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Jań Pavlik, Petra Masaŕova,́ Ivan Nemec, Olaf Fuhr, Mario Ruben, and Ivan Šalitros*̌
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ABSTRACT: Two heteronuclear compounds (1 and 2) containing three
ferric centers linked in facial-like mode with the magnetically silent
hexacyanidocobaltate(III) anion were prepared and studied. The structural
investigation revealed that both compounds are tetranuclear complexes with
molecular formulas of [{Fe(L1)NC}3Co(CN)3]·2CH3OH·2.5CH3CN (1)
and [{Fe(L2)NC}3Co(CN)3]·2H2O·1CH3OH (2). The magnetic proper-
ties of both complexes are controlled by the molecular design of the
corresponding pentadentate Schiff base anions L12− and L22−. While
compound 2 with a symmetric ligand prepared from salicylaldehyde shows
high-spin state properties, compound 1 containing the asymmetric ligand
with naphthalene units either is low-spin in its solvated form or shows a
gradual but hysteretic spin crossover event when desolvated. The magnetic
behavior was analyzed with respect to the Ising-like model and spin
Hamiltonian, respectively, and the results were confronted with ab initio
calculations. Additionally, the influence of structural features, lattice solvent molecules, the distribution of electronic terms, and
active orbitals on the spin state properties of reported complexes is discussed.

■ INTRODUCTION

Fe(III)−Schiff base (SB) complexes present one of the most
explored families of spin crossover (SCO) compounds.1 The
simplicity of SB condensation allows the usually undemanding
preparation of chelating N- or N,O-donor ligands with various
substituents capable of controlling the intermolecular cooper-
ativity of corresponding complexes as well as the transition
temperature of their SCO. Thus, the rationalized molecular
design of the polydentate SB ligands is the pivotal step in the
synthesis of the complexes exhibiting an abrupt and room-
temperature hysteretic transition of spin.2

The formation of mononuclear ferric complexes with
chelating tetradentate [i.e., salen = N,N′-bis(salicylidene)-
ethylenediamine] or pentadentate [i.e., saldien = N,N′-
bis(salicylidene)diethylenetriamine] SB ligands and their
further interconnection with N-donor bridging ligands usually
result in coordination polymers with one-dimensional (1D),3

two-dimensional (2D),4 or three-dimensional (3D)5 supra-
molecular architecture or low-dimensional discrete polynuclear
compounds.6 Fe(III) central atoms are then surrounded with a
N4O2-donor atom set that supports the occurrence of SCO.
Taking advantage of the ambidentate character of cyanido
ligands in [M(CN)6]

y− types of anions (where M is a first-row
transition metal), one finds that the hexacyanidometalates
serve as excellent bridging ligands, as well. For instance, the
[Fe(L)Cl] type of complex (where L is a pentadentate N3O2-

donor derivative of saldien) in combination with the
ferrocyanide anion forms heptanuclear mixed-valence com-
pounds in which all six cyanido ligands connect {Fe(L)}
moieties. In this case, ferric centers are surrounded with N4O2-
donor atoms and therefore either show thermally induced
SCO7 or permanently persist in a high-spin (HS) state.8 Also,
trivalent anions [M(CN)6]

3− [where M = Fe(III), Mn(III),
Cr(III), or Co(III)] can play the role of hexadentate bridging
ligands.8a,9 However, only a handful of polynuclear compounds
containing ferric complex moieties were coordinated on the
[M(CN)6]

3− backbone in which some of the cyanide anions
have a bridging character and the rest act as terminal ligands.10

For instance, Gao and Sato reported a trinuclear complex in
which the [Cr(CN)6]

3− anion coordinates two HS ferrous
complex units and shows slow relaxation of AC susceptibility at
zero static magnetic field.10a On the other hand, gradual and
room-temperature SCO was studied in pentanuclear systems
with hexacyanidoferrate(III) or hexacyanidocobaltate(III)
cores capable of interconnecting three Fe(II)−phenanthroline
centers.10b Herchel and co-workers introduced {Fe(L)} ferric
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moieties onto the hexacyanidochromate(III) complex anion,
which resulted in the formation of a tetranuclear T-shaped
{Fe(III)3-Cr(III)} complex with a meridional-like arrangement
of Fe(III) centers. A detailed magnetic study allowed the
investigation of the interesting interplay between gradual
thermal SCO of ferric centers and exchange coupling mediated
through the paramagnetic central atom of the [Cr(CN)6]

3−

bridging anion.10c The nature of the Fe(III)−Cr(III) magnetic
exchange coupling strongly depends on the spin state of the
SCO active ferric centers and changes between antiferromag-
netic in their HS and ferromagnetic in their low-spin (LS)
states.
Inspired by the idea of polynuclear SCO complexes whose

molecular structure contains hexacyanidometalate anions, we
prepared and investigated similar compounds with magneti-
cally silent hexacyanidocobaltate(III) bridges to prevent the
magnetic exchange interactions between Fe(III) SCO centers.
Two tetranuclear complexes (1 and 2) were synthesized from
mononuclear ferric precursors [Fe(L1)Cl] and [Fe(L2)Cl],
respectively, containing the different pentadentate ligand
dianions (doubly deprotonated SBs H2L1 = 1-((Z)-((3-((2-
((E)-((2-hydroxynaphthalen-1-yl)methylene)amino)ethyl)-
amino)propyl)imino)methyl)naphthalen-2-ol and H2L2 =
2,2′-((1E ,1′E)-((azanediylbis(propane-3,1-diyl))bis-
(azanylylidene))-bis(methanylylidene))-diphenol, respec-
tively) (Scheme 1). Their magnetic behavior varies with the
structural differences of the used SB ligands. While complex 1
with a SB ligand prepared from the asymmetric triamine and 2-
hydroxynaphthaldehyde (Scheme 1) shows solvent-dependent
SCO properties, complex 2 containing the SB ligand with
symmetric N,N-bis(propylene)amino aliphatic and phenylene
aromatic parts shows permanent HS properties. The magnetic
properties of both compounds were analyzed using empirical
models and state-of-the-art quantum chemistry calculations
and discussed in a comparative manner to identify the key
factor of their different SCO behavior.

