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Abstract. Double-quantum (DQ) coherence transfers and signals in two-pulse DQ and five-pulse

DQM (double quantum modulation) pulsed EPR sequences, utilized for orientation selectivity

and distance measurements in biological systems using nitroxide biradicals, have been calculated

here for X-band (9.26 GHz) pulsed EPR (electron paramagnetic resonance) using a rigorous

numerical algorithm. It is shown, in general, that both, a finite (selective) pulse, rather than an

infinite (non-selective) pulse, and the dipolar interaction between the two nitroxide radicals, are

needed to produce non-zero coherence transfers in 0→ 2 and 2→ −1 transitions. Furthermore,

the simulations show that there exits orientational selectivity, as exhibited by the large value

of the coherence transfer probability, T0→2, for those coupled nitroxides, whose dipolar axes,

relative to the external magnetic field, are oriented symmetrically, within a small region, within

about ±10◦ away from the magic angle θ = 54.74◦ and its supplementary angle θ = 125.26◦. It

increases monotonically as the amplitude of the irradiation field (B1) decreases. The magnitudes

of the coherence transfers in the transitions 0→ 2 and 2→ −1 are found to be about the same.

They depend upon both, the amplitude of B1 and the duration of the pulse. As well, they

increase significantly with increasing d, as found for d = 10.0, 20.0, 30.0 MHz, where d = 2
3D,

with D being the dipolar-coupling constant. The numerical calculations, using Monte-Carlo

averaging, reveal that the Pake doublets occur at ± 3
4d and ±d for the two-pulse DQ and the

five-pulse DQM sequences, respectively, as calculated for d = 0.5, 7.0, 10.0, 20.0, 30.0, 40.0,

50.0 MHz. It is seen that for d = 0.5 MHz, considered here, for which the modulation depth

can be measured within the dead-time, the dipolar depth of the modulation is ≈ 100%, which

indicates that the DQ and DQM sequences are more efficient for distance measurements as

compared to other techniques, e.g., DEER (double electron-electron resonance). The numerical

algorithm for the five-pulse DQM sequence presented here is exploited to provide a good fit

to the published experimental data. Simulations were also carried out at Ku-band (17.6 GHz),

which showed that there occur no orientational selectivity at this band, unlike that at X-band.

On the other hand, the signals and their Fourier transforms are found to be relatively more

intense at Ku-band.

PACS: 76.30.-v, 76.70.Dx

Keywords: Pulsed EPR, distance measurements, double quantum (DQ), double quantum modulation
(DQM), two-pulse DQ and five-pulse DQM, Liouville-von Neumann equation, stretched
exponential, relaxation time measurements

1. Introduction

Multi-pulse EPR has been frequently exploited for distance measurements in biological sys-

tems using biradicals [1–13]. The details of rigorous numerical simulations for the four-, five-,

and six-pulse DQC (double quantum coherence) sequences, which have been used for distance

measurements in biological systems containing biradicals, were illustrated in detail in a recent

publication by Misra and Salahi [14].

It is important to study coherence transfer from one coherent state, p, described by the differ-
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ence in the magnetic quantum numbers p = ∆Mrs, corresponding to the matrix element ρrs of

the density matrix, to another coherent state p′ = ∆Mr′s′ , corresponding to the matrix element

ρr′s′ of the density matrix in pulsed-EPR (Electron Paramagnetic Resonance) experiments [15].

When p = 0 and p′ = 2, this coherence transfer is known as double quantum (DQ) coherence

and has been investigated frequently in NMR (nuclear magnetic resonance) [16–18]. However,

unless p = −1, it does not lead to an observable magnetization. On the other hand, by trans-

ferring the p = +2 coherence to p = −1 coherence state by a subsequent coherence transfer, it

can be observed, similar to that accomplished in NMR [19,20]. The advantage of exploiting DQ

coherence is that the measured signal has a preferential sensitivity to the dipolar interaction,

since the DQ transition is caused by the dipolar interaction. As a consequence, the extraction

of distances from DQ coherence data, by estimating the value of d, where d = 2
3D, with D being

the dipolar-coupling constant, is cleaner than that obtained by other techniques. For example,

in the frequently used DEER technique, one has to extract the weak dipolar echo modulation

from the large echo decay background. As well, mono-radical impurities do not affect the DQ

signal, unlike that in other techniques. The DQ method offers another advantage in that using

it one can directly measure the double-quantum relaxation rate, TD2 , the knowledge of which is

very important to interpret motional dynamics.

This paper deals with a detailed study of coherence transfers in two-pulse DQ, as well as

in five-pulse DQM, sequences in samples containing nitroxide biradicals as spin probes. The

approach presented here can be applied to study the structural characterization of co-doped

paramagnetic centers [21] as well as electron-nuclear and electron-electron transitions for quan-

tum computing [22–26], involving the dipolar interaction between two paramagnetic ions. The

numerical simulations exploited here to calculate DQ and DQM signals for X-band (9.26 GHz)

pulsed EPR, corresponding to the experimental data reported in [3], consider the dipolar in-

teraction between the two nitroxide dipoles of the biradical, as well as the fully asymmetric g

and hyperfine matrices, and the angular geometry of the biradical, following the same algorithm

as that used in [14]. It is noted that DQM is an elaboration of the two-pulse DQ sequence by

introducing a refocusing π-pulse to enhance the signal. Among others, this paper is focused on

investigating how to make the p = 0 to p = +2 DQ transition possible, which is forbidden for

a non-selective (hard) pulse, by using a finite pulse in the presence of the dipolar interaction

between the two nitroxides of the biradical [27]. In addition, the important role the DQ tran-

sition plays in pulsed EPR will be discussed, demonstrating the high sensitivity of the 2D-DQ

EPR signals to the strength of the dipolar interaction for d = 0.5, 7.0, 10.0, 20.0, 30.0, 40.0,

50.0 MHz and how to exploit it to calculate the dependence of orientational selectivity upon the

orientation of the dipolar axis of the biradicals. It is noted that present studies are only carried

out for 0.5 MHz ≤ d ≤ 50.0 MHz, because for d < 0.5 MHz, not enough cycles of the dipolar

modulation of the signal are observed in the window of observation of 7µs, whereas the pulse

EPR technique is not suitable to measure distances corresponding to d > 50 MHz (r ≈ 10 Å) [2].

The separation of Pake doublets provides a direct measure 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 Å to the dipolar constant

d, expressed in MHz: r = 10 (52.04 MHz/d)1/3 Å, where d is the dipolar-coupling constant. The

simulations, as carried out here for a fixed value of r, can be exploited to calculate the signal

for a distribution of r, if required, when the probabilities for distance distribution are available.

2 Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 2, 21203 (35 pp.)
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A thorough and complete calculation of DQ and DQM time-dependent signals for the poly-

crystalline (powder) samples using Monte-Carlo averaging over random orientations of the re-

spective Euler angles of the two nitroxide dipoles with respect to the dipolar axis, needed to

calculate the Pake doublets from their Fourier transforms, will be carried out here using Matlab.

To this end, full numerical diagonalizations of the pulse- and/or spin-Hamiltonian matrices will

be carried out, and the two-pulse DQ and five-pulse DQM signals will be calculated exploiting

the algorithm developed in Misra et al. [2]. In addition, five-pulse DQM EPR signal will be

exploited to fit the experimental data reported by Saxena et al. [28]. The effect of relaxation

on the powder averages will be considered here by multiplying the final signal with a stretched

exponential [29, 30]. Furthermore, it will be shown here, from general considerations, that a

finite, rather than a non-selective pulse, in conjunction with the dipolar interaction, is needed to

produce non-zero 0→ 2 and 2→ −1 coherence transfers in the DQ experiment. In addition, an-

alytical expressions required will be derived here for coherence transfers, using Mathematica, for

two-pulse DQ and five-pulse DQM signals for an arbitrary orientation of the external magnetic

field with respect to the dipolar axis.

The organization of this paper is as follows. Section 2 deals with the general theoretical

details, including the static and pulse-Hamiltonians for the nitroxide biradical and the solution of

Liouville von Neumann equation to calculate the signal. The procedure for a rigorous numerical

calculation of the coherence transfers T0→2 and T2→−1 is given in Sec. 3, whereas Sec. 4 deals with

the numerical algorithm to simulate the DQ and DQM signals rigorously for a polycrystalline

sample in the absence of relaxation. The Orientational selectivity in two-pulse DQ and five-pulse

DQM signals is discussed in Sec. 5. Considering relaxation in a polycrystalline sample, using a

stretched exponential, is discussed in Sec. 6. The effect of the dead-time after the application of

the last pulse, during which the signal is not observable, on the modulation depth is discussed

in Sec. 7. In Sec. 8, the numerical results of the various simulations for the DQ and DQM

sequences are presented. The conclusions are summarized in Sec. 9.

2. Theoretical Details

This section deals with the theory and the procedure to calculate the two-dimensional (2D) EPR

signal for a coupled nitroxides biradical. One considers here two dipolar-interaction coupled

nitroxides, each characterized by an electron with spin S = 1/2 and a nucleus with spin I = 1.

The dimension of the Hilbert space, in which the present calculations will be carried out, for

such a system is 36× 36, since (2S1 + 1)(2S2 + 1)(2I1 + 1)(2I2 + 1) = 36, where the indices 1, 2

refer to the two nitroxide.

