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ABSTRACT: Poly(e-caprolactone) (PCL) was melt compounded with “Bucky gels”-like mixture that prepared by grinding multiwalled

carbon nanotubes (MWNTs) and ionic liquids (ILs). Raman spectrum showed the significant interaction between ILs and MWNTs.

The dielectric behavior of PCL nanocomposites based on unmodified and IL-modified MWNTs was studied from 40 Hz to 30 MHz.

The addition of ILs significantly enhanced the dielectric property of PCL/IL/MWNT ternary nanocomposites, which was much higher

than that of the sum of PCL/IL with PCL/MWNT binary nanocomposites. The dielectric properties of PCL/IL/MWNT nanocompo-

sites were mainly influenced by ILs in low frequency and were dominated by MWNTs in high frequency. SEM results revealed that a

more uniform and fine dispersion of MWNTs were achieved throughout the PCL matrix because of ILs. The addition of ILs in nano-

composites changed the crystallinity of PCL. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40231.
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INTRODUCTION

The carbon nanotubes (CNTs) possess a high aspect ratio, a

large p-electronic surface, and complex 3D networks. Plenty of

researchers have been attracted to have them functionalized or

take advantage of their mechanical and electrical properties to

modify polymers promptly.1,2 Although the prospect for carbon

nanotube-based nanocomposites is attractive, a fatal problem

that the CNTs do not disperse well in the matrix exists. CNTs

are ropes and bundles that are constantly entangled with one

another, thereby restricting the development of carbon

nanotube-based nanocomposites. Methods such as the modifi-

cation of the surface of CNTs with covalent3–7 or noncovalent8–

12 approaches have been attempted. However, noncovalent

methods are preferred because these methods retain most of the

properties of CNTs.

Ionic liquids (ILs) normally possess a high ionic conductivity

with unique chemical stability, comprising a bulky organic

cation and an organic or inorganic anion. Numerous kinds of

ILs are being synthesized for special use in polymer science,

such as solid polymer electrolytes,13–15 solar cells,16–18 and plas-

ticizers.19,20 Most studies on ILs are focused on the polarity of

IL21–24 or poly (IL)25,26 solutions through the dielectric behavior

of these solutions, or the solid electrolyte usually utilized in fuel

cells. Computer simulations of ILs have rapidly developed such

as simulations of molecular motion and relaxation equa-

tions.27,28 ILs used as plasticizers in polymer science have been

studied in the past few years to improve the mechanical prop-

erty of polymers. However, the dielectric property of ILs in a

polymeric matrix has not received a similar amount of

attention.

The special interaction between ILs and CNTs29–32 garnered

much attention since 2003. Aida et al.33,34 reported that a

physic interaction exists between the surface of CNTs and the

imidazole ring via p-cation/p-electronic, and that “Bucky

gels”35,36 is a good example of this interaction. “Bucky gels” can

be easily prepared through grinding or strong sonicating a mix-

ture of CNTs and imidazolium ion-based ILs. Shang et al.29

used a special ionic liquid in the CNTs/polyurethane conductive

nanocomposites to gain a highly stretchable material through a

new way of heating ILs with CNTs for pretreatment. Their

results have indicated that ILs improved the electric property

and the mechanical property of the nanocomposites. Given

these interesting results between the CNTs and the ILs, we can

expect that an interaction between the ILs and the CNTs affects

the dielectric property of their polymeric nanocomposites.

In this study, pristine multiwalled carbon nanotubes (MWNTs)

are blended with ILs for pretreatment to form a “Bucky gel”-

like mixture. Using the melt processing method, we attempt to
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blend together the “Bucky gel”-like mixture with poly(e-capro-

lactone) (PCL) to form a well-distributed nanocomposite, and

then investigate the co-operative effect of MWNTs and ILs on

the dielectric properties of PCL-based nanocomposites in fre-

quencies between 40 Hz to 30 MHz. The crystallization of the

PCL/IL/MWNT nanocomposites is also discussed.

EXPERIMENTAL

Materials

Pristine MWNTs were purchased from Carbon Nanotechnolo-

gies, China. The diameter of the tubes range from 10 to 20 nm

and the average length range from 10 to 15 lm. Room tempera-

ture ILs, 1-butyl-3-methylimidazolium hexafluorophosphate

([BMIM]PF6), 1-ethyl-3-methyl imidazolium tetrafluoroborate

([EMIM]BF4), and 3-allyl-1-methyl-1H-imidazol-3-ium hexa-

fluorophosphate ([AMIM]PF6) (purity �99%), were purchased

from Shanghai ChengJie, China and dried in vacuum at 80�C
for 3 days. The PCL was obtained from Union Carbide (USA)

with a weight average molecular weight of 1.1 3 105 g/mol as

reported by the manufacturer. The content of adipate units in

PCL was 0.5 moles/mole of 1,4-butane diol units. The PCL was

dried in a vacuum oven at 60�C for 24 h before processing.

