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The use of a rapid stepping of the magnetic field for investigation
of electron dipole–dipole ESEEM in pulsed X-band ELDOR is de-
scribed. The magnetic field jump, synchronized with a microwave
pumping pulse, is positioned between the second and the third
pulses of the stimulated echo pulse sequence. This echo is measured
as a function of the delay between the first and the second pulses.
The data are analyzed for a Fourier transform resulting in a Pake
resonance pattern. To remove the electron-nuclear contributions to
ESEEM, time traces with pumping were divided by those without.
This resulted in complete elimination of electron-nuclear contribu-
tions, which is seen from the absence of peaks at nuclear frequencies
and the similarity of results for protonated and deuterated solvents.
For increasing the electron–electron modulation depth, a scanning
of the magnetic field during the microwave pumping is proposed.
The interspin distances and their distribution are determined for
two long-chained (ca. 2 nm) nitroxide biradicals in glassy toluene
and in frozen nematic liquid crystal 4-cyano-4′-pentyl-biphenyl. For
the latter solvent, the alignment of the axis connecting two nitrox-
ides in biradicals is quantitatively analyzed. C© 2002 Elsevier Science (USA)

Key Words: ELDOR; biradical; ESEEM; Pake spectrum; dipolar
coupling.
INTRODUCTION

Study of weak magnetic and exchange interactions between
unpaired electron spins in solids is now of great interest (1).
The strength of the magnetic electron dipole–dipole interaction
reflects the interspin distance and their mutual orientation in
a well-defined way, which allows the study of the radical pair
geometry. It becomes especially important with development of
biological spin-labeling technology (2).

Electron spin echo (ESE) has proved to be a very powerful
tool for measuring electron dipole–dipole interaction in long-
chained biradicals (distances between two spins larger than
1.5 nm). Several approaches in ESE has been used so far: pulsed
electron–electron double resonance (ELDOR) (3–9), 2 + 1
method (10–12), multiple-quantum EPR (13, 14), solid-echo and
1 To whom correspondence should be addressed at Institute of Chemical
Kinetics and Combustion, Russian Academy of Sciences, Ul. Institutskaya-3,
630090 Novosibirsk, Russian Federation. E-mail: dzuba@ns.kinetics.nsc.ru.
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Jeneer–Broekaert sequences (15), routine primary ESE enve-
lope modulation (ESEEM), and three-pulse Relaxation-Induced
Dipolar Modulation Enhancement (RIDME) experiment (16).

The alternative way to perform ELDOR is to switch the mag-
netic field in the sample volume to a new resonance position
(field-step ELDOR). Although this approach was suggested long
ago in time-resolved EPR (17) and ESE (18, 19), it has not been
applied so far to study electron–electron interactions. Note that
the field-step ELDOR spectrometer is suitable for other types of
experiments, e.g., for study of slow molecular motions (18, 20).

Field-step ELDOR may be performed with the help of a three-
pulse stimulated echo sequence (A. A. Dubinskii, Yu. A. Grishin,
and K. Möbius, to be published). The magnetic field jump, along
with an additional (fourth) pumping pulse, is positioned between
the second and third pulses of the stimulated echo sequence
(Fig. 1a). The stimulated echo is measured as a function of the
time delay τ between the first and the second pulses. In these ex-
periments the finite magnetic field rise-time does not influence
the electron spin coherence.

In this paper we describe our field-step ELDOR setup made
on the base of a commercial X-band ESE spectrometer. Applica-
tions to study the electron dipole–dipole interactions in nitrox-
ide biradicals are discussed. Pulse sequences for increasing the
electron–electron modulation depth and for reducing the dead
time are proposed and tested. The way to remove the contribu-
tion of electron-nuclear ESEEM is proposed.

