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a b s t r a c t

The anisotropy barrier and blocking temperature of single-molecule magnets (SMMs) depend on the total
spin S (and therefore to some extent on the size of the molecule) as well as on the Ising-type axial magnetic
anisotropy D. There is a relatively large anisotropy of the magnetic exchange across cyanide bridges
and therefore, moderate-sized oligonuclear complexes may lead to appreciably high anisotropy barriers.
Also, the geometry of cyanide bridges and the preference of metal ions for a specific linkage isomer allow
eywords:
olecular magnetism

ingle-molecule magnet (SMM)
agnetic exchange
agnetic anisotropy
exacyanometalate

predicting oligonuclear structures based on relatively simple building blocks of low nuclearity. Theoretical
approaches have been developed to understand the nature of the magnetic exchange through the cyanide
bridge and to predict magnetic exchange and anisotropy of larger spin clusters on the basis of theoretical
approaches which combine ligand field theory with DFT-based methods. These models and consequences
for the design and synthesis of SMM materials are discussed in detail.
igand field theory
FT

. Introduction

[Mn12O12(OOCCH3)16(OH2)4] (Mn12, see Fig. 1), was first pre-
ared and characterized in 1980 [1] and discovered in the early
990s to exhibit magnetic bistability [2–5]. Its MnIIIO6 octahedra
re elongated due to Jahn–Teller coupling, and this leads to a nega-
ive axial zero-field splitting D and, consequently, to removal of the

egeneracy of the Ms sublevels of the S = 10 ground state, such that
hose with the largest Ms values are the lowest in energy (see Fig. 2).
he thermal energy for interconversion of the two Ms = ±10 states

s U = S2|D| for integer values of S, such as for Mn12 with Ms = +10

∗ Corresponding author at: Universität Heidelberg, Anorganisch-Chemisches
nstitut, Im Neuenheimer Feld 270, 69120 Heidelberg, Germany.
ax: +49 6221 546617.

E-mail address: peter.comba@aci.uni-heidelberg.de (P. Comba).

010-8545/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2009.01.033
© 2009 Elsevier B.V. All rights reserved.

and Ms = −10, and U = (S2 − (1/4))|D| for half-integer values of S. The
experimentally determined barrier Ueff for Mn12 is approximately
50 cm−1, and this agrees with the expectation derived from S = 10
and D = −0.5 cm−1 and results in a blocking temperature of TB = 3.8 K
and a relaxation time � of about 2 months at 2 K [6,7]. Molecules
like Mn12 behave like classical magnets at very low temperature
and are called single-molecule magnets (SMMs) [8]. The bistability
of SMMs together with their size of 2–5 nm may open the way to
magnetic information storage materials of unprecedented density.
In addition, SMMs are of interest in fundamental science as unique
examples to study quantum effects, and they have also attracted
attention in the fields of quantum computing, magnetic refrigera-

tion and spin-based molecular electronics [9,10].

The field has seen much activity in the last decade and much of
the physics and theoretical basis of SMM properties as well as inter-
esting experimental approaches for the characterization of novel
magnetic materials have been developed. However, while a number

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:peter.comba@aci.uni-heidelberg.de
dx.doi.org/10.1016/j.ccr.2009.01.033
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ig. 1. Experimental structure of Mn12 (light gray: Mn, black: oxygen, dark gray:
arbon) [1] (reproduced from [101]).

f new SMMs have been prepared and thoroughly characterized,
o far there is only one example with a slightly larger anisotropy
arrier and blocking temperature than Mn12 (Ueff = 86.4 cm−1,
B = 4.5 K) [11]. One reason for the slow progress in the synthesis
f SMMs is that, while the most crucial parameters for a significant
ncrease of the anisotropy barrier are known – a large and nega-
ive value of the axial zero field splitting and a large total spin –
more than qualitative prediction of D has rarely been achieved,

n contrast, to some extent at least, to the prediction of S, based

ig. 2. Energy levels for a spin state S with an easy axis magnetic anisotropy as in
n12 (see Fig. 1). (a) Energy levels and population at zero magnetic field: the +M

nd −M levels are equally populated. (b) A magnetic field lifts the degeneracy of the
M and −M levels and selectively populates the −M levels. (c) After removal of the
agnetic field the system is equilibrated; the rate of equilibration depends on the

nergy barrier U between the two Ms ground states (reproduced from [9]).
ry Reviews 253 (2009) 2306–2314 2307

on well understood magnetic coupling mechanisms [12]. Lower
than expected values or the wrong sign of D are major problems
in a successful development of SMMs [13,14], and phonon-assisted
loss, quantum tunneling of the magnetization, as well as transversal
anisotropies due to off-axial geometries are other problems which
limit the increase of the blocking temperature [9].

