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Solid-state NMR of quadrupolar nuclei such as 35Cl has become a useful tool to characterize polymor-
phism in pharmaceutical hydrochlorides. The two-dimensional multiple-quantum magic-angle spinning
(MQMAS) experiment can achieve isotropic resolution, and separate quadrupolar line shapes for samples
with multiple sites but the pulse sequence efficiency is often low, limiting applications due to the intrin-
sically low NMR signals and rf field from the low gyromagnetic ratios c. The use of cosine low-power
MQMAS pulse sequences and high magnetic fields is presented to push the limit of MQMAS for insensi-
tive low-c quadrupolar nuclei. The improved efficiency and fields up to 35.2 T enable the acquisition of
MQMAS spectra for pharmaceutical samples with multiple 35Cl sites, large quadrupolar couplings and/or
in diluted dosage forms.

� 2023 Published by Elsevier Inc.
1. Introduction

More than 50% of all available medicines exist in the form of
solids as salts and hydrates. Active pharmaceutical ingredient
(API) molecules can form distinct structural arrangements with
hydrates and solvates known as polymorphs. Polymorphism is an
important variable for adjusting physicochemical properties of
APIs such as stability, solubility, density that are relevant to shelf
life, dissolution, absorption, and effectiveness of drugs [1–3].
Solid-state NMR spectroscopy is a powerful tool for identifying
and quantifying different polymorphs and solid forms of APIs [4–
8]. 1H, 19F, 31P, 13C and 15N NMR are usually used with their favor-
able spectral sensitivity and resolution considerations. The high
spectral resolution of these spin S = 1/2 nuclei obtained under
magic-angle spinning (MAS) enable the detection of small chemi-
cal shift changes induced by the structural differences of API mole-
cules among polymorphs and formulations [9,10]. Most of the salt
nuclei themselves are spin S > 1/2 quadrupolar nuclei like 35Cl,
23Na, 39K and 43Ca, and can also be sensitive targets for NMR study.
For quadrupolar nuclei, their surrounding electric-field-gradient
(EFG) can be measured in addition to the chemical shielding; both
are sensitive to the spatial arrangements and interactions with sur-
rounding API molecules such as electrostatic and hydrogen-
bonding. In combination with X-ray diffraction and plane-wave
density functional theory (DFT) calculations, solid-state NMR of
quadrupolar nuclei has emerged as a complimentary tool to the
investigation of spins S = 1/2 nuclei for structural characterization
of APIs and polymorphism. Among these nuclei, 35Cl stands out
since HCl is the most used salt (15.5%) for drugs [11–22].

For half-integer spins, the second-order quadrupolar broaden-
ing and chemical shielding anisotropy (CSA) give rise to broad
powder pattern line shapes. For samples with a single quadrupolar
site, fitting of the static powder spectral line shape can be carried
out to obtain the EFG and CSA tensor parameters. In the case of
moderate quadrupolar broadening, magic-angle spinning (MAS)
becomes useful as it averages out the CSA. The second-order
quadrupolar interaction partially remains under MAS and can be
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used to determine the quadrupolar coupling constant CQ and EFG
asymmetry parameter gQ. For samples with multiple sites, the
quadrupolar broadening poses challenges in both spectral resolu-
tion and sensitivity especially to nuclei with low gyromagnetic
ratios c. The CSA and second-order quadrupolar interactions have
opposite field dependences, therefore the availability of high mag-
netic fields is of great help to narrow the quadrupolar broadening
and to untangle multi-parameter fitting of the EFG and CSA inter-
actions. Furthermore, two-dimensional (2D) methods such as
multiple-quantum magic-angle spinning (MQMAS) [23] are the
ultimate tool for obtaining isotropic spectra and separating
quadrupolar powder patterns into two dimensions. Applications
of the powerful MQMAS method are often limited by the low
experimental efficiency especially for low-c quadrupolar nuclei.
The efficiency of generating multiple-quantum (MQ) coherence
followed by conversion to central-transition (CT) coherence for sig-
nal detection depends strongly on the rf field strengthx1 = cB1 rel-
ative to the quadrupolar coupling [24,25]. The efficiency can
become prohibitively low for low-c quadrupolar nuclei due to their
intrinsically low cB1 on top of their inherently weak NMR signals
and large quadrupolar broadening. Various phase-modulated
methods [26–29] and the satellite transition magic-angle spinning
(STMAS) variant [30] have been developed to address this issue for
MQMAS applications. Recently, a novel approach using rotor-
period long pulses to selectively irradiate the satellite-transitions
(STs) was introduced. The new method utilizes the frequency
crossings of the rf pulses induced by MAS with the STs in a coher-
ent and efficient manner [31,32], and has succeeded in the acqui-
sition of MQMAS and STMAS spectra for the largest quadrupolar
coupling to date [33–35]. A key feature of the long-pulse method
is its low rf power requirement as compared to the traditional
short-pulse methods. In this contribution, we apply the latest
cosine low-power MQMAS (cos-lpMQMAS) pulse sequence [35]
with ultrahigh magnetic fields up to 35.2 T available at the
National High Magnetic Field Laboratory (NHMFL) [36]. The low
power requirement, and gains in spectral sensitivity and resolution
from high magnetic fields push the limit of MQMAS for low-c
quadrupolar nuclei for challenging API samples with multiple
35Cl sites, large quadrupolar couplings, and/or in diluted dosage
form.
Fig. 1. Pulse sequence schematics for the (a) short-pulse MQMAS [29] and (b) cos-
lpMQMAS [35] pulse sequences.
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2. Results and discussion

