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We have synthesised and structurally characterised a new
pentanuclear mixed-valent cobalt cluster of formula
[Co3Co™,(OH),(piv)s(L)2(H,O)4] (piv = trimethylacetate,
H,L = salicylideneanthranillic acid) from reaction of a di-
nuclear cobalt pivalate precursor with a Schiff base type
ligand under mild reaction conditions. The core structure can
be conveniently described as two fused Coz—13-OH triangles
with a strict unique sharing vertex point. A complete picture
of the magnetic behaviour of this compound is presented.
Through combined use of susceptibility, magnetisation, and

EPR data as well as broken-symmetry DFT calculations, we
have supported the magnetic data that show weak and
anisotropic exchange interaction between Co!' ions affording
an S = 1/2 ground state that is not completely isolated from
the low-lying excited doublets at low temperature. Under the
optimum applied field of 2 kOe, a frequency-dependent out-
of-phase susceptibility signal can be observed below 4 K.
However, no reliable relaxation rates could be extracted due
to the narrow temperature range in which this behaviour was
observed.

Introduction

Polynuclear transition-metal complexes bearing para-
magnetic ions continue to attract much interest in the area
of molecular magnetism, especially because they are good
candidates for investigating slow relaxation of the magnetis-
ation phenomena (single molecule magnet behaviour,
SMM)!! and, more recently, as promising units for molecu-
lar refrigerants® as well as in the field of molecular spin-
tronics.!

A huge family of polynuclear complexes have been devel-
oped in which magnetic exchange interactions are mediated
by oxygen-donor bridging ligands such as hydroxide, oxide,
alkoxide and carboxylate ligands, or by a mixture of two or
more ligands. In comparison with the well-extended and
explored cluster chemistry of manganese and iron in dif-
ferent oxidation states* as 3d ions, the number of hydrox-
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ide- and/or carboxylate-bridged cobalt clusters for which
the magnetic properties have been thoroughly investigated
is still limited. This is probably due to the problems encoun-
tered when trying to gain a deeper understanding of their
behaviour, largely as a result of the strong angular momen-
tum appearing in the ground state at first order.’! More
recently, mirroring the development of single-ion-magnets
(SIM) based on lanthanides,!! examples based on mononu-
clear complexes containing 3d metal ions with unquenched
orbital momentum have been reported,l’! some of them
containing Co'! ions.l’¢7¢7571 The driving force for this new
approach is the possibility of exploiting the huge anisotropy
of these systems, which produces a large barrier to magnet-
isation reorientation.

In the case of mixed-valence cobalt polynuclear com-
plexes, because low-spin d® cobalt(IIl) is diamagnetic, the
interesting magnetic properties arise from cobalt(II) alone,
which is a paramagnetic ion with the possibility of exhibit-
ing a strong Ising-type anisotropy.®®8! In this context,
mixed-valency constitutes an alternative route to lower the
Co'! content in cobalt polynuclear systems while preserving
the molecular topology diversity. An efficient synthetic pro-
cedure, in the case of mixed valence clusters, consists of the
slow oxidation of Co'! by air, in the presence of a carboxyl-
ate source and another auxiliary ligand with bridging abil-
ity.’1 One versatile ligand type in the preparation of high-
nuclearity clusters are Schiff base derivatives of salycyl-
aldehyde with amino-derivative groups. Following our re-
search efforts in the field of polynuclear cobalt complex-
es,”1 we have explored a ligand (H,L) from this family
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using anthranillic acid (Scheme 1). The reaction of this
ligand with a cobalt(Il) pivalate (trimethyl acetate) precur-
sor in the presence of a base, triethylamine, in acetonitrile
afforded a new pentanuclear mixed-valent cobalt cluster of
formula [Co";Co™ 5 (OH),(piv)e(L),(H,0)4] (piv = trimeth-
ylacetate). One hexanuclear {Zns} compound!'” and a cou-
ple of dinuclear {Cu,} examplest'!l are the only reported
3d metal complexes bearing this H,L ligand, enhancing the
relevance of this new {Cos} polynuclear compound.

