2 is shown in Fig. 2. The peaks at 7.44-6.81 ppm belong
to the hydrogen in the benzene ring and the area of the peaks
is S3. The peaks at 4.70 ppm belong to the left Si-H and the
area of the peaks is S,. The peaks at 3.06-3.01 ppm belong
to hydrogen in the epoxy ring and the area of the peaks is Ss.
The average numbers of blocks are given below: the average
number of the left Si-H in Ep-Ph-Si is a; the average number
of the benzene group in Ep-Ph-Si is b+c (a mixture of two
isomers: «-adduct and (3-adduct); the average number of the
epoxy group in Ep-Ph-Si is d. Based on four Si-H bonds in
one D4H molecule, the average numbers of a, b+c, and d in
Ep-Cz-Si-1 was calculated as follows:

54/1
= 55/5454/1155/2

55/2
- S3/5+S4/1+Ss/2

S3/5

x4 S3/5+54/1+85/2

X 4

b+c= x 4

The composition of the prepared epoxy-silicone mono-
mers was also shown in Scheme 1.

Ep-Ph-Si-38: a=0.14, b+c=3.02, d=0.83

The refractive index of monomers and cured epoxy-silicone
resins

The current study focused on introducing different propor-
tions of benzene ring into D4H; consequently, different RIs
of the phenyl epoxy-silicone monomers were obtained. The
RI of the obtained monomers was measured by a digital
refractometer at 20 °C, as shown in Table 1. Figure 3 shows
the RI of Ep-Ph-Si varying with the ratio of Si-C bond. The
ratio of Si-C bond is the mole ratio of Si atom to phenyl
group in Ep-Ph-Si and was calculated calculated as follows:

. ) b+c

Ratioof Si — C = P

The RI of Ep-Si is 1.495 at 20 °C and is higher than that
of D, (1.389). This result indicates that the epoxy group
can improve the refractivity of the organosilicon materials.
Though the epoxy value of Ep-Si is highest, the order of the
RIs is Ep-Ph-Si-3 >Ep-Ph-Si-2 > Ep-Ph-Si-1 > Ep-Si. It can
be concluded that benzene ring is more effective than epoxy

Fig. 2 '"H NMR spectrum of

Ep-Ph-Si-2 in CDCl;

15-24
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Fig. 3 Refractive index of phenyl epoxy-silicone monomers

group in improving the refractivity of the organosilicon
materials. More benzene ring content results in a higher RI.

The RI values of the cured resins after photo-polymerization
have been measured. The data were listed in Table 1. It can be
seen that the RI values of the cured resin after photo-
polymerization were a little higher than that of monomer before
photo-polymerization.

The light transmittance of cured epoxy-silicone resin
was measured over the range of 300 to 800 nm by a
UV-vis spectrophotometer. The specimens of cured
epoxy-silicone resin were obtained from the mixture of
2 wt% P-S, 80 % Ep-Ph-Si monomer and 20 %
ERLA4221 irradiated with a high-pressure mercury lamp.
Change of optical transmittance at different wavelength
is shown in Fig. 4 for the cured epoxy-silicone. The
curves in Fig. 4 show that all the cured epoxy-silicone
specimens have good light transmittance upon 400 nm.
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Fig. 4 Light transmittance of cured epoxy-silicone resin (2 mm thick)
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Fig. 5 Gel yield study of the photoinitiated cationic polymerization of
epoxy mixtures of Ep-Ph-Si + ERL4221 (2:1 wt%). (3.0 wt% P-S as
the photoinitiator; light intensity 1 mW/cm?)

The light transmittance of specimens from Ep-Si is
better than those of specimens from Ep-Ph-Si.

Cationic photoinitiated polymerization of the monomers

As aforementioned, there is considerable interest in cationi-
cally photopolymerization activities of epoxy-silicone mono-
mers. Therefore, the photopolymerization rates of the phenyl
epoxy-silicone monomers were evaluate to determine whether
relationships between their structures and reactivities could be
established. For this purpose, the gel yield method was
employed.

