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Abstract In the present investigation, at first, the surface of zinc oxide (ZnO)
nanoparticles was treated with a silane coupling agent of y-methacryloxypropyl-
trimethoxy silane (KH570), which introduces organic functional groups on the
surface of ZnO nanoparticles. Secondly, optically active poly(amide—imide) (PAI)
was synthesized via solution polycondensation of N,N'-(pyromellitoyl)-bis-phenyl-
alanine diacid chloride 1 (M-1) with 4,4'-diaminodiphenylsulfone 2 (M-2). The
polycondensation of diacid chloride with aromatic diamine was carried out with
N,N-dimethylacetamide/triethylamine systems. Finally PAI/ZnO nanocomposites
(NCs) containing 4, 8, and 12% of nanoparticles were successfully fabricated
through ultrasonic irradiation technique. The obtained NCs were characterized by
Fourier transform-infrared (FT-IR) spectroscopy, thermogravimetry analysis, X-ray
powder diffraction, UV-Vis spectroscopy, scanning electron microscopy (SEM),
field emission-scanning electron microscopy (FE-SEM), and transmission electron
microscopy (TEM). The FT-IR spectroscopy indicated that the silane coupling agent
was anchored on the surface of ZnO nanoparticles. SEM, FE-SEM, and TEM
images were showed ZnO nanoparticles were dispersed homogeneously in PAI
matrix.

Keywords Polymers - Nanostructures - Ultrasonic techniques - Surface properties

S. Mallakpour - M. Madani
Organic Polymer Chemistry Research Laboratory, Department of Chemistry,
Isfahan University of Technology, Isfahan 84156-83111, Islamic Republic of Iran

S. Mallakpour (<)

Nanotechnology and Advanced Materials Institute,

Isfahan University of Technology, Isfahan 84156-83111, Islamic Republic of Iran
e-mail: mallak@cc.iut.ac.ir; mallak777 @yahoo.com; mallakpour84 @alumni.ufl.edu

@ Springer



1202 Polym. Bull. (2012) 68:1201-1214

Introduction

Semiconductor nanoparticles are receiving much attention owing to their novel
physical and chemical properties, in comparison with the bulk semiconductor.
Recently, zinc oxide (ZnO) has been found highly attractive because of its
remarkable application potential in photo-catalysts [1], solar cells [2], chemical
sensors [3, 4], piezoelectric transducers [5], UV shielding, and bio-imaging
[6-8]. ZnO is an n-type semiconductor as well as TiO,. Only these two metal
oxides, among the 3d transition metal oxide semiconductor series, have
sufficient stability on photo-excitation state. The band gap energy of ZnO is
3.37 eV. Their stability can be justified with decreasing the possibility of
electron—hole recombination. This phenomenon is related to dissimilar parity of
produced photo-excited electron-hole pair under UV irradiation [9, 10].
Compared to the corresponding inorganic or polymeric components, polymer-
inorganic hybrid materials usually allow one to couple advantages associated
with the inorganic phase to polymers. Accordingly, the integration of inorganic
nanoparticles into polymeric materials leads to a new class of functional
materials [11-13]. Therefore, the introduction of ZnO filler into polymeric
matrix can modify the optical (e.g., shielding from UV and NIR radiation),
electrical, and mechanical properties [14-20]. Consequently, these nanocompos-
ites could be widely applied in coatings, rubbers, plastics, sealant, fibers, and
other applications.

The interfacial interactions between the nanoparticles and polymer matrix play
a crucial role in determining the quality and properties of the nanocomposite
[21]. However, ZnO nanoparticle possesses large specific surface area and high
surface energy, which may cause agglomeration of particles in polymer matrix
and decline in performance of the nanocomposites. In order to improve the
dispersion, it is necessary to modify the surface of ZnO nanoparticles. Various
processing methods, e.g., sol-gel and molecular capping, have been employed to
form finely dispersed ZnO nanoparticles in either organic or inorganic matrix
[22-26].

Poly(amide—imide) (PAI) contains both amide and heterocycle imide struc-
tures along the main chain of the polymer backbone and possesses high thermal
stability, good chemical resistance, excellent mechanical properties, and hydro-
gen bonding interaction, being a promising matrix candidate for hybrid materials
[27].