X
e
OH HO (6]
Scheme 1. Molecular representation of ligand H,L employed in this
work.

Herein, we report the structural characterisation of this
new pentanuclear mixed-valent cobalt cluster and discuss
in detail its magnetic behaviour. By considering the orbital
contribution to the magnetic moment in the Co'! ions to-
gether with an anisotropic exchange interaction, we have
been able to successfully explain macroscopic magnetisation
and susceptibility data as well as the observed microscopic
X-band EPR transitions.

Results and Discussion

Synthesis and Structural Characterisation

As we and others have previously shown, the starting
cobalt(Il) complex, [Co,(n-OH,)(p-piv),(piv),(Hpiv),], can
rearrange in solution to afford higher nuclearity cobalt
compounds and, in this sense, it has proven to be a highly
versatile synthetic precursor.®H121 In the presence of the
additional ligand H,L and a suitable base (in this case, tri-
ethylamine), its reaction in an acetonitrile/methanol mix-
ture at room temperature affords pentanuclear cobalt com-
plex 1 in crystalline form, albeit in low yield.

We have found that the Co/H,L ratio present in the reac-
tion must be kept high to preclude isolation of mononuclear
Co'™ species with two L capping ligands. It was also found
to be important to start the reaction in pure acetonitrile
instead of methanol, because use of the latter afforded mix-
tures of lower nuclearity products. Because air was not ex-
cluded, this new compound exhibited a mixed valent
{Co';Co",} core, in which partial cobalt oxidation oc-
curred, presumably by atmospheric oxygen.

Compound 1 crystallises in a monoclinic P2,/c cell. The
asymmetric unit consists of one complex 1 moiety and two
methanol solvent molecules. The molecular structure of 1
(Figure 1) is built up by five distorted octahedral cobalt
ions held together by two x!O-p,-x!O’x!N-(salicylidene)-
anthranillate ligands, six pi,-pivalates, and two ps-hydroxide
ions. The remaining coordination sites completing all octa-
hedral environments are occupied by four aqua ligands. The
main bond angles and bond lengths are listed in the Sup-
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porting Information. Charge balance requires a
{Co";Co™,} oxidation-state description, thus resulting in
a mixed-valent complex. Cobalt-ligand distances fall into
two well-separated groups, with distances involving Co(1)
and Co(2) of 1.884-1.918 A, and those from Co(3), Co(4)
and Co(5) of 2.006-2.136 A; thus, Co(1) and Co(2) are as-
signed as the Co" ions. The inner core of the cluster (Fig-
ure 2) can be described as [Co"3Co™5(u3-OH)»(u-OR ) (pi-
OR')¢]*", where R is the k! O-p,-(salicylidene)anthranillate
moiety and R’ corresponds to the p,-pivalate ligands. The
cluster can be conveniently described as two fused Cosz—yi3-
OH triangles with a strict unique sharing vertex point [at
Co(3)] where both {Cos} triangles appear clearly twisted,
making a Co(4)-Co(3)-Co(5) angle of 137.99(3) degrees. A
pseudo C, axis runs along Co(3) and between both Cos
triangle planes. Geometrical parameters describing both
Cos units are listed in Table 1. To the best of our knowl-
edge, there exist only two reported examples of this
[Co"5Co™,] motif, one with acetylacetonate and nitro li-
gands,['3 in which the Co!' sites make a considerably
shorter angle of 99.3(1) degrees, and the second, a pivalate-
based cluster with the Co™-Co™-Co™ angle of 138.98(1)
degrees,!'?"! almost coincident with the value found in com-
plex 1.

I 'S
Figure 1. Molecular representation of compound 1. zert-Butyl
groups and H atoms have been omitted for clarity. Ellipsoids drawn

at 30% probability level. Violet: Co™, green: Co'!, red: O, blue: N,
grey: C.

Figure 2. Molecular representation of the inner core in 1,
[Co"5Co™,(n3-OH)»(1-OR),(u-OR")g]**, emphasising the two ver-
tex-fused Co; triangles.

