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The hexacyanoosmate(III) anion was used to prepare a penta-

nuclear cyanide bridged molecular cluster with ligand-protected

Ni(II) ions as well as the corresponding Prussian blue phase from

a reaction with aqueous Ni(II) ions.

Paramagnetic cyanide compounds are of considerable current

interest due to their remarkable properties which include high

temperature magnetic ordering,1,2 single molecule magnetism

(SMM),3–6 single chain magnetism,7,8 photomagnetism,9,10

and spin crossover.11,12 An overarching goal of the field,

particularly in the case of SMMs, is to achieve a thorough

understanding of the role of single ion and global anisotropy

in dictating the magnetic properties.

The prototype for SMM research, viz., [Mn12O12(O2CMe)16-

(H2O)4]�2CH3COOH�4H2O,
13,14 exhibits strong negative axial

anisotropy (�Dz) owing to the presence of high spin Mn(III) ions

which are subject to Jahn–Teller distortions that effectively

quench first order spin–orbit coupling effects. A different type

of SMM is possible for ions with strong unquenched orbital

angular momenta for which the spin value, S, is no longer a good

quantum number for describing the magnetic behavior; instead

one must resort to a model based on the total angular momentum

J.15–19 In this vein, heavier transition metals are an excellent

source of highly anisotropic magnetic molecules due to their

tendency to exhibit strong spin–orbit coupling. Examples of

clusters incorporating cyanometallates of 4d and 5d metal ions

include those with the cyanometallates [MoV(CN)8]
3�,20,21

[WV(CN)8]
3�,22,23 [ReII(triphos)CN3]

�,4,24 [RuIII(acac)2(CN)2]
�,25

and [ReIV(CN)7]
3�.26 SMM behavior has been reported for

compounds based on the ReII,4 ReIV,26 and WV 27 precursors.

Given the success with Group 6 and 7 transition elements,

we have extended our exploration of cyanometallate anion

chemistry to the Group 8 analog [OsIII(CN)6]
3�. Although it

has been known in the literature for some time,28–30 this anion

was only recently structurally characterized as the tetraphenyl-

arsonium salt, [Ph4As]3[OsIII(CN)6],
28 and the magnetic prop-

erties determined. Herein we report the synthesis and magnetic

properties of a trigonal bipyramidal (TBP) cluster and a

Prussian blue phase of OsIII in combination with NiII ions,

the first cyanide-bridged materials based on the hexacyano-

osmate(III) anion.

The salt [PPN]3[Os(CN)6] (PPN = bis(triphenylphosphine)-

iminium) was reacted with [Ni(H2O)6](BF4)2 and tmphen

(tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline) in CH3CN

to form the pentanuclear complex {[Ni(tmphen)2]3[Os(CN)6]2}�
6CH3CN (1)z in the manner previously reported by our group

for other TBP clusters.31 After one week, the product was

collected as red-brown crystals suitable for X-ray diffraction

experiments. The crystal structure determinationy revealed that

the cluster consists of two axial [Os(CN)6]
3� units connected via

bridging cyanide ligands to three equatorial [Ni(tmphen)2]
2+

groups to yield a trigonal bipyramidal geometry (Fig. 1).

The reaction of [PPN]3[Os(CN)6] with [Ni(H2O)6](BF4)2 in a

water : methanol solution (9 : 1 v/v) led to the instantaneous

formation of a red-brown solid formulated as Ni3[Os(CN)6]2�
4H2O (2) based on elemental data and thermal gravimetric

analysis. The powder diffraction pattern (Fig. S1w) was in-

dexed in a face centered cubic unit cell with a = 10.435(3) Å,

consistent with the edge being Os–CN–Ni–NC–Os as

estimated from the metrical parameters of 1 (B10.61 Å).

Infrared spectral measurements performed on compounds 1

and 2 revealed nCRN stretches of 2148, 2129, 2099 cm�1 and

2141, 2102 cm�1, respectively. The higher energy stretches

located at 2148 and 2141 cm�1 correspond to a bridging cyanide

mode31 whereas the features at B2100 cm�1 are assigned to

terminal cyanide groups on the basis of the IR spectrum of

[PPN]3[Os(CN)6] for which nCRN occurs at 2098 cm�1.