2.1. Static Spin Hamiltonian

For the coupled nitroxides the spin Hamiltonian in the rigid limit, valid for a sample in the

frozen state, is [1, 2]

H0 = H01 +H02 +H12, (1)

where H0k; k = 1, 2, denote the static Hamiltonians of the two nitroxide radicals, including the

Zeeman and hyperfine interactions. Assuming the respective g and hf matrices of each nitroxide

to have coincident principal-axis systems, the effective H0k is expressed as

H0k = CkSzk +AkSzkIzk +BkSzkI+k
+B∗k SzkI−k

; k = 1, 2. (2)

In Eq. (1), Szk , Izk , I+k
and I−k

are the spin operators for the two nitroxides, and the expressions

for the coefficients Ck, Ak and Bk are given in [14]. It is noted that, in writing Eq. (2), the nuclear

Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 2, 21203 (35 pp.) 3
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Zeeman and nuclear quadrupole interactions are neglected, as is appropriate for nitroxides in

magnetic fields of 3.3 kG, corresponding to the X-band frequency, considered here. H12 in Eq. (1)

includes the dipolar and exchange coupling between the two nitroxide radicals, expressed as

H12 =
D

2

(
3 cos2 θ − 1

) (
S2
z − S2/3

)
+ J

(
1

2
− 2 S1S2

)
, (3)

where θ is the polar angle of the orientation of the static magnetic field with respect to the

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 r12 connecting the magnetic dipoles of the

nitroxides. The relative orientation of the laboratory-fixed frame (with its zlab axis along the

external magnetic field B0) and the dipolar frame is defined by the Euler angles η = (0, θ, φ)

(b) The set of Euler angles λk = (αk, βk, γk), (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 Xk, Yk, Zk, k = 1, 2); here N1 and N2 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, N1, so the value of α1 becomes zero. (This figure is reproduced from [2]

by permission.)

dipolar axis that connects the magnetic dipoles of the two nitroxides, as shown in Fig. 1 and

S = S1 +S2 is the total electron spin. In Eq. (3), J is the exchange-interaction constant between

the two electrons, and D is the strength of the dipolar interaction, expressed in terms of r, the

distance between nitroxides, as [1, 2].

D =
3 γ2

e ~
2 r3

, (4)

where γe is the gyromagnetic ratio of the electron and ~ = h/2π is the reduced Planck’s constant.

The constant d = 2D/3 will be used hereafter, referred to as the “dipolar constant”. (It

is noted that the analytical expressions for the energy levels of a radical pair, consisting of

electron-nuclear spin-coupled systems, were derived, for a general case, for arbitrary values of g-

and hyperfine matrices, zero-field splitting terms, dipolar interaction, and exchange interaction

4 Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 2, 21203 (35 pp.)
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between electrons spins by Itoh et al. [31]. However, in the numerical simulations over a powder,

use of these expressions is not efficient.)

The magnetic basis, described by the basis-vectors |MS1 ,MS2 ,mI1 ,mI2〉, is used hereafter,

where MS1 , MS2 , mI1 , mI2 denote the two electronic and the two nuclear magnetic quantum

numbers, respectively, for the two nitroxides.

2.2. Initial density matrix.

To calculate the signal for a multi-pulse sequence, one starts with the initial density matrix,

ρ0, governed by the Boltzmann distribution for two electrons, each with spin 1/2, in thermal

equilibrium. Using the high-temperature approximation and neglecting the energy-level modifi-

cation by the hyperfine interaction, which is much less than the electronic Zeeman interaction,

one can write:

ρ0 =
exp(−H0/kT )

Tr [exp(−H0/kT )]
∝ 1− ~ω0

kBT
SZ + . . . . (5)

Since the final signal is obtained by taking the trace: Tr(S+ ρf ) and during the evolution of ρ0

to ρf the term 1 remains invariant, it does not contribute to the signal as Tr(S+1) = 0. One

can then replace ρ0, for the calculation of the signal, as follows:

ρ0 → SZ = Sz1 + Sz2 . (6)

2.3. Calculation of the effect of pulse

During the application of a pulse, the spin relaxation is here neglected as it has negligible effect,

since the durations of the pulses are much smaller than the relaxation time. In that case, the

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

d

dt
ρ(t) = −i [(H0 +Hp), ρ(t)] , (7)

with Hp being expressed as [1, 2]:

Hp =
ω1

2

(
e−iφS+ + eiφS−

)
, (8)

where B1 = ω1/γe is the amplitude of the pulse, φ 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× 36 direct product Hilbert space:

S± = S±S1
⊗ 1S2 ⊗ 1I1 ⊗ 1I2 + 1S1 ⊗ S±S2

⊗ 1I1 ⊗ 1I2 , (9)

where ⊗ stands for the direct product, S± are expressed in terms of the Pauli matrices σx and

σy as S± = 1
2(σx ± iσy); 1Sk

and 1Ik ; k = 1, 2 are identity matrices in the electronic 2 × 2

and nuclear 3 × 3 spaces, respectively, of the two nitroxides. The tip angle, β, expressing spin

rotation by the pulse is expressed as:

β = γeB1tp, (10)

where tp is the duration of the B1 field.
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2.4. Calculation of multi-pulse EPR signal

The pulsed EPR signal for the system of coupled nitroxides, undergoing spin relaxation, is

calculated by solving Liouville von-Neumann (LVN) equation that governs the time evolution of

the density matrix during free evolution, i.e., in the absence of a pulse. It is expressed as [1–14]

d

dt
χ(t) = −i [H0, χ(t)] + ˆ̂Γχ(t), (11)

where χ = ρ − ρ0 is the reduced density matrix, with ρ0 ∝ Sz1 + Sz2 , being the initial density

matrix, as discussed in Sec. 2.2, and H0 is given by Eq. (1). In Eq. (11), ˆ̂Γ is the relaxation

superoperator in Liouville space. In accordance with Saxena and Freed [1], a simplified one with

the following matrix elements is chosen here:

ˆ̂Γij,kl = −δijδkl
1

(T1)ik
− δikδjl(1− δij)

1

TS,D2

, (12)

where (T1)ik are the spin-lattice relaxation times between the populations ii to kk, which are

operative on the coherence pathway p = 0, and TS,D2 are the spin-spin relaxation times operative

along the p = ±1 (index S), and p = ±2 (index D) pathways, as shown in Fig. 2. It is noted

that, in general, the spin-spin relaxation times, (TS,D2 )ij are different for different transitions ij,

but these relaxation times are only slightly different from each other as shown in [32, 33]. As

a consequence, they are all approximated here in Eq. (12) to have the same average spin-spin

relaxation time TS,D2 .

In the two-pulse DQ sequence, shown in Fig. 2(a), the pathway p = 0 is excluded, so that

the relaxation times (T1)ik, with i = k, affecting the populations, that appear in Eq. (12) for

the p = 0 pathway, have no effect on the signal. In the two-pulse sequence considered here,

only the coherence pathways p = +2 and p = −1 participate, so that in the relaxation only

the second term on the right-hand side of Eq. (11) which corresponds to i 6= j elements of the

reduced density matrix, affect the two-pulse DQ signal. Then, the solution of Eq. (11) after

time t, expressing the evolution of χij due to the relaxation along the p = ±1,±2 pathways, is

obtained as

χ(t0 + t) = e−t/T
S(D)
2 e−iH0tχ(t0) eiH0t. (13)

The elements of the matrix for e−iH0t used in Eq. (13) for the coupled nitroxides system are

given in [14].

As for the five-pulse DQM signal, which includes the coherence pathway p = 0 (Fig. 2(b)),

one also needs to consider the relaxation between the populations. To do that rigorously, one

first needs to diagonalize the non-diagonal part of the relaxation matrix in Liouville space, as

given by Eq. (12), which is a 36 × 36 matrix. At lower temperatures, used in the five-pulse

experiment, the values of the off-diagonal elements of the relaxation matrix (T1)ik in Eq. (11)

for i 6= k, are larger than both the spin-spin relaxation times and the duration of the experiment

by two order of magnitudes [33]; hence e−t/(T1)ik ≈ 1, so they do not have any significant effect

on the final signal and can thus be neglected. Keeping now only the diagonal elements of the

relaxation matrix and assuming that they are all equal to each other [32,33], the time evolution

of the reduced density matrix on the coherence pathway p = 0 is approximates as:

χ(t0 + t) = e−t/T1 e−iH0t χ(t0) eiH0t. (14)

The solution of Eq. (7), after the application of a pulse of duration tp, neglecting relaxation

during the pulse, is given as [1]:

ρ(t0 + tp) = e−i(H0+Hp)tpρ(t0) ei(H0+Hp)tp . (15)

6 Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 2, 21203 (35 pp.)
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Figure 2. The pulse schemes and the relevant coherence pathways for (a) two-pulse DQ sequence; (b)

five-pulse DQM sequence. The time intervals (ti; i = 1, 2 for DQ and i = 1, 2, 3, 4, 5 for

DQM) between the pulses, as well as after the last pulse for the two sequences are indicated.

Here p is the coherence order, which represents the transverse magnetization, corresponding

to the spins rotating in the plane perpendicular to the external field.

After the application of a pulse, the density matrix is projected onto the coherence pathway of

interest, which are: p = 2, −1 for DQ and +1, 0, ±2, ∓2, −1 for DQM sequences, respectively,

as given in Fig. 2. This is achieved by the use of a projection operator matrix that retains only

the relevant elements of the density matrix which correspond to a particular pathway, p, putting

all the other elements equal to zero by making a Hadamard product. The projection-operator

matrices for the various coherence pathways are given in [14].

