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Ag nanoparticle/azopolymer nanocomposites are prepared with controlled concentration of Ag nano-
particles by in situ reduction of Ag(l) B-diketone complexes in an azopolymer matrix. The nano-
composites form an organic-inorganic network-like structure by interactions between the azopolymer
matrix and the Ag nanoparticles. The Ag/azopolymer nanocomposites are homogeneous and highly
transparent even when the content of Ag is as high as 5.6 wt%. Birefringence of the azopolymer without
Ag and the nanocomposites can be optically induced and erased. However, after 5 cycles of optically
writing—erasing processes, 9.7% decrease of the birefringence is observed for the azopolymer film
without Ag and only 2.9% decrease of the birefringence is observed for the nanocomposite film with
5.6 wt% Ag, showing the stability of photo-induced birefringence of the nanocomposite is improved by
introducing Ag nanoparticles into the azopolymer matrix. Relatively high concentration of Ag nano-
particles does not strongly hinder the mobility of azobenzene groups during photoisomerization and
one-photon recording. In two-photon optical recording experiments, an image on the nanocomposite
with 5.6 wt% Ag can be observed with writing power as low as 6 mW and no such an image can be

observed in the azopolymer without Ag under the same two-photon recording condition.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Recent scientific researches have demonstrated that combining
hard and soft materials can result in composites with improved
stability and new functionalities [ 1-5]. Incorporating photochromic
molecules into hybrid organic-inorganic materials leads to photo-
responsive systems, the properties of which can be manipulated by
light [6]. Azobenzene derivatives are photochromic molecules,
which show reversible trans-cis isomerization under light irradia-
tion [7-9]. Functional composite materials can be fabricated by
combining azobenzene derivatives with inorganics [10-27]. In the
past few years, many azobenzene/noble metal (Ag or Au) compos-
ites were fabricated and these composites showed novel properties
[17-27]. On the one hand, the surface plasmon resonance (SPR) of
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noble metal nanoparticles have shown effects on the photochemical
properties of azobenzene derivatives in the composites [17-22]; on
the other hand, the reversible isomerization of azobenzene can be
used to control the properties of noble metal nanoparticles by light,
resulting in switchable nanocomposite systems [19,23-25]. For
example, sub-diffraction imaging of the optical near-field in nano-
structures is achieved based on the effect of SPR of noble metal
nanostructures on the photosensitive azobenzene derivatives
[17,28]; noble metal nanoparticles cause surface-enhanced Raman
scattering (SER) of azobenzene derivatives [20-22]; photo-
isomerization of azobenzene derivatives can be used to control
aggregated states, colors and SPR signals of noble metal nano-
prticles [23,24]. These properties make azobenzene/noble metal
composites promising materials as photoswitches, rewritable
information storages, self-erasing materials, etc. [17-27].

The biggest problem that prevents the azobenzene/noble metal
composites from real applications is how to fabricate homogenous
azobenzene/noble metal composites with good processability and
controllable concentration of noble metal nanoparticles. It is well
known that polymers have good processability. If azobenzene-
containing composites are embedded into a polymer matrix or
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nanoparticles are embedded into an azopolymer (a kind of polymer
with azobenzene groups covalently linked to the polymer chain)
matrix, composite materials with good processability can be
obtained. Actually, several attempts were made to fabricate azo-
benzene/noble metal composites with good processability in this
way [18,22,23]. Klajn et al. reported that they doped azobenzene/
noble metal nanocomposites into a poly(methyl methacrylate)
(PMMA) matrix [23]. Although the film-forming property of these
composites is good, the concentration of noble metal nanoparticles
in the composite films is very low [23]. Zhou et al. reported that
they doped Ag nanoparticles with an average diameter of 10 nm
into an azopolymer [18]. The Ag nanoparticles form aggregates of
several hundred nanometers to several micrometers even when the
concentration of Ag nanoparticles is lower than 0.1 wt% [18]. Gao
et al. reported that they used an azopolymer with a terminal thiol
group to graft the azopolymer onto Ag nanoparticles to form
composites [22]. Although homogenous nanocomposites can be
obtained in this way, this method needs a complex chemical
synthesis; further more, each polymer chain has only one thiol
group to protect the Ag nanoparticles so that nanocomposites with
high concentration of Ag nanoparticles cannot be fabricated by this
method [22]. Therefore, it is highly desirable to find an alternative
method to fabricate homogenous azobenzene/noble metal
composites with good processability and controllable concentra-
tion of noble metal nanoparticles.

