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1 Introduction

Resolving spectral overlap in ENDOR by chirp
echo Fourier transform detection

Julian Stropp,? Fabia Canonica,” Nino Wili (2 * and Daniel Klose (2 *®

Electron nuclear double resonance (ENDOR) spectroscopy is a powerful technique for probing the
structure and function of paramagnetic centers via measuring the magnetic interactions of unpaired
electrons with nearby nuclear spins. For systems with multiple magnetic nuclei, commonly encountered
in transition metal complexes in catalysis or metalloproteins, ENDOR spectra often become very
crowded due to the broad, anisotropic hyperfine (HF) and nuclear quadrupole (NQ) interactions in
disordered systems. In this work, we substitute the Hahn echo in Davies ENDOR by a chirp echo of the
Kunz—-Bohlen—Bodenhausen scheme to resolve spectral overlap in a second dimension. Fourier transfor-
mation of the chirp echo directly yields an additional EPR dimension without increasing measurement
time and reveals correlations between nuclear and electron transitions, thereby resolving spectral
overlap, shown here for *H, *5N and ®*Cu in ENDOR spectra of the copper protein Scol. Different
influences of interactions along the two dimensions and the possibility for selective excitation to address
specific spectral components are exploited to disentangle the small copper NQ-coupling from the large,
anisotropic HF-coupling. Simple, efficient frequency-domain simulations reproduce the experimental 2D
Chirp Echo Epr SpectroscopY (CHEESY) ENDOR spectra and provide a basis to extract spin Hamiltonian
parameters. Limitations and benefits of CHEESY ENDOR are discussed in comparison to established
ENDOR techniques, 2D Mims ENDOR and HYEND, which reveals a competitive signal-to-noise ratio for
CHEESY ENDOR due to the inherent FT advantage and RF-chirp compatibility to enhance sensitivity.
These features expand the scope and feasibilty of ENDOR investigations to a wider range of
applications.

electronic structure around the paramagnetic center and are
typically not resolved in CW EPR spectra, pulse EPR techni-

Electron paramagnetic resonance (EPR) spectroscopy is uniquely
suited to gain structural and functional insights into paramagnetic
species. Due to the presence of unpaired electrons, these species
are typically more reactive than their diamagnetic counterparts
and are thus often encountered in chemically active sites. Over the
years, EPR spectroscopy has provided detailed insights into the
role of paramagnetic centers in homogeneous and heterogeneous
catalysis," ® metalloproteins,”® and emerging functional materials
such as quantum dots'”** and molecular magnets."”> Continuous
wave (CW) EPR is often the first step to detect and characterize the
local environment of these centers. However, to access hyperfine
interactions to ligand nuclei and their nuclear quadrupolar inter-
actions, which are key to understanding the geometric and
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ques such as electron nuclear double resonance (ENDOR) spec-
troscopy™ or electron spin echo envelope modulation (ESEEM)'**>
are required.

One of the most common ENDOR pulse sequences was
introduced by Davies'® and uses an initial selective microwave
(MW) pulse to burn a “hole” into the inhomogeneously broa-
dened EPR spectrum, followed by radiofrequency (RF) pulses
that excite nuclear transitions connected with the initially
inverted EPR transitions. The resulting change of the hole
depth is detected via a Hahn echo sequence on the electron
spins and reveals nuclear frequencies with line shapes that
reflect the anisotropy of the hyperfine interaction. Mims
ENDOR,"” another established ENDOR experiment, employs a
n/2-1-m/2 preparation period to generate a polarization grid,
making it more sensitive for the detection of weak hyperfine
couplings. However, it introduces periodic blind spots in the
spectrum, which affect the line shapes.'® The structural infor-
mation encoded in ENDOR spectra is normally extracted by
fitting with parameters of an appropriate effective spin Hamil-
tonian and subsequent analysis of the resulting interaction

Phys. Chem. Chem. Phys.


https://orcid.org/0000-0003-4890-3842
https://orcid.org/0000-0002-3597-0889
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cp03372a&domain=pdf&date_stamp=2025-11-20
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp03372a
https://pubs.rsc.org/en/journals/journal/CP

Open Access Article. Published on 14 November 2025. Downloaded on 11/26/2025 6:05:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

parameters, often supported by model-based predictions from
quantum chemical calculations."

A major challenge in ENDOR spectroscopy is spectral over-
lap, especially in disordered systems such as powders and
frozen solutions, where anisotropic interactions broaden peaks
to several MHz. When multiple magnetic nuclei with similar
resonance frequencies are involved, overlap can obscure indi-
vidual interactions, complicating spectral assignment and
simulation. This is particularly problematic in transition metal
complexes, such as Ti-based olefin polymerization catalysts>®~>*
or metalloproteins,**** where signals from low-y nuclei (**C, *¥
15N, 27Al, 2P, 3¥37C], 4749y, . . ) often interfere with each other.
Various strategies have been developed to address this issue:
(1) a simple, but limited approach in Davies ENDOR spectro-
scopy is to adjust the selective inversion pulse length as a filter
for the hyperfine coupling of interest, as was successfully
applied to separate "*N and "H peaks in X band.>’*° (2) When
hardware permits, an alternative approach is to change to a
higher microwave frequency band, and thus higher magnetic
field, spreading spectral features over a wider range.*'* High-
field ENDOR features a high sensitivity and better orientation
selection due to the larger effect of g-anisotropy on the EPR
spectrum.>® The smaller wavelength necessitates smaller sam-
ple volumes, which is advantageous if only small amounts are
available, but can be infeasible especially for oxygen-sensitive,
unstable samples.”®* (3) Finally, several two-dimensional (2D)
ENDOR pulse sequences have been introduced to resolve over-
lap, albeit at the cost of longer acquisition times required due
to sampling of the added dimension. Published approaches
include 2D Mims ENDOR (Mims versus t),>**” hyperfine corre-
lated ENDOR (HYEND),**?* 2D TRIPLE*>*! and chirp ENDOR-
HYSCORE.*

