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To address the problems of instrumental imperfection and time-
consuming experimental setup in electron spin resonance (ESR), we
present ESR-POISE, a user-friendly software package for fully automated
and fast on-the-fly optimisation and acquisition of ESR experiments. This
open-source package interfaces with Bruker's Xepr software and allows
scientists to run user-defined optimisations.

Electron spin resonance (ESR), also known as electron paramagnetic
resonance (EPR), is one of the most important analytical techniques
available to scientists in chemistry, biology, physics, and materials
science, but unfortunately, hardware performance is not able to
keep up with the rapid growth in its applications."™ Most ESR
experiments require an experienced operator to tweak experimental
parameters to improve the result of the experiment. However,
this costs valuable time and effort, and a lack of experience,
or constraints on experimental time, can easily render this often
long, laborious, and complicated tweaking procedure impractical,
especially in the case of complex multiple-parameter experiments.

A viable solution to these challenges is the automated feed-
back control of the experiment, which can be carried out
independent of the operator’s expertise or the sample under
study. Such an optimisation algorithm would evaluate a suita-
ble cost function which reflects the quality of experimental
results, and change the requisite experimental parameters
appropriately at each measurement. After a number of mea-
surements, the algorithm converges to the best set of experi-
mental parameters, delivering the most desirable result (Fig. 1).
Although such optimisation techniques have been used in
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areas such as laser spectroscopy,”® quantum information

processing,” and organic synthesis,®*'* they are noticeably
underused in magnetic resonance, with very few relevant pub-
lications in nuclear quadrupole resonance (NQR),"" nuclear
magnetic resonance (NMR),"* and ESR itself."

Here, we present, for the first time, a general-purpose, fully-
automated routine that is capable of on-the-fly optimisation and
automation of many ESR experimental procedures. This user-
friendly Python package, ESR-POISE (Parameter Optimisation by
Iterative Spectral Evaluation), is fully compatible with commercial
ESR spectrometers via an interface with Bruker’s Xepr software
and allows users to define personalised procedures. The pro-
posed method, taking advantage of derivative-free optimisation
algorithms,* ™ provides substantial speed-up in experiment setup
and opens the path towards fully automated and optimised ESR
spectroscopy.

ESR-POISE provides multiple optimisation algorithms,
but all the results presented in the main text of this article were
produced using BOBYQA (Bound Optimization BY Quadratic
Approximation), a trust-region interpolation method,">'® as it
showed superior speed and stability."> For more information on
other algorithms, please refer to the ESL}

One attractive application of on-the-fly optimisation is the
automation of procedures that are performed routinely on
almost every sample. In ESR, the adjustment of the signal
phase to acquire an in-phase echo is one such procedure. By
maximising the real part of the echo intensity (Fig. 2a) ESR-
POISE finds the correct signal phase with 10 measurements in
approximately 30 seconds (Table S2, ESIt). This optimisation
can optionally be combined with a second one to minimise the
imaginary part of the echo, which requires 30 more seconds for
10 additional measurements (Table S3, ESIf). This composite
procedure would closely resemble what an experienced user
would perform on the spectrometer. Although single-parameter
optimisations such as these can be performed fairly easily by
skilled users, the automation of the entire procedure is still
highly desirable. Additional examples of single-parameter opti-
misations are presented in Tables S8-S10 (ESIT).
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Fig.1 (a) Flowchart for an ESR-POISE optimisation. (b) 2D map showing
the magnitude of the cost function for the flip angle optimisation as a
function of pulse length and amplitude, obtained by a conventional grid
search covering the entire parameter space (198 measurements in total).
Brighter colours indicate a lower value of the cost function, i.e. better
performance. The train of orange arrows shows the stepwise trajectory of
the cost function for the POISE optimisation (12 measurements). Two last
iterations were omitted for visual clarity. The black dot indicates the
minimum found by the optimiser, and the black cross the minimum found
with the full grid-search.

