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An organogelator with two distinct p-functional units is able to incorporate carbon nanotubes into its

mesh of fibres in the gel state. The morphology of the material derived from this nanocomposite after

evaporation of the solvent is a complex mesh of fibres which is clearly different from the pure gelator.

This feature indicates a role of the nanotubes in assisting the formation of a fibre structure in the gel

thanks to their interaction with the pyrene units in the organogelator. The nanocomposite conducts

electricity once the p-type gelator is doped with iodine vapour. The change in morphology caused by

the carbon material increases the conductivity of the material compared with the purely organic

conducting system. It is remarkable that this improvement in the physical property is caused by an

extremely small proportion of the carbon material (only present at a ratio of 0.1% w/w). The practically

unique properties of TTF unit allow measurements with both doped and undoped materials with

conducting atomic force microscopy which have demonstrated that the carbon nanotubes are not

directly responsible for the increased conductivity.
Introduction

As a multidisciplinary field at the frontier between physics,

materials science and chemistry, molecular electronics1–3 aims

at adapting macroscopic technologies at a nanometric scale,

e.g. by physically interconnecting functional molecules through

nanowires. These cables should ensure communication between

the different subunits and need therefore to ensure good charge

transport efficiency for instance. Towards this aim, different

approaches have been developed which are based on two major

concepts, namely the preparation of fully conjugated single

molecule organic nanowires4–7 or the supramolecular assembly

of electroactive units that self-assemble.8–12 The latter possi-

bility is particularly promising since this strategy requires less

synthetic efforts, and the chemical structure of the building-

blocks can be modulated with a high flexibility. In this context,

organogelators have proven to be interesting precursors for

such self-assembly processes since the evaporation of the

gelated solvent affords a network of intertwined nanofibers.13–16

Considering its defect tolerance, such a morphology is espe-

cially relevant when aiming at preparing nanocircuits.17 On the
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other hand, tetrathiafulvalene (TTF) and its derivatives are

established p-donating systems18,19 whose conducting proper-

ties have been explored extensively in single crystals where they

are present in the neutral and oxidized radical-cation state,

which led to the first superconducting organic materials.20 Since

2005, TTF-based organogels have received an increasing

attention12 and in some cases, produced conducting nanofibers

through oxidation of the corresponding xerogels.21–28 Single

walled carbon nanotubes (SWCNTs), for their part, are pecu-

liarly fascinating electron accepting materials with remarkable

mechanical and conducting properties.29–31 However, because of

their very low solubility, their use needs specific methodologies.

In particular, their non-covalent functionalization with solubi-

lizing/dispersing agents has been achieved through templating

with large polyaromatic platforms.32 The efficiency of this

method has been also applied to the case of organogels con-

taining SWCNTs.33–36 One recent case showed the incorpora-

tion of SWCNTs in an oligophenylenevinylene-based gel,

giving rise to a dried gel whose electrical conducting properties

were promoted by the SWCNTs partner. However, the incor-

poration of nanotubes into intrinsically conducting supramo-

lecular soft material has to the best of our knowledge not been

explored.

We describe in this paper the first TTF-based xerogel able to

incorporate CNTs, thanks to the presence of pyrene units in the

organogelator, and show that the nanocomposite maintains its

conducting character, and that the nanotubes promote a change

in morphology which increases the conductivity of the materials

compared with the pure conducting organic system.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Organogels 1–SWCNTs obtained from 1 and containing

decreasing amounts of SWNTs (1, 0.5, 0.2, 0.1, 0.05, 0.02, and

0.01% w/w, respectively from left to right) (from ODCB).
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Results and discussion

Compound 1 was designed with a double objective: (i) being able

to promote gelation; (ii) allowing a non-covalent attachment

with SWCNTs. For this reason, we synthesized a TTF derivative

including different functions likely to favor intermolecular

interactions (Scheme 1). Long alkyl chains and amide functions

are grafted onto the periphery of the TTF core in order to

promote intermolecular van der Waals and hydrogen bonding

interactions, respectively. As regularly observed in the crystalline

state, S/S contacts inherent to the tetraalkylsulfanyl-TTF

framework20 can also contribute to the self-assembling process.

