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Abstract The electrochemical oxidation of hexa-N-pyrrolyl-
benzene in organic media leads, via intramolecular coupling
of the pyrrole residues, to the deposition of a molecular
semiconductor film on an electrode surface. In situ electron
spin resonance–electrochemical experiments reveal that the
semiconductor is endowed with both properties of con-
ducting polymers (i.e., reversible oxidation) and poly-
aromatic molecular materials (i.e., highly paramagnetic).
The material, which is easy to process as soft homogeneous
thin film, shows a tunable 0 to 1 spin concentration per
molecule at room temperature by controlling the electro-
chemical potential.
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Introduction

Organic conjugated materials are extensively investigated
because they combine electronic properties of semiconduc-
tor and metals to the ease of processing of organic matter.
One major challenge of these materials is to improve
electronic properties, especially in magnetism, as these
materials have a great potential to design ferromagnets [1],
supraconductors [2], or flexible radio frequency shielding
coatings [3]. Both polyaromatic hydrocarbons (PAHs), like
graphite [4] or coronene [5], and conducting polymers
(CPs), such as polyaniline [6] or polyacethylene [7], show
magnetic behaviors. However, CPs are generally less
paramagnetic than radical molecular compounds because
of the spin recombination at oxidized state. We established
recently that oxidation of hexa-N-pyrolbenzene (A) gives
rise to formation of the polyheterocyclic compound (B) [8]
through coupling of the six-pyrrole residues [9] (Fig. 1a)
with a consequent formation of an organic semiconductor
as a result of aggregation of (B). This material includes
aromatic cycle such as coronene and hexapyrrole chain and,
hence, consists of both the PAH and CP families. We report
in this paper thin layer electrosynthesis and characterization
of this material and elucidation of radical formation process
by in situ electrochemical–electron spin resonance (ESR)
measurements.

Experimental

Commercial compounds Hexafluorobenzene (Aldrich,
reagent grade), pyrrole (Acros, reagent grade), LiClO4

(Acros, spectroscopic grade), and CH3CN (Merck, spectro-
scopic grade) were used without further purification.
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Chemical synthesis The synthesis of compound (A) was
performed in 93% yield by adaptation of a previously
described procedure [10]. The product was purified by
crystallization. C30H24N6; chemical analysis C 76.7
(76.92), H 5.4 (5.13), N 17.9 (17.94); Matrix-assisted laser
desorption–ionization-time-of-flight mass spectrometry
(m/z) 468.57 (468.56) (M•+); 1H NMR (CDCl3) δ 6.08
(12H, t, J=2.2 Hz), δ 6.18 (12H, t, J=2.2 Hz); 13C NMR
(CDCl3) 110.6 (−), 120.8 (+), 134.2 (+).

Electrochemical Experiments were driven in one-
compartment three-electrode cell with an ‘EG&G PAR
373A’ potentiostat. The electrochemical potentials are
reported versus saturated calomel electrode (SCE) and
electrochemical kinetics was given in current density
(A cm−2). The sweep rate for voltammetry experiments
was 100 mV s−1. The electrolyte was 0.1 M LiClO4 in
CH3CN. (A) was used at a 10−3 M concentration for
electrochemical film synthesis.

Electrochemical set-up for electrochemical synthesis,
electrochemical activity, SEM, FTIR, and XPS analysis The
solutions were argon deaerated prior to electrochemical
experiments. The working electrodes were indium tin
oxide (ITO) thin film on glass (1.87 cm2) for electro-
chemical synthesis and activity and platinum (about
1 cm2) for scanning electron microscopic (SEM), X-ray
photoelectron spectroscopy (XPS), and Fourier transform
infrared spectroscopy (FTIR) analysis. The counter-
electrode was stainless steel grid, and the reference
electrode was SCE with a salt bridge containing the
electrolyte.

In situ electrochemical–electronic absorption analysis A
film synthesized ex situ using previous conditions on an
ITO electrode (about 1 cm2) was rinsed with a CH3CN
solution and immersed in a quartz optical cell which
contained the electrolyte. The counter-electrode was a
platinum wire and the reference electrode an Ag/AgCl
wire. The film was disposed through the 1 cm path of a
ultraviolet (UV)-visible-near-IR ‘VARIAN CARY 500’
spectrometer and connected to the potentiostat to perform
electronic in situ absorption measurements from UV to
near-infrared regions at oxidized states.

