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ABSTRACT 

Electron Spin Resonance is a very powerful technique that uses microwaves and a stationary magnetic field to detect 

the performance of unpaired electrons in a material. The detection and characterization of paramagnetic species by 

electron spin resonance (ESR) spectroscopy is widely used throughout chemistry, biology and materials science. In 

this review article, charge separation in nanoparticles functionalized with various spin labels and spin labels using 

ESR method along with quantum limit of sensitivity and its applications are explained in an easy type. ESR 

spectroscopy to notice the separation of charged carriers and reactive oxygen species (ROS) generation in 

nanomaterials. In ESR sensitivity, reaching the quantum limit enables the detection of an extremely small number of 

spins. 
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INTRODUCTION 

In the present study, therefore, we focus on the 

electron spin resonance (ESR) spectroscopy 

applications in nanomaterials separation charge. 

Electron spin resonance (ESR) is a useful technique 

for reviewing chemical species with one or more 

unpaired electrons. Electron spin resonance is also 

called electron paramagnetic resonance or EPR. 

Electron spin resonance is also called electron 

paramagnetic resonance or EPR. ESR is a powerful 

technique to analyze every step in detail thus of 

fundamental importance to overcome bottlenecks and 

improve efficiency [1]. ESR spectroscopy has become 

a direct and strong process for detection of free 

radicals, which are generated chemically or formed in 

a biological system, and nanotoxicology, this 

technique has been employed for detecting reactive 

oxygen species (ROS) [2-4]. The ESR spin-trapping 

techniques are used to detect reactive oxygen species 

(including hydroxyl radical, superoxide radical anion, 

and singlet oxygen). Free radicals, including ROS, are 

short-lived and represent a wide range of chemically 

distinctive articles; therefore, these species are 

difficult to distinguish in lively environments such as 

biological systems [5-7]. 

Electron spin resonance spectroscopy is a 

commanding tool for exploring the competence of 

nanomaterials to generate. ESR is vigorously being 

applied in agricultural and pharmaceutical elementary 

research studies and is extensively functional for 

various applications such as production lines for 

semiconductors and coatings and in clinical and 

medical fields, such as cancer diagnosis. Nanoscience 

and technology have produced numerous 

nanomaterials that offer revolutionary benefits in 

electronics, energy, medical, and health applications. 

The generation of ROS is a significant phenomenon, 

particularly in fields like photocatalysis, 

environmental remediation, energy storage, and 

biomedical applications. [8-10]. 

A diverse variety of methods are being vigorously 

explored to force- up the restrictions of the sensitivity 

of electron spin resonance (ESR) to the nanoscale, 

that also includes approaches based on optical or 

electrical Detection [11-12]. Quantum limits have 

been used to estimate the spectra of noisy classical 

forces influencing quantum systems. The standard 

quantum limit (SQL) itself is not a fundamental 

quantum limit. Different schemes to overcome the 

SQL have been proposed, such as frequency-

dependent squeezing of the input beam, cavity 

detuning, variational measurement and quantum 

locking of the mirror, etc. [13-14] 

In this review article author explain the various 

applications of Electron spin resonance and spin 

trapping technique uses stable paramagnetic spin label 

agent to interact with the target chemical. Many 

research scientists reported that the ESR is a powerful 
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tool technique for studying chemical species with one 

or more unpaired electrons. 

Fundamentals of electron spin resonance or 

electron paramagnetic resonance 

Electron Paramagnetic Resonance (EPR), also 

known as Electron Spin Resonance (ESR), is a 

powerful spectroscopic technique used to investigate 

systems containing unpaired electrons, such as free 

radicals, radical cations, transition metal complexes, 

and certain types of triplet states. It is widely used to 

study the structure, dynamics, and behavior of 

paramagnetic species in a variety of fields, including 

chemistry, physics, biology, and materials science. 

ESR spectroscopy is a method for reviewing materials 

that have unpaired electrons [15]. ESR has inadequate 

applications, as it is observed principally in systems 

containing unpaired electrons. ESR spectroscopy is 

particularly effective for investigating systems that 

contain unpaired electrons. As mentioned, this 

includes organic and inorganic free radicals, as well as 

transition metal ions that contain unpaired d—or f-

electrons. These unpaired electrons, whether in 

radicals or metal ions, exhibit a magnetic moment due 

to their spin, and this property makes them detectable 

by ESR. Substances containing unpaired electrons, i.e. 

paramagnetic substances are of two types: 
 

Types of Substances with Unpaired Electrons: 

a) Stable Paramagnetic Substances: These 

comprises of stable materials that can be studied 

easily, e.g., NO, O2, and NO2, as well as 

transition metal ions and rare earth elements can 

also be studied. 

b) Unstable Paramagnetic Substances: These can 

be produced either as the intermediate in 

chemical reaction or by irradiation of stable 

molecules with a beam of nuclear particles or 

with U.V. or X-ray radiation, i.e. the free 

radicals or radical ions. ESR spectroscopy is 

most useful in the study of free radicals. 
 

Working of Electron Spin Resonance: 

Electron spin resonance (ESR) is a technique that 

uses a static magnetic field and microwaves to study 

the behavior of unpaired electrons in a material. The 

working principle of ESR spectroscopy, also known 

as EPR, revolves around the interaction of 

paramagnetic species with an externally applied static 

magnetic field and microwave radiation. The ESR 

instrument primarily consists of a computer (data 

recorder), a microwave source, a strong magnetic 

field (magnet), and a spectrometer, as shown in Fig. 1. 

