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Die drei unabh�ngigen, verzahnten dreidimensionalen Netze in
[Fe(pdm)(H2O){Ag(CN)2}2]·H20 bilden nach Verlust koordinierter
Wassermolek)le ein zusammenh�ngendes dreidimensionales Netz.
Diese reversible Umwandlung f)hrt zu drastischen .nderungen bei
den Spin-Crossover-1berg�ngen. Weitere Informationen dazu gibt die
Zuschrift von J. A. Real und Mitarbeitern auf den folgenden Seiten.
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Hysteresis in Fe-CN-Ag/Au Networks

Crystalline-State Reaction with Allosteric Effect
in Spin-Crossover, Interpenetrated Networks with
Magnetic and Optical Bistability**

Virginie Niel, Amber L. Thompson, M. CarmenMu�oz,
Ana Galet, Andr�s E. Goeta, and Jos� A. Real*

The versatility of metal–organic chemistry offers a unique
opportunity to construct multifunctional materials based on
the assembly of molecular building blocks. Such an approach
can lead to the design of coordination polymers with specific
network topologies and potentially interesting properties.[1]

Incorporation of iron(ii) spin crossover (SCO) building blocks
in such framework structures is particularly suitable for these
purposes as the labile electronic configurations of the iron
units may be switched between the high- (HS) and low-spin
(LS) states. This switching leads to distinctive changes in
magnetism, color, and structure, which may be induced by
variation of temperature and/or pressure and by light irradi-
ation.[2] Strong signal generation and hysteresis (memory
effect) may be achieved when rigid linkers, which allow
communication between the SCO centers, propagate the
structural changes cooperatively to the whole framework
conferring a bistable character to the material.[3–5] The con-
struction of sensory and memory devices is the ultimate goal.

Hofmann-like open frame coordination polymers have
been the subject of much research for many years.[6] Never-
theless, incorporation of iron(ii) SCO building blocks in such
systems is relatively recent.[7] Following this strategy we have
shown the suitability of cyano-metallate complexes as con-
nectors between iron(ii) SCO centers to build highly cooper-
ative thermo-, piezo-, and photo-switchable two- and three-
dimensional coordination polymers.[8–10] A further important
aspect for developing multifunctional materials based on
these polymers stems from their porous nature,[11] which
opens opportunities for investigating the interplay between

inclusion chemistry and SCO signal generation.[12, 13] Herein
we report on the incorporation of electronic SCO, molecular
recognition, and crystalline-state reaction[14] switching events
and their cooperative interactions in [Fe(pmd)-
(H2O){M(CN)2}2]·H2O (1) (pmd= pyrimidine; M=Ag
(1Ag) or Au (1Au)). This is a cyanide-based bimetallic
coordination polymer made up of triple interpenetrated, 4-
connected, three-dimensional, open-frame networks.

Compound 1 is monoclinic (space group P21/c) whatever
the spin state (the structural parameters reported below
correspond to the HS state).[15] Two distinct iron atoms, Fe(1)
and Fe(2) (see Figure 2), which define the inversion center of
an elongated {Fe(1)N6} and a compressed {Fe(2)N4O2}
coordination octahedron, respectively, constitute the building
blocks of the structure. The four equatorial positions are
occupied 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 (Fe(1)) and by two water molecules
(Fe(2)). The [M(CN)2]

� groups link the Fe(1) and Fe(2) atoms
generating {Fe(1)-NC-M(1)-CN-Fe(2)-NC-M(2)-CN-} groups
which connect to form rectangular motifs. These rectangles
have edges Fe(1)···Fe(1)= 20.5775(7) (1Ag), 20.3860(6) =
(1Au) and Fe(1)···Fe(2)= 10.6417(2) (1Ag), 10.5643(2) =
(1Au). The edge sharing rectangles define an infinite set of
parallel layers pillared by [M(CN)2]

� groups. The resulting 4-
connected 3D network corresponds to the expanded version
of the prototypical CdSO4 net decorated by the coordinating
water molecules and the pmd ligands (Figure 1a).[16, 17] The
much larger intraframework spaces are occupied by two other
identical but independent networks, which interpenetrate the
first network and each other (Figure 1b). Communication
between the three covalently bonded nets is through weaker
metallophilic M···M interactions (average Ag···Ag and
Au···Au distances 3.1813(3) and 3.2901(4) =, respectively)
and hydrogen bonds between the coordinated water mole-
cules and the uncoordinated nitrogen atom of the pmd ligands
(N(pmd)···H20= 2.805(3) = (1Ag) and 2.762(6) = (1Au);
(Figure 2a, b). This arrangement accounts for the close
proximity of the Fe(2) atom and the uncoordinated nitrogen
atom, Fe(2)-OH2···N(pmd), which provides favorable condi-
tions for a topochemical reaction to take place (Figure 2a).

