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Abstract  
This paper highlights the role of density functional theory (DFT) in understanding the fluorescent 
sensing potential of azopyrazole-benzenesulfonamide derivatives for sodium ion detection. Sodium ion 
sensing is crucial due to its biological and environmental importance, and these derivatives offer 
promising sensing capabilities owing to their tunable structures and strong photophysical responses. 
DFT and time-dependent DFT studies reveal key changes in electronic properties, such as reduced 
HOMO–LUMO gaps and spectral shifts upon sodium binding, indicating effective fluorescence-based 
detection. The review consolidates computational findings across studies, emphasizing the importance 
of theoretical insights in guiding the design of selective and sensitive sodium ion sensors, and calls for 
future integration with experimental validation and practical application development. 
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INTRODUCTION 
 Sodium ion is one of the nutrients in the human body. It is found in the blood and the 
extracellular fluid; it helps in balancing body’s fluid and support nerves and muscles. Sodium 
along with potassium helps in balancing of osmotic pressures and moisture inside and outside 
the cell which helps in the contribution of nerves, heart, muscles, and other physiological 
functions to function properly. High sodium concentration helps accumulate water in the 
body, high blood pressure and other physiological disorders. The crown ether family is 
widely used for the design of fluorescence metal sensors(Gao et al., 2017).   
 
Fluorescence sensing represents a highly sensitive and versatile analytical technique that 
operates through modulation of emission properties, such as attenuation, enhancement, or 
wavelength shifts, upon interaction with target analytes. Owing to its exceptional potential in 
biological and environmental monitoring, fluorescence sensing has emerged as a prominent 
research frontier. These sensing systems are broadly classified into two categories: fluorescent 
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biosensors, which typically involve biological recognition elements, and fluorescent 
chemosensors, which rely on purely synthetic chemical recognition units(Basabe et al., 2007; 
Goodrum et al., 2024; W. He et al., 2024; L. Li et al., 2023). Fluorescent probes can be 
engineered to exhibit high selectivity and sensitivity toward a specific explosive compound. 
Additionally, fluorescence sensing allows for real-time analysis and rapid response, making 
it an effective tool for timely and efficient detection. The re-emission of absorbed photons by 
a substance occurs through either fluorescence or phosphorescence. Fluorescence is a faster 
process, which can occur within approximately 15 nanoseconds, whereas phosphorescence 
takes place over a significantly longer timescale, around 1 millisecond. As a result, 
fluorescence is responsible for the majority of photon re-emission events.  The fluorescence 
quantum yield in solution (Φ_f) is defined as the proportion of absorbed photons that are re-
emitted as fluorescence. In recent years, fluorescent sensors have seen rapid development, 
driven by their high sensitivity, rapid response time, low cost, and operational simplicity. 
Fluorescence sensing is primarily based on photophysical and photochemical processes, 
including photo-induced electron transfer (PET), fluorescence resonance energy transfer 
(FRET), and energy exchange (EE). These mechanisms form the foundation for the 
development of next-generation fluorescent sensors with improved performance 
characteristics across a wide range of applications(City, 1992; Huot and Babin, 2010; Li, Yin 
and Huo, 2016; Gunnlaugsson et al., 2017; Laipan et al., 2020). 
 
Azo dyes, recognized as classical dyes and pigments with adjustable absorption 
characteristics and color properties, are extensively utilized in various applications such as 
textile processing, chemical indicators, food additives, optical data storage, chemosensors, 
and molecular photoswitches. Additionally, they serve as ion indicators or sensors, capable 
of detecting ions through observable color changes and facilitating the identification of 
reactions with metal cations or anions. Furthermore, azo dyes have been employed as 
reversible colorimetric sensors for moisture detection in organic solvents and have found 
application in inkless writing technologies( Wu & Ren, 2021). 
 
Studies on Azopyrazole-Benzene sulfonamide derivative for metal ion fluorescence sensing 
have been carried out by many researchers, as revealed in the literature.  Gyeongjin Kim et al 
(2022), reported that a new chemical sensor was created to detect fluoride ions (F⁻) which was 
called MBV it shows the present of fluoride and colorless changes in it from colorless to orange 
under fluorescence light and from colorless to yellow in visible light It is highly sensitive, with 
a detection limit of 6.76 μM by fluorescence and 0.77 μM by colorimetry. The study was carried 
out using spectroscopy, mass spectrometry (ESI-MS), and NMR, which confirmed that MBV 
binds to fluoride in a 1:1 ratio MBV detects fluoride in a process called intramolecular charge 
transfer (ICT), triggered by the removal of a proton from a phenol group, and this mechanism 
is used in theoretical calculations. The sensor can be reused after treating it with mercury 
nitrate (Hg(NO₃)₂ 
 
