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ABSTRACT. This research was conducted to analyze the compatibility of used monomers and produce the high functional
contact lens material containing silicone monomers. Silicone monomer (Sil-OH), Trimethylsilylmethacrylate (TSMA) were
used as additives for the basic combination of Polyhedral Oligomeric Silsesquioxane (POSS), methyl methacrylate (MMA)
and methyl acrylate (MA). And also, the materials were copolymerized with ethylene glycol dimethacrylate (EGDMA) as the
cross-linking agent, AIBN (thermal polymerization initiator) as the initiator. It is judged that the fabricated lenses of all combinations are optically excellent and thus used monomers have good compatibility. Measurement of the optical and physical
characteristics of the manufactured hydrophilic lens material were varied in each case. Especially TSMA with POSS increases
the oxygen permeability and Sil-OH with POSS increases the wettability by the addition of Sil-OH. These materials were considered to have compatibility each other, so it can be used in functional contact lens material.
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INTRODUCTION

the water resistance, heat resistance, corrosion resistance,
gas permeability, surface hardness, and mechanical properties, as well as to lower the flammability and viscosity.
Polymer composite materials using these POSS have excellent insulation and gas permeability, and have been applied
to various fields, such as photoresist protective films,
semiconductor low-dielectric thin films, optical fiber protective coatings, and gas separators.14,15
In the experiment in this study, POSS was intended to be
grafted onto a highly oxygen-permeable hydrogel lens material by utilizing a material that has excellent gas permeability and improved mechanical properties. Based on POSS,
silicone monomer (Sil-OH) and trimethylsilylmethacrylate
(TSMA) were added as additives by ratio, and then polymerized through a thermal polymerization method. After
measuring and evaluating the physical properties of the
contact lens produced through the cast mold technique,
the compatibility of POSS and the organic groups was
evaluated to assess the usability of the lens material.

As the polymer composite is produced by combining
different types of material, phase separation is likely to
occur due to the isomer components, such as the hydrophilicity or lipophilicity. In addition, even if a uniform mixture
is formed, there may be a problem in the properties of the
prepared composite. Therefore, to form a stable complex,
it is very important to increase the affinity of the two phases
so that they will not cause aggregation or separation. In an
effort to overcome the problems, various research have been
conducted to improve the compatibility by using additives
like surfactants.1−3
Polyhedral oligomeric silsesquioxanes (POSS) was first
discovered in the 1940s and may take various types of
structure.4−8 Among the various structures, POSS, an organicinorganic compound that has a cage structure, consists of
silica on the inside and organic functional groups on the
outside.9 The organic functional group on the outside has
an affinity with various organic solvents and can easily introduce various functional groups through chemical reaction; as
such, it has properties like polymer production through
copolymerization, biology, and affinity with metals.10−13
Therefore, the existing compatibility issue can be resolved
as such. In addition, POSS derivatives are introduced into
the polymer to improve the polymer properties, such as

EXPERIMENTAL
Reagents and Materials
For the hydrogel lens material that was used in the
experiment, POSS from Hybrid Plastics Co. and synthesized Sil-OH were used, while for TSMA and N,N-dimethyl
-354-
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Polymerization
For the polymerization of a highly oxygen-permeable
lens material, mixtures were prepared by adding POSS at
a 1~10% ratio to the basic combination of DMA, MMA,
MA, EGDMA, and AIBN, and the samples prepared as
such were named P1, P3, P5, P7, and P10, respectively. To
optimize the shape of the lens while maintaining its basic
properties, the P10 sample, which had the best oxygen
permeability, was selected, and Sil-OH and TSMA were
added at a rate of 10, 30, 50, and 100%, respectively. The
prepared samples were then named PS10, PS30, PS50,
PS100, PT10, PT30, PT50, and PT100, respectively. The
stirring solution was mixed for 60 minutes after mixing
according to the mixing ratio, and for polymer polymerization, each sample was heat-treated in an oven at 135°C
for 120 minutes. The prepared lens was hydrated in 0.9%
physiological saline for 24 hours before its physical properties were measured. Table 1 shows the mixing ratio of
each sample.

Figure 1. Chemical structures of monomer. (a) POSS, (b) Sil-OH
(n=49.20), (c) TSMA.

acrylamide (DMA), TCI products were selected. For methyl
methacrylate (MMA), methyl acrylate (MA), and azobisisobutyronitrile (AIBN), Junsei products were selected.
For the crosslinking agent, ethylene glycol dimethacrylate (EGDMA), Sigma-Aldrich products were selected.
The molecular weight of Sil-OH was 2165 Mw and the
viscosity was measured as 40.4 cp. The structural formulas of the POSS, TSMA, and synthesized Sil-OH are shown
in Fig. 1.

