
CHAPTER 3 

ELECTRON PARAMAGNETIC RESONANCE 
SPECTROSCOPY

1Sergei A. Dikanov and 2Antony R. Crofts
1Department of Veterinary Clinical Medicine and 2Department of Biochemistry,
University of Illinois at Urbana–Champaign, Urbana IL 61801, USA

3.1  INTRODUCTION

This chapter is devoted to magnetic resonance spectroscopy for the 
investigation of unpaired electron spins. Two terms are used in the literature: 
electron paramagnetic resonance (EPR) and electron spin resonance (ESR). 
We will use the first term in this chapter. During the sixty years since its 
discovery in 1944 by E.K. Zavoisky [1], EPR spectroscopy has been exploited 
as a very sensitive and informative technique for the investigation of different 
kinds of paramagnetic species in solid or liquid states. 

The first two parts of the chapter introduce the theoretical background and 
instrumentation used in two complementary approaches to EPR spectroscopy, 
i.e., continuous-wave and pulsed EPR. The final part describes typical areas 
of solid state applications. 
   This chapter is based on extensive literature devoted to the EPR 
spectroscopy. Space limitations preclude references to all original 
publications and the reader is therefore referred to earlier reviews for a more 
complete survey of earlier work. Excellent textbooks in EPR spectroscopy 
cover basic materials [2–5]. Many monographs are devoted to the 
consideration of more specific topics including theory, instrumentation, or 
application to selected paramagnetic species [6–19]. Handbooks of EPR 
spectroscopy [20, 21] are also available, as are periodic reviews on theory, 
experimental approaches, and different EPR applications covering the period 
since 1971 [22].

A comprehensive description of pulsed EPR spectroscopy is given in the 
recently published book of Schweiger and Jeschke [23]. Previous literature on 
pulsed EPR includes two monographs [24, 25], several edited books [18, 19, 
26, 27], and a large number of reviews. An up-to-date list is provided in [23].
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3.  Electron Paramagnetic Resonance Spectroscopy

3.2  THEORETICAL BACKGROUND 

3.2.1 EPR Condition 

The simplest treatment of the EPR experiment is in terms of a paramagnetic 
center with an electron spin of S =1/2, and this in practice covers a wide range 
of experiments. Representative examples of such paramagnetic species 
include ions of transition metals, free radicals, trapped electrons and atoms, 
and F-centers in alkali halides. 
     The magnetic moment e of the electron is given by the expression 

e = –ge eS (3.1)

where e is the Bohr magneton equal to e /2mc = 0.92·10–23 J·T (e and m are 
charge and mass of the electron, respectively) and ge is a dimensionless 
constant called the electron g-factor, which is equal to 2.0023 for the free 
electron. (In this and other equations, bold terms are vectorial.)
     The energy of interaction of the electron magnetic moment with the 
magnetic field B is

E = – e
.B = ge eS.B (3.2)

If we assume that the magnetic field is directed along the z-axis of the 
coordinate system, this becomes 

E = ge eBSz.                                             (3.3) 

For an electron spin S =1/2 there are two energy states: 

E =½ge eB                                                         (3.4) 

variously labeled  (up), +½ or , or  (down), –½, or , corresponding to 
parallel and antiparallel orientations of Sz to the magnetic field (Figure 3.1).

Figure 3.1. Two-level system in varying magnetic field. Resonance condition. 
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     Application of a magnetic field B1 perpendicular to B, oscillating with the 
frequency o, induces the EPR transition if the resonance condition

E = E+ – E- = h o = ge eBo                                      (3.5) 

is satisfied. The transition is commonly referred to as a spin-flip, and E is the 
photon energy needed to flip the spin population. The frequency, o, and the 
field Bo, are the resonance frequency and field. 

3.2.2 Continuous Wave EPR 

Real samples contain a large number of spins distributed in the constant 
magnetic field between the two allowed energy states according to thermal 
equilibrium. The relative population of two levels is described by the 
Boltzmann distribution 

N+/N– = exp( E/kT),                                                 (3.6) 

where k is the Boltzmann constant and T is the temperature of the sample. For 
the free electron with ge = 2.0023, the spin population ratio is ~1.0015 for a 
field of 0.34 Tesla (for the most commonly used X-band EPR), or about 1 in 
670 excess spins in the lower energy state. The oscillating magnetic field at 
the resonance frequency o induces transitions from up to down and from 
down to up with equal probability.
     However, the population of lower energy is larger than that of the upper 
one, leading to a larger number of transitions to the upper level, and, as a 
consequence, to energy absorption by the sample. This effect is the basis for 
the simplest and most widely used experimental approach, the so-called 
continuous wave (CW) EPR experiment, in which the sample containing 
paramagnetic species is irradiated by microwaves with frequency fixed by the 
source, and the magnetic field is varied to search for the microwave 
absorption. The dependence of microwave absorption on the magnetic field 
observed in such an experiment is the EPR spectrum.

3.2.3 EPR Lineshape: Relaxation Times

Further consideration of a CW-EPR experiment is simplified by introduction 
of a macroscopic magnetization vector. In a constant magnetic field Bo, a 
population of electron spins acquires a magnetic moment Mo, which is 
parallel to Bo under thermal equilibrium conditions. The equilibrium 
magnetization reflects the difference in population among the various spin 
states, whose degeneracy has been removed by the magnetic field, and is 
proportional to Bo. For the spin S = 1/2 there are only two spin levels, and the 
equilibrium magnetization with Bo applied along the z direction is:
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3.  Electron Paramagnetic Resonance Spectroscopy
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N = N+ + N is the total number of spins in the sample. 
     Following excitation by microwave absorption, the spin-flipped population 
relaxes back to the thermal equilibrium state. The time to return to the 
equilibrium distribution of magnetization is the relaxation time. Relaxation
time is described by a single exponential decay. Relaxation time along the 
direction of a static magnetic field Bo is called the longitudinal relaxation 
time T1.

     The longitudinal relaxation is accompanied by a change of the energy of 
the spin system. The thermal motion is the source and sink of energy 
exchange in the relaxation processes. In solids, thermal motion is usually 
described by phonons, which are quanta (photons) with energies in the range 
corresponding to lattice vibrations. Longitudinal relaxation is caused by 
absorption or stimulated emission of phonons. Since a coupling between the 
spin system and the lattice is required, the longitudinal relaxation is often 
called spin-lattice relaxation. The term lattice comes from its use in early 
studies performed with ionic lattices. However, the usage has been 
generalized and refers to degrees of freedom other then those directly 
concerned with spin. Phonons have a spectrum of frequencies that range over 
many orders of magnitudes with varying intensities. However, only those 
fluctuations with frequencies that match the EPR frequency are capable of 
inducing transitions. There are several mechanisms by which the spin-lattice 
interaction can take place in condensed phases; these are called direct, Raman
and Orbach processes. They all involve interaction of the spin system with 
phonons of the lattice.

The relaxation time in the plane perpendicular to the static magnetic field 
Bo is the transverse relaxation time T2. In the absence of a microwave field, 
the equilibrium magnetization components Mx and My are zero, but these 
components appear in the presence of the microwaves with a magnetic field 
of amplitude B1 orthogonal to the field Bo. Unlike longitudinal relaxation, 
transverse relaxation occurs without the exchange of energy with the lattice. 
The transverse relaxation is concerned with the mutual spin flips caused by 
interactions within the ensemble of spins in the sample and thus is often called 
spin-spin relaxation.
     A main consequence of these relaxation processes with times T1 and T2 is 
that they determine the lineshape of the spectrum (the unique resonance line) 
of the two-level system. This can be illustrated using the Bloch equations,
which describe the evolution of the spin system with time under the influence 
of magnetic fields Bo and B1. The macroscopic magnetization vector M  is 
discussed in the context of a coordinate system (the rotating frame of 
reference) rotating about the z-axis with an angular velocity o= 2 o = eBo

( e is gyromagnetic ratio) to match the resonance frequency. 
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Mo is the equilibrium magnetization, 
z

M =M
z
 in this case, i.e., transverse 

magnetization does not depend on the frame. After the microwave field B1

(directed along the x-axis in the rotating coordinate system) has been on for a 
sufficient time, the spin precession reaches a steady state. Then the stationary 
solution for the constant o and 1, when all derivatives are equal to zero, is 
given by: 
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The
x

M  component of transverse magnetization is in phase with B1 and is 

proportional to the dispersion mode of the EPR signal, whereas 
y

M is 90o out

of phase and is proportional to power absorption. Besides the phases, the 
equations describe the shape of the signal in a magnetic resonance experiment 
under steady state (CW) condition. The characteristic lineshapes of dispersion 
and absorption modes of the magnetic resonance transition as a function of 
the frequency  are shown in Figure 3.2. 

For small values of B1, when 2

1 1 2
TT << 1, the absorption is characterized 

by a Lorentzian lineshape:

2
2 2
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T
g

T
                                          (3.10) 

with a width at the half-height equal to 2/T2, i.e., the width is determined by 
the transverse relaxation time. 
     With an increase of B1, the spin-lattice relaxation at a certain power level 
of microwave irradiation may not be fast enough to maintain the population 
difference needed to measure the full amplitude of the resonance signal, so the 
signal level declines. This phenomenon is called saturation.
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3.  Electron Paramagnetic Resonance Spectroscopy

Figure 3.2 Dispersion (dashed line) and absorption (solid line) modes of the magnetic 
resonance transition as a function of frequency.

 At resonance, where 
o
,  the maximal intensity of  the absorption mode 

decreases proportionally to 
12

1 1 2
1 TT . However, the effect is smaller in the 

“wings” of the absorption line. As a consequence, the saturation changes  
the steady state resonance lineshape, suppressing the central part relative to 
the wings and producing an apparent broadening of the spectrum. Since the 
relaxation time T1 enters into the saturation equation, EPR saturation 
measurements can be used in CW EPR for determination of T1.

3.2.4 EPR Spin-Hamiltonian

3.2.4.1 Interaction of Electron Spin with the Magnetic Field: The g-Tensor

In different atoms and molecules the unpaired electron will occupy orbitals of 
different configuration and symmetry. Consequently, the interaction of 
electronic magnetic moment with an applied magnetic field will have a more 
complex character and will depend on the orientation in a molecular or atomic 
coordinate system (x,y,z). Let us consider this situation in greater detail.

The magnetic moment of an electron in an atom results from the orbital 
angular moment L and spin S. In addition, the spin and orbital moments are 
coupled through a so-called spin-orbital interaction. Thus, the complete 
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Hamiltonian describing the interaction of the atomic magnetic moment with 
the magnetic field has the form

HMZ = eBo(L + geS) + LS                                      (3.11) 

where  is the spin-orbit coupling constant. The value of  increases with 
atomic number and, for instance, it is equal 28, 76, and 151 cm–1 for 12C, 14N,
and 16O, respectively [5].
     The orbital angular momentum undergoes an apparent loss on going from 
an atomic to a molecular system and this loss is called the quenching of 
orbital angular momentum by a ligand field. Formally, the orbital angular 
momentum for a non-degenerate electronic ground state is equal zero (L = 0) 
in a molecule. However, the deviations from ge observed experimentally 
imply terms with non-zero values in the Hamiltonian in addition to those with 
S, and these are produced by the spin-orbit interaction. Considered in the 
second order, this interaction admixes the excited states of the orbital angular 
momentum into the ground state. For quantitative characterization of this 
contribution one can use a matrix  of second rank (3  3) with elements 

o i n n j o

j
0 o n

L L
i

n E E
                             (3.12)

with i, j=x,y,z and Eo and En are the energies of the ground and excited orbital 
states. Using this matrix one can introduce the g tensor 

g = geU + 2                                                  (3.13) 

which expresses  the  effect  of  spin-orbit coupling on the “true” spin (U is the 
3

 
 3 unit matrix).