The magnetic properties of 1 and 2 were investigated by

magnetic susceptibility measurements in the temperature

range of 2–300 K and field dependent magnetization measure-

ments in an applied field of 0–70 kOe. For 1, these measure-

ments were carried out on crushed polycrystalline material,

whereas for 2 the measurements were performed on the

microcrystalline precipitate from the reaction solution.

Fig. 1 Equatorial view of the molecular structure of 1. Hydrogen

atoms have been removed for the sake of clarity.
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For compound 1, a wT value of 4.73 emu K mol�1 was

observed at 300 K which is higher than the expected value for

three S = 1 and two S = 1/2 spin centers in the absence of

magnetic interactions (3.64 emu K mol�1) due to an orbital

contribution from the Ni(II) ions. The expected value was

calculated using the experimental room temperature value of

the [PPN]3[Os(CN)]6 starting material (0.32 emu K mol�1).

The plot of wT vs. T shows a slight increase as the temperature

is lowered and reaches a maximum of 5.29 emu K mol�1 at

21.6 K. Such behavior is indicative of weak ferromagnetic

coupling between the Ni(II) and Os(III) centers.

The magnetic properties of 1were modeled taking into account

the effects of intracluster superexchange and zero field splitting:

H = �2JNi–Os(SOs1 + SOs2)(SNi1 + SNi2 + SNi3)

� 3D[Sz
Ni

2 � SNi(SNi + 1)/3]

+ bH[gavg(SOs1 + SOs2 + SNi1 + SNi2 + SNi3)]

Application of this Hamiltonian using Magpack32 resulted in

the best fit parameters of gavg = 2.09, JNi–Os = 2.3 cm�1, and

DNi = 19.5 cm�1, confirming the ferromagnetic coupling

between NiII and OsIII ions. Clearly the D parameter is

unrealistically large for the NiII ion, but it must be emphasized

that the model cannot account for the spin–orbit coupling

effects of the OsIII centers or anisotropic superexchange.

Contributions from these factors would account for an over-

estimation of the D value. The strong magnetic anisotropy of

the cluster is clearly evident from the variable temperature

reduced magnetization curves (Fig. 2, inset).

It is important to point out at this stage that a theoretical

study was recently undertaken by Mironov33 (who was not

aware of our experimental results) in which the behavior of

hypothetical M3
IIOs2

III trigonal bipyramidal clusters (M= 3d

metal ion) was modeled in an effort to identify possible

candidates for SMM behavior. In the case of the Ni3Os2
analog, the results indicated that the molecule would be

unlikely to be a SMM due to the presence of low lying excited

states that facilitate relaxation of the magnetization. Indeed,

AC magnetic susceptibility data for 1 did not exhibit an out-

of-phase signal down to 1.8 K. Moreover, the field dependent

magnetization curve of 1 at 1.8 K does not saturate (Fig. S2w),
which is in accord with the presence of low lying excited states

as predicted from theory.

Compound 2 exhibits a wT value of 3.65 emu K mol�1 at

300 K. This is slightly larger than the value predicted for non-

interacting spins (3.54 emu K mol�1) and the fact that the

value is not even higher due to an orbital contribution from

Ni(II) is attributed to a small amount of entrapped diamag-

netic impurities such as the PPN+ cation. This is a common

problem for rapidly precipitating Prussian blue phases. The w
vs. T curve shows a rapid increase at lower temperatures and

reaches saturation below 5 K (Fig. 3). The temperature

dependence of 1/w was fitted to a Curie–Weiss law in the

100–300 K range to give a y value of 14.5 K (Fig. S3w). This
behavior suggests that Ni(II) and Os(III) ions are coupled

ferromagnetically in 2, and that the material undergoes long-

range ferromagnetic ordering at very low temperatures. An

examination of the field dependent magnetization at 2 K

revealed hysteretic behavior with a coercivity HC = 500 Oe

(Fig. S4w), while zero field cooled vs. field cooled magnetiza-

tion measurements clearly revealed a bifurcation of the two

temperature dependent curves around 6.2 K (Fig. 3, inset).

