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1. Introduction

The synthesis of high nuclearity 0-D coordination clusters from

A preformed 1-D {Cub}, helical chain as precursor
to a decanuclear 0-D {CugMn}} cluster: synthesis,
structure and magnetism

Konstantinos N. Pantelis,? Dimitris |. Alexandropoulos,* Albert Escuer,”
George E. Kostakis @ *¢ and Theocharis C. Stamatatos () *2¢

The Schiff base ligand, N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH,), was initially employed in
both homometallic Cu" and heterometallic Mn'"/Cu" coordination chemistry. A 1-D helical chain,
[Cub(sacb)»(MeOH), (1), and a decanuclear 0-D heterometallic cluster, [CusMn3(OH)4(sacb)s(H,0),] (2),
were synthesized and fully characterized. Complex 2 is one of the two highest nuclearity Mn"/Cu"
complexes reported to date and exhibits a unique {CugMna(us-OH)4(-OR)g(ps-OR)o(u-O,CR),}* core
composed of two oppositely oriented pentanuclear {CusMn} units, each featuring two vertex-sharing
{Cu,Mn} triangles. The presence of the {Cuy(sacb),} fragment in both species suggests a templating role
of the preformed chain 1 in the assembly of molecular cluster 2. Variable-temperature dc magnetic
susceptibility studies reveal predominant antiferromagnetic interactions between Cu'"--Mn'"" and Cu'"---Cu'"
centers, with exchange coupling constants: J; = -16.5(1) cm™, J, = =35.1(5) cm™* and Jz = +0.7(3) cm ™.
These findings highlight the utility of preformed oligonuclear and polymeric 3d-metal species as building
blocks for the preparation of heterometallic 3d/3d’ polynuclear complexes with novel architectures and
tailored physicochemical properties.

manganese chemistry, especially mixed valence species rich in
Mn"™ ions, where cooperative alighment of Jahn-Teller axes
within approximately octahedral crystal fields enhances

paramagnetic first row transition metal ions remains a central
objective in molecular inorganic chemistry, motivated by
applications in catalysis, bioinorganic chemistry, molecule-
based magnetism and optics.' Structurally, many such
aggregates resemble structural motifs found in extended solids,
such as perovskites, brucites and supertetrahedra, build
through rich arrays of oxo/hydroxo and carboxylate bridges that
enable predictable connectivity and robust cores.> In molecular
magnetism, polynuclear 3d systems that combine large spin
ground states with significant axial anisotropy can display slow
relaxation of the magnetization and magnetic hysteresis and
act as single molecule magnets (SMMs), offering a bottom up
route to nanoscale information storage and spin based
devices.>* Historically, SMM research has been dominated by

“ Department of Chemistry, University of Patras, Patras 26504, Greece.

E-mail: thstama@upatras.gr

b Departament de Quimica Inorganica i Organica, Seccié de Quimica Inorganica,
Institut de Nanociéncia i Nanotecnologia (IN2UB), Universitat de Barcelona, Marti
i Franques 1-11, 08028 Barcelona, Spain

¢ Department of Chemistry, School of Life Sciences, University of Sussex, Brighton
BN1 9QJ, UK

 Foundation for Research and Technology - Hellas (FORTH/ICE-HT), Institute of
Chemical Engineering Sciences, Platani, P.O. Box 1414, Patras 26504, Greece

This journal is © The Royal Society of Chemistry 2025

anisotropy and leads to large effective energy barriers (Ue) for
the magnetization reversal.>®

Heterometallic cluster chemistry opens up more design
options. Combining two distinct 3d (or 3d/4f) ions in the
same molecule allows tuning of exchange pathways,
balancing of ferro- and antiferromagnetic interactions, and
access to metal topologies that are rare in homometallic
systems.”® Despite clear benefits, 3d/3d’ systems still lag
behind 3d/4f in range and variety, reflecting synthetic
challenges and the need for ligands that support multiple
bridging modes while remaining compatible with two
different metal ions.® Within this context, Mn"/Cu™ clusters
are particularly attractive and comparatively
underexplored.”'® High-spin Mn" ion (d°, °A,, in Oy
symmetry) is often magnetically isotropic but can exhibit
field-induced slow relaxation when its coordination
environment and local anisotropy are judiciously tuned,
making it a wuseful probe of structure-property
relationships.”*”'* Cu" ion, by contrast, is geometry labile
owing to Jahn-Teller distortion, typically resulting in axially
elongated octahedral environments and enabling diverse
superexchange pathways that are highly sensitive to small
structural perturbations. Oligo- and polynuclear Cu"
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complexes have therefore served as reference systems for
magnetostructural  correlations and EPR  parameter
benchmarking, and they remain excellent partners for
constructing heterometallic Mn"/Cu"" clusters."

Two complementary synthetic strategies are commonly
employed to access 3d/3d’ aggregates. The first is one-pot
self-assembly from mixed metal salts and a suitable
polydentate, bridging/chelating ligand.>*® The second is
more targeted and involves reactions of preformed 3d
building blocks with a second 3d’ source to guide aggregation
around a preorganized fragment. This targeted approach
reduces the combinatorial complexity of solution self-
assembly but still requires judicious selection of polydentate
organic ligand and attention to the coordination flexibility of
Cu".°>"® Our research has focused on Schiff base ligands,
particularly  N-salicylidene-2-amino-5-chlorobenzoic  acid
(sacbH,), which, upon complete deprotonation, can act as a
tetradentate (O3;N) chelating and bridging ligand (Fig. 1).
SacbH, has already proven versatile in homometallic 3d, 4f
and 3d/4f cluster chemistry, including species with notable
SMM behavior.'* However, it has not been used in 3d/3d’
heterometallic cluster chemistry; only a handful of related
ligands have appeared in zZn"/Fe"™ or zn"/Cr'" systems."
This gap motivated the use of sacbH, as a ligand in Mn"/Cu"
cluster chemistry.

