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Symbols

a hyperfine coupling constant

Ao theoretical isotropic hyperfine
coupling constant

A hyperfine tensor

g g factor

ge g factor of the free electron

g, Landé g factor

gn nuclear g factor

gjand g, refer to the parallel and perpendi-
cular values with respect to axis of
symmetry

9xx Gyys 9zz refer to values in the respective
crystallographic directions

h Planck’s constant

h hi2n

) nuclear spin quantum number

J total angular momentum

k Boltzman constant

L orbital angular momentum vector

me mass of the electron

N_ and Ny electron populations in the lower
and upper energy levels
respectively

r distance between the spins

r vector relating electron and
nuclear moments

S electron spin quantum number

S, vector of the electron spin quan-
tum number in the z direction

Tie and Ty spin—lattice and spin—spin
relaxation times, respectively

o and g refer to electron spin

u magnetic moment

B Bohr magneton

UN nuclear magneton

v frequency

This article will discuss the concept and outline the
theory of electron paramagnetic resonance (EPR),
sometimes known as electron spin resonance (ESR),
spectroscopy. Paramagnetism arises as a consequence of
unpaired electrons present within an atom or molecule. It
can be said that EPR is the most direct and sensitive

technique to investigate paramagnetic materials. It will
not be possible within this article to fully expound on all
the theoretical aspects of EPR and so the reader is
encouraged to refer to the excellent texts listed in the
Further Reading section.

Consequently this work is aimed at professional sci-
entists who would like to expand their knowledge of
spectroscopic techniques and also at undergraduates with
the intention of allowing them to fully appreciate the
scope, versatility and power of the technique.

Basic Principles of the EPR Experiment

The electron is a negatively charged particle that moves
in an orbital around the nucleus and so consequently has
orbital angular momentum. It also spins about its own
axis and therefore has a spin angular momentum given by

spin angular momentum = h/2n[S(S + 1)]'/? [1]

where §is called the spin quantum number, with a value of
1, and h= Planck’s constant (6.626 x 107°*s). If we restrict
ourselves to one specified direction, the z direction, then
the component of the spin angular momentum can only
assume two values and consequently S,= Mgh/2n. The
term Mg can have (254 1) different values of + S, (§— 1),
(§—2)... (—S). If the possible values of M differ by one
and range from —§ to + S then the only two possible
values for Mgy are % and —%.

Associated with the electron spin angular momentum
is a magnetic moment y and it is related to the spin as
follows

= geh/amm[S(S + 1)]"/? 2]

where m, = mass of electron, e = electron charge, §= spin
quantum number and g. is the spectroscopic factor known
as the g factor (which has a value of 2.0023 for a free
electron). The above equation can be rewritten as

p=—geup /% 3]

where pig =-¢h/2m, and /# = h/2n. The z axis component
1, will then be

U = —gelig My [4}

up is the Bohr magneton and has the value 9.2740
x 107°*JT~". The negative sign arises because of the
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negative charge on the electron which results in the
magnetic dipole being in the opposite direction to the
angular momentum vector. The electron is restricted to
certain fixed angular positions that correspond to the
z component of the spin angular moment; S, is a half

integral number (M) of 4/2m, units. Since S =1 then

2
[S(S+1)] '/ cannot be 1 and consequently the spin
angular momentum vector s and the magnetic moment
vector g can never be aligned exactly in the field direction
and they maintain a constant angle 6 with the z axis and
hence the applied field (Figure 1).

Hence, for a single unpaired electron, where § =1,
the magnitude of the spin angular momentum along the z
axis will be given by +7%/2 and —7#%/2. For a free
electron the spin angular momentum can have two
possible orientations and these give rise to two magnetic
moments or spin states of opposite polarity. In the
absence of an external magnetic field the two spin states
are degenerate. However, if an external magnetic field is
applied then the degeneracy is lifted, resulting in two
states of different energy. The energy of the interaction
between the electron magnetic moment and the external
magnetic field is given by

E= _.uzB [5]

where B=the strength of external magnetic field and
u.=magnetic dipole along the z axis. In quantum
mechanics the p vector is replaced by the corresponding
operator leading to the following Hamiltonian