In this work, we propose replacing the Hahn-echo detection
block in the Davies ENDOR sequence by a chirp echo. This
substitution enables broadband acquisition of the hole pattern
in the EPR spectrum via Fourier transformation of the echo:
EPR transitions linked through an NMR/ENDOR transition to
the initially inverted transition (central hole) appear as side
holes, with frequency offsets reflecting the hyperfine couplings.
As a result, the EPR axis corresponds to an extra hyperfine
dimension, resulting in a 2D ENDOR spectrum without extend-
ing the total measurement time compared to conventional
Davies ENDOR. The concept of detecting the EPR hole pattern
after the RF pulse in ENDOR dates back to the early days of
pulse EPR spectroscopy, when fast arbitrary waveform genera-
tors for frequency-swept microwave (MW) pulses were not
available. Early detection methods such as field-stepping dur-
ing Hahn echo,*® or rapid field scans under saturating MW and
RF fields,***> were limited by sensitivity and technical complexity.
Later, Wacker and Schweiger used hard MW pulses to detect the
free induction decay (FID) in ENDOR experiments.*®*” Fourier
transformation (FT) of the FID at each RF frequency directly
correlated ENDOR and EPR transitions, improving measurement
speed compared to previously reported experiments due to the
FT-multiplex advantage. However, due to spectrometer deadtime,
FID detection was only feasible for samples with narrow EPR
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spectra, such as single crystals. In addition, the bandwidth of
a hard rectangular monochromatic pulse limits the highest
hyperfine coupling that can be detected. With the advent of
modern EPR instrumentation and fast arbitrary waveform
generators, coherent frequency-swept (“chirp”) pulses have
become feasible.*® These enable chirp echoes following the
Kunz-Béhlen-Bodenhausen approach®®®® to overcome dead-
time limitations and allow broadband EPR detection up to
ca. 700 MHz.*® Such chirp echoes have already been used in
Chirp Echo EPR Spectroscopy (CHEESY)-detected NMR, a modi-
fied version of the electron-double-resonance-detected NMR
(EDNMR) experiment.”>*" Here, we demonstrate that chirp
echo detection in the Davies ENDOR experiment reveals the
hole pattern in the EPR spectrum. This approach reduces
spectral overlap from different magnetic nuclei and eliminates
the need for sampling an additional indirect dimension to
obtain a 2D spectrum. Since quadrupolar couplings do not influ-
ence the electron spin transitions to first order, this method also
simplifies the detection and assignment of quadrupolar inter-
actions via their different influence along the two dimensions.
In addition, the detection of resolved copper couplings shows that
CHEESY ENDOR can be combined with chirped RF pulses® for
sensitivity enhancement to detect strong, broadly distributed
hyperfine interactions that may be lost or hard to discern in
conventional 1D ENDOR spectra. With efficient open-source
simulation scripts, based on EasySpin,”> CHEESY ENDOR offers
a powerful and versatile new method in hyperfine spectroscopy
for detailed analysis of complex spin systems.

2 Experimental
2.1 Sample preparation

The o,y-bisdiphenylene-B-phenylallyl (BDPA) sample was prepared
by dissolving a 1: 1 BDPA complex with benzene (CAS: 35585-94-5,
Sigma-Aldrich Chemie GmbH, Steinfelden, Germany) in deuter-
ated dg-toluene (Sigma-Aldrich). 40 pL of the 500 uM solution were
transferred into a 3.0 mm OD quartz tube (Aachener Quarzglas,
Aachen, Germany) and flash frozen in liquid nitrogen. The
isotope-labeled copper protein Scol was prepared as described
by Canonica et al.>* The concentration of the (*°N, **Cu)-labeled
Scol-Cu®" sample was 956 M and of the ®*Cu-labeled Scol-Cu®*
sample was 580 uM, each with 40 pL sample volume.

2.2 EPR spectrometer

All EPR spectra were acquired on a home-built arbitrary wave-
form generator (AWG)-based pulse X-/Q-band EPR spectrometer
(to be published elsewhere) equipped with a cryogen-free vari-
able temperature EPR cryostat (Cryogenic Ltd, London, UK) to
maintain a stable sample temperature during the experiments.
At X-band frequencies, a traveling wave tube (TWT) amplifier
(Applied Systems Engineering, Inc., Forth Worth, USA) with
a nominal output power of 1 kW was used together with an
MD-4 ENDOR resonator (Bruker BioSpin, Ettlingen, Germany).
The loaded Q-value of the resonator was 80 as determined by a
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Lorentzian fit of the frequency response function (see section
Pulse EPR experiments) and the maximum nutation frequency
Vimax Was 50 MHz. In Q band the setup included a TWT
amplifier (Applied Sys. Eng., Inc.) with a nominal power of
100 W and a home-built oversized-sample Q-band ENDOR
resonator’® with a loaded Q ~ 80 and v; ma = 21 MHz. The
RF pulses were generated with a separate AWG (HDAWG,
Zurich Instruments, Zurich, Switzerland) and amplified with
a 500 W RF amplifier (Amplifier Research Inc., Souderton,
PA, USA).

