
Rajnani and Kurup, IJPSR, 2026; Vol. 17(5): 1466-1472.                             E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                              1466 

IJPSR (2026), Volume 17, Issue 5                                                                      (Review Article) 

 
Received on 08 December 2025; received in revised form, 05 January 2026; accepted, 08 April 2026; published 01 May 2026 

PHOTONIC, OPTICAL, SENSOR, ELECTROANALYTICAL PROPERTIES OF NOVEL 

COMPOUNDS AND THEIR HYBRID NANOSTRUCTURES 

Nikhil Rajnani 
*
 and Nalini Kurup 

Department of Pharmaceutics, Principal K. M. Kundnani College of Pharmacy, Mumbai - 400005, 

Maharashtra, India. 

 

 

 

 

ABSTRACT: Hybrid nanomaterials, formed through the deliberate integration 

of nanomaterials with complementary organic, inorganic, or polymeric 

components at the atomic or nanometer scale, have emerged as promising 

platforms for advanced functional applications. This review aims to critically 

examine recent developments in novel hybrid nanostructures, with a particular 

focus on their physicochemical properties and relevance to sensor and biosensor 

technologies. Key thematic areas covered include the design strategies of hybrid 

systems, their electrochemical, photonic, and sensing characteristics, and the role 

of material synergy in achieving enhanced or entirely new functionalities that are 

unattainable with individual components alone. Advances across related 

disciplines such as polymer science, organic and inorganic synthesis, surface 

science, nanotechnology, and biomolecular chemistry have significantly 

accelerated the rational development of these hybrid materials. The review 

highlights how tailored material combinations enable precise modulation of 

nanoparticle properties, leading to improved sensitivity, selectivity, and 

performance in sensing applications. Overall, this article underscores the 

potential of hybrid nanomaterials as versatile and tunable platforms, offering 

valuable insights for future research and technological innovation in sensor and 

biosensor development. 

INTRODUCTION: Hybrid nanomaterials 

represent a rapidly evolving class of materials 

formed by combining organic and/or inorganic 

components at the molecular or supramolecular 

level to achieve enhanced or entirely new 

functional properties. By integrating nanoparticles, 

nanotubes, or other nanoscale building blocks 

within matrices such as polymers, ceramics, or 

metals, these materials exhibit improved magnetic, 

electrical, optical, and thermal performance 

compared to their individual constituents. 
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However, the practical realization of these 

advantages depends strongly on controlling 

nanoparticle dispersion, preventing aggregation, 

and tailoring interfacial interactions, all of which 

play a decisive role in determining 

physicochemical behaviour 
1-2

. 

The wide diversity of hybrid nanomaterials 

encompassing carbon-based systems, clays, metals, 

and semiconductors enables the design of structures 

with tunable properties for advanced applications. 

Organic matrices such as hydrogels, block 

copolymers, and layered assemblies provide 

flexibility and processability, while inorganic 

components impart mechanical strength, 

conductivity, or catalytic activity. Through precise 

control of composition, surface chemistry, and 

organization, hybrid nanomaterials bridge the gap 

between molecular-scale design and bulk material 
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performance. Electrostatic stabilization and 

interface engineering are particularly critical in 

achieving uniform nanoparticle distribution and 

long-term stability 
3-4

. 

The novelty of this review lies in its focused 

discussion on novel compounds and their hybrid 

nanostructures, emphasizing how deliberate 

material combinations influence physicochemical 

properties relevant to modern technological 

applications. The primary aim of this article is to 

systematically examine the classification of hybrid 

nanomaterials based on interfacial bonding, their 

structural characteristics, and the resulting 

functional properties. The review is structured to 

first introduce fundamental design principles, 

followed by classification into weakly and strongly 

bonded hybrid systems, and finally to highlight key 

applications in catalysis, sensing, energy storage, 

and biomedicine. By consolidating recent 

developments, this review provides a clear 

framework for understanding hybrid nanomaterials 

and offers insights to guide future research and 

material design 
4
. 

