
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



RSC Advances 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

PAPER
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Hybrid materials based on azopolymer and sol-gel synthesized 
silver-containing titanium oxide nanoparticles with 
photoinduced birefringence 

Raquel Fernández*, Junkal Gutierrez, Arantxa Eceiza and Agnieszka Tercjak* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 5 

DOI: 10.1039/b000000x 

The main goal of this work was the development of novel nanocomposite films with different optical 
properties. A non-toxic water soluble azopolymer was modified with TiO2 nanoparticles and silver-
containing TiO2 nanoparticles. The thermal stability and glass transition temperature were enhanced in 
the silver-containing hybrid materials. Birefringence can be optically induced and erased in the 10 

azopolymer and the nanocomposites with and without silver. However, the photoorientation rate and the 
maximum and remaining birefringence values varied depending on the concentration of azopolymer in 
the nanocomposites and the presence of silver-containing nanoparticles. In nanocomposites with low 
concentration of azopolymer the presence of silver in the nanocomposite films improved dramatically the 
induced birefringence level. Moreover, the semiconductive properties of the developed hybrid materials 15 

were studied by electrostatic force microscopy, applying both positive and negative voltage. 

1. Introduction 

Azobenzene chromophores have been widely used as dyes and 
pH indicators for years, but in the past decades azobenzene-
containing polymers or azopolymers have attracted considerable 20 

attention in material science and technology for their fascinating 
stimuli-responsive properties. Key to some of their most 
interesting applications is the reversible photoinduced 
isomerization between trans and cis isomeric states that 
azobenzene chromophores undergo upon exposure to light. The 25 

formation of cis isomers leads to remarkable changes of size, 
dipole moment, and geometry of azobenzene molecules. In 
addition, azobenzene compounds have the ability to 
photoorientate through optical induced trans-cis-trans 
isomerization cycles, which gives rise to birefringence and 30 

dichroism in azopolymers.1-3 
 The main applications of azopolymers include reversible 
optical storage, which relies on the possibility of altering their 
refractive index by means of light. A single domain could encode 
one bit by either being isotropic or birefringent, a difference that 35 

is easily probed optically.4-7 Another intriguing application is the 
photoinduced bending of azobenzene-containing polymer films. 
Yu et al.8 showed that a film of azopolymer could be repeatedly 
and precisely bent along any chosen direction by using linearly 
polarized light. In drug delivery applications using azobenzene 40 

compounds, light can be used to control the loading-unloading of 
small molecule drugs. The properties of surfaces modified with 
azobenzene groups can be also optically manipulated. Ichimura et 
al.9 reported the photoinduced macroscopic motion of liquids on 
a flat solid surface covered by a photoisomerizable monolayer 45 

containing azobenzene units. Lim et al.10 developed fluorinated 
azobenzene-modified nanoporous substrates that were 
photoreversibly converted between superhydrophobicity and 
superhydrophilicity as a result of photoirradiation, and Goulet-
Hanssens et al.11 developed a photoreversible cell culture 50 

substrate containing azobenzene groups, whose capacity to 
support cell growth could be altered using light. 
 In general, in order to achieve the desired properties and 
applications, it is important to study and control the induced 
isomerization and orientation processes of azobenzene groups in 55 

the developed materials, namely photoorientation kinetics, 
maximum and remaining birefringence levels, among others. 
Many studies have been carried out to enhance these parameters, 
such as optimizing the azobenzene molecule chemical 
structure,12-14 its geometry,15 irradiation light properties,16 60 

intermolecular interactions,17 etc. Additionally, azopolymer 
properties can be tuned by the combination of distinct materials 
in the same matrix. In this respect, hybrid inorganic/organic 
materials containing metal or semiconductor nanoparticles are 
interesting due to their unique optical, electrical, magnetic, 65 

luminescent and catalytic properties.18-20 In fact, it has been 
demonstrated that the introduction of noble metal nanoparticles 
into azopolymer matrices can enhance the responsive activity to 
light due to the localized surface plasmon resonance of these 
nanoparticles,21-26 especially when the azopolymer is irradiated at 70 