Complete and rapid loss of both ligated and nonbonded
water molecules occurs simultaneously in the temperature
range 345–399 K (1Ag) and 323–382 K (1Au). X-ray powder
diffraction spectra (XRPD) were recorded on 1Au at 290 K
and 373 K at ambient pressure and at 290 K under vacuum.
The data obtained clearly confirms that at 290 K at ambient
pressure the sample is in the hydrated state, in agreement with
results obtained from single-crystal measurements. The X-ray
spectra taken at 373 K at ambient pressure and at 290 Kunder
vacuum are essentially identical though different to the
spectra of the hydrated sample, thus revealing the structural
changes caused by the loss of the water molecules. Ab initio
indexing of the powder pattern of the dehydrated sample
clearly shows the massive cell-contraction (ca. 2.5 =) taking
place along the a axis, previously assumed from the observed
shift of the 200 reflection from 12.3(2)8 to 14.5(2)8 (Support-
ing Information). This large and reversible structural mod-
ification involving not only the loss of an unbound water
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molecule but more importantly the loss of a
coordinating water molecule, affects the integrity
of the single crystals of 2 (they crack and become
effectively a polycrystalline powder) precluding
the in situ structure determination from single-
crystal diffraction techniques. The structure
determination of 2Au was then carried out from
a rigid-body Rietveld refinement of the hydrated
model, excluding the water molecules, using the
newly determined cell parameters.[18] No change
in space group has been observed following the
1$2 transformation. There are two crystallo-
graphically distinct {FeN6} distorted octahedrons
in 2 whose Fe(1) and Fe(2) sites can be unambig-
uously identified with those corresponding to 1.
However, in contrast to 1, the pmd ligand now
bridges directly the Fe(1) and Fe(2) atoms defin-
ing a system of infinite chains {-Fe(1)-pmd-Fe(2)}
running parallel to the a axis (Fe(1)···Fe(2)=
6.1927(4) =) in 2. The [M(CN)2]

� groups of one
chain link with the equatorial positions of the iron
centers, connecting adjacent chains and defining a
single 3D network (Figure 2c, d). These signifi-
cant structural changes are a consequence of the
cooperative topochemical ligand substitution,
which involves the concerted loss of the bonded
water generating double coordination unsatura-
tion at the Fe(2) centers and the coordination of

the uncoordinated pmd nitrogen atom belonging to adjacent
networks. A first example of topochemical conversion of a
hydrogen-bonded into a covalent bonded supramolecular
network was described for the binuclear [{Zn(sala)-
(H2O)2}2]·2H2O compound (H2sala=N-(2-hydroxybenzyl)-
l-alanine), but this process was irreversible.[19] In contrast,
when 1Au and 1Ag are exposed to an atmosphere of H2O,
selective absorption of this vapor induces the inverse reaction
at the Fe(2) sites, regenerating the three independent 3D
networks (Figure 2c, d). The system does not suffer any
noticeable fatigue after repeating several 1$2 cycles.

X-ray powder diffraction spectra of 1Ag have also been
recorded and it can be clearly observed that the behavior is
similar to that described for the 1Au compound. In spite of
this, there are clear differences between 2Ag and 2Au, which
point to either a different unit cell or a loss of symmetry from
monoclinic to triclinic in 2Ag. Further work is in progress to
establish the cell parameters and space group for 2Ag, with
the aim of solving its crystal and molecular structure.

Figure 3 shows the temperature dependence of the cMT
product for 1Ag and 1Au, cM being the molar magnetic
susceptibility and T the temperature. At room temperature,

Figure 1. a) Fragment of the 3D network of 1 displaying
the expanded version of the CdSO4 structure. b) Perspec-
tive view of the three interlocked networks.

