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Using density functional theory supplemented with on-site Coulomb U interaction in combination with ab
initio molecular dynamics simulations, we investigate the spin-crossover (SCO) properties of a Fe(II) based
cyanide-bridged square molecular system, [FeII

4(μ-CN)4(bpy)4(tpa)2](PF6)4 (where bpy = 2,2′-bipyridine and
tpa = tris(2-pyridylmethyl)amine], exhibiting a two-step SCO transition. The ab initio calculated SCO tempera-
tures are found to show remarkably good agreement with experimentally measured spin conversion temperatures
[M. Nihei et al., Angew. Chem., Int. Ed. 44, 6484 (2005)]. Our theoretical study predicts further chemo switching
of the spin state by introduction of guest molecules such as CO2, CS2, and H2O into the porous topology of the
system, which would add another dimensionality to this interesting material.

Introduction. Spin-crossover (SCO) transition is a spec-
tacular attribute of molecular materials showing bistability
in magnetic, optic, and structural properties, thereby in-
ferring spin switchability of the system as a function of
external perturbations, such as temperature, pressure, or light
irradiation.1–6 Particularly well known are iron (II) (3d6) based
materials, which can show a spin state transition between the
paramagnetic high spin (HS) S = 2 state and diamagnetic
low spin (LS) S = 0 state. An appreciable number of SCO
materials have been synthesized and characterized in the last
decade.1,4

A basic theoretical understanding can be obtained in terms
of a population transition between eg and t2g orbitals. However,
making materials specific, predictive theoretical descriptions
of SCO is a major challenge. This task is complicated by
the presence of strong electron-electron correlations in the
open d shell of the metal center, the complex and often
subtle geometry of the materials, as well as the ability
to capture electronic and structural changes under external
perturbation. While wave-function based complete active
space (CAS) techniques7 have been employed to address
these issues, their application is restricted to small model
systems. Density-functional theory (DFT), in its various
levels of improvement,8 starting from its original form,9,10

to DFT supplemented with on-site Coulomb U correlations
(DFT + U ),11,12 to combinations of the DFT + U technique
with ab initio molecular dynamics (AIMD)13,14 was shown
to provide a qualitative description of SCO materials under
external perturbation, e.g., pressure and/or temperature, rather
satisfactorily.

Here we advance this approach further to a predictive level,
and show that accurate, ab initio SCO transition temperatures
can be calculated within the DFT + U combined with AIMD
methodology. We demonstrate this in the present study for a
tetranuclear Fe(II) molecular solid, with 400 atoms in the unit
cell, exhibiting a double SCO.15 The ab initio calculated SCO
temperatures are found to agree with experimentally measured
spin conversion temperatures within few percentages, which
is remarkable, given the level of approximations involved in
the calculation scheme and the complexity of the material
and the phenomena. In addition to providing quantitative

SCO temperatures as well as a microscopic understanding of
modifications of the electronic structure due to subtle structural
changes, we investigate the influence of guest molecules
placed in the porous molecular frame. Porous materials,
which are known to exhibit multifunctionality such as guest
absorption, catalysis, and proton conduction, have recently
attracted attention16–18 as these may provide another handle
to switch the spin configuration, which we predict to occur
by introduction of CS2, CO2, and H2O in the tetranuclear
molecular system.

The molecular SCO solid. Molecular materials with more
than one SCO Fe(II) site, can, if designed appropriately, show
multistep spin switching properties. Following this idea, the
molecular crystal [FeII

