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ABSTRACT: Two bis(tridentate) Schiff base ligands
H2L

x were used to construct three 2×2 grid-type
tetranuclear Fe(II) complexes 1−3 to obtain polynuclear
spin-crossover materials. Magnetic susceptibility measure-
ments show that the spin states of the complexes are
related to the substituents of H2L

x, and that spin transition
occurs only in complexes 1 and 2, which are derived from
a bulky ligand, whereas complex 3 is diamagnetic. The
transition temperatures of complexes 1 and 2 are close to
room temperature and are dependent on counteranions.
The spin transition of complex 1 can be reversibly tuned
by the dehydration and hydration process.

Switchability at the molecular level is an interesting property
in chemistry.1,2 The spin-crossover (SCO) between a high-

spin (HS) state and a low-spin (LS) state is a promising way of
attaining bistablility or even multistability, thereby increasing
the efficiency of information storage materials.3−7 Most of the
vast number of SCO complexes are mononuclear, Fe(II)-
centered complexes8−11 that provide useful experimental
information to allow research to be rationally extended to
polynuclear complexes. Factors such as the ligand field,
counterions, and crystallization solvents are of vital importance
in SCO studies.12−15 Supramolecular strategies have been
employed to generate an ordered assembly of metal ions,
whereby both ligands and metal ions and even polynuclear
molecules are self-assembled in a regular way.16−19 Grid-like
complexes are well-designed models that arrange from the 2×2
to the n×n level (n = 3, 4, ...) and display fascinating physical
properties and aesthetically appealing structures.5,6,16−30

However, to date, few grid-like SCO complexes have been
created,5,6,17,26−30 and the relationships between the metal ions
within a grid and between the grids in a lattice are still not clear.
SCO phenomena usually take place at low temperatures
ranging from 100 to 250 K,31 and thus it is always a challenge in
practical applications to attain a transition temperature around
room temperature.27

We have recently reported the first family of 2×2 grid-like
Fe(III) complexes, which exhibit weak antiferromagnetic
coupling between high-spin Fe(III) ions via pyrimidine
bridges.32 Here we describe three novel 2×2 grid-like Fe(II)
complexes, [Fe4(HL1)4]Cl4·9H2O (1), [Fe4(L

1)2(H2L
1)2]-

(BF4)4·6H2O (2), and [Fe4(L
2)2(H2L

2)2](ClO4)4·4H2O (3),
that are derived from new bis(tridentate) Schiff base ligands
H2L

x (Scheme 1). Complexes 1 and 2 exhibit abrupt SCO at
temperatures higher than room temperature, and complex 1

shows a reversible spin switch following a repeated
dehydration−hydration process. These results are significant
for the practical application of such complexes as molecular
storage devices.
Ligand H2L

1 was reacted with FeCl2·4H2O in methanol at
room temperature to give a solution. After filtration, the filtrate
was slowly evaporated, producing dark red block crystals of
complex 1 after 1 week. Single crystals of complexes 2 and 3
were obtained by the slow diffusion of an aqueous solution of
NaBF4/NaClO4 into a methanolic solution of FeCl2·4H2O and
H2L

1/H2L
2 (Supporting Information). The mass spectrum of

complex 1 in MeOH (Figure S1) showed peaks for species
[Fe4(HL

1)(L1)3]
+ (m/z = 2120.46), [Fe4(HL

1)2(L
1)2]

2+ (m/z
= 1060.73), [Fe4(HL1)3(L

1)]3+ (m/z = 707.49), and
(H2L

1+H)+ (m/z = 476.96), indicating that tetranuclear Fe(II)
grids are stable in solution. The formulas of complexes 1 and 2
were confirmed by microelemental analysis results and
crystallography.
The molecular structures of complexes 1−3 were determined

by single-crystal X-ray diffraction (XRD) analysis measured at
ca. 150 K. The complexes have a similar 2×2 grid [Fe4]

4+

structure composed of four ligands and four Fe(II) ions in an
octahedral coordination geometry (Figure 1). Two ligands lie
above the plane defined by the Fe(II) ions, and two lie below.
Each of the four Fe(II) ions is coordinated by six nitrogen
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Scheme 1. Structure of H2L
1 (R = Br) and H2L

