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ABSTRACT: In this article, we present a theoretical microscopic approach to describe the magnetic and spectroscopic behavior
of multifunctional hybrid materials which demonstrate spin crossover and ferromagnetic ordering. The low-spin to high-spin
transition is considered as a cooperative phenomenon that is driven by the interaction of the electronic shells of the Fe ions with
the full symmetric deformation of the local surrounding that is extended over the crystal lattice via the acoustic phonon field. The
proposed model is applied to the analysis of the series [Fe''(sal,-trien)] [Mn"Cr'"(ox);]-solv, in short 1-solv, where solv =

CH,Cl,, CH,Br,, and CHBr;.

1. INTRODUCTION

Octahedral transition metal complexes with d*, d°, d°, and d’
configurations can possess two different electronic ground
states. These states are characterized by different orbital and
spin multiplicities and are known as low-spin (Is) and high-spin
(hs) states. More than 80 years ago, the temperature-induced
spin-crossover transition between these states was discovered
by Cambi et al. in a series of Fe' tris-dithiocarbamate
compounds."” Since then, numerous compounds of Fe' (3d°),
Fe'" (3d°), and Co" (3d”) have been reported to exhibit spin
crossover both in the solid state and in solution (see review
articles®® and refs therein).

Spin-crossover compounds are of interest because they
represent one of the best-known forms of inorganic electronic
switches. Variation of the ground state in these compounds
leads to both electronic (change in the occupation of the d-
orbitals) and structural changes. Usually the Is <> hs transitions
are gradual, but in some special cases, the conversion can
become abrugt and accompanied by thermal hysteresis and
bistability.>>~® In processing of experimental data on spin-
crossover systems, very often the semiempirical thermodynamic
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treatment is applied.” "' Another approach that is extensively
used for the description of cooperativity in spin-crossover
systems was suggested by Wajnflasz and Pick (WP) in the early
seventies'” and actually presents an Ising-like model, in which
the Is and hs states are described by a fictitious spin ¢ = —1 and
1, respectively, and, along with a semiempirical ratio g = g,/gi
of the degeneracies g, and g of the hs and Is states, a
temperature-dependent effective gap is introduced. The WP
model and its extensions called “Ising-like models” have been
widely applied to the description of spin-crossover and related
relaxation phenomena.'*~"*

The first microscopic approach to the problem of spin
crossover was suggested by Kambara and then by Sasaki and
Kambara.**~** In the framework of this approach the spin
conversion was shown to be induced by the intermolecular spin
coupling mediated by the lattice vibration modes and the lattice
strain. For the first time in>>~>° the important feature of spin
crossover compounds, i.e., the difference in the softness of the
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medium between the spin crossover molecules and that inside
the molecules was discussed. In refs 23—25, it was
demonstrated that this model goes beyond the semiempirical
thermodynamic’™"' and WP approaches'>™" and gives the
possibility to take into account all relevant interactions (internal
and external) and to write them down in the genuine basis of
electronic states. Microscopic models of cooperative spin
crossover in crystals containing Mn"' ions and cluster
{[M"™(CN)4],[M " (tmphen),];} (M/M’ = Co/Fe, Fe/Fe)
compounds based on the approach suggested in refs 23—26
have been presented in papers.””?® In refs 29 and 30, this
approach has been generalized to the case of charge-transfer-
induced spin transitions.

Recent efforts have led to the synthesis and characterization
of new multifunctional molecular materials®' > with coex-
istence of ferromagnetism and spin-crossover. These materials
represent salts formed by the insertion of spin-crossover
iron(III) cation complexes into anionic coordination polymers
based on homo- and bimetallic oxalate complexes. It has been
shown in ref 32 that by changing the experimental conditions,
two different oxalate networks with 2D and unusual achiral 3D
structure can be obtained with the same templating cation,
[Fe(sal,-trien)]*. The 2D materials consist of honeycomb
anionic layers formed by magnetic ions linked through oxalate
ligands and cationic layers of spin crossover [Fe'"(sal,-trien)]"
complexes intercalated between the 2D oxalate network. The
magnetic properties and Mo0ssbauer spectra of the 2D
compound [Fe(sal,-trien) ] [Mn"Cr™(ox),] -CH,CL,** indicate
that it undergoes a long-range ferromagnetic ordering at
temperatures of a few Kelvin and a spin crossover of the
intercalated iron complexes above 100 K. Such a type of
compounds opens a way to design switching magnets in which
the magnetic ordering of the oxalate network could be tuned,
thus taking advantage of the changes in internal pressure
induced by the spin-crossover phenomenon when applying
external stimuli such as light or pressure. However, up to now
the magnetic ordering and spin-crossover phenomena in the
above-mentioned systems are not synchronized.> To solve this
problem one needs deep understanding of the key mechanisms
governing cooperativity in the two subsystems (spin-crossover
and magnetic) and the interaction between them. With this aim
in mind in the present paper we model three new compounds
[Fe(sal,-trien) ] [Mn"Cr'(ox),]-CH,Cl,,** Fe(sal,-trien)]-
[Mn''Cr'"(0x);]-CH,Br, and [Fe'''(sal,-trien)]
[MnHCrIH(ox)3:|~CHBr3,,35 in short 1:solv, where solv =
CH,Cl,, CH,Br,, and CHBr;. The structure, magnetic
properties and Mossbauer spectra of these compounds confirm
spin crossover of Fe'" ions and ferromagnetic ordering in the
Mn"Cr™ subsystem. Within the framework of the developed
approach, the key mechanisms governing the two relevant
phenomena (spin crossover and ferromagnetism) and their
interplay will be revealed. In particular, the influence of the
CH,Cl,, CH,Br,, and CHBrj; solvents will be discussed.

