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Abstract In this article, a series of optically active

poly(amide–imide)/zinc oxide nanocomposites (PAI/ZnO

NCs) with different ZnO contents were prepared by ultra-

sonic technique. For better dispersion of nanoparticles

(NPs) in the PAI matrix, their surface was modified with

two different silane coupling agents. Then, the effects of

two linkers on dispersity of NPs, thermal stability and UV–

Visible spectra of resulting NCs were investigated. The

morphological structures, thermal, and UV properties of

the prepared NCs with two different coupling agents were

studied by X-ray diffraction, transmission electron micro-

graph, field emission scanning electron microscopy, ther-

mogravimetric analysis, and UV–Visible analysis. These

data demonstrated that the surface-modified ZnO NPs were

homogeneously dispersed in the PAI matrix. However, in

the case of KH570 the better dispersity is more

pronounced.

Introduction

An intensive range of research has been devoted to

developing polymer properties using nanotechnology.

These new materials are known as nanocomposites (NCs),

which are multiphase solids where one of the phases has at

least one dimension in the nanometer scale. These mate-

rials including polymers, metal nanoparticles (NPs), and

metal oxide NPs have excellent properties of individual

components and reinforcing each other’s properties

simultaneously because the interfacial interaction between

the filler and the polymer is strong [1–3].

Semiconductor NPs have attracted much attention due to

their novel optical, electrical, and mechanical properties.

Among various semiconductor NPs, zinc oxide (ZnO) NPs

have attracted significant attention due to their proposed

applications in solar energy conversion [4], varistors [5],

luminescence [6], photocatalysis [7, 8], coating [9], and

chemical sensors [10, 11].

The control of dispersion homogeneity of the NPs over

the polymer is important. Therefore, the surface of NPs was

modifying with coupling agents. Trialkoxysilane of coupling

agent molecules hydrolyzes in solution and finally condense

with hydroxyl groups at the surface of NPs [12–14].

Aromatic poly(amide–imide)s (PAIs) have been devel-

oped as high-performance materials offering a good com-

promise between thermal stability and processability.

Comparing with the polyimide and polyamide, the PAI

own the better process ability and heat resistant properties

[15–17]. Therefore, it is suitable matrix for the preparation

of NC [18–21]. Consequently, a wide range of aromatic

PAIs have been used for wire-coating enamels, adhesives,

composite materials, fiber, and film material. On the other

hand, to achieve biodegradation properties using multi-

functional natural metabolites such as amino acids may be

useful. These materials are naturally occurring compounds;

so, polymers based on amino acids are expected to be

biodegradable and biocompatible. Recently, Mallakpour

and co-workers reported synthesis and application of dif-

ferent kinds of optically active polymers [22–25].
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In this study, PAI/ZnO-based hybrid materials, without

extensive chemical bonding between two phases has been

explored using ultrasonication process. For preparation of

PAI, which used as matrix of NCs, at first, optically active

diacid, N-trimellitylimido-L-leucine was prepared. Then,

the PAI was synthesized by direct polycondensation reac-

tion of this diacid with 4,40-diaminodiphenylether, in the

tetrabutylammonium bromide/triphenyl phosphite (TBAB/

TPP) as condensing agent and green reaction media. The

interaction between organic and inorganic phases was

performed using two different linkers, c-methacrylox-

ypropyltrimethoxy silane (KH570) and c-aminopropyltri-

ethoxy silane (KH550) as coupling agents. The properties

of resulting NCs from each coupling agent were studied

comparatively by X-ray diffraction (XRD), field emission

scanning electron microscopy (FE-SEM), and transmission

electron micrograph (TEM). The thermal and optical

properties investigated by thermogravimetric analysis

(TGA), and UV–Visible analysis (UV–Vis).

Experimental

Materials

All chemicals were purchased from Fluka Chemical Co.

(Buchs, Switzerland), Aldrich Chemical Co. (Milwaukee,

WI, USA), Riedel-deHaen AG (Seelze, Germany), and

Merck Chemical Co. (Darmstadt, Germany). L-leucine

(C6H13NO2, 131.17 g mol-1, C99 %) and 4,40-diam-

inodiphenylethre were used as obtained without further

purification. The silane coupling agents, KH570 and

KH550 obtained from Merck Chemical Co. Nanosized

ZnO powder was purchased from Neutrino Co.(Tehran,

Iran) with average particle sizes of 25–30 nm.

