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ABSTRACT: A new high-ultraviolet (UV)-transmission silicone-resin polymeric material was prepared via curing during hydrosilylation

of tetramethyltetravinylcyclotetrasiloxane with tetramethylcyclotetrasiloxane by a liquid-surface supernatant method, using a stepwise

heating program to avoid spontaneous combustion of the reaction mixture. The relationships were investigated in detail between

reactive groups, cross-linking density, mechanical and UV-transmission properties. For this purpose, UV transmittance and dynamic

mechanical properties, respectively, of the silicone resin were measured with UV–visible spectrophotometry and dynamic mechanical

thermal analysis. In addition, surface roughness was evaluated with an atomic force microscope as well as an interferometer. The cur-

ing process was monitored by Fourier transform infrared spectroscopy and rotational rheometry. The cyclic silicone oils were com-

pared with linear ones in structure and product properties. The results indicated that stepwise temperature control during curing

process was particularly indispensible due to the presence of active SiAH bonds, and that the silicone resin of high modulus, high

UV transmittance (92.7%) and low surface-roughness was largely homogeneous in cross-linking points distribution.
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INTRODUCTION

High-UV-transmission materials are essential to most analytical

instruments and equipment such as UV optical components,

delicate optoelectronic elements, UV-transparent sheets, etc.1,2

Usually, they are mainly made of special inorganic glasses with

high strength, small impurity content and low surface rough-

ness. Silva et al.3 studied the optical properties of a phosphate

glass, P2O5–ZnO–Al2O3–BaO–PbO (PZABP), and found that

the characteristic of this phosphate glass contributed to high

transparency from 280 to 800 nm. However, the high-cost, pro-

cess complication, and high energy-consumption have limited

its wider applications; even reduction of the impurity content

to lower light-scattering levels always is accompanied with

stricter preparation conditions. Therefore, to research and

develop polymer materials as its alternatives has become a chal-

lenging issue to be addressed. The research progresses of high-

UV-transparency polymers have been reviewed by our group4:

Yu et al.5 prepared a polyimide/(silica–titania core–shell nano-

particle) hybrid thin film, whose transparency at 350 nm was

found to be greater than 90%, and which could be used to pre-

pare three-layer anti-reflective films on glass or PMMA-polymer

substrates. Gu et al.6 prepared thin films of metal–organic

frameworks (MOFs) with and without ultrasonic bath, the

results of which showed that the optical properties of the films

had a close relationship with their surface characteristic, and

that the light transmittances at visible region and 350 nm were

almost 93% and 90%, respectively, upon the ultrasonic bath.

Based on the considerations of cost, preparation technology and

production cycle, silicone materials were selected as the new

alternatives, which was primarily due to their reduced light

absorption across UV region because of the lack of chromo-

phores,7,8 and to the fact that they can be easily prepared
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through hydrosilylation reaction.9 Transparent addition-type liq-

uid silicone rubber (LSR), which was prepared by reaction of

vinyl-terminated dimethyl silicone oil (BSiACH@CH2) and

hydrosilicone oil (BSiAH) under catalysis of H2PtCl�6H2O in

isopropyl alcohol, has become a popular material in the optoe-

lectronic field over the past years due to its advantages of sim-

ple preparation, high manufacture efficiency, low cost, and

energy saving.10–12 For instance, solid–liquid coexistence gels or

LSR with different strengths was obtained by controlling the

contents of the reactive groups and thus the cross-linking den-

sity, which has widely been employed as cushioning or anti-

seismic materials in the fields of optoelectronic, electrical, and

medical industries.13,14 The aforementioned unreinforced

addition-type LSR has usually adopted linear-structured silicone

oils as the reactants, but generally turned out to be of poor

mechanical properties. Vinyl MQ resin was considered to be the

most effective modifier in terms of reinforcement of LSR,15 but

the UV transmittance at 350 nm of the reinforced product is

modestly lower due to the occurrence of light scattering, which

is caused by the addition of the third component, vinyl MQ

resin, that has a mismatched shrinkage as well as a different

refractive index (RI).

