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ABSTRACT: Poly(arylene ether nitrile) (PEN) nanocomposites filled with functionalized graphite nanoplates (GNs) were prepared by a

simple solution- casting method and then characterized by rheometer and thermogravimetric analysis (TGA). This study investigates

how the surface treatment of GNs affects the GN dispersion state. The linear rheological test indicated that the 4-aminophenoxyph-

thalonitrile-grafted GN (GN-CN) presented better dispersion in PEN matrix than purified GN because the corresponding composite

showed the lower rheological percolation threshold, which was further confirmed by scanning electron microscopy and solution

experiments. The TGA revealed that the presence of 4-aminophenoxyphthalonitrile-grafted GN retarded the depolymerization evi-

dently compared with that of purified GN, showing remarkable increase in the temperatures corresponding to a weight loss of 5 wt

% (increased by 21�C) and maximum rate of decomposition (increased by 9�C). Both the dispersion state and the surface functional-

ization of GN are very important to the thermal stability of PEN matrix. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000:

000–000, 2012
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INTRODUCTION

Poly(arylene ether nitrile) (PEN) is a typical semicrystalline

polymer with pendant nitrile groups. As it was first commer-

cialized by Idemitsu in 1986, PEN has attracted attention for

high engineering applications, due to their outstanding chemical

properties (radiation resistance, low flammability, and toxic gas

emission), very good mechanical properties, high heat resist-

ance, high thermal stability, and good molding workability.1–3

Furthermore, the cyano group on the aromatic ring appears to

promote adhesion of the polymer to many substrates,4,5 possibly

through polar interaction with other functional groups and it

serves as a potential site for polymer crosslinking.6–8 Therefore,

these properties together with the desired melt processability

associated with semicrystalline polymers have resulted in

increased interest in using PEN as the matrix for reinforced

composites. When graphitic carbons are incorporated, electri-

cally and thermally conductive polymer composites can be pro-

duced.9,10 Electrically conductive PEN has potential for applica-

tions such as electromagnetic-reflective materials, static charge-

dissipative, and electrical coatings.

Graphite nanoplate (GN), a new nanoreinforcement, has

attracted tremendous attention in recent years owing to its

exceptional physical and chemical properties.11–13 One of the

most promising applications of this material is in polymer

nanocomposites which incorporate nanoscale filler materials.

Recent studies showed that this nanomaterial is a potential

alternative to clays and carbon nanotubes (CNTs), as it

combines the layered structure of clays and the superior

thermal and electrical properties of nanotubes.14 Further-

more, the production cost of GNs is much lower than that

of CNTs. Although several cost effective techniques have

been developed for the production of GNs, pristine GNs are

not compatible with the organic polymer matrix.15,16 There-

fore, the surface modification of GNs is essential for the

production of homogeneously distributed polymer/graphite

composite.

VC 2012 Wiley Periodicals, Inc.
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It is well known that some carbon double bonds were oxidized

after the acidic intercalation and thermal treatment, resulting in

the presence of oxygen-containing functional groups such as

ACOOH and AOH on the surface of the GNs.17 Based on the

functionality of oxygen, the surface of GNs can be modified in

a variety of ways, such as (i) covalent attachment, (ii) noncova-

lent modification, and (iii) nucleophilic addition.15 In this

study, 4-aminophenoxyphthalonitrile was used as an organic

modifier to prepare 4-aminophenoxyphthalonitrile-grafted GNs

(GN-CN), which has been proved to be an effective way to pre-

pare PEN/CNTs composites.18 Recently, rheometry has been

proved to be a powerful tool for investigating the internal

microstructure and mesoscopic structure of polymer compo-

sites, such as the confinement effect of filler on the motion of

polymer chains and the percolated or the flocculated structure

of clay tactoids.19–21 Rheological responses of polymer/filler

nanocomposites are highly dependent on microstructure and

mesostructure and particle–particle interactions of filler par-

ticles. Therefore, the linear rheological measurements will be

necessary to facilitate further insight into the internal structure

of polymer/filler system.

