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Juan Niclós-Gutiérrez and Rocı́o Torres-Iglesias

Multicomponent Solids of DL-2-Hydroxy-2-phenylacetic Acid and Pyridinecarboxamides
Reprinted from: Crystals 2022, 12, 142, doi:10.3390/cryst12020142 . . . . . . . . . . . . . . . . . . 103

Laura Baraldi, Luca Fornasari, Irene Bassanetti, Francesco Amadei, Alessia Bacchi and

Luciano Marchiò
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Preface to ”Multicomponent Pharmaceutical Solids”

Multicomponent pharmaceutical materials are solids in which at least one component is an active

pharmaceutical ingredient (API). This kind of pharmaceutical solid has certainly revolutionized the

pharmaceutical industry, proving to be an interesting alternative to the laborious and expensive

traditional pipeline drug development. The application of crystal engineering techniques into the

design of pharmaceutical salts, co-crystals, and other multicomponent materials has succeeded in

modulating the physicochemical, mechanical, and pharmacokinetic properties of drugs, thereby

working towards the enhancement of their clinical performance. In addition, environmentally

friendly synthetic approaches have also been achieved, in agreement with the new green chemistry

principles.

Despite its promising future, the study of pharmaceutical solids still presents significant

challenges. For instance, unraveling structure–activity relationships or the preference for

supramolecular synthons, and choosing an appropriate co-former and/or solvent selection are still

issues that need to be thoroughly studied in order to fully understand, and consequently predict, the

formation of pharmaceutical solids with tailored properties.

We are delighted to edit this Special Issue called “Multicomponent Pharmaceutical Solids”.

New multicomponent pharmaceutical materials have come to stay, and we will soon see relevant

applications on multidrug resistance or co-drug synergy thanks to their rational design. Until then,

this Special Issue is devoted to compiling all current aspects related to the field of multicomponent

pharmaceutical solids. We hope that this volume is of interest to all Crystals readers.

Duane Choquesillo-Lazarte and Alicia Domı́nguez Martı́n

Editors
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Multicomponent Pharmaceutical Solids
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Multicomponent pharmaceutical solids is a hot topic that brings together the knowl-
edge of crystal engineering and the need to achieve novel and effective drugs at lower
costs for the pharmaceutical industry. Both the U.S. Food and Drug Administration and
the European Medicines Agency encourage the use of pharmaceutical cocrystals for drug
development, which is tightly regulated with appropriate guidelines. Indeed, in the past
years, several cocrystal formulations have been approved and commercialized, for instance,
Depakote® (2002), Suglat® (2014), Entresto® (2015), Steglatro® (2018), and Seglentis® (2021).

This issue collects 10 contributions. The first consists of a review article dealing with
amorphous pharmaceutical solids [1]. Most of the multicomponent pharmaceutical solids
reported are in crystalline form since they are thermodynamically more stable. Nonetheless,
amorphous materials usually present higher solubility and a faster dissolution rate, hence
being worth exploring due to improved oral bioavailability. In this context, Q. Shi, C.
Zhang, et al. review the latest progress regarding the characterization of the physical
stability of amorphous pharmaceutical solids.

The additional nine contributions are original research papers. First, C. Puigjaner
et al. [2] compared the thermodynamic stability of three anhydrous polymorphs and thor-
oughly characterized three transient chloroform solvates of Bilastine, a second-generation
antihistamine drug. Interestingly, the detailed structural study provides new insights
into hydrate/solvate formation, paying special attention to the ability to build hydrogen
bonding networks.

The physicochemical properties of pharmaceutical solids, such as solubility, thermal
stability, and hygroscopicity, are highly dependent on their intimate solid-state structure.
Hence, it is possible to modulate the pharmacokinetic profile of active pharmaceutical
ingredients (APIs) by tailoring their crystal architecture. This is actually desirable for more
than 80% of the drugs already on the market, which belong either to classes II or IV within
the Biopharmaceutical Classification System (BSC), i.e., those exhibiting poor aqueous
solubility. Indeed, the vast majority of the reported multicomponent pharmaceutical solids
are devoted to enhancing the solubility of already-known APIs.

This is the case of the results reported by Y. Liu, G. Gan, et al., regarding the third-
generation antipsychotic Aripiprazole [3]. The authors show new potential multicompo-
nent formulations for this drug, highlighting the improved solubility of the corresponding
salt with the coformer adipic acid. Single crystal X-ray diffraction and theoretical meth-
ods are employed to explore molecular interactions, while additional physicochemical
properties are evaluated.

Fixed-dose formulations refer to multicomponent pharmaceutical solids in which all
components are APIs. D. Choquesillo-Lazarte et al. [4] report the synthesis and characteriza-
tion of furosemide/non-steroidal anti-inflammatory drug–drug pharmaceutical cocrystals,
a combination of APIs that is quite frequent in clinics. Remarkably, the mechanochemical
synthetic approach allowed for the avoidance of the formation of hydrates/solvates. Al-
though solubility enhancement is not achieved in the novel cocrystals, improved thermal
and thermodynamic stability profiles are given, opening the door to further research.

Crystals 2023, 13, 570. https://doi.org/10.3390/cryst13040570 https://www.mdpi.com/journal/crystals1
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Eutectic mixtures are frequently used in the pharmaceutical industry regarding re-
search on drug delivery systems. B. Saikia et al. [5] explore the use of such eutectic mixtures
to improve the solubility of the non-steroidal aromatase inhibitor aminoglutethimide, us-
ing three different non-isomorphous coformers: caffeine, nicotinamide, and ethenzamide.
Solvent-assisted mechanochemical synthesis was also employed to obtain the novel binary
eutectic mixtures, which were thoroughly characterized and proved to successfully enhance
the solubility of the parent API.

In M. Benito et al.’s paper [6], efforts were made to rationalize the nature and strength
of those supramolecular interactions present in six new multicomponent systems involving
the modified nucleobase 9-ethyladenine and the coformer oxalic acid. Herein, salt screening
was carried out by mechanochemical and solvent crystallization techniques, yielding two
molar ratios and different anhydrous/solvated forms. Comprehensive computational anal-
ysis helps to fully understand the solid-state landscape, unveiling the relative importance
of non-canonical hydrogen bonds.

Molecules included in the Generally Regarded As Safe (GRAS) list are used along
with the drug precursor DL-mandelic acid to design novel multicomponent pharmaceu-
tical solids in A. Castiñeiras et al.’s paper [7]. The authors focus their attention on the
identification of recurrent supramolecular patterns thanks to detailed crystal structure
and computational analyses. Solubility studies were also performed, which revealed an
enhancement of the dissolution profile.

Drugs with a narrow therapeutic index, such as theophylline, are better administered
with sustained-release formulations, which reduce the likelihood of adverse reactions.
L. Marchiò et al. [8] address the optimization of theophylline pharmacokinetics by using
the salification strategy. The authors successfully decreased the dissolution rate of the API,
which might allow better control of drug release into the bloodstream, therefore reducing
adverse effects without losing drug efficacy.

The salification approach can also be observed in the formulation of the anesthetic
drug Lidocaine, which is found as the corresponding hydrochloride derivative in order
to improve the solubility of the API. In C. Verdugo-Escamilla and A. Domínguez-Martín
et al.’s paper [9], ionic cocrystals of lidocaine base and lidocaine hydrochloride are reported
along with polyphenols as coformers. Interestingly, only those multicomponent solids
involving lidocaine hydrochloride achieved improved stability thanks to a steric protection
effect, in which chloride ions play a key role in promoting efficient packing, thus protecting
the coformer from oxidation.

The last contribution of this Special Issue is devoted to multicomponent formulations
of the non-steroidal anti-inflammatory drug Diclofenac, using nucleobases as coformers due
to their versatility to build multiple H-bonding patterns [10]. Careful structure-property
analysis reveals that the large surface exposure of two of the novel cocrystals favors their
dissociation in aqueous media. The third species undergoes dissociation at a much lower
rate, therefore allowing its solubility to be characterized with positive results.

In summary, the articles presented in this Special Issue represent some of the most
recent research approaches to the study of multicomponent pharmaceutical solids. The
vast majority of results are focused on crystalline solids. The combination of X-ray crystal-
lography and computational methods provides a complementary and comprehensive view
of the nature and strength of supramolecular synthons, which drive the crystal structure
architecture and therefore the physicochemical properties of the novel multicomponent
materials. Solubility and dissolution rate, as well as thermal and thermodynamic stability,
are the most common properties assessed, in agreement with the limitations currently
observed in the drugs already present in the pharmaceutical market. The latest advances in
multicomponent pharmaceutical solids are devoted not only to obtaining API + GRAS-like
coformer formulations but also API + API formulations, so-called fixed-dose formulations.
Likewise, multicomponent pharmaceutical solids’ research goes beyond cocrystals, and
molecular salts, ionic cocrystals, cocrystal polymorphs, and even amorphous phases are
currently being evaluated. There are still significant challenges to overcome. In this con-
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text, further research on the development of structure-property studies is of paramount
importance to the design of tailored properties and the future of multicomponent drugs.

