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Unveiling the chemistry of polynuclear copper
complexes: current synthetic strategies, properties
and emerging applications
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Polynuclear copper complexes (PNCCs), featuring an intricate interplay of multiple copper (Cu) ions,
represent a highly diverse and complex field of coordination chemistry. In this review, we cover the
synthesis, characteristics, factors affecting structural diversity, and applications of PNCCs. The synthesis
methods, including direct synthesis, template synthesis, self-assembly, coordination-driven self-
assembly, supramolecular approach and solvothermal methods, are described in detail. Various strategies
to make stable Cu() and Cu(in) polynuclear networks and to control the nuclearity of PNCCs are
documented in detail. The role of density functional theory (DFT) in the optimization of geometry and
the prediction of the structure and reactivity of PNCCs is also explained. Physicochemical properties,
including electronic, optical, geometrical, structural, and magnetic aspects, are discussed to highlight
their fascinating chemistry. For the optimization of PNCC functionality, parameters such as the nature of
the ligands and the coordination number of the Cu ions are explored. The potential biomedical
applications of PNCCs, particularly due to their binding ability to DNA (opening new windows for cancer
treatment) and magnetic properties (opening new avenues for applications in molecular electronics), are
also discussed. Additionally, the roles of PNCCs in catalysis, the large-scale separation of C;
hydrocarbons (C,H,) at the industrial level, and the development of new materials (such as vapochromic
compounds for organic light-emitting diodes) are highlighted. Besides, their roles in electrochemical
CO;, reduction and H, production and as photosensitizers for photocatalytic systems of CO, reduction
and H, production are explored. All these fields require further exploration for their optimized and

practical applications, as discussed in this review.

features, making PNCCs an active topic of both fundamental
and applied research. PNCCs exhibit remarkable structural

Polynuclear copper complexes (PNCCs) have drawn increasing
attention in coordination chemistry due to their structural
flexibility and diversity, magnetic properties, and widespread
functional range.! PNCCs consist of multiple copper (Cu)
centers connected by bridging ligands, creating diverse coor-
dination frameworks and cooperative interactions among the
Cu centers. Such Cu-Cu and Cu-ligand communication
generates distinctive electronic, magnetic, and catalytic

“Department of Chemistry, Government Degree College Lalgilla Dir Lower, Lalgilla
18350, Khyber Pakhtunkhwa, Pakistan. E-mail: nooruomchem@gmail.com

State Key Laboratory of Silicate Materials for Architectures, Wuhan University of
Technology, Wuhan 430070, P.R. China. E-mail: habib@whut.edu.cn; xiey@whut.
edu.cn

‘National Water and Energy Center, United Arab Emirates University, Al Ain, 15551,
United Arab Emirates. E-mail: rajwali@uaeu.ac.ae

‘Department of Chemistry, College of Science, University of Bahrain, Sakhir 32038,
Bahrain. E-mail: ekhan@uom.edu.pk

‘Nanomaterials Research Group (NRG), Physics Division, PINSTECH, Nilore,
Islamabad, Pakistan

2816 | RSC Adv, 2026, 16, 2816-2849

diversity, and geometries at the Cu centers can be significantly
influenced by the ligand nature, ligand-to-Cu ratios, nature of
the solvent and pH of the solution.” In addition, the oxidation
state of Cu affects the coordination geometry. For instance,
complexes containing Cu(u) often display pronounced Jahn-
Teller distortions due to the d° configuration, which can
produce a variety of geometries, such as square-planar, square-
pyramidal, tetrahedral, or octahedral structures. On the other
hand, Cu(1)-based PNCCs with a d'° configuration typically favor
tetrahedral arrangements controlled by steric factors rather
than ligand-field effects. However, tetracoordinate Cu(i)-based
complexes also occur, especially in systems with very bulky
ligands or a low coordination number.>?

Because of this tunable coordination behavior and redox
activity, PNCCs have been explored in catalysis, materials
chemistry, and biomedical research. In the biological context,
they exhibit notable antioxidant, antimicrobial,*® anti-
inflammatory, and anticancer properties.”® These biomedical
activities are associated with the ability of redox-active Cu

© 2026 The Author(s). Published by the Royal Society of Chemistry
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centers to facilitate electron transfer and modulate reactive
oxygen species. These findings indicate that PNCCs could serve
as promising frameworks for the design of new drugs with high
therapeutic efficiency. PNCCs have gained immense interest for
their potential to catalyze various reactions.®° Catalytically, the
synergistic interaction among the multiple Cu centers in PNCCs
enhances both activity and selectivity compared with their
mononuclear analogues. Consequently, PNCCs have been
applied in selective oxidation, hydrogen evolution, and CO,
reduction reactions, serving as sustainable alternatives to
precious-metal catalysts.''> PNCCs have also been investigated
for the energy-efficient separation of C, hydrocarbons, which is
a challenging industrial process due to the similar boiling
points of ethane, ethylene, and acetylene. Their w-m interac-
tions, tunable pore architecture, and m-complexation with Cu
centers enable the selective adsorption and separation of these
gases.” In recent years, Cu(i) PNCCs have also gained attention
as promising materials for use in organic light-emitting diodes
(OLEDs), owing to their strong photoluminescence, low cost,
and structural tunability. Their efficient inter-ligand charge
transfers and potential for thermally activated delayed fluores-
cence make them excellent light emitters, especially when
enhanced by m-conjugated ligands. Furthermore, the earth
abundance of Cu, as well as its stability and structural
tunability, enables its use in diverse device architectures.**
Compared with other transition metals widely used in
coordination chemistry, such as Fe, Co, Ni, Mn, Cr, Zn, Pt, Ag,
Au and Ru, Cu stands out for its remarkable structural flexibility
and chemical adaptability. Unlike Fe, Ni and Co, whose strong
ligand-field effects and spin-state preferences frequently limit
geometric adaptation, Cu(u) freely undergoes Jahn-Teller
distortion and adopts different coordination numbers, typically
ranging from four to six, with diverse architectures: mono-
nuclear, binuclear, and polynuclear.**** This flexibility allows
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Cu to form a broad range of nuclearity and bridging patterns,
which is challenging to accomplish with more inflexible
systems like Ni(u)."® In addition, the accessible Cu(i/11/m) redox
states permit smooth electron transfer and mixed-valence
behavior, properties not commonly observed in many 3d
metals, such as Ni, Co, Fe, and Mn."*" Complexes of Mn and
Cr, though magnetically interesting, are habitually constrained
by high-spin configurations,'>* while Zn(u) acts mostly as
a structural analogue because of its redox inactivity.”* Noble-
metal complexes, such as Pt(u), Ag(1), Au(i/u1) and Ru(u), have
also been extensively reviewed for their excellent photochemical
and catalytic performances.?*>* However, their high cost, lower
abundance, and less adaptable coordination chemistry reduce
their suitability for use in constructing extended polynuclear
frameworks. Overall, these comparisons emphasize the special
role of Cu-based multi-nuclear complexes. They bring together
the structural flexibility, rich redox chemistry, and biological
relevance found in both 3d and noble metals. These charac-
teristics make them valuable materials for catalysis, magne-
tism, and biomedical functions.

Though a lot of research has been conducted on PNCCs and
many features have been explored, researchers are still searching
to find the best synthetic routes, exploring fascinating properties
and practical applications in numerous fields. Therefore, keeping
in view the unique properties and enormous applications of
PNCGCs, this review aims to provide consolidated knowledge about
PNCCs to help scholars identify research gaps and explore them
further. In this regard, various aspects such as synthesis routes,
structural diversity, and factors influencing their synthesis and
properties are explored. Additionally, their potential applications
in many fields are discussed. Furthermore, this review highlights
the role of computational studies, particularly density functional
theory (DFT), in studying various aspects of PNCCs, such as elec-
tronic structure, magnetic interactions, and other fundamental

Table 1 Standardized ligand nomenclature: full names and abbreviations used in this review

Ligand name Abbreviation Ligand name Abbreviation
Dibenzo-1,12-[N,N"-bis{(3-formyl-2-hydroxy- L 1,3,5-Tris(1,2,4-triazol-1-ylmethyl)- L*®
5-methyl}benzyl)-diaza]-5,8-dioxacyclotetradecane 2,4,6-trimethylbenzene
Dibenzo-1,12-[N,N"-bis{(3-formyl-2-hydroxy- L’ 2,6-di(1,8-naphthyridine-2-yl)pyridine L
5-methyl}benzyl)diaza]-5,8-dioxacyclopentadecane
4-Bromo-2-{(2-morpholinoethylamino)methyl}-phenol L Pyridine-2,6-dicarbohydrazide based imine L
4-Chloro-2-{(2-(dimethylamino) ethylamino) L* (E)-2-[(2-(1H-imidazole-4-yl)-3- L
methyl}-phenol carboxypropyl)imino)methyl|phenol
6,6-Dihydroxy-2,2'-[(1,2-ethylene-dioxy- L’ Naphthaline-2,6-dicarboxylate L*?
bis(nitrilomethylidyne))phenol

L® 4-(Trifluoromethyl)phenyl-substituted-2,9- L*
2-[2-(2,4-dioxypentan-3-ylidene)hydrazinyl] di(diphenylphosphinobutyl)-1,10-phenanthroline
terephthalate
2-2-(4,4-dimethyl-2,6-dioxocyclohexylidene)hyrazinyl] L’ 1,3-Bis(phenylthiol)propane I
terephthalate
1,3-Diisobutyl thiourea L8 (N,N'-Bis(2-hydroxybenzylidene) L*

pentane-1,3-diamine = H,L)
N,N'-bis[2-carboxybenzo-methyl]-N,N'- L’ 2,2'~((1E,1'E)-(1,4-phenylenebis(azanylylidene)) L3¢
bis[2-pyridylmethyl]-1,3-diaminopropan-2-ol bis(methaneylylidene))bis(4-tert-
butyl-6-methylphenol)

4-(Pyridine-3-yl)methyleneamino-1,2,4-triazole LY 2,3-Pyrazine dicarboxylic acid H,Pyaz>>

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Standardized ligand nomenclature: full names and abbreviations used in this review

Ligand name Abbreviation Ligand name Abbreviation

2-[2-(Pyridylamino)phenylazo]-pyridine L 2,5-Pyridinedicarboxylic acid H,Py>de

1((2-Methylamino)ethylamino)-naphthalene-2-ol L? 3,5-Pyrazoldicarboxylic acid H,Pz>>4¢

N,N,-Bis(2-hydroxybenzylidene)-malonohydrazide L" Tris(2-pyridylmethyl)amine TPA

6,6'~(((Pyridin-2-ylmethyl)azanediyl)bis(methylene))bis(4- LM Tris(isopropyl-2-ethyl)amine Iptren

chloro-2-methylphenol)

(E)-N-(2-(2-Hydroxy benzylidene amino)phenyl)acetamide L Diethylenetriamine Dien

(E)-N-(2-(5-Chloro-2-hydroxybenzylideneamino)phenyl) L' N,N,N',N" ,N"-Pentamethyl- Pmdien

acetamide dieethylenetriamine

(E)-N-(2-(5-Bromo-2-hydroxybenzylideneamino)phenyl) LY Tris(3-aminopropyl)amine trpn

acetamide

2-((Bis(pyridin-2-ylmethyl)amino)methyl)-6-methoxy-4- L' Bis(3,5-dimethylpyrazolyl-1H-ethyl)amine Bedmpza

methylphenol

2-((Bis(pyridin-2-ylmethyl)amino)methyl)-4-chloro-6- L* Terephthalic acid Ha,tp

methoxyphenol

6,6'-(((Pyridin-2-ylmethyl)azanediyl)bis(methylene))bis(4- L Phthalic acid H,phth

chloro-2-methylphenol)

6,6'-(((Pyridin-2-ylmethyl)azanediyl)bis(methylene))bis(2- L Isophthalic acid H,isophth

tert-butyl-4-methylphenol)

6,6'-(((NV,N-Diisopropylethylenediamine)azanediyl) > 2-Pyridine-methanol Piconol

bis(methylene))bis(2,4-dimethylphenol)

6,6'~(((N,N-Diisopropylethylenediamine)azanediyl) > Dicyanamide dea

bis(methylene))bis(2-chloro-4-methylphenol)

2,4-Dimethyl-6-(((3-(dimethylamino)propyl)azanediyl) L 1H-[1,10]phenanthrolin-2-one Ophen

methyl)phenol

2,2'-((1E,1'E)-((2-Hydroxy-1,2-naphthalene-1,2-diyl) > 2,9-Dimethyl-1,10-phenanthroline dmp

bis(methanylylidene))bis(oxy))bis(N'-(2-hydroxy-3-

(hydroxyimino)propylidene)benzohydrazide)

N,N'-Bis(quinolin-2-ylmethylene)cyclohexane-1,4-diamine L% 4,7-Diphenyl-2,9- P2bph
di(diphenylphosphinotetramethylene)-1,10-
phenanthroline

N,N'-Bis(4-carboxybenzylidene) terephthalohydrazide > 5-(2-Pyridyl) tetrazole 2-ptz

Ethyl-4’-benzoate-3,5-dimethylpyrazolate EBPz Methyl-4’-benzoate-3,5-dimethylpyrazolate MBPz

properties. To enhance clarity, ensure smooth readability
throughout the manuscript, and avoid repetition of lengthy
chemical names, Tables 1 and 2 summarize the full names and
corresponding abbreviations of all ligands used in this review.

2. Synthetic methods for PNCCs

PNCCs have been synthesized by employing various techniques, as
listed in Table 3. These techniques include the following: direct
synthesis, where Cu salts are made to react with the ligand under
reflux conditions;*?® template synthetic method, which uses pre-
synthesized ligand scaffold to regulate Cu ions' arrangement
and geometry;® coordination-driven self-assembly, which uses the
spontaneous organization of Cu ions and designed ligands to
form well-defined structures;”” and supramolecular method,
which depends on non-covalent interactions, like hydrogen
bonding and m-m stacking, to make dynamic and functional
assemblies of Cu ions and ligands.”® Besides, the solvothermal
method, which involves the heating of ligands and Cu salts under
solvothermal conditions, has also been employed for the synthesis
of PNCCs.* Together, these techniques offer malleable pathways
for designing and synthesizing PNCCs with controlled structures
and desired properties. Further details of the synthetic strategies,

2818 | RSC Adv., 2026, 16, 2816-2849

including the reaction parameters, are discussed in the upcoming
Sections 2.1 to 2.5.

2.1. Direct synthesis or spontaneous self-assembly

The direct synthetic approach involves the reaction of Cu salts,
mostly Cu(u), directly with organic ligands under controlled
conditions to produce polynuclear complexes by in situ depro-
tonation, ligand bridging, and simple aggregation, without
a pre-organized scaffold. Typically, the reaction proceeds in
solution via room-temperature mixing, reflux, and slow diffu-
sion or crystallization, resulting in ligand coordination and
metal-metal interactions and, finally, the self-assembly of
discrete multinuclear species or extended frameworks.>*?¢
While Cu(u) salts are commonly used in this method owing to
their stability, solubility, and commercial availability, Cu(i) and
Cu(0) precursors are also viable starting materials. Cu(i)
complexes can be prepared by various approaches: (i) compro-
portionation reaction between Cu(u) salts and metallic Cu in the
presence of stabilizing ligands; (ii) direct reaction of Cu()
halides to form a stable species, such as (NHC)CuX; or synthesis
of soluble Cu(i) salts like [Cu(CH3CN),]PF¢ through Cu,O
reduction.*® These methods often use an inert environment or
specialized  techniques to

prevent  oxidation  or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Polynuclear copper complexes synthesized through various strategies
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Complexes

Reaction conditions

Synthetic methods

Ref.

