Open Access Article. Published on 22 October 2025. Downloaded on 3/27/2026 1:48:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrystEngComm

ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: CrystEngComm, 2025, 27,
7379

Received 16th September 2025,
Accepted 21st October 2025

DOI: 10.1039/d5ce00899a

Quadrupolar NMR crystallography guided crystal
structure prediction (QNMRX-CSP) of zwitterionic
organic HCl salts

*ab

Carl H. Fleischer IIl, ©2° Sean T. Holmes @2° and Robert W. Schurko
In this work, we benchmark quadrupolar NMR crystallography guided crystal structure prediction (QNMRX-
CSP) for determining the crystal structures of two zwitterionic organic HCl salts, L-ornithine HCL (Orn) and
L-histidine HCI-H,O (Hist). These salts present an interesting challenge for QNMRX-CSP, as gas-phase
geometry optimizations used to generate starting structures for the organic zwitterionic fragments fail to
capture their correct solid-state geometries. To overcome this limitation, geometry optimizations using the
COSMO water-solvation model are employed to generate initial structural models. Using this approach,
QNMRX-CSP vyields structural models of the two zwitterionic organic HCl salts that closely match
experimentally determined crystal structures. In addition, the application of QNMRX-CSP to Hist represents
a further step toward the de novo structural determination of solvated organic HCl salts, as Hist is the first
benchmark system of this type to include a water molecule as a component of its crystal structure. This
work is significant for its potential application to the structural determination of active pharmaceutical

rsc.li/crystengcomm

1. Introduction

NMR crystallography (NMRX) is a powerful approach for
determining and refining the structures of crystalline solids,
particularly when conventional methods face limitations.
NMRX integrates solid-state NMR (SSNMR) spectroscopy,
X-ray diffraction (most often powder X-ray diffraction, PXRD),
and quantum chemical calculations to provide a
comprehensive picture of atomic-level structure.'™ SSNMR
offers detailed information about local atomic environments,
interatomic distances, and molecular conformations;® XRD
reveals long-range order, symmetry, space groups, and unit
cell parameters;”® and quantum chemical calculations can be
used to generate and refine candidate structures,”® as well
as to calculate NMR interaction tensors, which can be used
for screening and validation."” ™ Collectively, these enable
the de novo structural determination of complex solids,
including those with multiple components (i.e., organic
molecules, inorganic ions, solvate molecules, etc.),>>*"
structures with poorly defined hydrogen atom positions,
and even disordered materials.>*** Since the bonding and
spatial ~arrangements of atoms directly relate to
physicochemical properties such as solubility, stability, and
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ingredients, which often feature complex organic components and solvated solid forms.

bioavailability, NMRX provides a means of probing structure-
property-function relationships in a wide range of organic
solids, including active pharmaceutical ingredients and
numerous other functional materials.'™

In NMRX methods, the choice of the most diagnostically
relevant NMR interaction (e.g., chemical shifts,"*°° dipolar
couplings,**~** or the quadrupolar interaction®™*') is strongly
sample-dependent. To date, most NMRX studies have
employed isotropic chemical shifts due to their ease of
measurement and wide availability;'~> however, there are key
limitations. First, calculating chemical shifts with first-
principles quantum chemical computations can be
computationally expensive, especially for structures featuring
many atoms and/or for large datasets of candidate structures
(we note that there are emerging machine-learning methods,
such as the ShiftML software packages, that enable rapid
computation of chemical shifts).'***** Second, in certain
cases, chemical shift assignment is fraught with difficulties
due to broad patterns resulting from homo- and
heteronuclear dipolar couplings**™” and/or peak overlap due
to the sample featuring multiple similar chemical
environments - this is particularly problematic for complex
molecules in organic solids, especially those with multiple
low energy conformations."