A rich intramolecular H-bond interaction network exists
in addition to the intermolecular H-interactions (see the

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Eur|IC

www.eurjic.org

FULL PAPER

European Journal
of Inorganic Chemistry

Table 1. Geometric parameters (A, deg.) describing both vertex
shared {Co";-p(OH)} units.

Col-02 1.908(4)
Co2-01 1.917(4)
Co3-01 2.103(4)
Co3-02 2.112(4)
Co4-02 2.091(4)
Co5-01 2.087(4)
Col-03-Co4 98.35(19)
Co02-04-Co5 96.7(2)
Co02-01-Co5 96.13(18)
C02-01-Co3 122.8(2)
Co05-01-Co3 120.4(2)
Col-02 Co4 97.27(19)
Col-02-Co3 122.2(2)
Co4-02-Co3 119.2(2)

Supporting Information). Regarding the former, one of the
two aqua ligands coordinated to Co(4) and Co(5), namely
O(15) and O(23), are involved in H-interactions with the
noncoordinating O atom of the L? ligand and a bridging
pivalate. On the other hand, the O atoms of both p,-OH
ligands, O(1) and O(2), show H-interactions with the p,O-
atoms of L? ligands. With respect to the intermolecular
interactions in the crystal packing, Cos molecules are ar-
ranged in chains strictly running along crystal a-axis. The
chain arrangement relies on H-bond interactions between
the O atoms of aqua and p,-pivalate ligands of neighbour-
ing molecules (see the Supporting Information). The closest
intermolecular Co++Co distance is 5.007(1) A between
Co(4) and Co(5)". The chains are well-isolated among them
[closest Co-+Co distance between chains of 9.674(1)]
through van der Waals type interactions involving the pival-
ate tert-butyl groups and L?>  phenyl rings. Methanol sol-
vent molecules are not placed to fill voids but are located
close to Cos moieties, with which they interact by forming
hydrogen bonds, but they do not have any structural role in
the intermolecular chain arrangement.

Magnetic Properties

Variable-temperature (2-300 K) DC magnetic suscep-
tibility data at 0.1 kOe were recorded for 1 (Figure 3). The
amT product at 300 K of 12.5 cm®>mol 'K is much higher
than the spin-only value (g = 2.0) expected for three nonin-
teracting S = 3/2 centres (5.62 cm?*mol ! K). This is clearly
due to the orbital contribution of Co'!, which is known to
be significant in an octahedral field.®] To achieve the ob-
served y,,T value at 300 K the g value must be close to 3,
indicating that orbital contribution is not negligible. The
continuous decrease in y,,7 with decreasing temperature
may be due both to dominant antiferromagnetic interac-
tions and/or to the depopulation of spin-orbit split levels
arising from the #Ty, state in the octahedral field.®] On
the other hand, dominant ferromagnetic interactions can be
ruled out because a y,,7T increase should be observed at low
T in this case, whereas y,, 7 monotonically decrease reach-
ing a value of 2.31 cm®*mol 'K at 2 K.
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Figure 3. x,,T vs. T data plot at 1 kOe in the 2-300 K range for
compound 1. Squares: experimental; Full line: fitted (see text).

Inspection of the Cos cluster magnetic interaction top-
ology reveals an angular trinuclear Co" arrangement (be-
cause low spin d® Co' ions are diamagnetic) with only two
possible distinct exchange interactions, if present (Figure 4).
This topology definitely excludes any possibility of compet-
ing exchange interactions, as would be expected in the case
of a triangular arrangement.

Figure 4. Possible Co''-Co!! exchange interactions in compound 1.

Magnetisation data recorded at different applied external
fields (1-70 kOe) in the 2-10 K temperature range further
proves a magnetic ground state (Figure 5). Magnetisation
sharply increases upon cooling the sample to 2 K and
sweeping field up to 70 kOe. Clear saturation was observed
in the reduced magnetisation plots at highest achievable
field and lowest temperature, with a value of 3.5Nf. No
superposition of the isofield lines was observed, suggesting
the existence of anisotropy or low-lying multiplets above
the spin ground state.

