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Distance determination by Electron Paramagnetic Resonance (EPR) based on measurements of the dipolar
coupling are technically challenging for electron spin systems with broad spectra due to comparatively
narrow microwave pulse excitation bandwidths. With Nay[{Cu'(PyMTA)}-(stiff spacer)-{Cu"(PyMTA)}]
as a model compound, we compared DEER and RIDME measurements and investigated the use of
frequency-swept pulses. We found very large improvements in sensitivity when substituting the
monochromatic pump pulse by a frequency-swept one in DEER experiments with monochromatic obser-
ver pulses. This effect was especially strong in X band, where nearly the whole spectrum can be included
in the experiment. The RIDME experiment is characterised by a trade-off in signal intensity and modula-
tion depth. Optimal parameters are further influenced by varying steepness of the background decay. A
simple 2-point optimization experiment was found to serve as good estimate to identify the mixing time
of highest sensitivity. Using frequency-swept pulses in the observer sequences resulted in lower SNR in
both the RIDME and the DEER experiment. Orientation selectivity was found to vary in both experiments
with the detection position as well as with the settings of the pump pulse in DEER. In RIDME, orientation
selection by relaxation anisotropy of the inverted spin appeared to be negligible as form factors remain
relatively constant with varying mixing time. This reduces the overall observed orientation selection to
the one given by the detection position. Field-averaged data from RIDME and DEER with a shaped pump
pulse resulted in the same dipolar spectrum. We found that both methods have their advantages and dis-
advantages for given instrumental limitations and sample properties. Thus the choice of method depends

on the situation at hand and we discuss which parameters should be considered for optimization.
© 2019 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

fluorescence spectroscopy, specifically Forster Resonance Energy
Transfer (FRET) [13,14], and cryo-Electron Microscopy [15,16].

Knowledge of the structure of biological macromolecules is
often crucial for understanding their function [1,2]. However,
structural information is often difficult to attain for such complex
systems and modelling usually relies on combining information
obtained by different techniques [3,4]. A variety of methods has
been developed: Crystallizable parts of protein complexes can be
characterized by X-ray crystallography [5] and NMR techniques
can yield short-range distance restraints for structure determina-
tion [6,7]. Mass spectrometry (MS) can be used in combination
with resolving ion size (ion mobility) [8,9], dissociation properties
(tandem mass spectrometry) [10] or reactivity (for example H/D
exchange) [11] or as native MS [12]. Further methods include
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Among these fields, Pulsed Dipolar Spectroscopy (PDS) by Electron
Paramagnetic Resonance (EPR) represents a unique method as it
can provide long-range distance distributions for systems with
and without long-range order with an upper limit of 4-6 nm
[17-19] to 16 nm [20], depending on the spin environment. Dis-
tance distribution information by PDS can provide a snapshot of
the conformational ensemble or be used to solve structures [21],
e.g. by hybrid structural modeling [22,23].

PDS experiments determine the distance distribution between
two spin centers in the sample. Often, these centers are engineered
by site-directed spin labeling [24-27] of the macromolecule.
Naturally occurring metal centers, however, are also abundant
[1,28-30]. Such systems include metallo-enzymes pivotal to many
processes of life such as haemoglobin [31]. If the metal center in its
natural oxidation state and ligand field does not possess a spin, i.e.
one or more unpaired electrons, it can often be substituted by a
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paramagnetic ion to allow for EPR and paramagnetic NMR mea-
surements [32-35].

Furthermore, spin labels containing metal centers are the sub-
ject of ongoing method development [36-40]. Due to their chemi-
cal inertness, redox stability and non-toxicity [3] they are
promising candidates for in-cell experiments. In-cell Gd-Gd dis-
tance measurements have been demonstrated [41-45] and show
promise for longer spin-label lifetimes than possible in in-cell mea-
surements between commonly used types of nitroxides [46,47].
Nitroxides that are more reduction resistant than the commonly
used nitroxides are being developed [48]. In addition, metal-
based spin labels represent building blocks for the development
of orthogonal labeling schemes which can be combined with spec-
troscopic selection in pulse EPR experiments [49-51].

EPR spectra - especially of metal ions but also from other spin
centers - often span several GHz [28]. Broadening can be orienta-
tion dependent or can stem from distributions of particular spec-
troscopic parameters. Important examples are anisotropic
electron Zeeman and hyperfine interactions, characterized by the
g-tensor or hyperfine tensor anisotropies, as well as in high-spin
systems the joint effect of g-tensor and zero-field splitting interac-
tion caused by strong electron-electron interactions. The maximal
achievable excitation bandwidth by monochromatic pulses in EPR
is, with about one hundred MHz, rather narrow. Sensitive mea-
surements of systems with broad spectra are therefore challenging
and more prone to effects of orientation selectivity.

PDS techniques detect the difference in resonance frequency of
an observed spin A for two different states of a dipolar coupled spin
B [52]. Assuming only secular contributions, the dipolar coupling
Hamiltonian in EPR is given by

Hdd,sec. = wddgA‘z/S\B.z (1)

with S;, being the z-component of spin i and wq the strength of the
dipolar coupling described by Eq. (2)[19].

2
waalr, 0) = ﬂoﬂzi\ggge,eff

Here, (1, is the vacuum permeability, 1, the Bohr magneton, g, .¢
and g; . are the effective g-values of the spins A and B at the given
field and frequency and h is the reduced Planck's constant and r is
the distance between spins A and B. The angular dependence of
the dipolar coupling in EPR is parametrized by the angle 0 between
the spin-spin vector and the external magnetic field By[52]. The
effective g-values g; .+ result from the orientation of the individual
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spins A and B with respect to the external magnetic field By accord-
ing to Eq. (3) for spin i in the Bleaney transformation [53].

ietr (0, 1) = \/ng sin® 0; cos? ¢; + g2, sin” 0; sin” ¢; + g2, cos? 0;
3)

Here g;,, g;,, and g;, are the principal values of the g tensor of the
spin i and the polar angles 0; and ¢; determine the orientation of By
in the g;-tensor eigenframe.

Experimentally, excitation of A and B spins in the PDS experi-
ments can be performed in two conceptionally different ways
[54,55]. ‘Single-frequency’ schemes that excite both spins, A and
B, at the same time by all pulses can be separated from ‘pump-
probe’ schemes that select specific fractions of the spectrum for
an observed spin A and a pump spin B. The former group comprises
solid-echo based experiments like SIFTER [56] (SIngle Frequency
Technique for Refocusing) and DQC [57,58] (Double Quantum
Coherence) experiments. They were so far predominantly applied
to systems with relatively narrow spectra like trityl or nitroxides,
although Cu(II)-Cu(II) DQC distance measurements have been con-
ducted as well [59,60].

In contrast, excitation of all spins simultaneously is technically
challenging for systems with broad spectra. For distance determi-
nation in such systems, pump-probe experiments, like Double
Electron Electron Resonance (DEER),[61,62] also called Pulsed Elec-
tron Double Resonance (PELDOR), or Relaxation Induced Dipolar
Modulation Enhancement (RIDME) [63] are more commonly
applied. Both in DEER and in RIDME, a specific fraction of the spec-
trum is selected as spin A by the observer pulses. The two tech-
niques differ in the way how the inversion of the spin B is
performed. While in DEER inversion of spin B is achieved by a
pump pulse at a second frequency, RIDME relies on stochastic
relaxation events to flip the coupled spin B. In RIDME, in order
for a significant number of B spin flips to occur during the mea-
surement time, the phase-dispersed coherence on spin A is stored
in form of a polarization grating for a period T, called the mixing
time. The most commonly used pulse sequences for DEER and
RIDME [62,63] are compared in Fig. 1(a and b).

The timing of the pump pulse in DEER and the mixing block in
RIDME are varied to probe the difference in resonance frequency of
spin A for the two different states of spin B. The difference fre-
quency is detected as an oscillation of the observed echo with a
distribution of frequencies wqq(r, 0). In an ideal powder, all 0 values
are present weighted by sin 0. For a specific distance r, the distribu-
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Fig. 1. Pulse sequences for (a) four-pulse DEER [62] and (b) five-pulse RIDME [63]. vos indicates the observer frequency, vpump the frequency for the inversion pulse, t the time
increment and Tp,x the length of the mixing block. Pulse lengths correspond to the versions of the experiments with shaped observer pulses. (c-e) Pulse shapes used for the
experiments: Monochromatic (dashed grey), Linear frequency sweep (chirp, orange), sech/tanh (HS) pulses of order 6 (blue) and 1 (black). (c) Amplitude modulation. (d)
Frequency modulation. (e) Inversion profiles simulated with EasySpin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)



F.D. Breitgoff et al./Journal of Magnetic Resonance 308 (2019) 106560 3

tion of wyq is described by a Pake pattern. In reality, different con-
formers can exhibit different spin-spin distances r, resulting in a
distance distribution P(r) for the ensemble instead of just a single
distance. An ideal dipolar spectrum therefore is a superposition of
Pake patterns with each Pake pattern weighted by the probability
of the corresponding distance in P(r). If wqq is not detected for all 0
values, or not with the correct weighting, the dipolar spectrum will
deviate from a superposition of Pake patterns. This effect is called
orientation selection [52].

Applications of Cu(Il)-Cu(Il) DEER in the past often exploited
this effect in order to study the relative orientation of the two g-
tensors [64]. Orientation selectivity effects have also been used
to monitor relative angles between different structural units in a
protein [65]. Distance determination, however, was often compli-
cated by orientation selection caused by the large anisotropy of
the Cu(II) spectrum [66-73]. The modulated part of the DEER trace,
i.e. the form factor, is multiplied with a smooth decay due to dis-
tributed couplings to remote spins. This background contribution
can be corrected for by fitting and subsequent division and usually
does not interfere with distance distribution determination for suf-
ficiently long DEER traces [74].

Applications of RIDME on nitroxide-Cu(Il) systems [75,76] as
well as Cu(II)-Cu(Il) systems [66] have been demonstrated. Pro-
vided that relaxation is uniform enough over the spectrum to avoid
different relaxation of the various spin packets during Tp,x, one can
assume complete orientation averaging for the B spins in RIDME
experiments and only orientation selection by the observer pulses
influences distance distribution determination from RIDME data
[66,75,77-79]. For spin S = 1/2 systems, RIDME dipolar evolution
data can be treated in the same way as data from DEER experi-
ments, i.e. by taking into account only the primary dipolar fre-
quency contributions [77]. Note that for high-spin systems with
S > 1/2 harmonic overtones of the primary dipolar frequency are
introduced [80] and need to be accounted for in data analysis rou-
tines [81]. A mathematical description of the RIDME background
function has been recently reported [82]. As a rule, the intermolec-
ular background is steeper and more curved in RIDME compared to
DEER experiments, as the RIDME background contains additional
contributions from nuclear spin diffusion. Generally, the pump
excitation bandwidth is larger in RIDME than in DEER which also
enhances the intermolecular electron-electron background contri-
bution alongside enhancing modulation depth.

To increase the excitation bandwidth, pulses with frequency
and amplitude modulation were introduced recently to EPR [83-
85]. Technically this was made possible by home-built implemen-
tation of recently developed Arbitrary Waveform Generators
(AWG) into existing spectrometers [86-89] or dedicated instru-
ments [90-92]. At first, such frequency-swept excitation was lim-
ited to X-band frequencies but soon was extended to Q band,
followed by increasingly higher frequencies since. Bandwidths up
to 2.5 GHz for excitation and 0.8 GHz for detection have been
demonstrated [85]. Recently, frequency-swept excitation has also
been used with commercial spectrometers [93].

