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Employing density functional theory (DFT) based calculations, we perform a computational in-
vestigation to unravel the intricate spin-crossover transitions that have been observed [Niel et al.

Angew. Chem. Int. Ed. 42, 3759 (2003)] in cyanide-based bimetallic coordination polymers,
[Fe(pmd)-(H2O){M(CN)2}2].H2O (M=Ag or Au and pmd= pyrimidine). Our calculations provide
an explanation for the observed temperature-induced low-spin (LS) to high-spin (HS) spin-crossover
occurring in both Ag and Au hydrated networks due to Fe-N bond stretching, concomitant with
charge re-distribution from Fe to the ligands. For dehydrated compounds, we find that relativistic
effects in Au versus Ag lead to differences in the degree of covalent bonding, which in turn, gives rise
to a differential behavior, viz. the Ag dehydrated network exhibits a LS-HS spin transition whereas
the Au hydrated network remains in HS state. As a critical test of our first-principles study we
propose to investigate a Cu-based bimetallic coordination polymer, which we predict to be in LS
state.

I. INTRODUCTION

The use of molecules or molecular assemblies for in-
formation processing is currently one of the challenging
topics in molecular chemistry. A spectacular phenom-
ena involved in this activity is the spin-crossover (SCO)
transition between a low-spin (LS) and a high-spin (HS)
state. Such transition can occur for magnetic transi-
tion metal ions in octahedral or tetrahedral co-ordination
and it can be induced by temperature, pressure or light
irradiation1,2. Although the fundamental origin of the
SCO phenomena is intramolecular, the sharpness of the
LS-HS transition and the associated hysteresis, providing
the memory effect, depends strongly on the intermolec-
ular interaction3. The latter can be suitably utilized
when molecular crystals are replaced by co-ordination
polymers that allow for the steering of the interaction
between different SCO centers.

Although SCO may be observed for transition metal
ions with electronic configuration d4 to d7, the most
widely studied species are iron(II) complexes with 3d6

configuration. In recent time a number of iron(II) based
one-, two- and three- dimensional coordination polymers
with interesting properties have been reported4,5. Some
of these coordination polymers are bimetallic, i.e. they
contain two distinct classes of metal (Fe) atoms. In
contrast to monometallic compounds exhibiting a LS-
HS transition, these compounds, in principle, can adopt
three different spin-pair states: a fully diamagnetic low-
spin state, denoted by [LS-LS] with both iron atoms in
the LS state, a paramagnetic, mixed state [LS-HS] with
one of the iron atoms in LS and another in HS state,
and a magnetically coupled [HS-HS] state, with both iron
atoms in HS state. Stabilization of one or the other pos-
sibility depends on the details of the interplay between
intra- and inter-molecular interaction6. Insight in the mi-
croscopic origin of the spin-crossover transition cannot be
easily attained experimentally. This calls for the need of

first-principles investigations.

In this study we focus on cyanide-based bimetallic co-
ordination polymers, for which interesting spin-crossover
behavior was discovered by Niel et al.7. The consid-
ered coordination polymers have the general formula
[Fe(pmd)-(H2O){M(CN)2}2].H2O (pmd =pyrimidine; M
= Ag or Au), which form a three-dimensional open-frame
network consisting of chains. The representative struc-
ture of these coordination compounds is shown in Fig.
1. The functional building blocks of these compounds
are Fe1N6 and Fe2N4O2 octahedra, in which two dif-
ferent kinds of Fe ions, Fe1 and Fe2, are incorporated.
The four equatorial positions of the octahedra are oc-
cupied by the cyanide nitrogen atoms of the [M(CN)2]

−

groups while the apical positions are occupied by two
nitrogen atoms of two pmd ligands in case of Fe1 and
by two oxygen atoms of two water molecules in case
of Fe2. The [M(CN)2]

− groups link the Fe1 and Fe2
atoms generating thus {-Fe1-NC-M-CN-Fe2-NC-M-CN-
} chains which interconnect to form the 4-connected,
three-dimensional motifs. The hydrated compounds with
M =Au and M = Ag have been reported7 to behave both
in a similar fashion in terms of exhibiting a [HS-HS] to
[LS-HS] transition and vice versa upon cooling and warm-
ing around a temperature of about 200 K for the Ag
compound and about 150 K for the Au compound, with
hysteresis loops of comparable widths (≈ 5 K). The be-
havior of the dehydrated compounds, synthesized by a
complete expulsion of both ligated and non-bonded wa-
ter molecules upon heating to a temperature of about
300 K, however, shows a remarkably different behavior
for Au and Ag networks. The Ag network, like its hy-
drated counterpart, undergoes a [HS-HS] to [LS-HS] tran-
sition, while the Au compound remains in [HS-HS] state
throughout, down to a temperature of 50 K. It is conceiv-
able that the M ion (Au or Ag) has a role to play but at
the same time it is puzzling since the starting hydrated
structure of Au and Ag compounds are very similar with
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FIG. 1: Panel (a): General structure of the Fe(pmd)-(H2O){M(CN)2}2].H2O (pmd = pyrimidine; M = Ag or Au) frameworks,
projected onto the ab plane. The [M(CN)2]

