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Abstract: This review summarizes recent developments in the field of single-molecule magnets derived from paramag-

netic cyanometalate complexes supported by pyrazolylborate ancillary ligands. This review describes developments be-

tween 2002 and 2013 and is restricted to descriptions of molecular cyanometalate precursor complexes, their magnetic 

polynuclear single-molecule magnet derivatives, and common structural archetypes. 

Keyword: Cyanometalates, magnetic, polynuclear complexes, single-molecule magnet. 

1. INTRODUCTION 

 Considerable attention has been paid to the development 
of superparamagnetic complexes, known collectively as sin-
gle-molecule magnets (SMMs), as they represent an interest-
ing and intensely studied class of magnetic materials that can 
be easily prepared, tuned, and can studied via a range of 
spectroscopic and magnetic characterization techniques [1-
9]. The most celebrated class of SMMs are those containing 
transition metal centers linked via oxo- and carboxylate 
bridges, with {Mn12O12(O2CMe)16(OH2)4} receiving the 
most attention. In these soluble, molecular, single domain 
clusters a large spin ground state (ST = 10) is found due to 
efficient antiferromagentic interactions between the Mn

IV
 (S 

= 
3
/2) and Mn

III
 (S = 2) spin centers. A nearly parallel align-

ment of its Jahn-Teller axes at the Mn
III

 sites leads to 
uniaxial Ising-like magnetic anisotropy (where D < 0 with 
small E for the Hamiltonian: H = DST,z

2
) and superparamag-

netic-like magnetic relaxation is seen. Under ideal 
circumstances these and other anisotropic complexes exhibit 
sizable energy barriers to magnetization reversal, where � ~ 
|D|ST

2
 or � = |D|(ST

2
 – 

1
/4) for integer or half-integer ST val-

ues, respectively [1-12]. 

 In SMMs the creation of an energy barrier (�) between 
two thermodynamically equivalent mS = ±S configurations 
allows for the observation and monitoring of slow relaxation 
dynamics using a variety of magnetization measurements [7-
12]. Below TB, the so-called “blocking temperature”, the 
available thermal energy is insufficient to overcome � and 
the spin becomes trapped in one of two possible spin con-
figurations. Application of large external magnetic fields (H) 
saturate the magnetization (M) of the sample and upon re-
moval of this DC field (Hdc = 0), M slowly decays towards 
zero with a characteristic relaxation time (�). The relaxation 
time usually exhibits thermally activated behavior and can be 
measured by following changes in magnetization (M) as a 
function of time or the frequency (�) dependence of the AC  
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susceptibility. At very low temperatures, quantum tunneling 
of the magnetization (QTM) is often seen- this is relaxation 
of the magnetization at a faster rate than thermally activated 
pathways allow [7-13]. With sufficiently large spin reversal 
energy barriers slow magnetization relaxation can be 
observed at low temperatures. To our knowledge 
[Mn

III
6O2(Et-sao)6(O2CPhMe2)2(EtOH)6] displays the highest 

spin reversal barrier (� = 86 K) for this SMM class [9]. 

 Over the past twenty years several successful synthetic 
strategies have been developed for the preparation of 
polynuclear complexes with higher spin ground states. The 
majority of oxo- and carboxylate SMMs contain first-row 
transition metal ions and generally exhibit small zero-field 
splitting terms (D ~ -0.1-0.2 cm

-1
) because orbital angular 

momentum contributions to their magnetic ground states are 
effectively quenched by the low symmetry environment of 
the 3d ions [6-8, 10-13]. As a general trend, when the overall 
spin ground state of polynuclear complexes increases, the 
uniaxial magnetic anisotropy |D| becomes proportional to ST

-

2
, thus leading to lower SMM energy barriers which gener-

ally scale as a function of STº rather than ST
2
 [14, 15]. Unfor-

tunately, while many analogues with exceptionally high spin 
ground states are known, � is often lower than expected due 
to insufficient magnetic anisotropy control and rapid QTM. 

 In an effort to better tune magnetic bistability, world-

wide attention has naturally turned towards the selective in-

troduction of metal centers with orbital contributions to their 

spin ground states. A variety of synthetic strategies have 

been explored by incorporating transition metals with even 

greater single-ion anisotropy, either via spin state (large 

zero-field splitting parameters, D) or introduction of orbital 

anisotropy (large spin-orbit parameter, �), into various 

polynuclear complexes. In polynuclear complexes control of 

the single-ion anisotropy tensors has received particular at-

tention in an attempt to influence the zero-field splitting term 

of the Hamiltonian. Efforts include the use of sterically de-

manding polydenate ligands to preferentially orient the rela-

tive orientations of Jahn-Teller axes and/or single-ion anisot-

ropy tensor orientations during the self-assembly process [6, 

8, 11]. 
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 Some of these synthetic approaches exploit heavy metal 
ions as a route for systematically introducing centers with 
large orbital contributions to their magnetic ground states. 
As spin-orbit coupling is a relativistic effect, various SMMs 
containing paramagnetic f-elements [16-39] have been inves-
tigated, as their orbital contributions are significant and un-
quenched by the ligand field under ideal circumstances. In-
sertion of lanthanides [20-32] and actinides [33-39] into 
various polynuclear complexes can lead to degenerate spin 
round states and afford so-called hybrid d-f compounds [16-
32]- in some cases higher spin reversal energy barriers are 
observed but systematic control of their single-ion tensors 
remains a difficult issue of practical importance. 

 As a logical extension of this approach, reducing the 
numbers of paramagnetic ions to a few or single metal cen-
ter, gives a series of molecules that also exhibit slow dynam-
ics. The smallest members of the f element series have 
[LnPc2]

n
 stoichiometry, where Ln = Tb, Dy, Ho (for n = ±1, 

0) [20, 25, 28, 32]. A complimentary approach where 
“smaller is better” concerns structurally related mononuclear 
2- and 4-coordinate 3d complexes [40-48]. Many of these 
display frequency-dependent behavior [40, 42-44, 46, 54, 
55] owing to unquenched orbital angular momentum and 
well-isolated mJ states that ultimately lead to comparatively 
high thermal barriers to magnetization reversal [up to � = 
325(4) K]; surprisingly slow dynamics can be observed be-
low ca. 29 K in a two-coordinate and linear Fe

I
 complex 

[50]. In these mononuclear iron complexes, spin-orbit inter-
actions give rise to significant magnetic anisotropy, in addi-
tion to efficient coupling to lattice phonon modes, via vi-
bronic interactions (e.g. Renner-Teller effect); in such cases 
rapid QTM under an applied static magnetic field [50] was 
seen. As a general statement an experimentalist must (1) 
maximize magnetic anisotropy and (2) minimize the extent 
that dipolar interactions contribute to rapid magnetic relaxa-
tion when attempting to control the magnetic properties of 
SMMs. This review will discuss world-wide efforts to ad-
dress both criteria in cyanometalate-based SMMs containing 
sterically demanding tripodal pyrazolylborate ligands.  

LIST OF ABBREVIATIONS 

Tp = hydridotris(pyrazolyl)borate 

Tp* = hydridotris(3,5-dimethylpyrazol-1-yl)borate 

Tp
Me,me3

 = hydridotris(3-methyl-4,5-propylene-5-
methylpyrazol-1-yl)borate 

Tp
Me,mt4

 = hydridotris(3-methyl-4,5,6,7-
tetrahydroindazolyl)borate 

Tp
Ph

 = hydridotris(pyrazolyl)phenylborate 

MeTp = methyltris(pyrazolyl)borate 

iBuTp = 2-methylpropyltris(pyrazolyl)borate 

pzTp = tetrakis(pyrazolyl)borate 

Tp
4Bo

  = hydridotris(indazolyl)borate 

Tp*
Bn

 = hydridotris(3,5-dimethyl-4-
benzyl)pyrazolylborate 

tacn = 1,4,7-triazacyaclononanes 

Me3tacn = N,N´,N´´-trimethyl-1,4,7-triazacyclononane 

Tp
4Bo

 = hydridotris(indazolyl)borate 

dpa = 2,2´-dipyridylamine 

tach = triaminocyclohexane 

triphos = 1,1,1-tris(diphenylphosphanylmethyl)ethane 

bmpy = 2,6-bis(benzimidazol-2-yl)pyridine 

bpy = 2,2´-bipyridine 

IM-2Py = 4,4,5,5-tetramethylimidazoline-1-oxyl-2-(2´-
pyridyl) 

cyclen = 1,4,7,10-tetraazacyclododecane 

2. MAGNETIC CYANOMETALATES 

 Cyanometalates are excellent building blocks for con-
structing molecule-based polynuclear complexes because 
cyanides generally form linear M(μ-CN)M´ linkages, stabi-
lize a variety of transition metal centers and oxidation states, 
and efficiently communicate spin density information [59-
69]. Furthermore, the sign and magnitude of the local ex-
change interactions can be controlled via substitution and 
often predicted using simple orbital symmetry arguments 
(Fig. 1) [59-64, 68]. Under ideal circumstances these mo-
lecular precursors will self assemble towards a common 
structural archetype, and by systematic variation of ligands 
and metal centers present, afford a family of polynuclear 
derivatives whose properties are derived from their compo-
nent building blocks. 

 

Fig. (1). Idealized cyanide-mediated superexchange interactions 

between octahedral paramagnetic ions. 