During a frequency-swept pulse with sufficient field strength
B,, the magnetization effectively stays locked to the effective field
in the frame rotating with the instantaneous frequency f(t) [85].
Performance of such an ‘adiabatic’ pulse can be described in terms
of its smallest effective field strength e, i.e. upon passage of the
transverse plane, in relation to its sweep rate. This is summarized
in the critical adiabaticity Q. of the pulse defined by Eq. (4)

2m-vi -ty

Quit = Y (4)

where v; defines the amplitude of the pulse, t, the pulse length and
Af the bandwidth. Pulse length requirements for achieving simulta-

neous refocusing for pulses with time-dispersed excitation have
previously been generalized [94].

First implementations of frequency-swept pulses in EPR incre-
mented the instantaneous frequency linearly with time, referred
to as chirp pulses [87]. The frequency modulation is illustrated in
Fig. 1(d). To avoid excitation outside the intended band, the ampli-
tude usually is apodized by a quarter sine, see Fig. 1(c). The result-
ing inversion profile in subfigure (e), simulated for a two-level
system and t, = 200 ns, achieves 100% inversion around the center
of the nominal frequency band of 200 MHz while the frequency
flanks lead to partial excitation over ca. 50 MHz. From NMR, pulses
modulated by sech/tanh functions, so-called hyperbolic secant or
HS1 pulses, are known to provide very well defined inversion
bands [95,96]. The simulated inversion profile in Fig. 1(e) indeed
demonstrates a much higher selectivity for the HS1 pulse with
100% inversion efficiency over nearly the complete frequency band
and very steep frequency flanks. At given maximum amplitude, HS
pulses of higher order h, i.e. HSh pulses, provide higher adiabaticity
Q.it[97], at the expense of a somewhat less steep frequency flank.
This is illustrated in Fig. 1 for a HS1 and HS6 pulse: the amplitude
of the HS6 pulse is higher over a larger fraction of the total pulse
length t, which results in a higher Q. At the same time, steep-
ness of the simulated frequency flanks of the HS1 pulse outperform
the ones of the HS6 pulse in Fig. 1(e). In other words, the order h of
HSh pulses provides a parameter to tune the adiabaticity against
the steepness of the frequency flank to optimize a given experi-
mental setup [85,98]. In the following, we use the expression
shaped pulse for any pulse with amplitude and frequency
modulation.

Application of an ultra-wideband (UWB) pump pulse, i.e.
Af > 0.5 GHz, in X-band DEER measurements has been shown to
yield large increases in modulation depth and thus sensitivity for
a nitroxide-Cu(Il) system [87]. Compensation for the instrument
response function v;(f) was developed to allow for offset-
independent adiabaticity and thus uniform excitation [91]. Appli-
cations of UWB pulses at higher frequencies mainly focused on
high-spin systems so far: large sensitivity gains for Gd(III)-Gd(III)
DEER measurements were achieved by an UWB pump pulse
[99,100] and by pre-polarization of the observed central transition
by magnetization transfer from ms >1 levels [101]. Recently,
shaped pulses were employed for RIDME measurements of a
nitroxide-Cu(Il) system [102]. Determination of Mn(II)-Mn(II) dis-
tances allowed for characterization of ATP-fuelled proteins by
paramagnetic ion substitution of Mg(II) [33].

Even though compensation of the sweep rate of adiabatic pulses
can allow for uniform excitation beyond the resonator bandwidth
[91], adiabaticity of the pulses is ultimately limited by the res-
onator field strength B; and Af . Furthermore, broadband detec-
tion is attenuated by the resonator v;(f)-profile. For these
reasons, broadband resonators with high and uniform B; fields
and large Af . are a field of ongoing development [103-106]. High
B, fields are of less concern for excitation of high-spin systems due
to their larger transition moment. Our recent design of a Q-band
resonator based on a loop-gap structure allows for microwave field
amplitudes v; > 40 MHz over a range of nearly one GHz [105]. This
development set a promising starting point to study potential
increases in sensitivity by shaped pulses for distance measure-
ments of a spin 1/2 system with a broad spectrum.

In this study we set out to compare the performance of DEER
and RIDME measurements of Cu(Il)-Cu(Il) systems. In particular,
we explore the sensitivity gain by shaped pulses for both
experiments. We first characterize relaxation parameters of the
bis[Cu(I)-PyMTA] ruler used throughout this work. The perfor-
mance of different shaped pulses for the given spin system is stud-
ied first for 2-pulse echoes in Section 3.2. In DEER measurements,
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application of shaped pulses for the pump band and the observer
band is studied individually and in combination in the Sections
3.3.1 and 3.3.2. Delays in the RIDME experiments are first opti-
mized in Section 3.4.1 before we discuss the application of shaped
pulses in Section 3.4.2. We proceed to compare orientation selec-
tion in UWB DEER and RIDME for the geometrically constrained
system studied here before we conclude the paper with a summary
of our findings for both methods.

2. Experimental
2.1. Sample preparation

The syntheses of the Cu(Il)-PyMTA complex and the stiff bis[Cu
(I-PyMTA] ruler employed in this study have been described else-
where [82,105,107,108]. The structure of the Cu(Il)-PyMTA com-
plex is shown in Fig. SI 3, the structure of the bis[Cu(Il)-PyMTA]
ruler in Fig. 10(d). Stock solutions were diluted to final concentra-
tions of 200 UM in a 1:1 (v:v) D,0/glycerol-dg mixture at a pH of
~7. The sample solutions were filled into 1.6 mm (loop-gap res-
onator) or 3 mm (TE;o; box resonator) o.d. quartz capillaries and
subsequently shock-frozen by immersion into liquid nitrogen.

2.2. EPR measurements

CW X-band EPR spectra were detected using a Bruker Elexsys
E500 spectrometer equipped with a Bruker Elexsys Super High Q
probehead and a nitrogen flow cryostat. Measurements were per-
formed at 140K, 100 kHz field modulation, 140 mT field sweep
width, 0.4 mT modulation amplitude, and 0.2 mW microwave
power (30 dB attenuation). The time constant was 40.96 ms and
the conversion time 327.68 ms.

Pulsed EPR experiments in Q band were acquired on two differ-
ent spectrometers. A commercial Bruker Elexsys E580 spectrome-
ter, which can be used with a homemade AWG extension to
allow for broadband pulses at a second frequency band [87], or a
home-built spectrometer based on a Keysight Arbitrary Waveform
Generator (AWG) [91] with a high-power Q-band extension [109].
Both spectrometers were equipped with TWT amplifiers with
200 W nominal power and either a home-built TEp, box cavity
operating at about 34.5 GHz [110] allowing for 3 mm samples or
a broadband resonator with a pent loop gap design for 1.6 mm
samples was used with the coupler set to provide the lowest pos-
sible Q-value [105]. W-band EPR experiments were performed on a
Bruker Elexsys E680 X-/W-Band spectrometer operating at roughly
94 GHz with a home-built W-band microwave bridge and
2 W solid-state amplifier. The spectrometer was equipped with a
Bruker TEq;; resonator. X-band pulse EPR measurements were per-
formed on our home-built AWG spectrometer [91] with a commer-
cial MS3 resonator (Bruker). A helium flow cryostat (ER 4118 CF,
Oxford Instruments) was used to adjust and stabilize the measure-
ment temperature.

Echo-detected field-swept EPR spectra were acquired using the
Hahn-echo pulse sequence ©/2 — t — w — T with a pulse length ¢,
of 12 ns or 16 ns for the 7/2 pulse. The length of the n-pulse was
set to 2t,. The interpulse delay T was set to 400 ns. Transverse
relaxation was studied using the same pulse sequence, where the
interpulse delay T was incremented starting from 400 ns. Longitu-
dinal relaxation measurements were performed using an inversion
recovery sequence 7 — T — /2 — T —  — T with hard inversion by
the first -pulse of length 12 ns, and a soft detection scheme with
pulse lengths of 60 ns for the 7/2 and 120 ns for the m-pulse. T was
set to 400 ns. The delay T was incremented starting from 1 ps.

RIDME data were acquired using the refocused five pulse RIDME
experiment 3 —T1 - — (T4 +t) =5 —Toix —5—(Ta —t) =T — Ta,

illustrated in Fig. 1. If not specified differently, 7/2-pulses were
set to 12 ns and m-pulses to 24 ns. The interpulse delays were set
to 71 =400 ns and 7, =5 ps while t was incremented starting at
—120ns in steps of 16 ns. The mixing time is given by Ty and
set to values between 25 and 400 pis. In the two-point optimization
it was varied from 1 to 600 ps in steps of 2 s to study its influence
on the signal evolution. To remove echo crossings and phase off-
sets, an eight-step phase cycle was used [63]. Nuclear modulation
averaging was performed according to Ref. [111]. Unless otherwise
specified, RIDME data were collected on the Bruker Elexsys E580
spectrometer equipped with a home-built TE;o; box cavity for
oversized samples [110].

DEER measurements were performed with the dead-time free
4-pulse version of the experiment [62] £ - — T1 — Tops — (T1 + £)—
Tpump — (T2 — £) — Tops — T2 Where 7; was set to 550 ns, 7, to 5 s
and t was varied in steps of 16 ns. Nuclear modulations were aver-
aged by varying 7, in 8 steps of 16 ns. Unless otherwise specified,
DEER measurements were performed on the home-built spectrom-
eter using the broadband resonator with a pent loop-gap design.
Phase cycling for 4-pulse DEER with a coherent pump pulse chan-
nel was performed as described by Tait and Stoll [112]: A 32-step
phase cycle was used with [+x —x] on the Z-pulse, [+x +y —x —y] on
the first observer 7-pulse and [+x +y —X —y] on the pump pulse. On
the Bruker Elexsys E580 spectrometer with an incoherent pump
pulse channel, a two-step phase cycle consisting of [+X —x] on
the Z-pulse was applied.

The sweep rate of shaped pulses was compensated by the v (f)
profile of the resonator to achieve uniform excitation [91] which
was measured in each session. The non-linear amplification by
the excitation chain was characterized as described previously
[91] and used for pulse compensation. Inversion efficiencies were
measured as described in Ref. [91]. UWB pump pulses were
employed at the full available amplitude. Shaped observer pulses
had length ratios 2:1 for 2-pulse echoes, 2:2:1 for refocused echoes
and the DEER observer subsequence and 2:2:2:2:1 for the refo-
cused virtual echoes detected in the RIDME sequence in order to
cancel phase shifts [94]. The adiabaticity of the observer pulses
was set by sweeping the amplitude of each pulse and selecting
the amplitude for maximum echo intensity. The sweep range and
direction was the same for all observer pulses, from low to high
frequency. The observer frequency band was centered in the
1-2 GHz detection window of the digitizer. The local oscillator
(LO)-frequency was adjusted such that the pulses were located
centered around the centre of the resonator at resonance frequency
fo- Experiments with shaped observer pulses with a bandwidth of
0.5-0.9 GHz were evaluated by integration over 3 ns (six data-
points) of the echo transients. The frequency offset between obser-
ver and pump pulses is defined from pulse edge to pulse edge,
where only the two inner (closest) pulse edges of observer and
pump pulses are considered.

