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Dipolar electron paramagnetic resonance (EPR) experiments such as double electron—electron resonance
(DEER) measure distributions of nanometer-scale distances between unpaired electrons, which provide
valuable information for structural characterization of proteins and other macromolecular systems.
To determine these distributions from the experimental signal, it is critical to employ an accurate model of
the signal. For dilute samples of doubly spin-labeled molecules, the signal is a product of an intramolecular
and an intermolecular contribution. We present a general model based on dipolar pathways valid for dipolar
EPR experiments with spin-1/2 labels. Our results show that the intramolecular contribution consists of a
sum and the intermolecular contribution consists of a product over individual dipolar pathway contributions.
We examine several commonly used dipolar EPR experiments in terms of dipolar pathways and show
experimental results confirming the theoretical predictions. This multi-pathway model makes it possible to
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1 Introduction

Dipolar electron paramagnetic resonance (EPR) experiments
measure distributions of nanometer-scale distances between
unpaired electrons in paramagnetic systems."* Such distance
distributions provide valuable information for the structural
characterization of proteins and other macromolecular systems.
Since dipolar EPR techniques do not require long-range order in a
sample, such distance distributions provide unique information
about structurally disordered or highly complex systems.

The most broadly applied type of dipolar EPR experiments is
double electron-electron resonance (DEER). Following the
principles of spin-echo double resonance (SEDOR)** and since
the introduction of the 3-pulse DEER experiment,' many varia-
tions and improvements have been developed, such as 4-pulse
DEER,>>® 5-pulse DEER,” 7-pulse DEER,® nDEER,’ light-
induced DEER (LiDEER),'® laser-induced magnetic dipole
(LaserIMD),"" refocused out-of-phase DEER (ROOPh-DEER),"
and reversed DEER." Related methods are dipolar double
quantum coherence (DQC),"*"” relaxation-induced modulation
enhancement (RIDME),"**® and the single-frequency technique
for refocusing (SIFTER).'® All these experiments use a sequence of
microwave pulses to generate a spin echo and record the echo
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analyze a wide range of dipolar EPR experiments within a single theoretical framework.

amplitude as function of pulse timings. From the resulting
modulated spin echo signal, the underlying spin-spin distance
distribution is inferred.

The robust inference of the distance distribution from the
recorded modulated spin echo trace is challenging, as the ill-
posed nature of this process is very sensitive to noise and to
errors in modeling the data.? It is essential to use an adequate
theoretical model to describe the experimental data.

In this paper, we present a uniform theoretical model of
DEER spectroscopy. The model is based on dipolar path-
ways.”®?'™>* In general, a dipolar signal consists of a combi-
nation of oscillatory contributions from individual dipolar
pathways. Existing analysis methodology limits models to a
single dipolar pathway contribution, even though experimental
signals can contain contributions from multiple dipolar pathways,
as shown by Salikhov specifically for three-pulse and four-pulse
DEER.*>?* Such signals cannot be correctly analyzed with a single-
pathway model. In this work, we extent previous work and present
a general multi-pathway approach that can be used to extract
distance distributions from a broad range of DEER experiments,
without the need of preprocessing to remove secondary contribu-
tions. This approach is particularly important for experiments
such as 5-pulse DEER. The multi-pathway models are implemen-
ted in the open-source software DeerLab.>

2 Theory

Fig. 1 depicts a general pulse sequence with N infinitely short
microwave pulses with phases ¢, and flip angles 3,. The time
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Fig. 1 General pulse sequence. The sequence consists of N pulses (black
boxes) with flip angles 3, and phase ¢, separated by the time intervals T,,.
The spin echo after the last time interval Ty is detected.

intervals T;, separate the pulses and are chosen such that a spin
echo is generated at a time Ty after the N-th pulse. The index
n = (1,2,...,N) indicates a pulse or time interval. The sequence
of timings and pulse parameters characterizes a specific
dipolar EPR spectroscopy sequence.

By varying one or more intervals T, simultaneously, the echo
amplitude is modulated. In a sample with coupled electron
spins, this modulation reports on the coupling between
the spins. Writing the sequence of delays as a vector T =
(T1,Ts,. . .,Ty), the sequence timings for a one-dimensional
experiment are written as>*

T(6) = T, + tA (1)

where T, is the vector of initial delays and ¢ is the time

coordinate that is varied during the experiment. The unitless

vector 4 specifies the incrementation scheme. Its elements

indicate whether the interval T, is incremented (4, > 0),

decremented (4,, < 0) or kept constant (4, = 0). If > 4, =0,
n

then the overall length of the pulse sequence is independent
of ¢, thus representing a constant-length experiment. We limit
ourselves here to one-dimensional experiments where all
elements of 4 are +1, 0 or —1.

The full theoretical description of the spin echo amplitude
V() as a function of ¢ requires a full spin dynamics calculation
that includes every dipole-dipole interaction between all spins
in the sample. This is intractable. However, in highly diluted
samples, where the doubly spin-labeled molecules or proteins
in the sample are far from each other, the spin system can be
approximately described in terms of just pair-wise interactions
between spins. This yields the following product model as
originally introduced by Milov et al.*

V(t) =V Vintra(t) . Vinter(t) [2)

Here, the prefactor V, is the echo amplitude in the absence
of any dipolar interactions, and Vinua(t) and Vine(t) are the
echo modulations from intramolecular and intermolecular
spin pairs, respectively. They are sometimes referred to as
foreground and background. The intramolecular contribution
depends on the intramolecular spin-spin distance distribution
P(r). The intermolecular contribution depends on the concen-
tration of the spins and their spatial distribution.

In the rest of this section, we derive the expressions for
Vintra(t) and Vipe (¢) for an arbitrary pulse sequence. We limit
all our theoretical treatments to S = 1/2 spins under weak
dipolar coupling and in the high-temperature regime. We
assume the absence of large g-factor anisotropies,”>° multi-
spin effects,””*® exchange coupling,***° spectral diffusion,**
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multi-spin multi-quantum coherences,*” dynamical decoupling
effects,®® and conformer-dependent relaxation rates.* If a
sample or dipolar EPR experiment does not satisfy these
assumptions, the model is not fully applicable.

2.1 Intramolecular contributions

We start by considering the echo contribution from an isolated
pair of electron spins, A and B. The detailed derivation is given
in Appendix A. The angular dipolar interaction frequency is

2,2
wding—:{gg]g %(1 7300329):g(lf3c0529) (3)
where 0 is the angle between the inter-spin vector and the
applied magnetic field, r is the inter-spin distance and the
constant D combines the g-value of the electron g (close to
the value of the free electron, g.), the Bohr magneton g, the
magnetic constant p, and the reduced Planck constant 7.
In addition to the dipole-dipole interaction, the two spins have
resonance offsets Q, and Q.

The state of an ensemble of spin pairs is described by its
density operator.>*?*® The density operator can be written as
a linear combination with complex coefficients of 16 basis
operators l§j that are products of single-spin Zeeman operators
(-2 SaxSepy SarSp+, SaiSp_, etc., abbreviated as «f, o+, +—,
etc.).”” These operators are called single-element operators. The
density operator changes with time along the pulse sequence.
Between pulses, some of the complex coefficients accumulate a
phase, but all preserve their amplitude. In contrast, pulses
transfer amplitude between different basis operators. A specific
sequence of N + 1 basis operators along the pulse sequence
constitutes the i-th single-element transfer pathway B;. Fig. 2
illustrates this. For an N-pulse sequence there are 16™"" possi-
ble single-element transfer pathways, of which only those with
non-zero amplitude at thermal equilibrium prior to the first
pulse and ending in single-quantum coherence (x#+, f+, +tuo,
+p) after the last pulse are detectable as a free-induction decay
(FID) or echo. In addition, only those lead to a stationary spin
echo at time Ty after the last pulse whose resonance offset
phase is refocused at that time, independent of ¢. As the total
density is a sum of densities along these single-element trans-
fer pathways, the total spin echo amplitude is a sum of
the contributions over all detectable single-element transfer
pathways leading to a stationary spin echo with amplitude

E() = 3 E@) @

where i is an index running over all single-element transfer
pathways. The single-element transfer pathway echo amplitude is

EiD) = bieHhonio 0

where b; is the amplitude and ¢q;p () the net dipolar phase
accumulated along the i-th single-element transfer pathway.
The dipolar phase is the part of the phase angle accumulated by
the spins after a certain time ¢ that is proportional to the dipolar
frequency wqjp. Due to the requirement of echo refocusing, the
resonance offset contributions to the overall echo phase are
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Fig. 2 Dipolar pathways as a condensed descriptor of dipolar EPR experi-
ments. (Top) A subset of 10’240 single-element transfer pathways B; is
shown as colored lines connecting the basis operators B,,, represented as
dashed lines, for different time intervals T,, between the pulses. (Bottom)
All the single-element transfer pathways shown can be collected accord-
ing to their net dipolar phase accumulation trajectories into two dipolar
pathways s, shown as colored lines, with distinct progressions of sy, =
0,£1. All single-element transfer pathways are colored according to their
corresponding dipolar pathway.

independent of ¢ upon detection (see Appendix A for details).
This allows us to describe the echo modulation as a function of
t solely in terms of the dipolar phase of the individual pathway.
The total dipolar phase accumulated along a pathway i is the
sum over the dipolar phases accumulated during all inter-pulse
intervals n,

N
1
Paip.i(1) = E Pdipin()  Pdipin(t) = 55in®dip T,(t) (6)
n=1

The quantity s;, indicates whether the dipolar phase along
pathway i increases (+1), remains constant (0), or decreases
(—1) during a time interval T,(¢).

