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Hydrogen magnetic shielding values from gauge including projector augmented wave (GIPAW) density
functional theory (DFT) calculations, when combined with experimental solid-state *H nuclear magnetic
resonance (NMR) chemical shift data collected on powdered microcrystalline organics, have been used
(e.g.
determinations). These tasks fall under the umbrella of ‘NMR crystallography’. In several instances, an
isotropic *H chemical shift (3;s0) root-mean-squared deviation (RMSD) metric has been applied during
these studies (including the first de novo crystal structure determination: M. Baias, J.-N. Dumez, P. H.
Svensson, S. Schantz, G. M. Day and L. Emsley, De Novo Determination of the Crystal Structure of a
Large Drug Molecule by Crystal Structure Prediction-Based Powder NMR Crystallography, J. Am. Chem.
Soc., 2013, 135, 17501-17507). While it is assumed that the H d.c RMSD metrics are converged, our
study probes the robustness of these metrics. Specifically, we consider how the structure of the dso(*H)
RMSD metric varies depending on: (i) selected GIPAW DFT input parameters; (ii) the number of fitting
parameters used during linear mapping; and (i) the GIPAW DFT computational software. These diso(*H)
RMSD metrics were produced from a set of 24 benchmark crystal structures (428 crystallographically

to perform various crystal structure characterization tasks refinements, verifications,

unique hydrogen atom environments). Interestingly, we find that the diso(*H) RMSD metric structures are
very robust to substantial degradation in the quality of the GIPAW DFT computations, which is unex-
plored in the NMR crystallography literature as prior studies focus on convergence rather than diver-
gence. We then briefly consider the impact of our findings using the structure determination of thymol
as an illustrative example and our results strongly suggest that if diso(*H) RMSD metrics are being used,
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DOI: 10.1039/d4cp04354e then the GIPAW DFT computations can be performed much more efficiently than at present. Overall,
this should allow for more efficient NMR crystallography characterization tasks of important materials

rsc.li/pccp that contain *H nuclei, such as organic pharmaceuticals.

discriminate amongst'’ ' crystal structures of molecular

organic compounds. To perform these tasks, experimental d;s,

Introduction

Nuclear magnetic resonance (NMR) crystallography approaches
regularly use solid-state NMR experiments and computational
modelling to elucidate aspects of chemical structure.” Over
the past decade or so, isotropic 'H chemical shift values (5is,)
measured with solid-state NMR experiments have been used
to help determine,®™® verify,”” predict,"®'" refine,"**® and/or
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i Electronic supplementary information (ESI) available: Root-mean-squared
deviation (RMSD) definition; images of the building blocks, CSD refcodes, and
numerical hydrogen labels for 24 compounds; &is('H) RMSD values for 8
different E., values when using a two-parameter linear mapping; additional
plots of the structure selection process for 23 CSP-generated crystal structures of
thymol; Excel spreadsheets containing summaries of all calculated hydrogen
magnetic shielding values and linear mapping processes; all DFT input and
output files for both CASTEP and QE. See DOI: https://doi.org/10.1039/
d4cp04354e
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values are often associated with computed hydrogen magnetic
shielding values (o;s,) using linear regression or a linear map-
ping. When properties of solids are being considered, ajs,
values may be computed in a number of ways, such as gauge
including projector augmented wave density functional theory
(GIPAW DFT),>**" fragment- or molecular-correction-based
methods (which can include GIPAW DFT),"***7* and by using
machine learning (ML) algorithms.***®

In some NMR crystallography studies, computed o;s, values
are mapped to predicted isotropic chemical shift values
(0iso,calc.) using a linear function (vide infra). In this process, it
is common (though not required) to use experimental 'H Jj,
values (Jisoexpr) that have been assigned. Assignment
means that the 'H NMR signal positions are known to be
associated with specific hydrogen atomic sites in the structure
under consideration. In one approach, the linear mapping is
generated by minimizing the root-mean-squared deviation
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(RMSD, sometimes also called the ‘root-mean-squared difference’)
between the digo cate. aNd Jigo expt. Values (the RMSD definition is
provided in the ESIt). Further specifics of the linear mapping
process, and calculation of d;,,(*H) RMSD values, will be provided
in the Results and discussion section.

So, if experimental and computational 6;s,('H) data exist, a
given crystal structure may be associated with a 6;s("H) RMSD
value. A lone J;,("H) RMSD value is not particularly useful;
rather, by comparing that d;,,("H) RMSD value with other d;s,(*H)
RMSD values, insight regarding the appropriateness of a crystal
structure can potentially be gained. These ‘other’ §;s,('H) RMSD
values are typically associated with other crystal structures. For
example, a §;,,("H) RMSD value may be used for crystal structure
determination when it is compared against the d;s,("H) RMSD
values of other plausible crystal structures.>”>'%'13738 getg of
plausible crystal structures may be generated in different ways,
including crystal structure prediction (CSP),**™** and genetic/ML
algorithmic approaches.®** Beyond this information, additional
complexities may be considered. For example, recent interesting
accounts include the effects of temperature and nuclear quan-
tum effects on 'H o, values,®**>*® although in the present
study, these aspects are not discussed.

