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Single-Molecule Magnets

New Structural Motifs in Manganese Single-
Molecule Magnetism from the Use of
Triethanolamine Ligands**

Muralee Murugesu, Wolfgang Wernsdorfer,
Khalil A. Abboud, and George Christou*

Single-molecule magnets (SMMs) are molecules with a large
barrier (vs k7)) to magnetization relaxation, and consequently
display magnetization versus applied-field hysteresis loops at
low enough temperatures, the diagnostic property of a
magnet."! Such molecules derive their properties from a
combination of a large ground-state spin (S) value and a
significant magnetoanisotropy of the Ising (easy-axis) type.
SMMs thus offer a molecular approach to nanoscale magnetic
materials, and their potential applications include informa-
tion storage at the molecular level and use as quantum bits
(qubits) in quantum computation.

Manganese carboxylate chemistry has been the main
source of new SMMs during the last several years,?! and we
are therefore seeking to develop new synthetic methodology
to manganese clusters of various nuclearities and structural
types. In earlier work, we showed how the tridentate (N,0,0)
chelate, pyridine-2,6-dimethanol (pdmH,) provided access to
[Mn,(O,CMe),(pdmH)4]** ions with S§=9,2> [Mny(O,-
CEt),(pdm)(pdmH),(L),] with S=11/2,] and
[Mn,50,5(OH),(N3) o(pdm)s(pdmH)e]** with §=51/2,29 all
of which are SMMs. As an extension to this work, we have
recently been exploring reactions with the related molecule
triethanolamine (teaH;) to see what kind of manganese
clusters might result from the use of this potentially tetra-
dentate (N,0,0,0) chelate, which is also more flexible than
pdmH,. There are only a very few reported examples of
manganese compounds obtained with teaH;®) We herein
report the results of our study, which has produced new Mnq,
Mng, and Mny, clusters.

We have investigated many reactions between teaH; and a
number of manganese carboxylate sources, by using different
molar ratios and under a variety of conditions, and three new
manganese clusters are described herein. The reaction of
[Mn;O0(O,CCHPh,)4(py);](ClO,) (py = pyridine) with teaH;
in a 1:2 ratio in MeCN yielded the mixed-valent (Mn™,,
Mn",) complex [Mng(teaH),(teaH,),(O,CCHPh,)]-4 MeCN
(1-4MeCN) in 42% yield. This complex crystallizes in the
triclinic P1 space group. The centrosymmetric structure!
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(Figure 1) contains a central planar Mn, rhombus (Mn1, Mn2
and their symmetry partners); each of the two doubly
deprotonated teaH”*~ groups act as a tetradentate chelate to
Mnl and Mnl’, and provide edge-bridging atoms O1 and OS5,
and capping atom O3 (and their symmetry partners); O2 is
the protonated O atom. This central rhombus is very similar
to that in [Mn,(O,CMe),(pdmH)[**?>< (and also the very
similar hmp~ analogue, where hmp~ is the anion of 2-
hydroxypyridine®) except that the Mn" and Mn' sites are
interchanged. A further two Mn" ions (Mn3 and Mn3') in 1
are each connected to the central rhombus by two carboxylate
groups and an alkoxide O atom (O8) of a singly deprotonated
teaH,™ group, which is also acting as a tridentate chelate to
Mn3; atoms O9 and O13 are both protonated. The Mn™ ions
show Jahn-Teller (JT) distortions (elongations), shown as the
solid black bonds in Figure 1.

Figure 1. ORTEP representation of complex 1 with the thermal ellip-
soids set at 50% probability. H atoms have been omitted for clarity.
Solid black lines indicate the Mn'" Jahn—Teller elongation axes;
Mn'"" purple, Mn" yellow, O red, N blue, C gray.

