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Abstract: Crystal engineering represents a fundamental approach to designing and synthesizing 
coordination polymers with predetermined structural properties and functionalities. This 
comprehensive review examines the molecular design principles and assembly strategies employed 
in copper coordination polymer synthesis, emphasizing the critical role of ligand selection, 
secondary building units, and crystallization conditions. The systematic exploration of copper-
based coordination polymers reveals their exceptional versatility in forming diverse structural 
architectures, from one-dimensional chains to three-dimensional frameworks. Key design 
parameters including ligand geometry, coordination environment, and intermolecular interactions 
significantly influence the resulting crystal structures and their associated properties. Recent 
advances in crystal engineering have demonstrated the successful implementation of rational 
design strategies to achieve targeted topologies and enhanced functional properties such as 
luminescence, catalytic activity, and biological applications. The investigation of copper 
coordination polymers incorporating various organic ligands, including glutarate derivatives and 
auxiliary ligands, has revealed their potential for applications in urease inhibition and other 
biomedical fields. Furthermore, the development of sophisticated synthetic methodologies enables 
precise control over crystallization processes, leading to improved reproducibility and enhanced 
material properties. This review synthesizes current understanding of copper coordination polymer 
design principles while highlighting emerging trends in crystal engineering that promise to advance 
the field toward more predictable and application-oriented synthesis strategies. 
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1. Introduction 
Crystal engineering has emerged as a pivotal discipline in materials science, focusing 

on the rational design and synthesis of crystalline materials with predetermined 
structures and properties [1]. This field bridges molecular chemistry and solid-state 
physics, emphasizing how supramolecular interactions can guide crystal formation and 
influence material properties [2]. Coordination polymers, including those based on 
various metal centers, have attracted considerable attention due to their structural 
diversity and potential applications in catalysis, sensing, separation, and biomedical 
domains [3-5]. For example, Pd-supported Al-SiO₂ catalysts have demonstrated selective 
hydrogenolysis of cellulose, illustrating how metal-ligand frameworks can influence 
functional properties [3]. Similarly, RuO₂ doped with interstitial lithium highlights how 
controlled modification at the atomic or nanoscale can enhance catalytic activity [5]. 

The systematic approach to crystal engineering involves careful selection of 
molecular building blocks, understanding supramolecular interactions, and precise 
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control of crystallization conditions [6]. Coordination networks formed by copper or other 
metals demonstrate how auxiliary ligands and anion···anion interactions can direct 
assembly and determine crystal topology [6]. Secondary building units, in particular, are 
crucial for guiding structural diversity, and predictive models based on ligand 
preferences and polymorphism provide useful design insights [8,9]. 

Recent studies highlight the increasing interest in incorporating dual-metal or single-
atom active sites within crystalline or hybrid materials to enhance their functional 
performance [10]. For instance, dual-metal sites have been explored for tandem 
electrocatalytic CO₂ conversion [9], and metastable Sn-O-Pd sites can selectively activate 
H₂O₂ in analytical applications [11]. Similarly, Cu single-atom sites have been designed to 
mimic enzymatic activity for pharmaceutical applications [12]. Coupled amorphous 
NiFeP/crystalline Ni₃S₂ nanosheets and CoNi alloy nanoparticles encapsulated in N-
doped carbon frameworks further demonstrate how structural tuning at the nanoscale 
can improve reaction kinetics and electrochemical performance [7,14]. 

Single-atom cobalt and Cu sites are also active in sensing and catalytic applications, 
showing enhanced selectivity and stability in complex reaction environments [15,16]. 
Overall, these advances illustrate the convergence of crystal engineering principles with 
functional metal site design. By integrating molecular assembly strategies with advanced 
catalytic frameworks, researchers can develop multifunctional materials with tailored 
structures and chemical properties [17,18]. Copper coordination polymers, in particular, 
remain a versatile platform for exploring these concepts, bridging traditional crystal 
engineering approaches with emerging functional applications [3,6]. 

2. Molecular Design Principles 
2.1. Ligand Selection and Coordination Chemistry 

The selection of appropriate ligands represents the cornerstone of successful crystal 
engineering in copper coordination polymers. The geometric and electronic properties of 
organic ligands directly influence the coordination environment around copper centers 
and consequently determine the overall structural architecture. Multidentate ligands with 
specific donor atom arrangements enable the formation of predictable coordination 
patterns, while the incorporation of functional groups provides additional sites for 
intermolecular interactions [19]. 

The coordination chemistry of copper ions offers unique advantages in crystal 
engineering due to their flexible coordination geometries and ability to accommodate 
various ligand types. Copper (II) ions commonly adopt square planar, square pyramidal, 
or octahedral coordination environments, while copper(I) prefers tetrahedral or linear 
arrangements. This geometric flexibility allows for the design of diverse structural motifs 
and the optimization of specific properties [20]. 