− units connect the Fe1 and Fe2 atoms, thereby generating chains, as shown in
panel (b). The octahedral environment of the Fe1 atom is formed by four N atoms belonging to criss-cross chains and the
two out of chain N atoms belonging to the pmd rings. The Fe2 atom, in addition to binding to four N atoms belonging to
criss-cross chains, is bound to O of two water molecules in the free ligand positions. The chains interconnect to form the three
dimensional motifs.

similar properties that differ only in fine details. The mi-
croscopic origin of this differential behavior of Ag and Au
compounds, therefore, remains to be understood, along
with that of the spin-crossover observed for both Ag and
Au hydrated coordination compounds. Achieving micro-
scopic understanding, could lead to establishing predic-
tive power that may be applied in designing compounds
with varied properties, which we pursue in this study.

II. COMPUTATIONAL METHODOLOGY

We employ density functional theory (DFT) based cal-
culations to investigate the spin-crossover in cyanide-
Based bimetallic polymers under study. Strong electron-
electron correlation effects are expected to be present in
the unfilled 3d shell of the Fe atoms; these effects are
however insufficiently captured by regular DFT calcula-
tions in the commonly used generalized gradient or local
density approximations (GGA or LDA). One possible so-
lution to this is to resort to wave-function based meth-
ods utilizing the complete active space (CAS)8,9. Such
calculations have been performed and have provided in-
sight in a charge reorganization that happens at the in-
tramolecular LS-HS transition10–12 for relatively small
units (e.g., [Fe(NCH)6]

2+)10,11. In an alternative ap-
proach, the missing Coulomb interaction beyond that al-
ready included in a regular DFT calculation can be sup-
plemented through the additional on-site Coulomb in-
teraction that is expressed by the Coulomb U and the
intra-atomic Hund’s rule coupling JH

13. This approach
becomes particularly useful for studying extended, frame-
work systems, like the present one, taking into account
the interconnecting molecular links between the active
sites. In the present study, we adopt to this alterna-

tive DFT+U approach. The values of U and exchange
JH applied at the Fe ions were chosen to be the typical
values14 of 4 eV and 1 eV, respectively. It was recently
shown that DFT+U calculations provide an improved
description of the spin-state of FeN4 groups with one or
two additional apical ligands in five or six-coordinated
iron porphines15,16. Also, the DFT+U approach was re-
cently used to investigate Fe(phen)2(NCS)2 SCO com-
pounds (with phen =phenanthroline)17. In our simula-
tions we used the plane wave pseudopotential electronic
structure method as implemented in the Vienna ab-initio
simulation package (VASP)18. The applied exchange-
correlation functional was the GGA in the Perdew and
Wang (PW91) parametrization19. We used projector
augmented wave (PAW) potentials20, and the wave func-
tions were expanded in the plane wave basis with a ki-
netic energy cutoff of 850 eV. Reciprocal space integra-
tions were carried out with a k mesh of 6 × 6 × 6.
The DFT(GGA)+U calculations were performed using
the +U implementation of Dudarev et al.21.

III. RESULTS AND DISCUSSION

To unveil the atomistic origin of the phenomena ob-
served in the discussed bimetallic coordination polymers,
we proceed in the following way.

Firstly, for the microscopic investigation it is indis-
pensable to obtain reliable crystal structures suitable for
first-principles analysis. Unfortunately, although crystal
structure information exists for the hydrated compounds
as well as for the dehydrated Au compound, no such
informations are available for the dehydrated Ag com-
pound. Hence, it is a challenging task to predict from
first-principles the crystal structure of the dehydrated Ag



3

that shows the observed properties. The details of our
study in this connection are given in subsection III.A.

Having established all the crystal structures that are
needed for our study, we subsequently have studied the
electronic structure of hydrated as well as dehydrated
networks in terms of calculated density of states, charge
densities, spin magnetic moments, occupancies, as de-
scribed in subsection III.B. We furthermore computed
the magnetic exchange coupling between Fe1 and Fe2,
which has been also included in the discussion in this
section.

Following the investigation of the basic electronic
structure, we analyze the precise origin of the differen-
tial behavior of dehydrated Au and Ag compounds in
subsection III.C.

Finally, in subsection III.D, we put forward a pro-
posal for a cyanide based bimetallic coordination poly-
mer in [LS-LS] spin state by computer designing another
bimetallic coordination polymer which is obtained by re-
placing the Au ion in dehydrated Au compound by Cu.

