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A thioether-decorated {Mn;;Tb,} coordination
cluster with slow magnetic relaxationt

Sebastian Schmitz, Jan van Leusen,? Arkady Ellern,? Paul Kégerler*®© and
Kirill Yu. Monakhov*®

The oxidation reaction of manganese(i) acetate tetrahydrate with terbium(i) nitrate hexahydrate in aceto-
nitrile in the presence of 4-(methylthio)penzoic acid (Hbza-SMe) afforded a polynuclear IMn}}-
Tb'Oo(OH)s(bza-SMe)15(NO3)o(H,0)s(OMe),] complex (1) with a {MnsTb,Og}-bridged double-{TbMnzO4}-
cubane structure. This antiferromagnetically coupled, neutral molecule is decorated in the periphery with
structurally exposed thioether groups which can be used as anchors to metallic surfaces. Compound 1 is
potentially a single-molecule magnet (SMM), exhibiting slow relaxation of the magnetisation up to 3 K.

While 1 is not thermally stable, the coordination cluster remains stable in various Lewis base-type organic
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Introduction

Single-molecule magnets (SMMs) based on the 3d transition
metals and/or 4f lanthanides have attracted much attention®
due to the variety of their physical phenomena, including
quantum tunneling of magnetisation, quantum coherence,
magnetic relaxation, etc.”> To use these metalorganic spin struc-
tures as functional units in the molecular electronic and spin-
tronic devices for digital storage and quantum computing,? it
is crucial to gain the understanding of the physisorption and
chemisorption on conducting surfaces™” of individual mole-
cules or thin films, to control the molecule-electrode inter-
faces, and to explore the feasibility of creating charge and spin
transport measurements or devices. From this perspective, tai-
loring the structural and electronic properties of the ligand
environments in these SMMs, in particular their peripheral
functionalisation® with specific N, P, O or S-grafting groups, is
appealing and worthwhile. From the chemical point of view,
this can be regarded as a tool to attach individual molecules
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intact to the solid support and to prevent the damage of mole-
cular redox and spin states.

For deposition from the solid phase on a metallic substrate
the SMM must possess high thermal stability as well as high
vapor pressure under vacuum, whereas deposition from the
liquid phase requires preferably a low or no molecular charge
and a moderate solubility (low concentration) of the molecular
material in anhydrous solvents. For instance, Powell and col-
leagues reported on adsorption of high-spin (S = 83/2), ferro-
magnetic, mixed-valence {Mnj3MnJ'} coordination complexes
onto highly oriented pyrolytic graphite (HOPG) surfaces using
deposition from MeOH solutions.” Interestingly, the solution-
driven deposition of the methylthio-functionalised Mn;o-
nuclearity analogues on the Au(111) surface has revealed
reduction of Mn™ to Mn" ions and a total ground-state spin
much lower than the parent § = 83/2.® Remarkably, a central
Mn" cation in these complexes can be virtually replaced with
Dy, thus resulting in a quasi-isotopological {Mnj3Mng¢ Dy}
SMM.”

In 2004, Christou and coworkers described mixed manga-
nese-lanthanide SMMs"® containing the [Mny;Ln,]*>" core (Ln
= Nd, Gd, Dy, Ho, and Eu). We now provide a facile synthesis
of the as-of-yet elusive Tb member of this family, however furn-
ished with structurally exposed, peripheral thioether groups to
facilitate the eventual attachment of this magnetic coordi-
nation complex to substrate surfaces. Herein, we present the
synthesis of the charge-neutral complex [Mn;;Tb,04(OH)s-
(bza-SMe);5(NO3),(H,0)s(OMe),] (1) that is of potential interest
for liquid phase deposition and epitaxial growth of thin films
on single-crystal substrates. Compound 1 was characterised by
sulfur elemental and metal analyses, infrared (IR) spec-
troscopy, and thermogravimetric analysis (TGA). The solid-
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state molecular structure of the compound was determined via
single-crystal X-ray diffraction. It is noteworthy that the Cam-
bridge Crystallographic Data Center (CCDC) contains 38
entries for the mixed manganese-terbium
although the composition {Mn,;Tb,} with eleven Mn
four magnetically anisotropic'* Tb™ ions has been observed
for the first time. Notably, manganese-terbium complexes
usually offer very high magnetic axial anisotropy.'* A study of
the magnetism of compound 1 by the dc and ac magnetic sus-
ceptibility is discussed.