H = _ge,uBBSz [6]

so that the energy is given by E= — g uBMgB. For a
single unpaired electron Mg = 41 and this gives rise to
two energy levels known as Zeeman levels. The differ-
ence between these two energy levels is known as the
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Figure 1 Allowed values of the magnitude of the spin angular
momentum along the z axis for S = %

Zeeman splitting (see Figure 2):

E =1guB Mg=+% aspinf [7]

E = %ge,uBB Mg = f% fspin | [8]

Since AEoc B, the difference between the two energy
levels 1s directly proportional to the external applied
magnetic field. Transitions between the two Zeeman
levels can be induced by the absorption of a photon of
energy, hv, equal to the energy difference between the
two levels:

AE = gopgB = hv 9]

where /=Planck’s constant and v = frequency of elec-
tromagnetic radiaton. The existence of two Zeeman
levels, and the possibility of inducing transitions from the
lower energy level to the higher energy level, is the very
basis of EPR spectroscopy. We can see, therefore, that the
position of absorption varies directly with the applied
magnetic field. EPR spectrometers may operate at dif-
ferent fields and frequencies (two common frequencies
being ~9.5 and ~35GHz, known as X and Q_band
respectively). It is therefore far more convenient to refer
to the absorption in terms of its g value:

g=AE/ugB = hv/ug B [10]
Energy
M = 15 o spin T
Eq= %ge/uBB /
AE=E|-E)l=gougB=hv
M = -1 8 spin l,\
E,=-19upB
B=0 Applied magnetic field B(mT)

/ 0\ Integral spectrum

Derivative spectrum

Figure 2 The Zeeman energy levels of an electron (S = %) in
an applied magnetic field for a fixed microwave frequency.
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Larmor Precession, Spin Populations and
Relaxation Effects

It was noted above that the two spin states were at a
constant angle to the z axis. However, in the presence of a
magnetic fleld, the magnetic moment of the electron
cannot align with the applied field and a turning couple is
set up which results in a precession of the spin states
around the z axis (Figure 3). This gives a physical
mechanism by which spins can interact with electro-
magnetic radiation. When the magnetic component of
the microwave radiation, which is orthogonal to the
applied field, is at a frequency equal to that of the Larmor
precession then the two are said to be in resonance, and
energy can be transferred to the electron, inducing
AMg = +1 transitions.

The incident radiation induces transitions not only
from the lower to the higher energy states but can also
induce emission with equal probability. Consequently the
extent of absorption will be proportional to the popula-
ton difference between the two states. At thermal
equilibrium the relative spin populations of the two Zee-
man levels is given by a Boltzmann equation:

Ny/Np, = e AT (1]

where # = Boltzmann constant, T'=absolute temperature
(K), N_=number of electrons in the lower level,
Ny=number of electrons in the higher level and
AE = difference in energy between the two energy levels.
At room temperature (300 K) and in a magnetic field of
300mT the populations of the two Zeeman levels are
almost equal, but a slight excess exists in the lower level
and it is this that gives rise to a net absorption. However,
this would very quickly lead to the disappearance of the
EPR signal as the absorption of energy would equalize
these two states. For the experiment to proceed there has
to be a process by which energy is lost from the system.
Such processes are known as relaxation processes.

Applied magnetic field
T

Magnetic moment
Oscillating magnetic vector ¢
component of the -
microwave radiation 0
-

ﬁcession of

the electron

Figure 3 Two allowed electron spin orientations and the
corresponding Larmor precession for S = %

To maintain a population excess, electrons in the
upper level must be able to return to their low energy
state. Therefore they must be able to transfer their excess
spin energy either to other species or to the surrounding
lattice as thermal energy. The time taken for the spin
system to lose 1/e of its excess energy is called the
relaxation time. Two such relaxation processes are:

a. spin—lattice relaxation (7},): this process is due to
lattice motions such as molecular tumblings in solids,
liquids and gases which have a frequency comparable
to that of the Larmor precession and this provides a
pathway which allows the electron’s excess energy to
be transferred to the surroundings.

b. spin—spin relaxation (75,): the excess spin energy is
transferred between paramagnetic centres through
either dipolar or exchange coupling, from one mole-
cule to another. This mode of relaxation is important
when the concentration of paramagnetic species is
high (spins are close together). If the relaxation time is
too fast then the electrons will only remain in the
upper state for a very short period of time and give
rise to a broadening of the spectral line width as a
consequence of Heinsenberg’s uncertainty principle.

