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In this study, a polymer-silica nanocomposite using the sol-gel method was synthesized in three 
steps at room temperature. The nanocomposite material was formed with an organic compound 
(polyethylene glycol) and inorganic silica nanoparticles. Furthermore, the size and the distribu-
tion of nanoparticles in the polymer matrix were characterized by a transmission electron micro-
scope (TEM).  In addition, the refractometer analysis was used to measure the refractive index of 
the nanocomposite. Following that, Fourier transform infrared (FTIR) spectroscopy and small-
angle X-ray diffraction and high X-ray diffraction have also used to characterize the polymer and 
the inorganic part of the nanocomposite. TEM studies showed the distribution of nanoscale silica 
particles of the size of 50-100 (nm) in the polymer matrix. Furthermore, the refractive index of 
the nanocomposite was measured about 1.4, which was very close to the refractive index of the 
natural lens (1.411). Additionally, the FTIR spectra showed OH groups in FTIR spectroscopy, 
which confirmed the hydrophilic property of silica nanoparticles and the two sharp peaks at the 
angles of 19° and 23° in the X-ray diffraction analyses, which were in the nature of the crystallini-
ty of polyethylene glycol. Finally, the results showed the surface modification of nanoparticles 
and their incorporation in a polymer matrix, which led to the formation of the desired nanocom-
posite that was made of inorganic (silica nanoparticles) and an organic (polyethylene glycol) 
compound. 
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1. Introduction    
 
The use of biopolymers in combination with silica 
nanoparticles has been studied in biotechnology. 
For example, biopolymer-silica nanocomposites are 
considered for advanced medical materials, such as 
tissue engineering, encapsulation and production of 
bio-sensors and bio-reactors [1]. Nanocomposites 
have unique properties for academic research and 
the development of innovative industrial materials. 
Nanocomposites have the unique properties of or-
ganic and inorganic materials. Therefore, inorganic 
nanoparticles must be distributed uniformly to de-
velop composites’ properties in the polymer matrix. 
Furthermore, the surface of nanoparticles must be 
modified with absorbed or grafted to polymers with 
small molecules, such as silane coupling agents, to 
improve the dispersion, stability and compatibility 

of nanoparticles with solvents or polymeric materi-
als. Surface modification can improved the surface 
reactions between nanoparticles and the polymer 
matrix, which leads to obtaining unique properties, 
such as high toughness, as well as optical and elec-
tronic properties. Thus, the surface modification of 
inorganic nanoparticles is needed to produce organ-
ic-inorganic nanocomposites with high performance 
[2]. The different types of macromolecules are com-
bined to form gels with outstanding physical prop-
erties in nature. One of the natural organs is the 
lens, which projects the optical image on the retina 
together with the cornea. The lens is a biconvex 
spheroidal tissue. It is encapsulated within an elastic 
collagenous [3,4]. The ability to accommodate near-
by targets gradually diminishes with increasing age 
and then glasses or bifocals are needed for reading. 
This phenomenon is known as the presbyopia [3]. 



 

2 F. Shakooee et al. / Mechanics of Advanced Composite Structures 4 (2017) 1-8 

 

The presbyopia is a condition in which the eye loses 
its ability to accommodate or focus on nearby ob-
jects due to the hardening of the natural crystalline 
lens [5]. The idea of adaptation can be adjusted by 
replacing the opaque lens that mimics materials 
similar to those of the human crystalline lens [6-8]. 
These materials must be soft and transparent. Fur-
thermore, they have a refractive index close to that 
of the natural lens [9-12]. Moreover, they must be 
biocompatible, maintain their stability over time 
and be capable of being trapped in a capsular bag 
easily [13-15]. The studies related to accommoda-
tive intraocular lenses focus on several materials 
[16-19]. These studies address the properties of that 
materials that are related to intraocular lenses. 
However, the investigation of the atomic and molec-
ular structure of nanostructured composite materi-
als, which are used as injectable lenses, is limited. 
For example, the effect of nanoparticle size and dis-
tribution on the final properties of the nanocompo-
sites, the degree of crystallinity of the polymer ma-
trix, the surface modification of nanoparticles and 
matrix materials, hydrophilicity and hydrophobicity 
properties are important. In this study, the silica 
nanoparticles of the size of 50 to 100 nm were 
placed in the matrix of a polyethylene glycol poly-
mer. Meanwhile, the refractive index of the nano-
composite depended on the nanoparticles. The elas-
tic behavior of the nanocomposite is controlled by 
the polymer matrix.  In addition, the use of the pol-
ymer will induce the possibility of a benefit of the 
nanocomposites in biological and medical applica-
tions. In this study, nanoparticles were modified 
with a silane coupling agent and polymer chains 
with an octadecan group. After the appropriate con-
centration of the organic and inorganic compounds 
was prepared, the samples were synthesized and 
then the properties were studied using X-ray dif-
fraction, FTIR spectroscopy, refractometery and 
rheometery evaluation. 
 
