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The control of the morphology of nanostructures formed from a single component molecular material
incorporating electron accepting and donating moieties is shown, from both solution and gel states.
The compound comprises one tetrathiafulvalene (TTF) and two pyrene units which act as the
m-electron rich and deficient units, respectively, and which are united by amide-containing linkers
whose additional role is to aide aggregation by hydrogen bonding. This role was demonstrated by IR
and NMR spectroscopy. The gels were deposited onto surfaces and the solvent allowed to evaporate,
leaving films formed by meshes of fibres with different morphologies in accord with the different
solvents used to form the materials. Doping of these xerogels with iodine vapour afforded conducting
films whose characteristics were probed with current sensing atomic force microscopy (CS-AFM),
providing current maps and /-V curves which show how dramatically the processing solvent can

influence the electronic properties of these xerogel-derived materials.

Introduction

The controlled self-assembly of functional nanostructures from
molecular components is an area of great contemporary interest.’
This attention was instigated by the scientific challenge of
controlling the self-assembly of these systems? as well as by
the hope that they will find application in functional organic
molecule-based nanosystems made from bottom-up strategies.?
The use of supramolecular structure-directing moieties—such as
hydrogen bonding units—coupled with m-functional units and
solubilising groups to afford processability can lead to systems
which display the kind of characteristics which are useful in
nanoscience.* In particular, the deposition of molecules onto
surfaces from solutionV* and from the gel state® are interesting
because nanometre wide fibres can be generated which act as
wires for charge transport.” Multifunctional systems which
incorporate more than one active 7 unit are particularly
appealing in that multiple signals might operate at the same
time,® and the different groups can give interesting supramolec-
ular assemblies from the purely structural point of view.®

In this work, we report the synthesis, nanostructure-forming
capability, and electronic properties of molecule 1. This com-
pound was targeted because it contains the tetrathiafulvalene
(TTF) moiety, which is of proven utility in electronic materials as
well as for sensing of different chemical species,'® as well as the
pyrene unit which is an established fluorophore' and electron
accepting unit.’? Gels of these components (TTF'® and pyrene'*)
have been described, but as far as we are aware their combination
in a gelating derivative such as 1 is not known. However, it is
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a combination which is potentially very interesting, given the
reversible redox chemistry of the TTF unit and the inherent
properties of the pyrene moiety (such as its photophysics and
- stacking ability). The results presented here indicate that
this hope is founded.
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Results and discussion
1. Synthesis and characterisation

Compound 1 was prepared by the route shown in Scheme 1.
Starting from compound 2 (see ESI}), treatment with caesium
hydroxide to produce the intermediate thiolate 3 and reaction in
dimethylformamide with the known pyrene derivative 4'* affor-
ded the desired compound in 75% yield as an analytically pure
orange precipitate.

Compound 1 was characterised by all the usual spectroscopic
techniques which confirmed its identity. Electrochemical study
(CV) of compound 1 showed four oxidation waves (Fig. 1a). The
first three redox processes are pseudoreversible as illustrated by
the deconvoluted CV (Fig. 1b), whereas the last one is irrevers-
ible. Therefore, as usually observed with highly donating TTF
derivatives, compound 1 is first successively oxidized according
to two one electron processes to the TTF radical-cation (E'y, =
0.01 V vs. Fc*/Fc) and the dication state (E?;» = 0.40 V vs. Fc'/
Fc). The most anodic signals (E*;, = 0.76 V and E*, = 1.04 V vs.
Fc*/Fc) are assignable to one-electron oxidations of both pyrene
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Scheme 1 Synthesis of target 1

units to their radical cation state. The fact that both pyrene
units are not oxidized at the same potential is probably due
to intramolecular interaction which takes place to stabilize
the mixed-valence (Pyr— Pyr)*" dimer'® intermediate (Ej3),
whereas oxidation of the last pyrenyl unit needs a higher
potential, and is irreversible as usually observed with monopyr-
enyl derivatives.'>*"

2. Phase behaviour in solvents

The solubility of molecular systems in organic solvents is of
utmost importance in their processing, and therefore a study of
the phase behaviour of 1 in solvents with very different properties
(in terms of polarity, hydrogen bonding capability, etc.) was
assayed. The results are collected in Table 1.

