Manganese clusters: a common ground for photosynthesis, quantum
tunnelling of the magnetization and colossal magnetoresistance *
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Mixed-valence manganese clusters are briefly reviewed, showing their relevance to such diverse fields as
metalloenzymes and metalloproteins, single-molecule magnets, and colossal magnetoresistance. Particular
emphasis has been given to the possibility of using high-field EPR spectroscopy for obtaining structural
information from EPR-silent ions such as manganese(tr). Besides the small clusters, comprising two—four metal
ions relevant to biological systems, a large interest is invested in larger clusters, with the aim of showing how
synthetic work aimed at obtaining models for biological clusters has provided many interesting results for other

types of investigations.

Clusters comprising mixed-valent transition-metal ions are
present in several metalloenzymes and metalloproteins, ranging
from iron-sulfur proteins to the water oxidizing complex,
WOC, of Photosystem II of bacterial photosynthesis. Mixed-
valence chemistry is particularly rich for manganese, because it
can be stable in at least the +1, +11 and +1v oxidation states.!
This potential has been fully exploited by nature not only in the
above mentioned WOC,? where all the possible oxidation states
are present, but also in catalases,® bacterial ribonucleotide
reductase,* etc.

The magnetic coupling between the mixed-valent species may
provide useful tools for the investigation of the structures of the
centres, both from direct magnetization measurements and
from indirect spectroscopic investigations. The latter have been
particularly exploited, also taking advantage of the comparison
of the properties of simple model systems. The magnetic prop-
erties of manganese clusters are important not only for their
biological relevance, but also because they have been found to
behave as single-molecule magnets at low temperature.’ Further
these systems have been shown to undergo quantum tunnelling
of the magnetization,® which is currently much investigated,
also with the aim of finding suitable new materials for the
development of future quantum computers. Finally mixed-
valence Mn™-Mn" perovskites are actively investigated’
because they have been found to change dramatically their
electric resistance in the presence of an applied magnetic field,
giving rise to the so called colossal magnetoresistance.?®

We feel that an overview of the relevance of simple
manganese clusters to such diverse fields can be of interest
and potentially cross fertilizing. We will briefly review the
fundamentals of magnetic interactions between pairs of
manganese ions, and then focus on large clusters, compris-
ing four to twelve manganese ions. The former have been
thoroughly investigated in connection with Photosystem II
while the latter are currently under intense investigation as pos-
sible candidates for single-molecule magnets. We will not
attempt to cover the whole field, but rather to work through
some examples. Further we limit ourselves to mixed-valent
species.

Electronic Structure of Manganese Ions

The electron configurations of the three high-spin manganese
ions in octahedral symmetry are shown in Fig. 1. Both

* Based on the presentation given at Dalton Discussion No. 2, 2nd-5th
September 1997, University of East Anglia, UK.

Non-SI unit employed: g ~9.274 x 107#J T,
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Fig. 1 Ground electronic configurations of octahedrally co-ordinated
manganese ions in oxidation states 1v (left), m1 (centre) and 1 (right)

/\/Lx?’
MM&\(M/V

0 3 6 9 12
HIT
Fig. 2 High field EPR spectrum of a polycrystalline powder of
[Mn(dbm),] recorded at 350 GHz and 15 K. The thicker lines corre-

spond to the experimental spectrum, the others to the computer simu-
lated with the parameters reported in the text

