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Abstract

Field-stepped NMR spectroscopy at up to 36 T using the series-connected
hybrid (SCH) magnet at the U.S. National High Magnetic Field Laboratory is
demonstrated for acquiring ultra-wideline powder spectra of nuclei with very
NMR evolved from the
continuous-wave (cw) field-swept method in the early days to the pulsed

large quadrupolar interactions. Historically,
Fourier-transform method in the modern era. Spectra acquired using field
sweeping are generally considered to be equivalent to those acquired using the
pulsed method. Here, it is shown that field-stepped wideline spectra of half-
integer spin quadrupolar nuclei acquired using WURST/CPMG methods can
be significantly different from those acquired with the frequency-stepped
method commonly used with superconducting magnets. The inequivalence
arises from magnetic field-dependent NMR interactions such as the anisotropic
chemical shift and second-order quadrupolar interactions; the latter is often
the main interaction leading to ultra-wideline powder patterns of half-integer
spin quadrupolar nuclei. This inequivalence needs be taken into account to
accurately and correctly determine the quadrupolar coupling and chemical
shift parameters. A simulation protocol is developed for spectral fitting to
facilitate analysis of field-stepped ultra-wideline NMR spectra acquired using
powered magnets. A MATLAB program which implements this protocol is

available on request.
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quadrupolar nuclei is a powerful method for characteri-
zation of molecular structure and dynamics. By measur-

Approximately 73% of NMR-active nuclei in the Periodic
Table have nuclear spin quantum numbers S > 1/2 and,
hence, are subject to quadrupolar interactions that
impact NMR spectra. Many of them are found in
chemical and biological samples of interest, as well as
materials such as nanoparticles, metal-organic frame-
works, zeolites, and glasses. As such, solid-state NMR of

ing the chemical shift (CS) and electric field gradient
(EFG) tensor parameters, it is possible to probe the local
electronic environments of atoms, their interactions with
neighboring atoms, and longer-range structure; this is
often enabled in part by comparison of experimental
tensor parameters to those obtained from quantum
chemical calculations [1].
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In cases of large quadrupolar interactions, NMR
spectroscopy of quadrupolar nuclei is generally more
challenging than for S = 1/2 nuclei. Quadrupolar cou-
pling constants (Cp) can vary from a few kilohertz or
less to megahertz, or even gigahertz. For the central-
transition (CT; +1/2 < —1/2) patterns of half-integer
quadrupolar nuclei, for which first-order quadrupolar
broadening is absent, the second-order broadening often
dominates the pattern shape and breadth, hindering
resolution of magnetically inequivalent sites. High
magnetic fields can effectively reduce the broadening
effects of the second-order quadrupolar interaction. This
line narrowing, along with the enhanced polarization
and higher resonance frequency, leads to dramatic
enhancements in both spectral resolution and signal
sensitivity [2-4]. These gains are especially important
for many quadrupolar nuclei that exhibit poor
sensitivity due to their low gyromagnetic ratios, low
natural abundances, and large nuclear quadrupole
moments [5-7]. The National High Magnetic Field
Laboratory of the United States has built a series-
connected hybrid (SCH) magnet that can reach fields
up to 36 T (‘H resonance frequency higher than
1.5 GHz) [4]. Openly accessible to researchers world-
wide, this magnet has demonstrated its resolution and
sensitivity benefits for quadrupolar nuclei in a variety
of samples since being commissioned [5, 8-18].

