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The targeted replacement of acetate groups in the optically in-
active [Mn"';0(0,CMe)s(mpko)s](ClO,) single-molecule magnet
with their naphthalene, anthracene, and pyrene fluorescent ana-
logues has led to three new emissive SMMs with enhanced photo-
luminescence properties and potential applications in the field of
molecular electronics.

Magnetic materials find widespread utility in numerous areas
of a modern society, from sensors, switches, speakers, and
computer hard-drives, to medical and daily applications such
as magnetic resonance imaging and cooling processes,
respectively." Miniaturization of magnetism-based devices is a
major technological imperative, and thus a bottom-up mole-
cular source of nanosized magnets would be invaluable.? In
fact, exactly this became available in the early 1990s when it
was discovered that individual molecules can function as
magnets, and these were named single-molecule magnets
(SMMs).? SMMs are magnetically interacting species with a sig-
nificant ground state spin value, S, and an easy-axis-type mag-
netic anisotropy (D).>* Such molecules often have a significant
energy barrier to reversal of the magnetization (magnetic
moment) vector, and thus at sufficiently low temperatures they
function as nanoscale magnetic particles.” In addition, they
can display quantum effects such as quantum tunneling of the
magnetization (QTM) and quantum phase interference.” These
represent a proof-of-feasibility, and a significant challenge for
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the future is to build on this foundation and prepare SMMs
that operate at higher temperatures (i.e., liquid N, tempera-
ture)® and/or are better tailored to applications within
devices.”

Molecular electronics is undoubtedly an exciting area of
research which promises to deliver new technology and
modern devices to society.® It is based on the construction
and fabrication of molecular species with intriguing magnetic
properties, pronounced stability and robustness, and capa-
bility to be deposited on electrical conducting surfaces.” Fur-
thermore, in order to gain access into some real applications
for these species, such as molecular spintronics,’® transis-
tors'" and spin valves,"” we need to combine their magnetic
properties with one or more additional properties, such as
conductivity, chirality and luminescence. Owing to important
perspectives in fundamental science and applications in
nanotechnology or molecular electronics, these ‘hybrid’ (or
multifunctional) molecular materials are the subject of con-
siderable efforts which involve coexistence, interplay or
synergy between the multiple physical properties.'®

Toward this end, various attempts have been made to study
SMMs at the single-molecule level by depositing them on
different surfaces and investigating their conducting behavior,
an experiment of vital importance in the field of molecular
electronics.'* However, problems related to the determination
of the molecules’ exact positions and dispersion on the sur-
faces usually render assignments and conclusions inaccurate
and superficial. In principle, when SMMs are coupled with
photoluminescence properties, it may be possible to precisely
detect the positions of molecules on surfaces, and thus open a
new perspective in the field of molecule-based electronics.'®
The self-assembly synthesis of such emissive SMMs has been
limited to the use of lanthanide ions in complexes with
various organic bridging ligands.'® This is reasonable given
the anisotropic and high-spin nature of many 4f-metal ions,"”
as well as their intense metal-centered emission when they
are accompanied by appropriate antenna ligands.'® However,
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direct effect of the latter organic groups in the light emission
of the SMM is totally unpredictable and of dubious origin.
Hendrickson and coworkers have reported the only example of
a photoluminescence 3d-metal SMM, a {Mn",Mn"™,} cluster
from the self-assembly amalgamation of the optically inactive
N-methyldiethanolamine and anthracenecarboxylic acid.*?

In the absence of any previous studies on the designed syn-
thesis of emissive, transition metal-based SMMs we decided to
begin a program aiming at the deliberate replacement of non-
emissive organic ligands in known SMMs with their fluo-
rescent analogues, without affecting the metal-core structure
and SMM properties. Undoubtedly, this is a difficult task con-
sidering that the new fluorescence ligands might alter the
nuclearity of the compound, change the spin ground state
and/or ‘switch-off’ the SMM property. Furthermore, the result-
ing photoluminescence induced by the fluorescence ligands
could be quenched by the highly paramagnetic nature of
the complex'® leading to species with eventually no emitting
behavior.

