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Abstract Noble metal-coated PDA composite vesicles were
expected to increase the effective third-order nonlinear op-
tical susceptibility χ(3)(ω), due to the enhancement of the
optical electric field induced by localized surface plasmon
resonance. Different size (20, 50 and 80 nm) Ag colloidal
nanoparticles were coated on the outer surface of polydi-
acetylene (PDA) vesicles to form PDA/Ag nanocompos-
ite vesicles and the size-dependent effect of Ag colloidal
nanoparticles on NLO properties enhancement has been ex-
plored. The explanation based on the competition of a size-
dependent light-confinement effect and a size-dependent di-
electric constant of Ag particles had been presented. Fur-
thermore, these PDA/Ag composite vesicles were success-
fully immobilized onto the solid substrate by the Langmuir–
Blodgett (LB) method and their linear and nonlinear opti-
cal properties were characterized, respectively. Obviously,
PDA/Ag composite vesicles Langmuir–Blodgett (LB) films
promoted the enhancement of the third-order NLO proper-
ties.
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1 Introduction

During the past decade, much significant research has
been directed toward understanding organic nonlinear op-
tical (NLO) materials and their application in informa-
tion processing due to their large NLO response and short
response time [1]. Among these organic NLO materials,
polydiacetylene (PDA), classified as a one-dimensional π -
conjugated polymer, 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]. PDA can
be chemically tailored by means of polymerization re-
action in solid phase of a substituted mono diacetylene.
Many theoretical and experimental efforts have been made
to improve the effective third-order NLO susceptibility
χ(3)(ω) of PDA system. Among them, the extension of
π -conjugation between main chain and side chains is a
fairly attractive technique, such as directly linked aromatic
groups and ladder-type PDAs [3, 4]. An alternative ap-
proach is to fabricate nanocomposites with well-defined
shape holding improved NLO properties. Therefore, metal-
lic nanoparticles have attracted lots of interest for their
fascinating optical and electronic properties [5]. With the
particle size reaching the nanometer scale, not only the
surface-to-volume ratio drastically changes but a transition
from metal to insulator also occurs, resulting from quan-
tum confinement [6]. The surface plasma resonance (SPR),
which results from collective electronic excitation at the
interface between metal nanoparticles and dielectric ma-
trix, not only is responsible for the linear optical prop-
erties but also governs nonlinear optical phenomena [7].
By incorporating metal nanoparticles into a organic NLO
materials matrix [8–10], the nanocomposite films have at-
tractive mechanical and electronic properties that facili-
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tate their use in the practical devices and have been re-
garded as the potential materials for all-optical communi-
cation.

According to the local-field enhancement under the sur-
face plasmon resonance condition, larger third-order non-
linearity of polydiacetylene composite films has been ob-
served in the presence of metal or semiconductor nanopar-
ticles [11–14]. Neeves and Birnboim theoretically predicted
that the core-shell-type structure consisting of a PDA core
and a metal nanoshell exhibits markedly large effective
χ(3)(ω) values [15], which encourages people to develop
many novel types of core-shell-type nanoparticles [16–20].
This enhancement in χ(3)(ω) relies both on the optical field
concentration at each nonlinear medium and on plasmon
resonance at the interface. For example, in case of PDA
microcrystal (core) and gold (shell) hybridized microparti-
cle, χ(3)(ω) in e.s.u. unit would be expected to be about
100 times larger compared to pure PDA microcrystal [21].
In our previous work [22], we reported the fabrication of
PDA/Ag nanocomposite vesicles and firstly experimentally
demonstrated the enhancement of third-order NLO prop-
erties as a result of the surface plasmon resonance of sil-
ver nanoparticles at the interface. The NLO properties of
nanometer-size metal particles embedded in dielectric ma-
terial can be modulated by varying the size [23], shape
[24, 25] and the volume fraction [26] of metal nanopar-
ticles because of the changing of the local surface plas-
mon resonances field outside the metal particles. From the
practical point of view, these parameters can be optimized
to meet optical device operation. In this paper, the size-
dependent effect of Ag colloidal nanoparticles on NLO
properties enhancement had been explored to optimize the
structural parameters of the PDA/Ag nanocomposite vesi-
cles.