■ STRUCTURAL INVESTIGATION
The synthesis and characterization of tetranuclear complexes 1
and 2 are described in the Experimental Section. Compound 1
crystallizes in triclinic space group P1̅, and its molecular
formula as well as its asymmetric unit in the crystal structure
can be expressed as [{Fe(L1)NC}3Co(CN)3]·2CH3OH·
2.5CH3CN (select crystallographic information is listed in
Table 1). The tetranuclear complex contains the
hexacyanidocobaltate(III) core on which three {Fe(L1)} ferric

units are coordinated via N-donor atoms of cyanido bridging
ligands adopting a facial-like arrangement (Figure 1a). Fe(III)
coordination centers are surrounded by five N3O2-donor atoms
of the SB ligand anion with a cis-O2/mer-N3 configuration. The
sixth cyanido N-donor atom (denoted as NCN) is in an axial
position with respect to one of two O-donor atoms (Oax),
while the second oxygen (Oeq) together with two imino

Scheme 1. Molecular Structures of Pentadentate Schiff Bases H2L1 and H2L2 (left) and Schematic Preparation of Tetranuclear
Complexes 1 and 2 (right)

Table 1. Crystallographic Data for Compounds 1 and 2

1 ([{Fe(L1)
NC}3Co(CN)3]·

2CH3OH·2.5CH3CN)

2 ([{Fe(L2)
NC}3Co(CN)3]·
CH3OH·2H2O)

formula C94H90.50CoFe3N17.50O8 C67H77CoFe3N15O9

formula weight
(g mol−1)

1819.81 1462.92

crystal color black black
temperature (K) 180(2) 150(2)
wavelength (Å) 0.71073 0.71073
crystal system triclinic orthorhombic
space group P̅1 Pbca
a (Å) 14.275(3) 13.4046(6)
b (Å) 16.462(3) 26.5848(9)
c (Å) 19.515(4) 38.3752(12)
α (deg) 80.90(3) 90
β (deg) 87.95(3) 90
γ (deg) 80.73(3) 90
V (Å3) 4468.8(16) 13675.3(9)
Z, ρcalc (g cm−3) 2, 1.352 8, 1.421
μ (Mo Kα) (mm−1) 0.726 0.929
F(000) 1892 6088
crystal size (mm) 0.32 × 0.29 × 0.24 0.28 × 0.24 × 0.22
θ range for data
collection (deg)

1.057−23.736 2.947−25.227

no. of reflections
collected

22783 72038

no. of independent
reflections

12728 (Rint = 0.0752) 12019 (Rint = 0.1619)

no. of independent
reflections with
I ≥ 2σ(I)

7217 5962

data/restraints/
parameters

12728/8/1112 12019/3/864

final R indices
[I ≥ 2σ(I)]

R1 = 0.0723,
wR2 = 0.1856

R1 = 0.0596,
wR2 = 0.1642

R indices (all data) R1 = 0.1323,
wR2 = 0.2104

R1 = 0.1214,
wR2 = 0.1769

goodness of fit on F2 0.998 0.888
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nitrogen atoms (Nim) and one amino nitrogen atom (Nam) is
placed in the equatorial plane. Pentadentate SB ligands can
form a wreath around the metal centers in a clockwise (Δ) or
anticlockwise (Λ) manner (Figure S2). All {Fe(L1)} moieties
of two complex molecules involved in the centrosymmetric
unit cell contain both helical orientations; however, chelating
ligands in {Fe1(L1)} and {Fe2(L1)} adopt the opposite
orientation compared to the third center, {Fe3(L1)}. The
shortest bonds of coordination polyhedra are formed with
oxygen-donor atoms (davg = 1.88 Å), and average values of Fe−
Nim, Fe−NCN, and Fe−Nam bond distances at 180 K (1.93,
1.96, and 2.01 Å, respectively) are typical for the LS state of
Fe(III) coordination centers (Table 2).11 Angular distortion
parameters Σ and Θ are good indicators of the spin state in a
given metal center. In agreement with a previously published
structural investigation of similar Fe(III) SCO complexes with
a N4O2 coordination environment (Figure S1),12 their
calculated values (Σ ≈ 20°; Θ ≈ 33−56°) are typical for the
LS state and along with symmetry measurement parameters
proposed by Alvarez et al. [S(OC-6) ≈ 0.1 (Table S1)]13

suggest only weak deviation from octahedral symmetry in all
four metal centers of 1. The Co(III) center is surrounded by
six C-donor atoms of cyanido bridging ligands, and Co−C
bond distances vary in the narrow range of 1.88−1.90 Å,
suggesting the LS state of the metal center (Table S2).
Compound 2 crystallizes in orthorhombic space group Pbca

(Table 1), and its asymmetric unit is identical with the
molecular formula expressed as [{Fe(L2)NC}3Co(CN)3]·

CH3OH·2H2O (Figure 1b). Also in this case, three {Fe(L2)}
moieties are facially coordinated on the [Co(CN)6]

