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Abstract Polymer complexes of nickel with SalEn-type li-
gands (SalEn=N,N′-bis (salicylidene) ethylenediamine) pos-
sess a number of unique properties, such as high redox con-
ductivity, electrochromic behavior and selective catalytic ac-
tivity in heterogeneous reactions. However, the mechanism of
their redox transformation is still not clear. To understand this
mechanism, we have performed a combined study of electro-
chemical and spectral properties of polymers derived from
nickel complexes with various SalEn-type ligands containing
methoxy substituents in phenyl rings, and methyl substituents
in imino bridges. Experimental data were correlated with the
results of density functional theory (DFT) calculations for
model chains consisting of one to four monomer units. We
found that, in acetonitrile-based supporting electrolyte, oxida-
tion of such complexes, regardless of ligand substituents,
proceeds via two routes, leading to formation of two oxidized
forms: for the first one, a good correlation between experi-
mental and computation results was observed. It has been
demonstrated that positive charge in this form is delocalized

in the phenyl moieties of ligand. The second oxidized form is
stable only in coordinating solvents at high electrode polari-
zations and is likely to have the charge localized on the central
metal atom, stabilized by axial coordination of solvent mole-
cules. The complicated electrochemical response of each of
the polymers that we have studied can be explained in the
scope of this model without any additional assumptions by
taking into account conversion of one oxidized form into
another. Understanding the solvent effect on the oxidation
route of the complexes will enable controlling their catalytic
properties and stability.
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Introduction

Polymers based on complexes of transitionmetals with SalEn-
type ligands (SalEn=N,N′-bis (salicylidene) ethylenediamine)
have a number of unique properties, such as high redox
conductivity, electrochromic behavior, and selective catalytic
activity in heterogeneous reactions including electrocatalysis,
that make them suitable for application in a variety of systems
[1–8]. Ni-based complexes are most important due to a high
degree of reversibility of their redox reactions. At the same
time, the mechanism of their redox transformation is still not
clear. One of the important problems is to understand the
distribution of the electron density in the polymer and thus
to determine the oxidation state of metal in one electron-
oxidized complex. In early works devoted to synthesis and
characterization of [Ni(SalEn)] polymers, Ni(II)→Ni(III)
transformation was assumed as a key redox process [1–3].
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Later, several attempts of direct identification of highly oxi-
dized nickel by magnetic resonance methods have failed and
thus ligand-based model of polymer electrooxidation was
suggested [9–12]. However, this model does not explain all
of the features of studied polymers [13]. Indeed, recent studies
of analogous oxidized monomeric SalEn-type complexes
bearing 3- and 5-substituents which prevent polymerization
shows that such oxidized complexes can be described as
Ni(II)-phenoxyl radical complexes instead of Ni(III)-pheno-
late only if they are oxidized in non-coordinating solvents
without additions of exogenous ligands [14–17]. It should be
emphasized that the electronic structure of oxidized Ni(II)
square-planar macrocycles is sensitive to many factors. For
instance, Ni(II)-phenoxyl radical to Ni(III)-phenolate transi-
tion was found for oxidized monomeric SalEn-type com-
plexes, associated with temperature decrease [18]. Increasing
the rings substituents donor strength decreases participation of
nickel orbitals in oxidized SalEn-type complex SOMO [19]. It
was proved by in situ electron paramagnetic resonance
(EPR) spectroscopy that introduction of exogenous ligands
such as pyridine, or highly coordinating solvents (e.g.,
dimethylformamide) shifts the locus of oxidation to Ni center,
stabilizing Ni(III) oxidation state and also preventing poly-
merization of unsubstituted SalEns [18, 20–23] due to axial
coordination of solvent molecules.

For the better-studied oxidized Ni(II) porphyrins, a similar
behavior was observed, as well as temperature [24] and exog-
enous ligand-induced valence tautomerism [25]. It was also
found that such relatively weak ligands as CH3CN, which are
commonly used for electrochemical studies of polymeric
SalEn-type complexes, induce intramolecular charge transfer
in oxidized Ni porphyrins stabilizing Ni(III) oxidation state.

Taking the above considerations into account, one cannot
exclude the possibility of a high oxidation state becoming
stable for metal in polymeric nickel SalEn-type complexes
through coordination of solvent in axial positions if these
complexes have been oxidized in acetonitrile solutions. In
case of polymeric SalEn-type complexes, phenyl moieties in
the neighboring polymer chains can also take the role of
exogenous ligands [13, 26].

If a moderate coordinating solvent, such as acetonitrile,
plays an important role in stabilization of nickel in high
oxidation states, ex situ detection of Ni(III) in dry polymer
films by any method will fail due to transformation of Ni(III)-
phenolate to the Ni(II)-phenoxyl radical after removing axial
ligands. However, as it was shown by Storr et al. [17] by
combination of in situ EPR and UV-visible spectroscopy of
monomeric SalEn-type complexes, Ni(III) could be detected
in situ by characteristic ligand-to-metal charge transfer
(LMCT) bands near 500 nm in UV-visible spectra. Existence
of the band assigned to the phenolate to phenoxyl radical
(ligand-to-ligand) charge transfer (LLCT) (at 900–1,100 nm)
in the same spectra can also give direct information on the

degree of the radical delocalization, which can be estimated by
the Robin-Day classification for understanding the mixed
valence system [27]. The intensity of the LLCT band in the
near-infrared region is high for a fully delocalized system,
while in the case of a fully localized system, there is no
characteristic LLCT band.

Both characteristic LMCT and LLCT bands are observed
in the case of polymeric [Ni(SalEn)] type complexes [9, 10,
12, 28]. The interpretation of these bands, however, tradition-
ally was different from described above, both of them were
attributed to polymer fragments, having a charge delocalized
over the phenyl rings. Such assumptions could be verified by
time-dependent DFT calculations, which, as we know, have
not been done before for [Ni(SalEn)] type polymeric
complexes.

In the present work, we have chosen a series of different
SalEn-type ligands containing methoxy substituents in phenyl
rings, which should increase delocalization of the charge due
to the high values of the Taft constant. We also have studied
complexes containing methyl substituents in imino bridges
which have negligible effect on the electron density, but may
introduce some steric obstacles for coordination of solvent and
phenyl moieties of the neighboring polymer chains onto the
central metal atom (Fig. 1). Assuming the model proposed by
Vilas-Boas et al. [9], in which polymeric [Ni(SalEn)]-type
complexes are described as conjugated “chained” polymers,
we have performed density functional theory (DFT) calcula-
tions for model chains consisting of one to four monomeric
units. Such calculations give information about charge
distribution in neutral and oxidized complexes and help
to understand the mechanism of their electrooxidation in
scope of such model. Apart from the charge distribu-
tion, the calculations provide information on geometry
changes during electrooxidation and predict the correspond-
ing UV-visible spectra. Results of DFT calculations are com-
pared with experimental data obtained by cyclic voltammetry,
UV-visible spectroscopy, in situ derivative voltabsorptometry,
and electrochemical quartz crystal microbalance.