manganese(l1) and manganese(1v), which are characterized by
odd numbers of unpaired electrons, and usually do not have
large zero field splitting effects, easily give EPR spectra, and
this is indeed a very powerful tool for the spectroscopic investi-
gation of the local environment of these ions in the clusters.
Unfortunately much less is known of manganese(1), because
this ion has an even number of unpaired electrons, and in
octahedral symmetry it undergoes large Jahn—Teller distortions,
which determine large zero field splittings. These two factors
make manganese(1n) essentially EPR silent in a conventional
spectrometer, with the only exception being a broad feature
which in some cases is observed at very low field.® This feature,
which is similar to an analogous one observed in iron(Ir)
complexes,'® has been attributed to the forbidden —2 —— +2
transition in lower than axial symmetry. However the recent
introduction of high frequency EPR, HF-EPR, spectrometry is
about to rapidly change the situation because in this case the
spectra of manganese(1r) compounds can be easily observed.
Fig. 2 shows the EPR spectrum!' of [Mn(dbm),], where
dbm is 1,3-diphenylpropane-1,3-dione, recorded with an
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exciting frequency of 350 GHz. Manganese(1n) has the elong-
ated octahedral co-ordination which is typical of this ion.
Under these conditions it must be expected that the ¢, levels are
split, z* lying lowest. Therefore the ground configuration is (xz,
vz, xy, z). In the spectra of Fig. 2 many transitions, corre-
sponding to the fine structure of the ground S=2 state, are
observed. Since no obvious regularity is observed in the spacing
between the lines it must be concluded that the zero field split-
ting, (25 — 1)D, is comparable to the microwave quantum of
ca. 12 cm™. The spectra were satisfactorily fitted with a model
which diagonalizes the full Hamiltonian matrix comprising the
Zeeman and zero field terms H = pg H-g-S + S-D-S. The best
fit parameters are: g,=g,=1.99, g,=197; D=—-4.35 cm™,
E=0.26 cm™'. It is important to stress that the fitting easily
provides the sign of D, due to the polarization effects of the
intensity of the transitions which are associated with the large
Zeeman energy of ca. 17 K of the HF-EPR experiment. This
can be easily understood in the high field limit, i.e. when the
Zeeman energy is much larger than the zero field splitting. In
fact at low temperature only the transitions involving the lowest
lying M = —S level can be observed. For positive D the parallel
transitions occur at high field and those perpendicular at low
field, while for negative D they are reversed.

The obtained spin Hamiltonian parameters could be
analysed using a theoretical model based on ligand field theory.
The g values are expected to be given by equation (1) where
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g. is the free electron value, A =(/2S, { is the spin—orbit
coupling constant, which for the free ion takes the value of 355
cm !, and AE is the energy difference between the indicated d
orbitals. The analysis of the UV/VIS spectra suggests'® that
AE(xy— x* — ) =18000 cm™!, AE(xz, yz—— x> — }?) =
21000 cm™', which combined with equation (1) gives g, =
g,=199; g.=1.96, in excellent agreement with the experi-
mental values. Analogous formulae can be calculated for the
zero field splitting tensor. At the same level of approximation as
in (1) the D and E parameters are given in equation (2). In this
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case the calculated value is D = —0.9 cm ™!, which has the right
sign but is much smaller than the experimental value. In fact an
additional contribution to D is given by the admixture of the
ground state with the excited *T,, originating from the t,,* con-
figuration. The contribution can be written as in equation (3),
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where B and C are electron repulsion terms, which in the free
ion take the values B= 1140 cm ! and C = 3675 cm™". Including
this additional contribution with AE(xy, yz— z*) obtained
from a ligand field analysis of the spectra the calculated
D=-53cm!is in very good agreement with experiment. It
must be noticed that no orbital reduction factors were taken
into account.

It is certainly very rewarding to see for the first time that
indeed the spin Hamiltonian parameters of manganese(1n)
complexes can be easily reproduced with relatively simple
perturbation formulae. This gives a hint that the hyperfine
tensor, which so far has not been experimentally observed but
indirectly obtained from the analysis of the spectra of pairs, can
also be reasonably calculated using the perturbative ligand field
approach. The corresponding formulae for the metal hyperfine
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splitting, neglecting the orbit dipolar contributions, which are
expected to be small due to the fact that the g values are very
close to 2, are given'* by equation (4) where P = g, gxHphn( ),

1
A, = P[—K + f];
7

and x is a number which expresses the Fermi contact term in
units of P. Equation (4) shows that indeed the hyperfine coup-
ling of manganese(11) has a sizeable anisotropy, due to dipolar
terms. For instance for Mn*" in rutile it was found'® that
|[4]=53.10"*cm™, |4, | =83 x 107* cm ™" and equation (4) was
used to calculate P =140 x 10™* ecm™!, x = 0.52. The value of P
should be compared to that of the free ion, 212 X 107 cm™".
The sign of the anisotropy is reversed in a compressed octa-
hedral geometry. A similar reversed anisotropy can be expected
in a trigonal-bipyramidal co-ordination, where there is also a
hole in the z* orbital. This point has been recently raised in the
interpretation of the EPR spectra of Photosystem II.'¢