Experimental Method
The optical transmittance, refractive index, water content,
wettability, oxygen permeability, eluate, and differential scanning calorimetry (DSC) of the produced polymers were
measured to analyze the optical, physical, and thermal
properties. The relationships between the refractive index
and the water content, the contact angle and the water content, and the oxygen permeability and the water content
were compared. In the case of optical transmittance, a
wavelength range of 280-780 nm, which is an ultravioletand visible-ray region, and were measured five times per
sample, respectively, and an average value was used. The
refractive indices of the prepared hydrophilic hydrogel

Table 1. Percent composition of samples (Unit: wt %)
P1
P3
P5
P7
P10
PS10
PS30
PS50
PS100
PT10
PT30
PT50
PT100

POSS
0.95
2.80
4.57
6.29
8.74
7.95
6.73
5.83
4.37
7.95
6.73
5.83
4.37
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DMA
95.01
93.22
91.49
89.83
87.45
79.50
67.27
58.30
43.72
79.50
67.27
58.30
43.72

MMA
1.90
1.86
1.83
1.80
1.75
1.59
1.35
1.17
0.87
1.59
1.35
1.17
0.87

MA
0.95
0.93
0.91
0.90
0.87
0.79
0.67
0.58
0.44
0.79
0.67
0.58
0.44

Sil-OH
8.98
22.80
32.94
49.41
-

TSMA
8.98
22.80
32.94
49.41

EGDMA
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

AIBN
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20
0.20

Total
100
100
100
100
100
100
100
100
100
100
100
100
100
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lenses were measured based on ISO 18396-4:2006 using an
ABBE refractometer (ATAGO DR-A1, Japan), and were
measured five times per sample, respectively, and an average
value was used. The water content was measured based on
ISO 1869-4:2006 using the gravimetric method, and were
measured five times per sample, respectively, and an average value was used. The weights of the dried and watercontaining samples were measured using an electronic
balance (XS205 DualRange, METTLER TOLEDO) and
were then calculated using the corresponding calculation
formula. The wettability levels of the prepared lenses were
evaluated by measuring the contact angles with a contact
angle instrument (DSA30, Kruss GMBH), and were measured five times per sample, respectively, and an average
value was used. The oxygen transmissibility was measured
using the polarographic method in ISO 18369-4:2006, Ophthalmic optics - Contact lenses - Part 4, and were measured
five times per sample, respectively, and an average value
was used. DSC analysis was conducted to obtain the thermal properties of the polymer before measuring the pH
change and the presence of a potassium-permanganatereducing substance, to ensure safety.

Figure 2. Comparison of the relation between refractive index and
water content of samples.

Addition of POSS
Optical transmittance. The result of the spectral transmittance to determine the optical properties of the manufactured lenses showed that the UV-B was 74.68-76.78%,
the UV-A was 89.51-90.57%, and the visible light transmittance was 92.61% regardless of the POSS content in all
the groups. It is thus considered that the structure of POSS
does not have a significant influence in both the ultraviolet and visible regions. Table 2 shows the light transmittance measurement results of each combination.
Refractive index and water content. The measurement
of the refractive indices of the manufactured lenses showed
that the refractive index increased from P1 1.369 to P10
1.390 according to the POSS addition ratio, and that the
water content decreased from P1 75.24% to P10 60.79%.
It is thus judged that the water content decreases as the

amount of POSS increases, and the refractive index increases
due to the increase in the crosslink density between the
molecules.16 The refractive index and water content showed
an inverse relationship with each other, which in turn showed
the same trend as in the previous studies: that the refractive index was inversely proportional to the changes in the
water content due to the nature of the material.17 The relationship between the refractive index and the water content of each combination is shown in Fig. 2.
Contact angle and water content. The measurement
of the contact angles of the manufactured hydrogel lenses
showed that the contact angle increased from P1 20.14° to
P10 35.77° according to the POSS addition ratio, indicating
that it is inversely proportional to the water content. In the
case of a general hydrogel lens, when the water content is
high, the wettability also tends to increase.18 Based on the
results of this study, it is judged that the wettability also
increases according to the water content, thus affecting the
hydrophilicity. Table 3 shows the relationship between the
contact angle and the water content of each combination.
Oxygen permeability and water content. The measurement of the oxygen permeability of the prepared lenses
showed that the oxygen permeability increased from P1
22.01×10-11 cm2/sec (mlO2/ml×mmHg) to P10 36.84×10-11
cm2/sec (mlO2/ml×mmHg) according to the POSS addition ratio, indicating that it is inversely proportional to the
water content. In general, an increase in water content makes
the oxygen molecules dissolve in water, which makes it

