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Abstract Diacetylene monomer containing p-nitrophenyl
azobenzene moiety (NADA) was synthesized. Silver nano-
particles with different concentrations were adulterated in
the above polymerized NADA (PNADA) films and the
third-order nonlinear optical properties were investigated
in detail. UV–vis spectra and transmission electron mi-
croscopy were used to confirm the formation of PNADA/Ag
nanocomposite films. The silver nanoparticles (average size
of 10 nm) were well dispersed in the polymer films. The
value of the nonlinear refractive index n2 for PNADA films
(8.48 × 10−15 cm2/W) was much higher than that of pure
polydiacetylene films. Further, the introduction of silver
nanoparticles into the PNADA polymer films led to the fur-
ther enhancement of nonlinear optical properties. The maxi-
mum value of n2 for PNADA/Ag nanocomposite films could
be 11.6 × 10−15 cm2/W. This enhancement should be as-
cribed to the surface plasmon resonance of silver nanoparti-
cles.

1 Introduction

Nonlinear optical (NLO) materials are required for high-
speed optical network systems dealing with a large amount
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of data. In particular, organic third-order NLO materials,
such as π -conjugated polymers, are powerful candidates
for developing photonics devices, due to the high-speed
NLO response and easy chemical modification in compar-
ison with inorganic systems [1]. Among these π -conjugated
organic NLO materials, polydiacetylene (PDA) possesses
excellent third-order NLO response properties in the range
of femtoseconds to sub-picoseconds, which is attributed to
delocalized π -conjugated electrons along the main chain
backbone [2–7]. However, the magnitude of the effective
third-order NLO susceptibility Reχ(3) for PDA is still not
sufficient for device applications. Many theoretical and ex-
perimental efforts had been made to improve the effec-
tive third-order NLO susceptibility Reχ(3) of the PDA sys-
tem [8–13]. Consequently, the syntheses and optoelectronic
properties of PDA derivatives had been extensively studied,
especially the π -conjugation extended between main chain
and side chains such as directly linked aromatic groups
and ladder-type PDAs [14, 15]. Herein, the introduction
of azobenzene groups into the side chain of PDA was ex-
pected to enhance the effective third-order NLO susceptibil-
ity Reχ(3) of the PDA system.

It is worth nothing that metal and semi-conductor fine
nanoparticles exhibited the enhancement of NLO properties
induced by the quantum confinement effect [16]. The large
picosecond optical nonlinear response of Au and Ag col-
loids surrounded by water or glass was firstly reported by
Richard et al. [17]. Now, characteristic interactions between
excitons and plasmons and their resonance effect in the hy-
bridized systems between organic microcrystals and inor-
ganic fine nanoparticles would make it possible to exhibit
novel optical properties. As predicted theoretically [18, 19],
the NLO property would be enhanced in organic microcrys-
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Scheme 1 Molecular structures of NADA, DA, PDA and PNADA and the synthetic routes of NADA monomer

tals coated with thin metal layers. For example, the NLO
property of a PDA thin film, in which fine gold particles
were dispersed, was enhanced by approximately two hun-
dred times [20]. According to the local field enhancement
under the surface plasmon resonance condition, larger third-
order nonlinearity of PDA composite films had been ob-
served in the presence of metal or semi-conductor nanopar-
ticles [21–24]. Herein, the introduction of azobenzene and
silver nanoparticles into the PDA conjugated system was ex-
pected to result in novel linear and nonlinear optical proper-
ties for PDA systems (e.g. huge enhancement of Reχ(3)).

In this article, p-nitrophenyl azobenzene substituted di-
acetylene monomer (NADA) was synthesized and Ag nano-
particle adulterated polymerized NADA films (PNADA/Ag
nanocomposite films) with different concentrations of Ag
nanoparticles were prepared successfully. The effective
third-order nonlinear optical properties of composite films
with different volume fractions of spherical silver nanoparti-
cles were investigated in detail by the theoretical and Z-scan
methods. The strategy described in this work would be use-
ful in the development of new PDA-based optical and NLO
devices.