THE PULSE SEQUENCES

In the secular approximation for weakly coupled spins, the
biradical spin-hamiltonian is

H = ωA Sz A + ωB SzB + ωeeSz A SzB, [1]

where ωA and ωB are the Larmor frequencies of the two elec-
tron spins in the absence of an interaction between them. In
the point-dipole approximation, the electron–electron (ELDOR)
frequency is

ωee = 2/3D(3 cos2 θ − 1) − 2J, [2]
1090-7807/02 $35.00
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FIG. 1. Pulse sequences for field-step ELDOR. The basic pulse sequence
is composed of the three-pulse stimulated echo sequence π/2A–τ–π/2A–T –
π/2A–τ–echo and the pumping pulse πB acting during the field jump. (a) Pump-
ing with fixed magnetic field jump, (b) scanning pumping. To overcome the dead
time problem, the echo may be refocused by an additional πA pulse (dashed line).

where D = −3/2γ 2h/r3, γ is the electron gyromagnetic ratio,
r is the interspin distance, θ is the angle between the interspin
vector and the external magnetic field direction, and J is the
exchange interaction. The approximation of weak coupling is
valid if 	ω = |ωA −ωB | � |ωee| that usually holds for nitroxide
biradicals. Anisotropic hyperfine interaction terms are omitted
for simplicity.

The simplest four-pulse field-step ELDOR sequence (Fig. 1a)
is based on the three-pulse stimulated echo π/2A–τ–π/2A–T –
π/2A–τ–echo sequence. As usual, we denote “spin A” as the
spins participating in the echo formation and “spin B” as those
pumped by an additional pulse. The additional πB pulse acts
during the field jump and thus affects spin B transitions only.
The microwave amplitude B1 is assumed to be large enough
to excite both spin A transitions, corresponding to two spin B
projections, but small enough not to affect the spin B transitions
(	ω � γB1 � |ωee|).

The first π/2A pulse creates the spin A transverse
magnetization which precesses during the first τ -period. The
second π/2A pulse converts this transverse magnetization into
longitudinal magnetization. The attained phase of precession is
conserved during the T -period. The πB pulse changes the B
spin projection and, in consequence, the local dipolar field ex-
perienced by spin A alters. Therefore, after the final π/2A pulse
the spin A transverse magnetization precesses with a frequency
differing by ωee from its initial value. This results, while τ is
varied, in a modulation of the stimulated echo signal:
My(2τ + T ) ∼ cos(ωeeτ ). [3]
T AL.

As the magnetization is stored along the Z-axis during the
T -period, the inhomogeneity of the additional magnetic field
	B does not affect the phase of the observed signal. Another
advantage is that the 	B rise-time that may be as long as ∼1 µs
(see below) does not influence the time resolution of the method.
Indeed, decay of the stimulated echo for nitroxides at the X-band
at 77 K lasts tenths and hundreds of microseconds so one may
set the time delay T > 1 µs without the loss of the signal.

For a polyoriented sample with the interspin distance fixed,
Eq. [3] should be averaged over the angle θ . Its cosine Fourier
transform results in a well-known Pake spectrum. From [2]
one may obtain two characteristic frequencies, corresponding to
θ = π/2 and θ = 0:

f⊥ = ±(2/3D + 2J )/2π
[4]

f‖ = ±(−4/3D + 2J )/2π.

The f⊥ value is determined by the positions of the singulari-
ties of the Pake spectrum while the f‖ value corresponds to the
positions of the outmost edges. So, Eqs. [4] allow the values of
D, r , and J to be determined (21).

There are, however, some obstacles handicapping the obser-
vation of electron–electron ESEEM. First, it is the interference
of electron-nuclear ESEEM arising due to anisotropic hyperfine
interactions. To overcome this problem, one may assume that
electron–electron and electron-nuclear contributions to ESEEM
are independent and the latter does not depend on the excitation
of B spins. Thus, the pure electron–electron ESEEM may be
obtained as a ratio of two experimental traces, with the pump-
ing pulse switched on and off. This procedure removes also the
other effects independent of spin B excitation, such as transver-
sal relaxation of spin A.

Another problem is the dipole–dipole ESEEM appearing even
in the absence of the pumping, because of the excitation of A
spin (16). However, this contribution was found to be rather
small, even in comparison with electron–proton contribution to
ESEEM (16). The modulation depth for the latter is known to be
much below unity. So, dividing the signal with pumping by that
without will result in a correction to Eq. [3] of the second order
of smallness. Therefore it may be safely neglected. Note also
that in (16) the signal was detected at the maximum of an EPR
line; any other spectral position will further reduce this spin A
contribution to dipole–dipole ESEEM.