Since there are 16 basis operators, but only 3 possible values
for s;,,, multiple single-element transfer pathways accumulate
the same dipolar phase by the end of the pulse sequence.
We can combine these pathways into a single dipolar pathway
characterized by the sequence

Sk = (Sk,1,5%,25- - 1Sk (7)

where k is an index running over all dipolar pathways. Fig. 2
illustrates this. Note that, while related, dipolar pathways are
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not coherence transfer pathways. Coherence transfer pathways
summarize the spin dynamics in terms of the spin coherence
orders, whereas dipolar pathways are groupings in terms of the
dipolar phase evolution. We can rewrite the dipolar phase in
eqn (6) by factoring out wgjp, yielding

Daiprilt) = Odiptaips(t) (8)

where tgip,,(t) is the effective dipolar evolution time (under wg;p,)
for dipolar pathway sy,

e 1
tapi(t) = 5D sknTu(t) =53¢ T(1) ©)
n=1

The total echo amplitude E(¢) is the sum of the echo amplitudes
E(¢) arising from the different dipolar pathways

E(f) = Z Ei(t) = Z,{ke*i%ip.k(f) _ Z/‘Lke*imdip taip & (1) (10)
k k k

with the dipolar pathway amplitudes 4; being the sum of b; over
all single-element transfer pathways that are part of the dipolar
pathway k. They can be written as

e = 2l (11)

where || and &, are the magnitude and phase of the dipolar
pathways. For each dipolar pathway s, there is another pathway
—s; with opposite phase. Since we already assumed echo
refocusing of the resonance offset phase for all pathways, the
magnitude of the complex echo signal can vary only due to
dipolar dephasing. Thus, we can combine the overall magni-
tude of the pathway amplitudes || into V, in eqn (2) and
impose the following normalization condition

Dol =1

k

(12)

meaning that any increase or decrease in a dipolar pathway’s
amplitude requires a compensating decrease or increase in
amplitude of other dipolar pathways. Additionally, based on
choice of pulse phases, different dipolar pathways can present
in-phase and out-of-phase contributions of different intensi-
ties, and even negative contributions.

A dipolar pathway echo contribution E(f) is modulated
along ¢ only if t4ip,i(t) # const, otherwise its contribution will
be constant. The spins along a dipolar pathway refocus at a
time when the associated dipolar phase is zero (¢aip,(t) = 0), or,
equivalently, when the effective dipolar evolution time is zero
(taip(®) = 0). Thus, each modulated dipolar pathway has a
characteristic refocusing time ¢; given by

Sk-To
Sk~A

t = (13)
where the dipolar phase of the pathway is zero and its con-
tribution E(t) to the total echo amplitude is at its largest.

We can combine the above equation with eqn (1) and (9)

to give

taiprk = Ok(t — i) (14)
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where the prefactor

1
(Sk = ﬁsk -A

(15)
characterizes how fast t4i,,x changes with the chosen experi-
mental time coordinate ¢.

To obtain an expression for the intramolecular contribution
Vintra(t) in a disordered sample such as a frozen solution, we
average the single-pair echo amplitude E(¢) of eqn (10) over the
uniform orientational distribution of the spin pairs. If the inter-
spin distance r is distributed, we additionally average over the
distance distribution P(r). As shown in Appendix B, in the high-
temperature limit the contributions from the pathways s; and
—s; can be collected into a pair of pathways s, with amplitude
Ap = 21, same refocusing time ¢, = t; and prefactor J, = |dg|.
A subset M of the dipolar pathways exhibits modulations, while
all other pathways contribute constant offsets. The intra-
molecular contribution reads

Vim0 szzj drP(NKo(0,\(t = 1,),7)  (16)

PEM

where A, is the total amplitude of the unmodulated pathways,
M represents the set of modulated dipolar pathways, and K, is
the single-pathway dipolar kernel, defined in eqn (47), that
provides the form of the echo modulation function for a single
distance r. eqn (16) shows that the intramolecular modulation
is a sum over all the detectable dipolar pathways of unmodu-
lated and modulated contributions. The modulated contribu-
tions have identical shapes and differ only in their refocusing
times ¢, and their amplitudes A,. Examples are shown in
Section 3.

2.2 Intermolecular contributions

Next, we derive an expression for the last factor in eqn (2),
which represents the echo attenuation due to dipole-dipole
interactions between spins residing on different molecules. We
assume a random uniform distribution of molecules in the
sample*® and disregard any volume exclusion effects.>* The
details of the derivation are given in Appendix B.

To account for the intermolecular interactions, we must
consider the full system with N dipolar coupled spins. As
mentioned, in the case of high dilution we can describe the
system in terms of pair-wise interactions between a single spin
(A) on one molecule and all other spins residing on other
molecules (B). The total echo arising from such a spin system
is a product over the echo contributions from all A-B pairs

HZ),G iaip k (1,75,05) (17)

HE (t,1,0p)

where the index b runs over all B spins, and r, and 0, are
the coordinates of the b-th B spin relative to the A spin.
Averaging this expression over all possible orientations and
also over all possible configurations of B spins yields the total
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intermolecular contribution to the signal

Viner(1) = Vinero [ xp(—xesi|3, (1 — 1,)]) (18)

pEM

Here, k &~ 5.065D is a constant (see Appendix D), ¢, is the
number concentration of spins in the sample, Vipter,o iS a
constant that collects all unmodulated dipolar pathway con-
tributions, 4, and ¢, are again the amplitude and refocusing
times of the p-th dipolar pathway pair, and p runs over all
modulated dipolar pathways pairs s; and —s;.

The most important feature of the intermolecular contribu-
tion in eqn (18) is that it is a product, and not a sum, of the
contributions arising from the individual pathways, each with
different refocusing times and different decay rates. Therefore,
the intermolecular contribution exhibits kinks at the refocus-
ing times of the different dipolar pathways. Examples are
shown in Sections 3 and 4.

2.3 General dipolar EPR spectroscopy model

With the expressions for the intramolecular and intermolecular
contributions to the dipolar signal V(¢) at hand, we can insert
them back into eqn (2), giving

V() — <A0+Z/1J drP() Ko (13, 1(1 — 1,), ))
pEM

(19)
. H exp(—Kcs2p|d,(t — 1))

pEM

where we have included Vijier,o into V. This shows that the
spin-physical model of a dipolar signal consists of a combi-
nation of several modulated dipolar pathways of different
amplitudes and refocusing times, with a constant offset con-
tribution from all non-modulated pathways and with a single
intermolecular contribution arising from a product over all
modulated pathways. Importantly, this equation shows that all
modulated intramolecular contributions in the dipolar signal
contain the same amount of information about the underlying
distance distribution, since they all dependent on P(r) and their
contributions differs only in time shift ¢, and amplitude /,.

By utilizing [drP(r) = 1 and pulling out the integral over r,
eqn (19) can be rewritten as

V(i) = J:OdrP(r)K(t, r) (20)

with the general dipolar kernel

K@ﬂVv<%+zyMW%W—W7

’)) Vinter (1) (21)
pEM

This shows that within our set of assumptions the dipolar EPR
signal V(¢) is a linear function of the distance distribution. This
linearity can be exploited in maximum-likelihood and Bayesian
analysis methods that aim at extracting P(r) from V(£).2%**
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3 Specific experiments

In this section, we analyze several specific dipolar EPR experi-
ments in terms of dipolar pathways. Most pulse dipolar EPR
sequences can be described by the model of eqn (19). Here, we
focus on the 3-pulse, 4-pulse, and 5-pulse DEER experiments.
We restrict the discussion to the high-temperature limit, where
the contributions from the s; and —s; dipolar pathways are
equivalent and all their prefactors |J;| = 1.

The dipolar pathway amplitudes /, can be estimated from
pulse inversion probabilities and excitation overlaps. We will
focus most of our discussion on typical experimental condi-
tions as reported in the literature (rectangular and short
microwave pulses, minimal or mild excitation overlap, etc.).

3.1 3-Pulse DEER

The simple 3-pulse DEER sequence features two different pairs
of equivalent modulated dipolar pathways, s; and s,, refocusing
at ¢t = 0 and at ¢ = 7 respectively (see Fig. 3). These have been
previously studied.**® Under common experimental condi-
tions with selective pulses, the first and third pulses are probe
pulses, and the second one is a pump pulse. Under these
conditions, both dipolar pathways have significant amplitudes,
with the amplitude of the s, pathway being considerably larger
than that of the s, pathway.

