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Abstract: The present article is a short overview of the theoretical modeling of spin transitions in
polymetallic compounds. As distinguished from many insightful reviews on this topic, the present
work is focused on the nature of cooperative interaction of the metal clusters in molecular crystals
with emphasis at the physical role of molecular vibrations and phonons. The underlying model
assumes that the cooperativity is triggered by phonons while the metal centers are coupled to
molecular vibrations. It is demonstrated that the suggested model gives a satisfactory description
of the observed spin transitions in mono-, bi- and tetranuclear compounds. In the framework of
the described approach, we discuss the experimental data on spin crossover in the mononuclear
[Fe(ptz)6](BF4)2, binuclear [{Fe(bt)(NCS)2}2bpym] and tetranuclear [Fe(tpa){N(CN)2}]4·(BF4)4·(H2O)2

compounds containing iron ions. The approach is also applied to the description of the charge-
transfer-induced spin transition in the [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3) complex.

Keywords: spin crossover; cooperative interactions; vibronic coupling; phonons; polynuclear metal
clusters; charge-transfer-induced spin transitions; magnetic properties

1. Introduction

The term “spin transitions” joins two types of phenomena: spin crossover (SCO) [1]
and charge-transfer-induced spin transitions [2] (CTIST). The phenomenon of SCO was
discovered almost one hundred years ago [3,4] and refers to the change of the ground spin
state of transition metal ions with the electronic configuration d4 − d7 from the low-spin
(ls) state to the high spin (hs) one under action of temperature, light or external pressure
(see review papers [1,5–7]). Last years, many works were devoted to binuclear [8–11],
trinuclear [12–14] and tetranuclear [15–19] iron(II) SCO systems. SCO can take place if the
molecular unit of a crystal cell has at least one ion with the electronic configuration d4 − d7

and closely spaced low-spin (ls) and high-spin (hs) levels of this ion.
In the case of CTIST, two ions, a donor and an acceptor of an electron, are involved in

the spin transition. However, in most cases the donor ion possessing a carbon or a mixed
carbon–nitrogen surrounding with a predominant number of carbons or at least with a
half number of carbons in the first coordination sphere, which create a strong crystal field,
acquires a higher oxidation degree, and its spin changes on 1/2, while the ion, surrounded
by nitrogen atoms (intermediate crystal field) and accepting the electron, undergoes a
transition from its ls state to the hs one (see review [20]).

In the field of SCO, the study started from mononuclear systems and then passed
to polynuclear ones, while CTIST was first observed in the Prussian blue analogue of
K0.14Co[Fe(CN)6]0.71·4.93H2O stoichiometry [2]. Then a series of low-dimensional Fe/Co
cyanide complexes demonstrating thermally or photo-induced metal to metal electron
transfer was reported [21–23]. As an example of Fe/Co complexes, the dinuclear cyanide-
bridged [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3)·2DMF complex is to be mentioned [24].
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The pioneering idea of the coupling of the SCO ions via phonon field as a source of
cooperativity was first proposed by Sasaki and Kambara [25,26]. The vibrational spectra of
molecular crystals contain along the phonons (interrelated to intermolecular vibrations)
the distinct branches of localized (molecular) vibrations directly coupled to the electronic
shells of SCO ions. This circumstance essentially complicates the theory of cooperative
phenomena, but the development of a more common model represents an emerging
challenge and, as we will demonstrate, gives new physical results. Spin transitions induced
by electron transfer in SCO and CTIST cases, can be described in the frames of the unique
approach [27–30] that takes into account both molecular vibrations and phonons. These
branches of the whole vibrational spectrum of molecular crystal play essentially different
physical roles in SCO transitions. While molecular vibrations form the energy pattern,
the cooperativity in the whole crystal is assured by the electron–phonon interaction. An
imaginative classical picture (Figure 1) describing the interactions responsible for spin
transitions in molecular crystals can be presented by two types of springs with different
force constants: the stiffer spring corresponds to the coupling of the ions with molecular
vibrations, while the softer one describes the cooperative interaction through acoustic
modes between the structural units undergoing the spin transition [27].
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Figure 1. Schematic image of molecular SCO crystals: the elastic interactions in the crystal corre-
sponding to intra- and intermolecular vibrations are represented by springs with different rigidity k1

and k2.