Figure 2. a) Unit cell of 1 showing fragments of three networks. Arrows on the uncoordinated
nitrogen atoms (blue) and coordinated water molecules (green) indicate the dynamic event,
which takes place during the topochemical solid-state reaction. b) Perspective view, [001], of
the three nets showing the N(pmd)····H2O hydrogen-bond system. c) Unit cell of 2Au display-
ing the infinite chains defined by the bridging mode of the pmd ligand (striped bonds repre-
sent the new coordination bonds generated after dehydration. d) Perspective view of the new
3D network 2Au. e) Photographs showing the color change of a 1Ag single crystal around the
critical region (yellow and deep red colors correspond to the high- and low-spin states, respec-
tively).
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cMT is 3.7 for 1Ag and 3.6 cm3Kmol�1 for 1Au. These values
are consistent with the iron(ii) ion in the HS state. Upon
cooling, cMT remains almost constant up to 218 K (1Ag) and
165 K (1Au), below these temperatures the cMT value
undergoes a sharp decrease that is characteristic of a first
order SCO transition. The cMT value drops to 1.8 (1Ag) and
1.7 (1Au) cm3Kmol�1 at 213 K and 159 K, respectively. The
warming mode reveals the occurrence of thermal hysteresis.
The critical temperatures for the cooling (Tdown

c ) and warming
(Tup

c ) modes (215 and 223 K (1Ag) and 163 and 171 K (1Au)
respectively), indicate the occurrence of approximately 8 K
wide hysteresis loops. At temperatures below Tc, the cMT
value indicates that 50% of the iron(ii) ions remains in the HS
state for both compounds. As expected from their coordina-
tion environments, Fe(1) undergoes the HS$LS transition
while Fe(2) remains HS, which is in agreement with the
structural data obtained at 120 K for both derivatives.

The temperature dependence of cMTwas measured for the
dehydrated 2Ag and 2Au forms (Figure 3a,b).For 2Ag cMT
is 3.6 cm3Kmol�1 at room temperature and remains constant
down to 125 K, which indicates that the iron(ii) ion is in the
HS state in 2Ag. The subsequent sharp decrease of cMT to a
value of 1.9 cm3Kmol�1 is due to the occurrence of a spin
transition. The warming mode reveals the occurrence of a
17 K wide thermal hysteresis loop. The critical temperatures
are Tdown

c = 124 K and Tup
c = 141 K. Compound 2Ag has a

hysteresis loop twice the width of 1Ag, which denotes the
expected increase of cooperativity when replacing the hydro-
gen-bonding internetwork interactions in 1 by stronger
coordination bonds in the more rigid framework 2. Com-
pound 2Au does not undergo a spin transition in the whole
temperature range (cMT has a constant value of around
3.8 cm3Kmol�1 between room temperature and 120 K). This
difference in the behavior of 2Ag and 2Au may be supported

by the differences in the diffraction patterns observed for
each of the compounds upon dehydration, see above. The
marked down shift of Tc in 2Ag and disappearance of SCO in
2Au indicate a decrease of the ligand-field strength at the
Fe(1) site and may be ascribed to the bridging mode of the
pmd ligand. Recovery of the original SCO behavior of 1Ag
and 1Au occurs when 2Ag and 2Au are left in air
atmosphere.

Compounds 1Ag, 1Au, and 2Ag undergo a dramatic
change of color from pale yellow (HS state) to deep red (LS
state) accompanying the SCO (Figure 2e). This thermochro-
mic effect, observed in other 2D and 3D FeII–MII (M=Ni, Pd,
Pt) Hofmann-like SCO compounds, is a consequence of the
increase in intensity of the metal-to-ligand charge transfer
(MLCT) band around 550 nm, associated with the electron
delocalization from the t2g orbitals of the iron(ii) ion to the
p* orbitals of the ligands which is enhanced by the HS!LS
spin change.[8]

In summary, the coordination polymers 1Au and 1Ag
undergo thermally induced first-order, spin-crossover tran-
sitions with magnetic and chromatic bistability. They also
participate in a controlled and fully reversible crystalline-
state ligand substitution, involving coordination/uncoordina-
tion of gaseous water and pmd. This induces expansion/
contraction of the nanoporous framework and the repeated
allosteric transformation of the three interpenetrated nets
into a single three-dimensional net (2Ag and 2Au) without
affecting their crystallinity but altering their SCO behavior
significantly. Such a cooperative combination, in the same
lattice, of different molecular events, such as recognition,
allosterism, and electronic bistability is of fundamental
significance for the generation of new switchable, multi-
property materials.

Experimental Section
1Ag : was synthesized by slow diffusion, under an argon atmosphere,
of two aqueous solutions containing stoichiometric amounts of
Fe(BF4)2·6H2O (0.185 mmol, 2 mL)/pyrimidine (0.374 mmol, 2 mL)
in one side and K[Ag(CN)2] (0.374 mmol, 2 mL) in the other side of
an H-shaped vessel. Pale yellow prismatic crystals were separated
three weeks later. Yield approximately 50%. Elemental analysis (%)
calcd for C8H8N6Ag2O2Fe: C 19.54, H 1.61, N 17.09; found: C 20.05, H
1.98, N 16.76.

