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Abstract

The reported work was to demonstrate that the defect-derived photoluminescence in functionalized single-walled carbon nanotubes could be

exploited in probing the dispersion of these nanotubes in polymeric nanocomposites because the luminescence emissions are sensitive to the

degree of nanotube bundling and surface modification. The polyimide–SWNT nanocomposite thin films obtained from nanotubes with and

without functionalization were compared. The spectroscopic results suggest that despite a similar visual appearance in the two kinds of films, the

nanotube dispersion must be significantly better in the film with functionalized nanotubes, as reflected by the strong photoluminescence. In fact,

the nanotubes embedded in polymer matrix that can be readily characterized by Raman spectroscopy are non-luminescent, while those that are

difficult for Raman are strongly luminescent. Therefore, Raman and photoluminescence serve as complementary tools in the investigation of

nanocomposites concerning the nanotube dispersion-related properties.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric nanocomposites with single-walled carbon

nanotubes (SWNTs) as fillers have received much recent

attention for their widely predicted superior electronic,

thermal, and mechanical properties [1–3]. An important issue

in the development of such nanocomposites is the dispersion of

SWNTs, since as-produced SWNTs are severely bundled and

entangled due largely to the strong inter-tube van der Waals

interactions [1]. There is hardly any solubility of the nanotubes

in common solvents, which substantially impairs their

processibility. Thus, the direct incorporation of as-produced

SWNTs into polymer matrices usually results in poor nanotube

dispersion in the nanocomposites, with the actual performance
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significantly worse than expected [4]. In order to improve the

dispersion, so as to maximize the transformation of

the nanotube properties to the resulting nanocomposites, the

functionalization of SWNTs has been identified as an effective

approach [3–6]. For example, Lin et al. reported that poly(vinyl

alcohol) (PVA) could be used to functionalize SWNTs for their

exfoliation and solubilization and that the functionalized

nanotube sample could be homogeneously dispersed into

PVA matrix for high-quality nanocomposites without introdu-

cing any unwanted foreign materials [7].

In a different approach, selected polymers and common

surfactant molecules have been used to aid the suspension of

SWNTs in various solvents [8–10]. It has been shown that

polyimide is particularly effective in stabilizing the nanotube

suspension, and the resulting suspension can be used to

fabricate polyimide–SWNT nanocomposites, which are also

free from other agents [11]. The nanocomposites thus prepared

are visually similar to those obtained from functionalized

nanotube samples, despite their expected significant difference

with respect to the dispersion of the embedded SWNTs.
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Commonly employed nanoscale characterization techniques

such as high-resolution electron microscopy may in principle

be applied to an evaluation of the dispersion issue, though the

preparation of specimens for the microscopy analyses can be

challenging. For example, the microtome process to obtain

ultra-thin slices of the nanocomposite often distorts the original

distribution of embedded nanotubes in the polymer matrix [12].

As a result, optical spectroscopy methods including especially

Raman are widely pursued for the characterization of polymer–

SWNT nanocomposites in a convenient and rapid fashion

[13–15]. However, Raman is not so useful in the investigation

of nanocomposites obtained from homogeneously dispersed

functionalized carbon nanotubes because of overwhelming

interference of photoluminescence from these nanotubes

[6,16].

In this work, we wanted to demonstrate that the

photoluminescence in functionalized SWNTs could be

exploited in probing the dispersion of these nanotubes in

polymeric nanocomposites because the luminescence emis-

sions are sensitive to the degree of nanotube bundling and

surface modification. In fact, the nanotubes embedded in

polymer matrix that can be readily characterized by Raman are

non-luminescent, while those that are difficult for Raman are

strongly photoluminescent. Therefore, Raman and photolumi-

nescence may serve as complementary tools in the

investigation of nanocomposites concerning the nanotube

dispersion-related properties. The polyimide–SWNT nano-

composite films obtained from nanotubes with and without

functionalization are compared. The films have also been

analyzed by electron microscopy techniques to support the

spectroscopic results.