2.3 Pulse EPR experiments

The setup and measurement procedure for all samples con-
sisted of the following steps: (1) Recording an echo-detected
field sweep spectrum. (2) Measuring the frequency response
function of the excitation path including the resonator using
frequency-swept nutation experiments at full MW power at the
maximum of the EPR spectrum. (3) Measurement of T; and T),
with inversion recovery and Hahn echo experiments, respec-
tively. (4) Setup of the chirp echo pulses according to the Kunz—
Bohlen-Bodenhausen scheme: the bandwidth of the chirp
pulses was chosen such that the strongest hyperfine couplings
of interest lie well within the chirp bandwidth. The sweep-
rate of the chirp pulses was adjusted to compensate for the
frequency-dependent Bj-fields (see step (2)) and obtain an
offset-independent adiabaticity during the pulse.*®>® The opti-
mal pulse amplitudes were determined with consecutive ampli-
tude sweeps for the two pulses by maximizing the zero-
frequency component in the Fourier transform of the echo.
(5) Determining the AWG amplitude/power for the selective
Gaussian-shaped inversion pulse using an amplitude sweep.
(6) Recording Rabi oscillations using an RF pulse length sweep
at a proton resonance frequency to obtain the B, strength.
(7) Recording the CHEESY ENDOR spectrum with either a
single frequency © RF pulse, or alternatively, a chirped RF pulse
to increase the ENDOR sensitivity.

The X-band EPR data of BDPA were acquired at 9.78 GHz
and 80 K with a shot repetition time of 100 ms. The echo-
detected field sweep spectrum was recorded using a Hahn echo
sequence with 16/32 ns pulses and an interpulse delay t of 400
ns. The CHEESY ENDOR spectra were recorded at 348.8 mT
with a 4-step phase cycle for the MW pulses (see SI). 200/100 ns
long chirp pulses with 10 ns quarter sine shaped edges were
used for a 200 MHz chirp echo. A delay 7 of 1800 ns was used
between the chirp pulses to allow for the detection of the full
chirp echo. The ENDOR dimension was obtained by stepping
the frequency of the 8 ps rectangular RF pulse linearly from 1 to
31 MHz. To reduce the effect of unwanted coherences from the
inversion pulse and RF ringing a waiting time of 10 ps was used
before and after the RF pulse. For comparison with the Davies
ENDOR experiment the chirp echo detection was replaced by a
16-1600-32 ns Hahn echo.

The X-band ENDOR spectra of both Scol samples were
measured at 9.78 GHz and 20 K with a shot repetition time of
5 ms. The CHEESY ENDOR spectra were recorded at 340 mT,
which is approximately in the center of the field-swept echo-detected
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EPR spectrum. The Gaussian inversion pulse had a length of
250 ns (FWHM). Pulses for the chirp echo and single frequency
RF pulses had the same parameters as in BDPA experiments
except for a shorter t-value of 600 ns and a delay before the RF
pulse of 1 ps. 2D Mims ENDOR was recorded using 10 ns /2
pulses and 60 t-values starting at 160 ns with increments of 8 ns.
For HYEND a 250 ns Gauss pulse was used for selective
inversion, two hard 10 ns MW pulses for the nuclear coherence
transfer, and a 10-400-20 ns Hahn echo sequence for detection.
The m/2 RF pulse length of 3 ps was chosen based on Rabi
oscillations at different positions in the ENDOR spectrum. The
nuclear echo was detected starting at 3.5 pus with 60 steps and a
step size of 8 ns (see Fig. S5 for the influence of interpulse delays
on the nuclear echo position). The total experimental time and
the resolution of the hyperfine axis of both experiments was
the same as for the CHEESY ENDOR experiment and hence the
signal-to-noise ratio can be directly compared between the
different spectra.

Q-band CHEESY ENDOR spectra were obtained at 15 K and
34.04 GHz with a shot repetition time of 20 ms. The spectrum
was recorded at 1193.2 mT with a 100 ns Gaussian inversion
pulse and 400 MHz chirp echo detection (300/150 ns pulses
with 20 ns quarter-sine shaped edges, T = 900 ns). The RF pulse
was chirped with 500 kHz bandwidth and 40 ps pulse length to
increase the sensitivity for broad copper peaks. The RF-
frequency axis (2 to 98 MHz, 0.2 MHz resolution) was sampled
stochastically to obtain the CHEESY ENDOR spectrum.

2.4 Data processing

CHEESY ENDOR echoes recorded at an intermediate frequency
of around 1.4-1.8 GHz were offset-corrected and truncated to
target length symmetrically around the echo center in post-
processing (400 to 3000 ns for inversion pulse lengths of 100 ns
to 500 ns, respectively). The echo was apodized with a Cheby-
shev window, zero-filled symmetrically on both sides and Four-
ier transformed. The frequency axis was shifted by subtracting
the intermediate detection frequency. The FT spectrum of each
echo was corrected for the hardware-dependent phase. If avail-
able, phases obtained from a chirp echo recorded without the
Gaussian inversion pulse, were used for the correction.
The CHEESY ENDOR spectrum was obtained by subtracting
the real part of the FT spectrum with an off-resonance RF pulse
(at the upper or lower end of the RF frequency sweep) from
the real part of the FT spectrum at each ENDOR frequency. The
2D spectrum was normalized and plotted as a contour plot.
The central hole of the 2D spectrum with EPR offsets smaller
than the bandwidth of the Gaussian inversion pulse was
integrated to obtain a conventional Davies ENDOR-like spec-
trum (for graphs above CHEESY ENDOR spectra). Signal-to-
noise ratios in the comparison of 2D ENDOR experiments are
calculated for three different peaks ('H,: EPR: 2-12 MHz,
ENDOR: 9-13 MHz; 1Hﬁ: EPR: 12-25 MHz, ENDOR: 21-26 MHz;
5N: EPR: 36-56 MHz, ENDOR: 18-28 MHz) by taking the mean
of five values around the peak maximum as signal and the
standard deviation of 100 points in a peak-free spectral region
as noise level.
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Experimental raw data including the experimental para-
meters for all measurements as well as data processing and
visualization scripts in MATLAB (MathWorks Inc., Natick, MA)
are available as open data.®”

