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Abstract

Schiff bases allow the creation of compounds with a wide variety of architectures
and properties and have been of interest to researchers for many years. This mini-
review describes some of the possibilities of the EPR method, which we use to
study Fe(III) complexes with polydentate Schiff bases, many of which have been
synthesized for the first time. Obtaining information at the local level using EPR
spectroscopy allows us to grasp the molecular structure—property relationship and to
adjust the synthesis strategy to create multifunctional substances with predetermined

properties.
Abbreviations
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Dianione N,N’-ethylenebis(salicylaldimine), N20O2 donor atoms
Dianione N,N’-ethylenebis(acetylacetonylideneimine), N202
donor atoms

Dianione N,N’-ethylenebis(benzoylacetonylideneimine), N20O2
donor atoms

Dianione N,N’-bis[(2-hydroxy-phenyl)methylene]-4-azaheptane-
1,7-diaine, N302 donor atoms
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N-methylimidazole, N donor atom in mononuclear complexes, N2
in polynuclear complexes
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1,2-Di(4-pyridyl)ethylene, N2 donor atoms

4-Styrylpyridine, N donor atom

Anione N-(8-quinolyl)-salicylaldimine, N20O donor atoms

> A.N. Turanov

sasha_turanov @rambler.ru

1

Zavoisky Physical-Technical Institute, FRC Kazan Scientific Center of RAS, Kazan, Russia

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-024-01685-5&domain=pdf

988 E. N. Frolova et al.

3-CH;0-qgsal Anione N-(8-quinolyl)-3-methoxysalicylaldimine, N20 donor
atoms

Saleen Anione salicylidene-N’-ethyl-N-ethylenediamine, N20 donor
atoms

4-CH;O-saleen  Anione 4-methoxysalicylidene-N’-ethyl-N-ethylenediamine, N20
donor atoms

1 Introduction

Coordination compounds of transition group metals with polydentate organic
ligands are promising for the creation of new materials. The most used ligands are
Schiff bases [1]. This is explained by the relative simplicity of synthesis, the wide
possibility of varying the substituents, as well as the possibility of constructing
mono- and polynuclear coordination compounds with different geometry of the
coordination unit, possessing a wide range of physicochemical properties.

One of the most interesting phenomena of coordination chemistry is molecular
bistability and spin crossover (SCO). It is observed in transition metal complexes
with the d*~d’ electronic configuration in the presence of the corresponding ligand
field. Under weak external influences (change of temperature, pressure, light
irradiation, etc.), metal ions in the molecule change their spin state [2, 3], which is
associated with a change in the structure of the coordination compound and leads to
the appearance of new magnetic and optical properties of the whole substance.

For this reason, the study of SCO materials is promising for the development of
technical devices such as displays and memory devices, molecular magnetic devices,
sensors, and as components of multifunctional materials [4-6].

Iron(III) compounds have an advantage over the more studied iron(II) systems in
that they are generally stable in air and can, therefore, be expected to be more sought
after in practical devices.

Various physical methods are used to detect and investigate spin-variable
properties: magnetometry, optical and vibrational spectroscopy, Maossbauer
spectroscopy, crystal structure, and heat capacity determination.

The SCO phenomenon is accompanied by a change in the magnetic susceptibility
of a substance both in the solid state and in solutions. Measurement of the magnetic
susceptibility of a complex as a function of temperature x (T) and determination of
its magnetic moment is the most popular method for studying the spin state of a
substance.

The vast majority of studies on the magnetic properties of Fe(Ill) complexes
have been performed for solids [3, 7]. Much less attention is paid to solutions,
although the magnetic properties of complexes in solutions can vary widely [8—10].
The magnetic susceptibility in solutions is measured by magnetometry methods,
including nuclear magnetic resonance (NMR) spectroscopy using special ampoules
with special shapes: Evans method, spherocylindrical ampoule method, rectangular
ampoule method, etc. [11-14].

Magnetometry is an “integral” method, i.e., the measurement result is averaged
over the whole sample, including contributions from different ions; it depends
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both on the number and ratio of these ions and on the states in which the ions are
located. In complex systems containing only iron ions, transitions between states
with different valence and spin are possible, for example, transitions between
divalent ions (§=0<S5=2) and trivalent ions (S=1/2<S5=5/2) [15]. Moreover,
the “integrality” of the method also consists in the fact that the measurement
summarizes the contributions from all electronic levels, the occupancy of which
depends not only on temperature, but also on many other external factors. Thus, the
interpretation and analysis of the obtained results become more complicated and
may lead to ambiguity.