2. Experimental section

2.1. Materials

4,4 0-(Hexafluoroisopropylidene)diphthalic anhydride

(99%) was purchased from Aldrich, 1,3-bis-(3-aminophenox-

y)benzene (96%) from TCI, and 1-ethyl-3-(3-(dimethylamino)-

propyl)carbodiimide hydrochloride (EDAC, 98C%) from Alfa

Aesar. Dimethylformamide (DMF) and other solvents were

obtained from Mallinckrodt and carefully distilled before use.

The polyimide based on 4,4 0-(hexafluoroisopropylidene)-

diphthalic anhydride and 1,3-bis-(3-aminophenoxy)benzene

(also known as LaRC CP-2e or simply CP-2) was supplied by

SRS, Inc. According to GPC analysis (linear polystyrene

standards), the polymer molecular weight Mn was w17,000

and polydispersity index w3.

The sample of SWNTs (from the arc-discharge method) was

purchased from Carbon Solutions, Inc. It was purified by using

a combination of thermal oxidation and diluted nitric acid

treatment, as already reported in the literature [17].

2.2. Measurements

UV/vis/near-IR absorption spectra were recorded on

Shimadzu UV3100 spectrophotometer. Raman spectra were
obtained on a Jobin Yvon T64000 spectrometer equipped with

a Melles-Griot 35 mW He–Ne laser source for 632.8 nm

excitation, a triple monochromator, a research grade Olympus

BX-41 microscope, and a liquid-nitrogen-cooled Symphony

detector. Luminescence emission spectra were measured on a

Spex Fluorolog-2 emission spectrometer equipped with a

450 W xenon source, a Spex 340S dual-grating and dual-exit

emission monochromator, and two detectors. The two gratings

are blazed at 500 nm (1200 grooves/mm) and 1000 nm (600

grooves/mm). The room-temperature detector consists of a

Hamamatsu R928P photomultiplier tube operated at 950 V,

and the thermoelectrically cooled detector consists of a near-IR

sensitive Hamamatsu R5108 photomultiplier tube operated at

1500 V. Unless specified otherwise, the reported spectra were

corrected for non-linear instrumental response by use of

predetermined emission correction factors. Scanning (SEM)

and transmission (TEM) electron microscopy images were

obtained on a Hitachi S4700 field-emission SEM system and a

Hitachi HF-2000 TEM system, respectively. Composite film

specimens for SEM imaging were subject to platinum

sputtering for 60 s in order to suppress surface charging effect.

The film thickness was measured by using a Nikon Digimicro

Stand MS-11C with a MFC-101 digital display device.

2.3. PI-NH2 and PI-NH2–SWNT

Amine-terminated polyimide (PI-NH2) was synthesized in

conventional condensation polymerization of 1,3-bis(3-

aminophenoxy)benzene and 4,4 0-(hexafluoroisopropylidene)-

diphthalic anhydride with a calculated excess of the former to

ensure the amino group termination and the control of the

polymer molecular weight to approximately 5000 [18]. The

functionalization of SWNTs by PI-NH2 was achieved in

carbodiimide (EDAC)-activated amidation reaction of the

terminal amino groups in PI-NH2 with the defect-derived

carboxylic acid groups on the nanotube surface, as reported

previously [18] (Scheme 1).

2.4. Nanocomposite films

For film with suspended SWNTs, a purified SWNT sample

(5 mg) was suspended in DMF (3 mL) and homogenized

(PowerGen 125) for 1 h under flowing N2. A DMF solution of

the CP-2 polyimide (4 mL, 125 mg/mL) was added to the

nanotube suspension under constant stirring, and the mixture

was sonicated (VWR Aquasonic 150 HT) for 12 h. The

resulting suspension was further stirred to slowly evaporate the

solvent until the total volume reduced to approximately 2 mL.

The viscous suspension thus obtained was cast onto a glass

substrate with an adjustable film applicator (Gardco), and kept

in flowing N2 for 24 h. The film was further cured under the

same atmosphere at 100 8C for 1 h, 150 8C for 1 h, 200 8C for

1 h, and finally dried in vacuum at 60 8C for 48 h.