The quadrupolar interaction, which provides an
alternative to chemical shifts for NMRX studies, manifests
only in the SSNMR spectra of quadrupolar nuclides (ie.,
nuclear spins I > ). The quadrupolar interaction arises from

CrystEngComm, 2025, 27, 7379-7389 | 7379


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ce00899a&domain=pdf&date_stamp=2025-11-14
http://orcid.org/0000-0002-1333-4195
http://orcid.org/0000-0002-5821-9641
http://orcid.org/0000-0002-5093-400X
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00899a
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE027045

Open Access Article. Published on 22 October 2025. Downloaded on 3/27/2026 1:48:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

the coupling between the nuclear quadrupole moment (Q)
and the electric field gradients (EFGs) at the nucleus. EFGs
are described by traceless, symmetric, second-rank tensors,
which are defined by three principal components in their
own principal axis systems, ranked such that |Vs3| = |Vy,| =
|Vi1|. The EFG tensor components are most often expressed
in terms of two parameters: the quadrupolar coupling
constant, Co = eQVs3/h, and the quadrupolar asymmetry
parameter, g = (Vi1 — Va22)/Vs3, where e is the elementary
charge, h is Planck’s constant, and 0 < 74 < 1. Since EFGs
depend solely on the ground state electron density, they are
calculated from first principles more efficiently than
chemical shifts.*®*°

In light of this, as well as the abundance of quadrupolar
nuclides in many solid organic compounds, our group
developed a protocol for elucidating the solid-state structures
of organic HCl salts, termed quadrupolar NMR
crystallography guided crystal structure prediction (QNMRX-
CSP).">""  QNMRX-CSP employs powder X-ray diffraction
(PXRD), *>Cl EFG tensors (both experimentally measured and
calculated with DFT), Monte-Carlo simulated annealing (MC-
SA),’ and dispersion-corrected density functional theory
(DFT-D2*) geometry optimizations.”® To date, three studies
have reported the development and application of QNMRX-
CSP: (i) the initial study described the development of the
protocol and its application to seven organic HCIl salts,
including five used as benchmarking systems, and two used
in blind prediction tests;*° (ii) the second study extended the
benchmarking of QNMRX-CSP to two organic HCI salts
featuring organic components larger than those in the first
set, and explored the application of QNMRX-CSP in the
absence of PXRD data;"' and (iii) the most recent study
demonstrated the application of QNMRX-CSP for the first de
novo structure determination of an organic HCI salt for which
no prior crystal structure was known.”" The studies highlight
the necessity for continued benchmarking and the
investigation of a more diverse range of organic HCI salts.

Herein, we extend QNMRX-CSP  benchmarking
calculations to zwitterionic organic HCIl salts, including
t-ornithine HCl (Orn) and r-histidine HCI-H,O (Hist)
(Scheme 1). This study focuses on zwitterionic organic HCI
salts, since they offer opportunities to tune the
physiochemical properties of solid forms, while also
presenting several challenges for the application of QNMRX-
CSP. To this end, benchmarking calculations were carried out
in two distinct scenarios: (i) to assess whether QNMRX-CSP
can identify valid structural candidates for zwitterionic
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Scheme 1 Molecular diagrams of the zwitterionic forms of L-ornithine
HCL (Orn, left) and L-histidine HCI-H,O (Hist, right).
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organic HCIl salts using a known ecrystal structure as a
starting point, and (ii) to evaluate its ability to generate
accurate structural models using only the molecular formula,
space group, and unit cell parameters. In the second
scenario, geometry optimizations were performed using the
COSMO water-solvation model to generate reasonable
starting structural models. These two scenarios were explored
independently: the first serves as a benchmarking exercise,
while the second simulates a “real-world” application of
QNMRX-CSP. Orn and Hist were chosen as structural models
since they have known crystal structures and precisely
measured *°Cl EFG tensors.”>™’ Moreover, a water molecule
is present in the crystal structure of Hist, which makes
structural determination more difficult, but also opens the
possibility of the de novo structure determination of solvated
organic HCI salts by QNMRX-CSP.