a1 @

Nature of the Exchange Interactions in Manganese
Pairs

The exchange interactions in manganese pairs are expected to
depend on several factors, including oxidation state, co-
ordination geometry and exchange topology, valence localiz-
ation vs. delocalization. A complete treatment should take into
account all the above mentioned variables, trying to systematic-
ally generate all the possible cases. However this is clearly
beyond the purposes of the present article, and only a brief
overview will be given here, considering essentially pseudo-
octahedral co-ordination environments around the metal ions.
The first cases to be taken into account are the interactions
between localized pairs mediated by superexchange inter-
actions. In this case the sign and the extent of the interactions
can be relatively easily understood using the Goodenough—
Kanamori rules,"” which state that the superexchange inter-
actions between pairs of overlapping magnetic orbitals are anti-
ferromagnetic, those between pairs of orthogonal magnetic
orbitals are ferromagnetic. The overlap of the magnetic orbital
of an ion with an empty orbital of another ion gives rise to
ferromagnetic coupling through a spin polarization mechan-
ism. In fact ferromagnetic coupling can also be observed in
pairs containing manganese(111) ions, due to their peculiar con-
figuration. In elongated octahedral co-ordination they have an
empty x? — »* orbital, which can strongly interact with the
bridging ligands through a ¢ * mechanism. If the bridging lig-
and orbital can interact with a z> magnetic orbital of the other
metal ion, the coupling is expected to be ferromagnetic. In fact
a fraction of unpaired electron is transferred from the z* orbital
on one side to the x*> — y? orbital on the other side, and this,
according to Hund’s rule keeps the spin of the other unpaired
electrons parallel to that in 22

In manganese(1v)-manganese(r) pairs there can be strong
antiferromagnetic coupling originating from the interaction
between the n* orbitals of the two ions. All these pairs have
been found to be strongly antiferromagnetically coupled, with J
in the range 200-500 cm™?, as shown in Table 1, where a selec-
tion of available experimental data is provided. In general the
manganese(l)-manganese(Il) interactions are weaker than the
corresponding manganese(Ill)-manganese(1v) interactions. This
is due to both the presence of two magnetic orbitals more in
manganese(ll) compared to manganese(1v), and this gives in
general more available ferromagnetic pathways, and to stronger
covalency effects observed on increasing the charge on the
metal, thus providing stronger interactions.

The couplings involving manganese(1l) and manganese(1r)
are usually much smaller, but they also tend to be antiferromag-
netic. Weak interactions are also observed for manganese(1)—
manganese(Il1) pairs, while larger antiferromagnetic couplings
are observed for manganese(1v)-manganese(Iv) pairs.



Table 1 Exchange interactions in oxo-bridged manganese pairs *

Oxidation Jlem™!
Cluster states (H=JS,S,)
Mn,0,(pic),-MeCN v,V 174
[Mn,O,(phen),J** IV,IV 288
[Mn,0,(TMACN),]?* v,Iv 780
[(bispicen)MnO,Mn(bispicen)]** Iv,1V 250
[Mn,0,(N;0-py),]* LIV 302
[Mn,0,(OAc)(TACN),J?* v 440
Mn,0,(OAc)CL(bpy), 1,1V 228
[(phen),Mn(u-O),Mn(phen),]** TI,1vV 296
[(bpy),Mn(u-0),Mn(bpy),]** LIV 300
[(cyclen)MnO,(cyclen)]** LIV 276
[Mn,0,(0,CCH,;)(bpea),]** LIV 328
[{(bispicMe,en)Mn(O)},]** TI,1vV 320
[Mn,O,{bispicMe,(—)chxn},]** LIV 293
[Mn,0(OAc)(bpy),Cl,] I, 111 8.2
[Mn,O(OACc),(bpy),(N3),] I, 111 -6.8
[Mn,0(0Ac),{HB(pz)},] I, 111 0.4/1.4
[Mn,O(0Ac),(TMACN),]** 0L, 1T —18
[Mny(bpmp)(OAc),]** 1L, 12
[Mn,(bcmp)(OAc),]** LI 154
Mn;0(OAc)4(py):py 11,111 10.2

IIL, 11T 16.6
[Mn,(bpy),(biphen),(Hbiphen)] 11,111 -1.78
[LMn,Cl,Br]-H,0 11,111 34
[Mn,(0,CC,Fs),(H,0),(NITEt),] i 33
[Mn,(OAc)OH(TMACN)]* IL1I 36

