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Pentanuclear cyanide-bridged clusters of the general formula {[M(tmphen)aJs[M’(CN)glo} (tmphen = 3,4,7,8-tetramethyl-
1,10-phenanthroline) have been under investigation in our laboratories for a number of years. These related molecules
are conveniently prepared by a building block approach that involves the reaction of mononuclear {M(tmphen),X}*?*
species (M = Cr, Mn, Fe, Co, Ni, Zn; X = anion, solvent) with [M’(CN)¢J*~ anions (M’ = Cr, Mn, Fe, Co, Os). The
resulting trigonal-bipyramidal (TBP) clusters, consisting of M and M’ centers in the equatorial and axial positions, respectively,
exhibit diverse properties including those that had previously been observed only for Prussian blue extended phases;
these properties include single-molecule magnetism, spin crossover, charge-transfer-induced spin transitions, cyanide
linkage isomerism, and magnetic coupling through diamagnetic metal ions. Given that a series of clusters with identical
axial cyanometallate units can be prepared, we have been able to establish trends in magnetic coupling for families of
clusters with different equatorial metal ions. The crystal packing of the clusters, which involves supramolecular s-stacking
interactions, reveals the origin of the observed differences in the coordination environments and, in several cases, the
physical properties of the metal ions in the equatorial sites. Recent work has focused on the use of these molecules as
building blocks for magnetic chains and the incorporation of highly anisotropic 5d metal ions such as Os'" into the TBP
core. Such comprehensive studies of small clusters are valuable for understanding and modeling the magnetic behavior

of more complicated cyanide materials.

1. Introduction

Two significant developments occurred in the late 1990s
that contributed to the current renaissance in the field of
cyanide magnetism. First, it was discovered that early-
transition-metal analogues of Prussian blue (PB) exhibit long-
range magnetic ordering at moderately high temperatures,'-
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a finding that ultimately led to the synthesis of derivatives
with ordering temperatures as high as 376 K.> Second, it
was recognized that paramagnetic molecules with relatively
high ground-state spin values and negative Ising anisotropy
can exhibit magnetic bistability.* This behavior in discrete
molecules, akin to superparamagnetism in nanoparticles, is
now commonly referred to as single-molecule magnetism
(SMM).°
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For a full decade after the initial discovery of SMM
behavior, the phenomenon was known solely for select oxo-
and carboxylato-bridged clusters of Mn, Fe, or Co.” Given
that the cyanide (CN™) bridge generates moderate and
predictable exchange interactions between metal centers,®’
the development of synthetic strategies for generating poly-
nuclear cyanide-based SMMs was a logical direction for
research in this area. This approach has proven to be fruitful,
as SMM behavior has now been observed in a number of
cyanide-bridged clusters.'*”

The design of cyanide complexes with specific geometries
is conveniently accomplished by a building block ap-
proach,®*** in which multidentate ligands are used to block
coordination sites on transition-metal ions, hence restricting
the growth of the structure to finite dimensions rather than
extended PB phases. By capitalizing on the high degree of
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synthetic control, researchers have prepared SMMs with a
variety of shapes,® ranging from linear trinuclear'>* and
square-planar tetranuclear species'® to octanuclear cubic'**
and pentadecanuclear face-and-body-centered cubic com-
plexes. 172223

In addition to contributing new insight to the understanding
of factors that play a role in SMM behavior, research in
cyanide chemistry is also helping to shed light on other
interesting magnetic phenomena, such as photomag-
netism*>? and spin crossover.**! The collective data from
the past several decades serve to demonstrate that cyanide
complexes are versatile platforms for advancing our funda-
mental understanding of the behavior of molecule-based
magnets. Of specific importance to the topic of this Forum
Article is the fact that the pentanuclear trigonal bipyramid
(TBP) is a particularly stable molecular geometry that is well
suited for a variety of molecular magnetism applications.

The TBP cyanide cluster type was first documented in
1997 by Murray et al.,** who reported a crystal structure of
the ferromagnetically coupled cluster {[(Ni'(bpm),]s-
[Fe™(CN)sl,} (bpm = bis(1-pyrazolyl)methane) with a
ground-state spin value of S = 4. Verdaguer et al. followed
up on this theme with an interesting variation, viz., the
isolation of Ni';Fe'l;, TBP clusters with ground-state spin
values of § = 7 achieved by outfitting the Ni centers with
paramagnetic S = '/, radical ligands (e.g., IM2-py = 2-(2-
pyridyl)-4.,4,5,5-tetramethyl-4,5-dihydro- 1 H-imidazolyl-1-
oxy).** Other metal combinations for the TBP core were
reported in the same time frame by our group (i.e.,
{[Co(bpy),]5[Fe(CN)s],}Cl; bpy = 2,2"-bipyridine**) and
Mallah et al. (i.e., {[Ni(IM2-py),]5[Cr(CN)],}*%). Over the
next few years, a variety of similar clusters were isolated
with various equatorial metal ions and hexacyanometallate
anions (e.g., {[Cu(bpy),]s[Fe(CN)sl2}** and {[Ni(bpm),]s-
[Co(CN)6]2}47). Recently, Zuo et al. reported a new family
of TBP clusters in which both equatorial and axial metal
centers are capped by chelating ligands (e.g., {[Cu(Mes-
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Scheme 1. Schematic Drawing of the TBP Cluster Synthesis from Mononuclear Precursors
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tacn)];[Fe(Tp)(CN);],}(ClOy4)y; Tp~ = hydrotris(1-pyra-
zolyl)borate, Mestacn = N,N’,N”-trimethyl-1,4,7-triazacy-
clononate'”). A number of related compounds have since
been reported, including {[Fe(Tp)(CN)]5[M(Tpm™¢)(CN);],}-
ClO, (Tpm™® = tris(3,5-dimethyl-1-pyrazoyl)methane, M =
Ni, Co, Fe),*® {[Ni(cyclen)]s[Fe(Tp)(CN)],}(BF,)4 (cyclen
= 1,4,7,10-tetraazacyclododecane), and {[Cu(Mestacn)]s-
[Cr(Mestacn)(CN)s 12} (C104)s. >’

Although there are many reports of paramagnetic cyanide
cluster compounds, there is, in general, a lack of systematic
data for a wide range of possible metal ion combinations
within the same molecular geometry. A longstanding goal
of this group is to develop general synthetic methodologies
for the synthesis of structurally related molecules in order
to systematically assess how the cyanide ligand affects
exchange interactions and magnetic properties for different
metal ion combinations in the M’—CN—M pair. Our studies
of TBP clusters of the general formula {[M(tmphen),];-
[M’(CN)¢l,} (tmphen = 3.4,7,8-tetramethyl-1,10-phenan-
throline), hereafter denoted as M;M’,, have been especially
rewarding in this regard. In contrast to many other bidentate
polypyridyl ligands that have been attempted in this research,
tmphen leads to the formation of good yields of crystalline
samples for many combinations of metal ions. This protocol
has provided us with an opportunity to deliberately introduce
various metal centers into specific sites of a cyanide-bridged
cluster, efforts that have led to molecules with an exception-
ally broad range of physical properties. Highlights of these
studies include experimental confirmation of the SMM
behavior for the Mn;Mn, combination, a charge-transfer-
induced spin transition (CTIST) for the CosFe, analogue, a
temperature-induced low-spin (LS) to high-spin (HS) transi-
tion for the Fes;Fe, and Fe;Co, molecules, and cyanide
linkage isomerism for the Fe;Cr, and Co;Cr, compounds.
Many of these properties have been documented for PB-
type extended phases containing analogous combinations of
transition-metal ions, while others are specific only for the
molecular compounds. As part of our ongoing investigations,
we are studying how intermolecular packing interactions
affect the spin-transition behavior in these clusters, incor-
porating 4d and 5d metal ions into the TBP core, and

(48) Gu, Z. G.; Yang, Q. F.; Liu, W.; Song, Y.; Li, Y. Z.; Zuo, J. L.; You,
X. Z. Inorg. Chem. 2006, 45, 8895-8901.
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developing strategies for using the M3M’, cluster as a
building block to form molecular chains. In this Forum
Article, we highlight notable magnetic phenomena of TBP
compounds that we have previously described in the literature
and report on several new developments in the research.

