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ABSTRACT

Two new polynuclear high-spin Co' coordination clusters have been synthesised using the proligand N-allyldiethanolamine
(2,2'-(allylazanediyl)bis(ethan-1-ol), adeaH,). The heptanuclear coordination cluster [Col'Cof(adea),(us;-OH),(us-OMe),(u,-
OMe),(piv)s (MeOH),]-2MeOH (1) possesses a disk-like core motif and was used as a starting material for the syntheses of
the octanuclear coordination cluster [Col'Coll(adea),(u3-OH),(piv)yo]-2Hpiv-2MeCN (2). From magnetic measurements a mag-
netic model could be developed which fits the yT versus T and M versus B curves accurately. In order to rationalise the magnetic
properties of 2 it was found essential to consider the consequences of the freedom to choose the local coordinate frames used for
describing the individual Co™ centres in the cluster. The far-reaching implications of this for the interpretation of magnetic param-
eters derived from magnetic modelling of clusters containing highly-anisotropic metal ions are discussed.

1 | Introduction [10-15], since magnetic anisotropy is a key factor in enhancing
SMM behaviour [16, 17]. Remarkable progress has indeed been
made using lanthanides, with SMM behaviour observed at temper-
atures above that of liquid nitrogen (77 K) [18]. The best perform-
ing lanthanide-based SMMs are however mononuclear complexes
(single-ion SMMs), where the high blocking temperatures are
achieved owing to their large total angular momentum J and
strongly axial anisotropy [19]. Polynuclear lanthanide-based
SMMs, in contrast, still exhibit relatively low blocking tempera-

tures, even though, in principle, the anisotropies of the individual

Since the discovery of slow relaxation and quantum tunnelling of
the magnetisation in Mnj,ac and Feg three decades ago, single-
molecule magnets (SMMs) have attracted enormous interest
[1-4]. In principle, such systems could be used for data storage
[5] or quantum information technology [6-9] on a molecular scale.
However, SMMs incorporating only magnetic ions of the 3d row
with quenched orbital angular momentum L, such as MnT,
Mn'™" or Fell', have been found to be limited in their SMM perfor-
mance. For instance, SMM behaviour is only observed at very low

temperatures (blocking temperatures less than ca 15K), which
represents a major obstacle in using such systems for practical
applications [4]. Thus, the search for molecules exhibiting
SMM behaviour at higher temperatures has become a major focus
of research, with attention shifting toward metal ions with
unquenched orbital angular momentum, such as the lanthanides

ions within the cluster could combine constructively to yield an
enhanced overall cluster anisotropy, and, consequently, improved
SMM performance. However, this has not yet been realised, which
can be attributed to the generally lower symmetry of the ligand
coordination environments in these clusters, as well as the weak
intramolecular exchange and dipolar magnetic interactions.
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Polynuclear Co'-based complexes could appear as interesting
candidates in this context. High-spin Co!! ions in octahedral
environment also exhibit strong single-ion anisotropies due to
unquenched angular orbital momenta, but, unlike lanthanides,
exchange interactions between them can be strong and promote
enhanced cluster anisotropies [20, 21]. Indeed, owing to the
favourable properties of the Co! ion, Co''-based SMMs have
become a highly active area of research over the past decade, with
numerous mono- and polynuclear SMM systems reported in the
literature [22-40]. However, modelling and fully understanding
the magnetic behaviour of Co!! clusters remains a significant
challenge [20, 41].

We previously have shown that our synthetic approach to coordi-
nation clusters of various combinations of 3d and/or 4f metals [42],
in which a combination of N-substituted diethanolamine and
carboxylate ligands is used, can be successfully applied to prepare
a variety of coordination clusters, including pentanuclear cobalt
complexes [43]. A useful starting material here is the polymeric
Co' npivalate (pivalate = 2,2-dimethylpropanoato) compound
[Co"(piv),],, which Winpenny et al. have shown to be a good
precursor for cobalt coordination clusters [44-47]. We there-
fore decided to use this polymeric material in a reaction with
N-allyldiethanolamine (adeaH,, Scheme 1c). We chose the allyl-
substituted diethanolamine ligand with a view towards subse-
quent ligand functionalization, which is a current focus of further
work in this area. However, here we report on the mixed-valent
Co™/Co™ coordination clusters which can be isolated and charac-
terised structurally, and which we subjected to a detailed study
of their magnetic behaviour, which proves to be both fascinat-
ing and challenging to understand. The heptanuclear complex
[Co}'Co¥ (adea),(u3-OH),(u3-OMe), (1,-OMe), (piv)s(MeOH), |-
2MeOH (1, Figure 1a) was isolated from a reaction of the poly-
meric cobalt pivalate material with the adeaH, ligand and since
it could be obtained in moderately good yield we decided to
explore the use of compound 1 as a starting material for further
reactions. In particular, reaction of 1 with pivalic acid led to the
mixed-valent octanuclear complex, [Co!Coll(adea),(u;-OH),
(piv)io]-2Hpiv-2MeCN (2, Figure 1b) which possesses particu-
larly interesting magnetic properties also described here.
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SCHEME 1 | (a) Structure of pivalic acid, (b) coordination modes of
pivalate ligands in 1 and 2, (c) structure of N-allyl-diethanolamine
(adeaH,), (d) coordination mode of (adea)’~ in 1, (e) coordination mode
of (adea)’~ in 2.

For both clusters the magnetic susceptibility and magnetisation
curves were recorded, and successfully modelled by using the
effective spin-1/2 Hamiltonian approach. There was no evidence
for SMM behaviour, as gauged by ac-susceptibility measure-
ments, for either coordination cluster above 1.8 K. However,
the magnetic behaviour of cluster 2 proved remarkable in that
its magnetism at low temperatures can be described precisely
using a strong-exchange model. This is in contrast to the com-
mon expectation for Co™ clusters, which is that a weak-exchange
model should be the appropriate starting point [48]. For the inter-
pretation of this finding we adopted a theoretical framework in
which the local coordinate frames used for describing the indi-
vidual Co centres in the molecule may be chosen to be different
for each centre. The underlying principle is well established in
physics and is a standard technique, for example, in the
spin-wave theory of magnetic systems with non-collinear spin
structures [49-51]. Besides being useful for interpreting the
experimental results in 2, the freedom in choosing the local
coordinate frames has also general implications for the mag-
neto-chemical interpretation of the magnetism in polynuclear,
exchange-coupled clusters containing magnetic ions with
orbitally-degenerate ground states. The identification of this
important point is an additional major outcome of this work [52].

