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ABSTRACT

The electron donor-acceptor tetrathiafulvalene-polychlorotriphenylmethyl (PTM) radical dyad, which shows a strong interplay between
intra- and intermolecular charge transfer processes in solution, has been deposited by drop-casting on highly oriented pyrolytic graphite
substrates, and its self-assembled structure has been investigated. Conducting atomic force microscopy revealed that the presence of a PTM
radical in the molecules enhances the electrical conduction by almost two orders of magnitude and that this enhancement occurs in spite of
the poor molecular orientation control achieved with drop-casting. Moreover, the study also reveals that the presence of a tetrathiafulvalene
subunit in the deposited molecules can result in slightly asymmetric I-V curves.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5065448

I. INTRODUCTION

The rapid strides being made in the miniaturization of elec-
tronic components are triggering new research interest focused on
the development of new electro-active supramolecular structures
as active elements for the realization of molecular-based devices
such as switches, memories, and diodes.1,2 Organic donor-acceptor
(D-A) dyads are very attractive systems to produce molecular
diodes as building blocks for logic circuitries.3 Indeed, physisorbed
Langmuir-Blodgett (LB) films based on the D-A dyad hexadecyl-
quinolinium tricyanoquinodimethanide embedded between metal-
lic contacts displayed asymmetric current-voltage (I-V) plots and
thus it was proposed as the first molecular rectifier.4–8 Further, LB
films of D-A dyads with enhanced donor or acceptor properties,
containing, for example, tetrathiafulvalene (TTF) or fullerene sub-
units, were also prepared.9,10 In some of them, it was demonstrated
that the displayed rectification characteristics were caused only by

the chemical structure of the molecules and not by their specific
orientation,11–13 or by Schottky barriers produced by the use of
different contacts.14 Indeed, the molecular self-assembly on a given
solid substrate and the method to wire it up are two crucial factors
to be considered when thinking about future applications in
molecular electronics. The deposition of molecules from the liquid
phase to a substrate by drop-casting is an extremely easy, cheap,
and fast method.15 Furthermore, it has the advantage that large
molecules can be processed without decomposition and sometimes
without the need of being functionalized with specific side-groups.
Nevertheless, such a physical adsorption process usually yields
random molecular orientations and limited order at the supramo-
lecular level within the films. This result can be ascribed to the
interplay of different factors such as the limited flatness at the
atomic scale of the metal electrodes, the variable molecular surface,
and molecule-molecule interactions as well as dewetting
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phenomena. To improve this, a number of experimental parameters
can be optimized. For example, ultraflat conducting surfaces can be
used as electrodes such as highly oriented pyrolytic graphite
(HOPG) substrates or graphene. The use of such carbonaceous sur-
faces has two advantages. First, large atomically flat areas extending
several hundreds of μm2 can be easily obtained due to the “mille-
feuille” structure, with weak van der Waals forces holding adjacent
layers together. Secondly, aromatic hydrocarbons or molecular
systems bearing long alkyl chains are prone to self-assemble on
such substrates, forming highly ordered structures.16,17 For
example, Bottari et al.18 reported the self-assembly of a D-A dyad
consisting of phthalocyanine and fullerene (Pc-C60) on HOPG
which forms layers and fibers depending on the concentration of
the drop-cast solution. The electrical properties of these self-
assembled structures were investigated by conducting atomic force
microscopy (C-AFM), a technique that allows one to combine mor-
phological and electrical mapping of a sample with a spatial and
electrical resolution of a few tens of nanometers and pA, respec-
tively.19 Interestingly, both Pc-C60 supramolecular structures
showed high conductivities comparable to the HOPG surface, yet
not accompanied by electrical rectification. With the objective of
attaining diode-like characteristics using different D-A dyads on
graphite, we have investigated the electrical properties of the previ-
ously reported TTF-polychlorotriphenylmethyl radical (PTM) dyad
1 (Scheme 1),20–22 which is electro- and magnetically-active. It has
been reported that radical dyad 1 shows a complex interplay
between its intramolecular electron transfer (IET) from the donor
(TTF) to the acceptor (PTM)21 moieties and its intermolecular
charge transfer (CT) mediated by the TTF subunit, giving rise in
solution to interesting supramolecular structures22,23 including,
for example, a reversible switch between diamagnetic dimers,
observed at room temperature, and paramagnetic monomers at
high temperature.24

Here, we analyze the self-assembly of radical dyad 1 on
HOPG substrates obtained by simple drop-casting through AFM

imaging. The results obtained have been compared with those
observed when processing the non-radical analogue dyad 2 and the
unsubstituted PTM radical 3 (Scheme 1) into similar films.