Sayed et al (2021) A novel fluorescent sensor, PHBS-sensor, was developed for the highly 
selective detection of Fe³⁺ ions in acidic solutions. The sensor exhibits fluorescence quenching 
at 379 nm upon interaction with Fe³⁺. Various parameters affecting detection, including pH, 
solvent type, buffer type, sensor concentration, reaction time, and interfering ions, were 
systematically studied and optimized. Theoretical modeling using DFT calculations was 
conducted to understand the Fe³⁺-PHBS interaction mechanism. The sensor demonstrated 
ultra-trace level detection with a limit of 1.7 × 10⁻⁵ M. Its practical application was validated 
in real water samples (ground, tap, and Nile River water) and pharmaceutical products 
(capsules and syrups) (Chandran et al., 2022; Huang et al., 2022) 
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Different varieties of metallic ions were used for sensor devices in order to monitor species 
such as molecules and ions for medicines and industries among others. As such the need for 
the need to carefully monitor different species (molecules, ions) for fundamental studies 
(medicine), as well as environmental or process control (industry), has boosted the search for 
new sensor devices. Among the different ions, whose quantification remains important, 
sodium ions play a major role because of the importance of their metabolism into the human 
body. Indeed, sodium ion concentration plays a key role in the blood pressure regulation, and 
is also important for efficient muscles movement and nerves functioning. 
 
Chemistry of Azopyrazole and Benzene Sulfonamide Derivate 
Azo finds its name from a French word, azoate, historically from nitrogen, categorized into 
two distinct classes: aliphatic and aromatic. Azo compounds, aliphatic exhibit lower stability 
and lack coloration, aromatic tend to cleave, rendering them effective radical initiators(Riaz et 
al., 2025). Azo dyes were first discovered in 1858 by the German chemist Johann Peter Griess 
(Alkurdi, AlJahdali and Alshehri, 2022) while working at a brewery. He developed the 
diazotization process, which became a key method for making synthetic dyes used in 
textiles(Edwin Yates & Andrew Yates, 2016). Sulfonamide was first tested in 1932 by Gerhard 
Domagk to treat a streptococcal infection, and it worked well(Arshad et al., 2024). 
Sulfonamides and their derivatives are extensively studied both experimentally and 
theoretically as potential nonlinear optical (NLO) materials due to their non-uniform 
electronic density distribution along the molecular skeleton. These compounds, characterized 
by diazo linkages within π-conjugated systems, act as organic chromophores capable of 
facilitating significant electronic transitions. These transitions occur through the absorption of 
short-wavelength light, primarily mediated by conduction electrons within the azo bridges 
and aromatic rings. The azo bridge, in particular, plays a crucial role in defining the optical 
properties of these molecules, enabling applications such as optical data storage and nonlinear 
optical devices. Additional advantages of sulfonamide-based chromophores include their 
defined molecular structures, high purity, ease of chemical modification, and superior 
luminescence efficiency(Ghomashi et al., 2022). Beyond their role in materials science, 
sulfonamides represent a pharmacologically significant class of compounds. They exhibit 
various biological activities, including antibacterial, anti-carbonic anhydrase, diuretic, 
hypoglycemic, antithyroid, anti-inflammatory, and antiglaucoma effects(El-Sayed et al., 2011). 
Since the initial introduction of sulfanilamide, numerous chemically modified derivatives 
have been developed to enhance antibacterial efficacy, broaden the spectrum of microbial 
activity, and extend the duration of therapeutic action. Owing to their affordability, these 
compounds continue to be utilized in various regions worldwide (Alsughayer et al., 2011). 
 