2. Experimental Section 
2.1 Materials and methods 
In this study, the nanostructured polymer-silica us-
ing the sol-gel method was prepared [3]. To synthe-
size it, 3-aminopropyltrimethoxysilyl (APTMS, 98%, 
Merck) was used as the silica source and silane cou-
pling agent. Furthermore, methanol (CH4O, 99.8%) 
and 1,4-dioxane (C4H8O2 ,99%) were used as a sol-
vent of APTMS and PEG, respectively. Besides, hy-
drochloric acid (HCl, Merck), 1-bromooctadecane 

(C18H37Br, 97%, Merck), poly (ethylene glycol) 
monomethoxy ether (PEG, Mn=5000) and sodium 
hydride (Sigma Aldrich) were used to synthesize 
samples. To deposit the organic compound, diethyl 
ether was purchased from M&B Company. 
 

2.2. Preparation of the inorganic compound 
(OCAPS) 
In the first step, 100 ml of the Bis [3-
(trimethoxysilyl) propyl] amine was dissolved in 
800 mL of methanol. Then, 135 ml of hydrochloric 
acid was added by stirring. The mixture obtained 
was stirred for a week until OCAPS (white powder) 
was precipitated. The OCAPS obtained was washed 
with methanol and then dried. 
 
2.3. Preparation of the organic compoud  
In this section, 5 g polyethylene glycol in 100 ml of 
1,4-Dioxane was completely dissolved. Then, 0.18 g 
of sodium hydride was added. The mixture was 
stirred for one hour. Furthermore, 6.2 mL of 1-
bromooctadecane was added drop by drop for an 
hour. The final solution was stirred for 24 hours at 
room temperature and then precipitated by adding 
200 ml of diethyl ether.  
 

2.4. Preparation of nanostructured composite 
material of polyethylene glycol - Silica 
(PEG/SiO2) 
The nanocomposite of organic-inorganic was pre-
pared. The concentration of the organic compound 
was selected in an aqueous solution at a constant 
amount, because the main goal of this work is the 
development of a novel injectable accommodative 
lens for intraocular applications, which is related to 
a thermosensitive, hydrophobically modified poly 
(ethylene glycol) - silica nanoparticles. This nano-
composite has the advantage of being able to form a 
gel, which completely fills the capsular bag and im-
proves the elastic modulus. Therefore, the concen-
tration of the organic compound must be selected 
constant amount. Thus, in this study, the concentra-
tion of the organic compound was kept constant at 
30% wt and the inorganic concentration varied 
from 0 to 45% wt. A different concentration of 
aqueous solution was prepared to detect the suita-
ble concentration at the end of the experiments.  
 
2.5. Characterization polyethylene glycol com-
pound reinforced with silica nanoparticles 
X-ray diffraction (BRUKER, D8-Advanced model) 
analysis was used to confirm the amorphous OCAPS 
powder. The voltage and current were 40Kv and 
30mA, respectively. X-rays were produced by anode 
copper with Cu-Kα radiation with a wavelength of 
1.54Å.  The scan rate in the small-angle XRD analysis 
and high-angle analysis were considered to be about 
0.01 degree/min and 0.065 degree/min, respective-
ly. To confirm the surface modification of the organ-
ic and inorganic analysis of polyer-silica nanocom-
poste gel, FTIR spectroscopy (8400S model-making 
company Shinadzu) was used. To determine the size 
and distribution of the silica nanoparticles in the 
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matrix of polyer-silica, nanocomposte gel was used 
by the transmission electron microscope (Zeiss - 
EM10C - 80 KV Germany). Furthermore, before the 
refractive index test, the polyer-silica nanocomposte 
gel samples were vibrated with an ultrasonic ma-
chine (Misonix – S3000 model, 2,500 ml). To deter-
mine the refractive index of the polyer-silica nano-
composte gel, the refractometer analysis was used 
with the refractometer (ATAGO model, 1T, 1.3-1.7 
range and accuracy of ±0.0002). To investigate the 
pass and absorption of the light in the polyer-silica 
nanocomposte gel, UV-Vis (UV-1800 model, Shi-
madzu company) was used. Viscoelastic properties 
of the nanocomposites were studied using a rheom-
eter with a CC27 measuring system (MCR300 model, 
Anton-Paar Company). To shear a strain of 1%, a 
fixed frequency of 1 s-1 was applied to determine the 
storage modulus and loss modulus of polyer-silica 
nanocomposte gel.  
 