A. Results of structural optimization

The hydrated compounds exist in two spin states,
[HS-HS] and [LS-HS]. Therefore, to elucidate the spin-
crossover in the hydrated compounds one needs to con-
sider four different crystal structures, two Au compounds
and two Ag compounds, which will be denoted as 1Au-
HS, 1Au-LS, 1Ag-HS and 1Ag-LS, following Ref. 7. The
crystal structures for these four compounds have been
characterized experimentally. We found that the posi-
tions of the light H atoms were experimentally inaccu-
rately determined as those gave rise to very short bond-
lengths. For 1Au-HS, 1Au-LS, 1Ag-HS, 1Ag-LS, only H
positions were, therefore, theoretically optimized starting
from the experimentally determined positions, keeping
the other parameters fixed. On the other hand, three de-
hydrated compounds exist, denoted as 2Au, 2Ag-HS and
2Ag-LS in Ref. 7, since the dehydrated Au compound al-
ways remains in [HS-HS] spin state. Only the 2Au struc-
ture is experimentally known. The crystal structures of
2Ag-HS and 2Ag-LS, therefore, need to be determined.
We carry out complete optimization of the atomic posi-
tions as well as the cell shape to determine the crystal
structures theoretically. The positions of the ions were re-
laxed towards equilibrium, using the conjugate gradient
technique23 until the Hellmann-Feynman forces became
less than 0.001 eV/Å.

To establish the reliability of our optimization scheme
to determine the unknown crystal structures of 2Ag-HS
and 2Ag-LS networks, we first theoretically determined
the crystal structure of the dehydrated Au compound,
by starting with the initial guess from the crystal struc-
tures of 1Au-HS and 1Au-LS and subsequently remov-
ing the water molecules from those structures. Both op-
timizations converged to the same [HS-HS] spin state,
with both average Fe1N6 and Fe2N6 bond-lengths being

TABLE I: Comparison of selected bond-lengths (in Å) of the
theoretically optimized dehydrated Au structures (1Au-HS-
dh and 1Au-LS-dh) with the experimentally determined de-
hydrated Au structure (2Au). The N1-N4 atoms surround-
ing Fe belong to N-C-Au-C-N chains, while the N5-N6 atoms
belong to the pmd rings. Numbers within brackets are bond-
lengths in the starting hydrated compound (for Fe2 the last
two entries correspond to Fe2-O bonds).

(a)Fe1-N6 Octahedron

2Au 1Au-HS-dh 1Au-LS-dh
Fe1-N1, Fe1-N2 2.224 2.304 (2.200) 2.288 (1.986)
Fe1-N3, Fe1-N4 2.202 2.105 (2.164) 2.109 (1.949)
Fe1-N5, Fe1-N6 2.084 2.078 (2.149) 2.093 (1.930)
Average bond length 2.170 2.162 (2.171) 2.163 (1.955)

(b)Fe2-N6 Octahedron

2Au 1Au-HS-dh 1Au-LS-dh
Fe2-N1, Fe2-N2 2.216 2.119 (2.137) 2.119 (2.133)
Fe2-N3, Fe2-N4 2.081 2.066 (2.087) 2.079 (2.100)
Fe2-N5, Fe2-N6 2.340 2.343 (2.210) 2.352 (2.197)
Average bond length 2.212 2.176 (2.145) 2.183 (2.143)

(c)Au-(CN)
2

chain {N-C-Au-C-N}

2Au 1Au-HS-dh 1Au-LS-dh
Au-C 2.076 1.972 (1.988) 1.976 (1.981)
C-N 1.041 1.187 (1.148) 1.188 (1.156)

greater than 2.0 Å, in good agreement with experimen-
tal observation7. In Table I we tabulate a comparison
of relevant bond-lengths and bond-angles for the three
dehydrated Au structures, experimentally characterized
structure (2Au), the theoretically optimized structure
obtained starting from 1Au-HS (1Au-HS-dh) and 1Au-
LS (1Au-LS-dh). The comparison shows that the three
structures are similar, though they differ in fine details.
Although we started from two vastly different systems
before removing the water, one [HS-HS] and another [LS-
HS], the optimized structures in both cases nonetheless
converged to [HS-HS] configuration. Note that for the
Fe1N6 octahedra, starting from the 1Au-LS configura-
tion, the changes in Fe-N bond-length in the optimiza-
tion process was as large as 15%. The achieved consistent
outcome provides confidence in our adopted optimization
scheme in terms of stabilization of the correct ground-
state spin configurations, in spite of starting from very
different initial conditions.

Having established the structure of the dehydrated Au
compound, we adopted the same optimization scheme
to predict the crystal structures of dehydrated Ag com-
pounds. In Table II we tabulate the obtained relevant
bond-lengths and bond-angles; detailed structural data
are included in the supplementary material. In contrast
to the case of the Au compounds, the optimization proce-
dure for the dehydrated 1Ag-HS and dehydrated 1Ag-LS
lead to two drastically different crystal structures, one
with [HS-HS] spin state, with average bond-lengths of
both Fe1N6 and FeN6 octahedra being larger than 2 Å
and another with [LS-HS] spin state, with average bond-
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TABLE II: Selected bond-lengths (in Å) of the theoretically
optimized dehydrated Ag structures. In contrast to the de-
hydrated Au compound, during the optimization procedure,
the missing Fe2-ligand bond in the apical direction does not
rebuilt (cf. Fig. 2) by sharing of the pmd ring with Fe1. This
leads to a 4-coordination of the Fe2 ion in case of 1Ag-HS-dh
as opposed to a 6-coordination in hydrated 1Ag-HS. Similar
to Table I, the numbers within brackets are bond-lengths in
the starting hydrated compounds.

