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Abstract In this work, the sol–gel technique was used to prepare a new organic–inorganic hybrid

from Epoxidized Natural Rubber (ENR-50) and Titanium dioxide (TiO2) by blending different con-

tent of titania precursors (10, 30, and 50 wt%) with an ENR-50 matrix. A wide range of analyses

was conducted to understand the nature of this hybrid and also to evaluate its potential uses in

applications required high refractive index such as micro optical and optoelectronic devices. Results

indicated that the ring-opening reaction of epoxide groups in ENR-50 increased with the increase of

titania content in the hybrid resulting a strong bonding between titania and ENR-50 through

TiAOAC bond, which was observed in FTIR spectrum at 1027–1028 cm�1. It is also observed a

slight decrease in the intensity of the amorphous peak along with a new crystalline peak appeared

at 2h= 23 and 27� due to the crystalline nature of titania. The hybrids showed three thermal degra-

dation steps in the range of temperature 76 to 769 �C due to the existence of the Ti moieties with the

mixture of polymer chains, which in turn shifted the Tg at 24.3, 26.9 and 28.1 �C for the hybrid at

10, 30, and 50 wt% TiO2 compared to the Tg of ENR-50 at �18.4 �C respectively. The morphology

of the ENR-50 showed clear changes during of the synthesis of ENR-50/TiO2 hybrids, these

changes were proven by SEM, TEM, and AFM analyses. Uv–Vis results showed that the higher
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wavelength peak at 293 nm has shifted to 296, 298 and 300 nm for the hybrid at 10, 30, and 50 wt%

TiO2 respectively due to the strong interaction between titania precursors and ENR-50 matrix. Fur-

thermore, the hybrids showed good optical transparency in the visible light range.

� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The improvements on the materials used in optical applica-
tions have become necessary due to the rapid development in
the advanced optical devices (Higashihara and Ueda, 2015).
In the last few years, the polymeric materials were extensively

developed and utilized in microoptic and optoelectronic appli-
cations, such as encapsulants for light-emitting diode devices,
advanced display devices, plastic lenses for projector, camera

and eyeglasses, and microlens components for complementary
metal oxide semiconductor image sensors as alternatives for
inorganic optical materials (Cui et al., 2001; Olshavsky and

Allcock, 1995; Ma et al., 2002; Burroughes et al., 1990). How-
ever, polymeric materials possess some limitations in optical
properties due to their intrinsic organic nature, which cause
a relatively low refractive index (in the range of 1.3–1.7)

(Olshavsky and Allcock, 1995; Zimmennann et al., 1993).
Therefore, adding second material is essential for improving
their properties and applications. In the last few decades, the

preparation of organic/inorganic hybrids has attracted much
attention due to their combined properties of organic polymers
and inorganic materials. These hybrids combine the advan-

tages of organic polymers (flexibility, lightweight, good pro-
cessability, and good impact resistance) and inorganic
materials (high brittleness, high thermal stability, and good

chemical resistance) (Moore et al., 2012; Tanaka and
Kozuka, 2004), which in turn allow these materials to use in
numerous applications such as optical coatings, nonlinear
optical devices (Wang et al., 1991), light emitting diodes (Ju

et al., 2006); photoresponsive devices (Wang et al., 2010),
and also in medical applications (Drisko and Sanchez, 2012).

One of the most considerable metal oxides used as inor-

ganic material in organic/inorganic hybrids is the Titanium
dioxide (TiO2), which shows a high refractive index (RI) and
offers a promising platform for optical applications

(Macwan et al., 2011). Unfortunately, the high density along
with the low flexibility of TiO2 may limit its uses in optical
and other applications. However, in presence of polymers,

high refractive index hybrids were successfully and used in
optical applications (Macwan et al., 2011) In particular, Tita-
nium dioxide (TiO2), as inorganic material, was added into a
polymer matrix to synthesize high refractive index hybrids

using sol–gel technique (Liu and Ueda, 2009). Different types
of polymer/TiO2 hybrids, such as poly(arylene-ether-sulfone)/
TiO2 (Wang et al., 1991), poly(arylene-ether-ketone)/TiO2

(Wang et al., 1991); aminoalkoxysilane capped-pyromellitic
dianhydride/TiO2 (Chang and Chen, 2001) and poly(methyl-
methacrylate)/TiO2 (Lee and Chen, 2001), Polyimide/TiO2

