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The hexanuclear cages [MnO,(R-sao),L,(EtOH),(H,0),] “Mn;” behave as single-molecule magnets
(SMMs) below a characteristic blocking temperature. As with [Mn;,0,,(0,CR);,(H,0),] “Mn,,” the
electronic absorption spectra are rather featureless, yielding little information on the electronic
structure of the magnetic ions. Low temperature Magnetic Circular Dichroism (MCD) spectra afford
greater resolution of the optical transitions and also probe the magnetic properties of the system. Both
the ground state spin and blocking temperature of the Mn, cages are determined by subtle structural
perturbations of a generic MnyO, core. Absorbance and MCD spectra are reported for
[Mn,O,(Et-sa0),{ O,CPh(Me), },(EtOH);] (1), [MnO,(Et-sa0)s{ O,CPh},(EtOH),(H,0),] (2),
[Mn,O,(sao)s{O,CPh},(EtOH),]-EtOH (3) and the trinuclear precursor
[Mn;O(Et-sa0);(MeOH),](C10,) (4) cast into polymer film. SMM behaviour has previously been
observed using magnetic susceptibility measurements on powder and single-crystal samples. The ligand
field environment of the magnetic ions is assumed to be similar in (1) and (2) and their different
blocking temperatures are attributed to the magnitude of the effective exchange constant. The MCD
spectra of (1) and (2), in which the ground state spin S = 12, show that the ligand field environments of
the Mn ions are almost identical and that magnetic hysteresis persists for isolated molecules when
crystal packing forces are removed. The subtle structural differences between (1) and (2) are manifested
in the field dependence of the MCD response at different wavelengths that reflect changes in band
polarisation. The MCD spectrum of (3) contains features not apparent in those of (1) and (2). These are
attributed to 5-coordinate Mn(111), which is unique to (3) among the compounds studied. (3) has
ground state spin S = 4, a lower blocking temperature and consequently no observable hysteresis in the
MCD down to 1.7 K. Comparison of the MCD spectra of (1)—(3) to that of (4) confirms the integrity of
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the Mn,O, core when these materials are cast into polymer film.

Introduction

The characteristic feature of single-molecule magnets (SMMs)
is the very slow relaxation of the magnetic moment following
exposure to a magnetic field. This offers the possibility of the
storage of information at the molecular scale of density. The
behaviour arises from the combination of a large ground state
electron spin S and a negative uniaxial magnetic anisotropy D. This
leads to a barrier to the re-orientation of the molecular magnetic
moment. Below a characteristic temperature called the blocking
temperature the relaxation of the magnetic moment following
the application of a magnetic field becomes extremely slow.!?
The discovery®* that the mixed valence Mn(11);Mn(1v), cluster
[Mn,,0,(0,CR),,(H,0),], “Mn,,” exhibits magnetic properties
characteristic of SMMs has led to increasing interest in high
nuclearity Mn(111) complexes in recent years.>® The d* Mn(1v) ions
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in Mn,, contribute little to the magnetic anisotropy of the cluster
whereas the static Jahn-Teller distortion of the d* Mn(i11) ions
provides the anisotropy needed. The serendipitous self assembly
or directed synthesis of Mn(111) containing clusters’ has therefore
been a rich field in the search for new SMMs with higher blocking
temperatures than Mn,,. Whilst this has led to the discovery
of many new SMMs**? it is only recently that the blocking
temperature of Mn, has been surpassed. An alternative strategy is
the targeted distortion of a generic Mn, core in order to maximise
the anisotropy barrier*” which is proportional to the product
DS

The family of hexanuclear cages has the general formula
[Mn;O,(R-sao);L,(EtOH),(H,0),] where R-saoH, is a derivatised
salicylaldoxime, R = H or CH;CH, and L is a carboxylate which
acts as a ligand to one or more of the Mn ions. The cage contains
only Mn(1m1) ions with elongated bonds along one axis due to
a static Jahn-Teller distortion of the d* electronic configuration.
The structure consists of two approximately co-planar, stacked,
offset [Mn;—l;-O*]™* triangular motifs, each Mn ion within the
triangular unit having a crystallographic equivalent in the other
Mn;O triangle. For R = H the bridging phenolic oximes are
almost planar leading to dominant antiferromagnetic exchange
within triangular moieties (Fig. 1). Each Mn ion has at least one
elongated Mn—O contact which defines the local z axis (easy axis
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Fig. 1 (A) The structure of (1) illustrating the generic
Mn,O,(R-sao),L,(EtOH),(H,0), cage structure, (B) the core of (1)
in which all Mn(111) ions are six-coordinate, (C) the core of (3) in which
the increased inter-planar Mn—O distance leads to five-coordinate Mn(11r)
ions at the extrema of the cage. Magenta = Mn, red = O, blue = N, the
carbon backbone is de-emphasised for clarity.

