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Abstract

The ligand-driven self-assembly of metal clusters offers a powerful strategy for construct-
ing discrete molecular architectures with tunable magnetic and structural properties. By
judiciously selecting appropriate multidentate ligands, researchers can direct the formation
of polynuclear metal assemblies with diverse nuclearities, geometries, and topologies.
Coordination-driven processes commonly stabilize such assemblies where multidentate
ligands operate as templates and linkers. These will also determine how the metal centers
are arranged in space and how they connect to each other. These clusters can take on
shapes that range from basic bridging dimers to more complicated icosahedral and cubane-
type motifs. They often have excellent symmetry and strong frameworks. Magnetically,
these clusters are a great place to study exchange interactions, spin frustration, and the
behavior of single-molecule magnets (SMMs). The magnetic characteristics depend on
things like the type of metal ions, the bridging ligands, the overall shape, and the local
coordination environment. Interestingly, a large number of ligand-assembled clusters
exhibit high spin ground states and slow magnetization relaxation, which makes them
attractive options for quantum information storage and molecular spintronic devices. This
review connects coordination chemistry, supramolecular design, and molecular magnetism
of pyridine-amine-carboxylate frameworks, offering insights into fundamental magnetic
phenomena and guiding the development of next-generation functional materials. Contin-
ued exploration of ligand frameworks and metal combinations holds the potential to yield
novel clusters with enhanced or unprecedented magnetic characteristics.

Keywords: 2-pyridyl-alkylamine-carboxylate ligands; polymeric cluster; discrete cluster;
magnetic properties; magnetostructural correlation

1. Introduction

Alfred Werner, in 1893, introduced the concept of octahedral structures for transition
metal complexes, laying the groundwork for determining their coordination numbers and
oxidation states, thereby explaining the behavior of the double salts of that era [1]. The term
originated from the observation that transition metal ions bond not only to anionic ligands
but also to extra species beyond charge neutrality. This discovery laid the foundation
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of modern coordination chemistry, enabling rational design of metal-ligand complexes
with defined geometries. Over the past century, coordination chemistry has advanced
remarkably, deepening our understanding of metal-ligand complexes, structures, and
reactivity. Recently, the field has expanded to include metal-organic frameworks (MOFs)
and supramolecular coordination complexes (SCCs) [2]. In the past two decades, the do-
main of polynuclear and discrete clusters has progressed significantly [3-23]. Metal ions
(connectors) and specially designed organic ligands (linkers) are used to create polynuclear
and discrete clusters. Transition metal ions with diverse coordination geometries serve as
versatile connectors [3-5,19,20] and impart coordination clusters with many characteristics,
including magnetic and catalytic ones. They can therefore be employed as versatile func-
tional materials that play a pivotal role in modern crystal engineering, where the rational
design and assembly of molecular building blocks enable the creation of materials with
tailored structures and properties [3-5,19,20]. Extensive structural analysis of coordination
clusters reveal that transition metal ions have coordination either from the O-atoms of
anions (carboxylates, phosphates, nitrates, sulphates, and phenolates) or the N-atoms of
pyridines, amines, cyanates, or cyanides [11-16]. These statistics underscore the significance
of pyridine-carboxylate moieties in the formation of coordination clusters, emphasizing
how their diverse coordination behavior and electronic properties facilitate the generation
of multidimensional frameworks with enhanced structural stability and potential functional
applications in catalysis, magnetism, and molecular recognition [21-23]. Notably, carboxy-
late groups can adopt a variety of bridging conformations, the most notable of which are
triatomic syn-syn, syn—anti, anti-anti, and monoatomic [24-26]. The syn-syn conformation
encourages the creation of binuclear systems, whereas syn—anti promotes the formation of
extended structures with fluctuating nuclearity. Because of their diverse bridging capacities,
carboxylates are suitable linkers between metal ions for the propagation of metal-ligand
coordination units (Scheme 1).
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Scheme 1. The monodentate and bidentate chelating mode and bridging conformations of carboxylate
groups.

The (2-pyridyl)alkylamine moiety is widely recognized as a ligand in coordination
chemistry in general, and in bioinorganic chemistry in particular, [27-46]. In this review
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article, we present coordination complexes synthesized from a systematically diversified
class of (2-pyridyl)alkylamine-appended carboxylate functionalities (Scheme 2). The bridging
coordination mode of the carboxylate, limited by the coordination of the (2-pyridyl)alkylamine
moiety to a metal ion, facilitates the prediction of the propagation direction.
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Scheme 2. The ligands pertinent to this article.

It is important to note that (2-pyridyl)alkylamine-appended carboxylate ligands
(Scheme 2) make “rigid” metal-ligand coordination units, even though they are versatile
because the methylene spacer between the N2 /N3 chelating donor sites and the carboxylate
functionality can change. It has been very helpful to use the selected ligands (Scheme 2)
that integrate the two functional groups in order to synthesize discrete di-, tetra-, and
multi-metallic cores (see Scheme 1) as well as new coordination polymers (see Scheme 1).

2. Ligand Impact on Self Assembly of Coordination Cluster
2.1. Ligand Denticity Influence

Very few reports are available in the literature where researchers have pointed
out that one can change the nuclearity of the self-assembly of coordination complexes
with ligand denticity. Mukherjee and coworkers have reported that when they took
2-pyridylalkylamine appended carboxylate-based ligands of different denticities, one can
change the nuclearity of the final coordination complexes (Schemes 3-5). The reaction
of the tetradentate ligand, L1(CO, ™) with metal salts (where the metals are manganese,
cobalt, copper, zinc) leads to coordination polymers {IMn{(LY(CO,))(H,0)](ClO,)-2H,0
(1) [47], [Co™(L1(CO2))(H20)1(ClO4)-2H,0 (2) [48], [Cu(L'(CO2))I(CIO4)-2H,0 (3) [48],
[Zn(L1(CO,))](ClO4)-2H,O (4) [47]}, but when one arm of the ligand (CHypy or
CH,CH;py) is detached and denticity is reduced by one unit, i.e., L3(CO,7)/LY(CO,7);
tridentate ligand, one can synthesize discrete tetranuclear units ({[Cu(L3(CO,))(OCIO3)]}4
CH;3CN (5) and {[Cu(L*(CO,))(OClO3)]}4-CH3CN (6)) (in the case of copper) (Scheme 3) [49].
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The findings presented herein highlight the fundamental role of ligand denticity as a pow-
erful design parameter in directing metal-ligand self-assembly. Notably, even subtle
variations in coordination mode can profoundly alter assembly pathways, shifting out-
comes from extended polymeric frameworks to well-defined discrete clusters. This level
of control over nuclearity has significant implications for the rational design of coordina-
tion materials, as it enables precise modulation of structural dimensionality and metal
aggregation—critical factors governing the magnetic, catalytic, and functional properties of
coordination complexes.
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Scheme 3. Schematic representation of ligand denticity and flexibility influence (a) for LYCOy);
L3(CO,); LO(CO,)? (b) for LA(CO,); L2(CO,); L5(CO,),.

