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Abstract

Quadrupolar NMR crystallography guided crystal structure prediction (QNMRX-CSP) is 

a nascent protocol for predicting, solving, and refining crystal structures. QNMRX-CSP employs 

a combination of solid-state NMR data from quadrupolar nuclides (i.e., nuclear spin > 1/2), static 

lattice energies and electric field gradient (EFG) tensors from dispersion-corrected density 

functional theory (DFT-D2*) calculations, and powder X-ray diffraction (PXRD) data; however, 

it has so far been applied only to organic HCl salts with small and rigid organic components, 

using 35Cl EFG tensor data for both structural refinement and validation. Herein, the QNMRX-

CSP protocol is extended to ephedrine HCl (Eph) and pseudoephedrine HCl (Pse), which are 

diastereomeric compounds that feature distinct space groups and organic components that are 

larger and more flexible. A series of benchmarking calculations are used to generate structural 

models that can be validated against experimental data, and to explore the impacts of the (i) 

starting structural models (i.e., geometry-optimized fragments based on either a known crystal 

structure or an isolated gas-phase molecule) and (ii) selection of unit cell parameters and space 

groups. Finally, we use QNMRX-CSP to predict the structure of Pse in the dosage form Sudafed 

using only 35Cl SSNMR data as experimental input. This proof-of-concept work suggests the 

possibility of employing QNMRX-CSP protocols to solve the structures of organic HCl salts in 

dosage forms – something which is often beyond the capabilities of conventional, diffraction-

based characterization methods.
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1. Introduction

Advances in theory and computational power have enabled the rise of crystal structure 

prediction (CSP) methods for the discovery of new materials and refinement of their solid-state 

structures,1–7 including active pharmaceutical ingredients (APIs),8–11 metal-organic 

frameworks,12,13 and organic semi-conductors.14–16 There are numerous commercial and open-

access CSP software packages available,17–23 many of which are used in combination with 

experimental data and/or other computational methods. For the CSP of organic compounds, the 

Cambridge Crystallographic Data Center24 (CCDC) has run six CSP “blind tests” (a seventh is 

currently underway), where participants are tasked with predicting the crystal structures of 

various organic molecules, ranging from those with small organic components to intricate 

multicomponent cocrystals.25–30 Limitations of CSP methods include, but are not limited to: (i) 

the need for advanced algorithms for searching the complex structure spaces,4,31 especially for 

systems that have high molecular weights, high flexibility,32,33 and/or multiple independent 

molecules,34 all of which can increase the computational cost; and (ii) the difficulties in the 

ranking the relative energies of candidate structures.35–37

NMR crystallography (NMRX), which utilizes a combination of solid-state NMR 

(SSNMR), quantum chemical computations, and in some cases, powder X-ray diffraction 

(PXRD) data, is widely used for the prediction, refinement, and validation of structures,38–42 and 

has emerged as a means of improving CSP methods.1–7 Notably, NMRX-CSP can greatly 

decrease the computational costs associated with CSP methods, while also providing metrics for 

validation of structural models (i.e., via comparison of experimentally measured and 

computationally derived NMR parameters and crystallographic data).43–48 While PXRD provides 

invaluable information on long-range order, the space group, and the unit cell parameters,49,50 
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SSNMR adds information on local atomic environments through chemical shifts,51–53 interatomic 

proximities through dipolar couplings,54–56 and confirmation of the number of asymmetric 

units.57 These data reduce the search space of computational methods, which refine candidate 

crystal structures, determine relative energy rankings, and calculate NMR interactions for 

comparison with experiment.35,36,58

To date, the vast majority of NMRX-CSP studies on organic systems rely upon the 

comparisons of experimental and calculated 1H and 13C chemical shifts;39–42,51–53 however, given 

the ubiquity of elements with quadrupolar nuclei in organic solids (i.e., spin I > 1/2, including 

14N, 17O, 23Na, and 35Cl), it seems their exploitation would be of great benefit. The quadrupolar 

interaction, which is the interaction between the nuclear quadrupole moment and the electric 

field gradients (EFGs) at the nuclear origin, can be directly measured from SSNMR spectra of 

quadrupolar nuclides, in the form of the quadrupolar coupling constant, CQ, and asymmetry 

parameter, ηQ (see Table 1 for definitions). The EFGs, which are described by symmetric, 

second-rank tensors, are exquisitely sensitive to their local electronic environments, as well as 

longer-range electrostatic interactions that often do not have significant influences on chemical 

shifts. The EFG tensor principal components and its orientation in the molecular/crystal frame 

depend only upon the ground-state electron density; as such, first principles calculations of EFG 

tensors are very efficient in comparison to those of chemical shielding.59,60 Despite these 

advantages, the use of quadrupolar nuclei in NMRX-CSP studies is limited to date, with a few 

reports of 14N-1H correlation experiments and/or 13C-14N residual dipolar couplings to determine 

the proximities of these atom pairs.61–63 We suspect that the two main reasons that quadrupolar 

guided NMRX-CSP has largely gone underutilized are: (i) the acquisition of high quality 

SSNMR spectra of quadrupolar nuclides has traditionally been regarded as challenging and 
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outside of the interest of many practitioners of advanced SSNMR methods; and (ii) there have 

been issues with calculations of EFG tensors in organic solids that match well with 

experiment.59,60,64,65 Fortunately, the former issue has largely been resolved, with a wide range of 

hardware and pulse sequences available to the end user for the investigation of quadrupoles; 

however, the latter issue has only recently been addressed by including reparametrized semi-

empirical dispersion corrections in geometry optimizations.66,67

Our group has recently developed a quadrupolar guided NMR crystallographic crystal 

structure prediction (QNMRX-CSP) protocol for the prediction, validation, and refinement of 

structures of organic HCl salts using the comparison of experimental and calculated 35Cl EFG 

tensors.68 In this initial work, QNMRX-CSP was benchmarked using five HCl salts and 

successfully used in two blind tests, all of which have known crystal structures featuring small 

unit cells and simple, rigid organic molecules. The ultimate objective of QNMRX-CSP is to 

predict and refine high-quality crystal structures, starting only with a molecular formula and 35Cl 

EFG tensor data (and in some cases, PXRD data).

In this work, we extend QNMRX-CSP benchmarking calculations to organic HCl salts 

featuring larger unit cells and organic molecules of increased conformational complexity. 