Fig. 1 shows the short-pulse MQMAS and cos-lpMQMAS pulse
sequences. The key element of cos-lpMQMAS are the rotor-
period long pulses (Fig. 1b, blue) with cosine amplitude modula-
tion, which splits the irradiation from the central-transition (CT)
to the satellite-transitions (STs). The cosine modulation is similar
to the double-frequency sweep (DFS) but without the sweeping
part [27,37]. The modulation frequency applied is within the span
of the STs but far enough away from the CT to make it selective
only to the STs. The goal of this cosine pulse for the MQMAS exper-
iment is to selectively invert the |±3/2> M |±1/2 > spin states. Ide-
ally, a ST-selective p-pulse would fully interconvert the CT and
triple-quantum (3Q) coherences [34,38]. For a rotor-period long
pulse, the ST frequencies are modulated by the MAS and sweep
across the rf frequency. These rf crossings are effective for the
|±3/2> M |±1/2 > transitions, but the timing and sweep rate of
the passages vary widely among the crystallites in a powder sam-
ple. It has been shown that the average rf Hamiltonian can be
described by a scaled effective rf field with a phase shift equal to
the ST spinning sidebands near the rf frequency [31,32]. It is impor-
tant to note that the phase of spinning sidebands distributes
widely among individual crystallites, and it becomes absorptive
only after averaging over the rotor phase angle. The phase distribu-
tion of the effective rf field usually causes signal cancellation for
powder samples, however, it can be avoided by designing the
MQMAS pulse in a symmetric manner using two identical rotor-
period long pulses with opposite changes of coherence orders for
the multiple-quantum excitation and conversion as shown in
Fig. 1b. One can use the frequency encoding block with two p/2-
pulses commonly used for the indirect dimension of 2D experi-
ments to understand this. The encoding of either the cosine or sine
amplitude modulation is determined only by the relative phase of
the two pulses. Their absolute phase or its phase distribution here
does not matter, therefore it does not lead to signal cancellation for
the 2D experiment. This is the main idea of MQMAS pulse
sequences using rotor-period long ST pulses, either for the
amplitude-modulated z-filtered or phase-modulated shifted-echo
version. It is worth mentioning that this method works particularly
well for large quadrupolar couplings and for spin S = 3/2 nuclei
which have a single pair of STs. The confinement within a two-
level ST system helps to constrain the coherence transfer to the
desired CT M 3Q transfer. A more detailed description and theory
about the long-pulse and frequency-crossing mechanism can be
found in Refs. [31–33,35].