2. Methods
2.1 QNMRX-CSP

QNMRX-CSP was developed and benchmarked for
determining the crystal structures of organic HCl salts
(Scheme S1 depicts a schematic diagram of QNMRX-
CSP).*>*" QNMRX-CSP has three modules, each of which is
divided into several steps: (i) module 1 (M1) involves the
development of “chemically sensible” molecular fragments;
(ii) module 2 (M2) uses the polymorph software to generate
the initial candidate structures with MC-SA; and (iii) module
3 (M3) uses a QNMRX routine featuring DFT-D2* calculations
to obtain geometry-optimized structural models and their
concomitant **Cl EFG tensors. In M2 and M3, benchmarked
metrics are applied to retain candidate structures likely to
converge to the “correct” crystal structure (§2.3). Lastly, the
best candidate structures are validated using structural
validation terms (§2.4).

2.2 Computational details

QNMRX-CSP uses several software packages, including
Amsterdam density functional (ADF),*® Polymorph® and
CASTEP*® within the BIOVIA Materials Studio R3 suite, and
CASTEP Data Manager, an in-house program that automates
CASTEP calculations.*

Amsterdam density functional. Geometry optimizations of
the organic zwitterions Orn and Hist were performed using
ADF to generate molecular fragments for subsequent use in
polymorph. Molecular fragments are defined as chemically
meaningful, rigid molecules that are treated as a single unit
during structure generation where the relative atomic
positions are held constant (i.e., motion groups) and have a
set of Hirshfeld charges applied to each atom (Table S1) -
herein, this specifically refers to the organic zwitterionic
cation, Cl" ion, and water molecule (see §3.1 for further
discussion). Geometry optimizations employed the COSMO
water-solvation model®*®" using the Allinger radii,’> RPBE
functional,®®> TZ2P basis set,®® and frozen core
approximation.®> The convergence quality of the geometry

This journal is © The Royal Society of Chemistry 2025
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optimizations was set to normal, corresponding to an energy
change of 10™° Ha, in gradients of 10° Ha A™, and a
maximum step of 0.01 A.

Polymorph.  Polymorph used the aforementioned
molecular fragments of Orn and Hist, along with their space
groups, to generate candidate structures. Polymorph employs
a four-step routine to generate a maximum of 10000
candidate crystal structures per trial, where one trial consists
of one complete iteration of (i) packing, (ii) clustering, (iii)
force-field geometry optimization, and (iv) clustering (second
round). The packing step uses a MC-SA algorithm to generate
candidate crystal structures with maximum and minimum
temperatures of 1.5 x 10° K and 300 K, respectively, using
heating and cooling factors of 0.025 and 0.0005, and a
minimum move factor of 10'°. Clustering removes duplicate
structures using a radial distribution cut-off of 7.0 A,
tolerance of 0.13, and 140 bins. Dreiding force-field®®
geometry optimizations were used to refine the candidate
structures (the relative atomic positions for atom(s) in a
molecular fragment are held constant) and calculate their
static lattice energies. Convergence for these geometry
optimizations is reached after maximum changes are
achieved in energy of 2 x 10~> keal mol ™", force of 107> keal
mol™ A, stress of 10 GPa, and atomic displacement of
10° A. Duplicate structures were removed in the second
clustering step, using the same thresholds as the first. After
ten trials of polymorph, a third round of clustering removed
duplicate candidate structures generated across all trials.

CASTEP. Plane-wave DFT-D2*** geometry optimizations
and subsequent calculations of NMR interaction tensors were
conducted in CASTEP. Two DFT-D2* geometry optimization
approaches were used: (i) truncated and (ii) convergent.
These approaches differ in how they implemented the
L-BFGS scheme:®” a truncated geometry optimization sets the
number of BFGS cycles to 5, whereas a convergent geometry
optimization allows for progression to full convergence. Both
approaches use the RPBE functional,®® ultrasoft
pseudopotentials generated on-the-fly,®® the zeroth-order
regular approximation,®® a planewave energy cut-off value of
800 eV, and a k-point spacing of 0.05 A using the
Monkhorst-Pack grid.”” Convergence thresholds are a
maximum change in energy of 5 x 107® eV per atom,
displacement of 5 x 10™* A, and force of 1072 ev A™.
Calculated *°Cl EFG tensor principal components were