2.2. Ligand Flexibility Influence

Mukerjee and coworkers have reported that if one can introduce more flexibility in
the ligand, replacing the CH,py arm in L?(CO, ™), with the more flexible CH,CH,py in
L%(CO;, ™)y, one can play with nuclearity. The reaction of L>(CO, ™), with copper yields
a tetranuclear cluster [49] while L¢(CO, ™), with copper yields a heptanuclear cluster
(Scheme 4) [50]. Arora et al. have also reported that replacing the CHypy arm in LY(CO,7)
with more flexible CH,CH,(CO, ) in L6(CO, )5, one can double the nuclearity. The re-
action of L}(CO, ™) with nickel yields a tetranuclear cluster [49] while L(CO, ™), with
nickel yields an octanuclear cluster [51]. A similar pattern was observed for L2(CO, ™) and
L?(CO,7),. The reaction of tetradentate ligand L%(CO, ™) with copper leads to a coordi-
nation polymer [52], while with L3(CO,7 ), copper gives discrete tetranuclear unit [49]. It
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is worth noting that in the case of cobalt, one can change the nuclearity if we change the
metal salt. The reaction of tetradentate ligand L1(CO, ™) with cobalt {[Co(H,0)s](ClO4)}
leads to coordination polymer [48], while the reaction of L?(CO, ™), with cobalt {CoCl,}
gives discrete tetranuclear unit [53]. Mukherjee and coworkers recently reported that
reaction of L>(CO,Me), with Cu(O,CCH3),-H,0 leads to a discrete dinuclear complex,
while the reaction of more versatile L6(CO;Me), with [Cu(H,0)¢](ClO,), leads to a dis-
crete tetranuclear cluster [54]. The observations reported here highlight a broader design
strategy in coordination chemistry, wherein fine control over ligand flexibility and arm
length enables predictable modulation of nuclearity and assembly outcomes. By tailoring
ligand adaptability, it becomes possible to steer systems toward specific cluster sizes or
to suppress extended frameworks altogether. This insight is particularly significant for
the rational construction of metal clusters with tunable nuclearity, offering pathways to
optimize structure-dependent properties such as magnetism, reactivity, and functional
performance in coordination-based materials.
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Scheme 4. Schematic representation of ligand flexibility influence (a) for Nickel complexes (b) for
Cobalt complexes (c) for Copper Complexes.
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Scheme 5. Schematic representation of ligand bulk influence.

2.3. Steric Bulk Influence

Kaur and Manda et al. have reported that introducing steric bulk in the form of
a methyl group next to the pyridine-N in ligand L7(CO, ™) can convert the polymeric
system into a discrete unit. Reaction of L7(CO, ™) with metals (manganese, cobalt, copper
and zinc) leads to a coordination polymer [47,48], while reaction of L3(CO, ™) with metals
(manganese, cobalt, copper, and zinc) leads to discrete dinuclear complex (Scheme 5) [55,56].
The results reported here emphasize the broader implication that steric engineering at
strategic ligand positions offers an effective tool for directing self-assembly pathways and
nuclearity. By modulating spatial congestion near donor sites, one can deliberately switch
between extended frameworks and discrete metal clusters. This insight provides a valuable
design principle for tailoring coordination architectures, enabling rational control over
structure-dependent properties in functional coordination materials.

3. Magneto-Structural Features of the Systems and the Underlying
Structure-Property Trends

There are numerous factors, such as the coordination geometry preferred by metal
ions, conformation of chosen ligands, the solvent system, influence of counterions, the
reaction temperature, sometimes ligand-to-metal stoichiometry [21-23], that govern the
self-assembly [11-16] of organic chelating ligands and inorganic metal ions to create coor-
dination cluster network topology. The primary characteristics of linkers and connectors
are the alignment and quantity of their binding pockets, which correspond to coordina-
tion geometries and coordination numbers, respectively. The chemical characteristics of
organic ligands are crucial in determining the framework of coordination clusters [21-23],
as they bind the metal centers and transmit the structural information reflected in metal
coordination preferences across the extended structure.

The predictability of the network geometry of coordination clusters (polymeric or
discrete) remains a difficult problem, despite the fact that a number of coordination clusters
have been studied to date and many useful functional properties have been discovered [9].
We now provide a snapshot of magneto-structural attributes (structure—property relation-
ships) of coordination clusters, which can be either discrete or polymeric, that were created
sequentially employing the ligands L(CO, ™) to L3(CO, ). Most coordination complexes,
whether polymeric or discrete, that utilize carboxylate ligands with (2-pyridyl)-alkylamine
attached fall within the one-dimensional (1D) structure (see below). The main explanation
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might be the way the selected ligands coordinate with a specific metal ion and an extra
bridging carboxylate O to link to the nearest neighbor (tridentate: one pyridyl N, one amine
N, and a carboxylate O; tetradentate: two pyridyl N, one amine N, and a carboxylate O
or one pyridyl N, one amine N, and two carboxylate O). Therefore, the creation of either
discrete multimetallic clusters or 1D coordination polymers is encoded by the type of ligand
donor atoms. One or more solvent molecules may complete the coordination sphere in
response to a specific metal ions coordination need.

It is apt to mention here that ligands L3(CO, ™), LA(CO, ), L5(CO,Me),, LO(CO,Me),,
L%(CO, ™), and L8(CO, ") have not afforded so far any coordination polymers; instead,
the formation of discrete carboxylate-bridged clusters (dimer, tetramer, heptamer or oc-
tamer) has been accomplished [48-51,53-56]. Notably, LY(CO, ") generates both a discrete
tetramer [49] as well as a 1D coordination polymer (see Figure 1) [48].

