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Using first-principles density-functional-theory-based calculations, we study the electronic structure and
magnetism in a succinate-based hybrid compound Mn(C4H4O4) consisting of both organic and inorganic
components. Our study reproduces the two-step ordering of Mn spins, with the first ordering being at the
edge-shared layer, followed by the second ordering at the corner-shared Mn layer, in agreement with the recent
experimental observations [Saines et al., Phys. Rev. B 82, 144435 (2010)]. The origin of this two-step ordering
turned out to be due to differential covalency between Mn and neighboring C and O, in two different Mn layers.
This study justifies the applicability of density-functional-theory-based calculations in the description of hybrid
compounds.

I. INTRODUCTION

In recent years, crystalline hybrid materials containing
both organic and inorganic components have been synthesized
with a goal to achieve improved materials properties. A
vast literature1 exists for metalorganic framework solids or
coordination polymers in which isolated metallic centers are
linked to each other through organic ligands. Depending on
the external perturbationlike pressure, temperature or light
irradiation, and the type of metallic centers, these compounds
may show a high-spin–low-spin transition with an associated
hysteresis effect,2 opening the possibility of memory-device-
based applications. These materials are usually porous and
can be used as catalysts and gas storage media.3 The other
class of hybrid materials that have received attention contains
an extended array of inorganic connectivity, which is linked
through organic ligands to give rise to three-dimensional
crystallinity.4 These materials are dense rather than porous
and therefore more akin to classical inorganic materials.
Compared to classical inorganic material, they provide better
tunability, both in terms of crystal structure and physical
properties, due to the flexibility in the choice of ligands
and in the dimensionality of the inorganic connectivity. They
are found to exhibit a vast range of physical properties,
such as different types of magnetism,5 photoluminescence,6

interesting dielectric properties,7 superconductivity,8 and even
multiferroic with coexisting ferroelectricity and ferromagnetic
properties.9

In the present study, we focus on the theoretical investiga-
tion of one such compound, namely, Mn succinate, which con-
sists of an inorganic component of alternating layers of corner-
sharing and edge-sharing MnO6 octahedra and an organic
component of succinate pillars that separate the corner-sharing
and edge-sharing layers. This compound, having the formula
Mn(C4H4O4), with the above-mentioned fascinating crystal
structure, has been synthesized recently10 and studied by
single-crystal x-ray diffraction as well as neutron diffraction.11

This particular compound is so far the only known Mn
succinate to exhibit nicely ordered magnetic behavior, since
the other known Mn succinate, Mn5(OH)2(C4H4O4), exhibits
weak antiferromagnetism due to a high degree of frustration.
The neutron-diffraction study identifies a two-step ordering
of Mn spins in this compound, with the edge-sharing MnO6

octahedra ordering first at 10 K, followed by a second ordering
of the corner-sharing MnO6 octahedra at 6 K. The ordering in
the edge-sharing octahedral layer and that in the corner-sharing
octahedral layer are found to be independent of each other.
This phenomena of two independent magnetic orderings of
the same chemical species (Mn) within the same material
is rare among the classical inorganic compounds. While
the density-functional-theory (DFT)12-based, first-principles,
electronic-structure calculations have been vastly used for the
microscopic understanding of classical inorganic compounds,
their applicability to describe the interesting class of hybrid
materials with extended inorganic connectivity is yet to be
explored. Taking the case study of Mn succinate, we investigate
the electronic structure of this compound using DFT-based
calculations to understand the microscopic details of different
magnetic ordering observed experimentally. Our study in-
volves structural optimization of the crystal-structure data and
calculation of the electronic structure followed by its analysis
in terms of the construction of a low-energy Hamiltonian
in an effective Wannier function basis and the calculation
of magnetic-exchange interactions. The DFT-based study
brought out the trend in magnetic ordering surprising well.
The DFT-calculated magnetic interaction within the layers
of edge-shared MnO6 octahedra were found to be stronger
than that within the layer of corner-shared MnO6 octahedra,
with practically no magnetic interaction between the two,
in agreement with the experimental findings. This, in turn,
establishes the strength of DFT in the description of such
systems. The microscopic origin of the trend in magnetic
ordering turned out to be due to differential covalency between
Mn atoms and the surrounding C and O atoms belonging to
two different layers.