2.5 Simulations

Simulations of CHEESY ENDOR spectra were performed with
home-written MATLAB scripts, which are based on earlier work
by Wili et al.>® and use the EasySpin library.>® The simulation
algorithm - originally used to simulate EDNMR spectra®® - was
adapted to include excitation of NMR transitions by RF pulses.
In the algorithm, the evolution of spin populations is calculated
for all combinations of EPR and ENDOR transitions, that lie
within the pulse bandwidths. The inversion pulse is assumed to
be Gaussian, and the population change during the RF pulse
is modeled with the Bloch equation. The simulation does not
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include the chirp pulses, instead the ENDOR signal is calcu-
lated directly from the populations after the RF pulse, which
introduces the largest deviation of the simulation to the experi-
ment (see results/discussion). In the experiment the detection
of the side holes is not only influenced by their transition
probability, but additionally is scaled down by the transfer
function of the detection arm mainly stemming from the
resonator bandwidth. A detailed explanation of the algorithm
is included in the SI, the simulation code is provided on zenodo
with the URL https://doi.org/10.5281/zenod0.17492056.%

3 Results
3.1 BDPA: Working principle for a (S = 1/2, I = 1/2)-spin system

The working principle of CHEESY ENDOR is illustrated using
the spectrum of the well-studied organic radical BDPA (Fig. 1),

a) Pulse sequence b) BDPA c) Time domain ===p  Fourier
gauss chirp echo o ‘/@ A transform
inversion m O )
MW. ””' Chirp echoes:
\“ I, v Plain
RF pulse @ Inversion
| Inversion + . A’ A
RF "Wm“ 346 348 350 352 125 mHz re  difference Dl

By/mT

d) Working principle

spectrum (x2) ‘ ®_®

MW pulse on EPR 2 EPR 1

0.5 1
t/us

-30 -20 -10 0 10 20 30
EPR offset/MHz

NMR2 o -7
e L e) Spectrum
»n I —= el
[ &-A@"\ =
©) = W 1T | CHEESY, central hole integrated Davies ENDOR
- | K
(4
O - 1L J
- EPR2 EPRT e 0 5 10 15 20 25
TOLS& @ om A T L s
=/- Rg

RF on NMR 1
S

o

RF on NMR 2
l 1

EPR offset (Vy,pome) / MHZ
& o

L T
A A -10
. Lm
difference spectrum
@ - @ EPR -15
offset 0 5 10 15 20 25
Vee / MHZ

Fig. 1 Principle of 2D CHEESY ENDOR: correlating EPR and ENDOR transitions. (a) CHEESY ENDOR pulse sequence (b) Structure of BDPA radical and
echo-detected field sweep X-band EPR spectrum with an arrow indicating the field used for CHEESY ENDOR. (c) Chirp echo of BDPA in time-domain and
Fourier transformed chirp echo without (plain) and with MW and RF inversion pulses. (d) Population transfer and respective hole pattern in the EPR
spectrum illustrates the working principle on an electron-nuclear 2-spin system with a hyperfine coupling that is unresolved in the EPR spectrum:
depending on the RF pulse frequency six states with different population distributions can be detected in the EPR spectrum, i.e. along the EPR offset axis.
Changes due to ENDOR transitions are best observed in the difference spectrum (RF on resonance — RF off resonance). () CHEESY ENDOR spectrum of
BDPA with 500 ns selective Gaussian inversion pulse. Dashed vertical lines indicate the Larmor frequencies of *H and 2H, diagonal lines indicate side hole
ridges for the RF pulse inverting a single NMR transition (dashed) or two NMR transitions on different nuclei (dashed-dotted). Continuous vertical lines
indicate the RF frequencies used in (d). The graph on top shows a normalized comparison of the integrated central hole (3 MHz width) of the CHEESY
ENDOR spectrum to a Davies ENDOR experiment with Hahn echo detection.
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which features a spin system with an unpaired electron (S = 1/2)
coupled to multiple protons (I = 1/2).°° By neglecting nuclear-
nuclear interactions and considering only a single proton, the
system simplifies to a two-spin model consisting of one elec-
tron and one nucleus. In the ENDOR experiment, the first MW
pulse selectively inverts one of the two EPR transitions. This
population inversion leads to a hole in the inhomogeneously
broadened EPR spectrum of BDPA. The following, frequency-
stepped RF pulse either excites one of the two NMR transitions
or is off-resonant and does not change the populations in the
spin system (Fig. 1(d)). In the case when the pulse is on
resonance with one of the NMR transitions, a part of the
original center hole intensity is transferred to a side hole
located at the frequency of the connected EPR transition. The
frequency difference between center and side holes corre-
sponds to the hyperfine coupling. For a perfect RF  pulse
both EPR transitions become depolarized; the center hole and
side hole both reach down to zero intensity. The chirp echo at
the end of the pulse sequence enables broadband EPR detec-
tion, which covers the whole EPR spectrum of BDPA, including
the side hole pattern. The CHEESY ENDOR spectrum is obtained
by Fourier transformation of the echo for each RF frequency and
subsequent subtraction of the Fourier-transformed echo at an off-
resonant RF frequency (Fig. 1(c)). In conventional Davies ENDOR
integration of the Hahn echo detects only the central hole
intensity as function of the RF frequency, and accordingly the
Davies ENDOR spectrum is found along the horizontal axis in
CHEESY ENDOR (Fig. 1(e)). Since hard MW pulses completely
excite the narrow EPR spectrum of BDPA, Fourier transformation
of a Hahn echo would convey the same information as a chirp
echo with side holes having a smaller intensity due to the reduced
bandwidth. For spin systems with larger couplings a chirp echo
with higher bandwidths is required to detect the complete hole
and side hole pattern in the EPR spectrum. Side holes appear on
either side of the central hole because the EPR spectrum is
inhomogeneously broadened, allowing the selective microwave
inversion pulse to excite both of the two EPR transitions
(Fig. 1(d)). The side holes are shifted by the hyperfine coupling
constant A from the central hole and have the opposite sign in
the difference spectrum compared to the central hole. Since
BDPA has many protons with anisotropic hyperfine couplings
up to 10 MHz (Table $1),*° no individual side holes for each
proton are observed, but an “x”’-shaped continuous side hole
pattern forms ridges (dashed lines along (v (*H) £ 4/2, + 4) in
Fig. 1(e)). Very weak side hole ridges with a shift of 24 from the
central hole (dash-dotted lines in Fig. 1(e)) appear in the
spectrum because two NMR transitions of the same frequency,
originating from different protons coupled to the same electron
spin, can be simultaneously excited with a small probability.
Additionally, at low RF frequencies a deuterium peak is
observed due to the small coupling of the electron spin to
deuterium spins of the solvent dg-toluene. The almost perfect
overlap of the normalized spectra in Fig. 1(e) (top) illustrates
that the integrated central hole in CHEESY ENDOR contains
the same information as the conventional Hahn echo-detected
Davies ENDOR spectrum.
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Information on the resolution in ENDOR experiments can
be inferred from the linewidth of the holes in the CHEESY
ENDOR spectrum. The bandwidth of the selective MW inver-
sion pulse determines the EPR hole width and thereby the
resolution along the EPR offset axis, which is also called
hyperfine axis as introduced by Bithmann et al.** Further, as
visible in Fig. S1, the initial inversion pulse also influences
the sensitivity of the experiment for different hyperfine
couplings.'®*® Shorter n-inversion pulses are less sensitive to
detect smaller hyperfine couplings, since the pulse becomes
less selective and hence the central hole becomes broader.
Simulations of BDPA spectra for three different MW pulse
lengths reproduce the experimental hyperfine selectivity (Fig. S1,
see Table S1 for spin Hamiltonian parameters from literature®).
The resolution along the ENDOR axis is determined by the
bandwidth of the RF pulse (power broadening)®? or the NMR
linewidth, which is limited by unresolved nuclear-nuclear
dipolar interactions.®’®* The shortest experimentally achiev-
able RF 7 pulses are on the order of several ps long. For broad,
anisotropic hyperfine couplings, as typically found in disor-
dered systems of transition metal complexes, the achievable
bandwidth of rectangular RF pulses (about 10-100 kHz) is often
smaller than the sharpest features of the ENDOR spectrum and
hence the shortest pulses with highest RF power are used to
obtain the highest ENDOR sensitivity. For the spectrum of
BDPA the strong RF pulse (8 us) determines the ENDOR
resolution (line width), yet this is still small compared the
broad and distributed 'H couplings. Since the ENDOR resolu-
tion (10-100 kHz) exceeds the EPR resolution (1-10 MHz), the
width of the Gaussian inversion pulse dominates the peak
shape in 2D CHEESY ENDOR spectra (cf. Fig. S1).