Immobilization of PDA vesicles onto thin films would
enhance their storage stability and user-friendliness. Despite
long and extensive research on PDA vesicles, reports on
the fabrication of films containing these materials have just
come to light in recent years [27, 28]. Immobilization of
PDA/Ag nanocomposite vesicles onto solid substrate and
the network aggregates formation of PDA/Ag nanocompos-
ite vesicles are expected to enhance their NLO properties
and stability, which are very important for the potential ap-
plication in NLO devices. To the best of our knowledge, the
direct assemblies of these PDA/Ag nanocomposite vesicles
and characterization of their NLO properties have not yet
been successful. In this paper, the above optimized PDA/Ag
nanocomposite vesicles would be immobilized on the solid
substrate and their NLO properties are expected to be en-
hanced further. The strategy described in this work would
be useful in the development of new PDA-based optical and
NLO devices.

2 Experimental section

Materials. AgNO3, NaBH4 and trisodium citrate were ob-
tained from Beijing Chemical Reagent Ltd and used without
further purification. 10, 12-pentecosadiynoic acid (CH3–
(CH)11–C≡C–C≡C–(CH)8–COOH, DA) was purchased
from Tokyo Chemical Industry Co. Ltd., and purified by
dissolving in cyclopentanone and filtrating to remove poly-
mer before use. N,N-bis(2-hydroxyethyl)-N-methyl-N-(Z-
13-docosyl)quaternary ammonium bromide (EHAB) was
synthesized in analogy to the previous procedure [29]. The
molecular structures of DA and EHAB were shown in Fig. 1.

Fabrication of PDA/Ag nanocomposite vesicles. PDA/Ag
nanocomposite vesicles were prepared according to the
same procedure described in literature [22]: Well-defined
PDA vesicles cores were firstly prepared by the conventional
method [27, 28]. Then different size (20, 50 and 80 nm)
Ag colloidal nanoparticles were coated on the outer sur-
face of PDA vesicles through strong electrostatic interaction
between the carboxyl group of PDA vesicles and Ag col-
loidal nanoparticles. The size dispersion of the Ag colloidal
nanoparticles was characterized by Dynamic Light Scatter-
ing (DLS). The preparation process was monitored by UV-
vis absorption analysis. The structure of PDA/Ag nanocom-
posite vesicles were characterized by TEM analysis.

LB films of PDA/Ag composite vesicles. Glass substrates
were cleansed of organic contaminants by 15 min boil-
ing in an oxidizing “piranha” solution prepared by mix-
ing a 3:1 volume ratio of concentrated sulfuric acid with
hydrogen peroxide solution (30%). A Langmuir–Blodgett
trough (KSV mini, Finland) was used for deposition of
LB films. Surface pressure was measured with a platinum
Wilhelmy plate. An EHAB solution in chloroform (2.11 ×
10−3 mol/L) was used as the spreading solution. The aque-
ous solution of PDA vesicles, PDA/Ag composite vesicles
or PDA vesicles mixed with negative charged Ag nanoparti-
cles (5×10−5 mol/L, prepared according to the same proce-
dure as described in literature [22]) were respectively used
as subphase and the temperature was maintained at 22◦C.
After evaporation for 20 min, the surface was compressed
slowly to record the pressure–area isotherm. A compression
rate of 5 mm/min was used for studying the pressure–area
isotherm. When the desired surface pressure was attained,
the monolayers were transferred from the air–water inter-
face to a solid substrate (glass slides) by LB method. A sur-
face pressure of 25 mN/m was maintained for deposition of
LB films and 80 monolayers were deposited. Dipping and
raising speed was fixed at 5 mm/min and a waiting time of
10 min was given between dips to dry the LB film (as shown
in Fig. 1).

Characterization. Transmission electron microscopy
(TEM) image were recorded on a JEOL-2000 microscope
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Fig. 1 a Schematic preparation
of PDA/Ag nanocomposite
vesicles LB films of a EHAB
and PDA/Ag nanocomposite
vesicles (reference sample),
b EHAB and pure PDA vesicles,
c EHAB, Ag nanoparticles
(Negative charge) and pure PDA
vesicles

operated at 200 kV. For the TEM observation, samples were
obtained by dropping 5 µl of solution onto carbon-coated
copper grids. All the TEM images were visualized without
staining. All ultraviolet-visible (UV-vis) spectra were mea-
sured using a SHIMADZU UV-2550 PC spectrophotometer.
The linear refractive index of solution samples were mea-
sured by Abbe refractometer (ATAGO NAR-1T). The linear
refractive indexes of LB films were measured by Ellipsome-
ter (ELLIP-SR). The surface morphology and thicknesses
of LB films were studied by Atomic Force Microscope
(nanoscope IIIa). All NLO properties of samples were in-
vestigated by Z-scan technique, using 100 µJ pulse energy,
16 ns pulse duration and 10 Hz repetition rate at 532 nm,
available from a frequency-doubled Q-switched Nd: YAG
laser (Quantum YAG 980). The Z-scan experiments were
done at the average intensity level of 0.4 GW/cm2. The so-

