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New mechanochemical preparations of three multicomponent crystals (MCCs)
of the form MCl:urea-xH,O (M = Li, Na and Cs) are reported. Their structures
were determined by an NMR crystallography approach, combining Rietveld
refinement of synchrotron powder X-ray diffraction data (PXRD), multinuclear
(*°Cl, "Li, **Na and '**Cs) solid-state NMR (SSNMR) spectroscopy and thermal
analysis. The mechanochemical syntheses of the three MCCs, two of which are
novel, were optimized for maximum yield and efficiency. >>Cl SSNMR is well
suited for the structural characterization of these MCCs since it is sensitive to
subtle differences and/or changes in chloride ion environments, providing a
powerful means of examining H---Cl” bonding environments. Alkali metal
NMR is beneficial for identifying the number of unique magnetically and
crystallographically distinct sites and enables facile detection of educts and/or
impurities. In the case of NaClurea-H,0, *’Na magic-angle spinning NMR
spectra are key, both for identifying residual NaCl educt and for monitoring
NaCliurea-H,O degradation, which appears to proceed via an autocatalytic
decomposition process driven by water (with a rate constant of k =1.22 x
107> s71). SSNMR and PXRD were used to inform the initial structural models.
Following Rietveld refinement, the models were subjected to dispersion-
corrected plane-wave density functional theory geometry optimizations and
subsequent calculations of the **Cl electric field gradient tensors, which enable
the refinement of hydrogen-atom positions, as well as the exploration of their
relationships to the local hydrogen-bonding environments of the chloride ions
and crystallographic symmetry elements.

1. Introduction

An active area of research in crystal engineering is the
synthesis, characterization and rational design of multi-
component crystals (MCCs), including cocrystals, salts,
hydrates and their permutations (Jones et al., 2006; Babu &
Nangia, 2011; Cherukuvada et al., 2016; Gadade & Pekamwar,
2016; Mir et al, 2019). Pharmaceutical cocrystals are an
important class of MCCs, consisting of at least one active
pharmaceutical ingredient (API) and one or more pharma-
ceutically acceptable coformers (Karimi-Jafari et al., 2018;
Luedeker er al., 2016). Pharmaceutical cocrystals are increas-
ingly important in the pharmaceutical industry since it is
possible to design products rationally to exhibit specific
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physicochemical properties (e.g. stability, solubility, bioavail-
ability and tableting behaviour) with careful consideration of
coformers and synthetic methods (McNamara et al., 2006;
Kuminek et al., 2016; Weyna et al., 2009; Fris¢i¢ & Jones, 2010).
Tonic cocrystals involving metal halides (e.g. LiCl, NaCl, KCl
etc.) are excellent candidates for designing new solid forms of
neutral APIs (e.g. they might not contain ionizable functional
groups) since they offer additional ways to enhance and tailor
physicochemical properties. Consequently, there is a need for
reaction strategies and techniques for rapidly generating high
yields of phase-pure MCCs and/or pharmaceutical cocrystals
comprising diverse constituents, alongside reliable methods
for their characterization.

‘Mechanochemistry’ encompasses a class of techniques that
employ mechanical actions (e.g. rubbing, grinding or shearing)
to induce chemical and/or physical transformations, typically
2018; Tan & Garcia, 2019). In recent years, mechanochemistry
has established itself as an important synthetic tool for the
production of a wide variety of materials, including organic
crystals, metal-organic frameworks and pharmaceuticals

2016). A common mechanochemical method is ball milling,
where solid reactants (or educts) and ball bearings are placed
in a sealed milling jar, which is agitated using a mechanical
vibration or rotation stage to induce a reaction. Ball milling
can involve neat grinding (NG), where the dry solid reactants
are ground together, or liquid-assisted grinding (LAG)
microlitre quantity) is added to increase reaction efficiency,
act as a catalyst and/or prepare novel solid forms unobtainable
by conventional synthetic pathways (Frisci¢ & Jones, 2010;
Howard et al., 2018; Tan & Garcia, 2019; James et al., 2012;

Mechanochemistry has garnered much interest due to its
adherence to the tenets of ‘green’ chemistry, including
minimal solvent use, low energy input, high atom economy,
and reduced waste and/or by-products (Howard et al., 2018;

Varma, 2012).

The characterization of solid forms emerging from
mechanochemical reactions is essential for identifying and
determining the structures of products or by-products and/or
the presence of residual educts. Since these solids are often
microcrystalline powders, single-crystal X-ray diffraction
(SCXRD) is not feasible. There are many alternative techni-
ques for their characterization, including powder X-ray
diffraction (PXRD), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), vibrational spectro-
scopy (IR and Raman) and solid-state NMR (SSNMR)
spectroscopy (Weyna et al., 2009; Cerreia Vioglio et al., 2017
Pindelska et al., 2017). In particular, if high-quality PXRD
data can be acquired it is possible to determine crystal struc-
tures via Rietveld refinement. However, there are numerous
challenges associated with Rietveld refinement, including
sample quality, data quality (e.g. signal-to-noise ratio, limited
angular ranges, systematic errors), peak overlap from multiple

phases, the selection of an appropriate refinement model (e.g.
space group, atomic positions efc.), the choice of refinement
constraints for convergence and the need for a proficient level
of expertise in crystallography (McCusker et al, 1999;
Buchsbaum & Schmidt, 2007; Toby, 2006). Since SSNMR can
give detailed information on the molecular-level structure,
local environments and even interatomic proximity, it is well
positioned as a complementary technique to aid in the crys-
tallographic characterization of products of mechanochemical
reactions.

NMR crystallography (NMRX) is a broad term describing
the combined use of SSNMR spectroscopy, X-ray diffraction
(XRD) methods and quantum chemical calculations to solve,
validate and/or refine crystal structures (Leroy & Bryce, 2018;
Bryce, 2017; Martineau, 2014; Martineau et al., 2014; Harris et
al., 2009; Ashbrook & McKay, 2016; Taulelle, 2009; Hodg-
kinson, 2020). Most modern NMRX studies rely on compar-
isons of experimentally measured chemical shifts (commonly
lH, 13C and P N) with those obtained from theory, both to
guide the solution of crystal structures and to assess crystal
structure quality (Baias et al, 2013; Widdifield et al., 2020;
Watts et al., 2016; Hartman et al., 2016; Holmes et al., 2020;
Bryce & Sward, 2006; Schurko & Jaroszewicz, 2015; Wu &
Zhu, 2012; Yates et al., 2005; Pawlak et al., 2013; Soss et al.,
2017; Kalakewich et al., 2015; Abraham et al., 2011). Although
chemical shifts can be measured with relative ease, they are
often challenging and time consuming to calculate accurately
from first principles, making them of limited use for NMRX
studies in certain cases (e.g. chemical shift tensors that are
only marginally impacted by their longer-range environment).

Measurements and first-principles calculations of quad-
rupolar interaction (QI) parameters can provide an alter-
native route for NMRX (Rice et al., 2020; Romao et al., 2015;
Martineau et al., 2012; Widdifield et al., 2015; Klein et al., 2022;
Peach et al., 2018; Hildebrand et al., 2014; Hamaed et al., 2008;
Holmes et al., 2022a; Holmes et al., 2022b; Burgess et al., 2014).
SSNMR spectra of quadrupolar (I > 1/2) nuclei almost always
feature powder patterns that are strongly influenced by the
QI. With careful experimentation, it is possible to measure not
only the isotropic chemical shift (J;s,) but also the quadrupolar
coupling constant (Cq) and asymmetry parameter (1), which
can be compared with electric field gradient (EFG) tensors
derived from computations (see Table 1 for definitions). EFG
tensors are exquisitely sensitive to subtle changes or differ-
ences in solid-state structures, including weaker long-range
interactions (e.g. hydrogen bonding, 7— stacking and halogen
bonding), thereby providing a source of structural information
distinct from chemical shifts in both origin and scope (Schurko
& Jaroszewicz, 2015; Wu & Zhu, 2012; Hildebrand et al., 2014;
Moudrakovski, 2013; Bryce et al., 2001; Burgess et al., 2012; Xu
et al., 2016; Szell & Bryce, 2016a). Moreover, density func-
tional theory (DFT) calculations of EFG tensors are much less
computationally expensive than those of chemical shift (CS)
tensors, which could aid in accelerating NMRX routines. As
such, it is desirable to develop and employ quadrupolar NMR
crystallography (QNMRX) for structure validation and
refinement, NMRX-guided Rietveld refinements (Harris,
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Table 1
Experimental and calculated 7Li, 23Nal, 133Cs and **Cl EFG and CS tensors.

