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ABSTRACT: This study uses 35Cl and 14N solid-state NMR (SSNMR) spectroscopy and
dispersion-corrected plane-wave density functional theory (DFT) calculations for the
structural characterization of chloride salts of nutraceuticals in their bulk and dosage
forms. For eight nutraceuticals, we measure the 35Cl EFG tensor parameters of the
chloride ions and use plane-wave DFT calculations to elucidate relationships between
NMR parameters and molecular-level structure, which provide rapid NMR crystallo-
graphic assessments of structural features. We employ both 35Cl direct excitation and
1H→35Cl cross-polarization methods to characterize a dosage form containing α-D-
glucosamine HCl, observe possible impurity and/or adulterant phases, and quantify the
weight percent of the active ingredient. To complement this, we also investigate 14N
SSNMR spectroscopy and DFT calculations to characterize nitrogen atoms in the
nutraceuticals. This includes a discussion of targeted acquisition experimental protocols
(i.e., acquiring a select region of the overall pattern that features key discontinuities) that
allow ultrawideline spectra to be acquired rapidly, even for unreceptive samples (i.e., those with long values of T1(

14N), short values
of T2

eff(14N), or very broad patterns). It is hoped that these experimental and computational protocols will be useful for the
characterization of various solid forms of nutraceuticals (i.e., salts, polymorphs, hydrates, solvates, cocrystals, amorphous solid
dispersions, etc.), help detect impurity and counterfeit solid phases in dosage forms, and serve as a foundation for future NMR
crystallographic studies of nutraceutical solid forms, including studies using ab initio crystal structure prediction algorithms.

KEYWORDS: nutraceuticals, dosage forms, glucosamine, NMR, nuclear magnetic resonance, electric field gradients, nitrogen, chlorine,
density functional theory, DFT

1. INTRODUCTION

Nutraceuticals are defined variously as pharmaceutical-grade
nutrients or pharmaceutical alternatives, and include dietary
supplements and functional foods, or their isolated active
ingredients (as used in the context of the present work), which
are administered in a medicinal form.1−3 The nutraceutical
industry is expanding rapidly, with an estimated global market
size of ca. 380 billion USD in 2019, and a forecasted
compound annual growth rate of 8.3% percent between 2020−
2027.4

Nutraceutical oral dosage forms are often manufactured,
stored, and ingested as crystalline or amorphous solids. The
physicochemical properties of nutraceuticals, including their
stability, solubility, bioavailability, and reactivity, depend on
the nature of the solid in the dosage form;5 thus, the design
and manufacture of novel nutraceutical solid forms that
modulate these properties is an important area within both
crystal engineering and pharmaceutical science. Common solid
forms of nutraceuticals include salts, polymorphs, hydrates,
solvates, cocrystals (including drug-nutraceutical cocrystals),
amorphous solid dispersions, and combinations thereof.6−13

For these reasons, it is critical to develop methods for
characterizing the molecular-level structures of nutraceutical

solid forms, quantifying nutraceuticals in dosage forms, and
even detecting impurities, adulterants, or counterfeited
nutraceutical products.14

Hydrochloride (HCl) salts are among the most common
solid forms of nutraceuticals.15 HCl salts are stabilized by
intermolecular noncovalent interactions, most notably hydro-
gen bonding, between nutraceutical molecules and chloride
ions;16,17 hence, the development of robust techniques for the
characterization of the local hydrogen-bonding environments
of the chloride ions and key organic moieties is of great
importance.
There are many techniques used to characterize nutraceut-

icals, including powder and single-crystal X-ray diffraction
(PXRD and SCXRD, respectively), thermal analysis, dynamic
vapor sorption, vibrational spectroscopy, and solid-state NMR
(SSNMR) spectroscopy.18 Of these techniques, only SSNMR
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provides site-specific information on molecular-level structure
and dynamics in nutraceuticals in their bulk and dosage forms
(vide inf ra). Herein, we use 35Cl and 14N multinuclear SSNMR
to characterize the molecular-level structures of HCl salts of
nutraceuticals with an emphasis on characterizing hydrogen-
bonding interactions and their influences on NMR spectra, as
well as for the use of such information for the refinement of
crystal structures.
The central transition (CT, +1/2 ↔ −1/2) powder patterns

observed in 35Cl (I = 3/2) SSNMR spectra, which can manifest
the effects of both the second-order quadrupolar interaction
(SOQI) and chlorine chemical shift anisotropy (CSA), reflect
subtle differences and/or changes between local environments
of chloride ions, making 35Cl SSNMR spectroscopy an
important method for characterizing networks of hydrogen
bonds involving nitrogen- and oxygen-containing moieties that
stabilize solid forms of organic HCl salts involving active
pharmaceutical ingredients (APIs) and nutraceuticals.19−45

Another advantage of 35Cl SSNMR is its applicability to the
characterization of API and nutraceuticals in their dosage
forms; this characteristic is distinctive of 35Cl SSNMR
spectroscopy because the spectra obtained by many common
NMR techniques and nuclides (i.e., 1H, 13C, 15N) are
complicated by the presence of signals arising from excipient
molecules, making their interpretation difficult or impossible
(especially if the concentration or weight percent of the active
ingredient is low).23,24,44,45 Accordingly, 35Cl SSNMR spec-
troscopy is anticipated to play an important role in the
structural characterization and fingerprinting of nutraceuticals
in their bulk and dosage forms, as well as for quantification and
detection of impurities, adulterants, and counterfeit products;
each of these considerations is relevant to both consumers and
manufacturers of nutraceuticals.46,47

14N powder patterns, which are generally dominated by the
first-order quadrupolar interaction (FOQI) and exhibit the
characteristic Pake-like doublet shape resulting from the
overlap of two satellite transition (ST) powder patterns arising
from fundamental 0↔ −1 and +1↔ 0 transitions, can provide
additional insight into the nature of hydrogen bonding
networks in nutraceuticals.48−50 When nitrogen-containing
moieties act as hydrogen-bond donors in HCl salts, the N−
H···Cl− bonds influence the nitrogen EFG tensors, as well as
the appearances of 14N SSNMR spectra. However, 14N
patterns are typically very broad, with breadths ranging from
hundreds of kHz to several MHz. For pseudotetrahedral
nitrogen moieties, such as those present in many nutraceut-
icals, pattern breadths generally exceed 1.0 MHz and are
known to be as broad as ca. 2.25 MHz.49,51−55 Consequently,
the acquisition of 14N ultrawideline (UW) NMR spectra
requires the use of specialized pulses and pulse sequences that
are designed for broadband excitation, refocusing, and cross-
polarization.49−59 Thus, in addition to using 14N SSNMR for
the structural characterization of nutraceuticals, we are
interested in developing efficient methodologies for acquiring
UW 14N SSNMR spectra from which one can determine
nitrogen EFG tensor parameters. Of particular use is the
targeted acquisition of select regions of UW NMR spectra that
feature key discontinuities, which provides a means of
measuring 14N EFG tensor parameters without any significant
loss of precision.50