lution sample in a 1 mm thick quartz cell and film samples
on quartz substrates were moved along the Z axes close to
the focus of the lens, which had a focal length of 26 cm. The
concentration of the solution samples used in Z-scan exper-
iments was the same as those used in UV-vis spectrum ex-
periments. The transmitted beam energy, the reference beam
energy and their ratio were monitored by the energy meters
(EPM 2000), simultaneously.

3 Results and discussion

3.1 Preparation of PDA/Ag nanocomposite vesicles with
different size Ag colloidal nanoparticles

The preparation process of PDA/Ag nanocomposite vesicles
was monitored by UV-vis absorption analysis. The size and
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Fig. 2 a UV-vis optical
absorption spectra of (i) 50 nm
Ag colloidal nanoparticles,
(ii) PDA vesicles and (iii)
PDA/Ag (50 nm) composite
vesicles, b TEM images (the
scale bar is 200 nm) and
c HRTEM images (the scale bar
is 4 nm) of PDA/Ag (50 nm)
composite vesicles

size distribution of Ag nanoparticles was confirmed by Dy-
namic Light Scattering (DLS) (as shown in Fig. S3 in elec-
tronic supplementary material). Although the distributions
are all a little broad (20 nm Ag nanoparticles: 10–50 nm;
50 nm Ag nanoparticles: 35–100 nm; 80 nm Ag nanoparti-
cles: 55–115 nm), the majority of nano-silver particles are
in the size of 20, 50 and 80 nm, respectively. The size of Ag
colloidal nanoparticles also could be confirmed directly by
transmission electron microscopy (TEM). The structure of
these nanocomposite vesicles was investigated by means of
TEM and high resolution transmission electron microscopy
(HRTEM). In our previous work [22], we reported that
PDA/Ag (20 nm) composite vesicles solution was success-
fully fabricated. Here we prepared PDA/Ag (50 and 80 nm)
composite vesicles solution and further investigated the size-
dependent effect of Ag colloidal nanoparticles on NLO
properties enhancement of PDA/Ag composite vesicles. The
UV-vis absorption spectra of 50 nm Ag colloidal nanopar-
ticles, pure PDA vesicles and PDA/Ag (50 nm) compos-
ite vesicles solution were shown in Fig. 2a. The 50 nm
Ag colloidal nanoparticles had an absorption peak located
at about 419 nm, which resulted from the surface plas-
mon resonant oscillation of the free electrons in metal Ag.
Pure PDA vesicle had three characteristic absorption peaks
at about 650, 550 and 500 nm and it had a vesicles shell
structure about 100 nm in diameter characterized by TEM.
When Ag colloidal nanoparticles solution was dipped into
PDA vesicles solution, obvious optical change could be ob-
served. After mixing, the peak position of Ag nanoparti-
cles located at about 419 nm shifted to 436 nm when Ag
nanoparticles attached onto the outer surface of PDA vesi-
cles, giving evidence that the isolated silver nanoparticles
with the carboxyl group had been coated onto the surface
of PDA vesicles. The width of the surface plasma absorp-
tion band of silver nanoparticles became broad after mix-
ing. The absorption peak of PDA vesicles at about 650 nm
decreased a lot, giving another evidence of the coating of

isolated silver nanoparticles with the carboxyl group on the
surface of PDA vesicles. When the Ag nanoparticles coated
on the outside of PDA vesicles, the interaction between
Ag nanoparticles and PDA side chains can release the side
chains strain and induce a partial distortion of the conju-
gated p-orbital arrays, leading to the shortening of effective
p-conjugation length. Thus PDA would transform from blue
to red form, which go with the decreasing of blue absorption
peak of PDA vesicles at about 650 nm. The TEM images
are displayed in Fig. 2b, which demonstrates the formation
of PDA/Ag (50 nm) nanocomposite vesicles. The HRTEM
images, displayed in Fig. 2c, indicate that there was not a
perfect silver crystalline plane, and the plane distance was
about 3 Å. All these above results indicated that PDA/Ag
(50 nm) nanocomposite vesicles were prepared successfully.
Similarly, the analysis of UV-vis absorption spectra, TEM
and HRTEM images (as shown in Fig. 3) demonstrate that
PDA/Ag (80 nm) nanocomposite vesicles were prepared
successfully.

