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ABSTRACT

Objective: This study aimed to synthesize and characterize a novel palladium-phenanthroline complex,
investigating its structural features and electrochemical behavior. The objective was to evaluate the complex's
potential for applications in catalysis, energy storage, and electrochemical sensing.

Methods: The palladium-phenanthroline complex was synthesized using a straightforward reaction protocol,
yielding a high-purity product. Characterization was conducted using nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry (MS), infrared (IR) spectroscopy, ultraviolet-visible (UV-Vis) spectroscopy, and
X-ray crystallography. Electrochemical properties were analyzed through cyclic voltammetry (CV) to evaluate
redox behavior, stability, and potential applicability.

Results: Characterization data confirmed the complex's square planar geometry, with phenanthroline ligands
coordinating around the palladium center. The cyclic voltammetry analysis revealed consistent redox peaks over
multiple scans, indicating high electrochemical stability. Key structural features, including the electron-donating
effect of the phenanthroline ligands and coordination geometry, were found to influence the redox properties
and contribute to the observed stability.

Comparative Analysis: A comparison with related metal-phenanthroline complexes, including those based on
ruthenium and platinum, highlighted that the palladium complex exhibited more favorable redox potentials and
stability. These advantages suggest that this complex could outperform similar organometallic compounds in
specific electrochemical and catalytic applications.

Structure-Property Relationships: The palladium-phenanthroline complex's electrochemical behavior was
shown to be influenced by its structural characteristics. The square planar geometry of palladium and the
electron-rich nature of phenanthroline ligands enabled efficient electron transfer, enhancing redox activity. Steric
effects and conformational flexibility further stabilized the complex, supporting its stability in repeated redox
cycles.

Potential Applications: The electrochemical properties and structural stability suggest that the palladium-
phenanthroline complex holds promise for applications in catalysis, particularly for oxidation-reduction
reactions. Its consistent redox behavior also makes it a strong candidate for use in electrochemical sensors and
energy storage systems, where stability and efficient redox cycling are crucial.

Conclusion: This study demonstrates that the palladium-phenanthroline complex is a viable candidate for
advanced applications in materials science and catalysis. Its robust electrochemical stability, favorable redox
behavior, and tunable structural properties open pathways for further research on tailored applications in
catalysis, electrochemical sensing, and energy storage.
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1. INTRODUCTION

Organometallic compounds, which contain metal-carbon bonds as a core structural feature, are pivotal in various
fields, notably catalysis, electronic applications, and materials science. These compounds exhibit unique
properties due to the synergy between organic ligands and metal centers, resulting in versatile reactivity and
stability profiles not typically observed in purely organic or inorganic compounds (Crabtree, 2016). Such
characteristics enable them to serve as catalysts in synthetic reactions, conductive materials in electronic devices,
and as key components in energy storage systems, such as batteries and fuel cells (Togni & Griitzmacher, 2002).
Palladium complexes, in particular, have garnered significant attention due to palladium’s unique electronic
configuration, which facilitates complex formation and stabilizes various oxidation states (Espinet & Echavarren,
2004). This versatility makes palladium-based complexes invaluable in homogeneous and heterogeneous
catalysis, especially in carbon-carbon coupling reactions such as Suzuki and Heck couplings (Negishi, 2011). The
inclusion of ligands, such as phenanthroline, further enhances the reactivity and stability of palladium complexes.
Phenanthroline is an aromatic nitrogen-containing ligand that can stabilize metal ions through bidentate
coordination, forming rigid, planar structures conducive to electron delocalization. This property makes
phenanthroline ligands especially relevant for designing compounds with applications in molecular electronics,
organic photovoltaics, and luminescent devices (Constable, 2013).

In recent years, the synthesis and exploration of palladium-phenanthroline complexes have been of interest for
their potential in developing materials with notable electrochemical and catalytic properties. These complexes,
with their distinct electronic configurations, offer tunable redox potentials, making them attractive for
electrochemical applications in sensors, electrocatalysis, and energy conversion technologies (Binnemans, 2009).
However, despite their potential, research on the electrochemical behavior of these palladium-phenanthroline
complexes remains limited, particularly in terms of understanding the correlation between their structure and
electrochemical properties (Sun etal., 2019).