The pyrene units have a double role since they may help gelation

through p–p interactions37 and do allow the anchoring of

organogelating 1 on the SWCNTs. Synthetic details as well as

gelation properties of 1 have already been reported in a recent

article.38

Gelation tests were performed in four solvents, namely tetra-

hydrofuran (THF), chlorobenzene (CB), o-dichlorobenzene

(ODCB) and chloroform at the corresponding critical gelation

concentration (CGC). Various samples were prepared with

increasing amounts of SWCNTs (from 0.01% to 1% in weight

with respect to the gelator 1—see Experimental section and ESI†)

resulting in the following observations: (i) as previously reported

with other systems,34 the gels were reinforced in the presence of

nanotubes (no solvent was released even after a few days), (ii)

heterogeneous gels were systematically obtained when the

nanotubes ratio was over 0.1% by weight with respect to the

gelator 1, and (iii) the most homogeneous samples were obtained

from ODCB (Fig. 1). These observations show that compound 1

does display an ability to disperse SWCNTs, even though this

capacity is relatively weak compared with other previous

examples.34

As a consequence, the forthcoming studies were carried out on

the nanocomposite xerogels obtained from ODCB. The fact that

inhomogeneous materials were obtained above 0.1% is an indi-

cation that the SWCNTs have a great propensity to coagulate

before the gelation takes place. In some instances, homogeneous

solutions were apparently formed in the hot solvent, but upon

cooling the carbon material precipitated before the organogel

could form. As observed with xerogels prepared from 1 alone, the

ones incorporating SWCNTs present the typical NH and CO

infrared absorption bands for materials self-assembled by

hydrogen bonding. This feature indicates that the primary

structure of the supramolecular fibers is unaffected by the pres-

ence of the SWCNTs. NMR experiments were also performed in
Scheme 1 Multifunctional TTF derivative 1 pointing out multiple

interaction sites involved along the gelation process.

This journal is ª The Royal Society of Chemistry 2011
the gel state to have an insight on the structuring role of

SWCNTs (Fig. S2 and S3†). The presence of SWCNTs has no

effect on the chemical shift of the NH signal, which is consistent

with the IR absorption study. However, the aromatic region of

the spectrum was significantly modified with variations of

chemical shifts up to 0.07 ppm either upfield or downfield. This

cannot solely be ascribed to the interactions between compound

1 and nanotubes given the tiny amount of the latter. This result

confirms both the influence of the nanotubes on the aggregation

process of gelator 1 and their structuring effect on the whole

material.

Transmission electron microscopy (TEM) images show that

the morphology of the nanocomposite is changed significantly by

the presence of the SWCNTs when compared with pure 1.

Indeed, from a random network of essentially single nanofibers

which form a complex porous mesh in the case of the xerogel

prepared from 1 alone, the material was converted to bundles of

nanofibers whose diameter reaches few hundreds of nanometres

in the case of 1–SWNTs (Fig. 2). In these aggregates, wider tape-

like fibers are organized in a much more parallel fashion in

bundles, which could favor conductivity in that such alignment

limits the number of inter-fibers crossing points for a particular

conducting pathway. It was not possible to identify the nano-

tubes in the images made of the nanocomposite, since the

contrast is very similar throughout the sample, which was not

treated with any contrast agent. This observation also supports

the idea that the SWCNTs are ‘‘molecularly dispersed’’ in the

gelator material, which presumably surrounds the carbon

material completely. To investigate the conducting properties of

the new SWCNT-containing composite xerogels, iodine oxida-

tion was performed in order to partially generate radical-cation

TTF units, producing the new xerogel 1–1+_–I3
�–SWCNT.

The doping time of the neutral gel in iodine vapor was chosen

to be 5 minutes, because it was shown by infrared absorption,39,40

AFM and EPR studies, that the efficiency of the process is

optimum at this period. The EPR signal and the IR spectrum

(Fig. S4†) of this nanocomposite38 were the same as those of the

pure gel, indicating that the supramolecular arrangement of the

TTF moieties is not changed significantly upon incorporation of

the SWCNTs in the fibers.