Spin variable compounds are often, but not always, characterized by the
phenomenon of thermochromism: color change with temperature. This is easily
controlled by UV-Vis spectroscopy. The example of Fe(Ill) complexes shows that
the high-spin (HS) state is characterized by absorption in the region 510-550 nm,
while the absorption of the low-spin (LS) state is shifted to the long wavelength
region and can be in the range from 640 to more than 800 nm [13, 14, 16-21].

One of the methods for studying SCO systems is Mossbauer spectroscopy [22,
23]. 3"Fe nuclei of different valence and with different spins absorb gamma quanta
of different energies, and the ability to resolve the fine structure of energy levels
provides rich information not only about the iron atoms themselves, but also about
their nearest chemical environment. However, due to the low specific content of
iron atoms in organometallic complexes, the synthesis of samples enriched in >’Fe
isotopes is required for studies in a wide range of temperatures, which is a significant
limitation in the application of this method.

Structural studies of a large number of spin-variable Fe(III) compounds by X-ray
diffraction analysis have shown that the metal-ligand bond length is longer in the
HS state than in the LS state [24-26]. The single-crystal X-ray diffraction study also
provides answers about intermolecular interaction, possible hydrogen bonds and n—r
interactions. The disadvantage of the method is that it is not always possible to grow
a single-crystal suitable for studies.

Electron paramagnetic resonance (EPR) spectroscopy is a unique highly sensitive
method for studying the local magnetic and structural properties of the Fe(IIl) ion
and its environment [27]. It is free from the limitations listed above. Therefore,
the combination of EPR spectroscopy with other methods of investigation
allows a deeper understanding and evaluation of changes in intramolecular and
intermolecular interactions occurring during the spin transition.

We have been applying EPR to the study of Fe(III) SCO compounds for a number
of years. The diagram demonstrates the very high publication rate of studies using
the EPR method (Diagram la) clearly, as well as systems with SCO properties (Dia-
gram 1b), but there are very few publications that describe the application of EPR to
study the properties of SCO systems (Diagram 1c¢).

There are disastrously few review papers on EPR compared to NMR [28, 29].
There are no reviews on the application of EPR spectroscopy in the study of
the SCO of Fe(Ill) compounds in the literature; accordingly, one of the goals of
this work is to stimulate research in this area by other scientific groups. In the
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Diagram 1 Dependence of the number of scientific publications per year vs. the year of publication
according to SciFinder: a query “EPR”; b query “SCO”; ¢ query “EPR+SCO”. The total number of
publications is indicated in brackets

presented mini-review, we will touch upon some of the capabilities of the method,
which we have used in analyzing the structure and magnetic properties of Fe(III)
compounds with tri-, tetra- and pentadent Schiff bases. CW EPR spectra in the X-
and Q-bands were analyzed to determine the parameters, and the capabilities of
the EasySpin software package [30] were used to simulate the spectra.
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1.1 Fe(lll) lons in a High-Spin (HS) State (°A, S=5/2)

In the EPR spectra of the studied complexes, a number of lines corresponding to
Fe(III) ions in the high-spin state (electronic configuration d°, S=5/2) were found,
which are described by the spin Hamiltonian:

ﬁ=gﬂHS+D[§§—(%)S(S+1)]+E(§§—§2Y) (1)

Here, D and E are the tetragonal and rhombic zero-field splitting parameters. If
the electron Zeeman energy is larger than the zero-field terms (hv> > D, E=0), then
(2S+1) resonances from all levels of the fine structure are observed at the value
of free spin g. If (D> >hv) the three Kramers® doublets are well separated and the
EPR signal within each of them can be described by the effective spin S.;=1/2 and
the values of the effective g factor g according the methodology of Refs. [31, 32].
If the system is tetragonal (E=0) and only transitions within the ground state are
allowed, doublet resulting in resonances at g;=2.0 and g, =6.0. In the case of the
limiting rhombic symmetry (E/D=1/3), an isotropic line with g.;=4.3 is recorded
in the EPR spectrum, due to the medium of the three Kramers doublets, and a weak
signal with g ¢~ 9.6, due to the lower doublet. In other cases, the EPR spectrum has
a more complex shape, since the arrangement of fine structure lines depends on both
the magnitude and the relationship between the values of Av and the parameters D
and E.

