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Abstract

Studies of two distinct classes of chromium(lll) cage complexes are discussed. The first are compact oxo- and carboxylate cages, made
by heating precursors to high temperature under a flow of nitrogen. One of these cag#3s({);(0.CCMe;);5], has anS=6 spin
ground state which proves a very interesting subject for study by EPR and MCD spectroscopy. Use of other carboxylates leads to other octa-
and dodeca-nuclear complexes. The second class of compounds are homo- and hetero-metallic wheels and chains bridged by fluoride anc
carboxylates. These include the first heterometallic anti-ferromagnetically coupled ring systems and are being widely studied in areas as
diverse as magnetic cooling and quantum information processing. The mechanism by which these unusual cyclic and acyclic structures form
is discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

« Corresponding author. Tel.: +44 16 1275 4653 fax: +44 16 1275 4616, 1 € Study of paramagnetic metal cages or clusters took
E-mail address: richard.winpenny@man.ac.uk (R.E.P. Winpenny). off in the late 80s and early 90s. In the West, this was largely
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due to a few very influential groups, e.g. Lippard’'s work ties. However, repeating the work we crystallised a form

on iron(ll) clusters[1], or Christou’s work on manganese which had D3 crystallographic symmetry8], and it was

caged2], or the Gatteschi group’s investigations of the mag- clear that all the metal sites are Cr(lll), and that charge

netic properties of a variety of compouni®. New results balance must be achieved in some other way. The struc-

were reported regularly for all the common paramagnetic ture contains si.s-oxygen sites and si)3-0xygen sites.

3d metal ions, with one noticeable exception: chromium(lll) When a neutron structui@ was performed, it was clear there

was largely ignored. This absence may have been causedvas a half-occupancy hydrogen attached to g@agshbxygen,

for a variety of reasons: since there is no significant met- hence, the formula is [@5(na-O)s(3-O)3(u3-OH)3

alloenzyme that contains a polymetallic chromium site, the (O,CCMe3)15).

biological significance of this class of compounds is negligi-

ble, although recently some medical applications have been2.2. Magnetic properties

considered, e.g4]. Moreover, probably there was a subcon-

scious feeling that all polynuclear chromium(lll) complexes ~ The ground state of the moleculeSis 6 but the spin state

were ||ke|y to be oxo-centred Carboxy|ate triang[ﬁ}; To structure is Clearly unusu@]. This is best seen from Iooking

complete the picture, the high crystal field stabilisation en- at a plot ofxm7 against” (Fig. 2), where there is a double

ergy of chromium(l1l) determines a well-known pronounced maximum. This suggests that the highest energy states have

lack of reactivity that made its synthetic chemistry quite dif- Vvery low spin §=0, 1, etc....) and these are depopulated

ficult. first as temperature falls. After passing through a maximum
However, this Western opinion did not appear to be thevalue ofmT falls—suggesting thatthe highest spin states

shared in Moldova. In the early 1990s, two new clusters (S=18, etc...) are being depopulated. There is a final rise at

were reported6,7], derivatives of which we have now stud- low T, whichis due to exclusive population of thie 6 ground

ied very heavily, and which have opened up two different State. This unusual profile has proven very useful, as we can

approaches to doing polymetallic chemistry. The physics use it as fingerprint for proving the structurelois retained

of the new compounds is interesting, and the synthetic in unusual situations, for example when incorporated in a

methods used to prepare both suggest new paths to bdnicroporous supports (see below). The ground state is proven

explored. by magnetisation measurements and EPR spectroscopy, but
The two Compounds are made in different ways, but both the CompleXity of the structure makes it impOSSible to fit

ways use conditions that appear rather extreme to a Conven.the variable temperature susceptibility behaviour to derive

tional coordination chemist. Both were made as part of a study €xchange interactions.

of the use of chromium compounds in catalysis of oxidation =~ Low temperature magnetic studies of single crystals of

and polymerisation reactions. The interest in their magnetic 1 show hysteresis in magnetisation against field measure-

properties dates from the late 90s, when we began to lookmentg9] (Fig. 3), butthis hysteresis is due to non-equilibrium

at their properties in collaboration with many international Pehaviour—a “phonon bottleneck” in physics-speak and not
partners. due to an energy barrier. The ground state af6 contains

25+ 1 microstates defined by the quantum numiewhich
takes the values fromS+o —S in integer steps. Thests

2. Dodecanuclear chromium cages and related states are not degenerate, but they are split in zero-field with

clusters the energy gaps between levels being related to a parameter
D, called the axial zero-field splitting. Fdr, D is positive,

2.1. [Cri209(OH)3(02CCMe3);5] 1 and this makes the ground state 6, Ms=0. This contrasts

to the single molecule magnets whebés negative and the

Compoundl shows a compact structure containing 12 ground state is always degenerate in zero-field and given by
chromium(lll) ions arranged as a centred pentacapped trigo-Ms = £S.
nal prism Fig. 1). The first full report on this cage describes ~ The hysteresis that is seen fbrarises Fig. 3) because
its synthesis precisel], but it is not a synthesis that most ~ as the field is increased, the ground state changes at regular
coordination chemists would recognise. Chromium nitrate is intervals as the/s=1, 2, 3, 4, 5 and 6 states fall in energy
mixed with sodium pivalate in hot water, causing an immedi- because they are stabilised by interaction with the magnetic
ate blue precipitate. This precipitate is collected and heatedfield. Therefore, at the highest field measured the ground
to 400°C under a stream of dry nitrogen. The dark green State,|S, Ms>, becomeg6, —6>. When the field is swept
solid that is formed containkbut it has to be recrystallised N the reverse direction there is insufficient thermal energy

from n-propanol to purify it, and to make crystals suitable for in the system—too few phonons—to allow transitions to the
X-ray analysis. other|6, —Ms> states, which are now lower in energy than

