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5.17: EPR - Hyperfine Structure

Besides the applied magnetic field By, the compound contains the unpaired electrons are sensitive to their local “micro”
environment. These so-called hyperfine interactions involves the coupling of the electron spins to the nuclei of the atoms in a
molecule or complex that have their own fine magnetic moments. These magnetic moments can produce a local magnetic field
intense enough to affect the electron energy.
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Figure 5.17.1: An unpaired electron can be influenced by surrounding unpaired electron spins (via spin-spin coupling) or via
nearby nuclear spins (hyperfine coupling). (CC BY-NC 4.0; Umit Kaya via LibreTexts)

Hyperfine coupling in EPR is analogous to spin-spin coupling in NMR. There are two kinds of hyperfine coupling:

1. coupling of the electron magnetic moment to the magnetic moment of its own nucleus; and
2. coupling of the electron to a nucleus of a different atom, called super hyperfine splitting.

Both types of hyperfine coupling cause a splitting of the spectral lines with intensities following Pascal’s triangle for 1 =1/2
nuclei, similar to J-coupling in NMR.

Hyperfine interactions can be used to provide a wealth of information about the sample such as the number and identity of atoms in
a molecule or compound, as well as their distance from the unpaired electron. Then the energy level of the electron can be
expressed as:

E =gmpByMgs +aM,m; (5.17.1)

with a is the hyperfine coupling constant, m; is the nuclear spin quantum number.
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Figure 5.17.1: Hyperfine coupling of an electron with a spin-1/2 nuclus (CC BY-NC 4.0; Umit Kaya via LibreTexts)

The splitting pattern for a coupling of an electron to a spin-1 nucleus Figure 5.17.3) differs from the coupling to the spin-1/2
nucleus Figure 5.17.2
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Figure 5.17.3: Hyperfine coupling of an electron with a spin-1 nuclus (CC BY-NC 4.0; Umit Kaya via LibreTexts)

Splitting Patterns

The rules for determining which nuclei will interact are the same as for NMR. For isotopes which have even atomic and even mass
numbers, the ground state nuclear spin quantum number, I, is zero, and these isotopes have no EPR (or NMR) spectra. For isotopes
with odd atomic numbers and even mass numbers, the values of I are integers. For example the spin of °H is 1. For isotopes with
odd mass numbers, the values of I are fractions. For example the spin of 'H is 1/2 and the spin of >Na is 7/2. Here are more
examples from biological systems:
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The number of lines from the hyperfine interaction can be determined by the formula:
2NI+1

where N is the number of equivalent nuclei and I is the spin.

For example, an unpaired electron on a V#* experiences I=7/2 from the vanadium nucleus. We can see 8 lines from the EPR
spectrum. When coupling to a single nucleus, each line has the same intensity. When coupling to more than one nucleus, the
relative intensity of each line is determined by the number of interacting nuclei. For the most common I = 1/2 nuclei, the intensity
of each line follows Pascal's triangle (Figure 5.17.4:
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Figure 5.17.4: Pascal's triangle
For example, for *CHj;, the radical’s signal is split to 2NI+1= 2*3*1/2+1=4 lines, the ratio of each line’s intensity is 1:3:3:1. The
spectrum looks like this:
A simulated spectrum of the methyl radical is shown in Figure 5.17.3 The line is split equally by the three hydrogens giving rise to
four lines of intensity 1:3:3:1 with hyperfine coupling constant a.
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Figure 5.17.3: Simulated spectrum of CH, radical with hyperfine coupling constant a.

If an electron couples to several sets of nuclei, first we apply the coupling rule to the nearest nuclei, then we split each of those
lines by the coupling them to the next nearest nuclei, and so on. For the methoxymethyl radical, H,C(OCHS,), there are

(2%2%x1/24+1)*(2%3%x1/2+1) =12

lines in the spectrum, the spectrum looks like this:
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Figure 5.17.4: Simulated EPR spectrum of the HyC(OCHj3) radical. http://en.Wikipedia.org/wiki/File:EP...hoxymethyl.png

The hyperfine splitting constant (a), can be determined by measuring the distance between each of the hyperfine lines. This value
can be converted into Hz using the g value in the equation:

hA = gBa (5.17.2)
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EPR experiments often are conducted at X- and, less commonly, Q bands, mainly due to the ready availability of the necessary
microwave components (which originally were developed for radar applications). A second reason for widespread X and Q band
measurements is that electromagnets can reliably generate fields up to about 1 tesla. EPR spectra of a nitroxide radical as a function
of frequency. Note the improvement in resolution from left to right
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Figure 5.17.4: Variation in the EPR spectrum of the TEMPO nitroxide radical as the microwave band (energy of excitation)
changes.[24] Note the improved resolution as frequency rises (neglecting the influence of g strain). (Public Domain;
TungstenEinsteinium via Wikipedia)
The EPR spectra have very different line shapes and characteristics depending on many factors, such as the interactions in the spin
Hamiltonian, physical phase of samples, dynamic properties of molecules. To gain the information on structure and dynamics from
experimental data, spectral simulations are heavily relied. People use simulation to study the dependencies of spectral features on
the magnetic parameters, to predict the information we may get from experiments, or to extract accurate parameter from
experimental spectra.
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