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1. INTRODUCTION

The spin-crossover phenomenon was first discovered by
Cambi et al. on a series of iron(III) tris(dithiocarbamate) com-
pounds more than 70 years ago.1�3 The phenomenon is referred
to as transitions from high-spin (hs) to low-spin (ls) or from ls to
hs states in octahedral transition-metal complexes with d4, d5, d6,
and d7 electronic configurations. These states possess different
orbital and spin multiplicities. Spin crossover is one of the
best examples of molecular bistability, which means that in
some transition-metal complexes the spin state of the complexes
changes due to external perturbation such as temperature, pres-
sure, and light irradiation. The bistable compounds could be
useful for the construction of memory and sensory molecular-
based devices. In the literature, numerous compounds of FeII-
(3d6), FeIII(3d5), and CoII(3d7) exhibiting spin crossover both in
the solid state and in solution have been reported.4�9 The main
characteristic of spin crossover is the temperature dependence of
the population of the hs state (hs fraction). Depending on the
shape of this curve, the transitions are divided into the following
groups: gradual transitions that occur over an extended tempera-
ture range, abrupt transitions that take place within a narrow
temperature range, transitions associated with a thermal hyster-
esis loop or with a two-step process, and incomplete transitions.5

The two most important observed consequences of a spin tran-
sition are changes in the metal�ligand bond lengths accompany-
ing the repopulation of the t2 and e orbitals and changes in the
magnetic properties. For iron compounds, the spin conversion
also clearly manifests in the M€ossbauer spectra. For the descrip-
tion of spin-crossover iron(II) compounds, the semiempirical
thermodynamic approach,10 theWainflasz and Pick model, and its
extensions, called “Ising-like models”, are very often applied.11�18

Only in a few cases is spin crossover observed for chromium-
(II) and manganese(III)19�22 compounds. Some manganese(III)
complexes reported in ref 23 were not structurally characterized,
and probably, therefore, the observed temperature dependence

of their magnetic moment was attributed to exchange inter-
actions. However, in ref 24, an assumption was made that the
more likely interpretation of this dependence is spin crossover.
[Mn(trp)] (trp3� = tris[1-(2-azolyl)-2-azabuten-4-yl]amine)
represents a well-characterized example of spin conversion in
MnIII ions,19 which continues to attract the attention of re-
searchers.25�27 Heat capacity and magnetic susceptibility mea-
surements show that the spin transition from the hs state to the ls
state in [MnIII(pyrol)3tren] {(Hpyrol)3tren = tris[1-(2-azolyl)-
2-azabuten-4-yl]}19,25 occurs abruptly at about 44 K. Paraelectric
behavior due to a dynamic Jahn�Teller effect has been found in
the hs phase above Tc = 48 K of the manganese(III) spin-
crossover complex [Mn(taa)] (H3taa = tris[1-(2-azolyl)-2-aza-
buten-4-yl]amine).28 The dielectric constant of this compound
obeys the Curie�Weiss law with an asymptotic Curie tempera-
ture at 26 K, suggesting competition between a ls phase and a
ferroelectrically ordered phase at low temperatures. Recently, it
was observed that modulation of the orientation of the N4(O

�)2
donors in a series of hexadentate ligands has a dramatic effect on
the spin state of manganese(III) complexes and that gradual
thermal spin crossover may be attained when the phenolate
oxygen donors are trans to each other.24 In fact, by variation of
the length of the alkyl chains in the starting tetraamine, such a
geometry was achieved. A manganese(III) complex possessing a
hs ground state at all temperatures was obtained with the aid of
a triethylene�tetraamine link (L1), which orients the oxygen
donors cis to each other. At the same time, lengthening of the
tetraamine link by two methylene groups (L2) led to a trans
geometry of the oxygen donors, facilitating spin crossover24 in
the [MnL2]NO3 compound. An axially compressed octahedral
geometry for the MnIII ion in the mixed nitrogen�oxygen ligand
surrounding (MnN4O2) has been reported in 29. The magnetic
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ABSTRACT: A microscopic approach to the problem of
cooperative spin crossover in the [MnL2]NO3 crystal, which
contains MnIII ions as structural units, is elaborated on, and
the main mechanisms governing this effect are revealed. The
proposed model also takes into account the splitting of the
low-spin 3T1 (t2

4) and high-spin 5E (t2
3e) terms by the low-

symmetry crystal field. The low-spinf high-spin transition has
been considered as a cooperative phenomenon driven by
interaction of the electronic shells of the MnIII ions with the
all-around full-symmetric deformation that is extended over the crystal lattice via the acoustic phonon field. The model well explains
the observed thermal dependencies of the magnetic susceptibility and the effective magnetic moment.
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susceptibility of the complex clearly exhibits spin crossover.
Recently, magnetic measurements and variable-temperature
single-crystal X-ray crystallography proved spin-crossover effects
in the [Mn(5-Br-sal-N-1,5,8,12)]ClO4 compound.30

The vibrational contribution to the entropy change ΔS of the
ls (3T1) to hs (5E) spin transition in the 3d4 octahedral system
[MnIII(pyrol)3tren] has been estimated by means of density
functional theory (DFT) calculations of the vibrational normal-
mode frequencies in ref 31. The obtained value at the transition
temperature for theMnIII complex isΔSvib(44K) = 6.3 J K

