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Abstract In this study, various optically active poly(ester-amide)/Zinc oxide
bionanocomposites (PEA/ZnO BNCs) were synthesized with different amount of
modified ZnO nanoparticles using ultrasonic irradiation. To obtain the homoge-
neous distribution of ZnO in polymer matrix, the surface of nanoparticles was
modified to organophile with y-aminopropyltriethoxyl silane. PEA/ZnO BNCs were
characterized by Fourier transform infrared spectra, X-ray diffraction, field emission
scanning electron microscopy (FE-SEM), atomic force microscopy (AFM), and
transmission electron microscopy (TEM). The FE-SEM, AFM, and TEM results
confirmed that the nanoparticles were dispersed uniformly in PEA matrix at the
nanoscale. In addition, thermogravimetric analysis data indicated an improvement
of thermal stability of novel BNC materials as compared to the pure polymer.

Keywords Poly(ester-amide) - Zinc oxide - Ultrasonic irradiation - Atomic force
microscopy (AFM)

A. Abdolmaleki (<)) - S. Borandeh

Department of Chemistry, Isfahan University of Technology, 84156-83111 Isfahan,
Islamic Republic of Iran

e-mail: abdolmeleki@cc.iut.ac.ir; amirabdolmaleki@yahoo.com

A. Abdolmaleki - S. Mallakpour
Nanotechnology and Advanced Materials Institute, Isfahan University of Technology,
84156-83111 Isfahan, Islamic Republic of Iran

S. Mallakpour (<)

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

@ Springer



16 Polym. Bull. (2012) 69:15-28

Introduction

The best candidate to be hosting matrices for composite materials is polymers due to
their ability to yield a variety of properties. Furthermore, organic polymers
generally have long-term stability and good flexibility [1, 2]. However, polymers
have some disadvantages such as poor thermal and electrical properties and have
lower modulus and strength in comparison with metals and ceramics. Different
ways, such as synthesis of homopolymers, copolymers, and modified polymers were
performed but they were not sufficient to compensate various properties, which
were required. On the other hand, inorganic nanoparticles possess excellent optical,
catalytic, electronic, and magnetic properties [3—-7]. By combining these two
components, nanocomposites derived from organic polymers and inorganic
nanoparticles are expected to improve properties [8—12]. In general, these resulting
organic polymer-based inorganic nanoparticle composites have been used in various
fields such as electronics, coatings, and catalysis [13—16].

The aggregation of inorganic nanoparticles in polymeric matrix is one of the
limitations of the applications of polymer-inorganic nanocomposites. To prevent the
incompatibility in surface properties and to achieve a homogeneous distribution of
inorganic particles without aggregation, the surface of particles must be modified
with suitable compatibilizers [17-19]. Coupling agents have gained more attention
because of their individual structures, which have two different functional groups,
one side is compatible with polymer matrix and the other is bonded to the surface of
inorganic nanoparticle. One of the most popular and applicable coupling agents is
silane coupling agents. The coupling process can be accomplished via the chemical
reaction between the trialkoxy groups of silane molecules and the hydroxyl groups
on the nanoparticles, whereas other functional groups of silane molecules, which are
generally ethylene, amine, epoxy, thiohydroxy, etc., remain intact [20-22].

In the choice of polymeric matrix, several properties such as chemical stability,
bio-compatibility, and chemical functionalities should be examined. Poly(ester-
amide)s (PEA)s can be a good candidates for these purposes because of their
significant properties such as high temperature stability, mechanical strength, good
chemical resistance, high biodegradability, and flexibility [23, 24]. In addition,
incorporating o-amino acids into their backbones causes to have chiral property and
improves the biodegradability properties of these polymers [25-28].

Among various nanoparticles with different properties and applications, ZnO
with hexagonal wurtzite structure, is one of the multifunctional inorganic
semiconductors [29] that has drawn increasing attention in recent years due to its
many significant potential application in solar cells [30], gas sensors [31], varistors
[32], piezoelectric devices, electro-acoustic, transducers, chemical absorbent [33],
UV light emitting devices [34], sun-screens, UV absorbers [35], and electrostatic
dissipative coating [36]. Furthermore, ZnO is an environmentally friendly material
and has little toxicity, which is desired for bio-applications [37].