(Su and Chen, 2008); polysilsesquioxanes/TiO2 (Chen et al.,
2004), Epoxy/TiO2 (Guan et al., 2006) and others (Di Gianni
et al., 2007) have been studied using this technique. Further-
more, the optical, thermal and mechanical properties of the

hybrids can be easily adjusted via manipulating the ratio of
inorganic phase to organic phase. The properties of the
hybrids are not only relative to the properties of each phase,

but also to the interfacial properties and phase morphology
of the hybrid. Thus, the control of phase separation and mor-
phology are essential in the research for inorganic/organic

hybrids (Dou et al., 2015). The interfacial force between inor-
ganic and organic phases plays an important role in control-
ling microstructure and properties of hybrids. The formation

of covalent bonds (Peng, 2004) and/or hydrogen bonds
(Aakeröy et al., 1999) between inorganic and organic materials
can prevent or significantly reduce the phase separation.

Epoxidized natural rubber (ENR) is a modified natural

rubber (NR) produced by epoxidation process of NR with
acetic peroxide or formic peroxide in a reactor (Gelling
et al., 1991; Hamzah et al., 2012). ENR contains two different

functional groups, epoxides (E) and alkenes (C) that randomly
distributed in its backbone (Hamzah et al., 2012; Gan and
Hamid, 1997). 3;4 Epoxide rings are the reactive sites of the

E groups, which involved with the ring opening reaction
whereas the double bonds are the reactive sites for C groups,
which are involved with crosslinking reaction (Ratnam et al.,
2000a, 2000b, 2001c; Akiba and Hashim, 1997). The type of

polymer contains two different reactive sites incorporating
with nanoscale inorganic moieties can offer a high possibility
of producing transparent hybrids with improved thermal and

other properties. (Hamzah et al., 2012; Salaeh and Nakason,
2012). There are only very few studies can be found on the syn-
thesis of hybrids from ENR as a host organic polymer. For

instance, Mahmood et al., have successfully synthesized hybrid
films from ENR-50 and zirconia precursors by using sol–gel
processing (Mahmood et al., 2013). It is found that the possi-

ble interaction between ENR-50 and zirconia precursors
increased as precursors increase. Furthermore, the hybrids
showed improvements in the thermal stability and optical
transparency as compared to pure ENR-50. Another research

done by Tan and Bakar, reported a simple in situ synthesis of
ENR/iron oxide (magnetite) nanocomposites (Tan and Bakar,
2013). Results suggested that no chemical interactions between

ENR and magnetite. However, the electrical conductivity of
the nanocomposites improved as magnetite content increase.

Our previous reports investigated the influences of different

mediums on the structural properties of ENR-50/TiO2 hybrid
using 1D/2D NMR technique (Dahham et al., 2018). We
found that the presence of these mediums; particularly acetic

acid (Dahham et al., 2018) has significantly increased the
ring-opening reaction of epoxide groups in ENR-50 and cova-
lently bonded with Ti precursors forming TiAOAC. However,
these reports were limited to the study of ENR-50/TiO2 hybrid

structure. To the best of our knowledge, there is no report gave
a complete assignment on the properties of ENR-50/TiO2

nanohybrid. Therefore, it is important to extent the investiga-

tion on this hybrid as this understanding is essential for
theoretical and application point of view.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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In this work, we have successfully synthesized a new hybrid
from ENR-50 and titania precursors using sol–gel technique.
This hybrid was characterized via a wide range of analysis such

as fourier transform infrared spectroscopy (FTIR), x-ray
diffraction (X-RD), thermal gravimetric analysis (TGA), dif-
ferential scanning calorimetry (DSC), scanning electron micro-

scopy (SEM), energy-dispersive x-ray (EDX), transmission
electron microscopy (TEM), atomic force microscopy
(AFM), ultraviolet–visible (UV–vis) microscopy, and refrac-

tive index (RI) measurement.

2. Experimental

2.1. Materials

The epoxidized natural rubber (ENR-50) was obtained from
the Rubber Research Institute, Kuala Lumpur, Malaysia.
Titania precursors (Titanium (IV)-isopropoxide 98%) were
purchased from Merck, Germany. Other chemicals (toluene,

chloroform, tetrahydrofuran, n-hexane, and 2-propanol, were
purchased from Systerm, Malaysia, and used as they are with-
out any further purification.

