CHAPTER 1
Introduction

1.1 What is ESR Spectroscopy?

Electron spin resonance spectroscopy (ESR), also known as electron paramag-
netic resonance (EPR) or electron magnetic resonance (EMR), was invented by
the Russian physicist Zavoisky' in 1945. It was extended by a group of
physicists at Oxford University in the next decade. Reviews of the Oxford
group’s successes are available’ and books by Abragam and Bleaney and by
Abragam® cover the major points discovered by the Oxford group. In the
present book, we focus on the spectra of organic and organotransition metal
radicals and coordination complexes. Although ESR spectroscopy is supposed
to be a mature field with a fully developed theory,* there have been some
surprises as organometallic problems have explored new domains in ESR
parameter space. We will start in this chapter with a synopsis of the funda-
mentals of ESR spectroscopy. For further details on the theory and practice of
ESR spectroscopy, the reader is referred to one of the excellent texts and
monographs on ESR spectroscopy.® 3¢ Sources of data and a guide to the
literature of ESR up to about 1990 can be found in ref. 16a. The history of ESR
has also been described by many of those involved in the founding and
development of the field.>’

The electron spin resonance spectrum of a free radical or coordination
complex with one unpaired electron is the simplest of all forms of spectroscopy.
The degeneracy of the electron spin states characterized by the quantum
number, mg = +1/2, is lifted by the application of a magnetic field, and
transitions between the spin levels are induced by radiation of the appropriate
frequency (Figure 1.1). If unpaired electrons in radicals were indistinguishable
from free electrons, the only information content of an ESR spectrum would be
the integrated intensity, proportional to the radical concentration. Fortunately,
an unpaired electron interacts with its environment, and the details of ESR
spectra depend on the nature of those interactions. The arrow in Figure 1.1
shows the transitions induced by 0.315 cm ™' radiation.

Two kinds of environmental interactions are commonly important in the
ESR spectrum of a free radical: (i) To the extent that the unpaired electron has
residual, or unquenched, orbital angular momentum, the total magnetic
moment is different from the spin-only moment (either larger or smaller,
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Figure 1.1 Energy levels of an electron placed in a magnetic field.
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Figure 1.2 Energy levels of an unpaired electron in a magnetic field interacting with a
spin-1/2 nucleus. The arrows show two allowed transitions.

depending on how the angular momentum vectors couple). It is customary to
lump the orbital and spin angular momenta together in an effective spin and to
treat the effect as a shift in the energy of the spin transition. (ii) The electron
spin energy levels are split by interaction with nuclear magnetic moments — the
nuclear hyperfine interaction. Each nucleus of spin 7 splits the electron spin
levels into (27 + 1) sublevels. Since transitions are observed between sublevels
with the same values of m;, nuclear spin splitting of energy levels is mirrored by
splitting of the resonance line (Figure 1.2).
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1.2 The ESR Experiment

When an electron is placed in a magnetic field, the degeneracy of the electron
spin energy levels is lifted” as shown in Figure 1.1 and as described by the spin
Hamiltonian:

H, :guBsz (1.1)

In eqn (1.1), g is called the g-value (or g-factor), (g. = 2.00232 for a free
electron), ug is the Bohr magneton (9.274 x 1072 J G™'), B is the magnetic
field strength in Gauss’, and S, is the z-component of the spin angular
momentum operator (the magnetic field defines the z-direction). The electron
spin energy levels are easily found by application of Hy to the electron spin
eigenfunctions corresponding to mg = +1/2:

Hi|%5) = £ gup BIES) = Eo[35)
Thus
Es = =£(3) gupB (1.2)
The difference in energy between the two levels:
AE=E —FE_ =gugB=hv (1.3)

corresponds to the energy, hv, of a photon required to cause a transition; or in
wavenumbers by eqn (1.4), where geup/he = 0.9348 x 104 em™' G

v=2""=v/c= (gug/hc)B (1.4)

Since the g-values of organic and organometallic free radicals are usually in
the range 1.9-2.1, the free electron value is a good starting point for describing
the experiment.

Magnetic fields of up to ca. 15000 G are easily obtained with an iron-core
electromagnet; thus we could use radiation with 7 up to 1.4 cm™' (v < 42 GHz
or A > 0.71 cm). Radiation with this kind of wavelength is in the microwave
region. Microwaves are normally handled using waveguides designed to trans-
mit radiation over a relatively narrow frequency range. Waveguides look like
rectangular cross-section pipes with dimensions on the order of the wavelength

"Energy level splitting in a magnetic field is called the Zeeman effect, and the Hamiltonian of eqn
(1.1) is sometimes referred to as the electron Zeeman Hamiltonian. Technically, the energy of a
magnetic dipole in a magnetic field is the negative of that shown in eqn (1.1). For electron spins,
however, the parameter g is negative, i.e., the magnetic moment and spin angular momentum
vectors are anti-parallel, and both negative signs may be combined to give the formula as written.
This has the advantage of allowing g-values to be tabulated as positive numbers.