In this work, tetramethylcyclotetrasiloxane (DH
4 ) and tetrame-

thyltetravinylcyclotetrasiloxane (DVi
4 ) with cyclic structures have

been chosen as the reactants to prepare high-UV-transmission

materials. It is apparent that the DVi
4 and the DH

4 can well be

compatible because of their transparent appearances, identical

backbone of SiAOASi, and analogous structures. In addition,

their comparable RIs (1.4342 vs. 1.4347 for DVi
4 vs. DH

4 , respec-

tively) give the product a uniform RI that can minimize light

scattering effectively, and their nearly identical densities (0.986

vs. 0.987 g/cm3 for DVi
4 vs. DH

4 at 258C, respectively) contribute

to a complete mixing without the occurrence of stratification.

Also, defoaming is unnecessary due to the low viscosities of the

reactants, which can make bubbles disappear rapidly without

adding an alkynol inhibitor to avoid introduction of impurities.

This study focuses on a qualitative analysis of the DVi
4 –DH

4 cur-

ing behavior via Fourier transform infrared spectroscopy (FTIR)

combined with rotational rheometry. The dynamic mechanical

properties, surface roughness, and UV-light transmittance,

respectively, of the silicone resin obtain from DVi
4 –DH

4 reaction

are investigated by means of dynamic mechanical thermal analy-

sis (DMTA), atomic force microscopy (AFM) and interferome-

try, and UV–visible (UV–Vis) spectrophotometry. A stepwise

heating method, which conduces to controlling the reaction

rate, as well as a liquid-surface supernatant method, which con-

tributes to obtaining the product in any size or thickness, is

employed for the preparation of the silicone resin.

EXPERIMENTAL

Materials

DVi
4 (�98%) and DH

4 (�98%) were purchased from Shenzhen

Osbang New Materials, China, the vinyl and hydrogen contents

of which were 30.51 and 1.67 wt %, respectively. Pt catalyst

used for the cure of DVi
4 –DH

4 was obtained from Dongguan

Honye Silicone, China, the concentration of which was 4000

ppm. Glycerin and toluene, both analytically pure, were

obtained from Xilong Chemical, China and Shanghai Aladdin,

China, respectively. Deionized water was prepared in our labo-

ratory. Polytetrafluoroethylene (PTFE) mold as reaction vessel

was customized from Shenzhen Yimei Hardware Plastic Prod-

ucts, China.

Stoichiometric Ratio

The cross-linking density and properties of the product are

directly determined by the molar ratio of DH
4 to DVi

4 during the

reaction (i.e., the molar ratio of BSiAH to BSiACH@CH2

group), which was calculated according to the following

equation:

MDVi
4

3a%

27
3A5

MDH
4
3b%

1
(1)

where MDVi
4

and MDH
4

are the weights of DVi
4 and DH

4 , respec-

tively, a wt % and b wt % are the contents of vinyl group and

hydrogen group, respectively, and A is the stoichiometric

(molar) ratio of DH
4 to DVi

4 . In consideration of the possible

side reactions of SiAH groups,16 all of the samples were pre-

pared by using a 2:1 molar ratio of DH
4 /DVi

4 to ensure that the

vinyl groups be thoroughly consumed.

Preparation of the Silicone Resin

The standard formula (based on 100 parts by weight of DH
4 ) for

the preparation of the silicone resin was as follows: DH
4 , 100

p.h.r.; DVi
4 , 74 p.h.r.; Pt catalyst, 0.5 p.h.r. Predetermined

amounts of DVi
4 and DH

4 according to this formula were mixed

in a 200 mL stoppered round-bottomed flask under magnetic

stirring at 208C for 3 min, and the Pt catalyst was then added

dropwise into the stirred mixture, followed by a stoppered mix-

ing for another 5 min to isolate the system from air. Subse-

quently, the stepwise heating method was initiated as follows:

(1) kept the reaction-mixture flask stand at 25.0 6 0.18C for

10 h, during which the viscosity of the mixture increased gradu-

ally while still maintained a viscous flow state; (2) the mixture

was then poured into a PTFE-mold rectangular cavity of

50 mm in depth surface-covered in advance with a layer of glyc-

erin of ca. 5 mm, and subsequently placed in a vacuum oven

set at 408C for 3 h, thus forming an LSR-like soft sheet, which

was recovered and then surface-washed with deionized water to

remove thoroughly the residual glycerin, and subsequently cut

into different dimensions of specimens; (3) finally, the LSR

specimens were further cured at 1208C for 1 h to form transpar-

ent, glass-like silicone-resin specimens for all of the measure-

ments to be prescribed below.