2. Synthetic Methods

The pentanuclear M3;M’, complexes featured in this
Forum Article are prepared by combining a divergent
hexacyanometallate anion [M’(CN)¢]*~ with a convergent
mononuclear precursor of an octahedral divalent metal ion
M, in which four coordination sites are capped by two
bis-chelating tmphen ligands (Scheme 1). These reactions
result in the formation of crystalline samples of clusters
corresponding to the general formula {[M(tmphen),]3[M’-
(CN)sl2} *x(solvent). The preparation translates well to
many [M’(CN)]*~ and {M(tmphen),}>" precursors to form
M;M’, clusters of various metal combinations, which are
summarized in Table 1. The clusters are generally air-
stable in the solid state and contain a variable amount of
interstitial solvent, the exact nature and amount of which
have a profound effect on the physical properties in key
instances. The interstitial solvent is readily removed by
heating to ca. 120°C, and the desolvated materials remain
stable up to ca. 250°C in an inert atmosphere.

The tmphen ligand is critical for ease of isolation of the
M;M’, clusters. While a number of derivatives of bpy and
phen have been tried using the reaction conditions specified
in Scheme 1, they are typically unreliable with respect to
reproducibility and isolation of crystals of isomorphous
phases. The four peripheral methyl substituents serve to
enhance the solubility of the intermediates and products to
discourage the formation of extended phases and render the
thermodynamic product crystalline. This solubility is evi-
denced by the fact that a clear reaction solution is retained
after mixing of the reagents and that crystal growth occurs
slowly from the mother liquor. Another important parameter
in these reactions is the solvent. The reactions are carried
out in nonaqueous media, although rigorously dry solvents
are usually not required unless the metal ion is particularly
sensitive. While these conditions can pose a problem because
the common hexacyanometallate salts (alkali-metal-based)
are insoluble in organic solvents, the introduction of organic
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Table 1. Characterization of the TBP Complexes {[M(tmphen),];[M’(CN)s],} based on their Magnetic Properties

M
M Cr Mn Fe Co Os

Cr J=-21cm!'“ b - -

Mn J=—47 cm™ J=-38cm™; SMM¢ J<0? para®

Fe J=40.65cm™"/ - SCo* SCO

Co J>0" - CTIST! para

Ni J=+85cm™! - J=+43cm™! para J=4+23cm™!
Zn para - para dia®

“ J values are from a fit to the Hamiltonian in eq 1. ” Not isolated. * SMM = single-molecule magnet (see section 4a). ¢ ¥T cannot be modeled because

a more complex Hamiltonian is required. ¢ para = paramagnetic cluster; dia = diamagnetic cluster.” Coupling of axial Cr

1 jons is mediated by diamagnetic

Fe'" ions (see section 4d). ¢ SCO = spin-crossover behavior (see section 4c). " %T could not be modeled successfully because of partial cyanide linkage
isomerism (see section 4d). ' CTIST = charge-transfer-induced spin transition (see section 4b).

cations allows for the use of a range of solvents. Finally,
the fact that the cluster is neutral undoubtedly facilitates
crystallization of the compounds from a polar medium.
Indeed, with the exception of the CosFe,, Fe;Cr,, FesFe,,
and Fe;Co, analogues, which exhibit reasonable solubility
in methanol, methanol/acetonitrile (1:1 v/v), or propylene
carbonate, the TBP molecules are essentially insoluble in
all common solvents.

The aforementioned synthesis has proven to be an efficient
method for introducing numerous metal ions into the TBP
core. Clusters with Cr, Fe, and Co in the axial sites were
readily isolated with a variety of first-row transition metals
in the equatorial positions. Only one cluster based on the
[Mn™(CN)4]* unit has been isolated, namely, the Mn;Mn,
analogue with Mn"! ions in the equatorial sites. There are
two reasons for this: the [Mn"™(CN)¢]*~ anion is relatively
unstable in the absence of free CN™ even in organic media,
and redox chemistry occurs when Mn'" is combined with
most divalent metal ions. A similar situation arises with Cr'!
incorporation into equatorial positions of the TBP unit
because the only stable combination is with [Cr™(CN)¢]*~.
The preparation of clusters with Cu'" ions in the equatorial
positions has not yet been investigated, mainly because it
has only one unpaired electron and will not lend any special
properties to the molecules such as anisotropy or spin-
transition behavior.

The use of the sr-accepting tmphen ligands to protect the
equatorial positions of the TBP cluster also serves to stabilize
oxidation states that are not possible in the extended
structures of the PB type. For instance, it had been long
considered that Turnbull blue, or ferrous ferricyanide,
“Fe',|[Fe™(CN)g],”, was different from PB, or ferric ferro-
cyanide, Fe™;[Fe(CN)4]s, until, in 1962, Robin provided
incontrovertible evidence that the compounds are identical
and correspond to the latter formula.*’ The instability of
“Turnbull blue” is a consequence of an instantaneous electron
transfer that takes place between Fe!! and [Fe™(CN)]* ions
in an aqueous solution. In contrast, the Fe"=N=C—Fe" pair
persists in the TBP cluster {[Fe'(tmphen),];[Fe™(CN)4],}
because of the fact that the electron transfer is no longer
favorable when the Fe' ion is coordinated to tmphen; hence,
the [Fe(CN)¢]>~ unit is retained.>®

(49) Robin, M. B. Inorg. Chem. 1962, 1, 337-342.

(50) Shatruk, M.; Dragulescu-Andrasi, A.; Chambers, K. E.; Stoian, S. A.;
Bominaar, E. L.; Achim, C.; Dunbar, K. R. J. Am. Chem. Soc. 2007,
129, 6104-6116.

(@)

Figure 1. (a) Top and (b) side (with respect to the axial pseudo 3-fold
axis of rotation) views of the molecular structure of {[M'(tmp-
hen),]s[M"™(CN)gl,}. The cyanide-bridged core is highlighted with a
polyhedron. H atoms are omitted for the sake of clarity. Color scheme:
red, M; green, M’; blue, N; gray, C.

3. Single-Crystal X-ray Structures

The M3M’; clusters featured in this Forum Article consist
of two [M’(CN)¢]*>*~ anions in the axial positions and three
[M(tmphen),]*>*”* fragments in the equatorial positions of
a TBP (Figure 1). For each hexacyanometallate unit, three
CN™ ligands are bridged to the equatorial M centers, whereas
the remaining three are directed away from the cluster. The
three equatorial M centers are in distorted octahedral
environments consisting of the N atoms of two bidentate
tmphen capping ligands and two bridging CN™ units span-
ning the edges of the TBP. Each pentanuclear cluster contains
three equatorial metal centers of the same A or A chirality,
but the unit cell contains equal numbers of AAA and AAA
molecules, which leads to the centrosymmetric space group
P2,/c. A notable exception is the Fe;Cr, structure, the unit
cell of which contains clusters of the same chirality, resulting
in the enantiomorphic space group P3,21.%°

A careful examination of the X-ray structures reveals the
presence of different secondary interactions for the M(1),
M(2), and M(3) equatorial sites. Specifically, both tmphen

Inorganic Chemistry, Vol. 48, No. 8, 2009 3441
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Figure 2. (a) 7—n-stacked dimer formed by two TBP clusters in the crystal structure of {[M"(tmphen),];s[M" ™ (CN)¢],} *x(solvent). (b) Column of dimers

propagating in the [101] direction.

ligands coordinated to M(2) engage in intramolecular 7—
interactions with a tmphen ligand belonging to each M(1)
and M(3) center (Figure la). The large separation between
the planes of noninteracting tmphen ligands of one penta-
nuclear molecule creates sufficient space for two clusters to
form a dimer held in close proximity via 7—z stacking of
four tmphen ligands (Figure 2a). In this arrangement, one
of the tmphen ligands on each M(1) center is engaged in
two intermolecular s—s contacts, whereas the ligands
coordinated to the M(3) center exhibit only one such contact.
Although these intermolecular interactions are rather weak,
we have discovered that they play an important role in
dictating the magnetic behavior of certain members of the
TBP family of complexes (vide infra).

4. Magnetic Properties

The title M3M’, clusters offer a convenient platform for
probing magnetic exchange interactions between metal
centers in a systematic fashion. The coordination sphere
about each metal site and the inter- and intramolecular 7—m
interactions are retained for the entire family of complexes,
and the clusters are isostructural, with the exception of the
Fe;Cr, structure. Furthermore, the study of magnetic ex-
change interactions between the metal centers is simplified
by the pseudotrigonal symmetry of the cluster. The six
superexchange pathways can be reduced to a single exchange
constant, J, and thus the exchange Hamiltonian can be
expressed simply as:

H==2JS\y; + Sy)Sars + Sy + Saps) + BHIgp (S +
SM'z) + gM(SMl + SMz + §M3)] (1)

The fact that one can use a single J value in this simple
model avoids the problem of overparametrization and
increases the accuracy and reliability of the extracted
parameters.

