
The peak moves progressively to lower temperature with

increasing extent of reduction, consistent with a decreasing

relaxation barrier as concluded from the relative values of U

calculated from the S and D values in Table 2.

Ac susceptibility studies at several oscillation frequencies

can be used as a means of determining the true or effective

energy barrier (Ueff) to magnetization relaxation, because at

the wM00 peak maximum the magnetization relaxation rate

(1/t, where t is the relaxation time) is equal to the angular

frequency (2pu) of the oscillating ac field. Hence, out-of-phase

ac measurements at different oscillation frequencies are a

valuable source of relaxation rate vs. T kinetic data that can

be fit to the Arrhenius equation (eqn (8)), where t0 B 10�7 s

and Ueff B 60 K for 1�2MeCO2H�4H2O. The value of t0 is

about three orders of magnitude larger than usually found in

superparamagnets.

1/t = (1/t0) exp(�Ueff/kT) (8)

A similar analysis allows the Ueff to be determined

and compared for the [Mn12]
z� family, as shown for

[Mn12O12(O2CC6F5)16(H2O)4]
z� (z = 0–2) in Fig. 12.15 Thus,

both the shift of wM00 signals to lower temperatures (Fig. 11)

and the observed decrease in Ueff value on progressive reduc-

tion (Fig. 12) reflect experimental confirmation of the faster

magnetization reversal predicted from the calculated U values

in Table 2, and the decreasing MnIII content on reduction.

Note that the value of Ueff depends not just on S and D but

also on the rhombic zfs parameter E, fourth order spin

Hamiltonian parameters, the precise QTM rate and pathway

(i.e. whichMS levels of the Smanifold are involved), and other

parameters. These are affected by many factors including the

site symmetry of the complex, and the [Mn12]
z� complexes do

not all crystallize in the same space group. Thus, there are too

many parameters that contribute to the observed Ueff to

Fig. 10 In-phase wM0 (as wM0T) and out-of-phase wM00 signals for a

microcrystalline sample of [Mn12O12(O2CCH2Br)16(H2O)4]. Reprinted

with permission from ref. 38. Copyright 2006 American Chemical

Society.

Fig. 11 Comparison of the wM00 vs. T plots for microcrystalline

samples of [Mn12O12(O2CCHCl2)16(H2O)4]
z� (z = 0–3) at 1000 Hz

(top) and 50 Hz (bottom). Reprinted with permission from ref. 45.

Copyright 2007 American Chemical Society.

Fig. 12 Plot of the natural logarithm of relaxation rate, ln(1/t), vs.
inverse temperature for [Mn12O12(O2CC6F5)16(H2O)4]

z� using wM00 vs. T
data at different frequencies. The solid lines are fits to the Arrhenius

equation.
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permit a quantitative comparison between different complexes

or to expect an equal decrease in Ueff with each reduction. The

value for [Mn12]
3� is not available due to the limited wM00 data

available above 1.8 K (the operating limit of our SQUID

magnetometer) and the non-availability of single crystals for

an alternative study to obtain Ueff using single-crystal micro-

SQUID52 methods down to 0.04 K.

Ac susceptibility measurements can also be used to investi-

gate the nature of the magnetization relaxation processes. For

a single relaxation process, as would be expected in a crystal-

line ensemble of molecules in identical environments with

identical barriers, the w0 and w00 behaviour as a function

of angular frequency (o), is given by eqns (9) and (10),

respectively, where wS (wo-N) is the adiabatic susceptibility,

wT (wo-0) is the isothermal susceptibility, o (2pu) is the

angular frequency, and t is the magnetization relaxation time.

The isothermal susceptibility, wT, is the dc susceptibility for

paramagnets obeying the Curie law. For a distribution of

single relaxation processes, as would result from a distribution

of molecular environments in the crystal, and a resulting range

of Ueff barrier heights, the expressions for w0 and w00 are now

given by eqns (11) and (12), where a gauges the width of the

distribution and takes values between 0 and 1.

w0ðoÞ ¼ wS þ
ðwT � wSÞ
1þ o2t2

ð9Þ

w00ðoÞ ¼ ðwT � wSÞot
1þ o2t2

ð10Þ

w0ðoÞ ¼ wS þ
ðwT � wSÞ½1þ ðotÞ1�a sinðap=2Þ�

1þ 2ðotÞ1�a sinðap=2Þ þ ðotÞ2ð1�aÞ
ð11Þ

w00ðoÞ ¼ ðwT � wSÞ½ðotÞ1�a cosðap=2Þ�
1þ 2ðotÞ1�a sinðap=2Þ þ ðotÞ2ð1�aÞ

ð12Þ

When a = 0, eqns (11) and (12) reduce to eqns (9) and (10),

respectively, describing a single relaxation process.

