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Abstract A facile synthesis route is described here for
the preparation of a poly (anthranilic acid)-palladium
nanoparticle composite material by polymerization of
anthranilic acid (AA) monomer using palladium acetate
(PA) as the oxidant. It was found that oxidative polymer-
ization of AA leads to the formation of poly-AA (PAA),
while the reduction of PA results in the formation of pal-
ladium nanoparticles with an average size of ~2 nm. The
palladium nanoparticles were uniformly dispersed and
highly stabilized within the macromolecular matrix
resulting in a uniform metal-polymer composite material.
The resultant composite material was characterized by
means of different techniques, such as IR and Raman
spectroscopy, which yielded information about the chem-
ical structure of polymer, whereas electron microscopy
images provided information concerning the morphology
of the composite material and the distribution of the metal
particles in the composite material. The composite material
was tested as a catalyst for ethylene hydrogenation reaction
and showed a catalytic activity at higher temperatures.
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Introduction

Hybrid composites based on polymer—metal nanoparticles
with nano- or micro-dimensions are an area of considerable
scientific and technical interest since they offer the
opportunity to material scientists to synthesize a broad
range of promising new materials [1]. There have been a
variety of attempts reported in the literature to make
nanoparticle—polymer composite materials. Overall, we
note four different approaches utilized to date. The first
technique [2] consists of the preparation of metal nano-
particles in the matrix. This is done by the reduction of
metal salts dissolved in the polymer matrix. The second
method [3] consists of polymerizing the matrix around the
preformed metal nanoparticles. The third approach [4] has
involved the blending of preformed nanoparticles into a
pre-synthesized polymer. The fourth procedure [5] is the
most desirable approach to achieve an intimate contact
between the metal and the polymer, and it involves the
blending of a monomer and a metal salt. The choice of the
metal salt and the monomer should be such that the metal
salt can oxidize the monomer to form a polymer while the
reduction of the metal salt can produce metal nanoparticles.

Metal nanoparticles of different sizes and shapes can be
combined with polymers to produce a host of composites
having interesting physical properties and important
potential applications. Depending on the synthesis tech-
niques used and the characteristics of the inorganic
materials, the ultimate properties of the resulting composite
can be controlled [1].

Gold [6, 7], copper [8], platinum [9], and palladium [10]
nanoparticles have been successfully incorporated into
polyaniline or substituted polyaniline. Copper, cobalt, and
nickel particles embedded in polyaniline matrices have also
been prepared by a polyol process in which the reduction of
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a precursor and polymerization are achieved in one step at
180 °C [11].

We have demonstrated a facile in situ synthesis route for a
Au-polyaniline composite in which 10-50 nm sized gold
nanoparticles are decorated on micro-size polyaniline balls
[12]. We have successfully produced highly dispersed cop-
per nanoparticles (2.5-10 nm of which 50% of the Cu
nanoparticles are within the size range 2—4 nm) in a thin film
of poly- (o-toluidine) [13]. A metal-poly (0-aminophenol)
composite [14] has been successfully produced when
2-4 nm diameter palladium nanoparticles were incorporated
as the metallic component of the composite material.

In the present communication, we report on a simple, one
pot chemical synthesis route for the preparation of a PAA and
palladium nanoparticle composite material in which the
palladium particles are embedded and totally encapsulated in
the polymer matrix. An in situ method of preparation for the
composite material is particularly attractive from a synthetic
point of view since both the components of the composite
material have ample scope for intimate contact. In the case of
a polymer and metal nanoparticle composite material, the
process starts from the monomer (in the case of polymer) and
the ionic state (in the case of metal particle). Thus, the
molecular level interaction between the host (polymer) and
the guest (metal particle) can yield interesting physical
properties and significant potential applications. The results
from our laboratory reported earlier were limited to the
milligram scale since scaling-up sometimes resulted in
reproducibility problems, whereas, the present communi-
cation presents a gram-scale synthesis approach with good
reproducibility. The composite was used as a catalyst for the
hydrogenation reaction and showed activity at higher tem-
peratures. The mechanistic approach of the synthesis, the
optical and the micro-analytical characterization of this kind
of composite material, and the behavior of this material as a
catalyst will be discussed here.

Experimental

Materials

Unless otherwise indicated, all the chemicals were of ana-
lytical grade and were used as received. Toluene was
obtained from Merck, and Pd-acetate was sourced from Next
Chemica. A stock solution of Pd-acetate (10~2 mol dm™>)
was prepared in toluene. Anthranilic acid was purchased
from BDH (London).

