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ARTICLE INFO ABSTRACT

Keywords:

The NMR spectra of paramagnetic substances can feature shifts over thousands of ppm. In high magnetic field

Pnmr instruments, this corresponds to extreme offsets, which make it challenging or impossible to achieve uniform

First-order phasing
Broadband excitation

excitation without phase distortion. Furthermore, because of the intrinsic presence of a dead time during which
spins freely evolve, a further phase distortion occurs. A decade ago, a processing approach based on the analysis

of the statistics of the phase of the spectrum was proposed to denoise NMR spectra. In this manuscript it is
demonstrated that this approach is applicable to obtain paramagnetic NMR spectra that are free of phase
distortion, even though the quantitative information of peaks intensities is lost. This is demonstrated on the high
field spectra of a prototypical nickel(II)-complex and through the analysis of simulated data.

1. Introduction

NMR of paramagnetic molecules (pNMR) has been pioneered in the
sixties and early seventies by a relatively small but very active group of
leading chemists [1-6], who saw the possibilities offered by these
technique in understanding structure, dynamics and electronic proper-
ties of paramagnetic coordination compounds. In the eighties, the bio-
inorganic applications bloomed|[7]. As the interest in the elucidation of
the properties of paramagnetic compounds steadily increases, because of
the applications in healthcare (MRI contrast agents [8,9]), quantum
information processing (single ion magnets, qubits [10-15]) and
biomedicine (metalloproteins, [16-21]), the applications of pNMR are
increasing as well, because of the unique ability of NMR to detect
structural and dynamical features at the atomic level [22].

The possibilities offered by NMR have been dramatically boosted by
the advent of modern instrumentation and by the accessibility and
quality of Quantum Chemical methods for the calculation of pNMR
observables [23-26].

However, the experiments remain challenging, expecially those that
are aimed at detecting very far shifted resonances [26,27] and in very
high magnetic fields [24]. One aspect in particular can be rather tedious
to resolve: the phase distortion, which will be described in the next
section (1.1). In brief, the signals have larger 1st order phase distorsion
the larger is their offset from the carrier frequency. To phase the spectra
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corresponds to introducing a rolling in the baseline, that must be dealt
with a posteriori. In this manuscript we explore the application of a very
ingenious processing method proposed by Takegoshi and co-workers
[28,29] to resolve the issue of phase distorsion across a pNMR spectrum.

1.1. Phase distorsion in pNMR spectra

In a pNMR spectrum, a 1st order phase distorsion is usually present
because of two factors, that are intrinsic of the experiment. They will
both be exemplified in a simulated spectrum of a model paramagnetic
complex (Ni-SAL-HDPT) [24,30], which features shifts over about 1000
ppm range. The idealized spectrum is depicted in Fig. 1, panel a. One
contribution to the phase distortion comes from the fact that the effect of
a pulse of finite length and finite nutation frequency, even if perfectly
rectangular, yields an excitation profile in intensity and phase that
changes with the offset of the signal from the carrier frequency (Fig. 1,
panel b). The other contribution to the phase distortion is the presence of
a dead time between the end of the pulse and the opening of the receiver,
during which the signals evolve, and this translates into an additional
phase contribution (Fig. 1, panel c). The evolution of the signals during
the dead time can be compensated through echo detection for relatively
small spectral windows [31], but it becomes unpractical for the larger
ones because of the need of ultrashort broadband refocusing pulses [32]
for obtaining a detectable echo. The overall spectrum results extensively
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Fig. 1. Simulated spectra of Ni-SAL-HDPT[30] at 22.4 T (950 MHz 'H Larmor frequency) assuming homogeneous excitation and no dead time a, including only the
effect of a finite pulse (excitation pulse of 1 ps with a nutation frequency of 35.7 kHz, corresponding to a 90° pulse of 7 us) b, assuming a dead time of 8 ps ¢ and
combining dead time and pulse imperfection d. Panel e shows the baseline distortion effect of phasing the spectrum (in black) and the required profile of phase
compensation (in red). The spectrum is assumed to be free of probehead background. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

distorted (Fig. 1, panel d). A phase correction - if at all possible - results
in a severe baseline distortion (Fig. 1, panel e). The latter can only in part
mitigated through backwards linear prediction [31]. Magnitude pro-
cessing significantly alters the lineshape of the peaks (Figure S1): this is
related to the broad “wings” of the Kramers-Kroning related function in
the imaginary channel (dispersion) of a phased peak in the real channel
(absorption).