Funding: Grant number PGC2018-102047-B-I00 (MCIU/AEI/FEDER, UE) and B-FQM-478-UGR20
(FEDER-Universidad de Granada, Spain).
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Abstract: The amorphous form of a drug usually exhibits higher solubility, faster dissolution rate,
and improved oral bioavailability in comparison to its crystalline forms. However, the amorphous
forms are thermodynamically unstable and tend to transform into a more stable crystalline form,
thus losing their advantages. In order to investigate and suppress the crystallization, it is vital to
closely monitor the drug solids during the preparation, storage, and application processes. A list
of advanced techniques—including optical microscopy, surface grating decay, solid-state nuclear
magnetic resonance, broadband dielectric spectroscopy—have been applied to characterize the
physicochemical properties of amorphous pharmaceutical solids, to provide in-depth understanding
on the crystallization mechanism. This review briefly summarizes these characterization techniques
and highlights their recent advances, so as to provide an up-to-date reference to the available tools in
the development of amorphous drugs.

Keywords: amorphous drug; characterization methods; crystallization; physical stability; molecular
mobility

1. Introduction

Oral administration is a preferred route for drug delivery in many cases because of it is
easy, convenient, and safe for most patients. However, many new drug candidates with low
solubility fail to reach the target bioavailability via oral administration [1]. One effective
approach to enhance the solubility of poorly water-soluble drugs is to keep the drugs in
their amorphous form [2–4]. Compared to crystals, amorphous solids are inherently in
the higher-energy state and thus their dissolution is more energy favorable [5]. However,
the higher-energy of amorphous solids can also cause phase instability and drive them
towards crystallization, causing the loss of their advantages being amorphous.

A common approach to improve the stability of the amorphous drugs is to disperse
them into polymeric materials to yield kinetically stable amorphous solid dispersions [6–16].
To obtain a better insight into the physical stability of amorphous pharmaceutical solids,
it is of special importance to investigate the key physicochemical properties governing
the crystallization and phase separation. In the past few decades, key thermodynamic
and kinetic properties of amorphous solids have been extensively studied, including
configurational entropy, structural relaxation, secondary relaxation, surface molecular
diffusion, etc. [17–20]. These thermodynamic and kinetic properties have attracted wide
attentions because they are considered important parameters for predicting the physical
stability of amorphous pharmaceutical solids.

Unique properties of crystalline and amorphous solids have been extensively investi-
gated by several established and emerging techniques including polarized light microscope

Crystals 2021, 11, 1440. https://doi.org/10.3390/cryst11121440 https://www.mdpi.com/journal/crystals5
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combined with a hot stage, surface grating decay, thermal analysis, broadband dielec-
tric spectroscopy, and solid-state nuclear magnetic resonance (NMR). In this article, we
will review the recent advances and highlight the applications of these characterization
techniques. Moreover, we will also briefly discuss the limitations, challenges, and future de-
velopment trends of these characterization techniques, and the aim is to provide a reference
of current tools for developing robust amorphous pharmaceutical formulations.

2. Combination of Polarized Light Microscope and Hot Stage

Polarized light microscope is one of the most widely used techniques in characterizing
nucleation [21–23], crystal growth [24,25], polymorphic transition [26], and phase separa-
tion [27] of amorphous pharmaceutical solids. In recent studies, polarized light microscopy
was often combined with a hot stage to extend its experimental temperature range and
achieve the goal of precise temperature control. Prior to investigating the nucleation and
crystal growth processes, amorphous drug was firstly prepared by the melting-quenching
method using a hot stage for precisely controlling the temperature. The drugs prepared by
the melt-quenching method are confirmed to be amorphous by the absence of birefringence
under the polarized light microscope.

Cai and co-workers systemically investigated the crystal growth behaviors of a clas-
sical antifungal drug griseofulvin as a function of temperature by a polarized light mi-
croscope equipped with a hot stage [24]. As shown in Figure 1, growth morphologies of
griseofulvin crystals exhibit strong temperature dependence, producing faceted coarse crys-
tals near the melting point (Tm), fiber-like fine crystal near the glass transition temperature
(Tg), and even finer compact spherulites below Tg [24]. In addition, the velocity of crystal
growth of griseofulvin could also be measured by recording the advancing growth front of
the crystal into the supercooled liquid or glass as a function of time [24]. In the supercooled
liquid, the rate of crystal growth decreases with the temperature decreasing near Tm while
it increases with the temperature further decreasing near Tg. This bell-shaped curve of
crystal growth rate vs. temperature is mainly attributed to the competition between the
negative dependence of the thermodynamic driving force and the positive dependence of
the bulk molecular diffusion on the temperature. For some small-molecule drugs, one fast
crystal growth mode termed as glass-to-crystal (GC) growth, is activated as the temperature
decreases near or below Tg, with a rate orders of magnitude faster than those predicted by
bulk diffusion controlled modes [24,28]. Several models have been proposed to explain
the GC growth; however, its mechanism remain imperfectly understood. In a very recent
model, voids and free surface is proposed to be continuously created by fracture, leading
the fast GC growth by taking advantage of the fast surface mobility.

For the crystal growth in drug–polymer binary systems, one interesting phenomenon,
polymer enrichment as a function of temperature and polymer concentration, could be ob-
served at the advancing growth front of crystal using polarized light microscopy combined
with a hot stage [29,30]. Visual observations can directly provide a reasonable explanation
for the fact that the increase of global molecular mobility alone is insufficient to account
for the accelerating effects of a low-Tg polymer—e.g., poly (ethylene oxide) (PEO)—on
the crystal growth of small-molecule drug griseofulvin and indomethacin [31,32]. In ad-
dition to the high global molecular mobility, PEO enrichment at the growth front could
also accelerate the mass transport of drug molecules entering the crystalline phase by the
high segmental mobility of PEO [29,30]. Moreover, polymer enrichment could also be
one of the key factors rendering the selective effect of polymer on the crystal growth of
different drug polymorphs [30]. In a very recent study, Zhang et al. found that the extent
of the accelerating effect of PEO on the crystal growth of indomethacin polymorphs is very
consistent with the concentration of PEO enrichment at the crystal–liquid interface [30].
They proposed that distinct drug–polymer distribution at the growth front of indomethacin
polymorphs strongly affects the mass transport of drug molecules and the energy barrier,
thus leading to the selective accelerating effects of PEO on crystal growth of indomethacin
polymorphs [30].
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Figure 1. Bulk crystal growth morphologies of GSF as a function of temperature from 210 ◦C to 60 ◦C, (a) 210 ◦C, (b) 130 ◦C,
(c) 100 ◦C, (d) 90 ◦C, (e) 80 ◦C, and (f) 60 ◦C. Adapted from the [24] with the permission. Copyright © 2016 American
Chemical Society.

Apart from studying crystal growth behaviors, polarized light microscope com-
bined with hot stage can be used to explore the nucleation of amorphous pharmaceu-
tical solids [21–23]. According to the different kinetics of nucleation and crystal growth,
studies on drug nucleation can be mainly defined as one-stage method and two-stage
method [21–23]. One-stage method can be used to determine the number of nucleation
events per unit volume for the drug systems showing both fast nucleation and fast crystal
growth behaviors. Herein, individual nucleation is allowed to grow to the observable size
for some time t0 in the supercooled liquid. The size and growth rates of the crystal are
measured by using the combined technology of polarized light microscope and hot stage.
On the basis of the crystal size (radius r) and growth rate (u), the birth time t of individual
nucleus as a function of time can be calculated as

t = t0 − r/u

In general, drug nucleation follows a steady rate after an induction period, followed
by a slower rate due to the decreased available liquid volume for nucleation.

If a drug crystal grows relatively slow, one-stage method is not suitable, and two-stage
method needs to be applied for this situation. Unlike one-stage method, two-stage method
is briefly summarized as a two-step process consisting of a nucleation step at a relatively
low temperature and then quickly switch to an elevated temperature to allow the nuclei
grow to visible dimensions under a polarized microscope. The temperature selected for
crystal growth is required to ensure the rapid growth of nuclei but meanwhile prevent the
formation of new nuclei.

Huang et al. compared the crystal nucleation rates of four polyalcohols exhibiting
the similar kinetics of crystal growth on the T/Tg scale [21]. On the same scale of T/Tg,
nucleation rates of these four polyalcohols are vastly different, indicating the fundamentally
different mechanisms of nucleation [21]. In a recent study, Yao et al. compared the inhibitory
effects of polymer on the crystal nucleation and growth via polarized light microscope
combined with a hot stage [22]. Interestingly, the inhibitory effects of polymer on the crystal
nucleation rates are similar to those on the crystal growth [22]. At a given temperature, the
ratios between the rates of nucleation and growth are nearly identical, and are independent
of the concentration and molecular weight of the polymer [22]. Moreover, in a very recent
study, Zhang et al. found that the accelerating effects of low-Tg polymer (PEO) on crystal
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nucleation and growth of fluconazole are also approximately the same [23]. Based on these
studies, both the crystal nucleation and growth were proposed to be molecular mobility-
limited processes [22,23]. Herein, dissolved polymer in the amorphous matrix acts as a
mobility modifier, imposing similar degrees of inhibitory and accelerating effects on the
crystal nucleation and growth [22,23].

One important nucleation phenomenon, termed as cross-nucleation, could also be
observed under a polarized light microscope, in which another polymorph nucleates on the
early nucleating polymorph [33]. Compared to the early nucleating polymorph, the newly
nucleated polymorph could be less or more thermodynamically stable [34]. This interesting
nucleation behavior is quite different from the classical Ostwald’s law of stages, would
lead to the ineffectiveness of the seeding method for obtaining the required polymorph.
The newly nucleated polymorph always exhibits a faster or same crystal growth rate as the
initial polymorph. If the frequency of cross-nucleation is sufficiently high, thesurface of
the early nucleating polymorph will eventually be occupied by the cross-nuclei of newly
nucleated polymorph.