Procedure for the synthesis of composite material

In a typical experiment, 1.32 g of anthranilic acid was
dissolved in 25 mL of methanol in a 50 mL conical flask
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under continuous stirring conditions. Fifteen milliliters of a
previously prepared stock solution of Pd-acetate in toluene
was added drop by drop to the first solution. Initially, a
dark brown colorization was observed followed by a light
pink precipitation. The entire procedure was carried out at
room temperature and under continuous stirring conditions.
Subsequently, the solution was allowed to stand at rest for
10 min during which time all the precipitated material
deposited at the bottom of the flask. TEM specimens were
prepared by pipetting the deposited material onto a lacey
carbon-coated nickel grid. The rest of the solution was then
filtered, and a small portion of the solid mass was used for
the IR and Raman analyses.

Characterization techniques

The solid sample was used for infrared spectra analysis, in
the range 4000-700 cm™', using a Perkin-Elmer 2000
FT-IR spectrometer operating at a resolution 4 cm™~'. The
sample was deposited in the form of a thin film on a NaCl
disk.

Raman spectra of the solid sample were acquired using
the green (514.5 nm) line of an argon ion laser as the
excitation source. Light dispersion was undertaken via the
single spectrograph stage of a Jobin-Yvon T64000 Raman
spectrometer. Power at the sample was kept very low (0.73
mW), and the laser beam diameter at the sample was
~1 pm.

Transmission electron microscopy (TEM) studies of the
samples were carried out at an accelerating voltage of
120 kV using a Philips CM200 TEM equipped with a LaBg
source. A super ultra-thin windowed energy dispersive
X-ray spectrometer (EDS) attached to the TEM was used to
determine the chemical composition of the samples. TEM
specimens were prepared by pipetting 2 pL of colloid
solution from the bottom of the flask onto lacey, carbon-
coated, nickel TEM grids. Differential scanning calori-
metric (DSC) study was carried out on a Setaram
microcalorimeter using a scan rate of 10° per min under
nitrogen atmosphere.

Reactivity measurements

The selective hydrogenation reaction was performed at
atmospheric pressure by passing a continuous gaseous feed
containing pure ethylene and hydrogen (C,H4/H, mol
ratio = 3.05, total flow of feed gas = 77 mL/min) over the
catalyst (50 mg) packed in a fixed-bed quartz micro-reac-
tor, provided with a thermocouple in the catalyst bed, at
different temperatures. After attaining the reaction steady
state, the reaction products were analyzed by a gas chro-
matograph with a flame ionization detector using a Porapak
Q column. The catalyst was studied in its as-prepared state.
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Since only hydrocarbon products are detected by the flame
ionization detector, the selectivity and conversion thus
were based solely on analysis of the hydrocarbons.

Results and discussions

IR and Raman spectroscopic techniques were used to
investigate the optical behavior of the solid sample. The IR
spectrum of the resultant compound is presented in Fig. 1.
The band at 1510 cm™' can be assigned to the C=C
stretching vibration of the benzenoid rings while the peak
at 1385 cm ™ is attributed to the >C=0 stretching vibration
of COO™ groups. A broad band with a peak position at
1650 cm ™' can be attributed the C=C stretching vibration
of the quinoid rings. The band at 1245 cm™' is derived
from the C—N stretching vibration. The peaks at 1134 and
1042 cm™" correspond to the aromatic C-H in-plane
bending vibration. The aromatic out-of-plane C—H defor-
mation vibrations correspond to the band at 800 cm™' and
this indicates the presence of the 1-4 substituted benzene
rings. The bands at 3439, 3356, and 3222 cm™! correspond
to the N—H stretching vibration, whereas the broad band at
2900 cm ™' results from the aromatic C—H stretching
vibration. Overall, the IR spectrum indicates that the
resultant material is the polymeric form of AA with the
combination of the benzenoid and the quinoid forms of
structure.

