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Algorithms are developed to calculate pulsed EPR (Electron Paramagnetic Resonance) signals,
utilized for distance measurements in biological systems, using nitroxide biradicals, for the cases
of: (i) four- (ii) five- and (iii) six-pulse double quantum coherence (DQC). The details of how
to calculate the signals analytically and numerically are provided. It is shown that only one-
dimensional experiments are needed to determine the dipolar constant, from which the distance
between the two nitroxides of the biradical can be extracted directly. The analytical expressions
reveal that for the case of non-selective pulses the Fourier transforms of these three DQC pulse
sequences exhibit two predominant peaks at +d x (3 cos?f — 1); where d = %D, with D being
the dipolar-coupling constant and 6 being the orientation of the dipolar axis with respect to
the external magnetic field. It is shown here that the DQC signal is broadened by relaxation
only for the four-pulse sequence, but not for the five- and six-pulse sequences. The rigorous
numerical algorithm developed here is shown to produce very good agreement of the simulated
signals with the published experimental signals for four-, five-, and six- pulse DQC sequences.
It is discussed that the two-dimensional Fourier transform of the six-pulse signal, calculated
in terms of the dipolar and echo times, gives information about the dipolar constant when
analyzed along the dipolar axis, whereas its variation along the echo-axis provides information
on the frequency-swept ESR spectrum of the two nitroxides.

PACS: 76.30.-v, 76.70.Dx

Keywords: pulsed EPR, double quantum coherence, Liouville-von Neumann equation, stretched expo-
nential, relaxation

1. Introduction

Pulsed electron paramagnetic resonance (EPR) has been exploited as a powerful technique to
unravel the electronic and geometric structures around paramagnetic centers in detail. It has
been widely exploited in biology, chemistry, physics, and materials science. Weak interactions
between electron spins, as well as those between electron and nuclear spins, not resolved by
continuous wave (CW) EPR, can be distinguished by pulsed EPR. To analyze pulsed EPR spec-
tra, a rigorous simulation is necessary to extract information on properties of the system, such
as orientational selectivity [1], dipolar-interaction constant between the two nitroxide magnetic
dipoles, which in, turn, enables determination of the distance between the nitroxides from the
pulsed EPR data correctly. Multi-pulse EPR has been exploited for distance measurements in
biological systems [1-13]. A full treatment of the problem will here be carried out for the calcu-
lation of Pake doublets in polycrystalline averages for the four-, five, and six-pulse DQC (Double
Quantum Coherence) signals, which are direct measures of the dipolar interaction, from which
the distance between the two nitroxide dipoles in the nitroxide biradical, used as spin probe, can
be determined, by using the expression that relates the distance in A to the dipolar constant d,
expressed in MHz: r[A] = (10 A)[(52.04 MHz)/d]'/?, where d = 2D, with D being the dipolar-
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coupling constant. To this end, it is useful to have analytical expressions to deduce the peaks
in the time-dependent and Fourier transforms of the pulsed EPR signals. On the other hand, it
is easier and more rigorous to calculate numerically the pulsed EPR signal, since the analytical
expressions, which are derived with some approximations, become lengthier and unwieldy to
manipulate as the number of pulses increases.

In particular, experimental results have been reported on the double quantum coherence
signals involving four-, five-, and six-pulse sequences [3]. However, no attempts have been made
to calculate them either using analytical expression, or by rigorous numerical simulation. To
this end, it is useful to have analytical expressions for pulsed EPR signals to deduce the peaks
in the time-dependent and Fourier transforms of the pulsed EPR signals. On the other hand, it
is easier and more rigorous to calculate numerically the pulsed EPR signal, since the analytical
expressions become lengthier and unwieldy to manipulate as the number of pulses increases.

It is the purpose of this paper to derive (i) analytical expressions using Mathematica for four-,
five- and six-pulse double quantum coherence (DQC) EPR signals for an arbitrary orientation
of the external magnetic field with respect to the dipolar axis, and (ii) to simulate numerically,
using Matlab, the powder averages using full numerical diagonalizations of the pulse- and/or
spin-Hamiltonian matrices, exploiting the algorithm of Misra, Borbat and Freed [2] to calculate
the various multi-pulse DQC signals. The simulations are carried out here for a fixed value of r,
which can be exploited if required when the probabilities for distance distribution are considered.
The developed analytical expressions, as well as the numerical algorithm developed here, will
be applied to analyze the data reported and discussed by Borbat and Freed [3] on the double
quantum coherence signals involving four-, five-, and six-pulse sequences . In order to compare
the efficiencies of the four-, five- and six-pulse DQC sequences, the depths of their dipolar
modulations will here be calculated and compared with those achieved, by other techniques,
e.g., DEER (Double Electron-Electron Resonance) and RIDME (Relaxation Induced Dipolar
Modulation Enhancement).

The organization of this paper is as follows. Section 2 deals with the required theoretical
background, including the spin- and pulse-Hamiltonians, for the nitroxide biradical, along with
the flow-chart for calculation of the signal. Derivation of full analytical expressions for four-,
five-, and six- pulse sequences are given in detail in Sec. 3. The numerical algorithm to simulate
the pulsed-EPR signals in the absence of relaxation for a polycrystalline sample is provided in
Sec 4. The effect of spin relaxation for a given orientation of the dipolar axis with respect to the
external magnetic field and the orientations of the magnetic dipoles of the two nitroxides of the
biradical is considered in Sec. 5, including the spin relaxation in a polycrystalline sample, using
the stretched-exponential approach [14,15]. The relative merits of the four-, five- and six-pulse
DQC sequences for distance measurement are discussed in Sec 6. The modulation depths for
the three sequences will be calculated in Sec. 7. In Sec. 8, numerical results of simulations to fit
published experimental data [3] for the four-, five-, and six-pulse sequences are presented. The
conclusions are summarized in Sec. 9.

2. Theoretical Details

In this section, the theory, and the procedure to calculate the two-dimensional (2D) EPR signal
for a coupled nitroxides biradical are described, along with their reduction to one-time signal at
the top of echo. The biradical system considered consists of two nitroxides, each characterized
by an electron with spin S = 1/2 and a nucleus with spin I = 1. The calculations will here be
carried out in the Hilbert space of dimension 36 x 36.

2 Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 1, 21101 (29 pp.)
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Figure 1. (a) The two nitroxides in the biradical in the dipolar frame of reference. The z-axis of the
dipolar frame is chosen to be along the vector ris connecting the magnetic dipoles of the
nitroxides. The relative orientation of the laboratory-fixed frame (with its z1.p axis along the
external magnetic field By) and the dipolar frame is defined by the Euler angles n = (0,6, ¢)
(b) The set of Euler angles A\ = (ag, Bk, vk), (K = 1, 2), which define the orientations of
the hyperfine and g-matrix principal axes for nitroxides 1 and 2 in the dipolar frame with
respect to molecular frame of reference (denoted by Xy, Yy, Zi, k = 1,2); here N7 and N are
the lines of nodes for the two nitroxide frames. For the numerical calculations in the present
work, the x axis of the first nitroxide magnetic frame is chosen to be along the line of nodes
of the first nitroxide, Ny, so the value of a; becomes zero. (This figure is reproduced from [8]
by permission.)

2.1. Static Spin Hamiltonian

The spin Hamiltonian for the coupled nitroxides system of the biradical is expressed in the
rotating frame as [1]:

Hy=Hy + Hop + Hiz = > {CiSs + ApSo, L, + BrSz, Iy, + Bf 8o, 1, }
k=12

+{12)(3cos29—1) (53—52/3)+J<;—231.32>}. (1)

Here, the first curly bracket represents the static Hamiltonian of the two nitroxide radicals,
which includes the Zeeman and hyperfine interactions. The expressions for the coefficients C, A
and B as obtained by two successive transformations from the magnetic frames of the nitroxide
dipoles to the dipolar axis (Fig. 1), followed by a transformation to the laboratory frame (with
its z axis parallel to the external magnetic field); they are provided in Appendix A below; S, ,
I, .1, and I_, are the spin operators for the two nitroxides. In the second bracket in Eq. (1),

p=3eh )

273
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In Eq. (2), 7. is the gyromagnetic ratio of the electron and h = h/27 is the reduced Planck’s
constant. In the present work, the constant d = 2/3D is used; it will be referred to as the
“dipolar constant” hereafter. In Eq. (1), S represents the total electronic spin for the two
nitroxides, expressed in the direct-product space as:

1 1
S=81+8S2= 501 ®ls, @1, ® 1, +1g, ® 502 ® 1, ®1,, (3)

where oy;k = 1,2 are expressed in terms of the Pauli spin matrices, lg, and 17,;k = 1,2 are
identity matrices in the electronic 2x 2 and nuclear 3 x 3 spaces, respectively, of the two nitroxide,
and ® stands for the direct product. The eigenvalues of the Spin Hamiltonian in Eq. (1) is
given in Appendix B

2.2. Pulse Hamiltonian

The Hamiltonian of a pulse, with amplitude, By, of radiation microwave magnetic field, is given
as [1,2]

H, = %Bl (e_i¢5’+ + ei‘bS_) , (4)

where ¢ is the phase of the pulse and S. are the raising/lowering operators of the total electronic
spin of the coupled nitroxide system in the 36 x 36 Hilbert space, which are expressed in the
electron-nuclear direct-product space as

St =581 ®ls, @1 @1, +1s, ® Sty @1 @1, (5)

2.3. Calculation of multi-pulse EPR signal

The general procedure for calculation of the signal is briefly described as follows. The initial
density matrix for the nitroxide biradical is subjected to a pulse, then phase-cycled to follow a
chosen coherence pathway over which it evolves freely undergoing relaxation. This is repeated
depending on the number of pulses before the final signal is obtained. The flow chart for
the calculation of the signal is given in Appendix A, which can be used to derive analytical
expression, using some approximation, or for rigorous numerical calculation of the signal. The
details of the various steps are described as follows.