ESR-POISE can also tackle more challenging multi-
parameter experiments, for example, the standard flip angle
calibration for 90° excitation and 180° refocusing pulses in a
Hahn echo® pulse sequence, to improve the magnitude of the
detected signal. The flip angle of a pulse is adjusted using the
pulse duration and its power amplitude. As most ESR spectro-
meters have a limited precision for defining the pulse duration,
while maximising the echo, we targeted the shortest possible
pulse duration that delivers a desired flip angle (see Fig. 2).
ESR-POISE converged to a highly accurate optimum with only
12 function evaluations, 16 times less than the conventional
grid-based parameter search, requiring 198 function evalua-
tions (Fig. 1b and Table S4, ESI¥).

ESR-POISE is a versatile tool that goes beyond standard
parameters such as the ones mentioned above. It can also
handle user-defined parameters and cost functions and pro-
vides users with easy access to parameters which cannot be
readily modified at the spectrometer. An example of a proce-
dure using custom parameters and cost functions is the opti-
misation of the pump pulse in a four-pulse double electron-
electron resonance (DEER), one of the most commonly used
ESR experiments (Fig. 2c).>° The DEER experiment uses two
pulse channels: one pump channel with an inversion pulse
which is shifted in time (¢ in Fig. 2c) to reveal the evolution of
the dipolar coupling, and a second observer channel for
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Fig. 2 Schematic representations of pulse sequences and elements sub-
jected to optimisations: (a) phase of the detected signal after a Hahn echo,
(b) flip angles of 90° and 180° pulses of a Hahn echo, parametrized by
pulse length and amplitude, (c) The HS pump pulse in a 4-pulse DEER
experiment, and (d) pulse waveforms in the CHORUS sequence. Para-
meters subjected to the optimisation and their corresponding cost func-
tion are indicated in orange, respectively, below and above each
sequence.

detection of the resulting echo. The dipolar coupling between
two electrons can be obtained from the spin-echo modulation
in the DEER trace, and is often used for distance measure-
ments. To obtain the best DEER traces, the pump and observer
pulses should cover as much of the EPR spectrum as possible
while not overlapping.

Application of a shaped band-selective inversion pump
pulse>"** seems to offer a solution. However, the choice of appro-
priate shape parameters is not trivial and has been the subject of
extensive investigations.”>”* Here, the goal is to adjust the selectiv-
ity of a hyperbolic secant (HS) pulse by finding a suitable truncation
factor f§ (see eqn (S1) and (S2), ESIt). Although numerical simula-
tions can be used to study the effects of the pulse, they cannot
easily take into account important hardware effects on the shaped
pulse and, in this case, did not suggest a suitable value for f§
(see Fig. S1, ESIt). In contrast, ESR-POISE circumvents this problem
and proved to be efficient in finding an appropriate shape. The
parameter 1,,,”"*>*® the intensity difference between the first
maximum and the first dip in the DEER trace, was used for the
cost function, which allows determination of the DEER trace
quality without having to record it fully. A three-minute optimisa-
tion led to ~20% increase in #,;, (see Table S5, ESIT). The full trace
was then recorded (in ~3 hours), showing that the gain was
retained with a 23% increase in the modulation depth (Fig. 3b).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Cartesian representation of the HS pump pulse in a 4-pulse DEER
experiment, (a) before (f = 10), and (b) after (B = 6) optimisation, with
(c) corresponding full DEER traces for bisnitroxide (Scheme 1).

Thanks to the capabilities of the POISE method, one can
explore even larger parameter spaces that are more challenging
and, in many cases, impossible to cover by brute force methods.
One example is the amplitude optimisation of the excitation
sequence, CHORUS (CHirped, ORdered pulses for Ultra-
broadband Spectroscopy),?” (Fig. 2d). Due to the spectrometer’s
non-linear response, each of the three chirped pulses needs to
be calibrated individually to achieve a combination that max-
imises the tolerance of the sequence to hardware errors.
Previously,”” this was achieved manually, where the amplitude
of the 90° pulse was set up first, followed by a 2D grid search for
amplitudes of two 180° pulses, using 50 steps for each pulse
amplitude. This process, only using the on-resonance signal
and neglecting the performance across the entire spectral
width, required 2600 measurements to complete. In contrast,
ESR-POISE can simultaneously optimise all three pulse ampli-
tudes, with only 30 function evaluations (measurements),
offering at least a 10-fold decrease in optimisation time
(Table S6, ESIt).