The original paper made a mistake in the formula, re- the|6, —6> state. Therefore, the loss of magnetisation of the
porting it as [Ci2012(02CCMes)1s5]. This attracted our ~ sample does not quite keep up with the lowering of the field,
attention because it implies mixed valent Cr(lll)/Cr(1v); andthereturn plotdoes notfollow the upper curve. This gives
mixed valency often leads to fascinating magnetic proper- an apparent hysteresis.
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Fig. 1. The structure of [GpOg(OH)3(02CCMes)15] 1 in the crystal. (Shading for all structural figures: Cr, heavy random pattern; O, regular spots; N, diagonal
stripes; F, shaded with highlight; other metals, cross-hatched; C, drawn as lines; H, omitted for clarity. Based d8Jdata in

While the phenomenon is not as interesting as “single
molecule magnetism”, we can use this hysteresis to mea-
sure theD-value as +0.08cmt [9]. As the ground state

changes by steps s then the magnetisation should also 1 | | | — —— _
change—producing a “staircasé®ig. 3). This is similar to 0.04K _,_.--”"
the steps reported for [Fe(OM£D,CCH,Cl)]10, but there 05 L 014 s 1 ]
the steps are due to integer changesmiot Ms. The result is '
that for1 the step functions are difficult to see but are much = 0
clearer from a plot of the first derivative. We can then use the = B N
spacing between the peaks to meadndirectly. A
-05 | hard axis _|]
--------- easy plane
2.3. EPR spectroscopy = | B
-1.2 -0.8 -04 0 04 08 1.2
While this is one method of deriving), a better one is MoH (T)
EPR spectroscopy, arichas proven a wonderful subject for 10 e —
EPR[8-10]. D is around 0.088 cmt, therefore, even at X- 0.04K ‘
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Fig. 3. (a) Plotof magnetization vs. magnetic fieldfoneasured on amicro-
18.0 _— SQUID with the magnetic field applied parallel (hard axis) and perpendicular
0 50 100 150 200 250 300 350 (easy plane) to the moleculan@xis at 0.04 K and magnetic field sweep
T/K rate of 0.14 Ts2. (b) Derivative of the curve in (a) corresponding to the

hard axis for the field sweep from 1.4+al.4 T (Reproduced frorf8] with
Fig. 2. xmT againstr for 1. permission.)
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Most people are unaware that there are two distinct exper-
iments. A conventional EPR experiment with the magnetic
field created by the microwave radiatiorpis-pendicular to

80K /——/\/,_— the external field. This creates the well-known selection rule

that transitions are only seen whafy varies by+1. When

G—OK——-——/_b/\/_,_' the magnetic field created by the microwave radiatigmis
allel to the external field the selection rule is quite different

40 K .

—————/\’V‘/\/_/\,_— and transitions are only seen between levels where the wave-
function contains contributions from the saife state: the
selection rule is sometimes trivially written ag/s =0. Our
interest stemmed from an highly cited paper by Leuenberger

20 K and Loss[11], where they described a method for quan-
tum computing involving writing information to an SMM
using a mixture of perpendicular and parallel mode pulses.
As we were unaware of any parallel mode studies of high

10K spin moleculed offered an opportunity to test the feasibility
of what Leuenberger and Loss had proposed.

The experiment—performed on aligned single crystals—
conforms to theory10]. When the external field is aligned
parallel to the moleculat-axis each energy level is described

o0 02 04 06 08 10 12 14 16 18 accurately by quantum numbedss, i.e. Ms=0 is distin_ct
o fromMs=1 or 2 or 3, etc. .. .. Therefore, the wavefunctions

Magnetic Field / T for each energy level have only oniés state contributing
and the parallel mode spectrum contains no features. As we
change the relative orientation of the field with respect to
the moleculaZ-axis, we mix theMs levels and each energy
band, a multi-line spectrum is observed, which becomes verylevel is now accurately described by wavefunctions contain-
well resolved at K- and Q-bandrig. 4). Fitting the EPR ing contributions from severalls levels. The result is that
spectra has allowed us to firfd precisely, but we can do  parallel mode transitions become allowed, with the transi-
much more because of the high symmetry of the cage (whichtion probability dependent on the orientation of the molecule
makes requires thd is zero) and the coincidental fact that with respect to field as this controls the character of the in-
the zero-field splitting is close to the energy used in most EPR dividual energy levels. Comparing the result with the theory
spectrometers. proposed by Leuenberger and L{%%], we can say that par-

For example, if we use high frequency radiation— allelmode transitions can be seeninvery high spinmolecules,
180 GHz and higher—we can examine depopulation effectsbut that it is dubious whether the transition probabilities
within the ground state spin manifo]fl]. As peaks are seen  for multi-photon excitations (as required) would be suffi-
due to transitions oAMs =11, we see 12 transitions within  ciently high to allow significant population of several energy
theS = 6 ground state if the thermal energy is sufficient thatall states.
Mslevels are significantly populated. However, as the temper-
ature is lowered, we lose population in the highgarlevels, 2.4. Optical spectroscopy
and hence, intensity for some of the peaks within the ground
state spin manifold. The peaks that lose intensity give a di- 1 has an UV-vis spectrum at room temperature that
rect measure of the sign B% positiveD will lead to different resembles that of monomeric Cr(lll), with two d—d absorp-
depopulation effects than negatie Here, the study proves  tions at 16 475 and 22 883 cth[12]. The MCD spectrum at
thatD is positive, and is not a single molecule magnet. 1.8 K has much greater resolution, for example resolving the