Our general approach to fit the magnetic data was based
on determining the energy of the different spin states
through diagonalisation of the corresponding Hamiltonian
and calculating the molar magnetisation for all possible
field (H) orientations () with the following equation:

NY (-0E,(9,H)/oH )exp(~E,(9,H)/kT) 1)
M(8,H)=— > exp(—E, (8, H)/kT)
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Figure 5. M vs. H/T data plot in the range 0-70 kOe and 2-10 K
of compound 1. Squares: experimental; Full line: fitted (see text).

The susceptibility was then calculated as the ratio be-
tween M and H. Although it is possible to make a reason-
able fitting with a spin-only Hamiltonian considering the
exchange interaction between three S = 3/2 ions, the ex-
tremely high g value (above 3) obtained in this way suggests
that orbital contribution is strong and cannot be ignored.
Hence, to analyse susceptibility data in the whole tempera-
ture range, the following Hamiltonian must be preferen-
tially employed:

A=pt(-3a % Lre o0 T8 |3 T 18V B B3] 2B 58

2

where the orbital component is expressed in terms of the P
term (L = 1) isomorphous with the 73, term and x is the
reduction factor taking into account covalency and mixing
of the *T}, terms (from ground *P and excited *F terms),
and Z is the spin-orbit coupling constant.[>*8¢I The g, factor
equals the g, value if mixing with excited states other than
4T, is neglected: however, the contribution of excited states
can shift the g, factor by a sizeable Ag magnitude.>® V.
accounts for possible distortions from pure octahedral sym-
metry, and the last term reflects the exchange interaction
term operating only over the S components following Lines
model.['¥ To minimise over-parameterisation, all Co! sites
have been forced to share a unique set of parameters, Ag, r,
A and V.. For the same reason, a unique exchange coupling
constant should be included in spite of the strict existence
of two different Co!! interacting pairs. An initial attempt to
fit x,,T data in the whole 2-300 K range excluding the ex-
change interaction term (J.. = 0) failed. Only data above
ca. 100 K could be reasonably reproduced, with large un-
certainty towards the axial distortion parameter (see the
Supporting Information). This result can be taken as the
first evidence for the existence of exchange interaction be-
tween Co'! ions, of antiferromagnetic nature due to negative
xmT data deviation from best-fit plot. Moreover, when con-
sidering a three exchanged S = 3/2 system, the 100 K limit
provides a first approximation of the magnitude of the J.,.
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parameter of about —4 cm™! (with this magnitude all spin
multiplet levels become equally populated above ca. 100 K).
At this point of analysis, it should also be remarked that
weak intermolecular interactions may influence the final
value found for the J,.. parameter, which can be inferred
from structural data. However, the expected value for this
type of exchange interaction is normally an order of magni-
tude lower.

Once the exchange interaction term was included, a y,, T
data fitting in the whole 2-300 K range (Figure 3) afforded
the parameters: J,,. = 3.2+ 0.3 cm ! and Ag = 0.34 +0.02
(R = 6.19x10%). The x and A parameters were fixed at
typical and reasonable values of 1 and —180 cm™! to avoid
over-parametrisation. As previously shown, it was not pos-
sible to obtain a reliable magnitude for the axial distortion
term, thus it was not included in the fitting procedure.
However, it is clear that local symmetry around the Co!
sites deviate from an octahedral symmetry when consider-
ing structural data [CShM 0.226, 0.757 and 0.895 for Co(3),
Co(4) and Co(5) respectively, calculated with SHAPE!!! for
the octahedron reference polyhedra], however, the individ-
ual site distortion parameters cannot be extracted from the
average powder susceptibility data as just argued.