In the present investigation, we wish to report the synthesis and character-
ization of optically active PAI which was prepared by polycondensation reaction
of N,N’-(pyromellitoyl)-bis-phenylalanine diacid chloride 1 (M-1) with 4,4'-
diaminodiphenylsulfone 2 (M-2). Also, the ZnO nanoparticles were treated with
coupling agent of y-methacryloxypropyltrimethoxy silane (KH570) to introduce
organic functional groups on the surface of ZnO. Then optically active PAl/zinc
oxide nanocomposites (PAI/ZnO NCs) were synthesized under ultrasonic
irradiation conditions. The resulting novel NCs are characterized by several
techniques.
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Experimental
Materials

All chemicals were purchased from Fluka Chemical Co. (Buchs, Switzerland),
Aldrich Chemical Co. (Milwaukee, WI), Riedel-deHaen AG (Seelze, Germany),
and Merck Chemical Co. 4,4’-Diaminodiphenylsulfone 2 (M-2) was used as
obtained without further purification. N,N-dimethylacetamide (DMAc) was dried
over BaO, then distilled in vacuum. L-Phenylalanine was used as obtained without
further purification. The silane coupling agent KH570 obtained from Merck
Chemical Co. Nanosized ZnO powder was purchased from Neutrino Co. with an
average particle size of 25-30 nm.

Equipments

A Jasco-680 Fourier transform-infrared (FT-IR) spectroscopy (Japan) was employed
to examine the chemical bonds on the polymer and NCs. Spectra of solids were
obtained with KBr pellets. Vibration bands were reported as wavenumber (cm™ ).
The band intensities are assigned as weak (w), medium (m), shoulder (sh), strong
(s), and broad (br). Inherent viscosities were measured by a standard procedure
using a Cannon-Fenske routine viscometer (Germany) at the concentration of
0.5 g/dL at 25 °C. Specific rotations were measured by a Jasco Polarimeter (Japan).
Thermogravimetric analysis (TGA) is performed with a STA503 win TA at a
heating rate of 10 °C/min from 25 to 800 °C under nitrogen. The XRD pattern was
acquired by using a Philips Xpert MPD X-ray diffractometer. The analysis was
measured on sample powders. The diffractograms were measured for 20, in the
range of 10°-100°, using Cu Ka incident beam (4 = 1.51418 A). The dispersion
morphology of the nanoparticles on PAI matrix was observed using scanning
electron microscope (SEM, X130, Philips) and field emission-scanning electron
microscopy [FE-SEM, HITACHI (S-4160)]. Transmission electron microscopy
(TEM) images were obtained using a Philips CM 120 microscope with an
accelerating voltage of 100 kV. Images of SEM, FE-SEM, and TEM were collected
from powder samples. UV—-Vis absorption of PAI/ZnO NCs was measured in solid
state on a UV-Vis spectrometer JASCO V-750 in the spectral range between 200
and 800 nm. The reaction was performed by a MISONIX ultrasonic liquid
processor, XL-2000 SERIES. Ultrasound was a wave of frequency 2.25 x 10* Hz
and power 100 W.

Surface functionalization of ZnO nanoparticles

KHS570 was used to modify ZnO nanoparticle. Typical steps were given as follows:
nano ZnO was dried at 110 °C in an oven for 24 h to remove the adsorbed water.
0.20 g of dried nano ZnO with absolute ethanol was sonicated (through an ultrasonic
instrument MISONIX, 100 W) in an ice bath for 15 min, then 0.09 g of KH570
(molar ratio of KH570 to ZnO was 1:15) was added to this mixture and sonicated for
20 min. The mixture was filtered and dried at 60 °C for more than 24 h (Scheme 1).
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Scheme 1 Reaction of ZnO nanoparticles with KH570

Monomer synthesis

N,N'-(Pyromellitoyl)-bis-L-phenylalanine diacid chloride 1 (M-1) was prepared by
procedure reported elsewhere [28].