a wavelength close to their maximum absorption.27 In line with 
this, Wu et al.28 reported the fabrication of silver 
nanoparticle/azopolymer nanocomposites, which formed an 
inorganic/organic network-like structure by interactions between 
the polymer matrix and the nanoparticles, and they found that the 75 

stability of the induced birefringence in the azopolymer was 
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improved by the incorporation of the silver nanoparticles. Shen et 
al.,29 however, showed that the interaction between silver 
nanoparticles and polymer plays an important role in application 
of the localized surface plasmon resonance effect. Experimental 
results revealed that the photoorientation behavior could be 5 

improved or worsened with the addition of silver nanoparticles 
depending on the azopolymer chemical structure. 
 One of the most typical methods used to generate inorganic 
nanoparticles is the sol-gel (SG) synthesis,30-33 which involves the 
evolution of inorganic networks through the formation of a 10 

colloidal suspension (sol) and further gelation of the sol to form a 
network in a continuous liquid phase (gel).34 The most commonly 
used precursors for the sol-gel process are alkoxides, such as 
titanium isopropoxide that was used in this study for generating 
TiO2 nanoparticles. The simplicity and versatility are the main 15 

advantages of this method to design hybrid materials. 
Nevertheless, all variables must be rigorously controlled, since 
small changes in one parameter, such as temperature, pH, 
reaction time or concentration can drastically affect the results.35 
 In this work, the sol-gel method was used for the development 20 

of hybrid inorganic/organic nanocomposites based on a non-toxic 
water soluble azopolymer consisting of a poly(vinyl amine) 
backbone with an azo dye as side chain. Good dispersion of silver 
nanoparticles in the host azopolymer is necessary to achieve the 
desired improvement in optical properties. Indeed, one of the 25 

main problems that prevent these hybrid systems from real 
applications is how to fabricate homogenous 
azopolymer/nanoparticle nanocomposites with good 
processability and controllable concentration of noble metal 
nanoparticles.28 To meet this requirement, silver-containing TiO2 30 

nanocomposites that consist of TiO2 nanoparticles supporting 
well dispersed Ag nanoclusters were fabricated by adding AgNO3 
precursor to the pure oxide sol under stirring at room 
temperature. Thus, the azopolymer was modified both with both 
neat TiO2 nanoparticles and silver-containing TiO2 nanoparticles 35 

and the morphology and semiconductive and optical properties of 
the resultant hybrid materials were investigated using different 
advanced characterization techniques, paying special attention to 
the influence of the nanoparticles on the induced birefringence 
properties of the developed multifunctional materials. 40 

2. Experimental part 

2.1. Materials and sample preparation 

The azopolymer, poly[1-[4-(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium 
salt] (PCBS) with a molar mass of 369.327 g/mol, was supplied 45 

by Sigma-Aldrich and used as received. Titanium isopropoxide 
(TTIP), Ti[OCH(CH3)2]4, purchased from Sigma-Aldrich, was 
used as precursor to obtain TiO2 nanoparticles. Isopropanol (IPA) 
and an aqueous hydrochloric acid (HCl) solution (37 %) were 
also supplied by Sigma-Aldrich. 50 

The titanium sol-gel solution (TiSG) was prepared by mixing IPA 
(10 ml), TTIP (2.5 mmol) and HCl (2.5 mmol) and letting it stir 
overnight. This solution was divided into two equal parts and 
silver nitrate 0.1M was added (20µL AgNO3/mL TiSG solution) 
to one of them and let stir for 6 h. Both the neat sol-gel solution 55 

and the silver-containing titanium sol-gel solution (Ti/AgSG) 

were used to prepare two different series of nanocomposites. 
Different amounts of the sol-gel solutions were added to PCBS 
solutions (0.5 or 2 wt % in H2O) and stirred for 2 h to prepare the 
series of hybrid systems named as PCBS-TiSG (Table 1). 60 

 
Table 1. Composition of the developed hybrid systems. 