�1mol�1,
which is approximately half of the experimentally deter-
mined 13.8 J K�1 mol�1. In ref 28, the geometry optimization
of the hs [Mn(taa)] molecule was carried out by a hybrid
DFT quantum-chemical calculation. On the basis of a four-state
Ising�Potts model,32 a phase diagram incorporating both a
virtual cooperative Jahn�Teller transition from the hs state to
the ferroelectrically ordered phase and a spin-crossover transition
hsT ls was also proposed to elucidate the interrelation between
these three phases of the [Mn(taa)] compound.28 Three adjus-
table parameters were introduced to the model to reproduce the
spin-crossover transition temperature, the virtual Jahn�Teller
transition temperature, and the effective ls�hs gap. In ref 30, with
the aid of DFT for the [Mn(5-Br-sal-N-1,5,8,12)]ClO4 complex,
the geometry optimization and vibration analysis have been
performed and the spin and density difference maps have been
obtained. From DFT calculations, parameters relevant for inter-
pretation of the observed effect in the framework of the ligand-
field paradigm have been retrieved.30 It was obtained that the hs
ground state is higher with ΔE∼ 2000 cm�1 than the ls one. At
the same time, in refs 28 and 30�32, the cooperative interac-
tions, which together with the intraion ones determine the type
of spin crossover and transition temperature, are not included in
the model. An attempt to reveal the role of these interactions is
undertaken in 28. Meanwhile, in ref 28, the interion interactions
are introduced phenomenologically within the framework of the
four-state Ising�Potts model.

In the present paper, we develop a microscopic theoretical
approach for the description of the spin-crossover phenomenon
in manganese(III) compounds, and with the aid of this approach,
we explain the experimental data on the temperature dependence
of the magnetic susceptibility and magnetic moment in the
[MnL2]NO3 compound.

24

2. THE MODEL

The MnIII ion possesses four electrons in the incomplete d
shell. Depending on the ratio Dq/B in the cubic crystal field
(where Dq is the parameter of the cubic crystal field and B is the
Racah parameter), the ground state of this ion is the triplet 3T1 or
the doublet 5E further on referred to as the ls and hs states,
respectively. The interaction of the ground state 5E of the MnIII

ion with the tetragonal Jahn�Teller vibrations of the highly
symmetrical ligand surroundings leads to the situation when the
system is held up in one of the minima of the lower adiabatic
potential sheet, which results in distortion of the octahedral
manganese complex and a lowering of its symmetry.33 The
majority of hs manganese(III) complexes subject to the Jahn�
Teller effect demonstrate elongated octahedral surroundings.
In this case, one inevitably faces the problem of finding out
the initial equilibrium configuration of the complex. Unfortu-
nately, this problem cannot be solved in an unique way. There-
fore, usually a simplified model is applied that assumes that the

observed distortion of the manganese(III) complexes is a result
of the action of a low-symmetry crystal field.

Inspection of the molecular structure and interatomic dis-
tances (Table 1) reveals that in the [MnL2]NO3

24 complex the
MnIII ion has a quasi-octahedral environment made up by four
nitrogen and two oxygen atoms (Figure 1). With an increase in
the temperature, the Mn�N bond lengths increase, while the
axial Mn�O bond lengths remain almost the same. In the tem-
perature range 100�300 K, the symmetry of the [MnL2]NO3

complex24 does not change and the complex may be approxi-
mately regarded as a system belonging to the C2v point group.
The structure of the [MnL2]NO3 complex differs from that for
manganese(III) complexes subject to strong Jahn�Teller effect
because this complex is compressed along the O�Mn�O
direction. This difference, along with the conserved symmetry
of the complex in a wide temperature range, allows one to sup-
pose that the cooperative interaction facilitating the spin transi-
tion is apparently not of the Jahn�Teller nature. At the same
time, in order to avoid the solution of the Jahn�Teller problem
for an isolated complex, we assume that distortion of the nearest
surrounding of the Mn ion comes from a low-symmetry
crystal field.

The Hamiltonian of the system of interacting Mn ions

H ¼ ∑
n
Vn
cr þ ∑

n
Vn
ee þ Vst ð1Þ

includes the crystal fields (Vcr
n ) acting on the Mn ions, the inter-

electronic repulsion (Vee
n ) inside eachMn ion, and the electron�

deformational cooperative interaction between the Mn ions,
which facilitates the spin transition.
2.1. Crystal Field. We employ the exchange-charge model of

the crystal field34�39 that takes into account two contributions to
the energy of the MnIII ion in the crystal field, namely, the con-
tribution arising from interaction of the electrons in the d shell
with the point charges (pc) of the surrounding ligands and the
contribution coming from the overlap of the 3d orbital with the

Table 1. Spherical Coordinates of the Ligands in the
MnN4O2 Complex in the [MnL2]NO3 Compound

ligand

1 2 3 4 5 6

Ri, Å 1.988 1.988 2.050 2.050 1.872 1.872

θi, rad π/2 π/2 π/2 π/2 0 π

ji, rad 0 π/2 π 3π/2 0 0

Figure 1. Ligand surroundings of the MnIII ion in the [MnL2]NO3

compound.
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ligand orbitals. The latter is referred to as the contribution of
exchange charges (ec; see the Appendix). In this model, the
crystal-field operator written in the frame of reference shown in
Figure 1 is as follows:

Vcr ¼ B02Y2, 0 þ B04Y4, 0 þ B44ðY4,�4 þ Y4, 4Þ ð2Þ
where the parameters Bl

m are determined as

B02 ¼ �
4e2

ffiffiffi
π

5

r

RARBRC
3 ½ � RARBÆr2æ þ GRC

2½RBRCS2ðRAÞ
þ RARCS2ðRBÞ � 2RARBS2ðRCÞ��

B04 ¼ � e2
ffiffiffi
π

p
15RARBRC

5 ½40RARBÆr4æ þ 9GRC
4½3RBRCS4ðRAÞ

þ 3RARCS4ðRBÞ þ 8RARBS4ðRCÞ��

B44 ¼ �
3e2G

ffiffiffiffiffiffi
7π
10

r

RARB
½RBS4ðRAÞ þ RAS4ðRBÞ� ð3Þ

The expressions (3) have been obtained by taking into account
that in the compound under examination the point charges of
oxygen and nitrogen ligands are equal to e and 0, respectively.
Actually, to get accurate values of atomic charges, a calculation of
the full electronic structure of the crystal is needed, which
represents a separate problem. Here the numerical values of
the ligand point charges have been identified approximately with
the oxidation states and determined from the following con-
siderations. Because the oxidation state of the counterion NO3 is
1�, the complex MnL2 has in total a positive oxidation state
1+ and consists of a MnIII ion and a L2 ligand having the oxidation
state 2�. The only acidic hydrogen atoms in the L2 ligand are
those attached to the oxygen atoms. Therefore, the protons H+