(a)Fe1-N6 Octahedron

1Ag-HS-dh 1Ag-LS-dh
Fe1-N1, Fe1-N2 2.239 (2.224) 2.020 (1.993)
Fe1-N3, Fe1-N4 2.131 (2.138) 1.912 (1.932)
Fe1-N5, Fe1-N6 2.113 (2.132) 1.907 (1.930)
Average bond length 2.161 (2.165) 1.946 (1.952)

(b)Fe2-N6 Octahedron

1Ag-HS-dh 1Ag-LS-dh
Fe2-N1, Fe2-N2 2.043 (2.139) 2.104 (2.176)
Fe2-N3, Fe2-N4 2.048 (2.177) 2.081 (2.136)
Fe2-N5, Fe2-N6 - (2.113) 2.357 (2.116)
Average bond length 2.045 (2.143) 2.181 (2.143)

(c)Ag-(CN)
2

chain {N-C-Ag-C-N}

1Ag-HS-dh 1Ag-LS-dh
Ag-C 2.042 (2.061) 2.035 (2.062)
C-N 1.188 (1.142) 1.189 (1.153)

lengths of Fe1N6 being smaller than 2.0 Å (≈ 1.95 Å)
and Fe1N6 being larger than 2.0 Å (≈ 2.2 Å), designated
as 2Ag-HS and 2Ag-LS, respectively, in Ref. 7.

We note that optimization performed with the GGA
functional instead of the GGA+U , resulted in interme-

diate spin (IS) state configurations for the magnetic so-
lutions instead of the experimentally observed HS state
configurations, i.e. nominal S = 1 state instead of the
experimentally observed nominal S = 2 state. Hence,
application of the GGA+U approach was essential to
achieve agreement with the experimental observations.

Fig. 2 shows the optimized crystal structure of dehy-
drated Au and Ag frameworks in [HS-HS] state along
with their hydrated counterparts. We notice that an im-
portant difference occurs in terms of building up of an
Fe1-Fe2 connection through a shared pmd ring in case of
the dehydrated Au compound and absence of such bond
for the 1Ag-HS-dh compound. We further note that es-
tablishing this Fe1-Fe2 connection, which requires pulling
of the pmd ring close to Fe2, leads to a distortion in the
Fe1-N-C-M-C-N-Fe2 chain in case of the dehydrated Au
compound which is nearly absent in case of dehydrated
Ag compound. This provides the clue that the differ-
ences in the crystal structures of the dehydrated Au and
Ag compounds are driven by the flexibility of the {Fe1-
NC-M-CN-Fe2-NC-M-CN-} chains to distort. This flex-
ibility appears to be different between chains containing
Au atom compared to chains containing Ag.

B. Electronic Structure

Density of States - Fig. 3 shows the spin-polarized
density of states (DOS) of the seven different compounds,
1Au-HS, 1Ag-HS, 1Au-LS, 1Ag-LS, 2Au, 1Ag-HS-dh
(2Ag-HS) and 1Ag-LS-dh (2Ag-LS). In each case, the
self-consistent DFT(GGA)+U calculations lead to insu-
lating solutions. The left most two panels [panels (a)
and (b)] present DOS corresponding to the 1Au-HS and
1Ag-HS compounds. The panels show the respective
contributions from the N-C-M-C-N chain, the pmd ring
and the Fe-d states. As expected, the Fe-d states are
strongly spin-split, while for states originating from the
chain or the pmd ring the spin-splitting is much smaller.
While the Fe-d and the pmd-ring derived states are sim-
ilar between the Au and Ag compounds, the chain de-
rived states display differences. For the Au compound
these extend much below Fermi level EF (set as zero in
the plots), to an energy range of −9 eV, while for the
Ag compound they extend to an energy range down to
−8 eV. The details of the dominant features are also dif-
ferent. Moving to the corresponding LS compounds the
contribution from the chain and pmd ring essentially re-
mains unaltered, whereas the major changes happen for
the Fe-d derived states. In panel (c) we therefore show
only the Fe-d derived states for all four hydrated com-
pounds, 1Au-HS, 1Ag-HS, 1Au-LS and 1Ag-LS, resolv-
ing the contributions from the two distinct Fe atoms,
Fe1 and Fe2. In agreement with the experimental ob-
servations and as expected from the crystal structures,
we find that Fe1 undergoes the HS to LS transition or
in other words switches from S = 2 to S = 0 spin state
while Fe2 remains in the HS or S = 2 spin state. The
corresponding magnetic moments and d occupancies at
Fe1 and Fe2 sites are listed in first four rows of Table
III. The HS magnetic moments turned out to be close to
4 µB in conformity with the 3d6 high-spin configuration
S = 2 of Fe (out of 4 µB about 3.6 -3.7 µB resides at Fe
site, and rest resides in neighboring ligands, chains and in
the interstitial due to covalency effect) while LS magnetic
moments turned out to be 0 µB , indicating the true low
spin, S = 0 configuration. We find that the occupations
of Fe1 in the LS state are larger by 0.4 e− compared to
those in the HS state, which indicates a significant charge
transfer occurring between Fe1 and the bonded N’s of
the ring and the chain in the LS state. This is caused
by the stretching of Fe1-N bond in the LS crystal struc-
ture, which in turn reduces the Fe1-N covalency mak-
ing the bond more ionic. Similar charge re-distributions
have been obtained previously from CAS calculations on
[Fe(NC)6]