The availability of large single crystals and the high site former band into two transitions, assigned tothe — %A1
symmetry of the molecule make the compound ideal for sin- and*A, — “E—which is consistent with th®3 symmetry
gle crystal EPR spectroscopy. This has allowed us to matchof the molecule Fig. 5. Several sharper features are also
the molecular symmetry axes with the axes of the g- and observed in the MCD that can be assigned to spin-forbidden
D-tensors. As expected, the principle axes are coincidenttransitions—using assignments previously used for other
with the crystallographic three-fold axis passing through the Cr(l11)Og chromophore§l3—-15]
molecule. In many ways, this simply confirms what we ex- Macfarlane has given analytical expressions for the ground
pected. However, we can take this further because the mag-state ZFS for trigonally distorted Cr(lll) ions in terms of the
nitude of D is such that we can do studies at X-band, and energy gaps to the excited spin quartet and spin doublet states
this opens the possibility of doing parallel mode EPR spec- [16]. Using these expressions, we can calculate the single
troscopy[10] as well as perpendicular mode. ion ZFS in1 directly from the MCD spectra. Although there

Fig. 4. Variable temperature Q-band EPR spectiaretorded on a powder.
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20 (Fig. 6). The symmetry still requires four exchange interac-
tions to model the unique exchange paths. A method to model
this data was developed by Luban ef{&8], based on a high
temperature expansion of the weak-field susceptibility. This
has advantages over more traditional means of fitting mag-
netic data—especially where multiple exchange interactions
are present—as it removes the need to repeatedly diagonalize
the Hamiltonian for different choices of the four independent
exchange constants, which is extremely time-consuming. The
2 results give two antiferromagnetié/k, = —4.8 and-13.5K)
and two ferromagnetic exchange interactiofi&y(= 13.0 and
24.0K), and model the observed data well.

Changing to iso-butyrate or tert-butylacetate
as the carboxylate leads to two related cages:
[Cr1208(02CR)20(H20)4] 3 [20]. The structures of these
cages are related @) as they also contaifiCrsO4} cubane
cores Fig. 7). However, here there are three face-sharing
cubanes giving a centrdICrgOg} tricubane. The external
oxides are again each capped by a further Cr centre. The
reason for the variation between structures is not entirely
clear. We have proposed that it can be related to tkie p
of the carboxylic acid formed if the carboxylate present is
protonated. However, we have not been able to prove this
are four crystallographically independent Cr(lll) siteslin supposition. Eshel and Bino have used the same approach
their structural parameters do not vary significantly and the to make a similar dodecanuclear chromium cluster using
differences are not resolved in the optical spectra. We are,propionate as the ligarf@1].
therefore, calculating a mean single ion ZFS from the optical ~ The high stability of Cr(lll) imposes the requirement to
data. use high temperatures in makiig3, and this stability can

We calculate gD|=1.035cnt! for the single ion. We be usefull is a remarkably stable molecule—dissolving in-
can then use the vector coupling approficH to relate the tact in concentrated acid for example. The spectroscopic and
single ion ZFS to the measured ZFS for #v6 state of the ~ magnetic traces of the molecule are also very distinctive. The
cluster. To do this a coupling scheme needs to be defined thatombination of properties makes it an excellent molecule for
leads to anS=6 state from 125=3/2 ions arrayed on the studying the preparation of hybrid materials containing high
vertices of a centred-pentcapped-trigonal prism. Two ratio- spin clusters incorporated in zeolitic hosts. We have reported
nal schemes can be propog6§l which giveDg-g=+0.091 some preliminary work in this fiel{22]. The results show
or+0.142 cnt!. EPR has told us the sign and magnitude of that incorporation of clusters into mesoporous supports is
Ds=¢ and the former coupling scheme is in remarkable agree- possible, and dependent on the comparative size of the clus-
ment. The conclusion is that the ZFSTins almost entirely ters and the pores within the zeolite. Thus, for small pore
due to single ion contributions from Cr(lll) ions. However, a phases (ca. 25 diameter), the clusters are not incorporated
disturbing aspect of the calculation is that the frequently used within the structure. For larger pordsis incorporated more
vector coupling approadii 7] is extremely dependent on the easily tham3, which involve larger carboxylates, and there-
coupling scheme adopted. It is very easy to choose arbitaryfore, occupy greater volume. The Q-band EPR spectrum of
coupling schemes, and the justification for the specific one 1 incorporated in the zeolitic hosts proves beyond doubt that
chosen is often unclear. the cage is intadl?2].

Ae/ Mem”

-20 T T T T d T
30000 25000 20000 15000

energy / cm’”

Fig. 5. MCD spectrum of recorded on a frozen solution at 4 K.

