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Effect of metal nanoparticles on thermal stabilization of polymer/metal
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Abstract

Palladium (Pd) nanoparticles were incorporated into free-standing polymer films by a one-step dry process involving simultaneous vaporiza-
tion, absorption and reduction schemes of palladium(II) bis(acetylacetonate), Pd(acac)2, used as a precursor. Matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MAS) and Fourier transform infrared spectroscopy (FTIR) analyses showed that
the polymers maintained their molecular structures throughout the process. The metal nanoparticles were selectively loaded into the amorphous
regions between the lamellae of crystalline polymers having higher melting temperatures than the processing temperature (180 �C). The
uniformly dispersed Pd nanoparticles retarded the thermal decomposition of polystyrenes, polypropylene and a methacrylate polymer, and
accelerated the thermal decomposition of polyamide 6 and poly(ethylene terephthalate), as seen from the results of thermogravimetric analysis
(TGA). Kinetic studies showed that retardation of the degradation was mainly due to suppression of the mobility of polymer chains by the Pd
nanoparticles, while acceleration of the degradation was mainly attributed to a decrease in the degradation activation energy due to the catalytic
role of the Pd nanoparticles.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nano-sized metals have special characteristics that may al-
low their use in a number of advanced functional applications.
However, their use has been limited by the difficulties associ-
ated with handling small objects. They are easily aggregated
because of their high surface free energy, and can be oxidized
or contaminated in air. Embedding of nano-sized metals into
dielectric matrices represents a valid solution to these aggrega-
tion and stabilization problems. Polymers are particularly inter-
esting as an embedding medium as they may impart a variety of
useful characteristics. The methods for loading of the metal
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nanoparticles into a polymer can mainly be classified as: (1)
a metallic precursor is dissolved along with a polymer in a
solvent, and then reduced to the metallic nanoparticles during
stirring, heating and evaporating the solvent [1e4]; (2) a metal-
lic precursor is dissolved in a monomer, and then reduced to
the metallic nanoparticles during polymerization [5e7]; (3) a
colloidal solution of metal nanoparticles, prepared by a pretreat-
ment, is mixed with either a monomer or a polymer solution,
followed by a procedure similar to (1) or (2) [8,9]; and (4) a poly-
mer matrix is impregnated with a solvent containing a metal pre-
cursor, and then is either treated by reduction agents or subjected
to thermolysis [10,11]. Uniformly dispersed metal nanoparticles
in a polymer matrix offer strong possibilities of fabricating func-
tional materials with useful catalytic [1,12], optical [2,3,5,13],
sensing [14], magnetic [4,15,16], or electrical [17,18] proper-
ties. Therefore, many researchers have devoted their work to
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the development of new polymer/metal nanocomposites [19].
However, only a few polymers can be used as host matrices
using those methods due to many process limitations such as
their solubility in the solvents used, ability to polymerize
in the presence of a precursor, miscibility of a precursor to
a polymer, high glass transition and melting temperatures of
host polymers, and so on.

We have previously developed and reported a simple
one-step dry process involving simultaneous vaporization,
absorption and reduction schemes of palladium(II) bis(acetyl-
acetonate), Pd(acac)2, used as a precursor [20e27]. Pd(acac)2

was vaporized in a nitrogen atmosphere in the presence of
a polymer film, and then the metal complex was reduced to
produce the Pd nanoparticles. Using this technique, an assem-
bly of metal nanoparticles in block copolymer films [20,21]
and a patterning of metal nanoparticles in a polymer thin film
by photo- and EB lithography were reported [22,24]. We have
also reported on some properties of the Pd nanoparticles thus
prepared in a polymer film, as a catalyst for electroless depo-
sition [25] and as a lithography mask for reactive ion etching
[23]. The current article discusses the distribution of metal
particles incorporated into crystalline polymer films using the
one-step dry process, and the effects of their loading on the
structures and thermal properties of these films.