Polymer synthesis

The PAI was synthesized by a typical procedure shown in Scheme 2 [29]. The
general procedure consisted of adding of M-1 to a cooled stirred solution of M-2 in
DMACc as a solvent. After the reagents dissolved completely, trimethylamine (NEt3)
was added and reaction was allowed to proceed for 2 h. The reaction mixture was
stirred for 5 h. The viscous solution was poured into 40 mL of methanol and the
precipitated solid was filtered off and dried at 80 °C for 10 h under vacuum to yield

the solid polymer 3, and the specific rotation was measured ([o ] p =134, at a
concentration of 0.5 g/dL in DMF at 25 °C).

Preparation of the PAI/ZnO NCs

The procedure for the preparation of PAI/ZnO NCs is shown in Scheme 3; 0.10 g
of PAI was dispersed in 20 mL of absolute ethanol. A uniform colloidal
dispersion was obtained after sonication for 15 min at room temperature. The
suspension was mixed with different amounts of surface modified ZnO nanopar-
ticles (4, 8, and 12 wt% of PAI). The resulting mixture was sonicated for 4 h.
After irradiation, the solvent was removed and the obtained solid was dried in
vacuum at 80 °C for 2 h.
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Scheme 3 Preparation of PAI/ZnO nanocomposites
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Results and discussion
Surface modification of ZnO nanoparticles

The surface of ZnO nanoparticles was treated by KH570 silane coupling agent. The
reaction mechanism is illustrated in Scheme 1. In water or alcohol, KH570 hydrolyzes
to trihydroxyl compounds with one unsaturated bond. The hydroxyl group on the
surface of ZnO will replace with OCHj of the KH570 to bond to it [30-33].

FT-IR spectra of the ZnO nanoparticles, pure KH570, and ZnO-KHS570
nanoparticles are shown in Fig. 1. The FT-IR spectrum of ZnO (Fig. la) show
main absorption bands at 3434, 1577, and 1384 cm™ !, which correspond to the O—H
mode, asymmetric, and symmetric C=0 stretching modes of zinc acetate, respec-
tively. The peak at 424 cm ™' is the characteristic absorption of Zn-O bond. In the
KH570 spectrum (Fig. 1b), the bands at 1720, 1637, and 1165 cm”! belong to C=0,
C=C, and C-O vibrations, respectively. The peak at 900 cm™" originates from the
Si—O stretching of SiOH groups due to the hydrolysis of KH570. It is also found that
the infrared spectrum of the coupling agent (KH570) treated ZnO nanoparticles
exhibits absorptions at 3428 cm™' (—OH), 2929 cm™ ! (-CH, stretching), 1718 cm !
(C=0 of the KH570), 1636 cm™' (C=C), 1170 cm ™' (SiOH), 939 cm™" (Zn-0-Si),
and 817 cm™! (Si—O-Si). Such results indicate that the silane molecules have been
successfully grafted onto the surface of ZnO nanoparticles.

Synthesis and characterization of polymer

The monomer 1 was synthesized according to the reported procedure [28]. PAI 3
was synthesized by the polycondensation reactions of an equimolar mixture of M-1
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Fig. 1 FT-IR spectra of ZnO nanoparticle and modified ZnO nanoparticle
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Fig. 2 FT-IR spectrum of the PAI/ZnO-KH570 NCs: (a) PAI3, (b) PAVZnO (4%), (c) PAU/ZnO (8%),
(d) PAVZnO (12%)

with aromatic diamines M-2 in DMAc/NEt; systems (Scheme 3) [29]. The inherent
viscosity of the resulting polymer was 0.17 dL/g and the yield was 85%. The
resulting polymer showed optical rotation, which indicated that, the polymer is
optically active and chirality was introduced into the backbone of the polymer. The
structure of this polymer was confirmed as PAI by means of FT-IR, 'H NMR
spectroscopy, and elemental analysis [29]. The FT-IR spectrum of polymer (Fig. 2a)
showed absorptions around 3360 cm ™' (N-H), and two overlapped carbonyl (amide
and imide’s C=0) absorptions at 1776, 1725, and 1663 cm™', respectively.
Absorption at 1380 and 727 cm™ ' indicate the presence of the imide heterocycle in
this polymer structure. Absorptions at 1251 and 1150 cm™" are due to the sulfone
moiety (SO, stretching).