dMn-Mn)/A  d(Mn-O)/A Mn-O-Mn/°  Ref.
2.747 1.819 98.1 18
2.748 1.797-1.805 99.5 19
2.296 1.817-1.833 78.0, 78.2 20
2.2672 1.810, 1.812 95.0 21
2.656 1.784-1.822 94.0 22
2.588 1.808-1.817 91.1 23
2.667 1.793-1.843 94.4 24
2.7 1.808, 1.820 96.0 19
2.716 1.784, 1.856 96.6 25
2.694 1.812,1.823 95.7 26
2.6333 1.772, 1.791 92.4,93.4 27
2.678 1.846, 1.853 94.5,94.7 28
2.693 1.855, 1.860 94.4,95.1 28
1.777-1.788 1243 28
1.802 122.0 28
3.159 1.773 125.1 29
1.81 120.9 30
3.447 2.19, 1.90 114.4 31
2.17,1.96 112.1 31
3.218-3.248 1.936 120.0 32
1.936 120.027
2.667 2.142,2.112 97.1,102.4 24
3.168 1.931-2.386 102.5,93.6 33
3.739 2.214-2.228 114.6 34
3.351 2.053 109.4 35

* Abbreviations used: pic = pyridine-2-carboxylate; phen = 1,10-phenanthroline; TMACN = 1,4,7-trimethyl-1,4,7-triazacyclononane; bispicen =
N,N’-bis(2-pyridylmethyl)ethane-1,2-diamine; N;O-py = N,N-bis(2-pyridylmethyl)glycinate; Ac = acetyl; TACN = 1,4,7-triazacyclononane; bpy =
2,2'-bipyridyl; cyclen = 1,4,7,10-tetraazacyclododecane; bpea = ethylbis(2-pyridylmethyl)amine; bispicMe,en = N,N’-dimethyl-N,N'-bis(2-pyridyl-
methyl)ethane-1,2-diamine; bispicMe,(—)chxn = N,N’-bis(2-pyridylmethyl)dimethylcyclohexylamine; pz = pyrazolyl; bpmp = 4-methyl-2,6-bis-
(pyridylmethylamine)phenol; becmp = 4-methyl-2,6-bis(1,4,7-triazacyclononane)phenol; biphen = biphenyl.
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Fig. 3 Schematic representation of the spin dependent electron trans-
fer in Mn™-Mn'"Y pairs that originates the ferrromagnetic double
exchange

Although in discrete molecular clusters the most common
reported case is that of valence-trapped pairs, the delocaliz-
ation of one electron can have a strong effect on the magnetic
coupling, through the so-called double exchange. This in
fact was first advocated in order to describe the magnetic prop-
erties of manganite perovskites,*® which contain delocalized
mananese(i1) and manganese(1v) ions bridged by oxide ions.
This effect is easily visualized considering the scheme shown in
Fig. 3.

The unpaired electron in the ¢ * orbital of manganese(ir) on
the right can easily pass into the ¢ * orbital of manganese(1v)
on the left provided that it maintains its spin. This generates a
ferromagnetic coupling between the two sites, which is termed
double exchange. Therefore there may be competition between
the antiferromagnetic coupling determined by the super-
exchange and the ferromagnetic coupling associated with the
double exchange. A convenient way of expressing the double
exchange interaction is through a parameter B, which gives the
energies of the S multiplets, doubled in number by the spin
delocalization, equation (5). When B is large the S multiplet

E(S)=%B(S +3) )

with the maximum multiplicity lies lowest. Like all the
phenomenological parameters B can be obtained through the

analysis of experimental data and it can be calculated through
quantum mechanical methods. In particular B can often be
obtained from the energy of the so-called intervalence transi-
tion. Recently Zhao et al.*” reported density functional calcul-
ations of electronic structure, charge distribution, and spin
coupling in manganese oxo dimer complexes. They considered
Mn™,, Mn™Mn", and Mn", pairs and found satisfactory
agreement with experiment.

The double exchange has recently become of extreme
importance because it has been observed in the manganite
perovskites of general formula La,_ MY MnO,, which have
been found to give rise to very large (colossal) variations in
the resistance on application of moderately strong external
magnetic fields.”® Very broadly, in these compounds the frac-
tion x of bivalent metal M introduces an analogous fraction of
manganese(1v). For low values of x the manganese(ur) and
manganese(1v) are localized, and the compound behaves like an
insulator, which eventually orders as an antiferromagnet at low
temperature. On increasing x the fraction of manganese(1v)
increases, and the mixed valences tend to delocalize. When the
delocalization is strong the compound behaves like a metal and
double exchange makes it ferromagnetic. Fig. 4 shows the tem-
perature dependence of the resistance for La,,sCa,,sMnO; in
the absence of an applied field. The sharp change in the resist-
ance at ca. 250 K is due to the transition from the paramagnetic
insulator to the ferromagnetic metal state. If the resistance is
measured in an applied field of 4 T the transition is seen to
occur at higher temperature: it is apparent that the appli-
cation of the field favours the transfer of one electron from a
manganese(lll) to a neighbouring manganese(1v) ion, thus
determining a dramatic drop in the resistance. The unique
behaviour of manganites is associated with the interplay of
Jahn-Teller distortions at the manganese(1) sites and double
exchange interactions. They show again the enormous possi-
bilities for anomalous behaviour for systems in which degener-
ate states are present.