Sample PCBS (%) 
TiSG or Ti/AgSG 

solution (%) 
PCBS 

 
PCBS90-TiSG 
PCBS80-TiSG 
PCBS70-TiSG 
PCBS60-TiSG 
PCBS50-TiSG 
PCBS40-TiSG 
PCBS1.1-TiSG 
PCBS0.7-TiSG 
PCBS0.5-TiSG 
PCBS0.3-TiSG 

 
PCBS90-Ti/AgSG 
PCBS80-Ti/AgSG 
PCBS70-Ti/AgSG 
PCBS60-Ti/AgSG 
PCBS50-Ti/AgSG 
PCBS40-Ti/AgSG 
PCBS1.1-Ti/AgSG 
PCBS0.7-Ti/AgSG 
PCBS0.5-Ti/AgSG 
PCBS0.3-Ti/AgSG 

100 
 

90 
80 
70 
60 
50 
40 

1.15 
0.74 
0.50 
0.33 

 
90 
80 
70 
60 
50 
40 

1.15 
0.74 
0.50 
0.33 

- 
 

10 
20 
30 
40 
50 
60 

98.85 
99.25 
99.50 
99.67 

 
10 
20 
30 
40 
50 
60 

98.85 
99.25 
99.50 
99.67 

 
 Similarly, different amounts of silver-containing sol-gel 
solution were added to PCBS solutions (0.5 or 2 wt % in H2O) 65 

and stirred for 2 h to prepare the series of hybrid systems named 
as PCBS-Ti/AgSG (Table 1). An illustration of the 
nanocomposites preparation method is shown in Scheme 1. 
 
 70 

 
 
 
 
 75 

 
 
 
 
 80 

 
 
 
 
 85 

 
 
 
Scheme 1. Schematic illustration of the hybrid films preparation 
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method. 
 Finally, all the solutions were filtered using a 0.2 µm nylon 
filter and films of all the nanocomposites were obtained by 
solvent-casting onto clean glass slides. Residual solvent was 
removed by evaporation at room temperature for 24 h and, then, 5 

under vacuum another 24 h. 

2.2. Techniques 

Thermogravimetrical analysis (TGA) of the samples was carried 
out using a TGA/SDTA-851e equipment under air atmosphere at 
a heating rate of 10 ºC min-1 from 25 to 900 ºC. 10 

 Differential scanning calorimetry (DSC) measurements were 
performed with a Mettler Toledo DSC 192 822 differential 
scanning calorimeter equipped with a sample robot 193 TSO 801 
RO to measure the glass transition temperature (Tg) of the 
samples using a heating rate of 20 ºC min-1 from 25 to 250 ºC. 15 

Nitrogen was used as purge gas. All Tg values were taken at the 
onset of the change in specific heat. 
 Ultraviolet-visible (UV-Vis) absorption spectra of films 
deposited onto clean glass slides were recorded with a UV-3600 
UV-vis-NIR spectrophotometer from Shimadzu. 20 

 Infrared spectra of the samples were taken using a Nicolet 
Nexus 670 Fourier transform infrared (FTIR) spectrometer 
equipped with a single horizontal golden gate attenuated total 
reflectance cell (ATR). Spectra were recorded using a spectral 
width ranging from 600 to 4000 cm-1, with 4 cm-1 resolution and 25 

an accumulation of 32 scans. 
 The morphology of the samples was studied by atomic force 
microscopy (AFM). AFM images were obtained with a 
Nanoscope IIIa scanning probe microscope (Multimode™, 
Digital Instruments). Tapping mode (TM) in air was employed 30 

using an integrated tip/cantilever (125 µm in length with ca 300 
kHz resonant frequency and spring constant of ca 40 N/m). 
Typical scan rates during recording were 0.7-1 line s-1 using a 
scan head with a maximum range of 16 µm x 16 µm. 
 Electrostatic Force Microscopy (EFM) was successfully 35 

employed to study the semiconductive properties of the 
nanoparticles in the design inorganic/organic nanocomposites. 
Measurements were performed in the Lift-Mode (lift height was 
180-200 nm) in ambient conditions and EFM was equipped with 
an integrated Co/Cr coated MESP tip having a resonance 40 

frequency around 75 kHz. In order to obtain repeatable results of 
the investigated materials, different regions of the specimens 
were scanned. 
 Induced birefringence experiments were carried out at room 
temperature and under ambient conditions. The experimental 45 

setup used was similar to that previously reported.36 
Birefringence was induced in films of the azopolymer and the 
developed hybrid materials using a linearly polarized ultrashort 
pulse train at 488 nm (writing beam) with a polarization angle of 
45º with respect to the polarization direction of a low power He-50 