A concise description of the abovementioned approach [27–30] and its applications to
different systems with labile electronic states is one of the aims of the present mini-review,
that focuses on the possible types of spin transitions in mono-, di- and tetranuclear SCO
iron(II) systems and in binuclear Fe–Co compounds demonstrating CTIST [24].

2. Background of the Model

The examination of spin crossover in mono-, bi- and tetranuclear iron(II) compounds [9,17,31]
as well as of CTIST in the dinuclear cyanide-bridged [{(Tp)Fe(CN)3}{Co-(PY5Me2)}]
(CF3SO3)·2DMF complex [24] is based on the abovementioned approach recently elab-
orated in Refs. [27–30]. The quintessence of this approach consists of the following. The
systems demonstrating spin transitions represent molecular crystals. In these crystals, one
can distinguish two types of vibrations playing different physical roles in the phenomenon
of spin transitions: molecular modes that are localized and confined by the metal ion
strongly coupled to its ligand surrounding and phonons that are interrelated with the
relatively weak intermolecular interactions and therefore spread out over the crystal lattice.
The interaction of the SCO ion with the molecular modes is dominant, because in molecular
crystals, the intermolecular interactions are very weak as compared to the intramolecular
ones and their thermal modulation can mainly give rise to the coupling with small energy
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acoustic long-wave vibrations. Thus, one can assume that the molecular vibrations are
weakly disturbed by the vibrations arising from the interactions which unite the molecules
in the crystal, and the ligands of the iron(II) ions in spin crossover compounds or of the
Co-ion in the compound demonstrating CTIST participate both in the molecular and crys-
talline displacements. The symmetry adapted coordinates of the ligand surrounding can
be represented as the normalized linear superposition of the coordinates of molecular (first
term) and crystalline (second term) vibrations:

Q
nj
A1

=
1√

1 + λ2

[
Xnj + λ ∑

κ,ν

√
}

Nων(κ)
fκν(A1) exp

(
iκnj

)
qκν

]
(1)

The dimensionless parameter λ characterizes the weight of the phonon-induced dis-
placements in the full vibrational coordinate and it is assumed to be small as compared
with unity because normally the molecular vibrations are weakly disturbed by the inter-
molecular interactions in systems undergoing spin transitions. The representation of the
configurational coordinate in this form was suggested by Hizhnyakov et al. [32–34] and
applied to the problems of relaxation in Jahn–Teller centers and resonance Raman scattering.
In Equation (1), Xnj

is the coordinate of the molecular full-symmetric (A1) mode for the j-th
iron ion in n-th SCO complex, the index j = 1, 1−2, 1–4 for mono-, bi- and tetranuclear SCO
Fe(II) compounds, for the Co ion in the n-th Fe–Co complex Rn ≡ n is the position vector of
the Co ion, in this case j = 1 and the coordinate Xn1

refers to the molecular full-symmetric
(A1) mode of the cobalt ion. qκν in Equation (1) represent the dimensionless vibrational
coordinates of the phonons with the frequencies ων(κ) ≡ ωκν, κ is the phonon wave vector,
the symbol ν denotes the branch of the phonon mode, and finally, N is the number of ions
or clusters in the crystal. The values

fκν(A1) = ∑
k, α

eα(k, κν) uA1
kα exp(iκRk) (2)

are known as Van Vleck coefficients, which perform the unitary transformation from the
symmetry adapted displacements of the ligand surroundings to the normal coordinates of
the phonons. Index k enumerates the ligands of the ion which occupies the position n, Rk

are the position vectors of these ligands, the coefficients uA1
k α describe the transformation

from the Cartesian displacements ∆Rkα to the full-symmetric coordinate, eα(k,κν) are the
phonon polarization vectors, α = X, Y, Z. The dimensionless parameter λ characterizes
the weight of the phonon-induced displacements in the full vibrational coordinate.

