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ABSTRACT: We use quantum-chemical density functional theory calcu-
lations to elucidate the origin of spin-crossover pathways in two iron(II)
[2 x 2] molecular grids with carbohydrazide-based bridging ligands. The
complexes are characterized energetically and structurally in five available
spin states. Special attention is paid to analysis of the structural distortion
induced on each iron center by spin transition on any of its neighbors. The
evolution of coordination polyhedra is monitored using the Continuous
Shape Measures. It is demonstrated that a succession of spin transitions on
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different centers depends on the character of the induced distortion, either
approaching or getting them away from a more regular low-spin geometry. These effects, resulting from the elasticity of bridging
ligands, can be modulated by weak perturbations such as a change of the positions of the hydrogen atoms.

B INTRODUCTION

Self-assembly strategies open ways to numerous nanosized
molecular architectures displaying functional (catalytic, electro-
chemical, photoactive, magnetic, etc.) or multifunctional proper-
ties. Molecular grid-type systems seem to be especially
interesting for molecular electronic applications because they
can form monolayer structures on substrate surfaces. The spin-
crossover (SCO) phenomenon' is one of the potentially valuable
intrinsic properties already observed in iron(Il) [2 x 2] grids.””*
An interesting feature of tetranuclear clusters appears because of the
existence of five magnetic levels associated with the different
numbers of high-spin (HS) and low-spin (LS) centers in the
(Fens)n(Fers)s—n (n = 0—4) cluster. Transitions between these
levels can be considered as a manifestation of multistability, which
replaces the well-known bistability of mononuclear SCO systems.

The family of [2 x 2] grid-type SCO complexes consists of
species, in which four iron(II) centers are bridged by four
extended organic ligands.” > The latter are arranged in roughly
parallel and eclipsed pairs above and below the pseudoplane of
the four iron centers, whereas these pairs are aligned in almost
perpendicular directions. Each iron center is surrounded by two
tridentate moieties from different ligands, which form two fused
five-membered metallacycles. In the reported complexes, the
four Jron centers are in a pseudooctahedral environment, either
Ng” or N,0,.>* The first grids of this type, reported by Lehn
et al,” comprise pyrimidine-based ligands and show continuous
and incomplete thermal SCO between the (Feys);(Fers); and
(Feps)1(Fers)s states. Recently, Meyer et al.® designed a rigid
pyrazole-based ligand, with the pyrazole central moiety instead of the
2-methylpyrimidine or 2-phenylpyrimidine ones encountered in the
previous case, and presented a compact grid containing the relatively

short pyrazolate bridges. Interestingly, the pyrazolate-bridged grid
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resides in the (Feys), state at room temperature and undergoes a
continuous but complete SCO on the first site and then a partial
SCO on the second one upon cooling.

Even more compact grids, where the neighboring iron centers
are brldged by the single oxygen atoms, were reported by Sato
et al.* and Thompson et al.* These grids comprise monodepro-
tonated carbohydrazide-based ligands (see Scheme 1). At room
temperature, [Fe,(HL™),]*" (1) and [Fe,(HL™®),]*" (2) reside
in the (Feys), state, but despite the similarity in the molecular
structures, they exhibit different behaviors upon cooling. In 1(BF,).,
two of the four iron centers undergo a relatively cooperative one-
step SCO, giving rise to a cis- rather than trans-(Feys),(Feys),
isomer,” contrary to what was intuitively expected. Surprlsmgly, all
four iron centers keep the HS state in the PFs salt® In 2-
(CF3803)4 only one iron center adopts the LS state at low
temperatures.” The origin of such a marked difference in behavior
of these closely related compounds has not yet been understood.

Recently, we performed a theoretical study® of cyanide-
bridged iron(II) square complexes, in which polydentate nitro-
gen-containing ligands complete the coordination spheres of the
iron centers.” Although being tetranuclear, these species contain
only two SCO centers (the FeN sites, diagonal to each other)
and can be considered as a particular case of binuclear SCO
complexes. The latter have been studied most intensively among
other polynuclear SCO species."*™* ¢ These complexes can
exist in three spin states, namely, [HS—HS], [HS—LS], and
[LS—LS]. As a result, they exhibit different types of thermal
SCO. One of them is an usual one-step SCO, [HS—HS] —
[LS—LS]. Two other types of spin transition directly involve the
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mixed-spin state: a partial (50%) SCO, [HS—HS] — [HS—LS],
can take place or the transition can occur in two steps, [HS—HS] —
[HS—LS] — [LS—LS]. The thermodynamical model® demon-
strated that the [HS—LS] state enthalpy must be lower than the
halfway point between the enthalpies of the [LS—LS] and
[HS—HS] states to have a two-step spin transition. The density
functional theory (DFT) calculations carried out for a series of
binuclear complexes demonstrated the validity of this energetic
criterion for two-step SCO."” DFT analysis of cyanide-bridged
iron(1I) squares demonstrated that for all complexes of the series
the structurally optimized mixed-spin state lies about in the
middle of the energy gap between the structurally optimized
homogeneous spin states, thereby satisfying the conditions for a
one-step SCO between [LS—LS] and [HS—HS].® It was pro-
posed by Matouzenko et al.'® that stabilization of the intermedi-
ate [HS—LS] state in binuclear complexes, and thus the nature of
SCO, is due to distortion of the geometry around the HS center
induced by SCO on the neighbor and conditioned by the strain
effects in bridging and terminal ligands. Analysis of the optimized
structures of cyanide-bridged iron(II) squares revealed that the
distortion caused by SCO on one transiting center is fully
absorbed by the LS FeN,C, sites.’