2 | Results and Discussion
21 | Crystal Structures

Compound 1 crystallizes in the monoclinic space group P2, /c with
Z =2 and its molecular structure is shown in Figure 1. The central
cobalt Co(1) is situated on a crystallographic inversion centre. The
core of the coordination cluster in 1 consists of seven cobalt ions
that are coplanar to within 0.211 A and form a disk-shaped struc-
ture, in which one cobalt lies at the centre of a hexagon formed by
the remaining six. The seven metal centres are bridged by six
triply-bridging hydroxo or alkoxo ligands that lie alternately above
and below the plane. This core topology has been previously
reported in cobalt aggregates [48, 53, 54], and is a frequently
encountered motif in polynuclear complexes, corresponding to
a fragment of a layer within the brucite M(OH), structure.

The oxidation states of the cobalt ions were checked using Bond
Valence Sum calculations and the calculated values are given in
Table 1. Co(4) and its symmetry-equivalent Co(4’) were found to
be Co'™, while the other five are all Co™. The two adea?~ ligands
each chelate a Co'! centre through their ligand nitrogen and two
deprotonated oxygen atoms, O(3) and O(4), which also bridge to
three Co'! cations. The six triply-bridging groups consist of two
methoxo ligands O(1) and O(1’) and two hydroxo ligands O(2)
and O(2’), derived from the solvent molecules present, and
two alkoxo groups resulting from the deprotonation of oxygens
0(3) and O(3’) of the adea?~ diethanolamine ligand.

Further bridging around the periphery of the Co, disk is provided
by two methoxo ligands, with O(5) bridging between Co(4) and
Co(3’), and two ligand alkoxo groups, with O(4) bridging
between Co(4) and Co(2) plus the respective symmetry equiva-
lents. By contrast, the Co(2)--Co(3) edge (and its symmetry equiv-
alent) has no additional u,-alkoxo bridge; instead, this edge is
supported by a syn,syn-carboxylate bridge and by a strong hydro-
gen bond between the methanol ligand and a unidentate
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FIGURE1 | (a)Molecular structure of 1. Organic H-atoms and minor ligand disorder are omitted for clarity. (b) Molecular structure of 2. (c) Central

core of 2 with allyl groups and pivalates omitted. Co'': purple, Co': pink, O: red, N: blue, C: dark grey. (d) Metal core topologies of 1 and 2 with Co"'-Co!!
connectivities highlighted in orange. (e) Scheme of the magnetic coupling paths as used in the magnetic models discussed in the text. The labelling of the

spin centres follows that in panels (c,d). In the one-J model all coupling paths were considered to be equal, while for the two-J model the coupling paths

along the quasi-linear Coll units (green lines) and those between the members of these units (black lines) were allowed to be different.

carboxylate ligand, with O(11)--O(12) 2.582(3) A. As a conse-
quence, the Co(2)--Co(3) distance is significantly longer at
3.4525(6) A than the other Co--Co distances, which fall in the
range 2.9562(6)-3.2625(4) A. Co(1), Co(3) and Co(4) each have
distorted octahedral coordination environments, with that of
the trivalent Co(4) being as expected less distorted than for
the divalent centres as judged by the ranges of X-Co-X angles,
while Co(2) is pentacoordinate with a trigonal-bipyramidal
geometry, in which O(3") and O(10) occupy the axial sites.

Since Co(4) and Co(4’) are clearly low-spin Co and thus dia-
magnetic, from a magnetic point of view the structure reduces
to five Co" ions that form a ‘bow-tie’ structure [57], in which
two triangles share an apex. Examining the Co'"-O-Co!! bridges
between these five centres, the Co(2)-O(2)-Co(3’) (and the corre-
sponding symmetry equivalent) angle of 114.47(10)° is larger
than the others, as might be expected given the lack of the extra
u,-alkoxo bridge between these pairs of cobalts. However, while
three of the remaining four independent Co-O-Co! angles
are rather similar, in the range 95.93(7)-96.91(8)°, the fourth,

TABLE1 | Oxidation states for the Co centres and charges on OH and
OMe ligands in 1 and 2 from Bond-Valence Sum Calculations.”

1 2
Co(1) 1.97 2.01

Co(2) 2.11 1.94

Co(3) 1.96 1.95

Co(4) 2.97 3.01

0(1) -1.11 -1.13
0(2) -1.02 -1.12
0(5) —-0.96

“R, values from Wood and Palenik (Co-O) and Brese and O’Keefe (Co-N)
[55, 56].

Co(1)-0(2)-Co(2), is significantly more obtuse at 105.85(9)°.
This lowering of symmetry is likely to be reflected in the mag-
netic interactions between the Co!' centres.
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Compound 2 crystallizes in the triclinic space group P1, with
Z =1. The molecular structure of the centrosymmetric octanuclear
complex is shown in Figure 1, together with a view of the core of
the aggregate. The central part of the core consists of four Co' jons
(Co(1) and Co(3) and their inversion counterparts) that describe a
planar rhombus, with two (u3-OH) ~ ligands (O(1) and O(1")) each
bridging over a triangle of three metals, one above and one below
the plane of the rhombus to give the well-known ‘butterfly’ motif.
Two opposite edges of the rhombus, Co(1)--Co(3) and Co(1’)--
Co(3"), share an edge of a tetrahedral Co{'Co™ unit. The Co™ cen-
tre, Co(4), is again chelated by an adea®~ ligand in a similar fash-
ion to that in compound 1 (Scheme 1). The two deprotonated
oxygens of the ligand, O(3) and O(4), each bridge between
Co(4) and two of the Co'" centres in the tetrahedron, as does the
hydroxo ligand O(2). Three of the four faces of the Col!Co! tetra-
hedron are thus triply-bridged by hydroxo or alkoxo oxygens, and
the tetrahedron can thus be considered as a Co,O, cubane in
which the oxygen bridging the Col face is missing.