With a combined ligand-field-theory and broken-symmetry DFT
approach (LFDFT) we have been able to show that the ground
state Jahn–Teller coupling has strong implications for the isotropic
and anisotropic magnetic exchange in oligonuclear cyanometalate
complexes [13]. The LFDFT model was used for the qualitative
discussion of the magnetic properties of published oligonuclear
transition metal complexes with ferromagnetic ground states [13]
and for a thorough analysis of a series of linear and bent trinu-
clear hexacyanoferrate-based complexes [14]. The absence of SMM
behavior in the latter examples was due to large angular distortions
of the [Fe(CN)6]3− sites, imposed by electronic, ligand-based steric
and/or crystal lattice effects and concomitant quenching of orbital
angular momentum of the FeIII (2T2g) ground state.

While qualitative rules emerge from the LFDFT model [13,14], so
far unpredictable subtle distortions lead to magnetic anisotropies
which generally are smaller than expected and required for SMM
behavior. It immediately follows that a reliable structure predic-
tion is needed for an efficient design of novel cyanometalate-based
SMMs, and it appears that only MM-based approaches will be able
to efficiently and reliably lead to the desired results [15]. Due to
the importance of Jahn–Teller-labile centers such as [Fe(CN)6]3−,
the LFMM approach [16–20] appears to be the method of choice
although this has not yet been tested for oligonuclear cyanometa-
lates. Two additional challenges are that the modeling of complexes
with simple monodentate ligands is particularly difficult (no forces
exerted by the ligand backbone) [15], and that from the experimen-
tal studies so far, it appears, not unexpectedly, that crystal lattice
effects might be of importance. The optimization of crystal lat-
tices is somewhat more difficult but the basic principles follow the
same rules as those of MM of isolated molecules, and correspond-
ing approaches have been developed [21–23] and methods for the
crystal structure prediction have also been described [24–26].

2. Magnetic exchange through the cyanide bridge

Theoretical work on the magnetic exchange via CN−-bridged
transition metal centers has been carried out on dinuclear model
complexes, and various approaches, including a valence bond con-
figuration interaction model [27,28], methods based on Extended
Hückel calculations [29,30], the Kahn–Briat exchange coupling
model [31,32], the augmented spherical waves model [33], Hartree-
Fock [34,35] and DFT calculations [35–38] have been used. An
efficient coupling mechanism via CN− �-orbitals, in particular
for t2g

4–t2g
3 (MnIIIVII), t2g

3–t2g
3 (MoIIIVII), t2g

3–t2g
4 (CrIIIMoII),

t2g
2–t2g

3 (VIIIVII) and t2g
3–t2g

3 (CrIIIVII) metal pairs, gives rise to
strong antiferromagnetic coupling. The combination of � donation
(for MIII) and � back-donation (for MII) is of importance, and ferro-
magnetic coupling was found in the t2g

3–t2g
6eg

2 MnIVNiII pair [37].
With a broken-symmetry DFT approach the exchange coupling con-
stant was related to �-, �- and �*-type spin densities of the CN−

bridge (see Fig. 3) [38]. In CuII–MIII pairs the 2B1g (dx2–y2) ground
state of CuII leads to ferromagnetic exchange, dominated by � delo-
calization via the CN− � pathway. Spin polarization, due to overlap
of the doubly occupied � orbitals of CN with the empty dz2 orbital

of MIII and �* orbitals of CN−, yields negative spin occupations in
these orbitals and reduces the CuII–MIII exchange coupling. When
the dz2 orbital of MIII is singly occupied, an additional positive spin
density appears in the �(CN) orbital and leads to an increase of the
ferromagnetic Cu–NC–M exchange constant [38]. For CuII in a 2A1g
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complex shown in Fig. 4 (Jexp = −298 cm [41,42]) has been used to
optimize the method for a broken-symmetry-DFT-based computa-
tion of exchange coupling constants (see Table 1), and the method
has then been validated with a large series of experimentally known
oligonuclear complexes [43]. The computations are based on a

Table 1
Exchange coupling constant J of the dicopper(II) complex shown in Fig. 4, calculated
with different functionals and basis sets, using Eq. (1) [43].

Method CPU time [h]b Jcalc [cm−1] (Jexp = −298 cm−1 [41,42])

B3LYP/TZV 4.60 −231.11
B3P86/TZV 3.71 −241.04
B3PW91/TZV 3.44 −227.46
BLYP/TZV 4.00 −854.24
BP86/TZV 4.26 −879.53
BPW91/TZV 4.20 −848.04
PBE/TZV 4.31 −853.74
SVWN/TZV 5.07 −1181.13

B3LYP/3-21G 0.56 −113.95
ig. 3. Orbitals of the CN− bridges coupled with the eg and t2g orbitals of the transi-
ion metal ion MIII (reproduced from [38]).

dz2) ground state, with the tetragonal axis parallel to the Cu–NC–Fe
ridge, spin polarization leads to �-type � spin-densities on CN
nd an antiferromagnetic Cu2+–CN–radical coupling, and therefore
nduces an exchange pathway which enhances the ferromagnetic
u–Fe exchange coupling [13].

