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Abstract An aromatic azo-polymer, poly(thiourea-azo-sulfone) (PTAS), has been prepared using 4-(4-
aminophenylsulfonyl)benzenamine and diazonium salt solution of 2,6-diaminopyridine. PTAS was easily processable using
polar solvents and had high molar mass 63 x 10° g:mol ' according to GPC. Mechanically and thermally stable and
electrically conducting polymer/CNTs nano-composites were obtained via melt processing technique. Fine distribution of
CNTs in a polymer matrix performed an essential role in the preparation of polymer/CNTs nano-composites based on
interfacial interaction between CNTs and polymer matrix. Scanning electron micrographs showed good dispersion of filler
and adhesion of matrix on the surface of nanotubes. Accordingly, increasing the amount of CNTs from 0.1 wt% to 5 wt%
increased the electrical conductivity from 2.99 S-em™ to 3.56 S-cm™'. Mechanical strength of functional nanotubes-based
hybrids was enhanced from 43.22 MPa to 65.02 MPa compared with that of hybrids with non-functional filler in matrix
37.21 MPa. A rapport between nanotube loading and thermal stability of the materials was also observed. 10% gravimetric
loss temperature was increased from 528 °C to 578 °C, while glass transition was improved from 241 °C to 271 °C. Adding
up of small quantity of functional CNTs strongly affected the tensile, electrical and thermal properties of materials.
Improvement of the physical properties of CNT-reinforced polymer nano-composites was ascribed to the melt processing
technique.
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INTRODUCTION

Recent advances and scale-up potentials in the technology of producing carbon nanotubes (CNTs) have given
motivation towards emergent applications to exploit the exceptional material properties. One of the potential
relevance of carbon nanotubes has been the development of nanotube-based nanocomposites'' ). Introduction of
high aspect ratio fibers in a polymer matrix has been known to increase the strength and modulus of a composite
through stress transfer mechanism from matrix to the fiber during external loading'*”". With good strength,
CNTs have tremendous potential for applications in many scientific and technological fields, especially for use
as composite fillers in polymers to improve the mechanical, thermal and electrical properties of the resulting
composites’® "%, However, most important challenge has been identified as the technical difficulty because of
poor dispersion and weak interfacial bonding, which are essential for realizing the full potential of nanotubes as
reinforcing agents. One of the efficient ways of increasing the dispersibility is the chemical functionalization of
CNTs, which intern enhances the interfacial bonding between the nanotube and polymer interface!'" ') The
properties of polymer/CNT nano-composites have, thus, been strongly dependent on the extent of nanotube
dispersion which can be improved via enhancing the interaction between the polymer and CNTs components
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instigating wrapping of filler with the polymer matrix!"* ', Non-covalent modification of CNTs included the
physical adsorption and/or packaging of polymers to the surface of the CNTs!'>™'®. Whereas, covalent
modification of CNTs generally involves the chemical bonding/grafting of polymer chains to CNTs, which
considerably develops interfacial interactions between nanotubes and polymer matrix. Furthermore, research has
exposed that unfunctionalized CNTs produce poor adhesion between the nanotubes and the polymer matrix.
Currently, different processing techniques (solution mixing, coagulation, melt compounding, in situ
polymerization, latex technology, solid-state shear pulverization, ezc.) have been used to prepare polymer/CNT
nanocomposites!'®>*!. In general, major interaction between the polymer backbone and nanotube surface occurs
through n-m interaction. Although, n- interaction is a weak bond compared with covalent bonds, the sum of -1t
interactions creates a large net-stabilizing energy that results in superior and stable systems. Consequently, the
electrical and mechanical properties of polymer/CNTs nano-composites can be altered due to their dependency
on CNTs dispersion in the polymer matrix!*** %, It should be noted that the insufficient dispersion has been cited
as a process limitation and key diminishing factor on composite mechanical properties. Efforts to improve CNTs
dispersion include the use of surfactants and the oxidation or chemical functionalization of nanotube surface.
The employment of azo-polymer in polymer/carbon nanotube composites is still a derelict area of research,
which motivated us to develop novel conducting high performance azo-polymer/carbon nanotube materials. In
the current effort, initially we have prepared a new polymer poly(thiourea-azo-sulfone) (PTAS). Afterwards, we
have reported the fabrication of new nanocomposites using melt blending technique. By physical linking of
carbon nanotubes with the matrix, mechanically and heat stable materials with good electrical properties were
attained. Melt procedure was a feasible approach to fabricate low cost high performance nanocomposites which
would in sequence facilitate commercial scale-up. Understanding the rapport between processing, morphology
and composite properties was the major objective of this research, which may lead to favorable reinforcement of
polymer matrices with CNTs. Major confront at the moment, was to accomplish superior performance through
the homogeneous dispersion of nanotubes in the polymer matrix and also the interfacial interaction between
nanotube and azo-polymer. The probable contact between the polymer backbone and nanotube surface was
through n-m interaction and hydrogen bonding. Even though these are bonds weaker than covalent bonding, but
the computation of n-x interactions may cause a large net-stabilized structure. These types of polymer/nanotube
composites may proffer momentous advantages in many applications including microelectronics, sensors, energy
systems, efc.