The reaction of [Mn;,0,,(O,CCH,tBu)(H,0),] with
approximately 8 equivalents of teaH; in CH,Cl, led to large
dark brown crystals of the mixed-valent (Mn™,, Mn",)
complex [Mng(O,CCH,tBu),,(teaH),]-2 CH,Cl, (2-2CH,CL,)
in 58 % yield. The structure!® consists of an unusual Mng near
rectangle lying on C, rotation axis which passes through Mn1
and Mn5 (Figure 2). The octahedrally coordinated Mn" and
Mn'" ions alternate around the rectangle. Each Mn, pair is
bridged by a combination of carboxylate groups and an
alkoxide O atom of doubly deprotonated teaH*~ groups; the
protonated O atoms are O17 and O18. Four carboxylate
groups bridge in a rare n',n%u; mode, whereas the rest are in
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Figure 2. ORTEP representation and stereopair of complex 2 with the
thermal ellipsoids set at 50% probability. H atoms have been omitted
for clarity. Solid black lines indicate the Mn"' Jahn—Teller elongation
axes. Color code as in Figure 1.

the common n'n',u mode. The teaH>" groups bind as
tridentate chelates to the corner (Mn'") ions of the rectangle,
and bridge to the adjacent Mn" ions. In every case, the Mn™
JT elongation axes contain the teaH* N atom.

The reaction between Mn(O,CMe),-4H,0, teaH;, and
NEt; in a 1:1:1 ratio in MeCN led to the formation of dark
brown rectangular blocks of the mixed-valent (Mn', Mn'")
complex [Mn;4(O,CMe)4(teaH);,]-16 MeCN (3-16 MeCN) in
60 % yield. The same reaction but using NnBu,MnO, instead
of NEt; led to same product in lower yield (30%). The
structure”! comprises an Mn, loop of alternating Mn" and
Mn'™ jons with a saddle-shaped or closed sinusoidal con-
formation (Figure 3). Although involving a bigger loop size,
the structure of 3 has similarities to that of 2; again, eight of
the mono-protonated teaH?™ groups bind one each to the
Mn™ ions in a tridentate chelate fashion, and bridge with their
alkoxide O atoms to adjacent Mn" ions; the protonated
(alcohol) arms are unbound. The remaining four teaH*
groups bind one each to every other Mn" ion around the
loop in a tetradentate chelate fashion (i.e. including the
protonated alcohol arm) giving seven-coordinate, distorted
pentagonal-bipyramidal geometry. Each Mn, pair is thus
again bridged by a combination of carboxylate groups and an
alkoxide O atom. This is similar to the situation in Ni,,'® and
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Figure 3. ORTEP representation and stereopair of complex 3 with the
thermal ellipsoids set at 50% probability. H atoms have been omitted
for clarity. Solid black lines indicate the Jahn—Teller axes. Color code as
in Figure 1.

Fe, ! wheel-like complexes, the latter employing a triolate
ligand. Side-views emphasizing the planar and saddle-shaped
cores of 2 and 3, are shown in Figure 4.

In all three compounds, the oxidation state assignments
were made by examination of bond lengths, bond valence sum
calculations, and detection of Mn™ JT elongation axes. JT
elongated Mn""—O bonds for 1-3 are in the ranges 2.183(4)-
2395(6) A (1), 2.182(3)-2.412(3) A (2), and 2210(2)-
2.438(3) A (3), significantly longer than the other Mn''—O
bonds (1.875(4)-1.985(4) (1), 1.876(2)-1.962(3) (2), and
1.875(2)-1.979(3) A (3).

The magnetic properties of 1-3 were investigated by solid-
state magnetic susceptibility () measurements in the 5.0-
300 K range in a DC field of 1000 Oe (0.1 Tesla); the resulting
data are shown in Figure 5 as yy7 vs T plots. All three
compounds show a decreasing y\7 value with decreasing
temperature, which indicates that antiferromagnetic
exchange interactions dominate within the molecules. The
amT values at 50K are 10.1 (for 1), 4.0 (2), and
41.4 cm®Kmol ™' (3); this suggests the complexes all have
non-zero ground-state spin (§) values, with that for 3 being
particularly large. To determine the ground-state S values,
magnetization (M) measurements were carried out in the 1.8
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Figure 4. Side views of complexes 2 (top) and 3 (bottom) emphasizing
the different conformations. Color code as in Figure 1.
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Figure 5. Plot of y\,T versus T for complexes 1 (2), 2 (®), and 3 (0).