Table1 QNMRX-CSP metric sets and the benchmarked metric thresholds
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converted to the MHz scale using a nuclear quadrupole
moment of Q(*°Cl) = -8.17 fm>.”*

2.3 Metrics

QNMRX-CSP uses metrics to retain candidate structures that
are most likely to converge to the “correct” structure. Metrics
include the experimental unit cell parameters, calculated
static lattice energies, and *°Cl EFG tensors. The thresholds
for these metrics were previously determined in
benchmarking studies and further validated by two blind
tests,’®*! as well as a de novo structure determination.””
Herein, four metric sets are used, which are combinations of
metrics that are strategically positioned throughout the
modules of QNMRX-CSP (see §3.1, Table 1, and Scheme S1).
Candidate structures are only retained if both thresholds in
each metric set are satisfied.

Unit cell parameters. The unit cell parameters of the
candidate structures were compared to those of the known
crystal structures of Orn and Hist (Table 2; ORNHCL12°* and
HISTCM12,>* respectively). Candidates were retained if their
predicted unit cell parameters were within +20% for Orn and
+10% for Hist of the known values.

Static lattice energies. The static lattice energy metrics
were employed differently in M2 and M3. At the end of M2,
the calculated static lattice energy of each candidate
structure, Ej,, was compared to the candidate structure in
the set with the lowest calculated static lattice energy, Ejow.
Candidate structures having Ej,c values in the bottom 13.5%
of the set were retained, such that:

Elow < Ejat < 0.865-Ejou 1)

In M3, candidate structures were retained after each round of
geometry optimizations, provided that Ej, values were less
than or equal to a benchmarked threshold energy (Enresn),
such that:

AElat = Elat - Elow < Ethresh (2)

The value of Ey,esn changes depending on its position in M3
as part of metric set 2, metric set 3, and metric set 4 with
values of 135 kJ mol™, 50 k] mol™, and 1 kJ mol™,
respectively (Scheme S1).

Metric set Unit cell parameters® Eial’ Tgre” (MHz) Ehresn” (kK] mol ™)
1 +20%/+10% 13.5% — —

2 —_ — 0.70 135

3 — — 0.49 50

4 —_ — 0.49 1

“ The unit cell parameters of the candidate structures are compared to the known unit cell parameters (Table 2) and are retained if those
values are within +20% or +10% for Orn and Hist, respectively. b Ccandidate structures in the bottom 13.5% of Ej,, values are retained, i.e., such
that: Ejow < Elat < 0.865-Ejoy, Where Ejq,, is the Ej, of lowest of all candidate structures. © Candidate structures are retained if their /ggg is equal
to or below the benchmarked threshold. ¢ Candidate structures are retained if their Ey,, is equal to or below Egyresh, such that: AE = Ejy — Ejow <

Ethresh-

This journal is © The Royal Society of Chemistry 2025
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Table 2 Crystallographic information and **Cl EFG tensors of Orn and Hist®?

Space group a () b (&) ¢ (A) a() B ) 7 ) Co (MH?) o
Orn P2, 9.9480 7.9637 4.9826 90 99.87 90 2.99 0.36
Hist P2,2,24 15.36 8.92 6.88 90 90 90 1.81 0.64

“ The crystallographic information of Orn and Hist was obtained from their known crystal structures, ORNHCL12%* and HISTCM12,>

respectively. ” The experimental *>Cl EFG tensor parameters of Orn and Hist were obtained from previous studies.

%457 The quadrupolar

coupling constant and asymmetry parameter are given by Cq = eQV;3/h, and 5q = (Vi1 — Va5)/V33, respectively. The principal components of the
EFG tensors are defined such that |V3;3]| > |V,| = |Vi4]. The sign of Cq cannot be determined from the experimental spectra.