In the present investigation, an optically active and biodegradable PEA was used
as a polymer matrix. The ZnO nanoparticles were treated with coupling agent of
y-aminopropyltriethoxyl silane (KH550) to introduce organic functional groups on
the surface of ZnO and improve the dispersion of nanoparticles. Then novel
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optically active PEA/zinc oxide bionanocomposites (PEA/ZnO BNCs) were
synthesized under ultrasonic irradiation conditions. The resulting BNCs were
characterized by various techniques including FT-IR, X-ray diffraction (XRD),
TGA, Differential scanning calorimetry (DSC), and their morphology were
investigated by field emission scanning electron microscopy (FE-SEM), atomic
force microscopy (AFM), and transmission electron microscopy (TEM) analysis.

Experimental
Materials

S-Tyrosine was purchased from Merck Chemical Co. N-methyl-2-pyrrolidinon (NMP,
Merck Chemical Co.) and triethylamine (Merck Chemical Co.) were dried over BaO
and then were distilled under reduced pressure and stored over 4-A molecular sieves.
Isophthaloyl dichloride (2) (Merck chemical Co.), and other reagents and solvents
were obtained commercially and used as received. ZnO nanoparticle with an average
particle size of about 25-30 nm was purchased from Neutrino Co. The silane coupling
agent (KH550) was purchased from Merck Chemical Co.

Characterizations techniques

The chemical composition of the intermediates and obtained particles was studied
by FT-IR spectroscopy using a Jasco-680 FT-IR spectrophotometer (Japan) in the
spectral range between 4,000 and 400 cm ™' with KBr pellet. Vibration bands were
reported as wave number (cm™Y). The band intensities are assigned as weak (w),
medium (m), shoulder (sh), strong (s), and broad (br). The XRD patterns were
recorded by using a Philips Xpert MPD diffractometer equipped with a Cu Kua
anode (1 = 1.5418 A) in 20 range of 10°-80° at the speed of 0.05° min~'. UV/vis
spectra were measured on UV/Vis/NIR spectrophotometer, JASCO, V-570 with
solid pellets of the samples in the spectral range between 200 and 800 nm. Thermal
properties of polymer and nanocomposites were studied on STAS503 win TA
instrument in nitrogen atmosphere at a heating rate of 10 °C min~'. DSC analysis
was taken by Perkin-Elmer DSC-7 in nitrogen atmosphere at a heating rate of
10 °C min~'. FE-SEM micrographs of samples were taken on a Hitachi (S-4160).
AFM topographic images were obtained using Digital Multimode Instruments
Nanoscope III (Digital Instrument Inc., USA) with noncontact tapping mode with a
silica probe (NSC 11) and a frequency of 463 kHz. The morphology and dispersity
analysis was performed on TEM analyzer on Philips CM 120 operating at 100 kV.
The reaction was carried out on a Misonix ultrasonic liquid processor, XL-2000
Series. Ultrasound was a wave of frequency 2.25x 10* Hz and power 100 W.

Monomer synthesis

N,N'-Bis[2-(methyl 3-(4-hydroxyphenyl)propanoate)] isophthaldiamide (3) was
synthesized via the reaction of S-tyrosine methyl ester (1) [38] (1.07 g, 5.5 mmol)
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Scheme 2 Synthesis of PEA

and isophthaloyl dichloride (2) (0.5 g, 2.5 mmol) in 6 mL of NMP as a solvent at
—20 °C (Scheme 1) [39].

Synthesis of PEA

PEA was synthesized via polycondensation of diol 3 with isophthaloyl dichloride 2
(Scheme 2) [39].

Surface modification of ZnO nanoparticles

ZnO nanoparticle was dried at 110 °C for 24 h to remove absorbed water. ZnO
nanoparticle (0.2 g) was added into absolute ethanol (10 mL) and was ultrasonicated
for 15 min. Then, 0.042 mL of KH550 (20 wt% ZnO) was added to the dispersed
solution. The mixture of nanoparticles and KH550 was irradiated under ultrasonic
radiation for 30 min, after which the suspension was filtrated and washed with ethanol
to remove unreacted KH550. The solid was dried at 60 °C for more than 24 h.