Compound 1 proved to be a good gelator in five of the
solvents used in this study, namely chlorobenzene (CB), 1,2-
dichlorobenzene (ODCB), dichloromethane, chloroform, and
tetrahydrofuran (THF) (Fig. 2) from which low critical gel
concentration (CGC) values are observed. It is evident that the
formation of gels is best in chlorinated solvents. The observa-
tion of a gel in THF and a precipitate in dioxane shows the
difference in the solvents in terms of their behaviour towards
solvates of the type described here. The compound is not
sufficiently soluble in hydrocarbon solvents to be able to form
a gel. Nonetheless, the gels formed provide the opportunity to
study the effect of the media on the eventual properties of the
doped xerogels, in a variety of solvents far greater than
a previous case.’® In addition, slight changes in organogelator
structure can have important effects on the structure of the
fibres that result from their self-assembly.*®
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Fig. 1 Cyclic voltammogram (top) and the deconvoluted version
(bottom) of 1 ([1] = 5 x 10~* M, CH,Cl,, TBAPF¢ (0.1 M), E vs. fer-
rocinium/ferrocene, 100 mV s™').

The non-covalent interactions taking place between the
molecules of 1 are principally hydrogen bonding between the
secondary amide residues, as revealed in the infrared (IR) spectra
of the xerogels (Fig. 3). The spectra of the xerogels formed
from different solvents all show the same characteristic band at
approximately 3290 cm™!, arising from the hydrogen bonded
N-H groups. In addition, the corresponding C=O stretching
and N-H bending bands are observed at 1636 and 1549 cm™',
respectively. Furthermore, the van der Waals interactions
between the alkyl chains of the molecules and interactions
between aromatic residues are also likely to influence the
behaviour. The NMR spectra of 1 at different concentrations
(from lower to higher concentrations respectively than the CGC
of 1 in chloroform (CGC = 6 mg L)) in deuterated chloroform
(Fig. 4) show a clear shift to high field of the significant proton
resonances from the pyrene unit, whereas the amide N-H signal
is shifted to lower fields upon increasing the concentration.
Such behavior illustrates the progressive installation of inter-
molecular interactions upon the gel formation process.
Remarkably, the shift observed for 3(NH) is more important in
the case of lower concentrations ([1] = 1 to 5 mg mL™"), than for
higher concentrations. This observation is correlated with
a progressive increasing of the hydrogen bond contribution for
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Table 1 Test for solubility and gel formation for compound 1—P is for
precipitate, S for solution, G for gel. In the case of the gels, the stated
mass is the minimum required for gel formation

Amount
of 1in
mg mL~!

State at
ambient
temperature

State in

Solvent hot solvent

Cyclohexane
Hexane

Limonene

Toluene
Chlorobenzene
1,2-Dichlorobenzene
Dichloromethane
Chloroform
1,2-Dichloroethane
Dioxane

Ethyl acetate
Acetone
Tetrahydrofuran
Methanol

Ethanol
Isopropanol
Acetonitrile
Dimethylformamide
Dimethylsulfoxide
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low concentrations in compound 1, untill the gel state is reached
(CGQ), for which saturation of the H-bond network may be
expected. The effect of solvent on gelating ability of molecules
has been established for molecules which are able to immobilise
a wide range of matrices.? In the present case, the molecule gels
in chlorinated solvents and THF, and is insoluble in other
solvents. This characteristic is presumably a result of the insol-
ubility caused by either hydrogen bonding and/or 7t—t stacking,
depending on the solvent in question. Explaining the influence of
solvent on the morphology type of the xerogel is presently
beyond the capacity of knowledge in organic materials of this
kind. The very subtle changes in fibre structure between the
chlorinated solvents, for example, are presumably a result of
complex interactions of the component fibres and the solvent
that is immobilised. The aromatic solvents would be expected to
interact well with the pyrene part of the molecule, and this may
be the reason for the well defined long thin fibres formed in CB

and ODCB.

ODCB CB

T T T

3500 3000 2500 2000 1500

Wavenumber (cm™)

Fig. 3 Representative IR absorption spectra of the xerogels of 1 formed
from CB (green), ODCB (red) and CHCl; (blue).

3. Deposition of 1 on surfaces from solution

Compound 1 has a clear tendency to aggregate in solutions of
chlorinated solvents below the critical gel concentration
(¢f- NMR study), and also to form fibrous precipitates from the
other solvents assayed in the gelation tests. Therefore, we
studied the type of aggregates formed by precipitation on
surfaces by drop casting from different media. Solvent has been
shown before to have an important role in the formation
of nanostructures by organic compounds,?! and the same is
true here.