It is possible, alternatively, to analyse the low-tempera-
ture data considering the three Co™ centres as effective S,
= 1/2 coupled through an effective exchange interaction
term.50-80-%1 This approach relies on the fact that at low
enough temperature (below ca. 30 K) only the lowest Kra-
mers doublet, arising from the *“T;, ground state term after
spin-orbit interaction and low-symmetry distortion, is pop-
ulated. In this way, the number of parameters becomes con-
siderably reduced. Magnetisation data naturally appears as
the best target to test this effective spin approach.

At the limit of a large antiferromagnetic exchange inter-
action, a S, = 1/2 ground state should only be populated
and magnetisation data must follow a Brillouin behav-
iour.'® This is not the case and, as this ground doublet
cannot be split at zero field, it becomes evident that the
observed magnetisation profile is due to low-lying excited
states (hence a small but not negligible exchange interaction
parameter, as suggested from susceptibility data) or anisot-
ropy arising from the exchange interaction (anisotropic ex-
change interaction contributions). Attempts to fit data with
an isotropic effective exchange interaction Hamiltonian
were completely unsuccessful. It is well-known that the low-
est Co™ ion Kramers doublet can be highly anisotropic due
to the strong orbital momentum contribution leading to an-
isotropic g° factors and anisotropic J.54:8% To consider
this anisotropic behaviour, the following general Hamil-
tonian can be employed:

A =279 (ST +823¢ +a, (SIS + 528y +a, (S8 +823L )
+BY (848 H, + g S H, + g S H, )

i=1-3 (3)
where J¢, = a, ,J¢ and again a unique exchange interac-
tion as well as an average isotropic g°T (it is clear that this

is not a particularly realistic assumption but is necessary at
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this stage) can only be employed to prevent severe over-
parametrisation. Even with these assumptions, a high de-
gree of correlation between fitting parameters is found. To
obtain more reliable values, a number of additional re-
straints must be applied.

The isotropic effective exchange coupling constant, J¢
= (Jy + J, + J.)/3, is approximately related to the J,,. op-
erating over the S = 3/2 system at first order, by the follow-
ing relationship:

.25
I = 9 Joxe “)

From this expression and the obtained magnitude of the
isotropic exchange parameter from susceptibility data, a
value for J&T close to —8 cm™! should be expected. This al-
lows a set of best fitting parameters to be isolated for the
M vs. H data employing the Hamiltonian of Equation (3),
Gerr = 4.2%0.6; J5T = 8 em ! (fixed); o, = -1.1%+0.2; a, =
-0.5+0.4 (R = 8.9 X 10 (Figure 5).

With the aim of further testing the whole set of param-
eters describing magnetic data, we performed powder X-
band EPR (9.403 GHz) measurements of compound 1 at 5
and 20 K (Figure 6 and the Supporting Information). The
spectra resembles a S, = 1/2 with clear axial anisotropy,
with broad resonances at ca. 500 and 1300 Oe and even
weaker and broader features at higher fields. The approxi-
mate g°f
~13.4 and g%/ ~5.2. These values are clearly out of the
expected range for a single Co" ion!'”! further proving, in-
dependently from susceptibility and magnetisation data, the
existence of exchange interaction. Employing the Hamilto-
nian of Equation (3) with a minimum parameter’s set (two
different g-tensors and a unique anisotropic exchange inter-
action matrix) allows the main features of the EPR spectra
to be simulated (Figure 6). When running spectra simula-
tions applying restraints to simultaneously fit magnetisation
data, the following parameters were obtained, which rea-
sonably reproduce EPR spectra: gi.,. = {0.4, 3.5, 7.5};
Zaxy- = 10,0, 8.3}; Jso = 8 cem ! (fixed); a, = -1.0; a, =
—0.7. Rhombicity of g°T is necessary to properly simulate
the intensity ratio between low-field and high-field transi-