For the calculation of two-pulse DQ signals, the final density matrix ρf (t1, t2), where t1 is

the time between the two pulses and t2 is the time after the second pulse, at which the signal is

recorded, as shown in Fig. 2(a), is obtained as follows. (i) Transform the initial density matrix

by the first pulse using Eq. (15); (ii) Apply, the projection operator i.e., take the Hadamard

product, of the relevant coherence pathway projection operator matrix with the density matrix

transformed in step (i); (iii) Calculate the density matrix after free evolution with relaxation of

the density matrix obtained in step (ii) over the duration t1 between the first and the second

pulses using Eq. (13); (iv) Transform the density matrix obtained in step (iii) by the second pulse

using Eq. (15); (v) Apply the coherence pathway projection operator matrix for the coherence

pathway p = −1 to the density matrix obtained in step (iv); (v) the final density matrix ρf (t1, t2)

is obtained after free evolution with relaxation of the density matrix obtained in step (iv) over

the time t2.

For the five-pulse DQM, signals, the final density matrix ρf (t1, . . . , t5) with tk; k = 1, . . . , 5

being the time between the k th and (k + 1) th pulse is obtained by successive applications

of the 5 pulses to the initial density matrix, using Eq. (15), followed by the application of

the relevant coherence pathway projection operator matrix and then free evolution over the

coherence pathways as shown in Fig. 2(b), using Eqs. (13) and (14) for the coherence pathways

p = ±1, ±2 and p = 0, respectively.

The complex signal, for the orientation, (θ, φ), of the static magnetic field relative to the

Magnetic Resonance in Solids. Electronic Journal. 2021, Vol. 23, No 2, 21203 (35 pp.) 7
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dipolar axis that connects the magnetic dipoles of the two nitroxides for the orientation of the

two nitroxide radicals with respect to the molecular frame, characterized by six Euler angles,

{α1, β1, γ1, α2, β2, γ2}, as shown in Fig. 1, is then,

S(k) ({tk}, θ, φ, β1, γ1, α2, β2, γ2) = Tr (S+ ρf{tk}) , (16)

where {tk}, k = 2, 5 stand for t1, t2 and t1, t2, t3, t4, t5 for the calculation of two-pulse and

five-pulse signals, respectively. It is noted that, of the six Euler angles, only five are independent

and one is arbitrary which can be chosen to be 0 e.g., α1. This is achieved by choosing the x

axis along the line of nodes, N1, of the first nitroxide (Fig. 1).

Polycrystalline average. The EPR signal for a polycrystalline sample is calculated by

integrating Eq. (16) over (θ, φ) covering the unit sphere. The numerical calculations of the

DQ and DQM signals in the present work were performed over the quadrant: θ = [0, π/2] and

φ = [0, π], following Misra, Borbat and Freed [2], since the spin Hamiltonian coefficients of the

coupled nitroxide system, which are specifically A1, B1, C1, A2, B2, C2, have the following

symmetry for a chosen set of Euler angle (α1 = 0, β1, γ1, α2, β2, γ2): In the transformation

φ→ 2π− φ, in going from the first quadrant to the second quadrant, it is found that A1 → A1,

B1 → B∗1 , C1 → C1, A2 → A2, B2 → B∗2 , C2 → C2, where ∗ indicates the complex conjugate. In

other words, the value of spin Hamiltonian coefficients A1, C1, A2, C2 for a chosen value of (θ, φ)

in the first quadrant: 0 ≤ θ ≤ π/2 and 0 ≤ φ ≤ π, is the same as that for (θ, 2π−φ), which covers

the second quadrant: (0 ≤ θ ≤ π/2 and π ≤ φ ≤ 2π). As for the spin Hamiltonian coefficients

B1, B2, which become complex conjugated in the second quadrant when (θ, φ)→ (θ, 2π−φ), it is

noted that the final signal depends on the eigenvalues and eigenvectors of the spin Hamiltonian

rather than the spin Hamiltonian coefficients per se. As seen from Eqs. (B.3) and (B.10) of [14],

which state the eigenvectors and eigenvalues for the coupled nitroxide system, respectively, only

the absolute values |B1|, |B1|2, |B2|, |B2|2 appear, which indicate that the signal calculated for

(θ, φ) in the first quadrant is the same as that in the second quadra (θ, 2π−φ). Furthermore, this

symmetry was confirmed numerically by integrating the DQ signal over the first quadrant and

the hemisphere, consisting of the first and second quadrants for two cases which are specifically

Figs. 4b1, 4b2, 4c1, 4c2. The same average values of the signal per orientation over the first

quadrant and the hemisphere, consisting of the first and second quadrants, are found in each

case. So, it suffices to carry out the integral only over the first quadrant of the unit sphere as

follows [34]

S(k) ({tk}, λ1, λ2) = 4

∫ π

0
dφ

∫ π/2

0
S(k) ({tk}, η, λ1, λ2) d(cos θ); k = 2, 5. (17)

In Eq. (17) the set of Euler angles, (α1 = 0, β1, γ1); (α2, β2, γ2), and the orientation of

the external magnetic field with respect to the dipolar axis (θ, φ) are denoted, respectively, as

λj ; (j = 1, 2) and η. In the present work, the distance between the two nitroxide fragments

is considered to be fixed and the orientations of the Euler angles (β1, γ1, α2, β2, γ2) for the

polycrystalline sample are chosen completely random.

Calculation of Pake doublets. For this, one needs to average over the Euler angles λ1,

λ2, the orientations of the dipoles of the two nitroxides. This is an enormous task as there are

infinite many such possibilities. However, one can, instead, use Monte-Carlo averaging, wherein

one varies λ1, λ2 randomly as follows:

S(k)
avg ({tk}) =

∑
λ1,λ2

S(k) ({tk}, λ1, λ2) . (18)
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Twenty such averaging were found to be sufficient here, because another set of twenty Monte-

Carlo averaging gave almost identical results.

Inhomogeneous Gaussian broadening due to precession of spins during the free

evolution. In order to take into account the Gaussian inhomogeneous broadening effect, the

final signals S (tk) in Eq. (18) for each orientation (θ, φ) are multiplied by the by the factors

e−2π2∆2
G(t2−2t1)2

for two-pulse DQ [1] and e−2π2∆2
G(t5−t1)2

for five-pulse DQM, where ∆G is the

Gaussian inhomogeneous broadening parameter.

Number of simulations. A grid of 90 θ-values and 90 φ-values were used over a unit sphere

for one simulation. These simulations were repeated for 20 sets of five independent Euler angles

(λ1, λ2) to calculate the Pake doublet, representing an average over random orientation of the

two nitroxide dipoles. This amounts to an average over 90× 90× 20 = 1.62× 105 simulations.

The procedure to calculate the two-pulse DQ and five-pulse DQM signal is described in the

flowchart in Appendix A.

2.5. Analytical expressions of two-pulse DQ and five-pulse DQM:

One-dimensional signals

Analytical expressions of the signals are useful in deducing important features of the signal and

its Fourier transform. In this section, the analytical expression for two-pulse DQ and five-pulse

DQM one-dimensional signals i.e., the signal calculated at the top of the echo, are expressed,

following the general algorithm to calculate the analytical expression of pulsed EPR signal given

in [14].

2.5.1. One-dimensional two-pulse DQ signal

The pulse sequence for the DQ sequence is shown in Fig. 2(a). It consists of two finite arbitrary

pulses with the same duration, tp. The phase cycling required for the pathways p = 2 and p = −1

in the two-pulse DQ sequence is given in Table II of [1]. The echo in this pulse sequence occurs

at techo = t2 = 2t1 [1]. Using the same approximations to calculate the analytical expressions of

the pulsed EPR signals as in [14], the 1D signal for two-pulse DQ sequence i.e., at t2 = 2t1, is

expressed as

DQSignal(t2) = ei(3φ2−2φ1)e−t2/(1/2T
D
2 +1/TS

2 ) Tr

[(
P

(1)
11 P

(1)
41

†
− P (1)

14 P
(1)
44

†
)

×
{(
P 2

24
†

+ P 2
34
†
)
P 2

41 e
−i 3

4
d×(3 cos2 θ−1)t2 + P 2

14
† (
P 2

21 + P 2
31

)
e+i 3

4
d×(3 cos2 θ−1)t2

}]
,

(19)

where φ1 and φ2 are the phase of the first and second pulses, respectively, and the trace is taken

over the 9 × 9 hyperfine space [14]. The P kij , i = 1, . . . , 4; j = 1, 4; k = 1, 2 terms in Eq. (19)

are 9 × 9 matrices in the hyperfine space, as given in [14]. An examination of Eq. (19) reveals

that the signal depends on ±3d
4 × (3 cos2 θ − 1)t2, whose Fourier transform, as a function of t2,

would yield peaks at the frequencies ±3d
4 × (3 cos2 θ − 1) for any choice of the five independent

Euler angles. This leads to the conclusion that the Pake doublets occur at ±3d
4 , when averaged

over the orientations of the two nitroxide dipoles over the unit sphere.