Herein we report the first Mn"/Cu" cluster derived from
the use of sacbH, ligand using the building block synthetic
approach. A preformed one-dimensional (1-D) Cu" helical
coordination polymer, [Cu}(sacb),(MeOH)], (1), obtained in
high yield, was combined in a one-pot reaction with a Mn"
source to produce the decanuclear 0-D heterometallic
cluster [CugMnj(OH),(sacb)s(H,0),] (2), in similarly high
yield. Complex 2 features a metal core that comprises two
oppositely oriented {Cu,Mn} subunits, each built from two
vertex-sharing {Cu,Mn} triangles and linked by ligands'
phenoxo and carboxylate bridges. To our knowledge, this
metal topology is unprecedented among 3d/3d’ clusters and,
together ~ with  the  decanuclear  wheel-like [Cus-
Mn;(edpba)s(dmso),(H,0),] complex, containing the N,N'-
2,2"-ethylenediphenylenebis(oxamic acid) ligand,” represents
the highest nuclearity reported for discrete Mn"/Cu"
clusters to date. The chemical and structural identities of

Cl
sacbH,

OH O OH
VoA

Fig. 1 Structural formula and abbreviation of the Schiff base ligand
N-salicylidene-2-amino-5-chlorobenzoic acid (sacbH,;) employed in
this work. The arrows highlight the potential donor atoms.
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both complexes 1 and 2 were confirmed by single-crystal
X-ray diffraction, elemental (C, H, N) analysis, and IR
spectroscopy. Additionally, magnetic studies on complex 2
revealed  predominant antiferromagnetic  interactions
between the metal centers, leading to a small - if not zero -
spin ground state.

2. Experimental section
a. Materials, physical and spectroscopic measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received
unless otherwise noted. The Schiff base ligand sacbH, was
prepared, purified, and characterized as described
elsewhere.'**? Elemental analyses (C, H, and N) were
performed by the University of Patras microanalytical service.
Infrared (IR) spectra (4000-400 cm™') were recorded in the
solid state using a Perkin-Elmer 16 PC spectrometer with
samples prepared as KBr pellets. Direct current (dc) magnetic
susceptibility studies for compound 2 were performed at the
Scientific and Technological Center University of Barcelona
(CCiT-UB) on a DSM5 Quantum Design magnetometer.
Diamagnetic corrections were applied to the observed
paramagnetic susceptibility using Pascal's constants.'®

b. Synthesis of [Cu,(sacb),(MeOH)],, (1)

To a stirred, yellow solution of sacbH, (0.06 g, 0.20 mmol)
and NEt; (56 pL, 0.40 mmol) in solvent MeOH (10 mL) was
added solid Cu(ClO,),6H,O (0.04 g, 0.10 mmol). The
resulting dark green slurry was stirred for 20 min, during
which time the entire Cu(ClO,),-6H,0 solid dissolved and the
color of the solution remained dark green. The solution was
then filtered, and the filtrate was allowed to evaporate slowly
at room temperature. After one day, X-ray quality well-formed
brown block-shaped crystals of 1 appeared, and these were
collected by filtration and washed with cold MeOH (2 x 2 mL)
and Et,0 (2 x 5 mL). The yield was 92% (based on the
organic chelate available). Upon dryness (in air) the
crystalline solid was analyzed as 1. Anal. calc. for C,oCl,Hy,-
N,0,Cu, (found values in parentheses): C 49.30 (49.41), H
2.85 (2.94) and N 3.97 (3.88) %. Selected IR data (KBr, cm™):
1631 (s), 1606 (s), 1545 (m), 1467 (m), 1438 (m), 1406 (m),
1340 (m), 1282 (m), 1227 (w), 1178 (m), 1154 (w) 1118 (m),
1031 (m), 972 (w), 898 (m), 849 (m), 796 (m), 744 (s), 709 (w),
636 (W), 598 (w), 571 (m), 548 (W), 500 (W), 463 (W), 438 (w).

c. Synthesis of [CugMn,(OH),(sacb)s(H,0),] (2)

To a stirred, dark green slurry of 1 (0.07 g, 0.10 mmol) in
MeCN (15 mL) was added solid Mn(O,CMe),-4H,0 (0.05 g,
0.20 mmol). The resulting green-brown suspension was
refluxed for 2 h, during which time all solids dissolved,
and the color of the solution remained green-brown. The
solution was then filtered, and the filtrate was allowed to
evaporate slowly at room temperature. After three days,
X-ray quality well-formed green plate-shaped crystals of

This journal is © The Royal Society of Chemistry 2025
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2-3.33MeCN appeared, and these were collected by
filtration and washed with cold MeCN (2 x 2 mL) and
Et,0 (2 x 5 mL). The yield was 58% (based on the
organic chelate available). Upon dryness in air, the
crystalline solid was analyzed as lattice solvate-free 2.
Anal. calc. for C;1,ClgH;,NgO3,CugMn, (found values in
parentheses): C 46.20 (46.14), H 2.49 (2.56) and N 3.85
(3.73) %. Selected IR data (KBr, cm'): 1605 (s), 1589 (s),
1540 (w), 1462 (m), 1442 (m), 1413 (w), 1366 (w), 1305
(w), 1248 (w), 1183 (m), 1152 (m) 1120 (m), 1029 (w), 983
(w), 900 (w), 849 (w), 823 (w), 797 (w), 758 (W), 742 (W),
666 (W), 559 (W).