Taking all these possible obstacles into account, we under-
took the challenge of performing carboxylate substitution reac-
tions in the known, ferromagnetic triangular [Mn™;0-
(0,CMe);(mpko);](ClO,) (1) SMM (mpko™ is the anion of
methyl 2-pyridyl ketone oxime) with an § = 6 ground state.>
The carboxylic acids chosen (Scheme 1) were based on
naphthalene, anthracene and pyrene, all organic substituents
with simple fluorophores but with numerous applications in
optics.>" Thus, the representative reaction of 1 with an excess
of 2-naphthoic acid (L1-H) in CH,Cl, afforded a dark brown
solution. The solvent was removed in vacuo, toluene was added
to the residue, and the solution was again evaporated to
dryness. The addition and removal of toluene was repeated
two more times. The remaining solid was redissolved in
MeOH-THF and the resulting solution was layered with Et,O
to afford dark purple crystals of [Mn™;0(L1);(mpko);](ClO,)
(2) in 95% yield.>* The corresponding reactions with 9-anthra-
cenecarboxylic acid (L2-H) and 1-pyrenecarboxylic acid (L3-H)
gave the isostructural compounds [Mn™;0(L2);(mpko);](ClO,)
(3) and [Mn";0(L3);(mpko);](Cl0,) (4) in 83 and 92% yields,>*
respectively. The complete removal of MeCO,H as its toluene
azeotrope is essential for driving the equilibrium to the right
and it guarantees the purity and high yield synthesis of the
new products.”?

The structures of the cations of 2 and 3 are very similar
to that of the SMM precursor 1 (Fig. 1), and thus only the
structure of representative complex 2 will be briefly described.

0
D S
L1H o 0~ "OH Q
i L2-H L3-H
Scheme 1 The fluorescent carboxylate ligands employed in the syn-

thesis of complexes 2—4.
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Fig. 1 Molecular structures of the cations present in complexes 1 (top),
2 (bottom, left) and 3 (bottom, right), with the gold thick bonds empha-
sizing the different carboxylate moieties. Color scheme: Mn"' blue,
O red, N green, C gray. H-atoms are omitted for clarity.

+ jiss

The [Mn;O(L1);(mpko);]" cation of 2 consists of three Mn
atoms in a triangular arrangement bridged by a central
ps-oxido atom O1. Each edge of the Mn; triangle is bridged by
an n'm":p-L1” ion and an n':'n':p-mpko” ligand, with the
pyridyl and oximate N atoms chelating a Mn™ atom, forming a
five-membered chelate ring. The Mn---Mn separations are
almost equal (3.218-3.226 A); the triangle is thus almost equi-
lateral within the usual 3¢ criterion. The oxidation states of all
Mn atoms were established as +3 by charge balance consider-
ations and bond valence sum (BVS) calculations (Table S17).
The three L1~ groups lie on one side of the Mn; plane, and the
three oximate groups on the other. The Mn atoms are near-
octahedral, and the Mn™ centers exhibit a Jahn-Teller (JT) dis-
tortion, as expected for a high-spin d* ion in this geometry.
The JT axes in both 2 and 3 involve the carboxylate and
oximate O atoms, and are pointed outwards from the Mn;
‘hard’-plane, thus contributing to the appearance of a signifi-
cant molecular easy-axis anisotropy.”® The central oxido atoms
in 2 and 3 are 0.316 and 0.282 A above the Mn; plane, respecti-
vely, on the same side as the carboxylate groups. These values
are within the same range reported for 1, and other similar tri-
angles.”® The average Mn-N-O-Mn torsion angles in 2 and 3
are 12.7 and 12.0°, respectively, slightly larger than that of
11.2° for 1. Finally, as can be expected due to the existence of
many aromatic rings in the carboxylate moieties of 2 and 3,
there are significant intermolecular - stacking interactions
which serve to link neighboring Mnj clusters in the crystal
(Fig. S17).

With respect to the magnetostructural correlations in the
family of [Mn";0(0,CR);(mpko);]” (R = various) triangles, it is
now established that both the displacement of the central ;-
0 out of the Mn; plane and the ‘twisting’ of the Mn-N-O-
Mn units (as reflected in the corresponding torsion angles)

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 ymT versus T plots of 2 and 3 in a 1 kG field. Inset: plot of the
out-of-phase (y"m) ac susceptibility signals of complex 2 in a 3.5 G field
oscillating at the indicated frequencies.