on OH are lost, giving two negative oxidation numbers on the
two oxygen atoms, and the oxidation states of the nitrogen atoms
are vanishing. The spherical coordinates of the ligands are given
in Table 1. In subsequent calculations for theMnIII ion, the values
Æ r2 æ = 1.286 a.u., Æ r4 æ = 3.446 a.u. have been used.40 Numerical
values of the overlap integrals Sl(RC),Sl(RB), and Sl(RC)
(Table 2) have been computed with the aid of the radial 3d
wave functions of MnIII and the 2s,2p functions of oxygen and
nitrogen given in ref 41. The parameters B2

0, B4
0, and B4

4 (Table 2)
as functions of the parameter G have been estimated with the aid
of formulas (3) and the overlap integrals. Actually, such a
representation allows one to determine the partial contributions
that come to the parameters Bl

m from the exchange and point

charges of the crystal field. Further on the value of the parameter
G will be obtained from the optimal coincidence between the
calculated and observed temperature dependences of the mag-
netic susceptibility and effective magnetic moment.
Now let us focus on the problem of the basis set. The crystal

field of C2v symmetry (eq 2) acting on the Mn ions may produce
significant splitting of the cubic terms of the MnIII ions, thus
changing themutual arrangement of the levels. In this field, the hs
5E(t2

3e) term splits into two nondegenerate states that are not
mixed with any other states by Coulomb interaction because the
configuration d4 gives only one cubic E level with spin S = 2. On
the other hand, the configurations t2

4, t2
3e, t2

2e2, and t2e
3 give rise to

seven 3T1 levels.
42 To properly reproduce the energies of the

low-lying Stark levels arising from splitting of the ls 3T1(t2
4) term,

we include in the basis set the following states:

3T1ðt42Þ, 3T1ðt32ð2T 2ÞeÞ, 3T1ðt32ð2T1ÞeÞ, 3T1ðt22ð3T1Þe2ð1A1ÞÞ,
3T1ðt22ð3T1Þe2ð1EÞÞ, 3T1ðt22ð3T1Þe2ð3A2ÞÞ, 3T1ðt2e3Þ

ð4Þ
and take into account interaction of these states with the crystal
field (2) as well as their Coulomb mixing.42 The wave functions
of states (4) are quoted in the Appendix. Because the Racah
parameters in a crystal are reduced compared to those for free
ions due to the covalency of the MnIII�ligand bonds (the so-
called nephelauxetic effect; see, for instance, ref 43) in calcula-
tions, we take for the parameters B and C values that make up
80% of the free-ion values. The calculations apparently show that
in a wide range of parameter G values the effect of mixing of the
3T1(t2

4) state with the other six 3T1 states (4) is comparatively
small for the MnIII ion in the mixed-ligand surrounding, and
the low-lying energy spectrum of this ion consists of four levels
predominantly arising from the splitting of the 3T1(t2

4) and
5E(t2

3e) states by the crystal field (Figure 2). These levels trans-
form according to the irreducible representations A2,(B1, B2),
A1
(1),A1

(2) of the C2v point group (Figure 2); the energies of the
states 3B1 and

3B2 coincide. From Figure 2, it is seen that for
parameter G values of less than 2.78 the ground state is the 5A1

(1)

level while the first excited state is the 5A1
(2) level. With an

increase ofG, the energy of the state 3A2 becomes lower than that
of the 5A1

(2) state, but the ground state remains the same. At the
point G = 7.42, the change of the ground state takes place. In the
range of parameters G > 7.42, the ground state 3A2 and excited
state 5A1

(1) belong to spin values S = 1 and 2, respectively. The
range of parameters G > 7.42 is favorable for spin crossover in
the [MnL2]NO3 compound. In fact, the observed magnetic
moment24 increases from 2.8 μB at 80 K to 4.4 μB at 300 K,
indicating thus the change of the ground-state spin from 1 to 2. It

Table 2. Numerical Values of the Overlap Integrals Sl(R), Their Derivatives S0 l(R), and Crystal-Field Parameters Bl
m as a Function

of the Parameter G

S2(RA) S4(RA) S2(RB) S4(RB) S2(RC) S4(RC)

0.0169 0.0107 0.0140 0.0091 0.0201 0.0128

S02(RA) (in a0
�1)a S04(RA) (in a0

�1) S02(RB) (in a0
�1) S04(RB) (in a0

�1) S02(RC) (in a0
�1) S04(RC) (in a0

�1)

�0.0275 �0.0138 �0.0233 �0.0127 �0.0350 �0.0180

B2
0, cm�1 B4

0, cm�1 B4
4, cm�1

40374 + 3426G 6444 + 9818G 4307G
a a0 is the Bohr radius.
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should be also noted that in the range of parameters G, wherein
spin crossover may take place (Figure 2), the energy gaps be-
tween the excited (3B1,

3B2),
5A1

(2) and low-lying 3A2 and
5A1

(1)

levels exceed significantly kT. Thus, the low-lying spectrum
consists of two levels, ls 3A2 and hs 5A1

(1), well separated from
other excited-state levels arising from the splitting of the cubic
3T1 and

5E terms.
Finally, we discuss the role of spin�orbital (SO) interaction.