EXPERIMENTAL

Materials
2,6-Diaminopyridine (97%), 4-(4-aminophenylsulfonyl)benzenamine (APSBA) (97%) were provided by
Aldrich. Ammonium thiocyanate (98%) and tetrahydrofuran (THF) (99.5%) were procured from Merck.

Measurements

NMR spectra were scanned at room temperature by using a BRUKER Spectrometer (300.13 MHz for 'H-NMR)
in deutrated DMSO. IR spectra were recorded with an FTIR Spectrometer, Model No. FTSW 300 MX,
manufactured by BIO-RAD (4 cm™ resolution). Number average and weight average molecular weight was
calculated through gel permeation chromatography (GPC) using THF eluent and refractive index (RI) detector.
Field emission scanning electron microscopy (FE-SEM) of freeze fractured samples was performed using
JSM5910, JEOL Japan. Thermal stability was verified by a Mettler Toledo TGA/SDTA 851° thermo gravimetric
analyzer using 1-5 mg of the sample in Al,O; crucible at a heating rate of 10 K/min. Differential scanning
calorimetry (DSC) was performed on a Mettler Toledo DSC 822° differential scanning calorimeter taking
5-10 mg of samples at 10 K/min. Electrical conductivity of thin films was measured using a Keithley 614
electrometer and the four-probe method. Stress-strain response of the samples was obtained on a Universal
Testing Machine INSTRON 4206 according to the ASTM 638 method. A crosshead speed of 100 mm/min was
used during the test.
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Synthesis of CNTs
CNTs were prepared by the patented technology (Patent number: US2009208403). The HRTEM and XPS
analysis were performed for the nano-tubes produced™”’.

Functionalization of CNTs

Raw multi-walled carbon nano-tubes were initially annealed at 400 °C for 0.5 h to remove any amorphous
carbon content. In order to eradicate metal catalyst, which was incorporated inside the nano-tubes during
synthesis, CNTs were refluxed in HCI for 3 h at ambient temperature. First, the purified CNTs were refluxed and
sonicated at 70 °C (2 h, 6 h, 8 h and 24 h) in a mixture of 8 mol/L sulphuric and 5 mol/L nitric acid (3:1
respectively). After that, 300 mL of deionized water was added to the above mixture, which was filtered (using
cellular membrane filter paper, pore size 0.2 pm) and washed several times with deionized water to pH ca. 6 to
obtain functionalized CNTs!**),

Synthesis of Monomer

Synthesis of 1-(4-thiocarbamoylaminophenylsulfonylphenyl)thiourea (TCAPST)
4-(4-aminophenylsulfonyl)benzenamine (0.2 mol), conc. HCI (16 mL), ammonium thiocyanate (0.2 mol) and
deaerated water (120 mL) were mixed and heated in a porcelain dish (2 h) on a steam bath. The mixture was
cooled to room temperature and later gradually evaporated to dryness for 67 h. The product obtained was boiled
with charcoal in ethanol, filtered and cooled. 1-(4-thiocarbamoylaminophenyl-sulfonylphenyl)thiourea was
recrystallized from ethanol and dried under vacuum at 90 °C (36 h)[zg’ »1. Elemental analysis for C;4H4N40,S;:
Calculated = C% 45.88, H% 3.85, N% 15.29; Found = C% 43.32, H% 3.69, N% 14.49. FTIR (KBr, cm™): 3365,
3234 (N—H stretch), 3019 (aromatic C—H stretch), 2945 (aliphatic C—H stretch), 1599 (N—H bend), 1413
(C—N stretch), 1301 and 1157 (S=O stretch), 1123 (C=S stretch). 'H-NMR (300.13 MHz, DMSO-d,, d): 4.38
(s, 4H, H,), 9.32 (s, 2H, Hy), 6.65 (d, 4H, H,), 7.71 (d, 4H, Hy). “C-NMR (75.47 MHz, DMSO-d, J):
thiocarbonyl C=S 175.1 (C,), 142.4 (C,), 125.3 (C3), 128.1 (Cy), 139.9 (Cs).