The collective magnetic data indicate that 2 is a soft ferro-

magnet with a Tc of 6.2 K. The magnetic exchange constant

(JNi–Os) for 2 was estimated from the Langevin–Weiss–Neél

equation34 to be B1.1 cm�1.

This new study provides us with a convenient opportunity

to compare properties of a TBP cluster incorporating a 5d

cyanometallate with homologous 3d derivatives. Earlier work

reported in the literature included the preparation of the

Ni3
IIFe2

III TBP clusters with various capping ligands35–37

and the PB derivative K0.4Ni1.3[Fe(CN)6]�6.3H2O.38 The

Ni3Fe2 TBP’s exhibit ferromagnetic coupling with J = 3.3

and 5.4 cm�1,35,36 which are slightly larger than that found in

the present case for compound 1. The PB analogue exhibits

ferromagnetic ordering at a higher blocking temperature,

(Tc = 25 K) as compared to 2. Further theoretical work is

being undertaken to help elucidate these differences in

magnetic properties.

Fig. 2 Temperature dependence of wT for 1. Solid line represents the

simulation using MAGPACK with best fit parameters, gavg = 2.09,

JNi–Os = 2.3 cm�1, DNi = 19.5 cm�1. Inset: reduced magnetization

plot, measured fields: 1–7 Tesla.

Fig. 3 A plot of w vs. T for Ni3[Os(CN)6]2 Prussian blue analogue

exhibiting ferromagnetic ordering at 6.2 K. Inset: zero field cooled vs.

field cooled magnetization measured in an applied field of 10 Oe.
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These results indicate that [Os(CN)6]
3� is a useful building

block for the preparation of magnetic clusters and extended

magnetic solids. In light of on-going theoretical efforts in the

field of molecular magnetism, and especially single molecule

magnetism, it is imperative that one couples theory and

experimental observations in order to gain insight into the

parameters that affect the behavior, especially for highly

anisotropic systems for which simple isotropic models are

unsatisfactory. Extensions of this [Os(CN)6]
3� chemistry and

related [Ru(CN)6]
3� studies are in progress and will be

reported in due course.
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Notes and references

z Synthesis of {[Ni(C16H16N2)2]3[Os(CN)6]2} (1): a 4 mmol acetonitrile
solution of [PPN]3[Os(CN)6] (yellow solution) and [Ni(H2O)6][BF4]2
with tmphen was prepared. The solutions were combined and left to
stand for 1 week after which time red-brown crystals suitable for X-ray
diffraction had formed. Synthesis of (2): Ni3[Os(CN)6]2�4.04H2O was
prepared by mixing a solution of 0.1 mmol of [Ni(H2O)6][BF4]2 in H2O
and reacted with a 9 : 1 H2O–MeOH solution of 0.1 mmol
[PPN]3[Os(CN)6]. A microcrystalline red-orange solid formed instan-
taneously. Elemental analysis calculated: C 15.20, H 0.91, N 17.74, O
7.26, Ni 18.35, Os 40.53. Found: C 15.01, H 0.90, N 17.20, O 7.15, Ni
17.30%.
y Crystal data for 1. C120H114N30Os2Ni3 = 2524.39, monoclinic, P21/c
(No.14), a = 19.40(1) Å, b = 25.61(2) Å, c = 24.96(2) Å,
b = 98.15(1)1, V = 12280(15) Å3, Z = 4, rc = 1.340 g cm�3, m =
2.570 mm�1, T = 110 K, Mo Ka (l = 0.71073 Å) radiation, 19 015
reflections (10 721 unique, Rint = 0.1331) with 2y= 1, 502 variables, R
= 0.0892, Rw(Fo

2) = 0.1566 [4972 data, I 4 2y(I)], GOF = 1.149.
CCDC 685552. Powder X-ray diffraction was performed on a Bruker-
AXS GADDS diffractometer using microdiffraction techniques as
previously described.39
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