2. Experimental section

2.1. Materials

Palladium(II) bis(acetylacetonate), Pd(acac)2, and plati-
num(II) bis(acetylacetonate), Pt(acac)2, were purchased from
Johnson Matthey Materials Technology, and recrystallized in
acetone prior to their use. 1,8,9-Trihydroxyanthracene (dithra-
nol), silver trifluoroacetate (AgTFA) and tetrahydrofuran (THF)
were purchased from Wako Pure Chem. Ind. Ltd. (Japan) and
were used as received. Poly(tert-butyl methacrylate) (PtBuMA,
Mn¼ 337,000), atactic polystyrene (aPS, Mn¼ 200,000),
polyamide 6 (PA6, Mw¼ 20,000), and poly(ethylene tere-
phthalate) (PET, Mw¼ 18,000) were purchased from Aldrich
Chemical Co. (USA), and syndiotactic polystyrene (sPS,
Mn¼ 250,000) was purchased from Polymer Source Inc. (Can-
ada). A monodispersed aPS (TSK standard, Mn¼ 1.04� 104,
Mw/Mn¼ 1.02) was purchased from Toso Corp. (Japan).
Isotactic polypropylene (iPP, Mn¼ 224,000, Mw/Mn¼ 2.5)
containing no commercial additives was supplied by Chisso
Ltd. (Japan). The polymer films with a thickness of 100 mm
were prepared by press molding.

2.2. Incorporation of metal nanoparticles into the
polymer films

Pd(acac)2 or Pt(acac)2 used as precursor was coated on the
upper part of a glass vessel before the loading of a polymer
film in order to expose the vapor of the metal complex to
the film uniformly. The bottom of a glass vessel with 10 mg
of Pd(acac)2 or Pt(acac)2 was heated at 180 �C in an oil bath
in vacuo to sublime them, and then, within a few minutes,
the vaporized precursors were solidified again on the upper
part and were fixed on the glass wall. Next, a polymer film
was loaded into the glass vessel. In order to expose the vapor
on both sides of the film evenly, the film was fixed in a metal
frame with a 1� 3 cm open window, and was placed perpen-
dicular to the bottom of the vessel as illustrated in Fig. 1. The
lower part of the sealed glass vessel including the sample and
the metal complex was dipped into an oil bath at 180 �C for
30, 60 or 120 min after nitrogen replacement. In our previous
studies, we have confirmed that the vapor of the metal com-
plex could penetrate into a film up to 100 mm in depth [27].
Thus, the exposure from both side of a film can prepare uni-
form distribution of the metal nanoparticles.

2.3. Instrumental analysis

To study the thermal degradation characteristics of polymer/
metal nanocomposites, thermogravimetric analysis (TGA) was
employed using a thermal analysis system (TG/DTA 6200,
EXTRA 6000 series, Seiko Instruments Inc., Japan). The anal-
ysis was carried out at a nitrogen (N2) flow rate of 200 mL/min
to prevent the oxidation of the composites. Film chips with
a weight of 3e4 mg were used as sample. Dynamic runs were
carried out from room temperature to 600 �C at heating rates
of 5, 10, 15 and 20 �C/min, and isothermal runs were carried
out at 400 �C for iPP and at 360 �C for sPS in N2 atmosphere.
The Pd nanoparticle contents in polymer films were estimated
from ash contents in a sample of about 5 mg by pyrolysis of
the films at 800 �C for 1 h in an electric furnace of the TGA
apparatus under dry argon atmosphere. The sensitivity of the
TGA apparatus is 0.2 mg, and thus the minimum content to be
measured is 0.004 wt% of a 5 mg sample. The Pd contents
were also estimated from the density of the films measured by
a pycnometer (Accupyc-1330, Shimazu Corp., Japan).