[Cule](CIO4)2

[Cu,L?](ClOy),

[Cus(L*)Cly]

[Cu(L)N; ],

[Cu(bpca)Cl],

[Cu,(p-adeninato)(ps-
OH,),]~(fumarate)-22H,0

[Cu,(p-adeninato)e(ps-

OH,),|(L**)-32H,0

[Cu,(HL*®)(NO5)(H,0)]

[Cuy(L*),]™ (53)

Centa-poly[Cu-p-L*"]

H,(Cu,Bre)
[(CU4BT3)(L28)2(H20)]n

Ligand (L") was dissolved in hot CHCl;, then methanolic
Cu(ClO,),-6H,0 was added to it, followed by 1,2-diaminoethane and
trimethylamine; lastly, more Cu(ClO,), was added after 1 h, followed by
reflux for 24 h, filtering of hot mixture, cooling to 25 °C, evaporating
slowly, washing, drying, and recrystallizing from CH;CN to yield dark-
green crystals

Prepared using the same procedure used for [Cu,L"](ClO,), but replacing
1,2-diaminoethane with 1,3-diaminopropane and L' with L?, giving
dark-green crystals after work-up and recrystallization

L? was reacted with CuCl,-2H,0 under stirring for 30 min and refluxing
for 1 h, and the filtrate left at ambient temperature yielded black single
crystals after a few days

L* was reacted with Cu(Cl0,),-6H,0 under stirring for 30 min, followed
by dropwise addition of sodium azide and refluxing for 1 h. Upon
cooling, the filtrate was left at ambient temperature for several days,
yielding green single crystals

[Cu(tptz)Cl,] in water was stirred and filtered, and the filtrate was left to
evaporate at room temperature for Cu-mediated hydrolysis, yielding
single crystals of [Cu(bpca)Cl], within one week

Adenine and Cu(NO3),-3H,0 in methanol-water (1 : 1) at 60 °C, pH were
adjusted to 9.2 with NaOH or HNOj; next, fumaric acid was added, and
the solution was left at room temperature to yield blue cubic crystals in 3
to 4 days, assembled through m-m stacking and hydrogen bonding to
form porous supramolecular box-like architectures with adjustable
internal cavity sizes

Prepared using the same procedure for [Cu(p-adeninato)s(js-
OH,)s|-(fumarate)-22H,0, but with naphthalene-2,6-dicarboxylic acid,
giving blue square crystals in 6 to 7 days at room temperature

A pre-organized bicompartmental L ligand with ethyl acetate with
Cu(NO3),-3H,0 in ethanol at 35 to 40 °C, followed by filtration and slow
solvent evaporation at room temperature for about three weeks to yield
a single crystal

L*® was dissolved in acetonitrile, followed by the addition of an
equimolar amount of Cu(MeCN),PF, and stirring for 24 h, followed by
solvent evaporation and ether precipitation

A mixture of the corresponding ligand and Cu(CH;COO),-H,O was
heated in ethanol at 80 °C under solvothermal conditions for 60 min,
followed by ethanol removal, filtration, and washing with cold ethanol
Sealing equimolar amounts of CuSCN and the respective N-donor ligand
in acetonitrile within a 15 mL Teflon-lined stainless-steel reactor,
heating at 140 to 170 °C for 72 h, and cooling to room temperature at

Template synthesis

Template synthesis

Direct synthesis

Direct synthesis

Template synthesis

Supramolecular
assembly

Supramolecular
assembly

Coordination-driven
self-assembly
Coordination-driven

self-assembly

Solvothermal
method

Solvothermal
method

15

15

77

78

78

79

80

45

47

a rate of 10 °C h™" to yield the crystalline product

disproportionation of Cu() species. Metallic copper, i.e., Cu(0),
can also serve as a precursor, either through a direct reaction
with ligands under oxidative conditions or through electro-
chemical processes that generate Cu(i) or Cu(u) intermediates in
situ.>** The advantages of the direct synthesis method include
areduced need for multi-step ligand synthesis and the potential
for high yields. However, this method exerts limited control
over nuclearity and geometry, and it may result in the possible
formation of side products. Researchers are now trying to tune
the solvent polarity, temperature, and ligand steric or electronic
effects to achieve specific nuclearity and geometry targets, as
well as employ additives to suppress undesired byproducts.***
Besides these, DFT predictions and iz situ monitoring either by
spectroscopic or diffraction methods have been adopted to
screen the reaction and understand the reaction pathway to
avoid byproducts and optimize topology.*

© 2026 The Author(s). Published by the Royal Society of Chemistry

2.2. Template synthesis method

Template preparation method uses pre-synthesized scaffold
ligands (macrocycles, calixarenes, cryptands, or ligands formed
in situ under templation), having specific coordination sites or
templating metal ions that direct the assembly of Cu ions in
a predefined geometry. The scaffold ligands direct the prepa-
ration of PNCCs with a particular geometry and connectivity of
Cu-ligands. This method has various advantages, including
controlling the assembly process and obtaining PNCCs with
well-defined  geometrical  structures and  preferred
properties.***** However, this approach often needs pre-
synthesized complex scaffold ligands, which add complexity
to the synthesis procedure and may limit ligand diversity.
Although this method faces some challenges, recent studies are
focusing on developing dynamic and switchable templates that
respond to external stimuli, enabling on-demand structural

RSC Adv, 2026, 16, 2816-2849 | 2819
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reconfiguration and functional tuning. For instance, metal-
assisted in situ ligand formation (templation) is being tuned
to half-condensed or selectively condensed Schiff bases by
adjusting the pH, stoichiometry, and solvent, enabling new
ligand variants without full pre-synthesis.**

2.3. Solvothermal synthesis approach

Solvothermal approach is one of the powerful methods for the
synthesis of PNCCs and coordination polymers, as the high-
temperature and high-pressure environment in sealed vessels
endorses slow and controlled assembly of multinuclear nodes
(e.g., Cuy, Cug, Cu,) with excellent crystallinity and phase purity.
Under self-generated pressure, ligand solubility and coordina-
tion modes shift, allowing the preparation of mixed-valence
motifs and complex bridging architectures, which are difficult
to obtain under ambient conditions.” Recent studies report
a rapid, about 60 min, formation of mesoporous Cu(u) coordi-
nation polymers and evolution from trinuclear clusters to
extended frameworks.*** In Cu() systems, solvothermal control
over solvent, temperature, and ligands has been shown to tune
dimensionality and nuclearity.***” This method offers various
advantages, such as high-quality single-crystal growth, kinetic
control over nuclearity, tolerance to volatile ligands, and high
thermal stability of the complexes. However, this method also
has some limitations, such as the requirement of specialized
equipment, batch variability, trouble in precise stoichiometric
control, imperfect in situ monitoring, solvent inclusion, and
scale-up challenges for pressure-dependent phases. Recent
advances in solvothermal synthesis have focused on fine-tuning
reaction parameters, introducing modulators, and using in situ
monitoring, which have allowed precise control over nuclearity,
dimensionality, and functional properties.*®

2.4. Coordination-driven self-assembly

Coordination-driven self-assembly (CDSA) has arisen as
a powerful strategy among other promising techniques for the
synthesis of PNCCs with predictable nuclearity and geometry by
exploiting the directional preferences of metal-ligand coordi-
nation bonds and pre-organized polydentate ligands.**** In this
method, rigid or conformationally biased donor scaffolds are
matched to chosen geometries of Cu-centers, enabling the
planned formation of discrete cages, helicates, grids, or cluster-
based secondary building units with high structural reli-
ability.”*** These differ abruptly from spontaneous or direct
self-assembly, in which simple mixing of Cu salts and ligands,
often flexible, under ambient or reflux conditions allows ther-
modynamics to dictate product identity, commonly leading to
condition-dependent mixtures.”® While CDSA requires delib-
erate ligand design and tighter control of stoichiometry, it offers
superior reproducibility and functional tunability for targeted
applications, whereas the direct method remains valuable for
rapid exploratory synthesis and unexpected discovery.** This
approach also faces some challenges of kinetic traps and
competing assemblies. However, current research is focusing
on multi-component systems, solvent mixtures, and ligand

2820 | RSC Adv, 2026, 16, 2816-2849
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flexibility to improve selectivity and functional integration in
the assemblies.>>%5-%¢

2.5. Supramolecular chemistry approaches

Supramolecular approaches utilize non-covalent interactions,
such as hydrogen bonding, w—m stacking, and van der Waals
forces, in combination with metal-ligand coordination to
organize Cu-centers into polynuclear clusters. These non-
covalent interactions allow for the construction of dynamic
and adaptive structures with programmable properties. Supra-
molecular approaches offer opportunities to design functional
materials and molecular devices based on PNCCs.>”**¢77*
However, this technique has some disadvantages, such as lower
stability in harsh environments and potential structural
heterogeneity. Current studies focus on incorporating stimuli-
responsive motifs, hybridizing with covalent frameworks, and
using soft-matter supports to enhance stability while retaining
dynamic features.””®

2.6. Strategies for nuclearity control and stability

The aforementioned synthetic routes have proven effective for
synthesizing PNCCs. However, a challenge that cuts across all
these methods is the inherent lability of Cu ions and their
thermodynamic tendency to redistribute into mixtures of clus-
ters of different sizes. This uncertainty presents stability
complications for both Cu(r) and Cu(u) systems, each requiring
tailored strategies to achieve control over nuclearity and
stability.**>

In the case of Cu(i), its d*° configuration and tendency for
low coordination numbers lead to a highly dynamic coordina-
tion sphere and strong cuprophilic interactions.** These
features are vital to the fascinating photophysical and catalytic
properties of Cu(i) clusters; however, they also make these
arrangements susceptible to cluster interconversion and
disproportionation. Consequently, isolating a specific nucle-
arity becomes challenging. The solution to this challenge lies
not in rigid pre-organization alone, but also in kinetic stabili-
zation, producing a protective coordination sphere that
imposes a high kinetic barrier to metal-ion exchange.*"**

For the formation of stable Cu(i) PNCCs, the most effective
and significant approaches involve steric shielding with N-
heterocyclic carbene or bulky phosphine,®®* encapsulation
within macrocycles or cage ligands,®* and the utilization of
strong m-acceptor ligands (like CNR and CO).*” These strategies
improve Cu(1)-ligand bond strength and prevent their dissoci-
ation. The goal of these approaches is to slow down ligand
substitution rates and physically hinder pathways for cluster
aggregation and fragmentation. An influential example of this
approach has been demonstrated by Wang et al,*® who
employed a flexible multi-nucleating macrocycle as a molecular
mold. By using a transmetalation strategy from Ag(r) templates,
they were able to accomplish a complete series of mono-, di-, tri-
, and tetra-nuclear Cu(i) clusters. Remarkably, this method
produced well-defined clusters, including a rare [Cus(us-CD)]**
core similar to enzymatic active sites. Even more excitingly, the

system revealed reversible interconversion between

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nuclearities, indicating that these clusters were kinetically
trapped rather than thermodynamically fixed. Their detailed
NMR investigations showed that the dynamic behavior was
modulated by ligand dissociation, highlighting how the
macrocycle and ancillary ligands collaborate to uphold cluster
integrity. This methodology provides a fascinating strategy for
using flexible, encapsulating ligands to control Cu(i) nuclearity,
offering a modular pathway to otherwise inaccessible Cu()
clusters for fundamental studies and applications.

In contrast, Cu(u) complexes face a different issue, namely
the Jahn-Teller distortion associated with the d° configuration.
This frequently results in distorted geometries, various struc-
tural polymorphs, and unpredictable coordination modes.*
The significant strategy here is thermodynamic control through
ligand design to control the coordination sphere and direct the
geometry. This is efficiently achieved by employing polydentate,
often rigid ligands, such as Schiff bases, pyrazolates, or poly-
carboxylates.®®® These ligands chelate the Cu(u) ions firmly,
minimizing the tendency for distortion and interlinking the
Cu(n) into a specific geometry. For instance, the use of
compartmental ligands or tripodal N or O donors can pre-
organize coordination pockets for specific nuclearites, such as
di-, tri-, or tetranuclear core, thermodynamically stabilizing
symmetric and well-defined Cu(u) complexes. The solvothermal
method has also emerged as a powerful method for synthe-
sizing stable Cu(u) PNCCs. The high temperatures enable the
system to reach its global thermodynamic minimum, forming
exceptionally stable, crystalline clusters like precise nuclear-
ities, such as paddle-wheel Cu, units or square-planar Cuy
cores, which are otherwise challenging to obtain under mild
conditions.”>** Moreover, to produce stable Cu(i) PNCCs with
specific geometries and nuclearities, the use of bridging ligands
with fixed angles, such as oxo, hydroxo or pyrazolate, enforces
a precise nuclearity, while counterion templation directs the
assembly process.”>*

3. Physicochemical properties of
PNCCs

Polynuclear copper complexes are a fascinating class in chem-
istry as they exhibit unique structures, geometry, applications,
etc. The distinctive properties of polynuclear complexes show
great relevance to their physicochemical characteristics.
Therefore, for the exploration of PNCCs, some of their

Table 4
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characteristics are described below. Furthermore, these char-
acteristics, along with the techniques used to characterize
them, are summarized in Table 8.

3.1. Vibrational characteristics

Fourier Transform Infrared (FTIR) spectroscopy is a widely used
technique for confirming the formation and coordination
environment of PNCCs through functional-group analysis.
Rather than only identifying vibrational modes, FTIR studies on
PNCCs also offer analytical evidence for ligand binding modes
and Cu---Cu connectivity. When ligands coordinate to Cu
centers, a distinct shift in the frequencies of IR absorption
bands occurs, exhibiting changes in electron density and metal-
ligand bonding. When such spectral distinctions are studied in
conjunction with crystallographic or UV-vis data, they offer
valuable insights into the bridging modes and nuclearity of
PNCCs. An in-depth understanding of these shifts not only
helps to predict the coordination mode of ligands but also aids
in understanding the involvement of multiple Cu centers in
a complex, as shown in Table 4. For example, the carboxylate
group (-COO™) in its uncoordinated form shows two charac-
teristic vibrational modes: one typically appears between 1550
and 1610 cm ' due to asymmetric stretching (v,s), while
another, which is due to symmetric stretching (vs), lies
between 1300 and 1420 cm™". Upon bonding to Cu ions, the
frequencies of these two bands shift depending on the mode of
coordination of -COO™ with Cu ions. In the case of mono-
dentate coordination, the difference in the stretching frequency
(Av = v, - vg) increases to more than 200 cm ™', while in the case
of bidentate (chelating) coordination, it decreases to less than
100 cm™'. Furthermore, Av in the range of 140-200 em™"
indicates the bridging coordination mode of -COO™.°® However,
in the case of the participation of -COO™ in hydrogen bonding
with either aqua or lattice H,O, the splitting of these bands does
not allow researchers to predict their coordination mode.*” For
example, the complexes [(TPA)Cu-(j1,-Py**%%),-Cu(H,0),-
Cu(TPA)|(ClO,), and  [Cu,(iptren),(Pyaz**%)](ClO,), H,O
prepared by Massoud et al, as well as [Cuz(dien),(p,-
pz>%9),(H,0),]-4H,0 and centa-Cu,(bedmpza)(u,-Py>* )]
(Cl0,),-H,0 synthesized by Louka et al., involve the participa-
tion of -COO~ with aqua or lattice H,O molecules, and no
information on the -COO™ coordination modes in these
complexes is provided.”®” In such cases, it is difficult to
differentiate between bridging and chelating modes based

Important FTIR vibrational shifting modes of various functional groups in PNCCs

Functional groups Free ligands bands (cm ™)

Coordinated shift (cm™") Coordination indication

Carboxylate (-COO™) Vas = 1550-1610

Uas = 1300-1420

Imine (C=N) 1600-1650
Phenolic hydroxyl -OH 3200-3600
C-O0 1200-1300
Amine (-NH,) 3300-3500
Cu-0 and Cu-N Absent

© 2026 The Author(s). Published by the Royal Society of Chemistry

Av > 200 — monodentate
Av <100 — bidentate
Av = 140 to 200 — bridging

Types of binding

1 10-30 N-donor coordination
Disappear O-donor coordination
1 10-50 O-donor coordination
120-50 N-donor coordination
400-600 Cu-ligand bond

confirmation

RSC Adv, 2026, 16, 2816-2849 | 2821
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Important Raman vibrational shifting modes of various functional groups in PNCCs

Frequencies of

Functional groups free ligands (em™")

Shifting of frequencies
upon coordination (cm ™)

Remarks

C=0 ~1700 1620-1650
C=N 1610-1640 1580-1620
-COO™ asymmetric 1550-1600 1540-1590
-COO™ symmetric 1400-1440 1370-1430
Cu-Cl/Cu-N/Cu-O Absent 200-600

solely on Av.”® Therefore, critical correlation of FTIR data with
complementary structural and electronic techniques, such as
UV-vis spectroscopy or X-ray diffraction, is essential for accu-
rately identifying the connectivity and coordination topology in
PNCCs.

