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Abstract Three tantalocene dichloride complexes, Cp*
(Cp-R)Ta(IV)Cl2, with one pentamethylated cyclopenta-
dienyl ligand, Cp* = η5–C5Me5, Me = CH3, and one
monosubstituted cyclopentadienyl ligand, Cp-R, Cp =
η5–C5H5, R = H, SiMe3 or (CH2)3NC4H4, have been studied
in acetonitrile solutions with cyclic voltammetry in the
ranges of the Ta(IV) oxidation to Ta(V) or of its reduction
to Ta(III). The former transition is reversible, while the
latter one gives an irreversible wave due to the dissociation
of the reduced complex with the loss of one chloride ligand.
The redox transformation from the initial state of complex
Cp*CpSiMe3TaCl2 to its oxidized state, Cp*CpSiMe3TaCl2

+,
and back was monitored by spectroelectrochemical mea-
surements in a thin-layer acetonitrile solution. Kinetic data
for the evolution of the UV-visible spectrum of the system
in the course of the double potential step experiment
were treated on the basis of two theoretical models as the

reactant diffusion across the solution layer without or with
taking into account ohmic losses. The values of the diffusion
coefficients of the complex in its initial and oxidized
(cationic) states have been estimated. It was demonstrated
that this complex in each of two oxidation states, Ta(IV) or
Ta(V), is represented by a single molecular form. An attempt
to deposit a conducting polymer film by oxidation of the
tantalocene complex containing a pyrrole group attached to
the Cp ring, Cp*Cp(CH2)3PyTaCl2, led to a thin insulating
layer at the electrode surface because of an inhibiting effect
of chloride anions.
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Abbreviations
AN acetonitrile
THF tetrahydrofuran
DCM dichloromethane
TBAPF6 tetrabutylammonium hexafluorophos-

phate (C4H9)4NPF6
Cp cyclopentadienyl ligand, η5–C5H5

Cp* pentamethylated cyclopentadienyl li-
gand, η5–C5Me5, Me = CH3

Cp*CpTaCl2 tantalocene dichloride complexes:
(η5–C5Me5) (η

5–C5H5)TaCl2
Cp*CpSiMe3TaCl2 (η5–C5Me5) (η

5–C5H4SiMe3)TaCl2
Cp*(Cp(CH2)3Py)TaCl2 (η5–C5Me5) (η

5–
C5H4(CH2)3NC4H4)TaCl2
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Introduction

Bis(cyclopentadienyl) complexes of transition metals (metal-
locenes) employed as single-electron transferring species are
important reagents in organic synthesis [1–10]. The most
extensive studies have been devoted to Ti and Zr complexes
as well as their derivatives, while less attention has been paid
to analogous complexes of other “early transition metals”.
Initial studies of bis(pentamethylcyclopentadienyl) com-
plexes of heavier Group 5 elements, niobium and tantalum,
were performed in early 80th [11–13], followed by the
development of efficient synthetic routes to their dichloride
complexes [14, 15]. Tantalocene derivatives represent a
promising group of products from the point of view of their
possible applications in organic catalysis, e.g., in olefin
polymerization [16–19] and in CH-bond activation [20, 21].

Electrochemical properties of solute metallocene com-
plexes of early transition metals (Groups 4–6) have been
studied in numerous publications, the principal attention
having been paid to titanocene dichloride, Cp2TiCl2, and its
derivatives, owing to their high stability. Much less has
been done in electrochemistry of tantalocene complexes
where the only studied system was a formal analog of
Cp2TiCl2, a dichloride complex of tantalum(IV), Cp2TaCl2
[22, 23].

Despite the similarity of their chemical formulas, these
complexes of Ti and Ta demonstrate quite different proper-
ties, as Ti(IV) represents a d0 electronic state while Ta(IV) is
in the d1 state. The presence of this d-electron makes Ta(IV)
complexes very sensitive to oxygen and moisture, with
their easy oxidation to Ta(V). These properties result in the
necessity to synthesize, keep, and characterize them under a
strictly controlled argon atmosphere.

In our actual work, we were interested in extending these
studies of Cp2TaCl2 to characterize three derivatives of this
complex, Cp*(Cp-R)TaCl2, in which one of the Cp ligands
was pentamethylated (Cp*) while another Cp ring was
either intact or modified by a substituting group, Cp-R, R=
SiMe3 (1) or (CH2)3NC4H4 (2) (the latter complex was
synthesized for the first time). Two complementary tech-
niques have been applied, cyclic voltammetry and spectro-
electrochemistry, in the UV-visible range.

The electrochemical method was used to study the
transformation of these three complexes of Ta(IV) to those
of Ta(V) or Ta(III). The spectroscopic measurements were
realized for one of these complexes, Cp*CpSiMe3TaCl2,
inside a thin solution layer between the electrode and the
wall. This construction allowed us to study the mechanism
of the redox transformations of this complex, Ta(IV)–Ta
(V)–Ta(IV), induced by the double potential step, in
particular, to check whether the complex in its oxidized
state, Ta(V), is represented by a single or several molecular
forms.

To estimate the diffusion coefficients of the initial and
oxidized forms of this complex, the temporal evolution of
the spectrum was analyzed with the use of two models, one
of them considering the process as purely diffusional, while
another model took also into account the ohmic potential
drop between working and reference electrodes.

Another aim of this work was an attempt to immobilize
this tantalocene dichloride complex inside a conducting
polymer matrix. We used the same strategy which had been
successfully applied for immobilization of the titanocene
dichloride complex inside a conducting polymer film with
the polypyrrole [24, 25] or PEDOT [26] matrices. To
achieve this goal, one (non-methylated) of the Cp ligands of
the tantalocene complex was linked to nitrogen of pyrrole.
A successful polymerization of this pyrrole moiety would
allow us to immobilize the tantalocene dichloride complex
inside a conducting polymer film, with potential applica-
tions of such system in heterogeneous catalysis of organic
and polymerization reactions. Preliminary tests of reactions
of solute reactants at the electrodes modified with titano-
cene dichloride containing films have been initiated
recently [27–29].

Experimental

Synthesis of tantalocene complexes

Reactions were carried out under inert atmosphere using
Schlenk techniques (argon). Solvents were dried and
distilled under argon. (C5H4(CH2)3NC4H4)

− Li+, Cp*TaCl4,
and Cp*CpTaCl2 were prepared according to literature
methods [24, 30].

The purity of Cp*CpTaCl2 used for this study was
controlled by elemental analysis performed with EA 1108
CHNS-O FISONS instrument: Anal. Calc. for C15H20TaCl2:
C, 39.84; H, 4.46. Found: C, 40.10; H, 4.85.

Nuclear magnetic resonance technique was not used for
characterization of Ta(IV) complexes in Fig. 1 because of
their paramagnetic nature (d1 complexes).

