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Abstract: Currently, electrically conductive polymers based on transition metal complexes [M(Salen)],
as well as their composites, are among the systems showing promise as catalysts, electrochromic
and electroluminescent materials, and electrodes for energy storage (for batteries and supercapaci-
tors). The current review focuses on elucidating the atomic and electronic structure of metal–salen
complexes, their polymers, and composites with nanostructured carbon (carbon nanotubes and
graphene) using modern X-ray spectroscopy methods (X-ray photoelectron (XPS) and valence-band
photoemission (VB PES) spectroscopy, as well as near-edge (NEXAFS) and extended (EXAFS) X-ray
absorption fine structure spectroscopy). We trust that this review will be of valuable assistance
to researchers working in the field of synthesizing and characterizing metal–salen complexes and
composites based on them.

Keywords: [M(Salen)]-based materials; polymers; carbon nanotubes; graphene and graphene oxide (GO);
composites; atomic and electronic structure; X-ray photoelectron; valence-band photoemission (XPS and
VB PES) spectroscopy; X-ray absorption (NEXAFS and EXAFS) spectroscopy

1. Introduction

The discovery at the end of the last century of polymer materials whose conductivity
is only slightly lower than that of metals has stimulated a large amount of basic and applied
research, which is expected to lead to the development of new electronic and photoelectric
devices, including nanoscale ones [1]. Polymers electrochemically synthesized from the
monomeric planar complexes of 3d-atoms with such ligands as porphyrin, phthalocyanine,
Schiff base, etc., are particularly interesting due to the presence of a number of unique
properties. The polymers of square–planar complexes of 3d metal (M) atoms with tetraden-
tate N2O2 Schiff base ligands, the so-called salen complexes ([M(Salen)]), are characterized
by high redox conductivity, electrochromic behavior, and selective catalytic activity in
heterogeneous reactions (including electrocatalysis) [2]. An important advantage of these
polymers is also their high thermal stability (up to 350 ◦C) compared with monomer
complexes due to their conductive polymer matrix. It is also expected that the synthesis
of nanocomposites based on poly-[M(Salen)] and various forms of carbon (mesoporous
and activated carbon), including nanostructured ones (carbon nanotubes, graphene, and
nanoglobular carbon), will lead to the development of materials with improved energetic,
catalytic, and other characteristics [3–10]. This quality improvement is achieved due to
the uniform distribution of the polymer on the surface of the carbon component of the
composite material, which has a high specific surface area, electrical conductivity, and
mechanical properties (strength, elasticity).
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In the past two decades, all these problems have been the subject of large-scale re-
search on redox poly-[M(Salen)] and their composites [1,2,11–44]. Until now, the most
popular methods for experimentally characterizing the properties of these new materi-
als remain scanning electron microscopy (SEM), in situ UV–visible and IR spectroscopy,
in situ ellipsometry, and electrochemical methods (cyclic voltammetry, chronoamperometry,
impedance spectroscopy, etc.) [3–16]. However, the methods used provide far from a
complete understanding and description of the formation processes of these systems. First
of all, this concerns the lack of important information about the spatial localization and
atomic orbital composition of the upper occupied and lower unoccupied molecular orbitals
(MOs) of monomer complexes, since electronic transitions between these MOs determine
the chemical bonding of monomers during their polymerization. At the same time, these
transitions often occur between MOs localized on different metal and ligand atoms of the
complex and are therefore associated with the charge transfer between them. All of this
makes it difficult to fully understand and correctly describe the electronic properties of
these complexes, which are of particular importance for their practical use.

Thus, for the widespread use in modern technologies of electrically conductive redox
poly-[M(Salen)] polymers and their composites with carbon nanostructures, detailed knowl-
edge is required about the properties of occupied and empty valence MOs of complexes,
which are responsible for processes of electrochemical polymerization of monomers and
the mechanisms of redox conductivity in these polymer compounds.

The X-ray transitions of inner-shell electrons are different from valence electronic
transitions probed by optical absorption spectroscopy since they are element-specific, atom-
ically localized transitions. Therefore, the X-ray absorption and photoelectron spectroscopy
methods are among the most informative experimental techniques for studying the local
atomic and electronic structures of various polyatomic systems: molecules, complexes,
polymers, etc. However, recent studies are characterized by only separate attempts to use
the methods of X-ray core-level photoelectron spectroscopy (XPS) [8,26,35,37,39,40,42–52]
and valence-band photoemission spectroscopy (VB PES) [45,46,53], as well as X-ray absorp-
tion spectroscopy (near-edge X-ray absorption fine structure, NEXAFS, and extended X-ray
absorption fine structure, EXAFS) [27,29,30,40,45,46,52–56] to obtain information about the
features of the electronic structure of [M(Salen)] complexes, their polymers, and composites
based on them, as well as about the atomic structure of these polyatomic systems.

The main purpose of this review is to summarize the existing knowledge on the use of
X-ray spectroscopy methods (XPS, VB PES, NEXAFS, EXAFS) to characterize the atomic–
electronic structure of [M(Salen)] complexes, their polymers, and their composites with
carbon nanostructures.

2. [M(Salen)] Complexes, Their Polymers, and Composites Based Thereon

This section discusses in detail the structure and methods of preparation of various
[M(Salen)] complexes, their polymers, and composites with carbon nanostructures such as
carbon nanotubes and graphene.

2.1. Structure and Methods for Preparing [M(Salen)] Complexes and Their Polymers
2.1.1. Monomeric Complexes

Schiff bases derived from salicylic aldehyde and its derivatives, specifically N,N’-
ethylene-bis(salicylimine), C16H16N2O2 or H2(Salen), commonly referred to as the salen
ligand, are widely used in practical applications (Figure 1). The salen ligand consists of two
C6H5OH phenolic groups linked by an ethylenediamine bridge of –N–C(H2)–C(H2)–N–
and is formed by combining two equivalents of salicylic aldehyde with one equivalent
of ethylenediamine. The structure of the molecule consists of several isomers, which
differ in the position of the two hydrogen atoms and also in the mutual orientation of the
two benzene moieties. Density functional theory (DFT) calculations reveal that the most
energetically favorable isomer features a C2 symmetry configuration and two phenolic
groups [57]. It was demonstrated that the energy stabilization of this isomer is a result
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of two strong intramolecular N· · ·H hydrogen bonds. Furthermore, the out-of-plane
distortion of benzene moieties in all isomers is negligible.
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Let us consider the structure of [M(Salen)] complexes (M = transition metal such
as V, Cr, Mn, Fe, Co, Ni, Cu, Pd) using the example of the monomer N,N′-ethylene-
bis(salicylaldiminato)nickel(II), NiO2N2C16H14 (hereafter [Ni(Salen)]). The [Ni(Salen)] is
considered a standard representation of complex 3d-atom monomers with Schiff bases
[M(Schiff)] (Figure 1) [18,45,58,59]. The molecule consists of a nickel atom bound to a
tetradentate N2O2 ligand of the salen type forming an almost planar coordination center
[NiN2O2] with C2v symmetry. Geometrically, it is close to a square, since the interatomic
distances R (Ni–O) = 1.882 Å and R (Ni–N) = 1.889 Å are close to each other [18]. Two
C6H5O-phenyl groups are located at the periphery of the ligand. The square–planar
symmetry of [M(Salen)] complexes and the [MN2O2] donor coordination center present in
them enable the complexes to be involved in various types of intermolecular interactions
and in the formation of supramolecular structures.

Currently, it is possible to prepare [M(Salen)] complexes using (i) metal alkoxides
(M(OR)n), (ii) metal amides M(NMe2)4, (iii) a two-step reaction involving deprotonation of
Schiff bases using lithium bases (CH3Li, C4H9Li) and sequential reaction with metal halides,
(iv) alkyl metal complexes M(CH3), and (v) M(OAc)2 metal acetates through heating a
Schiff base in the presence of a metal salt under boiling conditions [45,46,49–51].

Considerable attention has been given lately to the synthesis and analysis of new
coordination compounds based on [M(Salen)], in which the environment of the metal
atom M has been modified by the addition of atomic groups chemically bonded to
the salen ligand atoms or to the metal atom. This modification enables the advance-
ment of electroactive photosensitive materials, including nanocomposites, towards higher
efficiency [14,25,26,30,32,34,35].

2.1.2. Polymers Prepared by Electropolymerization of [M(Salen)] Monomeric Molecules

The first studies of polymers based on transition metal complexes with salen-type
Schiff ligands were largely focused on characterizing electrochemical methods for obtaining
conducting polymer layers on an electrode from monomers and studying the conductive
properties of the resulting polymers using electrometric methods depending on the solvent
and type of ligand. It was demonstrated in [19,20] that these complexes are reversibly
oxidized in strong-donor solvents and oxidatively polymerized in solvents with weak
donors. The monomers’ oxidation mechanisms were analyzed using cyclic voltammetry
and scanning electron microscopy. It has been shown that the polymer layer’s thickness on
the electrode increases linearly over several voltammetric scans. Also, the initial growth
rate of the polymer layer increases linearly with rising monomer concentration in the
electrolyte solution.