Historically, the minor contribution of the s, pathway has
been termed ““2 + 1 artifact” since the s, pathway is dominant
in the 2 + 1 pulse sequence.*> However, from the perspective of

3-pulse DEER signal

—Vinta(t) Vinter(£)
=== AoVinter(t)

3-pulse DEER sequence

P S t

P %
@7

+1
@3¢
-1

v(e)/ Vo

Intramolecular contribution Intermolecular contribution

Vintra(t)
Vinter(t)

@
= =
= =
g 8
o @ | <
\//'\ Z
0 T 0 T
t t

Fig. 3 Schematic illustration of dipolar pathways in 3-pulse DEER. (Top
left) Pulse sequence and dipolar pathways. All detectable modulated
dipolar pathway pairs s, consisting of s (solid lines) and —s (fainter lines)
are shown along with their refocusing times t,. (Top right) The full signal
V(t) is shown as a solid line and its unmodulated component as a dashed
red line. (Bottom) Decomposition of the dipolar signal. The individual
intramolecular (left) and intermolecular contributions (right) are shown
as colored lines. The combined inter- and intramolecular contributions are
shown as black lines on the top axes.
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dipolar pathways, this is a signal component with the same
information content as the s; pathway rather than an artifact.
If a proper model is available, such contributions to dipolar
signals arising from additional dipolar pathways can be
included in the analysis and need not be considered artifacts.

Under typical experimental conditions, the intermolecular
contribution from the s; pathway is dominant and results in a
steady decay from the refocusing time at ¢ = 0 while the minor
s, pathway contribution shows a slower increase towards the
refocusing time at ¢ = 7 (see Fig. 3). Still, since the s, pathway
carries more amplitude, the overall modulation is a mono-
exponential decay. If we use non-selective pulses, the overall
intermolecular contribution would be a mono-exponential
increase due to the dominating intermolecular contributions
from the s, pathway.

3.2 4-Pulse DEER

The introduction of an additional pulse to form the 4-pulse
DEER sequence results in a total of four different pairs of
equivalent modulated dipolar pathways, as illustrated in
Fig. 4. Their intramolecular contributions have also been dis-
cussed before.>*> With the use of selective probe and pump
pulses, the pathway s, refocusing at ¢t = 7, is commonly the
dominant pathway, and experimental practice aims at maxi-
mizing its amplitude.

There are two other often non-negligible contributions:
pathways s, and s; refocusing at ¢ = 7, + 7, and ¢ = 0, respectively
(see Fig. 4). They have similar amplitudes, because along both

4-pulse DEER sequence 4-pulse DEER signal

9 9, 9 9,
I1r I2 Izr “r tl4 < _Vimra(t)Vinter(t)
! ¢ 2 z ---AOVinter(t)
P Sp tl’
N\ H] p—
Dg - k! 5
=
<« 8 8 3 =
4 3 - |1yt =~
@9 =X 1T
07y Ty T1+T,
t
Intramolecular contribution Intermolecular contribution
—~
)
E
g
£
S
—
o)
2
2
£
S

Ty T1+T,

Fig. 4 Schematic illustration of dipolar pathways in 4-pulse DEER. (Top
left) Pulse sequence and dipolar pathways. All detectable modulated
dipolar pathway pairs s, consisting of s, (solid lines) and —s (fainter lines)
are shown along with their refocusing times t,. The most commonly
encountered pathways are highlighted in color. (Top right) The full signal
V(t) is shown as a solid line and its unmodulated component as a dashed
red line. (Bottom) Decomposition of the dipolar signal. The individual
intramolecular (left) and intermolecular (right) contributions are shown
as colored lines. The combined inter- and intramolecular contributions are
shown as black lines on the top axes.
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pathways one of the probe pulses flips both spins. In 4-pulse
DEER experiments these two contributions appear at the edges
of the detectable signal since the time coordinate is typically
limited to t; < t < 14 + 1,, with a short stretch of t < 14, to
avoid pulses overlapping in time. The contribution s, refocus-
ing at ¢ = 7; + 7, has been discussed before. In analogy to its 3-
pulse DEER counterpart, it has been referred to as a “2 + 1
artifact”,*>** and many practitioners remove it partially by
truncating the signal. The contribution s; refocusing at ¢ = 0
refocuses outside the typical experimental range of ¢ and its
contribution overlaps with the refocusing time of the s; path-
way. If the s, pathway amplitude is not negligible, it is essential
to take the s; pathway into account as well in the data analysis,
since it is not possible to remove it by cutting the trace without
affecting the primary modulation.

The remaining modulated pathway s,, refocusing at ¢ = 1,,
has (mostly) negligible amplitude under standard 4-pulse DEER
experimental conditions, since it is unlikely that both probe
pulses will flip both spins. Nevertheless, this pathway can have
non-negligible amplitude for substantial excitation band over-
lap between probe and pump pulses or non-conventional pulse
excitation involving non-selective pulses. For example, the
4-pulse nDEER experiment’ (which uses two non-selective
pulses) records the s, pathway as its main contribution.

Note that a general experimental strategy for suppressing
contributions from secondary pathways is to strictly avoid
excitation band overlap between probe and pump pulses, for
example using Gaussian probe pulses.**

When secondary pathways have non-negligible amplitude,
not detecting a pathway’s refocusing time or truncating the
signal (a common practice) will not completely remove the
contribution of that pathway from the data. This is clearly
evident when looking at the intermolecular contributions to
the 4-pulse DEER signal (see Fig. 4). While typically the
intermolecular contribution is mostly dominated by the s;
pathway, s, and s; also contribute over the full range of ¢,
leading to an intermolecular contribution that is asymmetric
about ¢ = 0.

Essentially all 4-pulse DEER data in the literature have been
analyzed utilizing a model containing the s, pathway alone,
neglecting all other pathways. This approximation is valid if 4,
> As,A3,44. In this case we can approximate 1, = 13 = 44 & 0.
Using A = 4; and 4, = 1 — 4, we obtain the well-known single-
pathway expression

Vap(1) = Vo

. <l -+ iJ:odrP(r)K(t’,r)) exp(—Acpk [t']) (22)

where t' =t — t, shifts the time coordinate such that ¢’ = 0 at the
refocusing time of the s, pathway. The single-pathway approxi-
mation of eqn (22) is not applicable if there is excitation band
overlap between probe and pump pulses. In that case, the
secondary pathways need to be included in the analysis as well
(see Section 4).
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3.3 5-Pulse DEER

The 5-pulse DEER experiment introduces an additional pump
pulse and can be realized in two different ways, as reverse
5-pulse DEER’ and forward 5-pulse DEER.**> Here we focus on
the former. Despite the specific dipolar pathways and refocus-
ing times differing between the two experiments, the overall
observations and discussions apply equally to both of them.

Fig. 5 shows that a 5-pulse DEER experiment has a total of
eight different modulated dipolar pathway pairs. Under typi-
cally reported experimental conditions, the s, pathway refocus-
ing at t = 73 is the dominant contribution. The s5; pathway
contribution refocusing at ¢ = 7, is analogous to the s; con-
tribution in the 4-pulse DEER signal. It usually has a consider-
able amplitude, since it is due to the second pump pulse failing
to invert a spin that has been inverted by the first pump pulse.
Both s; and s5 were previously discussed in terms of dipolar
pathways by Borbat et al.,” and s; has also been regarded as an
artifact.”®*®*” Experimental optimization has focused on mini-
mizing its amplitude or shifting its refocusing time.*® It is
important to note that it is essentially impossible to complete
avoid or suppress ss5 experimentally. For this reason, a single-
pathway model is inaccurate, and a multi-pathway modeling
approach is important.

For small excitation bandwidth overlap, pathways s, and s;
can have non-negligible amplitude yet low in comparison to the
s; and s5; pathways. In analogy to the s, and s; pathways of the
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Fig. 5 Schematic illustration of dipolar pathways in 5-pulse DEER. (Left)
Pulse sequence and dipolar pathways. All detectable modulated dipolar
pathway pairs s, consisting of s, (solid lines) and —s; (fainter lines) are
shown along with their refocusing times t,. The most commonly encoun-
tered pathways are highlighted in color. (Right) Decomposition of the
dipolar signal. The primary signal V(t) is shown as a solid line and its
constant unmodulated component as a dashed red line on the top panel.
The individual intramolecular (top) and intermolecular (bottom) contribu-
tions from the most commonly encountered dipolar pathway are shown
as colored lines in the two bottom panels. The combined inter- and
intramolecular contributions are shown as black lines on the top axes.
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4-pulse DEER experiment, they occur due to one of the probe
pulse inverting both spins. These have also been rationalized in
the past,*® but regarded as artifacts. If the same configuration
is used for both probe pulses, both pathways will present the
same amplitudes. Similarly, pathway s, can have non-negligible
amplitude if the excitation overlap of the pulses is consider-
able. It is analogous to the s, pathway of the 4-pulse DEER
experiment, since it arises from both probe pulses inverting
both spins. A 5-pulse nDEER experiment would record pathway
s, as its main contribution. The dipolar pathways se to sg might
contribute to the dipolar signal, although their amplitudes
are typically negligible in comparison to the other pathways.
However, when using non-selective pulses, these can present
larger amplitudes and even become dominant.

A very interesting feature of the 5-pulse DEER experiment is
the typical form of its intermolecular contribution (see Fig. 5,
bottom right) for low excitation overlap. It is asymmetric
around ¢ = 73 and (typically) exhibits kinks not only at ¢ = 13,
but also at ¢ = 7,. This is due to the relatively large amplitudes of
the s; and ss pathways. Therefore, the overall intermolecular
contribution has typically three time intervals with different
decay rates.