3.2 NLO characterization of PDA/Ag nanocomposite
vesicles

To evaluate the size-dependent effect of Ag colloidal nano-
particles on NLO properties enhancement, different size
Ag colloidal nanoparticles (20, 50 and 80 nm) were used
to prepare PDA/Ag nanocomposite vesicles. NLO proper-
ties of PDA/Ag composite vesicles with different size of
Ag nanoparticles (20, 50 and 80 nm) have been evaluated
by means of a Z-scan technique. Open and closed aper-
ture Z-scan measurements were used to evaluate the nonlin-
ear refraction and nonlinear absorption properties. Figure 4
showed the Z-scan curves of pure PDA vesicles solution and
PDA/Ag (20, 50 and 80 nm) nanocomposite vesicles solu-
tion, respectively. The nonlinear refractive index n2 and the
nonlinear absorption coefficient β were measured according
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Fig. 3 a UV-vis optical
absorption spectra of (i) 80 nm
Ag colloidal nanoparticles, (ii)
PDA vesicles and (iii) PDA/Ag
(80 nm) composite vesicles,
b TEM images (the scale bar is
110 nm) and c HRTEM images
(the scale bar is 4 nm) of
PDA/Ag (80 nm) composite
vesicles

Fig. 4 Measured Z-scan
normalized transmittance curves
of a pure PDA vesicles solution,
b PDA/Ag (20 nm) composite
vesicles solution, c PDA/Ag
(50 nm) composite vesicles
solution and d PDA/Ag (80 nm)
composite vesicles solution

to the following equations [30]:

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 k = 2π/λ is the wave vector, I0 is the on-axis
irradiation of the laser beam at focus (z = 0), Leff =
1 − exp(−αL)/α is the effective thickness with L the sam-
ple thickness, S is the aperture linear transmittance, α is the
linear absorption coefficient, z is the position of the sam-

ple and z0 = kω2
0/2 is the diffraction length of the beam.

The peak-valley configuration indicates the nonlinear re-
fraction was negative and belonged to self-defocusing non-
linearity. The linear absorbance at 532 nm and the linear
absorbance coefficient for PDA/Ag (20, 50 and 80 nm)
nanocomposite vesicles were 0.34, 0.31, 0.33, 3.4 cm−1,
3.1 cm−1, and 3.3 cm−1, respectively. The nonlinear re-
fractive index and the nonlinear absorption coefficient were
measured to be 2.47 × 10−14 cm2/W, 4.3 × 10−14 cm2/W,
2.94×10−14 cm2/W, 5.6×10−11 m/W, 10.2×10−11 m/W,
and 8.1 × 10−11 m/W, respectively. The resulting χ(3)(ω)

are calculated to be 0.94×10−12 esu, 1.63×10−12 esu, and



570 X. Chen et al.

Table 1 Nonlinear refractive index n2, χ
(3) and nonlinear absorption coefficient β for different PDA/Ag nanocomposite vesicles solution and

resulting LB films

Samples n2 R3 β

(×10−13 cm2/W) (×10−11 esu) (×10−11 m/W)

PDA/Ag composite Pure PDA vesicles solution 0.04 0.01 2.5

vesicles solution Solution I (20 nm Ag 0.2 0.09 5.6

nanoparticles coated onto the

outer surface of PDA vesicles)

Solution II (50 nm Ag 0.4 0.2 10.2

nanoparticles coated onto the

outer surface of PDA vesicles)

Solution III (80 nm Ag 0.3 0.1 8.1

nanoparticles coated onto the

outer surface of PDA vesicles)