2.2. Hybrid preparation method

All experiments were carried out at atmospheric pressure. The

synthesis process of the ENR-50/TiO2 hybrid included two
main stages:
Fig. 1 FTIR spectra of (a) ENR-50, (b) ENR-50/TiO2 10 wt%
2.2.1. ENR-50 purification

Purification process of ENR-50 was conducted by dissolving

20 g of ENR-50 in 400 mL chloroform and then stirring for
24 h at 25 �C (Dahham et al., 2018). After that, the mixture
was filtered through a pack of cotton gauze to separate the

high molecular weight from the low molecular weight ENR-
50. The last was precipitated after the addition of n-hexane.
The precipitate was moved into a Teflon petri dish and kept

at room temperature for 48 h. Further drying on the sample
was conducted using vacuum oven at 50 �C for 24 h. Once
dry, the sample represented the purified ENR-50 (Dahham
et al., 2018).
2.2.2. ENR-50/Titania hybrids synthesis

The organic/inorganic hybrids can be synthesized using dif-

ferent sol–gel routs (Rawolle et al., 2012). In this work,
ENR-50/TiO2 at 10 wt% of titani, Ti(OCH2CH2CH3)4 solu-
tion was prepared by adding a 38.18 mg (1.32 � 10�4 mol) of
Ti(OCH2CH2CH3)4 precursors in 10 mL Isopropanol. Then,

about 10 mL of Ti(OCH2CH2CH3)4 solution was gradually
added drop wise to the 44 mL of the purified ENR-50 at
60 �C. The mixture was reserved at 60 �C for 24 h. The rfinal

mixture was cast onto petri dish and reserved for normal dry-
ing about 48 h. After normal drying, the sample was vacuum
at 50 �C for 24 h. The process was repeated with different

content of precursors to prepare ENR-50/TiO2 at 30, and
50 wt% of titania.
, (c) ENR-50/TiO2 30 wt%, and (d) ENR-50/TiO2 50 wt%.



Scheme 1 Proposed possible reaction of ENR-50/TiO2 hybrid.

Fig. 2 XRD pattern of (a) ENR-50, (b) ENR-50/TiO2 10 wt%,

(c) ENR-50/TiO2 30 wt%, and (d) ENR-50/TiO2 50 wt%.
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2.3. Hybrids characterization

2.3.1. Fourier transform infrared spectroscopy (FTIR)

Transmission FTIR spectra of the hybrids were recorded by
Perkin-Elmer 2000-FTIR from single beam transmittance onto
a film of the sample on a ZnSe window at room temperature.

The samples were scanned from 4000 to 600 cm�1 with resolu-
tion of 0.4 cm�1. All spectra were subjected into an average of
16 scans for each sample.

2.3.2. X-Ray diffraction (X-RD)

The crystallinity and purity of specimens were evaluated using
PANalytical (X’pert PRO) PN 3040/60 XRD, equipped with a

monochromatic Cu-Ka radiation filter with wavelength =
0.154 nm. The specimens were scanned in the 2h range of
5–40� at a scan rate of 4�/min

2.3.3. Thermal gravimetric analysis (TGA)

TGA analysis was performed using a Perkin Elmer TGA-7
1991 analyzer. The specimens were heated from room
temperature (about 30 �C) to 900 �C at 20 �C/min a heat rate
under a nitrogen flow. The results of TGA and DTG were

recorded and analyzed.

2.3.4. Differential scanning calorimetry (DSC)

DSC analysis was conducted using a Perkin Elmer Pyris-6
(Shelton CT). The specimens were sealed in an aluminium
pan, and heated from �50 to140 �C at 20 �C/min a heat rate
under a nitrogen flow. After that, the temperature was

quenched from 140 �C to �50 �C and heated again from
�50 to 140 �C at same heat rate. The results of DSC was
recorded from the second heating and analyzed.

2.3.5. Scanning electron microscopy/energy-dispersive X-ray
(SEM/EDX)

SEM-EDX test was performed using JEOL JFC6460LA, oper-

ated at 10 kV. Specimens were coated with an extremely thin
layer of gold (1.5–3 nm) to prevent the electrostatic charging
and also to avoid the poor resolution of the micrographs dur-

ing test.

2.3.6. Transmission electron microscopy (TEM)

To clarify the nanoscale structure of the hybrids, TEM micro-

graphs were recorded on Jeol Instrument (JEM-1230) oper-
ated at 20 kV. Specimens were dissolved in analytical grade
of tetrahydrofuran (THF). About 2–3 drops of prepared solu-

tion was dropped onto a carbon-coated copper grid (200
mesh). The specimens were air dried prior to analysis.