A hot acetone solution of 1 cast onto glass forms an inter-
esting morphology in which lines of a complex mesh of fibres
are generated at the surface (Fig. 5). These fibres are partially
aligned upon evaporation of the solvent, as shown in the top
photograph and the SEM of Fig. 5, although there are areas of
non-aligned material. This kind of alignment in a much more
regular form has been seen in a larger C; symmetrical molecule
comprising three porphyrin units when cast from chloroform
onto mica.?? In the present case, the fibres are 5 microns wide,
and the SEM measurements indicate that they are quite porous.

THF

CHCl;

Fig. 2 Organogels formed by 1 in different solvents.

This journal is © The Royal Society of Chemistry 2010
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Fig. 4 Low field region of the '"H NMR spectra of 1 in CDCl; at different concentrations.

The walls of this porous structure are less than 50 nm thick
(Fig. 6), as are the smaller fibres that emanate from the larger
parent structure. Remarkably, there seems to be a degree of
structural order in the material, as shown by the polarised
optical micrograph shown in Fig. 5.

From both ethyl acetate and toluene, in which the compound
is only soluble when the suspension is warmed, a random glob-
ular-like morphology is generated by 1 upon deposition onto
glass slides (images not shown). Although the objects do polarise
transmitted light, which indicates at least some short range
order in the component fibres, there is no evident long-range
structure in the systems, which are only slightly different to each
other in appearance in the optical microscope and SEM images.
A very different situation arises from dioxane. In this case
a dense mesh of fibres based around dense islands of the structure
is generated (Fig. 7). Again, material with short range order is
prepared, as light is polarised when passing through it, and fibres
link the clustered nodes (see SEM image in Fig. 7). In this case
the smallest fibres observable in the SEM measurement are
approximately 20 nm wide, and are interconnected over short-
scale lengths. No individual fibres are observed over a micron
long. Given the similarities with typical xerogel morphology,
attempts were performed at higher concentrations (8 mg mL™")
but resulted in precipitation.

4. Xerogels of 1

Drying of the gels formed by 1 in the different solvents which
it immobilises afforded orange solids which were subject to
both spectroscopic and morphological analysis. The IR spectra
of the gels reveal that essentially the same network of non-
covalent interactions must be operational in all the solvents, as
the peaks of all the functional groups appear in the same
position regardless of the solvent used for processing (vide
supra), indicating that at least at the first degree of organisation
the assemblies are similar. We interpret that this first level
contains hydrogen bonded fibres a single molecule wide.
Interestingly, the morphology of the xerogels is dramatically
different. The samples were studied by transmission electron
microscopy (TEM, Fig. 8) by drop casting a hot solution of 1
onto a holey carbon grid and the measurements were made with
no staining of the organic material in order to ensure an
authentic image. The xerogels from both CB and ODCB show
well defined fibres with widths of a few tens of nanometres and
lengths over several microns and which intertwine with each
other. However, it is noteworthy that the xerogels from ODCB
have far less crossing points between the fibres than the xerogels
formed by CB. It is the contacts between fibres that are impor-
tant for bulk conducting properties of these gels, and it is

Fig.5 Photograph of the drop formed upon solvent evaporation (left), polarising optical micrograph (centre) and SEM image (right) of the fibre mesh

formed by 1 upon precipitation from a hot acetone solution onto glass.

J. Mater. Chem.

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C0JM02302G

Downloaded by Universitaire dAngers on 10 November 2010
Published on 04 November 2010 on http://pubs.rsc.org | doi:10.1039/C0IM02302G

View Online

Fig. 6 SEM image of the porous fibre formed by 1 upon precipitation of
a hot acetone solution onto glass.

important to keep this point in mind when discussing these
characteristics (vide infra). The xerogels formed from chloroform
shows a dense mesh of fibres with a range of fibre widths
from a few tens to a hundred nanometres. The xerogels formed
from THF are completely different to the other gels, with ribbons
formed in the sample. These tape-like objects are approximately
50 nm wide and are very thin (sub-10 nm, see especially the top
left hand part of the TEM image in Fig. 8).

The xerogels were also investigated using atomic force
microscopy (AFM) and SEM on different substrates, and
essentially the same morphologies were observed. As an example,
the AFM image of the xerogels from ODCB is shown in Fig. 9.
The fibres are approximately 20 nm in height, corresponding well
with the size of the aggregates seen in the TEM images.