E

t2g

M C N

M'

M C N M'

M C N M'

t2g

 

eg

t2g
M C N

M'

E

Antiferromagnetic Exchange

Ferromagnetic Exchange



174     Current Inorganic Chemistry, 2013, Vol. 3, No. 2 Ferko and Holmes

 The primary advantages for investigating polynuclear 
cyano complexes are that the synthetic chemistry is generally 
straightforward, the magnetic interactions are often simple to 
predict and rationalize, and the exchange interactions do not 
exhibit dramatic structure-dependent changes in sign like 
M(μ-O)M´ units in oxo/carboxylate SMMs [4]. For example, 
assuming that octahedral metal ions are present and that they 
are linked via a shared cyanide bridge, Goodenough-
Kanamori [64, 68] rules stipulate that ferromagnetic interac-
tions will occur when unpaired electrons reside in orthogonal 
orbitals [e.g. Fe

III
LS (t2g) and Ni

II
 (eg); Fig. (1), bottom] while 

antiferromagnetic ones [Fig. (1), top] will dominate when 
they have the same symmetry [59-64]. However, an impor-
tant caveat is that the typical exchange parameter in cyanide-
based systems is generally smaller (e.g. J ~ 5-50 cm

-1
) than 

those encountered for oxo- or radical-bridged metal centers 
[4, 21, 22, 70], and this often leads to small values of �. 

 Three important factors appear necessary for establishing 
magnetic anisotropy and an energy barrier to spin reversal in 
cyanide-based SMMs: (1) they must contain paramagnetic 
metal centers with substantial first-order orbital angular 
momentum contributions, (2) possess a degenerate spin 
ground state, and (3) be well-separated in the solid state [10-
13, 71-73]. In these cyanide-based SMMs the total angular 
momentum projection (|MJ|) appears to be a critical factor for 
establishing negative cluster anisotropy and an activation 
energy barrier (�) to thermal magnetization reversal. In con-
trast, many early 3d oxide-bridged clusters [e.g. 
Mn12O12(OAc)16(OH2)4] are considered as spin systems 
where orbitally nondegenerate metal centers exhibit weak 
single-ion and second-order anisotropy, whose barrier 

heights (� ~ S
2
|D|) are to a first approximation, directly pro-

portional to the product of the spin ground state squared (S
2
) 

and zero-field splitting parameter (D) [10-13,71-73]. Under 
ideal circumstances efficient spin coupling and magnetic 
anisotropy give polynuclear cyanide-based complexes that 
exhibit slow relaxation of the magnetization despite their 
comparatively small spin ground states. 

3. ANCILLARY LIGAND ROLE 

 Polynuclear cyanide-based SMMs are often constructed 
via the self-assembly of various paramagnetic precursors or 
building-blocks that exhibit substantial (first-order) orbital 
angular momentum contributions to their spin ground states 
[10-13, 71-74]. Using the concept of dimensional reduction 
[Scheme 1] the geometric arrangement and numbers of cya-
nides available for bridging to adjacent metal centers may be 
controlled via proper choice of ancillary ligand. Polydentate 
ligands are commonly used in the construction of 
multinuclear SMMs, as they rigorously enforce the chosen 
coordination geometry, while simultaneously tuning the 
steric, electronic, and redox properties of the complex. The 
most commonly used building-blocks, or cyanometalate 
complexes used to construct polynuclear derivatives, are 
those derived from [fac-LM(CN)3]

n-
 ions, where L is a series 

of tridentate ligands (Fig. 2) [10, 13, 71, 74-79].

 While numerous cyano complexes contain tridentate fac- 
and mer-coordinate ligands the most versatile ones used in 
the construction of discrete molecular SMMs are those in-
corporating pyrazolylborates (Tp

R
). Of these, complexes of 

generalized [(Tp
R
)M(CN)3]

n-
 stoichiometry find the greatest 

 

Scheme 1. Dimensional reduction of an idealized Prussian blue structure into discrete polynuclear complexes. 

 

Fig. (2). Idealized structure of [(Tp
R
)M

n
(CN)3]

n-4
 building blocks. 
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utility in the preparation of polynuclear derivatives due to a 
number of factors: 

(1) Poly(pyrazolyl)borate ligands (Tp
R
) are easily prepared 

and modified at each of their ten substitutable positions (Fig. 
3) [80-96]. Installation of various functional groups allows 
for atom-economical tuning of their electronic states, solubil-
ity, and steric requirements. 

(2) Poly(pyrazolyl)borates (Fig. 3) stabilize multiple oxida-
tion states for most transition metal centers and enables a 
series of structurally related building blocks to be con-
structed. The overall charge, numbers of unpaired electrons, 
energies, and orbital degeneracies may be systematically 
controlled upon insertion of various transition metal centers 
[80-103]. 

(3) Surprisingly few paramagnetic [fac-LM
II
(CN)2] and [fac-

LM
II-IV

(CN)3] complexes are known and low-valent early 
metal derivatives are rare. In addition to pyrazolylborates, 
Me3tacn [10,75,104-112], tacn [10, 75, 104, 107, 108, 148], 
tach [113], and triphos [71, 76, 78, 79, 114-116], and cy-
clopentadienyl (Cp and Cp*) [117-121] also see extensive 
use. Pyrazolylborates stabilize a number of low-valent cen-
ters (e.g. V

II,III
, [99]; Ti

III
, [103]; Cr

II
, [102]; Mn

II,III
, [100, 

101]; Nb
III

, [103]). 

 Several reports indicate that the steric demand of ancil-

lary ligands and reaction stoichiometry can be exploited to 

direct the self-assembly of building blocks toward a common 

structural archetype [10, 11, 13, 97, 98, 122-127]. During 

self-assembly of molecular components, the steric demand of 

the building blocks and the spatial orientations of formed 

cyanide bridges are intimately involved in creating polynu-

clear complexes whose magnetic anisotropy tensor orienta-

tions may be systematically controlled at the molecular level. 

Under ideal circumstances complexes with sufficiently high 

SMM energy barriers to observe slow magnetic relaxation 

dynamics may be isolated [13, 77, 98-101, 104-154].  

 Using this simple synthetic strategy the concept of mo-
lecular symmetry and its influence on magnetic anisotropy 
has been explored by several groups [12, 77, 98, 109, 110, 
125, 126, 135, 139]. For example, Zuo and coworkers indi-
cate that the SMM barrier is enhanced upon conversion of 
cubic {Fe

III
6Cu

II
8} (�/kB = 11.3 K) to a trigonal bipyramidal 

{Fe
III

2Cu
II

3} complex (�/kB = 23.2 K) (Figs. 4a and 4b] [10, 
77, 109-111, 131]. In later work, Zhang et al. also demon-
strated that magnetic anisotropy and thermal SMM energy 
barriers in {Fe

III
4Ni

II
4} complexes [see section 5.6, Fig. 15] 

were changed upon symmetry reduction [125, 135]. The 
authors demonstrated that single-ion anisotropy tensor align-
ment, rather than molecular symmetry, is the most important 
factor in establishing an SMM barrier. In this study the mag-
netic properties of cubic symmetry {Fe

III
4Ni

II
4} molecular 

boxes were compared to those lower symmetry (C2). The 
magnetic data indicated that the exchange couplings were 
identical and the large differences in zero-field and � parame-
ters were ascribed to the relative orientations of their putative 
single-ion anisotropy tensors (Fe

III
···B axes) at the 

[(Tp
R
)Fe

III
(CN)3]

-
 sites. While reduction of cluster symmetry 

does occur via insertion of sterically demanding Tp
R
 ligands, 

the parallel orientation of the C3 axes in the C2-symmetric 
complex appears to be directly related to the formation of a 
higher SMM barrier (�/kB = 33 K) [135].  

 While a significant number of cyanide-based SMMs have 

been described over the past decade an overarching strategy 

for tuning the magnitude of their spin reversal barriers has 

remained elusive. In these complexes it appears that the sin-

gle-ion tensor orientations play a critical but poorly under-

stood role in creating an energy barrier to spin reversal and 

significant resources and efforts have been expended to-

wards the realization of this goal. In the following sections 

various attempts to systematically engineer polynuclear 

complexes with using a variety of molecular building blocks 

are described. 

Fig. (3). Commonly used pyrazolylborate ligands in construction of various cyanometalate-based single-molecule magnets.  

NN

N
N

N

N

B

H -

NN

N
N

N

N

B

-
N

N

(a)

(d)

Tp

pzTp

NN

N
N

N

N

B

H -

Tp*
Me

(c)

NN

N
N

N

N

B

H -

(b)

Tp*

 



176     Current Inorganic Chemistry, 2013, Vol. 3, No. 2 Ferko and Holmes 

  

(a)      (b) 

 

(c) 

Fig. (4). X-ray structures for early Tp-based polynuclear complexes: (a) {Fe
III

8Cu
II

6}, (b) {Fe
III

2Cu
II

3}, and (c) {Fe
III

4}. Those depicted in a 
and b are SMMs [77, 109, 97]. 

     

(a)      (b) 

   

(c)        (d) 

Fig. (5). X-ray structures of various cyanometalate complexes: (a) [NEt4][(Tp*)Mn
II
(acac)(CN)] [100,101], (b) [NEt4][(Tp*)M

IV
O(CN)2] (M

IV
 = 

Ti, V) [99, 103], (c) [NEt4]2[(Tp*)Nb
III

(CN)4] (M
II
 = Cr, Co, Ni) [102], and (d) [NEt4]2[(Tp*)Nb

III
(CN)4] [103]. 

 

4. BUILDING BLOCK PREPARATION 

4.1. General Preparation  

 A variety of mono- [101], di- [99, 102], tri- [13, 98, 99, 
103, 123, 124, 148, 150], and tetracyanometalate [103] com-
plexes are prepared via two general synthetic methods. The 
most common approach affords cyanometalate salts in high 
yields via metathesis of known pyrazolylborate halo com-

plexes with excess tetra(alkyl)ammonium cyanide [13, 97, 
103, 125, 132,135]. Most are six-coordinate complexes, 
while fewer numbers of five- and seven coordinate ana-
logues are known (Figs. 5 and 6). A second approach, being 
limited to iron analogues, involves peroxide oxidation of 
(Tp

R
)2Fe

II
 followed by cyanide addition to give 

[cat][(Tp
R
)Fe

III
(CN)3], where [cat] = NEt4

+
, NBu4

+
, and 

PPh4
+
. Alternatively, stepwise treatment of the chosen pyra-
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zolylborate salt with iron(III) chloride or [Fe
III

OCl6]
2-

, fol-
lowed by excess cyanide affords the desired tricyano com-
plex [135]. Representative examples of these mononuclear 
cyanometalates, their structures (Figs. 5 and 6), and mag-
netic properties (Table 1) are described in subsequent sec-
tions. 