1.2. The phase covariance method

In a brilliant paper that appeared in 2010 [28], Fukazawa and
Takegoshi ingeniously noted that the phase of the signal must be related
to the phase of the last pulse in the pulse sequence, and that this in-
formation could be used to discriminate between the signal and the
noise. The method was applied to denoise the spectra of a
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Fig. 2. Histogram of phase angles in points of the spectrum corresponding to two signals of different intensities (a, higher intensity, b, lower intensity) and to noise c.

low-concentration mixture of l-alanine (3 wt%) and glycine (1 wt%) in
KBr powder, as well as to discriminate between proper peaks and arti-
facts. One year later [29], the same authors with Takeda also discussed
an approach (from here on referred to as FTT) based on the acquisition
of multiple spectra (with a complete phase cycle) and the application of
descriptive statistics on each point of the spectrum to discriminate the
signal and the noise. The method was applied on the same system. In a
nutshell, the method works as follows: the complex spectrum is sepa-
rated in magnitude and phase, and the standard deviation of the phase is
evaluated. If a point in the spectrum contains signal, the values of phase
will be distributed around a given value, and the spread of the distri-
bution will be lower the higher the intensity of the signal. On the con-
trary, if a point in the spectrum contains noise, the values of the phase
will be distributed homogeneously over the circle. This is exemplified in
Fig. 2. The application of the FTT method yields a “denoised spectrum”
that reflects the degree of certainty (or uncertainty) of the phase in each

particular point of the spectrum. This spectrum faithfully reflects the
frequencies of the signals in the original spectra but yields slightly
perturbed intensities. The original method was implemented for a
particular application in solid-state NMR, but it can be expected that it
could be applicable in any broadband or wideline NMR application.

It is here argued that the idea of evaluating the statistics of the phase
of the signals in the spectrum can be used to obtain a in-phase spectrum
regardless of the offset of the signals from the carrier, as long as they can
be excited to detection.

2. Materials and methods
2.1. The sample

The Ni-SAL-HDPT sample has been prepared and purified as
described elsewhere [24,30], dissolved in CDCl; and transferred to a 3
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Fig. 3. Simulated spectra of Ni-SAL-HDPT[30] at 22.4 T (950 MHz 'H Larmor frequency) assuming homogeneous excitation and no dead time a in black, and the
reconstructed spectrum devoid of phase distortion in red. Panels b-e show different details of the full spectrum. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

mm tube.

2.2. Experimental details

Spectra were acquired on a Bruker Avance III spectrometer operating
at 400 MHz 'H Larmor frequency (9.4 T) using a 5 mm, 'H-selective
probe dedicated to paramagnetic systems (the nutation frequency of the

hard pulse is ca. 90 kHz), and on a Bruker Avance III spectrometer
operating at 950 MHz 'H Larmor frequency (9.4 T) using a triple reso-
nance TCI cryo-probehead (the nutation frequency of the hard pulse is
ca. 37 kHz. All spectra were acquired with the standard pulse-acquire
sequence from Bruker library (zg) accumulating the 8 scans required
for the phase cycling and repeating the experiment 256 times.
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Fig. 4. Failure of the phasing due to the background signal.

2.3. Computational details

The spectra were simulated using a purpose-written MATLAB script.
The shifts were calculated as described in [24], and relaxation param-
eters were estimated from the electronic properties of nickel(II) com-
plexes as described in chapter 4 of [31]. Phase distortion due to finite
pulse length is calculated as described in [33].

Experimental spectra were imported in MATLAB using the GNAT
tool [34].

