
Abstract. The possibilities of investigations of the nanostructureThe possibilities of investigations of the nanostructure
of matter by pulsed EPR spectroscopy based on the measurementof matter by pulsed EPR spectroscopy based on the measurement
of the dipole ± dipole coupling between the spins of unpairedof the dipole ± dipole coupling between the spins of unpaired
electrons are considered. Using these methods, one can determineelectrons are considered. Using these methods, one can determine
the conformations of long-chain organic biradicals and biomole-the conformations of long-chain organic biradicals and biomole-
cules (either doubly spin-labelled or containing paramagneticcules (either doubly spin-labelled or containing paramagnetic
metal ions) and study the supramolecular structure of matter,metal ions) and study the supramolecular structure of matter,
i.ei.e., peptide clustering, heterogeneity of polymer packing, struc-., peptide clustering, heterogeneity of polymer packing, struc-
tural details of photosynthetic reaction centres and other complextural details of photosynthetic reaction centres and other complex
systems. Investigations of the photoinduced spin-correlated rad-systems. Investigations of the photoinduced spin-correlated rad-
ical pairs also reveal the regularities of charge transfer in theseical pairs also reveal the regularities of charge transfer in these
systems. The methods are characterised by high accuracy ofsystems. The methods are characterised by high accuracy of
measurements (0.03 nm) and can be used for measuring distancesmeasurements (0.03 nm) and can be used for measuring distances
in the 1.5 ± 10 nm range. The bibliography includes 148 referencesin the 1.5 ± 10 nm range. The bibliography includes 148 references..

I. Introduction

Research on the structure of matter in the nanometre range of
distances (1 ± 10 nm or 10 ± 100 �A) is necessary for the determi-
nation of biomolecule conformations, elucidation of the nano-
structure of other complex molecular systems and solution to
various problems of supramolecular chemistry. If a system under
study is crystallisable, good results can be obtained using conven-
tional X-ray crystallography.1 Two-dimensional crystals are
studied by electron crystallography 2 or scanning tunnelling
microscopy.3 Multidimensional NMR spectroscopy allows the
structure of biomolecules of mass up to 100 kDa to be deter-
mined.4 As for disordered media, objects with sizes ranging
between 5 and 100 nm are studied by small-angle X-ray scattering
(SAXS) 5 and small-angle neutron scattering (SANS).6 Resonant
fluorescence energy transfer is used to determine distances
between chromophores in the range from 1 to 10 nm.7

If a system contains paramagnetic centres (e.g., free radicals
and ions), distances between them can be measured by EPR

spectroscopy. The use of this method is based on studies of the
dipole ± dipole (d ± d) interaction between electron spins. Know-
ing the distances between paramagnetic centres in pairs or clusters
(many biomolecules contain paramagnetic metal ions), it is
possible to determine certain parameters of the supramolecular
structure. Often, physicochemical and biophysical studies are
carried out by the spin label and spin probe techniques, which
involve introduction of paramagnetic centres into the system
under study. Pairs of paramagnetic centres can also appear as a
result of charge separation in photosynthesis, which involves
formation of radical anion-radical cation pairs.

The dipole ± dipole interaction between electron spins in a pair
of paramagnetic centres is characterised by the parameter

m0
4p

g2eb
2

r3
,

where m0 is the magnetic permeability of vacuum, ge is the g-factor
of free electron, b is the Bohr magneton and r is the distance
between the paramagnetic centres in the pair. Continuous-wave
EPR spectroscopy is used for measuring distances in a pair of
electron spins up to 1 ± 1.5 nm range.8 This limit is due to a
masking effect of inhomogeneous broadening of the EPR lines
owing to unresolved hyperfine coupling with the nuclei of the
matrix, which can be as high as*0.5 mT for organic media.

Pulsed EPR methods based on electron spin echo (ESE)
spectroscopy 9, 10 are much more sensitive to the dipole ± dipole
interactions. When using such methods, the dipole ± dipole inter-
action must be compared with the homogeneous broadening,
which is much smaller (*0.01 mT) for organic media. From here
the upper boundary of the measured distances is*5 ± 10 nm. The
lower boundary (about 1.5 nm) is governed by the temporal
resolution of the instrument (*1078 s). In this review we summa-
rise the results obtained by ESE spectroscopy for long-chain
organic biradicals and radical pairs in solids. The distances
between paramagnetic centres in the systems under study lie
between*2 to 8 nm.

An advantage of ESE spectroscopy is a high accuracy of
measurements in this range of distances. For instance, for r*
3 nm the error may be only *0.03 nm. High resolution of the
method allows one to reveal some fine details in the nanostructure
of matter, which cannot be detected by other methods. Besides,
ESE studies do not require a specific sample preparation proce-
dure (e.g., crystallisation, high degree of purification, etc.).
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The possibility of using ESE spectroscopy in studies of pairs of
paramagnetic centres has long been established. A study of
SOÿ4 _SOÿ4 pairs stabilised in a UV irradiated H2S2O8 single
crystal was reported in 1969.11 Small width of the EPR spectrum
(the possibility of excitation by MW pulses), the absence of
magnetic nuclei and spatial orientation of pairs created prereq-
uisites for successful determination of the distances in the pairs by
conventional two-pulse ESE spectroscopy. However, the method
appeared to be inappropriate for analysis of free radicals in
polyoriented organic systems due to large linewidth in the EPR
spectrum,masking effect of electron ± nuclear interactions and the
`dead' time problem. Other experimental techniques were devel-
oped later, in particular, the Pulsed Electron ±Electron Double
Resonance (PELDOR), 12, 13 the `2+1' (see Ref. 14) and double-
quantum coherence 15, 16 methods as well as approaches based on
solid-state NMR pulse sequences.17 A conventional two-pulse
method permits investigations of spin-correlated radical pairs in
photosynthetic reaction centres.18 Here, it is possible to eliminate
the problems characteristic of polyoriented organic systems (see
above).19 The effects of partner spin relaxation in a radical ±metal
ion pair were first reported in Ref. 19. Later the procedure was
essentially modified 20 (relaxation probe method). The relaxation
effects were also used in the selective hole `burning' technique 21

and dipolar relaxation-induced modulation enhancement.22

At present, ESE spectroscopy is widely used in studies of the
nanostructure of complex molecular systems. Thermally equili-
brated radical pairs and biradicals are most often studied by the
PELDOR method while spin-correlated radical pairs are inves-
tigated by the two-pulse echo technique. A large number of
reviews on current research are available (see, e.g., Refs 23 ± 35),
most of them being published recently. The aim of this review is to
describe (i) all ESE spectroscopy-based methods of analysis of the
nanometre range of distances and (ii) systems studied by these
methods.

II. The EPR spectrum of a radical pair

Biradicals and radical pairs differ from one another in the
presence or absence of covalent bonds between paramagnetic
fragments, respectively. For magnetic resonance, this difference is
insignificant; therefore, in the text below we will use the term `a
radical (or paramagnetic) pair' (RP) except for the cases where we
deal with particular chemical structures.

1. The spin Hamiltonian of a radical pair
The magnetic dipole ± dipole interaction between the magnetic
moments of electrons is the main interaction in long-chain
biradicals and RPs. The classical expression for the energy of
two interacting dipoles has the form

Ed �
m0
4p

r2l1l2 ÿ �l1r��l2r�
r 5

, (1)

where r is the radius vector connecting two particles with the
dipole moments l1 and l2 , respectively.

The energy of two dipoles with the same spatial orientation is
given by

Ed �
m0
4p

m1m2
r3
�1ÿ 3 cos2 y�, (2)

where y is the angle between the direction of the dipole axis and the
radius vector r.

In quantum mechanics, expression (1) is replaced by the
Hamiltonian

Hd �
m0
4p

g1g2b
2 r

2S1S2 ÿ �S1r��S2r�
r 5

, (3)

where g1 and g2 are the g-factors of particles 1 and 2, respectively,
and S1 and S2 are the spin operators of these particles.

The systems considered in this review are characterised by
long spin ± spin separations and weak exchange interaction, which
can be ignored.

The wave functions of unpaired electrons are distributed in
space; for some molecules, the distributions can be rather broad.
Nevertheless, here on we will always use the point dipole approx-
imation, which assumes that the whole spin density of unpaired
electrons is localised at a point. This is a reasonable approxima-
tion in all practically valuable cases (see below).

In the framework of yet another approximation the electron ±
electron dipole ± dipole interaction will be considered small com-
pared to the Zeeman interaction between electron spins and the
magnetic field, i.e.

m0
4p

geb
r 3

55B0 ,

where B0 is the magnetic field strength. This approximation a
priori holds for the distances in RPs considered in this review;
therefore, we can use the perturbation theory assuming that
Hamiltonian (3) is small compared to the Hamiltonian of the
Zeeman interaction. Expression (3) can be essentially simplified if
we neglect the components with zero contributions in the first-
order perturbation theory. Expression (3) written in spherical
coordinates with theZ axis parallel to the magnetic field direction
takes the form

Hd �
m0
4p

g1g2b
2

r3
�1ÿ 3 cos2y�

�
S1zS2z ÿ

1

4
�S1�S2ÿ� S1ÿS2��

�
. (4)

Here we used the projections of the spin operators on the Z axis
and the raising ± lowering operators.

Relationship (4) is analogous to expression (2), but this
analogy is incomplete, because the terms containing the raising ±
lowering operators have no classical analogues (they reflect the
particle identity). The matrix elements involving these operators
become significant only if the g-factors of two electrons are
similar, so that the Zeeman energy difference jg1 ÿ g2jbB0

becomes comparable with the energy of the dipole ± dipole inter-
action. This is the case for strong spin ± spin coupling (or the
equivalent spin approximation). If

m0
4p

g2eb
2

r3
55 jg1 ÿ g2jbB0 ,

the coupling is weak (inequivalent spins). Note that this review
concerns weakly coupled systems only.

The Hamiltonian (4) can be re-written using the total spin
operator S=S1+S2 ,

Hd �
m0
4p

g1g2b
2

4r3
�1ÿ 3 cos2y��3S2

z ÿ S2�. (5)

2. Energy levels and the EPR spectrum of a radical pair in
magnetic field
Consider a radical pair comprising two radicals with different
g-factors. The Hamiltonian of the RP in magnetic field, written in
frequency units, has the form

H

�h
� o1S1z � o2S2z �

1

4
ed�3S2

z ÿ S2�, (6)

where o1 and o2 are the resonance frequencies of two radicals in
the absence of the dipole ± dipole interaction and ed is the
magnitude of the dipole ± dipole interaction

ed �
m0
4p

g1g2b
2

r3�h
�1ÿ 3 cos2y�.
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We will write the solution to the Hamiltonian (6) using the
wave functions of the triplet

jT�i � jaai,

jT0i �
1���
2
p �jabi � jbai�,

jTÿi � jbbi
and singlet

jS i � 1���
2
p �jabi ÿ jbai�,

states of the RP (a and b are the electron spin projections)

j1i � jT�i, (7)

j2i � cosfjS i � sinfjT0i,
j3i � ÿ sinfjS i � cosfjT0i,
j4i � jTÿi,

where

tan2f � 2Do
ed

, Do � o1 ÿ o2.

Note that for weak coupling f&p/4, and the wave functions
j2i and j3i are transformed into jabi and jbai, respectively. The
energy levels are shown in Fig. 1 and the energies are given by

E1 �
1

2
�o1 � o2� �

1

4
ed , (8)

E2 � ÿ
1

4
ed �

1

4

�������������������������
e2d � 4�Do�2

q
,

E3 � ÿ
1

4
ed ÿ

1

4

�������������������������
e2d � 4�Do�2

q
,

E4 � ÿ
1

2
�o1 � o2� �

1

4
ed .

