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Abstract
In this paper, a cyclotetrasiloxane modified with epoxy resin was synthesized via 
hydrosilylation with 1, 3, 5, 7-tetramethylcyclotetrasiloxane (D4H) and 4-vinyl-
1-cyclohexane 1, 2-epoxide (VCHO). The structure of tetramethylcyclotetrasilox-
ane modified with cyclohexane epoxide (D4H–VCHO) was characterized by Fou-
rier transform infrared (FT-IR), 1H nuclear magnetic resonance (1H-NMR) and gel 
permeation chromatography (GPC). The effects of feeding methods, feeding ratios, 
catalyst dosages, reaction temperature and reaction time on the products were inves-
tigated. After 4-h reaction with 8 ppm catalyst at 90 °C, D4H–VCHO was obtained 
with an epoxy value of 0.521 and a refractive index of 1.4920. Then, with 4-methyl-
hexahydrophthalic anhydride as a curing agent and tetrabutylammonium bromide as 
a catalyst, the obtained D4H–VCHO was cured at 90 °C for 1 h and then 120 °C for 
another hour. The cured products showed high light transmittance, strong thermal 
stability, suitable hardness and low water absorption. The glass transition tempera-
ture of cured materials was 151.6 °C, indicating the improvement of flexibility. In 
addition, the introduction of epoxy groups greatly enhanced the adhesion of silicone 
resins to substrates. The results demonstrated that the epoxy-modified silicone mate-
rials could be applied as LED packaging materials.
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Introduction

The new generation of solid-state cold light source, light-emitting diode (LED), 
has advantages of low power consumption, environmental friendliness and long 
working life, compared to traditional light sources [1]. Nowadays, LEDs are 
widely used in many fields, such as ordinary light source, automotive headlights, 
indicator lights and backlights. LEDs are mainly composed of substrates, chips, 
gold wires, packaging materials and lead frames.

The dominant packaging materials for LED are mainly epoxy resins and sili-
cone materials. Traditional epoxy packaging materials perform well in terms 
of mechanical, electrical and adhesive properties [2, 3], but they have the large 
internal stress and poor UV/thermal resistance in cured solids. Silicone materials 
play a significant role in LED encapsulation due to high thermal stability, strong 
thermal shocking resistance and low moisture absorption [4–7], but they have 
the poor adhesion to the metal or polymer substrates. Thus, epoxy-modified sili-
con materials, with the advantages of both silicon and epoxy resins [8–10], have 
attracted wide attention in recent years.

Epoxy-modified silicone resins have been synthesized by hydrosilylation 
[11–13], hydrolytic condensation [14, 15] and so forth. Accordingly, epoxy 
groups have been introduced to the molecular structure of siloxane. In addition, 
a cured epoxy-modified silicone material can also be prepared by mixing epoxy 
resin with silane coupling agents [16, 17]. However, it is difficult to gain homoge-
neous, well-performing and transparent materials through simply physical blend-
ing [18]. Therefore, researchers preferred to synthesize epoxy-modified polysi-
loxane through hydrosilylation reaction or hydrolysis condensation, other than 
physical mixing [19–23].

Murias et al. [24] performed hydrosilylation reaction between 1, 1, 3, 3-tetra-
methyldisiloxane and allyl glycidyl ether. In order to obtain enough epoxy groups 
and large molecular weight, modified siloxane was mixed with other epoxy res-
ins before curing. The content of siloxane in resins was reduced; thus, resulting 
in poor thermal stability of cured materials. Romo-Uribe et  al. [25] prepared 
poly(dimethylsiloxane) diglycidyl ether terminated to replace the above-modi-
fied siloxane. To increase the content of epoxy groups, other epoxy resins were 
added to the poly(dimethylsiloxane) diglycidyl ether. Accordingly, the content of 
siloxane decreased. The mass loss of the cured products at 287.9 °C reached 5%. 
To prepare long-chain polysiloxanes with a high epoxy value, Feng et  al. [26] 
prepared a PDMS-block-DGEBA copolymer with DGEBA, hydroxyl-terminated 
PDMS and silane coupling agent. The PDMS modified DGEBA systems had 
higher impact strength and lower weight-loss rate than the pristine DGEBA sys-
tem. Yang et  al. [27] synthesized an epoxy-modified polysiloxane with methyl 
hydrodiethoxy silane and 4-vinyl-1-cyclohexane 1, 2 -epoxide (VCHO) as raw 
materials via hydrosilylation. Then, an epoxy-modified silicone oil was obtained 
through hydrolysis condensation reaction between monomer and diethoxydi-
methylsilane. Finally, it was cured with methylhexahydrophthalic anhydride 
(MHHPA) and catalyzed by tetrabutylammonium (DTAB). The cured product 
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possessed high thermal stability, high light transmittance and high hardness. 
However, the process was too complex for industrial applications.