Exchange coupling between transition metal ions with non-
egenerate ground states (e.g., NiII–NC–CrIII) can be calculated with
cceptable accuracy (see Section 3). However, with Kohn–Sham
FT it generally is not possible to thoroughly account for orbital
egeneracy [39,40]. Therefore, a novel approach has been devel-
ped to treat Jahn–Teller coupling with ions such as MnIII and FeIII in
heir low-spin orbitally degenerate ground states (3T1 and 2T2) [40].
ahn–Teller distortions are weak for the � ground states of MnIII

t2g
4) and FeIII (t2g

5). DFT values of the exchange coupling parame-
ers from different occupations of the t2g orbitals of low-spin (t2g

5)
eIII as well as spin-orbit coupling have been used to character-
ze the isotropic and anisotropic exchange coupling constant in the
inear Cu–NC–Fe exchange pair [38]. It is important to be cautious

hen calculating exchange coupling constants with the broken-
ymmetry DFT method, especially with transition metal ions with
1 and T2 orbitally degenerate states, because mixing between var-
ous configurations via spin-orbit coupling can strongly modify the
FT-predicted values of the exchange coupling constants (see also
ection 3).

General conclusions from our studies [38,40] on the magnetic
oupling across the CN− bridge are that (i) it is governed by path-
ays which involve � [t2g(dxz,yz), 1e(CN)], �*[t2g(dxz,yz), 2e(CN)],

s well as � [eg(dz2), 3a1(CN)] M–CN-based orbitals. (ii) If the dz2
rbital is empty, CN → M transfer leads to � spin density on the
and N atoms of the CN bridge, and this decreases the magni-

ude of the Cu–M exchange coupling, which is dominated by �
pin densities. If the dz2 orbital is singly occupied, both � and

spin densities are of � type, and this enhances the ferromag-
etic exchange interaction. For the strong CN− bridging group, the
z2 orbital is singly occupied in the high-spin configuration, and
his leads to metastable excited states. (iii) A novel approach to
alculate magnetic exchange coupling constants, based on the cal-
ulation of spin densities of dinuclear CuII–NC–MIII building blocks
as been developed; this involves the calculation of the spin den-
ity on the CN− bridge of the MIII–CN fragment, followed by the

omputation of the coupling of a CN radical with the CuII com-
lex. Because DFT generally overestimates metal-ligand covalency,
he emerging values of J are systematically larger than those from
roken-symmetry calculations. However, the new approach allows
Fig. 4. Plot of the experimental structure of the bisphenolate-bridged dicopper(II)
complex with Jexp = −298 cm−1, used for the benchmark broken-symmetry DFT com-
putation of the exchange coupling (see Table 1) [41,42].

one to analyze the exchange coupling across the CN− bridge in terms
of the various pathways, i.e. involving the �, � and �* orbitals of
CN−, and the application to the CuII–CN–MIII pairs shows that fer-
romagnetic exchange is dominated by spin delocalization over the
fully occupied CN− � orbital. (iv) Jahn–Teller coupling is small in
the 3T1g state of [Mn(CN)6]3− (t2g

4) and very small for the 2T2g
state of [Fe(CN)6]3− (t2g

5). The resulting stabilization of the non-
degenerate 3A2 and 2B2 ground states leads to a weak ferromagnetic
coupling in the case of the CuII–MnIII pair, and a very small isotropic
exchange coupling parameter for the CuII–FeIII pair. (v) The orbital
dependence of the exchange coupling leads to a large anisotropy
in linear CuII–NC–FeIII pairs and to an even larger anisotropy in
CuII–FeIII–CuII and MnII–FeIII–MnII trinuclear complexes [14].

3. Coupling constants computed by broken-symmetry DFT

In order to validate the more conventional DFT-based approach
for calculating exchange coupling constants of oligonuclear tran-
sition metal complexes, the bisphenolate-bridged dicopper(II)

−1
B3LYP/TZVP 4.60 −231.11
B3LYP/6-31G* TZVPa 2.38 −239.32

a TZVP for CuII and the donor atoms, 6-31G* for the remaining atoms.
b QuadCore Q9450 (one processor), 8GB RAM.
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Table 2
Comparison of calculated and experimental J values of a series of oligonuclear complexes (Jcalc and Jopt are obtained with Eq. (1), Jcalc is derived from the experimental
structure (calculated with Jaguar, B3LYP/6-31G* LACV3P++**) and Jopt from the DFT-refined structure (high-spin state, calculated with Orca, B3LYP/6-31G* TZVP); see original
publication for structures of the complexes) [43].