Characterization of PAI/ZnO nanocomposites
FT-IR spectra

Figure 2b—d shows the FT-IR spectra of the PAI/ZnO-KH570 nanoparticles (4, 8,
and 12%, respectively). The spectra of the novel NCs clearly exhibit the
characteristic absorption peaks corresponding to polymeric groups. The absorptions
at 1776, 1663, 1590, and 1150 cm~! manifest the existence of PAL The
incorporation nano ZnO in PAI caused the slight changes in the intensities of
absorption bands at 1725 and 1663 cm™" as well as the formation of new absorption
bands in the range of 600-400 cm~'. Peak around 600—400 cm ™" is attributed to the
zinc—oxygen stretching of ZnO. This confirmed the presence of ZnO nanoparticles
present in the PAI matrix. This indicates that there is no chemical linkage between
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PAI and ZnO nanoparticles. Therefore, the comparatively weak interaction is
thought to be a hydrogen bond, and also short-ranged steric and electrical
interaction among active sites of ZnO and different functional groups of PAIL. The
modified nanoparticles were deposited on the surface of PAI matrix, which can be
observed from the XRD data and photographs of FE-SEM as well as TEM.

X-ray diffraction patterns

The XRD patterns of ZnO-KH570 (a), PAI/ZnO (12%) (b), PAI/ZnO (8%) (c), PAI/
ZnO (4%) (d), and PAI (e) are shown in Fig. 3. In Fig. 3a, a series of characteristic
peaks at 20 values: 31.8 (100), 34.4 (002), 36.2 (101), 47.6 (102), 56.6 (110), 62.9
(103), 66.4 (200), 67.9 (112), and 69.1(201) are noticed, which are in accordance
with the zincite phase of ZnO (International Center for diffraction data, JCPDS
5-0664). No peaks due to impurity were observed, which suggests that high purity
ZnO was obtained after modification. In addition, the peak was widened implying
that the particle size is rather small. The average crystallite size D was calculated by
the Debye—Scherrer formula (D = KA/ficos 0), where K is the Scherrer constant, 4
the X-ray wavelength, § the peak width at half-maximum, and 0 is the Bragg
diffraction angle. From the Debye—Scherrer formula, we obtained the crystallite
diameter as 22-30 nm. Figure 3b—d shows the XRD pattern of NCs with 12, 8, and
4% of ZnO nanoparticles, respectively, indicating that the morphology of ZnO
nanoparticles has not been changed during the process and the intensity of
diffraction peaks increases with increasing ZnO content. Pure PAI was totally
amorphous in nature, which did not show any sharp diffraction peaks.
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(110)

(002)
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(112)
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10 20 30 40 50 60 70 80 90 100
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Fig. 3 XRD patterns of (a) ZnO-KH570, (b) PAI/ZnO (12%), (c) PAI/ZnO (8%), (d) PAI/ZnO (4%),
and (e) pure PAI3
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Distribution of ZnO nanoparticles in PAI matrix

The morphology before and after ZnO deposition on the surface of PAI polymer
were confirmed by the SEM and FE-SEM. Figures 4 and 5 show the SEM and FE-
SEM of PAI and PAI/ZnO (12%), respectively. The morphology of pure PAI seems
to be smooth and consisting of spherical-shaped spheres, as depicted in Figs. 4a and
5a—d. The average mean diameter of pure PAI polymer is between 500 and 700 nm.
PAI/ZnO NC with 12% ZnO content is shown in Figs. 4b and 5Se, f. The white spots
are ZnO nanoparticles. The results showed that ZnO nanoparticles were homoge-
neously dispersed in PAI matrix and their average particle size was below 100 nm.

TEM image of PAI NC with 12% ZnO is shown in Fig. 6a and b. The central
black spot and translucent parts show ZnO nanoparticles and PAI polymer,
respectively. TEM indicated that the ZnO particles were well dispersed in the
polymer matrix and remain a diameter size from 30 to 50 nm, representing that the
KHS570 coupling agent play an important role in dispersing the nanoparticles. From
FT-IR, XRD, FE-SEM, and TEM results it is clear that the modified ZnO
nanoparticles were successfully dispersed in polymer matrix. In modified ZnO, the
organic chains of KH570 can fulfill steric hindrance between inorganic nanopar-
ticles and prevent their aggregation. The modified nanoparticles might be dispersed
absolutely and will combine with PAI via the H-bonding of C=0O coupling agent
with -NH, C=0, and SO, groups in PAL

The unmodified —OH groups on the surface of ZnO nanoparticle can bond to the
amide group (C=0) of PAI through interchain hydrogen bonding. The details for
fabrication mechanism of PAI NCs are displayed in Scheme 3.