Transmission electron microscopy (TEM) was employed
with a LEO922 energy-filtering transmission electron micro-
scope (Carl Zeiss Co. Ltd., Germany) at an accelerating

Fig. 1. Illustration representing the scheme of the process for introducing

metal nanoparticles into polymer films employed in this study.
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voltage of 200 kV. For sPS, thin sections were prepared by
cryo-ultramicrotomy at �60 �C after embedding in a light
curable resin (D-800, JEOL DATUM, Japan), and then the sec-
tions were stained with ruthenium tetroxide (RuO4) vapor for
10 min. For iPP, the embedded film with a microtomed surface
was exposed to RuO4 vapor overnight, and then it was micro-
tomed at room temperature. The unstained sections of iPP
were obtained by cutting the film by cryo-ultramicrotomy
at �60 �C. The particle sizes and the size distributions were
estimated using image processing software, analySIS� (Soft
Imaging System, Germany). The diameters of at least 200
particles in an image were measured and averaged.

A matrix-assisted laser desorption/ionization time-of-flight
mass spectrometer (MALDI-TOF MAS, Bruker Daltonics
Reflex III, USA) equipped with a pulsed nitrogen laser, of
which wavelength and pulse width were 337 nm and 3 ns,
respectively, was used for the measurements of molecular
weights of polymers. The instrument was operated in reflec-
tion mode at a high voltage of 20 kV with positive ions detec-
tion. Polymer, 10 mg/mL dithranol in THF (tetrahydrofuran)
and 1 mg/mL AgTFA in THF (1 mg/mL) were mixed in a
volume ratio of 1:4:1, just before collecting spectrum.

Dynamic mechanical analysis (DMA) was carried out with
a Perkin Elmer thermal analysis system at a frequency of
0.5 Hz and a heating rate of 3 �C/min. The sample dimensions
for this analysis were 10� 2� 0.1 mm.
3. Results and discussion

3.1. Selective incorporation of Pd nanoparticles into
semi-crystalline polymers

Fig. 2 shows TEM micrographs of the cross sections of sPS
(Fig. 2a and b) and iPP (Fig. 2c and d) films incorporated with
Pd nanoparticles prepared by the exposure of Pd(acac)2 vapor
for 30 min. The images of unstained specimens are shown in
Fig. 2a and c, whereas the images of the specimens stained
with RuO4 are shown in Fig. 2b and d. The particle distribu-
tions in the films are independent of the depth from the film
surfaces. This suggests that by exposing the vapor of the metal
complex on both sides of the films, it can be absorbed and
evenly diffused into the inside of the films. In the sPS film,
Pd nanoparticles with an average diameter of 6.0 nm and with
a standard deviation of 1.5 nm are evenly distributed. While in
the iPP film, the Pd nanoparticles are distributed unevenly as
they have aggregated to form large domains. As shown in
the inset of Fig. 2c, the size of the individual particles in an
agglomerated particle is similar to that obtained in the sPS
nanocomposite.

As shown in Fig. 2b and d, staining with RuO4 is helpful in
viewing the lamellar morphologies of the crystalline polymers,
as it selectively stains the amorphous regions formed by tie
molecules jointing the lamellae. The well-distributed Pd
Fig. 2. TEM micrographs of cross sections of sPS/Pd (a and b) and iPP/Pd nanocomposite (c and d) films prepared by the exposure of Pd(acac)2 vapor for 30 min.

(a) and (c) are the images of unstained specimens, while (b) and (d) are the images of stained specimens with RuO4.
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nanoparticles are selectively located in the amorphous regions
between the lamellae in sPS (Fig. 2b), while the agglomerated
Pd particles are located outside of the lamellae in iPP
(Fig. 2d). The difference in the location of the Pd nanopar-
ticles in the semi-crystalline polymers is attributed to the dif-
ference in the melting temperatures (Tm) of the polymers. The
processing temperature of 180 �C is lower than the Tm of sPS
(273 �C), and higher than the Tm of iPP (163 �C). Thus, the
lamellar structures of sPS are maintained when the Pd(acac)2

vapor is absorbed and reduced to form the Pd nanoparticles.
On the other hand, the Pd(acac)2 vapor is absorbed and
reduced in iPP in the melt state. It is speculated that during the
re-crystallization process of iPP, the macro-Brownian motion
of iPP chains and the formation of the lamellae structures
exclude the Pd nanoparticles, thus leading to their aggregation.