The aim of this work is to demonstrate a new strategy to
fabricate homogenous azopolymer/noble metal nanocomposites
with good processability and controllable concentration of nano-
particles and study the optical properties of these polymer nano-
composites. Our strategy of fabrication such nanocomposites is
based on in situ reduction of Ag(I) organic complex in an azopol-
ymer matrix, which is shown in Scheme 1. Ag(I) organic complex
has much better solubility in organic solvents and much better
miscibility in the azopolymer matrix than inorganic Ag nano-
particles, so Ag(l) organic complex can be introduced into the
azopolymer matrix homogenously and the content of Ag element in
the precursor can be largely increased. Good films of the precursors
can be fabricated by spin-coating or drop-casting and simply
heating can lead to decomposition of the Ag(I) organic complex and
formation of Ag nanoparticles. The interactions between the
substituents of the azopolymer and Ag nanoparticles can prevent
the Ag nanoparticles from aggregation. The Ag/azopolymer
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Scheme 1. Chemical structures of poly(AzoCN-co-HEMA) and AgCH; and the process
of fabrication of Ag/azopolymer nanocomposites.

nanocomposites fabricated by in situ reduction are homogeneous
and highly transparent even when the content of Ag is as high as
5.6 wt%. We also find Ag nanoparticles have effects on the optically
induced birefringence and two-photon recording of azopolymer.

2. Experimental section
2.1. Materials

The chemical structures of the azopolymer and the Ag(I)
complex are shown in Scheme 1. The Ag(l) complex (1,5-cyclo-
octadiene)-(hexafluoroacetylacetonato) Ag(I) (abbreviated as
AgCH) was purchased from Aldrich. The azo monomer 6-(4-((4-
cyanophenyl)diazenyl)phenoxy)hexyl methacrylate (abbreviated
as AzoCN) was synthesized according to the previous work [29].
The azopolymer (abbreviated as poly(AzoCN-co-HEMA)) was
synthesized by polymerization of AzoCN and 2-hydroxyethyl
methacrylate (HEMA) and the detail of synthesis of poly(AzoCN-co-
HEMA) is in the following way. 0.39 g (1 mmol) AzoCN, 0.195 g
(1.5 mmol) HEMA and 20.5 mg 2, 2’-azobisisobutyronitrile (AIBN)
were dissolved in 1.5 mL anhydrous tetrahydrofuran (THF). After 3
freeze-thaw cycles, the flask was sealed in a vacuum. Polymeriza-
tion was conducted at 55 °C for 48 h. The obtained polymer was
precipitated in methanol, and the purification was repeated three
times in a THF/methanol system. The GPC measurement of average
molecular weight and polydispersity are M, =42,000 and M,/
M, = 1.62, respectively. The molar ratio of AzoCN and HEMA in the
copolymer is 35% and 65%, respectively, which is calculated from
the '"H NMR spectrum.

2.2. Preparation of the nanocomposite films

The process of preparation of the nanocomposite films is
shown in Scheme 1. We prepared the nanocomposites in the
following way. 90 mg poly(AzoCN-co-HEMA) and calculated
amount of AgCH were dissolved in 3 mL THF. The THF solutions
were stirred for several hours before use. AgCH/azopolymer films
(the precursors) were obtained by spin-coating or drop-casting
from the THF solutions onto quartz, silicon wafer or glass
substrates for different measurements. The films were dried in air
over night. The nanocomposite films were obtained by heating the
precursors at 95 °C under vacuum for 3 h. We prepared 4 samples
with different AgCH concentrations. The composition of the
precursors with different concentration of AgCH is shown in Table
1. The thickness of the films by spin-coating and drop-casting
were estimated to be 1.4-1.5 um and 3.2-3.5 pm, respectively,
by the film thickness measurement software of our UV-vis
absorption spectrophotometer.

