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Cyanide-bridged molecular squares offer a unique opportu-
nity for study, as they represent a model of the simplest unit
of Prussian blue and allow access to a wide range of physical
properties that can be monitored, such as rich electrochemis-

Introduction

The study of ferric hexacyanoferrate, or Prussian blue,
and its analogues has a long and rich history, which dates
back to the start of the 18th century when the earliest re-
cords were published.[1] Prussian blue has a face-centered
cubic structure in which alternating FeII and FeIII centers
are bridged by cyanide ions in a FeII–C�N–FeIII fashion,
forming an infinite 3D network. Prussian blue itself is a
ferromagnet with a Curie temperature (TC) of 5.6 K,[2]
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try, valence- and spin-state control, and spin-crossover phe-
nomena. This microreview presents recent findings in the
field of cyanide squares with particular focus on their synthe-
ses and physical properties.

while some heterometallic derivatives display ferrimagne-
tism up to room temperature.[3] In fact, the inclusion of
heterometals in place of iron has led to the observation of
a wide range of physical properties in Prussian blue ana-
logues including photomagnetism, spin crossover, and elec-
trochromicity, which suggests possible uses in hydrogen
storage, as molecular sieves, and in nanoscale devices.[4]

Due to the structurally infinite nature of Prussian blue and
its analogues and the range of their associated properties,
there has been much research conducted into the synthesis
of discrete analogues; molecular species, to investigate the
properties of what are essentially Prussian blue fragments.
Amongst these fragments, the most prominent may be the
octanuclear cube complexes, which have been extensively
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studied,[5] and tetranuclear square clusters, which will be
discussed herein. Cyanide-bridged metal complexes are not,
however, confined to these architectures, and a huge range
of clusters have been reported and shown to possess a wide
range of structural topologies and physical properties.[6]

This review focuses on cyanide-bridged molecular squares
and provides an overview of the syntheses, structures, and
physical properties of these materials.

The cyanide-bridged molecular square, which can be
considered the simplest model of the infinite Prussian blue
structure, was first reported by Schinnerling et al. for a Ti4
square in 1992,[7] and firstly for a high-spin complex by
Oshio et al. in 1999.[8] Since then, there have been many
reports of similar structures, both homo- and hetero-
metallic, constructed from both transition metal and closed
shell metal ions. This review is concerned primarily with
open-shell transition metal ion square complexes. It should
also be noted that the clusters referred to in this article as
“squares” may often be more accurately described as rec-
tangular or rhombic; however, the term “square” provides
us with a simplistic and broadly accurate means of describ-
ing their form.

The Synthesis of Cyanide-Bridged Molecular
Squares

The general synthetic approach adopted in the prepara-
tion of molecular Prussian blue derivatives is to combine
solvated metal cations with cyanometalate ions. In order to

Scheme 1. Three different approaches to the synthesis of cyanide-
bridged squares. The red and blue lines represent the behavior of
bi- and tetradentate capping ligands.
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prevent polymerization it is necessary to employ capping
ligands in the syntheses, which will dictate the number and
relative position of the available binding sites on the metal
ions. For example, a capped cyanometalate mononuclear
building block may be added to a solution of solvated metal
ions (or of a second capped metal ion) resulting in the
crystallization of cyanide-bridged molecular species whose
topology is dependent upon the angle between the available
binding sites of the cyanometalate ion. Considering square
cyanide-bridged molecules, the capped metal ions should
have at least two available cis binding sites to allow coordi-
nation with an angle of approximately 90° between the co-
ordination vectors. These directing building blocks may be
octahedral, square pyramidal, or square planar as long as
there remain two open binding sites at an appropriate angle
to each other.[6,9] The building block approach to the syn-
thesis of cyanide-bridged molecular squares is summarized
in Scheme 1.

The successful use of the building block approach in the
syntheses of new cyanide-bridged molecular square clusters
means that the choice of ligands is critical, and a wide range
of ligand systems have been reported as good capping
groups, both on the cyanometalate ions and on the solvated
metal ions. For example, in the first high-spin examples of
cyanide-bridged molecular squares, {[(bpy)2FeII(CN)2]2-
[CuII(bpy)]2}(PF6)4 and its oxidized derivative {[(bpy)2FeIII-
(CN)2]2[CuII(bpy)]2}(PF6)6,[8] Oshio et al. showed that mo-
lecular squares could be controllably isolated by using only
2,2�-bipyridine (bpy) as a capping ligand (Figure 1a). This
work was then extended to synthesize the homo- and
heterometallic species {[(bpy)2FeII(CN)2]2[MII(bpy)2]2}-
(PF6)4 [M = Fe, Co,[10] Ru[11]]. It was also shown that a
combination of ligands could be used in the synthesis, the
tetradentate ligand tris(2-pyridylmethyl)amine (tpa) being
used to cap iron ions in conjunction with the [(bpy)2FeII-
(CN)2] building blocks to form {[(bpy)2FeII(CN)2]2[FeII-
(tpa)]2}(X)4 [X = BF4

[12] or PF6
[13]]. Such capping ligands

are not, however, limited to di- and tetradenticity. Some of
the most commonly used ligands in the synthesis of cya-
nide-bridged molecular squares are, in fact, tridentate, such
as iPrtacn (1,4,7-tris-isopropyl-1,4,7-triazacyclononane)[14]

and tp {hydrotris(pyrazol-1-yl)borate}, or tp*, in which the
pyrazole groups are dimethyl-derivatized,[15] although often
the use of such ligands can lead to the synthesis of cubic
M8 cyanide-bridged clusters. To avoid this, the second metal
center is usually capped to ensure that the orientation of its
free coordination sites determines the overall cluster top-
ology. This capping of both centers was recently extended
to form the hybrid square complex [Fe4(μ-CN)4bpmq4]-
(CN)2(SeCN)2 {bpmq = 2,3-bis[{3-(pyridin-2-yl)-1H-pyr-
azol-1-yl}methyl]quinoxaline}, in which the metals were
bridged by both cyanide ions and bpmq groups.[16]