4− and [Fe(NCH)6]
2+ model systems10–12. As a

larger d-occupation is less favorable for a high-spin state
(as it reduces the exchange energy gain), a charge trans-
fer to the N ligands assists to create a HS state. This
process can also be viewed as an electron delocalization
of the filled t2g orbitals of the Fe(II) LS ion to the lig-
and orbitals22. Panel (d) shows the Fe-d derived states
for the three dehydrated compounds, 2Au, 1Ag-HS-dh
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FIG. 2: Crystal structures of 1Au-HS [panel(a)], dehydrated 2Au [panel(b)], 1Ag-HS [panel(c)] and 1Ag-HS-dh (2Ag-HS)
[panel(d)]. The crystal structure of 1Ag-HS-dh (2Ag-HS) is the theoretically optimized one, the others are the experimentally
determined structure with H positions optimized. Inset in each panel shows the geometry of the Fe1-N-C-M-C-N-Fe2 chains
for each of these crystal structures. Upon removal of the water molecules, the 1Au-HS structure transforms to 2Au structure
by pulling of the pmd ring close to Fe2 with apical N-Fe2 bond formation and distorting the Fe1-N-C-M-C-N-Fe2 chain. For
the Ag-based compound removal of water molecules leads to a transformation of the 1Ag-HS structure to 1Ag-HS-dh (2Ag-HS)
structure in which the pmd ring is farther away from the Fe2 ion, thereby reducing the coordination of Fe2 from six to four
and straightening the Fe1-N-C-M-C-N-Fe2 chain even further.

(2Ag-HS), and 1Ag-LS-dh (2Ag-LS). We find that for the
dehydrated Ag compounds, similar to the hydrated com-
pounds, Fe1 undergoes the HS to LS transition while Fe2
remains in HS state. For the dehydrated Au compound,
both Fe’s are in HS state. We further note for the [HS-
HS] configuration of the dehydrated Au compound that
the contributions of Fe1 and Fe2 in the DOS are nearly
identical, while they are rather different for the dehy-
drated 1Ag-HS compound (see Fig. 3). This difference
stems from the fact that the broken bond between Fe2
and the O-ligand in the out of chain direction upon re-
moval of water was not re-established with the pmd ring
for the Ag compound, whereas a new Fe2-N bond became
established for the Au compound through sharing of the
pmd ring between Fe1 and Fe2. Fe2 therefore remained
4-coordinated in the Ag compound, with Fe1 being 6-
coordinated, while for the Au compound both Fe1 and

Fe2 are 6-coordinated through the shared pmd ring. The
magnetic moments and d occupancies at Fe sites for the
dehydrated compounds, listed in the last three rows of
Table III follow the same argument as presented for the
hydrated compounds in the above.

Charge Densities, Magnetization Densities and

Magnetic Exchange Interactions - Fig. 4 shows com-
puted charge density plots for the hydrated [HS-HS] com-
pounds, 1Au-HS and 1Ag-HS. Analyzing the charge den-
sity plots we note that the out-of-chain bonding between
Fe2 and O of the water is stronger than the out-of-chain
bonding between Fe1 and N of the pmd ring. This indi-
cates that the out-of-chain Fe2-O bond is more rigid than
the out-of-chain Fe1-N bond. This presumably causes
Fe2 to remain in HS whereas the HS-LS transition oc-
curs at Fe1 upon changing temperature.

Fig. 5 shows the computed magnetization densities
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FIG. 3: Density of states (DOS) of hydrated and dehydrated cyanide-based bimetallic coordination polymers. Panels (a) and (b)
show the spin-resolved DOS for two hydrated compounds in [HS-HS] configurations, 1Au-HS and 1Ag-HS. DOS corresponding
to majority (minority) spin channels are indicated with positive (negative) values of the DOS. The three sub-panels within
panel (a) and panel (b), show the contribution from the M-(CN)2 chain, the pmd ring and Fe-d states (from top to bottom).
Panels (c) and (d) show the contributions from Fe-d states only, for the hydrated and dehydrated coordination compounds,
respectively. The contributions from Fe1 and Fe2 are marked with solid black and dashed red lines, respectively.

TABLE III: Calculated GGA+U magnetic moments (in µB)
and d occupancy of the Fe1 and Fe2 ions for the hydrated as
well dehydrated Au and Ag coordination polymers.

Fe1 Fe2
Magn. Mom. Occup. Magn. Mom. Occup.