Despite a significant amount of research into the structure and properties of electrically con-
ductive redox polymers poly-[M(Salen)], and in particular poly-[Ni(Salen)], there is no consen-
sus on the mechanism of polymerization of monomer molecules [1,2,11–16,19–21,23–35,40–43].
The first model assumes chemical linkage between the phenyl groups of the ligands of
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neighboring molecules (chainlike structure). In this instance, the polymer forms through
the formation of covalent C–C bonds between carbon atoms in the para positions of the
phenyl moieties (Figure 2a) and is inherently purely liganded. [19,24]. The second model of
the polymerization mechanism is based on processes associated with the metal atom, which
we will consider using the example of nickel [21,60]. In this case, the complexing nickel
cation Ni(II) is first additionally oxidized Ni(II) → Ni(III) + e−. Subsequently, it can form a
stacklike structure which is stabilized by chemical bonding (and charge transfer) between
the nickel cation and the phenyl moieties of neighboring monomer molecules (as shown in
Figure 2b). Finally, the third model combines the two previous ones: the electro-oxidation
of monomers leads to the formation of stacklike structures. These structures are then
cross-linked through the formation of covalent C–C bonds, leading to the appearance of
π-conjugated chains involving the phenyl rings of the ligand (Figure 2c) [21,60].
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Over the past 20 years, two contrasting viewpoints regarding the electrochemical
activity of conducting polymers have been significantly discussed, in which two options
are considered as redox positions (places where redox reactions occur): cations of metal
atoms [20,21] or ligand atoms [22,23]. Over these two decades, different groups of re-
searchers have studied salen complexes and polymers based on them using voltamme-
try and chronoamperometry [11,12], in situ UV–vis and IR spectroscopy [11,13], in situ
ellipsometry [12], electrochemical quartz microbalances [12,14,15], and impedance spec-
troscopy [16]. Both mechanisms are characterized by different charge transfer in [Ni(Salen)]
and, as a consequence, different charge states of Ni, N, O, and C atoms in the reduced (neu-
tral) and oxidized states of poly-[Ni(Salen)]. To directly identify nickel atoms in a highly
oxidized state within redox polymers, the electron paramagnetic resonance (EPR) technique
was used [12,14,23,24,40]. The conducted measurements did not detect highly oxidized
Ni(III) atoms within the polymer. This led the authors of these studies to choose the first
model, based on the processes of oxidation and reduction of ligands, for the mechanism
of polymerization and electrochemical activity of polymers. In [21], it was also suggested
that the polymerization mechanism of [M(Salen)] monomer molecules, involving a metal
cation, could occasionally be accompanied by the direct linking of ligands from different
monomer molecules (the first model of polymerization). Nevertheless, the results of all
these studies did not provide sufficient evidence to make a conclusive decision regarding
the polymerization mechanism models described.
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Electropolymerization of monomeric [M(Salen)] molecules is usually performed using
potentiostatic and potentiodynamic methods, as well as galvanostatic charging [61]. The
polymer film thickness of poly-[M(Salen)] can be easily controlled by the polymerization
charge (for potentiostatic methods) or the number of charge–discharge cycles (for potentio-
dynamic methods) [61]. In addition, layer-by-layer polymerization of metal salens is also
possible [62].

2.2. Preparation of Composites Based on [M(Salen)] and Carbon Nanomaterials

Carbon materials have found applications in many fields of science, industry, medicine,
etc., due to the variety of allotropic forms with unique physical and chemical properties [63].
At the same time, the discovery of 0D, 1D, and 2D carbon nanomaterials such as fullerenes,
carbon nanotubes (CNTs), and graphene marked a breakthrough in materials science and
nanotechnology. It should be noted that carbon nanomaterials have become widespread
not only as an independent functional material but also as a basis or modifying additive for
the preparation of composites with metal compounds, polymers, biomolecules, etc. In this
review section, carbon nanotubes and graphene are considered to be the most widely used
in the preparation of composites based on [M(Salen)] complexes and carbon nanomaterials.

2.2.1. Nanotubes and Graphene as a Promising Basis for Composites

CNTs and graphene have attracted considerable attention due to their exceptional
surface area and impressive electrical, mechanical, thermal, and chemical properties. These
materials have diverse applications, such as catalysis, sensor technologies, and energy
storage and conversion. Additionally, they offer significant potential for use in solar cells
and fuel cells [64–67]. Table 1 presents a summary of the essential properties of these
materials for comparative analysis.

Table 1. Comparison of physical properties for some carbon nanomaterials.

Material Specific Surface Area,
m2g−1 Young’s Modulus, TPa

Thermal Conductivity
(at Room Temperature),

Wm−1K−1
Refs.

SWCNTs 400–900 ~1 3000 [68]

MWCNTs 200–400 0.3–1 3000 [68]

Monolayer graphene up to 2630 1 5000 [69–71]

rGO sheet up to 713 0.25 46.1 to 118.7 [69,70,72]

Freestanding GO up to 456 0.7 ± 0.015 72 (oxidation degree of 0.35);
670 (oxidation degree of 0.05) [69,70,73]

CNTs are a type of carbon allotrope, which were discovered by Iijima [74]. These 1D,
nanoscale, hollow cylinders are formed by rolling up a hexagonal lattice of sp2-hybridized
carbon atoms without any seams [75–78].

CNTs measure a few microns in length and have a nanosized outer diameter, re-
sulting in a large aspect ratio. Depending on the number of rolled-up graphene layers,
they can be categorized as single-walled (SWCNTs) (outer diameter ~1–2 nm) and mul-
tiwalled (MWCNTs) (outer diameter ~2–50 nm), with interlayer spacing in the range of
0.32–0.35 nm [75,79]. There are three main nanotube configurations for SWCNTs depend-
ing on the chirality vector (Ch), i.e., the direction along which the graphene sheet is rolled
up: armchair, zigzag, and chiral (Figure 3a). It is the chirality that predetermines the electri-
cal, mechanical, optical, and other properties of CNTs [75]. Therefore, SWCNTs can exhibit
both metallic and semiconductor conductivity depending on chirality, whereas MWCNTs
only exhibit metallic conductivity. MWCNTs are able to take on different shapes, including
a Russian doll made of several concentric graphene tubes, a scroll-type structure created
by wrapping a single graphene sheet, and a bamboo-shaped structure (Figure 3b) [80,81].
Significantly, the multilayered structure of MWCNTs enables the outer layer not only to
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protect the inner tubes from chemical reactions during environmental interactions but also
to manifest superior tensile properties, which was a disadvantage of SWCNTs [80]. CNTs
can be obtained by using the following different methods: arc discharge, laser ablation,
chemical vapor deposition (CVD), plasma-enhanced CVD, liquid pyrolysis, solid-state
pyrolysis, flame pyrolysis, bottom-up organic approach, etc. [80,82,83].
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Graphene is a 2D allotrope of carbon, first discovered by Geim and Novoselov in
2004 [84]. It is a single layer of carbon atoms linked by sp2 hybridized bonds to form a
hexagonal two-dimensional crystal lattice (Figure 4a). There are also bilayer graphene
and few-layer graphene, which are formed from multiple graphene sheets held together
by strong π-π interactions (Figure 4a) [85–88]. The complexity of the actual structure of
graphene sheets is much more complex due to the presence of edge regions [88]. They are
intricate chemical compounds consisting mainly of oxygen-containing functional groups,
such as carboxylates, carbonyls, hydroxyl, epoxy, alkoxy groups, etc. (Figure 4a) [89,90].
The presence of these groups on the edges of graphene function as attachment sites for
active particles, polymers, and biomolecules during the formation of composites [91–93].

Additionally, when preparing graphene-based composites, point and extended struc-
tural defects arise in the hexagonal graphene lattice, leading to a significant increase in the
number of attachment sites for active particles [94,95]. Graphene can be obtained through
various procedures including epitaxy; CVD; physical exfoliation of graphite; chemical treat-
ment of graphite to form graphene oxide (GO) through oxidative exfoliation of graphite
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followed by reduction of GO to form reduced GO (rGO) (Figure 4b); and others. Each of the
aforementioned methods offers a unique level of control over the structure and purity of
the obtained graphene, enabling its use in specific areas of science and technology [91,96].
Due to their distinctive structure, both CNTs and graphene are two nanomaterials with
significant values of optical, thermal, mechanical, and electronic properties. For this reason,
they are widely used in the development of new functional composites with improved
properties [97–99].
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oxide by oxidative exfoliation of graphite. (a) Types of graphene and the main oxygen-containing func-
tional groups on its edges; (b) Scheme for obtaining reduced GO from graphite by chemical treatment.