Liquid-Surface Supernatant Method

The conventional method for preparing silicone materials is as

follows: the rectangular mold-cavity is comprised of four slide

glasses on a glass substrate, with the forming surfaces being

four longer side-surfaces of the four slide glasses, respectively,

and the surface of the glass substrate, and a polyimide film (of

0.13 mm thick) is placed between the glass substrate and the

mold cavity to improve mold release. Leveling-off of the above

mold cavity is effected by ensuring that the bubble is centered

in the liquid of a spirit level, which, however, cannot be abso-

lutely guaranteed due to the limits of the spirit-level precision

and observation errors.
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To overcome this, a home-made, innovative technique so-called

“liquid-surface supernatant method” was developed in our labo-

ratory for the preparation of leveled silicone sheets of uniform

thicknesses. PTFE was used in place of glass to form the mold

cavity, in that the excellent non-adhesion property and

extremely low surface tension of PTFE17 helped minimize the

interfacial adhesion between the silicone sheet and the mold

walls. Then, glycerin was selected as the bottom cladding of the

PTFE mold due to its high boiling point, high density, colorless

transparency and incompatibility with the reactive silicone mix-

ture. Finally, the reactive mixture was poured slowly onto the

glycerin surface upon standing at 258C for 10 h, and any bub-

bles possibly generated during the process may be removed

through the subsequence vacuuming at 408C. By this procedure,

the reaction mixture remained strictly self-leveled irrespective of

the orientation of the PTFE mold due to the relatively low vis-

cosity of glycerin under gravity. It was certain that any dimen-

sions of silicone sheets could be prepared using this liquid-

surface supernatant method, by adjustments of the amount of

the poured reaction mixture and/or the shape and size of the

PTFE mold-cavity.

Cure-Confirmation Tests

In the oscillatory shear mode, curves of complex-viscosity mag-

nitude versus time at a strain amplitude of 0.5% and an angular

frequency of 6 rad/s were measured on a rotational rheometer

(TA Instruments, DHR-2) at 95, 100, and 1058C, respectively,

for the uncured reaction-mixture sample of DH
4 , DVi

4 , and the Pt

catalyst. FTIR spectra were obtained from an FTIR spectrometer

(Thermo Fisher Nicolet, iS50) for the uncured sample and the

cured samples upon stepwise heating at 258C for 10 h, at 408C

for 3 h, and at 1208C for 1 h, respectively. Both of the tests

were to confirm the occurrence of the gradual curing behavior.

Cross-Linking Density Test

The cross-linking density of the completely cured sample upon

the stepwise heating was measured by an equilibrium swelling

method presented below: a certain amount of the sample was

immersed into excess anhydrous toluene in a sealed vessel at

25.0 6 0.18C; upon swollen in the toluene for 6 days, the sample

was taken out and weighed after blobed dry with tissue wipers.

The weight of swollen sample (M1) was taken as the median of

five tested results to minimize statistical uncertainties.

The content of the cross-linking bonds as well as the structure

of the cured system can be reflected by the cross-linking density

measured.18 According to the Flory-Rehner theory,19 the cross-

linking density (me) of the cured sample was estimated by the

following equation:

me5q=Mc52 ln 12uð Þ1u1vu2
� �

= V0u
1=3

� �
(2)

where q is the density of the (un-swollen) sample (1.115 g/

cm3), Mc (g/mol) the average molecular weight between cross-

linking points, u the volume fraction of silicone resin in the

swollen sample, v (here 0.465)18 the Flory-Huggins interaction

parameter between the solvent and the sample, and V0 the

molar volume of toluene (1.0654 3 1021 L/mol). The u in eq.

