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Abstract The current theory of the four-pulse electron double resonance (PEL-
DOR) has been extended to take into account two effects: (1) overlapping of the
electron paramagnetic resonance (EPR) spectra of paramagnetic spin "2 particles
(spin labels) in pairs and (2) overlapping of the excitation bands by the pump and
echo-forming pulses. It has been shown that the PELDOR signal contains additional
terms in contrast to the situation considered in the current theory, when the EPR
spectra of the spin labels in the pairs and the excitation bands do not overlap. All
terms oscillate with the same frequency, which is the characteristic dipolar inter-
action frequency. The largest additional terms originate from the fact that both spins
in pairs can be excited by the echo-forming pulses when the EPR spectra of the
partners in pairs overlap essentially. The results of the numerical calculations, which
illustrate the possible scale of the effect of these additional terms on the PELDOR
signal, are presented.

1 Introduction

The relatively small spin—spin interaction between paramagnetic centers in solids
can be detected by observing the behavior of the electron spin echo (ESE) signals
[1-3]. Among the most popular protocols of the ESE experiments are the two-pulse
echo, which is known as the Hahn echo or the primary echo, and the three-pulse
echo experiments. The “2 4+ 1” pulse train electron spin resonance method was
suggested in Refs. [4, 5]. For these protocols, the exchange and dipole—dipole
interactions between partners in pairs of the paramagnetic particles can cause the
modulation of the ESE signals [6]. However, this modulation of the echo signal
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decay is manifested only when the microwave (MW) pulses excite both partner
spins in pairs. This happens, e.g., when both partners in pairs are identical (like)
paramagnetic particles. When partners in pairs are not identical paramagnetic
particles, only one partner spin in pairs can be excited by the MW pulses, which
form the echo signal. In this situation, the spin—spin interaction between two partner
spins in pairs is not manifested as the modulation effect of the echo signal decay
unless this spin—spin interaction is randomly modulated by the spin-lattice
relaxation and/or the molecular motion [7, 8]. To extend the application of the
ESE methods for measuring the spin—spin interaction between unlike spins, it was
proposed to use the pulse electron double resonance (PELDOR) protocol [9]. In Ref.
[9], the three-pulse ELDOR experiment was proposed as a modification of the
primary echo protocol by adding the MW pulse field with the frequency that differs
from the frequency of the echo-forming MW pulses. Thus, the primary echo signal
modulation effect is induced by applying an additional MW pulse due to the spin—
spin interaction between unlike partner spins in pairs. The physical background of
using the PELDOR effect to determine the distance between two paramagnetic
particles in the range of 1-8 nm was comprehensively discussed in a number of
publications (see, e.g., [10-14]). The theory of the three-pulse ELDOR was
comprehensively discussed also recently in Ref. [15].

Another protocol of the dead-time-free four-pulse ELDOR experiment was
presented in Refs. [16-18] (see Fig. 1).

In this case, three MW pulses at t = 0, t = 7y, t = 27, + 1, with the frequency
w4 induce several echo signals, one of them arises at t = 2t + 21, (see Fig. 1).
The spin—spin interaction between paramagnetic particles in pairs is manifested as
the modulation of the echo signal decay curve for the echo signal observed at
t = 211 + 27, (see below). By adding the fourth MW pulse at ¢t = 7; + T with the
frequency wg, one can highlight this modulation effect, i.e., observe oscillations of
the signal as a function of the time interval T.

The current theory of this four-pulse ELDOR is developed for the case when the
EPR spectra of the partner spins in the pair do not overlap so that the MW pulses

vV, ©, T)

T 2%+, 2(t, + 1))

Fig. 1 Protocol of the four-pulse ELDOR experiment [16]. The spin echo is formed by the excitation
MW pulses with the frequency wa at t = 0, t = 7y and t = 21, + 7,. The additional (pump) MW pulse
with the frequency wg at t = 7, + T affects the spin echo signal. Durations of pulses at t = 0, 7y, 7, + 7,
and 2ty + 15 are f,y, fp, tp3 and fp4, respectively
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Four-Pulse ELDOR Theory of the Spin 69

with frequencies w, and wg excite different partner spins in the pair, and the
probability that any spin in the pair can be noticeably excited by the MW pulses of
both frequencies is supposed to be negligible [16—18]. In the case of the spin label
pairs, which have overlapping EPR spectra, new options appear: both partner spins
in the pair can be excited by echo-forming and/or pump MW pulses. This possibility
was not considered in detail in the current PELDOR theory although it was
qualitatively understood that in the presence of overlapping of the EPR spectra,
there is a way of excitation when both partners are excited by the echo-forming
pulses (see, e.g., [19]).