    With this definition, the interaction between the electron spin and the 
external magnetic field Bo in the arbitrary coordinate system is described by 
the electron Zeeman term 

                                         HSZ = Bo g S         (3.14)

Usually the g-tensor is considered a symmetrical tensor, i.e. gij = gji, with 
only six independent components instead of nine. In an arbitrary coordinate 
system the g-tensor is nondiagonal. However, it is always possible to find a 
coordinate system for the principal axes, where the tensor is diagonal. For 
spin S = 1/2, the electron Zeeman interaction usually exceeds other magnetic 
interactions studied in EPR experiments. Therefore, the g principal axes frame 
is often used as a reference frame for the theoretical description and analysis 
of the experimental data. Three diagonal elements gx, gy and gz of the g matrix 
are the principal elements of the g-tensor. They are characteristic values for 
the any paramagnetic species in the solid state. They reflect the symmetry of 
the electron’s local environment: thus, for cubic symmetry gx = gy = gz; for 
axial symmetry along the z-axis, gx = gy = g , and gz = g||; and for 
orthorhombic symmetry, gx gy gz. For systems with low symmetry the g-
tensor may even become asymmetric. 
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3.  Electron Paramagnetic Resonance Spectroscopy

3.2.4.2 Hyperfine Interaction 

Interaction of an unpaired electron with the magnetic field is just one of the 
ways in which magnetic interaction can manifest itself in an EPR spectrum. 
This simplest interaction usually gives well-characterized spectra in the form 
of a single EPR line in liquids and up to three lines in “powder” solids 
corresponding to the principal directions of the g-tensor. However, there are 
other types of magnetic interactions, usually of lower energy, which produce 
additional features in the EPR spectra called hyperfine and fine structure.
These arise from magnetic interactions with nearby magnetic nuclei and 
magnetic interactions with other electron spins. 

The electron-nuclear hyperfine interaction (hfi) is described by the 
Hamiltonian

                        HSI = S A I (3.15)

where I is a nuclear spin, and A is a tensor of hyperfine interaction. It consists 
of an isotropic term or Fermi contact interaction and an anisotropic term 
resulting from the electron-nuclear dipolar coupling. 
     The Fermi contact interaction is given by 

                     Hiso = a S I (3.16)

where  a = (8/3) ge e gI I o(0) 2.
    Contact interaction results from the unpaired electron spin density o(0) 2

transferred onto the nucleus. The hyperfine interaction is purely isotropic if 
the unpaired electron occupies an s orbital. A typical example is the hydrogen 
atom where o(0) 2 = 1 and a = 1420 MHz [5]. In many cases the isotropic 
constant a for a particular atom is calculated from the fraction of the s orbital 
included in the molecular wave function of the unpaired electron. The 
isotropic hyperfine coupling can also be significant when the unpaired 
electron resides in a higher p, d, or f orbital, and spin density in the s orbital is 
induced by configurational interactions or through a spin polarization 
mechanism.
     The anisotropic part of the hyperfine Hamiltonian is produced by the 
interaction of an electron and nucleus acting as magnetic dipoles. The 
electron-nuclear, dipole-dipole coupling is described by the relation: 

                                         (3.17) 

where r is the vector connecting the nucleus with the different points of the 
electron orbital. Spatial integration over the orbital coordinates of the electron 
in an arbitrary coordinate system, with the components of the vector r(x,y,z),
determines the Hamiltonian of the anisotropic hyperfine interaction in the 
form

Haniso = S T I (3.18)

3 5I I

3ˆ S r I rS I

r r
g g
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with T tensor components
2

I I 5

3ij i j
ij

r r r
T g g

r
                             (3.19) 

and ri,rj = x,y,z. This form of the hyperfine tensor shows that it depends on the 
distance between electron and nucleus and can provide information about 
their relative spatial location.
     An important characteristic of the anisotropic hyperfine tensor is the 
coordinate system of the principal axes in which this tensor is diagonal. Then 
the three diagonal elements are called the principal values of the tensor. The 
determination of the hyperfine tensor in the principal coordinate system is an 
important venue of the magnetic resonance experiments. Because the 
interaction is between dipoles, the strength of the interaction shows a strong 
angular dependence, and hence can provide information about relative 
orientation of the electron and nucleus. 

3.2.4.3. Nuclear Quadrupole Interaction 

Nuclei with I  1 possess an electric quadrupole moment that results from a 
nonspherical charge distribution. The interaction of the quadrupole moment 
with the gradient of the electric field due to the surrounding electrons is 
effectively described by the Hamiltonian of the nuclear quadrupole interaction
(nqi),

HQ = I Q I                                 (3.20) 

where Q is the traceless tensor of the nqi. This interaction produces additional 
splittings of the energy levels in the electron-nuclear spin system. In the 
coordinate system of the principal axes of the nqi tensor the Hamiltonian has 
the form 

2 2 2 2 2 2 2Q I Q I Q I K 3I I (I I )
Q x x y y z z z x y

H                     (3.21) 

where K =
2 Q

4I(2I 1)

e q

h
, eq is the electric field gradient, eQ is the nuclear

quadrupole  moment,  and  = (Qx – Qy)/Qz is an asymmetry parameter with 
0

 
 1. Because the trace of the tensor Q is equal to zero, its principal values 

are described by the two parameters K and only. Values of quadrupole 
coupling constant e2qQ/h and are those usually used in the literature for the 
quantitative characterization of the quadrupole interaction of the particular 
nuclei in different chemical compounds. 

3.2.4.4 Nuclear Zeeman Interaction 

Many nuclei possess a spin I and an associated magnetic moment. The spin 
quantum number can be integral or half-integral between 1/2 and 6.  
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3.  Electron Paramagnetic Resonance Spectroscopy

Characteristics of some magnetic nuclei important for EPR spectroscopy are 
provided in Table 3.1. The interaction of the nuclear spin with magnetic field 
B is described by the nuclear Zeeman term 

HNZ = –gn n BI = h I (nI) (3.22)

In this formula gn is the nuclear g factor and n = e /2Mc is the nuclear 
magneton. The term I = –gn n B/h is the nuclear Zeeman frequency, which 
determines the characteristic energy associated with spin-inversion of 
particular nuclei, as shown in Table 3.1. In contrast to the Bohr magneton, e,
the nuclear magneton depends on the proton mass M, which is 1836 times 
larger then the mass of an electron. This means that the nuclear Zeeman 
interaction is about 103 times weaker than the electron Zeeman interaction in 
the same magnetic field. In most EPR experiments the nuclear Zeeman 
interaction is isotropic. Deviation from the isotropy takes place for 
paramagnetic centers with large hyperfine couplings or low-lying excited 
states.

Table 3.1. Magnetic Characteristics of Some Nuclei

Nucleus
Natural Abundance 

(%)
Spin I , (MHz), (Bo=

0.35 T)
1H    99.985 ½ 14.902 
2H        0.0148 1   2.288 
13C    1.11   3.748 
14N  99.63 1   1.077 
15N      0.366 ½   1.511 

      0.038 5
2   2.021 

19F 100.00 ½  14.027 
31P 100.00 ½    6.038 

57Fe     2.15 ½      0.4818 

   Among the nuclei shown in Table 3.1, only 1H, 14N, 31P, and 19F are present 
at a natural abundance close to 100%. Experiments with other nuclei require 
preparation of isotopically labeled molecules or media (for instance, by 
isolation of protein from bacteria grown in media with the isotope replacing 
the natural atom, or substitution of 2H2O for 1H2O).

3.2.5 Electron-Nuclear Interactions: Hyperfine Structure

When an S = 1/2, I = 1/2 spin system with an isotropic g-factor is placed in a 
constant magnetic field Bo z the complete spin-Hamiltonian (in frequency 
units) is: 

/
o z I z z zz z z zx x z zy y

H h S I S T I S T I S T I (3.23)

     In deriving equation (3.23), it is generally assumed that the axis 
along which the quantum state of the electron spin is determined is that 

17O

½ 
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of Bo, because its field greatly exceeds the local magnetic fields 
produced by nuclear magnetic moments. This assumption is the “high-
field approxi-mation.” With this approximation, all terms proportional 
to Sx and Sy can be neglected, and are omitted from the equation. The
Hamiltonian (equation (3.23)) is then diagonalized in the form: 

( )
/

o z z
H h S I                                                          (3.24) 

 where the following designations are used 

A = T zz  , B = 
1/ 22 2

zx zyT T                                            (3.25) 

1/ 22 2 2

( ) S S
( )

I
Am mB

 Here,  and  are frequencies of nuclear transitions between the two energy 
levels corresponding to mS +1/2 and –1/2, respectively.
     A simple vector model can be used to explain this presentation  
(Figure 3.3). The terms (AmS + I) and BmS correspond respectively to the 
local magnetic field strength along the Bo direction (BS ( )), and in the 
perpendicular plane (BS ( )) at the location of the nucleus, for two mS

mS = +1/2 (for ) or –1/2 (for ), described by the angles + and ,
respectively, with:

( )

cos 
Am

s I

( )

sin
mB

s                               (3.26) 

Figure 3.3 Vector addition of external and hyperfine fields for two electron spin states. 

states.  They define the direction of the quantization axis for the nuclear spin at 
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3.  Electron Paramagnetic Resonance Spectroscopy

S

different nuclear resonant frequencies:
1/ 22 2

I

1/ 22 2

I

2 4

2 4

A

A

B

B
                                    (3.27)

The eigenstates of the Hamiltonian (equation (3.24)) are written as:

1
o

2
o

3
o

4
o

1 1
E ;

2 2
2 2

1 1

2 2
2 2

1 1

2 2
2 2

1 1
E ;

2 2
2 2

h

h

h

h

                                 (3.28) 

The corresponding eigenfunctions are: 

1 1 1 1
1 cos , sin ,

2 2 2 2 2 2

1 1 1 1
2 sin , cos ,

2 2 2 2 2 2

1 1 1 1
3 cos , sin ,

2 2 2 2 2 2

1 1 1 1
4 sin , cos ,

2 2 2 2 2 2

                 (3.29) 

     The appearance of four levels, instead of two corresponding to the two 
different states of electron spin in the magnetic field, results from the 
hyperfine electron-nuclear interaction and nuclear Zeeman interaction. These 
interactions produce the additional splitting of each electron level. The 
splitting of two new levels, with mS = +1/2 and equal to , differ from the 
splitting of the levels with mS = –1/2.
     Generally four EPR transitions with different frequencies can be generated 
between upper and lower doublets. Two of them, 1   3 and 2   4, indicated 
by solid lines in Figure 3.4, occur with a change of the electron spin 
projection (ms changes) but without any change of the nuclear spin projection 

E ;

E ;

The full strength of the local magneti

-

c  field for each m  determines two 

-

- -
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(mI remains the same). They are usually called the allowed transitions (A).
The other two transitions, 1   4 and 2   3, indicated by dashed lines, involve 
the simultaneous change of the electron and nuclear spin projections. They are 
called forbidden transitions (F). The frequencies of allowed and forbidden 
transitions are:

13 o

24 o

14 o

23 o

2

2

2

.
2

A

A

F

F

(3.30)

Figure 3.4 (a) Energy levels, allowed and forbidden EPR transitions, and nuclear transitions for 
the electron spin S = ½ interacting with a nuclear spin I = ½. (b) Schematic EPR spectrum 
showing allowed and forbidden transitions. 

Their intensities are: 
2

2

cos
2

sin .
2

A

F

I

I                                      (3.31)

     Taking into account equations (3.26), we can write the intensities 
(equations (3.31)) in the form:
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3.  Electron Paramagnetic Resonance Spectroscopy

2 2 2

( ) I
41

1
2 4

A F
A

I
B

(3.32)

with IA corresponding to the + condition. Thus, the EPR spectrum of an  
S = 1/2 electron spin interacting  with an I = 1/2 nucleus,  at an arbitrary 
orientation of the magnetic field in a coordinate system describing the relative 
location of electron and nucleus, consists of two doublets with intensities IA

and IF symmetrically located relative to the center of the spectrum at o. The 
intensities of these doublets depend on the values for A and B, and they vary 
when the orientation of the magnetic field is changed. 
    By way of illustration, we can consider several particular cases. It is 
obvious that when 4 2

I = A2 + B2 the intensities of allowed and forbidden 
transitions will be equal. The intensity of the allowed transitions become 
larger, if 4 2

I > A2 + B2, and the forbidden transitions dominate the spectrum 
when 4 2

I < A2 + B2 (Figure 3.4). The behavior of the intensities can be 
understood qualitatively in terms of the variation of the local magnetic field 
on the nucleus. This is given by the vector sum of the external magnetic field 
and the effective magnetic field induced by the hyperfine interaction between 
electron and nucleus. Analysis of the intensities of IA and IF shows that, in 
order for intense allowed transitions to appear, it is necessary that + – – ~ 0.  
If their intensity is low, then + – – ~ . The condition that IA = IF occurs 
when + – – = /2, i.e., the local fields for two electron spin states are 
perpendicular to each other. 

The lines produced by the interaction of the electron spin with the nucleus 
are called the hyperfine structure of the EPR spectrum. Observation of the 
hyperfine structure in the solid state depends on the type of sample, i.e., single 
crystal, powder, frozen solution, and on the value of the hyperfine coupling. 
Typically, the EPR spectra of a paramagnetic metal ion in the solid state will 

magnetic.