In general T),> T3, and the line width depends only on
the spin—spin interactions (75,). However, if, in certain
circumstances, both spin—spin and spin—lattice relaxa-
tions contribute to the EPR line width (AH), then the
resonance line width can be simply written as

AHoc 1/ Ty, + 1/ T, [12]

When 7Tj, becomes very short, below ~1077s, its
effects on the lifetime of the species in a given energy
level makes an important contribution to the line width.
In some cases the EPR lines are broadened beyond
detection. The term 7}, may also be inversely propor-
tional to the absolute temperature (77, oc T~ ") with #
depending on the precise relaxation mechanism. In such
cases, cooling the sample increases 77, and usually leads
to detectable lines. For this reason, EPR experiments are
frequently recorded at liquid nitrogen (77 K) or helium
(4K) temperatures.

Basic Interaction of the Electron with Its
Environment

An expression for the spin state energies of an electron
whose only interaction was with an applied magnetic
field (a free electron) was derived above (eqn [6]). This
represents an idealized model as in the real situation the
electron suffers a variety of electrostatic and magnetic
interactions which complicate the resonances. Conse-
quently we must be able to account for these deviations.
Magnetic resonance spectroscopists seek to characterize
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and interpret EPR spectra and these deviations quanti-
tatively using a device known as a spin Hamiltonian. The
EPR spectrum is essentially interpreted as the allowed
transitions between the eigenvalues of this spin Hamil-
tonian. The Hamiltonian contains terms which reflect the
interactions of the spins of electrons and nuclei with the
applied magnetic field and with each other, e.g.

H = ugBg S+ %1 AS+ Z;gun BI [13]

Analysis of a spectrum amounts to identifying which
interactions are involved. The origin of the various terms
in this spin Hamiltonian will be examined below. For
example, changes in the g factor are shown for a variety of
paramagnetic species in Table 1.

The g Tensor: Significance and Origin

The main reason for the deviation in g values comes from
a spin—orbit coupling that results in an orbital con-
tribution to the magnetic moment. This arises from the
effect of the orbital angular momentum L which is non-
zero in the case of orbitals exhibiting p, d or f character.
In this case the spin is no longer exactly quantized along
the direction of the external field and the g value cannot
be expressed by a scalar quantity but becomes a tensor.
The orbital angular momentum L is associated with a
magnetic momentum given by

H = pgL [14]

For a system with a doublet (§ =1) non-degenerate
electronic ground state, the interaction with the external
magnetic field can be expressed in terms of a perturbation
of the general Hamiltonian by the following three terms

H = gz BS + ugBL + /LS [15]

Table 1 Isotropic g value variations for a series S =13
paramagnetic species. For organic radicals the g value
deviations (from g,) are usually small, less than 1%, but for
systems that contain heavier atoms, such as transition metal
ions, the variations can be much larger

Species g value
e 2.0023
CHs* 2.0026
Anthracene radical cation 2.0028
Anthracene radical anion 2.0029
1,4-Benzoquinone radical anion 2.0047
SO~ 2.0056
HO,* 2.014
{(CH3)3C}>.NO 2.0063
Copper(acetonyl acetate) 2.13
VO(acetonyl acetate) 1.968
Cyclopentadienyl TiCI,AICl, 1.975

The first and second terms correspond, respectively, to
the electron Zeeman and orbital Zeeman energies. The
third one represents the energy of the spin—orbit cou-
pling where 4 is the spin—orbit coupling constant which
mixes the ground state wavefunctions with the excited
states. The extent of the interaction between L and §
mainly depends on the nature of the system considered
and in many instances this interaction is stronger than
that between the magnetic field and the orbital angular
momentum. Depending on the strength of the molecular
electric field, two limiting cases can be distinguished:

a. Strong fields: L must align itself along the field so that
only § can orient itself with respect to the external
magnetic field and contribute to the paramagnetism. In
this case g=g.. Many organic radicals or systems in
which the unpaired electron is in a molecular orbital
delocalized over a large molecule experience this
situation.