The stretching band of imine (C=N) groups in their free
form typically lies between 1600 and 1650 cm™ . This absorp-
tion band of C=N groups, upon coordination to Cu, shifts to
lower frequency by nearly 10-30 cm ™. This shifting occurs as
a result of a decrease in bond order due to electron donation
from the nitrogen lone pair to Cu ions. Such types of shifts have
been observed in Schiff base PNCCs.' For example, Ray et al.**
reported that the sharp band around 1631 ecm ™' in the IR
spectrum of Schiff base ligand (N, N'-bis(2-hydroxybenzylidene)
pentane-1,3-diamine = L*°) can be ascribed to C=N stretching.
In the [Cuz(I-L*%),(ClOy),] [Cus(I-L*),(H,0)(ClO,),] complex,
this band shifts to a lower frequency of 1618 cm " upon
complexation with the Cu metal, which can be attributed to the
coordination of the imine via N-atom to the Cu center.

In a free state, stretching vibrations of the N-H are observed
between 3300 and 3500 cm™'. In coordinated form in
PNCCs, these stretching bands shift to lower frequencies by
20-50 cm ™', indicating the coordination of amino acid ligands
with Cu ions through the nitrogen atom.'® For example, the
medium »(N-H) stretching frequencies were observed over the
3210-3340 cm™ " region for complexes reported by Louka et al.
Furthermore, Louka et al.®® and Massoud et al.*® reported that
the absorption band over a region of 3595-3440 cm™ " is char-
acteristic of the »(O-H) stretching of aqua or lattice H,O mole-
cules involved in hydrogen bonding.

The vibrational mode of phenolic hydroxyl (-OH) groups
appears as a wide band between 3200 and 3500 cm ™" in the
uncoordinated form. However, upon coordination, the stretch-
ing band of the »(O-H) phenolic compound typically disappears
from the IR spectrum due to loss of the hydroxyl proton, which
occurs during coordination. Similarly, the stretching of
phenolic »(C-O) stretching appears around 1200-300 cm .
However, upon coordination, its stretching band shifts by 10—
50 cm ™' to a higher frequency, owing to increased electron
density around the oxygen atom.'*”

Besides these changes in vibrational modes of functional
groups, the appearance of new vibrational modes between 400
and 600 cm™ " in the IR spectrum is strong evidence of complex
formation. These stretching bands can be attributed to the Cu-
O and Cu-N stretching modes.’” For example, Zhang et al.”®

reported that the stretching band appearing at 3400 cm *,

2822 | RSC Adv, 2026, 16, 2816-2849

Shows O — Cu coordination

Shows N — Cu coordination

Change in Av exhibits a binding mode

Paired with asymmetric to evaluate the binding mode
Shows Cu metal coordination

corresponding to phenolic »(O-H) in the uncoordinated ligand,
disappears upon coordination to Cu metal to form [Cu,(-
HL*%)(NO,)(H,0)]. Additionally, two new absorption bands at
449 and 547 cm ' correspond to »(Cu-O) and »(Cu-N),
respectively.

Raman spectroscopy is another valuable technique often
used as an alternative to FTIR for the analysis of vibrational
modes of various bonds in PNCCs, as Raman studies have two
advantages over FTIR: firstly, it is unaffected by the H,O mole-
cule, and secondly, it is able to detect small vibrational bands at
low wavelengths, attributed to Cu-ligands symmetric stretch-
ing. These bands are absent in some cases or overlapped in
other cases in the FTIR spectrum. Like FTIR spectroscopy,
Raman spectroscopy uses the same principles of shifting
vibrational frequencies in free ligands upon coordination and
appearance of new bands to predict the formation of Cu
complexes, as shown in Table 5.

For example, the stretching band of free carbonyl (C=0)
shifts from 1700 em™" to lower frequencies (1620-1650 cm ™)
upon coordination, reflecting the weakening of the C=0 bond
due to binding with Cu ions. Similarly, the shift in the
stretching frequencies of imine (C=N), C-S and C-O to lower
frequencies occurs upon coordination. Besides these changes,
new bands appear at low-wavelength regions, attributed to Cu-
ligand vibrations, further confirming the formation of Cu
complexes.'**'* Additionally, the change in band position and
separation (Av) for symmetric and asymmetric stretching of
-COO™ helps to determine its bonding mode (monodentate,
bidentate and bridging modes).*****

3.2. Electronic and optical properties

UV-visible spectroscopy is widely used for studying the elec-
tronic and optical properties of PNCCs, as it provides direct
insights into the electronic transitions and Cu-ligand interac-
tions. This technique helps identify the formation of complexes
through characteristic transition bands, such as ligand-to-metal
charge transfer (LMCT), metal-to-ligand charge transfer
(MLCT), and d-d transitions, which are often absent in free
ligands, as shown in Table 6. In contrast to free ligands, where
-7t or n—T transitions dominate, the appearance of new LMCT
or d-d bands in the 200-800 nm region provides substantial
evidence of Cu-ligand coordination and complex formation.
Moreover, indirectly, this technique also helps in the prediction
of the coordination geometry of Cu ions in a given complex by
examining some spectral features.>'®> In the case of mono-
nuclear Cu(n) complexes (a d° system), they typically give a low

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 UV-visible spectral data of the electronic transition of PNCCs and their interpretations

Features Region (nm) Observation Interpretation
d-d transition 600-900 Broad, weak bands Changes reflect ligand field effects
LMCT 200-400 Strong bands Coordination through O, N or S
donor atoms
MLCT 359-600 Strong bands Multinuclear Cu(r) with conjugated
ligands
ILCT (n-7* or 7w-7*) 200-350 Slight shift in position and increase Confirming the coordination of
in molar absorptivity ligands with the Cu ion
Shift in Amax Any Blue or red shift Stronger or weaker ligand field
New bands arising/splitting of Varies Multiple Cu centers Different coordinating

existing bands

intensity band due to a d-d transition that appears around
550-750 nm, owing to the Jahn-Teller distortion in square
planar or octahedral geometries.>'*® In contrast, broader and
more intense bands appear in this range for PNCCs, high-
lighting the multiple coordination environments or Cu-Cu
interactions.>”* Some bands are usually observed around the
200-400 nm region, which are stronger in intensity than d-
d bands and are due to LMCT. These types of transitional bands
originate from the donation of electrons from halogens (such as
chlorine, bromine and iodine) and oxygen or nitrogen atoms to
Cu centers. In the case of PNCCs, the LMCT bands become
broader, more intense or shift owing to differences in ligand
field splitting,®*77.106-108

For example, the UV-vis spectra of Cu(u) complexes [(TPA)Cu-
(1p-Py**99),-Cu(H,0),~Cu(TPA)](ClO,),, [Cu(TPA)Cu(j,-
Py>*9%),Cu(TPA)](CIO,), [(TPA)Cu-(11,-Pyaz>*9%),Cu(ClO,),-
Cu(TPA)], [Cu(TPA)-(H,0)],(ClO4),-H,0, and [Cuy(iptren),(-
Pyaz>*%)](Cl0,),-H,O reported by Massoud et al.® exhibit two
distinct d-d transition bands that are characteristic of five-
coordinate Cu(m) centers. Complexes [(TPA)Cuf(g,-Py**9),-
Cu(H,0),Cu(TPA)](CIO,),, [Cu(TPA)Cu(p,-Py>*9),-
Cu(TPA)](ClO,), and [Cu,(iptren),(Pyaz**)](ClO,), H,O show
broad absorptions around 650-670 nm and at Ama.x beyond
830 nm, whereas complexes [(TPA)Cu(u,-Pyaz>*9¢),Cu(ClO,),-
Cu(TPA)] and [Cu(TPA)(H,0)],(ClO4)4-H,O lack the higher-
energy band. The more intense low-energy transitions and
additional shoulders at 830-840 nm observed in complexes
[(TPA)Cu(u,-Pyaz**9¢),Cu(ClO,),Cu(TPA)] and [Cu,(iptren),(-
Pyaz>*9%)](ClO,),-H,O are evidence of distorted trigonal
bipyramidal (TBP) geometries. The presence of two absorption
bands (e.g., 840 and 967 nm in complex [(TPA)Cu(p,-
Pyaz?*"¢),Cu(ClO,),Cu(TPA)] and 834 and 962 nm in complex
[Cu,(iptren),(Pyaz>*9%)](Cl0,),-H,0)  suggests  noticeable
distortion within the TBP geometry. Interestingly, the observed
spectral features in solution align well with the geometries
observed in the solid state. Similarly, Louka et al.*® reported that
complexes [Cuj(dien),(1,-Pz>>9€),(H,0),]- 4H,0, [Cus(trpn),(u-
Py**9%),(Cl0,),]centa-[Cu,(bedmpza)(u,-Py>* )]  (ClO,),-H,O
and [Cuy(L’),(MeOH),]-2MeOH show a shoulder around
500-570 nm and a wide band around 640-680 nm. Such spectral
characteristics are typical for d-d transitions and five-
coordinated Cu(u) complexes with distorted square pyramidal
(SP) geometry. Moreover, in certain cases, an additional low-

© 2026 The Author(s). Published by the Royal Society of Chemistry

environments around Cu or Cu-Cu
interactions

energy band beyond 800 nm with higher intensity indicates
a distorted TBP geometry, as observed in tripodal tetraamine
Cu(u) complexes ([Cus(trpn),(u-Py**9),(ClO,),] and centa-
[Cu,(bedmpza)(u,-Py**€)](ClO,), - H,0), resulting from ligands
such as TPA, ipstren, and trpn. Notably, it is interesting to
remark that the geometries around the Cu(u) ion, observed in all
the complexes, are retained according to XRD analysis.
However, the geometry around the Cu(m) ion in [Cuy(L%),(-
MeOH),]-2MeOH is clearly SP according to the solution spec-
trum, while its XRD study revealed the existence of TBP and SP
geometries for two Cu(u) ions.

3.3. Molecular mass, composition, and nuclearity

Mass spectrometry (MS), particularly Electrospray Ionization
Mass Spectrometry (ESI-MS), has arisen as one of the most
reliable and analytical tools for elucidating the molecular mass,
composition, and nuclearity of PNCCs. MS, particularly ESI-MS,
is used to analyze the mass-to-charge ratio of PNCCs, offering
valuable information about their molecular weight, composi-
tion, and nuclearity of Cu-complexes by identifying m/z values
and isotopic patterns characteristic of Cu isotopes: **Cu and
%Cu. Unlike traditional elemental analysis, which delivers
information only about empirical stoichiometry, ESI-MS allows
the direct detection of intact molecular ions and their frag-
mentation profiles, thus offering molecular-level evidence of
oligomeric species and metal-ligand connectivity. Typically, the
MS spectrum of PNCCs displays multiple peaks between 500
and 800 m/z, reflecting different isotopes and charge states of
complex ions.” MS is especially useful for identifying the pres-
ence of mono-, di- and multi Cu species in solution.

More critically, tandem MS (MS/MS) gives a fragmentation
pattern that allows deep insights into the connectivity of the Cu
center and the coordination mode of ligands. This discloses the
stepwise dissociation of bridging ligands or Cu-Cu units,
thereby assisting in distinguishing between p-oxo, p-hydroxo,
and p-carboxylato bridging modes. It also helps in confirming
the presence of solvent molecules, counter-anions and
adducts.”*>'* Therefore, the interpretation of the ESI-MS
spectra of PNCCs necessitates careful consideration of solvent
and ionization effects, as soft ionization conditions can some-
times result in partial complex dissociation or adduct forma-
tion, obscuring nuclearity assignment. Furthermore, the MS

RSC Adv, 2026, 16, 2816-2849 | 2823
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spectrometric data combined with other analytical tools,
including FTIR and UV-visible spectroscopic techniques,
contribute to a deeper understanding of the structural and
functional properties of Cu complexes, enabling the rational
design and optimization of novel Cu complexes.*'>'*® Conse-
quently, ESI-MS should be critically linked with complementary
techniques, such as FTIR (for ligand coordination shifts) and
UV-vis spectroscopy (for d-d and charge-transfer transitions), to
achieve a coherent structural picture.

ESI-MS was employed by Hari et al.'® to analyze a series of
prepared Cu(u)-M(u)-Cu(u) complexes (where M = Ni, Co, Fe,
Zn). The spectrum for the Cu analogue (M = Cu) displayed
a dominant peak at m/z = 864.0 (matching well with the
calculated m/z = 864.1) for the [Cus(L),(13-OH)(NO3),(H,0)]"
complex ion, consistent with the presence of a Cu; core. Inter-
estingly, the substitution of the central metal (M = Ni, Co, Fe, or
Zn) produced characteristic shifts in the m/z values (859-868),
signifying the sensitivity of MS to the Cu identity while
conserving the trinuclear framework. Moreover, the isotopic
pattern well matched with the ®*Cu and °°Cu distribution,
clearly distinguishing the complex from mono- or dinuclear
species. Critically, the ESI-MS observation was correlated with
X-ray and FTIR data, confirming that the solution-phase Cu;
unit detected by MS corresponds to the solid-state j1;-hydroxo-
bridged structure, positioning ESI-MS as a powerful tool for
confirming both composition and nuclearity in PNCCs.

3.4. Structure and geometry

Single-crystal X-ray diffraction (SC-XRD) is not simply a struc-
tural confirmation tool but a decisive analytical technique for
resolving the nuclearity, dimensionality, and coordination
architecture of PNCCs at the atomic level. By examining the
diffraction pattern of the scattering, precise information about
the arrangement of ions in the lattice, crystal structure and
other structural details can be obtained. Unlike spectroscopic
methods, SC-XRD directly reveals the Cu-Cu connectivity, the
nature of bridging ligands, and the resulting network topology
of the Cu-ligand framework."**** Furthermore, this character-
ization tool aids in differentiating between mono-, di- and poly-
nuclear 3D frameworks among Cu complexes."** However, SC-
XRD requires high-quality crystals, which are sometimes diffi-
cult to obtain. In such cases, powder XRD is employed for the
characterization of PNCCs.