Compound Jcalc [cm−1] Jopt [cm−1] Jexp [cm−1] References

[Cu2(MeC(OH)(PO3)2)2]4− −103.0 −118.2 −30.9 [121,122]
[(Et5dien)2Cu2(�-C2O4)]2+ −99.0 −112.2 −37.4 [122,123]
[Mn(NH3)4Cu(oxpn)]2+ −40.8 −37.0 −15.7 [122,124]
[(�-OCH3)VO(maltolato)]2 −84.3 −83.4 −107.0 [122,125]
[Fe2OCl6]2− −148.0 −109.5 −112.0 [122,126]
[MnMn(�-O)2(�-OAc)DTNE]2+ −156.3 −117.9 −110.0 [122,127]
[Cu2(�-OH)2(bipym)2]2+ 95.8 −98.5 57.0 [122,128]
[(Dopn)Cu(OH2)Cr(OCH3)L]2+ 12.8 31.5 18.5 [122,129]
[(Dopn)Cu(�-CH3COO)MnL]2+ 54.2 54.9 54.4 [122,129]
[V2O2(�-OH)2([9]aneN3)2]2+ −241.8 −52.5 −177.0 [130,131]
[Et3NH]2[(VO)2(BBAC)2] −160.9 −81.6 −167.9 [131,132]
[HB(pz)3VO(OH)2]2 14.3 29.2 −38.8 [131,133]
[(VO)2(cit)(Hcit)]3− −267.8 −29.0 −212.0 [131,134]
[V2O2(�-OH)(tpen)]2+ −461.7 −19.1 −150.0 [131,135]
[(VO)2L(�-SO4)] −132.6 −121.9 −128.0 [131,136]
[V2O2(OH)(C4O4)2(H2O)3]− −245.7 −211.2 −117.0 [131,137]
[(VO)(3-hydroxy-3-methylglutarate)]2

2− 8.9 −2.5 1.5 [131,138]
[(VO(Hsabhea))(VO(acac)(HOMe))(�2-OMe)] 18.6 15.4 5.3 [131,138]
[Cu2(tren)2CN](ClO4)3 −98.6 −98.3 −79.0 [139]
[Cu2(tren)2CN](BF4)3 −119.1 −71.9 −80.0 [139]
[Cu2(tren)2CN](ClO4)(PF6)2 −77.0 −79.2 −91.5 [139]
[
[
[
[

H
f
c
l
w
s
a
[
p

F
J

Cu2(tmpa)2CN](ClO4)3 −70.1
Cu2(tmpa)2CN](BF4)3 −69.8
Cu2(tmpa)2CN](BF4)3*(CH3CN)2 −76.9
Ni2(tetren)2CN][Cr(CN)6] −15.4

eisenberg–Dirac–van Vleck spin Hamiltonian (−J12·S1·S2) derived
rom the broken-symmetry approach (Eq. (1)) [44]. The exchange
oupling of a wide variety of compounds (see Table 2) was calcu-
ated, and this confirms that Eq. (1) is well suited for complexes with

eak or strong orbital overlap [45]. Eqs. (2) and (3) describe the

pin-projected and spin-unprojected Hamiltonians, respectively,
nd these were used for the calculations of J shown in Table 3
44–50]. Various methods with combinations of different software
ackages, functionals and basis sets were used in this benchmark

ig. 5. CPU time required for the computation of the J value (QuadCore Q9450 (one proce
(dashed line, J = −298 cm−1 [41,42]) of the bisphenolate-bridged dicopper(II) complex sh
−57.8 −52.0 [139]
−57.9 −50.0 [139]
−57.9 −49.5 [139]
−9.3 −12.5 [139]

study [51]. As emerges from Table 1 and Fig. 5, acceptable accu-
racy is obtained with the Jaguar/B3LYP/6-31G* TZVP setup, i.e., only
marginally better results were obtained with combinations which
lead to significantly slower convergence.
J12 = EBS − EHS

〈S〉2
HS − 〈S〉2

BS

(1)

J12 = EBS − EHS

2S1S2
(2)

ssor), 8GB RAM; light gray) and accuracy compared with the experimental value of
own in Fig. 4, as a function of the method used (see Table 1) [43].
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12 = EBS − EHS

2S1S2 + S2
(3)