Specifically, we investigate solid forms of (1R,2S)-(–)-ephedrine HCl (Eph) and (1S,2S)-(+)-

pseudoephedrine HCl (Pse), which have different space groups and unit cell parameters (N.B.; it 

is emphasized that these are not enantiomorphs),69,70 as well as 35Cl SSNMR data that were 

acquired in our laboratory. Four aspects of QNMRX-CSP benchmarking are considered, 

featuring different starting points and conditions, with the objective of obtaining structural 

candidates that agree well with the known crystal structures. The final aspect involves applying 

QNMRX-CSP to predict the structure of Pse in the dosage form Sudafed, using only 35Cl 
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SSNMR data of this solid form. Finally, we discuss the expansion of QNMRX-CSP to 

incorporate other quadrupolar nuclides (e.g., 14N, 17O), as well as tandem operation with 

conventional NMRX-CSP methods featuring 13C and 15N chemical shifts; this may enable 

applications to molecules of greater size and complexity, and possibly the characterization of 

microcrystalline forms of APIs in dosage forms that undergo structural changes, including 

hydration, disproportionation, amorphization, and phase changes due to tableting.

2. Methods

2.1 Chemicals

Ephedrine HCl, pseudoephedrine HCl (Scheme 1), and Sudafed® Sinus Congestion 30 

mg Nasal Decongestant (Sudafed), which contains 19.5 wt-% Pse, were purchased and ground 

with a pestle to be used in all subsequent experiments.

2.2 Powder X-ray Diffraction 

PXRD patterns of Eph and Pse were acquired with a Proto AXRD benchtop X-ray 

diffractometer operating with Bragg-Brentano geometry and featuring a Cu Kα radiation source 

and a Proto DECTRIS hybrid pixel detector. The X-ray tube voltage and amperage were 30 kV 

and 20 mA, respectively. Diffraction patterns were acquired with a detector scanning 2θ from 5° 

to 40° with a step size of 0.015° and a dwell time of 4 s. The PXRD pattern of Sudafed was 

acquired using a Rigaku Miniflex X-ray diffractometer operating with Bragg-Brentano geometry 

and featuring a Cu Kα 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. Diffraction patterns were 

acquired with a detector scanning 2θ from 2.5° to 50° with a step size of 0.03° and at a rate of 

0.5° min–1.
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2.3 Solid-State NMR Spectroscopy

Overview. SSNMR spectra were acquired at 9.4 T using a Bruker Avance III HD 

spectrometer and an Oxford wide bore magnet at the University of Windsor (Windsor, ON), 

where the relevant Larmor frequencies are ν0(1H) = 400.23 MHz, ν0(13C) = 100.65 MHz, ν0(15N) 

= 40.54 MHz, and v0(35Cl) = 39.21 MHz. Static spectra were acquired with a Revolution 5.0 mm 

o.d. HX static probe with samples packed into glass tubes sealed with Teflon tape, whereas MAS 

spectra were acquired with a Varian/Chemagnetics 4.0 mm o.d. HX MAS probe with samples 

packed into zirconia rotors. Additional SSNMR spectra were acquired at 14.1 T using a Bruker 

Avance NEO spectrometer and an Oxford wide bore magnet at the National high Magnetic Field 

Laboratory (Tallahassee, FL), where the relevant Larmor frequencies are ν0(1H) = 600.07 MHz 

and ν0(13C) = 150.89 MHz. MAS spectra were acquired with a NHMFL-built 3.2 mm o.d. HXY 

probe with samples packed into 3.2 o.d. zirconia rotors. High-field spectra were acquired at 21.1 

T using a Bruker Avance II console and an Oxford standard bore magnet at the National 

Ultrahigh-Field NMR Facility for Solids (Ottawa, ON), where the relevant Larmor frequencies 

are ν0(1H) = 899.53 MHz and v0(35Cl) = 88.13 MHz. Static and MAS experiments used a Bruker 

4.0 mm HX MAS probe with samples packed into 4.0 mm o.d. zirconia rotors. Additional high-

field spectra were acquired at 18.8 T using a Bruker Avance NEO spectrometer and an Oxford 

wide bore magnet at the National high Magnetic Field Laboratory (Tallahassee, FL), where the 

relevant Larmor frequencies are ν0(1H) = 799.71 MHz and v0(35Cl) = 78.35 MHz. Static and 

MAS experiments used a NHMFL-built 3.2 mm HXY MAS probe with samples packed into a 

3.2 mm o.d. zirconia rotors. A listing of all acquisition parameters is provided in Tables S1 – S2. 

All pulse sequences and recommended calibration parameters and standards are available from 

the authors at https://github.com/rschurko. 
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1H→13C and 1H→15N CP/MAS Experiments. The 1H→13C and 1H→15N ramped-

amplitude CP/MAS pulse sequence was used to obtain the 13C and 15N SSNMR spectra.71–75 13C 

chemical shifts were referenced to TMS at iso(13C) = 0.0 ppm using the frequency peak of 13C 

labeled -glycine at iso(13C) = 176.5 ppm as a secondary reference,76 whereas 15N chemical 

shifts were referenced directly to nitromethane at iso(15N) = 0.0 ppm.77 

35Cl{1H} Experiments. 35Cl{1H} spectra were acquired under static conditions at 9.4 T, 

and under both static and MAS conditions at 21.1 T or 18.8 T. Static spectra at 9.4 T and 18.8 T 

were acquired using the Hahn-echo sequence with CT-selective π/2 pulses and a decoupling field 

of ν2(1H) = 30 - 50 kHz.78,79 Static spectra at 21.1 T were acquired using the quadrupolar echo 

pulse sequence with CT-selective π/2 pulses and a decoupling field of ν2(1H) = 60 kHz. MAS 

spectra at 18.8 T and 21.1 T were acquired using the Bloch decay experiment with CT-selective 

π/2 pulses, a decoupling field of ν2(1H) = 50 - 60 kHz, and MAS rates of νrot = 5 kHz for Eph and 

νrot = 10 kHz for Pse and Sudafed. 35Cl chemical shifts were referenced to 0.1 M NaCl at 

iso(35Cl) = 0.0 ppm using NaCl (s) at iso(35Cl) = –41.11 ppm as a secondary reference.80 Spectra 

were processed using the Bruker TopSpin 4.3 software package and fit using the ssNake v1.4 

package.81 To ensure proper expression of the Euler angles in the ZYʹZʹʹ convention, the results 

of iterative simulations in ssNnake, which uses the ZXʹZʹʹ convention and different definitions 

for anisotropic chemical shift and quadrupolar parameters, were verified in WSolids1.82

2.4 Computational Details

Overview. QNMRX-CSP has been designed and benchmarked for the crystal structure 

prediction of small organic HCl salts.68 The protocol (outlined in Scheme S1 and detailed in 

§3.2) combines three complementary methods: (i) PXRD (§2.2), (ii) 35Cl SSNMR (§2.3), and 

(iii) calculations (vide infra). For calculations, two graphical user interfaces are used: (i) 
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BIOVIA Materials Studio 2020 R3 is used to interface with Polymorph83 and CASTEP84 and (ii) 

CASTEP Data Manager (developed in our laboratory) is used to automate QNMRX-CSP.68 

CASTEP Data Manager takes advantage of a standalone academic version of CASTEP 2020 and 

is available at https://github.com/rschurko.