2.8.1. Transformation of density matriz by a pulse
During the application of a pulse, the spin relaxation will here be neglected. In that case, the

evolution of the density matrix is described in Hilbert space, as follows:

Sp(0) = ~il(Hy + Hy),p (1), ()

with H), being expressed by Eq. (4). The density matrix, as transformed by the application of
a pulse of duration t,. The solution of Eq. (6), neglecting relaxation during the pulse, is given
as [1,2]:

p(to +tp) = e "Hot I g (1) X HoHHD — P (1) P, (7)

In Eq. (7), T denotes the Hermitian adjoint of a matrix. The matrix for the propagation operator
P = ¢~ "(HotHp)ty iny Eq. (7), has the general form in the electronic magnetic basis [1]:
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[Pul]  ([Pr]] €7 [[Pyg]le™™ [[Pyylle™
p— [[Pa]] ef‘ﬁ [Pyl [[Pys]] [[P24”€71fi> _ ®)
[Pylle® ([Pl [Pgs]]  [[Psalle™™
([Pu]]e*®  [[P]le®  [[P]] e [P 44]]

In Eq. (8), [[PU]] are 9 x 9 matrices in the hyperfine space, with ¢ being the pulse phase Eq.
(4). The 9 x 9 matrix elements of [[P;;]] in the hyperfine space of the propagator operator in
Eq. (8) are rather long expressions, but they can be easily can be calculated using Mathematica.
On the other hand, all significant interpretations of relevance here can be made without in-
cluding them here. The double square brackets around [[PZ]]] will hereafter be dropped, with the
understanding that they are 9 X 9 matrices in the hyperfine space.

2.8.2. Selection of coherence pathways

In the procedure to calculate the signal, the density matrix is projected onto the coherence
pathways of interest, after the application of a pulse, which are p = 0, +1, £2 as given in Fig.
2 for different pulse sequences. To this end, a projection operator matrix is used that retains
only the relevant elements of the density matrix corresponding to the particular pathway, p,
putting all the other elements equal to zero. These projection operator matrices for the various
coherence pathways, p, are listed in Appendix C.

2.8.83. Free evolution and effect of relaxation on density matriz
The pulsed EPR signal for the system of coupled nitroxides in the absence of a pulse, during free
evolution and relaxation is calculated by the use of Liouville von-Neumann (LVN) equation for
the time evolution of the reduced density matrix, x = p — po, with pg being the initial density
matrix, expressed in Eq. (15) in Sec. 3 below, is given by [1,2]

%X (t) = —i[Ho, x (1)) + Tx (¢) . (9)

where Hj is given by Eq. (1). The matrix elements of f, the relaxation superoperator in
Liouville space, in Eq. (9), are:

A 1 1
Lijrt = —0ij0k 7~— — Oindj1 (1 — 645)

T Tfﬁ. (10)

In Eq. (10), (71),, are the spin-lattice relaxation times between the populations ii to kk,
operative only on the coherence pathway p = 0, and TQS D are the spin-spin relaxation times,
operative along the p = 41, and p = 42 pathways, respectively, as shown in Fig. 2. In general,
different transitions will have different spin-spin relaxation times, (Tzs ’D>”. However, these
relaxation times are only slightly different from each other [16-18], approxizrjnated hereafter by
an average spin-spin relaxation time TQS D e.g., in Eq. (11) below.

The pathway p = 0 is not used in the five- and six- pulse DQC sequences (Fig.2). Since the
populations appear only on the p = 0 pathway, then in Eq. (10), the relaxation times (71);,
affecting the populations, have no effect on the signal. Regarding the coherence pathways p = +1
and p = +2, participating in the five- and six- pulse sequences, only the second term on the
right-hand side of Eq. (10) which corresponds to i # j elements of the reduced density matrix,

Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 1, 21101 (29 pp.) 5
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Figure 2. The pulse schemes and the relevant coherence pathways for (a) four-pulse DQC, (b) five-
pulse DQC, and (c) six-pulse DQC. Perfect (7/2), or (7), pulses are used for all sequences,
where the duration of the pulses, t,, is determined by t, = v.B1/8, knowing B;, where B,
is the amplitude of the microwave field and 5 = /2 ; 7 is the tip angle; p is the coherence
order, which represents transverse magnetization, corresponding to spins rotating in a plane
perpendicular to the external field. This figure is reproduced from [3].

produces the effect of relaxation on the final signal. The solution of Eq. (9) after time t,
expressing the change in x;; due to relaxation along the p = 1, £2 pathways, is then

s(D) . )

X (to+1t) = et/ eszOtX (to) etlot (11)

The matrix for e~ ot
B below.

One also needs to consider the relaxation between the populations for the four-pulse DQC

used in Eq. (11) for the coupled nitroxides system is given in Appendix

signal, since it includes the coherence pathway p = 0 (Fig. 2). This is accomplished by first
diagonalizing the non-diagonal part of the relaxation matrix in 36 x 36 Liouville space, as given
by Eq. (10). In the five-pulse experiment, using lower temperatures, the values of the off-
diagonal elements of the relaxation matrix (7';),, in Eq. (10) for i # k, are larger than both the
spin-spin relaxation times and the duration of the experiment by two order of magnitudes [16];
they are neglected since they do not have any significant effect on the final signal. Thus, only
the diagonal elements of the relaxation matrix are retained. The time evolution of the reduced
density matrix on the coherence pathway p = 0, assuming that they are all equal to each other,
is

X (to +t) = e M TremHoty (34) eiHot, (12)

2.3.4. Pulsed EPR Signal

For the calculation of four- five- six-pulse DQC signals, the final density matrix py (t1,...,t,),
with n = 4,5,6, respectively, with ¢; being the time between the kth and (k + 1)th pulse is
obtained by successive applications of the n pulses to the initial density matrix, using Eq. (7)

6 Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 1, 21101 (29 pp.)
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followed by the application of the relevant coherence pathway projection operator matrix and
then the free evolutions over the coherence pathways as shown in Fig. 2, using Eqs. (11) and
(12) for coherence pathways p = £1, p = +2 and p = 0, respectively.

For the orientation (6, ¢) of the laboratory frame (with its z axis, denoted by zjap, along
the static magnetic field as shown in Fig. 1(a)) with respect to the dipolar axis, and the
relative orientation of the biradicals, characterized by five independent Euler angles, (a1 =
0, 81,71, a2, B2,72) as shown in Fig 1(b), the complex signal is then calculated as follows:

S({tk}707¢7 ﬁlv/—yl)OQ)BQu/VQ) =Tr (S+Pf), (13)

where {ty} = t1,t2,...,t, for the calculation of the signal consisting of n(= 4,5, 6) pulses.

2.8.5. Gaussian inhomogeneous broadening

In order to take into account the Gaussian inhomogeneous broadening effect due to dephasing
of spins in the x,y plane after the application of a 7/2 pulse, the final signals

S ({tk}7 07 (ba 517717042752772) .

in Eq. (13) for each orientation (6, ¢) are multiplied by the by the same factors e—2m A (ta—t)?

for four-pulse DQC, e~ 2m A% (ts—tmaz)” for five-pulse DQC and e=2m7 A% (te—t5)” for six-pulse DQC,
where Ag is the Gaussian inhomogeneous broadening parameter. Although, the two nitroxides,
in general, experience different dephasing of their respective spins after the application of a 7/2
pulse, since they are not strongly coupled to each other by the exchange interaction, which is
assumed to be zero here, their Gaussian inhomogeneous broadening factors are assumed to be
the same, on the average, in the present calculations.

3. Analytical expressions for multi-pulse-EPR Signals

In this section, multi-pulse two-dimensional DQC signals will be calculated for hard pulses
analytically using the procedure outlined in Sec. 2 above. Here the basis vectors in the magnetic
basis, characterized by |Ms,, Ms,, m,,my,) are used, where M, , M, ,my,,my, are the two
electronic and the two nuclear magnetic quantum numbers, respectively, for the two nitroxides.