Using the symbol “B” for the magnetic field technically implies we are using the MKS system of
units in which B s given in Tesla (T). Many spectroscopists still express the magnetic field in Gauss
(G) = 107* T, however, and we will continue that practice here.
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Table 1.1 Common frequencies used for ESR

Designation v (GHz) A(cm) B (electron) (G)
L 1.1 27 390
S 3.0 10 1070
X 9.5 3.2 3400
K 24 1.2 8600
Q 35 0.85 12500
W 95 0.31 34000
- 360 0.083 128000

to be transmitted. As a practical matter for ESR, waveguides can not be too big
or too small —1 cm is a bit small and 10 cm a bit large; the most common
choice, called X-band microwaves, has A in the range 3.0-3.3 cm (v ~ 9-10
GHz); in the middle of X-band, the free electron resonance is found at 3390 G.

Although X-band is by far the most common, ESR spectrometers are
available commercially or have been custom built in several frequency ranges
(Table 1.1).

1.2.1 Sensitivity

As for any quantum mechanical system interacting with electromagnetic radi-
ation, a photon can induce cither absorption or emission. The experiment
detects net absorption, i.e., the difference between the number of photons
absorbed and the number emitted. Since absorption is proportional to the
number of spins in the lower level and emission is proportional to the number
of spins in the upper level, net absorption, i.e., absorption intensity, is propor-
tional to the difference:

Net absorption o« N_ — N,
The ratio of populations at equilibrium is given by the Boltzmann distribution:
N, /N_ =exp(—AE/kT) = exp(—gugB/kT) (L.5)

For ordinary temperatures and ordinary magnetic fields, the exponent is very
small and the exponential can be accurately approximated by the expansion,
e "~ 1 —x. Thus

N+/N, ~ 1 —g,uBB/kT
Since N_ ~ N, ~ N/2, the population difference can be written:
N_—N.=N_[l— (1 —gugB/kT)] = NgugB/2kT (1.6)

This expression tells us that ESR sensitivity (net absorption) increases with
the total number of spins, N, with decreasing temperature and with increasing
magnetic field strength. Since the field at which absorption occurs is propor-
tional to microwave frequency, in principle sensitivity should be greater for
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higher frequency K- or Q-band spectrometers than for X-band. However, the
K- or Q-band waveguides are smaller, so samples are also necessarily smaller
and for the same concentration contain fewer spins. This usually more than
cancels the advantage of a more favorable Boltzmann factor for samples of
unlimited size or fixed concentration.

Under ideal conditions, a commercial X-band spectrometer can detect about
10" spins (ca. 10~'% moles) at room temperature. This number of spins in a 1
cm’ sample corresponds to a concentration of about 10~° M. By ideal condi-
tions, we mean a single line, on the order of 0.1 G wide, with sensitivity going
down roughly as the reciprocal square of the line width. When the resonance is
split into two or more hyperfine lines, sensitivity decreases still further. None-
theless, ESR is a remarkably sensitive technique, especially compared with
NMR.

1.2.2 Saturation

Because the two spin levels are affected primarily by magnetic forces, which are
weaker than the electric forces responsible for most other types of spectroscopy,
once the populations are disturbed by radiation it takes longer for equilibrium
population differences to be established. Therefore an intense radiation field,
which tends to equalize the populations, leads to a decrease in net absorption
which is not instantly restored once the radiation is removed. This effect is
called “‘saturation”. The return of the spin system to thermal equilibrium, via
energy transfer to the surroundings, is a rate process called spin—lattice relax-
ation, with a characteristic time (77), the spin—lattice relaxation time (relaxation
rate constant = 1/77). Systems with a long T (i.e., spin systems weakly coupled
to the surroundings) will be easily saturated; those with shorter 7'} will be more
difficult to saturate. Since spin—orbit coupling provides an important energy
transfer mechanism, we usually find that odd-electron species with light atoms
(e.g., organic radicals) have long T's, those with heavier atoms (e.g., organo-
transition metal radicals) have shorter 7's. The effect of saturation is con-
sidered in more detail in Chapter 5, where the phenomenological Bloch
equations are introduced.