d. Single-crystal X-ray crystallography

Brown single crystals of complex 1 (0.18 x 0.16 x 0.10
mm) and green single crystals of complex 2 (0.12 x 0.10 X
0.02 mm) were mounted onto a cryoloop using adequate
inert oil,’”” and immediately cooled at 102(4) K (for 1) and
100 K (for 2). X-ray diffraction data were collected for 1
using a Xcalibur, Eos, Gemini ultra diffractometer and
utilizing CuKo. monochromated radiation (A = 1.54184 A).
Considering complex 2, Xray diffraction data were
collected on a XtaLAB AFC11 (RCD3) quarter-chi single
diffractometer and utilizing CuKo  monochromated
radiation (1 = 1.54184 A). All structures were solved using
the charge-flipping algorithm, as implemented in the
program SUPERFLIP,'® and refined by full-matrix least-
squares techniques against F> using the SHELXL"
program through the OLEX2 interface.’® The non-hydrogen
atoms were successfully refined using anisotropic
displacement parameters, and hydrogen atoms bonded to
the carbon atoms of the ligands and those of the
hydroxido groups were placed at their idealized positions
using appropriate HFIX instructions in SHELXL. All H
atoms were either located by different maps and refined
isotropically or they were introduced at calculated
positions as riding on their respective bonded atoms. The
asymmetric unit of 2 contains one and a half decanuclear
cluster compounds as well as five MeCN solvate molecules
of crystallization. Various figures of both structures were
created, using Diamond 3*' and Mercury*® software
packages. The unit cell parameters, structure solution, and
refinement details of compounds 1 and 2 are summarized
in Table S1. Further crystallographic details of 1 and 2
can be found in the corresponding CIF files provided in
the SI.

3. Results and discussion
a. Synthetic comments and IR spectra

Copper(u) complexes containing organic chelating ligands are
known for their high thermodynamic stability, making them
excellent precursors for the development of novel compounds
with unique structures and interesting magnetic, catalytic
and biological properties.”'* Accordingly, the reaction of
Cu(Cl0O,),-6H,0 with sacbH, and NEt; in a 1:2:4 molar ratio

This journal is © The Royal Society of Chemistry 2025
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in solvent MeOH led to the formation of a brown crystalline
one-dimensional helical chain, [Cu}(sacb),(MeOH)], (1), in
high yield (~92%). The general formation of 1 is summarized
by the following stoichiometric eqn (1):

2n Cu(ClO,),-6H,0 + 2n sacbH, + 4n NEt; + n MeOH
¢ MeOH 0
[Cu'y(sacb),(MeOH)], + 4n (NHEt;)(C10,) + 12n H,0

The sacbH,-to-NEt; molar ratio of 2:4 (viz. 1:2) has
ensured the complete deprotonation of the organic chelate,
while the choice of the MeOH was proved essential for the
high yield synthesis, crystallinity and purity of the 1-D
polymer 1. Reactions in alternative solvent media have not
afforded any crystalline products.

Given that sacbH, has not been previously employed in
heterometallic 3d/3d" chemistry, various heterometallic
reactions were investigated. This study specifically targeted
the use of Cu" and Mn" as the 3d-metal ions. Notably, the
self-assembly reaction between the coordination polymer 1
and Mn(0,CMe),-4H,0 in a 1:2 molar ratio in MeCN under
refluxing conditions produced a green-brown solution. From
this, green crystals of the decanuclear cluster
[CufMn}(OH),(sacb)s(H,0),] (2) were isolated in good yield
(~58%). The general formation of complex 2 is summarized
by the following stoichiometric eqn (2).

4 [Cu'y(sacb),(MeOH)], + 2n Mn(O,CMe),-4H,0

¢ MeCN

n [CuyMn'L,(OH),(sacb)g(H,0),] + 4n MeCO,H + 4n MeOH + 2n H,0

(2)

Complexes 1 and 2 are air- and moisture-stable
crystalline solids at room temperature. Importantly, we were
unable to isolate compound 2 through ‘one-pot’ reactions
between Cu(ClO,),-6H,0, Mn(O,CMe),-4H,0 and sacbH,,
despite utilizing various solvents, experimental conditions,
and external bases (organic or inorganic). This suggests
that heterometallic complex 2 can only be obtained in a
pure, crystalline form by using the 1-D polymer 1 as a
precursor and Mn(O,CMe),-4H,0 as the Mn" source. The
acetate ions from the Mn" salt likely play a key role in
facilitating the formation of OH™ bridges via deprotonation
of water molecules present in solution (either from the
MeCN solvent or from the Mn(O,CMe),-4H,0 starting
material).

The choice of the reaction solvent is critical for both
the formation and crystallization of complex 2. In the
absence of MeCN, no heterometallic product could be
isolated. Instead, either the homometallic polymer 1
formed, or non-crystalline, oily/amorphous materials were
obtained that could not be further characterized.
Additionally, when the 2:1 stoichiometric reaction

CrystEngComm
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between 1 and Mn(O,CMe),-4H,0 was carried out, only
green microcrystalline solids were produced rather than
single crystals. These solids were confirmed as complex
2 through IR spectroscopy and elemental analysis (C,
H, N).