Ne laser operating at 632.8 nm (reading beam). Femtosecond 
laser pulses were generated by a Ti:Saphire oscillator-
regenerative amplifier system (1 kHz, 4.0 mJ, 35 fs pulses @ 800 
nm). The 488 nm radiation was produced by the sum frequency 
generation of the signal (1250 nm) of an optical parametric 55 

amplifier (OPA) and the 800 nm fundamental beam. The average 
power of the writing beam used in the experiments was 20 mW 

on a spot of 1.5 mm2 and the change in the transmission of the 
reading beam, which passed through the sample between two 
crossed polarizers, was measured with a photodiode. Films were 60 

heated at 110 ºC for 10 min and subsequently stored at room 
temperature before experiments. 

Fig 1. TGA curves of the developed hybrid systems at a heating 
rate of 10 ºC min-1. 

3. Results and discussion 65 

Thermogravimetric curves of the developed hybrid systems 
containing different amounts of TiSG or Ti/AgSG are shown in 
Fig. 1. TGA plots of TiSG and Ti/AgSG exhibit a weight loss 
from almost the beginning of the experiment to around 400 ºC. 
This loss can be attributed to the release of water that was 70 

hydrogen-bonded to the TTIP precursor37 and/or residual 
solvent.38, 39 
 From 400 to 900 ºC TGA curves remain constant, resulting in 
a net residue of 68 wt %. In the case of PCBS and the 
nanocomposites, the shape of the thermograms is very similar, 75 

indicating that the thermal degradation followed the same 
pathway. The weight loss up to approximately 300 ºC can also be 
ascribed to the release of water and/or residual solvent. Then, 
from 300 ºC to around 700 ºC the chemical decomposition of the 
organic part of the investigated systems takes place. The 80 

decomposition temperature of the nanocomposites is higher than 
that of the neat azopolymer and, in addition, it is shifted to higher 
values for silver-containing hybrid systems, especially for the 
sample with higher Ti/AgSG content. This can be related to 
strong interactions between the PCBS matrix and the sol-gel 85 

synthesized nanoparticles.40-42 For all the samples a net residue of 
approximately 15 wt % was obtained. 
 The glass transition temperature of the samples was 
determined by DSC (Table 2). It was found that the Tg, which is 
84 ºC for the neat azopolymer, decreased with the addition of 90 

TiSG from 81 ºC for 10 wt % of TiSG to 69 ºC for 50 wt % of 
TiSG. However, the addition of Ti/AgSG in PCBS matrix led to 
an increase in Tg up to 88 ºC for 50 wt % of Ti/AgSG. This can 
be attributed to stronger interactions between the silver-
containing nanoparticles and the PCBS matrix, which also led to 95 

higher thermal stability of the nanocomposites with Ti/AgSG in 
agreement with TGA results.43 
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Table 2. Glass transition temperature of the developed hybrid 
systems. 

Sample Tg (ºC) 
PCBS 

 
PCBS90-TiSG 
PCBS70-TiSG 
PCBS50-TiSG 

 
PCBS90-Ti/AgSG 
PCBS70-Ti/AgSG 
PCBS50-Ti/AgSG 

84 
 

81 
77 
69 

 
85 
87 
88 

 
 The optical absorbance of the developed nanocomposites 
containing TiSG or Ti/AgSG was also investigated (Fig. 2). UV-5 

Vis absorption spectra of films deposited onto clean glass slides 
were obtained in the range between 350-600 nm. The absorption 
maximum for PCBS appears at around 400 nm, which 
corresponds to the electronic transition of azobenzene groups, 
responsible for the photoisomerization. It is also well known that 10 

silver nanoparticles have a characteristic surface plasmon 
resonance band in the visible range.44 As shown in Fig. 2, the 
optical absorbance at approximately 400 nm is higher for the 
silver-containing nanocomposites, indicating that the surface 
plasmon resonance band of silver nanoparticles might also be 15 

located at around 400 nm. 
 