The expressions for six possible energy differences are as
follows

E12 �
1

2
�o1 � o2� �

1

2
ed ÿ

1

4

�������������������������
e2d � 4�Do�2

q
, (9)

E13 �
1

2
�o1 � o2� �

1

2
ed �

1

4

�������������������������
e2d � 4�Do�2

q
,

E24 �
1

2
�o1 � o2� ÿ

1

2
ed �

1

4

�������������������������
e2d � 4�Do�2

q
,

E34 �
1

2
�o1 � o2� ÿ

1

2
ed ÿ

1

4

�������������������������
e2d � 4�Do�2

q
,

E14 � o1 � o2 ,

E23 �
1

2

�������������������������
e2d � 4�Do�2

q
.

The first four differences correspond to the allowed single-
quantum transitions (see Fig. 1) and the last two differences
correspond to the forbidden two-quantum and zero-quantum
transitions.

According to relationships (7), for a thermally equilibrated
system the allowed transition intensities are determined by the
sin2f or cos2f factors because only the matrix elements between
the triplet states differ from zero. Thus, the EPR spectrum of a
radical pair consists of two doublets with a splitting of ed in each
(Fig. 2 a). In weakly coupled systems, all lines have the same
intensities.

The EPR spectrum of a spin-correlated RP produced from an
initial singlet state is shown in Fig. 2 b. Such spin-correlated RPs
are considered in more detail in Section III.

As will be shown below, all ESE methods are characterised by
temporal dependences of the cos edt type for thermally equili-
brated RPs and of the sin edt type for spin-correlated RPs. The
Fourier transformation of such dependences creates a doublet at
frequencies �ed in the EPR spectra. The doublet is symmetrical
with respect to zero frequency for thermally equilibrated RPs and
antisymmetrical for spin-correlated RPs. By analogy with solid-
state NMR spectra this doublet is often called the Pake doublet.
However, this is an incomplete analogy, because in NMR we
always deal with strong coupling and the splitting in the doublet is
(3/2)ed . In our case the total splitting in the doublet is 2ed ,{ andwe
will call this doublet the dipolar doublet.

3. Dipolar doublet in polyoriented system
For a polyoriented system the dependence of the line intensities of
the dipolar doublet in the EPR spectra of an RP on the frequency
o can be determined by averaging over all spatial orientations of
the RP

f�o� � 1

4p

�p
0

dy sin y
�2p
0

1

2
dj
�
d�oÿ ed� � d�o� ed�

�
! (10)

!
�
1ÿ 4p

m0

r3�h

g1g2b
2
o
�ÿ1=2

�
�
1� 4p

m0

r3�h

g1g2b
2
o
�ÿ1=2

j1i

j2i
j3i

j4i

Figure 1. Schematic view of spin energy levels of a radical pair (biradical)

in magnetic field.

Shown are the resolved EPR transitions.

1$ 2

1$ 3

2$ 4

3$ 4

o
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1$ 2 1$ 3

2$ 43$ 4

o

b

Figure 2. EPR spectrum of thermally equilibrated radical pair (a) and

spin-correlated radical pair (b).

{Historically, the transformation over t was accepted in ESE spectro-

scopy, although the transformation over 2t is more correct (in this case,

the splitting in the doublet is ed).
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(the `plus' sign is used for thermally equilibrated pairs and the
`minus' sign is used for spin-correlated pairs). The frequency,o, of
two resonance lines varies from

o\ � �
m0
4p

g1g2b
2

r3�h

to

ok � � 2
m0
4p

g1g2b
2

r3�h

[here, the signs have another meaning, namely, the upper (lower)
sign is used for the first (second) term in Eqn (10)]. The first limit
corresponds to y= p/2 (perpendicular orientation of RP). Here, a
singularity appears in the spectrum. The second limit corresponds
to y=0 or y= p (parallel orientation of RP) and determines the
edges of the spectrum.

Almost always the spectrum is additionally broadened due to
spin relaxation or distance distribution. A calculated spectrum for
which the additional broadening was simulated by a Gaussian
function with the half-width (between the points with maximum
slopes) given by

0:05
m0
4p

g1g2b
2

r3�h
,

is shown in Fig. 3.

Often, only the singularity can be observed in the experimental
spectrum because of relatively low intensities of other lines;
knowing its position, it is possible to immediately determine the
distance r.

The expressions for o\ and ok with allowance for the
dipole ± dipole and exchange (J ) interactions in the pair take the
form:18

o\ � �
�
m0
4p

g1g2b
2

r3�h
ÿ 2J

�
, (11)

ok � �
�
ÿ2 m0

4p
g1g2b

2

r3�h
ÿ 2J

�
.

Therefore, having established positions of the spectral singularity
and the spectrum edges, one can determine the exchange inter-
action.

4. On the accuracy of the point dipole approximation
The point dipole approximation assumes that the whole spin
density is localised at a certain point. Let us estimate the error
introduced by the spin density distribution over the molecule. The
measured parameter is ed , which is proportional to 1/r3 (r is the
distance from a given spin to the partner spin). As the distance
changes by Dr due to the spin density distribution, the variation,
Ded, is to a first approximation proportional to 73Dr/r4. If the
origin is at the `centre of gravity' of the spin density (i.e., the
average value, hDri, over the molecule is taken to be zero), the
mean value hDedi in this approximation will also be zero. In the
second approximation, hDedi is proportional to 6hDr2i/r5. As a
result of this variation of ed, the distance measured in the point
dipole approximation will have a systematic negative error

dr � ÿ 1

3
hDedir4 � ÿ2

hDr2i
r

.

Evaluation of the dr parameter for the radicals with an RMS
spin density distribution width of hDr2i=(1.5�A)2 and a spin ±
spin separation of 30 �A using this expression gives a value of
70.15 �A. If the spin density distribution is known and can be
taken into account in calculations of the dipole ± dipole interac-
tion, this small error can be made even smaller.

III. Experimental methods based on electron spin
echo envelope modulation

If a MW pulse is applied to a spin system in the magnetic field at a
frequency equal to the spin resonance frequency, the free induc-
tion signal is produced. The signal is maximum at a magnetisation
flip angle of 908 and decreases with time owing to two reasons, (i)
irreversible relaxation due to stochastic processes and (ii) phase
defocusing due to static inhomogeneity of the resonance frequen-
cies in the sample. Defocusing is reversible; application of a 1808
pulse again produces the free induction signal at some delay after
the second pulse. The delay time (t) equals the time interval
between two pulses. This signal is called the spin echo (Fig. 4 a).

7733 7722 7711 00 11 22 33 oo

11

22

Figure 3. Dipolar doublet in polyoriented sample.

Thermally equilibrated radical pair (1) and spin-correlated radical pair (2).

The frequency axis is labelled in

m0
4p

g1g2b
2

r3�h

units.

p/2

t t

p

Time

a

pB
T

Time

b

c

p/2A p/2A p/2A

t t

pB

Time

pA

Time

Magnetic
field

p/2A pA

t t

Time

pA

Figure 4. ESE pulse sequences used in studies of the dipole ± dipole

interaction between electron spins in radical pair.

Conventional two-pulse sequence (a), two-frequency double resonance

(PELDOR) (b) and magnetic-field-jump PELDOR (c).
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The origination of the echo signal is readily understandable
from the following simple considerations. After application of the
first pulse each spin precesses in its own local magnetic field as a
result of static inhomogeneity of the resonance frequencies. Let us
denote the deviation of the resonance frequency of a certain spin
from the carrier frequency of the spectrometer as Do0. At the
instant of application of the second pulse the phase change
becomes equal to Do0t (see Fig. 4 a). If Do0t44 1, the free
induction signal decreases to zero because of averaging over all
spins. Application of the second 1808 pulse leads to phase reversal
and the phase becomes equal to p7Do0t. Then, the phase changes
again, namely, it changes with time as p7Do0t+Do0(t7t),
where t is the time passed from the first pulse. At t=2t, all spins
have the same phases equal to p and independent of Do0 . This
means the refocusing and the appearance of the echo signal.

The situation described above corresponds to a two-level spin
system, for which the distribution over the energy difference
between the levels (Do0 distribution) owing to various additional
interactions is only possible. The situation becomes more compli-
cated [as in the case of, e.g., a radical pair (see Fig. 1)], if there are a
number of energy levels and the MW pulses excite different
transitions. This is accompanied by additional effects due to
pulse-assisted alternation of magnetic interactions in the pair. In
the text below we will show that such effects cause modulation of
the echo signal decay on change in t.

In this Section both spins in the pair are assumed to have
rather long relaxation times (>1076 s).

1. Modulation in two-pulse electron spin echo technique
The simplest experimental method suitable for studying the
dipole ± dipole interaction between spins in a pair is a conven-
tional two-pulse echo technique. Application of the second pulse
causes not only the precession phase reversal but also changes the
orientation of the partner spin in the pair. As a result, the
precession frequency is shifted by a value of ed and the spin-
precession phase at t=2t is p� edt rather than p. The measured
signal is proportional to cos edt, which means oscillation of the
spin echo signal decay with t. This phenomenon is termed an
Electron Spin Echo Envelope Modulation (ESEEM).

Detailed calculations of ESEEM were carried out for spins in
a thermally equilibrated pair 11 and for a more general case of
arbitrary populations of the energy levels.36 The effect of the flip
angle of the first pulse was not considered in detail;11 it was
postulated to be the same as in the case of a single spin. In a more
recent study 36 it was shown that this effect is more complex in
character. However, the study 36 did not consider the effect of the
flip angle of the second pulse, although earlier 11 mention was
made of such an effect. Probably, both results obtained for
arbitrary flip angles are inexact. For a conventional pulse
sequence (908 ± t ± 1808 ± t ± echo) both calculations lead to the
same results. The echo signal of a thermally equilibrated radical
pair is given by

E�2t� � sin2 2f cos edt� (12)

� cos2 2f cos

�
1

2

�������������������������
e2d � 4�Do�2

q
t
�
cos edtÿ

ÿ cos 2f sin

�
1

2

�������������������������
e2d � 4�Do�2

q
t
�
sin edt.

Note that the second and third terms on the right side of
Eqn (12) at t= 0 are efficiently averaged owing to large inhomo-
geneous broadening (Dot44 1). Only the first term is retained,
which is proportional to cos edt. This is consistent with the simple
qualitative consideration given above and, apparently, must be
valid for all flip angles of the magnetisation vector. In the case of
weak coupling (f&p/4) the role of the second and third terms is
even less significant. In strongly coupled systems (this case is left
out of consideration in this review) the signal is proportional to
cos (3/2)edt, as mentioned above.

However, practical implementation of this two-pulse
approach to studies of the dipole ± dipole interaction in RPs
faces some difficulties. First, MW pulses have a limited amplitude
(usually, less than 1 mT) while the signal of, e.g., nitroxyl
biradicals has a total width of about 7 mT. Therefore, the
probability of excitation of the partner spin in a pair (this is the
necessary condition for applicability of this approach) is low. As a
result, the effect of the signal decaymodulation as compared to the
large portion of non-modulated decays of single spins becomes
weak. Second, not only the electron ± electron but also the
electron ± nuclear interactions contribute to modulation. For
nitroxyl biradicals, this contribution predominates.22 Third,
there is the `dead' time problem, namely, the system's response
cannot be measured immediately after the pulse is applied owing
to transient processes in the cavity (usually, at t<100 ns). It
should be noted that reliability of the results of mathematical
extrapolation to the `dead' time region always casts some doubt.

There are a few studies on the observation of the modulation
induced by electron ± electron dipole ± dipole interaction in two-
pulse ESE spectra. Among them is a pioneering study 11 of RPs in
single crystals containing no magnetic nuclei. A peak observed
after Fourier transformation of the signal decay for nitroxyl
biradicals dissolved in liquid crystals was attributed to the
dipole ± dipole interaction in the pair.26 This peak was also
recorded for polyoriented nitroxyl biradicals.22 The contribution
of this type of modulation was very small 22, 26 compared to the
contribution of the electron ± nuclear interaction.

Note that in the case of two-pulse ESE of photochemically
generated spin-correlated RPs the difficulties mentioned above
can be almost completely eliminated (see below).