For second-order quadrupolar broadening smaller
than the magic-angle spinning rate, innovative methods
such as double rotation (DOR) [19], dynamic-angle spin-
ning (DAS) [20], multiple-quantum magic-angle spinning
(MQMAS) [21], and satellite-transition magic-angle spin-
ning (STMAS) [22] have been developed to refocus the
second-order quadrupolar broadening and obtain isotro-
pic spectral resolution. For larger second-order
quadrupolar broadening, static powder spectra are usu-
ally acquired at multiple fields, and the EFG and CSA
parameters are extracted from fitting and deconvolution.
In this work, we focus on solid-state NMR of nuclei that
possess very large quadrupolar interactions due to their
large quadrupole moments and asymmetric electronic
environments. Even with the reduced second-order
quadrupolar broadening at high magnetic fields near
36 T, their CT spectra can still be over several megahertz
wide, far beyond the achievable rf excitation bandwidth
of conventional NMR probes (these are referred to as
ultra-wideline [UW] NMR spectra) [23-26]. The rf excita-
tion bandwidth is inversely proportional to the pulse
length, typically a few microseconds with high amplitude
rf fields. It is worth noting that a spin-echo sequence is
usually necessary to avoid the loss of short time-domain
signals during the dead time. The overall spectral band-
width is usually limited by the longer refocusing pulse,

which has a bandwidth insufficient for uniform
refocusing of isochromats from across the broad pattern.
In addition, the sinc function excitation profile of a
monochromatic pulse tends to attenuate the outer edges
of the powder pattern. This pulse bandwidth issue has
been largely overcome using chirped pulses. The most
commonly used chirp pulse for acquiring UW NMR spec-
tra is the WURST (Wideband Uniform-Rate-smooth-
Truncation) shaped pulse [27], which is often used in
conjunction with Carr-Purcell Meiboom-Gill (CPMG)
[28, 29] multiple-echo acquisition (i.e., WURST/CPMG)
[30]. In principle, the WURST pulse bandwidth is not
limited by the rf field strength, as the effective pulse rota-
tion angle from the frequency sweep can be compensated
by longer pulses. In addition, the frequency profile of the
WURST pulse is flatter than that of the sinc function of
monochromatic pulses. In practice, the WURST band-
width is still limited by the probe tuning circuit band-
width, wy/2nQ. Here, w, is the angular Larmor resonance
frequency, and Q is the quality factor of the resonant
probe circuit. Considering a resonance frequency of
@o/2m ~ 100 MHz and Q =~ 100, the typical probe band-
width would be ~1 MHz. One could detune the probe
circuit to make the probe bandwidth wider; however, this
is counterproductive in terms of NMR sensitivity and
probe efficiency.

For powder patterns with breadths in excess of
1 MHz, acquisition of multiple spectra by stepping the
transmitter frequency is necessary to cover the full pow-
der pattern breadth [31]. An undistorted UW NMR pow-
der pattern can be reconstructed from a skyline
projection of all of the “frequency-stepped” spectra. This
skyline spectrum can then be fit using simulations at a
fixed field strength to extract NMR parameters. Such a
frequency-stepped protocol has been commonly used for
nearly all superconducting NMR magnets which have
persistent magnetic fields [23, 24]. The only practical nui-
sance is that the probe needs to be retuned repeatedly
when the transmitter frequency is stepped. Automated
probe tuning and matching devices have become avail-
able on commercial NMR instruments to address this
practical inconvenience [32]. In principle, it is possible to
obtain a result that appears to be equivalent to frequency
stepping by fixing the transmitter frequency and stepping
the magnetic field instead [33-36]. In fact, during the
early days of continuous-wave (cw) NMR, field sweeping
was predominant, especially for the acquisition of broad
spectra [37], because it was easier to sweep the magnetic
field than the transmitter frequency, and retuning of the
probe circuit is not required. The spectral width of the
field-swept method is practically unlimited; however, it
has largely been abandoned despite these advantages
after the introduction of the more efficient and versatile
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pulsed Fourier-transform method. In fact, most modern
NMR systems no longer have field-sweeping accessories.
Field sweeping remains in use for electron paramagnetic
resonance (EPR), as typical spectra are usually too wide
for pulsed methods. It has been proven that the NMR
spectra obtained with cw field-swept experiments are the
same as those obtained by the Fourier transform of
pulsed time-domain signals [38]. Hence, the field- and
frequency-stepped methods are generally considered
equivalent, giving rise to the same spectra under the high
field approximation.