Herein, the effect of chemical surface modification of GN on

their state of dispersion was examined through rheological and

morphological experiments. The objective of the study was to

characterize the microstructure of nanocomposites by rheologi-

cal properties. To further understand the relationship between

rheological properties and the state of dispersion of GN, mor-

phological and thermal analyses of PEN/GN nanocomposites

were performed.

EXPERIMENTAL

Materials

PEN was provided by Union Laboratory of Special Polymers of

UESTC-FEIYA, Chengdu, China. It is a copolymer derived from

2,6-dichlorobenzonitrile with hydroquinone and resorcin with

the inherent viscosity of 1.22 dL g�1 [0.005 g mL�1 in N-meth-

ylpyrrolidone (NMP)]. GNs were prepared according to the ref-

erence reported before.22 The densities of PEN and GN are 1.18

and 2.28 g cm�3, respectively. 4-aminophenoxyphthalonitrile

were synthesized in our laboratory. Thionyl chloride (99%),

were purchased from Kelong regent, Chengdu, China. All the

chemicals and reagents were used without further purification.

4-Aminophenoxyphthalonitrile-grafted graphite nanoplates were

prepared according to our previous research.23

Preparation of PEN/GN Nanocomposites

PEN/GN nanocomposites (PENpGNs/PENcGNs, where s

denotes the weight ratio of GNs and the lowercase of p and c

denotes pure GN and GN-CN, respectively) were prepared by

solution-casting method. Typical preparation of PEN/GN-CN

was as follows. A certain amount of PEN and 30 mL of NMP

were added into a 100-mL three-neck round bottle flask

equipped with a mechanical stirrer and refluxing condenser. Af-

ter the PEN completely dissolved, the GN-CN was dispersed

into the PEN solution and refluxed at the stirring speed of 1200

rpm for 3 h, and then sonicated for 3 h in a low-power ultra-

sonic bath. The mixture was filtered and cast on a clean glass

plate. The glass plates were heated at an elevated temperature of

2�C�min�1 in the oven by the procedure as follows: 80�C, 2 h;

120�C, 2 h; 160, 200�C, 2 h. Finally, the samples were cooled to

room temperature gradually, thus, the PEN/GN-CN nanocom-

posites were obtained. The GN-CN loadings are 0.5, 1, 2, 3, and

5 wt %.

Measurements

Transmission electron microscopy (TEM) was obtained on a

JEOL JEM 2010 electro microscope at an accelerating voltage of

200 kV. Samples for TEM analysis were prepared by spreading a

drop of a dilute dispersion of the as-prepared products on

amorphous carbon-coated copper grids and then dried in air.

The morphology of GN and fracture surfaces of the PEN/GN-

CN nanocomposites were observed with scanning electron

microscope (SEM) (JEOL JSM-5900LV). The SEM samples were

coated with a thin layer of gold before examinations.

Dynamical rheological measurements were performed on a rhe-

ometer (TA Instruments Rheometer AR-G2) equipped with a

parallel-plate geometry (25 mm diameter). The samples with a

thickness of 1.0 mm and diameter of 25 mm were melted at

320�C for 5 min in the parallel-plate fixture to eliminate the re-

sidual thermal history before measurements. To determine the

linear region, the dynamic strain sweep measurements were

conducted first. The dynamic frequency sweep measurements

were performed in the angular frequency (x) range of 0.1–100

rad s�1 at 320�C.

The thermogravimetric analysis (TGA) of the composite was

performed under N2 atmosphere at a heating rate of 20�C
min�1 using TA Q50 series analyzer system combination with

data processing station.