3.1. General algorithm to derive analytical expressions for multi-pulse-EPR Signals

For the calculation of multi-pulse sequence signal considered here, one starts with the initial
density matrix, pg, in thermal equilibrium. It is governed by the Boltzmann distribution of
pupulations for the two electrons, each with spin 1/2. Assuming the high-temperature approx-
imation and neglecting the hyperfine splitting, which is much less than the electronic Zeeman
splitting in Ku band with By = 6200 G (high field limit), which corresponds to ~ 17.3 GHz
frequency (as listed in Table 2), one has:

exp(—Ho/kT) B wo

Tr |exp(—Ho/kT) B

The term I in Eq. (14) does not contribute to the signal, since Tr(S4 1) = 0, according to (13),
For calculating the signal, pg , then can be replaced, as follows:

Oz,

5 )@ 1L @1y,
= diag{[[1]], [[0]}, [[0]; [[-1]]}, (15)

g
Lo _>SZ :Szl‘i‘szg:PO:(%)@ HSQ®H11®]1[2+HS1®(
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where 0,;7 = 1,2 are the z-components of Pauli spin matrices for the two electrons. The double
square bracket in Eq. (15) indicates 9 x 9 diagonal matrix with its elements equal to that
represented in the square bracket. The density matrix, p, after the application of the first pulse,
is obtained by using Eq. (7). The density matrix on the relevant coherence pathway subsequent
to the action of a pulse is obtained by applying the projection operator matrix, Py, (Appendix

B), on the resulting density matrix, p. This is accomplished by the product pk) =

Py o p, where
P ; k=0, £1, £2 is the projection operator matrix for the coherence pathway p = k and o
denotes the Hadamard product of the two matrices, wherein each element 4, j of the resulting
density matrix is the product of the 7, j of the projection operator matrix and the element i, j of
the density matrix, p.,the density matrix, after free evolution over time ¢ on a coherence pathway,

in the absence of relaxation, is calculated by using Eqgs. (11), (12) and (B.11) as follows:
Forp=20

pin 0 0 0

; 0 ar a2 O
(0) JiHot — 1 2 16
¢ 0 as a4 0 ’ ( )
0 0 0 pu

e*lHQtp

where
a1 = S\ () p3z + S8 (t) pas + S (1) sz + S5 (1) Py
as = 817 (1) psa + S5 (1) (22 — p33) + 817 (8) po,
ag = S\” (t) pas — S5 (1) "psz + S5 ()" 22 + S5 ()" s,
a1 = S (1) poz + 55 (8) pas — S (1) psa + 557 (1) - (17)
For p=+1
e—iHotp(—i-l)eiHot —
0 STV () pry+ S5 () o1z SS (1) prg + S5 (1) i 0
1 1
0 0 0 57 (1) oy + S5V (8) pyy | (19)
1 1 .
0 0 0 Sf ) () poy + SéJr ) (t) P34
0 0 0 0
For p = +2
00 0 S @),
e—iHot (+2) ot _ 000 0 ’ (19)
0 00 0
0 0O 0

where p(@, p(tD and p@ are the density matrices before the free evolutions on pathways p =
0, +1, 42, respectively, after phase cycling. The S*); (t); k= 0,1,2 terms for different coherence
pathways, used in Egs. (16)-(19), are listed in Table 1. The evolutions of the density matrix
over the coherence pathways p = —1 and p = —2 are conjugate transpose of those for p = +1
and p = +2, respectively, as given above. The resulting density matrix at the end of a coherence
pathway will serve as the starting density matrix for the next pulse. The same procedure is
repeated for all other pulses in turn to calculate the final density matrix. In the end, the signal
for a chosen orientations of the two nitroxide dipoles with respect to the dipolar axis, oriented
at an angle 6 with respect to the lab axis, is obtained using Eq. (13).

8 Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 1, 21101 (29 pp.)
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Table 1. The free evolution terms for p = 0,p = +1 and p = +2 used in the analytical expressions. The
superscripts on S; (t) indicates the coherence pathway. The free evolution terms corresponding
to p = —1 and p = —2 are the adjoint of those for p = +1 and p = 42, respectively. The
components of the vector E are Z;;k = 1,2,...,6. Si(j) (t);i=1,..,6;7 =0,1,2 are 9 x 9
matrices wherein sin (p ) ,p = 1,2, 4 and cos (E) are 9 x 9 diagonal matrices with the diagonal
elements being the i-th diagonal element of the matrix of the argument of sin or cos, e.g.,

sin (28) = [[sin (25;)]]; the elements sin (Z;) and cos (Z;) are defined in Appendix B.
S\ (1) —L§in2(28) (eitwes 4 ¢t — 9)
SO (1) | (—Lsin(48) + sin(Z) cos3(B)e=2 — sin®(Z) cos(E)eit=s)
S (1) L(cos(4E) + sin2(28) (e'2s 4 ¢itwsz) 4 3)
S (1) 25in2(E) cos(E) + sin? (E)e«52 + cos?(F)eilw2s
Sfﬂ) (t) e 13 gin? () + e 712 cos?(B)
S5 (t) (e t13 — emitwiz) sin(Z) cos(E)
Séﬂ) (t) e~ Mws4 gjp2 (B) + e~ w21 cos? (E)
SL&H) (t) (e~twsa — e=itw2a) gin(F) cos(E)
SéH) (t) ez gin?(F) 4 e 713 cos?(B)
SéH) (t) e~ w21 gin?(F) 4 et cos?(B)
17 (1)

3.2. One dimensional signal: Analytical Expressions for four-, five- and six- pulse
DQC signals

In this section, expressions for four-, five-, and six-pulse DQC signals at the top of the echo will

be derived analytically using the procedure outlined in Sec. 3 above for the case of nonselective

pulses, i.e., strong pulses, such that H, > Hy. The free evolution part and the pulse propagator

can be simplified in this limit as follows.

It is seen from the Eqgs. (16)-(19) and Table 1 that the time-dependent part of a signal due
to the free evolution over coherence pathways, depends on Sy, (t), Sy, (£)*,m = 1,...,6, which
contain the terms e~™i't and e™is®2, respectively, where w;; = (E;, — E;)/h; the E;, and E;
are defined by Eq. (B.10) in Appendix B below. Using the approximation for “sufficiently
broad spectral excitation” [3] i.e., |C; — Ca| > d(3 cos? § — 1), the pseudo-secular terms (the Hos
and Hso terms in Eq. (B.5) in Appendix B) become negligible and the term (% (3 cos? — 1))2
appearing in Eq. (B.10) can be ignored compared to the Zeeman and hyperfine interactions. In
this broad spectral excitation approximation limit, the explicit expressions for w;; are then:

1
hwio = ky/ A3 + 4B3k + Cy + 5d(3cos29 - 1),

1

1
hwiz = ky/A? + 4Bk 4 C) + 5d(3cos29 - 1),

:

1
hway = ky/ A2 + 4Bk + Cy — 713 cos®f — 1),

:

1
hwsy = k\/ A%+ 4B3k + Co — 743 cos®f —1). (20)

Since Ha3 ~ 0, the matrix elements =; defined by Eq. (B.8), which are used in S; (tx); @ =
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.,6; kK =1,2, given in Table 1, become negligible. The analytical expression for the pulse

propagator, i.e., e “Hrtr in the magnetic basis is, as calculated using Mathematica:

cos (g) —Le7®sin(B) —Le sin(B) Le *?(cos(B) — 1)
iHot —Lei?sin(B) cos?(5) Leos(B) —1)  —Lie sin(p)
e pP'pP — Z i 1 /B 1- —q o ) (21)
€' sin(B) 5(cos(B) — 1) cos?(5) —gie""sin(B)
262”’(008( )—1) —3ie"sin(8) —3ie sin(B) cosz(g)

where 3 = v.Bit), is the tip angle.

3.2.1. Four-pulse DQC' Signal

The four-pulse DQC pulse sequence is shown in Fig 2(a). In this sequence, the first pulse
(m/2), generates the single-quantum coherence pathway (p = +1), over which it evolves for a
period t;. The second (7/2), pulse transfers this magnetization to p = £2 as well as p = 0
coherence pathways and the density matrix evolves on it over the period t3. Thereafter, the
third refocussing pulse (), transfers the density matrix to the double quantum p = F2 and
p = 0 coherence pathways, over which the density matrix undergoes free evolution for the time
interval t3. The fourth (7/2), pulse finally transfers the density matrix to the single quantum
coherence pathway p = —1, on which the signal is detected after the time interval ¢4. In the
experiment, t; is stepped and to = t3 = t%% is kept fixed. The echo in this four-pulse DQC
sequence occurs at the time t4 = ;.