In contrast to this approach, capping only one of the
cluster building blocks has also proven a possible method.
For example, a heterometallic cyanide-bridged square com-
plex, {[tp*FeIII(CN)3MII(DMF)4]2(OTf)2}·2DMF (MII =
Mn, Co, Ni), can also be synthesized from the reaction of
the [tp*Fe(CN)3] building block with DMF-solvated man-
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Figure 1. Examples of cyanide-bridged molecular squares: (a)
{[(bpy)2FeII(CN)2]2[CuII(bpy)]2}(PF6)4, (b) {[Tp*FeIII(CN)3-
MnII(DMF)4]2(OTf)2}·2DMF, (c) (meso-CTH-H2)[{Ni(rac-
CTH)}2{Fe(CN)6}2]·5H2O. In all cases, solvent molecules, counter-
ions, and protons have been removed for clarity. FeII ions are
orange; FeIII gold, CuII light blue, MnII pink, NiII green, B gray, C
gray, and N blue.

ganese, cobalt, or nickel ions,[17] or even when hexacyano-
ferrate ([Fe(CN)6]3+) ions are introduced to solvated nickel
ions in the presence of the four-coordinate ligand rac-CTH
(= rac-5,7,7,12,14,14-hexamethyl-1,4,8,11-tetrazacyclotetra-
decane) to form (meso-CTH-H2)[{Ni(rac-CTH)}2{Fe-
(CN)6}2]·5H2O.[18] In fact, there are a number of examples
of square syntheses that use uncapped cyanometalates such
as [W(CN)8]3–/4–,[19] [Ni(CN)4]2–[20] and [Pt(CN)4]2–,[21] as
well as [Fe(CN)6]3–.[22] Figure 1 gives some examples of cya-
nide-bridged molecular squares, obtained following dif-
ferent synthetic approaches.

In addition to the wide range of syntheses using labile
coordinating ligands, there are a number of examples of
squares that use cyclopentadienyl (cp),[23] cyclooctadienyl
(cod),[24] and other organometallic capping ligands.[25]

Electrochemistry and Mixed Valence

Prussian blue derivatives often show a very rich and di-
verse electrochemistry, as a result of the moderately strong
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electronic coupling interactions that have been observed in
many ordered arrays and grid-type complexes[26] and the
structure of the cluster possessing adequate stability to ac-
commodate the changes in bond lengths associated with the
oxidation and reduction of the metal centers.

Since the Creutz–Taube ion, [(H3N)5Ru(pyr)Ru-
(NH3)5]5+, was first reported in 1969[27] the scale of the se-
arch for new mixed-valence clusters has steadily increased.
Much research has been conducted on the properties of
mixed-valence-state species and on the way interactions be-
tween different metal ions can affect the overall physical
properties of a system.[28] Mixed-valence squares are con-
sidered to have potential applications in the quantum cellu-
lar automata approach to nanoelectronics.[29] Discrete
mixed-valence compounds are classified by using the Ro-
bin–Day criteria to constitute three main groups of com-
plexes. Class I corresponds to species that show no elec-
tronic coupling (localized valence electrons) between metal
centers. Class II complexes display a moderate degree of
electronic coupling (partial delocalization) between metal
centers, which makes the charge formally localized but can
also bestow new physical properties such as permitting elec-
tron transfer as a result of the application of external stim-
uli. The final class of species, Class III, includes complexes
in which very strong electronic coupling (complete delocal-
ization) between metal centers ensures that the metal cen-
ters in a complex cannot be considered to have integer oxi-
dation states, rather an average of the oxidation state of the
coupled metal ions.[30]

To investigate the redox properties of cyanide-bridged
molecular squares, cyclic voltammetry (CV) measurements
were conducted on a [Fe4(μ-CN)4(bpy)8](PF6)4·4H2O
([FeII

4]4+) square and its heterometal derivative
[Fe2Co2]4+.[10] The CV data of the [FeII

4]4+ cluster {whose
core can be described as [Fe(CN)Fe(NC)Fe(CN)Fe-
(NC)]n+} included quasireversible waves at 0.67 (ΔEp =
70 mV) and 0.86 V (ΔEp = 80 mV) vs. SSCE, followed by
an irreversible wave at 1.37 V. Coulomb potentiometry con-
ducted at 1.0 V revealed that the quasireversible waves cor-
responded to two one-electron redox processes. In the
[FeII

4]4+ cluster core, the Fe2+ ions interact with either cya-
nide carbon or nitrogen atoms, and the donor atoms deter-
mine the sites of the redox processes. The Fe–C bond stabi-
lizes the d orbitals of the metal center through π back-do-
nation, while the σ-donating character of the cyanide N ter-
minal dictates that the Fe–N interaction destabilizes the as-
sociated metal center d orbitals, allowing oxidation to oc-
cur. Thus, the quasireversible oxidation steps occur at the
Fe2+ ions and are coordinated by the cyanide nitrogen
atoms. In terms of the cluster core, the first two-step redox
behavior can be interpreted as shown in Equation (1).

The potential difference between the two one-electron
oxidation processes is indicative of the stability of the
[FeII

3FeIII]5+ species, which is imparted by electron delocal-
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ization. The comproportionation constant provides a means
of quantifying this mixed-valence stability and can be calcu-
lated from Equation (2).