Classification of Novel Compounds and their 

Hybrid Structures: These materials may be 

divided into several categories based on the 

chemical origin of the interface or linkages created 

between the components in a hybrid material, as is 

demonstrated in Fig. 1 and Fig. 2. 

  
                    FIG. 1: CLASS I HYBRID NANOMATERIALS  FIG. 2: CLASS II HYBRID NANOMATERIALS 

Classification of Hybrid Materials Based on 

Interfacial Bonding: Hybrid materials are 

commonly classified into two main categories 

depending on the type of interaction that connects 

their organic and inorganic components. This 

classification is fundamental because the nature of 

the interfacial bonding directly influences the 

structural stability, physicochemical behavior, and 

overall performance of the material in practical 

applications 
4
. 

Class I hybrid materials are formed through weak, 

non-covalent interactions such as hydrogen 

bonding, van der Waals forces, electrostatic 

attractions, or π–π interactions. In these systems, 

the organic and inorganic components coexist 

without forming direct chemical bonds, allowing 

each phase to largely retain its individual chemical 

identity. Organic matrices such as polymers, 

surfactants, or biomolecules physically 

accommodate inorganic nanostructures including 

nanoparticles, nanotubes, or layered materials. The 

stability of these hybrids relies heavily on effective 

dispersion and electrostatic stabilization, which 

helps prevent nanoparticle aggregation. Due to 

their relatively flexible and dynamic nature, Class I 

hybrids are particularly suitable for applications 

requiring adaptability, responsiveness to 

environmental stimuli, or reversible interactions, 

such as sensors, drug delivery systems, and soft 

functional materials. However, their dependence on 

weak interactions may limit mechanical strength 

and long-term stability under harsh conditions 
4
. 

Class II hybrid materials are distinguished by the 

presence of strong chemical linkages between the 

organic and inorganic phases. These linkages may 

involve covalent bonds, ionic interactions, 

coordination bonds, or Lewis acid–base 

interactions, resulting in a more integrated and 

robust material architecture. The formation of Class 

II hybrids typically requires chemically 

functionalized organic molecules or ligands 

capable of binding directly to inorganic surfaces. 

Transition metal complexes, silane coupling agents, 

and chelating ligands are frequently employed to 
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establish stable organic–inorganic interfaces. The 

strong interfacial bonding in these materials 

significantly enhances mechanical strength, thermal 

resistance, and structural integrity. As a result, 

Class II hybrids are well suited for high-

performance applications such as catalysis, 

electrochemical devices, energy storage systems, 

and biosensors, where durability and efficient 

charge or energy transfer are critical. Overall, the 

distinction between Class I and Class II hybrid 

materials highlights the central role of interface 

design in hybrid material development. While 

Class I hybrids offer flexibility and ease of 

processing, Class II hybrids provide superior 

stability and functional efficiency. The choice 

between these two classes depends on the intended 

application and the balance required between 

adaptability and structural robustness. 

Different Properties of Nanomaterials and their 

Hybrid Structure: 

Mechanical Properties: Many of the mechanical 

characteristics of nanostructured materials differ 

from bulk materials due to the nanoscale size of the 

nanomaterials. The perfection of the materials' 

structural design typically leads to an improvement 

in the mechanical characteristics of nanoparticles 

Fig. 3. Particle agglomeration and matrix de-

bonding are two new technical issues brought on by 

the size reduction of particles to the nanometer 

range. To completely comprehend the mechanics of 

particle interaction, electrostatic repulsion and Van 

der Waals attraction at the atomic scale must also 

be considered. Nano composites have attracted 

significant interest in several automotive and 

general industrial applications due to improvements 

in mechanical properties 
5-6

. 

 
FIG. 3: MECHANICAL PROPERTY ENHANCEMENT MECHANISMS IN NANOMATERIALS

 6

Photonic Properties: Dynamic light scattering 

(DLS) is a fast, noninvasive technique for 

measuring nanoparticle sizes (nm to µm) in 

solution. Despite limitations like concentration 

effects and shape anisotropy, it offers statistically 

reliable results. Also called photon correlation 

spectroscopy, it's widely used for in situ 

characterization of colloidal dispersions 
6-7

. 