The chemical structure of dyad 2 differs from 1 only in one
hydrogen atom, which is linked to the central carbon atom of the
PTM subunit causing a hybridization change (sp3 and sp2, respec-
tively), thereby nullifying the radical character and decreasing the
electron acceptor strength of the PTM subunit. Thus, the compari-
son between 1 and 2 might shed light on the influence of the
radical character on the properties. On the other hand, the surfaces
drop-cast with radical compound 3 could give an insight into the
role of the TTF aggregation phenomena, i.e., the CT process. The
electrical properties of these films were investigated by C-AFM,
revealing that the presence of the PTM radical is needed to obtain
a significant conduction, whereas the TTF subunit causes the
appearance of slightly asymmetric I-V curves, i.e., a very modest
electrical rectification.

II. SELF-ASSEMBLY OF THE TTF-PTM RADICAL DYAD
ON HOPG

Figure 1 displays AFM tapping mode images of surfaces pre-
pared by drop-casting (2 × 25 μl) diluted solutions (0.01 mM) of
the radical dyad 1 in DMF (S1), CH2Cl2 (S2), and toluene (S3)
onto freshly cleaved HOPG surfaces. The depositions were per-
formed under atmospheric conditions and in the dark to avoid the
decomposition of the radical. Radical dyad 1 presented the highest
surface coverage when DMF was the solvent employed (S1). Such
results can be explained by the higher affinity of the dyad to inter-
act with the substrate rather than with neighboring molecules
forming large stacks. Indeed, the high boiling point (153 °C) and
low volatility of DMF favors the formation of thermodynamically
stable structures, offering to the molecules enough time to organize
on the substrate. In contrast, when solvents with lower boiling
points, such as toluene (111 °C) and CH2Cl2 (40 °C), are used, the

SCHEME 1. TTF-PTM radical dyad 1, non-radical analogue dyad 2, and PTM radical 3.
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molecular self-assembly process does not reach the thermodynamic
minimum due to the faster solvent evaporation (S2 and S3, respec-
tively), ultimately resulting in rather disordered assemblies. In fact,
this phenomenon can be even exploited to pattern substrates
through the dewetting phenomena (Fig. S1 in the supplementary
material).25,26 Consequently, we analyzed the nanostructures
formed by the non-radical dyad 2 and radical 3 in DMF (S4 and
S5, respectively). Compound 3 forms isolated plate-like structures,
with lateral sizes of several nanometers, in comparison with the
assemblies of the TTF-containing molecules 1 and 2, which exhibit
more continuous structures, especially when the PTM radical
subunit is present. These structures are believed to be induced by
the presence of the TTF subunit, which favors the interaction
between molecules.27 It is also worth mentioning that all the observed
structures display heights of 2–3 nm (Fig. S2 in the supplementary
material), indicating that mono- or bilayer thick assemblies were
formed according to the molecular length of the molecules.

We have then extended our study to the analysis of the
magnetic and electrical properties of the modified HOPG substrates
by using electron spin resonance (ESR) spectroscopy and cyclic
voltammetry (CV), with the goal of determining if the properties of
radical dyad 1 were retained once they were deposited onto the
substrates. The ESR spectrum of surface S1 performed at RT exhib-
its two different signals [Fig. S3(a) in the supplementary material].
The small one corresponds to the PTM radical subunit of dyad 1,