(2) was calculated by:

u5 M0=qð Þ= M0=q1 M12M0ð Þqs½ � (3)

where M0 and M1 are the weights of the (un-swollen) sample

(0.1364 g) and the swollen sample (0.1837 g), respectively, and

qs is the density of toluene (0.866 g/mL).

Hardness Test

Upon standing at 25.0 6 0.18C for 1 day, the stepwise cured

sample (50 mm 3 50 mm 3 3.8 mm according to ASTM D

2240-2005 standard) was tested at six separated testing points

using a Shore-D-type durometer (Qingdao Zongheng Instru-

ments, China, Chuan Lu). The results had to be read in 1 s

upon indentation of the sample points. The hardness value was

average from the six results tested above.

Dynamic Mechanical Thermal Analysis (DMTA)

The DMTA of the (cured) silicone resin (59.74 mm 3 13.22 mm

3 3.54 mm) was conducted on a dynamic mechanical analyzer

(TA Instruments, Q800). A temperature sweep test was run

from 30 to 1408C with a heating rate of 38C/min in the air

atmosphere, in the oscillatory three-point bending mold at an

amplitude of 15 lm and a frequency of 10 Hz according to

ASTM D 5418-15. Storage modulus (G0), loss modulus (G00),

and loss tangent (tan d) were obtained as functions of tempera-

ture for analysis.

Surface Topography Tests

The surface roughness of the sample within an observation

range of 10 lm 3 10 lm was inspected by an atomic force

microscope (Bruker, Dimension Icon) in the PeakForce QNM

mode, which were also tested by a ZYGO interferometer

(ZYGO, Mark III-GPI) in a 19 mm 3 18 mm observation range

and analyzed by the software of MetroPro 8.3.1.

UV Transmittance Test

The UV transmittance of a silicone-resin film (1 mm thick),

prepared by the liquid-surface supernatant method, was

detected by a UV–Vis spectrophotometer (Hitachi, U3900) in a

wavelength range of 200–800 nm at a scan rate of 300 nm/min.

RESULTS AND DISCUSSION

Curing Behavior Analysis

The physical and mechanical properties of silicone materials

were significantly influenced by their curing conditions.20–22 In

the process of curing, combustion and implosion was found to

easily be triggered with violent exotherm, if the reaction mixture

was cured directly at 1208C without using the stepwise heating

method; the reaction mixture burst into ashes within seconds

even in the absence of ignition. To accommodate the time–tem-

perature superposition theory in terms of the curing effect,

behaviors of complex-viscosity magnitude versus time were

studied at 95, 100, and 1058C, respectively. As shown in Figure

1, the system viscosity remained almost unchanged (ca. 0.1

mPa s) in the early stage of 30–80 s, followed by a sharp

increase which gradually slowed down until the end of the

observation time, for each of the temperatures investigated. This

suggests that the cross-linking may not have occurred during an

induction period of 30–80 s, which is dependent upon the

nature and the composition of the curing system9,23 as well as

the reaction conditions. After the induction, the viscosity
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increased considerably with time, indicating the significant

occurrence of cure. During this process, the molecular thermo-

dynamic movement and thus the molecular activity were

enhanced upon the activation by the heat released from SiAH

bonds oxidation, which resulted in vigorous growth in the vis-

cosity and a sharp increase in the reaction rate. These rapidly

cured products (within ca. 6 min) obtained from the isothermal

treatments apparently were rough-surfaced, warped, corrugated,

and bubbled, suggesting that the temperatures of 95–1058C

were too high for the curing of the reaction mixture. However,

it is obvious from Figure 1 that, as the curing temperature

increased, the induction period decreased while the viscosity

increased noticeably (at the same specified time), revealing that

the cure rate was closely correlated with the temperature. There-

fore, temperature control seemed to be the most effective way

to prevent the reaction mixture from implosion.