2.5. Synthesis of related compounds and hybrid
materials 3. Octanuclear chromium and heterometallic wheels

The high temperature approach to synthesisafggested 3.1. [CrgFg(0O,CCMes)i6] 4
many further experiments. For example, replacement of pi-
valate as the carboxylate in the synthesis leads to other new The second group of compounds arise from a slightly
chromium cages. less unusual reaction. If hydrated chromium fluoride is
If benzoate is used an octanuclear cage is formed([GF reacted with hot pivalic acid in DMF a green mate-
0)4(02CPh)¢g] 2. This cage containsfCr4O4 } cubane core,  rial can be made which contains an octanuclear metal
capped by a further Cr centre on each ojiti. The overall ring—{[CrgFs(0O2CCMe3)16] 4 (Fig. 8. The compound was
structure, therefore, has non-crystallographicsymmetry made in 1985, and the unusual structure led to a patent within
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Fig. 6. The structure of [G(4-O)a(O2CPh)g] 2 in the crystal. (Based on data[ib8].)

the former Soviet Uniorj23]. This delayed publication of  involve torque magnetometry. This technique requires all the
the structure until 199[I7]; it was discovery of a form which  molecules in the crystal to be co-planar; hence, the impor-
crystallises in a tetragonal space group that begun interest intance of the tetragonal crystal symmetry. Torque measure-
the magnetic properties of the fam[g4]. ments allow us to look at the transition from tfie 0 ground

The wheel is anti-ferromagnetically coupled, leadingto an state to the§ = 1 state, and allows us to calculate the zero-field
S =0ground state. This makes it similar to the famous decanu- splitting paramete), for this state as 1.6 cnt [24].
clear “ferric wheel”, first reported by Lippard and co-workers 4 can be made in moderate yield from starting materials
[25]. We were, therefore, interested in examining the detailed that can be deuterated,; this allows us to pursue inelastic neu-
magnetic properties of the compound. One set of experimentstron scattering studies (INS) to derive spin Hamiltonian pa-

Fig. 7. The structure of [GpOg(O2CHMe;)20(H20)4] 3 in the crystal. (Based on datali20].)



E.J.L. MclInnes et al. / Coordination Chemistry Reviews 249 (2005) 2577-2590 2583

Fig. 8. The structure of [GFg(O2CCMes)16] 4 in the crystal. (Based on data[ify].)

rameters in detail, such as the exchange constant and to con- We became interested in theoretical papers coming from
firm D[26]. INS has the selection rulésS=0or+1, AM=0 the Loss group in Basel concerning the possible behaviour
or+1. Therefore, at low temperature, the transitions are from of antiferromagnetically coupled rings with non-zero ground
the ground statdS=0,M=0>to|S=1,M=0> and|S=1, stated29-31] At this point, there were no pure compounds

M = £+1>; two peaks should be seen, with their positions de- that existed that could be used to test these theories. The vast
pendent ol and with the gap between the two peaks directly majority of cyclic complexes were even-numbered, and all

related taD. This gives a value of 0.21 meV (1.7 ¢, con- were homometallig32]. This combination means that the
firming results from high frequency EPR spectrosc{#ij. ground state for all these compounds is inevitaf#y0.
As the temperature increases, e 1 state becomes ther- If a single Cr(lll) ion could be replaced with an ion with

mally populated, and therefore, transitions are seen to thea different spin, then the ring would necessarily have a para-
S§=2 spin manifold. The-value found by INS is 1.46 meV  magnetic ground state. The best way to do this is to choose
(11.8 cn1), which is identical to that obtained from fitting  a divalent metal ion which will adopt the same coordination
the variable temperature magnetic susceptibility. The data ob-geometry as Cr(lll) ird; if a source of this divalent metal
tained has been further interpreted by Waldmann gpal. ion is added to the reaction mixture you will make-which

in terms of spin wave excitations; such an interpretation is is neutral—but also [GMFg(O>,CCMes)16] which will be a
beyond the understanding of simple chemists, but a good in-monoanion. It should, therefore, be possible—if a cation is
troduction is given elsewhere in this issue of Coordination added to create anion pair wif£r;M }—to separate the neu-

Chemistry Review§28]. tral homometallic wheel from the monoanionic heterometal-
lic ring. The charge-balancing cation we chose was a sec-
3.2. [NH>R;][CrsMFg(0;CCMes3);s] {CrsM} ondary ammonium cation, e.g. [NR2]*. As the reaction

is done in pivalic acid, we simply add the secondary amine

4 offers an opportunity to perform detailed studies on an Which is protonated in situ, generating a templa@.
anti-ferromagnetic ring with asi=0 ground state. In some The result is remarkable; chromatographic separa-
ways, it is a better subject for study than the original member tion is rarely, although occasionally, necessary as the
of the family{Fe1o}. However, the synthesis can be modified [NH2R2][Cr7MFg(O.CCMes)1¢6] salt (Fig. 9 seems to
to create a new class of magnetic molecule, a class that seemBe strongly favoured over formation of the neutral

to contain an enormous potential for extension, producing [CrsFs(O2CCMes)16]. Immediately, it was obvious we could
several unprecedented structures. vary R—all linear alkyls from Me ta-octyl work perfectly
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Fig. 9. The structure of a representative octanuclear heterometallic wheelEfNICr7ZnFs(O,CCMes3)1¢6] in the crystal. (Based on data [83].)