Thermal analysis of PAI NCs

The TGA curves of PAI and PAI/ZnO NCs are shown in Fig. 7 and resulting TGA
data are summarized in Table 1 that including temperatures at which 5% (Ts), 10%
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Fig. 4 SEM micrographs of a pure PAI3 and b PAI/ZnO (12%)
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Fig. 5 FE-SEM images of a—d PAI3, and e, f PAI/ZnO (12%)

(Tyo) degradation occur and char yield at 800 °C. The initial decomposition
temperatures of the nanocomposites with different ZnO contents (4, 8, and 12%) are
about 370 °C. These values are related to the decomposition of pristine polymer
matrix. The char yields at 800 °C of the nanocomposites with different ZnO content
are higher than that of pure PAI. This enhancement in the char formation is ascribed
to the high heat resistance exerted by the ZnO, because the ZnO nanoparticles have
high thermal stability, so the incorporation of ZnO nanoparticles can improve the
thermal stability of the nanocomposites.
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Fig. 7 TGA thermograms of PAI3 and PAI/ZnO NCs with different ZnO content

UV/Nis absorption

Figure 8 shows the UV/vis absorption spectra of pure PAI, ZnO-KH570 and PAI/
ZnO NCs containing different amount of ZnO nanoparticles in solid state,
respectively. The maximum absorption peak of pure PAI and ZnO are shown at near
338 nm, however, the maximum of PAI/ZnO NCs red shifted to some extent up to
360 nm, as well as spectrum became slightly broad between 350 and 500 nm with
increase in the ZnO content, because of a wide band gap with a large refractive
index and exciton binding energy of ZnO. The observed absorption is around the
UV region indicating that, this type of nanocomposite could be used as a paint-on or
spray-on coating to shield against UV light.

Conclusions

Polycondensation reaction of chiral M-1 with M-2 furnished an optically active PAI
containing L-phenylalanine amino acid moiety using DMACc/NEt; systems. This
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Table 1 Thermal properties of the PAI and PAI/ZnO nanocomposites

Polymer Ts (°C)* Ty (°C)* Char yield (%)°
PAI 383 410 50.0
PAI/ZnO (4%) 383 410 51.7
PAI/ZnO (8%) 391 409 53.1
PAI/ZnO (12%) 391 409 58.3

? Temperature at which 5 and 10% weight loss was recorded by TGA at heating rate of 10 °C/min under
a nitrogen atmosphere

® Weight percentage of material left undecomposed after TGA analysis at a temperature of 800 °C under
a nitrogen atmosphere

(a) ZnO-KH570

{b) PAI

" (€) PAVZnO (12%)

(d) PAUZnO (8%)
_(¢) PAUZnO (4%)

=

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 8 UV-visible absorption spectra of ZnO-KHS570, PAI3, and PAI/ZnO NCs

synthetic polymer is expected to be biodegradable due to presence of amino acids in
the polymer structure. ZnO nanoparticles functionalized with KH570 as a
bifunctional coupling agent was used to fabricate a PAI polymeric NCs. KH570
modified to introduce organic functional groups on the surface of ZnO, which
improved their compatibility and led to better dispersion of ZnO nanoparticles in
polymer matrix. PAI/ZnO NCs are successfully synthesized by ultrasonic irradiation
process. The data obtained from FT-IR spectroscopy, XRD and TGA analysis infer
that the morphology of PAI/ZnO NCs arises from interchain hydrogen bonding
between the ZnO nanoparticles and the PAI matrix. From SEM, FE-SEM, and TEM
images, the ZnO particles show a uniform dispersion in the PAI matrix.

