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Abstract

The use of N,N0-ethylenebis(salycylideneiminato) (salen) complexes of MnIII in assembling high-spin metal–cyanide coordination

clusters with significant magnetic anisotropy is demonstrated. The reaction of [Mn(salen)(H2O)2]þwith [Cr(CN)6]32 in aqueous solution

generates {Cr[CNMn(salen)(H2O)]6}[Cr(CN)6]·6H2O (1), a previously reported compound featuring a heptanuclear cluster with a distorted

octahedral geometry. A fit to the variable-temperature magnetic susceptibility data for 1 revealed the presence of weak antiferromagnetic

coupling of J ¼ 22:5 cm21 within the cluster, giving rise to an S ¼ 21=2 ground state. In addition, variable-field magnetization data

collected at low temperatures revealed the presence of magnetic anisotropy in the ground state, with the best fit yielding zero-field splitting

parameters of D ¼ þ 0.19 cm21 and lEl ¼ 0:036 cm21: A reaction intended to produce a direct analogue of 1 by employing [Fe(CN)6]32 in

place of [Cr(CN)6]32 instead gave an unusually complex compound of formula {Fe(CN)4[CNMn(salen)(MeOH)]2}{[Mn(salen)(H2O)]2}

[Mn(salen)(H2O)(MeOH)]2[Fe(CN)6]·4H2O (2). The crystal structure and magnetic properties of this compound are reported.

q 2003 Elsevier Ltd. All rights reserved.

1. Introduction

More than a decade ago, it was discovered that

[Mn12O12(MeCO2)16(H2O)4]·2MeCO2H·4H2O, a molecular

compound first reported by Lis [1], exhibits slow magnetic

relaxation [2–4]. This behavior is now understood as

arising from the effect of a negative axial zero-field

splitting parameter, D; on a ground state of high spin, S:

The resulting loss in degeneracy of the MS levels leads to

an energy barrier U for flipping the spin in an individual

molecule from MS ¼ þS to MS ¼ 2S: In the Mn12 cluster,

an axial zero-field splitting parameter of approximately

D ¼ 20:5 cm21 splits the MS levels of its S ¼ 10 ground

state to give a barrier of U ¼ S2lDl ¼ 50 cm21 between

MS ¼ þ10 and MS ¼ 210: Molecules of this type display

magnetic hysteresis at low temperatures [4], and conse-

quently have been dubbed ‘single-molecule magnets’; they

are of interest for studying quantum tunneling of the

magnetization [5–7], as well as for possible future

applications in information storage and quantum comput-

ing [8]. In the past decade, many new examples of

metal-oxo clusters that behave as single-molecule magnets

have been characterized [9–18]; however, none of these

exhibit a larger spin-reversal barrier U:

In an effort to raise the barrier U in single-molecule

magnets, some researchers have turned to the study of

high-spin metal–cyanide coordination clusters [19–33].

The advantage here lies in the greater ability to control the

formation of new cluster structures, owing to the

preference of cyanide for adopting a linear bridging

geometry between just two metal centers. Moreover,

given this structural motif, the nature of the magnetic

exchange coupling between neighboring metal centers is

readily predicted [34,35]. Thus, as initially demonstrated

with the cubic Prussian blue type solids [36–41], the

magnetic properties of the product can be adjusted through

a judicious choice of transition metal ions. This approach

facilitates the synthesis of molecules with high-spin

ground states, and indeed, the highest-spin clusters

known to date are [(ROH)24Mn9M6(CN)48] (R ¼ Me,

M ¼ Mo; R ¼ Et, M ¼ W), with S ¼ 51=2 and S ¼ 39=2;

respectively [24,25].

