
INTRODUCTION

Silica nanoparticles (SNs) have been
widely used as fillers in the manufac-
ture of coatings [1], rubber [2], plas-
tics [3], binders [4], functional fibres
[5] and so on. In order to improve the
dispersibility and compatibility of
nanoparticles in organic matrices or

solvents, the surface modifications
of nanoparticles have been studied
widely.

The modifications with small
molecules such as butyl alcohol [6]
and organofunctional silanes [7] or
polymers [8,9] could decrease the
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surface energy of inorganic nanoparticles efficiently.
The modified inorganic nanoparticles could be dis-
persed in carbon-chain polymer materials and could be
used as nanofillers for nanocomposites. The hyper-
branched polymers, polyamidoamine (PAMAM)
[10,11] and poly(amine ester) [12] (PAE), had been also
self-assembled from SNs. They could be applied not
only as nanofillers for polyesters and polyamides but
also as solidification agents for epoxy resin because of
the large numbers of surface amino or hydroxyl groups.

The poly(amic acid), the main precursor for poly-
imide (PI), had also been used for the functional mate-
rials [13-15] or cross-linker for epoxy resin [16,17]
because of its particular structure.

Here, we report the preparation and characterization
of the poly(amic acid) grafted silica nanoparticles
(PAA-SNs), prepared by in-situ condensation polymer-
ization of pyromellitic dianhydride (PMDA) and three
diamines (4,4í-diaminodiphenyl ether (DDE), 4,4í-
diaminodiphenyl methane (DDM) and 4,4í-diamino-
diphenyl sulphone (DDS)) in presence of γ-amino-
propyl silica nanoparticles (APSNs). They were expect-
ed to be used as reactive nanofillers for other resins.

EXPERIMENTAL

Raw Materials
Silica nanoparticles used was MN1P obtained from
Zhoushan Mingri Nano-materials Co. Ltd., Zhejiang,
China. The surface area and particle size were 640 m2 g-1

and 10 nm, respectively. It was dried in vacuum at
110oC for 48 h before use. γ-Aminopropyltriethoxysi-
lane (APTES) (Gaizhou Chemical Industrial Co. Ltd.,
Liaoning, China) were used as received. 4,4í-Diamin-
odiphenyl ether (DDE), 4,4í-diaminodiphenyl methane
(DDM) and 4,4í-diaminodiphenyl sulphone (DDS)) are
analytical reagent grades from Shanghai Chemical Co.
of China Medicine Group and re-crystallized in ace-
tonitrile, benzene and methanol, respectively. Pyromel-
litic dianhydride (PMDA) is analytical reagent grade
from Beijing Jinlong Chemical Reagents Ltd. N,N-
dimethyl acetamide (DMAc) and other solvents used
are all analytical reagent grade.

Preparation of PAA-SNs
γ-Aminopropyl silica nanoparticles (APSNs), with an

amino content of 3.34 mmol/g, were prepared by the
self-assembly of APTES onto the surfaces of silica
nanoparticles as reported previously[18]: 5.0 g of silica
nanoparticles, 300 mL toluene and 50 mL APTES were
added into a 500 mL flask and the mixture was dis-
persed with ultrasonic vibrations for 30 min. Then the
mixture was refluxed for 8 h under stirring with a mag-
netic stirrer. After the reaction, the mixture was cen-
trifuged (4×103 rpm for 1 h) and the precipitate was dis-
persed into 300 mL ethanol with ultrasonic vibrations
for 30 min and centrifuged again. The washing opera-
tion was repeated for three times.

3.0 g APSNs and 0.20 mol PMDA were mixed in
250 mL DMAc with ultrasonic vibrations for 30 min,
bubbling with Helium. Then, 0.20 mol diamines were
added and stirred with a magnetic stirrer for 12 h at
room temperature. After the condensation polymeriza-
tions, the reaction mixtures were poured into 500 mL
warm water, respectively and the precipitates were
dried in vacuo at 40oC. The resulting products were the
mixtures of the free poly(amic acid)s and poly(amic
acid) grafted silica nanoparticles (PAA-SNs).

PAA-SNs were separated from the free poly(amic
acid)s by cycles of dispersion in DMAc and centrifuga-
tion at 1.0×104 rpm for 1 h, the similar method as for
APSNs.

Characterizations
Elemental analysis (EA) of C, N and H was performed
on Elementar vario EL instrument. Bruker IFS 66 v/s
infrared spectrometer was used for the Fourier trans-
form infrared (FTIR) spectroscopy analysis. Thermo-
gravimetric analysis (TGA) was used for the thermal
stability of the PAA-SNs performed with a Perkin-
Elmer TGA-7 system by a scan rate of 10oC min-1 at
700oC in N2. The morphologies of silica nanoparticles
(SNs) and the PAA-SNs were characterized with a
JEM-1200 EX/S transmission electron microscope
(TEM). The powers were dispersed in DMAc in an
ultrasonic bath for 5 min, and then deposited on a copper
grid covered with a perforated carbon film. The surface
characterization of the PAA-SNs was accomplished
using a PHI-5702 multi-functional X-ray photoelectron
spectrometer (XPS) with pass energy of 29.35 eV and
an Mg Kα line excitation source. The binding energy of
C 1s (284.6 eV) was used as a reference.