1.2.3 Nuclear Hyperfine Interaction

When one or more magnetic nuclei interact with the unpaired electron, we have
another perturbation of the electron energy, i.e., another term in the spin
Hamiltonian:

H, = gupBS. + Al - § (1.7)

where A is the hyperfine coupling parameter in energy units (joule). Strictly
speaking we should include the nuclear Zeeman interaction, yBI.. However, in
most cases the energy contributions are negligible on the ESR energy scale, and,
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since observed transitions are between levels with the same values of mi;, the
nuclear Zeeman energies cancel in computing ESR transition energies.’

The eigenfunctions of the spin Hamiltonian [eqn (1.7)] are expressed in terms
of an electron- and nuclear-spin basis set |mg, myj), corresponding to the
electron and nuclear spin quantum numbers mg and my;, respectively. The
energy eigenvalues of eqn (1.7) are:

E(3, 3) = 38upB + 34 (1.8A)

E(=}, —3) = —JgupB+ 4 (1.8B)
1 2 1 1

E, =3gugB[l + (A/gupB) 2 — 34 (1.8C)
I T

E- = —gugB[1 + (4/gugB) 2 — 34 (1.8D)

The eigenfunctions corresponding the £, and E_ are mixtures of |%, —%)
and | — 1 1.

If the hyperfine coupling is sufficiently small, 4 < < gugB, the second term in
brackets in eqns (1.8C) and (1.8D) are negligible, which corresponds to first-
order in perturbation theory, and the energies become:

E=+lgugB+14 (1.9)

These are the energy levels shown in Figure 1.2. The exact energies in eqn.
(1.8), which were first derived by Breit and Rabi,*® are plotted as functions of B
in Figure 1.3 for g = 2.00, A/hc = 0.1 cm ™. Notice that, at zero field, there are
two levels corresponding to a spin singlet (E = —34/4hc) and a triplet (E = +A4/
4hc). At high field, the four levels divide into two higher levels (mg = +1/2) and
two lower levels (mg = —1/2) and approach Figure 1.2, the first-order result,
eqn. (1.9) (the first-order solution is called the high-field approximation). To
conserve angular momentum, transitions among these levels can involve
changes in angular momentum of only one unit. At high fields this corresponds
to flipping only one spin at a time; in other words, the selection rules are Amg =
+1, Am; = 0 (ESR transitions) or Amg = 0, Am; = +1 (NMR transitions). The
latter involves much lower energy photons, and, in practice, only the Amg = +1
transitions are observed in an ESR spectrometer. At lower fields, or when A

S An exception to this rule arises in the ESR spectra of radicals with small hyperfine parameters in
solids. In that case the interplay between the Zeeman and anisotropic hyperfine interaction may
give rise to satellite peaks for some radical orientations (S. M. Blinder, J. Chem. Phys., 1960, 33,
748; H. Sternlicht, J. Chem. Phys., 1960, 33, 1128). Such effects have been observed in organic free
radicals (H. M. McConnell, C. Heller, T. Cole and R. W. Fessenden, J. Am. Chem. Soc., 1959, 82,
766) but are assumed to be negligible for the analysis of powder spectra (see Chapter 4) where A4 is
often large or the resolution is insufficient to reveal subtle spectral features. The nuclear Zeeman
interaction does, however, play a central role in electron-nuclear double resonance experiments
and related methods [Appendix 2 and Section 2.6 (Chapter 2)].
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Figure 1.3 Energy levels for an electron interacting with a spin-1/2 nucleus with A/hc =
0.1 cm™". The arrows show the transitions induced by 0.315 cm ™' radiation.
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Figure 1.4 Block diagram of an ESR spectrometer.

becomes comparable in magnitude to gugB, the transitions may involve
simultaneous flipping of electron and nuclear spins. This gives rise to second-
order shifts in ESR spectra (see Chapters 2 and 3).

1.3 Operation of an ESR Spectrometer

Although many spectrometer designs have been produced over the years, the
vast majority of laboratory instruments are based on the simplified block
diagram shown in Figure 1.4. Plane-polarized microwaves are generated by the
klystron tube and the power level adjusted with the Attenuator. The Circulator



8 Chapter 1

behaves like a traffic circle: microwaves entering from the klystron are routed
toward the Cavity where the sample is mounted. Microwaves reflected back
from the Cavity (which is reduced when power is being absorbed) are routed to
the Diode Detector, and any power reflected from the diode is absorbed
completely by the Load. The diode is mounted along the E-vector of the
plane-polarized microwaves and thus produces a current proportional to the
microwave power reflected from the cavity. Thus, in principle, the absorption
of microwaves by the sample could be detected by noting a decrease in current
in the Microammeter. In practice, of course, such a measurement would detect
noise at all frequencies as well as signal and have a far too low signal-to-noise
ratio to be useful.