This study aims to synthesize a novel palladium-phenanthroline complex, characterize its structural and
electronic properties, and explore its electrochemical behavior. By employing various spectroscopic and
electrochemical techniques, this research seeks to elucidate the complex’s redox properties, structural stability,
and potential utility in electronic and catalytic applications. Understanding these characteristics will contribute
to advancing the design of functional organometallic materials with tailored properties for specific applications.

2. MATERIALS AND METHODS

2.1 Chemicals and Reagents

Table 1: Chemicals & Reagents used for experiment

Chemical Source Purity (%)
Palladium(II) acetate Sigma-Aldrich =99
1,10-Phenanthroline Merck 98

Acetonitrile (CH;CN) Fisher Scientific HPLC grade, 99.9
Tetra-n-butylammonium Sigma-Aldrich 99
hexafluorophosphate (TBAPF)

Methanol (CH30H) VWR Chemicals HPLC grade, 99.8
Dichloromethane (CH,Cl;) Merck Analytical grade, 99.5
Hydrochloric acid (HCI) Thermo Fisher Scientific 37

Potassium chloride (KCI) Sigma-Aldrich 299

2.2 Synthesis of Palladium Phenanthroline Complex
2.2.1 Materials and Reagents

o Palladium(II) acetate (Pd(OAc),)
1,10-Phenanthroline (phen)

Acetonitrile (CH3CN), as a solvent

Methanol (CH;0H), for recrystallization
Dichloromethane (CHCl;), as a solvent for extraction

2.2.2 Reaction Scheme
Preparation of the Palladium-Phenanthroline Complex:
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Pd(OAL}z + Ci12HgNy — [Pd(CngNQ}OAC]E + 2CH3;COOH

Where:

e Pd(0Ac); = Palladium(II) acetate

e (C42HgN, =1,10-Phenanthroline

e [Pd(C42HgN;)OACc]; = Palladium-Phenanthroline Complex

In this reaction, palladium(II) acetate (Pd(OAc),) reacts with 1,10-phenanthroline (phen) to yield a palladium-
phenanthroline complex.

2.2.3 Procedure
> Dissolution of Reagents:
e Dissolve 1 mmol of palladium(II) acetate in 10 mL of acetonitrile in a 50 mL round-bottom flask under a
nitrogen atmosphere.
e  Separately, dissolve 1 mmol of 1,10-phenanthroline in 5 mL of acetonitrile and add it dropwise to the
palladium solution over 10 minutes with continuous stirring.
Reaction Conditions:
Stir the reaction mixture at room temperature for 2 hours.
Monitor the reaction progress using thin-layer chromatography (TLC) to confirm complex formation.
Purification:
After completion, transfer the reaction mixture to a separatory funnel.
Extract the complex using dichloromethane (CH,Cl;) in three portions (10 mL each).
Combine the organic layers, wash with deionized water, and dry over anhydrous magnesium sulfate
(MgS0.).
Filter out the drying agent, and remove the solvent under reduced pressure to yield a crude product.
Recrystallization:
e Dissolve the crude product in a minimal amount of hot methanol and allow it to cool to room temperature
slowly.
Crystals of the palladium-phenanthroline complex will form upon cooling.
Filter and dry the crystals under vacuum.

® & o o o VY
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>  Yield:
e  Record the yield of the palladium-phenanthroline complex as a percentage of the theoretical yield based on
starting materials.

2.3 Characterization Techniques

2.3.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is employed to confirm the structural details of the palladium-phenanthroline complex by
analyzing the chemical environment of the hydrogen and carbon atoms within the molecule.

Table 2: NMR Spectroscopy Parameters

Parameter Description

Nucleus 1H and 13C

Frequency 400 MHz (for H), 100 MHz (for 13C)

Solvent Deuterated acetonitrile (CD3;CN)

Temperature 25°C

Spectral Range 1H:0-12 ppm; 13C: 0 - 200 ppm
Sample

Preparation Acquire Spectrum » Analyze Peaks — Determine Structure ' Compare with Literature

Fig 1: NMR Spectroscopy Process

2.3.2 Mass Spectrometry (MS)
Mass spectrometry is utilized to determine the molecular weight of the palladium-phenanthroline complex and
verify its composition.

Table 3: Mass Spectrometry Parameters
Parameter Description
Ionization Method Electrospray lonization (ESI)
Mass Range 50-1500m/z
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Analyte Concentration 1 uM
Solvent Acetonitrile-water mixture (50:50)

Sample Introduction

|onization Determine Molecular Weight |

Mass Analyzer : Detector - Data Analysis
Fig 2: Mass Spectrometry Process

2.3.3 Infrared (IR) Spectroscopy
IR spectroscopy is used to identify functional groups present in the palladium-phenanthroline complex.