The experimental uncertainties in the last digit for each value are indicated in parentheses. Parameters indicated with a dash ‘=" are not applicable or have little to
no effect on the simulated *>CI SSNMR.

Material Nucleus Cot (MHz) not Sisot (ppm) Qi (ppm) KE of (°) BS (%) 8 (°)
NaCl:urea-H,O e Exp. 1.37 (5) 0.73 (8) 4(2) 75 (10) —0.35(8) 65 (5) 81 (2) 4(3)
Bql Calcy 1.64 0.49 —15 83 —022 96 81 6
Na Exp. 1.99 (3) 0.29 (3) 4.1 (4) - - - - -
*Na Calc. —2.08 0.43 22 10 0.50 30 19 47
CsCl:urea e Exp. 1.55 (3) 0.52 (3) 93 (1) 60 (10) —0.72 (10) 5(25) 28 (10) 84 (20)
Bql Calc. —1.77 0.69 82 61 —0.83 0 90 90
3¢ Exp. 0.106 (5)II 0.09 (2) 137 (1) 220 (20) —0.85 (15) - - -
133¢g Calc. —0.112 0.00 57.9 88 —1.00 90 90 180
LiCl:urea e Exp. 2,63 (2) 0.85 (3) 4(3) 77 (20) 0.50 (10) 75 (15) 20 (10) 160 (20)
Bql Calc. (CI1) 2.99 0.90 —10 78 0.80 80 86 143
¢l Calc. (CI2) 2.94 0.90 —9.4 79 0.63 30 84 125
Li Exp. 0.093 (4)II 0.84 (2) 0.69 (5) - - - - -
Li Calc. (Lil) —0.143 0.79 1.07 5 —0.29 123 87 182
Li Calc. (Li2) —0.139 0.74 0.97 5 —0.24 306 86 179

+ The principal components of the EFG tensors are ranked as [V33] > [V, > |Vy]. The quadrupolar coupling constant and asymmetry parameter are defined as Co = eQV33/h and ng =
(V11 — V2)/V33, respectively, where e is the fundamental charge of an electron, Q is the quadrupolar moment and / is Planck’s constant. The sign of C¢ cannot be determined from the
experimental *Cl SSNMR spectra. i The principal components of the chemical shift tensors are defined using the frequency-ordered convention such that 8;; > 8,5 > 833. The
isotropic chemical shift, span and skew are given by 85, = (811 + 82 + 833)/3, 2 = 811 — 33 and k = 3(82, — 8is0)/ 2, respectively. § The Euler angles «, § and y define the relative
orientation of the EFG and CS tensors. Euler angles are reported using the ZY'Z" convention (Adiga et al., 2007; Pincherle, 1958; Mehring, 1983). 9 Theoretical EFG and CS tensor
parameters were obtained from calculations on structures refined at the RPBE-TS* level. || Only an upper limit can be estimated from simulations, due to the small magnitudes of the
experimental parameters.

2011; Lim et al., 2011; Smalley et al., 2022) and NMRX-assisted donor and an acceptor, which has relevance in drug design and
crystal structure prediction (Holmes et al., 2020; Martineau et delivery for establishing drug-target interactions. We also
al., 2012; Widdifield et al., 2015; Peach et al., 2018; Burgess et present QNMRX characterizations using synchrotron PXRD,
al., 2014; Burgess et al., 2012; Bonhomme et al., 2012; Sene et thermal analysis and multinuclear SSNMR, in tandem with
al., 2013; Alkan et al., 2017; Johnston et al., 2011). Rietveld refinements and plane-wave DFT calculations. Novel
Of the quadrupolar nuclides commonly found in organic mechanochemical syntheses of the three MCCs were opti-
solids, *>CI (1 = 3/2) is among the most widely investigated, due mized for maximum yield and efficiency. The identities and
to the relative ease of *>CI SSNMR experiments and preva- purities of all MCCs and educts were confirmed with PXRD
lence of HCI salts of organic solids (Holmes et al., 2022b; and multinuclear SSNMR; in the case of NaCl:urea-H,O,
Bryce et al., 2001; Szell & Bryce, 2016b; Hirsh et al., 2016; PXRD data were compared with simulated patterns derived
Hirsh et al., 2018; Vogt et al., 2013; Namespetra et al., 2016; from the previously reported SCXRD structure (Miiller et al.,
Szell & Bryce, 2020; Peach et al., 2018; Pandey et al., 2016; 2008). To aid the Rietveld refinements, all data were used in
Wijesekara et al., 2020; Vojvodin et al., 2022; Abdulla et al., concert to inform the initial structural inputs. The final
2023; Hirsh et al., 2019; Szell et al., 2023; Bryce et al., 2006). structural solutions were then subjected to dispersion-
*3C1 SSNMR spectra typically feature broad central-transition corrected plane-wave DFT geometry optimizations. Lastly,
(CT, 1/2 <+ —1/2) powder patterns that are influenced by the DFT calculations of the *>Cl EFG tensors were conducted on
second-order quadrupolar interaction (SOQI) and chemical the geometry-optimized structures to assess the agreement
shift anisotropy (CSA). In particular, the *>Cl EFG tensors of ~ between experiment and theory and to elucidate the rela-
chloride ions are extremely sensitive to their local hydrogen- tionships between the NMR parameters and molecular-level
bonding environments, namely, the number of H.--Cl™ structures.
hydrogen bonds, their H.--Cl™ distances and their spatial
arrangements (Hildebrand et al., 2014; Hamaed et al., 2008;
Holmes et al., 2022a; Holmes et al., 2022b). Therefore, *>Cl 2. Experimental
SSNMR spectra provide unique spectral fingerprints for each 2.1. Materials
magnetically and crystallographically distinct chloride ion,
enabling straightforward differentiation of polymorphs, hydrates
and other solid forms, including MCCs (Peach et al., 2018;
Holmes et al., 2022a; Holmes et al., 2022b; Namespetra et al.,
2016; Vojvodin et al.,2022; Abdulla et al., 2023; Hirsh et al., 2019).
Herein, we discuss the mechanochemical preparation of . .
three urea-containing MCCs of the form MCl:urea-xH,O (M = 2.2. Mechanochemical synthesis of MCCs
Li, Na or Cs; x = 0, 1). Urea is ideal for developing multi- CsCliurea and LiCl:urea were prepared mechanochemically
nuclear QNMRX methods since it is a small and simple via NG, whereas NaCl:urea-H,O was prepared through LAG
molecule capable of engaging in hydrogen bonding as both a with 10 pl of triethylamine (TEA) used as the milling liquid

Alkali metal chlorides (MCIl, M = Li, Na, K, Rb and Cs),
urea and solvents were purchased from Sigma Aldrich Ltd.
Solid reagents were dried in vacuo (120°C, 15 mm Hg) for a
minimum of 16 h before use.
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additive (1 = 0.236 pl mg ") (full details are given in Table S1
in the supporting information). Syntheses were conducted
using a Retsch Mixer Mill 400, 10 ml stainless steel milling jars,
two 7 mm stainless steel ball bearings (ball weight 1.384 g), a
milling frequency of 30 Hz and, in most cases, a total milling
time of up to 40 min. Unless indicated otherwise, syntheses
were scaled to a total weight of ca 200 mg for the solid
reagents to ensure that the ball milling conditions were as
similar as possible between different reactions.

2.3. TGA and DSC

Simultaneous TGA and DSC measurements were
performed on a TA SDT Q600 instrument using an alumina
crucible. Samples were heated from room temperature (23°C)
to 500°C at a heating rate of 10°C min~' under a dry argon
purge (gas flow of 100 ml min~'). Approximately 5mg of
sample was used for all measurements.

2.4. PXRD

The PXRD patterns were acquired using a Proto AXRD
benchtop diffractometer with a Cu Ko (A =1.540593 A)
radiation source and a Proto DECTRIS hybrid pixel detector.
NaCl:urea-H,O and CsCl:urea were mounted on a Proto plate
sample holder, whereas LiCl:urea was mounted on an air-
sensitive sample holder. All diffraction experiments were
conducted with an X-ray tube voltage of 30 kV, a current of
20 mA, 26 angles ranging from 5 to 50°, a step size of 0.015°
and a dwell time of 5 s (resulting in an acquisition time of ca
35 min per sample). PXRD patterns were processed and
simulated using the CrystalDiffract software package (https://
www.crystalmaker.com).