Experimental

Experimental methods

Monomer complexes [Ni(Schiff)] (Fig. 1) were synthesized as
described earlier [29]. Electrochemical measurements were
made in a three-electrode cell consisting of a working elec-
trode, a counter electrode (platinum plate) and a reference
electrode (Ag wire in 0.1 M AgNO3 in acetonitrile).
However, for consistency, all the potentials are quoted vs.
Ag/AgCl (aq. KCl sat.) reference electrode. Polymers were
synthesized in the form of thin films on a conducting surface
by potentiostatic electropolymerization from a solution
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of 1×10−3 M [Ni(Schiff)] and 0.1 M tetraethylammonium
tetrafluoroborate N (Et) 4BF4 (Aldrich) in acetonitrile (AN)
at the potential of 1 V. We used three types of electrodes to
study the properties of the polymers: the glass covered with
indium tin oxide (ITO) (surface area of 2 cm2), 0.07 cm2

glassy carbon electrode and 5 MHz quartz piezoelectric crys-
tal sprayed with a layer of platinum on an area of 1.37 cm2.
Polymerization charge in each case is equal to 10 mC.
Polymerization efficiency was controlled by QCM measure-
ments. Three similar films of each polymer were synthesized
on the quartz crystal, dedoped at 0 V, washed carefully by
acetonitrile and dried in dry air up to the constant mass under
QCM control. Masses of the polymer films determined from
QCM data for dry polymers in air medium were within 10 %
tolerance with the masses calculated from the polymerization
charge assuming a two-electron process. This observation
allows us to assume 100% polymerization efficiency for other
experiments. In this case, according to the Faraday law,
polymerization charge of 10 mC corresponds to forma-
tion of 5.2×10−8 mol of polymer, so the surface cover-
age was 3.8×10−8 mol/cm2 for 1.37 cm2 QCM crystal
and 2.6×10−8 mol/cm2 for 2 cm2 ITO plate. This corresponds
to a film thickness of 100–150 nm, assuming polymer density
to be 1 g/cm3. Studies of electrochemical properties of the
polymers were carried out in the background electrolyte,
which is the 0.1 M solution of tetraethylammonium tetrafluo-
roborate N(Et)4BF4 (Aldrich) in AN. The salt was recrystal-
lized from isopropyl alcohol solution and dried at 120 °C
before experiments. Acetonitrile of an HPLC grade was ob-
tained from Kriochrom (Russia) and stored under 3 Å molec-
ular sieves. To perform voltammetric measurements, we used
potentiostat/galvanostat Autolab PGSTAT30 (Eco Chemie,
Netherlands) and Elins P-30I (Russia). Installation for
microgravimetric research contains QCM200 Quartz Crystal
Microbalance Analog Controller and QCM25 Crystal

Oscillator (Stanford Research Systems, USA) with sensitivity
factor of 56.6×106 Hz g−1 cm2, which means 1 Hz corre-
sponds to 17.7 ng cm−2. UV-visible absorption spectra were
registered by a spectrophotometer Shimadzu UV 1700
(Japan). EQCM measurements were performed in a dry box
with water content less then 100 ppm to avoid degradation of
the film during the long measurements; spectroscopic studies
were carried out on air, but these measurements were fast
enough, and no changes of the electrochemical properties of
the film were observed during the experiment. Estimation of
the effect of changes in film viscoelastic properties on the
crystal vibration frequency was done by monitoring the series
resonance resistance in EQCM measurements. For all mea-
surements discussed below, the viscoelastic contribution ap-
pears to be negligible compared to the effect exerted on the
frequency by changes in the polymer weight.

Computational methods

Quantum chemical calculations were performed for isolated
[Ni(Schiff)]n (n=1–4) species to investigate possible changes
in the electronic structure of these complexes upon their
oxidation. All complexes are assumed to comprise four-
coordinated nickel atoms with a near-planar structure of the
monomeric units. In oligomeric (n=2, 3, 4) species, the mo-
nomeric units are connected by carbon-carbon bonds in para-
positions of aromatic rings, as assumed in Ref. [9]. It is also
assumed that the potentially available axial positions are not
occupied by ligands (such as solvent molecules). Since this
assumption might have important consequences, the effects of
the presence of axial ligands will be reported in more detail
elsewhere. In DFTcalculations, all molecules were considered
to be isolated species, so the potential effects of intermolecular
interactions (e.g., interactions of charged complexes with

Fig. 1 Molecular structures and
abbreviations for the [Ni(Schiff)]
complexes used for preparation of
polymer films
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counterions or interactions of oligomeric fragments with each
other) were not taken into account.

A comparison between the results obtained for monomeric
and oligomeric species can reveal the effects of polymeriza-
tion on the electronic structure, including the asymmetry of
electron density distribution or the non-equivalence of termi-
nal and central monomeric units in a polymer chain.
Furthermore, such study of oligomeric complexes can yield
valuable information on the effects of partial oxidation pro-
cesses, such as [Ni(Schiff)]4

0→[Ni(Schiff)]4
2+. This approach

provides a detailed description of electronic structure, which
could not be achieved if the computational study was limited
to monomeric complexes. A comparison of complexes with
the full range of n values (n=1–4) was carried out for
[Ni(SalEn)]n species. The role of methyl substituents in the
bridging fragments and CH3O groups in the aromatic rings
was studied for [Ni(Schiff)]2 dimers only.

All quantum chemical calculations were performed using
DFT with the B3LYP hybrid functional [30–32]. The
LANL2DZ basis set with LANL2 effective core potential
[33, 34] was chosen for Ni atoms; the 6–31G(d,p) basis set
was accepted for all other atoms. The structures of all mono-
mers and oligomers were fully optimized and verified by
calculating vibrational frequencies. Atomic charges were
evaluated using Mulliken population analysis. Electronic
spectra were obtained from time-dependent DFT (TD-DFT)
calculations. All calculations were performed using the
Gaussian 09 package [35].

DFT geometry optimizations and TD-DFT calculations
were carried out for all [Ni(Schiff)] and [NiCH3OSchiff]
monomers in reduced and oxidized forms, [Ni(Schiff)]2 and
[Ni(CH3OSchiff)]2 dimers in different oxidation states, as well
as for [Ni(SalEn)]3 trimers and [Ni(SalEn)]4 tetramers. This
variety of species was used to study the effects of polymeri-
zation on electronic structure and spectral properties, which
cannot be accounted for in scope of the computational study
limited to monomers.

