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The study of paramagnetic cyanide compounds is one of the
most active research areas in the field of coordination
chemistry.[1] Remarkable properties have been documented
for both molecules and extended phases, including high-
temperature magnetic ordering,[2] single-molecule magnet-
ism,[3–5] single-chain magnetism,[6] photomagnetism,[7,8] spin
crossover (SCO),[9,10] and a less common phenomenon known
as charge transfer induced spin transition (CTIST).[11–13] The
CTIST process involves formal intramolecular electron trans-
fer with concomitant spin-state changes at the metal centers
and can be induced by light irradiation or changes in
temperature. This two-state magnetic and optical accessibility
is crucial for implementation of molecule-based materials in
technological devices,[14] a fact that accounts for the strong
interest in these compounds.

The first report of a cyanide compound that exhibits
CTIST properties is from the group of Hashimoto, who
reported that films of the Prussian Blue (PB) analogue
K0.2Co1.4{Fe(CN)6]·6.9 H2O exposed to red light undergo an
increase in both the ferrimagnetic ordering temperature from
16 K to 19 K and the magnetization.[8] The effect is fully
thermally reversible and partially reversed by illumination
with blue light. Additional materials that exhibit CTIST are
the PB phase Rb0.88Mn[Fe(CN)6]0.96·0.5H2O

[15] and more
exotic materials with 5d metal ions such as
CoII

3[W
V(CN)8]2(pyrimidine)4·6 H2O.[12]

The aforementioned exciting developments in PB chemis-
try prompted us to investigate the properties of cyanide-
bridged heterometallic clusters known to undergo facile
electron transfer through the M�C�N�M’ linkage. These
efforts led to the first documented case of CTIST in a
molecule-based Fe/Co material, namely {[Co-
(tmphen)2]3[Fe(CN)6]2}·x H2O (tmphen = 3,4,7,8-tetramethyl-
1,10-phenanthroline), which is a member of a large family of
related trigonal bipyramidal (TBP) clusters. In these clusters,
two axial [M(CN)6]

3� ions form bridges to three equatorially
disposed [M’(tmphen)2]

2+ groups.[16] We discovered that the
{[Co(tmphen)2]3[Fe(CN)6]2} cluster from this family is quite
remarkable in that it can exist in different electronic isomeric
forms, fir example, {CoIII

2CoIIFeII
2} and {CoII

3FeIII
2}.

[11] More
recently, the cyanide-bridged cube {[(pzTp)FeIII(CN)3]4-
[CoII(pz)3CCH2OH]4[ClO4]4} (pzTp = tetrakis(1H-pyrazol-1-
yl)borato) was found to undergo a sharp CTIST at 250 K.[7]

Herein we report an unprecedented CTIST for the new
heterobimetallic cluster {[Fe(tmphen)2]3[Os(CN)6]2} (1),
which contains only Group 8 metal ions. Full characterization
by structural, magnetic, and spectroscopic methods points to a
reversible transition between the FeII�N�C�OsIII and FeIII�
N�C�OsII redox pairs. Most importantly, the iron centers
switch between low-spin (LS) FeII and high-spin (HS) FeIII,
respectively, a type of transition that has not been previously
observed for Fe ions to our knowledge.

The reaction of [PPN]3[Os(CN)6] (PPN = bis(triphenyl-
phosphine)iminium)) and in situ produced [Fe(tmphen)2]

2+ in
acetonitrile leads to the formation of 1, which crystallizes in
the centrosymmetric space group P21/c as found for related
TBP molecules (Figure 1).[16, 17]

The crystallographic data for 1 reveal that the average Fe�
N(tmphen) bond length increases by 0.09–0.2 � between 110

Figure 1. Molecular structure of 1 from X-ray coordinates at 110 K.
Hydrogen atoms are omitted for clarity.

[*] M. G. Hilfiger, M. Shatruk, Prof. K. R. Dunbar
Department of Chemistry, Texas A&M University
PO Box 30012, College Station, TX 77842-3012 (USA)
Fax: (+ 1)979-845-7177
E-mail: dunbar@mail.chem.tamu.edu

M. M. Chen, Prof. C. Achim
Department of Chemistry, Carnegie Mellon University
Pittsburgh, PA 15213 (USA)
E-mail: achim@cmu.edu

T. V. Brinzari, Prof. J. L. Musfeldt
University of Tennessee, Knoxville, TN 37996 (USA)

T. M. Nocera, Prof. D. T. Petasis
Allegheny College, Meadville, PA 16335 (USA)

[**] The authors acknowledge Carolina Avenda�o for useful discussions.
This research was supported by the National Science Foundation
(CHE-0610019 to K.R.D., DMR-0600089 to J.L.M.), the Department
of Energy (DE-FG03-02ER45999 to K.R.D.) and the ACS-PRF Fund
(AC3-44200 to C.A.). Crystallographic parameters can be found in
the Supporting Information (Table S4) and cif files under CSD
numbers 753301 and 753302.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200906264.