As reported in our earlier works, the site selectivity of the
metal nanoparticles in polymer films could be achieved using
nanodomain structures of block copolymer films [20,21]. The
metal nanoparticles were selectively produced within the phase
having relatively higher reducing power among various com-
ponents of the films, resulting in either a three-dimensional
or a two-dimensional periodical arrangement of metal nano-
particles. On the other hand, the site selectivity of the Pd nano-
particles in the crystalline polymers studied here is achieved
owing to the difference between the amorphous and the crys-
talline structures in the same polymer. It is easier for Pd nano-
particles to form in the amorphous region, as it is softer than
the crystal region.

The Pd content in the polymer films was estimated from the
residue after the pyrolysis and was plotted against the expo-
sure time of the Pd(acac)2 vapor as in Fig. 3. Those values
were the average of four measurements that showed no large
scatterings within the same polymers. The measured residue of
the composite films is therefore only due to the inorganic com-
ponents in the films, because we confirmed that the organic
polymers give no ash residue after pyrolysis as shown later.

Fig. 3. Plots of Pd contents as a function of the exposure time of Pd(acac)2

vapor in various polymer films.

J.-Y. Lee et al. / Polyme
The contents of Pd nanoparticles in the polymer films varied
widely. Especially, PA6 produced Pd nanoparticles at signifi-
cantly higher contents compared to the other polymers. Expo-
sure of the Pd(acac)2 vapor for 30, 60 and 120 min to the PA6
film produced Pd nanoparticles with the contents of 13, 15 and
23 wt%, respectively. The Pd contents in PA6 were also calcu-
lated from the densities of the films, which gave 12, 17 and
23 wt% for the sample exposed to the vapor for 30, 60 and
120 min, respectively.

As illustrated in Fig. 1, the polymer films after the exposure
of the Pd(acac)2 vapor turned to be black due to the production
of the Pd nanoparticles, while the coated Pd(acac)2 on the
vessel remained yellow. This indicates that the polymers them-
selves work as reducing agents for Pd2þ ions. The results
shown in Fig. 3 suggest that the structures of polymers have
great influence on the efficiency of the production of Pd nano-
particles. The yield of Pd nanoparticles is assumed to depend
on the reducing power of the polymers against the metal com-
plex and also on the rate of diffusion of the metal complex into
the polymer films. The highest yield obtained by PA6 is owing
to the amino end group of PA6 that works as a strong reducing
agent. iPP, on the other hand, showed the lowest yield among
the polymers evaluated, which might be attributed to the non-
polar chemical structure. Polarity of the chemical structures,
however, does not lead to high yield of the metal nano-
particles. As was reported in our previous works, poly(methyl
methacrylate), (PMMA), has uniquely poor reducing power
although it has carbonyl polar group in the side chain [21,22].
We speculate that the Pd2þ ions can be stabilized through the
coordination with the carbonyl group in the PMMA side
chain. Thus, PtBuMA gave a little lower yield than poly-
styrenes and PET. It is noteworthy that the semi-crystalline
polymers with higher melting temperatures than the process-
ing temperature (sPS, PA6 and PET) can produce the Pd nano-
particles at the levels similar to the amorphous polymers (aPS
and PtBuMA). This means that the Pd(acac)2 vapor can be
absorbed and diffused into the crystal phases in polymers.
The Pd contents in sPS are slightly lower than in aPS, which
suggests a lower rate of diffusion of the Pd(acac)2 vapor due to
the existence of the hard crystalline phase.

Fig. 4 shows TEM micrographs of PA6 and PET exposed to
Pd(acac)2 vapor for 30 min. Both polymers show uniform dis-
tributions of Pd nanoparticles in the films. The average dia-
meters of the Pd nanoparticles are 3.4 and 3.7 nm with
standard deviations of 0.9 and 1.4 nm in PA6 and PET, respec-
tively, which are smaller than those in sPS. The particle size is
determined by the competition between nucleation and growth
of the particles. In a system with strong reducing power, nucle-
ation is faster than the growth of particles, resulting in small
particle size. It is assumed that PA6 and PET can more effec-
tively produce nucleating sites than polystyrenes, indicating
that those polymers have stronger reducing power than poly-
styrenes. The Tms of PA6 and PET are 220 and 265 �C, respec-
tively, which are higher than the processing temperature.
Therefore, the Pd nanoparticles are produced in the polymer
films while maintaining the crystalline morphologies similar
to that in the sPS.
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Fig. 4. TEM micrographs of cross sections of (a) PA6 and (b) PET films exposed to Pd(acac)2 vapor for 30 min.
3.2. Effect of the process on chemical structures of the
polymers