4 Experimental demonstrations

To validate the multi-pathway model and to demonstrate its
utility, we performed a series of DEER experiments on several
different samples using a Bruker ELEXSYS spectrometer oper-
ating at Q-band frequencies at 50 K (see ESL,t for details). For
each experiment, we estimated the pulse inversion efficiency
profiles and their overlap from simulations using the experi-
mental parameters. Note that we use the indicated excitation
overlap only for illustration and not in data analysis. In several
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datasets, the data exhibits spikes at certain times caused by
moving pump spin echoes which cannot be removed by phase-
cycling with an incoherent pump source.*® To remove their
influence, we omitted those points from the analysis whose
out-of-phase values after phase correction exceeded multiple
standard deviations of the estimated noise.

The data were modeled according to the theoretical models
presented above. In the 4-pulse DEER model we accounted for
all four modulated pathways shown in Fig. 4 (s, to s,) and in the
5-pulse DEER model we included pathways s; to s; shown in
Fig. 5. We simultaneously fitted the dipolar-pathway ampli-
tudes, the distance distribution and the spin concentration to
the data. We also allowed the pathways refocusing times to
deviate within +100 ns from their theoretically predicted values
(based on the experimental timings) to account for the finite
length of the pulses. The distance distribution and the other
model parameters were fitted via separable non-linear least-
squares (SNLLS) using a Tikhonov penalty optimized via the
Akaike information criterion (AIC).?° All data analysis was
performed in DeerLab v0.14.0 with Python 3.8-3.9. The analysis
scripts and their outputs are available in the ESL¥

4.1 4-Pulse DEER

We performed multiple 4-pulse DEER measurements on a
50 uM solution of maltose-binding protein (MBP, see ESLt
for details). The experiments were conducted using rectangular
probe and pump pulses with different pulse length and fre-
quency separation (see ESI,T for details) resulting in excitation
overlap of approximately 10% to 70%. The datasets are shown
in Fig. 6. We fitted a non-parametric distance distribution and
the spin concentration globally to all the datasets, while fitting
all other parameters locally.

Additionally, we performed two 4-pulse DEER measurements
on a 90 puM solution of a rigid oligo(p-phenyleneethynylene)
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Fig. 6 Global analysis with DeerLab of experimental 4-pulse DEER signals obtained from a 50 uM solution of maltose-binding protein (MBP) using
different configurations with varying pump—probe overlap (see ESI,T for details) with 71 = 0.4 s and 7, = 3.0 s. The experimental data are shown as grey
dots. The experimental data corresponding to moving echoes are shown as fainter dots marked with a dark asterisk and were omitted from the analysis.
The data was fitted to the full 4-pulse DEER multi-pathway model, with a global non-parametric distance distribution. The resulting fit to the data is
shown as a black line. The fitted contributions to each signal are displayed for each fit as colored lines using the same notation as in Fig. 4. The simulated
inversion efficiency profiles of the probe (red) and pump (green) pulses are superimposed on the nitroxide spectrum (grey) are shown on top for each
dataset. The fitted distance distribution is shown in the ESI.¥
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(oligoPPE) bi-radical in deuterated o-terphenyl (dOTP)*® as
an example for DEER signals with long-lasting oscillations.
We performed the experiments with two configurations of the
rectangular probe pulse (see ESLt for details) resulting in
approximately 10% and 45% excitation overlap. The datasets
are shown in Fig. 7. The distance distribution arising from the
flexibility of such a short and rigid oligomer is well described by a
worm-like chain parametric model,** here with a chain length of
about 4 nm. The distribution was fitted globally to all datasets
while keeping all other parameters local. To account for the
orientational correlation of the two radicals in such a rigid
biradical, we included orientation selection in this analysis and
modeled the orientation weights as a four-point cubic spline.
Note that the presence of orientation selection does not affect the
multi-pathway analysis as it only alters the shape shared by all
pathway contributions.

The data and fitted models shown in Fig. 6 and 7 show that
our theoretical model accurately describes the experimental
data. For very small pump-probe excitation overlap, the s;
pathway solely dominates the dipolar signal. However, larger
pump-probe excitation overlap results in multiple dipolar
pathways having non-negligible amplitude. Particularly, in
our data not only the well-known s, pathway (i.e. the “2 + 1”
contribution) is present, but also the s; and the s, pathways.
While the s, and s, pathways influence the signal mainly at
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Fig. 7 Global analysis with DeerLab of experimental 4-pulse DEER signals
obtained from a 80 uM oligoPPE bi-radical solution using different con-
figurations with varying pump—-probe overlap (see ESI, for details). with
11 = 0.75 s and 1, = 7.5 s. The experimental data are shown as grey dots.
The experimental data corresponding to moving echoes are shown as
fainter dots marked with a dark asterisk and were omitted from the
analysis. The data was fitted to the full 4-pulse DEER multi-pathway model,
with a global worm-like chain distance distribution. For the orientational
distribution, a phenomenological model based on a cubic spline was used.
The resulting fit to the data is shown as a black line. The fitted contributions
to each signal are displayed for each fit as colored lines using the same
notation as in Fig. 4. The inversion efficiency profiles of the probe (red) and
pump (green) pulses are superimposed on the nitroxide spectrum (grey)
are shown on top for each dataset. The fitted distance distribution is
shown in the ESI.}
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later times, the s; contribution strongly overlaps with the s;
pathway signal at very early times. In case of moderate overlap,
s, pathway’s amplitude becomes significant and even exceeds
that of the s, and s; pathways for severe overlap. Our experi-
ment with the largest overlap closely resembles a 4-pulse
nDEER experiment. In this situation, the s, pathway becomes
the main contribution and the s; pathway the minor contribu-
tion, as predicted. These data show that interpretation of
4-pulse DEER data in terms of just the s; and s, pathways is
also limited, and that pathways s; and s, must also be taken
into account if there is pulse excitation overlap. Truncating the
signal at later times to remove possible contributions from the
s, pathway is incomplete as it fails to remove the contributions
from the s; or s, pathways. When the sequence timings are
such that the dipolar modulation extends over the entire
measured time interval (as in the case of Fig. 6), the contribu-
tions from all pathways overlap over most of the signal, making
their separation or removal impossible.

4.2 5-Pulse DEER

We conducted a set of 5-pulse DEER experiments on the same
MBP sample. We used the same pulses as in the 4-pulse DEER
experiments (see ESIL,T for details) resulting again in excitation
overlaps in the range of approximately 10% to 70%. All the
datasets are shown in Fig. 8. To provide further illustration,
we performed a multi-pathway analysis on the experimental
5-pulse DEER data acquired from an A7R1/W22R1 mutant of
the membrane-inserting peptide WALP23 and previously pub-
lished by Breitgoff et al.*® (see ESI, for details) as an example
for a case with a relatively short distance that is moderately
distributed. The two datasets are shown in Fig. 9. They were
recorded with different timings and different configurations of
the rectangular probe pulses and broad-band hyper-secant
pump pulses, resulting in approximately 4% and 10% overlap
of the pulse excitation profiles.

The experimental data and the model fits in Fig. 8 and 9
show that our theoretical model also provides an accurate
description of the experimental 5-pulse DEER data. As
expected, even for very low excitation overlap (as in Fig. 9),
the s; pathway presents significant amplitude, while increased
overlap results in substantial contributions of additional path-
ways, such as s, and s;. Moderate overlap results in significant
amplitude of these pathways in addition of pathway s,. In
analogy to the 4-pulse DEER case, as expected, for the most
severe overlap cases the s, pathway becomes the main con-
tribution with s, becoming a minor contribution to the signal.
This analysis shows that the multi-pathway model approach
reduces the need for removing (experimentally or via proces-
sing) any secondary contributions. In cases where several path-
way contributions overlap (such as s,, s3, and ss in Fig. 8), their
separation and removal are no longer possible. These results
bear significant relevance for the experimental application
of 5-pulse DEER as well. A multi-pathway analysis provides
the means to analyze 5-pulse DEER data acquired with rectan-
gular pulses (as in Fig. 8), without the need of shaped pulses.
Still, the use of shaped pulses (as in Fig. 9) significantly reduces
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Fig. 8 Global analysis with DeerLab of experimental 5-pulse DEER signals obtained from a 50 puM solution of maltose-binding protein (MBP) using
different configurations with varying pump—probe overlap (see ESI, for details) with t; = 1.8 s, 7, = 2.3 5, and 13 = 0.2 s. The experimental data are shown
as grey dots. The experimental data corresponding to moving echoes are shown as fainter dots marked with a dark asterisk and were omitted from the
analysis. The data was fit with a 5-pulse DEER multi-pathway model consisting of the first five dipolar pathways, with a global non-parametric distance
distribution. The resulting fit to the data is shown as a black line. The fitted contributions to each signal are displayed for each fit as colored lines using the
same notation as in Fig. 4. The simulated inversion efficiency profiles of the probe (red) and pump (green) pulses are superimposed on the nitroxide

spectrum (grey) are shown on top for each dataset. The fitted distance distribution is shown in the ESI.{
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Fig. 9 Global analysis with DeerLab of experimental 5-pulse DEER signals
from a A7R1/W22R1 mutant of the membrane-inserting peptide WALP23,
acquired and published by Breitgoff et al.,*® using different configurations
with varying pump—probe overlap (see ESI,f for details) The left panel
correspond to a 5-pulse DEER experiment with t; = 1, = 1.5sand 13 = 0.2
s, and the right panelto 1, = 7, = 2.0 s and t3 = 0.5 s. The experimental data
are shown as grey dots. The data was fit with a 5-pulse DEER multi-
pathway model consisting of the first five dipolar pathways, with a non-
parametric distance distribution. The resulting fit to the data is shown as a
black line. The fitted contributions to each signal are displayed for each fit
as colored lines using the same notation as in Fig. 5. The insets show the
fitted dipolar pathway amplitudes 4, as colored bars. The simulated
inversion efficiency profiles of the probe (red) and pump (green) pulses
are superimposed on the nitroxide spectrum (grey) are shown on top for
each dataset. The fitted distance distributions is shown in the ESL¥

the complexity of the data analysis via a strong reduction of the
different pathway contributions to the signals. However, even
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when using shaped pump pulses, multi-pathway analysis of
5-pulse DEER data may be required in order to properly account
for the intermolecular contribution and for any remaining
intramolecular contributions from pathways other than s5.”°