2 (R = Me)
and [Fe4(HL

x)]4+ Grids
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atoms from two ligands (two pyrimidine N, two imine N, and
two pyridine N atoms). The bond lengths of Fe−N in the
complexes range from 1.88 to 2.06 Å, which is within the range
of the LS Fe(II)−N bond lengths reported in mononuclear
SCO complexes.1−3,15 The average Fe−N bond distances are
1.971 Å for complex 1, 1.977 Å for complex 2, and 1.969 Å for
complex 3. The adjacent Fe(II) ions are bridged by pyrimidine
−N−CN− bridges with an average Fe---Fe separation of
5.928 Å for complex 1, 6.063 Å for complex 2, and 6.053 Å for
complex 3, and diagonal Fe---Fe distances within the grid of
8.291 Å for complex 1, 8.574 Å for complex 2, and 8.561 Å for
complex 3.
The Fe(II) ions in a grid of complex 1 are not planar,

whereas the grids of complexes 2 and 3 are more regular, with
the four Fe(II) ions in a perfect plane (Figures S5 and S8). The
conjugated ligands (HLx)−/(Lx)2− are not planar but rather
have a twisted pattern with the dihedral angles between the
terminal pyridine planes in the range of 16.8−30.6°.
The octahedral distortion parameters (Σ and Δ,33,34 Table 1)

of complexes 1 and 2 are a little large, indicating the presence
of a degree of distortion in the Fe(II) coordination geometry,
which is consistent with mixed HS/LS states for the two
complexes at 153 K. The smaller distortion parameters of

complex 3 are in good agreement with the LS state of all Fe(II)
ions with an electronic configuration of t2g

6. However, the
dihedral angle ψ between the mean planes defined by the atoms
of the two (HLx)−/(Lx)2− ligands is close to 90°, implying the
LS of Fe(II).35

The weak intermolecular Br---π interactions in complex 1
connect the grids in a 3D network with water molecules and
chloride ions incorporated within the formed cavities (Figures
S3 and S4). The hydrogen-bonding interactions between the
hydrazine groups of H2L

x/(Lx)2− of the adjacent grid molecules
link the grid molecules of complexes 2 and 3 into a 1D network
(Figures S6 and S9). In a direction perpendicular to the 1D
chain, the adjacent grids are linked by C−H---π interactions to
form a 2D layer (Figures S7 and S10). The 1D chains and the
2D layers interlock, yielding a 3D open framework (Figure
S11). The crystallization water molecules are regularly situated
in the vicinity of the grids and form a 1D chain.
Magnetic susceptibility measurements reveal anion-, sub-

stituent-, and solvent-dependent magnetic behavior. It has been
shown that the magnetic coupling through pyrimidine is weakly
antiferromagnetic and negligible.32 Thus, the complexes can be
treated as independent Fe(II) centers connected by the ligands.
For complexes 1 and 2, the χmT shows an abrupt spin transition
from LS state to HS state above 300 K, although this is
incomplete (Figure 2). The magnetic susceptibility χmT of

complex 1 is 6.56 emu K mol−1 per Fe4 at 400 K, decreasing to
2.41 emu K mol−1 at 100 K as the temperature decreases. The
χmT value remains nearly constant until 30 K, and decreases
further to 0.81 emu K mol−1 at 2 K. As the expected spin-only
χmT value of the four HS Fe(II) ions is 12 emu K mol−1, the
χmT value of complex 1 at 400 K indicates that about 55% of
the four Fe(II) ions are in the HS state. The χmT plateau of 2.2
emu K mol−1 suggests that 18% of the Fe(II) ions are in the HS
state. A few Fe(II) complexes show the χmT value of 2.0 emu K
mol−1 as an intermediate or stable spin state at low
temperatures.36,37

The analogous phenomena are also displayed in complex 2,
in which the spin transition starts at around 280 K. Complex 3,
however, is diamagnetic at 300 K. These results imply that the
methyl group is not sufficiently large to achieve a spin
transition. This size effect can be rationally used to construct
SCO complexes. The difference in the transition temperatures
of complexes 1 and 2 is probably related to the difference in the

Figure 1. Molecular structure of the Fe4 cation in complex 1. The H
atom, anions, and solvents are omitted for clarity.