2 Experiments

2.1 Materials

Silver nitrate, cyclohexane, polyvinylpyrrolidone, 3-methyl-
1-butanol, hydrazine hydrate and sodium lauryl sulfate
(SDS) were obtained from Beijing Chemical Reagent Ltd
and used without further purification. 10, 12-pentacosadi-
ynoic acid (DA) was purchased from Tokyo Chemical In-
dustry Co. Ltd. and purified by dissolving in cyclopen-
tanone and filtrating to remove polymer before use. The
p-nitrophenyl azobenzene moiety and the diacetylene mono-
mer containing p-nitrophenyl azobenzene moiety (NADA)
were synthesized in analogy to the previous procedure [25].
The molecular structures of NADA and DA and the syn-
thetic routes of NADA are shown in Scheme 1.

2.2 Film preparation

Ag colloidal nanoparticles were prepared according to a
similar procedure as in the literature using polyvinylpyrroli-
done (PVP) as a stabilizer and hydrazine hydrate as a re-
ducing agent [26]. Silver nitrate and polyvinylpyrrolidone
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were dissolved in solvent composed by water, sodium do-
decyl sulfate (SDS), 3-methyl-1-butanol and cyclohexane.
Then, some hydrazine hydrate was added in the system to
reduce the silver nitrate. After stirring for 90 min with the
temperature of 30°C, stable orange silver nanoparticles can
be gained. The silver nanoparticles were purified by ultra-
centrifugation separation and ethanol washing several times,
and then were vacuum dried at room temperature. After
these, the surface modified silver nanoparticle powder was
prepared, which could be easily dispersed in organic sol-
vents by ultrasonic treatment.

The PNADA/Ag composite films were prepared by the
spin-coating method. A cyclopentanone solution (0.1 ml)
containing NADA (1.0×10−2 M) and Ag colloidal nanopar-
ticles (from 0 µg to 80 µg) was placed on a substrate, which
was then rotated at a proper speed in order to spread the
fluid by centrifugal force. Rotation was continued while the
fluid spins off the edges of the substrate, until the desired
thickness of the film was achieved. Then, the films were ex-
posed to UV irradiation using a high-pressure mercury lamp
for photo-polymerization of DA monomers. As reference
samples, a PDA film and a PDA/p-nitrophenyl azobenzene
(NAZO) mixed film were prepared similarly. As the concen-
tration of DA molecules in the PDA films was 1.0×10−2 M,
the concentrations of DA molecules and NAZO were both
1.0 × 10−2 M in the PDA/NAZO mixed films.

2.3 Characterization

Transmission electron microscopy (TEM) and high res-
olution transmission electron microscopy (HRTEM) im-
ages were recorded on a Jeol-2000 microscope operated
at 200 kV. For the observation, samples were obtained by
dropping 5 µl of solution onto carbon-coated copper grids.
All the TEM images were visualized without staining. The
ultraviolet–visible (UV–vis) spectra were measured using a
Shimadzu UV-2550 PC spectrophotometer (solutions were
measured in a 2-mm-thick quartz cell). The thicknesses and
linear refractive indices of the polymer films were measured
by an ellipsometer (ELLIP-SR). The nonlinear optical prop-
erties were investigated by the Z-scan technique, using 16-ns
pulse duration and 10-Hz repetition rate at 532 nm, avail-
able from a frequency-doubled Q-switched Nd:YAG laser
(Quantum YG 980). The samples moved in the direction of
the incident beam close to the focus of the lens, which had
a focal length of 20 cm. The transmitted beam energy, the
reference beam energy and their ratio were monitored by
joule meters (EPM 2000), simultaneously. Z-scan measure-
ment on CS2 was performed to testify the stability of the
system, and the obtained nonlinear refraction accords with
the published result [27].

Figure 1 The optical absorption spectra of a (dash) PDA/NAZO
mixed film, b (dot) PNADA film and c (solid) PDA film