While the ground state spin is an important contributor to

the magnitude of the spin-reversal barrier in a single-

molecule magnet, the barrier will not exist at all unless
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the ground state also has a large negative D value. In metal–

cyanide clusters, however, this axial zero-field splitting

parameter can also be manipulated by selecting appropriate

transition metal ions. For example, the trigonal prismatic

cluster [(Me3tacn)6MnCr6(CN)18]2þ (Me3tacn ¼ N,N0,N00-

trimethyl-1,4,7-triazacyclononane) has a ground state spin

of S ¼ 13=2 with D < 0 [27], but, upon substituting MoIII

for CrIII, the analogous [(Me3tacn)6MnMo6(CN)18]2þ clus-

ter exhibits S ¼ 13=2 with D ¼ 20:33 cm21 [30]. Accord-

ingly, the latter molecule represents the first cyano-bridged

single-molecule magnet, with an effective spin-reversal

barrier of Ueff ¼ 10 cm21; as determined from the

frequency dependence of the AC magnetic susceptibility

[30]. Thus, one approach to increasing the magnetic

anisotropy for a non-cubic cluster geometry is simply to

move down the periodic table, where the increased spin-

orbit coupling will lead to an increase in the magnitude of D:

(Note that accurately predicting the sign and magnitude of D

in such complex molecules is really not yet possible.) An

alternative approach is to use first row transition metal ions

that have already been shown to create the necessary

magnetic anisotropy in metal-oxo single-molecule magnets:

metal ions such as MnIII, VIII, and CoII. Because, it provides

the main contribution to the molecular anisotropy in

[Mn12O12(MeCO2)16(H2O)4], MnIII is of particular interest

for this purpose. While numerous cyano-bridged solids

featuring Schiff base complexes of MnIII have been reported

[42–48], little attention has yet been paid to their potential

in creating new single-molecule magnets.

Herein, we report some initial attempts to incorporate

[Mn(salen)]þ(salen ¼ N,N0-ethylenebis(salycylideneimi-

nato)) complexes into high-nuclearity metal–cyanide clus-

ters, together with the magnetic properties of the resulting

CrIIIMn6
III and FeIIIMn2

III cluster-containing products.

2. Experimental section

2.1. Preparation of compounds

All manipulations were carried out in air. The Schiff-base

ligand N,N0-(bis(disalicylal)ethylenediamine) (salenH2) was

synthesized using a previously reported procedure [49]. The

compound [Mn(salen)(H2O)]ClO4·H2O was then prepared

by mixing Mn(MeCO2)3·2H2O, salenH2 and LiClO4 in a

1:1:1.5 molar ratio in MeOH, again according to a method

described previously [50]. Water was distilled and deio-

nized with a Milli-Q filtering system. All other reagents

were obtained from commercial vendors and used without

further purification. Infrared spectra were recorded using a

Nicolet Avatar 360 FTIR spectrometer equipped with an

attenuated total reflectance accessory.

2.1.1. {Cr[CNMn(salen)(H2O)]6}[Cr(CN)6]·6H2O (1)

This compound was synthesized in 73% yield by reacting

[Mn(salen)(H2O)]ClO4·H2O with K3[Cr(CN)6] in aqueous

solution, as previously described [47]. IR (solid, ATR): nCN

(cyanide) 2129, 2123, nCNðimineÞ 1625, 1600 cm21. Anal.

Calcd for C108H108N24O24Cr2Mn6: C, 50.68; H, 4.25; N,

13.13. Found: C, 50.48; H, 4.32; N, 12.94. The unit cell

obtained for a dark brown block-shaped crystal of this

compound was found to match that previously reported [47].

2.1.2. {Fe(CN)4[CNMn(salen)(MeOH)]2}{[Mn(salen)

(H2O)]2}[Mn(salen)(H2O)(MeOH)]2[Fe(CN)6]·4H2O (2)

A procedure directly analogous to that employed in the

preparation of 1 was used to synthesize this compound. A

solution of [Mn(salen)(H2O)]ClO4·H2O (0.52 g, 1.1 mmol)

in 45 ml of MeOH was added to a solution of K3[Fe(CN)6]

(0.12 g, 0.37 mmol) in 4 ml of water. The mixture was

filtered, and the dark brown filtrate was allowed to stand for

1 week. The resulting dark brown plate-shaped crystals were

collected by filtration, washed with a 1:2 mixture of

methanol and water, and dried in air to afford 0.28 g

(59%) of product. IR (solid, ATR): nCN (cyanide) 2119,

2113, nCN (imine) 1621, 1599 cm21. Anal. Calcd for

C112H116Fe2Mn6N24O24: C, 51.27; H, 4.46; N, 12.81.

Found: C, 51.47; H, 4.49; N, 12.86. A single crystal of

2·4MeOH suitable for X-ray analysis was obtained directly

from the reaction mixture.