R =  H 

R =  SiMe3 1

R =  (CH2)3NC4H4 2

Ta
Cl

Cl

R

Fig. 1 Structure of tantalocene complexes studied in this paper: R =
H or SiMe3 (1) or (CH2)3NC4H4 (2)
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Synthesis of tantalum complex(η5–C5Me5)(η
5–C5H4SiMe3)

TaCl2 (Cp*CpSiMe3TaCl2) (1)

Complex 1 was prepared according to the literature method
[31] using rigorously dried solvents and under dry inert
atmosphere. The complex is a dark green solid soluble in
aromatic and saturated hydrocarbons, ethyl ether, and aceto-
nitrile. Anal. Calc. for C18H28SiTaCl2: C, 41.23; H, 5.38.
Found: C, 41.10; H, 5.05. Its further characterization and
reactivity have been described in detail elsewhere [31, 32].

Synthesis of complex (η5–C5Me5)(η
5–C5H4(CH2)3NC4H4)

TaCl2 (Cp*(Cp(CH2)3Py)TaCl2) (2)

Compound 2 was synthesized according to Bercaw’s
method [30] reported for (η5–Cp*)(η5–C5H5)TaCl2 with
minor modifications.

Cp*TaCl4 [4.58 g (10 mmol)] was reduced with 0.5
equiv. of Mg in THF in the presence of 1 equiv. of PMe3.
Removal of the solvent led to a red residue. This crude
product was treated with 1.80 g (10 mmol) (C5H4

(CH2)3NC4H4)
− Li+ in toluene at 100 °C. After 12 h of

stirring, extraction in toluene afford the green paramagnetic
product 2 in a nearly quantitative yield (86%).

Anal. Calc. for C22H29TaCl2N: C, 47.23; H, 5.23; N,
2.50. Found: C, 46.61; H, 5.23; N, 2.8.

The ESR spectrum in toluene showed an eight-line
spectrum: aiso=113.98 G ; giso=1.9293; H0

iso=3569.697 G;
HDPPH=3437.375; gDPPH=2.0036.

Other chemicals and preparation of solutions

The studied Ta(IV) complexes (Fig. 1), Cp*CpTaCl2,
Cp*CpSiMe3TaCl2, and Cp*(Cp(CH2)3Py)TaCl2 are very
sensitive even to traces of oxygen. Therefore, their
solutions were prepared under argon atmosphere using
deoxygenated solvents containing 0.1 M TBAPF6 as the
supporting electrolyte.

Electrochemical and spectroelectrochemical experiments

All electrochemical studies were realized in a conventional
one-compartment cell with a platinum wire counter elec-
trode (CE) and Ag/(0.01 M AgNO3+0.1 M TBAPF6 in
CH3CN) double junction (with 0.1 M TBAPF6 in AN
between two frits) reference electrode (RE).

All potentials in the text (if not specified otherwise) are
given vs this RE. Its potential is about 0.32 V vs SCE (aq)
if both electrodes are immersed into AN solution and about
0.33 V for THF solution [24].

All solutions were deoxygenated using vacuum technique.
Experiments were performed under dry and oxygen-free
argon atmosphere. For deposition experiments, acetonitrile

(AN, Carlo Erba HPLC grade) was used as received. For all
other experiments, AN was refluxed over CaH2 (Aldrich) for
12 h then distilled and kept after it over molecular sieves 4 Å
(Aldrich). THF (Acros Organics stabilized by hydroquinone)
was distilled over metallic sodium and benzophenon (Merck)
before use. TBAPF6 (Aldrich, electrochemical grade) was
stored at 80 °C and dried under vacuum at 80 °C for 2 h
before use.

UV-visible spectra of a thin solution layer between the
quartz cell bottom and a mirror-like reflecting Pt working
electrode (WE) were measured using external optical fiber
bundle (Laber, Rüsselsheim, Germany) placed perpendicu-
lar to WE surface [33]. A distance between working
electrode and flat quartz bottom of the cell could be
changed within the range from 10 μm to 10 mm (the value
of the layer thickness in real experiments could not be
controlled precisely, see below). A platinum wire was used
as counter electrode, and a silver wire was used as reference
electrode. Potential of Ag wire vs the above double junction
Ag/0.01 M AgNO3 + AN electrode was −0.37 V.

The spectra were registered by means of spectropho-
tometer ZEISS MCS 500 including power supply NMC
105, lamp cassette CLH 500, spectrometer cassette MCS
521 Vis, fiber optics with the spectral window from 380 nm
to 1,100 nm. This device allows to register spectra with a
great speed (up to 1 ms for each well-resolved spectrum).
The baseline correction was carried out with the empty cell
and the electrode at the distance of 80 μm from the bottom.
Spectra of the respective reagent-free solvent–electrolyte
system were recorded separately and subtracted from the
original spectrum. After each experiment under thin layer
conditions, the electrode was lifted and the solution was
stirred. The electrochemical measurements were performed
by means of Jaissle potentiostat-galvanostat IMP 88 and
PAR 175 programmer. Data were recorded with Philips
Model PM 8 13 1 X-Y recorder.

Results and discussion

Electrochemical behavior of Cp*CpSiMe3TaCl2
and Cp*CpTaCl2 in AN and THF solutions

In the oxygen-free conditions, these complexes of Ta(IV)
are redox-inactive in AN and THF solutions within the
potential range about −0.7 to −1.5 V. The extension of the
potential scan in the positive or negative direction leads to
the oxidation or reduction of these species. As a typical
example, Fig. 2 presents cyclic voltammograms of
Cp*CpSiMe3TaCl2 in 0.1 M TBAPF6 acetonitrile solution
on Pt electrode.

A pair of oxidation and reduction peaks (A and A′) is
observed at the potentials −0.55 and −0.64 V, respectively.
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The position of both peaks does not change in the multi-
cycle experiment. Diffusion character of the process is
indicated by the characteristic shape of voltammogram, the
difference between the peak potentials (90 mV), the
independence of the peak potentials on the scan rate and
by the equality of the corrected anodic and cathodic peak
current, ipa*= ipc* (the way of their determination is shown
in Fig. 2b). A more quantitative proof is given in Fig. 2b:
coincidence of “normalized voltammograms” for different
scan rates, in the range 40–300 mV/s, obtained by division
of the current by the value of v1/2.

The same pair of reversible peaks has been observed for
Cp*CpSiMe3TaCl2 in THF as well as for Cp*CpTaCl2 in
AN and THF; see the peak potential values in Table 1. In
both solvents, the substitution with SiMe3 leads to a small
negative shift of the peaks related probably to slight
electron-donor properties of this group. The comparison

of the data for Cp2TaCl2 and its pentamethylated analog,
Cp*CpTaCl2, confirms a well-known electron donating
property of alkyl groups [22, 34], resulting in a higher
electron density at the metal and corresponding to a
negative shift of the redox potentials. One can compare
this effect to that observed for an analogous titanocene
dichloride complex where the full methylation of both Cp
rings, Cp*2TiCl2, led to about 200-mV shift (but in a
different solvent, dichloromethane) [34, 35] while the
attachment of a single substituent in one of the Cp rings, Cp
(Cp(CH2)3Py)TiCl2 gave only a small shift, about 30–40 mV
[22].