of magnetisation). Three short bonds to nitrogen and oxygen
donors from the sao* ligands and a further bond to the p-
bridging oxide of the core define a hard plane perpendicular to
this. Two of the manganese ions are six-coordinate with a distorted
octahedral geometry. In one of these the coordination sphere is
completed by a carboxylate oxygen and a long (ca. 2.4 A) contact
to an oxygen from a sao* ligand of the other triangular subunit.
The other six-coordinate ion has long contacts to water and/or
solvent molecules. The third inequivalent Mn ion is five-coordinate
with distorted square pyramidal geometry, the oxygen from the
corresponding sao® ligand in the opposite triangular subunit
being too distant (at approximately 3.3 A) to form a covalent
bond.

Increasing the bulk of R causes distortion of the bridging
phenolic oxime, described by a torsion angle ¢ in the Mn-O-
N-Mn linkage. Substitution with R = CH;CH, is sufficient to
induce a change in the dominant exchange within each triangular
moiety from antiferromagnetic to ferromagnetic.?** A further
consequence of the twisting induced when R = CH;CH, is to
decrease the longest inter-planar Mn-O distance to around 2.4
A such that all the Mn ions are six-coordinate with distorted
octahedral geometry, the coordination of the remaining two Mn
ions being essentially unaltered from R = H, as illustrated in Fig. 1.
Despite the different connectivity between the triangular subunits
for R = H and CH;CH, the dominant exchange between triangles
remains ferromagnetic in each case, resulting in ground state spin
S=4forR=H and 12 for R = CH,CH,.»

Here we present the absorbance and magnetic circular
dichroism (MCD) spectra of three members of this
family of cages, [MnsO,(Et-sa0)s{O,CPh(Me),},(EtOH)]
(1), [MngO,(Et-sao),{O,CPh},(EtOH),(H20),] (2), and
[Mn,O,(sao)s{O,CPh},(EtOH),]-EtOH (3), in addition to
the precursor [Mn;] cluster [Mn;O(Et-sao);(MeOH);](C10,) (4).
Both (1) and (2) have theoretical anisotropy barriers of 62 cm™
(89 K) surpassing that of Mn,,. However, the smaller average
value of ¢ in (2) than in (1) results in weaker ferromagnetic
exchange, J = +0.9 cm™ in (2) compared to +1.6 cm™ in (1). As
a consequence the energy separation of the spin excited states in

(2) is small, the S = 11 first excited state being only 5 cm™ above
the ground state, and the total spin S is a poor quantum number.
Therefore the effective barrier to relaxation of the magnetisation,
Uy, in (2) is considerably lower than the theoretical maximum
value at only 36.8 cm™ compared to around 60 cm™ in (1) and
slow relaxing forms of Mn,,.?

Whilst (3) and (4) are also known to be SMMs, their ground state
spins are S =4 and 6, giving rise to anisotropy barriers U.; = 19.5
and 39.0 cm™ respectively.”** However, the reported U, of (4) is
greater than the theoretical maximum value calculated from the
product DS? since magnetisation reversal in this case is hindered
by weak intermolecular coupling. Removal of the intermolecular
coupling by casting into polymer film lowers the effective barrier
to £ 27.6 cm™.? Thus, samples of (3) and (4) cast into PMMA
film are expected to have blocking temperatures of approximately
1 K, too low for MCD detected hysteresis to be evident at 1.7 K.