Powered magnets can not only generate higher mag-
netic fields than superconducting magnets but also offer
the alternative of stepping the field instead of the fre-
quency, because such powered magnets are generally
capable of quickly changing magnetic field. The field-
stepped method for acquiring UW NMR spectra has been
applied on a resistively powered 25 T magnet at the
NHMEFL [33]. For the newer 36 T SCH magnet, the field-
stepped method is the only viable option, as probe access
is restricted for safety reasons when the magnet is above
~18 T. However, in comparing sub-spectra acquired with
field-stepped and frequency-stepped (single field) UW
NMR experiments, it was noticed that key spectral fea-
tures are not in the same frequency positions. This dis-
crepancy can cause problems in the reconstruction of the
full powder pattern.

Herein, we present a study of the differences
between the field- and frequency-stepped methods. As
will be explained, the difference between the two
methods stems from the magnetic field dependencies of
anisotropic NMR interactions such as CS, and the first-
and second-order quadrupolar interactions. The main
objectives of this work are to develop a framework to
understand this problem and to design a protocol for
analysis of UW NMR spectra obtained using the
field-stepped method on the highest-field NMR magnet
available today. Experimental details regarding the
operation of the unique SCH magnet and optimization
of field-stepped WURST/CPMG experiments are also
described.

2 | EXPERIMENTAL

The design and operation of the SCH magnet have been
described previously [4]. Herein, the technical details
relevant to performing field-stepped experiments are
presented. For the SCH magnet, the resistive insert and
superconducting outsert coils are connected in series.
The large inductance of the outer superconducting coils
helps to dampen the fast field fluctuations from the
power supply. With the two magnets connected in
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series, the current in the superconducting coil needs to
be ramped simultaneously and rapidly with the resistive
magnet. The superconducting coil is constructed via
Cable-In-Conduit Conductor (CICC) with a vast num-
ber of bundled NbsSn wires inside a stainless-steel pipe.
Supercritical helium is pumped through the ~30% void
spaces inside the CICC to keep the Nb;Sn wires in the
superconducting state and, more importantly, to
dissipate the heat generated from induced eddy currents
inside the surrounding conventional conductor mate-
rials when ramping the current. The CICC construction
enables the magnet to be ramped to the full 36 T field
in about 30 min, at which point it runs with
~20 kiloamps of current. At a ramp rate of 10 amps
per second, it takes about a minute to change and settle
each magnetic field step necessary to acquire UW NMR
spectra.

The magnetic field of the SCH is regulated using a
cascade flux and NMR control system. A magnetic flux
pickup coil and external “Li NMR circuitry are installed
for all NMR probes used on the SCH. A LiCl aqueous
solution doped with 100 mM MnCl, provides a strong
and fast relaxing (T;~100 ms) ’Li signal for field regula-
tion. The paramagnetic doping is necessary because a
duration of ~T), is necessary for the cw NMR magnetiza-
tion to reach a steady state. CS referencing of most nuclei
is carried out by measuring the '’O resonance frequency
of a D,0 sample and calculating the IUPAC rec-
ommended reference frequencies [39]. When performing
field-stepped measurements, the magnetic field can be
regulated by adjusting the "Li lock frequency accordingly,
but only within the frequency bandwidth of the "Li reso-
nance circuit. When running unregulated, the magnetic
field fluctuates within a range of about 20 ppm peak to
peak, mostly from changes in the cooling water tempera-
ture. Thus, the overall line broadening from the field
fluctuation is estimated to be ~20 ppm when running
unregulated. In addition, there is an initial field drift of
about 100 ppm after ramping up the magnet, which set-
tles down in ~30-60 min after ramping to field. This ini-
tial period is often used to perform experimental
calibrations and optimizations.

A '"H/X double resonance static probe developed and
built at the NHMFL was used for the UW NMR experi-
ments. The probe uses an interchangeable coil platform
with an outer loop-gap resonator for the 'H channel and
an inner solenoid coil for the X-nucleus. The solenoidal
coil for a 4 mm cylindrical sample holder is ~8 mm long.