well—and M, which can be Mn(ll), Fe(ll), Co(ll), Ni(ll), Manchester, we have concentrated on EPR spectroscopy as
Zn(1) or Cd(Il) [33]. The result is that not only can we make these molecules all give rich EPR spectra. In general, at ca.
one heterometallic ring, we can make a family containing 5-10K, we see resonances for the ground state and one or
more than thirty members by minor changes in procedure. more excited states. We can then use these spectra to ob-
This is important because by changing M, we can changetain spin Hamiltonian parameters for all the observed states
the spin of the ground state. For example, if M=Ni(ll) and then use this data to demonstrate how these parameters,
the spin on the single ion is=1. Therefore, in the  which are aproperty of the molecular assembly, are related to
ground state, we have four Cr centres aligned in one di- the single ion parameters and to exchange interacf6is
rection and three Cr and one Ni ion spins aligned in the The range of compounds available makes this study partic-
opposite direction: the ground state is, therefore, given ularly informative. For example, understanding how cluster
by 4x3/2—(3x3/2+1)=1/2. For the other molecules ZFS depends on single ion terms is a vital consideration if
{Cr;Cd} and{Cr7Zn} haveS=3/2 ground stateq.Cr;Fe} we are ever to design better SMMs.
has anS=1/2 ground state but with the unpaired spin in the
{CrsM} sub-lattice whereas iiCr7Ni} electron the addi-  3.3. Possible applications of {Cr;M}
tional electron is in thgCrs} sub-lattice. As the Loss pre-
dictions [29] for the behaviour of these molecules depend  Immediate applications investigated depend on the het-
on the value of the spin of the ground state, the fact that we erometal. For{Cr;,Cd}, we have begun collaborating with
can create molecules with different spins (1/2, 1 or 3/2) is Dr. Marco Affronte (INFM Modena), looking at using the
valuable. The value of changing R was less immediately ob- rings in magnetic cooling by exploiting the magneto-caloric
vious, other than allowing us to vary the crystal packing of effect (MCE)[35]. Specific heat measurements confirm that
the {CrsM} rings[33]. However, it is now apparent that this  the ring has a1 = 3/2 ground state and can be simulated with
variation can be even more interesting. Dlk=—-0.31K; theMs=13/2 levels are, therefore, lowest in
Initially we have concentrated on fully characterising energy and degenerate in zero-field; the degeneracy of the
these rings and making preliminary studies of their possi- lowestlying states in zero-field is arequirementfor MCE. The
ble applications in areas as varied as magnetic cooling andsecond requirement is that these states should split rapidly in
guantum computing. These studies have included inelasticapplied field, and the Zeeman splitting of a paitff= +3/2
neutron scattering studies, in collaboration with Prof Roberto states will be 3ggH. Therefore, in moderate fields, the mag-
Caciuffo (Ancona)34] and specific heat measurements, in netic entropy tends to zero at low temperatures as the system
collaboration with Dr. Marco Affronte (ModendB5]. In populates exclusively the lower energgs level. The dif-
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J# coherence”. Two sources of decoherence can be identified:
O'O'O'O'O—O'O'O'O'O dipolar exchange between molecules, which is easily min-
imised by placing th§Cr7Ni} rings in a matrix of diamag-
netic{Crg} rings. The second source is hyperfine interactions
Fig. 10. A schematic representation of a proposal for a two-Qubit quantum between t_he unpalr_ed eleCt_ron a_nd nuclear SP'”S' Th_e_PreS-
gate. ence of eight bridging fluorides introduces this possibility,
which is not resolved by EPR spectroscopy, but which still
ference in the magnetic entropy in a 7 T external field and interact sufficiently strongly with the unpaired electron as to
zero-field reaches a maximum at ca. 1.5 K. The behaviour is provide a method for losing the stored information to fluc-
not dissimilar to that of magnetic refrigerants used for low tuations of the nuclear spins. As a result, decoherence rates

Cluster 1 (S =1%2) Cluster 2 (S ='2)

temperature cooling. are still too high for{CrsNi} to be useful. We believe we
A “sexier” application is in quantum computing. Papers can remove the fluorides from the system by changing the
have continued to appear from the Loss grf&h31]on pre- chemical synthesis; this is the next synthetic challenge. We

dictions of interesting behaviour for AF-coupled cages. Of have already managed to make the homometallic equivalent,
particular interest was a pair of papers describing “two Qubit [Cr(OH)(O,CCMes)2]s [38].

gates” based on a weakly coupled pairSof 1/2 clusters.

Schematically, this can be shownfifg. 10 There are many 3 4 Wheels containing non-octahedral metal divalent

guestions about whether our AF-rings with$s1/2 ground metal ions

state can be used. The first set of questions concern the param-

eters that determine the behaviour of individsial1/2 rings. If the second metal present does not favour a regular oc-

We have, therefore, spent considerable effort characterisingignedral geometry further new structural types are formed
the {Cr7Ni} rings in detail. Some aspects, which chemists [39]. If the second metal ion is vanadyl, one coordination
would take for granted, are important if a future application sjte is blocked by the oxide, thus fewer sites are avail-
in “guantum information processing” is foresg@]. These  aple for bridging. As a result, the cage has the formula
physical quantities are: [R2NH,][Cre(VO)2Fg(0.CCMes)15] (R = Me, Et,n-Pr) and

(a) the extent to which the ground state can be accuratelycontains_a” octanuclear core, bridge_d by eight fluorides as in
described as a two-state system, i.e. is the ground state & [39] (Fig. 11). The two vanadyl units are next to one an-
“pure” § = 1/2 state which is written as, Ms> where the other, and bridged by one pivalate in addition mﬁ_uonde,
two ground state is then a doublet labell@d?, —1/2> whereas all the Cr-- Crand Cr - - V vectors are bridged by
and|1/2, +1/2>. IS contains significant admixtures of WO plvalates and_a fluoride—as in all the previous rings. The
higher spin states, then the discussion is meaningless/ing iS @ monoanion, and encapsulates a secondary ammo-
For {Cr/Ni}, the ground state is a§= 1/2 doublet, and ~ Nium cation as in th¢Cr/M} rings. Itis noticeable that the
there is very little mixing from highes states; i.e. the ~ V—F bondrans to the oxo-group is very long (av. 2.29
state is 99%S = 1/2 andS is a good quantum number
for discussing the lowest eigenstateg 6¥7Ni}.