An optimization of the pump pulse parameters in DEER mea-
surements was performed as described previously [91]. The delay
T, was set to 2 ps and two points were measured with t = 7; and
t =11 + 1 ps, respectively. For details regarding the setups for all
DEER measurements, see Table SI 3 in SI.

All RIDME and DEER traces presented in the sensitivity compar-
ison were recorded with the same measurement time of ca. 1.5 h at
20 K with a shot repetition time of 750 ps.

2.3. Data analysis

Relaxation times. Data were analyzed and processed with home-
written MATLAB (The MathWorks Inc., Natick, MA, USA) scripts.
Inversion recovery traces were offset-corrected, sign-inverted and
subsequently fitted by stretched exponential functions of the form
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c - exp(—(t/T1)") using nonlinear least-squares fitting. Longitudinal
relaxation times T, were extracted as fit parameters. Hahn echo
decay traces were offset-corrected by removing a (weak) constant
offset from the last 20 data points. The data were then fitted by
stretched exponential functions of the form c - exp(—(t/Tn)") using
nonlinear least-squares fitting. Fitting errors were extracted from
the 95% confidence intervals of the fit. However, we found that
experimental uncertainties introduced by the dead time as well
as pulse settings can cause larger variation of Ty, up to 8%.

Processing of PDS data. RIDME and DEER data were processed
with DeerAnalysis.[74] For background correction, the dimension
of an exponential background decay was fit to the DEER and RIDME
data. Note that this resulted in different background dimensional-
ity for the two methods. Subsequently, the experimental trace was
divided by the background fit and normalized. Dipolar spectra
were obtained after background correction by Fourier Transform
and normalised to their integral in DeerAnalysis.

Extraction of noise. Determination of noise levels as the root
mean squared deviation (rmsd) between time or frequency domain
fits and experimental data - as is often used as noise estimate -
was disturbed by differences due to orientation selection for our
data. Instead, noise levels were determined from the outer halves
of the dipolar frequency spectrum. White noise of time-domain
data is distributed equally over the (dipolar) frequency domain
and in this case it is possible to extract the noise independently
from the quality of the fit. In the data presented, a slight frequency
dependence of the noise level is observed in frequency domain due
to the time dependence of the noise in the primary data. The noise
is thus not strictly white. However, using different fractions of the
frequency domain data in the noise analysis did not influence the
qualitative findings. Consequently, the noise level n; was deter-
mined from the rmsd between the dipolar spectrum and the zero
baseline in the outer halves of the frequency domain data. Because
the dipolar spectra were normalized to their integral, the noise
level extracted in this way is already inversely scaled by the mod-
ulation depth 2 and the sensitivity # can be directly calculated as
the inverse of ngr. To estimate the noise level ny on the time
domain traces, i.e. independent of the modulation depth, the rmsd
between the moving average of 15 data points and the experimen-
tal traces was calculated. In this case, the sensitivity #,, corre-
sponds to i/n .

3. Results and discussion
3.1. Characterization of Cu(II)-PyMTA for dipolar spectroscopy
Relaxation rates are important parameters in pulsed dipolar

experiments. The transverse relaxation rate limits the maximal
detectable trace length and thus the distances that can be

extracted. In this respect a long phase memory time Ty, is benefi-
cial and Ty, can be significantly prolonged by solvent deuteration
[113]. Equilibrium magnetization builds up with the longitudinal
relaxation rate due to spin-lattice interactions. It thereby sets an
upper limit for the repetition rate of the EPR experiment. For a
given measurement time, it thus also constrains the SNR. Further,
in the case of RIDME experiments spontaneous spin flips of the B
spins during the mixing block introduce the dipolar modulation
to the RIDME signal. The smaller T, 3, the higher the probability
of a spin flip. However, if T; ~ Ty, a significant number of sponta-
neous flips of A spins will occur during the transverse evolution
period reducing the modulation depth in dipolar spectroscopy.
Further in the case of RIDME experiments, the electron coherences
that are not transferred to polarization by the first 7z/2 pulse of the
RIDME mixing block will further contribute additional, unwanted
echoes to the RIDME signal evolution if T < Trm. Accordingly, a
ratio of T;/Ty, of about 5 was considered to be best suited for
metal-metal RIDME experiments [114]. The temperature and field
dependence of the relaxation rates makes these parameters factors
to consider in the optimization of measurement conditions for a
certain spin system. Fig. 2 shows the extracted Ty, and T; times
for the bis[Cu(II)-PyMTA] ruler in the range of 10-30K. It can be
seen that for decreasing temperatures <15 K, the T; times become
significantly longer, which leads to an increase in measurement
time due to long repetition rates at the same SNR. On the other
hand, transverse relaxation increases more gradually. In the stud-
ied system at 20K and in Q band, the signal intensity is decayed
to 10% of its initial value at 18 ps, which serves as an estimate of
the upper distance limit assuming the background decay can be
neglected, e.g. in DEER at very low spin concentration. This corre-
sponds to a full period of the dipolar coupling frequency for dis-
tances up to 10 nm. For temperatures >20K, the T,/Tp, ratio is
in a reasonable range for RIDME measurements. Thus, a measure-
ment temperature of 20 K was chosen for all distance measure-
ments as best compromise between long T, experimental
repetition rate and T, /Ty, ratio. Note that at higher measurement
temperatures of 25 K the T, /Ty, ratio further decreases to the opti-
mal value of ~5, which may be more optimal for RIDME measure-
ments if the phase memory time remains sufficiently long.
However, this was not tested experimentally here.

The qualitative findings for the relaxation rates are the same in
Q and W band. While the number of detectable spins decreases
with increasing microwave frequency, the situation is more com-
plex for concentration sensitivity and in pulse EPR experiments
with limited bandwidth. Significant broadening of the Cu(Il) spec-
trum occurs while the excitation bandwidth remains similar
(between X and Q band) or even decreases (for W band) due to
technical difficulties to provide and apply amplifier technology
with similar output power in W band. This leads to a loss in SNR
as only a smaller fraction of the spectrum can be detected. Thus,
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Fig. 2. Relaxation times of bis[Cu(II)-PyMTA] ruler in Q band (black crosses) and W band (blue crosses). The dashed lines are guides for the eye. (a) Phase memory time T,
and (b) longitudinal relaxation time T;. (c) Division of longitudinal by transverse relaxation T;/Ty,. The relaxation times are estimated from fitting stretched exponential
functions of the form c - exp (—t/T;)*. The fitting parameters x and T; are provided in the SI. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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most of the experiments were performed in Q band. In order to
excite a larger fraction of the Cu(Il) spectrum, the performance of
DEER experiments using shaped pulses was also studied in X band.

3.2. Shaped pulses

3.2.1. Performance of shaped pulses

In Fig. 3(a), the Q-band EPR spectrum of the bis[Cu(Il)-PyMTA]
ruler is shown cast on a frequency axis. As is common for the
EPR spectra of metal centers, the spectrum spans several GHz, in
this case more than 4 GHz. In comparison, most commercial res-
onators exhibit a narrow mode B;(f) and the available resonator
bandwidth Af,, is usually below hundred MHz even at complete
overcoupling. As mentioned already in the introduction, limita-
tions in v¢(f) and bandwidth Af., by the resonator ultimately
restrict the adiabaticity of the pulses as well as broadband detec-
tion. The v (f) profile (red) of a recently developed broadband res-
onator [105] is overlaid onto the spectrum (black) in Fig. 3(a). Fast
nutation frequencies v; > 40 MHz, are available over a range of
nearly one GHz. With

V]'hi
g U

B, (5)

this corresponds to B; > 1.43 mT. Such high B, fields over such a
large resonator bandwidth Af ., are highly promising for measure-
ments of spin 1/2 systems using shaped pulses. We already demon-
strated recently [105] that the gain in sensitivity for Cu(Il)-Cu(II)
DEER measurements using a HS6 pump pulse in this resonator is
larger than in a home-built resonator with narrower resonator
bandwidth [110].

Inversion efficiencies E = (Mo — M;)/2My, with M, being the
equilibrium magnetization and M, being the longitudinal magneti-
zation along the z-direction, measured on the bis[Cu(Il)-PyMTA]
ruler for linear frequency sweeps (chirps) covering different fre-
quency bandwidths Af are shown in Fig. 3(b). For all pulses, the
frequency flanks are well defined and excitation in the specified
frequency band is largely uniform. A slightly lower inversion effi-
ciency is observed for a pulse bandwidth Af of 0.9 GHz. This is
expected, as according to Eq. (4) the adiabaticity at a broader
sweep range Af is lower, see Table 1, which in turn decreases the
inversion efficiency. However, the inversion efficiency does not
exceed 70% in any case. This is well below the expected inversion
efficiency which should be 100% for an ideal system and Q. > 5.

We tested if this loss in inversion efficiency is caused by the
dipolar coupling in the bis[Cu(I)-PyMTA] ruler by performing the
same experiments on the Cu(Il)-PyMTA complex. The same
frequency-dependent inversion profiles were obtained as shown
in Fig. SI 3 in the Supporting Information. We currently do not fully
understand what limits the inversion efficiency. Spin dynamics
during adiabatic pulses differs from the one upon simultaneous
excitation of all transitions by monochromatic pulses. The time-
dependence of excitation can lead to coherence transfer effects if
transitions with slightly different frequencies are passed consecu-
tively [94]. This resulted for example in the observation of addi-
tional peaks in 3-pulse Electron Spin Echo Envelope Modulation
(ESEEM) spectra that were dependent on the sweep direction
[115]. However, the maximal inversion achieved by monochro-
matic pulses is with less than 80% for this spin system also signif-
icantly below the expected level. This suggests that the loss in
inversion efficiency for the Cu(Il)-PyMTA complex is not domi-
nated by coherence transfer effects resulting from dipolar coupling.
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Fig. 3. (a) Overlay of the resonator v; (f)-profile (red) of the broadband resonator on the echo-detected field sweep spectrum I(f) (black). (b) Inversion efficiencies E(f) for
chirp pulses of different pulse bandwidth Af (coloured lines) and of a monochromatic 12 ns pulse (grey), with I(f) and v, (f) overlaid. (c) Echo transients for 2-pulse chirp
echoes, centered around 0 and shifted according to the pulse bandwidth Af, with the same color code as in (a) and (b). As expectation for the maximal echo intensity, we
compare the normalized integrals [E(f) - I(f) df (circles)and [E(f) - I(f) - vi(f) df (shown as x). The predicted echo intensities were scaled so that the prediction for a 2-pulse
echo with 0.1 GHz chirps agrees with the experimentally observed echo intensity. Lines connecting the circles (black) and x-symbols (red) are guides for the eye. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Predicted adiabaticities of the shaped observer pulses used for the 2-pulse echoes in Fig. 3 (chirp pulses) and for HS pulses of order 6 at the same pulse bandwidth Af.
Pulse bandwidth Af/GHz 0.9 0.7 0.6 0.5 0.3 0.2 0.1
Adiabaticity Q. for chirp pulses 2.4 4.1 5.2 71 14.7 23.6 49.5
Adiabaticity Q. for HS6 pulses 14 2.6 34 45 10.4 173 35.8

Instead it could be a consequence of the hyperfine coupling and
excitation of forbidden transitions. Preliminary tests on E'-centers
in yp-irradiated quartz glass, a system that does not exhibit hyper-
fine couplings, showed that 100% inversion can be achieved on our
experimental setup. Note that for the Cu(ll)-PyMTA complex it
might be possible to achieve higher inversion efficiencies if the
sweep rates of the pulses are not compensated for the resonator
v1(f) profile. However, this gain in peak inversion efficiency would
be at the expense of uniformity of inversion. Investigation of these
effects is deferred to a dedicated study. Here, we proceeded to the
comparison of methods based on the currently achievable
performance.