The fact that charge localization is generally observed in
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Table 2 Magnetic properties and structural types of tetranuclear
manganese clusters
Zero
Ground field

Compound Ref.  Structure* state splitting
[Mn"™,Mn"VO,X]** 42 d 9/2 -0.3
[Mn",Mn"™,0,(OAc)s(bipy),] 43 b 2
[Mn",Mn"vO,(0,CPh),(pic),] 44 ¢
* See Fig. 5.
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Fig. 4 Temperature dependence of (a¢) magnetization, (b) electrical
resistivity in H=0 T and H= 4 T, respectively, and (¢) magneto-
resistance in La, ;sCa,,sMnO; (after ref. 7)
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clusters, while relatively numerous examples of charge delocaliz-
ation are observed in infinite lattices, must be associated with
the intrinsic low symmetry of the clusters where the presence of
additional ligands beside oxide favour localization. Another
important factor is the rigidity of the ionic lattices which
favours delocalization.

Magnetic Properties of Tetranuclear Clusters

Tetranuclear clusters are the most investigated, because they are
expected to behave as models of the water oxidizing complex,
WOC. Several model complexes have been claimed to be useful
to describe the structure of the different states of WOC. These
are conventionally labelled as S;—S,, according to the nomen-
clature originally suggested by Kok et al*® The different states
correspond to successive one-electron oxidations. The last state,
Sy, is very short lived and it immediately releases oxygen, and
reverts to S,. In the model developed by Brudvig and Crabtree %
the S,—S, states correspond to cubane structures, Mn,O,, which
shift to an adamantane structure, Mn,Og, in S;-S,. Alter-
natively Christou and Vincent *’ suggest a butterfly structure for
Sy—S,, shifting to an open cubane structure for S;—S,. An up to
date discussion of the various models has been recently
reported.*! These structural types are shown in Fig. 5. The
oxidation states of the clusters are still an open problem. One
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Fig. 5 Schematic view of the most common structural types of tetra-
nuclear manganese clusters

possibility is that S, corresponds to (11,111;), S, to (111;,1v), and S,
to (11,,1v,). The transition to S, seems not to be associated with
manganese oxidation. An alternative based on X-ray excited
Auger electron spectroscopy (XAS) data suggests that .S, corre-
sponds to (111;,1v). In this case S, would correspond to (1v,).

Entering the debate of WOC structure is absolutely beyond
the objectives of the present contribution. Therefore here we
will only show the magnetic properties of some tetranuclear
mixed-valence manganese clusters which we find interesting.
They are collected in Table 2.

The [Mn™,Mn"™O,X]** ions have been intensively investi-
gated ** because of their open cubane structure, with a halide
anion occupying the missing vertex. Their magnetic properties
are dominated by the antiferromagnetic interactions between
the manganese(1v) and the manganese(1) ions, which yield a
ground state S'=2 as a result of the Sy; = 6 intermediate spin,
which coupled to Sy = 2in fact gives S = 2. The spin arrangement
of the cluster was attributed to spin frustration effects. However
this is not the case, because the three manganese(1) spins in
the triangle are ferromagnetically coupled. It would be more
appropriate to talk of a ferromagnetic spin arrangement
determined by the antiferromagnetic interaction between the
manganese(1l1) and manganese(Iv) ions.

There is a whole series of these compounds, with similar
magnetic properties. A typical example is X = Cl, whose mag-
netic properties were fitted with Ji v = 53.2 and Jyyp = —24.2
cm™ !, Further a zero field splitting D = —0.32 cm™* had to be
included in order to fit the low-temperature magnetization data.
Some confirmation to these values came from the frozen solu-
tion X-band EPR spectra which showed features at g ~ 2, 6 and
9. No simulation was attempted, but we have now made it find-
ing that the qualitative aspect of the spectra can be satisfactor-
ily reproduced, thus confirming the assignment. However the
sign of the zero field splitting remains a puzzle. The ground
state S =2 is given by the coupling of Sy; = 6 and S}y =3. Under
these conditions, vector coupling techniques suggest* that the
zero field splitting tensor is given by equation (6), where Dym