An important observation is that some of the major inaccuracies
re due to problems related to inaccurate or inappropriate molec-
lar structures (see Table 2) [43]. This is not unexpected because
he computational results reported in Table 1 and Fig. 5 are based
n single-point calculations, and some of the experimental struc-
ural data might not be accurate enough. In addition, there might
e discrepancies between the experimentally determined poten-
ial energy minima and those related to the wave functions used
or the computation of the exchange coupling constants J. Quite
enerally, a preoptimized structure, based on the experimentally
bserved geometry, leads therefore to better agreement between
he computed and observed electronic parameters (see Table 2)
43]. This is encouraging for the computational determination of
he structure and electronics of novel and experimentally not yet
vailable compounds. However, the design of novel SMM mate-
ials also requires a thorough conformational analysis and, with
full quantum-chemical structure optimization, this seems to be

oo demanding. Our present view – although not fully tested in all
etails – is that the conformational search and structure optimiza-
ion steps may or need to be based on force field calculations, and it
ppears that these are not only much more efficient but presumably
lso more accurate [15]. For comparison, J values have also been cal-
ulated with various approaches for the Fe–CN–Cu pair, and this is
hown in Table 3 [38].

. Magnetic anisotropy

We have developed a combined ligand-field-theory/broken-
ymmetry-DFT approach (LFDFT) [84,85] to compute electronic

arameters related to the magnetic anisotropy of oligonuclear tran-
ition metal complexes, specifically of spin clusters based on the
eIII–CN–MII (M = Ni, Cu) exchange coupled pair [13]. This approach
akes advantage of both DFT and ligand field theory. With the com-
lete set of Slater determinants due to all possible distributions of

able 3
he exchange coupling energy (J, in cm−1, Hexc = −JS1S2) for the exchange pair
eIII–CN–CuII(dz2) from DFT broken spin DFT calculations with (SP) and without
SUP) spin-projection (Eqs. (2) and (3), respectively), in dependence of the adopted
unctional and electronic configuration of FeIII , and in comparison with experimental
ata [38], computed with ADF [140].

unctional b2
1e4 JSP

a(JSUP)b b2
2e3 JSP

a(JSUP)b

WN −45.2(−22.6) 114.6(57.3)
W91 −67.7(−33.9) 95.2(47.6)
BE −69.2(−34.7) 95.2(47.6)
PBE −112.9(−56.5) 103.2(51.6)
3LYP 20% HF −6.4(−3.2) 27.4(13.7)
1LYP 25% 1.6(0.8) 19.4(9.7)
3LYP* 15% HF −16.2(−8.1) 35.5(17.7)

xp 17c; 13.8; 3.9d 20.9e; 5.0f

a Calculated with the spin-projected formula Eq. (2), EBS and EHS are the energies
f the (↑↓) broken-spin and the (↑↑) high-spin Slater determinants, respectively.
b Calculated with the spin-unprojected formula Eq. (3).
c Reported from a fit to magnetic susceptibility data of the Cu3Fe2 SMM with
dx2-y2 ground state of Cu [97]; to compare with the calculated numbers (dz2

round state of CuII), the experimental energy has to be multiplied by 2/
√

3
Jdz2 = 2/

√
3Jdx2-y2).

d Reported for the two distinct FeIII–CN–CuII exchange coupled pairs in the
eIII

2CuII
3 complex [{Cu(rac-CTH)}3{Fe(CN)6}2]·2H2O, rac-CTH = rac-5,7,7,12,14,14-

examethyl-1,4,8,11-tetraazacyclotetradecane from simulations using a Heisenberg
amiltonian [141].
e Reported from Monte Carlo simulations of the magnetic properties of hetero-

imetallic chain {[FeIII(bpym)(CN)4]2 MII (H2O)2}·6H2O, bpym = 2,2′-bipyrimidine
sing an isotropic Heisenberg model [142].

f Reported from a fit of the isotropic J to magnetic susceptibility data on the
imetallic complex [{FeIII(phen)(CN)4}2CuII(H2O)2]·4H2O [143].
Fig. 6. Visualization of the vector coupling model and the corresponding spin Hamil-
tonian for the computation of the electronic parameters of oligonuclear complexes
derived from dinuclear building blocks (reproduced from [13]).

the d-electrons in the respective molecular orbitals, LFDFT derives
their energies on the basis of a common set of orbitals, obtained in
average-of-configuration DFT calculations. The resulting energies
and the use of the composition of the 3d orbitals, expressed in terms
of the corresponding standard basis functions (dxy, dyz, dz2, dxz,
dx2-y2) yields the interelectronic repulsion Racah parameters B and
C and the (5 × 5) matrix of the ligand field. In contrast to a param-
eterization as used in the angular overlap model, this produces all
parameters without additional approximations such as parameter
additivity and transferability and allows one to treat low-symmetry
complexes without the difficulty of over-parameterization. In the
case of oligonuclear complexes, this procedure is repeated for each
mononuclear subunit and, for ions with ground states S > 1/2, yields
multiplet energies and values for the g- and zero-field splitting
tensors for each subunit.