Isotropic Hyperfine Interactions (hfi). In liquids with low viscosity, the 
molecular motion of the molecules usually leads to an averaging of all 
anisotropic interactions. Hyperfine interaction retains only its isotropic part 
when A = a and B = 0. In this case IA = 1 and IF = 0 and only the two allowed 
transitions contribute to the spectrum at frequencies given by:

13 o

24 o

2

.
2

A

A

a

a
(3.33)

     The splitting between these lines 
13

A –
24

A  is equal to the isotropic constant 

a. This basic result for the EPR spectroscopy in liquid solutions means that 
each nuclear spin with I = 1/2 produces a doublet of lines with a splitting 
equal to the isotropic hyperfine constant for this nucleus. If the electron 

show resolved hyperfine structure from  the ion’s own nucleus, if this is 
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interacts with several nuclei N with different isotropic constants ai each of 
them would produce an additional splitting of the spectral lines leading to a 
total number of the lines in the spectrum equal to 2N.
     For a nucleus with the spin I  1 the complete spin Hamiltonian includes 
an additional nqi term (equation (3.20)). In this case two levels of the electron 
spin doublet are split into 2I +1 additional sublevels E i and E j with different 
projections of the nuclear spins mI = –I, –I Formally, an EPR 
experiment in this system of levels could produce (2I + 1)2 transitions. Of 
these, 2I + 1 are allowed with mI = 0, and all others are forbidden with   

mI  = 1,…, 2I. The intensities of these transitions depend on the 
orientation of the magnetic field and relative values of the different terms of 
the spin Hamiltonian.

3.2.6 Homogeneous and Inhomogeneous Line Broadening

The lines of the EPR spectra can be homogeneously or inhomogeneously 
broadened. To describe the type of broadening observed one can use the term 
spin packet. The spin packet is defined as a group of spins with the same 
resonance field, and its linewidth is most accurately characterized by  
the phase memory relaxation time, Tm (see Section 3.2.7.2). A homogeneous 
line is a superpo-sition of spin packets with the same resonance field and the 
same width. This is usually the case for spectra taken in liquid media  
(Figure 3.5a). 

An inhomogeneously broadened line consists of a superposition of spin 
packets with distinct, time-independent resonance fields (Figure 3.5b). The 
sources of the inhomogeneous broadening can include inhomogeneous 
external magnetic field(s), g-strain, unresolved hyperfine structure, and 
anisotropy of the magnetic interactions in orientation-disordered solids. This 
definition of lineshapes is particularly important in pulsed EPR spectroscopy 
because the behavior of the spin system in a pulsed experiment depends on 
the type of line broadening leading to the overall contour. 

3.2.7 Pulsed EPR 

3.2.7.1 Rotating Frame of Reference––Vector Sum of Magnetization

In the previous sections we discussed typical CW-EPR experiments in which 
the magnetic component B1 of the microwave field is constant in time, i.e., the 
experiment is performed under steady state conditions. We now consider a 
different type of EPR experiments in which the electron spins are placed in 
the constant magnetic field Bo and irradiated by microwave pulses of limited 
duration (time tp), at a frequency satisfying the resonance condition for the 
paramagnetic species under study. 

+ 1,…, I.
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3.  Electron Paramagnetic Resonance Spectroscopy

Figure 3.5 Homogeneously (a) and inhomogeneously (b) broadened lines.

      To understand the influence of the pulse on the spin system, it is 
convenient to consider the macroscopic magnetization of the spin system, the 
magnetic moment resulting from the vector sum of the magnetization, referred 
to a coordinate system rotating around the axis of the constant magnetic field 
at the resonance frequency, the rotating frame discussed above. A sample with 
unpaired electron spins acquires a magnetic moment Mo parallel to Bo under
thermal equilibrium. One can assume that in the coordinate system rotating 
around Bo z with a resonance frequency o the magnetic field B1 of the 
applied microwave pulses coincides with axis x. In the presence of the field 
B1, magnetization Mo rotates around the x-axis with angular velocity  

1= 2 1 = eB1. For a microwave pulse of duration tp, this rotates the vector 
Mo around an angle p = 2 1tp. Thus, for a pulse with duration tp such that  

p = /2 (the so-called /2 pulse) the magnetization becomes directed along 
the y-axis (Figure 3.6). Application of a pulse giving p =  (a -pulse) inverts 
the magnetization vector from the z to the –z direction. 
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Figure 3.6 Rotation of the magnetization vector during application of a /2-pulse (left) or a  
-pulse (right).

3.2.7.2 Relaxation after a Pulse: The Free Induction Decay (FID) 

The relaxation behavior of the magnetization induced by the pulse depends on 
the characteristics of the EPR spectrum. In solids, the EPR line is usually 
inhomogeneously broadened, and the distribution of intensity is described by 
some function f ( r) with a characteristic width r. For simplicity, one can 
analyze the case in which r is small compared to 1. After the /2-pulse
(Figure 3.7a) the elementary magnetization vectors corresponding to different 

r values will start precessing in the xy-plane (b) with a frequency offset from 
the rotational reference frequency by ( r – o).

Figure 3.7 Scheme showing how the echo is generated in a 2-pulse /2- -  sequence (see text 
for explanation).

     After excitation at the resonance frequency o, they defocus symmetrically 
from the starting point along the y-axis. As a result the net magnetization, 
always directed along y-axis, decreases monotonically with the characteristic 

time 2T  ~ 1/ r, the value of which can be readily estimated. For example, 

T2
*will lie in the range ~10–7s for r ~ 10MHz, or B ~ 0.3 mT. This 
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3.  Electron Paramagnetic Resonance Spectroscopy

relaxation generates microwave emission detected as a transient signal 
following a single microwave pulse, which is called the free induction decay
(FID). In NMR spectroscopy, the FID following a single pulse can be readily 
measured because the frequencies involved are in the radio range; Fourier 
analysis of the FID is the basis of simple FT-NMR spectrometers. However, 
this simple approach is not generally practical in pulsed EPR, because typical 
spectrometers have electronic dead-times ~10–7s after applied pulses; since the 
spectral features are in the same range as the response time, they cannot be 
quantitatively studied (discussed at greater length below). It may be noted that 
the behavior of the FID for broad signals, and in the case of off-resonant 
excitation, needs more complex consideration, but also results in an FID that 
always decays within the time interval ~tp [23].

3.2.7.3 Electron Spin-Echo 

Precessional evolution (dephasing) of the magnetization after the single /2-
pulse results in its complete defocusing over the xy-plane at the larger times 

2T  (Figure 3.7a,b). There is, however, a way to restore this magne-tization. 

This is done by applying a second -pulse after time , called a refocusing
pulse. When this is applied along the same x-axis as the initial /2-pulse, it 
rotates all elementary magnetization vectors through 180o around the x-axis
(Figure 3.7b,c). The refocusing -pulse does not change the direction of 
rotation of each elementary magnetization vector. As a consequence, as the 
precession continues, all these vectors meet together at the y-axis after the 
same time interval (Figure 3.7c,d). This refocusing produces an induced 
magnetization (microwave emission) called the two-pulse electron spin-echo
(ESE).
     The refocusing process produces an ESE signal with maximum amplitude 
at time 2  after the initial pulse, and this is followed by a new defocusing of 
the magnetization vector. For this reason, the echo signal appears to consist of 
two FIDs, back-to-back, to generate a symmetrical pulse, which is separated 
in time from the initiating pulse, and therefore not masked by the 
instrumentation dead-time. Although in principle Fourier transformation of 
each FID could provide an EPR spectrum, in practice, more information at 
higher resolution can be obtained by the ESEEM approach detailed below. 
     For a pulse sequence with two pulses of arbitrary duration with rotation 
angles 1p and 2p the amplitude of the two-pulse or primary ESE is 
proportional to: 
                                     E ~ sin 1p sin2 ( 2p /2) (3.34)

    The ESE amplitude is independent of the EPR lineshape for nonselective 
pulses with amplitudes larger than the linewidth. However, the simple 
considerations outlined here are not valid for broad lines, and analysis of the 
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FID and echo shape then requires more complex treatment. One important 
qualitative result following from such an analysis of broad line excitation is 
that only magnetization vectors in the narrow range 1 around the resonant 
frequency o contribute to the echo formation [23]. 

3.2.7.4 Electron Spin Echo Envelope Modulation (ESEEM)

One of the major uses of pulsed EPR spectroscopy is to obtain information 
about the magnetic environment from analysis of the echo envelope. This 
generally includes important information pertaining to local structure and 
other properties of the solid state as discussed in Section 3.4. The echo 
envelope is obtained by recording the echo amplitude (or intensity) as a 
function of the time interval between pulses. The properties of the two-pulse 
spin-echo, when  is varied, depend on the properties of the spin system and 
its interactions with neighboring nuclear spins. The echo intensity is 
influenced by two different factors (Figure 3.8).

Figure 3.8 Two-pulse echo envelope showing contributions to the kinetic decay of interactions 
with protons, and with 14N (left) and 15N (right) nuclei. Experiment performed at 9.7 GHz and 
magnetic field of 364 mT. 

     The first is a magnetic relaxation processes resulting from monotonic 
decay of the echo signal as  increases, mainly arising from T2, as defined in 
the Bloch equations above. The second is the interaction of the unpaired 
electron spins with surrounding magnetic nuclei. These cause periodic
variations of echo intensity as  is changed. In order to quantify this effect, the 
intensity of the spin echo is recorded as a function of . The plot of this 
pattern is termed the electron spin-echo envelope modulation (ESEEM), and 
contains kinetic (time domain) information about both components 
contributing to the decay. After correction for monotonic decay, Fourier 
transformation of the echo envelope provides the ESEEM spectrum, which 
contains all the information about the frequencies (energies) of the nuclear 
interactions. Spectroscopy based on observation and analysis of echo 
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3.  Electron Paramagnetic Resonance Spectroscopy

modulation in either the time or the frequency domain is called ESEEM
spectroscopy.
    Figure 3.8 shows as an example the two-pulse ESE pattern of the reduced 
[2Fe-2S] Rieske cluster in the bc1 complex, either with natural abundance of 
magnetic nuclei, or in a sample uniformly 15N-labeled. The [2Fe-2S] cluster is 
coordinated by the N  nitrogens of two histidine ligands and by two sulfurs of 
cysteine ligands. The unlabeled sample shows periodical variations in two 
principle frequency ranges. The deep variations with lower frequencies are 
due to interactions with 14N ( I ~ 1 MHz, I = 1 with nuclear quadrupole 
moment). They disappear when the 14N nuclei in the sample are replaced by 
15N nuclei with different magnetic properties ( I ~ 1.5 MHz, I = 1/2). Both 
envelopes show also the oscillations of higher frequency ( I ~ 14.9 MHz) 
produced by the protons in the environment of the cluster.
     One can also see that the relaxation decay of the echo characterized by 
phase memory time Tm in both samples is the  order ~ 1 sec. Tm corresponds 
to the inverse homogeneous linewidth and is sometimes simply called T2 in 
literature. Note however that there may be contributions to Tm from the other 
sources.

3.2.7.5 ESEEM Frequencies and Amplitudes

Simple qualitative and rigorous quantum mechanical models for ESEEM are 
described in detail elsewhere. In the present case, only the equations resulting 
from quantum mechanical analysis needed for an understanding of ESEEM 
frequencies and amplitudes will be discussed. In the case of S = 1/2 and  
I = 1/2 spins, described by the spin-Hamiltonian (3.23), the normalized 
expression for the two-pulse ESEEM has the form [28] 

( )

1 1
1 1 cos2 cos2 cos2 ( ) cos2 ( )

2 2 2

E

k

where the amplitude coefficient k is equal to
2

2 I
B

4 sin ( )A Fk I I (3.36)

and all other parameters are defined in Section 3.2.5. 

nuclear frequencies and at two different projections of the electron spin, 
together with their two combination forms . The amplitude coefficient 
k is proportional to the product of the probabilities of the allowed and 
forbidden EPR transitions in the four level system of S = 1/2 and I = 1/2 spins 
(Figure 3.4). This means that ESEEM appears only if the allowed and 
forbidden EPR transitions are simultaneously induced by the microwave 
pulses. The previous analysis has shown that this requires the presence of 

Equation (3.35) shows that the frequencies of two-pulse ESEEM are the 

    (3.35)
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anisotropic hfi. Additional confirmation of this conclusion follows from the 
explicit form of the amplitude coefficient k, which contains a parameter B
depending on the nondiagonal components of the anisotropic hfi tensor. Thus, 
ESEEM occurs only in the presence of the anisotropic hfi, and this is also a 
requirement for the simultaneous presence of the allowed and forbidden 
transitions that are usually typical for the solid state.
     This result shows that ESEEM appears in relation to variation in the 
quantization axis of the nuclear spin accompanying a change of the electron 
spin orientation during the EPR transition following excitation by microwave 
pulses. Such a variation leads to the simultaneous reorientation of a nuclear 
spin. This perturbs the phase compensation in the different periods of electron 
spin precession and results in echo signal modulation. In pulsed experiments, 
ESEEM frequencies result from the EPR transitions of the spin system 
induced by microwave pulses and not as a result of transitions between 
nuclear sublevels. The cosine FT spectrum should contain lines at two nuclear 
frequencies of equal amplitudes, and their two combinations with the lines of 
opposite amplitudes and two times lesser intensity.