RESULTS AND DISCUSSION

Linear Rheological Behavior of PEN/GN-CN Nanocomposites

Figure 1(a–c) shows the SEM and TEM images of GNs. It can

be seen that the diameter of GN is 5–15 lm and the thickness

is about 10 nm. After chemically bonded by 4-aminophenox-

yphthalonitrile, the diameter was slightly decreased [Figure

1(d)]. Most importantly, it can be seen that pure GN has a

strong tendency to stack or stamp, whereas GN-CN is quite sep-

arated, indicating that the tendency of GN agglomerate after

grafting is lowered. Besides, the as-modified GN-CN can be well

dispersed in NMP and formed a long-term stable solution [see

inset of Figure 1(d)]. This can be attributed to the interaction

between strong polar ACN groups of the grafted GN and sol-

vent molecules. It is believed that grafting of 4-aminophenox-

yphthalonitrile onto GN would facilitate the preparation of

PEN/GN nanocomposites and enhance interfacial affinity

between GN and PEN matrix.

Figure 2 shows the development of normalized dynamic storage

modulus for PENcGN5 with strain. It can be seen that the

region of the linear viscoelastic behavior changed greatly in the

presence of the GN-CN. The linear rheological region of the

PENcGNs, strain of 1%, was first determined by the dynamic

strain sweep. The storage modulus of PEN and PEN composites

at 320�C is shown in Figure 3 as a function of frequency. For

the entire range of frequency, G0 increases with concentration of

GN. Neat PEN and composites with low GN incorporation
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display terminal behavior down to lowest test frequency (0.1

rad s�1). With the increase of GN-CN loading, the dependences

of G0 of PENcGN on x decrease sharply in the terminal zone,

and as can be seen in Figure 3(a), the G0 curves exhibit a pla-

teau (at low frequency of 0.1–1 rad s�1). It indicates that the

viscoelastic properties are still dominated by the polymer matrix

when the GN-CN loading is low, and PENcGN may experience

a transition from liquid-like behavior to solid-like one with the

GN-CN loading up to a critical value. Therefore, as shown in

Figure 3(b), the low-frequency g* increases with increasing of

GN-CN loading and finally a strong shear-thinning behavior

Figure 1. (a) SEM image of GNs, (b) and (c) TEM images of GNs, (d) SEM image of 4-aminophenoxyphthalonitrile grafted GN. Inset of (d) photo-

graph of GN-CN dispersed in NMP. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. The G0(c0)/G0 for the neat PEN and PENcGN5 samples obtained

in the dynamic strain sweep.

Figure 3. (a) Dynamic storage modulus and (b) complex viscosity for the

neat PEN and PENcGNs samples obtained in the dynamic frequency sweep.
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appears. The solid-like viscoelastic response results from the for-

mation of transient network as reported by other workers.24,25

To further study the effect of GN-CN loadings on the rheologi-

cal behavior of PENcGNs, the dependence of the enhancement

in low-frequency G0 on the GN-CN loadings is probed. Figure 4

shows the low-frequency G0 measured at the frequency of 0.1

rad s�1 as a function of GN loadings. Compared with that of

the PEN matrix, the low-frequency G0 of PENcGNs increased by

about two orders as the GN-CN loadings achieve up to 2 wt %.

This phenomenon can be related to a rheological percolation

transition at which the GNs restrict the motion of the polymer

matrix. At low GN-CN contents, such filler particles alter the

local mobility of individual chains only. At the percolation

threshold, these localized restrictions begin to interact across the

sample volume, leading to the experimentally observed step

change in storage modulus. The elastic modulus of the perco-

lated colloidal suspension can be expressed near the percolation

threshold by a power law correlation on the difference between

mass fraction of particles m and the threshold value mper.
26

G0 / ðm�mperÞb: (1)

Assuming the shear modulus of PEN dispersed with GN-CN

follows this power law scaling, the percolation threshold mper

and exponent b of our system were evaluated by applying Eq.