Around this core, peripheral ligation is provided by ten pivalate
ligands, of which two chelate single cobalt centres while the
remaining eight form syn,syn-carboxylate bridges. The two pivalic
acid molecules in the crystal lattice are rather strongly hydrogen
bonded to the aggregate. Their carboxylic acid groups each form
a hydrogen bond to an oxygen O(13) of a chelating pivalate ligand,
and also accept a hydrogen bond from the hydroxo ligand O(2).

As in the case of compound 1, from a magnetic point of view the
two Co'™ jons can be neglected and only a Coll core needs to be
considered. In the view of the core in Figure 1c, the Co!'-O-Co!!
bridges have been highlighted in orange. On consideration of the
corresponding angles at the oxygen bridges, it becomes apparent
that to a first approximation these can be divided into two groups.
If the core is regarded as being composed of two parallel, almost
linear Cof! units, Co(2)--Co(1)--Co(3") and Co(2’)--Co(1")--Co(3),
then the bridges between metals within these units subtend
obtuse angles with Co(1)-O(2)-Co(2) and Co(1)-O(1)-Co(3")
131.19(8)° and 112.39(8)°, respectively. The angles corresponding
to bridges between the two units are all closer to 90° with Co(1)-
0(1)-Co(1") 97.72(7)°, Co(1)-0(1)-Co(3) 102.54(7)°, Co(1)-O(4)-
Co(3) 91.18(6)° and Co(2)-0(3)-Co(3) 93.08(7)°.

It is worth noting that in both 1 and 2 the two adea?~ ligands
chelate the two Co™ centres through their ligand nitrogen
and two deprotonated oxygen atoms, while all the Co'! ions have
six oxygen donors. A similar partition of oxidation states has been
noted in other mixed-valence Co™/Co™ clusters with diethanol-
amine ligands [58-60]. The larger ligand field splitting afforded
by the nitrogen-containing adea?~ ligands apparently favours
the stabilisation of low spin d® Co!™, whereas for the remaining
cobalt centres with their six oxygen donors, the high-spin d’ Co!
state is favoured. It is likely that during the formation of 1, che-
lation of some of the Co™ cations by adea?~ ligands facilitates
their aerial oxidation to Co™. During the transformation of 1
to 2, it is likely that the chelated Co™ remain in this oxidation
state, and that the transformation can be regarded as a substan-
tial structural reorganisation rather than involving any further
redox chemistry. In both clusters, the deprotonated oxygens of
the adea®~ ligands bridge between the chelated Co™ and three
Co"! ions, although the structural motif is more symmetrical in 2
than 1; the two coordination modes are compared in Scheme 1.

2.2 | Magnetic Characterisation

Magnetic susceptibility studies were performed using both dc and
ac fields. No out-of-phase ac-susceptibility signals were observed
for either compound. The yT product of cluster 1 (Figure 2a) at
300K is 14.47 cm3Kmol~!, ie., 2.89 cm®Kmol~! per magnetic
ion, which is a common value for a high-spin Co! jon with
unquenched orbital angular momentum, but higher than the
spin-only value of 1.88 cm® Kmol ~! expected for a spin 3/2 centre
(g =2). With decreasing temperature the y T product decreases con-
tinuously from 300 K down to 1.8 K, which in a Co™ cluster could
be due to crystal-field splitting and/or intramolecular antiferromag-
netic couplings. However, the yT product approaches a very small
value of 1.04 cm3 Kmol ! at 1.8 K, which is too low to originate
only from the crystal-field effects, indicating the presence of signif-
icant antiferromagnetic exchange interactions in the cluster. The
field dependence of the magnetisation (Figure 2b) shows a nearly
linear increase at 5 K up to the highest available field of 7 T. Some
curvature develops at the lower temperatures, but saturation is not
reached even at 2 K and fields up to 7 T. At this point the magnet-
isation assumes a value of 2.93 up, which is much smaller than the
saturation moments of about 11 up (5 X 2.2 pup) typically expected
for a five-membered Co!" cluster [35, 43, 53]. This behaviour is
another hint regarding the presence of antiferromagnetic couplings
in 1, giving rise to a complicated low-energy spectrum with several
levels in the energy range accessible at 2K in fields up to 7T.

The temperature dependent T curve for compound 2 is shown in
Figure 3a. At 300 K the y T value is 16.1 cm?® Kmol ~! corresponding
to 2.68 cm® Kmol ~! per Co! centre, which is larger than the spin-
only value, again indicating orbital contributions from the Co!
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FIGURE 2 | (a)yT versus T curve and (b) magnetisation curves for 1
for the indicated temperatures. The closed and open circles represent the
experimental data; the lines are guides to the eye.
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FIGURE 3 | (a)yT versus T curve and (b) magnetisation curves for 2
for the indicated temperatures. The open or closed circles represent the
experimental data, the solid and dashed lines represent the simulated
best-fit curves for the two-J and one-J models, respectively. The inset to
panel (a) shows the yT curve up to the highest measured temperature
of 300 K, together with the simulated results for the two-J and one-J models.

ions. The yT product decreases steadily with decreasing tem-
perature, reaching a plateau-like feature at about 10-35K, with
a value of about 8.8 cm® Kmol~!. On further decreasing the tem-
perature below 10K, yT again decreases to reach a value of
7.33cm’ Kmol ! at 1.8 K. The magnetisation curves (Figure 3b)
increase linearly at low fields and then show a slower increase
without clear saturation even up to 7 T, which is common behav-
iour for such a Co™ cluster. However, at 2K and 7 T the magnet-
isation is 7.11 pup, which is smaller than the value expected for six
uncoupled or ferromagnetically coupled Co centres, suggesting
the presence of antiferromagnetic couplings in the cluster.