The observed potential difference (ΔE = 0.19 V) corre-
sponds to a comproportionation constant of Kc = 2.4�103,
which suggests a moderately high thermodynamic stability
for the [FeII

3FeIII]5+ species. In contrast, the potential dif-
ference between the second oxidation wave (5+ to 6+) and
the third (irreversible) step is far greater, ΔE = 0.51 V. The
size of the observed potential difference can be justified as a
combination of two factors: the asymmetry of the bridging
cyanide ligands and the occurrence of inter-valence charge
transfer (IVCT) electron delocalization. The electronic spec-
trum of [FeII

4]4+ in acetonitrile at –30 °C showed, with the
formation of the mono- ([FeII

3FeIII]5+) and subsequent di-
oxidized [FeII

2FeIII
2]6+ mixed-valence species, the increase

in intensity of a new band in the NIR region. The band
(λmax = 1380 nm, εmax = 8600 m–1 cm–1) was assigned as an
IVCT transition from the C-coordinated FeII ions to the N–
FeIII centers in the [FeII

2FeIII
2]6+ state. Hush theory[31] was

used to derive the IVCT parameters based on εmax =
4300 m–1 cm–1 (two chromophores), ν̃max = 7250 cm–1

(1380 nm), and Δν1/2 = 1450 cm–1, giving an electronic in-
teraction matrix element, Hab = 870 cm–1, and an electron
delocalization degree, α2 = 0.014, which are in accordance
with a Class II assignment of the mixed-valence cluster.

This work was logically extended to investigate the
heterometallic square [RuII

2FeII
2(μ-CN)4(bpy)8]4+ ([RuII

2-
FeII

2]4+), which has a core connectivity of [Ru(CN)Fe(NC)-
Ru(CN)Fe(NC)]n+.[11] RuII centers occupied the C-bonding
positions, allowing further redox states to be accessed, four
one-electron-oxidized species being observed electrochemi-
cally in acetonitrile: [RuII

2FeII
2]4+ h [RuII

2FeIIFeIII]5+ h

[RuII
2FeIII

2]6+ h [RuIIRuIIIFeIII
2]7+ h [RuIII

2FeIII
2]8+ (with

waves at 0.69, 0.84, 1.42, and 1.70 V vs. SSCE respectively;
see Figures 2 and 3 and Table 1).

The first two waves observed (0.69 and 0.84 V) are a very
good match to those seen in the [FeII

4]n+ sample (0.67 and
0.86 V), which were demonstrated to indicate the oxidation

Table 1. CV data for [RuII
2FeII

2]4+, [FeII
4]4+, and related compounds.[11]

Compound E1/2
[a] Assigned transition Kc

[RuII(CN)2(bpy)2] 0.83 RuII/RuIII

[FeII(CN)2(bpy)2] 0.47 FeII/FeIII

[RuII
2FeII

2(μ-CN)4(bpy)8](PF6)4 0.69 RuII
2FeII

2/RuII
2FeIIFeIII 1.7�104

0.84 RuII
2FeIIFeIII/RuII

2FeIII
2

1.42 RuII
2FeIII

2/RuIIRuIIIFeIII
2

1.70 RuIIRuIIIFeIII
2/RuIII

2FeIII
2 5.4�104

[FeII
4(μ-CN)4(bpy)8](PF6)4 0.67 FeII

4/FeII
3FeIII 2.4�103

0.86 FeII
3FeII/FeII

2FeIII
2

[a] Volts vs. SSCE, with a glassy carbon working electrode, in CH3CN containing 0.1 m [Bu4N]PF6, collected at a scan rate of 100 mVs–1

at 20 °C.
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Figure 2. CV of [RuII
2FeII

2(μ-CN)4(bpy)8](PF6)4 in CH3CN con-
taining 0.1 m [Bu4N]PF6 collected at a scan rate of 100 mV s–1 at
20 °C.

Figure 3. Schematic summary of the redox species observed in the
CV spectra of [Fe4]n+ (top) and [Ru2Fe2]n+ (bottom).

of the N-coordinated FeII centers to FeIII. Therefore, the
corresponding steps in [RuII

2FeII
2] can be assumed to repre-

sent the oxidation of the iron ions. The first two oxidation
waves are followed by a large gap, before a second pair of
one-electron processes are observed at high potential (1.42
and 1.70 V), which can be assigned as the stepwise oxi-
dation of the ruthenium ions. The observed potential differ-
ences for the mixed-valence species [RuII

2FeIIFeIII]5+ and
[RuIIRuIIIFeIII

2]7+ allow the calculation of the Kc values
from Equations (3) and (4).

Potential differences of ΔE = 0.25 and 0.28 V yield Kc

values of 1.7� 104 and 5.4�104 for [RuII
2FeIIFeIII]5+ and
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[RuIIRuIIIFeIII
2]7+, respectively. These values indicate inter-

mediate thermodynamic stability for the mixed-valence spe-
cies.

UV/Vis measurements on [RuII
2FeII

2]4+ showed that the
spectrum was dominated by π-to-π* transitions of the bpy
ligands and by metal-to-ligand charge transfer (MLCT, d
to π*) transitions (λmax = 500 nm with ε = 17400 m–1 cm–1).
The spectra of the [RuII

2FeIIFeIII]5+ and [RuII
2FeIII

2]6+ spe-
cies were then collected at 0.8 and 1.2 V respectively, to en-
sure complete transition to the desired oxidized states. On
electrochemical one-electron oxidation, the MLCT band
shifted towards the blue region and decreased in intensity
(λmax = 470 nm with ε = 13100 m–1 cm–1) whilst showing the
growth of a new band in the near-IR region (λmax =
2350 nm with ε = 5500 m–1 cm–1). Further oxidation at 1.2 V
results in a large shift in the MLCT band, again combined
with a decrease in intensity (λmax = 410 nm with ε =
10900 m–1 cm–1) and the appearance of another new band
at 1380 nm (ε = 8600 m–1 cm–1). The new bands can be as-
signed as IVCT transitions between FeII–FeIII (2350 nm)
and RuII–FeIII (1380 nm), respectively (Figure 4).