b. Weak fields: L is no longer under the constraint of this
weak field and the spin—orbit coupling L+ § can take
place, giving a resultant total angular momentum:

J=L+S$ [16]

associated with the magnetic moment:

= —gipd (17]

where g is called the Landé g factor. This situation
occurs in the rare earth elements.

When intermediate fields are present in the para-
magnetic centre, L is only partally blocked by the
molecular field (transition metal ions, inorganic radicals).
The system must be treated in terms of the perturbation
Hamiltonian in eqn [6] which can be written as

H = 3 BgS (18]

The g, scalar value reported in eqn [6] is now replaced
by g a second rank tensor which represents the aniso-
tropy of the interaction between the unpaired electron
and the external magnetic field and also outlines the fact
that the orbital contribution to the electronic magnetic
momentum may be different along different molecular
axes.

The g tensor may be depicted as an ellipsoid whose
characteristic (principal) values (g.., g, &) depend upon
the orientation of the symmetry axes of the paramagnetic
entity with respect to the applied magnetic field
(Figure 4). The most general consequence of the aniso-
tropy of g from an experimental point of view, is there-
fore that the resonance field of a paramagnetic species,
for a given frequency, depends on the orientation of the
paramagnetic centre in the field itself. The g value for a
given orientation depends on ¢ and 0 values according to
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Figure 4 Orientation of the magnetic field B with respect to the
g tensor ellipsoid in the crystallographic frame x, y, z. The
characteristic angles 0 and ¢ define the orientation of B which
leads to the g (0,¢).

the relation ¢ = g, cos’¢dsin’0 + g, sin*pcos’0 + g..”
cos’0. Accordingly, the Zeeman resonance will occur at
field values given by

Brcs ol bv/ﬂB (gxeCOSZ¢ SinZO
+ <ngsirlzd) cos’0 + gmzCOSZO)il/z [19]

In the most general case, the resonance observed for a
paramagnetic centre in a single crystal is obtained at
distinct field values of B,, B, and B, when the magnetic
field is parallel to the «x, y or z crystal axis respectively.
The g values corresponding to these three orientations
(guw gy and g..) are the principal (diagonal) elements of
the g tensor. When the principal axes of the crystal are
not known, the g tensors can be labelled g, g and g;.
Absolute determination of the g values may in principle
be carried out by independent and simultaneous mea-
surement of B and v using a gaussmeter and a frequency
meter, respectively, following the equation

€= bv/usB [20]

The A Tensor: Significance and Origin

The source of this splitting is the magnetic interaction
between the electron spin and neighbouring nuclear
spins, which gives rise to hyperfine structure in the
spectra. It arises because a nearby magnetic nucleus gives
rise to a local field, By, Which must be compounded

with the applied magnetic field B to sausfy the EPR
condition Av = g.ugB. We must now rewrite this equation
as

hv = gty (B + Biocal) 21]

and clearly the value of B required to achieve resonance
will depend on By, (i.e. the magnetic moments of the
nuclei). Several nuclei possess spin and corresponding
magnetic moments. The nuclear spin quantum number
() of a given nucleus can assume integral or half-integral
values in the range 0-6. The magnetic moment g,
associated to a nucleus is collinear with the spin vector
I according to the relation

Mo = gopinT [22]

which is similar to eqn [4]; g, is the nuclear g factor and
un the nuclear magneton which is smaller than the Bohr
magneton by a factor of 1838, 1.e. the ratio of the mass of
a proton to that of an electron.

When the paramagnetic centre contains one or more
nuclei with non-zero nuclear spin (/#0), the interaction
between the unpaired electron and the nucleus with /#0
produces further splittings of the Zeeman energies and
consequently there are new transitions, which are
responsible for the so-called hyperfine structure of the
EPR spectrum.