2.5.2. One-dimensional five-pulse DQ signal

The five-pulse DQM pulse sequence is shown in Fig 2(b), wherein the fourth pulse, (π)x, plays

the role of a refocusing pulse. In the experiment, t1 = t2, which are stepped and, t3 = t4, which
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are fixed and will here be denoted as t
(DQM)
DQ . The echo in this five-pulse DQM sequence occurs

at the time techo = t5 = t1.

The five-pulse DQM sequence, shown in Fig. 2(b), is tantamount to two coherence pathways,

both of which lead to the formation of an echo at t5 = t1. These are:

(i) p = 0→ +1→ 0→ +2→ −2→ −1;

(ii) p = 0→ +1→ 0→ −2→ +2→ −1.
(20)

In the analytical calculations here, finite pulses are used to effect the transitions 1 → 0 and

0 → ±2, otherwise for the remaining pathways strong pulses are used, which do not require

inclusion of H0, so that Hp � H0.

Following the procedure described in [14], the 1D five-pulse DQM signals for the two coherence

pathways in Eq. (20) are calculated for t1 = t5, for the orientation of the dipolar axis, oriented at

an angle θ with respect to the external magnetic field (lab frame), indicated by the superscripts

(i) and (ii), respectively, to be as follows:

Signal
(i)
DQM(t5) =

1

4
e−i(φ1−φ2+2φ3−4φ4+φ5)e−2t

(DQM)
DQ /TD

2 −t5/(2/TS
2 +1/T1)

×Tr

[{
P 3

11M1P
2
14
†
P 3

41
†

+ P 3
14M2P

2
44
†
P 3

44
†

+
(
P 3

12M3 + P 3
13M4

) (
P 2

24
†
P 3

42
†

+ P 2
34
†
P 3

43
†
)}

−
{
P 3

11P
2
11M1

†P 3
41
†

+ P 3
14P

2
41M2

†P 3
44
†

+
(
P 3

12P
2
21 + P 3

13P
2
31

) (
M3
†P 3

42
†

+M4
†P 3

43
†
)}]

;

(21)

Signal
(ii)
DQM(t5) = −1

4
e−i(φ1−φ2−2φ3+4φ4+3φ5)e−2t

(DQM)
DQ /TD

2 −t5/(2/TS
2 +1/T1)

×Tr

[{
P 3

41M1P
2
14
†
P 3

11
†

+ P 3
44M2P

2
44
†
P 3

14
†

+
(
P 3

42M3 + P 3
43M4

) (
P 2

34
†
P 3

13
†

+ P 2
24
†
P 3

12
†
)}

−
{
P 3

41P
2
11M1

†P 3
11
†

+ P 3
44P

2
41M2

†P 3
14
†

+
(
P 3

42P
2
21 + P 3

43P
2
31

) (
M3
†P 3

12
†

+M4
†P 3

13
†
)}]

.

(22)

The Mi, i = 1, 2, 3, 4 terms in Eqs. (21) and (22) are defined in Appendix B below. The five-pulse

DQM signal, is then:

SignalDQM(t5) = Signal
(i)
DQM(t5) + Signal

(ii)
DQM(t5). (23)

It is seen from Eqs. (21) and (22)) that the main dipolar peaks for a chosen orientation of the

two nitroxide dipoles with respect to the dipolar axis, oriented at an angle θ with respect to

the lab axis, occur at ±d × (3 cos2 θ − 1) in the Fourier transform taken with respect to time

variable t5. This shows that the Pake doublet for the 1D five-pulse DQM signal, occurs at ±d
in the Fourier transform of the signal, following the same discussion as that for DQ sequence at

the end of Sec. 2.5.1.

3. Exact Numerical Simulation of Coherence Transfer

By using numerical techniques one can carry out the simulations rigorously without making any

approximations. It is important to have an estimate of the coherence transfer, Tm→n, which is

the probability of transition from the pathway m to the pathway n, since the intensity of the

signal increases with increasing coherence transfer. It is calculated as follows.
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Figure 3. Dependence of the two-pulse DQ signal on the dipolar-coupling constant for a polycrystalline

sample, averaged over twenty Monte-Carlo orientations of the nitroxide dipoles: left (a1, b1,

c1, d1, e1, f1, g1): time domain DQ signals for t2 = 2t1 and right (a2 ,b2, c2, d2, e2, f2,

g2): their Fourier transforms (Pake doublets) for d = 0.5, 7.0, 10, 20, 30, 40, 50 MHz. In all

simulations, the amplitude of the irradiation microwave pulse B1 is 10 G and the duration, tp,

for both pulses is 80 ns. All the other parameters used for the simulations are the same those

listed in Table 1. The relaxation is not considered in these simulations. All Pake doublets

appear at ±3d/4.The same dead time, td = 35 ns, as that reported in [3], is used here. The

time-domain signal in the initial 35 ns interval, shown as hatched is lost in the dead-time

of the pulse. The corresponding Fourier transform with respect to both t2 and t2 − td are

plotted, shown in black and blue, respectively.
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Figure 4. The same details as in the caption of Fig. 3, except here B1 = 60 G and tp = 65 ns, corre-

sponding to the maximum coherence efficiencies for both T0→2 and T2→−1 as discussed in

Sec. 3.

3.1. Procedure for calculation

The density matrix for the pathway n after phase cycling subsequent to the application of a pulse

is proportional to the spin operator corresponding to the coherence pathway n, which is Sz for

the coherence pathway p = 0 (needed for five-pulse DQM only), S± for the coherence pathways

p = ±1 and (S±.S±) for the coherence pathways p = ±2 The coherence transfer, Tm→n, for the

pathway n is then obtained by taking the trace of the density matrix resulting by the action of

the pulse with the adjoint of the projection operator matrix for the coherence pathway n, listed

in [14].
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3.1.1. Efficiency of coherence transfer

The coherence-transfer efficiency for the transitions 0 → 2 and 2 → −1 in a DQ experiment

is zero for a non-selective pulse [1]. With the application of a finite pulse, however, one can

obtain non-zero coherence transfers T0→2 and T2→−1. Using the rigorous numerical calculation,

wherein one considers the full static spin Hamiltonian during the pulse, it is shown here that,

indeed, T0→2 and T2→−1 are non-zero for the system of coupled nitroxides as effected by a pulse

of finite duration.

The results of numerical simulations for the coherence transfers T0→2 and T2→−1 described

above for a polycrystalline sample are plotted as functions of the amplitude of the irradiation

microwave field B1 and the duration of the pulse tp in Figs. 8, 9, 10 for d = 10, 20, 30 MHz,

respectively. It is seen by comparison that a maximum efficiency is found to occur for both

T0→2 and T2→−1, with an experimentally achievable B1 = 60 G and tp = 65 ns for all the three

values of d considered here. These T0→2 and T2→−1 values are about (0.03, 0.08, 0.11) and (0.03,

0.06, 0.10) for d = 10, 20, 30 MHz, respectively. The same values of (B1, tp) = (60 G, 65 ns) that

correspond to these maxima are used for the calculation of the Pake doublets in the Fourier

transform of the DQ signal in Figs. 4(a2)–(g2) and 5(a), (b).

4. Calculation of signal in the absence of relaxation

The best way to calculate pulsed EPR signals rigorously is by employing numerical techniques

using the eigenvalues and eigenvectors of the Hamiltonian matrix. The details of the calculations

presented in this section, based on the algorithm developed by Misra to calculate the six-pulse

DQC signal [2], are quite general, applicable to both one- and two- dimensional two-pulse DQ

and five-pulse DQM signals.

In the magnetic basis, the static Hamiltonian H0 is not diagonal; the eigenvalues of H0

are obtained by the diagonalization U †H0U = E, where E is the eigenvalue matrix, whose

diagonal elements are the eigenvalues, whereas the columns of matrix U are the corresponding

eigenvectors.

To calculate the k-pulse signal, one starts with the initial density matrix, which is SZ as

discussed in Sec. 2.2, in the direct-product space: ρ0 → SZ =
σz1
2 ⊗ 1S2 ⊗ 1I1 ⊗ 1I2 + 1S1 ⊗

σz2
2 ⊗ 1I1 ⊗ 1I2 , where σzi ; i = 1, 2 are the Pauli spin matrices for the electron spin. The final

density matrix ρf (tk) with k = 2, 5 for two- and five-pulse signals, respectively, is obtained

by successive applications of the k pulses to it using Eq. (15), followed by free evolution over

the coherence pathways, as shown in Fig. 2 for each pulse sequence, using Eqs. (13) and (14)

without the exponential factor that considers the effect of relaxation. The complex signal is then

obtained using Eq. (16). The polycrystalline average and Pake doublets are calculated using

Eqs. (17) and (18), respectively. Thereafter, the relevant Gaussian inhomogeneous broadening

factor is multiplied to Eq. (18) for Pake doublets, as discussed in Sec. 2.4. The flow chart for

numerical simulations is given in Appendix A.