Therefore, it is necessary to prepare long-chain polymethylsiloxane with a high 
content of epoxy. In the study, the cyclotetrasiloxane modified with epoxy resin 
was prepared through the hydrosilylation reaction between 1, 3, 5, 7-tetramethy-
olcyclotetrasiloxane (D4H) and 4-vinyl-1-cyclohexane-1, 2-epoxide (VCHO). 
Then, the optimum hydrosilylation conditions were further investigated. At last, 
the prepared cyclotetrasiloxane was cured with methylhexahydrophthalic anhy-
dride. The cured products showed high light transmittance (> 90% at 450 nm) and 
strong thermal reliability. The epoxy-modified silicone materials could be applied 
as encapsulants for LED.

Experimental

Raw materials

4-Vinylcyclohexane 1, 2- epoxide (VCHO) and 4-methylhexahydrophthalic anhy-
dride (MHHPA) were provided by Chembridge International Co., Ltd., Taipei, 
China. 1, 3, 5, 7-Tetramethylcyclosiloxane (D4H) was supplied by Shenzhen 
Superior Changhao Technology Co., Ltd., Guangdong, China. Tetrabutylam-
monium bromide (DTAB) was purchased from Shanghai Aladdin Bio-Chem 
Technology Co., Ltd., Shanghai, China. Chloroplatinic acid was obtained from 
Guangdong Kejunchi Technology Co., Ltd., Guangdong, China. The 3535 sur-
face-mounted devices (SMD) LED lead frames were purchased from Shenzhen 
Wenliang Electronics Co., Ltd., Guangdong, China.

Synthesis of D4H–VCHO

A certain amount of D4H was dropped into 4-vinyl-1-cyclohexene 1, 2-epox-
ide (VCHO) within 30 min at 85  °C. Subsequently, the reactants were continu-
ously stirred for 6 h under the catalyst of chloroplatinic acid. Finally, the prod-
uct performed vacuum distillation and the unreacted VCHO was removed. A 
viscous, transparent and colorless cyclotetrasiloxane modified with epoxy resin 
(D4H–VCHO) was synthesized. The synthesis route is shown in Fig. 1.

Preparation of cured D4H–VCHO with anhydride

The synthesized D4H–VCHO was cured with anhydride and catalyzed with 
DTAB. The curing reaction was carried out at 90  °C for 1  h and then 120  °C 
for another hour. Finally, the product cured with D4H–VCHO was successfully 
prepared.
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Analysis and measurement

FT‑IR

A NICOLET ANTARI spectrometer (Thermo Fisher Scientific Co., Ltd., Amer-
ica) was used to record the FT-IR spectra. The test was performed in the range 
from 4000 to 500 cm−1. Liquid samples were filmed on the surface of KBr pellets.

1H‑NMR

The 1H-NMR spectra were recorded by using an AVANCE III HD 600 Spectrom-
eter (Bruker, Germany) with chloroform as solvent.

Gel permeation chromatography (GPC)

The molecular weight and the distribution of the sample were determined by 
using Agilent 1000 gel permeation chromatography (Agilent, America). The 
chloroform was used as solvent, while polystyrene was used as standard.

Thermogravimetric analysis (TGA)

The thermal stability of the epoxy-modified silicone materials was measured 
through thermogravimetric analysis with a STA-449C thermogravimetric ana-
lyzer (Netzsch Group, Germany) at a heating rate of 10 °C/min from 40 to 800 °C 
in a nitrogen atmosphere.

