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Optimization and comparison of statistical tools
for the prediction of multicomponent forms of a
molecule: the antiretroviral nevirapine as a case
study
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Elna Pidcock® and Lourdes Infantes @ *4

In the pharmaceutical area, to obtain structures with desired properties, one can design and perform a
screening of multicomponent forms of a drug. However, there is an infinite number of molecules that can
be used as co-formers. Aiming to avoid spending time and money in failed experiments, scientists are
always trying to optimize the selection of co-formers with high probability to co-crystallize with the drug.
Here, the authors propose the use of statistical tools from the Cambridge Crystallographic Data Centre
(CCDCQ) to select the co-formers to be used in a pharmaceutical screening of new crystal forms of the
antiretroviral drug nevirapine (NVP). The H-bond propensity (HBP), coordination values (CV), and molecular
complementarity (MC) tools were optimized for multicomponent analysis and a dataset of 450 molecules
was ranked by a consensus ranking. The results were compared with CosmoQuick co-crystal prediction
results and they were also compared to experimental data to validate the methodology. As a result of the
experimental screening, three new co-crystals - NVP-benzoic acid, NVP-3-hydroxybenzoic acid, and NVP-
gentisic acid - were achieved and the structures are reported. Since each tool assesses a different aspect
of supramolecular chemistry, a consensus ranking can be considered a helpful strategy for selecting co-
formers. At the same time, this type of work proves to be useful for understanding the target molecule and
analyzing which tool may exhibit more significance in co-former selection.

Introduction

Crystal engineering is an important area of science since it
allows one to study and to understand how the arrangement
of the atoms and molecules, as well as the intermolecular
and intramolecular interactions, will affect the crystalline
structure and, consequently, its properties.'™ Exploring many
aspects of solid-state supramolecular chemistry, -crystal
engineering is a field of study that could be used to
understand a wide variety of materials, such as semi-
conductors, metalorganic or organic materials, including
pharmaceutical compounds.™*®
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In the pharmaceutical area, crystal engineering has been
intensely explored during the last few years, with the aim to
design new forms of pharmaceutical compounds with desired
properties, especially, multicomponent forms, such as co-
crystals, salts, and solvates.®® However, for a complete
screening of new multi-component forms of a molecule, e.g.,
an active pharmaceutical ingredient (API), there is an infinite
number of other molecules and solvents that can potentially
interact with the target molecule. These molecules and solvents
can be called co-former molecules or simply co-formers.

In general, the process adopted for the screening of new
forms is 1) identify the functional groups of the target molecule
and identify which other groups could interact preferentially, 2)
select co-formers containing those functional groups that could
interact with the API to form co-crystals, salts and/or solvates of
the target molecule, 3) perform the experimental process and
identify through solid-state characterization if the new forms
were obtained and 4) determine if the desired properties were
obtained. As one can imagine, this process could be expensive
in terms of time and money. Moreover, one should face the fact
that new polymorphs can be found, which increases the
number of possibilities.

This journal is © The Royal Society of Chemistry 2020
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In order to optimize this cocrystal screening, reducing the
number of co-formers to be tested is desirable. A tool capable of
reliably predicting which co-formers are most likely to form the
multicomponent system with the target molecule is required.

Nowadays, there are some approaches based on different
parameters to assess the propensity of a drug and a co-former
to co-crystallize. To mention a few, there are computational
methods that evaluate the energetic driving force for cocrystal
formation;” methods based on electrostatic potentials of
molecular surfaces (MEPS) of both components to estimate the
stability of the multicomponent compared to that of the
individual molecules;'®  thermodynamic methods as
COSMOQuick software'"'> that uses the excess enthalpy of an
undercooled melt of a drug and a co-former; and methods
based on supramolecular knowledge that evaluate all possible
interactions between the target molecule and the co-former
and determine if they are robust enough to be preferred against
the formation of the individual components.