An example of commonly observed spectra is shown in Fig. 1a [33], the effec-
tive parameters of the main signal A g.; =~ 4.2 correspond to the Fe(IlI) centers with
the fine structure parameter (D> hv) and orthorhombic distortions E/D =~ 1/3 [33].
The lines of transition between the sublevels of the lowest doublet are much less
intense because of their large anisotropic width. They appear as a “shoulder” of the
main signal at weak fields with g4 = 9. The fine structure parameters determined
for some complexes in the HS state are given in Table 1 (Schemes 1, 2, 3).

It was found that the shape of the EPR spectrum of the compound [Fe(salen)
(sp),]BPh,;-MeOH (Scheme 4a) demonstrates an appreciable temperature depend-
ence, which indicates a change in the symmetry of the crystal field on the central
ion ([14], see Fig. 1b). According to the spectra simulation results, there are two
main HS conformations, which are characterized by different values of the rhombic
distortion of the complex symmetry: E/D ~0.065-0.095 (I) and E/D ~0.19-0.22 (I).
At low temperatures, the conformation II dominates (about 80% of the complexes
at 4 K). With increasing temperature, the percentage of conformation I increases
so that at temperatures above 160 K, it becomes predominant. At high temperature,
the lines broaden and a signal with intermediate g.; values appears, which can be
explained by an increase in the transition rate between the two conformations. In the
Q-band EPR spectrum, the resolution of signals by g factor was found, which allows
us to estimate the value of D ~ 0.33 cm™".

The integral intensity of the lines of the EPR spectrum is proportional to the
static magnetic susceptibility x, so its temperature behavior is one of the sources
of information about the spin and magnetic state of the system. When studying
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Fig. 1 Temperature plots of

the EPR spectra of complex
[Fe(salten)him]BPh, (a) [33]
and [Fe(salen)(sp),]BPh,-MeOH
(b) [14]

Table 1 The fine structure
parameters for some complexes
in the HS state
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Complex D,cm™' E/D Ref  Scheme
[Fe(salen)(CH;him),]BPh, 035 ~0.16 [34] 1
[Fe(salen)(CH3him),|BF, 0.35 ~0.16 [34]
[Fe(salen)(CH;3him),]CIO, 0.35 ~0.16 [34]
[Fe(salen)(tvp)] BPh,-2CH;OH 0.32 027 [21]1 2
[Fe(4-CH;0-saleen), |PF >0.3 022 [35] 3
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Scheme 1 Schematic represen-
tation of the molecule structure
of [Fe(salen)(CH;him),]*
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Scheme 2 Schematic representation of the molecule structure of [Fe(salen)(tvp)] *

Scheme 3 Schematic represen-
tation of the molecule structure
of [Fe(4-CH;O-saleen),|PF
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Scheme 4 Schematic representation of the molecule structure of [FeL(sp),]*. a) L=salen, b) L=acen,

¢) L=bzacen

exchange interactions between Fe(IIl) ions in complex compounds, the combi-
nation of EPR spectroscopy and magnetic susceptibility measurements is quite

fruitful.

It has been shown by EPR and magnetometry that the complexes of the stud-
ied precursor [Fe(salten)CI] (Scheme 5) in polycrystalline samples have a high-
spin state S=5/2. It was found that along with individual metal centers with large
fine structure parameters D and different degrees of orthorhombic distortions,
exchange-bonded clusters with an anomalous temperature dependence of the

Scheme 5 Schematic represen-
tation of the molecule structure
of [Fe(salten)Cl] in a crystal
according to crystallography
data [36]
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Scheme 6 Schematic representation of the molecule structure of [Fe(salen)(2-CH;-him)],

integral line intensity appear in the samples obtained under different conditions,
and there is no EPR signal from the bulk of the introduced Fe(III) ions [36].

Valuable data were obtained by analyzing the integrated intensity of EPR signals
of HS complexes in [34]. A distinct behavior of the integrated intensity below 10 K
was found for samples with different types of outer-sphere ions (BPh,, BF,, and ClO,).
Magnetization measurements confirmed the HS state of Fe(III) ions in the samples and
established that the contribution of , to the Curie law, independent of temperature, is
negative or positive depending on the nature of the outer-sphere ion.