To summarize, broadband pulses with well defined frequency
bands and largely uniform inversion profiles are available in our
experimental setup using the broadband resonator. However, the
level of inversion is limited to 65-75% for the Cu(Il)-PyMTA com-
plex due to reasons which have yet to be understood.

3.2.2. Shaped observer pulses

To test the performance of shaped pulses for the observer sub-
sequences in DEER and RIDME experiments, we first consider the
simpler case of a 2-pulse echo. In Fig. 3(c), echo transients resulting
for 2-pulse echoes of chirp pulses of different Af are shown with
the same color code as the pulse profiles in Fig. 3(b). Simultaneous
refocusing is achieved by adjusting pulse lengths to avoid phase
dispersion [94]. Two observations can be made: (i.) The broader
the excited frequency range, the narrower the observed echo in
time domain is. (ii.) The peak echo intensity increases with an
increased fraction of the spectrum being covered.

(i) A narrower echo is expected for simultaneous refocusing of a
broader range of frequencies: before and after the exact time
of refocusing, the different frequency contributions will lead
to destructive interference. In a linear approximation, the
shape of the echo transient is the Fourier Transform of the
product of the excitation profile with the spectral lineshape.
With increasing pulse bandwidth (range of frequencies),
destructive interference takes place closer in time to the
refocusing point. When comparing shaped pulses to
monochromatic pulses, shortened 2-pulse echoes were
already observed for nitroxide samples [91,116] as well as
for X-band measurements of the hexaaqua Cu(Il) complex
[Cu(H,0)6]**[91]. Due to the narrower spectrum in both
cases, the effect was less pronounced. Here, we observed a
systematic shortening of the echo with increasing excitation
bandwidth as it would be expected from theory. It follows,
that the echo integration window has to be adjusted individ-
ually based on the excited frequency range for experiments
with shaped observer pulses evaluated by echo integration.

(ii) For increasing pulse bandwidth Af of the pulses, the peak
echo intensity increases approximately linear with the pulse
bandwidth for Af < 0.5 GHz before it saturates for broader
Af. The peak echo intensity corresponds to the number of
excited spins which in turn corresponds to the integral over
the product of the excitation efficiency profiles E(f) of the
pulses and the spectrum I(f). We compared the integrals
JE(f) - I(f)df for each pulse bandwidth Af to the maximal
value of the averaged echo transient in Fig. 3(c). The
intensity value is of arbitrary unit. We thus had to choose

a reference point for comparison of the predicted echo inte-
grals and the maximal value of the echo transients. The pre-
dicted echo integral for a 2-pulse echo of a 0.1 GHz chirp was
calculated from the pulse profile of such a pulse, shown in
yellow in Fig. 3(b), and used to determine a scaling factor.
Note that this scaling factor only represents a rough esti-
mate so that we can discuss trends but not absolute values.
The predicted echo intensities follow the initial trend of
increasing echo intensity for Af < 0.5 GHz. However, the
effect of saturation at broader pulse bandwidth Af is not
reproduced by the calculated echo intensities.

The frequency-dependence of the resonator attenuates the
echo contributions with frequencies further away from the
center of the resonator mode f,. Compensation of the sweep
rate of the pulses should alleviate attenuation by the res-
onator for excitation, but not for detection. We tried to mim-
ick this attenuation by including v; (f), which is proportional
to the frequency dependence of detection efficiency, into the
calculation as [E(f) -I(f) - vi(f) df. The echo intensities pre-
dicted with inclusion of v;(f) are marked by x-symbols in
Fig. 3(c) and connected by a red line as guide for the eye.
For broad pulse bandwidth Af, attenuation of the increase
in peak echo intensity is observed albeit less strongly than
in the experimental data. This suggests that also other effects
contribute to the reduction in echo intensity for broad Af.
Some of these losses in echo intensity might result from
instantaneous diffusion which is expected to increase if a lar-
ger fraction of the spectrum is excited. Interestingly, the pre-
dicted echo intensities for the Cu(Il)-PyMTA complex match
the experimental ones better (see Fig. SI 3). This might indi-
cate that some of the echo loss at higher Af for the bis[Cu
(IN)-PyMTA] ruler is due to coherence transfer to forbidden
transitions, which was predicted theoretically for a system
of two dipolar coupled spins.[94] However, as the scaling of
the echo intensities is arbitrary, the agreement for the
Cu(II)-PyMTA complex has to be interpreted with caution.

We further tested the influence of pulse length, pulse shape and
compensation for the v;(f) profile of the resonator on the peak
echo intensity, see Figs. SI 4 and SI 5 in the Supporting Information.
We found similar performance for HS6 pulses and chirps. For
shaped pulses with different parameters, the optimal pulse ampli-
tudes were found to be different, as expected due to differences in
adiabaticity. However, the maximal peak echo intensity was found
to remain very similar provided a sufficient adiabaticity can be
reached for the given pulse length and shape. We therefore con-
clude that the peak echo intensity is not limited due to these tech-
nical parameters.

Based on these experiments, we chose HS6 pulses for the
observer part of the pulse sequence in the following DEER and
RIDME measurements as they were found to provide robustly a
high adiabaticity and still maintain a reasonable steepness of the
frequency flanks and thus well defined excitation profiles. With
HS6 pulses, the highest echo intensities were found for a pulse
bandwidth Af of 0.5 GHz when integrating 3 ns of the echo
transients.

Analogous results as in these optimizations regarding 2-pulse
echoes were obtained for the intensity of a refocused echo, which
corresponds to the observer subsequence of the DEER experiment
(data not shown).
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3.3. DEER experiments with wideband pulses

3.3.1. Shaped pump pulses

Shaped pulses were employed as pump pulses in DEER mea-
surements with monochromatic observer pulses. In order to find
optimal parameters for the shaped pump pulse, a procedure
adapted from Doll et al. [91] was used: two points of the DEER
trace S(t) were recorded while pump pulse parameters were var-
ied. The timings of the pump pulse corresponded to the maximal
echo intensity of the DEER trace, i.e. the zero time, and to the first
local minimum of the DEER trace, respectively. The difference
between the two data points serves as sensitivity estimate because
S(0) — S(t) = S(t) - 4. Note that this 2-point procedure can lead to
distorted results for systems with strongly correlated geometry if
the first local minimum is artificially lowered by orientation selec-
tion effects. However, the measurements presented here were
detected at the maximum of the Cu(Il) spectrum where many ori-
entations contribute so that orientation selection effects are
reduced [73].

Optimization of the offset and pulse bandwidth Af (frequency
range) were carried out for different shapes and lengths of the
pump pulse. In Fig. 4, the results for a HS pump pulse of order 1
and 6 and length of 250 ns, as well as for a 100 ns-long HS6 pulse
are shown to visualize two general trends that were observed:

(i.) The optimal pulse bandwidth Af is larger with increasing HS
order and with increasing pulse length. The former effect is
nicely illustrated by the difference in optimal Af for the HS1
and HS6 pulse of the same length of 250 ns in Fig. 4(a) and
(c): 0.8 GHz and 1.2 GHz, respectively. The latter effect is
observed when increasing the pulse length of a HS6 from
100 ns to 250 ns: the optimal Af changes from 0.8 GHz to
1.2 GHz, cf. Fig. 4(b) and (c). Both observations agree with
expectations: A HS pulse of higher order has a higher adia-
baticity [117]. And a longer pulse can maintain a high adia-
baticity Q. at higher Af based on Eq. (4). However, the
length of the pump pulse in DEER is limited by the shortest
distance rn;, contributing to the distance distribution: the
time-dependence of inversion by the shaped pump pulse
can lead to an artificial broadening of the distance peaks if
the length of the pump pulse ¢, is > %d where Tqq is the dipo-
lar oscillation period [99]. The pulse lengths 100 ns and
250 ns were chosen to model distance measurements of sys-
tems with a shortest distance contribution ry;, > 2.75 nm
and 1y, > 3.73 nm, respectively.

From this optimization, we conclude that the modulation
depth and thus sensitivity of DEER measurements with
monochromatic observer and shaped pump pulses increases
with Af, HS order and length of the pump pulse, while the

(@) (b)

shortest distance to be detected limits the pump pulse
length.

(ii.) The optimal frequency offset between observer and pump
pulse correlates with the steepness of the frequency flank
of the pump pulse. A lower order of the HS pulse leads to
a more defined frequency flank, see Fig. 1(e). Similarly, an
increased pulse length helps defining the frequency flank
better. A more defined frequency flank in turn decreases
the optimal offset and thus also allows for a smaller offset
if this is required for the spectroscopic question at hand.

Further note that the experiments presented in Fig. 4 were per-
formed with the sweep rate of the pump pulses adapted to the
v¢(f) profile of the resonator. We compared these results to exper-
iments without compensation and found the same trends (data not
shown). Note however, that the higher uniformity of the compen-
sated pulses should simplify interpretation of the DEER data, in
particular if orientation selection must be considered.

In summary, we found that an individual optimization of the
pump pulse parameters for a given combination of spectrometer,
resonator and spin system is advantageous. HS6 pulses of length
restricted by ¢, < %ﬂ appear generally to be a robust choice for a
broad range of ’optimal’ pulse bandwidth Af. We expect these
observations to hold true not only for DEER measurements
between Cu(ll) centers but between any two spin 1/2 systems with
broad and potentially overlapping spectra.

The optimized pump pulses were applied in DEER measure-
ments with monochromatic observer pulses, see Fig. 5(a). The
traces were compared to a DEER measurement with the shortest
monochromatic pulse of 7 ns length available in the center of the
Q-band broadband resonator as pump pulse which results in a
modulation depth / of 6%. The modulation depth /. was signifi-
cantly increased to 17% for a HS1 pump pulse of length 250 ns.
With a HS6 pulse of the same length, 27% modulation depth were
achieved. Reducing the length of a HS6 pump pulse to 100 ns still
yields / = 20%. These observations roughly correspond to the pre-
dictions made from the 2-point optimizations, cf. Fig. 4. As dis-
cussed there already, a shorter pump pulse has to be used for
shorter r,;,. These DEER traces therefore confirm that the maximal
sensitivity gain by shaping the pump pulse will be lower if shorter
distances ry, are of interest.

The noise level n; and initial signal intensity S(0) of the indi-
vidual DEER traces appear to be rather similar between the traces
with different pump pulses. Thus the sensitivity 1 for distance
determination is strongly increased in the DEER traces with HS6
pump pulses in comparison to the monochromatic pump pulse.
For details see Table SI 5 in the SI.