tions, which cannot be simulated with a pure axial g,

——Sim.
Exp.
0 1000 2000 3000 4000 5000 6000 7000
H/ Oe

Figure 6. EPR spectra (X-band; 9.403 GHz) of a powder of 1 at
5 K. Simulation line width: 380 Oe.
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It was not possible to obtain good simulations by em-
ploying either a common g-tensor or an isotropic exchange
interaction term. When keeping magnetisation and suscep-
tibility data in agreement with EPR spectra this consistent
set of parameters was found. Similar anisotropic g-tensor
values have been observed or calculated in other six-coordi-
nate Co!! systems.[°4-9¢:99-181 Naturally, a similar EPR simu-
lation can be performed with an isolated S = 1/2 model
(however in this way it is not possible to link the results
with magnetisation and susceptibility data as a whole) and
an effective anisotropic g-tensor: g%, . = {0.4, 5.0, 14.8}.

It must be noted that this is a quite simplified picture of
the system (for example, nothing can be said about either
the relative main g-tensor axis orientation or about the two
different Co—Co exchange interactions and local distortion
terms) but it is enough to support the existence of aniso-
tropic exchange interaction between highly anisotropic S.gr
= 1/2 sites with an overall isotropic antiferromagnetic inter-
action component.

To test for possible slow magnetisation relaxation behav-
iour, alternating-current (AC) magnetic susceptibility of 1
was investigated under zero and nonzero applied static
fields, respectively (see the Supporting Information). Al-
though no peaks of y,,"" were observed under zero DC
magnetic field, even at the highest achievable frequency (v
= 1500 Hz), nonzero y,"’ signals appeared when a static
DC field (2 kOe) was applied, suggesting the onset of a slow
relaxation of the magnetic moment. However, at the highest
available frequency and lowest temperature, no maximum
in the temperature dependence profile could be distin-
guished, precluding characteristic relaxation time data ex-
traction and any further information on the relaxation
mechanism.

DFT Calculations

To gain deeper insight into the origin of the isotropic
antiferromagnetic component of the exchange interaction
between the Co!! ions in compound 1, we performed
broken-symmetry DFT calculations to evaluate the magni-
tude of the exchange coupling constants employing the hy-
brid B3LYP functional and a valence core big size (TZP)
basis set. This approach has previously been successful
when applied to closely related systems.[”>1?%191 Tt must be
clearly stated that these calculated exchange coupling con-
stant values correspond to S = 3/2 interacting Co™ under a
complete spin-only isotropic HDvV model, which does not
directly compare with experimental data extracted through
the Seir = 1/2 modelling. However, it is still useful to obtain
an indication of the order of magnitude and the sign of the
exchange interactions as well as possible magnetic orbital
exchange pathways involved.

The calculations allow, in principle, different values for
both J; and J, coupling constants to be obtained (Fig-
ure 4), whereas it was not possible to delineate these values
exclusively from experimental data. Because the exchange
interaction between both apical Co'! sites was neglected,
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only two from the three possible combination of broken-
symmetry spin state energies become useful for exchange
coupling constant calculation: those that combine BS1-BS2
and BS1-BS3. This is due to an important degree of corre-
lation found between both exchange pathways, as can be
inferred from an inspection of magnetic COT orbitals aris-
ing from the BS2 and BS3 states (see the Supporting Infor-
mation) where no clean unique Co—Co interaction pair can
be distinguished. In fact, the obtained values are: J;, =
—3.8cm!; J, = 4.4 cm! for the former combination and
J;=-37cm™; J, =29 cm™' in the case of the latter combi-
nation, leaving uncertainty about the sign of both exchange
interactions. However, when considering the key BS1 state,
the following J; — J, relationship is obtained: J; + J, =
~8.3 cm!, which is in excellent agreement with experimen-
tal observation.