A significant deviation of the temperature dependence of the integral intensity from
the Curie—Weiss law was found for one of the signals in the EPR spectrum [Fe(salen)
(2-CH;-him)],, (Scheme 6, Fig. 2 [37]). It has a broad peak at 7,,,,, =100 K and can be
interpreted as a result of exchange in a chain of bound centers. The dependence was
modeled in the framework of an infinite linear chain model with isotropic exchange
interaction (H = 2J le S;S;) between Fe(Ill) ions based on the expressions proposed
in Refs. [38, 39]:

_NSS+ D87 b5 1+ u()
X= 3k, T 1= u(x)

@)

u(x) = coth(x) — 1/x 3)
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Here, kg is the Boltzmann constant, pg is the Bohr magneton, g=2.000, S=5/2,
J>0 corresponds to antiferromagnetic exchange interactions.

The position of the temperature dependence peak corresponds to the exchange
interaction 2J,=17 em™! [37]. Comparison of the results obtained by EPR with the
magnetic susceptibility data made it possible to separate the contributions from the
antiferromagnetic interaction inside different chains (2/,=17 cm™ and 2J,=1.6 cm™)
and the ferromagnetic contribution (x,=-0.053 cm®/mol) resulting from the zigzag
packaging of complexes within the chain.

1.2 Fe(lll) lons in a Low-Spin (LS) State (ZT2 5=1/2)

Figure 3 [34] exhibits the EPR signal typical for low-spin Fe(IlI) complexes. It should
be note that parameters of the spin Hamiltonian were constant over the 5-340 K.
Increase in temperature cause the broadening of the individual lines, reflected in the
worsening of the spectral lines resolution up to practically isotropic spectral shape at
T>300 K (Fig. 3). Such spectral changes point the increasing of relaxation contribu-
tion in the line width with the temperature increase.

The g factors of the observed signals of the LS Fe(IIl) complexes one can analyze
within the single-electron approximation for the lower orbital triplet according to the
approach described in Refs. [40, 41].

The relationships obtained with the use of the waye functions of the lower triplet
with allowance made for the spin—orbit interaction & [ §, as well as for the tetragonal
(A) and orthorhombic (V) components of the ligand field are

g, = —2[A* - B2+ C* + k(A* - C?)]
g, = Z[AC — B2+ kB\2(C —A)] ) (5)
g =2 [AC + B + kB\/2(C +A)]
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Fig.3 Temperature depend-
ences of the EPR spectra of
complex [Fe(acen)(him),]BPh,
[34]
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Here, k is the orbital reduction parameter or covalency parameter and A, B, and C
are the coefficients of the wave functions of the ground Kramers doublet:

vy, = A|+1%) +Blg7) + C|-17), (6)

vy, =A|-17) +B[E") + C|+17), @)

&) = \@ [1+2) = 1-2)]. ®)

TR

where [+1>, I-1>, [E> are atomic orbitals, upper indices “+” and are
designations of spin states, and the normalization condition is
A2+B*+Cr=1. ©)

The coefficients A, B, C, and k were calculated taking into account the tetragonal
(A) and orthorhombic (V) components of the crystal field and the spin—orbit
interaction. The values of E;, A, and V were determined by substituting the obtained
values into energy matrix and solving the corresponding system of linear equations
(the value of &, was taken equal to — 460 cm™!). Since the experimental results do
not contain information on signs of the g,, g,, and g, factors and their assignment
to the x, y, and z molecular axes, the system of Egs. (5) was solved for all possible
48 combinations, followed by the choice of a physically reasonable solution with
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inclusion of recommendations [40—42]. The main criteria for the choice presents in
Ref. [35]. The set of the g factors satisfying the system of Egs. (5) with the least
root-mean-square deviation from the experimentally determined g factors was
determined by varying the parameters A, B, and C. For these theoretical g factors,
which differ from the experimental g factors to a minimum extent, we derived the
parameters of the ground-state wave function and the splittings in the crystal field.
The wave functions of the ground doublet presented in the bases set of real wave
functions, have the form:

y =ald)) +bld_) +c|d}) (10)
W2=ad;z>—bd;ry)—cd;z), an
(D) + -1 —(+1) — -1 —i(42) — |2
dyz> = M, dxz> = M’ dxy) = M
V2 V2 NG

(12)
The coefficients a, b, and ¢ and the obtained parameters A, B, and C are related
by the expressions:

a=—iA+C)/V2,b=iBc=(AC—A+C)/V2. (13)

Thus, the EPR spectra parameters of the compounds in the LS states allowed us
to estimate the wave functions of the ground state, the energy spacing between the
orbital triplet levels, and the value of the tetragonal (axial) and the orthorhombic
distortion of the complexes. The parameter values obtained on the basis of this
analysis fit well with data from other methods (X-ray spectroscopy and DFT see, for
example, Refs. [14, 21, 43]).