For instance, Massoud et al.*® systematically studied a series
of five Cu(u) complexes made from tripodal amines (TPA, ipt-
ren) and polycarboxylate ligands, such as pyridinedicarboxy-
lates and terephthalate. SC-XRD analysis revealed that
complexes [(TPA)Cu(u,-Py**9),Cu(H,0),Cu(TPA)](ClO,),,
[Cu(TPA)Cu(p,-Py>*9%),Cu(TPA)](ClO,), and  [(TPA)Cu(p,-
Pyaz>*9),Cu(Cl0O,),Cu(TPA)] display centrosymmetric ~tri-
nuclear subunits of the type [(TPA)Cu(u,-L),Cu(p,-
L),Cu(TPA)]**, where the central Cu(n) is located on an inversion
center and is bridged by two heteroaromatic dicarboxylate
ligands (L = Py>*9¢, py>5 % or Pyaz>* ). The bridging mode
was confirmed as N,0,0'-type, involving one nitrogen and two
oxygen donors from the carboxylate ligand. Moreover, SC-XRD
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established Cu-O and Cu-N distances of 1.92-2.18 A and
Cu---Cu separations between 7.6 and 8.7 A, signifying weak
magnetic coupling potential owing to long super exchange
pathways. Significantly, the coordination geometry differed
across the series: [(TPA)Cu(u,-Py**9),Cu(H,0),-
Cu(TPA)](ClO,), contained an axially elongated CuO,N, octa-
hedron, [Cu(TPA)Cu(u,-Py**9¢),Cu(TPA)](ClO,)  displayed
a square-planar CuN,O, center, while [(TPA)Cu(u,-Pyaz**9),-
Cu(ClO,4),Cu(TPA)] exhibited a CuO,N, environment elongated
by weak Cu-O (ClO,”) interactions. On the other hand,
complexes  [Cuy(iptren),(tp)](ClO,), and  [Cu,(iptren),(-
Pyaz>*99)](Cl0,),-H,0 featured dinuclear cations: [Cu,(-
iptren),(po-tp)]** and [Cu,(iptren),(ji,-Pyaz>> 99", respectively.
SC-XRD analysis conclusively showed that the carboxylate
groups bridge the two Cu(u) centers in a bis-monodentate
mode, leading to Cu---Cu distances of 10.9-11.0 A, which are
more elongated than in the trinuclear analogues. Each Cu
center adopted a distorted TBP CuN,O geometry (t = 0.67-0.86),
confirming a weaker Cu-Cu interaction and reduced structural
compactness. From spectroscopic data alone, the observed
difference in bridging mode and nuclearity between the TPA-
and iptren-based systems could not be deduced. Fortunately,
only SC-XRD provided a complete atomic picture, revealing that
both the steric bulk and donor topology of the tripod ligand
dictate whether dinuclear or trinuclear species form. In addi-
tion, a detailed description of the topologies of these complexes
and other structurally diverse PNCCs is comprehensively di-
scussed in Section 6 (Structural Diversity), where the decisive
role of SC-XRD in determining the nuclearity, bridging modes
of various ligands, and coordination geometries of Cu centers is
further explained.

3.5. Bulk-crystallinity and phase

Powder X-ray Diffraction (PXRD) is used to determine the phase
purity and crystallinity of bulk PNCCs. Unlike SC-XRD, PXRD
analyzes a powdered sample composed of various microcrystals
in random orientation. Monochromatic X-rays are allowed to
fall on the sample to obtain the diffraction pattern. This
diffraction pattern is recorded as a function of 26 and shows the
average of all possible crystal orientations, allowing the analysis
of bulk materials.’® PXRD is generally used for phase analysis,
crystallinity assessment and the confirmation of PNCCs by
comparing the observed pattern with the simulated form of SC-
XRD data.'® However, advanced PXRD analysis via Rietveld
refinements allows the extraction of semi-quantitative struc-
tural information,™ but it is not as precise as SC-XRD.

3.6. Magnetic properties

The magnetic properties of Cu-complexes arise due to the
presence of unpaired electrons and also from the intera ction
among Cu centers within polynuclear species. Electron spin
resonance (ESR) or electron paramagnetic resonance (EPR) is
a promising technique that is currently widely utilized for the
investigation of magnetic properties of PNCCs, as it is capable
of detecting unpaired electrons.*>'*¢ It also gives information
about the oxidation state of Cu and the nature of the donor

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Magnetic properties of selected polynuclear copper complexes

Complexes Magnetic properties  Equation used to fit the data J(em™ G Ref.
Cu,L'](Clo Antiferrom-agnetic —1.04 2.04 8
[Cu,LT](CIO,), & X = 2Ng262/kT {3 + exp <7J/kT>}
Cu,L?](ClO Antiferrom-agnetic 9.88 and 2.01 8
[Cu,L7(C104)> 8 Y= 2Ng262/k(T—®) 3+ exp —J/kT A
O =-024k

[Cu,(L")5(14,1-N3),]- H,O Antiferrom-agnetic H = —2JS; x S, + uBgSH —2.313 2.103 122
[Cu,(L"?)5(1y 1-NCO),] Ferromagn-etic H = —2JS; x S, + uBgSH 0.513 2141 122
[Cu(L'?)(py,5-dca)] Antiferrom-agnetic H = —2JS; x S, + uBgSH —0.344 2,192 122
[Cuy(H,L")(NO;)(H,0)],(NO3),  Antiferrom-agnetic H = —2J,(SCu;SCu, + SCu3SCu,+ SCusSCug J1=—1.84 2.10 123

+ SCuzSCug + SCueSCuy + SCuy1SCuy, + SCuy3SCUy,) Jp = —4.35

— 2J,(8Cu;SCu,+ SCu3SCu, + SCusSCug + SCu,SCug
+ SCuySCuy + SCuy1SCuy, + SCuy3SCuyy

atoms surrounding the Cu centers; further, it helps in
revealing the geometry of Cu-sites in PNCCs with the help of
parameters such as g-value and hyperfine coupling
constants.” This technique is especially useful for the
detection of magnetic exchange interactions between Cu-
centers, which can be observed via changes in signal inten-
sity, line shape, and the appearance of half-field signals."*® The
temperature-dependent measurement of susceptibility helps
in understanding whether the interaction between various Cu
ions is ferromagnetic or antiferromagnetic.*® In addition,
advanced approaches, such as high-frequency ESR/EPR and
pulsed techniques, are capable of high-resolution identifica-
tion of atoms in bridging ligands and measurement of the
distance between Cu ions within PNCCs."” Besides these
advantages, this method has some disadvantages too, such as
the inability to detect Cu(i) ions or strong antiferromagnetic
coupling of Cu(u) pairs and the frequent requirement of low-
temperature measurements.'*

The variable-temperature magnetic susceptibility xy values
of selected complexes are listed in Table 7. The xy" value of

[Cu,L'](ClOy), at room temperature (300 K) is 0.76 cm® K mol
which is consistent with the spin-only value, " = 0.75 cm®
K mol ", for uncoordinated two Cu(n) ions (S = 1), with g = 2.00.
The xn" value is almost constant up to 100 K, but on further
cooling, the xy" increases rapidly and reaches a maximum of
0.95 cm® K mol . After that, it decreases to 0.90 cm® K mol™ " at 2
K. The temperature dependence of xy reveals a dominant
ferromagnetic coupling with weak antiferromagnetic interaction
of Cu ions in [Cu,L'](ClO,),. Similarly, the xy" value at room
temperature for [Cu,L?|(ClO,), is 0.76 cm® K mol ', which is also
consistent with the spin-only value, x5" = 0.75 cm® K mol ™", for
uncoordinated two Cu(u) ions (§ = 1) with g = 2.00. It decreases
gradually up to 20 K and then deceases rapidly, indicating the
weak antiferromagnetic interaction between copper ions. The
variable temperature magnetic susceptibility x»" value of [Cu,Cl,
(L'),]- H,O at room temperature is 0.91 cm® K mol ™", which, on
lowering the temperature, decreases gradually. At 300 K, xy' =
0.91 cm® K mol ™, which is greater than that of uncoordinated
two Cu(u) ions (S = 1) with g = 2.00. This indicates that two Cu(u)
ions are weakly coupled antiferromagnetically through the

Table 8 Comparative analysis of selected characterization methods for PNCCs

Technique Information provided

Advantages

Limitations

FTIR spectroscopy Confirmation of complex formation
by analyzing the shift in the
frequencies of bands of functional
groups and the emerging
vibrational bands

Complementary to FTIR, Cu-ligand
bond confirmation at low-
wavelength radiation, and
symmetric vibration

d-d transition, charge- transfer
bands, ligand-field strength

Raman spectroscopy

UV-visible spectroscopy

Simple, fast and widely available

Nondestructive and useful for Cu-

metal stretches

Useful for the electronic structure
and oxidation state of Cu ions in

Limited by complex mixtures and
ambiguous or overlapping peak
assignment at low wavenumbers

Weak signal for some ligands and
fluorescence interface

Overlapping bands, low-resolution
structural information

PNCCs

Mass spectrometry Molecular weight, fragmentation,

(ESI-MS) nuclearity and counter anions in
PNCCs

SC-XRD Precise 3D atomic structure, bond
length, and coordination geometry
of Cu in PNCCs

PXRD Phase identification and

crystallinity

© 2026 The Author(s). Published by the Royal Society of Chemistry

High sensitivity and detection of
solution species

Gold standard for structural
determination

Useful for bulk analysis, phase
purity

May not detect non-ionizable
species, and exhibits less structural
detail

Requires high-quality and single
crystals in the solid state only

Cannot provide a full structure like
SC-XRD
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bridging ligand in [Cu,Cl, (L'"),]-H,0. The magnetic data were
fitted using the expression shown in Table 7, with the magnetic
properties derived by Bleany and Bowers. The ¥y’ value of
[Cu,(L"?),(1y,1-N3),]- H,O at room temperature is 0.802 cm® K
mol ™", and the value is 1.777 em® K mol ™" for [Cuy(L"*),(1ty 1-
NCO),]. Until 50 K, the x," value is constant for both complexes.
As the temperature decreases further, the x,” value starts to
decrease, indicating the antiferromagnetic exchange coupling
between the Cu(m) centers in [Cu,(L'*),(1t11-N3),]-H,O and
[Cu,(L"?),(1y,1-NCO),]. The [Cu(L'?)(ny5-dea)] complex shows
a temperature-independent y,,” value between 25 and 300 K.
However, below 25 K, it increases, which indicates the ferro-
magnetic exchange coupling between the copper(u) centers. For
xum’ versus T simulation plots, the standard Heisenberg-Dirac-van
Vleck Hamiltonian (H = —2JS; x S, + usgSH) was used, which
gives J = —2.313 em " for [Cuy(L'?),(11,1N3)s]-H,O and J =
—0.344 cm™* for [Cu(L'?)(1y 5-dca)]. The negative J-value indicates
the antiferromagnetic interaction between the copper(u) centers.
While for [Cu,(L'?),(jt1,-NCO),), it gives a positive J value (J =
0.513 em™ %), which indicates ferromagnetic exchange coupling
between Cu(u) centers.

The room temperature X value of
[Cu,(H,L")(NO3)(H,0)],(NO3),, is 0.775 cm® K mol ™, which is
slightly greater than the calculated value for two uncoordinated
copper(u) ions (0.750 cm® K mol ™). In the range of 300-25 K,
the x” value decreases gradually. At 50-300 K, the magnetic
data follow the Curie-Weiss law, with C = 0.785 cm® K mol ™"
and ® = —3.20 K, which indicates that the interaction is anti-
ferromagnetic. MagPack software, using an example of a Cuy,
cluster loop, was used to fit the data. The Hamiltonian of the
Cuy, cluster loop with alternative J; and J, magnetic coupling
constants was determined as follows:

H = —2J,(S5Cu;SCu, + SCu3SCuy + SCusSCugq
+ SCU7SC113 + SCU9SCH10 + SCUUSCUQ
+ SCuy35Cuyy); —2 J(SCuSCu, + SCuzSCuy
+ SCusSCug + SCusSCug + SCuoSCuyg
+ SCu;;SCuy, + SCu3S5Cuyy)

whereJ; = —1.84cm ™', J, = —4.35 cm™ ' and g = 2.10. Both the
J1 and J, values are negative, showing antiferromagnetic
interactions. The more negative J, value compared to J; indi-
cates that the antiferromagnetic interaction through the
ligand bridge is weaker than that through the O-nitrate bridge.

4. Computational studies: the role of
DFT

Experimental methods such as SC-XRD, magnetic suscepti-
bility, and spectroscopy provide structural and bulk magnetic
information, but often fail in identifying microscopic spin
distribution, orbital overlap, and redox-induced geometric
variations that regulate the behavior of PNCCs. Fortunately,
DFT bridges these gaps by providing quantum-level insights
into Cu-Cu coupling, the effect of bridging ligands, and elec-
tronic rearrangements, thereby confirming experimental results

2826 | RSC Adv, 2026, 16, 2816-2849
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and predicting properties that are otherwise inaccessible
through experimental techniques.***

4.1. Electronic structure and magnetism

DFT permits precise modeling of the spin states, oxidation states,
and magnetic coupling pathways in PNCCs, particularly in Cu(u)-
based complexes where the unpaired electron interacts through
bridging ligands. For instance, broken-symmetry DFT methods are
mostly used to evaluate the exchange coupling constant (J values)
in polynuclear species. This calculation can predict antiferromag-
netic and ferromagnetic behavior and help in interpreting
magnetic susceptibility data.”® For example, an end-to-end azido-
bridged Cu(n) dimer exhibiting a long Cu---Cu separation of about
5.105 A may still display ferromagnetic coupling (J = +16 cm™).
The experimental magnetic and crystallographic data alone could
not justify the coexistence of weak interactions and ferromagne-
tism in the Cu ions. Interestingly, DFT and correlated ab initio
methods reproduced the experimental J value. Collectively, they
confirmed that spin polarization over the azido bridges, rather
than direct Cu-Cu exchange, accounts for the magnetic behavior,
showing how delocalized spin density compensates for large metal
separation.””® This clearly demonstrates how theoretical calcula-
tions resolve discrepancies between structure and magnetism that
cannot be determined by experimental methods alone. Similarly,
two heterobridged Cu,(u—OH)(u-X) complexes, where X = azain-
dole or pyrazolate, with nearly matching geometries exhibit
opposite magnetic behaviors, such as weak ferromagnetism and
strong antiferromagnetism. Broken symmetry-DFT demonstrated
that this difference comes from orbital complementarity versus
counter-complementarity in the bridging orbitals, a factor that
cannot be presumed from the Cu-O-Cu angles or magnetic
susceptibility alone. This study highlights how DFT can crumble
exchange pathways into individual orbital contributions, relating
electronic structure with macroscopic magnetism.*””

4.2. Geometry optimization and structural predictions

Computational studies also help in geometry optimization of
PNCCs and enable the prediction of the most stable configu-
rations and coordination environments. DFT assists in vali-
dating experimental X-ray crystallography data or even
predicting structures when crystallographic data are inacces-
sible. Additionally, it sheds light on the role of the nature of
ligands, denticity, and coordination angles on the overall
nuclearity and geometry of PNCCs."® For example, in the study
by Liu et al., time-dependent DFT (TD-DFT) provided decisive
structural insights into the [Cu,4(p,-S)] clusters that could not be
fully resolved by diffraction or spectroscopic methods. DFT
revealed a significant redox-driven distortion from a seesaw to
a square-planar Cu,S core, clarifying changes that were elec-
tronically governed rather than purely geometric. In addition,
TD-DFT identified unequal Cu-S bond contractions and a -7
super exchange pathway through p4-S, explaining the magnetic
behavior that experimental data alone could not justify. By
quantifying spin delocalization and metal-ligand covalency,
TD-DFT bridged the gap between the observed spectra and the
fundamental electronic structure.'*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.3. Reactivity and functional property prediction

DFT aids in examining reactivity, including redox behavior,
catalytic mechanisms, or binding preferences of Cu centers
towards ligands and other molecules. It allows the estimation of
HOMO-LUMO gaps, ligand field stabilization energies, and
redox pathways.**® Therefore, guiding the design of new PNCCs
with desired properties.**® Several researchers have studied the
mechanism of Cu-complex-mediated NO,  reduction using
spectroscopic and XRD techniques. However, these studies are
limited because spectroscopic methods primarily measure N-O
stretching frequencies and M-N-O angles."®*™** Such data only
help to identify intermediates and oxidation states, but do not
disclose the exact reaction pathway. Consequently, researchers
cannot trace the transient transition states or the detailed
electron flow during the catalytic process. A study by Kametani
and Shiota critically demonstrated that DFT calculations bridge
the limitations of conventional spectroscopic methods by
mapping the reaction pathway at the atomic level. Their work
demonstrated that DFT not only explains the asynchronicity
between proton and electron transfer in multistep processes but
also elucidates the complex electron reorganization between Cu
centers and ligands. These findings clarified the mechanistic
details of nitrite (NO, ) and nitric oxide (NO) reduction by Cu
complexes: the reduction of NO,” to NO through concerted
proton-electron transfer and the dicopper-mediated reduction
of NO to N,0O, involving N-N bond formation, N,O, isomeriza-
tion, and N-O bond cleavage.**® This detailed electronic insight,
inaccessible through experimental techniques alone, under-
scores the indispensable role of DFT in uncovering the true
mechanism of Cu-mediated reduction of NO, .