For the magnetic exchange, the oligonuclear complex is subdi-
vided into pairs to consider magnetic coupling separately within
each pair. Three-center interactions, which yield much smaller
contributions, are neglected [86]. With the focus on a given
pair (e.g. FeIII–CN–CuII), the exchange operator is introduced in
a general form which, for singly occupied orbitals on FeIII and
CuII interchanges spins and orbitals independently and preserves
invariance with respect to unitary transformations from one coor-
dinate system to the other. For example, for the 2T2g ground state
of [Fe(CN)6]3− [87], the exchange operator operates only on the
orbitals and spins of the singly occupied dyz, dxz and dxy orbitals
within the t2g

5 configuration of FeIII but considers the effect of
all other orbital configurations in a perturbative way. This is jus-
tified by the rather large value of 10 Dq for CN− and yields large
energy separations between the 2T2g ground state and the excited
states. To approximate the parameters of the exchange Hamilto-
nian (i.e., the exchange coupling energies) a C4v pseudo-symmetry
for each pair with the local axis Z along the FeIII–CN–MII bridge
(M = Cu, Ni) was assumed to define the two exchange parameters
Jyz,yz = Jxz,xz = JE and Jxyxy = JB2 for the FeIII–CN–MII pair (off-diagonal
terms vanish in this symmetry). This allows one to use DFT and the
broken-symmetry approach to calculate the parameters JE and JB2
from first principles. Jahn–Teller splitting of [Fe(CN)6]3− is small
but usually exceeds the energies of JE and JB2. Therefore, one can
start from orbitals which diagonalize the Jahn–Teller vibronic cou-

pling Hamiltonian, and account for the exchange in a second step.
A procedure has been developed to deduce the tensors of the
spin-Hamitonian related to the FeIII–MII pairs (M = Cu, Ni) from
a comparison between the lowest spin states, deduced from the
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xplicit calculations described above, with calculations based on
he treatment of FeIII–CuII or FeIII–NiII pairs as a spin-only system
ith two S = 1/2 spins (M = CuII), or S = 1/2 and S = 1 spins (M = NiII),

espectively [13]. The spin Hamiltonian of such a pair can be rep-
esented, taking full account of the multiplet structure due to the
Fe(CN)6]3− complex [13]. A generalization of this approach to cou-
led pairs of any transition metal ions M1 and M2 and without the
pproximation of an axial symmetry has also been described [88].

A vector coupling scheme has been developed, which allows
ombining the spin Hamiltonian parameters of linear M1–M2 pairs
o yield electronic parameters for larger spin clusters (see Fig. 6).
he total Hamiltonian is given by Eq. (4), where the single and dou-
le summations run over all ions (M1, M2) and over all M1–M2

airs; T∗
i , T∗

j , and T∗
ij are the matrices, which transform the xl, yl,

l local cartesian axes of each magnetic center [T∗
i (M1), T∗

j (M2)]

nd each M1–M2 exchange-coupled pair (T∗
ij) into the global x, y,

axes; Si and Sj are the spin operators in the global frame; Dij
Aij) and Dj are the zero-field splitting tensors due to exchange
nd the single center anisotropy, respectively (the latter relate to
ons such as NiII (S = 1) or high-spin MnIII (S = 2) with local spins S
arger than 1/2. The important and unique feature of this scheme
n combination with the LFDFT approach is that it allows treating
arge magnetic spin clusters on the basis of also accounting for sub-
le electronic effects such as ligand field distortions and spin-orbit
oupling.

ˆ total =
∑

i ∈ M1,j ∈ M2

{(−Jij)S
′
iSj + S′

i(T ijDijT
∗
ij)Sj + S′

i(T ijAijT
∗
ij)Sj}

+
∑

j ∈ M2

{Sj(T jDjT
∗
j )Sj + �BSj(T jg jT

∗
j )B} +

∑

i ∈ Fe

�BS′
i(T ig iT

∗
i )B

(4)

The LFDFT/vector coupling method has been used to com-
ute the electronic properties of linear M–NC–Fe–CN–M trinuclear
omplexes (trans-Fe[M]2; M = CuII, NiII) of D4h symmetry with an
ctahedral [Fe(CN)6]3− center. A comparison for the CuII-based sys-
em, of the calculated energy gap ED between the ground and first
xcited states, derived from regular octahedral geometry of the
Fe(CN)6]3− subunit (ED = −6.0 cm−1) with that obtained for the
bserved Jahn–Teller-distorted geometry (ED = −0.14 cm−1), reveals
hat the anisotropy energy gap ED is reduced by more than one
rder of magnitude when the crystallographically determined dis-
ortion of the [Fe(CN)6]3− site is taken into account [14]. Therefore, it

ppears that small structural changes result in relatively large mod-
fications of the anisotropy. It follows that highly accurate structural
redictions are required to fully interpret experimental data or
o design novel complexes with specific magnetic properties (see
lso Sections 1 and 6) [15]. In addition to the linear model com-
1.