3− anion
forming the neutral tetranuclear complex. All three ferric
centers are surrounded by four N-donor atoms (two imino
Nim, one amino Nam, and one cyanido NCN) and two O-donor
atoms (Oax axial with respect to NCN and equatorial Oeq). One
SB ligand coordinates one Fe(III) center with all five donor
atoms adopting the cis-O2/mer-N3 configuration. Contrary to
complex 1, the formation of a wreath of pentadentate ligand
anion L22− is the same in all three {Fe(L2)} moieties of one
molecule and the centrosymmetric unit cell contains four
tetranuclear molecules with the Λ and another four with the Δ
helical orientation. Fe−N bond distances [davg(Fe−Nim) = 2.11
Å, davg(Fe−NCN) = 2.09 Å, and davg(Fe−Nam) = 2.20 Å]
indicate the HS state at 150 K. Also, angular distortion
parameters exhibit values typical for the HS Fe(III) complexes
[Σ ≈ 33°; Θ ≈ 80° (Table 2)] and along with the symmetry
measure parameters [S(OC-6) ≈ 0.4 (Table S1)] indicate a
slightly elevated degree of distortion of three Fe(III) centers
compared to those found in 1.11

In the crystal structures of both reported compounds, the
tetranuclear complex molecules are not directly interconnected
by mutual hydrogen bonding, but the present lattice solvent
molecules mediate formation of hydrogen bonding networks.
During X-ray diffraction measurements, we observed that the
crystal quality of both compounds is significantly affected by
the solvent loss, which resulted in problematic modeling of the

Figure 1. Molecular structure of complexes (a) 1 and (b) 2. Hydrogen atoms and lattice solvent molecules have been omitted for the sake of
clarity. Color code: C, gray; N, light blue; O, red; Fe, orange; Co, dark blue.

Table 2. Selected Bond Distances and Structural Parameters of Compounds 1 and 2a

1 2

Fe1 Fe2 Fe3 Fe1 Fe2 Fe3

Fe−Nim (Å) 1.949(6) 1.934(7) 1.903(6) 2.106(5) 2.079(6) 2.100(5)
Fe−Nim (Å) 1.914(6) 1.907(9) 1.957(6) 2.124(5) 2.123(6) 2.119(6)
Fe−Nam (Å) 2.017(6) 2.003(6) 2.000(6) 2.196(5) 2.208(5) 2.188(5)
Fe−NCN (Å) 1.966(7) 1.958(7) 1.949(6) 2.097(6) 2.075(5) 2.093(6)
Fe−Oeq (Å)

b 1.866(6) 1.888(5) 1.874(5) 1.933(4) 1.940(4) 1.957(4)
Fe−Oax (Å)

b 1.871(6) 1.882(5) 1.876(4) 1.941(4) 1.929(4) 1.917(4)
Σ (deg) 20.2 19.7 26.4 36.8 37.1 25.7
Θ (deg) 33.8 36.6 53.7 95.8 88.5 56.0
S(OC-6) 0.12 0.11 0.19 0.47 0.40 0.27
S(TPR-6) 15.90 15.92 15.28 14.04 14.44 15.53

aFe−Nim, Fe−Nam, and Fe−Nps represent distances for bonds between the iron(III) central atom and the corresponding imino (Nim), amino
(Nam), and pseudohalide (Nps) nitrogen-donor atoms. bOeq and Oax are O-donor atoms in the equatorial and axial positions, respectively, with
respect to the N-donor atom of the cyanido ligand.
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solvent molecules and nonroutine aspects of structural
refinement (for details, see the Experimental Section).
In the case of 1, one molecule of methanol interconnects

three neighboring complex molecules via one O−H···N and
two N−H···O hydrogen bonds (HBs). The oxygen atom of the

methanol molecule acts as an acceptor in two HBs formed with
the amino groups of two nonidentical {Fe(L1)} entities
[d(N···O) = 3.102(9) and 2.954(9) Å], whereas it acts as a
donor in a HB with the nitrogen atom from one of the
monodentate coordinated cyanido ligands [d(O···N) =

Figure 2. Hydrogen bonding network in the crystal structures of compounds (a) 1 and (b) 2. Hydrogen atoms have been omitted for the sake of
clarity. Color code: C, gray; N, light blue; O, red; Fe, orange; Co, dark blue. Cyan dashed lines represent H-bonds.

Figure 3. (a) Temperature dependence of the χT product for solvated (pale gray points) and desolvated 1 (dark gray points, experiment; red solid
line, optimum fit). (b) Optimum fit of isothermal variable field magnetization curves of compound 2 using model 2 (points, experiment; solid line,
optimum fit).
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2.728(9) Å]. In this manner, the 2D supramolecular network
along the a−b plane is formed (Figure 2a). Two other
methanol molecules and the phenolic oxygen atom of the
{Fe(L1)} moiety are linked together in the supramolecular
chain by two O−H···O HBs, and the donor−acceptor distance
is slightly shorter for the contact found between the methanol
molecules [d(O···O) = 2.855(9) vs 2.734(9) Å]. One of the
acetonitrile molecules forms a N−H···N HB with the amine
group of the {Fe(L1)} moiety, while the other two are
involved in weak C−H···N noncovalent interactions.
In 2, two water molecules mediate the formation of a 1D

supramolecular zigzag chain along the a axis (Figure 2b) via
four O−H···A HBs (A = N or O). Two O−H···N HBs are
formed between the water molecules and the monodentately
coordinated cyanido ligands of the adjacent tetranuclear
complexes [d(O···N) = 2.908(4) and 2.910(4) Å]. In the
case of O−H···O HBs, the donor···acceptor distance is slightly
shorter for the HB formed between two water molecules
[d(O···O) = 2.809(4) Å] than one found between the water
molecule and the phenolic oxygen atom of the {Fe(L2)}
moiety [d(O···O) = 2.908(4) Å]. The methanol molecule in
the crystal structure of 2 is not involved in the formation of the
supramolecular chain, but it also forms an O−H···O HB with
the phenolic oxygen atom of the {Fe(L2)} moiety [d(O···O) =
2.809(4) Å]. It must be noted that the crystal structure of 2
also contains other lattice solvent molecules, and these form a
chain of O−H···O HBs interconnecting the water and
methanol molecules mentioned above. However, they exhibit
positional disorder (H2O···H2O vs CH3OH), and furthermore,
the methanol molecule is disordered over two positions.
Hence, it was not possible to model this part of the crystal
structure reasonably.

