
Introduction to Electron Spin Resonance (ESR)
Spectroscopy

Electron Spin Resonance (ESR) spectroscopy, also known as Electron Paramagnetic Resonance (EPR)
spectroscopy,  is  a  branch  of  absorption  spectroscopy  that  deals  with  the  interaction  of
electromagnetic radiation and the magnetic properties of unpaired electrons. It is one of the most
important spectroscopic techniques used for the investigation of paramagnetic substances. Since only
species containing one or more unpaired electrons produce ESR spectra, the technique provides
direct  evidence for  the presence of  free radicals,  transition metal  ions and other paramagnetic
compounds.

The principle of ESR spectroscopy is based on the fact that every electron possesses an intrinsic
angular momentum known as spin. Associated with this spin is a magnetic moment, which causes the
electron to behave like a tiny bar magnet. In the absence of an external magnetic field, the two
possible spin orientations have identical energy and therefore remain degenerate. When an external
magnetic field is applied, these spin states split into two energy levels. If microwave radiation having
energy exactly equal to the energy difference between these levels is supplied, resonance absorption
occurs. This absorption of microwave energy is known as Electron Spin Resonance.

The  phenomenon  of  ESR  was  first  observed  in  1944  by  the  Russian  physicist  Yevgeny
Konstantinovich Zavoisky. His discovery opened a new field of magnetic resonance spectroscopy.
Initially, ESR was mainly used in physics, but with the advancement of instrumentation it became an
indispensable analytical technique in chemistry, biology, medicine and material science. Today, ESR
spectroscopy is routinely employed for studying reaction intermediates, transition metal complexes,
biological radicals and crystalline defects.

ESR spectroscopy is often compared with Nuclear Magnetic Resonance (NMR) spectroscopy because
both techniques involve resonance phenomena in the presence of a magnetic field. However, the
fundamental difference lies in the particle that undergoes resonance. In NMR spectroscopy, the
resonance arises due to the magnetic properties of atomic nuclei, whereas in ESR spectroscopy the
resonance is produced by the magnetic properties of unpaired electrons. Since the magnetic moment
of an electron is much larger than that of a nucleus, ESR spectroscopy requires microwave radiation
instead of radiofrequency radiation.

Not all substances are capable of producing ESR spectra. Only those substances which contain one or
more  unpaired  electrons  exhibit  ESR  absorption.  Such  substances  are  called  paramagnetic
substances. Compounds in which all electrons are paired are known as diamagnetic substances and
do not show ESR spectra because the magnetic moments of paired electrons cancel each other
completely.

Some common examples of ESR active species are transition metal ions such as Cu2+, Fe3+, Mn2+, Cr3+

and V4+, organic free radicals, inorganic radicals such as NO and NO2, rare earth ions and defects



present in crystals. On the other hand, compounds such as NaCl, H2O, CH4, CO2 and Zn2+ complexes
are ESR inactive because all of their electrons are paired.

One of the greatest advantages of ESR spectroscopy is its extremely high sensitivity towards free
radicals. Many free radicals exist only for a fraction of a second and cannot be isolated for analysis by
conventional  methods.  ESR  spectroscopy  can  detect  these  transient  species  directly,  allowing
chemists to study reaction mechanisms and intermediate species involved in chemical and biological
processes.

In coordination chemistry,  ESR spectroscopy provides valuable information about  the electronic
structure of transition metal complexes. The technique helps determine oxidation state, geometry
around the metal ion, covalent character of metal-ligand bonds, distribution of unpaired electrons and
interactions between the metal ion and surrounding ligands. Consequently, ESR has become one of
the most reliable methods for characterizing paramagnetic coordination compounds.

The applications of ESR spectroscopy extend far beyond inorganic chemistry. It is used for studying
photosynthesis,  enzyme  reactions,  oxidation  processes,  polymer  degradation,  radiation  damage,
semiconductor materials, catalysts, geological samples, archaeological specimens and environmental
pollutants. Because of its ability to detect extremely small concentrations of paramagnetic species,
ESR continues to be one of the most powerful analytical techniques available to modern scientists.

In  this  unit,  the  fundamental  concepts  of  ESR  spectroscopy  will  be  discussed  in  detail.  The
subsequent sections explain the principle of  ESR,  resonance condition,  hyperfine coupling,  spin
polarization, spin-orbit coupling, g-factor and the applications of ESR spectroscopy to transition metal
complexes, biological systems and inorganic free radicals.