For film with functionalized SWNTs, a DMF solution of

PI-NH2–SWNT (3 mL, 33 mg/mL) was added dropwise to a

DMF solution of CP-2 (4 mL, 500 mg/mL) under constant

stirring. The mixture was vigorously agitated until



Scheme 1.
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homogeneous, followed by essentially the same casting and

drying procedures as described above.
Fig. 1. (a) Optical absorption spectra of PI-NH2–SWNT in DMF solution (—)

and polyimide-assisted SWNT suspension in DMF (- - -). (b) Optical

absorption spectra of nanocomposite films from the functionalized (—) and

suspended (- - -) SWNTs.
3. Results and discussion

3.1. Purification and functionalization of SWNTs

The commercially available SWNT sample was purified by

using an established procedure of first heat treatment (300 8C)

in air and then refluxing in diluted nitric acid (2.6 M) to remove

amorphous carbonaceous impurities and residual metal

catalysts from the sample [17]. According to discussion in

the literature concerning the effectiveness of the procedure

[19,20], the purification should be adequate for the purpose of

preparing polymeric nanocomposites used in this work.

The purified SWNT sample was used in the functionaliza-

tion with PI-NH2. The target of functionalization was the

amidation of nanotube-bound carboxylic acid groups, which

are known to be present in the oxidative acid-treated sample

[6,21]. The functionalized nanotube sample PI-NH2–SWNT

was characterized by using various instrumental techniques to

have the results calibrated with those reported previously [18].

For example, the 1H NMR signals of the terminal aniline

aromatic protons in PI-NH2–SWNT were at 5.9–6.1 ppm,

shifted upfield from those in the PI-NH2 spectrum (6.0–

6.4 ppm) due to effects of the large aromatic ring currents in the

attached carbon nanotubes [18]. The PI-NH2–SWNT sample

was readily soluble in many organic solvents including THF

and DMF to form dark-colored solutions. The solution-phase

optical absorption spectrum of the sample in DMF exhibited

features atw1800 cmK1 (despite the interference from solvent

background) and w1000 cmK1, corresponding to electronic

transitions between the first (S11) and second (S22) van Hove

singularity pairs in semiconducting SWNTs, respectively

(Fig. 1(a)). The first electronic transition of metallic SWNTs

(M11) could also be detected at w700 cmK1 (Fig. 1(a)). The

observation of these characteristic absorption features is

consistent with the expectation that the functionalization of

SWNTs targets the defect-derived carboxylic acid moieties on

the nanotube surface. This mode of functionalization is known

to preserve the electronic absorption properties of SWNTs

[21].

It is known that SWNTs without functionalization may be

dispersed into polar solvents with the aid of surfactants or
polymers such as poly(phenylene vinylene) [22] and poly(vinyl

pyrolidone) [8], due presumably to non-covalent interactions.

The polyimide CP-2 is somewhat special in this regard [11],

such that SWNTs are readily suspended in a DMF solution of

CP-2, and the suspension appears homogeneous. The absorp-

tion spectrum of the suspended SWNTs is also shown in Fig. 1.

However, while the suspension is stable and looks similar to

the solution of the functionalized sample PI-NH2–SWNT

(similar absorption spectra as well, Fig. 1(a)), the molecular

level structures and properties of the suspended and functio-

nalized SWNTs must be different. A clear indication for such

difference is in the results of nanotube photoluminescence,

which is associated with passivated surface defects in

exfoliated carbon nanotubes [6,16,23–25]. As compared in



Fig. 2. Luminescence emission spectra (450 nm excitation) of PI-NH2–SWNT

in DMF solution (—) and polyimide-assisted SWNT suspension in DMF (- - -).
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Fig. 2, the PI-NH2–SWNT solution in DMF is strongly

photoluminescent, whereas the apparently stable polyimide-

assisted suspension of purified SWNTs in the same solvent

with the same optical density at the excitation wavelength is

hardly emissive. This is understandable because there is

obviously a lack of passivation effect for surface defects in

the suspended nanotubes, and the nanotubes in suspension are

bundled (thus significant inter-tube quenching of photoexcited

states) [16,23,26]. The difference in molecular level structures

and properties between the functionalized and suspended

SWNTs may represent a primary factor in the dispersion of the

nanotubes in polymeric matrix.
Fig. 3. Luminescence emission spectra (450 nm excitation) of the films from (a)