2.2.2. Features of the Formation of [M(Salen)]/Carbon Nanotubes and
[M(Salen)]/Graphene Composites

Currently, preparing composites based on [M(Salen)] complexes and CNTs or graphene
remains a challenging and unsolved problem. This is primarily attributed to the ultra-
smooth surfaces of both CNTs and graphene, which exhibit few broken bonds or structural
defects, with the exception of the edges of graphene or the tips of nanotubes [97,98]. With-
out pretreatment (functionalization), CNT or graphene surfaces tend to bind easily due
to strong van der Waals interactions between individual nanostructures, resulting in the
formation of poorly dispersed bundles or agglomerates. As a result, poor interfacial in-
teraction between the components of the composite is observed, which seriously impairs
its characteristics. To solve this problem, there are methods based on noncovalent (due
to electrostatic interactions or physical adsorption) and covalent functionalization (with
the formation of stable chemical bonds) of the CNT or graphene surface. Noncovalent
functionalization techniques can improve the dispersion quality of carbon nanomaterials
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in solution. However, they do not address the challenges of interphase interactions at
composite interfaces. Covalent functionalization is a more sought-after way of forming
composites and is usually obtained by direct reaction of the metal complex with the surface
groups of the carbon material or by a spacer (a chain of atoms linking a functional group
on the surface of the carbon material and the metal complex) pregrafted onto the carbon
material or onto the [M(Salen)] complex (Figure 5) [57].
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For example, the composites [Mn(Salen)]/MWCNTs [100] and [Co(Salen)]/SWCNTs [101]
were formed by mixing and reacting both components under ultrasonic conditions without pre-
treatment of MWCNTs. These composites were then used as a coating for a glass–carbon elec-
trode. In [102,103], a [Ni(Salen)]/MWCNTs composite was prepared by first treating MWCNTs
with HNO3 followed by SOCl2 and then mixing the complex with functionalized MWCNTs
in CHCl3 (Figure 6). This material has been used to oxidize primary and secondary alcohols
and phenol. In other studies [104,105], [M(Salen)]/MWCNTs (M = Cu, Ni, Co) composites
were synthesized via amino-functionalized with 3-aminopropyltriethoxysilane (APTES) or
ammonium benzoate. A comparable technique was employed for synthesizing amino-
functionalized graphene oxide and preparing [M(Salen)]/GO (M = Mn, Cu, Co, Fe and VO)
composites (Figure 6) [106–112]. The preparing composites underwent testing in condi-
tions of catalytic epoxidation of styrene and unfunctionalized olefins as well as lignin
oxidation [106–108].

The literature provides several key methods for forming composites of MWCNTs
(SWCNTs), graphene, and electrically conductive polymers based on [Ni(Salen)] com-
plexes by electrochemical deposition. One approach is to prepare a conductive electrode
with a carbon layer that serves as a substrate for the formation of a polymer, such as
poly-[Ni(Salen)] [5,7,42,113,114], poly-[Ni(CH3-Salen)] [8,114], poly-[Ni(Salphen)] [8,42],
poly-[Ni(CH3-Salphen)] [8], or poly-[Ni(Saldmp)] [42], by using a solution consisting of
an electrolyte and a monomer and applying potentiodynamic, conventional, or pulsed
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potentiostatic methods. In the studies referred to, it was mainly MWCNTs that were used as
the carbon material, with the preparing composites serving as materials for energy storage.
However, this method of composite preparation leads to polymer growth primarily on
the outer surface of the carbon nanomaterial, which ultimately restricts the access of the
electrolyte to a significant portion of the pores. This restriction leads to a decrease in con-
ductivity at the “carbon nanomaterial-metal salen” interfaces, resulting in a deterioration of
the electrochemical properties [61]. To overcome this limitation, a technique of carbon nano-
material presoaking in a metal–salen monomer’s highly concentrated solution is utilized to
adsorb the complex both on the surface and in the volume of the pores. This technique was
first applied to composites of poly-[Ni(Saltmen)]/porous carbon, poly-[Ni(Salen)]/porous
carbon, poly-[Ni(3-CH3O-Salen)]/porous carbon [47,115], and subsequently to composites
of poly-[Ni(CH3-Salen)]/SWCNTs [6] and poly-[Ni(Salen)]/MWCNTs [116]. The prepared
material can then be transferred to a low concentration monomer solution or a solution with-
out monomers for electrochemical polymerization. At the adsorption step, the degree of
pore filling in the carbon nanomaterial can be regulated. Afterwards, it can be dried for long-
term storage without the loss of the monomeric metal–salen component. An alternative
method involves codepositing polymer and carbon material from a mixture of a monomer
solution in an electrolyte and a suspension of carbon material, followed by the formation
of a composite coating on a conductive electrode [58]. Poly-[Ni(Salen)]/MWCNTs [9],
poly-[Ni(3-CH3O-Salen)]/graphene [114], and poly-[Ni(3-CH3O-Salen)]/N-FLG (nitrogen-
doped few-layer graphene) [37] composite films were synthesized using this method.
However, this approach has a number of disadvantages associated both with obtaining a
uniform dispersion of carbon nanomaterials and with the reproducibility of the structure
and, accordingly, the characteristics of the composite.
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Therefore, to prepare poly-[M(Salen)]/SWCNTs (or MWCNTs) and poly-[M(Salen)]/graphene
composites with a uniformly distributed polymer layer on the carbon material surface
and pores, as well as high interfacial adhesion at the “polymer-carbon material” interfaces,
predeposition of carbon material on the conducting electrode, additional functionalization
of the surface of the carbon material, and subsequent soaking in a concentrated monomer
solution are required steps. As a result, synergistic effects of the two phases may occur,
leading to an improvement in a number of properties of the composite and the creation of
new functionality.
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3. Local Atomic and Electronic Structure of [M(Salen)] Complexes, Their Polymers, and
Composites with Carbon Nanostructures: X-ray Spectroscopic Data
3.1. X-ray Spectroscopic Methods for Diagnosing Atomic and Electronic Structure

This part of the review examines the physical principles and capabilities of the XPS,
VB PES, and X-ray absorption spectroscopy (NEXAFS and EXAFS) methods for obtaining
information about the local atomic and electronic structure of polyatomic systems.

3.1.1. XPS

XPS is a widely used X-ray spectroscopic method for studying the characteristics of
the filled inner (core) electron shells of atoms in solid, adsorbed, and gas-phase polyatomic
systems [117–119]. Core-level photoemission spectra are used to measure the binding
energy (Ebin) of the core electrons of atoms and their energy differences (chemical shifts)
in various compounds. This method is based on measuring the kinetic energy of photo-
electrons ejected from the inner electron shells of atoms when X-ray photons are absorbed
and is schematically shown in Figure 7a. In this case, the photoelectron emission process is
described by the following Einstein’s equation:

hν = Ebin + Ek + φ, (1)

where hν is the energy of the incident photon, Ebin is the binding energy of the core-level
electron, Ek is the kinetic energy of the photoelectron emitted as a result of the photoelectric
effect, and φ is the work function of the spectrometer material [117]. Since the values of
hν and φ are known, and Ek is determined experimentally, Equation (1) makes it easy to
calculate Ebin. Due to the fact that each chemical element has its own set of Ebin values for
the inner electron shells, the photoelectron spectrum reflects the elemental composition of
the substance and chemical states of its atoms. Thus, XPS can be used to obtain information
about the concentration of elements by determining the relative total intensities of the
corresponding photoelectron lines. An important role when considering XPS spectra is
also played by the analysis of changes (chemical shifts) in the binding energies of the inner
electron shells of an atom in its various compounds. In this case, very valuable information
can be obtained about the chemical state of the atom absorbing the X-ray photon and its
change when moving to another compound.
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It should be noted that the radiation sources in laboratory XPS spectrometers are the
characteristic Mg Kα, Al Kα, Ti Lα, Cu Lα, Ag Lα, and other X-ray lines generated by an
X-ray tube with a corresponding anode [117]. Of these, the Mg Kα and Al Kα lines are
the most commonly used photon sources due to their narrow full width at half maximum
(FWHM) (0.7–0.85 eV). They are also suitable for a wide range of operating binding energies
(from the Fermi level to 1240 and 1470 eV, respectively).

The inner electron shells of atoms can be ionized by X-ray photons at a sufficiently
large depth relative to the surface of the material. However, not all of the generated
photoelectrons leave the sample, and most of them are lost on the way to the surface due
to various processes of their scattering. Ultimately, only photoelectrons from a thin near-
surface layer can be detected, determined by the mean free path (λ) of the photoelectron in
the material under study. As can be seen from Figure 7b, in the range of kinetic energies
characteristic of XPS (<1500 eV), the electron mean free path is limited to several nanometers
(about 1–5 nm), and in the energy range 50–200 eV, less than 1 nm. It should be noted that
approximately 65% of the signal intensity is formed due to photoelectrons emitted from
the surface layer with a thickness of less than λ, 85% with a thickness of less than 2λ, and
95% with a thickness of less than 3λ. Thus, this method is surface-sensitive.