II. DETAIL OF COMPUTATION

For the DFT calculations, we have used two different basis
sets: (a) the muffin-tin-orbital (MTO)-based linear muffin-tin-
orbital (LMTO) method13 and the Nth order MTO method,
namely, NMTO method,14 as implemented in the STUTTGART

code,15 and (b) the plane-wave-based basis as implemented
in the VIENNA AB INITIO SIMULATION PACKAGE (VASP).16

The exchange-correlation function was chosen to be that of
a generalized gradient approximation (GGA) implemented
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following the Perdew-Burke-Ernzerhof prescription.17 During
the structural optimization, the position of the ions was relaxed
towards equilibrium until the Hellman-Feynman force became
less than 0.01 eV/Å. For the plane-wave calculation, a 500 eV
plane-wave cutoff was used. A k-point mesh of 4 × 8 × 8 in
the Brillouin zone was used for self-consistent calculations.

III. CRYSTAL STRUCTURE

Mn(C4H4O4) forms in a monoclinic crystal structure of
the space group C2/c with Z = 4. The structure contains
two crystallographically distinct Mn ions, Mn1 and Mn2,
four crystallographically inequivalent oxygens and carbons,
O1 to O4 and C1 to C4, respectively, and four inequivalent
hydrogen atoms, H2A, H2B, H3A, and H3B. Both Mn1 and
Mn2 cations are octahedrally coordinated by the oxygens,
with O1 and O2 participating in the formation of Mn1O6

octahedra, and O3 and O4 participating in the formation
of Mn2O6 octahedra. The Mn1O6 octahedra edge shares
with another Mn1O6 octahedra, forming a chainlike structure
running approximately along the crystallographic c axis, as
shown in Fig. 1(a). Two neighboring chains are connected to
each other through O1-C1-O2 bridges, as shown more clearly

FIG. 1. (Color online) (a) The layer of edge-sharing Mn1O6

octahedra forming the chainlike structure. (b) The layer of corner-
sharing Mn2O6 octahedra forming the connected two-dimensional
geometry. (c) The alternate stacking of the edge-shared and the
corner-shared MnO6 layers connected through succinate ligands. The
magenta (dark grey) octahedra belongs to the edge-shared layer and
the grey (light grey) octahedra belongs to the corner-shared layer.

FIG. 2. (Color online) Local environment of the (a) edge-shared
Mn1O6 octahedra and (b) corner-shared Mn2O6 octahedra. The
various Mn-O bond lengths, as well as the edge-shared Mn-O-Mn
bond angle and corner-shared Mn-O-Mn bond angle, as in an
experimentally measured crystal structure, are marked.

in Fig. 2(a). The connected chain-structured Mn1O6 octahedra
form a layer in the bc plane. The Mn2O6 octahedra corner
shared with neighboring Mn2O6 octahedra form a nearly
two-dimensional planar structure in the bc plane, as shown
in Fig. 1(b). The edge-shared Mn1O6 layer and corner-shared
Mn2O6 layers are stacked on top of each other along the
crystallographic a axis, separated by succinate ligands.

The local environment of edge-sharing Mn1O6 octahedral
layers and corner-sharing Mn2O6 octahedral layers are shown
in Figs. 2(a) and 2(b), respectively. The Mn1 atom is sur-
rounded by four O2 and two O1 atoms. The Mn1O6 octahedra
is distorted with Mn-O bond lengths differing by 0.02 to
about 0.1 Å. Out of four O2, two are involved in the edge
sharing with neighboring Mn1O6 octahedra along the chain
direction. Mn1O6 octahedra belonging to two neighboring
chains are connected via an O1-C1-O2 path, as mentioned
already. Mn2 is surrounded by four O4 atoms and two O3
atoms. In terms of Mn-O bond lengths, Mn2O6 octahedra
is more distorted than Mn1O6 octahedra, with bond-length
variation of 0.2–0.3 Å. The neighboring Mn2O6 octahedra are
connected through corner-shared O4 atoms, as well as through
a O3-C4-O4 bridge.

Since the position of the light atoms are often not well char-
acterized by the x-ray diffraction technique, we have carried
out the structural optimization of the compound relaxing the



TABLE I. The theoretically optimized atomic positions compared
to the experimentally determined data. During the optimization, the
parameters of the monoclinic unit cell are fixed at experimentally
measured values, a = 30.28 Å, b = 4.86 Å, c = 6.29 Å, and β =
99.55◦.