A means of representing such data is as a plot of wM0 vs. wM00;
this is shown in Fig. 13 and is known as a Cole–Cole or

Argand plot. The symmetrical shape of the plot suggests that a

single type of species is present; the dashed line is a least-

squares fit of the data to a single relaxation process as

described by eqns (9) and (10), whereas the solid line is a fit

to a distribution of single relaxation processes as described by

eqns (11) and (12). The latter fits are clearly superior and

indicate a small range of molecular environments, as is typical

for a molecular crystal. The a values obtained from the fits

were 0.177 (z = 0), 0.210 (z = 1), and 0.126 (z = 2).

The magnetic properties of Mn12 SMMs, and indeed other

SMMs, are very sensitive to their environment, surprisingly so

in many cases. We have already mentioned the different

hydrogen-bonding isomers in 1�2MeCO2H�4H2O. More

generally, the presence of solvent molecules and their

positional or orientational variation or disorder, can lead to

a significant distribution of molecular environments,

contributing to a resulting distribution of D values and

relaxation barriers Ueff, the magnitude of a, QTM step

broadening in the hysteresis loops (vide infra), and others. It

can even lead to completely different magnetic behaviours

that can be separately studied, and two excellent examples

of the latter will be described. The first is the pair of

complexes mentioned earlier that are JT isomers,

namely [Mn12O12(O2CCH2Bu
t)16(H2O)4]�CH2Cl2�MeNO2

and [Mn12O12(O2CCH2Bu
t)16(H2O)4]�CH2Cl2�MeCN.35 This

is the case even though they crystallize in the same space

group and with almost identical unit cells; in fact, the unit cell

contents are essentially superimposable except that the latter

has an MeCN molecule at the position of the MeNO2 in the

former! Their ac wM00 vs. T plots are shown in Fig. 14, and

show that the isomer with the abnormal JT orientation is the

LT (i.e. faster-relaxing) form. In accord with this, Arrhenius

plots give Ueff values of 62 and 42 K for the HT and LT

isomers, respectively. Possible origins of the faster relaxation

in the LT isomer are (i) the lower symmetry core that results

Fig. 13 Argand plots of w0 vs. w00 for wet crystals of the complexes

[Mn12O12(O2CC6F5)16(H2O)4]
z�: (top) z = 0 at 4.0 K, (middle) z = 1

at 3.4 K, and (bottom) z= 2 at 2.2 K. The dashed line in each case is a

least-squares fit of the data to a single relaxation process as described

by eqns (9) and (10). The solid line is the fit to a distribution of single

relaxation processes as described by eqns (11) and (12). Reprinted with

permission from ref. 15. Copyright 2005 American Chemical Society.
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from the abnormal JT orientation, and the faster tunnelling

that consequently results from a larger rhombic (transverse)

zfs parameter E; the latter mixesMS levels on either side of the

barrier and facilitates tunnelling through it; (ii) distinctly

different higher-order terms in the spin Hamiltonian, which

would again give different QTM rates; and/or (iii) a very low-

lying excited state S manifold nesting with the ground state

and providing lower-energy relaxation pathways. It should be

added that detailed 1H NMR, 2D COSY and TOCSY spectral

studies reveal that in solution there is only one species, i.e. JT

isomerism is a solid-state phenomenon.

A second example of the importance of the

solvent of crystallization is provided by the pair

(PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4]�4CH2Cl2�H2O and

(PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4]�6CH2Cl2.
44 They crys-

tallize in different space groups and have Ueff values of 18.5

and 30.3 K, respectively. At first, it was thought this almost

factor-of-two difference was indicating JT isomerism in

[Mn12]
2� complexes for the first time, but the crystal structures

showed that in both cases the anions contained only normal

JT orientations. Instead, the significantly different barriers

must be due to the different [Mn12]
2� environments and

solvent molecules, particularly the single water molecule in

the former that forms a hydrogen-bond with the core,

effectively lowering its symmetry.