Therefore, supramolecular knowledge-based tools use the
probabilities of formation of intermolecular interactions or the
interacting ability of the atoms. In this work, the authors aimed
to evaluate the use of three' statistical knowledge-based tools
from CCDC for selecting co-formers with a high probability to
form new multicomponent forms of the antiretroviral nevirapine
(NVP). The named tools are molecular complementarity (MC),"*
hydrogen bond propensity (HBP),"> and coordination values
(Cv),"*" available in CSD_Materials. Only MC returns a pass/
fail decision by default, HBP and CV provide likelihoods of
hydrogen bond interactions to form, and functional groups to
participate in hydrogen bonding, respectively. All three tools
have been optimized for a multicomponent analysis. A function
that scores the probability of a co-former-API multicomponent
formation has been developed for each tool. Based on these
scores, the co-formers were ranked from the best to the worst
probabilities in each tool. For a combination of the three results,
a consensus score was calculated for each of the co-formers as
the sum of the position obtained in the three techniques (HBP,
CV, and MC). Finally, if the co-formers are ordered by their
ascending consensus score, this consensus ranking gives the co-
formers ordered by their relative potential ability to form a
cocrystal with NVP.

The COSMOQuick software'™'* was also used to evaluate the
probability of the selected co-formers to form NVP co-crystals
through thermodynamic aspects. The results were added to the
consensus ranking. This consensus ranking is a result of the
sum of MC, HBP, CV, and COSMOQuick classifications.

Aiming to validate the methodology adopted, an
experimental procedure to obtain multicomponents was
performed with 38 molecules. Since the experimental work was
conducted concurrently with the development of the
methodology, these co-formers were not selected based on the
results of the theoretical screening but represent a selection of
molecules readily available to us. Three new co-crystals were
found and their structures are reported: NVP-benzoic acid
(NVP-BZC), NVP-3-hydroxybenzoic acid (NVP-3HBZC), and
NVP-gentisic acid (NVP-GTS) (Fig. 1). These three co-formers
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are part of a family of carboxyl and hydroxyl substituted
benzene compounds, that includes another two compounds,
the salicylic acid and the 4-hydroxybenzoic acid, whose co-
crystals with NVP have been previously reported.””*!

Methodology

Selection of co-formers and the generation of appropriate
coordinate files for statistical analysis

A dataset of 450 co-formers was selected for this study. All
molecules are part of the generally recognised as safe (GRAS)
list. Care was taken to include in the list of co-formers all
those molecules that appear in the literature as previously
tested with NVP and those 38 compounds selected for our
experimental work.

The multicomponent analyser tools are provided with
molecular geometry and coordinates. Besides, values are
dependent on the molecular conformation which is
responsible for the chemical group accessibility and also for
the molecular shape. The molecular geometry information
for the major part of the molecules used in this study is
available from the Cambridge Structure Database (CSD).
ConQuest v.1.9.0 software was employed to obtain this
information for each molecule and by using the Mercury
v.3.9.0 software, mol2 files were obtained for each molecule.
Mercury tools were used to guarantee that each file exhibits
just a single molecule, with no charges, no disorder, and
containing all H atoms with bond distances normalized.

In the cases where no information was available in the
CSD, mol2 files containing the molecular three-dimensional
information were constructed through the Chem3D software
(PerkinElmer Informatics).

Molecular conformation can affect calculations for CV and
MC. The conformation of a co-former modifies the accessible
surface area of the atoms available for the intra- and
and, consequently, the
coordination values are affected. Furthermore, the MC tool
considers the length of the axes of the virtual box in which
the molecule is contained. So, the shape of the molecule
could affect this box size and, therefore, the results of the
MC. Thus, it was necessary to obtain the most representative
conformations for every co-former. All molecules were
analysed by the CSD Conformer Generator tool.”>>* For the
rigid molecules, only one conformation was used. However,
as the degree of conformational freedom for the co-formers
increased, so did the number of molecular conformations

intermolecular  interactions

OH OH OH

OH
BzC 3HBZC GTS

Fig. 1 2D chemical diagram for benzoic acid (BZC), 3-hydroxybenzoic
acid (3HBZC), and gentisic acid (GTS).
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used as input for the CV and MC tools. Only the best output
value was kept for each tool and co-former molecule.