Finally, the instrumental dead time, which for an X-band pulse
spectrometer is usually about 100 ns, results in a severe distor-
tion of the Pake spectrum. To restore the signal within the dead
time, one may apply an additional refocusing πA pulse (22)—
see Fig. 1a (dashed line). This pulse is delayed by the time
interval tr after the last π/2A pulse and refocuses the stimulated
echo out from the dead time. The ratio of the refocused stim-

ulated echo intensity with the πB pumping pulse switched on
and off should provide the pure electron–electron contribution
to ESEEM. Note that for this pulse sequence variation of τ is



R
FIELD-STEP ELDO

restricted, τ < tr . As the increase of tr results in signal diminish-
ing, this pulse sequence is suitable to detect only the initial part
of the τ -dependence. The dividing two signals, with pumping on
and off, scales automatically both types of experiment (4-pulse
and 5-pulse) to the same dimensionless amplitude.

The electron–electron modulation depth is proportional to the
B spins fraction inverted by the pumping pulse (7). For nitrox-
ides at the X-band, with the microwave amplitudes commonly
available, this fraction is about 10–20%. This quantity may be
substantially increased if the pumping pulse is applied during
the 	B ramp, so that the pumping frequency scans the EPR
spectrum (Fig. 1b). To obtain the maximum extent of the spin
B inversion, the microwave field amplitude B1 and the rate of
magnetic field variation dB/dt should be matched. The time tex

during which the particular spin B experiences the microwave
field, while the external field B is scanned, may be estimated as

tex ≈ B1

dB/dt
. [5]

For optimal excitation, the turning angle γ tex B1 ≈ π , so we
obtain

dB/dt ≈ γ B2
1

/
π. [6]

For the usual microwave amplitude, B1 = 5G, that gives
dB/dt ≈ 1.3 ∗ 108 G/s (130 G/µs). For complete excitation of
the nitroxide X-band EPR line (linewidth ∼70 G) the duration
of the scanning pumping pulse must be about 0.5 µs.

In addition, the scanning pumping suppresses the ELDOR
orientation selectivity (4).

EXPERIMENTAL

All experiments were performed with a commercial ESP-380
Bruker pulse EPR spectrometer. A homemade rectangular res-

onator (mode of oscillations H102) was used.

Conceptually, our equipment for creating the magnetic field
ju

mal possible interpulse delay value, τ = 80 ns (so the time res-
olution of this method was 2τ = 160 ns). The current pulse it-

n
mp is similar to that described in (23). The field jump was self has edges about 300 ns (Fig. 3c); the observed elongatio
FIG. 2. Schematic diagram of the electronics for generation of magnetic fiel
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created by the current pulses fed through Helmholtz coils, con-
sisting of two coils of a mean diameter of 24 mm and stuck
to resonator side walls. Each coil consists of 3 turns of insu-
lated copper wire. The resonator side walls were made of thin
(25 micrometers) foil of nonmagnetic stainless steel, of a spe-
cific resistance near 1 Ohm/m/mm2. The low wall conductiv-
ity results in a low Q-value of the resonator, suitable for ESE
experiments.

The current pulse circuit is shown in Fig. 2. The module con-
sists of the power supply and the control unit, the high-voltage
IC-driver IR 2113, and the transistor half-bridge switch (Inter-
national Rectifier IRF-NYSE). Components, marked with an
asterisk (∗), are subject to adjustment; P1, P2, P3 are the ref-
erence points for the adjustment of the device; the maximum
current is determined by the choice of the resistor RLOAD. The
shapes of pulses at the reference points of the device are shown
in Fig. 3.

The circuit works as follows. At the initial state the transistors
V1 and V2 (IRF 730 A), which are controlled by the IC-driver, are
closed. The driving rectangular pulse of a duration of 1 ÷ 3 µs is
produced by a waveform generator triggered by the EPR spec-
trometer (P1). It opens the transistor V1 (P1′) and the voltage
from the capacitor C0 is applied to the coils through the ballast
resistor RLOAD. The correction chain C1–RC–C2 creates a spe-
cial shape of the voltage pulse at the output of the switch (P3), to
compensate for the distortions of the shape of the current pulse
induced by the eddy currents in resonator walls. To reduce the
fall time of the coil current, the transistor V2 is opened for 15 µs
(P2) by the end of the input pulse. The resistor RS is used as a
shunt for measuring the parameters of the current pulse in the
coil.