5. Orientational selectivity in two-pulse DQ and five-pulse DQM signals

There occurs orientational selectivity when the signal is determined predominantly by those

biradicals, whose dipolar axes are oriented in a narrow range about the static magnetic field

direction. This is further discussed in detail in the following two sections involving numerical

calculation and analytical treatment of orientational selectivity.
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Figure 5. The two-dimensional top views of the Fourier transforms of the DQ signal as a function of

the double quantum frequency, denoted as F1, corresponding to the time t1 in Fig. 2(a),

showing the pulse sequence, and the ESR frequency, FESR, corresponding to the time t2 after

the second pulse as shown in Fig. 2(a) for a coupled nitroxides biradical with the coupling

constants: (a) d = 20 MHz and (b) d = 30 MHz. The corresponding 1D spectra, are joined

on the top and on the right-hand sides of the top views, as obtained by the summation along

the FESR and F1 axes, respectively, and by dividing by the number of data points to calculate

averages. The attached figures on the right-hand sides represent the CW ESR spectra, wherein

the static field is kept at the fixed value 3323 G and the frequency is varied. The amplitude

of the radiation microwave field B1 = 60 G, a pulse of sufficient intensity to excite most of

the spins in the sample, and the duration of the pulse tp = 65 ns is used for both pulses,

corresponding to the maximum coherence efficiencies for both T0→2 and T2→−1 are used for

the simulations. All other parameters used for the simulations are the same as those listed in

Table 1. The relaxation is not considered here.

5.1. Exact numerical calculation

For these calculations, it is first noted that the forbidden transition p = 0 → 2 in the two-

pulse DQ and five-pulse DQM sequences becomes possible only in the presence of the dipolar

interaction and a for a finite pulse as discussed in Sec. 5.2 below. When this condition is satisfied,

the coherence transfer T0→2 is found to be much larger in a very narrow range about four specific

values of θ, the angle between the dipolar axis and the external magnetic field. These specific

four angles depend on the amplitude of the irradiation field, B1, and the dipolar interaction, d,

as the simulations presented here show for T0→2 for three values of d = 20, 30, 40 and 40 MHz as

displayed in Figs. 6(a), 6(b), 6(c), 6(d), respectively, for varying values of B1. It is found from

these figures that for smaller B1 there are, indeed, two such values of θ in the range 0◦ ≤ θ0 ≤ 90◦,

and two more about its supplementary angle 125.26◦, for which the T0→2 value is much larger

than those for other values of θ. These values are found to be situated symmetrically within

10◦ away from the magic angle 54.74◦ at which
(
3 cos2 θ − 1

)
= 0, and its supplementary angle

125.26◦, becoming closer to the magic angle as d increases, as seen from Fig. 6, giving rise to

orientational selectivity; implying that these spins will be preferentially pumped from p = 0 to

p = 2 coherence state. This implies that there occurs orientational selectivity. This is a first-

ever novel result, as far as orientational sensitivity is concerned, found with the help of extensive

quantitative simulations for the first time. This orientational selectivity of the forbidden DQ

signal occurs up to a maximum value of B1 that depends on d. These maximum B1 values are

1.5, 2.0, 3.0, and 4.0 G for d = 20, 30, 40 and 50 MHz, respectively, for both, the two-pulse DQ

and five-pulse DQM sequences.
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Figure 6. The coherence transfer T0→2 plotted as function of θ, as calculated: left (a1,b1,c1,d1) using the

analytical expression, Eq. (31), and right (a2, b2, c2, d2) rigorously using numerical simulations

for different values of the amplitude of the irradiation microwave pulse, B1, indicated next to

each plot for (a1, a2) d = 20 MHz, (b1, b2) d = 30 MHz, (c1, c2) d = 40 MHz and (d1, d2)

d = 50 MHz. The duration of the pulse tp in each case is chosen consistent with a nominal

π/2 pulse and amplitude B1. The two sets, calculated using analytical expressions and exact

numerical algorithm, are found to be in very good agreement with each other.
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In order to display orientational selectivity, the coherence transfer efficiency T0→2 is plotted as

a function of θ, the angle between the dipolar axis and the external magnetic field, as calculated

using the analytical expression (31), in Figs. 6 (a1), (b1), (c1) and (d1) for d = 20, 30, 40, 50 MHz,

respectively, for several weak irradiation microwave fields B1(≤ 5.0G), each for an appropriate

time interval tp, so that the tip angle β = π/2. In each case, a polycrystalline average is taken

over 20 simulations, carried out with randomly generated set of the five independent orientation

angles for the two nitroxide dipoles, using the Monte-Carlo technique. For comparison, the same

simulations are carried out numerically without neglecting any terms in the spin Hamiltonian.

The results are plotted in Figs. 6 (a2), (b2), (c2), (d2), alongside the ones obtained using the

analytical expressions. The two sets are found to be in very good agreement with each other,

justifying the validity of the analytical expressions (31) and (32).

5.2. Analytical treatment of orientational selectivity

It is useful to have analytical expressions for a quick calculation and evaluation of important

features of coherence transfer, i.e., orientational selectivity. To this end, some approximations

are made to simplify the calculation. One of the approximations made in the following treatment

is to neglect the Zeeman and hyperfine terms with coefficients (C1, C2) and (A1, B1, A2, B2),

respectively, in the spin Hamiltonian given by Eq. (1). However, one has to compensate for it

by modifying the frequency ω1 to an effective frequency, ω1eff , as discussed below.

Effective frequency of rotation, ω1(ω1eff). The presence of the pulse, i.e., the microwave

field, B1, tips the magnetization differently out of the precession about the z-axis, where it was

before the application of the pulse. This implies that the magnetization is now tipped by an

effective magnetic field Beff , which is the vector sum of B1 and B0, causing the magnetizations

of the two electrons to tip around their respective Beff = B1 +B0, at a faster effective rate [35].

This is considered for the two dipoles of the biradical by taking the average of the effective

angular velocities for the two dipoles, since only one dipole is flipped by the pulse at a time:

ω1eff = γeB1eff = (ω1
2 + C1

2)
1/2

+ (ω1
2 + C2

2)1/2/2, (24)

where ω1 = γeB1 and C1, C2, respectively, are the coefficients of Sz1 and Sz2 in the spin

Hamiltonian, Eq. (2), given by Eq. (A.4) in [14]. From Eq. (24), it is seen that for a strong

pulse, i.e., ω1 � C1, C2, one can approximate ω1eff by ω1, whereas for weak pulse, the effect of

Zeeman terms must be included. The Zeeman and hyperfine terms in the static Hamiltonian,

given by Eq. (1), are responsible for a detuning from the carrier frequency as discussed above

in this section. As a result, ω1 will be substituted here by ω1eff , which is given by Eq. (24),

following the discussion given by Raitsimiring and Borbat [35]. Then only the dipolar-interaction

term H12 need to be taken into consideration for the calculation of coherence transfer, which

makes it simpler to derive analytical expressions, as follows.

In the magnetic basis of the two electrons, the matrix for H0 in the direct-product space (see

Appendix B in [14]), is then given as

H12 =
a

3
(2S2

z − S2
x − S2

y) =
a

3


1 0 0 0

0 −1 −1 0

0 −1 −1 0

0 0 0 1

 , (25)

where Sz = Sz1 ⊗ 1S2 + 1S1 ⊗ Sz2 , Sx = Sx1 ⊗ 1S2 + 1S1 ⊗ Sx2Sy = Sy1 ⊗ 1S2 + 1S1 ⊗ Sy2 , and
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a = 3d
4 (3 cos2 θ − 1). The matrix for Hp, using ω1eff , is:

Hp =
1

2
ω1eff


0 e−iφ e−iφ 0

eiφ 0 0 e−iφ

eiφ 0 0 e−iφ

0 eiφ eiφ 0

 . (26)

For the calculation of the coherence transfer, the phase of the pulse, φ, is set equal to zero. The

eigenvalues, Ep and the eigenvectors, U , of matrix H12 +Hp, using Eqs. (25) and (26), are given

as

Ep = U † (H12 +Hp)U =


0 0 0 0

0 a/3 0 0

0 0 −1
6(3Ω + a) 0

0 0 0 1
6(3Ω− a)

 , (27)

where

U =


0 − 1√

2

√
2ω1eff√

(a+Ω)2+4ω1eff
2

√
2ω1eff√

(a−Ω)2+4ω1eff
2

− 1√
2

0 − Ω+a√
2
√

(a+Ω)2+4ω1eff
2

Ω−a√
2
√

(a−Ω)2+4ω1eff
2

1√
2

0 − Ω+a√
2
√

(a+Ω)2+4ω1eff
2

Ω−a√
2
√

(a−Ω)2+4ω1eff
2

0 1√
2

√
2ω1eff√

(a+Ω)2+4ω1eff
2

√
2ω1eff√

(a−Ω)2+4ω1eff
2

 , (28)

and

Ω =
√
a2 + 4ω1eff

2. (29)

Then the pulse propagator, including the dipolar Hamiltonian, is expressed as

e−i(H12+Hp)tp = U e−iEptp U †. (30)

Following the procedure to calculate the coherence transfer as described in Sec. 3.1 above and

using the pulse propagator, given by Eq. (30), the coherence transfer for the transition 0→ 2 is:

T0→2 = Abs
{

Tr
[
(S−S−)/2 e−i(H12+Hp)tp Sz e

i(H12+Hp)tp
]}

= Abs

[
a cos(atp/2) sin(Ωtp/2)

Ω
− sin(atp/2) cos(Ωtp/2)

]
.

(31)

In the middle part of Eq. (31), a division of 2 has been added after the first equality to extract

the (1, 4) element of the transformed density matrix. Likewise, for the transition 2 → −1, the

magnitude of the coherence transfer is:

T2→−1 = Abs
{

Tr
[
S+ e

−i(H12+Hp)tp (S+S+)/2 ei(H12+Hp)tp
]}

= Abs

[
2ω1eff sin(Ω tp/2) (a sin(Ω tp/2)− Ω sin(a tp/2))

Ω2

]
.