Figure 4. Electronic absorption spectra of [RuII
2FeII

4(μ-CN)4(bpy)8]-
(PF6)4·CHCl3·H2O. Measurements were conducted at –30 °C in an
optically transparent thin-layer electrode consisting of a platinum
grid between the windows of a 2 mm spectrophotometric cell. Elec-
trochemical oxidations were carried out with an SSCE reference
electrode and a Pt wire counterelectrode separated from the cath-
odic compartment by a glass frit.

Hush calculations give Hab and α2 values of 1090 cm–1

and 0.065 for [RuII
2FeIIFeIII]5+ and 1990 cm–1 and 0.096 for

[RuII
2FeIII

2]6+, respectively, indicating a larger degree of
electronic delocalization than that observed in the homo-
metallic [FeII

2FeIII
2]6+ cluster (0.014); however, the same as-

signment as Robin–Day Class II still applies.

Spin-State Control

Cyanide bridges are useful ligands for the construction
of high-spin molecules with predictable magnetic interac-
tions.[6] Heterometallic clusters can be controllably made,
and the magnetic interactions between metal centers can
be related back to the Goodenough–Kanamori rule.[32] For
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example, interactions between low-spin (LS) FeIII (t2g
5) and

high-spin (HS) MnII (t2g
3eg

2) are predicted to be antiferro-
magnetic because of the interaction of half-filled orbitals
(unpaired spins) through the ligand π-system when con-
sidering idealized octahedral geometries. Of course, devia-
tions from the ideal geometries and coordination environ-
ments are expected in polynuclear metal clusters, and they
lead to complications in the prediction of the interactions;
however, the rule acts as a useful basis for discussing the
magnetic behavior in cyanide-bridged square systems.

When considering the magnetic properties of cyanide-
bridged square polynuclear metal clusters, the
Goodenough–Kanamori rule can be very useful, and it pro-
vides a means of generating clusters with desirable spin
ground states. Of course, using diamagnetic FeII ions in a
square complex results in a spin ground state of the sum of
the two uncoupled heterometal spins [Figure 5(a)]. How-
ever, focusing on high-spin clusters, and in particular
squares containing LS FeIII, a great deal of spin-state con-
trol can be gained through the selection of the heterometal
ions. For example, in the first report of a fully paramagnetic
cyanide-bridged square, {[(bpy)2FeIII(CN)2]2[CuII(bpy)]2}-
(PF6)6, previously discussed, in which two LS FeIII ions
were coupled with two CuII centers, the cluster displayed
ferromagnetic interactions and thus a spin ground state of
S = 2 (Figure 5).[8] Indeed, this work has been expanded in
further studies that have also shown evidence of the LS
FeIII/CuII combination leading to S = 2 squares.[22b,33] Such
predictability of the spin state also applies to squares in
which the corner sites are shared alternately by LS FeIII

and NiII ions (t2g
5 and t2g

6eg
2, respectively), which almost

invariably result in ferromagnetically coupled S = 3
[2� (1/2) + 2 � (1)] units.[17a,18,34] Likewise, LS FeIII/HS
MnII (t2g

3eg
2) squares provide a means of accessing S = 4

spin ground states, although in this case the ground state
results from the antiferromagnetic interaction of two S =
1/2 FeIII centers and two S = 5/2 MnII ions.[15a,17b]

Dunbar et al. were able to access such a range of spin
states in their elegant work on the {[MIICl2]2[CoII(tri-
phos)(CN)2]2} [M = Mn, Fe, Co, Ni, Zn; triphos = 1,1,1-
tris(diphenylphosphanylmethyl)ethane] cyanide-bridged
square system.[35] Squares with composition [Co2Mn2],
[Co2Fe2], [Co2Co2], [Co2Ni2], and [Co2Zn2] were synthe-
sized and found to display antiferromagnetic interactions
between all (paramagnetic) metal centers and the ever-pres-
ent LS CoII ions, adhering to the spin-coupling model Stotal

= SM
II

1 – SCo1 + SM
II

2 – SCo2. This behavior led to a step-
wise series of spin ground states where S[CoMn] = 4, S[CoFe]

= 3, S[CoCo] = 2, S[CoNi] = 1, and S[CoZn] = 2� 1/2. An inter-
esting comparison to the Co(triphos) series was reported by
Mallah’s group in the form of a square with an S = 5 spin
ground state. In this case, NiII and CrIII ions were combined
to create a cyanide-bridged square with the formula
{[iPrtacnCr(CN)3Ni(Me2bpy)2]2}(ClO4)4·2CH3CN (iPrtacn
= 1,4,7-tris-isopropyl-1,4,7-triazacyclononane, Me2bpy =
4,4-dimethyl-2,2-bipyridine). The mixed NiII/CrIII system
displayed ferromagnetic interactions between metal centers,
leading to an S = 5 ground state.[14]
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Figure 5. ORTEP diagrams and susceptibility data for four
[Fe2Cu2]n+ squares: (a) [FeII

2CuII
2]4+, (b) [FeIII

2CuII
2]6+, (c) [FeII

2-
CuII

2Radical2]4+, and (d) [FeIII
2CuII

2Radical2]6+.

First-row transition metal ions are not the only possible
constituents of cyanide-bridged molecular squares and re-
lated materials. There are also several examples of transi-
tion metal/lanthanide mixed metal clusters in which weak
magnetic interactions can be observed between the metal
centers.[36] For example, a study by Kou et al. published in
2002 reported the synthesis and properties of a Cr2Gd2

square with an S = 4 spin ground state resulting from weak
antiferromagnetic interactions between two SGd = 7/2 GdIII

ions and two SCr = 3/2 CrIII centers. High-field magnetic
measurements showed that spin-flip occurred, switching the
ferrimagnetic cluster to the ferromagnetic form.