3. Mononuclear Spin Crossover Systems

One can deduce (see details in Ref. [27]) that the Hamiltonian of electron–vibrational
interaction for a crystal containing a single spin crossover ion in the unit cell includes both
molecular and crystal vibrations:

H′ =
√

2 ∑
n, κν

ϕn
κν qκν exp(i κ n) = ∑

n, κν

ϕn
κν

(
a+κν + a−κν

)
exp(i κ n) (3)

where, a+κν and a−κν are the phonon creation and annihilation operators, the values ϕn
κν are

expressed in the matrix form [27]:

ϕn
κν ≡ ϕn

κν(A1)

= −λ
}√

2Nωκν

[
1√
ωhs

τhs
n xhs

n

(
ω2

hs −ω2
κν

)
+

1√
ωls

τls
n xls

n

(
ω2

ls −ω2
κν

)]
fκν(A1) (4)

Here xhs
n and xls

n are the dimensionless coordinates of the full-symmetric molecular
vibrations in the hs and ls states of the SCO ion in the position n, ωhs and ωls are the
frequencies of molecular vibrations. The elements of the diagonal matrix τhs

n are 1 and 0,
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while of τls
n 0 and 1 for the hs and ls states, correspondingly. The meaning of the parameter

λ is determined by Equation (1).
The Hamiltonian of the crystal, containing mononuclear SCO units, looks as follows:

H = ∑
n

{
}ωls

2

[(
xls

n

)2
− ∂2

∂(xls
n )

2

]
+ υlsxls

n

}
τ̂ls

n

+∑
n

{
∆hs,ls +

}ωhs
2

[(
xhs

n

)2
− ∂2

∂(xhs
n )

2

]
+ υhsxhs

n

}
τhs

n

+ ∑
κν
}ωκν (a+κνaκν + 1/2) + H′

(5)

where the first two terms describe the free molecular vibrations in the ls and hs states and
the coupling of the spin crossover ions with these vibrations, υls and υhs are the constants
characterizing this coupling, ∆hs, ls is the energy gap between the ground (ls) and excited
(hs) crystal field terms of the SCO ion, the third term describes the free phonons and the
last one the interaction of phonons with molecular modes (see Equation (3) and Ref. [27]).

The next step includes the shift transformation proposed by Kanamori [35] in the
theory of cooperative Jahn–Teller effect [36] and further on developed by Kaplan and
Vekhter [37]. This transformation excludes phonon variables and gives rise to the coopera-
tive interaction of the centers derived in [27] and expressed by the following equation:

Hint = − ∑
n n′ , κν

1
}ωκν

ϕn
κν ϕn′∗

κν exp
[
i κ
(

n− n
′
) ]

= − 1
2 ∑

n n′
Jhs, hs

(
n− n

′
)

ths
n ths

n′
− 1

2 ∑
n n′

Jls, ls
(

n− n
′
)

tls
n tls

n′
− ∑

n n′
Jhs, ls

(
n− n

′
)

ths
n tls

n′
(6)

here the parameters tis
n = τis

n xis
n (i = hs, ls), which enter in Equation (6), represent products of

the electronic matrices τis
n and the coordinates xis

n of the full-symmetric molecular vibrations
in the low- and high-spin states.

Then, the mean field approximation is applied in order to reduce the many-body prob-
lem to the single-site one (see details in Ref. [27]). The effective parameter of cooperative
interaction is obtained as:

J j,l =
πλ2} RjRl

6 c2√ωjωl

[
16 ω2

j ω2
l − 8

(
ω2

j + ω2
l

)
ω2

M + 5 ω4
M

]
(7)

The expression (7) is derived, using the simplest dispersion law ωκν = cκ for the
acoustic phonons and neglecting the difference between the longitudinal and transversal
speeds of sound cl = ct ≡ c. Actually, Equation (7) connects the parameters of cooperative
interaction J j,l with the intrinsic parameters of the crystal. Here Rj, Rl are the metal–ligand
distances in these states, ωM is the maximal phonon frequency, c is the speed of sound.
Parameter λ (introduced in Ref. [27]) can be evaluated from lattice dynamics simulation of
molecular crystals [38].