whereas the large signal can be ascribed to the HOPG; i.e., it is an
intrinsic signal of the surface. To avoid the overlapping of both
signals, the surface S1 was placed inside the ESR instrument and
rotated along the z-axis because the g-value of the ESR signal
related to the HOPG surface strongly depends on the angle
between the surface and the applied magnetic field, whereas the
signal of the PTM subunit remains practically constant due to its
low magnetic anisotropy. Thus, we recorded three different spectra
at different angles (0°, 45°, and 65°) in order to clearly detect a signal
at a g-value of 2.0039 and a linewidth of ΔHpp = 5.8 G, typical for
physisorbed PTM radicals on HOPG surfaces.28 Our analysis
confirmed that the radical character of dyad 1 is preserved upon
physisorption on the HOPG surface, thus indicating that the mag-
netic properties of the molecule are unaltered. The CV of S1 was
carried out by immersing the coated surface, which was used as
the working electrode, in a 0.15M solution of the electrolyte
(n-Bu4NPF6) in dry acetonitrile. The counter electrode used was a
platinum wire, whereas the reference electrode was Ag/AgCl
[Fig. S3(b) in the supplementary material]. The obtained voltam-
mogram exhibits a couple of weak waves due to the low concen-
tration of molecules on the surface and some unavoidable
solubilization of the physisorbed molecule. However, two redox
processes can be identified at Ered

1=2 � 0:023 V and Eox1
1=2 � 0:257 V,

which can be attributed to the PTM•/PTM− and the TTF/TTF+•

redox pairs of dyad 1, respectively. It is worth noting that it was

FIG. 1. Tapping-mode AFM topographic images of the different modified graphite substrates obtained by drop-casting the three different compounds using 0.01 mM
solutions (S1: 1/DMF; S2: 1/toluene; S3: 1/CH2Cl2; S4: 2/DMF; S5: 3/DMF).
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not possible to detect the expected third wave associated with the
TTF+•/TTF2+ redox process at higher potentials.

To further study the electronic structure of compounds 1 and 2
deposited on HOPG substrates, X-ray photoelectron spectroscopy
(XPS) was performed. Thus, high-resolution spectra for all the rele-
vant elements (S, Cl, C, O) of both S1 and S4 substrates were
recorded at RT. The binding energy of the S2p line gives information
about the redox state of the TTF subunit (Fig. 2). Specifically, it is
reported that the peak at 163.5 eV is associated to a neutral TTF
molecule, whereas the peak at 164.6 eV corresponds to the positively
charged TTF+• molecule. The S2p spectrum of S4 exhibits two peaks
at 163.6 and 164.8 eV, which are ascribed to the neutral molecule as
well as a charge transfer between the molecule and the HOPG sub-
strate, as previously described for similar TTF-based structures.29 S1
also shows two peaks at 164.0 and 165.2 eV. In this case, the signal
corresponding to TTF+• could be related to both the molecular
surface charge transfer and the presence of IET in dyad 1 stabilized
by DMF.20,22–24

To shed some light on this issue, temperature-dependent XPS
spectra of S1 were performed at +124, +25, and −174 °C (Fig. S4 in
the supplementary material). The absence of significant changes in
the resulting spectra indicates that the presence of oxidized TTF
possibly corresponds only to the molecular surface charge transfer.
Similarly, temperature-dependent ESR spectra of dyad 1 in bulk
(Fig. S5 in the supplementary material) only show a single line at
g = 2.0033 with a ΔHpp = 2.7 G, which is related to the PTM
radical. Thus, dyad 1 is found in its neutral state unlike a similar
radical dyad, which consists of a ferrocene subunit instead of a TTF
subunit, the ferrocene-PTM dyad that presents bistability at the
same range of temperatures (300–120 K).30–34 We also character-
ized the surface modified with the radical dyad 1 by time-of-flight

secondary ion mass spectrometry (TOF-SIMS) using a concen-
trated solution (1 mM) in DMF, which yielded surface S6 (Figs. S6
and S7 in the supplementary material). The spectrum presents a
peak at 953.09 m/z with an isotopic mass distribution of 14 chlo-
rine atoms, typical for PTM radical derivatives, that corresponds to
the molecular ion of dyad 1.