A more advanced source of X-ray radiation is synchrotron radiation from modern
electron storage rings. These radiation sources are characterized by a unique set of proper-
ties, namely, a wide continuous spectrum of X-ray radiation with photon energies ranging
from several tens of electronvolts to several tens of kiloelectronvolts, high intensity, and
a significant degree of polarization in the electron orbital plane, as well as the temporal
structure of the X-ray beam. Recently, there has been increased interest in XPS studies using
high-energy synchrotron radiation photons with energies in the range of 5–15 keV, the
so-called hard XPS. Here, it is possible to increase the escape depth of XPS analysis from
1–5 to 10–15 nm (see Figure 7b) and, more importantly, obtain additional structural data
based on the effects of high-energy photoelectron diffraction [119]. Processing of XPS spec-
tra is carried out using specialized software, for example, CasaXPS ver. 2.3.25 [121], Thermo
Avantage ver. 5.9931, or XPSPEAK ver. 4.1, by analyzing survey spectra (determination of
chemical composition) or individual photoelectron lines (chemical analysis).

3.1.2. VB PES

The main method for obtaining information about the energy distribution of occupied
electron states in the valence band of a polyatomic system is valence-band photoemission
spectroscopy (VB PES), which uses ultraviolet radiation (He(I) and He(II) resonance lines
of gas-discharge sources with photon energies hν of 21.2 and 40.8 eV, respectively) and
synchrotron radiation in the soft X-ray range with photon energies hν of 50–150 eV to
excite photoemission spectra from the valence band (Figure 7a) [117]. The valence-band
electronic structure of a polyatomic compound is characterized by the energy distribution
of the density of states (DOS) for occupied electron states, which in turn are described
by combinations of valence atomic orbitals (AOs) of all atoms of the compound. The
different dependences of the photoionization cross sections on the energy of exciting
photons for valence AOs of different atoms [122] cause noticeable differences in the shape
of the experimental VB PE spectrum from the calculated energy dependence of DOS for
occupied valence states. When the energy of the exciting photons changes, the intensity
of the main PE bands usually changes significantly, which is clearly observed in Figure 8.
Thus, by considering the behavior of the intensity of VB PE bands with changes in the
energy of exciting photons, it is possible to obtain certain information about the origin of
these bands in the valence band of a polyatomic system and their relationship to the partial
DOS of individual atoms. In this regard, it is advisable to study VB PE spectra, exciting
them with photons with energies in a wide energy range encompassing both ultraviolet
and soft X-ray radiation.
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Additional information about the electronic structure of the valence band can also be
obtained using the method of resonance photoemission (ResPES), which is especially useful in
the study of compounds of transition and rare earth metals, in particular, 3d metals [123–125].
This method is implemented by measuring VB PE spectra at photon energies of localized
core-excited states (absorption resonances) in the NEXAFS spectrum of metal atoms of
the polyatomic system under study. When the VB PE spectra of [Ni(Salen)] are excited
by photons with energies in the region of the Ni 2p3/2 → 3d absorption resonance, distinct
changes in the structure of the spectra are observed, namely, a strong increase in the intensity
of some PE bands in the low Ebin region and the appearance of additional, very intense
bands at high Ebin (Figure 9). The increase in intensity occurs due to the superposition of
two processes. The first one is associated with the direct photoionization of occupied Ni
3d-derivated MOs in the valence band of [Ni(Salen)] (2p63d8 + hν → 2p63d7 + e), while the
second process is due to the participator-Auger (pA) decay of the Ni 2p53d 9 core (resonance)
excitation (2p63d8 + hν → 2p53d9 → 2p63d7 + e), the final state of which coincides with
that of direct photoionization (Figure 10). In turn, the appearance of additional bands in
the VB PE spectra is caused by the spectator-Auger (sA) decay of the Ni 2p53d9 resonance
excitation. All of the above processes are shown schematically in Figure 10 and are clearly
visible in Figure 9 when considering the VB PE spectra of the [Ni(Salen)] complex excited at
a photon energy of 854.4 eV (corresponding to the value of maximum A of the most intense
resonance in the Ni 2p3/2 NEXAFS spectrum). When considering Figure 9, it is important
to emphasize that after the energy of the exciting photons passes through resonance A,
the intensities of the pA, sA1, and sA2 bands gradually decrease, and at photon energies
above 859 eV, the VB PE spectrum practically returns to its initial shape. Thus, the analysis
of resonance VB PE spectra makes it possible to determine the energy localization in the
valence band of [Ni(Salen)] of occupied electronic states with the Ni 3d contributions.
Obviously, this experimental technique can be informative for the examination of the
electronic structure of the valence band of complexes [M(Salen)] with other 3d atoms.
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Figure 9. (a) Ni 2p3/2 NEXAFS spectrum of [Ni(Salen)]; the photon energies used to excite the VB
PE spectra are marked with numbered dots. (b) A series of resonant VB PE spectra of [Ni(Salen)].
pA—electron band due to participator-Auger decay; sA1 and sA2—low- and high-energy electron
bands due to spectator-Auger decay; nA1 and nA2—electron bands due to normal Auger decay of
Ni 2p3/2

−13d9 excitations. The lowercase letters a, b, c, d, e, f, g, h and i denote the photoemission
signals of individual sub-bands of the valence band [53].
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Figure 10. Schematic representation for resonant core electron excitation process (a) and Auger
electron decay processes of a resonant excitation: (b) participator-Auger (pA) electron decay and
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3.1.3. NEXAFS and EXAFS

X-ray absorption spectroscopy is currently one of the most powerful experimental
methods for obtaining information about the local atomic and electronic structure of
polyatomic systems. Within the framework of this technique, two spectroscopic methods
are usually distinguished, namely, near-edge X-ray absorption fine structure (NEXAFS)
and extended X-ray absorption fine structure (EXAFS) spectroscopy, differing in their
origin, methods of obtaining spectra, and analysis. NEXAFS spectroscopy is used to
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obtain information about low-lying unoccupied electronic states in a polyatomic system
and is based on the analysis of absorption bands in the immediate vicinity of the X-ray
absorption edge—about 10 eV below and 30 eV above the absorption edge (Figure 11a). It is
conventional to describe these spectra using multiple (resonant) scattering of photoelectrons
ejected from the core of an absorbing atom on the nearest neighbor atoms [126,127]. At
certain photoelectron energies, a quasi-molecule formed by neighborhood atoms can
temporarily trap a photoelectron, resulting in the formation of metastable states (shape
resonances). These resonances, depending on their lifetime, are observed in the spectrum
as narrow lines or broad absorption bands. Resonance localization in the quasi-molecule
field allows us to consider them as a result of dipole-allowed transitions of core electrons to
the unoccupied MOs of this polyatomic system.
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It should be emphasized that the dominant role of the processes of multiple scattering
of photoelectrons in the NEXAFS region is due to their low kinetic energy, which leads
to large photoelectron wavelengths, which turn out to be comparable to the interatomic
distances between the absorbing atom and its neighboring atoms (Figure 11b). As the
kinetic energy of photoelectrons increases (>50 eV), their wavelength quickly decreases
and the processes of multiple scattering of photoelectrons become unlikely.

The promise of using the above quasi-molecular approach in the analysis of NEXAFS
spectra is demonstrated by a direct comparison of the corresponding spectra of the nickel
salen [Ni(Salen)] and nickel porphyrin NiP complexes in Figure 11c. Both complexes
have similar square–planar coordination centers (quasi-molecules) [NiN2O2] and [NiN4]
with close interatomic distances. Despite the general similarity of the spectral behavior
of the corresponding Ni 2p and N 1s NEXAFS spectra of the complexes, the compared
spectra demonstrate noticeable differences in the fine structure (energy shifts of absorption
bands, changes in their intensities, the appearance of additional bands, etc.), which are
logically associated with a change in the coordination center when moving from salen
to the porphyrin complex. Thus, NEXAFS spectroscopy is one of the most informative
methods for studying polyatomic systems due to its sensitivity to the ordering, binding
energy, atomic orbital composition, and angular symmetry of empty MOs; bond lengths
and angles; nearest neighborhood coordination, etc. [55,59].

