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Magnetic ‘Molecular Oligomers’ Based on Decametallic
Supertetrahedra: A Giant Mn4g Cuboctahedron and its MnzsNas

Fragment

Maria Manoli,® Sofia Alexandrou,? Linh Pham,®* Giulia Lorusso,® Wolfgang Wernsdorfer,* Marco
Evangelisti,* George Christou,® and Anastasios J. Tasiopoulos®

Abstract: Two nanosized Mn clusters,
[Mn4g(0)32(OCH3)3(hp)24(02CH)6(DMF)12](OH)8 (l) and
[ansN&(o)ls(OCH3)4(hp)16(OZCCH3)4(OzCH)(DMF)8](Och) (2)
(Hzhp = 2-(Hydroxymethyl)phenol) based on analogues of the high
spin (S = 22) [Mn"sMn'"4(4s-0)s]*®" supertetrahedral core are
reported. Complexes 1 and 2 consist of eight and four decametallic
supertetrahedral subunits, respectively, display high (Oy) virtual
symmetry and represent unique examples of clusters based on a
large number of tightly linked high nuclearity magnetic units. They
also possess dominant ferromagnetic exchange interactions and
large spin ground state values S = ¢/, (1) and 5%/, (2) with the Mngg
cluster displaying single molecule magnetism (SMM) behavior and
being the second largest homometallic SMM.

The construction of giant metal clusters based on tightly
connected, magnetically interesting, polynuclear complexes is
one of the most important challenges for coordination chemists.
Interest in such compounds stems not only from their impressive
structural features such as large size, high symmetry, beautiful
shapes and architectures, but also from the possibility that the
magnetic properties of their structural subunits to be retained or
even enhanced in the large polynuclear assembly. Although
several giant metal organic compounds have been reported, the
structures of both the homometallic (e.g. Mngs,™ ! Mngg,2 Mng,, 1291
Fess,® Fesn [ Cogp® Cugg,® Pdss,'® and Lnjos (Ln= Nd, Gd)*t)
and heterometallic (e.g. MnggNis,'2 Cui7Mngg, 23! [Nig2(Cr7Ni)e], 24
NisoLaze,*> NissGds4,*81 Cuselngg (Ln = Gd, Dy),t7)) ones contain
mainly oligonuclear, usually trinuclear (e.g. oxo or hydroxy-
shaped triangles) and tetranuclear (e.g. cubanes) subunits.
There are also a few examples of nanosized clusters based on
subunits that have not been isolated in discrete form and only a
couple of complexes displaying building units or fragments that
have been reported in the literature. Such examples are the Fess
cluster based on an Feg subunit®® and the Mngs wheel which
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contain a Mny; fragment reported in the past, although its true
repeating unit is a Mny4 cluster never seen in discrete form.!
Despite the fact that the synthesis of most of the giant metal-
organic clusters is a very complicated process based to some
extent on serendipity, a discussion has been initiated in the
scientific community concerning the possibility to predict the
structure and nuclearity of metal-organic clusters that could be
targeted and prepared by future generations of chemists.[*%18! |t
would be tempting to assume for example that stable structural
units easily assembled in the reaction solution under various
conditions could be linked in the presence of the proper bridging
ligands giving rise to a library of theoretically predicted high
nuclearity clusters. However, so far there is no experimental
proof to support this expectation.

One ideal structural type to act as a building — block in high
nuclearity clusters is the [Mn"eMn'4(1s-O)4]*8* supertetrahedral
core which combines a beautiful, high symmetry (Tq) metal
topology and interesting magnetic properties.' In addition, it
has been stabilized in discrete form with several ligands*®24 and
under various reaction conditions, and has appeared as the
repeating unit in 0-D Mn;7?22% and Mny?4 clusters and in the
giant MnggNis “loop — of — loops and supertetrahedra”
aggregate,i*? all containing two Mn"sMn',; supertetrahedral units.
Most of the compounds possessing this core display
ferromagnetic exchange interactions and large or even giant
ground state spin values which for the Mnio Mni7, Mnig and
MnsgNis clusters mentioned above are S = 22, 37, 8/, and 26,
respectively. However, there is no cluster containing more than
two Mn"'sMn', supertetrahedral subunits.