A further approach to asserting control over the spin
ground states of cyanide-bridged squares was reported in an
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[FeIII
2CuII

2] square in which imino nitroxide ligands were
used.[37] The FeIII ions were in the low spin state, and thus
ferromagnetic interactions could be predicted to be opera-
tive between metal centers, suggesting that the square
should conform to the expected S = 2 spin ground state.
However, the imino nitroxide radical ligand was shown to
couple through very strong ferromagnetic interactions
(J � 300 K) with the doublet spin of the coordinated CuII

ion due to the strict orthogonal arrangement of the CuII

(dx2–y2) and imino nitroxide magnetic orbitals (π*), meaning
that both CuII centers could be treated as effective triplet
species. The subsequent interaction between the CuII dx2–y2

orbitals and the neighboring doublet spins of the FeII dπ
orbitals meant that the overall spin ground state was S = 3
as a result of the ferromagnetic interaction of the three dis-
tinct paramagnetic centers. The corresponding result was
also obtained from the complex when the iron ions were in
the diamagnetic LS FeII state. The magnetic susceptibility
data showed that the CuII ions were ferromagnetically cou-
pled to the radicals, which resulted in a spin ground state
of S = 2� (1) (Figure 5).

Such control of the magnetic spin ground state in cya-
nide-bridged paramagnetic clusters through the choice of
transition metals also has further applications in determin-
ing the magnetic properties of cyanide-bridged square com-
plexes. For example, the combination of FeIII and NiII ions
in heterometallic squares has led to numerous examples of
clusters displaying single molecule magnet (SMM) type be-
havior.[17a,33a,34] The source of the anisotropy, requisite for
all SMMs, in [Fe2Ni2]6+ squares was investigated by Park
et al. in relation to a second cyanide-bridged square SMM,
[Fe2Co2]6+, and it was shown that the majority of the clus-
ter anisotropy originated from the LS FeIII ions as a result
of spin–orbit coupling. In contrast, the primary source of
anisotropy in the [Fe2Co2]6+ example was shown to be the
significant spin–orbit coupling in the CoII centers.[38] This
finding was later supported by further studies by Clérac et
al., which showed that the SMM behavior of two [Fe2-
Ni2]6+ square complexes was independent of the degree of
distortion around the NiII centers and arose primarily from
the orbital contribution of the FeIII ions.[34a]

Spin Crossover

The spin-crossover (SCO) phenomenon occurs when the
application of an external stimulus to a material in which a
metal center exists in a ligand field of appropriate strength
causes the metal ion to make a transition between the HS
and LS phase. This potential for bistability, that is, a system
exhibiting two phases at a given temperature, means that it
is one of the major fields of research in the search for mo-
lecular devices that can act as single molecular switches.[39]

Cyanide groups can be useful ligands in SCO complexes,
and numerous examples of cyanide coordinated SCO metal
centers have been reported. SCO complexes are still most
commonly low-nuclearity species, and there are as yet very
few examples of cyanide-bridged squares that display this
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trait. The first reported example was presented by the Oshio
group,[13] in which an Fe4 square could be tuned to display
SCO behavior. Previous studies on the [Fe2M2(μ-CN)4-
(bpy)8]n+ molecular squares (M = late-first-row transition
metal ion)[10] led to diamagnetic clusters when FeII ions
were used; however, by replacing bpy with tris(2-pyr-
idylmethyl)amine (tpa), the ligand-field strength on the FeII

centers could be weakened, and the resulting ferrous square,
[FeII

4(μ-CN)4(bpy)4(tpa)2](PF6)4 {[Fe4(tpa)2], Figure 6},
showed a two-step spin transition.

Figure 6. Diagram of [Fe4(tpa)2] at 200 K. Average coordination
bond lengths (in Å) of FeII ions at 100 K: Fe1 1.958, Fe2 1.976,
Fe3 1.958, Fe4 1.963; at 200 K: Fe1 1.954, Fe2 2.154, Fe3 1.955,
Fe4 1.965; and at 300 K: Fe1 1.954, Fe2 2.165, Fe3 1.959, Fe4
1.968.

Single-crystal X-ray diffraction data collected at 100 K
led to the elucidation of a structure in which all four FeII

centers had very similar bond lengths, within the range
1.958–1.976 Å, characteristic of LS FeII ions. X-ray struc-
tures determined at 200 and 300 K showed that three of the
FeII ions (Fe1, Fe3, and Fe4) remained in the LS state, while
the bonding distances around Fe2 extended to between
2.154 and 2.165 Å, indicative of HS FeII.

Magnetic susceptibility measurements were carried out
in the range 5–400 K, and the results are shown in Figure 7.
The χmT value below 100 K was constant and near zero
(0.3 emumol–1 K), in line with the predicted diamagnetic
state of four LS FeII ions, albeit with a paramagnetic impu-
rity that corresponded to 2.5 % of the HS FeII, S = 2 spe-
cies. As the temperature increased to 200 K, the χmT values
rose to a plateau value at 3.2 emumol–1 K, close to the value
(3.0 emumol–1 K) expected for an isolated HS FeII ion. The
plateau has a width of approximately 100 K, centered
around 240 K. Subsequent temperature increase induced a
second spin-crossover event; however, the χmT values did
not reach the expected plateau value (6.0 emu mol–1 K) for
two independent HS FeII ions. At the highest temperature
measured (400 K), the χmT value was 4.9 emumol–1 K, cor-
responding to 57% conversion of the Fe4 centers into the
HS state.
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Figure 7. Magnetic susceptibility data collected for [Fe4(tpa)2] be-
tween 5 and 400 K, with schematics representing the spin transition
in the squares.