All of the factors outlined above serve to provide us
with a powerful platform for studying exchange interac-
tions. An early example of this approach is illustrated by
the fitting of the NisFe, cluster that we reported in 2003.7"
The magnetic susceptibility data were modeled using the
Hamiltonian (1) with the addition of a zero-field-splitting
component, 3D[S2y; — Sni(Sni + 1)/3] (where D represents
the axial zero-field-splitting term per one Ni' ion),
accurately reproducing the y7 product over the entire

(51) Berlinguette, C. P.; Galan-Mascards, J. R.; Dunbar, K. R. Inorg. Chem.
2003, 42, 3416-3422.
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Figure 3. Temperature dependence of y7 for (a) the M'sCr'", TBP clusters
(M = Cr, Mn, Fe, Co, Ni, Zn), (b) the M";Fe'", clusters (M = Mn, Fe, Co,
Ni, Zn), and (c) the M"5Co"™, TBP clusters (M = Mn, Fe, Co, Ni).

temperature range. The ferromagnetic interactions between
the Fe™ (S = '/,) and Ni" (S = 1) ions lead to a S = 4
ground state, as reported earlier by Murray et al. for
{[(Ni"(bpm),]3[Fe™(CN);],}.** Continuing in the vein of
this general method, we set out to introduce highly
anisotropic ions into the TBP framework, efforts that
resulted in the isolation of the antiferromagnetically
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Scheme 2. Ferromagnetic (F) and Antiferromagnetic (AF) Contributions to the Superexchange between Equatorial (M") and Axial (Cr'") Tons in the

M;Cr, TBP Clusters (M = Cr, Mn, Co, Ni)
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coupled Mn"sMn™, cluster, an early example of a cyanide-
based SMM.

While the majority of subsequently isolated MM, clusters
do not exhibit SMM behavior, other magnetic phenomena
emerged that proved to be equally or perhaps even more
fascinating; highlights of these findings are outlined in the
following sections. Of equal importance is the fact that the
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Figure 4. (a) Temperature-dependent micro-SQUID magnetization scans
collected for the Mn';Mn', cluster at 0.14 T-s™'. (b) Micro-SQUID
magnetization scans collected at variable-field sweep rates at 0.04 K. (c)
Micro-SQUID magnetization scans collected at variable-field sweep rates
at 0.5 K. Magnetization values are normalized to the saturation magnetiza-
tion value at 1.4 T.
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preparation and characterization of TBP complexes with
many different combinations of metal have led to the
recognition of patterns that are useful for the future design
of systems with predictable properties (Figure 3).

For example, an examination of magnetic properties in
the M;Cr; series (M = Cr, Mn, Co, Ni) reveals a gradual
change in the nature and strength of magnetic coupling. In
general, when there are pathways for both ferromagnetic and
antiferromagnetic coupling between unpaired spins, the
resulting magnetic exchange is determined by a sum of both
contributions.” The change in the sign of the coupling in
going from Cr;Cr, to NizCr, stems from progressively
increasing ferromagnetic contributions due to the population
of e, orbitals with unpaired electrons and decreasing anti-
ferromagnetic contributions due to the pairing of spins in
ty, orbitals (Scheme 2).

a. Single Molecule Magnetism. In the Mn';Mn'",
cluster, the three equatorial Mn™ ions are coordinated to
six N atoms and thus exist in the HS S = 9/, state, while
the two axial Mn™ ions are each surrounded by six
C-bound cyanide ligands and adopt the LS § = 1
configuration. Magnetic susceptibility measurements in-
dicate that antiferromagnetic superexchange interactions
occur between the Mn" and Mn™ ions, and examination
of the out-of-phase susceptibility component measured
under an alternating current (ac) magnetic field revealed
a frequency-dependent signal below 3.5 K, indicating that
Mn'sMn'"!, is a possible SMM.'!

In order to confirm this SMM behavior, hysteresis loops were
collected on oriented single crystals of Mn";Mn', using a
micro-SQUID apparatus. Temperature-dependent scans revealed
hysteretic behavior, with the coercivity increasing at lower
temperatures and higher field sweep rates (Figure 4). (Note that
the prominent step observed at zero field is due to magnetization
relaxation by quantum tunneling.) These results confirm that
the Mn"sMn"™, cluster is, indeed, a SMM.

In the Mn"sMn™, cluster, each Mn" ion is in the orbitally
nondegenerate °A; state, but each Mn"™ ion is described by
the orbital triplet *T; and thus has an unquenched orbital
angular momentum due to the nearly octahedral symmetry
of its coordination environment. Not unexpectedly, attempts
to simulate the magnetic behavior of this compound using a
spin-only Hamiltonian (1) were unsuccessful. Consequently,
a more elaborate theoretical model was developed (Figure
5)'° that takes into account the effects of spin—orbit coupling

Inorganic Chemistry, Vol. 48, No. 8, 2009 3443



@ A>0 M| (b) A<O0 M|
304 112 _ 112
g 01 — ///3;2
— 712
_ /1% —_ 1
251 — _ — 25{ — ——5/2
— —9 92
— 3 = — 7
o~ 204 — — 12 —~ 20 T—11/2
£ I ) = )
i = —1p S = i3
3 151 s > 15
o 31 ) — ]
e — c _ __
W qo{ =92 w104 13/2
112
—_— — 132
5 { 5 3/
—_ 52
312
04 —_— 12 0+ — —15/2

Figure 5. Calculated energy level diagrams for the Mn";Mn™, cluster in
the case of positive (a) and negative (b) trigonal crystal-field-splitting
parameters (Joy = —3.8 cm™'; A = 4+ 250 cm™; « = 0.8).

(A) and trigonal crystal-field splitting (A) operating at each
of the axial Mn™ centers, as well as isotropic magnetic
superexchange (J.,) between Mn"" and Mn™ ions mediated
by the cyanide bridges:

A

A= _KA(SMnl’I:Mnl’ + San’I:an') - 2Jex(§Mn]’ +
SMn2 )(SMn] + SMnZ + SMn3) - A( AIZ\/lnl’2 + LAIZ\/In2’2 - 4/3) +
ﬁH[_(I:Mnl’ + f‘an') + ge(SMnl’ + San') + g(SMnl + San +

Sum)] (2)

where variable parameters were A, A, J., the orbital reduction
factor «, and the g factor of the equatorial Mn" ions. In the
framework of this model, the total angular momentum of
the TBP cluster is given by

Jtot = SMnl' + LMnl' + SMnZ' + LMnZ' + SMnl + SMnZ + SMn3
(3)

with the ground-state value shown to be J = 3/, It is
important to note that, in this case, only the negative sign of
the crystal-field-splitting parameter A creates a scenario
where the ground state is sufficiently isolated, a prerequisite
for SMM behavior (Figure 4a). If the value of A were
positive, the ground state would have the lowest M; = !/,
(Figure 4b) and SMM behavior would not be observed. This
is reminiscent of the situation in “classical” SMMs (i.e.,
adequately described by the spin-only model) that requires
the zero-field-splitting parameter D to be negative.>?

A number of cyanide-based SMMs have been subsequently
reported, all of them incorporating ions with appreciable
spin—orbit coupling.®* The detailed theoretical treatment of
the Mn"sMn', cluster is, however, the first attempt to unveil
the origin of SMM properties in a multinuclear complex with
unquenched orbital angular momenta for individual ions. In
light of this reasoning, it is clear that the spin-only formalism
used to explain the magnetic properties of other cyanide-
based SMMs is an oversimplification and that further
development of advanced theoretical models is crucial if we
are to thoroughly understand the origins and ramifications
of magnetic anisotropy in these systems for which the
quantum number § is not longer a valid parameter.
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b. Charge-Transfer-Induced Spin-Transition. One of
our attempts to introduce anisotropy into the equatorial sites
of the TBP cluster was to use Co' ions to form the neutral
CosFe, complex.” Red crystalline samples formulated as
Co'sFe™;, were isolated from a wet acetonitrile solution
following the treatment of [18-C-6-K];[Fe(CN)¢] with {Co-
(tmphen),}>*. While electron transfer between the Fe!'' and
Co" ions to form the product was not unexpected (it had
been observed by us** and others®*>> in other assemblies),
the facile reversibility of this process was not anticipated.
As established by a combination of X-ray crystallography,
Mossbauer spectroscopy, and magnetometry, the variation
of the temperature and/or interstitial water content dramati-
cally influences the metal-to-metal charge-transfer (MM’CT)
process in this cluster. Because this MM’CT process governs
the spin states of the metal ions, the magnetic properties of
the cluster could, in principle, be manipulated by external
stimuli.