The search for solutions to the problems posed in studies of
radical pairs by the conventional two-pulse ESE method stimu-
lated development of modified experimental techniques.

2. Pulsed electron ± electron double resonance
PELDOR12, 13 was the first modification of the ESE technique
elaborated for the study of the ESEEM induced by the electron ±
electron dipole interaction. In this case the echo signal is excited
using a conventional two-pulse sequence and an additional 180
pump pulse is applied at some other resonance frequency (see
Fig. 4 b). The spins producing the echo signal are called A-spins
and the partner spins in the pair (to which in this case the
additional pulse is applied) are called B-spins.

The results of this experiment can be represented with ease
using the phase ratios assuming weak spin ± spin coupling. At time
t, the phase of theA-spin after the first pulse is [Do0� (1/2)ed]t (the
`plus' or `minus' sign depends on the projection of the B-spin).
After the action of the 1808 pulse applied at the B-spin frequency
at time T the shift of the precession frequency due to the dipole ±
dipole interaction changes its sign and the phase at time t (before
application of the second pulse at the A-frequency) is given by

jA � Do0t �
1

2
edT �

1

2
ed�tÿ T �.

After the second pulse applied at the A-frequency one has

jA � pÿ Do0t�
1

2
edT�

1

2
ed�tÿ T��Do0�tÿ t� � 1

2
ed�tÿ t�.

From here it follows that at t=2t

jA � p � edT.

The echo signal is proportional to cos edT, which means a
modulation of the signal on change in time T at a frequency ed .

In the experiment, the pump pulse excites only a portion of the
partner spins of a given A-spin. We will denote it PB . Then, the
probability of non-modulated signal decay is (17PB) and the
probability of modulated signal decay is PB; the total signal is
given by
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V�T � � 1ÿ PB � PB cos edT. (13)

The advantage of the PELDOR technique is the absence of
electron ± nuclear modulation. Indeed, application of a pulse at
the B-spin resonance frequency does not change the electron ±
nuclear interactions of the A-spin. It is also important that in this
case the `dead' time problem is almost eliminated because the
pulse at the B-frequency can be applied immediately after the first
pulse at the A-frequency. The remaining uncertainty is due to the
finite pulse duration. It can also be decreased by using an
additional refocusing pulse at the A-spin frequency (see dashed
lines in Fig. 4 b) and by positioning the pump pulse between the
second pulse at the A-frequency and the additional pulse.37 The
position of the pump pulse can coincide with that of the echo
signal excited by the first and second pulses at the A-frequency,
whichmust correspond to zero time. Yet another advantage of the
technique is that the signal modulation is not superimposed with
the spin relaxation induced signal decay (as in the two-pulse
method considered above).

At present, the PELDOR method is most widely used in
studies of thermally nonequilibrated systems.

Except for the action on the B-spins at some other resonance
frequency, themagnetic field can be changed in a stepwise fashion,
as in the X- (see Ref. 38) and W-band EPR studies.39 The pulse
sequence is shown in Fig. 4 c. The A-spins were excited using the
three-pulse stimulated echo sequence. The magnetic field jump
synchronised with the 1808 pump pulse was positioned between
the second and third pulses. Due to the shift of the resonance field
the 1808 pump pulse affected only the B-spins. The three-pulse
(instead of the two-pulse scheme, as in two-frequency PELDOR)
scheme for excitation of the A-spins is used because the magnetic
field jump in the two-pulse modification of the technique causes
significant phase distortions for the A-spins. According to the
three-pulse scheme, the magnetisation between the second and
third pulses is retained along the Z axis of the rotating frame and
the phase does not increase. The time t between the first and the
second pulses can be varied. Modulation is due to both the
electron ± electron and electron ± nuclear interactions. The two
mechanisms can be discriminated by switching the pumppulse off.
Since both mechanisms are independent, their effect on the
observed echo decay modulation must be multiplicative. This
approachwas employed in amagnetic-field-jump PELDOR study
of rigid biradical B1.38

The ESE signal decays of B1 in protonated and deuterated
solvents are shown in Fig. 5. The initial decays (see curves 1 and 2)
exhibit only the modulation at the frequencies of electron ±
nuclear interactions, while the result of division (curve 3) is
independent of the type of isotopes. Therefore, the observed
ESEEM can be treated as electron ± electron modulation. The
results of Fourier transformation are shown in Fig. 6 (spectra I
and II ). Sharp lines seen in the spectrum correspond to singular-
ities of the dipolar doublet (see Fig. 3 a). The distance between
paramagnetic fragmentsÐ r=19.0� 1.6 �Awas determined from
positions of these singularities.

The dipolar doublets in spectra I and II exhibit no shoulders,
which must appear according to theory (see Fig. 3). The absence
of shoulders seems to be due to low intensities, which can be
increased by orienting biradicals in the sample in such a manner
that the line connecting both spins is parallel to the magnetic field
direction. This can be done by placing the radical into a liquid
crystal oriented in such a way that the axis of its director is parallel
to the direction of the external magnetic field. The results of
investigation of biradical B1 are also shown in Fig. 6 (spectrum

III ).38 As can be seen, the shoulders became much more intense.
Exchange interaction was found to be zero from the shoulder
positions using expressions (11).
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Figure 5. Magnetic-field-jump PELDOR signal decays obtained for

biradical B1 in toluene (a) and deuterated (b) toluene at 77 K.38

Signal decays obtained by t scanning (see Fig. 4 c) (1); the same, but the

pump pulse pB is switched off (2); and curve 1 divided by curve 2 (3). The

vertical axes are given in relative units for curves 1 and 2 and in absolute

units for curves 3. Dashed lines denote the results of signal recovery during

the `dead' time.
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Figure 6. Results of cosine Fourier transformation of experimental data

in the time domain.38

Experimental data: curve 3 in Fig. 5 a (I), curve 3 in Fig. 5 b (II); and data

for biradical B1 in oriented liquid crystal (the biradical axis is nearly

parallel to the magnetic field direction) (III).
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The advantage of the magnetic-field-jump PELDOR over the
two-frequency PELDOR technique consists in the possibility of
using a scanning pump 38 owing to an increase in the portion of
spins (radical pairs) to be excited. Here, the `dead' time can also be
eliminated using an additional refocusing pulse. A drawback of
the technique is the effect of relaxation processes on the echo
decay.

A comparative PELDOR study of biradicals in two (X and S)
EPR bands was carried out.40 Since the electron ± nuclear modu-
lation depends on the MW band while the electron ± electron
modulation is independent of it, this approach can be employed to
determine the contribution of electron ± electron modulation.

The PELDOR technique cannot be used in studies ofRPswith
a relatively narrow EPR spectrum (less than 2 mT), where the
excitation pump pulses and the reading pulses are superimposed
and the effects observed are hard to interpret. Such spectra are
typical of free radicals in photosynthetic reaction centres. It is
more appropriate to study these systems by `single-frequency'
methods involving identical excitation of both A- and B-spins (see
below).

3. The `2+1' method
The `2+1' method 14, 27 is much like the PELDOR technique
considered above. It employs the same pulse sequences (see
Fig. 4 b), but the pulses are applied at the one resonance fre-
quency; i.e., the basis pulse sequence is as follows: pulse 1 ±T ±
pulse (+1) ± (t7T ) ± pulse 2 ± t ± echo. The echo signal appears
after application of two pulses (pulse 1 and pulse 2); the addi-
tional pulse (pulse +1) is necessary to achieve alternation of the
dipole ± dipole interaction. Experiments involve variation of the
timeT at constant t. The ESEEMoccurs by the samemechanisms
as in the PELDOR experiments; however, here both partner spins
are excited identically.

In addition to the possibility of studying narrow spectra, the
`2+1' method (compared to PELDOR) does not require an
additional generator and special cavity. However, it also has
significant drawbacks. First, the `2+1' technique is not free from
electron ± nuclear ESEEM.Elimination of this type ofmodulation
requires special procedures, e.g., comparison with a reference
sample in which no dipole ± dipole interaction occurs. Second, the
dipole ± dipole interaction alternates under the action of not only
pulse +1 but also the second pulse (see above). Correct allowance
for interference between these two effects is not always possible.
For instance, if in polyoriented medium there are two types of
pairs, with long and short distances, the major contribution to the
echo signal will come from the pairs with the long distance,
because the signal from the pairs with the short distance is rapidly
damped due to alternation (see above). Therefore, in the presence
of a distance distribution the distribution function will be signifi-
cantly distorted. The PELDOR method is free from this draw-
back, because it usually involves observation at the edge of the
spectrum, where only a small portion of A spins is excited.

4. Double-quantum coherence method
Using an appropriately designed pulse sequence, it is possible to
excite a coherence between the highest and lowest levels in the
scheme shown in Fig. 1.15, 16, 26 A commonly used pulse sequence
for this experiment (see Fig. 7 a) includes four pulses. Three of
them (p/2 pulses) create a stimulated echo signal. The additional
p-pulse is applied at the midpoint of the time interval between the
second and third pulses.

The first two pulses create the double-quantum and zero-
quantum coherences. They are refocused after applying the
p-pulse and create a single-quantum coherence after application
of the p/2 pulse observed as an echo signal. The contribution of the
double-quantum coherence is selected using the pulse phase
cycling from one series to another. Experiments involve variation
of the time t; the signal is modulated at the ed frequency.

In order to avoid the loss of signal during the `dead' time, an
additional refocusing (fifth) pulse or a six-pulse sequence is used,
in which the double-quantum coherence is created by three
(p/2 ± t/2 ± p ± t/2 ±p/2) rather than two pulses.26 The advantage
of the double-quantum coherence method is the absence of the
interference effects described in the preceding chapter. However,
in this case the electron ± nuclear ESEEMoccurs too. A drawback
of the technique consists in a large number of phase change cycles
(a total of sixty-four cycles), which can introduce an additional
error. Besides, the phenomenon is characterised by a rather
complicated theoretical description and the lack of a clear insight.

5. Solid-state NMR pulse sequences method
A Single-Frequency Technique for Refocusing (SIFTER) the
dipole ± dipole interactions was proposed.17 It is based on the
`solid echo' and Jeener ±Broekaert solid-stateNMRpulse sequen-
ces. Consider the effects produced taking solid echo as an
example.

The pulse sequence used in NMR is (p/2)x ± t ± (p/2)y ± t ±
echo. It permits refocusing of the dipole ± dipole interaction
between two nuclear spins (e.g., protons in a bound water
molecule in a crystal hydrate). The echo signal on the left and on
the right of its maximum is modulated at the frequency of the
dipole ± dipole interaction. No `dead' time problem is posed when
observing this modulation. This gave an impetus to use of this
pulse sequence in EPR as well.17 However, this approach is only
applicable to a pair of equivalent spins, when Do55 ed (as in
solid-state NMR). The reverse holds for EPR, which deals with
inequivalent spins in the pair. This problem can be solved by
adding two more refocusing (p)x pulses (see Fig. 7 b). At t2= t1 ,
the solid echo appears. This signal is created in such a fashion that
static scatter of the resonance frequencies over the sample (except
for their shift induced by the dipole ± dipole interaction in the RP)
has no effect on its shape. By varying the difference between two
delays

t= t27t1

the observed signal can be modulated by the dipole ± dipole
interaction. This is performed at a constant total delay t2+ t1,
which allows the relaxation effect to be excluded.

Selection of an informative signal is achieved by phase cycling
(a total of three cycles). In order to suppress the electron ± nuclear
modulation of the decay, measurements are carried out at differ-
ent total delays t2+ t1 . Electron ± nuclear ESEEM depends on
this parameter, while the electron ± electron ESEEM is independ-
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t tT T
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c
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t1 t1 t2 t2
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Free induction decay

Figure 7. ESE pulse sequence used in studies of dipole ± dipole interac-

tion between electron spins in a radical pair.