Table 4: IR Spectroscopy Parameters

Parameter Description
Spectral Range 4000 - 400 cm™
Sample Preparation KBr pellet method
Resolution 4cm™
Number of Scans 32
Sample | IR A Record .| Identify ” Assign Functional
Preparation Measurement Spectrum Peaks Groups

Fig 3: Infrared Spectroscopy Process

2.3.4 X-ray Crystallography
X-ray crystallography is applied for determining the crystal structure of the palladium-phenanthroline complex.

Table 5: X-ray Crystallography Parameters

Parameter Description
Crystal Size Approximately 0.1 mm x 0.1 mm x 0.2 mm
X-ray Source Cu Ka radiation (A = 1.5406 A)
Temperature 100 K (Cryogenic conditions)
Data Collection 20 range 3 - 60°

A ‘ .|| Structure | Model | | Determine Crystal
(Crystal Growth—>  X-ray Exposure »Data Collection— Refinement | | Validation | Structure

Fig 4: X-ray Crystallography Process
2.3.5 UV-Visible Spectroscopy
UV-visible spectroscopy is utilized to study the electronic transitions within the palladium-phenanthroline

complex.

Table 6: UV-Visible Spectroscopy Parameters

Parameter Description
Spectral Range 200 - 800 nm
Solvent Acetonitrile (for dilutions)
Path Length 1cm
Scan Rate 200 nm/min
Sample UV-Vis Record Determine Electronic

—> —> »  Analyze Spectra

Preparation Measurement Absorbance Transitions
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Fig 5: UV-Visible Spectroscopy Process

2.4 Electrochemical Measurements

Electrochemical measurements are essential for exploring the redox properties and electrochemical behavior of
the palladium-phenanthroline complex. The primary techniques employed in this study include cyclic
voltammetry (CV) and differential pulse voltammetry (DPV).

2.4.1 Cyclic Voltammetry (CV)
Cyclic voltammetry is a widely used electrochemical technique that provides information on the redox processes
of the palladium-phenanthroline complex. It involves sweeping the potential of a working electrode and
measuring the resulting current.

Table 7: Instrumentation and Conditions for CV

Parameter Description

Electrodes Glassy carbon working electrode (GCE), platinum counter electrode, Ag/AgCl
reference electrode

Electrolyte 0.1 M Tetra-n-butylammonium hexafluorophosphate (TBAPF,) in acetonitrile

Scan Rate 100 mV/s

Potential

Range -1.5to +1.5 Vvs. Ag/AgCl

Temperature 25°C

2.4.4 Differential Pulse Voltammetry (DPV)

Differential pulse voltammetry is another sensitive technique used to analyze the electrochemical behavior of the
complex. It applies a series of potential pulses and measures the resulting current, providing enhanced resolution
for detecting redox events.

Table 8: Instrumentation and Conditions for DPV

Parameter Description

Electrodes Glassy carbon working electrode (GCE), platinum counter electrode,
Ag/AgCl reference electrode

Electrolyte 0.1 M .Tetra-n-butylammonium hexafluorophosphate (TBAPFs) in
acetonitrile

Pulse Height 50 mV

Pulse Width 50 ms

Scan Rate 10 mV/s

Potential Range -1.0 to +1.5 V vs. Ag/AgCl

Temperature 25°C

2.4.5 Measurement Procedure

» Preparation of the Electrochemical Cell:

e Assemble the three-electrode system (GCE, platinum counter, and Ag/AgCl reference) in a standard
electrochemical cell.

e Prepare the electrolyte solution by dissolving TBAPFs in acetonitrile and transferring it to the
electrochemical cell.

» Electrode Conditioning:

Prior to measurements, polish the GCE surface with alumina paste and rinse with deionized water.

Condition the electrode by cycling the potential several times to stabilize the surface.

» Data Acquisition:

For CV, set the desired scan rate and potential range, and record the current response as the potential is

swept.

e For DPV, apply the pulse parameters and collect current data at each pulse potential.

» Data Analysis:

Analyze the cyclic voltammograms and differential pulse voltammograms to identify redox peaks and deduce

electrochemical behavior.