Preparation of IL/MWNT “Bucky Gel”

Dried [BMIM]PF6 was blended with MWNTs in an agate mor-

tar, and was grinded with a pestle for 8 h to form the “Bucky

gels”-like mixture. The mixture had a varied weight proportion

of MWNTs in ILs and the concentrations of MWNT are shown

in Table I.

Preparation of Nanocomposites

The mixture of PCL and IL/MWNT gel were melt-compounded

using a HAAKE Rotational Rheometer at 120�C for 5 min. The

rotation speed used in this study was kept at 100 rpm. The

films of the nanocomposite were hot pressed by a flat rheometer

to obtain a smooth surface with a processing temperature of

120�C. The binary mixtures, namely, PCL/IL and PCL/MWNT

nanocomposites, were prepared at the same condition with the

ternary PCL/IL/MWNT nanocomposites. The sample names

and the concentrations of IL and MWNT in PCL are listed in

Table I.

Characterization

Dielectric properties were measured by Agilent 4294A with

16451B fixture (40 Hz � 110 MHz), at a constant temperature

at 25�C. Samples were prepared by flat rheometer to obtain a

thickness of about 1 mm and then measured by three different

areas of samples from 40 Hz � 30 MHz.

Scanning electronic micrographs for fracture plane samples were

investigated by Field Emission Scanning Electron Microscope

(FE-SEM, HITACHI S-4700). Samples were prepared by brittle

fracture of the nanocomposite film in liquid nitrogen. Gold was

sprayed on the surface of the sample, which successively

mounted on stubs using electric adhesive tape paste, and then

measured at an accelerating voltage of 20 kV.

Raman spectra were measured with a laser Raman microscope

(Renishaw inVia) using a 514 nm Ar line as the excitation

source. The laser power was 0.5 W. The spectra were measured

in a backscattering configuration with a triple monochromator

at intervals of 1.5 cm21.

The melting behaviors were studied by differential scanning cal-

orimetry (DSC). The experiments were carried out in nitrogen

atmosphere using 9 mg sample sealed in aluminum pans. The

samples were first heated from room temperature to 200�C
under 10 K/min and maintain at this temperature for 5 min to

eliminate thermodynamic potential, and then measured again

from 260 to 200�C under 10 K/min. The melting temperatures

are taken form second heating run in the calorimetric curves.

RESULT AND DISCUSSION

DSC Analysis

The DSC curves of the PCL and its nanocomposites are shown

in Figure 1, from which an obvious effect from the addition of

ILs in the nanocomposites can be observed. First, Figure 1

shows that the melting temperature (Tm) of the PCL nanocom-

posites, including the IL, decreased compared with pure PCL.

Second, the crystallinity, calculated through xc5DHm=DH0
m,

where DH0
m 5 136.08 J/g, declined when IL was added in

the matrix, especially with the nanocomposite of PCL/IL/

MWNT. After an integral of molten enthalpy DHm, the pure

PCL attained a crystallinity of 44.9%. The crystallinity of

Table I. Concentrations of PCL/IL/MWNT Nanocomposites

“Bucky gel”-like mixture

Samples PCL (wt %) MWNT (wt %) IL (wt %)

PCL-0-1 99 0 1

PCL-0-5 95 0 5

PCL-0-10 90 0 10

PCL-0-20 80 0 20

PCL-0.06-0 99.94 0.06 0

PCL-0.06-1 98.94 0.06 1

PCL-0.06-5 94.94 0.06 5

PCL-0.06-10 89.94 0.06 10

PCL-0.06-20 79.94 0.06 20

PCL-0.6-0 99.4 0.6 0

PCL-0.6-1 98.4 0.6 1

PCL-0.6-5 94.4 0.6 5

PCL-0.6-10 89.4 0.6 10

PCL-0.6-20 79.4 0.6 20

PCL-3-0 97 3 0

PCL-3-1 96 3 1

PCL-3-5 92 3 5

PCL-3-10 87 3 10

PCL-3-20 77 3 20

PCL-6-0 94 6 0

PCL-6-1 93 6 1

PCL-6-5 89 6 5

PCL-6-10 84 6 10

PCL-6-20 74 6 20
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PCL-0.06-0, PCL-0-10, and PCL-0.06-10 was 41.3, 34.8, and