Fig. 2. UV-Vis absorbance of the developed hybrid systems. 
 
 FTIR spectra in the mid IR region, employed for the 20 

characterization of the developed hybrid materials, are shown in 
Fig. 3. No clear differences in the FTIR spectra of the samples 
were noted. In general, the band at around 3300 cm-1 corresponds 
to the stretching vibration of OH groups. The COOH stretching 
vibration band appears in the range between 1700-1500 cm-1 and 25 

the vibration associated with the stretching of N=N groups can be 
seen at around 1300-1400 cm-1. Finally, in the range between 
1200-1050 cm-1 appears the stretching vibration band of SO2-NH 
groups. 
 The developed nanocomposite films morphology was 30 

investigated by atomic force microscopy. Fig. 4 shows AFM 
phase images of PCBS0.3-TiSG and PCBS0.3-Ti/AgSG systems.  

Fig 3. FTIR spectra of the developed hybrid systems. 
 
 The morphology of both films is clearly different, confirming 35 

that the modification of the titanium oxide nanoparticles with 
silver also had an effect on the nanocomposites morphology. The 
films of nanocomposites modified with silver-containing 
nanoparticles are more homogeneous and less rough than those 
without silver and, what is more, they show a nanostructured 40 

surface. 
 
 
 
 45 

 
 
 
 
 50 

 
 
Fig. 4. AFM phase images (750 nm×750 nm) of: (a) PCBS0.3-
TiSG and (b) PCBS0.3-Ti/AgSG. 
 55 

 In addition, semiconductive properties of the nanocomposites 
were studied by electrostatic force microscopy. EFM is a versatile 
technique for studying the electric field gradient distribution 
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above the sample surface in order to distinguish different 
conductive parts of the film since, when a voltage is applied to 
the tip, only charged domains of the sample surface are detected. 
In this case, the only components that can respond to the applied 
voltage in the investigated hybrid materials are the sol-gel 5 

nanoparticles, due to their semiconductive properties. 

Fig. 5. EFM phase images (5 µm×5 µm) applying positive and 
negative voltage for PCBS0.3-SGAg system. 
 
 Fig. 5 shows EFM phase images obtained applying different 10 

positive and negative voltage. When a voltage of 0 V is applied to 
the tip, no charge domains are detected on the surface. 
Conversely, when a voltage (6 V or 9 V) is applied to the tip, 
bright domains appear on the sample surface, which correspond 
to the conductive nanoparticles, allowing us to clearly distinguish 15 

the charged and uncharged domains in the hybrid system. In 
addition, the response of the film to negative and positive 
voltages was also compared. Applying the same level of positive 
or negative voltage to the tip similar EFM phase images are 
achieved, which indicates that the sample is able to respond both 20 

to positive and negative voltage. 
 The induced birefringence properties of the developed 
multifunctional materials containing an azopolymer were also 
studied. Azobenzene molecules can be oriented by irradiation 
with linearly polarized light of appropriate wavelength. Upon 25 

absorbing this light, azobenzene groups undergo a series of trans-
cis-trans isomerization cycles. Those molecules with dipole 

moment perpendicular to the polarization direction of the light 
electric field do not absorb light to undergo further 
isomerizations. At the end of several cycles, a net population of 30 

azobenzene groups is oriented in this perpendicular direction, 
leading to an induced birefringence in the film structure. The 
birefringence formation can be inferred by the change in 
transmittance of a probe beam that passes through the sample 
between crossed polarizers. To investigate the kinetics of 35 

azobenzene groups orientation in the nanocomposites, the 
creation of birefringence was monitored over time through three 
different irradiation regimes: when the linearly polarized 
orienting beam was turned on (A), after it was turned off (B) and, 
finally, when irradiated with circularly polarized light to 40 

randomize the induced orientation (C). The formation, relaxation 
and erasing of birefringence is illustrated in Fig. 6 by writing-
relaxing-erasing sequences obtained for PCBS prepared from 
different concentrations in H2O, 0.5 or 2 wt %. 

Fig. 6. Writing-relaxing-erasing cycles as a function of time for 45 

PCBS films obtained from different concentrations: (a) 0.5 wt % 
and (b) 2 wt % in H2O. 
 