In Fig. 5(b), the pulse bandwidth Af is cast on a field axis and
overlaid on the echo-detected field sweep. From this direct
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Fig. 4. 2-point optimization for Q-band DEER experiments with pump pulses of different shape and length: (a) HS1 250 ns, (b) HS6 100 ns, (c) HS6 250 ns. Observer pulses
were monochromatic (12 ns) and placed at the maximum of the spectrum. The difference between the intensity at t, and to + 1 ps is plotted, normalized to the maximal echo
intensity at to. For a pump pulse of higher HS order or longer duration, broader pulse bandwidths Af are optimal due to the higher adiabaticity.
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comparison it is clear that many more spins are included into the
experiment by the use of the HS compared to the monochromatic
pump pulse. However, a significant fraction of the spins is not yet
excited in the Q-band DEER traces. For the bis[Cu(II)-PyMTA] ruler
studied here, this manifests in residual orientation selection: the fit
corresponding to a superposition of Pake patterns and the experi-
mental traces deviate slightly for dipolar evolution times between
0.9 and 1.1 ps in Fig. 5(a). Orientation selection is discussed in
detail in Section 3.5. For now it suffices to note that not all spins
take part in the Q-band experiments with shaped pump pulses.
However, a much larger fraction of all spins is excited than in the
case of a monochromatic pump pulse.

In X band, the spectrum of the Cu(Il)-PyMTA complex spans
about 80 mT, which is less than half of the spectral width in Q
band. In the following, we explore what fraction of the narrower
X-band spectrum can be included into the DEER experiment by a
shaped pump pulse.

A significant fraction of the spectrum can be excited in X band
already by the shortest available monochromatic pulse of
6.5 ns (—0.15 GHz) pumping on B, This in turn increases A to
14%, shown as grey trace in Fig. 5(c). However, the noise level
nyv in the time domain data is slightly higher in the X-band than
Q-band DEER traces as concentration sensitivity is higher at the
higher frequency. These two effects partly compensate each other
with respect to the sensitivity # of DEER measurements, resulting
in similar sensitivity for DEER with a monochromatic pump pulse
in X band and in Q band, see Table SI 5 in the SI.

X-band DEER measurements with shaped pump pulse were
performed with the monochromatic observer pulses positioned
at Bnax. A trace recorded with a HS6 pump pulse of 100 ns length
and 0.57 GHz bandwidth Af, is compared to a DEER trace with a
pump pulse of the same Af but a length of 250 ns in green and light
blue in Fig. 5(c). The modulation depth was drastically increased to
24% and 36% for the 100 ns and 250 ns-long HS6 pump pulse,
respectively. From the overlay of the bandwidth Af of the pulses

and the echo-detected field sweep spectrum in Fig. 5(d) it becomes
clear that a much larger fraction of the spins take part in the exper-
iment. However, the fit by a superposition of Pake patterns in Fig. 5
(c) still deviates from the experimental data for dipolar evolution
times of 0.9-1.1 ps. This residual orientation selection can be
reduced by increasing the bandwidth Af of the pump pulse to
1.5 GHz, i.e. covering the entire low-field shoulder of the spectrum.
The corresponding DEER trace is shown dark blue in Fig. 5(c). The
change in the shape of the DEER data - including an increase in
modulation depth to 44% - proves that a different set of pumped
spins participates in the experiment. Indeed, the shape of the form
factor agrees much better with the fit by a superposition of Pake
patterns. Note also that this modulation depth is similar to the
one achieved for nitroxide pairs with monochromatic pulses.

Despite the increased noise level n;y in X band compared to Q
band, we found the sensitivity # of X-band DEER with shaped
pump pulses to be similar to the one of Q-band DEER due to the
increased modulation depth 2, see Table SI 5 in SIL

To summarize, we found a strong increase in modulation depth
and thus sensitivity by substituting the monochromatic pump
pulse by a shaped one for DEER experiments both in X and Q band.
With a 250 ns pump pulse, corresponding to rmi, > 3.73 nm, the
increase in the fraction of the spectrum excited by the pump pulse
resulted in even larger sensitivity gains. Due to the narrower spec-
trum in X band, it was possible to include nearly the whole spec-
trum in the experiment. The gain in coupled spin pairs cancelled
the lower concentration sensitivity of X vs. Q band and lead to a
similar sensitivity of X-band and Q-band DEER.

3.3.2. All pulses shaped

The shaped observer pulses were combined with a shaped
pump pulse for DEER measurements. In order to assess the individ-
ual gain by sweeping the frequency of either the observer or the
pump band, we investigated all possible combinations, i.e.
monochromatic observer pulses with monochromatic pump pulse
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(MoM,), monochromatic observer pulses and shaped pump pulse
(MoSp), shaped observer pulses and monochromatic pump
pulse (SoMp) and shaped observer pulses with shaped pump pulse
(SoSp). The traces are compared in Fig. 6(a).

All shaped pulses had a width of Af = 0.9 GHz and were placed
on one side of the resonator each: the observer pulse frequency
range began 50 MHz above and the pump pulse frequency
range began 50 MHz below the resonator center f, at
B = Bimax — 10.4 mT, respectively. The regions of the spectrum cov-
ered by the individual pulses are cast on a field axis and overlaid
over the echo-detected field sweep in Fig. 6(b). They were kept
constant between all traces, so that for example the shaped pump
pulse (Sp) had the same frequency range in the M,S, and S,S,
setup. Note that this corresponds to a pulse setup with lower
sensitivity for M,M, than setting the observer position onto the
spectral maximum as was done for the measurements in Fig. 5(a).

Analogously to the observations made above in Fig. 5(a), the
M,S, setup resulted in a large gain in modulation depth 4 over
the MM, setup from 4% to 28%. In contrast, the SoM, setup did
not result in a significant increase in A (5%). Both these observa-
tions agree with considerations of orientation selection for geo-
metrically correlated systems: The observer frequency selects the
orientation(s) of the molecular system with respect to the external
magnetic field By. The pump pulse induces a contribution to the
modulation only if the resonance frequency of the coupled spin
for this orientation of the molecular axis system corresponds to
the pump pulse frequency band. In other words, the pump fre-
quency range determines / within the observer-selected molecular
frame. For the M,S, setup this corresponds to an increase in 1 as
the range in pump frequencies is broadened, which increases the
probability that the resonance frequency of the geometrically
restricted partner spin lies within the pump band. In contrast, a
broadened observer frequency range selects more of the randomly
oriented spins in the sample to participate in the experiment
which in turn should increase sensitivity. However, a broader
observer frequency range only increases the probability of the
partner spin to resonate at the pump frequency, if the constrained
geometry requires a specific frequency offset, which was not
excited before with narrowband (monochromatic) observation. A
broadened observer frequency range therefore often does not have
a significant influence on /, as we find it here when comparing the
SoMp, and MM, setup.

A further increase in modulation depth 4 to 35% was observed
for the combination of shaped observer pulses with a shaped pump
pulse (S,S;). We tentatively explain this increase in / to orientation
selection for this geometrically correlated bis[Cu(Il)-PyMTA] ruler:
the additional spins that are excited by the broadened observer fre-
quency range in comparison to the monochromatic observer pulse
select a set of molecular orientations that due to the geometrical
constraint have a higher probability that their partner spin is res-
onant with the pump frequency band.

The dipolar spectra shown in Fig. 6(c) provide no arguments in
favour of or against this hypothesis. Dipolar spectra detected with
the M,S, and S,S, setups are very similar, i.e. the set of detected
orientations of the spin-spin vector with respect to the external
magnetic field B, are similar. However, it would still be possible
that the probability of the observed spin to be the partner spin of
one of the pumped spin packets is increased by the S,S, setup,
which would then result in the higher A. Furthermore, the dipolar
spectra for the setups with shaped pump pulse closely resemble a
superposition of Pake patterns. This suggests that a larger subspace
of 6 values is sampled by the shaped pulses applied here. In con-
trast, the M,M, and the S,M,, dipolar spectra both do not resemble
a superposition of Pake patterns. The subspace of sampled 0 values
is thus clearly not sufficient for detection of the complete Pake pat-
tern. A comparison of the distance distributions computed with
neglect of orienation selection is presented in Fig. SI 11.

Unexpectedly, with shaped observer pulses the observed noise
level ny was slightly higher than for the otherwise equivalent
setup with monochromatic observer pulses in Fig. 6(a). This obser-
vation was made with monochromatic (M,) as well as with shaped
pump pulses (S,). A yet larger increase in n;y was observed in S,S;
with respect to M,S, DEER measurements for a setup, in which the
observer bandwidth was placed around Bn.x with Af,,, set to
0.5 GHz, as optimized for sensitivity in Section 3.2.2. Here, Af jm,
was 1.2 GHz, the data are shown in Fig. SI 7. Much higher noise
levels were also found for S, than M, DEER measurements with
the same setup as in Fig. 6 but with the observer and pump band
inverted, i.e. the observer band covering By.x and the pump band
the spectral region towards the low-field shoulder, see Fig. SI 8.
All noise levels are provided in Table SI 5. It thus appears as if
the increase in noise level was more pronounced if the observer
pulses were placed around the maximum of the Cu(Il)-PyMTA
spectrum compared to placing the observer pulses towards the
low-field shoulder. As discussed above in Section 3.2.2, the
increase in detectable coherence saturates for Af > 0.5 GHz if
shaped observer pulses are placed around By,.x and no pump pulse
is applied. We currently do not understand why shaped observer
pulses lead to increased noise levels in dipolar data despite the fact
that more spins are observed in the experiment. A thorough under-
standing of this observation requires a dedicated study.

Note that in some cases we also observed higher noise levels
nyv in the DEER trace when the pump pulse was shaped instead
of a monochromatic pulse, see Fig. 6(a). This increase in noise
n; v was observed in the form factor in time domain, however, in
some cases it was masked in the noise evaluation n,gr from dipolar
spectra by the improved modulation depth, see Table SI 5 in the SI.
The increase in noise n;y for shaped pump pulses was large in the
measurements where the observer was far from the spectral max-
imum in Fig. 6(a), however it was not significant when the obser-
ver pulse was positioned on the spectral maximum, see Fig. 5(a).
We tentatively explain this increase in noise level n;y by off-
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Fig. 6. DEER with monochromatic (M) and shaped (S) observer (,) and pump pulses () at Q band: M,M, (grey), SoM, (green), M,S;, (blue), S,S, (red). (a) DEER background-
corrected form factors, (b) echo-detected field sweep with pulse ranges indicated by colored boxes, (c) dipolar spectra. A strong increase in modulation depth 4 and recovery
of the shoulders of the dipolar spectrum is observed upon shaping the pump pulse. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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resonant Bloch-Siegert phase shifts ¢s caused by the individual
pumped spin packets on the observer spin packets. Due to the dis-
parity in ¢y for different offsets, destructive interference results in
echo reduction. Such phase shifts have been observed before in
Gd(IIT)-Gd(IIT) UWB DEER and were alleviated there by application
of two pump pulses, one on either side of the observer frequency
[99]. This effect is expected to be amplified if the observer pulses
are shaped: ¢; now depends on the offset of each specific observer
spin packet to its respective pumped spin packet.