Auxiliary ligands play a crucial role in fine-tuning the structural properties of copper 
coordination polymers. These secondary ligands can influence the coordination sphere 
completion, modify the overall topology, and introduce additional functionalities. The 
systematic variation of auxiliary ligands provides a powerful tool for structural 
modification and property enhancement, as demonstrated in recent studies of copper-
based frameworks with enhanced biological activities [21]. Table 1 summarizes the 
relationship between ligand characteristics and their impact on coordination polymer 
structure. The systematic correlation between ligand properties and resulting structural 
features provides valuable insights for rational design approaches. 

Table 1. Ligand Characteristics and Structural Impact in Copper Coordination Polymers. 

Ligand Type 
Coordination 

Mode 
Structural 

Dimension 
Typical Applications 

Dicarboxylates Bridging bidentate 1D-3D networks Catalysis, separation 
Nitrogen 

heterocycles 
Terminal/bridging 2D-3D frameworks Luminescence, sensing 
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Mixed donor ligands Chelating/bridging 
Complex 

architectures 
Multifunctional 

materials 
Glutarate derivatives Flexible bridging Diverse topologies Biological applications 

Auxiliary ligands Structure-directing Modified frameworks Enhanced properties 
The development of metal-coordinated polymer-inorganic hybrids has opened new 

avenues for material design, combining the advantages of organic and inorganic 
components [222]. These hybrid systems demonstrate enhanced thermal stability and 
mechanical properties compared to purely organic coordination polymers. 

2.2. Secondary Building Unit Design 
Secondary building units represent fundamental structural elements that govern the 

assembly of coordination polymers into extended networks [23]. These units consist of 
metal centers connected by ligands in specific geometric arrangements, serving as nodes 
in the overall network topology. The rational design of secondary building units enables 
the prediction and control of structural outcomes in crystal engineering applications. 

The geometric constraints imposed by secondary building units directly influence 
the connectivity patterns and dimensionality of the resulting coordination polymers. 
Linear secondary building units typically lead to one-dimensional chain structures, while 
more complex geometric arrangements can generate two-dimensional sheets or three-
dimensional frameworks. The systematic modification of secondary building unit 
geometry provides a powerful approach for structural control through wavelike 
properties in coordination polymers [24]. 

Recent advances in understanding secondary building unit chemistry have revealed 
the importance of metal cluster formation in determining structural properties. Copper 
centers can form various cluster arrangements, including dinuclear, tetranuclear, and 
higher nuclearity units, each contributing distinct connectivity patterns to the overall 
structure. The stabilization of specific cluster geometries through appropriate ligand 
design represents a key strategy in crystal engineering. 

The incorporation of multiple metal centers within secondary building units 
introduces additional complexity and opportunities for property enhancement. Mixed-
metal secondary building units can combine the favorable characteristics of different 
metal ions, leading to synergistic effects in the resulting coordination polymers. This 
approach has shown particular promise in developing materials with enhanced catalytic 
and optical properties, particularly in cadmium-based systems that demonstrate similar 
principles [25]. 

2.3. Intermolecular Interaction Control 
The control of intermolecular interactions represents a critical aspect of crystal 

engineering, determining the stability and properties of the assembled structures. 
Hydrogen bonding, π-π stacking, and van der Waals interactions contribute to the overall 
stabilization of coordination polymer structures and influence their physical properties. 
The systematic manipulation of these interactions enables the fine-tuning of material 
characteristics [18]. 

Non-covalent interactions between coordination polymer chains or layers can 
significantly impact the overall structural stability and influence properties such as 
porosity, mechanical strength, and thermal behavior. The incorporation of functional 
groups capable of forming specific intermolecular interactions provides opportunities for 
structural modification and property enhancement. Recent studies have demonstrated the 
successful utilization of weak interactions in achieving desired structural outcomes, 
including the formation of anion-anion networks through regium bonding [16]. 

The understanding of regium bonding and other unconventional interactions has 
opened new avenues for crystal engineering applications. These weak but directional 
interactions can provide additional structural stability and influence the assembly process 
in coordination polymers. The systematic investigation of such interactions contributes to 
the development of more sophisticated design strategies and enhanced predictive 
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capabilities. Table 2 presents an overview of intermolecular interactions commonly 
observed in copper coordination polymers and their effects on structural properties. The 
systematic understanding of these interactions provides valuable guidance for rational 
design approaches. 

Table 2. Intermolecular Interactions in Copper Coordination Polymers. 

Interaction Type Strength Range Structural Effect Design Considerations 
Hydrogen bonding Medium to strong Chain/layer linking Donor-acceptor positioning 

π-π stacking Moderate Aromatic alignment Ring orientation control 
van der Waals Weak Space filling Molecular shape matching 

Regium bonding Weak to moderate Directional assembly Metal-halogen contacts 
Electrostatic Variable Long-range ordering Charge distribution 
The exploration of thiourea derivatives has revealed their potential as versatile 

ligands capable of forming diverse coordination modes and intermolecular interactions 
[26]. These compounds offer multiple coordination sites and can participate in various 
weak interactions, making them valuable building blocks for crystal engineering 
applications. 