To better understand the results described above, it is
useful to analyse the key structural features governing the
exchange pathways as well as the magnetic orbitals in-
volved. Both exchange interactions are similarly mediated
by u,-OH and p,-(syn-anti)-carboxylate bridges with small
differences in bond lengths and bond angles. Particularly,
the critical Co—O-Co angle involving the hydroxide bridge
is almost identical and close to 120°, favouring magnetic
orbital overlaps, all of them of mixed m-c type, as can be

Figure 7. Magnetic orbitals after a COT arising from the BSI state
showing possible exchange pathways. Alpha orbitals: blue/white;
Beta orbitals: red/yellow. Isosurface value: 0.03 a.u.
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observed in the COT representation arising from the BS1
state (Figure 7). Most of the previously reported Co™ poly-
nuclear complexes with related bridging ligands such as alk-
oxide, hydroxide, oxo and aqua, showing ferromagnetic in-
teractions, have Co—O—Co angles well below 100°.°2%1 Duye
to the usual complexity of local symmetry over Co'! sites
in these systems it is not straightforward to convincingly
rationalise these magnetostructural aspects and there is still
no clear picture emerging to solve this problem.

More specifically, among the narrow group of reported
mixed-valent {Co5Co",} clustersl!2b-13:20¢.20d] it ig difficult
to find examples with extensively analysed magnetic data.
The related {Co"5Co™',} compounds sharing strictly the
same {Co'l5} topology lack detailed magnetic studies,!!?>13!
as well as, to the best of our knowledge, the trinuclear Co!!
compound with exactly the same motif.?!]

Conclusions

We have given a complete picture of the magnetic behav-
iour of a novel pentanuclear mixed-valent cobalt cluster
bearing a bent p,-hydroxide—p,-carboxylate bridged {Co';}
motif. By the combined use of susceptibility, magnetisation,
and EPR data, as well as broken-symmetry DFT calcula-
tions, we have supported a magnetic data interpretation that
shows weak and anisotropic exchange interaction between
Co'" ions affording an S.; = 1/2 ground state that is not
completely isolated from the low-lying excited doublets at
low temperature, as evidenced from magnetisation data
plots. Interestingly, under the optimum applied field of
2kOe, a frequency-dependent out-of-phase susceptibility
signal can be observed below 4 K. However, no relaxation
rates can be reliably extracted and no indication as to the
relaxation mechanism can be obtained, due to the narrow
temperature and frequency range over which this behaviour
is observed. In single Co'" systems, even those with positive
ZFS D parameters, relatively large thermal barriers for
magnetisation reversal have recently been observed.[’s"!]
These systems are described by an energy level pattern
mainly composed of Kramers doublets, with lowest mg pro-
jection as the ground state. A similar picture arises in the
case of 1, however, in this case, fast tunnelling must be pre-
venting the observation of slow magnetisation relaxation at
higher temperatures. To better understand the factors gov-
erning this behaviour, more examples with this {Co™;} top-
ology must be generated, which can be achieved by explor-
ing different auxiliary ligands; studies in this direction are
ongoing in this research programme.

Experimental Section

Material and Physical Measurements: [Co,(u-OH,)(p-piv),(piv),-
(Hpiv)y], piv = trimethylacetate, was prepared by following a re-
ported procedure.'?® The Schiff base ligand employed in this work
was prepared by using a standard procedure: equimolar amounts
of salycylaldehyde and anthranillic acid were mixed and heated to
reflux in ethanol and crystallised as orange needles upon cooling

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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to room temperature. All other chemicals were reagent grade and
used as receive without further purification. Elemental analysis was
performed with a Carlo Erba 1108 analyser.

[Co"5Co",(OH),(piv)6(L)2(H,0)4]-2H,0 (1): Dinuclear precursor
[Cox(n-OH,)(p-piv)»(piv)-(Hpiv),] (0.2 g, 0.2 mmol) was dissolved
in acetonitrile (20 mL) at room temperature. To this solution, H,L
(0.05 g, 0.2 mmol; H,L = salicylideneanthranillic acid) and triethyl-
amine (0.042 g, 0.4 mmol), dissolved in acetonitrile (15 mL), were
added under vigorous stirring. The resulting solution immediately
turned dark-red. After stirring for 1 h, the solution was left undis-
turbed at room temperature. After one week, yellow needles crys-
tallised. At this point, methanol (15 mL) was added and the needles
redissolved. The resulting solution was again left to slowly evapo-
rate. After six further weeks, dark-red block-shaped crystals of 1
appeared, which were collected by filtration, washed with aceto-
nitrile and air dried, yield 10 mg (8 %; Co based). CssHgsC05N,0,4
(1521.97): caled. C 45.8, H 5.7, N 1.8; found C 45.4, H 5.7, N 2.0.