Polarized light microscope combined with hot stage can also be used to obtain high-
quality single crystals [35,36]. For instance, high-quality single crystals of the metastable
form II of griseofulvin, was obtained from the melt under a polarized light microscope
equipped with a hot stage [35]. Large and faceted single crystals of griseofulvin form II were
observed after a rapid growth at 200 ◦C in the presence of 10% w/w PEO, which is reported
to effectively accelerate the crystal growth [35]. Single-crystal X-ray diffraction analysis as
a function of temperature revealed that griseofulvin form II exhibited an anomalously large
coefficient of thermal expansion [35]. In a recent study, a creative strategy of cultivating
single crystal was developed for rapidly obtaining the desired polymorph from the melt
microdroplets near Tm [35]. Herein, a hot stage was used to control the temperature near
Tm, at which the secondary nucleation was effectively inhibited to avoid the formation of
polycrystals. Meanwhile, polarized microscope was used to monitor the growth of single
crystals until a proper size was reached. In addition, polarized light microscope combined
with hot stage can also be applied into the downstream processing of the preparation of
amorphous pharmaceutical formulations [37].Yang et al. used this combined technique to
analyze the microstructure and state of the samples at various temperature, facilitating the
determination of temperature range for amorphous drug formulations during the hot melt
extrusion process [37].

3. Surface Grating Decay and Surface Diffusion

Surface mobility can considerably affect processes including nucleation, crystal growth,
catalysis, and sintering. The high mobility of surface molecules originates from the special
coordination environment, where molecules have fewer neighbors and a greater degree
of freedom compared to the molecules in the interior [20,38,39]. For amorphous pharma-
ceutical solids, a high surface mobility causes the rapid nucleation and crystal growth at
the free surface or interior interface, largely determining the physical stability [20,25,27,40].
Moreover, a high surface mobility could also allow the efficient equilibrium of newly
deposited molecules in vapor deposition, facilitating the formation of highly stable glass
with exceptionally low energy and high density [41,42].

Surface grating decay method has been widely used to measure the surface diffusion
of pure amorphous drug and polymer-doped solid dispersion in the pharmaceutical
field [20,43–45]. Herein, surface diffusion represents the lateral movement of molecules at
the free surface. As shown in Figure 2, a master grating with gold coating is placed on the
surface of drug liquid below Tg to print the surface grating. The master can be detached at
a lower temperature and a pharmaceutical glass with a corrugated surface is produced.
The smoothing of the surface grating is followed with an atomic force microscope or
optical microscope under nitrogen atmosphere. The amplitude of surface grating could be
obtained by the Fourier transformation of the height profile of each scan line. In general,
grating amplitude h decreases exponentially following h = h0 exp(−Kt) in the supercooled
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liquid state. For comparison, h decays slightly deviating from exponentially and could be
described as h = h0 exp[−(Kt) β] in the glassy state, one phenomenon mainly attributed
to the glass aging. Here, K represents the decay constant and β is slightly smaller than 1.
According to the Mullin’s model, the decay constant K can be described as a combination
of individual processes including viscous flow (F), evaporation condensation (A and A’),
bulk diffusion (C), and surface diffusion (B) in the following equation.

K = Fq + Aq2 + Dq3 + Bq4

q =
2π

λ
F =

γ

2η
A =

p0γΩ2

(2πm)0.5(kT)1.5 (1)

D = A′ + C =
ρ0DGγΩ2

kT
+

DvγΩ
kT

B =
DsγΩ2v

kT
. (2)

where γ represents the surface free energy, η represents the viscosity, p0 represents the
equilibrium vapor pressure, Ω represents the molecular volume, m represents the molecular
mass, ρ0 represents the equilibrium vapor density, DG represents the diffusion coefficient
of evaporated molecules, and v represents the number of molecules per unit area of surface.
Dv and Ds is the coefficient of bulk diffusion and surface diffusion, respectively.

 
Figure 2. The experimental scheme of surface grating decay for surface diffusion measurement. Adapted from [43] with the
permission. Copyright © 2020 American Chemical Society.

In 2011, Zhu et al. investigated the surface diffusion of a small-molecular drug
indomethacin by the method of surface grating decay for the first time [44]. Surface
evolution of amorphous indomethacin is mainly controlled by the viscous flow at high
temperature while the mechanism of surface evolution changes to the surface diffusion
with the temperature decreasing to near and below Tg [20,43–45]. Compared to the bulk
diffusion, surface diffusion of amorphous drugs can be orders of magnitude faster [44–46].
Moreover, as shown in Figure 3, surface diffusion coefficient Ds has been shown to be
roughly proportional to the velocity of surface crystal growth us (us~Ds

0.87), indicating the
controlling role of Ds in the process of surface crystal growth [45].

Recent studies showed that surface diffusion of molecular glasses can be strongly
affected by several factors, including strength of molecular interaction [47,48], molecular
size [49], and the addition of polymer [43]. With the increase in the strength of molecular
interaction and molecular size, surface diffusion of amorphous solids exhibits a tendency to
slow down [47–51]. For instance, Chen et al. found that the surface diffusion of polyalcohol
glasses showing extensive hydrogen bonding is much slower than that of the molecular
glasses of comparable size but with no or limited hydrogen bonds [48]. They proposed
that the inhibition of surface diffusion in systems containing extensive hydrogen bonding
interactions is mainly attributed to the abundance of hydrogen bonds near the surface [48].
As a result, the loss of nearest neighbors could not induce a proportional decrease in the
kinetic barrier of surface diffusion [48]. Surface diffusions of posaconazole and itraconazole
were also investigated by surface grating decay method, and the diffusion rates of these
two rod-like molecules are much lower than those of quasi-spherical molecules of similar
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volume, a result of the deep penetration of rod-like molecules in the bulk where molecular
mobility is slow [52]. In amorphous systems without extensive hydrogen bonds, surface
diffusion coefficients of molecular glasses were proposed to decrease with an increase in
their penetration depth [52]. In addition, Mokshin et al. proposed that surface diffusion co-
efficient Ds is directly related to the kinetic coefficient (also termed as attachment coefficient)
of crystallized molecular glasses [53]. In a very recent study, Bannow et al. investigated
the effects of a commercial polymeric excipient Soluplus on the surface diffusion of amor-
phous indomethacin [43]. The addition of low-concentration Soluplus significantly slowed
down the surface diffusion of indomethacin [43]. Further increase in the concentration of
Soluplus would lead to turnover, where the increasing inhibitory effect of Soluplus on the
surface diffusion with the Soluplus concentration increasing becomes less pronounced [43].
Moreover, the decrease in surface diffusion of amorphous indomethacin by doping low
content Soluplus correlates well with the enhanced physical stability [43].

Figure 3. Surface crystal growth rate us, plotted against surface diffusion coefficients Ds for reported
glasses and silicon. Adapted from [45] with the permission. Copyright © 2017 American Chemical
Society.

4. Solid-State Nuclear Magnetic Resonance (NMR)

Solid-state nuclear magnetic resonance (SS-NMR) has also been introduced into the
pharmaceutical field for studying the dynamics and phase composition of amorphous
solid dispersions [54,55]. In addition, crystalline and amorphous drug generally exhibit
different spectra of SS-NMR [37,56]. Compared to the crystalline form, 13C peaks of
amorphous drug are much broader, which is mainly attributed to the disordered molecular
packing [56]. SS-NMR spectroscopy could provide diverse and critical information of
complex amorphous dispersions from the atomic level, which is barely realized by other
existing methods [54]. One main application of SS-NMR is to study the site-specific
molecular mobility of amorphous solids by measuring the spin–lattice relaxation times and
their spin–spin relaxation [57]. Herein, the spin–lattice relaxation times of rare nuclei consist
of the static and rotating frame form (T1 and T1ρ) [57]. T1 and T1ρ relaxations (e.g., 13C)
could provide pure dynamic information including the most kinds of local motions [57].
Moreover, relaxations representing the primary and secondary molecular motions can
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be identified from the spin–lattice relaxation in the SS-NMR [58]. Herein, T1 relaxation
generally represents the secondary molecular relaxations due to its sensitivity towards
the local and rapid motions [58]. T1ρ relaxation could be affected by the slower molecular
motions of amorphous solid, which is associated with the primary relaxation [58]. For
instance, in the case of pharmaceutical polymer methylcellulose and polyvinylpyrrolidone,
T1ρ relaxation originates from the motions of polymer backbone. For comparison, T1
relaxations come from the local dynamics originated from the side chain motions.

High resolution 13C SS-NMR could be used to investigate the hydrogen bonding
interactions of amorphous pharmaceutical solids [59]. With the aid of SS-NMR, Yuan et al.
quantitatively studied the hydrogen bonding interactions in amorphous indomethacin with
and without the presence of poly (vinylpyrrolidone) (PVP) and poly(vinylpyrrolidone-co-
vinyl acetate) (PVPVA) [59]. For the pure amorphous indomethacin system, 13C SS-NMR
revealed that its hydrogen bonding interaction consists of three main types including disor-
dered carboxylic acid chains, carboxylic acid cyclic dimer, and the carboxylic acid hydrogen
bonded to the amide carbonyl (Figure 4) [59]. This self-interaction of indomethacin could be
disrupted once indomethacin formed a solid dispersion with the addition of polymer [59].
The extent of drug–polymer hydrogen bonding interactions increase with the increase in
polymer concentration. For comparison, the carboxylic dimers between two indomethacin
molecules could not be observed any more as the polymer concentration increased to
50% w/w. In a recent study, Sarpal et al. used the SS-NMR technique to compare the
molecular interactions in amorphous ketoconazole (KET), KET binary dispersions, and
KET ternary dispersions [60]. A detailed 13C SS-NMR deconvolution study showed that
binary KET and poly (acrylic acid) (PAA) system exhibits higher prevalence of ionic and
hydrogen bonds in comparison with its ternary system containing hydroxypropyl methyl
cellulose (HPMC) [60].