Let us consider the proton as a case in point; it is a
spinning positive charge and has its own associated
magnetic field and consequently can interact with both
the external magnetic field (cf. NMR) and that of the
electron, i.e. it has a nuclear spin / :% and M; = i%.
This leads to a situation whereby the energy of the sys-
tem can either be lowered or be raised depending on
whether the two spins are parallel or antiparallel. The
energy of an electron with spin quantum number A and
a nucleus with spin quantum number M, is given by

E(M;, Ms) = gepgBMs — gxpnBMy + hAyMsM; (23]

where Ay 1s the isotropic coupling constant. The first
term in the equation gives the contribution due to the
interaction of an electron with an applied field, giving
rise to two electron Zeeman levels. The second term is
the contribution due to the interaction of the nucleus
with the applied magnetic field, the nuclear Zeeman
levels (Figure 5). The final term is the energy of inter-
action between the unpaired electron and the magnetic
nucleus. If we now substitute the values for Mg and M;
then the interaction, between an unpaired electron
(§=1) and a single proton (/ =13), gives rise to four
energy levels, £y to E,. These are calculated to be

My M,
By = gsB —JexmsB+phdy +f +3 [24]
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Electron Zeeman
levels

Nuclear Zeeman
levels

B MsM,
Aglb Ex+3-3
""""""""""""""""" E i+ 141
S YT As

EPR transitions
Es-3 -3

Hyperfine
interactions

Figure 5 Energy level manifold in a high magnetic field, resulting from the interaction of an unpaired electron (S = 1) with a nucleus of

I =1. Note that a>0. la/2I< V.

By = gepwB+jonunB by +5 =1 [25]

E=—tguB+iguwB+ibd -1 -1 [26]
— _1 _1 _1 _1 1

Ey = —3 gy B — 3anpnB — b4y 5 +3 [27]

The selection rules for the allowed transitions between
the energy levels are

AM; =0 and AM;= +1 28]

Thus two resonance transitions can occur at
AE) = Ey — Ey = gojtigB + 5 hdy [29]
AEy = Ey — By = gugB + 5 by [30]

These two possible transitions give rise to two absorption
peaks which, at constant applied microwave frequency,
occur at magnetic fields of values

by hAy VA

= — = i [31]
Gellp  2gelln gels 2

o bd b
L e 32]

B, = =
ch U LellB 2

T LelB

where a= hAy/g.uB and is the hyperfine coupling con-
stant (HFCC) given in m'T. The spectrum obtained for
such a system would be a doublet centred at the g value
and separated by the hyperfine coupling constant (hfc) a.
If we extend the number of equivalent nuclei then
the complexity of the spectrum increases in a manner
described in Table 2. A further example i1s given in
Figure 6 for the radical anion of naphthalene.

It is now necessary to examine the mechanisms by
which the hyperfine interactions arise. Two types of
electron-spin—nuclear-spin interactions must be con-
sidered, of isotropic and anisotropic nature.

The Isotropic Interaction

This concerns exclusively s-type orbitals or orbitals with
partial s character (such as hybrid orbitals constructed
from s-type orbitals) because only these orbitals have a
finite probability density at the nucleus. This mechanism
1s a quantum interaction related to the finite probability
of the unpaired electron at the nucleus and is termed the
Fermi contact interaction. The corresponding isotropic
coupling constant s, is given by

diso = (8n/3gegn,uB'uN)| lp(o)‘z [33]
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Table 2 Line intensities for a series of nuclei with different
values of /. For the case of I:% the line intensities can be
described by the expansion of (x+ 1)? and hence follow Pascal’s
triangle

Nuclei Intensity of lines
I=1eg. H
Number of equivalent nuclei
1 11
2 1 2 1
3 1 3 3 1
4 1 4 6 4 1
I=1,eg. "N
Number of equivalent nuclei
1 1 1 1
2 1 2 3 2 1
3 1 3 6 7 3 1
4 1 4 10 16 19 16 10 4 1
1=% e.g. ®%cCu
Number of equivalent nuclei
1 11 1 1
2 1 2 3 4 3 2 1
8 1 *—
7 2
3
6
5 4
0.483 mT