2.5. Synchrotron XRD

High-resolution synchrotron PXRD patterns were collected
on the ANL-APS beamline 17-BM at the Advanced Photon
Source (APS) at Argonne National Laboratory (ANL). A
NIST standard of lanthanum hexaboride (LaBg) powder was
used to calibrate the sample-to-detector distances (400, 700
and 1000 mm) and the synchrotron X-ray wavelength (A =
0.45390 A), and a flat Si detector (PerkinElmer) was used to
collect two-dimensional XRD patterns. Samples were loaded
into 1 mm (outer diameter, o.d.) Kapton tubes. All measure-
ments were conducted at 22°C.

2.6. SSNMR spectroscopy
2.6.1. Overview

All moderate-field NMR experiments [By = 9.4 T, vo("Li) =
155.51 MHz, vo(**Na) = 105.84 MHz, vo('**Cs) = 52.48 MHz,
vo(*’Cl) = 39.21 MHz] were conducted on a Bruker Avance ITI
HD NMR spectrometer with an Oxford 9.4 T wide-bore
magnet at the University of Windsor. Static experiments
were conducted using a Varian/Chemagnetics 4 mm triple-
resonance HXY magic-angle spinning (MAS) probe, whereas
MAS NMR experiments were conducted using a Varian/
Chemagnetics 4 mm double-resonance HX MAS probe.
Samples were packed in air-tight 4 mm o.d. zirconia rotors for

both sets of experiments. MAS experiments were stabilized at
5°C using a Varian variable-temperature (VT) upper stack
and nitrogen gas heat exchanger to prevent sample decom-
position due to frictional heating in the rotor.

High-field NMR experiments [By = 21.1 T, v(*°Cl) = 88.14 MHz,
vo("H) = 900.00 MHz] were conducted on a Bruker Avance II
NMR spectrometer equipped with an Oxford 21.1 T standard-
bore magnet at the National Ultrahigh-Field NMR Facility for
Solids (Ottawa, Canada). Static experiments were performed
using a static purpose-built 4 mm double-resonance HX low-E
probe, whereas MAS NMR experiments were conducted using
a 4mm double-resonance HX MAS Bruker probe. All
samples were packed in 4 mm o.d. zirconia rotors. MAS
samples were cooled to 5°C using a Bruker BVT-3000 and dry
nitrogen gas to prevent MAS heating and subsequent sample
decomposition. Detailed acquisition parameters for all
SSNMR experiments can be found in the supporting infor-
mation (Table S2). All data were processed in Bruker TopSpin
(Version 4.1.1; Bruker, 2020) and spectral fitting was carried
out using the ssNake software package (van Meerten et al.,
2019). To ensure proper expression of the Euler angles
(describing the relative orientation of the EFG and CS
tensors) in the ZY'Z" convention (Adiga ef al., 2007; Pinch-
erle, 1958; Mehring, 1983), the results of simulations in ssNake,
which uses the ZX'Z" convention and different definitions for
anisotropic chemical shift and quadrupolar parameters, were
verified in WSolidsl (Eichele & Wasylishen, 2021). Euler
angles were converted from the ZY'Z" convention for direct
comparison with tensor orientations extracted from CASTEP
calculations (see below) using the EFGShield software
package (Adiga et al., 2007), which uses the ZY'Z" convention
(Perras & Paterson, 2024). Uncertainties were assessed
through bidirectional variation of each parameter via
comparison of experimental and simulated spectra.

2.6.2. “Li SSNMR spectroscopy

"Li MAS NMR spectra were acquired at 9.4 Tusing a rotor-
synchronized Hahn-echo sequence (v, =5 kHz) and high-
power 'H decoupling (v, = 25 kHz), with a 2.5 pis non-selective
7/2 pulse (v; =100 kHz), an optimized recycle delay of 10's
and 1024 scans. Chemical shifts were referenced to 1.0 M
LiCl(aq) in D50 [8;50("Li) = 0.0 ppm].

2.6.3. 2Na SSNMR spectroscopy

**Na MAS NMR spectra were acquired at 9.4 T with Bloch
decay and Hahn-echo pulse sequences, with v, = 10 kHz,
high-power 'H decoupling (v, = 50 kHz), 2.5 ps CT-selective
7/2 pulses (v; = 50 kHz), an optimized recycle delay of 25 s
and 32 scans. Chemical shifts were referenced to 0.1 M
NaCl(aq) in D,O [8io(*Na) =0.0 ppm]. To monitor the
decomposition of NaCl:urea-H,O MCCs, VT Na MAS NMR
spectra were collected with a recycle delay of 37.5s and 16
scans, resulting in a total experiment time of 10 min. The
integrated intensities of the powder patterns in the ’Na MAS
NMR spectra were used to monitor the decomposition of the
MCC into the starting educts.
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2.6.4. 33Cs SSNMR spectroscopy

33Cs MAS NMR spectra were acquired at 9.4 T with a
rotor-synchronized Hahn-echo pulse sequence with a spinning
speed of v, = 5 kHz, no "H decoupling, 4.0 pis non-selective
7/2 pulses (v; = 62.5 kHz), an optimized recycle delay of 90 s
and 32 scans. Chemical shifts were referenced to 1.0 M
CsCl(aq) in D50 [8;50(***Cs) = 0.0 ppm].

2.6.5. 3*Cl SSNMR spectroscopy

3Cl NMR spectra were acquired at By = 9.4 and 21.1 T
under static and MAS conditions. At 9.4 T, static and MAS
(Vror = 12 kHz) spectra were acquired with a Hahn-echo
sequence with high-power "H decoupling [v,(*H) = 25 kHz].
At 21.1 T, static spectra were acquired with a quadrupolar
echo sequence (90°-7-90°—acq) with high-power 'H decou-
pling [v,("H) = 35 kHz]. MAS spectra were acquired with a
Bloch decay pulse sequence and 'H decoupling [v,(‘H) =
25 kHz]. Chemical shifts were referenced to solid NaCl
[5i50(35C1) = 0.0 ppm].

2.6.6. 3>Cl variable-temperature NMR

3Cl VT NMR experiments were conducted on a Bruker
NEO spectrometer with an Oxford 18.8 T narrow-bore
magnet [vo(**Cl) = 78.383 MHz] at the National High Mag-
netic Field Laboratory (NHMFL). Spectra were acquired with
a purpose-built 5 mm HX static probe under static conditions
(i.e. stationary samples) with samples packed into 5 mm
polychlorotrifluoroethylene sample holders with Viton O-
rings designed at the NHMFL and machined by Shenzhen
Rapid Direct Co. Ltd. Spectra were acquired with a QCPMG
pulse sequence employing CT-selective pulses, calibrated
recycle delays at all temperatures and a continuous-wave
(CW) 'H decoupling field of 40 kHz. See Table S3 for further
details. *>Cl chemical shifts were referenced with respect to
0.1 M NaCl(aq) at 8;,(*°Cl) =0 ppm using NaCl(s) as a
secondary reference at 8iio(*"Cl) = —41.11 ppm.

2.7. DFT calculations
2.7.1. Overview

All quantum chemical calculations were performed within
the framework of plane-wave DFT as implemented in the
CASTEP module (Clark et al., 2005) of BIOVIA Materials
Studio 2020 (https://www.3ds.com/products/biovia/materials-
studio), with structural models derived from the Rietveld
refinements presented herein (see Section 3.3 for details) or
from single-crystal X-ray structures of LiCl, NaCl and CsCl
(Ganesan & Girirajan, 1987; Cherginets et al., 2006; Ievina et
al., 1938). All DFT calculations employed the RPBE func-
tional (Hammer et al., 1999), ZORA ultrasoft pseudopoten-
tials generated on the fly (Yates et al., 2007), and a version of
the Tkatchenko and Scheffler dispersion correction force field
(DFT-TS) (Tkatchenko & Scheffler, 2009), which was repar-
ameterized (i.e. DFT-TS*) to aid in refining crystal structures
of organic solids (Holmes et al., 2020). The TS* semi-empirical
dispersion correction was selected for this work because it is
parameterized for elements up to and including the sixth period.