(b) Also important is the energy gap to the first excited
state—if the gap is too small we would have to consider
other values af in describing the system. The energy dif-
ference in{Cr7Ni} is around 13K, between the ground
state doublet and the first excited states{ar8/2 quar-
tet); this is sufficiently large that at low temperature the
only energy levels that concern us will 42, —1/2>and
|1/2, +1/2>. These can, therefore, be regarded as equiva-
lent to the 0 and 1 levels of a “bit” in computation. \

(c) Next, the|1/2, —1/2> and|1/2, +1/2> must separate in
field (this is the Zeeman splitting), so that we can populate /
one in preference to the other without inducing signifi-
cant leakage to the highérstates. This is called “ini-
tialisation” and can be imagined as creating a “bit” of
information as either 0 or 1. At an external field of 2T,
the Zeeman splitting is around 2.4 K, while the energy
gap to the lowest level that arises from v 3/2 quartet
is still 9.4 K[37].

Unfortunately there is one more factor, and that is the 10Ss Fig. 11. The structure of [ENH][Crs(VO)2Fs(02CCMes)1s] in the crys-
of information to the rest of the system, which is called “de- tal. (Based on data if89].)
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Fig. 13. The structure of [Pr2NH2)3{CrgF11(02CCMes)10}H20]2 in the

crystal. (Based on data [B9].
Fig. 12. The structure of [M&NH>]2[Cri0CpF14(02CCMes)22] in the Y ( [691.)

crystal. (Based on data [B9].)

structure[39]. The general formula for these new cages
o is [(R2NH2)3{Cr6F11(02CCM@)10}H20]2 (R =Et, "Pr,
compared to the V-F bondss to the oxo (av. 1.98). The pentyl) Fig. 13. The [CF12(02CCMes)10]3~ horseshoes
coordination geometry about V is, therefore, an extremely can be described as derived frary removal of two of the
distorted octahedron, while the'Cions have comparatively  cr sites. The two Cr sites at the tips of the horseshoe have

regular geometries. three terminal fluoride ligands. Two of these fluorides on each
If we use basic copper carbonate as the source ofchromium hydrogen bond to H-atoms of fRH,]* cations,
the divalent metal ion, the resulting cage is [¥Ml2]> which lie between the tips of the horseshoes. These eight

[Cr10CueF14(02CCMes)22] [39], lVVhiCh contains a distorted  F... H-N bonds, therefore, create a dodecanuclear pseudo-
dodecalnuclear ring where five Creentres lie between the  macrocycle. The third fluoride on each terminal Cr site accept
two Cu' centres Fig. 12). The copper(ll) centres are five-  H.honds from two further [RNH.]* cations which are en-
coordinate, bridged to one trthrough one fluoride and two capsulated within the pseudo-macrocycle.

pivalates, and to a second'€through only one fluoride and Two water molecules are encapsulated within the pseudo-
one pivalate. A terminal fluoride is found on the neighbouring macrocycle, H-bonding to two fluorides, one derived from
chromium. The presence of two dicationic metal ions in the each horseshoe. The result is a supramolecule consisting of
ring makes the ring a dianion. Therefore, two secondary am-two hexametallic trianions, six ammonium cations and two

monium cations are found at the centre of the structure. They\yater molecules. These horseshoes havs=ahiground state
form H-bonds to the terminal fluorides (N- F, 2.65A), and [39].

to the fluoride bridging Ctiand CH' (N---F, 3.03A). It
is possibly the presence of H-bonds leads to a pronounced3.6. Other templates
distortion of the dodecanuclear ring. In previous dodecanu-

clear rings, the structure is regular, e.g{Mi12} rings[40]
the molecule hass crystallographic symmetry, while in a
recently reportedFe;2} ring [41] the array of metal centres

has aplpro?imate l;ix;gld Smietr{’?rmC?} IS ;he first ondary amines but with branched alkyl chains (Ro=
example of a cyclic -m(.et_a compiex w ere there are re- propyl or cyclohexyl) we generate nonanuclear wheels:
gions of negative and positive curvatureiilér et al. have [NH2R2][CrgMFg(O2,CCMes)15] (M = Ni, Co or Cd thus far)
stressed that growth of nanoscale polyoxomolybdates (and Fig. 14. These are the first large odd-numbered rings con-
g:z;;ar[lz;]ca':%;ng:ztcourltie;% r‘:lzg ﬁpeggtgrlhsalici? tshyemt?fvgtr\éaining paramagnetic ions. Odd-numbered rings are rare in
termina?ﬂuofide bridges could be disgglaced by a single ex- general; other than the oxo-centred tr!angles, eibthere

9 P y 9 are only three reports of pentanuclear rings—a metallocrown

tended bridge it might be possible to conveitito a bicyclic made by the Pecararo gro[#s#], an{Fes} ring made by the
system. Lehn groug45] (which graced the cover afngew. Chem.),
and a pentagon made by Dunbar and co-wors$
3.5. Chromium horseshoes These rings are, therefore, worth investigatifi@rsCo}
is initially disappointing—showing behaviour similar to
If only the secondary amine is added, green crys- {Cr,Co}—but{CrgNi} is exciting[43]. A plot of x against
tals can still be grown, however, the X-ray structural 7 shows two maxima—which is unprecedented for a “sim-
analysis of these crystals reveals formation of a new ple” paramagnetic ring. The ground state appears =@,