To establish the molecular mechanism of this transfor-
mation, Ta(IV)→Ta (V), complex (1) was oxidized chem-
ically by (Cp2Fe)

+PF6
− in THF (the procedure is described

in [36]) to obtain a cationic derivative, (Cp*CpSiMe3
TaCl2)

+PF6
−. The CV of its solution shows a pair of
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Fig. 2 a Cyclic voltammograms
of Cp*CpSiMe3TaCl2 in AN +
0.1 M TBAPF6 in different
potential ranges: −0.9 V→−0.3
V→−0.9 V (curve 1) and −0.9
V→1.0 V→−2.1 V→−0.9 V
(curve 2). Reactant concentra-
tion about 8 mM (not controlled
precisely due to the solvent
evaporation because of a strong
flow of very dry Ar). Pt elec-
trode. Scan rate 100 mV/s. b
Comparison of “normalized”
voltammograms (stabilized re-
sponse: third cycle for each scan
rate), i.e., i/v1/2 vs E curves for
different scan rates in the range
40–300 mV/s

Table 1 Peak potentials of
tantalocene dichloride com-
plexes Comment: The data for
Cp2TaCl2 were obtained by
recalculation of the values giv-
en in [23] for THF and in [22]
for DCM, the difference be-
tween our RE and aqueous
SCE being taken as 0.33 V if
both electrodes are immersed
into a THF solution and as 0.22
V into DCM [24]

Complex Solvent Epc (V) vs Ag/Ag
+ Epa (V) vs Ag/Ag

+ ΔEp (mV)

Cp2TaCl2 THF −0.48 −0.42 60
−1.80

DCM −0.37 −0.29 80
−1.82

Cp*CpTaCl2 THF −0.51 −0.44 70
−1.90

AN −0.59 −0.48 110
−1.81

Cp*CpSiMe3TaCl2 THF −0.56 −0.46 100
−1.83

AN −0.64 −0.55 90
−1.83

Cp*(Cp(CH2)3Py)TaCl2 AN −0.62 −0.53 90
−1.90 1.09
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reversible reduction–reoxidation peaks at the same poten-
tials as the oxidation–reduction peak potentials for
Cp*CpSiMe3TaCl2 (Fig. 3).

It allowed us to conclude that the electron transfer
process could be described by the simple mechanism:
Cp * Cp�Rð Þ Ta IV Cl2 �e�

Ð Cp * Cp�Rð Þ Ta VCl2
� �þ ð1Þ

where R=H, SiMe3. This conclusion is in conformity with
a similar mechanism proposed for a non-derivatized
complex, Cp2TaCl2 [22, 23].

In AN or THF solutions of Ta(IV) complexes, the potential
scan towards more negative potentials leads to their reduction
up to Ta(III), e.g., at −1.83 V (peak B′ in Fig. 2a) for
Cp*CpSiMe3TaCl2 in AN; see the peak potential values for
other complexes/solvent in Table 1. The voltammetric wave is
practically irreversible without a noticeable reoxidation wave.

The mechanism of this step has been analyzed in [23] for
the non-derivatized complex, Cp2TaCl2, in THF. It was
concluded that the electron transfer gave an anionic
complex, Cp2TaCl2

−, which was subject to a dissociation
step with the loss of one of the chloride ligands by the
complex, Cp2TaCl+Cl

−. The equilibrium of this step was
strongly temperature dependent, being shifted in favor of
the anion radical for lower temperatures leading to the
voltammogram of a reversible type [23]. On the contrary,
for the room temperature or at addition of AN into THF, the
dissociation degree increased strongly, and it resulted in the
voltammogram of an irreversible type [23]. At a bit longer
timescale, the generated tantalocene monochloride gave a
mixed valence complex, Ta(III)–Ta(IV), with the initial

form, Cp2TaCl2, but this reaction did not manifest itself at
the time scale of the voltammogram [23].

A similar conclusion on the mechanism of this reduction
step for the same non-derivatized complex in dichloro-
methane was derived in [22].

The practically irreversible character of the CV wave at
−1.83 V in Fig. 2a, as well as the identical heights of both
cathodic waves, led us to the conclusion that in this system
(our data correspond to room temperature), the chloride loss
is sufficiently rapid and almost complete (to ensure the
irreversibility of the wave), while the formation of the mixed
complex is too slow to influence the shape of the voltammo-
gram (its height would be lowered, up to two times, compared
to the first cathodic wave if the mixed valency complex were
formed rapidly). It corresponds to the mechanism:

Cp * Cp�Rð Þ Ta IV Cl2 þ e�

Ð Cp* Cp�Rð Þ Ta lll Cl2
�

Ð Cp* Cp�Rð Þ Ta lll Cl þ Cl�; R ¼ H ; SiMe3 ð2Þ
Most probably, the chloride loss is accompanied by the

parallel insertion of another ligand, e.g., a solvent molecule,
or by the dimerization step giving a Ta(III)–Ta(III)
complex, in analogy with the reduction of titanocene
dichloride and other similar complexes [22, 23, 37, 38].

Spectroelectrochemical behavior of Cp*CpSiMe3TaCl2
in acetonitrile solution

Spectroelectrochemical experiments were carried out in the
solution of 15 mMCp*CpSiMe3TaCl2 in AN in the range of
the reversible transformation: Ta(IV)→Ta(V)→Ta(IV). The

Fig. 3 Cyclic voltammogram on Pt electrode in (Cp*(CpSiMe3)TaCl2)
+PF6

− + 0.1 M TBAPF6/AN at the scan rate 100 mV/s
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construction of the system in which the beam crossed twice
a thin solution layer allowed us to perform “electrolysis” of
this portion of solution, i.e., to transform practically all
complexes inside this small volume from their initial state,
Ta(IV), to the oxidized one, Ta(V), and then back to Ta(IV).

The cyclic voltammogram recorded in this spectroelec-
trochemical cell at the scan rate of 100 mV/s has got a
shape typical for a diffusion-controlled redox process, i.e.,
it is similar to that obtained in the conventional cell
(Fig. 2a, curve 1). The reason of this analogy is a very
small thickness of the non-stationary diffusion layer for this
scan rate, about 30–50 μm (for the diffusion coefficients in
the range of 1–3×10−5 cm2/s expected for tantalocene
complexes). In our experiments, the physical thickness of
the solution layer between the cell’s wall and the mirror Pt
electrode is much greater, i.e., the transport conditions are
practically equivalent to the semi-infinite system. As a
consequence, only a small fraction of the reactant inside
this solution layer is transformed during the potential scan.
A larger separation between the peaks in Fig. 4a (compared
to that in Fig. 2b) is due to a greater WE-RE electric
resistance in this thin-layer configuration of the spectro-
electrochemical cell (in which RE is located in the bulk
solution, far away from WE inside the thin solution layer),
a larger electrode surface and a higher concentration of the
complex (leading to higher currents).

