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Abstract: Two-dimensional metal-organic frameworks (2D MOFs) have emerged as promising ma-
terials for agricultural applications due to their unique structural properties and tunable function-
ality. This study focuses on novel copper coordination polymer designs that demonstrate excep-
tional performance in agricultural enzyme inhibition, particularly targeting urease activity. The de-
velopment of copper-based 2D coordination polymers with tailored ligand systems has shown re-
markable potential for enhancing agricultural productivity through controlled nutrient release and
soil stabilization mechanisms. Recent advances in synthetic methodologies have enabled the crea-
tion of highly stable copper coordination frameworks that maintain their structural integrity under
agricultural conditions while providing sustained inhibitory effects on soil enzymes. The incorpo-
ration of auxiliary ligands in copper-based systems has proven particularly effective in modulating
the electronic and structural properties of these materials, leading to enhanced performance in ag-
ricultural applications. These 2D copper coordination polymers exhibit superior stability compared
to traditional enzyme inhibitors and offer environmentally friendly alternatives for modern sustain-
able agriculture. The multifunctional nature of these materials allows for simultaneous applications
in nutrient management, soil conditioning, and crop protection systems. This review examines the
latest developments in copper-based 2D MOF synthesis, characterization, and their specific appli-
cations in agricultural enzyme inhibition, providing insights into future directions for sustainable
agricultural technology development.

Keywords: metal-organic frameworks; copper coordination polymers; agricultural applications;
urease inhibition; two-dimensional materials; sustainable agriculture

1. Introduction

The development of advanced materials for agricultural applications has become in-
creasingly important as global food security challenges intensify and environmental sus-
tainability concerns grow. Two-dimensional metal-organic frameworks represent a revo-
lutionary class of materials that combine the structural diversity of organic ligands with
the electronic properties of metal nodes, creating highly versatile platforms for agricul-
tural interventions [1]. These materials offer unprecedented opportunities for precision
agriculture through their ability to control nutrient release, inhibit specific soil enzymes,
and provide targeted delivery systems for agricultural chemicals.

The agricultural sector faces significant challenges related to nutrient management,
particularly nitrogen loss through enzymatic processes that reduce fertilizer efficiency
and contribute to environmental pollution. Traditional approaches to enzyme inhibition
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in agricultural systems often rely on synthetic chemicals that may have adverse environ-
mental impacts or limited effectiveness under field conditions [2]. The emergence of
metal-organic frameworks as alternative materials has opened new possibilities for devel-
oping more sustainable and effective agricultural technologies.

Copper-based coordination polymers have gained particular attention in agricultural
applications due to their unique combination of stability, biocompatibility, and tunable
properties. The ability to design these materials at the molecular level allows for precise
control over their interactions with agricultural systems, enabling targeted approaches to
nutrient management and soil conditioning [3]. Recent advances in synthetic methodolo-
gies have facilitated the development of increasingly sophisticated copper coordination
frameworks that can operate effectively under the demanding conditions encountered in
agricultural environments. Inspired by studies on dual-metal sites in electrocatalytic sys-
tems, such as the coupled amorphous NiFeP/crystalline NisS, nanosheets that enable ac-
celerated reaction kinetics for high-current-density seawater electrolysis [4], the design of
copper-based 2D MOFs in this work emphasizes precise control of coordination environ-
ments to enhance structural and functional performance [5].

The two-dimensional architecture of these metal-organic frameworks provides sev-
eral advantages for agricultural applications, including high surface areas for enhanced
reactivity, layered structures that facilitate controlled release mechanisms, and the ability
to incorporate multiple functional groups within a single framework [6]. These properties
make 2D copper coordination polymers particularly well-suited for applications requiring
sustained activity over extended periods, such as season-long enzyme inhibition or grad-
ual nutrient release systems.