The model fits of the data in Fig. 9 also show the aforemen-
tioned shape of the intermolecular contribution, which exhibits
kinks particularly at the refocusing times of the s; and s,
pathways.

To more directly validate the theoretical predictions regard-
ing the form of the intermolecular contribution in the 5-pulse
DEER signal, we performed another series of experiments on a
sample of dilute mono-radicals. We performed the measure-
ments on a 400 uM solution of TEMPOL in a 1:1 v/v water/
glycerol solvent mixture at 50 K, using a home-built AWG
spectrometer operating at Q-band frequencies (see ESI,t for
details).>" To observe changes in the relative amplitudes of the
pathway contributions, we employed different pulse configura-
tions with deteriorating inversion efficiency (see ESIt for
details). To illustrate this, we estimated the average spectral
inversion efficiency from simulations. We modeled the data
using the multi-pathway intermolecular model including path-
ways s, to ss of the 5-pulse DEER model. To ensure a stable fit,
the spin concentration was fixed at 400 uM during the analysis.

The experimental datasets and the model fits are shown in
Fig. 10. Across the different measurements, the relative ampli-
tudes of the two dipolar pathways vary, changing both the
shape and overall amplitude of the intermolecular signal. The
intermolecular contributions seem to be well described mainly
by the s; and s; pathways. As the inversion efficiency of the
pulses deteriorates, ss becomes the main contribution since the
probability of the second pump pulse not inverting the spins
increases. In some cases, due to the overlap of the pulses, we
can see some minor contributions from pathways s,, s3, and s,.
As expected, due to the relatively large amplitudes of the s; and
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Fig. 10 Global analysis with DeerLab of experimental 5-pulse DEER signals obtained from a 400 uM TEMPOL solution using different pulse
configurations (see ESI, T for details). The experimental data are shown as grey dots. The experimental data corresponding to moving echoes are shown
as fainter dots marked with a dark asterisk and were omitted from the analysis. The data was fit with a 5-pulse DEER multi-pathway model consisting of
the first five dipolar pathways. The resulting fit to the data is shown as a black line. The fitted contributions to each signal are displayed for each fit as
colored lines using the same notation as in Fig. 4. The simulated inversion efficiency profiles of the probe (red) and pump (green) pulses are superimposed
on the nitroxide spectrum (grey) are shown on top for each dataset. The fitted distance distribution is shown in the ESI.{

s5 pathways, the theoretically predicted kinks at the refocusing
times of the individual pathways are clearly visible in the data.

Overall, the experiments and the model fits show that the
multi-pathway model provides an accurate and general descrip-
tion of the dipolar signal.

5 Conclusions

While dipolar EPR spectroscopy has grown into a colorful
collection of experimental techniques, their interpretation has
been focused on a simplified model of the 3-pulse DEER
experiment with a single modulated dipolar pathway. Any
observed features deviating from this model have been deemed
artifacts. Here, we have introduced a more general multi-
pathway model, with each pathway leading to a separate con-
tribution to the overall signal. The model accurately describes
pulse dipolar EPR experiments (within the assumptions listed
in this work). We have illustrated this by examining several
multi-pulse DEER experiments within this theoretical frame-
work and validating them against experimental evidence. The
model correctly describes the secondary pathways previously
reported in the literature such as the s, pathway (referred to as
“2 + 1”7 ““artifact”) in 4-pulse DEER or the ss pathway (referred
to as “overlap artifact”) in 5-pulse DEER. Additionally, in
combination with our experimental evidence our model has
shown the practical significance of other dipolar pathways,
such as the s; and s, pathways in 4-pulse DEER. Furthermore,
this model has allowed the quantitative derivation an explicit
expression for the intermolecular contribution of dipolar EPR
experiments beyond the single-pathway approximation.

In general, this multi-pathway model describes the anatomy of
any conceivable dipolar EPR experiment. Different experiments
may differ in the shape of the oscillations due to additional effects
(e.g orientation selection, as shown above), but not in their
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refocusing times and amplitudes. They will still consist of a
sum of intramolecular contributions and a product of intermole-
cular contributions arising from dipolar pathways. In the future,
the multi-pathway model can be expanded to account for
the shapes of, e.g., SIFTER signals (by introducing dynamical
decoupling effects**), RIDME signals (by accounting for over-
tones® and nuclear-driven spectral diffusion®'), or DQC inter-
molecular contributions (by including multi-spin high-order
multi-quantum coherences®?).

When applying these models to analyze experimental data,
it is rarely necessary to include all possible dipolar pathways in
the analysis. As seen in the previous section, many modulated
pathways will have negligible contributions under common
experimental conditions. Often, a reduced subset of dipolar
pathways is sufficient for an accurate description of the data in
such cases. For 4-pulse DEER, a single pathway is sufficient if
the amplitudes of the 2 + 1 pathway (s,), the s; pathway, and the
s, pathway can be kept close to zero by avoiding pump-probe
excitation overlap. If there is overlap, then both s, and s; (and
potentially s,) will have significant amplitude and must be
included in the analysis, as shown experimentally above. For
5-pulse DEER, it is generally necessary to include both s; and s5
in the analysis. Depending on the extent of pump-probe
excitation overlap, additional pathways will also have signifi-
cant amplitude and must be included in the analysis. In
general, one has to exercise care to make sure any simplified
model is applicable, ie. that contributions from neglected
pathways have indeed negligible amplitude in the experimental
signal. The incentive to simplify the model comes from the
two additional fit parameters for each additional pathway
(refocusing time and amplitude). Larger models are harder to
fit robustly and, in certain cases, multiple datasets may be
required to robustly identify and separate pathway contribu-
tions. Alternatively, refocusing times ¢, of individual pathways
can be shifted,*® which provides additional data that should
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stabilize model fitting. Global fitting, as implemented in
DeerLab,?® provides a general approach for this.

The general multi-pathway model presented here is imple-
mented in the DeerLab software package, and examples of its
use to fit data can be found in the software documentation.>® It
provides the means to fit multi-pathway models to experi-
mental data without the need for removing secondary pathway
contributions during data preprocessing. This leads to more
accurate estimates of the underlying distance distributions if
secondary pathway contributions are present. The ability to
analyze data with more than one contributing dipolar pathway
also opens up new ways of thinking about the optimization of
experiments. Many established procedures for routine dipolar
EPR experiments are based on finding a delicate balance
between maximal spectral coverage of probe and pump pulses
to maximize the sensitivity and minimal excitation overlap to
minimize any additional pathway contributions. Being able to
handle the latter within the model allows us to focus on the
former. Describing experiments in terms of dipolar pathways
can also be helpful for the design of new dipolar EPR
experiments.
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Appendix

A Spin density operator description

The high-field spin Hamiltonian of an isolated spin-1/2 pair
A-B in angular-frequency units reads

H [h = waSa:+ opSp: + 04ipSa-Sp.- (23)

where S, are spin operators and z labels the direction of the
applied magnetic field. The first two terms describe the Larmor
frequencies w, and wg of the A and B spin packets, respectively.
The Larmor frequencies on electron Zeeman and hyperfine
contributions to the resonance frequency. i.e., w, and wg
depend on magnetic quantum numbers of hyperfine-coupled
nuclei. In the high-field approximation, the electron Zeeman
contribution dominates. The last term represents the dipolar
interaction between the two spin, with the dipolar frequency

22
Ho & 15" 1 D
_ Mo &1y r_3(1_3cos2(9):r_3(l—3c0520)

Wdip = " (24)

where 0 is the angle between the inter-spin vector and the
external magnetic field, r is the inter-spin distance and D is a
constant that combines the g-value of the electron g (close to
the value of the free electron, g.), the Bohr magneton ug, and
the reduced Planck constant 7. Note that we have neglected any
exchange interaction contributions, which is a valid approxi-
mation for distances beyond 1.5 nm.