Several sample calculations for mononuclear spin crossover systems have been per-
formed [27] using the numerical values of the parameters for Fe(II) SCO compounds taken
from the classical paper of Gütlich and coworkers [39]: ωhs = 161 cm−1, ωls = 200 cm−1,
fhs = 158 Nm−1 = 7.95·104 cm−1/Å2, fls = 227 Nm−1 = 1.14·105 cm−1/Å2, Rls = 2.0 Å,
Rhs = 2.2 Å, Dqls = 2055 cm−1, Dqhs = 1176 cm−1 [39], ωM = 23 cm−1 [39] c ≈ 2·105 cm/s [31],
and the constants of interaction with the molecular vibrations in the ls and hs states:
υls = 2102 cm−1, υhs = 196 cm−1 [27] expressed through the above given crystal field
parameters Dqls and Dqhs. It should be mentioned that the Debye frequency ωM = 23 cm−1

of the acoustic lattice vibrations was evaluated in [39] from their parabolic dependence
on the wave vector κ in the center of the Brillouin zone. This frequency is small because
it is interrelated with the relative displacements of heavy metal centers. With the aid
of Equation (7), the ratio of the parameters of cooperative interactions was estimated as:
Jls,ls:Jhs,ls:Jhs,hs = 1.59:1.26:1. It should also be noticed that the relation between the values of
Jls,ls, Jhs,ls, Jhs,hs provides a possibility to vary only one of these parameters. The performed
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examination shows that mononuclear SCO compounds can demonstrate three types of
spin transitions: gradual, abrupt and those accompanied by a hysteresis loop. Depending
on the internal parameters of the system, these transitions can occur even in the room
temperature range.

Finally, the model was applied to the description of spin crossover in the [Fe(ptz)6](BF4)2
compound. From Figure 2, one can see that the accepted model well describes the observed
χT of [Fe(ptz)6](BF4)2 in the whole temperature interval, namely, the gradual increase of
χT in the range 100–129 K, the hysteresis loop between 129 and 135 K and the slow growth
above 135 K.
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Figure 2. χT vs. T dependence for the [Fe(ptz)6](BF4)2 crystal: circles—experimental data [31], solid
line—theoretical curve calculated with ∆hl = 460 cm−1, Jls,ls = 4.19 cm−1 and gFe = 2.3.

4. Binuclear Spin Crossover Systems

The summary of experimental results [8–11] (see refs in [28]) allows us to conclude that
three types of spin transitions can occur in binuclear spin crossover systems:
(i) gradual, abrupt or accompanied by a hysteresis loop transitions in which both ions
pass simultaneously from the ls–ls state to the hs–hs one; (ii) two-step transitions with a
plateau; (iii) two-step transitions with a hysteresis loop in one of the steps or displaying
wide thermal hysteresis loops in the lower and the upper steps. Several earlier approaches
for the description of the variety of spin transitions in binuclear systems are concisely
discussed in Ref. [28]. The microscopic model of SCO in binuclear systems developed
in [28] takes into account the vibrational spectra, intra- and intercluster interactions and
describes all types of the observed spin transitions. The principal difference from the model
for mononuclear SCO compounds is the account of the intracluster interactions in the three
possible configurations of the dimer: (1) ls–ls; (2) ls–hs, hs–ls; (3) hs–hs.

The interaction Hamiltonian of the crystal containing binuclear clusters as structural
units is obtained in the following form:

Hint = − 1
2 ∑

n, n
′

n 6= n
′

∑
i,j=a,b

Jhs, hs
(

ni− n
′
j
)

ths
ni ths

n′ j
− 1

2 ∑
n, n

′

n 6= n
′

∑
i,j=a,b

Jls, ls
(

ni− n
′
j
)

tls
ni tls

n′ j

− ∑
n, n

′

n 6= n
′

∑
i,j=a,b

Jhs, ls
(

ni− n
′
j
)

ths
ni tls

n′ j
+ ∑

n
∑

f=hs,ls
∑

f ′=hs,ls
U f , f ′τ

f
na τ

f ′

nb

(8)