The IR spectra of sacbH, ligand and complexes 1 and 2
are presented in Fig. S1. The presence of coordinated
MeOH group in 1, and H,O groups and OH bridging
ligands in 2, is confirmed by the weak broad bands at
3369 cm™ and 3419 cm', respectively. Several medium-
intensity bands for both compounds in the ~1545-1248
em ' range are assigned to contributions from the
stretching vibrations of the aromatic rings of sacb®”, while
the strong bands at ~1606 cm ™" correspond to the ¥(C=N)
vibration of sacb®”. These bands are shifted to lower
frequency relative to the free ligand sacbH, [v(C=N) = 1613
cm™'], consistent with coordination of the imino N atom to
the metal centers.>*

b. Description of structures

The coordination polymer 1 crystallizes in the orthorhombic
P2,2,2, space group and is crystal lattice solvate-free, while
the decanuclear cluster 2 crystallizes in the monoclinic C2/c
space group with two crystallographically independent cluster
molecules and ten MeCN molecules of crystallization per
three decanuclear clusters; the latter will not be further
discussed. Thus, only the one decanuclear moiety will be
discussed in detail as a representative example. Selected
interatomic distances and angles for 1 and 2 are listed in

(@)

(b)

(c)

{Cu,(p-OR),}** core

Fig. 2

n2gtgtp
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Tables S2 and S3, respectively. The oxidation states of the Mn
ions present in 2 were confirmed by charge balance
considerations and bond valence sum (BVS) calculations
(Table S4).>* As a result, the Mn ions were assigned to the 2+
oxidation state.

The repeating wunit of the 1-D polymer 1,
[Cu}(sacb),(MeOH)],, is depicted in Fig. 2a. Within this
structure, two Cu" ions are bridged by the phenoxo
groups (03, 06) from two doubly deprotonated sacb®”
ligands, forming a {Cu,(u-OR),}*" core, as illustrated in
Fig. 2b (Cul---Cu2 = 3.036(1) A, Cul-03-Cu2 = 101.1(2)°
and Cul-06-Cu2 = 100.6(2)°). The {Cu,(uw-OR),}*"
diamond-like core is not strictly planar and the deviation
of all atoms from the best-mean-plane of Cu1-06-Cu2-03
is 0.077 A; the Cu" atoms are located above and the O
atoms below the mean plane. The two tetradentate sacb®
ligands exhibit different coordination modes; n*m'm':u
and n*mn'm':u;. These chelating ligands coordinate to
the Cul and Cu2 centers, respectively, through their
phenoxo-O, imino-N, and carboxylate-O atoms (Fig. 2c).
Additionally, the latter ligand bridges to the Cul atom of
an adjacent {Cu,} unit via its carboxylate O2 atom in an
anti-fashion, highlighted by yellow dashed lines in Fig. 2a.
This linkage is infinitely repeated to yield a 1-D, helical
chain (Cul---Cu2---Cul angle = 140.29°) that runs parallel
to the g-axis (Fig. 3). The coordination sphere of the Cu2
ion is completed by a terminal MeOH solvate molecule,
coordinated through the O41 atom. This MeOH molecule
is H-bonded to the carboxylate O2 atom of a sacb®” group
from an adjacent {Cu,} unit; the dimensions of this

gttt

(a) Partially labeled representation of the {Cux(sacb),(MeOH)} repeating unit of the 1-D polymer 1. The yellow dashed lines indicate the

carboxylate O2 atoms, which are responsible for the polymerization of the dinuclear repeating units. (b) The {Cu,(u-OR),}>* core of 1. (c) The
crystallographically established coordination modes of sacb?” ligands in 1. All H atoms are omitted for clarity. Color scheme: Cu", green; O, red; N,

blue; C, gray; Cl, cyan.
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Fig. 3 Representation, along the crystallographic a-axis, of a section of the 1-D chain of 1, showing the alternating {Cu,(sacb),(MeOH)} repeating
units connected to each other through the Cu-Ocarboxyiate bONds (yellow dashed lines). All H atoms are omitted for clarity. Color scheme: cu",

green; O, red; N, blue; C, gray; Cl, cyan.

H-bonding interaction are: 041---02 = 2.732 A, H41---02 =
1.976 A, and 041-H41---02 = 140.9°.

The Cul and Cu2 ions are five-coordinate with
distorted square pyramidal geometries. This is confirmed
by the shape-determining bond angle analysis using the
Reedijk and Addison approach,”® which yields average
trigonality index (7) values of 0.26 for Cul and 0.20 for
Cu2, where ¢ values range from 0 (for ideal square
pyramidal geometry) to 1 (for ideal trigonal bipyramidal

geometry). The equatorial planes of the Cu" square
pyramidal geometries are occupied by two O,N-donor
atoms (05, N2 for Cu1/O1, N1 for Cu2) and two

bridging phenoxo-O atoms (03, 06) of sachb®”. In the

Fig. 4

axial positions, Cul is coordinated to the carboxylate O2
atom from a sacb®” ligand that belongs to a
neighboring {Cu,} unit, while Cu2 is coordinated to the
041 atom of the terminal MeOH solvate molecule.

The Cul---Cu2 distance between the {Cu,} repeating units
of the 1-D chain is ~5.8 A, while the shortest Cu:--Cu
separation between the chains (Fig. S2) is ~7.5 A, and no

significant inter-chain H bonding or n-n stacking
interactions appear to affect the structural isolation of the
1-D polymer.