Mn

Cu

(c)

Figure 1. Schematic representation of polyhedral view of 1-D coordination polymers (a) 1, (b) 7 and
(c) 16. Color code: violet, Mn; orange, Cu; cyan, Zn; blue, N; red, O; and gray, C atoms. Reproduced
with permission from ref. [47]. Copyright 2001, John Wiley and Sons.

To further understand the magnetic exchange interactions, temperature-dependent
magnetic susceptibility measurements were performed on chosen instances from the given
systems. The chosen systems exhibit both ferromagnetic and antiferromagnetic behavior

1

(energy gap between singlet and triplet states expressed in terms of | in cm™"; magnetic
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exchange coupling constant (]) is negative for antiferromagnetic and positive for ferromag-
netic interactions between two adjacent metal centers), as well as spin-canting behavior
(see below).

3.1. Coordination Polymers

The potential tetradentate ligands L}(CO, ), L>(CO,~) and L7(CO, ") afforded the
carboxylate-bridged 1D polymeric chain complexes [Mn'(L}(CO,))(H,0)](ClO,)-2H,O
(1) [47], [Co™(LN(CO))(H20)I(ClO4)-2H, O (2) [48], [Cu (L1 (CO,))1(CLO4)-2H,0 (3) [48],
[Zn"(L1(CO2))I(C104)-2H0 (4) [47], [Cu™(L*(CO,))](CIO4)-2H,0 (7) [52], [Cu(L7(CO))]
(CF3S03)-H,0 (15) [47], and [Zn'(L7(CO,))I(ClO4) (16) [47]. The M(II) ions are succes-
sively bridged by syn-anti carboxylate groups (Table 1). In 1, two nitrogen (ethylpyridyl
and methylpyridyl), one carboxylate oxygen from the ligand, and another oxygen from
water form the basal plane. An oxygen atom from the carboxylate group of a neighboring
molecule and the nitrogen of a tertiary amine from the ligand facilitate axial coordination,
thereby achieving six-coordination around the manganese. In 1, extensive - stacking [47]
involving alternate pyridine rings of adjacent 1D chains exists, which eventually leads to
the formation of a 2D network structure. In 2, one tertiary amine nitrogen, two carboxy-
late oxygens, one within the ligand and another from an adjacent molecule, and oxygen
from water form the basal plane. Ethylpyridyl and methylpyridyl nitrogens provide axial
coordination, and hence complete six-coordination around the cobalt. In 3, 7, and 15, the
three nitrogen atoms of the ligand and the oxygen atom belonging to the carboxylate of an
adjacent molecule form the basal plane. The oxygen atom of the carboxylate present within
the ligand as an axial ligand completes five coordination around the copper. In each case,
the copper(Il) center exhibits a distorted [T = 0.01 (3), 0.19 (7) and 0.19 (15); values of 0 and
1 are indicative of idealized square-pyramidal and trigonal-bipyramidal geometries, respec-
tively] [57] square-pyramidal CuN3O; coordination geometry. The bridging carboxylate
is in axial-basal (or axial-equatorial) mode. In [Zn'(L7(CO,))](C1O,) (16) [47], the Zn(II)
ion displays a distorted trigonal-bipyramidal coordination geometry (t = 0.60) [57] The
basal coordination plane consists of two nitrogen donors and a carboxylate oxygen atom
from L7(CO, ~), whereas the apical sites are occupied by a carboxylate oxygen atom of an
adjacent ligand and the tertiary amine nitrogen donor from L7(CO, 7). Perspective views
of 1, 7 and 16 are shown in Figure 1. From the figure, it is apparent that all of them have
syn—anti carboxylate O-C-O bridges. Temperature-dependent magnetic susceptibilities for
1, 3, 7 and 15 revealed very weak antiferromagnetic/ferromagnetic interactions through
syn—anti carboxylate bridges between the M centers [J = —0.25 cm ™! (1), —0.66 (1) cm ™!
(3), +0.14 cm ™! (7) and —1.88 (1) cm~! (15)] (Table 1) [47,48,52].

A comprehensive evaluation of the magneto-structural data for carboxylato-bridged
coordination polymers [25,47,48,52,58,59] permits the following generalizations. In the syn—
syn conformation, the exchange interaction is strongly antiferromagnetic, attributable to
the short metal-metal separation and efficient overlap of the magnetic orbitals. In contrast,
the syn—anti conformation gives rise to very weak, and in some instances, ferromagnetic
exchange, whereas the anti—anti conformation typically results in weak to moderate anti-
ferromagnetic coupling. Intuitively, the magnetic coupling constant (J) can be expected to
be the sum of both ferromagnetic (Jr) and antiferromagnetic (Jar) contributions [60]. In
examining magneto-structural trends, the copper(Il) systems provide a representative case.
For syn—anti conformations, both weak ferromagnetic and weak antiferromagnetic cou-
plings have been reported [26,47,48,52,59]. The nature of the coupling is governed by the
structural characteristics of the Cu—-O-C-O-Cu'’ bridging unit, which modulates the extent
of magnetic orbital overlap. The non-planarity of this unit is expected to reduce the overlap,
which, in turn, is expected to favor ferromagnetic exchange coupling [26,47,48,52,59]. The
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nature and extent of coupling also depend on the coordination geometry of the Cu(Il) cen-
ters. For a square planar/square pyramidal geometry, the ground state of the Cu(Il) ion is
described by the dy?_y? orbital, and for a trigonal bipyramidal geometry, the relevant metal
orbital is d,? [48]. For the basal-basal (or equatorial-equatorial) syn-anti conformation, the
contributions between the 2p orbitals of the O and O’ atoms belonging to the magnetic
orbitals centered on Cu and Cu’ are unfavorably oriented to give a significant overlap
(Scheme 2) [26,47,48,52]. Under these conditions, Jop ~ 0, resulting in the predominance of
weak ferromagnetic interactions. In cases where syn—anti carboxylate bridges connect an
equatorial site of one Cu(Il) center to the axial site of an adjacent Cu(Il) center, the magnetic
orbital of the Cu(Il) ion in a square-pyramidal environment (dy?_,?) acquires partial admix-
ture of the d,? orbital characteristic of a trigonal-bipyramidal geometry [48]. The resulting
magnetic exchange is expected to be extremely weak, as it involves interaction between
a dy?_y? orbital and a d,? orbital, the latter contributing only a minimal spin density [47].
This unfavorable orientation of the magnetic orbitals centered on the Cu(Il) ions accounts
for the weak ferro-/antiferromagnetic coupling (Scheme 6) [26,47,48,52]. In the light of the
structural trends and the orbital interaction considerations discussed above, the nature and
extent of magnetic interaction through the syn—anti carboxylate bridge observed in Cu(Il)
coordination polymers (3, 7 and 15) can readily be rationalized [47,48,52]. Complexes 3
and 15 show weak antiferromagnetic coupling [—0.66 (1) cm~! (3) and —1.88 (1) cm ™!
(15)] (Figure 2) while 7 shows ferromagnetic coupling [+0.14 cm~! (7)]. For 3, 7 and 15,
the small overlap between the magnetic orbitals of the Cu(Il) ion through the syn—anti
carboxylato bridge (in both it is an axial-equatorial bridge) for a Cu-O-C-O-Cu’ skeleton
that is not planar [dihedral angle values: 3, ~3°; 7, ~31°; 15, ~22°], the dihedral angles of
the carboxylate group coordinated to Cu’ and the CuN;O plane (3, ~86°; 7, ~78°; 15, ~67°],
and the Cu --Cu distance [3, 4.579 (6) A;7,5.800 (2) A; 15,5.281 9) A], account for the weak
antiferromagnetic/ferromagnetic coupling observed [47,48,52].