Polymorph. Polymorph83 is used to explore the conformational space of Eph and Pse. 

Polymorph requires the specification of a space group, motion groups, and atomic charges. In 

this context, motion groups are defined as a geometry optimized organic cation and a Cl– anion, 

with Hirshfeld charges assigned to each atom. Subsequently, these inputs are used in the 

Polymorph routine which employs a four-step approach to generate a maximum of 10,000 

candidate crystal structures per trial, where a trial is defined as one complete iteration of the 

four-step Polymorph routine — this includes the following steps: (i) packing, (ii) clustering, (iii) 

force-field geometry optimization, and (iv) clustering. Packing uses a Monte-Carlo simulated 

annealing algorithm to generate the candidate crystal structures with a maximum and minimum 

temperature of 1.5  105 K and 300 K, heating and cooling factors of 0.025 and 0.0005, and a 

minimum move factor of 1.0  10–10. Clustering removes duplicate structures that are generated 

during the packing step based on a radial distribution cutoff of 7.0 Å, a tolerance of 0.13, and 

140 bins. Dreiding force-field85 geometry optimizations are used to refine the candidate structure 

and calculate their static lattice energies. Convergence for the force-field geometry optimization 

is reached after a maximum change in energy of 2  10–5 kcal mol–1, in force of 10–3 kcal mol–1 

Å–1, in stress of 10–3 GPa, and in atomic displacement of 10–5 Å. Candidate structures are 

clustered again to remove any duplicate structures following force-field geometry optimization. 

A final round of clustering is performed following all trials of Polymorph.
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10

 CASTEP. CASTEP84 is used to conduct plane-wave DFT-D2*67 geometry optimizations 

and subsequent calculations of NMR interaction tensors. Three types of geometry optimizations 

are used: (i) truncated, (ii) convergent, and (iii) full volume convergent. All optimizations use the 

RPBE functional with a plane-wave energy cutoff of 800 eV, the ultrasoft pseudopotentials 

generated on-the-fly86, the zeroth-order regular approximation87, and a k-point spacing of 0.05 Å–

1. The three approaches differ in the implementation of the low memory BFGS scheme,88 where 

for truncated geometry optimizations the maximum BFGS cycles is set to 5, whereas the 

convergent and full volume convergent geometry optimizations are refined until the convergence 

thresholds. The convergence thresholds are set to be reached after a maximum change in energy 

of 5 x 10–6 eV atom–1, in displacement of 5 x 10–4 Å, and a maximum force of 10–2 eV Å–1. Full 

volume convergent calculations have the added convergence threshold of a maximum stress 

tolerance of 0.02 GPa and use a fixed basis quality with soft compressibility. A nuclear 

quadrupole moment of Q(35Cl) = –8.112 fm2 is used for the calculation of the 35Cl EFG tensors.89

2.5 Metrics for Assessing Candidate Structures. 

Overview. QNMRX-CSP uses metrics that are designed to retain the best candidate 

structures. Three metrics rely on the comparison of unit cell parameters, static lattice energies, 

and 35Cl EFG tensors. 

Unit Cell Parameters. Candidate structures are compared to the indexed unit cell 

parameters of the known crystal structures; structures are retained if they fall within ±20% of the 

known values.

Static Lattice Energies. Calculated static lattice energies of candidate structural models 

(Elat) are compared to that with the lowest overall static lattice energy (Elow). In M2, all structural 

models that are in the bottom 13.5% of the Elat are retained, according to:
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11

(i) 𝐸low ≤  𝐸lat ≤  0.865 ∗  𝐸low

In M3, candidate structural models are retained if they have an Elat that is less than or equal to a 

cutoff static lattice energy, Ecutoff, such that:

(ii) 𝐸lat ―  𝐸low ≤  𝐸cutoff

Here, Ecutoff is a relative static lattice energy determined to be 135, 50, or 1 kJ mol–1 greater than 

Elow, which are applied in M3 after Steps 1, 2, and 3. The choice of 13.5% in M2 and selections of 

Ecutoff in M3 have been determined by extensive benchmarking calculations.68

35Cl EFG Tensors. The similarity of calculated and experimental 35Cl EFG tensors is 

assessed using the EFG distance:67 

ΓEFG = 1
15

3𝛥2
11 + 3𝛥2

22 +  3𝛥2
33 + 2𝛥11𝛥22 + 2𝛥22𝛥33 + 2𝛥33𝛥33

1/2

𝛥𝑘𝑘 = |𝑉𝑐𝑎𝑙𝑐
𝑘𝑘 ― 𝑉𝑒𝑥𝑝

𝑘𝑘 |

where differences between the two sets of principal components of the EFG tensors (Vkk, k = 1, 2, 

3) provide the degree of similarity between two tensors (i.e., a value of ΓEFG = 0 MHz indicates 

that the two tensors are identical). This metric is based on the chemical shift distance proposed 

by Alderman and Grant.90 

2.6 Structural Validation.

Overview. QNMRX-CSP uses two structural validation terms, R-factor and root mean 

square deviation (RMSD) of atomic positions, to compare candidate structures predicted by the 

protocol to the convergent geometry optimized known crystal structures. Recent CCDC24 blind 

tests have set a threshold of RMSDs ≤ 0.80 Å, and for the latter, an R-factor ≤ 10% as 

acceptable.91–94

R-factor. PXRD patterns are simulated using the default settings in the Powder Pattern 

tool in Mercury 2022.3.0.95 Agreement between the simulated PXRD patterns of the convergent 

Page 11 of 64 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
24

 8
:2

2:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

DOI: 10.1039/D4FD00089G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00089g


12

geometry optimized crystal structures and candidate structures obtained from QNMRX-CSP is 

assessed by the R-factor: 

𝑅% =
∑|𝐹𝑜 – 𝐹𝑐|

∑|𝐹𝑜|  × 100 %

where F0 is the calculated signal amplitude of the convergent geometry optimized crystal 

structures and Fc is the calculated signal amplitude of the candidate structure.