Studies of EXAFS spectra with the energy region of EXAFS oscillations from 30 to
∼1500 eV above the absorption edge allows one to determine with sufficiently high ac-
curacy distances and coordination numbers around a specific absorbing atom, thus pro-
viding probing of the local atomic structure of a polyatomic system near the absorbing
atom (Figure 11a) [128]. At present, it can be considered clear that the main features of
the EXAFS structure are caused by the processes of elastic scattering of a photoelectron
wave by the potential relief of the nearest neighborhood of the absorbing atom in a poly-
atomic system [129,130]. This primary wave is scattered by neighboring atoms through
acts of single backscattering of electrons and generates scattered waves that can interfere
(constructively or destructively) with the primary wave (see Figure 12), which leads to the
appearance of EXAFS oscillations [129]. In this case, the amplitude of the scattered electron
wave is equal to the sum of contributions from each of the surrounding atoms [131]. To de-
scribe this process, it is necessary to determine the normalized EXAFS function χ(k), which
contains all the information about the oscillations of the photoionization cross sections of
atoms in the substance. This function can be found through Equation (2):

χ(k) = ∑
j

Nj· f j(k)·e
−2k2·σ2

j

k·R2
j

· sin [2k·Rj + δj(k)] (2)

where k is the wave number of the photoelectron wave, fj(k) is the amplitude of the
backscattered electron wave by atoms of the coordination sphere, δj(k) are phase shifts,
Nj is the number of neighboring atoms to atom j, Rj is the distance to atom j, and σj

2 is the
Debye–Waller factor, characterizing the root mean square amplitude of the deviation of
the distance to atoms of type j from the average value caused by structural and thermal
disorder [130].

In order to separate the contributions of individual coordination spheres from the
overall function χ(k), spectral analysis methods are used by expansion of the function
χ(k) into a Fourier integral (see Figure 13). Finally, a Fourier transform is performed
into R-space, giving information about the interatomic distances between the absorbing
atom and nearby atoms (see Figure 13d). In view of the above, EXAFS spectroscopy is
most often used to obtain primary structural information about new chemical compounds
(chemical bond lengths, coordination numbers, and type of atoms surrounding the studied
one) within the range of 4–5 Å (the first few coordination spheres). In this case, EXAFS
spectroscopy is usually implemented for the 1s and 2p shells of elements with a charge
number Z > 20 [128,130].
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Figure 13. Steps of EXAFS data processing: (a) an experimental X-ray absorption spectrum;
(b) the amplified NEXAFS region; (c) the normalized EXAFS curve (the oscillating part of the X-ray
absorption coefficient); and (d) the Fourier transform (FT) of the normalized EXAFS curve; the maxima
of the Fourier transform correspond to the coordination spheres around the central atom [129].

It is important to note that X-ray absorption (NEXAFS, EXAFS) spectra can be mea-
sured in various modes such as transmission and fluorescence as well as total electron
and Auger electron yield modes. More detailed information about each of these meth-
ods is given in [126,128,132]. At the same time, to measure the ones being studied, most
researchers use synchrotron radiation beamlines at electron storage rings. EXAFS data
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processing is usually carried out using the Athena and Artemis programs, which are part
of IFEFFIT [133]. These programs include AUTOBK for background removal, FEFF6L
for creating theoretical EXAFS models, and FEFFIT for optimizing model parameters.
Figure 13 presents the main stages of processing EXAFS oscillations.

3.2. Atomic and Electronic Structure of [M(Salen)] Complexes and Their Polymers
3.2.1. XPS

Research in recent years has been characterized by individual attempts to use the XPS
method to obtain information on the chemical state of functional atoms in monomers and
their poly-[M(Salen)] polymers, as well as on the atomic structure of these polyatomic
systems [26,39,43–46,48–52,114]. It should be noted that all the cited measurements of
XPS spectra are mainly of a test nature, and most of them were performed on laboratory
installations using X-ray tubes as radiation sources with low energy resolution and insuf-
ficiently good statistics. For monomers, there are only a few works [39,44–46,50–52] in
which the positions of binding energies of the 1s electrons of the ligand atoms (N, C, O)
as well as 2p, 3d, or 4f electrons of the corresponding metal atoms were measured for the
complexes [M(Salen)] (M = Cu, Ni, Co, Pd, Pt) using the XPS method (Table 2). From the
data in Table 2, the trends in the shifts of the O 1s lines (to lower binding energies) and
N 1s lines (to higher binding energies) in going from a molecule (salen without a metal)
to complexes are clearly visible, which indicates a redistribution of the valence electron
density between the metal and ligand atoms. However, all these measurements, with the
exception of those in works [45,46], were carried out mainly on powdered samples that
can be charged as a result of X-ray irradiation, thereby distorting the real binding energies
of core electrons. To eliminate charging, the H2(Salen) and [Ni(Salen)] samples for XPS
measurements were prepared in situ in the form of thin (about 10–50 nm thick) layers
using thermal evaporation of dehydrated powders of the corresponding substances from
a quartz crucible and subsequent deposition onto clean polycrystalline platinum plates
under ultrahigh vacuum conditions (about 10−9 mbar). Herewith, Ni 2p, O 1s, N 1s, C 1s
photoelectron spectra for the systems under study were measured using monochromatic
Al Kα radiation (hν = 1486.6 eV) with an analyzer pass energy of 10 eV and good statistics
(more than 103 counts at each point).

Table 2. Binding energies (Ebin) of the 1s, 2p, 3d, and 4f electrons of the corresponding atoms measured
by XPS for H2(Salen), [Cu(Salen)], [Ni(Salen)], [Pd(Salen)], [Pt(Salen)], and [Co(Salen)] and some
polymers based on them.

Compound Ebin, eV
Calibration Ref.C 1s N 1s O 1s M 2p, 3d, 4f

H2(Salen)
285.0
285.5
286.5

399.0 ± 0.1 532.9 ± 0.1 -

C 1s 285.0 eV [39]

[Cu(Salen)] 285.0
286.6 399.5 ± 0.1 531.3 ± 0.1 Cu 2p3/2 936.4

[Ni(Salen)] 285.0
286.15 399.6 ± 0.1 531.3 ± 0.1 Ni 2p3/2 855.2

[Pd(Salen)]
285.0
285.9
286.6

399.9 ± 0.1 531.4 ± 0.1 Pd 3d5/2 338.5

[Pt(Salen)] 285.0
286.4 400.1 ± 0.1 531.6 ± 0.1 Pt 4f 7/2 73.4

H2(Salen) not specified 398.4 not specified -
C 1s 285.0 eV [52][Co(Salen)] not specified 399.0 not specified Co 2p3/2 780.4

H2(Salen) not specified 398.3 ± 0.1 532.2 ± 0.1 -

Au 4f 7/2 83.4 eV
[51][Cu(Salen)] not specified 389.9 ± 0.1 530.8± 0.1 Cu 2p3/2 934.5 ± 0.1

[Ni(Salen)] not specified 399.4 ± 0.1 531.2± 0.1 Ni 2p3/2 855.0 ± 0.2
[Co(Salen)] not specified 398.9 ± 0.2 530.9 ± 0.2 Co 2p3/2 779.9 ± 0.1 [50]



Appl. Sci. 2024, 14, 1178 18 of 32

Table 2. Cont.

Compound Ebin, eV
Calibration Ref.C 1s N 1s O 1s M 2p, 3d, 4f

H2(Salen) 284.8
286.2 398.65 532.5 -

Pt 4f 7/2 71.1 eV [46]
[Ni(Salen)] 285.75

287.25 400.55 532.1 no information

[Ni(Salen)] 285.5
287.0 400.3 532.0 Ni 2p3/2 856.3 Pt 4f 7/2 71.1 eV [45]

[Ni(Salen)] not specified 398.4 530.2 Ni 2p3/2
854.3 C 1s 284.8 eV [44]

poly-[Ni(Salen)] not specified 399.1 530.2 Ni 2p3/2
854.9 C 1s 284.8 eV [44]

poly-[Ni(CH3O-Salen)] ox not specified 399.8 531.5, 533.3, 534.6 Ni 2p3/2
854.9 C 1s 284.8 eV [48]

poly-[Ni(CH3O-Salen)] red not specified 399.8 531.5, 533.3, 534.6 Ni 2p3/2
854.9

poly-[Cu(Salen)] ox

not specified

399.5 ± 0.1 531.2 ± 0.1

not specified C 1s 285.0 eV [39]

poly-[Cu(Salen)] red 399.4 ± 0.1 531.2 ± 0.1
poly-[Ni(Salen)] ox 399.7 ± 0.1 531.3 ± 0.1
poly-[Ni(Salen)] red 399.6 ± 0.1 531.2 ± 0.1
poly-[Pd(Salen)] ox 399.8 ± 0.1 531.3 ± 0.1
poly-[Pd(Salen)] red 399.8 ± 0.1 531.2 ± 0.1
poly-[Pt(Salen)] ox 400.4 ± 0.1 532.4 ± 0.1
poly-[Pt(Salen)] red 400.3 ± 0.1 531.9 ± 0.1

[Pd(3-CH3Salen)]
285.0
286.4
291.1

400.0 531.6 Pd 3d5/2
338.7

C 1s 285.0 eV [40]poly-[Pd(3-CH3Salen)] ox

284.2
285.6
287.2
289.1

399.2
401.3
403.1

531.7 Pd 3d5/2
337.9

poly-[Pd(3-CH3Salen)] red

284.6
285.9
287.1
289.6

399.6
402.9 531.3 Pd 3d5/2

338.2

The important results obtained in these works include that the carbon atoms in the
complex form two groups of atoms, Cα (C1, C4) and Cβ (C2, C3, C5), with similar chemical
(charge) states, which are associated with carbon atoms in phenyl rings or with nitrogen
and oxygen atoms in phenolic and ethylenediamine fragments, respectively (see Figure 1).
It was found that the observed shifts of C 1s (+1.0 eV), N 1s (+1.9 eV), and O 1s (−0.4 eV)
photoelectron lines in going from H2(Salen) to [Ni(Salen)] are caused by the chemical
bonding of the Ni 3d atom with salen ligand atoms and, as a result, a redistribution of
valence electron density between the metal and ligand atoms (see Figure 14). It is also
noted that the different signs of the chemical shifts indicate that the transfer of electron
density to the O atoms in [Ni(Salen)] occurs not only from the Ni atom but also from the
N and C atoms.