Preparation of PEA/ZnO BNCs

The preparation of PEA/ZnO BNCs was carried out by the following procedure:
Different amounts of modified ZnO nanoparticles (2, 4, 6, 8, and 10 wt%) were
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mixed with PEA (0.1 g) and the mixture was dispersed in 20 mL of absolute ethanol
and then was irradiated under ultrasound waves for 4 h. The solvent was removed
and the obtained solid was dried in vacuum at 80 °C for 4 h.

Results and discussion
Surface modification of ZnO nanoparticles

Surface-treating ZnO filler with a suitable modifying agent can improve the
compatibility of ZnO filler with polymer matrix, promotes effectively the adhesion
of polymer matrix to ZnO filler; and reduces the aggregation of nanoparticles in
polymer/ZnO nanocomposite. In this study, the surface of ZnO nanoparticles was
treated using KH550. A substitution reaction can take place between the hydroxyl
surface groups of the ZnO nanoparticles and the —OCH,CHj groups from the
coupling agent, thereby changing the ZnO surface to be more hydrophobic with
better affinity to organic matrix. The modified ZnO nanoparticles also provide steric
hindrance between inorganic nanoparticles and organic polymer that support
uniform dispersion and prevent aggregation. For coupling agent KHS550, the
functional group that provides different interactions to ZnO nanoparticle is the
amino group. Various interaction types between aminosilane and ZnO surface were
proposed as follows: (a) hydrogen bonding, (b) ionic bonding, and (c) covalent
bonding with surface hydroxyl groups [40-42]. The details of the mechanism are
shown in Fig. 1.

Structure study

The X-ray diffraction patterns of pure PEA, ZnO nanoparticle and PEA/ZnO BNCs
(6, 8, and 10 wt%) over the 20 range of 10°-80° are shown in Fig. 2. Based on XRD
pattern of pure PEA, it is clear that this polymer is totally amorphous in nature and
does not show any sharp diffraction peaks. The XRD patterns of ZnO nanoparticles
show hexagonal wurtzite structure. The characteristic peaks are observed at 31.8
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Fig. 1 Surface modification of ZnO nanoparticles with KH550
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Fig. 2 XRD curves of pure PEA, pure ZnO nanoparticles, and PEA/ZnO BNCs (6, 8, and 10 wt%)

(100), 34.4 (002), 36.2 (101), 47.6 (102), 56.6 (110), 62.9 (103), 66.4 (200), 67.9
(112), 69.1(201), 72.6 (004), and 77.0 (202). All the diffraction peaks are in
agreement with JCPDS data (No. 36-1451). The XRD of the BNCs have similar
pattern as that of ZnO powder and characteristic amorphous contribution of the
polymer at lower 29 values.

The crystallite size of ZnO in BNCs was found to be 28-32 nm as calculated
from the three peaks using the Scherrer formula (D = K1/f cos 0), where D is the
average crystallite size, K is the Scherrer constant (0.9), 1 is the wave length of Cu
(1.54 A), f is the full width of diffraction line at half-maximum intensity, and 0 is
the Bragg angle.

FT-IR analysis

The structure of modified ZnO and synthesized BNCs were confirmed by FT-IR
spectroscopy as shown in Figs. 3b and 4, respectively. In the spectrum of pure ZnO
nanoparticle (Fig. 3a), the existence of a broad peak at 3,434 cm™' confirms the OH
groups on the surface of ZnO. The broad and high intensity peak near 430 cm™" is
pointed to Zn—O bond stretching. The spectrum of functionalized ZnO with KH550
(Fig. 3c) showed new peaks as compared to pure ZnO. The bands at 2924, 2889,
and 2856 cm ™' assigned to C—H asymmetrical stretching vibration (CH; group),
C-H asymmetrical stretching vibration (CH; group), and C—H symmetrical stretching
vibration (CH, group) are detected. In this spectrum, the bands at 2,889 and
2,856 cm ™' were assigned to alkyl groups [<(CH,),—], but their intensities are rather
weak. The N-H bending vibration of primary amine is appeared at approximately
1,578 cm™'. In addition, the broad band appears around 1,509 cm~'. This
examination revealed that the band corresponding to NH, deformation mode
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Fig. 3 FT-IR spectra of (a) pure ZnO nanoparticles, (b) KH550, and (¢) ZnO nanoparticles
functionalized by KH550