Structural characterization tasks can be associated with a
degree of confidence if one has access to the typical range that
diso('H) RMSD values may take. By using high-quality crystal
structures and available d;s,("H) NMR data on powdered samples
associated with these crystal structures, an estimate of the
distribution of J;,("H) RMSD values may be generated. In
several literature accounts, it has been stated that d;;o('H) RMSD
values fall in the range of 0.33 + 0.16 ppm?>7° 11373847 when
using the GIPAW DFT approach to compute hydrogen magnetic
shielding values. Unfortunately, the details needed to verify this
Jiso('H) RMSD distribution have not been made available. This is
potentially problematic as key articles in the literature, including
the first de novo NMR crystallography structure determination of
a powdered sample,® cannot be exactly reproduced using avail-
able literature data. However, we clearly emphasize that our
inability to precisely verify an individual §;s,('H) RMSD metric
does not imply a serious concern regarding the accuracy of that
RMSD metric, nor in any of the conclusions arrived at by their use.
This is partly because more fulsome disclosures have since been
made for J;s("H) RMSD distributions that were established using
other approaches (e.g., ML-based approaches). Importantly, the
ML approaches produced d;s,('H) metrics that did not differ very
significantly from the GIPAW DFT 'H shift metric.>*> However,
while the GIPAW DFT and ML 6;,,("H) RMSD metrics are similar,
they are not equivalent. Unsurprisingly, every di,,('H) RMSD
metric depends on a variety of parameters: for example, the
training data used for ML approaches, or the level of theory at
which the GIPAW DFT calculations were performed. We therefore
place some focus here on the transparent development of a
Jiso("H) RMSD metric using only the GIPAW DFT approach so
that this information can be easily accessed and independently
verified. Secondly, and to the best of our knowledge, no
literature example assesses how sensitive GIPAW DFT dis('H)
RMSD metrics are to the inputs that were used to derive them.
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However, reasonably detailed disclosures of d;s,("H) RMSD metric
structure and convergence have been made available for
fragment-based and cluster/fragment-based approaches,® and
for other NMR crystallography metrics (for example, **C).*

In the first sections of this contribution, we provide the
relevant GIPAW DFT-computed hydrogen oy, values, including
all necessary data (i.e., input structures, input files, and output
files) that were used to arrive at various new d;s(*H) RMSD
metrics (see ESIT). Consequently, we collect and summarize the
measured experimental 'H J;,, values and assignments from
the prior literature. We then consider how Ji,("H) RMSD
metrics vary as a function of: (i) the DFT software used to
compute the hydrogen magnetic shielding tensors; (ii) the
choice of experimental data used to generate the metric;
(iii) the linear mapping process selected; (iv) the quality of
the DFT calculation. We conclude by briefly considering an
application of select newly developed d;5,('H) RMSD metrics in
the structure determination of thymol.

Experimental

Crystal structures were obtained from the Cambridge Structural
Database (CSD),* which was developed and is maintained by
the Cambridge Crystallographic Data Centre (CCDC). Each
crystal structure is associated with a CSD refcode, which is an
alphanumeric string typically composed of 6 letters followed by
0 or 2 numbers. Here, 24 crystal structures (with references
included, where possible) were chosen for this study and they
correspond to the following CSD refcodes: ACSALA07,°
AMBACO010,”* AMCILL,”* BAPLOT01,>® CIMETD,”* COCAIN10,>®
COYRUD13,”® FPAMCA11,””  FURSEMO01,”®  GLUTAS07,*
GLYCIN28,%° HISTCMO01,** HXACAN35,°*> IBPRAC,** INDMET,**
IPMEPL,*®> LABHEB,*® LTYRHC10,*” LTYROS10,°® URACIL,
VOSREC,"* WEZCOT,”® ZIVKAQ,”* ZZZUEE01.”* All selected struc-
tures were such that their R-factor was <10% (only exception was
AMCILL, whose R-factor is 10.6%). Such R-factors are understood
to represent good agreement between the measured diffraction
response and the crystal structure model. Further, to ensure that
the NMR and diffraction data were acquired under highly similar
temperature conditions, all selected structures had their diffrac-
tion data measured near room temperature. Specific details can be
found in the ESIt (for example, ‘Summary_Outputs_1Param -
Map.xlsx’). For images of the building blocks associated with these
crystal structures, please see Schemes S1 and S2 in the ESL{

All DFT calculations used either the Quantum opEn Source
Package for Research in Electronic Structure, Simulation, and
Optimization (Quantum ESPRESSO, QE)”? (version 6.7 or 6.8) or
the CAmbridge Serial Total Energy Package (CASTEP)”* (version
19.1). Input files required for performing calculations with QE
and CASTEP were generated using CIF2CELL.”> Software-
generated (ie. ‘structure-dependant’) Monkhorst-Pack’®
k-point grids were obtained by setting the resolution to
0.25 A™! for QE calculations and 0.05 x 2rx A~! for CASTEP
calculations. CASTEP calculations were performed using a
single plane wave energy cut-off (E.,) of 1225 eV (90.04 Ry),
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while QE computations were run under a variety of E., values
(all in units of Ry): 90, 55, 45, 35, 25, 15, 10, and 5. While all
CASTEP calculations used ‘structure-dependent’ k-point grids,
for QE, a second set of calculations was done using a k-point
grid of 1 x 1 x 1. For more clarity regarding the types of
calculations performed in this study, please consult the ESIL{

To obtain the various 'H ;5o RMSD metrics (each known
informally as a ‘grey band’), the d;s,("H) RMSD values describing
the differences between experimental and calculated Jis0("H)
values were generated. To obtain dis cale. Values for the unique
hydrogens in each crystal structure, the structures obtained from
the CSD were geometry optimized (H atoms only) and then
magnetic shielding calculations were performed. This two-step
process was done using QE”® or CASTEP.”* Both pieces of software
use a plane wave basis set to describe the valence electrons, and
pseudopotentials to describe the core electrons. For QE computa-
tions, pseudopotentials were sourced from the ‘pslibrary.1.0.0’,””
and are of the form outlined by Dal Corso.”® The follow-
ing pseudopotentials were used: C.pbe-n-kjpaw_psl.1.0.0.UPF,
H.pbe-kjpaw_psl.1.0.0.UPF, N.pbe-n-kjpaw_psl.1.0.0.UPF, O.pbe-
n-kjpaw_psl.1.0.0.UPF, F.pbe-n-kjpaw_psl.1.0.0.UPF, Cl.pbe-n-
kjpaw_psl.1.0.0.UPF, and S.pbe-n-kjpaw_psl.1.0.0.UPF. In con-
trast, CASTEP calculations used ultrasoft pseudopotentials that
were generated ‘on-the-fly’. In all cases, hydrogen iy, values were
obtained with the GIPAW>? approach as it is an efficient method
to calculate magnetic shielding tensors in crystalline solids.””*
Based on the hydrogen oy, values obtained, the i caic. Values
were determined using a linear mapping (vide infra). The mapping
process generates a single &;,,('H) RMSD value for each crystal
structure which describes how the calculated *H shifts compare to
the experimental 'H shifts.