Diazotization

0.04 mol 2,6-diaminopyridine was first added to concentrated hydrochloric acid (10 mL) and then dissolved in
distilled water (50 mL). The mixture was placed in a freezing-bath to cool to —10 °C, ensuing brown-colored
precipitate. To the above suspension, 0.04 mol sodium nitrite solution (20 mL) was added with constant
agitation. After the complete addition, mixture was allowed to stir for 1 h at —10 °C, to avoid the decomposition
of diazonium salt. The excess of nitrite was finally removed by the addition of urea (2 g), resulting in diazonium
salt solution.

Synthesis of Poly(thiourea-azo-sulfone)

To a solution of 0.02 mol TCAPST and 10% sodium hydroxide, diazonium salt solution obtained was slowly
added (at —10 °C). The mixture was further stirred for 3 h and acidified with dil. HC1 (10%). The resulting
precipitate was filtered, washed with hot water and then with 3% hydrochloric acid solution. The precipitate was
again dissolved in sodium hydroxide and re-precipitated in HCI®®. The polymer obtained was dried under
vacuum at 70 °C for several hours. FTIR (KBr, cm™) (Fig. 1): 3264 and 1596 (sec. amine N—H stretch and
bend), 3066 (aromatic C—H stretch), 1413 (—N=N— stretch), 1302 and 1151 (S=0O stretch), 1121 (C=S
stretch), 823 (C—S stretching). 'H-NMR (300.13 MHz, DMSO-d, &) (Fig. 2): 8.99 (s), 9.64 (s) (N—Hs
chemical shifts), 7.97 (d), 8.63 (d), 8.26 (t) (pyridine unit), 6.63 (d), 7.52 (d) (phenylene ring protons).

Poly(thiourea-azo-sulfone)/CNTs Nanocomposites

Former to the preparation of PTAS/CNTs nanocomposites, acid functionalized CNTs were dried in a vacuum
oven at 70 °C for 24 h. A Brabender Plastograph 200 Nm WS50EHT mixer with a blade type rotor (Duisburg,
Germany) was used to blend poly(thiourea-azo-sulfone) and CNTs with a rotor speed of 50 r/min and a
temperature of 200 °C for 0.5 h. After blending, the nano-composites were pressed into 1 mm thick films using a
hydrolytic press. The standard specimens for further characterization were finally prepared.
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RESULTS AND DISCUSSION

Preparation of Poly(thiourea-azo-sulfone) (PTAS)/CNTs Nanocomposites

Scheme 1 shows the preparation of poly(thiourea-azo-sulfone) having the sole combination of azo, thiourea and
sulfone linkages via simple route. Molar mass of PTAS was studied using gel permeation chromatography. The
number average molecular weight was 45 x 10’ g/mol while weight average molecular weight was found to be
63 x 10° g/mol. The polymer also exhibited good solubility in THF. Fine electrical conductivity and heat
stability owing to the structural architecture of poly(thiourea-azo-sulfone) was achieved. Later on, the
conducting polymer was exploited as a matrix with CNTs filler to improve mechanical, conducting and thermal
properties of new materials. Azo-polymer was melt blended with functional and non-functional carbon
nanotubes in desired proportions. Physical characteristics of PTAS/CNTs system were enhanced considerably
with an increase in CNTs content and melt compounding technique adopted. Improved mechanical, thermal and
conducting properties of new materials well justified the triumph of the methodology employed.
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Scheme 1 Scheme for the synthesis of monomer and poly(thiourea-azo-sulfone)
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Mechanical Properties