complexes,
I and

Results and discussion

The one-pot reaction of Mn(OOCMe),-4H,0 with 4-(methyl-
thio)benzoic acid and Tb(NO;);-6H,O in a 1:1:0.5 ratio in
MeCN under reflux resulted in the formation of the dark-
[Mn,;Tb,04(OH);5(bza-SMe),5(NO;),(H,0)s(OMe),]
complex (1) with the well-known [Mny;Ln,]**" mixed-metal
core in ca. 30% yield (Scheme 1). We want to stress that in con-
trast to the synthetic procedure described in ref. 10, using a
[Mn3;0(0,CPh)s( py)2(H,0)] complex and the different Ln(NO3);
salts (Ln = Nd, Gd, Dy, Ho, and Eu) as starting materials, we
utilised the simple salts manganese(u) acetate tetrahydrate and
terbium(m) nitrate hexahydrate.

Although oxidation by air cannot be excluded in such reac-
tion procedures, in the present case we anticipated that
nitrates NO;~ could act as oxidising agents'® (Mn**—Mn®")
during the synthesis of compound 1. As an indication for this,
the reaction mixture does not display its characteristic colour
change from light rose to dark brown when replacing Tb
(NO3);3-6H,O with TbCl;-6H,0. Apart from charge neutrality
arguments, the formal oxidation states of the metal atoms in
compound 1 were confirmed by bond valence sum calculations

brown

> (Mn'™) =2.88—2.96, > (Tb™) =2.92-3.00| (see dis-
bv bv

cussion of the X-ray crystal structure below).

Although methanol was not used in the course of the reac-
tion, we found the presence of two coordinated methoxide
anions (MeO™) in the structure of compound 1. This in situ for-
mation of deprotonated methanol molecules can be the result
of oxidative decarboxylation of acetic acids formed upon
exchange of acetate ligands in Mn(OOCMe),-4H,0 for bulkier
4-(methylthio)benzoate ligands. A tentative scheme for pro-

in MeCl
+ Tb"(NO3)3 8H,0 ———— [Mn'"{;Tb",04(OH)s(bza-SMe);g(NO3),(H,0)s(OMe),]

Mn'(OOCMe),-4H,0 +
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posed formation of MeO™ in compound 1 is given in the ESI
(see Scheme S1f). The carboxylate substitution is very well
known in the chemistry of homoleptic manganese'* or palla-
dium™ carboxylates. Oxidative decarboxylation of carboxylic
acids catalysed, e.g. by manganese(m) porphyrin'® or manga-
nese(m) Schiff-base complexes'” was described in the litera-
ture. In this regard, it will be interesting to assess compound 1
as a precatalyst for such type of catalytic reactions. It is note-
worthy that the production of the [Mn,;Ln,]**" core for Ln =
Tb (1) in the mixture of MeOH/MeCN (1 : 20) has failed, in con-
trast to the synthetic protocol given in ref. 10 for Ln = Nd, Gd,
Dy, Ho, and Eu.

Complex 1 crystallises in the triclinic space group P1
(Tables S1-S4 in the ESI}). Its molecular structure (Fig. 1a) dis-
plays eleven octahedrally coordinated Mn™ ions, two eight-co-
ordinated Tb™ ions, two Tb™ ions in nine-coordination
environments including two chelating nitrate (NO;™) ligands,
four tridentate bridging thioether-functionalised benzoate ;-
bza-SMe~ groups, twelve bidentate bridging p,-bza-SMe™
groups, two monodentate coordinated p,-bza-SMe~ groups,
two p,-bridging methoxido (MeO™) ligands, six terminal water
ligands, nine O* ligands, and five hydroxyl (OH™) groups.
Interestingly, the latter fourteen oxygen atoms (90>~ + 50H")
constitute the {Mn;;Tb,0,4} skeleton of compound 1 shown in
Fig. 1b. Five protons are disordered over six pz-oxygen atoms
[Mn—p;-O 1.945(7) A-2.300(8) A; OMn,Tb type] due to the very
typical positional disorder of H in high symmetrical, poly-
nuclear metal complexes (Fig. 1b). The two remaining p;-
oxygen atoms (OMnj; type) are assumed to be not protonated
because of the shorter Mn-11;-O bond distances ranging from
1.870(7) A to 1.901(6) A. No protonation is indeed expected for
the six four-fold coordinated O atoms with the Mn—,-O bond
lengths of 1.860(7)-2.440(7) A. Complex 1 can be viewed as
being composed of two strongly distorted {TbMn;0,}*" cubane
units bridged by a {Mn;Tb,0,}** fragment (Fig. 1b). It is note-
worthy that the previously described octanuclear chloro-
bridged nickel(n) double cubane, which is a SMM with the
formula [({Ni}(13-OH)Cl3(HL);}p,-Cl),], was deposited onto the
HOPG surface from CH,Cl, solution and investigated by scan-
ning tunneling microscopy.'®