The spin Hamiltonian can be further simplified by trans-
formation from the laboratory frame to a rotating frame with
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reference frequency . With these changes, the spin
Hamiltonian reads
%/h = QAS’A; + QpSp. + wdipSA,;S'B,: (25)
where Q; = w; — wy.r are the resonance offsets of the A and B
spins, respectively.
The state of the coupled two-spin system is fully described

by its spin density operator p. It can be represented in a basis of
16 orthogonal basis operators Ej,35

p=> b

J

(26)

One possible set of Ej is the set of single-element operators,
which consists of all products of the o, f, raising (+), and
lowering (-) operators of the two spins. The operators describe
polarization, single-quantum coherence (SQC), zero-quantum
coherence (ZQC), and double-quantum coherence (DQC) states.
This is visualized in Fig. 11.

At the beginning of the pulse sequence, the system is
assumed to be at thermal equilibrium, with the associated
density operator

e/ (knT)

i) = ~ z 1 - ar
. tr{e—%/(/\'g,’f)} kpT

(27)

where kg is the Boltzmann constant and .7 is the temperature.
This operator contains only polarization components.

A pulse acting on the spin system induces transfers of
amplitude from any of the 16 terms in the basis expansion of
p to any other. Each transfer has an associated transfer ampli-
tude a, which is a function of the pulse parameters such as
frequency, flip angle and phase. For an N-pulse sequence, a
sequence of N + 1 single-element basis operators

B; = (Bi0,Bi1,Bi 2, - ,Bin)

(28)

Spin density operator Precession frequencies
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Fig. 11 Matrix representation of the spin density operator p and preces-
sion frequencies Q. (Left) The 16 operators Bj in the single-element
Zeeman product basis for a coupled spin-pair are shown. oo indicates
§A,M§Bl,, etc. (Right) The precession frequencies of the individual compo-
nents during the free evolution time between pulses are shown. The
matrix elements are color-coded according to the type of spin system
state: polarization (blue), zero-quantum coherence (ZQC, purple),
single-quantum coherence (SQC, yellow), or double-quantum coherence
(DQC, red).
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constitutes the i-th single-element transfer pathway, with over-
all amplitude

N

b = bi,O H Ain (29)
n=1

where b, , is the coefficient of the Ei,o operator in the expansion

of peq. During the time intervals T, the density component éi,n

accumulates a phase

bin(t) =

where Q; , is the frequency with which the density component
evolves, as shown in (Fig. 11). Polarization components of the
density (ao, off, po, and ) do not evolve (Q;, = 0), but
coherence components evolve with different frequencies.

Assuming pulses are short enough that evolution during the
pulses can be neglected, the accumulated phase at the end of
the pulse sequence along the i-th single-element transfer
pathway is

Qi,nTn(t) (30)

N

0= dinl0) (31)
n=1

We can separate this phase into the contributions from the two

resonance offset terms and the dipolar interaction,

@ilt) = Pait,24) + ¢5,d{t,28) + Paip,it,aip)

For dipolar EPR spectroscopy, the quantity of interest is the
dipolar phase ¢qjp, ().

Among all 16" possible single-element pathways in an N-
pulse sequence, there are 4 x 16" ' x 8 pathways that start in
polarization (thermal equilibrium) and end in detectable SQC.
Among these, only those are observable along which the spins
refocus and generate an echo at a time Ty after the last pulse. A
necessary condition for this is that at time T the net phase ¢;
from eqn (32) is independent of Q, and Qp. Both Q4 and Q3
have broad distributions (100 MHz or more) and therefore
dominate the rapid dephasing away from the refocusing time.
In contrast, wg;, has a much narrower distribution (a few MHz
or less). Therefore, dephasing due to the dipolar frequency
distribution is much slower, and we consider its effect as a
dipolar modulation of the echo. Among the echo-generating
pathways, we retain only those that form a stationary echo, i.e.
whose refocusing time is Ty after the last pulse, independent of
t. All other echoes move as ¢ is changed and cause spikes in the
detected signal. Here, we neglect all moving echos. Experi-
mentally, they are removed via appropriate phase cycling.*®

Summing over all single-element transfer pathways that
yield a stationary echo at Ty after the last pulse, the overall
echo amplitude is

()= Ed)

icR

(32)

(33)

_ Z bie*ifbdip.,(t)
i€

where E; is the echo from single-element transfer pathway i.

Since both the A and B spins refocus at Ty to form an echo, the

pathway phase consists of just the dipolar phase, and the echo

contributions will be modulated by the dipolar frequency.
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B Averaging of the intramolecular
contribution

In a disordered sample such as a frozen solution, the direction
of the inter-spin vector is distributed and has an associated
orientation distribution P(0,¢), where 0 and ¢ are the spherical
coordinates describing the orientation of the applied magnetic
field relative to the molecule. The average of the spin echo from
eqn (10) over this distribution is
21 T
(E)y0= Io d<pLd6 sin0P(0, p)E(t,r) (34)

Under certain experimental conditions, different orientations
of the inter-spin vector are excited by the pulses with different
efficiency. This effect is commonly known as orientation selec-
tion and described by a non-uniform distribution P(0,p).”*
In its absence, the direction of the inter-spin vector is uniformly
distributed, i.e. P(0,p) = 1/4w, and evaluates to

(E) o= > dxH o(taipi(),7) (35)
k

where % is the complex-valued single-pathway dipolar kernel
given by the integral
/2

Ho(t,r) = J dfsin 0 exp (—i%(l — 3cos? 0)) (36)

0
An expression for ) in terms of Fresnel integral functions
is derived in Appendix C and given in eqn (57).
Next, if the intramolecular spin-spin distance r is distri-
buted, the intramolecular contribution must be averaged over
the associated distance distribution P(r), yielding

Vaa(1) = (E)y 0, j:odrm) Ehye  67)
[ DA o(taip (1. 7) (38)
Z mtrdk [dlpk(t)) (39)

k

Now, from the whole set of dipolar pathways, there is typically a
subset M of modulated pathways, while all others contribute a
constant offset to Vinu4(t) for being independent of t. We can
rewrite Vinga(t) by separating the two subsets

1
= Z jvk Vinlra,k (zsk . TO)

kéM

, 1 1
+ > Vinsak (Esk “To+5t s D)

keM

Vintra ( t )

(40)

where we can introduce the definition of the dipolar pathway
refocusing time ¢ from eqn (13) and of the factor J; from
eqn (15). This can be rewritten as

Vimra([) = AO + Z j~k Vintra,k((sk([ - tk))
keM

(41)
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where

Ag=>" ikrd”P(’)fo(ldip,k(l), r) (42)

kem 70

collects all unmodulated contributions. In principle, 4, can
adopt negative values. Additionally, since the integral in
eqn (42) can only adopt values of magnitude <1, the following
inequality must hold

(43)

‘A0| < Z)'k

kM
We can now rewrite eqn (39) with separated contributions

Vintra () = Ao + Z XA»JOOdr P(r) A o(0r(t — 1), 1) (44)

kcM 0

Due to the complex-valued nature of ¢, the intramolecular
contribution will have both detectable in-phase and out-
of-phase components. The out-of-phase component is signifi-
cant only at high fields and low temperatures where the
spin polarization is large.”*> Note that the in-phase compo-
nent of "y is an even function while the out-of-phase compo-
nent is an odd function. Therefore, for two pathways s; and
s; = —s; with the same refocusing times ¢ = ¢; and 0, = —0; we
can see that

)~k Vintra,k(ék([ - lk)) + )Vj Vintra:j(éj([ - Z/))

= (A + 2))Re{Vintra ki (1051 (1 — tis))} (45)

+ l(j'k - j'j)Irn{Vintrwk/}'(|(sk/j|(l - [k//))}

In the high-temperature limit, which is typically encountered
experimentally, there is such a small fraction of polarized
spins that the initial states for the pathways s; and s; are
approximately equally populated. As a consequence, the mag-
nitudes of these pathways must be approximately equal in
addition to having opposite phase. Therefore, in this limit we
can approximate /i ~ /1]’-‘ and we can see in the expression
above that the out-of-phase components cancel leaving purely
in-phase contributions. In this limit the contributions from the
st and s; pathways are equivalent, and we can combine them
into a dipolar pathway pair s, with amplitude 4, = 24; and
prefactor 6, = |0¢|. Therefore, we can simplify the expression
above to

Vinn(0) = Ao+ Y | PR3]~ 1)1) (a6)
s o
where Ky(z,r) = Re(H') is given by
73 Dt 6Dt
K()(l‘,l) = @ COS( 3)F(7< m)
(47)
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C Single-pathway dipolar kernel

In this section we solve the integral of the complex-valued
single-pathway dipolar kernel from eqn (36). We introduce
the substitution z = cos 0 which leads to an integral in the
range [—1,1]. However, since the integrand is an even function,
we can restrict the integration to [0,1] and adding a factor of 2.
Using the abbreviation { = Dt/r” yields

1

'l
Ho(t,r) = J dze~0-32) = e’MJ dze 32 (48)

0 0

The additional substitution
i—1 i—1
x=zy/-3{ ==z 3 dx =dz——+/3 49
Vo= V3L 5 V30 (49)
leads to
y i1
) e i 2 f‘/i 2

fo(nr)—mi_lL dxe (50)