3 Results and discussion

3.1 Characterization of PNADA/Ag composite films

The UV–vis absorption spectra of PNADA film, PDA film
and PDA/NAZO mixed film are shown in Fig. 1. The absorp-
tion peaks at 630 and 580 nm were ascribed to the typical
absorption band of the polydiacetylene chain. The absorp-
tion peaks at 350 nm and 335 nm were attributed to the
π–π∗ electronic transition of the azobenzene group in
PNADA films and PDA/NAZO mixed films, respectively.
The difference in absorption peak positions should be pri-
marily attributed to the different molecular structure and
aggregation state of the azobenzene moiety in PNADA
films and PDA/NAZO mixed films. In the mixed films, the
azobenzene moieties used could easily form strong H ag-
gregation and cause the big blue shift of the absorption band
(from 370 to 335 nm). For the NADA molecule, the long
alkyl chain prevented the extreme accumulation of NADA
in the films and only caused a slight blue shift of the absorp-
tion band (from 369 to 350 nm). Thus, the absorption peak
positions for the π–π∗ electronic transition of the azoben-
zene moiety in the mixed films and the PNADA films were
different. Figure 2 illustrates the UV–vis absorption spec-
tra of different types of the PNADA/Ag films. It is obvious
that there is an isosbestic point at 350 nm in Fig. 2, which
could be attributed to the π–π∗ electronic transition of the
same proportion of the azobenzene group in the PNADA
films. Since the proportions of azobenzene groups in dif-
ferent types of the PNADA/Ag films were the same, the
absorption peak intensity at 350 nm should be almost equal,
and an isosbestic point at 350 nm appeared. The absorp-
tion peak located at 400 nm, which is known as the surface
plasmon resonance oscillation of the free electrons in silver
nanoparticles, increased with the increasing amount of silver
nanoparticles. The linear absorption properties proved that
silver nanoparticles were successfully doped in the PNADA
matrix well, which is consistent with the result of TEM.
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The microstructures of silver nanoparticles dispersed in the
films were investigated by TEM and HRTEM. As shown
in Fig. 3a, silver nanoparticles were spherical and the av-
erage size was about 10 nm. The HRTEM images testified
that it was not a perfect silver crystalline layer film, and the
plane distance was about 5 Å (as shown in Fig. 3b). All the
above results indicate that the pure PDA films, PDA/NAZO
mixed films, PNADA films and PNADA films doped with
Ag nanoparticles had been fabricated successfully.

3.2 NLO characterization of PNADA/Ag composite films

NLO properties of all the above films were evaluated by
means of a Z-scan technique. Open and closed aperture Z-
scan measurements were used to evaluate the nonlinear re-
fraction and nonlinear absorption properties. The nonlinear
refractive index n2 and the nonlinear absorption coefficient

Figure 2 The optical absorption spectra of a (solid) pure PNADA film
and PNADA films doped with b (dash) 20 µg, c (dot) 40 µg, d (dash
dot) 60 µg, e (dash dot dot) 80 µg and f (short dash dot) 100 µg Ag
nanoparticles

β were measured according to the following equations [28]:

n2 = γ = �Tp–v

kI0Leff0.406(1 − S)0.25
, (1)

T (z,S = 1) = 1 − βI0Leff

2
√

2(1 + (z/z0)2)
, (2)

where �Tp–v is the difference between the normalized peak
and valley transmittances: Tp − Tv, k = 2π/λ is the wave
vector, I0 is the on-axis irradiation of the laser beam at fo-
cus (z = 0),Leff = (1 − exp(−αL))/α is the effective thick-
ness with the sample thickness L,S is the linear transmit-
tance of the aperture, α is the linear absorption coefficient,
z is the position of the sample and z0 = kω2

0/2 is the dif-
fraction length of the beam. β (expressed in m/W) is corre-
lated to the imaginary part of χ(3) (Imχ(3) expressed in esu)
through [28]

Imχ(3) = 9.92 × 10−4n2
0cλ

π2
β, (3)

where n0 is the linear refractive index of the sample, λ is
the laser wavelength and c is the velocity of light. First,
we investigated n2 and the resulting Reχ(3) for PNADA
films, PDA films and PDA/NAZO mixed films (as shown
in Fig. 4). The peak–valley configuration indicates that the
nonlinear refraction was positive and thus manifests a self-
focalizing effect. The nonlinear refractive index for PNADA
films, PDA films and PDA/NAZO mixed films were mea-
sured to be 8.48 × 10−15 cm2/W, 5.95 × 10−15 cm2/W and
7.76 × 10−15 m/W, respectively. And, the resulting Reχ(3)

were calculated to be 6.08 × 10−9 esu, 4.27 × 10−9 esu
and 5.56 × 10−9 esu, respectively. All the values of n2,
Reχ(3) and Imχ(3) for different samples are listed in Ta-
ble 1. It is obvious that the nonlinearity of the PNADA
films could be enhanced compared to that of pure PDA
films due to the introduction of the azobenzene moiety

Figure 3 a TEM image of Ag
nanoparticles (the scale bar is 60
nm) and b HRTEM image of Ag
nanoparticles (the scale bar is 4
nm)
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Figure 4 Measured Z-scan
normalized transmittance curves
of a pure PDA film,
b PDA/NAZO mixed film and
c PNADA film