The cluster can exist in three different electronic forms
(i.e., Co™,Co'"Fell,, Co™Co™,Fe"Fe!, and Co™;Fe',), and
transitions between these redox isomers are accompanied by
dramatic color changes (Figure 6a). The red crystalline phase
obtained in acetonitrile corresponds to {[Co(tmphen),]s-
[Fe™(CN)s],} *xH,0 (x ~ 6—13 for different crystals based
on the single-crystal X-ray diffraction and thermogravimetric
analysis (TGA) data), where the equatorial Co" ions are in
the HS S = ¥/, state and the axial Fe'" ions are in the LS §
= 1/, state. As the temperature is lowered, the solvated
crystals acquire a deep-blue color, which is accompanied by
a diminishing of the 7 value down to ~130 K (Figure 6b).
This behavior is a consequence of an intramolecular MM'CT
(Co" — Fe™) process to produce the Co™Co',FeFe! redox
isomer at lower temperatures with the diamagnetic LS Fel!
and Co™ ions.>® Because this MM'CT process drives the spin
transition at the Co sites (i.e., HS Co" is converted to LS
Co', it is classified as a CTIST. Although this transforma-
tion had been observed in the extended PB-type phase
Ko‘2Co|,4[Fe(CN)6],57 this is the first example of a molecule
that exhibits such behavior.

Further examination of these samples revealed that the
filtration of the red crystalline material in a humid atmosphere
leads to a second form of the compound, viz., a blue solid
with the formula {[Co(tmphen),];[Fe(CN)¢],} +24H,0. The
complex is in the Co™,Co"Fe, form below 150 K, with only
one paramagnetic HS Co!! center. Above this temperature,
however, the T value deviates from the behavior expected

(52) Gatteschi, D.; Sessoli, R. Angew. Chem., Int. Ed. 2003, 42, 268-297.

(53) (a) Berlinguette, C. P.; Dragulescu-Andrasi, A.; Sieber, A.; Galan-
Mascarés, J. R.; Giidel, H. U.; Achim, C.; Dunbar, K. R. J. Am. Chem.
Soc. 2004, 126, 6222-6223. (b) Berlinguette, C. P.; Dragulescu-
Andrasi, A.; Sieber, A.; Giidel, H. U.; Achim, C.; Dunbar, K. R. J. Am.
Chem. Soc. 2005, 127, 6766—6779.

(54) Oshio, H.; Onodera, H.; Tamada, O.; Mizutani, H.; Hikichi, T.; Ito,
T. Chem.—Eur. J. 2000, 6, 2523-2530.

(55) Bernhardt, P. V.; Bozoglian, F.; Macpherson, B. P.; Martinez, M.;
Merbach, A. E.; Gonzalez, G.; Sienra, B. Inorg. Chem. 2004, 43, 7187—
7195.

(56) Note that these data may also correspond to a mixture of clusters with
[Co"sFe™,] and [Co™,Co"Fe',] cores.

(57) Sato, O.; Iyoda, T.; Fujishima, A.; Hashimoto, K. Science 1996, 272,
704-705.
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for a single HS Co™ ion, an indication of the onset of a CTIST
to the CosFe™, redox isomer. This conclusion is in
accordance with the results of temperature-dependent Moss-
bauer studies. A sharp increase in y7 observed above 280 K
is due to dehydration of the blue solid phase.

Dehydration of the blue solid phase, or filtration of red
crystals in a dry, inert atmosphere, produces a third form of
the complex, a red solid formulated as {[Co(tmphen),];[Fe-
(CN)sl2} *2H,0 (from elemental analysis). Mdssbauer spec-
troscopy and magnetic data established that the core of this
form of the cluster corresponds to Co';Fe™l; over the entire
2—300 K temperature range. The red solid can be reversibly
converted to the blue solid upon exposure to a humid
environment.

An important feature of the CTIST in this TBP arrange-
ment is that a single Co site remains paramagnetic over the
entire temperature range. While it would be reasonable to
predict that the spin transition would occur indiscriminately
at any one of the three Co sites, temperature-dependent
crystallographic studies indicate that the phenomenon occurs
only at the Co(1) and Co(3) sites (Figure 1). The Co(2) site
is unique in that it does not participate in the CTIST process
and remains paramagnetic at all temperatures. This observa-
tion highlights how the influence of long-range interactions
cannot be neglected when assessing the magnetic behavior
in discrete molecules (recall, as mentioned earlier, that the
tmphen ligands bound to the Co(2) site do not participate in
intermolecular 71— contacts).

The complex behavior of the Cos;Fe, molecule indicates
that the family of TBP complexes can serve as molecular
prototypes of extended PB-type phases. Indeed, similar
CTIST behavior was observed for the PB analogue,
K()‘2C01A4[Fe(CN)6],57 that contains a mixture of the para-
magnetic Fe'; s—C=N—Co'ys and diamagnetic Fe'; s—C=
N—Co'"; 5 electronic isomers. Irradiation with red light at 5
K triggers an electron transfer from Fe!' to Co™ centers and
an increase in the population of the paramagnetic Fe/Co™

pairs. As a result, the material exhibits higher values for the
magnetic ordering temperature, remnant magnetization, and
coercivity. The original phase can be restored by irradiating
the material with blue light or by applying heat.

The CTIST phenomenon was not thought to be possible
for discrete molecules prior this study, but since our first
report, other examples of Co/Fe cyanide clusters have been
found to exhibit similar behavior. Given the photomagnetic
properties of the extended K;,Co;4[Fe(CN)¢] phase, we
are currently investigating photoinduced magnetic-state
switching for the CosFe, cluster. The results of these
studies will be reported in due course. Such switching has
recently also been reported for a cubic cyanide bridged
complex {[(pzTp)Fe(CN)s3]s[Co(pz);CCH,OH]4}(ClO4)4
that exhibits CTIST initiated by a temperature change or
irradiation.*

c. Spin Crossover. Spin-crossover complexes provide an
alternative mechanism to SMM or photoinduced magnetism
for realizing magnetic bistability. Although the phenomenon
has been extensively studied for the past half a century,®®
molecular spin-crossover research is dominated by mono-
and dinuclear complexes.’® ®' Very few examples of clusters
with three or more spin-crossover centers have been reported
to date.*!%?

Given that the coordination environment of equatorial
metal ions in the TBP structure is similar to that in the well-
known mononuclear spin-crossover complex Fe(phen),-
(NCS),** (Figure 7), a logical question to pose was whether
the introduction of Fe' ions into the equatorial positions of
the TBP would result in a multinuclear spin-crossover

(58) Giitlich, P.; Goodwin, H. A. Top. Curr. Chem. 2004, 233, 1-47.

(59) Goodwin, H. A. Top. Curr. Chem. 2004, 233, 59-90.

(60) Real, J. A.; Gaspar, A. B.; Muiioz, M. C.; Giitlich, P.; Ksenofontov,
V.; Spiering, H. Top. Curr. Chem. 2004, 233, 167-193.

(61) Murray, K. S. Eur. J. Inorg. Chem. 2008, 20, 3101-3121.

(62) Breuning, E.; Ruben, M.; Lehn, J. M.; Renz, F.; Garcia, Y.;
Ksenofontov, V.; Giitlich, P.; Wegelius, E.; Rissanen, K. Angew.
Chem., Int. Ed. 2000, 39, 2504-2507.

(63) Konig, E.; Madeja, K. Chem. Commun. 1966, 61-62.
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Figure 7. Crystal structure of a Fe;M’, TBP with emphasis on the similarity of the equatorial sites to the Fe(phen),(NCS), molecule.
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Figure 8. Temperature dependence of % T for the Fe''sM"", clusters (M’ =
Fe, Co).

compound. Indeed, the TBP clusters Fe'sM™, (M’ = Fe,
Co) exhibit a gradual temperature-induced spin transition,
with the onset occurring at ~150 K (Figure 8).

A combination of variable-temperature Mdssbauer spec-
troscopy, magnetic data, and crystallographic studies con-
clusively was used to quantify the nature of the spin-
transition behavior.’® Below 150 K, the Fe';Fe', complex
contains only LS Fe™ centers, whereas the Fe";Co™, complex
contains a small fraction (~10%) of HS Fe ions. The
fraction of the HS Fe" ions increases with temperature and,
at 300 K, corresponds to an occupancy of /3 and %/
equatorial Fe"" centers for the Fe;Fe, and Fe;Co, clusters,
respectively.