Table 2. Optical transmittance distribution of samples

Table 3. Contact angle & water content of samples

RESULTS AND DISCUSSION

P1
P3
P5
P7
P10

UV-B (%)
76.75
76.78
76.24
74.68
76.71

UV-A (%)
90.24
90.57
90.34
89.51
89.83

Visible (%)
92.72
92.61
93.12
93.33
93.26

P1
P3
P5
P7
P10

Contact Angle (degree)
20.14
20.48
25.38
29.40
35.77

Water Content (%)
75.24
73.83
71.56
62.32
60.79
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Figure 3. Comparison of the relation between DK and water content of samples.

easier to transfer the oxygen, thereby increasing the oxygen
permeability.19 In the experiment, however, the oxygen
permeability increased despite the decrease in water content, prompting the conclusion that the gas permeability of
the material increased due to the structure of POSS. The
relationship between the oxygen permeability and the water
content of each combination is shown in Fig. 3.

Addition of Sil-OH and TSMA
Thermal analysis via DSC. Sil-OH and TSMA were
added to the P10 sample showing the optimum shape and
physical properties. And PS50 and PT50, which show the
best physical properties, were selected and compared. In
the DSC measurement, the PS50 sample was found to
have a glass transition temperature (Tg) of 114.5°C in the
first heating, and a crystalline temperature (Tc) of 66.7°C
in the cooling process. As for the PT50 sample, the Tg was
117.6°C in the first heating, and the Tc was 110.9°C in the
cooling process. As the Tg of PS50 is lower, it is considered
that the elongation is excellent. When the temperature is
raised at a constant rate, the temperature at which the peak
that generates heat at a specific temperature is the maximum is the Tc. If the polymers do not mix with each other
and all their properties appear, multiple peaks can occur.
In this experiment, it was judged that polymerization of
the polymer was well performed because one peak was
formed in the PT50 sample. Fig. 4 shows the thermal properties of each combination of DSCs.
Optical transmittance. The measurement of the spectral transmittance to determine the optical properties of
the manufactured lenses showed that the PS group had
66.51-29.45% UV-B transmittance, 88.89-80.07% UV-A
transmittance, and 92.57-89.75% visible light transmittance. Although there was no significant difference in percentage, the transmittance was slightly lower in the UV-B
2020, Vol. 64, No. 6

Figure 4. Typical DSC thermogram analysis of sample. (a) PS50
heating state, (b) PS50 cooling state, (c) PT50 heating state, (d)
PT50 cooling state.

region, showing a 55.7% blocking rate. The PT group was
considered to have had no effect because there was no sig-

358

Min-Jae Lee, Kyungmun Lee, and A-Young Sung

Table 4. Optical transmittance distribution of samples
PS10
PS30
PS50
PS100
PT10
PT30
PT50
PT100

UV-B (%)
66.51
56.47
41.74
29.45
53.54
44.36
47.81
41.87

UV-A (%)
88.89
88.25
87.93
80.07
84.26
71.15
82.78
80.23

Visible (%)
92.53
92.37
93.64
89.75
88.80
84.62
89.02
88.68

nificant change in both the ultraviolet and visible regions.
Table 4 shows the measurement results of the light transmittance of each combination.
Refractive index and water content. The measurement
of the refractive indices of the prepared lenses showed that
the refractive index increased from PS10 1.397 to PS100
1.433 according to the Sil-OH addition ratio, and that the
water content decreased from PS10 60.66% to PS100
42.35%. Conversely, the addition of TSMA decreased the
refractive index of PT10 from 1.386 to 1.368, and increased
the moisture content from PT10 64.48% to PT100 70.63%.
The refractive index and water content are inversely proportional to each other, showing the same tendency as in
the previous study.17 The relationship between the refractive index and water content of each combination is shown in
Fig. 5.
Contact angle. The measurement of the contact angles
of the prepared lenses showed that the contact angle
decreased from PS10 102.74° to PS100 89.30° according
to the Sil-OH addition ratio, and increased from PT10
75.46° to PT100 80.01° according to the TSMA addition
ratio. In contrast to the results of the previous studies, where
the wettability also tended to increase when the water content was high,18 the results of this study are judged to indicate a change in wettability regardless of the water content
depending on the surface properties of the silicone mate-

Figure 5. Comparison of the relation between refractive index
and water content of samples.

Figure 6. Contact angle of samples.