A full disclosure of the information used to derive the various
Jiso('H) metrics is provided in the ESIT (‘Summary_Outputs_1Par-
am_Mapxlsx’ and ‘Summary_Outputs_2Param_Map.xlsx’); how-
ever, a few general points are noted here. First, all experimental
solid-state "H NMR data are taken from literature accounts where
measurements were under ambient conditions. These conditions
can impact the §i,(*H) RMSD metric generation. For example,
methyl group H atoms are expected to undergo rapid exchange
with respect to the timescale of the 'H Larmor frequency.
Hence, '"H NMR chemical shifts measured for methyl group
hydrogens are dynamically averaged at room temperature.
This is reflected in the metric generation by averaging the three
GIPAW DFT-computed hydrogen i, values for each methyl
group. Further, this group of three hydrogens is assigned a
relative weight of one (rather than say, three). A similar averaging
and re-weighting procedure can be performed on methylene
group hydrogen atoms if they are either dynamic or not resolved
in the available solid-state NMR experimental data. Accordingly,
methylene groups may reasonably be weighted as two or one. For
methylene groups, we have tested both approaches in this study.
When these groups are not averaged and therefore are weighted
as two, it yields d;,,(*H) RMSD values that are slightly larger on
average than when they are averaged (and thus weighted as one).
Other chemical groups subjected to the same principles as above
are R-NH, and R-NH;" group H atoms.
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Among the 24 structures examined in this study, CIMETD,
FURSEMO1, HISTCMO01, and LTYROS10 crystal structures contain
CH, and NH, groups whose isotropic "H chemical shifts have not
been experimentally resolved in the literature. Therefore, depending
on the averaging method employed, we derived two distinct
types of metrics: ‘loose’ and ‘tight’. ‘Loose’ denotes the case
where these types of hydrogens were not averaged, while ‘tight’
represents the scenario where averaging was applied to them.
For complete details, please refer to the Excel spreadsheets
provided in the ESI.{ In the main text, results from the ‘loose’
type of averaging were selected and used exclusively.

Results and discussion
Rationale for constructing additional "H chemical shift metrics

Proton Jis, RMSD metrics for NMR crystallography can be
found in numerous places in the literature.>*°7'13%37:3847
What distinguishes this study from prior work is the attention
paid to the variation in the metric structure as a function of
computational parameter settings and subsequent analysis
variables. We are not aware of prior studies that perform such
a detailed evaluation; rather, the di;,("H) RMSD metric is often
presented ‘as-is’ with little understanding as to whether the
metric is, for example, stable (by ‘stable’ we mean that the
parameters used to characterize the metric, for example, its
RMSD and the standard deviation of the RMSD, do not change
significantly upon a variation in how the computations or
analysis were performed). Further, we provide all necessary
information for others to independently verify our findings.
This last point is crucial as the d;,,(*H) RMSD metric appear-
ance and subsequent utility depends on the information used
in its derivation. In Table 1 we list the 24 crystal structures we
selected in terms of their CSD refcodes. We additionally provide
literature references where more information can be found
regarding the various crystal structures and corresponding
experimental 'H J,, values measured on powdered samples
associated with those crystal structures.

Generating ‘benchmark’ "H RMSD metrics (E., = 90 Ry,
‘structure-dependent’ k-point grid spacing) and software
output comparison

As mentioned in the Introduction, a computational method
generates the hydrogen oy, values for each unique hydrogen in
each crystal structure being considered. Computed o5, values
may then be mapped to calculated 'H isotropic chemical shift
values (diso,cale.) according to the following linear equation:

biso,calc. = M0Ojso t+ b

where there are (as expected) up to two adjustable parameters,
which are the slope of the line (m) and the intercept (b). We will
explore scenarios where m is fixed to a value of —1 and b is
variable, and when both parameters may vary. In either case,
the optimal value is established by minimizing the "H &5
RMSD that results when comparing Jiso,expe. Values against the
various djse cale. Values output from the linear mapping process.

This journal is © the Owner Societies 2025
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Table 1 CSD reference codes, structure references, and references for *H
Siso,expt. Values

CSD Refcode Crystal structure ref. 'H Jiso,expt. Tef.

ACSALA07 50 79
AMBACO10 51 80
AMCILL 52 5
BAPLOTO01 53 38
CIMETD 54 81
COCAIN10 55 38
COYRUD13 56 82
FPAMCA11 57 38
FURSEMO1 58 9
GLUTASO07 59 83
GLYCIN28 60 84
HISTCMO01 61 85 and 86
HXACAN35 62 87
IBPRAC 63 87
INDMET 64 88
IPMEPL 65 12
LABHEB 66 89
LTYRHC10 67 90
LTYROS10 68 90
URACIL 69 91
VOSREC 14 14
WEZCOT 70 38
ZIVKAQ 71 92
ZZZUEEO01 72 93

One-parameter linear mapping of computed o5, values to
computed d;,, values. We begin by discussing d;s,(‘*H) RMSD
metrics where the associated o, values were derived from
GIPAW DFT computations that used ‘structure-dependent’
k-point grids (as indicated in the Experimental section and
detailed extensively in the ESIt) and E., =~ 90.0 Ry. These
calculations were performed using both QE”* and CASTEP”* to
observe if there are any substantive differences between
the outputs from these two computational software packages.
We also clarify that for these benchmarks, we used a one-
parameter linear mapping. In subsequent discussions, we will
refer to these as our ‘benchmark’ d;,,(*H) RMSD metrics.