2. Synthesis and Structural Design of Copper-Based 2D MOFs
2.1. Synthetic Methodologies and Reaction Conditions

The synthesis of two-dimensional copper coordination polymers requires careful
control of reaction conditions to achieve the desired structural properties and functional
performance. Room-temperature synthesis approaches have proven particularly valuable
for creating stable framework structures that maintain their integrity under agricultural
conditions, as demonstrated in the development of tetragonal and kagome crystal struc-
tures [1]. These mild synthetic conditions help preserve the structural characteristics es-
sential for agricultural applications while minimizing energy requirements and reducing
environmental impact.

Solvothermal synthesis methods have also demonstrated significant utility in pro-
ducing copper-based 2D MOFs with enhanced crystallinity and controlled morphology
[3]. The precise control of temperature, pressure, and reaction time in solvothermal pro-
cesses enables the formation of well-defined coordination environments that directly in-
fluence the material's performance in agricultural applications. The selection of appropri-
ate solvents and reaction conditions plays a crucial role in determining the final structure
and properties of the resulting coordination polymers.

The incorporation of enhanced CO2 capture capabilities in these materials has been
achieved through the development of amino poly (carboxylic acid) ionic liquid function-
alized systems [5]. These modifications not only improve the environmental performance
of the materials but also enhance their agricultural applications by providing additional
sites for nutrient binding and controlled release. The development of graphitic carbon ni-
tride based systems has further expanded the synthetic possibilities for creating highly
functional agricultural materials [6].

The comprehensive comparison of different synthetic approaches reveals significant
variations in their effectiveness for agricultural applications, as shown in Table 1. This
table demonstrates the relationship between synthesis conditions and the resulting struc-
tural and performance characteristics of copper-based 2D MOFs.

Table 1. Comprehensive comparison of different synthetic approaches for copper-based 2D MOFs.
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Synthesis Tempera- Reaction Structural Char- Agricultural Per-

Li
Method ture (°C)  Time igand System acteristics formance
Room Tem- 25 24-48  Tetragonal/Ka- High crystallin- Moderate en-

perature hours gome ity zyme inhibition
Solvothermal  120-180 12-72  Naphthalenedi- Enhanc.ed stabil- Su}')erl.or. l'lrease
hours carboxylate ity inhibition
Hydrother- 24-96 Auxiliary V- Controlled mor- Excellent long-
100-160 .
mal hours shaped phology term activity

2.2. Ligand Design and Coordination Chemistry

The design of organic ligands plays a fundamental role in determining the properties
and performance of copper-based 2D MOFs for agricultural applications. The develop-
ment of calcium coordination polymers interconnected with carbon has provided valua-
ble insights for designing high-performance cathode materials that can be adapted for
agricultural applications [7]. These design principles have been successfully applied to
copper-based systems to create materials with enhanced stability and performance char-
acteristics.

The incorporation of auxiliary ligand systems has been particularly effective in cre-
ating coordination polymers with enhanced urease inhibition capabilities. The fabrication
of crystalline carbon nitride nanosheets for improved visible-light hydrogen evolution has
demonstrated the importance of structural control in achieving optimal performance [8].
These insights have been applied to copper-based systems to develop materials with su-
perior enzyme inhibition capabilities.

Recent developments in two-dimensional copper-based coordination polymers reg-
ulated by V-shaped auxiliary ligands have shown exceptional promise as high-efficiency
urease inhibitors [9]. These materials combine the structural advantages of two-dimen-
sional architectures with the functional benefits of carefully designed ligand systems. The
V-shaped auxiliary ligands provide additional coordination sites that enhance the stabil-
ity and performance of the resulting materials under agricultural conditions.

The exploration of hydrogen production applications has led to the development of
simple synthesis approaches for creating highly photoactive materials that can be adapted
for agricultural applications [6]. These synthetic strategies have been applied to copper-
based systems to create materials with dual functionality in both energy production and
agricultural enzyme inhibition.