As secondary amines containing linear alkyl chains give
octametallic rings it was obvious to examine what hap-
pens with larger ammonium templatgk3]. If we use sec-
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Fig. 14. The structure of [NEiPr][CrgMFg(O2CCMes)1g] in the crystal
(M=Ni or Co). (Based on data if#3].) Fig. 15. The structure of [Ni(9-aneg)b][CrgNi2F10(02CCMes)20] in the
crystal. The eight Cr and two Ni sites in the decanuclear wheel are disordered

which implies that the spins on the metal sites cannot be (labelled M). (Based on data [49].)

treated as “classical” spins. A detailed analysis—performed

by Olivier Cador and Roberta Sessoli—shows that the double ples of both 9-ane-fland 12-ane-bl (where 9-ane-Bl is
maxima reflects the presence of low-lyifig 1 excited states  1,4,7-triazacyclononane [tacn] and 12-anedbl 1,4,7,10-
near theS =0 ground state, and that a spin ladder containing tetraazacyclododecane [cyclen]) were available in the labora-
such low-lying states arises if the Cr—Ni exchange interaction tory we used those as templates for formation of rings. In both
is around 30 cm?, cf. a Cr—Cr exchange of 10 cmh[43]. cases, theresultis unexpected, and extremely beautiful. Thus,

While the system is not spin frustrated if a narrow defini- reaction of Cri-4H,0, basic nickel carbonate and pivalic
tion of frustration is adoptef 7]—the molecule has an even acid in the presence of the macrocycle leads first to complex-
number of electrons, therefore, can reach a non-degeneratation of Ni(ll) by the macrocycle, and the metal-macrocycle
S=0 ground state—it is certainly impossible in an anti- complex then acts as the “template” for the remainder of the
ferromagnetically coupled nonanuclear ring for the spins to structure. The chemistry works better if the Ni macrocycle
alternate “up and down” as a simple-minded picture of an complex is pre-formed before addition to the reaction mix-
AF-ring would require. The picture we have adopted de- ture.
scribes{CrgNi} as a “magnetic Nbius strip”[43]. The AF- With 9-ane-N, we make a new decametallic ring,
structure—alternate spin up and down—is fairly regular near templated about a [Ni(9-anes)$]%* complex: [Ni(9-ane-
the Ni(ll) site, as the GtNi exchange is larger, but on the  N3)2][CrgNizF10(02CCMes)20] [49] (Fig. 15. The de-
Cr-chain, the structure becomes irregular as it is impossible cametallic ring is a regular decagon and the central complex
for all the spins to be anti-parallel to those on their nearest is only weakly H-bonded to the exterior ring. The magnetic
neighbours. The one-edged, one-facétilis strip isa good  behaviour tells us a good deal about how the complex forms.
metaphor for this structure, with the “twist” in the strip being The low temperature value for the susceptibility is consistent
equivalent to the point in the magnetic structure where the with anS =1 ground state, i.e. the susceptibility is due to the
AF-structure is least regular. central [Ni(9-ane-N),] divalent cation; the spins in the de-

If we go further, and use a tertiary amine, e.g. dicy- cametallic ring must cancel, giving & 0 ground state. For
clohexylethylamine, we generate decametallic rings, e.g.this to happen there have to be t{GrsNi} sub-lattices to
[CrgNiF12(02CCMez)1g] ~ [48]. The ring is not as regular  balance the spins and reath 0. This happens must naturally
as the octa- and nona-metallic rings as two-MM edges if alternate sites are “spin up” with the others “spin down”.
are bridged by two fluorides and a carboxylate, unlike the If we consider the odd-numbered sites as “spin up”, and the
usual one fluoride and two carboxylates. We are beginning to even sites as “spin down”, this means that one nickel must be
look at still larger amine templates hoping to make the first on an odd site and the other on an even site. There are three
undecametallic rings. possibilities: the Ni sites could be neighbours, in 1,2 positions

More imaginatively, and much less rationally, we thought of the 10-membered metal ring, separated by two Cr ions (at
it worth examining more complex aming49]. As sam- 1,4-positions) or separated by four Crions (at 1,6-positions).
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Fig. 16. The structure of{Ni(cyclen)}>Cri2NiF15(02CCMe3)24] in the
crystal. (Based on data [49].)

While the latter two are possibilities, the first option—that

the Ni sites are neighbours—seems much the most probable.

This, in turn, suggests that the cluster forms from an open
chromium chain, and the final cyclic product is formed when
the heterometal ion is attached. We have further—equally
circumstantial—evidence for this proposition (see
below).

If we use 12-ane-N the resulting structure is even more
beautiful[49]. [{Ni(cyclen)}2Cr12NiF1g(02CCMe3)24] is a
wholly unexpected product, but is related to previous the

{Crs} horseshoes discussed above. The 15 metal sites de-

scribe an “S”, with a Nl ion at the centre of the “S”, and the
two Ni'l ions within[12]-ane-N; rings at the termini of the
“S” (Fig. 16). The cyclen macrocycles bind in the usual man-
ner, leaving:is-vacancies on the coordinated'Nand itis the
two atoms occupying thesss-sites that link the{Ni([12]-
ane-N;)}2* fragment to the termini of the metal chain. The
12 C"" jons form two hexametallic chains, with these chains
being very similar to the anioniiCrg} horseshoes discussed

above. The metal core is almost planar with the mean de-

viation from planarity being 0.28. Magnetic studies of the
molecular “S” or “seahorse” show it has 8r 1 ground state
[49].