i e

(a)

(b) (c)

Scheme 6. The orbital interaction between the metal ion (dxz_yz—type orbital) and the carboxylate
group in (a) syn—syn, (b) syn—anti and (c) anti-anti bridging mode. Reproduced with permission from
ref. [55]. Copyright 2021, Royal Society of Chemistry.

Complex 2, the only syn—anti carboxylate-bridged Co(II) coordination polymer, exhibits
clear spin-canted antiferromagnetism [20,48]. Magnetic measurements reveal spontaneous
magnetization below ~5 K (Figure 3), consistent with weakly antiferromagnetic coupling
[J = —2.65 () cm™1] (Figure 4) [20,48] This behavior arises when structural asymmetry pre-
vents strict antiparallel alignment of neighboring spins [60-63], leading to a small canting
angle and weak ferromagnetism. In 2, the Co(Il) centers deviate appreciably from ideal octahe-
dral geometry and are connected through markedly non-planar syn-anti carboxylate bridges
(Co—O—-C-O-Co’ dihedral ~ 13.7°) [48]. The absence of an inversion center between adjacent
Co(II) ions, combined with strong single-ion spin—orbit coupling (A ~# —163 cm ') and zero-
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field-splitting-induced anisotropy [61], results in unequal easy-axis orientations. Consequently,
magnetic measurements show a small remanent moment (Mr ~ 0.019 uB), a coercive field
of ~200 G, and an estimated canting angle of ~0.5°, which together provide unambiguous
experimental evidence for spin-canted antiferromagnetism in complex 2 [60-63].

)(MT/ cm’ mol” K
=
(O8]
i

T/K

Figure 2. Plot of x)yT vs. T for a powdered sample of [Cu'l(L7(CO,))](CF3SO3)-H,O (15). The
solid lines represent the best theoretical fit, described in the text. The plot of s vs. T is in inset.
Reproduced with permission from ref. [47]. Copyright 2001, John Wiley and Sons.

150+
] FCM
: H, =100G
o} 100-:
mE ‘
2 ]
= 50 -
0
2

T/K

Figure 3. The field-cooled magnetization of [Co' (L' (CO,))(H,0)](ClOy4)-2H,0 (2). Reproduced with
permission from ref. [48]. Copyright 2009, American Chemical Society.
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Table 1. Summary of Structural and Magnetic Features of Complexes.

. Dominant Bridging Coordination . . Exchange Coupling |
System Type Complexes (No.) Metal Ion (s) Nuclearity/Topology Mode Geometry (Metal) Magnetic Behavior (cm~1)/Key Feature
Mn/Co: distorted
1D coordination Mn2*+, Co?*, Cu2* . . . octahedral; Cu: Very weak ARM (An- o5 4y )66 (3),
1-4,7,15,16 0y Infinite 1D chains syn—anti carboxylate square-pyramidal; tiferromagnetic)/FM
polymers Zn . +0.14 (7), —1.88 (15)
Zn: (Ferromagnetic)
trigonal-bipyramidal
syn—anti carboxylate Spin-canted J ~ —2.65; weak
Spin-canted polymer 2 Co%* 1D polymer Y Y Distorted octahedral P . ferromagnetism
(non-planar) antiferromagnetism
below ~5 K
Tetranuclear clusters 24 N2+ My square/16- . . . J =~ +11 to +13 (Cuy);
(Cu/Ni squares) 5,6,8,9,14 Cu“*, Ni membered ring syn—-anti carboxylate Square-pyramidal Weak ferromagnetic +1.2 (Niy)
Tetranuclear oy . . u-1,1-carboxylate + . Predominantly AFM J1=433,J,=-25,
Co cluster 12 Co Defective dicubane 113-OCH Distorted octahedral (multiple pathways) Js = +10.6
Mixed (octahedral
Heptanuclear cluster 10 Cu?* Bc.)d}.l—cent.e red Carboxylate + p3-OH and . Overall . J range: —183 to +23.4
antiprismatic Cuy . antiferromagnetic
square-pyramidal)
syn—anti, anti—anti, o
Octanuclear cluster 11 Niz* Distorted cubane Nig monodentate Distorted octahedral . Overall . Mixed: ] = +0.6
antiferromagnetic to —24.4
carboxylate
. . Mn/Co/Ni: AFM: Mn (] = —1.47)
2+ 2+ 2+ _ ’
Binuclear complexes 13,17-21 Mn?, Co™, Ni™, M, syn—anti carboxylate octahedral; Cu: Metal-dependent Co (] = +0.840); FM: Ni

(dimers)

Cu2+

square-pyramidal

AFM/FM

(J = +2.95), Cu (+3.43)
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Figure 4. A plot of T vs. T for a powdered sample of [Co(LY(CO,))(Hp0)](ClO4)-2H,0 (2). Inset:
expanded view of the dependence of the T product of 2 in the low temperature (<10 T) region
under 0.01 T. Reproduced with permission from ref. [48]. Copyright 2009, American Chemical Society.