Results and discussion

DFT calculations

Geometry and electronic structure

The results of DFT calculations indicate that the electronic
density in the complexes considered in this work is strongly
delocalized. Table 1 illustrates the involvement of different
fragments of the complexes in stepwise oxidation processes.
Upon removal of one electron from [Ni(Schiff)] monomeric
complexes, the largest contribution is provided by the periph-
eral rings of the ligand. The substitution of hydrogen atoms in

3-positions by CH3O groups introduces a strong electron
donor to the complex, thereby reducing the contribution of
other fragments during the oxidation of the complex. Thus,
the introduction of donor groups may significantly facilitate
the oxidation of the complex by decreasing the burden on
other parts of the complex.

The analysis of atomic charges in [Ni(Schiff)]2 dimeric
complexes yields results which are almost identical to those
obtained for monomers (Table 1). According to the charge
distribution analysis, the [Ni(Schiff)]2

0→[Ni(Schiff)]2
1+ half-

oxidation process can be treated with sufficient accuracy as a
half of the [Ni(Schiff)]2

0→[Ni(Schiff)]2
2+ process, i.e., the

effects of the removal of the first and second electrons from
[Ni(Schiff)]2 dimers are almost equal.

The electronic configuration of metal atoms does not un-
dergo noticeable changes upon the oxidation of the com-
plexes. The oxidation state of the nickel atom in both
[Ni(SalEn)]2

+ and [Ni(SalEn)]2
2+ complexes was identified

as Ni(II) according to the near-zero spin density on Ni atoms.
This result does not support the perception of the oxidation of
[Ni(Schiff)] complexes as a Ni(II)→Ni(III) process.
However, a different picture of [Ni(Schiff)] oxidation was
observed in DFT calculations when the representation of the
complexes was changed from planar four-coordinated Ni to
six-coordinated Ni with two solvent molecules in axial posi-
tions. Comparison of DFT results for oxidized monomeric
complexes [Ni(SalEn)]+ and [Ni(SalEn)(CH3CN)2]

+ revealed
a drastic difference in spin density distribution (Fig. 2). As
described above, in four-coordinated [Ni(SalEn)]+ complex,
the spin density is delocalized over the Schiff base, leading to
the unambiguous description of the nickel atom as Ni(II). For
the six-coordinated [Ni(SalEn)(CH3CN)2]

+ complex, in
which the axial positions are occupied by two solvent mole-
cules, the spin density is strongly localized around the metal
atom with the total spin density on Ni being equal to 1.1. This
result provides sufficient evidence for the interpretation of
[Ni(SalEn)(solvent)2] oxidation as a metal-based Ni(II)→
Ni(III) process. A similar effect of the coordination of axial
ligands on the nature of the oxidation mechanism has been
reported previously [18, 20–22]. In the light of the DFT
calculation results obtained for the six-coordinated
[Ni(Schiff)(solvent)2] complex, the nature of the oxidation
process requires a more detailed computational study.

The charge distributions for the central and peripheral
monomeric units in four-coordinated [Ni(Schiff)]3

0 and
[Ni(Schiff)]4

0 oligomers are identical and completely similar
to both monomers and dimers. For both trimer and tetramer
complexes, upon oxidation of neutral species the peripheral
units donate more density than the central ones. Though the
process of further oxidation may proceed in somewhat differ-
ent manner for trimers and tetramers (Table 1), the total
contributions of the fragments for complete oxidation (remov-
al of one electron per monomeric unit) of the oligomers are
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quite similar. For the whole [Ni(Schiff)]3
0→[Ni(Schiff)]3

3+

process, the contribution of the central unit is 0.84 e, while
each of the peripheral units donates 1.08 e. For the
[Ni(Schiff)]4

0→[Ni(Schiff)]4
4+ process the contributions of

central and peripheral units are 0.88 and 1.12 e, respectively,
which is in good agreement with the results obtained for
trimers.

The oxidation of dimeric complexes is also accompanied
by structural changes. Upon oxidation of [Ni(Schiff)]2

0

species, the dihedral angle between the monomeric units
decreases from 33 to 39° for the reduced form of the complex
to ca. 20° for the fully oxidized one (Table 2). In
[Ni(CH3OSchiff)]2 complexes, this effect is somewhat less
pronounced. Increasing the size of [Ni(Schiff)]n oligomers
allows for more interesting effects to be observed through
DFT calculations, as the monomeric units at the ends and in
the middle of the chain are not equal in terms of electronic
structure. This non-equivalence of monomeric units is

Table 1 Contributions of frag-
ments (per monomeric unit) to the
oxidation processes in
[Ni(Schiff)]n complexes. Elec-
tronic density is described using
Mulliken charges averaged over
the corresponding fragments of
the complexes

Oxidation process Contributions of fragments, e

Ni O N CH3O Rings Bridge

[Ni(Schiff)] q monomers

[Ni(SalEn)]0→[Ni(SalEn)]+ 0.09 0.10 −0.01 – 0.71 0.11

[Ni(SaltmEn)]0→[Ni(SaltmEn)]+ 0.09 0.09 0.01 – 0.68 0.13

[Ni(CH3OSalEn)]
0→[Ni(CH3OSalEn)]

+ 0.06 0.08 0 0.17 0.59 0.10

[Ni(CH3OSaltmEn)]
0→[Ni(CH3OSaltmEn)]

+ 0.06 0.08 0.01 0.16 0.57 0.12

[Ni(Schiff)]2
q dimers

[Ni(SalEn)]2
0→[Ni(SalEn)]2

+ 0.04 0.05 0 – 0.35 0.06

[Ni(CH3OSalEn)]2
0→[Ni(CH3OSalEn)]2

+ 0.03 0.05 0 0.08 0.29 0.05

[Ni(SalEn)]2
+→[Ni(SalEn)]2

2+ 0.04 0.05 0 – 0.35 0.06

[Ni(CH3OSalEn)]2
+→[Ni(CH3OSalEn)]2

2+ 0.03 0.04 0 0.09 0.29 0.05

[Ni(Schiff)]3
q trimers

[Ni(SalEn)]3
0→[Ni(SalEn)]3

+

Peripheral 0.03 0.03 0 – 0.21 0.04

Central 0.03 0.04 0 – 0.26 0.05

[Ni(SalEn)]3
+→[Ni(SalEn)]3

2+

Peripheral 0.03 0.03 0 – 0.26 0.04

Central 0.02 0.03 0 – 0.19 0.04

[Ni(SalEn)]3
2+→[Ni(SalEn)]3

3+

Peripheral 0.04 0.04 0 – 0.29 0.04

Central 0.02 0.02 0 – 0.12 0.02

[Ni(Schiff)]4
q tetramers

[Ni(SalEn)]4
0→[Ni(SalEn)]4

2+

Peripheral 0.04 0.05 0 – 0.36 0.07

Central 0.04 0.05 0 – 0.32 0.07

[Ni(SalEn)]4
2+→[Ni(SalEn)]4

4+

Peripheral 0.05 0.06 0 – 0.43 0.07

Central 0.03 0.04 0 – 0.27 0.05

a b
Fig. 2 Spin density distributions
for [Ni(SalEn)]+ (a) and
[Ni(SalEn)(CH3CN)2]

+ (b)
complexes obtained from DFT
calculations
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especially noteworthy for [Ni(Schiff)]4 tetramers in which two
distinct types of dihedrals can be observed: those between two
central monomeric units or between a central and a peripheral
one. While for [Ni(SalEn)]4

0 all three dihedrals (two of the
central/peripheral type and one central/central) are equal with-
in computational accuracy, the oxidation of the complex re-
sults in a diversification of dihedral angles with the central/
peripheral angles undergoing larger changes than the central/
central one. The different behavior of two types of angles is
clarified by the analysis of charge transfer in [Ni(SalEn)]4
upon oxidation: since the central fragments donate less elec-
trons, their electronic structure undergoes less significant
changes than in the case of peripheral fragments (Table 1).
So, the decrease of central/central dihedral is predictably
smaller than for central/peripheral ones.