Crystal structures are available for all of the series. Slow
relaxation of the magnetisation has been demonstrated in powder
and single-crystal samples. In the case of (1) the AC susceptibility
shows a peak in the out-of-phase component of the magnetisation,
which can be diagnostic of SMM behaviour, at temperatures
up to 7 K. However, structural modifications which influence
the magnetic properties are subtle and may be influenced by
crystal packing interactions in addition to the steric requirements
of side chain modifications. Since practical applications such as
data storage at a molecular level necessarily require that the
molecules be well isolated from one another it is desirable to study
the magnetic properties of molecules dispersed within an inert
matrix. It has been demonstrated for Mn,, that dispersion within
a polymer film produces samples suitable for study by MCD.3!
This approach is particularly suited to the study of SMMs as
it provides a simultaneous probe of ligand field environment of
the chromophores and magnetic properties of the molecule as a
whole®>** in samples which are robust and re-usable.

Experimental
Preparation of PMMA films

The clusters 1-4 were synthesised according to previously pub-
lished procedures.??** All further materials were used as received
without further purification. Approximately 2 mg of 1-3 were
dissolved in 500 pl of CHCl;. 4 is only sparingly soluble in CHCl;.
2 mg of sample was therefore pre-dissolved in a minimum amount
of 2-propanol prior to mixing with sufficient CHCl; to make
the final volume up to 500 pl. The resulting solutions of 1-4
were then each mixed with 200 mg of polymethylmethacrylate
(PMMA) dissolved in 1 ml of CHCI; before dropping on to a
Petri dish. The solution was covered with another Petri dish and
allowed to evaporate overnight resulting in a film of 1-4 contained
in a PMMA matrix. Films were prized free with a razor blade,
softening with warm water for a few seconds if necessary.

MCD of PMMA films

All spectra were recorded on a Jasco J-810 spectropolarimeter.
Samples were placed in an Oxford Instruments SM4 split coil
superconducting solenoid capable of providing magnetic fields
of up to 5 T. A variable temperature insert allows the sample
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temperature to be maintained at 1.7-200 K. Films were checked
to ensure that they did not cause depolarisation of the beam by
monitoring their effect on the circular dichroism (CD) spectrum
of a nickel tartrate standard. MCD spectra were recorded over
the wavelength range 850-250 nm. In the range 850-480 nm
the monochromater slits were fixed at a separation of 120 pum.
The separation of the slits was allowed to vary automatically to
maintain a fixed bandwidth of 2 nm in a second scan over the
wavelength range 520-250 nm.

Spectra were recorded at 4.2 K and 5 T for the purpose of
assignment and normalisation. The measured optical elipticity was
converted to an approximate difference in extinction coefficient
for left and right circularly polarised light (A¢) by comparison of
the room temperature absorbance to solution samples of known
concentration. The estimated product c.1 for the films can then be
substituted into the Beer—Lambert law. Hysteresis measurements
were performed by measuring spectra at 1.7 K at discrete fields in
thecycle0-+5--5-+5T.

Results and discussion
Assignment of MCD spectra

The room temperature absorbance and 4.2 K, 5 T MCD spectra
of 1-4 are shown in Fig. 2. The spectra are scaled so as to
compensate for the different number of Mn(ii1) chromophores
between (1)-(3) and (4). (1) was additionally shown to have no
further MCD intensity in the energy range 5000-12 000 cm™' (data
not shown). The spectra of (1) and (2) are almost indistinguishable
from one another. Further, despite each molecule containing three
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Fig. 2 Room temperature absorbance (panel A) and 4.2 K 5 T MCD
(panel B) of (1)—(4). Spectra of (4) are normalised to account for the
number of chromophores per molecule. The inset of panel B shows the
region between 12 000 and 20 000 cm™ on an expanded scale.

Table 1 Peak positions of Gaussians fitted to the 4.2 K 5 T MCD
of Mn,,Cs and (1)—(4). The transition marked * is assumed due to 5-
coordinate manganese, that marked # is approximately 5% the intensity of
the corresponding transition in (1)—(3)

Compound  Energy (x 10° cm™)

Mn,,C;5 13.5 155 — 18.0 19.6 21.2 235 26.0
1) 13.0 150 — 182 209 223 240 264
) 134 — — 184 208 222 229 265
3) 129 158 17.3* 192 20.7 214 224 254
4) 165 — — 189 201 221 234* 266

