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Pristine and long-chain functionalized single-walled carbon nanotubes (SWNTs) were incorporated

successfully in supramolecular organogels formed by an all-trans tri(p-phenylenevinylene) bis-aldoxime

to give rise to new nanocomposites with interesting mechanical, thermal and electrical properties.

Variable-temperature UV-vis and fluorescence spectra reveal both pristine and functionalized SWNTs

promote aggregation of the gelator molecules and result in quenching of the UV-vis and fluorescence

intensity. Electron microscopy and confocal microscopy show the existence of a densely packed and

directionally aligned fibrous network in the resulting nanocomposites. Differential scanning

calorimetry (DSC) of the composites shows that incorporation of SWNTs increases the gel formation

temperature. The DSC of the xerogels of 1–SWNT composites indicates formation of different

thermotropic mesophases which is also evident from polarized optical microscopy. The reinforced

aggregation of the gelators on SWNT doping was reflected in the mechanical properties of the

composites. Rheology of the composites demonstrates the formation of a rigid and viscoelastic solid-

like assembly on SWNT incorporation. The composites from gel–SWNTs were found to be

semiconducting in nature and showed enhanced electrical conductivity compared to that of the native

organogel. Upon irradiation with a near IR laser at 1064 nm for 5 min it was possible to selectively

induce a gel-to-sol phase transition of the nanocomposites, while irradiation for even 30 min of the

native organogel under identical conditions did not cause any gel-to-sol conversion.
Introduction

Among the nanomaterials, carbon nanotubes (CNTs) and

related systems have attracted a lot of attention due to their

high aspect ratio, extraordinary mechanical properties and

enhanced electrical conductivity which make them useful in

many aspects ranging from optoelectronics to even in biomedical

applications.1 Accordingly CNT based research is being

increasingly driven towards developing superior conducting

materials as CNTs are good electrical conductors themselves.2

CNT doping has been also exploited for improving flame-retar-

dant performances, achieving enhanced conductivity,3 electro-

static charging,4 optical emitting devices,5 and in lightweight,

high strength composites6 etc.

Although the CNTs are difficult to solubilize in various solvent

media, they can interact with different classes of compounds by

forming supramolecular complexes which in turn render them

dispersible in that medium.7 Polymers, especially those with

aromatic moieties, interact with the CNTs since they can impart

a p–p stacking interaction with the nanotube walls, thereby,

solubilizing the nanotubes in the medium.8 Proteins,9 DNA10 and

other biomolecules have been also shown to solubilize SWNTs in

aqueous solution.
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In this context the low molecular mass organogelators

(LMOGs)11 constitute an interesting class of soft materials such

as physical gels, which are thermoreversible and are swollen in

a liquid in which they are gelated. Their structure is ‘‘cross-

linked’’ by supramolecular interactions (coulombic, hydrogen

bond, van der Waals etc.). These materials have fibrillar

networks which contain microporous pockets filled with solvent

molecules which can host various nanomaterials such as nano-

particles, nanotubes etc. Fukushima et al. reported that when

SWNTs were mixed with imidazolium ion-based room-temper-

ature ionic liquids, the resulting materials transformed into

gels.12 Currently there is a strong interest in the investigations

where CNTs have been incorporated in hydrogel, organogel and

polymeric matrices.13

We have previously reported that the incorporation of metal

nanoparticles modulates the properties of the gel–Au/Ag nano-

particle composites depending on the ‘information inscribed’

on the nanoparticle surface as capping agent.14 Recently, we

described a novel gel–nanotube composite system from a
Chart 1 Molecular structure of the gelator 1 used in the present study.
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non-chromophoric organogelator based on a fatty acid amide of

L-alanine and SWNTs.15 However, the L-alanine based gelator

was devoid of any aromatic moiety and as a consequence

possessed only a limited ability to disperse CNTs. In order to

improve the efficient incorporation of CNTs in gels, herein we

employ a luminescent organogel containing a conjugated

p-phenylenevinylene based aromatic chromophore, 1 (Chart 1),16

which acts as an excellent host for both pristine SWNTs (Pr-

SWNTs) and n-hexadecyl amide functionalized SWNTs (C16-

SWNTs). We examined the influence of CNT incorporation on

the aggregation properties of 1, which demonstrated nanotube

encapsulated self-assembled structures indicating the formation

of fiber-reinforced supramolecular networks of gel–SWNT

nanocomposites. Importantly the resulting gel–SWNT compos-

ites showed increased electrical conducting properties, improved

viscoelasticity and a remarkable NIR induced thermoreversible

gel-to-sol transition behaviour.
Experimental

Materials

All reagents, starting materials and silica gel for TLC and

column chromatography were obtained from the best known

commercial sources and were used without further purification,

as appropriate. Solvents were distilled and dried prior to use.