Figure 7. Contact angle image of samples. (a) PS50, (b) PT50.

rial. The contact angle results of each combination are
shown in Fig. 6-7.
Oxygen permeability and water content. The oxygen
permeability of the prepared lenses increased from PS10
36.04×10-11 cm2/sec (mlO2/ml×mmHg) to PS50 37.61×10-11
cm2/sec (mlO2/ml×mmHg) according to the Sil-OH addition
ratio, and increased from PT10 39.03×10-11 cm2/sec (mlO2/
ml×mmHg) to PT50 41.09×10-11 cm2/sec (mlO2/ml×mmHg)
according to the TSMA addition ratio. Based on the experiment results of this study, it is thought that the gas permeability increased due to the characteristics of the silicone
material, owing to the increased oxygen permeability regardless of the change in water content. The relationship between
the oxygen permeability and the water content of each
combination is shown in Fig. 8.

Figure 8. Comparison of the relation between DK and water
content of samples.
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CONCLUSION
The results of this study showed that polyhedral oligomeric silsesquioxanes does not affect the optical transparency of the lens, and increases the refractive index and
lowers the water content. In addition, the cage-type structure makes it possible to make highly oxygen-permeable
materials by increasing the gas permeability in the molecular structure. The results of the thermal analysis of the
polymer prepared in this study showed that silicone monomer lowered the glass transition temperature to increase
the elasticity of the lens, and trimethylsilylmethacrylate
showed a single peak, confirming that the polymerization
was more stable. The additive that was used in this study
showed good compatibility with the existing POSS, and
was shown to maintain optical transparency. In addition,
the wettability was maintained irrespective of the water
content, and the oxygen permeability was also maintained or
slightly increased. It is thus considered that POSS can be
applied to acrylate and silicone materials to maintain compatibility, as well as to lens materials with high oxygen
permeability.
Acknowledgments. This research was financially supported by the Ministry of Small and Medium-sized Enterprises (SMEs) and Startups (MSS), Korea, under the “Regional
Enterprise Open-Innovative Voucher Program (R&D,
P0010722)” supervised by the Korea Institute for Advancement of Technology (KIAT).

REFERENCES
1. Davies, B. L.; Samoc, M.; Woodruff, M. Chem. Mater.
1996, 8, 2586.

2020, Vol. 64, No. 6

359

2. Harmer, M. A.; Farneth, W. E.; Sun, Q. J. J. Am. Chem.
Soc. 1996, 118, 7708.
3. Yoshida, M.; Prasad, P. N. Applied Optics 1996, 35, 1500.
4. Scott, D. W. J. Am. Chem. Soc. 1946, 68, 356.
5. Brown, J. F.; Vogt, L. H.; Katchman, A.; Eustance, J. W.;
Kieser, K. M.; Krantz, K. E. J. Am. Chem. Soc. 1960, 82,
6194.
6. Li, G.; Wang, L.; Ni, H.; Pittman, C. U. J. Inorg. Organomet.
Polym. 2001, 11, 123.
7. Phillips, S. H.; Haddad, T. S.; Tomezak, S. J. Curr. Opin.
Solid Sate. Mat. Sci. 2004, 8, 21
8. Fesh, F. J.; Newman, D. A.; Walzer, J. F. J. Am. Chem.
Soc. 1989, 111, 1741.
9. Haddad, T. S.; Lichtenhan, J. D. Macromolecules 1996,
29, 7302.
10. Li, G. Z.; Ye, M. L.; Shi, L. H. Chin. J. Polym. Sci. 1994,
12, 331.
11. Haddad, T. S.; Lichtenhan, J. D. Macromolecules 1996,
29, 7302.
12. Li, G. Z.; Ye, M. L.; Shi, L. H. Chin. J. Polym. Sci. 1996,
14, 41.
13. Romo-Uribe, A.; Mather, P. T.; Haddad, T. S.; Lichtenhan, J. D. J. Polym. Sci. Polym. Phys. 1998, 36, 1857.
14. Fu, B. X.; Gelfer, M. Y.; Hsiao, B. S.; Phillips, S.; Viers,
B.; Blansky, R. Polymer 2003, 44, 1499 (2003).
15. Joshi, M.; Butola, B. S. Polymer 2004, 45, 4953.
16. Teo, J. K. H.; Teo, K. C.; Pan, B.; Xiao, Y.; Lu, X. Polymer
2007, 48, 5671.
17. Kim, T. H.; Ye, K. H.; Sung, A. Y. J. Kor. Chem. Soc.
2009, 53, 755.
18. Lee, M. J.; Sung, A. Y.; Kim, T. H. J. Korean Ophthalmic
Opt. Soc. 2014, 19, 43.
19. Nicolson, P. C.; Vogt, J. Biomaterials 2001, 22, 3273.