The circuit parameters were selected experimentally, to ob-
tain a minimal rise time of the field jump along with its maximal
achievable amplitude. The rise and fall times were estimated by
measuring the two-pulse echo-detected EPR lineshift (Fig. 3d)
and proved to be near 1 µs. In this experiment we used a mini-
d jumps (see Experimental). P1, P2, P3 are the reference points (see Fig. 3).
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FIG. 3. The time scheme for the voltage and magnetic field pulses. (a) The
driving pulse from the waveform generator triggered by the spectrometer (the
reference point P1, see Fig. 2); (b) the driving pulse applied to compensate for
the distortions induced by the eddy currents in the resonator walls (P2); (c) the
output pulse (P3); (d) the echo-detected shift of the EPR resonance.

may be explained by the influence of the eddy currents in the
resonator walls. The maximal amplitude of the magnetic field
pulse was 70 G, with the load voltage of the capacitor C0 about
400 volts.

The microwave pulse lengths were 16 and 32 ns for the π/2
and π pulses, respectively. The echo signal was integrated over
a 40-ns time window. Quadrature detection was used, and the
modulus signal (square root of the sum of the signals from the
both channels squared) was analyzed. This approach is known to
reduce the drift of the signal phase due to residual magnetic fields
of the eddy currents in the resonator walls (23). To remove the
nonmodulated contribution to ESEEM, it was fitted by a single
exponential function, which was then subtracted.

The spectrometer magnetic field was positioned at the low-
field edge of the nitroxide EPR spectrum, while the central max-
imum of the spectrum was pumped. When the pulse scheme
shown in Fig. 1a was employed, the pumping microwave πB

pulse was applied with a delay of 1.3 µs after the magnetic field
jump 	B was switched on. At this moment 	B almost reaches a
plateau (see Fig. 3d); its further variation was less than 0.2 G. In
experiments with scanning pumping (Fig. 1b), the maximal 	B
amplitude was about 60 G, and the microwave pumping pulse
of 520 ns duration was applied, with a delay of 240 ns after
the magnetic field jump was switched on. These values were
chosen empirically to obtain a maximum ESEEM depth with-
out affecting the spin A transitions. The delays for the 5-pulse

sequence (Fig. 1) were chosen to avoid influence of unwanted
echoes.
T AL.

In our experiments we used biradicals of two types:
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Biradical B1 was synthesized and purified as described in (24).
The synthesis of biradical B2 will be described in a forth-
coming contribution; the procedure closely resembles that given
in (25).

Biradicals were dissolved in toluene, or in deuterated toluene,
or in nematic liquid crystal 5CB (4-cyano-4′-pentyl-biphenyl):

C5H11 CN 5CB

The nitroxide group concentration was 1 mM in all sample pre-
parations.

To obtain a glassy state, the samples of toluene solution were
frozen in liquid nitrogen. The samples of liquid crystal solution
were slowly cooled in the resonator at the spectrometer field B0

of 8 kG that resulted in partial orientation of the solvent and
biradical molecules along the B0. Then the samples were frozen
in liquid nitrogen. To obtain a desired sample orientation, the
sample was turned in the frozen state. All experiments were
done at 77 K.

RESULTS AND DISCUSSION

1. Biradical B1: Determination of the Interspin Distance

Figures 4 and 5 show the results of the field-step ELDOR
experiment (see Fig. 1, T = 10 µs), for B1 in protonated (Fig. 4)
and deuterated (Fig. 5) toluene. The solid parts of the curves
A and B (curve A, the pumping pulse is on, and curve B, the
pumping pulse is off) were obtained in a 4-pulse experiment with
scanning pumping (see Fig. 1b). These traces are superimposed
by electron-nuclear ESEEM. Curve C presents the ratio of these
traces. One can see that curve C looks very similar for both
isotope compositions (cf. Figs. 4 and 5). The dashed line on the
curves A, B, and C corresponds to the signal obscured within
the dead time and obtained using the 5-pulse refocused echo
sequence (see Fig. 1b, tr = 600 ns). The joining of data for the
4-pulse and 5-pulse experiments for original traces A and B was
done by an appropriate artificial scaling while that for the ratio C