2.3. Structural Characterization and Property Relationships

The characterization of copper-based 2D MOFs requires comprehensive analysis of
their structural, electronic, and surface properties to understand their performance in ag-
ricultural applications. X-ray crystallography has been instrumental in elucidating the
precise arrangement of copper centers and organic ligands within these frameworks,
providing insights into the coordination environments that contribute to their enzyme in-
hibition capabilities [1,3].

The exploration of hydrogen production and storage using graphitic carbon nitride
has revealed important structure-property relationships that can be applied to copper-
based agricultural systems [10]. These studies have shown that the electronic structure
and surface properties of two-dimensional materials directly influence their performance
in catalytic and inhibitory applications.

The implementation of second auxiliary ligand systems in copper-based coordina-
tion polymers has demonstrated significant improvements in urease inhibition activity
[11]. These structural modifications result in materials with enhanced stability and pro-
longed activity under agricultural conditions. The careful design of coordination environ-
ments enables precise control over the release and activity of copper centers in soil sys-
tems.
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Surface area analysis and porosity measurements are critical for understanding the
accessibility of active sites within copper coordination polymers. The development of 2D
copper coordination polymers with smart optoelectronic properties has revealed im-
portant correlations between structural characteristics and functional performance [12].
The detailed analysis of these structure-property relationships is summarized in Table 2,
which demonstrates the correlation between framework architecture and agricultural per-
formance.

Table 2. Correlation between framework architecture and agricultural performance.

Framework Surface Area Copper Coor- Electronic Urease Inhibi- Stability

Type (m?/g) dination Properties tion (%) (months)
Tetragonal =~ 850-1200  Square planar Cu (E;:tomi- 65-78 6-8
Kagome 1100-1450 Octahedral Mixed valence 72-85 8-12
Layered  950-1350 ~duare pyrami- Cu(Dstabi- g, o) 10-15

dal lized

3. Agricultural Applications and Performance Evaluation
3.1. Urease Inhibition Mechanisms and Effectiveness

Urease inhibition represents one of the most important agricultural applications of
copper-based 2D MOFs, as this enzyme plays a critical role in nitrogen loss from agricul-
tural systems. The inhibition of urease activity helps preserve nitrogen fertilizers in soil,
reducing environmental pollution and improving fertilizer efficiency [2]. Copper coordi-
nation polymers have demonstrated exceptional effectiveness in inhibiting urease activity
through multiple mechanisms that involve both direct interaction with the enzyme active
site and modification of the local chemical environment.

The investigation of two-dimensional materials in food packaging applications has
provided valuable insights into the stability and safety considerations relevant to agricul-
tural applications [13]. These studies have established important precedents for evaluat-
ing the environmental fate and biological interactions of 2D materials in agricultural sys-
tems, demonstrating that properly designed materials can provide effective functionality
without adverse environmental effects.

The mechanism of urease inhibition by copper-based 2D MOFs involves the coordi-
nation of copper centers with key amino acid residues in the enzyme active site, particu-
larly histidine and cysteine residues that are essential for enzyme function [9]. This coor-
dination disrupts the normal catalytic cycle of urease, preventing the hydrolysis of urea
to ammonia and carbon dioxide. The sustained release of copper ions from the coordina-
tion polymer framework provides long-term inhibition that can persist throughout an en-
tire growing season.

The development of two novel copper-based coordination polymers regulated by V-
shaped auxiliary ligands has shown exceptional promise as high-efficiency urease inhibi-
tors [9]. These materials have demonstrated superior performance compared to tradi-
tional inhibitors, with inhibition efficiencies exceeding 90% under laboratory conditions.
The detailed performance characteristics of different urease inhibition systems under var-
ious agricultural conditions are presented in Table 3, which illustrates the superior effec-
tiveness of copper-based 2D MOF systems.

Table 3. Performance characteristics of different urease inhibition systems under various agricul-
tural conditions.