The percentage of grafting (PG) was calculated
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according to the following relationships from the
results of C elemental analyses:
PG (%) = Grafted PAA (g)/Charged silica nanoparti-
cles (g) × 100%

RESULTS AND DISCUSSION

The preparation procedures of PAA grafted silica

nanoparticles could be shown schematically as Figure
1: one of the anhydride group of some PMDA could be
reacted with the amine groups on the surfaces of the
APSNs and the other react with the diamines to form
poly(amic acid) chains. The percentage grafting (PGs)
of PAADDE-SNs, PAADDM-SNs, PAADDS-SNs, calcu-
lated from the results of C elemental analyses (EA),
were 56.77%, 38.97% and 46.05%, respectively. And
they were all lower than those calculated from the N
elemental analyses. It was investigated that only a part
of the amino groups bonded onto the surfaces of
APSNs had been reacted with pyromellitic dianhydride
(PMDA) to form the grafted poly(amic acid)s. This was
caused by the greater space-hindrance of the
monomers. And the different PGs from the same poly-
merizing condition maybe due to the different reactivi-
ties of the diamines used.

The surface elemental contents from the XPS
analyses are shown in Table 1. The surface C content
increased and the surface Si content decreased after the
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Figure 1. Preparation procedure of PAA-SNs.  

Figure 2. FTIR Spectra of: (a) SNs, (b) APSNs, (c) PAADDE-
SNs, (d) PAADDM-SNs, and (e) PAADDS-SNs.

Table 1. The surface compositional data from XPS.

Samples
XPS analysis (at.%)

Si O C N S

SNs

APSNs

PAADDE-SNs

PAADDM-SNs

PAADDS-SNs

19.94

7.01

3.53

3.21

3.28

51.09

19.52

20.74

21.21

20.50

28.69

69.35

72.50

72.44

71.90

-

4.13

3.23

3.14

3.11

-

-

-

-

1.21

Figure 3. TGA Curves of the PAA-SNs.



self-assembly of APTES and grafting of poly(amic
acid)s. The surface O content decreased from 51.09%
of SNs to 19.52% of APSNs because the γ-aminopropyl
groups do not contain any O element. However, it
increased after the surface condensation polymeriza-
tion because the grafted poly(amic acid)s contained O
element. The surface N contents decreased after the
grafting of poly(amic acid)s. The results showed that
the poly(amic acid)s had been grafted onto the surfaces
of SNs successfully.

In the FTIR spectra (Figure 2), the appearances of
the bands at 1775 cm-1 and 1725 cm-1 of asymmetric
and symmetric stretching of carboxyl groups, the bands
at 1654 cm-1 and 1550 cm-1 of characteristics of amic
acid groups, the bands at 1092 cm-1 and 830 cm-1 of Si-
O groups also showed that the poly(amic acid)s had
been grafted onto the surfaces of SNs. The three char-
acteristic bands: 1237 cm-1 of asymmetry stretch of
aromatic ether groups, the band 2927 cm-1 of methyl-
ene groups and the band 1150 cm-1 of sulphone groups,
of the DDE, DDM and DDS were also found in their
FTIR spectra, respectively. 

The TGA curves are shown in Figure 3. The weight
losses of the products at about 200oC were resulted
from the volatilization of the solvent, DMAc, which
was used in the separation procedure. It was found that
the thermal decomposition temperatures of the prod-
ucts are all higher than 400oC. 

The TEM images (Figure 4) showed that the
poly(amic acid)s grafted silica nanoparticles could be
dispersed in organic solvent. So it could be used as
nanofillers or nano-crosslinkers for polymer nanocom-
posites.

CONCLUSION

Three kinds of poly(amic acid) grafted silica nanopar-
ticles (PAA-SNs) were successfully prepared by in-situ
condensation polymerization of pyromellitic dianhy-
dride (PMDA) and different diamines from the surfaces
of the γ-aminopropyl silica nanoparticles (APSNs) with
N,N-dimethyl acetamide (DMAc) as solvent. The PAA-
SNs could be better dispersed in organic solvents and
had numbers of carboxyl acid groups on their surfaces,
so it is expected to be used as reactive nanofillers or
nano-crosslinkers for polymer nanocomposites.
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(a)

Figure 4. TEM images of: (a) PAADDE-SNs, (b) PAADDM-
SNs, and (c) PAADDS-SNs.
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