 Recent progress in the chemistry of azopyrazole and benzene sulfonamide derivatives has 
facilitated the creation of biologically active compounds. Merging these two functional groups 
into hybrid molecules presents a promising approach for developing multifunctional 
therapeutic agents. Ongoing studies in this field will likely produce new compounds with 
improved potency and selectivity for diverse biomedical uses. Heterocyclic compounds, 
particularly five-membered rings containing nitrogen and oxygen atoms, are vital in 
modulating biochemical processes in living organisms. The N–H proton of the sulfonamide 
group is especially significant, as it is influenced by both the sulfonamide ring and an adjacent 
fused heterocyclic system(Badgujar, More and Meshram, 2018; Arshad et al., 2024; Zala et al., 
2025). 
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Structure and Properties of Azopyrazole 
Azo compounds, characterized by the presence of the azo group (–N=N–) linking alkyl or aryl 
radicals, are extensively utilized as dyes. Despite their widespread application, concerns 
regarding their environmental and health impacts have led to increased efforts to treat dye-
containing wastewater. The persistence and distribution of azo dyes in aquatic environments 
tend to rise with increasing molecular weight, attributed to a greater number of azo linkages. 
Many azo dyes form strong covalent bonds with textile fibers, enhancing their durability but 
also rendering them resistant to degradation. The coloration of these dyes arises from a 
combination of structural elements, including a molecular backbone, chromophoric groups, 
auxochrome groups, and solubilizing groups. Specifically, the color intensity and shade of azo 
dyes are primarily determined by the azo linkages in conjunction with associated 
chromophores and auxochromes. (Benkhaya, M’rabet and El Harfi, 2020) there are excellent 
resistance to light and microbial degradation, along with minimal fading during washing. 
Their absorption spectra typically display distinct peaks corresponding to hues ranging from 
yellow to orange. The introduction of electron-donating substituents within the pyrazolone 
ring or through coupling agents can result in a bathochromic shift, enhancing color depth and 
intensity, increasing the extinction coefficient, and imparting novel properties to the resulting 
azo compounds and their metal complexes. These modified compounds have been reported 
to exhibit antitumor and antioxidant activities, as well as affinity for DNA. Additionally, 
certain derivatives demonstrate notable magnetic and photoluminescent properties, which 
are closely related to their molecular structure. The stability of azo dyes is largely attributed 
to the presence of sulfonate groups and azo linkages, both of which are considered xenobiotic 
in nature. 

 

 
Fig.1 Azopyrazole structure 

 
Benzenesulfonamide (BS) Derivatives  
BS derivatives, specifically, have garnered attention due to their structural and 
pharmacological versatility. A representative BS derivative, with the chemical formula 
C₃₁H₂₃ClN₂O₄S₂, crystallizes in the triclinic system and belongs to the P-1 space group, which 
lacks symmetry restrictions on unit cell parameters. The molecule features a benzene ring 
directly bonded to a sulfonamide group (-SO₂NH₂), a functional motif known to impart 
antimicrobial properties. Sulfonamides were the first effective antibacterial agents and laid 
the foundation for modern antibiotics. Their bioactivity stems from the SO₂NH group, which 
is also associated with various adverse effects such as gastrointestinal and respiratory 
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disturbances, and non-allergic side effects like dizziness, candidiasis, and folate deficiency.BS 
compounds, colloquially known as "sulfa drugs," are prominent in medicinal chemistry due 
to their extensive biological properties, including antibacterial, antitumor, insulinotropic, and 
antithyroid activities. They have been effectively applied in the treatment of diseases such as 
tuberculosis, vascular disorders, cancer-related pain, arthritis, glaucoma, and epilepsy. 
Several FDA-approved drugs, including Pazopanib, Belinostat, Dabrafenib, Vemurafenib, 
and Indisulam, incorporate the sulfonamide scaffold, highlighting its impact on 
pharmacokinetic and pharmacodynamic parameters Moreover, BS derivatives serve as 
valuable intermediates in the synthesis of dyes, pigments, and other industrial chemicals, 
underlining their dual importance in both pharmaceutical and chemical industries. The 
structural analysis of substituted benzenesulfonamide has revealed diverse crystal systems 
and space groups, such as the monoclinic Pc structure reported by Gowda et al. in 
2007.(Elsayad et al., 2024; Kanagathara et al., 2025) 
 
Functional Group Behavior  
The sensing ability of azopyrazole–benzene sulfonamide derivatives arises from the 
synergistic behavior of their functional groups, which control ion recognition, signal 
transduction, and photophysical response. 
 
Table 1: Presents the functional group, main role and effect of Na+ sensing 

Functional Group Main Role Effect on Na⁺ Sensing Ref. 

Azo (-N=N-) Conjugation, electron 
transfer 

Alter the emission upon Na⁺ 
interaction 

(A Sayed et al., 2021) 

Pyrazole ring Na⁺ coordination site Direct binding changes 
fluorescence 

(Melo-Hernández, 
Ríos and Portilla, 
2024) 

Benzene 
sulfonamide 

Solubility, electronic 
modulation 

Stabilizes system and supports 
binding 

(A. Sayed et al., 2021) 

Substituents (–OH, 
etc.) 