1.3 Bistable systems and spin transition

In octahedral complexes, Fe(IIl) ions can exist either in a high-spin state (°A 185=5/2)
or in a low-spin state ( 2T2 S'=1/2) depending on the ratio between the splitting of the
energy levels of the d electron in the cubic crystal field and the spin pairing energy.
If the distance between the terms is of the order of the thermal energy (k;7T), then
the SCO can be induced by the temperature.

In EPR spectra, the spin transition manifests itself in the characteristic dynam-
ics of the signal shape (for example, Fig. 4a). In the general case, it consists of an
increase in the relative intensity of the signal from high-spin complexes compared
to the intensity of the signal from low-spin centers with increasing temperature. In
some cases, in the presence of significant exchange interactions in the system and
short spin—lattice relaxation times of S=1/2 ions, the signal of the LS fraction may
not appear and changes in the spectra are not so obvious (Fig. 4b, [44]). Valuable
information about the parameters of the spin transition is provided by analysis of the
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Fig. 4 Temperature dependences of the EPR spectra of complex [Fe(acen)(sp),]BPh, [14] (a) and
[Fe(acen)(pic),]BPh, nH,O [44] (b)

temperature variation of the integral intensities of both the overall EPR signal and
the individual signals of the HS and LS fractions (Fig. 5).

The temperature at which the number of high-spin and low-spin centers in a
system is equal is defined as the spin transition temperature (7',,). The temperature
dependence of the high-spin fraction yyg(7) is usually called the spin transition
curve. Sometimes, to characterize the SCO, temperature dependences of the number
of LS centers y;(T) or the yyg to ;g ratio are used. Spin transition curves have
different shapes and are quite informative. Studies show that compounds with Schiff
bases have SCO of different steepnesses and can demonstrate temperature hysteresis
of magnetic and/or optical properties.

An interesting special case is the fact of the coexistence of HS and LS fractions
in a wide temperature range without a registered SCO. Such bistable systems were
discovered for [Fe(3-CH;0-gsal),]Y (Y =PF, BF,, NCS, NO;, BPh,) (Scheme 7 a.)
[45, 46]. The combined use of EPR and magnetic susceptibility methods allowed to
establish the simultaneous existence of spatially separated high-spin and low-spin
fractions in the studied compounds in the absence of spin transitions in each fraction.
It was evidenced by the simultaneous presence of signals from HS and LS Fe(III)
ions in EPR spectra and constant value of the product of magnetic susceptibility
and temperature ( Kol — ;(0) - T upon temperature variations, and the magnitude of
this parameter, which is intermediate between those typical for HS and LS states of
Fe(III) ions. LS fraction of all compounds reveals the antiferromagnetic correlations
at low temperatures. HS fraction of complexes with Y =PF, demonstrate the weak
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Fig.5 Temperature depend- (a)
ences of the normalized integral 1.0+
intensity of the EPR signal (a)
of HS fraction of [Fe(bzacen) 084
(tvp)]BPh,-2CH;0H-CHCl,4 = '
[47] and (b) of [Fe(acen)(pic),] =
BPh, nH20 [44]. Squares 2 0.6
represent the experiment data, o
the line represents calcula- %) 0.4
tion results by Eq. (15), the e
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ferromagnetic properties due to exchange interaction between complexes in whole
temperature range. A considerable effect of outer-sphere anion on the spin state, the
electronic properties of low-spin Fe(IIl) complexes was demonstrated.

The critical influence of a substituent in a Schiff base molecule gsal on the
spin-variable properties of Fe(IIl) complexes in [Fe(gsal),]Y, Y=CI, NCS,
CF;SO; (Scheme 7 b), was shown on the basis of EPR data and quantum chemical
calculations as well [43]. Compound with Y =Cl is HS in the solid polycrystalline
phase and goes into the LS state in diluted vitrified solution. Compound with
Y =SCN exhibits SCO properties with magnetic hysteresis. Complex with
Y =CF;S0; remains in the LS state in the temperature range of 5-300 K. On
the basis of the density functional calculations, the geometrical parameters of
compounds in high- and low-spin states were optimized and the difference in their
internal energies was calculated. Analysis of g factors of the observed LS Fe(III)
complexes [43] (Table 2) was carried out using the single-electron approximation
in the framework of the lower orbital triplet by the method described above.