31.2%, respectively. The decrease in Tm and the crystallinity of

PCL/IL nanocomposite is ascribed to the plasticizer effect of the

nanocomposite. Meanwhile, the marked decrease in Tm and the

crystallinity of the PCL/IL/MWNT nanocomposite is probably

the combined result of the nucleating of the CNTs and the plas-

ticizing of the ILs. The resultant imperfect polymer crystals in

the nanocomposites melted at a lower temperature than the

control polymer. The morphologies of the nanocomposites were

investigated to find the cause of the lowest Tm and crystallinity

shown by the PCL/IL/MWNT nanocomposite.

Morphologies

The SEM images (Figure 2) show the cross-sections of the

nanocomposites prepared by fracturing the PCL nanocompo-

sites in liquid nitrogen to produce an intact fractured surface

morphology. Figure 2(a,b) show that the bright regions in the

SEM images are attributed to the MWNTs as a result of high

electrical conductivity of the MWNTs. Aggregates were clearly

observed in the PCL/MWNT nanocomposites as shown in Fig-

ure 2(a,b). The morphologies of the PCL nanocomposites with

ILs are revealed in Figure 2(c,d), where the ILs are clearly

homogeneously dispersed in the PCL/IL nanocomposites with

the shape of small particles. The small particles indicate that

some of the ILs were not dispersed in the PCL in molecular

level. The diameter of the IL particles increased with the content

of IL such as from about 50 nm in 5 wt % ILs to about 140

nm in 10 wt % ILs. As a result, the aggregated parts of the ILs

cannot work as plasticizer of PCL. Interestingly, no IL particles

were observed in the PCL/IL/MWNT nanocomposites shown in

Figure 2(e,f). The SEM images also clearly reveal that an even

dispersion of MWNTs was achieved throughout the PCL matrix

without any aggregation. Most MWNTs were separated into

individual tubes during the simple melt compounding; thus, the

MWNTs were evenly dispersed in the matrix, which is of great

practical importance in making polymer/CNT nanocomposites.

A closer inspection reveals that most of the MWNTs are broken

in the matrix upon failure, and loop-like MWNTs are observed

with their two ends still strongly embedded in the matrix. This

typical breakage phenomenon of the MWNTs indicates that a

strong interfacial adhesion exists between the MWNTs and PCL

matrix. The well-dispersed MWNTs and the strong interfacial

adhesion are believed to be caused by the “Bucky gel” prepared

through grinding the ILs and MWNTs for long time. The inter-

action between the ILs and MWNTs are shown in Raman spec-

trum below.

Raman Analysis

The Raman spectrum (Figure 3) revealed that a large interaction

between IL and MWNT. The D band stands for the defects in

the CNTs, and the G band stands for the sp2 carbon. Figure 3

shows that obvious Raman shifts of the MWNTs were observed

both in the “Bucky gel”-like mixture and in the PCL/IL/MWNT

nanocomposites compared with pure MWNT. The shift of the

tangential mode frequency of the MWNTs observed suggests

interactions between the IL and the MWNT. No obvious Raman

shift in both the D and G bands were observed compared with

“Bucky gel”-like mixture and PCL/IL/MWNT nanocomposite.

The lack of Raman shift indicates that the interaction between

the IL and MWNT in the matrix through melt processing did

not further increase compared with the mixture of IL/MWNT

through grinding processing. Table II shows the D/G intensity

ratio (ID/IG), always used as an indicator of the degree of crys-

tallinity and purity of the CNTs, of MWNT, “Bucky gel”-like

mixture, PCL/MWNT, and PCL/IL/MWNT nanocomposite. The

ID/IG exhibits the degree of disorder in MWNTs.37 The values

of ID/IG of “Bucky gel”-like mixture and PCL/IL/MWNT nano-

composite, 0.74 and 0.70, is greater than that of pristine

MWNTs (0.52), which indicates that the addition of IL can gen-

erate more defects on the MWNTs. However, the obvious differ-

ence of the Raman shift and ID/IG in the PCL/MWNT

nanocomposite was not observed compared with pure MWNT.