A Python API script was developed to write mol2 files
containing the NVP and the co-former molecule. These files
were used as input for HBP and CV methods to assess the
interactions between the two molecules.

Input for the thermodynamic tool

The COSMOQuick'"'? v.1.7 was used to predict the tendency
of cocrystal formation. This tool requires the simplified
molecular input line entry specification or SMILES of a
molecule as input data. So, the SMILES for the 450 selected
molecules were generated using the ChemDraw software
(PerkinElmer Informatics).

Multicomponent analysed tools

The three CCDC tools (HBP, CV, and MC) are available in the
CSD-materials module in the Mercury package and were
modified to be able to evaluate or quantify the stability of a
multicomponent versus its individual structures. This was
achieved by writing bespoke python scripts, utilizing the CSD
Python API. After the calculations, for each tool, the co-former
molecules were sorted from the best to the worst values. Then,
every co-former was assigned a ranking position for each tool.
Initially, two consensus scores were calculated. The consensus
score A is the sum of HBP, CV, and MC ranking positions; and
the consensus score B was calculated by adding the
COSMOQuick ranking position to the consensus score A. After
the analysis of the results, we considered it necessary to
calculate a third consensus classification where the CVs were
removed, and it is the consensus score C.

The new structures

A screening of 38 compounds to achieve new cocrystals of NVP
was conducted using the liquid-assisted grinding (LAG)
method. NVP raw material was manufactured by Nortec
Quimica. Potential co-formers were selected from the GRAS list:
acetylsalicylic acid, adipic acid, r-alanine, 4-aminobenzoic acid,
L-arginine, r-ascorbic acid, r-aspartic acid, benzamide, benzoic
acid, caffeine, catechol, citric acid, -cystine, fumaric acid, gallic
acid, gentisic acid, glutamic acid, r-glutamine, glutaric acid,
glycolic acid, hippuric acid, hydroquinone, 3-hydroxybenzoic
acid, 4-hydroxybenzoic acid, isonicotinamide, maleic acid,
malonic acid, nicotinamide, nicotinic acid, orcinol, oxalic acid,
phloroglucinol, resorcinol, succinic acid, theobromine,
theophylline, urea, and vanillin. 150 mg of stoichiometric (1:1)
amounts of NVP and co-former were ground in the presence of
4 or 5 drops of chloroform. Different milling conditions were
applied and they are detailed in the ESLj Specifically, in the
case of NVP-BZC, NVP-3HBZC, and NVP-GTS, the sample
mixtures and the solvent were placed in an agate jar with two
steel balls (@ = 5 mm) and milled using the mixer mill MM200
(Retsch), with a vibration frequency of 25 Hz, during 30
minutes. Chloroform was selected because it does not form
NVP solvate crystals. All co-formers as well as the chloroform
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were at ACS grade. Powder samples were analysed through
powder X-ray diffraction (PXRD) to identify the formation of
new crystalline phases.

Crystallization and single-crystal X-ray diffraction (SCXRD)