2.7.2. Geometry optimizations

Geometry optimization used the LBFGS energy mini-
mization scheme (Pfrommer et al., 1997) while holding the
unit-cell parameters constant. Calculations used an SCF
convergence threshold of 5 x 107°eV atom™' and a plane-
wave cut-off energy of 800 eV, and evaluated integrals over a
Brillouin zone using a Monkhorst-Pack grid with k-point
spacing of 0.05 A~" (Monkhorst & Pack, 1976). Structural
convergence was determined using a maximum change in
energy of 5 x 107 °eV atom ™', a maximum displacement of
5x10*A atom™' and a maximum Cartesian force of
1077eVA™

2.7.3. NMR interaction tensors

*Cl EFG tensors were calculated from structural models
obtained from DFT-TS* geometry optimizations (see below).
Magnetic shielding tensors were calculated with the gauge-
including projector augmented wave approach (Charpentier,
2011; Pickard & Mauri, 2001; Profeta et al., 2003). Conversion
between the magnetic shielding and chemical shift scales was
accomplished through the following procedures: (i) *>Cl shifts
were referenced to NaCl(s) [§(*°Cl) =0.0 ppm, o(*°Cl) =
995.7 ppml; (ii) "Li shifts were referenced to 1.0 M LiCl(aq)
[6(’Li) = 0.0 ppm] using calculations on LiCl(s) [6("Li) =
—1.1 ppm, o("Li) = 90.8 ppm]; (iii) **Na shifts were referenced
to 0.1 M NaCl(aq) [8(**Na) = 0.0 ppm] using calculations on
NaCl(s) [8(**Na) = 7.0 ppm, o(*Na) = 553.0 ppm]; (iv) **Cs
shifts were referenced to 1.0 M CsCl(aq) [8(***Cs) = 0.0 ppm]
using calculations on CsCI(s) [8(***Cs) = 223.2 ppm, o(**Cs) =
5650.4 ppm]. Euler angles describing the relative orientations
of the EFG and CS tensors were extracted from the CASTEP
output files using EFGShield (Adiga et al., 2007) and corre-
spond to the ZY'Z” convention (Adiga et al., 2007; Pincherle,
1958; Mehring, 1983).

2.8. Molecular mechanics calculations

Molecular mechanics geometry optimizations were
performed using the FORCITE module within Materials
Studio 2020. These structural refinements employed the
COMPASS 111 force field (Sun, 1998; Akkermans et al., 2021)
and an atom-based summation method for all interaction
energies (ie. electrostatic, van der Waals and hydrogen
bonding). The molecular mechanics geometry optimizations
were performed using the following convergence thresholds:
2 x 10 °kcal mol ™" for energy, 107> kcal mol™" A7! for
forces and 10® A for structural displacement.

2.9. Initial structure identification

Synchrotron PXRD patterns were indexed using the X-Cell
algorithm (Neumann, 2003), as implemented in the REFLEX
powder indexing module of Materials Studio 2020, to deter-
mine the unit-cell parameters. Subsequent Pawley refinement
assisted in identifying the most probable space group (Pawley,
1981). Unit cells were then populated with the constituent
atoms in the appropriate stoichiometric ratios (according to the
stoichiometries determined by a combination of multinuclear

J. Appl. Cryst. (2025). 58, 333348

Cameron S. Vojvodin et al. -+

337

NMR investigations of multicomponent crystals


http://doi.org/10.1107/S1600576725001360
https://www.3ds.com/products/biovia/materials-studio
https://www.3ds.com/products/biovia/materials-studio

research papers

SSNMR, indexing of PXRD, TGA/DSC and chemical intui-
tion based on reaction stoichiometries) and subjected to a
molecular mechanics calculation using FORCITE. The struc-
tures of these MCCs were subjected to a series of alternating
REFLEX refinements and CASTEP geometry optimizations
until a single structural model consistent with both methods
was achieved. The CASTEP geometry-optimized structural
model was then submitted for Rietveld refinement.

2.10. Structure solution via Rietveld refinement

All structural solutions and Rietveld refinements were
conducted using the synchrotron PXRD data. The resulting
structural models were optimized in FOX (Favre-Nicolin &
(Vjern}’/, 2002). The suggested space groups were verified or
adjusted as necessary. The space group with the highest
symmetry that accurately describes the PXRD data was
chosen throughout. Non-standard settings of monoclinic space
groups were chosen when their monoclinic angles were found
to be close to 90°. The optimized structures served as a starting
model for GSAS (Toby & Von Dreele, 2013). Initially, urea
was refined as a rigid body, but towards the end of the
refinement all molecules were freely refined. In the case of
NaCliurea-H,O, NaCl was added as a second phase in the
refinement and was determined as 0.6% of the total weight
(see Section 3.2.2 for further details).

3. Results and discussion
3.1. Mechanochemical syntheses

Mechanochemical syntheses (NG and LAG) using several
alkali metal chlorides (MCl, M = Li, Na, K, Rb or Cs) and urea
as starting reagents were attempted, but only three MCCs
were successfully produced: NaCliurea-H,O, CsCliurea and
LiCl:urea (see Table S1 for a summary of ball milling

NaCl:urea-H,0

I NaCl (sim.)

l ] LU-L““.IAL . Simulation

} J | lNlaClI(sim.)

Ll Urea (sim.)

| TV S T S {

experiments), which were confirmed by PXRD (Fig. 1; also see
Fig. S1 in the supporting information for PXRD patterns for
solid products of unsuccessful syntheses). NaCl:urea-H,O,
which was previously generated by slow evaporation from
H,O (Miiller et al., 2008), was here prepared via LAG using
10 pl of TEA. Comparison of the experimental and simulated
PXRD patterns indicates a small amount of unreacted NaCl
(determined by *>Na SSNMR to be ca 5% w/w, see below). By
contrast, the novel CsClurea and LiCl:urea MCCs were
prepared mechanochemically via NG, with their PXRD
patterns showing no evidence of educts or impurity phases.
Initial trials revealed that all three MCCs could be prepared in
40 min, a significant improvement over growing crystals from
solution, which can take several days to weeks. Remarkably,
NaClurea-H,O and CsCl:urea can be made significantly faster
via LAG using TEA, with optimized syntheses taking only
Smin to yield pure products (Figs. S2 and S3). The
mechanochemical synthesis of LiCl:urea was not optimized
because of sample deliquescence, with shorter milling times
resulting in residual educts detectable by PXRD.

Despite their simple composition, these three MCCs proved
challenging to prepare. The formation of NaCl:urea-H,O was
found to be highly dependent upon the pH of the water.
Syntheses involving deionized (DI) water, which has a pH =~
5.0-5.5 due to the dissolution of CO,(g), always resulted in
significant excesses of NaCl; we posit that this is likely to be
due to carbonic acid in the DI water that deters MCC
formation. To confirm this, four ball milling trials, conducted
with (i) 0.1 M HNOj; in DI water (pH >~ 1), (ii) neat DI water
(pH =~ 5.5), (iii) Kirkland Signature bottled water (pH =~ 6)
and (iv) 10 pl TEA in 18 pl DI water (pH =~ 11), showed that
with increasing pH less NaCl educt is present in the ball milled
products (Fig. S4). However, the use of bottled water with
minimal atmospheric exposure results in the fewest impurities,

8.5 9.0 9.5 100 ©
; 28] |
NaCl:urea-H,O
: [ sl csctures LiClurea

LiClI (sim.)

Aw ll.lll

Urea (sim.) Urea (sim.)

02468 1012219;1[1]61820222426

Figure 1

02468 1b1'22£4[°1]'6 182022 24 26

024 6 8101214161820222426
26[°]

Experimental synchrotron PXRD patterns of (¢) NaCl:urea-H,O [with the inset showing evidence of NaCl(s) impurity at 26 = 9.22°], (b) CsCl:urea and
(¢) LiCl:urea. Powder patterns are shown in black, with simulated PXRD patterns of the educts, urea and MCl salts, shown in green and red, respectively.
In panel (a), a simulated PXRD pattern (in blue) based on the known structure of NaCl:urea-H,O is shown for comparison (Miiller et al., 2008). No
evidence of residual educts is observed in the PXRD patterns of CsCl:urea and LiCl:urea.
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thus indicating that the pH and alkalinity of the water used for
synthesis is crucial in preparing products with high purity. The
TGA/DSC scan of NaCliurea-H,O indicates MCC decom-
position with an onset temperature of ca 50°C, followed by
loss of water at ca 110°C [Fig. S5(a)]. As such, DSC indicates
that NaCl:urea-H,O is unstable under ambient conditions,
whereas TGA confirms that it is a monohydrate. The
instability of NaCl:urea-H,O was further explored using *’Na
NMR (see below).

Since CsCliurea was assumed to be a hydrate, its initial
preparation occurred similarly to NaCl:urea-H,O, using LAG
with one equivalent of H,O. The resulting PXRD pattern for
the LAG product (Fig. S6) indicated the formation of a novel
MCC and no leftover CsCl. However, TGA/DSC analysis [Fig.
S5(b)] showed no evidence of water loss prior to the decom-
position of the MCC at ca 200°C. As this indicated CsCl:urea
to be anhydrous, this compound was also prepared via NG
(without water). PXRD confirmed the NG product to be the
same phase (Fig. S7).