suspended SWNTs and (b) PI-NH2–SWNT. Shown in the insets are

corresponding confocal microscopy images of the films (458 nm excitation,

O469 nm detection; scale barsZ5 mm).
3.2. Nanocomposite films

The solution of PI-NH2–SWNT and the suspension of

purified SWNTs, both in DMF, were used in the fabrication of

polyimide (CP-2)–SWNT nanocomposite films via wet-

casting. The fabrication procedures were largely similar

between the two samples (except for the homogenization and

sonication required for the suspended SWNTs), and the

resulting films also appeared similar. Since the nanotube

contents in the functionalized and suspended samples were

known (from quantitative 1H NMR signal integration [18] and

the amount of added nanotubes, respectively), the nanotube

contents in the resulting nanocomposite films were obtained by

quantifying the amount of blank CP-2 polymer used in the

preparation of the mixtures for wet-casting. The films from

both the functionalized and suspended nanotube samples

appeared similarly optically transparent when the nanotube

loading was low or the films were ultra-thin.

The color of the films was dependent on the nanotube

content and also the film thickness. The films with higher

nanotube contents appeared black. For a better comparison, the

two kinds of films obtained from the functionalized and
suspended nanotube samples were controlled to the nanotube

loading of 1% by weight and a similar thickness of about

80 mm. As shown in Fig. 1(b), optical absorption spectra of

both films exhibit the characteristic S11 (around 1800 nm) and

S22 (around 1000 nm) bands for semiconducting SWNTs and

also the M11 absorption (around 700 nm) for metallic SWNTs,

similar to those of the PI-NH2–SWNT solution and suspended

SWNTs in DMF (Fig. 1(a)). These spectral features confirm the

expected preservation of electronic structures for the SWNTs

embedded in the CP-2 polymer matrix.

In a closer examination of the absorption spectra, the S11
and S22 bands of the film with functionalized SWNTs are

somewhat narrower in bandwidth than those of the film with

suspended SWNTs, and the former are also slightly blue-

shifted (Fig. 1(b)). These subtle changes in absorption spectral

features are consistent with the improved dispersion of the

functionalized SWNTs in the polymer matrix. As proposed in

the literature [27], van der Waals interactions between

nanotubes in a bundle help the overlap between electronic

transition states and reduce the band gap of the nanotubes.

Therefore, the exfoliation of bundled SWNTs brought about by

functionalization gives rise to a better dispersion in the

nanocomposite film resulting in narrower and blue-shifted

band gap absorption bands.

The improved dispersion of the functionalized SWNTs in the

nanocomposite film is reflected by the observation of strong

photoluminescence in the visible (Fig. 3), as it is known that the

nanotube defect-derived luminescence emission is sensitive to

the exfoliation and surface passivation of the nanotubes [16].

Generally speaking, a better functionalization of SWNTsmeans

more effective surface passivation of the defect sites and leads to

more homogeneous dispersion (less bundling), which corre-

spond to enhanced luminescence emissions with minimized

inter-tube quenching [16]. For the film obtained from the

suspended SWNTs, although the macroscopic appearance

showed no dramatic difference from that of the film with

functionalized SWNTs, the nanoscopic structure of the film

must be different. The nanotube bundles in the original
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suspensionwere likely carried over into the nanocomposite film,

and the bundled SWNTs embedded in the CP-2 polymer matrix

were essentially non-luminescent (Fig. 3). Therefore, the

measurement of defect-derived luminescence emissions serves

as a convenient and non-destructive technique in the evaluation

and analysis concerning the degree of nanotube dispersion in

polymeric nanocomposites qualitatively or even quantitatively

(by comparing different films or the use of standards).