RMSD in atomic positions. Candidate structural models in the validation step of 

QNMRX-CSP are compared to their respective convergent geometry optimized crystal structures 

via calculation of RMSDs from relative atomic positions using the CSD-Materials Crystal 

Packing Similarity tool in Mercury 2022.3.0 with a 15-molecule aggregate and a distance and 

angle tolerance of 20% and 20°, respectively. Isolated organic fragments generated in QNMRX-

CSP are compared with a 1-molecule aggregate and a distance and angle tolerance of 20% and 

20°, respectively.

3. Research and Discussion

3.1 Characterization with Powder X-ray Diffraction and Solid-State NMR Spectroscopy

PXRD. The PXRD patterns of Eph and Pse match simulated patterns based on previously 

reported SCXRD structures (EPHECL02 and PEPHCL, respectively),69,70 with no indications of 

impurity phases (Fig. S1A, S1B; Table S3). The reported SCXRD structure for Pse acquired at 

room temperature. No room temperature SCXRD structures have been reported for Eph with 

either a low R-factor (i.e., <5%) or all of the atom positions; instead, a simulated PXRD pattern 

based on a SCXRD crystal structure of Eph determined at 150 K is used for comparison;69 which 

accounts for the slight differences between the experimental and simulated patterns. Since the R-

factors of the EPHECHL02 and PEPHCL structures are a bit high (6.57% and 7.5%, 
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respectively), these make interesting cases for structural prediction and refinement using our 

protocol.

1H→13C and 1H→15N CP/MAS NMR Spectra. The 1H→13C{1H} CP/MAS spectra of 

Eph and Pse (Fig. 1A, 1B) are consistent with those from a previous report, in which all peaks 

were assigned to their respective atomic sites,96 with the exceptions of C7 and C8 (Scheme 1, 

Table S4). The 1H→15N CP/MAS spectra for Eph and Pse each feature a single peak 

corresponding to the nitrogen atoms in the charged secondary amine groups (Figure S2); in this 

instance, the small difference between the 15N chemical shifts, along with high uncertainties, 

limits their use for NMRX.

35Cl{1H} NMR Spectra. The 35Cl{1H} spectra of Eph and Pse (Fig. 2) feature central 

transition (CT, +1/2 ↔� –1/2) powder patterns that are influenced by second-order quadrupolar 

interactions and chemical shift anisotropy. These data are used to extract values of the 

quadrupolar and anisotropic chemical shift tensor parameters, as well as the relative orientations 

of the EFG and chemical shift tensors (as described by Euler angles, see Table 1). At a base 

level, the unique 35Cl powder patterns of Eph and Pse, which arise from unique sets of NMR 

interaction tensors, serve as spectral fingerprints for each solid form. 

The Cl– ion environments of Eph and Pse each feature three H⋯Cl hydrogen bonds (i.e., 

r(H⋯Cl) ≲ 2.6 Å)97 involving one alcohol and two charged secondary amine moieties (Fig. 3; 

Table 2). In Eph, the three hydrogen bonds are classified as short contacts (i.e., r(H⋯Cl) ≲ 2.2 

Å), which are those hydrogen bonds having the highest impact on the 35Cl EFG tensors.98–101 

From the large number of 35Cl EFG tensors that have been measured and calculated for organic 

HCl salts, it is well known that the presence of one or two short contacts typically results in 
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sizeable magnitudes of CQ (e.g., from 6.0 to 10.5 MHz);80,98,99,102–117 however, in the case of Eph, 

the magnitude of CQ is small (1.23 MHz). 

In order to understand the origins of this small CQ value in Eph, the local geometry of the 

Cl– ion is considered. There are clear guidelines for predicting arrangements of point charges that 

result in zero EFGs at any point in space;118 for instance, these have been applied by Bryce and 

co-workers in computational models of a ClH4
3– ion, where the magnitudes of CQ and ηQ are 

observed to change as a function of distortion away from tetrahedral symmetry.80 The most well-

known examples include the placement of N equal point charges at the N vertices of polyhedra, 

like tetrahedra, cubes, and octahedra, which yields zero EFGs at a point S0 at their centers (i.e., 

the centroid). Interestingly, no EFGs occur at S0 if N/2 equal point charges are positioned at N/2 

vertices such that none are related by inversion through S0. The ClH3
– “fragment” in Eph has a 

trigonal pyramidal arrangement, with all the H⋯Cl⋯H bond angles, ∠(HClH), near 90°; hence, 

its geometry resembles this latter configuration, with the hydrogen atoms arranged 

approximately near the three orthogonal vertices of a fictitious cube. However, since the 

symmetry is not perfectly cubic, there are non-zero EFGs, accounting in part for the small 

magnitude of CQ. 

A similar hydrogen bonding arrangement is observed for Pse; however, one of the H⋯Cl– 

hydrogen bonds in the ClH3
– fragment involving a secondary amine group is significantly longer 

than the other two short contacts. This likely accounts for the CQ = 2.20 MHz, which is larger 

than that of Eph. 

3.2 QNMRX-CSP

QNMRX-CSP was designed to predict the crystal structures of small organic HCl salts.68 

This method is comprised of three modules, each of which features distinct steps and metrics (a 
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flowchart depicting this protocol is shown in Scheme S1). The functions of the three modules are 

as follows: Module 1 (M1) selects molecular fragments that correspond to “chemically sensible” 

arrangements of atoms defined in terms of their individual conformations, followed by the 

assignment of motion groups and atomic Hirshfeld charges. Module 2 (M2) generates thousands 

of unique candidate structures, which exhibit distinct unit cells and packing arrangements (see 

§2.4). Finally, Module 3 (M3) refines the structural models through plane-wave DFT-D2* 

geometry optimizations and comparison of calculated and experimental 35Cl EFG tensors. Steps 

are actions in each module applied to candidate structures (vide infra). Metrics are parameters 

used to retain the best candidate structures, which include unit cell parameters (a, b, c, α, β, and 

γ), static lattice energies (Elat, along with Elow and Ecutoff), and 35Cl EFG distances (ΓEFG) (see 

§2.5 for definitions). Candidate structures are validated via comparison to convergent geometry-

optimized structural models based on known crystal structures (Eph: OPT-EPHECL02, and Pse: 

OPT-PEPHCL) by calculating R-factors (of PXRD patterns) and atomic position RMSDs; those 

with values falling below the thresholds described in §2.5 are considered valid structural models.