Pristine single-walled carbon nanotubes (SWNTs) were synthe-

sized by the arc discharge method from graphite and purified by

treatment with concentrated HCl (to remove iron catalyst) and

further hydrogen treatment at 900 �C in a furnace oven as

described.17 The functionalized SWNTs have been synthesized as

reported earlier15 and the characterization data of the SWNTs

are presented in the electronic supporting information (ESI†).

The gelator 1 has been synthesized as reported earlier.16
Gelation studies

A solution of gelator (1) in toluene, which also contained

dispersed SWNTs, was heated in a water-bath at 60 �C in a test-

tube to make a clear sol. The sol was sonicated for 5 min at 60 �C,

and upon cooling under ambient conditions for 20 min formed

a gel stable to inversion of the test-tube.
Confocal microscopy

A diluted toluene solution of 1 (1 � 10�4 M) incorporated with

1.64 wt% SWNTs was drop casted on a pre-cleaned glass slide

and it was left overnight for drying in a dust-free environment

and finally evacuated to remove all the solvent. In another glass

slide the same toluene solution of 1 incorporated with SWNTs

(50 mL) was put and kept for 15 min at low temperature (0 �C).

The confocal images were taken on a Leica TCS SP5 (Germany)

microscope with an excitation wavelength of 488 nm.
Scanning and transmission electron microscopy

The physical gel of 1 and the gel–SWNT composites were

carefully scooped onto the brass stubs and were allowed to dry

under ambient condition. In another experiment the gel

samples of 1 and SWNTs composites were scooped onto the
6882 | J. Mater. Chem., 2010, 20, 6881–6890
brass stubs and were allowed to freeze-dry. The samples were

then coated with gold vapor and analyzed on a Quanta 200

SEM operated at 10 kV. Diluted toluene solution of each

sample was drop-casted onto a carbon coated copper grid (200

mesh size) and the TEM images were taken at an accelerating

voltage of 300 kV using TECNAI F30 and JEOL JEM 3010

instruments.

UV-vis and fluorescence spectroscopy

UV-vis and fluorescence spectra of the solution of 1 in the

presence and absence of CNTs were recorded on Shimadzu

model 2100 spectrophotometer and Hitachi F-4500 spectroflu-

orimeter, respectively.

Differential scanning calorimetry of gel and gel–CNT composites

Organogel and the soft gel–SWNT composite samples were

prepared as mentioned above and their thermotropic properties

was investigated using high sensitivity differential scanning

calorimetry using a CSC-4100 model multi-cell Differential

Scanning Calorimeter (Calorimetric Sciences Corporation,

Utah, USA).

Gels and the gel–SWNT composites were heated to the sol

state and 0.4 mL clear sols were taken into DSC ampoules. The

ampoules were cooled, sealed and the gels were allowed to set

under ambient conditions. The calorimetric measurements were

carried out in the temperature range of 10–60 �C at a scan rate of

20 �C h�1. At least two to three consecutive heating and cooling

scans were performed to ensure reproducibility. Baseline ther-

mograms were obtained using the same amount of solvent in the

DSC cells. The thermograms for the gel were obtained by sub-

tracting the respective baseline thermogram from the sample

thermogram using ‘CpCalc’ software provided by the manufac-

turer.

Differential scanning calorimetry of dried composites

Xerogel–SWNT composites were prepared by evaporating the

solvents under high vacuum in ambient condition from the

gel–SWNT composite sample (5 mg of 1 incorporated with

0.1 mg SWNTs in 0.5 mL toluene). The transition temperatures

were determined using a Differential Scanning Calorimeter

(DSC; Perkin-Elmer, Model Pyris 1D) with heating and cooling

rate fixed at 5 �C min�1 for all the measurements. This technique

was used to detect the thermal transitions and to monitor the rate

of heat flow from the sample during phase changes in the

temperature range of 25–150 �C.

Polarized optical microscopy (POM)

The morphology of the nanocomposites during the thermal

transitions was observed using POM as follows. 0.2 mL of gel

alone (10 mg mL�1 of 1) or its SWNT-nanocomposite (0.1 mg of

SWNTs dispersed in a solution of 5 mg of 1 in 0.5 ml toluene)

were placed on a glass slide and the respective samples were

allowed to dry under ambient conditions. Then each sample was

covered using a cover-slip and the changes in their optical

textures were observed using polarized light microscopy

(Olympus BX51) equipped with a heating stage (Mettler
This journal is ª The Royal Society of Chemistry 2010

http://dx.doi.org/10.1039/C0JM00491J


Fig. 1 (a) Photograph of a toluene gel of 1 and its composite with Pr-

SWNT. (b) Photograph of the viscous solution of 1 in toluene below its

MGC (left) and with Pr-SWNT incorporation it turns in to a gel (right).