Measured positions Optimized positions

Atom x y z x y z

Mn1 0.0000 0.3160 0.2500 0.0000 0.3160 0.2500
Mn2 −0.2500 −0.7500 0.0000 −0.2500 −0.7500 0.0000
O1 −0.0568 0.0628 0.1442 −0.0501 0.0660 0.1653
O2 −0.0313 0.3419 0.5464 −0.0302 0.3602 0.5464
O3 −0.1928 −0.5162 0.1008 −0.1980 −0.5148 0.0957
O4 −0.2185 −0.1213 0.2169 −0.2209 −0.1109 0.2140
C1 −0.0624 −0.1860 0.0929 −0.0598 −0.1866 0.0999
C2 −0.1082 −0.3164 0.0829 −0.1072 −0.3056 0.0876
C3 −0.1408 −0.1548 0.1948 −0.1425 −0.1544 0.1804
C4 −0.1874 −0.2726 0.1653 −0.1900 −0.2702 0.1634
H3A −0.1290 −0.1467 0.3500 −0.1312 −0.1499 0.3678
H3B −0.1426 0.0350 0.1400 −0.1460 0.0625 0.1433
H2A −0.1046 −0.4910 0.1450 −0.1020 −0.4834 0.1506
H2B −0.1210 −0.3393 −0.0620 −0.1196 −0.3318 −0.0857

internal positions and keeping the lattice parameter fixed at the
experimental values. The optimization was carried out using
a plane-wave-based pseudopotential framework of DFT as
implemented in VASP. Table I shows the optimized coordinates
along with the experimentally measured coordinates. The
positions of light elements like O, C, and H, which are
relatively less sensitive to the x ray, are found to change in
the theoretical optimization compared to the experimentally
measured positions. During the optimization, the oxygen
positions were found to move at most by 0.22 Å (O1), whereas
the largest movement of carbon and hydrogen positions were
found to be 0.10 Å (C3) and 0.17 Å (H3B), respectively,
compared to experimentally measured positions.

A comparison of selected Mn-O bond lengths and Mn-
O-Mn bond angles between the experimentally measured
structure and optimized structure is shown in Table II. The
maximum change is found for the Mn1-O1 bond length, which
is expected from the largest movement of the O1 atom during
optimization. The results described in the following are carried
out in the optimized crystal structure.

TABLE II. Selected bond lengths (in Å) and bond angles (as
marked in Fig. 2) of the theoretically optimized structure compared
to the experimentally determined structure.

Bond Measured structure Optimized structure

Mn1-O1 2.13 1.95
Mn1-O2 2.21 2.22
Mn1-O2 2.23 2.14
Mn1-O2-Mn1 108.9◦ 112.3◦

Mn2-O3 2.08 1.96
Mn2-O4 2.24 2.23
Mn2-O4 2.36 2.29
Mn2-O4-Mn2 119.2◦ 122.6◦

FIG. 3. (Color online) GGA non-spin-polarized density of states
of Mn succinate. The top panel shows the total density of states, while
the middle and bottom panels show the density of states projected onto
Mn1-d and Mn-2-d characters, respectively. The insets in the middle
and bottom panels show the C-p projected states (left insets) and O-p
projected states (right insets) marked as shaded regions in green/red
(light grey/dark grey) in comparison to Mn-d projected states marked
as solid lines.

IV. ELECTRONIC STRUCTURE

The non-spin-polarized electronic structure of
Mn(C4H4O4) consists of Mn-d and an O-p and C-p
hybridized band structure that extends from about −9 eV
below the Fermi level (EF ) to about +3 eV above the EF ,
as shown in the top panel of Fig. 3. The states spanning an
energy range from about −9 to −6 eV are predominantly of
C-p character, while those spanning an energy range from −6
to −3 eV are predominantly of O-p character. The states close
to EF are dominated by Mn1-d and Mn2-d characters. The
distorted nature of both Mn1O6 and Mn2O6 octahedra lifts
the degeneracy of the d levels of Mn1 and Mn2 completely.
Figure 4 shows the computed crystal field splitting at the
Mn1 and Mn2 sites obtained by the NMTO downfolding
calculation in which the Mn-d degrees of freedom were kept
active and the C-p, O-p and other degrees of freedom related
to H were downfolded. The on-site block of the real-space
representation of this downfolded Hamiltonian provides the
estimate of various d level energies as shown in Fig. 4. In this
calculation, the choice of the local coordinate axis has been
adopted with the z axis pointing along the shortest Mn-O bond
and the y axis pointing approximately along the Mn-O bond
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FIG. 4. The positions of d energy levels at Mn1 and Mn2 sites
obtained from the NMTO downfolding calculation.