The molecular structure of one of the two

crystallographically independent [CugMn,(OH),(sacb)g(H,0),]
(2) clusters is depicted in Fig. 4a, and the

(b)

nimtmtipg

¢
nimimintipg

©

nimimimtipg

(a) Partially labeled representation of the molecular structure of 2, and (b) the crystallographically established coordination modes of all

sacb?” ligands present in 2. All H atoms are omitted for clarity. Color scheme: Cu", green; Mn", magenta; O, red; N, blue; C, gray; Cl, cyan.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) The complete, labeled (CUsMnz(p.g,—OH)4(].1—OR)5(]J.3-OR)Z(H—Och)2}6+ core of 2 and (b) its metal topology, consisting of two
pentanuclear {CusMn} units located in opposite sides. The cyan dashed lines indicate the connection of the two subunits via eight carboxylate-O
and two phenoxo-O atoms of sacb? ligands. All H atoms are omitted for clarity. The corresponding metal-oxygen-metal bond angles are:
Cul-O1-Mnl = 121.0(2), Cu2-0O1-Cul = 92.5(2), Cu2-O1-Mnl = 119.2(2), Cu3-02-Cu4 = 94.2(1), Cu3-02-Mn2 = 117.8(2), Cu4-02-Mn2 =
123.6(2), Cu5-03-Cu6 = 104.7(2), Cu5-0O3-Mnl = 106.3(2), Cu6-0O3-Mnl = 103.8(2), Cu7-O4-Mn2 = 106.2(2), Cu8-0O4-Cu7 = 103.8(2),
Cu8-04-Mn2 = 103.7(2), Cul-O5-Cu2 = 80.2(1), Cu5-017-Mnl1 = 102.2(1), Cu6-020-Cu5 = 89.9(1), Cu6-021-Mnl = 96.3(1), Cu7-0O24-Mn2 =

98.1(1), and Cu8-026-Mn2 = 101.0(1). Color scheme: Cu", green; Mn'", magenta; O, red; C, gray.

coordination modes of the sacb®  ligands are illustrated
in Fig. 4b. The ten metal ions are linked through the
phenoxo and carboxylate groups of eight doubly
deprotonated sacb®” ligands and four p;-OH groups,
affording a  {CugMny(u3-OH)4(1-OR)6(113-OR),(u-0,CR),}*
core (Fig. 5a). The core of the compound consists of
two pentanuclear {Cu,Mn(u;-OH),(1-OR)sy*"  subunits,
each comprising two vertex-sharing {Cu,Mn} triangles, one
{Cu,Mn(u3-OH)(-OR);** and one {Cu,Mn(u;-OH)(u-OR),}*
sharing a common Mn atom. The two {Cu,Mn} units are
oriented in opposite directions (Fig. 5b) and are linked by
four carboxylate and two alkoxido arms of the sacb®” ligands,
namely, eight carboxylate-O atoms (09, 010, 015, 016, 018,
019, 027, 028) and two uz-OR™ (05, O11) bridges. To the best
of our knowledge, this type of core structure is
unprecedented in heterometallic 3d/3d'-cluster chemistry.
The eight tetradentate sacb®” ligands adopt three
coordination modes: n*n'm'm*:u; (observed four times),
n’m'mu;  (observed twice) and n?m'm*us; (observed
twice) (Fig. 4b), acting in all cases as chelating ligands
to Cu" atoms via their phenoxo-O, imino-N and
carboxylate-O atoms. The n’m'n'mbp; and n’m'mus
sacb®™ groups serve as additional bridges to both Cu"
and Mn" ijons via their phenoxo- and carboxylate-O
atoms, whereas the nm®m'm':u; sacb®  groups exclusively
bridge Cu" centers through their phenoxo-O atoms. Each
u3-OH (01, 02, 03, 04) group further bridges two
Cu" ions and one Mn" ion within the four triangular
{Cu,Mn} subunits. All four metallic triangles are scalene
within the 3oc-criterion (Fig. S3), with Cu---Cu‘--Mn,

CrystEngComm

Cu--Mn--*Cu and Mn--Cu---Cu angles in the range of
61.5-68.1°, 47.0-55.6° and 63.0-67.6°, respectively. The
Cu---Cu and Cu---Mn separations span the range 2.858-
3.080 and 3.281-3.662 A, respectively. The coordination
spheres of the Mn1 and Mn2 centers are each completed
by a terminal H,O solvate molecule, 029 and 030,
respectively.

The coordination geometries of all metal ions in 2 are
depicted in Fig. S4. The Cul, Cu3, Mn1 and Mn2 atoms are
six-coordinate adopting distorted octahedral geometries. The
coordination geometries of Cul and Cu3 are best described
as Jahn-Teller distorted octahedral with the two axially
elongated bonds formed by phenoxo-O atoms (Cul-O8 =
2.450(4) A/Cu1-011 = 2.468(4) A/Cu3-05 = 2.488(4) A/Cu3-014
=2.579(4) A) of sacb®”, while the equatorial planes are occupied
by three O,N,0-donor atoms (05, N1, O6 for Cu1/011, N3, 012
for Cu3) from sacb®™ and a bridging OH™ (O1 for Cu1/02 for
Cu3) group. On the other hand, the Mn1 and Mn2 centers are
exclusively bound to six oxygen atoms. Three of them (016,
017, 021 for Mn1/010, 024, 026 for Mn2) belong to sacb®”
ligands, one (029 for Mn1/030 for Mn2) to the terminal
H,0 molecule, while the remaining two oxygen atoms
belong to bridging OH (01, O3 for Mn1/02, 04 for
Mn2) groups.