Nevertheless, even though the curing temperature was decreased

significantly to 358C, the heat generated from the cross-linking

and possible side reactions such as SiAH oxidation brought up

some local temperatures to above the bubble point of the reac-

tion mixture, giving rise to a great quantity of tiny bubbles

existing in the cured product; this was undesirable for high-UV-

transmission applications. Meanwhile, it was found that the

flash point (Tf, the lowest temperature of flashover generated

on the surface)24 of organosilicon compounds can be evaluated

by the following equation25:

Tf 5251:238510:4994Tb10:00047T 2
b (4)

where Tf and Tb are the flash point and the boiling point of

organosilicon compounds, respectively. Through eq. (4), the

Tf ’s of the DH
4 and the DVi

4 , respectively, were estimated from

their Tb’s of 134 and 2248C to be 24.0 and 98.98C, which was

the reason why the curing temperature of 1208C, definitely

higher than the Tf of the DH
4 –DVi

4 reaction mixture, was suffi-

cient to cause spontaneous combustion and even implosion.

Further, according to the flash-point prediction models for

flammable liquid mixtures,26 the Tf of the mixture might have

been lower than 358C, which would potentially have made the

reaction system take the hazards of quick polymerization

accompanied by massive bubble formation at the curing tem-

perature of 358C. Generally, the flash point of compounds was

determined by their volatility and boiling point. For those nei-

ther ionic nor nonpolar compounds, their molecules often con-

tain permanent dipoles, which are determined by the

electronegativities of the atoms in bonding: the larger the differ-

ence in electronegativity, the greater the dipolar moment.27 A

comparison of the molecular structures of DH
4 and DVi

4 (Figure

2) reveals that the only difference was the reactive groups joined

to Si atoms, i.e., H atoms for DH
4 vs. vinyls for DVi

4 . The incon-

spicuous difference in Pauling value of electronegativity between

Si and H atoms (1.89 for Si vs. 2.2 for H)28 explains for the

small dipolar-moment, low boiling point and low flash point of

the DH
4 .

Therefore, an initial curing temperature as low as 258C (i.e.,

room temperature) was applied for a prolonged time-period of

10 h that was apparently prior to the gelation of the system, fol-

low by 408C 3 3 h and finally by 1208C 3 1 h, which consti-

tuted a stepwise heating method to control the curing rate

within a reasonable level that minimized bubbling, implosion,

and spontaneous combustion. The corresponding FTIR spectra

of the reactive mixture over four characteristic stages (Figure 3)

show that: (1) across the entire process, the SiAOASi absorp-

tion bands appeared in the range of 1300–950 cm21;29 (2) the

two peaks at 2963 and 2906 cm21, respectively, corresponded to

the asymmetric and symmetric CAH stretching vibrations from

the ACH3 groups; (3) the peak at 2167 cm21 was the character-

istic absorption band of the SiAH bonds; (4) the peaks at 1598

and 3056 cm21 were attributed to the respective stretching

vibrations of the C@C and CAH bonds from the vinyl groups.

Compared with Spectrum a (unreacted low-viscosity state), a

new peak in Spectrum b (reacted viscous-flow state) appeared

at 1140 cm21, which was assigned to the CAC stretching vibra-

tion30 resulting from the hydrosilylation of BSiACH@CH2 with

BSiAH. The intensities of the peaks at 2167 and 1598 cm21

both decreased monotonously in the order of Spectrum

a!b!c!d, confirming the progress of the curing reaction.

Particularly at the end of cure (in Spectrum d), the absorption

band at 1598 cm21, corresponding to the stretching of C@C

Figure 1. Rheological behaviors of complex-viscosity magnitude (|g*|) vs.

time at 95, 100, and 1058C for the reactive mixture of tetramethylcyclote-

trasiloxane (DH
4 ) and tetramethyltetravinylcyclotetrasiloxane (DVi

4 ). [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 2. Molecular structures of tetramethylcyclotetrasiloxane (DH
4 ) and

tetramethyltetravinylcyclotetrasiloxane (DVi
4 ). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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bonds of the vinyl groups, was found to disappear, indicating

that the curing reaction proceeded almost to completion.