PDA/Ag composite Pure PDA vesicles LB film 9.16 7.1 45.3

vesicles L–B film PDA vesicles mixed with Ag 28.1 23.0 58.9

nanoparticles (50 nm, negative

charge) L–B film

PDA/Ag (50 nm, positive charge) 58.2 53.0 147

composite vesicles L–B film

1.12 × 10−12 esu, respectively. All the values of n2, Reχ(3)

and nonlinear absorption coefficient for different samples
were listed in Table 1. There is a decrease in the value
of n2 while going from a solution with low absorbance of
0.31 (PDA/Ag (50 nm) composite vesicles), 0.33 (PDA/Ag
(80 nm) composite vesicles), and 0.34 (PDA/Ag (20 nm)
composite vesicles) to a solution of high absorbance of 0.40
(pure PDA vesicles). It clearly indicated that n2 was pre-
dominantly electronic in origin rather than due to thermal
nonlinearity. If the thermal contributions were dominating,
one should obtain an increase in n2 with increasing of ab-
sorption. Nearly 13 times enhancement in the effective third-
order NLO susceptibility χ(3)(ω) was observed for PDA/Ag
(50 nm) composite vesicles, however, only seven times and
nine times enhancement were observed for PDA/Ag (20
and 80 nm) composite vesicles, respectively. This NLO
properties enhancement was attributed to the local-field en-
hancement under the surface plasmon resonance of silver
nanoparticles at the interface. The formation of core-shell-
type structure consisting of a PDA vesicle core and an Ag
nanoshell (Ag colloidal nanoparticles were coated onto PDA
vesicles, not simply mixing) was proven to be essential
for this remarkable NLO properties enhancement [22]. All
above results were in agreement with the theoretical pre-
diction of Neeves [15] and our previous experimental re-
sults [22]. Obviously, PDA/Ag (50 nm) composite vesicles
showed maximum NLO properties enhancement effect. This
size-dependent enhancement effect of Ag colloidal nanopar-
ticles should be attributed to two size-dependent factors:

light-confinement and dielectric constant. The competion
of a size-dependent light-confinement and a size-dependent
dielectric constant of Ag spheres determined the enhance-
ment factor Eout/E0. Thus there should be an optimum size
of Ag particles at which the largest NLO property enhance-
ment will occur.

The field outside the sphere Eout was measured accord-
ing to the following equations [31]:

Eout = E0x̂ − αE0

[
x̂

r3
− 3x

r5
(xx̂ + yŷ + zẑ)

]
(3)

where α is the sphere polarizability, and x̂, ŷ and ẑ are the
usual unit vectors. We note that the first term in (3) is the
applied field and the second is the induced dipole filed (in-
duced dipole moment = αE0), which results from polariza-
tion of the conduction electron density.

The polarizability is

α = gd(D/2)3 (4)

with

gd = εi − ε0

εi + 2ε0
(5)

where D is the diameter of the Ag sphere, εi and ε0 are the
wavelength-dependent dielectric constant of Ag nanoparti-
cles and the dielectric constant of the surrounding medium,
respectively. In order to observe this field enhancement di-
rectly, we simulated the local field of different size Ag
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Fig. 5 The simulation of the
local field of a 20 nm Ag
nanoparticle, b 50 nm Ag
nanoparticle, c 80 nm Ag
nanoparticle

nanoparticles by the discrete dipole approximation (DDA)
method (as shown in Fig. 5). We found that the local field
outside the sphere Eout enhanced with increasing of the
diameter of Ag spheres. Above simulation results are not
very consistent with our experimental findings, because
we assumed the dielectric constant of the different size of
Ag nanoparticles to be constant in the simulation process.
Actually, the dielectric constant of small-size Ag spheres
showed a strong size dependence and the imaginary part
of ε(ω,α) is even stronger affected by the size of Ag
spheres [32]. Thus, both the effect of the size-dependent
light-confinement and the size-dependent dielectric constant
of Ag spheres both must be considered. The influence fac-
tor of nonlinear effect Eout/E0 was dependent on the size
of silver nanoparticles and the maximum of Eout/E0 arises
from competition of Ag size-dependent optical confinement
and Ag size-dependent optical loss. The variation of the
refractive index due to the Kerr effect should, therefore,
be largest at D = 40 nm. As a consequence, Eout/E0 be-
comes maximum at D = 40 nm [33]. This theoretical cal-
culation using modified Mie theory is well in agreement
with our experimental results that PDA/Ag (50 nm) com-
posite vesicles showed maximum NLO properties enhance-
ment effect. This size-dependent enhancement effect could
be attributed to the competition of a size-dependent light-
confinement and a size-dependent dielectric constant of Ag
spheres.