1Ag-HS 3.68 6.03 3.71 6.03
1Ag-LS 0.00 6.42 3.71 5.98
1Au-HS 3.68 6.01 3.71 5.94
1Au-LS 0.00 6.41 3.70 6.03
1Ag-HS-dh 3.67 6.02 3.64 6.03
1Ag-LS-dh 0.00 6.40 3.65 5.97
2Au 3.62 6.02 3.62 6.02

for four [HS-HS] compounds, hydrated as well as dehy-
drated. Interesting differences can be noted which as-
sist to clarify the magnetic properties. We note, first,
that for the hydrated compounds as well as for the 1Ag-
HS-dh (2Ag-HS) compound, the magnetization densities
centered around Fe1 and Fe2 ions appear almost discon-
nected. For the dehydrated Au compound, on the other
hand, a magnetic exchange pathway is created through
magnetization densities situated across the pmd ring.
Second, we observe that the N-C-M-C-N chain connec-
tion between Fe1 and Fe2 contributes nothing to the mag-
netic exchange coupling of Fe1 and Fe2, as there is no
magnetization density residing at the M (Au/Ag) site,
thereby blocking the exchange path. The magnetiza-
tion density plots therefore lead us to infer that mag-
netic exchanges between Fe1 and Fe2 would be small for
the hydrated compounds as well dehydrated Ag com-
pound, while the magnetic exchange coupling between
Fe1 and Fe2 is much larger for the dehydrated Au com-
pound through the establishment of the magnetic path
involving the shared pmd ring.

This expectation turned out to be true by calculating
the nearest neighbor magnetic exchange interaction (J)
between Fe1 and Fe2 ions. The estimation of J has been
done from total energy calculations, within GGA+U

(a) (b)

a
b

a
b

FIG. 4: Plots of the GGA+U charge densities of the two
hydrated compounds, 1Au-HS [panel (a)] and 1Ag-HS [panel
(b)]. The charge densities around the Fe2-O (H2O) bond and
Fe1-N (pmd) bond are shown in the zoomed plots in right
panel and left panel, respectively. The stronger Fe2-O (H2O)
covalency compared to that of Fe1-N (pmd) is evident from
the magnification in the sub-figures.

framework for both the ferro- and antiferro- magnetic
alignment of Fe1 and Fe2 spins. Subsequently, magnetic
exchanges are calculated by mapping the calculated to-
tal energies to a nearest neighbor Heisenberg model. As
only nearest neighbor exchange is taken into account, this
provides the estimate of effective exchanges, the nearest
neighbor exchange renormalized by the other long ranged
interactions. From the magnetization density plots, the
further neighbor exchanges appear to be much smaller
than the nearest neighbor interaction, thereby the ef-
fective exchange is expected to be dominated by near-
est neighbor exchange, justifying the validity of this ap-
proach. It is expected to provide us with the relative
strength of the effective exchange interactions as well as
some order of magnitude estimates. The magnetic ex-
change couplings between nearest neighbor Fe1 and Fe2
ions, computed for 2Au, 1Au-HS, 1Ag-HS-dh (2Ag), and
1Ag-HS all turned out to be of antiferromagnetic na-
ture. The antiferromagnetic nature of the interaction
is expected from d6 configuration of high spin Fe and
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c) d)

a a
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FIG. 5: Plots of the computed magnetization density for the [HS-HS] state of four compounds, 1Au-HS [panel (a)], 1Ag-HS
[panel (b)], 2Au [panel (c)], and 1Ag-HS-dh [panel(d)]. The magnetization densities centered around the Fe1 and Fe2 ions are
disconnected for the two hydrated compounds, 1Au-HS and 1Ag-HS, as well as for the dehydrated Ag compound, 1Ag-HS-dh,
while they formed a connected path in case of the dehydrated Au compound, 2Au (marked with dashed line).

has been established for co-ordination polymer like Fe-
triazole24. The ratio of magnetic interactions computed
for 2Au and 1Au-HS compounds turned out to be very
high, a significant enhancement by a factor of 16, upon
dehydration. The magnetic interactions computed for
1Ag-HS-dh (2Ag-HS) and 1Ag-HS compounds, on the
hand, turned out to be both similarly small, with a ra-
tio of 1.5. The absolute values of exchange interactions
for 1Au-HS, 1Ag-HS-dh (2Ag) and 1Ag-HS turned out
to be tiny (about a fraction of a meV), in conformity
with the conclusions derived from magnetization density
plots. Our predicted nature of magnetic interactions may
be verified in further experimental studies.