2. Theoretical Model. To explain the long-range ordering
that takes place in the [Mn"Cr'(ox);] subsystem and the spin
crossover transition demonstrated by the interacting [Fe(sal,-
trien)]* complexes, we write down the Hamiltonian of the
system in the following form

H= Vvee + HCF + HSO + Hst + Hex + HZe (1)
where the first term represents the interelectronic repulsion

inside each iron ion, the second term is the crystal field that
splits the 1s->T, () term and shifts the hs-°A; (£¢*) term of the

Fe'" ions. This low symmetry crystal field of intermediate
strength is induced by the nearest surrounding of the Fe™ ion
consisting of 4 nitrogen and 2 oxygen ions. The third term is
the spin—orbit interaction operating within the 1s-*T, terms,
and the fourth term is the interaction of the Fe' ions with the
spontaneous all-round full symmetric lattice strain.”*~>® The
exchange interaction between the Cr'" and Mn" ions in the
[MnCr(ox),]” subsystem is described by the fifth term. Finally,
the last term of the Hamiltonian is the Zeeman interaction of
the magnetic Fe', Cr'™ and Mn!" ions. Because the
ferromagnetic ordering in the Mn—Cr subsystem and the
spin crossover in the Fe' species take place in different
temperature ranges, namely, at several K and 100-200 K,
respectively, the interaction between these two subsystems is
not included into consideration.

The energy gap between the hs-°A; and Is-*T, states in an
isolated Fe'' is determined by the intraion Coulomb interaction
and the crystal field that splits the 1s->T, term. For the proper
determination of this gap one needs first to take into account
the Coulomb interaction mixing the ten *T, terms arising from
different £~ (n = 1-5) electronic configurations, as it was
done for the spin crossover Mn"™(d*) ion in*” In general, this
mixing should affect the energy of the lowest T, term arising
from the £ configuration. However, the calculations of the
crystal field splittings discussed below apparently show that the
effect of mixing of the lowest *T, (f;) term with nine excited
*T, states by Coulomb interaction is relatively small and can be
neglected. In this case the energy difference between the T,
(8) and °A; (¢?) terms of a single Fe' ion provided by the
interelectronic repulsion inside each iron ion can be written

36
as

AE = 15B + 10C ©))

where for the free Fe™ ion the values of the Racah parameters

are B = 1015 cm™ and C = 4800 cm™. Because the Racah
parameters in a crystal are reduced as compared to those for
free ions because of the covalency of the metal—ligand bonds
(the so-called nephelauxetic effect) ¥ further in the calculations
we take for the parameters B and C values that make up 60% of
the free ion values.

The crystal field potential acting on the electronic shell of the
Fe'™ ion looks as

Hep = Z B"C["(8, 40,)
il,m (3)

where CP(9,0) = [47/(21 + 1)]V*Y,,(8,9) with ¥,,(8,0)
being normalized spherical harmonics Bj" being the parameters
that depend on the geometry of the ligand surrounding. For
calculation of these parameters, we employ the exchange charge
model of the crystal field suggested in,>> ** which has been
applied to different systems in.*'™* In this model, two
contributions to the energy of the 3d electrons in the crystal
field are taken into account, namely, the contribution arising
from the interaction of the 3d electrons with the point charges
(pc) of the surrounding ligands and the contribution coming
from the overlap of the 3d and ligand orbitals. The latter is
referred to as the contribution of the exchange charges (ec). In
the accepted crystal field model the parameters B]" look as
follows

Blm — Blm(pc) + Blm(ec) )
with
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m(pc) ZPez<rl> m*
B = ZWQ 3, 9)
p (%)
and
ey 268721+ 1 S(R,) .
Bl( )= ( )z 12 Cl (Spl%)
p

R, (6)