To study how the molecular structures of the polymers are
changed during the loading process of the Pd nanoparticles
into the polymers, MALDI-TOF MAS and FTIR analyses
were carried out. Fig. 5a shows the MALDI-TOF MAS spectra
of a monodispersed aPS with Mn of 1.02� 104 before (upper
spectrum) and after (bottom spectrum) the exposure of the
Pd(acac)2 vapor for 30 min. No major changes in the molecu-
lar weight distribution were detected in the two spectra,
indicating that the metal loading process did not cause any
degradation or crosslinking of the polymer. These results
were corroborated with FTIR analysis in case of iPP and PA6
films. Fig. 5b and c shows the FTIR spectra before and after
the metal loading process in iPP and PA6 films, respectively.
The spectra presented with solid and dotted lines correspond
to those before and after the process, respectively. No new
peaks or shifts in the peaks are observed after the loading of
the Pd nanoparticles. These results indicate that the Pd nano-
particles can be introduced into polymer films without causing
any significant changes in the polymer structures.
Fig. 5. (a) MALDI-TOF MAS spectra of a neat aPS (Mn¼ 1.04� 104) (top) and the sPS nanocomposite (bottom) prepared by the exposure of Pd(acac)2 vapor for

30 min. (b) and (c) FTIR spectra of iPP and PA6 nanocomposite films, respectively. Spectra shown by solid lines correspond to the neat polymers and those shown

by dotted lines correspond to the nanocomposites.
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The thermal decomposition temperature (Td) of the bulk
Pd(acac)2 in nitrogen is 220 �C [7]. Thus, the polymers can
decrease the Td of Pd(acac)2 to 180 �C or lower without any
changes in their molecular structures. Pd(acac)2 introduced
into polymer films in different ways could also be thermally
decomposed and reduced to form Pd nanoparticles. Pd(acac)2

can be dissolved in a aPS film up to 10 wt% by casting from
a chloroform solution [27]. Then, Pd(acac)2 is decomposed to
form Pd nanoparticles by thermal treatment at 180 �C or
lower. The achieved Pd contents by this method, however,
were quite lower than by our method because Pd(acac)2 dis-
solved in the polymer film was evaporated during the thermal
treatment. Supercritical CO2 is also effective to introduce
Pd(acac)2 into polymer films, and Pd nanoparticles could be
distributed into polyimide films by thermal treatment at a lower
temperature of the Td of Pd(acac)2 [11]. These facts indicate
that polymers have catalytic ability to decompose the metal
complex, although we do not know the precise mechanism
of the thermal decomposition of Pd(acac)2 in polymers. How-
ever, it has been reported that similar to the polymers, organic
solvents can also reduce the Td of metal complexes [28]. The
organic solvents are thought to stabilize a transition state
of metal species and lower the activation energy for thermal
decomposition by the coordination. Further, the byproducts
of the decomposition of Pd(acac)2 were not detected in the
polymer films, which indicated that they were evaporated
during the process.

Fig. 6 shows the storage modulus of the sPS and the PA6
nanocomposite films with various Pd contents as a function
of temperature, measured by DMA. The incorporation of the
Pd nanoparticles did not lead to deterioration of the thermo-
mechanical behavior. Moreover, the storage modulus of PA6

Fig. 6. Temperature dependences of the storage modulus of PA6 and sPS nano-

composite films with various Pd contents measured by DMA.
can be enhanced due to the high loading of the Pd nano-
particles. These results further confirm that the metal loading
process does not cause any degradation of the host polymers.
However, the incorporation of Pd nanoparticle lowers the glass
transition temperature estimated from the onset at which the
storage modulus is decreased, suggesting that the crystalline
structures and/or crystallinity might be changed by the absorp-
tion of Pd(acac)2.