At this point it should be stressed that the above discussion
regarding the nature of the exchange coupling, in terms of
antiferro- or ferromagnetic, is based on the usual ‘common sense’
arguments regarding the relationship between the thermal
evolution of the yT product and type of exchange coupling.
However, in Co!' clusters (and other clusters containing highly-
anisotropic metal ions) such arguments may fail, as we demon-
strated for a Coll complex [43]. In fact, a definitive conclusion
concerning the nature of the couplings can only be obtained
through modelling the data.

2.3 | Analysis

The dc magnetic data were analysed by least-square fitting to an
effective spin-1/2 Hamiltonian in order to extract values for the

magnetic parameters. Each Co'' (d”) ion is coordinated by six
oxygen atoms, resulting in a distorted octahedral environment
and a weak (or intermediate, depending on notation) ligand field
[20, 61]. Accordingly, a high-spin S=3/2 state is expected. The
octahedral component of the ligand field leads to a splitting of the
orbital energies on the order of several 1000 K and gives rise to an
orbital triplet ground state (which is usuall described by an effec-
tive orbital angular momentum [=1). The combined effects of
the splittings within the orbital triplet due to distortions from
ideal octahedral symmetry and spin-orbit coupling further split
the energies into six Kramers doublets with energy separations
on the order of 100K or more. Hence, below about 40K only
the ground-state Kramers doublet is thermally populated, and
each Co'! centre can be described by an effective spin s=1/2
[20, 41, 62]. The interaction with an external magnetic field B
may be described by a Zeeman-type Hamiltonian pgS; - g; - B,
where the index i refers to the i-th Co™ centre in the cluster.
Typically the g matrices g; are highly anisotropic [63]. The
exchange interaction between two Co!! ions is described by a
Hamiltonian of the form §; - J; - §;, where the coupling tensor
J;; allows for both isotropic and anisotropic exchange to be taken
into account (antisymmetric exchange shall be neglected here).
In principle, a second-order term of the form —(1/2)B-y,-B
also appears, which results in a temperature-independent para-
magnetism (TIP)-type of contribution. For certain systems this
TIP contribution can have significant effects [62] but in the pres-
ent case of clusters 1 and 2 it can safely be neglected on account
of its small relative magnitude. The effective spin Hamiltonian
for each of the clusters would, in principle, involve more than
a hundred magnetic parameters, which are evidently too many
to be determined from our experimental data, hence the necessity
to make reasonable approximations and assumptions.

First, uniaxial symmetry was assumed, i.e., all matrices g; and J;
were assumed to be diagonal and each be described by two param-
eters for the xy and z directions, respectively. Furthermore, the
matrices g; were assumed to be equal for all ions. Also, not more
than two different exchange coupling paths were allowed for. It is
noted that, although not necessarily justified from first principles
such as molecular symmetry, these sorts of assumptions are fre-
quently made for polynuclear Co™ clusters in order to avoid the
problem of over-parametrization (with exceptions, e.g., Col' dimers
[64]). Finally, as a further provision against over-parametrization,
the temperature dependent T data below 40 K as well as the mag-
netisation curves at the three different temperatures were simulta-
neously used within a fit.

For complex 1, although excellent fits to the measured data could
often be obtained, the situation was such that all tested models
fell into one of two unhelpful categories. Either no good fit could
be obtained at all, or else several excellent fits, involving many
different and obviously unrelated parameter sets, were found, but
it was not possible to determine which of these was the true one
as the fits were all of comparable quality. In other words, the
models were either too constrained to allow for a good fit, or
over-parametrised and allowing many equally good fits, with lit-
tle in between. Unfortunately, we encounter this situation quite
frequently in the analysis of the magnetic data of Co! complexes,
preventing us from obtaining meaningful magnetic parameters.
Hence, in conclusion, the experimental data for 1 could be very
well reproduced but reasonable values for the magnetic
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parameters could not be safely inferred, and thus it is not sensible
to make further statements regarding this compound.

In contrast, for complex 2 the attempts at fitting the magnetisa-
tion data were successful in the sense that out of the many tested
models, two yielded fits that were both good and stable and that
converged to unique parameter sets. In the first model, which is
the simpler one, all coupling matrices J;; were taken as equal (the
exchange paths in 2 are depicted schematically in Figure 1e). It
will hence be referred to as the one-J model. Secondly, in the two-
J model the exchange couplings along the two quasi-linear Co
units were allowed to differ from those between the members of
the upper and the lower linear units. The Hamiltonian is then as
given in Equation (1),

H= - Z (J ijxy(§i,x§jx + §i,y§j,y) +J ij,zéi,zgj,z)

i<j

ey
+ .MBZ (8ixy(8ixBe +3iyBy) +8i28i2B;)
L
where the first summation has to be understood as the sum over
the exchange pathways depicted in Figure 1e. In the two-J model,
the Hamiltonian involves the four exchange parameters J; ,,, J1 5,
Jaxy and J,,, and the two g factors g, and g,.

The one-J model is retrieved from this by setting J; ,, =J5,, = J,
and J,, =J,, =J,. However, in this case we have observed that
although reasonable best-fit values for the exchange coupling
constants were obtained, the estimated standard deviations
(esd) were unreasonably large. This could be associated to the
fact that in this model the higher-lying energy levels are too high
in energy to be reliably determined from the experimental data
and resolved by a parameter change from J,, and J, to the param-
etrization J = (2J,, +J,)/3 and D; =J, —J,,. With these, the best-
fit parameters were obtained as D; = 5.56(8) K, J = 270(40) K,
8y =2.47(1) and g, = 2.40(1). As can be seen, the value of J is
quite large, i.e., larger than the temperature range of up to
40K accessed in the fits, resulting in a large esd for J. The fits
corresponding to the yT and M(B) curves are shown in
Figure 3, and reproduce the data below 40 K very well. A similar
parametrization issue was not observed for the two-J model,
which yielded a unique and stable fit with the best-fit parameters
Jioy =—205(6) K, J, , =205(7) K, J50, = T0(4) K, J,, =29(2) K. &,
= 6.67(3), and g, = 2.37(1). Both the yT curve below 40 K and the
M(B) curves are reproduced excellently in this model, as shown
in Figure 3. The magnitudes and anisotropies of the exchange
coupling constants, as well as the g factors, fall within the range
expected for six-coordinate Co" clusters [20, 35-37, 39-41].