2.3. Measurements

UV-vis absorption spectra were measured on an SHIMADZU
UV-2550 PC spectrophotometer. X-ray photoelectron spectra (XPS)
were measured on a VG ESCALAB MK-II photoelectron spectrom-
eter using Mg K, =1253.6 eV. FI-IR spectra were obtained using
a Nicolet 8700 spectrometer. Microscopic images were obtained on

Table 1
The composition of the precursors.

Sample AgCH (wt%) Ag element (Wt%)
Agl 8.5 22
Ag2 12.8 33
Ag3 17.6 4.5
Agl 219 5.6
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an Olympus BX51 microscope. SEM images were obtained on
a Sirion200 system. The morphology of the Ag nanoparticles was
observed on a JEOL-2010 transmission electron microscope (TEM).
The samples for the TEM measurements were prepared in the
following way. The nanocomposite films were firstly stripped from
the substrates and were dispersed in acetone by sonication, and
then the samples for TEM measurements were obtained by
applying a drop of the acetone dispersion onto a Cu grids and
leaving it dry in air. Photoisomerization of azo chromophores were
induced by a high-pressure mercury arc combined with a UV filter.
The intensity of the UV light (~365 nm) was about 5.4 mW cm 2.
Optically induced and erased birefringence of the nanocomposite
films were investigated on a setup reported in our previous work
[30]. The birefringence of the films was induced by linearly polar-
ized light (LPL) of a He-Cd laser at 442 nm with an intensity
309 mW cm~2. The birefringence was optically erased by over-
writing the samples with circularly polarized light (CPL) from the
same He-Cd laser. The transmittance of the samples during the
writing—erasing process was detected by a probe light at the same
time. The probe light, polarized at 45° with respect to the polari-
zation direction of the writing light and passed through a pair of
crossed polarizers, was a low power diode laser at 650 nm. The
transmittance change of the probe light was recorded and the
signals were transmitted to a computer. One-photon recording was
using a LABRAM-HR confocal microscope system. The system is
equipped with a linearly polarized laser at 514.5 nm and a mobile
sample stage. The diameter and intensity of the laser at the focal
point were about 2 um and 1 mW. Two-photon recording were
using a linearly polarized Ti:Sapphire laser (wavelength: 800 nm,
pulse duration: 80 fs, and repetition rate: 80 MHz). The detail of
the experimental setup for two-photon recording was reported
elsewhere [31].

3. Results and discussion
3.1. Characterization of Ag/azopolymer nanocomposites

It is known that Ag nanoparticles can be synthesized by
decomposition of Ag(I) B-diketone complexes [32,33]. Preparation
of the Ag/azopolymer composites is based on in situ reduction of the
Ag (1) B-diketone complex AgCH. Four nanocomposites (Ag1, Ag2,
Ag3 and Ag4, see Table 1) with different contents of Ag are obtained

in this way. The formation of Ag nanoparticles in these composites is
demonstrated by TEM analysis and UV-vis absorption spectroscopy.

Fig. 1 shows TEM images and the corresponding particle size
distribution histograms of nanocomposites. Spherical Ag nano-
particles can be observed in all these samples. Particle size distri-
bution histograms are obtained from statistic analysis on at least
250 particles. The average diameters of Ag nanoparticles calculated
from the TEM images are 8.3 nm, 8.5 nm, 8.8 nm and 10.0 nm for
Agl, Ag2, Ag3 and Ag4, respectively. The average diameter of Ag
nanoparticles increases as the concentration of AgCH in the
precursor increases.

The photograph of the nanocomposite Ag4 is shown in Fig. 2(a).
The film is homogeneous and highly transparent. It was reported
that when Ag nanoparticles with an average diameter of 10 nm
were doped into an azopolymer, Ag nanoparticles formed aggre-
gates of several hundred nanometers to several micrometers [18].
To check if there are big aggregates of Ag nanoparticles in the in situ
synthesized nanocomposite Ag4, the morphology of Ag4 is
observed by optical microscopy and SEM. As shown in Fig. 2(b) and
(c), Ag4 is homogeneous and without any big aggregates of Ag
nanoparticles. The photograph of the azopolymer film without Ag is
also shown in Fig. 2(a) for comparison. The color of the azopolymer
film is yellow and the color of the nanocomposite Ag4 is brown. The
different colors of the films with and without Ag nanoparticles are
caused by the absorption of Ag nanoparticles in the visible range,
which can be detected by UV-vis absorption spectroscopy.