4.2. Mono- and Dicyanometalates 

 Mono- and dicyanometalate complexes are known to 
contain a variety of five- and six-coordinate metal centers. A 
magnetically isotropic S = 

5
/2 monocyano complex of 

[NEt4][(Tp*)Mn
II
(acac)CN] stoichiometry was prepared via 

the sequential treatment of manganese(III) acetylacetonate 
with KTp* followed by [NEt4]CN, and isolated as air-
sensitive crystals (Fig. 5a) [100, 101]. Two six-coordinate 
oxo complexes of [NEt4][(Tp*)M

IV
O(CN)2] [M

IV
 = Ti, V] 

stoichiometry are prepared via exposure of their correspond-
ing trivalent tricyanides to air (Fig. 5b) [99, 103]. Consistent 
with their formal oxidation states they exhibit S = 0 and � 
spin ground states, respectively. Three five-coordinate 
square pyramidal dicyanometalate complexes of 
[NEt4][(Tp*)M

II
(CN)2] stoichiometry are also known (M

II
 = 

Cr, Co, Ni) and spin ground states of S = 2, �, and zero are 
found, respectively (Fig. 5c) [102]. Surprisingly, the orbital 
contributions are nearly quenched in these Cs-symmetric 
square pyramidal anions. 

 A possible explanation for why orbital contributions are 
largely absent in these ions was proposed for a series of 
structurally related 5-coordinate square pyramidal complexes 
(not containing Tp

R
 ligands) by Murugesu et al. [145]. The 

authors proposed that changing the Co
II
 ion distance relative 

to the basal plane has a profound effect on the experimen-
tally determined values of g and D. They demonstrated that 
for small Co

II
···plane distances, the zero-field parameter is 

rather small and g ~ 2. However at longer distances, D rap-
idly becomes large and negative, and slow magnetic relaxa-

tion becomes evident in the AC susceptibility data [145]. 
This effect is likely related to changes in spin-orbit coupling 
associated with ligand-induced distortions of the crystal 
field, and is currently the subject of high-field EPR investi-
gations. By analogy, the small Co

II
···basal plane distance, 

defined by two pyrazole nitrogen and cyanide carbon atoms 
in [(Tp*)Co

II
(CN)2]

-
, may also lead to negligible orbital con-

tributions to the S = 
1
/2 spin ground state [102]. 

4.3. Tricyanometalates 

 The first reported tricyanoferrate(III) complex, 

[(Tp)Fe
III

(CN)3]
-
, and its tetranuclear {Fe

III
4} derivative were 

reported by Lescouëzec et al. in 2002 (Fig. 4c) [97]. Since 

then a variety of di- and trivalent six-coordinate complexes 

of [cat]4-n[(Tp
R
)M

n
(CN)3] stoichiometry have been de-

scribed, where M
II
 = V; M

III
 = Ti [103], V [99], Cr [148, 

150], Mn [100,101], Fe [13, 97-99, 123, 125, 133, 135, 147, 

149], and Co [103] (Fig. 6). If one initially assumes that 

these six-coordinate complexes adopt spin ground states that 

are identical to octahedral symmetry [M
n
(CN)6]

n-6
 ones, then 

magnetically isotropic 
4
A2 (S = 

3
/2) spin ground states should 

be found for V
II
 and Cr

III
, while potentially anisotropic S = � 

(
2
T2g; Ti

III
 and Fe

III
LS) and S = 1 (

2
T2g; V

III
 and Mn

III
LS) ones 

are expected for the remaining analogues; Co
III

 analogues  

are diamagnetic (S = 0) as expected [66, 67]. However, the 

[(Tp
R
)M

n
(CN)3]

n-4 
complexes are actually C3v symmetric and 

their magnetic properties can be dramatically different than 

those of their higher symmetry counterparts (Fig. 7). 

 We note that symmetry plays an often underappreciated 
role in whether appreciable spin-orbit interactions are ob-
served in transition metal complexes. For example, when 
comparing the magnetic properties of [(Tp*)Mn

III
(CN)3]

-
 

(idealized C3v symmetry) to [Mn
III

(CN)6]
3-

 (Oh symmetry), 
the former complex exhibits an isotropic (

3
A2 state, g = 2.09) 

spin ground state while the latter one is anisotropic (
3
T1 state,  

Fig. (6). X-ray structures of various 3d tricyanometalates: (a) [NEt4]2[(Tp*)V
II
(CN)3] [99] and (b-f) [NEt4][(Tp*)M

III
(CN)3] complexes (M

III
 

= Ti and Cr, [103]; Mn, [100, 101]; Co, [103]; Fe, [98, 123]). 

       

(a)      (b)     (c) 

      

(d)      (e)     (f) 
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Table 1. Magnetic Data Summary for Selected Paramagnetic Di- and Tricyanometalate Complexes 

cmpd. S g ref. 

[NEt4][(Tp*)TiIII(CN)3] 
1/2 1.9 103 

{[NEt4]2[(Tp*)VII(CN)3]}·2MeCN 3/2 2.01 99 

[NEt4][(Tp*)VIII(CN)3]·2H2O 1 1.76 99 

[NEt4][(Tp*)VIV(O)(CN)2]·2H2O 1/2 2.06 99 

[NEt4][(Tp*)CrIII(CN)2] 
3/2 1.77 102 

[NBu4][(Tp)CrIII(CN)3] 
3/2 2.0 148,150 

[NEt4][(pzTp)CrIII(CN)3] 
3/2

 2.0 103 

[NEt4][(Tp*)MnII(acac)CN] 5/2 1.93 101 

[NEt4][(Tp*)MnII(3-NC-acac)CN] 5/2 2.00 101 

[cat][(Tp*)MnIII(CN)3]; [cat] = PPN+, NEt4
+ 1 2.09 100,101 

[NEt4][(Tp*)CoII(CN)2] 
1/2 2.09 102 

[cat][(Tp)FeIII(CN)3]; [cat] = K, NEt4, NBu4, PPh4 
1/2

 2.8 13,97 

[NEt4][(Tp*)FeIII(CN)3]·H2O 1/2
 2.92 116 

[NEt4][(pzTp)FeIII(CN)3] 
1/2

 2.41 116 

[NEt4][(TpMe)FeIII(CN)3]·3H2O 1/2
 2.70 103 

[NEt4][(Tp*Me)FeIII(CN)3] 
1/2

 2.19 127 

[NEt4][(Tp*Bn)FeIII(CN)3] 
1/2

 2.35 139 

[NEt4][(pzoTpMe)FeIII(CN)3] 
1/2

 2.58 103 

Fig. (7). Qualitative molecular orbital diagrams for magnetically anisotropic (a) [Mn
III

(CN)6]
3-

 and isotropic (b) [(Tp*)Mn
III

(CN)3]
-
 anions. 

Qualitative molecular orbital diagrams for (c) Fe
III

(CN)6]
3-

 and (d) [(Tp
R
)Fe

III
(CN)3]

-
 anions. 

 

g = 2.39), owing to the presence of in-state first-order orbital 
contributions [66, 67, 100, 101] (Fig. 7). 

 To further investigate this assumption, the electronic con-
figuration and spin ground state of the tricyanomanga-
nate(III) complex was studied via Extended Hückel tight-
binding (EHTB) calculations (Fig. 8) [101, 101]. The calcu-
lations show that the nearly degenerate d(xz) and d(yz) orbi-
tals are found at slightly higher energies than the d(z

2
) orbital 

(225 and 267 meV above, respectively); surprisingly, sig-

nificant �-type spin density is also delocalized into the Tp* 
and cyanide ligands present [100, 101]. Therefore the elec-
tronic configuration of the two cyanomanganate(III) com-
plexes, accounting for their symmetries are (z

2
)

2
(xz,xy)

2
 and 

(t2g)
4
 for [(Tp*)Mn

III
(CN)3]

-
 and [Mn

III
(CN)6]

3-
, respectively 

(Figs. 7a and 7b]. Consequently the tricyano complex adopts 
an isotropic spin state (Fig. 7b) where the orbital contribu-
tions are nearly absent, while those for higher symmetry 
[Mn

III
(CN)6]

3-
 are considerable [66, 67, 100, 101]. 

xz, yz

z2

xy, x2-y2

t2g

eg

xz, yz

z2

xy, x2-y2

t2g

eg

(a) (b)

E

 

(c)    (d) 
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 Likewise, low-spin [(Tp
R
)Fe

III
LS(CN)3]

-
 complexes are 

also expected to have orbitally degenerate and thus magneti-
cally anisotropic spin ground states (Figs. 7c). Under ideal-
ized C3v symmetry, a (z

2
)

2
(xz,xy)

3
 electronic configuration 

gives a doubly degenerate 
2
E state and unquenched orbital 

angular momentum contributes to the S = � spin ground 
state [13, 66, 67, 77]. In comparison, the [Fe

III
LS(CN)6]

3-
 ion 

under Oh symmetry has an t2g
5
 electronic configuration and 

gives an anisotropic 
2
T2g spin ground state (g = 2.9)(Fig. 7d). 