Electron 
donors/acceptors 

Fine-tune response to Na⁺ binding (Phoh et al., 2021) 

 
Modification for sensing applications 
The performance of fluorescent sensors strongly depends on structural modifications that 
fine-tune sensitivity, selectivity, stability, and biocompatibility. For azopyrazole-benzene 
sulfonamide derivatives, the following modification strategies are commonly employed: 
 
Table 2: Shows some modification for sensing applications 

Modification Purpose Benefit to Na⁺ Sensing   Ref. 

Add –OH/–NH₂ groups Enhance ICT & fluorescence Sensitivity (Pal et al., 
2021) 

Introduce crown ether unit Specific Na⁺ binding Selectivity (Iannazzo 
et al., 2021) 

Rigidify structure Reduce energy loss via vibration Fluorescence efficiency (Nandhini 
et al., 2022) 

Add polar chains (e.g., –
SO₃H) 

Improve water solubility Biocompatibility (Reimann 
et al., 2019) 

Attach external 
fluorophore 

Amplify signal and detectability Detection limit (Krause, 
1989) 

DFT-guided structure 
optimization 

Predict efficient configurations Rational design (Hamilton 
et al., 2015) 

 
Known ligands used in ion detection 
Ligands are specialized molecules that selectively bind to specific ions or molecules, making 
them valuable tools in the detection and quantification of analytes such as sodium ions. In 



Recent Advancements on DFT Study of Azopyrazole-Benzene Sulfonamide Derivative for Sodium ion (Na+) 

Fluorescence Sensing   

 

A. U. Dalhatu  et al, DUJOPAS 12 (2e): 431-447, 2026                                                                                    436 

 

sodium ion sensing, ligands are engineered to exhibit high affinity and specificity for Na⁺, 
allowing for accurate and sensitive measurements even in complex environments. These 
ligands are widely applied in biological research to study sodium ion channels, transporters, 
and cellular signaling mechanisms, providing insights into neural activity and muscle 
function(Yamaoka, Vogel and Seyama, 2006; Zhorov and Tikhonov, 2013; Gagnon and 
Delpire, 2021). In medical diagnostics, sodium ion sensors based on ligand chemistry are 
essential for monitoring conditions such as hypertension, heart failure, and neurological 
disorders, enabling the early detection of electrolyte imbalances (García-Rubio. Furthermore, 
in environmental monitoring, ligands aid in detecting and quantifying sodium ions in water 
and soil, thereby supporting water quality assessment and pollution control (Barhoum et al., 
2024). Industrial applications also benefit from ligand-based sodium ion sensors in processes 
such as water treatment, chemical production, and food manufacturing, where real-time 
monitoring ensures product quality and safety (Jarić et al., 2024).The key advantages of using 
ligands include high selectivity, high sensitivity, and the ability to monitor sodium levels in 
real time (Musikavanhu et al., 2023; Architectures and Sites, 2024). However, challenges such 
as designing highly selective ligands, stability issues, and interference from competing ions 
remain significant barriers to widespread application (Schwarze et al., 2014; Wong, Todd and 
Rutledge, 2017). Nevertheless, ongoing research in ligand design and sensor development 
continues to address these limitations and expand the utility of sodium ion sensing 
technologies across diverse fields.  
 
Importance and methods of sodium ion (Na+) sensing 
Sodium ion (Na⁺) sensing is crucial in various fields, including biological processes, medical 
diagnostics, environmental monitoring, and industrial applications. In biological processes, 
sodium ions play a vital role in maintaining proper fluid balance, nerve function, and muscle 
contraction. In medical diagnostics, sodium ion sensing is essential for detecting conditions 
such as hypertension, heart failure, and kidney disease. Recent developments, such as flexible 
ion-selective electrodes and electrochemical sensors utilizing calixarene receptors, have 
enabled precise, real-time ⁺ detection of Na in body fluids like saliva and serum (Lim et al., 
2021; Huang et al., 2022; Dugan and Arnott, 2023). Environmental monitoring of sodium ion 
levels is also important, as elevated sodium concentrations can affect water quality and 
disrupt aquatic ecosystems (Kaushal et al., 2021; Rossi et al., 2023). In industrial settings, 
sodium ion sensing is crucial for maintaining quality in food processing, pharmaceuticals, and 
chemical manufacturing, where sodium levels significantly impact product texture, safety, 
and shelf life(Osman et al., 2024; Peveler, 2024).To achieve accurate and reliable measurements 
of sodium ion concentrations, various advanced sensing methods are employed. These 
include fluorescence spectroscopy using supramolecular architectures, electrochemical 
sensors such as ion-selective electrodes (ISEs), colorimetric assays, chromatography, and 
nanotechnology-based field-effect transistors(Arthur and Yambem, 2022; Huang et al., 2022; 
C. Li et al., 2023).For instance, photoacoustic sodium nano-sensors utilizing solvatochromic 
dyes have enabled in vivo chemical imaging of Na⁺, and silicon nanowire field-effect 
transistors (FETs) have demonstrated ultra-high sensitivity with excellent selectivity 
(Nanowire, Gate and Cho, 2021; Folz et al., 2023). These methods support informed decisions 
in clinical diagnostics, environmental sustainability, and industrial efficiency. By detecting 
and quantifying sodium ions with high sensitivity and specificity, sodium ion sensing 
contributes to improved human health, ecological monitoring, and product quality assurance. 
 