 
FIG. 4: CONCEPTUAL ILLUSTRATION OF A DYNAMIC LIGHT SCATTERING EXPERIMENT 

8
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The fundamental principle of DLS is that liquid-

immersed nanoparticles move according to a 

"Brownian Motion." A distinct frequency of light is 

dispersed when a light beam strikes a solution 

containing nanoparticles moving at random; this 

frequency is directly proportional to the size of the 

nanoparticles.  

Fig. 4 shows the overall DLS schematic, which 

includes the following key elements: The sample 

that scatters light is illuminated by the laser beam, 

and variations in that sample are found at a 

predetermined angle 
8
. 

Optical and Properties of Hybrid 

Nanomaterials: The optical properties of 

nanoparticles and nanostructured materials are 

highly influenced by their: 

 Size & Shape (e.g., quantum confinement in 

semiconductor nanoparticles, plasmonic effects 

in metal nanoparticles). 

 Refractive Index (contrast with the surrounding 

medium). 

 Concentration & Agglomeration State (affects 

scattering and absorption). 

 Composition & Surface Chemistry (e.g., ligand 

effects on fluorescence). 

Key Optical Phenomena & Techniques: 

1. Absorption (UV-Vis Spectroscopy) – Size-

dependent bandgap shifts (e.g., CdSe quantum 

dots) or localized surface plasmon resonance 

(LSPR) in Au/Ag nanoparticles. 

2. Emission: 

A. Photoluminescence (PL) – Emission after light 

absorption (e.g., fluorescence in carbon dots). 

B. Phosphorescence – Delayed emission due to 

triplet-state transitions. 

C. Fluorescence – Fast radiative decay from 

singlet states. 

3. Scattering & Reflectance – Mie scattering in 

larger nanoparticles, used in sensing and 

imaging. 

Essential Characterization Techniques: 

 UV-Vis Spectroscopy – Measures absorption 

and LSPR peaks. 

 Photoluminescence (PL) Spectroscopy – 

Analyzes emission spectra and quantum yield. 

 Dynamic Light Scattering (DLS) – Assesses 

agglomeration effects. 

 Electron Microscopy (TEM/SEM) – Correlates 

morphology with optical properties 
9
. 

Ultraviolet Visible Spectroscopy (UV-Vis): 

Ultraviolet–visible (UV–Vis) spectroscopy is 

widely employed to evaluate the optical 

characteristics of hybrid nanomaterials by 

monitoring their absorption behavior. In hybrid 

systems, UV–Vis analysis provides rapid insight 

into nanoparticle dispersion, surface plasmon 

resonance in metallic components, and band-gap 

variations in semiconductor-based materials. Shifts 

in absorption maxima often reflect changes in 

particle size, interfacial interactions, or aggregation 

state following hybrid formation 
9-11

. 

For semiconductor hybrids, UV–Vis diffuse 

reflectance measurements are used to estimate 

band-gap energy, which directly influences 

photocatalytic and optoelectronic performance. In 

metal–polymer or metal–oxide hybrids, plasmonic 

features serve as sensitive indicators of surface 

modification and matrix interactions. Due to its 

non-destructive nature and ease of analysis, UV–

Vis spectroscopy remains a fundamental tool for 

correlating optical behavior with hybrid 

nanostructure design 
12

. 

Photoluminescence Spectroscopy (PLS): 

Photoluminescence spectroscopy is a powerful 

technique for probing the electronic structure and 

defect states of hybrid nanomaterials. Upon 

photoexcitation, electrons transition from the 

valence band to the conduction band and 

subsequently recombine, emitting light 

characteristic of the material’s electronic 

environment. In hybrid nanostructures, 

photoluminescence behavior is strongly influenced 

by interfacial bonding, surface passivation, and 

charge-transfer processes between organic and 

inorganic components Fig. 5. 