3.2. Discrete Clusters
3.2.1. Tetramers

The potential tridentate ligands L3(CO,7), L4CO,7) and tetradentate ligands
L?(CO, 7 ),, LY(CO, ™) and L8(CO,Me), afforded the carboxylate bridged discrete tetranu-
clear coordination complexes {[CW(L3(CO,))(OCIO3)]}4-CH3CN (5) [48], {{Cu(L*(COy))
(OC103)]}4-CH3CN (6) [49], {[Cu(L>(CO2)2)I(ClO4)}4-3CH;CN-4H,0O (8) [49], {[Ni(L!
(CO2))I(ClO4)}4-CH3CN (9) [49], [Co4(L>(CO2),)2(OCH3),(CH30H), (H20),Cl,] (12) [53],
[Cuy{L8(CO,)(CO,Me)}4(ClO,)4 (14) [54]. X-ray analysis reveals that complexes 5, 6, 8,
9,12 and 14 are discrete syn—anti carboxylate-bridged tetranuclear species. Complexes 5
and 6 comprise four “ICu(L3/4(CO,))(OCIO3)}” units linked by tridentate carboxylate lig-
ands, while complexes 8, 9 and 14 are built from four “{Ni(L'(CO,)}* /{Cu(L>(CO,),}* /{Cu
(L8(CO,)(CO,Me)}*” units interconnected through tetradentate carboxylate ligands. It
should be noted that each L®(CO,Me), is coordinated in its partially hydrolyzed
L%(CO, " )(CO,Me) form (Figure 5) as a tetradentate ligand to each Cu(Il) ion in 14. The
carboxylate-bridging groups and four M(Il) ions form a 16-membered ring (-M-O-C-O),
(M = Ni, Cu) with the metal ions located at the corners of an approximate square plane
(Figure 5b). The Ni-**Ni separations are ~6.25 A along the flattened edges and ~4.50 A
along the others, with distances including van der Waals radii. This is true for all cases
except 12. The M(II) center assumes an ideal square-pyramidal geometry {T = 0.100 (5),
7 =0.180 (6), and T = 0.001 (9)} [57]. The corresponding distortion parameters for complex
14 are 0.010, 0.080, 0.012, and 0.055. This is due to the unsymmetrical structure of 14. The
tetranuclear structure of 12 can be thought of as being formed with two “Co{L>(CO,),}Cl”
units connected by “{Co,(OCH3)2(CH30H),(H,0),}” units through two p3-OCHj and
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two p-1,1-carboxylate bridges (Figure 6a). Thus, four dimeric units {Co1(p-1,1-OCO-)(u3-
OCH;)Co2}?*, {Co1(u-1,1-OCO-)(p3-OCHz)Co2#}*, {Col#(1-1,1-OCO-)(u13-OCH;z)Co2}*
and {Co2(pu3-OCH3),Co2#}** are formed. The four Co(Il) ions are located at four cor-
ners of a defective dicubane (two cubanes sharing one face and each missing one vertex,

see Figure 6b).

Figure 5. (a) Perspective view of metal coordination environment in 14 and (b) Tetranuclear core.
Color code: orange, Cu; blue, N; red, O; and gray, C atoms. Reproduced with permission from
ref. [54]. Copyright 2023, Elsevier.

(b) Co1

Figure 6. (a) Schematic representation of polyhedral view of metal coordination environment in 12
and (b) Defective cubane core. Color code: Green, Ni; Pink, Co; blue, N; red, O; and gray, C atoms.
Reproduced with permission from ref. [53]. Copyright 2023, Royal Society of Chemistry.

The global feature of the magnetic behavior of 5, 6, 8, 9, and 14 (Figure 7; Table 1) is
characteristic of a weak ferromagnetic exchange interaction, arising from intramolecular in-
teractions between the four M ions. The best-fit parameters are g = 2.08, Dg—p = 0.8 cm~1,
and ] = 122 cm™! for 5, ¢ = 2.10, Ds— = 0.4 cm™!, and | = 11.1 cm™! for 6, g = 2.07,
Ds-p =0.35cm ™!, and [ = 13.4cm ™! for 8, g =2.18, Dg_4 =3.34 cm™!, and ] = 1.2 cm ™! for
9,and g =2.09, Ds_, =0 em~ !, and J = 13.1 em ™! for 14 [48,49,53]. The J values obtained
here are comparable to reported systems of similar structural type [64-67]. In all these
systems, the syn—anti carboxylato bridge favors ferromagnetic interactions. As illustrated
in Scheme 7a, the magnetic orbitals are oriented in a manner that precludes significant
overlap, thereby leading to ferromagnetic coupling. Additionally, the non-planarity of the
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M-0O-C-O-M bridging framework further diminishes orbital overlap, enhancing the ferro-
magnetic contribution. All these features have been analyzed through DFT calculations for
Cu(II) complexes for different conformations of the carboxylate bridge [68]. The calculated
syn—anti coupling constant (~10 cm ') aligns closely with our experimental results, and
the strong magnetic exchange in 5, 6, 8, and 14 is attributed to carboxylate bridges linking
adjacent equatorial positions (Scheme 7a). In order to understand the different nature of the
magnetic exchange interactions in these Cully complexes (ferromagnetic), it is important
to take into account the fact that the syn—anti carboxylate bridge mediates weak magnetic-
exchange interactions, either ferro- or antiferromagnetic [26,69-74]. Scheme 7b illustrates
that when the o angle approaches 90°, ferromagnetic exchange is favored, whereas smaller
angles promote antiferromagnetic coupling. This prediction agrees with the observed
o values (~71.77° for 5 [48], 71.84° for 6 [49], ~73.86° for 8 [49], and 81.70° for 14 [54]).
Out-of-plane deviations in the M-O-C-O*-M* framework (vide supra) also contribute
significantly. Variable-temperature magnetic studies reveal anti-ferromagnetic coupling
in 12 (Table 1) [53]. Three magnetic exchange interactions (one anti-ferromagnetic and
two ferromagnetic: J; = +3.3 cm~! (Co**Co 3.176 A; #-1,1-OCO- and p3-OCH3; bridges),
Jo=—25cm™! (Co--Co 3.228 A; #1-OCO- and p3-OCHj bridges) and J3 = +10.6 cm ™!
(Co*Co 3.084 A; two u3-OCHj; bridges)) have been identified, with the inclusion of the
orbital reduction parameter (o = Ak = 1.38), spin-orbit coupling (A = —158 cm~!) and
axial distortion (energy gap A = —975 cm~! between singlet and doublet levels), ratio-
nalized by density functional theory (DFT) calculations. The computational part of the
magnetic study employs ab initio wavefunction methods to understand the magnetic
anisotropy by explicitly evaluating the spin—orbit coupling (SOC) of complex 12. Using
CASSCF/NEVPT?2 [75-77] calculations on each metal center, the authors computed the
zero-field splitting (ZFS) tensor (D-tensor), which governs anisotropic magnetic behav-
ior. The magnetic exchange interactions in the tetranuclear cluster were treated within
the Heisenberg—Dirac—van Vleck framework, with coupling constants evaluated using
broken-symmetry DFT following the methodology of Ruiz and co-workers [78,79]. Cal-
culations were performed on the full experimental geometry using Gaussian 09 and the
magnetic data were analyzed using an effective spin Hamiltonian incorporating first-order
spin-orbit coupling via the T-P isomorphism formalism, implemented in XVPMag. Spin-
only approaches such as Kambe, irreducible tensor operator, or Magpack methods were
avoided due to strong anisotropy. Kambe’s method [80] is a classical approach for ana-
lyzing exchange-coupled polynuclear systems, based on successive spin coupling under
the assumption of equivalent or symmetry-related exchange interactions. By rewriting the
isotropic Heisenberg—Dirac-van Vleck Hamiltonian [78,79] in terms of total and intermedi-
ate spin operators, it enables analytical or semi-analytical expressions for the energy levels
in terms of spin quantum numbers. The method is most effective for highly symmetric
clusters, such as rings, cubes, or tetrahedra, where magnetic centers are related by sym-
metry and exchange constants are identical or fall into a few symmetry-distinct classes.
This allows a direct correlation between structure, symmetry, and magnetic properties.
However, its applicability is strongly limited by symmetry requirements. In low-symmetry
systems, including distorted clusters, mixed-metal compounds, or coordination polymers
with inequivalent exchange pathways, Kambe’s assumptions break down. Additionally,
the method is restricted to isotropic exchange and cannot readily treat anisotropy. As a
result, its practical use is confined to idealized, highly symmetric systems.
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Figure 7. Plot of x)\T vs. T for a powdered sample of 9. The inset sows the magnetization vs. applied
field at 2.0, 2.5, 3.0, 4.0 and 5.0 K. The solid lines represent the best theoretical fits described in the
text. Reproduced with permission from ref. [49]. Copyright 2009, Royal Society of Chemistry.
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Scheme 7. (a) The syn—anti bridging conformation for the carboxylate group. (b) The syn—anti bridging
conformation of the carboxylate group is characterized by an angle of «. Reproduced with permission
from ref. [55]. Copyright 2021, Royal Society of Chemistry.