Biological relevance of Na+ 
Sodium ions play a crucial role in various bodily functions, including nerve impulse 
transmission, muscle contraction, and fluid balance. In the nervous system, sodium ions 
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facilitate the generation and propagation of action potentials, which are essential for 
communication between neurons and the coordination of complex functions such as 
movement, sensation, and cognition (Wang, Ou and Wang, 2017; Müller, Draguhn and 
Egorov, 2024).In muscle tissue, sodium ions help regulate excitability by controlling the 
membrane potential of muscle cells, enabling proper muscle contraction and maintaining 
posture and motor activity(Mahapatra, Shanmugam and Rusho, 2024; Tankisi et al., 
2024).Sodium ions also play a central role in maintaining fluid balance by controlling osmotic 
pressure between cellular compartments and the extracellular fluid. This regulation is critical 
for maintaining blood volume and blood pressure (Kim, Yu and Shin, 2024).The kidneys are 
key regulators of sodium homeostasis, adjusting sodium excretion in response to 
physiological demands. Hormonal factors such as aldosterone and atrial natriuretic peptide 
(ANP) further modulate sodium reabsorption and excretion, maintaining balance under 
varying conditions (Tsilosani, Gao and Zhang, 2022). 
 
Disruption of sodium ion homeostasis can have severe consequences. Hyponatremia (low 
sodium levels) can lead to cerebral edema, seizures, coma, and even death, while 
hypernatremia (elevated sodium levels) can cause cellular dehydration, confusion, 
neuromuscular irritability, and cardiovascular instability(Mm et al., 2024). Both conditions are 
particularly dangerous in vulnerable populations such as the elderly or those with renal or 
cardiac impairments. Furthermore, imbalanced sodium levels can trigger symptoms like 
muscle cramps, weakness, and potentially fatal arrhythmias (Zhao et al., 2023; Fan, 2024). 
Overall, sodium ions are indispensable for the physiological integrity of the human body, and 
their precise regulation is critical to health and survival. 
 
Traditional and modern sensing techniques 
Traditional methods like flame photometry and ISEs are still widely used for routine analysis. 
However, modern techniques such as fluorescent probes, nano-based sensors, and paper-
based diagnostics are gaining prominence due to their high sensitivity, potential for real-time 
and on-site  
 
Table 3: Illustrates the comparison between traditional and modern techniques for Na+ 
sensing 

Technique Category Description Advantages Limitations Reference 
(APA, recent) 

Flame Photometry Traditional Measures the 
light emitted by 
Na⁺ in flame 

Simple, low-
cost 

Low sensitivity, 
interferences 

(Ferrão et al., 
2024) 

Ion-Selective 
Electrode (ISE) 

Traditional Voltage response 
from Na⁺-
selective 
membrane 

Portable, direct 
detection 

Drift, limited 
selectivity 

(Ruiz-
Gonzalez, 
2024) 

Atomic 
Absorption 
Spectroscopy 
(AAS) 

Traditional Light absorption 
by ground-state 
Na atoms 

High accuracy Lab-based, skilled 
operation 

(Cahyady et 
al., 2022) 

Titrimetric 
Method 

Traditional Reaction-based 
Na⁺ 
quantification 

Easy, chemical 
specificity 

Low precision, 
time-consuming 

(Sayahpour et 
al., 2024) 

Fluorescence-
Based Sensor 

Modern Emission shift on 
Na⁺ binding to 
fluorophore 

Highly 
sensitive, real-
time 

Probe stability & 
synthesis 

(Gui et al., 
2015) 

Colorimetric Paper 
Sensor 

Modern Visual color 
change in Na⁺ 
presence 

Portable, low-
cost 

Often qualitative (Chandran et 
al., 2022) 
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Electrochemical 
Sensor 

Modern Measures the 
electrical 
response to Na⁺ 

Rapid, 
sensitive 

May require 
calibration 

(Sulthana et 
al., 2024) 