Fig. 2 Confocal microscopic images (excitation at 488 nm) of dried

fibers of (a) 1, (b) 1–Pr-SWNT and (c) 1–C16-SWNT composites from

toluene at 25 �C; [1]¼ 1� 10�4 M and 1.64 wt% SWNTs added (scale bar

10 mm). SEM images of dried toluene gel of (d) 1, (e) 1 + 0.25 wt% of

Pr-SWNT and (f) 1 + 0.25 wt% C16-SWNT.
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FP82HT) and a central processor (Mettler FP90). The heating

and cooling rate was fixed at 1 �C min�1 for all the samples.

Rheological studies

An Anton Paar 100 rheometer using a cone and plate geometry

(CP 25-2) was utilized. The gap distance between the cone and

the plate was fixed at 0.05 mm. The gel was scooped on the plate

of the rheometer. Stress amplitude sweep experiments were per-

formed at a constant oscillation frequency of 1 Hz for the strain

range 0.001–100 at 20 �C. Oscillatory frequency sweep experi-

ments were performed with each sample in the linear viscoelastic

region to ensure that the calculated parameters correspond to an

intact network structure. The rheometer has a built-in computer

which converts the torque measurements into G0 (the storage

modulus) and G0 0 (the loss modulus) in oscillatory shear experi-

ments.

Current (I)–voltage (V) measurements

Various gel–SWNT composites containing different concen-

trations of SWNTs were prepared separately by the dispersion

of 0.1 or 0.5 mg of SWNTs in 10 mg mL�1 of 1 in toluene.

The blank SWNTs samples were prepared by the dispersion of

0.1 mg of either SWNT sample (Pr-SWNTs or C16-SWNTs)

in 1 mL of toluene. 20 mL of each sample was drop-casted

on separate gold sputtered glass plates having an electrode

gap of 30 mm, and allowed to dry in a dust-free environment

for overnight. Finally the samples were further dried in vacuo

and the I–V characteristics of each sample were measured

using a DC source electrometer (Keithley sourcemeter

model 2400).

NIR laser irradiation

A sample of 0.4 mL of the organogel and different gel–SWNT

composite samples were taken on separate quartz cuvette of path

length 1 cm. The samples were irradiated for different lengths of

time using a 1064 nm laser (600 mW) in a CW Nd:YAG 1064 nm

laser source under ambient conditions.

Results and discussion

In the present study we have employed a gelator (1) based on tri-

p-phenylenevinylene (TPV) skeleton where two termini are

functionalized with oxime residues. Such end groups provide

hydrogen-bonding donor and acceptor sites allowing favorable

interactions leading to supramolecular self-assembly. 1 forms

a stable organogel in toluene and ‘weak’ gels in n-dodecane. The

aggregation and resulting gelation of 1 is induced by van der

Waals interactions among long hydrocarbon chains, p–p

stacking among conjugated aromatic moieties, and weak

hydrogen bonding interactions among peripheral hydroxyl

groups.16,18

TPV derivatives have excellent properties to form aligned

layers since the backbone of TPV contains three benzene rings

and should therefore be a natural choice for the solubilization of

CNTs. CNT have a p aromatic surface which could further

stabilize the assembly of the gelator molecules through p–p

stacking interactions. This prompted us to incorporate pristine
This journal is ª The Royal Society of Chemistry 2010
SWNTs and hexadecyl chain functionalized SWNTs in the gel

matrix. The toluene gel of 1 alone is yellow in color and upon

incorporation of SWNTs turns greenish black (Fig. 1a). The

toluene solution of 1 taken in a test tube, just below its minimum

gelator concentration (MGC) appeared to be viscous but not

a gel as perhaps expected. Interestingly the incorporation of

a small amount of pristine SWNT (1.5 wt%) converted the

mixture into a rigid gel such that the mass did not flow under

gravity (Fig. 1b). This signifies that there must be a definite role

of SWNTs in rigidifying the assembly via their intimate inter-

actions with the gelator molecules. The gel of 1 in toluene, above

its MGC, could be used as a scaffold to incorporate increasing

quantities of SWNTs (�6 wt%) beyond which the SWNT started

to phase separate.
Morphology of the gel–SWNT composites

Microscopic studies. Various microscopic studies were

undertaken to observe the morphology of the SWNT reinforced

gel-nanocomposites. The luminescent nature of the gelator

molecules allowed us to observe the superstructures created in

the gel-nanocomposites under a confocal microscope. When

excited at 488 nm, the xerogel fibers showed red emission

and the presence of three-dimensional fiber bundles (diameter

�5–6 mm) was clearly observed (Fig. 2a–c). Notably, for the
J. Mater. Chem., 2010, 20, 6881–6890 | 6883
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nanocomposites with the incorporation of 1.64 wt% of either