(32)

After the first equality in Eqs. (32), a division of 2 has been added to render the (1, 4) element

of the density matrix corresponding to p = +2 state equal to unity. It is noted from Eqs. (31)

and (32) that in the limit when the dipolar coupling, d, or the duration of the pulse, tp approach

zero, both the coherence transfers T0→2 and T2→−1 vanish. This implies that one needs a finite

pulse, together with the dipolar interaction, to produce a non-zero coherence transfer.
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6. Signal due to spin relaxation in a polycrystalline sample

In Sec. 4., the signal for a polycrystalline sample is calculated in the absence of relaxation. To

consider the effect of the relaxation for a powder average, the stretched exponential approach

is used here, following the discussion in [29, 30], which considers the average effect of different

relaxation times for different orientations of the dipolar axis with respect to the magnetic field

by a single exponential with the exponent β. For the present cases this is discussed as follows.

Averaging over relaxation times T1, TS
2 and TD

2 . According to Eqs. (13) and (14),

after time t, for a single-orientation of the dipolar axis with respect to the external magnetic

field, the effect of relaxation on the signal is considered by multiplying the calculated signal by

the exponential factors exp(−t/TS2 ), exp(−t/TD2 ) and exp(−t/T1) for the coherence pathways

p = ±1, p = ±2 and p = 0, respectively, with the time constants TS2 , TD2 , T1, 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 calculated by multiplying the signal with two

and five decaying exponential functions for two- and five-pulse sequences, respectively. For a

polycrystalline sample, the signal is averaged over different values of (θ, φ), each characterized

by different relaxation times T1(η, λ1, λ2), TS2 (η, λ1, λ2), TD2 (η, λ1, λ2). The effect of relaxation

at the top of the echo, i.e., at t2 = 2t1 for two-pulse DQ and at t5 = t1 for five-pulse DQM, is

then expressed as

SDQ
0avg(tk) =

∑
η,λ1,λ2

S0(tk, η, λ1, λ2) exp(−t1(1/TD2 (η, λ1, λ2) + 2/TS2 (η, λ1, λ2))); (33)

SDQM
0avg(tk) =

∑
η,λ1,λ2

S0(tk, η, λ1, λ2)

× exp
[
− 2t

(DQM)
DQ /TD2 (η, λ1, λ2)− t1(2/TS2 (η, λ1, λ2) + 1/T1(η, λ1, λ2))

]
,

(34)

where S0(tk, η, λ1, λ2) is the EPR signal calculated without relaxation as given by Eq. (16).

Assuming the same orientational distribution function for the three relaxation times T1(η, λ1, λ2),

TS2 (η, λ1, λ2) and TD2 (η, λ1, λ2) over (η, λ1, λ2), Eq.(33), becomes modified, in the stretched

exponential approach, as follows [29,30]:

SDQ
0avg(tk) = S0avg(tk) exp

(
−
[
t1(1/TD2str + 2/TSstr)

]β)
, (35)

SDQM
0avg (tk) = S0avg(tk) exp

(
−
[
2t

(DQM)
DQ /TD2str + t1(2/TS2str + 1/T1str)

]β)
(36)

where, S0avg(tk) is the average of S0(tk, η, λ1, λ2) over all orientations (η, λ1, λ2) as described by

Eqs (17) and (18) for both DQ and DQM signals, and T1str, T
S
2str and TD2str are the “stretched”

relaxation times over zero (p = 0), single (p = 1 pathway) and double (p = 2 pathway) quantum

states, respectively. The stretching parameter, β, which is related to the distribution function of

the relaxation times in Eqs. (35) and (36), ranges between zero and one [29,30]. Equations (35)

and (36) reduce to the system with orientation-independent relaxation times in the limit when

β → 1. It is noted that, in general, there are two different stretching parameters, β(S) and

β(D), characterizing the orientational distribution of the single and double quantum relaxation

times which are to be found by fitting the simulation to the experimental data [29, 30]. In this

paper, since the experimental values for β(S) and β(D) are not available, and β(D) affects only

the intensity of the signal, the value β(S) = β(D) = β = 0.8 is used, being the average of the two

values 0.78 and 0.85, derived in [29,30].
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7. Effect of dead-time on two-pulse DQ and five-pulse DQM signals

Immediately after a pulse, recording the signal is not possible due to the so-called dead-time,

denoted as td hereafter, of the spectrometer. The best value of td as reported in [3] is 35 ns at

X-band. This value will be used here to not consider the initial signal up to the dead-time, in

the calculation following the procedure given in Sec. 4; shorter values of dead-time are possible

today with the use of more powerful klystrons.

Due to a significant initial part of the signal is lost during the dead-time, td, the modulation

depth can only be measured for d = 0.5 MHz, as seen from Figs. 3, 4, 11. However, the Pake

doublets as a function of the reduced echo times (t2− td) or (t5− td) for DQ or DQM sequences,

respectively, are still found undistorted and centered at ±3d/4 and ±d, for two-pulse DQ and

five-pulse DQM, respectively, albeit slightly narrowed and reduced in intensities, as seen from

Figs. 3, 4, 11. Thus, the Fourier transforms with respect to the reduced echo times also provide

a measure of the dipolar constant, which, in turn, enables one to calculate the distance between

the two nitroxides.

Figure 7. The effect of relaxation on the DQ signal for a polycrystalline sample, averaged over twenty

Monte-Carlo orientations of the nitroxide dipoles. The Fourier transform as a function of t1
of the time domain DQ signal at t2 = 2t1 for: (a) without taking relaxation into account and

(b) with relaxation included for TS
2 = 500 ns and TD

2 = 200 ns using the stretching parameter

β = 0.8 as discussed in Sec. 6. The dipolar coupling constant d = 40 MHz and the amplitude

of the irradiation microwave pulse B1 = 10.0 G are used in these simulations. The values of

all the other parameters used in the simulations are the same as those listed in Table 1. Due

to relaxation, the peaks are broadened in Fig. 7(b), and the intensity of the calculated Fourier

transform of the DQ signal is reduced by about a factor of two.

The time-domain signals calculated with and without dead-time are shown in Figs. 3, 4, 11.

The dead-time effect is shown by hatching the initial time interval td of the signal. The Fourier

transforms of the two-pulse DQ and five-pulse DQM signals taken with respect to both echo-

time and reduced echo-time variables are plotted, which show that the intensity of the Fourier

transforms are reduced by including the dead-time. However, the Pake doublets still occur at

±3d/4 and ±d, for two-pulse DQ and five-pulse DQM, respectively, although diminished in their

intensities and widths.
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7.1. Modulation depths of the calculated signals

The time dependent signal at the top of the echo due to the dipolar modulation in two-pulse

DQ and five-pulse DQM signals for a given orientation η = (θ, φ) of the external magnetic field

with respect to the dipolar axis connecting the two nitroxides, and the five independent Euler

angles λ1 = (α1 = 0, β1, γ1), λ2 = (α2, β2, γ2) can be written as [36,37]

V (t, η, λ1, λ2) = V0[1− λ(η, λ1, λ2)(1− cos(ω(θ)t))], (37)

where V0 is the amplitude of the signal at time t = 0; λ(η, λ1, λ2) is the depth of the dipolar

modulation at the orientation (η, λ1, λ2) and

ω(θ) = d(3 cos2 θ − 1). (38)

For a polycrystalline sample, as described in Sec. 2, the signal is then:

V (t) = 4
∑
λ1,λ2

∫ π

0
dφ

∫ π/2

0
V0[1− λ(η, λ1, λ2)(1− cos(ω(θ)t))] sin θ dθ. (39)

The resulting time-domain signal has its maximum V0avg at time t = 0, and it oscillates around

the equilibrium value Veq. As a percentage, the depth of the modulation for a polycrystalline

sample, ∆ is:

∆(%) = (V0avg − Veq)/V0avg × 100. (40)

Table 1. The values of the parameters used in the simulations of the pulsed-EPR DQ and DQM signals

of the coupled nitroxide biradical.

Parameter Value

Static magnetic field (B0) 3323 G

Microwave frequency 9.266 GHz

Exchange constant (J) 0 MHz

Double quantum time t3 = t4 = tDQM
DQ 50 ns

Stretched exponential parameter (β) 0.8

g-matrix g̃ = (gxx, gyy, gzz) (2.0086, 2.0066, 2.0032)

Hyperfine matrix Ã = (Axx, Ayy, Azz) (6.0 G, 6.0 G, 35.0 G)

Spin-lattice relaxation time (T1) 10µs

8. Discussion of results of numerical simulations

For reference, the values and definitions of the constants used in the numerical simulations are

listed in Table 1 below. Following [1, 2] the exchange parameter J is set to zero in all the

simulations in the present work. The simulations for the polycrystalline sample were carried

out over a 90 × 90 {cos θ, φ} grid on the unit sphere for 20 different sets of five Euler angles

{(0, β1, γ1), (α2, β2, γ2)} with Monte-Carlo averaging to calculate the Pake doublets. In the
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numerical simulations for distance measurement carried out here, only one variable time is

used to calculate 1D (one-dimensional) signals, specifically for t2 = 2t1 for two-pulse DQ and

t5 = t1 for five-pulse DQM signals. This results in a considerable saving of time in experimental

measurements. As well, the simulations for a polycrystalline sample can be carried out using a

much larger grid over the unit sphere because only a single time variable is needed. The results

for the DQ and DQM sequences are described in Secs. 8.1 and 8.2 below.