The elevated xMT values arise from unquenched orbital angular momentum of octa-
hedral Co(II) (4T;g), with SOC-induced Kramers doublets quantitatively described by o,
A, and A parameters. The SOC operator mixes low-lying excited states with the ground
state, and this mixing—quantified through tensorial matrix elements—directly generates
the axial (D) and rhombic (E) components of the ZFS tensor. These tensor operators were
used to reconstruct the full g-tensor and to analyze the principal magnetic axes, allowing
the authors to identify the origin of anisotropy and magnetic relaxation pathways. The
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interplay between SOC tensor contributions and the ligand-field—split electronic states
provided a detailed, quantitative explanation of the experimentally observed magnetic
behavior. Magnetic data were analyzed over the entire temperature range using Equation
(1), which describes the coupling between the orbital angular momentum (L) and the spin
angular momentum (S). To account for magnetic interactions between the paramagnetic
centers, the spin Hamiltonian in Equation (2) was employed, assuming that these interac-
tions are sufficiently weak and operate only when the ground Kramers doublet of each
Co(Il) ion is predominantly populated. Under this approximation, each paramagnetic
center can be represented as an effective spin (Se¢ = 1/2) with a temperature-dependent
Qeft Value, obtained by applying the spin-orbit coupling Hamiltonian (Hsoc) described in
Equation (1). By combining the Hexchange and Hzeem-eif Hamiltonians (Equations (2) and
(3)), the best-fit parameters found through the XVPMag software (v2001) are Ax = 1.38,
A=—-158ecm™ 1, A=-975ecm~ L, J; =+33em™!, J, = —25cm !, and J3 = +10.6 cm 1. A
second-order SOC model was further applied to each Co(II) ion, where the local S =3/2
ground state exhibits significant zero-field splitting (D) as defined in Equation (4).

~2 A

- A 1 -
HSOC = *DC/\LS+A[L27§L(L+1)] +,BH[ggSfocL] (1)

Hexchange =-h (‘?Col : '?COZ + SAC01# ’ SACOZ#) . )
= J2(Sco1 - Scopt + Scort - Scaa) — J3Scoz - Scot @)

+ 8BH(Sco1 + Scoz2 + Scor# + Scopt)

~eff ~eff ~eff ~eff

Hzeemeett = 8 TBH(Sco1 + Scoz + Scort + Scont) 3)
. 2y
Hy = D[S, — 55(5 +1)] (4)

3.2.2. Heptamer

The potential tetradentate ligand L®(CO, ), afforded a mixed carboxylate and
hydroxo-bridged discrete heptanuclear coordination complex [CulT(L8(CO,)7)4(3-OH),
(H20)2(DMF),](ClO4)4-4H,0 (10) [50]. The structure of 10 is unique and consists of a
centrosymmetric carboxylato- and hydroxo-bridged heptanuclear copper(ll) cation, with
body-centered anti-prismatic topology (Figure 8). The four crystallographically indepen-
dent copper(Il) centers exhibit pronounced differences in coordination geometry. Cu4
adopts an elongated octahedral geometry with an equatorial CuO4 plane and two weakly
bound axial carboxylate O atoms, whereas Cul and Cu2 display CuN,Oj3 square-pyramidal
coordination, and Cu3 exhibits a CuOs square-pyramidal environment. The three cop-
per(Il) ions from the central centrosymmetric fragment are held by two carboxylato- and
two hydroxo-bridging ligands in the equatorial positions of Cu4. Beyond confirming the
cluster’s authenticity, structural analysis of complex 10 highlights two key features: the
presence of a {Cu''3(13-OH)}>* core and a hydrogen-bonded network involving a metal-
bound carboxylate and a coordinated water molecule, with the latter serving as a proton
donor. Both features bear biological significance, and, in particular, the {Cu'l3(u3-OH)}>*
unit observed in 10 is relevant to understanding copper’s role in multicopper oxidases [81]
as well as in model studies [82,83].