3.3. Effect of metal nanoparticles on thermal
degradation behavior of polymers

The thermal stability of the polymer films incorporated
with the Pd nanoparticles was investigated by thermogravi-
metric analysis (TGA). Fig. 7a and b shows the TGA curves
of the dynamic runs at the heating rate of 10 �C/min in a nitro-
gen atmosphere for sPS and for iPP incorporated with various
amounts of the Pd nanoparticles, respectively. It is clear that
the addition of the Pd nanoparticles shifts the TGA curves to
higher temperatures. In the case of pure sPS, there is almost
no weight loss before 360 �C, but the degradation rate
becomes very quick beyond that temperature, and almost all
polymer chains are degraded abruptly between 360 and
450 �C. The exposure of Pd(acac)2 vapor for 30 min to the
sPS film gave 1.5 wt% of the Pd nanoparticles, which is equal
to 0.12 vol% (density of Pd is 12.02 g/cm3). Incorporation of
this small amount of the Pd nanoparticles into sPS remarkably
improves the thermal stability because it increases the temper-
ature at which the degradation begins by about 50 �C and most
of the degradation occurs at a higher temperature range of be-
tween 410 and 450 �C. Higher loading of the Pd nanoparticles
(2.1 wt%) does not lead to any further improvement of the
thermal stability. In the case of iPP, where the Pd contents
that could be loaded were much lower than those in sPS, the
thermal stability was also improved satisfactorily. Isothermal
TGA curves for sPS and for iPP are also shown in Fig. 7c
and d, respectively. The annealing temperatures were 360 �C
for the sPS films, and 400 �C for the iPP films. These figures
clearly show that the addition of Pd nanoparticles significantly
retards the thermal degradation of the polymers, as the time
(Tt) taken for 50 wt% of the polymer to degrade is about
two times longer than those for the pure sPS and iPP.

It is amazing that such a small amount of the Pd nano-
particles can improve the thermal stability of the polymers
remarkably. We have confirmed that the Pd nanoparticles
also improve the thermal stabilities of aPS and PtBuMA,
and it has been reported that the thermal decomposition of
PMMA was also retarded by the incorporation of Pd nano-
particles [19]. Moreover, the use of Pt(acac)2 as an alternative
to Pd(acac)2 leads to incorporation of Pt nanoparticles into
a sPS polymer film, and its thermal stability is also improved
in a same manner. The exposure of Pt(acac)2 vapor for 30 min
gives 1.5 wt% of Pt content in sPS, and increases the onset
of the thermal degradation in the dynamic run at 10 �C/min
by 55 �C.

On the other hand, the Pd nanoparticles affect the thermal
stability of PA6 and PET negatively as shown in Fig. 8a and b,
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Fig. 7. (a) and (b) TGA curves of dynamic runs at 10 �C/min under nitrogen for sPS and iPP nanocomposite films, respectively. (c) and (d) TGA curves of

isothermal runs under nitrogen for sPS nanocomposite films at 360 �C and for iPP nanocomposite films at 400 �C, respectively.
respectively. In both the polymers, the incorporation of the Pd
nanoparticles shifts the TGA curves to lower temperatures.
Therefore, it is clear that the Pd nanoparticles accelerate the
thermal degradation for PA6 and PET.
3.4. Kinetic analysis of thermal degradation

In order to understand the mechanism of the effect of the Pd
nanoparticles on the thermal degradation behavior, the results
Fig. 8. TGA curves of dynamic runs at 10 �C/min under nitrogen for (a) PA6 and (b) PET nanocomposite films with various Pd content.
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of TGA measurements at different heating rates were
subjected to thermal degradation kinetics studies. Since the
polymer structures are maintained through the incorporation
process of the Pd nanoparticles, we could estimate the thermal
degradation activation energy (Ed) and frequency factor (A) of
the polymers. Thus, we could discuss the chemical and the
physical effects of the Pd nanoparticle on the thermal degrada-
tion separately.