Electronic spectra

A deeper insight into the spectral properties of the complexes
studied can be obtained from TD-DFT calculations, which
will be used here predominantly for the assignment of bands
in UV-visible spectra. The calculated spectrum for the
[Ni(SalEn)]0 monomer shows a good agreement with exper-
imental data (Fig. 3).

For the monomer, the low-energy band at 440–450 nm is
almost absent, and the high-energy band is noticeably blue-
shifted as compared to the dimer and tetramer. The near-
absence of the low-energy band at for [Ni(SalEn)]0 can easily
be explained if we consider its nature for larger complexes,
e.g., for the [Ni(SalEn)]2

0 dimer. This band comprises three

transitions, which are interpreted as interligand localization/
delocalization transition (451 nm), mixture of MLCT and
charge transfer from one monomeric unit to another
(438 nm), and a LLCT transition with a small MLCT contri-
bution (431 nm). So, the presence of the low-energy band near
440 nm is largely caused by charge transfer involving more
than one monomeric unit, and therefore for monomers this
band is likely to have lower intensity or will not be observed at
all. The UV band is also represented by a complex mixture of
transitions of a different nature (MLCT), but the exchange
between monomeric units is less pronounced for these, so the
UV band is also observed for the monomer, though its energy
is noticeably higher.

As the spectra for monomeric species show significant
differences from those for [Ni(SalEn)]n

0 complexes, the ef-
fects of oxidation on the spectral properties will be illustrated
by TD-DFT calculation results for [Ni(SalEn)]4

q tetramers
(Fig. 4).

The spectra for the oxidized forms feature IR bands:
3,301 nm and 1,758 nm for [Ni(SalEn)]4

2+, 2,671 nm,
2,097 nm, and 1,354 nm for [Ni(SalEn)]4

4+. All these bands
are assigned to the electron density exchange between the
aromatic rings of the ligands, i.e., to LLCT transitions. The
bands observed for both oxidized forms between 700 and
900 nm are interpreted as LLCT with a weak MLCT contri-
bution. The ligand-ligand exchange predominantly involves
the aromatic rings, though interactions between the rings and
bridging fragments are also observed. The spectrum of
[Ni(SalEn)]4

4+ features a group of transitions with a strong
metallic character: MLCT (from “outer” metals to “outer”
rings) bands with minor contributions at 712 and 655 nm,
and a mixed MMCT/MLCT band at 646 nm. The MMCT
transition occurs from the “inner” to the “outer” metal atoms.
All these bands have substantial LLCT contributions due to

Table 2 Dihedral angles between [Ni(Schiff)] monomeric units in un-
charged and charged [Ni(Schiff)]n complexes

Charge Dihedral angles, degrees

[Ni(SalEn)]2 [Ni(CH3OSalEn)]2
0 39 33

1+ 22 21

2+ 17 21

[Ni(SaltmEn)]2 [Ni(CH3OSaltmEn)]2
0 35 35

2+ 17 20

[Ni(SalEn)]3
0 36

1+ 28

2+ 23

3+ 25

[Ni(SalEn)]4
Central/peripheral Central/central

0 36 36

2+ 25 29

4+ 18 25

Fig. 3 Electronic spectra obtained for [Ni(SalEn)] monomer from TD-
DFT calculations. The curve is experimental spectrum recorded in
0.1 mmol solution of monomer in acetonitrile using standard 1×1 cm
photometric cell

J Solid State Electrochem



rings-rings and bridges-rings exchange. The intensive band
observed at 576 nm for [Ni(SalEn)]4

4+ also has a noticeable
MLCT contribution, but is mostly associated with the charge

transfer from the “inner” units of the tetramer to the “outer”
ones. The high-energy bands for both oxidized forms of the
tetramer are mostly LLCT with minor MLCT or LMCT con-
tributions. The MLCT transitions found for [Ni(SalEn)]4

2+ at
318 nm have very low intensity and are completely obscured
by more intensive bands.

Thus, the TD-DFT calculations provide a reasonable de-
scription of the electronic spectrum of [Ni(SalEn)]4

0. For
[Ni(SalEn)]n

2+ the DFT calculations reproduce adsorption in
the near-IR range and the significant decrease of adsorption
intensity around 300 nm. The important peculiarity of the
spectrum for [Ni(SalEn)]4

4+ is the complete absence of high-
intensity transitions corresponding to the band observed in
experimental spectra near 480 nm. As mentioned above, one
can speculate that this band can only be observed in com-
plexes with axial ligands, but an adequate computational proof
of this hypothesis is not available yet.

The role of CH3O groups in aromatic rings was studied for a
series of dimeric complexes (Table 3). The spectra of reduced
[Ni(Schiff)]2

0 complexes are hardly affected by the presence of
CH3O groups, and show no perceptible solvatochromism.
However, in the case of oxidized species, the substitution of
3-hydrogens in aromatic rings by CH3O groups noticeably
affects the position of near-infrared bands, showing a signifi-
cant redshift for [Ni(SalEn)]2

2+/[Ni(CH3OSalEn)]2
2+ and

[Ni(SaltmEn)]2
2+/[Ni(CH3OSaltmEn)]2

2+. The significant
redshifting of the lowest-energy transitions can be explained
by the fact that for [Ni(CH3OSchiff)]2

2+ complexes, the total
charge on aromatic rings located between the metal cen-
ters is much higher (by ca. 0.3 e) than on the “outer”
pair of aromatic rings. Therefore, the lowest-energy transition,
which is interpreted as electron density transfer from the
“outer” rings to the “inner” ones should proceed easier (i.e.,
with lower energy of transition) than for the corresponding
[Ni(CH3OSchiff)]2

2+ complexes. The band near 600 nm is

a

b

c

300 400 500 600 700 800

Wavelength / nm

A
bs

or
ba

nc
e

�Fig. 4 Electronic spectra for [Ni(SalEn)]4
q (q=0 (a), 2+ (b), 4+ (c))

tetramers obtained fromTD-DFTcalculations. The curves are experimen-
tal spectra for poly[Ni(Salen)] film deposited on 2 cm2 ITO glass. Spectra
were recorded in situ at electrode potentials 0, 0.7, and 1.2 V (a, b, and c,
respectively). The background electrolyte was 0.1 mol dm−3 N (Et) 4BF4/
CH3CN. Polymer film was deposited by potentiostatic anodic oxidation
at 1 V from the 1 mmol solution of monomer with background electro-
lyte. Surface coverage is 2.6×10−8 mol/cm2