Dyjp =3 % 0.1446 Dy (6)

is the single ion zero field splitting of one manganese(1i) ion.
Equation (6) is a tensorial relation, and the zero field splitting
of the cluster is expected to have axial symmetry. The com-
ponent parallel to the trigonal axis is then calculated to be:
Dy ., =3 % 0.1446 (sin* 0 Dyym,, + cos® 0 Dyym_.), where 0
is the angle between the trigonal axis and the principal axis of
the zero field splitting tensor of the individual manganese(1ir)
ion. Since these have an elongated octahedral co-ordination,
Dym . is expected to be negative and Dyym,, ~—%
Dypym ., therefore for 0 = 109.47°, Dy, .. would be expected to
be positive, contrary to observation.

Qualitatively the ferromagnetic coupling between the
manganese(lll) spins can be justified by the orbital overlap
shown in Fig. 6, in agreement with the mechanism described in
the previous sections. The antiferromagnetic coupling between
manganese(1) and manganese(1v) ions, bridged by two oxo
groups, is determined by the m interaction of the t,, magnetic
orbitals and perhaps also by direct interaction. In fact the
Mn™Mn" distances are rather short (2.7-2.8 A) suggesting
some overlap between the magnetic orbitals.



Table 3 Structural types and magnetic properties of large Mn,, (n > 4) manganese clusters *

Compound

n=>5

[Mﬂ6"{Mﬂm(sal)}4(0AC)z(dmf)6]

n=
[MHEAMniEZ(OzCPh)10(pY)2(MeCN)2]
[MnII4Mnlllz(02CPh)10(PY)4]
[MnHAMnHIZ(OZCPh)IO(EtOH)4(HZO)]
[Mn",Mn™,(0,CBu’);4(py).]
[Mn™,Mn",(3,2,3-tet),O4(OAC);]**
n=7

[Mn"Mn" (trien),(dien),0,(OAc)]**
[Mn;3MnIH4(OH)3C13(hmp)9]2+

n=
[Mn",Mn™0,(0,CPh),,(Et,mal),(H,0)]*"

n=9
[Mn;z)MnIIIsO4(02CPh)s(531)4(H531)2(PY)4]
n=
[Mn"¢Mn™,0,(biphen),X,,]*~
{ﬁnﬁ%l\ﬁn‘ib%C(ls{(O)C]SHZ)3CMe}6]

n™ Mn"vO,(tren) **
n=12
[Mn™Mn™,0,,(OAc),s(H,0),]
[Mn™;Mn",0,,(0,CPh),4(H,0),]
[Mn™n™Mn',0,,(0,CPh),,(H,0),]”
[Mn"Mn™,Mn",0,,(0,CEt),s(H,0),]~
[Mn™,Mn"™ Fe™,0,,(0Ac),(H,0),]

Ground

Ref. Structure state
47 5a

48 6a 0
48 6a 0
49 6a 0
50 6a 0
51 6b

52 7a

53 7b =10
54 8a 3
55 9a 0
56 10a 12
57 10b

58 10¢

59 12a 10
60 12a 9
61 12b 19/2
62 12b 19/2
62 12¢

* Abbreviations used: Hsal = salicyclaldehyde; dmf = dimethylformamide; 3,2,3-tet = N,N'-bis(3-aminopropyl)ethane-1,2-diamine; trien = triethylene-
tetraamine; dien = diethylenetriamine; hmp = 2-hydroxymethylpyridine; Et,mal = pentane-3,3-dicarboxylate; tren = tris(2-aminoethyl)amine.

Fig. 6 Schematic drawing of the overlap of the magnetic orbitals in
the oxo-bridged Mn™-Mn'" pairs with the open cubane structure

An interesting feature of the magnetic properties of these
clusters at low temperature has recently been reported.*® The
large spin in the ground state, associated with the relatively
large zero field splitting gives rise to a high barrier for the re-
orientation of the magnetization. In fact, in axial symmetry the
ground state is split leaving the M = +2 components lying lowest.
When the cluster is in the +2 state the magnetization is up, when
itis in the —2 state the magnetization is down. The passage from
+£ to —2 (which corresponds to inverting the direction of the
magnetization) cannot be performed directly, because the
+2 —— —Z transition is forbidden. The system must climb the
ladder of levels from +3 to +%, then to3, and so on up to +iand
then descend all the way down to —2. This can occur with a
thermally excited process, with an effective barrier correspond-
ing to the energy separation between +2 and §, ie. (—81/4 +
1/4)D ~ 6 cm™'. The relaxation time of the magnetization is
expected to depend on temperature as shown in equation (7),