Hybridization often leads to enhanced emission 

intensity, suppressed defect-related quenching, or 

tunable emission wavelengths, making these 

materials attractive for sensing and optoelectronic 

applications.  
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Photoluminescence studies are particularly valuable 

for understanding charge separation efficiency and 

recombination dynamics in photocatalytic and 

biosensing systems 
13-14

. 

 
FIG. 5: PHOTOPHYSICAL PROCESSES IN SEMICONDUCTOR NANOMATERIALS UNDER LIGHT EXCITATION 

12
 

Image Techniques: 

Scanning Electron Microscopy (SEM): A 

concentrated electron beam is used to scan a 

material to create photographs using the surface-

imaging method known as scanning electron 

microscopy (SEM). The sample is affected by the 

incoming electron, which causes signals that reflect 

both direct pictures and the atomic make-up of the 

scanned surface. The atoms on the sample surface 

emit distinctive X-rays, secondary in elastically 

scattered electrons, and elastically backscattered 

electrons (BS) as a result of the input electrons. The 

most frequent SEM method is secondary electron 

detection, which produces the sample picture by 

gathering the secondary electrons with a unique 

detector. With a typical resolution limit of 1.2 nm, 

SEM produces high-contrast 3D pictures of the 

nanoparticles under observation that may be 

utilized to examine the sample's detailed surface 

details 
15-16

. 

Transmission Electron Microscopy (TEM): 

Transmission electron microscopy (TEM) offers 

significantly higher spatial resolution and enables 

direct observation of internal nanostructures, 

particle–matrix interfaces, and crystallinity. 

Coupled with analytical tools such as energy-

dispersive X-ray spectroscopy and electron energy 

loss spectroscopy, TEM allows detailed 

compositional and structural analysis at the atomic 

scale. Scanning probe microscopy techniques, 

including scanning tunneling microscopy and 

atomic force microscopy, enable surface 

characterization with nanometer to atomic 

resolution. While scanning tunneling microscopy is 

primarily suited for conductive materials, atomic 

force microscopy is widely applicable to both 

conductive and non-conductive hybrid systems, 

providing topographical and mechanical 

information. Together, these techniques offer 

complementary insights essential for correlating 

structure with functional properties in hybrid 

nanomaterials 
15-17

. 

Scanning Probe Microscopy (SPM): SPM 

encompasses advanced techniques that enable 

atomic-scale surface characterization, modification, 

and property measurement. These methods have 

become indispensable in nanotechnology for 

manipulating and engineering materials at the 

molecular level. A key SPM variant, scanning 

tunneling microscopy (STM), excels in high-

vacuum environments for semiconductor surface 

imaging. STM operates via quantum tunnelling 

where a voltage-induced current flows between a 

conductive tip and the sample surface without 

physical contact as shown in Fig. 6. This current 

reflects the local electron density, allowing atomic-

resolution mapping of surface topography. By 

maintaining a constant tunneling current, STM 

provides precise control for both imaging and 

nanoscale fabrication, making it vital for 

semiconductor research and nanostructure 

development 
16-17

. 
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FIG. 6: SCHEMATIC DIAGRAM OF SCANNING TUNNELING MICROSCOPY 

16
 

CONCLUSION: This review highlights the 

significance of novel compounds and their hybrid 

nanostructures as versatile platforms for tuning 

mechanical, optical, photonic, and sensing-related 

properties. By integrating organic and inorganic 

components through controlled interfacial 

interactions, hybrid nanomaterials exhibit 

functionalities that surpass those of their individual 

constituents. The classification into weakly and 

strongly bonded hybrid systems provides a 

practical framework for understanding structure–

property relationships and guiding material 

selection for specific applications. Optical and 

electroanalytical characterization techniques play a 

crucial role in evaluating hybrid nanostructures, 

enabling precise correlation between nanoscale 

design and functional performance. Despite 

substantial progress, challenges remain in 

achieving standardized characterization protocols 

and long-term structural stability. Future research 

should focus on interface engineering, scalable 

synthesis strategies, and application-specific 

optimization to fully exploit the potential of hybrid 

nanomaterials in sensing, energy, and biomedical 

technologies. 
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