Table 3 Wavelengths of absorption maxima (nm) in the electronic
spectra of [Ni(Schiff)]2

2+ and [Ni(CH3OSchiff)]2
2+ dimeric complexes

obtained from DFT calculations

[Ni(SalEn)]2
2+ 325; 420; 595; 875; 1,595

[Ni(SaltmEn)]2
2+ 300; 425; 600; 865; 1,620

[Ni(CH3OSalEn)]2
2+ 340; 440; 565; 995; 1,900

[Ni(CH3OSaltmEn)]2
2+ 320; 410; 575; 850; 960; 1,700; 2,040
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blueshifted by 20–30 nm upon addition of CH3O-groups for
oxidized dimeric complexes with both SalEn and SaltmEn.

Cyclic voltammetry and electrochemical quartz crystal
microbalance

On cyclic voltammograms of unsubstituted poly[Ni(SalEn)]
complex one can observe a pair of broad oxidation/reduction
peaks (Fig. 5a).

Introduction of substituents into ligand structure of
polymeric complexes leads to noticeable changes of
voltammetric responses. Methyl substituents in imino
bridges lead to а shoulder formation on both the anodic and
cathodic branches of voltammograms (poly[Ni(SaltmEn)],
Fig. 5b). Replacement of hydrogen by methoxy substituents
in the aldehyde moiety leads to formation of additional
peaks and shoulders, accompanied with shifts of poly-
mer electroactivity regions in the cathodic direction
(poly[Ni(CH3OSalEn)], poly[Ni(CH3OSaltmEn)],
Fig. 5c, d). This is usually interpreted as a consequence
of additional electrochemical processes, the nature of which is
described in terms of structurally determined transport [10,
28] if a ligand-based electrochemical process is assumed, or in

terms of combination of ligand- and metal-based oxidation
processes [36, 37]. Voltamperometric measurements were
performed at scan rates v from 5 to 200 mV/s. Dependencies
of logarithm of peak current from the logarithm of the scan
rate were studied for the pair of peaks at about 800 mV
since other peaks are not well-pronounced for all scan
rates. For the whole range of scan rates used these
dependencies were linear, giving slopes of 0.8 for
poly[Ni(SalEn)], 0.9 for poly[Ni(CH3OSalEn)], 1.0 for
poly[Ni(SaltmEn)], and 0.9 for poly[Ni(CH3OSaltmEn)].
This means that peak currents Ip were almost proportional to
the scan rate, corresponding to diffusionless behavior of the
films. CV curves for different scan rates and the plots men-
tioned above can be found in Supplementary Information
(Fig. S1 and S2).

The changes in geometry of the complexes predicted by
DFT calculations may result in the shrinkage of the polymer
film or, at least, in a change of the solvent flow during the first
and second oxidation steps. To verify this assumption, elec-
trochemical quartz crystal microbalance (EQCM) measure-
ments were performed. The films were cycled at 25 mV/s in
the potential range 0–1.2 V and massograms were recorded
after stabilization of the CV curve, which is necessary due to

a

b

c

d

Fig. 5 Typical voltammograms of 1.37 cm2 quartz crystal coated by
electrodeposited polymeric complexes a poly[Ni(SalEn)], b
poly[Ni(SaltmEn)], c poly[Ni(CH3OSalEn)], d poly[Ni(CH3OSaltmEn)]
together with changes of polymer film mass. The background electrolyte

was 0.1 mol dm−3 N (Et) 4BF4/CH3CN, scan rate is 0.025 V s−1. Surface
coverage is 3.8×10−8 mol/cm2. Dashed line indicates the potential at
which the mass of charge-compensated species is changing (see text for
details), scan direction is indicated by arrows
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the irreversible currents observed during the first cycles. Such
currents are usually attributed to the polymer crosslinking. As
demonstrated in Fig. 6, oxidation of the polymers is accom-
panied by an increase in their weight due to entry of charge-
compensating ions and solvent molecules into the film, and
the reduction is accompanied by withdrawal of the corre-
sponding species from the film. Nevertheless, the molar
weights of charge-transferring species depend on the polari-
zation potential (as two linear regions can be found of Δm (q)
curves, Fig. 6).

Doping level y of conducting polymers can be calculated
from the ratio of polymerization charge qpol and oxidation
charge in monomer-free solution qredox by the well-known
formula qpol/qredox=(2+y)/y [9]. It is worth noting that for all
polymers in question the first linear region of Δm (q) curves
suggests an oxidation charge of about 1 mC cm−2, correspond-
ing to the doping level in the range of 0.15–0.3. On the other
hand, one can observe that polymers oxidized up to 1.2 V
have quite different doping levels ranging from 0.4 to 0.9.

In Table 4, molar weights of charge-compensating species,
calculated by standard procedure [38] from the slope of linear
regions of mass Δm vs. charge q dependences are presented.
For all polymers in question, two such linear regions are
observed (Fig. 6). Under oxidation potentials below 0.8 V
the injection of anionic species into the film is combined with
the ejection of solvent particles from the film, as charge
carriers molar masses are in all cases less than the mass of

BF4
− anion (81 g/mol). It corresponds to replacement of a

solvent molecule by each charge-compensating anion, so we
can assume that at this potential range film is quite dense and
has not enough space to host BF4

− anion with its solvate shell.
If oxidation is continued to potentials up to 1.2 V, no solvent
ejection is observed; the mass of charge-compensating species
becomes higher than one of BF4

− anion, so the flux of coun-
terions can be accompanied by solvent injection. It is interest-
ing that the mass of charge-compensating species is weakly
dependent on the scan range (for details, see Table S1 and
Fig. S3 in Supplementary Information), so we can conclude
that the solvent uptake is not time-dependent, thus suggesting
that the solvent transfer is not a straightforward result of a
concentration gradient or physical opening/closing of the
polymer. However, combined EQCM and probe-beam study

a b

dc

Fig. 6 Dependencies of polymer
film mass (Δm) from the
oxidation charge q, calculated
from the data presented in Fig. 5:
a poly[Ni(SalEn)], b
poly[Ni(SaltmEn)], c
poly[Ni(CH3OSalEn)], d
poly[Ni(CH3OSaltmEn)]. The
potential at which the mass of
charge-compensated species is
changing is shown on the graph;
scan direction is indicated by
arrows

Table 4 Mass of charge-compensating species (g/mol) entering
poly[Ni(Schiff)] films during their oxidation/reduction in different poten-
tial ranges. Masses are averaged over different scan rates (5–200 mV/s)

Polymer Potential range

0–0.8 V 0.8–1.2 V

poly[Ni(CH3OSaltmEn)] 54±6 166±26

poly[Ni(CH3OSalEn)] 35±4 130±8

poly[Ni(SaltmEn)] 45±12 81±24

poly[Ni(SalEn)] 49±20 108±11
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of poly[Ni(SaltmEn)] films [11] and in situ ellipsometric study
of [Pd(CH3OSalEn)] films [13] performed by other groups
have demonstrated similar features, including solvent injec-
tion and film expansion during the second oxidation step.