Plane-wave DFT calculations are useful for interpreting
relationships between nuclear EFG tensors and molecular-level
structure.60−62 Because 35Cl EFG tensors are influenced

strongly by the geometries of hydrogen bonding networks,
DFT calculations are useful for assessing the validity of crystal
structures using comparison of experimentally measured and
theoretically derived NMR interaction tensors as benchmarks.
Similarly, the effects of hydrogen bonding are evident in the
calculation of 14N EFG tensors, although these tend to be
proportionately smaller because the local electronic structures
of nitrogen atoms are normally dominated by the effects of
covalent bonding, rather than hydrogen bonding. To assess the
relationships between EFG tensors and molecular-level
structure, our research group has developed semiempirical
dispersion-corrected force field models, used in the context of
plane-wave DFT calculations, which are optimized for the
refinement of the structures of organic solids, the calculation of
EFG and chemical shift tensors, and the elucidation of
relationships between NMR spectra and molecular-level
structure and dynamics.60−63 More so than other DFT-based
structural refinement protocols, these methods result in
accurate calculations of EFG and chemical shift tensors
(which have independent electric and magnetic origins,
respectively), as well as sets of atomic coordinates that are
comparable to those obtained from neutron diffraction
methods.60,62

In this work, we present a multinuclear SSNMR and DFT
approach for characterizing nutraceuticals in their bulk and
dosage forms (Scheme 1). First, we use 35Cl SSNMR spectra

obtained at two fields, under static and magic-angle spinning
(MAS) conditions, to characterize the 35Cl EFG and chemical
shift tensors of chloride ions in eight nutraceuticals.
Dispersion-corrected plane-wave DFT calculations are used
to refine the crystal structures of the nutraceuticals and provide
key relationships between the local environments of the
chloride ion and the 35Cl EFG tensor parameters. Second, we
use 35Cl direct excitation (DE) and 1H→35Cl cross-polar-
ization (CP) NMR techniques to characterize a tablet
containing α-D-glucosamine HCl and quantify its weight
percent (wt %). Third, we use 14N SSNMR spectroscopy
and DFT calculations to characterize nitrogen atoms in the
nutraceuticals; this includes a discussion of experimental
protocols that allow UW 14N spectra of organic solids to be
acquired rapidly and efficiently.50 Finally, we discuss how these
experimental and computational protocols can be used for the
characterization of various solid forms of nutraceuticals, laying

Scheme 1. Cationic Molecular Structures of Nutraceuticals

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00708
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00708?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00708?fig=sch1&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the groundwork for further studies on nutraceuticals in areas of
NMR crystallography, identification of polymorphs, and rapid
spectral fingerprinting for the purpose of detecting counter-
feits.

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Materials. All bulk phase samples were purchased
from MilliporeSigma and used without further purification.
The identities of the bulk materials were confirmed through
comparison with simulated PXRD patterns based on previously
reported crystal structures; these results indicate that each
nutraceutical is highly crystalline, and no impurity phases are
evident (Figure S1, see Supporting Information).64−71 Schiff
Glucosamine (Schiff Nutrition International) tablets were
purchased from Publix Super Markets, Inc., which were stated
to contain 500 mg α-D-glucosamine HCl, 500 mg methyl-
sulfonylmethane, 1.1 mg hyaluronic acid, an unspecified
quantity of additional excipients (hydroxypropyl cellulose,
silicon dioxide, magnesium stearate, and boron glycinate), and
coatings (hydroxypropyl methylcellulose, modified corn starch,

titanium dioxide, polyethylene glycol, glycerin, and magnesium
silicate) per tablet.

2.2. Powder X-ray Diffraction. PXRD patterns were
acquired with a Rigaku Miniflex X-ray diffractometer operating
with Bragg−Brentano geometry and featuring a Cu Kα (λ =
1.540593 Å) radiation source and a D/tex Ultra 250 1D silicon
strip detector. The X-ray tube voltage and amperage were 40
kV and 15 mA, respectively. Samples were packed in zero-
background silicon wafers with a well size of 5 mm × 0.2 mm
mounted on an eight-position autosampler. Diffraction
patterns were acquired with a detector scanning 2θ from 5°
to 50° with a step size of 0.03° at a rate of 5° min−1. Simulated
diffraction patterns were generated using the Mercury software
package.72

2.3. Solid-State NMR Spectroscopy. Overview. All
NMR data at a field strength of 9.4 T were obtained at the
University of Windsor (Windsor, Ontario, Canada) using a
Bruker Avance III HD spectrometer and an Oxford wide bore
magnet, with Larmor frequencies of ν0(

1H) = 399.73 MHz and
v0(

35Cl) = 39.26 MHz. These spectra were acquired with a

Figure 1. Experimental 35Cl{1H} SSNMR spectra of betaine HCl (blue), N,N-dimethylglycine HCl (green), yohimbine HCl (purple), α-D-
glucosamine HCl (orange), and corresponding analytical simulations (gray). Spectra of static samples were acquired at 9.4 and 18.8 T, and under
MAS conditions at 18.8 T. Spinning side bands are marked by asterisks (*).
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Revolution 5.0 mm HX static probe with samples packed into
5.0 mm o.d. glass tubes sealed with Teflon tape. All data at a
field strength of 18.8 T were obtained at the National High
Magnetic Field Laboratory (Tallahassee, Florida) using a
Bruker NEO console and an Oxford medium bore (63 mm)
magnet, with Larmor frequencies of ν0(

1H) = 799.32 MHz,
ν0(

14N) = 57.80 MHz, and ν0(
35Cl) = 78.39 MHz. These

spectra were acquired using a home-built 3.2 mm HX MAS
probe with samples packed into 3.2 mm o.d. zirconia rotors. A
listing of all acquisition parameters is provided in Tables S1−
S5. All pulse sequences and recommended calibration
parameters and standards for 35Cl and 14N SSNMR are
available from the authors upon request.

35Cl SSNMR. DE experiments were performed under static
conditions at 9.4 and 18.8 T, and under MAS conditions at
18.8 T. Static spectra at 9.4 T were obtained using either the
Hahn-echo sequence with CT-selective π/2 pulses or the
WURST-CPMG sequence,73−76 depending on the breadth of
the powder pattern.77 Spectra at 18.8 T were acquired using
Hahn-echo and rotor-synchronized Hahn-echo sequences with

CT-selective π/2 pulses and MAS frequencies of νrot = 12−18
kHz. A continuous-wave decoupling field of ν2(

1H) = 35−50
kHz was applied during all DE experiments. 1H→35Cl{1H} CP
experiments were performed under static conditions at 18.8 T.
Experimental conditions include an 8.0 ms Hartman-Hahn
match at a 50 kHz ramped-amplitude rf field, a continuous
wave decoupling field of ν2(

1H) = 50 kHz, and a recycle delay
of 3.0 s. Chemical shifts were referenced externally to NaCl(s)
at δiso(

35Cl) = 0.0 ppm.78 All 35Cl SSNMR spectra were
processed and analyzed using the ssNake v1.1 software
package.79 For data obtained from WURST-CPMG acquis-
itions, echoes were coadded in the time domain prior to
Fourier transformation. Uncertainties in the quadrupolar and
chemical shift tensor parameters were assessed via bidirectional
variation of each parameter and visual comparison of
experimental and simulated spectra.