The spin-crossover behavior of [Fe4(tpa)2] was further
supported by 57Fe Mössbauer spectroscopic data collected
across a wide temperature range, summarized in Figure 8.
The Mössbauer spectrum at 50 K was dominated by two
doublets characteristic of LS FeII species, although a low-
intensity signal characteristic of HS FeII species could also
be seen due to a paramagnetic impurity. The LS1 and LS2
doublets were assigned to the Fe1/Fe3 and Fe2/Fe4 pairs,
respectively. The peak-area ratio of the LS1, LS2, and HS
doublets was 0.52:0.44:0.04 at 50 K. As the temperature
was increased, the LS2 doublet lost intensity, and the HS
doublet gained intensity leading to peak area ratios for LS1,

Figure 8. Mössbauer spectra of [Fe4(tpa)2] collected at 50, 160, and
300 K showing observed (green crosses), fit (black lines), LS dou-
blets (blue lines), and HS doublets (red lines). Transmission values
are relative and velocity (V) is relative to metallic iron. At 50 K:
blue lines, LS1: δ = 0.21 and ΔEQ = 0.66 mms–1; LS2: δ = 0.43 and
ΔEQ = 0.43 mm s–1 and red line, δ = 1.13 and ΔEQ = 2.26 mms–1.
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LS2, and HS doublets of 0.53:0.29:0.18 and 0.56:0.22:0.21
at 160 and 300 K, respectively, suggesting that either Fe2 or
Fe4 had adopted the HS state at 300 K.

In later work on the same system, Nihei et al. showed
that by replacing the tpa ligands with 2,2�-bipyrimidine
(bpym) to form a square of formula [FeII

4(μ-CN)4(bpy)4-
(bpym)4](PF6)4·6MeOH·4H2O, [Fe4(bpym)4], the two-step
nature of the SCO process was replaced by a one-step tran-
sition.[40] Once more, complete transition could not be ob-
served up to 400 K, at which temperature the χmT value
was 3.42 emumol–1 K, corresponding to 57 % conversion of
the bpym-coordinated iron ions to the HS state. This work
was further developed by Boldog et al., who reported that
the properties of the Fe4 square could be similarly altered
to show one-step SCO behavior by replacing the bpy li-
gands with 1,10-phenanthroline (phen) groups to form
[Fe4(μ-CN)4(phen)4(tpa)2](PF6)4, [Fe4(phen)4].[41] The ob-
served differences in the spin transition behavior between
the three complexes show the need for the subtle balance
of structural factors to generate multiple-step SCO species.
These differences in behavior between Fe4 cyanide squares
was recently investigated from a theoretical viewpoint by
Zueva et al. with the conclusion that the observation of
multistep SCO was purely the influence of asymmetrical
crystal packing.[42] The [Fe4(tpa)2] cluster had triclinic sym-
metry, and thus four crystallographically distinct metal co-
ordination sites, one of which (Fe2) had a substantially dis-
torted octahedral coordination environment due to very
strong π–π interactions between the coordinating tpa ligand
and that of the Fe2 ion on a neighboring cluster. This oc-
currence led to a decrease in the ligand field strength
around Fe2 and, in turn, to the two-step SCO. [Fe4(bpym)4],
like [Fe4(tpa)2], crystallized in the triclinic space group,
P1̄; however, the square had a pseudo-inversion center and
showed no substantial distortion or asymmetrical intermo-
lecular interactions. Likewise, the [Fe4(phen)4] cluster crys-
tallized with monoclinic symmetry, ensuring that the SCO-
active FeII ions were crystallographically identical and the
ligand fields were equivalent. It is interesting to note that
the spin transition in [Fe4(phen)4] begins somewhere around
300 K, almost the same temperature as the second transi-
tion in [Fe4(tpa)2]. This suggests that the nondistorted Fe4
center in [Fe4(tpa)2] shows what may be considered to be
the expected SCO susceptibility for a [FeIItpa(NC)2] center.

The Fe4 square system is not the only example of SCO
behavior in cyanide-bridged molecular squares. In 2006
Colacio’s group observed spin transition in a heterometallic
[FeII

2NiII
2] square, {[Ni(rac-zTH)]2[Fe(CN)2(bpy)2]2}-

(ClO4)4·H2O, in which the end of a transition from HS to
LS FeII centers can be seen below 400 K. The cluster
reached the LS state, and thus the overall paramagnetic S
= 2�1 ground state of two non-interacting NiII ions below
240 K.[18]

Electron-Transfer-Coupled Spin Transition
Recently there has been much research conducted into

the charge-transfer behavior associated with heterometallic
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cyanide-bridged materials and molecules. The so-called
charge-transfer-induced spin transition (CTIST)[43] was first
observed in Prussian blue analogues by Sato et al. for the
compound K0.2Co1.4[Fe(CN)6]·6.9H2O, which showed elec-
tron transfer from CoII to FeIII ions followed by subsequent
transition from HS to LS on the CoIII ions. The CTIST
behavior was induced by light irradiation of the material’s
IVCT band.[44] Since that time, there has been much focus
on the development of molecular species that display
CTIST behavior, by either thermal or photostimulation.

Photoinduced CTIST (from the LS to the light-induced
HS phase) follows a multistep pathway; firstly charge trans-
fer from the [LSFeIILSCoIII] to the [LSFeIIILSCoII] state,
causing the metal centers to exist as doublet FeIII and CoII

ions. Secondly, the doublet CoII ion undergoes spin transi-
tion to reach the HS state of [LSFeIIIHSCoII]. In contrast
to the photoinduced process, thermal CTIST is entropy-
driven and occurs in one step, that is, electron transfer does
not “induce” the spin transition. In this context, the term
CTIST succinctly describes the photoinduced phenomenon,
but is slightly less accurate in its depiction of the thermal
process. Additionally, the term “charge transfer” is used
freely to describe cases where a fraction of the electronic
charge is shared between two sites ([AB]h[A+B–]) or when
a complete transfer of charge has occurred with no delocal-
ization ([AB]�[A+B–]), and as such carries a degree of am-
biguity. In CTIST, the [LSFeIIIHSCoII] state, generated
from [LSFeIILSCoIII] via the [LSFeIIILSCoII] state, can be
considered to have no delocalized electrons between the Fe
and Co centers, that is, completely localized electron trans-
fer has occurred ([AB]�[A+B–]). Thus, it may be commen-
surate to term this process electron transfer. In the case of
molecular species such as ours, we therefore propose that
both the thermal and light-induced processes may be de-
scribed as electron-transfer-coupled spin transition
(ETCST).