The photopolymerization of the epoxy-silicone mono-
mers was carried out under a high-pressure mercury lamp
with 1 mw/cm? of light intensity. P-S was used as cationic
photoinitiators.

100 _-n=ReR-RT R AR R AR AR RSV
/o J;u 7V -
(“ / v/v/
80 /
c/ / /%

] /P N
S ol I/ 7
= 60 H /
T |
> J
) —O0—E51
O —O— E51+4Ep-Si

2 E514Ep-Ph-Si-1
—v— E51+Ep-Ph-Si-2
E51+Ep-Ph-Si-3

20 40 60 80 100
Irradiation time(s)

Fig. 6 Gel yield study of the photoinitiated cationic polymerization of
epoxy mixtures of Ep-Ph-Si + E51 (2:1 wt%). (3.0 wt% P-S as the
photoinitiator; light intensity 5 mW/cm?)
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P-S is an important cationic photoinitiator in photopoly-
merization irradiated by a high-pressure mercury lamp be-
cause it has some absorption above 300 nm. However, it
was found to show poor solubility in the synthesized phenyl
epoxy-silicone monomers. Thus, in the study of the photo-
polymerization of Ep-Ph-Si, ERL4221 and E51 were mixed
with Ep-Ph-Si at a weight ratio of 1:2 to improve the
solubility of the photoinitiator. At the same time, monomer
ERLA4221 and oligomer E51 served as the model monomer
that provided baseline reactivity to measure any effect on
the polymerization rate due to the incorporation of the
phenyl ring. The resulting data were averaged and the
curves of the gel yield vs. time are presented.

Figure 5 shows the gel yield curves of the photopolyme-
rization of Ep-Ph-Si mixed with ERL4221 using 3 wt% P-S
as the photoinitiator. For comparison, the gel yield curves of
the photopolymerization of ERL4221 are also shown in
Fig. 5. The order of the polymerization rates is ERL4221 +
Ep-Siand ERL4221 + Ep-Ph-Si-1 > ERL4221 + Ep-Ph-Si-2 >
ERL4221 > ERLA4221 + Ep-Ph-Si-3. The order of the photo-
polymerization rates of Ep-Ph-Si is consistent with the order
of their epoxy value. It was worth to point that the photo-
polymerization activities of Ep-Si, Ep-Ph-Si-1 and Ep-Ph-Si-2
are higher than that of ERL4221, though their epoxy values
are lower than that of ERL4221. Crivello et al. have proposed
that there are two major contributory factors to the outstanding
reactivity of epoxy-silicone monomers, including the inherent
ring strain and the absence of other basic groups in the
epoxycyclohexane ring system.

Figure 6 shows the gel yield curves of the photopolyme-
rization of Ep-Ph-Si mixed with E51 using 3 wt% P-S as the
photoinitiator. When Ep-Si and Ep-Ph-Si-1 were mixed with
E51, the photopolymerization rate of the mixtures is higher
than that of E51; When Ep-Ph-Si-2 and Ep-Ph-Si-3 were
mixed with E51, the photopolymerization rate of the mixtures
is lower than that of ES1.

From the above disccusion, it can be found that phenyl
epoxy-silicone monomers with little amount of benzene ring
still exhibited high photopolymerization rate. However, with
the increasement of the contents of benzene ring, the epoxy
value of epoxy-silicon monomers decrease and the photo-
polymerization activities decrease.

Conclusion

Three Ep-Ph-Sis and a Ep-Si monomers were synthesized
by hydrosilylation reaction in the presence of Lamoreaux
catalyst. RI measurements reveal that both the phenyl group
and epoxy group can improve the RI of the epoxy-silicone
monomers. The order of the Rls is Ep-Ph-Si-3 >Ep-Ph-Si-2 >
Ep-Ph-Si-1 > Ep-Si. Benzene ring is more effective than

@ Springer

epoxy group in improving the refractivity of the organosilicon
materials. The study on the cationic photopolymerization of
Ep-Ph-Si under a high-pressure mercury lamp reveals that
phenyl epoxy-silicone monomers with little amount of
benzene ring still exhibited high photopolymerization rate.
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