3°Cl EFG distance. The *°Cl EFG distance (Igpg) was
employed to assess the similarity between the calculated and
experimental *>Cl EFG tensors:”>

I'vrG
1 1/2
= (ﬁBA“Z +3M05 + 3A535% + 2A11A55 + 2A05A55 + 2A11A33]>

(3)
A = |Vige-vig? @

where Vi (k = 1, 2, 3) are the principal components of the
*Cl EFG tensors and |Vy; < |Vay| < |Vs3|. An I'gpg value of
zero indicates that the two *’Cl EFG tensors are identical.

2.4 Structural validation

QNMRX-CSP validates candidate structures using two terms:
the R-factor (R), which compares PXRD patterns, and an
atomic position RMSD parameter, Armsp, Which compares
atomic positions of the candidate structures to those of
geometry-optimized  structural models derived from
experimental crystal structures. The CSD has over 1.3 million
structures, of which ca. 90% have an R < 10%; accordingly,
we considered an R < 10% to indicate a reasonable structural
match.”® In the most recent CCDC blind tests, structures
were considered a match if their Agygp < 1 A7*7° This
relatively large threshold reflects the criteria used in these
blind tests, which account for molecular size and flexibility,
as well as the unique unit cell parameters of each structure.
Herein, we adopted a stricter definition of a structural match,
since the known unit cell parameters were used in the
calculations. This resulted in smaller Agmsp values, with
structures exhibiting Agmsp < 0.2 A considered to be good
matches.

R-Factors. PXRD patterns were simulated using the
Powder Pattern tool in Mercury 2022.3.0 with a Cu Ka
radiation source (4 = 1.54056 nm), 20 ranging from 5° to 50°,
a step size of 0.01°, and a full-width half height peak width
of 0.05°. The comparison of PXRD patterns employs the
R-factor:

Fo|—|F
e SRl IFDl oo -
>_|Fol
where F, and F., are the -calculated structure factor

amplitudes of the reference and candidate structures,

7382 | CrystEngComm, 2025, 27, 7379-7389

respectively, and the sum is over all reflections used in the
refinement.

Atomic position RMSDs. Agysp values were calculated
using the CSD-Materials Crystal Packing Similarity module in
Mercury 2022.3.0 using a 15-molecule cluster, using distance
and angle tolerances of 20% and 20°, respectively.

3. Results and discussion
3.1 QNMRX-CSP

To further develop QNMRX-CSP and expand its applicability
to a wider array of systems, it is essential to refine
benchmarking protocols, validate the thresholds used in its
metric sets, and evaluate its performance for systems
featuring a diverse selection of molecular fragments (e.g.,
organic zwitterions) and multiple motion groups (e.g,
hydrates). Accordingly, QNMRX-CSP was applied in two
different scenarios: first, to ascertain whether QNMRX-CSP
can determine valid structural candidates using a fragment
from the known crystal structure as a starting point, the steps
outlined in module 1A (M1(A)) were followed (§3.2). Second,
to demonstrate that valid structural candidates can be
determined with knowledge of only the molecular formula,
space group, and unit cell parameters (§3.3), the steps in
module 1B (M1(B)) were used. Both scenarios subsequently
used M2 and M3 in an identical manner. These two scenarios
were investigated independently, with the first serving as a
benchmarking and validation exercise, and the second as a
practical application of QNMRX-CSP.

Module 1A. Application of M1(A) consists of four steps: (i)
the known crystal structures (ORNHCL12 (ref. 52) and
HISTCM12 (ref. 53)) were obtained from the Cambridge
Structural Database; (ii) these crystal structures were
geometry optimized using convergent DFT-D2* calculations
in CASTEP; (iii) the resulting structural models were unbuilt
(i.e., asymmetric units were extracted) and the calculated
Hirshfeld charges from the geometry optimization were
applied; and (iv) the organic zwitterion, Cl” ion, and water
molecule (applicable only for Hist) were assigned as
independent motion groups.