Cross-Linking Density

In this work, the cross-linking density value (2.87 3 1023 mol/

cm3) of the silicone resin (made from 30.51 wt % of vinyls con-

tained in 74 p.h.r. of DVi
4 ), which was estimated during the

equilibrium-swelling experiment by use of eqs. (3) and (4), is

significantly (ca. one order of magnitude) higher than that of

an LSR (2.65 3 1024 mol/cm3)31 prepared by using a dosage of

0.30 wt % of vinyls contained in 46.0 p.h.r. of a linear vinyl

silicone-oil (LVSO), and also considerably higher than that of

an LSR modified by a branched vinyl silicone-oil (BVSO) (7.60

3 1024 mol/cm3) prepared in our previous work,32 where the

dosage was 2.25% of vinyls contained in 0.4 p.h.r. of a BVSO.

This is primarily because the vinyl-group concentration applied

in our reaction mixture obviously was much higher than

those31,32 mentioned above, the hydrosilylation of which under

the catalysis of Pt catalyst accordingly led to an immensely

higher cross-linking density. On the other hand, the molar ratio

of 2:1 used for BSi–H/ACH@CH2 was conducive to the com-

plete consumption of the vinyl groups and thus the maximiza-

tion of the highly cross-linked polysiloxane network.

Hardness Measurement

As shown in Table I, the shore-D hardness of the silicone resin

(78.1) was compared with those of several thermoplastic res-

ins,33–36 which was found to be in close proximity to that of

the un-plasticized PVC (80.3). This is mainly because the move-

ment of the flexible silicone chains was “locked” gradually upon

the progressive formation of cross-linking points: the more the

cross-linking points formed, the stronger the chain intersegmen-

tal interactions, and thus the more rigid the cured-silicone

chains. Moreover, unlike the flexible LVSO chains, the DH
4 and

DVi
4 silicone-oils was endowed by their cyclic structures with

rigidity, as well as with thermostability in that cyclic-structure

polysiloxanes are the end products of pyrolysis of their linear

counterparts.37 The structure of the silicone-resin product is

represented in Figure 4, which apparently constituted a compact

network.

Dynamic Mechanical Thermal Analysis (DMTA)

Figure 5 shows the dynamic mechanical properties (G0, G00, and

tan d) of the silicone resin against temperature [G0 and G00 vs. T

are shown in Figure 5(a), and tan d vs. T is shown in Figure

5(b)]. It is obvious that, in a specific temperature range of 30–

1408C, G0 of the silicone resin prepared from the cyclic-

structured oils was so high as to be higher than that of the

melt-blended material of 60 wt % of a silicone rubber (Dow

Corning, Silastic NPC-40) and 40 wt % of a liquid-crystalline

polymer, Vectra A 950 (with rigid rod-like molecular conforma-

tion and stiff backbone chains).38 The mechanism for the high

G0 was similar to that for the high hardness. The glass transition

temperature (Tg), taken as the temperature corresponding to

the peak in a tan d-vs.-temperature plot,39 of the silicone resin

(88.78C) was higher than that (308C) of liquid-crystalline rein-

forced LSR,38 and much higher than those (2115 and 21108C,

respectively) of an LSR and its composite reinforced by

ethyoxyl-phenyl-POSS.29 Nevertheless, its tan d was of a lower

value (0.067) than the LSR (0.138) and the composite (0.11);

although the differences in topological structure between the sil-

icone resin and the LSR and its composite might make their

internal frictions (i.e., G00’s) different as well, the higher tan d of

the former than the latter would essentially be dictated by its

much too much higher G0 since tan d 5 G00/G0. The high Tg of

the silicone resin was primarily attributed to the rigidity of its

chain segments comprising cyclic structural units. Unlike the

LSR/vinyl-POSS composite with a Tg lower than room tempera-

ture, the chain movement of the silicone resin was restricted

within a narrow space as a result of the extremely dense cross-

links present; therefore, the silicone resin was in a “frozen” state

at room temperature, that is, a higher temperature above its Tg

was essential to make the molecular chains unfreeze to motion.