III. ELECTRICAL PROPERTIES OF THE TTF-PTM
RADICAL DYAD ON HOPG

Finally, we investigated the electrical properties of the drop-
cast self-assembled thin films S1, S4, and S5 supported on the elec-
trically conducting HOPG substrates. For such a purpose, the I-V
characteristics of such films were measured by C-AFM at RT under
atmospheric conditions. HOPG j Molecule j Pt=Ir junctions were
produced by contacting the top of the drop-cast films on HOPG
with Pt/Ir coated AFM tips, which operated as a counter electrode
in the two-terminal junction. To correlate the electrical characteris-
tics with specific morphological features, we first imaged with
tapping mode AFM the topography of a region of the drop-cast
HOPG surface. Then, the C-AFM tip was brought to contact on a
chosen point of the surface under an applied force of 2–3 nN (higher
forces or potentials destroyed the sample). The I-V curves were
acquired while sweeping the applied voltage from −1.0 V to +1.0 V.
In particular, almost 100 curves per sample were recorded on
different regions using always two or three different surfaces. The
charge transport characteristics measured across the nanometer-thick
molecular films of S1, S4, and S5 sandwiched between Pt/Ir tips and
HOPG surfaces are portrayed in Fig. 3(a). Uncoated HOPG sub-
strates were also measured prior to the functionalized surfaces
to confirm that an “Ohmic” behavior was obtained [Fig. 3(a),

FIG. 2. High-resolution S2p XPS spectra of (a) S1 and (b) S4 surfaces.
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black line]. S5 samples displayed symmetric I-V curves with currents
of around ±0.3 nA at a maximum bias of ±1.0 V (green line) as
proved from all the 95 curves recorded in different regions of
different samples. In contrast, S4 samples exhibited symmetric I-V
curves with almost negligible currents of ±5–10 pA at the maximum
bias of ±1.0 V. I-V curves measured in different areas of S1 samples
showed two different behaviors, which could be explained by the
presence of zones with different molecular orientations exhibiting
distinct molecular surface charge transfers. Specifically, almost 70%
of the I-V curves displayed currents of ∼1.3 nA, whereas the rest of
the curves (30%) showed more symmetric plots with currents of only
∼0.5 nA, in the negative bias (at –1.0 V). Thus, independent of the
molecular orientation of the radical dyads on the surface, these data
show that S1 surfaces have conductivities that are almost two orders
of magnitude higher than those obtained with the non-radical dyad
(S4). A similar enhancement of current was previously observed in
two terminal junctions based on self-assembled monolayers (SAMs)
covalently attached to gold metallic surfaces that contain the same
TTF-PTM dyads.35 This large enhancement was attributed to the
lower energy gap of the frontier orbitals (the SOMO, single occupied
molecular orbital, and the SUMO, single unoccupied molecular
orbital) of organic radicals in the SAMs when compared with the
corresponding frontier orbitals of their non-radical counterparts
(the HOMO and LUMO). As a result, the Fermi level of the elec-
trodes is closer to the SUMO of the radical dyad than to the
LUMO of the non-radical dyad, thereby enhancing notably the
charge transport by a tunneling mechanism assisted by the SUMO
orbital.35–39 Therefore, it is concluded that the enhancement of con-
ductivity by the presence of radical molecules on metallic surfaces,
named as the “radical-conductivity enhancement” phenomenon,
does not require the organization of molecules in SAMs since it can

be attained with a deposition by the easy and fast drop-casting
method where molecules usually adopt random orientations.

It is also worth mentioning that all I-V curves obtained for S1
were slightly asymmetric, displaying small, but observable, inverted
rectification values with larger currents at the negative bias than at
the positive ones. Specifically, the curves with higher currents showed
a mean inverted rectification ratio [RR = J(−1.0 V)/J(+1.0 V)] of
almost 1.3, whereas the ones with lower currents exhibited a mean
value of 2.2 [Fig. 3(b)]. These mean rectification values are significant
since S5 surfaces, measured under similar conditions, show the
“radical-conductivity enhancement” phenomenon, but they do not
exhibit any rectification. Similar small inverted behaviors were
already reported in the literature for other dyads and ascribed to
either a field-induced reorientation of the physisorbed molecules, the
coexistence of phases with different molecular orientations, and/or
polarisation-induced changes between the neutral and the zwitter-
ionic ground states of the molecules in contact with the surface.40–45

Such explanations are also quite plausible for S1 because we used a
drop-casting method that allows the molecules to freely orient with
respect to the HOPG. It is also worth mentioning that a “Schottky”
contribution to the small rectification of S1 cannot be completely
ruled out due to the different work functions of the HOPG (4.6 eV)
and Pt/Ir (5.2 eV) electrodes, although this electrode pair was also
used for S5, where no rectification was observed.