For the WURST/CPMG experiments, identical excita-
tion and refocusing pulses of equal 7f field, length, sweep
rate, and sweep range were used [30]. Such a condition
was used for robustness to avoid modulations from the
effective phase of the frequency sweep pulse rotation.
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A “90°-180°” version of the WURST/CPMG sequence
can give slightly more signal, though it requires a phase
compensation between the excitation and refocusing
pulses that depends on the rf amplitude, sweep range,
and rate [40]. During the setup of WURST/CPMG, the
WURST pulses were optimized for the broadest flat
intensity profile in order to reduce the number of field
steps and the total experimental time needed to acquire
the complete UW NMR patterns. The sweep range was
chosen to be close to the probe bandwidth until
approximately 50% amplitude reflection at the two edges
of the butterfly-shaped frequency sweep was observed on
an oscilloscope through a directional coupler. For such
wide sweep ranges, the effective rf field using a constant
power is maximum at the center but attenuated at the
edges. An overshoot of the rf field from the theoretical
value [30] was used to compensate for the attenuation at
the two edges, which yields a flatter intensity profile. In
practice, we often observe a “tilt” in the intensity profile,
which can be flattened by shifting the probe tuning
slightly, while the reflected power is observed on the
oscilloscope. Relatively flat, uniform profiles spanning
~1 MHz wide were obtained. It should be mentioned
that even with these adjustments, small steps can still be
observed at the edges of frequency sweeps, which should
not be interpreted as real features of the UW NMR
powder patterns.

Tetrachloroterephthalonitrile (CgCIl4N,, 95% purity)
and N-chlorosuccinimide (C,H4,CINO,, 98% purity)
were purchased from Sigma-Aldrich and wused as
received. Cs4PbBrg and CsPbBr; crystal powder samples
were prepared by slow temperature cooling from
solution [41]. Samples were gently ground into fine
powders and packed into sample holders for NMR
experiments.

Simulations of field-stepped powder patterns were
carried out in MATLAB [42] using custom routines
implemented in a convenient graphical user interface
(GUI) designed in our research group. Powder averaging
was accomplished in the time domain with a Fibonacci
series-based grid [43, 44]. The Hamiltonians, including
the Zeeman, quadrupole, and CS interactions, were diag-
onalized, and the NMR transition frequencies were calcu-
lated over every orientation in the grid [45]. Such direct
calculations take all higher-order quadrupolar interac-
tions into account, which can become significant for
large quadrupolar couplings. Numerical simulations in
SIMPSON [46, 47] were used to verify non-ideal features
and artifacts in the spectra arising from the overlap of
isochromats associated with the central- and satellite-
transitions (vide supra). All SIMPSON input files and the
field-stepped simulation software package are available
upon request.

3 | RESULTS AND DISCUSSION
The discrepancy between the field- and frequency-
stepped methods was first noticed when comparing spec-
tral features observed in the **C1 WURST/CPMG NMR
sub-spectra of tetrachloroterephthalonitrile acquired with
three consecutive field increments. Figure 1 shows two
discontinuities arising from the overlap of two patterns
corresponding to two crystallographically inequivalent
sites with slightly different quadrupolar coupling con-
stants [48]. The three sub-spectra were acquired with B,
field increment steps of 0.096 T, which correspond to
changes in Larmor frequency of 400 kHz. If the sub-
spectra are shifted with respect to each other by 400 kHz
to account for the difference in B, fields used during
acquisition, the discontinuities corresponding to the two
distinct *°Cl sites do not align as would be expected if
these spectra were acquired by stepping the frequency at
a fixed B, field.

