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Abstract The physicochemical properties and electro-
chemical behaviour of products obtained by anodic oxi-
dation of 2-amino¯uorene in CH2Cl2 + 0.2 MBu4NBF4

are presented together with the oxidation conditions.
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Introduction

Since 1985, our group has been interested in the anodic
polymerization of ¯uorene derivatives [1]. At the begin-
ning, we demonstrated that polymers derived from
¯uorene [2, 3], 9-substituted or 9,9-disubstituted ¯uore-
nes [4] are electroactive materials possessing p- and n-
doping process. Their uses as electrochromic materials,
electrode modi®ers [5±7], in bi- or trilayer devices [8] or
as complexing materials [9, 10] were developed. Later on,
the anodic polymerization of ¯uorenylidene derivatives
was studied [11±13]. These polymers were substituted by
electron-donor [14] or electron-withdrawing groups [13].
When the substitution was performed by cyano group(s),
these matrices were demonstrated to present a�nity to-
wards metallic cations and metal-polymer composites
were used as e�cient electrode modi®ers for electrocat-
alytic reactions [15]. Our interest was also focused on the
anodic behaviour of 2-substituted ¯uorenes, leading to
sequential polyphenylene-¯uorene [16] or to extended
polyarylenevinylenes [17]. This paper deals with the an-
odic behaviour of the 2-amino¯uorene (I).

Previous work on this compound was described by
Japanese researchers in 1979 [18] and by American
workers in 1985 [19]. The two groups studied the oxi-
dation of I in acetonitrile medium. They showed that I
oxidation presents two oxidation waves: the ®rst one of
the neutral species and the second one of its protonated
form. They demonstrated the formation of a dimer. The
Japanese spoke of an ortho-semidine-type dimer II re-
sulting from CAN coupling, and the Americans of a
di¯uorenyl III resulting from CAC coupling. No poly-
merization occurs at all.

Furthermore, a lot of polynuclear aromatic amines
have been studied in the last decades. Some of them
are described in Table 1 and may be classi®ed into
three main groups: Ar-NH2, RR¢N-Ar-NRR¢ or Ar1-
NR-Ar2. The anodic oxidation of the majority of these
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compounds leads to the obtainment of more or less
homogeneous, smooth and adherent polymer ®lms on
the electrode. In each case, the physicochemical
properties and the electrochemical behaviour of the
polymers are described and a mechanism of polymer-
ization is proposed in the light of the experimental
results. Classical polyaniline-type polymerizations are
described when the CAN coupling is predominant; in
the case of diaminophenylene or naphthalene, ladder
polymers may be obtained. Finally, the oxidation
product may be a mixture of soluble oligomers from
CAC coupling and of insoluble polymers from CAN
coupling. In the case of polymers with polyaniline
likeness, their study in aqueous medium always shows
reversible electroactivity.

We present in this paper the oxidation of I in
CH2Cl2 + 0.2 M Bu4NBF4 together with the electro-
chemical behaviour of the insoluble products obtained
on the electrode and studied in organic or aqueous acid
medium. Physicochemical features of these compounds
are also described.

Experimental

Chemicals

2-Amino¯uorene is a commercially available product and was used
without additional puri®cation.

Supporting salt

Tetrabutylammonium tetra¯uoroborate was obtained from Fluka
and recrystallized three times from methanol plus water (1:1) and
dried for 48 h under vacuum.

Solvents

Acetonitrile and dichloromethane were obtained from SDS with
less than 100 ppm of water (checked by means of the Karl Fischer
method) and were used without any puri®cation.

Aluminium oxide

This was obtained from WoeÈ lm (Super I), heated at 300 °C under
vacuum for 24 h and used at once under argon pressure.

Cells and electrodes

Electrochemical investigations were carried out in three-compart-
ment cells. The anode, cathode and reference electrode were in all
cases separated by a glass frit. All potentials refer to the system Ag/
(Ag+, NO3

)), 0.1 M in CH3CN. For the cyclic voltammetry
investigations the working electrode was a 1 mm2 stationary
platinum disk. For preparative electrolysis the working anode was
a rectangular platinum sheet (total area about 9 cm2). In all cases
the cathode material was either a vitreous carbon stick or a
platinum grill.

All experiments were carried out under an argon atmosphere
and, additionally, neutral activated alumina was added to the
supporting electrolyte in the working compartment of the cell in
order to remove excess moisture.

The three-electrode cells were connected to a PAR Model 173
potentiostat monitored with a PAR Model 175 signal generator
and a digital coulometer (PAR Model 179). The cyclic volta-
mmetry traces were recorded on an XY SEFRAM-type TGM 164
recorder.