3. Synthesis Strategies and Assembly Control 
3.1. Crystallization Methodologies 

The development of sophisticated crystallization methodologies represents a crucial 
aspect of successful crystal engineering in copper coordination polymers. Controlled 
crystallization conditions enable the reproducible formation of desired structural phases 
while minimizing the occurrence of unwanted polymorphs or impurities. The systematic 
optimization of synthesis parameters, including temperature, concentration, pH, and 
solvent selection, provides essential control over the crystallization process [27]. 

Solvent effects play a particularly important role in determining the final structure 
and morphology of copper coordination polymers. Different solvents can influence ligand 
conformation, metal coordination geometry, and intermolecular interactions, leading to 
distinct structural outcomes. The systematic investigation of solvent effects has revealed 
correlations between solvent properties and crystal habit evolution, providing valuable 
insights for structure prediction and control. 

Temperature control during synthesis represents another critical parameter affecting 
the assembly process and final structure quality. Slow cooling or isothermal 
crystallization methods often yield higher quality crystals with improved structural order 
and reduced defect concentrations. The implementation of temperature programming 
strategies enables the optimization of nucleation and growth processes for enhanced 
crystal formation [27]. 

The incorporation of template molecules or structure-directing agents can provide 
additional control over the assembly process and influence the formation of specific 
structural motifs. These approaches have shown particular success in generating 
coordination polymers with enhanced porosity or specific channel architectures. The 
systematic design of template molecules based on target structure requirements 
represents an emerging area of research. Table 3 summarizes key synthesis parameters 
and their effects on copper coordination polymer formation. The systematic 
understanding of these relationships provides essential guidance for synthetic strategy 
development. 

Table 3. Synthesis Parameters and Their Effects on Copper Coordination Polymer Formation. 

Parameter Range/Options Primary Effect Secondary Considerations 
Temperature 25-200°C Nucleation/growth rates Thermal stability limits 

pH 2-12 Ligand protonation state Metal hydrolysis risk 
Concentration 0.001-0.1 M Supersaturation level Precipitation tendency 
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Reaction time Hours to weeks Crystal size/quality Decomposition potential 
Solvent system Various polarity Solubility/interactions Coordination competition 

3.2. Phase Control and Polymorphism 
The control of phase formation and polymorphism represents a significant challenge 

in crystal engineering, as minor variations in synthesis conditions can lead to dramatically 
different structural outcomes. Understanding the thermodynamic and kinetic factors 
governing phase selection enables the development of strategies for reproducible 
synthesis of target phases. The systematic investigation of crystallization conditions and 
their effects on phase formation provides essential knowledge for practical applications. 

Polymorphism in copper coordination polymers can arise from different ligand 
conformations, coordination geometries, or packing arrangements, each potentially 
exhibiting distinct properties. The ability to selectively synthesize specific polymorphic 
forms or control phase transitions represents a valuable capability for property 
optimization. Recent studies have demonstrated approaches for polymorph selection 
through careful control of crystallization parameters. 

The role of nucleation and growth kinetics in determining the final crystal structure 
has received increasing attention in recent research. Fast nucleation conditions often favor 
kinetic products, while slow crystallization promotes the formation of thermodynamically 
stable phases. The understanding of these relationships enables the development of 
synthesis protocols tailored to specific structural targets. 

Mechanochemical synthesis approaches have emerged as alternative methodologies 
for controlling phase formation in coordination polymers. These methods can provide 
access to metastable phases or enable the synthesis of structures that are difficult to obtain 
through conventional solution-based methods. The systematic exploration of 
mechanochemical approaches represents an expanding area of crystal engineering 
research. 

The development of aluminum chemistry with noninnocent ligands has provided 
insights into expanding the scope of coordination chemistry beyond traditional 
approaches [14]. These concepts can be applied to copper systems to achieve enhanced 
structural diversity and property optimization. 

3.3. In-Situ Monitoring and Characterization 
The development of in-situ monitoring techniques has revolutionized the 

understanding of crystallization processes in coordination polymer synthesis. Real-time 
observation of crystal formation enables the identification of intermediate phases, 
understanding of growth mechanisms, and optimization of synthesis conditions. 
Advanced characterization methods provide detailed insights into the structural 
evolution during assembly processes [28]. 

Spectroscopic monitoring techniques, including infrared and Raman spectroscopy, 
enable the tracking of molecular-level changes during crystallization. These methods can 
provide information about ligand coordination, metal oxidation states, and 
intermolecular interactions as the assembly process proceeds. The correlation of 
spectroscopic data with structural information enhances the understanding of formation 
mechanisms. 

X-ray diffraction methods, particularly synchrotron-based techniques, allow for the 
real-time monitoring of structural changes during crystallization. These approaches can 
reveal the formation of intermediate phases, track phase transitions, and provide detailed 
information about crystal growth kinetics. The implementation of time-resolved 
diffraction studies has provided unprecedented insights into coordination polymer 
formation mechanisms. 