Figure 3 and Table 1 demonstrate the tensile strength of PTAS/CNTs nanocomposites at different CNTs loading
contents. Mechanical strength was improved with carbon nanotubes content increasing from 1 wt% to 5 wt%.
Tensile modulus calculated from the initial slopes of stress-strain curves was realistically high, and presented an
increase up to 5 wt% CNTs in the matrix. PTAS/CNTs 0.1 had initial modulus 991 MPa which improved upto
1003 MPa for PTAS/CNTs 0.5. Further increase in the filler content enhanced the property significantly. Initial
modulus for PTAS/CNTs 1 was 1098 MPa which increased upto 1187 MPa for PTAS/CNTs 2 and 1324 MPa for
PTAS/CNTs 3. However, the modulus was lower for PTAS/CNTs NF 987 MPa. The ultimate stress at break for
PTAS/CNTs hybrids was also enhanced with increase in filler content. Tensile strength observed for
PTAS/CNTs 3 was 65.02 MPa, whereas with 1 wt% filler tensile strength was rather low 60.61 MPa.
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Fig. 3 Stress-strain curves of PTAS/CNTs nanocomposites

Table 1. Mechanical properties of PTAS/CNTSs nanocomposites

Sample Maximum stress Maximum strain Initial modulus Toughness

(MPa) £ 0.1 £0.05 (MPa) £ 0.1 (I/m*)£0.3
PTAS 33.54 0.37 888 10.32
PTAS/CNTs NF (CNTs 1 wt%) 37.21 0.45 987 11.23
PTAS/CNTs 0.1 (CNTs 0.1 wt%) 43.22 0.54 991 17.22
PTAS/CNTs 0.5 (CNTs 0.5 wt%) 52.11 0.61 1003 22.31
PTAS/CNTs 1 (CNTs 1 wt%) 60.61 0.76 1098 27.27
PTAS/CNTs 2 (CNTs 3 wt%) 61.98 0.79 1187 28.93
PTAS/CNTs 3 (CNTs 5 wt%) 65.02 0.82 1324 32.85
PTAS/CNTs 4 (CNTs 7 wt%) 44.44 0.33 666 2221

PTAS/CNTs 0.1 possessed the lowest tensile strength and elongation at break in the functional system i.e.
43.22 MPa and 0.54 respectively. 1 wt% nanotubes-based hybrid had maximum strain value of 0.76 that was
improved up to 0.82 with 5 wt% CNTs. Toughness, calculated by integrating the area under stress-strain curve,
of PTAS/CNTs 0.1 was 17.22 J/m’ while PTAS/CNTs 0.5 had the higher value 22.31 J/m’. Furthermore,
PTAS/CNTs 1 with 1 wt% CNTs showed a value of 27.27 J/m® that increased with adding reinforcement and
was maximum 32.85 J/m® for 5 wt% content. The affirmative effect on tensile strength was possibly owing to the
stiffness of CNTs layers contributing to the presence of immobilized polymer phases and fine nanoscale
dispersion of nano-filler layers in the matrix*!). Additionally, nano-tube layer and macro-molecular orientation
added to the experiential reinforcement effect. Nevertheless, filler may tend to bundle together because of
built-in van der Waals attraction between the individual tubes together with high aspect ratio and surface area of
the nanotubes, leading to some agglomeration on the polymer matrix*?. Certainly, the decrease in tensile
strength at filler content above 7 wt% (PTAS/CNTs 4) could be attributed to predictable aggregation of the
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nanotubes. Experimental increase in tensile strength revealed strong interfacial interaction because of free
carboxylic acid groups of nano-tubes hydrogen bonded to the chains of PTAS matrix (Scheme 2). This effect
was not observed in the case of PTAS/CNTs NF showing lower tensile strength where the matrix was reinforced
with non-functional filler. These results demonstrated that the stress transfer or strength of polymer/nanotube
nanocomposites can be effectively increased by the interactions™). This was most likely attributable to some
void defects symptomatic of more scope for property improvement.
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Scheme 2 Physical interactions in PTAS/CNTs nanocomposites

Morphological Aspect
Morphology investigation of PTAS/CNTs nanocomposites was crucial as it influences the mechanical properties

of the hybrid system. Usually, fine dispersion of CNTs in the matrix and well-built interfacial adhesion between
the two phases are necessary to achieve a composite material with rational mechanical properties. Scanning
electron microscopy was used to study the fracture surface of PTAS/CNTSs nanocomposites, in which the major
component (PTAS) formed the matrix and the minor component (nanotubes) constituted the dispersed phase. In
Fig. 4(a) (PTAS/CNTs NF), bulk matrix and non-functional CNTs can be seen separately without any linking.