The origin of this problem comes from the field
dependence of the spin interactions that contribute to the
NMR frequency,

(Bo) = —7By(146) + Qy + 2. (1)
}’Bo

\

T+50 0 -50

[kHz]
P
+400kHz 0  -400 kHz
frequency shift
FIGURE 1 *Cl WURST/CPMG NMR sub-spectra of

tetrachloroterephthalonitrile showing that the spectral features for
the two distinct sites in the sample do not align after the sub-
spectra are shifted in frequency to correspond with the difference in
magnetic fields used to acquire the sub-spectra. Inset shows an
expansion of the two features, where the spectral intensities for the
peak on the right have been normalized to aid visual comparison
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Here, 6 is the CS; the first-order quadrupolar interac-
tion Q, is field independent; Q,/yB, represents the
second-order quadrupolar interaction, which is inversely
proportional to the field, and most often the primary
term of interest for UW NMR. Other possible smaller
interactions such as higher-order quadrupolar interac-
tions, the field-independent J and dipolar couplings, and
the quadratic magnetically induced alignment term are
not considered in Equation 1. When acquiring spectra at
two different fields, B, and B, + AB, where AB is the
change in field, the NMR signal appears at different posi-
tions relative to the same carrier frequency. One obtains
the following difference in peak positions Aw from
Equation 1:

sz—yAB<1+6+ ?22) (2)
Y Bo

The term representing the change of Larmor fre-
quency —yAB can be taken into account by shifting the
frequency axis. The remaining —yAB (6 + YZQ—]% term rep-
resents the inequivalence between the field- and
frequency-stepped methods. With the large field incre-
ments enabled by the large bandwidth of WURST/CPMG
experiments, sizable differences in peak positions can
arise, and an inequivalence between the field- and
frequency-stepped methods can be observed for samples
with large anisotropic CSs and second-order quadrupolar
broadenings as illustrated in Figure 1. It should be noted
that the equivalence between the field- and frequency-
stepped methods remains intact when the first-order
quadrupole coupling is the dominant broadening
mechanism.

Figure 2 shows a complete set of field-stepped
WURST/CPMG *Cl NMR sub-spectra for N-chloro-
succinimide. At each field, the WURST/CPMG experi-
ment covers only an ~1 MHz segment of the UW NMR
powder pattern. The powder pattern at each field is simu-
lated and then multiplied by the WURST intensity pro-
file. Both the experimental and simulated sub-spectra are
frequency shifted with respect to the Larmor frequency at
the central B, field (B, = 3442 T) and plotted in
Figure 2a for comparison. This procedure is somewhat
cumbersome, but it follows directly from the field-
stepped acquisition and, thus, takes into account all field-
dependent effects. In order to cover the whole powder
pattern, skyline projections of both the experimental and
simulated sub-spectra can be constructed and compared,
as shown in Figure 2b,c, respectively. This is the proce-
dure we have adopted for fitting field-stepped UW NMR
spectra. Powder line shapes are usually fit based on the
position of distinct spectral features rather than by using
the mean squared error. In this case with nq ~ 0, the

(a)
experiment Bo
EAN smoeten 33.22
___J’\ ________________________________________ 33.46
________ S~ 3370
____________ S~~~ 33
_________________ et~—~___________ 3418

(b)
t +
(c)
(d)
(e)
4 2 0 -2 -4 [MHZz]
FIGURE 2 (a) Experimental (solid red traces) and simulated

(dashed black traces) data of the field-stepped **C1 WURST/CPMG
NMR sub-spectra for N-chlorosuccinimide. B, increments
correspond to changes in Larmor frequency Av(*>°Cl) of +1.0 MHz.
Skyline projections of the (b) experimental and (c) simulated sub-
spectra shown in (a). (d) Simulation at the center B field value,