Magnetic Measurements: Magnetic measurements were performed
with a Quantum Design MPMS-XL-7 SQUID magnetometer. All
experimental magnetic data were corrected for the diamagnetism
of the sample holders and of the constituent atoms (Pascal’s tables).
AC measurements were performed at driving frequencies ranging
10 to 1400 Hz with AC field amplitude of 3 Oe in DC fields ranging
0-30 kOe. X-Band EPR spectra were measured with a Bruker
Elexsys E500 spectrometer equipped with a liquid “He flux cryostat
(ESR900, Oxford Instruments) to measure at low temperatures.
Spectra were simulated with the Easyspin package.**

X-ray Structure Determination: The crystal structure of 1 was deter-
mined with an Oxford Xcalibur, Eos, Gemini CCD area-detector
diffractometer using graphite-monochromated Mo-K, radiation (4
= 0.71069 A) at 298 K. Data was corrected for absorption with
CrysAlisPro, Oxford Diffraction Ltd., Version 1.171.33.66, apply-
ing an empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.?* The
structure was solved by direct methods with SHELXS-974 and
refined by full-matrix least-squares on F> with SHELXL-97.1>4 Hy-
drogen atoms were added geometrically and refined as riding atoms
with a uniform value of Ui, Hydrogen atoms of hydroxide and
water coordinated molecules were located in the Fourier difference
map and subsequently refined. zerz-Butyl groups in five of the six
pivalate ligands were found disordered over two distinct positions
and were refined as two disordered groups with fixed 0.5:0.5 occu-
pancy ratio. One of the two methanol solvent molecules was also
found disordered and was thus isotropically refined over two split
positions with 0.5:0.5 fixed occupancy ratio. Final crystallographic
data and values of R; and wR are listed in Table S1 (see the Sup-
porting Information), and the main angles and distances are listed
in Table S2 (see the Supporting Information). CCDC-977362 con-
tains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Quantum Chemical Calculations: Density functional theory (DFT)
spin-unrestricted calculations were performed by using the ADF
2010.02 program!® at the B3LYP level employing a frozen core
TZP basis. High accuracy converged (less than le ® Hartrees in the
commutator of the Fock and the P-matrices) single point calcula-
tions at the X-ray geometries were performed to analyse the ex-
change coupling between cobalt centres. The methodology applied
here relies on the broken symmetry formalism, originally developed
by Noodleman for SCF methods, which involves a variational
treatment within the restrictions of a single spin-unrestricted Slater
determinant built upon using different orbitals for different spin.[?%]
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This approach has later been applied within the frame of DFT.[?7]
The HS (high spin) and BS (broken symmetry) energies were then
combined to estimate the exchange coupling parameter J involved
in the widespread used Heisenberg-Dirac-van Vleck Hamiltonian.
We have calculated the different spin topologies of broken sym-
metry nature (see the Supporting Information) by alternately flip-
ping spin on the different metal sites. The exchange coupling con-
stants J; can be obtained by considering the individual pair-like
components spin interactions involved in the description of the dif-
ferent broken symmetry states. We used the method proposed by
Ruiz and co-workers,!?8] where the following equation is applied:

EBS - EHS = 2]12(2S1$2 + Sz), with S2 < S

In both cases, a set of linear equations must be solved to obtain the
J parameters. Additionally, we have also employed a corresponding
orbital transformation, COT over the BS solutions,*®! as a means
to visualise the magnetic orbitals and the involved spin-coupling
exchange pathways between alpha and beta COs.

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic data of 1, X-band EPR spectra of 1 at 20 K,
xmT vs. T plots of 1, plots of y,,"" vs H for 1, spin density maps,
magnetic orbitals.
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