The result obtained when I = 1/2 can be generalized for an arbitrary nuclear 
spin I [29]. In this case the two-pulse ESEEM frequencies are again all 
possible frequencies of the nuclear transitions ( )

ij
 and ( )

ln
 between the 

eigenstates (energy levels) with the same electron spin state (  for i, j states 
and  for l,n states) as well as ( )

ij

( )

ln
combinations. The coefficients that 

determine the amplitude of the harmonics depend on the probabilities of the 
EPR transitions between different energy levels of two manifolds reflecting 
the fact that ESEEM frequencies are formed as a difference of the these EPR 
transitions and not as a direct nuclear transition between two levels of the 
same manifold. 

3.2.7.6 Pulse Sequences 

The advantage of pulsed EPR compared to conventional CW-EPR is that 
different properties of the paramagnetic center, and its interactions with 
neighboring nuclear spins, can be explored through different pulse sequences. 
These can be configured so as to be suitable either for one-dimensional or for 
multidimensional experiments. 

     In addition to the two-pulse sequence 
2

echo  two other 

sequences are frequently used in the ESEEM experiments. One of them 
employs three pulses of equal length separated by the time intervals and T

2 2 2
T echo .
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3.  Electron Paramagnetic Resonance Spectroscopy

    The echo signal appearing at the time 2  + T is formed as a result of 

echo. In a traditional one-dimensional (1D) three-pulse ESEEM experiment, 
the stimulated-echo envelope is recorded as a function of the time T at fixed 
time .

    Another sequences consists of four pulses 
1 22 2 2
t t echo

separated by the times , t1 and t2. In the (1D) experiment with this sequence 
the intensity of the inverted echo after the fourth pulse is measured as a 
function of the times t1 = t2 = T/2, which are increased stepwise at a fixed time 
.

   Differences between the three sequences introduced above are found in the 
relaxation time of the echo decay and in the ESEEM frequencies that they 
create. Three-pulse echo modulation contains the frequencies of nuclear 
transitions from two manifolds i and j only but two and four pulse 
sequences also produce their combinations i j .
    Another important factor is the time of the relaxation decay of the echo 
signal, which significantly affects the resolution of the ESEEM spectra. As 
was discussed above, the decay of the two-pulse echo is governed by the 
phase memory time Tm. In contrast, the relaxation decay of the three- and 
four-pulse echoes is controlled by the longitudinal relaxation time T1. This is 
because the magnetization vector is rotated into the z-axis by the second /2
pulse, so that relaxation of the population is determined by T1. In solids at low 
temperatures the phase memory relaxation time does not usually exceed 
several microseconds (Figure 3.8). The relaxation time T1 is at least one to 
two orders of magnitude longer and this makes possible a longer acquisition 
interval for echo envelope (Figure 3.9). One can also note that the selection of 
the time  influences the amplitude of the different harmonics in three- and 
four-pulse experiments in different ways. As a consequence some frequencies 
can be suppressed at a particular time . To avoid the partial loss of the 
information the spectra can be recorded at several times (see, for example, 
Figure 3.20). 
     In addition, the amplitudes of the harmonics differ in different sequences 
and this allows for an enhanced contribution of relevant frequencies by 
selection of an appropriate experimental scheme. Therefore, these schemes do 
not replace but complement each other. A number of new ESEEM schemes 
have been introduced in recent years including dead-time and blind-spot free 
ESEEM methods, ESEEM with improved sensitivity, extended-time 
excitation experiments and others. A fairly complete description of these 
schemes is given in the book [23]. 

combined action of all three pulses and is called a three-pulse or stimulated-

118



Figure 3.9  Left–Three-pulse ESE pattern of the reduced Rieske iron-sulfur protein isolated 
from the bc1 complex from bacteria grown on 14

Four-pulse ESE pattern from protein with 15N ( = 128 ns, magnetic field 364.7 mT). 
Microwave frequency was 9.7 GHz in both experiments. 

3.3  EXPERIMENTAL

3.3.1 Design of CW-EPR Spectrometer

In CW-EPR, the sample is placed in a magnetic field that which can be varied 
in a linear field sweep while simultaneously exposing it to a fixed frequency 
of microwave irradiation. The type of experiment determines the design of the 
EPR instrument. 
     The standard EPR spectrometer generally consists of the following 
components, named according to their function: microwave source, a resonant 
cavity, a magnet and power supply with field control and field sweep, and the 
modulation and detection systems.

The source includes all components that generate the microwave waves, 
and transmission lines. The klystron, a vacuum tube producing microwave 
oscillations in a small range of frequencies, is most often used as the source of 
energy. Another source, used in more modern spectrometers, is a Gunn diode. 
The wave-guides or coaxial cables transmit microwaves to the cavity where 
they are concentrated at the sample. Automatic frequency control (AFC) locks 
the source at the cavity’s resonant frequency. Interposed between the klystron 
and the cavity are the following components: a) an isolator, protecting the 
klystron from the reflected microwave energy, b) an attenuator, regulating the 
power input, and c) a circulator. A circulator directs the microwave power 
from the source to the cavity and simultaneously redirects the reflected power 
to the detector. 
     The source and detector are parts of the unit called the microwave bridge. 
An additional element of the microwave bridge is a reference arm, which 

N ( = 152 ns, magnetic field 365 mT). Right- 
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3.  Electron Paramagnetic Resonance Spectroscopy

supplies the detector with additional microwave power controlled by second 
attenuator. There is also a phase shifter to insure that the reference arm 
microwaves are in phase with the reflected microwaves when the two signals 
meet at the detector.
     The detection system normally includes a detector, and signal preamplifier 
followed by phase sensitive detector (PSD), tuned at the field modulation 
frequency. The detector is a silicon crystal diode in contact with a tungsten 
wire. It converts the microwave power to an electrical current. The detector 
produces an inherent noise inversely proportional to the frequency of the 
detected signal termed 1/f noise. The amplifier enhances the registered signal 
without, however, markedly changing the signal-to-noise ratio.
     A significant increase of signal-to-noise ratio is achieved by modulating 
the external magnetic field, generally with a 100 kHz component  
(Figure 3.10) in conjunction with phase-sensitive detection. The field 
modulator consists of small Helmholz coils placed on each side of the cavity 
along the direction of the field. At the resonance condition the field 
modulation quickly sweeps through part of the EPR signal and the reflected 
microwaves are amplitude-modulated at 100 kHz.

Figure 3.10 Field modulation and phase-sensitive detection. 

This procedure transforms the EPR signal at the resonance field into a sine 
wave with an amplitude proportional to the slope of the resonance line. As a 
result, if the amplitude of the 100 kHz field modulation is small compared to 
linewidth (~ < 25%)  the modulated signal after PSD  appears as the first 
derivative of the EPR intensity vs. magnetic field strength (Figure 3.10). To 
improve the sensitivity further, a time constant is used to filter out more of the 
noise. Advantages of such an approach include reduction of 1/f noise, and 
elimination of DC drift, because the signal encoded at 100 kHz can be 
selectively filtered from noise at other frequencies. The processed signal is 
digitized, and a computer is used for recording and analyzing data and for 
coordinating timing functions for all components involved in acquisition of 
the spectrum.
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3.3.2 Design of Pulsed-EPR Spectrometer 

Pulsed EPR spectrometers have many of the major parts similar to those 
found in a CW EPR instrument including microwave source, resonant cavity, 
magnet and detection system. As in the CW instrument, the resonance 
condition is obtained by varying the field at fixed microwave frequency. The 
key difference in doing pulse EPR is the generation of pulse sequences with 
large microwave power, and detection of the weak microwave emission of the 
FID and echo signals. These differences determine the specific requirement 
for the sources, the cavities, and detectors. In a pulsed EPR instruments, a 
klystron or a Gunn diode generates CW microwaves in the milliwatt range at 
a set frequency. The source unit includes also a pulse programmer that 
controls generation of the high-power microwave pulse, protection of 
receivers, and triggering of the acquisition devices. The pulse-forming unit 
usually consists of several channels with individual adjustments for 
amplitude, phase, and length of the pulses. Several channels are usually 
needed for phase-cycling, which facilitates exclusion of unwanted features 
from the echo envelope. The low power microwave pulses are supplied to a 
traveling wave tube (TWT) amplifier where they are amplified to up to higher 
power, for example 1 kW power for /2 pulses of ~16 ns duration.
     The very low level FID and  echo  signals (~ 10–9 to 10–3 watts)  emitted 
from the resonator are directed by the circulator for the detection. Two types 
of microwave amplifiers were employed in pulsed spectrometers: a low-noise 
GaAs field effect transistors (GaAs FET), and low noise TWT. The amplified 
signal is fed to the quadrature detector. The outputs from the quadrature 
detector provide its real and imaginary part. The quadrature detection is 
followed by additional amplification and filtering by a video amplifier. The 
bandwidth of the output signal is up to about 200 MHz. The final signal is 
stored directly by a fast oscilloscope or digitized, with subsequent processing 
by a computer. A more detailed description of CW and pulsed-ESR 
spectrometers and references to the original publications devoted to the EPR 
instrumentation can be found in several books on EPR spectroscopy [2–27].

3.3.3 Resonators 

The cavity concentrates the microwaves at the sample to optimize ESR 
adsorption. Up until now, most CW-ESR instruments are equipped with 
rectangular or cylindrical cavities. Other types of the cavities include, for 
example, dual mode, dielectric, and loop gap resonators. Cavities are 
characterized by their quality factor Q, which indicates how efficiently the 
cavity stores microwave energy. As Q increases, the sensitivity of the 
spectrometer increases. The Q factor is defined as:
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3.  Electron Paramagnetic Resonance Spectroscopy

stored

dissipated

2 E
Q

E
(3.37)

where the dissipated energy is the amount of energy lost during one 
microwave period. High Q cavities are typically used in CW EPR because 
they are efficient at converting spin magnetization into a detectable signal. 

However, a pulsed EPR experiment has different requirements of the 
cavity because the applied pulse causes a reflected signal called cavity
ringing, which decays exponentially with a time constant

r 4
o

Q
t (3.38)

where Q is a quality of unloaded cavity and o is the resonance frequency. The
power ringing after the pulse is so high that the detection system of the 
instrument is overloaded and fails to register a useful signal. The instrument 
recovers after a time (often called the dead-time), when the cavity ringing is 
reduced below the noise level. In modern spectrometers dead-time does not 
usually exceed a few hundred nanoseconds; the shortest reported values are 
less then 100 nanoseconds. An additional reason for keeping a low Q for the 
pulsed resonator is the need to optimize bandwidth so as not to distort broad 
EPR signals.
      Because of the above requirements, special efforts are usually put into 
construction of cavities designed specifically for pulsed experiments. A 
variety of resonators for pulsed EPR have been described, including 
rectangular cavities, slotted tube resonators, strip-line cavities, bimodal 
cavities, several types of loop-gap resonators and dielectric resonators (see 
references in [23, 25, 26]).

3.3.4 EPR Bands, Multifrequency Experiments 

In the basic magnetic resonance equation (3.5), two experimental 
characteristics o and Bo are linearly proportional to each other and selection 
of the frequency uniquely defines the magnetic field necessary for resonance. 
The ratio between them is determined by the electronic g-factor and the Bohr 
magneton. Because of the fixed frequency generated by available microwave 
sources, EPR spectrometers are set up so that a spectrum is obtained by 
varying the magnetic field Bo, at constant frequency o. As the characteristic 
property of a paramagnetic species, the g-value of the system is a good choice 
because the value is independent of magnetic field strength, and therefore of 
the instrument. Microwave frequencies, and the corresponding fields, used in 
EPR spectroscopy for construction of commercial and home-built spectro-
meters are shown in the Table 3.2. Most commercial EPR spectrometers are 
operated in X-band with  microwave  frequency ~ 9.5 GHz. Resonance for 
species with g ~ 2.0 occurs  at an external magnetic field ~ 0.35 mT. They 
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represent a reasonable compromise between spectroscopic considerations 
such as resolution and sensitivity, and practical requirements, including 
equipment cost and sample handling 

Table 3.2 Microwave frequency bands and magnetic fields for g = 2. 