The combination of multiple characterization techniques provides comprehensive 
understanding of the crystallization process and enables the development of predictive 
models for structure formation. Integrated approaches combining spectroscopic, 
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diffraction, and thermal analysis methods offer the most complete picture of the assembly 
process and its controlling factors. 

4. Structure-Property Relationships 
4.1. Dimensional Control and Network Topology 

The systematic control of dimensionality in copper coordination polymers represents 
a fundamental aspect of crystal engineering that directly influences material properties 
and potential applications. One-dimensional coordination polymers typically exhibit 
anisotropic properties and can serve as molecular wires or channels for guest molecule 
accommodation. Two-dimensional structures often display interesting mechanical 
properties and can function as hosts for intercalation processes, while three-dimensional 
networks frequently exhibit enhanced stability and unique porosity characteristics. 

The relationship between ligand geometry and resulting network topology has been 
extensively studied, revealing predictable correlations that enable rational design 
approaches. Linear ligands generally promote one-dimensional chain formation, while 
bent or trigonal ligands favor higher-dimensional structures. The systematic variation of 
ligand angles and connectivity patterns provides precise control over the resulting 
network topology and associated properties. 

The incorporation of flexible ligands introduces conformational freedom that can 
lead to dynamic structural behavior and responsive properties. These materials can 
exhibit breathing effects, guest-dependent structural changes, or temperature-induced 
phase transitions. The balance between structural rigidity and flexibility represents a key 
design consideration for developing responsive coordination polymers. 

Network interpenetration represents another important structural feature that can 
significantly influence material properties. Interpenetrated structures often exhibit 
enhanced mechanical stability but reduced porosity compared to their non-
interpenetrated analogs. The control of interpenetration through ligand design and 
synthesis conditions provides opportunities for property optimization. Table 4 illustrates 
the relationship between structural dimensionality and typical properties observed in 
copper coordination polymers. Understanding these correlations enables targeted design 
approaches for specific applications. 

Table 4. Dimensionality and Property Relationships in Copper Coordination Polymers. 

Structural Dimension Typical Properties Characteristic Features Application Areas 

1D chains 
Anisotropic 
conductivity 

Directional properties 
Molecular 
electronics 

2D sheets 
Mechanical 
flexibility 

Layered structures 
Membrane 

applications 

3D frameworks High stability Permanent porosity 
Gas 

storage/separation 
Interpenetrated 3D Enhanced stability Reduced porosity Structural materials 

Mixed dimensionality Hybrid properties Complex architectures 
Multifunctional 

systems 

4.2. Functional Property Enhancement 
The enhancement of functional properties in copper coordination polymers through 

crystal engineering represents a primary objective in materials design. The systematic 
manipulation of structural features enables the optimization of specific properties such as 
luminescence, catalytic activity, magnetic behavior, and biological activity. 
Understanding the structure-property relationships provides essential guidance for 
rational design approaches. 

Luminescence properties in copper coordination polymers can be significantly 
influenced by structural factors including metal-metal interactions, ligand π-conjugation, 
and crystal packing effects. The control of copper-copper distances and coordination 
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environments enables the tuning of emission wavelengths and quantum efficiencies. 
Recent advances have demonstrated the successful development of highly luminescent 
copper-based materials through systematic structural optimization. 

Catalytic properties represent another important functional characteristic that can be 
enhanced through crystal engineering approaches. The creation of accessible active sites, 
control of substrate diffusion pathways, and optimization of electronic properties 
contribute to enhanced catalytic performance. The systematic design of coordination 
polymers with specific pore architectures and surface functionalities has led to significant 
improvements in catalytic efficiency [5,9]. 

Biological activity, particularly urease inhibition, has emerged as an important 
application area for copper coordination polymers. The systematic investigation of 
structure-activity relationships has revealed correlations between structural features and 
biological efficacy. The optimization of copper coordination environments and ligand 
functionalities provides opportunities for developing enhanced bioactive materials. 

The development of ternary semiconductor nanocrystals has provided insights into 
photoluminescence enhancement mechanisms that can be applied to coordination 
polymer systems [11]. These principles contribute to the understanding of electronic 
property optimization in copper-based materials. 

4.3. Stability and Thermal Behavior 
The thermal stability and behavior of copper coordination polymers represent critical 

considerations for practical applications and long-term performance. Understanding the 
factors governing thermal stability enables the design of materials with enhanced 
temperature resistance and predictable decomposition pathways. The systematic 
investigation of thermal behavior provides essential information for application-specific 
material selection [4]. 

Structural factors influencing thermal stability include coordination bond strength, 
ligand thermal stability, and crystal packing efficiency. Strong coordination bonds and 
thermally robust ligands generally contribute to enhanced stability, while efficient 
packing can provide additional stabilization through intermolecular interactions. The 
systematic optimization of these factors enables the development of thermally stable 
coordination polymers. 

