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Abstract 
Schiff-base ligands provide a modular platform for coordination chemistry because their imine functionality can be 

incorporated into diverse donor sets, denticities, substitution patterns and molecular architectures. Coordination with 

metal ions expands this diversity through changes in geometry, nuclearity, electronic structure and supramolecular 

organization. This review examines these structural variables from a structure property perspective, emphasizing how 

ligand architecture, donor-atom arrangement, rigidity, flexibility, metal identity, oxidation state and coordination 

number influence molecular and functional behaviour. Particular attention is given to electronic, photophysical, 

magnetic, catalytic and biological properties and to the complementary roles of crystallography, spectroscopy and 

computational chemistry in establishing reliable correlations. Although a large number of Schiff-base complexes have 

been reported, comparison across ligand families and metal centres remains difficult because apparently small 

structural changes can alter coordination modes, nuclearity and functional response. A multidimensional framework 

linking ligand architecture, metal binding, coordination geometry, electronic structure, intermolecular interactions and 

function is therefore proposed as a basis for more rational Schiff-base design. 
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1. Introduction 
Molecular design in coordination chemistry depends on controlling the spatial arrangement and 

electronic environment of a metal centre through ligand selection. Schiff bases are especially 

useful because their imine or azomethine group is readily formed by condensation of a carbonyl 

compound with a primary amine and can be incorporated into mono-, bi-, tri- and polydentate 

architectures. Salicylaldimines, salen- and salophen-type ligands, hydrazones, 

thiosemicarbazones and related systems consequently occupy a broad region of coordination 

chemistry. Their appeal arises not only from synthetic accessibility but from the ability to alter 

donor atoms, chelate-ring size, rigidity, conjugation, steric environment and protonation state 

while retaining a recognizable ligand framework [1–4]. 

The central scientific question is how this molecular diversity propagates through metal binding 

to determine coordination geometry, nuclearity, electronic structure and ultimately function. A 

change in the carbonyl precursor can modify steric demand and conjugation; changing the amine 

can alter denticity, flexibility and donor arrangement; and substitution can tune both electronic 

density and intermolecular interactions. These variables are coupled. A substituent introduced to 

strengthen metal binding may also change ligand conformation, while increased rigidity may 

stabilize one coordination mode but prevent the geometry preferred by another metal. 

Consequently, Schiff-base chemistry provides an unusually useful test bed for structure–

property relationships, but the same diversity that permits property tuning also complicates 

generalization. 

Recent structural work illustrates this point. Crystallographic and computational investigation of 

a fluorinated Schiff-base copper system revealed a dinuclear complex with distorted square-

pyramidal copper environments and significant intra- and intermolecular interactions [5]. 

Zinc(II) Schiff-base complexes likewise demonstrate how hydrogen- and halogen-bonding 

interactions can influence the supramolecular environment beyond the primary coordination 

sphere [6]. Such observations show that a formal ligand formula is not sufficient to describe a 

complex: coordination geometry, nuclearity and solid-state organization may all change the 

resulting behaviour. 

Schiff-base metal complexes have consequently been investigated in catalysis, sensing, 

bioinorganic chemistry, magnetism and photofunctional materials [2,7–10]. However, much of 

the literature is organized by application or metal ion, making it difficult to identify structural 

principles that remain valid across compound families. This review therefore adopts a structure-

centred perspective, moving from ligand architecture to metal-induced structural diversity, then 
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to structure-dependent properties, characterization, applications and remaining gaps. The 

objective is to identify recurring design variables while recognizing where the chemistry 

remains system-specific. 

 

2. Structural diversity of schiff-base ligands 
The structural space of Schiff bases begins with the choice of carbonyl and amine precursors. 

Aromatic aldehydes can introduce rigid conjugated frameworks, whereas ketones and 

substituted carbonyl compounds provide additional steric and electronic control. Diamines and 

multifunctional amines generate multidentate ligands capable of imposing defined coordination 

environments. This modularity explains the large family of salen-, salophen-, hydrazone-, 

thiosemicarbazone- and related systems [1,3,4]. 

Denticity is one of the strongest structural controls. Monodentate ligands leave substantial 

freedom at the metal, while bidentate and higher-dentate ligands progressively constrain 

coordination. Yet denticity should not be equated with rigidity. Flexible multidentate ligands 

can adapt to different metals and produce several binding modes, whereas rigid ligands may 

impose a narrow geometry but develop strain when the metal preference is incompatible with 

the ligand pocket. The balance between preorganization and adaptability therefore becomes a 

key design variable. 