This interaction42 mixes the cubic 3T1 and
5E terms and splits

the 3T1 term. Generally speaking, the SO interaction should
be included in the electronic single-ion Hamiltonian along with
the low-symmetry crystal-field operator. However, because of the
local Jahn�Teller effect in each Mn ion, freezing of the orbital
momentum, i.e., reduction of the SO interaction, takes place.44�46

Because for a Mn ion the free-ion SO constant λ = 80 cm�1 40 is
sufficiently small, one can assume that the SO interaction reduced
by the Jahn�Teller effect44�46 as well as by strong covalence
effects (see ref 42 and Table 2) will lead to splittings of the cubic
MnIII terms, negligible compared to the effective gapΔhs between
the hs and ls states in the low-symmetry C2v crystal field (see
Figure 2 and section 3). Therefore, the effects of the SO inter-
action are not examined.
2.2. Electron�Deformational Interaction. The spin trans-

formation in the compound under examination does not cause a
change in the crystal symmetry. Therefore, the spontaneous
strain accompanying the spin conversion is assumed to be full
symmetric and to appear as a consequence of occupation of
the antibonding e orbital in the MnIII ion. Taking into account
that in spin-crossover compounds the medium between the
molecules is more easily affected by deformation than that inside
the molecule in the subsequent examination, a difference is made
between the molecular and intermolecular space. As in refs
47�49, we introduce the internal molecular ε = (εxx

1 + εyy
1 +

εzz
1 )/31/2 and external (intermolecular volume) ε2 = (εxx

2 + εyy
2 +

εzz
2 )/31/2 strains and, corresponding to these full-symmetric
strains, bulk moduli c1 and c2. In each molecule, we consider
interaction of the MnIII ion with the arising ε1 strain. Within the
framework of Kanamori’s approach,50 the contribution of uniform
strains ε1 and ε2 in the crystal Hamiltonian can be set by the operator

Hst ¼ Nc1Ω0ε12

2
þ Nc2ðΩ�Ω0Þε22

2
þ v1ε1 ∑

n
τn þ v2ε1N

ð5Þ

where Ω0 and Ω are the molecular and unit cell volumes, res-
pectively,N is the number of unit cells in the crystal, v1 = (vhs� vls)/2,
v2 = (vhs + vls)/2, where vhs and vls are the constants of interaction
of the MnIII ion with the full-symmetric strain ε1 in the hs 5A1

(1)

and ls 3A2 states, respectively. In eq 5, the first two terms describe
the elastic energy of the deformed crystal, and the third and
fourth terms correspond to coupling of the d electrons of the
MnIII ion with the uniform deformation ε1. In the basis of the hs
and ls states, the 8 � 8 matrix τn is diagonal, and its matrix
elements 1 and�1 correspond to the states 5A1

(1) and 3A2. For a
uniform crystal compression (or extension), the relation of ε2 to
ε1 is roughly supposed to be

ε2 ≈ ε1
c1
c2

ð6Þ

If we replace themolecular and intermolecular volumes by coupled
parallel springs, the same relation will hold. With account of eq 6
after minimizing eq 5 over the strain ε1, we obtain

Hst ¼ � b ∑
n
τn � J

2N ∑n,m
τnτm ð7Þ

where

b ¼ Av1v2, J ¼ Av1
2, A ¼ c2

c1½c2Ω0 þ c1ðΩ�Ω0Þ�
ð8Þ

Thus, the coupling to the strain gives rise to an infinite-range inter-
action between all Mn ions of the crystal. It should be mentioned
that the model of the elastic continuum, introduced above, satis-
factorily describes only the long-wave acoustic vibrations of the
lattice. Therefore, the obtained intermolecular interaction, in fact,
corresponds to the exchange via the field of long-wave acoustic
phonons. If c1 = c2, the Hamiltonian of intermolecular interaction
acquires the form generally accepted in the theory of the coopera-
tive Jahn�Teller effect.50,51 Provided that c1. c2 and v1∼ c1, the
interaction term in eq 7 corresponds to that obtained in the model
of elastic interactions.4 The first term in eq 7 also arises from the
interaction with the deformation and acts as an additional field
applied to each spin-crossover molecule.
2.3. Mean-Field Approximation. For a system of interacting

spin-crossover Mn ions, the solution of the problem can be ob-
tained in the framework of the mean-field approximation. In this
approximation, the HamiltonianHst decomposes into the sum of
single-ion Hamiltonians

~Hst ¼ ∑
n
Hn

st, Hn
st ¼ � ðB þ Jτ̅ Þ ∑

n
τn ð9Þ

where τ̅ = Æτæ is the thermal average of the operator τ. Then,
taking into account eq 9, we obtain the total Hamiltonian for a
single MnIII ion

Hn ¼ Hn
st þ

Δ

2
τn ð10Þ

where Δ is the crystal-field gap between the hs 5A1
(1) and ls 3A2

states (Figure 2). Using the eigenvalues εhs = Δ/2 � B � J τ̅
and εls = �Δ/2 + B + J τ̅ of the Hamiltonian Hn, the follow-
ing expression can be written for the free energy of a single

Figure 2. Energies of the low-lying levels of the MnIII ion in the MnN4O2

complex as a function of the exchange-charge model parameter G.