3. Results and Discussion 
 
Figure 1 shows a broad peak in the range of 15-35° 
that reveals the amorphous silica phase. Similar re-
sults were obtained in previous investigations 
[20,21]. The structural disorder of silica phase by X-
ray diffraction with a small angle (below 10°) is also 
shown in Figure 2. Figure 3 shows the X-ray diffrac-
tion diagram of the treated polyethylene glycol. 
There are two sharp peaks at about 19° and 23°, 
which indicates the nature of the crystalline of PEG 
[22,23]. The crystalline PEG causes a good encapsu-
lation, no chemical change during the implantation 
process and excellent thermal stability in the nano-
composite obtained. The percent crystallinity is ob-
tained from the crystalline peak area divided by the 
total area under the graph of the intensity angle of 
the X-ray diffraction pattern and by using Equation 
1, in which Xc is the degree of crystallinity, Aa is the 
amorphous surface and Ac is the crystalline surface. 
The amount of the Aa and Ac are calculated by Excel 
software.  
Xc = 1-(Aa/(Aa+Ac))                                                         (1) 

 

 
Figure 1. High-angle X-ray diffraction pattern of the silica nano-
particles modified with APTMS 

 
Figure 2. The small-angle X-ray diffraction pattern of the silica 
nanoparticles modified with APTMS 

 

 
Figure 3. The high-angle X-ray diffraction pattern of polyeth-
ylene glycol modified with the Octadecan group 

 
Several ways were studied to deal with the accumu-
lation of the nanoparticles and their uniform distri-
bution in the polymer substrate. One of the methods 
was surface modification of the nanoparticles using 
a coupling agent. This material has active functional 
groups. Thus it reacts with hydroxyl groups on the 
surface of nanoparticles, such as nanosilica particles 
and nanoparticles; therefore, sticking the hydroxyl 
groups to the surface of nanoparticles increases the 
hydrophobic property due to enhancing the contact 
angle. [24]. The schematic of the coupling of hy-
droxyl groups on the surface of nanocomposite is 
shown in Figure 4 [30]. Figure 5 shows the FTIR 
analysis of the nanoparticles modified with APTMS. 
Table 1 classifies the functional groups attributed to 
the absorptions obtained from these spectra. Fur-
thermore, Figure 6 shows the Fourier transform 
infrared diagram of the treated polyethylene glycol. 
 
Table 1.  The functional groups of the modified silica nanoparti-
cles appearing according to the FTIR analysis  

Assignment )1-Wavenumber (cm 
Si-O 459 
Si-O 694 
Si-O 794 

Si-OH 960 
Si-O-Si 1086 

H-O-H, N-H 1568 
C-O 2924 
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Figure 4. Schematic of the sticking of hydroxyl groups. 

 

 
Figure 5. FTIR analysis of the silica nanoparticles modified with 
APTMS. 
 

 
Figure 6. FTIR analysis of the processed and modified polyeth-
ylene glycol with the Octadecan group. 

 
As shown in Figure 6, all peaks are related to the 
connecting link of the treated polyethylene glycol, 
which are briefly summarized in Table 2.  
 

Table 2. The functional groups that appeared according to the 
FTIR analysis of the treated polyethylene glycol. 

Assignment )1-Wavenumber (cm 
C-H 842 
C-H 962 
C-O 1,060 
C-O 1,113 
C-O 1,150 
C-N 1,242 
C-O 1,280 
C-N 1,342 
C-H 1,468 
C-H 2,889 

 
It should be noted that two bond peaks appeared in 
the 2,359 cm-1 and 2,694 cm-1 wavelengths. These 
peaks indicate the tension bond of silanols. The ab-
sorption bond of 3,417 cm-1 and 1,614 cm-1, has ap-
peared in the FTIR spectra of the nanocomposite. 
These absorption peaks have been attributed to the 
OH - groups of moisture absorption from the envi-
ronment [25]. These peaks are observed in the spec-
tra of the composite, which confirms the hydrophilic 
nature of silica nanoparticles. And the absence of 
this peak in the spectrum of the polymer proves the 
hydrophobic nature of the polyethylene glycol. The 
groups of water molecules are usually observed at 
wavelengths 1,644cm-1. However, in the prepared 
nanocomposites, the functional groups are formed 
with slightly lower wavelengths [23]. This is related 
to the loss of water molecules because the surface of 
silica nanoparticles is covered with APTMS. General-
ly, the peaks from 1,350cm-1 to 1,440 cm-1 indicate 
polymers with very small changes [26]. The func-
tional groups attributed to the absorption peaks by 
an FTIR analysis of the nanostructured composite 
material of polyethylene glyco -silica were shown in 
Table 3 and Figure 7.  
 