Pr-SWNT or C16-SWNT, the fibers showed more ordered

structures. Interestingly, the fibers of the composites showed

a clear alignment in a certain direction compared to the native

gel fiber where there was no such directionality. We have also

performed confocal microscopy with actual gels prepared in

toluene (without drying). In the wet condition the fiber

formation from gels (with the solvent) was confirmed, as well as

the directionality of the fiber formation, which was retained as

seen under a confocal microscope. Also, the fiber diameters

increased in case of the nanocomposites upon incorporation of

CNTs (Fig. S2d–f, ESI†).

Scanning electron microscopy (SEM) of a dried toluene gel of

1 revealed a three-dimensional fibrous network with fiber

diameter of �200–300 nm, but with the incorporation of Pr-

SWNT the resulting nanocomposite showed collation of the

individual fibers into bundles (Fig. 2d–f). Also, the bundles of

fibers appeared to align themselves in a directional fashion.

Even with the incorporation of C16-SWNT (having hexadecyl

chains attached to the CNT scaffold) into the organogel

network made the resulting fibrous network denser and thicker

due to collation of thin fibers into bundles, which are similar

with other types of gel–SWNT composite reported earlier.15,19 In

order to compare our results, we further performed the SEM

experiment with the gel and the nanocomposites under freeze-

dried conditions. With the freeze-dried samples, the observed

morphologies are in accordance with the results obtained using

the air-dried gel samples. The directionality and the collation of

fibers were also observed in case of the nanocomposites

(Fig. S2a–c, ESI†).

This suggests that in presence of SWNTs, the gelator mole-

cules interact strongly with the exposed p-surface of the SWNTs

leading them to form bundles of fibers in a directional fashion.

Further evidence of interaction between 1 and SWNTs was
Fig. 3 TEM images of (a) 1, (b) Pr-SWNT, (c) 1–Pr-SWNT and (d)

1–C16-SWNT.

6884 | J. Mater. Chem., 2010, 20, 6881–6890
observed using transmission electron microscopy (TEM). TEM

images of 1 in toluene show fibrillar networks with fiber diam-

eters in the range 20–100 nm and the toluene dispersed Pr-

SWNTs show bundles of nanotubes (Fig. 3). Upon incorpora-

tion of SWNTs, the fibers of the gel network further bundled to

produce thicker fibers. The wrapping of nanotubes by the

gelator molecules was observed for both 1–Pr-SWNT and

1–C16-SWNT nanocomposites (shown by arrows). Thus the

nanocomposites show fiber encapsulated nanotubes with

increased fiber diameter which appear as the SWNT reinforced

gel network.
Interaction of SWNTs with TPV gelator molecules in solution

UV-vis and fluorescence studies. To understand the aggregation

process that induces the formation of the gel and gel-nano-

composites, UV-vis spectra of 1 and mixtures of 1 with SWNTs

were investigated in the solution phase. n-Dodecane was chosen

as the solvent as even at very low concentrations of 1, the

propensity to its aggregation was quite high. The absorption

maximum (lmax) of 1 in n-dodecane (1� 10�5 M) was observed at

440 nm at 15 �C in addition to a shoulder band at 490 nm. Upon

increase in temperature, the intensity of the absorption band at

440 nm increased progressively with the gradual loss of the

shoulder band (Fig. 4a). In the temperature range of 30–35 �C,

the shoulder band at 490 nm was completely lost with the

production of a blue-shifted band at 430 nm indicating an

apparent ‘breakdown’ of the aggregates of 1 in n-dodecane.16

Upon incorporation of 0.1 mg mL�1 of either Pr-SWNT or C16-

SWNT in the solution of 1, the intensity of the absorption

maxima diminished at lower temperature showing a broad

maxima at 450 nm with a shoulder band at 500 nm for either

version of SWNTs.13c Interestingly, with increasing temperature

(even up to 65 �C) the corresponding spectra did not show any

significant increase in the absorption intensity although

a gradual blue-shift occurs with the shoulder band starting to

diminish above 50 �C (Fig. 4b and c). This indicates formation of

aggregated species by strong interaction of SWNTs with 1

through p–p interactions via aromatic moieties and additionally

through van der Waals interactions with the n-hexadecyl side

chains of gelators and C16-SWNTs.