In the above expression we can identify the definition of the

2 . 2
error function erf(z) = Tﬁ)e‘x’ and substitute it to give
T
e m o1 i—1
Holt,r) = —— /= ——erf [ ——1/3 51
=i (5 VE) 6

This is the general expression. We can rewrite it using Fresnel
integrals utilizing the connection between the Fresnel integrals
and the error function®®

Fe(x) +iFs(x) = | J; lerf(ﬁ(; - i)x> (52)
We first rewrite
Ho(t,r) = —e i 6“—4 g% f(l—\/%l[—\/i]) (53)
o [mitl VRl 6l
()
and then substitute
t%/‘()(l‘, r) = —e“f 672|:F(‘ <—\/€§> +iFg <— 67§>:| (55)
= e—ic\/?g [FC <\/§> +iFs (@)] (56)

where in the last line we have exploited the odd parity of the
Fresnel integrals, i.e. F¢/s(—x) = —F¢ys(x). Introducing back the

definition of { we obtain
2| 6Dt 6Dt
=e P\ [=—|Fe| [ | +iFs| /=5 7
Holt:r) =e 6Dt C( Tcr3) i S( nr3> (57)
which is the final expression for the complex-valued single-
pathway dipolar kernel.
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D Intermolecular contribution in a
homogeneous medium

In this section, we derive the product form of the intermole-
cular contribution. We utilize the approach by Sweger et al.>’
As described in the main text, in dilute (low-density) situations,
we can describe an Ngspin system in terms of its pair-wise
interactions. The echo arising from a certain configuration
(r = (r1y-- Ty -tns) and q = (04,...,0p,...,0ns)) of the N
spins reads

HE/, (t,rp,0p) = HZ’%@ iaip i (175,05 (58)

We must average this expression over the whole configuration
space Sg. As a configuration space, we take a Euclidean sphere
of radius R and volume Vi = 4nR%*/3 with N, different spins
centered about one of the spins. The configuration Sy inside of
the sphere is given by the set {r,q}. The configurational

average reads
NS
t Sr— <HE1)(t7 rb79b)>
b Sk

If we can assume the spin locations for a configuration {r,q} to
be uncorrelated we can swap the product and the average in the
above expression, yielding

(59)

Ns
(En(0))s,= ] (Es(t.r5,00))5,= (E(1,,0))5; (60)
b
For later use, we expand this expression as follows
(En(1))5,= (L + E(1,r,0) = 1)5; (61)
Ns
<1 DIWEIEEESS Ak> (62)
k Sk
Ns
= <1 + Z |24 <e_i(¢7dip,/<(tr"r())+(b/<) _ 1>> (63)
k Sk
NS
=1 ) —i(@aipk (11,0)+) _ 1 64
( +ij|ﬂk|<e : s, (64)

where we have used the normalization condition ) |4 = 1 in
3

eqn (12) and the complex definition of the pathway amplitude
in eqn (11). The configuration-averaged term is given by

<e—i((/>dip]\,(nrﬁ)+¢k) _ 1>

1
= | drdo(e Papkltr0)+@) _ |
SR VRJSR " < . )

=—0C;
7 kR

(65)
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We can rewrite the previous expression as
Cr)
, 1 CkR
(En(1))s,= (1 +/Z|/Lk - > (66)
C sV
=1 PRIRLES 67
( + DIk ) (67)
)]
=1 P 68
( + ; |2l e > (68)
where we have introduced the concentration of spins ¢; = Ny/V.

At this point we have an expression for the average intermole-
cular echo contribution over a sphere of finite size R. In order to
account for every possible intermolecular interaction in a
system we must consider the limit R » oo (and thus Vz —
o0) for the previous expression which yields the intermolecular
contribution to the primary DEER signal

Vimer([) - 1;520 EtolSR = [CXP (; |}Lk|ck> (69)
= exXp (Cs Z )N/(|C/(> (70)
k
where we have used
. X\ 7"
lim (1 *E) = exp(x) (71)

The configuration integral Crr can now be evaluated in the
limit R - oo. A detailed solution of this integral is provided in
Appendix E. The configuration integral C; at the limit
R — oo reads

Cr = [;grolo Cig = —€® T(f)] +1i&(sk - T(1))) (72)

k(x| -

where k and ¢ are numerical constants introduced for the sake
of compactness (see eqn (92) and (93)). Inserting this expres-
sion back into the expression for Vine(t) yields

Vinir (1) = exp (czswe@kmsk T+ i T(z))))
k
(73)

=exp <—KCS Z Aklsik - T(t)) exp (—iécs Z A (S - T(t)))
% k

(74)
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As in the previous section we can separate the pathways into
modulated and unmodulated ones.

Vintcr(t) = EXp | —KC¢s Z j.k‘S/( . TO| + Z j~/c|($/c(t - tk)|
k¢gM keM

exp —iécy Z ;L/((Sk ~T0) + Z )vkék(l‘ — lk)

k¢M keM |
(75)
which can be rewritten as
Vinler(t) = eXp| —¢s Zik(’dsk . T0| + lﬁ Sk - To)
kM
exp (—Kcs > dlow(r — zk)|> (76)
keM

exp (—icfcs > dubilt — zk)>

keM

which is equivalent to

Vinter (1) = H exp(—csAk(klsk - To| 4+ 1& s - To))
kM

T exp(—resuldi(r — t)]) exp(—iéesixdi(t — )
keM

(77)

We can identify the first term as a constant scaling and phasing
factor Vinter,o and rewrite the above expression as

Viner() = Vintero | [ exp(—reed|ox (1 = 1)]) (78)
keM
[T exp(—icesiudi(t — 1)) (79)

keM

The multi-pathway dipolar intermolecular contribution is the
product of the individual contributions arising from the indivi-
dual pathways, each with different refocusing times and differ-
ent decay rates kcsd. This is in contrast to the intramolecular
contribution, which is a sum over all individual pathway
signals. The underlying reason is the exponential form of the
intermolecular contributions, since a sum in an exponent
converts into a product of the functions.

The first product in eqn (79) collects the decay of the
intermolecular contribution to the dipolar signal. The second
product in eqn (79) represents a time-dependent phase-shift,
that is particularly prominent under large spin polarization at
low temperatures.”® Therefore, in the high-temperature limit
this phase-shift averages out and can be safely neglected.
In this limit the contributions of the s, and —s; pathways
are again equivalent, and we can combine them into a
paired pathway s, leading to a simpler expression for the

2518 | Phys. Chem. Chem. Phys., 2022, 24, 2504-2520

Paper

intermolecular contribution

Vinlcr([) = Vintcn() H CXP(_KC'si~p\5k(l - Z/J)D
pCM

(80)

E Integral over all space

Here, we solve the integral Cy x of eqn (65) at the limit R — o,
following the approach by Sweger et al.>® Cir is best deter-
mined in spherical coordinates

Cic= Jim Ci (51)
21 T 00 .
= J d<pJ do sin@[ drr? [ef'<¢dipvk<”‘v9>+"‘k> - 1] (82)
0 0 Jo
which can be rewritten as
Cr = 2nJ d0sin OJ dr? [e*im(‘*mz 0)/r+0) _ 1} (83)
0 0

where ¢q; = D s;pT(¢f). We introduce again the substitution
z = cos § which leads to an integral in the range [—1,1]. However
since the integrand is an even function, we can restrict the
integration to [0,1] and adding a factor of 2, as follows

el 00
Cr = 41:‘ dz[ drr? [e_i("/f(l_Bzz)/’3+(p’<) - 1] (84)

0 0

Expanding the complex exponential integral in terms of trigo-
nometric functions gives

1 00
Cr = 4nJ dzJ dr? (ei(p" cos(gx(1 — 322)/"3) -1)
o Jo

(85)

1 00
_ i4neid"'J dz[ drr? sin(qx(1 — 322)/’3)
0 0

Both inner integrals are improper integrals not defined for r =
0. The first inner integral can be solved according to

limJ drr? {e””‘ cos (g) — 1} — _Tin |b|
=0 ), I 6

and the second double integral can be solved according to

1 00
. 2 (A _ (24
lll‘l:l) JodZL drr 51n(r3> = [9 9\/§ac0th(\/§)} Gk (87)

(86)

leading to the expression

2l
C; = —2%3"”"‘ dz|gi(1 —32%)
Jo (85)
5 |8T 16w
— je'® {— — ——acoth(V3 }
) 2 1
= —el% (2;° Dl ~T(t)|J dz|(1 - 32%)|
' (89)

+i {%ﬁ - 91672_ac0th(\/§)} Ds, - T(t))
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where we have used the fact |D| = D. The remaining integral can
be evaluated analytically to obtain the result

_ o (3% pie e — i [T L6m, } . )

Cp = —¢ <9\/§D|Sk T(7)| —1i 9 9\/§d00th(\/§) Ds; - T(1)
(90)

=—e(ic|seT(E)| + 18, T(2)) (91)
where
8m?

and

_[Br_ ton, _ 82 V3 -3

i= 15 9\/§ac0th(\/§) D_W§ D ~ 0.669D
(93)

Acknowledgements

This work was funded by the ETH Zurich (ETH-35 18-2, G.
J. and L. F. L) and by the National Institutes of Health
(GM125753, S. S.; GM127325, S. S.).