An optimum distance between the electrode and the cell
bottom was chosen to maintain a sufficiently high absor-
bance of the solution layer (but within the range of the
linear response of the spectrophotometer, well below 1)
and, on the other hand, to approach the thin layer
conditions. The chosen distance, crudely estimated as about
100–200 μm, does not correspond to ideal “thin layer
voltammetry” conditions as may be seen in Fig. 4b: The
current does not vanish outside the voltammetric peaks due

to a supply of additional portions of the reactant to the layer
from the outside solution; the peak potentials for anodic
and cathodic processes are not identical because of an
extended diffusion time across the layer (several tens of
second) and the ohmic potential drop. However, this
distance was still sufficiently small to minimize the effect
of the exchange between the layer and the outside solution
within the time scale of redox experiments.

Spectroelectrochemical experiments were performed
either with a slow sweep of the potential (1 mV/s) in both
directions (Fig. 4b) or as a double step between two
potential values corresponding to the initial, Ta(IV), and
final, Ta(V), states of the complex. The evolution of the
spectrum of the complex in the course of its oxidation and
the subsequent re-reduction was identical for both regimes.
A detailed analysis below will be based on the potential-
step data, as they allow an easier theoretical treatment.

The AN solution of complex Cp*CpSiMe3TaCl2 in its
initial (neutral) state has got a green color. Its spectrum
(curve 1 in Fig. 5) represents a combination of the absorption
band near 670 nm and a tail in the blue part of the visible
range related to a strong absorption in the UV range (not
shown in Fig. 5 because of measuring device limitations).

The complex is both oxidation states belongs to “bent
metallocenes” in which their four ligands form a distorted
tetrahedron so that the planes of two cyclopentadienyl rings
are not parallel. A general theory of the electronic structure
(orbitals and energy levels) for this class of molecules was
proposed in [39] on the basis of a qualitative reasoning.
Further quantum-chemical calculations (e.g., [40] for
Cp2TiCl2) confirmed its predictions, although the calculated
distances between the electronic energy levels corresponding
to the electronic transitions in the course of the light
absorption do not match well to the observed optical energy
bands of the complex.
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Fig. 4 Cyclic voltammograms
of Cp*CpSiMe3TaCl2 recorded
in the spectroelectrochemical
cell at the scan rate 100 mV/s
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As such a detailed analysis for tantalocene dichloride
complexes is not available, we will have to base this
discussion on the analogy of our complex with the
titanocene dichloride which was studied more extensively.
As the Ta atom has an extra d-electron compared to Ti, one
should expect a similarity between the complexes of Ta(V)
and Ti(IV) or between those of Ta(IV) and Ti(III).

In conformity with these expectations, solutions of both
former complexes, Ta(V) and Ti(IV), are transparent in the
most of the visible range, above 600 nm (including the adjacent
NIR range), while a strong absorption takes place in the blue
part of the visible range and especially the near-UV interval.

The quantum-chemical calculations for Cp2TiCl2 [40]
demonstrate the existence of three groups of electronic
energy levels: (1) LOMO (lower lying occupied molecular
orbitals) representing principally bonding combinations of
the metal (M) and chloride ligand (X) atomic orbitals, (2)
LUMO (lowest unoccupied molecular orbitals) which are
mostly anti-bonding combinations of the same M and X
orbitals, the lowest among them (denoted 2a1 below

1) being
composed almost completely by metal d-orbitals (M), (3)
an intermediate group of orbitals, HOMO (highest occupied
MO) of different symmetries (1a1, 1a2, 1b1, 1b2), the latter
having the highest energy. They represent bonding combi-
nations of M and Cp orbitals (except for 1b1 which is Cp–
M nonbonding), with a small contribution of anti-bonding
combinations of M and X atomic orbitals. The highest
among them is orbital 1b2. All 16 valence electrons of this
complex in the Ti(IV) oxidation state are distributed among
the LOMO and HOMO orbitals, and there are no partially
occupied levels. Therefore, the observed absorption bands
of this complex are interpreted as the lowest among the
distances between these electronic levels, with restrictions
imposed by the symmetry: 1b2→2a1, 1b1→2a1, 1a1→2a1
(transition 1a2→2a1 is symmetry forbidden). The first two
of these transitions correspond predominantly to the
transfer of the electronic density from the Cp ligands to
the metal, i.e., ligand-to-metal (Cp→M) charge-transfer
bands. Thus, obtained electronically excited singlet state is
subject to a rapid transition to the corresponding lower-
lying triplet state which (at low temperatures) possesses a
very long lifetime and whose transition to the ground state
is accompanied by the phosphorescence [41, 42]. The
transition with the lowest excitation energy, 1b2→2a1,
diminishes the occupation of the Cp–M bonding orbital,

1b2, resulting in the weakening of the Cp–M bond which
manifests itself experimentally by the photochemically
induced dissociation of this ligand.

In view of the similarities in the electronic structure of
the Ta(V) and Ti(IV) complexes and their spectral proper-
ties, one may expect that the above description for
Cp2TiCl2 may also be valid, at least qualitatively, for the
oxidized form of the tantalocene dichloride complex.

An equally detailed quantum-chemical theory is not
available for the reduced states of the above complexes, i.e.,
those of Ta(IV) or Ti(III). The structure of one of such
complexes (with two pentamethylated ligands), Cp*2TiX,
Cp*=C5Me5, for a series of ligands X was established in
[43] with the use of EPR data and the general theory of the
orbitals in bent metallocenes [39]. The complex of Ti(III)
has an extra electron with respect to that of Ti(IV) so that
the aforementioned occupied orbitals of Cp2TiCl2, LOMO
and HOMO, rest fully occupied, while the extra electron is
placed to the lowest one among the previously empty
(LUMO) levels, 2a1. In the Ti(IV) complex, this level
corresponded to the electronically excited state after the
light absorption for the lowest energies. In the reduced
complex of Ti(III), this level is semi-occupied (i.e., semi-
empty) in the ground state of the system so that the
transitions to this level from the lower ones are still
possible. However, one may assume that a strong electro-
static repulsion between two electrons in this state will shift
the corresponding excitation energies upward compared to
those for the same Ti(IV) complex. As a result, the lowest-
energy excitations for the reduced complex correspond to
the electronic transition from this boundary orbital, 2a1, to
upper-lying LUMO levels, 2a1→2b2, 2a1→2b1, 2a1→3a1
(transition 2a1→2a2 is symmetry-forbidden). As all these
four involved states were originated principally from the
atomic d-orbitals of the metal (with some contributions
from π-orbitals of Cp), the energy of this electronic
transitions are generally lower than those for the previous
case, Ti(IV). According to experimental data [43] for
electronic spectra of the series of Cp*2TiX complexes, the
lowest-energy transition, 2a1→2b2, is even located in the
IR range. The theoretical estimations for the energy of
this transition for this series based on the EPR data (the
value for Cp*2TiCl is 2,852 cm−1, i.e., 3,510 nm) matches
well to the corresponding experimental data for the
complexes for which this band was possible to observe
(above 5,000 cm−1). Two other transitions, 2a1→2b1 and
2a1→3a1, correspond to the energies in the visible range,
in particular 648 and 552 nm for Cp*2TiCl. Their peak
separation is relatively small so that they form a single
broad band responsible for the color of their solutions.