Consequently, the Fe
III

LS complexes display g-anisotropy, 
verifying that orbital degeneracy is necessary for generating 
considerable magnetic anisotropy [77, 98, 109, 110, 112, 
131, 139, 141, 142, 143, 148]. Recent high-field EPR studies 
confirm that [(Tp

R
)Fe

III
(CN)3]

-
 complexes have spin ground 

states with significant g anisotropy; gz, gy, and gx values of 
3.6, 2.2, and 2.0 were deduced for [NEt4][(Tp*

Me
)Fe

III
(CN)3] 

[142]. The magnetic properties of several di- and tricya-
nometale complexes are summarized in Table 1. 

 Surprisingly, structural distortions also appear to play a 
poorly understood role in modulating magnetic anisotropy 
within a series of [(Tp

R
)Fe

III
Ls(CN)3]

-
 (S = �) anions and 

their polynuclear derivatives. Apparently, a qualitative rela-
tionship between the g parameter and Tp

R
 induced distor-

tions of the [fac-Fe
III

(CN3)] units may exist [12, 13, 77, 97, 
98, 103, 110, 116, 118, 119, 125, 132, 133], where increas-
ing steric demand of the tripodal ligand compress the 
Fe

III
(CN)3 unit. As the C-Fe-C angle becomes more acute the 

g parameter generally increases and may indicate that struc-
tural distortions also influence the single-ion anisotropy 
properties of these tricyano complexes. This very issue is 
currently the focus of high-field EPR investigations [103, 
132]. 

5. CYANIDE-BASED SINGLE-MOLECULE MAG-
NETS 

 A basic requirement for constructing polynuclear SMMs 
are that anisotropic and paramagnetic transition metal centers 
be present and that adjacent metal centers participate in effi-
cient magnetic exchange interactions. While oxo-carboxylate-
based SMMs are well-known, cyanide-based polynuclear 
complexes that exhibit slow relaxation are fewer in numbers 
[10-13, 71-79, 98, 109-112, 122-129, 131-135, 137-144, 146, 
152-154]. Over the past decade, a number of structurally re-
lated tricyanometalate-based SMM clusters, that despite their 
low spin ground states (1 � S � 6), exhibit large D parameters 

(up to -5 cm
-1

) and slow magnetic relaxation. Surprisingly 
only a few anisotropic metal centers (e.g. Fe

III
, [12, 13, 77, 97, 

98, 109-112, 122-129, 131-135, 137-145, 147, 149]; Mn
III

, 
[71-73, 122]; Mo

III
, [10, 74, 75, 152]; Re

II,IV
, [10, 76, 79, 152, 

154, 155]) have been exploited in the construction of these 
cyanide-based SMMs. However, most late transition metal 
analogues are not structurally related. 

 Of polynuclear complexes containing [(Tp
R
)M

III
(CN)x]

-
 

building blocks only a few pyrazolylborate derivatives have 
been investigated (e.g. Tp

R
 = Tp, pzTp, Tp*). Those contain-

ing [(Tp
R
)M

III
(CN)3]

-
 units have garnered the greatest atten-

tion while dicyanometalate analogues are limited to tetranu-
clear squares, derived from paramagnetic [(Tp*)V

IV
O(CN)2]

-
 

and Mn
II
 ions [99]. Of polynuclear complexes derived from 

3d [(Tp
R
)M

n
(CN)z]

(n-z-1)
 (e.g. Tp

R
 = pzTp, Tp, Tp*, etc.; z = 

2-3) building blocks those containing [(Tp
R
)Fe

III
(CN)3]

-
 ani-

ons generally exhibit slow relaxation of the magnetization 
above 1.8 K [77, 99-99, 109-112, 123, 125-129, 131-145, 
147, 149]. In a typical synthesis treatment of these com-
plexes with a variety of divalent salts affords several families 
of clusters, whose nuclearity and properties are strongly in-
fluenced by the steric demand of the pyrazolylborate and 
other ancillary ligands present. Under ideal circumstances 
these polynuclear complexes exhibit significant magnetic 
aniostropies arising from orbital contributions to their mag-
netic spin ground states [see section 4.3].  

 Insertion of paramagnetic ions into various SMMs struc-

tures can lead to magnetic anisotropy in their polynuclear 

derivatives assuming that the paramagnetic centers engage in 

efficient magnetic exchange interactions. A general struc-

tural feature of these SMMs is that the magnetically coupled 

metal ions are effectively shrouded by sterically demanding 

and close-packed ancillary ligands, which are generally inef-

ficient conduits for spin density delocalization. As the major-

ity of these complexes are also charged species, they tend to 

be well-separated in the solid state by charge balancing 

counterions and lattice solvent, further limiting intermolecu-

lar magnetic interactions. It follows that their magnetic prop-

erties are highly dependent on a variety of factors such as 

structure, symmetry, and intermolecular interactions.  

5.1. Early Single-Molecule Magnets 

 Most cyanide-based single-molecule magnets contain 
octahedral [M

n
(CN)6]

n-6
 or C3v-symmetric ions. The first 

Fig. (8). Shapes of three lowest energy occupied orbitals in [NEt4][(Tp*)Mn
III

(CN)3] deduced from EHTB calculations: (a) d(z
2
), (b) d(xz), 

and (c) d(yz) orbitals. Figures taken from ref. 100. Copyright 2010 American Chemical Society. 

         
   (a)        (b)     (c) 
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cyanide-based SMM containing a pyrazolylborate ligand was 
reported by Zuo in 2004 [77]. The tetradecanuclear 
{Fe

III
8Cu

II
6} complex (Fig. 4a) contains an 8:6 ratio of cya-

nide-bridged C3v-symmetric [(Tp)Fe
III

(CN)3]
-
 and [Cu

II-

(OH2)]
2+

 units, where the iron and copper centers reside at 
the corners and faces of an idealized cube, respectively [77]. 
Magnetic measurements show that the Fe

III
LS (S = �) and Cu 

(S = �) centers engage in ferromagnetic exchange (Jiso= 15 
cm

-1
) and afford an ST = 7 magnetic spin ground state; D, E, 

and g were estimated to be -0.16 cm
-1

, 0.0055 cm
-1

, and 1.93, 
respectively. AC susceptibility studies show that slow fre-
quency-dependent SMM dynamics were operative below ca. 
1.8 K (shoulders seen) and an experimental energy barrier of 
�/kB = 11.3 K was deduced [77].  

 The following year two tetranuclear SMMs were reported 
(Fig. 10) [98, 123]. The nearly planar {Fe

III
2M

II
2} complexes 

(M
II
 = Co, Ni) exhibit S = 2 and 3 ground states, respec-

tively, due to antiferromagnetic and ferromagnetic exchange 

between the [(Tp*)Fe
III

(CN)3] and [cis-M
II
(DMF)4] frag-

ments, respectively. Magnetic data analyses suggest that the 
squares engage in significant spin-orbit coupling and average 
giso values of 2.7 and 2.2, respectively [98, 123]. Frequency-
dependent behavior was also seen in their AC data confirm-
ing that both are SMMs [98]. 

 Later in 2006 a pentanuclear {Fe
III

2Cu
II

3} complex was 
shown to exhibit slow relaxation dynamics suggestive of 
SMM behavior. In this structure two [(Tp)Fe

III
(CN)3]

-
 anions 

are located at the apical sites of a trigonal bipyramid, which 
are cyanide-bridged to three five-coordinate [(Me3tacn)-
Cu

II
]

2+
 ions that reside within equatorial plane (Fig. 4b) 

[109]. As before, ferromagnetic coupling between Fe
III

 and 
Cu

II
 ions was seen and an ST = 

5
/2 spin ground state was 

found. Fitting the �T vs T data using an isotropic spin Hamil-
tonian gives g, J, and TIP values of 2.245(4), 8.5(1) cm

-1
, 

and -1.0 x 10
-3

 emu/mol, respectively. The reduced magneti-
zation data showed that appreciable anisotropy is present in 

Fig. (9). (a and b) X-ray structures of two trinuclear {Fe
III

2Ni
II
} SMMs. In-phase (��) and out-of-phase (���) component of the AC suscepti-

bilities for b for Hdc = 0 (bottom, left) and 1800 Oe (bottom, right). Figures taken from refs. [126] and [139]. Copyright 2010 Royal Society 

of Chemistry [126] and 2011 American Chemical Society [139]. 

 

     

(a)         (b) 
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the pentanuclear complex with D, E, and g parameters esti-
mated to be -5.7 cm

-1
, 1.4 x 10

-3
 cm

-1
, and 2.53, respectively; 

an SMM barrier of �/kB = 23.2 K (16 cm
-1

) was found. The 
authors suggested that the higher SMM barrier seen for the 
{Fe

III
2Cu

II
3} complex is related to the lower molecular sym-

metry and a linear arrangement of Fe
III

 ions, in comparison 
to cubic {Fe

III
8Cu

II
6} [13, 77, 109-111]. 

5.2. Trinuclear Complexes 

 Of known tricyano-based single-molecule magnets the 
smallest are those with trinuclear structures. Two trinuclear 
SMMs have been reported to date [126, 139] and both con-
tain a central Ni

II
 ion that is linked to two adjacent Fe

III
 cen-

ters via bridging cyanides (Fig. 9). In theory two structural 
isomers may be obtained, where the Fe

III
(μ-CN)Ni

II
 units are 

either cis- or trans- to one another, and this tuned via ancil-
lary ligand steric demand. The {Fe

III
2Ni

II
} SMMs of 

{[(pzTp)Fe
III

(CN)3]2[Ni
II
(bipy)2]}-·2H2O [126] and 

{[(Tp
*Bn

)Fe
III

(CN)3]2[Ni
II
(DMF)4]}·2DMF [139] stoichiome-

try, contain cis- and trans- orientations of Fe
III

(μ-CN)Ni
II
 

units, respectively, with the iron centers related by crystallo-
graphic symmetry (Figs. 9a and 9b]. In each complex the 
Fe

III
LS(μ-CN)Ni

II
 bridges are nearly linear and the magnitude 

of the exchange coupling [ca. Jiso/kB ~ 7.0 K] suggests that 
the cyanide-mediated exchange interactions are efficient 
between the Fe

III
LS (S = �) and Ni

II
 (S = 1) spin centers [126, 

139]. 