Zuschriften

1452 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2010, 122, 1452 –1455

http://dx.doi.org/10.1002/anie.200906264


and 300 K, an indication that a change in the oxidation and/or
spin states of these metal ions is occurring (Tables 1 and S1 in
the Supporting Information). A large (ca. 0.2 �) increase in
the Fe�N bond length is typically observed for the trans-

formation between LS and HS configurations for FeII spin
crossover complexes.[18] We have observed such a SCO
transition for two of the three equatorial Fe sites in the
{[Fe(tmphen)2]3[Fe(CN)6]2} and {[Fe(tmphen)2]3[Co(CN)6]2}
clusters (the labeling scheme is such that Fe(1) and Fe(3) are
SCO sites but Fe(2) is not). Similarly, the increase in Fe�
N(tmphen) bond lengths for the Fe(1) and Fe(3) centers of
the {[Fe(tmphen)2]3[Os(CN)6]2} cluster is larger than that of
the Fe(2) site. This difference may be due to weak intra- and
intermolecular interactions,[16] most likely related to the
packing of the clusters into dimer units. In the dimers, there
are p contacts between the tmphen ligands of Fe(1) and Fe(3)
of the {[Fe(tmphen)2]3[Os(CN)6]2} cluster but not between the
ligands of Fe(2) (Figure S1). While the changes in the average
Fe�N bond lengths are compatible with a LS FeII to HS FeII

change, we cannot rule out that the change is due to a
transition from LS FeII to HS FeIII. We could not find a
benchmark for the change in bond length that accompanies a
transition from LS FeII to HS FeIII, because a search of the
Cambridge Structural Database revealed that there is no
structurally characterized example of a HS FeIII complex with
four imine and two N-coordinated cyanide or thiocyanide
ligands.[19, 20] Therefore, the X-ray data indicate that the metal
core in 1 is {(LS-FeII)3OsIII

2} at low temperature and that two
of the three iron sites of the cluster become HS FeII or HS FeIII

at 350 K. The 4.2 K EPR spectrum of 1 exhibits a signal
characteristic of LS OsIII (S = 1=2), which corroborates the
{FeII

3OsIII
2} valence assignment for the cluster at low temper-

ature (inset in Figure 2).
Variable-temperature magnetic susceptibility measure-

ments in an applied dc field of 0.1 T for a polycrystalline
sample of 1 showed an abrupt decrease in c T from
9.37 emuK mol�1 at 350 K to 2.13 emuK mol�1 at 220 K,
followed by a slow decrease to 1.2 emuK mol�1 at 50 K
(Figure 2). The approximately 7.3 emuK mol�1 change in cT
between 350 and 200 K is indicative of a gradual change in the
spin state at the metal ions due to either SCO or CTIST.
Specifically, the change in cT could be due to a LS to HS FeII

transition with 47% and 80 % of the Fe sites of the cluster
becoming HS FeII at 300 K and 350 K, respectively, or to a
CTIST from {LS-FeII�N�C�OsIII} to {HS-FeIII�N�C�OsII}
with 35 % and 60% of the Fe sites becoming HS FeIII at 300 K
and 350 K, respectively.

Variable-temperature infrared spectra of 1 (Figure 3)
show a strengthening of the C�N bond with decreasing
temperature, reflected in the shift of the n(CN) vibrational
modes to higher frequencies. This observation can be

compared with predicted trends for our two SCO transition
and CTIST working models. In a typical HS FeII to LS FeII

transition, the bridging cyanide modes are expected to change
only slightly, and the terminal stretches of [OsIII(CN)6]

3�

would be affected even less. In contrast, if the transition
involves a change in transition-metal oxidation state such as
between [(LS-FeII)(HS-FeIII)2(OsII)2] and [(LS-FeII)3(OsIII)2]
at high and low temperature, respectively, both bridging and
terminal cyanide stretching modes would be affected. For the
latter case, it can also be anticipated that the low-temperature
infrared data would reflect the higher oxidation of Os centers,
resulting in higher-frequency stretches. As mentioned above,
with decreasing temperature, we observe a systematic “hard-
ening” of all n(CN) modes and an overall increase in oscillator

Table 1: Average Fe�N(tmphen) bond lengths [�] for 1.