Optical Fiber 
Sensor 

Modern Light 
transmission 
changes due to 
Na⁺ 

Remote 
sensing, real-
time 

Expensive setup (Elsherif et al., 
2022) 

Surface Plasmon 
Resonance (SPR) 

Modern Refractive index 
changes due to 
Na⁺ binding 

Label-free, 
real-time 

High 
instrumentation 
cost 

(Yesudasu, 
Pradhan and 
Pandya, 2021) 

Computational 
Sensing (e.g., DFT 
modeling) 

Modern Predicts 
molecular 
interaction with 
Na⁺ 

Aids design, 
cost-effective 
simulations 

Needs validation, 
expert knowledge 

(Ahmad et al., 
2022) 

 
Fluorescence-based detection and advantages 
Fluorescence-based detection of sodium ions is a widely adopted technique due to its high 
sensitivity, selectivity, and rapid response. This method utilizes fluorescent probes that emit 
or change fluorescence upon interaction with sodium ions, enabling real-time and non-
invasive monitoring in various systems, including biological tissues and environmental 
samples. One of the major advantages of this approach is its ability to detect sodium ions at 
very low concentrations, often in the nanomolar range, making it highly suitable for 
physiological studies. Additionally, fluorescence sensors can be engineered with specific 
ligands or recognition sites such as crown ethers or azopyrazole-benzene sulfonamide 
derivatives that selectively bind to Na⁺ ions, minimizing interference from other metal ions 
like K⁺ or Ca²⁺. These probes also facilitate visual detection and are compatible with 
fluorescence imaging techniques, allowing for spatial and temporal analysis of sodium ion 
distribution in live cells(He et al., 2003; Gao et al., 2017).  The effectiveness of azopyrazole-
based fluorescent chemosensors in selectively detecting sodium ions through mechanisms 
like photo-induced electron transfer and intramolecular charge transfer, highlighting their 
potential for practical and biomedical applications. 
 
Principle of fluorescence sensing 
Fluorescence sensing is an analytical method that exploits fluorophores molecules capable of 
absorbing light at one wavelength and emitting at a longer wavelength to detect and quantify 
specific target analytes. Upon excitation (commonly in the ultraviolet or visible spectrum), a 
fluorophore enters an excited electronic state, then decays to its ground state by emitting 
fluorescent light. In sensing applications, binding or interaction between the fluorophore and 
an analyte (such as ions, biomolecules, or gases) leads to measurable modulation in 
fluorescence intensity, emission wavelength, or lifetime. Depending on the sensor design, this 
can result in a “turn-on” (enhancement), “turn-off” (quenching), or ratiometric (ratio-based) 
response, enabling both qualitative and quantitative analysis. Fluorescence sensing is noted 
for its high sensitivity, often reaching nanomolar or lower detection limits, strong selectivity, 
rapid response, and non-destructive operation. Because it allows real-time monitoring with 
minimal sample disturbance, fluorescence sensing is widely applied in biomedical 
diagnostics, environmental surveillance, chemical analysis, and biological imaging(Lee, 2022; 
Ji et al., 2024; Pouri et al., 2025) 
 
Mechanism of fluorescence sensing    
Fluorescence sensing operates based on the principle that certain molecules, known as 
fluorophores, which it absorb light at a specific wavelength and emit light at a longer 
wavelength. In the detection of ion, including sodium ions (Na⁺), a fluorophore is typically 
functionalized with a selective ligand that binds specifically to the target ion. Upon binding, 
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the chemical environment of the fluorophore changes, which in turn alters its fluorescence 
properties either enhancing, quenching, or shifting the emission wavelength. This change 
detected and quantified using fluorescence spectroscopy. The most common mechanisms 
include photoinduced electron transfer (PET), intramolecular charge transfer (ICT), and 
fluorescence resonance energy transfer (FRET). For example, in a PET mechanism, the electron 
transfer between the donor and acceptor components of the fluorophore is disrupted upon 
ion binding, resulting in a measurable fluorescence change. ICT-based sensors exhibit a shift 
in emission wavelength due to changes in dipole moment upon ion interaction, making them 
suitable for ratiometric sensing. FRET-based systems involve energy transfer between two 
fluorophores that is modulated by the proximity induced by ion binding   (Yousuke, 2020; Shi 
et al., 2023; Wu et al., 2023) These mechanisms enable real-time, non-invasive, and highly 
sensitive detection of ions like Na⁺ in various environments, including biological and 
environmental samples. Overall, the fluorescence sensing mechanism is crucial for designing 
selective and responsive probes for modern analytical and diagnostic applications.    
 