5. Conducting materials derived from doped xerogels of 1

The xerogels of 1 from the different solvents were prepared on
surfaces by casting warm solutions of the compound above the
critical gel concentration, and then the solvent was evaporated at
room temperature using, if necessary, a vacuum pump. The
xerogels were then subject to doping in a chamber with iodine
vapour for five minutes. The oxidation of the TTF unit was
immediately evident from the dark colour of the films, and the
presence of a mixed valence state was proven by spectroscopy.
Recording the FT-IR-near infrared (NIR) spectrum of a sample
of the xerogel on a KBr disc prior to and after doping shows the
presence of a broad and very intense charge transfer band cen-
tred on 3000 cm~', as shown for example in the case of the
xerogel prepared from an ODCB solution (Fig. 10; see also
ESIf). Another characteristic, thinner, band of the doping
process appears at 1230 cm~'.>® Remarkably, the IR spectra does
not evolve significantly with time as shown in Fig. 10, which
illustrates the stability of the system in the doped form. More-
over, IR bands associated with the amide groups (3289, 1636 and
1549 cm™") do not change upon iodine doping, which indicates
that the intermolecular hydrogen bond network is not modified,
and that no structural reorganization involving these interactions
occurs within the material upon oxidation.

Fig.7 Polarising optical micrograph (top) and SEM images (middle and
bottom) of the island-based fibre mesh formed by 1 upon precipitation
from a hot dioxane solution onto glass.

The electron spin resonance (ESR) signals of the materials, on
the other hand, are quite different, although all show a relatively
narrow peak-to-peak linewidth (Table 2). These values should be
compared to the 14 G or 20 G values for samples of another
bisamide TTF derivative,'® and imply that the dimensionality of
the fibres formed by 1 is lower than in that case. Although the
variation in the linewidth is limited, it correlates approximately
with the observed morphologies of the xerogels: the chloroform

This journal is © The Royal Society of Chemistry 2010
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Fig. 8 TEM images of the xerogels formed by 1 in different solvents.

sample seems to have more clumped fibres and has the larger
linewidth indicating greater dimensionality. Nevertheless, such
an observation is not sufficient to correlate linewidth with the
conductivity of the material (see below, especially the case of the
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Fig. 9 AFM image and profile corresponding to the line in the image for
the xerogel of 1 cast on graphite.

xerogel prepared from CB), presumably because of the different
parameters which have to be taken into account such as inter-
fibre connectivity.

The electrical properties of the doped xerogels were studied by
current sensing atomic force microscopy (CS-AFM). The
samples were prepared on highly oriented pyrolytic graphite to
ensure an easy contact from the bottom of the sample. Therefore,
the current to and from the conducting tip of the AFM passes
through the whole material to the graphite which is connected to
the wire which completes the circuit. In the measurements, the
current is measured while raster scanning while maintaining the
tip in contact with the sample at a fixed potential, giving a current
map and the topography of the sample which is measured
simultaneously. As an example, the topographic image and
current map of the doped xerogels derived from the THF are
shown in Fig. 11. Both images show a random network of fibres,
and the current map reveals that the current is passed relatively
uniformly through the material. This result indicates clearly that
the current passes through the fibres and must pass between
fibres in order to travel through the material to the counter-
electrode. The current maps of the gels derived from the other
solvents also show a fibrilar morphology and relatively uniform
transport of charge.

The histograms of the current in these maps (Fig. 12) are
informative, as they show the distribution and order of magni-
tude of conductance. The materials prepared via the chloroben-
zene and chloroform gels are the most conducting, and this
observation would correlate with the excellent interlinking of the

J. Mater. Chem.
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Fig. 10 Top: IR absorption spectra of the xerogel of 1 formed from
ODCB, before (upper curve), and after I, doping (lower curve); bottom:
at different times after doping.

Table 2 Peak-to-peak line widths of the ESR spectra of the doped
xerogels of 1

Solvent g AHpp/G
Chlorobenzene 2.0072 8.7G
1,2-Dichlorobenzene 2.0072 10.0 G
Tetrahydrofuran 2.0071 102 G
Chloroform 2.0070 127G

fibres seen in the TEM images of these materials. All of the
materials show a relatively uniform conduction, bearing in mind
that the histograms were recorded in different areas on the
samples. Therefore, while local fluctuations are seen in the current
maps, the difference in resistance between areas is not big.