In egs S and 6, the summation runs over all nearest ligands, Z,e
is the effective charge of the pth ligand, which is approximately
identified with the oxidation state of the ligand in the
subsequent calculations. Finally, S(R,) are the overlap integrals.
We employ the simplest version of the exchange charge model
with the only phenomenological parameter G**° in which the
parameters S(R,) are written as
S(R,) = GIS!(R,)) + S;(R,) + yS2(R)], 1, = 1,7, = —4/3

)
and S(R,) = (3d, m = 0I2s), S,(R,) = (3d, m = 012p, m = 0)
Sx(R,) = (3d, m = + 112p, m = + 1) are the overlap integrals of
the 3d wave functions of Fe'" and 2s, 2p functions of nitrogen
and oxygen ligands. The combinations S;(R) of the overlap
integrals have been computed using the radial atomic “double-
§” 3d wave functions of iron and 2s, 2p functions of nitrogen
and oxygen given in ref 48. For the radial integrals, the values
() = 1.15a§ and (r*) = 2.789a] (a, is the Bohr radius) have
been used.*” The parameter G will be determined further on
from the optimal coincidence of the experimental and
calculated data on the magnetic susceptibility.

The spin—orbit interaction for the Is-Fe'" ion is written as

Hgo = &{ D Is
i (8)

where { = 486 cm™ is the one-electron spin—orbit coupling
constant® and « is the orbital reduction factor. To reduce the
number of free parameters, in the subsequent consideration we
used the usually accepted value of x = 0.8.

The combined action of the low-symmetry crystal field and
the spin—orbital interaction leads to the splitting of the Is-*T,
state of the Fe' ion into three Kramers doublets with the
ground doublet separated from the two excited ones by the
energy gaps exceeding significantly the thermal energy kg T (see
section 3). Therefore, further on, we suppose that in the spin
conversion two levels of a single Fe'" ion participate, namely,
the hs-°A, term and the low-lying Kramers doublet arising from
the 1s-*T, term. Following refs 23—26, we assume that the
mechanism responsible for the Is-hs transition is the interaction
of the Fe'' ions with the spontaneous totally symmetric lattice
strain (electron—deformational interaction). In the basis of the
indicated two states, the Hamiltonian of electron—deforma-
tional interaction can be written as (for details, see refs 23—26)
follows

J
HSI—bET——ETT/
t kk N Kk

kK’ 9)
with b = Av,v,, ] = Av? and
_ )
ale Qg + ¢(Q = Q)] (10)

here, Q, is the volume which falls per one Fe™ ion and its

nearest environment and  is the unit-cell volume, N is the
number of unit cells in the crystal, ¢, and ¢, are the elastic bulk

moduli corresponding to the internal molecular (FeN,O,) and
external (intermolecular volume) strains, v, = (v, — v})/2, v,
= (vy + 0}5)/2, Uy, and vy are the constants of interaction with
the full symmetric strain of the hs-°A; state and the lowest in
energy Kramers doublet arising from the 1s-*T, state, 7; is a
diagonal matrix of the dimension 8 X 8 with the matrix
elements 1 and —1 corresponding to the hs-state °A; and the
mentioned Is Kramers doublet, respectively. The coupling to
the strain gives rise to an infinite range interaction between all
molecules in the crystal. This intermolecular interaction
corresponds to the exchange via the field of long-wave acoustic
phonons.*® Further on, we also include in the Hamiltonian H,,
the term

A
2 gr" (11)

where A is the energy gap between the two hs- and Is-states
involved in consideration. The parameters b and A will be
calculated further on within the exchange charge model and
expressed in terms of its phenomenological parameter G (see
section 3).

The exchange interaction between the Cr
the [MnCr(ox);]” subsystem is written as

Hy = =2 ) J*S\SL,
ij

Il and Mn" ions in

(12)

where the summation over i and j includes all ions between
which the exchange interaction takes place.

Then the molecular field approximation is applied for the
electron-deformational long-range and exchange interactions,
and the quantities 7,7, and S}, Sk, in egs 9 and 12, respectively,
are replaced by

Gz = (007 + (D)5 — (o

SII\(/IInSé(rl = <SI(\jIn>S(]Z(j + Sﬁn('sgr) - <SIiX/In><Sgr>)
(a=x,y,z) (13)

() =7 = Tr(exp(—H/kgT)7,)/ Tr(exp(—H/ksT))

(Svn) = Spm

= Tr(exp(—I:I/kBT)SliZn)/Tr(exp(—I:I/kBT))

(8&) = 8& = Tr(exp(—HA/kyT)SE) / Tr(exp(—H/kyT))
(14)

where kg is the Boltzmann constant and H is the total
Hamiltonian of the system in the molecular field approximation
that represents Hamiltonian, eq 1, in which the interactions Hy
and H,, have been substituted by