plexes trans-Fe[M]2 discussed above, bent trinuclear complexes
cis-Fe[M]2 with a linear C4v pseudo-symmetry of the two M–NC–Fe
subunits and an M–Fe–M angle of 90◦ have also been studied and
shown, for the CuII system, to produce a relatively small energy gap
parameter (ED = −2.0 cm−1). Similar to trans-Fe[CuL]2, the param-
eter ED in cis-Fe[CuL]2 was extremely small when the observed
distorted structure was used for the calculation of the term ener-
gies (ED = −0.11 cm−1). However, in contrast to the linear system, the
bent trinuclear complex (cis- vs. trans-Fe[CuL]2) has a significant
magnetic anisotropy, as shown by the calculated ground state g-
tensor. That is, in contrast to trans-Fe[Cu]2, distortions in cis-Fe[Cu]2
increase the anisotropy. In addition to the symmetry of the FeIII

site, the linearity of the Fe–CN–Cu bridge also significantly affects
the anisotropy. However, the values of J(Fe–Cu) are very similar for
the cis and trans complexes (24.0 and 25.4 cm−1, respectively), that
is the non-linearity of the CN− bridge does not affect the Cu–Fe
exchange coupling in the investigated range of structures to a large
extent [14].

Pentacoordinate complexes of the divalent metal ions M2 = MnII

(S = 5/2), NiII (S = 1) and CuII (S = 1/2) with the pentadentate bis-
pidine ligands L1 and L2 (see Scheme 1) are excellent building
blocks for the assembly of the hexacyanometalate-based trinu-
clear M2–NC–M1–CN–M2 complexes discussed above [M1 = CrIII

(S = 3/2), FeIII (S = 1/2), CoIII (S = 0)]. In particular, these bispidine
ligands selectively stabilize the linear or bent configurations, trans-
M1[M2]2 and cis-M1[M2]2, respectively; two of the corresponding
structures are shown in Fig. 7 [14]. Moreover, the architecture of the
bispidine complexes allows, in particular for the Jahn–Teller active
CuII complexes, to stabilize a conformation with an elongation per-
pendicular to the M1–CN–M2 axis and a concomitant short M2–NC
bond, which is predicted to yield maximum magnetic anisotropy
(see above) [20,89–92].

Magnetic susceptibility and field-dependent magnetization
data of these systems indicate an efficient ferromagnetic exchange
coupling which leads to ferromagnetic ground states in complexes
with the bispidine-based FeIII–CuII and FeIII–NiII exchange-coupled
pairs. The analysis of the magnetic data of trans-Fe[Cu]2 and cis-
Fe[Cu]2 with the extended Heisenberg model described above leads
to the conclusion that the absence of SMM behavior in these exam-
ples is, as expected, due to the large angular distortions of the
[Fe(CN)6]3− central unit and the concomitant quenching of orbital
angular momentum of the FeIII (2T2g) ground state. However, it is
also clear from the model calculations that small distortions due
to packing forces and ligand-induced strain may reduce the mag-
netic and increase the transverse anisotropy due to the non-axial

geometry of the bispidine MIIL1 and MIIL2 building blocks, and this
contributes to a fast relaxation of the magnetization and there-
fore leads to a loss of the expected SMM behavior. Based on these
and other calculations, qualitative rules for a rational design of
[Fe(CN)6]3− based SMMs have been formulated [13,14]:
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Fig. 7. Plots of the experimental structures

1. A large magnetic anisotropy with an easy axis of magnetization
along the cyanide bridge is predicted for FeIII–MII (M = Ni, Cu)
pairs with linear FeIII–CN–MII geometry and regular [Fe(CN)6]3−

octahedra. An enhancement of the exchange anisotropy is pre-
dicted when combined with the single ion anisotropy of NiII

with a negative sign of D (Ms = ±1 < Ms = 0 splitting of the S = 1
ground state of NiII). This implies tetragonally compressed NiIIL6
octahedra with a tetragonal axis aligned along the bridge.