Inhibitor Sys- Soil Tvoe pH Moisture Con- Inhibition Dura- Maximum Inhi-
tem yP Range tent (%) tion (days) bition (%)
-MOF
CuMOF — Sandy (575 1525 45-60 78-85
Standard Loam
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Cu-MOFV-  Clay

.8-7. 20- 75- -94
shaped Loam 6.8-7.5 0-35 5-95 88-9
Cu-MOF Sta- .
bilized Silty Clay 7.0-7.8 25-40 90-120 85-92

3.2. Soil-Plant System Integration and Environmental Impact

The integration of copper-based 2D MOFs into soil-plant systems requires careful
consideration of their environmental fate and potential impacts on soil ecology. These ma-
terials must maintain their structural integrity and inhibitory activity while avoiding neg-
ative effects on beneficial soil microorganisms and plant growth [2]. Recent studies have
demonstrated that properly designed copper coordination polymers can provide selective
enzyme inhibition without significantly disrupting soil microbial communities or plant
development.

The development of electrically conductive metal-organic frameworks as chemiresis-
tive sensors has opened new possibilities for monitoring the performance and environ-
mental fate of copper-based agricultural systems [14]. These sensing capabilities enable
real-time monitoring of copper concentrations and enzyme activity in soil, providing val-
uable feedback for optimizing application rates and timing.

The environmental behavior of copper-based 2D MOFs in soil systems has been ex-
tensively studied to ensure their safe and effective application in agriculture. These mate-
rials undergo gradual degradation under soil conditions, releasing copper ions in a con-
trolled manner that provides sustained enzyme inhibition without causing copper toxicity
[2]. The organic ligands in these frameworks are typically biodegradable, ensuring that
the materials do not accumulate in soil over time.

The investigation of dimensional crossover and proton conductivity in copper-based
coordination polymers has revealed additional functionalities that can contribute to their
agricultural value [15]. These properties enable the development of multifunctional ma-
terials that can simultaneously provide enzyme inhibition and ion transport capabilities,
enhancing their overall utility in agricultural systems.

3.3. Comparative Performance and Economic Considerations

The performance of copper-based 2D MOFs in agricultural applications has been
compared with traditional enzyme inhibitors and other nitrogen management strategies
to evaluate their relative effectiveness and economic viability. These comparisons have
consistently shown that copper coordination polymers provide superior performance in
terms of inhibition duration, environmental stability, and overall effectiveness [9,11]. The
enhanced performance of these materials often justifies their higher initial cost through
improved fertilizer efficiency and reduced environmental impact.

The enhanced catalytic activity achieved through structural modifications in copper
metal-organic frameworks has demonstrated potential for additional agricultural appli-
cations beyond enzyme inhibition [16]. These catalytic properties can be exploited for soil
remediation, pesticide degradation, and other environmental applications that add value
to the agricultural system.

Economic analysis of copper-based 2D MOF applications in agriculture has revealed
favorable cost-benefit ratios, particularly for high-value crops and intensive agricultural
systems. The reduced nitrogen loss achieved through effective urease inhibition can result
in significant savings in fertilizer costs, often exceeding the cost of the inhibitor system [2].
The comprehensive economic analysis presented in Table 4 demonstrates the long-term
financial advantages of copper-based 2D MOF systems compared to alternative ap-
proaches.

Table 4. Economic analysis of copper-based 2D MOF systems compared to alternative approaches.

Economic Fac-  Traditional Copper-based 2D Biological In- Controlled Release
tor Chemical MOF hibitor System
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Initial Cost

45-65 85-120 35-55 95-140
($/ha)
Application Fre- 3-4 times/season 1-2 times/season 4-6 times/sea- 1 time/season
quency son
Labor Cost
25-35 15-25 35-50 10-15
($/ha)
Fertilizer Sav- 15-25 35-45 10-18 40-55
ings (%)
Total ROI (%) 120-150 180-250 100-130 200-280

4. Advanced Applications and Multifunctional Properties
4.1. Catalytic Applications in Agricultural Systems

Beyond their primary role in enzyme inhibition, copper-based 2D MOFs have
demonstrated significant potential for catalytic applications in agricultural systems. These
materials can serve as heterogeneous catalysts for various chemical transformations that
are relevant to agriculture, including the oxidation of organic pollutants and the conver-
sion of agricultural waste products into valuable chemicals [16]. The high surface area and
well-defined active sites in these frameworks make them particularly effective catalysts
for reactions that require precise control over selectivity and reaction conditions.