14N SSNMR. These spectra were obtained using the
WURST-CPMG sequence,73−76 in which 50 μs WURST-80
pulses with a maximum amplitude of ν1(

14N) = 50 kHz were
swept linearly from low to high frequency covering a total

Figure 2. Experimental 35Cl{1H} SSNMR spectra of L-tyrosine methyl ester HCl (blue), glycine ethyl ester HCl (green), guanidine HCl (purple),
L-ornithine HCl (orange), and corresponding analytical simulations (gray). Spectra of static samples were acquired at 9.4 and 18.8 T and under
MAS conditions at 18.8 T. Spinning side bands are marked by asterisks (*). Impurities are marked by a dagger (†).
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sweep width of 1.0 MHz (sweep rate of 20 MHz/ms). A
continuous-wave decoupling field of ν2(

1H) = 50 kHz was
applied for the duration of each scan. Individual subspectra
were collected at evenly spaced transmitter frequencies at an
integer multiple of the spikelet separation (ca. 100 kHz).80,81

Only the high-frequency sides of the 14N powder patterns were
collected; the low-frequency sides of the patterns were
produced by reflection, largely for aesthetic purposes.50 14N
SSNMR powder patterns were simulated using the WSOLIDS
program.82 All 14N chemical shifts were referenced externally
to NH4Cl at δiso(

14N) = 0.0 ppm, although these values are not
reported due to their inherent uncertainties.
2.4. Density Functional Theory Calculations. All

calculations were performed within the framework of plane-
wave DFT as implemented in the CASTEP module of BIOVIA
Materials Studio 2020. These calculations were conducted on
structural models determined from previous X-ray diffraction
studies.64−71 All calculations used the RPBE functional,83 a
plane-wave cutoff energy of 800 eV, a k-point spacing of 0.05
Å−1, ZORA scalar-relativistic pseudopotentials generated on
the fly, and an SCF convergence threshold of 5 × 10−7 eV.
Grimme’s two-body semiempirical dispersion correction force
field (D2; s6 = 1, d = 20),84 or a modification developed in our
laboratory (D2*; s6 = 1, d = 3.5)60−63 was used where
indicated. All structural refinements employed the low-memory

BFGS algorithm,85 in which the thresholds for structural
convergence include a maximum change in energy of 5 × 10−6

eV atom−1, a maximum displacement of 5 × 10−4 Å atom−1,
and a maximum Cartesian force of 10−2 eV Å−1. Magnetic
shielding tensors were calculated using the GIPAW method.86

Chlorine magnetic shielding values were converted to the
chemical shift scale relative to NaCl(s) at δiso(

35Cl) = 0 ppm
by setting the calculated magnetic shielding of NH4Cl to
δiso(

35Cl) = 120 ppm. Euler angles specifying the relative
orientation of the chemical shift and EFG tensors were
extracted from the CASTEP output files using the program
EFGShield 4.1.87 The agreement between calculated and
experimental 35Cl EFG tensor parameters is quantified by the
RMS EFG distance, ΓRMS, as discussed in previous work
(Supporting Information).62

3. RESULTS AND DISCUSSION
3.1. 35Cl SSNMR and DFT Studies of Bulk Phases of

Nutraceuticals. 35Cl{1H} SSNMR CT powder patterns were
acquired for eight nutraceuticals (Figures 1 − 2). The spectra
were obtained at 9.4 T under static conditions, as well as at
18.8 T under both static and MAS conditions. Since the
manifestations of the SOQI and CSA in CT patterns have
distinct dependences on the strength of the magnetic field (i.e.,
broadening resulting from these interactions scale proportional

Table 1. Experimental and Calculated 35Cl EFG and Chemical Shift Tensor Parameters for Nutraceuticalsa,b,c,d,e

material CQ (MHz) ηQ δiso (ppm) Δδ (ppm) ηCSA α (deg) β (deg) γ (deg)

Systems with One Short Contact
betaine HCl exp. 5.95(8) 0.10(2) 95(3) −40(20) f f 0(30) f

RPBE-D2* −5.50 0.15 109 −47 0.35 179 8 170
XRD −1.92 0.53 60 35 0.35 152 13 154

Systems with Two Short Contacts
N,N-dimethylglycine HCl exp. 4.74(6) 0.74(2) 103(5) −30(10) 1.0(3) 0(30) 90(30) 0(20)

RPBE-D2* 4.85 0.74 103 −39 0.19 7 83 61
XRD −3.46 0.55 54 −26 0.68 47 21 204

yohimbine HCl exp. 4.67(6) 0.77(2) 105(5) −30(10) 1.0(5) 90(40) 65(10) 90(40)
RPBE-D2* 4.64 0.59 110 69 0.38 104 71 174
XRD

Systems without Short Contacts
α-D-glucosamine HCl exp. 2.30(5) 0.74(2) 84(3) 30(5) 0.5(2) 15(10) 40(5) 35(5)

RPBE-D2* 2.50 0.44 89 −59 0.37 59 67 28
XRD −2.46 0.61 45 −51 0.29 73 27 35

L-tyrosine methyl ester HCl exp. 3.18(8) 0.53(2) 101(6) 40(10) 1.0(5) 90(10) 90(10) 90(50)
RPBE-D2* 3.62 0.67 105 67 0.41 81 85 0
XRD 2.13 0.82 70 54 0.33 66 87 2

glycine ethyl ester HCl exp. 3.98(6) 0.87(3) 72(4) 40(5) 0.5(3) 0(50) 0(10) 0(50)
RPBE-D2* −4.27 0.92 94 87 0.41 19 5 72
XRD 3.12 0.90 68 70 0.50 277 90 173

guanidine HCl exp. 2.65(8) 0.78(4) 101(4) −50(10) 0.7(2) 0(10) 0(10) 20(10)
RPBE-D2* −3.24 0.74 119 −83 0.71 80 2 2
XRD −2.21 0.79 68 −61 0.83 168 7 107

L-ornithine HCl exp. 2.99(6) 0.36(4) 72(3) −50(10) 0.0(3) f 70(5) 90(20)
RPBE-D2* 3.02 0.40 82 −78 0.74 79 62 46
XRD 3.23 0.28 99 −81 0.69 77 62 45

aTheoretical EFG and CS tensor parameters were obtained from calculations on XRD-derived structures and structures refined at the RPBE-D2*
level. bThe experimental uncertainties in the last digit for each value are indicated in parentheses. cThe quadrupolar coupling constant and
asymmetry parameter are given by CQ = eQV33/h, and ηQ = (V11 − V22)/V33. The sign of CQ cannot be determined from the experimental 35Cl
spectra. The principal components of the EFG tensors are ranked |V33| ≥ |V22| ≥ |V11|.

dThe chemical shift tensors are defined using Haeberlen’s
convention, in which the principal components are ordered |δzz − δiso| ≥ |δxx − δiso| ≥ |δyy − δiso|. The isotropic chemical shift, anisotropy, and
asymmetry parameter are given by δiso = (δxx + δyy + δzz)/3, Δδ = δzz − (δxx + δyy)/2, and ηCSA = (δyy − δxx)/(δzz − δiso), respectively.