Transferability is very important in NMR crystallography
when metrics are used,*® and it would be concerning if differ-
ent programs using similar computational approaches lead to
fundamentally different results. While reasonable attempts
were made to ensure that the quality of calculations were
similar between CASTEP and QE (for example, similar k-point
grid choice and E., values), they are not identical. We stress
here that the main purpose of this section is not to establish
rigorous equivalence, but rather, we hope it demonstrates a
similarity between the ;,,('H) RMSD metrics generated using
either piece of software. A visual comparison of the two bench-
mark diso("H) RMSD metrics (i.e., one for QE and another for
CASTEP) is provided below in Fig. 1.

The Ji50('H) RMSD metric structures for CASTEP and QE are
virtually identical upon visual inspection. In terms of their
average Jis("H) RMSD values and associated standard devia-
tions, the CASTEP "H RMSD shift metric is 0.39 + 0.17 ppm,
while the QE "H RMSD shift metric is 0.40 + 0.18 ppm. In all
future discussions, we have decided to focus on outputs from
the QE software as it is freely available and open source, which
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Fig. 1 Violin distribution plots for the ‘benchmark’ 5i50(1H) RMSD metrics.
For each, the median is specified using a white horizontal line and the
interquartile range is indicated using thick black boxes. The thin black lines
protruding from the black boxes indicate 1.5 times the interquartile range.
Left: The diso(*H) RMSD metric generated with the CASTEP program:; right:
the Jiso(tH) RMSD metric generated with the QE program. Both used
Ecut = 90.0 Ry, a 'structure-dependent’ k-point grid, and a one-
parameter linear mapping.

we believe is more congruent with our attempts to provide
transparent Ji,o(*H) RMSD metrics.

To assess the stability of the QE-derived benchmark d;s,("H)
RMSD metric with respect to the set of structures used to create
the metric, we re-generated it, but using randomly selected
subsets of the 24 crystal structures. For this purpose, 100 000
randomly selected subsets of 18 structures (out of the possible 24)
were considered using a Python script. For each iteration, we re-
calculated the average dio(*"H) RMSD and associated standard
deviation. Fig. 2A illustrates the resulting distribution of average
disl("H) RMSDs and Fig. 2B contains the distribution of the
standard deviations.

From Fig. 24, the standard deviation in the average ;s,('H)
RMSD as a function of the set of structures used to generate the
iso("H) RMSD metric is roughly 0.02 ppm, which is well within
the standard deviation of the benchmark metric (i.e., £0.18
ppm). This underscores that the set of structures used to
generate the §;4,("H) RMSD metric does not strongly influence
the resulting metric structure under ‘benchmark’ conditions,
although there is some modest variability. Further, it can be
observed that the discrete distribution we have generated
closely resembles a continuous normal distribution (see
Fig. 2A). This is suggestive that our selected number of random
samples (i.e., 100 000) is sufficient. From Fig. 2B, we show that
the average standard deviation (i.e., u(s)) is equal to approxi-
mately 0.18 ppm and does not stray terribly far from this value.
The distribution is slightly skewed to the left-hand side

Phys. Chem. Chem. Phys., 2025, 27, 4368-4382 | 4371
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Fig. 2 Discrete histogram distributions (100 bins) from 100 000 randomly selected subsets of 18 structures out of the possible 24 structures. In (A), the
average diso(*H) RMSDs are displayed (in green), while in (B), the standard deviations associated with the d;so(*H) RMSDs are displayed (in teal). For both
plots, the diso(*H) RMSDs were derived from Quantum ESPRESSO outputs, Ecye = 90.0 Ry, ‘structure-dependent’ k-point grids, and a one-parameter
linear mapping. Continuous normal distributions (red curves in (A) and (B)) were also generated for sake of comparison. They used the parameters:
= 0.400 ppm + 0.021 ppm (A), and u(s) = 0.179 ppm =+ 0.012 ppm (B). As we are considering multiple standard deviations in the above, we clarify that s
refers to the standard deviation associated with an individual average ;so(*H) RMSD, while ‘SD’ in the legends indicate the standard deviations in the

distributions of the average diso(*H) RMSD and s(diso(*H) RMSD).

(skewness = —0.4) and so it is slightly more likely to find a
particular s as < pu(s). As the standard deviation associated with
this distribution is quite small (i.e., order of +0.01 ppm), we do
not read deeply into this finding. Rather, we simply report that
the set of input structures selected do not influence the
standard deviation of the benchmark QE J50(*H) RMSD metric
in a pronounced fashion.

Two-parameter linear mapping of computed a;,, values to
computed J;,, values. To see how the benchmark 6;,,(*H) RMSD
metrics change when performing a two-parameter (rather than
a one-parameter) linear mapping, please refer to Fig. 3.

By comparing Fig. 1 with Fig. 3, it can be concluded that the
average d;so('H) RMSD and the standard deviations are signifi-
cantly reduced when performing two-parameter linear map-
pings, which is expected. However, we are unaware of literature
accounts that attempt to quantify the amounts of change when
disclosing diso("H) RMSD metrics resulting from one- and two-
parameter linear mappings. We clarify that this is very different
from the situation with other nuclei (e.g., ">C and "°N), where a

4372 | Phys. Chem. Chem. Phys., 2025, 27, 4368-4382

two-parameter mapping is routinely used.>>*®°* Quantitatively,
the diso(*H) RMSD metric generated using CASTEP and a two-
parameter linear mapping is 0.27 & 0.14 ppm, while it is 0.26 £
0.13 ppm for QE. However, this reduction in values does not
immediately infer that the two-parameter linear mapping is
superior for all structural characterization tasks (e.g., structure
determination, vide infra).