0.185 mT

R A B A R R |
346.5 347.0 34/.5 348.0 348.5 349.0 3495
mT

Figure 6 EPR spectrum of the radical anion of naphthalene in
tetrahydrofuran as solvent. The radical was formed by dissolving
naphthalene in sodium-dried tetrahydrofuran under vacuum and
passing the resultant solution over a sodium metal film, again
under vacuum conditions. The number of lines is given by 2n/+1
where [/ equals the nuclear spin and n the number of nuclei.
HFCC for 1,4,5,8=0.483mT and for 2,3,6,7=0.185mT.

where g, and pn are the nuclear analogues of g. and ug,
respectively, and |(0)[° is the square of the absolute
value of the wavefunction of the unpaired electron
evaluated at the nucleus.

Since s orbitals have a high electron density at the
nucleus, the hyperfine coupling constant will be large
and since s orbitals are also symmetrical it will be

independent of direction. The spherical symmetry of
s orbitals accounts for the isotropic nature of the contact
interaction.

Thus in the case of the hydrogen atom (M; = 1) with
100% spin density in the 1s orbital, the EPR spectrum is
composed of two resonance lines separated by approxi-
mately 50.8 mT. In the case of naphthalene, the smaller
spin density associated with the 'H's orbital results in a
smaller isotropic coupling.

The Anisotropic Interaction

In non-spherically symmetric orbitals (p, d or f) there is no
electron density at the nucleus and the electron is to be
found some distance away. The interaction between it and
the nucleus will be as two magnetic dipoles and conse-
quently the interaction will be small and dependent on the
direction of the orbital with respect to the applied magnetic
field as well as to their separation. The coupling then arises
from the classical dipolar interaction between magnetic
momenta whose energy is given by

E= it/ r’ = 3(uer) (o) /7 [34]

where 7 is the vector relating the electron and nuclear
moments and 7 is the distance between the two spins. The
above equation gives the energy of interaction of two bar
magnets if their size is small compared with the distance
between them. Moving to quantum mechanics we construct
the Hamiltonian by replacing the magnetic moments by the
appropriate operators. The quantum mechanics analogue of
eqn [34] 1s then obtained by replacing s and u, by their
expressions given in eqns [4] and [22]:

Haniso = —Zetipgapiz (1 - S/7> = 3(I-r)(S-7)/7°)  [39]

Equation [35] must be averaged over the entire probability
of the spin distribution. H,;, is averaged out to zero when
the electron cloud is spherical (s orbital) and comes to a
finite value in the case of axially symmetric orbitals
(p orbitals, for instance). In addition, in the case of very
rapid tumbling of the paramagnetic species (as occurs in a
low viscosity solution) the anisotropic term of the hyperfine
interaction 1is averaged to zero and the isotropic term is the
only one observed.

Combination of Isotropy and Anisotropy

Since any orbital may be considered as a hybrid of suitable
combinations of s, p or d orbitals, so also may a hyperfine
coupling be divided into a contribution arising from p or d
orbitals (anisotropic) and s orbitals (isotropic). In general
both isotropic and anisotropic hyperfine couplings occur
when one or more nuclei with /#0 are present in the
system. The whole interaction is therefore dependent on
orientation and must be expressed by the second rank
A tensor as given in eqn [13]. The A tensor may be split into
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anisotropic and isotropic parts as follows

4 0 0 T, 0 0
A=10 Az 0]= tiso + 0 TZ 0 [36]
0 0 A4 0 0 T

with #,= (4 + 4, 4+ 45)/3. In a number of cases, the sec-
ond term of eqn [36] is a traceless tensor (77 + 1>+ 15 =0)
and has the form (— 7, — T, 4 27T). The anisotropic part of
the A tensor corresponds to the dipolar interaction as
expressed by the Hamiltonian in eqn [13]. The s and p
character of the orbital hosting the unpaired electrons are
given by the following relations:

o’ = &so/ay  and ol = b/ by [37]
where 4y and #, are the theoretical hyperfine coupling
constants (assuming pure s and p orbitals for the ele-
ments under consideration). The terms 4, and 4 are the
experimental isotropic and anisotropic coupling constants
respectively.

