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ABSTRACT: Ag-dendrimer nanoclusters were prepared
with Ag� and carboxyl shell (G4.5) poly(amino amine) den-
drimers. Self-assembly photosensitive ultrathin films were
then fabricated with these Ag-dendrimer nanoclusters as
polyanions and diazoresin (DR) as polycation. With UV
irradiating the films became stable because of the formation
of covalent linkages between the layers. Compared to simi-

lar films containing no Ag nanoclusters, the obtained films
showed greatly enhanced electric conductivity. © 2003 Wiley
Periodicals, Inc. J Appl Polym Sci 89: 1515–1519, 2003
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INTRODUCTION

With the development of dendrimer science, chemists
have taken full advantage of the unique structure and
chemical properties of dendrimers to extend their the-
oretical and practical applications in various fields.1,2

The preparation of a range of metallic nanoparticles
with dendrimers as templates has been reported. For
example, Crooks and coworkers3 reported the forma-
tion of a regime of Au colloids 2-3 nm in size in the
presence of poly(amino amine) (PAMAM) dendrim-
ers. Tomalia et al.4 demonstrated the preparation of a
stable dendrimer/metallic copper nanocomposite
with unprecedented stability in both water and meth-
anol. Esumi and colleagues5 generated various
PAMAM dendrimers with surface amino groups as
well as carboxyl groups in order to prepare Au, Pt,
and Ag nanoparticles in aqueous solution. Tripathy et
al.6 reported the deposition of a multilayer thin film
composed of gold–dendrimer nanoclusters and PSS
and the characterization of its highly uniformed
nanoscale array. However, searching for new technol-
ogy to endow the films with both special function and
stability remains intriguing because of the potential
practical use of dendrimers. In a previous work7 we
studied covalently stabilized self-assembly films con-
sisting of PAMAM dendrimers and diazoresin. As an
extension of this research, in the current study our

purpose was to assemble stable ultrathin films with
metal–dendrimer composites and to explore the prop-
erties of the obtained films.

Here we report for the first time on the fabrication
of self-assembly ultrathin films using Ag–PAMAM
dendrimer nanocomposites as polyanions and dia-
zoresin (DR) as polycation. The conversion of the
nature of the linkage between layers from electro-
static to covalent and the stability of the films to-
ward polar solvents were studied and are ex-
pounded here in detail. Also, the electric conductiv-
ity of the obtained ultrathin films was measured,
and the results showed a potential application for
these films in nanoelectronic devices.

EXPERIMENTAL

G4.5 PAMAM dendrimers were synthesized accord-
ing to the literature procedures.8

G4.5 PAMAM 1H-NMR (D2O): � � 3.617
(OCOOCH3), 3.22–3.33 (OCONCH2), 2.57–2.91
(ONCH2), 2.37(OCH2CO)].

After being hydrolyzed with NaOH, the methyl-
ester groups of G4.5 PAMAM dendrimers were con-
verted to carboxylate groups (PAMAMC). The disap-
pearance of the signal at 3.617 ppm showed there was
a change in the nature of the external groups from
ester to carboxylate.

Ag dendrimer nanoparticles were prepared accord-
ing to the methods described in the literature.6 The
formation of Ag dendrimer nanoparticles was sup-
ported by the peak that appeared at 415 nm in the
UV–vis spectrum and by transmission electron mi-
croscopy (TEM; Fig. 1). DR was prepared according to
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the method described elsewhere.9 A fresh quartz wa-
fer was used as the substrate. After treatment with
H2SO4 and H2O2 (3:1) to remove impurities on the
surface, the wafer was immersed in a deionized aque-
ous solution of DR (2 mg/mL) for 5 min and then
rinsed with deionized water and dried. Subsequently,
it was dipped into the deionized aqueous solution of
Ag–PAMAMC (G4.5) nanocomposites (0.5 mg/mL)
for 15 min, then rinsed and dried again. Repetition of
this cycle six or seven times resulted in the formation
of a 12- or 14-bilayer films on both sides of the sub-
strate. All the experiments were carried out at a con-
stant temperature of 20°C in the dark.

To monitor the self-assembly process and the stabil-
ity of the films against etching, the UV absorbance of
the films on the quartz wafer after each cyclic deposi-
tion or after etching was recorded on a UV–vis scan-
ning spectrophotometer (Shimadazu UV–2101 PC)
with a selected scan range (200–500 nm). Each sample
was measured 2–3 times to ensure the reliability of the
results.