Figure 4. CPMAS 13C spectrum of the carboxylic acid of amorphous indomethacin. Simulated peaks are shown in red,
yellow, and blue to illustrate the various hydrogen bonds. Adapted from the [59] with the permission. Copyright © 2015
American Chemical Society.

In recent studies, two-dimensional (2D) ss-NMR was also developed to identify the
type and strength of various drug–polymer interactions in ASDs with enhanced sensitivity
and resolution [61,62]. Lu et al. used 2D 1H-19F ss-NMR to investigate the molecular
interaction between the difluorophenyl group of posaconazole and the hydroxyl group of
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hydroxypropyl methylcellulose acetate succinate (HPMCAS) in the ASD. For hydrogen
bond patterns, they proposed that the hydroxyl groups of HPMCAS act as acceptors
while the fluorine or difluorophenyl rings of posaconazole act as donors [62]. Moreover, a
19F-13C rotational echo and double resonance technique was used to measure the atomic
distance, and it revealed the close proximity between 13C of the hydroxyl group and 19F of
posaconazole at 4.3 Å [62].

Moreover, the miscibility between drug and polymer can also be investigated using the
T1 and T1ρ relaxation times obtained from 1H SS-NMR [59,63–67]. At present, measuring
the Tg using differential scanning calorimetry (DSC) is the most widely used approach
for determining the miscibility of amorphous solids. Generally, a single Tg between those
of drug and polymer indicates a miscible system, while two separated Tgs suggest a
phase-separated system. However, Tg is sometimes not a reliable indicator of system
miscibility, as some studies reported that phase-separated system could exhibit a single
Tg and vice versa [63]. Moreover, the miscibility assessed by Tg generally has a detection
limit of 20–30 nm, meaning that a two-phase system with smaller domain size would be
indistinguishable by DSC. For comparison, SS-NMR is suggested to be a more accurate
technique, which could measure the drug–polymer miscibility for small domain sizes.

For the miscibility measurement using SS-NMR, length scale of 1H spin diffusion is
important and could be calculated by

〈L〉 =
√

6Dt

Herein, t represents the relaxation time, D represents the spin diffusion coefficient
and is typically assumed as 10−12 cm2/s for the organic solids. The length scale of spin
diffusion is ca. 20–50 nm for a typical T1 value as 1–5 s. For a typical T1ρ as 5–50 ms, the
length scale is ca. 2–5 nm. It is expected that three scenarios might occur depending on
the domain size. A common T1 and T1ρ values could be obtained for drug and polymer
for the domain size smaller than 2–5 nm. If the domain size is 5–20 nm, T1 values of drug
and polymer are the same while T1ρ values are different. If both the T1 and T1ρ values of
drug and polymer are different, the domain size is larger than 20–50 nm. Pham et al. used
the SS-NMR cross-polarization hetero-nuclear correlation technique to investigate the spin
diffusion effects of the amorphous pharmaceutical solids, facilitating the detection of the
drug–polymer molecular interaction and phase separation [64]. Litvinov et al. investigated
the phase behavior of miconazole-poly(ethylene glycol)-g-vinyl alcohol (PEG-g-PVA) solid
dispersions by a combination of modulated DSC, XRPD, and SS-NMR [63]. In their work,
miconazole (10% w/w) was identified to form the amorphous nanocluster with ~1.6 nm
average cluster size in the amorphous matrix of PEG-g-PVA, indicating the miscibility at
the molecular level [65].

Sarpal et al. compared the phase homogeneity of felodipine ASDs doped with PVP,
PVPVA, and poly(vinylacetate) (PVAc) by measuring the 1H T1 and T1ρ of drug and
polymer [66]. Better compositional homogeneity was observed in felodipine-PVP and
felodipine-PVPVA ASDs compared to felodipine-PVAc ASD. 13C ss-NMR was also used to
investigate the strength and extent of drug–polymer hydrogen bonding interactions, and it
revealed a ranking of PVP > PVPVA > PVAc [66]. The results also suggested that hydrogen
bonding interaction in ASDs could impact system phase homogeneity [66]. Recently,
an 1H double-filtering SS-NMR technique with 1H spin diffusion and 13C detection was
developed to provide the highest-resolution quantification of molecular miscibility and
homogeneity of amorphous solid dispersions [68]. However, spectrum acquisition typically
requires one week for obtaining sufficient signal-to-noise ratio, therefore, low-field and
benchtop NMR techniques are to be developed to shorten the acquisition times, which
would make SS-NMR a useful technique for capturing structural evolution that occurs
within a short time period [69].
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5. Broadband Dielectric Spectroscopy

Recent studies showed that molecular mobility is probably the most relevant factor for
reliably predicting the crystallization behavior of amorphous pharmaceutical solids [19,70].
However, it should be noted that amorphous pharmaceutical solids exhibit complex molec-
ular structures accompanied with various configurational topologies and a variety of
molecular interactions. Consequently, molecular mobility of amorphous pharmaceuti-
cal solids is rather complex in general, and it could be reflected in various relaxation
processes originated from different natures. As a result, establishing proper correlations
between molecular mobility and physical stability of amorphous pharmaceutical solids is
quite challenging.

In recent studies, a variety of strategies have been exploited to investigate the molecu-
lar mobility in glassy and supercooled liquid state—including light scattering, mechanical
spectroscopy, temperature modulated differential scanning calorimetry (TMDSC), and
nuclear magnetic resonance (NMR). Among these approaches, broadband dielectric spec-
troscopy is able to explore different relaxation processes and has been demonstrated to
distinguish the global and local molecular motions. The measurement of broadband dielec-
tric spectroscopy could be performed over an extremely wide frequency range from mHZ
to THz, and concurrently in wide temperature and pressure ranges.

In an excellent review, Paluch and coworkers give a detailed introduction for the
equipment principle and basic parameters of broadband dielectric spectroscopy [19]. In
brief, dielectric measurement is based on the interactions between the electric dipole
moment and the charges of the sample when an external electric field is applied. The
investigated pharmaceutical material is firstly placed in a sample capacitor. Herein, a
generator (e.g., sine wave generator) could apply an alternating voltage U*(ω) to the
capacitor. Consequently, the external alternating electric field E (ω) is generated on the
sample capacitor. The complex impedance Z*(ω) of the samples is determined by the
impedance analyzer through measuring the sample capacitor complex voltage and the
current. From the basic quantity of complex electrical impedance Z*(ω) measured by BDS,
other complex quantities such as complex dielectric permittivity ε*(ω) could be derived.

In the field of pharmaceuticals, the Havriliak–Negami (HN) functions plus dc-
conductivity term are usually used for the analysis of measured isothermal dielectr-
ic spectrum.

ε∗(ω) = ε′(ω)− iε′′ (ω) = ε∞ +
εs − ε∞

(1 + (iωτHN)
α)

β
+

σU
iωε0

(3)

Here, ε′ and ε′′ respectively represent the real and imaginary parts of the complex
dielectric permittivity. ε∞ represents the high-frequency limit permittivity and εs repre-
sents the static dielectric constant. α, β are shape parameters of the dielectric peaks and
they respectively represent the asymmetry and width. σdc/iε0ω represents the conduc-
tivity component, where σdc represents the level of dc-conductivity and ε0 represents the
vacuum permittivity.

α-relaxation reflects the reorientations of entire molecules for the low-molecular
weight materials. In the case of polymer, α-relaxation, also termed as segmental relaxation,
is related to some segmental motions for the polymer chain, which would lead the confor-
mational change. α-relaxation time (τα), representing the relaxation time at a maximum
loss (τmax). The value of τα was calculated by the following equation on the basis of the
parameters obtained by the HN function.

τα = τmax = τHN

[
sin

(
πα

2 + 2β

)]−1/α[
sin

(
παβ

2 + 2β

)]1/α

(4)
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Empirical Vogel–Fulcher–Tamman (VFT) equation is most widely used for describing
the temperature dependence of τα in the supercooled liquid state.

τα = τ0 exp
(

DT0

(T − T0)

)
(5)

In this equation, τα represents the α-relaxation time and τ0 is the relaxation time of
the unrestricted material. D represents the strength parameter for a measure of fragility
and T0 represents the zero mobility temperature. Moreover, the dependence of τα in the
glassy state could be also predicted by the extended VFT equation.

Local motions have either intra- or intermolecular origins, could be reflected in differ-
ent secondary relaxations. For the secondary relaxation times, their temperature depen-
dence in the glassy state can be commonly fitted to the Arrhenius equations

τ = τ0 exp
(�E

RT

)
(6)

Herein, ΔE represents the activation energy and R represents the universal gas constant.
One important goal is to reveal the dominant type of molecular mobility responsi-

ble for physical stability, which has been fervently debated for the past decades. Some
argue that global relaxation is responsible for the physical stability while other propose
that secondary relaxation is the key controlling factor of physical stability. Kothari et al.
investigated the molecular mobility and crystallization kinetics of amorphous drug griseo-
fulvin and nifedipine [71]. In their work, the crystallization kinetics of these amorphous
drugs is monitored by powder X-ray diffraction technique (PXRD) above Tg while by
PXRD technique equipped with synchrotron X-ray source below Tg [71]. They found that
physical stability both in the glassy state and supercooled liquid is strongly related to
the α-relaxation rather than the secondary relaxations [71]. Similar strong correlations
between α-relaxation and physical stability could also been observed in several other
pharmaceuticals including itraconazole [72], trehalose [73], celecoxib [74].