Preparation of LiCliurea involves reagents and a final
product that are both hygroscopic. The mixture resulting from
ball milling appeared as a wet grey paste. PXRD of the
product revealed the presence of a significant amount of
unreacted LiCl. As water was suspected to be the culprit, in a
next attempt the reagents were filled into the milling jar in a

Static9.4 T MAS 94T

*

(@)

drybox (N, atmosphere, <0.1% RH). The milling jar was
wrapped with Teflon tape to exclude air and moisture during
subsequent ball milling under ambient conditions. PXRD
revealed the resulting product to be a novel MCC without
impurities. TGA/DSC [Fig. S5(c¢)] revealed minor losses of
water at ca 50 and 130°C, prior to decomposition of the
product at ca 240°C. Because these losses were small in
comparison to those observed for NaCl:urea-H,O, they are
attributed to the removal of surface water. This suggests LiCl:
urea also is anhydrous.

We note that our failure to produce MCCs involving K* and
Rb™ is unsurprising in the light of previous work by Shemchuk
et al. (2020), who proposed that the ratio between the ionic
radii of the cation and anions plays a role in cocrystallization
and dictates the type of crystal packing. They observed that
the K*/CI™ ionic radius ratio is too large to form a 1:1 MCC
and too small to form a 1:2 MCC. This is likely to be true for
the case of Rb" as well.

3.2. Multinuclear SSNMR spectroscopy
3.2.1. 3*Cl SSNMR spectroscopy

33CI SSNMR spectra (Fig. 2) were acquired at two magnetic
fields (9.4 and 21.1 T) to aid in the precise measurement of the
EFG and CS tensors, since the broadening of CT patterns
scales with Bo_l and B for the SOQI and CSA, respectively
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Experimental *Cl{'H} SSNMR spectra for () NaClurea-H,O, (b) CsCl:urea and (c) LiClurea (lower traces, blue), with corresponding analytical
simulations (upper traces, red). Spectra were acquired at two fields (By = 9.4 and 21.1 T) under static and MAS conditions (v, = 10-12 kHz). Spinning
sidebands are indicated by dagger symbols (T). In the MAS spectrum of NaCl:urea-H,O acquired at 9.4 T, a peak at §;;, = —41.11 ppm (indicated by an

asterisk, *) indicates a small amount of residual NaCl.
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(Vega, 2010; Baugher er al., 1969; Kentgens, 1997). **Cl MAS
NMR spectra allow for accurate determination of Cq, no and
the isotropic chemical shift §;,, since the effects of CSA on the
relatively narrow CT patterns are completely or partially
averaged at high enough MAS rates (v, = 10-12 kHz herein),
leaving only the partially averaged effects of the SOQI. These
parameters aid in fitting the static CT powder patterns, along
with the span (£2) and skew (k) of the CS tensor and the Euler
angles defining the relative orientation of the EFG and CS
tensors (o, B and y) (see Table 1 for definitions of these
parameters).

In all cases, the *>Cl NMR spectra feature single broad CT
patterns, indicating no residual educts or impurity phases, with
the exception of the MAS NMR spectrum of NaCl:urea-H,O
acquired at 9.4 T. In that case, a sharp peak is observed at ca
—41.1 ppm, corresponding to a small amount of unreacted
NaCl(s) (see discussion in Section 3.2.2 on quantification via
measurement of integrated intensities and Rietveld refine-
ment). Each CT powder pattern is indicative of a single
crystallographically and magnetically distinct chloride ion in
each crystal structure. In the case of NaCl:urea-H,O, this is in
accordance with the reported crystal structures (Miiller ef al.,
2008), whereas for LiCl:urea and CsCl:urea, this information is
valuable for determining and refining their crystal structures
(see below).

3.2.2. Alkali metal SSNMR spectroscopy

To investigate other quadrupolar NMR handles that might
be useful for NMRX investigations and detection of educts
and/or impurity phases, MAS NMR spectra of three alkali
metal isotopes were acquired (Fig. 3). In each of the alkali
metal NMR spectra, the QI manifests differently, due to the
distinct nuclear spin quantum numbers and relatively small
nuclear quadrupole moments. Acquisition of static spectra for
these nuclides is generally not necessary, since >’Na and 'Li
tend to have very small CSAs (with powder patterns largely
dominated by quadrupolar effects), 33¢s generally has small
values of Co and moderate CSAs (see below), and acquisition
of their MAS spectra is facile.

The *Na (I = 3/2) MAS spectrum features two patterns: a
broad pattern dominated by the effects of the SOQI and a

sharp peak at 8;,,(**Na) = 7 ppm, corresponding to the Na*
cation site in the NaCl:urea-H,O MCC and the NaCl educt,
respectively. Since CT-selective 7/2 pulses were used for
acquisition of ’Na NMR spectra, the integrated peak inten-
sities only provide approximate quantification of the amount
of residual NaCl educt, since precise quantification would
require significantly lower radio frequency pulses (Vega, 2010;
Kentgens, 1997; Samoson & Lippmaa, 1983). Nonetheless, this
fact, along with the use of long calibrated recycle delays in
*Na SSNMR experiments, allows us to measure the inte-
grated intensities of the sharp peaks and CT patterns,
providing an estimation of 5 & 2% w/w residual NaCl. Riet-
veld refinement of the synchrotron PXRD pattern revealed
the crystalline NaCl to amount to 0.6 wt%. There are several
possible explanations that account for the discrepancy in the
quantification of NaCl in the sample, the simplest being that
the samples for the NMR and synchrotron PXRD experiments
are from different batches and therefore have different
amounts of residual NaClL

By contrast, the °Cs and 'Li MAS NMR spectra are
different, with neither exhibiting a broad CT pattern. The
33Cs (I=7/2) MAS NMR spectrum of CsCl:urea has a single
sharp CT peak flanked by a series of sharp spinning sidebands,
which is indicative of a single magnetically distinct Cs" site.
Analysis reveals the presence of a substantial CSA (i.e. a CS
tensor with a span Q =235 ppm) and a very small Cq, with the
spinning sidebands largely arising from the influence of the
former. Finally, the "Li ( = 3/2) SSNMR spectrum of LiCl:urea
features a sharp CT peak that is flanked by many spinning
sidebands arising from the 3/2 <> 1/2 and —1/2 < —3/2
satellite transitions (STs), which are broadened by the first-
order QI and indicative of a single Li" cation in the asym-
metric unit. There is no clear evidence of any ’Li resonances
corresponding to residual LiCl(s) or LiCl(aq), which have
values of 8;o(’Li) = —1.1 and 0.0 ppm, respectively (Meyer et
al., 2005).

3.2.3. 2*Na SSNMR for monitoring of the decomposition of
NaCl:urea-H,O

In preliminary *Na MAS experiments at room tempera-
ture, changes observed in the “Na SSNMR spectra over time
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Figure 3

Experimental *Na, '**Cs and "Li SSNMR spectra of (a) NaClurea-H,O, (b) CsCl:urea and (c) LiCl:urea (lower traces, blue), with corresponding
analytical simulations (upper traces, red). Spectra were acquired at 9.4 T under MAS conditions (v, = 5-10 kHz). Isotropic peaks in panels (b) and (c)
are labelled with dagger symbols (1). In the *’Na spectrum in panel (), a small amount of residual NaCl(s) is detected at 8, = 7 ppm, indicated with a
double-dagger symbol ().
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suggest the gradual decomposition of NaCl:urea-H,O into its
constituent components (NaCl, urea and water). Furthermore,
samples removed from the rotor revealed (i) a gradual change
from a white crystalline powder to a grey paste and (ii) a
narrow ‘bore hole’ in the sample along the rotor axis, which is
typically an indicator of water loss and/or sublimation. To
monitor the decomposition of NaCl:urea-H,O, a series of BNa
MAS NMR spectra were collected (Fig. 4) using the following
VT protocol:

(i) A stationary sample was cooled to a nominal tempera-
ture of 5°C and then the rotor was spun up to 10 kHz while
maintaining this temperature (calibrations indicate an actual
sample temperature of ca 8°C, due to frictional heating from
MAS).

(ii) An initial Na MAS NMR spectrum indicates that the
sample is composed largely of NaCl:urea-H,O with a small
amount of NaCl(s).