Table 1. Comparison of the Fe−N Bond Lengths (Å) and
the Structural Distortion Parameters of Complexes 1−3

Fe−N Fe−Nav Σ/° Δ

1 1.881(13)−2.036(13),
1.895(11)−2.064(13)

1.961(13),
1.981(13)

87.7 1.78 × 10−3

2 1.892(3)−2.058(3) 1.977(4) 85.7 2.27 × 10−3

3 1.882(4)−2.042(4) 1.969(4) 83.1 1.04 × 10−3

Figure 2. Plot of χmT versus T for complexes 1−3. The solid lines
represent the fitting results using the parameters discussed in the text.
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intermolecular interactions. The Fe4 grid analogues reported by
Lehn et al. exhibit spin transition behavior when a bulky
benzene group is introduced at the 2-position of the
pyrimidine.28,30 We show that the introduction of a bulky 6-
bromo-substituted pyridine is an alternative means of
generating spin transition in Fe(II) grid complexes.
The decrease in χmT below 30 K should be due to the zero-

field splitting (ZFS) effect of the remaining HS Fe(II) (S =
2).30 The data below 150 K were fitted by the equation derived
from the Hamiltonian H = D[Sz

2 − S(S + 1)/3], to give the
ZFS parameters |D| = 7.7(10) cm−1 for complex 1 and 4.4(3)
cm−1 for complex 2 (solid lines in Figure 2).
Thermogravimetric analysis of complex 1 shows that the

crystallization water of the complex is removed when heated to
400 K (experimental 6.6%, calculated 6.68%, Figure S12).
Complex 1 loses nine lattice water molecules to become the
dehydrated complex 1−9H2O according to magnetic measure-
ments performed up to 400 K. On cooling from 400 to 2 K, the
dehydrated complex 1−9H2O exhibits gradual SCO behavior
that is distinct from that of the hydrated complex 1 (Figure 3).

The χmT value of 1−9H2O at 300 K is 5.32 emu K mol−1,
which is higher than that of complex 1 (3.57 emu K mol−1).
The χmT value of complex 1−9H2O at 20 K, 4.27 emu K mol−1,
approximately corresponds to the presence of two HS and two
LS Fe(II) ions per Fe4 molecule. The distinct magnetic
behavior of the hydrated complex 1 and the dehydrated
complex 1−9H2O is typical of the guest effect.14,15,36−40

Complex 2 loses six crystallization water molecules to
become the dehydrated complex 2−6H2O at 400 K (Figure
S12). The dehydrated sample also displays magnetic behavior
different from that of the hydrated sample: the χmT versus T
curve of the dehydrated complex 2−6H2O is below that of the
hydrated complex 2 across the whole temperature range
(Figure S13). Complex 2−6H2O has a χmT value of 2.96 emu
K mol−1 at 400 K, which is lower than that of complex 2, 4.77
emu K mol−1. At 300 K, the χmT values are 1.62 and 2.39 emu
K mol−1 for complexes 2−6H2O and 2, respectively. These
results indicate that more Fe(II) ions are in the LS state after
the removal of the crystallization water molecules, which is
different from that in complex 1.
The reversibility of the magnetic behavior with dehydration−

hydration was investigated. When the solid of complex 1−
9H2O was immersed in water at 40 °C for 5 h, the obtained

sample became the hydrated complex 1, as verified by the
powder XRD result (Figure S14) and microelemental analyses.
The rehydrated sample was subjected to a new round of
magnetic measurements. The magnetic susceptibility is
consistent with the first-round data for complex 1 (Figure 3).
The process is thus reversible by absorbing and losing
crystallization water. In this case, removal of the crystallization
solvent molecules of complex 1 creates a weaker ligand field at
the Fe(II) centers, and more Fe(II) ions are in the HS state.
This behavior is consistent with the previous founding that the
loss of protic solvent molecules stabilizes the HS state.37−40 In
contrast, more Fe(II) ions are in the LS state after dehydration
of complex 2. It is worth mentioning that the loss of aprotic
diethyl ether molecules stabilizes LS Fe(II).15 The different
magnetic behavior of complexes 1 and 2 after dehydration is
consistent with the presence of different intermolecular
interactions.41

In conclusion, we have designed new bis(tridentate) Schiff
base ligands and successfully prepared three Fe(II) tetranuclear
grid complexes. The spin transition of the complexes can be
modulated by the inclusion of bulky substituents and different
counteranions. Two of the complexes display spin-crossover at
close to room temperature. The reversible spin switch can be
controlled by the dehydration−hydration process, which is
potentially applicable in chemosensors.38 Further studies of the
H2L

x ligands and analogous Co(II) complexes are in progress.
The results of this research will be reported in the future.
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