Limited information on the structural changes taking place
in polymer films upon oxidation can be provided by DFT
calculations, which predict noticeable changes in dihedral
angles between monomer units in a chain upon oxidation
(see “Geometry and electronic structure” section). This is
likely to lead to better packing of polymer chains in the film
and might eventually result in a more compact polymer struc-
ture. However, due to the limitations of the computational
model, which does not explicitly take into account the coun-
terions and solvent molecules, DFT results do not suggest a
possible mechanism for the expansion of the film at higher
oxidation potentials. Simulations of the polymer film behavior
using a larger-scale model are clearly desirable to gain insight
into the nature of structural transformations accompanying the
oxidation process.

From voltammetric and EQCM measurements, it is clear
that oxidation of the polymers in question proceeds by two
steps. The charge, consumed during the first step, does not
depend on ligand structure; during this step, solvent flow is
opposite to counterion one. The second step is accompanied
by solvent injection into the film; the charge consumed during
this process depends on the ligand structure. To understand the
nature of observed redox transformations, spectral methods
will be used.

UV-visible spectroscopy

One of the most characteristic features of polymeric
[Ni(Schiff)] complexes is their electrochromism, i.e., the abil-
ity to change their light absorbance in response to polarization.
UV-visible spectroscopy of thin polymer films deposited on
transparent electrodes is one of the most important character-
ization methods for electrochromic polymers. If electrochem-
ical experiment is carried out in a photometric cell, in situ
absorption spectra could be registered during potentiostatic
polarization or cyclic voltammetry measurements, giving di-
rect information about polymer structure at any oxidation
state, provided that such states have absorption bands in
visible, UV, or near-infrared ranges.

Characteristic spectra of poly[Ni(SalEn)] films, measured
at potentiostatic polarization from 0 V to 1.2 V, are presented
on Fig. 7. A reduced form of the polymer (Red) has a charac-
teristic absorption band at 406 nm and a strong band in UV
range, which cannot be resolved due to the limitations of the
experimental setup (namely, high ITO glass absorption in UV
range). During the oxidation of the polymer, new absorption
bands appear. At potentials less than 0.9 V, a wide near-
infrared band is observed. Simultaneous growth of the
406 nm band is observed during this oxidation stage.

Intensities of these bands increase, and the wavelength of
near-infrared band maximum shifts from 900 to 1,000 nm
with increase of film potential up to 0.96 V. On the basis of
earlier studies of monomeric complexes [18, 20–22] and our
DFTcalculations, this band can be interpreted as a low-energy
LLCT transition. Similar bands were observed for conjugated
polymers, such as polythiophenes [39]. So, the growth of this
absorption band may be attributed to formation of the first
oxidized form of the polymer, Ox1, for which the electron
density is highly delocalized on the phenyl moieties of the
ligand. In terms of conducting polymers model, this kind of
electronic structure can be described as a polaron. Such spec-
tra of delocalized structure are in reasonable agreement with
our DFT calculations (see “Electronic spectra” section).

At potentials higher than 0.9 V, some decrease of absorp-
tion bands at 406 nm and in near-infrared range is observed,
together with an increase of absorbance at 460 nm, at
polarizations higher than 1 V leading to the formation
of a well-defined band. The interpretation of this band
in SalEn-type polymeric complexes is questionable: in the
literature, it has been assigned either to MLCT [10, 28] or to
the transition valence band→antibonding bipolaron level y
[9]. In both cases, the charge was assumed to be delocalized
over the phenyl rings. However, our DFT calculations
(“Electronic spectra” section), describing polymers with
delocalized charge, do not predict any intense band in this
region, so we refer to the data obtained for monomeric com-
plexes [18, 20–22], where the authors proved that the appear-
ance of such MLCT band corresponds to localization of
charge density on Ni atom in the presence of axial ligands. It
means that at high potentials the formation of the second,
metal-based oxidized form of polymer (Ox2) is plausible. In
this case, we should assume that the existence of such form is
possible if the axial positions at the Ni atom are occupied by
some ligands, as it was observed for monomeric SalEn-type

Fig. 7 Characteristic spectra of poly[Ni(SalEn)] films deposited on
2 cm2 ITO glass, measured at potentiostatic polarization from 0 V to
1.2 V (vs. Ag/AgCl). Direction of absorption maxima evolution with
increase of the electrode potential is indicated by arrows. Spectra were
recorded in situ, the background electrolyte is 0.1 mol dm−3 N (Et) 4BF4/
CH3CN, surface coverage is 2.6×10

−8 mol/cm2
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complexes [18, 20–22]. A decrease of the first oxidized form
bands responds to the transformation of the first oxidized form
(Ox1) to Ox2. In the spectra of substituted polymers, one can
observe the same kinds of absorption bands having the same
behavior with increasing film potentials (Fig. 8).

It may be noted that introduction of methoxy substituents
into the aldehyde moiety leads to the redshift of the middle-
range band from 460 to 580 nm. At the same time, no shift of
the band at 406 nm is observed. Near-infrared band has a
blueshift, which is not well-pronounced due to the extremely
large width of this band (see Fig. 8).

To explain the formation of intense bands in the
region 460–600 nm in terms of localization of charge
on the metal center we have assumed that moderately
coordinating solvents such as acetonitrile may act as axial
ligands in case of studied polymer films. To check this as-
sumption, we have recorded ex situ spectra of reduced and

oxidized form of poly[Ni(CH3OSalEn)], which has the most
distinct near-infrared and visible bands. Films were tested in
solutions of Et4NBF4 in acetonitrile and dichloromethane, the
latter not being a coordinating solvent. To exclude the
influence of traces of water, which may also act as axial
ligand, films were electrochemically oxidized in nitro-
gen (99.9999 %)-filled glovebox, sealed in the photometric
cell and immediately transferred into the spectrophotometer
(Fig. 9, curve 1). One can note that only the low-energy LLCT
band is formed after oxidation of polymer in dichloromethane
and no band in the vicinity of 500 nm is observed even at high
oxidation potential. Ex situ spectrum in acetonitrile solution
(Fig. 9, curve 2) demonstrates strong band at 580 nm and
correlates with the in situ one (Fig. 8c), justifying our
technique.