As one can see from the spectrum for the initial state of
the tantalocene complex, Cp*(CpSiMe3)TaCl2, in Fig. 5

1For the sake to simply the notations in this discussion, the numeration
of orbitals in our paper is different compared to those in [40] or [43] in
which the complex in a single oxidation state was considered, that of
Ti(IV) or Ti(III), while our discussion includes orbitals for both
oxidation states. As an example, our orbitals 1a1, 2a1, 3a1 correspond
to 13a1, 14a1, 15a1 in [40], while no notation for 1a1 and 1a1, 2a1 for
two others in [43]
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(see also Fig. 6 below), there is a broad absorption band
from about 600 to 750 nm which corresponds qualitatively
to the observations for the analogous Ti(III) complex.

Kinetics of the spectral changes for redox transformation
of Cp*CpSiMe3TaCl2 in acetonitrile solution

In the spectroelectrochemical experiments performed in the
chronoamperometric regime, the electrode potential was
stepped first from −0.62 to −0.42 V (corresponding to the
oxidized state of the complex), and 300 consecutive
absorption spectra were registered. The time of registration
of each spectrum was 3 ms, time between spectra
registration was 3 s. Then, the electrode was polarized by

another step to −0.77 V (to induce the back transformation
of the cationic complex into the initial neutral state), and
again 300 subsequent spectra were recorded.

It is worth noting that after the end of this procedure
(oxidation and reduction), the final spectrum returned to its
initial state (cf. curves 1 and 3 in Fig. 5), in conformity with
the reversible character of voltammograms (Figs. 2, 3 and
4) for this redox transition. Figure 5 presents also the
spectrum for the end of the oxidation period (curve 2). The
comparison of these spectra allows one to see the overall
effect of the transformation of the complex from the
neutral, Ta(IV), into the cationic, Ta(V), form.

The information of the kinetics of this process can be
obtained from spectral curves measured in the course of this
transformation. Figure 6 presents the initial and 1st, 2nd
3rd, 4th, 5th, 6th, 7th, 9th, 14th, and 300th spectra for
oxidation (a) and the same sequence of spectra for
reduction (b).

As visible from the data presented in Fig. 6a, oxidation
of Cp*CpSiMe3TaCl2 results in gradual decrease of the
absorption band at 670 nm, with simultaneous increase of
absorption in the range below 535 nm where a shoulder is
gradually formed at about 455–460 nm. A similar change
of the spectrum (but in the opposite direction) takes place in
the course of the complex reduction (Fig. 6b).

Kinetics of the transformation can be established from
the analysis of the evolution of the difference spectra, e.g.,
those in Fig. 7a for oxidation of the complex obtained by
subtraction of the initial spectrum.

First, one can note an isosbestic point at 535 nm for all
curves (the same is valid for the reduction process), an
indication that the changes in the spectra are due to
transformation between two particular complexes, i.e., a
single species for each oxidation state, Ta(IV) and Ta(V), in
conformity with Eq. 1.

For a more quantitative treatment, the absorbance values
(Fig. 6) at 445 and 670 nm, i.e., for both peaks in the
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Fig. 6 Evolution of absorption
spectrum of the solution of
Cp*CpSiMe3TaCl2 in thin-layer
spectroelectrochemical cell in
response to the potential step
applied to the electrode: initially
from −0.62 to −0.42 V (a) then
from −0.42 to −0.77 V (b). The
spectra were collected after 0
(1), 3 (2), 6 (3), 9 (4), 12 (5), 15
(6), 18 (7), 24 (8), 39 (9), and
900 s (10) from the beginning of
electrolysis. The changes of the
spectrum are practically com-
pleted within 30–40 s after the
potential step
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solution in the initial state before oxidation (neutral form) at
polarization potential −0.62 V (curve 1) in the oxidized form at
−0.42 V (curve 2) and again in the neutral form at −0.77 V after the
end of reduction (curve 3)
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difference spectra in Fig. 7a, were plotted as functions of
time both for the oxidation and reduction processes. Then,
these data were presented in the “normalized form” (Fig. 8)
with the use of the formula:

ΔAnorm tð Þ ¼ A tð Þ � Aoxð Þ= Ared � Aoxð Þ ð3Þ
where A(t) is the absorbance at 455 or 670 nm for time t,
Ared and Aox, the limiting values of this quantity for
completely reduced or oxidized state. In Fig. 8, the
decreasing branches of the curves for both peaks charac-
terize the oxidation process, while the increasing ones
represent the evolution after the reduction step. For all these
curves, the temporal coordinate, t, gives the time passed
after the corresponding potential step.

An important observation in this figure is a practical
coincidence of the normalized curves for two peaks, both in
the course of the oxidation and of the reduction. It represents
a further proof that each oxidation state of the complex,
Ta(IV) and Ta(V), corresponds to a single molecular form.

The oxidation and reduction branches of the curve in
Fig. 8 can be simulated by equations:

ΔAnorm tð Þ ¼ exp �0:14tð Þ for oxidation ð4aÞ

ΔAnorm tð Þ ¼ 1� exp �0:18tð Þ for reduction ð4bÞ

Theory of thin-layer spectroelectrochemical response.
Application to the data for the tantalocene derivative

Interpretation of these data is to be based on the theory of
the thin-layer voltammetry for the time variation of the
absorbance of the layer. It will be assumed that the
transformation takes place between two forms (i.e., a single

molecular form for each oxidation state), Ox and Red, and
that the total amount of these species inside the layer
remains constant, i.e., the exchange with the outer solution
will be neglected.

As the absorbance at moment t, A(t), is related to the
total amounts (per unit surface area of the electrode) of the
reduced and oxidized forms inside the solution layer, Nred

and Nox as well as their extinction coefficients, "red and "ox:

A tð Þ ¼ 2 Nred tð Þ"red þ Nox tð Þ"oxð Þ ð5Þ
(coefficient 2 takes into account the passage of the beam
through the layer two times), Eq. 3 for the normalized
difference, ΔAnorm(t), can be represented as:

ΔAnorm tð Þ ¼ Nred tð Þ�N �
red ð6Þ

Nred° being the total amount of the complex in the layer (per
unit surface area). Thus, the data in Fig. 8 show the evolution
of the amount of the reduced form (with respect to its initial
value, Nred°) which is related to its concentration inside the

layer, Nred tð Þ ¼ RL

0
c x; tð Þdx; L being the layer thickness.

In our experiments, the initial and final potential values
for each step were chosen to realize the conditions of the
limiting diffusion at the electrode surface. Therefore, the
effects of a slow kinetics of the charge transfer will be
disregarded.