Equipments

A Jasco-680 Fourier transform infrared (FT-IR) spectro-

photometer (Japan) was employed to examine the chemical

bonds on the polymer and NCs. Spectra of solids were

obtained with KBr pellets. Inherent viscosities were mea-

sured 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). 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 diffractograms were

measured for 2h, in the range of 10–100�, using Cu Ka

incident beam (k = 1.51418 Å). FE-SEM micrographs of

samples were taken on a Hitachi (S-4160). The morphology

and dispersity analysis was performed on TEM analyzer on

Philips CM 120 operating at 100 kV. UV–Vis absorption of

PAI/ZnO NCs were measured on a UV–Vis spectrometer

JASCO V-750 in the spectral range between 200 and

800 nm. A horn probe MISONIX ultrasonic liquid proces-

sor, XL-2000 SERIES with frequency 2.25 9 104 Hz and

power 100 W was used in solution mixture.

Polymer synthesis

N-trimellitylimido-L-leucine (3) was prepared by the con-

densation of L-leucine (2) with trimellitic anhydride (1),

according to the previously reported procedure [26]. A

typical preparation of PAI is as follows: into a dried 25 mL

round-bottomed flask equipped with a water-cooled con-

denser and a magnetic stirrer, 0.30 g (0.98 mmol) diacid

(3), 0.19 g (0.98 mmol) 4,40-diaminodiphenyl ether (4) and

1.26 g (3.92 mmol) TBAB was ground then 0.93 mL

(3.92 mmol; density = 1.1 g/cm3) TPP was added. The

temperature of mixture was raised to 120 �C and held for

12 h. The resulting product was isolated by addition of

30 mL of methanol. Powdered polymer was dried to leave

0.45 g (90 %) of PAI (Scheme 1). The inherent viscosity

and optical rotation of this PAI in dimethylformamide

(DMF) (measured at a concentration of 0.5 g dL-1 at

25 �C) was 0.20 dL g-1 and -18.86�, respectively.

Preparation of PAI/ZnO NCs

Initially, the ZnO NPs modified with silane coupling agent.

Two different coupling agents (KH570 and KH550) were

Scheme 1 Synthesis of monomer (3) and preparation of PAI
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investigated to improve the properties of the interphase.

The ZnO was dried at 110 �C for 24 h before the surface

modification. Then, 0.20 g dried nano ZnO was ultrasoni-

cated for 15 min in ethanol (20 wt % ZnO) and KH550 or

KH570 coupling agent was added to system and ultraso-

nicated for 20 min; at last, the mixture was filtered and

dried at 60 �C for more than 24 h.

For preparation of NC, PAI scattered in 20 mL of eth-

anol then different amounts of modified ZnO NPs (4, 8, and

12 wt %) were mixed with suspension and irradiated under

ultrasound waves for 4 h. The solvent removed and the

obtained solid dried in vacuum at 80 �C for 4 h

(Scheme 2).

Results and discussion

Fabrication of PAI/ZnO NCs

PAI/ZnO NCs were prepared by an ultrasonic irradiation

technique. In process of modification of NPs, the hydroxyl

group on the surface of ZnO will be replaced with alkoxyl

substituents of the silane groups. Silanol group, which is

linked on the surface of ZnO, will produce steric repulsion

that can prevent their aggregation. The modification illus-

tration of ZnO NPs with KH570 and KH550 is shown in

Scheme 2. The modified NPs will combine with PAI via

the H-bonding (C=O group of KH570 coupling agent and

–NH2 group of KH550 coupling agent with –NH, C=O

groups in PAI). The unmodified –OH groups on the surface

of NPs can bond to C=O and –NH of PAI through

hydrogen bonding. The details of proposed interactions in

PAI NCs are displayed in Scheme 2.

FT-IR spectra

Figure 1 shows typical the FT-IR spectra of pure ZnO NPs

and ZnO NPs modified with coupling agents (KH570 and

KH550). The FT-IR spectrum of ZnO NPs showed the

broad peak at 3434 cm-1 due to the stretching vibrations of

the –OH group on the surface of ZnO NPs, a high intensity

broad band around 424 cm-1 is owing to the stretching

mode of the Zn–O bond. The spectrum of ZnO NPs

modified with the KH570 coupling agent showed the

absorption peaks at 2929 (–CH2), 1718 (C=O), 1636

(C=C), 1170 (SiOH), 939 (Zn–O–Si), 817 (Si–O-Si) cm-1,

which were characteristic peaks of functional groups of

linker and indicating that KH570 was bonded to the surface

of nano ZnO.