3.7. Some thoughts on how the heterometallic wheels
form

The heterometallic wheels have a rather simple compo-
sition with the metal ions bonded by two bridging ligands.
Compared with most polymetallic clusters the presence of
only two ligands is restrainefB2]. One ligand is a car-
boxylate, a common ligand for a large number of polynu-

E.J.L. Mclnnes et al. / Coordination Chemistry Reviews 249 (2005) 2577-2590

tronegative element and forms very strong bonds to most
other elements. The strength of the-Erbond here is prob-
ably a necessary factor in the formation of these structures.
The third factor is the small size of the F-ion, which does not
restrict formation of these cyclic structures.

Formation of the structures is an intriguing question. Iso-
lation of the chromium horseshoes has allowed us to perform
three experiments that suggest that “chromium horseshoes”,
or more generallycyclic chromium-fluoride chains are inter-
mediate products in the “metallomacrocyclization” reaction.

The experiments were:

(b) To a solution of [CgFg(O.CCMe3)16] in pivalic
acid was added a source of a second metal dica-
tion [Ni2(H20)(0,CCMe3)4(HO,CCMe3)4] [53] andn-
dipropylamine. The mixture was heated at the same time
and temperature as required for the synthesis of het-
erometallic{CrsM} wheels. Very little [[Pr)2NH;]
[CrsNiFg(O2CCMe3)16] was detected by mass spec-
trometry on analysis of this reaction; the vast majority
of the compounds remains unreacted.

(c) To a solution of a “double horseshoe”,
[(R2NH2)3{CrsF11(02CCMe3)10}]2 (R=Et or"Pr) in
pivalic acid was added only

[Ni2(H20)(0,CCMes)4(HO,CCMe3)4] and the mix-
ture was left to react as in previous experiment.
{[R2NH2][Cr7NiFg(O2CCMe3)16] } was formed quan-
titatively for both amines.

Simple recrystallisation at room temperature of the “dou-
ble horseshoes” from formic acid leads to replacement
of terminal fluorides from the structure without changing
the bridging within the chromium chafb4].

(d)

Experiment (a) suggests that fEg(O2,CCMe3)16] is ki-
netically stable with respect to ligand displacement and, as
chromium(lll) is unreactive, it is very difficult to replace one
Cr(Ill) to one Ni(Il) ion once the homometallic octanuclear
ring has formed. Experiment (b) suggests that the horseshoe
can be very readily converted into the heterometallic ring.
Experiment (c) implies that the bridging fluorides are less
reactive than the terminal fluorides in the horseshoes, i.e. the
two M—F bonds make the F-ions unreactive as well as the
Cr(ll1).

The individual horseshoes can be recognised as frag-
ments of the heterometallic wheels, but with many addi-
tional extra terminally fluoride anions: we could write a
general formula for the homometallic chains and wheels
as [CrFlp],[CrFs®~1, (wheren=8, m=0 for wheels, and
n=5,m=1for chains). The additional negative charge in the

clear metal complexes, which normally also contain oxo-, open-chains is compensated by protonated amines, with two
hydroxo- and/or alkoxo- bridges. The second ligand is fluo- amines at each end of the horseshoes and an additional pro-
ride. Single fluoride bridges are quite common in dimers, but tonated amine at the centre of each horseshoe. As long as the
polymetallic cages featuring fluoride are quite rgg@-52] protonated amine in the centre of horseshoe remains, we can
Three key features of fluorine/fluoride favour formation of envisage displacing the remaining two protonated amines by
these structures. Firsly, it is clear from the structures above metal dication. As the yields of heterometallic wheels are re-
that the M-F—M angle is very flexible, with these angles markably high for polynuclear complexes, it is reasonable to
varying from 60 to 180. Secondly, fluorine is the most elec- write stoichiometric equations for the transformations. The
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formulae have been re-written to stress the Grielpeat units nium. Probably, itis more thermodynamically convenient for
present in all these structures. the system to accept a compatible bivalent metal cation in the

The simplest case here is the formation of ringthantoremove the cation accommodated inthe host cav-
[NR2H2][Crg(VO)2FsL1s] (L =pivalate) which we could ity of the wheel.

write as: Such mechanisms are difficult to prove, but they sug-
gest intriguing new reactions using “horseshoes” for di-
[NR2H2]5{[CrFL2]s[CrFe]} + 2[(VO)L2] + HL rected synthesis. If the stoichiometric reactions given above

— [NR2H2]{[CrFL]6[(VO)2FaL 3]} + 2[NRoH2]F + HF are correct, or even approximately accurate, reaction of
the horseshoes with heterometallic carboxylate complexes

This reaction can be easily justified as the length of the should be possible. So, for example, it should be possible
acyclic chromium(lll) chain is the same as the number of to make [(GH7)>NH,][CrsFeNiFs(02CCMes)1¢] from the
chromium centres in the resulting heterometallic wheel. For simple reaction of [(BNH2)3{CrsF11(02CCMe3)10}H20]>
the {Cr;M} wheels, the reaction (for M = Ni) is: (R ="Pr) with [F&NiO(O,CCMez)(HO,CCMesz)3] [5]. This

. approach should lead to heterotrimetallic octa-, nona- and
[NR2H]3{[CrFL216[CrFe]} + 3[Niz(H20)La(HL),] PP

deca-nuclear wheels in the future.
— [NR2H2][(CrFL2)7(NiFL2)] + 2[NR2H2]F
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