2.2. X-ray structure determination

A single crystal of 2·4MeOH was coated with Paratone-N

oil, attached to a glass fiber, transferred to a Siemens

SMART diffractometer, and cooled to 119 K in a dinitrogen

stream. Initial lattice parameters were obtained from a least-

squares analysis of more than 30 centered reflections; these

parameters were later refined against all data. The crystal

did not show any significant decay during data collection.

Data were integrated and corrected for Lorentz and

polarization effects using SAINT and were corrected for

absorption effects using SADABS.

The space group assignment was based on systematic

absences, E statistics, and successful refinement of the

structure. The structure was solved by direct methods with

the aid of successive difference Fourier maps, and was refined

against all data using the SHELXTL5.0 software package. The

distance between the oxygen atoms (O6 and O14) of two

water molecules in the structure was restrained to prevent

them from moving within an unreasonably close distance of

one another. Thermal parameters for all non-hydrogen atoms

were refined anisotropically. Hydrogen atoms associated with

solvate water were not included in the structural refinement.

All other hydrogen atoms were assigned to ideal positions and

refined by use of a riding model with an isotropic thermal

parameter 1.2 times that of the attached carbon or nitrogen

atom (1.5 times for methyl hydrogens).

The crystal and structure refinement parameters

for 2·4MeOH are: C116H132Fe2Mn6N24O28, P�1; Z ¼ 1;

a ¼ 14:985ð8Þ; b ¼ 14:880ð8Þ; and c ¼ 15.911(8) Å,

a ¼ 79:734ð8Þ; b ¼ 62:319ð8Þ; and g ¼ 85.683(9)8,
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V ¼ 3091(3) Å3, dcalc ¼ 1:487 g=cm3; no. reflections

¼ 6397, no. parameters ¼ 800, R1 ¼ 0:0850; wR2 ¼ 0:1997:

This structure has been deposited with the Cambridge

Crystallographic Data Centre as supplementary publication

CCDC 219001. Copies of the data can be obtained free of

charge on application to CCDC, 12 Union Road, Cambridge

CB2 1EC, UK (Fax: þ44-1223-336-033; e-mail: deposit@

ccdc.cam.ac.uk).

2.3. Magnetic susceptibility measurements

DC magnetic susceptibility data were collected using a

Quantum Design MPMS2 SQUID magnetometer at temp-

eratures ranging from 5 to 295 K under an applied

magnetic field of 1000 G. Data were corrected for

diamagnetic contributions using Pascal’s constants. For

magnetization measurements, the sample was suspended in

a petroleum jelly mull to prevent torquing of crystallites at

high magnetic fields. A temperature-independent para-

magnetism value of 0.0014 cgsu was assumed for 1 and the

data were fit to a theoretical model using a relative error

minimization routine (MAGFIT3.1) [51]. The program

ANISOFIT2.0, which is freely available over the internet at

http://alchemy.cchem.berkeley.edu, was used in fitting the

magnetization data for compound 1 [28]. All coupling

constants reported herein are based on exchange Hamil-

tonians of the form Ĥ ¼ 22JŜi·Ŝj:

3. Results and discussion

3.1. Syntheses and structures

The compounds {Cr[CNMn(salen)(H2O)]6}[Cr(CN)6]·

6H2O (1) and {Fe(CN)4[CNMn(salen)(MeOH)]2}{[Mn

(salen)(H2O)]2}[Mn(salen)(H2O)(MeOH)]2[Fe(CN)6]·

4H2O (2) were synthesized by the dropwise addition of an

aqueous solution of K3[M(CN)6] (M ¼ Cr or Fe) into a

methanol solution of [Mn(salen)(H2O)]ClO4·H2O. As the

amount of water increased in the reaction solution, the

crystals began to form more and more rapidly. Upon

standing for one week, the products were isolated as dark

brown crystals. The infrared spectrum of 2 displays nCN

stretching bands at 2119 and 2113 cm21, indicating that

the þ3 oxidation state of iron is maintained in the

product.