2.3.7. Atomic force microscopy (AFM)

AFM (Veeco di CP-II) was utilized to examine surface topog-
raphy of the hybrids. The surface of each specimen was
scanned at 6 points (2 points at center, 2 points at perimeter

and 2 points at half distance between center and perimeter)
in contact mode with CONT20A-CP tips. The resolution at
256 � 256 and scan rate at 1 Hz were used to obtain topogra-
phy on a 3 lm � 3 lm scanning area.

2.3.8. Ultraviolet–visible (UV–vis) microscopy

UV–vis spectrophotometer (Perkin Elmer Lambda 35) was

used to evaluate the optical property of the prepared hybrids



Fig. 3 TGA-DTG thermograms of ENR 50 and ENR-50/TiO2 at difference Ti Content.
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in the wavelength range of 200–550 nm and at resolution of

1 nm. The specimens were prepared for the measurements by
dissolving them in tetrahydrofuran (THF).

2.3.9. Refractive index (RI) measurement

The RI of the hybrids was measured on an Atago 3261 Auto-
matic Digital RX-5000a Microphotonics Ellipsometer with
light source of LED and wavelength of 589 nm. Each specimen

was measured five times at the same experimental condition in
order to determine the errors of the data.
3. Results and discussion

3.1. Interaction of ENR-50 and titania (FTIR)

Fig. 1 shows the FTIR spectra of purified ENR-50 and the
ENR-50/TiO2 hybrids with different titania content at 10, 30
and 50 wt% respectively. The FTIR spectrum of the ENR-

50 (Fig. 1a) shows the characteristic band at 870–875 cm�1

corresponding to the stretching vibration of epoxy groups
(Dahham et al., 2020; Salehabadi et al., 2014). Other charac-
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teristic band found at 1064 cm�1, which is belong to the sym-
metric and asymmetric stretching of CAO groups, and those at
1249–1251 cm�1 are belong to epoxy whole ring. The bands

identified at 1385–1387 cm�1 and 1451–1452 cm�1 probably
correspond to the deformations of hydrocarbon backbone
for CH and CH2 groups, 2858–2860 cm�1, 2920–2924 cm�1

and 2960–2962 cm�1 due to the CH2 symmetry stretching,
CH2 asymmetry stretching, and CH3 stretching respectively
(Salehabadi et al., 2014; Hamzah et al., 2016). The spectra of

the ENR-50/TiO2 hybrids are shown in Fig. 1b, c, and d
respectively. It is observed that the increasing of titania con-
tent increased the intensity of broad OH group at 3421–
3422 cm�1 which is also accompanied by decreasing the inten-

sity of epoxide peak at 870–875 cm�1. This was due to the ring
opening reactions (ROR) of epoxide groups in ENR-50. Fur-
thermore, the band at 1646–1649 cm�1 is probably belong to

the C‚O or CAOAC groups, resulting from the ROR of
epoxide groups. Another peak was observed at 1027–
1028 cm�1 due to the TiAOAC bond in the hybrid (Chen

et al., 2007). The broad band at the region of 500–800 cm�1

is attributed to TiAOATi and indicates the presence of Ti moi-
eties in the formed hybrid (Yu et al., 2013; Zhang et al., 2012).

It is also found that the intensity of these peaks of groups of
C‚O, CAOAC, TiAOAC and TiAOATi increased with the
increasing of titania content in the hybrids. Therefore, these
results indicate that there are interactions between ENR-50

and titania and the maximum interaction occurs with high
content of titania (50 wt%).

Scheme 1 showed the proposed possible reaction of ENR-

50/TiO2 hybrid. Based on the characteristic bands uncover in
the FTIR spectra (Fig. 1), the peak observed at 1027–
1028 cm�1 is related to the TiAOAC in the hybrid, resulting
Fig. 4 DSC thermograms of ENR 50 and
a covalent bond between titanuim and opened epoxy ring.
The other peak observed at 3421–3422 cm�1, which is for
the hydroxyl group (OH) found in the formed propanol as a

side product in the proposed reaction.