Acknowledgments We wish to express our gratitude to the Research Affairs Division Isfahan
University of Technology (IUT), Isfahan, for partial financial support. Further financial support from
National Elite Foundation (NEF), Iran Nanotechnology Initiative Council (INIC) and Center of
Excellency in Sensors and Green Chemistry Research (IUT) is gratefully acknowledged. We also thank to
Mr. M. Dinari for helpful discussions.

@ Springer



Polym. Bull. (2012) 68:1201-1214 1213

References

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Wu Q, Chen X, Zhang P, Han Y, Chen X, Yan Y, Li S (2008) Amino acid-assisted synthesis of ZnO

hierarchical architectures and their novel photocatalytic activities. Cryst Growth Des 8:3010-3018

. Rhodes R, Horie M, Chen H, Wang Z, Turner ML, Saunders BR (2010) Aggregation of zinc oxide

nanoparticles: From non-aqueous dispersions to composites used as photoactive layers in hybrid solar
cells. J Colloid Interface Sci 344:261-271

. Gupta SK, Joshi A, Kaur M (2010) Development of gas sensors using ZnO nanostructures. J Chem

Sci 122:57-62

. Corso CD, Dickherber A, Hunt WD (2008) An investigation of antibody immobilization methods

employing organosilanes on planar ZnO surfaces for biosensor applications. Biosens Bioelectron
24:805-811

. Wang ZL (2007) Novel nanostructures of ZnO for nanoscale photonics, optoelectronics, piezo-

electricity, and sensing. Appl Phys A 88:7-15

. Li YQ, Fu SY, Mai YW (2006) Preparation and characterization of transparent ZnO/epoxy nano-

composites with high-UV shielding efficiency. Polymer 47:2127-2132

. Becheri A, Diirr M, Nostro PL, Baglioni PJ (2008) Synthesis and characterization of zinc oxide

nanoparticles: application to textiles as UV-absorbers. J Nanopart Res 10:679—-689

. Wu YL, Lim S, Fu S, Tok ALY, Lau HM, Boey FYC, Zeng XT (2007) Surface modifications of ZnO

quantum dots for bio-imaging. Nanotechnology 18:1-9

. Banerjee S, Gopal J, Muraleedharan P, Tyagi AK, Raj B (2006) Physics and chemistry of photo-

catalytic titanium dioxide: visualization of bactericidal activity using atomic force microscopy. Curr
Sci 90:1378-1383

Ghosh HN (2007) Effect of strong coupling on interfacial electron transfer dynamics in dye-sensi-
tized TiO, semiconductor nanoparticles. J Chem Sci 119:205-215

. Mahdavian AR, Sarrafi Y, Shabankareh M (2009) Nanocomposite particles with core—shell mor-

phology III: preparation and characterization of nano Al,Os;—poly(styrene-methyl methacrylate)
particles via miniemulsion polymerization. Polym Bull 63:329-340

Ghosh D, Sardara PS, Biswasa M, Mondal A, Mukherjee N (2010) Dielectric characteristics of
poly(N-vinylcarbazole) and its nanocomposites with ZnO and acetylene black. Mater Chem Phys
123:9-12

Somwangthanaroj A, Suwanchatchai K, Andob S, Tanthapanichakoon W (2009) Effect of zinc
precursor on thermal and light emission properties of ZnO nanoparticles embedded in polyimide
films. Mater Chem Phys 114:751-755

Lee J, Bhattacharyya D, Easteal AJ, Metson JB (2008) Properties of nano-ZnO/poly(vinyl alcohol)/
poly(ethylene oxide) composite thin films. Curr Appl Phys 8:42-47

Xiong M, Gu G, You B, Wu L (2003) Preparation and characterization of poly(styrene butylacrylate)
latex/nano ZnO nanocomposites. J Appl Polym Sci 90:1923-1931

Hsu SC, Whang WT, Hung CH, Chiang PC, Hsiao YN (2005) Effect of the polyimide structure and
ZnO concentration on the morphology and characteristics of polyimide/ZnO nanohybrid films.
Macromol Chem Phys 206:291-298

Uthirakumara P, Leeb YS, Suha EK, Honga CH (2008) Hybrid fluorescent polymer—zinc oxide
nanoparticles: improved efficiency for luminescence conversion LED. J Lumin 128:287-296