The unit cell parameters for a single crystal of 1

revealed it to be identical to a previously reported structure

[47]. Thus, the compound contains the heptanuclear

cluster {Cr[CNMn(salen)(H2O)]6}3þ, in which a central

[Cr(CN)6]32 unit is coordinated through each of its nitrogen

atoms to a salen-bound MnIII center (see Fig. 1). As usual

for such Schiff base complexes, each MnIII center shows a

strong Jahn–Teller type distortion, with the elongated bond

lengths occurring along the axis perpendicular to the plane

of the salen ligand. The molecule resides on a 3̄ symmetry

site in the crystal, and exhibits bent Mn–NxC angles of

149.9(4)8 that lead to a significant departure from Oh

symmetry for the [Cr(CNMn)6]15þ cluster core. An isolated

[Cr(CN)6]32 complex balances the charge of the cluster.

Despite its analogous preparation and composition, X-

ray analysis of a single crystal of 2·4MeOH revealed a

structure quite different from that in 1. This structure instead

features a trinuclear {Fe(CN)4[CNMn(salen)(MeOH)]2}12

cluster, which has cocrystallized with a dimeric {[Mn

(salen)(H2O)]2}2þ complex, two isolated [Mn(salen)

(MeOH)(H2O)]þ complexes, and one isolated [Fe(CN)6]32

Fig. 1. Structure of the {Cr[CNMn(salen)(H2O)]6}3þ cluster in 1 [47].

Black, gray, shaded, white, and hatched spheres represent Cr, Mn, C, N, and

O atoms, respectively; H atoms are omitted for clarity.

Fig. 2. Structure of the {Fe(CN)4[CNMn(salen)(MeOH)]2}12 cluster in

2·4MeOH. Black, gray, shaded, white, and hatched spheres represent Fe,

Mn, C, N, and O atoms, respectively; H atoms are omitted for clarity. The

molecule resides on a crystallographic inversion center. Selected mean

interatomic distances (Å) and angles (deg): Fe–C 1.940(7), CxN

1.150(9), Mn–NCN 2.30(1), Mn–Nsalen 1.981(7), Mn–Osalen 1.888(6),

Mn–OMeOH 2.365(9), C–Fe–C 90.0(2), Fe–C–N 178.3(7), Mn–NxC

149(1).
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complex. A closely related structure, differing only in the

number of solvate molecules, has been reported previously

[42]. Fig. 2 displays the structure of the FeMn2 cluster in

2·4MeOH. Here, a central [Fe(CN)6]32 moiety is coordi-

nated through two trans nitrogen atoms to salen-bound

MnIII centers, giving rise to a linear geometry of a type

frequently encountered before [42,45,46]. Once again, each

MnIII center displays shorter bonds to the salen donor atoms

than to the axially coordinated cyanide and methanol

ligands (see legend of Fig. 2). Although, only two salen

complexes surround the central hexacyanometalate unit, the

Mn–NxC angle of 149(1)8 is still very bent. The structure

of the Mn2 complex in 2 is depicted in Fig. 3, and consists of

two [Mn(salen)(H2O)]þ units that are dimerized through

mutual axial interactions between a MnIII center and a

phenoxy oxygen atom of the neighboring salen ligand.

Therein, the Mn· · ·O separation of 2.671(9) Å and Mn–

O· · ·Mn angle of 95.4(4)8, respectively, differ notably from

the corresponding parameters of 2.412(6) Å and 100.6(2)8

in [Mn(salen)(H2O)]2(ClO4)2 [52].

3.2. Magnetic properties of 1

The magnetic properties of {Cr[CNMn(salen)(H2O)]6}

[Cr(CN)6]·6H2O (1) have been presented and analyzed in a

previous report by Xu and co-workers [47]. Therein, the

compound was claimed to exhibit an unusually high effec-

tive magnetic moment of meff ¼ 22:78 mB ðxMT ¼

64.88 cm3K/mol) at room temperature. With decreasing

temperature, this moment was observed to drop steadily,

reaching a local minimum at 47 K, before rising briefly to a

local maximum of ca. 14 mB ( ¼ 25 cm3K/mol) at 13 K and

then plummeting toward zero. This behavior was interpreted

as indicating the CrMn6 cluster to possess ‘a strong

antiferromagnetic interaction with a S ¼ 21=2 ground state

at room temperature’. In view of these unusual results and

conclusions, we have remeasured and reanalyzed the

magnetic properties of the compound.