(iii) The sample was heated to 30°C (calibrated temperature
of ca 37°C under MAS) and ’Na MAS NMR spectra (recycle
delay of 37.5 s and 16 scans) were acquired every 10 min over
a period of 3 h, leading to a total of 25 spectra. Over time, the
Na MAS NMR spectra [Fig. 4(a)] reveal the decomposition
of NaCliurea-H,O into the starting educts, as monitored
quantitatively via measurement of the integrated intensities of
the patterns corresponding to NaCl:urea-H,O and NaClL

80 min
‘_J\m 60 min
___J\m 40 min
_J\/\/\ 20 min

Figure 4

A plot of the mol.% of NaCl:urea-H,O (as approximated
from the ratio of the integrated intensities of the powder
patterns of NaCl:urea-H,O and NaCl) as a function of time
[Fig. 4(b)] reveals a sigmoidal shape that may be indicative of
autocatalytic behaviour (i.e. as NaCl:urea-H,O decomposes,
the release of H,O serves to increase its rate of decomposition
until a steady state is achieved). If this is the case, the induc-
tion period has a duration of ca 1200 s. Assuming the auto-
catalysis reaction follows an A + B — 2B reaction scheme,
where A = NaCl:urea-H,O and B = H,O, then a decomposition
rate k, which is assumed to be much larger than the reverse
reaction, can be determined from the rate equation

R = _diAal_ k[A][B]. 1)

dt
If [A]y and [B], represent the concentrations (or mol.%) of A
and B at the start of the reaction, then the total composition
[C]o is defined as [C]y = [A]o + [B]o = [A] + [B] at any time
during the reaction; therefore, [A]y — [A] = [B] — [B]o- Thus,
the rate equation can be rewritten as

- i, s - 1P @

Equation (2) can be integrated with respect to [A] to yield
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(a) Experimental Na MAS NMR spectra of NaCl:urea-H,O (v, = 10 kHz) acquired at a fixed temperature of 30°C (calibrated sample temperature at
Vit = 10 kHz is ca 37°C) over 3 h to monitor its degradation. (b) A plot of the mol.% of NaCl:urea-H,O undergoing autocatalytic decomposition as a
function of time (blue dots), along with a generalized reduced-gradient nonlinear least-squares fit using equation (4) (orange plot, see Section 3.2.3 for
details). Upper and lower confidence intervals are indicated by the green and purple lines, respectively.
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_ [Al, + [Bly

1+ ([Bly/[Aly) exp {([A], + [Bly)kt}
_ [Cl,
1+ {qCly — [A1)/[A)y} exp ([Cly k1)

Since [A], the final mol.% of A, is not zero, the integral
constant F(C) is initially set equal to [A]:

_ [
1+ {([C]o - [A]o)/[A]o} exp ([C], k)

A fit of equation (4) using a generalized reduced-gradient
nonlinear least-squares method yields excellent agreement
with experiment, with a decomposition rate constant of k =
122 x 10 s~! (Fig. 4). Additional fits treating the system
with a combination of autocatalytic (A + B — 2B) and direct
(A — B) reactions with two distinct rates of k; and k,,
respectively, failed to yield fits of satisfactory quality. A more
rigorous determination of the autocatalytic rate constants
featuring both measurements and fits at multiple temperatures
is beyond the scope of the current work but is a clear point of
interest for future studies of MCCs exhibiting either auto-
catalytic decomposition or growth (Julien ez al., 2020). We note
that an analogous set of VT *Cl SSNMR experiments were
not conducted, due to their much longer experimental times
and the imperfect resolution of the two patterns corre-
sponding to NaCl:urea-H,O and NaCl.

[A]

®)

[A] +FO). 4

3.2.4. SSNMR of other nuclides

There are several other potentially useful NMR handles for
which data are not reported in this work. First, *C and "*N
SSNMR data (collected with "H-X cross-polarization MAS
experiments) are not reported due to the very long T;('H)
time constants, which would necessitate recycle delays of the
order of 5.6 h, making these experiments impractical. This is in
line with 7;(*H) constants reported by Taylor et al. (2007) for
bulk urea. Second, *C and "N SSNMR spectra were thought
to be of limited value, since significant differences between
chemical shifts among the various solid forms were not
expected (later chemical shielding calculations revealed
differences of less than 1 ppm). Third, direct-excitation *C
and "N experiments are similarly impractical, due to even
longer T;(*°C) and T;(**N) constants (this is especially
problematic for "N, with its low natural abundance of
~0.37%). Finally, "N SSNMR experiments were not
attempted due to the large Cq value of 3.47 MHz in urea,
lengthy experimental times even at very high fields and the
necessity for deuteration of samples to maximize 75" values
(O’Dell & Ratcliffe, 2010).

3.3. NMR-guided crystallography

The NMRX approach used in this work implements a
combination of Rietveld refinement of high-quality synchro-
tron PXRD data, multinuclear SSNMR of quadrupolar nuclei,
thermal analysis and DFT calculations. Experimental syn-
chrotron PXRD patterns were modelled and background
corrected in the BIOVIA Materials Studio software package

and indexed using the REFLEX module in Materials Studio
(note that indexing the experimental synchrotron PXRD
pattern is arguably the most challenging step in determining
crystal structures of powdered samples, because slight varia-
tions in the number of peaks and positions can lead to
significant deviations). The X-Cell algorithm was used to index
the experimental synchrotron PXRD pattern and all potential
solutions were subsequently subjected to a Pawley refinement
to validate the indexing results. To generate an initial feasible
structural model, the empty unit cells were populated with
urea molecules, the appropriate ions and water molecules in a
stoichiometric ratio in accordance with data from multinuclear
SSNMR and TGA/DSC analyses. Bond lengths and angles
were corrected using the FORCITE molecular mechanics
module in Materials Studio. These structural models were
refined iteratively using REFLEX refinements and CASTEP
geometry optimizations until a consistent solution was
obtained. The final CASTEP model was validated using FOX,
which selected the space group with the highest possible
symmetry for NaCl:urea-H,O (I2) and CsCl:urea (P42/m)
and the non-standard setting /2/c with B near 90° for LiCl:urea
(Table S4). The structural models were further optimized by
Rietveld refinement in GSAS, initially using rigid-body
constraints on urea and then by free refinement. Following
this, H atoms were added to the structure in idealized posi-
tions. The resulting structures were subjected to final DFT-TS*
geometry optimizations, enabling validation of the models by
assessing the agreement between experimentally determined
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Figure 5

Rietveld plot for NaCl:urea-H,O. Experimental data are shown in black
and the calculated fit is shown in red. The difference plot is shown in blue
and the background correction is shown in green. The inset (upper right)
shows two views of the proposed crystal structure of NaCl:urea-H,O. In
the ball-and-stick model of the crystal structure, the different atoms are
depicted as follows: carbon (brown), nitrogen (blue—grey), oxygen (red),
chlorine (green) and sodium (grey). No hydrogen atoms are shown in
these models.
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*Cl EFG tensors and those obtained from the final refined
structures (see Section 3.4 for further details).

This NMRX approach was used to re-evaluate the structure
of NaCl:urea-H,O and to obtain solutions and refinements of
the structures of CsCl:urea and LiCl:urea, which were hitherto
unknown (see Fig. S8 and Table S4 for relevant crystal-
lographic data). NaCl:urea-H,O crystallizes in the monoclinic
C2 space group (No. 5, Z = 4, Z' = 1) with lattice parameters
a=64948 A, b =52446 A, ¢ =17.3761 A, $=90.138° and V =
591.874 A®, and is best described in the 12 setting where the g
angle is close to 90°. The final Rietveld refinement [Fig. 5, and
Fig. S8(a)] gives an excellent fit of the synchrotron PXRD data
(Rp = 2.73%, Ryp = 3.18%, R = 5.9%) and stands in good
agreement with the previously reported SCXRD structure
(Miiller et al., 2008).

While the structure of NaCl:urea had been determined
previously, CsCl:urea and LiCl:urea were unknown structures.
The CsClurea MCC crystallizes in the tetragonal P42;/m
space group (No. 113, Z = 2, Z' = 1), with unit-cell parameters
a=579 A, c=8614 A and V =289.375 A. The final solution
of the Rietveld refinement [Fig. 6 and Fig. S8(b)] shows
excellent agreement with experimental synchrotron PXRD
patterns (R, = 3.1%, Ry, = 2.1%, R = 2.9%). LiClurea
[Fig. 7 and Fig. S8(c)] crystallizes in the monoclinic C2/c space
group (No. 15, Z = 16, Z' = 2) with lattice parameters a =
14.4063 A, b = 8.867 A, ¢ = 145611 A, = 91.219° and V =
1695.976 A3, in the non-standard setting I2/c, where the B
angle is close to 90° and a relation to a tetragonal net is
apparent. The final Rietveld refinement solution shows good

® Measured
= Calculated
— Difference
— Bkgrd Corr.

