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An electrochemical study of 4-(azulen-1-yl)-2,6-bis(2-furyl)- and 4-(azulen-1-yl)-2,6-bis(2-thienyl)-pyridines
was performed in order to estimate the influence of electron releasing alkyl substituents on the
electrochemical behaviour of these azulenes. The electrochemical parameters obtained by cyclic and
differential pulse voltammetry have been correlated with ionization potentials and LUMO energies evaluated
through computational methods for the above compounds containing azulene moiety substituted with alkyl
functional groups.
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Azulenes are nonbenzenoid aromatic compounds with
a special structure, having a five-membered ring
connected to a seven-membered ring. This link between
rings with opposite electronic densities (high, respectively
low) induces a peculiar electrochemistry: they can be
involved easier than benzenoid aromatic compounds both
in oxidation and in reduction reactions. However, it is
known that azulene is a better electron donor than acceptor.
Such compounds containing azulene in the molecule
present valuable properties as enhanced nonlinear optics
coefficients [1] and electrochromic behaviour [2]. Using
electrochemical procedures, the azulene derivatives could
generate polymers that have similar properties to the
reported azulene polymers, which have high electrical
conductivity [3]. This feature makes them attractive as
cathode active materials for rechargeable batteries [4]. In
spite of these potentialities, there are few electrochemical
studies devoted to azulenes, regarding e.g. the generation
of the polyazulene films [5] or metal complexes starting
from azulene derivatives [6,7].

Azulene structure peculiarity enables to evaluate the
influence of substituents nature and position on the
electrochemical properties (number and potentials of
redox waves, etc.). The present study is a part of a large
investigation of azulene derivatives through electro-
chemical methods which has been done in our group [8-
11].  This paper is devoted to the electrochemical study of
new azulenyl-pyridines substituted with two furane or
thiophene rings in α-position of pyridine, namely 4-(azulen-
1-yl)-2,6-bis(2-furyl)- and 4-(azulen-1-yl)-2,6-bis(2-thienyl)-
pyridines.

Experimental part
Reagents, instrumentation and methods

Acetonitrile (Rathburn, HPLC grade) and tetra-n-
butylammonium perchlorate (TBAP) from Fluka were used
as received for solvent and supporting electrolyte,
respectively. The investigated compounds were
synthesized starting from their carbonyl derivatives by

specific chemical reactions [12]. Structure and physical
characteristics were confirmed by elemental and spectral
(1H NMR, 13C NMR, GC–MS) analyses. Cyclic voltammetry
(CV) and differential pulse voltammetry (DPV) experiments
were conducted in a conventional three-electrode cell
under argon atmosphere at 25°C using a PGSTAT 12
AUTOLAB potentiostat. The working electrode was a
glassy carbon disk (3-mm diameter from CH Instruments)
polished with 0.1μm diamond paste. The Ag/10mM AgNO3
in CH3CN + 0.1M TBAP system was used as reference
electrode. All potentials were referred to the potential of
ferrocene/ferricinium (Fc/Fc+), which was 0.07V with our
experimental conditions. CV experiments were usually
performed at 0.1 V/s, and with different scan rates (0.1–
1V/s), for investigation of scan rate influence. DPV curves
were recorded at 10mV/s with a pulse height of 25mV and
a step time of 0.2 s.

Computational methods
Calculations were performed with a MOPAC package

and AM1 approach.

Results and discussions
The investigated compounds are represented in figure

1. The azulene moiety is either unsubstituted, as in
compounds 1 and 2, or substituted in the seven-membered
ring with electron releasing alkyl groups like 4,6,8-trimethyl
as in compounds 1t and 2t, or with 3,8-dimethyl-5-isopropyl
(guaiazulene derivatives), as in compounds 1g and 2g.
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Fig. 1. Formula of the investigated compounds.
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For each compound, two complementary methods
have been used in parallel for the electrochemical
investigation: differential pulse voltammetry (DPV) and
cyclic voltammetry (CV). Both DPV and CV studies have
been accomplished in acetonitrile with 0.1M tetrabuthyl-
ammonium perchlorate (TBAP) as supporting electrolyte
in milimolar solutions of 4-(azulen-1-yl)-2,6-di(furyl)- or 2,6-
di(tienyl)- pyridine. The evidenced peaks correspond to the
oxidation and reduction processes which occur during
scanning. For each compound, the DPV experiments at
different concentrations enabled the precise evaluation of
anodic and cathodic peak potentials and currents. The CV
study was performed at different concentrations (0.5 –
3mM), scan rates and potential ranges in order to establish
the reversibility/irreversibility of each process. The results
obtained by CV and DPV were in agreement with respect
to the peak potentials, and were complementary, yielding
specific features for each process.