where n,n
′

and i, j number the clusters in the crystal and the ions inside the cluster,
respectively, the position of the i-th SCO ion in the n-th cell is determined by the vector
ni = n + Ri. The first three terms in Equation (8) refer to the cooperative coupling, while
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the last term describes the Coulomb interaction of the ions inside each cluster, depending
on the states of the cluster ions a and b three parameters Uls,ls, Uhs,ls and Uhs,hs [9,28]
are involved in the model. The notations in Equation (7) are the following: tks

ni = τks
ni xks

ni
(ks = hs, ls; i = 1, 2), as in the case of mononuclear clusters, the diagonal matrices τ̂ls

ni and τ̂hs
ni

of the dimension (gls + ghs)× (gls + ghs) possess the non-vanishing matrix elements〈
ψhs

ni (µhs)
∣∣∣τhs

ni

∣∣∣ψhs
ni (µhs)

〉
= 1 and

〈
ψls

ni (µls)
∣∣∣τls

ni

∣∣∣ψls
ni (µls)

〉
= 1,

where µhs = 1, 2, . . . ghs and µls = 1, 2, . . . gls numerate the hs and ls states, xls
ni and xhs

ni
are the dimensionless full-symmetric displacements of the nearest surrounding of the i-th
SCO ion in the n-th cluster in the ls and hs states, respectively. Within the long wave
approximation, the parameters J f , f ′(ni− n′ j) do not depend on the indices ni and n′ j
(Equation (8)). The total Hamiltonian contains the contribution of non-interacting clusters
that in its turn includes the free molecular vibrations in the ls and hs states, the coupling of
the SCO ions with these vibrations as well as the Hamiltonian of free phonons. Then the
mean field approximation is applied [28]. The parameters of the cooperative interaction are
assumed to obey the same relation Jls,ls:Jhs,ls:Jhs,hs = 1.59:1.26:1 as for mononuclear systems.

The model was applied to the description of the observed spin transformation in the
[{Fe(bt)(NCS)2}2bpym] crystal (Figure 3) containing as a structural unit iron(II) dimers. The
theoretical consideration reproduces the observed two-step transition. The experimental
curve was described quite well using the following set of parameters: ∆hl = 1540 cm−1,
δ = 170 cm−1, Jls,ls = 9.08 cm−1, gav = 2.124 and the abovementioned ratio between the
parameters Jls,ls, Jhs,ls and Jhs,hs. Since the observed product χT as a function of temperature
does not tend to zero at T→0, it was assumed that initially some of the iron ions are in the
hs state, the fraction of these ions was determined as y = 7.25% under the assumption that
they are uniformly distributed between the binuclear clusters. The inset in Figure 2 shows
the populations n0, n1 and n2 of cluster configurations with 0, 1 and 2 ions in the hs state. It
is seen that up to T = 125 K, the main part of ions is in the ls state, the number of dimers
with one ion in the hs state is quite low. In the range of temperatures in between 150–200 K
the biggest is the number of clusters with one ion in the hs state. It is worth noting that
the non-pronounced step in the temperature dependence of the χT product is observed,
namely, in this range at about 175 K. At temperatures higher than 200 K, binuclear clusters
with two hs ions dominate and are responsible for the second observed step in the thermal
behavior of the χT product. At the same time, the number of clusters in which only one ion
is in the hs state is a bit larger than the initial one at T < 100 K. The suggested model [28] of
spin transitions in binuclear systems reproduces all observable types of these transitions
and describes quite well the spin transformation in the [{Fe(bt)(NCS)2}2bpym] compound.
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solid line—theoretical curve calculated with ∆hl = 1540 cm−1, δ = 170 cm−1, Jls,ls = 9.08 cm−1 and
gav = 2.124. The fraction of ions that do not participate in the spin transition and that are always in hs
configuration is y = 7.25%. The inset is the thermal variation of the population of different cluster
configurations (subscripts indicate the number of Fe ions in hs state).