in the plane perpendicular to that. The Mn-d states are found
to cluster around three energies, with close spacing of xy, yz,
and zx states, while x2-y2 and 3z2-r2 states are split off by
large energy gaps of around 0.5 eV. The middle and bottom
panels of Fig. 3 show Mn1-d and Mn2-d projected density of
states. The highly peaked nature of the density of states with
narrow bandwidths points toward relatively weak interactions
between Mn ions. The insets show the contribution of C-p
(left panel) and O-p (right panel), respectively, in the energy
range which is dominated by the Mn-d character. For Mn1,
the contributions from bonded O1 and O2 and the intervening
C atom in the O1-C1-O2 bridge have been considered, while
for Mn2, correspondingly, the contributions from O3 and O4
and C4 have been considered. These plots clearly indicate
a much larger mixing between Mn1-d and O1-p, O2-p,
C1-p compared to that between Mn2-d and O3-p, O4-p,
C4-p. Figure 5 shows the spin-polarized density of states of
Mn(C4H4O4), which gives rise to an insulating solution within
the GGA with rather large spin splittings at the Mn sites
giving rise to all Mn-d states being occupied in the majority
spin channel and being empty in the minority spin channel.
The resulting magnetic moments are listed in Table III. In
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FIG. 5. Spin-polarized GGA total density of states.

TABLE III. Magnetic moments (in μB ) at different sites as
obtained in the spin-polarized GGA calculation.

Atom Moments

Mn1 4.570
Mn2 4.640
O1 0.052
O2 0.028
O3 0.026
O4 0.044
C1 0.070
C2 0.002
C3 0.001
C4 0.044
Total/f.u. 5.000

agreement with the insulating nature of the solution and
nominal d5 valences of Mn, the total moment per formula unit
turns out to be 5 μB . Out of the 5 μB , about 4.6 μB reside
on the Mn sphere, while the rest are distributed between
O’s and C’s. The C atoms attached to the Mn atoms (e.g.,
C1 and C4) carry significantly larger moments compared
to those belonging solely to ligands (C2 and C3). Among
all the oxygen bonded to Mn atoms, O1 and O4 carry the
most moment. Note that O4 forms the corner-sharing oxygen
between two Mn2O6 octahedra, while O1 forms the part of
the bridge that connects two Mn1 atoms belonging to two
neighboring chains. It is interesting to note that the moment
at O1 is about two times larger than O2, reflecting that the
super-super-exchange path via O1-C1-O2 connecting Mn1
atoms belonging to two neighboring chains is stronger than
the edge-sharing super-exchange path via O2 connecting two
Mn1 atoms belonging to the same chain.

V. LOW-ENERGY HAMILTONIAN AND HOPPING
INTERACTION

In order to gain insight into the effective Mn-Mn interac-
tions, we computed the effective hopping interactions connect-
ing different Mn sites in the compound. These are obtained
as the off-diagonal blocks of the real-space representation
of the downfolded Hamiltonian in which Mn1-d and Mn2-d
degrees of freedom have been kept active and the rest have been
downfolded. The computed interactions turned out to consist
of three dominant interactions: t1, t2, and t3. The interaction
between 5-d orbitals of Mn at a given site and 5-d orbitals
of Mn at the connecting site gives rise to 5 × 5 blocks for
each of the interactions, t1, t2, and t3. While t1 and t2 connect
two Mn1 sites, t3 connects two Mn2 sites. t1 and t2 define the
intrachain and interchain Mn1-Mn1 interactions, respectively,
and t3 defines the nearest-neighbor Mn2-Mn2 interaction in
the Mn2 layer, as shown in Fig. 6. The interactions connecting
Mn1 and Mn2 belonging to two different layers were found
to be orders of magnitude smaller compared to those within
layers, establishing the independent nature of Mn1 and Mn2
layers with little connection between each other.