CV and DPV studies
Figures 2 and 3 show the characteristic DPV and CV

curves obtained for the azulene derivative 1. Anodic and
cathodic curves are shown together on each graph. When
examining the DPV curve (fig .2) of the parent compound
1 in anodic scans, 3 peaks at 0.61V (1a), 0.89V (2a), and
1.076V (3a) can be observed, while in the cathodic scans,
3 reduction peaks are found at -1.76V (1c), -2.55V (2c),
and -2.81V (3c). The DPV peak currents linearly increase
with the concentration of 1. The inset in figure 2 presents
the variation of the peak currents with the concentration
of compound 1, as obtained from DPV experiments.

The processes 1a-3a and 1c-3c are also evidenced by
CV. The cyclic voltammograms for the compound 1 at
different concentrations are shown in Figure 3. Three anodic
peaks at 0.617V (1a), 0.890V (2a), and 1.076V (3a), and 3
cathodic peaks at -1.76 V (1c), -2.55V (2c), and  -2.81V
(3c) can be observed. Each process from the cyclic
voltammograms has been analyzed at different scan
ranges with respect to the reversible character. Figure 4
shows that all the 3 oxidation processes of compound 1,
denoted 1a, 2a, and 3a in this figure, recorded at 0.1V/s in
anodic scans, present irreversible peaks (this irreversible
behaviour was revealed also at the higher scan rate of 1V/
s). Moreover, in cathodic scans the 3 processes are
irreversible as well. After scanning the first cathodic peak
(1c), a new oxidation peak appears (1c’) in the reverse
sweep. It is shifted with about 1V with respect to 1c, and
its current value is much smaller than that for 1c. This
behaviour indicates that 1c is an EC process. Both 2c and
3c do not exhibit any response when scanning back to the
starting potential. The reduction peak 3c is larger and higher
in intensity than 1c, and could imply a multi electron transfer.
Peak 2c is overlapped on 3c in the CV scans.

Linear dependences of the peak currents on
concentration have been obtained from CV experiments
at different concentrations of 1 (inset of fig. 3). Both linear
dependences of the peak currents on concentration
obtained in DPV and CV (figs. 2, 3) could be used in
analytical determinations of 1 by these electrochemical
methods.

The reversibility of the first anodic and cathodic processes
has been evaluated from the CV curves obtained at
different scan rates. Linear dependences of the peak
currents on the square root of the scan rate have been
obtained (fig. 5, inset).  Slopes  of  about 108  and  135  μA(V/
s)-1/2 for the peaks 1a, and 1c, respectively, have been
obtained in 1mM solution of compound 1. Both 1a and 1c
peaks are not reversible in the range of investigated scan
rates.

The results obtained by DPV and CV were concordant,
with respect to peak potentials, and were complementary,
yielding specific features for each compound. DPV has
enabled the precise determination of oxidation and
reduction potentials of characteristic processes leading to
unique fingerprints for each compound. The proportionality
of the peak current to substrate concentrations has been
proved to be a useful test of the analytic value for the DPV

Fig. 2. DPV curves for 1 at different concentrations (mM) on glassy
carbon electrode (3mm in diameter) in 0.1M TBAP, CH3CN. Inset:

Dependences of the peak currents (μA) on concentration
(mM) of 1

Fig. 3. CV (0.1 V/s) curves for 1 at different concentrations (mM) on
glassy carbon electrode (3mm in diameter) in 0.1M TBAP, CH3CN.
Inset: Dependences of the peak currents (μA) on concentration

(mM) of 1

Fig. 4. CV (0.1 V/s) curves for 1 (2.7 mM) at different scan ranges on
glassy carbon electrode (3mm in diameter) in 0.1M TBAP, CH3CN.
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method, while CV allowed establishing the reversible
feature of each electrode process.

Comparison between substrates
Similar studies as those presented for compound 1 in

figures 2-5 have been performed for each investigated
azulene-pyridine, and the results are summarized in tables
1-3. Table 1 shows the DPV and CV potentials of the main
peaks for all investigated compounds. The character of
the main CV peaks (reversible, quasireversible or
irreversible) is also shown in table 1. The equations of linear
dependences of the peak currents on concentration are
given in table 2 for all compounds. They can be exploited
in analytical determinations of these compounds by DPV
or CV.