3.2. (X-RD) crystallinity of the hybrid

The X-ray diffractograms of purified ENR-50 and the
hybrids are sown in Fig. 2. The hybrids showed a new
diffraction peak at 2h = 23 (101) and 27� (110) respectively,
which represent the anatase ‘A’ and rutile ‘R’ phases as
marked at the figure. The well-crystallized anatase and rutile
forms were observed in the hybrid samples (b, c, and d) indi-

cating successful addition of titani into ENR-50. The inten-
sity of the anatase ‘A’ and rutile ‘R’ peaks changed as the
titania content change in the hybrids. This is consistent with
the study done by Motaung et al. (Motaung et al., 2011), the

amorphous peak for the ENR-50 is present in all four the
diffractograms at 2h = 19�. However, a slight decrease in
the intensity of the amorphous peak concurrently with a

new crystalline peak have developed at 2h = 23 (101) and
27� (110). These observations point to the new diffraction
peak development in the ENR-50 matrix that is probably

the result of the nanoparticles acting as nucleation centers
in the rubber (Motaung et al., 2011).

3.3. Thermal stability (TGA)

TGA DTG thermograms of purified ENR-50 and ENR-50/
TiO2 hybrid samples are presented in Fig. 3a and b respec-
tively. It is observed that the purified ENR-50 shows two
ENR-50/TiO2 at difference Ti Content.



Fig. 5 SEM- EDX of (a) ENR-50/TiO2 10 wt%, (b) ENR-50/TiO2 30 wt%, and (c) ENR-50/TiO2 50 wt%.
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degradation steps at 78–111 �C and 364–474 �C respectively.
The first step is attributed to the loss of moisture and also

the solvent that may be stuck in the polymer matrix during
the purification process. The second step is the maximum
degradation peak which is due to the thermal degradation of
ENR-50 (Bijarimi et al., 2014).
For all ENR-50/TiO2 hybrids, (10, 30 and 50 wt% Titania
addition), three thermal degradation steps were observed in the

range of temperature 76 to 769 �C respectively. The first degra-
dation step at 76–134 �C represents the loss of moisture and
trapped organic residues from the porous gel network of the
formed hybrids (Caldeira et al., 2012). The second degradation



Fig. 6 TEM micrographs of (a) ENR-50/TiO2 10 wt%, (b)

ENR-50/TiO2 30 wt%, and (c) ENR-50/TiO2 50 wt%.
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step at 254–482 �C represents the degradation of the majority
of the ENR-50 matrix. This degradation is shifted to a higher
temperature compared to the purified ENR-50. During the

pyrolysis process of ENR-50, there are few possibilities of
degradation may occur such as an elimination reaction of cer-
tain organic groups, breakdown of the main chains of poly-

mer, and de-polymerization (Schnabel, 1981). Typically, low
molecular weight organic molecules are stable at temperature
range of 100–200 �C (Schnabel, 1981; Brown, 2001), and

requires low heat energy to break up its bond (Li et al.,
1998). However ENR chain distributes its energy along the
polymer chains, thus it is able to stabilize its chains up to
higher temperature as compared with the simple organic

molecules (Schnabel, 1981). The third degradation step at
691–769 �C represents the re-arrangement of TiAOATi skele-
ton to a discrete TiO2 peroskite structure. On the other hand, it

can be observed that there was an improvement on the degra-
dation temperature of ENR-50/TiO2 hybrids compared to the
purified ENR-50. Furthermore, the degradation temperature

of the hybrids increased with the increase of titania addition
to the ENR-50. The reason behind these results is attributed
to the protective effect of titania network against organic

ENR-50 matrix.

3.4. DSC study

DSC thermograms of purified ENR-50 and the ENR/TiO2

hybrids at 10, 30 and 50 wt% of titania are shown in Fig. 4.
It is observed that the hybrids at 10, 30, and 50 wt% of titania
show a single glass transition (Tg) at 24.3, 26.9 and 28.1 �C
respectively, which are higher than the Tg of purified ENR-
50 at �18.4 �C (Çopuroğlu et al., 2006; Morselli et al.,
2012). The single Tg indicates the robust interface between

the ENR-50 matrix and the titania moieties (Morselli et al.,
2012). Furthermore, the single Tg value indicates the hybrids
acts as a new polymer (Mas Haris and Raju, 2014). Our earlier

studies found that the percentage of ring opening reaction
(ROR) of epoxide units in the ENR-50 hybrid has a direct
influence on the Tg value of the ENR-50/TiO2 hybrid
(Dahham et al., 2018). The Ti moieties are able to restrict

the movement of polymer chains via crosslinking in the hybrid.
Therefore, the hybrids remain rigid at higher temperatures as
compared with the purified ENR-50. However, the hybrids

remain in a glassy phase below the Tg and a rubbery phase
above the Tg.