4 K temperature and 0.1-3 T field ranges. Only low fields
were used to try to avoid problems with low-lying excited
states, which are expected for high-nuclearity clusters with a
high density of spin states and/or when Mn" ions are present,
which give weak exchange interactions. We have described
such problems in detail elsewhere.’*™ The data were fitted by
a matrix-diagonalization method to a model that assumes
only the ground state is populated, includes axial zero-field
splitting (DS‘ %), and performs a full powder average.” Good
fits were obtained for 1 with S=5, g=1.79(1), D=
—0.20(1)cm™, and for 3 with §=10, g=2.00(1), D=
—0.060(4) cm ™. No acceptable fit for 2 could be obtained:
however, its low y T value (Figure 4) suggests a small ground-
state spin, of S =3 or less.

As described elsewhere,?*” more reliable conclusions
about the S value can be reached by AC magnetic suscept-
ibility measurements, which also can detect the slow magnet-
ization relaxation suggestive of SMMs. For 1 and 3, fre-
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quency-dependent tails were observed below approximately
3K in the out-of-phase AC susceptibility (y\'') versus T
signal, the maxima of which lie below the temperature limit of
our SQUID instrument (1.8 K), but no tail was seen for 2.
Corresponding frequency-dependent decreases in the in-
phase AC susceptibility (y\), plotted as (yu'T vs T), were
observed for 1 and 3, but not for 2 (Figure 6). In addition, the
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Figure 6. In-phase AC susceptibility signals (x\/, plotted as yy'Tvs T)
at 1000 (4), 250 (@) and 50 (¥) Hz for 1 (middle), 2 (bottom), and

3 (top).

v I versus T plots change with temperature, confirming the
presence of low-lying excited states, and extrapolation of the
plots to 0K (from regions not affected by the decreases
arising from slow relaxation) gives values of approximately 11
(for 1), 3 (2), and 49 cm®* Kmol ' (3). These are consistent with
the values expected for =35, 2, and 10, respectively, and g =
2.0 or slightly below (as expected for Mn™). The AC data thus
confirm the ground-state S values deduced form the magnet-
ization fits for 1 and 3. In addition, the S=2 value for 2 is
consistent with antiferromagnetic interactions between adja-
cent Mn"" and Mn™ ions around the ring, which would give a
predicted S =8—6 =2 ground state.

Complexes 1 and 3 were confirmed to be SMMs by
magnetization versus DC-field scans on single crystals using
an array of micro-SQUIDs."”! These gave hysteresis loops, the
diagnostic behavior of magnets, below 0.5 K for 1 and 0.8 K
for 3 (Figure 7), whose coercivities increase with decreasing
temperature, as expected for SMMs. Further, the loops of 1
show the steps characteristic of quantum tunneling of
magnetization (QTM), whereas those of 3 do not, as is
usually the case for larger SMMs since they are more
susceptible to step-broadening effects from low-lying excited
states, intermolecular interactions, and distributions of local
environments owing to ligand and solvent disorder.?sd

In summary, the use of teaH; has provided a useful route
to three new structural types in mixed-valent manganese
cluster chemistry, which include near-rectangular and closed-
sinusoidal (saddle-shaped) topologies. Further, two of these
complexes are also new SMMs. Complexes 2 and 3 are the
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Figure 7. Magnetization (M) versus field (uoH in tesla) hysteresis
loops for single crystals of 1-4 MeCN (top) and 3-16 MeCN (bottom) at
the indicated temperatures. For 1-4 MeCN, M is normalized to its satu-
ration value, M,. For 3-16 MeCN, the M value per molecule (M/ug) was
determined from quantitative meaasurements.

