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A ferromagnetically coupled pseudo-calixarene
[Co46] Wheel that self-assembles as a tubular
network of capsulest
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Reaction of Co(OAc),-4H,0O and Hsal in a basic MeCN solution affords the hexadecanuclear wheel
[Cosg(sal)16(OAC)6]-16MeCN (1-16MeCN) that displays ferromagnetic nearest neighbour exchange and has
pseudo-calixarene character. Symmetry equivalent wheels self-assemble to form remarkable tubular net-
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Molecular wheels attract continued attention, partly due to
beautiful structural aesthetics, but also because some show
fascinating and potentially useful physical properties.” In the
field of molecular magnetism, molecular wheels of 3d tran-
sition metals came into prominence in the late 1980s and
early 1990s with the publication of [CrJ"] and [Fell].> The
former has inspired the development of a large family of
homo- and heterometallic Cr wheels including the first
examples of odd-numbered wheels that display topological
spin frustration, with potential as quantum bits in information
processing.®> The latter, and other antiferromagnetically
coupled even-membered homometallic wheels are generally
characterised by a diamagnetic spin ground state and display
interesting quantum phenomena and spin dynamics, includ-
ing tunneling of the Néel vector,® spin-multiplet mixing
effects’ and magnetic level repulsions.® The intervening years
have witnessed the publication of wheels of all the 3d metals
with nuclearities up to eighty four.” In Co" chemistry® early
examples of wheels included a dodecanuclear cluster built
with a substituted pyridone® and an heptanuclear Anderson
wheel stabilised by tripodal alcohols'® which both display
ferromagnetic exchange interactions.

The reaction between Co(OAc),-4H,0 and Hsal (salicylalde-
hyde) in a basic MeCN solution (see ESIT for full details) leads
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works of capsules in the extended structure.

to the formation of pink single crystals after 3 days upon
diffusion of Et,O into the mother liquor. Crystals of
[Coy6(sal)16(OAC)16]-16MeCN (1-16MeCN) were in a tetragonal
cell and structure solution was performed in the P4/n space
group. The asymmetric unit (ASU) contains one quarter of the
formula, and symmetry expansion affords the wheel shown in
Fig. 1 (Fig. S1 and S27).

The metallic skeleton (Fig. 2) describes a single-stranded,
sinusoidal [ColL] wheel of approximate diameter, Co1---Col’ =
~14.5 A. The ‘inside’ of the wheel is stabilised by sixteen -,
syn, syn, anti-OAc ligands. Eight lie in the metal plane, with
four above and four below the plane. The sixteen p-sal ligands
are arranged in a similar manner on the ‘outside’ of the wheel.
Eight p-sal ligands are in a belt around the periphery of the
wheel, whilst four are above the plane, and four below (Fig. 1).
These out of plane p-sal ligands form an interesting arrange-
ment that is reminiscent of calixarenes,* presenting a shallow
hydrophobic pocket as a result. The magnetic unit between
nearest neighbours contains one p-O(alkoxide), one p-O(car-
boxylate) and one syn, syn-O-C-O(carboxylate). The interaction
between next nearest neighbours is mediated by the syn, anti-
O-C-O(carboxylate) bridge. The Co-O-Co angles subtended by
the p-O atoms are in the range ~92.1-99.5°, with the Co" ions
all being in distorted octahedral {CoOs} geometries. There are
multiple close intermolecular interactions between neighbour-
ing wheels mediated by the sal/OAc ligands with C(H)---C dis-
tances >3.3 A.

A search of the Cambridge Structural Database (CSD)
reveals approximately twenty [Coy¢] structures, with more than
half being squares and tetrahedra stabilised by thia- and sulfo-
nyl-calix[4]arenes.’” There are two other wheels, one compris-
ing linked squares and cubes built with a bis-benzimidazole-
diol ligand, and one incorporating four linear {Co,} subunits
constructed with polytriazolate ligands.™

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Orthogonal views of the molecular structure of complex 1
viewed perpendicular (top) and parallel to the [Cose] ‘plane’. Colour
code: Co = pink, O = red, C = black, H = white.

Fig. 2 (A) The magnetic core of 1. (B) Close-up of the bridging between
neighbouring Co" ions. The metallic core viewed perpendicular (C) and
parallel (D) to the [Cose]l ‘plane’. Colour code: Co = pink, O = red,
C = black.

Further symmetry expansion of the new pseudo-calixarene
structure presented by 1 reveals a remarkable arrangement in
which symmetry equivalent (s.e.) wheels pack to form tubular
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Fig. 3 Space filling representations of 1 (A, in the ab plane) and two
symmetry equivalents interdigitating to form a cage (B, in the ac plane).
(C) Representation of the encapsulated space between [Cos6] dimers
with a volume of ~272 A% occupied by disordered solvent molecules. (D)
The extended structure showing the formation of channels by packing
of infinite stacks of s.e. of 1 (in the ab plane). Colour code: Co = pink, O
=red, C = black, H = white.

networks of capsules, and channels between the tubules.
Inspection of the ring structure of 1 in space filling representa-
tion (Fig. 3A, in the ab plane) shows a very small channel
through the ring as a result of the syn, syn, anti-OAc ligands on
the inside of the molecule. Symmetry expansion along the ¢
axis gives rise to a dimer with the next s.e. wheel as shown in
Fig. 3B (in the ac plane). These pseudo-calixarene wheels lock
together in the solid state through inter-digitation of the p-sal
ligands, with some OAc ligands also forming part of the space
filling belt. This gives rise to an encapsulated space with a
volume of ~272 A® that is occupied by disordered solvent
molecules (Fig. 3C)."* It was not possible to resolve this dis-
order given the high symmetry and diffuse nature of the elec-
tron density. Inter-digitation continues along the c¢ axis,
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forming infinite tubular stacks of capsules, and these pack as
shown in Fig. 3D to form solvent filled channels that run paral-
lel through the extended structure. Single crystals of 1 are
solvent dependent, but the nature of the extended structure
will be studied further with a view to forming more stable ana-
logues that can be desolvated and explored for potential guest
transport to the interior of the cages.