Diffusion-limited transport (no ohmic effects)

Let us assume first that the effects of the ohmic resistance
in the solution between WE and RE can be neglected.
Then, the temporal variation in Fig. 8 may be interpreted on
the basis of the conventional theory for the reactant
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Fig. 7 a Changes of absorbance due to oxidation of Cp*CpSiMe3TaCl2
by the step of the electrode potential from −0.62 to −0.42 V. The plots,
ΔA(t)=A(t)−Ared, were obtained by subtraction of the initial spectrum
(for the neutral complex), Ared, from the nth spectrum in Fig. 6a for
oxidation of the complex, A(t). b Simulated plots, ΔA(t) calculated on

the basis of Eq. 15, i.e., by multiplication of the ΔAmax data for all
wavelengths by a constant factor specific for each time moment: 0 (1),
0.18 (2), 0.45 (3), 0.65 (4), 0.79 (5), 0.87 (6), 0.93 (7), 0.945 (8), 0.98
(9), 1 (10)
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diffusion across the thin layer. The concentration profile, c
(x,t), obeys the non-stationary Fick equation with the initial
and boundary conditions, e.g., for the oxidation process:

c x; 0ð Þ ¼ c�; c 0; tð Þ ¼ 0; dc x; tð Þ=dx ¼ 0 for x ¼ L ð7Þ
c°, initial concentration of the complex, x=0 corresponds to
the electrode surface, x=L, coordinate of the insulating
surface (internal surface of the wall of the cell). Its solutions
for the concentration distribution and for the fraction of the
reduced form in the total amount inside the layer are given
by formulas [44–47]:

c x; tð Þ ¼ c�
X1

n¼0

2λ�1
n exp �λ2

n t Dred

�
L2

� �
sinλnx=L;

Nred tð Þ�Nred
� ¼

X1

n¼0

2λ�2
n exp �λ2

n t Dred

�
L2

� �
; λn ¼ π nþ 0:5ð Þ

ð8Þ
where Dred is the diffusion coefficient of the reactant
(reduced complex in our case). Except for a short time
interval after the potential step, the variation of the latter
quantity is given by the first term of the series:

Nred tð Þ�Nred
� � 8π�2 exp �0:25π2 t Dred

�
L2

� �
;

8π�2 � 0:81; 0:25π � 2:47
ð9aÞ

For the reduction step, the same formulas are valid for
the corresponding characteristics of the oxidized form (with
the replacement of Dred by Dox). As within the framework
of the “thin-layer approximation” Nox þ Nred ¼ Nred

�, Eq. 9a
for the reduction period can be written as:

Nred tð Þ�Nred
� � 1� 8π�2 exp �0:25π2 t Dox

�
L2

� �
;

ð9bÞ
Comparison of the exponential terms in Eqs. 9a and 9b

[with the use of Eq. 6 for Anorm(t)] with those in its
empirical expressions 4a and 4b for the oxidation and
reduction periods enabled us to determine the parameters of
the system:

L2
�
Dred � 17:6 s; L2

�
Dox � 13:7 s ð10Þ

The uncertainty in the exact value of the thickness of the
solution layer in this measurement, L, did not allow us to
establish the values of the diffusion coefficients, Dred and
Dox, from Eq. 10. The insertion of the expected range for
the thickness, L=100–200 nm into Eq. 10 gives broad
intervals for these parameters:

Dred ¼ 0:57� 2:3ð Þ10�5cm2
�
s; Dox ¼ 0:73� 2:9ð Þ10�5cm2

�
: s

ð11Þ
These crude estimates for the diffusion coefficients of

the initial complex, Cp*(CpSiMe3)TaCl2, and of its

oxidized (cationic) form can be compared with the data
obtained for metallocene complexes of Ti as well as with
the values estimated on the basis of the CV curves in Fig. 2.

The value of the diffusion coefficient of the non-
substituted tantalocene complex, Cp2TaCl2, can be com-
pared with that for an analogous titanocene complex,
Cp2TiCl2, about 1.4–1.6×10

−5 cm2/s in AN obtained on
the basis of CV data in the TEACl electrolyte (Vorotyntsev
et al., unpublished data). The diffusion coefficients for the
modified complex, Cp*(CpSiMe3)TaCl2, and its oxidized
(cationic) form should be slightly lower. The effect of
substitution in one of the Cp ligands can be seen from
comparison of the values of D for Cp2TiCl2 and “titano-
cene–propyl–pyrrole” species, (C4H4N(CH2)3C5H4)
CpTiCl2, the latter value being about 0.9–1.0×10−5 cm2/s.

Another estimate of the diffusion coefficient for the
tantalocene complex, Cp*(CpSiMe3)TaCl2, can be obtained
from the intensity of its oxidation wave in Fig. 2a, ipa=
17.6–18.0 μA. It gives the value of about 1.0–1.05×10−5

cm2/s which is in a satisfactory agreement with the values
for the titanocene complexes as well as with the kinetic data
in Eq. 10 if the solution layer thickness is 130–140 μm.

Taking into account that the value of the layer thickness
L should be the same for the oxidation and reduction steps,
Eq. 10 allows us to determine the ratio of the diffusion
coefficients, Dox/Dred. Then, the above estimate for Dred

gives Dox=1.3–1.35×10
−5 cm2/s.

Thus, obtained values for the diffusion coefficients of the
complex in its neutral (reduced) and charged (oxidized)
forms should only be considered as estimations, as neither
its concentration for the data in Fig. 2a nor the thin-layer
thickness, L, in Eq. 10 are known with a sufficient
precision. On the contrary, the ratio of these diffusion
coefficients seems to be determined more reliably: Assum-
ing the thickness of the layer, L, to be the same for the
oxidation and reduction stages, Eq. 10 gives an estimate for
the ratio: Dox/Dred≈1.25–1.3.

The found value is based on the simulation of the
spectroelectrochemical data in Fig. 8 by Eqs. 4a, 4b and the
model described in section “Diffusion-limited transport (no
ohmic effects)”. Their modification (e.g., to take into
account the ohmic effects, see below) may influence both
the values of the diffusion coefficients and their ratio.
However, the conclusion on a noticeably higher rate of the
diffusional transport for the oxidized form, compared to
that for the reduced one, seems to be well established, as it
is the only factor which may explain a definitely higher
evolution of the spectral curve for the back (re-reduction)
potential step, in conditions where the rates of the electrode
processes for both steps were diffusionally controlled.

Both forms of the complex correspond to the same
chemical structure, and the difference between them is in a
higher charge of the central metal ion for the oxidized state,
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Ta(V). One may suppose that this increase of the metal
charge results in a stronger attraction force between this ion
and the negatively charged ligands, Cp, Cp* and Cl, with a
slight contraction of the complex (compared to its neutral/
reduced state) leading to its higher transport rate.

Diffusion-limited transport with ohmic effects
in the outer solution

The analysis in the preceding section has shown that the rate
of the spectral changes matches qualitatively to the pre-
dictions of the conventional thin-layer theory, with the value
of the diffusion coefficient corresponding well to the value
found from the cyclic voltammetry. However, a more
attentive analysis reveals an experimental indication to the
need in elaborating this pure diffusional theory.