For the further discussion let us consider the AB pairs. Suppose that the A spins
are excited only by the three echo-forming MW pulses with the frequency w4, while
the B spins are excited efficiently only by the additional fourth MW pulse with the
frequency wg. In this model situation, the contribution of the dipole—dipole
interaction inside the AB pair to the four-pulse ELDOR signal under consideration
is presented as [16—18].

V(T,t1,72) = 1 — pg + pp cos(Dap (T — 1)), (1)
where pg is the probability of the inversion of the spins B by the pump MW pulse at
t =1, 4+ T, and D is the parameter of the dipole—dipole interaction.

Hy—q = hDABSA;SBz, (2)

_ gagsp’
hriB

Dag (1 —3cos” ) = Doag (1 — 3cos® 0) (3)

Here, rap is the distance between spins A and B, 0 is the angle between the
vector rap and the direction of the external magnetic field. Here, we assume that the
g-tensors of spin labels are isotropic. We suppose that the distance between the
partner spins in the pair is larger than 1 nm so that the contribution of the short-
range Heisenberg exchange interaction between particles can be ignored (the range
of distances preferable for PELDOR was discussed in [20, 21]. Possible effects of
the exchange interaction on the PELDOR signal were discussed in [20-24].

In real systems, e.g., nitroxides, the spin Hamiltonians of the Zeeman interaction,
nitrogen hyperfine, and electron spin—spin interactions have isotropic and
anisotropic contributions. As a result, the EPR frequencies depend on the spatial
orientation of paramagnetic centers. These anisotropic effects should be taken into
account when calculating the EPR spectrum shape and the probability of the
inversion of spins by MW pulses. The orientation selectivity effects were discussed
in numerous publications (see, e.g., [19, 25-28]). In this paper, we do not focus on
these orientation selectivity effects. Our goal is to highlight effects which are
induced by overlapping of the EPR spectra of partners and possible overlapping of
the excitation bands of the pulses used in the four-pulse ELDOR experiments.

Equation (1) was derived for the situation, when partners in the pair are
paramagnetic particles with the EPR spectra, which do not overlap, so that these
partners can be excited selectively by MW pulses. At present Eq. (1) is also used for
interpreting the PELDOR data in the cases, when the particles in pairs are nitroxide-
free radicals with overlapping or coinciding EPR spectra. Therefore, it is necessary
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to study whether Eq. (1) is applicable to the systems, when both spin labels in pairs
are paramagnetic particles with close magnetic resonance parameters, so that their
EPR spectra overlap substantially.

In this work, we generalize Eq. (1) and derive the contribution of the intra-pair
interaction to the four-pulse ELDOR signal, when the EPR spectra of the partner
spin labels in the pair overlap (or even coincide). It appears that the PELDOR signal
contains additional terms in contrast to the situation considered in the current
theory, when the EPR spectra of the spin labels in the pairs do not overlap. These
new terms arise as a result of the possible excitation of both spins in the pair by the
MW pulses with the frequency w4 and of the possible excitation of the same spin by
both w, and wg frequencies MW pulses used during the PELDOR experiments.

2 Theoretical Considerations

In this work, we use the model analogous to that used in our previous work [15]
where we have comprehensively discussed the three-pulse ELDOR theory.
Therefore, we will not describe the model in detail. Instead, we will present it
here only shortly. Detail description can be found in Ref. [15].