To conclude our findings for DEER experiments with shaped
pulses, we found very large improvements in sensitivity when sub-
stituting the monochromatic pump pulse by a shaped one in DEER
experiments with monochromatic observer pulses. This effect was
especially strong in X band, where nearly the whole spectrum can
be included in the experiment. Combining shaped observer pulses
with a shaped pump pulse did result in an increase in nominal
modulation depth over the equivalent experiment with monochro-
matic observer pulses. We attribute this otherwise unexpected
finding to orientation selection effects. Shaped observer pulses lead
to an increase in noise level that is contradicting the increase in
peak intensity in the echo transients. Sweeping only the observer
pulses did not increase the modulation depth significantly. This
is in agreement with expectations as the modulation depth in DEER
corresponds to the fraction of B spins that are pumped for the
observer-selected molecular orientations. A broader observer band
thus detects more molecular orientations (as A spins), but might
not necessarily increase the probability that the coupled spin res-
onates within the pump band. Dipolar spectra resembling a super-
position of Pake patterns were detected in the measurements using
shaped pump pulses provided Af ., covered a significant part of
the spectrum. This suggests that orientation selection was largely
suppressed. In the following, we will explore the sensitivity of
RIDME experiments with monochromatic as well as shaped obser-
ver pulses before we discuss orientation selection in DEER and
RIDME in detail in Section 3.5.

3.4. RIDME experiments

3.4.1. Rectangular pulses

In contrast to the DEER experiment, where inversion of the B
spins is achieved by applying a pump pulse at a second frequency
band, in RIDME B spins are inverted by stochastic longitudinal
relaxation events and thus a single frequency band is sufficient.
This poses lower technical requirements to (i) the spectrometer
and (ii) the resonator. Further, the observer frequency can be
placed freely in the resonator and in the EPR spectrum of the A
spins, so that the position of highest sensitivity can be chosen. This
implies that the performance of the RIDME technique is drastically
improved in resonators with a higher quality factor Q, which
induce a higher signal intensity at the same spin concentration
(see Table SI 4 and SI 5 for a comparison of the loop-gap and
TE ¢, box resonator).

The modulation depth is determined by the time allowed for
longitudinal spin flips during the mixing block and builds up
according to the probability P,y of an odd number of spin flips
during the mixing block:[118]

_ 1 Tmix
Poga 75{1 —exp <— T1‘B>}' (6)

Note that this equation uses the assumption that longitudinal
relaxation of paramagnetic centres in frozen glasses is mono-
exponential as well as that it neglects correlated flip-flops of the
A-B pairs. The latter effect can cause a reduction of the limiting
value for the maximal achievable modulation depth.

As in the DEER experiment, an initial preparation period creates
electron coherence, which is in RIDME subsequently stored in the
direction of the external static magnetic field in form of a polariza-
tion grating. This results in a loss of half of the originally excited
magnetization. After the mixing time, the magnetization is trans-
ferred back into the transverse plane, where it is eventually
detected after refocusing by another m-pulse.

By adjusting the length of the mixing interval T, several
parameters can be tuned. A long mixing time leads to a higher
probability of B-spin flips and thus efficient spin inversion, which
in turn results in a large modulation depth. However, also some
A spins will loose their phase information by longitudinal spin flips
and thus the signal intensity is reduced. Further, a longer mixing
block allows for more efficient spectral diffusion in that time and
thus the background decay is accelerated [77, 82].

These findings are presented for a set of mixing times in Fig. 7(a
and b). Fig. 7(b and c) further shows that the shapes of the RIDME
form factors in time domain as well as in frequency domain for dif-
ferent mixing times remain largely constant apart from some zero-
frequency components which we attribute to imperfect back-
ground correction. The consistency in form factor shape for differ-
ent mixing times supports the assumption, that no orientation
selection due to different relaxation of the various spin packets is
introduced to the Cu(Il)-Cu(Il) dipolar evolution data - at least
for this very sample over the studied range.

A fast and simple experiment to probe the optimal length of the
mixing block is depicted in Fig. 8. It is based on a similar idea as the
two-point optimization for the DEER pump pulse parameters
shown in Fig. 4. Two points of a RIDME trace are measured while
the mixing time is varied: the zero time point, representing the
maximum signal intensity S(t = 0) (Fig. 8(a)) and a later time point
before the minimum of the first oscillation, e.g. 500 ns after the
zero time point S(t) indicated by the grey, dashed line in Fig. 7
(b). The intensity difference between the two time points can serve
as an estimate /,p of the modulation depth (Fig. 8(b)) and, if well
chosen, can reproduce the measured modulation depth for a full
RIDME trace (see dark blue diamonds in Fig. 8(b)). Note that the
steep background decay can cause deviations between /,p and
the true modulation depth. The product of signal intensity and
modulation depth serves as estimate for the sensitivity
N,p = S(0) - 7p of the experiment.

Fig. 8(c) shows that there is a range of mixing times with best
sensitivity, resulting from the trade-off between best signal inten-
sity and highest modulation depth. The trends resulting from this
estimate are in qualitative agreement with sensitivity measures
from full RIDME traces, that also take noise into account (purple
circles, see Table SI 4). Note that the two-point optimization under-
estimates noise contributions at the end of long time traces as
noise is not equally distributed over the background-corrected
RIDME form factor. Noise strongly increases towards the end of
the dipolar evolution time due to the shape of the background
function. For long time traces, in which the signal decays signifi-
cantly due to the background contribution for long mixing times,
it is thus advisable to use a Ty,x towards the beginning of the 'op-
timal range’. A shorter Ty, is also preferable for conditions with
very strong background curvature, i.e. in protonated solvent. For
short time traces, however, the signal at the end of the dipolar
trace is not yet decayed significantly due to the background contri-
bution and thus a long T« can be chosen to exploit the larger
modulation depth.

For the bis[Cu(Il)-PyMTA] ruler presented here, highest sensi-
tivity is achieved at a mixing time of approximately
Tmix ~ 3/4 - T; with a modulation depth of about 30%. A maximal
modulation depth of almost 50% can be achieved at the cost of
signal intensity and faster background decay for longer Tpx.
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Fig. 7. Dependence of RIDME traces on mixing time in Q band and at 20 K. (a) Primary data, (b) background-corrected form factors in time and (c) frequency domain. The
different mixing times are colour coded. The grey dashed line in (b) corresponds to the second time point used in the two-point optimization in Fig. 8. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Two-point optimization curves for RIDME experiments. (a) Signal intensity for t = 0 (blue) and t = 500 ns (rose). (b) Estimate of modulation depth /,; based on
difference of signal intensity at t = 0 and t = 500 ns (blue). Dark blue diamonds give the modulation depth 2 extracted from full RIDME traces. (c) Sensitivity estimate #,,
from product of signal intensity at t = 0 and modulation depth estimate /,p (blue), the same product for full RIDME traces (orange diamonds) and a sensitivity estimate taking
noise into account (purple). The grey vertical lines mark the longitudinal relaxation time T; extracted from fitting c - exp (—t/T;)* to the inversion recovery experiment at the
same measurement temperature and detection position. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

Non-negligible contributions of A-spin flips induced by B-spin flips
may cause some reduction in modulation depth. Note that echo-
crossings around the zero-time [81] may slightly overestimate
the modulation depth presented here. A similar effect was
observed in a study of nitroxide-Cu(II) rulers in our lab [102].

Depending on the interplay of background decay and trace
length required to access the distance of interest, the maximal
mixing time may be restricted. In addition to the DEER background
decay from intermolecular interactions, contributions from spec-
tral diffusion arise during the mixing block in the RIDME experi-
ment. With increasing mixing block duration these effects
become more pronounced and the background decay is acceler-
ated. A comparison of the background decay for the DEER and
the RIDME experiment is shown in the Supporting Information,
Fig. SI 9. The efficiency of the electron-nuclear spectral diffusion
process depends on the surrounding nuclei and thus on the sol-
vent, e.g. the effect will be more pronounced in proton-rich than
in deuterated environments [82]. Thus, the choice of the solvent
is not only an important parameter in terms of transverse evolu-
tion time, but also for the curvature of the RIDME background
decay. On the other hand, for short distances and consequently
short time traces, loss in signal intensity and faster background
decay are less significant, so that longer mixing times may be used
to increase the modulation depth.

To summarize, we observed an increase of the modulation depth
accompanied by a decrease in signal intensity with increasing Ty in
RIDME measurements. A two-point optimization was found to pro-
vide a good basis to choose Tnx with respect to sensitivity. The
choice of T, further depends on the distance of interest as the back-
ground decay is accelerated at longer mixing times. This effect is
expected to be particularly strong in protonated environment.

3.4.2. RIDME with shaped pulses
We explored the use of shaped pulses in RIDME measurements.
Optimization of the shaped observer pulses for RIDME is simpler

than in DEER for two reasons: (i) in contrast to DEER, only one fre-
quency band is necessary for excitation in RIDME. The shaped
observer pulses could therefore be placed symmetrically in the
centre of the resonator. (ii) The observer pulses can be placed
freely in the spectrum, as the excitation bandwidth for the B spin
is not limited by excitation in the RIDME experiment.

The shaped observer pulses were sweeping a frequency range
which was placed symmetrically around the maximum of the
Cu(Il)-PyMTA spectrum. This choice was motivated by highest
signal intensity as well as by the fact that most orientations of
the spin-spin vector contribute in this region, which should reduce
orientation selection [73].

We compared RIDME traces recorded with monochromatic
pulses to RIDME traces acquired with HS6 pulses of bandwidth
Af = 0.5 GHz. This bandwidth was found to provide optimal sensi-
tivity for two-pulse echoes of shaped pulses in Section 3.2.2.
Despite the larger excitation band of the shaped pulses, we
observed a reduction in SNR in the RIDME traces with shaped
pulses compared to using monochromatic pulses in the same
broadband (loop-gap) resonator (data not shown). The sensitivity
values are provided in Table SI 5: at the same mixing time of
50 us, RIDME using shaped pulses exhibits with 4-10? signifi-
cantly lower sensitivity than RIDME using monochromatic pulses
(1.3-10%) in the same resonator. The higher noise levels found in
DEER measurements with the same shaped observer pulses are
thus reproduced in the lower SNR of RIDME experiments with
these pulses. If monochromatic pulses are used in a resonator with
narrower bandwidth and larger sample volume, the sensitivity is
further increased to 2.4 - 10°. As RIDME does not utilize a broad-
band pump pulse, the use of a resonator with higher Q increases
the detection efficiency while restricting only the bandwidth of
the observer band. In summary, shaped observer pulses required
the use of a broadband resonator, yet yielded lower sensitivity than
measurements with monochromatic pulses in the same resonator.
For RIDME experiments with monochromatic pulses, a resonator
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with higher Q, and thus higher detection sensitivity, is more
beneficial.

In order to compare form factors of RIDME traces acquired with
monochromatic or shaped pulses with high SNR, in Fig. 9 we show
traces that were recorded with different numbers of scans. The
shape of the RIDME form factors detected by pulses covering
0.5 GHz slightly changes compared to the form factors obtained
with monochromatic pulses with pulse bandwidth Af ~ 40 MHz.
Both types of pulses were positioned symmetrically at and around
the maximum of the Cu(Il)-PyMTA spectrum, respectively. The
dipolar spectra detected by RIDME recorded with shaped as well
as with monochromatic pulses show deviations for higher dipolar
frequencies, i.e. the contributions corresponding to 6 = 0". In the
time domain this translates to slight deviations in the form factor
shape for early dipolar evolution times. This indicates an influence
of orientation selection, which will be discussed in Section 3.5. For
now we note that the weighting of this frequency contribution is
yet different for field-averaged RIDME data, but no additional fre-
quencies occur. This finding corroborates the assumption that both
perpendicular and parallel orientations of the spin-spin vector with
respect to the external field contribute at this detection position.