(1) to the G0 value at x ¼ 0.1 rad s�1 for GN-CN-reinforced

PEN composites. The percolation threshold and exponent calcu-

lated from power law correction were 1.2 and 3.72 wt %,

respectively. Such low mass fraction at the onset of rigidity per-

colation and high exponent of GN-CN confirmed that GN-CN

is effective in increasing viscoelasticity of PEN. Theoretically,

the power law exponent for the rigidity percolation of three-

dimensional networks is expected to be greater than 3.27,28

The low percolation threshold of GN is strong evidence for bet-

ter dispersion. Ren et al.29 showed that a relationship can be

constructed between the percolation threshold and the aspect

ratio, Af, of a tactoid. Considering imaginary spheres surround-

ing each tactoid, the expression for the ratio of particle diame-

ter 2r to thickness h can be written as

Af ¼ 2r

h
¼ 3/sphere

2/per

(2)

Percolation of interpenetrating, randomly packed spheres occurs

at Usphere ¼ 0.29.30 To calculate the value of Af, weight fraction

should be converted into volume fraction and densities pro-

vided in the experimental part were used (qPEN ¼ 1.18 and qGN
¼2.28 g cm�3). Using the onsets of percolation of GN-CN from

melt rheology, Eq. (2) gives aspect ratio for GN-CN of 70,

which is about four times higher than that of graphite reported

previously.31

Effect of Functionalization on the Rheological Properties of

PEN/GN Nanocomposites

As the linear rheological behavior is very sensitive to the pres-

ence of the GNs, the dispersion state of the various GNs could

be examined using viscoelastic properties.32 Figure 5(a) gives

the dynamic storage modulus (G0) and loss modulus (G00) for

PEN/GN nanocomposites at identical loading level. At relative

lower GN loading of 0.5 wt %, all the samples show higher G00

than G0, indicating that the relaxation is still dominated by the

Figure 4. Storage modulus, G0, as a function of the GNs loading at a fixed

frequency of 0.1 rad s�1.

Figure 5. (a) The dynamic storage modulus (G0) and loss modulus (G00)
for the composite samples with various GN at identical loading level of

0.5 wt %, (b) and (c) photograph of vials, respectively, containing (b)

PENcGN0.5 (c) PENpGN0.5 in NMP solution after 8 weeks of their

preparation.
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local PEN dynamics. Thus, the liquid viscoelastic responses

were observed on all samples. However, it is notable that the

PENcGN0.5 presents higher G00 and G0 than that of

PENpGN0.5. Because all samples have the identical GN loading,

the difference in modulus is an indicative of different dispersion

state of GN. Therefore, the GN-CN shows the better dispersion

in PEN matrix than that of pure GN. This is mainly due to the

large difference in affinity between GN and PEN matrix, which

is further confirmed by solution experiment.

Figure 5(b,c) shows the photographs of two vials containing

equal volumes of solvent (NMP) and equal masses of PEN com-

posites with these two kinds of GNs after 8 weeks of their prep-

aration. It can be seen that PENcGN0.5 sample was completely

dissolved in the solvent, forming a dark brown solution without

discernable particulate materials and still remains stable for 8

weeks. However, PENpGN0.5 sample cannot be completely dis-

solved and flocculation is observed. Therefore, in contrast to the

purified GN, the presence of strong polar ACN groups on the

functionalized GN enhances the affinity between the GN and

PEN matrix, promoting the diffusion of polymer chain into the

aggregates of GN effectively.

Figure 6 shows the dynamic storage modulus (G0) and loss

modulus (G00) for PEN/GN nanocomposites at identical loading

level of 2 wt %. Lele et al.33 described solid-like and liquid-like

behavior by means of storage and loss modulus. The solid-like

behavior is characterized as not only the storage modulus

Figure 6. Crossover frequencies between storage and loss modulus for (a)

PENpGN2 and (b) PENcGN2.

Figure 7. SEM images of (a) PENpGN2, (b) PENpGN5, (c) PENcGN2,

and (d) PENcGN5.