The solution to the signal-to-noise problem is to introduce small amplitude
field modulation. An oscillating magnetic field is superimposed on the dc field
by means of small coils, usually built into the cavity walls. When the field is in
the vicinity of a resonance line, it is swept back and forth through part of the
line, leading to an a.c. component in the diode current. This a.c. component is
amplified using a frequency selective amplifier tuned to the modulation fre-
quency, thus eliminating a great deal of noise. The modulation amplitude is
normally less than the line width. Thus the detected a.c. signal is proportional
to the change in sample absorption as the field is swept. As shown in Figure 1.5,
this amounts to detection of the first derivative of the absorption curve.

It takes a little practice to get used to looking at first-derivative spectra, but
there is a distinct advantage: first-derivative spectra have much better apparent
resolution than do absorption spectra. Indeed, second-derivative spectra are
even better resolved (though the signal-to-noise ratio decreases on further
differentiation). Figure 1.6 shows the effect of higher derivatives on the reso-
lution of a 1:2:1 triplet arising from the interaction of an electron with two
equivalent 7 = 1/2 nuclei.

The microwave-generating klystron tube” requires explanation. A schematic
drawing of the klystron is shown in Figure 1.7. There are three electrodes:
a heated cathode from which electrons are emitted, an anode to collect the
electrons, and a highly negative reflector electrode that sends those electrons
which pass through a hole in the anode back to the anode. The motion of
the charged electrons from the hole in the anode to the reflector and back to the
anode generates an oscillating electric field and thus electromagnetic radiation.

The transit time from the hole to the reflector and back again corresponds to
the period of oscillation (). Thus the microwave frequency can be tuned
(over a small range) by adjusting the physical distance between the anode and

Some modern spectrometers, especially those employing pulsed excitation (see Appendix 2), use a
solid-state Gunn diode microwave source. This device makes use of the Gunn Effect, discovered by
J. B. Gunn of IBM in 1963, in which electrons become “trapped” in potential wells within a solid
and oscillate at a frequency that may be varied by changing the applied voltage. As with a
klystron, tuning is done by varying the voltage. Gunn diode oscillators have better frequency
stability and longer lifetimes than klystrons and are becoming the preferred microwave source for
ESR spectrometers.
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Figure 1.6 First-derivative curves show better apparent resolution than do absorption
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Figure 1.7 Schematic drawing of a microwave-generating klystron tube.
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Figure 1.8 Microwave cavity.

the reflector or by adjusting the reflector voltage. In practice, both methods
are used: the metal tube is distorted mechanically to adjust the distance
(a coarse frequency adjustment) and the reflector voltage is adjusted as a
fine control.

The sample is mounted in the microwave cavity (Figure 1.8). The cavity is a
rectangular metal box, exactly one wavelength long. An X-band cavity has
dimensions of about 1 x 2 x 3 cm. The electric and magnetic fields of the
standing wave are shown in the figure. Note that the sample is mounted in the
electric field nodal plane, but at a maximum in the magnetic field. The static
field, B, is perpendicular to the sample port.

The cavity length is not adjustable, but it must be exactly one wavelength.
Thus the spectrometer must be tuned such that the klystron frequency is equal
to the cavity resonant frequency. The tune-up procedure usually includes
observing the klystron power mode. That is, the frequency is swept across a
range that includes the cavity resonance by sweeping the klystron reflector
voltage, and the diode detector current is plotted on an oscilloscope or other
device. When the klystron frequency is close to the cavity resonance, microwave
energy is absorbed by the cavity and the power reflected from the cavity to the
diode is minimized, resulting in a dip in the power mode (Figure 1.9). The
“cavity dip” is centered on the power mode using the coarse mechanical
frequency adjustment, while the reflector voltage is used to fine tune the
frequency.
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Figure 1.9 Klystron mode and cavity dip.

Table 1.2 Parameters involved in the recording of an ESR spectrum

Microwave frequency  Center field Modulation frequency = Modulation phase
Microwave power Sweep width  1st or 2nd harmonic Signal gain
Sweep time Field offset Modulation amplitude  Filter time constant

1.4 Optimization of Operating Parameters'

Determining the ESR spectrum of a sample using a typical CW spectrometer of
the sort outlined in Figure 1.4, which is still the most common commercially
available type of instrument, involves adjustment of the set of operating
parameters described below. In the early days of ESR these adjustments would
be carried out using control knobs on a console. Nowadays, of course, the
settings are carried out under control of a computer interface. The purpose of
these parameters and typical values, however, has remained unchanged. Such
spectrometers are quite adequate for studying relatively stable samples. Char-
acterizing transient species by ESR, however, requires substantial modification
of commercial instruments or the use of a pulsed spectrometer.

There are twelve parameters that must be set or known in recording an ESR
spectrum (Table 1.2). Briefly, below, each parameter is discussed and the means
used to optimize or measure the parameter described.