■ MAGNETIC PROPERTIES AND COMPUTATIONAL
STUDY

The magnetism of 1 and 2 shows considerable differences
(Figure 3). Complex 1 in its solvated form exhibits a magnetic
response typical for LS Fe(III) systems up to 300 K (Figure 3a,
pale gray points). Above this temperature, the lattice solvent
release takes a place as indicated by TG-DTA (Figure S3),
which causes irreversible transformation from the solvated LS
to desolvated SCO active form. Further temperature sweeping
of desolvated system 1 revealed the presence of gradual and
incomplete SCO accompanied by a thermal hysteresis of an
unusual shape, which is stable within two consecutive cooling/
heating cycles (Figure S4a). As the ratio of the frozen HS state
is very close to one-third, we can speculate that one of three Fe
centers in the molecule maintains its spin state. In such a case,
the SCO event of 1 can be schematically written as HHH ↔
HLL. In contrast, temperature-dependent magnetic measure-
ment of 2 in its solvated form indicates HS state behavior that
is not affected by the lattice solvent release at 400 K (Figures
S3b and S4b).
The spin crossover in the desolvated form of 1 was analyzed

using the most popular form of the Ising-like model.14 The
transition curve is described by the implicit equation

x
r

r xexp ( 2 )
eff

eff effβ γ γ
=

+ [ Δ + − ] (1)

where β = 1/(kBT), Δeff is the effective energy difference
between HS and LS states, γ is the cooperativity, and reff is the
temperature-dependent effective degeneracy ratio between the

HS and LS forms. This quantity is related to the mean
vibrational frequency (v̅) of the chromophore in the HS state
as15

l
moo
noo

|
}oo
~oo

r
h

h
1 exp 1.5 (HS)

1 exp (HS)eff

15
β ν

β ν
=

− [− ̅ ]
− [− ̅ ] (2)

In this approximation, electronic degeneracy can be omitted
because the higher spin multiplicity of the HS state is
compensated by the higher orbital degeneracy of the LS state.
To determine the incompleteness of the SCO event, a
renormalization was introduced as

x x x x(1 )renorm frz frz= + − (3)

The HS state of 1 at high temperatures can be approximated
well by the Curie−Weiss law with a fixed g factor equal to
2.000.16 The magnetism of the LS state is expected to be more
complex; nevertheless, for the sake of simplicity, it was treated
as a Curie paramagnet, too. The Weiss constant was
introduced only for the HS state and presented in its
microscopic form as a molecular field correction with
parameter zJ. The best fit of the SCO curve of 1 is displayed
in Figure 3a, and optimum values of model parameters are
listed in Table 3. The tight hysteresis loop was not identified
within this simplistic model.

The hypothesis of a specific center keeping its HS state was
tested using a density functional theory (DFT) calculation. A
model system was defined as being comprised of the molecule
itself and two methanol molecules ([{Fe(L1)NC}3Co(CN)3]·
2CH3OH) found by a low-temperature X-ray study inside the
complex cavity. Although the presence of solvent molecules
after the desolvation process is questionable, their presence
was vital for the model as they prevent collapse of the whole
molecular structure. The HLL state was defined by setting the
total spin multiplicity equal to 8, and its geometry was
optimized by employing the functional TPSS that shows
favorable performance for assessment of the ground spin state
in transition metal complexes.17 In other words, the model was
left free to assign the center with a stronger tendency for the
HS state. As a reference, the same calculation was performed
for the HHH state defined by a total spin multiplicity of 16. In
the second step, the resulting geometry was refined with a
hybrid form of the previous functional, i.e., TPSSh, and a
higher-quality basis for iron centers (see the computational
details in the Experimental Section). The calculated value of
Δeff(DFT) is 7522 K (Table S3). Despite its correct sign, it is
one order of magnitude higher than the value extracted from
the fitting of experimental data to the Ising-like model (Table
3). The high-temperature limit of the degeneracy ratio is found
to be equal to rlim (DFT) 145

T
eff =

→∞
, thus meeting the order of

magnitude of the high-temperature value expected by the
fitting model, i.e., 1.515 ≈ 438. As a result, the center Fe2,
which is connected with the methanol molecule by hydrogen
bonding (Figure 4 and Table S4), was identified as the one
that preserves its HS state. Nevertheless, as not much is known

Table 3. Summary of Fitted Magnetic Parameters of the
Desolvated Form of 1

g(LS) zJ(HS) (cm−1) xfrz Δeff (K) γ (K) v̅ R

2.138 −0.615 0.393 201 105 530 1.8
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about the molecular surroundings after desolvation, such a
conclusion has to be made very cautiously, and the alternative
with statistically distributed HS centers cannot be dismissed.
Magnetic functions of 2 (Figure 3b) approach the limit of

three non-interacting octahedrally coordinated HS Fe(III)
centers, for which the low-field high-temperature value of the
χT product saturates at 13.1 cm3 K mol−1 and the high-field
low-temperature magnetization at 15.00NAμB. To describe its
magnetic behavior, three models were tested. In model 1, the
spin Hamiltonian is postulated as follows