From the screening of 38 molecules, three of them presented
a PXRD pattern in agreement with new phases and possible
multicomponent forms. Potential co-crystals, NVP-BZC, NVP-
3HBZC, and NVP-GTS, were recrystallized in chloroform and
ethyl acetate. Single crystals were obtained in both solvents
with different quality and the best were selected for a single-
crystal X-ray diffraction (SCXRD) analysis. SCXRD
experiments for NVP-BZC were performed at room
temperature in a Bruker D8 Venture diffractometer (Photon
100 CMOS detector and MoKa radiation from Incoatec micro
source), whilst for NVP-3HBZC and NVP-GTS, experiments
were conducted in a Bruker D8 Venture diffractometer
equipped with a CMOS Photon 100 detector using CuKa
radiation at room temperature for the former and at 120 K
for the latter. The diffraction images were analysed (indexed,
integrated, and scaled) using the Apex3 software.>* Crystal
structures were solved through the direct methods and
refined by full-matrix-block least-squares in the SHELXL
software.”® All non-hydrogen atoms were anisotropically
refined, and all hydrogen atoms were placed in idealized
geometries according to the riding model. In the three crystal
structures, the co-former molecules are situated in the
vicinity of a centre of symmetry inducing disorder.
Connectivity and rigid body restraints were necessary to
describe and refine these fragments.

Methodology validation and generation of ROC curves

Receiver operator characteristic (ROC) curves were obtained
to evaluate the performance of the methodology proposed. A
ROC curve plots the sensitivity against (1-specificity). The
sensitivity is the number of true positive predictions over the
total number of positive observations, whilst the specificity is
given by the number of false-positive predictions over the
total number of negative observations. A binary classifier
system was used to correlate predictive and experimental
results (Scheme 1) and its discriminative threshold (number
of molecules cutoff) varied from low to higher values.

A ROC curve has been obtained for each evaluated tool as
well as for the consensus rankings. Besides, the area under
curve (AUC) was calculated to evaluate the discriminative

Experimental results

Positive Negative

Positive True Positive False Positive

Predictive
results

Negative False Negative True Negative

Scheme 1 Binary classifier system used to construct ROC curves.
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power of each tool. ROC curves and AUC values were
obtained using OriginLab software.

Results and discussion

Nevirapine and its multicomponent forms

NVP  (11-cyclopropyl-4-methyl-5,11-dihydro-6 H-dipyrido[3,2-
b:2',3"-e][1,4]diazepin-6-one) (Fig. 2) is an antiretroviral drug
used in the treatment of HIV-1 infection.”®*” This drug
exhibits a low-aqueous solubility and there is interest in
improving its solubility through the formation of
multicomponent structures.

A total of 76 molecules have been tested to form
multicomponent with NVP (Tables 1 and S17), and depending
on the results they were grouped into three clusters: G1 -
molecules that form multicomponent structures with NVP and
are reported in the CSD database or here (highlighted in
green), G2 — molecules referred into the literature as forming
co-crystals even though their structure is not yet reported
(highlighted in yellow), and G3 - molecules that have been
attempted, but no group has reported forming
multicomponents yet (highlighted in red). The second group
also includes the eutectic systems, since, even when the
multicomponent structure has not been formed, there are
weaker interactions between the two molecules that are
responsible for the eutectic behaviour. There are 25 molecules
in the first cluster, G1; 17 molecules in the second, G2; and 34
in the third, G3. For the molecules in the groups G2 and G3, a
list of the techniques used in the trials are listed in Table S2.}

Groups G1 and G2 have been considered as the positive
experimental results while molecules in group G3 are
considered as the negative ones.

NVP co-crystals in the literature

There are several multicomponent forms containing NVP that
are reported in the literature. Performing a search on the
CSD database, nine solvates,*® > eight co-crystals,**"** and
four salts®**® containing the NVP molecule were found,
besides the anhydrous®®*> and hemihydrate forms®'*?
(Fig. 3). Also, found was a salt-hydrate structure with penta-
iodide and water,*® and a crystalline inclusion complex.®”
The NVP molecule consists of a 7-membered ring flanked
by two rings of aromatic pyridine. The central ring contains a
rigid cis-amide group which, in most cases, forms a
centrosymmetric synthon through a strong amide-amide
hydrogen bonding interaction (Fig. 4). Therefore, NVP
contains a unique HB-donor atom (the amide NH) and three

HN
7\ D

Fig. 2 Molecular diagram of nevirapine (NVP).