We consider an ensemble of pairs of paramagnetic particles (spin labels) R, and
R, with the electron spins Y2, when their EPR spectra g(w) and g,(w) overlap. Let
us assume that the spin echo-forming MW pulses have the frequency w, and the
pump MW pulse has the frequency wg. In the PELDOR experiments, the MW
pulses with frequencies w, and wg excite spins with the resonance frequencies in
intervals (wa—m1a, s + w14) and (wp—w B, W + ®;p), respectively. Here w;a
and w;p denote the Rabi frequencies of the MW pulses. We assume that pulses with
frequencies w, and wg can rotate, in principle, the spins of both partners Ry, k = 1,
2. We consider systems when the interaction between spins in pairs is relatively
small compared to the Rabi frequencies @i, w;g. Under this condition, the
probability of the spin inversion is calculated as follows. Let us denote the
resonance frequency of the spin Ry as €, and the probability of the reorientation of
the spin Ry by the MW pulse, which has duration 7, the frequency wg, and the Rabi
frequency wr as p(lwg, tp), k =1, 2, F = A, B. Then

. t
~sin? [\/w%}; + (2 — wF)zap (4)

w%F
ot + (2 — wp)

p(Qk|wF’ tP) =

Let us divide the ensemble of pairs R;R, into sub-ensembles with the different
inversion patterns of spins R; and R, by the MW pulses at the moments t;, 7; + 7,
27; + 1, during the four-pulse ELDOR experiment (see Fig. 1). In PELDOR
experiments, the time intervals 7, and 1, are kept constant and the signal is detected
as a function of the T value, while the T value changes in the interval
0<T<r1t 4+ 1 [16, 17]. The sub-ensembles which contribute to the signal
observed at t = 21; + 21, and the shapes of the contributions of these sub-
ensembles are given in Table 1. First, let us consider the contribution of one of the
partners in the pair, e.g., spin R;, to the PELDOR signal. The first pulse at r = 0
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Four-Pulse ELDOR Theory of the Spin 71

Table 1 Inversion patterns of spins R; and R, by the MW pulses at the moments 7y, 7; + T, 271 + 1,

which contribute to the PELDOR signal, and contributions of spins R; to the PELDOR signal

No. of the Pulse at 1, Pulse at 1, + T Pulse at Contribution to the

inversion pattern 21, + 12 observed signal

1 Only spin Ry is  Both spins are not Only spin R; is  Pj,
inverted inverted inverted

2 Both spins are Both spins are not Only spin R; is Py, cos(D1y)
inverted inverted inverted

3 Only spin R; is  Only spin R, is Only spin Ry is Py cos(D(71—T))
inverted inverted inverted

4 Both spins are Only spin R; is Only spin Ry is P4 cos(DT)
inverted inverted inverted

5 Only spin Ry is  Both spins are not Both spins are P, cos(Dt5)
inverted inverted inverted

6 Both spins are Both spins are not Both spins are Py cos(D(ty + 12))
inverted inverted inverted

7 Only spin R; is  Only spin R, is Both spins are Py cos(D(ty + 15—T))
inverted inverted inverted

8 Both spins are Only spin R2 is Both spins are Py, cos(D(1,—1))

inverted

inverted

inverted

rotates the spin R; around the x-axis and creates the average spin moment along the

y-axis.

mly(Q1) =

1

W1A

In Table 1 the following notations are introduced:
D is the parameter of the dipole—dipole interaction in the pair R;R, [see Egs. (2)

and (3)],

My = (myp(Qi|wa, 1,0) (1 — p(Qulws, 1,3)) p(Qlwa, 1)),

_ sin [\/wa + (2 — wA)ztpl (5)
2 \/wz +(Q) — wa)*
1A 1 A

Py =M ((1 — p(Qa|oa, 152)) (1 — p(Qo|wp, 13)) (1 — p(Qa|wa,1p))),
Py = Mi(p(Qa|wa, 1) (1 — p(Q|wp, 13)) (1 — p(Qalwa, 14))),
Pic = Mi((1 — p(Qa|wa, 152) )p(Qa|ws, p3) (1 — p(Qalwa, 1)),

Pia = M (p(Q|oa, ty)p(Qa|wp, 1p3) (1 — p(Qa|wa, 1p4))),

Pre = Mi((1 — p(Qa|wa, 152))(1 — p(Qe|ws, 13)) p(Q2|wa, tpa)),

Py = Mi(p(Qa|wa, tp2) (1 — p(Qa|ws, 13)) p(Qalwa, tpa)),
Pig = Mi((1 — p(Q|wa, tp2))p(Qo|ws, t3) p(Qa|wa, 1)),

Pin = Mi(p(Qa|wa, 4,0)p(Q|wp, 13) p(Qalwa, tpa))
The excitation patterns of spins, which do not contribute to the PELDOR signal,

are not given in Table 1. The

contribution of the spin R, of the pair to the PELDOR signal is given by
expressions similar to those given in Table 1 and Eqgs. (6) with subscripts 1 and 2
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72 K. M. Salikhov, I. T. Khairuzhdinov

interchanged. The signal observed in the PELDOR experiments is a sum of
contributions of spins R; and R;.