Although the structure of complex 1 resembles that of the
reported {Mn;;Dy,} complex,'® there are key differences in the
coordination environment of Ln"™ ions (eight- and nine-co-
ordinated Tb atoms in compound 1 vs. only nine-coordinated

150 min reflux

O~ "OH
Hbza-SMe

1

Scheme 1 Synthesis of the polynuclear mixed-metal complex 1. For its IR spectrum, see Fig. S1 in the ESI.f Note that FTIR spectroscopic measure-
ments of the complex in THF or acetone solution revealed the presence of the main bands observed in the solid-state (KBr pellet) IR spectrum of the
polycrystalline sample. Compound 1 retains structural integrity in the solid state after evaporation of the specified solutions under an ambient
atmosphere.
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Fig. 1 (a) Molecular structure of compound 1. (b) Metal-oxide skeleton
{Mny3,Tb4014} of compound 1 incorporating two methoxide anions and
six water molecules (eighteen bza-SMe™ ligands and two NOs™~ ligands
are not shown). Six possible p3-O protonation sites are indicated by
dashed arrows and the two remaining, nonprotonated ps-oxygen atoms
by dashed circles. Hydrogen atoms are omitted for clarity. The metal
and sulfur atoms are represented as ball-and-stick models. Selected
bond lengths [Al: Tb—O (of H,0) 2.371(10) and 2.427(9), Tb—O (of MeO")
2.282(8), Tb—p3-O 2.366(8)-2.492(8), Th—p,4-O 2.388(7)-2.565(7), Mn—
O (of HyO) 2.212(9), Mn-0O (of MeO™) 1.891(8), Mn-p3-O 1.870(7)-
2.300(8), Mn-p4s-O 1.860(7)-2.440(7), nearest-neighbor Mn-Tb
3.4045(18), nearest-neighbor Mn—Mn 2.855(2). All bond lengths and
angles are reported in the ESI.{

Dy atoms in ref. 10), metal oxide skeleton ({Mn;;Tb,0,4} in
compound 1 vs. {Mn;;Dy,0,4} in ref. 10), coordination modes
of benzoate ligands (4,ps,13-bza-SMe™ in compound 1 vs.
Wo,Ms-bza™ in ref. 10), and the type of these ligands (methyl-
thio-functionalised bza™ in compound 1 vs. non-functionalised
bza™ in ref. 10). Note that the peripheral SMe groups of the
bza-SMe ligands are not involved in any intermolecular coordi-
nation bond. According to preliminary spectroscopy data
(Fig. S6t), the replacement of terbium with dysprosium in the
synthesis of compound 1 results in an isostructural {Mn;;Dy,}-
type coordination cluster (see the ESIY).

The TGA curve reveals an extremely low thermal stability of
compound 1 up to only 50 °C against degradation under air.
The gradual destruction of the complex occurs in one big
undefined step (see Fig. S2 in the ESIf), with a total weight
loss (Amgouna) Of 55.3% in the range 25-570 °C. This indicates
that compound 1 releases eighteen bza-SMe ligands without
their oxygen atoms (Amc,e = 51.0%), six water molecules
(Amcqare = 2.3%), two methyl groups of the methoxide anions

This journal is © the Partner Organisations 2015
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(Ameare = 0.6%), two NO of the nitrates (Amgye = 1.3%), and
five hydrogen atoms of the OH-groups (Amg,. = 0.1%); calcu-
lated total weight loss: Amgae = 55.3%. TGA measurements
performed under a N, atmosphere did not result in a consider-
able change of the overall thermal stability of compound 1.
The thermal stability of sulfur-free {Mn,,Lns}-type complexes
(Ln = Nd, Gd, Dy, Ho, and Eu)'® was not reported.