The situation is much more complex in [2 X 2] grid-type
species. All four transiting centers are interlocked by extended
ligands and communicate through electronic and elastic interac-
tions. In the present paper, we performed the quantum-chemical
analysis to elucidate the features of the magnetic behavior of the
1- and 2-based compounds. To that end, we characterized
structurally (through geometry optimization) and energetically
possible spin states of 1 and 2. Because the calculations concern
molecules in the gas phase, they allow one to separate the effects
inherent to isolated molecules and those resulting from the
crystal environment, and thus they provide a useful tool to detect
the intramolecular factors influencing the SCO process. The
previous studies'®'” have demonstrated that quantum-chemical
calculations provide adequate structural information for all spin
states and are capable of describing the energetics of binuclear
SCO complexes. The Continuous Shape Measures (CShM)
method"™®" was further applied to characterize the evolution
of coordination polyhedra of iron centers in the optimized and
available crystal structures. By means of the CShM, one can
analyze the structural response of each center to a spin conver-
sion on any of its neighbors. We also evaluated the strength of
exchange interactions effective in spin states with more than one
paramagnetic center to estimate the impact of the exchange
coupling on the SCO behavior for the given iron(II) grids.

B THEORETICAL DETAILS

Calculations reported in this paper were performed within the
DFT framework using the PRIRODA***!" (version 5.0*) and

GAUSSIAN09™ packages. Different all-electron GTO basis sets
were used, namely, the so-called 32°* (of TZ2P quality) and L2**
(compatible with cc-pVTZ) basis sets implemented in the
PRIRODA package, whereas the GAUSSIANO9 calculations were
carried out using the TZVP basis set reported by Ahlrichs and co-
workers.*

Geometry Optimizations and Single-Point Energy Calcu-
lations. The choice of the better-suited exchange-correlation
functional for the description of SCO complexes has been widely
debated in the literature,”” and a complete consensus has not yet
been achieved. In the present study, we adopted the computa-
tional procedure proven to be the best-performing for a series of
cyanide-bridged iron(II) squares; namely, calculations were
carried out within the Perdew—Burke—Ernzerhof (PBE)***°
framework (PBE/3z for geometry optimizations and PBE/L2 for
single-point energy calculations). Although the PBE method
overestimates the energy gaps between the neighboring spin
states [(Feps)s and (Feps)s(Fers);, (Feus)s(Fers); and
(Feps)a(Fers)y, etc.], the resulting AE values are expected to
incorporate approximately the same amount of error and there-
fore allow one to draw conclusions based on the relative energies
of the (Feys),(Fers)4_, states. For any state with more than one
HS iron center, where the exchange coupling can generate a
series of spin multiplets, we considered the state with the highest
total spin (the only state represented by a single-determinant
wave function), supposing that the structure is not very sensitive
to the total spin value when local spins are fixed. In all cases, the
spin densities at the iron centers were found to be about 0 and 3.7
for local spins equal to 0 and 2, respectively.

Exchange Coupling. The strength of exchange interactions
effective in spin states with more than one HS iron center was
evaluated for optimized and crystal structures using the broken
symmetry (BS) methodology. All possible single determinants
(HS and BS) were computed within the framework of the
UB3LYP/TZVP computational procedure whose reliability has
been repeatedly established.**' The computed (S*)ys and
(8*)ps values are close to those expected for the corresponding
spin states; in all cases, the deviations are no more than 0.16. The
schemes pro&)osed by Noodleman and co-workers,® Ruiz and
co-workers,*® and Yamaguchi and co-workers>® were used. In the
case of two interacting centers, the corresponding equations are
given in ref 6. For the (Feys), state, the differences in energy
between the HS state and each of the seven BS states were
expressed as linear functions of J;; and solved by a least-squares
fitting procedure. The J;; values reported in this paper correspond
to the following expression of the Heisenberg—Dirac—van Vleck
spin Hamiltonian:

Y

CShM. The concept of CShM was introduced to characterize a
relative deviation of different coordination polyhedra from ideal
polyhedra described by a particular point symmetry group.'® It is
well-known that for mononuclear iron(II) SCO complexes with
a FeNg coordination core the LS structures are more regular, i.e.,
more close to an ideal octahedron. It is quite understandable for
the state with a quasi-closed-shell electronic configuration. In
contrast, the HS state is characterized by a more irregular
structure. An open-shell electronic configuration may lead to a
vibronic pseudo-Jahn—Teller-type mixing of different states
through nonsymmetric distortions. Thus, the HS state can be
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Figure 1. Molecular and core structures of 1 and 2 (optimized structures in the [HS—HS—HS—HS] state are presented). Iron, nitrogen, oxygen,
carbon, and hydrogen atoms are shown in pink, blue, red, gray, and green, respectively.

obtained from the LS-state ideal octahedron not only through
the totally symmetric dilatation of the coordination sphere but
also through other types of distortions lowering the symmetry.'”
Of course, the coordination polyhedron for complexes with the
FeN,4O, core must deviate from an ideal octahedron in any state,
but one can suppose (and it is confirmed by the DFT calculations
presented below) that it is more regular and thus closer to the
ideal shape in the LS state.