There are three different coherence pathways which contribute to the four-pulse DQC signal
)p:0—=-+1 52— -2—-13G)p:0—=>+1 = -2—>4+2— —1;34)p:0—+1 —
0 — 0 — —1. The signal from the first and second coherence pathways are calculated to be the
same, each being:

7 . at1
= ¢ cos ( < VA2 +4BY — k43 + 4B3k 4 Cy - 02> t1> sin? <2) L (22

In Eq. (22), a = d(3cos?0 —1). As for the signal due to the coherence pathway (iii), it is
calculated to be

= —i(—(cos(atl) — 1) x cos((j\/ A2 +4B?j — k\/ A3 + 4B3k + C1 — Ca)t1) + 3cos(aty) + 1).
(23)

Finally, the total 4-pulse DQC signal is the sum of these three signals:
SignalfQC(tl) = — icos(aty). (24)

3.2.2. Five-pulse DQC' Signal

The five-pulse DQC pulse sequence is shown in Fig. 2(b). Here, compared to four-pulse DQC
sequence, an additional refocusing pulse (7), is added after the last pulse. After the application
of the first (7/2), pulse, the system can evolve freely over time ¢; on coherence pathway p = +1
before the application of the second (7/2), pulse, after which the coherence pathways p = 42
are chosen. After the free evolution over time o, the third refocussing pulse (), transfers the
density matrix to the double quantum p = F 2 over which the density matrix evolves for the
time interval t3. The fourth (7/2), in this pulse sequence generates p = +1 coherence pathway
over which the system undergoes a free evolution for time ¢4. Finally, the fifth (7/2), pulse
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converts the density matrix into the observable p = —1 coherence pathway. The time interval
between the first and the last pulse is here kept constant, to be equal to t,,4., and ¢1 is varied.
The echo is detected at the time ¢,,,, after the last pulse, independent of the varied time ¢;.
For this five-pulse sequence, the constant times to = t3, corresponding to the pathways p = £2,

will be denoted as the double quantum time t(D%.

The coherence pathways involved in the five-pulse DQC sequence are: (i) p: 0 — +1 —
+2—»-2—>1——land (i) p: 0 > +1 — —2 — +2 — 1 — —1. Each coherence pathway
contributes equally to the final five-pulse DQC signal. Finally, the total five-pulse DQC signal
is:

1
Signal?QC(tl) =4V sin [a(tl - tham)] , (25)
where V' = sin (%atm(w).

3.2.8. Siz-pulse DQC Signal

The pulse sequence and the coherence pathways involved in six-pulse DQC are shown in Fig. 2
(c) [1-3]. It comsists of three-pulse preparation sequence (7/2), —t; — m; — ta — (7/2),, which
generates double-quantum (DQ) coherence. It is then refocused after the time t3 by the 7, — t4
sequence. The fifth, (7/2),, pulse produces anti-phase coherences, which evolve into observable
single quantum coherences. Finally, the sixth, 7., pulse, applied after the time t5, refocuses
them to form an echo. Here t1(= t2) is varied with fixed time t,,q = t1 + t5, wherein, ¢; is
stepped from zero to t,,q.. As well, t3 = t4 = t(gég, which is the period for the double-quantum
filter, over which the spins are on the double quantum, p = +2, pathways, over a constant time
in the experiment. t5 = e — t1 and tg = t5 + teeho. The echo in this six-pulse DQC sequence
occurs at the time t..p, = 0, i.e., when tg = t5. In the present calculations, the time variable

tdip = tmax — 2t1 is used to calculate the final DQC signal as S (t4ip, 1, A1, A2).

The four coherence pathways involved in six-pulse DQC as shown in Fig 2(c) are: (i) p: 0 —
+1 - -1—-42—>-2—=1—--1@()p: 0>+l - —-1——-2—+2—=1— —1;(iii) p:
0—--1 »+1—-+4+2—--2—-1——-1;(v)p: 0-—-1 - +1 - —-2—+2—1— —1. The
analytical expression for each of these coherence pathways is calculated to be the same. Finally,
the overall signal is expressed as

Signal?®% (t,) =i [K — cos {a (t1 - ;tmagC) }] : (26)

where K = cos (%atmax).

It is seen from Eq. (26) that the six-pulse DQC signal has an additive constant term deter-
mined by K, so the signal is shifted by this amount. However, the time-dependent term in the
signal is cos { a (t1 — %tmaw)} that determines the Fourier transform of the signal, from which
the distance between the two nitroxide dipoles of the biradical can be estimated.

An inspection of Egs. (24)—(26) reveals that the Fourier transform of any - four-, five-,
or six-pulse sequence as a function of ¢; will have peaks at & a, where a = d (3 cos? ) — 1).
Furthermore, there is no dependence of the signals, given by Egs. (24)-(26), upon the Euler
angles of the two nitroxides, so an average over the Euler angles is not needed to find Pake
doublets.

It is noted that, the analytical expressions of Eqs. (24)-(26) which are found by applying the
algorithm given in Sec. 2, are in agreement with the analytical expressions given in [3], derived
using the product operator (PO) method [19].

Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 1, 21101 (29 pp.) 11



Multi-pulse double quantum coherence signals

3.3. Two-dimensional signal

The two-dimensional signals for four-, five- and six-pulse DQC are obtained by extending the
calculations of the one-dimensional signals to include a second time variable It is carried out
here by replacing the time after the last pulse, which are t4, t5 and tg in four-, five- and six-pulse
DQC sequences, respectively, by

ty — t1 + técgw for four-pulse DQC,
ts — tmaz + tii;l ,  for five-pulse DQC,
tg — t5 + tgg;, Y for six-pulse DQC, (27)

where t( ) t(5) and t( )

ccho? Locho ceho are the second time variables which are stepped from the top of the

echo in four-, five- and six- pulse DQC sequences, respectively. Using the algorithm given in
Sec. 3.1, the two-dimensional signals for four-, five- and six-pulse DQC signals are found to be

Signaly 4 (1,1(1),,) = Signal{% (t1) x G (t{3),)

Signal?¢ (tl,tgi}w) = Signaly % (t1) x G ( (2) :

. c .
Signal§ @ (1,4(0),,) = Signalg'® (t1) x G (19),) (28)
where
G (tgc)ho) ;eizatizcho [ _Ztic)ho \/m C1) + eltecho \/erCl) +e zti?ho(\/w—CQ)

(2) / (4)
“+e techo A2+4B2+Cz —|— elCltecho =+ eZCQtecho] . (29)

In Eq. (29), i = 4,5,6 for four-, five- and six-pulse DQC signal, respectively. The Fourier
transform of the two-dimensional signal with respect to tg?h , gives the ESR signal in the fre-
quency domain of the biradical, keeping the static field fixed at By. The coefficients A;, B;, C;,i =
1,2 in Eq. (29) can be calculated using Eqs. (A.4) — (A.6) of Appendix A. However, Fig. 6
does not include the signal in the frequency domain calculated on the basis of these analytical
expressions, since it is more convenient to calculate it using numerical algorithm, which is more

exact at the same time.

It is noted that Egs. (22)-(29) are only valid when d(3cos? — 1) < |C; — Cs| as mentioned
earlier in Sec. 3.2. This is known as pseudosecular approximation. When this condition is not
satisfied, one needs to carry out the simulation of the spectrum rigorously using the numerical
procedure included in this paper, taking into account both the secular and the pseudosecular
terms of the spin Hamiltonian.

4. Rigorous numerical simulation of multi-pulse EPR Signals in the absence
of relaxation

Multi-pulse analytical expressions are rather long and unwieldy, susceptible to human error in
transcribing them to calculate numerical values, although they are useful in deducing important
features of the signal and its Fourier transform, as discussed in Sec, 3 above. The most efficient
and rigorous method of calculating multi-pulse EPR signals is by using numerical algorithms,
using the eigenvalues and eigenvectors of the Hamiltonian matrix.

To calculate the n-pulse (n = 4,5,6) signal in the absence of relaxation, one can do the
calculations entirely in Hilbert space. One starts with the initial density matrix in the direct-
product space as given by Eq. (15). The final density matrix py (t;) with t; = (t1,...,t,) is
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obtained by successive applications of the n pulses to it using Eq. (7), followed by free evolutions
over the coherence pathways as shown in Fig. 2 for each pulse sequence using Eqs. (11) and
(12) in the absence of relaxation. The complex signal is then obtained by using Eq. (13). The
proper Gaussian inhomogeneous broadening factor is then multiplied by the calculated signal as
described in Sec. 2 above.

For a polycrystalline sample, the multi n-pulse signal is calculated by (i) taking the average
over a unit sphere of the signal, S ({tx},n, A1, A2);k = 1,...,n, for chosen orientations of the
dipolar axis of the two nitroxide dipoles with respect to the dipolar axis, oriented at an angle
6 with respect to the laboratory axis for (6, ¢), as well as averaging over the five independent
Euler angles (31,71, a2, 52,72), keeping the Euler angle «; = 0, which is arbitrary. Hereafter,
the set of angles (0, ¢), defining the orientation of the external magnetic field with respect to the
dipolar axis and (aq = 0, 81,71); (o2, B2, 72) will be, respectively, denoted as n and Aj;j = 1,2.
The time-domain signal is then obtained by averaging the signals, S ({tx},n, A1, A2); k= 1,...,n,
for an n-pulse sequence, over a quarter of the unit sphere (due to symmetry) over (6, ¢), followed
by Monte Carlo averaging over random sets of the Euler angles A1, Mg, as

™ /2
S({t}k):42/0 d¢/0 S({ted A de Vd(cosO); k=1,2.....n.  (30)

A1,A2

As for averaging over the ensemble of five Euler angles, it is carried out here by Monte Carlo
simulations, wherein the five Euler angles varied are chosen by the use of random numbers. A
set of twenty such simulations seems to be sufficient as our simulations shows. Thus, a total of
900-values and 90¢-values were used over a unit sphere, along with 20 sets of five Euler angles
(A1, A2). This amounts to an average over 90 x 90 x 20 = 1.62 x 10° simulations. The procedure
to calculate the six-pulse DQC signal is outlined in a flowchart in Appendix 77.