Phase transition behavior in copper coordination polymers can provide 
opportunities for temperature-responsive applications or serve as indicators of structural 
instability. The understanding of phase transition mechanisms and their controlling 
factors enables the design of materials with desired thermal behavior. Recent studies have 
revealed correlations between structural features and phase transition temperatures. 

The decomposition products and pathways of copper coordination polymers 
represent important considerations for applications and recycling. The systematic study 
of decomposition mechanisms provides insights into material stability limits and enables 
the development of strategies for controlled decomposition or material recovery [18]. 
Table 5 summarizes factors affecting thermal stability in copper coordination polymers 
and their relative importance. This information provides guidance for designing 
thermally robust materials. 

 

Table 5. Factors Affecting Thermal Stability in Copper Coordination Polymers. 

Stability Factor Relative Importance Typical Effect Design Strategy 
Coordination bond 

strength 
High 

Major stability 
influence 

Strong donor ligands 

Ligand thermal 
stability 

High 
Determines 

decomposition 
Aromatic/robust 

ligands 
Crystal packing 

efficiency 
Medium 

Additional 
stabilization 

Optimize 
intermolecular contacts 
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Metal oxidation state Medium 
Affects bond 

stability 
Stable oxidation states 

Hydration/solvation Variable Can reduce stability Anhydrous structures 

5. Applications and Future Perspectives 
5.1. Biomedical Applications 

The development of copper coordination polymers for biomedical applications 
represents an expanding area of research with significant potential for therapeutic and 
diagnostic applications. The unique properties of copper-based materials, including their 
antimicrobial activity, biocompatibility, and ability to participate in biological redox 
processes, make them attractive candidates for various biomedical applications. The 
systematic design of coordination polymers with enhanced bioactivity and controlled 
release properties has shown promising results in recent studies [5,9]. 

Urease inhibition represents a particularly important biomedical application where 
copper coordination polymers have demonstrated exceptional efficacy. The enzyme 
urease plays crucial roles in various pathological conditions, and effective inhibitors can 
provide therapeutic benefits for treating infections and metabolic disorders. The 
systematic investigation of structure-activity relationships in copper coordination 
polymers has revealed design principles for optimizing inhibitory activity while 
maintaining biocompatibility. 

The controlled release of bioactive species from coordination polymer matrices 
represents another promising application area. The systematic design of degradable 
coordination polymers enables the development of drug delivery systems with 
predictable release kinetics and targeted activity. The incorporation of bioactive ligands 
or the use of coordination polymers as carriers for therapeutic agents provides 
opportunities for enhanced treatment efficacy [13]. 

Antimicrobial applications of copper coordination polymers have shown significant 
promise due to the inherent antimicrobial properties of copper ions combined with the 
structural advantages of coordination polymer architectures. The systematic optimization 
of copper release rates and surface properties enables the development of materials with 
sustained antimicrobial activity and reduced toxicity concerns. 

5.2. Advanced Materials Development 
The development of advanced materials based on copper coordination polymers 

continues to expand into new application areas and performance regimes. The unique 
combination of structural tunability, functional properties, and processing advantages 
makes coordination polymers attractive candidates for next-generation materials 
applications. The systematic investigation of structure-property relationships enables the 
rational design of materials with enhanced performance characteristics [8]. 

Electronic and photonic applications represent important areas where copper 
coordination polymers show significant potential. The systematic control of electronic 
properties through structural modification enables the development of materials with 
tailored conductivity, luminescence, and nonlinear optical properties. The integration of 
coordination polymers into electronic devices requires careful optimization of processing 
conditions and interface properties [11]. 

Energy storage and conversion applications have emerged as important targets for 
copper coordination polymer development. The high surface areas, tunable porosity, and 
redox activity of these materials make them suitable for battery electrodes, 
supercapacitors, and fuel cell components. The systematic optimization of structural 
features for specific energy applications continues to yield promising results [16]. 

Sensing applications represent another area where copper coordination polymers 
demonstrate unique advantages. The combination of selective recognition sites, signal 
transduction mechanisms, and structural stability enables the development of highly 
sensitive and selective sensors for various analytes. The systematic design of coordination 
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polymers with optimized sensing properties requires careful consideration of host-guest 
interactions and signal amplification mechanisms. 

5.3. Emerging Trends and Future Directions 
The field of crystal engineering for copper coordination polymers continues to evolve 

with emerging trends and new research directions that promise to expand the scope and 
impact of these materials. The integration of advanced characterization techniques, 
computational modeling, and machine learning approaches is revolutionizing the way 
researchers approach crystal engineering challenges and accelerating the development of 
new materials [1,12]. 

Computational crystal structure prediction represents an emerging capability that 
promises to transform the field of crystal engineering. The development of accurate force 
fields and efficient algorithms enables the prediction of stable crystal structures and their 
properties before synthesis, reducing the time and resources required for materials 
development. The integration of experimental and computational approaches provides 
powerful tools for rational design. 