Herein we report compounds [Mn"3sMn'"i3(us-O)sa(ps-
OCHj3)s(3-hp)24(02CH)s(DMF)12] (OH)s 1) and
[Mn"5oMn''sNay(Ha-O)16(H3-OCHz)a(p3-hp)16(O2CCH3)4(O-CH)
(DMF)g](O2CH) (2) (Hzhp = 2-(Hydroxymethyl)phenol) consisting
of eight and four fused Mo supertetrahedral units respectively.
Both compounds display highly symmetric, nanosized structural
cores (Op virtual symmetry) with that of 1 describing an
“Archimedean solid” called a cuboctahedron. In addition, they
are structurally related, with the core of 2 being almost identical
to a fragment of that of 1. Magnetism studies revealed the
existence of dominant ferromagnetic exchange interactions in
both 1 and 2 leading to ground state spin values of ¢/, and %/,
respectively. In addition, the magnetocaloric effect for both
complexes is seen to develop over a significantly wide
temperature range. Finally, compound 1 displays SMM behavior
being the second largest homometallic 3d SMM reported in the
literature.

Both compounds discussed herein were prepared from the
investigation of reactions of Mn salts with 2-
(hydroxymethyl)phenol (H:hp) under various conditions. Thus,
the reaction of [Mn(ClO4)2]'xH20, Hzhp, NaOCN and BusN(ClO4)
in a 1:1:1:1 molar ratio in DMF/MeOH solvent mixure led to the
isolation of 1-10DMF in 20 % yield after ~ 2 months. Compound
2-DMF was isolated in ~25% vyield from the reaction of
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Mn(acac), with Hzhp in the presence of NaOMe in a 1:1:2
molar ratio in a DMF/MeOH solvent mixture. Some of the
chemicals used in the reaction mixture resulting in 1 do not
appear in the final product, however their presence in the
reaction mixture is essential for the isolation of the compound
since the latter is not formed when the reaction is repeated
without their use. It should also be pointed out that although
both compounds are prepared in moderate yields after several
weeks, their synthesis is reproducible.

The asymmetric unit of 1% consists of two independent
quarters of the Mnyg cation (Figure 1a) and also OH" counter-
ions and solvents of crystallization. The two Mnyg units are
nearly identical including a centrosymmetric, mixed-valent
[(Mn"3sMn'"13(us-O)s2]"%* structural core (Figure 1b). The latter
consists of eight [Mn"'sMn";(u4-0)4]** supertetrahedral subunits
(Figure 1b, right) all having a common apex Mn'" ion and each of
them sharing three edges with three other neighbouring
supertetrahedra. The assembly of the eight Mno
supertetrahedra results in a geometrical 3-D shape consisting of
6 square pyramids sharing their triangular faces with eight
tetrahedra. The Mnyg polyhedron thus has 8 triangular and 6
square faces and describes an “Archimedean solid” called a
cuboctahedron (Figure 1c). The 12 Mn?*ions define the vertices
of the cuboctahedron and 24 Mn®* ions are located on its edges.
The rest of the Mn®* (twelve) and Mn?* (one) ions of 1 are found
on the inner edges of the supertetrahedra and at the centre of
the cuboctahedron, respectively. The ps-0?% ions of the Mngg
cluster bridge 3Mn®* and one Mn?* ions, as has been seen in
other  structures  containing the  [Mn"sMn';(us-O),]*8*

supertetrahedral core whereas the ps-MeO ligands bridge three
Mn®* ions. The peripheral ligation is completed by 24 fully
deprotonated hp? ligands connecting two Mn?* and one Mn®*
ions in a n%n3-ps mode, six severely disordered HCO," ligands
bridging exclusively Mn3* ions, and 12 terminal DMF molecules
bound to the 12 outer Mn?* ions.

The asymmetric unit of 2-DMF® consists of one quarter of
the cation of 2 (Figure 2a) and lattice counter-ions and solvent
molecules. Its [Mn"xMn"sNas(us-O)1e]*?* core (Figure 2b)
consists of four [Mn"sMn'"3Na(us-O)4]*™* supertetrahedral units
having a common Mn" ion occupying their apex position and
each of them sharing two edges with two other neighbouring
supertetrahedra. The overall shape of the core can be described
as a square pyramid sharing each of its triangular faces with a
supertetrahedron. The Mn"ions occupy the common vertices of
the square pyramid and the supertetrahedra and the Na* ions
the remaining vertices of the four supertetrahedra. Sixteen Mn3*
ions are located on the outer edges of the four supertetrahedra
and four on their inner edges (in the common faces of the
square pyramid and the four supertetrahedra). The described
core of 2 is related to that of 1 in being almost equal to a
fragment of the latter. In fact, the core of 1 can be described as
consisting of two Mg units of 2 sharing a central Mg plane (Figure
3). As a result, structural features such as the bridging modes of
the ligands, the coordination environment and number of metal
ions, etc in 2 are similar to those described for 1. Thus, each of
the sixteen O% ions of the core is linked to three Mn®* and one
Mn?* or Na* ions, the four MeO- groups to three Mn®* ions, and