On the other hand, if the film, oxidized in acetonitrile, is
removed from the cell and dried under vacuum without expo-
sure to the air, rapid decrease of a band at 580 nm is observed
together with growth of near-infrared band (Fig. 9, curve 3).
Obtained spectra of dry films demonstrate absorption bands at
310, 400, 565 (shoulder), and 850 nm, coinciding with calcu-
lated ones (see Table 3), similar bands are observed if poly-
mers are oxidized in dichloromethane. It means that charge in
dry oxidized polymers, as well as in ones treated in dichloro-
methane, is delocalized over the phenyl rings, as it was pre-
dicted by DFT calculations. Using of supporting electrolyte
based on coordinating solvent such as acetonitrile leads to
different absorption spectra of oxidized polymers, correspond-
ing to the shift of oxidation locus to the Ni center.

These observations demonstrate the crucial role of a coor-
dinating solvent in the stabilization of the second oxidized

a

b

c

Fig. 8 UV-visible adsorption spectra of poly[Ni(Schiff)] complexes,
recorded at polarization of polymer film at potentials a 0.2 V, b 0.7 V, c
1.2 V (vs. Ag/AgCl). Experimental conditions were the same as for
Fig. 7, polymer abbreviations are presented on the plot

Fig. 9 Characteristic spectra of 2 cm2 ITO glassmodified by the oxidized
form of poly[Ni(CH3OSalEn)], measured ex situ after potentiostatic
polarization at given potential value. In each case, oxidation was per-
formed inside the photometric cell, placed in the dry nitrogen-filled
glovebox. The cells were sealed inside the glovebox together with work-
ing solution (curves 1–2) and than moved into spectrophotometer. Oxi-
dation was performed in: 0.1 mol dm−3 N (Et) 4BF4/dichloromethane
solution, oxidation potential 1.4 V (curve 1); 0.1 mol dm−3 N (Et) 4BF4/
acetonitrile solution, oxidation potential 1.3 V (curve 2). Curve 3 repre-
sents the spectrum of the same film obtained after removing it from the
solution and drying under vacuum inside the glovebox. Electrode with the
film was sealed in the dry photometric cell inside the glovebox before
measurement. Polymerization conditions are the same as in Fig. 7
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form of polymer. Due to this reason, the oxidation state of
nickel in the films, treated in solutions, cannot be directly
correlated with one detected in dry films by any ex situ
methods that can discriminate between Ni(II) radicals and
Ni(III) species, such as EPR, X-ray absorption, or X-ray
photoelectron spectroscopy. Identification of metal electronic
structure in the second oxidation form must be based only on
in situ methods and DFT calculations with a solvent coordi-
nated to the axial position of metal atom, which, together with
a detailed study of solvent effects, will be published
separately.

Here, we want to conclude that oxidation of SalEn-type
polymeric nickel complexes proceeds in two steps. The re-
duced form of the polymer is first oxidized to the Ox1 form,
which is characterized by charge delocalization over the con-
jugated bonds system of the polymer. Subsequent oxidation in
acetonitrile solutions leads to formation of the second oxi-
dized form, Ox2, for which the spectra cannot be described in
terms of delocalized charge, but correlate with charge locali-
zation on metal atom, stabilized by axial coordination of a
solvent.

Voltabsorptometry

Simultaneous registration of cyclic voltammograms and light
absorption on selected wavelengths can be used to character-
ize the trends of discussed transformations between one re-
duced and two oxidized forms of polymers. Detailed depen-
dences of absorption on selected wavelengths vs. electrode
potential are presented in Supplementary Information
(Fig. S4).

At the potential scan in positive direction, initially the Ox1
form is produced. Increase in potential leads to formation of
theOx2 form, followed by decrease in absorption bands of the
first oxidized form of the polymer. One can notice a similar
behavior of absorption bands in near-infrared range and ones
at approximately 400 nm, which confirms their assignment to
the same form of the polymer. At high potentials, absorption
of the Ox1 and Ox2 forms tends to constant non-zero values,
so onemay assume that if polymers in question are completely
oxidized, they contain both oxidized forms and some charge
delocalization in phenyl moieties exists.

To prove that electrochemical response of the polymeric
film is determined by transition of the Red form into the Ox1
and Ox2 ones together with conversion of oxidized forms one
into another, we have used a combination of the Beer–
Lambert and Faraday laws. According to the Beer–Lambert
law, absorbance of a substance is proportional to concentra-
tion and the distance the light travels through the material
(which is a polymer film thickness in our case):

Ai ¼ Cilεi;¼ niεi=s; ð1Þ

where s is the light beam cross section area, Ci is the
concentration of optically active sites on the electrodes
(i.e., optically active polymer fragments in the film),
ni=slCi is the quantity of ith species in the part of the film
with thickness l and surface area s; Ai, εi—absorbance and
extinction coefficient of ith species at selected wavelength,
respectively, i=Ox1, Ox2; l, path length of light, which is
equal to polymer film thickness. In the calculations, the ex-
tinction coefficients are assumed to be independent of the
charge state of the film.

If we assume that the number of electroactive species and
extinction coefficients εi are constant, absorbance time deriv-
ative, dA/dt, can be used to obtain partial currents resulting
from electrochemical transformations of each polymer form:
Eq. (1) derives to

dAi

dt
¼ dni

dt

εi
s
: ð2Þ

Partial current caused by electrochemical formation of ni=
slCi moles of species i is equal to

I i ¼ dQi

dt
¼ nF

dni
dt

; ð3Þ

where n is the number of electrons transferred in the
reaction, F is the Faraday constant, Qi is the charge
consumed for redox switching. Thus, taking into account
Eq. (2), we can correlate the partial current and absorbance
time derivative

I i ¼ snF

εi

dAi

dt
; ð4Þ

so the overall current in the model of formation of two
oxidized species Ox1 and Ox2 should be equal to

I ¼ snF
dAOx1

dt

1

εOx1
þ dAOx2

dt

1

εOx2

� �
: ð5Þ

As the bands of two oxidized forms are well-defined,
assuming overlapping effects to be negligible, one can
use absorbances at the peak of characteristic bands
(900–1,000 nm for the Ox1 form and 450–550 nm for
the Ox2 form), corrected on the spectra of the reduced
form as a baseline, to calculate partial currents according to
Eqs. (4–5). In general case, voltammetric curve may be just
fitted according to Eq. (5), but at least one of the
extinction coefficients can be easily determined from
dependencies of absorbance responses and charges
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(integrated currents) q, consumed for redox switching
according to the relation

Qi ¼
snF

εi
Ai ð6Þ

In the simplest case of two ideal interconverting species a
plot of Ai vs Qi should be linear with the slope of εi

snF .
Formation of additional species may lead to curvature of the
plot or to a linear dependence with a different slope. In such
case it is justified to use Eq. (6) for the systems in question
only in the range of formation of the formOx1 and only until it
starts to convert to form Ox2. To obtain extinction coefficient
ofOx2 form (or, in general case, all other forms), it is possible
to use iteration method. Using the εOx1

snF values obtained, one
can calculate partial current of formation or transformation of
Ox1 for the whole potential range by means of Eq. (4). Such
partial currents can be subtracted from voltammetric curve. As
a result, partial voltammogram of formation or transformation
of Ox2 will be obtained (see Eq. (5)). It can be treated
according to Eq. (6) in order to obtain the extinction coeffi-
cient of the Ox2 form. Full derivative voltabsorptograms
calculated by Eq. (5) will contain all partial currents of forma-
tion and conversion of two oxidized forms, detected by UV-
visible spectroscopy. Such curves for all polymers in question
are presented in Fig. 10 and the extinction coefficients are
listed in Table 5. The procedures for determining the extinc-
tion coefficients and constructing the partial voltammograms
are described in more detail in Supplementary Information.