 As judged from the magnetic data, significant magnetic 
anisotropy from the Fe

III
 centers leads to the observation of 

SMM dynamics at low temperatures. Despite their structural 
differences both complexes exhibit simlar giso (ca. 2.3) and 
D/kB (-4.2 K) terms indicating that significant orbital contri-
butions are present and are representative of those generally 
seen for many cyanide-bridged Fe

III
/Ni

II
 SMMs [126, 139]. 

The S = 1 first excited state is ca. 14 K higher than the 
ground state and becomes thermally populated below ca. 2.8 
K. Moreover, AC susceptibility data indicates that both 
complexes exhibit frequency-dependent dynamics near 2 K 
and effective spin reversal energy barriers (�eff) of 20.6 and 
17 K are found (for Hdc = 0 Oe), respectively [126, 139]. 

 A third trinuclear SMM was described in 2013 by Zhang 
[142, 143]. In this complex, {[(Tp*

Me
)Fe

III
(CN)3]2[Ni

II-

(DETA)(OH2)]}�6H2O�MeCN, the [cis-Ni
II
(DETA)(OH2)(μ-

NC)2] fragment contains a central and distorted nickel center 
with a tridentate mer-DETA ligand, two cis-cyanides, and a 
coordinated aqua ligand (Fig. 10). Extensive hydrogen bond-

ing between lattice water and the coordinated DETA and 
aqua ligands were also found. A variety of close intermo-
lecular contacts were also seen in the X-ray structure [142, 
143]. 

 Magnetic measurements show that the new complex is a 

third member of the trinuclear SMM class. Fitting the �T vs 

T data gave estimated values for J1/kB and g [+11.2(1) K and 

2.41(5)] that were in the range expected for magnetic com-

plexes with Fe
III

(μ-CN)Ni
II
 units. Simulations of the M vs H 

data show that intermolecular antiferromagnetic interactions 

(inflection point) are present and a crude estimation of their 

magnitude (-0.28 K) was deduced [143]. At zero applied DC 

field, frequency-dependent magnetic relaxation was ob-

served in the AC susceptibility data above 10 kHz, suggest-

ing that rapid quantum tunneling (QTM) of the magnetiza-

tion occurs. Anticipating that application of a small dc mag-

netic field would lift the degeneracy of the magnetic ±ms 

states, and concomitantly slow the rates of QTM, the AC 

susceptibility behavior was investigated further under the 

application of a static field. Indeed the rate of magnetization 

relaxation became slower as judged from a decrease in the 

characteristic frequency with increasing applied DC mag-

netic field strength [143]. 

 Simulations of EPR data also confirm that the trinucelar 
complex exhibits axial magnetic and g tensor anisotropy 
[142]. The data was simulated via the following equation: 

 

where  is the Bohr magneton, B is the applied static DC 
magnetic field,  is the Landé g-tensor,

ppppp
 is the spin-

operator, D and E are the second-order axial and rhombic 
zero-field splitting parameters, respectively, followed by the 
axial fourth-order zero-field splitting term. The EPR meas-
urements indicate that the S = 2 complex exhibits significant 
g (gz = 2.4; gy = gx = 1.95) and easy-axis magnetic anisot-
ropy (D = -2.09 cm

-1
, E = 0.08, B4

o
 = 2.3 � 10

-3
 cm

-1
) and 

confirms that it is a third member of the {Fe
III

2Ni
II
} SMM 

family [142]. 

 A fourth trinuclear Fe
III

/Ni
II
 complex was reported by 

Zhang and coworkers [140]. They attempted to increase the 

spin ground state of the {Fe
III

2Ni
II
} complex by replacing 

diamagnetic DMF and bpy ligands with open shell ones [IM-

2Py] at the Ni
II
 site [140]. Under the assumption that effi-

cient ferromagnetic coupling of the S = � radicals to the Ni
II
 

   

(a)       (b) 

Fig. (10). (a) X-ray structure of the first {Fe
III

2Ni
II

2} SMM complex. (b) X-ray structure of a ligand substituted SMM analogue. 
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centers would occur, the authors anticipated that an S = 3 

complex would result. Unfortunately, the paramagnetic 

ligands remain magnetically isolated and afforded an iso-

tropic Curie contribution (S = 1, paramagnetic) to the com-

plex; no frequency-dependent behavior was observed in its 

AC susceptibility data [140].
 
A few other trinuclear com-

plexes are known but they are not SMMs probably due to 

two factors: (1) the Fe
III

 and Ni
II
 centers are not efficiently 

coupled and/or (2) non-parallel orientations of their single-

ion anisotropy tensors (coincident with Fe···B axes) prevent 

creation of a sizable thermal barrier to magnetization rever-

sal [126, 139, 140]. 

5.3. Tetranuclear Complexes 

 The dominant structural archetype when using di- and 
tricyano building blocks are a series of structurally related 
tetranuclear complexes, or molecular squares (Fig. 10). 
Various cationic {M

n
2M

II
2}

2+
 complexes (M

n
 = Cr

III
, Mn

III
, 

Fe
III

, Co
III

, VO
2+

, TiO
2+

; M
II
 = Mn, Co, Ni, Cu, Zn) [12, 13, 

98-101, 103, 109-111, 129, 130, 132-134, 141] are obtained 
when cyanometalate and divalent salts are combined in polar 
media (e.g. DMF, MeOH, MeCN, etc.). The structures con-
sist of cyanide-bridged di- and trivalent metal centers that 
reside in alternate corners of a molecular square, with two 
terminal cyanides adopting an anti orientation relative to the 
{M

III
(μ-CN)M

II
}2 core.  

 In a typical synthesis, treatment of [NEt4][(Tp*)-

M
III

(CN)3] (M
III

 = Mn, Fe, Co, Cr) with divalent triflates 

(e.g. M
II
 = Mn, Co, Ni, Cu) or other substitutionally labile 

salts in polar solvents (e.g. DMF) readily affords molecular 

square {M
III

2M
II

2} complexes [13, 98, 103, 129, 130,134, 

141]. Additional squares are also known: {Co
III

2Zn
II

2} (S = 

0) and {Fe
III

2Zn
II

2} (S = 1) [103], {Mn
III

2M
II

2} (M
II
 = Co, S = 

1; Ni, S = 4) [100, 101], and {[VO]2Mn
II

2} (S = 4) [99] but 

none of these exhibit slow relaxation dynamics that are char-

acteristic of SMMs. Various reports indicate that significant 

orbital contributions must be present at the trivalent sites 

within the {M
III

2M
II

2} complexes for the creation of a sizable 

SMM energy barrier [12, 98, 129-134, 141]. At least 18 

square SMMs have been described with most containing 

[(Tp
R
)Fe

III
LS(CN)3]

-
 anions, due to their magnetic anisotropy, 

ease of preparation, and number of known tricyano com-

plexes (where Tp
R
 = Tp, Tp*, Tp

Me,mt3
, Tp

Me,mt4
, phTp, 

MeTp, iBuTp, and pzTp) (Table 2). 

 The first tetranuclear square SMMs were reported by Li 
and coworkers in 2005 [98, 123]. The nearly planar and iso 
structural {[(Tp*)Fe

III
(CN)3]2[M

II
(DMF4]2[OTf]2}·2DMF 

(M
II
 = Co, Ni) squares were found to exhibit S = 2 and 3 

ground states, owing to local antiferromagnetic and ferro-
magnetic exchange, respectively (Fig. 10a). The {Fe

III
2Co

II
2} 

and {Fe
III

2Ni
II

2} squares exhibit significant spin-orbit cou-
pling with gCo and gNi parameters estimated to be 2.84 and 
2.38, while average giso values are  2.7 and 2.2, respectively 
[98, 123]. Frequency-dependent behavior was seen in their 
AC data suggesting that both are SMMs. As judged from the 
magnetic data the complexes display large and negative 
zero-field splitting (D/kB = -4.37 and -5.73 K) and SMM 
barriers (�/kB = 17.5 and 21.7 K) [98, 123]. Magnetic inves-
tigations on other squares show that the trivalent 

[(Tp*)Fe(CN)3]
-
 centers are highly anisotropic (g = 2.9) and 

that they engage in antiferromagnetic (Mn
II
 and Co

II
) and 

ferromagnetic (Ni
II
, Cu

II
) exchange, to afford S = 4, 2, 3, and 

4 spin ground states, respectively [98, 123, 103]. 

 The orientations of the magnetic anisotropy tensors 

within three {Fe
III

2M
II

2} (M
II
 = Mn, Co, Ni) complexes were 

investigated by Park using spin-polarized density-functional 

theory in 2006 [12]. She deduced that the complexes xhibit 

significant transverse anisotropy |E| that becomes ca. 15-36% 

of the longitudinal anisotropy |D|. Consistent with the mag-

netic data, the complexes exhibit 4-8 times the orbital contri-

butions seen in Mn12O12(OAc)16·4H2O, with the total mag-

netic anisotropy being the difference between Fe
III

/M
II
 pair 

contributions. SMM energy barriers of 22, 7, and 17.1 K 

were predicted for the {Fe
III

2Mn
II

2}, {Fe
III

2Co
II

2}, and 

{Fe
III

2Ni
II

2} complexes, respectively. 

 The DFT studies demonstrated that easy axis anisotropy is 

present in the [(Tp*)Fe
III

(CN)3]
-
 and [cis-Mn

II
(NC)2(DMF)4]

2+
 

fragments, while the Co
II
 and Ni

II
 ones are easy plane [12]. 