 
Figure 7. FTIR analysis of nanostructured composite material of 
polyethylene glycol-silica. 
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Figure 8. Transmission electron microscope (TEM) images taken 
from a nanostructured composite material of polyethylene glycol 
-silica. (a) magnified 4,000 times, (b) magnified 6,300 times, (c) 
magnified 8,000 times, (d) magnified 12,500 times.    

 

Table 3. The functional groups that appeared according to the 
FTIR analysis of the nanostructured composite material polyeth-
ylene glycol-silica.  

Assignment )1-Wavenumber (cm 

C-H 842 

C-H , Si-OH 962 

C-O , Si-O-Si 1,060 

C-O 1,112 

C-O 1,150 

C-O 1,280 

C-N 1,342 

C-H 1,468 

H-O-H, N-H 1,614 

C-H 2,887 

O-H [Fig. 4], N-H 3,417 

 
Figure 8 displays the distribution of the nanoparti-
cles of silica in the matrix of the polymer. The TEM 
images in various magnifications of silica nanoparti-
cles show the size of the nanoparticles, which is 
from 50 nm to 100 nm. The small size of the nano-
particles indicates that these particles do not cause 
stress concentration and so they do not reduce the 
flexibility of the polymer matrix. The white areas in 
the TEM images indicate the presence of water mol-
ecules around the silica nanoparticles. The water 
molecules’ accumulation represents that the silica 
nanoparticles are hydrophilic. Furthermore, the 
FTIR spectroscopy confirms the presence of water 
molecules. The results of the refractive index for 
different concentrations of the nanocomposite of 
PEG/SiO2 are given in Figure 9.  
Figure 9 shows the number of the refractive index of 
the nanocomposite. It is observed that the refractive 
index increases with increasing the concentration of 
OCAPS. Morever, less distance between the nano-
particles (OCAPS) and the more uniform distribu-
tion of OCAPS increase the refractive index. Thus, 
increasing the number of particles leads to the re-
duction of the distance between them, and then the 
refractive index of the nanocomposite increases. In 
addition, the small size of nanoparticles makes the 
light not disperse substantially, the optical trans-
parence of the nanocomposite improves and the 
refractive index increases. Since the refractive index 
of the lens of the human eye is 1.411, achieving this 
refractive index is important.  In this work, with the 
OCAPS with a concentration of 45%, the refractive 
index is close to that number. 
The results of the transmission and absorption of 
light with respect to the nanostructured composite 
material of polyethylene glycol-silica are provided 
in Figure 10. UV absorption can be achieved by us-
ing Equation 2.  
A = - Log (T% / 100%)                                                   (2) 

By placing the amount of light transmission in Equa-
tion 2, the absorption values are obtained. Figure 10 
shows the results. 



 

6 F. Shakooee et al. / Mechanics of Advanced Composite Structures 4 (2017) 1-8 

 

 
Figure 9. Changes in the refractive index of the nanostructured 
composite material of polyethylene glycol-silica versus the con-
centration of silica nanoparticles (accuracy 0.0002). 

 

 
Figure 10. Percent change in the light transmission of the 
nanostructured composite polyethylene glycol-silica in the ultra-
violet and visible. 
 

Figures 11 and 12 show that the percentage of the 
passing of and the absorption of ultraviolet light by 
polyethylene the glycol-silica nanocomposite is very 
low and insignificant. This property is important for 
the use of intraocular lenses. It would look better if 
the hydrophilic nanocomposite overcame its hydro-
phobic portion. Thus, its transparency is closer to 
100%. Furthermore, previously in the research of 
Kown [27], the material was used as an injectable 
intraocular lens and consisted of 70% hydrophilic 
hydrogel. However, it should be noted that over-
coming the hydrophilic properties of nanocompo-
sites must not change the amount of the other com-
pound. In addition, the other factor that can affect 
the transparency of the nanocomposite is the crys-
tallinity of the polymer. Generally, increasing the 
degree of the crystallinity of the polymer reduces 
light transmittance. 
When the polymer chains are unable to reach an 
arrangement (woolen skein), this polymer is called 
formless (amorphous). The most important feature 
of these polymers is transparency, which is due to 
the transmission of light through their chains. Thus, 
the polymeric part of the prepared nanocomposite 
in this study consisted of polyethylene glycol, which 
has the property of crystallinity. It is likely to reduce 