PET, ICT, and CHEF/CHEQ processes 
Fluorescence sensing leverages photophysical mechanisms such as Photoinduced Electron 
Transfer (PET), Intramolecular Charge Transfer (ICT), and the Chelation-Enhanced 
Fluorescence (CHEF) or Chelation-Enhanced Quenching (CHEQ) effects to achieve selective 
and sensitive detection of analytes. In PET-based sensors, electron transfer occurs between a 
receptor and a fluorophore, binding of the target analyte inhibits or promotes this transfer, 
resulting in “turn-on” or “turn-off” fluorescence (Recent mechanistic innovations highlight 
PET alongside ICT and FRET). ICT sensors generate emission wavelength shifts upon analyte 
binding due to alterations in molecular dipole distribution, enabling ratiometric detection. 
Meanwhile, metal ion coordination can enhance fluorescence via the CHEF effect by 
rigidifying the fluorophore's structure or suppress it via CHEQ, depending on complex 
geometries and electronic properties (Small molecule sensor detection mechanisms)(Carter, 
Young and Palmer, 2014; Sharma and Ghosh, 2021; Commun et al., 2024). These mechanisms 
empower fluorescence sensing platforms with high sensitivity, selectivity, and versatility in 
varied analytical applications. 
 
Fluorophore spacer receptor architecture 
Fluorophore spacer receptor architecture is a common molecular design used in fluorescence 
sensing to achieve high selectivity and tunable signal responses toward specific analytes such 
as metal ions, anions, or biomolecules. 
 
Fluorophore: the light-emitting unit responsible for absorbing light at a specific wavelength 
and emitting fluorescence at a longer wavelength. Common examples include coumarin, 
fluorescein, rhodamine, and azopyrazoles. The choice of fluorophore determines the 
excitation/emission properties, quantum yield, and photostability of the sensor(Wang et al., 
2022). 
 
Spacer (Linker): a structural bridge between the fluorophore and receptor, often an alkyl 
chain, aromatic ring, or heteroatom-containing moiety. The spacer serves to control electronic 
communication between the fluorophore and receptor, influence PET (Photoinduced Electron 
Transfer) or ICT (Intramolecular Charge Transfer) processes, and optimize flexibility or 
rigidity. Its length and electronic nature can tune the sensor’s sensitivity and response 
speed(De Silva et al., 1996). 
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Receptor: the recognition site that selectively binds the target analyte through non-covalent 
interactions such as hydrogen bonding, metal coordination, electrostatic attraction, or host–
guest complexation. The receptor can be a crown ether, calixarene, sulfonamide group, or 
other ionophoric moiety, chosen for strong selectivity toward the target(Guryanov, Fiorucci 
and Tennikova, 2016). 
 
When the receptor binds to the analyte, it alters the electronic coupling between the receptor 
and fluorophore (often through the spacer), modulating fluorescence via mechanisms such as 
PET, ICT, CHEF, or CHEQ. This architecture allows independent optimization of the optical 
unit (fluorophore) and recognition site (receptor), providing high versatility for designing 
sensors with tailored performance(Magri, 2021). 
 
Density Functional Theory (DFT) as a Tool for Sensing Studies 
Density functional theory (DFT) is used in modern theoretical physics, chemistry, and 
engineering, for the electronic properties used in the study, which is also used to calculate the 
properties of atomic vibrations, quantum chemical modeling(El Bourakadi et al., 2020), 
optimized molecular geometries, vibrational frequencies, and thermodynamic 
properties(Mustafa Mamad et al., 2024)..  It provides a formally exact framework for both 
ground-state and excited-state electronic structures(Janesko, 2021) to study ground-state 
properties of various condensed matter systems. Studies of first-principles metallic 
multilayers and other systems are primarily based on various approximate density or spin-
density functionals.  The ground state properties of the many-body system in terms of the 
expectation value of the particle-density operator. In principle, it offers the possibility of 
finding the ground state energy, Eg, by minimizing the energy functional that depends on the 
density only 
Eg = 𝑚𝑖𝑛𝑛 E[n].                                                                                                                   1.1 
 
A certain decomposition of the energy functional, which for a typical nonrelativistic many-
fermion system was done by Kohn and Sham 