eThe Euler
angles α, β, and γ define the relative orientation of the CS and EFG tensors, as defined by Adiga et al. (see ref 84). fThis parameter has little-or-no
discernible effect on the appearance of simulated powder patterns.
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to B0
−1 and B0, respectively), acquisition of spectra at two fields

allows accurate determinations of the EFG and chemical shift
tensors, as well as the set of Euler angles defining the relative
orientation of their principal axis systems (see Table 1 for
definitions of all parameters).87 Acquisition under MAS
conditions with appropriate spinning rates averages the effects
of CSA, resulting in powder patterns that are dominated by the
effects of a partially averaged SOQI. The WURST-CPMG
sequence was used to obtain all spectra in which the pattern
breadths were greater than ca. 100 kHz, whereas all other
spectra were obtained using Hahn-echo (static) or rotor-
synchronized Hahn-echo (MAS) sequences. Each pattern
arises from a single chloride anion, consistent with the known
crystal structures (i.e., Z′ = 1). The 35Cl SSNMR spectra for
the nutraceuticals were simulated using an eight-parameter fit,
as reported in Table 1. The spectra are indicative of samples of
high purity, with only the spectra of L-tyrosine methyl ester
HCl revealing a minor impurity (N.B.: This phase is not
apparent in the PXRD pattern, demonstrating the ability of
35Cl SSNMR to detect small quantities of impurities that other
analytical techniques cannot).
The 35Cl EFG tensors of chloride ions are strongly

influenced by H···Cl− hydrogen bonds (i.e., H···Cl− contacts
< 2.6 Å,16 including the types of hydrogen-donating functional
groups and their spatial arrangement, Table 2).20 Hydrogen
bonds that exert the most influence 35Cl EFG tensors are those
in which the H···Cl− distance is less than ca. 2.2 Å, which we

define here as short contacts.20 When a chloride ion has a
single short contact, the largest component of the EFG tensor,
V33, is almost always oriented along or near the contact axis,
and the resulting 35Cl spectrum is typically characterized by a
CQ(

35Cl) of relatively large magnitude and an ηQ close to zero
(i.e., an EFG tensor of axial or near-axial symmetry). In
contrast, when a chloride environment features three or more
short contacts, the magnitudes of CQ(

35Cl) are typically
smaller, and the values of ηQ deviate substantially from axial
symmetry. DFT calculations consistently predict positive EFGs
oriented in the directions of the shortest contacts (though the
sign of CQ(

35Cl) cannot be determined directly from the 35Cl
SSNMR spectra).20 Chlorine chemical shift tensors do not
have simple structural relationships of this nature and are
somewhat more challenging to measure accurately when the
35Cl CT patterns are dominated by second-order quadrupolar
effects (i.e., uncertainties in CS tensor parameters and Euler
angles are large, even from analysis of high-field spectra); thus,
we restrict our remaining discussion to 35Cl EFG tensors and
their related structural inferences.
Plane-wave DFT calculations are necessary for refining the

structures of organic materials and providing relationships
between NMR tensor parameters and molecular-level
structure. Crystal structures determined from XRD often
feature poorly resolved or undetermined hydrogen atom
positions, making such structures unreliable for calculations
of 35Cl EFG tensors. Furthermore, conventional plane-wave

Table 2. H···Cl− Contacts and 35Cl SSNMR Parameters for Nutraceuticals, as Calculated for Structures Refined at the RPBE-
D2* Level

material contact typea H···Cl− distanceb (Å) X···Cl− distancec (Å) X-H···Cl− angled (deg) CQ (MHz) ηQ δiso (ppm)

Systems with One Short Contact
betaine HCl ROOH···Cl− 2.008 2.962 170.6 −5.50 0.15 109

Systems with Two Short Contacts
N,N-dimethylglycine HCl ROOH···Cl− 2.073 3.013 168.2 4.85 0.74 103

R3NH
+···Cl− 2.135 3.102 165.4

Yohimbine HCl R3NH
+···Cl− 2.109 3.103 176.2 4.64 0.59 110

R2NH···Cl
− 2.251 3.216 174.3

Systems without Short Contacts
α-D-glucosamine HCl ROH···Cl− 2.210 3.130 167.8 2.50 0.44 89

ROH···Cl− 2.216 3.148 176.0
ROH···Cl− 2.258 3.175 167.1
RNH3

+···Cl− 2.291 3.187 151.9
L-tyrosine methyl ester HCl RNH3

+···Cl− 2.131 3.102 168.0 3.62 0.67 105
RNH3

+···Cl− 2.186 3.156 168.4
ROH···Cl− 2.200 3.128 172.9
RNH3

+···Cl− 2.344 3.225 149.8
glycine ethyl ester HCl RNH3

+···Cl− 2.221 3.185 166.3 −4.27 0.92 94
RNH3

+···Cl− 2.323 3.174 145.2
RNH3

+···Cl− 2.332 3.228 151.8
guanidine HCl C(NH2)3

+···Cl− 2.326, 2.468 3.724 155.8, 148.2 −3.24 0.74 119
C(NH2)3

+···Cl− 2.333, 2.488 3.739 155.6, 149.1
C(NH2)3

+···Cl− 2.336, 2.418 3.707 154.5, 150.6
L-ornithine HCl RNH3

+···Cl− 2.209 3.147 159.2 3.02 0.40 82
RNH3

+···Cl− 2.313 3.206 151.5
RNH3

+···Cl− 2.330 3.240 154.7
aIndicates the functional group involved in the H···Cl− bond (e.g., RNH3

+···Cl− and R3NH
+···Cl− signify positively charged primary and tertiary

ammonium type hydrogen contacts, respectively, R2NH···Cl− signifies a secondary ammonium contact, C(NH2)3
+···Cl− signifies a guanidinium

contact, ROOH···Cl− signifies a carboxylic acid contact, and ROH···Cl− signifies an alcohol contact). bH···Cl− hydrogen bonds (<2.6 Å), as
determined from crystal structures refined at the RPBE-D2* level. Two distances are listed for contacts with guanidinium ions. cX···Cl− interatomic
distances (X = N, O), as determined from crystal structures refined at the RPBE-D2* level. dAngle between the hydrogen-bond donor atom (X =
N, O), the hydrogen atom, and the chloride anion. Two angles are listed for contacts with guanidinium ions.
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DFT structural refinements result in systematic under-
estimations of H···Cl− bond lengths, leading to overestimations
of the magnitudes of the individual principal components of
the EFG tensors. To overcome these difficulties, our group has
proposed several semiempirical dispersion force field correc-
tions.60−63 The model used here, which we denote RPBE-D2*,
is based on a reparameterization of the atomic-pairwise force
field correction of Grimme,84 in which the form of the
damping function has been altered such that calculation on the
energy minimized structures of organic solids result in accurate

values of EFG tensors. The results obtained using the RPBE-
D2* method are compared with those using the RPBE-D2
method (i.e., with Grimme’s standard parametrization of the
D2 force field), as well as the RPBE method (i.e., without the
inclusion of dispersion). A summary of all calculations is
provided in Table S6.
For the eight nutraceuticals, plane-wave DFT calculations

are presented for models based on structures obtained via
SCXRD methods and for models that were refined using the
original structures as starting points (Figure 3, Table 1).