H D S Bg zJ S SI S
i

iz
i

i i
i

iz iz
1,2,3

2
B avg

1,2,3 1,2,3

∑ ∑ ∑μ̂ = ̂ + ̂ ̂ − ⟨ ⟩ ̂
= = =

(4)

where D is the axial component of the zero-field splitting, gavg is
the average value of the g factor, Iî is the unitary vector
operator of the ith center, zJ is the parameter of the molecular
field (microscopic representation of the Weiss constant), and
μB is the Bohr magneton. The index runs over all centers in the
molecule (1 for Fe1, etc.). In model 2, the intramolecular
exchange interaction was accounted for by adding the
following term to the Hamiltonian (eq 4)

H JS S JS S JS Sex 1 2 2 3 3 1
̂ = − ̂ ̂ − ̂ ̂ − ̂ ̂ (5)

Finally, model 3 differs from model 2 in the neglect of the
effect of the molecular field to test its interplay with
intermolecular magnetic exchange interaction. The optimum
parameters and residuals for all three models are listed in Table
4. One can conclude that the best agreement with experiment

was obtained using model 2 (solid lines, Figure 3b). Although
model 1 can satisfactorily describe the temperature function of
the susceptibility product, too, it fails when both experimental
data sets are confronted (Table 4 and Figure S5a). Despite the
fact that the molecular field correction in model 1 has almost
the same value as the magnetic exchange parameter in model 2,
it is not capable to grasp the shape of the magnetization
function. On the other hand, purely intramolecular interaction

as considered in model 3 provides a worse fit than model 2
(Table 4 and Figure S5b). Therefore, the presence of
dominant intramolecular magnetic exchange interaction and
very weak intermolecular interaction can be identified in 2. On
the basis of all of the models used, the presence of magnetic
anisotropy is inconclusive; although if it is present, models 2
and 3 suggest its vanishing value in accordance with
expectation.16

The optimum fit values of magnetic parameters have been
confronted with the state averaged complete active space self-
consistent field calculation combined with N-electron valence
perturbation theory of second order (SA-CASSCF+NEVPT2)
for all six individual centers {Fe(L1)NC} and {Fe(L2)NC}
(parameters D and g) and DFT calculation with the functional
B3LYP (parameter J for 2). Two complete active spaces
(CASs) were tested; the first one was constructed with five
electrons in five orbitals (3 × t2g + 2 × eg*), while the second
one with nine electrons in 12 orbitals (2 × eg + 3 × t2g + 2 ×
eg* + 5 × 4d). The geometry of the centers and the molecule
was kept as provided by X-ray analysis. As observed also in
previous studies,18 only the model with an extended active
space reproduced correctly the ground spin state for the
experimental geometry of individual centers, i.e., doublet for
centers of 1 and sextet for centers of 2 (Figure 5). This is in
agreement with the results of the structural and magnetic study
of LS compound 1 in its solvated form and HS compound 2.
The HS state for Fe2 in partially solvated molecule 1
([{Fe(L1)NC}3Co(CN)3]·2CH3OH) as assessed by DFT
(vide supra) was not confirmed by this more reliable approach.
This, however, does not contradict the experimental results
because in the fully solvated form of 1 ([{Fe(L1)NC}3Co-
(CN)3]·2CH3OH·2.5CH3CN) the complete LS state was
observed. The values resulting from the extended CAS are
listed in Table 5 (for results from smaller CASs and other
details, see Tables S5 and S6).
As is apparent, the calculated g factors are overestimated for

the LS state of 1 and underestimated with respect to any model
of fitting for 2. The calculated values of the axial magnetic
anisotropy of 2 span the limit typical in this class of
compounds.11 In 1, the anisotropy parameters are not defined
as it possesses an LS state (S = 1/2). Because the rhombicity
factor E/D approaches 1/3 for the center Fe3 of 2, the sign of
its axial magnetic parameter is arbitrary. Absolute values of
magnetic exchange parameters estimated by DFT are 1 order
of magnitude lower than the fitted values. Moreover, they do
not agree with each other in sign, which is probably caused by
approaching the numerical limits of the method, i.e.,
diminishing energy changes calculated for a huge system.
Although the energy of vertical excitations cannot be

identified with the SCO energy difference Δeff because the
molecular geometry changes during the genuine SCO, the
contrast in the accessibility of excited spin states between
centers of complexes 1 and 2 is remarkable (Figure 5). To
understand this effect more deeply, the active orbitals from the
extended CAS were inspected. The only noticeable difference
between 1 and 2 was found in their bonding eg orbitals. In
complex 2, one of these orbitals is considerably delocalized to
the π-system of the neighboring aromatic ring and has a lower
occupancy number. In contrast, the corresponding eg orbital in
1 is localized well on the Fe(III) coordination chromophore
(Figure 6 and Figure S6). For the comparison, the same
computational approach was applied on the previously
reported compound [{Fe(L2)NC}3Cr(CN)3]

10c containing

Figure 4. Comparison of the optimum geometries of the HHH state
(red) and HLL state (green) in partially solvated 1 ([{Fe(L1)-
NC}3Co(CN)3]·2CH3OH). Hydrogen atoms have been omitted for
the sake of clarity, except of those in methanol molecules that are part
of the H-bond.