The first oxidation peak noted 1a in the CV and DPV
curves of azulenes derivatives is the result of many several
successive steps. First of them implies the radical cation
generation at the azulene moiety, because the azulene is
the structural unit by far the most susceptible to oxidation.
The positive charge is probably delocalized mainly on the
azulene moiety. The results obtained from CV and DPV
curves for the azulene compounds have been correlated

to their structure. This assumption is based on the
irreversibility of the first oxidation peak corresponding to
the formation of a radical cation, which is specific to most
azulene derivatives [8]. The generated radical cation could
be further stabilized by dimerization because the
concentration of the electronic spin at C3 is high. The 3,3’-
dimer, resulted after hydrogen elimination, can be further
oxidized to the corresponding monocation or dication
(scheme 1). The analysis of 1a peak potentials in 1, 1t and
1g is consistent with this scheme. It is known that the
4,6,8-trimethylazulene moiety is more stable due to its
symmetrical structure and to the steric protection given by
the methyl group. Therefore, in the case where it is present,
the generation of dimer occurs slower and the first oxidation
step becomes quasireversible, in agreement with the
characteristics quasireversible (q) for 1a peak, as shown
in table 2 for the compound 1t. The radical cations formed
from the dimer are also more reluctant to interact with the
solvent to generate polymers. Therefore, higher oxidation
steps become also quasireversible. The peaks 2a, 3a are
quasireversible (q), as are presented in table 2. A single
clear oxidation potential was observed for guaiazulene
group (compounds 1g and 2g), because this moiety cannot
form dimers due to the presence of a methyl group in
position 3 (fig. 6). However, the guaiazulene radical cation
could couple to the position 2 of thiophene moiety belonging
to another molecule, with generation of an asymmetric
dimer. That fact could explain the second oxidation
potential for these compounds (fig. 6).

The first peak in reduction (1c) corresponds to the
formation of a radical anion, step followed by protonation
(scheme 2). The peaks 2c and 3c correspond to
multielectron transfer processes connected to the
reduction of the azulene moiety, with the formation of the
polyenic structures.

The oxidation potential values from table 1 are in
agreement with the substituent electronic effects. For the
first anodic peak 1a, they are ordered as follows: E1g<
E1t< E1 and E2g< E2t< E2. These differences are mainly
due to the electronic effects of the substituents on the
azulene electron density. Thus, the electron releasing
capacity exerted by alkyl substituents at trimethyl-azulene
(in compounds 1t, 2t), as well as by those connected to

Fig. 5. Influence of the scan rate (v) on the CV currents on glassy
carbon (3mm in diameter) for 1 (2.7mM) in 0.1M TBAP, CH3CN.
Inset: Dependences of the peak currents (in μA) on the square

root of the scan rate: 0.1 V/s; 0.2; 0.3; 0.5; 1 V/s

Scheme 1
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the guaiazulene moiety (in compounds 1g, 2g), increases
the electron density on azulene and, therefore, the
oxidation potentials of compounds 1g, 1t and 2g, 2t are
lower than those of the pattern compounds 1 and 2.

In reduction step, the substituent influence on the peak
potentials is more complex and, therefore, the first
reduction potential was more difficult to be correlated with
the substituent. The order is the following in absolute
values: E2t< E1t< E2g< E1g< E2< E1. The peak
potentials are invariant with concentration both in CV (at
the same scan rate), and DPV.

Table 2 presents the equations of the DPV and CV peak
currents on substrate concentration for the studied
compounds. For all compounds it can be seen that the
variations of the anodic peak current with concentration
for 1a in the DPV curves have positive slopes of about 10μA/
mM, while those obtained from the CV curves have slopes
of about 15μA/mM. From analytical point of view, the DPV
bigger slopes give more sensitive responses than the CV
ones. However, the DPV method allows the identification
of these compounds in concentrations much lower than
through CV. The variation with concentration of the DPV
peak currents for the cathodic peak 1c shows bigger slopes
(in absolute value) than those for the anodic peak 1a. This
difference could be assessed to a different number of
electrons implied in each process.

The influence of the scan rate on CV curves for all
compounds is shown in table 3 for the first anodic and
cathodic peaks. The comparison of the equations shows

Table 1
DPV AND CV PEAK POTENTIALS FOR THE COMPOUNDS 1, 1t, 1g, 2, 2t, 2g (1mM in 0.1M TBAP, CH3CN)

AND ESTIMATION OF REVERSIBILITY BY CV (i = IRREVERSIBLE PEAK;
q = QUASIREVERSIBLE PEAK AND r=REVERSIBLE PEAK)

Scheme 2

mean slopes of about 85 and -105 μA (V/s)-1/2(mM)-1 for 1a
and 1c, respectively.

The structure of the studied compounds presents a
substituted azulene moiety connected (in position 4) to
2,6-bis(2-furyl)- or 2,6-bis(2-thienyl)-pyridine. The alkyls
substituents on azulene are all electron releasing
substituents. Figure 6 allows a detailed comparison
between their DPV curves. The compared peaks are noted
for each compound in sequence of their apparition in
oxidation (1a, 2a, 3a) or reduction (1c, 2c, 3c) scans. When
examining the DPV curves for 1 and 2 (fig. 6), it could be
seen that 1a process appears in the DPV of 1 at less
negative potential (0.595V) than in 2 (0.54V), while 1c
process appears at -1.76V and -1.82V, respectively. The
values are in agreement with the electronegativity of the
heteroatom in these structures (O is more electronegative
than S).