As measured in an applied field of 1000 G, the magnetic

susceptibility data we obtained for compound 1 differ

dramatically from the previously reported data. Fig. 4

shows plots of xMT both before (squares) and after (circles)

subtracting a contribution of 1.876 cm3 K/mol assumed for

the [Cr(CN)6]32 counteranion. The CrMn6 cluster exhibits

a xMT value of 16.6 cm3 K/mol at 295 K, which is slightly

below the value of 19.9 cm3 K/mol expected for one CrIII

ðS ¼ 3=2Þ and six high-spin MnIII ðS ¼ 2Þ centers in the

absence of any exchange coupling. As the temperature is

lowered, xMT gradually decreases, reaching a shallow

minimum at ca. 70 K before rising steeply. This behavior is

consistent with the expected [34,35] antiferromagnetic

coupling between CrIII and the six surrounding MnIII

centers to give an S ¼ 21=2 ground state. Note, however,

that the maximum value of xMT ¼ 30.8 cm3K/mol attained

at 7 K is significantly lower than the spin-only value of

60.4 cm3 K/mol expected for an S ¼ 21=2 ground state.

This reduced moment, together with the downturn in xMT

below 7 K, is attributed primarily to the presence of zero-

field splitting in the ground state. The susceptibility data

above 14 K were fit using MAGFIT3.1 and an exchange

Hamiltonian of the following form.

Ĥ¼22J½ŜCr·ðŜMnð1ÞþŜMnð2ÞþŜMnð3ÞþŜMnð4ÞþŜMnð5ÞþŜMnð6Þ�

ð1Þ

The best fit, corresponding to the solid line in Fig. 4, gave

parameters of J¼ 22.5 cm21 and g¼1:86: This coupling

constant is comparable to but slightly greater in magnitude

than the value of J¼ 21.1 cm21 observed for the tetra-

nuclear cluster [Cr(CN)3(CNMnL)3], where L is a dianionic

pentadentate ligand related to salen [53]. Unfortunately, the

structure of this molecule, which presumably features

analogous CrIII–CN–MnIII linkages, is not available for

Fig. 3. Structure of the {[Mn(salen)(H2O)]2}2þ complex in 2·4MeOH. Gray,

shaded, white, and hatched spheres represent Mn, C, N and O atoms,

respectively; H atoms are omitted for clarity. Selected mean interatomic

distances (Å) and angles (deg): Mn–Nsalen 1.966(8), Mn–Osalen 1.880(6),

Mn–Owater 2.17(1), Mn· · ·O 2.67(1), Mn· · ·Mn 3.419(5) Mn–O· · ·Mn

95.4(4). Fig. 4. Magnetic behavior of {Cr[CNMn(salen)(H2O)]6}[Cr(CN)6]·6H2O

(1), as measured in an applied field of 1000 G. Squares and circles represent

data before and after subtracting the paramagnetic contribution of the spin-

isolated [Cr(CN)6]32 counteranion. The solid line represents a calculated fit

to the adjusted data.

H.J. Choi et al. / Journal of Physics and Chemistry of Solids 65 (2004) 839–844842



comparison. Thus, while the CrMn6 cluster in 1 does

possess an unusually high-spin ground state of S ¼ 21=2; the

antiferromagnetic coupling within the molecule is in fact

very weak, such that spin-excited states are thermally

populated even at temperatures well below room

temperature.

The nature of the zero-field splitting in the ground state

of the CrMn6 cluster in compound 1 was further examined

through variable-field magnetization measurements per-

formed at low temperatures. The corrected magnetization

data are plotted in Fig. 5, where the clear deviations from a

single Brillouin function signify the presence of a

substantial zero-field splitting. It is important to note that

this anisotropy arises despite the high symmetry of the

cluster, which deviates from an octahedral core geometry

only by virtue of its bent cyanide bridges. Assuming an

S ¼ 21=2 ground state and negligible population of excited

spin states, the data with T # 4 K were fit at all fields

simultaneously using ANISOFIT2.0 [28]. The best fit, shown

as the solid lines in Fig. 5, matched the data closely, giving

D ¼ þ0.19 cm21, lEl ¼ 0.036 cm21, and g ¼ 1:588 [54].