Fig. 4 FESEM images of (a) PTAS/CNTs NF, (b) PTAS/CNTs 1, (c) PTAS/CNTSs 2 and (d) PTAS/CNTSs 3

Whereas, in the case of PTAS/CNTs 1, functional nanotubes were pragmatic embedded in the matrix, and
smooth interfaces between CNTs and PTAS can be perceived. Accordingly, CNTs were considered to have good
wettability for matrix so encompassing several physical contacts. There was, consequently, a sufficient
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dispersion and homogeneity of functional CNTs in the matrix. With the increase in nanotube loading upto 5 wt%
(Figs. 4c & 4d), there was adequate dispersion and good interfacial adhesion between filler and matrix. The
probable physical contact between the filler and matrix is outlined in Scheme 2.

Thermal Stability

Thermal stability of PTAS/CNTs nanocomposites and pure resin was studied using thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). TGA thermograms, obtained by thermogravimetric analysis,
of functional as well as non-functional PTAS/CNTs nanocomposites are shown in Fig. 5 and data are presented
in Table 2. PTAS/CNTs showed single-stage decomposition with major weight loss between 500 °C and 600 °C.
Thermogarvimetric curve showed initial decomposition temperature 7, at 466 °C, 10% gravimetric loss
temperature 7o at 478 °C and decomposition continued up to 577 °C, for PTAS/CNTs NF with 1 wt% filler. In
contrast, raising functional CNTs filler content from 0.1 wt% to 5 wt%, the degradation occurred at higher
temperatures. PTAS/CNTs 0.1 revealed T, and T}, at 488 and 528 °C respectively, while PTAS/CNTs 0.5 had
values of T, 497 and Ty 533 °C. PTAS/CNTs 1 exhibited 7, of 515 °C, T}y 547 °C and T}, up to 586 °C.
PTAS/CNTs 2 also showed good heat stability among these PTAS/CNTs nano-composites i.e., Ty was 527 °C,
Tyowas 561 °Cand Ty, was up to 611 °C. Furthermore, PTAS/CNTs 3 with 5 wt% filler had the highest heat
stability among these hybrid materials 7, of 534 °C, Tjy 578 °C and Ty, up to 623 °C. The inclusion of
functional reinforcement, hence, extensively enhanced the heat stability of the new polymer. Char yield of
functional CNTs hybrids was also sufficiently high 65%—71% at 700 °C relative to non-functional filler-based
material (57%). Nevertheless, these thermal stability values were higher compared with those of the pure
polymer used. On the whole, thermal stability data showed better results compared with those of the reported
polyamide/CNTs material®* **. Differential scanning calorimeter was used to resolve T, ¢ 8 of nano-composites
via measurement of heat flow versus change in temperature. Figure 6 shows the variation of glass transition
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Fig. 5§ TGA curves of PTAS and PTAS/CNTs Fig. 6 DSC thermograms of PTAS and PTAS/CNTs
nanocomposites at a heating rate of 10 K/min in N, nanocomposites at a heating rate of 10 K/min in N,
Table 2. Thermal analysis data of PTAS and PTAS/CNTs nanocomposites
Sample T, (°C) Ty (°C) Ty (°C) Tinax (°C) Y. at 700 °C (%)
PTAS/CNTs NF 237 478 511 577 57
PTAS/CNTs 0.1 241 488 528 579 59
PTAS/CNTs 0.5 252 497 533 580 61
PTAS/CNTs 1 258 515 547 586 65
PTAS/CNTs 2 262 527 561 611 68
PTAS/CNTs 3 271 534 578 623 71

PTAS 227 465 500 551 56

T, : Glass transition temperature; T : Initial decomposition temperature; Ty, : Temperature for 10 % weight loss;
Tmax : Maximum decomposition temperature; Y, : Char yield; weight of polymer remained
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temperature of PTAS/CNTs with adding functional CNTs (PTAS/CNTs 1-3). Inclusion of functional nano-filler
enhanced the thermostability of nano-composites (7, from 258 °C to 271 °C), which may be due to decrease in
the mobility of polymer chains around the nano-filler by strong interfacial interaction. The glass transition,
however, was lower in the case of non-functional CNTs loading in PTAS/CNTs NF (237 °C).

