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Combining Complementary Ligands into one Framework for the
Construction of a Ferromagnetically Coupled [Mn",,] Wheel
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Abstract: Phenolic oxime and diethanolamine moieties
have been combined into one organic framework, result-
ing in the formation of a novel ligand type that can be
employed to construct a rare and unusual dodecametallic
Mn wheel, within which nearest neighbours are coupled
ferromagnetically.

The success with which coordination chemists have produced
molecules with fascinating physical properties is derived from
a systematic exploration of the effects of ligand design, metal
identity and heating regime upon cluster symmetry, topology
and nuclearity.”” Past successes and future progress are under-
pinned by judicious ligand design, looking not only at the way
in which ligands can bridge between metal centres, but also
how the periphery can be derivatized to enhance, for example,
solubility, substrate specificity, post-synthetic modification or
magnetic exchange.” Two families of ligands that have had
enormous success in the construction of Mn cluster com-
pounds in particular are the phenolic oximes™ and the diols.”
The former tend to construct clusters based on the triangular
[Mn;O(R-sao0);]*  (saoH,=salicylaldoxime) building block, at
least in alcohol, whereas the latter have more structural flexi-
bility and have demonstrated a wide variety of coordination
modes (from p- to ps-bridging), but they are often observed to
impart a degree of curvature that can result in the formation
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of molecular wheels.*? Wheels have long fascinated chemists,
partly due to their beautiful structural aesthetics, but also be-
cause they possess inherently fascinating physics.” They are
model compounds for the study of quantum effects and spin
frustration, and have been proposed as candidates for quan-
tum-information processing.” Transition-metal-based wheels
can be singly or multiply stranded, the former describing
linked monometallic fragments,”® and the latter linked poly-
metallic fragments or layered complexes, in which two or
more wheels run in parallel.”’

One common approach for making Mn clusters is to use
two ligand types in one-pot serendipitous self-assembly. This is
especially fruitful if the ligands have a track record of success
in making Mn clusters in their own right, and if the respective
building blocks are complementary. Indeed our initial attempts
at employing phenolic oximes and diols in the same reactions
has proved to be somewhat successful.® An alternative ap-

Figure 1. Left: Structure of the pro-ligand H,L. Right: Molecular structure of
1: Mn=purple, O=red, N=blue and C=black; hydrogen atoms and some
carbon atoms are omitted for clarity.

proach would be to combine the phenolic oxime and diol moi-
eties within the same ligand framework, and herein, we report
the synthesis, structure and magnetic properties of the
dodecametallic wheel [Mn",,(OMe),(L),(0,CCMe;),(MeOH),] (1)
constructed by using the new pro-ligand H,L (Figure 1, left).
Reaction of MnCl,-4H,0, H,L and Me,CCO,Na in a basic
MeOH solution resulted in the formation of black rod-like crys-
tals after slow evaporation of the filtered mother liquor, after
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Figure 2. A) Molecular structure of 1 highlighting the saddle shape. Hydro-
gen atoms and some carbon atoms are omitted for clarity. B) Magnetic core
of 1. C) Three different exchange interactions between the Mn centres;
Mn1-Mn2=J,, Mn2-Mn3 =J, and Mn3-Mn1’=J;. The solid black lines show

the Jahn-Teller axes of the Mn""

O=red, N=blue and C=black.

ions. D) Metallic skeleton of 1: Mn=purple,

five days (for details, see the Supporting Information). The crys-
tals were found to be in a tetragonal crystal system and struc-
ture solution was performed in the /4,/a space group. The
structure describes a saddle-like or basket-shaped, single-
stranded dodecametallic wheel (Figures 1and 2). The four sym-
metry-equivalent L* ligands bridge a total of four Mn ions:
the oximic and phenolic moieties are p-bridging (Mn-N-O-Mn
22.76°) and terminally bonded (Mn—O 1.873 A), respectively,
and the two alkoxide arms of the diethanolamine do likewise,
one terminally bonded (Mn—O 1.903 A) and one p-bridging
(Mn—0 1.958 A; Mn-O-Mn 106.6°). The sixteen MeO~ ions and
four carboxylates are all p-bridging (Mn—O(Me) 1.882-2.157;
Mn-O(Me)-Mn 101.08-104.86°), and the four MeOH molecules
are terminally bonded to Mn3 and symmetry equivalents (Mn—
0 2.287 R). The magnetic core of the molecule can thus be de-
scribed as consisting of three basic units: Mn1—Mn2 bridged
by two methoxides, Mn2—Mn3 bridged by one methoxide and
one alkoxide from the diethanolamine moiety; and Mn3—Mn1’
by one methoxide, one carboxylate and one oximic NO moiety
(Figure 2c). The metallic wheel is approximately 9 A in diame-
ter (Mn3--Mn3’). There are no intra- or intermolecular hydro-
gen bonds, with the closest intermolecular interactions being
between the methoxides and the Ph ring of the L*" ligand (C-
(OMe)-Cing) 3.311 R) and this causes the molecules to pack in
an aesthetically pleasing head-to-tail arrangement (Figure S1 in
the Supporting Information).