'H §;5, RMSD metric structure variation with respect to
E . value

The §iso(*H) RMSD metrics for different plane wave energy
cutoff values (i.e., E.,c = 90 Ry, 55 Ry, 45 Ry, 35 Ry, 25 Ry,
15 Ry, 10 Ry, and 5 Ry) were created by performing GIPAW DFT
calculations using QE.”* The rationale was to see how much key
computational parameters related to the quality of the calcula-
tion influenced the resulting 6;so(*H) RMSD metric structure.
The E., value is related to the number of plane waves used to
describe the electron density. Theoretically, an endless number
of plane wave basis functions are needed. However, for

This journal is © the Owner Societies 2025
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with the CASTEP program; right: the diso(*H) RMSD metric generated with
the QE program. Both used E.,; = 90.0 Ry and a 'structure-dependent’ k-
point grid.

practical reasons, a cutoff energy is applied. With the use of
lower E.,. values, fewer computational resources are used;
however, the quality of the calculations is reduced. We thus
wish to assess by how much we could reduce the E., value

Table 2 d.o(*H) RMSD values for 8 different E. values (1-param.)?

View Article Online

PCCP

without altering the §;so("H) RMSD metric structure in a mean-
ingful way. What is ‘meaningful’ is potentially subjective, and
so we define that a metric is meaningfully altered if the change
in the parameters describing it are greater than 0.05 ppm. This
(admittedly arbitrary) value was selected as it is comfortably
less than solid-state "H NMR linewidths under favourable
measurement conditions (i.e., assuming an applied field and
MAS frequency on the order of 10 T and 100 kHz, respectively,
solid-state "H NMR linewidths of about 0.1-0.2 ppm are com-
monly observed).”> We note in passing that interesting math-
ematical approaches to reduce apparent 'H MAS NMR
linewidths have been presented,®®°® but they appear to suggest
that the ultimate accuracy of measured '"H MAS NMR peaks is
roughly about 0.03 ppm under currently accessible measure-
ment conditions.

The 6;50(*H) RMSD values were calculated for each structure
at each E. value. Subsequently, the average "H RMSDs for the
set of 24 crystal structures, and the standard deviations, were
also calculated for each E., while using ‘structure-dependent’
k-point grids. Relevant information has been provided in
Table 2.

A visual representation of some of the data contained in
Table 2 is provided in Fig. 4.

These results show that the average ;s,('"H) RMSDs and the
standard deviations calculated while using E. values of 90, 55,
45, and 35 Ry are extremely similar. However, there is a modest
divergence upon lowering the E., value to 25 Ry. Further
reduction in the cutoff energy leads to the ;,,('H) RMSD metric
parameters changing drastically (for example, observe the 15 Ry

CSD Refcode 90 Ry’ 55 Ry 45 Ry 35 Ry 25 Ry 15 Ry 10 Ry 5 Ry
ACSALA07 0.632 0.625 0.621 0.653 1.194 2.905 2.410 2.673
AMBACO10 0.472 0.470 0.465 0.490 0.855 2.957 2.681 3.209
AMCILL 0.173 0.172 0.169 0.167 0.174 0.577 0.532 1.856
BAPLOTO1 0.227 0.224 0.209 0.219 0.304 0.446 0.178 0.367
CIMETD 0.688 0.684 0.681 0.684 0.724 0.687 0.873 1.786
COCAIN10 0.283 0.289 0.282 0.277 0.251 0.384 0.609 1.228
COYRUD13 0.649 0.641 0.638 0.671 0.880 0.607 1.328 0.949
FPAMCA11 0.349 0.340 0.335 0.362 0.698 1.973 0.855 2.584
FURSEMO1 0.485 0.470 0.468 0.485 0.761 1.730 1.653 2.171
GLUTAS07 0.368 0.362 0.360 0.366 0.625 0.592 0.454 2.016
GLYCIN28 0.068 0.071 0.070 0.068 0.204 0.869 0.531 0.446
HISTCMO1 0.342 0.333 0.326 0.328 0.608 1.317 0.477 1.147
HXACAN35 0.257 0.250 0.244 0.280 0.618 1.113 0.818 1.768
IBPRAC 0.463 0.456 0.452 0.477 0.783 1.973 1.924 2.176
INDMET 0.445 0.438 0.432 0.465 0.825 1.977 1.596 1.565
IPMEPL 0.093 0.094 0.094 0.106 0.535 1.261 0.518 1.302
LABHEB 0.539 0.536 0.531 0.533 0.566 0.547 0.741 1.980
LTYRHC10 0.356 0.347 0.346 0.377 0.877 1.525 1.059 0.769
LTYROS10 0.193 0.189 0.189 0.214 0.520 0.674 0.699 0.810
URACIL 0.395 0.389 0.384 0.373 0.459 0.788 0.819 3.149
VOSREC 0.527 0.520 0.513 0.521 0.567 0.633 0.422 2.328
WEZCOT 0.332 0.329 0.323 0.322 0.347 0.499 0.597 1.630
ZIVKAQ 0.614 0.606 0.602 0.616 0.947 1.731 1.147 1.675
ZZZUEE01 0.653 0.653 0.653 0.652 0.625 0.669 0.797 1.154
Avg. 'H RMSD / ppm 0.400 0.395 0.391 0.404 0.623 1.185 0.988 1.697
s("H RMSD) / ppm 0.179 0.178 0.178 0.180 0.252 0.757 0.641 0.773

@ All numerical values in this Table correspond to §;s,('H) RMSD values, in ppm. Here, ‘Structure-dependent’ k-point grids were used. The k-point
grids used for each crystal structure are provided in the ESI. ? Excepting the first column, in this row the E.. value used is indicated.
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Fig. 4 Violin distribution plots for diso(tH) RMSD metrics as a function of
the value of E.. Starting from the left, the earlier displayed ‘benchmark’
metric at 90 Ry is provided. Moving sequentially to the right, the E., value
is reduced to 55 Ry, 35 Ry, 25 Ry, and finally 15 Ry. For all, a 'structure-
dependent’ k-point grid and a one-parameter linear mapping were used.

violin distribution plot in Fig. 4). We also provide below a
similar visual depiction of how the d;s,(*H) RMSD metrics vary
as a function of the E_ value, but when using a two-parameter
linear mapping (Fig. 5).