In situ electrochemical–ESR analysis The electrolyte was
nitrogen deaerated prior to electrochemical experiments.
ESR–electrochemical experiments were performed in a
one-compartment three-electrode cell. The working elec-
trode was a platinum wire (0.42 cm2), the counter-electrode
a platinum plate and the reference electrode an Ag wire
covered with AgCl immersing in a CH3CN salt bridge
containing 10−2 M AgNO3. Spectra were recorded on an
ER 200D SRC Bruker spectrometer.

Conductivity Conductivity measurements were performed
on a SOLARTRON 1260 Schlumberger.

XPS XPS signals were recorded obtained using a VG
ScientiÐc ESCALAB MKI system operating in the con-
stant analyzer energy mode, “advantage software” version
2.20 was used for digital acquisition and data processing.
An Mg–Kα X-ray source was used and the pass energy
was set at 50 eV. The pressure in the analysis chamber
was 10−9 mbar.
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Fig. 1 a Electrosynthesis of
molecular material (B) from
compound (A), b reversible
oxidation process of (B) to
cation (B+) and divalent
cation (B2+)
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Calculations Geometry calculations were performed with
the DFT B3LYP/6–31G(d) method and frequency calcu-
lations with Spartan AM1 method.

Results and discussion

Electrochemical synthesis The cyclic voltammograms of a
solution of (A) during repeated scans between 0 and 1.20 V
on ITO electrode shows an irreversible oxidation peak foot
at 1.20 V. Two reversible oxidation waves which increase
during cycling appear at 0.3 and 0.7 V (Fig. 2a). At the
same time, the ITO electrode becomes brown. We showed
in a previous paper that the irreversible electrooxidation
process results from pyrrole α–α′ intramolecular coupling
[9] (Fig. 1) and leads to an insoluble product (B). The
progressive coloration of the electrode and the growth of
the two waves are attributed to the deposition of an
electroactive conducting film produced by (B) aggregation
on the electrode. The same results are obtained on a
platinum electrode. Electrical conductivity of the film in the
doped state measured in ambient atmosphere with the four-
point contact method was 10−5 S cm−1. The SEM photo of
a film electrodeposited on a platinum plate during 40 scans
between 0 and 1.20 V in (A) solution is presented in Fig. 3.
The thickness determined using SEM after scratching the
film with a surgeon scalpel is close to 150 nm. The upper
part of the figure is the surface of deposit, and the lower
part is the platinum surface on which the deposited film has
been removed. The middle dark region corresponds to the
cross section of the deposit. This photo indicates that the
metallic substrate is covered by a homogeneous thin film.
The organic thin film was not soluble in aqueous medium
(acidic, basic, or neutral) nor in usual organic ones
(CH3CN, hexane, N-methylpyrrolidone, dimethylformamide,
tetrahydrofuran). This is also the case for compounds which
have extended π-conjugated structures similar to (B), like
polyaromatic hydrocarbons found in coal tar [11] or those
obtained from mild Lewis acid oxidation of oligophenylenes
[12, 13] and from solid-state carbonization of pitch [5, 14].

XPS analysis The XPS spectrum of a film electrodeposited
on a platinum plate electrode during 20 scans between 0
to 1.2 V in (A) solution is presented in Fig. 4. The peaks
analyzed were as follows [15–18]: Cl2p (208.3 eV), C1s

(286 eV), N1S (401.9 eV) O1S (533.0 eV), OKLL Auger
peak (981 eV). The 208.3 eV energy Cl peak value
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Fig. 2 Cyclic voltammetry experiments on an ITO electrode at
100 mv/s sweep rate in 0.1 M LiClO4 CH3CN electrolyte, a
electrochemical synthesis of molecule material (B) from compound
(A) at a 10−3 M concentration, (b) electrolyte background

b
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indicates that this element is combined in ClO4
− [19]. The

peak area integrations lead to the following composition (C
71%, N 12%, O 13%, Cl 3%), which yield to the molecular
formula C30N6(ClO4)1.4. This formula corresponds to (B)
doped with 1.4 ClO4

− anions (C 70%, N 14%, O 13%, Cl
3%). The material doping level per pyrrole unit is close to
0.23. This value is higher than 0.15 found for poly-N-
phenyl-pyrrole and lower than 0.25–0.30 found for poly-
pyrrole [20]. The low doping level in poly-N-phenyl-pyrrole
was attributed to the perpendicular position of the phenyl
residues against the polymer chain which in this position
twists the polymer chain and prevents electron delocaliza-
tion. Consequently doping process is also partially prevented

when compared to unsubstituted polypyrrole. In our mate-
rial, the doping level is intermediate, and, therefore, we can
suggest that delocalization is also partially prevented.
Oxidized films remain stable under air, but the surface of
neutral films is rapidly oxidized.