One can note good correlation between voltabsorptograms
and voltammograms. Both types of curves contain the same
number of peaks with the same peak potentials characteristic
for each polymer in question. Currents, predicted from spec-
tral data, are close to the measured electric currents. In this
case, we may assume that the model of formation of two
interconverting optically active oxidized forms is sufficient
to describe complicated voltamperic response of studied com-
plexes, regardless of substituent origin.

Figure 11 demonstrates the influence of ligand substituents
on the formation of each oxidized form. Partial voltammo-
grams of the Ox1 form are complicated by its conversion to
the Ox2 form, which results in negative currents at positive
potential scans and vice versa. Such features prevent forma-
tion of clear voltammetric peaks on the Ox1 partial voltam-
mograms. For all studied complexes, formation of the first
oxidized form is shifted for about 200 mV to the cathodic
region by introduction of methoxy substituents in the alde-
hyde moiety (Fig. 11a, b). Peak currents of Red ↔ Ox1
transitions (points 1, 1′ on the figure) are influenced neither

a b

dc

Fig. 10 Comparison of
voltammograms and
voltabsorptograms for polymeric
complexes: a poly[Ni(SalEn)], b
poly[Ni(CH3OSalEn)], c
poly[Ni(SaltmEn)], d
poly[Ni(CH3OSaltmEn)].
Potential scan rate is 20 mV/s.
Experimental conditions were the
same as indicated in Fig. 7

Table 5 Extinction coefficients for poly[Ni(SalEn)] species. Wave-
lengths are given in parenthesis

Polymer complex Extinction coefficient, mol−1 m2

poly[Ni(SalEn)] 900 (460 nm), 600 (990 nm)

poly[Ni(SaltmEn)] 1600 (490 nm), 1200 (990 nm)

poly[Ni(CH3OSalEn)] 1700 (580 nm), 2000 (970 nm)

poly[Ni(CH3OSaltmEn)] 1300 (540 nm), 1500 (1,016 nm)
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by methoxy substituents in the aldehyde moiety, nor by meth-
yl substituents in the imino bridges. Anodic limit of the Ox1
stability, according to the presented data, is about 0.8–0.9 V.
Comparing the above observations with EQCM and coulo-
metric data (“Cyclic voltammetry and electrochemical quartz
crystal microbalance” section) one can find coincidence be-
tween the first process, observed on EQCM, and formation of
the Ox1 form of polymer, described by spectral data.

At the same time, currents resulting from the Ox1 to Ox2
transformation (points 2, 2′) are increased with the introduc-
tion of methoxy substituents. It corresponds to a higher degree
of conversion between oxidized forms of methoxy substituted
polymers. Partial voltammograms of the Ox2 form
(Fig. 11c, d) contain one pair of wide peaks (points 3, 3′) at
940 mV if the monomer unit does not contain methoxy
substituents. If such substituents are introduced into the alde-
hyde moiety, the second pair of peaks appears at 770 mV
(points 4, 4′). Such peak splitting may be attributed to the two
different ways of theOx2 formation. Peaks 3, 3′ have the same
potentials as the peaks of theOx1 toOx2 transformation on the
Ox1 partial voltammogram (points 2, 2′ in Fig. 11a, b), so they
correspond to formation of the Ox2 form from the Ox1 form.
Peaks 4,4′ do not correlate with any peaks of Ox1 partial
voltammograms, so they may be assigned to formation of
Ox2 form directly from Red form. Introduction of methyl
substitutes in the imino bridges does not affect the position
of any peaks, but decreases intensity of the peaks at 940 mV.
Features of the Ox2 formation process, revealed by spectral
data, allow one to correlate it with the second oxidation step,
described by EQCM technique. Solvent injection, observed in
the course of this process justifies our assumption about

solvent role in stabilization of the Ox2 form. If we assume
that axial coordination of solvent molecules or phenyl rings of
neighboring polymer layers on metal center is important for
formation of Ni(III) species, then current decrease with intro-
ducing substituents into imino bridge may be explained by
steric obstacles, produced by methyl groups.

Conclusions

Redox transformation of various polymeric [Ni(SalEn)] type
complexes were studied by cyclic voltammetry, UV-visible
spectroscopy, in situ derivative voltabsorptometry, and elec-
trochemical quartz crystal microbalance, and compared with
DFT calculation predictions. It was demonstrated that in
acetonitrile-based supporting electrolyte solutions oxidation
of such complexes, regardless of ligand substituents, proceeds
by two routes, leading to formation of the two oxidized forms
Ox1 and Ox2. Complicated electrochemical response of stud-
ied substituted polymers can be explained in scope of this
model without any additional assumptions, taking into ac-
count interconversion of the forms Ox1 and Ox2. Formation
of the first form and its characteristics are in good correlation
with DFT calculations, performed for a chain model of poly-
mer. According to calculation results, the charge in this case is
delocalized on the ligand and thus the Ox1 form can be easily
assigned to polaron in terms of conducting polymers charge
transfer model. Such delocalization is observed in dry poly-
mers, or in polymers, treated in non-coordinating solvent,
even at high oxidation potentials. On the other hand, in

a b

dc

Fig. 11 Partial voltammograms,
calculated from light absorption at
970 nm (a, b) and 580 nm (c, d)
for polymer films of [Ni(Schiff)]
complexes. Film compositions
are presented on the graphs,
numbers indicate peaks discussed
in the text. Direction of the
potential scan is indicated by
arrows. Experimental conditions
were the same as indicated in
Fig. 7
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coordinating solvent the second oxidized form of polymers
can be observed. This form is not predicted by calculations
using the simple chain model of polymer, and the role of the
solvent in its formation has not been described before for
polymeric complexes of this type. However, the spectral prop-
erties of the oxidized polymers in acetonitrile solutions corre-
late with observations of Ni(III) species made on monomeric
complexes with axial ligands [18, 20–22]. Acetonitrile and
phenyl moieties of neighboring polymer layers may act as
such ligands. The in-depth understanding of the demonstrated
effects of axial ligands and solvent on the oxidation route of
the complexes studied may provide an efficient way of con-
trolling the catalytic properties and stability of the complexes.
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