crystallographically inequivalent Mn(II) ions, the features in the
low temperature MCD spectra of (1) and (2) can be rationalised
in terms of single ion transitions of a d* electronic configuration.
Any small shifts in the energies of the d—d and charge transfer
transitions in (1) and (2) due to differences in the coordination
environments of the inequivalent ions are therefore unresolved.
The crystal structure of (1) and (2) shows that the local symmetry
of the Mn(111) ions is lower than C,. In such low symmetry ligand
fields the degeneracy of the d-orbitals is lifted completely. As a
result the high spin d* configuration gives rise to four spin-allowed
transitions rather than the single SE to °T, transition predicted
for true octahedral symmetry. For moderate strength octahedral
ligand fields, a spin forbidden °E to 3T, transition is predicted
to occur at similar energy to the spin-allowed transition. This
corresponds to a change in configuration from t,’e to t,,* and
gives rise to up to three transitions in lower symmetry ligand fields.
Thus for the Mn(111) ions in (1) and (2) a maximum of seven d—d
transitions are predicted at energies below where charge transfer
transitions would be expected to arise. Table 1 lists the peak
positions obtained from the 4.2 K, 5 T MCD spectra of (1) and (2)
by Gaussian deconvolution. All compounds also have MCD peaks
of greater intensity at energies of 30 000 cm™ and above which are
assumed to be charge transfer transitions, possibly between the
sao 1 orbitals and Mn(111). These data are not analysed here since
the absorbance of the PMMA film is such that the magnitude of
the observed optical rotation is unreliable. The observed energies
of the absorption bands, though not their relative intensities, are
similar to those previously reported for Mn,, in which the MCD
intensity was thought to arise mainly from the Mn(11) ions. The
different distribution of band intensities between Mn,, and (1) and
(2) are unsurprising given the different coordination environment
and intricacies of magnetic exchange pathway between the two
classes of compounds. The lowest energy spin-allowed transition
corresponds to shifting electron density from the d,” to the d,* —*
orbital and is therefore an approximate measure of the magnitude
of the Jahn-Teller distortion which is mainly responsible for the
inequivalence of the local z-axis and xy plane.3* Since it is this
distortion that gives rise to the SMM behaviour it is desirable
that this be as large as possible and the energy of this °B, to
A, transition is comparable in (1) and (2) to that of Mn,,Ac (see
Table 1) and much greater than that in Mn(111) containing minerals.

The MCD spectrum of (3) contains additional features which
are attributed to the 5-coordinate Mn ions at the exterior of the
Mny core. These ions are in a distorted square based pyramidal
coordination environment which would be expected to give rise
to a similar ordering in energy of electronic configurations but
with different splittings between ground and excited states to a
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distorted octahedral geometry with a unique easy axis. Therefore,
four of the six Mn ions in (3) are expected to give rise to bands
similar to those in (1) and (2) whilst two give rise to distinct
features in the MCD. Indeed the well resolved, intense bands at
around 22000 and 26 500 cm™ have only approximately 60% of
the intensity of the corresponding bands in (1) and (2). Hence,
by virtue of the accompanying change in ligation of two of the
chromophores, the nature of the intra-subunit exchange coupling
is immediately apparent from the band pattern and intensity in
the low temperature MCD spectrum.

The spectrum of (4) is distinct from all other members of the
series, lacking the large positive feature at 22 000 cm™' and having
a broad positive band at around 16500 cm™ rather than two
negative bands, suggesting that the magnetic core of (1)—(3) is
not cleaved by the film casting process. The band at approximately
26 500 cm™ is similar in intensity to the corresponding bands in
(1) and (2), which also contain only 6-coordinate Mn and have
dominant ferromagnetic intra-subunit magnetic exchange. The
intensity of this band therefore appears to be diagnostic of Mn
coordination and hence the sign of the magnetic exchange despite
the drastic change in ligation between (4) and the other members
of the series. The triangular [Mn;—1;-0%"]"* motif in (4) is capped
by a perchlorate ion, an extremely weak ligand, which provides
an oxygen atom to each of the Mn ions. The cages (1)—(3) contain
no capping perchlorate groups and so differences in the MCD
spectra of (1)—(3) and (4) do not definitively preclude cleavage
of the Mn(O, core into two Mn;O triangles. However, since the
dominant exchange interaction in (4) is ferromagnetic and the
clusters have similar uniaxial zero field splittings, cleavage of (1)
and (2) to give analogues of (4) with S = 6 would be expected to
result in similar magnetic properties. Hysteresis measurements at
1.7 K clearly show this not to be the case.