3.2 Scol-Cu: Resolving spectral overlap in a multi-nuclear spin
system with I > 1/2-nuclei

The advantage of CHEESY ENDOR over conventional Davies
ENDOR is revealed for samples with significant spectral over-
lap, i.e. with more complicated spin systems as for Scol-Cu>".
Scol is a copper metallochaperone found in both bacteria as
well as Eukaryotes, where it is involved in the complex biogen-
esis of the Cu,-center of CoxB, a subunit of the terminal enzyme
cytochrome oxidase (Cox) of the respiratory chain found in
the mitochondrial or the plasma membranes in eukaryotes
or prokaryotes, respectively.>® While the crystal structure of
bacterial Scol-Cu®* is known (PDB: 4WBR, see Fig. 2(a)), the
structures of complexes during the formation of Cu,-CoxB
mediated by Scol-Cu®* remain elusive up to now. This turns
Scol into an interesting and relevant model system to establish
and evaluate pulse EPR techniques, which can later be used to
investigate unknown Cu-protein complexes. Scol features a
single Cu(u) center in a distorted square planar environment
with two cysteine and one histidine ligands from the protein
and a free, coordinating water molecule as a fourth ligand. The
spin Hamiltonian parameters of the system were determined
previously using CW EPR,** EDNMR, HYSCORE and ENDOR at
X- and Q-band frequencies®® and are used for CHEESY ENDOR
simulations (see Table S2).
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Fig. 2 (a) Protein structure of Scol-Cu?* (PDB ID: 4WBR>* with a zoom into the distorted square planar coordination of the copper binding site. Echo-
detected field sweep EPR spectra of (*°N, 6*Cu)-labeled Scol-Cu?* in (b) X band and (c) Q band. Field positions used for ENDOR experiments are marked

with an arrow.

The X-band CHEESY ENDOR spectrum of (*°N, ®*Cu)-labeled
Scol measured at the center of the EPR spectrum (Fig. 2(b))
shows '°N-peaks that are well-separated from proton peaks
(Fig. 3(a), left) in the EPR/hyperfine dimension. Slices through
the 2D spectrum at certain RF frequencies reveal that central
and side hole intensities are less than 10% of the Fourier-
transformed chirp echo intensity (Fig. S3). The 1D spectrum,
obtained by integrating the central hole (Fig. 3(a), top), illus-
trates that the nitrogen peaks spanning from 18 to 28 MHz
would be concealed by the more intense proton peak at this
frequency in 1D Hahn echo-detected Davies ENDOR spectra.
The use of a selective, 250 ns-long Gaussian inversion pulse
provides sufficient resolution to resolve the two narrowly sepa-
rated nitrogen peaks from different electron spin manifolds.
This shows that CHEESY ENDOR not only resolves overlap of
peaks from different nuclei, but also simplifies the read-out
and simulations of peak pairs of the same nucleus. Simulations
with two protons and a strongly coupled nitrogen show an
almost perfect agreement with the experimental spectrum
(Fig. 3(a), right). Besides the substantial overlap, the primary
qualitative difference between experiment and simulation is
the presence of two horizontal side hole ridges at an EPR offset
of +u(*H) = +14.3 MHz. These ridges arise from so-called
forbidden transitions involving both the electron and matrix
protons excited during the selective microwave inversion pulse,
similar to matrix peaks in EDNMR.’" After the selective MW
inversion pulse, if the subsequent RF pulse excites an NMR
transition, the holes - whether created via allowed transitions
(central hole at 0 MHz) or forbidden transitions (side holes at

Phys. Chem. Chem. Phys.