Figure 3. Relationships between experimental and calculated principal components of 35Cl EFG tenors (Vkk, where k = 1, 2, 3). Calculations of 35Cl
EFG tensors were performed on structures that were refined at the RPBE-D2* (blue), RPBE-D2 (red), and RPBE (green) levels or on unrefined
structures that were obtained by X-ray diffraction (yellow). The dotted black lines indicate perfect agreement between calculation and experiment.
ΓRMS and N denote the root-mean-square EFG distance and the number of chlorine sites, respectively.

Figure 4. 35Cl EFG tensor orientations for eight nutraceuticals, as calculated for structures refined at the RPBE-D2* level. H···Cl− hydrogen bonds
(<2.6 Å) are shown as dotted green lines, whereas short contacts (<2.2 Å) are shown as dotted red lines. The three yellow vectors represent the
orientations of the principal components of the EFG tensors (V11, V22, and V33).
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Calculations on unrefined XRD-derived structures result in
poor agreement with experimental 35Cl EFG tensors, as
described by the large value of the EFG distance, ΓRMS(

35Cl) =
1.17 MHz. Calculations on structures refined at the RPBE-D2
and RPBE levels result in comparable values of ΓRMS(

35Cl) =
1.09 and 1.13 MHz, respectively. In contrast, calculations on
structures that were refined at the RPBE-D2* level result in
excellent agreement with the experiment, as described by the
comparatively small value of ΓRMS(

35Cl) = 0.26 MHz.
Because the model structures obtained from RPBE-D2*

calculations result in reliable predictions of 35Cl EFG tensors, it
is possible to assess the relationships between H···Cl−

hydrogen bonding environments and 35Cl EFG tensor
parameters and orientations (Table 2, Figure 4), in order to
see if they hold consistent with those from previous
studies,19,20 and for potential future use in NMR crystallo-
graphic applications. Some general observations are made in
the discussion that follows.
Systems with One Short Contact. The chloride ion

environment in betaine HCl features a single short contact
with a ROOH group, with the shortest H···Cl− distance of any
of the compounds herein (2.008 Å), as well as the value of
CQ(

35Cl) with the greatest magnitude (5.95 MHz). The largest
principal component, V33, is oriented in the general direction
of the H···Cl− contact axis, which is consistent with the low
value of ηQ (i.e., approaching 0, indicating an EFG tensor
approaching axial symmetry). DFT calculations demonstrate
that the sign of CQ(

35Cl) is negative (i.e., the EFGs are positive
along the axis of the short contact, since Q(35Cl) = −8.165
fm2).88

Systems with Two Short Contacts. The Cl− ion environ-
ments in N,N-dimethylglycine HCl and yohimbine HCl feature
two short contacts with various types of hydrogen-bond
donating moieties. DFT calculations show that the signs of
CQ(

35Cl) are positive and that V33 is oriented approximately
perpendicular to the H···Cl−···H plane formed by the two short
contacts in each case, which is consistent with positive EFGs in
the H···Cl−···H plane, and negative EFGs perpendicular to this
plane. Since V11 and V22 are in this plane, they must have
different magnitudes, consistent with high values of ηQ (i.e.,
approaching 1) that describe highly nonaxially symmetric EFG
tensors.
Systems without Short Contacts. Each of these five

systems (Table 2) feature multiple hydrogen bonds that are
all greater than ca. 2.2 Å, and unlike the cases above, the
orientations of the EFG tensors are less constrained by
symmetry or pseudosymmetry elements and vary from system
to system. The local environments in α-D-glucosamine HCl
and L-tyrosine methyl ester HCl feature multiple hydrogen
bonds with alcohol and amine moieties. Similar to the two-
contact systems, DFT calculations show that the sign of
CQ(

35Cl) is positive, with V33 oriented approximately
perpendicular to the H···Cl−···H plane formed by the two
shortest hydrogen bonds (which is consistent with the
midrange values of ηQ). In contrast, the chloride ion
environments in glycine ethyl ester HCl, guanidine HCl, and
L-ornithine HCl involve only nitrogen-containing moieties. For
glycine ethyl ester HCl and guanidine HCl, DFT calculations
show that the sign of CQ(

35Cl) is negative and that V33 resides
approximately within the H···Cl−···H plane formed by the two
shortest hydrogen bonds. In L-ornithine HCl, the chloride ion
features three hydrogen bonds involving RNH3

+ groups. DFT

calculations demonstrate that the sign of CQ(
35Cl) is positive,

with V22 oriented along the shortest hydrogen bonding axis.
To summarize, these observations are consistent with those

from our previous studies of anhydrous HCl salts,20 and
demonstrate that it is possible to make a preliminary qualitative
assessment of Cl− environments in the absence of crystallo-
graphic structural data. When a chloride environment features
a single short contact, the sign of CQ(

35Cl) is negative, and the
positive principal component V33 is oriented along or near the
axis of the short contact. For chloride environments that
feature two contacts in a nonlinear spatial arrangement, the
sign of CQ(

35Cl) is positive, and the negative principal
component V33 is oriented approximately perpendicular to
the H···Cl−···H plane formed by the two short contacts,
whereas the EFGs are positive in the directions of the two
short contacts. Systems that do not feature short contacts do
not have any apparent trends that are consistent between all
chloride ions; however, for each system considered in this
study, the EFGs are positive in the direction of one of the
hydrogen bonds or within a plane formed by two hydrogen
bonds. Again, it is anticipated that this growing data set of
relationships between 35Cl EFG tensors (parameters and
orientations) and chloride ion hydrogen-bonding environ-
ments will underpin rapid NMR crystallographic assessments
of structure, not only in bulk samples but also in dosage forms.

3.2. 35Cl SSNMR Study of a Dosage Form of α-D-
Glucosamine HCl. Dosage forms of APIs and nutraceuticals
often consist of micro- or nanocrystalline domains of the active
ingredient dispersed in a complex matrix of excipients. The
presence of excipient molecules can inhibit molecular-level
characterization of the active ingredients in dosage forms using
conventional analysis techniques such as PXRD, thermal
analysis, water sorption analysis, and vibrational spectroscopy,
especially when the wt % of the active ingredient is low. Simple
one-dimensional 1H and 13C SSNMR spectroscopic techniques
are often hampered due to interfering signals arising from the
excipient molecules. However, 35Cl SSNMR spectroscopy can
be used to analyze dosage forms because excipients generally
do not contain chloride ions; thus, it is an ideal technique for
phase identification, structural characterization, and quantifi-
cation of nutraceuticals in dosage forms.23