11398 dx.doi.org/10.1021/ic201025u |Inorg. Chem. 2011, 50, 11394–11402

Inorganic Chemistry ARTICLE

Mn ion in the molecular field:

FðTÞ ¼ � kT lnfg exp½ � ½Δhs � Jð2nhs � 1Þ�=kT�

þ exp½ � Jð2nhs � 1Þ=kT�g �Δhs

2
� kT ln gls

þ Jð2nhs � 1Þ2=2 ð11Þ
where nhs is the hs fraction or the total population of the hs state
connected with the mean value of the order parameter by the
relation 2nhs � 1 = τ̅ and Δhs = Δ � 2b is the effective gap
between the hs and ls states in the presence of cooperative
interaction. It is seen that the parameter �2b only redefines the
crystal-field gap Δ. Finally, g = ghs/gls, where ghs and gls are the
degeneracies of the hs and ls states, respectively. The two states
have different degeneracies because of the different spin multi-
plicities and of the different densities of vibrational states
associated with them.13,14 The entropy change ΔS is connected
with the ratio ghs/gls by the relation52 ΔS = R ln ghs/gls. This
change upon conversion is noticeable and contains vibrational
contributions.53,54

Minimizing the free energy F(T) per one crossover Mn ion
over nhs, we obtain a self-consistent equation for the hs fraction:

g exp½ � ½Δ�hsJð2nhs � 1Þ�=kT� � exp½ � Jð2nhs � 1Þ=kT�
g exp½ � ½Δhs � Jð2nhs � 1Þ�=kT� þ exp½ � Jð2nhs � 1Þ=kT�

¼ 2nhs � 1 ð12Þ
The equation obtained for the hs fraction has a set of nontrivial

solutions determined by different relations between the char-
acteristic internal parameters of the system.
2.4. Parameter Values. Magnetic Susceptibility of a Man-

ganese Complex in the Mean-Field Approximation. We start
with the estimation of the characteristic parameter J of electron�
deformational interaction (eqs 7 and 8). Because the nuclear
configuration is consistent with the electronic state of a manga-
nese(III) complex, each electronic state possesses its equilibrium
lattice configuration. Upon passing from one electronic state to
another one, vibrational relaxation occurs in the final electronic
state, and the nuclei start oscillating near the new equilibrium
positions. The transition of the manganese(III) complex from the
ground-state ls 3A2 to the excited-state hs 5A1

(1) is accompanied
by a change in ΔR in the Mn�N bond lengths. If the nearest
surrounding of the Mn-ion (MnN4O2) is assumed to be pseu-
dooctahedral, this change is approximately connected with the
equilibrium positions of the nuclei in the hs Mn state by the
relation49

υhs � υls ¼
ffiffiffiffiffiffiffiffiffiffiffi
6fpω

p
ΔR ð13Þ

Here υhs and υls are the constants characterizing the coupling of
the MnIII ion in the hs and ls states with the full-symmetric vibra-
tion of the ligand surrounding, respectively, and f is the mean force
constant for this vibration. The constantν1 of the interaction of the
MnIII ion with the full-symmetric strain ε1 (eq 5) is con-
nected with the parameter υhs � υls by the following relation:

49

ν1 ¼ υhs � υls
2

ffiffiffiffiffiffiffi
2f
pω

r
R0 ¼ ffiffiffi

3
p

f R0ΔR ð14Þ

where R0 is the mean value of the ligand radii for the MnN4O2

complex. Estimating the parameter J, we also take into account that
in spin-crossover compounds the main change in the volume falls
on the intermolecular space, i.e., c1 . c2 and the value ΔR for the

manganese(III) complex varies in the range 0.08�0.11 Å.24 Thus,
for typical values c2 = 1011 dyn cm�2, c2 ≈ 0.1c1, R0 = 1.97 Å�, f =
3� 105 dyn cm�1,Ω≈ 650 Å�3,24Ω = 8 Å�3, andΔR = 0.08�0.11
Å, the parameter J = Av1

2 falls into the range 70�95 cm�1. The
obtained value of J appears to be reasonable because for rare-earth
zircons exhibiting the Jahn�Teller effect the constant of electron�
deformational interaction is of the order of 10 cm�1.51 Then we
estimate the changeΩhl of the unit-cell volume under the lsf hs
transition

Ωhl ¼ � 2
ffiffiffi
3

p
c1

v1 ¼ 40 Å3 ð15Þ

This value also falls within the experimental limits.24 In such a way,
the model gives reasonable values for the microscopic parameter
J and the change of the unit-cell volume. The parameters g and
Δhs will be obtained below from the optimal coincidence of the
calculated and observed values of the magnetic susceptibility and
effective magnetic moment in a wide temperature range. It is clear
that the fitting procedure is restricted to the range of parameters
Δhs > 0 and g > 0.
The energy levels in the mean-field approximation and the

temperature dependence of the hs fraction are used for calcula-
tion of the magnetic moment of the manganese complex with the
aid of the van Vleck formula:

μ2 ¼ gS
2μB

2 6g expð � εhs=kTÞ þ 2 expð � εls=kTÞ
g expð � εhs=kTÞ þ expð � εls=kTÞ ð16Þ

The temperature dependence of the magnetic susceptibility can
be easily obtained from the relation

μ ¼ ffiffiffiffiffiffiffiffi
8χT

p ð17Þ

3. RESULTS AND DISCUSSION

Figure 3 displays the observed temperature dependence of the
magnetic susceptibility over the temperature range 50�300 K.
The experimental room temperature value of χ is 8.22 �
10�3 cm3 mol�1 24 and decreases to 6.92 � 10�3 cm3 mol�1 as
the temperature is lowered to 175 K, after which temperature
χmonotonically increases. The magnetic susceptibility is calculated
with the set of the best fit parameters. A quite good agreement
between the observed and calculated curves of the magnetic