The I-V spectroscopy curves (Fig. 13) corroborate the infor-
mation in the histograms. The doped xerogels formed from
chloroform and chlorobenzene show high and uniform conduc-
tivity. These samples are those which have the most uniformly
connected fibres in the microscopy images of the undoped
materials, and the connectivity between fibres is absolutely
essential in the present measurement in which charge is passed
from tip to surface through the material. The ODCB sample has
long uniform fibres, but few crossing points, and this is reflected
in a poor conductivity for the sample. The spectroscopy curves
are generally rather flat with current at the level of picoamps even
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Fig. 11 CS-AFM of the doped xerogel of 1 originating from the THF
gel. The top image shows the topographic signal and the lower one the
current map (bias = 1 V) corresponding to the same region.

at high potential. The doped xerogel prepared from THF has
a completely different morphology to the other samples, and it is
therefore not surprising, perhaps, that the spectroscopy curve of
this sample shows a very different Schottky-type response, which
corresponds to semi-conducting type material in bulk conduc-
tivity measurements.* In any case, and despite the apparent
good connectivity between the fibres, the tape morphology does
not seem the best for conductivity in these systems. The fibrous
morphologies exhibit much higher transport of charge.

Conclusions

The multifunctional molecule reported in this paper is an inter-
esting building block, as we have shown that it forms varied self-
assembled nanostructures which can be reached through choice
of the solvent and the medium (solution or gel) from which it is
processed. The main non-covalent force driving its assembly
seems to be hydrogen bonding, although NMR experiments
indicate that 7-stacking is also evident in the pyrene portion of
the molecules.

This journal is © The Royal Society of Chemistry 2010
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through xerogel samples prepared from different solvents.

Current sensing atomic force microscopy shows that doping of
the materials results in conductors. Therefore, the TTF units
must also be in a stacked arrangement. The solvent used for the
processing of the material through the gel state plays an abso-
lutely crucial role in the properties of the material after doping.
Well interconnected narrow fibres afford very good transport
properties when the material is prepared from chlorobenzene or
chloroform. However, very long fibres with less linking between
them give a larger resistance in the material.

The unique structure of gelator 1 opens up very interesting
perspectives regarding stimuli-responsive gels since bisamides
are a well-known class of anion receptors and pyrene emission
has been proven to be controlled in TTF-pyrene associations
through redox processes.

Experimental section
General details

The starting materials were purchased commercially and were
used without further purification. Thin-layer chromatography
(TLC) was performed on aluminium plates coated with Merck
Silica gel 60 F254. Developed plates were air-dried and scruti-
nized under a UV lamp. Silica gel 60 (35-70 mesh, SDS) was used
for column chromatography. '"H and *C NMR spectra were
recorded using the deuterated solvent as an internal reference on
a BRUKER Advance DRX 500 spectrometer. Coupling con-
stants are in Hertz.

Synthesis

2,3-Bis| N-(1-pyrenylmethyl)aminocarbonylmethylsulfanyljte-
trathiafulvalene 1. All solutions are previously degassed by
bubbling nitrogen through them for 30 min. Caesium
hydroxide monohydrate (451 mg, 2.7 mmol, 2.2 eq.) in meth-
anol (7 mL) was added to a solution of TTF 2 (815 mg,
1.22 mmol) dissolved in a minimum amount of DMF. After
addition, the reaction mixture turned rapidly red and was kept
stirring for 30 min. Afterwards, a solution of compound 3
(751 mg, 2.44 mmol, 2 eq.) in DMF (30 mL) was slowly added.
Stirring was maintained for 24 h and compound 1 was isolated
by filtration as an orange solid. The latter was successively
washed with water (200 mL), methanol (100 mL), diethyl ether
(100 mL) and pentane (100 mL) to give the analytically pure
derivative 1 (1 g, 74%).

M.p. 180 °C; FT-IR; v /em™ 3290 (N-H), 1636 (C=0),
1548 (-CONH-); '"H NMR (500 MHz, CDCl;): 7.53 2H, d, J =
8.1 Hz, pyrene), 7.45 (2H, d, J = 8.0 Hz, pyrene), 7.91 (m, 14H,
pyrene), 7.56 (2H, d, J = 7.7 Hz, pyrene), 6.54 2H, t, J = 5.3 Hz,
-NH-), 481 (4H, d, J = 5.3 Hz, -NH-CH,-), 3.18 (4H, s,
-SCH,CONH-), 2.78 (4H, t, J = 7.3 Hz, -SCH,CH,-), 1.58 (4H,
m, -SCH,CH,-), 1.32 (4H, m, J = 7.1 Hz, -SCH,CH,CH,-), 1.21
(8H, m, -CH,(CH,),CH3;), 0.83 (6H, t, J = 7.2 Hz, -CHj3); "*C
NMR (125 MHz, THF-dg): 167.6 (C=0), 133.2, 132.5, 132.0,
131.9,129.9,129.5, 129.0, 128.7, 128.3, 128.0, 127.9, 126.8, 126.1,
126.0, 125.9, 125.8, 125.6, 124.1 (Pyrene and TTF external
C=C), 111.4, 110.6 (TTF internal C=C), 42.7, 39.5, 37.1, 32.9,
30.9, 30.3, 30.1, 29.5, 23.6, 14.5; HR-MS m/z: (M**) calculated:
1098.2577, detected: 1098.2579.
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Fig. 13 Representative -V sweeps recorded during the CS-AFM
experiments on the doped xerogels from the different solvents.