FTIR analysis The infrared spectrum of 1 wt.% (A) in KBr
is shown in Fig. 5a. A film was electrodeposited on
platinum plate during 20 cycles between 0 and 1.20 V in
a solution of (A). This film was reduced in the same
medium to a neutral state by application of a −0.5 V
potential during 10 min, and an infrared analysis was
performed ex situ under nitrogen atmosphere. Another film
was electrodeposited using the same procedure and was
oxidized by application of a 0.8 V potential in the same
electrolytic medium without (A) during 10 min and an
infrared analysis was performed ex situ. The infrared
spectra of the neutral and the oxidized films are presented
in Fig. 5b. The bands at 3.106, 3.120, 3.130, and
3.140 cm−1 are attributed to C–H pyrrole stretching
vibrations. Before (A) oxidation, the band at 727 cm−1 is
attributed to C–Hβ pyrrole bending vibration [21, 22]. After
oxidation, (B) is formed and a new band at 770 cm−1 is
attributed to the same C–Hβ pyrrole bending vibration
when there is no hydrogen in α position. The vibration
band at 1,680 cm−1 that does not exist in (A) spectrum is
attributed to the formation of a pyrazin ring after intramo-
lecular pyrrole coupling. The stretching vibration of a
pyrazin ring occurs at 1,590 cm−1 [23, 24]. The calculated
geometry of the (B) molecule is curved, as shown in Fig. 6.
The calculated pyrazin fragment stretching vibration for
this curved geometry is 1,665 cm−1. This calculated value is
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Fig. 4 XPS spectrum of the film material obtained from electrochem-
ical synthesis on a platinum plate

Fig. 3 SEM photo of a material
thin film obtained from electro-
chemical synthesis on a plati-
num plate
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close to our 1,680 cm−1 experimental value. This curved
shape in (B) induces cycle tension of pyrazin fragment that
explains the high frequency of this band. A similar curved
geometry was found for corannulene, which is induced by
the presence of a five-membered ring centered among six-

membered rings [25]. The band at 1,099 cm−1 in the
spectrum of the film at oxidized state is attributed to the
Cl–O stretching vibration of ClO4

−. This band disappears in
the spectrum of the film in neutral state, indicating that the
doping process is reversible.

Fig. 6 Calculated geometry of
the material molecule (B) with
DFT B3LYP/6–31G(d) method
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Electrochemical reversible oxidation The film prepared as
indicated in Fig. 2 was rinsed with CH3CN and immersed
in CH3CN containing 0.1M LiClO4. Cyclic voltammetry
between 0 and 0.8 V shows two well-separated and
reversible waves (Fig. 7a). The mean value, corresponding
to the oxidation and reduction peak potentials of each
reversible redox process, are located at 0.30 and 0.53 V.
The charges under each wave deduced from integration are
equal to each other, indicating successive oxidation of (B)
to the cation (B+) and divalent cation (B2+; Fig. 1b). The
mean value of the oxidation peak potentials is of 0.46 V.
This value is close to the 0.45 V peak potential of poly
(N-phenyl-pyrrole) oxidation [20]. This means that the
charge in the organic material constituted of disk-like
molecules which posses a ring of six-pyrroles and a
benzene center is as well stabilized as a linear-conducting
N-phenyl-substituted polypyrrole.