In the above fits only the yT data up to 40 K were used, in order
to account for the fact that the effective spin-1/2 approach
becomes valid only at temperatures well below about 100 K.
However, although at higher temperatures the effective spin-
1/2 approach cannot be expected to provide quantitative agree-
ment, it should be expected to at least reproduce the correct
trend in the variation of yT with temperature. Therefore, the
xT product was numerically simulated for the whole tempera-
ture range up to 300 K for the one-J and two-J models with the
respective best-fit parameters. The results are compared to
the experimental behaviour in Figure 3. For the one-J model
the simulated yT continuously decreases with increasing tem-
perature falling off completely from the experimental data. In

contrast, the two-J model, although it does not exactly repro-
duce the experimental data, clearly reproduces the correct trend
in the temperature dependence. It appears unlikely that an
improvement of the one-J model that also takes into account
the crystal-field splitting would allow for the simulation of
the experimental data at higher temperatures, while for the
two-J model this appears very likely. Hence, based on this phys-
ical argument, the one-J model was excluded and the two-J
model considered as appropriate for 2.

The simulated low-lying energy spectrum is shown for both the
one-J and two-J models in Figure 4. Both models produce a very
similar pattern of the lowest energy states. The main difference is
in the higher-excited states, which in the one-J model lie well
above 40 K, explaining the large esd in J observed in the fitting
described earlier. In the two-J model the next higher-lying states
appear in the range of 35-45 K. It is recalled that for both models
the z component of the total (effective) spin is a conserved quan-
tity, and that hence the states can be labelled by the magnetic
quantum number M,.

A remarkable aspect of the simulated energy spectrum is its clear
‘strong-exchange’-like structure, familiar for typical SMMs such
as those containing high spin Mn'! jons [4]. The seven lowest
levels running from M, = -3 to M, = 43 form a parabola very
reminiscent to that of a S=3 ground-state spin multiplet with
an easy-axis anisotropy parameter or zero-field splitting (ZFS),
respectively. Also, the five next-higher lying levels appear to
belong to a S=2 multiplet with an easy-axis ZFS. Thereby,
the ZFS splitting is significantly smaller than the energy gap
between the S =3 ground and S =2 excited multiplet. All this fits
perfectly into a strong-exchange limit picture. In fact, the yT data
up to around 10-15 K and the magnetisation curves can very well
be simulated by the giant-spin Hamiltonian

Hg=Dg($;-S(S+1)/3)+BY04(S) +usgS- B (2)

with S=3 and the parameters Dy = 1.88(1) K, B} = 0.57(2) mK,
g = 2.49(1) (the resulting curves coincide essentially with those
produced by the one-J model in this temperature regime, and are
hence not explicitly shown).

40
v 304
; — two-J model
) one-J model
@ 20+
< —
]

10+ — —

0

FIGURE 4 | Simulated low-energy part of the zero-field energy spec-
trum of 2 as function of M, for the two-J (black) and one-J (grey) models.
The best-fit parameters are given in the text.
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However, a strong-exchange limit situation is not obvious from
the determined exchange coupling constants in the two-J model,
which clearly appear to be very anisotropic. In fact, for the
exchange on the two quasi-linear Col' units it was found that
Jixy = —205K and J; , = +205 K are essentially equal in magni-
tude but of opposite sign. This apparent oddity can be understood
by noting the freedom to choose the local coordinate frames.

2.4 | Local Coordinate Frames

In this subsection it will be shown how the seemingly strong
anisotropy of the exchange interactions in 2 can be reconciled
with an energy spectrum and a magnetic low-temperature behav-
iour which is characteristic for the strong-exchange limit. The
invoked considerations point however also to fundamental impli-
cations, which will be addressed in the next subsection.

The starting point is the well-known fact that physical observ-
ables must not depend on the coordinate frame which is chosen
to describe the system. For global coordinate frames (laboratory
coordinate frames) the considerations are familiar: A system,
which is described in the coordinate frame XYZ by, let’s say,
the Hamiltonian

Hyyz= - Zéi Jii -8 +MBZ§1‘ g B 3

i<j i

can equivalently be described in a different global coordi-
nate frame X'Y’Z’, which is obtained from the previous one
by a rotation R. In the new frame, the Hamiltonian reads
Hyryiy = — > iciSt - - 8 +updi8; - g’ - B', where the exchange
and g matrices are given by J;=R~'-J;-R and g/=R™" - g;
R, respectively. The components of the magnetic field in the
new coordinate frame X'Y’Z' are calculated as B'=R~!-B,
and therefore the Zeeman term can also equivalently be written
as upy ;8 - g - B with a g matrix given as g/=R~! - g;. We will
use this formulation of the Zeeman term in the following.

Importantly, this principle, the free choice of coordinate frame,
does not only hold for the global coordinate frame, which applies
to the whole molecule as an entity, but also for each of the local
coordinate frames X;y;z;, which are used to describe the i-th mag-
netic metal centre. The local coordinate frames are in general not
identical, i.e., each magnetic centre i can be described with its
own local coordinate frame x;y;z;. The statement is then that
any physical conclusion does not depend on the choice of the
local coordinate frames.