The full dataset used to arrive at the various violin distribu-
tion plots shown in Fig. 5 can be found in the ESI,} Table S1. It
is again observed that the metric structures are very similar
down to E., values of 35 Ry, with a reasonably substantive

"
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Fig. 5 Violin distribution plots for diso(*H) RMSD metrics as a function of
the value of E.. Starting from the left, the earlier displayed metric at 90 Ry
is provided. Moving sequentially to the right, the E. value is reduced to
55 Ry, 35 Ry, 25 Ry, and finally 15 Ry. For all, a ‘structure-dependent’
k-point grid and a two-parameter linear mapping were used.
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change when E, is reduced to 25 Ry. The change in metric
structure when going from 35 Ry to 25 Ry is somewhat less
dramatic here when compared against the same situation and
using a one-parameter linear mapping. This might be sugges-
tive that a two-parameter mapping can ‘counteract’ some of the
degradation in the J;,,("H) RMSD metric when E. = 25 Ry,
however it remains to be seen if this is a useful finding
(vide infra). Values of E.,. = 15 Ry (and lower, see ESIT) produce
very large changes in the §;s,("H) RMSD metric structure. We
again note that the change in the metric structure upon going
from 25 Ry to 15 Ry is less dramatic when a two-parameter
linear mapping is used, and the very pronounced ‘tail’ of the
15 Ry metric seen in Fig. 4 is reduced considerably (Fig. 5).
Regardless of the linear mapping used, the structures of the
metrics appear stable at E.,. values of 35 Ry and larger. We
therefore tentatively propose that an energy cutoff value as low
as 35 Ry can be used for determining the ;5,('H) RMSD values
of organic molecular crystal structures without substantially
influencing the value of the predicted Ji,,("H) RMSD.

"H d;5, RMSD metric structure variation with respect to the k-
point grid used

The J;50("H) RMSD metrics were also calculated for various Eey
values with k-point grids set to 1 x 1 x 1 and with the QE
software. The comparison between these results with the pre-
vious results that used structure-dependent k-point grids is
meant to highlight the possible effect of the k-point grid on
the §iso("H) RMSD metric structure. For example, assuming a
one-parameter linear mapping and E., = 90 Ry, the di5('H)
RMSD metric was 0.40 & 0.18 ppm when a structure-dependent
k-point grid was used. In contrast, whena 1 x 1 x 1 k-point grid
is employed (and all other computational parameters and
analysis were otherwise unchanged), it is 0.50 £+ 0.20 ppm.
This is, under our earlier definition, a significant increase in
the average Jis,("H) RMSD since 0.10 ppm > 0.05 ppm. The
change in the standard deviation is modest in absolute terms
(i.e., +0.02 ppm), but has scaled in a proportionate manner
when compared against the average Jiso('H) RMSD value.
Further details regarding the various d;s('H) RMSD values are
provided in Table 3, while a complete disclosure can be found
in the ESL}

Assuming a given value of E., similar increases in the
average iso('H) RMSD value, and the standard deviations in the
Jdiso("H) RMSD values hold true for all the other energies (Fig. 6
and 7). This indicates, unsurprisingly, that better results (i.e.,
lower average di,o('H) RMSDs and narrower J;,('H) RMSD
metrics) can be obtained using the structure-dependent k-
point grids as they always result in a k-point grid density that
is greater when compared against the 1 x 1 x 1 k-point grid
density.

Application: crystal structure determination of thymol

We have provided discussion outlining how d,,(*H) RMSD
metrics change as a function of a few important parameters.
However, it is uncertain how these findings might be applied in
NMR crystallography studies. As an example, we consider the

This journal is © the Owner Societies 2025
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Table 3 dso(tH) RMSD values for 8 different E., values (1-param., 1 x 1 x 1 grid)?

CSD Refcode 90 Ry” 55 Ry 45 Ry 35 Ry 25 Ry 15 Ry 10 Ry 5 Ry
ACSALA07 0.650 0.645 0.640 0.669 1.157 2.662 3.030 2.849
AMBACO10 0.590 0.587 0.582 0.608 0.949 3.096 2.997 3.253
AMCILL 0.330 0.329 0.326 0.325 0.350 0.669 0.620 2.604
BAPLOTO1 0.415 0.416 0.419 0.417 0.486 0.561 0.904 1.163
CIMETD 0.711 0.710 0.705 0.707 0.743 0.689 1.001 2.097
COCAIN10 0.275 0.274 0.274 0.270 0.256 0.450 0.757 1.409
COYRUD13 0.713 0.706 0.702 0.731 0.916 0.645 0.925 1.999
FPAMCA11 0.380 0.375 0.368 0.400 0.739 1.863 0.844 2.920
FURSEMO01 0.493 0.484 0.479 0.490 0.760 1.651 1.477 2.014
GLUTASO07 0.811 0.807 0.803 0.810 1.058 0.945 1.122 2.123
GLYCIN28 0.191 0.191 0.175 0.183 0.315 1.152 0.649 3.887
HISTCMO01 0.410 0.402 0.395 0.398 0.660 1.442 0.794 0.601
HXACAN35 0.793 0.786 0.781 0.828 1.325 2.230 1.799 3.369
IBPRAC 0.470 0.464 0.462 0.485 0.807 2.104 2.110 2.269
INDMET 0.435 0.427 0.423 0.451 0.843 1.939 1.717 1.903
IPMEPL 0.108 0.104 0.102 0.125 0.557 1.398 0.460 1.798
LABHEB 0.537 0.533 0.529 0.529 0.561 0.556 0.743 1.962
LTYRHC10 0.853 0.854 0.854 0.853 1.044 1.651 1.654 2.538
LTYROS10 0.440 0.437 0.436 0.456 0.696 0.851 1.303 1.726
URACIL 0.381 0.373 0.366 0.357 0.454 0.880 1.656 6.106
VOSREC 0.542 0.533 0.533 0.539 0.611 0.811 0.676 2.321
WEZCOT 0.321 0.317 0.316 0.311 0.264 0.319 0.636 1.389
ZIVKAQ 0.605 0.594 0.590 0.606 0.957 1.753 1.422 1.841
ZZZUEEO1 0.642 0.642 0.641 0.641 0.613 0.648 0.763 1.272
Avg. H RMSD / ppm 0.504 0.500 0.496 0.508 0.713 1.290 1.252 2.309
s(*H RMSD) / ppm 0.195 0.195 0.196 0.199 0.286 0.751 0.704 1.105