The statistical analysis of the phase of the spectra was also performed
using a purpose-written MATLAB script, based on the functions of the
CircStat toolbox [35]. There are two differences with respect to the
original FTT approach:

1. the information arising from the original (averaged) spectrum is
discarded;

2. the circular dispersion (see definition below) instead of the standard
deviation is calculated.

This choice is motivated by the observation that very broad lines are
slightly distorted using the standard deviation (this behavior is currently
being investigated, see an example of the effect on the spectrum in figure
S2). This method will be referred to as “modified FTT” or mFTT. Circular
dispersion is calculated as:

- 1-R

= 1
0=—r @
where R, = |[15"Ve®?| is the length of the second moments and R =
15Ye| is the population length.

The instructions and the code for running the mFTT analysis are
given in the supplementary material.

3. Results and discussion
3.1. Simulated tests

Initially, the mFTT method has been tested on simulated data rep-
resenting the spectrum of Ni-SAL-HDPT acquired at 22.4 T (950 MHz 'H
Larmor frequency), with an excitation pulse of 1 ps at a nutation fre-
quency of 35.7 kHz, corresponding to a flip angle of 12.9°. The spectra
are shown in Fig. 1. It is assumed that the probehead (and the electronics
in general) behave ideally in terms of response. Normally-distributed
random noise with a standard deviation of 20% of the signal is then
added to the simulated FID over 256 repetitions.

The circular dispersion is evaluated over the 256 transients using
equation (1), and the results are plotted in Fig. 3 superimposed to the
distortionless spectrum of Fig. 1, panel a.

It is apparent that, with the application of mFTT, the spectrum is
reconstructed with no phase alteration, at variance with the outcome of
FT (Fig. 1.d). It can be noted that the reconstructed spectrum displays
only a minor lineshape distortion in the most shifted peaks (Fig. 3.b and,
at variance with the standard phasing approach (Fig. 1.e) the spectrum
has no baseline distortion.

As already noted in the FTT paper[29], the quantitative information
is unfortunately lost. This precludes a quantitative application, but has
no impact when the task is simply to observe a signal as done, for
instance, in [26].

As stated above, we have assumed that the probehead is devoid of
background signal arising from the components sitting in the inhomo-
geneous field in the vicinity of the coils. This is usually possible only in
dedicated designs [36]. The presence of a large background signal im-
pedes the successful application of the mFTT method, because the
contribution of the background to the phase of each point in the spec-
trum can be larger than that of the signal itself. Furthermore, when the
signal has a phase opposite to that of the background, the contribution of
noise becomes more important. This is clearly shown in Fig. 4. To model
this situation, a gaussian peak centered at 0 ppm, with FWHM 320 ppm
and 5 times as intense as the signal from the sample was added to the
spectrum. Panel 4.b shows the same spectral region as 3.b, demon-
strating that the mFTT phasing did not succeed as a result of the pres-
ence of the background. A possible workaround is discussed in the next
section.

3.2. Experimental results

With the results on the simulated data at hand, it is possible to
proceed through the analysis of real datasets, acquired at two different
fields. The experiment at 9.4 T (see subsection 2.2) are acquired with a
dedicated probe capable of delivering high-power pulses. Therefore, the
acquired spectra suffer from a smaller phase distortion as opposed to the
simulated high-field spectra. Furthermore, the probehead has a very
limited background, representing an ideal case for testing the method.

Fig. 5 shows the effect of the mFTT reconstruction on the experi-
mental spectra of Ni-SAL-HDPT acquired at 9.4 T. In line with the tests
on simulated data, the spectrum appears to be reconstructed with no
phase distortion. Also in line with the expectations, the relative in-
tensities of the peaks are altered, with the less-intense peaks being
reduced with respect to the more intense ones.