5. Spin Crossover in Tetranuclear Systems

Recently, polynuclear SCO compounds have attracted attention because the variety
of new types of intracluster interactions leads to interesting features in their magnetic
behavior. Among the polynuclear SCO compounds the class of tetranuclear square Fe(II)
complexes should be mentioned, since these systems demonstrate spectacular types of the
temperature dependence of the hs fraction: (i) one-step transitions in which two ions located
along the side of the square pass from the ls state to the hs one, while the other two ions
remain in the hs state in the whole temperature range [15]; (ii) two-step transitions with the
following order of configurations (4ls)→(3ls,1hs)→(2ls,2hs), in the latter configuration the
ions in the same spin state are located along the diagonal of the square [40]; (iii) two-step
transitions between 4 Fe ions in the ls state and all these ions in the hs state with the plateau
between steps arising from the configuration with two ls and two hs ions also located along
the diagonal of the square [17].

The previous models of spin transitions in polynuclear cluster systems are summarized
in Ref. [29]. Two points in the model under discussion require changes in comparison with
the consideration of mono- and binuclear clusters. These are the number of configurations
with a different ratio of hs and ls ions and the number of intracluster interactions in the
configurations, in which more ions are involved. The strengths of the intracluster interac-
tions also depend on the geometrical structure of the cluster and number of participating
SCO ions.

Possible distributions of the hs and ls ions and multiplicities of the corresponding
configurations in a tetranuclear square are shown in Figure 4.
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The total energies of the Coulomb interactions are denoted by Ul
ij, where symbols i, j

denote the types of interacting ions (hs or ls) and the superscript l is used to discriminate
location of the interacting ions (along the side (l = s) or the diagonal of the square (l = d)). For
each electronic configuration the energies U( f1 f2 f3 f4) (fi = ls, hs) of intracluster interactions
can be expressed in terms of the parameters Ul

ij. Due to intracluster interactions, the
effective energy gap between the configurations ls-ls-ls-ls and hs-hs-hs-hs is determined
as follows:

∆ = 4∆hs,ls + U(hs− hs− hs− hs)−U(ls− ls− ls− ls).

The energy shifts from the equidistant positions n∆/4 for other cluster configurations
(with n = 1, 2 or 3 hs ions) can be found as

δ1 = δs +
1
2

δd, δs
2 = δs + δd, δd

2 = 2δs, δ3 = δs +
1
2

δd (9)

δs(d) = Us(d)
hshs + Us(d)

lsls − 2Us(d)
hsls ,

where the parameters δ1, δs
2, δd

2 and δ3 refer to the cluster configurations hs-ls-ls-ls, hs-hs-ls-ls,
hs-ls-hs-ls and hs-hs-hs-ls, respectively. As can be seen the effect of intracluster interactions
can be described in terms of the two parameters δs and δd. The energies of the system in
the mean field approximation are given in Ref. [29].

For the tetranuclear systems, all 15 vibrational modes of the complex consisting
of the iron ion and 6 surrounding nitrogen ligands are to be taken into account. The
corresponding energies of these modes were taken from Ref. [41]. The energies of the
full-symmetric vibrations obtained in [41] are 97 cm−1 and 151 cm−1 for the hs and ls
configurations, respectively. The new frequencies employed in calculations led to the
redetermination of the ratio between the parameters of cooperative interaction as compared
with that employed above for mono- and binuclear spin crossover systems: Jls,ls:Jhs,ls:Jhs,hs

3.22:1.79:1. The system of self-consistent equations for the order parameters can be found
in Ref. [29].