1.4.1 Microwave Frequency

The resonant microwave frequency reaching the sample is determined by the
effective length of the microwave cavity. The actual length is somewhat

I'A comprehensive discussion and illustrations of the effects of spectrometer operating parameters
on ESR spectra are given by the author in Electron spin resonance, in Physical Methods of
Chemistry, ed. A. Weissberger and B. W. Rossiter, John Wiley and Sons, Inc., New York, 1972,
part IIIA, ch. VI,.
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modified by the influence of the sample tube and the Dewar insert (if controlled
temperature operation is required) so that the microwave frequency varies by a
few percent even for the same cavity. Since the klystron frequency is locked to
the cavity resonant frequency by a suitable feedback circuit, this is not an
adjustable parameter. However, to compute a g-value from a spectrum, the
frequency must be known quite accurately. This is normally done using a
microwave frequency counter installed somewhere in the waveguide circuit.

1.4.2 Microwave Power

According to the solution of the Bloch equations (Chapter 5), the magnetic
resonance absorption, sometimes called the “v-mode signal™, v, is given by eqn
(1.10).
b — VBiMyT,
1+ T (wg — o) +?B3T; T

(1.10)

where 7T and T, are the spin—lattice and transverse relaxation times, respec-
tively, M, is the bulk magnetization, y is the magnetogyric ratio (gug in ESR
terms), wq is the resonant frequency (proportional to Bj), @ is the angular
microwave frequency (v), and B; is the amplitude of the oscillating field. The
microwave power is proportional to By>. For small By, the absorption signal
increases linearly with increasing B;. However, when the third term in
the denominator becomes important, v goes through a maximum when
v*B>T T, = 1, and begins to decrease with increasing B, — the resonance
begins to “‘saturate’”. At maximum v, however, the saturation term leads to an
increase in apparent line width by a factor of \/ 2. This effect is illustrated in
Figure 1.10.

To simultaneously maximize signal-to-noise ratio (S/N) and minimize dis-
tortion, it is best to adjust the microwave power, as measured by the power
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Figure 1.10 Effect of increasing microwave power on intensity and shape of an ESR

line. Power increases from top to bottom of the figure. Units are relative
values of B>
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Figure 1.11 Effect of microwave power on relative width and amplitude of a line.

meter, down by a factor or 4 or 5 (6—7 db) from the maximum amplitude power.
This will result in a decrease of less than 2 in signal amplitude. In practice,
following this procedure would require finding the maximum amplitude by trial
and error and then turning the power level down by 6-7 db. This effect is
illustrated in Figure 1.11.

In general it is unnecessary to spend much time adjusting the power level.
The general rule is to adjust the power to about 10 db attenuation for
organic radicals and to use full power for transition metal complexes and
those organometallics where the unpaired electron is primarily located on
the metal.

1.4.3 Center Field, Sweep Width and Field Offset

Once you know, or can guess, the field limits of your spectrum, setting the
center field and sweep width values is not very difficult. The center field
corresponds to the middle of the spectrum and a sufficiently large sweep width
chosen so that all of the spectrum is recorded.

If you do not know the field range occupied by your spectrum in advance, the
center field must be chosen by educated guess; set the sweep width 2—4 x greater
than the expected width. Hopefully, you will see at least a piece of your
spectrum and can make appropriate adjustments to zero in on the correct
settings.

Most spectrometers measure the magnetic field by a Hall effect probe
consisting of a sensor mounted on one of the pole faces of the magnet.
However, such estimates of the value of B inside the cavity are not sufficiently
accurate to be used for g-factor determinations. There are two ways around this
problem: (i) measure the spectrum of a solid free radical such as dip-
henylpicrylhydrazyl (DPPH), which has a well-known g-value (2.0028), at least
once during acquisition of the desired spectrum; or (ii) use of an NMR
gaussmeter probe inserted in or near the cavity several times during the
collection of the spectrum.
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1.4.4 Sweep Time

In general, the longer the sweep time the better the sensitivity since the filter
time constant parameter can be set longer with consequent improvement in
signal-to-noise ratio. In practice, however, sweep times are usually set in
accordance with the expected lifetime of the radical species, the stability of
the instrument, and the patience of the operator. Decay of the radical or drift of
the spectrometer during a scan is clearly undesirable. The sweep time is most
commonly set in the range 4-10 min.

1.4.5 Modulation Frequency

With most spectrometers, you have a choice of either 100 kHz or a lower
frequency of field modulation. The higher frequency generally gives better S/N,
but if the lines are unusually sharp (<0.08 Gauss), 100 kHz modulation leads
to “‘side bands”, lumps in the line shape that confuse the interpretation of the
spectrum. This effect is illustrated in Figure 1.12. Under such circumstances,
use the lower frequency for which the sidebands are closer together and thus
less likely to be a problem.