By = 34.42 T, using the best fit parameters (5;s, = 625 ppm,

Cq = 106.7 MHz, 51 = 0) obtained from simulation of the field-
stepped sub-spectra. (e) A simulated fit of the experimental
projection in (a) at the center field yields erroneous NMR
parameters (§iso = 1,725 ppm, Co = 106.0 MHz, 1o = 0), which
leads to a major discrepancy in the location of the feature located
near the center of the powder pattern, which is highlighted by the
vertical line crossing through the spectra in (b) to (e). T denotes
signal arising from the high frequency *’Cl ST, and # denotes a
systematic depletion in the spectrum as a result of overlap between
the 3C1 ST and CT frequencies (see details in the text)

features of interest are the two peaks at the edges and a
small step near the central field.
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To illustrate the extent of the inequivalence between
the field- and frequency-stepped methods, Figure 2d
shows a simulation of the full powder pattern at the cen-
tral B, field using the quadrupole coupling parameters
obtained from the field-stepped simulations above. The
comparison with the field-stepped method shows signifi-
cant differences in the positions of the two edges. This is
not surprising because these sub-spectra were acquired
with large field differences AB with respect to the center
field. If the complete pattern is fit at a single B, field, sig-
nificant errors result including a CS toward lower field by
over a thousand ppm and a reduction in the quadrupolar
coupling by 0.7 MHz (Figure 2e). The fitting would also
shift the small step in the middle out of position with
respect to the experimental powder pattern. This example
demonstrates the extent to which the field- and
frequency-stepped methods are inequivalent. It also
shows that this inequivalence needs be taken into
account in order to measure the quadrupole coupling
and CS parameters properly.

Figure 2 also shows two distinct features in the exper-
imental powder pattern between —2 and —4 MHz marked
by the 1 and i symbols that are absent in the simulations.
The former is signal arising from the ST of the other iso-
tope of chlorine, *’Cl, recognized first by using the
QUEST [49] simulation program and later included in
the field-stepped simulation protocol. The latter is a
depletion of signal arising from overlap with **Cl ST fre-
quencies (vide infra). In addition, small regular steps in
intensity are noticeable in the simulations at the edges of

(a)

Co =73 MHz
Ne=0.19
5,, =350 ppm

Field-Stepped
Simulation

WURST frequency sweeps. These steps are more obvious
in the simulated spectrum than the experimental one,
where they are obscured by the noise and should not be
interpreted as spectral features.

Can the inequivalence between field and frequency
stepping be corrected by simply adjusting the frequency
axis? This is possible when there is only one pattern aris-
ing from a magnetically distinct single site, and the field
value at zero CS is known. Equation 2 shows that the
sign and magnitude of the field-stepped effect vary with
the second-order quadrupolar shift and can become com-
plicated further when the CS anisotropy becomes large
and needs to be considered. It is not practical to compen-
sate for these effects by scaling the frequency axis without
prior knowledge of the quadrupolar parameters and CS
anisotropy, particularly if there are patterns arising from
multiple magnetically and/or chemically distinct sites.

Figure 3a shows a field-stepped "’Br UW NMR spec-
trum of Cs4PbBrs, which was acquired using four B,
increments. The experimental spectrum exhibits aug-
mented intensity in the discontinuities of the powder pat-
tern, but this does not hinder the fitting routine. The
fitting is executed as described above and yields the
quadrupolar parameters noted in the figure. The “Br
UW NMR spectrum of CsPbBr; was acquired with seven
By increments due to its much larger Cq (Figure 3b) and
simulated in a similar manner. Two unique features
appear in this powder pattern, much like the **Cl exam-
ple, originating from *'Br ST signal (f) and a signal
depletion due to overlap with "°Br STs (%, vide infra).

(b)

C, = 133.28 MHz
Ny = 0.0065
5, =310 ppm

Ad =-190 ppm

Experiment

R
1 0.5 0 -0.5 -1 -1.5 3 2 1 0 -1 -2 -3 —4
Br Frequency [MHz] Br Frequency [MHz]
FIGURE 3 Experimental (bottom row) and simulated (top row) 7Br NMR spectra of zero-dimensional perovskites [41] (a) Cs4PbBrg

and (b) CsPbBr;. Spectra in (a) were acquired with four B, increments corresponding to Avy(’Br) = +0.5 MHz between each sub-spectrum.
Spectra in (b) were acquired with seven B, increments corresponding Ave("*Br) = +1.0 MHz between each sub-spectrum. All spectra are
referenced to a central Larmor frequency of vo(’°Br) = 375.810 MHz at B, = 35.23 T. The WURST sweep width is Av = 2.0 MHz in every
case. + denotes signal arising from ®'Br STs. % denotes a systematic depletion of signal intensities where the ST and CT frequency overlap

(see details in the text)



HUNG ET AL.