contribute to the weakening of the antiferromagnetic
contribution and thus the observation of an overall ferro-
magnetic behavior.””** This is also the case for the three new
triangles 2-4. For the sake of brevity, the magnetic properties
of representative complexes 2 and 3 will be discussed.
Variable-temperature dc magnetic susceptibility measure-
ments were performed on dried samples of 2 and 3 in the
temperature range 5.0-300 K in an applied field of 1 kG
(0.1 T). The data are shown as y\T versus T plots in Fig. 2. The
ymT for 2 increases from 9.08 cm® mol™ K at 300 K to a
maximum of 13.29 cm® mol ™" K at 35.0 K and then decreases
to 12.47 cm® mol™ K at 5.0 K. Complex 3 exhibits similar be-
havior, with T increasing from 9.91 ecm® mol™ K at 300 K to
a maximum of 13.17 cm® mol™ K at 40.0 K, and then decreas-
ing to 12.39 ecm® mol™ K at 5.0 K. The 300 K values for 2 and 3
are slightly larger than the spin-only (g = 2) value of 9 cm®
mol ™" K for three non-interacting Mn™" ions. The shape of the
curves indicates dominant ferromagnetic exchange inter-
actions between the 3Mn" atoms corresponding to an S = 6
ground state. However, the maxima for the two complexes,
located at high temperature, are much below the spin-only
value expected for a compound with a well-isolated S = 6
ground state (21.00 cm® mol ™" K, g = 2). This, combined with
the simultaneous decrease in the y\7T values at high tempera-
tures (>35 K), is likely due to the strong intermolecular anti-
ferromagnetic exchange interactions and thermal population
of excited states with S < 6. Attempts were made to fit the data
to the theoretical expression for a 3Mn"" isosceles triangle, but
this approach was unfeasible due to the combined presence
of strong intermolecular interactions, low-lying excited states
(a direct result of the weak magnetic coupling), and crystal
structure disorder.*® The latter are also the reason for the
unsuccessful fitting of the M/Nuy versus H/T data at low temp-
erature, assuming that the ground state is solely populated.f
Ac magnetic susceptibility studies were also performed on 2
and 3, in a 3.5 G ac field oscillating at various frequencies and
T <15 K. Below 3 K, the appearance of a frequency-dependent
decrease in the in-phase signal (y\7, Fig. S21) and a

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Excitation (1) and emission (2) spectra of solid complexes 2 (top),
3 (middle), and 4 (bottom) at room temperature. Inset: the additional
emission peak at 367 nm upon excitation at 270 nm.

concomitant increase in the out-of-phase (y'\) signal (inset of
Fig. 2 and Fig. S3T) were suggestive of the superparamagnet-
like slow relaxation of an SMM. The yy; peak maxima for both
compounds clearly lie at 7 < 1.8 K, the operating limit of our
SQUID magnetometer, and are located at the same 7T range
and have the same strength with 1.>°

The photoluminescence properties of solids 1-4 were
studied at room temperature. The free mpkoH ligand shows
emission at 450 nm upon maximum excitation at 360 nm

Dalton Trans., 2014, 43, 1965-1969 | 1967
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(Fig. S41). However, the [Mn";0(0,CMe);(mpko)s](ClO,) (1)
SMM shows no emission in the entire visible region. This is
likely due to a significant quenching of the emission intensity
for 1 due to paramagnetic effects. In contrast, complexes 2-4
exhibit photoluminescence emission at room temperature
(Fig. 3). In the case of complex 2, two different characteristic
emission areas are detected. The first band appears upon
maximum excitation at 360 nm, and is obviously due to the
mpkoH ligand, while the second with a maximum at 367 nm
(upon UV excitation) is located in the same area where the
naphthalene ligand emits.”® Complexes 3 and 4 show a blue-
shifted emission upon excitation at the UV-region, exhibiting
the characteristic peaks of anthracene- and pyrene-units,
respectively.”® Interestingly, for complex 4 we observe both the
monomer (peak at 370 nm) and the excimer (peak at 430 nm)
emission of pyrene.>®

Conclusions

We have shown that it is indeed feasible to synthesize ‘hybrid’
molecular materials, and particularly emissive SMMs, through
the deliberate replacement of non-emissive carboxylate groups
with various fluorescence analogues without perturbing the
structural core and the SMM property. The combined results
demonstrate the beauty of molecular chemistry and the ability
to manipulate physical properties in a targeted way, contribut-
ing to the development of advanced materials with impli-
cations in the field of molecular electronics. We are currently
trying to (i) extend this route to many other emissive SMMs
based on 3d-metals, (ii) perform low-temperature photo-
magnetic studies in order to ‘communicate’ the photo-
luminescence with the SMM property, (iii) perform single-
crystal magnetic hysteresis studies in the presence of light,
and (iv) deposit the reported compounds on a variety of con-
ducting surfaces and evaluate the retention of their dual
properties.
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