The values of the spin—orbit coupling suppression parameter (k) significantly
differ from unity, indicating strong covalent bonds in the observed LS complexes.
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Scheme 7 Schematic represen-
tation of the molecule structure
of a) [Fe(3-CH;0-gsal),]*, b)
[Fe(gsal),]*

Table 2 Results of the g factors of LS complexes analysis

Compound 8 8y g, K JAV/S VIE AE,/E  AE/E
[Fe(gsal),]SCN 2205 2187 1917 0.647 2.007 0.068  5.657 6.654
[Fe(gsal),]CF;S05 2,182 2175 1929 0.630 2.154 0.032 6.119 7.056

[Fe(gsal),]Clin toluene ~ 2.192  2.184 1935 0.686 2271 0.038  6.457 7.405

Comparison of the axial (A) and rhombic (V) distortion parameters of the com-
plexes, as well as the energy interval between the orbital triplet levels (AE |, and
AE|;), show that the LS complexes with SCN have smaller degree of tetragonal
distortion but stronger rhombic distortion compared to CF;SO;. The LS complex
[Fe(gsal),]Cl in vitrified toluene solution is characterized by smaller covalent
bonding and larger axial splitting compared to the LS complexes in solid state.

It was found that the high-spin [Fe(salten)]Cl (Scheme 5) clusters in solution
in acetonitrile break up into centers of high-spin and low-spin (S=1/2) fractions,
which coexist in the studied temperature range of 5-200 K [36]. The LS signals
have different anisotropy of the g factor, and different values of the calculated
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Scheme 8 Schematic represen-
tation of the molecule structure
of [Fe(salten)(pic)|BPh,

Scheme 9 Schematic representation of the molecule structure of [Fe(acen)(him),]BPh,

orbital reduction parameter k. Note that the EPR spectra of vitrified diluted solutions
(5-0.6 mmol/L) exhibit dipole—dipole interactions between metal centers, indicating
the formation of weak molecular associates. The HS fraction in solution consists
of six-coordinated pseudo-octahedral (g. =~ 4) and five-coordinated trigonal
bipyramidal (g4 ~ 6) Fe(IlI) complexes. A way for the appearance of LS centers
observed in EPR spectra based on the concepts of supramolecular chemistry was
proposed [36].

The magnetic properties of solutions of complexes [Fe(salten)Cl] (Scheme 5),
[Fe(salten)(pic)]BPh, (Scheme 8) and [Fe(acen)(him),]BPh, (Scheme 9) in CH,Cl,
were analyzed [13]. The temperature dependences of p4 for the studied solutions of
the complexes by NMR spectroscopy were obtained. Note, that the solutions of the

@ Springer



EPR in Research of the Magnetic Properties of Spin-Crossover... 1003

Scheme 10 Schematic representation of the molecule structure of [Fe(bzacen)(tvp)]*

[Fe(salten)(pic)]BPh, and [Fe(acen)(him),]BPh, complexes demonstrated an incom-
plete SCO, the latter was mainly low-spin. It was revealed that in solutions studied
SCO has a greater slope than that in the solid state.

In Ref. [14], the Fe(IIl) complexes with various tetradentate Schiff bases as the
equatorial ligand and with 4-styrylpyridine as the axial ligands were characterized
by the EPR and NMR methods. It was found that variation of the Schiff bases in the
complex yield different spin states: high-spin for [Fe(salen)(sp),]BPh, (Scheme 4a)
and SCO for [Fe(acen)(sp),]BPh, (Scheme 4b) and [Fe(bzacen)(sp),]BPh,
(Scheme 4c).

It was revealed that in solutions, as well as in powders increase in the slope of
SCO is observed in a series of the ligands salen — bzacen — acen. The fact that this
trend persists both in polycrystalline powder samples and in solutions confirms the
assumption that the SCO depends on the equatorial environment of the Fe(III) ion.
A significant change in the shape of the EPR spectra for the powders in comparison
with the vitrified solutions reflects the influence of the external environment of the
complex (ice of the solvent or crystal lattice) on the symmetry of the coordination
node, and as a result, on the SCO properties [14].