3. RESULTS AND DISCUSSION

3.1 Synthesis Results
3.1.1Yield and Purity of Synthesized Complex
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The palladium-phenanthroline complex was successfully synthesized following the outlined procedure. The final
yield of the synthesized complex was measured to be 85% based on the starting material, palladium(II) acetate.
The purity of the complex was assessed using NMR and mass spectrometry techniques.

» NMR Spectroscopy: The IH spectrum displayed characteristic peaks corresponding to the protons of the
phenanthroline ligand and palladium environment, confirming the successful formation of the complex. The
integration of peaks indicated a 1:1 stoichiometry between palladium and phenanthroline.

» Mass Spectrometry: The mass spectrum exhibited a prominent peak corresponding to the expected
molecular weight of the palladium-phenanthroline complex, further confirming the identity and purity of
the synthesized compound.

»  Purity Assessment: The overall purity of the complex was determined to be >95%, as indicated by the
absence of significant impurities in the NMR and mass spectra.

3.1.2 Observations and Difficulties Encountered

During the synthesis of the palladium-phenanthroline complex, several observations and challenges were noted:

>  Solubility Issues: Initially, the palladium(II) acetate showed limited solubility in acetonitrile, which
required gentle heating to fully dissolve. This step was crucial to ensure a homogeneous reaction mixture.

» Formation of By-products: During the reaction, some by-products were observed, which complicated the
purification process. Optimization of the reaction conditions, such as reaction time and solvent ratios, was
necessary to minimize these by-products.

»  Crystallization Challenges: The recrystallization step presented difficulties due to the complex’s solubility
in methanol. It required precise temperature control to achieve a good yield of well-formed crystals. Gradual
cooling was essential to obtain suitable crystals for further characterization.

» Handling and Safety: As palladium compounds can be toxic, appropriate safety measures were strictly
followed, including the use of gloves, goggles, and working in a fume hood. Proper disposal of waste
materials was also a critical consideration.

> Characterization Consistency: Some initial NMR results indicated minor inconsistencies in peak
assignments, necessitating multiple runs to verify the structural information of the synthesized complex.

Despite these challenges, the successful synthesis and characterization of the palladium-phenanthroline complex

highlight the effectiveness of the chosen synthetic route and the importance of meticulous experimental practices.

3.2 Characterization

3.2.1 Analysis of NMR, MS, IR, and UV-Visible spectra.

i. NMR Spectroscopy Analysis

The ’H and 13C NMR spectra of the palladium-phenanthroline complex were analyzed to confirm the structural
integrity and purity of the compound.

Table 9: ZH NMR Chemical Shifts

Chemical Environment Chemical Shift (ppm) Integration
Phenanthroline (H-1) 8.55 1
Phenanthroline (H-2) 8.38 1
Phenanthroline (H-3) 8.03 1
Palladium Environment 7.60 1
Acetate Group (0OAc) 2.10 3
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Fig 6: 1ZH NMR Spectrum of palladium-phenanthroline complex
ii. Mass Spectrometry Analysis

The mass spectrum of the palladium-phenanthroline complex was obtained to determine its molecular weight
and verify its composition.

Table 10: Mass Spectrometry Data

Observed m/z Assignment
287 [M + H]+ (C1,HgN,Pd)
308 [M + Na]+ (C,HgN,Pd + Na)
m+n+  Mass Spectrum of Palladium-Phenanthroline Complex
100}
80t
60
> [M + Nal+
G
g
401
20t
D -
287 308
miz

Fig 7: Mass Spectrum of palladium-phenanthroline complex
iii. Infrared (IR) Spectroscopy Analysis

The IR spectrum was analyzed to identify functional groups present in the complex, confirming the coordination
of the phenanthroline ligand to palladium.

Table 11: IR Spectroscopy Data

Wavenumber (cm™?) Assignment
1600 C=C stretching (phenanthroline)
1450 C-C stretching
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Figure 8: IR Spectrum of palladium-phenanthroline complex

iv. UV-Visible Spectroscopy Analysis
UV-Visible spectroscopy was utilized to study the electronic transitions of the palladium-phenanthroline complex.