Dielectric Permittivity of Nanocomposites

Figure 4 shows the dielectric permittivity and dielectric loss val-

ues of the PCL/MWNT nanocomposites as a function of the

MWNT weight fraction (fMWNT) at 25�C and different frequen-

cies. The dielectric permittivity was enhanced with the increase

of fMWNT, and was rapidly enlarged when 6 wt % MWNT was

added, as shown in Figure 4(a). The nanocomposites with a low

percentage of MWNT did not make much of a difference in the

dielectric property of pure PCL. The increasing dielectric per-

mittivity of the nanocomposites can be attributed to the polar-

ization of the Maxwell–Wagner–Sillars (MWS) effect. The MWS

effect shows that charges accumulated at the interface between

the two-materials interfaces with different relaxation times

(s 5 e/r, where e represents the dielectric permittivity and r
represents the conductivity). The relaxation time of the PCL

was much larger than the MWNT, and the MWNT–PCL inter-

faces may block the charge flow, causing interfacial polarization

(MWS effect), and high dielectric permittivity. The PCL/

MWNT nanocomposites gained more interfacial polarization

effects with the increase of the weight percentage of MWNT,

and provided the main cause of the increasing dielectric permit-

tivity of the nanocomposites. Figure 4(b) shows that the dielec-

tric loss of the PCL/MWNT nanocomposites increased with the

addition of MWNT, especially when fMWNT 5 6 wt %.

Figure 1. DSC heating curve of (a) pure PCL, (b) PCL-0.06-0, (c) PCL-0-

10, (d) PCL-0.06-10.
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Figure 5 presents the relationship of the dielectric permittivity of

the PCL/IL nanocomposites with different weight fractions (fIL)

and frequencies at 25�C. Figure 5(a) shows that the dielectric

permittivity grows sharply as fIL increases. The addition of the IL

in the nanocomposites obviously changed the electronic property

of PCL compared with pure PCL. The dielectric relaxation of the

Figure 2. SEM images of PCL and its nanocomposites prepared via melt compounding (A) pure PCL, (a) PCL-0–5, (b) PCL-0–10, (c, d) PCL-0.6-0,

(e, f) PCL-0.6–10.
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IL was partly dipolar and partly ionic because of its dipolar ions;

thus, ionic relaxation polarization and ionic conductivity were

the main influences of the dielectric property of the nanocompo-

sites. The increase of the PCL amorphous region in the PCL/IL

nanocomposites (shown in Figure 1) led to the increase of space

for ILs to move and the ease in obtaining ionic relaxation polar-

ization and ionic conductivity. The dielectric studies of the ion-

omer system by Fragiadakis et al.38 reveal that the ion-pair

relaxation mode appears at frequencies lower than that of the

polymer segmental relaxation mode, and accordingly enhances

the dielectric permittivity significantly. The dielectric property of

nanocomposites is similar to pure PCL in frequencies ranging

from 105 to 106 Hz. The dielectric permittivity of the nanocom-

posites is nearly equal with the pure PCL at frequencies above

107 Hz, indicating that the main dielectric property is provided

by the polymer segment of PCL at above 107 Hz.

The addition of IL in PCL increases the dielectric permittivity of

the nanocomposites in 10–100 KHz, and the MWNTs in PCL

may provide a large scale of interface, which changes the dielec-

tric property of the PCL/MWNT nanocomposites. The PCL and

“Bucky gel” nanocomposites were prepared to study the dielec-

tric property of the PCL/IL/MWNT ternary system and the

interaction of the MWNT and IL in PCL. The 0.6 wt % of

MWNT in the ternary nanocomposites was selected to avoid the

electric conduction of PCL/MWNT because of the percolation.

Figure 6 shows the dielectric property of the PCL/IL/MWNT

nanocomposites. The ternary nanocomposites gain the higher

dielectric properties than binary PCL/IL and PCL/MWNT

Figure 3. Raman shift of (a) pure MWNT, (b) “Bucky gel”-like mixture

(MWNT/IL 5 3 wt %), and the PCL-0.6-10. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table II. Raman Shift and D/G Intensity Ratio of MWNT in Bucky Gel

and Nanocomposites

Samples
D band
(cm21)

G band
(cm21)

D/G intensity
ratio

Pure MWNT 1350.6 1579.7 0.52

IL/MWNT 1359.2 1586.6 0.74

PCL-0.6-10 1359.5 1587.5 0.70

Figure 4. Dielectric permittivity (a) and dielectric loss (b) of PCL/MWNT

nanocomposites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Dielectric permittivity (a) and dielectric loss (b) of PCL/IL

nanocomposites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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nanocomposites.39 Figure 7 exhibits a comparison of the dielec-

tric property in the PCL, PCL-0.6-0, PCL-0-10, and PCL-0.6-10.