shifted to lower wave number due to interaction with silanol group or surface
hydroxyl groups of ZnO. Furthermore, the peaks at 1017, 878, and 444 cm™" were
assigned to Si—O-Si, Zn—0O-Si, and Zn—O bonds, respectively. The appearance of
these bands proves that functional groups in silane coupling agent (propyl or
aminopropyl group, etc.) are attached on the surface of ZnO nanoparticles.

The FT-IR spectra of pure PEA and BNCs are shown in Fig. 4. According to this
figure, pure PEA has characteristic peaks at 3408 (N-H), 1741 (C=0 ester), 1663
(C=0 amide), 1299 (C-N), and 1221 (C-O) cm™'. The FT-IR spectra of BNCs
show the characteristic peaks of both pure PEA and ZnO nanoparticles. From these
spectra, it is reasonable that with increasing the amount of nanoparticles the
intensity of absorption related to Zn—-O-Zn bonds was enhanced.

Morphology study

The dispersion quality of the nanoparticles within the PEA matrix was investigated
by FE-SEM and AFM. Figure 5 shows the FE-SEM micrographs of PEA/ZnO BNC
(10 wt%). The FE-SEM images of PEA/ZnO BNC (a, b) reveal that the ZnO
nanoparticles were homogeneously dispersed in the PEA matrix and the average
particle size of the nanoparticles was in the range of 35-66 nm (Fig. 5¢). Due to
treating ZnO filler with modifying agents such as KH550, the compatibility of ZnO
filler with PEA matrix are able to be improved. In addition, ultrasound irradiation
effect on the distribution and particle size of the nanoparticles.

AFM was utilized to investigate the morphology (shape and size) of PEA/ZnO
BNC (10 wt%) (Fig. 6a, b). The AFM images of PEA/ZnO BNC also agree with the
observation in FE-SEM images. It is noteworthy that no aggregation of ZnO
nanoparticle can be seen in polymer matrix (Fig. 6a). The AFM image reveals a
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Fig. 4 FT-IR spectra of modified ZnO, pure PEA, and PEA/ZnO BNCs

uniform dispersion of spherical shaped particles throughout the PEA/ZnO NBC.
The observed dimensions are below 100 nm.

In addition, TEM micrographs of PEA/ZnO BNC (10 wt%) (Fig. 7) confirmed
good and homogeneous dispersion of ZnO naoparticles into PEA matrix. It is
obviously seen that the mean diameter of particles is in the range of 30-50 nm.
From this data it is found that modifying ZnO nanoparticles with silane coupling
agent has an important role on the dispersion of nanoparticles. Proper function-
alization of the nanoparticles, improves their compatibility with polymer matrix.
Here, the functional group is NH,, which can lead to hydrogen bonding with the
esteric or amidic C=0 and N-H groups in PEA. Other participating interactions may
arise between the unmodified OH groups of ZnO surface and these functional
groups in PEA through H-bonding. The details are shown in Fig. 8.

UV/Vis absorption

The optical properties of pure PEA, modified ZnO, and PEA/ZnO BNCs were
examined and were shown in Fig. 9. According to these spectra, the maximum
absorption peak of pure PEA and modified ZnO nanoparticle appeared at 400 and
368 nm, respectively. These peaks in the UV/Vis range correspond to n—m*
transitions and to the polaronic transitions (n — n* transitions). The maximum
absorption peak of BNCs shifted to the maximum absorption peak of modified ZnO
and the peaks became broader with a shoulder with increasing ZnO content. As a
result, these BNCs could be used as UV-shielding materials due to their absorption
in UV region.
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Fig. 5 FE-SEM micrographs of PEA/ZnO BNC (10 wt%)
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Fig. 6 The two and three dimension AFM topography images of PEA/ZnO BNC (10 wt%)