Donor-atom identity further changes coordination behaviour. N,O donors are particularly 

common, while sulfur-containing Schiff bases provide softer, more polarizable donor 

environments. HSAB concepts are useful for anticipating metal preference, but actual structures 

also depend on oxidation state, steric effects, solvent, protonation and competing donor groups 

[3,11]. Substituents can alter imine basicity, phenolic acidity, metal–ligand covalency and 

charge-transfer energetics. Ortho substitution additionally changes steric accessibility and ring 

torsion, whereas remote substituents can modify electronic communication with smaller 

geometric effects. 

Tautomerism and proton transfer add another dimension. Salicylaldimine and hydrazone 

systems may access alternative tautomeric forms, and metal coordination can shift these 

equilibria by stabilizing a deprotonated donor set. Structural studies of ONO pyridyl hydrazone 

complexes demonstrate that tautomerism, coordination and molecular structure can be closely 

coupled [12]. Thus, the C=N group should not be treated as an isolated functional group; its 

chemical role depends on the surrounding donor framework and protonation state. 

Rigidity, planarity and conjugation also control intermolecular organization. Extended aromatic 

surfaces can promote π–π stacking, while phenolic, amide and hydrazone groups can create 

hydrogen-bond networks. These interactions may influence luminescence, recognition, magnetic 

exchange and crystal packing. A meaningful structure–property analysis must therefore consider 

both the first coordination sphere and the larger supramolecular environment. 

 

3. Metal-induced structural diversity 
Metal coordination introduces a second major source of structural variation. Ionic radius, 

oxidation state, electron configuration, coordination number and ligand-field preferences 

determine which coordination environments are accessible. Cu(II) often exhibits distorted 

tetragonal environments, Ni(II) can support square-planar or octahedral structures, Pd(II) and 

Pt(II) commonly favour square-planar geometry, while Zn(II) often accommodates tetrahedral 

or higher-coordinate arrangements. Fe, Co and Mn systems show additional variation because 

oxidation and spin state can change geometry and magnetic behaviour. Lanthanide ions form a 

distinct class in which large ionic radii permit high and variable coordination numbers [1,3,7]. 

The metal can also change ligand protonation and nuclearity. Deprotonated phenolate or 

carboxylate groups may bridge two or more metal ions, producing dinuclear, polynuclear or 

polymeric structures. Auxiliary ligands and counter-ions may become part of the coordination 

sphere, so the final complex can differ substantially from the simple ligand–metal stoichiometry 

anticipated from the synthesis. Nuclearity is especially important because metal–metal 

interactions and bridging pathways can generate cooperative magnetic, catalytic or energy-

transfer behaviour. 
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High-nuclearity Schiff-base assemblies demonstrate the upper end of this structural spectrum. 

Recent Tb and Dy systems containing Schiff-base macrocycles have shown stepwise metal-

templated assembly and functional behaviour including fluorescence sensing and single-

molecule-magnet characteristics [13]. Such systems reinforce the idea that metal coordination 

can act as a construction principle for higher-order molecular architectures rather than simply 

producing a discrete coordination compound. 

 

4. From molecular structure to function 
The functional properties of Schiff-base complexes arise from the combined electronic and 

geometric environment created by the ligand and metal. Optical behaviour may involve ligand-

centred, d–d, ligand-to-metal charge-transfer or metal-to-ligand charge-transfer transitions. 

Donor strength, conjugation, coordination geometry and metal–ligand covalency can therefore 

shift absorption and emission energies. Small structural changes may also modify nonradiative 

relaxation through changes in rigidity or molecular motion. 

Lanthanide complexes illustrate the importance of the complete coordination environment. 

Schiff-base ligands can act as antennae that absorb excitation and transfer energy to lanthanide-

centred states. Efficient sensitization depends on ligand excited-state energies, metal–ligand 

distances, charge-transfer states, aggregation and temperature rather than on chromophore 

structure alone [14]. Recent Tb and Dy complexes combine luminescence with magnetic 

relaxation, demonstrating that one coordination framework can couple optical and magnetic 

functions [15]. 

Magnetic behaviour is similarly structure-dependent. Transition-metal complexes can exhibit 

spin-state changes, anisotropy and exchange interactions, while lanthanide complexes can 

display slow magnetic relaxation when the coordination environment provides suitable 

anisotropy. In multinuclear systems, the identity and geometry of bridging ligands become 

particularly important because they control magnetic exchange pathways. 