Table 4. Summary of Fitted Magnetic Parameters of System
2 Using Various Models

model J (cm−1) D (cm−1) gavg zJ (cm−1) R

model 1 − 0(5) 2.033(5) −0.231(8) 49.4
model 2 −0.230(3) 0.0(2) 2.036(4) 0.015(2) 8.3
model 3 −0.227(5) 0.0(5) 2.053(7) − 26.0
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the paramagnetic hexacyanidochromate(III) bridging back-
bone (Figure S7a). In this case, {Fe(L2)} complex units are
arranged in a meridional-like fashion that afforded the T shape
of the whole molecule. That compound shows a half-complete
thermal SCO with 50% of the Fe(III) in the HS state
permanently. The single-crystal X-ray structure determined at
185 K, with ∼60% of the Fe(III) atoms in the HS state, has
been used for the calculations. Bonding eg orbital 107 in
[{Fe(L2)NC}3Cr(CN)3] is displaced similarly like that in

compound 2 (Figure S7b), which leads to the tentative
conclusion that the delocalized eg orbitals in 2 and [{Fe(L2)-
NC}3Cr(CN)3] are more likely to accommodate the unpaired
electron than the localized one in 1. One can thus assume that
such delocalization stays at the core of the stabilization of the
HS state. This hypothesis can explain the strikingly high
sensitivity of studied SCO systems with respect to their subtle
structural modifications, polymorphism, and solvatomorphism.

■ CONCLUSION
Two novel tetranuclear neutral complexes consisting of three
paramagnetic Fe(III) metal centers and one diamagnetic
Co(III) metal center were prepared, and their structural and
magnetic properties were investigated in detail. SB ligands used
for the preparation of both complexes contain different
aromatic as well as aliphatic parts, which obviously affect the
magnetism of both isostructural analogues. The first complex 1
with a SB ligand containing an asymmetric aliphatic bridge and
two naphthalene aromatic moieties shows LS behavior in its
solvated form and hysteretic SCO in its desolvated form. On
the other hand, employing the SB ligand with symmetric
aliphatic and phenolic aromatic parts for the preparation of the
second tetranuclear complex results in the observation of
permanent HS state behavior in 2, which is independent of the
presence of lattice solvent molecules in the crystal structure.
The structural and magnetic properties of 1 and 2 can be also
discussed in comparison with those of the previously reported
tetranuclear complex [{Fe(L2)NC}3Cr(CN)3] exhibiting half-
complete thermal SCO where 50% of Fe(III) remains in the
HS state permanently.10c It appears that the type of
coordination center of the used hexacyanidometalate anions

Figure 5. Electronic terms of the central atoms of complexes 1 (left) and 2 (right) calculated with (a) the SA-CAS[5,5]SCF+NEVPT2 method and
(b) the SA-CAS[9,12]SCF+NEVPT2 method. Spin doublets, blue; spin quartets, green; spin sextets, red.

Table 5. Calculated Magnetic Parameters of Fe(III) Centers

complex/center D (cm−1)a E/Da ga J (cm−1)b

1/Fe1 − − 2.287 −
1/Fe2 − − 2.270 −
1/Fe3 − − 2.260 −
2/Fe1 0.4843 0.2021 1.998 0.0013 (between Fe1 and Fe2)
2/Fe2 0.4256 0.0394 1.998 −0.0197 (between Fe2 and Fe3)
2/Fe3 ±0.4854 0.3271 1.998 0.0573 (between Fe3 and Fe1)

aSA-CAS[9,12]SCF+NEVPT2. bB3LYP.

Figure 6. Bonding active orbitals eg of center Fe2 in 1, (a) MO127
and (b) MO128. Bonding active orbitals eg of Fe2 in 2, (c) MO106
and (d) MO107.
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controls the spatial arrangement of the ferric complex units
coordinated on [M(CN)6]

3−, because both compounds
reported herein with a diamagnetic Co(III) ion adopt a
facial-like coordination contrary to the T-shaped molecule
[{Fe(L2)NC}3Cr(CN)3] with a meridional-like alignment of
{Fe(L2)} moieties. SA-CASSCF+NEVPT2 calculation with a
large active space of nine electrons in 12 orbitals reproduced
correctly the ground spin state on individual Fe(III) centers
and suggested that the spin state was governed by the delicate
arrangement of the ligand, especially its secondary structure
involving the aromatic rings. One can thus conclude that the
similar delocalization of bonding eg orbitals in compounds 2
and [{Fe(L2)NC}3Cr(CN)3] containing the same pentaden-
tate ligand L22− possesses an effectively weaker ligand field
compared to that of L12− stabilizing the permanent HS state in
2. On the other hand, L12− stabilizes the LS state and
incomplete SCO in the solvated and desolvated forms of 1,
respectively. Indeed, a similar conclusion stating that twisted
ligand conformations displacing the ligand lone pairs from the
metal−ligand vector weaken the ligand field in the complexes
was drawn elsewhere for a specific class of Fe(II) SCO
complexes.19 In conclusion, one can speculate that SCO in
system 2 is not hindered by the intermolecular strain; rather,
the ligands do not provide a suitable ligand field. On the
contrary, the ligands of system 1 support SCO behavior that
can be further modulated by intermolecular interactions.