Magnetic measurements reveal that in this unprecedented cluster, the net magnetic
exchange is antiferromagnetic (Figure 9). The magnetic-exchange coupling constants
(J values) used in the analysis exhibit a range of magnitudes, reflecting the specific geometric
parameters of the interacting Cu(Il) centers (Scheme 8). Five magnetic exchange interactions
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(one anti-ferromagnetic and four ferromagnetic: J; = -183 (2) cm ™!, J, = +23.4 (5) cm ™},
J3=+83@)em™ !, J; =+7.9 (2) cm~!, J5 = +1.3 (2) cm !, ¢ = 2.15 (1)) have been identi-
fied [55]. A uniform g value (g|| = gL = g) was assumed for all seven Cu(II) centers. Notably,
for 10, the | values derived from B3LYP-level DFT calculations show excellent agreement

with the experimental data [50].

(b)

Figure 8. (a) Schematic representation of polyhedral view of metal coordination environment in 10.
(b) Antiprismatic cage formed by seven coppers. Color code: orange, Cu; blue, N; red, O; and gray, C
atoms. Reproduced with permission from ref. [50]. Copyright 2011, Royal Society of Chemistry.
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Figure 9. The temperature dependence of xyT for 10. The inset shows the maximum of T for 10.
Reproduced with permission from ref. [50]. Copyright 2011, Royal Society of Chemistry.
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Scheme 8. A scheme showing the topology of the spin—spin exchange interactions in cluster 10.
Reproduced with permission from ref. [50]. Copyright 2011, Royal Society of Chemistry.

3.2.3. Octamer

The potential tetradentate ligand L6(CO, "), afforded carboxylate-bridged discrete
octanuclear coordination complex [NiTg(L8(CO,)2)s(DMF),(CH30H), (H,0)61(ClO,)4-
2CH3;0OH-2CH3CO,C,Hs (11) through ‘coordination-driven self-assembly’. A deformed
cubane topology and a centrosymmetric octanuclear carboxylate-bridged nickel(II) tetra-
cation are revealed by the crystal structure of 11 [51]. The coordination environment of
all nickel ions are distorted octahedron with coordination mostly coming from ligand
L(CO,7),, except for Ni4 where coordination is satisfied mostly by solvent molecules.
Acetates in 11 are present in three bridging coordination modes: monatomic (yp-1,1-bridge),
syn—anti (uz-1,3-bridge), and anti-anti (u;-1,3-bridge). The octanuclear nickel(II) core has a
distorted cubane topology. (Figure 10)

(b)

Figure 10. (a) Schematic representation of polyhedral view of metal coordination environment in 11.
(b) Distorted cubane topology formed by eight nickels center. Color code: green, Ni; blue, N; red,
O; and gray, C atoms. Reproduced with permission from ref. [51]. Copyright 2011, Royal Society
of Chemistry.
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Magnetic measurements (2-300 K) indicate that 11 exhibits overall antiferromagnetic
exchange interactions (Figure 11). Six magnetic-exchange coupling constants (J; = +0.6,
Jo=+42.4,]3=+08,Js = —244,[s=+14,Js = —9.0cm™; g = 2.135) were considered based
on the geometric parameters of the interacting Ni(II) centers (Scheme 9) [51]. Notably, 11
represents the first Nig cluster that (i) is bridged exclusively by carboxylates in three modes
(monodentate, syn—anti, and anti-anti), (ii) displays four ferromagnetic and two antifer-
romagnetic interactions, and (iii) shows excellent agreement between the experimentally
derived | values and those calculated via B3LYP-level DFT [51].
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Figure 11. The temperature dependence of T for 11. The inset shows the maximum of )T for 11.
Reproduced with permission from ref. [51]. Copyright 2011, Royal Society of Chemistry.
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Scheme 9. A scheme showing the topology of the spin—spin exchange interactions in cluster 11.
Reproduced with permission from ref. [51]. Copyright 2011, Royal Society of Chemistry.

3.2.4. Dimers

The potential tetradentate ligands L>(CO,Me), and L8(CO, ™) afforded the carboxylate-
bridged discrete binuclear coordination complexes [Cun {(L3(CO»),»)}2].CH;OH.H, 0 (13) [54],
[M,(L3(CO»)),(CH30H),[(ClO4), (M = Mn, 17; Co, 18; Ni, 19; Zn, 20) [55,56], and
[Cuy(L3(CO,)),1(ClOy); (21) [55]. Complexes 13 and 17-21 are discrete syn—anti carboxylate-
bridged binuclear species with a {M!,(-O-C-O-),}**core. The M(II) centers adopt distorted

https://doi.org/10.3390 /magnetochemistry12020022


https://doi.org/10.3390/magnetochemistry12020022

Magnetochemistry 2026, 12, 22

20 of 26

octahedral MN30O3 geometries in 17-20 and distorted square-pyramidal CuN302 geometries
in 13 and 21, coordinated by three nitrogen donors (one pyridyl and two tertiary amines) and
two carboxylate oxygens, with methanol additionally coordinating in 17-20. The structures
of [My(L8(CO,))2(CH30H),](Cl104), (M = Mn, 17, Co, 18; Ni, 19; Zn, 20) are isomorphous.
A perspective view of the cationic part of 17 and 21 is displayed in Figure 12. The coordi-
nation environment of each Cu(Il) ion in 13 and 21 is square pyramidal with coordination
by two nitrogens and two carboxylate O atoms of L3(CO,Me), and a carboxylate O atom
belonging to the carboxylate group of the adjacent molecule for 13, and three nitrogens and
a carboxylate O atom of L3(CO, ™) and a carboxylate O atom belonging to the carboxylate
group of an adjacent molecule for 21. The basal plane comprises N1, N2, Ol and O3 and
the apical position is provided by O1# of L>(CO,Me), for 13 (N1, N2, O1 and O2# and the
apical position is provided by the amine N3 of L3(CO, ™) for 21). The Cu(Il) geometry of the
CulN,Oj3 coordination is intermediate, with T = 0.144 for 13, while the CulN3O, coordination
for 21 is 0.455. Temperature-dependent magnetic susceptibilities for 13, 17-19, and 21 revealed

very weak antiferromagnetic/ferromagnetic interactions through syn—anti carboxylate bridges
between the M(II) centers [] = —8.37 (6) cm ™! (13), —1.47 (1) cm ™! (17), +0.840 (4) cm ! (18),
+2.95 (1) em~! (19) and —3.43 (1) cm™~! (21)] [54,55].