8.1. Two-pulse DQ signal

The main features of the simulation for the coherence transfer for the DQ signal at X-band are

as follows.

(i) Figures 3 and 4 display the dependence of the 1D time-domain DQ signals for the dipolar-

coupling constants: d = 0.5, 7, 10, 20, 30, 40, 50 MHz, simulated at the top of the echo

i.e., at t2 = 2t1, along with their Fourier transforms as a function of t2. In Fig. 3, the

amplitude of the radiation microwave field B1 = 10 G and the duration of the finite pulses

tp = 80 ns and in Fig. 4, B1 = 60 G and tp = 65 ns, corresponding to the maximum

coherence efficiency as discussed in Sec. 3, are used. The dead time of td = 35 ns, as that

reported experimentally in [3], is assumed here. This means that the signal during the

initial 35 ns, shown as hatched in Figs. 3 and 4, cannot be recorded in the experiment. To

consider the effect on the Fourier transform of the signal that can be recorded, the Fourier

transforms with respect to both t2 and t2− td are plotted in Figs. 3 and 4, shown in black

and blue, respectively. It is seen that the Fourier transform taken with respect to t2 − td
does not distort the Pake doublets, or its position. It reduces only the intensity and the

width of the Fourier transform. For d = 0.5 MHz, the dead-time covers only a negligible

part of the signal. The modulation depth, ∆, can then be calculated for this case. It is

found to be almost 100%, as seen from Figs. 3 and 4. As for d > 7 MHz, ∆ cannot be

measured, because a significant part of the initial signal is lost in the dead-time. The Pake

doublets in the Fourier transform of the DQ signals shown in Figs. 3 and 4, indeed, appear

at ±3d/4 as deduced theoretically in Sec. 2.5.1.

(ii) The top view plots of the two-dimensional Fourier transform of DQ signal for a coupled

nitroxides biradical with the coupling constants: (a) d = 20 MHz and (b) d = 30 MHz, are

shown in Fig. 5. The 2D Fourier transform is plotted as a function of the double quantum

frequency, F1 and FESR, the ESR frequency which are the Fourier variables corresponding

to t1 and t2 in the DQ sequence, respectively. The corresponding 1D spectra, joined on

the top and on the right-hand side of the contour plots, respectively, are obtained by

integration along the ESR frequency and F1 axes, and dividing by the number of data

points to calculate averages. The joined figures on the right-hand side represent the CW

ESR spectra. The amplitude of the radiation microwave field B1 = 60 G, a pulse of

sufficient intensity to excite most of the spins in the sample, and the duration of the finite

pulses tp = 65 ns, corresponding to the maximum coherence efficiencies for both T0→2 and

T2→−1 are used for all simulations. All other parameters used for the simulations are listed

in Table 1. Relaxation is not considered in these simulations.

(iii) The coherence transfer efficiency T0→2 calculated analytically using expression (31) for

weak irradiation microwave field, B1 ≤ 5 G are plotted in Figs. 6 (a1), (b1), (c1), (d1),

respectively, for the dipolar coupling constants d = 20 MHz, d = 30 MHz, d = 40 MHz and

d = 50 MHz. For comparison, the same simulations are carried out numerically without
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Figure 8. Two-pulse DQ coherence transfers for a polycrystalline sample, averaged over twenty Monte-

Carlo orientations of the nitroxide dipoles of the biradical: (left) the absolute values and

(right) their contour plots of the coherence transfers; (top) T0→2 and (bottom) T2→−1, as

functions of the intensity of the irradiation microwave magnetic pulse, B1 and the duration

of the pulses, tp for the dipolar coupling constant d = 10 MHz. All the parameters used for

simulations are the same as those listed in Table 1. It is seen from these simulations that for

B1 = 60 G and tp = 65 ns , which are experimentally feasible values, a maximum coherence

transfer is achieved for both 0→ 2 and 2→ −1 transitions.These (B1, tp) values are used for

the calculation of the DQ signal, shown in Fig. 4.

neglecting any terms in the spin Hamiltonian. The results are plotted in Figs. 6 (a2), (b2),

(c2), (d2). The duration of the pulse tp is chosen to produce a nominal π/2 pulse in each

case. A grid of 180× 180 points of (θ, φ) with 20 sets of random Euler angles were used in

the calculations. All the other parameters are the same as those listed in Table 1. It is seen

that the intensity of the coherence transfer T0→2 is maximum for those coupled nitroxides,

whose dipolar axes are oriented about ±10◦ away from the magic angle θ0 ≈ 54.74◦, at

which (3 cos2 θ − 1) = 0, for 0◦ ≤ θ ≤ 90◦, being symmetric about θ = 90◦ in the range

0◦ ≤ θ ≤ 180◦, implying that these spins will be preferentially pumped from p = 0 to p = 2

coherence state. The analytical and rigorous numerical calculations are found to be in very

good agreement with each other, justifying the validity of the analytical expressions (31)

and (32).

(iv) The effect of relaxation on the DQ signal is shown in Fig. 7, displaying the Fourier transform

of the DQ signal without and with relaxation. The latter is calculated with the relaxation

times TS2 = 500 ns (over the pathways p = ±1) and TD2 = 200 ns (over the pathways p =

±2), d = 40 MHz and B1 = 10.0 G. As expected, the Pake doublets do become broadened
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Figure 9. The same details as those for Fig. 8, except that here the simulations are for the dipolar-

coupling constant d = 20 MHz

by relaxation. Furthermore, TD2 is found to make more dominant contribution as compared

to that of TS2 , since its value is almost half that of TS2 as determined experimentally in [28],

considering the relaxations factors, which are inversely proportional to the exponential of

the relaxation time.

(v) The efficiencies of the coherence transfers for the transitions 0 → 2 and 2 → −1 in the

DQ two-pulse experiment are plotted in Figs. 8, 9 and 10 as functions of (B1, tp) for the

values of the dipolar constant d = 10, 20 and 30 MHz, respectively. They show that the

value of the coherence transfer in the DQ experiment for the transition 0→ 2 is about the

same as that for the transition 2→ −1. Furthermore, coherence transfers are found to be

significantly affected by the dipolar interaction; specifically, the efficiency of the coherence

transfer in the transition 0→ 2 increases from 0.03 for d = 10 MHz to 0.12 for d = 30 MHz.

8.2. Five-pulse DQM signal

The relevant features of the simulations for the coherence transfer for the DQM signal are as

follows.

(i) The time-domain DQM signals, simulated for t5 = t1 for the dipolar constants d = 0.5,

7, 10, 20, 30, 40, 50 MHz, are shown in Figs 11 (a1), (b1), (c1), (d1), (e1),(f1), (g1),

respectively, as functions of t5. The corresponding Fourier transforms of these signals

are shown in Figs 11 (a2), (b2), (c2), (d2), (e2), (f2), (g2), respectively; Those shown in

black are taken with respect to t5, whereas those in blue are taken with respect to the
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Figure 10. The same details as those for Fig. 8, except that here the simulations are for the dipolar-

coupling constant d = 30 MHz

reduced echo time, (t5 − td), the time period over which the signal can be recorded. The

Pake doublets in the Fourier transforms of the DQM signals, indeed, appear at ±d, for

the transform taken with respect to t5 in accordance with that deduced theoretically in

Sec. 2.5.2. It is seen that the Fourier transform taken with respect to the reduced echo

time, (t5 − td) does not distort the Pake doublets, or its position. It reduces only the

intensity and the width of the Fourier transform. Furthermore, the relative intensities of

the side peaks with respect to the main peaks at ±d, are also somewhat reduced. The

values of the parameters used are: B1 = 17.8 G, the same as that used at X-band in [28],

the durations of the pulses:(tp)1 = (tp)3 = (tp)5 = 5 ns, (tp)2 = (tp)4 = 10 ns, td = 35 ns,

as used experimentally in [3] at X-band. The initial time domain signals during the 35 ns

interval, lost in the dead-time of the pulse, is shown as hatched.

(ii) The effect of relaxation on the DQM signal in shown in Figs. 12 (a) and (b), respectively,

displaying the Fourier transform of the DQM signal without and with relaxation. The

latter is calculated for the relaxation times T1 = 10µs (over the pathway p = 0), TS2 =

500 ns (over the pathways p = ±1) and TD2 = 200 ns (over the pathways p = ±2), using

the stretching parameter β = 0.8, d = 40 MHz and B1 = 17.8 G. As expected, the Pake

doublets become broadened by relaxation. The relaxation times T1 and TS2 contribute

to this broadening in the frequency domain, whereas TD2 does not have any effect on the

broadening of the peaks, since it operates over a constant time, reducing only the intensity.

Furthermore, TS2 has more dominant contribution as compared to that of T1, as its value is

shorter than T1, since the relaxations factors are inversely proportional to the exponential
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of the relaxation time.