1Au : to an aqueous solution containing FeCl2 (0.087 mmol,
4 mL) and pyrimidine (0.173 mmol, 4 mL) was added a water solution
of K[Au(CN)2] (0.173 mmol, 6 mL). The resulting solution was stirred
for 10 min and left at room temperature to evaporate under an argon
stream. Pale yellow crystals were separated one week later. Yield
approximately 70%. Elemental analysis (%) calcd for
C8H8N6Au2O2Fe: C 14.34, H 1.20, N 12.54; found: C 14.95, H 1.50,
N 12.03.

2Ag and 2Au : Dehydrated samples 2Ag and 2Au were prepared
from 1Ag and 1Au in the SQUID sample holder. Hydrated samples
placed in sealed containers in the SQUID sample holder and their
magnetism checked. Small holes were then made in the lids of the
sample containers and the samples left standing for 30 min at 380 K,
dehydration under these conditions is confirmed by the thermogravi-
metric analysis (see Supporting Information).
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Figure 3. Magnetic susceptibility measurements displaying the first-
order spin transition for a) 1Ag/2Ag and b) 1Au/2Au.
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Metallacryptate Magnets

Synthesis and Magnetic Properties of a
Metallacryptate that Behaves as a
Single-Molecule Magnet**

Catherine Dendrinou-Samara, Maria Alexiou,
Curtis M. Zaleski, Jeff W. Kampf, Martin L. Kirk,*
Dimitris P. Kessissoglou,* and Vincent L. Pecoraro*

Metallamacrocyles have been intensively studied over the
past decade. These molecules have already been used in
applications as diverse as catalysis,[1] sensors,[2] or as chiral
building blocks for two- and three-dimensional solids.[3]

Metallamacrocyles include complexes such as metalla-
crowns,[3,4] molecular squares,[1, 2] metallacalixarenes,[5] and
metallahelicates.[6] Metallacrowns (MC), the inorganic struc-
tural and functional analogs to crown ethers, are usually
formed with transition-metal ions incorporated into the
metallamacrocyclic ring, thus providing the attractive feature
that they concentrate a large number of metal ions per unit
volume. This large metal-ion concentration may lead to
interesting magnetic behavior.[4,7]

Since the recognition of single-molecule magnets (SMMs)
in 1993, the field has gained considerable attention as a study
of both classical and quantum effects.[8, 9] SMMs of cobalt,[10]

vanadium,[11] nickel,[12] iron,[13] and a mixed-metal system[14]

have been studied. However, the best known and most
intensely studied SMMs are the manganese carboxlyate
clusters, which range in size from Mn4 to Mn30.

[15] Herein we
report the synthesis (Scheme 1) and characterization of the
second[16] known Mn26 complex [MnII

4 MnIII
22(pdol)12(m3-

CH3O)12(m3-O)10(m4-O)6(N3)6] (1; pdol2�=dipyridylketone-
diolate ion), a highly symmetric metallacryptate that exhibits
an imaginary component in the low-temperature ac suscept-
ibility data that is consistent with SMM behavior.[17]

The crystal structure of 1 is shown in Figure 1. A core
composed of 16 MnIII ions, 12 methoxide, and 16 oxide groups
is surrounded by strands of Mn ions and pdol2� ligands, which
form the metallacryptand (a three-dimensional version of a
metallacrown). Figure 2 highlights the connectivity between
the strands and the inner core. These strands, with the inner
core removed, are shown as stereoviews oriented along the
crystallographic twofold and threefold axes (Figure 3). The
metallacryptand has an adamantoid structure[18] with four
MnII ions on threefold axes that are bridged by pdol-MnIII-
pdol links; thus, 1 is a [4]metallacryptand, in which the
{Mn16(O

2�)12(MeO�)16} core is encapsulated (Figure 4). While
1 contains 26 metal ions, there are only four crystallograph-
ically unique manganese ions (Figure 5).

Mn1, Mn2, and the 12pdol2� ligands form the metal-
lacryptand. The four seven-coordinate Mn1 centers (on
threefold rotational axes) interact with three pyridyl nitrogen
atoms (N1), three m-oxygen atoms from the pdol2� ligand
(O1), and a m3-oxide oxygen atom (O4) that links the
metallacryptand to the core (Figure 5a). This face-capped
octahedral polyhedron forms a L propeller, which results in a
chiral molecule.[19] From the average Mn�N/O bond length of
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