Hysteresis at 1.7 K

Fig. 3 and 4 show hysteresis measurements at 1.7 K for the
series (1)—(4) at energies of approximately 22000 cm™ and
26 500 cm™ corresponding to identical transitions in the different
cages according to the assignments outlined in the previous
section. The MCD of (1) and (2) show hysteresis effects at this
temperature although the hysteresis loops of both are ‘pinched’
significantly. All transitions in (1) and (2) have a similar pinching
of the hysteresis around zero field. Although the hysteresis effects
are small they are undoubtedly real, as demonstrated by the
lack of any such effects for (3) and (4) when measured under
equivalent conditions. The observed hysteresis in (1) and (2) are
remarkably similar to each other and distinct from Mn,, despite
the Uy of (1) being almost double that of (2) and similar to
those of the Mn,, family. Since (1) and (2) exhibit such similar
hysteresis behaviour despite the blocking temperature of (1)
being significantly higher than that of (2) it seems unlikely that
cooling below 1.7 K would result in an increase in either the
apparent coercive field or remnant magnetisation. Indeed the
rate of relaxation of the magnetisation in (1) has been shown
to be independent of temperature below 2.0 K. It seems likely
that the difference in behaviour between Mng and Mn;, in MCD
detected hysteresis measurements arises from relaxation of the
structure upon casting into polymer film. The MCD detected
hysteresis loops of (1) and (2) are strikingly similar to those

Normalised intensity

1 . 1 . 1 " 1 " 1
-2 -1 0 1 2

Magnetic Field (T)

Fig. 3 Hysteresis measurements for (1) at 22300 cm™ (panel A), (2) at
21600 cm™ (panel B) and (3) at 22 500 cm™ (panel C). The MCD spectrum
of (4) has no intensity at similar energy.

detected using SQUID magnetometry on single-crystal samples
exposed to large hydrostatic pressures.®** High pressure X-ray
crystallography showed that this loss of coercivity is due to
flattening of the Mn-O-N-Mn torsion angles weakening the
pairwise ferromagnetic exchange between metal centres, and
that this effect is greatest for the metal ions which lie at the
periphery of the cluster. An applied pressure of 1.5 GPa lowers
two of the three torsion angles by around 5 degrees, fits of the
magnetisation data show that this leaves the cluster anisotropy
D almost unaffected but leads to a change in spin ground state
and increased ‘nesting’ of the spin excited states resulting in
the anisotropy barrier being lowered to around 50% of the
value at ambient pressure. The pairwise ferromagnetic exchange
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Normalised intensity
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Fig. 4 Hysteresis measurements for (1) at 26400 cm™ (panel A), (2) at
26500 cm™ (panel B), (3) at 25300 cm™ (panel C) and (4) at 26 600 cm™
(panel D).

between Mn(111) centres in Mn,, is not dependent on distortion
of the bridging carboxylate ligands and the exchange parameters
show little dependence on pressure. Rather the effect of pressure
on Mn,, is to induce interconversion between slow and fast
relaxing Jahn-Teller isomers.*”*° The better agreement between
susceptibility (solid state) and MCD (solution or polymer film)
detected hysteresis in Mn,, is presumably therefore due to the
greater rigidity of the cage.

An alternative explanation for the observed difference in be-
haviour of Mn,, and Mnj is the change in mechanism of relaxation
of the magnetisation. In the Mn, cages the dominant mechanism
of relaxation is via S-mixing*** due to the relatively weak ferro-
magnetic exchange. In the Mn,, series the dominant mechanism is
quantum tunnelling through the anisotropy barrier."** Indeed,
magnetisation measurements on oriented single crystals of (1)
show tunnelling transitions between spin states to be induced
by small transverse (perpendicular to the molecular z-axis) fields.
For a randomly (or close to randomly) oriented ‘powder’ sample
in the MCD experiment, the vast majority of the ensemble will
experience some transverse component of the magnetic field. This
will induce spin relaxation at different applied fields for each
orientation within the powder average, smearing out the peaks
in relaxation rate observed for single-crystal samples.

All bands in the spectra of (1) and (2) retain between 5 and
20% of their 5 T intensity upon removal of the magnetic field and
have coercive fields of approximately 1000G. There is however no
consistent pattern for which bands retain the greatest percentage
of their 5 T intensity at zero field between (1) and (2). In SMMs,
only magnetisation along the molecular z-axis is retained upon
removal of the magnetic field. Thus, in the MCD of SMMs, the
degree of retention of intensity upon removal of the magnetic
field is indicative of the amount of xy polarisation of the band.