4(μ-CN)4(bpy)4(tpa)2](PF6)4, where
bpy = 2,2′-bipyridine and tpa = tris(2-pyridyl-methyl)amine
was synthesized by Nihei et al.15 The triclinic unit cell consists
of two identical macrocyclic ferrous squares separated by
(PF6)−4 counterions; the two ferrous macrocycles are van der
Waals (vdW) bonded. Each ferrous unit is composed of four
cyanide-bridged Fe(II) ions, with an almost square geometry
[cf. Fig. 1(a)]. Each Fe(II) center in the ferrous square is
octahedrally coordinated by four nitrogen atoms from one
tpa or two bpy ligands, the other two ligand positions being
occupied by either two carbon atoms (Fe1 and Fe3) or two
nitrogen atoms (Fe2 and Fe4) from the cyanide bridges.
This makes the local chemical environments of Fe1 and
Fe3 different from those of Fe2 and Fe4. Note that the
structure naturally offers a porous framework formed by the
four linked FeX6 [X = N or C] octahedra. The cyanide C
atom produces a stronger crystal field, and hence, a shorter
Fe-C bond length, as compared to the cyanide N atom. This
results in an 〈Fe-C〉 bond length of 1.91 Å for Fe1 and
Fe3 and a Fe-N (cyanide) bond length of ∼1.96 Å for Fe2
and ∼1.94 Å for Fe4, for the crystal structure determined
experimentally at low temperature (=100 K). Fe2 and Fe4,
though similar in terms of the local chemical environment,
differ in the geometrical arrangement of surrounding N atoms,
and therefore experience different crystal fields. All the 〈Fe-X〉
bond lengths being below 2 Å, the low-temperature spin
state was found to be LS for all four Fe(II) ions. Upon
increasing temperature beyond 150 K, a most interesting
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FIG. 1. (Color online) (a) The ferrous square unit, consisting
of four octahedrally coordinated Fe ions. The green and blue
balls denote C and N atoms, respectively. (b) Ab initio calculated
magnetic moment in each ferrous square unit plotted as a function
of temperature. The plateaus correspond to LS, HS1, and HS2
configurations (see text for details). (c) Experimentally measured
magnetic susceptibility. (d) Temperature evolution of 〈Fe-N〉 bond
length at Fe2 (blue symbols) and Fe4 (green symbols) SCO centers,
as computed with AIMD simulations and compared to measured data
(Ref. 15).

sequence of SCO transitions was found to occur,15 with three
different spin state configurations that are separated from one
another by well defined plateaus on the temperature axis,
viz., (i) 0 < T < 150 K, all Fe’s in LS states; (ii) 150 � T �
350 K, Fe1, Fe3, and Fe4 in LS and Fe2 in HS states (referred
to as HS1 hereafter); and (iii) T > 350 K, Fe1,Fe3 in LS and
Fe2,Fe4 in HS states (referred to as HS2 hereafter). In the
following we study this fascinating temperature-driven two-
step spin transition process in the cyano-bridged ferrous square
computationally and explore the influence of introducing a
guest molecule within the porous geometry.

Computational methodology. Our calculations have been
performed with the DFT + U approach,19,20 employing
the plane wave, pseudopotential basis as implemented in
the Vienna Ab Initio Simulation Package (VASP)21 with the
projected-augmented wave potentials (PAW).22 The exchange-
correlation functional chosen was the generalized gradient
approximation23 (GGA). The Monkhorst-Pack scheme24 was
used for k-space sampling. Calculations have been performed
with and without vdW dispersion corrections.13,25 Details of
the computational technique can be found in the Supplemental
Material.26

To start with, we validate our theoretical approach by
computing the ground state electronic structure for the crystal
parameters measured at 100, 200, and 300 K, respectively.
At each of these temperatures the crystal was measured to be
triclinic P1̄, yet with subtle changes in the atomic positions
and triclinic angles.15 Our calculations at the DFT + U level,
performed for a range of U values, and with and without vdW
corrections, show the following: For the 100 K structural data

we find that all Fe ions in each of the squares are in the LS state
(SFe-square = 0), whereas for both the 200 and 300 K structural
data we find that one Fe ion (Fe2) per square is in the HS state
(SFe-square = 2). These results fully agree with the measured
spin states (Fig. 2 of Ref. 15). We find no notable dependence
on application of vdW corrections, as could be anticipated by
the fact that the spin state is mainly dictated by the average
Fe-N bond lengths, which are influenced little by the vdW
corrections. The correct spin states were obtained for a range
of U values within 3.5 to 6 eV, in agreement with reports for
other tetra- to hexacoordinated Fe molecules.11,27–29