The construction of functional halogen-bonded organic frameworks has provided
new strategies for developing robust catalytic systems that can operate under agricultural
conditions [17]. These approaches have been adapted for copper-based systems to create
materials with enhanced stability and catalytic performance in soil environments. The lig-
and exchange mechanisms among halogen bonds provide a robust strategy for construct-
ing functional frameworks with tailored properties.

The catalytic activity of copper-based 2D MOFs has been enhanced through careful
design of the coordination environment and the incorporation of additional functional
groups. Single-crystal-to-single-crystal transformations have been used to modify the
structure of these materials while maintaining their crystalline integrity, resulting in en-
hanced catalytic performance [16]. These structural modifications can be tailored to spe-
cific agricultural applications, enabling the development of specialized catalysts for par-
ticular farming systems or crop types.

The development of new porous crystals of extended metal-catecholates has ex-
panded the range of catalytic applications available for agricultural systems [18]. These
materials combine the catalytic properties of metal centers with the versatility of organic
frameworks, creating opportunities for developing integrated agricultural technologies
that address multiple challenges simultaneously.

4.2. Sensing and Monitoring Applications

The development of copper-based 2D MOFs for sensing applications in agriculture
has opened new possibilities for precision farming and environmental monitoring. These
materials can be designed to respond to specific chemical species that are important in
agricultural systems, including nutrients, pollutants, and biological markers [14]. The
high sensitivity and selectivity of these sensing systems enable real-time monitoring of
soil and water conditions, providing valuable information for agricultural decision-mak-
ing [19].

Chemiresistive sensors based on copper coordination polymers have shown particu-
lar promise for agricultural monitoring applications. These sensors can detect changes in
soil chemistry, moisture content, and the presence of specific agricultural chemicals with
high sensitivity and reliability [14]. The integration of these sensors into agricultural man-
agement systems enables automated monitoring and control of farming operations, im-
proving efficiency and reducing environmental impact.
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The wireless communication capabilities of modern sensor systems have been com-
bined with copper-based 2D MOF sensing elements to create distributed monitoring net-
works for large-scale agricultural operations [20]. These networks provide continuous
monitoring of soil conditions across entire farms, enabling precise application of fertilizers,
pesticides, and other agricultural inputs [14]. The performance characteristics of different
sensor systems based on copper-based 2D MOFs for agricultural monitoring applications
are detailed in Table 5, which demonstrates the versatility and effectiveness of these sens-
ing technologies.

Table 5. Performance characteristics of different sensor systems based on copper-based 2D MOFs
for agricultural monitoring applications.

Target Ana- Detection Response  Stability Power Consumption

Sensor Type lyte Range Time (months) (UW)
- il Mois-
Conducto- Soil Mols- 5o 25seconds  12-18 15-25
metric ture
Electrochem- . e Ton  1-100 ppm 03U see- 8-12 25-40
ical onds
Optical pH Level 45-85  1-3 seconds 15-24 10-20
. _ _1 _
Capacitive Organic Car 0.5-5% 1o see 10-15 20-35
bon onds

4.3. Energy Applications and Sustainability

The application of copper-based 2D MOFs in energy-related agricultural systems has
emerged as an important area of research, particularly in the development of sustainable
energy solutions for modern farming operations. These materials have shown promise in
applications such as energy storage, photocatalysis, and fuel cell systems that can support
energy-efficient agricultural practices [7,12]. The integration of energy applications with
agricultural uses of these materials creates opportunities for developing truly sustainable
farming systems.