5. Relaxation

The effect of the relaxation on the signal is considered in this section. Section 5.1 discusses
the effect of relaxation for a chosen set of the angles 1, A1, A2 describing the orientations of the
dipolar axis and the two nitroxide dipoles of the biradical. These expressions are then exploited

to calculate the signal for a polycrystalline sample, as affected by relaxation.

5.1. Relaxation for chosen orientations (1, A\, A2)

According to Egs. (11) and (12), the effect of the relaxation for a single-orientation of the
external magnetic field with respect to the crystal axes after time t is described by multiplying
the calculated signal by an exponential factor exp (—t/T%) ,exp (—t/T) and exp (—t/T}) for
coherence pathways p = +1,p = +2 and p = 0, respectively, with the time constants 7. 25 , T2D ;1
appropriate for that orientation. Then the cumulative effect of the relaxation on the multi-pulse
signals, considering all coherence pathways as shown in Fig. 2, is tantamount to a multiplica-
tion of four, five and six decaying exponential functions for four-pulse, five-pulse and six-pulse
arrangements, respectively, with the relevant time constants multiplied by the calculated signal
for the single orientation of the magnetic field with respect to the crystal axes as calculated in
the absence of any relaxation. For a given value of the orientations { = (A1, A2, n), the effect of
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the relaxation at the top of the echo can be expressed as

S1P9C ({ta},¢) = S5V ({ta}, O exp (—2650/TF (¢) — 201/ T5 (Q))

+ 887 ({ta}, Q) exp (~2t2/T1 (O) — 201/T5 (C)) (31)
$579C ({t5},€) = So ({t5},¢) exp (=250/ T (€) — 2tmae/T5 (C)) (32)
S679° ({te}, ) = So ({te}, ©) exp (=250 /TF () = 2tmar/T5 (€)) (33)

where Sy (t;,() ;i = 4,5,6 are the signals calculated for the orientation ¢ in the absence of any
relaxation. In Eq. (31), to is the time of free evolution over the coherence pathway p = 0

(4)

after the second pulse and S;’ and SéB) are the four-pulse DQC signals calculated in the
absence of the relaxation over the coherence pathway routes (A) +1 — +2 — +2 — —1 and

(B) +1 — 0 — 0 — —1, respectively.

5.2. Relazxation in a polycrystalline sample

5.2.1. Stretched exponential approach

For a polycrystalline sample, the signal is averaged over different values of (6, ¢), the orientation
of the dipolar axis in the laboratory frame, characterized by different relaxation times 73 (¢),
Ty (¢), TP (¢) on the coherence pathways p = 0, 1,2, respectively. In the stretched exponential
approach [14,15] one considers relaxation over a polycrystalline sample by multiplying the signal
for any orientation (7, A1, A2) by the same factor, called stretched exponential, exp (— [t/ Tstr]’8 ),
where t is the time for relaxation and Ty, is the average relaxation time over all orientations,
and ( is the stretched-exponential exponent.

5.2.2. Application to 4-, 5-, and 6-pulse DQC signals

The effect of relaxation at the top of the echo, i.e., at t4 = t; for four-pulse DQC, at t5 = tjax
for five-pulse DQC and at tg = t5 for six-pulse DQC, is then expressed as

SaP9C ({ta}) gy = ZS4DQC ({ta}, ), (34)
9579 ({t5}) gvg = ZS5DQC ({ts},0), (35)
S679C ({te}) avg = Z%DQC ({te}, ), (36)

where the subscript Avg denotes the average over the orientations ¢ = (7, A1, A2). Assuming the
same dependence on ( of the three relaxation times 71 (¢), 7% (¢) and T (¢), Eqs. (34)-(36),
can be expressed, in the stretched exponential approach, as follows [14,15]:

G
479 ({t4}) 40y = S ({ta}) exp <— (2650 /TR + 241/ T, | )

+ 8@ ({t4)) exp (— [2to/Thatr + 261/ T5,,]° ) , (37)
529 ({65)) gy = S (ta}) exb (= [240/T8ay + 2tman 5] ). (38)
09 ({80 a0y = S ({60} ex0 = [2650/ 7800 + 2t/ 15 (39)
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where S ({t;}), ¢ = 4,5,6 are the averages of the four-, five- and six-pulse DQC signals,
respectively, over all the orientations (, as calculated by using Eq. (30). The T4y, T QS o and
TP, are the “stretched” relaxation times over zero (p = 0), single (p = 1 pathway) and double
(p = 2 pathway) quantum states, respectively. The stretching parameter, 3, which is related to
the distribution function of the relaxation times ranges between zero and one [14,15]. Equations
(37) -(39) reduce to the system with orientation-independent relaxation times in the limit when
B — 1. It is noted that, in general, there are three different stretching parameters, 80, 3(5)
and 8(P), characterizing the orientational distribution of the zero, single and double quantum
relaxation times, respectively, which are to be found by fitting the simulation to the experimental
data [14,15]. In this paper, since the experimental values for 3(%) 3(%) and (P) are not available,
they are all assumed to be the same, i.e., 50 = g8 = (D) = g = (.8, being the average of
the two values 0.78 and 0.85, derived in [14, 15].

It is noted that the effect of relaxation on five- and six-pulse DQC signals can be considered
by multiplying the signal calculated in the absence of relaxation by the exponential factors,
given by Egs. (38) and (39), respectively. On the other hand, for the four-pulse sequence, the
DQC signal, is obtained by multiplying the signal calculated in the absence of relaxation over a
pathway by the relevant exponential factor, given by Eq. (37)

6. Comparison of four-, five-, and six-pulse DQC sequences for distance mea-
surement

In this section, four-, five- and six-pulse DQC signals are compared in terms of the effect of
relaxation on the signal and the intensity of their Pake doublets.

6.1. Main peaks

As seen from the analytical expressions for four-, five- and six-pulse DQC signals given in
Sec. 5 above for 1D signals i.e., at the top of the echo, the signals depend only on the factor
d (3 cos? ) — 1) and all the other interactions e.g., Zeeman and hyperfine are absent. In the
Fourier transform domain, these signals exhibit peaks at +d (3 cos? ) — 1) for the orientation 6
of the dipolar axis with respect to the magnetic field; thereby resulting in their Pake doublets
at +d. Therefore, all these three pulse arrangements can be used for distance measurement in
the biological systems.

In Fig. 7, the Pake doublets for four-, five- and six-pulse DQC signals are calculated using the
rigorous numerical simulation as described in Sec. 4 which confirm that the Pake doublets occur
at £d. To obtain the Pake doublets, the simulations were carried out over a grid of the unit sphere
with a grid of 90 x 90 points of {cos @, ¢} for 20 sets of five Euler angles {(0, 81,71), (a2, B2,72) }
with Monte-Carlo averaging.

6.2. Effect of Relaxation

As described in Sec. 5, the effect of the relaxation is considered by multiplying the signals with
appropriate exponential factors related to their coherence pathways. It is seen from Egs. (31)-
(33) that the exponential factors due to the relaxation for five- and six-pulse DQC signals do not

)

the relaxation does not affect the broadening of the Fourier transforms peaks of five- and six-

contain any time variable, and they just depend on the constant times tg’g and t,,q,- Therefore,

pulse DQC signals and it only reduces the intensity of the peaks. However, the exponential

factor in four-pulse DQC signal do contain the time variable ¢;; thereby the relaxation affects
the broadening as well as the intensity of four-pulse DQC Fourier transform peaks.
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6.3. Intensities

For distance measurement, it is important to have an intense signal to improve S/N ratio. The
analytical expressions given in Sec. 3, however, do not reveal the actual relative intensities of
four-, five- and six-pulse DQC signals since nonselective pulses rather than finite pulses are used
to obtain those expressions. Therefore, rigorous numerical simulations using finite pulses are
carried out to compare the intensities of the Pake doublets of four-, five- and six-pulse DQC
signals. From Fig. 7, the intensity of the Pake doublets obtained for four-pulse DQC signal is
the largest, three times and 10 times larger than those of five- and six-pulse DQC, respectively.

The properties of four-, five- and six-pulse DQC sequences in terms of the splitting of the
Pake doublet, intensity of their Fourier transform and the effect of the relaxation on them are

summarized in Table 3.