IV. CONCLUSIONS

In summary, solutions of radical dyad 1, non-radical dyad 2,
and radical 3 were drop-cast on HOPG substrates employing
different experimental conditions. The self-assembled nanostruc-
tures obtained on the surfaces from diluted solutions of DMF were

FIG. 3. (a) Representative I-V curves of pure HOPG (black line), S1 (blue and purple lines), S4 (red line, showing almost negligible currents), and S5 (green line) surfaces
under an applied bias ranging from −1.0 V to +1.0 V using forces of 2–3 nN. (b) Distributions of inverted rectification ratio values [RR = J(−1.0 V)/J(+1.0 V)] fitted with
Gaussian curves (dotted lines), observed for S1 (purple bars) and S5 (green bars) surfaces. For S1 surfaces, two different RR distributions with mean values of 1.3 and
2.2 can be distinguished, while for S5, only one distribution centered at RR of 1.0 is observed. Unfortunately, the sensitivity of the employed measurement setup did not
allow the determination of RR values for S4 surfaces.
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characterized by ESR, CV, T-dependent XPS, and TOF-SIMs pro-
viding evidence that molecules remained intact upon physisorption
on the surfaces. These surfaces were investigated by C-AFM
showing that, in the case of the radical dyad 1, the molecules may
adopt different molecular orientations exhibiting distinct molecular
surface charge transfers that slightly alter the charge transport
properties. This study also shows that the presence of PTM radical
molecules notably enhances the electrical conduction and that this
enhancement occurs in spite of the poor molecular orientation
control achieved with the drop-casting technique. Moreover, the
reported results demonstrate that the presence of a TTF subunit in
the molecules can result in slightly asymmetric I-V curves. Thus,
the results herein presented point out that PTM radical molecules
with a functional group, drop-cast as thin films on surfaces, exhibit
“radical-conductivity enhancement,” which together with the func-
tionality of the group attached to the radical unit, may bring new
opportunities to the field of molecular electronics.

V. EXPERIMENTAL METHODS

All the glassware used in the preparation of films was washed
with a 2% v/v Hellmanex II solution in Milli-Q water for 4 h,
rinsed, and dried at 150 °C overnight. The HOPG substrates were
used after mechanical cleavage with commercial Scotch® tape,
whereas Au (111) substrates were rinsed with ethanol (HPLC grade)
several times and dried under a nitrogen stream. The surfaces were
prepared in a laminar flow cabinet under atmospheric conditions in
the dark to protect dyad 1 and compound 3 from degradation. All
the surfaces were prepared by drop-casting 2 × 25 μl of the desired
solution using compounds synthesized as described elsewhere.20,46

Surfaces S1 to S5 were drop-cast with diluted solutions (0.01mM),
whereas surface S6 was performed with a concentrated solution
(1 mM). The surfaces prepared using CH2Cl2 as a solvent were
ready to measure after a couple of minutes of drop-casting the
solution, while those prepared with toluene needed around 5 h to
dry. When DMF was the solvent used, the surfaces were measured
only after 2 days of being prepared. The surfaces were kept under
atmospheric conditions once formed and no degradation was
observed after 2 weeks.

SUPPLEMENTARY MATERIAL

See the supplementary material for technical information, the
dewetting phenomenon of dyad 1 on HOPG, the nanostructures
height analysis of S1–S3, the ESR spectroscopy and cyclic voltam-
metry of S1 on HOPG, the temperature dependent XPS spectra of
S1 on HOPG, the temperature dependent ESR spectra of dyad 1 in
bulk, and the TOF-SIMS of S6.
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