𝐻̂ = ∫ 𝑑𝑥 ψ̂(𝑥) (−
1

2𝑚
 Δ2 + 𝜐𝑖𝑜𝑛) 𝜓 ̂(𝑥) + 𝑒2 ∬

𝜓̂∗ (𝑥)𝜓̂(𝑦)𝜓𝜓̂(𝑥)

| 𝑥−𝑦|
dy dx                             1.2 

 
Takes the form  

𝐸𝑛 = Ts [𝑛] + ∫ 𝜐𝑖𝑜𝑛 (𝑥)𝑛(𝑥)𝑑𝑥 +
𝑒2

2
+ ∬

𝑛(𝑥)𝑛(𝑦)

|𝑥−𝑦|
𝑑𝑥𝑑𝑥 + 𝐸𝑥𝑐[𝑛]                                  1.3 

 
The fundamental laws of quantum mechanics must be applied to calculate the electronic 
structure of atoms or molecules. The Highest Occupied Molecular Orbital (HOMO) and 
Lowest Unoccupied Molecular Orbital (LUMO) are two significant factors that play an 
important role in determining the pharmacological properties (Marganakop et al., 2022). Most 
of the modern DFT calculations are based on the Kohn-Sham scheme, which involves filling 
electrons in the N fictitious single-particle spin-orbitals of the non-interacting electrons. 
For accurate predictions in organic sensor studies, especially those involving fluorescence and 
ion recognition, commonly used combinations include Functional: B3LYP(Burke, 2012), 
CAM-B3LYP (long-range corrected), PBE0, M06-2X. 
 
Basis sets: 6-31G (d, p), 6-311++G (d, p), def2-TZVP (for better accuracy with heavier atoms) 
 Time-Dependent DFT (TD-DFT) plays a critical role in the theoretical modeling of optical and 
electronic properties of molecular systems. Unlike standard DFT, which is limited to ground-
state calculations, TD-DFT allows for the simulation of excited electronic states, making it a 
powerful tool for predicting absorption and emission spectra. This capability is particularly 
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important in the design and analysis of fluorescent sensors, where understanding how a 
molecule behaves upon light excitation is essential. In the context of Na⁺ fluorescence sensing, 
TD-DFT provides insights into the nature of electronic transitions, energy levels, and spectral 
shifts that occur upon ion binding. These predictions can be directly compared with 
experimental data, such as UV-Vis and fluorescence spectra, to validate sensor performance 
and guide molecular design is typically applied to simulate electronic excitation and emission 
transitions relevant for fluorescent sensors(Casida, no date)(Runge, 1984). 
 
Other computational approaches include Ab initio methods (e.g., MP2, CCSD), Semi-
empirical methods (e.g., PM6, AM1), Molecular Dynamics (MD), and Monte Carlo 
simulations. 
 
CONCLUSION 
Density Functional Theory (DFT) plays a crucial role in the rational design and optimization 
of chemical sensors, offering detailed insights into the electronic, structural, and optical 
properties of sensor molecules at the quantum level. By providing predictive models and 
computational validation, DFT significantly enhances the efficiency, accuracy, and innovation 
in sensor development. 
 
Azopyrazole-benzenesulfonamide derivatives hold considerable potential in the 
development of fluorescent sensors for sodium ions (Na⁺) due to their structural versatility, 
photochemical responsiveness, and selective binding capabilities. The integration of the 
azopyrazole moiety, known for its photoisomerization properties, with the 
benzenesulfonamide group, a well-established pharmacophore and ion-interacting unit, 
creates a multifunctional platform ideal for ion detection. 
 
Closing Thoughts on Future Innovations 
The application of Density Functional Theory (DFT) in studying azopyrazole-
benzenesulfonamide derivatives for sodium ion fluorescence sensing has already 
demonstrated significant promise in unveiling key structural, electronic, and photophysical 
properties. Looking ahead, future innovations are expected to further elevate the impact of 
DFT in this field, driving the rational design of next-generation ion sensors with enhanced 
performance. 
 
Emerging advancements in computational accuracy, machine learning integration, and multi-
scale modeling will enable more precise predictions of sensor–ion interactions, including 
dynamic behavior in biological or aqueous environments. Additionally, time-dependent DFT 
(TD-DFT) and non-linear optical property simulations will expand our understanding of 
fluorescence response mechanisms, enabling tailored modulation of emission characteristics 
through structural optimization. 
 
Moreover, combining DFT with experimental spectroscopy and materials engineering could 
lead to the development of highly selective, reversible, and biocompatible sodium ion sensors 
suitable for real-time monitoring in clinical, environmental, and industrial applications. 
In conclusion, DFT will continue to be a powerful tool in pushing the boundaries of sensor 
innovation, providing a predictive foundation for the design, functionality, and application 
of azopyrazole-benzenesulfonamide-based sodium ion fluorescent probes. 
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