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ABSTRACT : The p en t a n u c l e a r c ompound
[VII(tmphen)2]3[MoIII(CN)6]2 (tmphen = 3,4,7,8-tetra-
methyl-1,10-phenanthroline) exhibits a record antiferro-
magnetic exchange coupling constant of JV−Mo = −114
cm−1. This is the first example of a heterobimetallic
cyanide compound with such strong magnetic coupling.

Cyanide-based materials1−3 have been known since the
discovery of Prussian blue by Diesbach in 1704.4 After

nearly 300 years, an upsurge of interest in cyanide-based
Prussian blue analogues (PBAs) occurred, with some examples
exhibiting extraordinarily strong magnetic coupling between the
metal centers, leading to room temperature magnets.5−7 The
compound KVII[CrIII(CN)6] exhibits the highest long-range
magnetic ordering temperature with Tc = 376 K.8,9 In 2005
Ruiz et al.10 predicted that the use of 4d and 5d cyanometalate
building blocks in combination with early 3d transition
elements should lead to even stronger coupling for specific
combinations of metals in the M−CN−M′ linkage and higher
critical temperatures for Prussian blue phases that contain
them. For example, the predicted ordering temperature for a
hypothetical MoIII−VII PBA is predicted to be 552 K with an
antiferromagnetic coupling constant of JMo−V ≈ −400 cm−1.
The enhanced magnetic coupling in cyanide-bridged M−

CN−M′ compounds involving heavier transition metals M is
attributed to the diffuse nature of their 4d/5d orbitals which
can overlap more efficiently with the respective orbitals of the
cyanide bridge. The two known homoleptic MoIII cyanometa-
late anions are [MoIII(CN)7]

4− 11 and [MoIII(CN)6]
3−,12 and

there are two heterolepetic compounds as well.13 Importantly,
there are only a few examples of well-characterized hetero-
metallic CN-bridged compounds containing these precursors,
the majority of the cases involving MnII.13−18 The most
interesting compounds vis-a-̀vis magnetic properties are a
trinuclear molecule reported by our groups with MnII and
[MoIII(CN)7]

4−, which has the highest barrier and hysteresis
temperatures among cyanide single-molecule magnets, and two
examples of VII−MoIII assemblies, including a pentanuclear
VII

4MoIII molecule based on [MoIII(CN)6]
3− with the strongest

antiferromagnetic coupling reported to date for a hetero-
bimetallic CN-bridged species (JMo−V = −61 cm−1)19 and an
amorphous magnet with TC = 110 K.20

In this contribution, we present a new member of the family
of pentanuclear trigonal-bipyramidal (TBP) cages21−25 based
on the Mo I I I−CN−VI I comb ina t i on , 1 0 name l y ,
[VII(tmphen)2]3[MoIII(CN)6]2·(MeOH)12·(MeCN)2 (tmphen
= 3,4,7,8-tetramethyl-1,10-phenanthroline), which exhibits a
new record high for antiferromagnetic coupling (JMo−V = −114
cm−1) by superexchange through the M−CN−M′ linkage.
The design of the new V3Mo2 compound (denoted as

V3Mo2) follows the well-established building block approach to
Prussian blue mimics with TBP geometries.26 The use of two
1,10-phenanthroline-type capping ligands with a 3d metal
center enforces the formation of a cis complex with two open
coordination sites that is well-suited for the self-assembly of a
discrete cage with hexacyanometalates (Figure S1 in the
Supporting Information).
The new compound (Figure 1 and Figure S2 in the

Supporting Information) crystallizes as dark blue needle

crystals (monoclinic, P21/c)
27 that grew from a MeOH/

MeCN solution of an in situ-prepared “[VII(tmphen)2]
2+”

precursor and [MoIII(CN)7]
4−, which loses one of the CN−

ligands during the course of the reaction.21,28 The V3Mo2
product is a TBP molecule with two [MoIII(CN)6]

3− anions in
the apical positions acting as facial capping bridges for three
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Figure 1. Molecular structure of [VII(tmphen)2]3[MoIII(CN)6]2.
Colors: Mo, orange; V, green; C, gray; N, blue. Hydrogen atoms
and solvent molecules have been omitted for the sake of clarity.
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[VII(tmphen)2]
2+ units. Each MoIII ion is in a slightly distorted

octahedral geometry with Mo−C bond lengths in the range
2.12−2.20 Å, consistent with those reported previously for
[MoIII(CN)6]

3− compounds.12,19,21 The coordination spheres
of the VII ions are distorted from octahedral symmetry, with
two V−NCN bonds in the range 2.01−2.06 Å and four V−
Ntmphen bonds that span the distances 2.12−2.16 Å, similar to
other VII cyanide19 and diimine29,30 complexes. The MoIII−
CN−VII bridges exhibit Mo−C−N and V−N−C angles in the
170.0−177.3° and 161.6−168.1° ranges, respectively, which are
typical.19,21 Four of the six tmphen ligands exhibit two
intramolecular π−π interactions at 3.53 and 3.54 Å. The
remaining two tmphen ligands are engaged in intermolecular
π−π interactions with two ligands of the adjacent TBP
complex, resulting in the formation of the supramolecular
“dimer” depicted in Figure S3 in the Supporting Information.
These four tmphen ligands are arranged in an interdigitated
manner with interplanar distances in the 3.49−3.55 Å range. In
addition, the entire crystal structure is stabilized by hydrogen
bonding involving MeOH and face-to-edge π−π interactions.
The magnetic properties of crushed crystals of