T [K] Fe(1) Fe(2) Fe(3)

300 2.16(1) 2.05(1) 2.17(1)
110 1.99(1) 1.96(1) 1.99(1)

Figure 2. Plot of cT for a polycrystalline sample of 1 measured in an
applied magnetic field of 0.1 T. Lines marked A, B, C identify the
temperatures at which M�ssbauer measurements were made. Inset: X-
band EPR spectrum of a powder sample of 1. An average g value of
1.9 was observed for OsIII in the cluster. Experimental conditions:
T = 2.0 K; microwave frequency 9.63 GHz; microwave power 317 mW;
modulation amplitude 10 G.

Figure 3. Infrared spectra of a crystalline sample of 1 are characteristic
for cyanide complexes, with terminal modes being at lower frequencies
and bridging modes at higher frequencies. The inset displays a close-
up view of the C�H stretch at 4.2, 110, 190, 250, and 350 K.
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strength, which indicates that a CTISTand not a HS FeII to LS
FeII SCO transition takes place in {[Fe-
(tmphen)2]3[Os(CN)6]2}. However, we note that the observed
hardening of the n(CN) modes (5–6 cm�1) is much smaller
than that expected for the CTIST in isolation (Table S3).[8,11]

This difference may be related to the presence of competing
CH···N�C hydrogen-bonding-like interactions in this mate-
rial, which tend to counteract the hardening effect induced by
lowering the temperature (inset Figure 3). The lack of any CN
stretches at intermediate temperatures distinct from those
observed at 4.2 K and 350 K suggests that the transition is
from [FeII

3OsIII
2] directly to [FeIII

2FeIIOsII
2] and not through

the [FeII
2FeIIIOsIIIOsII] form of the cluster.

To directly investigate the oxidation and spin state of the
Fe ions in 1, 57Fe M�ssbauer spectra were obtained at
temperatures between 4.2 and 300 K and in applied magnetic
fields of up to 8 T. The M�ssbauer parameters for 1 are
summarized in Table 2. The dominant feature of the 4.2 K

spectrum (Figure 4) is a quadrupole doublet with an isomer
shift d of 0.40 mms�1 and a quadrupole splitting DEQ of
0.36 mms�1; this doublet represents more than 85 % of the Fe
in the sample (red line in Figure 4a). The d and DEQ

parameters are characteristic of LS FeII. A spectrum obtained
at 4.2 K and 8 T for the same sample confirmed that the
majority of the iron in the sample is diamagnetic LS FeII.

Now we turn to the scenario that a LS FeII to HS FeII

transition takes place in 1. In this case, the M�ssbauer spectra
obtained at 220 K and 300 K would show a quadrupole
doublet with d� 1 mms�1 and DEQ� 3 mms�1 and whose
right line would be most easily discernible at greater than
2 mms�1 (Figure 4 d). The absence of a feature in this region
of the 300 K spectrum excludes the possibility of a SCO event
at the iron centers. On the other hand, if HS FeIII forms by
electron transfer between the Fe and Os ions through CTIST,
the HS FeIII would be represented in the M�ssbauer spectra at
T� 220 K by a quadrupole doublet that would be visible as a
shoulder on the right side of the doublet for LS FeII. Indeed,
such a spectral feature is observed in the 220 and 300 K
spectra (blue line in Figure 4 b,c). The change in the relative
contribution of HS FeIII to the spectrum measured at 300 K is
in good agreement with the change estimated on the basis of
the magnetic susceptibility data (Table 2 and above). There-

fore the M�ssbauer data are consistent with a CTIST event
that interconverts LS FeII�C�N�OsIII and HS FeIII�C�N�
OsII.

The slight asymmetry of the quadrupole doublet observed
in the 4.2 K M�ssbauer spectrum reflects the presence of a
small amount of LS FeII with M�ssbauer parameters that are
different from those of the majority LS FeII species. This type
of FeII ion represents at most 5% of the Fe in the sample
(Figure 4a and S2a, LS FeII* Table 2). The spectrum obtained
at 4.2 K and 8 T for the same sample revealed that the sample
also contains up to 10 % HS FeIII (Figure S3). Several
synthetic batches showed these minority LS FeII* and HS
FeIII features at 4.2 K (Figure S2 and Table S2). These ions
likely originate from a population of less than 10 % clusters
that contain “locked” HS FeIII�C�N�OsII units at 4.2 K. The
presence of these minority clusters at low temperature also
explains the cT value of 1.5 emuKmol�1 found for the sample
of 1 at 50–100 K.