UV-vis absorption spectra of the azopolymer and the nano-
composite films are shown in Fig. 3(a). There are two absorption
bands in the absorption spectrum of the azopolymer. The band at
about 358 nm is a strong one and the other band at about 455 nm is
a weak one. They are ascribed to the w-7t* transition of trans azo-
benzene groups and n-m* transition of cis azobenzene groups,
respectively. It is well known that Ag nanoparticles have a charac-
teristic surface plasmon resonance (SPR) band in the visible range
[34-36]. For the nanocomposite films, the absorption band at about
455 nm increases as the content of Ag increases, indicating the SPR
band of Ag nanoparticles is located at around 455 nm. The n-7*
transition of cis azobenzene group is also located at around 455 nm.
So, the SPR band of Ag nanoparticles is overlapped with the n-m*
transition of cis azobenzene group in the visible range.

If the absorbance of the azopolymer is subtracted from the
measured spectra, we obtain the SPR bands of Ag nanoparticles,
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Fig. 1. TEM analysis of Ag/azopolymer composites. TEM images of (a) Ag1, (b) Ag2, (c) Ag3 and (d) Ag4. The scale bars are 30 nm. Particle size distribution histograms calculated

from the TEM images (e) Agl, (f) Ag2, (g) Ag3 and (h) Ag4.
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Azopolymer Ag4

Fig. 2. (a) Photograph of the films of the nanocomposite Ag4; (

s 10f
5
2
£ 05
e}
IS
2 ool -
300 400 500 600 700
Wavelength (nm)
02
b —— Ag4-Azopolymer
El
S
[]
g o1}
2
% /\
0.051/.\
400 450 500 550 600
Wavelength (nm)
_ 0.20 1464
3
Z
J-
®
8
| =
£
[72]
<
10 15 20
AgCH concentration (wt %)

Fig. 3. (a) UV-vis absorption spectra of the azopolymer and the nanocomposite films;
(b) UV-vis absorption spectra after subtraction of the absorbance of azopolymer from
the measured absorption spectra; (c) Amax and the absorbance at Ay, of the SPR bands
as a function of the concentration of AgCH in the precursors.
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b) Microscopic image of Ag4. Inset shows enlarged microscopic image of Ag4; (c) SEM image of Ag4.

which are shown in Fig. 3(b). The peaks of the SPR bands (Anax) and
the absorbance at A2« are obtained from absorption spectra shown
in Fig. 3(b) and the relationship between Anax, the absorbance at
Amax and the concentration of AgCH in the precursors is shown in
Fig. 3(c). For the absorbance at Apmax, results shown in Fig. 3(c)
indicate that it increases linearly as the concentration of AgCH in
the precursors increases. This result shows that the concentration
of Ag nanoparticles in the nanocomposites can be well controlled
by in situ synthesis. For Amay, it also increases as the concentration
of AgCH in the precursor increases. It is known that the SPR band of
Ag nanoparticles red shifts as the size of Ag nanoparticles increases
[34-36]. The result shown in Fig. 3(c) indicates that the size of Ag
nanoparticles increases as the concentration of AgCH in the
precursor increases. This result is in accordance with the TEM
observations that the average diameter of Ag nanoparticles
increases as the concentration of AgCH in the precursor increases.

Amax Of SPR bands of Ag1, Ag2, Ag3 and Ag4 are located at about
448 nm, 451 nm, 462.5 nm and 463.5 nm, respectively. In general,
well-dispersed spherical Ag nanoparticles with 10 nm of diameter
in aqueous solution show a sharp SPR band at around 400 nm [37].
Compared with Ag nanoparticles well-dispersed in aqueous solu-
tion, the SPR bands of Ag nanoparticles in the nanocomposite films
are red-shifted and broadened. Many groups have reported that the
SPR bands of Ag nanoparticles in thin films are red-shifted and
broadened [38-46]. There are three reasons for the spectral
changes:

1. Compared with Ag nanoparticles well-dispersed in solution,
there are considerable interactions among Ag nanoparticles in
thin films because they are close-packed [38-43]. Near-field
coupling interactions of the more densely packed Ag nano-
particles cause red shift and broadening of the SPR band [38-43].