+14.3 MHz) - all become shifted by the hyperfine coupling. The
observed intensity pattern arises because in the difference
spectrum, positive intensities correspond to holes generated
by the MW inversion pulse, while negative intensities arise
from holes created by the RF pulse. Hence the holes resulting
from forbidden transitions are easily identified by their positive
intensity at Vhyperfine 7 0 MHz and also clearly understood.
The polarization transfer pathway leading to these peaks, a
forbidden transition followed by a nuclear transition, is the
same as in the triple resonance hyperfine sublevel correlation
spectroscopy (THYCOS) sequence, which utilizes a long high
turning angle pulse instead of the short Gaussian inversion
pulse to correlate NMR transitions of the same electron spin
manifold and the same paramagnetic center.®* Although these
forbidden transitions are rather unwanted for the 2D CHEESY
ENDOR spectrum of Scol, they imply that chirp echo detection
may be used in 2D THYCOS experiments as well to reduce the
number of indirectly sampled dimensions. The probability of
exciting forbidden transitions depends on the length of the
inversion pulse as well as the magnetic field and the corres-
ponding peaks disappear in higher frequency bands (see
Q-band spectrum in Fig. 3(c)). The CHEESY ENDOR simulations
would reproduce these peaks, if matrix protons were included in
the spin system. They are omitted in the simulation, since the
computing time scales exponentially with the number of nuclei
and no additional information is gained. The relative central hole
intensities of the simulations differ from the experiment in
Fig. 3(a) (top) since simulated spectra are not broadened beyond
the pulse profiles (relaxation, unresolved hyperfine splittings, and
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Fig. 3 Deconvolution of *H, ***5 N and previously ambiguous A | (¢3Cu) couplings in Scol with CHEESY ENDOR. Experimental CHEESY ENDOR spectra
(left) and simulations (right) with positive peaks in red and negative peaks in blue: (a) (*°N, ®3Cu)-labeled Scol-Cu?* at 340 mT and 9.78 GHz; (b) ®*Cu-
labeled Scol-Cu?* at 340 mT and 9.78 GHz; (c) (*° N, ®*Cu)-labeled Scol-Cu?* at 1194 mT and 34.04 GHz. Larmor frequencies of detected nuclei and their
calculated side hole ridges based on their hyperfine coupling are indicated by dashed lines. Points indicated with “x" in (c) correspond to one set of
effective copper couplings (A, 3P) and are accompanied with annotations to showcase the estimation of couplings from the experimental spectrum (see
Fig. S4 for a schematic energy level diagram and the corresponding ENDOR stick spectrum). The 1D spectra on top show the integrated central hole
intensity around vhyperfine = 0 MHz (integration window is marked by a black scale bar in all CHEESY ENDOR spectra). Simulation parameters can be found

in Table S2.
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distributions in magnetic parameters are not included) and the
two protons of the simulation do not represent the larger total
number of protons present in Scol.

In the spectrum of Scol with natural abundance nitrogen
(Fig. 3(b)) the "N peaks appear at smaller ENDOR and EPR
frequencies compared to "°N since the Larmor frequency and
hyperfine coupling are scaled down by v (**N)/v(*’N) = —0.71.
The nuclear quadrupolar coupling leads to an additional
splitting of the *N-peaks along the ENDOR dimension. Since
the quadrupolar coupling is small compared to the hyperfine
coupling and a large number of different orientations is excited
at this magnetic field position, the four different NMR transi-
tions overlap in the CHEESY ENDOR spectrum. A longer
selective pulse can be used to separate the peaks at the expense
of sensitivity and thus significantly longer acquisition time.
Nevertheless, the simulation correctly reproduces the peak
pattern of the experiment, showcasing its suitability for spin
systems with multiple spins and I > 1/2. The effect of the
quadrupolar coupling in CHEESY ENDOR spectra is best
explained with the resolved copper peaks in Q-band spectra
of (*°N, ®*Cu)-labeled Scol (Fig. 3(c)). In contrast to X-band
ENDOR, in Q band the nitrogen peaks are well separated from
the proton peaks, but weak copper peaks at A/2 = 40-80 MHz
overlap with the proton peaks in one-dimensional ENDOR
spectra recorded at the high field end of the EPR spectrum.
Since anisotropic copper HF-couplings are commonly signifi-
cantly larger than copper NQ-couplings, EPR spectroscopists
often only determine axial HF-couplings based on CW EPR
experiments and attempts to resolve the full HF- and NQ-coupling
tensor with ENDOR spectroscopy are rarely performed.®>®® Side
holes due to the copper NMR transitions become visible in the
CHEESY ENDOR spectrum (Fig. 3(c)) when using a 500 kHz
chirped RF pulse to increase sensitivity.”> Since here the copper
hyperfine coupling 4, is partially resolved in the EPR spectrum,
the selective MW pulse predominantly excites the EPR transition
with m,(**Cu) = +1/2 (see Fig. S4a for a qualitative energy level
diagram). The copper side holes at positive and negative EPR
offsets in the CHEESY ENDOR spectrum correspond to differ-
ent EPR transitions. The side hole at the negative EPR offset
(m(**Cu) = —1/2) is connected to the center hole by the
central NMR transitions, that are, to first order, unaffected by
quadrupole coupling. They have transition frequencies of
Vm=r1/2>+3/2 = A1 /2 = v, F 3P depending on the electron spin
manifold and thus the side hole peaks align precisely with the
black line representing the calculated hole positions for nuclei
without quadrupole interaction. The peaks with a positive EPR
offset (my(**Cu) = +3/2) are linked to the ENDOR transitions
With vy, 1173 <132 =A 1 /2 & v, F 3P and are shifted horizontally
from the black line. Since, to first order, only the ENDOR
dimension is affected by the shift, the nuclear quadrupole
coupling constant 3P of Cu(n) can be determined from the
horizontal offset (illustrated by horizontal lines in Fig. 3(c)).
The simulation correctly reproduces the entire two-dimensional
spectrum including the direction of the shift due to the nuclear
quadrupole coupling. Yet, clearly, the simulated shift is
smaller than in the experimental spectrum possibly due to an
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underestimated nuclear quadrupole coupling or an impreci-
sion of the exact orientation selection and magnetic field
position. Peaks at large EPR offsets appear more prominently
in the simulation than in the experiment, since the detection
efficiency for large offsets from the center frequency in the
experiment is suppressed by the transfer function of the detec-
tion arm mainly stemming from the limited bandwidth char-
acteristics of the resonator."®