The calculations also suggest that contributions from the Fe
III

 

sites are highly important for generating an energy barrier, but 

Park later stated that efficient spin-orbit coupling (or large 

induced orbital angular momentum) does not always lead to 

large cluster magnetic anisotropy. The Fe
III

 single-ion contri-

butions apparently dominate the magnetic properties of the 

{Fe
III

2Mn
II

2} and {Fe
III

2Ni
II

2} complexes, while those arising 

from the Fe
III

 and Co
II
 centers in the {Fe

III
2Co

II
2} complex are 

nearly cancelled. In each molecular square the magnetic ani-

sotropy appears to lie along the Fe
III

···B axes, which are canted 

relative to the mean [Fe
III

2(μ-CN)4M
II

2] plane; suggesting that 

the single-ion anisotropy contributions originating from the 

Fe
III

 sites are critical for establishing an SMM energy barrier 

[12, 98].  

 Later in 2006, Liu and coworkers reported that another 

square, {[(Tp)Fe(CN)3]2[Ni(tren)]2[ClO4]2}·2H2O, also ex-

hibits frequency-dependent behavior in its AC susceptibility 

data [129]. The complex displays significant structural dis-

tortions, as the Ni-N-C bond angles are 161.7(3) and 

173.8(3)°, respectively. Fitting the magnetic data confirmed 

that ferromagnetic Fe
III

 and Ni
II
 interactions lead to an S = 3 

spin ground state and values of J = 4.52 cm
-1

, zJ´ = -0.14 cm
-1

, 

D = -3.85 cm
-1

, and �eff = 27.2 K were found for the square 

complex [129]. The non-linear Fe
III

(μ-CN)Ni
II
 units likely 

led to a decrease in magnetic coupling efficiency, in com-

parison to more linear ones, but surprisingly, while the mag-

netic exchange is about half of that seen for linear cyanide 

bridges, the D parameters are nearly identical. As is the case 

with many polynuclear cyano complexes, the S = 3 ground 

state is heavily mixed with the higher energy first excited 

state (S = 2) and values of D deduced from fitting of the �T 

vs T data should be considered with care [129]. 

 The following year an additional tetranuclear square com-

plex, {[(Tp*)Fe
III

(CN)3]2[Ni
II
(bipy)2]2[OTf]2}·2H2O, was 

reported by Li and coworkers (Fig. 10b) [132]. The com-

pound was prepared via two synthetic methods: (1) addition 

of four equivalents of bpy to {[(Tp*)Fe
III

(CN)3]2[Ni
II-

(DMF)4]2-[OTf]2}·2DMF or (2) direct combination of bpy, 
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Table 2. Summary of Selected SMMs Derived from [(Tp
R

)M
n
(CN)3]

n-4
 Anions 

cmpd. ST giso D/kB (K) �� /kB (K) ref. 

Trinuclear 

{[(pzTp)FeIII(CN)3]2[NiII(bipy)2]}·2H2O 2 2.31 -5.2 20.6 126 

{[(Tp*Bn)FeIII(CN)3]2[NiII(DMF)4]}·2DMF 2 2.3(1) -4.2 16.7 139 

Tetranuclear 

{[(Tp*)FeIII(CN)3]2[CoII(DMF)4]2[OTf]2}·2DMF 2 2.7 -4.37 17.5 98,123 

{[(Tp*)FeIII(CN)3]2[NiII(DMF)4]2[OTf]2}·2DMF 3 2.2 -5.73 51.5 98,123 

{[(Tp*)FeIII(CN)3]2[NiII(bipy)2]2[OTf]2}·2H2O 3 2.29(1) -2.9 20.4 132 

[(TpMe,mt4)FeIII(CN)3]2[MnII(salen)]2 5 2.13 -0.60 13.0 144 

{[(Tp)FeIII(CN)3]2[NiII(tren)]2[ClO4]2}·2H2O 3 2.22 -5.54 27.2 129 

[(TpMe,mt3)FeIII(CN)3]2[Mn(Clacphmen)]2 5 2.18 -0.676 6.3(1.4) 145 

[(TpMe,mt3)FeIII(CN)3]2[Mn(5-Clsalen)]2 5 1.91 -1.08 7.9(3.1) 145 

[(TpMe,mt3)FeIII(CN)3]2[Mn(5-MeOsalen)]2 5 1.86 -1.18 7.3(4.0) 145 

{[(Tp)FeIII(CN)3]2[NiII(R-pabn)(S-pabn)]2[PF6]2}·2H2O·4MeCN 3 2.31(1) -4(1) 20.3(3.0) 137 

[(PhTp)FeIII(CN)3]2[NiII(tren)]2[ClO4]2 3 2.284 -4.43  133 

{[(MeTp)FeIII(CN)3]2[NiII(tren)]2[ClO4]2}·2H2O 3 2.305 -4.35  133 

{[(iBuTp)FeIII(CN)3]2[NiII(tren)]2[ClO4]2}·2H2O·2MeOH 3 2.285 -4.68  133 

{[(Tp)FeIII(CN)3]2[NiII(L1)2]2[ClO4]2}·6H2O 

L1 = 4,5-[1´,4´]dithiino[2´,3´-b]quinoxaline-2-bis(2-pyridyl)methylene-1,3-dithiole 
3 2.14 -4.1 8.7 136 

{[(i-BuTp)FeIII(CN)3]2[NiII(L3)2]2[ClO4]2}·6H2O 

L3 = dimethyl 2-[di(pyridin-2-yl)methylene]-1,3-dithiole-4,5-dicarboxylate 
3 2.14 -4.37 13.5 136 

{[(pzTp)FeIII(CN)3]2[NiII(dpa)]2[ClO4]2}·2MeOH·6H2O 3 2.23 2.19 20.14 134 

{[(Tp*Me)FeIII(CN)3]2[NiII(DMF)4]2[OTf]2}·2DMF 3 2.4(1) - 20.4 141 

{[(Tp*Me)FeIII(CN)3]2[NiII(bpy)2]2[ClO4]2}·3MeCN·2H2O·MeOH 3 2.5(1) -1.8 15.7 141 

Penta- and Hexanuclear 

{[(Tp)FeIII(CN)3]2[CuII(Me3tacn)]3[ClO4]4}·2H2O 5/2 2.245(4) -8.2 23.2 109 

{[(Tp4Bo)FeIII(CN)3]2[CuII(Me3tacn)]3[ClO4]4}·5H2O 5/2 2.28 -0.71  110 

{[(Tp)FeIII(CN)3]2[NiII(cyclen)]3[BF4]4}·4H2O 4 2.21 -2.4  111 

{[(Tp)FeIII(CN)3]4[NiII(OH2)2(NCMe)]2}·10H2O·2MeCN 4    112 

{[(Tp*Me)FeIII(CN)3]4[NiII(DMF)3]2}·4DMF·H2O 4 2.3(1) -1.6 15.6 127 

{[(pzTp)FeIII(CN)3]4[CoII(bimpy)]2}·2(n-PrOH)·4H2O 3 - - - 138 

Octanuclear and Higher 

{[(pzTp)FeIII(CN)3]4[NiII{(pz)3CCH2OH}]4[OTf]4}·10DMF·Et2O 6 2.20(5) -0.33 11.9 125 

{[(pzTp)FeIII(CN)3]4[NiII(L6)]4[OTf]4}·10DMF·Et2O 

L6 = (pz)3C(CH2)6SAc 
6 2.3 -0.35 12.6 128 

{[(pzTp)FeIII(CN)3]4[NiII(L10)]4[OTf]4}·10DMF·Et2O 

L10 = (pz)3C(CH2)10SAc 
6 2.3 -0.33 11.9 128 

[(pzTp)FeIII(CN)3]4[NiII(phen)(MeOH)]4[ClO4]4}·4H2O 6 2.45 -0.56 20.1 110 
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Table 2. contd…. 

cmpd. ST giso D/kB (K) �� /kB (K) ref. 

Octanuclear and Higher 

{[(Tp)FeIII(CN)3]4[(Tp)NiII]4}·H2O·24MeCN 6 1.82 -0.39 14.04 130 

{[(Tp*Me)FeIII(CN)3]4[NiII(tren)]4[ClO4]4}·7H2O·4MeCN 6 2.60(5) -1.29(2) 33 135 

{[(Tp*Me)FeIII(CN)3]6[NiII(MeOH)3]2[NiII(MeOH)2]}·3H2O·8MeOH 6 2.5(1) -0.7 17.7 127 

{[(Tp)FeIII(CN)3]8[CuII(OH2)]6[ClO4]4}·12H2O·2Et2O 7 1.93 -0.23 11.2 77 

 

 

Fig. (11). Temperature dependence of real (x´, top left) and imaginary (x´´, top right) components of the AC susceptibility (Hdc = 0 Oe; Hac = 

3 Oe) for complex illustrated in Fig. (10b); Inset: � vs T
-1

 plot at Hdc = 0, 1, and 4 kOe. Solid lines represent an Arrhenius fit of the data. Fre-

quency dependence of x´´ at 1.85 K under various applied Hdc (bottom left). Right: Field dependence of the characteristic frequency at 1.85 K 
(bottom right). Figures taken from ref. 132. Copyright 2010 Wiley. 
 

Ni(OTf)2, and [NEt4][(Tp*)Fe
III

(CN)3] in a 2:1:1 ratio. Under 
the initial assumption that zero-field splitting of the Ni

II
 ions 

was an important and tunable factor for establishing an 
SMM energy barrier, the authors reasoned that ancillary 
ligand-induced distortions at the divalent sites would afford a 
systematic method for tuning {Fe

III
2Ni

II
2} anisotropy (Fig. 