Conducting Atomic Force Microscopy (C-AFM) measure-

ments were subsequently performed on the doped xerogel 1–1+ _–

I3
�–SWCNT, whereby the gel was formed on a graphite surface

(which was used as a contact to the sample) while a conducting

AFM tip was scanned over the dried and doped sample to

provide current maps.
Nanoscale, 2011, 3, 2898–2902 | 2899
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Fig. 2 TEM images of the xerogel prepared from 1 (from ODCB) without (left) and with SWNTs 0.1% w/w (middle and right).
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Comparison of the C-AFM images of the doped xerogel

samples with and without nanotubes (Fig. 3) shows both

a change in the perceived topography and a significant increase in

the conductivity when the xerogel was doped with a tiny amount

of SWCNTs (1 mg of SWCNTs for 1 mg of 1 (0.1% w/w)). The

sample containing SWCNTs shows areas with slightly more

fibrous appearance than the pure 1, in line with the TEM

measurements. The current scale in the images also reveals the

significantly greater conductivity of the nanocomposite. It is
Fig. 3 C-AFM images of a xerogel 1 prepared from ODCB and doped

with I2 (above) and that of the analogous xerogel doped with I2 and

incorporating SWCNTs (0.1% w/w) (1–1+_–I3
�–SWCNT) (below)

applying a 1 V voltage (note that current scales are different for an easier

comparison).

2900 | Nanoscale, 2011, 3, 2898–2902
important to note that the resistance of the non-doped xerogel

containing the SWCNTs is of the order of TU, and therefore the

nanotubes do not contribute significantly to the bulk conduc-

tivity of the nanocomposite.

The structuring effect promoted by SWCNTs incorporation

into the gel was confirmed by this scanning probe technique,

where the fibres are far more apparent, as revealed in Fig. 4

which shows the physical topography with the current signals

overlaid in colour. It should be noted that the current maxima do

not coincide directly with the highest parts of the surface, and

that the conducting fibres follow the contours, emphasizing the

fact that the material was produced from a soft nanocomposite.

The increased conductivity in the sample containing SWCNTs

appears even more clearly when comparing current histograms

presented in Fig. 5. In particular, a fairly conducting sample is

observed once oxidation has been carried out on the xerogel of 1

with iodine; such behaviour is coherent with the well-established

conducting properties of cation-radical salts of TTF derivatives

and has been observed in some recent examples of TTF-based

xerogels.21–23,25–27 Currents are in this case spread from 0 to 40 pA

with a maximum at 9 pA. The situation is quite different for the

same xerogel once it incorporates SWCNTs (0.1% w/w). In this

case, remarkably, a significant magnification of currents is
Fig. 4 C-AFM images (at a potential of 1 V) of a xerogel 1–1+_–I3
�–

SWCNT showing 3D topography with current overlaid in colour.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Current histograms observed upon C-AFM measurements

obtained with a bias of 1 V in the doped xerogel of 1 prepared from

ODCB and in the same xerogel in the presence of SWCNTs.
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observed, the latter being comprised between 10 pA and 240 pA

with a maximum reached at 51 pA. In terms of resistances,

average values are around 20–300 GU and 3–70 GU for the

doped xerogel 1 without and with SWCNTs, respectively. In

other words, the material’s resistance is reduced by ca. 4–6 times

due to the presence of nanotubes.

The C-AFM technique also allowed measurement of I–V

curves in different areas of the xerogels (Fig. 6) and demonstrates

that the originally fully semiconducting material (without

SWCNTs) was converted into a more conductive one upon

incorporation of SWCNTs which is naturally an asset for a lower

resistivity. It is worth noting that, in some micrometric locations,

very high conductive behaviour was observed. These areas,

whose resistance was about six orders of magnitude lower than

the rest of the sample, showed metallic (Ohmic) nature and they

could be related to zones with high alignment of fibres, where

their conducting nature becomes predominant. During the

C-AFM measurements a metallic tip is kept in contact with

the composite, which is a p-type semiconductor, leading to the

formation of a Schottky contact. In this case, the system shows

a rectifying behaviour suggesting a lower value of the metal work

function than the composite one (otherwise it would show an

ohmic nature). In this kind of system, the bending of the energy

bands in the contact-interface of the semiconducting material

forms an asymmetric potential barrier which provokes a totally

different carrier transport at both positive and negative applied

biases.

Although the carbon nanotubes are present in tiny amounts,

the metallic character observed in these areas raises an important
Fig. 6 I–V curves for the doped xerogel of 1 prepared from ODCB

(above) and the doped xerogel containing 0.1% w/w SWCNTs (below).