Notes and references

1 A. D. Milov, K. M. Salikhov and M. D. Shchirov, Phys. Solid
State, 1981, 23, 565-569.

2 R. E. Martin, M. Pannier, F. Diederich, V. Gramlich,
M. Hubrich and H. W. Spiess, Angew. Chem., Int. Ed., 1998,
37, 2833-2837.

3 M. Emshwiller, E. L. Hahn and D. Kaplan, Phys. Rev., 1960,
118, 414-424.

4 P.-K. Wang, C. P. Slichter and J. H. Sinfelt, Phys. Rev. Lett.,
1984, 53, 82-85.

5 M. Pannier, V. Schédler, M. Schops, U. Wiesner, G. Jeschke
and H. W. Spiess, Macromolecules, 2000, 33, 7812-7818.

6 M. Pannier, S. Veit, A. Godt, G. Jeschke and H. W. Spiess,
J. Magn. Reson., 2000, 142, 331-340.

7 P. P. Borbat, E. R. Georgieva and J. H. Freed, J. Phys. Chem.
Lett., 2013, 4, 170-175.

8 P. E. Spindler, I. Waclawska, B. Endeward, J. Plackmeyer,
C. Ziegler and T. F. Prisner, J. Phys. Chem. Lett., 2015, 6,
4331-4335.

9 A. Doll and G. Jeschke, Phys. Chem. Chem. Phys., 2017, 19,

1039-1053.

M. Di Valentin, M. Albertini, M. G. Dal Farra, E. Zurlo,

L. Orian, A. Polimeno, M. Gobbo and D. Carbonera, Chem. —

Eur. J., 2016, 22, 17204-17214.

C. Hintze, D. Biicker, S. Domingo Kohler, G. Jeschke and

M. Drescher, J. Phys. Chem. Lett., 2016, 7, 2204-2209.

S. Milikisiyants, M. A. Voinov and A. I. Smirnov, J. Magn.

Reson., 2018, 293, 9-18.

10

11

12

This journal is © the Owner Societies 2022

13

14

15

16

17

18

19

20

21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

PCCP

T. Bahrenberg, Y. Yang, D. Goldfarb and A. Feintuch, Mag-
netochemistry, 2019, 5, 20.

S. Saxena and ]J. H. Freed, Chem. Phys. Lett., 1996, 251,
102-110.

S. Saxena and J. H. Freed, J. Chem. Phys., 1997, 107,
1317-1340.

L. V. Kulik, S. A. Dzuba, I. A. Grigoryev and Y. D. Tsvetkov,
Chem. Phys. Lett., 2001, 343, 315-324.

S. Milikisyants, F. Scarpelli, M. G. Finiguerra, M. Ubbink
and M. Huber, J. Magn. Reson., 2009, 201, 48-56.

D. Abdullin, M. Suchatzki and O. Schiemann, Appl. Magn.
Reson., 2021, 1-16.

G. Jeschke, M. Pannier, A. Godt and H. W. Spiess, Chem.
Phys. Lett., 2000, 331, 243-252.

L. Fabregas Ibafiez, G. Jeschke and S. Stoll, Magn. Reson.,
2020, 1, 209-224.

P. P. Borbat and J. H. Freed, in Structural Information from
Spin-Labels and Intrinsic Paramagnetic Centres in the Bio-
sciences, ed. C. R. Timmel and J. R. Harmer, Springer Berlin
Heidelberg, Berlin, Heidelberg, 2013, vol. 152, pp. 1-82.

K. M. Salikhov and I. T. Khairuzhdinov, Appl. Magn. Reson.,
2015, 46, 67-83.

K. M. Salikhov, I. T. Khairuzhdinov and R. B. Zaripov, Appl.
Magn. Reson., 2014, 45, 573-6109.

S. Stoll and B. Kasumaj, Appl. Magn. Reson., 2008, 35, 15-32.
A.F. Bedilo and A. G. Maryasov, J. Magn. Reson., Ser. A, 1995,
116, 87-96.

D. Abdullin, H. Matsuoka, M. Yulikov, N. Fleck, C. Klein,
S. Spicher, G. Hagelueken, S. Grimme, A. Liitzen and
O. Schiemann, Chem. - Eur. J., 2019, 25, 8820-8828.

G. Jeschke, M. Sajid, M. Schulte and A. Godt, Phys. Chem.
Chem. Phys., 2009, 11, 6580-6591.

T. von Hagens, Y. Polyhach, M. Sajid, A. Godt and
G. Jeschke, Phys. Chem. Chem. Phys., 2013, 15, 5854-5866.
A. Weber, O. Schiemann, B. Bode and T. F. Prisner, J. Magn.
Reson., 2002, 157, 277-285.

D. Margraf, P. Cekan, T. F. Prisner, S. T. Sigurdsson and
O. Schiemann, Phys. Chem. Chem. Phys., 2009, 11, 6708-6714.
K. Keller, M. Qi, C. Gmeiner, I. Ritsch, A. Godt, G. Jeschke,
A. Savitsky and M. Yulikov, Phys. Chem. Chem. Phys., 2019,
21, 8228-8245.

A. A. Nevzorov and J. H. Freed, J. Chem. Phys., 2001, 115,
2401-2415.

J. Soetbeer, M. Hiilsmann, A. Godt, Y. Polyhach and
G. Jeschke, Phys. Chem. Chem. Phys., 2018, 20, 1615-1628.
J. L. Baber, J. M. Louis and G. M. Clore, Angew. Chem., Int.
Ed., 2015, 54, 5336-5339.

A. Schweiger and G. Jeschke, Principles of Pulse Electron
Paramagnetic Resonance, Oxford University Press, 2001.

R. R. Ernst, Principles of nuclear magnetic resonance in one
and two dimensions, Clarendon Press, Oxford, 1987.

O. W. Sgrensen, G. W. Eich, M. H. Levitt, G. Bodenhausen
and R. R. Ernst, Prog. Nucl. Magn. Reson. Spectrosc., 1983, 16,
163-192.

A.D. Milov, A. B. Ponomarev and Y. D. Tsvetkov, Chem. Phys.
Lett., 1984, 110, 67-72.

Phys. Chem. Chem. Phys., 2022, 24, 2504-2520 | 2519



PCCP

39

40
41

42

43
44

45

46

47

48

D. R. Kattnig, J. Reichenwallner and D. Hinderberger,
J. Phys. Chem. B, 2013, 117, 16542-16557.

T. H. Edwards and S. Stoll, J. Magn. Reson., 2016, 270, 87-97.
S. R. Sweger, S. Pribitzer and S. Stoll, J. Phys. Chem. A, 2020,
124, 6193-6202.

V. V. Kurshev, A. M. Raitsimring and Y. D. Tsvetkov, J. Magn.
Reson. 1969, 1989, 81, 441-454.

G. Jeschke, Annu. Rev. Phys. Chem., 2012, 63, 419-446.

M. Teucher and E. Bordignon, J. Magn. Reson., 2018, 296,
103-111.

C. E. Tait and S. Stoll, Phys. Chem. Chem. Phys., 2016, 18,
18470-18485.

F. D. Breitgoff, J. Soetbeer, A. Doll, G. Jeschke and Y. O.
Polyhach, Phys. Chem. Chem. Phys., 2017, 19, 15766-15779.
F. D. Breitgoff, Y. O. Polyhach and G. Jeschke, Phys. Chem.
Chem. Phys., 2017, 19, 15754-15765.

G. Jeschke, M. Sajid, M. Schulte, N. Ramezanian, A. Volkov,
H. Zimmermann and A. Godt, J. Am. Chem. Soc., 2010, 132,
10107-10117.

2520 | Phys. Chem. Chem. Phys., 2022, 24, 2504-2520

49

50

51

52

53

54

55

56

Paper

A. Godt, M. Schulte, H. Zimmermann and G. Jeschke,
Angew. Chem., Int. Ed., 2006, 45, 7560-7564.

L. Emmanouilidis, L. Esteban-Hofer, F. F. Damberger, T. de
Vries, C. K. X. Nguyen, L. F. Ibanez, S. Mergenthal,
E. Klotzsch, M. Yulikov, G. Jeschke and F. H.-T. Allain,
Nat. Chem. Biol., 2021, 1-7.

A. Doll and G. Jeschke, J. Magn. Reson., 2017, 280, 46-62.
K. Keller, V. Mertens, M. Qi, A. I. Nalepa, A. Godt,
A. Savitsky, G. Jeschke and M. Yulikov, Phys. Chem. Chem.
Phys., 2017, 19, 17856-17876.

R. G. Larsen and D. J. Singel, J. Chem. Phys., 1993, 98,
5134-5146.

A. Marko, V. Denysenkov and T. F. Prisner, Mol. Phys., 2013,
111, 2834-2844.

S. R. Sweger, V. Denysenkov, L. Maibaum, T. F. Prisner and
S. Stoll, in preparation.

NIST Digital Library of Mathematical Functions. http://
dlmf.nist.gov/, Release 1.1.1 of 2021-03-15, Section 7.5 Inter-
relations, 2021.

This journal is © the Owner Societies 2022