As expected, the spin-transition event at the Fe' centers
significantly affects the metal—ligand bond lengths and leads
to pronounced changes in the octahedral coordination
geometry. The average Fe—N distances in LS and HS
complexes of the [FeNe] type are 1.92—2.00 A and 2.16—2.21
A, respectively.®* The deformation of the octahedral sur-
roundings is quantified by changes in the parameter %, which
is defined as the sum of deviations from 90° for the 12 cis
N—Fe—N angles. While Z = 0 for an ideal octahedron, this
parameter is ~30—50° and ~70—90°, respectively, for LS
and HS [FeNg] complexes with three bidentate ligands. The

(64) Guionneau, P.; Marchivie, M.; Bravic, G.; Létard, J. F.; Chasseau, D.
Top. Curr. Chem. 2004, 234, 97-128.
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Table 2. Average Fe—N Bond Distances (A), Parameter (deg), and
the Number of 7—s Interactions As Determined from the Crystal
Structure of {[Fe''(tmphen),];[Co™(CN)s],} at Different Temperatures

temperature Fe(1) Fe(2) Fe(3)
30 K d(Fe—N) 2.11 1.94 1.95
p> 72.2 39.8 41.3
110 K d(Fe—N) 2.08 1.96 1.96
p> 71.8 40.6 439
220 K d(Fe—N) 2.15 1.96 2.00
b 77.1 40.6 52
300 K d(Fe—N) 2.17 1.97 2.15
> 78.5 45.5 80.0
no. of w—J interactions
intramolecular 1 2 1
intermolecular 2 0 1

crystal structure determination of the Fe';Co, species
confirmed that at 110 K one Fe! center is partially HS (Table
2), while the other two Fe'" ions are in the LS state. At 298
K, both the Fe—N bond lengths and X for Fe(1) and Fe(3)
are typical of HS Fel, with Fe(2) essentially remaining in
the LS state. These results are in excellent agreement with
the results of the Mossbauer experiments.”

The change in the Fe—N bond distances for the equatorial
Fe!! atoms (Table 2) supports a stepwise nature for the spin
transition. The Fe(1) centers are the first sites to be converted
to the HS state with increasing temperature, followed by the
LS — HS transition at the Fe(3) centers. The Fe(2) sites
remain LS up to 298 K but eventually undergo the LS —
HS transition at higher temperatures, as evidenced by a
further increase in 7 above 300 K. As in the earlier example
of a CTIST for the CosFe, TBP, the behavior is rationalized
by considering the intra- and intermolecular 77— interactions
between the tmphen ligands (Figure 2). Recall that one of
the tmphen ligands coordinated to the Fe(1) center engages
in two infermolecular t—s contacts, while the other ligand
participates in only one inframolecular t— contact. In the
case of the Fe(3) site, one of the tmphen ligands is involved
in an intramolecular 77—z interaction whereas the other one
participates in one intermolecular sr-stacking interaction.
There are two intramolecular and no intermolecular 77—
contacts for the tmphen ligands on the Fe(2) center.

It can therefore be inferred that the ligand field of each Fe™!
ion is affected by the type and number of w—ur interactions
exhibited by tmphen ligands coordinated to that ion (Table 2).
The results indicate that t—s interactions weaken the ligand
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Table 3. v(C=N) Stretching Frequencies for Fe'sM™, (M’ = Co, Fe,
Cr) Clusters, Corresponding PB Analogues, and Free
Hexacyanometallate Anions™

»(C=N), cm™!
complex bridging terminal PB analogue free [M’(CN)g]*~
Fe';Co, 2167, 2156, 2147 2127 2165 2126
Fe'lsFe, 2131 2109  does not exist® 2101
Fe',Cr', 2103 2117 2162 or 2098 2114

“ See the discussion in section 2.

field and stabilize the HS state, with the intermolecular contacts
exerting a more pronounced effect than the intramolecular ones.
Thus, the HS state is more favorable for the Fe(1) center whose
tmphen ligands exhibit three ;t—s contacts (two of them
intermolecular), as compared to the Fe(2) site with only two
m— interactions (both intramolecular). The Fe(3) site repre-
sents an intermediate situation.

d. Cyanide Linkage Isomerism. Unlike Fe"sM"™, clusters
(M’ = Fe or Co), which exhibit temperature-induced LS—HS
transitions at the equatorial Fe'! centers (vide supra), the
Fe!l;Cr™, cluster was found to contain LS diamagnetic Fe!!
ions over the entire temperature range of 1.8—300 K.>° The
Mossbauer data indicate the reversal of the CN™ bridges upon
formation of the Fe;Cr, complex, a claim that was cor-
roborated by IR spectroscopic data.

The spin-crossover complex Fe;Co, exhibits two v(C=N)
stretching modes (Table 3): the lower-frequency mode
corresponds to terminal CN~ groups, while the higher-
frequency feature corresponds to the cyanide ligands in the
Fe'-N=C—Co" bridging mode. This assignment is con-
sistent with the ¥(C=N) stretching modes observed for the
free [Co(CN)g]*~ anion and the PB analogue Fe'ls-
[CO™(CN)]2.% A similar situation is observed for the Fe;Fe,
complex that exhibits »(C=N) at 2131 and 2109 cm™!
assigned to the bridging and terminal cyanides, respectively.
The Fe;Cr, cluster, on the other hand, exhibits one stretch
at 2117 cm™!, which is similar to the ¥(C=N) = 2114 cm™!
of the free [Cr'"(CN)¢]*>~ anion and is assigned to the terminal
cyanides, and a second absorption band that is shifted to
lower frequency (2103 cm™!). The latter is attributed to the
Fe'-C=N—Cr'! bridging arrangement, which is in ac-
cordance with more efficient d—s back-bonding when the
CN™ ligand is carbon-bound to the Fe' ion. The IR data, in
combination with the results of Mossbauer, magnetic, and
crystallographic studies, support the conclusion that the
cyanide bridges in the Fe;Cr, cluster have undergone
complete reversal from the [Cr™(CN)g]*~ reactant to the TBP
product. Analogous cyanide linkage isomerism has been
documented for Fe'-Cr'™ analogues of PB, for which the
higher- and lower-frequency v(C=N) stretches were assigned
to Fe"=N=C—Cr™ and Fe'-C=N—Cr'" bridging modes,
respectively.®®¢’

/111

(65) Ferndndez Bertran, J.; Reguera-Ruiz, E.; Blanco Pascual, J. Spectro-
chim. Acta, Part A 1990, 46, 1679-1682.

(66) Reguera, E.; Bertran, J. F.; Nufiez, L. Polyhedron 1994, 13, 1619—
1624.

(67) Coronado, E.; Gimenez-Lopez, M. C.; Levchenko, G.; Romero, F. M.;
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Figure 9. Cyanide stretches in the IR  spectra of

{[Co"(tmphen),]5[Cr'"(CN)s]}, prepared in acetonitrile and methanol.

A cyanide “flip” was also observed for the Co;Cr,
complex,®® although, in this case, the isomerization did not
go to completion. When the Co;Cr, complex is formed in
acetonitrile, two sets of bands with shoulders are observed
in the IR spectrum, one with a maximum at 2155 cm ™' (sh,
2147 cm™!) and the other with a maximum at 2126 cm™!
(sh, 2136 cm™!) (Figure 9). These absorptions are assigned
to the bridging and terminal CN™ ligands, respectively, with
the bridging ligands being C-bound to the axial Cr'" ions.
An additional weak feature at 2103 cm™! is attributed to
partial isomerization of the CN™ ligands with the formation
of the Co"™C=N-Cr™" bridging mode. This conclusion is
supported by the magnetic data. When the reaction was
carried out in methanol, instantaneous precipitation of a solid
ensued, in contrast to the slow appearance of a crystalline
material from acetonitrile. Although the IR spectrum of the
sample isolated from methanol did not show a discernible
feature at ~2103 cm™!, the magnetic behavior indicates the
presence of a small amount of the Co™~C=N-—Cr'"-bridged
isomer in the sample.

Although, at first glance, the reversal of cyanide bridges
upon formation of the M;Cr, complexes may seem surprising
given the usually inert nature of the C-bound CN™ ligands
in the [Cr'™(CN)g]*>~ anion, it appears that the stability of
the complex is substantially diminished in the presence of
certain Lewis acids. Specifically, in an unrelated study, we
encountered an interesting case of cyanide linkage isomerism
for the product of the reaction between [Cr™(CN)¢]*~ and
the Lewis acid BPhs in acetonitrile.®® The resulting anion is
[Cr™(NCBPh;)¢]*~, which contains six nitrile ligands derived
from CN™ and BPh;. The mechanism whereby all six cyanide
ligands manage to “flip” in this remarkable sterically crowded
molecule is unknown.

(68) Shatruk, M.; Chambers, K. E.; Prosvirin, A. V.; Dunbar, K. R. Inorg.
Chem. 2007, 46, 5155-5165.