Band Designation EPR Frequency (GHz) EPR Field (mT) 
L    1.5   54 
S    3.0  110 
X    9.5  340 
K  24  900 
Q  35 1250 
W  95 3400 
D 135 4800 

     Spectrometers operated at lower or higher microwave frequencies are less 
common, but are also commercially available. Experiments at more than one 
microwave frequency allow the user to optimize spectral resolution and to 
provide additional information often not available from spectra recorded at X-
band.

3.4  APPLICATIONS OF EPR SPECTROSCOPY 

3.4.1 CW-EPR and Pulsed-EPR in Single Crystals

3.4.1.1 Analysis of the g-Tensor Anisotropy 

Two major types of the solid state sample are usually studied in EPR 
experiments––single crystals, and orientation-disordered samples that may 
include frozen solutions, glasses, polymers, amorphous solids, and 
microcrystalline powders. The structure of single crystals consists of 
periodically repeated and strictly oriented units. As a result, the EPR spectrum 
of the paramagnetic species in the single crystal depends on the orientation of 
the external magnetic field relative to the crystal axes. If the magnetic field Bo

is defined by direction cosines (l,m,n) in the reference axis system, then it can 
be shown that the position of the resonance is characterized by the g-factor [4] 
as

2/1

,,

2

zyxi
ziyixi gngmglg (3.39)

     The usual procedure in an experiment is to orient one of the reference 
crystal axes perpendicular to the Bo and to collect the spectra at different 
angles obtained by rotating the crystal about this axis. For example, if Bo is in 
the xy-plane and  is its angle with the x-axis, then the g-factor is: 
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1/ 2
2 2 2 2 2( ) cos ( ) sin 2( ) sin cos

xx yy xy
g g g g (3.40)

where (g2)ij are elements of the g
2 tensor. Thus, measurement in x, y-plane

gives the three elements of this tensor. Measurements in the x,z-andy,
z- planes give values of the other elements. The next step includes 
diagonalization of the g2 tensor. The square roots of its principal values give 
the principal values of g tensor itself and eigenvectors give the directions of 
the principal axes in the crystal axes system. 
     An important characteristic of each crystal is its symmetry. The symmetry 
is described by group-theoretical considerations of symmetry operations about 
selected point and by long-range translation order. Depending of the type of 
the symmetry in the crystal, several symmetry-related species may contribute 
to the EPR spectrum in each orientation.
      A recent example of an EPR single-crystal study is the investigation of the 
reduced [2Fe-2S] cluster of the Rieske iron sulfur protein (ISP) of the bovine 
mitochondrial cytochrome (cyt) bc1 complex. The inhibitor stigmatellin was 
present in the crystals, which binds in the ubiquinol oxidizing site (Qo site) as 
an inhibitor that mimics the substrate [30]. This inhibitor forms a strong H-
bond with the N  of His-161 of the ISP, which is also a ligand to the cluster 
through N , and stabilizes the otherwise mobile extrinsic domain containing 
the cluster. The cyt bc1 dimer is the asymmetric unit in the crystal, and there is 
one [2Fe-2S] cluster in the ISP in each monomer comprising the dimmer. In 
the P212121 space group, there are four symmetry-related sites for each 
monomer, but not all four sites can be distinguished in an EPR experiment.
     When the magnetic field Bo is perpendicular to one of the crystal 
symmetry axes there are degeneracies resulting in at most two distinct sites 
per monomer. It has already been stated that the complete determination of 
the g-tensor normally requires rotation of the magnetic field in three 
orthogonal planes. However, when the crystal contains several magnetically 
distinct, symmetry-related sites, the measurement of each of those sites during 
rotation in a single plane is equivalent to a rotation in different planes for each 
of those sites [31]. For the bovine bc1 crystal, rotation about one of the two-
fold axes generates the same data as rotation in different planes related by 
those symmetry elements. Thus, a single rotation about the c-axis of the 
crystal has been used for the complete determination of the g-tensor and its 
orientation without creating possible errors resulting from remounting the 
crystal.

The g-factors plotted as a function of the rotation angle (Figure 3.11) 
showed a set of data points falling along the sinusoidal path between a g of  
~ 2.03  and ~ 1.88 assigned to monomer A. Remaining points in the rotational 
pattern fall along a pair of sinusoidal tracks that do not cross the track from 
monomer A. Each track ranges between a g of ~ 1.94 and 1.85 but shifted in 
phase with respect to each other and to monomer A. They are assigned to two 
sets of symmetrically related sites from the other monomer B. A series of fits 
was made in which the principal values of the g-tensor were fixed at the 
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values (1.79, 1.89, 2.024) reported for bovine cyt bc1 with stigmatellin in 
solution. Those yielded the cosine directions, which define the orientation of 
the principal axes relative to the crystal axes and made it possible to establish 
the orientation of the g-tensor axes relative to the molecular axes of the 
cluster. The g-tensor axes have slightly different orientations relative to the 
iron-sulfur cluster in the two halves of the dimer. The g-tensor principal axes 
are skewed with respect to the Fe-Fe and S-S atom direction in the [2Fe-2S] 
cluster. The g ~ 1.79 axes makes an average angle of 30o with respect to the 
Fe-Fe direction and the g ~ 2.024 axis an average angle of 26o with respect to 
the S-S direction. 

Figure 3.11 Top—The g-factor of the Rieske ISP as a function of rotation about the crystal c-
axis. The solid lines are the fits to the individual monomers in the asymmetric unit. 
Experimental data points monomer A ( ) and two distinct sets (  and ) of symmetry-related 
sites in monomer B. The directions corresponding to the a- and b-axes are indicated below the 
rotation angles. Bottom —The structure of the [2Fe-2S] cluster shows the orientation of the g-
tensor axes of monomer B in chain R and monomer A in chain E relative to the molecular axes 
of the cluster. The two histidine ligands to the cluster are shown to provide its orientation but 
the two cysteine ligands on the other Fe are not. The figure has been redrawn for “crossed-eye” 
stereoviewing. (From M.K. Bowman, E.A. Berry, A.G. Roberts, and D.M. Kramer, 2004 
Biochemistry 43 430–6, with permission) 
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  These data were used to test a theoretical model of the g-tensor in the iron-
sulfur cluster. In addition, knowledge of the g-tensor orientation relative to the 
molecular axes is important for interpretation of magnetic resonance data in 
the context of the crystal structure, because hyperfine and quadrupole 
couplings with ligand nuclei are referred to the coordinate system of the g-
tensor.
     The determination and analysis of the g-tensors of the transition metal ions 
and inorganic radicals in single crystals is a significant part of EPR 
spectroscopy, more fully expounded in several classical monographs and 
textbooks [3, 4, 11, 12].

3.4.1.2 Analysis of Hyperfine Couplings

Hyperfine couplings of the central metal nuclei in transition metal complexes, 
and of ,  atoms in radicals, have often been measured in single crystals. 
From measurement of the orientation-dependence of hyperfine couplings 
from the splittings of spectral components, the principal values of the 
hyperfine tensors and their orientation relative to the crystal axes could be 
found. The design of the experiment and the analysis of the data are similar to 
those for the g-tensor given in previous section. Particular examples 
describing the experimental determination of hyperfine tensors (and nuclear 
quadrupole tensors for nuclei with I  1), and their subsequent analysis in 
characterization of the electronic structure, are described in detail elsewhere 
[2–12].

3.4.1.3 Electron Spin-Echo Envelope Modulation (ESEEM)

Since the ESEEM frequencies come from nuclear transitions and depend on 
the hyperfine and quadrupole interactions the study of the angular dependence 
of the ESEEM frequencies yields the same information as that obtained from 
analysis of the angular dependence of the splittings between the components 
in the EPR spectra. These are the principal values of the hyperfine and nuclear 
quadrupole tensors, and the orientation of their principal values. The 
difference between the pulsed and CW approaches is in the values of the 
interaction energies. In CW-EPR, the only couplings that can be studied are 
those that exceed the linewidth, which in single-crystal studies have a value of 
the order of several 0.1 mT. In contrast, ESEEM resolves the couplings that 
are masked by EPR broadening in the CW experiment. The lower boundary of 
the nuclear frequencies for measurement in ESEEM spectroscopy is limited 
by the time of the relaxation decay, or the acquisition time of the echo 
envelope, since the period of oscillation cannot exceed these times. This 
boundary can be estimated with an accuracy of several tenths of a MHz. The 
upper boundary of the measured ESEEM frequencies is limited by the 
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possibility of simultaneous excitation of the allowed and forbidden transi-
tions, separated by the splitting described by equations (3.30) (Figure 3.4). Its 
value reaches ~ 30-50 MHz in modern pulsed EPR spectrometers.  
    ESEEM spectroscopy has been used for investigation of radiation-induced 
organic free radicals in single crystals of organic acids, and in ions of transi-
tion metals, introduced as paramagnetic impurities into single crystals of 
inorganic compounds [25, 32, 33]. 

3.4.2 Orientation-Disordered Samples

3.4.2.1 CW-EPR Lineshape

In orientationally disordered solids, powders, glasses, or polymers, the 
paramagnetic species are randomly oriented with respect to magnetic field. 
The EPR spectrum of such samples is a superposition of the resonances from 
isotropically distributed molecular orientations with corresponding statistical 
weight. The formation of the powder EPR-lineshape can be easily 
demonstrated in the case of the axial g-tensor anisotropy. 
     For the spin Hamiltonian written in the g-tensor principal axes system the 
resonance g-factor is equal to 

1/ 2 1/ 2
2 2 2 2 2 2 2 2sin cos ( )cosg g g g g g                       (3.41) 

where  is an angle between the symmetry axis (along g ) and the magnetic 
field direction. This expression leads to the conclusion that the resonance field 
B in the spectrum varies with the angle :

e o
1/ 2

2 2 2 2cos

g

g g g

B
B                                          (3.42) 

between the limiting values B  and B defined as: 

                                            g B = g B = geBo                            (3.43)           

 with B = B for = 0 and B = B  for = /2.

     Taking account of the fact that the fraction of the symmetry axes occurring 
between angles and + d , which is equal to 1 1sin (cos )

2 2
d d , is pro-

portional to the probability P(B)dB of the resonance contribution between B
and B + dB, one finds that 

1/ 22 2 2 2( ) ~ .P B g gB B                                          (3.44) 

This function has the limiting value when B = B and becomes infinite at       
B = B , reflecting the contributions to the intensity of numerous orientations 
from the plane normal to the symmetry axis at this field. Thus, this analysis 
predicts the powder pattern for the axial g-tensor shown in Figure 3.12. In real 

1273.4  Applications of EPR Spectroscopy     

Tony Crofts
Polygon

Tony Crofts
Text Box
All bold B terms are scalar, and should unbolded



3.  Electron Paramagnetic Resonance Spectroscopy

samples P(B) needs to be convoluted with a suitable individual lineshape 
function that smoothes the step-type resonance features at B and B .
Examples of real lineshape in first derivative modes are shown (see Figures 
3.13 and 3.14).