Double-quantum coherence method (a), solid echo technique (b) and

selective hole `burning' (c).
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ent of it. Therefore, averaging of the results obtained must lead to
selection of the desired effect. For instance, the results of averag-
ing over twenty-five values of this parameter were reported.17

This method is characterised by much simpler experimental
design compared to the double-quantum coherence technique,
because the number of phase change cycles decreases. However,
theoretical description remains complicated and no clear repre-
sentation of the phenomenon is available (the results can hardly be
obtained without the density matrix formalism).

Thus, analysis of different methods of investigation of ther-
mally equilibrated systems showed that PELDOR is the most
convenient method. It provides a clear picture of the phenomenon
and essentially simplified theoretical description. Besides, the
electron ± nuclear modulation effects are nearly completely elim-
inated. The only limitation of this approach is inapplicability to
systems with narrow EPR spectra of RPs (biradicals).

6. Modulation of two-pulse out-of-phase electron spin echo
for spin-correlated radical pairs
A chemical or photochemical reaction can produce spin-corre-
lated radical pairs. An example is provided by photosynthesis in
plants and bacteria. The process involves absorption of a light
quantum followed by formation of a primary electron-donor
radical cation and an electron, which is then consecutively trapped
by different acceptor molecules to give corresponding radical
anions. Initially, the pair is generated in the singlet spin state.

In this case only two inner energy levels are populated (see
scheme in Fig. 1) . In accord with the portion of the singlet state
[see Eqns (7)] the populations of four levels are as follows: p1=0,
p2=cos2f, p3= sin2f and p4=0. These populations are not
thermally equilibrated; as a consequence, this gives rise to the spin
polarisation effect. In weakly coupled systems this population
distribution means that if one spin is in the a state, the second spin
is in the b state, and vice versa. Therefore, such pairs are called
spin-correlated pairs. In addition to the nonequilibrated popula-
tions, quantum-mechanical coherence of energy levels also occurs.
However, these effects are rapidly damped (it takes less than
100 ns) and consideration of these phenomena goes beyond the
scope of this review. The EPR spectrum of a spin-correlated
radical pair exhibits two absorption and two emission lines (see
Fig. 2 b), all line intensities being equal.

Calculations of the echo signals of spin-correlated states for a
conventional two-pulse sequence (see Fig. 4 a) were carried
out.36, 41 ± 43 We cite below the results 36 where coherence effects
were averaged. Let us denote arbitrary initial populations as p1 ,
p2 , p3 and p4. Application of two pulses (y1 and 1808) along the X
axis of the rotating frame creates an echo signal at t=2t with
projections on the Y (in-phase echo) and X (out-of-phase echo)
axes. The intensities of these signals are proportional to the
corresponding magnetisations

Mx � P sin 2y1�S0 sin
2 2f� cos 2f�Sÿ1 cos2 fÿS�1 sin2 f���

� sin y1�p2 ÿ p3� sin2 2f cos 2f
�
S0 ÿ

1

2
S�1 ÿ

1

2
Sÿ1

�
, (14)
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In thermodynamic equilibrium one has p2= p3 , P = 0 and
the out-of-phase echo is absent; the expression for My coincides

with Eqn (12). In contrast to this, only the out-of-phase echo is
present for a spin-correlated radical pair born in the singlet state.

For inequivalent spins (weak coupling case), expressions (14)
are significantly simplified:

Mx � ÿ
1

2
�ÿp1 � p2 � p3 ÿ p4� sin 2y1 sin edt, (15)

My � �p4 ÿ p1� sin y1 cos edt.

An example of experimentally observed modulation is shown
in Fig. 8 (anRP in Photosystem I). Figure 9 presents the results of
Fourier transformation of these experimental data.

An amazing feature of the ESE in spin-polarised RPs is the
absence of electron ± nuclear modulation effects. First of all, this
follows from good correspondence between the experimental and
calculated spectra in the frequency domain (see Fig. 9 and curve 2
in Fig. 3); Fig. 9 exhibits no peaks that could be attributed to
electron ± nuclear interaction. A comparison of isotopically sub-
stituted samples (14N/15N, see Ref. 18 and 1H/2H, see Ref. 44) led
to identical results. Computer simulation 45 revealed that the
absence of electron ± nuclear modulation effects is due to polar-
isation of corresponding electron ± nuclear transitions andmutual
cancellation of corresponding peaks in the frequency spectrum of
a polyoriented sample.
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Figure 8. Out-of-phase echo signal modulation for P�700A
ÿ
1 spin-corre-

lated radical pair in Photosystem I.

Dashed line denotes the signal interpolated to the `dead' time region.
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Figure 9. Results of sine Fourier transformation of the data shown in

Fig. 8.
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Yet another feature of themethod is a sine-type dependence of
the ESE signal amplitude on time t. This allows the signal
amplitude at t=0 to be determined immediately (it with necessity
equals zero). Thus, signal extrapolation to the `dead' time region is
reduced to a simpler case of interpolation (see Fig. 8).

Eventually, the linewidth in the spectrum of free radicals in
photosynthetic reaction centres is of the order of 1 ± 2 mT, which
corresponds to the amplitudes of experimentally used MW pulses
(excitation band). This means good conditions for excitation of
both radicals in RP.

All these features of ESE experiments with spin-polarised RPs
make the technique a rather efficient tool for investigation of
structural features of the reaction centres.

7. Free induction decay modulation under selective excitation
This method employs the pulse sequence shown in Fig. 7 c.46 The
first small-amplitude 1808 pulse selectively excites only one
transition of a radical pair (see Figs 1 and 2). The action of this
pulse is similar to `burning' of a narrow hole in the spectrum. The
second large-amplitude pulse excites all four transitions of the RP
(non-selective pulse). It plays a dual role, viz., creates a free
induction signal and changes the dipole ± dipole interaction in
the RP. Frequency interference between different transitions leads
to modulation of the free induction decay at the frequency ed.46

The technique provides a better signal-to-noise ratio for spin-
correlated RPs compared to two-pulse ESE 46 and permits studies
of zero-quantum and two-quantum relaxation times of RPs.

IV. Experimental methods based on spin
relaxation

Methods employing the partner spin relaxation effects can be
divided into two groups, namely, with fast and slow relaxation of
B-spins. In the latter case both the A- and B-spins can be of the
same type. The fast-relaxation case corresponds to the exchange
narrowing of the splitting due to the dipole ± dipole interaction,
when e2dT

2
1B 55 1. Slow relaxation means that the reverse inequal-

ity holds. Rapidly relaxing spins are characteristic of metal ions.
Slowly relaxing spins are typical of free radicals and also metal
ions.Methods employed in the case of fast relaxation are based on
the A-spin longitudinal (T1-effects) and transverse (T2-effects)
relaxation rate measurements. In the case of slow relaxation, two
methods are used, viz., selective hole `burning' and dipolar
modulation enhancement in stimulated ESE.

1. A-Spin longitudinal relaxation rate measurements.
T1-Effects
In the case of fast B-spin relaxation (edT1B55 1) the A-spin
longitudinal relaxation rate (T ÿ11A) is related to the B-spin long-
itudinal (T1B) and transverse (T2B) relaxation times as follows:47

1

T1A

� 1

T 0
1A

� SrmB�SB � 1� m20
16p2

6 (16)

6
�

b2T2B

1� �oB ÿ oA�2T 2
2B

� c2T1B

1� o2
AT

2
1B

� e2T2B

1� �oB � oA�2T 2
2B

�
,

whereT 0
1A is the timeT1A in the absence of B-spin, SB is the B-spin

and oA and oB are the A-spin and B-spin resonance frequencies,
respectively

b2 � 1

6
g2Ag

2
Bb

4 �1ÿ 3 cos2 y�2
�h2r6

,

c2 � 3gA2g
2
Bb

4 sin
2 y cos2 y

�h2r6
,

e2 � 3

2
g2Ag

2
Bb

4 sin
4 y

�h2r6
.

The T1A time is measured in the signal recovery experiments
after pulse saturation (or inversion). There are two types of
experiments, (i) using an ESE spectrometer with pulsed signal
detection (usually, by the spin echo technique) and (ii) using a
pulsed EPR spectrometer with signal detection using a small-
amplitude continuous-wave MW field. Various types of EPR
spectrometers have been described.48

Determination of the distance r from expression (16) requires
knowledge of the parameters T2B , T1B , oA and oB . Extended (in
the frequency domain) spectra must be averaged overoA andoB .
A severe problem consists in that not all B-spin transitions are
observed experimentally. For instance, large zero-field splitting
allows only one transition between the sublevels mS=�1/2 to be
observed in the EPR X-band even for the Kramers ions, such as
Fe3+. Other non-observable transitions can also contribute to
B-spin relaxation. Yet another important problem is complexity
of the measurements with allowance for spectral diffusion, which
is due to the excitation of a certain portion only of an inhomoge-
neously broadened EPR spectrum.

For these reasons, the results obtained using this approach are
not always reliable and some of them were found to be erroneous.
Therefore, in the present review the results obtained by this
method are cited only in the case of some comparative experi-
ments.

2. A-spin transverse relaxation rate measurements.
T2-Effects, relaxation probe method
If T1BjoA ÿ oBj44 1 (recall that e2dT

2
1B 55 1), the transverse

relaxation rate is given by 47
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where T 0
2A is the T2A time in the absence of B-spin.

The transverse relaxation is measured from the ESE signal
decay. This approach requires only knowledge of T1B .

A measuring technique 49 involves determination of T1B from
the transverse relaxation of A-spins in the sample with uniform
random spatial distribution of both types of spins. For such
samples, the expression for the echo signal decay has the form 9

vrandom�2t� � exp
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where CB is the concentration of B-spins.
From here T1B can be found with ease. The technique has the

advantage of self-consistency. In the case of pair and uniform
spatial distribution, only one parameter (A-spin transverse relax-
ation rate) is to be measured and the same relaxation mechanism
occurs. Here, the problem of inobservability of some B-spin
transitions (see above) is by default completely eliminated. A
limitation of the method consists in the necessity of preparing
samples with uniformly distributed B-spins.

Often, radical and radical ion pairs produced in radiation-
induced and photochemical reactions in solids are characterised
by a large scatter of distances. The dependence of (T2A)71 on the
separation in the RP [see Eqn (17)] allows one to set the problem
of determination of the distance distribution function for RPs.
This can be done by varying the temperature and thus the T1B

time, provided the physical properties of the sample do not
change. The A-spins in the vicinity of B-spins do not contribute
to the ESE signal. Thus, B-spins will be surrounded by a region of
`invisibility' for A-spins, the size of the region being varied with
temperature. This approach can be called the relaxation probe
method. Usually, the T1A and T 0

2A times depend on temperature
muchmoreweakly thanT1B (recall that usually theA-spins are the
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organic radical spins and the B-spins are metal-ion spins). The
distance distribution function for RPs can to a good accuracy be
estimated by comparing the data of two experiments 49 as

n�r� � dvpair�2t�
d�ln�vrandom�2t��=CB�

, (19)

where npair (2t) is the ESE decay for the sample with the pair
distribution under study.

3. Selective hole `burning'
Selective hole burning is used in the case of slow B-spin relaxation
(e2dT

2
1B 44 1). Here, from Eqn (17) it follows that T1B44T2A ,

i.e., the spin ± lattice relaxation of B-spins is slow on the ESE time
scale. Since the B-spins are usually the metal-ion spins with broad
EPR spectra, in this chapter the possibility of their excitation by
applyingMWpulses will be ignored. This is the main difference of
the technique in question from the selective excitation method
considered above.

The pulse sequence employed in the selective hole `burning'
technique 21 is shown in Fig. 7 c. The first small-amplitude pulse
`burns' a narrowhole in the EPR spectrum, the hole width being of
the same order of magnitude as the pulse amplitude. After time T
the hole is broadened due to a change in the dipole ± dipole
interaction owing to spin ± lattice relaxation induced fluctuations
of the B-spin orientation.