T =1, exp(—A/kT) (7)

where A=6 cm™!. In fact low-temperature a.c. susceptibility
measurements have shown that the relaxation time of the
magnetization at 1.7 K is ca. 7 X 107,

Magnetic Properties of Larger Clusters

The structural types and the magnetic properties of a few
mixed-valence manganese clusters are shown in Table 3 and
Fig. 7. It is apparent that a large number of ground states is
possible, including some with very high spin. So far the cluster
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Fig. 7 Scheme of the structural types of manganese clusters with
more than four metal ions (del in 10b stands for delocalized)
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Fig. 8 Structure of the [Mn"Mn™,0,(biphen),X,,]*" cluster

with the largest ground state spin is [Mn"Mn™,0O,(biphen),-
X,,]*", whose structure®® is shown in Fig. 8. An adamantane-
like inner core comprising two manganese(ll) and four
manganese(I11) ions is connected through the four oxygen atoms
to four manganese(u1) ions. The 7 product for the chloride
derivative steadily increases from the room temperature value
of 37.9 K emu mol™* to 95 K emu mol ! at 5 K. The former
value corresponds to that expected for uncoupled ions, while
the low-temperature value suggests a ground state with .S = 12.
The exact value of the ground state is difficult to determine
because the compound crystallizes with CH,Cl, which is only
loosely bound, and can give errors in the molar susceptibility.
Further ferromagnetic intermolecular interactions may be
present, which give a %7 value larger than expected for non-
interacting clusters. In fact the low-temperature data could be
fitted to a Curie-Weiss law, with C=82 K emu mol™! and
0 =0.40 K. The Curie constant is closer to the limit expected
for S=12 (78 K emu mol ) than to that for S=13 (91 K emu
mol!). An unambiguous assignment could be obtained from
the HF-EPR spectra,®® shown in Fig. 9. The spectra were
recorded at an exciting frequency of 245 GHz, with temperat-
ures ranging from 50 to 4.5 K. In this case the polarization
effects of the transitions due to the fact that the Zeeman energy
is comparable to thermal energy at low temperature are quite
apparent. In fact the relative intensities of the outermost
features, both at low and high field, dramatically increase on
decreasing temperature. This is due to the fact that at low
temperature only the lowest lying M = —S component of the
S multiplet is thermally populated. The parallel transition
—S——> —S + 1 occurs at low field when the zero field split-
ting is negative, and at high field when the zero field splitting
is positive. The spectra of Fig. 9 clearly show that the zero
field splitting is negative in [Mn"Mn™,0,(biphen),X,,]*",
because the low field feature seen in the spectrum recorded
at 4 K is clearly a parallel transition. The resonance fields are
easily computed in the strong field limit for axial symmetry,
equation (8). The spectra could be simulated using S=12 and

2S - 1)D
2

H, =§ [H, + (25 — 1)D}; H,, =gg*

X,y

[Ho - ] (8)

S'= 13, but only with the former value acceptable g parameters
were found. The best fit values are: g .=1.974, g, =1983,
D=—0.047 cm™". It should be mentioned that the small value
of the zero field splitting parameter allowed the spectra to also
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Fig. 9 High frequency EPR spectrum of a polycrystalline powder
of [Mn"Mn",0,(biphen),X,]*" at 245 GHz and four different
temperatures. (a) Experimental, (b) simulation with the parameters
reported in the text

Fig. 10 Spin topology and spin structure of [Mn"{Mn™,0,(biphen),-
XIZ]47

be recorded at X-band frequencies, but no satisfactory conclu-
sion on the nature of the ground state could be reached.

The information which can be extracted from the above
data is that the anisotropy in the cluster is dominated by
the single ion anisotropy of the manganese(ir) ions. The
observed negative zero field splitting is the result of the
single ion zero field splitting of the manganese(1) ions, which
have a tetragonally elongated structure, analogous to that
observed in [Mn(dbm),] reported above.!! Also the pattern of g
values, with 2> g, > g agrees with the g values of the indi-
vidual manganese(mr) ions. The quantitative analysis of the
temperature dependence of the magnetic susceptibility is very
difficult to perform due to the very large number of states
(2.5 + 1)%2.2 + 1)* originating from the interaction between
the ten manganese ions. However a qualitative indication of the
nature of the ground state can be suggested using the diagram
of spin topology of Fig. 10. If the four manganese(ir) ions
have their spins parallel to each other, the result is Sy; =8. The
manganese(l1) spins S,—S;, are parallel to each other and
antiparallel to the S5 and S,, to give a resulting S;=5. The
maximum total spin can be S = 13, but in the presence of spin
frustration lower S values are also admitted, e.g S=12.