Considering the Mn-Mn distance, the hopping interaction
t1 is the shortest neighbor interaction and t2 is the longest
neighbor interaction among the three interactions. The hopping
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FIG. 6. (Color online) Dominant Mn-Mn hopping interactions.
Left panel: Mn1-Mn1 intrachain interaction t1 and interchain inter-
action t2. Right panel: Mn2-Mn2 interaction t3.

interactions listed in Table IV, however, show the largest
hopping integral connecting Mn1-yz and Mn1-yz belonging
to hopping t2. The hopping between 3z2-r2 and yz, and that
between xz and xy, are also substantially large. This is
followed by Mn2-x2-y2 and Mn2-yz hopping belonging to t3.
The hopping belonging to t1 is relatively weak. To understand
this counterintuitive trend, we plot, in Fig. 7, the overlap
of the underlying Wannier functions placed at two Mn sites
corresponding to the strongest hopping within each of the
interactions, t1, t2, and t3 (from top to bottom). The Wannier
functions constructed through the NMTO downfolding proce-
dure are effective functions in the sense that the central part

TABLE IV. List of dominant hopping interactions for
Mn(C4H4O4).

Hopping interactions

Mn1-Mn1 intrachain: Distance = 3.61 Å

t1 =

⎛
⎜⎜⎜⎜⎜⎜⎝

xy yz 3z2 xz x2-y2

xy −0.04 0.02 −0.02 0.04 −0.05
yz 0.00 0.04 0.01 0.06 0.03
3z2 0.00 −0.02 0.02 0.03 0.03
xz 0.02 −0.02 −0.02 −0.04 0.02
x2-y2 −0.05 0.03 0.01 −0.03 0.03

⎞
⎟⎟⎟⎟⎟⎟⎠

Mn1-Mn1 interchain: Distance = 4.39 Å

t2 =

⎛
⎜⎜⎜⎜⎜⎜⎝

xy yz 3z2 xz x2-y2

xy −0.07 0.04 0.00 −0.00 −0.02
yz −0.07 −0.18 0.01 0.01 0.08
3z2 0.04 0.11 −0.02 −0.03 −0.06
xz 0.11 0.05 −0.00 0.00 −0.05
x2-y2 0.05 −0.02 −0.01 0.02 −0.02

⎞
⎟⎟⎟⎟⎟⎟⎠

Mn2-Mn2 intraplane: Distance = 3.97 Å

t3 =

⎛
⎜⎜⎜⎜⎜⎜⎝

xy yz 3z2 xz x2-y2

xy 0.02 0.04 0.04 −0.03 −0.05
yz −0.06 0.00 0.04 0.01 −0.04
3z2 0.00 −0.06 −0.05 0.01 0.03
xz 0.00 0.02 0.01 0.01 0.00
x2-y2 0.02 0.06 0.01 0.10 0.03

⎞
⎟⎟⎟⎟⎟⎟⎠

FIG. 7. (Color online) Top panel: Overlap of downfolded dxy

and dx2-y2 NMTOs, placed at two Mn1 sites corresponding to the
intrachain interaction t1. Middle panel: Overlap of downfolded dyz

NMTOs, placed at two Mn1 sites corresponding to the interchain
interaction t2. Bottom panel: Overlap of downfolded dxz and dx2-y2

NMTOs, placed at two Mn2 sites corresponding to the t3 interaction.
Lobes of the orbitals placed at different sites are colored differently.
Plotted are the orbital shapes (constant amplitude surfaces) with the
lobes of opposite signs colored black (magenta) and white (cyan) at
the first (second) Mn site.



of the functions are shaped according to the Mn-d character,
while the tails sitting at neighboring O or C sites are shaped
according to the integrated-out O-p or C-p character. The
weights at the neighboring O and C sites depend on the extent
of mixing between the respective Mn-d and the respective O-p
or C-p. The overlap of the tails between two Wannier functions
defines the corresponding super-exchange path. By focusing
on the top panel, we find the overlap between two Wannier
functions, corresponding to the hopping belonging to t1, is
minimal, with two Wannier functions being aligned in two
different directions in conformity with the edge-shared nature
of the interaction. The hopping belonging to t2, on the other
hand, is strong due to strong mixing of O-p and C1-p with Mn1,
resulting in the tails of the Wannier functions forming a well-
defined super-super-exchange path of O1-C1-O2 between two
Mn atoms, as shown in the middle panel. For the case of
corner-shared Mn2-s, there are two possible super-exchange
paths; one is via corner-shared O4-type oxygen and another
is via succinate ligands (O3-C4-O4). The bottom panel of
Fig. 7 shows the overlap plot corresponding to this interaction
t3. The corner-shared Mn2-O4-Mn2 angle is 122.6◦, which
is much less than 180◦. So the strength of the interaction
in this path is weaker compared to that expected for the
perfect corner-shared situation, with deviation from the perfect
alignment of Wannier functions. Also, the other hopping path
via succinate ligands contributes a negligibly small amount
due to the almost complete absence of any weight along the
O3-C4-O4 bridge. This forms the rationale for the interchain
Mn1-Mn1 interaction to be stronger than the corner-shared
Mn2-Mn2 interaction, as reflected in the computed hopping
integrals.