Figure 3. FTIR absorption spectra of the reactive mixtures of tetramethyl-

cyclotetrasiloxane (DH
4 ) and tetramethyltetravinylcyclotetrasiloxane (DVi

4 )

that are: (a) uncured; (b) cured at 258C for 10 h; (c) cured at 258C for

10 h followed by at 408C for 3 h; (d) cured at 258C for 10 h, followed by

at 408C for 3 h and finally at 1208C for 1 h. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Schematic representation of the topological chain-structure of

the 3D network for the silicone-resin product formed from the hydrosily-

lation of tetramethyltetravinylcyclotetrasiloxane (DVi
4 ) with tetramethylcy-

clotetrasiloxane (DH
4 ). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Surface Topography Analysis

Figure 6 illustrates the 3D topography of silicone resin (i.e., an

image of height vs. position coordinates) within a 10 lm 3 10

lm observation range, from which the surface of the silicone

resin was found to be molecularly smooth, showing the root

mean square (RMS) and the average roughness (Ra) values of

1.74 and 1.39 nm, respectively. In addition, no local defect or

uneven-shrinkage was visually present on the surface inspected.

These probably were due to an appropriately mild control of

the process conditions by the stepwise heating method to mini-

mize internal stresses, which resulted in a uniform distribution

of the cross-linking points as well as the formation of a homo-

geneous network structure. Figure 7 shows a section analysis

across a 5 lm length in the observation range, from which we

observed that the height fluctuations were only within ca. 8 nm,

indicating further that the surface was really smooth enough

both globally and locally. The low surface-roughness was further

confirmed by ZYGO interferometry as shown in Figure 8; the

peak-to-valley (PV) and RMS values were tested to be 1.108k
and 0.188k (k 5 632.8 nm), respectively. The surface-roughness

RMS value (1.74 nm) obtained from AFM of the silicone resin

is even lower than that (6.91 nm) of the 1%-K–2%-Er codoped

ZnO film,40 which has widely been applied to UV-light emitters,

transparent electronics, surface acoustic-wave devices, etc.41

These results suggest that the internal stresses in the cured sili-

cone resin, which were caused by nonuniform shrinkages and

led to the variations in shape and size such as warpages, cracks,

or corrugations, were nearly zero, upon the application of the

stepwise heating method.

According to the “Curing behavior analysis” section, tempera-

ture control was crucial to the curing process. The stepwise

heating method had to be applied to prevent sharp temperature

changes and thus the occurrence of fast cure, as the curing

behavior was completely temperature-sensitive. Across the whole

stepwise curing from low-viscosity to viscous, to rubbery and to

Table I. Shore-D Hardness of the Silicone Resin (78.1) Compared with Those of Several Thermoplastic Resins

Hard materials Silicone resin PVC33 PLA34 POM34 PA635 PC36 PC-A380-536,b

Hardness (Shore D) 78.1a 80.3 81 6 0.7 74 6 0.5 72.0 56 6 2.0 75 6 2.0

a The STD value (0.09) of hardness was calculated from the six tested results.
b PC-A380-5 refers to the PC enhanced by 5% hydrophilic fumed silica with a surface area of 380 m2/g and average particle size of 7 nm.

Figure 5. Dynamic mechanical properties (G0, G00, and tan d) of the cured

silicone resin against temperature: (a) G0 and G00 vs. T; (b) tan d vs. T.

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

wileyonlinelibrary.com.]

Figure 6. AFM surface topography of the cured silicone-resin sheet: (a)

3D image within a 10 lm 3 10 lm observation range; (b) 2D top-view

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

at wileyonlinelibrary.com.]
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hardened state, the mild effects of temperature changes sup-

pressed the emergence of surface defects resulting from nonuni-

form shrinkages.