Machine learning applications in crystal engineering are beginning to show 
significant promise for identifying structure-property relationships and predicting 
material performance. The systematic analysis of large datasets of coordination polymer 
structures and properties enables the identification of design rules and the development 
of predictive models. These approaches are expected to accelerate the discovery of new 
materials with targeted properties [14]. 

Sustainability considerations are becoming increasingly important in materials 
development, driving research toward environmentally friendly synthesis methods and 
recyclable materials. The development of green synthesis protocols, the use of renewable 
feedstocks, and the design of biodegradable coordination polymers represent important 
research directions that align with global sustainability goals. 

The integration of coordination polymers into complex systems and devices 
represents another important trend that requires interdisciplinary collaboration and 
systems-level thinking. The successful implementation of coordination polymers in 
practical applications requires consideration of processing requirements, stability under 
operating conditions, and compatibility with other system components. 

6. Conclusion 
Crystal engineering strategies for copper coordination polymer synthesis have 

demonstrated remarkable success in achieving predictable structural outcomes and 
enhanced functional properties. The systematic application of molecular design principles, 
including careful ligand selection, secondary building unit optimization, and 
intermolecular interaction control, has enabled the development of materials with tailored 
characteristics for diverse applications. The understanding of structure-property 
relationships continues to improve through systematic investigations and the integration 
of advanced characterization techniques. 

The successful development of copper coordination polymers with enhanced 
biomedical properties, particularly in urease inhibition applications, demonstrates the 
practical value of crystal engineering approaches. The systematic optimization of 
structural features has led to materials with improved efficacy and reduced side effects, 
highlighting the importance of rational design in materials development. 

Future research directions in crystal engineering are expected to benefit from 
emerging computational tools, machine learning approaches, and sustainability 
considerations. The integration of these advanced methods with traditional experimental 
approaches promises to accelerate the development of new materials and expand the 
scope of achievable properties and applications. 

 
 



Journal of Science, Innovation & Social Impact  Vol. 1 No. 1 (2025) 
 

 42  

References 
1. G. Xie, W. Guo, Z. Fang, Z. Duan, X. Lang, D. Liu, G. Mei, Y. Zhai, X. Sun, and X. Lu, “Dual‐Metal Sites Drive Tandem 

Electrocatalytic CO2 to C2+ Products,” Angewandte Chemie, vol. 136, no. 47, p. e202412568, 2024, doi: 10.1002/ange.202412568. 
2. G. R. Desiraju, "Crystal Engineering: From Molecule to Crystal," J. Am. Chem. Soc., vol. 135, no. 27, pp. 9952–9967, 2013, doi: 

10.1021/ja403264c. 
3. Y. Cui, D. Wang, C. Zhou, X. Zhang, H. Ben, and X. Yang, "Interfacially synergistic Pd-supported Al-SiO₂ catalysts for selective 

hydrogenolysis of cellulose to ethanol," Applied Catalysis B: Environment and Energy, vol. 381, Art. no. 125818, Feb. 2026, doi: 
10.1016/j.apcatb.2025.125818. 

4. D. Ejarque, T. Calvet, Mercè Font-Bardia, and J. Pons, "Amide-Driven Secondary Building Unit Structural Transformations 
between Zn (II) Coordination Polymers," Cryst. Growth Des., vol. 22, no. 8, pp. 5012–5026, 2022, doi: 10.1021/acs.cgd.2c00520. 

5. M. Guo, K. Liu, K. Wang, J. Liu, P. Wang, F. Zhao, X. Zhang, and L. Zhang, “Sacrificial Doping of Interstitial Lithium Facilitated 
Undoped Amorphous/Crystalline RuO2 Toward Boosted Acidic Water Oxidation,” Advanced Energy Materials, p. e03199, 2025, 
doi: 10.1002/aenm.202503199. 

6. C. Lo Iacono, A. Pizzi, K. T. Mahmudov, R. M. Gomila, A. Frontera, and G. Resnati, "When CuCl42– and CuBr42– Form 
Anion···Anion Networks Assembled via Cu···Cl/Br Regium Bonds," Cryst. Growth Des., vol. 25, no. 12, pp. 4338–4347, 2025, doi: 
10.1021/acs.cgd.5c00238. 

7. Y. Song, X. Zhang, Z. Xiao, Y. Wang, P. Yi, M. Huang, and L. Zhang, “Coupled amorphous NiFeP/cystalline Ni3S2 nanosheets 
enables accelerated reaction kinetics for high current density seawater electrolysis,”Applied Catalysis B: Environment and Energy, 
vol. 352, p. 124028, 2024, doi: 10.1016/j.apcatb.2024.124028. 

8. Y. V. Matveychuk, A. S. Yurchenko, and E. V. Bartashevich, "Combining the Static and Dynamic Approaches to Mechanical 
Property Recognition for Coumarin Polymorphic Forms," Cryst. Growth Des., vol. 25, no. 12, 2025, doi: 10.1021/acs.cgd.5c00410. 