VI. MAGNETIC EXCHANGE INTERACTION

From the knowledge of hopping interactions, the magnetic-
exchange interactions may be derived through the use of
a super-exchange-like formula. This, however, needs an
estimate of the appropriate charge-transfer energy, which is
difficult to compute for the complicated super-exchange paths
involving O and C. We therefore attempted to estimate the
magnetic-exchange interactions using total-energy calcula-
tions of various spin configurations and mapping the DFT
total energy to the corresponding Ising model.18 Though such
a scheme also is faced with difficulties in terms of choice
of spin configurations, exchange-correlation functional, etc.,
it is expected to provide us with indicative estimates. The
total-energy calculation shows that the Mn1-Mn1 interchain
exchange interaction (J2) is the strongest and is of an antifer-
romagnetic nature, followed by the Mn2-Mn2 exchange (J3),
which is also of an antiferromagnetic nature. The intrachain
Mn1-Mn1 exchange (J1) turns out to be of a ferromagnetic
nature. Experimentally, it is observed that the edge-shared

ferromagnetic chains are coupled antiferromagnetically with a
sinusoidal modulation. Our calculations correctly reproduced
the ferromagnetic nature of the intrachain interaction and the
antiferromagnetic nature of the interchain interaction. The
sinusoidal modulation is driven by a longer-ranged interchain
exchange, which is not taken into account in our calculation.
The antiferromagnetic nature of the corner-shared Mn2-Mn2
interaction is also in good agreement with the experimental
observations. The strength of the antiferromagnetic, corner-
sharing Mn2-Mn2 interaction came out to be about one-third
of the strength of the antiferromagnetic inter-chain Mn1-
Mn1 interaction, which dominates the magnetic interactions
within the Mn1 layer. The absolute values of the exchanges
turned out to be small (1–2 meV), in agreement with the
rather low ordering temperatures observed experimentally.
By taking into account the calculated magnetic exchange,
the mean-field ordering temperature within the Mn1 layer
turned out to be about 60% larger than that within the
Mn2 layer, in very good agreement with the experimentally
observed ratio of ordering temperatures within the Mn1 and
Mn2 layers.

VII. SUMMARY

We have studied the electronic and magnetic structure
of the recently synthesized hybrid framework compound,
���� 4H4O4). The compound contains extended connectivity
of Mn layers, which are separated by succinate ligands. Our
calculations showed the magnetic interactions within the Mn
layer, formed by edge sharing of MnO6 octahedra, to be
stronger than that within the Mn layer, formed by corner-shared
MnO6 octahedra, with a negligible interaction between the two
layers. This leads to a two-step magnetic ordering process,
with the edge-shared Mn layer ordering first, followed by the
ordering in the corner-shared Mn layer in the second step. This
is in accordance with the experimental observations. The ratio
of the mean-field ordering temperature based on computed
magnetic interactions between the one in the edge-shared Mn
layer and that in the corner-shared Mn layer was found to be in
very good agreement with the experimental findings, with the
first ordering temperature being 60% larger than the second
one. The microscopic origin of this behavior turned out to
be driven by the differential strength of covalency between
the Mn-d and p states of the surrounding oxygen and carbon
atoms in the edge-shared and corner-shared layers.
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1A. B. Gaspar, M. C. Muñoz, and J. A. Real, J. Mater. Chem. 16,
2522 (2006).

2O. Kahn and C. Jay Martinez, Science 279, 44 (1998); P. Gamez,
J. Sanchez Costa, M. Quesada, and G. Aromi, J. Chem. Soc. Dalton
Trans. 7845 (2009); P. Gutlich, A. Hauser, and H. Spiering, Angew.
Chem. Int. Ed. 33, 2024 (1994).

3L. J. Murray, M. Dinca, and J. R. Long, Chem. Soc. Rev. 38, 1294
(2009).

