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Slow relaxation of magnetisation in an octanuclear cobalt(11)

phosphonate cage complexT
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The synthesis, structural and magnetic characterisation of a
new polymetallic cobalt complex are reported; the magnetic
behaviour is unusual.

While single molecule magnets (SMMs) have been studied for ten
years, the vast majority still feature manganese(111) as the metal ion
present.! SMM:s have also been found for Fe™? Ni",* Fe™ and an
isolated case for V> and there are increasing studies of heavier
metals.® Cobalt(1r), which has a large single ion anisotropy due to
the orbitally degenerate ground state, may potentially be a good
candidate for making SMMs, and there are two claims in the
literature of cobalt-based SMMs: a tetranuclear cage made by
Hendrickson and co-workers,” and a hexanuclear cage reported by
Murrie et al.® However both examples demonstrate the difficulty
in proving that cobalt cages are SMMs as neither shows all the
features found in more clear-cut SMMs. Here we report a new
{Cog} cage, which again shows features due to slow relaxation of
magnetization, and discuss the behavior of these cobalt(ir) SMMs.

We have reported several cobalt(ll) phosphonate cage com-
plexes,”!” made from reaction of a cobalt salt with a pyridone
ligand and phosphonic acid in presence of a suitable base. If the
base is an alkali metal hydroxide, the alkali metal ion is found in
the final compound,'” therefore we have extended the studies to
amines as the base. The compound discussed here is made from
hydrated cobalt nitrate reacted with two equivalents of 6-chloro-2-
hydroxypyridine (Hchp), one-sixth of an equivalent of PhPO;H,
and two and one-third equivalents of triethylamine in MeCN.}
The solution was filtered, evaporated to dryness and extracted with
CH,Cl,; crystals of [Etz;NH] [Cog(chp);o(O3PPh),(NO3)3(Hchp),]
1 (Fig. 1) were grown by layering with ether.§

The structure is irregular. Two P-atoms from phosphonate and
four Co atoms lie on the vertices of a central trigonal prism. The
final four Co atoms lie above the triangular faces of the prism.
The phosphonates both show the 3.111 mode (Harris notation'?).
The structure also contains two chelating nitrates and a 2.11
bridging nitrate. Two of the Co sites (Co4 and Co6) within the
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trigonal prism are five-coordinate, bound to 2 N and 3 O-donors,
with geometries derived from a trigonal pyramid. The remaining
six Co sites are six-coordinate, but fall into three pairs. Col and
Co8 are bound to 2 N and 4 O-donors, Co2 and Co7 are bound to
1 N and 5 O-donors and Co3 and Co5 are bound to 6 O-donors.
The degree of distortion also varies as Col, Co8, Co2 and Co7 are
bound to both donors of two chelating groups. All O-atoms
bound to Co3 and Co5 are from ligands that are singly attached to
these metal centers.

The anions of 1 are not isolated, but are linked via H-bonding
which involves the NEt;H cations (Fig. 2). The interaction involves
three groups: the terminal O-atoms from chelating nitrates attached
to Co2 and Co7 and the cation. The N---O and O---O distances
within the resulting triangle are 2.95 and 2.78 A respectively. The
result is to form 1D-chains of {Cog} cages running parallel to the
a-axis of the crystal. The interactions between these chains are
much less significant, with the closest contacts occurring between
chlorides in chp ligands in one strand and aromatic H-atoms in the
next; the Cl---H distances are in excess of 2.7 A. There are also
disordered molecules of CH,Cl, in the crystal lattice, lying in the
vicinity of the H-bond between anions.

The variable temperature magnetic behavioury of a powder
sample of 1 (Fig. 3) shows a decline in y,,7 as temperature
decreases, from a room temperature value of ca. 20 emu K mol ™!
to below 12 emu K mol ! at 30 K. There is then a small maximum
as temperature falls further (ca. 11.9 emu K mol ' at 12 K), before
a further rapid fall at the lowest temperature studied. Spin—orbit
coupling of Co" could be causing the decline at higher
temperatures and the maximum is probably due to competing
anti-ferromagnetic exchange interactions leading to a ground state

Fig. 1 Structure of 1 in the crystal.
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Fig. 2 The H-bonded link of two anions of 1 in the crystal, via the
[HNEt;] cation.

which is magnetic. It is impossible to assign a “spin” ground state
to such a compound. The magnetization of the sample shows no
sign of saturating up to a field of 6 T (inset of Fig. 3). The
temperature dependence of the a.c. susceptibility, shown in Fig. 4,
is more intriguing. Between 4 and 6 K a frequency dependent
maximum is found in both the in-phase, ', and out-of-phase
susceptibility, ;”, this last one however is about one-tenth the
height of the equivalent maximum in y'. In well-established
SMMs, this ratio is normally 1 : 2. The observed behaviour
suggests that only a fraction of the magnetization is relaxing
slowly, as the " continues to increase on lowering the temperature,
while a comparison of ' and y” values suggests that a moderate
distribution of relaxation times is present. The relaxation time
extracted from the temperature of the maximum y” (w) as
(L) = @ suggests an Arrhenius law, © = toexp(4/kgT), with
A = 84(+2) K and 15 = 1.8(+3) x 107" s. We repeated the
measurement on a second sample of 1 and found a similar energy
barrier (80 K), but with a pre-exponential factor of 2.1 x 10~ '!s.
This would be a very high energy barrier for an SMM.
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Fig. 3 A plot of the molar y7 against 7 for 1. In the inset the molar
magnetization against field measured at 7= 2.0 K.
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Fig. 4 Real (top) and imaginary (bottom) components of the a.c.
susceptibility of 1 in zero static field and frequencies ranging from 250 Hz
(black) to 20 kHz (violet). For the sake of clarity data below 1.2 K are
shown only for 1.1 kHz and 7.6 kHz. In the inset the Arrhenius plot of the
temperature dependence of the relaxation time for the sample of the main
picture (blue triangles) and for a second sample (red circles). The lines are
the linear fit giving the parameters discussed in the text.