Dynamic thermomechanical analysis (DMA)

The glass transition temperature of epoxy-modified silicone materials was 
measured through dynamic thermomechanical analysis with a DMA Q800 

Fig. 1   A synthesis process of D4H–VCHO
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thermogravimetric analyzer (TA Instruments, America) at a heating rate of 5 °C/
min from 25 to 200 °C. The sample size was 40 ×12 ×3 mm3.

Measurements of optical properties

2WA-J abbe refractometer (Shanghai CSOIF Co., Ltd., China) was used to measure the 
refractive index. The light transmittance of cured materials was measured in the range 
from 300 to 800 nm with a Hitachi U-3010 (Hitachi, Japan) spectrophotometer. The 
sample was a disc with a diameter of 30 mm and a thickness of 2 mm.

Measurement of the mechanical properties of cured products

The hardness of the prepared encapsulation materials was measured with a Yuanling 
LX-A Shore A durometer (Shanghai Yuanling Instrument Co., Ltd., Yuanling, China) 
according to ISO 7619: 1986.

The tensile strength of the samples was carried out on a CMT 4303 universal elec-
tronic material testing machine (Shenzhen Sans Instruments Co., Ltd., China) accord-
ing to GB/T 1040-92.

Water absorption

The water absorption ratios of the cured cyclotetrasiloxane modified with epoxy resin 
were measured after immersing it in distilled water at room temperature for 24  h 
according to the standard of ASTM D570-98(2005). Subsequently, the samples were 
taken out and free water on sample surfaces was absorbed with filter paper. The water 
absorption ratios of cured samples were calculated. The water absorption ratios can be 
calculated as

where m1 and m2 are, respectively, the weight of a sample before and after the water 
absorption test.

Red dye penetration test

The adhesive properties of packaging materials were evaluated by the red dye pene-
tration test. In this test, 3535 SMD LED lead frames were encapsulated by the cured 
materials and the lead frames were immersed into boiling red ink for 6 h. Subsequently, 
whether red ink was permeated into the LED frames was observed. If the penetration 
phenomenon was not observed, the packaging materials had strong adhesion to the 
LED substrate.

(1)R =
m

1
− m

2

m
1

× 100%
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Results and discussion

Characterization of D4H–VCHO

Figure 2 shows the FT-IR spectra of D4H and D4H–VCHO. After the hydrosilyla-
tion reaction, the characteristic peaks of D4H–VCHO were different from those 
of D4H. The absorption peaks in the range of 990–1120  cm−1 were ascribed to 
Si–O–Si peaks. The characteristic bands at 2965 cm−1 and 1260 cm−1 were assigned 
to the stretching vibration of C–H from CH3 and the bending vibration of Si–CH3. 
Moreover, the Si–O–Si peaks and Si–CH3 peaks of D4H–VCHO were stronger 
than those of D4H, demonstrating the introduction of D4H. In addition, the Si–H 
peaks at 2160  cm−1 were weakened greatly in D4H–VCHO and the epoxy groups 
at 870  cm−1 appeared in D4H–VCHO, indicating the successful addition reaction 
between D4H and VCHO (Figs. 3, 4).

The structures of D4H and D4H–VCHO were analyzed by 1H-NMR. The signals 
of solvent chloroform were determined at 7.26 ppm. The chemical shifts between 
0 and 0.3 ppm were assigned to the hydrogen on Si-CH3. The Si-CH2-CH band at 
3.6  ppm appeared in D4H–VCHO, whereas the Si–H band at 4.9  ppm obviously 
decreased, illustrating the occurrence of addition reaction. What’s more, the chemi-
cal shifts of epoxy groups appeared in 3.1 ppm. The absorption peaks from 0.5 to 
2.16 ppm were ascribed to the proton peaks and multiplets of cyclohexyl.

The molecular weight of D4H–VCHO was analyzed by GPC. The number aver-
age molecular weight of D4H–VCHO was 585, while the weight average molecular 
weight was 605. The popydispersity index (PDI) was as low as 1.034, revealing the 

Fig. 2   Fourier transform infrared spectra of D4H–VCHO
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Fig. 3   1H nuclear magnetic resonance spectra of D4H–VCHO

Fig. 4   Effect of different catalyst content



7184	 Polymer Bulletin (2022) 79:7177–7192

1 3

homogeneity of products. Based on the above analyzed, the epoxy-modified polysi-
loxane was successfully synthesized.