7. Modulation depths of the calculated signals

The time-dependent signal at the top of the echo due to the dipolar modulation in four-, five-,
and six-pulse DQC signals for a given orientation n = (6, ¢) of the external magnetic field with
respect to the dipolar axis connecting the two nitroxides, and the five independent Euler angles
A= (a1 =0,81,71), A2 = (az, f2,72) can be expressed as [20, 21]

14 (ta n, AL >‘2) =W [1 —A (777 A1, >‘2) (1 — CO8 (UJ (9) t))] ) (40)

where Vj is the amplitude of the signal at time ¢ = 0; A (n, A1, A2) is the depth of the dipolar
modulation at the orientation (1, A1, A2) and

w(#) =d(3cos (0) —1). (41)

The signal, as calculated using the details given in Sec. 4 for a polycrystalline sample, is then:

T w/2
V=43 /O qu/O Vo[l = A (1 Au ) (1 — cos (w () 1))] sind de. (42)

A1,A2

The maximum value of the resulting time-domain signal, Vg gug, occurs at time ¢t = 0. Then
it drops and oscillates around the equilibrium value, V¢,. As a percentage, the depth of the
modulation for a polycrystalline sample, A is:

A(%) = (Vb avg — ‘/eq) /Vb avg X 100. (43)

The modulation depth, A(%), for the time domain signals of four-, five- and six-pulse DQC
signals, as calculated here, are listed in Table 3. It is seen that for all the three pulse sequences
considered here, the dipolar depth of the dipolar modulation for each is A ~ 100%. These high
values for the four-, five- and six-pulse DQC signals are well above 30%, realized in DEER and
RIDME experiments, to be considered worthy of experimental measurements.

8. Details of simulations

In the numerical simulations for distance measurement carried out here, only one variable time
is used, which is the time corresponding to the top of the echo for each pulse sequence, as
described in Sec. 3. As well, the simulations for a polycrystalline sample can be carried out
using a much larger grid over the unit sphere, because only one time variable is now needed.
The values and definitions of the constants required in the numerical simulations, following the
procedure given in Sec. 4, are listed in Table 2 below. The result obtained from the analytical
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Table 2. The values of the parameters used in the simulations of the pulsed-EPR signal of the coupled

nitroxide.
Parameter Value
Static magnetic field (By) 6200 G
Microwave frequency 17.3 GHz
Exchange constant (.J) 0 MHz
Gaussian inhomogeneous broadening parameter (A.) 5 MHz
Double quantum time (t%)Q = tg))Q = tg)Q) 26.51s
Time step during the echo time 2.51ns
Stretched exponential parameter (3) 0.8
g-matrix g = (8xx, 8yy, Bzz) (2.0086, 2.0066, 2.0032)
Hyperfine matrix A = (Axx, Ayy, Agg) (6.0G, 6.0G, 35.0G

expressions for non-selective pulses are shown for comparison. Although these results show a
reasonable agreement with the experimental data, a perfect agreement of analytical simulation
with the experiment is not expected, since experimental data are obtained with selective pulses,
whereas the analytical expressions are obtained for non-selective pulses. On the other hand, the
numerical simulations are always expected to show an excellent agreement with the experimental
data, as they have not been subjected to any approximation. Of course, there are always present
experimental error in the data.

8.1. Four-pulse DQC signal

The best fit to the experimental data of four-pulse DQC signal for the nitroxide biradical of
the numerical simulation is shown in Fig. 3. The value of 0 representing the orientation of the
external magnetic field with respect to the dipolar axis of the coupled nitroxide is chosen to
be 0° in accordance with the experiment. The frequency of of the microwave field used in the
simulation is 17.3 GHz, in accordance with the experimental value [3]; The duration of the (),
and (7/2), pulses are 6.2ns and 3.6ns, respectively. The value of tgég = 26.5ns is chosen, and the
step size in ¢ is 8ns, the same as those used in the experiment. The relaxation time 75 = 870 ns
was found by fitting in the simulation. The value of the dipolar interaction constant used for
the simulation was d = 2.1MHz, as reported in [3]. The simulated signal using the procedure
given in Sec. 4 shows an excellent agreement with the experiment. The effect of the relaxation
is seen in Fig. 3, as evidenced by the reduction of the heights of subsequent maxima, which
would not happen had there not been present any relaxation effect.

8.2. Five-pulse DQC signal

The best fit to the experimental data for five-pulse DQC signal of a nitroxide biradical of
the numerical simulation is shown in Fig. 4. The value of 6 used for the five-pulse DQC
experiment was 90° in the experiment; the same was used in the numerical simulation. All the
other simulation parameters are the same as those used for the four-pulse DQC sequence. The
simulated and the experimental signals are found to be in very good agreement with each other.
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Figure 3. Experimental four-pulse DQC spectrum of the nitroxide biradical and the best least-squares fit

analytical and numerical simulations, corresponding to the pulse sequence given in Fig. 1(a).
The value of 8 representing the orientation of the external magnetic field with respect to the
dipolar axis of the couple nitroxide in the experiment is 0°. The frequency of the spectrometer
used in the simulation is 17.3 GHz in accordance with the experimental value in [3]. The
duration of the 7w and /2 pulses are 6.2 ns and 3.6 ns, respectively. The value of t%)Q = 26.5ns
is chosen to be the same as that used in the experiment, and the step size in t; is 8 ns. This
simulation carried out, using the value of the dipolar interaction constant d = 2.1 MHz, shows
a very good agreement with the experiment, within experimental error. The experimental
data is reproduced from [3].
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Figure 4. Experimental five-pulse DQC spectrum of the nitroxide biradical and the best least-squares

18

fit analytical and numerical simulations. The value of 8 for the five-pulse experiment was
90°. The value of the double quantum time was chosen to be tg%? = 26.5ns [3]. All the other
parameters used in the simulation are the same as those mentioned in the caption of Fig. 3.
The five-pulse data is plotted as a function of t,,,. — t1 With t,,0. = 947ns. The simulated
signal calculated using the procedure given in Sec. 4 is found to be in good agreement with
the experiment. The experimental spectrum is reproduced from [3].
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Figure 5. Experimental spectrum for a polycrystalline sample of the nitroxide biradical and the best
least-squares fit analytical and numerical simulations of the six-pulse (a) DQC time domain
signal and (b) its Fourier transform. The value of the double quantum time was chosen
to be tg% = 26.5ns [3]. All the other parameters used in the simulation are the same as
those mentioned in the caption of Fig. 3. The six-pulse signal is plotted as a function
of tgip = tmae — 2t1 With &4, = 1200ns. A baseline correction has been applied to the
experimental time-domain signal. The simulation for the polycrystalline sample was carried
out over a grid of the unit sphere with 90 x 90 points of {cos 8, ¢} for 20 different sets of five
Euler angles (0, 81,71), (ca, B2,72) chosen by Monte-Carlo technique. The simulated signal
calculated using the procedure given in Sec. 4, and its Fourier transform are in very good
agreement with those of the experiment. The experimental spectra reproduced from [3].

It is noted that, since the relaxation affects equally the intensity of the five-pulse DQC signal
at all time points in the plot, the two peaks shown in this figure remain with the same relative
heights, as they would have been in the absence of relaxation, unlike the case of four-pulse DQC
sequence.

8.3. Siz-pulse DQC signal

In the present calculations of six-pulse DQC, the time variables ¢4, = tp0:—2t1 and techo = te—15
are used to calculate the final signal as discussed in Sec. 3. The simulation of the Pake doublets
was carried out over a grid of the unit sphere with 90 x 90 points of {cos 8, ¢} with Monte-Carlo
averaging over 20 sets of five Euler angles {(0, 51,71), (a2, B2,72)}. For six-pulse DQC, there are
shown two figures, as follows.

(i) Figure 5 displays the experimental six-pulse DQC spectrum for a polycrystalline sample
of the nitroxide biradical and the best fit numerical simulation for (a) one-dimensional
time-domain signal and (b) its Fourier transform (Pake doublets). The value of the double
quantum time was chosen to be t(DG)Q = 26.5ns, the same as that used in the experiment [3].
All the other parameters used in the simulation are the same as those listed in Table 2.
The simulated six-pulse time-domain signal is plotted as a function of t4;, = tpez — 2t1
with ¢4, = 1200 ns [3] in Fig. 5. The simulated time-domain signal is calculated by using
the procedure given in Sec. 4. The signal and its Fourier transform are in very good
agreement with those of the experiment [3].

(ii) The experimental six-pulse DQC ESR spectrum of the nitroxide biradical and the best fit
numerical simulation is shown in Fig. 6. The calculated ESR spectrum, in the frequency
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Figure 6. Experimental six-pulse DQC ESR spectrum of the nitroxide biradical and the best fit nu-
merical simulation. The ESR frequency is a constant slice along fecpo of 2D magnitude
Fourier transform vs. fai and fecho, which are respective Fourier variables of ¢4 and
techo, at faip = 2.1MHz. For the simulation, the value of (0,¢) = (7/2,0) with the com-
bination of three sets of Euler angles which are (i) (a1,01,71) = (a2, 82,72) = (0,7/2,0);
(11) (ala B, ’Yl) = (07 7T/2’ O)a (0425 B, 72) = (07 0, O) and (111) (041, B, 71) = (07 7T/27 O)v
(a2, B2,7v2) = (w/3,m/4,7/3) was used. The value of the double quantum time was cho-
sen to be 5, = 26.5ns [3]. All the other parameters used in the simulation are the same as
those mentioned in the caption of Fig. 3. The simulated Fourier transform calculated using
the procedure given in Sec. 4 is found to be in good agreement with the experiment. The
experimental data is reproduced from [3].

domain, is plotted by taking a constant slice along fe.;, of 2D Fourier transform as a func-
tion of fg;p and fecho at faijp = 2.1 MHz. For the simulation, the value of (0, ¢) = (7/2,0)
with the combination of three sets of Euler angles, which are (i)(aq, £1,71) = (e, B2,72) =
(0,7/2,0;(ii) (a1, B1,m1) = (0,7/2,0), (a2, B2,72) = (0,0,0) and (iii) (a1, f1,71) = (0,7/2,0),
(a2, B2,72) = (w/3,m/4,7/3) was used. The value of the double quantum time was chosen
to be t DGQ = 26.5ns [3]. All the other parameters used in the simulation are listed in
Table 2. The simulated Fourier transform calculated using the procedure given in Sec. 4
is found to be in good agreement with the experiment. This, in turn, reveals the struc-
tural detail that only certain nitroxide biradicals, characterized by a particular set of the
orientations of the two magnetic dipoles of the biradical in this sample, are excited by the
microwave pulse.