Catalysis provides another direct structure–function relationship. Schiff-base complexes have 

been investigated in oxidation, epoxidation, hydroformylation, cyclopropanation, C–C coupling, 

Michael addition and polymerization [8,9]. Catalytic behaviour depends on metal identity, 

oxidation state, open coordination sites, ligand donor strength and steric accessibility. A 

strongly chelating ligand can improve stability but may hinder substrate binding; a flexible 

ligand may facilitate coordination changes but can also permit decomposition. Thus, activity 

cannot be assigned to the ligand or metal independently. 

Biological properties likewise depend on coordination-induced changes in charge, lipophilicity, 

redox behaviour and molecular geometry. Schiff-base complexes have been widely investigated 

for antimicrobial, antioxidant and anticancer effects [3,10,16]. However, comparisons across 

studies are limited by differences in assay conditions and biological models. Structural claims 

about activity are strongest when free ligand, metal salt and complex are compared under 

matched conditions. 

Supramolecular organization provides an additional level of control. Hydrogen bonding, π-

stacking, electrostatic interactions and halogen bonding can determine crystal packing and 

influence sensing, optical and magnetic behaviour. Recent zinc(II) Schiff-base structures 

demonstrate how secondary interactions can become an important part of the molecular 

architecture [6]. Structure–property relationships should therefore extend beyond metal–donor 

bonds to include the wider molecular and crystal environment. 

 

5. Synthesis and structural control 
Conventional Schiff-base synthesis is generally straightforward, but formation of the final metal 

complex is not always structurally deterministic. Solvent, pH, stoichiometry, temperature, 

counter-ion and crystallization conditions can influence protonation, coordination mode and 

nuclearity. Microwave, ultrasound, solvent-free and aqueous procedures have been developed to 

reduce reaction time and solvent use [17,18]. 

Synthetic methodology should therefore be evaluated not only by yield and reaction time but 

also by structural reproducibility. Microwave heating may change nucleation and thermal 

gradients, while sonochemical methods can alter mixing and local energy deposition. Green 
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protocols can reduce environmental impact, but a lower-solvent synthesis is not necessarily 

superior if it produces mixed phases or poorly reproducible coordination products. Recent 

reviews emphasize this balance between efficiency, sustainability and control [17,18]. 

 

6. Structural characterization and methodological challenges 
Reliable structure–property relationships require complementary characterization. Single-crystal 

X-ray diffraction is the most direct method for defining molecular connectivity, coordination 

geometry, nuclearity and crystal packing when suitable crystals are available. Powder X-ray 

diffraction is valuable for phase identification but generally cannot replace a complete single-

crystal structure for complex architectures. 

FTIR can reveal changes in imine and donor-group vibrations, NMR is useful for diamagnetic 

species, UV–visible spectroscopy probes electronic transitions, and photoluminescence 

measurements reveal emissive states. EPR is particularly informative for paramagnetic centres 

such as Cu(II) and Mn(II), while electrochemistry can distinguish accessible redox processes. 

Thermal analysis provides information on solvent loss and decomposition. Mass spectrometry 

can support molecular composition, although gas-phase ions should not automatically be 

equated with solid-state structures. 

DFT and related computational methods increasingly complement these measurements by 

examining molecular orbitals, charge distribution, geometry and excited states. Hirshfeld-

surface and quantum-theory-of-atoms-in-molecules analyses can further clarify intermolecular 

interactions [5]. The strongest studies therefore combine structural, spectroscopic and 

computational evidence rather than assigning complete molecular structure from a single 

technique. 

 

7. Structure–property relationships and knowledge gaps 
Several broad trends are well established: increasing denticity generally increases geometric 

constraint; donor strength influences metal binding and electronic structure; conjugation affects 

optical behaviour; and metal identity strongly influences geometry, redox and magnetic 

properties. Yet these relationships are not universally transferable. A ligand modification that 

strengthens binding to one metal may alter tautomerism or steric congestion with another, while 

increased rigidity may improve photophysical stability but prevent a preferred coordination 

geometry. 

The literature also contains a persistent separation between molecular structure and functional 

testing. Crystallographic studies may define a precise solid-state structure without establishing 

solution behaviour; photophysical studies may report strong emission without fully resolving the 

emissive species; catalytic studies may optimize yield without proving catalyst integrity; and 

biological studies may report activity without resolving the separate contributions of ligand and 

metal. These differences complicate direct comparison. 