The Cu2, Cu4, Cu5 and Cus8 ions are five-coordinate with
distorted square pyramidal geometries (z = 0.13 for Cu2, 0.08
for Cu4, 0.29 for Cu5, and 0.30 for Cu8).>® The equatorial
planes of the Cu™ square pyramidal geometries are occupied
by three O,N,0-donor atoms (08, N2, 09 for Cu2/014, N4,
015 for Cu4/017, N5, 018 for Cu5/026, N8, 027 for Cu8) of

This journal is © The Royal Society of Chemistry 2025
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sacb®™ and one bridging OH™ (O1 for Cu2/02 for Cu4/03 for
Cu5/04 for Cu8) group. The apical positions are occupied by
phenoxo-O atoms (O5 for Cu2/011 for Cu4/020 for Cu5/O5
for Cu8) of sacb®".

The remaining Cu6 and Cu7 atoms are also
five-coordinate, but they adopt distorted trigonal
bipyramidal geometries (¢ = 0.81 for Cu6 and 0.68 for Cu7).*
The equatorial planes of the Cu" trigonal bipyramidal
geometries are occupied by three O-donor atoms (020, 021,
028 for Cu6/019, 023, 024 for Cu7) of sacb®”, while the axial
positions are occupied by one N-donor atom (N6 for Cu6/N7
for Cu7) from sacb®” and one bridging OH™ (03 for Cu6/04
for Cu7) group.

The crystal structure of 2 is stabilized by weak
intramolecular hydrogen bonding interactions between the
terminal H,O (029, 030) molecules and the deprotonated,
uncoordinated carboxylate-O atoms (07, 025) of sacb®”

View Article Online
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ligands, reflected in O o' *Og,ep distances of 2.696 and 2.699
A, respectively (Fig. S5a). Additionally, five
intramolecular n---n stacking interactions occur between the
aromatic rings of sacb®” ligands, with centroid-to-centroid
distances ranging from 3.603 to 3.914 A (Fig. S5b). From a
supramolecular standpoint, no significant intermolecular
contacts are detected between the decanuclear -clusters,
implying that the crystallographically independent
decanuclear clusters are well-separated in the crystal lattice
(Fig. S6). The shortest intermolecular Cu---Cu, Cu---Mn and
Mn---Mn distances between adjacent {CugMn,} clusters in
the crystal of 2 are 9.242, 8.924 and 11.282 A, respectively.
The space-filling representation of 2 (Fig. S7) reveals its
nanoscale dimensions, with the longest intramolecular
Cl---Cl distance being 1.96 nm, excluding hydrogen atoms.
To explore a structural correlation between compounds 1
and 2, we examined the role of polymer 1 in the formation of

weak

Table 1 To date characterized heterometallic non-polymeric Cu"/Mn" clusters, and their structural and magnetic properties

Complex® Metal topology Magnetic interactions Ref.
[Cu,Mn(0-(NO,)PhCO,),(L1),]° Linear AF 26
[Cu,Mn(o (NOZ)PhCOZ)Z( 2),)° Linear AF 26
[Cu,Mn(0,CMe)sL,]* Linear AF 27
[Cu,Mn(ClO,),L,(MeOH),]* Triangle AF 28
[Cu,Mn(0,CMe),L,} Linear AF 29
[Cu,Mn(NO;),L,} Linear AF 29
[Cu,Mn(0,CPh)L,(H,0)]CV Triangle AF 29
[Cu,Mn((p- OH)PhCOZ)LZ(HZO)]ClO4 Triangle AF 29
[Cu,Mn(0,CH)L,(H,0)]clo,” Triangle AF 29
[CuzMn(nlc)ZLz}f Linear AF 9d
[Cu,MnCl,(L1),]" Triangle AF 9¢
[Cu,Mn,Cly(L1),]" Zig-zag AF 9c
[Cu,Mn,(hfac),L,]"/ Cyclic F/AF 30
[Cu,Mn(0,CMe),(L1),]? Linear AF of
[CuzMn(OZCCHZPh)Z(Ll) 17 Linear AF of
[Cu,Mn;3(0,CPh)e(L1),]° Linear AF of
[Cu,Mn;(m-(NO,)PhCO,)6(L1),]? Linear AF 31
[Cu,Mn;(m-(NO,)PhCO,)4(L2),(H,0),] Linear AF 31
[Cu,Mn(N3),L,} Triangle F/AF 32
[Cu,Mn(NCO),L,} Triangle F/AF 32
[Cu,Mn(NCS),L,} Triangle F/AF 32
[CusMnL3(H202)](GlO4)2 Star-shaped F/AF 32
[Cu;Mn(SCN),L;]* Star-shaped AF 33
[CusMn(N(CN), )2L3] Star-shaped AF 33
[CuzMnL;](ClO,),’ Star-shaped F 9b
[Cu,Mn(N(CN),),(L1),]" Triangle AF 34
[Cu,Mn,(N(CN),)(L1)4(MeCN),](ClO,)," Two connected triangles AF 34
[Cu,Mn(N3),(L1),]™ Triangle AF 9h
[Cu,Mn(L3),(MeOH)|(ClO,)," Linear AF 9g
[Cu,Mn,(N3),(L2),(H,0),](ClO,),° Zig-zag F/AF og
[CusMn;(2pmoap-2H)6|(NO;)s” Grid AF 9e
[CugMn(2pmoap-2H)](NO3)s” Grid F/AF 9e
[CusMns(edpba)s(dmso),(H,0),]? Cyclic F/AF 9a
[CugMn,(OH),(sacb)g(H,0)s] Four connected triangles AF t.w.