5. Structural diversity

In most PNCCs, the Cu ion exhibits distorted coordination
geometries. It is predominantly due to the d° electronic
configuration, which favors distorted geometries according to

View Article Online
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the Jahn-Teller distortion."*” Moreover, according to the hard
and soft acid-base (HSAB) theory, the Cu(u) ion acts as
a borderline acid that exhibits intermediate properties between
hard and soft acids. It typically adopts a coordination number
in the range of 4-6 in its complexes, forming distorted square
planar, tetrahedral, square-pyramidal and octahedral geome-
tries.”*® Apart from this, some other factors such as the Cu-to-
ligand ratio, nature of ligand and co-ligand, pH of medium
and solvent also influence the coordination geometries of Cu
ions, leading to widespread structural diversity.*” These factors
are outlined in the upcoming Sections from 4.1 to 4.4. The
crystallographic structures of selected PNCCs are obtained from
the Cambridge Crystallographic Data Center (CCDC). The N-
heterocyclic multicarboxylic acid and amine-based ligands
(Schemes 1 and 2, respectively) are vital for the synthesis and
coordination behavior of polynuclear copper complexes. The
influence of these ligands on the structure of Cu-centers in
PNCCs is discussed in detail (Section 5.2).

5.1. Effect of copper-to-ligand stoichiometric ratio

The Cu-to-ligand ratio affects the structure and configuration of
PNCCs. For example, using a 1:1 ratio of Cu(1) to bi-
s(phenylthio)propane leads to the formation of the 2D coordi-
nation polymer [{Cu(j,-1),Cu}{p-L>*},],, as depicted in Fig. 1(a).
This structure features well-defined structural motifs, such as
the Cu(p,-I),Cu unit, which are connected through four 1,3-bi-
s(phenylthio)propane bridging ligands. On the other hand,
reacting Cul with dithioether in a 2:1 ratio results in the
development of [CuyL{p-L**},],, as revealed in Fig. 1(b), in
which cubane-like Cu,(p3-I), clusters are connected through the
dithioether ligand, leading to a 1D necklace structure.™*

5.2. Effect of the nature of ligand, counter-ion and co-
ligands

Carboxylic acid derivatives have been extensively used for the
preparation of various metal organic frameworks (MOFs) and

HOOC HOOC HOOC
| COOH
N ~— N \Ej\ \[ j\
H COOH COOH
Hapyazz,S-dc Hzpyz,s-dc Hzpyazz,s-dc
COOH COOH
COOH \
Ei [ I HOOC N COOH
COOH
COOH
y24-d H,Pyaz%3-d¢ 2,6-dc COOH
c A H,Py H,tp

Scheme 1 Some selected N-heterocyclic multicorboxylic acid-based ligands discussed in this review.
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metal-organic coordination compounds because of their
versatile physical properties, potential applications and fasci-
nating architectural topologies.*’ It has been summarized that
via the diverse bridging coordination modes, the interlinkage of
multi-carboxylic acids with Cu ions leads to the construction of
multinuclear Cu complexes and coordination polymers con-
taining Cu in multidimensional systems.'***** The nature,
flexibility and hydrogen-bonding ability of carboxylic acids
determine their coordination modes. Furthermore, the geom-
etry and characteristic topological coordination depend on the
electronic nature of the Cu ion. Besides these, other auxiliary
factors, such as the reaction conditions, solvent, pH, counter
ion and nature of co-ligands, may affect the coordination
between the carboxylic ligands and Cu centers.***

Massoud et al.®® synthesized tri-nuclear Cu(u) complexes
[(TPA)Cu-(1,-Py>*%),-Cu(H,0),-Cu(TPA)|(ClO,),,  [Cu(TPA)-
Cu(p,-Py**9),-Cu(TPA)](ClO,), and [(TPA)Cu-(n,- Pyaz>*9),-
Cu(ClO,4),~Cu(TPA)][Cu(TPA)(H,0)]»(Cl0,4),-H,0 and binuclear
complexes  [Cuy(iptren),(tp)](ClO,), and  [Cu,(iptren),(-
Pyaz**%)](Cl0,),-H,0, which are bridged by multi-carboxylic
acid compounds, using the tripod co-ligands iptren and TPA
and multi-carboxylic acid ligands, such as H,Pyaz**9¢, H,-
Pyaz>*9¢, H,Py>*¢ and H,Py>* ¢ and H,tp.* In [(TPA)Cu-(ui,-
Py**4),-Cu(H,0),-Cu(TPA)](ClO,),, [Cu(TPA)-Cu(,-Py**%),-
Cu(TPA)](ClO4) and  [(TPA)Cu-(n- Pyaz**9%),Cu(ClO,),-
Cu(TPA)][Cu(TPA)(H,0)]»(ClO,4),-H,O (shown in Fig. 2(a—c)),
within each tri-nuclear unit, the central Cu(u) ion is positioned
at an inversion center and coordinated by two hetero-atomic di-
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Fig. 1 Structural views of the 2D chain of polymer [{Cu(u,-1),Cu}{u-L>%},], (@) and the 1D necklace structure of [Cusls{u-L>*}1, (b). Their CCDC

numbers are 906347 and 906348, respectively.
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carboxylate ligands via their ring nitrogen atom and one
carboxylate oxygen atom from a neighboring group, ena-
bling N,O-chelate interactions. Conversely, the terminal Cu(u)
centers are bridged by hetero-aromatic di-carboxylate anions
through the oxygen atoms of the second carboxylate group, thus
acting as N,0,0 bridging ligands. In the [Cu(TPA)-Cu(p,-
Py**99),-Cu(TPA)](ClO,) complex, the central Cu(u) atom adopts
a square planar CuN,O, geometry, while the central Cu(u) atoms
in [(TPA)Cu-(u,-Py**9),-Cu(H,0),-Cu(TPA)](ClO,), and [(TPA)
Cu-(11,- Pyaz®*%),Cu(Cl0O,),~Cu(TPA)][Cu(TPA)(H,0)],(ClO,),-
-H,0 complexes have an extended octahedral CuO,N, core with
two additional trans coordinated oxygen atoms from H,O
molecules (in the case of [(TPA)Cu-(u,-Py>*%),-Cu(H,0),-
Cu(TPA)](Cl0O,),) and from perchlorate (ClO,) (in the case of
[(TPA)Cu-(11,- Pyaz>*9),Cu(Cl0O,),~Cu(TPA)][Cu(TPA)(H,0)],(-
Cl0,4);-H,0). In [(TPA)Cu-(1,-Py**9%),-Cu(H,0),~
Cu(TPA)](ClO,),, [Cu(TPA)-Cu(,-Py**%),-Cu(TPA)](ClO,) and
[(TPA)Cu-(,- Pyaz>*9),Cu(ClO,),~Cu(TPA)][Cu(TPA)(H,0)],(-
Cl0O,),-H,0, each terminal Cur(u) ion is five-coordinated with
one oxygen atom of a carboxylate group and four nitrogen
atoms of the TPA ligand. These terminal Cu(u) centers adopt
distorted trigonal bipyramidal geometries with s-values of 0.72,
063 and 0.85 for [(TPA)Cu-(u,-Py>*%),-Cu(H,0),-
Cu(TPA)](ClO,),, [Cu(TPA)-Cu(u,-Py**9%),-Cu(TPA)](ClO,) and
[(TPA)Cu-(p,-Pyaz**%),Cu(Cl0O,),~Cu(TPA)][Cu(TPA)(H,O0)],(-
Cl0O,),-H,0, respectively.'*
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In [Cu,(iptren),(tp)](ClO,), and [Cu,(iptren),(-
Pyaz>*99)](ClO,),-H,0, the di-carboxylato anions act as bis-
monodentate ligands that link the two Cu-centers. The crystal
structures of [Cuy(iptren),(tp)](ClO,), and [Cuy(iptren),(-
Pyaz*>*9%)](Cl0,4),-H,0, shown in Fig. 3(a and b), contain di-
nuclear complex cations: [Cu,(iptren),(u,-tp)]** and [Cuy(-
iptren),(p,-Pyaz>> 9)]**, respectively. In both complexes, each
Cu center is penta-coordinated by one oxygen of the carboxylate
group and four nitrogen atoms of the iptren ligand, forming
a distorted CuN,O core with trigonal bi-pyramidal geometry.
The geometries are characterized by s values of 0.67 and 0.86 for
[Cu,(iptren),(tp)](ClO,), and [Cu,(iptren),(Pyaz*>9¢)](ClO,),-
-H,0, respectively.”

Louka et al.®® prepared three trinuclear Cu(u) complexes:
[Cus(dien),(u,-Pz>79%),(H,0),]- 4H,0, [Cuj(pmdien),(p-
Py**99),(Cl0O,),(H,0),], [Cus(trpn),(u-Py>*9),(Cl0,),], and one
dinuclear complex centa-[Cu,(bedmpza)(i,-Py** )] (ClO,),-
“H,O using H;Pz>*%¢, H,Py>*9 and H,Py>*“¢ as ligands,
along with polyamine co-ligands, such as dien, pmdien, bed-
mpza, and trpn. The common feature of [Cuj(dien),(p,-
Pz>*9),(H,0),]- 4H,0, [Cus(pmdien),(j1-Py**),(C10,),(H,0),]
and [Cuj;(trpn),(u-Py>79%),(C10,4),] (as shown in Fig. 4(a-c)) is
a centrosymmetric trinuclear subunit. In each trinuclear
subunit, the central Cu(u) atom is positioned at the inversion
center and is coordinated to two chelating di-carboxylato
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Fig. 4 Structural views of [Cus(dien)a(uy-Pz>°%€),(H,0),]-4H,0 (a),
[Cus(pmdien),(pn-Py?>799),(ClO4)(H,0),]  (b), and  [Cus(trpn)a(p-
Py2'5"dc)2(ClO4)2] (c). Their CCDC numbers are 1951426, 1951427 and
1951428, respectively.
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anionic ligands through the nitrogen and oxygen atoms on
the ring of the neighboring ligand. In [Cuj(dien),(u,-Pz>> %),
(H,0),]-4H,0, the di-carboxylate ligands act in a bis-N,0
bridging mode, connecting the terminal Cu(u) ions through
the second-ring nitrogen and oxygen atoms from another
carboxylate group. Conversely, in [Cuz(pmdien),(u-Py>*9),(-
Cl0o,),(H,0),] and [Cus(trpn),(u-Py>>99),(Cl0O,),], the ligands
adopt an N,0,0 bridging mode, linking the peripheral Cu(u)
ions using only the single oxygen atom of the carboxylate group.
In all three complexes ([Cus(dien),(j,-Pz>*9¢),(H,0),]-4H,0,
[Cu;(pmdien),(u-Py**9),(ClO,),(H,0),] and  [Cus(trpn),(u-
Py>>99),(Cl0O,),]), the central Cu(u) ion exhibits an axially
elongated CuO,N, octahedral geometry, additionally coordi-
nated by two trans oxygen atoms, either from the H,O mole-
cules in [Cu;(dien),(j,-Pz>79%),(H,0),]- 4H,0 or the perchlorate
anions in [Cus(pmdien),(u-Py**9¢),(Cl0O,),(H,0),] and [Cus(-
trpn),(u-Py>>9%),(Cl0,),]. The peripheral Cu(n) ions in [Cus(-
dien),(p,-Pz*"9),(H,0),]-4H,0 and [Cus(pmdien),(u-
Py>*9),(Cl0O,),(H,0),] adopt square pyramidal geometries,
with t-values of 0.22 and 0.26, respectively. The CuN,O chro-
mophore in [Cus(dien),(1,-Pz>*9),(H,0),]-4H,0 is composed
of one nitrogen atom and one oxygen atom from the Pz>°9¢
ligand, as well as three nitrogen atoms from the dien ligand.
Conversely,  [Cus(pmdien),(u-Py>>9%),(Cl04),(H,0),]  has
a CuN;0, chromophore that is made by two oxygen atoms, one
from carboxylato and the other from the terminal H,O ligand,
while three nitrogen atoms are from the pmdien ligand. [Cuj(-
trpn),(u-Py>>99),(Cl0O,),] also has CuN,O, where one oxygen
atom comes from carboxylato and four nitrogen atoms from the
trpn ligand. The coordination environment around the metal
center in [Cus(trpn),(u-Py>79%),(Cl0,),] can be described as
a distorted trigonal bipyramid, with a t-value of 0.87%.'*

The structure of centa-[Cu,(bedmpza)(u,-Py>*9)](ClO,),-
-H,0, depicted in Fig. 5, is composed of a polymeric cationic
chain consisting of [Cu(bedmpza)(u,-Py>*°) units, with
perchlorate anions acting as counterions. The first Cu ion (Cu,)
is penta-coordinated, bonded to the Py**“¢ ligand via a pyridil
nitrogen and carboxylate oxygen, and to the bedmpza ligand
through three nitrogen atoms. The second Cu ion (Cuy,) is also
penta-coordinated, being coordinated to the Py>*“¢ anions via
two oxygen atoms and the bedmpza ligand via three nitrogen
atoms. Thus, the Py>*° ligand exhibits an N, O, O-bridging

Fig. 5 Structural view of the 1D chain of centa-[Cu,(bedmpza)(u,-
Py24 99)(ClO4),-H,0. Its CCDC number is 1951429.
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Fig. 6 Structural view of [Cus(L®),(MeOH),]-2MeOH. Its CCDC
number is 2255118.

coordination mode, connecting the Cu ions along the polymeric
chain. Cu,; adopts a distorted square pyramidal CuN,O geom-
etry, characterized by a t-value of 0.19, whereas Cu, exhibits
a distorted trigonal bi-pyramidal CuN;O, geometry, with a t-
value of 0.62.