Table 1 Nonlinear refractive index n2, Reχ(3) and Imχ(3) for pure PDA films, PDA/NAZO mixed films, PNADA films and PNADA films doped
with different volume fractions of Ag nanoparticles

Sample Illumination n2 Reχ(3) Imχ(3)

(×10−15 cm2/W) (×10−9 esu) (×10−8 esu)

Polymer films Pure PDA film 5.9 4.2 −7.6

PDA/NAZO mixed film 7.7 5.5 −9.8

Pure PNADA film 8.5 6.1 −4.0

PNADA/Ag PNADA films doped with 14.5% Ag nanoparticles 9.4 6.7 −4.4

nanocomposite films PNADA films doped with 29% Ag nanoparticles 9.8 7.1 −5.7

PNADA films doped with 43.5% Ag nanoparticles 11.0 7.9 −6.7

PNADA films doped with 58% Ag nanoparticles 11.6 8.3 −10.9

PNADA films doped with 70% Ag nanoparticles 9.5 6.8 −5.8

into the side chain and increases the electronic suscepti-
bility. Further, we investigated n2 and the resulting Reχ(3)

and Imχ(3) for PNADA films doped with different concen-
trations of Ag nanoparticles. The nonlinear refractive in-
dices for PNADA films doped with 0 µg, 20 µg, 40 µg,
60 µg, 80 µg and 100 µg Ag nanoparticles were measured
to be 8.48 × 10−15 cm2/W, 9.43 × 10−15 cm2/W, 9.83 ×
10−15 cm2/W, 11 × 10−15 cm2/W, 11.6 × 10−15 cm2/W
and 9.5 × 10−15 cm2/W, respectively. Then, the resulting
Reχ(3) were calculated to be 6.08 × 10−9 esu, 6.76 × 10−9

esu, 7.05 × 10−9 esu, 7.89 × 10−9 esu, 8.32 × 10−9 esu and
6.81 × 10−9 esu, respectively. All the values of n2, Reχ(3)

and Imχ(3) for different samples are also listed in Table 1.
The enhancement was observed to result from localized field

enhancement due to the surface plasmon resonance of Ag
nanoparticles in the above films. All the above results are
in agreement with the theoretical prediction of Neeves and
Birnboim [18] and our previous experimental results [29].

In order to describe the effect of surface concentration
of silver particles more clearly, we calculated the volume
fraction of silver nanoparticles according to the mass of
silver nanoparticles (the method to calculate the volume
fraction of Ag nanoparticles was presented in supporting
information) and compared it with the simulation result.
The experimental result of the third-order nonlinear op-
tical susceptibility Reχ(3) versus the volume fraction of
Ag nanoparticles is shown in Fig. 5. The third-order non-
linear optical susceptibility Reχ(3) increased unceasingly
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when the volume fraction of silver nanoparticles changed
from 0 to 58%, and the maximum appeared when the vol-
ume fraction of silver nanoparticles reached 58%. When
the volume fraction of silver nanoparticles increased beyond
58%, Reχ(3) was observed to decrease contrarily. Obvi-
ously, Reχ(3) reached a maximum when the volume frac-
tion of silver nanoparticles in PNADA/Ag composite films
was 58%. This concentration-dependent enhancement ef-
fect of Ag colloidal nanoparticles should be attributed to
the effect of localized field coupling among Ag nanoparti-
cles. When the volume fraction of silver nanoparticles in the
composite films is lower (the distance between Ag nanopar-
ticles was great), the interaction between localized fields
was relatively weak, and the electric field was mainly lo-
calized in the surface of Ag nanoparticles. With the con-
centration of Ag nanoparticles increasing, the distance be-
tween nanoparticles gradually decreased. When the particle
distance was reduced to a certain degree, the coupling ef-
fects will markedly enhance the local field, and thus the local
field was mainly distributed between the two particles. With

Figure 5 The variation of the third-order nonlinear optical suscepti-
bility Reχ(3) versus different volume fractions of Ag nanoparticles for
PNADA/Ag composite films

the distance between the particles further decreasing, a par-
ticle cluster phenomenon would occur, which would reduce
the local field [30]. In order to prove the above idea, TEM
experiments were performed for the samples (the volume
fractions of silver nanoparticles were 58% and 70%, respec-
tively). It is obvious that the particle agglomeration could be
observed when the volume fraction of silver nanoparticles
reached 70%; however, the silver nanoparticles were uni-
form and well dispersed when the volume fraction of silver
nanoparticles was 58% (as shown in Fig. 6). Thus, there is an
optimum distance between the particles at which the largest
local field enhancement will occur.