Consider the A-spin whose resonance line is shifted by
�(1/2)ed owing to the interaction with the B-spin (in our case the
spin B is 1/2). After time T, the B-spin will change its value to the
opposite with the probability (1/2)[17exp(7T/T1B)] and will
retain it with the probability (1/2)[1+exp(7T/T1B)]. Thus, if
initially the hole was described in the frequency domain by the
function h0(o), after time T it will be given by
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Application of the second pulse causes the free induction
decay (without changing the interactions in the system, because
the excitation of B-spins is ignored), which corresponds to the
Fourier image of the EPR spectrum. If we consider the difference
between the signals in the presence and in the absence of the first
selective pulse, the free induction decay can be described by the
expression
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Thus, the free induction decay is modulated at the frequency ed
and the larger the T/T1B ratio, the larger the modulation depth.

Usually, substantial inhomogeneous broadening in EPR
causes the free induction decay to be very short and to damp
during the `dead' time. But in the case in point the decay signal is
observed due to the fact that it is created only by those spins whose
resonance frequencies lie in a narrow spectral interval determined
by the width of the hole.

4. Relaxation induced dipolar modulation enhancement and
stimulated echo experiment
Consider a three-pulse sequence for stimulated ESE,
p/2 ± t ± p/2 ±T ± p/2 ± echo. In the interval between the second
and third pulses the B-spin changes its orientation with the
probability (1/2)[17exp(7T/T1B)] and retains it with the proba-
bility (1/2)[1+exp(7T/T1B)]. Analysis of the spin precession

phases between the first and second pulses, on the one hand, and
after the third pulse on the other hand leads to the following
expression for the echo signal decay
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which means modulation at the ed frequency with scanning t.22

This permits determination of ed. The larger the T/T1 ratio, the
more pronounced the effect observed; therefore, this approach
can be called Relaxation Induced Dipolar Modulation Enhance-
ment (RIDME).

Expressions (20) and (21) are similar. This is not surprising
because both methods, selective hole `burning' and RIDME, are
based on the same physical principle, being different in detection
technique. Modulation is due to stochastic spin relaxation
between pulses rather than the coherence effects upon excitation
of different transitions in the spin system (see above).

There is an analogy with the PELDOR method, which
involves an artificial change in the dipole ± dipole interaction
caused by application of the MW pulse. In the RIDME case the
dipole ± dipole interaction is changed by a natural process, spin-
lattice relaxation. The advantage of theRIDMEmethod is amuch
larger portion of the B-spins involved in modulation (PB). From
Eqns (20) and (21) it follows that this portion can be as high as
50%. (cf. PB=10%±20% for X-band PELDOR).

Due to inhomogeneous line broadening in high-field EPR the
PB parameter in the PELDOR becomes small and the modulation
effect cannot be observed. For both relaxation methods described
above (selective hole `burning' and RIDME) this parameter is
independent of the EPR frequency band. In particular, a high-
field (4.5 T) RIDME EPR study was reported.50

A drawback of the relaxation methods is that other mecha-
nisms, e.g., intramolecular motions can also contribute to the
relaxation observed.51 Separation of these undesired contribu-
tions requires elaboration of additional experimental procedures.
For instance, separation of the contributions of B-spin relaxation
and methyl group rotation in a RIDME study 50 involved meas-
urements of the temperature dependences of these contributions.
The temperature behaviour of intramolecular motions obeys the
Arrhenius relation while the T1 time of free radicals is usually
proportional to T 2. In the latter case the temperature dependence
ismuchweaker and by lowering temperature one can eliminate the
contribution of intramolecular motions. A selective hole `burning'
study was reported, in which the contributions of other mecha-
nisms were separated using a reference sample depleted of the
particles bearing B-spins.52

5. Out-of-phase stimulated electron spin echo for triplet spin-
correlated radical pairs
If a photoinduced spin-correlated pair comprises a radical and a
short-lived triplet molecule, only the in-phase echo signal is
initially observed.53 Then, the out-of-phase stimulated echo signal
appears, which proceeds in parallel with the decay of the triplet
state. Variation of the time t leads to modulation of both the in-
phase and the out-of-phase echo signals at the frequency of the
dipole ± dipole interaction.

The modulation mechanism of the in-phase echo signal is
similar to the RIDME mechanism (see above). The difference
consists in that the RIDME modulation is due to a spontaneous
shift of the spin resonance frequency caused by the spin-lattice
relaxation induced change in the dipole ± dipole interaction while
in this case modulation is due to the change in the dipole ± dipole
interaction caused by the decay of the paramagnetic triplet state.
The out-of-phase echo signal and its modulation are due to not
only this reason but also the spin polarisation of the initial state of
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the triplet ± triplet RP. The in-phase and out-of-phase signals are
described by the following equations:53

My � n0 � �n1 � nÿ1� exp�ÿKT �� (22)

��n1 � nÿ1��1ÿ exp�ÿKT �� cos edt,

Mx � �n1 ÿ nÿ1��1ÿ exp�ÿKT �� sin edt,

where n1 , n0 and n71 are the initial populations of the correspond-
ing triplet states of theRP andK is the decay constant of the triplet
state.

Note that the out-of-phase signal appears only in the presence
of the dipole ± dipole interaction and only as a result of the decay
of the triplet state. Besides, spin polarisation in the system is
required.

Selective hole `burning' experiments similar to those described
above for spin-correlated RPs can be carried out with triplet
RPs.54 In this case the free induction decay signal becomes
modulated.

V. Conformations of long-chain biradicals and
doubly spin-labelled and metal-containing
biomolecules

1. Long-chain nitroxyl biradicals
Long-chain biradicals with single bonds in their structures can
adopt a variety of conformations characterised by different
biradical length. The distance between the terminal paramagnetic
fragments can be used for characterisation of the conformational
structure. The results of measurements of these distances in the
shape-persistent biradicals, which are assumed to adopt only one
conformation, are usually in good agreement with the results of
structure simulations.17, 22, 55, 56

Flexible long-chain biradicals can adopt a larger number of
conformations. In this case one must introduce a distance distri-
bution function between paramagnetic fragments. Mathemati-
cally, this is an inverse problem of solving the Fredholm integral
equation of the first kind. To this end, different methods were
proposed, in particular, a truncated expansion of the kernel of the
integral equation,57 a discrete integral transformation of the
equation with appropriately chosen transformation kernel (anal-
ogous to Fourier transformation) 33, 58 and the Tikhonov regular-
isation.33

All these methods involve rather complicated computational
procedures. If a narrow distance distribution is assumed, its width
can be estimated immediately from the modulation decay.38 This
approach was employed in a magnetic-field-jump PELDOR
study 38 of a shape-persistent biradical B1 (see above) and a
flexible radical B2.

The ESE signal decays for B1 are shown in Fig. 5 and the
results of Fourier transformation are presented in Fig. 6. For the
B2 radical the modulation damped much faster than for B1. This
can be associated with the presence of a distance distribution. The
spin ± spin separation estimated from the peak position in the
frequency domain forB2was 20.5 �A.Damping of modulation for
the shape-persistent biradical is due to scatter of the dipole
frequencies caused by polyorientation of the sample. Any addi-
tional damping can be associated with the distance distribution. A
comparison of the signal decays for B2 and B1 gave the distribu-
tion width Dr=3 �A.38

Conformations of biradical

were studied by PELDOR.58, 59 This biradical contains n methyl-
ene groups (n=8±20). The average distances between the radical
fragments were calculated from the frequency spectra obtained
after the Fourier transformation of the decay traces. These data
were comparedwith the results of calculations for the limiting case
of completely stretched trans-conformation andwith the results of
the calculations of conformational statistics at the glass transition
temperature of the polystyrene matrix. The results of distance
measurements were found to be similar (within the limits of
experimental error) to the calculated conformational statistics.

The distance distribution function for n=10 was determined
by the integral transformation and using the Tikhonov regularisa-
tion.33, 58 Both methods gave similar results, namely, at n=10,
the width of the distribution function at half-height was *5 �A at
the average spin ± spin separation r=21 �A.

Determination of the distance distribution function in a
sample with a complex mutual spatial distribution of RPs faces
an additional problem of separation of the intrapair and pair ±
pair interactions. This is a complicated problem because of
complex correlations between the radial and angular variables.
However, angular spin ± spin correlations of RPs can be neglected
if the modulation depth of the echo signal decay is low.58

The PELDOR method is appropriate for measuring the
dipole ± dipole interaction not only in nitroxyl biradicals but also
in biradicals containing paramagnetic metal ions as partner spins.
As mentioned above, it is required that spin relaxation of the ion
during the period of action of the pulse sequence be slow and the
EPR spectrum be relatively narrow. A pulsed EPR study of a
terpyridine-based Cu(II) complex containing phenylene- and
ethynylene-based shape-persistent groups attached on two sides
and two terminal nitroxyl labels was reported.60 The observed
decay modulation was interpreted as a result of dipole ± dipole
interactions in the copper ± nitroxyl (distance 24.3 �A) and
nitroxyl ± nitroxyl (distance 48.6 �A) pairs.

The PELDOR method also allows the conformational struc-
ture of spin-labelled polymers (in essence, they are polyradicals) to
be investigated. This can be done by monitoring the signal decay
kinetics, which become non-exponential in the case of linear
polymers (the cubic root of the time under the exponent). It is
this decay law that was established in studies of spin-labelled
poly(4-vinylpyridine) in a glassy solution.61

2. Doubly spin-labelled peptides and RNA
Recent development of biochemical methods of selective spin
label attachment to specified fragments of biomolecules led to the
wide use of this approach.62, 63 The secondary structure of a
doubly spin-labelled peptide can be established by studying the
dipole ± dipole interaction between the spin labels. If the distance
between spin labels is shorter than 15 �A, continuous-wave EPR
studies are carried out; for some results, seeRef. 64. If this distance
exceeds 15 �A, the dipole ± dipole interaction remains unresolved
in continuous-wave EPR and one must use pulsed EPR spectro-
scopy.

A number of studies of doubly spin-labelled peptide trichogin
GA IV have been reported.65 ± 70 This compound is a peptide
antibiotic of fungal origin, rich in aminoisobutyric (Aib) acid, and
possesses antibacterial and antifungal properties. Such peptides
can produce ionic channels in membranes, which make them
permeable and cause cell death.
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A distinctive feature of trichogin GA IV is relatively small
chain length. The length of the peptide is small compared to the
membrane thickness; therefore, the mechanism of membrane
permeability is still unclear. The peptide structure comprises
three aminoisobutyric acid residues.

nOct7Aib17Gly7Leu7Aib47Gly7Gly7Leu7Aib87Gly7Ile7Lol

In the chemical synthesis these residues are replaced by structur-
ally similar nitroxyl spin labels TOAC.68

Two types of trichogin were used, namely, substituted tricho-
gin (F-trichogin with n-octanoyl group replaced by Fmoc) and
unsubstituted compound. Besides, the 1,2-aminoleucinol (Lol)
residue was replaced by the L-leucine methyl ether (Leu7OMe)
residue. These substitutions did not change the bioactivity of the
peptides.71

Studies of doubly labelled (at positions 1 and 4, 4 and 8 and 1
and 8) peptides were performed. The first two types of biradicals
were investigated by continuous-wave EPR 64 and the last type
was studied by pulsed EPR spectroscopy owing to large spin ± spin
separation.

The conformation of spin-labelled F-trichogin-1,8

Fmoc7TOAC7Gly7Leu7Aib7Gly7Gly7Leu7TOAC7

7Gly7Ile7Leu7OMe

was studied by three-pulse PELDOR in various glassy solvents at
77 K.As a rule, noFourier transformationwas performed and the
analysis was carried out in the time domain. The ESEEM
observed in chloroform ±DMSO solution was ascribed to the
dipole ± dipole interaction with the interspin separation of
*20 �A.65 The modulation damping was associated with the
distance distribution of width *2 �A. It should be noted that
only 25% of the labelled molecules are characterised by these
parameters of the distribution function, while the remaining 75%
of molecules are characterised by a broader distribution.