Figure 3. Temperature dependence of the magnetic susceptibility for
the [MnL2]NO3 compound: squares, experimental data;24 solid line,
theoretical fit with g = 10, Δhs = 395 cm�1, and J = 95 cm�1.
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susceptibility is obtained. The best fit is achieved for the para-
meter values Δhs = 395 cm�1, J = 95 cm�1, and g = 10 with the
agreement criterion (1/N)(∑i(χexp

i � χcalc
i )2/(χexp

i )2)1/2 = 0.017.
With the same set of parameters Δhs and g, variation of the
effective magnetic moment as a function of the temperature has
been calculated (Figure 4). It is seen that the model under exami-
nation also reproduces the observed magnetic moment curve.
The low-temperature value of the magnetic moment corre-
sponds to the spin S = 1. However, the observed magnetic
moment value 4.36 μB at 293 K is lower than 4.9 μB, thus
testifying a gradual incomplete spin transition in accordance with
the classification accepted in ref 5. In this case, the gap between
the hs and ls states significantly decreases with the temperature;
however, the hs state remains higher in energy. This observation
is also confirmed by Figure 5, wherein there is shown the hs
fraction as a function of the temperature calculated in the mean-
field approximation with the set of the best fit parameters. From
Figure 5, it is seen that in the range of temperatures T < 125 K
only the ls 3A2 level is populated and nhs = 0, and then nhs
gradually increases with the temperature rise. However, at room
temperature, nhs < 1.

Because experimental data on the entropy change ΔS accom-
panying the spin transition in the [MnL2]NO3 compound are
not available, we estimated the ratio g = ghs/gls from the observed
value ΔS = 13.8 J K�1 mol�1 for manganese(III) spin-crossover
compounds such as [Mn(taa)] [H3taa = tris[1-(2-azolyl)-2-
azabuten-4-yl]amine] and [MnIII(pyrol)3tren].

25,31 The value
g = 5.3 calculated from ΔS 31 is approximately 1.9 times smaller
than that obtained from the fitting procedure for [MnL2]NO3.
Meanwhile, the parameter g is an intrinsic characteristic of the
compound and even depends on the concentration of the spin-
crossover ions.55 This allows one to assume that the best-fit value
g = 10 is reasonable. The obtained g value is much smaller than
those for iron(II) spin-crossover compounds55 and shows that
for manganese(III) systems not all metal�ligand stretching vib-
rations contribute to ΔS. This result is in accordance with the
estimate of the vibrational contribution to the entropy change
associated with the spin transition in d4 systems performed
in ref 31. Finally, with the aid of the relation Δhs = Δ � 2b =
395 cm�1 and the energy level diagram presented in Figure 2, we
evaluate the crystal-field gap Δ between the ls 3A2 and hs 5A1

(1)

states. Because the spin transformation is assumed to be accom-
panied only by the full-symmetric deformation first for this
estimation, we present the matrix elements vhs and vls, which
contribute to ν1 and ν2 in the form

νls ¼ Æls 3A2 j
∂W
∂RA

RA þ ∂W
∂RB

RB þ ∂W
∂RC

RC

� �
Ri¼Rls

i

jls 3A2 æ
1ffiffiffi
3

p

νhs ¼ Æhs 5Að1Þ
1 j ∂W

∂RA
RA þ ∂W

∂RB
RB þ ∂W

∂RC
RC

� �
Ri¼Rhs

i

jhs 5Að1Þ
1 æ

1ffiffiffi
3

p

ð18Þ
where W is the electron�nuclear potential energy (see the
Appendix) and i = A, B, C. After substitution of the numerical
values of the radii, overlap integrals, and their derivatives (Tables 1
and 2) into (18), the matrix elements νhs and νls expressed in
terms of the phenomenological parameter G of the exchange-
charge model are as follows:

νls ¼ 103ð8:6 þ 22:4GÞ, νhs ¼ 103ð8:6 þ 11:5GÞ
ð19Þ

and the parameter b = Av1v2 is determined as

b ¼ � ð1:4 þ 2:8GÞG ð20Þ
In eqs 19 and 20, the parameters νls, νhs, and b are given in cm

�1.
At the same time, in themodel under examination, the crystal-field
gapΔ between the hs and ls states is also a function ofG, as is seen
in Figure 2. Therefore, with the aid of the energy level diagram
presented in Figure 2 and the expression (20), the equation
Δ(G) � 2b(G) = 395 cm�1 can be solved and one obtains that
Δ(G) = 63 cm�1 and G = 7.44. Thus, in the crystal field, the
hs level possesses a slightly higher energy compared to that of
the ls level. It is worth noting that the cooperative electron�
deformational interaction plays a double role. On the one hand,
this interaction redefines the crystal-field gap between the hs and ls
states, facilitating its increase. On the other hand, in the molecular
field approximation, the energies of the hs and ls levels become
temperature-dependent and the energy gap between these levels
decreases with the temperature rise. In order to demonstrate with
utmost clarity the role of cooperative interaction in Figure 4, we
also show the magnetic moment curves calculated with neglect of
this interaction. Curve 2 corresponds toΔ = 63 cm�1 and g = 5/3;

Figure 4. Variation of the effective magnetic moment of the [MnL2]-
NO3 compound as a function of the temperature: squares, experimental
data;24 (1) Theoretical fit with g = 10,Δhs = 395 cm

�1, and J = 95 cm�1.
(2)Magnetic moment calculated with neglect of the electron�deforma-
tional interaction (J = 0) with the ratio of spin multiplicities g = 5/3 and
the crystal-field gapΔ = 63 cm�1. (3) Magnetic moment calculated with
J = 0, Δ = 63 cm�1, and g = 10.

Figure 5. Population of the hs state calculated with a set of best-fit para-
meters g = 10, Δhs = 395 cm�1, and J = 95 cm�1.
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i.e., only the spin multiplicity for the hs and ls levels was taken into
account. In calculations of curve 3 forΔ, the same value was taken
and g = 10. It is obvious that both calculated curves show a slight
increase of the magnetic moment in the low-temperature range.
Beginning from 100K, themagnetic moment values are practically
constant. These curves do not reproduce the observed one, which
shows a gradual increase of the magnetic moment in the tempera-
ture range 125�300 K.