10]. Surprisingly, the structurally distorted S = 3 complex 
displayed less efficient ferromagnetic exchange (J = 4.21 
cm

-1
) and smaller D parameters (-2.9 K) indicating that the 

Ni
II
 sites play a minor role in establishing an SMM energy 

barrier (�eff = 20.4 K) (Fig. 11) [12, 132]. 

 Subsequent investigations by Wang et al. in 2008 de-
scribed efforts to tune the structures and magnetic properties 
of three additional {Fe2Ni2} SMMs as a function of ancillary 

ligand substitution at the Fe
III

 sites [133]. For each square  
S = 3 spin ground states and large and negative D parameters 
were found, ranging between -3.02 and -3.25 cm

-1
, indicating 

the presence of significant magnetic anisotropy. However, 
despite numerous ligand substitutions the magnetic parame-
ters remained remarkably similar. Later in 2010, installation 
of chiral ligands onto the {Fe

III
2Ni

II
2} scaffold was reported 

in an attempt to prepare chiral SMMs [137]. In this complex 
slow relaxation behavior was observed but indications are 
that at least two relaxation modes are operative over the 
temperature range investigated. The origins of the relaxation 
modes remain unclear for this achiral {Fe

III
2Ni

II
2} square 

complex [137]. Later work by Zuo, Sato, and others confirm 
that {Fe

III
2Ni

II
2} squares can accommodate a variety of ancil-
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lary ligands at each metal site, while simultaneously afford-
ing SMMs that exhibit a range of relaxation times and QTM 
rates [134, 136, 141]. In these squares structural distortions 
of their tetranuclear cores as well as intra- and intermolecular 
magnetic interactions were quantified. Through various 
magnetic and structural studies, the authors demonstrated 
that intercomplex interactions can dramatically influence the 
magnetic properties of structurally related complexes and 
proposed that these factors should be considered when de-
signing SMMs. 

 Recently the structures and magnetic properties of sev-
eral {Fe

III
2Mn

III
2} complexes containing derivatized salen 

supporting ligands were reported [144, 145]. In 2012 a 
[(Tp

Me,mt4
)Fe(CN)3]2[Mn(L)]2 square, where L = 5-bromo-

(salen) and Tp
Me,mt4

 = methyl tris(methyltetrahydr-
oimadazol) borate, was reported to display an ST = 5 ground 
state owing to ferromagnetic interactions between the Fe

III
 (S 

= �) and μ-phenoxide-bridged Mn
III

 (S = 2) centers present 
[144]; in this complex a modest thermal barrier to magneti-
zation reversal [� = 13.0 K] was found. Hong et al. also de-
scribed three additional [(Tp

Me,mt3
)Fe(CN)3]2[Mn(L)]2 ana-

logues, where Tp
Me,mt3

 = hydrotris(3-methyl-4,5-propylene-
5-methylpyrazol-1-yl)borate and L = Clacphmen, 5-Clsalen, 
and 5-MeOsalen [145]. Consistent with the presence of 
magnetically anisotropic [(Tp

Me,mt3
)Fe

III
(CN)3]

-
 and Jahn-

Teller distorted Mn
III

 centers giso � 2 (1.86 � giso � 2.18,  

small zero-field splitting (-0.676 � D � -1.18 K) and rhombic 
terms (-0.42 � E � 0.013 cm

-1
) were found [145]. Due to the 

presence of a crystallographic inversion center, the metal 
ions are related by symmetry and a parallel alignment of the 
Mn

III
 Jahn-Teller and Fe

III
···B tensors, engenders Ising-like 

behavior to the complexes; � ranges between 6.3 and 7.3 K 
[145]. The authors suggest that parallel orientation of Fe

III
 

and Mn
III

 easy and Jahn-Teller axes, respectively, leads to 
the creation of an SMM energy barrier, while close intermo-
lecular contacts decrease � for the {Fe

III
2Mn

III
2} series [144, 

145]. 

5.4. Pentanuclear Complexes 

 Literature reports of pentanuclear SMMs are rare. Of 
known examples, all contain magnetically anisotropic 
[(Tp)Fe

III
(CN)3] anions (Fig. 12) [109-111, 131], and can be 

considered as structural analogues of those derived from 
hexacyanometalate anions [71-73, 122]. The first member of 
this structural archetype was reported in 2006 as a cationic 
trigonal bipyramidal complex of {Fe

III
2Cu

II
3} stoichiometry 

(Fig. 12a) [109]. In this complex, ferromagnetic coupling 
between the [(Tp)Fe

III
(CN)3]

-
 (S = �) and Cu

II
 (S = �) cen-

ters lead to an ST = 4 ground state, and a sizable axial zero-
field splitting parameter of D = -8.2 K was found. Slow 
magnetic relaxation dynamics were seen in its AC suscepti-
bility data (Fig. 12c) and an SMM energy barrier of �/kB = 

 

Fig. (12). (a) X-ray structures of penanuclear {Fe
III

2Cu
II

2} SMM complexes. (c) Temperature dependence of the out-of-phase (x´´) AC sus-

ceptibility data for a. Inset: Arrhenius data for complex depicted in a. (d) Temperature dependence of the out-of-phase (x´´) AC susceptibility 

data for complex in b. Copyright 2012 American Chemical Society [Fig. c, ref. 109] and 2007 WILEY-VCH [Fig. d, ref. 111]. 

    

(a)        (b) 

   
(c)          (d) 
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23.2 K was estimated. Interestingly the direction of the mo-
lecular magnetic anisotropy was proposed to lie along the C3 
axis of the molecule (Fig. 12a) [109]. 

 Subsequent work by Zuo described the structures and 
magnetic properties of several additional {Fe

III
2M

II
3} com-

plexes (M
II
 = Fe, Co, Ni) [131]. In each complex negative 

zero-field splitting terms were found via ANISOFIT [75] 
fiting of the reduced magnetization data, but surprisingly, no 
frequency-dependent behavior was seen in their AC suscep-
tibility data. The authors proposed that molecular symmetry 
plays an important role in the establishing cluster anisotropy 
but did not provide an explanation why only the Ni

II
 ana-

logue displays SMM dynamics.  

 The following year another {Fe
III

2Ni
II

3} single-molecule 
magnet was reported (Fig. 12b) [111]. The pentanuclear 
{[(Tp)Fe

III
(CN)3]2[Ni

II
(cyclen)]3[BF4]4}·4H2O cluster dis-

played slow dynamics (shoulders near ca. 1.8 K) in its x´´ vs 
T data (Fig. 12d) and fitting of the �  vs H data gave J = 
+7.8 K and g = 2.21, with a TIP = 719 � 10

-6
 K for the inte-

ger spin (ST = 4) complex. Subsequent fitting of the reduced 
magnetization data via ANISOFIT 2.0 [75] gave the follow-
ing values: D = -2.4 K, E = 0.02 K, and g = 2.16. In com-
parison to {Fe

III
2Cu

II
3} the authors stated that the complex is 

an SMM, albeit with a lower effective barrier to magnetiza-
tion reversal. 

5.5. Hexa- and Nonanuclear Complexes 

 The first hexanuclear {Fe
III

2M
II
}2 complexes derived 

from [(Tp)Fe
III

(CN)3]
-
 units were described by Miller and 

coworkers in 2005 [151]. These {Fe
III

2M
II
}n complexes bear 

structural similarities to the {4,2} fragments present within 
well-known one-dimensional cyanide-bridged ribbons of 
{[Fe

III
(L)(CN)4]2[Ni

II
(OH2)2]}·4H2O (L = bpy, phen) 

stoichiometry. However, the authors reported that spin-glass, 
rather than slow dynamics that are characteristic of SMMs 
were seen, suggesting that another magnetic phase or un-
usual magnetic interactions were present. This may be due in 
part to the presence of coordinated and labile methanolato 
ligands which upon removal lead to aggregation and the 
formation of additional magnetic phases [127]. 

 In 2010, Zhang et al. later described the preparation of 
additional structurally related SMM analogues [127]. The 
structures to consists of  a central {Fe

III
2M

II
2} square whose 

structure is connected via two bridging cyanides to two addi-
tional [(Tp*

Me
)Fe

III
(CN)3] fragments, that are related via an 

inversion center (Fig. 13a). In the same communication, a 
nonanuclear {Fe

III
6Ni

II
3} complex was reported, that consists 

of two corner shared {Fe
III

2Ni
II

2} squares sharing a common 
trans-[Ni

II
(DMF)2(μ-NC)4] unit; two cyanide-bridged 

[(Tp*
Me

)Fe
III

(CN)3] ions linked to each peripheral mer-
[Ni

II
(DMF)3(μ-NC)2] center (Fig. 13b) [127]. The 

{Fe
III

2Ni
II
}n core of the nonanuclear complex (Fig. 13b) 

adopts a twisted orientation (ca. 33.1°) along the direction of 
the corner shared {Fe

III
2Ni

II
2} squares. Under the assumption 

that the pseudo-C3 axes (Fe···B axes) are structural markers 
for the single-ion anisotropy tensors, the authors suggested 
that the hexanuclear complex has a better orientation of these 
in comparison to the {Fe

III
6Ni

II
3} complex (Figs. 9c and 9d).  

 Fitting the �T vs T data showed that the hexa- and nonanu-
clear complexes adopt ST = 4 and 6 ground states and gave 

 

 

Fig. (13). X-ray structures of (a) hexa- and (b) nonanuclear {Fe
III

2Ni
II
}n complexes (n = 2, 3). (c and d) Single-ion anisotropy tensor orienta-

tions along the C3 axes (Fe
III

···B).  