To demonstrate the utility of 35Cl SSNMR for probing
dosage forms of nutraceuticals, we have selected a dosage form
containing the active ingredient α-D-glucosamine HCl (1500
mg), as well as methylsulfonylmethane (1500 mg), hyaluronic
acid (3.3 mg), and an unspecified quantity of excipients (i.e., a
maximum of 50 wt % α-D-glucosamine HCl). 35Cl{1H} DE and
1H→35Cl{1H} CP experiments were used to analyze a bulk
sample of α-D-glucosamine HCl and the dosage form (Figure
5, Table 3). Ideal CP conditions (including the Hartmann−
Hahn matching conditions, contact time, recycle delay) were
determined for the bulk phase and applied without change to
the dosage form (this allows for quantification of all of the
nutraceutical in microcrystalline form, vide inf ra). The 35Cl-
{1H} DE experiments were acquired with 2048 scans and a
recycle delay of 2.0 s, resulting in a total experiment time of ca.
70 min. In contrast, the CP experiments were acquired with
512 scans and a 3.0 s recycle delay, resulting in a total
experiment time of ca. 26 min. The CP spectra of the bulk and
dosage forms feature higher S/N ratios and sharper spectral
features than those of the 35Cl{1H} DE spectra, demonstrating
the utility of CP techniques for the study of dosage forms

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://doi.org/10.1021/acs.molpharmaceut.1c00708
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

H

pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(again, this is particularly useful if the wt % of the active
ingredient is low).
The 35Cl{1H} DE and 1H→35Cl{1H} CP spectra indicate

that the dosage form contains the same phase of α-D-
glucosamine HCl as the bulk form, as indicated by the
positions of key discontinuities in the patterns. The spectra of
the dosage form do not show any additional features that may
arise from interfering signals from the excipients or additional
active ingredients (e.g., in cases of disproportionation or
uptake of water under ambient conditions, sharp/narrow
patterns are often observed overlapping with the much broader
CT patterns arising from the HCl salt of the active
ingredient).23 In addition, the relative integrated signal
intensities of the patterns in the 35Cl NMR spectra of the
bulk and dosage forms can be used to quantify the content of
nutraceutical in the latter (for both DE and CP experiments,
after scaling the signal intensities by the relative mass of
sample). From the 35Cl{1H} DE spectra, this ratio suggests
that the dosage form consists of 44% α-D-glucosamine HCl,
whereas the CP spectra suggest 43%. Both values are
consistent with the stated amount of the active ingredient in
the dosage form (vide supra), demonstrating that 35Cl{1H} DE
and CP methods are useful for phase identification and
quantification of dosage forms of nutraceuticals.
Finally, we make several comments regarding the general

applicability of 35Cl SSNMR spectroscopy to the study of
nutraceuticals in dosage forms, some of which have been
considered in more detail in previous work from our
laboratory:23 (i) for the acquisition of wide-line and/or UW
patterns, the WURST-CPMG or BRAIN-CP sequences (or

even sequences and pulse sequences designed using optimal
control theory) may provide avenues for more uniform
excitation and/or refocusing of spin polarization, resulting in
undistorted and uniformly excited patterns;59,89−92 (ii) if
multiple chlorine sites are present (whether corresponding to
multiple chlorine sites in the same crystal lattice, two distinct
nutraceutical phases within the same formulation, or some
physical mixture of dosage forms), one must account for
differences in the relaxation rates T1 and T2

eff and/or optimal
CP conditions for calibrating experiments  in such
situations, one can use relaxation-assisted separation techni-
ques to obtain spectra corresponding to individual chlorine
sites;93,94 (iii) the additional signal enhancement afforded by
dynamic nuclear polarization22,44 and/or 1H-detected ultrafast
MAS methods40−43 could allow similar analyses to be
conducted in a shorter period of time, or on dosage forms
with much lower wt % of nutraceutical; and (iv) 35Cl SSNMR
can be used to assess in situ interconversions between solid
forms of APIs,24 to detect signals corresponding to the
products of disproportionation reactions,23 and for other
quality assurance and counterfeit detection purposes. All of
these advances have the potential to expand the applications of
35Cl SSNMR to the study of dosage forms of nutraceuticals.

3.3. 14N SSNMR and DFT Studies of Bulk Phases of
Nutraceuticals. The 14N{1H} WURST-CPMG spectra of
glycine ethyl ester HCl, α-D-glucosamine HCl, and L-ornithine
HCl were acquired rapidly due to short values of T1(

14N) and
long values of T2

eff(14N) (Figure 6). In each case, only the

positive frequency sides of the patterns were acquired; the
negative frequency sides were generated by mirroring the
patterns about the Larmor frequency, largely for aesthetic
purposes (N.B.: the effects of nitrogen CSA on these spectra
are very small, due to the dominant manifestation of the
FOQI).50 The positive frequency sides of the patterns were
acquired by stepping the transmitter in intervals of ca. 100 kHz
in order to achieve uniform patterns. The individual subspectra
were obtained in less than nine minutes for glycine ethyl ester

Figure 5. A comparison of static 35Cl SSNMR spectra (18.8 T) of a
bulk form (green) and a dosage form (orange) of α-D-glucosamine
HCl. The spectra were obtained using either a Hahn-echo sequence
(left) or a 1H→35Cl cross-polarization sequence. Additional active
ingredients in the dosage form include methylsulfonylmethane and
hyaluronic acid, which do not contain chloride ions.

Table 3. Acquisition Parameters and Results of wt %
Quantification Using 35Cl{1H} Direct Excitation and
1H→35Cl{1H} Cross-Polarization Methods for Bulk and
Dosage Forms of α-D-Glucosamine HCl

35Cl{1H} direct
excitation

1H→35Cl{1H}
Cross-Polarization

bulk dosage bulk dosage

sample mass (mg) 65.0 75.8 65.0 75.8
wt scaling factora 1.00 0.86 1.00 0.86
no. of scans 2048 2048 512 512
relaxation delay (s) 2.0 2.0 3.0 3.0
experimental time (min) 70 70 26 26
wt % nutraceuticalb 100 44 100 43

aThe wt scaling factor accounts for the different sample masses. bThe
wt % nutraceutical in the bulk form was assumed to be 100% because
no impurity phases were detected through PXRD or 35Cl SSNMR
spectroscopy.

Figure 6. 14N{1H} WURST-CPMG spectra (18.8 T) of glycine ethyl
ester HCl (top), α-D-glucosamine HCl (middle), and L-ornithine
HCl. Corresponding analytical simulations are shown in red.
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HCl and α-D-glucosamine HCl and in less than five minutes for
L-ornithine HCl. Each of the spectra results from eight
individual subspectra that were coadded in the frequency
domain. The 14N spectrum of L-ornithine HCl is characterized
by two overlapping patterns corresponding to the two
chemically distinct nitrogen atoms in the molecular structure.
In such spectra of integer spin nuclides with low S/N, one
must be cautious in the assignment of such discontinuities
since artifacts can result from the WURST pulses and the
processing of frequency-stepped spectra. The presence of the
pattern corresponding to the inner sets of “horns” is more
pronounced in individual subspectra acquired with transmitter
offsets near ca. 500 kHz, whereas the outer set of “horns” is
more pronounced in subspectra with larger transmitter offsets
(Figure S2). In all cases, the outer “foot” regions of the Pake-
like doublets are the most challenging to detect because of
their low intensity; fortunately, this does not impact accurate
measurement of the 14N quadrupolar parameters (vide inf ra).
Because of the high degree of symmetry evident in 14N Pake-

like powder patterns, the principal components of the 14N EFG
tensors can be determined completely by resolving the
positions of two key discontinuities in the powder pattern
(Scheme 2).50 This is most readily accomplished by

determining the positions of the “horn” and “shoulder”
discontinuities (i.e., ν11 and ν22, respectively) since these are
located in the highest signal intensity regions of the patterns
(the “foot” discontinuities (ν33) are often difficult to resolve
due to low S/N, vide supra). In practice, the complete powder
pattern, or even half of the pattern, does not need to be
acquired to fully determine the 14N EFG tensor.50 For
example, the two key discontinuities in the spectrum of α-D-
glucosamine HCl are resolved through judicious placement of
the transmitter at a frequency that allows the acquisition of this
subspectrum in a single experiment (Figure 7). This targeted
acquisition protocol greatly reduces the total experimental time
(in the case of α-D-glucosamine HCl, a single subspectrum was
acquired in ca. 8.5 min, whereas the complete positive
frequency side of the pattern required ca. 68 min to acquire),
and potentially allows for the acquisition of 14N NMR spectra
in cases of low wt %, large values of CQ(