Figure 3.12 Distribution of intensity in powder EPR spectra for axial (top) and orthorhombic 

      If an electron spin with an axial g-factor interacts with the nuclear spin I,
then the lineshape will have additional features resulting from the hyperfine 
structure. For the coincident principal axes of the axial g-tensor and hyperfine 
A tensor there are two types of features, corresponding to the parallel and 
perpendicular orientations of magnetic field relative to the symmetry axis, 
located at:

Ie o

I

e o I

I

( )

( )

mg
m

g g

g m
m

g g

AB
B

B A
B

                                                (3.45) 

     A schematic presentation of such a structure is shown in Figure 3.13. This 
type of spectrum is typical for Cu(II) and VO(II) ions, where hyperfine 
structure results from nuclei with the spin I = 3/2 and 7/2, respectively.
     In the case of an orthorhombic g-tensor, with principal values g1 > g2 > g3,
the powder EPR pattern is located between the fields B1 and B3 and it has a 
maximum at the field B2 (Figure 3.12) where again 

                         g1B1 = g2B2 = g3B3 = geBo.                                                 (3.46) 

(bottom) systems.
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Figure 3.13 EPR spectrum (a) of [VO(H2O)5]
2+; trace (b) is the matrix diagonalization 

simulation. The additional traces show the eight individual MI = –7/2,..., +7/2 powder patterns. 
These traces are shown in absorption mode rather than as a derivative as in the CW-EPR 
spectrum for simplicity. Experimental conditions are as follows: vmw = 9.68 GHz; MW power = 
~25 mW; modulation amplitude = 8.0 G; time constant = 20.48 ms; conversion time =  
40.96 ms; temperature = 49 K. (Taken from C.V. Grant, W. Cope, J.A. Ball, G. Maresch,  
B.J. Gaffney, W. Fink, R.D. Britt, 1999 J. Phys. Chem. B 103: 10627–31, with permission) 

     In conclusion, the powder EPR spectra of paramagnetic species with 
anisotropic g-tensor is particularly useful for determination of the principal 
values of the g-tensor, although, in contrast to the single crystal, they cannot 
provide direct information about the orientation of the g-tensor principal axes 
in the molecular coordinate system. The features corresponding to the g-
tensor components are easily recognizable in first-derivative spectra, where 
they approximate in shape to the derivative of individual components of the 
absorption line of the composite powder pattern (Figure 3.14).
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3.  Electron Paramagnetic Resonance Spectroscopy

Figure 3.14 First derivative EPR spectrum of the cyt bc1 complex showing the [2Fe-2S] cluster 

3.4.2.2 Structural Applications of the CW-EPR in Solid State: High-field EPR 

EPR spectroscopy attracts the attention of researchers because it is a direct 
and sensitive technique for the detection and the characterization of the 
paramagnetic species. Usually, it requires only a small volume of material, 
with a concentration of the paramagnetic species from the micro- to 
millimolar range, depending on the width of the EPR spectrum. In any type of 
EPR experiment, information about the electronic and spatial structure of the 
paramagnetic species follows directly from the interactions of the electron 
magnetic moment with the applied magnetic field, and with the magnetic 
moments of surrounding nuclei, i.e., from the g-tensor and hyperfine tensors. 
The principal values of the g-tensor of a particular species vary within a 
narrow interval, and can be used for identification of that species. As an 
example, Table 3.3 shows principal values of the g-tensor for the iron-sulfur 
clusters participating in the electron transport in many proteins. It is clear that 
the difference in the principal values makes it possible to distinguish the type 
of cluster and its electronic state. 

Table 3.3 Principal values of the g-tensor for biological iron-sulfur clusters in proteins.a

Cluster gx gy gz gav

[2Fe-2S]1+(SR)4 1.87–1.88 1.95–1.96 2.04–2.05 1.96 
[2Fe-2S](SR)2 (His)2  1.73–1.83 1.89–1.92 2.01–2.04 1.91 
[3Fe-4S]1+(SR)3        ~2.01  ~2.01 
[4Fe-4S]1+(SR)4 1.87–1.88         1.92 2.06 1.93    
[4Fe-4S]3+(SR)4 2.04         2.04 2.11–2.14 2.07 
[Fe-O-Fe]  1.56–1.66 1.72–1.77 1.92–1.96  

a Data are taken from [34–36].

2.1 2.0 1.9 1.8 1.7

g factor
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     Often, and this is especially true for radicals, the anisotropy of the g-tensor
is low, and the features corresponding to its principal values are not resolved 
in X-band spectra. Their resolution can be achieved with an increase of the 
microwave frequency (or field). This approach is illustrated in Figure 3.15, 
which shows several CW-EPR spectra of the cation radical of canthaxantin on 
a silica-alumina surface obtained at microwave frequencies between 95 and 
670 GHz.

Figure 3.15 HF-EPR spectra of radical cation of the carotenoid canthaxanthin, adsorbed on 
silica-alumina: solid lines, experimental spectra recorded at 5 K: dotted lines, simulated spectra 
using g-tensor values gzz = 2.0032 and gxx = gyy = 2.0023 and line width of 1.36 mT. (Structure 
of canthaxanthin is shown on the right side above). (From T.A. Konovalova, J. Krzystek,  
P.J. Bratt, J. van Tol, L.-C. Brunel, L.D. Kispert, 1999 J. Phys. Chem. B, 103: 5782–6, with 
permission)

     One can see that the spectrum of this radical is a single isotropic line even 
at 95 GHz (W-band), which is ten times higher in frequency than traditional a 
X-band. Anisotropic splitting in the spectrum was only apparent at 
frequencies ~300 GHz. Complete separation of the g and g peaks was 
achieved only at frequencies higher than ~ 600 GHz.  This measurement has 
provided the g-tensor for this radical with g = 2.0023 and g = 2.0032 [37]. 
Thus, in this system, the best way to determine the g-tensor was to make 
measurements at a sufficiently high field for Bo.
     Another typical example is that of EPR of radicals in powders where the 
spectrum is dominated by hyperfine structure. Application of the high-field 
EPR provides new levels of information, allowing very precise conclusions 
about electronic structure of the radical. One can illustrate this by experiments 
with the stable tyrosyl radical (Y122) (Figure 3.16) in Escherichia coli
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3.  Electron Paramagnetic Resonance Spectroscopy

ribonucleoside diphosphate reductase (RDRP) [38]. The X-band EPR 
spectrum ( ~ 9 GHz) of shows the doublet splitting resulted from the proton 
hyperfine interaction. In contrast the D-band spectrum (~139.5 GHz) clearly 
resolves g-tensor anisotropy. The principal values of the g-tensor (2.00912, 
2.00457, 2.00225) are readily obtained from the canonical features of the 
rhombic powder pattern. In addition, a doublet structure is evident at each 
canonical position from the -methylene proton, with a large isotropic 
interaction ( ~ 2 mT) and small hyperfine anisotropy described by the tensor 
(2.07, 1.98, 1.88 mT). Some additional splittings are seen at the low- and 
high-field edges of the spectrum, assigned to the 3,5-ring protons with the 
couplings ~ 0.45–0.90 mT along different axes of the g-tensor.

Figure 3.16 EPR spectra of the tyrosyl radical (Y122) present in RDPR. (a) High frequency 
(139.5 GHz) spectrum of 5 L of a 200 M solution of the B2 subunit. (b) Simulation. The 
inset is a 9-GHz EPR spectrum of ~ 0.3 mL of the same sample. (From G.J. Gerfen,  

Soc. 115: 6420–1, with permission) 

Multifrequency EPR, i.e., experiments at different microwave frequencies, is 
often employed to interpret and to perform a quantitative analysis of powder 
spectra with complex lineshapes resulting from g-tensor anisotropy and 
hyperfine structure. The analysis of such spectra is often not trivial because it 
depends not only on the principal values of the tensors, but also on their 
relative orientations.
     Many paramagnetic metal ions have magnetic nuclei, which produce 
additional hyperfine structure in the powder EPR spectra. Usually, splittings 
between these lines are larger than 2–3 mT. The hyperfine structure depends 
on nuclear spin, and has an easily recognizable typical lineform for many 
ions. Figure 3.13 shows examples of EPR spectra with hyperfine structure for 
VO(II). Table 3.4 shows general EPR characteristics for selected important 
transition metals. 

B.F. Bellew, S. Un, J.M. Bollinger Jr.  J. Stubbe, R.G. Griffin, D.J. Singel, 1993 J. Am. Chem. 
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Table 3.4 CW-ESR characteristics for selected transition metals.

Mn(II S = 5/2, 6 line of hyperfine structure from 55Mn (I = 5/2, natural
  abundance 100%). 
Cu(II) S = 1/2, axial g-tensor, g ~ 2.2, g ~ 2.0, 
  hyperfine structure from two nuclear isotopes 63Cu (I = 3/2)
  and 65Cu (I = 3/2)  with natural abundance 69.2% and 30.8%,
  respectively. 
Fe(III) S = 5/2, large g-tensor, anisotropy, g ~ 2–9. 

S = 1/2 (low spin state), rhombic g-tensor: 2.4, 2.2, 1.8, 
  stable nuclear magnetic isotope 57Fe (I = 1/2, 2.3% ). 
VO(II) S = 1/2, axial g-tensor, g ~ 1.94, g ~ 1.98, 
  hyperfine structure from nuclear isotope 51 V (I = 7/2, 99.756%).
Ni(III) S = 1/2, axial or rhombic g-tensor, 2.02–2.30, 
  stable nuclear magnetic isotope 61Ni (I = 3/2, 1.13%). 
Co(III) S = 1/2,  isotropic g ~ 2.0, 
  nuclear magnetic isotope 59Co (I = 7/2, 100%). 
Mo(V) S = 1/2, rhombic g-tensor, 1.99, 2.00, 2.09, 
  6 lines of hyperfine structure from 95,97Mo (I = 5/2, 15.9% and
  9.6%). 
   

     Summarizing this brief consideration of CW-EPR applications in powder 
solids, one can conclude that this technique provides initial identification of 
paramagnetic species based on the g-tensor anisotropy and possible hyperfine 
structure. However, CW-EPR spectra usually do not give any indication about 
the interaction with the magnetic nuclei in the ligands of the paramagnetic 
species and more distant environment. Interactions of the electron spin with 
these nuclei are weak (they produced splitting usually less than 0.3–0.5 mT or 
10–15 MHz) and are not resolved in powder EPR spectra. Study of such 
interactions requires application of other experimental approaches, in 
particular pulsed EPR spectroscopy, based on observation of the electron spin 
echoes.

3.4.2.3 Powder-ESEEM 

The ESEEM experiments in solids can usually be divided into two different 
cases, depending on the EPR lineshape. In one case, the EPR line has a width 
comparable to the excitation width of the microwave pulses, which is usually 
in the range  < 1.0–1.5 mT. This case can be considered as a complete 
excitation of the powder EPR spectrum because the ESEEM pattern obtained 
contains contribution from all possible orientations of paramagnetic species 
relative to the applied magnetic field. An important peculiarity of this case 
arises from the fact that there is no externally defined molecular coordinate 
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3.  Electron Paramagnetic Resonance Spectroscopy

system, and analysis of the data is usually performed using the coordinate 
system of hyperfine or quadrupole tensor principal directions. ESEEM 
measurement on powder systems provides information about the principal 
values of the tensors. However, they do not give any direct information about 
the orientation of these tensors. 

As shown in Section 3.2.7.5, the two pulse sequence is expected to 
produce four ESEEM frequencies from an I = 1/2 nucleus. A powder 
spectrum may have a completely different number of resolved features, 
because nuclear frequencies have different dependences on the orientation of 
magnetic field. The spectral form is determined by the relative values  
of nuclear Zeeman frequency, the isotropic constant a, and the components of 
anisotropic hyperfine tensor T.
    The peculiarities of ESEEM in powder solids one can demonstrate in a 
simple case—the interaction of an electron spin with a remote nucleus when 
they are coupled via weak anisotropic coupling. This can be considered in the 
approximation of point dipoles [23, 25]. In this case the hyperfine tensor is 
purely anisotropic, with the diagonal components (–T, –T, and 2T), where 

e e I I
3

g g

hr
T                                               (3.47) 

and r is the distance between electron and nucleus. 
     If is the angle between the vectors of external magnetic field Bo and 
symmetry axis z of the axial tensor, then the terms A and B in the expression 
(3.25) for the nuclear frequencies of I = 1/2 are

2(3cos 1)

3 sin cos .

A

B

T

T
                  (3.48) 

Assuming that A and B << I and considering small terms only in the first 
order, one can rewrite the nuclear frequencies as: 

( ) I 2

A
                                               (3.49) 

and obtain the expression (3.35) for the two-pulse ESEEM in a form 
2

1 1
( ) 1 1 cos2 cos 2 cos 2 (2 ) cos2 ( )

2 I I2 2 22
I

A
E A

B (3.50)

In a disordered sample, E( ) should be averaged over all orientations of the 
magnetic field: 

0

1
( ) ( )sin

2
E E d (3.51)

After averaging, (3.50) becomes 
2

2 I I
I

3T
( ) 1 2 4cos2 ( ) cos2 (2 ) (2 )

10
E F FT T (3.52)

where F(T ) is the normalized function decaying with the increase of T .
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     This result shows that in the powder ESEEM spectrum from an I = 1/2 
nucleus, there is a superposition of the two harmonics with I and 2 I, and
accordingly the ESEEM spectra will show the single line at I  as well as its 
double harmonic for the sequences producing combination ESEEM 
frequencies (Figure 3.17). 

Figure 3.17 Top — An example of two-pulse ESEEM from weakly coupled protons in powder 
sample. Bottom — The cosine Fourier transform spectrum. 