The tetra-nuclear [Cuy(L’),(MeOH),]-2MeOH
(depicted in Fig. 6) consists of four Cu(u) centers, where two
deprotonated/anionic ligands “L*” and two coordinated CH;OH
molecules exist. The Cu; atom is tetra-coordinated by four
oxygen atoms of the L'~ ligand, adopting a slightly distorted
planar quadrilateral geometry. Likewise, the central Cu; ion is
coordinated to two L*~ ligands through four oxygen atoms, also

structure

View Article Online

RSC Advances

adopting a slightly distorted planar quadrilateral geometry. The
basal plane of Cu(u) is formed by two oxygen atoms of phenol
and two nitrogen atoms of the oxime. Characteristically, the
axial position of Cu, is occupied by one oxygen atom of the
coordinated CH3;OH molecule and interacts with the terminal
Cu, ion, resulting in a distorted tetragonal pyramid geometry
with a t-value of 0.11. The axial site of Cu, is coordinated by an
oxygen atom of another coordinated CH;OH, adopting a penta-
coordinated, slightly twisted tetragonal pyramid geometry with
a t-value of 0.10.*°

In the crystal structure of [(H,0)Cug s{p-L%-1k0:2k*N,0’,0"}
Cu(H,0),},, as shown in Fig. 7(a), the Cu ions have different
geometries because of the different modes of coordination. One
of the central metal atoms possesses a distorted square pyra-
midal geometry with a 75 value of 0.24,'*> whereas another Cu
atom has a square pyramidal geometry with a 7, value of 0.19
and is located at an inversion center.'*” The square planner
geometry of one Cu center is constructed by two oxygen atoms
of the (L°)*~ ligand and two oxygen atoms of coordinated water
molecules. The geometry of the other peripheral Cu center is
formed by (L°)*~, which occupies the three coordination basal
sites, along with one coordinated water molecule. This Cu ion is
positioned a little above the basal plane toward the apex,
coordinating with the H,O molecule. The Cu center participates
in two fused six-membered metallocycles of CuOC,N, and
CuNGC;0 types because of the tridentate coordination of the
(L*” ligand. In the structure of [(H,0)Cugs{p-L-
1k0:2k°N,0’,0"}Cu(H,0),},, the shortest intramolecular Cu:--
Cu distance is 9.6486(4) A, whereas the intermolecular Cu(1)---
Cu(2) distance is 5.245 A, which is considerably shorter than the
intramolecular distance. The 3D framework is further stabilized

"5u1__yN1 @14/\ ‘
€1 3 Cu2 4O3 fﬁ
eﬂ X @1
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Fig. 7 Structural views of [(H,O)Cug s{n-L®-1k0:2k>N,0’,0"}Cu(H,0)5}, (a), [Culim)(u-HL®-1k0:2k°N,0,0")], (b) and the 1D chain of

[Cu,(H20)5(u-HoL”-1k3N,0,0:2k0")(1u-L-1k>N,0,0':2k2N’,0")],, (c). Their
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Fig. 8 Structural view of [Cus(L®)Cls], stabilized by the inter and intra
molecular N—H---Cl interactions shown by orange and violet dotted
lines, respectively. Its CCDC number is 2196016.

by hydrogen bonding, originating from the coordinated H,O
molecules (donors) and oxygen atoms of the (L°)*” ligand
(acceptors).

The L° ligand exhibits different coordination modes in
[Cu(im)(p-HL®-1k0:2k°N,0,0')],, as shown in Fig. 7(b). The
[Cu(im)(p-HL®*-1k0:2Kk*N,0,0')], complex comprises a Cu dimer
containing a centrosymmetric Cu,O, core. The dianionic
(HLP?)*~ species acts as a tridentate ligand through a carboxylate
group and also acts as a bridging bidentate ligand between two
Cu centers. The imidazole group completes the coordination
sphere of each Cu center. Therefore, each Cu center adopts
a perfect square-pyramidal geometry with a 75 value of 0.01.**°
The central Cu,0, unit, along with two six-membered CuOC,N,
and CuNGC;O0 rings, is structurally similar to that observed in
[(H,0)Cuy 5{p-L%-1k0:2*N,0',0"}Cu(H,0),},. The dihedral
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angle between the Cu,O, plane and the square plane formed by
the coordinated atoms is 89.07°, indicating an almost perpen-
dicular orientation. The Cu---Cu distance within the Cu,O, core
is 3.4583 A, while the intermolecular Cu---Cu separation is
3.4935 A. The 3D framework is further stabilized by the
hydrogen bonding between the nitrogen atom of the imidazole
and the carboxylic acid group (as a donor) and the oxygen atom
of the free keto group (as an acceptor)."*®

The crystal of the 1D coordination polymer [Cu,(H,O),(u-
H,L’-1°N,0,0:2k0")(-L-1k°N,0,0':2°N,0")],,  shown  in
Fig. 7(c), is composed of two Cu(u) ions ligated by two hydrazinyl-
based ligands and two H,O molecules. These two Cu ions show
different geometries because of the different coordination modes
of the ligand. One of the Cu ions adopts a square-pyramidal O4N
geometry with a 75 value of 0.02,'*° whereas the other exhibits
a distorted-octahedral O4N, geometry (1.058 quadratic elonga-
tion and 82.32°)."® The hydrogen atom of the hydrozone group
prevents the octahedral elongation of the metal ion. One ligand
binds to one Cu(n) ion in the k*-N, O mode, while the other binds
in the «*-N’, O', 0" mode. Conversely, the second ligand coordi-
nates to one Cu(n) ion via the k*-N, O, O’ mode and bridges to the
other through the keto oxygen atom. In both Cu centers, an
axially coordinated H,O molecule completes the coordination
sphere. For Cu---Cu, the shortest intra-chain distance is 5.220(1)
A and the inter-chain Cu---Cu distance is 6.661(1) A. The struc-
ture of the 1D chain of [Cu,(H,0),(1-H,L-1°N,0,0:2k0")(u-L-
1k°N,0,0':2>N’,0")],, is further stabilized by hydrogen boding,
originating from the interaction of the coordinated H,O mole-
cules (as the donor) and the carboxylate atom (as the acceptor).

= .
N

(b)

(¢)

Fig. 9 Structural views of [Cuz(Lg)(u—Hisophth)]4-2H2isophth~21HZO (@), [Cus(L%)(Cl4] (b), and Cu4(L9)(u—Hphth)(u4—phth)(piconol)(Cl)Z]-3HZO
(c). Their CCDC numbers are 2184098, 2184099 and 2184128, respectively.
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Fig. 8 shows the crystal structure of a trimeric [Cus(L®);Cl5].
Its unit cell consists of two diastereomers.** In the crystal
structure of complex-24, the monomeric part (L-M-Cl) is con-
nected by the sulfur atom of the C=S group of thiourea, thus
providing the Cu;S; metalacyclic six-membered ring and
adopting a chair conformation. At an axial position, the chlo-
rine atom is coordinated to the Cu center. Each Cu ion displays
a distorted trigonal planar geometry with varying angles in the
range of 116.61°-124.36° around the Cu center. The Cu-S bond
length is 2.258 A,***5* and the Cu—Cl bond distance is 2.182 A,
which is shorter than that of the mononuclear complex
[2.272(3) A] with a similar ligand. In the trinuclear unit, the
trigonal arrangement of Cu—Cu is stabilized by the interaction
between the Cu ions at a distance of 2.850 A.”*>'** Through
a regular pattern of inter- and intra-molecular hydrogen
bonding, the N-H---Cl interactions stabilize the supramolecular
structure of the complex, as shown in Fig. 8.

5.3. Effect of pH and ancillary ligands

The pH values of the solution and the ancillary ligand play
a significant role in the structure and composition of PNCCs.
For example, Majumder et al.*>* described that the formation of
[Cuy(L®)(n-Hisophth)],- 2H,isophth-21H,0, [Cus(L’)(Cl),], and
[Cuy(L%)(n-Hphth)(py-phth)(piconol)(Cl),]-3H,0 is  strongly
affected by the pH of the solution and the choice of ancillary
ligands. This control over the ligand and solution pH allowed
for effective tuning of the assembly process, resulting in the
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3
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5
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synthesis of PNCCs with distinct nuclearities and coordination
environments around the Cu(u) ions. The structures of
[Cu,(L?)(n-Hisophth)],- 2H,isophth - 21H,0, [Cuj(L°%)(Cl),] and
Cu,(L%)(n-Hphth)(py-phth)(piconol)(Cl),]-3H,0 are depicted in
Fig. 9(a—c). The [Cus(L°)(Cl);] and Cuy,(L®)(uw-Hphth)(p,-
phth)(piconol)(Cl),]-3H,O complexes are rare examples that
exhibit characteristic topographies of rich coordination chem-
istry. For instance, the trinuclear [Cus(L’)(Cl),] complex is
produced with tetra- and penta-coordinated geometries around
the Cu(u) ions using a regular di-nucleating ligand, while the
tetranuclear Cu,(L°)(u-Hphth)(u,-phth)(piconol)(Cl),]-3H,0 is
produced using the same ligand with tetra-, penta-, and hexa-
coordinated geometries around the Cu(u) ions. At about pH 3,
[Cus(L°)(Cl)y] is formed, while at pH 6.5, [Cu,(L)(u-
Hisophth)],-2H,isophth-21H,0 and  Cu,(L°)(u-Hphth)(p,-
phth)(piconol)(Cl),]-3H,O are produced. The pH controls the
deprotonation of the Hzcdpd ligand.

5.4. Effect of solvent

Solvent plays a significant role in the structure and composition
of coordination polymers (CPs). For example, Bazhina et al.**®
reported that the reaction of Cu(u) trimethylacetate with the
Schiff base, 4-(pyridine-3-yl)methyleneamino-1,2,4-triazole
(L'°), in different solvents leads to the formation of different
CPs. The reaction of [Cu,(piv),(Hpiv),] in acetonitrile (MeCN, as
a solvent) leads to the formation of a 1D polymeric chain of
{[Cuy(piv)4(L'°)]-MeCN},,, as shown in Fig. 10(a), which is

NS

(b)

Fig. 10 Structural views of the polymeric chains of {[Cuz(piv)4(L0)]-MeCN}, (a) and [Cug(OH),(piv)1o(L)2(MeOH),}- 4MeOH],, (b). Their CCDC

numbers are 2157254 and 2157255, respectively.
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composed of a bi-nuclear paddle-wheel {Cu,(p-piv),} unit con-
nected by the bridging organic ligand. The coordination envi-
ronment of these Cu ions reveals slightly distorted square
pyramidal geometries. On the other hand, the same reaction in
methanol or ethanol results in the formation of the 1D CPs,
[Cug(OH),(piv)1o(L'%),(MeOH),}-4MeOH], and tetranuclear
{Cu,(OH),(piv)s(L)o(EtOH),}. The structure of [Cus(OH),(-
piv)1o(L'?)2(MeOH),}- 4MeOH], is composed of alternating bi-
nuclear {Cu,(piv),} units linked by an N-ligand, as shown in
Fig. 10(b).

6. Applications of PNCCs

6.1. Reactivity and catalysis

PNCCs are widely used as catalysts due to their characteristic
ability to mimic natural metalloenzymes. Their significant
advantages over other catalysts include efficient activation of
molecular oxygen, redox flexibility {Cu(1)/Cu(u) or Cu(u)/Cu(m)}
and ability to stabilize reactive intermediates. These properties
enable selective and mild oxidation reactions that are
frequently challenging for traditional catalysts. For example,
the aerial oxidation of r-ascorbic acid is catalyzed by a binuclear
[Cu,L'](ClO,), complex under mild conditions.® This study
shows that [Cu,L'](ClO,), enables the redox conversion of
ascorbic acid under mild conditions by mimicking natural
enzymes (oxidases). [Cu,L"](ClO,4), enhances the oxidation rate
through electron transfer between the Cu centers. Additionally,
[Cu,(L*)Cl,] and [Cu(L*)N;], show galactose oxidase-mimicking
activity and have demonstrated the ability to oxidize benzyl
alcohol into benzyl aldehyde in the presence of tert-butyl
hydroperoxide.*® This study indicates that the catalytic oxida-
tion pathway of [Cu;(L*)Cl,] and [Cu(L*)N;], supports a biomi-
metic approach to alcohol dehydrogenation, making them
favorable candidates for green oxidation catalysts.

Besides these, other complexes, such as [(H,O)Cug s{u-L°
1k0:2k°N,0,0"}Cu(H,0),},  [Cu(im)(u-HL*-1k0:2k°N,0,0")],,
and [Cu,(H,0),(u-H,L-1k°N,0,0:2k0")(u-L-
1k°N,0,0":2k>N’,0")],, oxidize cyclohexane under acid-free
conditions.’ [(H,0)Cu, s{n-L>1k0:2k°N,0’,0"}Cu(H,0),}, and
[Cu,(H,0),(u-H,L7-1k°N,0,0:2k0")(u-L-1k°N,0,0':2k*N’,0")],
selectively oxidize cyclohexane to cyclohexanone over cyclo-
hexanol at low concentrations. The catalytic activities of [(H,O)
Cup s{p-L%-1k0:2°N,0’,0”"}Cu(H,0),}, and [Cu,(H,0),(u-H,L -
1k*N,0,0:2k0")(1-L-1k*N,0,0':2k>N’,0")],, are due to the unco-
ordinated acidic -COOH groups acting in a dual role: func-
tioning as the main catalyst and as an acid catalyst, which
promotes the oxidative reaction process. For an in-depth
investigation of the catalytic mechanisms of [(H,0)Cuq s{u-L°-
1k0:2k°N,0’,0"}Cu(H,0),}» and [Cuy(H,0),(u-H,L -
1k°N,0,0:2k0")(u-L-1k*N,0,0':2k*N’,0")],, a series of reactions
involving oxygen-radical and carbon-radical traps revealed
a significant decrease in the reaction rate. This suggests that
both carbon and oxygen radicals are equally important for the
catalytic activity. Moreover, the radical mechanism may be
driven by the hydroxyl free radical.