The cooperative nature of the crossover from [HS-HS]
to [LS-HS] state in case of hydrated Au and Ag as well
as dehydrated Ag compounds thus seems to be driven
primarily by elastic interactions, as suggested previously
in models for SCO transitions25–27. The temperature-
induced volume expansion leads to a stretching of the
Fe1-N bond-lengths, driving the LS to HS transition on
Fe1 (cf. Tables I and II), an essential quantity which has

been identified earlier28 for the LS to HS transition. The
bond stretching weakens the ligand field. A strong ligand
field is more favorable for an equal distribution of elec-
trons over the three t2g states, giving a LS state2. Simul-
taneously with the weakening of the ligand field the afore
mentioned re-distribution of charge to the ligands assists
to create the transition to HS on one Fe1 center. These
local changes in the octahedra surrounding Fe1 interact
with each other elastically causing long-range coopera-
tivety. The magnetic exchange coupling plays almost a
negligible role in these cases. The situation is dramat-
ically different for the dehydrated Au compound. The
magnetic interaction in this case is substantially stronger
than that of the other compounds. The energy gain from
this magnetic exchange stabilizes the magnetic [HS-HS]
state for a much larger temperature range, down to a
temperature of 50 K. The influence of magnetic exchange
on the SCO transition has been recently reported for an
Fe-triazole compound on the basis of DFT calculations24.
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FIG. 6: Atom and orbital resolved spin-polarized density of
states of the M-(CN)2 chain of dehydrated Au [panel(a)] and
Ag [panel (b)] coordination compounds in the [HS-HS] state.
M-d contributions are marked with shaded area, the other
contributions are shown in solid lines. Note the stronger co-
valency between Ag-d and (CN)-p compared to that between
Au-d and (CN)-p.

IV. ORIGIN OF DISTINCT BEHAVIOR OF
DEHYDRATED AU AND AG COMPOUNDS

The above findings may be summarized as (a) Upon
removal of water from the Au compound, the pmd ring
is pulled to Fe2 ion, establishing a shared pmd ring con-
nected path between Fe1 and Fe2. The magnetic ex-
change energy gain locks both Fe1 and Fe2 in the HS
state. (b) Upon removal of water from the Ag compound
the pmd ring is, however, pulled to the Fe1 ion, giving
rise to a configuration around the Fe1 ion that is simi-
lar to that in the hydrated case where the Fe1 undergoes
a HS-LS transition. (c) The pulling of the pmd ring to
Fe2 in 2Au causes the N-C-M-C-N chain to be distorted.
The extent of flexibility of the N-C-M-C-N chain towards
distortion therefore dictates one kind of behavior or the
other.

To analyze point (c) further, we plot in Fig. 6, the par-
tial densities of state for the M-(CN)2 chain projected on
to different contributions from C, N, and M (M =Au/Ag)
atoms belonging to the chain. Apart from the fact that
sd mixing at the M site is rather different between Au
and Ag compounds, which is caused by relativistic ef-
fects on Au, the hybridization between M, C, and N is
quite different between Au and Ag compounds. There
is a much stronger covalency for the Ag compound, as
compared to the Au compound, which is related to the
relative positioning of the Au or Ag d energy levels with
respect to those of C and N-sp. We note that the rela-
tivistic effect causes the d−level position of Au moved up
compared to that of Ag. The stronger covalency makes
the Ag-(CN)2 bond much more rigid against distortion of
the chain compared to that of Au-(CN)2. The propensity
to distortion of the Au-(CN)2 chain helps in building up
the Fe1-Fe2 connection through pulling of the pmd ring
towards Fe2, as explained above. The relative rigidity of
Ag-(CN)2 chain on other hand prevents pulling of pmd
ring towards Fe2.

We note furthermore that Au being smaller in size
compared to Ag, the M-(CN) bond-length in the Au net-

170.8

170.9

170.7
170.9

FIG. 7: Theoretically predicted crystal structure of the de-
hydrated Cu-based coordination polymer, 2Cu. Fe1 and Fe2
ions are connected through pmd rings and both predicted to
be in LS configuration. The Fe1-N-C-Cu-C-N-Fe2 chain is
distorted.

work is about 3% smaller compared to that of the Ag
network (cf. Table I and II). The shorter M-(CN) bond-
length would lead to stronger hopping interaction in case
of the Au compound, which is however, more than com-
pensated by the dominant effect of charge transfer energy,
given by the energy level separation of M-d level and that
of C and N-sp. The shorter M-(CN) bond-length for the
Au compound, on the other hand, brings Fe1 slightly
closer to Fe2 (by 1.4 %) as compared to the Ag com-
pound. This size effect, though much less effective, as-
sists the bridging of the metal centers through the pmd
ring, i.e., it adds on to the primary effect of the M-(CN)
covalency which determines the rigidity or flexibility of
the Fe1-NC-M-CN-Fe2-NC-M- CN- chains.

V. THEORETICAL PREDICTION OF CU
VARIANT WITH [LS-LS] CONFIGURATION

As is seen above, for the dehydrated Au compound,
one has been able to create the environments around
Fe1 and Fe2 to be nearly same through the sharing of
out of chain pmd ring. In that sense, one would ex-
pect the compound to behave as nearly monometallic co-
ordination compound with little difference between two
metallic centers. If that is the case, it would be possible
to drive directly to [LS-LS] state by application of pres-
sure, which could be either the hydrostatic pressure or
chemical pressure. In the following, we investigate the
feasibility of such a proposal through substitution of Au
atoms by Cu atoms. A Cu atom being smaller in size
compared to Au (Au versus Cu radius ratio is 1.13) is
expected to generate a positive chemical pressure.