Mathematically, this may be handled as follows (the physical
implications will be discussed at the end of the section) [49]:
The local coordinate frame x;y;z; of the i-th magnetic centre
can be thought of as being generated from a reference frame,
which can be chosen without restriction as the XYZ frame,
via a rotation matrix R;, that is, x;y;,z; = R, XYZ. Expressed in
the set of local coordinate frames x;y;z; the Hamiltonian Hyy
of Equation (3) then reads

Hiayay = =2 8By §+m) 8 -8B @)

i<j i

where the exchange and g matrices are given by

Tj= R-Jy-R;,

g= R '-g ®

It is important to note the differences to the relations for a change
of the global coordinate frame, in particular for the exchange
coupling matrix: The two rotation matrices to the left and right
in Jgj =R;!-J; - R; are in general not identical, as they refer to
different sites i and j. The transformation formula for the g matrix
may also look unfamiliar, but its correctness follows by the same
argument as above; it results from combining the two steps of
first rotating the Zeeman term to § - (R;”! - g; - R;) - B} and then
calculating the magnetic field in the rotated frame B;=R; ! - B,
which combine to § - (R;!-g;) - B=8§| - g/ - B. The matrices g
and Jj; then in general do not transform as tensors with respect
to local coordinate frame rotations. With respect to global coor-
dinate frame rotations, they however do as physically required
(for the g matrices this requires additional conventions to be ful-
filled, since only g - g7 is in general a tensor but not the g matrix
itself [20, 65, 66]; but we assume this to have been take care of). If
the local coordinate frames or rotation matrices R;, respectively,
are identical for all centres (R; =R Vi), then, and only then, the
familiar transformation from one global coordinate frame to
another mentioned earlier is recovered.

It is also important to note that, although the maths may look sim-
ilar in places, the local coordinate frames introduced here sho-
uld not be confused with rotations or coordinate frames which are
frequently utilised for parametrising exchange or single-ion
anisotropies. For instance, instead of specifying the five indepen-
dent parameters of a second-order single-ion anisotropy contr-
ibution, which can be written as §; - D; - §;, by the tensor D; it
is often more convenient to choose a parametrization in terms
of two parameters D; and E; and three Euler angles according
to D;=R;-D;-R; !, where D,=diag(—-D;/3+E;, —D;/3-E,
2/3D;) and R; is the rotation matrix associated to the three
Euler angles. Similar parametrization schemes are employed for
exchange interactions. These anisotropy-related frames are used
to obtain a more convenient parametrization of actual, physical
anisotropies which are tilted with respect to a global reference
frame. In contrast, ‘our’ local coordinate frames are not a matter
of convenient parametrization, but reflection of an underlying
ambiguity in the spin Hamiltonian concept. The underlying origin
is in fact a free choice of the basis of the Hilbert space of the spins,
which when standard spin bases are used is reflected in the spin
Hamiltonian by said local rotations [20, 49].

An immediate consequence of the possibility to choose the
local coordinate frames differently and at will is that many
Hamiltonians with seemingly very different magnetic parameters
can be generated, which however all describe the very same phys-
ical reality. For global coordinate frames this ambiguity is famil-
iar: The exchange and g matrices contain different values for the
magnetic parameters in the different global coordinate frames,
but this source of ambiguity is well recognised and can be han-
dled by, e.g., singling out a specific global coordinate frame (the
molecule at hand often suggests a preferred global frame). The
free choice of local coordinate frames introduces additional
ambiguity, the consequences of which seem to have not widely
been realised.
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As a most simple example, which will however also be helpful for
understanding the situation in 2, a dimer with an isotropic
Heisenberg interaction is considered [66]. The Hamiltonian is
written as

I:Idimer = _Jél : SZ ‘l'ﬂBgS -B

. . . . (6)
=-8-3-S,+u5(5 -8 B+S,-&-B)
with the exchange and g matrices
1 0 O 1 0 O
J=J{o 1 0|, g, =8=g{0 1 0 @)
0 0 1 0 0 1

In writing down these expressions it was implicitly assumed that
all local coordinate frames are identical, for instance as in
Figure 5a.

Alternatively, however, one could also choose the local coordi-
nate frames shown in Figure 5b, which are obtained via the rota-
tion matrices

100 -1 0 0
R,={0 1 0], Ry=(0 -1 0 (8)
00 1 o 0 1

In this set of local coordinate frames, the exchange and g matrices
become

-1 0 0 100
¥y=slo -1 0], g=glo1 0],
0 1 00 1
)
-1 0 0
g=glo -1 0
0 o0 1

The Hamiltonian with these exchange and g matrices produces
exactly the same physical results as the one with the exchange
and g matrices of Equation (7). For instance, the zero-field energy
spectrum will be identical, in spite of the fact that the exchange
matrix in the second case is not of the Heisenberg type, i.e., does

(a) dimer

FIGURE 5 | The different sets of local coordinate frames for (a,b) the
dimer discussed in the text and for (c,d) the CoY'Coll cluster 2. In panels
(c,d) the labelling of the spin centres is the same as in Figure le. The local
coordinate frames shown in panels (c,d) correspond, respectively, to the
strongly anisotropic and isotropic exchange-coupling situations discussed
in the text.

not fulfil J, =J, =J,. Also, calculated magnetic susceptibility and
magnetisation curves, as well as other observables such as elec-
tron paramagnetic resonance or inelastic neutron scattering spec-
tra, respectively, will be identical.

The dimer example suggests the new set of local coordinate
frames for the cluster 2 shown in Figure 5d. Here, the local coor-
dinate frames for the Co' centres 1 and 1’ (see also Figure 1) are
rotated by the matrix R, given in Equation (8). In this represen-
tation, sign changes in the xy components of the exchange and g
matrices involving centres 1 or 1’ are induced, and the following
set of parameters is obtained (esds were omitted for clarity)

205K 0 0
3,=¥,=¥,,=¥,=|0 205K 0 (10)
0 0 205K

70K O 0

Y=y =Tyy=(0 70K 0 (11)
0 0 29K
—-70K 0 0
J/1,3, =J,=10 —70K 0 (12)
0 0 29K
—6.67 0 0
gi=g,=(0 —-6.67 0 (13)
0 0 2.37
6.67 0 0
g, =g,=g,=g,=[(0 667 0 (14)
0 0 2.37

which leads to exactly the same results as shown before for
Hamiltonian (1). With these parameters it however becomes
immediately obvious that the zero-field energy spectrum and
low-temperature magnetisation can be described in the strong-
exchange limit: The dominant exchange couplings, which are those
along the quasi-linear CoY units and were previously denoted as J;,
are now isotropic and strongly ferromagnetic, immediately explain-
ing a S=3 ground state (3 ;5;=6x1/2=3). The couplings
between the two quasi-linear units, which were denoted before
as J,, are weaker, and anisotropic, leading to an easy-axis ZFS of
the S =3 ground multiplet. A proper choice of the local coordinate
frames has thus allowed us to rationalise the magnetism in 2. That
is, while the different frames or parameter sets are physically equiv-
alent, they are obviously not for the purposes of interpretation and
rationalisation. This is a key result of this work.