The symbol <...> means averaging over the distributions of the EPR
frequencies, which are given by the EPR spectra g;(€2;) and g,(£2,) of spins R,
and R,,

(@A) = ((20){f(22)) = / £1(20)81(21)d2 / £2(22)82(22)d .
()

Thus, the contribution of the spin R; to the four-pulse ELDOR signal is
Vi(T,11,72) = P1a + Pypcos(D1y) + Pyccos(D(ty — T)) + Pigcos(DT)
+ Piecos(D1y) + Pircos(D(ty + 12)) + Pigcos(D(ty + 12 — T))
+ Pipcos(D(ty — T)) (8)

Bold font indicates the terms present in the current PELDOR theory. For
comparison, we present the echo signal in the absence of the pumping MW pulse.
By assuming that p(€;|ws, #,3) = 0, one obtains from Egs. (6) and (8) that this
signal is given by

Voi(t1, 72) = Po1a + Po1b c0s(D11) + Poje c0s(D12) + Poit cos(D(t) + 12)), (9)
where

Moy = (miyp(Qi|wa, 1) p(Qi|wa, 1ps)),

Pora = Moi (1 — p(Q2]@a, t2)) (1 = p(Qa|wa, 14))),
Poiy = Moi(p(Qa|wa, 1) (1 — p(Qa|wa, tpa))),

Pote = Moi (1 — p(Qa|wa, p2)) p(Qo|wa, tp4)),

Port = Mo1 (p(Qa2|@a, tp2) p(Q2]|@a, tpa))

If the echo-forming MW pulses invert the partner spin in the pair with the
probability 1, i.e., p(€,] wa,ty0) = 1, p(£ol wa,tp4) = 1, then the signal (Eq. (9)) is
reduced to the well-known result Vy(11,72) = <m1y> cos(D(ty + 15)) [1-4]. This
echo signal at t = 2t + 21, is produced by the recovery of the echo signal at
t = 2ty due to the third refocusing MW pulse at r = 21, + 1,. Note that the
common factor My, in the case of the primary echo signal without the pump MW
pulse [Eq. (9)] is larger than the common factor M| in the case of the PELDOR
signal [Eq. (8)]. This fact should be kept in mind when the PELDOR signal is
normalized using the echo signal without the pump MW pulse as a reference signal.

The form of the PELDOR signal [Eq. (8)] becomes rather simple when the EPR
spectra of two partners in the pair do not overlap. In this case only one spin of the
pair, say R, contributes to the observable. Suppose that the EPR spectra of partner
spins are well separated and the following assumptions are justified. The wa
frequency MW pulses excite only R; spins, so that p(£,| wa,t,) = 0 and p(£2,l
wa,tps) = 0 while the og frequency MW pulse excites only R, spins, so that p(£2;l
wg,1p3) = 0. Under these conditions, the PELDOR signal (8) is reduced to the result
well known in the current theory (see Eq. (1)).
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Four-Pulse ELDOR Theory of the Spin 73

V(T,t1,72) = (miyp(Qilwa, t2) p(Qu|wa, tpe))
x {1 = (p(Qe|ws, 13)) + (P(Q|ws, 1p3))cos(D(z; — T))}  (10)

Only one oscillating term appears in Eq. (10). In the general case of the
paramagnetic particles in pairs with overlapping EPR spectra [Eq. (8)], the
PELDOR signal contains six additional oscillating terms. All oscillating terms
independent of the features of overlapping EPR spectra have the same frequency
equal to the dipolar interaction parameter D. Amplitudes of these oscillating terms
have the first-, second-, and third-order contributions over the probability of the
inversion of R; and R, spins by the MW pulses. Keeping only the first-order terms
one obtains from Egs. (6) and (8).