Finally, in the same approximation with the aid of relations
(19) and numerical values of the parameters c1, c2, Ω, and Ω0

given above, we evaluate the parameter J = Av1
2 = 0.9G2 of the

cooperative electron�deformational interaction and obtain a
value of 50 cm�1. Thus, both estimations of the parameter J
performed with the aid of eqs 14 and 18�20, respectively, give
values of the same order of magnitude, and the best-fit value falls
within the estimated limits.

4. CONCLUDING REMARKS

To explain the phenomenon of spin transition in the
[MnL2]NO3 compound, we have reported a theoretical model.
The model takes into account the low-symmetry crystal field
acting on the Mn ion and the cooperative long-range electron�
deformational interaction facilitating the spin transition. The
inputs for the task were the structure of the complex formed by
the Mn ion and its nearest surrounding, the crystal structure,
and experimental data concerning the magnetic properties.
The main results of the consideration can be summed up in
the following way. An energy level diagram is constructed for a
single MnIII ion in the mixed-ligand surrounding of C2v sym-
metry. The energies of the levels have been calculated in the
exchange-charge model of the crystal field accounting for cova-
lence effects. The range of the crystal-field parameters for which
the low-lying part of the energy spectrum of the MnIII ion con-
sists of two nondegenerate levels arising from the states 3T1 and
5E, with the spin S = 1 state being the ground one, is determined.
It is shown that in this case the ground level mainly originates
from the 3T1(t2

4) term; i.e., the situation facilitating spin crossover
takes place. Cooperative long-range interactions have been
shown to arise from coupling of the electronic states of the MnIII

ion to the full-symmetric strain. In this case, the molecular-field
theory has proven to be particularly successful. The characteristic
parameter of the long-range interaction has been evaluated
in two different ways: microscopically in the exchange-charge
model of the crystal field and semiempirically with the aid of the
relation connecting the observed changes in the Mn�N bond
lengths with the equilibrium positions of the nuclei in the hs
MnIII state. Both estimations are shown to give values of the same
order of magnitude for the parameter of cooperative interaction.
It is demonstrated that this interaction tends to diminish the
energy gap between the ground ls and excited hs states and
facilitates a gradual increase of themagneticmoment. In this case,
in the mean-field approximation, the energy levels complying
with the hs and ls states draw closer together with a temperature
increase but do not intersect. Quite good agreement has been
obtained between the calculated and experimental values of the
magnetic susceptibility and effective magnetic moment. It should
be noted that the model developed is also applicable for con-
sideration of other manganese complexes demonstrating spin
crossover.

Finally, we want to point out that in calculations of the point-
charge contribution to the crystal-field parameters we used the

values of these charges determined from electrostatic considera-
tions. To some extent, this is corrected by fitting of the parameter
G of the exchange-chargemodel. In amore general sense, calcula-
tion of the charge distribution on the ligands by the DFTmethod
is required. This problem will be addressed in the future.

’APPENDIX

1. Crystal-Field Operator. In the exchange-charge model, the
parameters Bl

m of the crystal-field operator

Vcr ¼ ∑
α

Wðj rB� RBiαjÞ ¼ ∑
l,m

Bml Y
m
l ðϑ, ϕÞ ðA1Þ

are represented as

Bml ¼ BmðpcÞl þ BmðecÞl ðA2Þ

whereW(|rB� RBiα|) is the electron-nuclear potential energy, the
component

BmðpcÞl ¼ 4π
2l þ 1

� �
∑
α

Zαe2 rl
� �

ðRαÞl þ 1Y
m
l ðϑα, ϕαÞ ðA3Þ

is determined in the usual manner34�39 and depends on the posi-
tions of the ligands, their effective charges, and radial integrals Ærlæ
for theMn ions,40 and Ypm(ϑ,j) are normalized spherical harmo-
nics. The component B l

m(ec)

BmðecÞl ¼ 8πe2

5
G ∑

α

SlðRαÞ
Rα

Ym
l ðϑα, ϕαÞ ðA4Þ

is proportional to a linear combination of squares of different
types of overlap integrals of the 3d functions of the Mn ions and
2s,2p wave functions of the oxygen and nitrogen ligands

SpðRαÞ ¼ Ss
2ðRαÞ þ Sσ

2ðRαÞ þ γpSπ
2ðRαÞ

γ2 ¼ 1, γ4 ¼ � 4=3 ðA5Þ
Here Ss(Rα) = Æ3d,m = 0|2sæ, Sσ(Rα) = Æ3d,m = 0|2p,m = 0æ, and
Sπ(Rα) = Æ3d,m =(1|2p,m =(1æ are the overlap integrals of the
3d wave functions of Mn ions and the 2s,2p wave functions of
the oxygen or nitrogen ligands and G is the phenomenological
parameter of the model.