The static magnetic behaviour of compound 1 is illustrated
by the temperature-dependence of y,, 7 at B = 0.1 T and the
field-dependence of the molar magnetisation at 7 = 2 K in
Fig. 2. 7T reaches 65.2 cm® K mol™" at 290 K, which is less
than the expected 80.1-82.4 cm® K mol™" (ref. 19) for eleven
Mn"™ and four Tb™ non-interacting ions. y,,T continuously
decreases with decreasing temperature down to 6.5 K, exhibit-
ing a local minimum of 51.1 cm® K mol™". Further cooling
beyond 6.5 K reveals an increase of y,,T up to 54.2 cm® K
mol ™" at 2 K. The low y,,,T value at 290 K and the shape of y;,,T
vs. T between 6.5 K and 290 K are consistent with predominant
antiferromagnetic exchange interactions within compound 1
(see Fig. S3 in the ESIf). This observation is in line with the
magnetic behaviour'® of the 3d-4f coordination complex exhi-
biting the [Mn,;Dy,]*" core.

Since both y,,,T vs. T curves differ by a constant amount that
can be directly linked to the substitution of Tb™ by Dy, it is
safe to assume that the observation of strong antiferro-
magnetic exchange interactions results from the interactions
within the Mn™ centers. For some unknown reasons, ym7 is
presented in ref. 10 only for T > 5 K. A potential increase
below this temperature, as reported in the present work, was
not taken into consideration. The observed behaviour of com-
pound 1 at T < 6.5 K indicates additional minor contributions
of ferromagnetic exchange interactions within the compound.
Because both types of metal centers in compound 1 are charac-
terised by different quantum numbers (Mn™": § = 2 (°D,); Tb™:
J =6 ("Fy)), only a qualitative estimation of the ground state can
be made from the field-dependence of the molar magnetisa-
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Fig. 2 Temperature dependence of y,,T at 0.1 Tesla for compound 1;
inset: associated molar magnetisation M, vs. B at 2 K.
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tion (Fig. 2, inset). Because Mn"™" and Tb™ are characterised by
even quantum numbers, the lowest possible value of M,, is 0
Napg, whilst the highest one is (11gsS + 4gyJ) Naug = (11 X 2 X
2 +4 % 3/2 X 6) Napg = 80Nug. Although 2 K may be sufficient
thermal energy to significantly populate higher energy levels
besides the total ground state and the corresponding steps in
M, vs. B could thus be smeared out, it is highly improbable
that the ground state is characterised by a singlet due to M, >
20 Npup for B > 2 T. Note that the shape of the M,, curve for
B < 5 T hints at a saturation value in the interval 30-50 Ny,
therefore suggesting a medium ground-state multiplet value.
The dynamic magnetic susceptibility at the zero field as in-
phase y, and out-of-phase y',, component vs. T is shown in
Fig. 3. In analogy with the work of Mishra et al.'® only “tails”
of peaks are observed in the yj, vs. T plane, therefore revealing
slow relaxation for compound 1 at temperatures (7 < 3 K) close
to the operation limit of the used SQUID magnetometer. In
lieu of more sophisticated experimental instrumentation such
as a micro-SQUID?® to directly measure the dc hysteresis of the
magnetisation, a static external field was applied to analyse
the slow relaxation in more detail. Unfortunately, the out-of-
phase signals never reveal maxima at various applied static

28
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Fig. 3 Temperature-dependence of the in-phase 'y, and out-of-phase
ac susceptibilities '\, of compound 1 at zero static bias field.
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bias fields. The in-phase and out-of-phase ac susceptibility
components display a slightly more pronounced divergence at
a static bias field of 0.015 T, though insufficient for a reliable
Cole-Cole analysis (within the frequency limits of our experi-
mental setup). At higher bias fields, the in-phase/out-of-phase
divergence gradually vanishes with no out-of-phase signal
remaining above 0.3 T at the discussed frequencies (see Fig. S4
and S5t). For this reason, a more specific analysis of the
dynamic behaviour of compound 1 e.g. in terms of a relaxation
constant 7, and an effective energy barrier U.s could not be
accomplished with the available experimental method. Never-
theless, if a coordination compound containing Dy"™" is identi-
fied to be an SMM, the Th™ analogue typically also represents
an SMM, provided that slow relaxation is detected for the Tb
analogue.” Since the [Mn;;Dy,]**" core of Mishra et al. is a
single-molecule magnet (with hysteretic behavior evident at
mK temperatures),'® compound 1 possibly might display SMM
characteristics at sub-Kelvin temperatures as well.