(69) Schelter, E. J.; Shatruk, M.; Heintz, R. A.; Galan-Mascarés, J. R.;
Dunbar, K. R. Chem. Commun. 2005, 1417-1419.
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(Jer—cr = +0.65(5) cm™!). The blue diamonds represent the values of the internal field (Hi,) generated at the Fe!' nucleus as a result of ferromagnetic
coupling between the Cr' ions (see the explanation in the text). (b) Mossbauer spectra of Fe''sCr!!l, recorded in a parallel external field of 8 T at 100 K (top)
and 4.2 K (bottom). Simulations depicted by black lines were obtained using a spin Hamiltonian containing nuclear hyperfine and nuclear Zeeman terms.
The simulation drawn in red was obtained assuming Hi,, = 0.6 T at the LS Fe! nucleus.

e. Superexchange through Intervening Diamagnetic
—NC—M-—CN-— Linkages. The Fe;Cr, cluster exists only
in the LS form after complete conversion of the bridging
CN™ ligands to the form in which the strong-field carbon
end is bound to the equatorial Fe centers. In this case, the
equatorial metal ions are always in a diamagnetic LS d°
electronic configuration, and paramagnetism of the cluster
must be dictated by the axially disposed S = 3/, Cr'™ ions.
This scenario resembles the situation in the classical PB
structure, Fe™,[Fe(CN)¢]3*xH,0, in which paramagnetic S
= 3/, Fe" jons are separated by intervening diamagnetic
[Fe(CN)g]*~ units. In spite of the long distance between the
paramagnetic sites, ferromagnetic ordering of this material
is, nonetheless, observed (T¢c = 5.5 K). Mayoh and Day70
proposed that ferromagnetic superexchange between the HS
Fe'™ ions is mediated by the diamagnetic LS Fe" centers
along the Fe™"—N=C—Fe"-C=N—Fe'™ pathway. This su-
perexchange is accomplished by a mixed-valence delocal-
ization, or “hopping”, of electrons between Fe!! and Fe' sites.

Interestingly, in the Fe;Cr, cluster, we also observe
ferromagnetic coupling between the axial Cr'" ions mediated
by the diamagnetic LS Fe" sites (Figure 10a).>® A theoretical
simulation of the magnetic data using the Heisenberg—Dirac—
Van Vleck exchange Hamiltonian A = —ZJEXS’C,IS'CQ +
gCIﬁH(S‘Cr] + S’cfz) produced a small exchange parameter of
Jox = +0.65 cm™!. Most important, however, is the fact that
S'Fe Mossbauer data at 4.2 K in an 8 T applied field revealed
the presence of a small internal field of 0.6 T at the Fe"
nucleus, which is antiparallel to the applied field (Figure
10b). With increasing temperature, the internal field at the
Fe!' nucleus exhibited a decay similar to that of the magnetic
susceptibility measured for the cluster (Figure 10a).

These unprecedented experimental findings explain how
magnetic coupling between the axial Cr'™' ions in the
Fe';Cr'", cluster is mediated by the diamagnetic Fe! ions.
Indeed, if we assume partial delocalization of the spin density
from the t,, orbitals of Fe" to the t,, orbitals of Cr', then
such delocalization can take place only for the minority spins

(70) Mayoh, B.; Day, P. J. Chem. Soc., Dalton Trans. 1976, 1483—1486.
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Scheme 3. Delocalization of the 3 Spin Density from the t,, Orbitals
of Fe! Tons to the t,, Orbitals of Cr'" Ions Resulting in the Excess o
Spin Density on the Fe'' Centers (See the Text)

Fe'—C=N—c/"

e, —— 8y ——
by NNN g + 1
o> ]3¢B ; > BT

on the Cr'™ centers (Scheme 3). This generates uncompen-
sated electronic spin density at the equatorial Fe ions
(estimated to be approximately 0.05 unpaired electrons per
Fe" ion in the 3d shell), which is parallel to the majority
spin density on the Cr' ions. Consequently, the Fermi contact
field at the Fe nuclei aligns antiparallel to the applied
magnetic field.

While this long-range exchange mechanism has been cited
to account for the magnetic properties of several other
cyanide-bridged complexes,”' " our results provide the first
direct experimental evidence for magnetic superexchange
interactions through the long N=C—Fe'-C=N bridge
incorporating the diamagnetic LS Fe' ion. The success of
our experimental approach rests on the application of a high
magnetic field, which allows for the accurate measurement
of the internal field on the Fe nucleus. At lower applied
fields, the internal field induced at the Fe nucleus would
be too small to be measured. Given this newly recognized
fact, it would be interesting to examine the high-field
Mossbauer properties of other compounds in which LS Fe!!
sites are present in bridges between paramagnetic metal ions.

(71) Bonadio, F.; Senna, M. C.; Ensling, J.; Sieber, A.; Neels, A.; Stoeckli-
Evans, H.; Decurtins, S. Inorg. Chem. 2005, 44, 969-978.

(72) Parker, R. J.; Spiccia, L.; Moubaraki, B.; Murray, K. S.; Hockless,
D. C. R.; Rae, A. D.; Willis, A. C. Inorg. Chem. 2002, 41, 2489—
2495.

(73) Clemente-Ledén, M.; Coronado, E.; Galan-Mascarés, J. R.; Gémez-
Garcia, C. J.; Woike, T.; Clemente-Juan, J. M. Inorg. Chem. 2001,
40, 87-94.

(74) Rogez, G.; Parsons, S.; Paulsen, C.; Villar, V.; Mallah, T. Inorg. Chem.
2001, 40, 3836-3837.
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circles) and the best theoretical fit (black line - gos = 2.03, gni = 2.13, Jex
=423 cm™!, Dy = 19.5 em™!, R? = 0.9980).

f. 3d—5d Metal Ion Combination within the TBP
Framework. Our success in preparing a series of TBP
assemblies with 3d metal ions in all positions prompted us
to look beyond the first transition series to examine hexacya-
nometallate anions of heavier transition elements. The use
of 4d and 5d metal ions, characterized by strong magnetic
anisotropy due to significant spin—orbit coupling, is now
an established strategy for isolating cyanide-based
SMMs, '0-1721723:30.32 YWhereas 3d metal ions form the
continuous series of hexacyanometallate anions from
[Ti(CN)s]*>~ to [Co(CN)s]*>~, analogous series with heavier
transition metals are lacking. With a limited number of
compounds from which to choose, our initial foray into this
chemistry focused on the [Os™(CN)g]*~ building block, a
species that is isoelectronic with [Fe™(CN)]*". In order to
be able to perform reactions with [Os(CN)s]*~ in nonaqueous
media, the K* cation was exchanged with PPN* [PPN =
bis(triphenylphosphine)iminium],” and this salt was used
to prepare the Ni'sOs™, TBP complex by following the
protocol established for the 3d cyanometallate precursors.”®
This cluster exhibits a room temperature y7 value of 4.73
emu-K-mol~! at 300 K, which is slightly higher than that
expected for three S = 1 and two S = !/, centers in the
absence of magnetic coupling (3.75 emu-K-mol ™ !). The yT
value exhibits a slight increase as the temperature is lowered,
reaching a maximum of 5.29 emu-K-mol ! at 21.6 K. This
behavior is indicative of weak ferromagnetic coupling
between the Ni'l and Os™ ions. The decrease in yT at lower
temperatures is due to zero-field splitting as well as anisot-
ropy of the Os™ ions (Figure 11).”’

The magnetic behavior of the Ni;Os, cluster was modeled
by taking into account the effects of both magnetic super-
exchange and zero-field splitting:

(75) Albores, P.; Slep, L. D.; Baraldo, L. M.; Baggio, R.; Garland, M. T.;
Rentschler, E. Inorg. Chem. 2006, 45, 2361-2363.

(76) Hilfiger, M.; Shatruk, M.; Prosvirin, A.; Dunbar, K. R. Chem. Commun.
2008, 5272—5274.

(77) Carlin, R. L. Magnetochemistry; Springer-Verlag: Berlin, Germany,
1989.

A= _2‘]Ni705(‘§051 + §0s2)(§Nil + §Ni2 + SNB) + 3D[S§,Ni -
SnilSni 1731+ ﬁH[gavg(SOsl + §0s2 + SNil + §N12 + §Ni3)]
“4)

Ferromagnetic coupling between the Ni'! and Os™ ions with
a resulting S = 4 ground state was confirmed by fitting this
Hamiltonian to the experimental data using MAGPACK,”
which produced best-fit values of go, = 2.03, gny = 2.13,
Jox = +23 ecm™!, and Dy = 19.5 cm™!. Although the
calculated D parameter is unreasonably high for a Ni' ion,
it must be emphasized that the proposed model does not take
into account the effects of anisotropic superexchange interac-
tions and spin—orbit coupling at the Os™ centers, both of
which are expected to be significant issues. A more accurate
description of the magnetic behavior for this cluster requires
a rigorous theoretical treatment similar to the one developed
by us for the Mn;Mn, cluster (vide supra) in collaboration
with Tsukerblat, Klokishner, and co-workers. These efforts
are currently underway.