Figure 2 represents the typical Raman spectrum obtained
from the synthesized material. The bands between 1100 and
1700 cm ™" are sensitive to the PAA oxidation state. The
band at 1168 cm ™' corresponds to the CH benzene defor-
mation mode indicating the presence of quinoid rings. The
C—C deformation band of the benzenoid ring is observed at
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Fig. 1 Fourier transform IR spectrum of the composite material
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Fig. 2 The Raman spectrum obtained from the composite material

1615 cm™'. A small peak at 1537 cm ™' corresponds to the
N-H bending deformation band of protonated amine. Two
intense peaks at 1308 and 1374 cm™! correspond to C-N*"
stretching modes of the delocalized polaronic charge car-
riers. Another small band at 1468 cm ™" corresponds to C=N
stretching mode of the quinoid units. The band at
1256 cm ™" can be assigned to the C-N stretching mode of
the polaronic units whereas the band at 1207 cm™" corre-
sponds to C—N stretching mode due to the single bonds.

The IR and Raman spectra of the resultant material
indicate that the polymer is in a partially oxidized form
with the presence of both benzenoid and quinoid units in
the structure.

The resultant material was studied by TEM to document
the morphology of the polyanthranilic acid and to deter-
mine the fate of the palladium acetate during the reaction.
Figure 3a shows the general morphology of the resultant
material revealing that the small agglomerated polymer
units (1-2 pum) form a chain-like structure. Figure 3b is the
higher magnification TEM image of a single agglomerated
polymer unit showing that it takes a thin film-like
appearance. High magnification images, Fig. 4a—c, and
stereo images reveal evenly distributed dark spots of
diameter about 2 nm throughout the thin film-like struc-
ture. EDX analyses obtained from the electron beam being
focused onto the dark spots indicated that these spots were
palladium.

EELS mapping for the distribution of palladium in the
composite material has provided unambiguous confirma-
tion that the dark spots are palladium. This is most clearly
illustrated in Fig. 5 where a small portion of the polymer
composite was isolated such that portions of the thin films
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Fig. 3 Low magnification TEM
images showing (a) the small
agglomerated polymer units
forming a chain-like structure,
(b) thin film-like appearance of
a polymer unit

Fig. 4 Higher magnification
TEM images of the polymer
composite, the dark spots being
palladium nanoparticles

Fig. 5 (a) Zero-loss image of
the polymer-nanoparticle
composite, (b) Pd-N, 5 edge
jump-ratio image of the area
shown in (a). All of the dark
regions in (a) can clearly be
identified as palladium
nanoparticles

L e—
A

were not overlapping. Figure 5a is a zero-loss image of the
composite. This is an energy filtered image such that it is
only derived from electrons which have retained the beam
energy when passing through this thin sample. This image
contains no useful micro-analytical information. In con-
trast, Fig. 5b is a palladium map from the same region.
This Pd jump-ratio image was obtained by dividing the
Pd-N, 5 post-edge loss image (an image derived from the
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signal from an energy window placed just above the ioni-
zation energy of Pd N shell X-rays, the signal being the
sum of the background signal at this position which con-
tains no micro-analytical information, and the signal
resulting from electrons that lost energy by generating Pd
N shell X-rays) by the pre-edge image (an image derived
from the signal from an energy window placed just before
the ionization energy of Pd N shell X-rays, this image
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being a background image). Comparing the zero-loss and
jump-ratio image, it can be seen that the dark areas in
Fig. 5a correspond to all of the approximately 2 nm
diameter Pd particles mapped in Fig. 5b. The formation of
metallic palladium particles are also confirmed by XPS and
XRD measurement.

Anthranilic acid falls under the substituted aniline group
of compounds in which the carboxylic group (-COOH) is
attached at the ortho position of the aniline. A wide variety of
methods have been applied to the preparation of polyaniline
or substituted polyaniline type compounds by the oxidative
polymerization from their monomer. During the polymeri-
zation process, each step is involved with a release of an
electron [15]. Those electrons can then reduce the palladium
acetate salt (Pd>") to Pd (0). Spectroscopic analysis con-
firmed that the -COOH substituted aniline oxidation product
has a head-to-tail (-N-Ph—N-Ph-)-like arrangement rather
than a head-to-head (—Ph—N=N-Ph-) type. Stereo TEM
images have indicated that the palladium nanoparticles are
highly dispersed and encapsulated in the PAA matrix. For
further confirmation, the Pd-PAA composite was used as the
catalyst for ethylene hydrogenation reaction.