2. Itis known that the SPR band of Ag nanoparticles is affected by
the dielectric environment [35,36]. The refractive index of thin
films is different from the aqueous solution. The refractive
index of water is 1.33 and the refractive index of poly-
(2-(4-cyanophenyl) diazenyl phenyloxy) ethoxyl methacrylate)
(an azopolymer reported in the literature) is 1.682 [47]. So,
different refractive indexes cause different SPR bands of Ag
nanoparticles in the nanocomposite films and in aqueous
solution [43-45].

3. According to the TEM analysis, the size distribution of the Ag
nanoparticles is observed. Polydisperse samples show broad
SPR bands.
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Based on the results of TEM analysis and UV-vis spectroscopy,
we conclude that Ag nanoparticles are formed in the azopolymer
matrix.

In order to have a deeper understanding of the structure of the
nanocomposites and the interactions between Ag and the azopol-
ymer, the nanocomposites are investigated by XPS spectroscopy
and FT-IR spectroscopy.

Since the Ag 3d regions of the XPS spectra are very sensitive to the
environment of Ag [48-57], the reduction process was investigated
by XPS.The Ag 3d XPS spectra and the binding energy of Ag 3ds; and
3ds; of Ag4 at different heating time at 95 °C are shown in Fig. 4. As
the heating time increases, the Ag 3ds; and 3dsj; peaks shift to
lower binding energy. After 3 h heating, the Ag 3ds)> and 3d3) peaks
do not shift any more. This result indicates the reduction of Ag(I) is
completed after heating for 3 h at 95 °C. The binding energy of Ag
3ds)2 and 3dsp; after heating for 3 h are 367.7 eV and 373.75 eV,
respectively, matching with the binding energy of Ag in zero
oxidation state in polymer composites [48-50]. The binding energy
of Ag 3ds), of Ag in zero oxidation state in polymer composites is
usually lower than the pure Ag metal (368.3 eV) because interac-
tions between Ag and polymer change the environment of Ag
[48-50]. The most possible interactions between Ag and the azo-
polymer in the nanocomposites are Ag-N and Ag-O interactions.

It has been frequently pointed out that some substituent groups
with N and O atoms have interactions with Ag nanoparticles
[50-54]. We compare the N 1s and O 1s XPS spectra of the azo-
polymer without Ag and the nanocomposite Ag4. As shown in
Fig. 5(a), the N 1s peak of poly(AzoCN-co-HEMA) is at 399.45 eV
and the N 1s peak of Ag4 is at 400.00 eV. Chen et al. reported that
the N 1s signal of coordinated N has larger binding energy than the
signal of free N [52]. The result shown in Fig. 5(a) indicates that
there is coordination interaction between N and Ag in the
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Scheme 2. Schematic model of the Ag/azopolymer nanocomposites.

nanocomposite [52]. There are two kinds of N atoms in the azo-
polymer. One is the N atom in the azo chromophore and the other is
the N atom in the substituent nitrile group. Considering the
possible coordination properties of the two kinds of N, the change
of the N 1s peak is more possibly caused by the interaction between
nitrile groups and Ag because nitrile groups have strong coordi-
nation interactions with Ag [32,58-60].

The coordination interaction between N and Ag is further
studied by FT-IR spectroscopy. It is known that nitrile groups can in
principle be bond to Ag via either its nitrogen lone pair electrons or
its C=N = system [32,58-60]. If nitrile coordinates with Ag via its
nitrogen lone pair electrons, the nitrile triple bond vibrations will
increase the stretching frequency; if nitrile coordinates with Ag via
its  system, the nitrile triple bond vibrations will decrease the
stretching frequency [58-60]. The FT-IR spectra of the poly(AzoCN-
co-HEMA), AgCH and the nanocomposite Ag4 are shown in Fig. 6. As
shown in Fig. 6(a), the band at around 2227 cm™~! is attributed to the
C=N triple bond vibrations. This band of poly(AzoCN-co-HEMA) is
almost symmetric, but the C=N band of Ag4 becomes asymmetric
and a new shoulder at around 2250 cm ™" appears. Barmatov et al.
reported that a new shoulder at 2246 cm™! appears when nitrile
groups coordinate with Ag nanoparticles [32]. Similar result reveals
that there is coordination interaction between nitrile groups and Ag
in the Ag/azopolymer nanocomposite. Compared with the peak at
2227 cm™}, the shoulder at around 2250 cm™! is shifted to higher
stretching frequency, indicating the nitrile group coordinates with
Ag via its nitrogen lone pair electrons. Since the signal at around
2250 cm ™! is weak, a control experiment was performed by using
the homopolymer poly(6-(4-((4-cyanophenyl)diazenyl)phenox-
y)hexyl methacrylate) (abbreviated as polyAzoCN) instead of the
copolymer poly(AzoCN-co-HEMA) to form composites with Ag
(More details in Supporting Information). The concentration of
nitrile groups in the homopolymer is higher than those in the
copolymer and we observe a more obvious shoulder at around
2250 cm™! in the FI-IR spectrum of Ag/polyAzoCN.