—
-
-

5 10 15 20 25
26[°]

Figure 6

Rietveld plot for CsCl:urea. Experimental data are shown in black and
the calculated fit is shown in red. The difference plot is shown in blue and
the background correction is shown in green. The inset (upper right)
shows two views of the proposed crystal structure of CsCl:urea. In the
ball-and-stick model of the crystal structure, the different atoms are
depicted as follows: carbon (brown), nitrogen (blue—grey), oxygen (red),
chlorine (green) and caesium (grey). No hydrogen atoms are shown in
these models.

agreement with the experimental synchrotron PXRD patterns
(R, =1.9%, Ryp =2.6%, Ry = 4.4%).

Interestingly, while both NaCl:urea-H,O and CsCl:urea
MCC:s exhibit only one alkali metal ion and one Cl™ ion in the
asymmetric unit, as demonstrated by their respective NMR
spectra, LiCl:urea nominally contains two sets of crystal-
lographically distinct Li" and CI™ species. A closer analysis
suggests that the structure might best be described in the
tetragonal space group I4/a, which would imply only one type
of metal and halide ion. However, refinement of the crystal
structure in this space group led to high displacement para-
meters (the average experimental structure in this space group
is shown in Table S4).

The crystal structure for NaCl:urea-H,O can be described as
a layered structure consisting of alternating layers of MCI,
urea and water (Fig. 5, inset). The Na' ions are in six-
coordinate environments, coordinated to two CI™ ions, two O
atoms from water molecules and two O atoms from urea
molecules. These layers are stacked along the crystallographic
c axis with the urea molecules directed at each other in a
zigzag fashion. Similarly, the crystal structure for CsCl:urea
features a layered structure consisting of CsCl and urea, with
layers stacked along the crystallographic ¢ axis and the urea
molecules oriented in a zigzag fashion (Fig. 6, inset). However,
the Cs' ions are in eight-coordinate environments, forming
bonds to four Cl ions and four O atoms from urea molecules.
Lastly, the crystal structure for LiCl:urea adopts an arrange-
ment analogous to analcime (Yokomori & Idaka, 1998): the
Li* ions are in four-coordinate environments featuring two

® Measured

= Calculated
— Difference
U
5 10 15 20 25
26[°]
Figure 7

Rietveld refinement for LiCl:urea. Experimental data are shown in black
and the calculated fit is shown in red. The difference plot is shown in blue
and the background correction is shown in green. The inset (upper right)
shows two views of the proposed crystal structure of LiCl:urea. In the
ball-and-stick model of the crystal structure, the different atoms are
depicted as follows: carbon (brown), nitrogen (blue—grey), oxygen (red),
chlorine (green) and lithium (grey). No hydrogen atoms are shown in
these models.
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Cl™ ions and two O atoms from urea molecules, with the
polyhedra alternating between edge-sharing and corner-
sharing along the crystallographic normal (r) axis (Fig. 7, inset).

Of the three MCCs described herein, the crystal structure of
LiCl:urea raises some questions. The best solution (i.e. lowest
energy) is consistent with the lower-symmetry subgroup 12/c of
the tetragonal space group [4,/a. DFT-TS* geometry optimi-
zations in the latter space group failed to converge. While the
structural topology is consistent with a tetragonal net, the
experimental observation and computational confirmation of
a monoclinic space group with # = 91.2° implies a slight unit-
cell deformation of the tetragonal unit cell, perhaps due to
molecular-level dynamics (see the video in the supporting
information). Since the structure with S=91.2° has a
symmetry-equivalent structure with 8 = 88.8°, it is possible to
refine a structure in the /4,/a space group, albeit with high
displacement parameters and the assumption that both
structures are present in equal amounts. This is confirmed in
part by the highly anisotropic displacement ellipsoids of the
Cl” ions (Fig. 7). From the diffraction data alone, it is not
possible to ascertain the presence of dynamic or static
disorder. However, the dynamics of the urea molecules in
MCC:s can significantly impact the SSNMR powder patterns of
*Cl, N, ?H and quadrupolar alkali metal nuclides.

To explore the possibility of dynamics influencing the
observed **Cl tensor parameters for either LiCl:urea or CsCl:
urea, we measured VT *>Cl spectra at two temperatures, 25
and —95°C, at 18.8 T (Fig. S9). We elected to focus on LiCl:
urea and CsClurea since the synchrotron PXRD data and
Rietveld refinements suggested the possible presence of
dynamics in these materials. We found that there are only
minimal differences in the appearances of the spectra between
these two temperatures, suggesting that molecular motions in
this temperature range have little impact on the observed *>Cl
EFG and CS tensor parameters.

We also gave consideration to acquiring °Li SSNMR spectra
in the hope of resolving the two lithium shifts, which are not
resolved in the "Li SSNMR spectrum, since the crystal-
lographically unique Li" sites exist in almost identical envir-
onments. As lithium has one of the smallest chemical shift
ranges, it is very common not to be able to resolve such sites in
"Li SSNMR spectra — in fact, our DFT calculations indicate
that the lithium shifts differ by only 0.019 ppm and would not
be differentiated by either "Li or °Li SSNMR (the chemical
shift dispersion for 'Li is 2.64x that of °Li at the same field).
Furthermore, °Li SSNMR spectra are generally of higher
resolution than those of 'Li, due to the lower quadrupole
moment and reduced homonuclear dipolar couplings, but
require much longer acquisition times (at natural abundance)
due to low receptivity R(°Li)/R(’Li) ~ 1/30 and very long
T1(°Li) times.

3.4. DFT calculations and EFG tensor orientations

Quantum chemical computations are key in elucidating
relationships between NMR interaction tensors and mol-
ecular-level structure (Holmes et al., 2020; Holmes et al.,
2022a; Vojvodin et al., 2022; Holmes & Schurko, 2018; Holmes

et al., 2017). Here, we consider a comparison of the experi-
mentally measured >>Cl quadrupolar parameters with the *>Cl
EFG tensors and orientations obtained from DFT calcula-
tions. The *>Cl EFG tensors are obtained from DFT calcula-
tions on the final refined structural models from the
combination of Rietveld refinements and DFT-TS* geometry
optimizations (see Section 3.3) (Holmes et al., 2020). There is
reasonably good agreement between the experimental and
calculated *CI EFG and CS tensors in all cases (Table 1)
(Holmes et al., 2022a; Holmes et al., 2022b; Vojvodin et al.,
2022; Abdulla et al., 2023).

There are well established relationships between the *>Cl
EFG tensors of chloride ions and hydrogen bonding in organic
solids (the relationships between chlorine CS tensors and
bonding are not straightforward, so further discussion is
largely restricted to the EFG tensors) (Hildebrand et al., 2014;
Hamaed et al., 2008; Holmes et al., 2022a). A hydrogen bond is
defined as having an H- - -Cl™ distance r(H---Cl™) of 2.6 A or
less (Desiraju & Steiner, 2001), whereas a short contact is
defined as a hydrogen bond with r(H---Cl7) < 22A.
H---Cl™ short contacts exert the most influence on the *>Cl
EFG tensor parameters and orientations, with many organic
HCI salts exhibiting values of Cq ranging from ca 5 to 9 MHz
in cases with one or two short contacts. The exceptions to this
rule are H---Cl™ contacts involving H,O molecules, which
present challenges for accurate calculations of *>Cl EFG
tensors (Holmes et al., 2022b). These relationships have not
been explored for MCCs featuring both chloride ions and
alkali metal cations. Furthermore, for the three structural
models herein, there are no short contacts (only between three
and five hydrogen bonds) and relatively small magnitudes of
Co (Table 2). Nonetheless, it is worth investigating the
orientations of the *>CI EFG tensors to determine if they are
constrained by local symmetry, local bonds and/or crystal-
lographic symmetry elements.