Although the Ni;Os; cluster contains the highly anisotropic
Os™™ jon and exhibits a rather high ground-state spin value
of § = 4, an examination of the ac magnetic susceptibility
data did not reveal any features in the out-of-phase suscep-
tibility component. Interestingly, and of relevance to the
current discussion, Mironov recently published a paper in
which he reports the results of theoretical predictions of the
magnetic properties of hypothetical TBP clusters Mn;Os,,
Cr;0s,, and Ni3Os,, with the [Os"(CN)g]>~ moiety in the
axial positions.” His calculations indicate that the com-
pounds containing equatorial Mn" and Cr" ions could
potentially exhibit SMM behavior with significant blocking
temperatures but that the Ni;Os, complex would be unlikely
to behave as a SMM. The latter prediction has now been
corroborated by our experimental results. In light of this
study, we are currently pursuing the Mn;Os, complex in
order to verify the prediction of SMM behavior.

As an extension to the TBP study, we also prepared the
PB analogue Nis;[Os(CN)gl,*8H,0, which exhibits ferro-
magnetic ordering at 6.2 K. To the best of our knowledge,
this PB analogue and the TBP cluster represent the first
documented cases of cyanide-bridged structures incorporating
the paramagnetic [Os"(CN)¢]*~ fragment.

5. TBP Clusters as Building Blocks

An attractive structural feature of this class of TBP
complexes is the presence of six terminal CN™ ligands that
can be used to attach additional metal ions to the molecular
scaffold. This situation provides a convenient means to access
higher-nuclearity clusters as well as extended structures.
Although most of the TBP clusters are insoluble, four clusters
are sufficiently soluble in organic media and are potential
candidates for this strategy; these are the CosFe,, Fe;Fe,,
Fe;Co,, and Fe;Cr, molecules, with CosFe, exhibiting the
highest solubility (approximately 1 mM in methanol).

(78) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat,
B. S. J. Comput. Chem. 2001, 22, 985-991.
(79) Mironov, V. S. Dokl. Phys. Chem. 2007, 415, 199-204.
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Figure 12. Molecular structure of the {[Co(tmphen),];[Fe-
(CN)gl2[Ni(H,0)s]6} 3" cluster. The cyanide-bridged TBP core is highlighted
with a polyhedron. H atoms are omitted for clarity. Color scheme: red, Co;
green, Fe; yellow, Ni; brown, O; blue, N; gray, C.

a. Higher-Nuclearity Clusters. The building block strat-
egy was applied successfully in chemistry that involved
reactions of the oxidized form of the Co™,Co""Fe", CTIST
cluster (see section 4b),>® viz.,, the cation form
{[Co™(tmphen),]3[Fe" (CN)s],}*, with an excess of
[Ni(H,O)]**. The resulting product is the unusual heterot-
rimetallic undecanuclear molecule {[Co™(tmphen),];[Fe®-
(CN)g2[NiY(H,0)5]6} (C1Oy),3 (Figure 12).8% The molecular
structure of this complex revealed that all of the terminal
CN™ ligands of the TBP complex are used to bridge the
hydrated Ni"' ions. This stepwise assembly provides an
excellent “proof-of-concept” for the building block approach
to preparing high-nuclearity cyanide-bridged complexes.

b. One-Dimensional Arrays of TBP Clusters. As part
of our efforts to prepare extended structures that incorporate
the TBP building block, we discovered that the blue form
of the neutral CosFe, cluster (Co™,Co"Fe,) reacts with
[Mn(H,0)4]** to form two different one-dimensional materi-
als in which Mn" centers bridge the oxidized clusters (Figure
13). In the first structure, {[Co™(tmphen),]s[Fe(CN)s].-
[Mn"(CH;0H)4]}..(ClO4);* 10CH;0H, denoted hereafter as
“type A”, the chain is composed of oxidized CosFe," clusters
linked by single [Mn(CH;OH),]*>* bridges. In the second
structure type, {[Co™(tmphen),]3[Fe"(CN)¢],[Mn(CH;0H)4]o -
[Mn"(CH;0H);(CH;0)]}..(ClO,);* 8CH;0H - 0.5H,0, or “type
B”, the CosFe,” units are connected into a chain by
alternating single [Mn(CH3;0H),]*" bridges and pairs of
[Mn(CH3;0H);(CH;0)]" bridges. Unfortunately, both chain
compounds were found to crystallize simultaneously under
these reaction conditions, which prevents an accurate char-
acterization apart from X-ray diffraction.

To overcome the problem of admixed phases of the chain
compounds, we set out to gain better control over the reaction
by using different mononuclear precursors. Given that the
bridging CN™ ligands are always coordinated in a trans
orientation to the Mn" ions in the type A chain and in a cis
arrangement in the double bridges of the type B chain, we
chose to use the precursor [Mn"(acac),(H,0),]", which
contains chelating ligands that block the equatorial positions;

(80) Berlinguette, C. P.; Dunbar, K. R. Chem. Commun. 2005, 2451-2453.
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our hope was to favor the exclusive formation of a “type
A” chain but with acac ligands on the Mn'! sites. Surpris-
ingly, and conveniently for our purposes, we obtained crystals
of the type A structure with Mn"" ions coordinated to MeOH
ligands. Moreover, determination of the unit cells of many
crystals from the same batch verified that this is the sole
product of the reaction. Although the formation of the known
type A chain demonstrates that the acac™ ligands are
sufficiently labile to be easily replaced by methanol mol-
ecules, the selectivity in the synthesis suggests that the trans
starting material helps to direct the assembly of the chain
structure to a single product.

As was found for the CosFe,Nis complex, all of the Co
ions in the chain compounds exhibit short M—L bonds
(~1.92 A) in accordance with the LS Co™ state. These data
confirm that the TBP core has been oxidized™® with
concomitant reduction of the Mn'" ions. As expected for the
presence of a dimagnetic TBP building block, the type A
chain exhibits simple paramagnetism over the entire tem-
perature range because of isolation of the Mn" ions (y7 per
Mn" ion = 4.30 emu-K-mol™!, with the expected value
being 4.375 emu-K+mol™!). Given that photomagnetism is
exhibited by both Co—Fe PB analogues®’ as well as discrete
Co—Fe cyanide-bridged clusters,*® we plan to investigate the
photomagnetic behavior of this and related chain compounds.

6. Concluding Remarks

The cyanide-bridged TBP complexes described in this
Forum Article constitute a unique family of molecular
cyanide compounds whose ease of preparation allows for
the deliberate introduction of metal ions into the two different
positions of the pentanuclear cluster. Numerous isostructural
complexes have been isolated that display an exceptionally
broad range of physical properties, including SMM, spin
crossover, CTIST, and magnetic coupling through extended
diamagnetic bridges. The small size of a TBP cluster, with
its symmetry-related pairwise interactions, has rendered
possible the development of advanced theoretical models of
the magnetic behavior of compounds with significant
spin—orbit coupling. Ultimately, these studies will aid in the
understanding of more complex cyanide-bridged solids.

Our earlier foray into the magnetochemistry of heavy
transition-metal ions that began with Re" has been extended
to the highly magnetically anisotropic Os™ ion as described
herein. We are also looking to increase the magnetic
anisotropy of these clusters by introducing early 3d metal
ions, specifically Ti'™ and V'™, that have not been exploited
to any great extent in the chemistry of discrete cyanide
comple)<es.83’84 It must be emphasized, however, that the
instability of [Ti(CN)e]*~ and, to a lesser degree, [V(CN)g]*~
may hinder the use of these building blocks even in
nonaqueous media.

(81) Schelter, E. J.; Bera, J. K.; Basca, J.; Galan-Mascards, J. R.; Dunbar,
K. R. Inorg. Chem. 2003, 42, 4256—4258.

(82) Dunbar, K. R.; Schelter, E. J.; Palii, A. V.; Ostrovsky, S. M.;
Mirovitskii, V. Y.; Hudson, J. M.; Omary, M. A.; Klokishner, S. I;
Tsukerblat, B. S. J. Phys. Chem. 2003, 107, 11102-11111.

(83) Schinnerling, P.; Thewalt, U. J. Organomet. Chem. 1992, 431, 41—
45.