Figure 12. Schematic representation of dinuclear core (17 (a), 18 (b), 19 (c) and 21 (d)). Color code:
violet, Mn; blue, pink, Co; green, Ni; orange, Cu; N; red, O; and gray, C atoms. Reproduced with
permission from ref. [55]. Copyright 2021, Royal Society of Chemistry.

Variable-temperature magnetic studies of 13, 17-19, and 21 reveal that 13 and 17 show
antiferromagnetic interactions, while 18, 19, and 21 show ferromagnetic interactions. The
best-fit parameters are g =2.11 (1), ] = —8.37 (6) cm~! for 13, g=2.008(4),] =—-1.47(1) cm ™!
for 17, g = 2.64 (1), ] = +0.840 (4) cm~!, D = 78.7 (6) cm~! and 6 = —0.89 (1) K for 18,
g=223(1),] =+2.95 (1) cm~!, D = 4.09(3) cm ! for 19, and g = 2.10 (1), ] = +3.43 (1) cm ™!
and 6 = —0.352 (3) K for 21 [54,55]. In 18 and 21, inclusion of a Weiss parameter (6) was
necessary to account for intermolecular antiferromagnetic interactions and accurately re-

https://doi.org/10.3390 /magnetochemistry12020022


https://doi.org/10.3390/magnetochemistry12020022

Magnetochemistry 2026, 12, 22

21 of 26

produce the low-temperature xyT values. For the | value of 13 and that of complexes
with similar cores, the extent of antiferromagnetic behavior is strongest in 13, attesting to
the interplay of important structural parameters such as Cu-O and Cu- - - Cu distances
and Cu-O-Cu bridging angles [84-87]. It is a common view that the exchange interaction
between two magnetic M(II) ions bridged by the syn—anti carboxylate bridge (Scheme 7a) is
dominantly weak ferro- or anti-ferromagnetic [88,89]. The magnitude and sign of the ex-
change interaction (positive for ferromagnetism and negative for antiferromagnetism) [85]
depend on the nature of the metal ion (the number and distribution of electrons in the
tog and eg set of orbitals in octahedral parentage) [88,89]. It was concluded that unpaired
electrons in eg orbitals promote ferromagnetic interactions, whereas those in tog orbitals
lead to stronger antiferromagnetic coupling. Even one unpaired electron in a tp¢ orbital
is enough to dominate the overall magnetic-exchange interaction towards antiferromag-
netism [85]. Ferromagnetic interactions are generally predominant in Ni(Il) and Cu(II)
complexes (with rare exceptions for Cu(Il)), whereas Mn(Il) and Co(Il) systems typically
exhibit antiferromagnetic interactions. Thus, the magnetic exchange interactions observed
in this work 17 (J = —1.47 (1) cm™ 1), 18 (J = +0.840 (4) cm™1), 19 (J = +2.95 (1) cm~ ') and 21
(J = +3.43 (1) cm 1) closely follow the expected trend [68,90-94]. Although Co(IT) complex
18 is anticipated to exhibit antiferromagnetic behavior [90], experimental observations
indicate ferromagnetism (Figure 13). However, it should be noted that the magnitude of
J (+0.840 (4) cm™ 1) is very small, and it is slightly correlated with the Weiss parameter,
6 = —0.89 K. Moreover, the M—O-C-O-M spin exchange interactions |]| for the dimers
of the type M1, (OCO), (M = Mn(3d®), Co(3d”), Ni(3d®), Cu(3d®)) decrease in strength
with Cuy (OCO); > Nip (OCO); > Coy(OCO), > Mny(OCO), [87]. The trend observed in
this investigation with the same structural topology is consistent with the order reported
recently [88]. In complexes with syn—anti coordination, the orbital overlap between the
bridging ligand and the unpaired electrons on each metal center is expected to be minimal.
In this situation, an overall positive value for the coupling constant is expected [93].
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Figure 13. Plot of yT vs. T for powdered sample of [Co,(L8(CO,)),(CH30H),](ClOy); (18). Repro-
duced with permission from ref. [55]. Copyright 2021, Royal Society of Chemistry.
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4. Summary and Concluding Remarks

Based on the structural features presented above, one can summarize the following
points. (i) Out of the 21 coordination complexes (polymeric or discrete) reported here,
10 have Cu'' as the metal ion. (ii) Barring complexes 11 (discrete octanuclear Ni) and 12
(discrete tetranuclear Co), all are linked by syn—anti carboxylate bridges. Complex 11 has
anti—anti carboxylate bridges in addition to syn—anti bridges, while complex 12 has only
u-1,1-carboxylate bridges. (iii) All the coordination polymers reported have a 1D layered
network. (iv) All tetranuclear coordination complexes reported here, barring 12, have a 16-
membered ring (-M-O-C-0); (M = Ni, Cu) structure formed with the carboxylate-bridging
groups and four M!! ions, where the metal ions are located at the corners of an approximate
square plane (see above). This review illustrates that the careful choice of metal-ligand
coordination units with diverse geometries enables the construction of coordination clus-
ters (polymeric or discrete) and the exploration of their magnetic behavior. The present
review highlights how pyridine-amine—carboxylate ligands serve as versatile molecular
tools for directing the self-assembly of both polymeric and discrete coordination clusters
with diverse topologies and magnetic behaviors [95-97]. Systematic variations in ligand
denticity, flexibility, and steric environment govern metal-ligand connectivity, ultimately
shaping nuclearity and overall architecture. The magneto-structural analysis across Mn(lI),
Co(II), Ni(II) and Cu(Il) systems shows that subtle geometric features—particularly the
bridging mode of carboxylates—play a decisive role in tuning ferro-, antiferro-, or spin-
canted exchange interactions. These insights strengthen the structure—property correlations
essential for rational design of next-generation molecular magnetic materials. Continued
exploration of modified ligand scaffolds, combined with advanced computational and
spectroscopic approaches, will support the discovery of clusters with unprecedented mag-
netic responses and potential applications in quantum materials, information storage, and
molecular spintronics.
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