Ab initio computed SCO temperatures. After this first step of
basic verification of our computational scheme, we investigate
the temperature dependence. To do so, considering the T =
0 K optimized structure, obtained by relaxing the reported15

low-temperature structure as the initial (0 K) structure, we
carried out AIMD simulations using VASP in NV T ensemble,30

fixing the final ionic temperature at 100, 125, 150, 200, 250,
300, 350, 400, 450, and 500 K, respectively. The computed
magnetic moment in the ferrous square, plotted as a function
of temperature T in Fig. 1(b), shows the presence of three
distinct values at 0μB , 4μB , and 8μB at well defined plateaus.
The states at T = 0, 100, and 125 K, characterized by a total
magnetic moment of 0μB correspond to all the Fe’s in the LS
state, that at T = 150, 200, 250, 300, and 350 K, characterized
by a total magnetic moment of 4μB to the Fe2 ion in the HS
state and the rest in the LS state (HS1), and that at T = 400,
450, and 500 K, characterized by a total magnetic moment of
8μB corresponds to Fe2 and Fe4 ions (Fe1 and Fe3) in the HS
(LS) state (HS2). This trend is in excellent agreement with the
experimentally measured magnetic susceptibility data, shown
in Fig. 1(c). Note that the spin state transitions at Fe2 and Fe4,
upon increasing temperature, happen spontaneously without
any added restriction on the spin state. The ab initio calculated
SCO temperatures T1 = 138 (±10) K and T2 = 375 (±20) K
correspond well to the experimental conversion temperature
T1 = 160 ± 20 K and T2 ≈ 370 ± 50 K.15 We note that
experimental measurement was carried out only up to 400 K,
therefore the plateau at the SFe-square = 4 state, which is seen in
the theoretical simulation, could not be observed. Increasing
the simulation temperature beyond 500 K to 550 and 600 K,
did not lead to a spin state transition at the Fe1 or Fe3
site, in accordance with the rigid nature of the Fe-C bond.
Figure 1(d) shows the temperature evolution of the calculated
average 〈Fe-N〉 bond lengths at the Fe2 (blue curve) and
Fe4 sites (green curve) in comparison to the experimentally
reported 〈Fe-N〉 bond lengths at T = 100, 200, and 300 K.
We find good agreement between them, which establishes the
accuracy of the method in quantitatively capturing the changes
in the structural details upon external perturbation such as
temperature. At the SCO transitions bond length elongation to
∼2.18 Å is predicted, consistent with the known connection
between spin and bond length.31 The results shown in
Figs. 1(b) and 1(d) are for U = 5 eV; varying U in the range
of 4–5.5 eV does not change the results.26

Temperature-dependent electronic structure. The calcu-
lated density of states, projected onto the Fe1, Fe2, and Fe4
states, for the calculated crystal structure at T = 100, 250, and
400 K is shown in Fig. 2. Note that the Fe3 ion behaves as
Fe1. The electronic state is found to be insulating in all cases,



FIG. 2. (Color online) Density of states projected onto Fe1
(shaded area), Fe2 [blue (dark gray) solid line], and Fe4 [red (light
gray) solid line] 3d states, computed for three different temperatures.
The zero of energy is fixed at the calculated chemical potential.

as expected for a molecular solid. All the Fe’s are in the LS
state at 100 K with no spin splitting between the Fe-d states.
This leads to filled t2g configuration with an insulating gap
between octahedral crystal field split t2g and eg states. Upon
raising the temperature to T = 250 K, the expansion of the
〈Fe-N〉 bond lengths makes the crystal field splitting at the
Fe2 site comparable to the Hund’s rule splitting (cf. Refs. 9
and 31) and hence the d states at the Fe2 site become spin
split with a relatively large spin splitting of ∼1 eV while the
rest of the Fe(II) ions remain nonspin split. The distortion
of the (Fe2-N)6 octahedra and application of the Coulomb U

result in an insulating solution, with an energy gap between
occupied Fe2-t2g states and unoccupied Fe2-t2g states, in the
minority spin channel. Upon raising the temperature further
to 450 K, both Fe2 and Fe4-d states become spin split, while
Fe1-d states continue to remain nonspin split.

The temperature-dependent spin density distributions are
shown in Fig. 3. At T = 200 K, the magnetization density is
located at the Fe2 atom (HS1 state) with smaller magnetiza-
tions present on the coordinating four ligand nitrogens from
the tpa’s and the two ligand N’s of the cyanide bridges. Also
on the carbon atoms of the cyanide bridges a spin density is
present. Raising the temperature to 400 K results in the longer
average bond lengths26 and concomitantly, the appearance of
magnetization on both Fe2 and Fe4 atoms (HS2 state). The

FIG. 3. (Color online) Calculated magnetization densities of the
cyanide-bridged square molecular system. The left and right panels
show the magnetization density of the ferrous square in HS1 (T =
200 K) and HS2 (T = 400 K) states, respectively. The light yellow
hypersurfaces denote the majority spin polarization [isosurface value
is set at 0.002e−/(a.u.)3].

spin density on cyanide-bridge atoms has become reduced.
A small spin density is now also present at the Fe3 atom.
The positive spin densities on the cyanide-bridge atoms and
the other Fe atoms in the tetranuclear square establishes
that there is a completely ferromagnetic exchange path
between the spin-polarized Fe2 and Fe4 atoms.