In the ensuing sections, we describe the use of QNMRX-CSP for benchmarking 

calculations on Eph and Pse (Table 3), including calculations using: (i) fragments obtained from 

a geometry optimized structural model based on a known crystal structure as a starting point 

(§3.2.1); (ii) geometry optimized fragments based on isolated, gas-phase molecules as a starting 

point (§3.2.2); (iii) fragments from (i) above for Pse, but with the space group, unit cell 

parameters, and 35Cl quadrupolar parameters for Eph (and vice versa, §3.2.3); and (iv) fragments 

from (ii), but only with 35Cl quadrupolar parameters (XRD data is absent, §3.2.4). The purposes 

of (iii) and (iv) are to explore the outcome of QNMRX-CSP calculations when experimental data 
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is limited or unavailable, with the hope of developing general applications to de novo crystal 

structure predictions.

3.2.1 Benchmarking starting from a refined crystal structure. In order to benchmark 

the QNMRX-CSP protocol and its metrics, the first sets of calculations use the known crystal 

structures as starting points. The application of the protocol to Eph is considered first (see Table 

4 for an overview of modules, steps, metrics, and numbers of candidate structures).

The starting point is Module 1 (M1): (i) in M1 Step 1, the crystal structure of Eph 

(EPHECL02) is obtained from the CCDC; (ii) in M1 Step 2, a convergent geometry optimization 

is conducted to refine the atomic coordinates; (iii) in M1 Step 3, Hirshfeld charges (Table S5), as 

determined from population analysis, are assigned to the atoms; and (iv) in M1 Step 4, the 

organic cation and chloride anion are assigned as motion groups (Fig. 4). 

In Module 2 (M2), the motion groups from M1 are used in the four-step Polymorph 

routine (see §2.4), which consists of packing, clustering, force-field geometry optimization, and 

clustering, leading to thousands of candidate structures. This routine is repeated 10 times (each 

iteration is defined as a trial, meaning that there are 10 trials), after which a final clustering of 

candidate structures is performed, leading to 46,889 candidates. The best candidate structures are 

retained using the unit cell parameters and energy metrics (unit cell parameters within ±20% of 

the experimental values, and the bottom 13.5% of the Elat; see §2.5 for explanations), retaining 

702 structures. 

Module 3 (M3) consists of four steps: (i) in M3 Step 1, truncated geometry optimizations 

(i.e., those that are halted after five BFGS iterations, see §2.5) are conducted on the candidate 

structures followed by application of energy and EFG distance metrics (Ecutoff = 135 kJ mol–1 and 

ΓEFG ≤ 0.70 MHz), resulting in 25 candidate structures being retained; (ii) in M3 Step 2, 
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convergent geometry optimizations are conducted on the candidate structures, leading to the 

retention of 19 structures using energy and EFG distance metrics (Ecutoff = 135 kJ mol–1 and ΓEFG 

≤ 0.49 MHz); (iii) in M3 Step 3, the unit cell parameters of the candidate structures are adjusted 

to match those of EPHECL02 and subsequent convergent geometry optimizations are conducted, 

followed by the application of energy and EFG distance metrics (Ecutoff = 1 kJ mol–1 and ΓEFG ≤ 

0.49 MHz), which retains 6 candidate structures; and (iv) in M3 Step 4, the final 6 structures are 

assessed for validation (Fig. 5A; Table 5). In this case, only 1 structure has RMSDs and R-

factors that are below the CCDC thresholds (see §2.6), though the other 5 candidate structures 

exhibit similar packing motifs (Fig. S3; Table 5) but fail structural validation. 

QNMRX-CSP is similarly applied to predict the structure of Pse starting from the 

PEPHCL structure, resulting in 2 candidate structures (Fig. 6A; Table 5). Both candidate 

structures have RMSDs and R-factors well below the CCDC thresholds.

3.2.2 Benchmarking starting from an isolated molecule. These calculations are 

conducted as follows: (i) in M1 Step 1, a molecular structure of the Eph organic cation is built in 

Materials Studio and centered in a 30×30×30 Å3 P1 unit cell; (ii) in M1 Step 2, the organic 

cation is subjected to a convergent geometry optimization; (iii) in M1 Step 3, Hirshfeld charges, 

as determined from a charge database (Table S5), are assigned to the organic cation and the Cl– 

anion; (iv) in M1 Step 4, the organic cation and Cl– anion are assigned as motion groups (Fig. 4). 

The remainder of the QNMRX-CSP protocol (M2 and M3) is applied as described above. In this 

case, 10 trials of the Polymorph routine are necessary. Following M3, 1 candidate structure is 

passed to validation in M3 Step 4 (Fig. 5B; Table 5) that has RMSDs and R-factors that are 

below the CCDC thresholds.
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QNMRX-CSP is similarly applied to Pse; however, a total of 50 trials of the Polymorph 

routine are necessary, resulting in 1 structure passing validation in M3 Step 4 (Fig. 6B; Table 5). 

Comparison of the isolated organic fragments from each of the predicted candidate structures for 

Eph and Pse to their respective gas-phase refined organic fragments is achieved with the 

RMSDs; here, the RMSDs of the Eph organic fragments are higher than those of Pse (0.233 Å 

and 0.073 Å, respectively).

3.2.3 Benchmarking starting from a molecular fragment that is mismatched with 

experimental data. It is of interest to see if the application of QNMRX-CSP to one molecular 

fragment, but using the space group, unit cell parameters, and 35Cl EFG tensors associated with 

the other, yields structural models that pass the metrics and CCDC thresholds. In M2, the 

Polymorph routine was used to pack the motion groups corresponding to the Pse cation (obtained 

from OPT-PEPHCL) and Cl– ions into unit cells with the space group of Eph (i.e., P21). 

Candidate structures are retained using the unit cell parameters and 35Cl EFG tensors of Eph as 

metrics (Table 6). After 100 trials of the Polymorph routine, and the generation of over half a 

million candidate structures, 2,993 were passed to M3, from which no viable candidate structures 

were generated for validation. This result could be interpreted as meaning that there is no form of 

Pse that crystallizes in the P21 space group with 35Cl EFG tensor parameters matching those of 

Eph.

QNMRX-CSP was similarly applied to the Eph cation (OPT-EPHECL02) and Cl– anion 

in the P212121 space group of Pse. After only 30 trials in M2, 6 structures were passed to M3 

Step 4 for validation. In comparison to OPT-PEPHCL, all 6 structures have RMSDs and R-

factors above the CCDC threshold (Fig. 7; Table 7). The 6 structures each feature three H⋯Cl 

hydrogen bonds (one alcohol and two secondary amine moieties, Fig. 3, Table 2), similar to the 
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Cl– environment of Pse (vide supra). This might indicate that Eph has a theoretical polymorph 

with a structure in the P212121 space group with 35Cl EFG tensors similar to those of Pse, though 

this is beyond the scope of the current study.