In the case of polymers, the most interesting of the studies mentioned above are the
works [26,39], in which the XPS method, along with testing the purity and stoichiometry
of polymers, was first used to study the distribution of the valence electron density and
changes in the binding energies of inner-shell electrons in a large number of electro- and
photoactive polymers poly-[M(Salen)] with M = Cu(II), Ni(II), Pd(II), Pt(II). Based on
a comparative analysis of the binding energies of the inner 1s electrons of functional
nitrogen and oxygen atoms, it was found that the binding energies of these electrons do not
change significantly in going from monomer to polymer, thus indicating the stability of the
coordination center in the monomer during the process of electrochemical polymerization
(see Table 2). It was also established that the formation of the [M(Salen)] complexes is
accompanied by the appearance of an excess electron density on oxygen ions, which,
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apparently, is then used in the electrically stimulated oxidation of the monomeric complex.
In this regard, it was suggested that the electronic state of oxygen in the salen ligand plays a
key role in the formation of the polymer structure. In other words, during the oxidation of
the monomer at the anode, the oxygen ions of the coordination center perform the function
of an electronic “depot”, being a source of electrons during the electrochemical oxidation
of each structural unit. Among the important results obtained in these works, one should
also include the observation that after XPS measurements, polymer samples retained their
electrically conductive and optical properties, i.e., they were not destroyed or transformed
in a noticeable way during their irradiation with intense beams of ionizing X-rays. All
this additionally indicates the promise of using X-ray spectroscopy methods to study the
properties of electrically conductive polymers.
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To summarize, it is important to say that the XPS method is effective for studying the
change in the binding energy of core electrons of ligand atoms (C, N, O) and complexing
metal atoms in going from monomer fragments to polymers. In other words, its use allows
one to obtain important information about the chemical (charge) state of all atoms of
such a polyatomic system. However, as follows from this literature review, only a few
works contain detailed information about the binding energies for the inner-shell electrons
of atoms.

3.2.2. VB PES

As noted above in this review, studies of occupied electronic states of the valence band
for monomers [M(Salen)] and their polymers using valence photoemission (VB PE) have
so far been limited to a few works [45,46,53]. These works are devoted to studying the
electronic structure of only the H2(Salen) molecule and the [Ni(Salen)] complex. These VB
PE spectra were recorded with high energy resolution using exciting photon energies of
21.2 eV (He(I) resonance source) and 75, 150 eV (synchrotron radiation) from thin layers of
the corresponding substances deposited in situ by thermal evaporation on clean Pt plates
under ultrahigh vacuum conditions (about 10−9 mbar). DFT calculations were additionally
used to interpret the VB PE spectra [45,46]. Important results obtained in these works are
that the photoelectron bands observed in the valence-band spectra in the binding energy
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range of 8–17 eV are mainly associated with σ molecular orbitals, in which contributions
from the C 2s and C 2p AOs predominate. In turn, in the low-energy region of 2–6 eV
there are bands associated with molecular orbitals with dominant contributions from
Ni 3d AOs. In addition, DFT calculations of total and partial DOS for the valence band
of both compounds were found to well describe the shape of their experimental VB PE
spectra. In the case of [Ni(Salen)] compared to H2(Salen), the center of gravity of partial
N 2p and C 2p DOS is shifted toward higher binding energies, while that of O 2p DOS is
shifted in the opposite direction (Figure 15). This finding is explained by an increase in the
effective charges of carbon and nitrogen atoms and a corresponding decrease in the effective
charge of oxygen atoms in the ligand during the formation of the [Ni(Salen)] complex.
An equally interesting result was obtained in the work [53], where VB PE spectra of the
molecular complex [Ni(Salen)] were measured using ultraviolet, soft X-ray, and resonance
photoemission methods using photons with energies from 21.2 to 848 eV. As a result, it was
established that electronic states at a binding energy of 3.8 eV are associated specifically
with the Ni 3d-derived MOs of the complex (see Figure 8). More detailed information is
provided in Section 3.1.2 of the current review.
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Figure 15. Comparison between experimental valence band and DOS spectra that were from DFT
calculations for [Ni(Salen)] complex (a) and H2(Salen) (b). Vertical black bars show the energy
positions of valence molecular orbitals, which have been broadened by Gaussian lines with a full
width at a half maximum of 1 eV. The lowercase letters a′, a, b, c, d, e and f denote the photoemission
signals of individual sub-bands of the valence band [46].

Thus, a combined experimental and theoretical approach to studying the occupied
electronic states of the valence band can be successfully used for other metal–salen com-
plexes. At the same time, it should be emphasized that for poly-[M(Salen)] polymers,
studies of occupied electronic states of the valence band using valence photoemission are
currently completely absent.

3.2.3. NEXAFS and EXAFS

The application of X-ray absorption spectroscopy (NEXAFS and EXAFS) methods for
the characterization of [M(Salen)] monomers and their polymers has so far also been limited
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to just a few works [27,29,30,40,45,46,52–56], in which X-ray absorption spectra of metal
atoms were used to test the purity and stoichiometry of the sample (Ni 1s NEXAFS [27],
Ni 2p NEXAFS [29], Cu 1s NEXAFS [54], Co 1s NEXAFS [52,55]) or characterization of the
atomic coordination of a metal atom in a polymer (Ni 1s EXAFS, Ba 1s EXAFS [27,30], Pd 1s
EXAFS [40]). It should also be emphasized that the measured 1s NEXAFS spectra of Ni, Cu,
Co, and Pd were not analyzed to obtain information about the electronic structure of the
studied [M(Salen)] monomers and their polymers. In turn, the EXAFS spectra were used
primarily to obtain structural information about the first coordination sphere corresponding
to the coordination centers [MO2N2] and approximately the next two coordination spheres
covering most of the monomer molecule. All these data are summarized in Table 3. In
analyzing these data, one can notice that for all complexes, the square–planar geometry of
the coordination center is preserved because the values of the M-N and M-O bond lengths
are quite close. At the same time, the minimum values of the M-O, M-N bond lengths
in the coordination center is observed in the case of the [Ni(Salen)]-type complex with
the complexing nickel atom and the maximum value for the [Pd(Salen)] type with the
palladium atom.

Table 3. Structural information obtained from the analysis of M 1s EXAFS spectra for monomers and
their polymers.

Compound Atomic Pair N a R b, Å Ref.

[Cu(Salen)]

Cu–O2 1 1.86 ± 0.04

[54]
Cu–O1 1 1.90 ± 0.04
Cu–N2 1 1.95 ± 0.002
Cu–N1 1 1.95 ± 0.002
Cu–Cu 1 3.22 ± 0.03

[Co(Salen)]

Co–Os
c 2.0 1.91 ± 0.02

[55]

Co–Ol
d 1.1 2.20 ± 0.02

Co–N 2.1 1.83 ± 0.02
Co–Co 0.5 2.92 ± 0.02

[Co(Salen)] nanoparticles

Co–Os 1.8 1.90 ± 0.02
Co–Ol 1.1 2.20 ± 0.02
Co–N 1.5 1.81 ± 0.02
Co–Co 0.5 2.92 ± 0.02

[Co(Salen)] Co–N 2.0 1.90

[52]
Co–O 2.0 1.86

[Co(Salen)] in montmorillonite clay
Co–N 2.0 1.90
Co–O 2.0 1.86
Co–O 1.6 1.99

[Ni(3-CH3saltMe)] in powder
Ni–N(O) 3.5 1.83 ± 0.02

[27]