Figure 7 shows the correlation between the
experimental  oxidation potentials (from DPV and CV) and
the highest occupied molecular orbital (HOMO) energies
(ionization potentials), computed using the MOPAC
program. A good correlation has been obtained from both
curves. The evaluation of the reduction potentials shows
that it is governed by the same rules as oxidation, but the
correlation with the lowest unoccupied molecular orbital
(LUMO) energies calculated by MOPAC, given in figure 8,
is worse. This could be explained by the fact that the
MOPAC program is not sufficiently adequate to correctly
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Table 2
EQUATIONS OF THE DPV AND CV (0.1

V/s) PEAK CURRENTS (i in μA)
DEPENDENCES ON THE SUBSTRATE

CONCENTRATION (C IN mM) FOR THE
COMPOUNDS 1, 1t, 1g, 2, 2t, 2g (IN

0.1M TBAP, CH3CN)

Table 3
EQUATIONS OF THE DEPENDENCE
OF 1a AND 1c CV PEAK CURRENTS

CORRESPONDING TO A
CONCENTRATION OF 1mM, Y in

μA/mM, ON THE SQUARE ROOT OF
THE SCAN RATE (V/s), X,  FOR THE

INVESTIGATED COMPOUNDS

Fig. 6. Anodic and cathodic DPV
curves for the investigated

compounds in 0.1M TBAP, CH3CN
on glassy carbon (3mm in

diameter).
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anticipate the destabilization of the azulene system by an
asymmetric substitution.

Film formation
The formation of the polyazulene film has been tried by

successive scans in the domains of the first anodic (1a) or
first cathodic (1c) processes in millimolar solutions of each
compound, in CH3CN + 0.1 M TBAP. The anodic and
cathodic successive curves are given, for instance, for the
compound 1 in figure 9. The tendency to polymerize is
characteristic only for the unsubstituted 4-(azulen-1-yl)-
2,6-bis(2-furyl)pyridine. Conductive polymeric films have
been formed on the electrode surface. In successive anodic
scans, the oxidation peak is shifted progressively to positive
values, indicating the electrode coverage with oxidation
products. In repeated cathodic scans, the successive
curves were practically unchanged. The films can be grown
also by controlled potential electrolysis (CPE) in the same
synthesis solution. After the transfer in blank solution (0.1M
TBAP, CH3CN), the obtained modified electrode shows a
stable behaviour in CV.  Figure 9B presents the CVs recorded
during 10 redox cycles. The modified electrode has a
couple of peaks which correspond to the oxidation/
reduction of the polymeric film.

Conclusions
This work explored the electrochemical properties of

several 4-(azulen-1-yl)-2,6-bis(furyl)- and 4-(azulen-1-yl)-
2,6-bis(tienyl)-pyridine and established rules concerning
the influence of releasing substituents upon their

Fig. 9. (A) Successive CV anodic scans on glassy carbon in 2.65mM solution of 1 in 0.1M TBAP,
CH3CN at 0.1 V/s and (B) the CV curves for the modified electrode obtained by CPE (2mC) at

0.805V in transfer solution (0.1M TBAP, CH3CN at 0.1 V/s).

Fig. 7. Correlation between the experimental oxidation potentials
E1a (from DPV and CV, obtained at concentration of 1mM on glassy

carbon, in 0.1M TBAP, CH3CN) and E(HOMO) using AM1 method

Fig. 8. Correlation between the experimental reduction potentials
E1c (from DPV and CV, obtained at concentration of 1mM, on glassy

carbon in 0.1M TBAP, CH3CN) and E (LUMO) using AM1 method

electrochemical behavior. The oxidations were irreversible
for the unsubstituted azulene derivatives and for the
azulenes substituted with 3,8-Me2-5-iPr groups, while the
azulene substituted with 4,6,8-Me3 groups has shown
quasireversible oxidations. In what concern the reductions,
they were irreversible for unsubstituted azulenes, and
reversible for the substituted azulenes.

Very good correlations between the experimental
oxidation potentials and MOPAC computed ionization
potential were found, whereas the correlation of the
reduction processes with LUMO energies was poorer. A
detailed comparison between their DPV curves shows that
both electronic effect of the substituent and heteroatom
electronegativity influence the oxidation and reduction
potentials. The tendency to polymerize is present only for
the unsubstituted 4-(azulen-1-yl)-2,6-bis(2-furyl)pyridine.
These films are adherent and have potential applications
in cation recognition. The work is in progress.
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