 

Fig. 1: Electron Spin Resonance instruments 

components [16] 

Microwave Unit:  

A spin system can absorb or emit a microwave 

photon if its frequency matches the resonance 

condition. The net absorption and emission depend on 

the relative populations of the spin energy levels at a 

specific spin temperature [17]. Microwaves carry 

energy that can induce transitions between the split 

energy levels of the paramagnetic species. 

Magnetic Field: The magnetic field is used to 

detect the behavior of the unpaired electrons in the 

material which is being studied. Creates a strong, 

stable magnetic field that splits the electron spin 

energy levels, allowing for selective absorption of 

microwave radiation at the resonance frequency. 

Computer: The recorded ESR spectrum is 

typically analyzed using computer software, which 

processes the raw data and helps interpret the 

information contained in the spectrum. 

Spectrometer: An important component of an 

ESR spectrometer is that the applied magnetic field is 

maximized across the sample dimension. The 

microwave absorption by the unpaired electrons is 

amplified and recorded. 

Applications of Electron Spin Resonance 

Spectroscopy 

ESR is widely used in a variety of fields such as 

chemistry, biology, physics, and materials science for 

studying free radicals, paramagnetic ions, metal 

complexes, and even the dynamics of biochemical 

reactions. ESR has been studied for several decades 

since it was first observed by Y. Zavoisky in 1944 

[18]. Upon studying the research articles, important 
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applications of ESR to magnetic fields, free radicals, 

ions and paramagnetic materials and nanomaterials 

are as follows: 

• Study of Free radicals 

• We can study the free radicals by using ESR 

spectroscopy, also in very low concentrations. 

• Structure of organic and inorganic free radicals 

can be recognized. 

• Examination of molecules in the triplet state. 

• Spin label gives the information about the 

polarity of its environment. 

• Structural Determination 

• Conducting electron 

• Reaction velocities and Mechanism 

Nanomaterial charge separation in ESR 

spectroscopy 

In Electron Spin Resonance (ESR) spectroscopy, 

"nanomaterial charge separation" refers to the ability 

to study the process of electron-hole pair formation 

and separation within a nanomaterial by detecting the 

unpaired electrons generated during this process. 

Electrons transferring from nanomaterials induce 

effective charge separation and prolong the lifetimes 

of photogenerated carriers [19]. The enhanced 

photosensitivity of the hybrid nanomaterial structure 

is based on charge separation compared to the 

nanomaterial with single charge and O2 captures 

electrons and forms  O2-. 

Applications of ESR in nanomaterial charge 

separation: 

According to Schottky junctions, combining 

semiconductor nanoparticles with noble metal 

nanoparticles can result in an enhanced separation of 

charge carriers, an increased charge storage efficiency 

[20]. Electron spin resonance spectroscopy to explore 

the differences of these two systems on the separation 

of charge carriers and the generation of ROS under 

simulated sunlight irradiation [21]. In Electron Spin 

Resonance (ESR) spectroscopy, researchers to analyze 

the efficiency of charge separation within the material 

and identify potential applications in areas like 

photocatalysis and solar energy conversion, which are 

described as follows: 

Photocatalysis: 

Studying the generation of reactive oxygen species 

(ROS) produced by photoexcited nanomaterials, 

which is crucial for applications like water 

purification.  

Solar cell development: 

Evaluating the efficiency of charge carrier 

separation in dye-sensitized solar cells or other 

photovoltaic materials.  

Nanomaterial design: 

Optimizing the surface properties and morphology 

of nanomaterials to enhance charge separation and 

improve their performance in various applications. 

Quantum Limit of Sensitivity in ESR 

Spectroscopy 

A definition of sensitivity in magnetic resonance is 

provided to enable proper quantitative comparisons 

between various detection methods and detection 

approaches in magnetic resonance. 

The quantum limit of sensitivity in Electron Spin 

Resonance (ESR) spectroscopy is reached when the 

sensitivity is limited by the quantum variations of the 

electromagnetic field, rather than by thermal or 

technical noise. There has been significant progress in 

advancing the sensitivity of ESR spectroscopy to the 

nanoscale, which is crucial for studying single 

molecules, nanoparticles, and individual paramagnetic 

centers that may be present in small quantities. 

Several innovative techniques and approaches are 

being actively pursued to improve the sensitivity and 

resolution of ESR, especially for the study of 

nanomaterials, individual spins, and single-electron 

spectroscopy [22-23] or electrical detection [24-26], 

as well as the scanning probe method [27-29]. 

CONCLUSIONS 

This review article has highlighted some of the 

Electron Spin Resonance Spectroscopy in 

Nanomaterial Charge Separation and quantum limit of 

sensitivity using various ESR spectroscopic 

techniques. Electron Spin Resonance, also called 

Electron Paramagnetic Resonance, is a magnetic 

resonance technique that identifies unpaired electronic 

spins and their properties using microwave radiation 

in an external static magnetic field. ESR spectroscopy 

is a powerful technique for studying nanomaterial 

charge separation and reactive oxygen species 

generation by detecting unpaired electrons. According 

to scientists and researchers, ESR can be used to 

identify defects such as oxygen vacancies, metal 

vacancies, and nitrogen vacancies in nanomaterials. 

The quantum limit of sensitivity in ESR spectroscopy 

refers to the ultimate sensitivity that can be achieved 
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when the detection of electron spins is constrained by 

the quantum fluctuations of the electromagnetic field, 

rather than the more classical sources of noise such as 

thermal noise or technical noise. and allows the 

detection of very small numbers of spins, which is 

very important for a variety of applications including 

quantum information processing and the study of 

single molecules. Some important esr spectroscopy 

techniques, applications, nanomaterials charge 

separation and quantum limit sensitivity methods have 

been explained in simple terms by the author in the 

article. 
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