110 mG

28 mG

11 mG

2.8mG

hecs

-0.15  -0.10 -0.05 -0.00 -0.05 -0.10 -0.15

Figure 1.12 Effect of 100 kHz modulation on an ESR line of decreasing width. The
x-axis is magnetic field, in Gauss, relative to the center of the line.
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1.4.6 Second Harmonic Detection

In most cases, you will use the first harmonic and the normal first-derivative of
the absorption spectrum will be presented. If your spectrum has very good S/N
and has some regions where you would like better resolution, a second-
derivative presentation may help. However, second derivatives from second
harmonic detection are very costly in terms of S/N ratio and so you really do
have to have a strong signal!

1.4.7 Modulation Amplitude

Since the absorption signal is usually detected by imposing a 100 kHz field
modulation on the static field, the signal disappears when the modulation
amplitude is turned to zero. In general, the signal increases more or less in
proportion to the modulation amplitude, but eventually the detected lines begin
to broaden and then the signal amplitude decays as well. This is illustrated in
Figure 1.13.

Depending on what you want to optimize, here are some rules:

For optimum S/N ratio, but decreased resolution: Modulation amplitude =2 x
line-width.

For accurate line width measurements: Modulation amplitude = line-width/10.
For most practical work: Modulation amplitude = line-width/3.

1.4.8 Modulation Phase

To improve the S/N ratio, the modulation signal is processed by amplification
with a tuned amplifier using phase-sensitive detection. This means that the
detected signal must not only be at the modulation frequency, but must also be
in phase with the modulation. Since the amplifier itself can introduce a bit of
phase shift, there is a phase control which, in principle, should be adjusted to
maximize the signal amplitude. In practice, this control needs to be adjusted
only rarely and in most cases the best approach is to leave it alone.

10
1.0 1
- 8
0.8 1
061 Amplitude 6
0.4 1 4
0.2 1 2
0.0 T 0
A 1 10

Figure 1.13 Effect of field changing (modulation/line width) on relative amplitude
(left-hand axis) and observed width (right-hand axis) of an ESR line.
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1.4.9 Signal Gain

Adjustment of the signal gain is straightforward. Set the gain sufficiently high
that the recorded spectrum is nearly full-scale on the computer displays or
recorder. If you have no idea of the strength of your expected signal, a good
starting point would be 1 x 10* Too high a gain can result in amplifier
overload.

1.4.10 Filter Time Constant

The output of the signal amplifier is filtered using a circuit designed to pass low-
frequency, but not high frequency, signals. The cut-off frequency is the recip-
rocal of the time constant setting. Thus, a time constant of 0.1 s would lead to
signals with frequencies greater than about 10 Hz being attenuated. The best
time constant setting thus depends critically on the sweep time. If you sweep
through a line rapidly using a long time constant, you may filter out the signal
altogether! With a shorter, but still too long, time constant, the line shape will
be distorted, the apparent line center will shift, and the apparent line width will
increase. These effects are illustrated in Figure 1.14. The best rule-of-thumb is
to set the time constant to 10% of the time required to pass through the
narrowest line of your spectrum.

1.0 4 Signal Amplitude

Signal-to-Noise Ratio

0.0 1

- 2
Relative Line Width
-1
Shift of Line Center
TTTTTT T T T TTTTT T T - 0
0.04 0.1 0.4 1.0 4.0

Figure 1.14 Effect of time constant/time to sweep through the line (x-axis) on the
relative amplitude and signal-to-noise ratio (left-hand axis) and relative
width and shift (right-hand axis) of an ESR line.
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For example, suppose that the line width is 0.25 G, that you are scanning
through 10 G in 4 min. The scan rate then is 10 G/4 min = 2.5 G min~'. The
time required to pass through a line is 0.25 G/2.5 G min~' = 0.1 min or 6 s. The
time constant should be set close to 0.6 s.

1.5 Applications of ESR Spectroscopy
1.5.1 Electronic Structure Determination

Most commonly, ESR spectroscopy is used to obtain information pertaining to
the electronic structure of the species being studied. We will explore these kinds
of applications extensively in subsequent chapters.

The magnetic field values at which microwaves are absorbed to produce the
ESR spectrum of an isotropic sample, e.g., the spectrum of a freely tumbling
radical in liquid solution, can contain two principal types of chemically useful
information: (i) The hyperfine coupling pattern provides information on the
numbers and kinds of magnetic nuclei with which the unpaired electron
interacts. (ii) The spacing of the lines and the center of gravity of the spectrum
yield the hyperfine coupling constants, 4;, and g-value, g, which are related to
the way in which the unpaired electron spin density is distributed in the
molecule. In isotropic spectra the observed parameters are averaged over
rotation of the molecules. In solids the parameters may also depend on
molecular orientation relative to the magnetic field, B.