(iii) Figure 13 shows the simulation of the five-pulse DQM signal of the nitroxide biradical

to fit the experimental data obtained by Saxena and Freed [28]. The simulations are

carried out, using the same parameters as those listed in [28], employing the numerical

algorithm as given above in Secs. 4 and 6. The experimental data shown here is a profile

of the maximum of the intensity that occurs for t5 = t1 of the intensity versus (t5, t1)

data, reported in [28], The parameters used for the simulation are the same as that used

in [28], which are specifically: B1 = 17.8 G; d = 12.3 MHz, TS2 = 500 ns, TD2 = 300 ns;

(tp)1 = (tp)3 = (tp)5 = 5 ns and (tp)2 = (tp)4 = 10 ns. The other parameters are the same

as those listed in Table 1. The simulation shows a reasonably good agreement, within

experimental errors, to the experiment [28].

8.3. Two-pulse DQ and five-pulse DQM at Ku-band

The two pulse DQ and five pulse DQM signals at Ku-band are plotted in Fig. 14, along with their

Fourier transforms. The same parameter as those used for the simulation of two-pulse DQ and

five-pulse DQM signals in Figs. 4(c1) and 11(c1), respectively, are used for the simulation at Ku-

band except that here B0 = 6200 G. The dead-time of 25 ns is used at Ku-band in accordance

with the experiment [3]. The initial 25 ns interval of the time domain signals covered by the dead

time of the pulse, which cannot be recorded in the experiment, is shown as hatched. The Fourier

transforms shown in blue are taken with respect to the reduced times t2 − td and t5 − td, where

td is the dead time, whereas those in black are taken with respect to t2 and t5 for two-pulse DQ

(Fig. 14(a2)) and five-pulse DQM (Fig. 14(b2)), respectively. The Pake doublets in two-pulse

DQ and five-pulse DQM at Ku-band appear at ±3d/4 and ±d, respectively, the same as that at

X-band. It is noted that the intensities of the signals and their respective amplitudes of Fourier

transforms are larger at Ku-band as compared to those at X-band.

The numerical simulation for the coherence transfer T0→2 as function of θ, were also carried

out at Ku-band (not included here) and there was found absence of orientational selectivity,

i.e., the coherence transfer is not especially large for any range of θ values, unlike that at X-

band (Fig. 6).

9. Conclusions

The salient features of the present numerical study of two-pulse DQ and five-pulse DQM signals

and their Fourier transforms (Pake doublets) for distance measurements at X-band are as follows.

• It is shown here, from general considerations, that both the dipolar interaction and a

finite pulse are needed to produce non-zero coherence transfers in the transitions 0 → 2

and 2→ −1 for both the two-pulse DQ and five-pulse DQM sequences.

• The simulations show the following features for the orientational selectivity of the forbidden

DQ signal, as exhibited by the coherence transfer, T0→2: (a) It increases as the amplitude

of the irradiation microwave pulse (B1) decreases; (b) It is maximum for those coupled

nitroxides, whose dipolar axes are oriented symmetrically, in a small region, at about ±10◦

away from the magic angle, 54.74◦, and its supplementary angle, 125.26◦, implying that

these spins will be preferentially pumped from p = 0 to p = 2 coherence state. This is

a first-ever novel result, as far as orientational selectivity of two-pulse DQ and five-pulse

DQM is concerned. (c) It occurs up to a maximum value of B1 that increases with d.

These B1 values for the occurrence of maximum are 1 .5, 2.0, 3.0 and 4.0 G for d = 20, 30,

40, and 50 MHz, respectively, for both, the two-pulse DQ and five-pulse DQM, sequences.
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Figure 11. Dependence of the five-pulse DQM signal on dipolar coupling constant for a polycrystalline

sample, averaged over twenty Monte-Carlo orientations of the nitroxide dipoles: left (a1, b1,

c1, d1, e1, f1, g1) time domain DQM signals for t5 = t1 and right (a2, b2, c2, d2, e2, f2,

g2) their Fourier transforms (Pake doublets) for d = 0.5, 7.0, 10, 20, 30, 40, 50 MHz. The

amplitude of the irradiation microwave pulse B1 = 17.8 G and the duration of the finite

pulses (tp)1 = (tp)3 = (tp)5 = 5 ns (π/2 pulses) and (tp)2 = (tp)4 = 10 ns (π pulses) ns are

used for all simulations. All other parameters used for the simulations are the same as those

listed in Table 1. The relaxation is not considered in these simulations. The dead-time of

td = 35 ns, as used experimentally in [3], at X-band is used. The initial 35 ns interval of the

time domain signals, included in the dead-time of the pulse, is shown as hatched; it cannot

be recorded in the experiment. The Fourier transform shown in blue is taken with respect

to t5− td whereas that in black is taken with respect to t5. All Pake doublets appear at ±d.
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Figure 12. Effect of relaxation on the DQM signal for a polycrystalline sample, averaged over twenty

Monte-Carlo orientations of the nitroxide dipoles. The Fourier transform as a function of t1
of the time domain DQM signal at t5 = t1 is calculated for: (a) without taking relaxation

into account and (b) with relaxation included for TS
2 = 500 ns and TD

2 = 200 ns using the

stretching parameter β = 0.8. The dipolar coupling constant d = 40 MHz and the amplitude

of the irradiation microwave pulse B1 = 17.8 G are used in these simulations. The values of

all the other parameters used in the simulations are the same as those listed in Table 1. Due

to relaxation, the peaks are broadened, and the intensity of the calculated Fourier transform

of the DQM signal is reduced by a factor of three in Fig. 12(b).

Figure 13. The simulation made using the numerical algorithm of Secs. 4 and 6 to fit the experimental

five-pulse DQM signal of the nitroxide biradical [28]. The experimental data shown is a profile

of the three-dimensional experiment along the maximum slice at t5 = t1 reported in [28].

The simulation parameters are: B1 = 17.8 G, d = 12.3 MHz, TS
2 = 500 ns, TD

2 = 300 ns. The

duration of the pulses is: (tp)1 = (tp)3 = (tp)5 = 5 ns and (tp)2 = (tp)4 = 10 ns. The other

parameters are the same as those listed in Table 1. The simulation shows a reasonably good

agreement with the experimental data, within experimental error.
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Figure 14. The two pulse DQ and five pulse DQM signals at Ku-band for a polycrystalline sample,

averaged over twenty Monte-Carlo orientations of the nitroxide dipoles: left (a1) time domain

DQ signal for t2 = 2t1; (b1) time domain DQM signal for t5 = t1 and right (a2, b2) their

Fourier transforms (Pake doublets) for d = 10 MHz. For simulation of DQ signal, the

amplitude of the irradiation microwave pulse was B1 = 60 G and the duration of the finite

pulses tp for both pulses was 65 ns, whereas for the simulation of five-pulse DQM signal

B1 = 17.8 G and the duration of the finite pulses (tp)1 = (tp)3 = (tp)5 = 5 ns (π/2 pulses)

and (tp)2 = (tp)4 = 10 ns (π pulses) ns are used. All other parameters used for the simulations

are the same as those listed in Table 1. The relaxation is not considered in these simulations.

The dead-time is td = 25 ns [3]. The initial 25 ns interval of the time domain signals, buried

in the dead-time of the pulse, is shown as hatched; it cannot be recorded in the experiment.

The Fourier transforms shown in blue are taken with respect to the reduced times i.e., t2− td
(a2) and t5− td (b2) whereas those in black are taken with respect to t2 and t5 for two-pulse

DQ and five-pulse DQM, respectively.

• The relaxation time over the double-quantum coherence pathway, TD2 , can be measured

with the two-pulse DQ experiment Furthermore, the DQM experiment enables also the

measurement of the spin-lattice relaxation time, T1, knowing TD2 from DQ and TS2 from a

COSY (Correlation Spectroscopy) experiment [38].

• For the purpose of distance measurement, it is shown here that one needs to perform only

one-dimensional time-dependent experiments, requiring measurement of the signal for only

value of the echo time, i.e., for t2 = 2t1 for two-pulse DQ and t5 = t1 for five-pulse DQM

sequences.

• The Pake doublets occur at ±3d/4 and ±d for the two-pulse DQ and five-pulse DQM

sequences in the polycrystalline averages, respectively, as determined from the Fourier
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transforms of their time-dependent signals calculated with respect to the respective echo

times (techo = t2 or t5 ) and the reduced echo times (techo− td), where td is the dead-time.

The latter is useful even if a aprt of the inital signal is lost in the dead-time after the second

pulse. They are thus direct measures of the dipolar interaction, from which the distance

between the two nitroxide dipoles in the biradical used as spin probe, can be determined.

• The simulation of the five-pulse DQM signal calculated using the numerical algorithm

described here shows a very good agreement with the published experimental data.

• For d = 0.5 MHz, for which the modulation depth, ∆, can be measured considering the

dead-time effect, ∆ is almost 100%, for both DQ and DQM sequences. It implies that the

DQ and DQM sequences are very efficient for distance measurements, as compared with

other techniques. Calculations for pulsed EPR at other bands, e.g., Ku-band (≈ 17.3 GHz)

can be made in a similar fashion to that illustrated here for X-band.
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Appendices

A. Flowchart for the calculation of DQ and DQM signals

B. Five-pulse DQM signal: the Mi terms

In this Appendix, the Mi, i = 1, . . . , 4 terms used in the analytical expression of five-pulse DQM

signal in Eqs. (21) and (22) are provided

M1 = P
(2)
12 + P

(2)
13 , M2 = P

(2)
42 + P

(2)
43 , M3 = P

(2)
22 + P

(2)
23 , M4 = P

(2)
32 + P

(2)
33 . (B.1)
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