Vll(T,Tl,‘CQ) = Pi1a + PlleOS(D‘L'l) +P11CCOS(D(‘EI — T)) + PlleCOS<D‘Eg), (11)
where

P11y = Mi((1 — p(|wa, t2) — p(Q|ws, tp3) — p(Qa|wa, 1p4))),
Piiy = M (p(Q2]|wa, 1)),
Piic = My (p(Q:|ws, 1p3)),
Piie = My (p(Qa|wa, tps))

Note that for the similar paramagnetic centers in pairs, e.g., when both partners
are stable nitroxide radicals, the amplitudes of the three oscillating terms in Eq. (11)
given by Eq. (12) are of comparable values (see Table 2).

Equation (12) show that the PELDOR signal contains two additional oscillating
terms compared to the signal described in the current PELDOR theory, namely, Py,
cos(D1y) + Pj1e cos(D1,). These new terms originate from the fact that the echo-
forming MW pulses can invert the partner spin in a pair if the EPR spectra of the
partners in a pair overlap. Equation (12) show explicitly that these new terms are
proportional to the probabilities (p(£, wa,1y2)) and (P(2,| wa,tp4)) of the partner
spin inversion by the second and fourth echo-forming MW pulses, respectively. It is
worth to note that there is no contribution to the PELDOR signal described by the
term like Pyyccos(D(tq—T)) if either the second or the fourth echo-forming MW
pulse inverts the partner spin in a pair since for this case Pi. = M (1—p(£5] wa, 1))
P(alwp,1y3) (1=p(La] wa,1pe)) = 0.

Thus, Egs. (11) and (12) describe the first-order effect of the EPR spectra
overlapping on the four-pulse ELDOR signal. Equations (6) and (8) describe both
effects: overlapping the EPR spectra of partners in pairs and possible overlapping of
the excitation bands during the PELDOR experiment. According to the protocol of
experiment (see Fig. 1), the second and fourth MW pulses have the same durations,
i.e., 1, = 14, s0 that (p(Qol Wa,10)) = (Pl WA, 14)). In this case, the amplitudes of
the terms in the PELDOR signal [Eq. (8)] are determined by the following average
probabilities of spin inversion:

Pa = (P watyp), ps= (P 0plp3)), pas = (P(Qoloa,15)p(2,]
0g,13)); Paa = (P 0atp)p(Qol watp)), PaBa= (P(Qolwa t2)p(E] wp,ty3)
Pl wa,ty)). The quantities pag and papa characterize overlapping of the

(12)
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Table 2 Values of pa, pg, Paa> PaB> PaBa for the excitation patterns presented in Figs. 5al—d1

Position of the excitation Simulation case Expected as Simulation case Simulation

on the EPR spectrum WA— B > WA optimal wg WA— W X WA case wp = Wy
+ o situation + w1

o (x10° 57 212.6 212.6 212.6 212.6

Ba (G) 12073.5 12073.5 12073.5 12073.5

op (x10° rad s71) 212.0 21225 212.5 212.6

Bg (G) 12,040 12,054 12,068 12073.5

plwa) 0.1 0.1 0.1 0.1

p(wg) 0.04 0.11 0.071 0.064

pP(@a, ®4) 0.054 0.054 0.054 0.054

p(oa, ©B) 0.00058 0.0032 0.011 0.038

p(wa, Wa, O) 0.000088 0.00035 0.0044 0.029

Rabi frequencies were chosen as wjp = 69.4 x 10° rad/s (B = 3.94 G, the amplitude of the wp
frequency MW pulses at ¢ = 7, (the second pulse), t = 27y + 7, (the fourth pulse, see Fig. 1), and for the
pump MW pulse (the third pulse, see Fig. 1) w;g = 36.1 x 10° rad s7%, Bjg = 2.04 G

excitation bands of the echo-forming and pump MW pulses. Using these notations,
the PELDOR signal amplitudes P (Eq. (6)) can be written as

Pra = Mi(1 —2pa — pB + paa + 2paB — PaBa),

Py = Mi(pa — paa — PaB + PaBA),

Pic = Mi(pB — 2paB + PaBA);

Pia = Mi(paB — PaBa),

Pie = Mi(pa — paa — PAB + PABA);

Pit = Mi(paa — PaBA),

Pig = Mi(paB — PaBA),

Pin = MipaBa

(13)