 

(a)        (b) 

  

(c)        (d) 



Pyrazolylborate Cyanometalate Single-Molecule Magnets Current Inorganic Chemistry, 2013, Vol. 3, No. 2     187 

remarkably similar Jiso/kB [9.0(5) and 9.0(5) K] and gavg 
[2.3(1) and 2.5(1)] parameters, respectively. Additional AC 
susceptibility measurements for the hexa- and nonanuclear 
complexes indicated that they are magnetically anisotropic, 
with D/kB = -1.6 and -0.7 K and � = 26 and 24.5 K, respec-
tively. The authors proposed that better alignment of the ani-
sotropy tensors (vide supra) in the {Fe

III
4Ni

II
2} complex leads 

to greater overall magnetic anisotropy, while the larger 
{Fe

III
6Ni

II
3} one has a lower SMM barrier, owing to its twisted 

structure and poorly aligned C3 axes (Figs. 9c and 9d)
 
[127]. 

 Lastly, a {Fe4Co2} complex was reported to exhibit slow 
magnetization dynamics after light exposure (Fig. 14a) 
[138]. As is the case with many photoactive Fe/Co com-
plexes and networks, where reversible conversion of Fe

I-

I
LS(μ-CN)Co

III
LS units into Fe

III
LS(μ-CN)Co

II
HS ones occur 

upon light exposure or with changing temperature, the hex-
anuclear complex exhibited a marked increase in its T 
product upon white light exposure at 5 K (Fig. 14b). Subse-
quent AC susceptibility measurements suggested that the 
photogenerated paramagnetic {Fe

III
4Co

II
2} complex exhibits 

slow magnetic relaxation dynamics arising from the photo-
generated and ferromagnetically coupled Fe

III
LS(μ-CN)Co

II
HS 

units (Fig. 14c) [138]. 

5.6. Octanuclear Complexes 

 Several cubic symmetry {Fe
III

4Ni
II

4} single-molecule 
magnets were reported in 2006 and 2007. In these molecular 
boxes the importance of intermolecular interactions and crys-
tallographic disorder in SMM dynamics were explored in 

great detail (Fig. 15) [110, 125, 128, 130, 131]. In 2006, Li 
et al. showed that various cubes of {[(pzTp)Fe

III
(CN)3]4-

[Ni
II
(L)]4[OTf]4} stoichiometry, where L = 2,2,2-

tris(pyrazolyl)ethanol or S(acetyl)tris(pyrazolyl)alkanes, 
(pz)3C(CH2)nSAc (n = 3, 6, 10), could exhibit structure-
dependent magnetic relaxation modes as a function of alkyl 
chain length [125, 128]. In these complexes, two modes were 
seen in their AC susceptibility data above 1.8 K- only one 
mode exhibits field-dependent behavior and this was taken 
as evidence of SMM dynamics. In all complexes a second 
frequency-independent x´´ mode was proposed to originate 
from close intermolecular contacts, crystallographic disorder, 
and/or phonon bottleneck effects [125, 128]. Of reported 
analogues, the {Fe

III
4Ni

II
4} boxes containing hydrogen-

bonded tris(pyrazolyl)ethanol ligands displayed the smallest 
x´´: x´ ratios (1:100), while longer alkyl chain derivatives, 
gave higher ones. The authors proposed that longer alkyl 
chains (and crystallographic disorder), gave increasingly 
higher magnitudes of �´´, and ascribed these as being related 
to intermolecular interactions between the complexes [125, 
128]. 

 Later in 2010, Zhang and coworkers described another 
octanuclear complex that exhibits markedly different mag-
netic behavior [135]. In this complex, a central {Fe

III
2Ni

II
2} 

square is linked via a single a single bridging cyanide per 
Fe

III
 site to two adjacent [cis-Ni

II
(tren)(μ-NC)Fe

III-

(CN)2(Tp*
Me

)] fragments (Fig. 15b) [135]; both the cubic 
(Fig. 15a) and C2-symmetric octanuclear {Fe

III
4Ni

II
4} com-

plexes (Fig. 15b) contain nearly linear Ni
II
(μ-NC)Fe

III
 units. 

 

Fig. (14). (a) X-ray structure of a photomagnetic {Fe
III

4Co
II

2} SMM complex. (b) Magnetic data collected in the absence (�) and presence (•) 

of light. (c) Temperature dependence of the out-of-phase (x´´) AC susceptibility data for the photostationary state. Copyright 2012 American 

Chemical Society (Figs. b and c) [138]. 

 

     
       (a) 

    
    (b)       (c) 
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Fig. (15). X-ray structures of a molecular (a) {Fe
III

4Ni
II
}4 box and (b) an expanded octanuclear complex. 

Fig. (16). (a and b) μ-SQUID data for {Fe4Ni4} box in Fig. (15a). (c) x" vs T data for {Fe
III

4Ni
II

4} complex in Fig. (15b). Inset: Semi-

logarithmic � vs T
-1

 plot. Straight line is the data simulation via an Arrhenius law (�0 = 2.5 � 10
-9

 s). Copyright 2006 and 2011 American 

Chemical Society (Figs. a and b, ref. [128]) and the Royal Chemical Society (Fig. c, ref. [135]). 

 

     
(a)  

 

        (b)

  

(a)       (b) 

 

(c) 
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Fig. (17). (a and b) Single-ion anisotropy tensors shown (Fe···B axes) for octanuclear {Fe
III

4Ni
II

4} complexes (Fig. 15). Copyright 2006 and 
2011 American Chemical Society (Fig. a and b, ref. [128]) and the Royal Chemical Society (Fig. c, ref. [135]). 
 

 A variety of magnetic measurements indicate that each 
complex adopts an ST = 6 spin ground state owing to ferro-
magnetic exchange between the Fe

III
 (S = �) and Ni

II
 (S = 1) 

ions present. However despite having identical spin ground 
states dramatic differences in their experimental magnetic 
parameters were found, demonstrating that structural features 
play an important (and poorly understood) role in establish-
ing overall magnetic anisotropy [125, 128, 135]. For exam-
ple, identical exchange parameters were found, where Jiso/kB 
= 9.5(5) and 9.5(1) K, and fitting the �T vs T data leads to 
vastly different values for D/kB [-0.33(5) and -1.29(2) K] and 
giso [2.20(5) and 2.60(5)] [125, 128, 135], for the cubic and 
expanded {Fe

III
4Ni

II
4} complexes, respectively. 

 As is the case with most cyanide-based SMMs, neither 
complex exhibits magnetic hysteresis above 1.8 K, being con-
sistent with rapid quantum tunneling of the magnetization. As is 
expected when QTM is operative, application of a small applied 
dc magnetic field lifts the degeneracy of the ±ms states, and 
longer relaxation times or alternatively, reductions in character-
istic frequency are observed in their AC susceptibility data; both 
complexes exhibit this behavior confirming that efficient QTM 
is operative [4, 125, 135]. As judged from the sweep- and tem-
perature dependence of the μ-SQUID data (Fig. 16a), the cubic 
{Fe

III
4Ni

II
4} box displays rapid QTM even at mK temperatures, 

while the lower symmetry {Fe
III

4Ni
II

4} complex (Fig. 16b) re-
laxes at a significantly slower rate as seen in its AC susceptibil-
ity data. Consistent with this assumption, the energy barriers 
were estimated to be �/kB = 12 and 33 K, respectively, with the 
latter being the highest reported for any 3d cyanometalate SMM 
[125, 128, 135]. 

 If the SMM energy barriers are correlated with the rela-
tive orientations of their Fe···B axes (Fig. 17), then the mo-
lecular {Fe

III
4Ni

II
4} box probably experiences nearly com-

plete cancellation of the orbital angular momentum originat-
ing from each Fe

III
 center. If this assumption is correct, then 

the cubic {Fe
III

4Ni
II

4} complex experiences nearly complete 
cancellation of its single-ion anisotropy, leading to a small 
spin reversal barrier. As judged from X-ray studies, there are 
significant ligand steric interactions within the C2-symmetric 
{Fe

III
4Ni

II
4} complex, which leads to a parallel alignment of 

the putative anisotropy tensors, and by analogy, a compara-
tively high �eff value [125, 128, 135]. If the structural re-
quirements of building blocks can be exploited to generate 
polynuclear complexes with preferred orientations of their 
single-ion aniostropy tensors, then incorporation of sterically 

demanding ligands offer a means to control magnetic proper-
ties of polynuclear complexes with atom economical preci-
sion. 

6. CONCLUSIONS AND OUTLOOK 

 It appears that a variety of cyanometalate-based single-
molecule magnets may be constructed using capping ligands 
to constrain their self-assembly towards a common structural 
archetype. Careful consideration of concepts such as spin 
state degeneracy, ancillary ligand steric interactions, and 
concomitantly, control of anisotropy tensor orientations in 
these polynuclear complexes allows for the systematic engi-
neering of several families of SMMs with tunable magnetic 
properties.  

 Assuming that the above structure-property relationships 
seen for first row complexes are applicable to 4d and 5d de-
rivatives it is conceivable that these late metal complexes 
may engender greater magnetic anisotropy to known struc-
tural archetypes. It follows that insertion of radially diffuse 
4d and 5d ions into the corners of these SMMs will engender 
more efficient � back bonding and spin density communica-
tion. Moreover, as orbital contributions are a relativistic ef-
fect (scale with Z, atomic number), substitution of first row 
for late metal centers should allow for the introduction of 
greater single-ion anisotropy into known SMM structural 
archetypes [10, 11, 152-154].  

 We note that while several homoleptic cyanide 4d and 5d 
complexes, their tricyano analogues, and SMM derivatives 
have been reported, no pyrazolylborate counterparts are 
known [10, 11, 152-154]. To our knowledge [(Tp*)Nb

III-

(CN)4]
2-

 is the first in a series of late transition metal build-
ing blocks [103]. It is anticipated that by using the design 
principles described in this review, a better understanding of 
how magnetic anisotropy leads to higher energy barriers to 
magnetization reversal will be realized in the near future. 
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