3.2.4 Benchmarking starting from an isolated molecule but in the absence of XRD 

data. The motivation for these calculations is to explore the possibility of CSP in instances 

where 35Cl EFG tensors are available, but XRD is not. This would be of great value for the CSP 

of micro- and nanocrystalline HCl APIs in dosage forms. Eph, Pse, and the dosage form 

Sudafed, which contains Pse, represent an ideal set of samples for a proof-of-concept study.

Since Eph and Pse are readily differentiated by their distinct 35Cl CT patterns, it is 

possible to use 35Cl SSNMR to determine which, if either, solid form is present in Sudafed. The 

35Cl{1H} MAS and static NMR spectra of Sudafed at 18.8 T (Fig. 8) have powder patterns 

matching that of bulk Pse, confirming its presence. In addition, there is a small peak ca. –41.1 

ppm that indicates the presence of NaCl, which is not detected in the PXRD pattern (Fig. S4). 

The 13C spectrum of Sudafed (Fig. 1C) features peaks corresponding to excipients in the range of 

ca. 60 – 110 ppm; however, the outer peaks match well with those in the spectrum of bulk Pse. 

The PXRD pattern of Sudafed (Fig. S1C) also clearly indicates the presence of Pse, based on 

comparison to its simulated PXRD pattern. However, indexing the PXRD data to obtain 

information on the space group and unit cell parameters is nontrivial due to the interfering 

signals from the excipients.

There are several considerations for using QNMRX-CSP in the absence of XRD data: (i) 

the choice of space group(s) that should be searched using the Polymorph routine (M2); (ii) 

determination of valid unit cell parameters for selecting candidate structures (M2); and (iii) the 

choice of unit cell parameters that should be used in the last stages of structural refinement (M3). 
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To address the first consideration, the CCDC database was data mined to determine the number 

of crystal structures with the following criteria: (i) C, H, O, N, and Cl atoms only; (ii) the Cl 

atom is an anion; and (iii) Zʹ = 1. We identified 4,713 structures meeting these criteria, whose 

space groups were ranked according to their frequency. Five space groups (i.e., P21/c, P1, 

P212121, P21, and Pna21) with Z ≤ 4 account for 81.4 % of structures (Table S6). Herein, the 

Polymorph routine is applied only to structural models in these five space groups to limit the 

computational cost. To address the second consideration, the 1,000 candidate structures with the 

lowest energies resulting from 10 trials of the Polymorph routine are retained, regardless of the 

predicted unit cell parameters (i.e., structural models are retained based only on relative 

energies). Finally, the third consideration is addressed by conducting a full volume convergent 

geometry optimization (§2.4) to refine the unit cell parameters and atomic coordinates of the 

candidate structures, as opposed to adjusting the former to match those of the indexed PXRD 

pattern.

With these considerations in mind, QNMRX-CSP was performed to predict the structure 

of Pse in Sudafed (Table 8) using only 35Cl quadrupolar parameters. Starting with the refined 

gas-phase motion group of Pse described in §3.2.2, 10 trials of the Polymorph routine were 

conducted for each of the five space groups. The 1,000 candidate structures with the lowest static 

lattice energies in each space group were retained and clustered to remove duplicates. The 

remaining candidate structures were subjected to truncated geometry optimizations, followed by 

retention of structures using only the EFG distance metric (i.e., ΓEFG ≤ 0.70 MHz). This resulted 

in the elimination of all candidate structures with the space groups P1, P21, and Pna21. 

Convergent geometry optimization and application of the second EFG distance metric (i.e., ΓEFG 

≤ 0.49 MHz) led to the retention of 6 structural models, all in the P212121
 space group. Final 
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volume convergent geometry optimizations resulted in 6 candidate structures that were retained 

for structural validation. 

The final structural models have similar packing motifs and unit cell volumes (Fig. 9) 

with RMSDs below the CCDC thresholds (Table 9). However, they have unit cell volumes that 

are overestimated relative to that of the known crystal structure by ca. 1.2 – 1.5%, which leads to 

poor agreement between their simulated PXRD patterns and that of the known crystal structure 

(Fig. S5). This is not unexpected, as it has been demonstrated that full volume convergent DFT-

D2* geometry optimizations tend to overestimate unit cell volumes.67 

4. Conclusions

Herein, QNMRX-CSP has been extended to systems featuring crystal structures of 

greater complexity than those investigated to date (i.e., higher molecular weights, greater 

conformational flexibility in the organic components, and larger unit cells). First, it was 

demonstrated that 35Cl SSNMR spectra of Eph and Pse provide distinct spectral fingerprints for 

each crystalline phase, with the 35Cl EFG tensors lending insight into the distinct hydrogen 

bonding arrangements of the Cl– ions. Second, QNMRX-CSP benchmarking calculations were 

conducted for structural models of Eph and Pse. Two sets of calculations with different 

geometry-optimized organic fragments as starting points (i.e., one from the known crystal 

structure and the other from the gas phase) were carried out, yielding structural models in good 

agreement with known structures, featuring RMSDs ≤ 0.80 Å and R-factor ≤ 10%, which are 

below recommended CCDC thresholds.91–94 Third, QNMRX-CSP benchmarking calculations 

were conducted using a geometry-optimized motion group of Pse packed into unit cells of the 

space group of Eph, where the unit cell parameters and 35Cl EFG tensors of Eph were used to 
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retain the best candidate structures (and vice versa). In both cases, it was found that no viable 

candidate structures emerged. Finally, using only the 35Cl EFG tensors determined from the 35Cl 

SSNMR spectra of a sample of Sudafed, we confirmed that Pse is the solid form therein, and 

conducted QNMRX-CSP benchmarking calculations that yield candidate structural models that 

passed most metrics, with the exception of the R-factors – this is due to small overestimations of 

the unit cell volumes in the DFT-D2* calculations.

QNMRX-CSP, while still in the early stages of development, shows much promise; 

however, it still faces challenges, many of which can lead to future extensions of the protocol. As 

systems grow in complexity, the use of other quadrupolar nuclides (i.e., 14N and 17O) could prove 

useful for predicting the best structural models – their involvement in both covalent and 

hydrogen bonds would provide a different perspective on structure. The tandem use of QNMRX-

CSP with methods employing either first principles calculations of chemical shielding or rapid 

prediction of chemical shifts could also be beneficial (i.e., 1H, 13C, and 15N). For instance, 

determination of the best starting fragments with the aid of DFT calculations of chemical shifts 

would be relatively inexpensive, since these could serve to limit the number of possible 

molecular conformations.43,119,120 Conversely, the use of artificial intelligence methods (e.g., 

ShiftML121,122) could be advantageous for filtering candidate structures. This increased efficiency 

could lead in several directions. First, it may be possible to predict previously unknown 

polymorphs, subject to modification of the metrics for choosing candidate structures (e.g., 

multiple NMR interaction tensors with benchmarked cutoff values). Second, this would permit 

an exploration of an increased number of space groups (as opposed to the five discussed herein) 

and a more extensive conformational space. Finally, difficulties related to geometry 

optimizations remain. We currently use the DFT-D2* method, which is known to slightly 
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overestimate unit cell volumes. It is possible that higher-order dispersion corrections (e.g., DFT-

D3 or DFT-D3/BJ)123–125 can be reparametrized for organic solids in a similar manner to DFT-

D2 – this would greatly benefit from the increased efficiency in calculations described above. 