Due to the overlapping of the excitation bands, there appear three new oscillating
terms in the PELDOR signal: M;((pap—paBa) (cos(DT) + cos(D(ty + 1o—
7)) + papa cos(D(t1,—T1))). The quantities ps <1, pg <1 can be treated as
relatively small first-order quantities. Then quantities paa, pap can be treated as the
second-order and papa as the third-order quantities. Thus, the overlapping of the
excitation bands leads to the appearance of the second-order terms over the spin
inversion probabilities. Note that in the current PELDOR theory, the observable
[Eq. (1)] is characterized by the first-order parameter pg, which is the probability of
the spin inversion by the pump MW pulse. Below, we illustrate possible
contributions of the terms which appear due to overlapping of the EPR spectra
and overlapping of the excitation bands using the numerical calculations of the four-
pulse ELDOR signal.

According to Eq. (3), the dipolar frequency D depends on the distance r between
spins in the pair and the angle 6 between the vector r and the direction of the
external magnetic field. In the case of disordered systems, there is a random
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distribution of orientations of the vector r, which connects the spin labels in the pair.
Therefore, the contribution of the intra-pair interaction given by Eqgs. (8)—(11)
should be averaged over the random distribution of the polar angle 6. In addition,
there can be the distribution f{r) of the distance r between partners in pairs;
therefore, Eqgs. (8)—(11) should be averaged over this distribution as well. Thus, the
observables [Eqgs. (8—11)] are the result of the interference of the contributions
oscillating with different frequencies D. This interference is described as average
cosines.

(cos Dr) = %/ cos(Do(1 — 3 cos? 0)1) sin 0 d0), (14)

_ gagsp’
r3

Dy

)

The features of the average cosine [Eq. (14)] were discussed and presented in
many publications and monographs (see, e.g., [29]). A recent review of this subject
is given in Ref. [15]. Figure 2 illustrates the characteristic features of the average
cosine [Eq. (14)]. There is a sharp decay at the early stage where the function drops
down. Then it oscillates with the frequency close to the characteristic dipolar
frequency Dy, which corresponds to the equatorial position of the vector r with
respect to the direction of the external magnetic field.

The average cosine Eq. (14) can be presented in terms of Fresnel integrals [13]

cos %) FresnelC (ﬁ) + FresnelS (\/i) sin %y
\/i )

where y = 6Dgt/m. Equation (15) has an asymptotic value at Dyt > 1

(cos Dt) = (15)

T
12Dyt

(cos Dty — cos (Dot - g) . (16)
Asymptotically, the oscillation frequency tends to the singular frequency D,
In a PELDOR experiment, the signal is detected as a function of 7. It is seen from

Eq. (8) that there are terms independent of T, the term of the cos(DT) type and the

terms of the cos(D(1—T)) type, where t = 1y, or t = 15, or t = 7; + T,. The average

cosine < cos(D(t—T))> has a maximum at 7 = ¢ (see Fig. 3).

3 Results of Numerical Simulations of the Peldor Signal for Model Situations

We simulated numerically the four-pulse ELDOR signal [Eq. (8)]. For numerical
simulations of the spin inversion probabilities, we used the EPR spectrum of the
biradical containing 1-oxyl-2,2,5,5-tetramethylpyrroline-3-yl spin labels (Fig. 4).
The EPR and the three-pulse ELDOR spectra of this biradical were experimentally
studied in [15]. Note that we did not take into account any orientation selectivity
effects in our model calculations below. So our calculations can serve only as an
illustration of possible effects of overlapping of the EPR spectra and the excitation
bands on the PELDOR signal.
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1,0

0,5

<cos(Dt)>

0,0

0,0 0,5 1,0 15 2,0

t, us

Fig. 2 Average cosine <cos(Df)> calculated for r = 2 nm. The oscillation period is close to To = 2n/Dg =
162.15 ns

0,5

<cos(D(t-T))>

0,0

T T T T T
0,0 0,5 1,0 1,5 2,0
T, us

Fig. 3 Average cosines <cos(D(t;—T1))> (tr; = 500 ns, thick curve) and <cos(D(t,—T))> (7, = 1,500 ns,
thin curve) calculated for r = 2 nm, 7; + 7, = 2,000 ns. Maxima occur at T = t; and 7' = 1, respectively