Another possible type of interaction between Ag nanoparticles
and the azopolymer is the Ag-0 interaction, which is also studied
by XPS. As shown in Fig. 5(b), compared with the O 1s signal of
poly(AzoCN-co-HEMA), the O 1s signal of the nanocomposite Ag4
shifts to lower binding energy. Rubira et al. have reported similar
changes of O 1s signal when they study Ag/polyimide composites

[53]. It is known that both ester groups and hydroxyl groups may
have interactions with Ag [50,51,61,62]. The change of O 1s signal
could be due to the interactions between ester groups and Ag or
hydroxyl groups and Ag. The Ag-0O interactions are further studied
by FT-IR spectra, which are shown in Fig. 6(b). The C=0 bands in
both the azopolymer and Ag4 are located at 1727 cm™ L. The C-0
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Fig. 7. (a) UV-vis absorption spectra of Ag3 under the irradiation of UV light at
365 nm. The spectra were recorded at different irradiation time. (b) The degree of
photoisomerization R of the azopolymer and the nanocomposites.
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CPL or NPL
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Scheme 3. Schematic model of reversible photo-induced orientation of azobenzene
groups.

band in -CH,-OH group of the azopolymer and Ag4 are located at
1075 and 1079 cm™ !, respectively. There is not very obvious change
of the signals of ester groups and hydroxyl groups in the FT-IR
spectra. There are two possible reasons. One is that ester groups
and hydroxyl groups are physically but not chemically adsorbed on
the surface of Ag. The other is that only a small amount of ester
groups and hydroxyl groups are chemically adsorbed on the surface
of Ag and the signals are too weak to be detected by FT-IR.

Based on the results of XPS spectroscopy and FT-IR spectroscopy,
we conclude that poly(AzoCN-co-HEMA) has interactions with Ag.
Ag nanoparticles and poly(AzoCN-co-HEMA) form inorganic—
organic nanocomposites. The schematic model of the nano-
composites is shown in Scheme 2.

3.2. Photoisomerization and optically induced and erased
birefringence of Ag/azopolymer nanocomposites

It is reported that the photoisomerization of azobenzene groups
are not prominent if azobenzene groups are covalently linked to the
surfaces of noble metal because azobenzene groups form close-
packed structures on the surfaces of noble metal so that there is
not enough space for the movement of azobenzene groups [25,63].
In the Ag/azopolymer nanocomposites, Ag nanoparticles may affect
photoisomerization of azobenzene groups. Fig. 7(a) shows the
UV-vis absorption spectra of Ag3 at different time upon irradiation
with UV light at 365 nm. The w-=* transition band of trans isomers
with Amax at 358 nm decreases remarkably and, at the same time,
the n—m* transition band of cis isomers at around 455 nm increases
slightly. The change of absorption bands in Fig. 7(a) and the pres-
ence of two isobestic points indicate that trans—cis isomerization
happens in the nanocomposite without any other side reaction [9].
After irradiation for 560 s, the UV-vis spectra of Ag3 do not change
any more, indicating azobenzene groups change to a cis saturated
state. This photoisomerization is reversible and, after irradiation,
the nanocomposite slowly recovers its initial absorption feature
when it is kept in dark for a week.