 The transmitted signal was normalized between 0 and 1. At the 
beginning of the experiment there is no transmission of the probe 50 

beam, since the azobenzene groups are randomly distributed. At 
point A, the pump beam is turned on and the probe beam is 
transmitted through the sample between crossed polarizers due to 
the birefringence induced in the film. However, the birefringence 
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is built up faster to the saturation level for the most concentrated 
sample (2 wt %). Indeed, the time necessary to reach the 
maximum level of birefringence is higher than 10 min for the 
sample obtained from 0.5 wt % solution in H2O (Fig. 6a), much 
longer than the 3 min needed for the concentrated one (Fig. 6b). 5 

Taking into account that the transmitted signal is the result of 
photoinduced orientation of the azobenzene molecules, larger 
number of photoactive units in the films generates a higher 
birefringence and, consequently, a higher signal transmission. In 
addition, these results may be related to the increase in the 10 

writing beam absorption upon increasing azobenzene 
concentration.45 The absorption increase can induce a sample 
heating, leading to a higher molecular mobility, which in this case 
might contribute to the orientation process. Furthermore, the 
increase of cooperative interactions among azobenzene units, as a 15 

consequence of the increase in azopolymer concentration in the 
films obtained from PCBS starting solution of 2 wt % in H2O, 
can also help to stabilize the induced orientation.7 
 When the pump beam is turned off at point B, generally, as 
Fig. 6a shows, molecular relaxation takes place, giving rise to a 20 

stable birefringence pattern lower than the maximum induced 
value. Conversely, as observed in Fig. 6b, when the irradiation 
light is turned off an increase of induced birefringence in dark is 
observed. This response can be attributed to the increase of 
cooperative interactions among azobenzene units with increasing 25 

PCBS concentration and to the thermal cis-trans back 
isomerization.46 When the pump beam is turned off, the cis-
azobenzene concentration in the film will decay by thermal 
isomerization to the trans state. These trans-azobenzenes will be 
preferentially oriented by previously aligned azobenzene groups 30 

in films with higher azopolymer concentration thanks to mutual 
interactions among photoactive molecules. 
 Finally, at point C, in order to remove the remaining 
birefringence, circularly polarized light is introduced, which 
completely randomized the induced orientation in all cases. 35 

 
Fig. 7. Induced birefringence a function of time for the developed 
hybrid systems depending on PCBS content. 
 
 Fig. 7 shows the effect of the azopolymer content on the 40 

maximum transmitted signal in nanocomposites with different 
PCBS/TiSG ratios. There is an increase in the birefringence level 

as the azopolymer content increases. As discussed above, since 
birefringence is due to the photoinduced orientation of the 
azobenzene units, a larger number of photoactive molecules in 45 

the nanocomposite films generate a higher birefringence. 

Fig. 8. Writing-relaxing-erasing cycles as a function of time for 
PCBS50-TiSG films obtained from different concentrations: (a) 
0.5 wt % and (b) 2 wt % in H2O. 
 50 

 The influence of the PCBS starting concentration was also 
evaluated in the developed hybrid systems (Fig. 8). In general, for 
the investigated nanocomposites it was observed that, similarly to 
the behavior exhibited by the neat PCBS, the photoinduced 
orientation rate and stability increased with increasing 55 

azopolymer concentration. However, although for the less 
concentrated systems (0.5 wt %) the birefringence decayed in all 
cases when turning off the irradiation light, for the most 
concentrated ones (2 wt %) the remaining birefringence after 
turning off the pump beam remained constant or slightly 60 

decreased, but it did not increased as in the case of neat PCBS. 
This result can be related to the fact that the presence of 
nanoparticles immersed in the azopolymer matrix might disrupt 
the interactions between azobenzene groups. 
 To finish, one of the main goals of this work was to investigate 65 

the influence of the silver-containing nanoparticles on the 
birefringent response of the samples. Fig. 9 shows writing-
relaxing-erasing cycles obtained for nanocomposites with 10 wt 
% of TiSG or Ti/AgSG (Fig. 9a) and with 60 wt % of TiSG or  
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Fig. 9. Writing-relaxing-erasing cycles as a function of time for: 
(a) PCBS90-TiSG and PCBS90-TiAgSG, and (b) PCBS40-TiSG 
and PCBS40-Ti/AgSG. 
 