@ All numerical values in this Table correspond to Jis,(*H) RMSD values, in ppm. Here, 1 x 1 x 1 k-point grids were used. b Excepting the first

column, in this row the E. value used is indicated.
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Fig. 6 Violin distribution plots for d;so(*H) RMSD metrics as a function of
the value of E.. Starting from the left the metric at 90 Ry is provided.
Moving sequentially to the right, the E value is reduced to 55 Ry, 35 Ry,
25 Ry, and finally 15 Ry. For all, a 1 x 1 x 1 k-point grid and a one-
parameter linear mapping were used.

structure determination of thymol using the previously gener-
ated CSP crystal structures from Salager et al.'® After perform-
ing the calculations of hydrogen magnetic shielding tensors at
4 different E., values (ie., 15, 25, 35, and 55 Ry) with a

This journal is © the Owner Societies 2025
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Fig. 7 Violin distribution plots for dio(*H) RMSD metrics as a function of
the value of E.. Starting from the left, the metric at 90 Ry is provided.
Moving sequentially to the right, the E. . value is reduced to 55 Ry, 35 Ry,
25 Ry, and finally 15 Ry. For all, a 1 x 1 x 1 k-point grid and a two-
parameter linear mapping were used. Data used to generate these plots
can be found in the ESI,i Table S2.

‘structure-dependent’ k-point grid, followed by determining
the diso("H) RMSD values using a one-parameter linear map-
ping, we observed that reducing the E., value from 55 to 35 Ry
produces essentially identical results when the task is structure

Phys. Chem. Chem. Phys., 2025, 27, 4368-4382 | 4375


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04354e

Open Access Article. Published on 29 gennaio 2025. Downloaded on 14/04/2026 21:53:49.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

selection (Fig. 8A and B). When comparing the CSP-generated
candidate structures, their substantially different 0;,,("H)
RMSD values enable the selection of a single candidate crystal
structure with high confidence (as all other candidate struc-
tures are >2¢ from the selected structure). In the case of
thymol, structure #3 is selected, which agrees with the prior
literature result."® Decreasing the E., value to 25 Ry (Fig. 8C)
and 15 Ry (Fig. 8D) results in a progressively less confident
structure selection. This is most dramatic when E.,; = 15 Ry as
many Ji,,("H) RMSD values are somewhat close to the RMSD
value for the selected structure (i.e., 18 of 22 alternative crystal
structures have a Ji,("H) RMSD value within 2¢ from the
selected structure). So, while the structure selection process
at Eq, = 25 Ry is broadly like that at larger E., values (though
not identical), the structure selection process is strongly
affected in a negative fashion when E., = 15 Ry. However,
while our confidence in the structure selection process is
reduced at progressively lower E, values, the outcome of the
process is the same (i.e., selection of crystal structure #3).
When using a 1 x 1 x 1 k-point grid rather than the
‘structure-dependent’ k-point grids, the structure selection for
thymol is similar so long as E., > 25 Ry (Fig. 9 and Fig. S1,
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ESIt). When E., = 15 Ry, we find that the structure selection
process is degraded to such an extent that we do not select the
correct structure (Fig. 9C); however, this selection is done with
low confidence as many other candidate structures have
diso("H) RMSD values that are very similar to the selected
structure.

When these results for thymol are taken in concert, it is very
tentatively suggested that E., values as low as 25 Ry can
provide sufficiently reasonable estimates of the 6;,,('H) RMSD
values that would be obtained under the ‘benchmark’ condi-
tions (recall, the ‘benchmark’ values used E,; = 90 Ry). Further,
performing the computations at E.,. = 25 Ry does not substan-
tially affect the structure selection process. For the unit cell
dimensions typically associated with organics, it should be
possible to use 1 x 1 x 1 k-point grids so long as the task is
structure selection from a group of CSP-generated structures. If
near quantitative convergence of the §iso('"H) RMSD values is
desired, it appears that 35 Ry is sufficient but combining E., =
35 Ry with a 1 x 1 x 1 k-point grid would not be appropriate
(compare Fig. 8B with Fig. S1, ESIT). We underscore that further
data and examples are required to strengthen these tentative
suggestions into formal recommendations, and we are
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Fig. 8 Comparison of the structure selection process for 23 CSP-generated crystal structures of thymol using a one-parameter linear mapping, a
structure-dependent k-point grid, and variable E.: energies. The E: values used were: 55 Ry (A), 35 Ry (B), 25 Ry (C), and 15 Ry (D). In each quadrant, the
associated diso(*H) RMSD metric is provided as a ‘grey band’, and they conform to the average values and standard deviations provided in, for example,
Table 2. The structure selected is always the one with the lowest d;,o(*H) RMSD value and is consistently indicated with a green bar. For structures other
than the selected structure, the color is variable. For example, when a given dso(*H) RMSD bar is red, it means that the selected structure’s diso(*H) RMSD is
more than 2¢ lower in comparison. If the iso(*H) RMSD bar is orange, it is more than 1o above the selected structure, yet also < 2¢. Lastly, a yellow diso(*H)
RMSD bar indicates that the dio(*H) RMSD of the given structure is within 1o of the selected structure.
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Fig. 9 Comparison of the structure selection process for 23 CSP-
generated crystal structures of thymol using a one-parameter linear
mapping, a 1 x 1 x 1 k-point grid, and variable E., energies. The E.
values used were: 55 Ry (A), 25 Ry (B), 15 Ry (C). In each, the associated
iso(*H) RMSD metric is provided as a ‘grey band’, and they conform to the
average values and standard deviations provided in, for example, Table 3.
The coloring scheme of the bars is unchanged from Fig. 8.