In addition to the pure drug system, α-relaxation has also been reported to play the
controlling role for the physical stability in the polymer-based amorphous solid disper-
sions (ASD) [75–77]. Suryanarayanan and co-workers proposed that the formation of
nifedipine-polymer hydrogen bonding interactions could translate to a high resistance
to the crystallization by reducing the global mobility, as evidenced by longer system
α-relaxation time [76]. Further study revealed that α-relaxation times of nifedipine ASD in-
crease linearly with the polymer concentration increasing [75]. In addition, the established
relationship between α-relaxation time and crystallization kinetics of nifedipine ASD doped
with a low content of polymer could be used as a reliable predictor for the crystallization
of nifedipine ASD containing a higher content of polymer [75]. The usefulness of this pre-
dictive model is well confirmed as the matching of the predictive and experimental results
of physical stability [75]. Moreover, Mistry et al. reported that the stronger drug–polymer
interactions could lead to a longer delay before the onset of crystallization, indicating the
enhanced physical stability [78]. Interestingly, the correlation between α-relaxation and
crystallization times is almost unaffected by the formation and strength of drug–polymer
molecular interactions [78]. Mohapatra et al. investigated the effects of molecular weight
of PVP on the molecular mobility and crystallization of PVP-indomethacin ASDs [77].
SS-NMR revealed that drug–polymer hydrogen bonding interaction is independent of the
molecular weight of PVP [77]. For comparison, the dependences of viscosity and molec-
ular mobility on temperature are reasonably similar for indomethacin ASDs containing
PVP with various molecular weight [77]. It is concluded that increased viscosity would
also translate to reduced global molecular mobility (e.g., α-relaxation times), and thus
effectively inhibit the crystallization of ASDs [77].

Recent studies revealed that molecular mobility of amorphous drug and ASD could
be enhanced by the addition of water [79,80], glycerol [81], and low-Tg polymer, e.g.,
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poly(ethylene oxide) [31,32]. Mehta et al. proposed that the increased molecular mobility
of amorphous system by the sorbed water is attributed to the plasticization effect [79]. This
view is strongly supported by the fact that relaxation times of systems containing different
water content overlapped on a temperature scaling of Tg/T [79]. Moreover, as shown in
Figure 5, a single linear relationship could be observed for the temperature dependence
of crystallization tc in both dry and water-sorbed griseofulvin systems [79]. Herein, tc
represents the time taken for 0.5% of griseofulvin to crystallize. These results indicate
that plasticization effect is also the underlying mechanism for the physical stability of
amorphous solids [79]. Given that the coupling extent between α-relaxation and crystal-
lization times of ASD remain the same in the presence of low content of water, a predictive
model was built by using the sorbed water for studying the crystallization of some slow
crystallizing systems [80]. Similarly, Fung et al. demonstrated that glycerol could also
act as a plasticizer, which facilitates the development of an accelerated physical stability
testing model of ASDs [81]. The success of this predictive model is mainly attributed to
the idea that glycerol could effectively accelerate the crystallization without affecting the
mobility–crystallization coupling [81].

Figure 5. Plot of crystallization times tc as a function of (a) inverse temperature (1000/T), and (b) Tg/T for the griseofulvin
dry powder (black rounds) and powder containing low content water (blue rounds). Adapted from the [79] with the
permission. Copyright © 2015 American Chemical Society.

However, some studies found that change in the global molecular mobility character-
ized by BDS might not be sufficient for explaining the accelerating or inhibitory effects in
the crystallization of amorphous drugs [31,32,82]. For instance, PEO plasticizes amorphous
drug systems and increases their global mobility from the liquid dynamic perspective,
which is evidenced by the overlapping of α-relaxation time at the scale of Tg/T [31,32].
However, from the perspective of crystallization kinetics, the accelerating growth rates
of griseofulvin crystals cannot be simply explained by the increased molecular mobility,
as evidenced by the fact that growth rates of pure griseofulvin could not overlap with
that of griseofulvin containing low content PEO at the scale of Tg/T [31,32]. Moreover,
the increase in global mobility (i.e., the decrease in α-relaxation time) also has difficulty
in explaining the selective accelerating effects of PEO on the crystallization of different
polymorphs of a drug [32]. In addition, the coupling between crystallization kinetics and
α-relaxation times could also be affected by the addition of some excipients, indicating
that factors other than global mobility for governing the physical stability [82]. In addition,
an increasing number of studies proposed that local mobility rather than global mobility
could be the major factor for influencing the physical stability in the glassy state [83,84].
For instance, in the case of glassy celecoxib and indomethacin, strong correlations could be
observed between the physical instability and Johari–Goldstein (β) relaxation time rather
than the α-relaxation time [84]. This intermolecular secondary β-relaxation is proposed
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to be a precursor of the global molecular mobility, which indicates that these small-angle
reorientations would lead the cooperative α-relaxation process.

Analogous to the polymer-based ASDs, BDS has also been performed to study the
molecular dynamics in coamorphous formulations [85–89]. Knapik et al. investigated the
molecular mobility of ezetimib-indapamide coamorphous systems and its correlations
with physical stability [85]. With the increase of indapamid content, physical stability
of this binary coamorphous system was progressively enhanced, as evidenced by the
longer α-relaxation time and smaller fragility [85]. In addition, Tgs of ezetimib-indapamid
coamorphous systems rose with the increasing content of indapamid in accordance with
the prediction by Gordon-Taylor equations [85]. They proposed that antiplasticizing effect
exerted by indapamid is the main mechanism for improving system physical stability [85].
Fung et al. explored the effects of organic acid for stabilizing amorphous ketoconazole, a
weakly basic active pharmaceutical ingredient (API) [88]. With an increase in the strength
of drug–acid molecular interactions, molecular mobility of these coamorphous systems
decreases, as evidenced by the longer α-relaxation time [88]. However, in the case of
ketoconazole–tartaric acid and ketoconazole–citric acid, the decreased global molecular
mobility was not sufficient to explain the enhanced physical stability [88]. They proposed
that structural factors would also enhance the physical stabilization of these drug–acid
coamorphous systems [88]. Unlike oxalic and succinic acids, each critic acid molecule
has three carboxylic acid groups, which are more beneficial to the formation of drug–acid
hydrogen bonding interaction [88]. The hydroxyl group in tartaric and citric acid would
also act as the donors of hydrogen bonds and further facilitate the formation of stronger
drug–acid hydrogen bonding interactions [88].

BDS can also be applied for studying the molecular mobility of amorphous drug under
the nanoconfinement effects [90,91]. Knapik et al. investigated the effects of nanoconfine-
ment on the molecular mobility and crystallization of amorphous drug ezetimibe [90].
Amorphous ezetimib would still exhibit the tendency to crystallize in the pores of Aeroperl
300 (~30 nm pore size), while no crystallization occurs once the drug was incorporated
in the pores of Neusilin US2 (<5 nm pore size) [90]. As shown in Figure 6, compared to
the ezetimib-Aeroperl 300 system, α-relaxation time of ezetimib increases once incorpo-
rated into the pores of Neusilin US2 [90]. Moreover, BDS experiments also revealed the
distinguishable phases of the loaded ezetimib in these two commercially used porous ma-
terials [90]. One is associated with the molecules at the pore surface–liquid interface while
the other one is connected to the molecules in the inner of pores [90]. Herein, the dramatic
stabilization of amorphous ezetimib in the pores of Neusilin US2 could be attributed to
an interplay of three factors [90]. One factor is the decreased global molecular mobility of
amorphous ezetimib under the nanoconfinement [90]. The other two factors are mainly
attributed to immobilization effects of the pore wall and the smaller pore size in compar-
ison to the critical nucleation size of amorphous ezetimib, respectively [90]. In a recent
study, Zhang et al. explored the molecular mobility of amorphous drug griseofulvin and
indomethacin in anodic aluminum oxide (AAO) templates as a function of pore size [91]. A
typical two-layer model was also observed in the indomethacin/AAO system, as evidenced
by two separated Tgs and interfacial polarization relaxation in BDS experiments [91]. For
the core–shell two-layer model, shell molecules interacting with the walls of nanopores
show the higher Tg, while the core molecules exhibit the fast dynamics with the lower Tg.
In the case of griseofulvin/AAO system, fast cooling would lead to a metastable three-layer
model, featuring the existence of thermodynamic nonequilibrium interlayer in addition
to the core and interfacial layer [91]. For comparison, stable core–shell two-layer model
instead of unstable three-layer model was observed for griseofulvin in AAO templates
using the slow cooling process (0.5 ◦C/min) [91].
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Figure 6. Temperature dependence of α and α′ relaxation times determined by using BDS technique
for bulk ezetimibe, ezetimibe-Aeroperl 300 and ezetimibe-Neusilin US2 systems. Adapted from [90]
with the permission. Copyright © 2016 American Chemical Society.

6. Other Characterization Techniques

In addition to the above-mentioned techniques, several classical characterization
techniques have also been widely used in the field of pharmaceuticals for several decades
such as FT-IR, Raman spectroscopy, powder X-ray diffraction (PXRD), differential scanning
calorimeter (DSC), etc. [92–95]. These classical characterization techniques have found new
applications and they are integrated with other techniques [96,97]. For instance, Purohit
et al. investigated the miscibility of itraconazole ASDs by the atomic force microscopy
technique coupled with nanoscale IR spectroscopy and nanothermal analysis [97]. These
combined analytical techniques are proposed to be promising for investigating the phase
behaviors of ASDs with high resolution [97]. In the case of PXRD technique, recent studies
revealed that it could monitor the extremely low levels of crystallization with enhanced
sensitivity by using the synchrotron X-ray source [71].