8.4. Comparison of the intensities of the Pake doublets in four-, five- and siz-pulse
DQC signals
For comparison, the intensities of the Pake doublets for 1D signals i.e., at the top of the echo,
calculated for (a) four-pulse; (b) five-pulse DQ and (¢) six-pulse DQC sequences are shown in
Fig 7. In all these simulations, the same parameters as those listed in Table 2, along with
the amplitude of the irradiation microwave field B; = 60.0G, the dipolar coupling constant
d = 10MHz, and t,,,; = 400ns, are used. In order to make a realistic comparison of the
various intensities, the relaxation effect is also included in all the simulations using 7 25 = 500ns,
T 2D = 300ns and 8 = 0.8. It is seen that the Pake doublets occur at +d for all the sequences.
The six-pulse DQC shows the cleanest Pake pattern, whereas the Fourier transform of four-pulse
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Figure 7. Comparison between the intensity of the Pake doublets obtained for (a) four-pulse; (b) five-

pulse and (c¢) six-pulse DQC. The amplitude of the irradiation microwave field By = 60.0G
and the dipolar coupling constant d = 10 MHz are used in the simulations. All the other
parameters used are the same as those listed in Table 2. To obtain the Pake doublets, the
simulations were carried out over a grid of the unit sphere with 90 x 90 of {cosf, ¢} points,
repeated for 20 sets of Euler angles (0, 81, v1),(@2,02,72) for a Monte-Carlo averaging. The
intensity of the Pake doublet in four-pulse DQC is almost 4 times and 10 times larger than
those of five- and six-pulse DQC Pake doublets, respectively. In order to make a valid com-
parison between the intensities, the relaxation effect is considered in all the simulations using
Ts = 500ns and 7 = 300ns. The depths of dipolar modulation of 100% are found in all
three cases. It is noted from Figs. (as, ba, c2) that even though the Pake doublets of the four-
pulse DQC sequence are broadened by relaxation, they are still sufficiently distinguishable
form each other to be exploited for distance measurements. The advantage for the four-pulse
DQC sequence is that the intensity of the Fourier transform is significantly larger than those
of the five- and six-pulse DQC signals, although the latter have much sharper Pake doublets.
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Table 3. Comparison between different pulse sequences in terms of the intensities of their Fourier
transforms and the effect of the relaxation on them. The same parameters as those given in
Table 1. were used in all the simulations.

Spliting of the | Intensity of the | Affected by Depth of the
Pulse sequence | Pake doublet Pake doublet Relaxation | dipolar modulation
Four-pulse DQC +d 1.2 Yes 100%
Five-pulse DQC +d 0.13 No 100%
Six-pulse DQC +d 0.34 No 100%

DQC is the largest in amplitude. In the simulations, the peaks of the Pake doublets are very
clean in both the five- and six-pulse sequences. The resulting intensity of the Pake doublet of
the four-pulse DQC simulation is four times and ten times larger than those of the five- and
six-pulse DQC sequences, respectively, as seen from Table 3, listing the various intensities of the
Pake doublets. It is noted that, although relaxation does not broaden the Fourier transforms of
the five- and six-pulse DQC signals, their intensities are indeed reduced by relaxation.

9. Conclusions

The algorithms to calculate the signals both analytically and numerically for four-, five-, and
six-pulse DQC sequences are presented in this paper. The numerical algorithm is capable of
considering both selective (weak) and non-selective (strong) pulses, whereas the analytical ex-
pressions apply only to the case of non-selective pulses. The numerical simulations presented
here reproduce well the published experimental data, which are obtained for selective pulses.

The salient features of the present work are as follows:

e [t is shown that for the four, five- and six-pulse DQC signals the predominant peaks occur
at +d (3cos? @ — 1) for the orientation of the dipolar axis of the biradical at angle (6, ¢)
with respect to the laboratory axis (magnetic field), valid for any choices of the Euler
angles, representing the orientations of the two magnetic dipoles of the biradical. This
results in the maxima of their Fourier transforms in the polycrystalline averages at +d,
which are also the Pake doublets in this case due to being independent of the orientations
of the two nitroxide dipoles, and can be exploited for distance measurments.

e The advantage of analytical expressions, although not perfectly rigorous, is that using them
one can deduce that the Fourier transforms of the signal for the three pulse sequences do
not depend upon the orientations, i.e., the Euler angles characterizing them. This fact
could not be seen from the numerical simulations, although they are completely rigorous.
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Furthermore, the advantage of analytical expressions is that they help calculate the signal
in a very short time, as compared to that required for rigorous numerical simulations. The
same applies to fitting the data to evaluate the parameters, e.g. by least-squares fitting,
wherein one needs to calculate the first second derivatives of the signal with respect to the
fitting parameters.

e It is only the four-pulse DQC signal that depends on 77 of the three pulse sequences
considered here. Therefore, itcan be used to determine the value of T7, knowing the value
of T 25 , e.g., from a two-pulse COSY experiment, since it depends upon both TZS and Ty
times.

e The simulation to fit the published experimental six-pulse DQC data on nitroxides bi-
radicals in R-I disordered C phase-V sample [3] presented here shows that there exists
correlation between the orientation of the dipolar axis with respect to the magnetic
field, A, and the orientations of the two nitroxides magnetic dipoles of the biradical,
(a1, B1,7) ; (g, B2,v2). This, in turn, reveals the structural detail that only certain ni-
troxide biradicals, characterized by a particular set of the orientations of the two magnetic
dipoles of the biradical in this sample, are excited by the microwave pulse.

e As for the relative merits of four-, five, and six-pulse DQC signals for distance measure-
ments, it is found that (a) the widths of the Fourier transforms of the five- and six-pulse
DQC signals are not affected by relaxation, whereas the width of the Fourier transform of
the four-pulse DQC signal is affected significantly by both T3, the single-quantum relax-
ation time and T},the spin-lattice relaxation time; and (b) the intensity of the four-pulse
DQC signal is much larger, by one and two orders of magnitude, than those of six-pulse
and five—pulse DQC signals, respectively.

e It is shown here that for the purpose of distance measurements one needs to consider
only one-dimensional time measurements, i.e. at the top of the echo. This results in a
considerable saving of computational time
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Appendices

A. Spin Hamiltonian for nitroxide biradical
The coefficients C'; A and B of the spin Hamiltonian of a nitroxide are defined in this appendix.
The static Hamiltonian for the coupled- nitroxide system, used in Eq. (2), can be expressed in
terms of the irreducible spherical tensor operators (ISTO) as [1,2]
L,M* 4L,M
Hop= Y ESTANY k=1,2, (A.1)
pg, L, M
where p indicate thes type of the interaction: gp or Ay for Zeeman and Hyperfine interactions,
respectively, k(= 1,2) specifies the two nitroxides, L is the rank of the tensor, and M takes
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integer values between —L and +L. Here | denotes the laboratory frame, wherein the z-axis
Fuil
magnetic tensors of yy kind in the laboratory reference frame in Eq. (A.1), which are defined

is parallel to the static magnetic field [1]. are the standard ISTO components of the

first in the magnetic g-frame of a nitroxide (Flfkjvg) and then transformed to the laboratory
frame by successive transformations from the g-frame to the dipolar frame defined by its z-

axis along the vector connecting the magnetic dipoles of the two nitroxides followed by the

transformation to the laboratory frame. In [22] the various components of Aﬁk]\;[ and F,fk]vé are

listed. In the high-field limit considered here, referred to hereafter as secular approximation, the
M
kol
transformed F ;fk]y can now be expressed, using the Wigner D-matrices Dﬁ%m,, as

contributions of the non-secular terms of Aﬁ ie., St,5¢1;, 541+, 5415, are negligible. The

L,M* 1
Fril = 3" DL () Dl ) FLw (A.2)

Uk, Hi,g

!
where n = (0,0, ¢) and \x = (g, Bk, vk) ;& = 1,2 are the Euler angles defining the transfor-
mations from the laboratory frame to the dipolar frame and from the dipolar frame to the g
frame, respectively. Inserting Eq. (A.2) into Eq. (A.1), the static Hamiltonian of two coupled
nitroxides in the rotating frame in the secular approximation, i.e., neglecting the non-secular

terms, is

Hy = Z Hor = Z Sok [Cr + ApLy + Byl + Bip" 1], (A.3)

k=1,2 k=1,2

where, in the rotating frame, the coefficients Cy, Ay, By are defined as

2
Cr = \/;Z D(Q),m’ (1) Koy m (Ak), (A4)

2 geBe
A = \/;ZD(Q),W (M) K Ay (M) + 3% (Agx + Ayy + As2), (A.5)
Bk = Z D%,m’ (nk) KAk,m/ (>‘k’) (AG)