2,3-Bis(2-cyanoethylsulfanyl)-6,7-bis(octylsulfanyl)tetrathia-
fulvalene 2. A mixture of 4,5-bis(octylsulfanyl)-1,3-dithiole-2-
thione (1.268 g, 3 mmol) and 4,5-bis(2-cyanoethyl-sulfanyl)-
1,3-dithiole-2-one (865 mg, 3 mmol) was refluxed in toluene
(18 mL) until complete solubilization. Trimethylphosphite
(6 mL) was added in one portion and refluxed for four hours.
After cooling, solvents were concentrated in vacuo and the
resulting slurry was chromatographed on silica gel (eluent:
CH,Cl,) affording the desired compound 2 (1 g, 50%).

M.p. 110 °C, '"H NMR (500 MHz, acetone-de): 3.25 (4H, t,
J=6.9 Hz, -CH,-CN), 2.95 (4H, t, J = 6.9 Hz, -SCH,CH,CN),
290 (4H, t, J = 7.3 Hz, -SCH,CH,CH,-), 1.66 (4H, m,
SCH,CH,CH,-), 1.46 (4H, m, SCH,CH,CH,-), 1.31 (16H, m,
-(CH)4CH3), 0.87 (6H, t, J = 7.1 Hz, -CH3); “C NMR
(125 MHz, acetone-de) 127.9, 127.8 (TTF external C=C), 117.4
(-CN), 114.7, 106.3 (TTF internal C=C), 36.3, 31.8, 31.2, 29.7,
29.1, 29.0, 28.5, 22.6, 18.9, 14.1; HR-MS m/z: (M™*), calculated:
662.1114, detected: 662.1112.

Cyclic voltammetry measurements. Cyclic voltammograms
were acquired using a three-electrode cell equipped with a plat-
inum working electrode (@ = 2 mm), a platinum wire as
a counter-electrode and an Ag/Ag* pseudoreference. Potentials
were subsequently adjusted using ferrocene as an internal refer-
ence. These measurements were performed on an EGG PAR
273A potentiostat with positive feedback compensation.

SEM measurements. SEM images were acquired by scanning
electron microscope (SEM) HITACHI S-3000N on a Hitachi
S-570 system operating at 20 kV. To facilitate SEM measure-
ments of the texture, experiments were carried out under partial
vacuum with a low pressure of water. The solution samples were
dropped onto glass and allowed to dry, and the gel sample was
deposited as such and then dried.

TEM measurements. TEM images were acquired with a Jeol
JEM 2011 microscope on unstained samples. Holey carbon grids
were used, where samples were deposited as a hot drop of solu-
tion and allowed to dry using a vacuum pump when necessary.

AFM experiments

Solutions of 1 in the different solvents were prepared by gentle
warming prior to deposition of a drop on freshly cleaved graphite

(ZYB grade). The atomic force microscopy (AFM) images were
recorded on an Agilent Technologies 5100 AFM. The acoustic
mode was used with resonance frequencies of the silicon tips
(Nanosensors, FM type force constant 1.2-3.5 N m~' and
diameter 5 nm) of around 60-70 kHz. All the images were
recorded under atmospheric conditions. Current images of the
doped samples on the graphite substrates were obtained by using
the same AFM system. Contact working mode with a bias
voltage applied to the sample while scanning, with a grounded
conducting Pt-Ir coated silicon tip (force constant around 1.2 N
m~"), is necessary in order to perform such experiments. Elec-
trical contact to the sample was made using a stainless steel
clamp pressed onto the surface of the doped xerogel on highly
ordered pyrolitic graphite (XYB grade) substrate. The images
were processed using Mountains software from Digital Surf.
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