- A _ .
= {4 b= 5) Dot = -, TS
k ja
~ 2] D Sase
i,a

(15)

where J,, = Zj]ﬁ‘ In the mean field approximation for
temperatures higher than the phase transition temperature T
the magnetic susceptibility y of the [MnCr(ox);] network per a
Mn—Cr pair is described by the expression
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Table 1. Spherical Coordinates of the Ligand Surrounding of the Fe'" Ion in the Compounds 1-CH,Cl, 1:CH,Br,, and 1CHBr;

ligands
compd spherical coordinates of the ligands 01 02 N1 N2 N3 N4

1-CH,Cl, R (A) 1.86 1.87 1.95 2.02 2.03 1.95

0 (deg) 93 87 0 84 98 179

@ (deg) 96 0 0 270 186 354
1-CH,Br, R (A) 1.87 1.85 1.94 2.03 2.02 1.94

0 (deg) 92 87 0 84 96 179

¢ (deg) 9% 0 0 270 186 117
1-CHBr, R (A) 1.88 1.87 1.98 2.06 2.05 1.98

0 (deg) 91 88 0 82 99 178

@ (deg) 103 0 0 272 191 80

Table 2. Overlap Integrals S/(R;) and Their Derivatives S;(R;) = dS,(R;)/dR,; (in a;')* for 1-CH,Cl,, 1°CH,Br,, and 1-CHBr;

ligands
compd overlap integrals and their derivatives o1 02 N1 N2 N3 N4
1-CH,Cl, S,(R) 0.01722 0.01648 0.01533 0.01214 0.01202 0.01533
S4(R) 0.01123 0.01084 0.00977 0.00811 0.00804 0.00977
SQ(R) —0.03074 —0.02960 —0.02528 —0.02072 —0.02055 —0.02528
S4(R) —0.01611 —0.01579 —0.01255 —0.01135 —0.01129 —0.01255
1-CH,Br, S,(R) 0.01651 0.01792 0.01580 0.01202 0.01214 0.01580
S4(R) 0.01085 0.01159 0.01000 0.00804 0.00811 0.01000
S5(R) —0.02965 —0.03181 —0.02593 —0.02055 —0.02072 —0.02593
Si(R) —0.01580 —0.01640 —0.01268 —0.01129 —0.01135 —0.01268
1-CHBr; S,(R) 0.01614 0.01639 0.01402 0.01083 0.01124 0.01402
S4(R) 0.01065 0.01079 0.00911 0.00738 0.00760 0.00911
S5(R) —0.02908 —0.02947 —0.02344 —0.01877 —0.01938 —0.02344
Si(R) —0.01563 —0.01575 —-0.01212 —0.01067 —0.01090 —-0.01212
"4, is the Bohr radius
_ T(C, + C)) +2CCyy momentum is completely quenched and the Fe' ion in this

){r— n
o T - T¢ (16)

where
c NgzﬂBZSi(Si +1)
‘ 2Ky (17)

with S; = 3/2 and S, = 5/2 being the spins of Cr'"" and Mn"
ions, respectively, and

16 Jox oo
r=—"7 Te=rJCC
3ky g (18)

N, pp are the Avogadro number and Bohr magneton,
respectively.

As it was mentioned above the Mn"—Cr™ and Fe™
subsystems do not interact, and therefore, the magnetic
susceptibility of the crystal can be calculated as a sum of the
susceptibilities of each subsystem

X = )(Cr—Mn + )(Fe (19)

Further on, the magnetic susceptibility of the [MnCr(ox);]
network is calculated with the aid of eq 16. The magnetic
susceptibility of a [Fe(sal,-trien)]* complex in the molecular
field approximation can be represented as

Jee = n(Fep)y(Feyy) + n(Fey )y (Fey (20)

where the temperature dependences of the n(Fel") and n(Fe[

fractions are calculated within the framework of the developed
model. For the hs-°A; term of the Fe™ ion the orbital angular

13539

state can be regarded as a pure spin S = 5/2 ion. The magnetic
susceptibility in this case is calculated as
Ngu?
(Felly = = B.g(s + 1)
X hs 3kBT (21 )

Owing to the peculiarities of the energy spectrum of the Is- Fe'"
ion the susceptibility y(Fell') is calculated taking into account
the lowest Kramers doublet of this ion (see Section 3)
generated by the crystal field and spin—orbital interaction.

3. DISCUSSION

We start with the discussion of the energy level diagrams for
the Fe'" jon in the series 1-CH,Cl,, 1-CH,Br, and 1-CHBr;.
With this aim we calculate the energies of three Kramers
doublets arising from the splitting of the Is-*T, term by the
crystal field and spin—orbit interaction. As was mentioned
above, the local neighborhood of the Fe'' jon in the
compounds under examination consists of 4 nitrogen and 2
oxygen atoms. The spherical coordinates of these atoms with
respect to the central Fe' ion placed at the origin of the
coordinate system are given in Table 1. From Table 1, it is seen
that the radia and the angles @ and ¢ determining the position
of the ligands of the Fe'" ion slightly differ for the 1-CH,Cl,, 1-
CH,Br,, and 1-CHBr; compounds. The small difference is most
probably caused by the solvents. At the same time, it is worth
noting that the solvent affects insignificantly the structure of the
first coordination sphere of the spin crossover ions.