The account in the model of the interactions mentioned so far allows us to reproduce
the observed types of nontrivial spin crossover behavior peculiar for tetranuclear systems.
To demonstrate the efficiency of the model, we analyze the magnetic properties of the
tetranuclear [Fe(tpa){N(CN)2}]4·(BF4)4·(H2O)2 compound. From Figure 5, it is seen that the
model gives quite a good description of the experimental data with the set of parameters
representing a part of the figure caption. The course of the spin transformation in this
compound can be easily followed analyzing the temperature dependence of the populations
of configurations with different number of iron(II) ions in the hs state. Up to 150 K, the
majority of Fe4 clusters are in the ls state, that is confirmed by the plateau observed in
the experimental curve in the range 100–160 K then the number of two hs ions situated
along the diagonal of the square significantly increases and achieves its maximum value at
about 250 K. Namely, this increase provokes the step in the temperature dependence of the
effective magnetic moment µeff in the range 210–250 K. At temperatures higher than 325 K,
clusters with 4 hs ions dominate. At the same time, in this temperature range there exists
a non-negligible amount of clusters with two or three hs ions. Therefore, the observed
effective magnetic moment does not achieve its maximum value corresponding to four
iron(II) ions in the hs state. Here, it is worth noting that in polynuclear spin crossover
compounds the interplay between the intra- and intercluster interactions plays a crucial
role in the type and temperature of the spin transformation.
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Figure 5. µeff vs. T dependence for the [Fe(tpa){N(CN)2}]4·(BF4)4·(H2O)2: symbols—experimental
data [17], solid line—theoretical curve calculated with ∆hl = 5800 cm−1, δs = 280 cm−1,
δd = −320 cm−1, Jls,ls = 2.46 cm−1 and gav = 2.37. The inset shows the thermal variation of the
populations of different cluster configurations.

6. Charge-Transfer-Induced Spin Transition in Binuclear {Fe(µ − CN)Co} Complexes

Photochemically induced metal-to-metal CTIST of diamagnetic ls-FeII−CN−ls-CoIII

units into paramagnetic ls-FeIII–CN–hs-CoII ones was observed in the Prussian Blue ana-
logue (PBA) of K0.14Co[Fe(CN)6]0.71·4.93H2O stoichiometry [2]. In the present section,
it is demonstrated how the approach above, applied to mono-, bi- and tetranuclear spin
crossover systems, can be generalized to the case of molecular crystals comprising as a
structural unit binuclear cyanide-bridged iron-cobalt systems exhibiting CTIST. As an exam-
ple, the spin transformation in the [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3) [24] compound
is discussed.

The model suggested in Ref. [30] takes into account the vibronic coupling as it was
described in previous sections and the following two configurations: (I) ls-CoIII−ls-FeII

and (II) hs-CoII−ls-FeIII. The following states were taken into consideration: the ground
non-degenerate state arising from the ls-CoIII−ls-FeII configuration and two groups of
excited states. The first group of excited states, formed by the direct product of two ground
Kramers doublets belonging to the ls-FeIII and hs-CoII ions, has the degeneracy g1

hs = 4 and
it is separated from the ground ls-CoIII−ls-FeII state by the energy gap ∆1

hs = ∆. The second
group of the cluster excited states arising from the ground Kramers doublet of the ls-FeIII

ion and the quadruplet of the hs-CoII ion possesses the energy ∆2
hs = ∆ + 9|λ1|/4 and the

degeneracy g2
hs = 8, where the parameter of spin–orbit coupling λ1 is about −180 cm−1 for

the hs-CoII ion. The magnetic exchange interaction is omitted. Only the ground Kramers
doublet of the ls-FeIII ion is taken into account because the excited quadruplet of this ion is
much higher in energy due to large spin–orbital coupling, λ = −486 cm−1 [42].

From the structural and magnetic data on the [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3)
compound [24] it follows that with temperature rise, the Fe–ligand distances are almost
constant in the whole temperature range, while the first coordination sphere of Co ion
significantly increases with temperature. From this, it follows that the transformation
ls-CoIII→ hs-CoII assures the cooperativity of the transition. Correspondingly, in the model
there are taken into consideration the single state arising from configuration ls-CoIII−ls-
FeII and 12 above mentioned states of the hs-CoII–ls-FeIII configuration. Further on, these
configurations will be referred to as the ls and hs ones, respectively. The problem is solved
in the mean field approximation (see Ref. [30]).