[VII(tmphen)2]3[MoIII(CN)6]2·(MeOH)12·(MeCN)2 were in-
vestigated by variable-temperature magnetic susceptibility
measurements from 1.8 to 335 K under an applied field of
0.3 T and by magnetization measurements in the 0−7 T
magnetic field range at 1.8 K.31 The χMT versus T plot (Figure
2) exhibits a steady decrease from a value of 2.11 emu K mol−1

at 335 K, which is well below the spin-only value of 9.375 emu
K mol−1 expected for five uncoupled S = 3/2 metal centers
(three SV =

3/2 and two SMo =
3/2), to a plateau in the 200−50

K range at a value of 1.81 emu K mol−1, which is very close to
the value of 1.875 emu K mol−1 expected for an S = 3/2 ground
state (five antiferromagnetically coupled S = 3/2 metal centers;
Figure 2 inset). Such behavior indicates unusually strong
antiferromagnetic coupling between the MoIII and VII spin
centers as predicted by Ruiz et al.10 Any attempt to extend the
measurement range above 335 K led to decomposition of the
sample, as judged by an abrupt drop of the magnetic moment,
which is consistent with the results of the thermogravimetric

analysis (TGA) (Figure S4 in the Supporting Information).
The χMT versus T plot was fit over the accessible temperature
range using the PHI software program (version 2.0,
approximation mode) and the following Hamiltonian:

μ

̂ = − ̂ + ̂ ̂ + ̂ + ̂

+ ̂ + ̂ + ̂ + ̂ + ̂
−H J S S S S S

Hg S S S S S

2 ( )( )

( )
Mo V Mo1 Mo2 V1 V2 V3

B av Mo1 Mo2 V1 V2 V3 (eq 1)

where only JMo−V and gav were allowed to vary. The
intermolecular interactions zJ′ were introduced into the best
fit by using the mean-field approximation:

χ
χ

χ
=

−
μ
′1 zJ

Ng
mean

fit
2

fit2
B

2 (eq 2)

The fitting procedure led to the values JMo−V = −114 cm−1, gav
= 1.97, and zJ′ = −0.19 cm−1. The decrease in the χMT product
at low temperatures below 10 K is most likely due to
intermolecular antiferromagnetic interactions, as anticipated
from the sign of the mean-field parameter zJ′, but may also
reflect zero-field splitting and spin−orbit coupling effects.32

The dependence of M on H (Figure 3) is typical for an S =
3/2 paramagnet, viz., it increases linearly up to 2 T and then
slowly saturates, approaching 2.7Nβ at H = 7 T, which is close
to the expected spin-only value of 3.0Nβ for an S = 3/2 ground
state resulting from five antiferromagnetically coupled S = 3/2
metal centers. A simulation of the M(H) dependence (red line
in Figure 3) assuming JMo−V = −114 cm−1 and gav = 1.81
corresponds well with the experimental data, which corrobo-
rates the anticipated S = 3/2 ground state and strong
antiferromagnetic coupling for the MoIII−CN−VII spin pairs.
There is no evidence for slow paramagnetic relaxation, as
judged by the fact that there is no out-of-phase signal and no
frequency dependence for the in-phase AC magnetic
susceptibility.
In summary, a pentanuclear V3

IIMo2
III compound based on

the 4d cyanometalate [MoIII(CN)6]
3− and the early 3d

transition-metal capping group [VII(tmphen)2]
2+ has been

prepared. The magnetic properties of the trigonal-bipyramidal
molecule [VII(tmphen)2]3[MoIII(CN)6]2·(MeOH)12·(MeCN)2

Figure 2. Experimental χMT vs T plot for V3Mo2 measured under an
applied magnetic field of 0.3 T (circles). The red line corresponds to a
fit resulting in an average g factor (gav) of 1.97 for the MoIII and VII

centers, an average antiferromagnetic exchange coupling constant
(JMo−V) of −114 cm−1, and an intermolecular exchange constant (zJ′)
of −0.19 cm−1. Inset: the antiparallel arrangement of the spins of VII

and MoIII resulting from strong antiferromagnetic coupling.

Figure 3. Plot of M vs H for V3Mo2 measured at 1.8 K (circles). The
red line corresponds to a simulation for three S = 3/2 VII centers
antiferromagnetically coupled with two S = 3/2 MoIII centers assuming
gav = 1.81 and JMo−V = −114 cm−1.
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reveal extremely strong antiferromagnetic interactions between
the cyanide-bridged MoIII and VII metal centers, with a coupling
constant estimated to be −114 cm−1, which is the strongest
magnetic coupling ever reported for a heterobimetallic cyanide
compound.

■ ASSOCIATED CONTENT
*S Supporting Information
Additional structural diagrams, TGA plots, description of
alternate attempts to fit the magnetic data, PXRD results, and
a crystallographic information file. This material is available free
of charge via the Internet at http://pubs.acs.org. The
crystallographic data have also been deposited at the Cam-
bridge Crystallographic Data Centre under deposition number
CCDC 994436 and are available via www.ccdc.cam.ac.uk/data_
request/cif).

■ AUTHOR INFORMATION
Corresponding Author
dunbar@chem.tamu.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
K.R.D. thanks the Department of Energy (DE-FG02-
02ER45999) for financial support. D.P. gratefully acknowledges
the financial support of the European Commission within the
Marie Curie International Outgoing Fellowship, Project
MultiCyChem (Grant Agreement PIOF-GA-2011-298569),
and the START Fellowship of the Foundation for Polish
Science (2013 edition).

■ REFERENCES
(1) Shatruk, M.; Avendano, C.; Dunbar, K. R. Prog. Inorg. Chem.
2009, 56, 155−334.
(2) Verdaguer, M.; Girolami, G. S. Magnetic Prussian Blue Analogs.
In Magnetism: Molecules to Materials V; Wiley-VCH: Weinheim,
Germany, 2005; pp 283−346.
(3) Nowicka, B.; Korzeniak, T.; Stefan ́czyk, O.; Pinkowicz, D.;
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