We now consider the relationships between the *>Cl EFG
tensor orientations and local hydrogen-bonding environments
of the chloride ions in the three MCCs (Fig. 8). The chloride
ions in NaCl:urea-H,O are defined by a single crystallographic
position, are not located in crystallographic symmetry mirror
planes or on rotational axes (because of the low symmetry of
the space group), and feature five hydrogen bonds involving
urea (four) and water (one). Two monodentate urea molecules
have the shortest H---Cl~ bonds of r(H---Cl") =2.383 and
2475 A with an H.--ClI"---H angle of Z(H:--Cl---H)=
129.3°, and the single bidentate urea has r(H---Cl™) = 2.486
and 2.503 A with Z(H---Cl"---H) = 54.1°. The largest com-
ponent of the EFG tensor, Vi3, is oriented approximately
perpendicular to the bidentate H---Cl™- - -H plane, with V5,
approximately in the plane and bisecting the 2 (H---Cl™- - -H)
plane. V33 is calculated to be negative [i.e. Cq is positive, since
Q(*°Cl) = —8.165 fm?], meaning the EFG diminishes along
this axis moving away from the nucleus (note that the sign of
Co cannot be determined from *>Cl1 SSNMR spectra, but can
be calculated and used for interpreting relationships between
structure and EFG tensors). The negative and positive signs of
V33 and V,,, respectively, as well as their orientations, are
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Table 2

H---Cl” hydrogen bonds (< 2.6 A), contact angles and calculated %Cl EFG tensors.

MCC Hydrogen-bond typet  H---Cl™ distance# (A) X---Cl" distance§ (A) X—H---Cl” angle[| (°)  8iso (ppm) Co (MHz) 10
NaClurea-H,O  NH---CI™ 2.383 3.332 169.9 —15 1.64 0.49
NH---Cl™ 2.475 3.42 168.5
NH---ClI™ 2.486 3.373 153.7
NH---ClI™ 2.503 3.385 152.7
HOH- - -ClI™ 2.240 3.133 163.0
CsCliurea NH---ClI™ 2.340 3.297 176.5 82 -1.77 0.69
NH---ClI™ 2.340 3.297 176.5
NH---ClI™ 2.494 3.383 154.1
NH---Cl™ 2.494 3.383 154.1
LiClurea (Cl1)  NH---ClI™ 2.366 3.322 173.9 —10 2.94 0.90
NH---ClI™ 2.419 3.35 163.1
NH---ClI™ 2.577 3.468 154.7
LiClurea (CI12)  NH---ClI™ 2.354 3312 175.0 —10 2.94 0.90
NH---ClI™ 2431 3.347 159.8
NH---ClI™ 2.613 3.496 153.2

 The functional group involved in the H: - -CI™ hydrogen bond (e.g. NH: - -CI” and HOH- - -Cl” signify hydrogen bonds with an amine functional group or water molecule and a chloride

ion, respectively), as obtained from calculations on structures refined at the RPBE-TS* level.
§ Distance between the chloride ion and the hydrogen-bond donor atom. 9 X represents the atom bonded to hydrogen (i.e. N or O).

DFT-TS* level.
hydrogen-bond donor atom, the hydrogen atom and the chloride anion.

consistent with numerous predictions for similar H- - -Cl™- - -H
arrangements (Hildebrand et al., 2014; Hamaed et al., 2008;
Holmes et al., 2022a; Vojvodin et al., 2022).

In contrast to NaCl:urea-H,O, the chloride ions in CsCl:urea
are positioned in crystallographic mirror planes and on a
twofold rotational axis, with one set of H---Cl™ hydrogen
bonds from monodentate urea ligands reflected through the
mirror plane [r(H---Cl7) =2.340 A], one set of bidentate

H..-Cl™ hydrogen bonds in the mirror plane [(H.--Cl") =
@ %0 o
o PO ; o ;
o R
S
®) ?

.2 48 <% g

Figure 8

3Cl EFG tensor orientations (two views for each system) for (a) NaCl:
urea-H,O, (b) CsCliurea and (c) LiCl:urea, obtained from calculations on
structural models determined from Rietveld refinement and geometry
optimization at the RPBE-TS* level. The H---CI” hydrogen bonds
(<2.6 A) are shown as black dashed lines. The orientations of the three
principal components of the **Cl EFG tensors are shown as arrows in
magenta (Vyy), yellow (V,) and cyan (V33).

i H---Cl” hydrogen bonds (< 2.6 A), as determined from crystal structures refined at the

|| Angle between the

2494 A and Z(H---ClI"---H) =53.6°] and four identical
Cs---Cl™ contacts [r(H---Cl7) =3.514 A] Vi1 and Vy, are
positioned in the crystallographic mirror plane, with V33
oriented parallel to the mirror plane and perpendicular to the
bidentate H---Cl™- - -H plane. Opposite to the case of NaCl:
urea-H,O, V33 is positive and V7, bisects the 2(H---Cl™- - -H)
plane.

LiCliurea, in the monoclinic description, displays two
crystallographically distinct chloride ions that are not asso-
ciated with any symmetry operations in I2/c (either local or
otherwise). Their local environments are almost identical, with
three hydrogen bonds ranging from r(H---Cl™7) = 2.354 Ato
r(H---Cl7) = 2.613 A and two Li- - -Cl contacts (<2.417 A). In
this system, which features the largest magnitudes of Cg, in the
MClurea-xH,O series, the values of Cq and 1q are calculated
to be almost identical for the two sites [Co(Cl1) = 2.99 MHz,
no(Cl1) = 0.90, and Co(CI2) = 2.94 MHz, no(CI2) = 0.90], with
Vis (which is negative) located approximately in an
H...ClI"---H plane formed by the shortest and longest
hydrogen bonds, with an angle of Z(V3;;—Cl"---H) ~ 51°.

Several conclusions arise from the comparison of experi-
mentally measured and computationally derived *>Cl EFG
tensors and from consideration of their orientations: (i) even
though the magnitudes of the QIs are small, the *>Cl EFG
tensor parameters and orientations are highly dependent on
local symmetry, hydrogen bonds (number, length and moieties
of origin) and crystallographic symmetry elements; and (ii)
despite the absence of short H---Cl™ contacts, the >Cl EFG
tensors orient themselves in a manner consistent with those
previously described in the literature (Hildebrand et al., 2014;
Hamaed et al., 2008; Holmes et al., 2022b; Vojvodin et al., 2022;
Abdulla et al., 2023).

4. Conclusions

Herein, we have demonstrated novel mechanochemical routes
to synthesize three MCCs of the form MClurea-xH,O (x =0
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1) and conducted their structural characterization by inte-
gration of synchrotron PXRD, multinuclear SSNMR spectro-
scopy, Rietveld refinement and plane-wave DFT calculations.
The MCCs described herein can be prepared mechanochemically
with high purity and great rapidity relative to more conven-
tional cocrystallization through slow evaporation from water.

The combination of PXRD and SSNMR analyses for the
characterization of products of mechanochemical reactions
proves to be extremely useful for rapid screening of products
(as well as residual educts and/or impurities) and for the
optimization of milling conditions (including milling time,
milling media and pH of the milling liquid). >>CI SSNMR is
well suited for the structural characterization of these MCCs,
since *>Cl EFG tensors are extremely sensitive to the smallest
differences and/or changes in chloride ion environments,
providing a powerful means of examining H- - -Cl~ bonding in
organic solids.

Alkali metal NMR proves to be useful for identifying the
number of unique crystallographic sites and for facile detec-
tion of educts and/or impurities; however, at present it appears
to be of limited use for aiding in structural refinements of
MCCs, since (i) their EFG tensors do not vary to the degree of
those of *>Cl EFG tensors, largely due to the unresponsiveness
of the alkali metal valence electrons to hydrogen bonding; and
(ii) "Li and '*>Cs spectra of Li* and Cs* ions in organic solids
generally have Cq values with very small magnitudes, which
are challenging to calculate. Furthermore, it is possible that
the dynamics of urea molecules in certain cases must be taken
into account to make valid comparisons of experimental and
calculated NMR interaction tensor data.

*Na MAS NMR was key for identifying residual NaCl
educt and proved to be beneficial for monitoring the degra-
dation of NaCl:urea-H,O and extracting a decomposition rate
constant of k =122 x 105",

Finally, NMRX-guided Rietveld refinements, aided by
comparison of *>Cl EFG tensors determined from experiment
and computation, were used to resolve the structure of NaCl:
urea-H,O and solve the novel structures of CsCl:urea and
LiCliurea. As a result, the insight garnered from this quad-
rupolar NMR-guided crystallography (i.e. QNMRX) study of
relatively simple MCCs with alkali metal cations and chloride
anions will be useful for directing future structural predictions
and/or refinements of similar MCCs, and perhaps even new
solid forms of pharmaceutical cocrystals featuring a wide
range of pharmaceuticals, cations, anions and other organic
coformers.
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