Moreover, several emerging approaches are also developed for characterizing amor-
phous pharmaceutical solids including terahertz spectroscopy, X-ray photoelectron spec-
troscopy, fluorescence lifetime imaging microscopy, etc. [98–100]. Chen et al. systemically
investigated the surface enrichment or depletion of components in ASDs by XPS tech-
nique [100]. For these spray dried ADSs, surface composition is quite different from those
in the bulk [100]. In addition, enrichment or depletion of the drug on the surface of ASDs
was found to be strongly dependent on the drug–polymer combination as well as the
molecular weight of polymer [100]. In a recent study, an advanced surface characteriza-
tion platform was developed by combining XPS and time-of-flight secondary ion mass
spectrometry [101]. This platform could provide the quantitative measurement of surface
composition with high sensitivity and spatial resolution [101].
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7. Concluding Remarks

Amorphization of drugs has great value in research and application due to the benefits
of improving the solubility, dissolution, and bioavailability of poorly water-soluble drugs.
It is of importance to develop characterization methods for studying the physicochemi-
cal properties of ASDs, especially for maintaining their physical stability. With a better
understanding on the recent development of the characterization methods, it is expected
that the commercialization of ASDs with desired pharmaceutical properties would be
greatly accelerated.
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Abstract: The knowledge about the solid forms landscape of Bilastine (BL) has been extended. The
crystal structures of two anhydrous forms have been determined, and the relative thermodynamic
stability among the three known anhydrous polymorphs has been established. Moreover, three
chloroform solvates with variable stoichiometry have been identified and characterized, showing that
S3CHCl3-H2O and SCHCl3 can be classified as transient solvates which transform into the new chloroform
solvate SCHCl3-H2O when removed from the mother liquor. The determination of their crystal structures
from combined single crystal/synchrotron X-ray powder diffraction data has allowed the complete
characterization of these solvates, being two of them heterosolvates (S3CHCl3-H2O and SCHCl3-H2O) and
SCHCl3 a monosolvate. Moreover, the temperature dependent stability and interrelation pathways
among the chloroform solvates and the anhydrous forms of BL have been studied.

Keywords: solvate; polymorph; bilastine; crystal structure determination; single crystal X-ray
diffraction; structure determination from powder diffraction

1. Introduction

A search for the different solid forms of an active pharmaceutical ingredient (API) is a
crucial part of the drug development process. Solvate formation has many implications
in the pharmaceutical industry, as it affects the physicochemical properties of materials,
such as their melting point, density and dissolution rate, which in turn can influence their
manufacturability and pharmacokinetic properties, without changing the pharmacology
of the API through modification of covalent bonds [1–4]. The unexpected formation of
undesired solvates can thus lead to unpredictable behavior of the drug and could prove
costly. Organic solvents are constantly present in the pharmaceutical production processes,
so many aspects of them have to be extremely controlled [5].

The rationalization of the solvate formation is one of the important topics in the current
crystal engineering [6], and the discovery of solvates is important in several aspects: (1) for-
mation of solvates can limit the selection of solvents for crystallization of the desired crystal
form; (2) solvates can be used as intermediates for producing the necessary polymorphs, as
specific polymorphs can sometimes be obtained only via desolvation of particular solvates;
(3) solvates can serve to control the particle size distribution in the product in cases in which
the nonsolvated forms are difficult to crystallize [6]; and (4) particularly stable solvates,
typically but not exclusively hydrates (like diosgenin hydrate [7] for example), can be used
as the marketed form [8]. Although the utilization of the most physically stable crystal form
is typically desired as any change in the solid form may affect the bioavailability associated
with the drug product, metastable modifications can be preferred when an improvement in
the in vitro dissolution kinetics is achieved. Up to the present, there are some few solvates
on the market such as trametinib dimethyl sulfoxide, dapaglifozin propanediol monohy-
drate, cabazitaxel, darunavir ethanolate, warfarin sodium, indinavir sulfate ethanolate and

Crystals 2021, 11, 342. https://doi.org/10.3390/cryst11040342 https://www.mdpi.com/journal/crystals23



Crystals 2021, 11, 342

atorvastatin calcium [9]. Limitations for the use of solvates in pharmaceutical industry are
given by the toxicity of solvents they contain, and also, they may additionally accelerate
decomposition of the final product. Permitted solvents and the limits of their content are
provided by the regulatory authorities in the pharmacopeias [10].

The general prediction of solvate formation, similar to the prediction of other solid
forms, is still largely an unresolved problem. Currently, in order to avoid unexpected
structural transformations such as hydrate and solvate forms, in the pharmaceutical indus-
try, high-throughput crystallization experiments are conducted to obtain all possible solid
forms of a drug [11].

Two main structural driving forces responsible for incorporation of solvent molecules
in the structure have been identified, on one hand, the ability of solvents to compensate
unsatisfied potential intermolecular interactions between the molecules and, on the other
hand, the ability to decrease the void space and/or lead to more efficient packing. Both the
formation of an extensive hydrogen bond network established by the solvent molecules as
well as an increase of the packing efficiency have been shown to be the main contributing
factors for the solvate formation of pharmaceutical molecules. Most of the solvates, how-
ever, include contributions from both of these driving forces, and the solvate formation
thus is due to a lowering of the crystal free energy [8].

Bilastine, 2-[4-[2-[4-[1-(2-ethoxyethyl)-1H-benzimidazol-2-yl]-1-piperidinyl]ethyl] phenyl]-
2-methylpropionic acid (Figure 1), is a well-tolerated, second generation antihistamine drug ap-
proved for the symptomatic treatment of allergic rhinoconjunctivitis and chronic urticaria [12].
It exerts its effect as a selective histamine H1 receptor antagonist and has an effectiveness
similar to cetirizine, fexofenadine and desloratadine [13]. It was developed in Spain by FAES
Farma, and it has been commercially available internationally since March 2011.

 

Figure 1. Chemical structure of Bilastine.

BL, its preparation and uses as H1 receptor antagonist were first described in the
European patent EP0818454B1 [14]. Later, the patent WO03089425 reported three crys-
talline forms of BL: 1, 2 and 3, characterized by IR, and crystallographic parameters were
provided only for form 1 [15]. It was said that forms 2 and 3 of BL easily converted into
form 1. In the present study we have extended the knowledge about the solid forms
landscape of BL by performing a polymorph screening starting from anhydrous forms I
and III, whose crystal structures have been determined from single crystal and synchrotron
powder X-ray diffraction, respectively. The thermodynamic relationship among the an-
hydrous forms has been established. In addition, during the screening three chloroform
solvates (two heterosolvates (S3CHCl3-H2O and SCHCl3-H2O) and one monosolvate SCHCl3)
have been obtained, being two of them transient solvates which transform into solvate
SCHCl3-H2O immediately when exposed to ambient conditions. The crystal structures of the
three solvates with different stoichiometries have been determined and will be discussed
and compared with the anhydrous forms. Moreover, the different forms have been fur-
ther characterized by differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA) and variable temperature powder X-ray diffraction (VT-PXRD). Finally, the phase
transformations pathways among the different forms have been defined.
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2. Materials and Methods

2.1. Preparation of Bilastine Crystal Forms

The organic solvents used were all of analytical quality. The screen included evapo-
rations, cooling crystallizations at different rates, antisolvent precipitations, antisolvent
diffusions and slurries (see details in the Supplementary Materials). The experimental solid
form screening resulted in six solid forms (three anhydrates and three chloroform solvates)
as confirmed by PXRD and thermal analysis.

2.1.1. Form I

BL (40 mg) (0.086 mmol) was dissolved in DCM (0.7 mL) at 60 ◦C, and the solution
was slowly cooled down to 25 ◦C. After 18 days, single crystals were obtained, filtered,
dried under vacuum and analyzed by SCXRD.

2.1.2. Form II

Form III of BL (20 mg) (0.043 mmol) was placed in a 70 μL alumina crucible and
heated under nitrogen atmosphere inside a TGA equipment from 30 ◦C to 200 ◦C at a rate
of 10 ◦C/min, maintained at 200 ◦C for 5 min and cooled down to 30 ◦C.

2.1.3. Form III

BL (100 mg) (0.216 mmol) was dissolved in CHCl3 (0.6 mL) at 60 ◦C, and the solution
was cooled down to 25 ◦C outside the heating block. The solid precipitated after one night
and it was filtered and dried under vacuum.

2.1.4. S3CHCl3-H2O

CHCl3 (2.3 mL) was added to 330 mg of BL at 60 ◦C. The solution was cooled down
overnight and left in the fridge (4–5 ◦C) for four days until single crystal growing. This
solvate was stable in the mother liquor. The single crystal was analyzed by SCXRD at low
temperature to prevent its transformation into form SCHCl3-H2O.

2.1.5. SCHCl3-H2O

CHCl3 (6.5 mL) was added to 1 g of BL, and the resulting suspension was stirred
overnight at r.t. The solid was filtered and dried under vacuum.