Predicted chemo switching. Following the success of the
ab initio theory in quantitatively describing the temperature-
induced multistep SCO transition process in the system, we
explored the influence of incorporation of guest molecules
CO2, CS2, and H2O in the system. CS2 and CO2 have a linear
geometry, while H2O has a planar geometry. For this purpose,
we started with the LS T = 100 K optimized structure as well
as the HS1 T = 250 K optimized structure and introduced the
guest molecules. This led to very interesting results which are
summarized schematically in Fig. 4. Choosing T = 100 K
as the initial structure with all Fe atoms in the LS state,
introduction of a guest molecule was found to trigger the
spin state transition from SFe-square = 0 (LS) to SFe-square =
2 (HS1). Choosing T = 250 K as the initial structure with a
Fe2 ion in the HS state (HS1), on the other hand, triggers a
spin state transition at the Fe4 site, driving the transition from

FIG. 4. (Color online) Schematic representation of the effect of
introducing a guest molecule on the spin states of Fe(II) ions in the
ferrous square (see text for details). The inset shows the charge density
plot of the representative case of a CS2 molecule added to the first
structure (LS). A part of the ferrous square unit of the structure is
also shown. Red, green, blue, and yellow balls mark Fe, C, N, and S
atoms, respectively.



SFe-square = 2 (HS1) to SFe-square = 4 (HS2). Our computer
simulation therefore predicts the possibility of chemo switch-
ing employing the porous topology of the system, adding
another dimensionality to this interesting compound. The inset
in the right bottom panel of Fig. 4 shows a charge density plot
for the CS2 molecule introduced in the Fe(II) square. We find
a finite bonding between the C atom of the CS2 molecule and
the N atom of the CN bridge attached to the Fe2 atom. The
bonding, though weak, is sufficient to pull the N atom closer to
CS2, increasing the Fe2-N bond length by about a percentage,
triggering the spin state transition. The calculated changes in
bond lengths upon introduction of various guest molecules are
given in the Supplemental Material.26

Conclusions. By employing the DFT + U approach in
combination with AIMD simulations we have successfully
provided an accurate description of the SCO transitions in
a molecular solid. This has been illustrated by considering
the example of a tetranuclear Fe(II) molecular solid, with
400 atoms in the unit cell, exhibiting a two-step SCO transition.

In addition to providing quantitative SCO temperatures as
well as a microscopic understanding of modifications of the
electronic structure due to subtle structural changes, our study
predicts the possibility of chemo switching employing the
porous topology of the system, adding another dimensionality
to this interesting compound. The precise nature of the
switching transition is found to dependent on the choice
of guest-free configuration, implying that this metal-organic
compound with porous geometry can be used for sensing
molecules such as CO2, CS2, and H2O, which could be
verified in future experiments. Our results underline that the
computational methodology followed in the present study
offers a viable route to quantitative predictions of volume
and temperature behavior of SCO coordination complexes and
even computational design of SCO properties.
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Chem. Phys. 14, 5389 (2012).

14K. Tarafder, S. Kanungo, P. M. Oppeneer, and T. Saha-Dasgupta,
Phys. Rev. Lett. 109, 077203 (2012).

15M. Nihei, M. Ui, M. Yokota, L. Han, A. Maeda, H. Kishida,
H. Okamoto, and H. Oshio, Angew. Chem., Int. Ed. 44, 6484
(2005).

16A. Phan, C. J. Doonan, F. J. Uribe-Romo, C. B. Knobler,
M. O’Keeffe, and O. M. Yaghi, Acc. Chem. Res. 43, 58 (2010).

17M. Liqing, C. Abney, and W. Lin, Chem. Soc. Rev. 38, 1248 (2009);
S. Bureekaew, S. Horike, M. Higuchi, M. Mizuno, T. Kawamura,
D. Tanaka, N. Yanai, and S. Kitagawa, Nat. Mater. 8, 831 (2009).

18M. Ohba, K. Yoneda, G. Agusti, M. C. Muñoz, A. B. Gasper, J. A.
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