4 Discussion

The spectra of Cu(u)-Scol highlight the applicability of CHEESY
ENDOR to resolve spectral overlap. The experiment is assessed
compared to other 2D ENDOR techniques namely 2D Mims
ENDOR and HYEND spectra for Scol recorded with the same
total measurement time and similar resolution as in the
CHEESY ENDOR experiment (Fig. 4, Fig. S6 and Table 1).
The 2D Mims ENDOR spectrum is obtained by incrementing
the 7 value and subsequent Fourier transformation along the t
dimension.*® Here, the strongly coupled nitrogen peaks are
barely visible, showing that 2D Mims ENDOR is more sensitive
for small hyperfine couplings. The hyperfine resolution is
limited by the phase memory time T,,, which may interfere
with the effectiveness of Mims ENDOR for detecting sharp
features in small couplings.'® The spectrum shows the
highest background of all three 2D experiments with a peak
at Vnyperfine = 14.3 MHz, Vgnpor = 14.3 MHz that possibly arises
due to forbidden transitions with matrix protons. HYEND is
based on the Davies ENDOR experiment with a nuclear evolu-
tion time between two RF nt/2 pulses instead of the single RF nt
pulse.?® The HYEND spectrum in Fig. 4(b) shows a clear peak
separation with no peaks due to forbidden transitions as
discernible in CHEESY ENDOR. Here, the hyperfine resolution
is determined by the decay rate of the nuclear oscillations
during the central evolution time ¢,,. This decay rate is
typically set by the length of the RF n/2 pulses as they define
the bandwidth of excited ENDOR frequencies and thereby the
dispersion of nuclear frequencies (see Fig. S5).*® If the RF
pulses are long, the echo decay may become limited by the
transverse nuclear spin relaxation time T,,. Assuming that the
coupling to the fluctuating electron spin is the dominant
contribution to nuclear relaxation, T,, is constrained by the
electron spin relaxation time T;..®” A disadvantage of HYEND
compared to other techniques is that using chirped RF pulses
to enhance sensitivity may be more challenging for n/2 pulses
than for n pulses.

CHEESY ENDOR requires a spectrometer setup with an AWG
to create the MW chirp pulses that allows for transient echo
detection. It differs from the other two techniques in that both
positive and negative peaks are detected, which readily sepa-
rates the desired side hole pattern from contributions due to
the central hole (ENDOR) and those induced by forbidden
transitions. For this purpose, CHEESY ENDOR requires a
minimum chirp echo bandwidth of two times the size of the
largest hyperfine coupling to be detected. Hence, the typical
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Fig. 4 Comparison of CHEESY ENDOR to established 2D ENDOR experiments with a hyperfine dimension for (**N, *Cu)-labeled Scol-Cu?* in X band, at
340 mT, with the same measurement time: (a) 2D Mims ENDOR with 60 z-values starting at 160 ns and increments of 8 ns. The 1D trace shows the sum
of the Mims ENDOR spectra (blue) and the sum of the 2D FT spectrum (red). (b) HYEND with a 250 ns Gaussian inversion pulse and t,,c with 60 steps of 8
ns. The 1D trace shows the sum of the 2D FT spectrum. (c) 2D CHEESY ENDOR spectrum with 250 ns Gaussian inversion pulse and the integrated central
hole intensity (top). The bottom half (vnyperfine < 0 MHz) was added onto the top half of the 2D spectrum. Larmor frequencies and side hole ridges for

*H and N are marked with dashed lines.

MW power required to support such chirp echoes, even up to
about 100-200 MHz is less than for ultra-wide band chirp echo
experiments.”® The multiplex advantage of the chirp echo
detection comes with two limitations compared to methods
based on echo integration: (1) the sensitivity in the hyperfine
dimension depends on the resonator transfer function with
signals at larger offsets from the resonator dip being detected
less efficiently (cf. Fig. S3).*® As a result, the nitrogen peaks at
Unyperfine & 50 MHz have only a slightly higher S/N ratio than in
HYEND and 2D Mims ENDOR (see Table 1). The sensitivity for
large couplings can be increased by using a more broadband
resonator (or by shifting frequency of the resonator dip from
the center hole to the side hole of interest). (2) The sensitivity in
detecting the center frequency of the chirp echo is reduced
compared to a Hahn echo, which has been observed
previously.”® In the spectra of Scol the intensity at Vhyperfine =
0 MHz is reduced to ca. 80% in X band and to ca. 50% in Q
band (see Fig. S2). This sensitivity decrease originates from
chirp pulses suffering from hardware-related distortions, and
also due to a faster decay (1/Ty,) of chirp echoes.*® The
instantaneous diffusion contribution to 1/T,, scales with the