A search of the Cambridge structural database (CSD) reveals
only three examples of dodecametallic Mn wheels in the litera-
ture: the metalladiazamacrocycle [Mn,,(tpeshz),,(dmf);,]
(Hstpeshz = N-trans-2-pentenoylsalicylhydrazide),”” the mixed-
valent [Mn":Mn"4(O,CR)4(L)s] (LH,=N-alkyldiethanolamine), in
which Mn" and Mn" ions alternate around a chair-like wheel,™
and the recently published mixed-valent “triangular” wheel
[IMn"sMn"(mpt)s(CH;CO,);,(py)s]  (Hsmpt=methyl-1,3,5-penta-
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Figure 3. Top: plot of the xT product versus temperature for complex 1 in
an applied field of 0.1 T. The black crosses are the experimental data, the
blue line is a simulation with the 3J nearest-neighbour model and the red
line is a simulation with the full 9J model. Bottom: energy versus total spin
state for the lowest lying S levels derived from the isotropic simulation of
the susceptibility. Blue crosses are from the 3J model, red lines are from the
9J model.

netriol) consisting of alternating homovalent [Mn",] and [Mn",]
dimers."*? Interestingly, the saddle-like topology seen in 1 is
rather reminiscent of the mixed-valent wheel [Mn";Mn';-
(O,CMe),4(teaH);,] built using the closely related ligand trietha-
nolamine (teaH,).” No magnetic data were reported for the
[Mn",,] complex, and both mixed-valent species display domi-
nant antiferromagnetic exchange interactions.

The magnetic susceptibility (y) of 1 was measured from 300
to 5 K in an applied field of 0.1 T, and the results are plotted as
the T product versus T in Figure 3. The yT value of approxi-
mately 41 cm®*Kmol™" at 300K is above that expected for
twelve non-interacting Mn" ions (36 cm*Kmol ™' for g=2). This
value increases steadily as the temperature is decreased, reach-
ing a maximum of 225.4 cm*Kmol™" at 7.5 K, before dropping
slightly to 216.9 cm®*Kmol™' at 5K. This behaviour suggests
dominant ferromagnetic exchange interactions in 1. The low-
temperature magnetisation rises to saturation within 7 T, al-
though the initial slope is much smaller than expected for
a Brillouin function, suggesting the presence of sizeable single-
ion anisotropy, as might be expected for Mn" (Figure 3). Due
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to the huge dimension of the Hilbert space (244,240,625), an
exact eigenvalue determination of an anisotropic spin Hamilto-
nian is impossible, and thus we have performed DFT calcula-
tions (see the Supporting Information) to determine the perti-
nent exchange parameters, which we then employ in a spin
Hamiltonian (Table S1 in the Supporting Information).™

In complex 1 there are three unique nearest-neighbour (1,2)
interactions: Mn1-Mn2 (J;), Mn2-Mn3 (J,) and Mn3-Mn1" (J;;
Figure 2C and Figure S2 in the Supporting Information). A pre-
vious theoretical study of a different [Mn,,] wheel suggested
that both the next-nearest (1,3) and next-next-nearest (1,4) in-
teractions may be non-negligible,®? and thus we have also
calculated the three (1,3) and three (1,4) interactions. The cal-
culated nearest-neighbour interactions (based on the H=
—2J,88, formalism) are J;=+11.11cm™', J,= +6.71 cm ™' and
J;=+1.90cm™". The interactions are computed to be ferro-
magnetic in nature, with the magnitude diminishing signifi-
cantly from J,—J;. The (1,3) and (1,4) interactions are computed
to be much smaller in magnitude and near zero (J,=
—0.05cm™, Js;=—0.04cm™, Jy=—0.04cm™, J,=4+0.03cm™,
Jg=+0.01cm™, Jy=—0.07 cm™"). Therefore, these can be ex-
cluded from further discussion.