Electrical Conductivity

Dependence of conductivity on the CNTs content in poly(thiourea-azo-sulfone) matrix was similar to that of
typical polymer matrices loaded with conducting fillers®® ). Tables 3 represents the electrical conductivity of
pure heteroaromatic azo-polymer and nano-composites with different compositions. Carbon nano-tubes along
with azo and heteroaromatic pyridine moieties were found to evidently increase the electrical conductivity of
new materials. The conductivity of poly(thiourea-azo-sulfone) was consequently improved with CNTs loading;
PTAS/CNTs 1 had 3.17 S-cm™', PTAS/CNTs 2 owned 3.32 S-cm™' and 3.56 S-cm™' for PTAS/CNTSs 3. These
values were found superior than the intrinsic conductivity of reported nano-composites®®. The conductivity was
also sufficiently higher than that of pure PTAS 2.42 S-cm™".

Table 3. Conductivity measurements of PTAS/CNTs nanocomposites

Sample Conductivity (S-cm™)
PTAS/CNTs NF 2.51
PTAS/CNTs 0.1 2.99
PTAS/CNTs 0.5 3.03

PTAS/CNTs 1 3.17
PTAS/CNTs 2 3.32
PTAS/CNTs 3 3.56

Neat PTAS 2.42

CONCLUSIONS

Melt processing technique was used to fabricate new polymer/multiple-walled carbon nanotube hybrid materials,
in this endeavor. Novel conducting matrix material was designed and prepared i.e. poly(thiourea-azo-sulfone).
Non-functional and acid-functionalized carbon nanotubes, having excellent electrical conductivity, high tensile
modulus and thermal properties were proved to be ideal fillers for new polymer nano-composites. Reactive
functional groups were competent of appending physically to the azo-polymer, thus, fully integrated nanotubes
and poly(thiourea-azo-sulfone) nano-composites by functionalization have been achieved. TGA and DSC
examination showed that the CNTs inclusion in matrix raised the heat resistant to a significant extent. Values of
tensile strength increased up to 65.02 MPa with 5 wt% filler loading, and excess of nanotubes exceeding this
weight percent may set off the aggregation of nanotubes phase and consequently reduce the compatibility
between the acid-treated CNTs and poly(thiourea-azo-sulfone). Moreover, the electrical conductivity of azo-
polymer was increased from 2.42 S-cm™ to 3.56 S-cm™" with the nanotube addition. To conclude, PTAS/CNTs
hybrids demonstrated noticeably improved thermal, electrical and mechanical properties, since the interfacial
forces were the stronger hydrogen bonds.

REFERENCES

1 Tijima, S. and Ichihashi, T., Nature, 1993, 363: 603

2 Moniruzzaman, M. and Winey, K.I., Macromolecules, 2006, 39(16): 5194

3 Coleman, J.N., Khan, U. and Gunko, Y .K., Adv. Mater., 2006, 18(6): 689

4 Treacy, M.M.J., Ebbesen, T.W. and Gibson, J.M., Nature, 1996, 381(6584): 678

5 Cui,J, Yan, Y., Liu, J. and Wu, Q., Polym. J., 2008, 40(11): 1067

6 Fan, S., Chapline, M.G., Franklin, N.R. and Tombler, T.W., Science, 1999, 283(5401): 512



72

10
11
12

13
14
15

16
17
18
19
20
21
22

23
24
25
26
27
28
29
30
31

32

33
34
35
36
37
38

A. Kausar

Iijima, S., Nature, 1991, 354(6348): 56

Wang, H., Zhang, X., Zhu, Y., Song, Z. and Qiao, J., Chinese J. Polym. Sci., 2012, 30(1): 138

Wang, Z., Tang, X., Yua, Z., Guo, P., Song, H. and Du, X., Chinese J. Polym. Sci., 2011, 29(3): 368

Wang, Z., Hu, Q. and Cai, L., Chinese J. Polym. Sci., 2010, 28(5): 801

Fisher, F.T., Bradshaw, R.D. and Brinson, L.C., Appl. Phys. Lett., 2002, 80(24): 4647