To predict the crystal structure of the dehydrated Cu
compound (2Cu), we started with the crystal structure of
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FIG. 8: Atom and orbital resolved DOS of the Cu-(CN)2
chain of the theoretically predicted 2Cu compound. Cu-d
contributions are marked with the shaded area, the other con-
tributions are shown in solid lines.

the dehydrated Au compound (2Au), replaced Au with
Cu, and carried out a full optimization, which includes
the optimization of volume, shape as well as atomic po-
sitions. The optimized structure (shown in Fig. 7) shows
that the pmd rings form a connection path between Fe1
and Fe2 and the Cu-(CN)2 chain is distorted as in case of
2Au compound, although the precise amount of distor-
tion changes. Moreover, there is a volume reduction by
12.8 % compared to that of 2Au compound. This reduc-
tion in volume leads to 10.5% reduction in the average
Fe-N bond-length as compared to that of 2Au, which is
sufficient to drive both Fe atoms to the LS state. The
predicted average bond-lengths, given in Table IV, are
less than 2.0 Å, i.e., similar to the Fe1-N bond-lengths
of 1Au-LS and 1Ag-LS (see Tables I and II), and in ad-
dition, the Fe1-N and Fe2-N bond-lengths have become
nearly identical. The details of the structural parameters
are given in the supplementary material. Importantly,
we note that Cu remains non-magnetic like Au, thereby
providing primarily the volume effect.

TABLE IV: Selected structural parameters (in Å) of theoret-
ically optimized 2Cu structure. In the optimized structure
Fe1-N and Fe2-N bond lengths are the same up to the second
digit. Numbers within brackets correspond to numbers for
the corresponding 2Au compound, which was chosen as the
starting structure. Only the Fe2-N bond-lengths of the 2Au
starting structure are given.

(a)Fe-N6 Octahedron

2Cu
Fe-N1, Fe-N2 1.93 (2.22)
Fe-N3, Fe-N4 1.92 (2.14)
Fe-N5, Fe-N6 2.04 (2.21)

Average bond length 1.96 (2.19)

(b)Cu-(CN)
2

chain

2Cu
Cu-C 1.86 (2.08)
C-N 1.19 (1.04)

To estimate the amount of covalency we show in Fig. 8
the partial DOS for the Cu-(CN)2 chain projected onto
contributions from C, N, and Cu. This plot may be di-

rectly compared with the partial DOS plot of M-(CN)2
chains for M =Au and Ag, presented in Fig. 6. We ob-
serve that the behavior of the Cu-chain is much more
similar to that of the Au-chain in terms of weaker cova-
lency between Cu-d and N and C-sp states. Note that
the dominant Cu-d energy level position is closer to the
Fermi level, as also found for the case of Au and hence
the Cu-d states overlap much less with the C and N-sp
states. The reduced covalency provides flexibility to the
Cu-(CN)2 chain to distort, similar to the 2Au case, giv-
ing rise to a connected Fe1-Fe2 path through pulling of
the pmd ring towards Fe2.

VI. CONCLUSIONS

Employing the DFT based approach we have per-
formed a microscopic investigation of the spin cross-
over transitions in cyanide-based bimetallic coordination
polymers, which were synthesized recently7. The hy-
drated versions of these cyanide-based coordination poly-
mers were reported7 to exhibit a [LS-HS] to [HS-HS] tran-
sition, with the Fe1 ion undergoing LS → HS transition,
Fe2 ion being fixed at HS state. Our first-principles study
show that the relatively stronger Fe2-O(H2O) binding
in case of Fe2, compared to that of Fe-N(pmd) bind-
ing in case of Fe1, is responsible for this behavior. The
temperature-induced stretching of Fe1-N bonds from typ-
ical values of ∼ 1.95 Å to ∼ 2.1 − 2.2 Å therefore
leads to modification from a strong to a weaker ligand
field28, concomitant with a re-distribution of charge to
the ligands10–12, and thereby to a LS to HS transition
on Fe1, while Fe2 with practically unchanged average
Fe2-ligand bond-lengths of ∼ 2.1 − 2.2 Å remains in HS
state. Upon dehydrating, these compounds exhibit7 a
strikingly different spin-crossover behavior for Au-based
framework as compared to Ag-based framework, in which
the dehydrated Ag structure like its hydrated counter-
part, undergoes a [LS-HS] to [HS-HS] transition while
the dehydrated Au structure is locked in the [HS-HS]
state. Our study provides chemical insight into this dis-
tinct behavior in terms of higher covalency of Ag with
(CN) compared to that Au with (CN). We have further-
more provided theoretical estimates of the structural pa-
rameters of the dehydrated Ag compounds, which are
not yet available experimentally. Having understood the
Ag and Au compounds, we have computer designed a
coordination polymer based on Cu, which we predict to
be in [LS-LS] state. An experimental verification of this
prediction is encouraged.
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2062 (2005).
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