Ti/AgSG (Fig. 9b) prepared from PCBS starting solution of 2 wt 5 

% in H2O. The photoinduced orientation rate and the remaining 
birefringence increase with increasing PCBS content in the 
nanocomposites. In general, this behavior was exhibited by all the 
hybrid systems containing up to 60 wt % of sol-gel solution, but 
no clear differences were noted between the responses of the 10 

systems with TiSG or Ti/AgSG. 
 Fig. 10 shows writing-relaxing-erasing cycles as a function of 
time for systems with high content of sol-gel solution. Increasing 
significantly the amount of sol-gel solution in the samples, the 
maximum induced birefringence increases dramatically in the 15 

silver-containing films prepared from PCBS starting solution of 
0.5 wt % in H2O. For instance, in samples with PCBS content in 
the order of 1 wt % (Fig. 10a) the maximum induced 
birefringence is more than 3 times higher in the system with 
Ti/AgSG comparing to the one with TiSG. Decreasing PCBS 20 

content to 0.3 wt % (Fig. 10b), the maximum induced 
birefringence is more than 10 times higher in the silver-
containing system comparing to the one with TiSG. Therefore, 
the induced birefringence of the investigated hybrid materials is 
strongly dependent on the presence of silver. This result may 25 

indicate that the silver-containing nanoparticles interacted with 
the azopolymer and the induced birefringence properties of the 
nanocomposites were enhanced, probably thanks to the surface  

Fig. 10. Writing-relaxing-erasing cycles as a function of time for: 
(a) PCBS1.1-TiSG and PCBS1.1-Ti/AgSG, and (b) PCBS0.3-30 

TiSG and PCBS0.3-Ti/AgSG. 
 
plasmon resonance of silver nanoparticles at the wavelength of 
excitation of the azobenzene molecules. 

4. Conclusions 35 

A novel strategy for the fabrication of homogenous hybrid 
inorganic/organic nanocomposites based on a non-toxic 
azopolymer and silver-containing TiO2 nanoparticles with 
birefringent and semiconductive properties was developed. The 
strategy was based on the employment of the sol-gel method for 40 

generating TiO2 nanoparticles, and silver-containing TiO2 
nanoparticles by adding AgNO3 precursor. 
 An enhancement of the thermal stability and glass transition 
temperature was reached in the silver-containing hybrid 
nanocomposites as proved by TGA and DSC measurements. 45 

Additionally, EFM measurements confirmed that the generated 
hybrid nanocomposites were completely covered by 
semiconductive nanoparticles. Therefore, the nanoparticles 
retained their semiconductive properties in the developed hybrid 
materials. 50 

 The designed hybrid nanocomposites showed different optical 
behaviors. Increasing the azopolymer concentration the 
photoorientation rate and the maximum and remaining 
birefringence values increased due to the larger number of 
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optically active groups in the nanocomposites and cooperative 
interactions among them. Moreover, the mutual interactions 
among azobenzene molecules led to an increase of birefringence 
in the azopolymer when the irradiation light was turned off. In the 
case of the multifunctional nanocomposites, although it was not 5 

noted that the nanoparticles hindered the mobility of azobenzene 
groups during the orientation process, the interactions among 
photoactive units might be diminished and the birefringence did 
not increase after turning off the pump beam. In nanocomposites 
with low concentration of azopolymer and high quantity of sol-10 

gel solution the induced birefringence increased dramatically in 
the silver-containing samples. This result may be related to the 
interaction between the silver-containing nanoparticles and the 
azopolymer, and the surface plasmon resonance of the silver 
nanoparticles at the wavelength of excitation of the azobenzene 15 

molecules. 
 Finally, modification of titanium oxide nanoparticles with 
silver also had an effect on the nanocomposites morphology. 
Silver-containing films were more homogeneous and less rough 
than those without silver and, in addition, they showed a 20 

nanostructured surface. This might also be one of the factors that 
make the optical and thermal properties of the silver-containing 
nanocomposites better than those without silver. 
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