. In contrast to the MnIII-based SMMs [9,93–95], Jahn–Teller cou-
pling is not generally in favor of SMM behavior in spin clusters
composed of FeIII–CuII and FeIII–NiII cyanide-bridged exchange-
coupled pairs. Both CuII and FeIII are Jahn–Teller active; for FeIII

the Jahn–Teller coupling is relatively small but of the same order
of magnitude as the spin-orbit coupling interaction. A trigonal
distortion of the [Fe(CN)6]3− site of as little as 2◦ to 3◦ is able to
reduce the spin anisotropy gap energy (−ED or U) in the FeIII–CuII

and FeIII–NiII pairs and also in the trinuclear trans-Cu–Fe–Cu
and trans-Ni–Fe–Ni complexes. Therefore, in the design of SMM
materials, the influence of the angular geometry of the FeIII

site on the electronic structure is of great importance. Due to
the strength of the Fe–CN bond, distortions of the Fe–CN frag-
ment are less important, except for mixed ligand FeIII sites (e.g.,
in [Fe(Tp)(CN)3]−; Tp− = hydrotris(pyrazolyl)borate, with an

enforce trigonal geometry [96,97], and in {FeIII(porphyrine)(CN)-
CuN4}-type complexes [98], with an enforced tetragonal
symmetry]. Based on the t2g orbital splitting, which may be as
large as 2900 cm−1 [98], ancillary ligands may significantly mod-
ify the magnetic anisotropy. In particular, for cyanide complexes
trans-Cr[MnL1]2 and (b) cis-Co[CuL2] [14].

of FeIII with a ligand-induced 2Eg ground state, an increase of the
magnetic anisotropy of the FeIII–CN–MII pairs is expected.

3. Symmetry reduction increases the magnetic anisotropy in highly
symmetrical spin clusters such as M3Fe2 and M4Fe4, where par-
tial cancellation of the FeIII–CuII and FeIII–NiII local anisotropy
tensors occurs.

4. With NiII instead of CuII subunits in FeIII–CN–MII pairs the MII

polyhedral are more symmetrical. Also, in specific cases, the NiII

fragments may add a negative single ion anisotropy contribution.
This is for example the case, with a ligand-enforced tetragonal
compression of the NiII site.

It follows that a careful design of and a systematic search for
SMMs based on cyanometalates requires an accurate prediction
and interpretation of the molecular and crystal structures. Based on
earlier developments and our own recent results [14,15,92,99,100],
it appears that steric constraints imposed by rigid ligands may be
able to enforce orbital degeneracy and therefore to systematically
increase the magnetic anisotropy in oligonuclear spin clusters.

5. Syntheses and structures
In comparison with oxo-bridged compounds, cyanide-bridged
oligonuclear complexes have the considerable advantage to exclu-
sively form linear M–CN–M′ subunits. This is a significant advantage
in the design and synthesis of oligonuclear complexes with pre-
dictable structures [101–104]. Moreover, in cyanide-bridged spin
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lusters with low-spin FeIII and MnIII, the anisotropy term S1·D·S2
ominates over the Heisenberg exchange energy −J·S1·S2 (|D| > J)
38], and the expected relatively large negative D-values allow us
o use moderate-sized oligonuclear complexes, even for respectably
arge values of Ueff. Indeed, some moderate-sized cyanide-bridged
MM materials with various structural motives have been prepared,
tudied and reported [97,105–108]. While many of these com-
ounds have interesting single-chain- or single-molecule-magnetic
roperties, it is clear that it still is difficult to top the performance
f Mn12.

Preparative and structural features of oligonuclear cyanomet-
lates have been reviewed extensively [101–104], and our own
xperimental studies, which are related to the theoretical work
escribed above, have been published [14,109–111]. The most
ppropriate examples, i.e. those which have SMM properties
97,101,105] and those which have been used to validate our model
alculations [13,14] have been discussed above.

. Conclusions

We have shown that there are appropriate theoretical meth-
ds for predicting the exchange coupling [38,40,43] and magnetic
nisotropy of paramagnetic oligonuclear transition metal com-
lexes [13,14]. Based on these calculations it has been possible to
erive qualitative rules for the design of hexacyanometalate-based
MMs [13,14]. An important and not unexpected observation is
hat subtle structural changes lead to significant modifications of
he magnetic exchange and anisotropy and therefore generally to a
ower than anticipated anisotropy barrier. Interestingly, a reduc-
ion of the anisotropy is not only observed for deviations from
inearity of the M–CN–M′ bridges but, more importantly, for devi-
tions from tetragonal symmetry of the hexacyanometalate sites,
nd these often are the result of Jahn–Teller coupling. It emerges
hat the ligand-enforced control of the coordination geometry is an
mportant tool for the design of novel SMM materials [15,99,112].
lso, the design must be based on efficient and accurate methods

or the structural modeling which then may be followed by single-
oint calculations of the electronic parameters. We have shown
ere that, based on LFDFT, broken symmetry DFT and a vector cou-
ling approach, there are efficient methods for the prediction of
he electronic properties. It is our belief that molecular mechanics
alculations are not only much more efficient but, with the correct
ethod and force field, also lead to very accurate optimized geome-

ries [20,100,113–120]. Therefore, apart from the need for viable
reparative methods, the major requirement for developing novel
nd efficient SMMs seems to be in the area of efficient and accurate
tructure optimization.
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