Ni–C 4.2 2.82 ± 0.02
Ni–C 2.2 3.20 ± 0.02

[Ni(3-CH3saltMe)] in CH3CN solution
Ni–N(O) 3.2 1.83 ± 0.02

Ni–C 4.7 2.82 ± 0.02
Ni–C 2.2 3.20 ± 0.02

poly-[Ni(3-CH3saltMe)] ox
Ni–N(O) 3.8 1.84 ± 0.02

Ni–C 4.3 2.82 ± 0.02
Ni–C 1.5 3.21 ± 0.02

poly-[Ni(3-CH3saltMe)] red
Ni–N(O) 3.8 1.84 ± 0.02

Ni–C 4.5 2.81 ± 0.02
Ni–C 2.0 3.19 ± 0.02

[Pd(3-CH3Salen)] powder
Pd–O(N) 4 1.97 ± 0.002

[40]

Pd–C 6 3.00 ± 0.006
Pd–C 2 3.24 ± 0.004

poly-[Pd(3-CH3Salen)] ox
Pd–O(N) 4 1.98 ± 0.002

Pd–C 6 3.00 ± 0.008
Pd–C 2 3.28 ± 0.009

poly-[Pd(3-CH3Salen)] red
Pd–O(N) 4 1.97 ± 0.002

Pd–C 6 3.0 ± 0.007
Pd–C 2 3.24 ± 0.005

a—coordination number. b—distance between absorber and backscattered atoms. c—short-distance oxygen atom.
d—long-distance oxygen atom.
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The interesting results were also obtained for the monomeric complexes [Cu(Salen)]
and [Co(Salen)] in the works [54,55], where it was found that in powder crystals, these
complexes are in the form of dimers with d-d stacking having a certain order. No less
interesting results were obtained in the studies [27,40] where EXAFS data are presented
for [Pd(3-CH3Salen)], [Ni(3-CH3saltMe)] monomers, and their polymers in various charge
states (reduced and completely oxidized). The authors found that the formal oxidation
state of metals in the complexes is +2 and does not change during polymerization or surface
immobilization. In addition, it was shown that the geometry of the coordination center
remains practically unchanged as a result of polymerization and the redox cycle of the film,
indicating that both processes are based on a ligand mechanism.

It should be noted that the 1s NEXAFS spectra of functional atoms of nitrogen, oxygen,
and carbon in monomers [M(Salen)] and their polymers are known only for the free salen
ligand of the H2(Salen) molecule and the monomer [Ni(Salen)] complex [45,46,53]. The
most valuable result obtained is the general similarity of the N 1s and C 1s NEXAFS spectra
of the H2(Salen) molecule and the [Ni(Salen)] complex, with the exception of a low-intensity
absorption band B1 (an additional vacant π* molecular orbital), which is observed in the
N 1s spectrum of the complex 1.5 eV above the main absorption resonance B (lowest
unoccupied π* molecular orbital) (Figure 16a). A detailed comparison of the C 1s NEXAFS
spectra of H2(Salen) and [Ni(Salen)] made it possible to identify the absorption bands
caused by the C 1s electron transitions for the ethylenediamine fragment (the ethylene
molecule C2H4 and the imine functional group –N=C–) designated in Figure 16b by capital
dashed letters as well as those for the phenolic C6H5OH fragment designated in Figure 16b
by capital letters with asterisks. In addition, from a combined analysis of the N 1s and
C 1s spectra, it follows that the ethylenediamine bridge does not change upon passing from
free salen to the [Ni(Salen)] complex. However, the O 1s NEXAFS spectrum (Figure 16c),
in contrast to the N 1s and C 1s spectra, has undergone significant changes in [Ni(Salen)]
compared to H2(Salen). Narrow low-energy absorption resonances in the [Ni(Salen)]
spectrum are associated with transitions of O 1s electrons to two vacant antibonding
π*-MOs, reflecting the presence of a π-bond with the Ni atom (π-back-donation) and
π-conjugation between oxygen atoms and phenolic rings, respectively.

Thus, the NEXAFS and EXAFS spectroscopies are highly informative experimental
techniques that provide valuable knowledge about the electronic structure of molecular
complexes [M(Salen)] and their polymers, as well as about the structure of the local environ-
ment of the atoms under study in these systems. However, from the works cited above, it
follows that NEXAFS and EXAFS data are available only for a small number of monomers,
([Co(Salen)], [Cu(Salen)], [Ni(3-CH3saltMe)], and [Pd(3-CH3Salen)]), and some polymers,
(poly-[Ni(3-CH3saltMe)] and poly-[Pd(3-CH3Salen)]). Moreover, NEXAFS data for the
ligand atoms (nitrogen, oxygen, and carbon) are known only for the H2(Salen) molecule
and the monomer [Ni(Salen)] complex.

3.3. Atomic and Electronic Structure of Composites Based on [M(Salen)] and
Carbon Nanomaterials

A detailed examination of the relevant literature [3,8–10,37,42,100–112,114,134–139]
showed that TEM, XRD, EDS, Raman, and IR spectroscopy, alongside thermogravimetric
analysis and electrochemical methods, are the most commonly used techniques to character-
ize the structure of composites based on [M(Salen)] and poly-[M(Salen)] with various carbon
materials, such as carbon nanotubes, single-walled carbon nanohorns (SWNHs), graphene,
graphene oxide (GO), reduced GO (rGO), nitrogen-doped graphene, few-layer graphene
(FLG), etc. At the same time, XPS is not widely used for the above-mentioned composites
despite the fact that it is the most powerful method for identifying the chemical state of
functional atoms in nanostructured composite materials. The currently available XPS data
for [M(Salen)]/CNT, [M(Salen)]/GO, poly-[M(Salen)]/CNT, and poly-[M(Salen)]/FLG,
etc., are presented in Table 4.
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absorption bands due to the transitions of C 1s electrons of ethylenediamine and phenolic groups to
unoccupied electronic states, respectively [46].

In works [103,104,134,135,137,138], XPS data were published on monomeric complexes
[M((OH)2-salen)] and [M(Salen)] with various complexing metals, Mn, Co, Cu, and Ni,
as well as with vanadium oxide (VO), which were deposited on the surface of MWCNTs
functionalized by chlorination [103,134,135,137,138] or by adding NH2 amino groups [104].
In other studies, the XPS measurements on composites based on poly-[Co-Tos-(Salen)]
(Tos–p-toluenesulfonic anion, CH3C6H3SO2) [105] and [Ni(salphen)] polymers deposited
on a CNT surface [8] as well as poly-[Ni(3-CH3-salen)] electrochemically deposited on
N-doped FLG (N-FLG) [37] are presented. XPS studies of GO-based composites with
deposited [M(Salen)] complexes with the metals Co, Cu, Fe, and Ni and also with a VO
are described by Z. Li et al. [108,110], W.-C. Wei et al. [109], and Q. Zhao et al. [111]. The
composites investigated in these works were synthesized using preliminary functional-
ization of GO surface with amino NH2 (NH2-GO) [108–110] and with 3-(Aminopropyl)
trimethoxysilane (APTMS) [111]. For clarity and subsequent comparison of changes, all XPS
data measured in [8,37,101,103–105,108–111,134,135,137,138] are summarized in Table 5.
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Table 4. XPS data overview of composites based on [M(Salen)] complex with different carbon
nanostructures.

Sample Measured
Photoelectron Region

Photon Source,
Spectrometer Spectra Calibration Functionalization Method of

Carbon Surface Ref.

[Mn((OH)2-salen)]/MWCNTs Survey, O 1s, Mn 2p

Mg Kα
PHI-5702

not specified chlorination

[134]
[Co((OH)2-salen)]/MWCNTs Survey, O 1s, Co 2p [135]
[Ni((OH)2-salen)]/MWCNTs Survey, O 1s, Ni 2p [103]
[Cu((OH)2-salen)]/MWCNTs Survey, O 1s, Cu 2p [137]
[VO((OH)2-salen)]/MWCNTs Survey, O 1s, V 2p [138]

[Co(Salen)]/MWCNTs Survey, N 1s, Co 2p Al Kα
ESCALAB 250Xi C 1s-284.6

functionalization with amino
(NH2-CNT)) [104][Cu(Salen)]/MWCNTs Survey, Cu 2p

poly-[Ni(salphen)]/MWCNTs Survey, Ni 2p not specified not specified
homogeneous suspension of

MWCNTs and
N-methyl-2-pyrrolidone

[8]

poly-[Co-Tos-(Salen)]/CNTs Survey, Co 2p not specified not specified ethylene diamine treatment [105]

[Co(Salen)]/SWNHs Survey, N 1s, Co 2p Al Kα
ESCALAB MKII not specified sonicating and stirring a toluene

solution of Co-Salen and SWNHs [101]

[Co(Salen)]/GO Survey Al Kα
ESCALAB 250

not specified

functionalization with amino NH2
(NH2–GO)

[110][Cu(Salen)]/GO Survey
[VO(Salen)]/GO C 1s, V 2p Al Kα

Kratos AXIS Ultra HSA
[108][Fe(Salen)]/GO C 1s, Fe 2p

[Ni(Salen)]/GO C 1s, N 1s

not specified

[109]

[Cu(Salen)]/GO Survey, N 1s, Cu 2p

functionalization with
3-(Aminopropyl)
trimethoxysilane

(APTMS)

[111]

poly-[Ni(3-CH3-Salen)]/N-FLG C 1s, O 1s, N 1s, Ni 2p,
Cl 2p

Al Kα
CEMUP not specified

nitrogen doping using CVD
method with additional

ammonia precursor
[37]

Table 5. Energy position Ebin of peaks in C 1s, N 1s, O 1s, and M 2p3/2 (Mn, Co, Ni, Cu, V, and Fe) PE
spectra of composites.