WILEY_L_’

In the experimental *>Cl and "Br UW NMR spectra
(Figures 2 and 3), two types of spectral features/artifacts
are observed. First is the overlap of the **Cl/”°Br CT sig-
nals with *’Cl/*'Br ST signals (denoted by t). This can
manifest itself for common NMR-active isotope pairs
with similar gyromagnetic ratios, such as **3Cl, 47/4°Ti,
63/65Cy, 7/81Br, 1311510, and '®5/1%7Re [49]. Second is a
depletion of signal that is known to occur in UW NMR of
CT powder patterns (denoted by ). This originates from
a subset of isochromats associated with both the CT and
ST patterns of the same nucleus with similar resonance
frequencies that are within the WURST sweep width. For
these isochromats, the rf irradiation is no longer selective
for the CT, causing not only coherence transfer and leak-
age from the CT to other transitions but also changes in
the effective rf nutation frequency of the WURST pulses,
both of which contribute to signal depletion [50]. This
artifact is more pronounced when the EFG tensor is close
to axial symmetry with its largest component at or near
the magic angle (i.e., the angle between the largest com-
ponent of the EFG tensor Vi3 and B, is p*F¢ ~ 54.74°),
similar to the “magic-angle hole” effect in cross-
polarization spectra. For samples with asymmetric EFG
tensors, the signal depletion still occurs but is less notice-
able because isochromats with ¢ near the magic angle
are spread across the powder patterns.

The *°Cl powder pattern in Figure 2 was simulated
with the inclusion of the high frequency *’Cl ST
(Figure 4b), confirming the origin of the feature at
approximately —4 MHz. A numerical simulation in
SIMPSON [46] was conducted using WURST/CPMG
pulse sequence parameters that are identical to those

(a)

(c) !
SIMPSON g
Simulation |

ExperimeM

used for the experimental acquisition (Figure 4c), in
order to model the overlap between the *°Cl CT and ST
patterns for the p5F° ~ 54.74° isochromats. The full quan-
tum mechanical simulation shows a depletion of signal
intensity that matches well with what is observed experi-
mentally and agrees with previous observations for CT
powder patterns acquired with WURST/CPMG [50, 51].
The 7°Br powder pattern in Figure 3b was also simulated
by including a ®'Br ST pattern (Figure 4e), revealing a
similarly good match with the experimental feature at
approximately +1.6 MHz. The characteristic depletion of
signal for the pF¢ ~ 54.74° isochromats was also simu-
lated using SIMPSON, and the two "’Br sub-spectra show
a very similar depletion at the same resonance
(Figure 4f). It is important to note that it is not necessary
to simulate this depletion of signal in order to accurately
extract the quadrupolar parameters, especially because
numerical simulations with large powder grids are neces-
sary in this case, which is computationally expensive.
However, we modeled the signal depletion to demon-
strate that this feature is a general characteristic of UW
NMR CT spectra with near axial EFG tensors.

It is beneficial to identify, understand, and simulate
the extra features shown above. For instance, the *’Cl ST
in Figure 4a clearly shows a line shape which is inconsis-
tent with a strictly axial EFG tensor; that is, 5o is not
exactly equal to 0. The line shape effect on the much
larger first-order quadrupole interaction allows for an
accurate determination of 7o = 0.0093 + 0.0002 for the
*’Cl quadrupole coupling tensor of N-chlorosuccinimide.
The quadrupolar coupling constants are different for the
two isotopes of chlorine because of their different

(d)

1) z
SIMPSON ’
Simulation :
Experimm

4 2 0 -2 -4 -6
3Cl Frequency [MHz]

FIGURE 4

Br Frequency [MHz]