Mathematically, CShM of the coordination polyhedron Q
with the geometric center g relative to an ideal polyhedron P is
expressed as

S 2
2 14,- 7l
Sq (P) = min |[-—————— x 100
Z |q - Tio|2
i=1

where q; and P, are the position vectors for atoms of two
polyhedra. Both nitrogen and oxygen donor atoms are included,
and CShM relative to an ideal octahedron (octahedricity) is
calculated using the SHAPE program.”*

B RESULTS AND DISCUSSION

Before discussing the results of calculations, we note an
important difference in the bridging network in 1 and 2. These
complexes differ not only in the substituent in the interlocking
ligand (phenyl for 1 and methyl for 2) but also in the relative

positions of the hydrogen atoms in the bridging network. The
close inspection of the N—N and N—C distances in the
carbohydrazide skeleton, N—N—C(O)—N—N, in the available
X-ray structures of 1 (283 and 123 K) and 2 (123 K) allows one
to assign the position of the hydrogen atom: the closeness of the
N—N and N—C distances is indicative of the presence of a
hydrogen atom at the central nitrogen atom, whereas the
hydrogen-free nitrogen atom forms relatively long (N—N) and
short (N—C) bonds (Ad = ~0.08 A). In addition, the N—
N(H)—Cbond angle (~114°) is larger compared to the N—N—C
one (~108°). It appears that in 1 each iron center has both the
hydrogen-containing and hydrogen-free five-membered bridging
fragments, whereas in 2 the two iron centers on the diagonal of
the square have solely hydrogen-containing bridging fragments
and the other two hydrogen-free ones. The molecular structures
of 1 and 2, along with their core structures, are shown in Figure 1.

Selected bond lengths for the optimized structures of 1 and 2
in different spin states are collected in Tables 1 and 2. It is worth
noting that the optimized structure approximates the equilibrium
configuration of the isolated complex in a given spin state,
whereas the X-ray structure not only includes the distortions
induced by the crystal lattice but also may not correspond to the
pure spin state. Nevertheless, for comparison, for the spin states
that are close to those characterized by X-ray crystallography, we
give the available experimental data in parentheses. It can be seen
that the optimized structural parameters are in good agreement
with the experimentally found values, with the exception of the
Fe—O bond lengths. Let us also note that the tetranuclear core is
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Table 1. Selected Bond Lengths (A) in Optimized and Experimental Structures of 1 in Different Spin States”

(Fers)s (Feps)1(Fers)s cis-(Feys)>(Fers),
Fe;—Ny 1.88 2.07 2.08 (2.10)"
Fe;—Njo 1.95 2.17 2.17 (2.20)
Fe,—Ny; 1.89 2.09 2.10 (2.12)
Fe;—Nj, 1.95 2.16 2.16 (2.17)
Fe,—Os 2.10 222 2.18 (2.10)
Fe,—O4 2.10 225 228 (2.14)
Fe,—Ni; 1.89 1.89 2.10 (2.11)
Fe,—N, 1.95 1.95 2.17 (2.13)
Fe,—Nj 1.88 1.89 2.09 (2.07)
Fe,—Ny4 1.95 1.95 2.17 (2.16)
Fe,—Os 2.10 2.07 222 (2.10)
Fe,—Og 2.10 2.11 221 (2.08)
Fe;—N, 1.88 1.88 1.89 (1.96)
Fe;—Ng 1.95 1.95 1.95 (2.03)
Fe;—No 1.89 1.89 1.89 (1.91)
Fe;—Nyo 1.95 1.95 1.95 (2.00)
Fe;—0O, 2.10 2.10 2.10 (2.01)
Fe;—Og 2.10 2.09 2.06 (2.05)
Fe,—N,; 1.89 1.89 1.89 (1.97)
Fey,—N,, 1.95 1.95 1.95 (2.05)
Fey—Na; 1.88 1.89 1.88 (1.95)
Fey,—Na, 1.95 1.95 1.95 (2.02)
Fe,—0O; 2.10 2.12 2.11 (2.05)
Fe,—Os 2.10 2.07 2.06 (2.05)

trans-(Feys)>(Fers)s (Fens)s(FeLs): (Feps)a
2.06 2.08 2.09 (2.10)°
2.17 2.17 2.17 (2.20)
2.08 2.10 2.11 (2.14)
2.17 2.16 2.16 (2.20)
222 2.17 2.16 (2.12)
224 228 225 (2.14)
1.89 2.11 2.11 (2.13)
1.95 2.16 2.16 (2.17)
1.89 2.10 2.09 (2.10)
1.95 2.17 2.17 (2.21)
2.09 225 225 (2.12)
2.08 2.17 2.16 (2.08)
2.06 2.08 2.09 (2.11)
2.17 2.17 2.17 (2.17)
2.08 2.10 2.11 (2.13)
2.17 2.17 2.16 (2.14)
222 220 2.16 (2.08)
224 222 225 (2.14)
1.89 1.89 2.11 (2.14)
1.95 1.95 2.16 (2.19)
1.89 1.89 2.09 (2.11)
1.95 1.95 2.17 (2.16)
2.09 2.08 225 (2.12)
2.08 2.07 2.16 (2.11)