The modulus of the current is depicted.

This journal is ª The Royal Society of Chemistry 2011
question regarding nanotube’s role in the conducting properties

of the xerogels. Indeed, these carbon nanostructures are very

well-known for, among other properties, their outstanding

conductivity.41 To address this issue, a last series of experiments

was performed, consisting in measuring the xerogel conductivity

of a noniodine-doped 1–SWCNT xerogel. In this case, neutral

TTF units do not participate to the conduction process, and if

any, the latter would be due to the contribution of SWCNTs

alone. Currents of less than 10 fA (the limit of the detector) were

detected with these samples in the same conditions (E # 1 V),

demonstrating that SWNTs do not participate to the electronic

transport. These measurements confirm that nanotubes are

dispersed in the materials and that they act as a structuring

reagent, which changes the organization within the xerogel to

afford more conductive materials. In that, their role is similar to

a catalyst for charge transport since (i) they are present in very

low ratios and (ii) their structuring effect allows a high increase in

the conductivity even if they do not intrinsically contribute to the

charge transport.

Conclusions

The tetrathiafulvalene derivative described in this paper is

a promising candidate for conducting supramolecular wires, and

the use of single walled carbon nanotubes as a structuring

element improves the electrical conductivity of the doped xero-

gels that are derived from them. This improvement in the phys-

ical property is aided by a structuring of the supramolecular

fibres by the carbon nanotubes, which are present in extremely

small quantities (0.1% w/w). This low proportion of carbon

nanotubes—a result of their poor solubilization by the TTF

derivative—results in a quite local structuring of the material

which improves the bulk conductivity appreciably, and improves

the conductivity dramatically in very small areas. Thanks to the

singular electrochemical properties of TTF, we have been able to

perform measurements with both doped and undoped materials

and have demonstrated that the carbon nanotubes are not

directly responsible for the increased conductivity. It could be

that the improved solubilization of the nanotubes by new gela-

tors could give rise to multifunctional materials which take

advantage of both the conducting properties of the molecular

conductor and the mechanical properties of the carbon nano-

tubes, as well as the potential of the two components to act as

hole and electron conductors, respectively, areas we will explore.

Experimental section

Materials

Purified carbon nanotubes were purchased from Carbon Solu-

tions Inc. and used without further treatment. Their average

diameter and length are 1.4 nm and 1 mm, respectively, and their

structure is close to pristine nanotubes. Compound 1 was

prepared according to ref. 38.

Preparation of organogels. The organogels from 1 were

prepared following this sequence: (i) the desired amount of

compound 1 was suspended in the solvent in order to reach

the critical gelation concentration (CGC) once dissolved; (ii) the

sample was heated till complete solubilisation and (iii) the
Nanoscale, 2011, 3, 2898–2902 | 2901
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mixture was allowed to cool to r.t. until gelation. To prepare the

1–CNTs composites: (i) CNTs were dispersed by sonication in

a solvent for 30 minutes; (ii) the desired volume was added to

a heated solution of compound 1 in the same solvent; (iii) the

mixture was homogenised and left until gelation. The warm

solution of 1 had previously been prepared with the necessary

amount of 1 and the suitable volume of solvent, so as to afford

0.5 mL of organogel, which concentration was equal to the CGC

and which contained the desired ratio of CNTs. Further details

are given in the ESI†.

Doping process

The doping process was performed by introducing the xerogel

deposited on a substrate in a chamber saturated with iodine

vapours for five minutes.

Instrumentation

The ESR spectra were obtained using a Bruker ELEXYS E500 X

band spectrometer on a doped sample of the xerogel on a glass

slide. TEM images were acquired with a Jeol JEM 2011 micro-

scope on unstained samples. Holey carbon grids were used,

where samples were deposited as a hot drop of solution and

allowed to dry using a vacuum pump when necessary.

C-AFM. Conducting AFM characterization of the xerogels

was performed with a 5500LS equipment from Agilent Tech-

nologies and a Resiscope module from CSI-Scientec for the

electrical characterization. All the analyses were carried out in

contact mode using a Pt–Ir coated silicon probe with a force

constant around 3 N m�1. Data treatments were made through

MountainsMap 6.0 software from Digital Surf.
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