These speculations can find some justification from an
experimental determination of the unpaired spin density
obtained through polarized neutron experiments. It is well
known that neutron scattering can be used to determine the
magnetic structure of ordered materials, like ferro- and
antiferro-magnets. Similar results can be obtained also for
paramagnets if the experiments are performed in the presence



Fig. 11 View of the structure of the core of the [Mn;,0;,(OAc)s-
(H,0),] cluster

of an applied field at sufficiently low temperature to determine
a difference in population large enough between the different M
levels. The neutron beam can be circularly polarized, either left
or right, and the two polarizations will interact differently with
the + M and — M state of the paramagnet. Through an analysis
of the polarized diffraction data it is possible to map the
unpaired spin density on the molecule. The results of such an
analysis % for [Mn",Mn™,0,(biphen),X,,]*" show that indeed
the spin density at the manganese(1n) sites is positive, and so is
the spin density of four manganese(1) sites, while it is reversed
on the other two manganese(l1) sites, in agreement with the
simplified qualitative model above. The quantitative analysis of
the spin densities suggests a ground state smaller than S = 13.
Another class of clusters with a large ground spin state,
which have attracted attention for their unique properties at
very low temperatures is that which has [Mn™,Mn"",0,,(O,-
Ac),s(H,0),] as the first example.** The structure of this com-
pound was reported* in the early 80s and is shown in Fig. 11.
There is an external ring of eight manganese(1r) ions, which are
bridged to an internal tetrahedron of manganese(1v) by oxo
bridges. It is interesting to note that while there is so far no
report of tetranuclear clusters with the cubane Mn,O, struc-
ture, this is stabilized in the core of the [Mn™Mn',0,,-
(OAc)4(H,0),] cluster. The temperature dependence of the
magnetic susceptibility clearly shows that the cluster behaves in
a ferrimagnetic way, with x 7 at room temperature of ca. 19 K
emu mol~! which goes through a broad minimum at ca. 200 K
and then increases to ca. 56 K emu mol ! at 20 K. These values,
together with magnetization data clearly showed® that the
ground state has S =10, which can be easily rationalized by a
spin structure in which the manganese(1) spins are all parallel
to each other to give Sy; = 16 and the manganese(1v) spins are
also parallel to each other to give S;y = 6. The two sets of spins
are antiparallel to each other to give the observed S=10
ground state. The origin of the ground state is due to the fact
that the manganese(l)-manganese(1v) interactions mediated
by bis(p-oxo) bridges are strongly antiferromagnetic and they
dominate the complex pattern of interactions. The remarkable
magnetic properties of [Mn™Mn",0,,(0Ac),«(H,0),] are
observed % below 10 K, and they are associated with the large
zero field splitting of the ground S =10 multiplet. In fact the
elongation axes of the distorted manganese(i) ions are closely
parallel to each other, in such a way that the single ion zero field
splitting gives a strong resultant in the S = 10 ground state. The
value of D has been estimated to be in the range 0.4-0.5 cm™*
from different techniques ranging from HF-EPR to inelastic

neutron scattering. The large and negative zero field splitting
gives rise to a large barrier for the reorientation of the magnet-
ization as outlined above for [Mn™,Mn"VO,X]. At low temper-
ature the relaxation becomes extremely slow. It has been found
to follow a thermally activated law with t,=2.1 X 1077 s, and
D/k = —0.42 K. This means that at 2 K the clusters behave as
magnets, single-molecule magnets. This unique behaviour is
dramatically evidenced by the observation of magnetic hyster-
esis in frozen solution. Recently Thomson and co-workers %
reported that the magnetic hysteresis can also be optically
detected through magnetic circular dichroism measurements.
Below 2 K the relaxation of the magnetization becomes
independent of temperature, suggesting that it may occur
through a tunnelling mechanism.*” However, tunnelling
also occurs at higher temperatures, as shown® by the stepped
hysteresis loops observed in the range 2-4 K. These clusters
open exciting perspectives for observing quantum phenomena
in mesoscopic matter and for developing quantum computers.
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