The degree of photoisomerization R is estimated from the
following equation [64]:

R = (Ag — Ax)/Ag x 100% (1)

where Ag and A, are the initial absorbance and absorbance at the
photostationary state of azobenzene groups at Amax. The degree of
photoisomerization of the nanocomposites with different concen-
tration of Ag nanoparticles are measured and shown in Fig. 7(b). R
changes from 52% to 47% as the content of Ag increases. R only
slightly decreases as the concentration of Ag nanoparticles
increases. This result indicates Ag nanoparticles do not strongly
hinder the photoisomerization of azobenzene groups in the nano-
composites. According to the FT-IR spectrum shown in Fig. 6(a),
both free azobenzene groups and azobenzene groups coordinated
with Ag via nitrile-Ag interaction can be detected. So, not all the
azobenzene groups are densely packed around Ag nanoparticles
and the mobility of the azobenzene groups is not strongly hindered
by Ag.

The optically rewritable property of Ag/azopolymer nano-
composites is studied by repeated optically induced and erased
birefringence. It is known that azobenzene groups can be oriented
using linearly polarized light (LPL), and circularly polarized light
(CPL) or nonpolarized light (NPL) can randomize the chromophore
orientations [7]. The schematic model of the reversible photo-
induced orientation of azobenzene groups is shown in Scheme 3.
In our experiment, the films are under the irradiation of LPL at
442 nm for 500 s and then the films are under the irradiation of CPL
at442 nm for 200 s. The irradiation lasts for 5 cycles for each sample.

Fig. 8(a) shows the transmittance (result from optical birefrin-
gence) changes of poly(AzoCN-co-HEMA) under light irradiation.
During the first 500s irradiation by LPL, the transmittance
increases, indicating poly(AzoCN-co-HEMA) changes from an
isotropic state to an orientated state. Then the transmittance
decreases rapidly when poly(AzoCN-co-HEMA) is under the irra-
diation of CPL for 200 s. This result indicates that the oriented
alignment of azobenzene groups is optically “erased” by over-
writing the sample with CPL. As the cycles of repeated writing-
erasing increases, the transmittance after LPL irradiation for 500 s
gradually decreases. After 5 cycles of the repeated writing—erasing,
there is 9.7% decrease of the transmittance, indicating the photo-
induced alignment in the azopolymer film is not stable enough
under the repeated writing—erasing processes. It is known the
rewritable property of azopolymer is very important for the
application as rewritable storage media [7-9]. The introduction of
Ag into the azopolymer improves the rewritable property of the
azopolymer and the results are discussed below.

Fig. 8(b) shows the transmittance change of Ag3 under light
irradiation. Ag3 shows similar photo-induced orientation proper-
ties of poly(AzoCN-co-HEMA). However, after 5 cycles repeated
writing—erasing process, there is only 2.9% decrease of the trans-
mittance, indicating that the rewritable property of Ag3 is better
than that of poly(AzoCN-co-HEMA). The transmittances of the
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Fig. 8. Transmittance changes as a function of irradiation time of (a) Ag0 and (b) Ag3. The dashed lines in (a) and (b) are transmittance at 90%. (c) Transmittances of the samples

after LPL irradiation for 500 s in every irradiation cycle.
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Fig. 9. (a) Schematic diagram for the one-photon optical recording experiment. (b)
Microscopic image of the recorded data points on Ag4. (c) High resolution microscopic
image of the recorded data point.

nanocomposites with different concentrations of Ag after LPL
irradiation for 500 s in every irradiation cycle are shown in Fig. 8(c).
An improvement of the rewritable property under repeated
writing—erasing process is observed with an increase of Ag
concentration.

There are two possible contributions for the improved optically
rewritable property of the nanocomposites. Firstly, it is well known
that crosslinking can enhance the stability of optically induced
birefringence of azo chromophores [14,15,65,66]. As shown in
Scheme 2, the chain-segments of poly(AzoCN-co-HEMA) are
attached to Ag nanoparticles. Poly(AzoCN-co-HEMA) and Ag
nanoparticles form a network-like structure which provides
improved stability of the nanocomposites. Secondly, the filler
reinforcement effect of Ag is commonly observed in nano-
composites [67]. Natural materials such as bone and shell and man-
made composite materials that combine hard and soft materials
can result in composite materials with improved mechanical
properties and thermal stabilities [1-5]. In the Ag/azopolymer
nanocomposites, Ag nanoparticle is a kind of “hard” inorganic
material and azopolymer is a kind of “soft” polymeric material. The
Ag/azopolymer system is just like combining hard and soft mate-
rials. This way, an improved stability can result.