The FT-IR spectrum of functionalized ZnO with KH550

gave a broad absorption band located at 3419 cm-1, which

attributed to –OH and –NH2. The peaks at 2928 and

1016 cm-1 can be assigned to the symmetric methylene

stretch (–CH2), and the Si–O stretch, respectively. The FT-

IR indicated that coupling agents were successfully grafted

onto the surface of ZnO NPs.

The FT-IR spectra of the PAI and NCs containing

12 wt % of modified ZnO NPs with coupling agents are

shown in Fig. 2. The spectrum of pure PAI showed

absorptions around 3324 cm-1 (N–H), and two overlapped

carbonyl (amide and imide’s C=O) absorptions at 1776,

1719, and 1669 cm-1, respectively. The peaks at 1378 and

727 cm-1 indicate the presence of the imide heterocycle in

this polymer structure. The spectra of the NCs with both

coupling agents display the characteristic absorption peaks

matching to polymeric groups. The peaks at the region

from 400 to 800 cm-1 assigned to Zn–O still existed.

Scheme 2 Reaction of ZnO NPs with two different coupling agents

and preparation of PAI/ZnO NC

Fig. 1 FT-IR spectra of ZnO NPs, ZnO–KH570, and ZnO–KH550

NPs
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X-ray diffraction

The XRD patterns of ZnO, PAI/ZnO–KH570 (12 wt %),

PAI/ZnO–KH550 (12 wt %), and PAI are shown in Fig. 3.

Pure PAI did not show any sharp diffraction peaks and is

more or less amorphous. Figure 3b and c shows the XRD

pattern of NCs with 12 wt % of ZnO NPs with KH570 and

KH550 coupling agent, respectively, indicating the mor-

phology of ZnO NPs has not been distorted during the

sonication. In Fig. 3d, a series of characteristic peaks:

(100), (002), (101), (102), (110), (103), (200), (112), and

(201) are noticed, which are related to the zincite phase of

ZnO (International Center for diffraction data, JCPDS

5-0664). The average crystallite size D was calculated by

the Debye–Scherrer formula ðD ¼ Kk=b cos hÞ; where K is

the Scherrer constant, k is the X-ray wavelength, b is the

peak width at half-maximum, and h is the Bragg diffraction

angle. From the Debye–Scherrer formula, we obtained the

crystallite diameter as 25–38 nm for ZnO–KH570 and

23–40 nm for ZnO–KH550 in polymer matrix.

Morphology studies

Figure 4 shows the fractal surface of PAI, PAI/ZnO–

KH570 12 wt %, and PAI/ZnO–KH550 12 wt % NC.

From FE-SEM images, it was found that the functionalized

ZnO with two different linkers were quasi-spherical in

shape. The results showed that ZnO NPs were homoge-

neously dispersed in PAI matrix and their average particle

size was below 70 nm. However, the dispersion of NPs in

the PAI matrix was different from one coupling agent to

another. It is interesting to mention that the size of NPs

with KH550 coupling agent is bigger than of KH570 and

shows a little aggregation.

Figure 5 shows the representative TEM micrograph of

PAI/ZnO NC. Figure 5a and b shows the morphology of

PAI/ZnO–KH570 (12 wt %) NC. The micrographs con-

firmed that dispersing ZnO–KH570 particles in the poly-

mer matrix is rather good and the size of NPs are ranging

from 30 to 50 nm. The morphological images of the PAI/

ZnO–KH550 (12 wt %) shown in Fig. 5c and d. From

these photographs, it is obvious that the particles size is

rather large and some agglomerations of them are obser-

vable. The FE-SEM and TEM results show that, when ZnO

is treated with coupling agents, the dispersion of NPs in

polymer matrix is improved obviously. In other words, the

interfacial interaction is very important to improve the NC

properties. NPs due to large specific surface area and high

surface energy can cause agglomeration of particles in the

polymer matrix. Consequently, modification of ZnO NPs is

necessary. TEM image indicated that the coupling agents

behavior play an important role in dispersing the NPs. In

this investigation, it was found that KH570 linker with

functional group of methacrylate is more efficient than

KH550 in improving the NPs dispersion. For coupling

agent KH550, functional group that provides the interac-

tion to the PAI matrix is the amino group. The NH2 of side

group in KH550 may interact with each other before con-

nected to ZnO particles or may form double layer.

Thermal analysis

Figure 6 shows the TGA curves of PAI/ZnO–KH570 NC

with different content of the modified ZnO NPs. The

samples display a good thermal stability before 300 �C,

which was further improved when modified ZnO NPs was

introduced. The char yields at 800 �C of the NCs with

different ZnO content are higher than that of the pure PAI.