With the aid of the formulas 3—7, the crystal field
Hamiltonian acting within the space of the 3d orbitals of the
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Fe'" jon in the mentioned compounds can be written in the
following form

1
Hep= X a0, 0) + 2 2 {a"

1=2,4,6 1=2,4,6 m=1

(Y, .0, @) + (=1)"Y, (6, ¢)]

+ib"[Y_,(0, ¢) + (=1)"""Y,(0, )]} (22)
The combinations of the overlap integrals S,(R,),S4(R,)

necessary for the calculation of the crystal field parameters a"
and b]" are listed in Table 2. In calculations of the crystal field
parameters for oxygen and nitrogen ligands, the formal charges
—1 and 0 were taken, respectively.

The contributions to the crystal field parameters a]" and b}
that come from the point and exchange charges were calculated
with the aid of expressions 3—7 and are given in Table 3. The

Table 3. Crystal Field Parameters (in cm™) for 1-CH,Cl,, 1
CH,Br,, and 1°‘CHBr;,

compd
1 2 3
crystal
field
params point exchange  point exchange  point exchange
a3 -9033 391G —9155 476 G —8947 176 G
a 678 533 G 676 567 G 444 518 G
by —655 —497 G —442  —472 G —147 —439G
a; 19 -103G 333 273G 547 173 G
b3 —-1216 -153G —1159 —129G -2325 —453G
a) 963 8314 G 990 8568 G 960 7677 G
ay -133 -785G -136 —606 G -87 —675G
b} 130 608 G 87 432G 29 173G
ak 4 70G -39 -126G —-48 -78G
b3 112 96 G 107 80G 215 294G
a3 68 S10G 88 487 G S5 420G
b3 110 676 G 74 575G 21 623G
a} 1313 4796 G 1346 4892 G 1105 3948 G
bs 296 1021 G 279 1045 G 516 1889 G

diagonalization of Hamiltonian, eq 22, along with the spin—
orbit interaction, eq 8, in the basis of the 1s-*T, state leads to
three Kramers doublets. For all three compounds the energies
of these Kramers doublets as functions of the parameter G are
shown in Figure 1. In the same figure the position of the hs-°A,
state is depicted. One can see that in the group of levels 1-3
originating from the Is-*T, state, level 3 is the lowest one. The
energy gaps between levels 2 and 3 are approximately equal to
1880, 1770, and 2770 cm™ for 1-CH,Cl,, 1-CH,Br,, and 1-
CHBr;, respectively, and exceed significantly the thermal
energy kyT. At the same time for levels 1—3 the J-parameters
for the electron-deformational interaction with the full
symmetric strain, eq 9, are approximately proportional to ({il
H_liY — (AIH_I°A,))*/R**>*® (where i = 1-3 and R is the
mean distance between the Fe'" ion and the ligands), and they
are expected to be very small as compared with the calculated
energy gaps between these levels.”>** Thus, for a fixed energy
level scheme (given G value) the electron-deformational
interaction will not lead to any change in the order of levels
1—3 so as in the three examined systems only levels 3 and 4 will
participate in the observed spin conversion. The influence of
this interaction will be to modify the hs-ls gap A, eq 11,

through the parameter b. These considerations based on the
performed calculations (Figures 1—3) justify the accepted form
of the operator of electron-deformational interaction, eq 9.
Then, for the three compounds we calculate the G-dependence
of the parameter —2b (eq 9 and Figure 2) that allows us to
redetermine the hs—Is gap A at the expense of electron—
deformational interaction. The matrix elements vy, and vy that
contribute to v;and v, can be written in the form

ow 1 )
v, = (3l —R, 13)—, vy, = (hs-Al
Is ( zl: ()Rt i . >\/§ h < 1

ow 6 1
—R,; lhs-A,)—
Z aR i S 1>\/§

i b JR=RM (23)

where W is the electron—nuclear potential energy and i runs
over all six ligands of the Fe™ ion. After substitution of the
numerical values of the radii, overlap integrals and their
derivatives (Table 3) into eq 23 we obtain that the matrix
element v}, can be expressed in terms of the phenomenological
parameter G of the exchange charge model, while the matrix
element vy, is vanishing. The results presented in Figures 1 and
2 give the possibility to calculate the effective energy gap A —
2b, eq 15, as a function of G. Figure 3 illustrates the energies of
the low-lying levels renormalized by electron—deformational
interaction as a function of G for 1-CH,ClI, . It is seen that for
G values at which the energy of the level 4 exceeds that of level
3 (spin crossover range), the gap A between these levels
increases at the expense of cooperative interaction.