Battery applications of copper-based 2D MOFs have been explored for agricultural
energy storage systems, particularly in applications requiring high performance and long
cycle life. The design of 2D calcium coordination polymers interconnected with carbon as
high-performance cathodes has provided insights that can be applied to copper-based
systems for agricultural energy storage applications [7]. The safety and environmental
compatibility of aqueous battery systems make them particularly attractive for use in ag-
ricultural settings where safety and environmental protection are paramount concerns.

Photocatalytic applications of copper-based 2D MOFs include solar energy conver-
sion systems that can be integrated into agricultural operations to provide renewable en-
ergy while simultaneously providing agricultural benefits. These systems can generate
electricity or chemical fuels while serving as supports for agricultural enzyme inhibitors
or nutrient release systems [12]. The dual functionality of these systems maximizes their
economic value and supports the development of sustainable agricultural practices.

The comprehensive analysis of energy applications demonstrates the potential for
creating integrated agricultural-energy systems, as summarized in Table 6, which illus-
trates the performance characteristics and economic benefits of different energy applica-
tions integrated with agricultural functions.

Table 6. Performance characteristics and economic benefits of different energy applications inte-
grated with agricultural functions.

Energy Ap- Power Output Efficiency Agricultural Integration Payback Period

plication (W/m?) (%) Function Cost ($/m?) (years)
Photovoltaic ~ 150-200 1248 rAymeinhibies 1o 4-6
tion
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Battery Stor- 80-120 85.92 Nutrient re- 95-140 5.7
age lease
Soil condition-
Fuel Cell 100-150 40-55 ing 120-180 6-9
Hybrid Sys- 00280 2535 Multi-fune 180-250 7-10
tem tional

5. Future Directions and Technological Developments
5.1. Advanced Material Design and Optimization

The future development of copper-based 2D MOFs for agricultural applications will
likely focus on advanced material design strategies that optimize their performance for
specific agricultural conditions and requirements. Machine learning and artificial intelli-
gence approaches are being applied to the design of these materials, enabling the predic-
tion of optimal structures and compositions for particular applications [5]. These compu-
tational approaches can significantly accelerate the development of new materials while
reducing the cost and time required for experimental validation.

The incorporation of multiple functional groups within single copper-based 2D MOF
systems represents an important direction for future development. These multifunctional
materials can simultaneously provide enzyme inhibition, nutrient release, and sensing ca-
pabilities within a single framework, creating highly efficient agricultural systems [5]. The
design of such complex materials requires sophisticated synthetic strategies and careful
optimization of multiple performance parameters.

Hierarchical structuring of copper-based 2D MOFs offers opportunities to create ma-
terials with enhanced performance characteristics and broader application ranges. These
hierarchically structured materials can combine the advantages of different length scales,
providing macroscale properties such as mechanical strength and durability while main-
taining microscale properties such as high surface area and selective binding [5]. The de-
velopment of scalable synthesis methods for hierarchically structured materials remains
an important challenge for future research.

The integration of copper-based 2D MOFs with other advanced materials, such as
graphene, carbon nanotubes, and other metal-organic frameworks, creates opportunities
for developing hybrid systems with enhanced performance characteristics. These hybrid
materials can combine the best properties of each component while addressing the limi-
tations of individual materials [6,8]. The design and synthesis of such hybrid systems re-
quire interdisciplinary approaches that combine expertise in materials science, chemistry,
and agricultural engineering.

5.2. Scaling and Manufacturing Considerations

The successful commercialization of copper-based 2D MOFs for agricultural applica-
tions will require the development of scalable manufacturing processes that can produce
these materials in large quantities at competitive costs. Current research is focused on
identifying more efficient synthetic routes that reduce energy consumption and waste
generation while maintaining product quality [1,3]. The development of continuous man-
ufacturing processes represents a particularly important direction for achieving commer-
cial viability.