The fluorescence spectra of 1 in n-dodecane (1 � 10�5 M)

showed a less intense emission between 450–560 nm at the lower

temperature region of 15–30 �C (Fig. 4d). Upon gradual increase

in temperature, two clear emission maxima at 480 and 515 nm

appeared with a substantial increase in the emission intensity.16

Addition of either type of SWNTs to the solution of 1 resulted in

a decrease of the corresponding emission intensity. The observed

fluorescence quenching is presumably a consequence of SWNT

induced aggregation of 1 because CNTs are known to be strong

fluorescence quenchers.20 On heating the mixture, up to 40 �C

there was a slight increase in the broad emission and beyond that,

two peaks at 480 and 515 nm were clearly observable (Fig. 4e and

f). Further increase in the temperature made the emission

intensity higher, though notably, the fluorescence intensities of

the composites were found to be always lower than that of

gelator 1 alone. Thus on incorporation of SWNTs, the gelator

molecules no longer remain as individual species and rather
This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Variable-temperature UV-vis and fluorescence spectra of (a, d) 1, (b, e) 1–Pr-SWNT and (c, f) 1–C16-SWNT in n-dodecane, respectively; [1] ¼ 1

� 10�5 M and 0.1 mg mL�1 SWNTs added (for emission spectra lex ¼ 420 nm).
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become a part of the supramolecular assembly encompassing the

SWNTs.
Differential scanning calorimetry (DSC)

Organogel and its SWNT composites. The thermotropic

behavior of the gel-nanocomposites has been investigated in

order to figure out the influence of SWNTs on the nano-

composites. Possibly due to its limited dispersibility and

propensity to precipitate during heating and cooling, no signifi-

cant changes in the thermal properties were observed in the

nanocomposites made of pristine SWNTs.15 Whereas, in the case

of nanocomposites made of C16-SWNT, an increase in the gel

formation temperature (Tf) was observed in the DSC cooling

scans, although the heating scans did not show any significant

changes. Also the sol-to-gel transition temperature (Tf) increased

with the increase in the amount of C16-SWNT incorporated in

the gel matrix. The organogel alone showed a Tf at 24.4 �C, while

the composite with 1.96 wt% of C16-SWNT showed Tf at 27.0 �C

(Fig. 5a). On increasing the amount of C16-SWNT (3.84 wt%) in

the composite the Tf increased further to 27.5 �C.

The sol-to-gel formation process for the gel alone is brought

about by cooling the sol of 1 to �24 �C. In the case of composite

gels, the sol-to-gel conversion occurs at higher temperature

(>27 �C). Thus the presence of carbon nanotubes facilitates the

formation of gel from the sol at a temperature the gel alone exists

as a sol. This implies that nanotubes aid nucleation of the gelator

molecules and therefore help inter-gelator self-assembly even at

a higher temperature.21 Thus it is possible that C16-SWNT with

hexadecyl chains matched with the gelator molecules structurally

and served as the nuclei so as to decrease the nucleation energy

barrier of the gelator, thereby increasing the sol-to-gel formation
This journal is ª The Royal Society of Chemistry 2010
temperatures for the nanocomposites. This, in turn, explains the

facilitation in gel forming ability in presence of SWNTs even at

concentrations lower than the MGC of the gelator 1.

DSC of xerogel and its SWNT composites. Since aggregates

derived from TPV based molecules are known to show the

presence of different thermotropic mesophases,22 the dried gels

and the composites were further investigated under DSC. When

cooling from the molten state the xerogel of 1 showed a phase-

transition at 129.1 �C followed by another phase transition at

114.4 �C (Fig. 5b). The presence of more than one phase in the

dried gel sample may be inferred from the observation of three

peaks at 92.6, 126.5 and 135.8 �C in the heating cycle. In the case

of dry composites of 1–Pr-SWNT two peaks at 79.1 and 125.6 �C

were seen in the heating cycle and one major broad peak at

113.5 �C was observed in the cooling cycle. The dry 1–C16-

SWNT composite showed the presence of two prominent peaks

at 90.6 and 126.5 �C followed by a broad peak at 133.7 �C in the

heating cycle and only one peak at 115.4 �C in the cooling cycle.