Both ' and y” increase on lowering the temperature below the
main peak. The investigation was therefore extended down to
300 mK. The data, reported in Fig. 4 for two frequencies (more
frequencies available in Supplementary Information) show a
nonzero y”’ that increases on lowering the temperature, except
for a small peak around 1.5 K only resolvable at the highest
frequencies. At the same time ' increases steadily on lowering the
temperature but shows a dispersion in frequency that is
substantially temperature independent (see Fig. S2).

In order to better characterize the dynamic properties of the
material the a.c. susceptibility has been measured under applied
static field (data available in Supplementary Information, Fig. S1).
Interestingly the effect of the field is different on the two peaks in
¥ while 5" decreases in both cases, as is expected for saturation
effects, ;" decreases for the high temperature peak but increases for
the lower one. In SMMs the application of a moderate static field
is well known to suppress tunneling in zero field, thus shifting the
%" peak to higher temperatures. This effect seems only to be active
on the low temperature peak.

If the energy barrier were as high as 80 K we should see
hysteresis in a magnetization against field plot. Studies on single
crystals of 1 have been performed using a micro-SQUID array.
Hysteresis is observed at 4 K and lower temperatures as shown in
Fig. 5; however the temperature dependence of the width of the
hysteresis is unusual. The hysteresis widens as the temperature
falls, as is usually observed. However at temperatures lower than
0.5 K the hysteresis narrows and the profile changes towards a
“butterfly” shape; as a result at 40 mK there is a very abrupt
change in magnetization at approximately zero-field. This behavior
is in agreement with the presence of two relaxation mechanisms in
the sample studied. For some part of the sample slow relaxation is
observed, with a portion behaving as an SMM with a considerable
energy barrier that hampers the reversal of magnetization.
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Fig. 5 Magnetization curves recorded on a single crystal of 1 with a
pn-SQUID magnetometer at different temperatures (sweep rate 0.14 T/s).

However most of the sample shows a fast relaxation process,
especially near zero-field. The superposition of these two types of
magnetization loops would provide the observed butterfly shape.

The key question is why a relatively small fraction (around 10%)
of the chemical species present in the crystal relaxes slowly, with no
significant effect of a d.c. field, while others relax quickly. A
possible explanation is that the magnetization dynamics reflects the
presence of significant inter-cluster interactions through H-bonds.
They seem to provide a 1D structure of weakly interacting SMMs
and in this case tunneling in zero field is expected to be suppressed
as the up and down orientations of the magnetic moments of one
cluster are no longer degenerate. Moreover the exchange
interactions can contribute to enhancing the barrier height.?
Relatively long segments of H-bonded clusters are thus expected to
relax slowly as tunneling is not efficient. The sample dependent
value of 7, could also be rationalized within this picture, as t, for
slow relaxing 1D systems has been recently found to be
proportional to the length of the segments.'* Less strongly
interacting clusters could show fast relaxation and their behavior,
at least at the time scale of the a.c. experiments, is not simply
paramagnetic, but rather that of species relaxing with a widely
distributed temperature independent rate. This distribution seems
to peak well above 10 kHz, the highest frequency used in the low
temperature investigation, and therefore is in agreement with the
absence of coercivity for the majority of the sample.

The observed wide distribution of the tunneling rate could come
from the different probability of co-tunneling of very short
segments comprising different numbers of interacting {Cog} units,
the tunnel probability scaling exponentially with the number of
units,'® as well as from a distribution of distortion of the
environment around non interacting {Cog} clusters. It has already
been shown that the dynamic properties of Co-based SMMs are
extremely sensitive to the environment modification induced, for
instance, by loss of solvation molecules.®

The co-existence of two very different mechanisms of magnetic
relaxation deserves to be further investigated because any
mechanism that can modify the relaxation of the magnetization
in such a significant way is of potential interest for fast switching of
the magnetization.
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stirred for 4 h. The solution was filtered and solvent removed to give a
purple oil. Recrystallisation from CH,CL/Et,O gave purple crystals. Yield:
50%. Elemental analysis (%) calculated for C;3HgCogN160,7P>Cljn: C
35.8, H 2.5, N 8.6; found C 35.7, H 2.5, N 8.6%.

§ Crystal data for CgyHgoCly0CogN6027P>, 1: monoclinic, P2,/n,
a = 20551(2), b = 21.853(2), ¢ = 259093) A, p = 104.703(2)°,
V = 112552) A’, M = 295291, R1 = 0.0554. Data collection, structure
solution and refinement used SHELXL.!! Full details have been deposited.
CCDC 210158. See http://dx.doi.org/10.1039/b510106a for crystallographic
data in CIF or other electronic format.
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include further magnetic measurements recorded on 1.
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