Further insights into the oxygen-activation behavior of
PNCCs have been comprehensively described by Singh et al.**®

2834 | RSC Adv, 2026, 16, 2816-2849
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They explored the reactivity of trinuclear and tetranuclear Cu(i)-
based complexes with small molecules, like O, and CO. Their
work demonstrated that these Cu(i) assemblies could reversibly
bind CO and undergo controlled structural reorganizations
upon O, exposure, thereby exhibiting stepwise electron transfer
between Cu centers, a key characteristic of biological multi-
copper oxidases enzymes, such as laccase and ceruloplasmin.
Although no stable Cu;O core was isolated, the study under-
lined the effect of ligand coordination and nuclearity, which
strongly govern the oxygen-activation pathway.’*® These find-
ings effectively bridge the theoretical gap between synthetic
PNCCs and natural oxygenase enzymes, providing a deeper
understanding of how multi Cu clusters facilitate selective
oxidation through cooperative redox processes. A general cata-
lytic mechanism of PNCCs, as shown in Fig. 11, typically
involves several common stages: substrate binding; activation
of molecular oxygen atoms at the Cu ions, leading to the
generation of ROS; and hydrogen abstraction from the substrate
to form radicals. These radicals undergo further oxidation
mediated by electron transfer among Cu ions, and finally, the
product is released, and the Cu complex is regenerated to start
the reaction again.*

6.2. Application as OLED emitters

PNCCs, particularly Cu(i)-based systems, are emerging as highly
promising candidates for use in organic light-emitting diodes
(OLEDs), owing to their low cost, strong photoluminescence,
and excellent tunability."*”**® Their efficient inter-ligand charge-
transfer processes and ability to exhibit thermally activated
delayed fluorescence make them exceptional light emitters,
especially when enhanced through m-conjugated ligand
frameworks.*****® Moreover, the earth-abundant and inexpen-
sive nature of copper makes PNCCs sustainable and cost-
effective. Consequently, they surpass precious-metal emitters,

\

Fig. 11 General
complexes.

catalytic mechanism of polynuclear copper
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making them ideal for scalable OLED fabrication.'**'** Struc-
tural flexibility is another key strength: PNCCs can be readily
tuned through strategic ligand modification, enabling precise
control over emission colors across the visible spectrum and
ensuring compatibility with diverse device architectures.'>*'*
Their dual functionality, as both efficient light emitters and
charge-transfer mediators, further broadens their utility in
advanced OLED technologies.'®

A notable study demonstrated that the reversible and highly
selective photoluminescence observed in the crystalline
solvated [{Cu(pyfpz)},(u-dppe),] originates from its unique
“pyridyl/CH,Cl,/pyridyl” organic sandwich-like stacking. This
was disclosed by an X-ray crystallographic analysis and was
further supported by TD-DFT calculations.’® Such molecular
arrangements highlight how supramolecular organization can
modulate emissive behavior in PNCCs. Further insight into
structure-property relationships was provided by Xiao et al.***
They described the occurrence of mechanically triggered
fluorescence/phosphorescence switching in the planar tri-
nuclear Cu(1) pyrazolate complexes, [Cuz(EBPz);] and [Cus(-
MBPz);]. The study revealed the occurrence of dual emission,
with crystalline samples displaying bluish-violet fluorescence
and ground samples exhibiting red phosphorescence. The
reversible switching, accomplished via mechanical grinding
and recrystallization, arose from a fine balance between ligand-
centered singlet (S;) and cluster-centered triplet (Tg) states,
separated by only 0.18 eV. This close energy proximity allows
efficient intersystem crossing and tunable emissive pathways.***
Overall, such findings demonstrate how rational ligand design,
including the incorporation of auxochromic substituents or the
control of Cu---Cu metallophilic interactions, can specifically
regulate emission energy, lifetime, and color. These structural
strategies open new possibilities for developing stimuli-
responsive, color-tunable, and high-efficiency Cu(i)-based
PNCC emitters, underscoring their significant potential in next-
generation OLEDs and smart optoelectronic applications.

6.3. Separation of C, hydrocarbons

The separation of C, hydrocarbons, such as ethylene (C,H,),
from ethane and acetylene (C,H,) before processing them is
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very important for obtaining useful products. Unfortunately,
these gases are purified by cryogenic distillation, which has two
drawbacks. Firstly, the C, compounds possess very close boiling
points, which are not well separated by this method, and
secondly, the method is economically not viable.'®> Over the last
two decades, another method called non-thermally driven
separation has received widespread attention from academia
and industry.**® This method uses porous materials, such as
metal complexes and metal organic framework (MOF), to
separate C, hydrocarbons from mixtures of other gases. Among
these materials, PNCCs and MOFs based on Cu clusters offer
a superior alternative to traditional cryogenic distillation.
Thanks to m-m interaction, precise pore architecture and
tailored kinetic pathway, PNCCs can distinguish between C,
hydrocarbons, methane, and other gases. Acetylene has a high
electron density due to its triple bond, allowing it to form strong
m-complexes with Cu.'” This leads to enhanced selective
adsorption of C,H, over C,H,, as shown in Fig. 12. Further, the
pore size of Cu-based MOFs is tailored to favor small molecules,
such as C,H, (kinetic diameter = 3.3 A), over large molecules,
such as C,H, (kinetic diameter = 4.2 A).*® Additionally, the
presence of polar functional groups inside the pores enhances
the C,H, affinity through dipole or hydrogen binding interac-
tions, enhancing both the adsorption rate and capacity. Multi
Cu-based MOF (NH,"){Cu™;-[Cu®Cu®¢(OH)s(Ad)s]o} (H,0),
excels in separating acetylene from ethylene (C,H,) efficiently
and effectively, with a selectivity greater than 10: 1,"* due to the
combined strategies mentioned earlier.

6.4. Biological and medicinal applications

PNCCs exhibit significantly higher antimicrobial, anticancer
and antioxidant activities than their mono- or low-nuclear
counterparts and even outperform conventional transition
metal drugs, such as cisplatin.’® In addition, PNCCs show
higher biological activity than the polynuclear complexes of
other transition metals, such as Co(u), Cr(ur), Mn(1r), Zn(u), Fe(m)
and Ni(u)."”**”> This enhanced performance is due not only to
their higher nuclearity but also to numerous organized struc-
tural and electronic factors. One of these factors is the presence
of multiple Cu centers, which facilitate cooperative redox

Selective adsorption of C ,H,
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Fig. 12 Selective adsorption and separation of C,H, from the CoH,/CoH,4 mixture using PNCCs.
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Fig. 13 Mechanism of antimicrobial activity of PNCCs.

interactions. These interactions, which enhance the electron
transfer and strengthen binding with biomolecules, such as
DNA and proteins, become stronger, leading to more efficient
oxidative damage in cancer cells. Other notable factors include
the coordination environment, oxidation state of Cu ions, and
nature of the coordination of bridging ligands. Coordination
modes, particularly those involving donor atoms, such as S, N,
and O, play crucial roles.”® These parameters collectively
determine the redox potential, solubility, and cellular uptake
efficiency of PNCCs.

PNCCs also exhibit remarkable selectivity, preferentially
targeting bacterial, fungal and cancer cells, while showing
minimal effects on normal body cells, as revealed by a selectivity
index that is several times higher than that of cisplatin. Their
reduced toxicity is due to the controlled release of active Cu
species and the absence of severe side effects, such as nephro-
toxicity or hepatotoxicity, which are usually associated with

View Article Online
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maintaining their structural integrity and activity over pro-
longed periods.*®® Altogether, the combination of multinuclear
interactions, suitable coordination design, high selectivity, low
toxicity, and excellent stability makes PNCCs a superior and
safer class of metallodrugs compared to mononuclear and
conventional transition-metal complexes.

6.4.1. Antifungal and antibacterial activity. Traditional
antibiotics and antifungal drugs target a single bacterial and
fungal species or even only one site of bacterial or fungal cells.
This mode of action makes traditional drugs less effective over
time as bacteria develop resistance through mutation or efflux
mechanisms. Furthermore, these drugs struggle against multi-
strain bacterial biofilms. Therefore, the design and synthesis of
new materials to overcome these limitations are necessary. In
this context, PNCCs offer a potential alternative to traditional
antibacterial and antifungal drugs. PNCCs offer multiple modes
of action, such as disrupting the cell membrane, generating
reactive oxygen species (ROS), damaging bacterial or fungal
DNA and interacting directly with enzymes, as shown in Fig. 13,
making it harder for bacteria or fungi to resist.'”>*"”

These ROS cause damage to the protein, DNA and lipid
membranes of both bacterial and host cells, causing cell
death.'”® In addition, the lipophilic nature of PNCCs and the
presence of multiple Cu centers and tunable ligands with
antibacterial and antifungal properties further enhance the
antimicrobial activities of PNCCs. Due to these characteristics,
PNCCs are more versatile, effective and less prone to resistance,
making them a more favorable alternative to traditional anti-
bacterial and antifungal drugs. [Cu,(phen),(OH),(H,0),]-
2PAc-6H,0 was tested for its antibacterial activity against
Escherichia coli (a Gram-negative strain), Micrococcus luteus, and
Bacillus subtilis (Gram-positive strains). [Cuy(phen),(OH),(H,-
0),]-2PAc-6H,0 showed the highest antibacterial activity
compared with the commercially available drug, cefixime. It

platinum-based ~drugs.®**’* Furthermore, PNCCs exhibit also exhibited antibacterial activity against the Gram-negative
enhanced solution stability during biological exposure, Strain, Escherichia coli, although E. coli typically shows
205"+ 2H* H,0, + 0,

Protected Zone

Fig. 14 Antioxidant activity of PNCC protecting cells from ROS.
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resistance to antimicrobial agents.'” [Cuy(phen),(OH),(H,0),]
2PAc-6H,0 was also studied for its antifungal activity against
Mucor piriformis and Helminthosporium solani. It was found that
the complex showed the highest antifungal activity, 75%,
compared to the 42% activity of the terbinafine drug.'”
Furthermore, three tetranuclear complexes, [(Cu,Ocl)
Cl(PhIm);](HPIm)-H,0, [(Cu,Ocls)(PyNO),]-1/5(H,0), and
[(CuyOclg)(MeIm),]-3(CH30H), exhibit antibacterial activity,
mainly against Gram-negative bacteria. However, among these
complexes, [(Cu,Oclg)Cl(PhIm);](HPIm)-H,O exhibited anti-
bacterial activity against both Gram-negative and -positive
bacteria.’

6.4.2. Antioxidant activity. PNCCs have gained significant
attention as antioxidant agents because of their unique struc-
tural and redox properties, as shown in Fig. 14. PNCCs mimic
the activity of natural antioxidant enzymes, such as superoxide
dismutase (SOD), which converts superoxide radicals into
hydrogen peroxide and oxygen.'®** Furthermore, they exhibit
catalase and peroxidase-like activities by decomposing
hydrogen peroxide into water and oxygen.'*"'®*> In addition,
PNCCs contain multiple redox-active Cu centers (Cu(1)/Cu(i))
that cooperatively neutralize ROS, making them highly effective
antioxidants.'® A notable study by Sugich-Miranda et al. has
demonstrated that two binuclear Cu(u) complexes: Cu,PO and
Cu,PC, showed stronger antioxidant activity than ascorbic acid
and potent SOD-like activity, with ICs, values of 52 nM and 0.5
uM, respectively.®® These two complexes were also non-toxic to
human cells, showing their potential in biomedical applica-
tions. This reveals the superior efficiency and safety of PNCCs
over traditional antioxidants. Similarly, [Cu,L"](ClOy4), exhibi-
ted the highest antioxidant activity and protected erythrocytes
during H,0,-induced hemolysis.® The activity of [Cu(L*)Ns],
against the 2,2-diphenyl-1-picrylhydrazyl free radical was
examined, and it exhibited 19.5% inhibition at a concentration
of 100 ppm in the reaction mixture.*

6.4.3. DNA binding ability. PNCC complexes bind to the
DNA of the host using unique and versatile mechanisms, such
as intercalation and groove binding, which tend to cause
damage to the DNA of the host cell by generating reactive
oxygen species, as depicted in Fig. 15. Unlike other organic DNA
binders, the multiple Cu centers, as well as the planar organic
ligands (such as aromatic rings), enhance the interaction of
PNCCs with DNA, resulting in strong binding. Unlike conven-
tional drugs, like cisplatin, PNCCs exhibit superior redox

PNCCs

DNA Binding
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activity for DNA cleavage. Therefore, they have significant
potential for use in biomedicine, including in antimicrobial,
anticancer, and biosensing applications.’®* [Cu,(phen),(OH),(-
H,0),]-2PAc-6H,0 was tested for its ability to bind with the
DNA of salmon sperm by voltammetry and absorption spec-
troscopy, and it was found that it could bind successfully."*®

6.4.4. Anticancer activity. In current research on anticancer
drug development, PNCCs have emerged as effective anticancer
agents compared to conventional platinum-based drugs, such
as cisplatin, which, in spite of their medical success, are limited
by severe side effects, limited selectivity, and drug resistance.
PNCCs represent a new therapeutic dimension by integrating
redox-active behavior, DNA-binding affinity, and the generation
of ROS into a single molecular system.'®*® Furthermore, these
complexes can selectively target cancer cells, trigger
mitochondrial-mediated apoptosis, and overcome multi-drug
resistance, while exhibiting low toxicity to human cells.’
Their structural tunability with versatile and flexible ligands
allows researchers to fine-tune their interaction with biomole-
cules and living cells, cytotoxic potency and selectivity. More-
over, PNCCs not only attack cancer cells via multiple cellular
mechanisms but also minimize collateral damage,'® offering
a promising leap forward in the development of next-generation
metal-based anticancer therapeutic agents.

A study by Pefia et al. demonstrates that the synthesized
Cu(n) complexes: [CuL'’],, [CuL'®], and [CuL'’],, exhibit
substantial selective and strong anticancer action against
cancer cells (HeLa and MCF7) with ICs, values of around 25 uM,
as compared to cisplatin, and show potential as ROS generators
for targeted cancer therapy.'® A study by Massoud et al
demonstrated that dinuclear Cu(n) complexes [Cu,(L'®),](-
ClO4)s, [Cus(L™))(ClOL),, [Cun(L)], [Cun(L*)s], [Cua(L??)a(-
H,0)]-2H,0, and [Cu,(L*%),(H,0)]-2H,0, especially
[Cu,(L*®),(H,0)]-2H,0, are promising anticancer agents, out-
performing cisplatin in both efficacy and breadth of activity.
Their distinct mechanisms, particularly involving autophagy
and cuproptosis, highlight their potential as alternatives to
platinum-based drugs.*”

6.5. Application in wastewater treatment

Wastewater polluted with over 700 000 tons of toxic, carcino-
genic, and poorly degradable organic dyes each year poses
serious environmental and health risks, demanding efficient
treatment

technologies. Among various approaches,

Fig. 15 DNA binding and cleavage mediated by ROS generated by PNCCs.
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heterogeneous dark-Fenton catalysis has emerged as a supe-
rior strategy, owing to its ability to generate reactive oxygen
species (ROS) for pollutant degradation without requiring
light or electricity."® Coordination polymers, due to their
structural tunability, stability, and diverse properties, have
shown great potential for use as dark-Fenton catalysts. In this
context, two Cu(i)-based coordination complexes, Hy(Cu,Bre)
[(CuyBr3)(L?®),(H,0)], and [(CusBre)(CueBro)[CusBr(L>®),]],
were obtained through the structural transformation of
[Cu,(TTTMB),(H,0)sCl6]-2H,O and investigated for their
dark-Fenton catalytic performance. The results revealed that
both complexes delivered efficient Fenton-like degradation of
methyl orange (MO) in the presence of H,O, with or without
photoirradiation, and they were recyclable, confirming the
crucial role of Cu(r) oxidation in initiating the degradation
process.’® Additionally, a tetranuclear Cu(1)-based coordina-
tion complex, [Cu,(L*°)Cl,], was synthesized by the sol-
vothermal method, exhibiting a 3D structure stabilized by
hydrogen bonding and m-7 interactions. It delivered efficient
dark-Fenton degradation of methylene blue (MB), achieving
71.9% removal within 120 min, driven by Cu(u/1) redox
cycling.** Furthermore, a multivalent Cu-based coordination
polymer, [Cu"Cu,'(L*")Cl;(SCN)],-2CH;CN, was synthesized
using a polypyridyl ligand, and it demonstrated remarkable
dye-degradation efficiencies of 93.5%, 80% and 80.1% for MB,
rhodamine B (RhB), and MO within 120 min in dark, respec-
tively, through the activation of H,0, by Cu(i/u) redox
cycling.** Collectively, these studies highlight the promising
potential of multivalent PNCCs as stable, robust, and highly
effective catalysts for wastewater purification.