UV Transmittance Measurement

The UV transmittances of the silicone-resin sheet in a wave-

length range of 200–800 nm are shown in Figure 9, in which

the transmittance at 350 nm was as high as 92.7%, which is

higher than 85.3% at 350 nm for the silicone resin42 synthesized

through hydrolytic polycondensation of 1,3-dihydrotetramethyl-

disiloxane, methylvinyldimethoxysilane, dimethyldimethoxysi-

lane, and phenyltrimethoxysilane and used for modification of

epoxy resin in the field of optoelectronic packaging, especially

for encapsulating light-emitting diodes (LEDs). Why did the sil-

icone resin in our work accomplish such a high UV-transmis-

sion? Firstly, unsaturated chromophoric groups readily absorb

the UV light to induce electron transition, which is the domi-

nating factor that decreases the UV transmission43; however, as

corroborated by the FTIR absorption spectroscopy, there were

very little vinyl groups present in the cured end-product, which

was realized by application of the stoichiometric ratio of 2:1 for

BSiAH/ACH@CH2 (i.e., an excess of BSiAH groups). Second,

the number of components and the compatibility between com-

ponents bring about light scattering; in this system, this issue

was little involved, since DH
4 was reacted at a molecular level

with DVi
4 to form a homogeneously cured network. Thirdly, a

rough surface would result in diffuse reflections of UV light in

different directions; nevertheless, AFM and interferometry anal-

yses revealed that the surface of the cured product was smooth

enough (i.e., surface-roughness RMS values of 1.74 and

118.9 nm, respectively). Fourthly, nonuniform thicknesses could

change the directions of light propagation, whereas the thick-

ness uniformity of the silicone-resin sheet in this work was

ensured by the liquid-surface supernatant method applied.

These have made the DH
4 and DVi

4 become the preferred starting

materials to prepare high-UV-transmission optical elements,

only upon simultaneous applications of the stepwise heating

method for the cure and the liquid-surface supernatant method

for the forming.

On the other hand, the UV loss at 350 nm of 7.3% for the sheet

may be attributed to two factors. Firstly, the absorption band

can easily be generated from the light-energy absorption of Pt

Figure 7. Section analysis from 3D image across a 5 lm length, i.e., a plot

of height vs. position.

Figure 8. Peak-to-valley (PV) and root mean square (RMS) values of

1.108k and 0.188k (k 5 632.8 nm), respectively, for the surface-roughness

evaluation of the cured silicone-resin sheet, obtained from ZYGO interfer-

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

at wileyonlinelibrary.com.]

Figure 9. UV transmittances of the cured silicone-resin sheet in a wave-

length range of 200 2 800 nm, showing a transmittance of 92.7% at a

wavelength of 350 nm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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catalyst in UV region.17,44 Second, even the mirror reflection

from the sheet surface plays a role in decreasing UV

transmittance.

CONCLUSIONS

In this work, tetramethylcyclotetrasiloxane (DH
4 ) has been

reacted with tetramethyltetravinylcyclotetrasiloxane (DVi
4 ) at a

stoichiometric ratio of 2: 1 to produce a cured silicone-resin

sheet of little residual vinyl groups, dense and uniform cross-

links, high modulus and hardness, uniform thicknesses,

smooth surface, and thus of high UV-transmission, using an

innovative stepwise heating method for control of cure as well

as a homemade liquid-surface supernatant method for control

of forming. An excess of BSiAH groups is applied to ensure

near exhaustive consumption of vinyl groups, which is evi-

denced by FTIR absorption spectroscopy. The stepwise heating

method, i.e., 258C for 10 h, follow by 408C for 3 h and finally

by 1208C for 1 h, realizes a homogeneous cure accompanied

by little residual internal-stresses, and therefore smooth-

enough surfaces of the cured sheet, as corroborated by AFM

and interferometry. The liquid-surface supernatant method,

i.e., superimposition of the DH
4 –DVi

4 reactive mixture upon

mobile, self-leveled glycerin, effects an absolute leveling-off

state for either surface of the mixture, and thus uniform thick-

nesses of the cured sheet. These three process-conditions

jointly contribute to the accomplishment of a high UV trans-

mission at 350 nm of up to 92.7%, with the absence of unsat-

urated chromophoric groups such as vinyls the most

contributive. As a material of high UV-transmission, the

silicone-resin sheet thus formed finds applications in optical

elements such as transparent films in optoelectronic devices.

Promisingly, the UV loss by mirror reflection would be mini-

mized by application of a silica anti-reflection coating onto

the sheet surfaces in our future studies.
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