3.3. One-photon and two-photon optical recording of the
Ag/azopolymer nanocomposites

It is well known that image recording is one of the most
promising applications of azopolymers [7-9]. Different from the
normal azopolymer systems, the nanocomposites are with a high
concentration of Ag nanoparticles. Are there any effects of Ag
nanoparticles on the image recording of azopolymer? To answer
this question, both one-photon and two-photon technologies are
used to record data points on the nanocomposites.

In one-photon recording experiment, we use a linearly polarized
laser at 514.5 nm and a mobile sample stage to record data points
on Ag4. The schematic diagram of the one-photon optical recording
experiment is shown in Fig. 9(a). As shown in Fig. 9(b), some data
points appear after the recording process. We obtain a high reso-
lution microscopic image of a recording data point by using an
Olympus U-TP530 tint plate and WT-MV3100G software. As shown
in Fig. 9(c), the data point is not round but an elliptical point which
is prolonged along the polarization direction. It is known that mass
transfer along the polarization direction will happen if an azopol-
ymer is under irradiation of linearly polarized light [7,68,69]. From
the observation on Fig. 9(c), it can be deduced that photo-induced
mass transfer happens in Ag4. This result is in accordance with the
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Al reflector
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Fig. 10. (a) Schematic diagram of the two-photon recording experimental setup;
(b) Microscopic image of a letter “H” recorded on Ag4; (c) Microscopic image of azo-
polymer. Image area of (b) and (c): 93 x 93 um.

result of photoisomerization and shows again that the mobility of
azobenzene groups is not strongly hindered by Ag nanoparticles.
So, the nanocomposites are suitable for the fabrication of micro-
structures such as surface-relief-gratings which need photo-
induced mass transfer.

Optical recording of Ag/azopolymer nanocomposites was also
performed by two-photon technology. The schematic diagram of
the two-photon recording experiment is shown in Fig. 10(a). As
shown in Fig. 10(b), a letter “H” is recorded on Ag4 by two-photon
technology with the recording power of 6 mW. Under the same
recording condition, we have tried to record a letter on the azo-
polymer film without Ag nanoparticles. However, no two-photon
image can be observed on the azopolymer without Ag nano-
particles. In our previous work, using the same two-photon
recording setup, the recording threshold value for bisazobenzene
polymer is about 12 mW [31]. Obviously, the Ag/azopolymer
nanocomposite has a lower two-photon recording threshold value
than the bisazobenzene polymer. It is well known that Ag nano-
particles may largely enhance the two-photon absorption and
emission of dyes near Ag nanoparticles [70]. Very recently, Tusboi
et al. demonstrated that photochromism is promoted by two-
photon absorption due to an enhanced electronic field (localized
surface plasmon) of noble metal nanoparticles [71]. It was argued
that there is energy transfer between Ag nanoparticles and azo-
benzene groups [19]. The possible reason for the low two-photon
recording power of Ag4 is that Ag nanoparticles have an
enhancement effect on the two-photon absorption of azobenzene
groups. The details of the effect of Ag nanoparticles on the two-
photon absorption of azobenzene needs further study.

4. Conclusions

In summary, in situ synthesized Ag/azopolymer nano-
composites with controlled and high concentration of Ag nano-
particles have been prepared. Homogeneous and highly
transparent nanocomposites with 2.2-5.6 wt% Ag are obtained. Ag
nanoparticles and azopolymers form a network-like structure via
the Ag-polymer interactions and the optically rewritable property
of the nanocomposites is enhanced. Photoisomerization and one-
photon recording experiment show that the movement of azo-
benzene groups in the nanocomposites is not strongly hindered by
Ag nanoparticles. The newly synthesized polymer nanocomposites
also show two-photon recording property with a recording power
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as low as 6 mW. The nonlinear optical properties of the nano-
composites are expected to be very interesting because both Ag
nanoparticles and azobenzene groups show nonlinear optical
properties. The effect of SPR of Ag nanoparticles on the nonlinear
optical properties of azopolymer is the focus of our current effort.
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