These considerations can open doors for the discovery of new solid forms, including 

polymorphs, and perhaps even solvates and hydrates – all of which are relevant for de novo CSP 

of APIs in situ in complex dosage forms.
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Table 1. Experimental and calculated 35Cl EFG and chemical shift tensor parameters.a-f

CQ (MHz) ηQ δiso (ppm) Ω (ppm) κ α (º) β (º) γ (º)
Eph Exp. 1.23(2) 0.43(3) 43(1) 65(5) –0.7(1) 22(5) 50(5) 2(20)

Calc. 1.110 0.44 42 65 – 0.13 237 62 78
Pse Exp. 2.20(2) 0.85(3) 41(1) 70(10) 0.3(2) 30(30) 30(5) 150(30)

Calc. −2.774 0.45 36 74 0.89 128 83 237
a Theoretical EFG tensor parameters were obtained from calculations on XRD-derived structural models that were 
refined at the RPBE-D2* level.
b The experimental uncertainties in the last digit for each value are indicated in parentheses.
c The principal components of the EFG tensors are defined such that |V33| ≥ |V22| ≥ |V11|. The quadrupolar coupling 
constant and asymmetry parameter are given by CQ = eQV33/h, and Q = (V11 – V22)/V33, respectively. The sign of CQ 
cannot be determined from the experimental 35Cl spectra.
d The principal components of the chemical shift tensors are defined using the frequency-ordered convention, with 
11 ≥ 22 ≥ 33. The isotropic chemical shift, span, and skew are given by iso = (11 + 22 + 33)/3,  = 11 – 33, and 
 = 3(22 – iso)/, respectively.
e The Euler angles α, β, and γ define the relative orientation of the EFG and chemical shift tensors using the ZYʹZʹʹ 
convention for rotation. 
f Calculated 35Cl magnetic shielding constants were converted to the chemical shift scale through a separate 
calculation on a geometry optimized structural model of L-histidine HCl·H2O (based on a structure from the CSD, 
code HSTCM01) for which the experimental chemical shift is set to 34.5 ppm (see ref #1).
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Table 2. H⋯Cl hydrogen bond networks for the DFT-D2* refined crystal structures of Eph and 
Pse, as shown in Fig. 3.

r1 (Å) a r2 (Å) a r3 (Å) a φ12 (°) a φ13 (°) a φ23 (°) a Avg. φ
Eph 2.184 2.210 2.212 82.68 83.90 79.37 81.98
Pse 2.142 2.214 2.358 95.44 91.68 77.87 88.33

24-317 b 2.159 2.198 2.263 90.06 88.66 84.21 87.64
a For definitions of geometrical parameters, see Fig. 3.
b Structure 24-317 is one of the six structures predicted by QNMRX-CSP; see §#3.2.3 for relevant discussion.
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Table 3. The benchmarking of QNMRX-CSP featuring different starting points and conditions.
Section # Origin of Motion Group PXRD SSNMR

Known crystal 
structure

Isolated 
molecule

Unit cell 
Parameters

Space
group

35Cl EFGs

3.2.1 ✔ - ✔ ✔ ✔
3.2.2 - ✔ ✔ ✔ ✔
3.2.3 ✔ - ✔ ✔ ✔
3.2.4 - ✔ - - ✔

Page 47 of 64 Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
24

 8
:2

2:
22

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

DOI: 10.1039/D4FD00089G

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fd00089g


48

 
Table 4. A summary of the initial and final numbers of structural models in each step of the  
QNMRX-CSP protocol, as applied to Eph and Pse.

QNMRX-CSP Protocol Known crystal structures a Refined isolated molecule b
Eph Initial Retained Initial Retained

M2: ±20% UCPs; Elow ≤ 13.5% 46889 → 702 56673 → 901
M3 Step 1: ΓEFG ≤ 0.70 MHz; Elat ≤ 135 kJ mol–1 702 → 25 901 → 9
M3 Step 2: ΓEFG ≤ 0.49 MHz; Elat ≤ 50 kJ mol–1 25 → 19 9 → 9
M3 Step 3: ΓEFG ≤ 0.49 MHz; Elat ≤ 1 kJ mol–1 19 → 6 9 → 1

Pse
M2: ±20% UCPs; Elow ≤ 13.5% 38718 → 242 177564 → 922
M3 Step 1: ΓEFG ≤ 0.70 MHz; Elat ≤ 135 kJ mol–1 242 → 4 922 → 22
M3 Step 2: ΓEFG ≤ 0.49 MHz; Elat ≤ 50 kJ mol–1 4 → 3 22 → 10
M3 Step 3: ΓEFG ≤ 0.49 MHz; Elat ≤ 1 kJ mol–1 3 → 2 10 → 1

a The starting point for these calculations were geometry optimized structures based on a known crystal structure.
b The starting point for these calculations were geometry optimized structures based on isolated, gas-phase 
molecules.
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Table 5. Validation of the structural models of Eph and Pse obtained from QNMRX-CSP.
Motion Group a Structural Model ΓEFG (MHz) Elat (kJ mol–1) R (%) RMSD (Å)

Eph OPT-EPHECL02 5-98 0.102 0.000 2.26 0.026
OPT-EPHECL02 3-12 b 0.086 0.008 17.75 0.169
OPT-EPHECL02 3-2 b 0.092 0.019 18.03 0.174
OPT-EPHECL02 6-11 b 0.085 0.023 17.97 0.167
OPT-EPHECL02 5-3 b 0.087 0.030 17.97 0.173
OPT-EPHECL02 5-7 b 0.070 0.082 18.22 0.174
Isolated molecule 10-1 0.113 0.000 2.33 0.027

Pse OPT-PEPHCL 5-307 0.387 0.000 1.19 0.011
OPT-PEPHCL 8-117 0.393 0.029 1.94 0.014

Isolated molecule 44-278 0.408 0.000 1.56 0.013
a The starting point for each motion group was either a known crystal structure (OPT-EPHECL02 or OPT-
PEPHCL), or a refined isolated molecule.
b Structural models that failed validation because of poor agreement with PXRD.
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Table 6. A summary of the initial and final numbers of structural models in each step of the  
QNMRX-CSP protocol, as applied in the benchmarking starting from molecular fragments 
mismatched with experimental data.