In summary, we have investigated the new cyanide-
bridged {[Fe(tmphen)2]3[Os(CN)6]2} cluster by structural,
spectroscopic, and magnetic methods. To our knowledge,
the compound is only the second example of cluster that
contains the hexacyanoosmate(III) anion as a building block,
and it constitutes the first example in which a HS FeIII ion is in

Table 2: M�ssbauer parameters for a polycrystalline sample of 1.

T [K] Fe site d

[mms�1][a]
DEQ

[mm s�1]
Relative
contribution [%]

4.2 LS FeII 0.40 0.36 95
LS FeII* 0.28 0.00 5

220 LS FeII 0.35 0.35 72
HS FeIII 0.54 0.55 22
LS FeII* 0.28 0.00 6

300 LS FeII 0.32 0.28 66
HS FeIII 0.50 0.55 27
LS FeII* 0.28 0.00 6

[a] Isomer shift determined with respect to Fe metal at room temper-
ature. The standard deviations are 0.01 for d, 0.02 for DEQ, and 2 for
relative contribution.

Figure 4. M�ssbauer spectra obtained at a) 4.2 K, b) 220 K and
c) 300 K. The plot in (d) represents a simulation of HS FeII at 300 K.
The red trace is the simulated contribution of LS FeII, the blue line is
HS FeIII, and the green line represents a LS FeII impurity. The black line
represents the sum of contributions for all types of Fe in the sample.
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a coordination environment of four imine nitrogens and two
N-coordinated cyanides. Most importantly, our studies
revealed an unprecedented type of reversible, temperature-
induced CTIST centered at room temperature from LS FeII–
OsIII to HS FeIII–OsII. These intriguing results represent a
valuable addition to the relatively small body of literature on
CTIST phenomenon.

Experimental Section
FeCl2 (0.052 g, 0.413 mmol) and tmphen (0.216 mg, 0.914 mmol) were
combined in acetonitrile (80 mL). The solution was stirred for 30 min
in an inert N2 atmosphere dry box. The resulting dark red solution was
combined with a solution of (PPN)3[Os(CN)6] (0.659 g, 0.336 mmol)
in acetonitrile (80 mL). This solution was left undisturbed for 4–
5 days after which time a crop of purple-red crystals was collected by
filtration and washed with acetonitrile (3 � 30 mL). Yield 118 mg
(31%). Elemental analysis and TGA indicated the presence of
interstitial water molecules (9H2O), which is common for these
materials. Calcd. for C108H114Fe3N24O9Os2·9H2O: O 5.89, N 13.76, C
53.08, H 4.70; found: O 5.98, N 13.89, C 53.64, H 4.85%.

Received: November 6, 2009
Published online: January 18, 2010

.Keywords: charge transfer · cyanide ligand · iron complexes ·
spin crossover · spin transition

[1] M. Shatruk, C. Avendano, K. R. Dunbar, Prog. Inorg. Chem.
2009, 56, 155 – 334.

[2] S. M. Holmes, G. S. Girolami, J. Am. Chem. Soc. 1999, 121,
5593 – 5594.

[3] E. J. Schelter, F. Karadas, C. Avendano, A. V. Prosvirin, W.
Wernsdorfer, K. R. Dunbar, J. Am. Chem. Soc. 2007, 129, 8139 –
8149.

[4] D. Li, S. Parkin, G. Wang, G. T. Yee, R. Clerac, W. Wernsdorfer,
S. M. Holmes, J. Am. Chem. Soc. 2006, 128, 4214 – 4215.

[5] D. E. Freedman, D. M. Jenkins, A. T. Iavarone, J. R. Long, J.
Am. Chem. Soc. 2008, 130, 2884 – 2885.

[6] M. Ferbinteanu, H. Miyasaka, W. Wernsdorfer, K. Nakata, K.
Sugiura, M. Yamashita, C. Coulon, R. Clerac, J. Am. Chem. Soc.
2005, 127, 3090 – 3099.

[7] D. Li, R. Clerac, O. Roubeau, E. Harte, C. Mathoniere, R.
Le Bris, S. M. Holmes, J. Am. Chem. Soc. 2008, 130, 252 – 258.