Sample

Peaks Position, eV

Ref.

C 1s N 1s O 1s M 2p

H1

Peak
L2

Peak
H1

Peak
L2

Peak –CO–
–C–O–C–

or
–C–O–N–

–C–O–M– 2p3/2 dE3

[Mn((OH)2-salen)]/MWCNTs – – – – 532.7 531.2 529.9 640.0 11.4 [134]

[Co((OH)2-salen)]/MWCNTs – – – – 532.3 531.2 529.7 780.4 14.7 [135]

[Ni((OH)2-salen)]/MWCNTs – – – – 532.8 531.4 529.9 854.1 21.2 [103]

[Cu((OH)2-salen)]/MWCNTs – – – – 532.5 531.4 529.9 934.2 20 [137]

[VO((OH)2-salen)]/MWCNTs – – – – 532.6 531.5 530.0 515 – [138]

[Co(Salen)]/MWCNTs – – 402 399.5 – – – ~781.5 14.7 [104]

[Cu(Salen)]/MWCNTs – – – – – – – ~934.4 19.9 [104]

Poly-[Ni(salphen)]/MWCNTs – – – – – – – ~855 ~18 [8]

Poly-[Co-Tos-(Salen)]/CNTs, – – – – – – – ~780.7 ~15.2 [105]

[Co(Salen)]/SWNHs – – ~400 – – – – ~780.9 ~15 [101]

[VO(Salen)]/GO 284.7 286.7 – – – – – 517.1 ~7
[108][Fe(Salen)]/GO 284.8 286.6 – – – – – 711.8 13.5

[Ni(Salen)]/GO 284.6 286.6 401.8 399.5 – – – – – [109]

[Ni(Salen)]/rGO 284.6 286.5 401.8 399.5 – – – – – [109]

[Cu(Salen)]/GO – – ~401 ~399.2 – – – ~954 ~19.9 [111]

Poly-[Ni(3-CH3-Salen)]/N-FLG 284.6 285.9
286.9

401.3
400.4 399.4 533.1 531.5 872.5 17.2 [37]

H1—higher-intensity peak. L2—lower-intensity peak. dE3 = E2p1/2 − E2p3/2—energy distance between 2p1/2 and
2p3/2 photoemission lines.

In the above-mentioned works, the authors used different approximating functions
and approaches to fit the C 1s and N 1s PE spectra, which resulted in a different number
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of components and a spread in the value of their energy positions as well as FWHM (full
width at half maximum). However, in almost all C 1s and N 1s spectra, regardless of the
fitting method, two main peaks can be identified. The first peak (H) has a higher intensity,
while the second one (L) has a lower intensity or in some cases appears as a shoulder
on the high binding energy side. In the C 1s spectra, an intense peak is associated with
the C atoms of the benzene ring of salen and carbon material, and the subsequent higher
energy (less intense peak) is attributed to carbon atoms in the –C–O–H and –C–N–H bonds
of the phenolic and ethylenediamine moieties as well as surface C–O or C–N groups of
carbon material, respectively (Figure 17a). In addition, additional low-intensity peaks in
the region of high binding energies are possible, associated with C=O groups on the surface
of the carbon nanomaterial.
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As for the N 1s spectra, the first peak of high intensity is attributed to atoms in
the metal–salen complexes, and the second peak of low intensity is associated with the
contribution from the N dopant or amino NH2 groups fixed on the surface of the car-
bon nanomaterial after its functionalization (Figure 17b). Comparing the data in Table 5,
we can conclude that differences in the energy positions of the main peaks in the C 1s
and N 1s PE spectra may be a consequence of various factors, including energy cali-
bration of the binding energy scale, redistribution of electron density between metal
(V, Fe, or Ni) and salen ligand atoms, and the influence of added N-containing groups
when treating the surface of nanocarbon. In turn, O 1s PE spectra are usually fitted with
two [37] or three [103,134,135,137,138] components of comparable intensities and asso-
ciated with O 1s binding energies in oxygen-containing groups –CO– (532.0–532.7 eV),
–C–O–C– (531.2–531.5 eV), and –C–O–M– (529.7–530.0 eV).

Let us now move on to consider the most frequently encountered M 2p PE spectra
of composites with [M(Salen)] complexes in the literature. Unfortunately, the method of
energy calibration of M 2p PE spectra in the studies presented in Table 5 is often not specified.
Therefore, it is not possible to carry out a comparative analysis of the energy position of the
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most intense 2p3/2 PE line to estimate the degree of oxidation of the complexing metal in
various [M(Salen)] complexes. At the same time, it is known that a change in the energy
distance between the 2p3/2 and 2p1/2 lines (dE) in the M 2p PE spectra allows one to estimate
the degree of oxidation of metals [139]. In view of the above, in order to carry out a more
accurate spectral analysis, we assessed not only the energy position of the 2p3/2 line but
also the dE values, which are given in Table 5. So, for [M(Salen)] with Co, Cu, and Ni
complexing metals, the value of the dE parameter is in the ranges of 14.7–15.2, 19.9–20,
and 17.2–21.2 eV, respectively. It is important to note that the change in dE for the same
complexing metal in composites ([M(Salen)]/MWCNTs) can be explained by a change
in the oxidation state of the metal due to the additional addition of functional groups to
the salen ligand (Salfen, (OH)2-salen, Toc-(Salen), (3-CH3-Salen)). It is noteworthy that
composites with [Cu(Salen)] supported on carbon materials showed the same value of
dE = 19.9 eV for different carbon substrates (MWCNTs and GO), indicating that the carbon
substrate has little effect on the charge state of the complexing metal in [Cu(Salen)].

It should be noted that XPS studies of [M(Salen)]/(carbon nanomaterials) composites
are not systematic, which leads to an incomplete understanding of changes in the chemical
(charge) state of the metal atom and the salen ligand atoms in [M(Salen)] monomers and
poly-[M(Salen)] during their deposition on the surface of carbon materials. In addition, the
lack of a comprehensive approach, including the study of XPS spectra of all elements in
the composite, does not allow us to assess the features of the interaction of nanostructured
carbon materials with [M(Salen)] complexes and their derivatives. It is important to note
that studies of unoccupied electron states using X-ray absorption spectroscopy, as well as
those of the occupied valence electron states using valence photoemission, are still missing
for these composites. As a consequence, the lack of these data significantly complicates
the development of new highly efficient nanocomposites for various purposes based on
monomeric salen complexes or their polymer derivatives and carbon nanostructures.

4. Conclusions

This review summarizes information on the study of [M(Salen)] complexes as well
as electrically conductive redox polymers and composites based on them with carbon
nanostructures using highly informative X-ray spectroscopy methods, such as XPS, VB
PES, NEXAFS, and EXAFS. It is shown that research in recent years is characterized by
individual attempts to use these methods to obtain information about the chemical state
of functional atoms in [M(Salen)] monomers and their polymers, as well as about the
atomic structure of these polyatomic systems. However, the largest number of results were
obtained using the XPS method, while VB PES, NEXAFS, and EXAFS were rarely used. At
the same time, existing studies using the above techniques demonstrate the possibility of
obtaining information about the local atomic and electronic structure of complexes and
polymers, which is necessary for a deep understanding and detailed description of the
properties of these polyatomic systems.

In the case of composites based on [M(Salen)] complexes and their polymers with
carbon nanostructures (carbon nanotubes and graphene), only a limited amount of XPS
data are available for some functional atoms. It is significant that these data are usually
obtained with low energy resolution and insufficient statistics, and they are not systematic.
In addition, there are also problems with relating the positions of photoelectron lines in
the XPS spectra to the binding energy scale caused by different methods of energy cali-
bration of the same spectra in different experiments. It is important to note that VB PES,
NEXAFS, and EXAFS studies of these systems are currently completely missing. To sum-
marize, it is important to say that the lack of comprehensive XPS, VB PES, NEXAFS, and
EXAFS studies limits the understanding of the details of the polymerization processes of
monomer molecules [M(Salen)] as well as the mechanisms of interaction of monomers
and their polymers with carbon nanomaterials when developing new nanocomposites for
various purposes.
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