     Taking into account the dependence of T on r (equation (3.47)) for point 
dipoles one can see that the amplitude coefficient of the ESEEM harmonics is 

proportional to
12 6

I
r . The environment of a paramagnetic species may 

involve more than one magnetic nucleus of the same type. In this case the   

amplitude of ESEEM harmonics is proportional to
12 6

I i
i

r . The 1/r6

dependence of the amplitude on distance leads to the expectation that the 
nearest nuclei will provide the dominant contribution. As a consequence, 
distances to the nearest nuclei, and their number, can be determined from 
analysis of the damping time of the harmonic with Zeeman frequency in the 
time-domain.
    Theoretical analysis predicts also that the modulation amplitude from the 

weakly coupled nuclei depends on 
12

I
, i.e., on the EPR microwave 

frequency and resonant field. Figure 3.18 shows the increase of the proton 
ESEEM amplitude on the decrease of the microwave frequency. This is an 
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3.  Electron Paramagnetic Resonance Spectroscopy

effective way to detect weakly coupled nuclei, using spectrometers with 
decreasing  microwave  frequency.

Figure 3.18  Dependence of proton ESEEM on microwave frequency (field strength for 
resonance) for weakly coupled protons (Pittsburgh No. 6 coal sample). (Taken from  
J. Hankiewicz, C. Stenland, L. Kevan, 1993 Rev. Sci. Instr. 64, 2850–6, with permission.) 

    With increasing values of T and a compared to I, the powder ESEEM 
becomes more complicated, representing superposition of the averaged 
frequencies ( ) and . In this case, the harmonics with low orientation 
dependence will produce dominating features in the frequency-domain 
spectra. The theoretical analysis of powder ESEEM spectra from I = 1/2 
nuclei at arbitrary values of a, T and I has allowed classification of all 
possible spectral features that may appear at different T/ I ratios. These 
features can provide in many cases an accurate initial estimate of a and T,
which can be verified and improved by numerical simulation of the 
experimental powder ESEEM spectrum. 
    An important topic in ESEEM spectroscopy is the detection and 
characterization of the 14N nitrogens involved in the ligation of metal centers 
or the formation of hydrogen bonds with paramagnetic species. Analysis of 
the literature has shown that the parameters of the 14N spin Hamiltonian have 
the following  typical values: quadrupole coupling constant ~ 1–5 MHz;
nuclear Zeeman frequency in X-band I ~ 1 MHz; isotropic hyperfine constant
a ~ 1–10 MHz. The anisotropic hyperfine coupling T is at least several times 
smaller than isotropic constant. Therefore, the approximation of a pure 
isotropic hyperfine interaction has been used for the qualitative consideration 
of 14N powder ESEEM spectra. In this approximation the type of spectrum is 
governed by the ratio of effective nuclear frequencies determining the local 
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magnetic field at two projections of the electron spin, 
eff I 2

a
, to the 

value of K = e2qQ/4h [25].

     If eff 1
K

, then the three nuclear frequencies in a corresponding manifold 

will be close to the three pure nuclear quadrupole resonance (nqr) frequencies 
of 14N, which are independent of the direction of the magnetic field, and give 
rise to three narrow peaks in the ESEEM spectra at

0
3 3 2K K K             (3.53) 

with the property + = + o . The best condition for the observation of this 
triplet (equation (3.53)) is the so-called cancellation condition, when 

eff
0 .

     If eff

K
> 1, only a single narrow line from each corresponding manifold is 

expected, produced by a transition at the maximal frequency, which is 
actually a double-quantum (dq) transition between two outer states with mI =  
–1 and 1. The frequency of the transition is equal to

2 2 2 1/ 2

dq eff
2[ (3 )] .K                                 (3.54)

     Two other single-quantum transitions involving the central level with mI =
0, have a significant orientation dependence from quadrupole interaction and 
do not produce informative narrow lines.

    Reported 14N spectra usually correspond to two typical cases: (i) eff

K
 < 1 

on one manifold, eff

K
 > 1 in another manifold; and (ii) eff

K
 > 1 in both 

manifolds. The three-pulse ESEEM spectrum in case (i) contains four lines. 

They represent three frequencies (equation (3.53)) from the manifold eff

K
< 1 

and a dq line from the manifold with eff

K
 > 1. Nqr frequencies give K and ,

which characterize the chemical type of the 14N nitrogen and its electronic 
state. The dq frequency provides the hyperfine coupling. 
     The three-pulse ESEEM spectrum in case (ii) consists of two lines with dq 
frequencies (equation (3.54)) from two manifolds. Observation of these two 
lines allows calculation of the hyperfine coupling and K2(3 + 2), which also 
gives an estimate of K, suggesting variation of  between 0 and 1. 
     Experimental spectra corresponding to the two cases considered are shown 
in Figure 3.19. They include the ESEEM spectra from the semiquinone (SQ) 
in the QH-site of the bo3 oxidase and in the Q1-site of the cyt bc1 complex. The 
spectrum of the SQ in bo3 consists of four lines at 0.98, 2.32, 3.30, and 5.25 
MHz.
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3.  Electron Paramagnetic Resonance Spectroscopy

Figure 3.19 Top— Stacked plot of three-pulse ESEEM of the SQ in the QH-site of bo3 oxidase.
The spectra show the modulus of Fourier transform along time T-axis. The initial time is 88 ns 
in the farthest trace, and was increased by 16 ns in successive traces. Microwave frequency was 
9.70 GHz, magnetic field was 346 mT. Bottom— Same, for the SQ in Qi-site of bc1 complex. 

     Three lower frequencies satisfy the nqr property and correspond to a 14N
nitrogen with K = 0.94 MHz and = 0.52. Hyperfine coupling of this nitro-
gen is 1.8 MHz. In contrast, the spectrum of the SQ in the cyt bc1 complex 
shows only two lines at 1.7 and 3.1 MHz. Application of equation (3.53) 
provides values a = 0.8 MHz, and K2(3 + 2) = 0.43 MHz2, that lead to K =
0.35  0.03 MHz. Thus, these spectra show the interaction of the SQ with the 
nitrogens in protein environment. The nitrogens are involved in hydrogen 
bonding with the quinone oxygens, and this is accompanied by transfer of 
some unpaired spin density onto the nitrogen nucleus. However, the values of 
the quadrupole coupling constants indicate that the SQ in bo3 forms a 
hydrogen bond with a backbone peptide nitrogen [39], whereas the SQ in the 
bc1 complex is involved in a hydrogen bond with the nitrogen of a histidine 
imidazole [40]. 

3.4.2.4 Orientation Selection 

In the previous section we considered powder-type spectra where all 
orientations contribute equally to the spectrum. This type of spectrum gives a 
narrow single line with a width smaller than the frequency width 1 of the 
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microwave pulse. Usually this condition is fulfilled only for the spectra of 
organic radicals like the semiquinone. 
      A second more typical case in solids is an anisotropic EPR spectrum with 
a width (usually up to several hundred Gauss) that significantly exceeds the 
field interval excited by the microwave pulses (~ 0.5–1.0 mT). Pulsed EPR 
measurements under such conditions are orientation-selective experiments, 
because the magnetic field, fixed at some point within the EPR line, selects 
species with different orientations of the g-tensor relative to the magnetic field 
direction. For example, if we consider an EPR spectrum with orthorhombic g-
tensor (Figure 3.14), then ESEEM measurements taken at the high and low 
extreme edges (near the maximal and minimal g values) give “single-crystal-
like” patterns from the paramagnetic species, whose principal axes correspond 
to the smallest and largest principal values of the g-tensor and are directed 
along the magnetic field. The nuclear frequencies determined from such 
spectra can provide an estimate of the diagonal components of the hyperfine 
and quadrupole tensors along the gz and gx axes in the g-tensor coordinate 
system. In contrast, the resonance condition at the intermediate fields is 
fulfilled by many different, yet well-defined, orientations. Consequently, the 
lineshape of nuclear frequencies measured at intermediate fields is more 
complex.
     In many studies, the spectra measured at the field corresponding to the 
intermediate principal value of the g-tensor (gy) are used for estimation of the 
hyperfine and quadrupole splittings along the gy direction itself. Thus, 
measurements at three points corresponding to the principal directions of the 
orthorhombic EPR spectrum provide diagonal elements of the hyperfine and 
quadrpole tensors. For many ESEEM spectroscopic studies this approach 
represents the end point, because the complete determination of the tensors 
(even in the simplest case of the I = 1/2 nucleus) would require a much more 
extended effort, based on the numerous simulations of the set of orientation-
selected spectra collected over the entire EPR spectrum. The complexity of 
the analysis would increase if the tensors of the I > 1/2 nucleus or tensors of 
several nuclei needed to be determined from experimental spectra of nuclear 
frequencies. However, if this kind of analysis were performed, the data 
obtained would provide more valuable information not only about the strength 
of the interactions but also about their orientation in the coordinate system of 
the g-tensor, and this would allow more detailed structural insights for the 
system under investigation. Examples of orientation-selected experiments and 
their analyses are given in the references [22, 25].

The strong influence of the magnetic field on powder ESEEM spectra via 
the Zeeman frequency leads to the discussion of multifrequency ESEEM [18, 
22, 25]. In this type of experiment, ESEEM measurements are performed at 
several different microwave frequencies with the aim of identifying easy 
recognizable spectral features, which might lead to a more accurate 
determination of hyperfine and quadrupole parameters. 
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3.4.3 Two-Dimensional ESEEM 

The spectra from one-dimensional spectroscopy become less useful when 
even a small number of magnetically nonequivalent nuclei contribute, because 
the congestion of lines and their overlap significantly decrease spectral 
resolution and create serious difficulties in interpretation. A fruitful way of 
simplifying the analysis and improving the spectral resolution is the use of 
two-dimensional (2D) techniques. In principal, the simplest 2D experiment 
from a technical perspective is that done by using a three-pulse sequence 

2 2 2
echoT ,  when a set of stimulated ESEEM patterns is 

recorded as a function of time  + T at different times [41]. However, the 
disadvantage of this experiment is that the intensity of the echo signal decays
with phase memory time Tm (~T2) along -axis, which is much shorter than 
the longitudinal relaxation time T1 controlling the decay along  + T-axis. As 
a result, the linewidth along one axis of the 2D spectrum from such an 
experiment is significantly larger than that along the other axis. In a particular 
experiment with Gd3+-doped Bi2Mg3(NO3) 2

one axis was about 50 times larger than that along the other. Because of this 
property, only a few applications using this approach have been reported, and 
those were mainly for the single crystals where the special techniques of 
spectral analysis were used for the axis with a larger linewidth [42]. 
     The other variant of the 2D ESEEM, named HYSCORE (hyperfine
sublevel correlation), was proposed by Höfer et al. [43], and is based on the 
four-pulse sequence 

1 22 2 2
t t echo . In this experiment 

the intensity of the stimulated-echo inverted by the  pulse is measured as a 
function of times t1 and t2 at constant time . Such a set of echo envelopes 
gives, after complex Fourier transform, a 2D spectrum with equal resolution 
in both dimensions. HYSCORE is nowadays the standard 2D sequence used 
in pulsed EPR applications, because its equal spectral resolution and 
reasonable number of pulses still allows the experiments to be performed with 
the samples containing the limited concentration of paramagnetic species 
available in biological samples. 

The general advantage of two-dimensional techniques lies in the creation 
of nondiagonal cross-peaks, whose coordinates are nuclear frequencies from 
opposite electron spin manifolds. A particular property of the HYSCORE is 
the sensitivity to the relative signs of frequencies involved in the correlation. 
Due to such characteristics, experimental HYSCORE spectra are usually 
represented by two quadrants, (++) and (+ ), of the 2D Fourier transform. For 
example, a nucleus with I = 1/2 has two hyperfine frequencies and .
These may produce a pair of cross-features ( , ) and ( , ) in the (++)-
quadrant, as well as another pair ( , ) and ( , ) in the (+ )-quadrant.
Peaks in the (+ )-quadrant come primarily from strong hyperfine interaction, 

12. H O [41] the linewidth along 
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i.e., T + 2a  >> 4 I, whereas the peaks in the (++)-quadrant appear 
predominantly from interactions with T + 2a  << 4 I. The appearance of 
cross-peaks in (++)- or (+ )-quadrants is governed by the relative values of 
hyperfine couplings and Zeeman frequency. Peaks may appear in both 
quadrants simultaneously in the intermediate case, when both parts of the 
inequalities are comparable. 