14N), and/or
inconvenient relaxation characteristics.
The 14N{1H} WURST-CPMG spectra of betaine HCl, L-

tyrosine methyl ester HCl, and N,N-dimethylglycine HCl were

obtained as targeted acquisitions of a single subspectrum or
“piece” of the entire Pake-like doublet (Figure 8), since the

short values of T2
eff(14N), and/or long values of T1(

14N)
rendered acquisition of the entire patterns impractical. For
betaine HCl and L-tyrosine methyl ester HCl, a single piece of
the powder pattern was acquired in ca. 17 min. In contrast, the
spectrum of N,N-dimethylglycine HCl required ca. 15 h to
acquire.

Scheme 2. An Idealized 14N Powder Pattern Dominated by
the First-Order Quadrupolar Interactiona

aThe Pake-like doublet shape results from two overlapping powder
patterns arising from the fundamental 0 ↔ −1 and +1 ↔ 0
transitions. The relationship between the “horn” (ν11), “shoulder”
(ν22), and “foot” (ν33) discontinuities and the EFG tensor parameters
CQ and ηQ are illustrated for the 0 ↔ −1 transition.

Figure 7. 14N{1H} WURST-CPMG spectra (18.8 T) of α-D-
glucosamine HCl. The complete powder pattern (green) was
obtained as a series of eight subspectra by stepping the transmitter
frequency in intervals of ca. 100 kHz across the positive frequency half
of the pattern; the negative frequency half of the pattern was obtained
by mirroring the spectrum about the Larmor frequency. The spectrum
in blue was obtained with a single transmitter offset frequency (Tx).
The frequencies of the “horn” (ν11 = 310 kHz) and “shoulder” (ν22 =
575 kHz) discontinuities are marked on the spectrum, from which
one can obtain values of CQ and ηQ by analyzing either the green or
blue patterns. The corresponding analytical simulation is shown in
red.

Figure 8. 14N{1H} WURST-CPMG spectra (18.8 T) of betaine HCl
(top), L-tyrosine methyl ester HCl (middle), and N,N-dimethylgly-
cine HCl. All spectra were acquired as a single piece with the
transmitter frequency indicated (Tx). Corresponding analytical
simulations are shown in red.
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Unfortunately, we were not able to obtain the 14N spectrum
for yohimbine HCl or guanidine HCl using these methods,
possibly due to the anticipated breadths of the patterns (cf.
Table 4) and/or the potentially short values of T2

eff(14N).
Additional acquisitions using the BRAIN-CP sequence,55 or a
quadrupolar echo sequence with the transmitter placed at the
anticipated positions of the discontinuities of the pattern, did
not yield signal in these cases. We note that the broad nitrogen
patterns have been observed through indirect 14N−1H HMQC
experiments.95,96 Additionally, guanidine HCl has been studied
previously by 14N nuclear quadrupole resonance (NQR)
spectroscopy.97−99 A study conducted at room temperature
detected only two distinct resonances, indicating an averaging

of the three nitrogen sites due to molecular-level motions,99

whereas a different study conducted at 77 K resolved six
distinct resonances, corresponding to the three nitrogen atoms
in the crystal structure.99

We have calculated the 14N EFG tensors for each of the
nitrogen sites within the eight nutraceuticals. These calcu-
lations were performed on models based on SCXRD structures
and refined structural models (Table 4, Figure 9). Calculations
of the XRD-derived structures result in poor agreement with
experimental 14N EFG tensors, characterized by ΓRMS(

14N) =
0.35 MHz. Calculations on structures performed at the RPBE-
D2 and RPBE levels result in values of ΓRMS(

14N) = 0.17 and
0.19 MHz, respectively, whereas calculations on structures that

Table 4. Experimental and Calculated 14N EFG Tensor Parameters for Nutraceuticalsa,b,c,d,e

experimental XRD structures RPBE-D2* structures

material (N Site) coordination CQ (MHz) ηQ CQ (MHz) ηQ CQ (MHz) ηQ

glycine ethyl ester HCl R−NH3
+ 1.19(1) 0.13(1) 1.88 0.03 1.41 0.10

L-tyrosine methyl ester HCl R−NH3
+ 1.12(1) 0.21(1) 1.66 0.13 1.32 0.21

α-D-glucosamine HCl R−NH3
+ 1.18(1) 0.29(1) 1.70 0.15 1.34 0.26

L-ornithine HCl (N1) R−NH3
+ 1.12(2) 0.07(2) 1.20 0.13 1.24 0.06

L-ornithine HCl (N2) R−NH3
+ 0.87(2) 0.41(2) 0.89 0.44 1.02 0.27

N,N-dimethylglycine HCl R−NH(CH3)2
+ 1.25(1) 0.33(1) −1.91 0.24 −1.46 0.30

betaine HCl R−N(CH3)3
+ 0.31(2) 0.24(3) 0.38 0.16 0.34 0.08

guanidine HCl (N1) R−NH2 3.4507 0.430 −3.07 0.94 −3.54 0.47
guanidine HCl (N2) R−NH2 3.4683 0.421 −3.10 0.88 −3.55 0.46
guanidine HCl (N3) R = NH2

+ 3.5811 0.385 −3.14 0.86 −3.69 0.42
yohimbine HCl (N1) R2−NH −2.80 0.46
yohimbine HCl (N2) R3−NH+ −1.37 0.15

aTheoretical EFG tensor parameters were obtained from calculations on XRD-derived structures and structures refined at the RPBE-D2* level.
bThe experimental uncertainties in the last digit for each value are indicated in parentheses. cThe quadrupolar coupling constant and asymmetry
parameter are given by CQ = eQV33/h, and ηQ = (V11 − V22)/V33. The sign of CQ cannot be determined from the experimental 14N spectra. The
principal components of the EFG tensors are ranked |V33| ≥ |V22| ≥ |V11|.

dThe experimental values for guanidine HCl are from an NQR
spectroscopy study by Chen and Dodgen (see ref 94). All other experimental values are from this work. eExperimental values were determined at
77 K for guanidine HCl and at room temperature for all other materials.