The message that emerges from the two studies described

above, and others like them, is that what are usually

considered by chemists to be trivial differences that could only

yield small changes to molecular properties instead result in

large differences to the magnetic properties. This is another

way of stating what is already common knowledge in many

areas of materials nanoscience, that small changes can have

big consequences at the nanoscale. In effect, one cannot say

that a particular Mn12 (or other SMM) with particular ligands

and at a particular oxidation state will have a particular

barrier Ueff. Instead, the latter also depends significantly on

subtle environmental effects such as the identity and disposi-

tion of solvents of crystallization, cations, crystal space group,

local site-symmetry, and others.

Magnetization hysteresis loops. The significant Mn12 relaxa-

tion barriers lead to a ‘freezing’ of the magnetization reversal

below a sufficiently low temperature, the ‘blocking temperature’

(TB), which is typically in the 3–4 K region for Mn12
complexes. As a result, hysteresis loops are seen in magnetization

vs. applied dc field scans.1,52 These are best investigated on

single-crystal samples using a micro-SQUID apparatus, and

Fig. 15 shows the loops obtained for a single crystal of

[Mn12O12(O2CC6F5)16(H2O)4]�3CH2Cl2, which is an SMM

below B3.6 K.15

Several points can be made: (i) magnetization hysteresis is the

diagnostic behaviour of a magnet, and is thus the ultimate

proof that a molecule is an SMM, as long as one is careful to

exclude the possibility of significant intermolecular interactions

being present; note that one cannot completely exclude all

interactions between molecules in a solid (otherwise it would

be a gas) but the important thing is that they do not lead to

significant magnetic interactions between the molecules, i.e.,

they should cause no more than perturbations of single-molecule

behaviour. (ii) The hysteresis loops of SMMs differ markedly

from those of bulk traditional (i.e. 3-D) magnetic materials in

exhibiting an increasing coercivity (half the loop width at

M/MS = 0) with decreasing temperature and with increasing

field sweep rate. This behaviour is, on the other hand, that

exhibited by traditional superparamagnets, i.e. nanoscale

pieces of traditional magnetic materials with dimensions much

larger than the molecular. Thus, SMMs could perhaps be better

described as single-molecule superparamagnets, but traditional

superparamagnets below their blocking temperature TB are also

magnets exhibiting hysteresis, so the difference is merely a

matter of semantics. (iii) The loops for SMMs are not smooth

but display steps due to QTM at periodic field values, i.e. at 0,

B0.5, B1.0 T, etc. in Fig. 15. The steps are at field positions

where MS levels of the S = 10 manifold on one side of the

double-well energy barrier are degenerate withMS levels on the

other side (Fig. 9), and QTM can thus occur. QTM causes an

increase in the magnetization relaxation rate, giving the vertical

jump (step) in the loop. The step size decreases with increasing

field scan rate, as expected from the standard Landau–Zener

model for tunnelling between two states.52

Although QTM is a characteristic property of all SMMs,

and steps are essentially always seen in the hysteresis loops for

Fig. 14 wM00 vs. T plots for [Mn12O12(O2CCH2Bu
t)16(H2O)4]�CH2Cl2�

MeNO2 (LT) (top) and [Mn12O12(O2CCH2Bu
t)16(H2O)4]�CH2Cl2�

MeCN (HT) (bottom). Crystals wet with mother liquor and thus of

undetermined mass were employed, and the y-axes therefore have

arbitrary units.
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the Mn12 family, this is not always the case for other SMMs.

In many cases, the steps are often broadened to the point of

being smeared out, particularly for larger nuclearity SMMs.

The broadening is typically due to a significant distribution of

molecular environments (due to disorder in the ligands and/or

in the copious solvent molecules of crystallization often

present in the large voids in crystals of large molecules), which

give a correspondingly significant distribution of step

positions, or to a high density of low-lying excited states.

The largest SMM to display QTM steps is a Mn22 complex,53

although many at smaller nuclearities do not. In such cases,

the presence of QTM can be established by other methods,

such as a temperature-independent region at very low

temperatures in the Arrhenius plot.

Hysteresis loops have also been obtained for [Mn12]
1� and

[Mn12]
2� complexes, confirming them also to be SMMs.

Shown in Fig. 16 are the loops exhibited by a single crystal

of the [Mn12]
2� salt (NMe4)2[Mn12O12(O2CC6F5)16(H2O)4]�

6C7H8.
15 Hysteresis is only observed at B1.5 K and below,

in contrast to the higher temperatures for the neutral Mn12

complex with the same carboxylate in Fig. 15, and consistent

with a significantly smaller relaxation barrier on reduction.