first examples of mixed-valent Mn wheels, with 3 also being
the largest single-stranded manganese loop known to date;
the recently reported Mn,, is not a single-stranded loop.”!
The Mn;s complex 3 joins the Ni;, complex [Nij(chp),-
(0,CMe),,(thf)¢(H,0)s]  (chp~ =6-chloro-2-pyridonate)®!
and [Mn,(O,CMe),,(mda)g] (mda*" =N-methyldiethanol-
amine)’ as the only single-stranded wheel/loop SMMs
known to date. This is despite the relatively frequent
occurrence of this structural topology." Finally, the present
results illustrate once again the versatility and aesthetic
beauty of manganese carboxylate chemistry.

Experimental Section

1: A solution of teaHj (0.075 g, 0.5 mmol) in MeCN (5 mL) was added
to a stirred solution of [Mn;O(O,CHPh,)(py):](ClO,) (0.27 g,
0.25 mmol) in MeCN (35 mL). The resultant dark brown solution
was stirred for a further 15 min, filtered, and the filtrate left
undisturbed at ambient temperature. After two weeks, X-ray quality
brown crystals had formed and were collected by filtration, washed
with MeCN, and dried in vacuo. Yield, 42%. The crystallographic
sample was maintained in contact with mother liquor to prevent
solvent loss and identified crystallographically as 1-4 MeCN. Elemen-
tal analysis (%) calcd for 1-4MeCN: C 62.38, H 5.52, N 4.04; found: C
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62.01, H 5.54, N 3.82. Selected IR data (KBr): v =3427 (br), 2889 (br),
1575 (m), 1497 (s), 1451 (s), 1386 (m), 1068 (s), 1032 (s), 899 (s), 743
(s), 702 (m), 664 cm™" (w).

2: A solution of teaHj; (0.075 g, 0.5 mmol) in CH,CL, (10 mL) was
added to a stirred solution of [Mn;,0,(0,CCH,Bu),,(H,0),] (0.17 g,
0.06 mmol) in CH,Cl, (35 mL). The resultant dark brown solution was
stirred for a further 15 min, filtered, and the filtrate left undisturbed at
ambient temperature. After one week, X-ray quality dark brown
crystals had formed and were collected by filtration, washed with
CH,Cl,, and dried in vacuo. Yield, 58 %. The crystallographic sample
was maintained in contact with mother liquor to prevent solvent loss
and identified crystallographically as 2-2 CH,Cl,. Elemental analysis
(%) calcd for 2-CH,Cl,: C 46.70, H 7.51, N 2.25; found: C 46.63, H
7.60, N 2.27. Selected IR data (KBr): v = 3446 (br), 2953 (s), 2866 (m),
1615 (s), 1585 (s), 1383 (s), 1297 (m), 1236 (w), 1089 (m), 910 (w), 897
(w), 730 (W), 593 cm™! (m).

3: A solution of NEt; (0.075 mL, 0.5 mmol) in MeCN (5 mL) was
added to a stirred, pale yellow-brown solution of Mn(O,CMe),-4 H,0
(0.123 g, 0.5 mmol) and teaH, (0.075 g, 0.5 mmol) in MeCN (35 mL).
The resulting dark brown solution was stirred for a further 15 min,
filtered, and the filtrate left undisturbed at ambient temperature.
After two days, X-ray quality dark brown crystals had formed and
were collected by filtration, washed with MeCN, and dried in vacuo.
Yield, 60 %. The crystallographic sample was maintained in contact
with mother liquor to prevent solvent loss and identified crystallo-
graphically as 3-16MeCN. Dried material is hygroscopic, and
analyzed as 3-6H,O. Elemental analysis (%) calcd for 3-6H,0: C
33.78, H 5.88, N 4.54; found: C 33.72, H 5.80, N 4.44. Selected IR data
(KBr): v =3410 (br), 2850 (b), 1575 (m), 1409 (m), 1339(w), 1085 (m),
1036 (m), 903 (m), 746 (W), 662 (m), 572 cm ™' (s).
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