Besides their role as dark-Fenton catalysts, PNCCs are also
used as photo-catalysts in photo-Fenton catalysis for toxic
organic dye degradation. In this regard, three Cu(u)-based
coordination polymers: {[Cu;(L**)(NO;),(DMF)(H,0)]
3(DMF)},,, [Cus(L*°)(Cl),(DMF),],,, and [Cus(L*°)(NO;)4(H,0)4]s,
were synthesized and tested for the photocatalytic degradation
of MO and RhB under UV light. Among them, [Cus(-
L*%)(NO;)4(H,0),],, showed the highest degradation efficiency,
achieving 73% degradation of RhB and 64% of MO within 1 h,
followed by [Cus(L*°)(Cl),(DMF),], (59% for RhB and 54% for
MO) and {[Cu;(L*°)(NO;),(DMF)(H,0)]-3(DMF)},, (59% for RhB
and 53% for MO). The differences in the photocatalytic
performances are closely associated with variations in the
coordination environment of the Cu centers. In [Cus(-
L3%)(NO3)4(H,0)4],, nitrate bridging, along with coordinated
water molecules, enhances charge transfer and results in
a narrower band gap (~2.39 eV), which significantly boosts
photocatalytic activity. By contrast, chloride bridging in [Cu,(-
L*%)(Cl1),(DMF),], and phenoxo bridging in {[Cus(L*°)(NO3),(-
DMF)(H,0)]-3(DMF)},, produce slightly larger band gaps
(~2.50 eV and 2.85 eV, respectively), thereby limiting light
absorption and decreasing photocatalytic efficiency. These
findings clearly demonstrate that the identity of the bridging
ligand and the donor environment around Cu play decisive
roles in tuning the band gap and regulating photocatalytic
degradation performance.'”
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6.6. Electrocatalyst for CO, reduction

The electrochemical reduction of CO, (eCO,RR) to multi-carbon
(C,) products, such as ethylene, is highly important because it
offers a sustainable route to value-added chemicals for industry
while addressing climate change.** However, this approach
faces key challenges: (i) low selectivity due to competing
hydrogen evolution, (ii) complex multi-electron transfer path-
ways, and (ii) poor stability of molecular catalysts that
frequently convert into nanoparticles during electrolysis.'
Fortunately, PNCCs provide a promising solution to address
these issues, as the proximity of multiple Cu centers facilitates
C-C coupling between CO, reduction intermediates, a critical
step toward C, product formation. Moreover, the utilization of
robust ligands, such as phenanthroline, stabilizes the Cu-
centers, prevents catalyst degradation, and improves elec-
tronic properties. Recent studies have demonstrated the
significantly improved faradaic efficiencies (FE) of binuclear Cu-
phenanthroline systems for C,H,. In this context, a conductive
binuclear Cu(i)-based complex, [Cu,(ophen),], with a short Cu- -
Cu distance (2.62 A) was synthesized for the electrochemical
reduction of CO, to C,H,. The close Cu---Cu contact enables CO
bridging and efficient C-C coupling, resulting in a faradaic
efficiency of 55%, a current density of 580 mA cm™?, and high
stability over 50 h. This study shows that short Cu---Cu
distances are essential for enhancing activity and selectivity in
CO, conversion to C,H,."**

In addition, a binuclear hydroxo-bridged phenanthroline
Cu(n)-based complex, [Cuy(phen),(OH),(H,0),][Cu,(phen),(-
OH),Cl,]Cl,-6H,0, with a short Cu---Cu distance was prepared
as an efficient molecular catalyst for the electrochemical
reduction of CO, to C, products. This catalyst attains a high FE
of 62% for C, compounds with minimal H, evolution (8%) and
upholds structural integrity over 15 h of continuous process.”*
However, [Cuy(phen),(OH),(H,0),][Cu,(phen),(OH),Cl,]
Cl,-6H,0 slowly leaches into the electrolyte during CO, reduc-
tion, which makes them unstable for long-term and practical
operation. Ligand design, another key factor for enhancing
PNCCs in terms of CO, reduction, was employed to overcome
the stability issue of [Cuy(phen),(OH),(H,0),][Cu,(phen),(-
OH),Cl,]Cl,-6H,0. The incorporation of methoxy groups into
the 1,10-phenanthroline ligand critically redesigned the coor-
dination architecture of Cu complexes, transmuting the
unstable binuclear [Cu,(phen),(OH),(H,0),][Cu,(phen),(OH),-
Cl,]Cl,-6H,O into an oligonuclear, cascade-like structure,
[Cug(4,7-MeO-phen)g(,-OH),(13-OH),CL,], in which  4,7-
dimethoxy-1,10-phenanthroline is connected by p,-and p;-
hydroxo linkages. The electron-donating -OMe substituents
increased the electron density on the Cu centers, improving
the framework stability and suppressing Cu leaching (from
2.5 mg mL ™" to 0.03 mg mL ') into the electrolyte. This ligand-
induced stabilization not only enhanced water insolubility and
prohibited structural collapse but also strengthened Cu-ligand
interactions, preserving Cu(u) integrity under high current
densities. Consequently, [Cug(4,7-MeO-phen)g(p,-OH)4(1s-
OH),Cl,] achieved a high faradaic efficiency (>70%) for C,
products at 200 mA cm™ > with long-term operational
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stability.*” Thus, the strategic methoxy amendment reveals how
fine-tuning the ligand's electronic and steric properties can
concurrently enhance the robustness and catalytic performance
of molecular Cu electrocatalysts for CO, reduction.

Besides these two key factors, the performance and selec-
tivity of PNCCs in eCO,RR are also governed by the nature of the
solvent and the electronic state of the Cu centers. The oxidation
and electronic states of the Cu centers regulate the strength of
the CO, and *CO intermediate binding. Mixed-valence Cu(i)/
Cu(u) or transient Cu(1) species increase electron delocalization,
thus enabling multi-electron transfer and C-C coupling path-
ways.'® Moreover, the ligand-controlled regulation of the Cu(u)/
Cu(r) redox potentials stabilizes the reactive Cu(i) sites and
lowers the overpotentials, thereby improving stability and
faradaic efficiency.'” Meanwhile, the solvent directly affects the
CO, solubility, proton availability, and stabilization of charged
intermediates. Protic solvents or water-rich environments
promote proton-coupled electron transfer and favor products
like CO and formate (HCOO). In contrast, aprotic media, such
as acetonitrile, overwhelm the proton supply and alter the
selectivity toward C-C coupled products.”*” Collectively, the
coordination strength and solvent polarity affect the redox
potential range and structure of the active Cu centers. There-
fore, optimal eCO,RR performance of PNCCs arises by harmo-
nizing the Cu electronic configuration and solvent environment
with the Cu---Cu distances and ligand design.

6.7. As a photosensitizer

6.7.1. Photosensitizer for photocatalytic CO, reduction.
Artificial photosynthesis is a promising strategy for converting
solar energy into chemical fuels, with CO, reduction being one of
the most significant reactions for sustainable energy production
and reducing global warming.>** A photocatalytic system for CO,
reduction includes a photosensitizer, a catalyst, and an electron
donor. Traditionally, photosensitizers based on Ru, Re, Ir, and Os
are highly efficient but expensive and scarce.””**” Organic dyes
have been researched thoroughly, but they face challenges such
as photobleaching and poor performance in terms of CO,
conversion.?**?** Recently, Cu(i)-based complexes have emerged
as crucial materials, because Cu is earth-abundant, and their
heteroleptic di-imine-bis-phosphine complexes display strong
oxidation power and suitable reduction potentials. As a photo-
sensitizer, binuclear Cu(i)-based complexes with a tetradentate
phenanthroline-phosphine ligand, [Cu,(P,dmp),](PF),, exhibit
high stability, extended excited-state lifetime, and strong redox
ability. With a Fe(n)-based catalyst, [Cu,(P,dmp),](PFs), achieved
a turnover number of 273 and a quantum yield of 6.7%.>°° In
addition, the binuclear Cu(r)-based complex, [Cu,(P,bph),](PFe),,
was demonstrated to be a highly efficient and durable photo-
sensitizer for CO, reduction. In combination with Mn-based
catalysts, it delivered excellent performance: a quantum yield of
57%, a turnover number greater than 1300, and 95% selectivity.”””
The aforementioned two Cu(i)-based di-imine-bis-phosphine
complexes offer robust redox abilities; however, their limited
ligand stability causes rapid detachment in coordinating
solvents, limiting their effectiveness as photosensitizers. This

© 2026 The Author(s). Published by the Royal Society of Chemistry
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issue was resolved by modifying the di-phosphine-phenanthro-
line ligands with a CF; substituent. These structural changes
significantly extended the visible-light absorption and increased
the absorption intensity and stability. This modified ligand was
employed for the preparation of [Cuy(L**),](PFe),. The
[Cu,(L**),](PF,), material, as a photosensitizer along with an Fe-
based catalyst, achieved the highest quantum yield and
remained intact in solution after irradiation for 48 h."> These
results demonstrate the effectiveness of ligand modification in
optimizing Cu(i)-based photosensitizers for photocatalytic CO,
reduction systems.

6.7.2. Photosensitizer for photocatalytic H, production.
Cu-based PNCCs have also proven to be efficient photosensi-
tizers for photocatalytic hydrogen production, offering
a sustainable alternative to precious-metal systems. A notable
example is the polyoxometalate-based hybrid PNCC, [Cus(2-
ptz)6(H,0)4(GeW16040)]-4H,0, which achieved a hydrogen
evolution rate of 3813 pumol g¢~* h™" under visible light without
the use of noble-metal cocatalysts, the highest reported among
traditional polyoxometalate-based materials.**® The improved
activity is ascribed to the formation of heteropoly blue species
that extend absorption into the visible region, efficient elec-
tron-hole separation facilitated by Cu layers, and improved
dispersion of polyoxometalate units.”*® These findings demon-
strate the strong potential of Cu complexes as photosensitizers
for cost-effective and stable H, production systems. However,
this remains a relatively less explored area, highlighting the
need for further research to fully realize the potential of PNCCs
as photosensitizers for H, generation.

6.8. Electrocatalysts for H, production

Owing to its high energy density and environmentally friendly
nature, hydrogen is considered a vital clean fuel.*”® Water-
splitting technology provides a sustainable route for its produc-
tion, including two critical half-reactions: the oxygen evolution
reaction (OER) and the hydrogen evolution reaction (HER).>*
Platinum- and other noble metal-based catalysts remain the
standard for these processes; however, their scarcity and high
cost drive researchers to develop efficient alternatives based on
earth-abundant metals.***'? Cu is particularly attractive because
of its versatile redox chemistry, tunable coordination environ-
ments, and recognized catalytic performance in reactions such as
CO, reduction,* nitrogen reduction,*** and water oxidation.>*>*¢
While nanostructured Cu-based materials have shown strong
HER activity across different pH ranges,"” molecular Cu
complexes, especially polynuclear species, have received far less
consideration. Their limited study arises largely from stability
issues under reducing conditions, where complexes frequently
decompose into heterogeneous Cu species.*"”

Recent literature has demonstrated that well-designed PNCCs
can overcome these challenges. By bringing multiple Cu centers
into proximity, they mimic hydrogenase enzymes, allowing coop-
erative proton binding and efficient electron transfer. A binuclear
Cu-complex, [Cu,(u-OH)(1-NO3)(L*!),], with a Schiff base ligand
derived from salicylaldehyde and histidine, was developed as an
efficient HER electrocatalyst, exhibiting exceptional activity in
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both aqueous and non-aqueous media. It displays low over-
potentials (~150-270 mV), high turnover frequency (~13 200 s~ ),
and long-term stability during controlled potential electrolysis,
highlighting its promise as a cost-effective, earth-abundant cata-
lyst for hydrogen production.>® Despite these advances, research
on PNCCs for hydrogen evolution remains sparse. This underex-
plored area offers substantial potential, and further studies on
their rational design, stability, and integration into photocatalytic
and electrocatalytic systems are strongly recommended.

7. Future recommendations

To date, significant progress has been made on (PNCCs);
however, further studies are still required to enhance their
scalability, structural integrity, stability, and functionality.
Future studies on PNCCs should emphasize the design of
innovative multifunctional ligands with tunable coordination
sites, pre-organized templates, and environmentally benevolent
synthetic approaches, such as green, biomimetic, and mecha-
nochemical strategies, to improve structural diversity and
sustainability. The existing methods employed for the synthesis
of polynuclear copper complexes (PNCCs) often require long
reaction times to achieve stable products. Therefore, further
efforts are needed to improve current synthetic strategies or to
develop new approaches capable of producing PNCCs more
efficiently within shorter timeframes. Apart from synthetic
strategies, integration of in situ spectroscopic techniques with
computational tools, including DFT, molecular dynamics, and
emerging machine learning models, will be essential for gain-
ing deeper insights into electronic structures and for estab-
lishing clear structure-property correlations, particularly in
relation to nuclearity, bridging motifs, and cooperative effects.
On the application front, PNCCs are promising materials for
use as anticancer agents, antimicrobial entities, and photo-
luminescent materials for OLEDs. However, they have been
investigated less extensively as catalysts for CO, reduction,
water oxidation and H, production. At the same time, chal-
lenges such as scalability, long-term stability, recyclability, and
toxicity must be systematically investigated to permit their real-
world utilization. Overall, the convergence of synthetic crea-
tivity, advanced characterization, and computational modeling
is expected to guide the rational development of next-
generation polynuclear copper complexes with widespread
impact across chemistry, materials science, and biology.

8. Conclusions

PNCCs are an interesting and versatile class of coordination
compounds, exhibiting widespread structural diversity originating
from the nature of the ligands, solvent, Cu-to-ligand ratios, pH of
the reaction media, and counterions. In this review, we have
summarized their synthetic approaches, including solvothermal,
direct or self-assembly, coordination-driven self-assembly, sol-
vothermal methods, template-based, and supramolecular
approaches. We also explored their characteristic features studied
using various techniques, including FTIR, Raman and UV-visible
spectroscopy, mass spectrometry, and single-crystal/powder XRD
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analyses. Additionally, we summarized their magnetic properties
and diverse applications, including applications in catalysis and
the selective separation of C,H, from the C,H,/C,H, mixture and
as antimicrobial and antioxidant agents. We also explored their
DNA-binding affinity and potential anticancer activity, alongside
their roles as photoemitters and charge-transport layers in OLEDs.
In addition, we discussed their potential as electrocatalysts and
photosensitizers for CO, reduction and H, production, along with
their roles as photo- and electro-catalysts for the degradation of
toxic organic pollutants in wastewater. These complexes will play
an essential role as next-generation materials in both material
science and biomedical technologies, with progressive innovation
in their synthesis, ligand design and practical applications.
Despite this significant development, several future directions
remain open for further research to improve their performance
and utility. For example, researchers can explore novel ligands that
offer greater flexibility and control over the assembly of multinu-
clear copper complex structures. There is a need for more
controlled and green synthetic protocols that can precisely deliver
a high yield of polynuclear complexes with desired nuclearities
and topologies to optimize their applications. A deep under-
standing of the mechanisms governing how the solvent, pH of
reaction media and nature and structure of ligands influence the
self-assembly and stability of polynuclear copper complexes is
essential. Such insights will extend their applications to emerging
areas, such as molecular electronics, environmental remediation,
CO, conversion into valuable gases (such as methane) and tar-
geted drug delivery.
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