“ Available X-ray structural data are given in parentheses. b X-ray structural data collected for 1(BF,), at 123 K (ref 3). “ X-ray structural data collected for

1(BF,)4 at 283 K (ref 3).

more compact in the crystal structure compared to the optimized
one (the difference in the Fe: - -Fe distances is about 0.3 A).
Thus, smaller Fe—O bond lengths found in the crystal structures
may be a consequence of the crystal-packing effects. Tables 3 and
4 contain the octahedricity values characterizing the distortion of
the FeN4O, coordination cores in the optimized and available
crystal structures of 1 and 2. We can note that an integral
characteristic, such as CShM, attenuates the differences found
between the experimental and calculated bond lengths.

Let us first analyze the structural and energetic behavior of 1.
From Tables 1 and 3, it can be seen that, in the (Feys), state, the
iron centers have highly distorted geometries, which deviate
essentially from an octahedral symmetry. In the optimized
structure, where the coordination polyhedra of iron centers are
equivalent, all bond angles deviate from 90 or 180°, particularly
the N,—Fe—O bond angles (the average is 148.6°); see
Figure 2a. Interestingly, there is an asymmetry in the Fe—O
bond lengths (the Fe—O bond is shorter in the hydrogen-
containing five-membered ring). The grid itself adopts a bent
conformation with a dihedral angle of 161.9; the iron centers are
separated by 4.09 A; the Fe—O—Fe bond angles are 136.3°.

The HS — LS transition on one center gives rise to a
(Fens)s(FeLs), species. Irrespective of the site chosen as a target
for spin transition, the coordination polyhedra of the corre-
sponding iron centers are equivalent in the resulting structures,
and therefore all of the (Feys)3(Fers); isomers are energetically
degenerate. From Table 1, it can be seen that SCO on the Fe(4)
center results in contraction of the Fe—L bonds. The bond angles
become more regular; for example, the average N,—Fe—O bond

11146

angle increases to 161.1° (see Figure 2b). It is evident that the LS
Fe(4) polyhedron in the [HS—HS—HS—LS] structure is closer
to an octahedral configuration (the octahedricity value decreases
to 2.02). It should be noted that the majority of mononuclear
iron(1I) SCO complexes with a FeNg coordination core in the LS
state are characterized by octahedricity values close to zero (see
the Theoretical Details section). The HS — LS reorganization of
the Fe(4) coordination sphere affects the geometries around all
other centers. For example, the Fe(1) and Fe(3) centers, which
are neighboring Fe(4), have smaller octahedricity values [5.07
and 5.04 compared to S5.16 in the (Feys), state]. Interestingly,
the asymmetry in the Fe(1)—O bond lengths becomes more
pronounced compared to the (Feyg), structure, whereas it is
almost absent for the Fe(3) center. Thus, the latter has a smaller
octahedricity value (5.04). As for the Fe(2) center, which is
diagonal to Fe(4), it adopts a more distorted geometry, and the
octahedricity value increases to 5.33. The other mixed-spin
species contain two or three LS centers, i.e., cis- or trans-(FeHs)z-
(Fers), and (Fepys)(Fers)s. For any of the three cases, the
coordination polyhedra of the corresponding iron centers are
equivalent in the isomeric forms, and the latter are energetically
degenerate. Without going into detail, our calculations confirm
that SCO on a given iron center affects the geometries around all
others (see Tables 1 and 3).

In the (Ferg), state, the Fe—L bond lengths fall in the range
typical for LS iron(II) centers, all of the Fe—O bond lengths
become equal, the Fe---Fe distances are slightly smaller
(4.01 A), and the Fe—O—Fe bond angles are larger (145.4°) com-
pared to the (Feyys) 4 state, but the grid retains a bent conformation
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Table 2. Selected Bond Lengths (A) in Optimized and Experimental Structures of 2 in Different Spin States”