Optimization of feeding method

The color and appearance of the synthesized product were closely related to the 
feeding methods in the reaction process. This paper investigated three feeding meth-
ods, including Method 1 (disposable batch feeding), Method 2 (adding D4H into 
VCHO in a dropwise manner) and Method 3 (adding VCHO into D4H in a drop-
wise manner). The reaction phenomena and the appearance of products of differ-
ent methods are summarized in Table 1. In Method 1, as the reactants were mixed, 
a large quantity of heat was released within a short time. Therefore, heat induced 
the ring-opening and cross-linking of epoxy groups. In Method 3, the concentration 
of hydrogen was much greater than that of C=C, thus resulting in the agglomera-
tion of platinum to form Pt–Pt colloids and Pt–Si colloids. Thus, the D4H–VCHO 
turned yellowish [28]. In Method 2, excessive C=C formed the Pt–C colloids, which 
caused less discoloration [29]. Therefore, adding D4H into VCHO in a dropwise 
manner was the optimal feeding method.

Optimization of feeding ratio

In hydrosilylation reaction, the molar ratio of Si–H to C=C significantly affected the 
conversion rate and epoxy value. A large epoxy value of D4H–VCHO was beneficial 
to the formation of stable curing materials. Thus, the relationship between the molar 
ratio of Si–H to C=C and the properties of D4H–VCHO was investigated (Table 1). 
When n(Si–H):n(C=C) was 1:0.8, insufficient vinyl groups caused a large amount of 
Si–H residues and a lower epoxy content in final products [30]. Then, increasing the 
amount of vinyl groups could obviously increase the epoxy content in D4H–VCHO. 
Once the molar ratio of n(Si–H):n(C=C) was increased above the ratio of 1:1.2, 
improving the vinyl groups had little effect on the increase in the epoxy content. 
Too much VCHO would result in the waste of raw materials and adversely affect the 
performance of cured products. Therefore, the best molar ratio of n(Si–H):n(C=C) 
was 1:1.2.

Optimization of catalyst dosage

Catalyst dosages directly influenced the conversion rate of addition reaction. Under 
the same reaction conditions and different catalyst dosages, the changes in conver-
sion rate were analyzed. When catalyst dosage was lower than 5  ppm, the fewer 
effective collisions between chloroplatinic acid and reactants resulted in insufficient 
catalyst efficiency and slower reaction rate [31]. Increasing catalyst dosage below 
8 ppm improved the conversion rate significantly. However, when the catalyst dos-
age increased above 8 ppm, the increase in the conversion rate was not significant. 
Too much catalyst easily caused a lot of heat and the ring-opening reaction of epoxy 
groups. In addition, excessive chloroplatinic acid led to the precipitation of platinum 
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colloids and the darker color of products. Thus, the dosage of chloroplatinic was 
8 ppm.

Optimization of reaction time

The hydrosilylation reaction could not be completed within a short time. However, 
the long reaction time led to further condensation of polysiloxane, and the instability 
and even gelation of final products [32]. The conversion rate was improved with the 
increase in reaction time (Fig. 5). When the reaction time increased above 6 h, the 
rate remained unchanged. In addition, the increase in reaction time led to the darker 
color in D4H–VCHO. Consequently, the optimal reaction time should be 6 h.

Optimization of reaction temperature

At low temperature, the platinum catalytic activity is quite low [33], but the high 
temperature induces side reactions and damages the homogeneity of products [34]. 
Figure 6 shows the conversion rate of hydrosilylation reaction at different tempera-
tures. When the temperature rose from 60 to 90 °C, the conversion rate significantly 
increased. When the temperature rose above 90  °C, the conversion rate was sel-
dom changed. When the reaction temperature was higher than 110 °C, the product 
became a yellowish liquid with high viscosity. This phenomenon could be explained 
by the ring-opening reaction of epoxy groups at a high temperature. Therefore, the 
reaction temperature was chosen as 90 °C.