ESR–electrochemical analysis The thin film was synthe-
sized in a 10−3 M (A) electrolyte at 1.2 V for 5 min. The
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working electrode wire coated with this organic electro-
active thin film was transferred in an electrochemical cell
adapted for ESR measurements. The cell was filled with
1 M LiClO4 in CH3CN. The cell was introduced into the
magnetic field of an ESR spectrometer operating at 9 GHz
(X band). The film spin concentration was measured from
neutral state (B) to divalent cation state (B2+) by applying a
constant potential during 3 min at each 50 mV step between
0 and 0.8 V. The spin versus positive charge curve is
presented in Fig. 8. The same curve was obtained for the
oxidation as well as for the reduction sweeping, indicating a
reversible spin formation process. The first part of the curve
is linear, from 0 to 1 positive charge injected (R2=0.997),
indicating that one spin is formed for each positive charge
injected in the film. It means that (B) is oxidized to the
radical cation (B+) at first. This behavior is fundamentally
different from polypyrrole where recombination process
between radical cations occurs at earlier stage less than one
injected charge amount. For a charge injection greater than
one, the molecular spin density decreases, indicating
oxidation of the radical (B+) to the divalent cation (B2+).
Nevertheless, a population of radicals remain for two
positive charges transferred per molecule. This spin
population may be constituted of both radical (B2+) and
diradical (B2+) divalent cations. Both intrarecombination
and interrecombination processes can occur, yielding
respectively to the formation of bipolarons [26, 27] and
π-dimers [28–31]. It is important to note that the spin
density found close to one is higher than the spin density of
the higher paramagnetic CPs, where the maximum spin
density measured on polypyrrole is 0.8 per hexapyrrole unit
[32]. Moreover, the population of spins remaining at the
oxidized state is in opposition to polypyrrole where the spin
is equal to zero consecutively to recombination processes.
This paramagnetic behavior in terms of high spin density
and diradical existence is similar to that of molecular
compounds which possess similar sixfold symmetric axis
like coronene [33], hexaaminobenzene derivatives [34, 35]
and hexamethoxytriphenylene [36].

Electronic absorption analysis The electronic absorption of
(A) measured in acetonitrile shows a peak at 4.8 eV
(Fig. 9a). The electronic absorption of an organic material
film electrodeposited on ITO was measured from UV to
near-infrared regions (Fig. 9a). The spectrum shows three
absorption peaks located at 1.2, 2.6, and 3.8 eV. The (A)
and (B) absorption maxima, located at 4.8 and 3.8 eV,
respectively, are attributed to π−π* transitions. The (A)
oxidation leads to (B), which is a polyheteroaromatic
compound with delocalized electrons. Therefore, the (B)
π−π* transition at 3.8 eV is lower than the (A) π−π*
transition at 4.8 eV. Moreover, the energy of the π–π*
transition at 3.8 eV is equal to the sum of the transition

energies at 2.6 and 1.2 eV. Taking into account this
equality, we attribute these two peaks to transitions
involving two energy states of cationic charge carriers in
the gap (Fig. 9b). Such electronic diagram including energy
states in the gap is similar to those of linear-conducting
polymers.

Conclusion

The electrochemical oxidation of a sixfold N-pyrrolyl-
substituted benzene star-shaped conjugated molecule leads
to the deposition of a thin film of an organic semiconductor
material. SEM photo reveals a homogeneous film structure.
XPS and IR analyses indicate that it is constituted of π-
conjugated molecules that include a six-pyrrole ring. This
structure is very different from those of organic semi-
conductors classically obtained from pyrrole derivatives
which are linear polymers. The electrochemical behavior
shows two oxidation waves attributed to the successive
formation of cation and divalent cation species versus one
single large oxidation wave for polypyrrole. In situ ESR
measurements show that the first electron transfer corre-
sponds to the formation of paramagnetic cation–radical
species, contrary to conducting polymers where recombi-
nation process between radicals occurs. This material
shows a remarkable magnetic behavior, corresponding to
one spin per six-pyrrole ring versus 0.8 per six-pyrrole
linear unit in the most paramagnetic conducting polypyr-
role. This high spin density in the material is similar to the
spin density measured in radical organic salts like
hexaaminobenzene derivatives. The energy diagrams deduced
by electronic absorption measurements of the material at the
oxidized state, reveals energy states in the gap as it is the case
for conducting polymers. In conclusion, this physical–
chemistry study reveals that the semiconductor obtained is
endowed with both properties of conducting polymers (i.e.
reversible oxidation, easy to process as thin film) and
polyaromatic molecular materials (i.e. highly paramagnetic).
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