These results confirm the validity of the mFTT approach in obtaining
a phased spectrum using the statistical analysis of the phase angles
across a series of spectra. However, these results are obtained within an
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Fig. 5. Experimental spectra of Ni-SAL-HDPT[30] at 9.4 T (400 MHz 'H Larmor frequency) in black, and the reconstructed spectrum devoid of phase distortion in red
a. Panels b-e show different details of the full spectrum. An enlargement of panel d is shown in figure S3. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

ideal playground. How does this method perform in sub-ideal condi-
tions? To check this, the same analysis was performed on the Ni-SAL-
HDPT spectra acquired at 22.4 T. Given that the probehead as a very
broad background, we also proceeded to fit the background in the real
and in the imaginary channel separately using a spline interpolant as
implemented in MATLAB, with 1.2.10® smoothing parameter. As
already noted in subsection 3.1, if the background is not subtracted, the

mFTT reconstruction does not succeed. On the contrary, when the
background is subtracted, the reconstruction yields a phased spectrum,
as shown in Fig. 6.

The spectra shown in Fig. 6 clearly demonstrate the potential of the
mFTT method to achieve uniform phasing across the spectrum without
distorting the baseline, even though the data must be background sub-
tracted to achieve a good result.



E. Ravera Journal of Magnetic Resonance Open 8-9 (2021) 100022

10 w w 2
c
81 o
&
115 ©
. BFf 28
o A2
©
~ 4r o
> ©
= 11 =
w 3
c 27 o
..g ()
= L [}
0 los @
g
2t Z
-4 ‘ - ‘ 0
600 400 200 0 -200 -400 -600
0/ ppm
(a) Full spectrum
0 \ \ \ : : 35 15000 6000
c c
130 © i (<)
100! 2 5000 -2
_ 1 @ 10000 | ]
3 o 3 14000 @
S 200 |02 3 e
=2 2 2 5000 13000 2
@ 1 @
€ 300 15 © c e
2 C 2 ‘S
c ® c 2000 4
- 110 o T o: ®
4007 ls 2 11000 2
-500 ' = 0 -5000 ! s ' ' 0
480 470 460 450 440 430 420 300 250 200 150 100 50
o/ ppm 6/ ppm
(b) Detail: 480 to 420 ppm (c) Detail: 300 to 50 ppm
10 ; ; ; ; ; ; 2 -150 ; ; ; ; ; 100
8| S -200 S
115 ) 80 »
[\v] S @ S
- 2 = -300 60 2
= 1 2 2 °
2 o 2 o
é £ é 350 40 £
- los & 400 2
9] 20 O
2 -450 E
: 0 500 : : : — 0
50 40 30 20 10 0 -10 -20 -300 -310 -320 -330 -340 -350 -360
4/ ppm 4/ ppm
(d) Detail: 50 to -20 ppm (e) Detail: -300 to -360 ppm

Fig. 6. Experimental spectra of Ni-SAL-HDPT[30] at 22.4 T (950 MHz 'H Larmor frequency) in black, the reconstructed spectrum without background subtraction in
red and the reconstructed spectrum with background subtraction in green a. Panels b-e show different details of the full spectrum. Figure S4 shows the comparison
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How does this compare to the standard phasing approach? In Fig. 7, 4. Conclusions
the spectra of 5.a and 6.a are compared with the manually-phased ones.
Note that the spectrum at 950 can only be manually fased within the first Phasing the NMR spectra of paramagnetic compounds, where the
+ 100 ppm of offset. signals are spread over hundreds of ppm, can be challenging also for

experienced spectroscopists, and usually requires a tedious process of
manual phasing and extensive baseline correction.
It is here demonstrated that a method based on the statistical analysis
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of the phase of each point in a series of spectra acquired on the same
sample - which is based on a method proposed earlier by Fukazawa,
Takeda and Takegoshi [29] - is applicable to obtain uniformly-phased
PNMR spectra. This method is, in principle, applicable to all broad-
band or wideline NMR applications, even though it comes at the price of
losing the quantitative information arising from signal intensity. The
phasing approach presented in this work is easy to implement, relatively
robust - as long as the signals and the background from the probehead
and from the electronics can be separated - and yields phased spectra
also in cases where manual phasing fails, preventing the spectral
manipulation that is usually required and that may cause the loss of
some peaks.
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