Figure 8 exhibits the drift of increasing dielectric permittivity

related to the percentage of IL and MWNT kept at 1 KHz and

25�C. The dielectric properties of the PCL/IL/MWNT nanocom-

posites are more than a simple addition of PCL/MWNT and

PCL/IL nanocomposites. For example, the dielectric permittivity

of PCL-0.6-0, PCL-0-10, and PCL-0.6-10 is 5.2, 79.8, and 138.6,

respectively. The dielectric permittivity of ternary nanocompo-

sites is attributed to the homogeneous dispersion both of ILs

and MWNTs in the PCL matrix, which was proven in the SEM

results. On one hand, the ILs attached to the surface of MWNTs

enlarged the interphase between the MWNT and the PCL; thus,

interfacial polarization increased. On the other hand, the disper-

sion of the ILs in the PCL/IL/MWNT nanocomposites was

much better than in the PCL/IL nanocomposites. Thus, the

amorphous region of the PCL in ternary nanocomposites was

much larger than that of the binary nanocomposites. As a

result, the ternary nanocomposites obtain a strong ionic relaxa-

tion polarization and ionic conductivity. The significantly

enhanced dielectric permittivity of the PCL/IL/MWNT nano-

composites is attributed to the synergistic effect of interfacial

polarization, ionic relaxation polarization, and ionic conductiv-

ity. The dielectric behavior of the PCL/IL/MWNT nanocompo-

sites tends to be similar to the PCL/IL nanocomposites at lower

Figure 6. Dielectric permittivity (a) and dielectric loss (b) of PCL/IL/

MWNT nanocomposites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. Comparison of the dielectric permittivity of PCL nanocompo-

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

wileyonlinelibrary.com.]

Figure 8. Dielectric permittivity of (1) PCL and nanocomposites at 1 KHz

and 25�C, (2) PCL-0.06-0, (3) PCL-0.6-0, (4) PCL-3-0, (5) PCL-6-0, (6)

PCL-0-1, (7) PCL-0-5, (8) PCL-0-10, (9) PCL-0-20, (10) PCL-0.6-1, (11)

PCL-0.6-5, (12) PCL-0.6-10, and (13) PCL-0.6-20. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Dielectric permittivity of PCL/IL nanocomposites with different

cation/anion and percentages. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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frequencies, and to the PCL/MWNT nanocomposites at higher

frequencies.

Two more kinds of ILs, namely, [EMIM]BF4 and

[AMIM]PF6, are applied to compare with the previous

[BMIM]PF6-based PCL/IL nanocomposites to find the rela-

tionship between the cation/anion and dielectric permittivity

of nanocomposites. The dielectric permittivity is shown in

Figure 9, which indicates the dielectric permittivity of differ-

ent types of ILs in PCL seems to have the same tendency

at above 105 Hz. Even the 1% IL added in the nanocompo-

sites heavily increased the dielectric permittivity of nanocom-

posites. The dielectric loss of nanocomposites enlarged

rapidly in low frequencies, and met pure PCL at higher fre-

quencies. The gap of the dielectric loss between the nano-

composites and pure PCL can be provided through ionic

conductivity and ionic relaxation. The dielectric strength of

the PCL/IL tended to purify the PCL when the frequency

was higher than 106 Hz, indicating that IL affects the dielec-

tric property a little at a high frequency. Different types of

cations or anions in the ILs have minimal influence in the

dielectric property of the nanocomposites.

CONCLUSIONS

A convenient method for preparing nanocomposites using the

polymers and the “Bucky gels”-like mixture was developed. The

resulting IL–MWNT gel reinforced the PCL nanocomposites

efficiently through a simple melt compounding, and endowed

the nanocomposites with excellent dielectric properties. The

dielectric properties of the PCL/IL/MWNT nanocomposites

were larger than that of the simple addition of the PCL/

MWNT and PCL/IL nanocomposites, which were attributed to

the synergistic effect of the interfacial polarization, ionic relaxa-

tion polarization, and ionic conductivity. The dielectric proper-

ties of the PCL/IL/MWNT nanocomposites were mainly

influenced by the ILs at a low frequency and were dominated

by the MWNTs at a high frequency. The type of ILs used in

this research had minimal effect on the dielectric properties of

the nanocomposites. The microscopic observations revealed

that a more uniform and fine dispersion of MWNTs was

achieved throughout the PCL matrix because of the strong

interaction between the CNTs and the ILs. The DSC showed

that the addition of ILs in nanocomposites changed the crystal-

linity of the PCL.
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