occurred automatically after dividing. Note the good agreement
for the trace C between two experiments.
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FIG. 4. ESEEM for B1 in toluene (protonated). (A) The four-pulse experi-
ment (solid line) and the five-pulse experiment (dashed line), with the scanning
microwave pumping (see Fig. 1b). (B) The same without microwave pumping
(pulse πB is off). (C) The ratio of traces A and B; solid line corresponds to four-
pulse experiment; dashed, to the five-pulse experiment. The scale for the solid
lines in A and B traces is the same and arbitrary. The scale for the dashed lines
in A and B traces is the same; these lines are scaled artificially to match the solid
ones. At the vertical axis the dimensionless scale for the C trace is given; the
solid and the dashed lines on trace C are scaled to the same values automatically.
The dotted line in the trace C is obtained by parabolic extrapolation.

The remaining dead time (∼40 ns) is determined by the finite
pulse lengths. We reconstructed the signal within that dead time
using a simple parabolic interpolation.

The trace D in Fig. 5 was obtained without field scanning
(pulse sequence of Fig. 1a). The acquisition parameters for

FIG. 5. The same as in Fig. 4, for deuterated toluene (traces A, B, C). The
trace D is obtained similarly to the trace C, but with pumping at the fixed field
position (see Fig. 1a). The acquisition parameters for traces C and D are the

same. One can see that scanning pumping (trace C) increases the modulation
depth and signal-to-noise ratio. As compared with Fig. 4, the smaller dead time
is because of somewhat higher spin concentration.
OF BIRADICALS 65

FIG. 6. The Pake spectra obtained by cosine Fourier transform of the
traces C on Figs. 5 and 4 (see text for details) for biradical B1 in deuterated (top)
and protonated (bottom) toluene. The sharp peaks representing the Pake spec-
trum singularities are clearly seen. The bottom spectrum is shifted downwards.
Note that no spectral features are seen in the frequency region of electron-nuclear
ESEEM (for protons near 14.5 MHz) and that both spectra look very similar.

traces C and D were the same. One can see that the modula-
tion depth as well as the signal-to-noise ratio increases when
scanning pumping is used.

The result of the cosine Fourier transform of the time traces C
in Figs. 4 and 5 (with the nonmodulated contribution removed) is
shown in Fig. 6. One can see that for both isotope compositions
the frequency spectra are almost identical. No peaks are ob-
served corresponding to nuclear transitions. This proves that the
suggested approach when two traces, with pumping and without,
are divided removes completely the electron-nuclear contribu-
tion to ESEEM.

The two symmetric sharp peaks seen in Fig. 6 reflect the sin-
gularity of the Pake spectrum at θ = π/2. From the position
of the peaks the frequency f⊥ = ±(7.0 ± 0.1) MHz was deter-
mined. Note that f⊥ is shifted slightly from the maximum of
singularity; this shift is induced by the line broadening in the
frequency domain (21). The high-frequency edges ( f‖) of the
Pake spectrum are less pronounced and hardly could be distin-
guished from noise and artifacts. Their low intensity may be
explained by incomplete excitation of the corresponding spin
packets because f‖, estimated as 2 f⊥, is close to B1. In addi-
tion, the edges of the Pake spectrum in disordered samples are
of rather low intensity.

Intensity of the Pake spectrum edges increases for an oriented
sample (14). We studied biradical B1 dissolved in 5CB for the
sample with the liquid crystal director d parallel to B0. Because
of EPR spectrum narrowing, the scanning pumping in these ex-
periments becomes unnecessary. The pumping pulse scheme
shown in Fig. 1a was used, with a fixed 	B = 20 G. Like in

the previous case, the traces with the pumping pulse switched
on and off were divided and the ratio analyzed. To suppress the
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FIG. 7. The Pake spectrum for B1 in 5CB oriented so that d ‖ B0, obtained
in the same way as that in Fig. 6. Spectral features corresponding to the parallel
orientation are increased drastically (cf. Fig. 6).