2. Wave Functions of the 3T1(t2
nem) (n + m = 4) Terms.

3T1ðt42Þ
j3T1α æ ¼�jζξξ̅ηj, j3T1βæ ¼ jξηη̅ζj, j3T1γæ ¼ jηζζ̅ξj

ðA6Þ

3T1½t32ð2T2Þe�
j3T1α æ ¼ �

ffiffiffi
3

p

2
ffiffiffi
2

p jξηη̅uj �
ffiffiffi
3

p

2
ffiffiffi
2

p jξζζ̅uj � 1

2
ffiffiffi
2

p jξηη̅vj � 1

2
ffiffiffi
2

p jξζζ̅vj

j3T1β æ ¼
ffiffiffi
3

p

2
ffiffiffi
2

p
�����ηξξ̅uj þ

ffiffiffi
3

p

2
ffiffiffi
2

p jηζζ̅uj � 1

2
ffiffiffi
2

p jηξξ̅vj� 1

2
ffiffiffi
2

p jηζζ̅ vj

j3T1γ æ ¼ 1ffiffiffi
2

p jζξξ̅vj þ 1ffiffiffi
2

p jζηη̅vj
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3T1½t32ð2T1Þe�

j3T1αæ ¼ � 1

2
ffiffiffi
2

p
�����ξηη̅uj þ

1

2
ffiffiffi
2

p
�����ξζζ̅uj þ

ffiffiffi
3

p

2
ffiffiffi
2

p jξηη̅vj �
ffiffiffi
3

p

2
ffiffiffi
2

p jξζζ̅vj

j3T1β æ ¼ 1

2
ffiffiffi
2

p
�����ηξξ̅uj �

1

2
ffiffiffi
2

p jηζζ̅uj þ
ffiffiffi
3

p

2
ffiffiffi
2

p jηξξ̅vj�
ffiffiffi
3

p

2
ffiffiffi
2

p jηζζ̅vj

j3T1γ æ ¼ 1ffiffiffi
2

p
�����ζξξ̅uj �

1ffiffiffi
2

p jζηη̅uj

3T1½t22ð3T1Þe2ð1A1Þ�
j3T1αæ ¼ 1ffiffiffi

2
p jη̅ ζ̅uu̅j þ 1ffiffiffi

2
p jη̅ζ̅ vv̅j, j3T1βæ ¼ 1ffiffiffi

2
p jζ̅ ξ̅ uu̅ j þ 1ffiffiffi

2
p jζ̅ ξ̅ vv̅j,

j3T1γ æ ¼ 1ffiffiffi
2

p jξ̅ η̅uu̅j þ 1ffiffiffi
2

p jξ̅ η̅vv̅j

3T1½t22ð3T1Þe2ð1EÞ�
j3T1αæ ¼ � 1

2
ffiffiffi
2

p jηζuu̅j þ 1

2
ffiffiffi
2

p jηζvv̅j þ
ffiffiffi
3

p

2
ffiffiffi
2

p jηζuv̅j þ
ffiffiffi
3

p

2
ffiffiffi
2

p jηζvu̅j

j3T1β æ ¼ 1

2
ffiffiffi
2

p jζξuu̅j � 1

2
ffiffiffi
2

p jζξvv̅j �
ffiffiffi
3

p

2
ffiffiffi
2

p jζξuv̅j þ
ffiffiffi
3

p

2
ffiffiffi
2

p jζξvu̅j

j3T1γ æ ¼ � 1ffiffiffi
2

p jξηuu̅j þ 1ffiffiffi
2

p jξηvv̅j

3T1½t22ð3T1Þe2ð3A2Þ�
j3T1αæ ¼ 1ffiffiffi

2
p jηζ̅uvj þ 1ffiffiffi

2
p jζη̅uvj, j3T1β æ ¼ 1ffiffiffi

2
p jζξ̅uvj þ 1ffiffiffi

2
p jξζ̅uvj,

j3T1γ æ ¼ 1ffiffiffi
2

p jξη̅uvj þ 1ffiffiffi
2

p jηξ̅uvj

3T1ðt2e3Þ
j3T1αæ ¼ �

ffiffiffi
3

p
2
juv̅vξj � 1

2
jvu̅uξj, j3T1βæ ¼

ffiffiffi
3

p
2
juv̅vηj � 1

2
jvu̅uηj,

j3T1γæ ¼ jvu̅uζj

5Eðt32eÞ
j5Euæ ¼ � jξηζvj, j5Evæ ¼ jξηζuj

Matrix Elements of the Crystal-FieldOperator on the Basis
of the 3T1 States.

3T1ðt42Þ
Æ3T1α jVcrj3T1αæ ¼ 388� 5458G, Æ3T1β jVcrj3T1β æ ¼ 388� 5458G,

Æ3T1γ jVcrj3T1γæ ¼ � 4387� 5856G

3T1½t32ð2T1Þe�
Æ3T1α jVcrj3T1αæ¼ �2419�2534G, Æ3T1β jVcrj3T1β æ ¼ � 2419� 2534G,

Æ3T1γ jVcrj3T1γæ ¼ 3485� 1222G

3T1½t32ð2T2Þe�
Æ3T1α jVcrj3T1αæ ¼ 1517� 1659G, Æ3T1β jVcrj3T1βæ ¼ 1517� 1659G,
Æ3T1γ jVcrj3T1γæ ¼ � 4387� 2971G

3T1½t22ð3T1Þe2ð1A1Þ�
Æ3T1α jVcrj3T1α æ ¼ � 1291 þ 1265G,

Æ3T1β jVcrj3T1β æ ¼ � 1291 þ 1265G,

Æ3T1γ jVcrj3T1γ æ ¼ 3485 þ 1663G

3T1½t22ð3T1Þe2ð1EÞ�
Æ3T1α jVcrj3T1α æ ¼ � 1291 þ 1265G,

Æ3T1β jVcrj3T1βæ ¼ � 1291 þ 1265G,

Æ3T1γ jVcrj3T1γ æ ¼ 3485 þ 1663G

3T1½t22ð3T1Þe2ð3A2Þ�
Æ3T1α jVcrj3T1α æ ¼ � 1291 þ 1265G,

Æ3T1β jVcrj3T1βæ ¼ � 1291 þ 1265G,

Æ3T1γ jVcrj3T1γ æ ¼ 3485 þ 1663G

3T1ðt2e3Þ
Æ3T1α jVcrj3T1α æ ¼ 677 þ 4587G,

Æ3T1β jVcrj3T1βæ ¼ 677 þ 4587G,

Æ3T1γ jVcrj3T1γ æ ¼ 1805 þ 5502G

5Eðt32eÞ
Æ5Eu jVcrj5Eu æ ¼ � 4387� 2971G,

Æ5Ev jVcrj5Ev æ ¼ 3485� 1222G ðA7Þ
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