Magnetochemistry 2022, 8, 24 10 of 13

In the numerical calculations, the following values of the parameters were employed:
υCoII

hs = 420 cm−1 [30], υCoIII

ls = 2408 cm−1 [30],}ωls−FeIII
= 390 cm−1 [43],}ωls−FeII

= 200 cm−1 [39],

}ωhs−CoII
= 92 cm−1, }ωls−CoIII

= 108 cm−1 [30]. The procedure of the calculation of the vi-
bronic coupling constants υCoII

hs and υCoIII

ls is described in detail in Ref. [30]. The parameters
Jls,ls, Jhs,hs and Jhs,ls are evaluated with the use of Equation (7). The Debye frequency is
calculated as [44]:

ωM = c
(

6π2

Ω0

)1/3

, (10)

where Ω0 is the unit cell volume and c is the speed of sound. For Ω0 = 5126.3 Å3 [24] and
c = 2 × 105 cm/s one obtains }ωM = 24 cm−1 [30]. It is seen that the Debye frequency
calculated in this way is practically the same as that presented in [39] and used above for
the description of SCO Fe(II) complexes. One easily finds the following ratio between the
parameters of cooperative interaction Jls,ls : Jhs,hs:Jhs,ls = 1.549:1.245:1. This relation allows
us to use only one fitting parameter Jls,ls instead of three independent J j,l parameters. A
weak exchange interaction through the cyanide bridge in the pair ls− FeIII − hs−CoII can
be neglected.

Within the framework of the developed model [30], the analysis of the magnetic
properties of the [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3) compound [24] is performed.
Since at very low temperatures the observed χT product has a non-vanishing value, it means
that from the very beginning a part of binuclear complexes yhs is in the ls-FeIII−hs-CoII

state. Therefore, the χT product is calculated as χT = (χT)hs(nhs[1− yhs] + yhs), where the
hs fraction nhs = Zhs/Z and (χT)hs describes the magnetic behavior of the ls-FeIII−hs-CoII

complex. The exchange interaction of the ls-FeIII and hs-CoII ions is neglected; therefore, the
magnetic susceptibility of the hs fraction can be presented as a sum of the susceptibilities of
the ls-FeIII and hs-CoII ions. Here, it should be mentioned that for the correct description
of the magnetic behavior of the compound under examination it is necessary to take into
consideration the excited energy levels for both the ls-FeIII and the hs-CoII ions neglected at
the previous stage. For example, the mixing of the ground Kramers doublet of the ls-FeIII

ion with the excited quadruplet by the external magnetic field results in the temperature
independent paramagnetism significant for the correct interpretation of the magnetic
behavior. The detailed description of this procedure can be found in Ref. [30].

Finally, the elaborated model is applied to the explication of CTIST which takes place
in the [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3) complex (Figure 6).
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It is seen that the model describes quite well all the characteristic features of the
observed curve and, namely, the width of observed hysteresis loop and the position of
this loop in the temperature scale, the plateau at temperatures higher than 175 K, the slow
increase in the effective magnetic moment in the range of 4–150 K as well as the relative
number of clusters that are initially in the hs state. A good coincidence is observed between
the calculated and observed [24] values of the effective magnetic moment. The inset in
Figure 6 provides information about the populations of the configurations involved in the
transformation in the wide temperature range.

7. Concluding Remarks

We have presented a short overview of the theoretical modeling of spin transitions in
polymetallic compounds. The emphasis is made on the two main issues: (1) the problem of
cooperative interaction of the metal clusters in crystal via phonons coupled to molecular
vibrations, and (2) discussion of the origin, basic interactions and main peculiarities of
spin transitions in polynuclear compounds in the crystalline phase for which the molec-
ular vibrations constitute a pronounced part of the vibrational spectrum. The suggested
model explicitly involves the physical mechanism of cooperativity and gives a satisfactory
description of the observed spin transitions in mono-, bi- and tetranuclear compounds.
In the framework of the described approach, we have discussed the experimental data
on spin crossover in the mononuclear [Fe(ptz)6](BF4)2, binuclear [{Fe(bt)(NCS)2}2bpym]
and tetranuclear [Fe(tpa){N(CN)2}]4·(BF4)4·(H2O)2 compounds based on iron ions. The
approach is also applied to the description of the charge-transfer-induced spin transition in
the [{(Tp)Fe(CN)3}{Co-(PY5Me2)}](CF3SO3) complex.
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