The RIDME background decay does not significantly vary with
the pulse bandwidth (see Supporting Information, Fig. SI 9). This
suggests that instantaneous diffusion due to the microwave pulses
negligibly contributes to the RIDME background decay in deuter-
ated frozen glassy matrices at the concentration used here and that
for these conditions the RIDME background shape is dominated by
spectral diffusion during the mixing block.

To conclude, we found a similar reduction in SNR when using
shaped compared to monochromatic observer pulses in the RIDME
experiment and in the DEER experiment. The shape of the RIDME
form factor and thus the dipolar spectrum were only slightly
affected by the change from monochromatic to shaped observer
pulses with larger bandwidth for detection at the maximum of
the Cu(Il)-PyMTA spectrum.

3.5. Orientation selection in DEER and RIDME

The spectral width of the Cu(II)-PyMTA EPR spectrum in Q band
does not allow for its full excitation even on a spectrometer with
high-power microwave output and broadband pulse shaping capa-
bilities. This leads to the afore-mentioned orientation selection
effects [52].

In Section 3.4.1, it was shown that the RIDME form factors are
largely constant over a wide range of mixing times from 0.1T; to
2T;. We thus assume that the probability of longitudinal relaxation
is approximately equal across the full spectrum and orientation
selection from the inverted spin can be neglected, even though lon-
gitudinal relaxation times vary across the spectrum (see Fig. SI 2 in
the SI). Thus, in the case of the RIDME experiments only orientation
selection from the observer spin contributes which restricts the
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dipolar angle 0 if the system has a fixed geometry. The latter effect
needs to be studied for a set of different detection positions across
the Cu(IlI)-PyMTA spectrum.

In contrast, the detected subspace of 0 is further limited in the
DEER experiment by the restriction that the frequency of the cou-
pled (pumped) spin for the observer-selected geometry has to be
contained in the pump-pulse excitation band. In Figs. 5 and 6, we
observed changes in the dipolar spectra with the bandwidth Af
of the pump pulse in UWB DEER.

In the following we investigate how the restriction of the
detected dipolar angles 6 by an UWB pump pulse
(Af pump = 0.8 GHz) in DEER compares to a B-spin flip by inversion
in RIDME experiments for the stiff bis|Cu(Il)-PyMTA] ruler with
correlated g-tensor orientations of the Cu(Il) centres at several field
positions. In both experiments, the observer pulses were
monochromatic and the field position is indicated with respect to
the observer frequency. For the DEER experiments, two data sets
were acquired: one, in which the pump band was positioned below
the observer frequency (Vpump < Vobs), and the other one with the
opposite arrangement Vohs < Vpump. The sum of the two traces with
same V,,s Were compared to the RIDME traces as well as the indi-
vidual data sets. This is illustrated in Fig. 11(a-d) for detection at
the maximum of the Cu(Il) spectrum. The full comparison of DEER
and RIDME traces at all fields is shown in Fig. SI 13. The different
detection positions and DEER setups are illustrated in Fig. SI 12.
Note that in the evaluation of the data presented here, the
g-value of the free electron g, was used.

Fig. 10 shows the dipolar spectra for detection at (a) the maxi-
mum and (b, c¢) in the low- and high-field regions of the spectrum.
For both techniques, the dominant dipolar frequency changes from
0.6 MHz for observation at fields < Bnix (Fig. 10(a andb)) to
1.2 MHz at higher fields than Bp,x (Fig. 10(c)). The strongest differ-
ences between the summed DEER trace and RIDME are observed in
regions in which mainly x/y-orientations of the g- and A-tensors
contribute, e.g. at Bnax and at higher fields as shown in Fig. 10(a
and c). For these field positions, the DEER traces are sensitive to
the position of the pump pulse: either the perpendicular or the
parallel contribution to the dipolar signal is enhanced as demon-
strated for detection at B in Fig. 11(a-d). At lower fields, the
dipolar spectra from RIDME and the different DEER setups largely
agree.

Averaging over a full set of RIDME as well as DEER data does
result in the same distance information. The summed dipolar data
are shown in Fig. 11(e-h). This suggests that with the applied aver-
aging scheme most of the dipolar frequencies are detected. How-
ever, fitting such data with DeerAnalysis which assumes a
superposition of Pake patterns in frequency domain reveals slight
deviations between the experimental data and the fit around
6 =0 (arrows in Fig. 11(g)) indicating residual orientation selec-
tion. We observed similar effects for bisnitroxides in Q band, which
will be discussed elsewhere.
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Fig. 9. Comparison of Q-band RIDME data for shaped (black) and monochromatic pulses (blue) at 20 K recorded using the broadband resonator, Tmix = 75 pis. Data from field
averaged RIDME measurements detected in a resonator with higher Q are overlaid in orange (Tmix = 30 ps). (a) Scaled form factors in time domain F(t) and (b) dipolar
spectrum F(v). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(a) Detected at Bmay, (b) Bmax — 90 mT and (c) Bmax + 15 mT. (a and b) DEER traces obtained by summing over two setups (yellow) with Vo5 < Vpump and Vpump < Vobs and (c)
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Fig. 11. Comparison of Q-band DEER (coloured lines) recorded with different relative positions of the pump pulse with respect to the observer and RIDME (black). (a-d)
Detected at maximum field B, and (e and f) field averaged. DEER setups were recorded with vgps < Vpump (Iow obs, blue) and vpump < Vops (high obs, green). (a and e) Form
factors in time domain, (b and f) modulation-depth scaled form factors in time domain, (c and g) dipolar spectrum, (d and h) apparent distance distributions. In (e) and (g) fits
resulting from DeerAnalysis are overlaid as red dashed lines. The arrows in (g) indicate frequencies for which deviations between the dipolar spectra and the fit are observed.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Furthermore, for the system studied here and detection at
Bmax — where both parallel and perpendicular orientations con-
tribute — the RIDME experiment as well as the DEER experiment
with Veus < Vpump already closely resemble an average over the full
Cu(Il)-PyMTA spectrum and the resulting changes in the apparent
distance distributions are small, but noticeable, see Fig. SI 11(d-f).

The g-tensor can be extracted from lineshape analysis as
described in the Supporting Information. It allows us to calculate
an effective g-value as an average over all orientations according
to Eq. (3) and averaging over the full angular space. For
Cu(Il)-PyMTA, an effective g.s-value of 2.131 is obtained. This
already deviates significantly from the g-value of the free electron,
which is typically assumed for distance analysis.

Fig. 12 shows the influence of the g-value on the apparent dis-
tance distribution. Two different situations are compared: the use
of the g-value of the free electron (g, = 2.0023) as implemented in
DeerAnalysis and the effective g.s-value to compute the dipolar
coupling constant wygq (Eq. (2)). The difference in g-values leads
to a shift of ~2 A in the extracted Cu(Il)-Cu(Il) mean distance: from
4.3 to 4.5 nm.

The distance of ~4.5nm is much closer to the distance of
~4.7 nm measured for the same molecular rulers with Gd(III)

[100,107,119] or Mn(ll) [114] as metal centres. A small shift
towards shorter distances is not astonishing in the case of the
bis[Cu(Il)-PyMTA] ruler due to the smaller ionic radius of Cu(II)
[120], although this effect is expected to be smaller than 0.2 nm.
Further, the Cu(Il) ion is most probably more strongly coordinated
by the three nitrogen atoms and thus is expected to sit closer to the
pyridine ring. In addition, the shorter distance might also indicate a
higher spin density at the coordinating nitrogen atoms for Cu(Il)-
PyMTA as compared to Gd(IlI)-PyMTA and Mn(II)-PyMTA.
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" gy = 2131
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Fig. 12. Influence of g-value on distance distribution for the field-averaged RIDME
data in Q band, 20 K, Tix = 30 ps.
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Nevertheless, the distance of 4.5 nm is much more likely to be cor-
rect than the one of 4.3 nm. We thus conclude that g-values should
be adjusted in distance analysis routines of spin tags with signifi-
cant deviation of g.; from g,.

Note that using the effective g-values as computed from Eq. (3)
and averaging over the full angular space is an approximation. In
principle, the true g-value average also depends on the relative ori-
entation of both spins and is given as (g, -gg), while in our
approach we assumed no correlation, i.e. (g, -8g) = (ga) - (85),
and ignored the angular dependencies of both g-values. The influ-
ence of the correlation and angular dependencies is expected to be
much smaller than the shift between g, and g, but it might cause
complications in quantitative analysis of orientation selection.
Note further that the effective g-value is calculated in the spin
Hamiltonian after the Bleaney transformation, which tilts the mag-
netic field experienced by the spin with respect to the direction of

the static magnetic field. Thus, also the quantization axes of the S,
operators in Eq. (1) do no longer coincide with the direction of the
static magnetic field. However, this is expected to cause only a
weak perturbation in the case of about 10% g-anisotropy presented
here. The problem can become relevant for spin systems with yet
larger g-anisotropy.

Eventually, Fig. 11 reveals that excitation of dominantly per-
pendicular orientations of the axial g-/A-tensors favour a parallel
orientation of the inter-spin vector with respect to the external
magnetic field (0 = 0°). In contrast, excitation of the z-orientation
of the Cu(II)-PyMTA spectrum correlates to the perpendicular ori-
entation (0 = 90°). This indicates that the parallel orientations of
the g-/A-tensor are along the long axis of the molecular ruler and
the perpendicular tensor orientations are along the short axis of
the molecular ruler.

3.6. Advantages and disadvantages of DEER and RIDME

The sensitivity of the two experiments is influenced by many
factors, which can have converse effects in DEER and RIDME. These
factors include the microwave frequency band, the available pulse
power and shapes, the resonator bandwidth and B; as well as
intrinsic sample properties such as the distance of interest or the
spin center environment, e.g. the degree of solvent protonation.

We found that similar sensitivity can be achieved by the two
techniques if the experimental conditions are optimized for each
method (see Table SI 4 and 5 in the Supporting Information). For
example, at the commercial Bruker Elexsys E580 spectrometer
(Table SI 4) it was possible to reach a sensitivity value u of

2.5.10* in RIDME using a TEjq; resonator for 3 mm samples
[110] while the use of a loop-gap resonator [105] at the same spec-
trometer allowed to reach an UWB DEER sensitivity of 2.4 - 10* by
application of a shaped pump pulse. At our home-built broadband
spectrometer (Table SI 5), the sensitivity # of DEER with an UWB
pump pulse even surpassed the sensitivity of RIDME in either res-
onator by about a factor of 2.

That it is possible to reach similar or higher sensitivity by UWB
DEER as with RIDME demonstrates the sensitivity advantage by
UWSB pulses: when only monochromatic pulses are used, the sen-
sitivity comparison will favour RIDME. For example, a study which
was published during the reviewing process of this work [121]
found a 100 times higher sensitivity for Q-band RIDME in a criti-
cally coupled 3 mm resonator compared to monochromatic-pulse
DEER under overcoupling conditions. As mentioned above, such a
comparison strongly depends on the choice of resonator band-
width and spectrometer. Using the same resonator with the same
coupling conditions and the same, commercial spectrometer for
both experiments, we found the sensitivity # of RIDME to be 2-3
times higher than the one of DEER with monochromatic pulses:

1.2-10* compared to 5-10° in the loop-gap resonator and

2.5-10* compared to 1.2 - 10* in the TE;q, resonator (Table SI 4).