Figure 8. (a) TGA and (b) DTG curves for the neat PEN and its compo-

sites with various functionalized GN at identical loading level of 2 wt %.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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higher than the loss modulus but also lower crossover fre-

quency. As shown in Figure 6(a), the PENpCN2 sample does

not denote the crossover point, whereas PENcGN2 sample has

the crossover points. This indicates that ACN-treated GN nano-

composite is a percolated system and shows more solid-like

behavior than PENpGN2. Therefore, it is reasonable to propose

that 4-aminophenoxyphthalonitrile-grafted GN shows better dis-

persion in the PEN matrix than that of pure GNs, which is fur-

ther confirmed by SEM measurements. Figure 7 shows the SEM

images of PENcGN and PENpGN samples with various GN

loadings. Clearly, pure GNs are aggregated seriously, showing

very poor dispersion in the PENpGN2 and PENpGN5 [Figure

7(a,b)]. Compared with the PENpCN samples, PENcGN2 and

PENcGN5 present better dispersion of functionalized GN.

Besides, some GNs are pulled out from the polymer matrix in

the PENpGN2 and PENpGN5 [Figure 7(c,d)] samples. These

results indicate that the 4-aminophenoxyphthalonitrile-grafted

GN may have better affinity with PEN chain than that of puri-

fied GN.

Thermal Properties of PEN/GN Nanocomposites

It is generally believed that the introduction of inorganic com-

ponents into organic materials can improve their thermal stabil-

ities.34,35 Addition of GN increases the temperature correspond-

ing to a weight loss of 5 wt % (T5 wt %) and/or to the onset

decomposition by about 10–20�C or even more. This improve-

ment is mainly attributed to good matrix–nanoplates interac-

tion, thermal conductivity of the nanosheets, and also due to

their barrier effect. The results from the thermal analysis of the

PEN/GN nanocomposites were shown in Figure 8 and summar-

ized in Table I Clearly, the PENpGN2 and PENcGN2 present

the similar thermal stable residue, which corresponded well

with the GN loadings. Compared with that of the neat PEN, re-

markable improvement in T5 wt % is observed in the PEN

composites, as shown in Table I. This indicates that the addition

of GNs efficiently improves the thermal stability of the PEN. As

for the PEN composites with functionalized GN, it can be seen

that the composite with GN-CN shows outstanding higher T5

wt % than that of pure GNs. This is attributed to relatively bet-

ter dispersion of the GN-CN than that of pure GNs, in agree-

ment with the SEM and dissolution experiment discussion.

With increase in the decomposition level, the thermal conductive

and barrier effects of the GN become more effectual. Figure 8(b)

shows the DTG curves and the temperatures corresponding to the

maximum rate of decomposition (Tmax). It can be seen that the

PENpGN sample shows the similar Tmax compared to that of neat

PEN. However, it is very interesting that Tmax of PENcGN2 sam-

ples increases by 9�C, compared with that of neat PEN. Two pos-

sible mechanisms were proposed to explain this phenomenon.

On the one hand, the good dispersion highly enhances the barrier

effects of GN-CN, and percolation network may also enhance

their thermal conductive efficiency. In this case, the dispersion

state becomes dominant and the Tmax of PENcGN2 increases evi-

dently as a result. Conversely, due to the nitrile group (ACN)

grafted on the surface of the GNs, the crosslinking reaction of

nitriles group between GN-CN and polymer matrix would hap-

pen, which further enhances the thermal stability of PEN

composite.

CONCLUSIONS

In this study, the PEN nanocomposites with functionalized GN

were prepared through solution-casting method and investigated

for morphological, rheological, and thermal properties. The rheo-

logical test shows that PEN/GN-CN nanocomposites present a

typical solid-like viscoelastic response at low frequencies, and the

percolation is lower than 2 wt %. The surface functionalization

influences the dispersion state of GN in the PEN matrix strongly.

The GN-CN shows the relatively better dispersion than pure GN.

Because of good affinity between nitriles group and PEN matrix,

4-aminophenoxyphthalonitrile-grafted GN retarded the depoly-

merization evidently compared with that of pure GN.
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