This increase in thermal stability may result from the high

thermal stability of the ZnO NPs. Thermal behavior of PAI/

ZnO–KH550 shows in Fig. 7. According to the results of

TGA data in Table 1, the thermal stability of PAI with the

KH570 linker is higher than the KH550. Therefore, nature

Fig. 2 FT-IR spectra of PAI, PAI/ZnO–KH570 (12 wt %) and PAI/

ZnO–KH550 (12 wt %)

Fig. 3 XRD patterns of (a) PAI, (b) PAI/ZnO–KH570 (12 wt %),

(c) PAI/ZnO–KH550 (12 wt %), and (d) ZnO
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Fig. 4 FE-SEM micrographs of pure PAI (a, a0), PAI/ZnO–KH570 (12 wt %) (b, b0), and PAI/ZnO–KH550 (12 wt %) (c, c0) with different

magnification

Fig. 5 TEM micrograph of a, b PAI/ZnO–KH570 (12 wt %) and c, d PAI/ZnO–KH550 (12 wt %) with different magnification
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of coupling agent effects on thermal stability of the

obtained NCs. In result, the more hydrogen bonding, the

higher thermal stability is expected. Since ZnO–KH570

makes more hydrogen bonding with the polymer matrix,

than the ZnO–KH550, hence, the thermal stability of the

PAI/ZnO NCs derived from ZnO–KH570 is higher. This

can be simply recognized from the Figs. 6 and 7.

UV–Vis absorption

The UV–Vis absorbance spectra of PAI and PAI/ZnO NCs

are shown in Figs. 8 and 9. The maximum absorption peak

of pure PAI is shown at near 386 nm due to its delocalized

p electrons. The surface-modified ZnO NPs show a maxi-

mum UV absorption peak at 338 and 368 nm for KH570

and KH550 coupling agent, respectively. For the PAI/ZnO

NCs with two different coupling agents, the maximum

absorption peak of polymer is shifted to the maximum

absorption peak of the modified ZnO NPs. The obtained

NCs have UV shielding ability, hence it is expected that

these NCs can be applied to block the UV radiation.

Conclusions

Modified ZnO/PAI NCs were prepared by ultrasonic irra-

diation. Nanostructure ZnO was modified with two linkers

(KH570 and KH550) and their effects on the properties of

the obtained ZnO/PAI NCs were compared. The NCs

performance and morphologies are remarkably influenced

by dispersing aid and type of coupling agent. The results

Fig. 6 TGA thermograms of PAI and PAI/ZnO–KH570 nanocom-

posites with different nanofiller content

Fig. 7 TGA thermograms of PAI and PAI/ZnO–KH550 nanocom-

posites with different nanofiller content

Table 1 Thermal properties of the PAI and PAI/ZnO bionanocom-

posites

Polymer T5 (�C)a T10 (�C)b Char yield

(%)c

Pure PAI 255.0 304.7 52.2

PAI/ZnO–KH550 (4 wt %) 270.0 340.0 54.0

PAI/ZnO–KH570 (4 wt %) 286.0 369.0 53.0

PAI/ZnO–KH550 (8 wt %) 271.0 343.0 56.5

PAI/ZnO–KH570 (8 wt %) 286.0 364.0 56.6

PAI/ZnO–KH550 (12 wt %) 275.0 350.0 60.0

PAI/ZnO–KH570 (12 wt %) 293.0 375.0 60.0

a Temperature at which 5 % weight loss was recorded by TGA at

heating rate of 10 �C/min under a nitrogen atmosphere
b Temperature at which 10 % weight loss was recorded by TGA at

heating rate of 10 �C/min under a nitrogen atmosphere
c Weight percentage of material left undecomposed after TGA ana-

lysis at a temperature of 800 �C under a nitrogen atmosphere

Fig. 8 UV/Vis absorption spectra of ZnO–KH570, PAI, and PAI/

ZnO nanocomposites

Fig. 9 UV/Vis absorption spectra of ZnO–KH550, PAI, and PAI/

ZnO nanocomposites
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suggested that the kind of coupling agent was an effective

treatment to increase the thermal stability of the NCs. The

TGA data showed that thermal stability of NCs reinforced

with ZnO–KH570 is higher than ZnO–KH550. Therefore,

depending on the nature of coupling agent, compatibility of

ZnO NPs with PAI matrix increased and the dispersion of

NPs were improved. The morphological behaviors of NCs

were investigated by FE-SEM and TEM and the results

showed that the modification of ZnO NPs with KH570

coupling agent was more effective than KH550. Optical

properties characterization results indicated that the NCs

have absorption around the UV region so it is anticipated

that these materials can be used as UV shielding materials.
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