For many kinetic processes, a rate of reaction may be ex-
pressed as a product of the rate constant, k, and composition
dependent term, f(a):

r ¼ da

dt
¼ kf ðaÞ ð1Þ

where a is the conversion (¼weight of the polymer volatilized/
initial weight of the polymer) and r is the rate of change of
conversion per unit time (t). The rate constant is a temperature
dependent term, which is assumed to obey the usual Arrhenius
relationship:

k ¼ A exp

�
�Ed

RT

�
ð2Þ

where Ed is the degradation activation energy, A is the pre-
exponential factor, T is the absolute temperature, and R is the
gas constant (8.314 J/mol K). The term f(a) is assumed to
follow a simple nth order relationship:

f ðaÞ ¼ ð1� aÞn ð3Þ

Combining Eqs. (1)e(3) leads to the following expression:

da

dt
¼ Að1� aÞn exp

�
�Ed

RT

�
ð4Þ

We estimated the kinetic parameters by applying two sepa-
rate methods to the TGA and the corresponding differential
thermogravimetric (DTG) data, taken at different heating rates
of 5, 10, 15 and 20 �C/min.

Kissinger method derives a useful expression from Eq. (4)
that allows the calculation of Ed from the temperature, Tp, at
the maximum of DTG curves, where the maximum weight
loss rate appears, obtained from runs at a number of heating
rates [28,29].

d
h
ln
�

b=T2
p

�i
d
�
1=Tp

� ¼�Ed

R
ð5Þ

where b is the heating rate. The Ed can be calculated from the
slope of the straight line in the plot of �ln (b/Tp

2) versus 1/Tp.
Friedman’s method, on the other hand, derives the follow-

ing equation from Eq. (4) [30]:

lnb

�
da

dT

�
¼ ln Aþ n ln f ðaÞ � Ed

RT
ð6Þ

The reaction rate, da/dt, is plotted against 1/T at an equal
conversion, where T values at a constant a are taken from
TGA curves at different scanning rates. Therefore, if the
kinetics does not change with the conversion, one should
observe a family of parallel lines having �Ed/R as slope.
In addition, the reaction order, n and the frequency factor, A
can be obtained from the plots of Ed/RT0 versus ln(1� a),
where T0 is the temperature at which ln(bda/dT ) is equal
to zero.

Fig. 9 shows the plots of the calculated values of �ln(b/Tp
2)

versus 1/Tp obtained by applying Kissinger method. The linear
relationship between �ln(b/Tp

2) and 1/Tp was obtained in all
the neat polymers and in the corresponding nanocomposites
prepared by the exposure of the Pd(acac)2 vapor for 30 min.
The activation energies were calculated from the slopes by
Eq. (1) and are shown in Table 1.

Fig. 10a shows typical plots of the calculated values of
ln(bda/dT ) versus 1/Tp obtained by applying the Friedman
method to the sPS nanocomposite with the Pd content of
1.5 wt%. A linear relationship between the two parameters
was obtained with all the evaluated conversion points
(a¼ 0.2e0.8). Next, Eds were calculated for each a, and
the averages and the standard deviations are presented in
Table 1. In order to obtain the reaction order, n, and the fre-
quency factor, A, a second plot (Fig. 10b) was created. This
graph includes the results of the neat sPS and the sPS nano-
composite with 1.5 wt% Pd content. In both the cases, the
plots exhibit good linear relationships and thus n could be
calculated from the slopes and A could be estimated from
the intercepts.

All the kinetic parameters calculated by the two methods
are listed in Table 1. The activation energies computed by
the two methods are similar, and they are in good agreement
with those previously reported for neat polymers [31e33].
For sPS and iPP, there are no significant differences in the
Eds of the neat polymers and the corresponding composite
materials, while the incorporation of the Pd nanoparticles
results in about 20% reduction in the activation energy of

Fig. 9. Application of Kissinger method to the DTA data for PA6 and iPP neat

polymers and for the corresponding nanocomposites prepared by the exposure

of Pd(acac)2 vapor for 30 min.
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PA6. Pre-exponential factor, A, on the other hand, tends to
decrease with the incorporation of the Pd nanoparticles into
all the three polymers, and it decreases with increase in Pd
content loaded into the polymers.