Again, QTM steps are clearly observable at periodic values of

applied field. Single crystals of [Mn12]
3� are not available for

similar studies, but if they were there seems little doubt from

its other properties that this oxidation state would also exhibit

hysteresis loops.

When QTM steps are clearly observed in hysteresis loops,

they are invaluable as a direct measure of theD value, since the

field separation between the steps, DH, is proportional to D

and given by eqn (13). In fact, this equation provides |D|/g, not

|D|, but for the Mn12 family (and for most other Mn (and Fe)

SMMs) the g value is typically B2.0 and eqn (13) thus

provides a very good approximation of D for comparison

with values obtained from other methods. Inspection of the

steps in Fig. 15 and 16, for example, shows that those for the

[Mn12]
2� complex are significantly closer together than those

for the Mn12 complex, i.e. the former has a smaller |D| value

than the latter. This is, of course, completely consistent with

the data from the other techniques discussed earlier that

quantified a decreasing |D| value as the MnIII content of the

molecules was decreased by reduction.

DH = |D|/gmB (13)

5. Conclusions

We hope we have shown in this review how the synthetic and

reactivity chemistry of the [Mn12O12(O2CR)16(H2O)4] family

of compounds has been developed to a very satisfying degree

along many directions. This Mn12 family now spans four

isolated oxidation states, and all four display the properties

expected of an SMM. As a result, it has proven an invaluable

source of comparative data on this fascinating magnetic

phenomenon. It is important to emphasize that unlike many

sol-gel, MOCVD and other applications of molecules in

materials chemistry, SMMs are not the precursors to

Fig. 15 Magnetization (M) hysteresis loops for a single crystal of

[Mn12O12(O2CC6F5)16(H2O)4]�3CH2Cl2 showing the temperature

dependence at a fixed sweep rate (top), and the sweep rate dependence

at a fixed temperature (bottom). M is normalized to its maximum

value, MS. Reprinted with permission from ref. 15. Copyright 2005

American Chemical Society.

Fig. 16 Magnetization (M) hysteresis loops for a single crystal of the

[Mn12]
2� salt (NMe4)2[Mn12O12(O2CC6F5)16(H2O)4]�6C7H8 showing

the temperature dependence at a fixed sweep rate. M is normalized to

its maximum value, MS. Reprinted with permission from ref. 15.

Copyright 2005 American Chemical Society.
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interesting materials, they are the interesting materials, and

thus retain all the advantages of molecular chemistry. In

particular, the various methods that are now available for

the synthesis and controlled modification of Mn12 molecules

provide a tremendous array of related SMMs for all sorts of

studies. For no other SMM type has such a large degree of

controlled modification been accomplished, or a resulting

large database of knowledge been accumulated, justifying

our assertion that the Mn12 family is the Drosophila of

single-molecule magnetism. In addition, the controlled

modification has made feasible the use of Mn12 complexes in

more intricate experiments, such as attempts to bind them to

surfaces or between nano-electrodes, etc. It should be added

that there are many interesting studies of the Mn12 family in

the physics and related literature, of which only a very small

fraction have been mentioned because they are outside the

chemical scope of this Review. Nevertheless, there are

probably more Mn12 papers in the physics than the chemistry

literature, owing to the many studies of what are nanoscale

magnetic particles that have become possible from the avail-

ability of crystalline, monodisperse, often identically-oriented

assemblies of SMMs. Some of these can at least be mentioned

for the interested reader, and selected examples include the

comparative study of integer vs. half-integer S [Mn12]
z� com-

plexes to probe spin parity effects in quantum tunnelling,54

quantum phase interference in the [Mn12]
2� salts,55 inelastic

neutron scattering studies of the [Mn12]
z� (z = 0–2) family,56

avalanche propagation (magnetic deflagration) in Mn12 single

crystals,57 pressure effects on QTM in Mn12,
58 muon spin

resonance spectroscopy,59 X-ray magnetic-circular-

dichroism,60 and many others. All these have benefitted, to

some extent or other, from the simple yet powerful fact stated

in the Introduction that the field of single-molecule magnetism

brings all the advantages of molecular chemistry to the field of

nanoscale magnetic particles. There will no doubt be many

other exciting studies on the [Mn12]
z� family, and other

SMMs, in the future that will also be made possible by these

same advantages.