Since the molecular z-axis is the easy axis of magnetisation,
bands which saturate more easily are also predicted to retain
the greatest proportion of their 5 T intensity upon removal of
the magnetic field. Hysteresis and magnetisation measurements
at 1.7 K therefore indicate that bands of similar energies which
presumably arise due to identical one-electron excitations on
the Mn chromophores have slightly different polarisation ratios
between (1) and (2). Given the similarity of the other parameters
describing the magnetic properties of the core, this may be due to
the differences in the distribution of the angles between the local
and molecular z-axes in (1) and (2). Whilst the excitation of the
electron is, to a first approximation, localised on a single ion, the
band polarisation is expressed in coordinates which diagonalise the
spin of the system, that is the molecular axes. Table 2 lists the angles
formed between the elongated axes of the Mn(11) ions (the local
z-axes) and those perpendicular to the plane containing the three
ions (the molecular z-axis). Despite the probable relaxation of the
structure as determined by X-ray crystallography upon casting the
samples into PMMA film the variation in these angles between

Table 2 Calculated angles 8 in degrees between the local Jahn-Teller axes
of the Mn ions and the molecular z-axis for (1) and (2)

Compound 0, 0, 0, 0., Oo
1) 10.88 11.42 12.17 11.49 0.65
2) 9.54 12.58 12.92 11.68 1.86
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(1) and (2) remains a possible explanation for the differences in
observed band polarisation.

Relaxation of remnant magnetisation at 1.7 K

Both (1) and (2) retain a small percentage of their 5 T MCD
intensity on removal of the magnetic field provided the sample
temperature remains below 2 K. This is consistent with the
onset of temperature independent SMM behaviour observed by
AC susceptibility. However, the intensity of this residual MCD
decays over a period of minutes (see Fig. 5), in contrast to the
relaxation time predicted from susceptibility measurements which
is of the order of months at 7" < 2 K. The residual MCD of both
compounds does not decay to zero. Fitting of the decay indicates
small but finite intensity for several bands as t— <o (see Table 3).
The phenomenon of slow relaxation of the magnetisation is not
restricted to zero field measurements. The intensity of the MCD
response at 1.7 K is almost independent of field for applied fields
greater than 2 T (see Fig. 3). However for lower applied fields
small changes in A¢ are observed for ~10” s after stepping the
field (see Fig. 5) despite both the Hall voltage (which monitors the
static field at the sample) and cernox resistance (which monitors
sample temperature) remaining constant during this time period.
Such effects are not observed in the 1.7 K MCD of (3) suggesting
this phenomenon is a consequence of SMM behaviour. Within
error the time constant for the decay of the magnetisation of
(1) at small applied fields is identical to the slow phase of the

45 .
O Decay of MCD of (1) at zero field
A Decay of MCD of (1) at 1T
O Decay of MCD of (2) at zero field
40 — fit to exponential decay |

6 mdeg

time (s)

Fig.5 Decay of the MCD at 445 nm of (1) and (2) after stepping the field
from 5 T to zero field or from2Tto 1 T.

biexponential decay observed at zero field. The decay of the zero
field magnetisation of (2) is best fitted to a single exponential which
is intermediate between the fast and slow phases of (1). It is unclear
whether the biexponential decay observed for (1) at zero field is due
to the overlap of bands with different relaxation characteristics or
represents true biphasic behaviour of a single band. However, it has
not proved possible to deconvolute wavelength scans collected at
zero field after magnetising the sample into fast and slow relaxing
components based on the peak positions listed in Table 1.

The physical origin of the observed relaxation phenomena
is unclear. However, further measurements eliminate certain
possibilities. Relaxation of the magnetisation persists at 1.7 K
with the beam shutter of the spectropolarimeter closed. The
observed relaxation is therefore not caused by localised heating
of the sample upon photon absorption. Dissolution of (1) into
mixed organic solvent (70% v/v CH;CO,CH,CH;: 30% v/v
CHCI,) results in a glass at 1.7 K of poor transmittance but
an MCD response is still observable for samples with effective
concentration of approximately 10% of that in the polymer films.
The decay of magnetisation at zero field is similar to that of the
film samples (data not shown). It seems unlikely therefore that the
magnetisation relaxation is caused by dipolar interactions between
cages at the high effective concentrations (ca. 1 mM) of the film
samples.