\
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possible strong HB-acceptor atoms (the amide C=0 and the
two N in the pyridine rings). Besides, pyridine rings
frequently form n-m stacking interactions. Observing the
intermolecular potentials®*?° calculated around a central
NVP molecule for the crystal structure of the anhydrous
nevirapine (PABHIJ) showed that the strongest interaction is
due to the m-m stacking interaction between the aromatic
rings, followed by the amide-amide homodimer interaction
(Fig. 4). Similarly, the full interaction maps (FIMs)'"*
generate the interaction landscape of the NVP molecule
(Fig. 4) and it suggests that the amide-amide homodimer
contact as the preferred interaction. Also, shown (in red,
Fig. 4) are the preferred geometries of interaction with the
pyridine nitrogens and regions (in brown) parallel to the
pyridine rings indicate the possibility for a hydrophobic or
n-m interaction. Using this information, we hypothesize that
adequate co-formers would be molecules with delocalized
double bonds or aromatic rings that can occupy the
hydrophobic regions, and/or strong donor-acceptor groups
such as carboxylic acids that may disrupt the amide dimer."®

Investigating  the interactions exhibited by the
multicomponent  structures, the NVP amide-amide
homodimer is disrupted only seven times. In four of these, a
NVP-co-former heterodimer is formed through amide-
carboxylic acid interactions (glutaric acid, maleic acid,
tartaric acid, and 4-hydroxybenzoic acid), while in a further
two, the homodimer is broken because of a water molecule,
and in the remaining one, an amide-amide chain is observed
(naphthalene-1,5-disulfonate). In the other fourteen
structures with available coordinates, the homodimer is
maintained. In many cases, a NVP-co-former interaction
occurs with the pyridine N. Remarkably, all multicomponent
structures exhibit a n-m NVP stacking interaction with just
one exception (NVP-naphthalene-1,5-disulfonic acid).

These observations could corroborate our hypothesis that
good co-formers must contain carboxylic groups and/or
aromatic rings. However, looking at the molecules tested with
NVP which have not formed multicomponents, (G3 in
Tables 1 and S1t) or which have not been obtained yet, there
is a high representation of carboxylic groups and aromatic
rings. Therefore, it appears there is not an easy way to predict
which molecules will form multicomponent structures.

New co-crystals of NVP

Experimental work to achieve new multicomponent forms of
NVP was carried out at the same time that a new method to
calculate the propensities of two molecules to crystallize
together was developed. From the experimental screening,
three molecules were potential candidates to form a NVP-
multicomponent. And  effectively, we achieve the
cocrystallization of NVP-BZC, NVP-3HBZC, and NVP-GTS.
The NVP-BZC co-crystal had already been reported as a
positive hit in the literature,">** however, its crystalline
structure had not been reported yet. Crystals obtained from
the recrystallization of NVP and 3HBZC were shown to be a

CrystEngComm, 2020, 22, 7460-7474 | 7463
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In the CSD, besides anhydrous and hydrate forms, it was found multi-component structures of NVP with (1) dichloromethane, (2) ethanol,

(3) 1-butanol, (4) 1-hexanol, (5) 1-heptanol, (6) 1-octanol, (7) ethyl acetate, (8) 1,4-dioxane, (9) toluene, (10) glutaric acid, (11) maleic acid, (12)
tartaric acid, (13) saccharin, (14) salicylic acid, (15) 4-hydroxybenzoic acid, (16) 1,3-diiodobenzene, (17) 1,2,4,5-tetrafluoro-3,6-diiodobenzene, (18)
picrate, (19) 3,5-dinitrosalicylate, (20) naphthalene-1,5-disulfonate, (21) trichloro acetate, and (22) ¢-caprolactam.

mix of crystals of pure NVP, pure 3HBZC, and the NVP-
3HBZC multicomponent.