■ EXPERIMENTAL SECTION
General. All purchased chemicals and solvents were used as

received. Methanol, acetonitrile, and diethyl ether were used as
solvents without further purification. Potassium hexacyanidocobaltate
K3[Co(CN)6] was prepared as previously described.20 Elemental
analysis of carbon, hydrogen, and nitrogen was carried out by an
automated analyzer (Vario, Micro Cube). IR spectra were measured
by the ATR technique or in KBr pellets in the range of 4000−400
cm−1 (Magna FTIR 750, Nicolet). TG-DTA analysis was performed
in a He flow at a heating rate of 2.5 K min−1 in a Netzsch STA 409 C
analyzer.
Synthesis of Complexes. Mononuclear Complexes [Fe(L1)Cl]

and [Fe(L2)Cl]. The synthesis of mononuclear complexes [Fe(L1)Cl]
and [Fe(L2)Cl] was adapted according to a previously reported
procedure.8,21 A methanol solution (20 cm3) of the corresponding
carbaldehyde (2 equiv of salicylaldehyde for [Fe(L1)Cl]; 2 equiv of 2-
hydroxynaphthaldehyde for [Fe(L2)Cl]) was combined with aliphatic
triamine (1 equiv of N-(2-aminoethyl)-1,3-propanediamine for
[Fe(L1)Cl]; 1 equiv of bis(3-aminopropyl)amine for [Fe(L2)Cl])
dissolved in 10 cm3 of CH3OH, and the reaction mixture was stirred
at 40 °C for 30 min. Then, 1 equiv of FeCl3·6H2O in 10 cm3 of
CH3OH was added to the in situ-prepared Schiff base (H2L1 or
H2L2), which afforded formation of the desired mononuclear
complex. The mixture was stirred at 60 °C to evaporate 1/3 of the
volume and cooled to −10 °C, and a dark polycrystalline powder was
separated by filtration under vacuum, washed with several portions of
cold CH3OH and diethyl ether, and dried. Elemental Anal.
[Fe(L1)Cl] found (calcd) for C20H23ClFeN3O2 (428.71 g/mol): C,
55.88% (56.03%); H, 5.22% (5.41%); N, 9.72% (9.80%). [Fe(L2)Cl]
found (calcd) for C27H25ClFeN3O2 (514.80 g/mol): C, 62.87%
(62.99%); H, 4.80% (4.89%); N, 8.01% (8.16%).
Synthesis of 1 ([{Fe(L1)NC}3Co(CN)3]·2CH3OH·2.5CH3CN). [Fe-

(L1)Cl] (0.3 g, 0.7 mmol, 3 equiv) was dissolved in 120 cm3 of
acetonitrile and methanol (1:1) and combined with solid potassium
hexacyanocobaltate K3[Co(CN)6] (64 mg, 0.19 mmol, 3 equiv). The
reaction mixture was refluxed for 24 h at 70 °C, cooled to room
temperature, and filtered, and the volume of the solvents was reduced
under vacuum by half. Small dark green crystals were collected after
slow crystallization at 5 °C for 2 weeks. Yield: 90 mg (0.048 mmol,
25%). Elemental Anal. Found (calcd) for C94H90.50CoFe3N17.50O8

(Mw = 1819.81 g mol−1): C, 60.85% (62.04%); N, 13.01% (13.47%);
H, 4.95% (5.01%). FT-IR (KBr): 3405(s) (OH), 3224(w), 3062(w)
(Car−H), 2947(w) (Cal−H), 2876(w) (Cal−H), 2166(m) (CN),
2128(s) (CN), 1617(s) (Car−Car and CN), 1603(s) (Car−Car
and CN), 1541(s) (Car−Car and CN), 1509(w) (Car−Car and
CN).

Synthesis of 2 ([{Fe(L2)NC}3Co(CN)3]·CH3OH·2H2O). K3[Co-
(CN)6] (77 mg, 0.23 mmol, 3 equiv) was added to 40 cm3 of a
methanolic solution of mononuclear complex [Fe(L2)Cl] (0.3 g, 0.70
mmol, 3 equiv), and the reaction mixture was refluxed overnight at 70
°C. The resulting solution was filtered off and subjected to slow
crystallization at 5 °C, which allowed formation of dark violet crystals
after a couple of days. Yield: 55 mg (0.037 mmol, 31%). Elemental
Anal. Found (calcd) for C67H77CoFe3N15O9 (Mw = 1462.92 g mol−1):
C, 53.95% (55.01%); N, 13.48% (14.36%); H, 5.05% (5.31%). FT-IR
(KBr): 3406 (OH), 2931 (C−H), 2177, 2162, 2156, 2141 (CN),
1620 (CN).

Crystal Structure Determination. Single-crystal X-ray diffrac-
tion data of 1 were collected on a STOE IPDS2T diffractometer with
monochromated Mo Kα (0.71073 Å) radiation at low temperatures.
Using Olex2,22 the structures were determined with the ShelXS23

structure solution program using direct methods and refined with the
ShelXL24 refinement package using least-squares minimization.
Refinement was performed with anisotropic temperature factors for
all non-hydrogen atoms (disordered atoms and solvent molecules
were refined isotropically); hydrogen atoms were calculated at
idealized positions. Single-crystal X-ray diffraction data of 2 were
collected using an Oxford diffraction Xcalibur diffractometer with a
Sapphire CCD detector installed in a fine-focus sealed tube (Mo Kα
radiation; λ = 0.71073 Å) and equipped with an Oxford Cryosystems
nitrogen gas-flow apparatus. The structure was determined with the
ShelXs software using direct methods and refined using least-squares
minimization with the ShelXL software24 incorporated in the Wingx
package.25 For each structure, its space group was checked by the
ADSYMM procedure of the PLATON software.26 All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were placed
into the calculated positions and included in the riding-model
approximation with a Uiso of 1.2Ueq or 1.5Ueq (atom of attachment).