Fig. 5   Effect of reaction time
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The optimal reaction conditions were determined as follows: adding D4H into 
VCHO in a dropwise manner, the mole ratio of n(Si–H) to n(C=C) (1:1.2), 8 ppm 
catalyst, reaction time of 6 h and reaction temperature of 90 °C.

Performance of cured D4H–VCHO

D4H–VCHO was synthesized under the optimal conditions. Then, D4H–VCHO was 
cured to prepare the epoxy-modified methyl silicone materials. The cured products 
showed the refractive index of 1.4920. The hardness of cured materials was 91.3 
shore A and that tensile strength was 3.646 MPa, meeting the requirement of pack-
aging materials for mechanical properties. What’s more, the water absorption of 
cured materials was 0.08%, indicating remarkable waterproof performance.

The high transparency of encapsulants can reduce light loss and improve the 
brightness of LED devices. The light transmittance of D4H–VCHO before the aging 
test was maintained above 90% in the visible range from 400 to 800 nm (Fig. 7) and 
met the optical requirements of LEDs.

LED devices are inevitably affected by external heat and UV. It is important 
for packaging materials to maintain high light transmittance in the external envi-
ronment. Thus, the thermal aging test of the cured D4H–VCHO was carried out 
at 200 °C for 120 h and the aging test was performed with 365 nm UV for 120 h, 
respectively. However, the light transmittance of D4H–VCHO was still maintained 
above 80% in the range from 450 to 800 nm after thermal aging or UV aging, indi-
cating the high resistance to thermal and UV.

Fig. 6   Effect of reaction temperature
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When the LEDs are under working conditions, the heat generated from chips 
is transferring through encapsulants to the outer environment. The packaging 
materials are required to be stable at a working temperature above 120 °C [35]. 
A thermogravimetric analysis was carried out to evaluate the thermal reliability 
of cured D4H–VCHO. Figure 8 shows the TGA of cured D4H–VCHO from 40 
to 800 °C. The cured D4H–VCHO showed no mass loss below 200 °C, indicat-
ing the complete curing of silicone materials. The initial decomposition tem-
perature was about 236 °C, and 5% mass loss was reached at 330 °C. The high 
thermal reliability could be attributed to the stability of siloxane.

The glass transition temperature represents the lowest temperature of molecu-
lar chain motion, which is directly related to the flexibility of materials. Due to 
introduction of Si–O–Si, the flexibility of cured materials was improved and the 
glass transition temperature was 151.6 °C (Fig. 9).

Red dye penetration tests were conducted to investigate the adhesion and 
sealing conditions between the encapsulated resin and lead frames. D4H–VCHO 
was used as the encapsulating material to encapsulate LEDs. The packaged 3535 
SMD LED lead frames were immersed in boiling red ink for 6 h. No red ink was 
penetrated into the chips after 6-h boiling (SMD encapsulated with D4H–VCHO, 
Fig. 9), indicating that the modified materials and lead frame were in high adhe-
sion and sealing conditions (Fig. 10).

Fig. 7   Light transmittance of D4H–VCHO’
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Conclusions

The epoxy-modified methyl polysiloxane D4H–VCHO was synthesized via hydrosi-
lylation reaction between 4-vinyl-1-cyclohexane-1, 2-epoxide (VCHO) and 1, 3, 5, 

Fig. 8   Thermogravimetric analysis (TGA) of D4H–VCHO’

Fig. 9   Dynamic thermomechanical analysis (DMA) of D4H–VCHO’)
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7-tetramethyltetracyclosiloxane. The characterization results indicated that epoxy 
groups were successfully introduced into polysiloxane. The optimal conditions were 
as follows, adding D4H into VCHO in a dropwise manner, n(Si–H):n(C=C) of 1:1.2, 
8 ppm catalyst and 6-h reaction at 90 °C.

After curing, the epoxy-modified methyl silicone materials showed great light 
transmittance, suitable hardness and low water absorption ratios. Due to the high 
bond energy of Si–O–Si and the adhesion of epoxy groups, D4H–VCHO possessed 
the high stability and better adhesion performance. Therefore, the D4H–VCHO can 
be used as LED encapsulants.
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