Doubly labelled trichogin-1,8 and F-trichogin-1,8 were also
studied in other polar glassy solvents, viz., methanol, ethanol,
trifluoroethanol and in chloroform/DMSO mixtures with differ-
ent component ratios.66 It was found that modulation signifi-
cantly differs depending on the type of the molecule and the
matrix. For F-trichogin-1,8, modulation is observed only in the
chloroform/DMSO mixture, whereas for trichogin-1,8 it is
observed in all matrices, but with different oscillation frequencies.
The distances between paramagnetic fragments vary from 15.3 �A
in trifluoroethanol to 21.8 �A in ethanol.

These distances can be compared with the structural param-
eters of peptides, established by X-ray scattering.69, 70 Using
commonly accepted values for the peptide backbone torsion
angles in the secondary structures (a-310-, 27- and 25-helices), one
can calculate the interspin distances.65, 69, 70 Based on the results of
calculations, it was concluded that trichogin-1,8 and F-trichogin-
1,8 adopt the 27-helix conformation in all matrices except for
trifluoroethanol, where the peptides adopt the 310 conformation.

The conformation of the same doubly labelled peptide in a
tetrameric cluster formed in a matrix of low polarity (chloro-
form/toluene mixture) was studied.67 The distance r=15.7 �A is
similar to the value 14 �A calculated for the 310-helix.

The structures of doubly spin-labelled proteins (lysozyme T4
mutants) were studied using the double-quantum coherence
technique 72 in the 9 and 17 GHz bands. The distances found lie

in the range from 20 �A (mutant 65/76) to 47 �A (mutant 61/135).
High-quality spectra obtained made it possible to determine the
distance distribution function. Analysis of this function revealed a
variety of conformations of these molecules. The experimental
results were compared with the results of molecular modelling.

The pioneering study 73 of spin-labelled RNA was carried out
by the PELDOR method and involved two types of RNA with
known molecular structures, labelled with nitroxyl labels in two
positions of the uridine residue. According to structural data, the
distance between paramagnetic fragments must be 35 �A for one
type of RNA while the other type is characterised by a broad
distance distribution. The results obtained coincided with the
expectations, namely, the signal modulation observed in the
former case corresponded to a distance of 35� 2�A, whereas in
the latter case no modulation was observed.

The PELDOR method was employed in determining the
distance between two tyrosyl radicals in ribonucleic reductase
E. coli.74 The distance between two radicals found from the peak
position in the frequency domain was 33.5 � 0.4�A. The modu-
lation depth showed that at least 25% of radicals were in dimeric
form (monomeric radicals can also be present in this system).

3. Metal-containing biomolecules
Many proteins and enzymes contain paramagnetic metal ions. If
such ions form pairs and clusters, themutual arrangement of these
objects in space can be studied by EPR. In metal-containing
biomolecules, the second spin can be delivered by incorporating a
nitroxyl spin label. In some cases diamagnetic ions in proteins can
be replaced by paramagnetic ions, e.g., Zn(II) byCo(II) andMg(II)
by Mn(II).

The spin relaxation of spin labels was studied over a wide
temperature range in order to realise both fast and slow ion
relaxation.75 ± 78 Transverse relaxation was studied by two-pulse
sequence and longitudinal relaxation was studied by the satura-
tion ± recovery technique. Low-spin iron(III) porphyrins were
investigated.75 Raising the temperature from 8 to 120 K led to a
decrease and then to an increase in T2 . Experimental data were
analysed using themeasured Fe(III) relaxation times. The distance
in the metal ± ion pair was estimated at 10.5 ± 15�A. High-spin
iron(III)porphyrins were also studied.76 Axial ligands were fluo-
rine, chlorine and bromine. The temperature dependence of T2

exhibited a minimum near 6 K. The experimental data were
analysed using independently determined iron relaxation rates.
The interspin distances were between 11.6 and 15.0 �A, which is in
agreement with the values obtained for low-spin iron (see above).
A study 77 of low-spin methemoglobins spin-labelled at the
cysteine b-93 position revealed a decrease and then an increase in
T2 value with an increase in temperature from 6 to 120 K. The
distance in the spin label ± ion pair (15 ± 15.5 �A) was determined
analogously. These distances in high-spin fluoro- and aqua-
methemoglobins increased to 15.8 ± 17.5 �A.78

The PELDORmethod was employed to study the dipole ± di-
pole interaction between two paramagnetic centres (PCs) in
[3Fe ± 4S](+) and [NiF] clusters in Desulfovibrio vulgaris Miazaki
F. hydrogenase.79 The distance between PCs, known from X-ray
data, differs from the PELDOR measured value. Probably this is
due to specific exchange binding in the iron/sulfur cluster. Never-
theless, such studies make it possible to collect information on the
internal structure of multinuclear metal clusters.

The Mo(V)/Fe(III) state of sulfite oxidase was studied by the
PELDORmethod in different (X- and C-) MW bands at 4.2 K.80

A-Spins were the Fe(III) ion spins. Analysis of the decay curves
suggested multiple conformations of the flexible loop connecting
the Mo and Fe.

VI. Cluster nanostructures

1. Peptide clustering in non-polar media
Peptides can form clusters or aggregates; this property can play
the determining role for their physiological functions. ESE
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spectroscopy provides a unique possibility of studying the cluster-
ing of spin-labelled peptides. All known experimental techniques
employed in such studies are based on the same principle. We will
consider it taking the PELDOR method as an example.

The echo signal from radicals in an RP is given by expres-
sion (13). Assume that a cluster comprisesN particles and that the
probability of simultaneous excitation of more than one B-spin is
low, i.e., PBN55 1. Then, for the nth particle (n=1, 2, ...,N ) one
has

Vn�T � �
Y
k 6� n

h
1ÿ PB � PB cos

ÿ
enkd T

�i
,

where enkd is the parameter of the dipole ± dipole interaction with
the kth spin.

This expression should be averaged over all possible pairs. At
low PB, the averaging can be performed independently for each
pair

V�T � �
h
1ÿ PBh1ÿ cos�edT �i

iNÿ1
.

From this it follows that at t? ? the quantity V(T ) tends to
the limit

(17PB)N71& 17(N71) PB . (23)

The number, N, of particles in the cluster can be estimated from
the asymptotic (long-time) ESE kinetics.

This approach was used in PELDOR and continuous-wave
EPR studies of the aggregation of spin-labelled peptide trichogin
GA IV (see Section V) in glassy polar and low-polar solutions at
77 K.81 It was hypothesised that the peptide forms channels in
membranes by forming a bundle comprising a number of mole-
cules with polar groups directed to the interior and hydrophobic
groups pointing to the exterior. However, numerous previous
studies revealed no aggregation. Two types of solvents were a
chloroform/toluene (7 : 3) and a chloroform/toluene/ethanol
(3.5 : 1.5 : 5) mixture. The choice of the mixture compositions
was determined by two factors, the peptide solubility and the
formation of glassy state on freezing. The first mixture was a
medium of low polarity while the second mixture was a polar
liquid. Peptides were spin labelled at positions 1 and 4.

Continuous-wave EPR studies of various media at 77 K
revealed the absence of spectral differences. The PELDOR data
are shown in Fig. 10. A smooth signal decay observed in the polar
matrix is characteristic of uniform intermolecular distribution. In
the non-polar matrix, a dramatic signal decay occurs at times
100 ± 150 ns, which is much more pronounced than that of
F-trichogin-1,8 biradical shown for comparison.

This behaviour can be explained by aggregation of molecules
in the non-polar matrix. Using expression (23) and the data for a
model biradical system, one can immediately estimate the number

of molecules in the aggregate. Indeed, in both cases the portion,
PB, of excited spins (in this case, N=2) can be found from the
asymptotic data for the biradical given identical experimental
conditions with allowance for similar EPR spectral pattern.
Knowing PB from the asymptotic data (see Fig. 10), one can
immediately determine N& 4 in the solution of low polarity.
Thus, this peptide forms tetrameric clusters in the glassy solution
of low polarity.

The signal modulation observed in the experiments (see
Fig. 10, curves 1 and 2) can be explained by narrow distribution
of the distances between spin labels in the cluster structure. The
cluster size estimated from the initial decay rate (at times shorter
than 150 ns) is 30 ± 36 �A. The distances determined from the
decay modulation for F-trichogin-4 and trichogin-4 are 23.5 and
26.0 �A, respectively.81

It is noteworthy that these solvents exhibit significantly differ-
ent room-temperature continuous-wave EPR spectra.81 The EPR
lines in the spectrum of the solvent of low polarity are much
broader; this is similar to line broadening due to slowing down of
the orientation motion, which is known in the EPR of spin labels
and probes. This should be expected in the case of clustering,
because the orientation relaxation time is proportional to the
particle size according to the Stokes ±Einstein ±Debye relation.
The cluster size was estimated from the broadening of the
continuous-wave EPR spectra.82 The results of measurements
coincided with the estimate of the number of molecules in the
cluster (N& 4). Therefore, the results obtained by both continu-
ous-wave EPR of liquids at room temperature and by PELDOR
of glassy frozen solutions substantiate the peptide clustering.

Analogous measurements were carried out for mixtures of
other solvents of low polarity, namely, chloroform/toluene,
carbon tetrachloride/toluene and dichloroethane/toluene.83 In
all cases, aggregation was revealed, with N& 3.1 ± 4.3 depending
on the system. The modulation observed corresponded to inter-
spin distances of 23, 26 and 33 �A, respectively (one distance or a
set of distances depending on the system).

Aggregation of spin-labelled zervamicin IIA (a hexadecapep-
tide of fungal origin) was investigated.84 This compound is known
to form hollow channels in phospholipid double layers. The
PELDOR study of frozen glassymixtures in the toluene/methanol
system at 77 K revealed aggregation. The average distance
between spin labels was 25 ± 35 �A (depending on the mixture
composition). It was concluded that peptide molecules have an
antiparallel orientation and that the increase in the methanol
concentration in the mixture led to loosening in the cluster
structure.

No aggregation of spin-labelled trichogin dimers (covalent
compounds comprising two molecules linked `head-to-tail') in
methanol was observed, but it did occur in a chloroform/toluene
mixture (2 to 3 molecules).85 The distances between spin labels in
clusters were found to be in the range from 30 to 45 �A.An increase
in the peptide concentration in non-polar solvents led to forma-
tion of tetrameric clusters.86

A double-quantum coherence ESE study 16 revealed clustering
of peptides MTSL ±CPPPPC±MTSL in a glycerol/water/tri-
fluoroethanol mixture at 782 8C. An increase in the peptide
concentration from 0.75 to 3 mmol g71 was followed by the
appearance of the double-quantum coherence signals from both
intramolecular and intermolecular pairs. In the latter case the
parameters of the signal indicated a high local spin concentration.
Clustering was observed in a polar matrix. A structurally similar
peptide MTSL±CPPPC±MTSL showed no aggregation.16

2. Nanostructure of ionomers
Ionomers are polymers with terminal ion groups.87, 88 Their
structures contain clusters of ion groups of the size of a few
nanometres separated by distances of the same order. Both these
parameters of the nanostructure can be evaluated using ionic spin
probes.33, 89, 90 A study of ionomers based on a polyisoprene/
polystyrene copolymer showed that ion groups can cap one or

00..44

00..66

00..88

11..00

EEcchhoo ssiiggnnaall ((aarrbb..uu..))

77220000 00 220000 440000 TT //nnss

44

55
33

11

22

Figure 10. Two-frequency PELDOR signal decays obtained for peptide

glassy solutions with scanning time T (see Fig. 4 b) at 77 K.81

F-trichogin-4 (1) and trichogin-4 (2) in chloroform/toluene mixture;

F-trichogin-4 (3) and trichogin-4 (4) in chloroform/toluene/ethanol mix-

ture and doubly labelled peptide F-trichogin-1,8 in methanol (5).
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both chain ends or be situated at the polyisoprene/polystyrene
interface. It was shown that the surface of ion clusters is accessible
to ionic probes.91

Experiments 33, 89, 90 were carried out using the PELDOR
method. The concentration of spin probes was chosen to provide
on the average two probes per cluster. The temporal evolution of
the PELDOR signal was treated as a result of manifestation of the
pair distribution function represented by a superposition of two
Gaussian curves and a uniform distribution. The Gaussian curves
corresponded to the distances r1 & 2 nmand r2& 5 ± 7 nm,where
r1 is the characteristic interparticle distance in the cluster and r2 is
the characteristic intercluster distance.