? :
Gﬁa@/{}g@ s

Hex

Fig. 4 Scheme of the biradical containing 1-oxyl-2,2,5,5-tetramethylpyrroline-3-yl spin labels
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In this biradical spin centers are identical so that their EPR spectra coincide. We
simulated the PELDOR signal for several values of the pump MW pulse frequency
mp, while the frequency wa was kept constant, wa = 212.6 x 10° rad/s (the
magnetic field of 12073.5 G). For comparison, we simulated simultaneously the
PELDOR signal using the current theory Eq. (1), which does not take into account
the overlapping of the EPR spectra of the two radical centers in the biradical. The
results of these numerical simulations are presented in Fig. 5a—d. Note that in the
case shown in Fig. 5b, the frequency wg is the EPR frequency at the most intense
EPR signal so that this frequency is optimal for the PELDOR effect for the model
situation. The simulations are done for the four values of the pump MW pulse
frequency wg: far removed from the frequency wa (al—a3), optimal frequency (b1-
b3), close to wu (c1-c3), and equal to w, (d1-d3) frequencies. Parameters used
during these simulations are given in Table 2. For this biradical, the inter-radical
distance is 3.7 nm [15]. In this paper, we used the secular approximation for the
dipole—dipole interaction in pairs. This approximation fails when the resonance
frequencies of the partner spins in pairs are close which occurs definitely when the
EPR spectra of the partners in pairs overlap. In this case, in principle, one has to take
into account the pseudo-secular terms of dipole—dipole interaction when calculating
the PELDOR signal. This was first pointed out for the case of coinciding frequencies
in [30]. We plan to investigate this item quantitatively in the future work.

Parameters p which characterize the probabilities of the spin inversion scenarios
were calculated numerically using Egs. (4) and (7) and the spectrum of the 1-oxyl-
2,2,5,5-tetramethylpyrroline-3-yl spin label. To visualize the EPR spectrum
excitation bands, we presented on Fig. Sal-d1 the EPR spectrum and the
probability of the spin inversion (the excitation bands) by the corresponding MW
pulses with the frequencies w, and wg.

The numerical data show that the values of psg and paga are less than 0.01 and
0.0044 if lop—opl > ip + @i and they can be neglected (see Table 2).
Otherwise, all terms containing pa, P, Paas PaB» PaBa give, in principle,
comparable contributions to the PELDOR signal (see last column in Table 2).

Figure 5a—c support the expectation that under the condition lwa—wgl>
wia + w1, the term Py, cos(D(t;—T)) gives the major contribution to the
T dependence of the PELDOR signal [Eq. (8)]. Indeed, one can see in Fig. 5a2—c2
that the PELDOR signal has the maximum at 7 = t,. However, the situation
changes considerably when lw,—mgl< w5 + @;p. For example, when ws = wg
(see Fig. 5d), the pronounced maximum of the PELDOR signal occurs not at
T = 1y, but at T = 1,. It is worth to note that within the current four-pulse ELDOR
theory [Eq. (1)] the most pronounced maximum of the PELDOR signal is always
expected at T = t;. Note that the situation presented in Fig. 5b is optimal for the
experiment since in this case the pump MW frequency wg corresponds to the
maximum of the EPR intensity (see Fig. 5al—d1) so that one expects the maximum
of the PELDOR effect.

An important issue of the theory developed in this work concerns the value of the
PELDOR signal amplitude when the time 7 is varied. Figure 5a2-b2 shows that the
current theory overestimates the PELDOR signal amplitude up to 15-25 % when
the excitation bands do not overlap essentially (compare the amplitudes of the thick
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Fig. 5 EPR spectrum and excitation bands (al-dl), dependence of the PELDOR signals on time
T (a2—d2, thick curves are obtained using Eq. (8) and dashed curves obtained using Eq. (1) and the power
Fourier transforms (a3—d3) of the PELDOR signals (a2—d2), respectively. These simulations were done
assuming that 7, = 3 x 10°%s,7,=15x 10%s