An even more challenging case on an ESR spectrometer is
when hardware design limitations, in particular resonators, dis-
tort shaped pulses produced by an arbitrary waveform generator
(AWG). One can use a transfer function, a model that describes
the effect of the hardware on a pulse, to create a compensated
pulse. Different approaches have been proposed to find transfer
functions in ESR.*>”®*° However, the transfer function is not only
dependent on the hardware, but can also vary with the sample
under investigation, making this procedure non-repeatable.

Here we show that, using an on-the-fly POISE optimisation,
one can address both sample and instrument dependencies of the
resonator effect in a far more efficient way. Although the approach
presented here is general and can be applied to any shaped pulse
or a sequence of shaped pulses, to represent a complex multi-
pulse experiment with a disproportional non-linear response, we
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Scheme 1 Bisnitroxide (2,6-bis[(((2,2,5,5-tetramethyl-1-oxypyrrolin3-yl)-
carboxyl)oxy)l-anthracene),” the sample used to produce the results of
this study.

use the CHORUS sequence again. We aimed to achieve a fully
compensated sequence that provides a uniform excitation across
a large spectral window of interest. The norm of the difference
between a normalised field-sweep spectrum (reference) and the
CHORUS spectrum is used as the cost function.

Following an initial amplitude optimisation as described
previously, we simultaneously optimised five parameters using
ESR-POISE: four parameters for the transfer function (eqn (S6),
ESIT) and the amplitude of the excitation pulse. The optimisa-
tion on a sample of bisnitroxide (Scheme 1) converged after 113
function evaluations, delivering a threefold decrease in the cost
function (see Fig. 4c, d, and Table S7, ESIt). The optimisation
took 23 minutes to produce compensated shapes (Fig. 4b). See
Fig. S3-S6 and Table S7 (ESIt) for additional information.
A corresponding full grid-based parameter search would have
required about 530 million measurements and 200 years to run.
Please note that similar results to Fig. 4d may be obtained
using other methods proposed in the literature,>***2° albeit at
the cost of some time-consuming manual calibration steps.
ESR-POISE can be used to automate such routines should the
user intend to employ a different procedure or objective func-
tion. Additionally, the application of ESR-POISE is not limited
to modern ESR instruments, equipped with AWGSs, and can be
applied to any instrument where parametric optimisation of
ESR experiments is required. One example of such optimisation
is presented in Section 8 of the ESL

In conclusion, we have demonstrated that a diverse range of
ESR experiments can be optimised in a fast and fully automated
fashion. Notably, these include scenarios where multiple para-
meters are in play, and/or when these parameters are not
immediately exposed to the user. The on-the-fly optimisations
presented here can be further improved by developing more
sophisticated models capturing the behaviour of the instru-
ment’s components, or by starting from a better initial guess.
As an open-source platform for optimisation, ESR-POISE may
be readily expanded with other optimisation algorithms via
community participation. We believe that ESR-POISE can
become a routinely used software by individual users, including
chemists, physicists, biologists, materials scientists, and even
professional ESR spectroscopists, where the capabilities of
POISE for automation and optimisation can provide consider-
able savings in precious instrument time.
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Fig. 4 Cartesian representations of the CHORUS sequence: (a) without
and (b) with compensation. Normalised experimental excitation spectra of
bisnitroxide (Scheme 1) obtained with the CHORUS sequence (red) are
shown in (c) before and (d) after amplitude optimisation and hardware
compensation and are compared with the reference field-sweep spec-
trum (blue). The corresponding values of the cost function (cf) are shown
in both cases.

ESR-POISE can be most easily installed via the Python
package manager pip; the source code is available on GitHub
(https://github.com/foroozandehgroup/esrpoise) and its docu-
mentation at https://foroozandehgroup.github.io/esrpoise.

All experiments were run at X-band on an Elexsys E680
Bruker spectrometer, at a carrier frequency of 9.56 GHz (except
for CHORUS compensation at 9.46 GHz and 9.56 GHz in ESI¥).
The temperature was set to 293 K for the signal phase optimisa-
tion, and to 70 K for all other optimisations.
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