This theory predicts that the normalized total amount of
the reactant inside the layer, ΔAnorm tð Þ ¼ Nred tð Þ�Nred

�,
should drop quickly during the oxidation process from 1 for
t=0 to about 0.8 to follow after it an exponential behavior
given by Eq. 9a. Similar behavior is also predicted for 1
−ΔAnorm(t) during the reduction process, see Eq. 9b.
However, the treatment of experimental data in Fig. 8 in
semi-logarithmic coordinates (Fig. 9) points to the absence
of the expected variation within the short time interval. As a
whole, these experimental data are described much better
by exponential approximations 4a and 4b with a pre-

exponential factor equal to 1, compared to Eqs. 9a and 9b
with the factor equal to 0.81, see Fig. 9.

This discrepancy may be related to significant ohmic
potential differences which take place between RE (located
in the bulk solution) and WE (inside the thin layer), in view
of a very high electric resistance between the WE and RE in
this geometry. Qualitative estimations of the latter param-
eter for the particular thin-layer cell used in our spectro-
electrochemical experiments point to the possibility that
this factor may affect the rate of the redox transformation
between Ox and Red forms.

A quantitative treatment requires to generalize the theory
of the diffusional transport inside a thin solution layer to
take into account the distribution of the overall potential
difference, E, between WE and RE into two contributions,
the one at the WE/solution interface (which affects directly
the kinetics of the redox transformation of the Ox or Red
form) and the potential drop between the solution inside the
thin layer and RE (which is proportional to the Faradaic
current at WE and the electric resistance, RΩ).

Mathematically, this problem is equivalent to that of the
ion transport across a thin solid intercalation film at the
electrode surface, with taking into account the “external”
resistance (inside the solution and at the film/solution
interface). The corresponding theory has been derived
recently [45]; see also a further analysis in [48]. Then, the
expression for the time variation of the normalized total
amount of the reactant (e.g., for the oxidation step) can be
obtained from the derived formulas for the non-stationary
concentration profile:

ΔAnorm tð Þ ¼ Nred tð Þ�Nred
�

¼ Λ
X1

n¼1

Bnλ
�2
n exp �λ�2

n t Dred

�
L2

� � ð12Þ

where Λ ¼ Rd=RΩ;Rd ¼ L2
�
DredCred (Cred is total redox

capacitance of the solution layer), RΩ is electric resistance
between the solution near the WE surface and RE,
coefficients λn and Bn (n=1,2,...) are given by the formulas:

1n tan 1n ¼ Λ transcendental equationð Þ;

Bn ¼ 2Λ Λ2 þ Λþ 12n
� ��1

� 2 sin1n 21n þ 2 sin 1nð Þ�1

In the limiting case of high values of parameter
Λ RΩ ! 0ð Þ, Eq. 12 is reduced to Eq. 8 of the conventional
theory, while the effect of the “external resistance” is
noticeable for small or moderate values of this parameter.
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lengths, 455 and 670 nm. The data for absorbance in Fig. 6 are
presented as normalized changes of absorbance, ΔAnorm in Eq. 3, as
functions of time for oxidation process (455 nm, filled square, and 670
nm, filled triangle) and for reduction process (455nm, open square,
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Similar to the previous case, in the most of the time
interval (except a very short time range), the principal
contribution to the sum is given by the first term of the sum
so that
ΔAnorm tð Þ ¼ Nred tð Þ�Nred

�¼ K exp �λ2
1t Dred

�
L2

� �
;

K ¼ 2Λ2 Λ2 þ Λþ λ�2
1

� ��1
λ�2
1 ð13Þ

Coefficient K in this formula is equal to 0.81 for high
values of parameter Λ, i.e., for no ohmic potential drop,
while λ1 is close to 1/2π so that Eq. 13 is reduced to Eq. 8.
In the opposite limiting case of a high resistance of the
solution between WE and RE (Λ→0), K is close to 1, while

λ1 � Λ1=2. A numerical analysis of general expression 13
shows that K approaches its limiting value, 1, rapidly: K=
0.96 for Λ=2, K=0.986 for Λ=1. It implies that even for
these cases where the ohmic effects are still not strong, the
linear plot in semi-logarithmic coordinates given by Eq. 13
should pass near the point (0; 1), in accordance with the
experimental lines in Fig. 9.

One cannot determine the values of two unknown
parameters, Λ and L, from a single value of the coefficient
in the exponent of Eq. 4a or 4b, e.g., 0.14 s−1 for the
oxidation. Therefore, one can only analyze whether one can
satisfy simultaneously to both conditions that ΔAnorm has a
value close to 1 for t=0 and that the plot, log ΔAnorm vs t,
possesses a proper slope for the above found value of Dred

and reasoning values of the solution layer thickness, L. The
former condition is satisfied for the interval: Λ≤2. Then,
the use of the numerical values of λ1 allows us to obtain the
estimates of the thickness, e.g.,: L=90–95 μm for Λ=2,
which is in conformity with its expected range.

Analysis of global spectra changes

The above analysis was based solely on the time variation
of the absorbance for two particular values of the light
wavelength, λ. It cannot exclude a more complicated
behavior at other wavelengths. For a more quantitative

consideration, we have developed an alternative approach:
The absorbance values for each graph in Fig. 7a (for the
difference spectra) were divided by those at the end of the
transformation (for the same wavelength).

It gives new plots for each time moment shown in Fig. 10.
The points in the interval near 540 nm have been omitted,
as the ratio of small values (in the vicinity of the isosbestic
point in Fig. 6 corresponding to the zero in the difference
spectra in Fig. 7a results in an irregular noise. For the rest
of the whole interval of wavelengths above 440 nm, the
plots are practically horizontal; in particular, the values for
each plot above and below 540 nm are the same. It means
that all curves in the difference spectra (Fig. 7a) can be
represented as

ΔA tð Þ � A tð Þ � Ared ¼ 2Nox tð Þ "ox 1ð Þ � "red 1ð Þð Þ ð14Þ
with the same coefficient, Nox(t), for all wavelengths λ. It
results in the formula:

ΔA tð Þ=ΔAmax ¼ function tð Þ for all wave lengths ð15Þ
where the right-hand side is independent of the wavelength
and equal to Nox tð Þ�Nred

�; ΔAmax ¼ Ared � Aox in Eq. 3,
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Fig. 9 Normalized spectral
changes,ΔAnorm(t), as functions
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filled square, and 670 nm, filled
circle) and for reduction (b,
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their exponential fitting with the
use of Eqs. 9a and 9b (dotted
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400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

670 nm
λ  / nm

(A
 -

 A
0 
)/

(A
m

ax
 -

A
0)

3s , 0.18

6s, 0.45

9s,  0.65

12s, 0.79

15s, 0.87
18s, 0.93 

 455 nm

24s, 0.98

Fig. 10 Ratio of the difference spectra in Fig. 7a to the difference
spectrum for the complete redox transformation of the complex

432 J Solid State Electrochem (2008) 12:421–435



change of the absorbance (at a certain wavelength) for a
complete transformation of Ta(IV) to Ta(V).

All this analysis based on formula 5 is only valid if the
absorption is always due to two species with a constant total
amount, Nred°. The appearance of other products would
lead to the violation of the constancy of plots in Fig. 9 in
the range where the absorption properties of different final
species are not identical. In this context, one may pay
attention to the range below 440 nm where a deviation is
observed, but this range of wavelengths is already close to
the limit of the measurement device.

