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ABSTRACT

Palladium (Pd) nanoparticles were incorporated into isotactic polypropylene (iPP) film by a one-step dry process. iPP film was ex-
posed to the sublimed Pd(acac), vapor in a glass vessel at 180°C. The Pd nanoparticles were observed by transmission electron mi-
croscope (TEM), and it was found that metallic nanoparticles were selectively loaded on the amorphous regions between the lamellae
in iPP. Thermal degradation kinetics was investigated by introducing the data of thermogravimetric analysis (TGA) to Flynn & Wall
equation. TGA data showed that thermal degradation temperature (T4) of the neat iPP was improved about 35°C by loading 0.27 wt%
Pd nanoparticles. Thermal degradation activation energy (Ey) for iPP/Pd nanocomposite was 227.85 kJ/mol while that of neat iPP
was 220.57 ki/mol. These results meant that the Pd nanoparticles acted as a retardant in the thermal degradation of neat iPP polymer

chain.
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1. Introduction

Uniformly dispersed metallic nanoparticles into a polymer ma-
trix can offer new functional materials in the various applica-
tions such as catalysts, optics, senses, magnetics and electrics.
Therefore many researchers have investigated to develop new
methods for the preparation of polymer/metal nanocomposites
avoiding their easy oxidation, contamination, and aggregation
problems, and these methods are mainly classified into five:
(1) a metallic precursor solution and a polymer solution are
mixed in a reactor, and then the metallic precursor is reduced to
the metallic nanoparticles during stirring, heating and evapo-
rating the solvent [1-3]; (2) a metallic precursor is dissolved in
a monomer and then is thermally reduced during the polymeri-
zation at high reaction temperature [4,5]; (3) a colloidal metal-
lic nanoparticles pre-prepared by other methods are mixed with
a polymer solution or monomer and then it was evaporated or
polymerized [6,7]; (4) a metallic precursor is dissolved in a
solvent and the solution impregnates into a polymer matrix, and
then metallic nanoparticles are generated by treating with re-
duction agents or thermolysis [8,9]; and (5) sublimed metallic
precursor molecules penetrate into a polymer matrix and are
reduced to self-assembled metallic nanoparticles [10,11]. The
methods 1~4 are wet process, while the last method 5 is a dry
process.

Crystalline polypropylenes have strong mechanical proper-
ties and their numerous and versatile applications can be easily
achieved by wide range of PP homopolymers and copolymers
and by easy processability. Therefore they are widely used as
bumpers and dashboards in automobiles, OPP films, fibers for
membranes, pipes, etc., and the crystallinity is one of the most
important factors for the determination of the properties [12,
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13]. The explanation of the crystal structure in PP is started by
stereo-isomerism. When PP monomers are polymerized, all the
neighboring methyl groups in the PP chain can have two ste-
reo-isomeric positions. If all the methyl groups arrange on the
same side of the zigzag plain, it is defined as isotactic polypro-
pylene (iPP), and if they arrange alternatively, it is called as
syndiotactic PP (sPP), and each has polymorphism of crystal
structure resulting from various thermal and solvent conditions
[12,14].

It was reported that the onset temperature of the thermal
degradation, Td of alkyl polymer chains was improved by the
incorporation of very small amount of palladium (Pd) nanopar-
ticles [10,11]. Especially the Td values for crystalline polymers
were remarkably increased, that is, Td of syndiotactic polysty-
rene was improved about 500C through the incorporation of 1.5
wt% of Pd nanoparticles. It was maybe due that the dry process,
the above method 5 could incorporate metallic nanoparticles
into the polymer films without the destruction of bulk shape
and even without the change of crystallinity, because metallic
nanoparticles were generated and positioned on the amorphous
regions in sPS. However that of atatic polystyrene was im-
proved only about 18°C by 1.68 wt% Pd nanoparticles, while
that of nylon 6 even decreased about 52.8°C by 15.6 wt% Pd
nanoparticles.

In this study, Pd nanoparticles were incorporated into iPP via
the above method 5 and the thermal degradation kinetics was
studied by Flynn & Wall equation [15,16] as follows:

__—R d(log p)
‘0457 d(TY)

where, E4 was activation energy for the thermal degradation, R
was the universal gas constant, 8.314 kJ/mol, B was heating rate,
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and T was the inversion of the absolute temperature at a se-
lected degradation fraction, a. Ey values could be calculated
from the linear relationships between logf and T at each se-
lected degradation fraction, o, which was obtained from the
dynamic thermogravimetric analysis (TGA) curves at various
heating rates.