A comparative experiment with a non-polar spin probe
revealed only a uniform distribution. The results obtained for
three ionic spin probes characterised by increasing distance
between the nitroxyl and ionic groups substantiated the interpre-
tation mentioned above. A shift of the first distribution peak
towards longer distances 89 was interpreted as additional evidence
for the fact that the probe is situated on the surface (with the
nitroxyl group directed inside the polymer chains) and that this
peak should be attributed to the cluster size. SAXS data 91 are
consistent with the PELDOR data 33 given some assumptions
concerned with specific features of the interpretation of the results
obtained by both methods.

Studies of polymers with different molecular masses and,
hence, different chain lengths revealed that the cluster size is
independent of the molecular mass except for the cases where the
size of the ionic group is much shorter than the chain length. The
cluster ± cluster distance must be a linear function of the chain
length. Such a correlation established for polymers with ionic caps
at one end 33 has the form

r2 *M 0.334,

whereM is themolecularmass of the cluster. Polymers ion-capped
at both chain ends (an anion at one end and a cation at the other
end of the polyisoprene/polystyrene copolymer) exhibited no
correlation between r2 and M. This is due to specific features of
the polymer packing, which is characterised by the formation of
the polyisoprene/polystyrene interface containing surface ionic
groups. In this case an increase in M can have no effect on the
mutual arrangement of clusters on the surface.

VII. Stable paramagnetic pairs in photosynthetic
reaction centres of plants and bacteria

1. Radicals and ions in photosynthetic reaction centres
Photosynthesis in higher plants, algae and some bacteria occurs in
the photosynthetic reaction centres. These are protein complexes
containing a number of cofactors that absorb the energy of a light
quantum and participate in subsequent charge separation, pro-
ducing radical pairs comprised of paramagnetic radical cations
and radical anions. Besides, the RC structure a priori contains
paramagnetic ions. Therefore, EPR spectroscopy can be an
efficient tool of research on the structure and operation of
RC.92 ± 95

The RC structure was the subject of a number of X-ray studies
(see, e.g., Refs 96 ± 102 and references cited therein). These
methods require crystallisation of samples. The spatial resolution
varies from 2 to 4 �A depending on the complexity of the system
and the quality of the crystals. Molecular modelling 103 is also a
useful tool in structure analysis; here, conclusions about the
structure of more complex systems are drawn based on the
known data of relatively simple systems (purple bacteria RC).

Pulsed EPR studies of RC offer the following advantages.
First, preparation and modification of samples (by e.g., artificial
replacement of cofactors) are much less labour-consuming proc-
esses compared to their crystallisation (corresponding artifacts are
also ruled out). Second, higher spatial resolution permits refine-
ment of the supramolecular structure established by other meth-
ods and in some cases facilitates the interpretation of data. Third,

the observation of photo- and thermally induced structural
rearrangements becomes possible. Finally, it is possible to inves-
tigate the interrelations between the structure and the functioning
of the RC, because EPR studies are directly related to the
cofactors responsible for electron transfer.

The bacterial RC has the simplest structure. Corresponding
datawere obtainedwith the highest resolution, 2.3 ± 3 �A.96 ± 99 The
RC contains a primary electron donor, namely, a bacteriochlor-
ophyll dimer, which is usually denoted as P870 (the subscript
denotes the maximum wavelength of the optical absorption band,
expressed in nanometres). Absorption of a light quantum produ-
ces a radical cation P�870 and an electron, which migrates along the
chain of other cofactors. The migrating electron consecutively
forms corresponding radical anions. First, it arrives at the
bacteriochlorophyll molecule adjacent to the dimer, then at the
bacteriopheophytine molecule, at the primary quinone acceptor,
QA, and at the secondary quinone acceptor, QB . Each charge
separation step involves two particles (a radical pair). The dimer
cation is reduced owing to electron transfer from the nearest
cytochrome molecule. After absorption of two light quanta the
doubly reduced QB is protonated to quinone and leaves the
reaction centre. Its position is then occupied by another quinone
from the so-called quinone pool, and the process can proceed
again. The bacterial RC also contains a paramagnetic non-heme
Fe(II) ion. All cofactors have their `twins' arranged symmetrically
with respect to the line connecting the centre of P870 and the iron
ion (symmetry group C2 , the P870 dimer also has a symmetrical
structure). Thus, there are two pathways, A and B, the charge
separation process following only the former. The reason why
pathway B is not involved is still unclear.

Photosynthesis in higher plants is a much more complicated
process and involves consecutive operation of two RC, photo-
system II (PS II) and photosystem I (PS I). It is known that
operation of these RCs results, in particular, in the evolution of
oxygen fromwater molecules. This occurs in the so-called oxygen-
evolving complex (tetranuclear manganese cluster).

The structure of PS I was established by X-ray analysis with a
4 �A resolution.100 In PS I, an electron is initially transferred from
the primary chlorophyll donor P700 to the chlorophyll molecule
(A0) and then to the phylloquinonemolecule (A1). This results in a
P�700A

ÿ
1 pair.

The structure of PS II was also established by X-ray analysis
with a 3.7 ± 3.8 �A resolution.101, 102 The protein backbone of PS II
contains a number of cofactors analogous to the bacterial RC, i.e.,
the chlorophyll electron donor P680 , pheophytine, plastoquinone
and non-heme iron(II). It is believed that these cofactors also form
a structure with a C2 symmetry, which is similar to the bacterial
RC. Plastoquinone QB is transformed into plastoquinol, which
becomes an electron donor for PS I via cytochrome b6 f; P

�
680 is

reduced by tyrosine YZ . There is yet another symmetrically
arranged tyrosine molecule YD whose function is unclear as yet.

The oxidation of the manganese cluster occurs in a stepwise
manner on consecutive absorption of light quanta. As a result,
absorption of four light quanta leads to splitting of two water
molecules into four protons and four electrons via five intermedi-
ate states, namely, S0 , S1 , S2 , S3 , S4 (transition from the S4 state
to the S0 state is a dark transition) and eventually gives an oxygen
molecule.104 A number of models for the operation of this cluster
are available (see, e.g., Ref. 105).

Under laboratory conditions, different states of the S0 ±S4

cycle can be achieved by specific biochemical treatment, irradi-
ation and freezing. A broad multicomponent EPR signal of
tetranuclear manganese cluster with spin 1/2 is observed in the
S2 state.

2. Stable paramagnetic pairs
P�870 ±Q

ÿ
AFe

2+ pairs in the RC of purple bacteria Rhodobacter
sphaeroidesR26 were studied 106 using the selective hole `burning'
technique. A distance of 26� 2 �Adetermined in the experiments is
in good agreement with the data of X-ray analysis. This was
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treated as a substantiation of correctness of themethod employed;
later, this technique was used in studies of other systems.

The YZ ±Mn4 pair in PS II was investigated by saturation ±
recovery ESE 107 and a 15 �A distance was determined. Possible
sources of errors in the technique were reported in another
study.108 It should be noted that the dipole ± dipole interaction in
this pair is well observed by continuous-wave EPR; analysis of the
lineshape by different authors gave a distance of*8�A.109 ± 112

Measurements for the YD ±Mn4 pair in PS II were carried out
by different ESE spectroscopymethods, in particular, the selective
hole `burning' technique.52 In this approach, it is of crucial
importance to exclude all sources of hole broadening except for
those associated with the dipole ± dipole interaction. This was
achieved by comparing the spectra obtained with the spectra of a
sample containing no manganese complex. To attain a better
agreement with the experiments, it was assumed that the man-
ganese complex is characterised by non-exponential spin-lattice
relaxation with a small contribution (12%) of a `long-tail' com-
ponent. In addition, a distance distribution in the range 4 ± 6�A
was assumed. Measurements for the S2 state gave a distance of
28�A. A similar value of 27� 0.2�Awas obtained by the PELDOR
method.113

The results of these investigations revealed an essentially
unsymmetrical arrangement of YD and YZ with respect to the
manganese complex. A rather long distance from the complex to
YD suggests that the latter is not involved in primary electron
transfer.

The dipole ± dipole interaction in the YD andYZ pairs in PS II
was studied by the `2+1' method114 using samples depleted of
manganese complex. A distance of *30 �A was determined. This
approachwas employed also to study orientedmembranes.115 The
angle between the radius vector of the pair and the normal to the
membrane surface was found to be 100� 28.

Oriented membranes depleted of manganese complex were
studied by the `2+1' technique.116 The angle between the vector
connecting YD and ChlZ and the normal to the membrane was
found to be 50� 58. The separation in the pair, obtained for a
polyoriented sample, was 29.4� 0.5 �A.116, 117 The distance in the
YD ±QÿA radical pair studied by the same method was
38.8� 1.1 �A.117

TheYD±Fe(II) pairs in PS II were investigated by the selective
hole `burning' technique.106 The distance was 42� 2 �A. Calcula-
tions carried out with allowance for zero-field splitting gave a
value of 0.81 for the effective spin of the ion.

Data for the YZ ±Fe(II) and YD±Fe(II) pairs were obtained
using the saturation ± recovery method.118 As mentioned above,
the technique is inappropriate for obtaining reliable quantitative
data, but qualitative information can appear to be useful. Samples
depleted of manganese complex were studied. In the mutants
containing no YD it is possible to characterise the YZ ±Fe(II) pair.
It was found that YZ and YD obey identical saturation ± recovery
kinetics. This suggests that both tyrosines are at equal distances
from Fe(II), being arranged symmetrically with respect to Fe(II).

VIII. Photoinduced spin-correlated pairs in
photosynthetic reaction centres of plants and
bacteria

Isolated RC make it possible to investigate short-lived RPs
produced after absorption of a light quantum in the course of
electron transfer. For instance, no electron transfer beyond QA

occurs in bacterial RC at low temperatures; the P�870Q
ÿ
A pair has a

lifetime of 30 ms and disappears via reverse recombination. The
distance in the pair (*25 �A)makes it a convenient subject for ESE
spectroscopy studies. Since the pair was born in the singlet spin
state, the spins are not thermally equilibrated and we deal with a
spin-correlated pair. Therefore, the use of ESE spectroscopy is of
additional interest for studying spin correlation effects.

The ESE signal of a radical pair in photosynthetic RCwas first
detected by Thurnauer and Norris.119 It was found that the signal
phase is shifted by 908 compared to the signals of thermally
equilibrated systems (the out-of-phase signal). The nature of the
signal and of the phase shift remained unclear at that time. The
theory of ESE in spin-correlated radical pairs was developedmuch
later 41, 42 and it does predict the out-of-phase signal for spin-
correlated RPs (see Section III).

This theory also predicts that an increase in the interval
between pulses will cause modulation of the two-pulse ESE signal
(ESEEM) at the frequency of the dipole ± dipole interaction in the
pair. However, first experimentally observed ESEEM120 was
attributed to the electron ± nuclear interaction and not analysed.
A long time after it was established that the electron ± nuclear
interaction in spin-correlated RPs does not manifest itself and the
observed modulation is completely governed by the electron ±
electron interaction in the pair.18, 44 This was substantiated not
only by good agreement between the experimental and theoretical
dipolar doublet but also by the results of the 14N/15N and H/D
isotope substitution experiments.18, 44

The reason for the absence of the electron ± nuclear contribu-
tion in ESEEM (which strongly complicates measurements of the
dipole ± dipole interaction in thermally equilibrated pairs) seems
to be polarisation of electron ± nuclear transitions, whose lines are
mutually cancelled in the frequency domain of a polyoriented
sample.45

Numerous studies of RPs in photosynthetic RC by the out-of-
phase ESE decay modulation have been carried out since pub-
lication.18 Because of the absence of an electron ± nuclear contri-
bution, correspondence between the width of the EPR spectrum
and the excitation bandwidth of an ESE spectrometer and ease of
signal interpolation to the `dead' time (see Section IV) the dipolar
doublet appears to be similar to the theoretical one (see Figs 3 and
9). Not only the perpendicular but also the parallel orientation is
well resolved. This permits determination of the distance in the
pair with a very high accuracy (up to a few fractions of an
�AngstroÈ m) and analysis of subtle effects due to structural changes
under the action of external factors.