Further on, we calculate the magnetic susceptibility of a
crystal consisting of the Fe" and Mn—Cr subsystems. The
magnetic susceptibility of the latter dominates the total
susceptibility of the crystal at low temperatures and it is quite
well described by expression 16 using the ], values given in
Table 4. At intermediate and high temperatures the T
contribution of the Mn—Cr subsystem stays almost constant,
while in this range the yT contribution of the Fe' subsystem
changes as a consequence of the spin crossover. Thus, in this
range the fitting procedure concerns the Fe'' subsystem and
contains the following steps: First, for an initial value of the
parameter G, the splitting of the Is->T, term of a single Fe'" ion
produced by the common action of the crystal field and spin—
orbital interaction is calculated, and the wave function and
energy of the lowest Kramers doublet is determined. Then,
because of the large energy gaps between the lowest in energy
Kramers doublet and the excited ones (see Figure 1), we
consider a two-level scheme containing this doublet and the
hs-%A; state and calculate the effective gap A — 2b between
them for the mentioned G value and a definite value of J. The
next step is the self-consistent procedure for evaluation of the
temperature dependence of 7 (see eq 14). At the second stage
the product ygT is calculated with the aid of eq 20, and the T
values, eq 19, are compared with the experimental ones. The
procedure of calculation of 7 and yT is repeated until for certain
values of parameters G and ] the optimal coincidence between
the calculated and experimental yT curves is obtained.

The temperature dependence of the magnetic susceptibility
for the three compounds under examination is presented in
Figure 4. The calculated curves are in excellent agreement with
the observed ones as confirmed by the agreement criterion
defined as (Z(()(Ttheor),-/()(Texp),- —1)%/N)'2, which is equal to
3.8, 52, and 4.7% for 1-CH,Cl,, 1.-CH,Br,, and 1-CHBr;,

dx.doi.org/10.1021/ic401997w | Inorg. Chem. 2013, 52, 13536—13545
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Figure 2. Values 2lbl as functions of the G parameter calculated for 1-
CH,Cl, (curve 1), 1-CH,Br, (curve 2), and 1-CHBr; (curve 3).

respectively. To understand with utmost clarity the magnetic
behavior of the systems under examination in Figure S, we
present the ratio n,,/nj; as a function of temperature. It is seen
that for 1-CHBr; the hs fraction starts increasing at
considerably lower temperature than for 1-CH,Cl, and 1-
CH,Br,. However, for all compounds the increase of the hs
fraction is gradual and in fact the temperature dependence of
this fraction resembles that of the magnetic susceptibility. It is
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Figure 3. Change in the energy gap between levels 3 and 4 at the
expense of cooperative interaction in 1-CH,Cl,; solid lines are the
energy levels redetermined by taking into account the electron—
deformational interaction; dashed lines are the crystal field levels.

also seen that for compounds 1-CH,Cl, and 1-CH,Br, the
increase of the hs fraction occurs at much higher temperatures.

The parameters obtained in fitting of the magnetic properties
are given in Table 4. It is seen that for all three compounds the
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Table 4. Best Fit Parameters for 1:CH,Cl,, 1:CH,Br,, and 1*
CHBr;

compd G J (em™) Jor (cm™)

1-CH,Cl, 534 152.8 145

1-CH,Br, 52 1287 142

1-CHBr; 5.92 34.0 1.42

a CHCLR
24 4 O CH}pBr,

53] CHBr,
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T 18
o] ]
€ 16
N ]
3 14 4
E i
L 124
l— 4
> 104
8
|
64

x T ’ T N T 1 T - T
0 50 100 150 200 250 300
T (K)
Figure 4. Temperature dependence of the magnetic susceptibility for

1-CH,Cl,, 1-CH,Br,, and 1-CHBrjy: symbols, experiment; solid lines,
theoretical curves calculated with the parameters given in Table 4.
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Figure S. Ratio ny,/ny as a function of temperature for 1-CH,Cl,, 1
CH,Br,, and 1-CHBr; calculated with the parameters given in Table 4.