(FeLs)s (Fens)1 (FeLs)s cis-(Feps)a(Fers),
Fe;—Ny 1.88 1.88 1.88 2.10
Fe,—Njo 1.96 195 1.96 218
Fe,—Nj, 1.88 1.88 1.88 211
Fe,—Nj, 1.96 195 1.96 217
Fe;—Os 2.10 2.11 2.09 2.20
Fe;—Os 2.10 2.06 2.09 224
Fe,—Nj3 1.89 1.89 1.89 2.08
Fe,—N, 1.95 1.95 195 2.16
Fe,—Nis 1.89 1.89 1.89 2.09
Fe,— N 1.95 195 195 216
Fe,—O4 2.12 2.12 2.12 2.24
Fe,—Og 2.12 2.12 2.07 2.27
Fes—N;, 1.88 1.88 2.10 1.88
Fes—Ni 1.96 195 2.18 195
Fes—Nio 1.88 1.88 2.10 1.88
Fes—Nao 1.96 1.95 218 195
Fe;—0O- 2.10 2.06 2.23 2.10
Fe;—O¢ 2.10 2.11 2.23 2.06
Fe,—N, 1.89 2.08 1.89 1.89
Fe,—N, 1.95 216 195 195
Fe,—Ny3 1.89 2.08 1.89 1.89
Fey—No, 1.95 2.16 195 1.95
Fe,~O, 212 228 2.07 212
Fe,—Og 212 228 212 2.06

trans-(Feys)>(Fers), (Feps)s(Fers): (Feps)4
2.09 1.88 2.11 2.10 (2.09)" 212
217 1.95 2.18 2.18 (2.17) 2.18
2.09 1.88 211 2.10 (2.09) 2.10
2.17 1.95 2.18 2.16 (2.15) 2.17
224 2.07 222 2.18 (2.09) 2.17
224 2.07 220 229 (2.14) 227
1.89 2.07 2.08 2.09 (2.11) 2.09
1.95 215 216 2.16 (2.18) 2.16
1.89 2.07 2.08 2.10 (2.11) 2.10
1.95 2.15 215 2.17 (2.18) 2.18
2.08 2.30 224 226 (2.13) 226
2.08 2.30 2.30 221 (2.13) 2.19
2.09 1.88 1.88 2.11 (2.13) 2.12
217 1.95 1.95 218 (2.18) 2.18
2.09 1.88 1.88 2.10 (2.13) 2.10
2.17 1.95 1.95 2.18 (2.19) 2.17
224 2.07 2.06 220 (2.13) 2.17
224 2.07 2.06 224 (2.11) 227
1.89 2.07 2.09 1.89 (1.90) 2.09
1.95 2.15 2.16 1.95 (1.97) 216
1.89 2.07 2.08 1.89 (1.89) 2.10
1.95 215 216 1.95 (1.97) 2.18
2.08 2.30 228 2.08 (2.03) 226
2.08 2.30 225 2.07 (2.03) 2.19

“ Available X-ray structural data are given in parentheses. b X-ray structural data collected for 2(CF3503), at 123 K (ref 4).

(a dihedral angle = 162.6°). From Table 3, it can be seen that the
coordination polyhedra of iron centers become more distorted
(less octahedral) compared to the LS characteristics in the
mixed-spin states.

The relative energies for the structurally optimized spin states
of 1 (see Table S) correspond to the behavior expected for SCO
systems. The (Fers), state is found to be the ground state.
According to calculations, the energies of the (Feys),(Fers)s
species increase with the successive appearance of HS sites.
Interestingly, among the (Feps).(Ferg), species, a cis structure
proves to be more stable than a trans one, in agreement with
the experimentally found feature. If we consider separately the
Fe(1)—Fe(2) and Fe(3)—Fe(4) pairs, for each of these pairs, the
energy of the [HS—LS] state is close to the halfway point
between the energies of the [HS—HS] and [LS—LS] states,
thereby favoring a one-step transition. At the same time, the
energy of the [HS—HS—LS—LS] state is lower than the halfway
point between the energies of the [HS—HS—HS—HS] and
[LS—LS—LS—LS] states. If the energetic criterion obtained
for binuclear complexes is valid for tetranuclear species, one
can say that the conditions are satisfied for stabilization of the
[HS—HS—LS—LS] state.

The magnetic behavior of the 1-based compounds and, in
particular, a partial (50%) SCO observed in 1(BF,), can be
rationalized on the basis of the data presented above. When
discussing the optimized structures of 1, we pointed out that
SCO on one iron center affects the geometries around the others.
The structural changes can be monitored and quantified by
comparing the octahedricity values. In other words, the core
structure, being rigid and compact, does not absorb the distortion

caused by SCO and transmits it not only to the neighbors but also
to the remote (diagonal) site. This situation differs from that in
the cyanide-bridged iron(II) squares, where the two active sites
are fully independent. The core structure of 1 imposes steric
constraints and thus provides the energetic proximity of the
(Feps)n(Fers)s_n states. At the same time, the rigidity of the
ligand and grid itself controls the barrier for the spin-state
transformation. In 1, the distortions accompanying the transition
to a new spin state are costly in energy because they give rise to
highly strained structures. The barrier corresponding to the
crossing-point structure can be overcome only at relatively high
temperatures. For the isolated complexes, one would expect the
following SCO behavior. At room temperature, all four iron
centers reside in the HS state. Upon cooling, the HS — LS
transition on one center takes place, as both the thermodynamic
and kinetic conditions are met, and thus the (Feys);(Fers);
species arise. The latter contain the three different HS centers,
one of which became less octahedral (5.16 — 5.33), whereas the
other two, in the cis positions to the LS center, moved to be more
octahedral (5.16 — 5.07 or 5.04), ie., their coordination poly-
hedra approach the LS characteristics. The energy gap between
the (Feps)s(Fers); and cis-(Feys),(Fers), states is about the
same as that between the (Feys), and (Feys)s(Feyg); states, and
thus SCO on any of these two centers is thermodynamically
possible. The two more octahedral HS centers in the
(Fens)s(Fers), species should have lower barriers for the spin-
state transformation, and thus SCO on any of these two centers is
facilitated in terms of kinetics. As a result, the weight fraction of
the cis-(Feps)(Fers), species rapidly increases upon cooling. We
highlight the fact that on going from (Feyys) 4 to cis-(Fegs),(Fers)
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Table 3. Octahedricity Values for Different Iron Centers in
Optimized and Experimental Structures of 1