The principal knowledge gap is therefore not a shortage of Schiff-base structures but a shortage 

of broadly transferable, experimentally validated structure–property relationships. Three levels 

require stronger integration: molecular coordination structure, supramolecular organization and 

functional performance. Future studies should systematically vary one structural descriptor at a 

time, characterize both solution and solid states where relevant, and use standardized functional 

measurements. Data-driven methods may eventually assist prediction, but their usefulness will 

depend on consistent structural assignments and comparable experimental datasets. 

 

8. Emerging applications 
Schiff-base complexes continue to support diverse applications. In catalysis, salen- and related 

frameworks provide tunable coordination environments for selective transformations [8,9]. 

Immobilization on magnetic supports can facilitate separation and recycling, although support 

attachment may change accessibility and coordination geometry [19]. 

In bioinorganic and medicinal chemistry, metal coordination can modify charge, lipophilicity, 

redox properties and biomolecular interactions. Recent reviews cover antimicrobial, antioxidant 

and anticancer applications, including efforts to address drug resistance [10,16,20]. These 
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directions are scientifically promising, but practical development requires systematic toxicity, 

selectivity, stability and mechanistic studies. 

Sensing and photofunctional materials exploit the optical and electronic consequences of 

ligand–metal interaction. Conjugated Schiff bases can respond to analytes through changes in 

fluorescence, absorption or proton-transfer equilibria. Lanthanide systems add characteristic 

emission, while multinuclear architectures can provide cooperative responses [13,14]. Metal 

Schiff-base materials have also been explored in optoelectronic and energy-related applications 

because conjugated ligands can combine optical properties with metal-centred redox chemistry 

[21]. In each case, molecular performance should be distinguished from complete device or 

application performance. 

 

9. Conceptual framework for rational design 
Figure 1 shows a useful framework for Schiff-base design is: 

 
Figure 1. Structure–property–function relationship of Schiff-base metal complexes. 

 

This sequence is not strictly linear. Metal binding can alter ligand protonation, while crystal 

packing can influence conformation and photophysics. Nevertheless, it provides a practical 

hierarchy for testing proposed structure–property relationships. Ligand descriptors include 

denticity, donor type, chelate-ring size, rigidity, flexibility, conjugation and substituent 

electronics. Metal descriptors include oxidation state, ionic radius, d-electron configuration and 

preferred coordination number. Supramolecular descriptors include hydrogen bonding, π-

stacking, electrostatic contacts and packing density. 

The field can therefore move toward rational design by combining controlled ligand series with 

crystallography, spectroscopy, computation and functional testing. The goal should be not 

simply to maximize one measured property, but to understand which structural features produce 

reproducible performance across related systems. 

 

10. Scientific and practical significance 
Understanding Schiff-base structural diversity is important because it connects fundamental 

coordination chemistry with molecular design. At the molecular level, it clarifies how donor 

arrangement, metal identity and geometry control electronic structure and reactivity. In 

catalysis, such understanding can support deliberate tuning of activity and selectivity. In sensing 

and photofunctional materials, it can connect conjugation and coordination with optical 

responses. In bioinorganic chemistry, it can help separate ligand, metal and coordination-

induced contributions to biological behaviour. 

The practical objective is to replace isolated structure or activity reports with reproducible 

design principles. This requires attention to stability, scalability, reproducibility and realistic 

operating conditions. The field will benefit most from studies that connect these requirements 

rather than optimizing a single property in isolation. 
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11. Conclusions  
Schiff-base ligands provide an unusually adaptable platform in which changes in molecular 

architecture generate broad variation in metal coordination geometry, nuclearity, electronic 

structure and supramolecular organization. This diversity supports applications in catalysis, 

sensing, photophysics, magnetism and bioinorganic chemistry, but it also makes generalized 

structure–property relationships difficult to establish. Future progress should emphasize 

systematically varied ligand series, cross-metal comparisons, rigorous structural 

characterization, solution/solid-state correlation and standardized functional measurements. 

Computational and data-driven methods may become increasingly valuable once sufficiently 

consistent structural and property datasets are available. Ultimately, Schiff-base complexes 

should be treated as integrated molecular systems in which ligand architecture, metal identity, 

coordination geometry, electronic structure and supramolecular organization jointly determine 

function. 
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