The Maxwell–Garnett theory for the effective dielectric
constant of a medium consisting of a collection of nanoparti-
cles of dielectric constant εi immersed in a host of dielectric
constant εh is developed in the same way as in the Clausius–
Mossotti theory for the dielectric constant of a rarefied gas.
Herein, the binary composite system consisting of a main
matrix and metal spherical particles was taken into account.
Assume that the dielectric function of the main matrix is εh

and the linear dielectric function of the metal spherical parti-
cles is εi. As the metal particle size is much smaller than the
incident light wavelength, in this strict quasi-static approxi-
mation the effective third-order nonlinear susceptibility can
be expressed as [31]

χ(3)
e = Pχ

(3)
i

∣
∣
∣
∣

3εh

εi + 2εh

∣
∣
∣
∣

2( 3εh

εi + 2εh

)2

, (4)

where P is the volume fraction of metal particles, εh is the
dielectric function of the main matrix, εi is the linear di-
electric function of the spherical metal particles, χ

(3)
i is the

third-order nonlinear susceptibility of the metal particles and
χ

(3)
e is the effective third-order nonlinear susceptibility of

the metal particle composite system. The dielectric function
of silver nanoparticles at 532 nm is εi = −10.073 + 0.822i,
the third-order nonlinear susceptibility of silver nanoparti-
cles is χ

(3)
i = 8 × 10−8 esu and the dielectric function of

Figure 6 TEM images of
PNADA/Ag composite films
with the volume fractions of
silver nanoparticles of a 58%
and b 70%, respectively. The
scale bar is 100 nm and 60 nm,
respectively
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Figure 7 a The enhancement factor of the third-order nonlinearity (χ(3)
e /χ

(3)
i ) and b the third-order nonlinear optical susceptibility Reχ(3) versus

the volume fraction P

PDA is εh = 1.32. When nearing the surface plasmon reso-
nance frequency (Re(εi + 2εh) = 0), the effective third-order
nonlinear susceptibility would be maximum. These parame-
ters, such as the concentration of metal nanoparticles, could
tune the nonlinear optical properties of the nanocomposite
films.

In order to investigate the effect of the volume fraction of
the metal nanoparticles on the local field and the third-order
nonlinear optical properties of the films directly, we sim-
ulated the effective third-order nonlinear optical properties
of composite films with different volume fractions of spher-
ical Ag nanoparticles [32]. This concentration-dependent
enhancement effect of Ag colloidal nanoparticles was val-
idated by the Maxwell–Garnett model [33]. As shown in
Fig. 7, P = 0.58 was the best volume fraction for the Ag
nanoparticle doping, the maximum of the third-order nonlin-
ear enhancement factor (χ(3)

e /χ
(3)
i ) was 24178 and the third-

order nonlinear enhancement was 104 times larger than that
of metal particles. All the above simulation results were al-
most consistent with the results of our experiment (the vol-
ume fraction of metal particles was 58% when the composite
film contained 80-µg Ag nanoparticles). There is a certain
value of P to keep an optimum distance between the parti-
cles at which the largest local field enhancement will occur.

4 Conclusions

In summary, pure PDA films, PDA/NAZO mixed films,
PNADA films and PNADA films doped with different con-
centrations of Ag nanoparticles were fabricated successfully
through a simple physicochemical process. The introduction
of azobenzene moiety into the side chain and Ag colloidal
nanoparticle doping both led to the obvious enhancement
of NLO properties. The third-order nonlinear optical sus-
ceptibility Reχ(3) increased unceasingly when the volume

fraction of silver nanoparticles changed from 0 to 58%, and
the maximum appeared when the volume fraction of silver
nanoparticles reached 58%. This concentration-dependent
enhancement effect of Ag nanoparticles in PNADA films
was in accordance with the simulation results. The non-
linear properties of these PNADA/Ag nanocomposite films
can be easily modulated by varying the concentration of Ag
nanoparticles and the strategy described in this work would
be useful in the development of PNADA-based optical and
NLO devices.
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