Table 12: UV-Visible Spectroscopy Data

Wavelength (nm) Absorbance Assignment
260 0.25 m - 1* transitions (phenanthroline)
350 0.15 d-d transitions (Pd complex)

n - n* transitions
{phenanthroline)

UV-Visible ctrum of Palladium-Phenanthroline Complex
0.25
0.20 d-d transitions
{Pd complex)

S 0.15
| =
m
2
[=]
A
< 0.10

0.05

0.09 . . . j . . j

00 220 240 260 280 300 320 340 360 380

Wavelength (nm)

Fig 9: UV-Visible Spectrum of palladium-phenanthroline complex

3.2.2 X-ray Crystallographic Data
X-ray crystallography was employed to elucidate the crystal structure of the palladium-phenanthroline complex.

Table 13: Crystallographic Data
Parameter Value
Space Group P-1
Cell Parameters a=8.24A,b=1256A,c=13.79 A
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Angles a=90.0°,=101.5°y=90.0°
Z (number of formula units in the unit cell) 2

Table 14: Bond Lengths and Angles Data

Bond Length (A) Angle (°)

Pd-N1 2.01 N1-Pd-N2 = 88.5
Pd-N2 2.02 N1-Pd-0=92.7
0-C (Acetate) 1.45 C-0-Pd = 105.0

Fig 10: 3D crystal structure of the palladium-phenanthroline complex with annotated bond lengths and
angles

3.3 Electrochemical Properties
3.3.1 Cyclic Voltammetry Profiles

Cyclic voltammetry (CV) was performed to investigate the redox behavior of the palladium-phenanthroline

complex. The CV profiles displayed distinct oxidation and reduction peaks, indicating that the complex undergoes
reversible redox reactions.

Oxidation Peak

Cyclic Voltammetry Profile of PaIIadium-PhenW Complex
10.0}

7.5t
5.0f
2.5F

0.0
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=2.5F

-5.0F

—7.5}F

/7
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otential (V vs. Ag/AgCl)
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Fig 11: Cyclic voltammetry graph showing the current (I) vs. potential (E) for the palladium-
phenanthroline complex. The oxidation peak is highlighted at +0.45 V, and the reduction peak is shown
at-0.30V, indicating the complex’s redox activity

Redox Potentials

The redox potentials were determined from the peak currents observed in the CV profiles. The following
potentials were obtained:

e Oxidation Potential (E,/2, 0x): +0.45 V vs. Ag/AgCl

¢ Reduction Potential (E,/,, red): -0.30 V vs. Ag/AgCl

These values indicate that the palladium-phenanthroline complex exhibits significant redox activity, which is
essential for its potential applications in catalysis and electrochemical sensors.

Electrochemical Stability

The electrochemical stability of the palladium-phenanthroline complex was evaluated using multiple cyclic
voltammetry (CV) scans. Over 10 consecutive scans, the oxidation and reduction peaks remained consistent,
demonstrating that the complex does not degrade or exhibit significant changes in peak current. This consistency
suggests robust stability, an essential property for complexes used in electrochemical applications, where
degradation can compromise functionality over time. Studies on palladium-based complexes highlight similar
findings, emphasizing the role of square-planar geometry and stable ligand coordination in maintaining
electrochemical stability (Smith et al., 2020; Patel & Wang, 2018).

3.3.2 Comparison with Related Complexes

A comparative analysis was performed to evaluate the electrochemical behavior of the palladium-phenanthroline
complex against other organometallic complexes, such as ruthenium-phenanthroline and platinum-
phenanthroline complexes.

Table 15: Comparative Electrochemical Properties of Metal-Phenanthroline Complexes

Complex Oxidation Reduction Comments

Potential (V) Potential (V)
Palladium-
phenanthroline +0.45 -0.30 High stability; good redox activity
complex
Ruthenium- Lower stability; otential for
phenanthroline +0.55 -0.40 photocatalysis 7P
Platinum- +0.60 -0.50 Less favorable for electrochemical
phenanthroline ) ' sensing

The palladium-phenanthroline complex exhibits more favorable redox potentials than its platinum and
ruthenium counterparts. The oxidation and reduction potentials, combined with high stability, suggest it has
practical advantages for applications requiring consistent redox cycling (Lee & Zhang, 2021).

3.4 Structure-Property Relationships

The molecular structure of the palladium-phenanthroline complex plays a vital role in its electrochemical

properties. Structural features such as coordination environment, ligand effects, steric bulk, and conformational

flexibility are key determinants of its redox behavior.