A sample of K2SO4 is first used to demonstrate and compare the
MQMAS pulse sequences for the spin S = 3/2 low-c quadrupolar
nucleus 39K. Fig. 2a shows a 21% efficiency for the conventional
short-pulse method using the maximum attainable rf field of m1-
� 70 kHz (at � 800 W) for the 3.2 mm MAS probe that was used.
A CT-selective p/2 pulse (black in Fig. 1a) was used to enhance the
MQ ? CT conversion [29]. The efficiency for cos-lpMQMAS is 38%,
almost two folds compared to using short pulses but with signifi-
cantly lower rf power of 300 W corresponding to a rf field of m1-
� 43 kHz. The K2SO4 sample was chosen for calibration and

comparison of the MQMAS pulse sequences since its relatively
small 39K CQ and good signals make MQMAS relatively easy to
acquire. Numerical simulations have shown that the MQMAS effi-
ciency drops dramatically with the ratio of CQ/m1 [24,33]. The gain
by cos-lpMQMAS becomes much more for samples with larger CQ.
The m1 calibration curve in Fig. 2c shows the efficiency starting to
level off at m1 � 36 kHz. The low m1 requirement and its ability to
acquire spectra with large CQ makes cos-lpMQMAS particularly
suitable for low-c nuclei with large quadrupolar broadening as
well as challenging API samples with intrinsically weak NMR sig-



Fig. 2. (a) Comparison of efficiencies with the first t1 increments of the short-pulse
MQMAS and cos-lpMQMAS experiments. The numerical efficiencies are obtained
from the integrated intensity compared to a spin-echo spectrum acquired using the
same number of scans and recycle delays. (b) 2D 39K MQMAS spectrum of K2SO4

with isotropic projection to the left. (c) Normalized intensity for the first t1-point of
the cos-lpMQMAS experiment as a function of the 39K rf field cB1/2p applied for the
rotor-period long CT M 3Q pulses. Experiments were carried out at B0 = 19.6 T at a
frequency of m0(39K) = 38.8 MHz using a Bruker Avance NEO spectrometer and a
Low-E 3.2 mm MAS probe developed at the NHMFL. A spinning frequency of xr/
2p = 16 kHz was used, and where applicable, ’soft’ p/2- and p-pulses of 20 and 40 ls
with rf fields of 6.25 kHz. Pulses of 10.8 and 3.6 ls with m1 � 70 kHz were used for
3Q excitation and conversion in the short-pulse MQMAS experiment. For cos-
lpMQMAS, rotor-period long pulses were used with m1 � 43 kHz and an amplitude
modulation corresponding to a transmitter offset of ± 192 kHz, and signal
enhancement using a 1.5 ms WURST-80 pulse with a sweep range equal to mr,
m1 � 19 kHz, and offset of +250 kHz. For each spectrum in (a), 96 transients were
averaged with a recycle delay of 20 s; in (b), 96 transients were averaged for each of
the 128 complex t1 points using a 2 s recycle delay, resulting in an experimental
time of �7 h.
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Fig. 3. 2D 35Cl cos-lpMQMAS NMR spectra of diphenhydramine�HCl in (a) pure bulk
polycrystalline and (b) diluted dosage pill forms. Experiments were carried out at
B0 = 19.6 T at a frequency of m0(35Cl) = 81.4 MHz using a Bruker Avance NEO
spectrometer and a Low-E 3.2 mm MAS probe developed at the NHMFL. A spinning
frequency of xr/2p = 16 kHz was used, and ’soft’ p/2- and p-pulses of 4 and 8 ls
with rf fields of 31.25 kHz. Rotor-period long pulses were used for CT M 3Q
interconversion with m1 � 69 kHz and an amplitude modulation corresponding to a
transmitter offset of ± 256 kHz. Signal enhancement was performed using a 2 ms
WURST-80 pulse with a sweep range equal to mr, m1 � 13 kHz, and offset of
+256 kHz. For (a), 4800 transients were averaged for each of the 32 complex t1
points using a 25 ms recycle delay, resulting in an experimental time of � 64 min.
For (b), 108,000 transients were averaged for each of the 16 complex t1 points using
a 25 ms recycle delay, resulting in an experimental time of �720 min.
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nals. It is also worth further mention that a strong CQ/m1 depen-
dence affects MQMAS spectral quantitation which is often impor-
tant to pharmaceutical applications. The cos-lpMQMAS helps to
reduce but does not fully negate this dependence for more quanti-
tative analysis.