The crystal structure of the compounds NVP-3HBZ and
NVP-GTS are very similar. Both maintain the most frequent

Fig. 4 Representation of the full interaction maps (FIMs) and the
intermolecular potentials (kcal mol™) using the “UNI” force field from
a centre molecule of NVP in its crystal structure (PABHIJ).
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synthon of amide-amide interaction and the co-formers
occupy a centre of symmetry and show disorder, but form a
hydrogen bond (HB) between the OH in the carboxylic group
(of the co-former) and the nitrogen of the NVP 4-methyl-
pyridine (Fig. 5). Nevirapine molecules pack in the same
molecular arrangement in both co-crystals, they are 3D
isostructural. Also, their structures are similar to the
structure of nevirapine with salicylic acid molecules (CSD
refcode LATQUU). The three structures are triclinic P1 and
their unit cell parameter are very similar (Table 2).

NVP-BZC crystallizes in a monoclinic system, P2,/c.
Nevirapine also displays the homodimers and, the benzoic
acid molecule forms a hydrogen bond with the nitrogen in
the 4-methyl-pyridine. While the co-former disorder is not
observed the nevirapine molecules are disordered and
present a pseudo plane perpendicular to the molecule that
divides it into two halves. This structure is different to all
nevirapine compounds observed before because it does not
form any 77 parallel sandwich between pyridine rings. Only
for the bis(nevirapinium) naphthalene-1,5-disulfonate salt
(CSD refcode QUDWOD), are these NVP-NVP sandwiches
replaced by NVP-naphthalene sandwiches. There is another
hydroxyl benzoic nevirapine complex, the 4-hydroxy-benzoic
acid (CSD refcode POZCOZ).>' This compound crystallizes
forming heterodimers between the carboxylic acid and the

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Structures of the compounds (a and d) NVP-BZC, (b and e) NVP-3HBZC and (c and f) NVP-GTS. Hydrogen bonding tetramers showing (a)
the NVP disorder and (b and c) the co-formers disorder. On the right a perpendicular view of the crystal structure for (d) NVP-BZC, (e) NVP-3HBZC
and (f) NVP-GTS showing in dashed orange lines the n---n interactions observed in the infinite pyridine stacking of the nevirapine molecules for the
compounds NVP-3HBZC and NVP-GTS.

amide chemical groups. This is the only one that disrupts the As we observed in a previous publication,*" infinite pyridine
amide-amide interaction. stacking (-7 interactions) of nevirapine molecules displayed

Table 2 Unit cell and secondary structure information for the NVP multicomponents of benzoic acid derivates

Reference Space

Name CSD-refcode group a, b, ¢ (A) a, f, 9 (°) Volume (A*) Secondary structure
Benzoic acid BZC P2,/ 9.934(2), 8.360(2), 23.571(6) 90, 92.977(8), 90 1954.9(8)  Amide-amide
homodimer
Salicylic acid LATQUU  P1  7.1767(4), 9.6278(5), 96.865(2), 93.039(2), 807.69(7)  Amide-amide
11.9235(6) 98.126(2) homodimer
3-Hydroxybenzoic ~ 3HBZC Pl 7.2706(14), 9.5902(19), 96.11(3), 92.79(3), 98.34(3)  813.3(3) Amide-amide
acid 11.881(2) homodimer
4-Hydroxybenzoic ~ POZCOZ  C2/c  24.318(5), 7.5618(13), 90, 111.321(8), 90 3981.3(14) Amide-COOH
acid 23.242(5) heterodimer
Gentisic acid GTS Pi 7.1010(3), 9.4938(4), 95.619(2), 92.881(2), 793.37(6)  Amide-amide
12.0005(5) 99.035(2) homodimer
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in PABHIJO1 is also conserved in LATQUU (NVP-salicylic acid),
POZCOZ (NVP-4-hydroxybenzoic acid), NVP-3HBZC and NVP-
GTS cocrystals. While in LATQUU, NVP-3HBZC, and NVP-GTS
cocrystals these chains grow into similar 3D structures as we
have explained above; in POZCOZ, because of the
heterodimers, only these 1D chains are conserved.