2.1.6. SCHCl3

BL (45 mg) was dissolved in the minimum quantity of anhydrous CHCl3 (0.35 mL) at
90 ◦C. The solution was cooled down inside the fridge (4–5 ◦C) until single crystal growing.
This solvate was stable in the mother liquor. The single crystal was analyzed by SCXRD at
low temperature to prevent its transformation into form SCHCl3-H2O.

2.2. Methods
2.2.1. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction patterns were obtained on a PANalytical X’Pert PRO MPD
diffractometer (Malvern Panalytical, Almelo, Netherlands) in transmission configuration
using Cu Kα1+2 radiation (λ = 1.5418 Å) with a focalizing elliptic mirror and a PIXcel
detector working at a maximum detector’s active length of 3.347◦. Capillary geometry has
been used with samples placed in glass capillaries (Lindemman) of 0.5 mm of diameter
measuring from 2 to 60◦ in 2θ, with a step size of 0.026◦ and a total measuring time
of 30 min. Flat geometry has been used for routine samples sandwiched between low
absorbing films (polyester of 3.6 microns of thickness) measuring 2theta/theta scans from
2 to 40◦ in 2θ with a step size of 0.026◦ and a measuring time of 80 seconds per step.

Powder X-ray diffraction patterns of forms III and SCHCl3-H2O were obtained using
synchrotron radiation at ALBA’s beam line BL04-MSPD using Mythen detector [16]. The
wavelength, 0.63493 Å for form III and 0.61927 Å for SCHCl3-H2O, was selected with a
double-crystal Si (111) monochromator and determined from a Si640d NIST standard
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(a = 5.43123 Å) measurement. The diffractometer is equipped with a so-called MYTHEN
detector system especially suited for time-resolved experiments. The capillary of 0.7 mm
containing the sample was rotated during data collection to improve diffracting particle
statistics. The data acquisition time was 10 min per pattern, and the final treated data
are the addition of ten acquisitions to attain very good signal-to-noise ratio over the
angular range 0.5–43.6◦ (2θ) at 300K. Both powder diffraction patterns were indexed using
DICVOL06 [17], and the obtained cell parameters were refined via pattern matching with
Dajust software [18]. The crystal structures were solved with the direct-space strategy
TALP [19] introducing the bond distances and angles from the single crystal structure of
form I as restraints. Crystal structure solution was followed by the location of the solvent
molecules in the difference electron density map and a restrained Rietveld refinement with
RIBOLS to obtain the final crystal structures. H-atoms were placed to calculated positions
after the final refinement.

Variable temperature experiments of S3CHCl3-H2O sample were performed at the ALBA
Synchrotron using a Cyberstar hot gas blower with an Eurotherm temperature controller
(Eurotherm, Worthing, UK) and continuously collecting diffraction data during the heating
and cooling ramps (30◦ to 230◦ and 230◦ to 30◦ at 2◦/min, 18 sec/pattern). A longer
measurement (180s) was performed at room temperature.

2.2.2. Single Crystal X-ray Diffraction (SCXRD)

The single crystal structures were solved on a D8 (Bruker, Karlsrühe, Germany) Venture
system equipped with a multilayer monochromator, and a Mo microfocus (λ = 0.71073 Å)
has been used too. Frames were integrated with the Bruker SAINT software package using
a SAINT algorithm. Data were corrected for absorption effects using the multi-scan method
(SADABS). The structures were solved and refined using the Bruker SHELXTL Software
Package [20], a computer program for automatic solution of crystal structure, and refined
by full-matrix least-squares method with ShelXle Version 4.8.0, a Qt graphical user interface
for SHELXL computer program [21].

2.2.3. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry was carried out by means of a Mettler-Toledo DSC-
822e calorimeter (Mettler-ToledoAG, Schwerzenbach, Switzerland). Experimental condi-
tions: Aluminum crucibles of 40 μL volume, atmosphere of dry nitrogen with 50 mL/min
flow rate, heating rate of 10 ◦C/min. The calorimeter was calibrated with indium of
99.99% purity.

2.2.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses were performed to detect the presence of hydrates/solvates
on a Mettler-Toledo TGA-851e thermobalance (Mettler-ToledoAG, Schwerzenbach, Switzer-
land). Experimental conditions: Alumina crucibles of 70 μL volume, atmosphere of dry
nitrogen with 50 mL/min flow rate, heating rate of 10 ◦C/min.

3. Results and Discussion

3.1. Anhydrous Forms

Three anhydrous forms of BL have been identified. According to their melting points
(Figure 2), forms I, II and III correspond to polymorphs 1, 2 and 3 previously reported
in patent WO03089425. The DSC of the lowest melting form III shows its melting and
simultaneous crystallization and melting of form I followed by the crystallization and
melting of form II, the highest melting form.

High quality single crystals suitable for crystal structure determination have been
obtained only for Form I, while the crystal structure of form III was determined from PXRD
data obtained in Synchrotron. Regarding form II, only its unit cell and space group could
be determined. The X-ray powder diffractograms of the three anhydrous forms are shown
in Figure 3.
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Figure 2. DSC analysis of the different anhydrous forms of BL, showing the melting of form I at
200 ◦C, form II at 202 ◦C and form III at 197 ◦C followed by simultaneous crystallization and melting
of form I and subsequent crystallization and melting of form II.

Figure 3. PXRD patterns of the different anhydrous forms of BL.

3.2. Relative Thermodynamic Stability among the Anhydrous Solid Forms

Form I was known to be the most stable form at r.t., and slurries of mixtures of I + II
and I + III resulted in complete transformation into form I. The main question to solve is
whether two polymorphs are monotropically (one form is more stable than the other at any
temperature) or enantiotropically (a transition temperature exists, below and above which
the stability order is reversed) related, and for an enantiotropic system, where transition
temperature lies.

Table 1 summarizes the physicochemical data of the three modifications of BL obtained
from the thermal analysis experiments. According to the Heat of Fusion Rule of Burger
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and Ramberger [22], forms I and II are enantiotropically related due to the higher enthalpy
of fusion and lower melting point of form I. An estimation of the transition temperature
between an enantiotropic pair of polymorphs can be done by using the treatment of Yu [23].
This method uses the temperatures and enthalpies of fusion to calculate the Gibbs free
energy difference at the melting temperature of the lower melting form and to extrapolate
to other temperatures.

Ttrs =
ΔHf us,2 − ΔHf us,1 + kΔHf us,1

(
Tf us,1 − Tf us,2

)
ΔHf us,2
Tf us,2

− ΔHf us,1
Tf us,1

+ kΔHf us,1 ln
( Tf us,1

Tf us,2

) (1)

Table 1. Physicochemical data of anhydrous forms of BL.

Tfus (◦C) ΔHfus (J/g)

Form I 200 119.9
Form II 202 118.2
Form III 197 -

A value of 0.003 was used for the factor k, which was empirically determined and
allows a good approximation of the heat capacity differences in the majority of cases [23].
Using this equation, we calculated a value of 137 ◦C for the I/II pair.

It was not possible to obtain the value of the enthalpy of fusion of form III as this form
transformed while heating in the DSC analysis. Regarding the relative thermodynamic
stability between the pair I/III, form I is more stable than III at r.t., being this last one the
lower melting form. Therefore, forms I and III must be monotropically related at least from
r.t., being form I the most stable one.

As for the pair II/III, without knowing the enthalpy of fusion of form III, it was not
possible to use the Heat of Fusion Rule of Burger and Ramberger; therefore, we applied the
solvent mediated transformation method [24]. This method is based on the relationship
between solubility and stability of crystal forms, i.e., the less stable form will also be the
most soluble at given conditions of temperature and pressure. If crystals of both forms
are mixed with a saturated solution of the product, the most stable form will grow at
the expense of the less stable one. Thus, a mixture of the two modifications was stirred
in ethanol at r.t., and after one hour, pure form I was recovered. Hence, a reduction of
time was required and a suspension of II and III was stirred for 15 min. Comparing
the PXRD between the initial and the final mixture, a decrease in the intensity of X-ray
diffraction peaks attributed to form II (compared to form III) was observed, while form I
did not appear. This final mixture was suspended again in ethanol for 10 min, and form II
decreased again; however, form I began to appear in the mixture, so the transformation of
II into III no longer could be studied. We concluded that form III was more stable than form
II at r.t., and as III is the lower melting form, an enantiotropy relation could be inferred for
the II/III pair. Without having data of the melting enthalpy of form III, it was not possible
to calculate the transition temperature between II and III.

Energy diagrams such as those proposed by Burger and Ramberger [22] give consid-
erable insight into polymorphic systems. Based on physicochemical and solvent mediated
transformations data, a semi-schematic energy/temperature diagram was constructed in
order to display the thermodynamic relationship of the anhydrous polymorphs at different
temperatures (Figure 4).
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Figure 4. Semi-schematic energy/temperature diagram of anhydrous forms of BL.

3.3. Chloroform Solvates

During the preparation of the anhydrates, new forms were detected when chloroform
was used. Therefore, a solid from screening starting from anhydrous form I and form III has
been performed in chloroform as solvent. Different thermodynamic and kinetic conditions
have been applied, and several antisolvents have been used. Only one chloroform solvate
was identified by PXRD, and it has been fully characterized (SCHCl3-H2O). Its DSC analysis
(Figure 5) shows a first wide endothermic phenomenon overlapped with an endothermic
phenomenon at 77 ◦C, which could be attributed to the evaporation of the solvent and
the melting of the solvate taking place simultaneously. Thermal desolvation is a complex
process in which the melting, release of solvent vapor and crystallization of a new phase
may occur simultaneously. Next, a low intensity phenomenon is observed at 198 ◦C which
could be attributed to the melting of form III, followed by the melting of form II at 203 ◦C.
Its TGA analysis shows a weight loss of 19.4% from 32 to 100 ◦C which could be attributed
to 1 chloroform molecule and 1 H2O molecule (theoretical weight loss of 22.9%).