Three types of RC, namely, bacterial, PS I and PS II ones are
characterised by production of structurally similar RPs in the
initial steps of electron transfer. Pairs comprised of a primary
electron donor and a primary quinone acceptor are convenient for
ESE studies.

1. Bacterial reaction centres
At low temperatures, no electron transfer fromQA toQB occurs in
the reaction centres of purple bacteria Rhodobacter sphaeroides
R26, and a radical pair P�870Q

ÿ
A with a lifetime of 30 ms is

produced; then, it disappears via reverse recombination. This
pair was studied in Zn-substituted samples.18, 44, 121, 122 The out-
of-phase echo signal was detected, which was strongly modulated
with t. The distances in the pair were determined by analysing the
dipolar doublet in the frequency domain. The structures of these
RC were established by X-ray diffraction; therefore, one of the
goals was to evaluate the new experimental technique.

It was found that the distances in the pair, obtained in
different studies, are also different. According to X-ray scattering
data, the distance in the pair must be 28.1 (see Ref. 98) or
29.2 �A,99 but the dipole ± dipole interaction in the pair corre-
sponded to a shorter distance.18 The distance in freshly prepared
samples was 28.9 �A,122 being in good agreement with the X-ray
structural data. These discrepancies were attributed to `ageing' of
the sample, i.e., a change in its structure in the course of long-term
storage (the authors of study 18 used the samples kept at a liquid
nitrogen temperature for months). The distance 28.4 �A44, 121 is
similar, within the limits of error, to the results obtained in
Ref. 122.

Good correspondence with the X-ray structural data suggests
that the method based on the out-of-phase echo signal decay
modulation provides correct information on the distances in the
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pair. It should be noted that these methods are used to study
different systems. X-Ray analysis deals with a crystalline sample,
does not involve exposure to light and no charges are produced in
the system. ESE investigations are usually carried out with
amorphous samples (although it can also be crystalline, see
below), being aimed at studying a pair comprising two oppositely
charged particles. Therefore, the results obtained also mean that
these differences cause no pronounced structural changes. In
particular, the electrostriction effects in the course of charge
separation must be insignificant.

A study of theRCofRhodopseudomonas viridis bacteria in Zn-
substituted samples treated with o-phenanthroline in order to
block electron transfer to QB was reported.123 The distance in the
P�960Q

ÿ
A pair also appeared to be similar to that determined by

X-ray scattering.124

The temperature dependence of the shape of the dipolar
doublets found for the bacterial RC at cryogenic temperatures 122

was interpreted as a result of rearrangement of the RC protein
backbone on changes in the temperature.

2. Reaction centre of PS I
Spin-correlated pairs P�700A

ÿ
1 in PS I have been the subject of

considerable research.44, 121, 125 ± 130 It was found that the shape of
the dipolar doublets in the Fourier transformed ESEEMs of these
systems (see Fig. 9) is similar to the theoretical shape, i.e., these
doublets are nearly unbroadened due to other interactions (see
Fig. 3). Here, spectral lines are much narrower than in the spectra
of similar pairs in bacterial RC or in the reaction centre of PS II
(see below). Temperature dependence was also not observed for
this spectrum. Small linewidths allowed the distance in the pair to
be determined with record (for this range) accuracy, namely,
25.4� 0.3�A.44, 121 Nearly the same results were obtained in
another study.125 A decrease in r compared to the bacterial RC
must be pointed out.

This accuracy also nearly corresponds to the width of the
distance distribution in the pair. So narrow distribution for rather
long distances seems to be non-trivial. It should be emphasised
that the case in point is an amorphous system (*60% of the total
volume is occupied by glycerol, a cryoprotector, which facilitates a
low-temperature glass transition). This means that large bio-
molecules in an amorphous environment can exhibit a high level
of structural organisation in the nanometre range of distances.

Studies of reaction centres in which phylloquinone was
replaced by various synthetic quinones showed 125, 128, 129 that
the distances in RPs in these systems remained constant within
the limits of experimental error. This means that synthetic
quinones are incorporated at the same binding site as the native
quinones. From the EPR spin polarisation data 93 it follows that
native and synthetic quinones are oriented in different way. The
same distances in these two cases mean that the operation of A1 as
electron acceptor is independent of the binding direction of
quinone.128

Single crystals of the reaction centre of PS I (symmetry group
P63, two PS I trimers in the unit cell) were studied.127 Rotation of
the crystal revealed a strong orientation dependence of the dipolar
doublet, which allowed determination of the orientation of the
axis connecting both particles in the pair. The angle was 27� 58
relative to the c crystallographic axis and its projection on the ab
plane is parallel to the a axis.

The results obtained permitted a quite correct determination
of two possible positions of phylloquinone A1 in the electron
transfer chain, which appeared to be related by pseudo-C2

symmetry of chlorophyll cofactors. This was used in the interpre-
tation of X-ray scattering data.131

A study of oriented membranes 130 showed that the angle
between the direction of the P700A1 pair and the normal to the
membrane is 24� 48. Based on these results and X-ray scattering
data, the direction of electron transfer in RC was suggested.

3. The reaction centre of PS II
Absorption of a light quantum in PS II produces a P�680Q

ÿ
A radical

pair (see Refs 130, 132 ± 134). The width and shape of rather
broad lines observed in experiments depend on the sample
preparation procedure.132 If the linewidths were markedly differ-
ent from the theoretical values, the presence of two different types
of pairs with the distances between paramagnetic centres ranging
from 26 to 29 �A was assumed.132 The distances in the pair
obtained in other cases were r=27.4� 0.3 �A,130, 133

27.2� 1 �A,132 27.7� 0.7 �A.134 As can be seen, these results are in
good agreement with one another, although one study 132 was
carried out at 80 K and other studies near room temper-
ature.133, 134 In respect of a large linewidth the accuracy of
measurements reported in Refs 130 and 133 seems to be over-
estimated.

The angle between the normal to themembrane and the axis of
the P�680Q

ÿ
A pair in orientedmembraneswas found to be 21� 58.130

Transformation of the dipolar doublet with an increase in the
delay after application of a laser pulse with the characteristic time
of the order of 1 ms was reported.133, 134 This can be explained by
the reduction of P680 tyrosine YZ with the formation of the Yox

Z OÿA
pair. Analysis of the dipolar doublet for this pair revealed a
distance of 34 � 1�A.134

4. The Kleinfeld effect
The kinetics of back recombination of the P�870Q

ÿ
A and P�870Q

ÿ
B

pairs in the reaction centres of purple bacteria differ significantly
depending on whether the sample was frozen in the light or in the
dark.135 It is believed that this is due to photo-induced structural
changes. X-Ray studies of samples frozen in the light or in the dark
were reported.136 In the latter case, the P�870Q

ÿ
B pairs were

produced. QÿB was found to be shifted by 5 �A from the fixed
position of the neutral molecule QA .

Comparative out-of-phase ESE investigations of the P�870Q
ÿ
A

pairs in the samples frozen in the light or in the darkwere reported.
No changes in the distance were detected in study 137 while a
possible increase in the distance by 0.4� 0.2 �Awas pointed out in
another study.138 In this case the higher accuracy ofmeasurements
was due to the fact that two spectra with practically identical
shapes were compared. However, the value determined was found
to be too small to explain the Kleinfeld effect by changes in the
distance between the P870 and QA cofactors. Probably, the reason
consists in the motion of some polar groups of the molecules
involved in charge transfer.

5. Temperature dependence of the supramolecular structure
of bacterial reaction centres
The dipolar doublets in bacterial RC exhibit marked temperature
dependences.18, 122 Below 100 K the doublets are considerably
broadened. This can be attributed to the appearance of a distance
distribution. Comparison with the results of model calculations
showed that the width of the distribution function increases from
*1 to*4 �Aas the temperature decreases to 15 K. At T<100 K,
the distribution shape is temperature dependent; a hysteresis was
observed on temperature variation.

These data point to the low-temperature dynamics of proteins
constituting the RC backbone and containing (in this case) the
P870 andQA cofactors under study. Certain indications of the low-
temperature protein dynamics were obtained by different
methods, e.g., spectral hole `burning' in optical spectra and
photon echo,139 ± 141 IR echo,142, 143 single-molecule spectro-
scopy,144 MoÈ ssbauer spectroscopy, 145 etc. However, in all these
cases the dynamics were studied in the atomic scale of distances.
But the distances in the P�870Q

ÿ
A pair show that these effects can be

co-operative, being governed by the motion of a certain molecular
cluster of nanometre size.

A study 146 similar to that reported in Ref. 122 was carried out
at temperatures*15 K and below. It was found that lowering the
temperature in the range 13 ± 20 K causes a pronounced line
narrowing of the dipolar doublet. This is an indication of a more
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ordered state on lowering the temperature. A transition from one
state to the other becomes fully reversible. Visually, it is similar to
transformation of a crystal into a highly viscous liquid (this is also
substantiated by the temperature hysteresis mentioned above).
Such low-temperature structural transitions were not reported
earlier.

This means that the energy landscape of the protein RC
involves very low barriers. A photon echo study 139 of myoglobin
revealed low barriers (about several tens of Kelvin).

An observable transition must be characterised by some
possibility of structural rearrangements in the nearest environ-
ment of protein (in the nanometre range of distances). Dynamic
heterogeneity in disordered molecular media, which can arise in
this range of distances, has been the subject of intensive discus-
sions.147, 148

IX. Conclusion

Pulsed EPR spectroscopymethods based on the electron spin echo
technique permit investigations of biomolecule conformations,
nanostructure of polymers and the supramolecular structure of
such complex objects as photosynthetic reaction centres in plants
and bacteria. These methods make it possible to determine the
distances between paramagnetic fragments ranging from 15 to
*100 �Awith a high accuracy (e.g., 0.3 �A at r& 25 �A in studies of
spin-correlated radical pairs in PS I). High resolution allows one
to obtain information on fine changes in the nanostructure of
matter, occurring under the action of external factors. A marked
example is provided by the dynamics of the nanostructure of a
bacterial photosynthetic reaction centre at cryogenic temper-
atures.

Basic to the use of these methods is the presence in the system
of free radicals or ions that form pairs or clusters. This situation
can be realised naturally (in, e.g., photosynthetic reaction centres
or in metal-containing biomolecules) or created artificially by
introducing spin probes and labels (usually, based on nitroxyl
radicals). At present, a wide use of spin labels is due to the
development of biochemical methods of site-directed spin
labelling.

Many different methods of investigation of the dipole ± dipole
interaction between paramagnetic centres have been proposed.
The choice of a particular method for studying a given system is
governed by the width of the signal in the EPR spectrum and by
the relaxation times. Other properties of the system, e.g., the
possibility of carrying out comparative experiments in the absence
of the dipole ± dipole interaction can also play a significant role.
When choosing a method of investigation, simplicity of theoret-
ical description and the absence of the masking effects produced
by other interactions (in particular, electron ± nuclear interaction)
are of great importance. The best results in studies of nitroxyl
biradicals (most widely used systems) are obtained by the
PELDOR technique. Conventional two-pulse ESE spectroscopy
is more convenient in studies of photoinduced spin-correlated
radical pairs.

Recent advances made by researchers from different labora-
tories point to great prospects for structural studies of complex
molecular systems by pulsed EPR spectroscopy.
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X1), the Siberian Branch of the Russian Academy of Sciences (in
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