The D Tensor: Significance and Origin

The spin Hamiltonian described in eqn [13] applies to
the case where a single electron (S = 1) interacts with the
applied magnetic field and with surrounding nuclei
However, if two or more electrons are present in the
system (§>1), a new term must be added to the spin
Hamiltonian (eqn [13]) to account for the interaction
between the electrons. At small distances, two unpaired
electrons will experience a strong dipole—dipole inter-
action, analogous to the interaction between electron
and magnetic dipoles, which gives rise to anisotropic
hyperfine interactions. The electron—electron inter-
action 1s described by the spin—spin Hamiltonian given in
eqn [38]:

H, = SDS 38]

where D is a second rank tensor (the zero-field para-
meter) with a trace of zero. As with the g and 4 tensors,
the D tensor can also be diagonalized so that
D+ D,,+ D,,=0. Equation [38] can be added to eqn
[18] to obtain the correct spin Hamiltonian for an §>1
system (in the absence of any interacting nucleus):

H = ugBgS + SDS [39]

Since the trace of D is zero, calculation of the energy
state for a system with S=1 requires only two inde-
pendent parameters which are designated D and E. The
spin coupling is direct in the case of organic molecules in

the triplet state and biradicals, but occurs through the
orbital angular momentum in the case of transition metal
ions. In the latter case, the D and E terms depend on the
symmetry of the crystal field acting on the ions:

H= D(SZZ - 577) + E(87 =87 [40]

For axially symmetric molecules, the calculated shape of
the AMg =1 lines are given in Figure 7a. The separation
of the outer lines is 2D’ (where D' = D/gug) while that
of the inner lines 1s D (£ 1s zero in this case). The the-
oretical line shape for a randomly oriented triplet system
with £#0 is shown in Figure 7b. The separation of the
outermost lines is again 2D’ whereas that of the inter-
mediate and inner pairs is D'+ 3£’/2 and D' —3E’/2
respectively. As the zero-field interactions become com-
parable to, and larger than, the microwave energy, the
line shape exhibits severe distortions from the simulated
case in Figure 7. Well-known examples of S=1 in-
clude the excited triplet state of naphthalene with
D/he=0.1003cm ™", E/be= — 00137 cm ™" and g= 2.0030.

,J — Absorption profile
D D'/2

Derivative profile
rﬂ___

oy
—\

Magnetic field —

J

D' —SE:J

| \
— l D' +3E72

)

Absorption profile

Derivative profile

Magnetic field ——

Figure 7 Theoretical absorption and first derivative spectra of
the AMs =1 region of a randomly oriented triplet. (a) S=1 for a
given value of D (E=0) and isotropic g. (b) S=1 where D is 6.5
times larger than E and g is isotropic.



EPR Spectroscopy, Theory 539

Line Shapes and Symmetry
Considerations in EPR Spectra

An important consideration in EPR is the effect of sym-
metry on the line shapes. In many cases the samples
investigated by EPR are polycrystalline materials, composed
of numerous small crystallites that are randomly oriented in
space. The resultant powder EPR spectrum is the envelope
of spectra corresponding to all possible orientations of the
paramagnetic species with respect to the magnetic field,
provided the resolution is adequate, the magnitude of the g
and A tensor components can be extracted from the powder

!-Ju 9.

Magnetic field——

(b)

91

Magnetic field -t

Figure 8 Powder EPR spectrum of a paramagnetic species
with /=0 in axial symmetry. (a) absorption profile, (b) first
derivative profile. The dotted lines have been calculated by
assuming a zero line width whereas the solid lines correspond to
a finite line width.

spectra whereas no information can be obtained on the
orientation of the tensor principal axes.

The profile of the powder spectrum is determined by
several parameters, including the symmetry of the g tensor,
the actual values of its components, and the line shape and
the line width of the resonance. Concerning the symmetry
of the g tensor, three possible cases can be identfied.