The surface morphology of the films was visualized
by atomic force microscopy (AFM). The sample for
AFM measurement was a six-bilayer film fabricated
on quartz wafer, which was glued to a glass slide. The
measurements were carried out in air at ambient tem-
perature on a Nanoscopy IIIA AFM (Digital Instru-
ments, Inc.) in the tapping mode. Commercial silicon
probes (model TESP-100) were used to obtain the im-
age, with a typical resonant frequency of around 300
kHz. All the results were calculated from a randomly
selected 1 �m2 (1 �m � 1 �m) area on the samples.

X-ray photoelectron spectroscopy (Vgescalab 5 mul-
titechnique electron spectrometer) was used to analyze
the surface element composition of the 10- and 11-layer
films fabricated from Ag–PAMAMC (G4.5) and DR.

The solvent etching experiments were performed
following the literature procedure.10–13 The 6-bilayer
films were immersed in an NaCl (1M) aqueous solu-
tion for different times. To observe their stability to-
ward etching, the resulting films were examined for

UV–vis absorbance. To confirm formation of inter-
layer covalent bonding, the spectra of unirradiated
and irradiated films fabricated on CaF2 were recorded
on a Nicolet Magna IR-750 spectrophotometer.

RESULTS AND DISCUSSION

Each cyclic deposition of the film growth was tracked
with a Shimadazu UV2101 PC UV–vis scanning spec-
trophotometer. Figure 2 shows the UV–vis curves of
the fabricated films with various bilayer numbers. As
shown in the inset of Figure 2, the absorption of dia-
zonium groups of DR at 383 nm increased linearly
with an increase in the number of bilayers. This indi-
cates that the growth of the film was smooth and
uniform.

Subsequently, the film was treated with UV irradi-
ation (360 nm), 230 �W/cm2, so as to immobilize the
Ag particles on the film. This process was also moni-
tored with a UV–vis spectrometer. As shown in Figure
3, it is clear that the peak of the diazonium groups at

Figure 3 Relationship between UV–vis spectra of 10-layer
film and UV irradiation time [Irradiation time (top to bot-
tom): 0, 1, 3, 5, 10, 20, and 30 min]. Inset: attenuation of
multilayers’ absorption in 385 nm with time corresponding
to first-order kinetic equation.

Figure 1 (a) UV–vis absorption spectrum of Ag–PAMAM
(G4.5) nanocomposites in an aqueous solution; (b) TEM
image of Ag–PAMAM nanocomposites.

Figure 2 UV–vis absorption spectra of Ag–PAMAM/DR
nanocomposite multilayers on a quartz slide. Curves corre-
spond to absorbance of bilayers [bilayer number (bottom to
top): 1, 2, 3, 4, 5]. Inset: increase in absorbance at 385 nm with
number of bilayers.
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384 nm decreased rapidly with irradiating time. The
linear relationship between ln[(A0 � A)/(At � A)] and
time, shown in the inset of Figure 3, was verification
that the decomposition reaction followed first-order
reaction kinetics (A is the absorbance of the film at 384
nm).

The decomposition of the diazonium groups accom-
panied the change in the nature of the linkage between
layers (Scheme 1{SCHEME 1}). Two facts provide sup-
port for this assumption: (1) in the IR spectrum the

stretching vibrations of the diazonium groups at 2162
cm�1 and the carboxyl groups at 1580 cm�1 disap-
peared after irradiating. A weak and broad peak rang-
ing from 1640 to 1720 cm�1 was observed, which was
assigned mainly to the carboxyl group of the ester
bond; (2) it is well known that films assembled via
electrostatic interaction are unstable in strong electro-
lyte aqueous solutions. In our experiment both films,
those before and after UV irradiation, were soaked in
the saturated NaCl solution for 1 h and then observed
with UV–vis spectroscopy and AFM. As shown by the
results displayed in Figure 4(a–c), the film before ir-
radiation obviously was destroyed [Fig. 4(b)] after 1 h
of etching. In sharp contrast, the irradiated film
showed excellent resistance to the same process. The
surface of the film was still smooth after etching [Fig.
4(c)], and mean roughness was around 0.4–0.9 nm
according to AFM measurements.