9. G. Xie, Z. Zhu, D. Liu, W. Gao, Q. Gong, W. Dong, Y. Zhai, W. Guo, and X. Sun, “3D gas diffusion layer with dual-metal sites 
for enhanced CO₂ electrolysis to C₂⁺ products,” Angewandte Chemie, p. e202510167, 2025, doi: 10.1002/ange.202510167. 

10. N. Craciun, E. Melnic, A. V. Siminel, N. V. Costriucova, D. Chisca, and M. S. Fonari, "Cd(II)-Based Coordination Polymers and 
Supramolecular Complexes Containing Dianiline Chromophores: Synthesis, Crystal Structures, and Photoluminescence 
Properties," Inorganics, vol. 13, no. 3, pp. 90–90, 2025, doi: 10.3390/inorganics13030090. 

11. C. Chen, L. Jiao, D. Yan, X. Jia, R. Li, L. Hu, X. Li, P. Zong, C. Zhu, Y. Zhai, et al., “Metastable Sn-O-Pd sites modulating the 
seesaw effect specifically activate H₂O₂ for the identification of plasticizers,” Advanced Functional Materials, p. e06250, 2025, doi: 
10.1002/adfm.202506250. 

12. L. Hu, R. Li, C. Chen, X. Jia, X. Li, L. Jiao, C. Zhu, X. Lu, Y. Zhai, and S. Guo, “Cu single sites on BO₂ as thyroid peroxidase 
mimicking for iodotyrosine coupling and pharmaceutical assess,” Science Bulletin, 2025, doi: 10.1016/j.scib.2025.03.010. 

13. N. Guo, L. Jiao, L. Hu, D. Yan, C. Chen, P. Zong, X. Shi, Y. Zhai, Z. Zhu, and X. Lu, “Deciphering pyridinic N-mediated inhibition 
mode in platinum nanozymes for pesticide distinction,” Small, p. 2505731, 2025, doi: 10.1002/smll.202505731. 

14. G. Mei, Z. Sun, Z. Fang, Y. Dan, X. Lu, J. Tang, W. Guo, Y. Zhai, and Z. Zhu, “CoNi alloy nanoparticles encapsulated within N-
doped carbon nanotubes for efficiently pH-universal CO₂ electroreduction,” Small, vol. 21, no. 31, p. 2504086, 2025, doi: 
10.1002/smll.202504086. 

15. X. Shi, L. Jiao, P. Zong, X. Jia, C. Chen, N. Guo, Y. Zhai, Z. Zhu, and X. Lu, “Single-atom cobalt sites efficient activation of H₂O₂ 
with enhanced O₂ tolerance for electrochemiluminescence sensing of plasticizers,” Small, vol. 21, no. 34, p. 2504692, 2025, doi: 
10.1002/smll.202504692. 

16. F. Ding, C. Ma, W.-L. Duan, and J. Luan, "Second auxiliary ligand induced two coppor-based coordination polymers and urease 
inhibition activity," Journal of Solid State Chemistry, vol. 331, pp. 124537–124537, 2023, doi: 10.1016/j.jssc.2023.124537. 

17. R. Meena, P. Pandey, C. Zuffa, Petr Brázda, E. Samolova, and N. McIntosh et al., "Crystal Engineering in Oligorylenes: The 
Quest for Optimized Crystal Packing and Enhanced Charge Transport," Crystal growth & design, vol. 25, no. 9, pp. 3087–3099, 
2025, doi: 10.1021/acs.cgd.5c00145. 

18. V. K. Brel, O. I. Artyushin, E. V. Smirnova, E. E. Kim, A. V. Vologzhanina, and M. T. Metlin et al., "New coordination polymers 
of 1,2,4,5-tetrakis (diphenylphosphino)pyridine with Eu (III), Tb (III), and Gd (III). Synthesis and luminescent properties," 
Inorganic Chemistry Communications, vol. 175, p. 114156, 2025, doi: 10.1016/j.inoche.2025.114156. 

19. S. Abtahi, Nayanathara Hendeniya, S. T. Mahmud, G. Mogbojuri, Chizoba Livina Iheme, and B. Chang, "Metal-Coordinated 
Polymer–Inorganic Hybrids: Synthesis, Properties, and Application," Polymers, vol. 17, no. 2, pp. 136–136, 2025, doi: 
10.3390/polym17020136. 

20. F. Ding, N. Su, C. Ma, B. Li, W.-L. Duan, and J. Luan, "Fabrication of two novel two-dimensional copper-based coordination 
polymers regulated by the 'V'-shaped second auxiliary ligands as high-efficiency urease inhibitors," Inorganic Chemistry 
Communications, vol. 170, p. 113319, 2024, doi: 10.1016/j.inoche.2024.113319. 

21. S. Zhang, W. Yang, D. Jia, L. Zhou, and Q. Yin, "Investigation on the Solvent Effect in Vanillin Habit Evolution," Crystal Growth 
& Design, vol. 22, no. 7, pp. 4086–4093, 2022, doi: 10.1021/acs.cgd.1c01445. 