(84) Lee, I. S.; Long, J. R. Dalton Trans. 2004, 3434-3436.
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Figure 13. Fragments of infinite chains of Mn'-bridged TBP

Type A

Type B

clusters in the crystal structures of {[Co(tmphen),];[Fe(CN)el,-

[Mn(CH;0H)4] }..(C104);3+ 10CH30H (type A) and {[Co(tmphen),];[Fe(CN)l.[Mn(CH30H)4]o s[Mn(CH;O0H);(CH;0)] }(C104);* 8CH3;0H (type B). H atoms
are omitted for the sake of clarity. Color scheme: red, Co; green, Fe; pink, Mn; brown, O; blue, N; gray, C.

The use of TBP clusters as secondary building blocks is
a high priority in our current work, with most of the efforts
being directed at the connection of these magnetic molecules
with metal ions that are known to engender strong Ising
anisotropy. For example, chain architectures could exhibit
interesting magnetic phenomena such as single-chain mag-
netism, photoinduced magnetism, and abrupt spin crossover
accompanied by a thermal hysteresis. Clearly, many exciting
prospects remain for the chemistry of these TBP molecules
as well as other cyanide-bridged compounds being prepared
in laboratories around the world.

7. Experimental Section

Syntheses. Starting Materials. Commercially available 3,4,7,8-
tetramethyl-1,10-phenanthroline (tmphen; Alfa Aesar), bis(triph-
enylphosphine)iminium chloride (PPNCI, Aldrich), 18-crown-6
(Acros), K;[Fe(CN)¢] (Fisher), Mn(ClO4)+6H,0O (Alfa Aesar),
Co(NOs3),+6H,0 (Strem), and Ni(BF,),*6H,0 (Aldrich) were used
as received. Acetonitrile and methanol were of ACS reagent grade
and were used as received (EM Science). [Mn(acac),(H,0),]ClO,4
(acac = acetylacetonate) was prepared according to a literature
method.®® The salt (PPN);[Os(CN)g] was prepared by modification
of a reported method.”

{[Co(tmphen),]3[Fe(CN)s],}. The Co™,Co"Fe''; blue solid form
of the cluster was prepared by a variation of our previously reported
synthesis.>® A solution of [(18-crown-6)K]3[Fe(CN),] was prepared
by stirring of 180 mg (0.547 mmol) of K;[Fe(CN)¢] and 408 mg
(1.54 mmol) of 18-crown-6 in 60 mL of acetonitrile for 24 h and
filtering of the resulting solution to remove the excess K;[Fe(CN)g].
The other solution was prepared by combining 300 mg (1.03 mmol)
of Co(NOs3),*6H,0 with 609 mg (2.58 mmol) of tmphen in 150
mL of acetonitrile. To this solution was slowly added the
[Fe(CN)g]*~ solution, and the mixture was left to stand undisturbed
for 3 days. The red crystals were collected by filtration, washed

(85) Cartledge, G. H. J. Am. Chem. Soc. 1952, 74, 6015-6018.

with acetonitrile (15 mL) and diethyl ether (30 mL), dried in vacuo,
and left in air for at least 2 weeks to allow the sample to absorb
~24 water molecules of hydration. Yield: 477 mg (75%).

{[Ni(tmphen),]3[Os(CN)s],}. A sample of Ni(BF,),*6H,0 (109
mg, 0.320 mmol) was added to 157 mg (0.664 mmol) of tmphen
in 80 mL of acetonitrile, and the mixture was stirred for 30 min to
afford a clear pale-pink solution. This solution was added to
(PPN);[Os(CN)s] (762 mg, 0.388 mmol) in 80 mL of acetonitrile.
The mixture was left to stand for 5 days, after which time
transparent orange needlelike crystals that had formed were
collected by filtration, washed with acetonitrile (2 x 20 mL), and
dried in vacuo. Yield: 212 mg (42%).

Mixture of {[Co(tmphen),];[Fe(CN)¢l.[Mn(CH;0H),]}..-
(C10y); and {[CO(thhen)z]s[Fe(CN)s]z[MH(CHsoH)4]0.s-
[Mn(CH3;0H)3(CH;30)]}..(ClOy);. The solutions were prepared by
dissolving 49 mg (0.020 mmol) of the Co™,Co"Fe", blue solid in
20 mL of methanol and 1000 mg (2.77 mmol) of Mn(ClOy),*6H,0
in 20 mL of methanol. The CosFe, solution was layered onto the
Mn! solution in 2 mL/2 mL portions in 5 mm i.d. Pyrex glass tubes,
which led to the formation of dark-blue X-ray-quality crystals of
both products after 2 days.

{[Co(tmphen),];[Fe(CN)gl.[Mn(CH3;0H),]}..(C10y);. The solu-
tions were prepared by dissolving 49 mg (0.020 mmol) of the
Co'™,Co""Fe''; blue solid in 40 mL of methanol and 244 mg (0.600
mmol) of [Mn(acac),(H,0),]CIO4 in 40 mL of methanol. For bulk
reactions, the CosFe, solution was layered on the Mn™ solution in
4 mL/4 mL portions in glass vials and left to stand for 1 week.
The dark-blue crystals were harvested, washed with methanol, and
dried in vacuo. Yield: 43.3 mg (81%). IR (Nujol), »(C=N), cm™ '
2140, 2103, and 2061. X-ray-quality crystals were grown by
layering of the two solutions in 2 mL/2 mL portions in 5 mm i.d.
Pyrex glass tubes.

Caution! Although we have experienced no safety problems with
either of these products, perchlorate salts are potentially
explosive and should always be used with care. In this work,
the starting materials and products were hydrate compounds
and were always handled in a humid atmosphere.
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Physical Measurements. The TGAs were performed on a
Shimadzu TGA-50 or an Instrument Specialists Inc. TGA 1000
thermogravimetric analyzer in the 298—573 K temperature range
at a heating rate of 5 K+min~', under a N, gas flow of 20 L+min .
IR spectra were measured on a Nicolet 740 FTIR spectrometer as
Nujol mulls placed between KBr plates.

Magnetic measurements were performed on a Quantum Design
SQUID MPMS-XL magnetometer. Magnetic susceptibility mea-
surements in the direct current mode were carried out in an applied
field of 0.1 T in the 2—300 K range. Magnetization data were
acquired at 1.8 K, with the magnetic field varying from O to 7 T.
Whenever appropriate, the fitting of magnetic behavior was carried
out with MAGPACK.”® Magnetic data obtained for samples were
corrected for diamagnetic contributions by the use of Pascal
constants.”” Because of the high content of disordered solvent in
the crystals, each sample was also subjected to TGA. The molecular
weight of each compound was adjusted according to the interstitial
solvent content determined from the TGA. Micro-SQUID measure-
ments were collected on samples of aligned single crystals at the
temperatures indicated.

Single-Crystal X-ray Diffraction Studies. The crystal selected
for study was suspended in polybutene oil (Aldrich), mounted on
a cryoloop, and placed in a N, cold stream. Single-crystal X-ray
data were collected on a Bruker APEX II or Bruker SMART 1000
diffractometer equipped with a CCD detector. The data sets were
recorded as three w scans of 606 frames each, at 0.3° step width,
and integrated with the Bruker SAINT software package.®® The
absorption correction®” was based on the fitting of a function to
the empirical transmission surface as sampled by multiple equivalent
measurements. Solution and refinement of the crystal structures were
carried out using the SHELX suite of programs®® and the graphical
interface X-SEED.®® Preliminary indexing of the data sets estab-
lished monoclinic unit cells for {[Co(tmphen),];[Fe(CN)¢].[Mn-
(CH30H)4]}(ClOy4); and triclinic for {[Co(tmphen),];[Fe-
(CN)@]z[MH(CH3OH)4]()_5 [MH(CH}OH)}(CH}O)] }M(CIO4)3 Systematic
extinctions indicated that the compounds crystallized in the space
groups C2/c (No. 15) and PT (No. 2), respectively. The structures

(86) SMART and SAINT; Siemens Analytical X-ray Instruments Inc.:
Madison, WI, 1996.

(87) Sheldrick, G. M. SADABS; University of Gottingen: Gottingen,
Germany, 1996.

(88) Sheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

(89) Barbour, L. J. J. Supramol. Chem. 2001, 1, 189-191.
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were solved by direct methods, which resolved the positions of all
metal atoms and most of the C and N atoms. The remaining non-H
atoms were located by alternating cycles of least-squares refinements
and difference Fourier maps. All H atoms were placed in calculated
positions. A large number of disordered interstitial solvent molecules
are present in the crystals. The final refinement was carried out
with anisotropic thermal parameters for all non-H atoms. Summaries
of pertinent information relating to unit cell parameters, data
collection, and refinement statistics as well as complete listings of
positional and thermal parameters, bond distances, bond angles,
and thermal ellipsoid plots of the asymmetric units are provided in
the Supporting Information.
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