The strong photoluminescence in functionalized nanotube

samples is known to interfere with Raman analyses of these

samples in an overwhelming fashion [6]. In fact, the better the

nanotube functionalization and dispersion, the stronger the

interference becomes. The Raman results on the two kinds of

polyimide (CP-2)–SWNT nanocomposite films were as

expected. For the film with functionalized SWNTs, the

nanotube Raman signals could be detected only with the use

of lower laser power at the expense of sensitivity, making the

characteristic features of SWNTs poorly defined on top of a

huge luminescence background in the observed Raman

spectrum (Fig. 4). This is consistent with the film being

strongly photoluminescent, as discussed above (Fig. 3). The

film with suspended SWNTs, on the other hand, was non-

luminescent, so that characteristic Raman features of the

embedded SWNTs were clearly observed. With a subtraction

of the luminescence background, the G-band and D*-band

features for functionalized SWNTs in the film can be identified

at 1593 and 2642 cmK1, respectively, which are at slightly

higher frequencies than those for the suspended SWNTs in film

(1587 and 2631 cmK1, respectively). Therefore, it might be

argued that there is the commonly acknowledged enhancement

in polymer–nanotube interactions [13–15] in the film with

functionalized SWNTs. With probably similar effect, the radial
Fig. 4. Raman spectra (633 nm excitation) of the films with PI-NH2–SWNT

(top) and suspended SWNTs (bottom). Some small peaks in the spectra are due

to imperfect correction for the polyimide signals.
breathing mode (RBM) feature at 179 cmK1 for the film with

functionalized nanotubes is also at a slightly higher frequency

than that of the film with suspended nanotubes (170 cmK1).

In order to allow a more direct evaluation on the nanotube

dispersion in the films, microtome technique was employed to

obtain ultra-thin (about 100 nm) slices. An SEM image for a

slice from the film with functionalized SWNTs is shown in

Fig. 5, which seems consistent with a well-dispersion of the

nanotubes in the film. The slice was also evaluated by using

high-resolution TEM. The specimen was highly sensitive to the

electron beam, which instantly created nanoscopic gaps in the

film slice. There were mostly individual SWNTs bridging

the gaps, as shown in Fig. 5. However, for the film with

suspended SWNTs, the slices from microtome were of poor

quality, inadequate for any conclusive SEM and TEM

analyses.

Alternatively, the polyimide nanocomposite films with the

functionalized and suspended SWNTs were both stretched to

failure, and the fracture edges were examined by using SEM

for the morphological characteristics (generally reflecting the
Fig. 5. Results from electron microscopy analyses of the films with suspended

SWNTs (top: SEM images of a slice frommicrotome) and with PI-NH2–SWNT

(middle: SEM image of a slice from microtome; and bottom: TEM image of the

specimen with a gap generated by the electron beam).



Fig. 6. SEM images on fracture edges of the films (stretched to failure) with (a)

suspended SWNTs and (b) PI-NH2–SWNT.
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nanotube dispersion and load transfer efficiency in the films)

[28,29]. As shown in Fig. 6, the fracture surface morphology is

different between the two films. For the film from suspended

SWNTs, there are plenty of exposed nanotube thick bundles on

the fracture surface (the appearance of more nanotubes than

what might be expected from the film composition probably

due primarily to the nanotube bundles being pulled out of the

polymer matrix in the stretching and also to inhomogeneous

distributions of nanotubes in the film). This is obviously not the

case at the fracture edge of the film from functionalized

SWNTs. Despite the same overall nanotube loading, the

homogeneous dispersion and better polymer wetting of

functionalized SWNTs in the film are likely responsible for

the apparently different fracture surface morphology (Fig. 6).

In summary, the polyimide–SWNT nanocomposite thin film

prepared from polyimide-functionalized SWNTs was compared

to that from purified SWNTs in polyimide-assisted suspension.

At the same nanotube contents and film thicknesses, the visual

appearance was hardly different between the two kinds of films.

However, the nanotube dispersion must be significantly better in

the film with functionalized SWNTs, as reflected by the strong

photoluminescence in the luminescence emission spectroscopy

and confocal microscopy results of the film. The results from

other characterization techniques including optical absorption,

Raman, and electron microscopy are consistent with the

conclusion on the better dispersion of functionalized SWNTs

in the film for improved compatibility with the matrix polymer

and more efficient load transfer. Further studies to compare the
two kinds of films for more specific material properties (such as

mechanical [28], thermal, and electrical) and performance

should be interesting.
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