Nonroutine aspects of the structural refinement are as follows. In 1,
the measured crystals exhibited poor diffraction power. This, together
with the relatively large unit cell of 1, affected collection of large-angle
diffractions and resulted in lower completeness of the data. The
aliphatic part of the ligand in one of the {Fe(L1)NC} fragments is
disordered over two positions. While it was possible to model disorder
for the more rigid ethyl part, it was not possible to establish it for the
longer propyl part. The measured crystals suffered from partial solvent
loss, which resulted in lower occupation parameters (0.5), which were
used to reasonably model co-crystallized methanol molecules. The
acetonitrile molecules were also affected; however, it was possible to
model them using SADI/EADP constraints and restraints. In 2, the
electron density corresponding to heavily disordered superimposed
molecules of water and methanol was left unmodeled, because it was
not possible to establish a reasonable model. Attempts to use the
SQUEEZE procedure27 to remove this electron density resulted in an
R1 much lower than that reported for the structure presented herein,
but the goodness of fit fell below 0.8. Therefore, we decided not to
use “squeezed” data.

Magnetic Measurements. Magnetic investigations were per-
formed by using a SQUID magnetometer (MPMS-XL7, Quantum
Design) in the RSO mode of detection. In all cases, the temperature
dependence of the magnetic moment was recorded at 0.1 T as an
external magnetic field and the temperature sweeping rate was 1 K/
min. Desolvation of compounds 1 and 2 was performed in situ within
the magnetic measurement setup. After the first heating, three
continuous cooling/heating cycles were applied until the last two
measurements were identical. Thereby, the sample was maintained in
the MPMS magnetometer at 380 K for 20 min before every cooling/
heating cycle. The gelatin-made capsules were used as sample holders,
and their small diamagnetic contribution made a negligible
contribution to the overall magnetization, which was dominated by
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the sample. The diamagnetic corrections to the molar magnetic
susceptibilities were applied using Pascal constants.28

Computational Details. The fitting of the magnetic susceptibility
and magnetization in 2 was performed with PHI 3.1.1,29 and the spin
crossover transition curve in the case of 1 with a homemade
program.30

The geometry of the complete molecule 1 was optimized with the
help of Gaussian 16 revision b.0143 in two steps. In the first step, the
geometry was optimized using the meta-GGA functional TPSS44 and
the Ahlrichs’ basis set STO-3G45 for all atoms. In the second step, the
obtained geometry was refined with meta-hybrid functional TPSSh44

and higher-quality basis set 3-21G for iron atoms.46 To account for
the intermolecular interactions, the empirical dispersion correction
D3BJ was employed during all calculations.47 No imaginary
frequencies were found for any of resulting geometries.
Calculations of magnetic parameters were carried out within

ORCA 4.0.1.31 The zero-field splitting (ZFS) parameters and crystal
field term energies were obtained using the state-averaged complete
active space self-consistent field method32 (SA-CAS[5,5]SCF and SA-
CAS[9,12]SCF) complemented by strongly contracted N-electron
valence perturbation theory of second order (NEVPT2).33 In either
case, one spin sextet reference state, 24 spin quartet reference states,
and 60 spin doublet reference states were taken into account. The
second-order Douglass−Kroll−Hess correction (DKH2)34 and the
chain-of-spheres approximation (RIJCOSX)35 were set on. For all
atoms, the relativistically recontracted Ahlrichs’ basis DKH-def2-
TZVP36 was used with an automatically generated auxiliary basis
set.37 Prior to this calculation, the positions of all hydrogen atoms
were optimized on the model fragments using the method PBEh-3c38

and all other atoms were kept in their positions as obtained from the
X-ray analysis. The ZFS parameters were calculated by quasi-
degenerate perturbation theory (QDPT),39 in which an approx-
imation to the Breit−Pauli form of the spin−orbit coupling operator
(SOMF approximation)40 and the effective Hamiltonian theory were
utilized.41 The magnetic exchange parameters were obtained from
DFT calculation utilizing the same basis, RIJCOSX approximation,
and hybrid functional B3LYP.42 In all calculations, the increased
integration grid was used (level 4 in ORCA convention).
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I.; Bocǎ, R.; Herchel, R.; Moncol,́ J.; Nemec, I.; Ruben, M.; Renz, F.
Mixed-Valence Heptanuclear Iron Complexes with Ferromagnetic
Interaction. Inorg. Chem. 2012, 51 (23), 12755−12767.
(9) Glaser, T.; Heidemeier, M.; Weyhermuller, T.; Hoffmann, R.-D.;
Rupp, H.; Muller, P. Property-Oriented Rational Design of Single-
Molecule Magnets: A C3-Symmetric Mn6Cr Complex based on
Three Molecular Building Blocks with a Spin Ground State of S = 21/
2. Angew. Chem., Int. Ed. 2006, 45 (36), 6033−6037.
(10) (a) Zhang, Y.-Z.; Wang, B. W.; Sato, O.; Gao, S. First Fe(ii)-
based cyano-bridged single molecule magnet [CrIIIFeII2] with a large
anisotropy. Chem. Commun. 2010, 46 (37), 6959−6961. (b) Shatruk,
M.; Dragulescu-Andrasi, A.; Chambers, K. E.; Stoian, S. A.; Bominaar,
E. L.; Achim, C.; Dunbar, K. R. Properties of Prussian Blue Materials
Manifested in Molecular Complexes: Observation of Cyanide Linkage
Isomerism and Spin-Crossover Behavior in Pentanuclear Cyanide
Clusters. J. Am. Chem. Soc. 2007, 129 (19), 6104−6116. (c) Herchel,
R.; Bocǎ, R.; Gembicky,́ M.; Kozí̌sěk, J.; Renz, F. Spin Crossover in a
Tetranuclear Cr(III)-Fe(III)3 Complex. Inorg. Chem. 2004, 43 (14),
4103−4105.
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B.; Masaŕova,́ P.; Moncol,́ J.; Pavlik, J.; Gaĺ, M.; Mazuŕ, M.; Herchel,
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