Further development of HYSCORE has led to DONUT-HYSCORE, a 2D 
five-pulse experiment that correlates the nuclear transitions from the same 
electron spin manifold [44]. A completely new property of orientationally 
disordered 2D spectra is the visualization of interdependence between nuclear 
frequencies arising from different manifolds belonging to the same 
orientations in the form of cross-peak contour projection. To put it simply, the 
2D spectra provide an experimental graph showing variation of one nuclear 
frequency from another at different orientations of the magnetic field.
    For nuclear spin I = 1/2, the contour lineshape of cross-peaks at arbitrary 
axial hyperfine tensor and Zeeman frequency is described by simple equation 
[45]

1/ 2
2Q G (3.55)

where

I

I

T 2 4

T 2 4

a
Q

a

2 2 2

I I

I

2 4 2T T
.

T 2 4

a a
G

a

     This equation opens a direct pathway for the analysis of powder 2D spectra 
from nuclei of I = 1/2 spin. The contour lineshape transforms to a straight line 
segment in the coordinates 2  vs. 2 :

2 2 .Q G (3.56)

Here, the slope Q  and intercept G  of each segment determine the isotropic 

(a) and anisotropic (T) parts of hyperfine coupling [45]. 
     Figure 3.20 shows the HYSCORE spectrum of reduced Rieske-type [2Fe-
2S] cluster from soluble fragment of bc1 complex, uniformly 15N-labeled.
Two quadrants of this spectrum contain the cross-features produced by 
different types of 15N nitrogens. The (+ )-quadrant exhibits two pairs of 
cross-peaks with a contour parallel to the diagonal from two coordinated 15N
nitrogens. The location of these peaks indicates their hyperfine couplings of 
order 6 and 8 MHz, which significantly exceeds I ~ 1.5 MHz. Detailed 
analysis of the contour lineshape from these nitrogens in spectra recorded      
at different field positions provides the following hyperfine tensors in the 
axial approximation: a = 6.0, T = 1.2 MHz (N 1 in figure) and a = 7.8 MHz, 
T = 1.3 MHz (N 2 in figure). The other cross-features centered symmetrically 
around the diagonal point with 15N Zeeman frequency are located in the (++)-
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quadrant. These features are produced by 15N nitrogens with weak couplings 
0.4 and 1.1 MHz. These couplings belong to the remote N and backbone 
peptide nitrogens. 

Figure 3.20 Stacked (top) and contour (bottom) presentations of the HYSCORE spectrum of 
the Rieske iron-sulfur fragment (ISF) from 15N-labeled bc1 complex 

     At present, most reported HYSCORE studies have been of samples with 
14N nitrogen ligating metals in model complexes and protein active sites. The  
14N nucleus can produce up to 18 cross-peaks in each of the two quadrants of 

the HYSCORE spectra, including two [dq , dq ], eight [dq , sq(1,2) ], and 

eight [sq(1,2) , sq(1,2) ] correlations. However, again, only some of the 

possible cross-features have usually shown an observable intensity. Those 
cross-peaks are distributed in two quadrants, (++) and (+ ), depending on the 
relative values of nuclear magnetic interactions and orientation dependence of 
nuclear frequencies. In addition, the intensity of cross-peaks is significantly 
influenced by the time  between the first and second pulses, which is kept 
constant in each HYSCORE experiment. Due to this property, several 
measurements at different times  are usually required for the detection of all 
cross-peaks contributing to the spectra. Moreover, the ESEEM intensity of the 
nuclear transition and the intensity of cross-peaks involving this transition are 
described by different coefficients. As a result, the absence of the line from 
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some transitions in three-pulse ESEEM spectra does not rule out the existence 
of the cross-peaks. HYSCORE also possesses an enhanced capability to detect 
peaks of low intensity relative to the three-pulse spectra. This experiment 
separates overlapping peaks along a second dimension and enhances the 
signal-to-noise ratio by the second Fourier transform. Observation of a few 
cross-features from 14N is often enough for the construction of its nuclear 
frequencies in both manifolds. These frequencies are used for calculating the 
nitrogen hyperfine and quadrupole couplings. The HYSCORE technique is 
therefore very effective for the study of the system containing a large number 
of ligands with nonequivalent 14N. It has, for example, been used to determine 
hyperfine couplings from five coordinating nitrogens in the mixed-valent state 
of methemerythrin, with coupling values from 5 to 15 MHz, and to assign 
them to particular ligands [46]. A recent review of the ESEEM applications of 
the 1D and 2D ESEEM to the metal ions in biological systems is given by 
Deligiannakis et al. [47]. 

3.4.4 Measurement of Relaxation Times in CW- and
         Pulsed-EPR

The CW-EPR and ESEEM spectra discussed in previous sections allow 
characterization of the parameters defining the interactions of the time- 
independent spin-Hamiltonian. The dynamics of the electron spin system 
reflect interaction within the spin system itself and interactions with the 
environment. The characterization of the dynamic processes in the spin 
systems is based on the measurement of the relaxation times. There are 
several approaches for measuring relaxation times using CW- and pulsed-EPR 
experiments.
      With CW-EPR techniques, progressive microwave power saturation 
methods can be employed. This approach can be readily pursued using a 
conventional spectrometer. In this experiment, the electron spins are 
progressively subjected to increasing microwave power. As a result, the 
intensity of the EPR signal also grows in proportion to the square root of  
the microwave power P. Microwave power saturation occurs when the rate  
of the microwave absorption exceeds the rate at which the system returns to 
equilibrium. The microwave power at half-saturation, P1/2, is an 
experimentally measured parameter, which is proportional to 1/T1T2. Coupled 
with the theoretical analysis of the relaxation processes, this value leads to an 
estimation of the relaxation times. A detailed description of the progressive 
microwave power saturation method, and examples of its application, are 
given in reviews [48, 49]. However, as noted by Brudvig [50], “It is difficult 
to extract accurate values for the spin relaxation times from progressive 
microwave power saturation measurements. For accurate measurements of 
spin relaxation times, pulsed-EPR methods are required.” 
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     Pulsed-EPR offers several different experimental approaches for the 
measurement of relaxation times. Different methods used for the 
measurement of the longitudinal relaxation time T1 include saturation and 
inversion recovery, echo saturation by fast repetition, stimulated-echo decay, 
spectral hole-burning [23], and longitudinal detection PEPR [51]. Transverse 
relaxation time Tm (~ T2) can be determined using two-pulse echo decay and 
Curr-Parcell sequence [23].
    Pulsed-EPR is still limited to those systems with relaxation times longer 
than the dead-time of ~ 10–7s. This limits the temperature range for 
measurement of the radicals, starting at temperatures ~100–120 K and below 
depending on the type of the sample. Lower temperatures are usually required 
for most transition and rare earth ions.
     A variety of pulsed-EPR experiments associated with measurement of 
relaxation times, and their dependence on the different characteristics of the 
system (e.g., concentration, temperature, matrix) have been described. These 
have provided a rich array of information including: (i) the irreversible 
relaxation time of spin magnetization associated with the homogeneous EPR 
line broadening and mechanism of relaxation [24, 27, 52–56]; (ii) separation 
of different paramagnetic species from overlapping spectra based on 
differences in their relaxation times [57–58]; (iii) the spatial distribution of 
paramagnetic centers in solids. This can be used to detect whether or not the 
particle distribution is homogeneous, to measure the local concentration, to 
restore the distribution function and its variation during the diffusion or 
reaction in the case of a pair distribution of paramagnetic centers, and to 
determine the number of spins per group in the case of a group distribution 
[59–64]; (iv) the times and mechanism of slow motions (>10–7s) of
paramagnetic species, paramagnetic functional groups, or molecular 
fragments in their environment [65–67].

Tyryshkin et al. [68] recently published an interesting study of the 
relaxation properties of the donor electron spins in phosphorus-doped  
silicon (Si:P); these spins are a candidate two-level system (qubit) for 
quantum information processing. An inversion recovery experiment and  
a two-pulse echo were used to measure the longitudinal T1 and
transverse T2 relaxation times. In the inversion recovery experiment 

2
T echo  the delay T, after the first inversion pulse was 

varied while time  was kept constant, and the amplitude of the two-pulse 
echo formed by the second and third pulses was measured. Experiments were 
performed for P donors with natural Si and isotopically purified 28Si.
     In the inversion-recovery experiments both the Si:P and 28Si:P samples 
showed monoexponential decays, and T1 was obtained by fitting a simple 
exponential. The temperature dependence of 1/T1 for these two samples varies 
by 5 orders of magnitude (106 to 10–1 s) over the temperature interval 7–20 K. 
The Arrhenius dependence ln(1/T1) vs. (1/T) is linear, which is consistent with 
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an Orbach mechanism predicting 1/T1 ~ exp (– E/kT). The energy gap to the 
excited state involved in the relaxation process is found to be E = 126.1 
0.5 K. Two-pulse ESE measurements of isotopically purified 28Si:P showed 
exceptionally long transverse relaxation times T2. Below ~ 10  K the spin 
decoherence is controlled by instantaneous diffusion, and at higher tempera-
tures by an Orbach process. T2  is found to be 14 ms at 7 K for small turning 
angles in the samples investigated with the concentration ~1016 P/cm3 that
extrapolates to ~ 60 ms for an isolated spin.  The observation of such an 
extremely long T2 has important implications for efforts to use bound electron 
spins in Si:P as qubits for quantum information processing. 

3.4.5 Interaction Between Electron Spins 

Special attention in recent years has been given to the development of EPR-
based techniques for the measurements of long-range distances between 
electron spins. Traditional CW-EPR techniques for the measurement of 
distances between spins that do not produce observable splittings in the EPR 
spectra (called fine structure) are based on measurements of relaxation times 
using a saturation approach.
    More sophisticated approaches for the measurement of distances between 
electron spins are based on pulsed-EPR techniques. Those include pulsed 
electron-electron double resonance (PELDOR) or double electron-electron 
resonance (DEER), “2 + 1” sequence, and double-quantum EPR. All of them 
are described in detail in a recent book [69].
    Among these techniques, increasing attention has been given to PELDOR.  
This technique uses pulses at two different microwave frequencies to measure 
the distance in a pair of paramagnetic species by exploiting the dipole-dipole 
spin interaction. Two different sequences were employed in the experiments.
    In the PELDOR sequence originally proposed [70], two microwave pulses 
induce the ESE signal at frequency A in a spin system. Between pulses 1 and 
2 a pumping pulse is applied at frequency B at time T. The pumping pulse 
induces transitions between the Zeeman levels of spins B and thus changes 
local magnetic field at spins A. This results in additional dephasing of spins 
A, and hence gives rise to a decrease of the PELDOR signal.
    In the approximation of point dipoles, assuming that delocalization of the 
electrons is small on a scale compared to the distance between them, the 
interaction between spins is characterized by the frequency 

2

AB dd AB
1 3cos J (3.57)

 where
2

A B e
3dd
AB

g g

hr

1453.4  Applications of EPR Spectroscopy     

Tony Crofts
Rectangle

Tony Crofts
Text Box
scalar



3.  Electron Paramagnetic Resonance Spectroscopy

is distant dependent dipole-dipole coupling, AB is the angle between the field 
B0 and rAB  vectors, and J is the isotropic exchange coupling. In the powder 
sample, splittings for different orientations form a typical powder pattern with 
the two pairs of singularities corresponding to AB = 0 and 90o with the 
splittings AB( ) = J – 2 dd  and AB( ) = J + dd , respectively. Fourier 
transformation of the echo envelope should provide a powder pattern of AB

splittings. For spin-spin distances above ~ 2 nm the exchange coupling J is
usually negligible and thus observation of even one singularity AB( ) with 
larger intensity would provide a measurement of the rAB.

Milov et al. [71] performed model PELDOR experiments with the 
biradicals of the rigid structure in frozen solution. They found the appearance 
of echo oscillations with the frequency ~ 7.5 MHz. These oscillations were 
sent in  the sample with mononitroxide. Thus, assigned to AB( ) it gave the 
distance between the nitroxide fragments equal to 1.9 0.16 nm. Schienman
et al. [72] in a PELDOR experiment with the RNA containing spin-labeled 
uridines in  frozen  solution detected an  oscillation  of the  echo envelope 
with 1.2  0.2 MHz. This was also  assigned to  the AB( ), and  gave 
rAB = 3.5  0.2 

 
  

In addition to the PELDOR sequence described above, a four-pulse 
sequence has been proposed that avoids the problem of a large dead-time that 
influences the three-pulse experiment [73].  

 The PELDOR techniques are capable of measuring distances in the range 
from 1.5 up to 10 nm. Recent applications of PELDOR include measurements 
of the distances between spins in biradicals [74], nitroxides in spin-labeled 
polymers [75] and peptides [76], the redox-active components in the PSII 
reaction center [77], and between Mo(V) and Fe(III) centers in chicken liver 
sulfite oxidase [78]. 
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