Conclusion

We synthesised the thioether-functionalised Mn""Tb™ coordi-
nation complex (1) with a medium total ground-state spin.
1 represents the missing member of the family of {Mn,;Ln,}-
type coordination clusters. Despite the fact that this charge-
neutral, antiferromagnetically coupled heterometallic 3d-4f
complex is not thermally stable and thus cannot be deposited
intact on the metallic surface from the solid phase via subli-
mation, its solubility in THF and acetone opens possibilities to
study surface deposition processes from solution using, e.g.
drop-casting approaches. The latter may grant the possibility
of the formation of molecular self-assembled monolayers. The
structurally exposed methylthioether functionalities in com-
pound 1 may provide effective anchoring to Au, Ag or HOPG
surfaces. Finally, we note that 1 might be a suitable precursor
for the (pyrolysis) production of nanosized manganese-terbium
oxide materials with interesting physical characteristics.**

Experimental section
Materials and methods

The synthesis of compound 1 was carried out under aerobic
conditions. All starting materials were from commercial
sources and used as received. Solvents were used without
further purification. Elemental analysis was performed to
determine the sulfur composition (deviation + 0.05) in the
polycrystalline sample of compound 1, by using a Vario EL
elemental analyser. Inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) analysis of compound 1 was used
to determine the manganese and terbium composition (devi-
ation + 0.7%). The IR spectrum of compound 1 was recorded
on a Nicolet Avatar 360 FTIR spectrometer by using KBr pellets
(myp: & 250 mg) in the range v = 4000-400 cm'. The FTIR
spectra of compound 1 in the solid state and in solution were

This journal is © the Partner Organisations 2015
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also recorded on a Bruker Vertex 70 FTIR spectrometer
equipped with a Platinum ATR unit A225 (on diamond) in the
range v = 4000-400 cm ™. TG/DTA analysis of compound 1 was
performed under air and under a nitrogen atmosphere with a
heating rate of 5 K min~" in the temperature range 25-800 °C
by using a Mettler Toledo TGA/SDTA 851e instrument.

Synthesis

Mn(OOCMe),-4H,0 (0.245 g, 1.0 mmol), 4-(methylthio)benzoic
acid (0.168 g, 1.0 mmol) and Tb(NO;);-6H,O (0.227 g,
0.5 mmol) were dissolved in 7 mL of MeCN and stirred for
2.5 h under reflux. The colour change from light rose to dark
brown was observed. The MeCN solution was filtered off and
the filtrate was stored in a capped vial at ambient temperature.
Dark-brown single crystals of compound 1 were obtained after
ca. two weeks. Yield: 0.076 g (29% based on bza-SMe). Elemen-
tal analysis, caled for Mn;;Tb;Cy46H140N,064S15 (47734 ¢
mol™'; disregarding solvent): Mn, 12.67; Tb, 13.32; S, 12.09%.
Found: Mn, 13; Tb, 13; S, 11.47%. IR, vya(KBr pellet)/cm™:
3423 (br, m), 2982 (vw), 2919 (w), 1593 (s), 1543 (m), 1491 (sh,
vw), 1407 (s), 1385 (sh, w), 1299 (vw), 1186 (m), 1149 (w), 1116
(vw), 1091 (m), 1014 (w), 967 (w), 845 (W), 815 (vw), 768 (m), 740
(w), 724 (w), 707 (w), 691 (W), 631(vw), 606 (m), 536 (m), 478 (W).

X-ray crystallography

Single-crystal X-ray diffraction data for compound 1 were col-
lected on a SuperNova (Agilent Technologies) diffractometer
with Mo Ka radiation (4 = 0.71073 A) at 153 K. A crystal was
mounted on a Hampton cryoloop with Paratone-N oil. Absorp-
tion corrections were applied numerically based on the multi-
faceted crystal model using ChrysAlis software.”®> A summary
of the crystal data and structure refinements for compound 1
is given in Tables S1-S4 in the ESI.} Details are described in
the CIF file. CCDC 1062401 contains the supplementary crys-
tallographic data for compound 1.

Magnetic susceptibility measurements. Temperature- (2 K-
290 K, 0.1 T) and field-dependent (0.1 T-5.0 T, 2 K) magnetic
dc susceptibility measurements were performed on a polycrystal-
line sample of compound 1 by using a Quantum Design
MPMS-5XL  SQUID magnetometer. Furthermore, alternating
current (ac) susceptibility data were collected (2.0 K-50.0 K, 3 Hz-
938 Hz, B,. = 3 G) at various static bias fields (0-3000 Oe). The data
were corrected for the diamagnetic contributions of the sample
holder and the compound (ygia(1): —2.39 x 10~ em® mol ™).
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