Conclusions

The Mn, cages (1)-(3) have MCD spectra which have bands at
similar energies to the Mn(111) containing, mixed valence Mn,
series though the pattern of relative intensities is significantly
different. The trinuclear precursor complex (4) has a distinct
MCD spectrum, most notably lacking the positive band and
shoulder at around 22 000 cm™'. This may reflect the presence of
the capping perchlorate ion, an extremely weak ligand. Weakening
of the ligand field environment shifts the *E to T, transition
higher in energy relative to the °E to *T, transition in octahedral
symmetry. The features at 22000 cm™ in (1) to (3) are therefore
tentatively assigned to spin-forbidden transitions which are at
higher energy in (4) and possibly masked by more intense charge
transfer transitions.

Both (1) and (2) show MCD detected hysteresis in their response
to an applied magnetic field at 1.7 K although they appear much
softer magnets than Mn,, and equivalent samples in the solid
state in which the hysteresis is detected by magnetic susceptibility.
However, the absence of any such hysteresis in the 1.7 K MCD of
(3) and (4) demonstrates that SMM behaviour persists for at least

Table 3 Fitted parameters for exponential decay of the MCD intensity of compounds (1) and (2). All timecourses were collected at zero field except *

which was collected after stepping the field from2 Tto 1 T

Compound Energy (x 10° cm™) ¥, (mdeg) A, (mdeg) t (s) A, (mdeg) t, (s)
1 18.9 0.83 — — -1.7 202
1) 22.5 1.61 2.67 27 7.4 206
1)* 22.5 36.8 — — 1.9 208
1) 26.5 0.3 4.26 43 7.3 203
(€))] 30.4 -0.25 -1.88 28 -3.53 169
2) 22.3 1.56 2.4 82 — —
2) 26.5 0.38 2.7 74 — —
2) 30.1 —-0.53 -1.1 58 — —
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some proportion of the ensemble of (1) and (2) upon casting into
polymer film. The difference in behaviour from that in the solid
state may be caused by relaxation of the structural distortions
from which the ferromagnetic pairwise exchange originates on
casting into PMMA film. Molecules in solid-state samples, be
they powder or single crystal, are subject to crystal packing
forces which are absent in the polymer matrix in which the
samples were cast for MCD measurements. Whilst the MCD
measurements show the hysteresis effects to persist for such
isolated molecules it may be that relaxation of the structure lowers
the average torsion angles within the clusters leading to weaker
overall ferromagnetic exchange or possibly a change in spin ground
state, an effective blocking temperature which is lower than the
theoretical maximum and hence narrower hysteresis loops. This
weakening of the ferromagnetic exchange may be such that even
at 1.7 K one or more spin excited states are occupied due to overlap
of spin manifolds. This distribution of net spin states could account
for the observation of several relaxation rates of the magnetisation
at 1.7 K. Alternatively, transverse components of the magnetic field
may be inducing relaxation via a spin mixing mechanism.

Despite the narrowness of the observed hysteresis in (1) and (2),
comparison of data to that acquired under identical conditions
for (3) and (4) show the effects to be real. (3) and (4) have
lower blocking temperatures on account of their smaller spin
ground states and therefore have no hysteresis detectable by MCD
at 1.7 K.

Comparison of the 4.2 K, 5 T MCD of (1)-(4) shows that the
intensity of the band at approximately 26 500 cm™ is diagnostic
of the coordination environment (three six-coordinate ¢f. two six-
coordinate and one five-coordinate) of the manganese ions. Since
the change in coordination environment is induced by the same
structural distortion which causes the change from dominant
antiferromagnetic to ferromagnetic exchange within the [Mn;—
u;-01* moieties, the intensity of this feature is also diagnostic
of the nature of the magnetic exchange within these triangular
motifs. The presence of the capping perchlorate ion in (4) results
in a weaker ligand field environment than in (1)—(3). This leads
to significant changes in the 4.2 K, 5 T MCD, most notably
the absence of the intense features at around 22000 cm™. The
feature at 26000 cm™ is unaffected by the change in ligand
field, confirming that all Mn ions in (4) remain six-coordinate
in the PMMA film. The hexanuclear cages are therefore readily
distinguishable from their trinuclear precursors by the pattern of
bands around 22 000 cm™.
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