The enhancement of the thermal stability by the Pd
nanoparticles in sPS and iPP could mainly be attributed to
the decrease in the pre-exponential factor. This decrease indi-
cates that the collision frequency of the polymer chains largely
decreases, thereby suggesting that the mobility of the polymer
chains is greatly suppressed by the Pd nanoparticles. It is well
known that the thermal degradation of a polymer begins with
the generation of free radicals, which transfer to the adjacent
chains via intermolecular and intramolecular chain reactions,
followed by a termination step [34]. Thus, it is indicated
that the Pd nanoparticles have an ability to greatly suppress
these chain transfer reactions. On the other hand, thermal
degradation of PA6 is accelerated due to the reduction in the
activation energy by the Pd nanoparticles, the effect of which
is greater than the decrease in the pre-exponential factor. This
suggests that the Pd nanoparticles have a catalytic role in the
degradation of PA6.

Table 1

Kinetic parameters calculated from TGA and DTA curves

Sample Method Ed (kJ/mol�1) A (min�1) n

sPS Friedman 223� 7.6 3.8� 1016 0.8

Kissinger 215

sPS/Pd (1.5 wt%) Friedman 220� 3.7 1.1� 1016 0.9

Kissinger 209

iPP Friedman 229� 13.1 6.5� 1015 0.5

Kissinger 228

iPP/Pd (0.27 wt%) Friedman 226� 11.0 3.4� 1015 0.5

Kissinger 211

PA6 Friedman 184� 5.2 7.5� 1012 0.6

Kissinger 178

PA6/Pd (12.7 wt%) Friedman 134� 14.3 6.0� 109 0.9

Kissinger 146
4. Conclusions

The Pd nanoparticles were incorporated into the polymer
films via a dry route using a metal complex without the aid
of any solvents or reducing agents. Although the mechanism
of the reduction and formation of the nanoparticles in the poly-
mer films remain unclear, it was shown that the polymers
maintained their molecular structures throughout the process.
The Pd nanoparticles could be successfully incorporated into
the crystalline polymers having melting temperatures higher
than the processing temperature (180 �C). In these cases, the
Pd nanoparticles were selectively located in the amorphous
regions between the lamellae. Therefore, this method enables
us to introduce metal nanoparticles into polymer films with
poor solubility and high melting temperatures.

We found that even an extremely small amount of Pd nano-
particles can significantly enhance the thermal stability of
some polymers, while being harmful to some other polymers.
The kinetic studies of the TGA analysis results suggest that the
Pd nanoparticles reduced the frequency factor of the polymers,
thus suppressing the mobility of the polymer chains, and
thereby suppressing the degradation reactions of sPS and
iPP. On the other hand, the addition of Pd nanoparticles led
to a reduction in activation energy, and thus had a catalytic
role in the degradation reactions of PA6. Therefore, the Pd
nanoparticles have both physical and chemical effects on the
thermal degradation of polymers. Much more types of poly-
mers have to be evaluated in order to find a rule to classify
polymers into two groups.

The metal nanoparticles may have possible applications
in melt processing of polymers due to their thermal stabiliza-
tion effects. Conventionally, hindered phenol derivatives have
mainly been used for the thermal stabilizers of polymers.
However, these organic compounds cause deterioration in the
mechanical properties of the resultant products. The selective
incorporation of metal nanoparticles into amorphous regions
Fig. 10. Application of Friedman method to the DTG data for neat sPS and the sPS nanocomposite film with Pd content of 1.5 wt%. (a) Plot for obtaining of

thermal degradation activation energies at different conversions (a). (b) Plots for obtaining of frequency factors and reaction orders.
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in crystalline polymers may allow us to produce materials that
exhibit unique mechanical and thermal properties. We are now
investigating the influence of the metal nanoparticles on the
properties of crystalline polymers.
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