We conclude by pointing out that the very low temperatures

at which the Mn12 compounds are SMMs (liquid He and

below) mean that these molecules themselves are unlikely to

ever find serious technological application. However, that does

not diminish their importance. The field of superconductivity

began with the discovery in 1911 of this new phenomenon

in elemental mercury, and although the latter was never

employed as a superconductor in a commercial device, that

does not diminish the importance of mercury to that field;

after all, it was the prototype of a whole new field of materials,

and it provided the first example for serious study. The Mn12
complexes hold a similar position within the new field that has

come to be known as single-molecule magnetism. It should be

added, however, that there is a very big difference between

superconductivity and single-molecule magnetism: there are

no room temperature superconductors, which is driving the

search for higher and higher TC materials, but there are

already many truly excellent room temperature magnets, some

of which have been known for over two thousand years, and

which are in ubiquitous use in all areas of our modern society.

Whatever the future may hold for SMMs, it is unlikely that

any functioning at room temperature will become available for

mass use in room-temperature applications. Instead, their

future is undoubtedly in low-temperature and highly specia-

lized ones that make use of their molecular advantages of

size, crystallinity, and well-defined quantum properties, and

for which the expense of working at low-temperature is

insignificant compared to the benefits of the application.

References

1 G. Christou, D. Gatteschi, D. N. Hendrickson and R. Sessoli,
MRS Bull., 2000, 25, 66.

2 R. Sessoli, D. Gatteschi, A. Caneschi and M. A. Novak, Nature,
1993, 365, 141.

3 G. Christou, Polyhedron, 2005, 24, 2065.
4 D. Gatteschi, R. Sessoli and J. Villain, Molecular Nanomagnets,
Oxford University Press, 2006.

5 J. R. Friedman, M. P. Sarachik, J. Tejada and R. Ziolo, Phys. Rev.
Lett., 1996, 76, 3830.

6 L. Bogani and W. Wernsdorfer, Nat. Mater., 2008, 7, 179.
7 M. N. Leuenberger and D. Loss, Nature, 2001, 410, 789.
8 G. Aromi and E. K. Brechin, Struct. Bonding, 2006, 122, 1, and
references therein.

9 R. Sessoli, H. L. Tsai, A. R. Schake, S. Y. Wang, J. B. Vincent,
K. Folting, D. Gatteschi, G. Christou and D. N. Hendrickson,
J. Am. Chem. Soc., 1993, 115, 1804.

10 T. Lis, Acta Crystallogr., Sect. B: Struct. Sci., 1980, 36, 2042.
11 H. J. Eppley, H. L. Tsai, N. Devries, K. Folting, G. Christou and

D. N. Hendrickson, J. Am. Chem. Soc., 1995, 117, 301.
12 M. Burgert, S. Voss, S. Herr, M. Fonin, U. Groth and

U. Ruediger, J. Am. Chem. Soc., 2007, 129, 14362, and references
therein.

13 G. Q. Bian, T. Kuroda-Sowa, N. Gunjima, M. Maekawa and
M. Munakata, Inorg. Chem. Commun., 2005, 8, 208.

14 S. Hill, N. Anderson, A. Wilson, S. Takahashi, K. Petukhov,
N. E. Chakov, M. Murugesu, J. M. North, E. del Barco, A. D.
Kent, N. S. Dalal and G. Christou, Polyhedron, 2005, 24, 2284.

15 N. E. Chakov, M. Soler, W. Wernsdorfer, K. A. Abboud and
G. Christou, Inorg. Chem., 2005, 44, 5304.

16 P. Gerbier, D. Ruiz-Molina, N. Domingo, D. B. Amabilino,
J. Vidal-Gancedo, J. Tejada, D. N. Hendrickson and J. Veciana,
Monatsh. Chem., 2003, 134, 265.

17 (a) E. Coronado, A. Torment-Aliaga, A. Gaita-Arino, C. Giminez-
Saiz, F. M. Romero and W. Wernsdorfer, Angew. Chem., Int. Ed.,
2004, 43, 6152; (b) D. Ruiz-Molina, M. Mas-Torrent, J. Gomez,
A. I. Balana, N. Domingo, J. Tejada, M. T. Martinez, C. Rovira
and J. Veciana, Adv. Mater., 2003, 15, 42.