Polymer analysis

In the course of analysis using cyclic voltammetry the working
electrode used was dried in air and used in a second electrolytic
solution free of any electroactive species. Contrariwise, after mac-
roelectrolysis the polymer coating the platinum surface was care-
fully rinsed with the solvent used for the preparative electrolysis,
dried in air and then released from the anode. The polymer was
rinsed again and dried carefully under vacuum at room tempera-
ture for 48 h.

Infrared spectra were recorded using a Fourier transform
spectrophotometer (FTIR) from Nicolet (model 205) by di�use
re¯ectance through the polymer mixed with KBr.

Table 1 Bibliographic summary of various electroploymerized
polynuclear aomatic amine compounds
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UV-visible spectra were recorded using a Guided Wave model
150 spectrophotometer with optical ®bres with a speci®c arrange-
ment that allowed spectroscopic examination to be performed
during an electrochemical reaction. To do this, the polymer was
deposited on a concave platinum surface that simultaneously acted
as a re¯ector for the optical beam. The spectroelectrochemical
equipment has been described previously [51].

Results and discussion

Cyclic voltammetry analysis

The CVs performed during the anodic oxidation of I are
greatly dependent on the solvent. Despite the fact that I
is soluble in CH2Cl2, CH3CN or their mixture, I poly-
merization occurs only in CH2Cl2. It may be suggested
that the charged species (i.e. oligomers) generated in the
course of the electropolymerization process would be
less soluble in CH2Cl2 than in CH3CN and consequently
would precipitate more easily onto the electrode surface.
Thus the propagation of the electropolymerization
would be facilitated in CH2Cl2.

The oxidation of I in the absence of Al2O3 (solvent
containing small amount of water) leads to the forma-
tion on the anodic surface of an insoluble grey-blue
deposit. The electrochemical behaviour of this shows an
irreversible oxidation and a rapid overoxidation of the
matrix leads to a non-electroactive material.

When Al2O3 is added to the monomer solution, the I
oxidation peaks become smaller which seems to indicate
some adsorption of I on aluminium. However, under
these conditions the polymerization occurs. Conse-
quently, owing to the adsorption phenomena, I poly-
merization is better performed in highly concentrated
solutions.

Figure 1 A shows cyclic voltammograms recorded
during electropolymerization of 2-amino¯uorene in
CH2Cl2 + Bu4NBF4 (0.2 M). At the ®rst sweep, two
main oxidation peaks are visible at E1 (0.4 V) and E2

(1.15 V). Recurrent sweeps up to potentials more anodic
than 1.75 V, i.e. much more anodic than E2, leads to the
polymerization that is visible on the CV by a regular
increase of two main waves where threshold potential is
about 200 mV less anodic than the E1 and E2 ones
(Fig. 1B). The electrode is then covered by a yellow de-
posit. The polymerization occurs better when the oxi-
dation is performed by recurrent cyclic voltammetries
than when the oxidation is performed at a ®xed potential.
The nature of the electrode (platinum, graphite or vit-
reous carbon) does not a�ect the polymerization process.

Electrochemical behaviour of the polymers

Figure 2 presents the electrochemical behaviour of a
deposit formed by CV between )0.4 V and +1.8 V (ten
sweeps) and studied in CH2Cl2 (Fig. 2A), CH3CN
(Fig. 2B) and HCl (Fig. 2C). In each medium the poly-

mer presents a reversible and stable p-doping system. In
CH2Cl2 or in CH3CN the redox oxidation-reduction
process of poly(I) corresponds to the equilibrium of
Scheme 1.
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Scheme 1 Poly(I) p-doping process in 0.2 M Bu4NBF4 in CH2Cl2
or 0.1 M CH3CN

It must be mentioned that poly(I) is the ®rst poly-
¯uorene presenting electroactivity in aqueous medium
(Fig. 2C). In such a medium the oxidation leads at ®rst
to polarons (Scheme 2, form a) which are oxidized to
diimine species of bipolarons (form b); at higher oxi-
dation level the aromatic chain is also oxidized, leading
to form c. On the other hand, as is the case for most
poly¯uorenes in which C-9 is not substituted [52],
poly(I) does not possess a reversible n-doping system in
the cathodic range between )2.0 V and )3.0 V.

Fig. 1A, B Cyclic voltammograms of a 10)2 M solution of 2-
amino¯uorene in dry CH2Cl2 + 0.2 M Bu4NBF4 (containing
Al2O3). Initial potential: )0.4 V; switching potential: 2.0 V. A one
sweep; B nine recurrent sweeps. Scan rate: 100 mV s)1. Working
electrode: platinum disk of diameter 1 mm
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AM1 semi-empirical calculations

In order to understand better how the polymerization
occurs, we performed AM1 semi-empirical calculations
[53] using a Mopac program [54] on ¯uorene, amino-
¯uorene and aniline. The results are summarized in
Scheme 3.