Figure 1. Representations of the a) molecular structure of the cation of 1, b)
[Mn"36Mn'"13(ua-0)32)"®*  structural core (left), and [Mn"sMn's(us-O)a]*8*
supertetrahedral subunit (right) and ¢) Mnsg metallic skeleton; the solid lines
connecting the Mn ions in Figs. b (left) and c and the coloured planes in Fig. ¢
are used to emphasize the existence of eight Mn"'sMn's supertetrahedral
subunits, and the cuboctahedral shape of the structural core and the metallic
skeleton. Colour code: Mn'"" blue; Mn" pink; O red; N dark blue; C grey.

the sixteen hp* ligands bridge in a n%n?u; mode either
MnZ*/Na*/Mn® or  2Mn?*/Mn®* ions. The peripheral ligation is
completed by four acetate ligands bridging in a n':n3-us mode, a
severely disordered formate ion, and eight terminal DMF
molecules connected to the Mn2?* and Na* ions.

The oxidation states of the Mn ions and the protonation
level of O%/RO" ligands in 1 and 2 were determined by BVS
calculations, charge considerations and inspection of metric
parameters.[?627] All octahedral Mn®* ions display a JT elongation
with the carboxylate O and ps-MeO being located on the JT
axes, which however are not co-parallel.

a)

b)

Figure 2. Representations of the a) molecular structure of the cation of 2 and
b) [Mn"'20Mn'"sNaas(ps-O)6]*?*  structural core; the coloured planes in Fig 2b
and the solid black lines connecting the Mn ions are used to emphasize the
description of the core of 1 as a square pyramid sharing its triangular faces
with four tetrahedra, and also the presence of the four [Mn"sMn'"sNa(u4-0)a]*"
supertetrahedral subunits. Colour code: Mn"' blue; Mn" pink; Na* purple; O red;
N dark blue; C grey.

Interestingly, the cores of 1 and 2 are also related to the
[Mn";;Mng(u4-0)s]?°* core of a family of Mny; clusters reported

recently, (see Figure 3 and Figure S4 in the supporting
information).?2231 The latter consists of two edge-sharing
[Mn"eMn'"y(us-O) 4] 8* supertetrahedral units, displays
ferromagnetic exchange interactions with one of the Mn;7
analogues combining an S = 37 spin ground state and SMM
behaviour being the highest spin SMM.[?2 Complex 2 contains
two [Mn'";;Mn's(4-0)s]?** fragments, nearly identical to the core
of the above discussed Mn;; cluster, sharing a Ms plane,
whereas complex 1 consists of four such units sharing two Ms
planes with the neighbouring ones. Both 1 and 2 are nanosized
clusters and among the largest discrete (0-D) 3d metal clusters
with maximum dimensions of ~ 2.5 and 2.2 nm and molecular
weights of ~ 8400 and ~ 4800 g/mol, respectively, with the
former one being smaller only from Mng, and Feg, clusters.l

Direct current magnetic susceptibility (xm) measurements
were performed on powdered crystalline samples of 1-:10DMF
and 2DMF in the 5 - 300 K temperature range in a 0.1 T
magnetic field. The data are plotted as ymT vs. T in Figure 4a.
xwuT for 1:10DMF and 2:DMF increases steadily from 189.6 and
101.4 cm?® mol? K, respectively, at 300 K to maxima of 536.8 (at
20 K) and 367.2 cm® mol? K (at 10 K) before decreasing to
431.5 and 337.9 cm® mol K at 5.0 K. The 300 K values of both
compounds are higher than the spin-only (g = 2) values of
164.875 cm®mol! K for 13 Mn'" and 36 Mn'" and 81.875 cm®mol
1 K for 5 Mn" and 20 Mn"' non-interacting ions, indicating the

Figure 3. Representations of the structural cores of 1 (bottom), 2 (middle) and
a Mny cluster known from the literature®®? (top, see text for details),
respectively, highlighting their structural relationship; the light blue planes in
the cores of 1 and 2 are used to emphasize the common Ms plane of the two
Mag subunits, related to the structure of 2, within the Mg cuboctahedral core of
1 (see the text for details). Colour code: Mn'" blue; Mn" pink; Na* purple; O red.

presence of dominant ferromagnetic exchange interactions
within both molecules. The maximum xwT values suggest
ground-state spin (S) values of approximately S = 83/, + 1 (spin-
only values 480.375, 511.875 and 544.375 cm®mol?® K for S =
61/,, 83/, and %5/,, respectively) for 1:10DMF and %3/, + 1 (spin-only
values 337.875, 364.375 and 391.875 cm3 mol?! K for S = 5/,,



53/, and %%/,, respectively) for 2DMF. The abrupt decrease of yuT
at very low T for both complexes is assigned to zero-field
splitting (ZFS), Zeeman effects from the applied field, and/or
weak inter-molecular interactions.