18 C.-D. Park and D.-Y. Jung, Bull. Korean Chem. Soc., 2001, 22,
611.

19 H. H. Zhao, C. P. Berlinguette, J. Bacsa, A. V. Prosvirin,
J. K. Bera, S. E. Tichy, E. J. Schelter and K. R. Dunbar, Inorg.
Chem., 2004, 43, 1359.

20 G. Q. Bian, T. Kuroda-Sowa, T. Nogami, K. Sugimoto,
M. Maekawa, M. Munakata, H. Miyasaka and M. Yamashita,
Bull. Chem. Soc. Jpn., 2005, 78, 1032.

21 S. Willemin, B. Donnadieu, L. Lecren, B. Henner, R. Clerac,
C. Guerin, A. Meyer, A. V. Pokrovskii and J. Larionova, New J.
Chem., 2004, 28, 919.

22 A. Cornia, A. C. Fabretti, M. Pacchioni, L. Zobbi, D. Bonacchi,
A. Caneschi, D. Gatteschi, R. Biagi, U. Del Pennino, V. De Renzi,
L. Gurevich and H. S. J. Van der Zant, Angew. Chem., Int. Ed.,
2003, 42, 1645.

23 M. Pacchioni, A. Cornia, A. C. Fabretti, L. Zobbi, D. Bonacchi,
A. Caneschi, G. Chastanet, D. Gatteschi and R. Sessoli, Chem.
Commun., 2004, 2604.

24 H. B. Heersche, Z. De Groot, J. A. Folk, H. S. J. van der Zant,
C. Romeike, M. R. Wegewijs, L. Zobbi, D. Barreca, E. Tondello
and A. Cornia, Phys. Rev. Lett., 2006, 96, 206801.

25 P. Artus, C. Boskovic, J. Yoo, W. E. Streib, L. C. Brunel,
D. N. Hendrickson and G. Christou, Inorg. Chem., 2001, 40, 4199.

26 M. Soler, P. Artus, K. Folting, J. C. Huffman, D. N. Hendrickson
and G. Christou, Inorg. Chem., 2001, 40, 4902.

This journal is �c The Royal Society of Chemistry 2009 Chem. Soc. Rev., 2009, 38, 1011–1026 | 1025



27 N. E. Chakov, W. Wernsdorfer, K. A. Abboud,
D. N. Hendrickson and G. Christou, Dalton Trans., 2003, 2243.

28 C. Boskovic, M. Pink, J. C. Huffman, D. N. Hendrickson and
G. Christou, J. Am. Chem. Soc., 2001, 123, 9914.

29 T. Kuroda-Sowa, S. Fukuda, S. Miyoshi, M. Maekawa,
M. Munakata, H. Miyasaka and M. Yamashita, Chem. Lett.,
2002, 682.

30 T. Kuroda-Sowa, T. Handa, T. Kotera, M. Maekawa,
M. Munakata, H. Miyasaka and M. Yamashita, Chem. Lett.,
2004, 33, 540.

31 G. Q. Bian, T. Kuroda-Sowa, H. Konaka, M. Hatano,
M. Maekawa, M. Munakata, H. Miyasaka and M. Yamashita,
Inorg. Chem., 2004, 43, 4790.

32 S. M. J. Aubin, Z. M. Sun, H. J. Eppley, E. M. Rumberger,
I. A. Guzei, K. Folting, P. K. Gantzel, A. L. Rheingold,
G. Christou and D. N. Hendrickson, Inorg. Chem., 2001, 40, 2127.

33 D. Ruiz, Z. M. Sun, B. Albela, K. Folting, J. Ribas, G. Christou
and D. N. Hendrickson, Angew. Chem., Int. Ed., 1998, 37, 300.

34 Z. M. Sun, D. Ruiz, N. R. Dilley, M. Soler, J. Ribas, K. Folting,
M. B. Maple, G. Christou and D. N. Hendrickson, Chem.
Commun., 1999, 1973.

35 M. Soler, W. Wernsdorfer, Z. M. Sun, J. C. Huffman,
D. N. Hendrickson and G. Christou, Chem. Commun., 2003, 2672.

36 A. Cornia, R. Sessoli, L. Sorace, D. Gatteschi, A. L. Barra and
C. Daiguebonne, Phys. Rev. Lett., 2002, 89, 257201.

37 J. An, Z. D. Chen, X. X. Zhang, H. G. Raubenheimer,
C. Esterhuysen, S. Gao and G. X. Xu, J. Chem. Soc., Dalton
Trans., 2001, 3352.