3.3 Characterization of PDA/Ag nanocomposite vesicles
LB films

Immobilization of PDA/Ag nanocomposite vesicles onto
solid substrate and the network aggregates formation of
PDA/Ag nanocomposite vesicles have been expected to en-
hance their NLO properties and stability, which are very im-
portant for the potential application in NLO devices. Here,
PDA/Ag (50 nm) composite vesicles were immobilized onto
the solid substrate by LB methods. EHAB solution was
used to form monolayer at air/water interface and PDA/Ag
(50 nm) composite vesicles solution was used as the sub-
phase. PDA/Ag (50 nm) composite vesicles can be adsorbed
onto the EHAB monolayer due to the electrostatic inter-
action (negatively charged vesicles and positively charged
monolayer molecules). UV-vis absorption spectrum was em-
ployed to monitor the LB assembly process. An absorption
peak at 436 nm (the characteristic absorption of Ag), 550 nm
and 500 nm (the characteristic absorption of PDA) can be
seen for the resulting of LB films (as shown in Fig. 6a),
which indicated that PDA/Ag (50 nm) composite vesicles
did deposit onto the substrate. The good linearity between
the number of layers and the absorbance at 550 nm (as
shown in Fig. 6b) indicates that the PDA/Ag nanocompos-
ite vesicles have incorporated with EHAB monolayer and
can be successively and regularly deposited layer by layer
during the whole deposition process. X-ray diffraction stud-
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Fig. 6 a UV-vis optical absorption spectra of LB films composed of PDA/Ag (50 nm, positive charge) composite vesicles. b Absorbance at 550 nm
of LB films composed of PDA/Ag (50 nm, positive charge) composite vesicles as a function of the number of layers

ies indicated that the preparation of EHAB LB films as de-
scribed above with PDA/Ag (50 nm) composite vesicles
subphase was successful. The appearance of five equidis-
tant Bragg diffraction peaks in the range 2θ = 1.2◦∼10◦ in-
dicated the presence of a regular, periodic structure in the
LB film. The average spacing in the LB film on glass slide
could be calculated to be about 7 nm (as shown in Fig. 7). In
general, vesicles change their aggregate morphology by col-
lapse and fusion in contact with solid surfaces to form sup-
ported membranes. The formation of supported membranes
relative to that of vesicles depends on competition between
the adhesive energy and the vesicle bending energy [25].
AFM was utilized to characterize the morphology of above
PDA/Ag (50 nm) composite vesicles LB films upon quartz
substrate surface. A remarkably rough surface was observed
and the non-regular approximate spherical particles, whose
sizes are approximately 150–300 nm, were clearly seen in
the AFM images (as shown in Fig. 8). However, the thick-
ness of above non-regular particles is about 10 nm, which
is in accordance with the results of XRD. It should be as-
cribed to the collapse and shrinkage of PDA/Ag nanocom-
posite vesicles after immobilization and drying. Despite a
certain degree of collapse, all above results indicated that
PDA/Ag nanocomposite vesicles retained their structure and
shape after immobilization. Similarly, the aqueous solu-
tion of PDA vesicles and PDA vesicles mixed with nega-
tively charged Ag nanoparticles with the same concentra-
tion were used as the subphase. LB films of PDA vesicles
and PDA vesicles mixed with negative charged Ag nanopar-
ticles could be fabricated as the reference sample.

NLO properties of LB films of PDA/Ag nanocompos-
ite vesicles, pure PDA vesicles and PDA vesicles mixed
with negatively charged Ag nanoparticles had been evalu-
ated by means of a Z-scan technique as shown in Fig. 9.
The linear absorbance at 532 nm and linear absorbance co-

Fig. 7 X-ray diffraction spectra of LB film composed of PDA/Ag
(50 nm, positive charge) composite vesicles. The inset shows the
schematic illustration of the structure of this LB film

efficient PDA/Ag nanocomposite vesicles LB films are 0.09
and 1.92 × 102 cm−1, respectively. The nonlinear refrac-
tive index and the nonlinear absorption coefficient are mea-
sured to be 5.82 × 10−12 cm2/W and 1.47 × 10−9 m/W,
respectively. Thus the resulting χ(3)(ω) were calculated to
be 5.3 × 10−10 esu. As the reference sample, the linear
absorbance coefficient, the nonlinear refractive index, the
nonlinear absorption coefficient, and χ(3)(ω) for pure PDA
vesicles and PDA vesicles mixed with negatively charged
nano-silver particles LB films were measured to be 3.15 ×
102 cm−1, 2.45 × 102 cm−1, 9.16 × 10−13 cm2/W, 2.81 ×
10−12 cm2/W, 4.53 × 10−10 m/W, 5.89 × 10−10 m/W,
7.1 × 10−11 esu and 2.3 × 10−10 esu, respectively. All the
values of n2, Reχ(3) and nonlinear absorption coefficient
for different samples were listed in Table 1. Obviously, LB
films of PDA/Ag composite vesicles promoted NLO prop-
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Fig. 8 AFM images showing the topography and the roughness profile along the white line indicated by the green and red arrows of LB films
prepared from PDA/Ag (50 nm, positive charge) composite vesicles on glass substrate