QNMRX-CSP Protocol
Pse Molecular Fragments and Eph Metrics Initial Retained

M2: ±20% UCPs; Elow ≤ 13.5% 505475 → 2993
M3 Step 1: ΓEFG ≤ 0.70 MHz; Elat ≤ 135 kJ mol–1 2993 → 3
M3 Step 2: ΓEFG ≤ 0.49 MHz; Elat ≤ 50 kJ mol–1 3 → 0
M3 Step 3: ΓEFG ≤ 0.49 MHz; Elat ≤ 1 kJ mol–1 0 → 0

Eph Molecular Fragments and Pse Metrics
M2: ±20% UCPs; Elow ≤ 13.5% 115734 → 795
M3 Step 1: ΓEFG ≤ 0.70 MHz; Elat ≤ 135 kJ mol–1 795 → 74
M3 Step 2: ΓEFG ≤ 0.49 MHz; Elat ≤ 50 kJ mol–1 74 → 57
M3 Step 3: ΓEFG ≤ 0.49 MHz; Elat ≤ 1 kJ mol–1 57 → 6
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Table 7. Validation of the structural models of Eph obtained from QNMRX-CSP when using the 
Eph fragment as a structural unit, but the XRD and SSNMR data for Pse as metrics.

Structural Model ΓEFG (MHz) Elat (kJ mol–1) R (%) RMSD (Å)
24-317 0.481 0.000 95.87 0.776
14-129 0.283 0.010 88.14 0.787
17-119 0.282 0.029 87.90 0.788
19-89 0.283 0.193 86.26 0.787
14-92 0.271 0.251 86.21 0.785
24-152 0.287 0.357 88.32 0.788
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 Table 8. The number of structures at each step and for each space group searched in the 
QNMRX-CSP protocol as applied to Sudafed.

P21/c P𝟏 P212121 P21 Pna21
# MC-SA a 1000 1000 1000 1000 1000
# Cluster b 362 314 190 190 190
# TGO c 1 0 6 0 0
# CGE d 0 0 6 0 0

#UCP CGE e 0 0 6 0 0
# Validation f 0 0 6 0 0

a  Initial number of structures obtained from 10 trials of Monte-Carlo simulated annealing.
b Number of structures following clustering.
c  Remaining structures following truncated geometry optimization and application of the 35Cl EFG distance with a 
cut-off of 0.70 MHz.
d Remaining structures following convergent geometry optimization and application of the 35Cl EFG distance with a 
cut-off of 0.49 MHz.
e Remaining structures following full volume convergent geometry optimization and application of the 35Cl EFG 
distance with a cut-off of 0.49 MHz.
f  Number of candidate structures matching of the refined crystal structure of Pse (CSD code PEPHCL).
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Table 9. Validation of the structural models of Sudafed obtained from QNMRX-CSP.
35Cl EFG 

Dist. (MHz)
Energy Diff. 

(kJ/mol)
Volume 

(Å3)
Volume 
Diff. (%)

RMSD 
(Å)

R% 
(%)

PEPHCL - - 1124.871 - - -
2-75 0.233 0 1138.202 1.19 0.073 89.61
7-62 0.204 0.029 1141.548 1.48 0.078 94.63
8-91 0.207 0.048 1139.949 1.34 0.076 94.54
8-71 0.191 0.067 1141.009 1.43 0.079 97.00
8-86 0.182 0.077 1140.464 1.39 0.080 91.70
8-85 0.202 0.096 1141.099 1.44 0.080 97.80
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Scheme 1. Molecular diagrams and atomic numbering for (1R,2S)-(–)-ephedrine HCl (A) and 
(1S,2S)-(+)-pseudoephedrine HCl (B).
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Figure 1. 1H→13C CP/MAS NMR spectra of (A, red) Eph, (B, blue) Pse, and (C, green) 
Sudafed. Field strengths and MAS rates (νrot) are shown to the right of each spectrum.
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Figure 2. 35Cl{1H} NMR spectra of Eph (red) and Pse (blue) acquired at 21.1 T under MAS 
(Bloch decay) and static conditions (quadrupolar echo), and at 9.4 T under static conditions 
(Hahn echo). Spectral simulations are shown in black.
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Figure 3. Schematic of the H⋯Cl hydrogen bond network for the DFT-D2* refined crystal 
structures of Eph and Pse. From shortest to longest, r1, r2, and r3 correspond to the H⋯Cl bond 
lengths with secondary amine, alcohol, and another secondary amine moieties, respectively. 
Angles φij describe the interbond angles. Values are shown in Table 3.
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58

 
Figure 4. Motion groups assigned in Module 1 of the QNMRX-CSP protocol for benchmarking 
calculations, with structural models for Eph (top) and Pse (bottom) based on the known crystal 
structures (left) and structural models obtained from refining isolated molecules (right). 

Refined Known 
Crystal Structures

Refined Isolated
Molecules
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Figure 5. A comparison of the convergent geometry optimized crystal structure of Eph to 
structures that were validated from benchmarking by (A) using known structures (5-98), 
or (B) starting from structural models obtained from geometry optimizations of isolated 
molecules (10-1).
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Figure 6. A comparison of the convergent geometry optimized crystal structure of Pse to 
structures that were validated from benchmarking by (A) using known structures (5-307), or (B) 
starting from structural models obtained from isolated molecule geometry optimizations (44-
278).
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Figure 7. A comparison of the convergent geometry optimized known structure of Pse and the 
structural model with the lowest energy that reached validation of the using the Eph cation and 
the Pse unit cell parameters and 35Cl EFG tensors (24-317).
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Figure 8. 35Cl{1H} SSNMR spectra of Sudafed (green) acquired at 18.8 T under (A) MAS at νrot 
= 10 kHz using a Bloch decay experiment and (B) static conditions using a Hahn echo 
experiment. Simulated spectra (black) of Pse are displayed above each spectrum. A peak 
corresponding to NaCl(s) is indicated with an asterisk (*). 
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Figure 9. A view along each crystallographic axis for a crystal structure of Pse obtained by 
QNMRX-CSP, 8-85, and the convergent geometry optimized crystal structure of Pse.
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Data availability

The pulse sequences used and the CASTEP data manager (CDM), an executable 

application developed in-house, are available on the web from https://github.com/rschurko. 

Additional data are available in the ESI.†
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