2. Experimental
2.1. Materials

Palladium(Il) bis(acetylacetonate), Pd(acac), was purchased
from Johnson Matthey Materials Technology, which was re-
crystallized in acetone prior to its usage. iPP was obtained from
Chisso Ltd. (Japan) whose molecular weight, Mn was 224,000
and polydispersity index, Mw/Mn was 2.5. The iPP pellets
were processed into a film with the thickness of 100 pm by
press molding and the humidity was removed in vacuum oven
for 24 hr at 40°C.

2.2. Incorporation of Pd Nanoparticles into iPP Film

2 mg of Pd(acac), was weighed in a glass vessel (30 ml) and
the iPP film was positioned uprightly in the vessel as shown in
Figure 1. Then air in the vessel was exchanged by nitrogen
three times to prevent the formation of palladium oxide and the
vessel was dipped into 180°C oil bath in vacuo in order to ex-
pose the Pd(acac), vapor to the iPP film uniformly for 0, 30, 60
and 120 min, respectively. Finally, the penetrated vapor was
reduced to Pd nanoparticles during the same step without any
additional treatment.

2.3. TEM Observation

Transmission electron microscopy (TEM) was employed with a
LEO922 energy-filtering transmission electron microscope
(Carl Zeiss Co. Ltd., Germany) at an accelerating voltage of
200 kV. Thin section was prepared by cryo-ultramicrotomy at
-60°C after embedding in a light curable resin system (D-800,
JEOL DATUM, Japan). The average diameter of Pd nanoparti-
cles and its number density displayed on TEM image were
statistically estimated by the image processing software (analy-
SIS, Soft Imaging System Co. Ltd.).

N
iPS -
CH3 a
\cro\ ,o.—._{H 180°C
i SN Oil bath
——0 o—"c/ M: Pd, Pt, Co
CH3 Hz

Bis acetyl acetonato complex

Figure 1. One-step dry process.
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2.4. TG Analysis

To study the thermal degradation kinetics, thermogravimetric
analysis (TGA) was employed using a thermal analysis system
(TG/DTA 6200, EXTRA 6000 series, Seiko Instruments Inc.,
Japan). The analysis was carried out at a N, flow rate of 200
ml/min to prevent the oxidation of the composites. 5 mg film
chip was used as sample and dynamic run was carried out from
room temperature to 600°C at heating rates of 5, 10, 15 and 20
°C/min. The sensitivity of the TGA apparatus is 0.2 mg, and
thus the minimum content to be measured was 0.004 wt% of a
5 mg sample.

3. Results and Discussion

Figure 2(A) showed TEM micrograph of a cross section of iPP
film incorporated with Pd nanoparticles which was prepared by
the exposure to Pd(acac), vapor for 30 min and the TEM image
(B) was obtained from the same specimen except only staining
with RuO;,. In the image (A), very few of Pd nanoparticles were
generated and some of them formed aggregations containing
2~4 nanoparticles, even over 10 particles was shown in the
inset of the image (A). The average diameter of the individual
nanoparticles was 7.5 nm with a standard deviation of 1.8 nm.
The staining with RuO,4 was helpful tool to observe the lamellar
morphologies in a crystalline polymer because it was selec-
tively stained on the amorphous regions which were formed by
tie molecules jointing the lamellae. As shown in Figure 2(B),
Pd nanoparticles expressed as black dots selectively positioned
on the amorphous regions expressed as black lines, and the inset
of the image (B) showed the aggregated area with 9 nanoparti-
cles where it was stained more darkly. It meant that the area
with many nanoparticles had large defect point in the crystal
structure so that many RuO, compounds could stain that area.