According to Eq. 15, the value of the ratio (which should
be independent of the wavelength) determines the degree of
transformation of Ta(IV) to Ta(V) form. These values
(indicated at each plot in Fig. 9) were multiplied by the
difference spectrum for the complete transformation,
ΔAmax(λ), to obtain the simulated difference spectra in
Fig. 7b. The comparison of simulated and experimental
plots in Fig. 7a,b shows a very close proximity of the
corresponding curves, except for the lowest wavelength
range. Thus, one may deduce the final conclusion on a
single product of the complex oxidation, which is in
conformity with electrochemical evidences, Eq. 1.

Electrochemical behavior and polymerization of Cp*(Cp
(CH2)3Py)TaCl2 (2) on Pt electrode

Another organometallic complex of Ta studied in this paper
also contains Cp* and two chloride ligands, while the
fourth ligand was changed from Cp or CpSiMe3 (in 1) to
Cp(CH2)3Py (in 2) linked to pyrrole (Py) group via
nitrogen. One could expect a similarity of redox properties
of these complexes related to oxidation or reduction of Ta,
while the presence of Py group opened the prospect of its

electropolymerization to obtain a conducting polymer film
with the polypyrrole matrix and attached tantalocene
dichloride complexes, as in the case of titanocene dichlor-
ide studied by us earlier [24, 25].

In conformity with the former expectation, the redox
behavior of Cp*(Cp(CH2)3Py)TaCl2 on Pt electrode in
acetonitrile solution in the potential range between −0.3 and
−2.1 V is nearly the same as that observed for compound 1
(Fig. 11a). For both complexes, the redox peaks of
reversible tantalum transformation are located at about the
same potentials, while the peak of irreversible reduction for
the complex containing Cp(CH2)3Py ligand is slightly
shifted (by about 70 mV) towards more negative potentials,
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the CV on Pt electrode in the solution of 2 mM TEACl/AN (without
monomer)
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Fig. 11 a Comparison of cyclic voltammograms of Cp*CpSiMe3,
TaCl2 (curve 1) and Cp*(Cp(CH2)3Py)TaCl2 (curve 2) in AN
containing 0.1 M TBAPF6 in the potential range −0.9 V→−0.2 V→
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in 0.1 M TBAPF6 + AN containing 3 mM Cp*(Cp(CH2)3Py)TaCl2 (curve
1) or 3 mM pyrrole (curve 2). Inset Consecutive scans in Cp*(Cp
(CH2)3Py)TaCl2
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see Table 1. The voltammogram is stable in the course of
consecutive cycling provided that the solution is free of
oxygen.

In the first cycle performed in the solution of Cp*(Cp
(CH2)3Py)TaCl2 in the range from 0 to 1.1 V, there is an
anodic wave at about 0.7 V followed by the current peak at
1.08 V (curve 1 in Fig. 11b). A comparison with the cyclic
voltammogram of pyrrole (curve 2) indicates that the
anodic maximum at 1.08 V results from oxidation of the
pyrrole ring in the complex. However, the consecutive
cyclic voltammograms carried out in Cp*(Cp(CH2)3Py)
TaCl2 solution (Fig. 11b, inset) do not show the formation
of an electroactive polymer film on the electrode. The
current of the monomer oxidation strongly decreases in the
second cycle; the first wave shifts to more positive
potentials, and no cathodic wave characteristic of polymer
reduction is seen. These observations testify in favor of the
electrode surface blocking by a very thin insulating film.

To check whether this inhibition of the surface might
originate from the first layer of the deposited polymer
overoxidized due to too high anodic potentials, the
polymerization procedure was repeated for a lower anodic
limit of the potential scan. However, the same behavior was
observed when the range of positive potentials was limited
to 1 V, while the negative one was extended to −0.9 V to
control also the changes in the range of redox transforma-
tion of Ta (Fig. 12).

In the first cycle, one can see the same anodic waves as
well as a pair of reversible redox peaks around −0.6 V
already discussed in section “Electrochemical behavior of
Cp*CpSiMe3TaCl2 and Cp*CpTaCl2 in AN and THF
solutions” and related to the transformation of the tantalo-
cene complex. The subsequent scans lead to gradual
decrease of all oxidation and reduction waves, which is
typical for formation of a highly resistive layer on the
electrode.

A quite similar behavior was observed during polymer-
ization of pyrrole and titanocene-pyrrole derivative in the
presence in solution of small amounts of chloride anion
[49]. Oxidation of Cl− ions in sufficiently dry AN solutions
starts in the same potential range as monomer oxidation
(see dashed line in Fig. 12). In effect, product of chloride
oxidation or Cl− ions itself cause chlorination of the
monomer or radical cation and/or react with already
deposited polymer, leading to decrease of its electroactivity
and electric conductivity. As one can see from the
description of the monomer synthesis (Synthesis of tanta-
locene complexes), the monomer used in this study, Cp*
(Cp(CH2)3Py)TaCl2, contained chloride ions after its
synthesis on the basis of Cp*TaCl4. In analogy with
previous unsuccessful attempts of the polymer deposition
[49], the presence of chloride anions in dry AN solution of
a monomer results in an earlier onset and a higher intensity

of the oxidation current (compared to those of both the
chloride itself or the monomer in the chloride-free
solution), with a shoulder before the principal oxidation
wave, in conformity with voltammograms in Fig. 11.

Conclusions

Our voltammetric study of tantalocene dichloride com-
plexes, Cp*(Cp-R)Ta(IV)Cl2, with three different groups R:
H, SiMe3 or (CH2)3NC4H4, has shown a close similarity of
their redox responses to that of the non-substituted
complex, Cp2TaCl2: a reversible transformation for the
oxidation process, Ta(IV)/Ta(V), while an irreversible
response for the reduction process, Ta(IV)/Ta(III), because
of a rapid loss of one of the chloride ligands after the
electron transfer.

The former transition in the Cp*(CpSiMe3)Ta(IV)Cl2
complex has also been studied by the spectroelectrochem-
ical technique inside a thin AN solution layer. It allowed us
to measure the UV-visible absorption curves for the initial
and oxidized states, Ta(IV) and Ta(V), as well as to trace
the evolution of this spectrum from the reduced (initial) to
the oxidized state and back. Analysis of this kinetic changes
and of the voltammetric data for this complex has led to the
conclusion that each of these oxidation states of this
complex are presented by a single molecular form. The
diffusion coefficients for this complex in both reduced and
oxidized states have been evaluated.

Oxidation of the pyrrole-containing complex, Cp*(Cp
(CH2)3NC4H4)Ta(IV)Cl2, results in the formation of a thin
insulating film at the electrode surface which inhibits the
oxidation processes both of the tantalum complex and of
the pyrrole ring, thus, preventing the growth of a conduct-
ing polymer film. This result has been attributed to an effect
of chloride anions (present in the complex because of the
synthesis procedure) which transform pyrrole oligomers
and the deposited conjugated polymer molecules into
chlorinated species, similar to our previous observations
for polypyrrole and its derivatives.
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