Figure 9. Relationships between experimental and calculated principal components of 14N EFG tenors (Vkk where k = 1, 2, 3). Calculations of 14N
EFG tensors were performed on structures that were refined at the RPBE-D2* (blue), RPBE-D2 (red), and RPBE (green) levels or on unrefined
structures that were obtained by X-ray diffraction (yellow). The dotted black lines indicate perfect agreement between calculation and experiment.
ΓRMS and N denote the root-mean-square EFG distance and the number of nitrogen sites, respectively.
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were refined at the RPBE-D2* level result in better agreement
with the experiment, as described by the lower value of
ΓRMS(

14N) = 0.10 MHz. We note the following: (i) the values
of CQ(

14N) for the pseudotetrahedral nitrogen sites are
systematically overestimated for each of the refined structural
models; (ii) the 14N EFG tensor parameters of guanidine HCl
are most strongly influenced by structural refinement, with
calculation on the RPBE-D2* structure leading to the best
results; (iii) calculations of 35Cl EFG tensors are generally
more sensitive to structural refinements, with only calculations
on RPBE-D2* structures resulting in good agreement with
experiment (cf. §3.1).
The 14N EFG tensors measured in this study correspond to

nitrogen atoms in pseudotetrahedral chemical environments,
including RNH3

+ (R ≠ CH3), RN(CH3)3
+, RNH(CH3)2

+, and
RR′R′′NH+ moieties. 14N EFG tensor parameters for the
nitrogen sites featuring RNH3

+ geometries are consistent with
previous studies of such moieties;51−53 the values of CQ(

14N)
range between 0.87 and 1.19 MHz, and DFT calculations
suggest that the signs of CQ(

14N) for these sites are positive
(i.e., the values of V33 are positive, since Q(14N) = 2.044
fm2).88 The nitrogen atom in betaine HCl belongs to a
RN(CH3)3

+ group and is predicted to have a positive value of
CQ(

14N); because the nitrogen atom is covalently bound to
four carbon atoms, the local symmetry is nearly tetrahedral,
and the value of CQ(

14N) is accordingly small (0.31 MHz).
The nitrogen atom in N,N-dimethylglycine HCl belongs to a
RNH(CH3)2

+ group and consequently has a slightly larger
value of CQ(

14N) (1.25 MHz), which DFT calculations
indicate to be negative. Similarly, one of the nitrogen sites in
yohimbine HCl resides in a pseudotetrahedral RR′R′′NH+

environment and is predicted to have a value of CQ(
14N) =

−1.37 MHz, which is in agreement with the sign of the
calculated value for the same nitrogen-containing moiety in
N,N-dimethylglycine HCl.
The asymmetry parameters of 14N EFG tensors of

pseudotetrahedral nitrogen atoms are influenced by the local
hydrogen bonding environments; as such, they may be useful
as metrics for assessing the strengths of intermolecular
interactions. In the absence of significant hydrogen bonding
in pseudotetrahedral RNH3

+ nitrogen moieties, low values of
ηQ (i.e., 0.00 ≤ ηQ ≤ 0.30; V11 ≈ V22) are often observed, since
V33 is directed along or close to the R−N bond axis. Stronger
hydrogen bonding results in small differences in N−H bond
lengths, which creates observable differences in the magnitudes
of V11 and V22, while still having V33 oriented along/near the
R−N bond axis, resulting in intermediate values of ηQ (0.30 ≤
ηQ ≤ 0.75).
In contrast with the pseudotetrahedral nitrogen sites, the

three nitrogen sites in guanidine HCl and one of the sites in
yohimbine HCl reside in pseudoplanar environments and have
correspondingly larger values of CQ(

14N) and intermediate
values of ηQ. The planar site in yohimbine HCl is predicted to
have CQ(

14N) = −2.80 MHz, whereas the three sites in
guanidine HCl have measured values of CQ(

14N) between
−3.54 MHz and −3.69 MHz. The CQ(

14N) values of such
environments are generally less affected by hydrogen-bonding
interactions and represent the best examples of good
agreement between theory and experiment.
Finally, we acquired a 14N{1H} WURST-CPMG spectrum

of the dosage form containing α-D-glucosamine HCl (Figure
10). Similar to the spectra of the bulk phases discussed above,
this spectrum was acquired in ca. 8.5 min as a single

subspectrum using targeted acquisition with an optimal
transmitter frequency suggested by prior analysis of the bulk
phase of the nutraceutical. The spectrum demonstrates that the
dosage form contains α-D-glucosamine HCl (as indicated by
the positions of the “horn” and “shoulder” discontinuities),
with no additional features in the pattern arising from
nitrogen-containing excipients and/or impurities. Together
with the 35Cl{1H} DE and 1H→35Cl{1H} CP spectra (cf.
Figure 5), these results demonstrate that the combination of
35Cl and 14N SSNMR spectroscopy provides a rapid character-
ization of nutraceutical dosage forms under static conditions.
This eliminates the long sample preparation times and costly
rotors, caps, and tool kits that are necessary for fast MAS
techniques, allowing for the possibility of direct insertion of a
powdered nutraceutical or dosage forms (i.e., tablets or
capsules) into the probe coil (within a sample container),
potentially making these methods suitable for higher-
throughput screening of nutraceutical products.

4. CONCLUSIONS
This work has demonstrated that the combination of 35Cl and
14N SSNMR spectroscopic techniques and plane-wave DFT
calculations provides important information regarding the
molecular-level structures of nutraceuticals. The usefulness of
35Cl SSNMR for the characterization of solid forms of
nutraceuticals reflects the fact that 35Cl EFG tensors are
strongly influenced by the types and arrangements of the
surrounding H···Cl− hydrogen bonds, with even the smallest
differences or changes in the local environment influencing the
appearances of powder patterns. Additionally, 35Cl SSNMR is
useful for rapid fingerprinting, detection of impurities and/or
adulterants, identification of potential counterfeited products,
and quantification of nutraceuticals in dosage forms. 14N
SSNMR spectroscopy provides complementary information to
35Cl SSNMR, especially for cases where the nitrogen atom
serves as the donor for H···Cl− hydrogen bonds. Improved
experimental methodologies, including those that exploit the
inherent symmetry of UW 14N powder patterns using targeted
acquisition, allow these spectra to be acquired in minutes for
highly receptive samples, suggesting possible usage for the
characterization of dosage forms in the future. Finally,

Figure 10. 14N{1H} WURST-CPMG spectra (18.8 T) of bulk α-D-
glucosamine HCl (top) and a dosage form containing the same
nutraceutical (bottom). Spectra were acquired as a single piece with
the transmitter frequency indicated (Tx).
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dispersion-corrected plane-wave DFT structural refinements
provide better atomic coordinates than is possible through
XRD alone, which is necessary for the accurate prediction of
EFG tensors from a known crystal structure. Such calculations
provide important relationships between NMR parameters and
molecular-level structure, which opens the avenue for
characterizing novel nutraceutical solid forms in the absence
of high-quality diffraction data. Thus, it is hoped that these
experimental and computational protocols will serve as a
foundation for future NMR crystallographic studies of
nutraceuticals in their bulk and dosage forms and may find
use in structural prediction algorithms and efforts aiming at
detecting impurities in or counterfeit forms of nutraceuticals.
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