Structural applications range from organic, inorganic and organometallic
radicals to coordination complexes and biological macromolecules containing a
paramagnetic center.

Even more information is available from the spectrum of a solid-state
sample, either a dilute single crystal or a frozen solution. We will discuss solid
state samples later, beginning in Chapter 4.

1.5.2 Analytical Applications

Like all forms of spectroscopy, ESR intensities, through the dependence on the
number of spins, N, can be used analytically to determine the concentration of a
paramagnetic species. Such analytical applications usually require a standard
solution to establish a calibrated intensity scale. Computer software is required
in most cases to doubly integrate the spectrum (two integrations are required to
convert the derivative spectrum into absorption and then to a number repre-
senting the total concentration of the species being studied). The interested
reader is referred to Wertz and Bolton,'?* who discuss the technique, point out
the variables that must be controlled, and suggest intensity standards. The
degree to which ESR intensities have been exploited varies widely. Experimen-
talists often make qualitative observations relating “‘strong’ or “weak’ spectra
to chemical circumstances, but quantitative applications of integrated intensi-
ties are rare in ESR studies.
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“Spin traps” which scavenge a reactive radical to give a more persistent
radical may be used to detect the intermediacy of such transient radicals in
sorting out a reaction mechanism.*

1.5.3 Determination of Rates

In some cases, ESR spectra can be used to determine the rate of a chemical
reaction or the rate of a conformation change. Such applications are discussed
in more detail in Chapter 5.

The spectral line widths are related to the rate of the rotational motions,
which average anisotropies in the g- and hyperfine matrices (Chapter 5), and to
the rates of fluxional processes, which average nuclear positions in a radical.

The saturation behavior of a spectrum — the variation of integrated intensity
with microwave power —is related to the spin—lattice relaxation time, a measure
of the rate of energy transfer between the electron spin and its surroundings.
Saturation often depends on the same structural and dynamic properties as line
widths.

Largely because spin—orbit coupling results in spin state admixture, elec-
tronic spin—lattice relaxation times are normally short for species containing
heavy atoms such as transition metals. This has three consequences. Short
relaxation times mean that saturation problems, which plague ESR spec-
troscopists studying organic radicals and NMR spectroscopists in general,
are largely absent in organometallic ESR studies. Thus, spectra ordinarily can
be recorded at full microwave power with salutary consequences for sensitivity.
However, relaxation times are most easily determined by measuring spectral
intensity as a function of microwave power in the saturation region. If relax-
ation times are short, very high power is required, which is out of the range of
operation of most continuous wave spectrometers. Similarly, short relaxation
times imply broad lines and reduced sensitivity. The advent of modern high
power pulsed spectrometers®>*#+3¢ has made it possible to overcome some of the
restrictions arising from relaxation behavior.

Some workers have used “‘spin labels” attached to a membrane or biolog-
ical macromolecule to study the motion of these components of living cells
(Chapter 95).

References

1. E. Zavoisky, J. Phys. USSR, 1945, 9, 211, 245.

2. (a) B. Bleaney and K.W.H. Stevens, Rep. Progr. Phys., 1953, 16, 108; (b)
K.D. Bowers and J. Owen, Rep. Progr. Phys., 1955, 18, 304; (¢) D.M.S.
Bagguley and J. Owen, Rep. Progr. Phys., 1957, 20, 304.

3. (@) A. Abragam and B. Bleancy, Electron Paramagnetic Resonance of
Transition Ilons, Clarendon Press, Oxford, 1970; (b) A. Abragam, The
Principles of Nuclear Magnetism, Clarendon Press, Oxford, 1961.



Introduction 19

4. A. Hudson, in Electron Spin Resonance, Specialist Periodical Report,
ed. M.C.R. Symons, Royal Chemical Society, London, 1988, 11A, 55.

Early monographs

. DJ.E. Ingram, Free Radicals as Studied by Electron Spin Resonance,
Butterworth, London, 1958.

6. G.E. Pake, Paramagnetic Resonance: An Introductory Monograph,
W. A. Benjamin, New York, 1962.

7. S.A. Altshuler and B.M. Kozyrev, Electron Paramagnetic Resonance,
Academic Press, New York, 1964.

8. M. Berson and J.C. Baird, An Introduction to Electron Paramagnetic
Resonance, W. A. Benjamin, New York, 1966.

Standard texts and monographs
9. P.B. Ayscough, Electron Spin Resonance in Chemistry, Methuen, London, 1967.