Fe(1) Fe(2) Fe(3) Fe(4)
(Fers)s 2.16 2.16 2.16 2.16
(Fens) 1 (Fers)s 5.07 2.17 2.05 2.15
cis-(Feys)2(Fers)s 523 (5.66)" 520 (5.22) 2.07 (3.18) 2.04 (3.34)
trans-(Feys),(Fers), 4.94 2.11 4.94 2.11
(Fens)s(Fevrs): 5.07 533 5.04 2.02

(Fens)s 5.15 (5.49)" 5.16 (5.56) 5.16 (5.60) 5.16 (5.77)

? X-ray structural data collected for 1(BF,), at 123 K were used (ref 3).
b X-ray structural data collected for 1(BF,), at 283 K were used (ref 3).

Table 4. Octahedricity Values for Different Iron Centers in
Optimized and Experimental Structures of 2

Figure 2. FeN,O, coordination cores in HS (a) and LS (b) states in 1.
N, and N, are the donor nitrogen atoms in the pyridine moiety and
carbohydrazide skeleton, respectively.

Table 5. Relative Energies of Different Spin-State Isomers of
1 Calculated at the Optimized Geometries (in kJ mol ")

Fe(1) Fe(2) Fe(3) Fe(4)
[LS—LS—LS—LS] 2.11 223 2.12 223
[LS—LS—LS—HS] 2.03 2.19 2.03 5.15
[LS—LS—HS-LS] 2.05 2.13 5.43 213
[HS—HS—LS—LS] 5.53 527 1.96 2.08
[HS—LS—HS—LS] 5.27 2.03 528 2.03
[LS—HS—LS—HS] 191 5.08 1.90 5.08
[HS—HS—LS—HS] 5.53 5.15 1.84 5.13

species AE*
(Fers)s 0.0
(Fens)1 (FeLs)s 57.0
cis-(Feps)(Fers), 1144
trans-(Feys),(Fers), 116.6
(Feps)s(Fers): 175.0
(Fens)s 2359

[HS—HS—HS—LS] 544 (5.09)* 5.35(5.65) 5.34(5.68) 1.96 (2.34)
[HS—HS—HS—HS] 541 5.17 5.41 5.17

?X-ray structural data collected for 2(CF3SO3), at 123 K were used
(ref 4).

the change of the spin state at one center facilitates SCO on another
one. Such an assistance is nothing but a manifestation of the
intramolecular cooperativity. The occurrence of the trans-(Feys),-
(Feys), species is scarcely probable. As we mentioned before, in the
(Fens)s(Fers), species, changes in the coordination polyhedron of
the center frans to the LS one move it away from the LS
characteristics, and thus the barrier for the spin-state transformation
should be higher in this case. Let us remind everyone that this
transition is also less favorable energetically. In the cis-(Feps),-
(Fers), species, the two HS centers have even more distorted (less
octahedral) geometries than in the initial (Feyys) 4 state, as evidenced
by the octahedricity values (5.23 and 5.20 compared to 5.16). Thus,
for either of the two centers, the barrier for the spin-state transfor-
mation is even higher than that at the starting point, whereas the
temperature is lower. In such circumstances, SCO is kinetically
blocked, and the complexes keep the cis-(Fess),(Fers), state upon
further cooling. As we mentioned in the Introduction, such a
behavior is observed in 1(BF,),. The variable-temperature magnetic
susceptibility measurements show a relatively cooperative one-step
SCO on two iron centers in this compound. The Mossbauer
measurements, in conjunction with X-ray crystallographic analysis,
suggest the complete transition of two neighboring iron centers
below 120 K. At the same time, 1(PF¢), does not display a spin
transition and thus demonstrates a deviation from the isolated
molecule behavior. A possible explanation of this fact is that, in the
solid state, the energy gaps between the (Feps),(Fers), , states
and the barriers for the spin-state transformation may differ to some
extent from those in the isolated complexes because the crystal
lattice imposes additional steric constraints. For example, in the
X-ray structure of 1(BF,), corresponding to the (Feys), phase

“The energy of the (Fers) species is taken as zero.