The incorporation of the SWNTs caused a shift toward a lower

transition temperature both in the heating and cooling cycle for

the dry composite samples indicating a change in the organiza-

tion of the composites from the native gel.23 Thus the doping of

the SWNTs in xerogels of 1 can modify the supramolecular

aggregation of the composites, which brings about the appear-

ance of different phases as the macroscopic changes.

Polarized optical microscopy (POM). The DSC results

prompted us to examine thermotropic mesophases in the

composites under a polarized optical microscope. Under polar-

ized light the dried gel of 1 showed the presence of birefringent

textures upon cooling from the isotropic melt (Fig. 6). This
J. Mater. Chem., 2010, 20, 6881–6890 | 6885
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Fig. 5 DSC curves for (a) the exothermic scan of compound 1 and C16-

SWNT composite in toluene and (b) the xerogel of compound 1 and

composites with Pr-SWNT and C16-SWNT (1.96 wt% SWNTs added).

Fig. 6 Different types of birefringent phases for (a) 1, (b) 1–Pr-SWNT

and (c) 1–C16-SWNT when cooling from the isotropic phase (1.96 wt%

SWNTs added, temperature 125 �C, magnification �20).

Fig. 7 Comparative oscillatory frequency sweep experiments (a) and

oscillatory amplitude sweep experiments (b) of toluene gel of 1 (5 mg

mL�1) alone and in gel–SWNT composites containing 0.25 wt% of

SWNT.
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indicated an anisotropic growth of the three-dimensional

aggregates by the TPV molecules leading to the formation of

different mesophases. Interestingly, the gel-nanocomposites of

1–Pr-SWNT showed the existence of fewer birefringent textures

in the specimen with the change in the textures compared to that

of 1.24 Whereas, the birefringence was retained in the case of

xerogel composite of 1-C16-SWNT compared to 1 although

a significant change in its texture was observed. Probably due to

the presence of flexible hexadecyl chains in C16-SWNT, which

can interact with the long chains of 1, the anisotropic growth of

the gelator was influenced by the C16-SWNT in the composite.
6886 | J. Mater. Chem., 2010, 20, 6881–6890
The anisotropic growth of the gelator molecules in the pres-

ence and absence of SWNTs were further monitored by taking

snapshots at progressively decreasing temperatures from the

isotropic melt which showed different birefringent textures for

the nanocomposites compared to that of the xerogel (Fig. S3–S5,

ESI†). Also, a clear change in the birefringent texture with

temperature corresponding to the peak observed in the DSC

cooling scan was observed for the xerogel and the nano-

composites. Under cooling condition the samples were scratched

with an external assistance which showed that the samples were

rotating above 115 �C confirming the liquid-crystalline nature,

while below that temperature the samples were not rotated,

indicating a crystalline state has reached.
Rheological studies

To examine the influence of SWNT incorporation in the gel of 1

and to find out the change in the viscoelastic parameters, rheo-

logical studies were undertaken. The flow behavior of the

viscoelastic materials were measured by oscillatory frequency

sweep experiment, where the storage and the loss moduli G0 and

G0 0, respectively, were measured as a function of angular

frequency at a fixed strain of 0.01%.25 Fig. 7a shows the variation
This journal is ª The Royal Society of Chemistry 2010
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of G0 and G0 0 with angular frequency for the gel–nanotube

composite as compared to native toluene gel of 1. The native gel

at its minimum gelator concentration showed the characteristics

of a relatively ‘weak’ gel with G0 greater than G0 0. The signals due

to storage and loss moduli were found to be noisy due to the

weak gel character at the MGC of the gel of 1. Interestingly,

upon incorporation of 0.25% of either the Pr-SWNT or the

C16-SWNT, both the moduli showed >20 times increase in

magnitude and exhibited a pronounced plateau over the entire

angular frequency range. This suggests formation of a more

viscoelastic solid-like material upon doping of the SWNT in gel

even at the MGC of the gelator.26

Strain amplitude sweeps shown in Fig. 7b also revealed the

elastic response of the gel and the gel–SWNT nanocomposites.

The elastic moduli (G0) for both the samples with gel at its MGC

gradually decreased with increasing strain and above the critical

strain region there was a crossover of G0 and G0 0 indicating

a disruption and collapse of the gel state. In line with the

frequency sweep experiment, here also, both the elastic and loss

moduli of the nanocomposites showed significantly higher

magnitude than that of the native gel of 1 in toluene. Also, the

critical strain region, where the crossover takes place, is much

greater in the nanocomposites (g � 30%) than that in organogel
Fig. 8 Comparison of G0 of 1-SWNT composites ([1] ¼ 10 mg mL�1)

with varying wt% of (a) pristine SWNT and (b) C16-SWNT in toluene

from oscillatory frequency sweep experiment.