To further probe the ground-state spin, of the two
complexes, magnetization (M) vs dc field measurements at
applied magnetic fields (H) and temperatures in the 1-10 kG and
1.8-10.0 K ranges, respectively, were performed. The data are
shown in Figures S9 and S10 for 1-10DMF and 2-DMF,
respectively, as reduced magnetization (M/Nug) vs H/T plots,
where N is Avogadro’s number and g is the Bohr magneton.
The data were fit by assuming that only the ground state is
populated at these temperatures and magnetic fields, and by
including isotropic Zeeman interactions and axial zero-field
splitting (DS,?). Using only data collected at low fields to
minimize problems from low-lying excited states, satisfactory fits
were obtained (solid lines in Figures S9 and S10) with S = 5%/, g
=1.99 (1), and D = -0.01 cm for 1 10DMF, and S =5%/,, g = 1.99
(1) and D = -0.01 cm™ for 2DMF. Alternative fits with slightly
higher or lower S values gave for both compounds unreasonable
values of g and D.

Prompted by the large magnetization values observed in
both complexes, we performed magnetocaloric studies to
investigate their cooling capability. A complete discussion about
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Figure 4. a) yuT vs T plot for complex 1-10DMF (open circles) and 2-DMF
(solid circles) at 0.1 T and b) magnetization (M) vs applied magnetic field poH
hysteresis loops for a single crystal of 1:10DMF at the indicated temperatures
and a fixed field sweep rate of 0.002T/s. The magnetization is normalized to its
saturation value (Ms).

these investigations is provided in the supporting information. In
comparison to the MCE reported for other molecular
compounds,?® the data revealed moderate entropy changes for
both complexes, i.e., -ASy = 6.4 J kgt K at T =10 K and poAH
=7 T for 1'10DMF and -ASy, = 7.7 J kgt K at T = 8 K and poAH

=7 T for 2DMF (Figure S8). Interestingly, the entropy changes
remain almost constant from 30 K to 5 K (uoAH = 7 T), indicating
that both compounds display cooling capability for a significantly
wide range of temperatures. It is also notable that the zero-field
entropies for both complexes (Figure S6) are consistent with the
afore-discussed ground-state spin values. On basis of the
magnetization data, assuming that only S = 8/, (S = 5%,) is
populated below 2 K for 1:10DMF (2DMF) would imply a value
for the zero-field magnetic entropy at 2 K close to RIn(2S+1) =
4.1R (4.0R), where R is the gas constant, as indeed observed
(Figure S6).

Alternating  current  (ac) magnetic  susceptibility
measurements were performed in the 1.8 — 10 K temperature
range in zero applied dc field and a 3.5 G ac field oscillating at
50 — 1000 Hz. The plots of the in-phase component of the ac
susceptibility x'mT versus T and the out-of-phase susceptibility
x"m versus T for 1-10DMF and 2-DMF are shown in Figures S11
and S12. Extrapolation of the y'mT data from above ~6.0 Kto 0
K, at which point only the ground state will be populated,
(avoiding the lower T data that will be affected by intermolecular
dipolar interactions, etc) gives values of ~460 and ~360cm?® mol*
K, which are consistent with S = %/, + 1 and 5/, + 1 ground
states for 1-10DMF and 2-DMF, respectively, with g = 2.00,
confirming the conclusions from the dc studies. The out-of-
phase plot of 1-10DMF displays weak x"w signals below 2.6 K,
suggestive of the presence of slow relaxation of the
magnetization. No out-of-phase signals were observed for
2-DMF.