Dunbar and co-workers developed a family of pentanu-
clear cyanometalates of the general formula {[M(tmphen)2]3-
[M�(CN)6]2}, (tmphen = 3,4,7,8-tetramethyl-1,10-phenan-
throline), which displayed a range of physical properties
such as SMM behavior, linkage isomerism, and SCO, de-
pending on the constituent metal ions. In the mixed-valence
{[Co(tmphen)2]3[Fe(CN)6]2} species, they reported the oc-
currence of thermal CTIST,[45] as they did in their recent
study on the osmium-containing cluster {[Fe(tmphen)2]3-
[Os(CN)6]2}.[46] Mixed-valence Fe–CN–Co systems have
two accessible electronic states; [LS FeIII (t2g

5)–CN–HS
CoII (t2g

4eg
2)] and [LS FeII (t2g

6)–CN–LS CoIII (t2g
6)], which

can be accessed at high and low temperature, respectively,
and are generated by electron transfer between the iron t2g

and the cobalt eg orbitals. In 2007, Holmes’s group, in col-
laboration with Clérac and Mathonière, reported the first
cyanide-bridged molecular cube, {[(pzTp)Fe(CN)3]4[Co-
(pz)3CCH2OH]4}(ClO4)4·13DMF·4H2O {where pzTp and
(pz)3CCH2OH were pyrazole-derivatized tridentate
ligands}, which exhibited both thermally and light-induced
electron transfer processes that led to spin transition.[47] In
2010, the same group published a paper reporting the ob-
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servation of this behavior in a cyanide-bridged molecular
square.[48] It should be noted that all previously reported
cases of the phenomenon, in molecular and bulk species,
have shown one-step transitions. However, the Oshio group
recently reported the first example of an ETCST-active
complex that showed two-step behavior, and a metastable
intermediate state.[49]

An [Fe2Co2] square system [Co2Fe2(CN)6(tp*)2(dtbbpy)4]-
(PF6)2·2MeOH ([Co2Fe2-1], dtbbpy = 4,4�-di-tert-butyl-
2,2�-bipyridine) was reported, and X-ray crystal structure
analysis for [Co2Fe2-1] was performed at 100 K. The result-
ant structure is displayed in Figure 9. [Co2Fe2-1] is a hetero-
metallic square, in which Fe and Co ions are alternately
bridged by cyanide ions. The complex crystallized in the
monoclinic space group, C2/c, where a twofold axis bisects
the square. The Fe ions were coordinated by three cyanide
carbon donors and a tridentate tp* ligand. The Co ions
were coordinated by the bidentate dtbbpy ligands and
bridged to the Fe ions via the nitrogen donors of the cya-
nide groups. The Fe centers had an average coordination
bond length of 1.959 Å at 100 K, characteristic of LS FeII

or LS FeIII, while the Co ions had bonding distances in the
range 1.892–1.944 Å, indicative of LS CoIII.

Figure 9. Diagram of [Co2Fe2-1] at 100 K; the dtbbpy tert-butyl
groups have been omitted for clarity.

Magnetic susceptibility measurements conducted be-
tween 5 and 330 K showed constant χmT values below
250 K, at which point the χmT value was 0.18 emumol–1 K,
suggesting that [Co2Fe2-1] was in the diamagnetic electronic
state of [LSFeII

2LSCoIII
2]; the low-temperature (LT) phase,

albeit with a slight paramagnetic impurity (Figure 10). Sub-
sequent temperature increase from 250 to 330 K brought
about a two-step increase in χmT value, with steps centered
at 275 and 310 K, indicating the occurrence of ETCST from
the LT to a high-temperature (HT) phase via an intermedi-
ate (IM) state. The χmT value at 330 K (HT phase) was
6.55 emumol–1 K, in agreement with the expected Curie
constant (6.32 emu mol–1 K) for the [LSFeIII

2HSCoII
2] elec-

tronic state of two isolated LS FeIII (S = 1/2, g = 2.7) and
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two HS CoII (S = 3/2, g = 2.3) ions. The χmT value of the
IM phase was 3.33 emu mol–1 K at 296 K, half that of the
HT phase.

Figure 10. Magnetic susceptibility data collected for [Co2Fe2-1] dis-
played between 200 and 330 K, with schematics representing the
spin transition in the squares. Orange circles represent FeII ions,
green CoIII, yellow FeIII, magenta CoII.

57Fe Mössbauer spectra of [Co2Fe2-1] were measured at
20, 280, and 320 K to determine the electronic states of the
iron ions in the HS, IM, and LT phases (Figure 11). The
measurements confirmed that all iron ions were in the LS
FeII state in the LT phase, (δ = 0.22 and ΔEQ = 0.43 mms–1)
and in the oxidized LS FeIII state in the HT phase (δ = 0.00
and ΔEQ = 0.91 mms–1). The observation of the difference
between the LT and HT phases indicates that complete
ETCST from the [LS FeII

2 LS CoIII
2] to the [LS FeIII

2 HS
CoII

2] state had occurred by 320 K. The IM phase displayed
a 50:50 mixture of both doublets, suggesting that half of
the iron ions had undergone ETCST at 280 K.