Figure 2. TEM micrographs of cross sections of iPP/Pd nanocom-
posite films prepared by the exposure to Pd(acac), vapor for 30 min.
(A) was the image of unstained specimen, while (B) is the image of
stained specimen with RuO,. The insets showed the aggregation
consisted of over 10 nanoparticles.
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Figure 3 showed the dynamic TGA and DTG curves for iPP/
Pd nanocomposites with various amounts of the Pd nanoparti-
cles. The heating rate was at 10 °C/min in nitrogen atmosphere.
It was clearly shown that the incorporation of the Pd nanoparti-
cles shifted the TGA curves to higher temperature. It implied
that the thermal stability was remarkably improved by the in-
corporation of Pd nanoparticles. In the TG curve of neat iPP,
there was almost no weight loss before 372°C and it decreased
very slowly until 404°C, but it was very quickly decreased after
that temperature and almost all polymer chains were degraded
abruptly between 404~482°C. However, the TGA curve of the
iPP/Pd nanocomposite prepared by the exposure to Pd(acac),
vapor for 30 min was very different from that of neat iPP. It
showed no weight loss before 409°C, slow decrement until
439°C, and abrupt degradation between 439~483°C, where the
Pd incorporation weight of the sample was 0.27 wt%. It was an
amazing result that the thermal stability of the neat iPP was
improved by 35°C via the incorporation of such very small
amount of the Pd nanoparticles. In here, the incorporation
weight of Pd nanoparticles was obtained from the prolysis at
1,000°C nitrogen atmosphere in an electric furnace for 3 hr. In
the DTG curves, compared to that of iPP/Pd nanocomposite,
the steeper slope in the former part and the similar slope in the
latter part of the neat iPP maybe said that the Pd nanoparticles
mainly contributed to the improvement in the initial degrada-
tion of neat iPP, and it was maybe due that nanoparticles posi-
tioned on the defects of crystal structure held the polymer
chains tightly until higher temperature. Figure 3 also showed
that the increasing Pd content from 0.27 wt% to 0.57 wt%
could not bring the better results as was expected.
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Figure 3. TGA and DTG curves for iPP/Pd nanocomposites pre-
pared at different Pd(acac), exposure time.
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In order to estimate the thermal degradation rate, the TGA
data at various heating rates were introduced to Flynn & Wall
equation. Figure 4 showed the TGA curves for the iPP/Pd
(0.27 wt%) nanocomposite at the heating rates of 5, 10, 15 and
20 °C/min. The temperature values at o = 0.05 for each heating
rate were 428.30, 438.16, 447.26, and 452.95°C, respectively.
To get Eq4 value at each a, these values were converted to T!
and introduced to the Flynn & Wall equation together with logf
listed in Table 1. Using the same procedure, the temperatures at
different o for each heating rate were obtained from Figure 4,
and the T values were also listed in Table 1. Then a straight
line for each a was plotted by the relationship between log
and T data for Flynn & Wall equation, as displayed in Figure
5. The linear correlation for o. = 0.05 was expressed as log f =
-12.25x10% - T + 18.19. So, the E4 value was calculated from
the slope, -12.25x10° = -0.457-E4/R, so that the E4 value at o =
0.05 was 222.86 kJ/mol. The Ey4 values for various o were also
obtained through the same procedure and shown in Figure 6.
The average E4 value for iPP/Pd (0.27 wt%) nanocomposite
was 227.85 kJ/mol, which was very similar value, 228 kJ/mol
calculated from Kissinger equation [11]. The E4 value for neat
iPP was also calculated by the same procedure and we obtained
the average value of 220.57 kJ/mol, which was also displayed
in Figure 6 and was 7.28 kJ/mol lower. These results meant
that the Pd nanoparticles could act as a retardant in the thermal
degradation of neat iPP polymer chain.
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Figure 4. TGA curves for iPP/Pd (0.27 wt%) nanocomposite at
different heating rates.

Table 1. Relationships between logB and T for the iPP/Pd (0.27
wt%) Nanocomposite.

-1 3 -1
. T x 10% (K

logB 005 010 015 020 025 030 035 040 045 050

0.70 1.4251.413 1.406 1.398 1.397 1.394 1.391 1.388 1.387 1.384
1.00 1.406 1.394 1.388 1.379 1.378 1.375 1.372 1.369 1.366 1.364
1.18 1.388 1.375 1.368 1.340 1.359 1.356 1.353 1.351 1.348 1.346
1.30 1.377 1.366 1.360 1.352 1.351 1.348 1.345 1.342 1.340 1.337
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Figure 5. Isoconversional plots of logp vs.1/T for iPP/Pd (0.27 wt%b)
nanocomposite.
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Figure 6. E4 value tendency of neat iPP and iPP/Pd (0.27 wt%)
nanocomposite according to increasing degradation fraction, a.

4., Conclusion

iPP/Pd nanocomposites were prepared by the incorporation of
Pd(acac), vapor into free-standing iPP film in one-step dry
process and thermal degradation kinetics was investigated by
TGA and Flynn & Wall equation. TEM observation showed
that very few Pd nanoparticles was generated selectively on the
amorphous regions in the crystalline iPP and 0.27 wt% Pd
nanoparticle was incorporated into iPP film through the ex-
posure to Pd(acac), vapor for 30 min. However, such a very
low content of Pd nanoparticles have positive effect on the
thermal degradation of the neat iPP, that is 0.27 wt% Pd
nanoparticles improved the thermal degradation temperature by
35°C. Eq4 value for iPP/Pd (0.27 wt%) nanocomposite was
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227.85 kJ/mol while that of neat iPP was 220.57 kJ/mol. How-
ever the increasing Pd content from 0.27 wt% to 0.57 wt%
could not bring any improvement in thermal degradation.
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