Before we discuss the relative performance of the two tech-
niques under a variety of experimental conditions, in the following
we briefly summarize our findings regarding individual optimiza-
tion of the two pulse sequences.

For UWB DEER, we found a large increase in modulation depth A
and thus sensitivity by the use of a shaped pump pulse. Due to the
narrower spectrum, the gain was particularly large in X band
where 1 =44% was feasible in the commercial MS3 resonator
combined with a TWT with nominally 1 kW output power. The
gain in sensitivity for UWB DEER depends on the shortest distance
min due to the limitation of the pump pulse length ¢, by t, < %d. In
our case this translated to a Z of 24% compared to 36% for
min > 2.75 nm and 3.7 nm in Q band, respectively. On the other
hand, in RIDME measurements a trade-off between modulation
depth / and signal intensity was observed with increased length
of the mixing block T,x. Furthermore, the choice of Ty,;x depends
on the background decay. For the compound studied here a maxi-
mal A of nearly 50% was observed, while the A for best sensitivity
was found in the order of 30%.

UWB DEER benefits from high resonator bandwidth and B,
while this is not beneficial for the RIDME technique. If only a res-
onator with higher Q and low bandwidth is available, the gain in
modulation depth in UWB DEER is smaller. Spectrometers with
low microwave power (and thus low B;) and high sensitivity-
detection with small bandwidth, accompanied by a resonator with
higher Q, yield favorable results for the RIDME experiment with
monochromatic pulses. Note also the simplified setup in compar-
ison to UWB DEER and that a single frequency source is sufficient.

However, the requirements of high power and high bandwidth
are reintroduced for RIDME in combination with shaped observer
pulses. Yet, shaped observer pulses in Q band did not introduce
any additional dipolar frequencies for detection in the region of
Bmax- Instead, the SNR of DEER and RIDME traces with shaped obser-
ver pulses around Bp,,x was decreased even though the peak echo
intensity was found to be increased for broader observer pulse
bandwith Af .. This matter appears to deserve a dedicated study.
Thus, we currently conclude that frequency-swept observer pulses
seem not to be beneficial in terms of higher sensitivity. However,
they appear more promising for experiments in which a good sep-
aration between different microwave frequency bands is necessary
[97,98,122] or in which the full spectrum can be excited. This
enables correlation of EPR and dipolar spectra [109] or simplifies
orientation averaging [102]. Note that for the bis[Cu(Il)-PyMTA]
ruler studied here, it is impossible to excite the full EPR spectrum
with a single broadband pulse with the given EPR setup in Q band.

For the bis[Cu(Il)-PyMTA] compound studied here, a ruler with
a very stiff spacer, the same dipolar spectrum was attained by field
averaging of UWB DEER and RIDME traces. Detection at individual
field positions revealed differences between DEER and RIDME for
B > Bmax as well as for different positioning of the pump band rel-
ative to the observer band in DEER. These observations are in line
with partial excitation of orientations. Selective excitation by the
pump band might be an advantage and a disadvantage of UWB
DEER at the same time: while it maintains the possibility for orien-
tation selection studies it needs to be taken into account for accu-
rate distance determination in very stiff systems. In contrast to
UWB DEER, orientation selection in RIDME was solely dominated
by the observer pulses. Thus, RIDME data might be easier to inter-
pret for systems with highly correlated geometry. Finally, the qual-
ity of RIDME data is expected to remain the same independent of
the width of the B-spin spectrum and spectral separation, i.e. for
systems with broader spectra or different spin labels with well-
separated EPR spectra [75,79,102,123,124].
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Electron Spin Echo Envelope Modulation (ESEEM) introduces
hyperfine frequencies to the dipolar evolution data due to coupling
of the electron spin to nearby nuclei that interfere with the dis-
tance analysis. These effects are less important at high frequencies
(W band and above), since at those conditions the nuclear Zeeman
interaction is typically much larger than the hyperfine coupling,
which suppresses ESEEM contributions. Due to the nature of the
pulse sequence, these effects are more pronounced in the RIDME
experiment [77,111,123] and might hinder application of the
RIDME technique at low frequencies. For instance, deuterium
ESEEM is often pronounced in X band and complete suppression
of nuclear modulations in RIDME was found to be difficult (data
not shown). UWB DEER therefore appears advantageous over
RIDME for measurements at lower frequencies, in particular in X
band. In X band, the sensitivity of UWB DEER was even found to
be similar to Q-band DEER on our home-built spectrometer. On
the other hand, the RIDME technique may be beneficial at high fre-
quencies where EPR spectra of some spin labels become very broad
while broadband resonators and high microwave power outputs
are currently less common and more difficult to construct.

Lastly, the steeper background decay in RIDME experiments
may restrict the distance range and complicate data analysis, espe-
cially for long distances. This problem is notably enhanced in pro-
tonated solvents for which spectral diffusion is much more
efficient [82]. On the other hand, at both X- and Q-band frequen-
cies, the quality of the UWB DEER data was increased with increas-
ing rmin due to the possibility to use a longer pump pulse. It follows
that UWB DEER may be advantageous for the detection of long
dipolar evolution times, i.e. long spin-spin distances, and RIDME
for shorter spin-spin distances.

To summarize, the choice of technique depends on the follow-
ing factors:

(i.) The spectrometer: In X band, UWB DEER performs well
whereas RIDME measurements would be more difficult
due to nuclear modulation effects. Low amplifier power,
i.e. low By, would hinder application of UWB DEER. Broad-
band experiments may impose strict requirements on spec-
tral purity of the excitation, for instance on sufficient
suppression of the local oscillator frequency. The RIDME
setup neither requires high spectrometer bandwidth nor a
second frequency source.

(ii.) The resonator: Resonators with higher Q and with low
bandwidth Af,. improve the sensitivity of RIDME experi-
ments while the lower average B; limits the modulation
depth in UWB DEER. The opposite is true for resonators that
can be operated at low Q like the X-band MS3 resonator or
Q-band loop-gap resonators [105,106,125].

(iii.) The distance of interest: For long dipolar evolution times,
the RIDME signal might be already significantly decayed
due to background contributions. Thus, background correc-
tion of the RIDME data can strongly enhance the noise level
towards the end of the time trace. At the same time, the sen-
sitivity of UWB DEER is limited by the shortest distance ry;,
which in turn limits the pump pulse length. The sensitivity
in UWB DEER increases with increasing ry,;, for the same
length of DEER traces. The longest distance of interest is lim-
ited by the detectable trace length, which depends on the
phase memory time. In RIDME, the signal might be poten-
tially decayed to zero due to the background decay already
before the phase memory limit is reached.

(iv.) The sample geometry: Albeit the same dipolar spectrum was
obtained from field-averaged RIDME and UWB DEER for the
sample studied here, this might not be a general result.
Orientation selection might be more difficult to average by

UWB DEER in some other samples, whereas it may also be
less critical for Cu(ll)-based labels attached to a protein by
a more flexible linker than observed here for a stiff Cu(Il)-
Cu(II) ruler. In cases where information on the relative orien-
tation is sought, RIDME can not deliver this information
unless the relaxation is strongly anisotropic.

(v.) The solvent: A higher degree of deuteration generally pro-
longs the decay of observable coherence both in DEER and
RIDME. In case of the RIDME technique, solvent deuteration
also strongly reduces the contribution of electron-nuclear
spectral diffusion to the RIDME background decay, i.e. the
curvature of the background. However, depending on the
microwave frequency and the strength of forbidden transi-
tions, deuteration might introduce nuclear modulations
which might be more difficult to average for RIDME, espe-
cially at X-band frequencies. For protonated environments,
the DEER background decay is less curved and can therefore
be fitted more reliably.

(vi.) The combination of spin labels: Large spectral separation in
systems with two different spin labels might hinder applica-
bility of UWB DEER while performance of RIDME is expected
to be unaffected.

4. Conclusions

We compared RIDME and DEER experiments for the measure-
ment of dipolar couplings in a bis[Cu(II)-PyMTA] ruler and investi-
gated the use of shaped pulses in both pulse sequences. The two
techniques require different optimization of instrumental parame-
ters, as for example the resonator bandwidth. Furthermore, their
relative performance varies with the spectrometer band and the
sample requirements. We found both methods to provide high-
quality data with good and similar sensitivity if the experimental
setup was adjusted for the respective sequence. From our findings
it becomes apparent that there is not one best method, but that the
optimal choice depends on the system under investigation.

Application of a shaped pulse to substitute the monochromatic
pump pulse of the DEER sequence led to large gains in modulation
depth and correspondingly in sensitivity in X and Q band.
At X-band frequencies and with a commercial MS3 resonator, it
was possible to include nearly the whole spectrum in the experi-
ment. These are very promising results, especially with respect to
the ongoing development of Cu(ll)-based spin labels which are
often anchored with little conformational flexibility. For such sys-
tems, distance determination with good sensitivity and without
orientation selection presents a challenge, which X-band DEER
with a shaped pump pulse might help to address in the future.

Orientation selection in RIDME was found to be independent of
the mixing time. A trade-off between signal intensity and modula-
tion depth was found depending on the measurement parameters.
A simple two-point optimization experiment provides a good esti-
mate for finding the mixing time which yields the highest sensitiv-
ity. The choice of mixing time is further influenced by the
background decay.

Application of shaped observer pulses resulted in shorter
echoes with higher peak intensity. However, evaluation of echo-
integrated DEER and RIDME data revealed increased noise levels.
The reason remains to be fully understood and calls for a dedicated
study.

Orientation selection in DEER and RIDME was compared for
Q-band traces with monochromatic observer pulses and a shaped
pump pulse for DEER. In both cases, the dipolar spectrum changes
with the observer position and for DEER it also changes with the
position of the pump band relative to the observer band. Field-
averaged data resulted in the same dipolar spectrum for RIDME
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and DEER measurements. The agreement between the dipolar
spectra obtained by two methods that differ fundamentally in
the selection of the pumped spins indicates that orientation selec-
tion is largely suppressed in the field-averaged data.

Based on our findings, the development of experiments using a
relaxation block or shaped pulses is certainly promising large sen-
sitivity gains for excitation of broad spectra — not only for high-
spin centers [85,83] - but also for spin 1/2 systems, such as Cu(II)
studied here. Using spin 1/2 systems alleviates problems occurring
in high-spin systems, as for example distortions of distance distri-
butions by level mixing [119] or harmonic overtones of the dipolar
frequency [80,99]. Broadband excitation of spins that are not
directly observed in echoes from shaped pulses, e.g. the pumped
spins in the DEER experiment, certainly proved beneficial. Sweep-
ing also the observer pulses appears to yield lower sensitivity, or
even deteriorates sensitivity, yet promises other improvements,
e.g. for orientation averaging. For example, an experiment in which
the whole X-band Cu(Il) spectrum is observed using a single fre-
quency band with shaped observer pulses could be imagined. Cur-
rently it appears that shaped observer pulses may be more
promising for experiments designed for Fourier Transform Evalua-
tion than for experiments based on evaluation by echo integration.
In this regard, we hope to inspire dedicated studies of echo inten-
sities and noise levels in traces from shaped observer pulses.
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