¢ Lattice solvate molecules have been omitted. Ligand abbreviations.
¢ L2H, = N,N-bis(methyl-2-hydroxynaphthyl-methylidene)-1,3-propanediamine.
(cyclohexane—l,2—diylbis(azanylylidene))bis(methanylylidene))diphenol f1H, =
N-(o-methylsalicylidene)-N'-(salicylidene)-1,3-propanediamine.

nicotinic acid. " L1H, =

» 11H, = N,N-bis(2-hydroxynaphthyl-methylidene)-1,3-propanediamine.

9 L = 2-tert-butyl-5-(2-pyridyl)-2H-tetrazole. © LH, = 2,2'-((1E,1'E)-
N,N'-bis(a- methylsalicylidene)»l,3—propanediamine. ¢ nicH =
"LH; = 1-(2-hydroxybenzamido)-2-((2-hydroxy-3-

methoxybenzyhdene)amlno)ethane 7 hfacH = hexaﬂuoroacetylacetone 'k LH, = 2,3-diox0-5,6:15,16-dibenzo-1,4,8,13-tetraazacylotetradeca-7,13-

diene. ' LH, = N,N'-bis(salicylidene)-1,4-butanediamine.
"L3H, = N,N’-cyclohexane-bis(3-ethoxysalicylaldiimine).
(pyridine-2,6-dicarbonyl)bis(pyrimidine-2-carbohydrazonamide).
antiferromagnetic; F = ferromagnetic; t.w. = this work.

This journal is © The Royal Society of Chemistry 2025

"™ LH, = N-(o-methylsalicylidene)-N'-(salicylidene)-2,2-dimethyl-1,3-propanediamine.
° L2H, = N,N’-ethylene-bis(3-ethoxysalicylaldiimine). ? 2pmoapH, = (2Z,2'Z)-N',N"-
9 edpbaH, =

N,N'-2,2"-ethylenediphenylenebis(oxamic  acid); AF =
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cluster 2. A {Cu,(sacb),} fragment, which is a part of the
repeating unit of 1, is also present in 2 and may serve as a
structural ‘starting point’. Two key differences are evident in
this fragment: (i) the absence of a terminal MeOH molecule
from 1, and (ii) the conversion of two p-OR™ in 1 into two
n3-OR™ bridges in 2. Each p;-OR™ group provides further
bridging to an additional Cu" center. These observations
suggest that nucleation of 2 proceeds “vertically” (top-to-
bottom) via self-assembly, as illustrated in Fig. S8.

Given the scarcity of previously reported non-
polymeric Mn"/Cu" heterometallic clusters, we have
compiled them in Table 1 to allow convenient

comparison of their nuclearities, metal core topologies,
and pertinent magnetic data, such as the nature of
predominant magnetic exchange interactions. Inspection
of Table 1 shows that the great majority are trinuclear
species with either linear or triangular metal topologies
and tetranuclear complexes exhibiting zig-zag, cyclic or

star-shaped metallic cores, -4 1,26-29,32-34 with
considerably fewer pentanuclear examples (linear),”*! a
single hexanuclear case (two connected triangles),* and

two enneanuclear “grid-like species.” In most Mn"/Cu"
compounds the magnetic exchange is predominantly
antiferromagnetic (AF) or a combination of ferromagnetic
and antiferromagnetic interactions (F/AF), most commonly
mediated through phenoxido/alkoxido bridges via efficient
overlap of nearly collinear magnetic orbitals. Triangular
and related motifs frequently host competing interactions
that reduce the total spin ground state. Pure
ferromagnetic coupling is rare and appears only in the

a T T T T T T
@ - To.30
* 10.25
[e] -~
£ L0.20 5
e L0415
o 3
= 010 8
S L0.05

of : : : : : —L0.00

0 50 100 150 200 250 300
TIK

H/T

Fig. 6 (a) Plots of ymT vs. T and ym vs. T for complex 2 ina 0.1 T dc
field; the solid lines are the best-fit curves (see text for details). (b) Plot
of magnetization (M) vs. field (H) for complex 2 at 2 K; the solid line is
the best-fit curve.
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star-shaped tetranuclear complex [CuzMnL;](ClO,), that
features a salen-type Schiff base ligand (LH,).” Finally,
it is noteworthy that complex 2, together with the
heterometallic wheel [CusMns(edpba)s(dmso),(H,0),;] that
incorporates the flexible bis-oxamate edpbaH, ligand,
represent the highest nuclearity reported to date for Mn"/Cu"
compounds. The latter decanuclear wheel displays relatively
strong antiferromagnetic interactions between the Cu" and
Mn" centers, resulting in a spin ground state of § = 10 from
an overall ferrimagnetic behavior.””

c. Magnetic studies

The magnetic characterization of 2 is noteworthy because,
to the best of our knowledge, no prior magnetic studies
have been carried out on a crystal structure with such a
metal core-topology.  Direct (de)  magnetic
susceptibility (ym) measurements were performed on an
analytically pure microcrystalline sample of 2 over 2-300 K
under an applied static magnetic field of 0.1 T. The data
are presented as yyT (red, left axis) and yy (blue, right axis)
vs. T in Fig. 6a. At 300 K, the yT value of compound 2 is
10.16 cm® mol ™' K, lower than the spin only value expected
for two S = 5/2 Mn" and eight § = 1/2 Cu" non-interacting
spin carriers (11.75 em® mol™ K for g = 2.00), suggesting
that antiferromagnetic exchange interactions dominate even
at room temperature. Upon cooling, ymT decreases steeply
from 300 to ~50 K and then more gradually, showing a
shallow plateau near 0.8 cm® mol™ K before falling to 0.30
em® mol™ K at 2 K. The shape of the yuT vs. T plot
suggests the presence of predominant intramolecular
Cu--Mn and Cu---Cu  antiferromagnetic  exchange
interactions let alone single ion effects, such as zero field
splitting, and/or Zeeman contributions. In addition, the
monotonic increase of yy on cooling with a progressively
steeper increase towards low temperatures and no peak or
downturn indicates the absence of long-range ordering
above 2 K and dominant antiferromagnetic exchange,
leading to a small ground state spin value.