(283 K), the grid is more compact, and the coordination polyhedra
of iron centers are more distorted (less octahedral) compared to
those in the optimized (Feys), structure. Importantly, two of the
four iron centers are involved in intermolecular 77—JT interactions,
and thus these two centers apparently have lower barriers for the
spin-state transformation because distortion toward the more
compact LS geometry reduces the steric strain caused by short
intermolecular contacts. As a result, SCO on any of these two
centers is kinetically possible and actuates the whole process. The
PFq ™ salt apparently has a different crystal packing motif, in which
case the barriers for the spin-state transformation cannot be over-
come at room temperature. Unfortunately, the X-ray data for this
compound were not reported.

Before completing this part of the discussion, we consider the
effect of exchange coupling in 1. The values of J; for the
experimentally observed states, (Feys)4 and cis-(Feps),(Fers)a,
obtained using the algorithm proposed by Yamaguchi et al.,** are
given in Table 6. The other two schemes mentioned in the
Theoretical Details section provide similar results (see Table S1
of the Supporting Information). In all cases, the J; values indicate
a weak antiferromagnetic coupling and explain a smooth de-
crease of the T product upon cooling in the plateau regions
corresponding to the (Feys), and cis-(Feps),(Fers), phases.
The low-temperature behavior is dominated by the zero-field
splitting of the local S = 2 state in the cis-(Feps),(Fers), species.
It is worth noting that there is good agreement with the
experimental value (—4.5 cm ') obtained for the cis-(Feys),-
(FeLs), state in terms of a simple isotropic model. Although the
exchange interactions present an important feature of [2 X 2]
grids, it is not likely that they play an important role in the SCO
process. In fact, their energy is rather small compared to the
energy gaps between the (Feys),(Fers)s , states. The often-
mentioned synergy between the exchange coupling and SCO
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Table 6. Values of J;; (in cm ') for Different Spin States
Computed for Optimized and Crystal Structures of 1

state Jii crystal structure optimized geometry
cis-(Feps)a(Ferg), ] —7.3 —-59
(Feps)s" Ji2 —625(2)° —520(1)
Jis —0.05(2) 0.00 (1)
Jia —5.36(2) —5.20(1)
s —7.88(2) —520(1)
Joa 0.06(2) 0.00(1)
Ja4 —3.62(2) —5.20(1)

“The standard errors are given in parentheses. bX-ray structural data
collected for 1(BF,)4 at 123 K were used (ref 3). “ X-ray structural data
collected for 1(BF,), at 283 K were used (ref 3).

Table 7. Relative Energies of Different Spin-State Isomers of
2 Calculated at the Optimized Geometries (in kJ mol )

species AE*
[LS—LS—LS—LS] 0.0
[LS—LS—LS—HS] 59.0
[LS—LS—HS—LS] 419
[HS—HS—LS—LS] 105.7
[HS—LS—HS—LS] 86.5
[LS—HS—LS—HS] 1182
[HS—HS—LS—HS] 1712
[HS—HS—HS—LS] 155.4
[HS—HS—HS—HS] 2253

“ The energy of the (Fers)4 species is taken as zero.

would be more relevant for compounds with comparable char-
acteristic energies. Unfortunately, such compounds have not yet
been documented.

Having examined the structural features and the magnetic
behavior of 1, we now discuss how the differences in the
molecular structure of 2 may influence the SCO process. As
we mentioned before, along with the different substituents at the
periphery, 1 and 2 differ in the relative positions of the hydrogen
atoms in the bridging network (see Figure 1). It can be seen that
in 2 the Fe(1) and Fe(3) centers have solely hydrogen-contain-
ing bridging fragments and the Fe(2) and Fe(4) centers hydrogen-
free ones. As a result, the mixed-spin species have nonequivalent
isomeric forms (see Table 2). Similar to 1, the stability of the
(Feps)n(Fers)a—n species decreases with an increase of the
number of HS sites (see Table 7). Interestingly, among a given
series (n = 1, 2, or 3), the species with the “hydrogen-containing”
HS centers are more stable. In particular, in the case of two HS
sites, a cis isomer (one “hydrogen-containing” and one “hydrogen-
free” HS center) has an intermediate energy between the energies
of the two trans isomers (two “hydrogen-containing” HS centers
and two “hydrogen-free” HS centers).

Although the HS and LS polyhedra of iron centers in 2 are
similar to those in 1 (see Figure 2a), they have a few important
peculiarities. From Tables 2 and 4, it can be seen that, in the
optimized (Feys), structure, the “hydrogen-containing” iron
centers are less octahedral (5.41) compared to the “hydrogen-
free” ones (S5.17). Interestingly, the grid itself acquires an
asymmetry because for any iron center the Fe- - -Fe distances
(4.11 and 4.14 A) and the Fe—O—Fe bond angles (136.0 and