Module 1B. Application of M1(B) also consists of four
steps: (i) the organic zwitterions were built in Materials
Studio, based only upon the molecular formula (Scheme 1);
(ii) either: (a) the organic zwitterion was centered in a 15 x 15
x 15 A® unit cell with a space group of P1 and subjected to a
convergent geometry optimization, or (b) a geometry

This journal is © The Royal Society of Chemistry 2025
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Table 3 The number of candidate structures for each starting point for the QNMRX-CSP protocol for Orn and Hist

Known crystal structures” Refined isolated molecule”
Orn Initial Retained Initial Retained
Metric set 1° 30733 - 71 52017 - 749
Metric set 2 71 — 18 749 — 133
Metric set 3 18 — 6 133 — 16
Metric set 4 6 - 1 16 - 3
Hist
Metric set 1 64952 - 166 63542 - 179
Metric set 2 166 - 5 179 - 4
Metric set 3 5 - 3 4 — 2
Metric set 4 3 — 2 2 — 2

“ The starting point for these calculations was geometry-optimized structures based on a known crystal structure. ” The starting point for these
calculations was ADF geometry-optimized structures based on isolated molecules. © The metric sets and their corresponding benchmarked

metric values are detailed in Table 1.

optimization was performed in ADF with implicit solvent
embedding via the COSMO model; (iii) the CI” ion and water
molecule (the latter applicable only for Hist) were added and
the tabulated Hirshfeld charges were applied (Table S1); and
(iv) the organic zwitterion, Cl” ion, and water molecule were
assigned as independent motion groups.

Module 2. M2 employs polymorph in a four-step routine
(§2.2) for 10 trials for both Orn and Hist. Metric set 1 was
then applied (Table 1; §2.3), which retains candidate
structures by comparing their respective unit cell parameters
to those of the known crystal structures, as well as the
relative Ej,. values among the candidate structures.

Module 3. M3 involves: (i) truncated geometry optimizations
(§2.2) and subsequent *Cl EFG tensor calculations on the
candidate structures, followed by the application of metric set 2;
(ii) convergent geometry optimizations and subsequent
calculation of the **Cl EFG tensors for the candidate structures,
followed by the application of metric set 3; and (iii) adjustment
of the unit cell parameters of the candidate structures to those
of the experimental unit cell parameters, followed by a
convergent geometry optimization, calculation of *°Cl EFG
tensors, and the application of metric set 4. The experimental
*Cl EFG tensors used for comparison were obtained from
previous studies (Table 2).>*™7

Structural validation. Finally, the remaining candidate
structures were validated (§2.4) by calculating their R (for
comparison of simulated PXRD patterns) and Armgsp values
(for direct comparison to DFT-D2* geometry optimized
known crystal structures).

3.2 QNMRX-CSP of zwitterionic organic HCI salts: starting
from the known crystal structures

To demonstrate that QNMRX-CSP can be applied to organic
HCl salts, performed benchmarking
calculations on Orn and Hist. A summary of the number of
candidate structures retained by each metric set is provided
in Table 3.

zZwitterionic we

This journal is © The Royal Society of Chemistry 2025

QNMRX-CSP, following M1(A), was first applied to Orn,
which involved assigning molecular fragments consisting of
an organic zwitterion and Cl~ ion. Polymorph was then
applied to generate 30733 candidate structures. Of these, 71
were retained following the application of metric set 1. In
M3, the 71 candidate
geometry optimizations, followed by the application of metric
set 2, which retained 18 candidate structures. These 18
candidate structures then underwent convergent geometry

structures underwent truncated

optimizations followed by the application of metric set 3,
which retained 6 structures. These structures had their unit
cell parameters adjusted to match those of the known crystal
structure (Table 2) and were refined with a convergent
geometry optimization. Of these, only 1 structure was
retained by metric set 4, which is denoted as structure 6-11
(Fig. 1A). For structural validation (Table 4), the simulated
PXRD pattern of 6-11 was compared to that of the DFT-D2*

ORNHCL12

)

¥ s

Fig. 1 Projections of the unit cells along the a, b, and ¢
crystallographic axes for the crystal structure of Orn determined by
QNMRX-CSP starting from the known crystal structure (A; §3.2) and an
isolated molecule (B; §3.3), and the geometry-optimized crystal
structure of Orn (ORNHCL12).