The field dependent magnetization of complex 2 at 2 K
(Fig. 6b) reveals a relatively rapid increase up to a quasi-
saturated value of 2.05Nup under an applied field of 7 T. This
value is significantly lower than the theoretical maximum
value of 18.00Nug (M/Npg = Ncu€cuScu + My '€vn Swvn),
expected for eight (n = 8) Cu" (S = 1/2, g = 2) and two (n = 2)
Mn" (S = 5/2, g = 2) ions. The low temperature yyT and the
high field magnetization values evidence antiferromagnetic
exchange interactions and an overall ground state spin value
of §=1.

The susceptibility and magnetization data of compound 2
were fit using PHI program,® to evaluate the nature and
magnitude of the intramolecular Cu---Mn and Cu---Cu
magnetic exchange interactions. The structural data of 2
show multiple bridging ligation within the {CugMn,} metallic
core. Excluding the axially elongated Cu-O bonds, the
complex can be magnetically envisaged as two {Cu;Mn} units,

current
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Fig. 7 J-Coupling scheme employed for the elucidation of the
magnetic exchange interactions in complex 2.

each comprising two vertex-sharing {Cu,Mn} triangles that
are connected by four syn-anti carboxylate bridges from
sacb®™ ligands. To avoid overparameterization, assuming
similar magnetic interactions for all the Mn"-O-Cu"" contacts
and for the syn-anti carboxylate superexchange pathways, the
magnetic system was modelled with three isotropic exchange
coupling constants (Fig. 7): J; for the eight Mn"--Cu"
interactions, J, for the four Cu™--Cu" interactions, and J; for
the syn-anti carboxylate-induced contacts. Therefore, the spin
Hamiltonian used for this system is represented by the
following eqn (3):

H ==2],(S1"S5 + S1°S4 + S1:S5 + S1:S + S5-S7 + 5555
+85:89 + 85:S10) = 2J2(S3:Ss + S5:Se + S7:Sg + S9S10)
= 2J5(81-Sg + S2°S4 + S5:S10 + S6°So) (3)

The Dbest-fit parameters from the simultaneous
susceptibility and magnetization data were: J; = -16.5(1)
em ™, J, = -35.1(5) em™, J3 = 40.7(3) ecm™" and g = 2.114(2).
Attempts to distinguish inequivalent Cu‘-*Mn and Cu---Cu
pathways led to overparametrization without improving the
fit. The magnitude and sign of the obtained J values are
consistent with moderate antiferromagnetic superexchange
interactions through M-O-M angles around or above 100° (J;
and J,) and a very weak ferromagnetic contribution for the
syn-anti carboxylate bridges (J3). The extracted J values are in
good agreement with previously reported exchange
parameters for various Mn"-Cu" systems.**%/

The energy level analysis of the spin levels of 2 indicates
quasi degenerate S = 0 and S = 1 ground spin states, which
account for the intermediate low temperature y\,7T value
(between 0 and 1), and the quasi saturation of magnetization
value at 7 T (2.05Nug). The first excited spin manifold lies
~45 ¢cm™' above the ground state and explains the shallow
maximum/plateau in y,7T near 50 K. As expected, complex 2
did not exhibit any SMM behavior, either in the absence or
presence of an external dc field, indicating the absence of
magnetization relaxation.

This journal is © The Royal Society of Chemistry 2025
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4. Concluding comments and
perspectives

In summary, we demonstrated that the preformed 1-D helical
chain [Cuj(sacb),(MeOH)], (1) serves as an effective building
block for the one-pot assembly of the new decanuclear 0-D
heterometallic cluster [CugMnjy(OH),(sacb)s(H,0),] (2), using
a second 3d’-metal source. These are the first homometallic
Cu" and heterometallic 3d/3d’ complexes incorporating the
chelating/bridging Schiff base ligand sacbH,. Structural
analysis reveals that complex 2 features a unique metal core
topology consisting of two oppositely aligned, {Cu,;Mn} units,
each comprising two vertex-sharing {Cu,Mn(u;-OH)}>"
triangles, connected by four carboxylate and two phenoxo
groups from the sacb®  chelates. This compound also
represents one of the two highest nuclearity Mn"/Cu"
clusters reported to date. Compound 1 appears to direct the
assembly of 2, as they both share the {Cu,(sacb),} fragment,
which likely serves as a nucleation site. Magnetically,
complex 2 exhibits predominantly antiferromagnetic
exchange interactions between the Cu---Mn and Cu---Cu
pairs, quantitively described by the coupling constants j; =
-16.5(1) em " and J, = -35.1(5) cm ', respectively.

Building on these results, we are currently trying to expand
this synthetic route to access new heterometallic 3d/3d’
compounds bearing sacbH, chelate, as well as other similar
Schiff bases, as this chemistry remains largely unexplored. In
particular, targeted substitution of isotropic Mn" ions by
anisotropic Co" within the {CugMn,} cluster is expected to
enhance the overall magnetic anisotropy and maybe ‘switch-
on’ the SMM behavior. Parallel efforts explore additional 3d/3d’
combinations, including Cu"-Fe™, Ni"-Fe™, Co"-Fe™ and
Ni'-Mn"™ ", to probe the structural architectures and the
magnetic properties of the resulting compounds.
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