Fig. 9 Plot of G0 and yield stress of 1–SWNT composites with varying

weight percentage of (a) Pr-SWNT and (b) C16-SWNT in the respective

composites; [1] in toluene ¼ 10 mg mL�1.

This journal is ª The Royal Society of Chemistry 2010
alone (g � 9%). This clearly indicates greater resistance to flow

behavior upon addition of either form of SWNT into the gel.

Also, when the SWNTs were incorporated in different propor-

tions in the toluene gel network of 1 with the gelator concen-

tration greater than the MGC, the oscillatory frequency sweep

measurement showed a monotonous rise in the elastic moduli of

the resulting nanocomposite with increasing percentage of the

pristine SWNT doping (Fig. 8a) which is in line with the reports

obtained from other gel–nanotube composites.13a,15 The ampli-

tude sweep experiment for the composites containing various

percentages of the Pr-SWNT also showed a monotonous rise in

the elastic modulus and the yield stress value with the greater

loading of SWNTs (Fig. 9a). This signifies that up to a certain

percentage of SWNT loading (beyond which excess SWNTs start

to phase separate from the gel matrix) the nanocomposite

gradually was rendered more rigid and condensed in terms of the

mechanical strength. Similarly, when the C16-SWNT was doped

in the toluene gel of 1 in varying weight percentages, the

frequency sweep experiment on the resulting nanocomposites

showed a gradual and monotonous increase in the plateau value

of G0 with increasing percentage of C16-SWNT (Fig. 8b). The

oscillatory amplitude sweep experiments on the nanocomposites

revealed a monotonous increase in the G0 and yield stress values

with increasing percentage of the C16-SWNT (Fig. 9b).
J. Mater. Chem., 2010, 20, 6881–6890 | 6887
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Fig. 10 I–V measurements of (a) 1, 1 + 0.99 wt% Pr-SWNT and 1 + 0.99

wt% C16-SWNT (left y-axis) and 1 + 4.76 wt% Pr-SWNT (right y-axis)

and (b) current of Pr-SWNT alone (left y-axis) and C16-SWNT alone

(right y-axis).

D
ow

nl
oa

de
d 

by
 J

aw
ah

ar
la

l N
eh

ru
 C

en
tr

e 
fo

r 
A

dv
an

ce
d 

Sc
ie

nt
if

ic
 R

es
ea

rc
h 

on
 1

1 
Ja

nu
ar

y 
20

11
Pu

bl
is

he
d 

on
 1

1 
A

ug
us

t 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0J
M

00
49

1J
View Online
Electrical conductivity (current (I)–voltage (V)) measurements

Since the gelator 1 has extensive p-electron conjugation in its

backbone, such a molecule should be ideal to impart stacking

interactions with the CNTs through its aromatic surface.

Accordingly, we thought that it would be interesting to investi-

gate the electrical conductivity behaviour of the gel–SWNTs

composites. Accordingly, the I–V measurements for the dried gel

of 1, 1–SWNT composites as well as individual SWNTs have

been measured. In the low voltage region (�1–2 V) the curve

followed Ohm’s law (V/I ¼ R) (the linear region of the curve)

and the corresponding resistance (R) was calculated from the

I–V curve by using the law.27 For all the samples in the higher

voltage region, the I–V characteristic did not show a linear

relationship indicating a deviation from Ohm’s law behavior.

This type of I–V characteristic is typical of semiconducting

materials and the I–V curves obtained here indicate the semi-

conducting nature of the SWNTs28 as well as that of the dried gel

of 1 and the gel–SWNTs composites. The current (I) and the

corresponding calculated resistance (R) at a voltage (V) of 10 V

are recorded in Table 1.

The amount of current generated upon application of

the voltage on the two-probe electrode has been recorded for the

xerogel of 1 and composites with Pr-SWNT and C16-SWNT. The

current observed for xerogel of 1 was 7.6 � 10�9 A whereas in

the case of the 1–Pr-SWNT composite it was 2.1 � 10�8 A and

for 1–C16SWNT the value was 1.3� 10�8 A (Fig. 10a). When the

Pr-SWNT concentration was further increased, I increased

appreciably to a value of 5.5 � 10�5 A indicating significant

increments in the flow of current. Comparatively higher orders of

magnitude of current were obtained in the case of only Pr-SWNT

or C16-SWNT (5.6 � 10�3 and 7.4 � 10�7 A, respectively)