increasing noise at the tail of the trace, the gaussian apodiza-
tion function g(τ ) = exp(−(2πaτ )2) with the apodization factor
a = 1 MHz was used (for an expense of some broadening of
the resulting Pake spectrum). The Fourier transform is shown in
Fig. 7. From the position of the maximum slope at the high fre-
quency edges of the spectrum the value f‖ = ±(14.4 ± 0.3) MHz
was determined. With the f⊥ determined above (suggesting that
it does not depend on the solvent), Eqs. [4] give D = 10.7 ±
0.2 MHz (r = 1.94 ± 0.02 nm), and |J | < 0.1 MHz. These re-
sults are in excellent agreement with those obtained previously
by conventional double-frequency ELDOR: r = 1.9 ± 0.16 nm,
|J | < 2 MHz (3).

2. Biradical B2: Estimation of the Interspin Distance
and Its Distribution Width

Electron–electron ESEEM for B2 toluene solution was found
to be rather weak, even in the scanning pumping ELDOR ex-
periment. To increase it, we used oriented samples of a liquid
crystal solution. The four-pulse scanning pumping pulse scheme
(Fig. 1b) was employed. The traces with the pumping pulse on
and off, as in the previous case, were divided one by the other.
The result is shown in Fig. 8, for d ⊥ B0. The inset in Fig. 8
shows the Fourier transforms obtained for d ⊥ B0 (solid line)
and d ‖ B0 (dashed line). Ascribing the sharp peaks to the Pake
singularities and assuming J = 0, the mean interspin distance
for B2, rm = 2.05 nm, may be estimated.

One can see that ESEEM oscillations in Fig. 8 are strongly
damped, even in this favorite case of oriented sample (cf. Fig. 4).
This may be explained as arising from an interspin distance
distribution. The B2 chemical structure suggests that a set of
conformations may exist.
To estimate the distribution width, we propose the follow-
ing approach. For τ large enough, ESEEM reflects mainly the
T AL.

FIG. 8. The time trace obtained in the same way as that for the curve C on
Fig. 4, and for B2 in 5CB (d ⊥ B0). The dashed lines represent two envelopes.
Inset, the corresponding Pake spectrum (solid line) and that obtained in the same
experiment, when d ‖ B0 (dashed line).

Pake spectrum singularity (7). Let us introduce the relative mod-
ulation amplitude, A(τ ) = (Vmax(τ ) − Vmin(τ ))/Vmax(τ ), where
Vmax(τ ) and Vmin(τ ) are the two envelopes shown in Fig. 8. The
circles in Fig. 9 show A(τ ) for B2 in 5CB; data taken from Fig. 8.
For comparison, the triangles show the same dependence for B1
in toluene (data of curve C on Fig. 4). Both dependencies may
be approximated by exponential functions, yielding the decay
rates ν1 = 1.6 ± 0.05 MHz for B1 and ν2 = 4.5 ± 0.2 MHz for
B2. Suggesting that the interspin distance distribution width,
	r, is small for B1, one may relate the difference 	ν = ν1 − ν2

with the distance distribution for B2. The modulation is deter-
mined mainly by the spins in the orientation θ ≈ π/2, having
FIG. 9. The relative amplitude of the two envelopes of electron–electron
modulation; see Fig. 8 (circles). For comparison, the same data for B1 in toluene
(from curve C on Fig. 4) are given by triangles.
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the characteristic frequency f⊥ = 6 MHz. Because r ∼ f −1/3,
the value 	r ≈ r∗

m	ν/(3 f⊥) may be roughly estimated. It gives
	r ≈ 0.3 nm.

3. Alignment of Biradicals in Liquid Crystal

The Pake spectrum for the biradicals B1 and B2 in 5CB allows
us to estimate the degree of their orientation with respect to the
external magnetic field. One may observe a very pronounced
difference, when comparing the Pake spectra for B1 (Fig. 7)
and B2 (Fig. 8, dashed line at insert). In both cases, the sample
orientation is the same. This difference points out the higher
degree of alignment of the biradical molecule for B2.