light transmittance. Therefore, the polymer can be 
desirable in maintaining the hydrophobic nature 
and is preferably amorphous. Other important fac-
tors that can be very effective in reducing light 
transmittance are impurities and dust in the envi-
ronment and laboratory equipment. Reducing 
transparency can be due to the accumulation of the 
polymer part of the prepared nanocomposite. In 
addition, the size of the nanoparticles can also be 
important in light transmittance. When the size of 
the particles is smaller, there is less light scattered, 
thus making the nanocomposite more optically 
transparent. The size of the nanoparticles used in 
this study is about 50-100 nm. Therefore, the trans-
parency of the nanocomposite decreased slightly. 
The changes of modulus and loss modulus via tem-
perature are shown in Figure 13.  Also, Figure 14 
shows that the increase in temperature reduces the 
viscosity of the material. When the temperature in-
creases up to 40°C, the shear storage modulus and 
shear loss modulus are severely reduced. Relations 
between the storage modulus, loss modulus and 
tangent delta are shown in Figure 15.  
G* = G’ + i G’’                                                                        (3) 
Tan δ = G’ / G’’                                                                    (4) 
i2 = -1                                                                                    (5) 
In these relationships, G* [29] is the shear modulus. 
Complex viscosity (η*) [29] depeneds on the storage 
modulus and loss modulus, and can be caculated by 
Equation 6. 
η*=(G’+i G’’) / iω                                                                (6) 
In this equation, ω is the angular frequency and also 

i = √−1 .  
Figure 13 shows the changes in complex viscosity 
via temperature. It shows the reduction in viscosity 
with the increase in temperature.  
It is noted that the storage modulus and loss modu-
lus are functions of angular frequency (ω), which is 
the ratio of stress to maximum strain. The storage 
modulus and loss modulus are the elastic part and 
the viscous part, respectively. For chemical gels 
(strong gels), the storage modulus is less than the 
loss modulus (G'<G"), and for physical gels (weak 
gels), the storage modulus is usually greater than 
the loss modulus (G’>G’’) [29]. 
 

 
Figure 11. Percent change in light transmission of nanostruc-
tured composite polyethylene glycol - silica in the ultraviolet 
region. 
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Figure 12. Ultraviolet absorption by the nanostructured compo-
site material of polyethylene glycol - silica. 

 

 
Figure 13. Changes in the storage modulus and loss modulus of 
the PEG/SiO2 nanocomposite versus temperature. 
 

 
Figure 14. Changes in the complex viscosity of the polyethylene 
glycol-silica nanostructure composite versus temperature. 
 
For fluid behavior in prepared nanocomposites, the 
storage modulus is less than the loss modulus, indi-
cating that the material is a chemical gel. In the ap-
plication of the ophthalomology lens, material is 
injected into the lens’ capsular bag with a 27-gauge 
needle [3]. Synthesized nanocomposites become a 
gel at body temperature and fill the capsular bag 
completely [3, 27, 28]. Thus, nanocomposite materi-
al, which reduces its viscosity after warming, is easi-
ly injected. Reducing the temperature increases the 
storage and, thus, the elastic part increases. There-
fore, the required elasticity will be retained.  
 

 
Figure 15. The vector display of relationship between the stor-
age modulus, loss modulus and shear modulus. 

4. Conclusion 
 
In this study, the nanostructured composite materi-
al of polyethylene glycol-silica, using the silane cou-
pling agent 3-aminopropyltrimethoxysilyl as a 
source of silica nanoparticles, was prepared in three 
steps. The results of small-angle and high X-ray scat-
tering analysis confirmed that there is a amorphous 
silica phase in the nanocomposite. Furthermore, the 
presence of two sharp peaks indicated the crystal-
linity property of the polymeric in the nanocompo-
site. Morever, the presence of OH bonds in the FTIR 
spectra confirmed the hydrophilic property of silica 
nanoparticles. Also, the size of the silica particle in 
the polyethylene glycol-silica nanocomposite was 
estimated in the nanoscale range with the uniform 
distrubution in the polymer matrix. The measure-
ment of the refractive index of the nanocomposite at 
various concentrations of OCAPS showed that by 
increasing the number of silica nanoparticles and 
reducing the distance between particles, doing this 
induced the enhancement of the refractive index. 
Finally, the appropriate concentration of OCAPS was 
determined to obtain the refractive index number of 
nanocomposite, which is closer to the natural lens of 
the human eye. Furthermore, results showed the 
reduction of the viscosity of nanocomposite with an 
increase in temperature, and when the low viscosity 
of a nanocomposite is induced, it is possible to inject 
it by syringe in medical applications.  
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