CrystEngComm, 2025, 27, 7379-7389 | 7383
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Table 4 Calculated **Cl EFG tensors and structural validation terms for each validated candidate structure from QNMRX-CSP

Orn or Hist Structure Co" (MHz) i Tipe” (MHz) R (%) Agmsn” (A)
Starting from the known crystal structures”

Orn 6-11 3.009 0.41 0.043 2.09 0.003
Hist 6-617 1.814 0.60 0.018 6.67 0.070
Hist 2-452 1.819 0.56 0.037 6.72 0.070
Starting from refined isolated molecules®

Orn 9-625 3.026 0.41 0.049 2.39 0.003

Orn 8-302 3.025 0.41 0.049 2.41 0.003

Orn 7-408 3.012 0.40 0.036 2.45 0.003
Hist 8-331 1.753 0.78 0.067 5.15 0.050
Hist 7-392 1.738 0.80 0.078 6.47 0.058

@ The calculated *°Cl EFG tensors for the candidate structures. ® The I'zpg of the candidate structures was derived using their calculated 3¢l
EFG tensors and those reported from experiments (Table 2). © The R and Agmsp values were derived using the crystal structures determined
from QNMRX-CSP and the methods outlined in §2.4. ¢ The candidate structures were obtained from geometry-optimized structures based on

the known crystal structures. * The candidate structures were obtained from ADF geometry-optimized structures based on isolated molecules.

geometry-optimized ORNHCL12 structure, yielding an R value
of 2.09%, well below the 10% threshold. Furthermore, a
comparison of the atomic positions between the two
structures yields Agrmsp = 0.003 A, well below the 0.2 A
threshold. Hence, 6-11 is an excellent structural match with
the refined structure Orn (Fig. 1).

Application of QNMRX-CSP to Hist follows a similar
routine; however, the resolution of final candidate structures
was more challenging due to the presence of a water
molecule as a third motion group. This is reflected by the
higher number of unique candidate structures predicted in
M2 with the Polymorph routine (64 952 structural candidates
as opposed to 30733 for Orn). Because of the larger phase
space sampled by MC-SA due to the presence of a water
molecule, we limited the unit cell parameter metric to +10%
rather than +20%. The application of this modified metric

A B HISTCM12
=( )

a I e 0g
y :
=

®
& ~

e QIR U1 767

Fig. 2 A comparison of the geometry-optimized crystal structures of
Hist determined by QNMRX-CSP along each of the crystallographic
axes starting from the known crystal structure (A; §3.2) and an isolated
molecule (B; §3.3), and the geometry-optimized crystal structure of
Hist (HISTCM12).
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set 1 resulted in the retention of 166 structures. After M3 was
applied, 2 viable candidate structures remained (denoted
6-617 and 2-452), both of which have R and Armsp values
under the structural validation thresholds (Table 4; Fig. 2).

3.3 QNMRX-CSP of zwitterionic organic HCI salts: starting
from an isolated molecule

After benchmarking, we endeavored to use QNMRX-CSP for
determining the crystal structures of Orn and Hist without
reliance on their known crystal structures, in a manner that
will be useful for future de novo structural predictions.
Following the approaches of previous QNMRX-CSP
studies,*®*" we followed the steps of M1(B) to obtain a set of
molecular fragments by subjecting structural models of the
organic zwitterions centered in a 15 x 15 x 15 A® unit cell of
P1 space group symmetry to geometry optimizations.
Although zwitterionic structural models were used as starting

Gas Phase

COSMO

Fig. 3 Organic fragments and their electron density isosurfaces for (A)
Orn and (B) Hist following either a gas phase geometry optimization in
CASTEP (gas phase) or an ADF (COSMO) geometry optimization.