Encouraged by the giant spin ground state value and the
observation of out-of-phase signals in 1-10DMF we carried out,
using a micro-SQUID apparatus, single-crystal hysteresis
studies to confirm that it indeed displays SMM behavior. The
obtained magnetization versus dc field data at different
temperatures and a fixed field sweep rate of 0.002 T/s are
shown in Figure 4b, and at different scan rates and a constant T
= 0.5 K in Figure S13. Hysteresis loops appeared below 1 K
whose coercivities increase with decreasing temperature and
increasing field scan rates, as expected for SMMs. Thus,
1-10DMF is a new SMM, with a blocking temperature of 1 K,
above which no hysteresis is observed. The hysteresis loops do
not contain any steps characteristic of quantum tunneling of the
magnetization (QTM); however this is typical for higher
nuclearity SMMs where the steps are smeared out due to
various effects such as existence of low-lying excited states,
intermolecular interactions, etc.'? Magnetization vs time decay
data were collected on a single crystal of 1:10DMF to assess the
magnetization relaxation dynamics, and the results are shown in
Figure S14. These data were used to calculate the relaxation
rates (1/r; 7 is the lifetime) at the different temperatures and
construct the Arrhenius plot shown as 7 vs 1/T in Figure S15
based on the Arrhenius equation:

T = 10eXP(Uer/KT) ()

where 1o is the pre-exponential factor, Uer is the effective
relaxation barrier and k is the Boltzmann constant. The
Arrhenius equation is appropriate for a thermally activated
Orbach process, the characteristic behaviour of a Mn-based
SMM. The fit to the thermally activated region above ~ 0.1 K
gave 7o= 7-10 s and Uex = 19 K. The small value of 1o, smaller
than is typical for purely SMM behaviour, is assigned to the low-



lying excited states and the weak intermomolecular interactions
and is a common situation for large clusters.??2232% At ~ 0.1 K
and below the relaxation becomes temperature-independent as
expected for relaxation by ground-state QTM, i.e. via the Ms = +
61/, levels of the S = ¢/, spin manifold.

Summarizing, two nanosized MnzsNa, and Mnsg molecular
aggregates based on four and eight [Mn"sMn'"sM(u4-O)a™* (M=
Mn", n =18, 1-10DMF; M= Na*, n = 17, 2-DMF) supertetrahedral
repeating units are reported. This extended conjunction of
decametallic  supertetrahedra  afforded  structural cores
displaying high symmetry (On) and aesthetically pleasing 3-D
solid shapes including an Archimedean one, called a
cuboctahedron. Compounds 1 and 2 also display dominant
ferromagnetic exchange interactions and spin ground state
values S = ®1/, and 5Y/, respectively that are among the largest
ones for high nuclearity metal clusters.[222429 Complex 1 was
also found to behave as SMM being the second largest Mn
cluster and homometallic SMM reported in the literature. It
should be pointed out that although compounds containing the
[Mn"sMn""4(us-0)4]*8* supertetrahedral core are often found to
display entirely ferromagnetic exchange interactions and the
maximum possible spin ground states,!**-?224 this is not the case
for 1 and 2 for which the corresponding maximum values would
be, by far, record values of S = 2%/, and %/,, respectively.
Obviously in the case of these two compounds, apart from the
exchange interactions within the decametallic supertetrahedral
core, which are expected to be ferromagnetic, there are also
additional ones between the neighbouring Mo repeating units
some of which are antiferromagnetic. For this reason, although
dominant ferromagnetic behaviour was realized for both
complexes the spin ground states observed are significantly
lower than the maximum possible values. However, these
magnetic systems have the potential to display larger S values if
some of the antiferromagnetic interactions are switched to
ferromagnetic ones by synthesizing analogues of 1 and 2 with
slightly different bond lengths and angles, peripheral ligation,
etc., as was accomplished in the past for other magnetic
systems.” Thus, 1 and 2 could prove to be stepping-stones
towards the construction of new families of materials with
abnormally high spin ground states. These compounds are also
the first molecular species containing more than two repeating
decametallic supertetrahedra and their cores are related to each
other and also to that of the Mn;7 “dimeric” analogues consisting
of two edge-sharing decametallic supertetrahedra. Thus, 1 and 2
can be considered as the “octamer” and “tetramer”, respectively,
of the well — known decametallic supertetrahedra, and their
isolation reveals that other molecular oligomers based on a large
number of the same, or other, repeating high nuclearity clusters
are possible. Synthetic investigations targeting larger analogues
of this series of molecular oligomers such as the dodecamer, the
hexadecamer, etc are in progress and the results shall be
reported in due course. Indisputably, this study opens up new
directions in metal cluster chemistry towards the construction of
giant metal clusters with fascinating crystal structures and
magnetic properties.

Experimental Section

Full experimental details for the synthesis and characterization of the
reported complexes are provided in the supporting information.

Keywords: manganese ¢ cluster compounds * magnetic
properties * O ligands ¢ single-molecule magnets
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