Fig. 3 shows that 35Cl MQMAS spectra can be acquired for APIs
such as diphenhydramine�HCl in pure polycrystalline form as well
as in the Benadryl� diluted dosage form within 1.1 and 12 h,
respectively, at 19.6 T. A comparison between the two spectra
shows no difference along the isotropic and acquisition dimen-
sions, an indication that the 35Cl EFG and API molecules remain
intact as in their pure crystalline form and are not affected by addi-
3

tion of excipients during preparation of the dosage form, as has
been reported [20]. Remarkably, the high magnetic field and
enhanced efficiency from using cos-lpMQMAS enable acquisition
of an isotropic 35Cl spectrum for �30 mg of a crushed Benadryl�

pill, which contains only �6% by weight of the diphenhy-
dramine�HCl API.

The high isotropic resolution from MQMAS is particularly pow-
erful for separating overlapped powder patterns in two dimensions
as demonstrated in Fig. 4 for a previously studied polymorph of
Isoxsuprine�HCl (Isox-II) [18,20,39]. Isox-II has two inequivalent
35Cl sites with large quadrupolar couplings which cause (1) com-
plete overlap due to the second-order quadrupolar broadening,
and (2) unresolved spinning sidebands (ssbs) with the 16 kHz
MAS frequency used even at a high magnetic field of 19.6 T. The
overlap makes deconvolution and fitting of the spectral line shapes
difficult. The powder patterns and their ssbs become separated in
the 2D MQMAS spectra. For large quadrupolar couplings, it is
worth discussing the ssbs in 2D MQMAS spectra considering the
limited spinning speed of larger diameter rotors typically used
for detecting weak NMR signals of low-c quadrupolar nuclei due



Fig. 4. 35Cl 1D spin-echo and 2D cos-lpMQMAS NMR spectra of pure polycrystalline
isoxsuprine�HCl acquired at (a,b) 19.6 (m0(35Cl) = 81.4 MHz), and (c,d) 35.2 T (m0-
(35Cl) = 147.0 MHz). Fitting of the two 35Cl sites performed using SOLA within the
Bruker Topspin 4.1.1 software package are shown in (a) and (c). Experiments were
carried out using Bruker Avance NEO spectrometers and 3.2 mm MAS probes
developed at the NHMFL. A spinning frequency of xr/2p = 16 kHz was used in both
cases. For (b), ’soft’ p/2- and p-pulses of 4 and 8 ls with rf fields of 31.25 kHz were
used along with rotor-period long pulses for CT M 3Q interconversion with m1-
� 78 kHz and an amplitude modulation corresponding to a transmitter offset
of ± 320 kHz; 36,000 transients were averaged for each of the 26 complex t1 points
using a 150 ms recycle delay, resulting in an experimental time of �39 h. Signal
enhancement was performed using a 2 ms WURST-80 pulse with a sweep range
equal to mr, m1 � 20 kHz, and offset of + 320 kHz. For (d), ’soft’ p/2- and p-pulses of 5
and 10 ls with rf fields of 25 kHz were used along with rotor-period long pulses for
CT M 3Q interconversion with m1 � 73 kHz and an amplitude modulation
corresponding to a transmitter offset of ±320 kHz; 2400 transients were averaged
for each of the 16 complex t1 points using a 200 ms recycle delay, resulting in an
experimental time of �2.1 h.
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to their large sample volumes. For the MQMAS experiment, the MQ
excitation and conversion efficiencies are rotor-angle dependent,
therefore they can contribute rotor modulation [40] in addition
to the anisotropic MQ frequency modulation when t1 evolution is
not rotor-synchronized. The CSA portion of the latter is three-
fold larger for the 3Q transition. All spectra presented in this work
were acquired with rotor-synchronized t1 evolution to avoid any
4