[8] O. Sato, Y. Einaga, A. Fujishima, K. Hashimoto, Inorg. Chem.
1999, 38, 4405 – 4412.

[9] M. Shatruk, A. Dragulescu-Andrasi, K. E. Chambers, S. A.
Stoian, E. L. Bominaar, C. Achim, K. R. Dunbar, J. Am. Chem.
Soc. 2007, 129, 6104 – 6116.

[10] W. Kosaka, K. Nomura, K. Hashimoto, S. I. Ohkoshi, J. Am.
Chem. Soc. 2005, 127, 8590 – 8591.

[11] C. P. Berlinguette, A. Dragulescu-Andrasi, A. Sieber, H. U.
Guedel, C. Achim, K. R. Dunbar, J. Am. Chem. Soc. 2005, 127,
6766 – 6779.

[12] S. Ohkoshi, Y. Hamada, T. Matsuda, Y. Tsunobuchi, H. Tokoro,
Chem. Mater. 2008, 20, 3048 – 3054.

[13] O. Sato, J. Tao, Y. Z. Zhang, Angew. Chem. 2007, 119, 2200 –
2236; Angew. Chem. Int. Ed. 2007, 46, 2152 – 2187.

[14] J. F. Letard, P. Guionneau, L. Goux-Capes in Spin Crossover in
Transition Metal Compounds III (Ed.: P. G�tlich), Top. Curr.
Chem. , Vol. 235, Springer, Berlin, 2004, pp. 221 – 249.

[15] S. Ohkoshi, H. Tokoro, K. Hashimoto, Coord. Chem. Rev. 2005,
249, 1830 – 1840.

[16] K. E. Funck, M. G. Hilfiger, C. P. Berlinguette, M. Shatruk, W.
Wernsdorfer, K. R. Dunbar, Inorg. Chem. 2009, 48, 3438 – 3452.

[17] M. G. Hilfiger, M. Shatruk, A. Prosvirin, K. R. Dunbar, Chem.
Commun. 2008, 5752 – 5754.

[18] P. Guionneau, M. Marchivie, G. Bravic, J. F. Letard, D.
Chasseau, Top. Curr. Chem. 2004, 234, 97 – 128.

[19] B. Weber, I. K�pplinger, H. G�rls, E. G. J�ger, Eur. J. Inorg.
Chem. 2005, 2794 – 2811.

[20] A. Geiss, H. Vahrenkamp, Eur. J. Inorg. Chem. 1999, 1793 – 1803.

Angewandte
Chemie

1455Angew. Chem. 2010, 122, 1452 –1455 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://dx.doi.org/10.1002/9780470440124.ch3
http://dx.doi.org/10.1002/9780470440124.ch3
http://dx.doi.org/10.1021/ja990946c
http://dx.doi.org/10.1021/ja990946c
http://dx.doi.org/10.1021/ja0683281
http://dx.doi.org/10.1021/ja0683281
http://dx.doi.org/10.1021/ja058626i
http://dx.doi.org/10.1021/ja077527x
http://dx.doi.org/10.1021/ja077527x
http://dx.doi.org/10.1021/ja0468123
http://dx.doi.org/10.1021/ja0468123
http://dx.doi.org/10.1021/ja0757632
http://dx.doi.org/10.1021/ic980741p
http://dx.doi.org/10.1021/ic980741p
http://dx.doi.org/10.1021/ja066273x
http://dx.doi.org/10.1021/ja066273x
http://dx.doi.org/10.1021/ja050118l
http://dx.doi.org/10.1021/ja050118l
http://dx.doi.org/10.1021/ja043162u
http://dx.doi.org/10.1021/ja043162u
http://dx.doi.org/10.1021/cm703258n
http://dx.doi.org/10.1002/ange.200602205
http://dx.doi.org/10.1002/ange.200602205
http://dx.doi.org/10.1002/anie.200602205
http://dx.doi.org/10.1016/j.ccr.2004.11.015
http://dx.doi.org/10.1016/j.ccr.2004.11.015
http://dx.doi.org/10.1021/ic801990g
http://dx.doi.org/10.1039/b813413h
http://dx.doi.org/10.1039/b813413h
http://dx.doi.org/10.1002/ejic.200400759
http://dx.doi.org/10.1002/ejic.200400759
http://dx.doi.org/10.1002/(SICI)1099-0682(199910)1999:10%3C1793::AID-EJIC1793%3E3.0.CO;2-3
http://www.angewandte.de