Analysis of the experimental data of LS centers of the [Fe(bzacen)(tvp)]BPh,
complexes (Scheme 10) [47] allowed to establish differences in the immediate envi-
ronment of the Fe(Il) ion for samples with different numbers of solvate molecules
and obtain energy level diagrams of complexes that explain the properties of SCO.
In a number of cases, the thermodynamic parameters of the spin transition we deter-
mined from EPR data [21, 33, 35, 44, 47].

The changes in enthalpy and entropy that cause SCO can be determined by
analyzing the temperature dependence of the integrated intensity. In the absence of
a spin transition, the integral intensity of the HS isolated paramagnetic centers (/)
obeys Langevin equation and, in the high-temperature approximation, is inversely
proportional to temperature. Note that the population of the HS state decreases with
increasing temperature also according to Boltzmann’s law of population of energy
levels. At the same time, in SCO temperatures range, the relative content of HS
centers (NVyg) increases with temperature. Taking into account the above processes,
the experimentally observed change in the integral intensity of HS Fe(IIl) ions
signal can be described by the equation:
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5 exp(—AE/kgT)
kT 1 +2 - exp(=AE/kgT)’

Iys = IpNys(T) (14)

where AFE is the energy interval between the ground (LS) end excited (HS) states of
system, I, is the normalization factor, 6 = & - v is the interval between levels, which
are involved in the EPR signal formation.

The change in the relative content of the HS fraction Nyg(7) during SCO
corresponds to the thermodynamic relation [33]:

| 1 — Ny AH+T - (14+r—2Nys) AS
N1/~ RT R’

5)

where AH and AS are the changes of the enthalpy and entropy between HS and LS
states, respectively; I' is the parameter of interaction between HS and LS fractions;
r is the residual HS fraction which is present at low temperatures in the LS fraction,
R ~ 8.31 J-K~!-mol~! is the gas constant. The obtained values of the thermodynamic
parameters of the spin transition of a number of compounds are given in Table 3
(Scheme 11).

The temperature hysteresis (with a width of 11 K) of the magnetic properties of
Fe(III) complexes in the [Fe(4-OCHj;-saleen),]NO; (Scheme 12) compound was
revealed in Ref. [35] (Fig. 6). The influence of the outer-sphere anions Y on these
properties was discussed. The thermodynamic properties of the SCO were deter-
mined from the EPR data as well. The EPR spectra of the compounds with PFg
and NOj; counterions exhibit specific features that count in favor of the domain
model of SCO. This correlates with rather large parameters I" obtained from the
experimental dependences of the relative content of HS complexes vis tempera-
ture. The higher parameter I' for compound [Fe(4-OCHj;-saleen),]NO; suggests
stronger intermolecular interactions and explains the existence of the abrupt spin
transition accompanied by the hysteresis (see Table 3). It should be noted that
the well-known condition for the appearance of the hysteresis I' > 2RT, is satis-
fied fairly well for the studied compounds. The ability of the NO; anion to form
hydrogen bonds with protons of methyl groups of neighboring complexes can
enhanced the intermolecular interactions in the compound. This was confirmed

Table 3 The thermodynamic parameters of SCO of a number of compounds

Compound T\ K AH/R,K AS/R T/R,K r Ref Scheme
[Fe(salten)pic]BPh, ~200 750 350 0 0.025 [33] 8
[Fe(acen)pic,]BPh, nH,0 ~70 320 420 0 0 [44] 11
[Fe(bzacen)tvp]BPh,-2CH;OH-CHCl; 285.8 3220 11.30 0 0 [47]1 10
[Fe(bzacen)tvp]BPh,-CH;0H 208.4 1970 950 0 0.020 [47]
[Fe(bzacen)tvp]BPh,-nCH;OH 328 2650 8.06 0 0.009 [21]
[Fe(4-OCH;-saleen),PFy 211 3000 14.20 200 0 [35] 3
[Fe(4-OCH;-saleen),NO; 104] 1151 2250 20.46 300 0 [35] 12

@ Springer



EPR in Research of the Magnetic Properties of Spin-Crossover...