Li SC, Li YN (2010) Mechanical and antibacterial properties of modified nano-ZnO/high-density
polyethylene composite films with a low doped content of nano-ZnO. J Appl Polym Sci 116:2965-2969
Tjong SC, Liang GD (2006) Electrical properties of low-density polyethylene/ZnO nanocomposites.
Mater Chem Phys 100:1-5

Shi J, Wang Y, Gao Y, Bai H (2008) Effects of coupling agents on the impact fracture behaviors of
T-ZnOw/PA6 composites. Compos Sci Technol 68:1338-1347

Jetson R, Yin K, Donovan K, Zhu Z (2010) Effects of surface modification on the fluorescence
properties of conjugated polymer/ZnO nanocomposites. Mater Chem Phys 124:417-421

Althues H, Henle J, Kaskel S (2007) Functional inorganic nanofillers for transparent polymers. Chem
Soc Rev 36:1454-1465

Hong RY, Qian JZ, Cao JX (2006) Synthesis and characterization of PMMA grafted ZnO nano-
particles. Powder Technol 163:160-168

Wu YL, Tok ALY, Boey FYC, Zeng XT, Zhang XH (2007) Surface modification of ZnO nano-
crystals. Appl Surf Sci 253:5473-5479

@ Springer



1214 Polym. Bull. (2012) 68:1201-1214

25.

26.

27.

28.

29.

30.

31.

32.

33.

Khrenov V, Klapper M, Koch M, Miillen K (2005) Surface functionalized ZnO particles designed for
the use in transparent nanocomposites. Macromol Chem Phys 206:95-101

Tang E, Cheng G, Ma X, Pang X, Zhao Q (2006) Surface modification of zinc oxide nanoparticle by
PMAA and its dispersion in aqueous system. Appl Surf Sci 252:5227-5232

Mallakpour S, Khani M (2007) Novel optically active poly(amide-imide)s derived from N-trimel-
litylimido-z-isoleucine and different diisocyanates. Polym Bull 59:587-596

Mallakpour SE, Hajipour AR, Habibi S (2002) Microwave-assisted synthesis of new optically active
poly(ester-imide)s containing N,N-(pyromellitoyl)-bis-L-phenylalanine moieties. J Appl Polym Sci 86:
2211-2216

Mallakpour S, Dinari M (2011) Insertion of novel optically active poly(amide-imide) chains con-
taining pyromellitoyl-bis-L-phenylalanine linkages into the nanolayered silicates modified with L-
tyrosine through solution intercalation. Polymer 52:2514-2523

Tang E, Liu H, Sun L, Zheng E, Cheng G (2007) Fabrication of zinc oxide/poly(styrene) grafted
nanocomposite latex and its dispersion. Eur Polym J 43:4210-4218

Hong RY, Chen LL, Li JH, Li HZ, Zheng Y, Ding J (2007) Preparation and application of poly-
styrene-grafted ZnO nanoparticles. Polym Adv Technol 18:901-909

Peng G, Li Q, Yang Y, Wang H, Li W (2008) Effects of nano ZnO on strength and stability of
unsaturated polyester composites. Polym Adv Technol 19:1629-1634

Tang E, Tian B, Zheng E, Fu C, Cheng G (2008) Preparation of zinc oxide nanoparticle via uniform
precipitation method and its surface modification by methacryloxypropyltrimethoxysilane. Chem
Eng Commun 195:479-491

@ Springer



	A facile route for the preparation of novel optically active poly(amide--imide)/functionalized zinc oxide nanocomposites containing pyromellitoyl-bis-l-phenylalanine moieties
	Abstract
	Introduction
	Experimental
	Materials
	Equipments
	Surface functionalization of ZnO nanoparticles
	Monomer synthesis
	Polymer synthesis
	Preparation of the PAI/ZnO NCs

	Results and discussion
	Surface modification of ZnO nanoparticles
	Synthesis and characterization of polymer
	Characterization of PAI/ZnO nanocomposites
	FT-IR spectra
	X-ray diffraction patterns
	Distribution of ZnO nanoparticles in PAI matrix
	Thermal analysis of PAI NCs
	UV/vis absorption


	Conclusions
	Acknowledgments
	References