(a) Experimental *°Cl field-stepped NMR spectrum of N-chlorosuccinimide, (b) a field-stepped simulation of (a) that

includes the high-frequency *’Cl ST spectrum, and (c) a numerical SIMPSON simulation of the sub-spectrum that was experimentally
acquired at By = 34.90 T. (d) Experimental “’Br NMR spectrum of CsPbBrs, (e) a field stepped simulation of (d) that includes the low-
frequency ®'Br spectrum, and (f) a numerical SIMPSON simulation of the sub-spectrum that was experimentally acquired at B, = 35.05 T
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quadrupole moments, but the asymmetry parameters of
their respective EFG tensors are the same. In addition to
the shape of the *’Cl ST, its position also provides signifi-
cant constraints to determining Cq. In order to properly
fit the features of the *>C1 CT pattern (i.e., the two “horns”
and small step-like feature in the middle), it seems neces-
sary in the present case to include an axially symmetric
CS tensor with an anisotropy of §, ¥ —850 ppm, with the
major components of the EFG and CS tensors coincident
with one another. Determining CSA can be challenging
for UW NMR spectra, which are usually dominated by
the second-order quadrupolar broadening. Nevertheless,
high magnetic fields can aid in accurate measurement of
CS tensor parameters, because the effects of CSA scale
proportionally to the strength of B,. The differences
between the field- and frequency-stepped methods must
be taken into account in order to accurately measure rela-
tively small CSAs, even for UW NMR patterns acquired at
up to 36 T.

In order to be able to rapidly simulate field-stepped
UW NMR spectra, we wrote a program in MATLAB that
is implemented with a GUI that is convenient for end-

users (Figure 5). Experimental spectra can be loaded into
the spectral window and overlayed with the simulation
for fitting. The program requires the installation of
MATLAB and its parallel computing toolbox (this code
can be obtained by contacting the authors).

4 | CONCLUSION

In summary, it has been shown that field-stepped experi-
ments can be carried out quickly using the 36 T Series-
Connected-Hybrid magnet at the NHMFL for UW NMR
of quadrupolar nuclei, providing unprecedented resolu-
tion and sensitivity. The field dependences of the
second-order quadrupolar coupling and CSA cause
inequivalences between spectra acquired using the field-
stepped and commonly used frequency-stepped methods,
which can lead to significant errors in the determination
of quadrupolar coupling and CS parameters. As illus-
trated with *>Cl and 7’Br UW NMR spectra as examples,
a spectral simulation and fitting protocol that takes the
field dependence into account was developed for UW

4\ Field Stepped UWNMR — O X
Site 1 Site 2 Exp Spectra 1 Exp Spectra2 >
Field Stepping Parameters
Center
142581372.
Larmor Frequency [Hz] 2581372.000 Spectrum
Field Step Size [Hz] 1e+06
Steps Above Center Freq 4 09T !
Steps Below Center Freq. 6 08} ‘
Powder Pattern Parameters 0.7 ‘.
CQ [MHz] 106.070 \
— |
e | \
nQ 0.0093 =3 0.6 ‘
) \
|
delta iso [ppm] 300 205" ‘ (
7}
c [ |
delta CS [ppm] -850 2 ‘ |
£ 041 |
etaCS 0.00 /
Powder Average 30000 031
Quality
WURST Sweepwidth [Hz] 2e+06 021
Processing 01}
Spectral Window [MHz] 17 \\
Number of Points 256 4 2 0 =7 4 -6 -8
Frequency (MHz)
Line Broadening [Hz] 30000
Plot | Skyline Export

FIGURE 5 A screen shot of the field-stepped simulation software implemented in MATLAB. A simulation of the **Cl powder pattern
shown in Figure 4 is displayed with all of the input parameters used for its generation
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NMR applications using the highest field NMR magnet
available today. The use of this protocol is demonstrated
to be crucial for the accurate measurement of large Cg,
values, quadrupolar asymmetry parameters, and CSAs
from UW NMR patterns of quadrupolar nuclei acquired
at very high fields.
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