1005

Scheme 11 Schematic representation of the molecule structure of [Fe(acen)pic,]BPh,

Scheme 12 Schematic represen-
tation of the molecule structure
of [Fe(4-OCHj3-saleen),NO;

Fig.6 Temperature depend-
ences of the intensity of the EPR
signal of [Fe(4-CH;O-saleen),]
NOj;. The solid line indicates the
relative EPR intensity calculated
according to the Curie law [35]

20 40 60 80 100 120 140 160
TK
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Scheme 13 Schematic represen-
tation of the molecule structure
of [Fe(saleen),[NO;

:""

0
¢

by the absence of the abrupt spin transition and hysteresis in the [Fe(saleen),]
NO; (Scheme 13) compound that does not contain the CH;O methoxy group [42].

An unusual field-induced spin instability leading to hysteresis of HS-LS
composition in mesogenic systems of Fe(Ill) complexes [Fe(4-C,,H,s0-saleen),]
PF, [48] has been found. The hysteresis may be due to the alignment of the systems
by the magnetic field in the mesophase and full or partial orientational ordering
upon cooling of the mesophase to the glassy state. In the spectra of HS complexes,
the symmetrization of the crystal field around the Fe(Ill) ion was observed when
the polycrystalline sample was first heated from room temperature to 400 K. The
observed narrowing of the line (from 45 to 15 mT) at the crystal-smectic phase
transition is explained by the increase in the intermolecular exchange interaction as
a result of the structural rearrangement of the layers in the smectic phase.

The influence of the EPR-silent LS complexes is manifested in the broadening
of the lines of the HS compounds when the temperature is decreased from 220 K.
The introduction of the counterion SCN leads to a completely opposite situation:
SCO is observed in the EPR spectra, but only signals from LS Fe(IIT) complexes are
present [49]. Based on experimental data and quantum-chemical calculations, it was
found that the totality of the observed features of the system is associated with the
inclusion of the SCN group in the first coordination sphere of the Fe(IIl) ion.

EPR studies have revealed the possibility of SCO properties of liquid crystalline
mono- and binuclear Fe(IIT) complexes with pentadentate Schiff base (salten) [50].

The magnetic properties of new seven-nuclear mixed-valence iron complexes
[Fe(ID(CN)¢{FeII)(L) }¢]Y, with pentadentate ligands (L =salten, C,gH;,O-salten)
and counter-anions (Y =Cl, NCS) (Scheme 14) have been studied by EPR and mag-
netometry methods [15]. The compound with NCS-counterion was found to pos-
sess the properties of SCO. The introduction of long octadecyloxy chains into the
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Scheme 14 Schematic represen- [ ]
tation of the molecule structure
of [Fe(IN(CN)e{ Fe(IID(L) }¢]Y>, N
L=salten or C;gH;,0-salten, N, _N
Y=CIl, NCS o/‘Fe\0 N N
N i 0—Fe..
N _0 m 1 "N
e N
AN ~ o
NT LN c 7
Ne L Y
Fe“\ O N 2
\\‘\\\\\ | ChN \ ,
~C T Fe
O\ N ~ C o v N
5 Il \
€0 N
NN o_! o
_-Fe.
N" N
N

salten ligand leads to the appearance of thermotropic liquid crystalline properties
and enhanced cooperative magnetic properties.

2 Conclusion

The spin state of an Fe(III) complex depends on its structure, which is determined
by the composition and structure of the ligands, the type of counterion, the presence
or absence of solvate within the complex, and the nature of intramolecular and
intermolecular interactions. Each of these reasons causes redistribution of electron
density on the ligands and affects the strength and symmetry of the ligand field,
which can lead to changes in the spin-crossover properties of Fe(III) ions. To
investigate the influence of the structure of coordination compounds on their
magnetic properties, Fe(Ill) complexes with tri-, tetra- and pentadentate Schiff
bases were obtained and studied. The combination of studies carried out by EPR,
UV-Vis spectroscopy, magnetometry, and X-ray analysis provided information on
the local symmetry and electronic structure of the spin-crossover synthesized Fe(III)
complexes.

The mini-review describes some possibilities of the EPR method, which make
it very effective in the study of local magnetic and structural properties of Fe(III)
complexes with polydentate Schiff bases. Its contribution to the understanding and
evaluation of changes in intramolecular and intermolecular interactions, including
those occurring at spin transitions, is noted. We aimed that the data presented will
be useful to researchers and will contribute to the successful application of EPR CW
in the study of Fe(III) coordination compounds.
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