Thermal properties

The TGA spectra of pure PEA, PEA/ZnO BNCs (6, 8, and 10 wt%), and the
resulting data are shown in Fig. 10 and Table 1, respectively. As shown in the
figure, the Ts and T)¢ wt% increase with the increasing ZnO contents and the char
yields of BNCs at 800 °C improve with increasing ZnO content. The increasing in
thermal stability of BNCs may be due to the good compatibility of modified ZnO
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Fig. 7 TEM micrographs of PEA/ZnO BNC (10 wt%)

Fig. 8 The mechanism of PEA/ZnO BNC formation

nanoparticles with polymer matrix. ZnO nanoparticles have high thermal stability
because of their larger surface area, so the incorporation of ZnO nanoparticles can
improve the thermal resistance of the obtained BNCs. Also the limiting oxygen
index (LOI) of pure PEA and BNCs was calculated (LOI = 17.5 4+ 0.4 CR, where
CR is char yield) [43] and reported in Table 1.

The DSC thermograms of pure PEA, pure PEA which was ultrasound, and PEA/
ZnO-KHS550 (10 wt%) are shown in Fig. 11. As shown in the figure, the glass
transition temperature (7,) of the polymer was decreased after ultrasonication and
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Fig. 9 UV/Vis spectra of modified ZnO, pure PEA, and PEA/ZnO BNCs
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Fig. 10 TGA thermograms of PEA and PEA/ZnO BNCs (6, 8, and 10 wt%) under a nitrogen atmosphere
at heating rate of 10 °C min~'

addition of ZnO nanoparticles. After ultrasonication, the hydrogen bonding between
PEA chains was decreased, so the T, was reduced. Furthermore, the hydrogen bonding
between PEA and ZnO increased, while the hydrogen bonding between PEA and PEA
decreased after the addition of ZnO nanoparticles that caused the enhancement in the
polymer chain mobility and decreasing in the T, value. A single T, was observed at
lower than that of 7, of pure PEA confirms good dispersion of ZnO nanoparticles in
polymer matrix and consequently good dispersion, causes increasing in amorphous
structure due to decreasing in chain—chain interaction of polymer.

Conclusions
Novel polymer/ZnO nanocomposites based on optically active and biodegradable

PEA were successfully synthesized through ultrasonication assisted process.
Structural analysis confirmed the BNCs formation and it showed the relative
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Table 1 Thermal properties of the PEA and PEA/ZnO BNCs

Polymer Decomposition temperature (°C) Char yield (%)° LOI¢
T58 TI()a

PEA 300 305 44 35.1

PEA/ZnO (6%) 302 307 49 37.1

PEA/ZnO (8%) 303 307 54 39.1

PEA/ZnO (10%) 305 309 58 40.7

* Temperature at which 5 and 10% weight loss were recorded by TGA at heating rate of 10 °C min~'in a
N, atmosphere

° Weight percent of the material left undecomposed after TGA at maximum temperature 800 °C in a N,
atmosphere

¢ LOI evaluating char yield at 800 °C

PEA

+
_— - ZnO-KH550
(10 wi%a)

Tg: 123.61°C

— e~

= = b ~ PEA

S E Ultrasound

= irradiation

—1 =, Ty 140.85°C

= : i

é / X T PEA

Tg: 146.75°C

0 50 100 150 200 250 300 350 400
Temperature ("C)

Fig. 11 DSC thermograms of (a) PEA, (b) PEA/ultrasound irradiation, and (¢) PEA/ZnO-KH550
(10 wt%)

change in the peaks with increase in ZnO concentration. The FE-SEM, AFM, and
TEM morphological analysis revealed the importance of silane coupling agent
(KH550) on the surface of ZnO nanoparticles in controlling the size of ZnO
nanoparticles. The existence of esteric C=0 and amidic NH in polymer matrix,
which were capable to interact with amine functional group and unmodified OH on
the surface of ZnO via hydrogen bonding, improved the nanoparticles dispersion
and shape as confirmed using morphology studies. In addition, incorporating nano-
ZnO into PEA causes improvement in thermal stability of BNCs as was compared to
the pure PEA.
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