4M. Kosa, J. C. Tan, C. A. Merrill, M. Krack, A. K. Cheetham, and
M. Perrinello, ChemPhysChem 11, 2332 (2010).

5C. N. R. Rao, A. K. Cheetham, and A. Thirumurugan, J. Phys.
Condens. Matter 20, 083202 (2008).

http://dx.doi.org/10.1039/b603488h
http://dx.doi.org/10.1039/b603488h
http://dx.doi.org/10.1126/science.279.5347.44
http://dx.doi.org/10.1039/B908208E
http://dx.doi.org/10.1039/B908208E
http://dx.doi.org/10.1002/anie.199420241
http://dx.doi.org/10.1002/anie.199420241
http://dx.doi.org/10.1039/b802256a
http://dx.doi.org/10.1039/b802256a
http://dx.doi.org/10.1002/cphc.201000362
http://dx.doi.org/10.1088/0953-8984/20/8/083202
http://dx.doi.org/10.1088/0953-8984/20/8/083202


6S. Wang, Y. Hou, E. Wang, Y. Li, L. Xu, J. Peng, S. Liua, and
C. Hua, New J. Chem. 27, 1144 (2003); F. Serpaggi, T. Luxbacher,
A. K. Cheetham, and G. Ferey, J. Solid State Chem. 145, 580
(1999).

7Y. Z. Tang, X-F. Huang, Y-M. Song, P. W. H Chan, and R-G. Xiong,
Inorg. Chem. 45, 4868 (2006).

8J. H. Choy, S. J. Kwon, S. J. Hwang, Y. Kim, and W. Lee, J. Mater.
Chem. 9, 129 (1999); Y. Misaki, Sci. Technol. Adv. Mater. 10,
024301 (2009).

9C. N. R. Rao and C. R. Serrao, J. Mater. Chem. 17, 4931 (2007).
10P. J. Saines, B. C. Melot, R. Seshadri, and A. K. Cheetham, Chem.

Eur. J 16, 7579 (2010).
11P. J. Saines, J. R. Hester, and A. K. Cheetham, Phys. Rev. B 82,

144435 (2010).

12P. Hohenberg and W. Kohn, Phys. Rev. B 136, 864 (1964); W. Kohn
and L. J. Sham, Phys. Rev. A 140, 1133 (1965).

13O. K. Andersen and O. Jepsen, Phys. Rev. B 12, 3060
(1975).

14O. K. Andersen and T. Saha-Dasgupta, Phys. Rev. B 62, R16219
(2000).

15O. K. Andersen and O. Jepsen, Phys. Rev. Lett. 53, 2571
(1984).

16G. Kresse and J. Hafner, Phys. Rev. B 47, R558 (1993); G. Kresse
and J. Furthmuller, ibid. 54, 11169 (1996).

17J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865
(1996).

18C. S. Helberg, W. E. Pickett, L. L. Boyer, H. T. Stokes, and M. J.
Mehl, J. Phys. Soc. Jpn. 68, 3489 (1999).

http://dx.doi.org/10.1039/b211358a
http://dx.doi.org/10.1006/jssc.1999.8305
http://dx.doi.org/10.1006/jssc.1999.8305
http://dx.doi.org/10.1021/ic0603095
http://dx.doi.org/10.1039/a805869e
http://dx.doi.org/10.1039/a805869e
http://dx.doi.org/10.1088/1468-6996/10/2/024301
http://dx.doi.org/10.1088/1468-6996/10/2/024301
http://dx.doi.org/10.1039/b709126e
http://dx.doi.org/10.1002/chem.201000390
http://dx.doi.org/10.1002/chem.201000390
http://dx.doi.org/10.1103/PhysRevB.82.144435
http://dx.doi.org/10.1103/PhysRevB.82.144435
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRevB.12.3060
http://dx.doi.org/10.1103/PhysRevB.12.3060
http://dx.doi.org/10.1103/PhysRevB.62.R16219
http://dx.doi.org/10.1103/PhysRevB.62.R16219
http://dx.doi.org/10.1103/PhysRevLett.53.2571
http://dx.doi.org/10.1103/PhysRevLett.53.2571
http://dx.doi.org/10.1103/PhysRevB.47.558
http://dx.doi.org/10.1103/PhysRevB.54.11169
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1143/JPSJ.68.3489