This journal is © The Royal Society of Chemistry 2025
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Orn

Fig. 4 Overlays of the refined zwitterionic organic fragments for Orn
(left) and Hist (right), comparing the () ADF (COSMO) geometry-
optimized organic molecular fragments and (ii) the corresponding
organic fragments from the geometry-optimized structural models
derived from the known crystal structures.

points, the geometry optimizations for both Orn and Hist
converged to organic cationic forms (Fig. 3, left). To
address this outcome, geometry optimizations were
performed in ADF using the COSMO model (§2.2), which
treats the solvent as a continuous polarizable medium that
adjusts the electrostatic potential around the organic
fragments to account for solvent-like stabilization of the
charged functional groups. ADF (COSMO) calculations
resulted in structural models representing organic
zwitterionic cations (Fig. 3, right), which have distinct
molecular conformations in comparison to the CASTEP-
derived gas-phase models. In fact, the zwitterionic cations
obtained from ADF (COSMO) optimizations are found to be
similar to the zwitterionic cations from geometry-optimized
ORNHCL12 and HISTCM12 structural models (§3.1, M1(A)),
with comparative Agysp values of 0.313 A and 0.149 A,
respectively (Fig. 4). The remainder of the steps in M1(B)
were then applied to both Orn and Hist.

In the case of Orn, Polymorph generated 52 017 candidate
structures, significantly exceeding the 30733 candidate
structures predicted by the protocol described in §3.2.
Furthermore, after the application of metric set 1, 749
candidates were retained, which is an order of magnitude
greater than those in §3.2 (Table 3). This difference in the
number of candidate structures is due, in part, to the distinct
molecular configurations and electronic structures of the
ADF (COSMO) zwitterionic cation and the geometry-
optimized ORNHCL12 (Fig. 4). Despite the increase in the
number of candidate structures, after M3 was applied, 3
candidate structures were retained, each with R and Agrmsp
values below the structural validation thresholds, thereby
making them good matches to the geometry-optimized
ORNHCL12 structure (Table 4; Fig. 1).

The application of Polymorph to the ADF (COSMO)
zwitterionic cation of Hist resulted in 63542 candidate
structures, which is similar to the 64 952 candidate structures
described for benchmarking calculations in §3.2. This
demonstrates that the zwitterionic fragments in each
scenario are similar enough that M2 results in similar
packing. After applying metric set 1 and M3, 2 candidate
structures were retained and validated as good structural

This journal is © The Royal Society of Chemistry 2025
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matches by calculating the R and Agysp values (Table 4;
Fig. 2).

4. Conclusions

QNMRX-CSP can generate structural models of zwitterionic
organic HCI salts that are consistent with known crystal
structures, whether initiated from a known crystal structure
or molecular fragments derived solely from a 2D molecular
diagram. We have found that the proposed gas-phase DFT-
D2* geometry optimization in M1 used in previous QNMRX-
CSP applications is inadequate for generating reasonable
starting molecular fragments for zwitterions. In contrast,
geometry optimizations using the COSMO water-solvation
model yield realistic molecular fragments. However, the use
of COSMO comes with certain pitfalls, as illustrated by the
Orn example, where initiating the QNMRX-CSP protocol from
a molecular fragment with a slightly inaccurate conformation
led to a substantial increase in the number of candidate
structures requiring evaluation. Future studies should seek to
remedy this issue by incorporating more sophisticated
molecular conformational screening approaches to identify
all possible conformations of a flexible molecule. At the front
end of QNMRX-CSP, a broader range of SSNMR data would
be integrated, such as 'H, *C, and "N chemical shifts, as
well as "N and/or 7O EFG tensors, to better identify
plausible molecular conformations and protonation sites
before using these models as starting points in CSP. Although
this approach incurs an increased computational cost,
QNMRX-CSP successfully identified a candidate structure for
Orn that closely matches the known crystal structure. Lastly,
QNMRX-CSP also determined, for the first time, a candidate
structure for an organic HCI salt hydrate, Hist, showing
promise for future investigations of solvated species. Finally,
these results highlight the exciting prospect that QNMRX-CSP
could enable the discovery of previously unobserved solid
forms, including elusive polymorphs.
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