and dashed curves at 7= 0 in Fig. 5a2-b2). This 15-25 % decrease in the
PELDOR signal amplitude is mainly due to overlapping of the EPR spectra of the
partner spins in pairs. According to Eqgs. (11) and (12), the relative contributions of
terms cos(Dt;) and cos(Dr,) is determined by the probability of the spin inversion
by the echo-forming pulses pn which is 0.1 in the simulations (see Table 2).
Alongside with the reduction of the PELDOR signal amplitude pointed out above,
there is also the decrease in the modulation depth. For example in Fig. 5¢2, the
modulation depth predicted by the current theory (see dashed curve in Fig. 5¢2) is
about 1.5 times larger than that predicted by the theory developed in this work (see
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Fig. 5 continued

thick curve in Fig. 5c2). Note that the decrease of the modulation depth in the
present theory arises as a result of the destructive interference of four cos(DT + @)
terms with ¢ = 0, —D1ty, —D1,, —D(7| + 1) [see Eq. (8)]. When the excitation
bands of the echo-forming and pump pulses coincide, the decrease in the PELDOR
signal amplitude and the modulation depth becomes important. For example, the
PELDOR signal amplitude and the modulation depth according to the present theory
[Eq. (8)] is an order of magnitude less than that according to the current theory
[Eq. (1)) if wa = wg (see Fig. 5d].

Another issue of the present theory concerns the frequencies of the PELDOR
signal oscillations. When lwa—wgl< w1a + w1p, the T dependence of the PELDOR
signal can manifest “oscillations” with frequencies different from the characteristic
dipolar frequency D (see Figs. 5¢3, 3d). In fact, these additional frequencies are
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Fig. 6 EPR spectrum and excitation bands (al-d1), dependence of the PELDOR signals on time
T (a2—-d2, thick curves are obtained using Eq. (8) and dashed curves obtained using Eq. (1) and the power
Fourier transforms (a3—d3) of the PELDOR signals (a2—-d2), respectively. Parameters used during these
simulations are the same as in Fig. 5 except for 1, = 7, = 3 x 107%s

artifacts. The PELDOR signal contains several T-dependent terms:
P14cos(DT) + Pyccos(D(ty—T)) + Pincos(D(1o—T) + Pigcos(D(ty + 1,—T) (see
Eqg. (8)). Each term oscillates with the same frequency D but these terms exhibit
maxima at T=0, T =1y, T = 15, T = 11 + 15, respectively. Thus, the Fourier
transformation of the PELDOR signal can reveal additional “harmonics” associated
with these local maxima in the PELDOR signal despite the fact that all PELDOR
signal terms oscillate with the characteristic dipolar frequency D. To illustrate the
effect of 7; and 7, on the appearance of these artifact “modulation” frequencies, we
present simulations (Fig. 6) for the case 1, =1, =3 X% 107% s, while all other
parameters are the same as in Fig. 5.
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The comparison of the curves presented in Figs. 5 and 6 shows that the Fourier
transformation of the PELDOR signal changes when 7, and 1, are varied if the
frequencies w, and wg are close so that the excitation bands overlap.

4 Conclusions

The theory of the four-pulse ELDOR of an ensemble of the pairs of the '2 spin
paramagnetic particles was extended to the general case when the EPR spectra of
the partners in the pair overlap or even coincide. We also investigated theoretically
the effect of overlapping of the observer and pump excitation bands on the four-
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pulse ELDOR signal. Overlapping of the EPR spectra of the partners in pairs and
overlapping of the excitation bands lead to additional terms of different types.
Overlapping of the EPR spectra is responsible for the contributions to the PELDOR
signal, which does not depend on the time 7 when the pump pulse is applied. So
these contributions affect mainly the PELDOR signal amplitude and not the
frequency of the PELDOR signal modulation. The PELDOR signal amplitude may
be of minor importance when studying pairs of spin labels. But it is of major
importance when studying a number of spin labels, the architecture of spin label
arrangement, when groups of spins are investigated using PELDOR (e.g., see
discussion of this item in [15]). Due to overlapping of the excitation bands, the
depth of the PELDOR signal modulation decreases. This effect originates from the
destructive interference of several contributions which have different initial phases.
Moreover, due to overlapping of the excitation bands, the artifact frequencies of the
PELDOR signal “oscillations” can be observed. These additional artifact frequen-
cies can be specified by varying the time intervals 7, and 7, used in the four-pulse
ELDOR experiment.

The results obtained in this work for pairs of spin labels can be extended to
groups of spins. In [15] for the case of the three-pulse ELDOR, we described in
detail how this extension can be done.
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