Leelapornpisit, W., Ton-That, M.T., Ferrin-Sarazin, F., Cole, K.C., Denault, J. and Simard, B., J. Polym. Sci. Part B:
Polym. Phys., 2005, 43(18): 2445

Zhang, W.D., Shen, L., Phang, I.Y. and Liu, T., Macromolecules, 2004, 37(2): 256

Wu, H.L., Yang, Y.T., Ma, C.C.M. and Kuan, H.C., J. Polym. Sci. Part A: Polym. Chem., 2005, 43(23): 6084
Huang, H.M., Lin, I.C., Chang, C.Y., Tsai, H.C., Hsu, C.H. and Tsiang, R.C., J. Polym. Sci. Part A: Polym. Chem.,
2004, 42(22): 5802

Kim, H.S., Jin, H.J., Myung, S.J., Kang, M. and Chin, I.J., Macromol. Rapid Commun., 2006, 27(2): 146

Wu, C.H.,J. Appl. Polym. Sci., 2007, 104(2): 1328

Chen, S., Wu, G., Liu, Y. and Long, D., Macromolecules, 2006, 39(1): 330

Pang, H., Zhong, G., Xu, J., Yan, D., Ji, X., Li, Z. and Chen, C., Chinese J. Polym. Sci., 2012, 30(6): 879

Paiva, M.C., Zhou, B., Fernando, K.A.S., Lin, Y., Kennedy, J.M. and Sun, Y.P., Carbon, 2004, 42(14): 2849

Liu, T.X., Phang, I.Y., Shen, L., Chow, S.Y. and Zhang, W.D., Macromolecules, 2004, 37(19): 7214

Kumar, S., Dang, T.D., Amold, F.E., Bhattacharyya, A.R., Min, B.G., Zhang, X.F., Vaia, R.A., Park, C., Adams, W.W.,
Hauge, R.H., Smalley, R.E., Ramesh, S. and Willis, P.A., Macromolecules, 2002, 35(24): 9039

Regev, O., ElKati, P.N.B., Loos, J. and Koning, C.E., Adv. Mater., 2004, 16(3): 248

Xia, H., Wang, Q., Li, K. and Hu, G.H., J. Appl. Polym. Sci., 2004, 93(1): 378

Kang, M., Myung, S.J. and Jin, H.J., Polymer, 2006, 47(11): 3961

Huang, Y.Y., Ahir, S.V. and Terentjev, E.M., Phys. Rev. B., 2006, 73(12): 125422

Hussain, S. T., U.S. Patent, 2009, US2009208403

Hussain, S.T., Abbas, F., Kausar, A. and Khan, M.R., High. Perform. Polym., 2012, 25(1): 70

Kausar, A., Zulfiqar, S., Ali, L., Ishaq, M. and Sarwar, M.1., Polym. Int., 2011, 60(4): 564

Sivadhayanithy, M., Ravikumar, L. and Rengaswamy, C., High. Perform. Polym., 2007, 19(1): 62

Zhang, X., Liu, T., Sreekumar, T.V., Kumar, S., Moore, V.C., Hauge, R. H. and Smalley, R.E., Nano. Lett.,

2003, 3(9): 1285

Coleman, J.N., Cadek, M., Blake, R., Nicolosi, V., Ryan, K.P., Belton, C., Fonseca, A., Nagy, J., Cunko, Y .K. and Blau,
W.J., Adv. Funct. Mater., 2004, 14(8): 791

Yao, Z., Braidy, N., Botton, G.A. and Adronov, A., J. Am. Chem. Soc., 2003, 125(51): 16015

Saeed, K. and Park, S.Y., J. Appl. Polym. Sci., 2007, 106(6): 3729

Augustine, J.M., Maiti, S.N. and Gupta, A.K., J. Appl. Polym. Sci., 2012, 125(S2): E478

Zhang, B., Xin, F., Guo, Z. and Yu, J., Acta Polymerica Sinica (in Chinese), 2012, (2): 174

Huang, Z., Song, Y., Tan, Y. and Zheng, Q., Acta Polymerica Sinica (in Chinese), 2013, (1): 88

Wescott, J.T., Kung, P. and Maiti, A., Appl. Phys. Lett., 2007, 90(3): 033116




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