The value of the highest occupied molecular orbital
(HOMO) energy level of ¯uorene and amino¯uorene are
in agreement with the oxidation potential values ob-
served during CV investigations. The mesomeric donor
e�ect of the amino group increases the I HOMO level
that renders I more easily oxidizable than ¯uorene itself.

Scheme 2 Poly(I) structure at di�erent oxidation levels in aqueous
acid (2 M HCl)

Fig. 2A±C Voltametric re-
sponse at a platinum disk
electrode (diameter 1 mm) pre-
viously coated with a polymer
obtained by ten recurrent
sweeps between )0.4 V and
+2.0 V in a 10)2 M solution of
2-amino¯uorene in dry
CH2Cl2 + 0.2 M Bu4NBF4

(containing Al2O3). Supporting
electrolyte: A 0.2 M Bu4NBF4 in
CH2Cl2; B 0.1 M Bu4NBF4 in
CH3CN; C 2 N HCl in H2O.
Scan rate: 100 mV s)1

Scheme 3 Values of highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels for
¯uorene, 2-amino¯uorene I and aniline obtained by AM1 semi-
empirical calculations using the MOPAC program

Scheme 4 Atom coe�cients in
the Singly occupied molecular
orbital (SOMO) of the cation
radical of the same compounds
obtained by AM1 semi-empiri-
cal calculations using the MO-
PAC program
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We then performed AM1 semi-empirical calculations
on ¯uorenes and aniline cation radicals. The results of
the atom coe�cients in the Singly occupied molecular
orbital (SOMO) of each cation radical are reported in
Scheme 4. The analysis of the AM1 calculation results
shows that in the case of the cation radical of ¯uorene,
amino¯uorene and aniline, the highest coe�cients in the
SOMO are on the atoms expected to be involved in the
coupling during a polyaniline-like polymerization. Fur-
ther theoretical calculations on dimers and trimers of I
were not possible since these species have too many at-
oms (our program is limited to calculations on a mole-
cule of 36 atoms).

Physicochemical analysis of the polymers

Infrared spectroscopy

The FTIR absorption spectra in KBr powder of I and of
poly(I) ®lm (oxidized form) were obtained to identify the
structure of the polymer. They are presented Fig. 3. In
spectrum A, while two peaks corresponding to the NH
stretching vibration of the amino groups (labelled a) are,
as expected, observed at 3360 cm)1 and 3445 cm)1, the
peak ascribable to the stretching vibration of the CN
bonds (labelled b) is observed at 1225 cm)1. Character-
istic absorption peaks of 2,3-disubstituted and 2,3,5-tri-

substituted which arise from the in-plane and out-of-
plane CH bending modes (labelled c) were observed in
the range 750±850 cm)1. As generally observed, the
poly(I) spectrum presents broader vibration bands.
However, most of the bands observed in the monomer
spectrum are observed in the polymer spectrum. The two
bands a are transformed to a large band a¢. The band d¢
corresponds to the vibration bands of the dopant anion
BFÿ4 . Amodi®cation is observed for the in-plane and out-
of plane CH bending modes owing to the transformation
of the 2,3-disubstituted benzene rings into a 2,3,5-tri-
substituted one (bands c¢ between 600 nm and 750 nm).

UV-visible spectra

Figure 4 shows the UV-visible spectrum of I as a single
wave with a maximum at 350 nm. The spectra of an as-
obtained poly(I) and of a p-doped poly(I) polarized at
1.0 V in Bu4NBF4 (0.1 M) in CH3CN are also shown.
They present two waves with maxima at 420 nm and
730 nm. The second wave corresponding to the con-
duction band increases with the doping level as expected.

Conclusion

We conclude that ®lms of poly(I) could be prepared by
repeated cycling in CH2Cl2 containing 0.2 M Bu4NBF4.
The ®lms prepared show electroactivity both in organic
solvents and in acidic water; their electrochemical be-
haviour resembles that of polyaniline synthesized in the
same medium. On the basis of the IR absorption spectral
data, AM1 semi-empirical calculations, the electro-
chemical characterization of the poly(I) and previous
results concerning the electropolymerization of other
NH2 group-containing aromatic compounds, the struc-
ture IV for poly(I) may be proposed.

Fig. 3 IR spectra of 2-amino¯uoreneA and of poly(2-amino¯uorene)
B in its p-doped form. I as well as poly(I) were mixed in KBr and the
spectra were obtained by di�use re¯ection through the powder using
and FTIR spectrophotometer

Fig. 4 Visible spectra of 2-amino¯uorene (dash-dot line), of neutral
poly(I) (dashed line) and of p-doped poly(I) oxidized at E = 1.0 V
(solid line). The deposits were obtained by anodic oxidation of a
10)2 M solution of I in 0.2 M Bu4NBF4 in CH2Cl2 containing Al2O3

by 10 recurrent sweeps between )0.4 V and +2.0 V. Area of the
platinum electrode: 20 mm2
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