Isotropy of g

In this case, the g tensor is characterized by g, =
Ly = Zez= Giso and a single symmetrical line is observed.
This simple situation is not very often encountered in
powders except for some solid state defects and transition
metal ions in highly symmetric environments such as O,
or T,

Axial Symmetry of g

Paramagnetic species isolated in single crystals exhibit
resonances at typical magnetic fields which depend on
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Figure 9 Effects of nuclear spin on the calculated powder EPR
spectra for axial symmetry. The value of / varies from 0 to g Note
that the g values remain constant (illustrated by dotted lines). g,
is splitby A;and g, is splitby A, . The A and A, values remain
constant.
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Figure 10 Powder EPR spectrum of a paramagnetic species
in orthorhombic symmetry. (a) Absorption profile, (b) first
derivative profile. The dotted and solid lines have the same
significance as described in Figure 7.

their orientation and are given by eqn [19]. In the par-
ticular case of axial symmetry of the system, e.g. (Cyy,,
D), if 2 1s the principal symmetry axis of the species and
0 the angle between z and the magnetic field, the x and
directions are equivalent and the angle ¢ becomes
meaningless (Figure 4). Equation [19] reduces to

Bres = hv/up (¢ sin®0 + gﬁC0520)71/2 [41]

where gy =g.. and g, =g,,= g, are the g values mea-
sured when the axis of the paramagnetic species is,
respectively, parallel and perpendicular to the applied
magnetic field.
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Figure 11  Effects of nuclear spin on the calculated powder

EPR spectrum of a species with orthorhombic symmetry. The
spectrum is anisotropic both in g and A (g, is split by A4, go is
split by A and gs by Az). The value of / varies from 0 to 3. It
should be noted that when / assumes an integer value (as in c),
the features of the original /=0 spectrum (a) are maintained in
the centre of the spectrum. When [ has half-integer values the
hyperfine values are symmetrically disposed about the centre.

The powder spectrum is the envelope of the individual
lines corresponding to all possible orientations in the
whole range of ¢. Assuming the microcrystals are ran-
domly distributed, simple considerations show, however,
that the absorption intensity, which is proportional to the
number of microcrystals at resonance for a given 0 value,
is at a maximum when 0=7/2 (B,) and a minimum
for =0 (B)); this allows the extraction of the
g and g, values, which correspond to the turning points
of the spectrum. Figure 8 gives a schematic representation
of the absorption curve and of its first derivative for
a polycrystalline sample containing a paramagnetic
centre with axial symmetry. The variation in the spectral
profile for the same species as M; varies is also shown in
Figure 9.
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Orthorhombic Symmetry of g

Three distinct principal components are expected in
the case of a system with orthorhombic symmetry, e.g.
(Daj, Ciy). For polycrystalline samples, the absorption
curve and its first derivative exhibit three singular points,
corresponding to g, & and g; (Figure 10). For powder
spectra the assignments of gj, & and g; to the components
Zew &y and g, related to the molecular axes of the
paramagnetic centre is not straightforward and must
be based on theoretical grounds or deduced from mea-
surements of the same paramagnetic species in a single
crystal. The situation becomes much more complicated
in the presence of nuclei with /#0. In several cases
an initial interpretation of the experimental data can
be achieved by using a simple analysis for the g tensor
and neglecting second-order effects since the A tensor
has the same type of angular dependence as the g tensor.
Provided the principal axes are the same, then each of the
three possible lines of the g tensor (gj, & and g;) will
be split into a number of lines that depend on the nuclear
spin with the spacing corresponding to the appropriate
component of the A tensor (A4}, 4, or 43); g is split by
Ay, & 1s split by 4, and gz 1s split by A; (Figure 11).

Summary
The basic principles of EPR spectroscopy have been

outlined. Although far from being an exhaustive treat-
ment of the subject, it provides the reader with

essential knowledge of the technique and is a useful
stepping stone for the articles on methods and instru-
mentation and applications.

See also: Chemical Applications of EPR, EPR Imaging,
EPR, Methods, NMR in Anisotropic Systems, Theory,
NMR Principles, NMR Relaxation Rates.
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