obtained G values are slightly larger than those for which the
intersection of the hs-°A; state and the lowest in energy
Kramers doublet occurs. For these G values the Is state is lower
in energy than the hs one in all compounds. At the same time
the negative b values lead to an increase in the effective Is—hs
gap A — 2b. Upon heating, the cooperative interaction via the
field of long-wave acoustic phonons brings together the hs and
Is levels, and the gradual spin crossover takes place. The
parameter of electron-deformational interaction ] decreases in
the order 1-CH,Cl, > 1-CH,Br, > 1:CHBr;. This decrease in |
is most probably facilitated by the increase in the elasticity of
the space between the iron ions in the examined series of
compounds and it may be connected with the larger ionic
radius of bromine. The exchange interaction within [MnCr-
(0x);]” subsystem was found to be ferromagnetic with similar
exchange parameters for all compounds under study that
reflects the fact that this subsystem is the same in all crystals.
The obtained results also give the possibility to explain
qualitatively the change in the so-called temperature Toissst - sb

of the LIESST effect®® in the examined Fe™ compounds. The
single coordinate configuration model presents the energy
spectrum of an isolated Fe™ ion by two parabolic adiabatic
potential sheets, corresponding to the lowest in energy Kramers
doublet (Is-state) and the hs °A; state. Within this model the
barrier height (activation energy E,) between these states is
given by the expression

_ o

= —
2V (24)
where A has the same sense as in eq 11, Vi, = %% is the

constant of interaction of the Is state with the breathing mode
of the nearest environment of the Fe' ion in the Is state, f is the
force constant of the breathing mode, and w is its frequency.
Since the parameter of electron- deformational interaction | =
Ao}, decreases in the series of compounds 1-CH,Cl,, 1-CH,Br,,
and 1-CHBry (Table 4) one immediately obtains that the
activation energy E, and, hence, Tygsr follows the opposite
trend and thus increases in the order 1-CH,Cl, < 1-CH,Br, <
1-CHBr;. ThlS result is in line with the experimental data
obtained in.**® Thus, the presented model describes correctly
not only the thermal spin crossover but also the tendency in the
change of the temperature Ty gger in the mentioned
compounds.

Recently, an assumption has been expressed that along with
the contribution of the breathing mode to the activation energy
E, the coupling with the bending v1brat10ns is also relevant for
the LIESST effect in FeHI compounds.®> On the basis of this
assumption in paper,”*” it was concluded that the [Fe(sal,-
trien)]* compounds exhibiting a LIESST effect present a large
distortion of the octahedral geometry in their hs state.
However, the hs A, state can interact only with full symmetric
vibrations in accordance with the group theoretical selection
rules, and, hence, the low symmetry modes cannot lead to any
additional shift of the minimum of the adiabatic potential. In
contrast, the Is state of the Fe' jon, 2T,, can interact with
vibrations other than the full symmetric one. Hence, one can
expect that deviations from the cubic symmetry can lead to a
shift of the minimum of the adiabatic potential for the Is state.
Still, experimentally®® the trigonal prismatic distortion in the Is
state is much smaller than for the hs state. Thus, one can
conclude that the inclusion of nonsymmetric modes in the
model will not bring to noticeable increase in activation energy
E,. This probably explains the fact that some spin-crossover
Fe" compounds, such as the ClO,” derivative and the 3D
[Mn""Cr"(ox),]™ salt, do not present a LIESST effect®® in spite
of strong distortion of the octahedral geometry. In the three
compounds presented in the present paper the LIEEST effect
observed should be therefore attributed most probably to
confinement of the Fe™ complexes in between the bimetallic
layers and not to the strong distortion of the hs Fe'" state.

Mossbauer spectra provide a direct measurement of the
population of the hs and Is states and serve as a reliable test for
the theoretical background of the spin crossover phenomenon.
We assume that each type of iron ion in the sample is
represented in the Mdssbauer spectrum by a quadrupole
doublet, each doublet being the superposition of two Lorenz
curves. The Mossbauer spectrum observed is obtained by
summing up the spectra yielded by different electronic states in
molecular field, taking into account their equilibrium
populations for a given value of the molecular field at a certain
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temperature. The shape function of the Mossbauer spectra
produced by Fe' ions in the Is and hs states is determined by
superposition of the Lorenz curves

Fo(Q) = n(Fel’) Y

+

FF 1
Chs
(FFSEE)Z + (Q - 6Fe&I + AEFSE/Z)Z

i

Fe
+n FelsII -
(Fey,) § (FFelIg‘)z +(Q - Opeln AEFEEI/Z)Z

(25)
In eq 25, the temperature dependence of the n(Fel:) and
n(Fel") fractions are calculated within the framework of the
developed model, AEg), AEg! and &g, O are the
quadrupole splittings and isomer shifts in the hs and Is states,
respectively.
The simulated Mossbauer spectra for 1-CH,Cl, in a wide
temperature range are shown in Figure 6 together with the

100 100

90

80 4K

100

90
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215K
4 20 2 4 420 2 4
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Figure 6. Mdssbauer spectra of 1-CH,Cl,. Points, experimental data;
thick solid lines, theoretical calculations. Contributions from hs and Is
Fe' jons are shown with dashed and dotted lines, respectively.

experimental ones. Quite good agreement is obtained between
the observed and calculated spectra at all temperatures. Values
of the quadrupole splittings, isomer shifts and line widths used
in this simulation are given in Table 5. At low temperature, the

spectrum contains a doublet characteristic of the Is-Fe'™ ions.