Figure 6 shows the temperature-dependent activity and
selectivity graph for the ethylene hydrogenation reaction
when the palladium—PAA composite material was used as
the catalyst. The ethylene conversion was found only to start
at about 95 °C, Fig. 6. While only 4% ethane was produced
during the reaction between ethylene and hydrogen at
100 °C about 30% ethylene conversion was achieved at
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Fig. 6 Time-of-stream activity over the palladium-polyanthranilic
acid catalyst in the hydrogenation of ethylene at 110 °C [Hy/
C,H, = 3.05; GHSV = 71148 cm’ gf' h™!, amount of Pd-PAA
composite used = 0.05 g]
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Fig. 7 Effect of temperature on the performance of the palladium—
polyanthranilic catalyst in the hydrogenation of ethylene [H,/
C,Hy = 3.05, amount of Pd-PAA composite used = 0.05 g,
GHSV = 71148 cm® ¢7' h™']

150 °C. This demonstrates that the hydrogenation reaction
is thermodynamically favorable at higher temperatures.
Figure 7 shows the time-on-stream activity and selectivity
of the palladium-based polymer composite material as a
catalyst for the reaction between ethylene and hydrogen. A
conversion of 20.5% of ethylene has been obtained for the
selective hydrogenation reaction at 110 °C. This reaction
occurs at a space velocity of 71148 cm® g=' h™'. While
only a small amount of conversion was found during the
initial reaction period (2 h), subsequently the hydrogenation
reaction activity increased with time.

The softening (glass transition) [16] behavior of poly-
aniline and dopped polyaniline has been found in the range
75-94 °C [17] and as in the present case the polymer is the
derivative of polyaniline so it is expected that a similar
event could be happen near by temperature zone. In our
system poly (ortho-amino benzoic acid) shows the onset of
glass transition temperature at 85 °C (DSC thermograph
not shown). At this stage, the metal-polymer binding
energy is not so effective and the palladium particles start
to migrate from the interior of the composite to the surface
of the polymer. When some of the palladium particles are
on the surface of the polymer the reactant species (ethylene
and hydrogen) come in contact with them and they show
catalytic activity. During the movement of the particles
their possible agglomeration cannot be ruled out. The
schematic diagram, Fig. 8, illustrates the process. When a
considerable number of active sites become available on
the surface of the polymer the system will show reasonable
activity as a catalyst. To confirm the above explanation the
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Heat
-
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Fig. 8 Schematic diagram of the migration and agglomeration of the
palladium nanoparticles as a result of the thermal treatment

used catalyst sample (composite) was examined by TEM.
Comparing the zero-loss image, Fig. 9a, and the Pd jump-
ratio image, Fig. 9b, it can be seen that the dark areas in
Fig. 9a correspond to all of the Pd particles mapped in
Fig. 9b. Clearly, a massive migration and agglomeration
of the palladium particles had occurred. A higher mag-
nification TEM image, Fig. 10, clearly illustrates the
agglomeration and clustering of the palladium particles.
The darker regions, two are outlined with white circles in
the inset for example, are the palladium particles that at
some stage during the thermal treatment are no longer
encapsulated by the polymer and thus become active sites
of the catalyst.

Conclusions

The results demonstrate a single step synthetic route for the
preparation of palladium—poly (anthranilic acid) composite
material in which palladium acetate and anthranilic acid

Fig. 9 (a) Zero-loss image of a
used polymer composite at the
end of the reaction, (b) Pd-N; 3
edge jump-ratio image of the
area shown in (a). All of the
dark regions in (a) can clearly
be identified as palladium
particles
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Fig. 10 TEM image reveals the agglomeration and clustering of the
palladium particles. The darker regions (inset: surrounded by white
circles) are the active sites of the catalyst that are created during the
thermal treatment at the time of reaction. The composite is lying on
top of the carbon support film

were utilized as the precursor. The presence of both the
benzenoid and the quinoid form in the polymer, as evi-
denced by IR and Raman spectra, indicates that the
polymer is not in the fully oxidized form. TEM and EELS
analyses showed that the palladium nanoparticles are uni-
formly dispersed in the polymer matrix with a uniform size
distribution of ~2 nm. The response of the ethylene
hydrogenation reaction using the composite as the catalyst
has confirmed the structural arrangement within the fabri-
cated composite as well as its response to heating.
Superstructured nanomaterials such as described here have
some novel properties which are technologically useful in
different sensor applications and the research on this




J Mater Sci (2008) 43:6289-6295

6295

system which is currently in progress will be addressed in
the future publications.
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