38 N. E. Chakov, S. C. Lee, A. G. Harter, P. L. Kuhns, A. P. Reyes,
S. O. Hill, N. S. Dalal, W. Wernsdorfer, K. A. Abboud and
G. Christou, J. Am. Chem. Soc., 2006, 128, 6975.

39 A. G. Harter, N. E. Chakov, B. Roberts, R. Achey, A. Reyes,
P. Kuhns, G. Christou and N. S. Dalal, Inorg. Chem., 2005, 44,
2122.

40 K. Petukhov, S. Hill, N. E. Chakov, K. A. Abboud and
G. Christou, Phys. Rev. B, 2004, 70, 054426.

41 S. Hill, N. Anderson, A. Wilson, S. Takahashi, N. E. Chakov,
M. Murugesu, J. M. North, N. S. Dalal and G. Christou, J. Appl.
Phys., 2005, 97, 10M510.

42 W. Wernsdorfer, M. Murugesu and G. Christou, Phys. Rev. Lett.,
2006, 96, 057208.

43 A. G. Harter, C. Lampropoulos, M. Murugesu, P. Kuhns,
A. Reyes, G. Christou and N. S. Dalal, Polyhedron, 2007, 26, 2320.

44 M. Soler, W. Wernsdorfer, K. A. Abboud, J. C. Huffman,
E. R. Davidson, D. N. Hendrickson and G. Christou, J. Am.
Chem. Soc., 2003, 125, 3576.

45 R. Bagai and G. Christou, Inorg. Chem., 2007, 46, 10810.
46 K. Takeda and K. Awaga, Phys. Rev. B, 1997, 56, 14560.
47 N. Regnault, T. Jolicoeur, R. Sessoli, D. Gatteschi and

M. Verdaguer, Phys. Rev. B, 2002, 66, 054409.
48 T. C. Stamatatos and G. Christou, Philos. Trans. R. Soc. London,

2008, 366, 113.
49 R. A. Robinson, P. J. Brown, D. N. Argyriou, D. N. Hendrickson

and S. M. J. Aubin, J. Phys.: Condens. Matter, 2000, 12, 2805.
50 N. Aliaga-Alcalde, R. S. Edwards, S. O. Hill, W. Wernsdorfer,

K. Folting and G. Christou, J. Am. Chem. Soc., 2004, 126, 12503.
51 T. Kuroda-Sowa, M. Lam, A. L. Rheingold, C. Frommen,

W. M. Reiff, M. Nakano, J. Yoo, A. L. Maniero, L. C. Brunel,
G. Christou and D. N. Hendrickson, Inorg. Chem., 2001, 40, 6469.

52 W. Wernsdorfer, Adv. Chem. Phys., 2001, 118, 99.
53 J. T. Brockman, T. C. Stamatatos, W. Wernsdorfer, K. A. Abboud

and G. Christou, Inorg. Chem., 2007, 46, 9160.
54 W. Wernsdorfer, N. E. Chakov and G. Christou, Phys. Rev. Lett.,

2005, 95, 037203.
55 W. Wernsdorfer, M. Soler, G. Christou and D. N. Hendrickson,

J. Appl. Phys., 2002, 91, 7164.
56 R. Basler, A. Sieber, G. Chaboussant, H. U. Gudel, N. E. Chakov,

M. Soler, G. Christou, A. Desmedt and R. Lechner, Inorg. Chem.,
2005, 44, 649.

57 S. McHugh, R. Jaafar, M. P. Sarachik, Y. Myasoedov, A. Finkler,
H. Shtrikman, E. Zeldov, R. Bagai and G. Christou, Phys. Rev. B,
2007, 76, 172410, and references therein.

58 Y. Murata, K. Takeda, T. Sekine, M. Ogata and K. Awaga,
J. Phys. Soc. Jpn., 1998, 67, 3014.

59 A. Lascialfari, D. Gatteschi, F. Borsa, A. Shastri, Z. H. Jang and
P. Carretta, Phys. Rev. B, 1998, 57, 514.

60 P. Ghigna, A. Campana, A. Lascialfari, A. Caneschi, D. Gatteschi,
A. Tagliaferri and F. Borgatti, Phys. Rev. B, 2001, 64, 132413.

1026 | Chem. Soc. Rev., 2009, 38, 1011–1026 This journal is �c The Royal Society of Chemistry 2009