X-ray structural analyses conducted at temperatures cor-
responding to the IM and HT phases showed that the crys-
tallographic space groups remained the same (C2/c), but
that the bonding distances around the metal ions changed
markedly. In the HT phase the Co and Fe ions had average
bonding distances of 2.113 and 1.964 Å, respectively, sug-
gesting complete ETCST from the LT phase to the HT
phase. In contrast, the IM phase showed Co bonding dis-
tances with an average length of 2.020 Å, lying between
those expected for HS CoII and LS CoIII ions, suggesting
positional disorder between HS and LS ions. Thus, there
were two possibilities: firstly, that the IM phase contained
[FeIIFeIIICoIICoIII] squares or secondly, that it consisted of
a mixture of squares in their LT [FeII

2CoIII
2] and HT

[FeIII
2CoII

2] states. To elucidate the nature of the IM phase,
synchrotron radiation was employed at 298 K, which
showed that, while the unit cell had maintained the same
symmetry, it had quadrupled in volume to contain four
crystallographically unique squares. Inspection of this data
confirmed that the unit cell contained two [LSFeII

2-
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Figure 11. Mossbauer spectra of [Co2Fe2-1] collected at 20, 280,
and 320 K showing observed (green crosses), fit (black lines), LS
FeII (blue lines), and LS FeIII doublets (red lines). Velocity (V) is
relative to metallic iron.

LSCoIII
2] and two [LSFeIII

2HSCoII
2] squares, which formed

π-stacked layers in which the HT and LT species were alter-
nately arranged.[50]

To investigate the importance of the choice of ligands
used in the syntheses of ETCST-active clusters the dtbbpy
and tp* ligands used in [Fe2Co2-1] were replaced by bpy
and tp ligands to give [Co2Fe2(CN)6(tp*)2(bpy)4](PF6)2

([Fe2Co2-2]) and [Co2Fe2(CN)6(tp)2(dtbbpy)4](PF6)2

([Fe2Co2-3]), respectively. Derivatization of ligands with
electron-donating substituents such as the methyl and tert-
butyl groups in tp* and dtbbpy, respectively, changes the
redox potentials of their coordinated metal ions. It was
shown that, by using bpy in place of dtbbpy (in [Fe2Co2-
2]), the cluster could be stabilized in the HT phase across
the entire temperature range (Figure 12). In contrast, when
tp was used in place of tp* (in [Fe2Co2-3]), the cluster was
diamagnetic at all temperatures measured. These experi-
ments emphasized the need for balance in the electron-do-
nating character of the ligands used. If the difference in
Gibbs free energy (ΔG) between the HT and LT phases is
large, then the cluster will exist in one phase across the tem-
perature range. Using a balanced choice of ligands mini-
mizes ΔG and introduces the potential for the occurrence
of ETCST.[50]

A phenomenon which has also been observed in all re-
ported ETCST-active cyanide-bridged molecular squares is
the potential to access a metastable phase at low tempera-
tures, through light-induced ETCST (LIETCST). Light ir-
radiation at wavelengths close to that of the IVCT band for
the FeII�CoIII transition in [Co2Fe2-1] (λmax = 770 nm in
butyronitrile) at 5 K led to a sharp increase of χmT up to a
saturated value of 3.25 emumol–1 K after 3 hours of irradia-
tion, indicating the generation of a light-induced HT phase,
(Figure 11). The light source was then removed, and the
temperature was increased, which caused the χmT values to
climb steadily to a maximum of 5.25 emumol–1 K at 46 K,
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Figure 12. Magnetic susceptibility data collected for [Co2Fe2-1]
(blue), [Co2Fe2-2] (green), and [Co2Fe2-3] (black) between 5 and
330 K, the red rings show the effect of light irradiation (3 h, at
808 nm) of the LT phase of [Co2Fe2-1].

approximately 80% of the value observed for the HT phase
at 330 K, a disparity put down to the incomplete light pene-
tration of the crystals. Above 46 K the light-induced HT
phase thermally relaxed and had fully returned to the LT
diamagnetic phase by 80 K. Interestingly, the differential
plot of the transition showed that the thermal relaxation of
the light-induced HT phase was a two-step phenomenon,
passing through an intermediate state at approximately half
of the maximum χmT value for the light-induced phase, sug-
gesting that it may be the same mixed electronic state as
that observed in the thermal IM state.

In 2010, Lescouëzec’s group reported the synthesis of an
[Fe2Co2] square in which the square was in the diamagnetic
[FeII

2CoIII
2] state across the entire temperature range mea-

sured.[51] However, when the samples were irradiated with
white halogen light at 10 K for a period of 4 hours, a para-
magnetic signal appeared that was saturated at
7.2 emu mol–1 K, indicative of the occurrence of photoin-
duced electron transfer and a change in the complex from
the diamagnetic state to a metastable light-induced para-
magnetic phase, [FeIII

2CoII
2]. After the light source was re-

moved, the temperature was gradually increased, and this
led to an initial slight decrease in χmT up to 35 K, after
which χmT remained almost constant until around 100 K,
when the metastable phase thermally relaxed back to the
native diamagnetic state. The magnetic behavior suggested
that full transition had occurred and that the light-induced
[FeIII

2CoII
2] state had ferromagnetic interactions between

all metal centers. This type of light-induced diamagnetic �
ferromagnetic switching may be an important target in the
future development of molecular devices and quantum
computing.[51]

Conclusions
This review has introduced the recent developments in

the field of cyanide-bridged molecular square complexes.



Cyanide-Bridged Molecular Squares – The Building Units of Prussian Blue

These molecules are an attractive synthetic target and can
be controllably generated from a number of building block
approaches, and they can be relatively easily tuned to be
homo- or heterometallic. Likewise, their physical properties,
such as the spin ground state, can be controlled by the
choice of constituents. Their properties are varied and gen-
erally relate back to the behavior of cyanide bridges as facil-
itators of electronic and magnetic coupling interactions.
Multiple oxidation and spin states can be stabilized in the
squares as a result of their rigidity, and recent work on
SCO- and ETCST-active species has suggested that these
could be key materials in the development of new molecular
devices. Indeed, [Fe2Co2] squares have recently shown
multistep ETCST behavior and light-induced bistable mag-
netic states at low temperatures.
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