currently preparing a more fulsome discussion that involves
several additional organic compounds and CSP-generated
structure sets.

We next turn our attention to outcomes of the structure
selection process for thymol when using a two-parameter linear
mapping. When ‘structure-dependent’ k-point grids were cho-
sen, the structure selection process is robust so long as E.,; >
25 Ry (Fig. 10 and Fig. S2, ESI{). At E.,, = 15 Ry we observe
something that was not seen in the case of the one-parameter
linear mapping: the differences in the di,,("H) RMSD values
between the selected structure and all other alternative crystal

This journal is © the Owner Societies 2025
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Fig. 10 Comparison of the structure selection process for 23 CSP-
generated crystal structures of thymol using a two-parameter linear
mapping, a structure-dependent k-point grid, and variable E. energies.
The E values used were: 55 Ry (A), 25 Ry (B), and 15 Ry (C). In each, the
associated diso(*H) RMSD metric is provided as a ‘grey band’, and they
conform to the average values and standard deviations provided in, for
example, Table S1 (ESIT). The coloring scheme of the bars is unchanged
from Fig. 8.

structures are almost always >2¢. This means that even when
using E.,¢ = 15 Ry, we would confidently select CSP-generated
structure #3. However, when we compare the set of 23 CSP-
generated structures of thymol using the combination of con-
ditions (i.e., E.yc = 15 Ry, structure-dependent k-point grid, two-
parameter mapping) to the reference set of structures, even our
selected structure would look comparatively poor. This leads us
to a rather conflicted result and underscores the potential
importance of comparing the Ji,,("H) RMSD values amongst:
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Fig. 11 Comparison of the structure selection process for 23 CSP-
generated crystal structures of thymol using a two-parameter linear
mapping, a 1 x 1 x 1 k-point grid, and variable E., energies. The E.
values used were: 55 Ry (A), 25 Ry (B), and 15 Ry (C). In each, the associated
Jiso(*H) RMSD metric is provided as a ‘grey band’, and they conform to the
average values and standard deviations provided in, for example, Table S2
(ESIT). The coloring scheme of the bars is unchanged from Fig. 8.

(i) all candidate structures and (ii) against the set of reference
structures. In our present situation, if we (somehow) only had
access to the data at E., = 15 Ry, we would conclude that while
structure #3 is the best candidate structure by a considerable
margin, we would wonder if a better structure could be found
(perhaps by re-running the CSP process).

Considering now the outcomes of the two-parameter linear
mapping with a 1 x 1 x 1 k-point grid and variable E., values
(Fig. 11 and Fig. S3, ESIt), we generally observe trends that are
similar to those observed previously. First, the structure selec-
tion process for thymol remains quite stable down to E., = 25
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Ry, and so we can confidently select structure #3 even under
these conditions where the computation quality is severely
degraded relative to what would typically be considered as
normal. In contrast to the case when a one-parameter linear
mapping, E.,c = 15 Ry and 1 x 1 x 1 k-point grid is used
(Fig. 9C), when the two-parameter linear mapping is used we
are still able to select the correct structure for thymol, albeit
with quite low relative confidence (Fig. 11C).

Conclusions

In this study, we assessed the robustness of 'H isotropic
chemical shift (Jis,) RMSD metrics. This was achieved using a
set of 24 high-quality crystal structures, associated assigned
experimental '"H d;, values, and gauge including projector
augmented wave density functional theory (GIPAW DFT) com-
puted hydrogen isotropic magnetic shielding (o;s,) values. In all
cases, a éiso(lH) RMSD value for a crystal structure was gener-
ated by determining the linear mapping of o, values to
computed J;s, values that minimizes the differences between
experimental and calculated isotropic "H chemical shift values.
We have probed the influence of the computational software
used to generate the hydrogen o;y, values and found that for
high-quality ‘benchmark’ calculations there is no meaningful
difference between CASTEP and Quantum ESPRESSO (QE)
outputs. Additional items were considered using the QE soft-
ware, such as variation in the plane wave energy cut-off (E.y)
and k-point grid. We find that so long as a linear mapping is
used, the d;,,("H) RMSD metrics are stable (i.e., any changes are
below what we would consider as significant) until E., is below
35 Ry. Further, we find that §;s,(*H) RMSD metrics with E = 35
Ry agree quantitatively with ‘benchmark’ 6;4,('H) RMSD metrics
(both for one- and two-parameter linear mappings). This E.y
value is far lower than typically used in NMR crystallography
studies and therefore hints that significant savings in compu-
tational resources can be gained without any discernible degra-
dation in quality. The use of a sparse 1 x 1 x 1 k-point grid
negatively impacts the robustness of the §;so('H) RMSD metric,
but we find it to be of lesser importance when compared to the
E..« parameter. If qualitative results are sufficient, for example
in the structure selection of thymol, we find that a two-
parameter linear mapping, E., = 25 Ry, and a 1 x 1 x 1 k-
point grid allows for the selection process to occur in an almost
identical fashion compared to when a more dense k-point grid
and much higher E., value is used. Further studies regarding
the generality of these findings are well underway.
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