Table 5. Mossbauer Parameters for the Fe'" Ions in 1+
CH,CI,

T (K) IS (mm/s) QS (mm/s) I' (mm/s)
4 hs
Is 0.23 2.58 0.48
17§ hs 0.42 0.6 0.6
Is 0.18 2.65 0.39
215 hs 0.40 0.6 0.86
Is 0.16 2.6 0.4
235 hs 0.38 0.62 1.1
Is 0.1S 2.57 0.44
245 hs 0.35 0.62 1.51
Is 0.14 2.61 0.62
255 hs 0.34 0.61 1.5
Is 0.13 245 0.81

With the temperature increase, the amount of hs Fe! ions

increases. This leads to noticeable changes in the Mossbauer
spectra, and at room temperature the doublet corresponding to
the hs Fe'" ions makes up a significant part of the total spectra
intensity. The percentages of hs and Is Fe' ions determined
from the calculated and observed Mossbauer spectra are listed
in Table 6. From Figure 6 and Table 6, it follows that the

Table 6. Fraction of hs-Fe™ Ions Calculated Theoretically
and Determined from the Experimental Mdssbauer Spectra
of 1-CH,CI,

T (K)
4 165 175 195 215 235 245 255
expt (%) 0 6 8 11 16 24 42 50

theory (%) 0 46 62 108 178 299 392 489

developed theoretical model gives a reasonable estimation of
the partial contributions of Is and hs Fe'" ions to the Mdssbauer
spectra. The developed model also provides satisfactory
explanation of the Mdssbauer spectra of 1-CH,Br, and 1-

CHBr;. For these crystals in Tables 7 and 8, the calculated

Table 7. Fraction of hs-Fe'™ ions calculated theoretically and
determined from the experimental Méssbauer spectra of 1
CH,Br,

T (K)
77 160 180 199 245
expt (%) 0 10 15 22 73
theory (%) 0 8.4 15.1 25.6 57.8

fractions of hs Fe™ ijons and those determined from the

experimental Mossbauer spectra are compared. A reasonable
agreement between the experimental data and theoretical
calculations is obtained using the same set of parameters we
have used to explain the magnetic properties of the three
compounds under study.

4. CONCLUDING REMARKS

In this article, we have presented a microscopic approach to
describe the behavior of multifunctional hybrid materials which
demonstrate spin crossover phenomenon and ferromagnetic
ordering. The Is—hs transition was considered as a cooperative
phenomenon that is driven by the interaction of electronic
shells of Fe' ions with the fully symmetric deformation of the
local coordination environment that is extended over the crystal
lattice via the acoustic phonon field. The ferromagnetic
exchange interaction was shown to be responsible for the
magnetic ordering in the Mn—Cr subsystem. The crystal field
together with the spin—orbital interaction were demonstrated
to form the energy spectrum of the Is-Fe'' ion. The energy
levels of the isolated Fe™ ions were calculated in the framework
of the exchange charge model of the crystal field for the real
symmetry of the nearest ligand surrounding. The developed
approach was applied to the analysis of the behavior of a series
of three compounds, namely, [Fe™ (sal,-trien) ][Mn"Cr™(ox),]-
solv, where solv = CH,Cl,, CH,Br,, and CHBr;. The spin
transitions were treated within the molecular field approx-
imation. For all three complexes under study, we were able to
interpret qualitatively and quantitatively a wide set of the
experimental data on the temperature dependence of magnetic
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Table 8. Fraction of hs-Fe'" Ions Calculated Theoretically and Determined from the Experimental Mossbauer Spectra of the 1-

CHBr;
T (K)
77 100 130 170 190 210 230 250
expt (%) 18 28 43 66 72 73 78 85
theory (%) 15.7 33.2 48.7 58.1 60.7 62.6 64.1 65.3

susceptibility and Mossbauer spectra with a unified set of
parameters. The performed calculations apparently show a
recognizable trend in the magnetic and spectroscopic behaviors
induced by different solvent molecules. The softer the
intermolecular space the more pronounced is the change in
the magnetic properties expressed in a faster increase of the
magnetic susceptibility which starts at lower temperature. In the
series of compounds 1-CH,Cl,, 1-CH,Br,, and 1-CHBrj;, these
temperatures and the yT values in whole temperature range
follow the trends T (1-CHBr;) < T (1-:CH,Br,) < T (1-
CH,Cl,) and yT(1-CHBr;) > ¥T(1-CH,Br,) > ¥T(1-CH,CL,).

In the framework of the developed model, we also provided a
qualitative discussion of the LIESST effect in this series. More
detailed quantitative description of this phenomenon is under
way.
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