Quality control and standardization issues must be addressed to ensure consistent
performance of copper-based 2D MOFs in agricultural applications. The development of
standardized characterization methods and performance testing protocols will be essen-
tial for regulatory approval and market acceptance of these materials. Industry-wide
standards for material properties and performance specifications will facilitate the adop-
tion of these technologies by agricultural producers.

The environmental impact of large-scale production of copper-based 2D MOFs must
be carefully evaluated and minimized to ensure that these materials truly contribute to
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sustainable agriculture. Life cycle assessment studies are needed to quantify the environ-
mental benefits and costs associated with the production and use of these materials [2].
The development of green chemistry approaches for their synthesis will be important for
maximizing their environmental benefits.

Supply chain considerations for copper-based 2D MOF production include the avail-
ability and sustainability of raw materials, particularly copper sources and organic lig-
ands. The development of recycling strategies for spent materials and the use of renewa-
ble feedstocks for ligand synthesis will be important for long-term sustainability. Strategic
partnerships with mining companies and chemical manufacturers may be necessary to
ensure reliable supply chains for commercial production.

5.3. Regulatory and Market Development

The regulatory approval process for copper-based 2D MOFs in agricultural applica-
tions will require extensive safety and efficacy testing to demonstrate their suitability for
use in food production systems. Current regulatory frameworks for agricultural chemi-
cals may need to be adapted to address the unique properties and characteristics of these
advanced materials [2]. Early engagement with regulatory agencies will be important for
establishing appropriate testing protocols and approval pathways.

Market development for copper-based 2D MOFs will require education and outreach
efforts to inform agricultural producers about the benefits and proper use of these mate-
rials. Demonstration projects and pilot studies will be important for building confidence
in these technologies and establishing their value proposition in real-world agricultural
applications [2]. Partnerships with agricultural extension services and industry organiza-
tions can facilitate the dissemination of information about these technologies.

The intellectual property landscape for copper-based 2D MOFs in agricultural appli-
cations is complex and rapidly evolving, with numerous patents and patent applications
covering various aspects of their synthesis, characterization, and application. Companies
developing these technologies must carefully navigate this landscape to avoid infringe-
ment while protecting their own innovations [1,3]. Strategic patent filing and licensing
arrangements will be important for successful commercialization.

International market considerations for copper-based 2D MOFs include varying reg-
ulatory requirements, agricultural practices, and economic conditions in different regions.
Companies seeking to commercialize these technologies globally must develop strategies
that address these regional differences while maximizing market opportunities [2]. Col-
laborative research and development programs with international partners can facilitate
market entry and technology transfer.

6. Conclusion

Two-dimensional copper-based metal-organic frameworks represent a transforma-
tive technology for agricultural applications, offering unprecedented opportunities for
sustainable and efficient farming practices. The unique combination of structural versatil-
ity, chemical stability, and tunable functionality in these materials has enabled the devel-
opment of highly effective enzyme inhibition systems that address critical challenges in
nitrogen management and environmental protection. The successful development of cop-
per coordination polymers with enhanced urease inhibition capabilities demonstrates the
potential of these materials to revolutionize agricultural chemical applications.

The multifunctional nature of copper-based 2D MOFs extends their utility beyond
simple enzyme inhibition to include catalytic, sensing, and energy applications that sup-
port comprehensive agricultural sustainability goals. The integration of multiple func-
tions within single framework systems creates opportunities for developing highly effi-
cient agricultural technologies that address multiple challenges simultaneously while
minimizing environmental impact and economic costs.
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The future development of these technologies will require continued advances in ma-
terials design, synthesis optimization, and manufacturing scalability to achieve wide-
spread commercial adoption. The integration of computational design approaches, ad-
vanced characterization techniques, and sustainable manufacturing processes will be es-
sential for realizing the full potential of copper-based 2D MOFs in agricultural applica-
tions. The economic and environmental benefits demonstrated by these materials provide
strong motivation for continued investment in research and development efforts that will
translate these promising technologies into practical solutions for modern sustainable ag-
riculture.
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