Fig. 9 Measured Z-scan
normalized transmittance curves
of a pure PDA vesicles LB films
(100 layers). b PDA vesicles
mixed with Ag nanoparticles
(50 nm, negative charge) LB
films (100 layers). c PDA/Ag
(50 nm, positive charge)
nanocomposite vesicles LB
films (100 layers)

erties enhancement. Compared to that of pure PDA vesi-
cles LB films, the resulting χ(3)(ω) of LB films of PDA
vesicles mixed with negatively charged nano-silver particles
showed nearly 2.5 times enhancement, which should be as-
cribed to the local-field enhancement effect of loading of Ag

nano particles. However, the resulting χ(3)(ω) of PDA/Ag
(50 nm) nanocomposite vesicles LB films showed nearly
eight times enhancement compared to pure PDA vesicles
LB films, and nearly 5000 times enhancement compared
to that of pure PDA vesicles solution. This stupendous en-
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hancement can be explained as follows: the spacing and rel-
ative position of the neighboring PDA/Ag composite vesi-
cles in LB films were closer than those in solution, which
would cause remarkable enhancement in NLO properties
due to the coupling effect. The resulting χ(3)(ω) of PDA/Ag
(50 nm) nanocomposite vesicles LB films was about 2.3
times larger than the value of LB films of PDA vesicles
mixed with negatively charged nano-silver particles, which
indicated that the optical nonlinearity is enhanced in the as-
sembly of PDA/Ag core-shell structure due to the local-field
enhancement effect. The local field could be concentrated in
both the core and shell region of the nanocomposite vesicles
at the surface-mediated plasma resonance. This increased
field is then utilized for self-enhancements of the optical
nonlinearity from each component of the composite films
[15, 34]. Beside the huge NLO property, these NLO mate-
rials are also very stable for applications. All type of the
LB films still have the same NLO susceptibility χ(3)(ω) af-
ter three months exposure in air. We anticipate that suitable
immobilization spacing and relative position of the neigh-
boring PDA/Ag composite vesicles in LB films should lead
to more giant enhancements in third-order NLO response.

4 Conclusions

In summary, different size (20, 50 and 80 nm) Ag colloidal
nanoparticles were coated onto the outer surface of polydi-
acetylene (PDA) vesicles to form PDA/Ag nanocomposite
vesicles. Compared to pure PDA vesicles, the Ag colloidal
nanoparticles coating led to the significant enhancement
of NLO properties for PDA vesicles. Obviously, PDA/Ag
(50 nm) composite vesicles showed maximum NLO prop-
erties enhancement effect (nearly 13 times) and this size-
dependent enhancement effect of Ag colloidal nanoparti-
cles can be attributed to mediation of a size-dependent
light-confinement effect and a size-dependent dielectric con-
stant of Ag spheres. The nonlinear properties of PDA/Ag
nanocomposite vesicles can be easily modulated by varying
the size, shape of Ag nanoparticles coated onto the outer
surface of PDA vesicles. Further, these PDA vesicles were
immobilized onto substrate to enhance their storage stability
and user-friendliness. Obviously, these PDA/Ag composite
vesicles LB film had dramatic NLO properties. The result-
ing χ(3)(ω) of PDA/Ag (50 nm) nanocomposite vesicles LB
films showed nearly eight times enhancement compared to
that of pure PDA vesicles LB films, and nearly 5000 times
enhancement compared to that of pure PDA vesicles solu-
tion. Suitable immobilization spacing and relative position
of the neighboring PDA/Ag composite vesicles is expected
to lead to stupendous enhancements in third-order NLO re-
sponse. Although the PDA/Ag nanocomposite vesicles LB
film is still not sufficient for practical device applications,

the strategy described in this work still would be useful in
the development of PDA-based optical and NLO devices. It
is predictable that we will prepare the novel NLO optic ma-
terial which is sufficient for device applications according to
the optimization of different factors.
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