It should be noted that the sign change in the xy components of
the leading exchange term, which made it essentially isotropic in
the new frame (see Equation (10)), is accompanied by a sign
change in the xy components of the g; and g|, matrices (see
Equation (13)). This crucial point will be revisited below.

2.5 | General Implications of the Free Choice of
Local Coordinate Frames

The above examples point to intriguing consequences of funda-
mental importance. They demonstrate that for the components
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(eigenvalues) of the exchange-coupling matrix even the type of
exchange interaction may change from ferromagnetic to antiferro-
magnetic. One may thus ask what the notion of ‘ferromagnetic’ or
‘antiferromagnetic’ is supposed to mean in highly-anisotropic clus-
ters. We propose here the determinant of the exchange-coupling
matrix as criterion. The determinant of the local rotation matrices
is det(R;) =1 (we only consider proper rotations), and the determi-
nant of the exchange-coupling matrix is thus an invariant, i.e., does
not change upon any rotations or local and global frame changes,
respectively: det(R;7! - J; - R;) =det(J;). This can be confirmed
explicitly for the specific examples given in the above. In our sign
convention, ferromagnetic or antiferromagnetic coupling would
then correspond to a positive or negative determinant of the
exchange-coupling matrix, respectively.

The two sets of local coordinate frames presented in Figure 5 for
cluster 2 are just two examples out of the infinitely many. It is
hence clear that, even if one of the local coordinate frames is fixed
to coincide with the global coordinate frame, the free choice of
local coordinate frames produces infinitely many physically
equivalent sets of magnetic parameters. On the other hand, obvi-
ously, not all possible sets of magnetic parameters can be physi-
cally equivalent and lead to identical magnetic behaviour.
However, the physical equivalence of two parameter sets may
not necessarily be obvious, as shown by the example of cluster
2, and therefore the fundamental question arises as of how to
detect or categorise the equivalence. In other words, if seemingly
very different parameter sets may describe the same physical
reality, how then to constructively discriminate against the
parameter sets of physically different systems?

Singular value decomposition (SVD) of the exchange matrices can
give an answer. SVD allows us to decompose any matrix as
A=U.X.VT where Uand V are orthogonal matrices, X is diag-
onal with the singular values o, > ¢, > o3 > 0 on its diagonal, and
the singular values are unique [67]. It is then straightforward to
show that J;; and Jj; =R;"" - J; - R; have identical singular values:
FromJ;=U-X-V'itfollows J;=U"-X- V" with U'=R; ! - U
and V'"=V" . R;, and since they both are orthogonal matrices,
they establish the SVD for J :J Thus, physically equivalent exchange
coupling matrices exhibit equal singular values. Two points need to
be mentioned. First, in the SVD, the matrices are orthogonal, and it
thus can happen that two exchange matrices with equal singular
values are related by improper rotations. This is not a problem in
principle, since local coordinate frames associated to improper rota-
tions are equally permissible; it may be perceived as inconvenient
though. Alternatively, the condition of positive singular values can
be lifted, which permits U and V to be proper rotations [66].
Second, the topology of the exchange coupling paths can induce
constraints. For instance, in a triangle, the transformation of
one of the exchange matrices is linked to that of the other two,
since with Jj, =Ry !-J;, R, and J;; =R ! -Jj;- R; the rota-
tions for obtaining J5; are fixed to R; ! and Rj.

The ambiguity induced by the free choice of the local coordinate
frame has also implications for attempts to interpret anisotropic
exchange interactions in terms of magneto-structural correlation.
In light of the above, this is complicated by questions such as
which parametrization is to be used or can the exchange param-
eters inferred for cluster A and cluster B actually be compared.
The proposed SVD algorithm in principle provides a methodol-
ogy to address these concerns, but it is not very intuitive to

describe exchange in terms of singular values. Such questions
do obviously not occur in the discussion of isotropic or weakly-
anisotropic exchange interactions, and meaningful magneto-
structural correlations can be established. They do also not occur
for the single-ion anisotropy. For instance, in lowest order this
anisotropy contribution is described by a term ) ;§;-D;-S§;,
which transforms as usual as D;=R; ! - D - R; also upon appli-
cation of local transformations.

Through Equation (6) a link exists between the exchange-
coupling matrices and the g matrices; the dimer case and the
above results for 2 are explicit examples. If we were able to unam-
biguously determine the entries in the matrices g;, then we could
unambiguously specify the entries in the exchange-coupling
matrices J;. However, the signs of the principal components
(eigenvalues) of a g matrix are not observable, only the sign of
its determinant is [20, 65, 66, 68, 69]. As for the exchange matri-
ces, also for the matrices g; the determinant is invariant upon
local coordinate frame rotations (det(R; ! - g;) = det(g;)), which
just demonstrates again the physical equivalence exploited in this
work. As indicated before, also improper rotations could be used;
the discussion would then be somewhat more involved but the
conclusion would be the same. The question which of the many
parametrization for J;; to choose cannot be resolved by precise
measurements of the g matrices or theoretical ab-initio calcula-
tions, but is entirely subject to convention. The point to note is
that in highly-anisotropic clusters the exchange-coupling con-
stants themselves are not sufficiently informative, but need to
be complemented by information on the g matrices. For materi-
als which contain (only) orbitally-non-degenerate metal ions
such an ambiguity in the determination of the exchange-coupling
constants does not appear. For these ions the eigenvalues of the g
matrices are known to be close to 2 and positive, because of the
relatively weak effect of the ligand fields [63]. The ambiguity dis-
cussed in this work is an intrinsic aspect of highly-anisotropic
metal clusters.