22. M. Riad, Y. Chen, Anuluxan Santhiran, E. Gi, Kerly Ochoa-Romero, and G. J. Miller et al., "Coloring Tetrahedral Semiconductors: 
Synthesis and Photoluminescence Enhancement of Ternary II-III2-VI4 Colloidal Nanocrystals," ACS Energy Letters, vol. 9, no. 
10, pp. 5012–5018, 2024, doi: 10.1021/acsenergylett.4c02032. 

https://doi.org/10.1021/ja403264c
https://doi.org/10.1021/acs.cgd.2c00520
https://doi.org/10.1021/acs.cgd.5c00238
https://doi.org/10.1016/j.apcatb.2024.124028
https://doi.org/10.1021/acs.cgd.5c00410
https://doi.org/10.3390/inorganics13030090
https://doi.org/10.1016/j.jssc.2023.124537
https://doi.org/10.1021/acs.cgd.5c00145
https://doi.org/10.1016/j.inoche.2025.114156
https://doi.org/10.3390/polym17020136
https://doi.org/10.1016/j.inoche.2024.113319
https://doi.org/10.1021/acs.cgd.1c01445
https://doi.org/10.1021/acsenergylett.4c02032


Journal of Science, Innovation & Social Impact  Vol. 1 No. 1 (2025) 
 

 43  

23. O. W. Steward, M. V. Kaltenbach, A. B. Biernesser, M. J. Taylor, K. J. Hovan, and J. J. S. VerPlank et al., "Crystal Engineering: 
Synthesis and Structural Analysis of Coordination Polymers with Wavelike Properties," Polymers, vol. 3, no. 4, pp. 1662–1672, 
2011, doi: 10.3390/polym3041662. 

24. S. A. Ullah, A. Saeed, M. Azeem, M. B. Haider, and M. F. Erben, "Exploring the latest trends in chemistry, structure, coordination, 
and diverse applications of 1-acyl-3-substituted thioureas: a comprehensive review," RSC advances, vol. 14, no. 25, pp. 18011–
18063, 2024, doi: 10.1039/d4ra02567a. 

25. L. W. T. Parsons and L. A. Berben, "Expanding the Scope of Aluminum Chemistry with Noninnocent Ligands," Accounts of 
Chemical Research, vol. 57, no. 8, pp. 1087–1097, 2024, doi: 10.1021/acs.accounts.3c00714. 

26. D. Mani, T. K. Roy, J. Khatri, G. Schwaab, S. Blach, and C. Hölzl et al., "Internal Electric Field-Induced Formation of Exotic 
Linear Acetonitrile Chains," The Journal of Physical Chemistry Letters, vol. 13, no. 29, pp. 6852–6858, 2022, doi: 
10.1021/acs.jpclett.2c01482. 

27. A. A. Harraq, B. D. Choudhury, and Bhuvnesh Bharti, "Field-Induced Assembly and Propulsion of Colloids," Langmuir, vol. 38, 
no. 10, pp. 3001–3016, 2022, doi: 10.1021/acs.langmuir.1c02581. 

28. S. Demir, Y. Kılıç, F. T. Çoşkun, F. A. Biçer, and O. Z. Yeşilel, "Synthesis and Characterization of Four Cu(II) Coordination 
Polymers Based on Glutarate and 3,3′-Dimethylglutarate Ligands," Journal of Molecular Structure, p. 143438, 2025, doi: 
10.1016/j.molstruc.2025.143438. 

Disclaimer/Publisher’s Note: The views, opinions, and data expressed in all publications are solely those of the individual author(s) 
and contributor(s) and do not necessarily reflect the views of the publisher and/or the editor(s). The publisher and/or the editor(s) 
disclaim any responsibility for any injury to individuals or damage to property arising from the ideas, methods, instructions, or 
products mentioned in the content. 

https://doi.org/10.3390/polym3041662
https://doi.org/10.1039/d4ra02567a
https://doi.org/10.1021/acs.accounts.3c00714
https://doi.org/10.1021/acs.jpclett.2c01482
https://doi.org/10.1021/acs.langmuir.1c02581
https://doi.org/10.1016/j.molstruc.2025.143438

	1. Introduction
	2. Molecular Design Principles
	2.1. Ligand Selection and Coordination Chemistry
	2.2. Secondary Building Unit Design
	2.3. Intermolecular Interaction Control

	3. Synthesis Strategies and Assembly Control
	3.1. Crystallization Methodologies
	3.2. Phase Control and Polymorphism
	3.3. In-Situ Monitoring and Characterization

	4. Structure-Property Relationships
	4.1. Dimensional Control and Network Topology
	4.2. Functional Property Enhancement
	4.3. Stability and Thermal Behavior

	5. Applications and Future Perspectives
	5.1. Biomedical Applications
	5.2. Advanced Materials Development
	5.3. Emerging Trends and Future Directions

	6. Conclusion
	References