number of excited spins*®*®*®® and makes broadband chirp

Table 1 Comparison of selected 2D ENDOR techniques shown in Fig. 4

echoes for samples with high spin concentrations less sensitive
than expected (Fig. S2). The echo decay rate 1/T,, decreased
from Ty, &~ 2.1 ps for a 16/32 ns Hahn echo sequence down to
1.8 ps (200 MHz) and 1.5 ps (300 MHz) for chirp pulses in X
band for Scol-Cu”" (Fig. S2c). Since sufficiently long t-values are
required to observe the longer echoes due to the selective
Gaussian inversion pulse in ENDOR, the faster echo decay
reduces the sensitivity advantage of CHEESY ENDOR compared
to conventional Davies ENDOR. To mitigate this effect, the
bandwidth of the chirp pulses should be as small as feasible
and the shortest possible t-value should be chosen, thus these
relations present an experimental tradeoff. Alternatively, if the
chirp echo decay is especially fast, it may be advantageous to
decrease the t-value to increase echo intensity, with the echo
time approximately matching the deadtime, and to Fourier
transform only the second half of the chirp echo, while the
first half is lost in the spectrometer deadtime.

The comparison for (*°’N, **Cu)-labeled Scol-Cu®" in Fig. 4
and Table 1 shows that CHEESY ENDOR can compete with
other 2D techniques and is often favorable due to the inherent
multiplex advantage. The advantage of CHEESY ENDOR
becomes more pronounced for nuclei with I > 1/2, as observed

Experiment 2D Mims ENDOR

HYEND

CHEESY ENDOR

Hardware requirements
Target hyperfine coupling size
NQI-influence along tpyperfine Not to 1. order
Resolution along vhyperfine Limited by Ty,
Implementation of chirp RF pulses Easy

Experimental signal/noise ratio 'H,: 97, 1HB: 38, °N: 7

Small
Yes

This journal is © the Owner Societies 2025

Standard ENDOR spectrometer Coherent RF pulse generation
Large

Limited by ¢p(r/2,rp) OF Ton
Difficult/decrease vhyperfine-Tesolution Easy
1

H,:

MW AWG for chirp echo detection
Large

Not to 1. order

Limited by inversion pulse bandwidth

63, 'Hp: 38, N: 8 'H,: 150, 'Hy: 51, *°N: 13
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for "N-labeled Scol-Cu®’, for which "*N ridges are exclusively
detected by CHEESY ENDOR (Fig. S6). Multiple options are
available to tailor the CHEESY ENDOR experiment to the
specific task at hand: (1) The inversion pulse length can be
adapted to the coupling size and targeted resolution. More
advanced inversion pulse shapes as described by Tait and Stoll
may provide a benefit compared to the Gaussian pulses used in
this work.” (2) Chirped RF pulses can be used to enhance t
he sensitivity.>® (3) Even though the chirp echo performance
depends on the resonator specifications, it can be optimized
without changing the hardware by shifting the center frequency
from the dip center or by exchanging the Kunz-Boéhlen-
Bodenhausen chirp echoes with different excitation schemes,
such as the CHORUS (CHirped ORdered pulses for ultra-
broadband spectroscopy) pulse sequence for a more uniform
excitation bandwidth.”* Overall, chirp echo detection in Davies
ENDOR not only correlates NMR and EPR transitions in two
dimensions, but also reveals processes such as forbidden
transitions excited by the Gauss inversion pulse that are not
visible in conventional 1D ENDOR spectra. The implementa-
tion of chirp echo detection is not limited to Davies ENDOR,
but may also be beneficial for other ENDOR techniques (2D
TRIPLE,*" THYCOS®*) and can be applied in combination with
high-field experiments in the future. In the broader context,
these developments demonstrate the potential of chirp echoes
in ENDOR to assist in the characterization of complex para-
magnetic centers via the additional hyperfine dimension.
We envisage that CHEESY ENDOR may substitute conventional
1D Davies ENDOR in the elucidation of spin centers with several
magnetic nuclei, since the slight loss in sensitivity is outweighed
by the gain in resolution. The tunability of the pulses to the task at
hand and the separability of nuclear quadrupolar and hyperfine
interactions along the two dimensions together with the efficient
simulation algorithm turn CHEESY ENDOR into an excellent
tool to obtain highly-resolved information on the structure and
function of paramagnetic systems suitable for a considerable
variety of applications.

5 Conclusions

Chirp echo detection in Davies ENDOR experiments with sub-
sequent Fourier transformation of the echoes results in a 2D
spectrum that correlates nuclear frequencies with EPR transi-
tions, without the need to sample an additional indirect
dimension. On the example of the metalloprotein Scol-Cu",
we show that CHEESY ENDOR significantly reduces spectral
overlap by resolving ENDOR peaks along a second dimension.
In X band the common overlap of "H and strongly coupled
'“N-peaks was resolved, and in Q band we were able to
distinguish broad, anisotropic copper peaks from 'H peaks
and estimate the copper nuclear quadrupole interaction as an
offset along the ENDOR frequency axis. Simulations based on
home-written, open-source scripts correctly reproduce the
experimental features and provide a basis for efficient spectral
analysis of unknown systems. A comparison with the two other
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techniques, 2D Mims ENDOR and HYEND, shows competitive
or superior sensitivity and resolution for CHEESY ENDOR.
Yet when comparing to the number of initially excited spins,
the multiplex advantage of CHEESY ENDOR remains somewhat
below expectations due to the lower detection sensitivity with the
current chirp echoes - an aspect warranting further improve-
ment. The increased sensitivity and adaptability of CHEESY
ENDOR renders it a valuable and versatile new approach within
the realm of hyperfine spectroscopy interesting for both
exploratory as well as accuracy-focused investigations.
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