The content of Ti contributes to the free volume of the

polymers. Free volume is the space existing between the chains
of the polymer, this space can be measured by positron annihi-
lation method. Free volume varies as the molecules oscillate.
Also, the free volume decreases as the intermolecular cohesion

increases. Thus, the high Ti content in the ENR-50/TiO2

hybrid reduce the free volume and restrict the movement of
the polymer chains, whereas the polymer chains have high free

volumes at low Ti content and they can move easily.

3.5. Morphology and dispersibility of ENR-50/TiO2 hybrid

SEM and TEM analyses were conducted in order to examine
the microstructures and the distribution of TiO2 nanoparticles



Fig. 7 AFM images of (a) ENR-50/TiO2 10 wt%, (b) ENR-50/TiO2 30 wt%, and (c) ENR-50/TiO2 50 wt%.
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within the hybrid, while EDX analysis was conducted to iden-

tify the TiO2 nanoparticles in the hybrids. Typical SEM-EDX
micrographs of the ENR-50/TiO2 hybrids at 10, 30, and 50 wt
% titania are illustrated in Fig. 5a, b, and c respectively. It can

be observed that the lower content of TiO2 nanoparticles, par-
ticularly 10 wt% TiO2 was evenly distributed in the ENR-50
matrix (Fig. 5a) indicating that the TiO2 nanoparticles had a

strong interfacial bonding and excellent adhesion to the
ENR-50 matrix. It is also worthily to mention that the mor-
phology of the ENR-50 was changed during of the synthesis
of ENR-50/TiO2 hybrids. By increasing the titania content

up to 30 wt% (Fig. 5b), the distribution of nanoparticles
remained good enough. However, the higher content of titania
(50 wt% TiO2) showed severe agglomerations of the nanopar-

ticles (Fig. 5c) and it became difficult to distinguish the spher-
ical shape structures of the TiO2 nanoparticles. Mahmood
et al., (Mahmood et al., 2013) found the same behavior of

the zirconia nanoparticles within the ENR-50 matrix, which
are homogeneously and uniformly distributed throughout the
ENR-50 matrix as low content of zirconia used while they

are being severely agglomerated in the ENR-50 matrix as high
content of zirconia used. EDX analyses of the ENR-50/TiO2

hybrids confirm the presence of TiO2 nanoparticles their

hybrids, the hybrid at higher titania content showed higher
intensity peak in EDX figures.

TEM analysis has proven to be a powerful tool to evaluate

the size of the TiO2 nanoparticles as well as their dispersion
embedded within the ENR-50 matrix. Typical TEM micro-
graphs for ENR-50/TiO2 10, 30, and 50 wt% are shown in
Fig. 6a, b, and c respectively. Generally, the size of TiO2

nanoparticles in the hybrid at 10 wt% TiO2 was about 10–
20 nm (Fig. 6a), while the size of TiO2 nanoparticles in the
hybrid at 30 wt% TiO2 was about 25–40 nm (Fig. 6b). How-

ever, the higher TiO2 content (50 wt%) showed a different
behavior in the hybrid, the size of the TiO2 here is unpre-
dictable due to the sever agglomeration of these nanoparticles

in the ENR-50 (Fig. 6c), this is also consistent with the results
of the SEM.



Fig. 8 UV–vis spectra of ENR-50 and ENR-50/TiO2 at difference Ti Content.

Table 1 Shift of wavelength of absorption peak due to n–p*
transition of the nonbonding electron (loan pair electron of

oxygen atom) of the epoxide groups with the variation of

titania content.

Sample n–p* transition (nm) of the nonbonding

electron of the epoxide groups

ENR-50 293

ENR/TiO2 (10%) 296

ENR/TiO2 (30%) 298

ENR/TiO2 (50%) 300
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3.6. Surface topography of nanocomposite films

Further insight on the surface topography of the ENR-50/
TiO2 hybrids was conducted using Atomic Force Microscopy

(AFM) analysis. The three-dimension AFM micrographs of
the ENR-50/TiO2 hybrids at 10, 30, and 50 wt% titania are
shown in Fig. 7a, b, and c respectively. These micrographs
gave a clear understanding on the topographical variations

of the hybrids. Based on the results, the hybrid at 10 wt%
TiO2 showed a smooth surface. However, the surface rough-
ness of the hybrids gradually increased as titania content

increase in the ENR-50 matrix indicating that more titania
content are exist on the surfaces of the hybrid as more titania
content are embedded (Mallakpour and Barati, 2011). Same

changes were observed on the surface topography of acrylic
resin/titania hybrids (Xiong et al., 2004), which is found that
the surface roughness increased as titania content increase in

the hybrid.