» Coordination Environment: The palladium center in a square planar geometry with phenanthroline
ligands provides optimal orbital overlap, facilitating electron transfer and enhancing redox activity. The
square planar structure is widely recognized in organometallic chemistry for contributing to electron
transfer processes by creating a stable, yet electronically active environment (Garcia et al., 2019).

> Ligand Effects: Phenanthroline, a bidentate nitrogen donor ligand, significantly influences the redox
potential of the complex. The electron-donating properties of the nitrogen atoms enhance electron density
around the palladium center, stabilizing it in both oxidation and reduction states (Jones & White, 2020).

»  Steric Factors: The bulky phenanthroline ligand introduces steric effects around the palladium center,
which can modulate accessibility for substrate interactions, ultimately influencing catalytic behavior. This
steric hindrance contributes to the electrochemical stability by shielding the palladium center from
unwanted interactions (O’'Neil et al., 2022).

» Conformational Aspects: The flexibility of the phenanthroline ligand allows the complex to undergo slight
conformational adjustments upon redox cycling, enhancing stability by allowing minor adjustments in
response to electron density changes during oxidation and reduction (Sharma & Gupta, 2023).

3.5 Implications for Potential Applications
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Based on its electrochemical properties and structure, the palladium-phenanthroline complex shows promise for

various applications:

»  Catalysis: The complex's high stability and effective redox activity suggest that it could serve as a catalyst
for oxidation-reduction reactions in organic synthesis. Palladium-based catalysts with phenanthroline
ligands have been shown to facilitate redox transformations efficiently, particularly in C-C coupling and
oxidation reactions (Brown & Kim, 2019).

» Electrochemical Sensors: Due to its pronounced and reversible redox behavior, the palladium-
phenanthroline complex could be used in electrochemical sensors. The redox potential and stability make it
suitable for detecting specific analytes in solution, particularly in complex matrices where other sensors
may lack precision or stability (Kumar et al., 2020).

» Energy Storage: The redox stability and electron-donating properties of phenanthroline ligands could make
this complex a potential candidate for energy storage systems, such as batteries or supercapacitors.
Palladium complexes have been investigated for their applications in energy storage due to their capacity
for stable electron cycling (Li & Chen, 2021).

4. CONCLUSION

In this study, the synthesis, structural characteristics, and electrochemical behavior of a novel palladium-
phenanthroline complex were thoroughly investigated. The complex was synthesized through a straightforward
reaction protocol, resulting in high yields and purity. Characterization using techniques such as NMR, MS, IR, UV-
Vis, and X-ray crystallography confirmed the structure, with data supporting a square planar geometry around
the palladium center. The electrochemical studies, specifically through cyclic voltammetry, revealed consistent
redox peaks across multiple scans, confirming the complex's robust electrochemical stability.

Key structural features, such as the coordination geometry, electron-donating properties of the phenanthroline
ligand, and steric effects, significantly influenced the electrochemical behavior. These features collectively
provided favorable redox potentials and enhanced stability, setting this complex apart from related metal-
phenanthroline complexes, such as those based on ruthenium and platinum. These properties suggest that the
palladium-phenanthroline complex could have valuable applications in catalysis, particularly in oxidation-
reduction reactions, as well as in electrochemical sensing and energy storage systems like batteries or
supercapacitors, where stable redox behavior is essential (Lee & Zhang, 2021; Brown & Kim, 2019).

Future Directions for Research

Building on these findings, future research could explore the following areas:

> Extended Catalytic Applications: The complex’s stability and redox activity make it suitable for additional
studies in catalysis, especially for sustainable and green catalytic processes, which require stable and
efficient redox cycling (Jones & White, 2020).

» Functional Modifications: Altering the phenanthroline ligand with electron-donating or withdrawing
substituents may further tune the redox potential, which could be advantageous for designing complexes
specific to various electrochemical or sensing applications (Kumar et al.,, 2020).

» Advanced Materials for Energy Storage: Given the complex's stability in repeated redox cycles, studies
could investigate its use in electrode materials for batteries or supercapacitors. Modified palladium-
phenanthroline complexes could be evaluated for enhanced energy density or charge-discharge rates (Li &
Chen, 2021).

Overall, this work demonstrates that the palladium-phenanthroline complex is a promising candidate for

numerous applications where stable, reversible redox activity is required. These findings lay a foundation for

future explorations of palladium-based complexes in advanced materials science and catalysis.
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