136.5°) become different. Although it still adopts a bent con-
formation, a dihedral angle becomes larger (170.4 compared to
161.9° in 1). In the optimized (Fe;g), structure, the “hydrogen-
containing” iron centers are more octahedral (2.11 and 2.12)
compared to the “hydrogen-free” ones (2.23). For any iron
center, the Fe—O bond lengths become equal, but they are
smaller at the “hydrogen-containing” centers (2.10 compared to
2.12 A). The grid itself is flattened (a dihedral angle = 179.2°), all
of the Fe- - -Fe distances are 4.02 A, and all of the Fe—O—Fe
bond angles are 145.1°. Similar to 1, the structural information
presented in Tables 2 and 4 indicates that SCO on one iron
center affects the geometries around the others. On the basis of
these data, one would expect the following isolated molecule
behavior. In the (Feys)4 state, the “hydrogen-containing” iron
centers, being less octahedral, have higher barriers for the spin-
state transformation, and thus SCO on any of these two centers is
kinetically hindered or even blocked. In contrast, the “hydrogen-
free” iron centers have characteristics similar to those for any iron
center in 1, and thus one of them undergoes the HS — LS
transition upon cooling. SCO on a “hydrogen-free” iron center is
also favored energetically. In the resulting (Fegys)3(Fers), struc-
ture, all three HS centers are less octahedral than the transiting
center in the initial (Feys), state and thus have higher barriers for
the spin-state transformation. The data in Table 7 suggest that
SCO on the second “hydrogen-free” iron center is thermodyna-
mically possible at the same temperature (the energy gap
between the [HS—HS—HS—LS] and [HS—LS—HS—LS] states
is about the same as that between the [HS—HS—HS—HS] and
[HS—HS—HS—LS] states), whereas a cis-(Feps),(Ferg), state
is thermodynamically accessible at lower temperature (the en-
ergy gap between the [HS—HS—HS—LS] and [HS—HS—
LS—LS] states is smaller); however, obviously SCO on any of
the three HS centers in the (Feps)s(Fers); species is kinetically
blocked. As we mentioned in the Introduction, such a behavior is
observed in 2(CF3S03),. The variable-temperature magnetic
susceptibility measurements show a continuous SCO on one
iron center in this compound. The X-ray crystallographic data
collected at 123 K indicate that the transition occurs on a
“hydrogen-free” iron center. Interestingly, in the X-ray structure,
one HS center, in a cis position to the LS one, is more octahedral
(5.09) compared to the others (5.65 and 5.68). Moreover, it
exhibits slightly smaller average Fe—L bond length. These
facts may be indicative of the presence of a small admixture of
the cis-(Feps),(Fers), species in the sample. Indeed, in the
solid state, the grid is more compact, and the LS and HS geo-
metries around the iron centers are more distorted because of
the crystal-packing effects, and thus the energy gaps between the
(Peps),(Fers)s_, states and the barriers for the spin-state trans-
formation may differ to some extent from those in the isolated
complexes. As a result, the occurrence of the cis-(Feys),(Fers)»
species may be feasible at not very low temperatures. Of course,
conclusions about the kinetic factors of SCO based on calculated
geometrical characteristics are rather qualitative and just give
indications in what direction they are shifted on individual centers
following the spin transition at neighbors.

It is evident that the SCO behavior of the 1- and 2-based
compounds is controlled by the rigidity of the ligand and grid
itself, and the difference between the two cases is primarily due to
the dissimilarity in the core structures, ie., in the relative positions of
the hydrogen atoms in the bridging network. The phenyl rings at the
periphery of the ligand in 1 are twisted relative to the ligand plane
and do not cause any additional intramolecular strain (see Figure 1).

11149 dx.doi.org/10.1021/ic2016929 |Inorg. Chem. 2011, 50, 11143-11151



Inorganic Chemistry

However, the presence of bulky substituents predetermines the
crystal-packing motif. For example, 1(BF,), has a one-dimensional
network of intermolecular interactions, whereas 2( CF5SO;) 4 has a
two-dimensional one. Interestingly, variable-temperature magnetic
susceptibility measurements revealed a weak cooperativity in 2-
(CF3S03)4, despite the presence of a two-dimensional network of
intermolecular contacts. This fact lends additional support to the
conclusion that the cooperativity observed in 1(BF,), is governed
by intramolecular factors.

Finally, it is worth noting that a less strained grid comprising a
more flexible thiocarbohydrazide-based ligand is diamagnetic in
the temperature range 2—300 K.* The X-ray crystallographic
data collected at 133 K demonstrate that such a ligand is bent
along the C—S axis (the average Fe—S—C—Fe dihedral angle =
142.7°). Thus, the core structure, being more flexible and less
compact, does not provide the energetic proximity of the

(Feps)n(Fers)4—n states.

B CONCLUSIONS

Our calculations clearly demonstrate that the SCO behavior of
the grid-type complexes is highly determined by the rigidity of
the ligands interlocking the metal sites. The rigidity or flexibility
of the ligands defines the elastic communication between the
transiting centers. These links are spread not only between the
neighboring centers but over the whole cluster. Such behavior of
[2 x 2] grids differentiates them from the earlier studied cyanide-
bridged squares, where the intermediate FeN,C, sites absorb the
corresponding distortion. Small perturbations (such as different
positions of the hydrogen atoms in the bridging network)
influencing the rigidity of the grid can drastically change the
nature of SCO. Analysis of the relative energies of the spin states
is not as helpful in predicting the SCO behavior as used to be for
binuclear complexes. The evolution of coordination polyhedra
accompanying SCO becomes an important indicator related to
the kinetic factors of spin-state transformation.
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