3.7. UV–Vis spectra identification and optical transparency

UV–vis absorption spectra of the ENR-50 and ENR-50/TiO2

hybrid at 10, 30, and 50 wt% titania are illustrated in Fig. 8.
It can be easily observed two absorption peaks at 250 nm
and 293 nm appeared in ENR-50 sample. The peak at lower

wavelength is associated with the p–p* transition of the car-
bon–carbon while the peak at lower wavelength is attributed
to the n–p* transition of the nonbonding electron (loan pair

electron of oxygen atom) of the epoxide groups (Mahmood
et al., 2013). The two absorption peaks of the ENR-50 are
have also appeared in all hybrid samples. The lower wave-

length peak of all hybrid samples appeared at 251 nm while
the higher wavelength peak appeared at 296–300 nm for the
hybrid at 10, 30, and 50 wt% TiO2. It can be clearly observed
that the higher wavelength peak at 293 nm has shifted to 296,
298 and 300 nm for the hybrid at 10, 30, and 50 wt% TiO2

respectively (Table 1), indicating that there is a significant

interaction between titania precursors and ENR-50 matrix.
Therefore, these results further support the observation of
the ENR-50 - titania interaction, which increases with the

increasing of titania content and maximum interaction occurs
at 50 wt% titania. The nature of interaction between ENR-50
matrix and titania precursors was probably due to the ring

opening reactions (ROR) of epoxide groups in ENR-50 and
covalently bonded with the Ti moieties of titania resulting
Ti-O bonds. This was explained clearly in the FTIR section

of this work.
The optical transparency of the prepared ENR-50/TiO2

hybrids was also investigated from the results of UV–visible
spectroscopy. The optical transmissions of the samples were

evaluated in the wavelength range of 200–550 nm (Fig. 8).
The absorbance of the all hybrids started to became around
zero after the 400 nm wavelength, which indicated a very good

optical transparency in the visible light range. These results are
consistent with the report studied the impact of TiO2 on the
optical transparency of Epoxy/TiO2 nanocomposite films pre-

pared by by sol–gel technique (Guan et al., 2006).



Fig. 9 Refractive indices of ENR-50 and ENR-50/TiO2 at

difference Ti Content.
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3.8. Refractive index

The refractive index of the ENR-50 matrix and ENR-50/TiO2

hybrid at 10, 30, and 50 wt% TiO2 are shown in Fig. 9. The

refractive index of the pure ENR-50 sample was about
1.42 nm; wile the refractive index of the hybrid at 10, 30,
and 50 wt% TiO2 was about 1.48, 1.51, and 1.56 nm respec-

tively. This indicated that the refractive index has linearly
increased with the increase of titania content in the hybrid.
These results are consistent with several reports that studied
the influence of titania on the refractivity of the different poly-

mer materials (Higashihara and Ueda, 2015; Nussbaumer
et al., 2003; Liu et al., 2011). The increasing of refractive index
of the hybrids was due to the dispersion and the interaction of

titania network to ENR-50 matrix, which become stronger
with the increase titania content. Moreover, the titania net-
work has a high refractive index (about 2.2 nm) (Lü and

Yang, 2009) which plays an essential role for the increasing
of refractive index of hybrids. Therefore, it can be concluded
that the refractive index of the hybrids can be attuned by

selecting the suitable amount of titania.

4. Conclusion

A new organic–inorganic hybrid from ENR-50 and TiO2 was
successfully synthesized using sol–gel technique. It is found
that the titania precursors have effectively bonded with the
ring-opened epoxide units of ENR-50 forming covalent bond

(TiAOAC). This bonding has effected positively on the overall
properties of the hybrid. This is in agreement with the micro-
scopic analyses, which showed a good distribution of TiO2

nanoparticles in ENR-50 matrix and also showed a strong
interfacial bonding between matrix and nanoparticles. The
presence of TiO2 improved the optical transparency and also

increased the refractive index of the hybrid. Therefore, this
hybrid can be successfully used in the applications that require
high refractive index such as micro optical and optoelectronic

devices.
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