Method for statistical evaluation of frequency of interaction
for multicomponent prediction

Based on the need for reliable predictive tools to reduce the
number of co-formers to be tested, our group has evaluated
and proposed a new methodology that modifies the existing
tools. Three CCDC tools, H-bond propensity (HBP),
coordination values (CV), and molecular complementarity
(MC), in addition to the COSMOQuick software, have been
used. In each tool, the methodology was applied to 450 co-
formers and the complete results tables are available in the
ESIT (Tables S3-S6). The modifications made and the results
obtained are reported below.

Results divided by quartiles

Quartiles division has been used with the goal of helping to
explain the results obtained with the four techniques used,
and to evaluate the ranking position of the 76 molecules that
were attempted experimentally, reported in the literature or
presented here; and classified as G1, G2 and G3. The 450
positions in each tool were divided into their quartiles: Q1
goes from position 1 to position 112, Q2 from 113 to 225, Q3
from 226 to 338, and the last one Q4 from 339 to the end.
For each quartile, the number of molecules tested with NVP
and belonging to each group G1, G2 and G3 have been
counted and listed in Table 3.

H-Bond propensity tool

The first tool employed was HBP analysis which evaluates the
potential hydrogen bonding landscape for a target system.
Although this tool has been available for multicomponent
analysis in a previous version of the CSD system, it is now
available only for polymorph assessment. This tool identifies
all 2D functional group formulas in a system and calculates a
propensity index for the formation of the hydrogen bond for
all possible combinations of donor and acceptor pairs. The
higher the index, the greater the propensity to observe an
interaction between the chemical groups involved.

This algorithm involves four stages: (1) data sampling where
a search for structures from the CSD containing the same
functional groups is performed; (2) extraction of data for the
modelling step from structures in the training dataset. The
data collected from the training dataset are whether a hydrogen
bond exists between particular functional groups, and
explanatory variables that include aromaticity, competition and
steric density. Logistic regression is used in order to build a
model that can predict the likelihood of a hydrogen bond
forming given the behaviours observed, and the explanatory
variables of the training dataset; (3) model validation, the

7468 | CrystEngComm, 2020, 22, 7460-7474
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logistic regression model is evaluated and is considered good
enough to proceed when its area under receiver operating
characteristic (ROC) curve is greater than 0.8; and (4)
generation and presentation of the results table that contains
the HB propensities for each possible donor-acceptor pair in
the target structure.

A way to compare the stabilities of a multicomponent (AB)
with respect to the structures of each component (A and B) is
to compare the propensity index for heteromeric and
homomeric interactions. Considering NVP as component A
and the co-former as component B, we have identified the
highest propensity to form an intermolecular interaction for
the pure components (AA or BB) and the multicomponent (AB
or BA). The multi-component score is calculated as the
difference of the highest propensity (AB or BA) minus the
highest propensity (AA or BB). Therefore, the multicomponent
HBP score will be greater than zero for those structures with a
good chance to co-crystallize, and it will be lower than zero for
those systems where pure forms are more likely.

As expected, the co-formers with high multicomponent
HBP scores are the ones that, in general, exhibit carboxyl,
hydroxyl or sulfhydryl groups (Table S2t). The amino acids
appear at the bottom of the table with low HBP values. It is
important to note that the HB-pairs that provide the highest
HBP scores is not always the HB-network observed in the
solid-state of the structures already reported in the CSD. Low
propensity interactions found at the expense of better donor-
acceptor pairings can be related to a possible risk of
polymorphism.**

Table 3 Structure distribution by quartiles of the ranking obtained
through the different methods employed

A) Co-formers that multicomponent form with NVP has been
reported (G1)

Consensus Consensus Consensus
CV MC HBP COSMO A B C