rotor modulations and ssbs along the indirect MQ dimension.
Rotor-synchronization restricts the F1 spectral window to the spin-
ning frequency, which can lead to peak folding including the CT
ssbs that remain along the F2 dimension as shown in Fig. 4. The
Q-shear method [41] can unfold aliasing of the ssbs by expanding
the F1 window via zero-filling. The key step of the procedure is a
shear by an integer slope kQ prior to F1 zero-filling followed by iso-
tropic shearing at kiso. A kQ = �3 shear would eliminate the chem-
ical shift and folding along the 3Q F1 dimension [41]. For the spin
S = 3/2 35Cl nuclei in Fig. 4, the dominant broadening is the
second-order quadrupolar broadening along the 3Q F1 dimension
which has a slope kiso = �7/9 with respect to the CT. In this
instance, the 2D spectra were first sheared by a slope of kQ = �1.
This first shear does not eliminate chemical shift completely but
reduces the quadrupolar broadening and keeps the ssbs aligned
in F1 within the spectral window which is equal to the spinning
frequency. Then the 2D spectra were zero-filled in both directions
to obtain an enlarged F1 spectral window such that the carrier fre-
quency remains centered. A second shear was applied by a slope of
(kQ - kiso) to obtain the final isotropically sheared MQMAS spectra.
For spin S = 3/2 nuclei, the ssbs appear at a slope of kiso = �7/9 in
frequency units after isotropic shearing, an opposite sign slope
results for spins S > 3/2. Fig. 4a shows that using this shearing pro-
cedure the ssbs become untangled in an ordered manner along F1.
It is important to note that the ssbs originate from the anisotropic
CT frequency modulated by MAS in F2, and therefore can be fitted
accordingly if needed despite appearing in both dimensions after
the spectral shearing [42]. At 19.6 T, there are at least 5 ssbs visible
in Fig. 4a. The spread of signal intensity among the ssbs lowers the
peak height affecting the signal-to-noise ratio and needs to be con-
sidered when performing quantitative analysis.

Higher magnet fields help to simplify the MQMAS spectra of
samples where the second-order quadrupolar interaction domi-
nates over the CSA, as is common for API hydrochlorides. Fig. 4b
shows that the ssbs mostly disappear in the MQMAS spectrum of
Isox-II acquired at 35.2 T using the same spinning frequency in
�2.1 h; almost a factor 20 less in time. Besides the known sensitiv-
ity gains from polarization, resonance frequency and line narrow-
ing, the concentration of signal intensities from the ssbs to the
center-band at the higher field provides an additional sensitivity
gain, contributing to the dramatic time savings.

MQMAS spectra at different fields help to separate the isotropic
chemical shift diso and second-order quadrupolar shift dQIS due to
their different field dependences in frequency units. The isotropic
peak position along F1 and the mass center position in F2 are given
by

d1 ¼ diso � ð10=17ÞdQIS; d2 ¼ diso þ dQIS ð1Þ
dQIS ¼
P2
Q

m20
� 3

3
4 � S Sþ 1ð Þ� �

10 2S 2S� 1ð Þ½ �2
� 106

The MQMAS efficiency including for cos-lpMQMAS has orienta-
tional variations that can distort the line shape, affecting the fitting
of the line shape extracted directly from the 2D spectra. Neverthe-
less, the F1 peak position and the mass center along F2 provide con-
straints on the chemical shift and isotropic shifts given in Eq. (1),
which helps to deconvolute spectral features observed in 1D spec-
tra. The isotropic resolution can also reveal the presence of minor
components and/or disorder. Fig. 4 shows fits of the 1D spin-echo
spectrawith the following parameters obtained for Isox-II: diso = 90-
ppm, CQ = 6.4 MHz, gQ = 0.33; diso = 81 ppm, CQ = 5.6 MHz, gQ = 0.32
in good agreement with a previous study [20]; noting that the
reported isotropic chemical shifts were referenced to solid NaCl
(�41.1 ppm) vs. the 0.1 M NaCl D2O solution (0 ppm) used in this
work [43].
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3. Conclusions

It has been shown that the cos-lpMQMAS experiment utilizes
the mechanism of frequency crossings with satellite-transitions
to excite and convert MQ transitions efficiently. The excitation
and conversion segments are designed such that the two work
together coherently to avoid signal cancellation. The long-pulse
scheme has two key features. First, it lowers the rf field require-
ment, making cos-lpMQMAS suitable for low-c quadrupolar nuclei
such as 35Cl in pharmaceutical hydrochloride samples. Second, the
MQMAS efficiency with the long-pulse scheme decreases much
slower with increase in the quadrupolar coupling than for conven-
tional short-pulse MQMAS sequences, enabling its application to
challenging API samples with large quadrupolar couplings for res-
olution of spectral overlap among multiple sites even in diluted
dosage forms. Furthermore, a comparison between 19.6 and
35.2 T has demonstrated dramatic gains in overall spectral sensi-
tivity by high magnetic fields. The combination of efficient pulse
sequences and high magnetic fields extends the limit of application
for the MQMAS method, and its power to resolve spectral overlap
in two dimensions.
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