DC magnetic susceptibility (y) and magnetisation (M)
measurements of 1 were taken in the 7= 300-2.00 K, B=0.1"T
and T = 2.0-10 K and B = 0.5-9.0 T temperature and field
ranges, respectively. These are plotted as the yT product versus
T and M versus B in Fig. 4. The T = 300 K value of yT = 43.2 cm®
K mol™" is equal to the value expected for sixteen non-interact-
ing S = 3/2 Co" ions with g = 2.40. Upon cooling the 4T value
decreases slowly to ~41.7 cm® K mol ™" at 38 K before rising
sharply to a maximum of ~52.8 cm® K mol™* at T = 6 K, and
then falling to ~10.9 cm® K mol™" at T = 2 K. The initial drop
in yT is due to the magnetic anisotropy of the octahedral Co™"
ions,' while the increase at low temperature is due to weak
ferromagnetic interactions. The drop in value between 6-2 K is
most likely due to intermolecular antiferromagnetic inter-
actions. This behaviour is similar to that observed for the pyri-
done-stabilised [Co,,] wheel.” The M vs. B data is in agreement
with this interpretation, with the magnetisation increasing
rapidly with increasing field, not saturating and reaching a
value of M = 33.4 yg at T =2 K and B =9 T. There are no out-of-
phase (¢") signals in ac susceptibility measurements down to T
= 2 K and frequencies up to 3000 Hz. The ferromagnetic
exchange in 1 is consistent with magneto-structural corre-
lations developed for O-bridged Co™ clusters where the sign
and magnitude of the interaction is dictated by the Co-O-Co
angle, with the exchange becoming more ferromagnetic with
decreasing angle.'® Here, the Co-O-Co angles are all <99.5°
and are therefore expected to mediate weak ferromagnetic
exchange.
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Fig. 4 Plot of the 4T product versus T in the range T = 300-2 K in an
applied field, B = 0.1 T. Inset: plot of the M versus B data in the T =
2.0-10 K and B = 0.5-9.0 T temperature and field ranges, respectively.
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In order to probe the nature and magnitude of the mag-
netic exchange and anisotropy of the Co" ions further, we now
turn to theory (see the computational details in the ESIf for
full details)."”” We have performed DFT calculations on a
model of complex 1 (Model 1) based on its ASU, i.e. one [Col]
moiety plus one linking Co™ ion (Fig. S41). Based on symmetry
and structure there are four unique nearest neighbour mag-
netic exchange interactions with J values ranging between
+1.7 em ' < J < +3.8 cm™! (Table S21). The narrow range of
ferromagnetic exchange interactions found can be attributed
to the similarity of the structural parameters present, includ-
ing the average Co-pO-Co angles.'® We have also performed
overlap integral calculations'” using the singly occupied mole-
cular orbitals (SOMOs) of the Co" ions (Fig. S51). These help
to elucidate the magnitude and sign of magnetic interactions
since their magnitude is directly proportional to the magni-
tude of the antiferromagnetic interaction, i.e. the larger the
overlap the larger the antiferromagnetic interaction and vice
versa. For 1, there are three intermediate and six small overlap
interactions, resulting in a small ferromagnetic interaction
overall. Interestingly, replacement of the phenoxide group in
Model 1 with a point charge changes the sign of the magnetic
interaction from ferromagnetic to antiferromagnetic
(+4.2 cm™" to —3.4 cm™"), highlighting the importance of this
moiety for obtaining ferromagnetic exchange. We have also
calculated the next-nearest neighbour exchange mediated via
the syn, anti-O-C-O(carboxylate). These are weak and antiferro-
magnetic, with J < —0.2 cm ™" (Fig. S61).

All the Co" ions in 1 are in distorted octahedral geometries
(Table S3t), with previous magneto-structural studies
suggesting such ions would possess large easy-plane an-
isotropy.'® Ab initio NEVPT2 calculations on each Co" ion in 1
confirms this, with values in the range +41.2 < D <
+87.1 cm™". The dominant contribution to D arises from the
dyzpyz = dyy electronic transition (Table S4, Fig. S7t). Positive
axial zero-field splitting can be attributed to electronic tran-
sitions between orbitals with different m;, values and the mag-
nitude correlated to the energy separation between the orbitals
involved in the electronic transition.'® The computed D,, axes
for Co1-Co4 are shown in Fig. S8F and are non-collinear, pri-
marily due to the sinusoidal arrangement of metal centres.
This is likely also the reason 1 is not an SMM. We also note
that |[D| > |J| and in such scenarios an isotropic description of
the exchange should be regarded with some caution.°

In summary, the reaction of Co(OAc),-4H,0 and Hsal
affords the aesthetically pleasing [Co;e(p-sal)i6(ps-OAc)i6] (1)
wheel, which displays weak ferromagnetic nearest neighbour
exchange interactions, in agreement with DFT calculations. Ab
initio NEVPT2 studies suggest the presence of large single ion
easy-plane anisotropy. In the extended structure the wheels
form dimeric capsules via inter-digitation of the sal/acetate
ions and this extends to form infinite tubular stacks of cap-
sules upon symmetry expansion. Attempts to make analogues
of 1 with different M" ions, different carboxylates and deriva-
tised salicylaldehyde ligands are in progress, with a view to
also examining guest transport to the interior of the cages.

This journal is © The Royal Society of Chemistry 2022
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