3 | Conclusion

In summary, we have synthesised a CoJ'Coll disk-like molecular
nanomagnet, which was used as a starting material for the syn-
thesis of another nanomagnetic Col'Coll cluster. This work has
demonstrated that the use of N-allyl-diethanolamine together
with pivalic acid as co-ligand offers a useful means to obtain
high-nuclearity clusters. Additionally, the unsaturated allyl sub-
stituent in this ligand opens the potential for subsequent ligand
functionalization, e.g., to develop means of depositing the mol-
ecules on surfaces. For both clusters we were able to develop a
magnetic model which excellently reproduces both the y T versus
T curve and the M versus B curves at low temperatures. However,
for cluster 1 a unique set of magnetic parameters could not be
identified. In contrast, for cluster 2 one reasonable set of mag-
netic parameters could be determined. To properly understand
the magnetic properties in 2 it was found necessary to employ
the freedom to choose local coordinate frames at will, which
allowed us to understand the strong-exchange characteristics
in this compound, which is usually found in weakly-anisotropic
systems with a dominant isotropic exchange interaction. Some
implications and consequences of this freedom of choice have
been discussed. A major consequence is the conclusion that in
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clusters which contain highly anisotropic metal ions an unam-
biguous classification of the eigenvalues of the exchange-
coupling tensor as ferromagnetic or antiferromagnetic needs
to be linked to a detailed specification of the g matrices for all
metal centres in the cluster, which has fundamental implications
for any magneto-chemical interpretation of anisotropic exchange
interactions.

4 | Experimental

All reactions were performed under aerobic conditions. All
chemicals are commercially available and were used without fur-
ther purification. [Co(piv),], [47] and N-allyldiethanolamine
(adeaH,) [70] were synthesised according to the literature
procedures.

[ColCo(adea),(OH),(OMe),(MeOH),(piv)s]-2MeOH (1): To a
solution of [Co(piv),], (0.20g, 0.26 mmol) in MeOH (15 ml)
was added adeaH, (0.028 ml, 0.025g, 0.17 mmol) and Et;N
(0.2 ml, 0.1451 mg, 1.436 mol). The resulting mixture was stirred
for 30 min at 50°C, cooled, filtered to remove any solid and was
then allowed to stand undisturbed at room temperature. Dark
violet crystals of 1 were formed over 7 days in 0.053 g (13%) yield.
Elemental analysis: Calc. (%) for C4gH;04C0;N,0,4 (correspond-
ing to replacement of each of the methanol ligands and lattice
methanols by waters): C 3747, H 6.82, N 1.82; Found: C
37.57; H 6.66; N 1.81.

[ColCol(OH),(adea),(piv)yo]-2Hpiv-2MeCN (2): Pivalic acid
(0.080g, 0.78 mmol) was added to a solution of 1 (0.080g,
0.05mmol) in a mixture of MeCN (10ml) and CH,Cl, (5ml)
and stirred for 60 min at 60°C. After filtration, the solution
was allowed to stand undisturbed at room temperature with slow
evaporation. Dark violet crystals of 2 were obtained after 11 days
in 0.065g (61%) yield. Elemental analysis: Calc. (%) for
C,4H149CogN, 03, (corresponding to the loss of the lattice aceto-
nitriles): C 43.53; H 6.91; N 1.37; Found: C 43.46, H 6.91, N 1.34.

Crystal data for 1: Cs,H;19C0;N,056, 1591.93 g mol~!, mono-
clinic, P2, /¢, T = 100(2) K, a = 15.4660(6), b = 19.1402(8), ¢ =
13.8179(6) A, f = 115.932(1)°, V = 3678.6(3) A3, Z = 2, pogie =
1.437Mg m~3, F(000) = 1666, pu(Mo-Ka) = 1.610mm~};
24298 data measured, of which 8285 unique (R;,; = 0.0187);
refinement (468 parameters) to wR, = 0.1023, S = 1.040 (all data),
R, = 0.0375 (7021 data with I > 20(I)), largest difference peak/
hole = +0.92/-0.41 e A~3.

Crystal data for 2: C;5H;44C0gN4Ox,, 2123.43 g mol ~ !, triclinic,
P1, T = 1002) K, a = 14.3674(14), b = 14.4878(15), ¢ =
14.9982(15) A, a = 85.715(2), B = 71.136(2), y = 61.508(1)°,
V = 2584.5(4) A3, Z = 1, po. = 1.364Mg m~3, F(000) =
1114, u(Mo-Ka) = 1.323 mm~1; 19 409 data measured, of which
11194 unique (R;,; = 0.0175); refinement (661 parameters) to
WR, = 0.0921, S = 1.050 (all data), R, = 0.0388 (9856 data with
I>206(I)), largest difference peak/hole = +0.64/—0.58 e A2,

Data were collected at 100 K on a Bruker SMART Apex CCD dif-
fractometer using graphite-monochromated Mo-Ka radiation
from a rotating anode source and were corrected for absorption
using SADABS [71]. The structures were solved using direct
methods, followed by full-matrix least-squares refinement
against F? (all data) using SHELXL [72] within the Olex2 plat-
form [73]. Anisotropic thermal parameters were applied to all

non-H atoms. Organic H atoms were placed in calculated posi-
tions, while coordinates of H atoms bonded to O were refined.
Rigid-bond (RIGU) and geometric (SADI) similarity restraints
were applied to the refinement of disordered organic ligands.
Full crystallographic data and details of the structural determi-
nations for the structures in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication nos. CCDC 827992 and 827 993. Copies of the data
can be obtained, free of charge, from https://www.ccdc.cam.ac.
uk/structures/.

Magnetic measurements were obtained using a Quantum Design
SQUID magnetometer MPMS-XL on freshly-filtered samples.
The magnetic data were collected using different techniques of
sample mounting such as using a plastic bag as a sample holder
and Apiezon grease to restrain the polycrystalline sample to
avoid torquing of the molecules. Data were corrected for the sam-
ple holder.
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