The isotropic part of the Zeeman term is here put equal to zero in the rotating frame and the
Zeeman term, as given by Eq. (A.4), is the “resonant offset” term, that has been quantitively
calculated here. The K, s terms in Eqs. (A.4)-(A.6) which express the transformation from
the magnetic frame to the dipolar frame, are defined as
Kui,m’(/\i) = [ng',z(/\i) + D?n’,—Q()‘i)] FE;,Zg + Dgz’,o()‘i)Fii,Og' (A7)
B. Matrix Representation, eigenvalues and eigenvectors of the static Hamil-
tonian

The magnetic basis, defined in the direct product of the electron spin basis eigenvectors Mg =
|[+) and the nuclear spin basis eigenvectors, m; = |—1),|0) and |1), are used here for matrix
representation of the static Hamiltonian. The matrix for Eq. (A.3), for example, for one of the
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nitroxide biradicals, can be expressed in this basis as

3(A1+C) T 0 0 0 0
5 & 5 0 0 0
o 0 % (01— Ay) 0 0 0 B1)
o 0 0 0 FAi+0) & 0 '
0 0 0 -5 e ~B
0 0 0 0 —% L4 - ¢y)

The matrx in Eq. (B.1) is diagonalized by a unitary transformation as Fy = T(l)THmT(l), where

TW is
(1)
"0
7 :< ) T(1)>, (B.2)

where To(}) is a 3 X 3 matrix, using the basis vectors (|¢91)>, |¢(()1)>, |¢§1)>>, as follows:

w+ 2w w—
T() = | Y2A+w)B| Ay V2A =B | (B.3)
w4 w w—
2|B1|? |B1] 2|B;|?
W+ 2w w—

where

w=1/A2+4|B;|?,

wi = \J2(A1 +w) BAy +w) By + 42 (A +w)>+5 |By [,

wo = \J2(w— A1) (w—341) [By + A2 (w— A1)’ +8 B | (B.3a)

Similar results for Hys for the second nitroxide can be obtained by A; — As, By — Bs and
C1 — Cs.

For the coupled nitroxides system, the spin Hamiltonian in Eq. (A.3) has the dimension in
the Hilbert space: (2571 + 1) (252 4+ 1) (213 + 1) (212 + 1) = 36,which can be split into sixteen
9 x 9 blocks, of which only six blocks have non-zero elements, as shown in the matrix of Eq.
(B.5) below,. The non-zero blocks are: (1,1),(2,2),(2,3),(3,2),(3,3) and (4,4). Each block of
this block is diagonalized by the unitary transformation UTHUU where U is constructed from
the direct product of the eigenvectors in the spin basis of the two coupled nuclei as

Tcsl) 2 TC(¥2) _ |¢j(1);¢k(2)>, (B.4)

where j,k = —1,0, 1. Using the eigenvectors of Eq. (B.4), the matrix of the static Hamiltonian
of the coupled nitroxides system can be expressed as

[(Hy]l (o flo] (0]
0] [[Hz]] [[Has)] (0]
[0 [[Hsll [[Hssl] (0]
o (o [lo]]  [[Had]

In (B.5), the double square bracket [[ ]| are used to indicate a diagonal matrix in the hyperfine
space. In Eq. (B.5), the blocks Ha3 = Hsg, with real elements, are non-zero due to the dipolar

Hy = (B.5)
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interaction between the two nitroxide radicals. Each matrix element in Eq. (B.5) is a 9 x 9
diagonal matrix, corresponding to different indices I, m in the direct-product space, which are
combinations of j, k,j',k' = —1,0,1 as follows: | = 35 +k +5, m = 35/ + k' + 5, so that
I,m=1,2,...,9. These are given by

d
12 k] + 1 (3cos® 0 — 1) }Sym,

1 . .

(H11)yy = {5[C1 + Co + (A3 + 4B12)) % + (A3 + 4 Baf*k)
1 ) ) d

(Hao)yy, = {5101 = Ca+ (AT +41B,[%5)" j = (43 +41B,%k) " ) = § (30”6 — 1)},

d

(H23)py, = (H32)p,, = -1 (3cos? 6 — 1) Gy,
1 9 9 n1/2 . 2 2,\1/2 d 2

(H33),,, = {5[—01 + Cs — (Al +4|B,]| j) i+ (A2 +4|B,| k) k— 1 (3COS 0 — 1)]}5lm,

1 _ . . d
(Hia)y = {=5[Cr +Cot (42 +4B,P5)" 4+ (43 +41B,%7) k] + T (3eos® 0 — 1)}
(B.6)

The static Hamiltonian Hp in Eq. (B.5) is diagonalized by a unitary transformation E =
STHyS where S is

[y [on o] (o)

o @ 1 o

=100 =1 1 [on |- (B.7)
o] [of (o] [

In Eq. (B.7), [[£]] and [[¢]] are 9 x 9 diagonal matrices in the hyperfine nuclear space, whose ith
diagonal elements are &; = cos (Z;) and (;; = sin (Z;), respectively with

2 (H23)ii

tan (22;) = (Has),, — (Ha),. (B.8)
The eigenvalue matrix of the coupled-nitroxides system is expressed as
([EA]] (o]} [[o]]  [[o]]
_ | lo] [[Ee)) ([0 [[0]
Pl o nen o) ()
(o] o] [l [[£4]]

where the lth (I =1,...,9) diagonal elements of the various [[£,]], (n = 1,2,3,4) are

[E1]]lu = (H11)u,

[E2]lu = —g (3 cos?f — 1)

2 1 2
—\/<Z (300s20—1)> —1—1(C1—C’2+(Af+4|Bl|2j)l/2j—(A§+4|BQ|21<:)1/2I<:2) ,

[[Es]lu = —% (3 cos? ) — 1)

d 2 2
* ¢<4 (3cos?6 — 1>) +1 (Cr-Cot (A3 +41B,P) 75— (A3 +41B,PR) P R2)

[(Ea]lu = (Haa)u- (B.10)
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In Eq. (B.10), 1 =3j+ k+ 5 with j,k = —1,0,1. To calculate the density matrix during the

—iHot

free evolution, described by Eq. (11), one needs to calculate e , as follows transformation S

as

e—iHot _ g o—iBtgt
P o) (0] | (0]
| on [lem = ) [e]] + [l ] [[¢2]] Oehlien ([le=#=]] = [[e=*™]]) [[0]
o0 (ehien (e =] = [le=>])  [lem™=] [[¢*]] + [[e™ ) [[€*]]  [lon]
(0] (0] (0] )
(B.11)

C. Projection operator matrices for the various coherence pathways

The Projection operator matrices for the various coherence pathways, which project the density
matrix on to the coherence pathway of interest after the application of a pulse, are listed in this
Appendix for the coherence pathways p = +1,p = +2 and p = 0 as used in the calculation of

four-, five- and six-pulse DQC signals in Sec. 2. This is accomplished by the product p(¥) =

Pkop7
where Py; k = 0,41, +£2 is the projection operator matrix for the coherence pathway p = k and
o denotes the Hadamard product of the two matrices, wherein each element 7, j of the resulting
density matrix is the product of the 7,7 of the projection operator matrix and the element %, j

of the density matrix, p, the density matrix

Coherence pathway Matrix

_ O O OO O OO oo oo+~ MF~HOOO OO
s el eolNellolN el el ol el =l el Rl Ne e e RN
O O O OO0 OO0 R Ok oo oo O
O O O OO0 O O H|IHF OOO oo OO =+FH=O
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D. Flowchart for the calculation of the of 4-, 5-, and 6-pulse DQC signal

28

Is it Monte Carlo?

Choose the desired value of the
Euler a'ngles (1817 Y1, Q2, /827 72)

Choose a set of five random Euler angles (81,71, a2, B2,72)
|

Start the DO loop for the orientation over the grid of (6, ¢)
|

Calculate the initial density matrix pg (= Sz1 + Sz2)

!

Calculate the density matrix after the application a pulse using Eq. (7)

| P S

|

Apply the projection operator matrix taking Hadamard prod-
uct, as given in Appendix C, to select those matrix elements
of the density which correspond to the relevant pathway.

|

Calculate the density matrix after free evolution over time ¢ using Eqgs.

(11) and (12) for the relevant coherence pathway without any relaxation.

|

yes
Any next pulse?
Calculate the final density matrix py as given by Eq. (13). ]
/!
Is simulation over no

(0, ¢) complete?

Is it Monte Carlo?

no

yes

Is simulation over the

Euler angles

no
complete?

Normalize the signal: Divide the signal by No. of Monte Carlo
simulations (if it is a Monte Carlo simulation) x No. of grid sim-

L— | wulation x 18 and then multiply the averaged signal by the proper

stretched exponential factor given by Eq. (37)-(39) (if relaxation
is included) and the Gaussian inhomogeneous broadening factor.

End of simulation
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