10. H.M. Assenheim, Introduction to Electron Spin Resonance, Plenum Press,
New York, 1967.

11. R.S. Alger, Electron Paramagnetic Resonance, Techniques and Applications,
Interscience, New York, 1968.

12. (a) J.E. Wertz and J.R. Bolton, Electron Spin Resonance, McGraw-Hill,
New York, 1972; (b) J.A. Weil, J.R. Bolton and J.E. Wertz, Electron
Paramagnetic Resonance: Elementary Theory and Practical Applications,
Wiley-Interscience, New York, 1994,

13. (@) N.M. Atherton, Electron Spin Resonance: Theory and Applications, Ellis
Horwood, Chicester, 1973; (b) Principles of Electron Spin Resonance, Ellis
Horwood, Chicester, 1993.

14. L.A. Blumenfeld, V.V. Voevodski and A.G. Semenov, Monographs on
Electron Spin Resonance, Halsted Press, New York, 1974.

15. W. Gordy, Theory and Applications of Electron Spin Resonance, Wiley,
New York, 1980.

16. Handbook of Electron Spin Resonance, ed. C.P. Poole, Jr. and H.A. Farach,
2 vols., AIP Press, New York, (a) Vol. 1, 1994, (b) Vol. 2, 1999.

Instrumentation

17. T.H. Wilmshurst, Electron Spin Resonance Spectrometers, Plenum Press,
New York, 1967.

18. C.P. Poole, Jr., Electron Spin Resonance: A Comprehensive Treatise on
Experimental Techniques, Wiley, New York, 1983.

Biological applications

19. D.J.E. Ingram, Biological and Biochemical Applications of ESR, Adam
Hilger, London, 1969.

20. G. Feher, Electron Paramagnetic Resonance with Applications to Selected
Problems in Biology, Gordon and Breach, New York, 1970.

21. Biological Applications of Electron Spin Resonance, ed. H.M. Schwartz,
J.R. Bolton and D.C. Borg, Wiley-Interscience, New York, 1972.



20 Chapter 1

22. M.C.R. Symons, Chemical and Biochemical Aspects of Electron Spin
Resonance, John Wiley and Sons, New York, 1978.

23. Paramagnetic Resonance of Metallobiomolecules, ed. J. Telser, ACS Sym-
posium Series, 858, Oxford Unversity Press, Oxford, 2003.

24. Biomedical EPR, ed. S.S. Eaton, G.R. Eaton and L.J. Berliner, Kluwer
Academic/Plenum Publishers, New York, 2004.

25. L.J. Berliner, In vivo EPR (ESR): Theory and Applications, Baker and
Taylor, Charlotte, NC, 2004.

Inorganic and organometallic applications

26. P.W. Atkins and M.C.R. Symons, The Structure of Inorganic Radicals,
Elsevier, Amsterdam, 1967.

27. J.R. Pilbrow, Transition Ion Electron Paramagnetic Resonance, Clarendon
Press, Oxford, 1990.

28. F.E. Mabbs and D. Collison, Electron Paramagnetic Resonance of d
Transition Metal Compounds, Elsevier, Amsterdam, 1992.

Organic free radicals

29. F. Gerson, High Resolution E.S.R. Spectroscopy, John Wiley and Sons
Ltd., London, 1970.

30. F. Gerson and W. Huber, Electron Spin Resonance Spectroscopy of Organic
Radicals, Wiley-VCH, Weinheim, 2003.

Advanced methods

31. L. Kevan and L.D. Kispert, Electron Spin Double Resonance Spectroscopy,
Wiley, New York, 1976.

32. Time Domain Electron Spin Resonance, ed. L. Kevan and R.N. Schwartz,
Wiley-Interscience, New York, 1979.

33. Advanced EPR — Applications in Biology and Biochemistry, ed. A.J. Hoff,
Elsevier, Amsterdam, 1989.

34. Modern Pulsed and Continueous-Wave FElectron Spin Resonance, ed.
L. Kevan and M.K. Bowman, John Wiley, New York, 1990.

35. M. Ikeya, New Applications of Electron Spin Resonance: ESR Dating,
Dosimetry and Microscopy, World Scientific Publishing Co., London, 1993.

36. A. Schweiger and G. Jeschke, Principles of Pulse Electron Paramagnetic
Resonance, Oxford University Press, Oxford, 2001.

37. Foundations of Modern EPR, ed. G.R. Eaton, S.R. Eaton and
K.M. Salikhov, World Scientific, Singapore, 1998.

38. G. Breit and I.I. Rabi, Phys. Rev., 1931, 38, 2082.

39. D. Rehorek, Chem. Soc. Rev., 1991, 20, 341.