Although, the sign of D is generally not reliably determined

from such magnetization data, in this case no reasonable fit

could be obtained when constraining D to be negative. Thus,

while the D values for mononuclear Schiff-base complexes

of MnIII have typically been found to fall in the range of

21.0 to 23.0 cm21 [55,56], the compilation of single-ion

anisotropy parameters appears to give rise to a positive D

value for the ground state of the CrIIIMn6
III cluster. As a

consequence, the cluster is not expected to behave as a

single-molecule magnet. Indeed, AC magnetic suscepti-

bility measurements performed at temperatures as low

as 1.9 K and frequencies in the range 1000–1500 Hz

confirmed the absence of an out-of-phase signal.

3.3. Magnetic properties of 2

The magnetic behavior of 2 is difficult to interpret, owing

to the presence of two distinct clusters, {Fe(CN)4

[CNMn(salen)(MeOH)]2}12 and {[Mn(salen)(H2O)]2}2þ,

both of which are likely to exhibit exchange coupling. The

variation of xMT with temperature for this compound is

plotted in Fig. 6. At 295 K, xMT ¼ 18.0 cm3K/mol, which is

only slightly below the spin-only value of 18.8 cm3 K/mol

expected for two low-spin FeIII ðS ¼ 1=2Þ and six high-spin

MnIII ðS ¼ 2Þ centers in the absence of any exchange

coupling. The difference is most likely just a consequence of

g being less than 2.00. As the temperature is lowered, xMT

increases gradually, reaching a maximum of 20.9 cm3 K/

mol at 7 K, before decreasing to 20.5 cm3 K/mol at 5 K. This

behavior suggests the presence of weak ferromagnetic

exchange interactions within the compound, possibly with

the effects of zero-field splitting associated with the MnIII

centers taking over below 7 K. The result is very reasonable,

in view of the magnetic properties previously observed for

related clusters. With a linear geometry similar to that

encountered in 2, clusters of the type {Fe(CN)4[CNMn(5-X-

salen)(H2O)]2}12 (X ¼ Cl, Br) exhibit weak ferromagnetic

coupling with J < 4 cm21 [42,44,45]. In addition, the

dimeric units in [Mn(salen)(H2O)]2(ClO4)2 also display

weak ferromagnetic coupling, with J ¼ 6.3 cm21 [52]. With

both types of clusters present in 2, however, J values are not

readily extracted from the magnetic data for comparison.

4. Outlook

The foregoing results demonstrate the utility of Schiff

base complexes of MnIII in the synthesis of metal–cyanide

coordination clusters possessing a high-spin ground state

with significant magnetic anisotropy. Owing to the weak

axial bonds associated with these complexes, it can be

Fig. 5. Magnetization data for a constrained powder sample of

{Cr[CNMn(salen)(H2O)]6}[Cr(CN)6]·6H2O (1), after subtracting the Bril-

louin contribution from the [Cr(CN)6]32 counteranion. Solid lines

correspond to calculated fits to the data.

Fig. 6. Magnetic behavior of compound 2, as measured in an applied field of

1000 G.
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anticipated that subtle changes in the reactants and reaction

conditions will lead to cyano-bridged clusters with very

different geometries. These differences will certainly affect

the nature of the anisotropy in the ground state, potentially

resulting in clusters with a large negative zero-field splitting

that behave as single-molecule magnets. Ultimately, it may

also be possible to increase both the magnitude of the zero-

field splitting and the strength of the magnetic exchange

coupling in such species through the use of second- or third-

row transition metal ions [28,30].
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[29] R. Lescouëzec, J. Vaisserman, F. Lloret, M. Julve, M. Verdaguer,

Inorg. Chem. 41 (2002) 5943.

[30] J.J. Sokol, A.G. Hee, J.R. Long, J. Am. Chem. Soc. 124 (2002) 7656.

[31] J.Y. Yang, M.P. Shores, J.J. Sokol, J.R. Long, Inorg. Chem. 42 (2003)

1403.

[32] V. Marvaud, C. Decroix, A. Scuiller, C. Guyard-Duhayon, J.

Vaissermann, F. Gonnet, M. Verdaguer, Chem. Eur. J. 9 (2003) 1678.

[33] C.P. Berlinguette, D. Vaughn, C. Cañada-Vilalta, J.R. Galán-
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