Note that this type of alignment is perfectly different from
that which one might obtain from the EPR spectra alone by
analysis of the anisotropic hyperfine coupling. The latter type
of alignment deals with orientation of the nitroxide itself while
the Pake doublet reflects the alignment of the biradical axis (the
axis joining two nitroxides).

To analyze the alignment qualitatively, the order parameter,
SO = 1/2〈3 cos2 θ − 1〉, may be introduced where the brackets
designate the averaging over the ensemble of molecules. It may
be estimated from the Pake spectrum in the following way. Let us
take into account that the SO angular dependence is the same as
that for the dipolar frequency (in the absence of exchange in-
teraction). Therefore, SO could be obtained immediately if the
lineshape of the single component of the Pake spectrum were
known.

Let us designate the component extending from the f⊥ neg-
ative to f‖ positive as P+( f ), and the symmetric component as
P−( f ), P−( f ) = P+(− f ). Then, e.g., employing P+( f ),

SO =
∫

f P+( f ) d f

4/3|D| ∫ P+( f ) d f
. [7]

The actual Pake spectrum is a symmetric combination of the two
components P( f ) = P+( f ) + P−( f ). One can roughly evaluate
the P+( f ) contribution taking into account that P+( f ) ≈ P( f ),
when f > | f⊥|, and P+( f ) ≈ P( f )/2, in the vicinity of f ≈ 0.
The remaining part of P+( f ) may be obtained by spline inter-
polation.

Using this reconstruction and Eq. [7], for B1 in toluene solu-
tion SO = 0.02 was obtained. That is reasonably close to zero,
which one may expect for a polyoriented sample. The values of
SO for B1 and B2 in 5CB (d ‖ B0) were found to be 0.38 and
0.67, respectively. Note in this respect that overlapping of the
Pake spectrum components is less significant for biradicals in
liquid crystal. This means that the distortions imposed by the
above procedure here should be smaller.

To explain the higher degree of the B2 alignment, one may
take into account that B1 and B2 molecules may interact with the
liquid crystal molecules via theπ -electrons of the aromatic rings.

From this point of view, if two or more aromatic rings are present
in the molecular structure, the molecule will be oriented better.
OF BIRADICALS 67

To obtain the precise SO value by this method, the following
precautions should be taken. First, one should avoid in experi-
ment the orientation selectivity. To make results more precise,
it is desirable therefore to simulate the Pake spectra taking into
account orientation of the nitroxide moieties respectively to the
magnetic field (see above), which is beyond the scope of the
present paper. Second, the degree of excitation should be equal
for all regions of the Pake spectrum (B1 > |D|).

CONCLUSIONS

We examined how an X-band field-step ELDOR may be em-
ployed for investigation of the electron dipole–dipole interac-
tions in biradicals. This is an alternative to the conventional
double frequency ELDOR that is used in most applications. The
advantage is that the scanning pumping increases the ESEEM
depth. Also, field-step ELDOR may be easily employed for
other types of experiment, such as study of molecular motions
(18, 20).

To remove the electron-nuclear contributions to ESEEM, time
traces with pumping are divided by those without. This results in
complete elimination of electron-nuclear contributions, which is
seen from the absence of peaks at nuclear frequencies and the
similarity of results for protonated and deuterated solvents.

The submicrosecond magnetic field rise time imposed by the
technical restrictions is not critical, at least for nitroxides at
77 K. Indeed, this time determines the time interval T between
the second and third microwave pulses that may be set as long
as T1. At 77 K, T1 attains value of several hundreds of micro-
seconds.

In biological applications, singly labeled impurities are of-
ten present. As they usually are the same as the monoradical
moieties in doubly labeled species, one may expect the same
electron-nuclear ESEEM factor in both cases. So, the dividing
time traces with pumping and without is applicable here as well.
Single nitroxide will produce nonmodulated decay in time do-
main which is normally removed before Fourier transform.

With this method D and J values were measured for two ni-
troxide biradicals in isotropic glass and in oriented liquid crystal.
The width of the interspin distance distribution for one of them,
having more flexible structure, was estimated.

The alignment of biradical molecules in oriented liquid crystal
may be studied with this method. We found that interaction of
π -electrons between the aromatic rings may be important for
this alignment.
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