By using the exchange-interaction parameters extracted
from DFT, spin Hamiltonian simulations have been performed
for an isotropic spin Hamiltonian, that is, Heisenberg and
Zeeman terms, employing the finite-temperature Lanczos
method (FTLM), to approximately evaluate the susceptibility
and magnetisation."? The result for the yT product versus T re-
produces the data very well, because ¥T in the strong ex-
change limit only very weakly depends on the single-ion aniso-
tropies, and is therefore dominated by the exchange parame-
ters (Figure 3). The influence of antiferromagnetic next-nearest
and next-next-nearest neighbour exchange, which in principle
could lead to interesting frustrated ferromagnets, is negligi-
ble."™ The low-temperature magnetisation on the contrary de-
pends strongly on anisotropy, and a simulation by using a Hei-
senberg model gave a much poorer fit (Figure 3). It is clear
that the anisotropy term will reduce the magnetisation at low
temperatures. Unfortunately, anisotropy breaks the SU(2) sym-
metry of the Heisenberg model used in our simulations, and
programs that could deal with such large systems are not
available—the largest anisotropic system simulated to date
contains just six Mn" ions and one Cr'" ion.™ Simulations of
the magnetisation by using only the ground multiplet (giant-
spin approximation) would not give good results since the Hei-
senberg model simulations show that the low-lying multiplets
are nested, with the gap to the first excited state being only
3.5 cm™' (Figure 3), and thus strongly contribute to thermody-
namic observables even at the lowest temperatures.

Previous theoretical studies on {Mn"(OR),Mn"} dimers re-
vealed that the angle between neighbouring Jahn-Teller (JT)
axes is crucial in determining the sign and strength of the
magnetic interaction.” Based on this classification, the near-
est-neighbour interactions in 1 all belong to type lll (Figure S3
in the Supporting Information), with the angle between JT
axes being 87.2 (J;), 100.9 (J,) and 126.7° (J;). When the angle
increases, the orthogonality between the two d,* orbitals is
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Figure 4. Left: spin-density plot for 1. Right: D,, orientations of the twelve

Mn" ions in 1.

lifted, and the cross-interaction between the d,> and the
empty d,._,. orbital decreases, leading to a decrease in the
strength of the magnetic exchange. The computed exchange
interactions and experimentally observed JT angles for 1 thus
correlate rather nicely with previously published magneto-
structural correlations.™ The computed spin-density plot of
the S=24 state is shown in Figure 4, with a mixture of spin de-
localisation (along the JT axes) and spin polarisation observed.
Because the JT axes are perpendicular to each other, one of
the p-bridging O-atoms has significant spin density, whereas
the other has a very small spin density, and the net spin densi-
ties on both decrease when the magnitude of J decreases
(Table S2 in the Supporting Information).

We have also computed the single-ion zero-field splitting
(ZFS) of the individual Mn" ions by using monomeric models
(Table S3 and Figure S4 in the Supporting Information). The
computed D,, values are in the range —2.0 to —1.5cm™". Al-
though the sign is as anticipated, the magnitudes are a little
smaller than that expected for complexes of Mn" and can
likely be attributed to the distorted octahedral Mn" coordina-
tion environments present in 1.9 The computed D,, directions
are shown in Figure 4, all being approximately collinear to the
JT axes (Table S3 in the Supporting Information). The D,, axes
of any two nearest neighbours are approximately perpendicu-
lar to each other, and thus the D;_, that arise from each of the
twelve dimeric units are expected to be small. Indeed, comput-
ed values on selected dimeric models yield Ds_, values in the
range —0.39 to —0.71 cm™', and one would expect this to
reduce further when the model size increases and reaches
[Mn".,] (Table S4 and Figure S5 in the Supporting Information).

AC susceptibility measurements showed strong frequency
dependence at T<5K; an Arrhenius analysis of the out-of-
phase data in combination with DC magnetisation decay data
obtained from a single crystal gave Uk;=51K and 7,=3.2x
107" s (Figures S6 and S7 in the Supporting Information). A
barrier of 51 K is suggestive of a small Digysen=0.06 cm™, as
was predicted by computation. Single-crystal hysteresis loop
measurements performed with the field applied along the easy
axis of the molecule show temperature- and sweep-rate de-
pendent signals below approximately 2 K (Figure 5). The loops
have no well-defined quantum steps, and thus a rather round-
ed appearance, as a direct result of the plethora of low-lying
excited spin states.

In conclusion, the new pro-ligand H,L, combining phenolic
oxime and diethanolamine moieties within the same structural
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Figure 5. Single-crystal hysteresis-loop measurements for 1 with the field ap-
plied along the easy axis of the molecule. The magnetisation is normalised
to its saturation value.

framework has led to the isolation of an unusual dodecametal-
lic [Mn",,] wheel. Indeed, it is just the fourth [Mn,,] wheel of
any kind, the second homovalent wheel and the first to display
ferromagnetic exchange between neighbours leading to a S=
24 ground state. These results suggest that pairing comple-
mentary ligands into the same organic scaffold may lead to
a host of fascinating new structure types.
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