(Fig. 10b). Thus, the magnitude of current has increased in the

case of composites with either version of SWNTs. This suggests

participation of SWNTs in the conducting process in the nano-

composites through p–p stacking interactions. However, it

should be noted that, the experimental values of current were

several orders of magnitude greater in the case of Pr-SWNT or

C16-SWNT samples than that of the xerogel of 1 or the

composites. Furthermore, the magnitude of current is several

orders higher for Pr-SWNT than that of the n-hexadecyl amide

functionalized SWNT, presumably due to the loss of integrity of

SWNTs upon covalent functionalization.29 So the increment in

the current, or in turn decrease in the resistance, for the 1-SWNT

composites is probably owing to the formation of a more ordered

aggregated fiber in the xerogel of the composites which is evident

from the microscopy images.
Table 1 Summary of current and resistance at a voltage of 10 V for
different samples obtained from I–V curve

Current/A Resistance/U

1 7.6 � 10�9 2 � 109

1 + 0.99 wt% Pr-SWNT 2.1 � 10�8 7 � 108

1 + 0.99 wt% C16-SWNT 1.3 � 10�8 1 � 109

1 + 4.76 wt% Pr-SWNT 5.5 � 10�5 2.5 � 105

Pr-SWNT 5.6 � 10�3 4 � 103

C16-SWNT 7.4 � 10�7 2 � 107

6888 | J. Mater. Chem., 2010, 20, 6881–6890
NIR laser irradiation studies

The nanocomposites were further subjected to near-IR radiation

to explore how such an external stimuli30 interacts with the

sample. NIR radiation which is transparent and unreactive to

biological systems (unlike UV-vis) could be used as stimuli for

controlled release applications, drug delivery,31 NIR responsive

light modulated materials and in selective control of micro-

fluidics.32 Since SWNTs are known to absorb in the NIR region

and can show NIR laser driven exothermicity,10b it could be

exploited in developing smart gel–CNT composites. Both the gel

and the nanocomposites were accordingly irradiated with

a focused laser beam (Nd:YAG, l ¼ 1064 nm) at 25 �C. The gel–

SWNT composites upon NIR laser irradiation exhibited a gel-to-

sol phase transition whereas the native TPV based gel did not

collapse even after 30 min of exposure to NIR irradiation under

identical condition (Fig. 11). This took �5 min for the 1–Pr-

SWNT (0.5 wt%) gel sample whereas for the 1–C16-SWNT

(0.5 wt%) composite the gel-to-sol transition was complete within

2 min of NIR irradiation. The SWNTs having characteristic van

Hove peaks in the NIR region (700–1100 nm) are known to

absorb NIR light and get heated up due to their high thermal

conductivity.15 The melted gel–CNT materials on standing at

25 �C for 10 min reverted back to the gel state with partial

separation of the dispersed Pr-SWNT from the gel. However, on
This journal is ª The Royal Society of Chemistry 2010
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Fig. 11 Effect of NIR laser triggered on (a) 1–Pr-SWNT, (b) 1–C16-SWNT and (c) native gel at 25 �C.
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sonication post-NIR irradiation Pr-SWNTs can be fully redis-

persed in the same gel sample. In contrast, no phase separation

was seen in the gel reformed from C16-SWNT doped gels. Since

C16-SWNTs are more homogeneously dispersed in the gel NIR

driven heating of the matrix was more efficient than for the

composite containing Pr-SWNTs.
Conclusions

In this paper, we describe the synthesis of SWNT/organogel

composites and evaluation of their properties. The properties of

nanotube/organogel composites depend on a multitude of factors

that include the type (pristine or functionalized SWNT) of

nanotube loading, dispersion state and alignment of nanotubes

in the gel matrix, and the interfacial interactions between the

SWNTs and the TPV gelator molecules. The TPV-based chro-

mophore provides an additional handle to probe SWNT-induced

aggregation of gelator molecules and thermochromism using

UV-vis and fluorescence spectroscopy. Functionalization of

nanotubes provides a convenient route to improve dispersion

and modify interfacial properties that in turn improves the NIR

sensitivity properties of nanocomposites. However, composites

made of pristine CNT have superior mechanical and electrical

conducting properties compared to its long-chain functionalized

analogues. CNTs have clearly demonstrated their capability as

conductive fillers in gel nanocomposites. Further advances with

respect to electrical conductivity in nanotube/gel composites are

likely only if metallic nanotubes could be used in the nano-

composites.

In summary, nanotube/organogel composites offer both

significant potential and challenges, marking it as a vibrant area

of work for years to come. The improvement and application of

these composites will depend on how effectively we can handle

these challenges.
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