Figure 4 Etching of irradiated and unirradiated multilayer
film in saturated NaCl solution (1 h): (a) UV–vis spectrum;
(b) AFM image of film before irradiation, and (c) AFM image
of film after irradiation.

Figure 5 UV–vis spectra of a 10-layer film (a) before and (b)
after irradiation. Inset: UV–vis spectra of same-type film that
does not contain Ag.

Figure 6 Impedance spectra of 50-bilayer film of Ag–
PAMAM/DR.

TABLE I
Relative Content of Carbon, Nitrogen, and Silver in

Ag–PAMAM/DR Multilayers Detected by XPS
(Scan Angle 60°, Scan Depth 5�Å)

C N Ag

10-layer film (Ag–PAMAM surfaced) 1000 67.7 16.9
11-layer film (DR surfaced) 1000 96.3 —
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To answer the question of whether the Ag nanopar-
ticles were still encapsulated in PAMAM dendrimers
and attached on the film after these procedures, ele-
mental composition of the films on different surfaces
was determined via X-ray photoelectron spectroscopy.
As shown in Table I, carbon, nitrogen, oxygen, and
silver were found on the 10-layer film’s surface (den-
drimer layer), but on the surface of the 11-layer film
(DR layer), silver could not be observed. This indicates
that the Ag nanoparticles were contained in the films,
mainly encapsulated in the dendrimer layers.

Additional support for Ag being encapsulated in
the film was what the UV–vis spectrum showed after
the film underwent UV irradiating: the emergence of a
peak at 415 nm (Fig. 5). This peak did not appear in the
UV–vis spectrum of identical-type PAMAM–DR films.
Therefore, it must have originated from the existence
of the Ag nanoparticles. Interestingly, the peak had a
30-nm red shift compared with the corresponding one
of the Ag–PAMAM solution. A very similar phenom-
enon also was found by Tripathy et al. in their exper-
iment.6 When they constructed Au–PAMAM compos-
ite films, a 20-nm red shift was observed and attrib-
uted to the change in the dielectric environment of
gold particles in the films. In our case the red shift
derived from at least two main factors. In addition to
the one Tripathy demonstrated, the other factor may
lie in the size effect. Crooks et al.13 found that in the
Cu–PAMAM nanocomposite solution, the plasma
band was red-shifted, most likely because of the larger
size of the colloids prepared with lower-generation
PAMAM dendrimers. During fabrication of the films,
Ag nanoparticles may be incarcerated within the den-
drimers or close to the dendrimer surface because Ag�

ions could be strongly adsorbed on the carboxyl-ter-
minated dendrimers via electrostatic attractive force.
The Ag nanoparticles near the surface can then be
embedded via electrostatic force in ”cages” formed

between the negatively charged carboxylate groups of
PAMAMC and the positively charged diazoresin
groups of DR (Scheme 1). The TEM image (Fig. 1)
shows that the diameter of the Ag nanoparticles
ranged from 4 to 10 nm. It is possible that particles
smaller than the holes of the cages would be washed
out more easily in every rinse procedure. Therefore, the
average size of the particles encapsulated in the film
would be larger than that of the particles in solution,
causing plasma band shifts to longer wavelengths.14,15

Electric conductivity of the films was measured in
parallel-connection measurement mode using a Poten-
tiostat/Galvanostat Model 283 tester over a frequency
range of 1–1000 kHz. As shown in Figure 6, the im-
pedance of a 50-bilayer film of Ag–PAMAM/DR
coated on a copper electrode was 720 ohm (conduc-
tivity was between 10�3 and 10�4 S/cm). In contrast, a
PAMAM–DR multilayer film, which did not contain
Ag nanoparticles, was almost an isolator.

In conclusion, ultrathin film containing Ag nanopar-
ticles was prepared by electrostatic self-assembling.
Subsequent UV irradiating stabilized the film and
made it strongly resistant to polar solvents. The exis-
tence of Ag nanoparticles in the film endowed it with
electric conductivity. This may be of significance, as
functional films containing other metals or semicon-
ductors can be prepared similarly and stabilized by
the formation of covalent crosslink networks. Further,
the stability of such functional films would make their
application in different environments more practica-
ble.

We thank Professor Gaoyuan Wei for many useful sugges-
tions.
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