Figure 5. DSC (blue) and TGA (red) of form SCHCl3-H2O.

Temperature variable powder X-ray diffraction of form SCHCl3-H2O has been performed
in synchrotron Alba. In Figure 6, we can appreciate the diffractogram of SCHCl3-H2O which
is stable until 74 ◦C and from this temperature, some new peaks corresponding to form

29



Crystals 2021, 11, 342

III begin to appear, while characteristic peaks of SCHCl3-H2O disappear. Form SCHCl3-H2O
progressively transforms into form III while increasing temperature until 85 ◦C.

Figure 6. Temperature variable PXRD of SCHCl3-H2O showing its transformation into form III.

In addition, different experiments in chloroform (vapor diffusion, slow cool crystal-
lizations) were performed in order to get a single crystal of SCHCl3-H2O. Curiously, we
always obtained under different conditions good quality crystals of a new solid form, as the
PXRD calculated from its crystal structure solved did not match with any of the previously
known forms. As shown by its crystal structure determination, this form consisted of
one molecule of BL, one molecule of water and three chloroform molecules, so it was
identified as the heterosolvate or mixed solvate S3CHCl3-H2O. Its structure was solved at low
temperature, and when leaving the crystal to reach r.t., the crystal collapsed, and it was
impossible to measure it at ambient conditions. The presence of opaque crystals indicated
that the product had transformed opaque due to pseudomorphosis. Therefore, the single
crystals (which darkened immediately at r.t.) were analyzed by PXRD at r.t., and their
diffractogram matched with the one of form SCHCl3-H2O. Therefore, the new form obtained
at low temperature in SCXRD is a precursor of SCHCl3-H2O by losing 2 chloroform molecules
from its crystal structure. Indeed, form S3CHCl3-H2O is the one which is always obtained
in chloroform solutions, and it immediately transforms into SCHCl3-H2O when removing
it from the mother liquor, preventing its detailed characterization by other methods. The
instability of this new identified solvate of BL means that we cannot exclude the discovery
of other labile solvate forms. Highly unstable solvates are more common among small
organic molecules than is generally believed [25].

The discovery of those mixed chloroform-water solvates led us to conduct a screening
in anhydrous chloroform too. A new chloroform solvate SCHCl3 was discovered; however,
it was only obtained as single crystal. Again, this solvate darkened when removing it from
the mother liquor at r.t., and it was only possible to solve its structure at low temperature.
The analysis of the corresponding PXRD at r.t. resulted in SCHCl3-H2O, revealing that SCHCl3
transformed also into SCHCl3-H2O, but in this case by incorporating one water molecule
in its crystal structure. Figure 7 shows the PXRD diffractograms of the three chloroform
solvates of BL.
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Figure 7. PXRD comparison among the different chloroform solvates.

Thus, we can conclude that both chloroform solvates S3CHCl3-H2O and SCHCl3 are
only stable at low temperature or inside chloroform solutions (anhydrous in the case of
SCHCl3) and that they transform immediately into SCHCl3-H2O at r.t. Both forms can be
best described as transient or elusive phases as they become unstable after removal from
the mother liquor. There are other examples in the literature of these labile solvates, and
their existence needs to be known and considered [26]. Solvates that desolvate readily
as soon as they are removed from the mother liquor can easily be overlooked in solid
form screenings and wrong conclusions concerning the solvent effects on the nucleation of
individual phases may result [27].

3.4. Stability and Interrelation Pathways among the Solvates and Anhydrous Forms

The stability of SCHCl3-H2O in front of temperature was studied when heating it in a
DSC experiment, and it was observed that from 50 ◦C this solvate was no longer stable and
began to transform into form III (Figure 5).

The stability of SCHCl3-H2O in front of relative humidity has been studied at r.t. by
placing this sample inside desiccators containing different saturated salt solutions which
create different RH conditions. From 0% to 43% RH, SCHCl3-H2O was stable at least during
one month. At 57–75% RH, this form began to transform into form III after one month.

In addition, the stabilities of forms I, III and SCHCl3-H2O were studied under different
chloroform atmospheres. While the relative thermodynamic stability of polymorphs
depends only on the temperature at constant pressure, the stability relationship between a
solvate and a non-solvated form, or two solvates, depends not only on the temperature but
also on the activity of the solvent at constant pressure. To obtain different relative solvent
vapor pressures, chloroform solutions in DMF were prepared according to the Raoult’s
law [28]:

x =
p
p0

=
n

n0 + n
(2)

31



Crystals 2021, 11, 342

where x is the solvent mole fraction in solution; p0 is the vapor pressure of pure solvent;
p is the partial solvent vapor pressure over the solution; n represents the amount of used
solvent in the solution; n0 is the moles of DMF in the solution. The samples were placed
in desiccators with the prepared solutions of different partial pressures of chloroform.
At 0–40% CHCl3, forms I and III remain invariable while SCHCl3-H2O transformed into
II + traces of I at 0% and into I at 20–40% CHCl3. While increasing chloroform propor-
tion to 60–80%, form I did not change; form III transformed into a mixture of III+I, and
SCHCl3-H2O remained invariable. Under 100% chloroform atmosphere, both anhydrous
forms transformed into SCHCl3-H2O.

Curiously, at r.t. under 0% RH, SCHCl3-H2O does not desolvate, while under 100% DMF
atmosphere, mixture of II+traces of I is obtained.

The information obtained during the solid form screening and the study of the
temperature- and moisture-dependent stability and interrelation pathways among the
solid forms of BL has been summarized in Figure 8.

Figure 8. Pathways for phase transformations of BL solid forms as a result of heating or exposure to
different solvents.

Form I is the most stable anhydrous form at r.t. which can be obtained by slurry in
ethanol from the other anhydrous forms. Form II can be obtained from I and from III by
increasing temperature, as it is enantiotropically related with both forms. A slurry in CHCl3
at r.t. produces the heterosolvate S3CHCl3-H2O which is transformed into SCHCl3-H2O when
taken out of the solution. Heating SCHCl3-H2O produces its desolvation and transformation
into form III. On the other hand, the slurry of SCHCl3-H2O in DMF leads to form I while
maintaining SCHCl3-H2O under DMF atmosphere allows the isolation of form II in short
time (form I appears later). Finally, the use of anhydrous chloroform leads to chloroform
solvate SCHCl3 which transforms also to SCHCl3-H2O when taken out of solution.

3.5. Crystal Structures Analysis
3.5.1. Bilastine Anhydrates

Three anhydrous polymorphs of BL were obtained. Form I was solved by single crystal
XRD. This anhydrate crystallizes in the monoclinic space group P21/c with Z = 4. This
structure is zwitterionic as the piperidinyl N atom is protonated, revealing a proton transfer
from the carboxylic group. For an amphoteric molecule with measured pKa values of 4.06
(carboxylic acid) and 9.43 (piperidine-N), application of the pKa rule of three would suggest
that proton transfer from the carboxylic acid to the piperidine-N is essentially complete
rendering BL zwitterionic. BL molecules are linked by hydrogen bonds (distance: 1.567 Å)
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involving the carboxylate oxygen of one BL molecule and the piperidinium nitrogen of
another BL in an alternated mode, forming corrugated layer structures (Figure 9). π-π
stackings are also observed between the benzene rings of the benzimidazoles (Figure 10).
The observed lateral offset stack is 2.61 Å [29], the centroid to centroid distance, d(π· · ·π)
is 4.25 Å and the interplanar distance is 3.35 Å.

Figure 9. Carboxylate/piperidinium H-bond interactions (NH···O distance in Å) between BL
molecules of Form I.

Figure 10. π-π stacking (centroid–centroid distance in Å) observed in Form I of BL.

Attempts to grow quality crystals of forms II and III were unsuccessful. Crystals of
form III were grown and observed under the microscope. The extinction of a crystal is
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observed in Figure 11; however, it was impossible to cut the extreme of this crystal in order
to determine its structure by SCXRD.

 

   
(a) (b) (c) 

Figure 11. Photomicrographs of form III while looking under (a) unpolarized light and (b) polarized
light on a circular microscope stage (c) Extinction of the crystal is observed at the optimum angle to
display maximum birefringence.

Usually form III crystallized as macles, as it is shown in Figure 12.

  
(a) (b) 

Figure 12. Photomicrographs of macles of form III observed under (a) unpolarized light and (b) po-
larized light microscope.

Thus, the resolution of the crystal structure of form III was achieved by using the
direct space methodology using synchrotron X-ray powder diffraction data obtained in
the high-resolution powder diffraction end station of the MSPD beam line in Alba. The
powder diffraction pattern of form III was indexed to a monoclinic cell of about 2682 Å3,
and the space group perfectly determined to be P21/c from the systematic absences. The
crystal structure was solved with the direct-space strategy TALP, and the refinement was
performed by the Rietveld method. Figure 13 depicts the final Rietveld plot.

Figure 13. Final Rietveld plot for the crystal structure refinement of form III. Agreement factor:
Rwp = 2.4%. The plot shows the experimental powder XRD profile (red+marks), the calculated
powder XRD profile (black solid line), and the difference profile (blue, lower line). Tick marks
indicate peak positions.
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Form III crystallizes in the same space group P21/c with four molecules in the unit cell.
BL molecules in Form III are also linked by hydrogen bonds (distance: 1.518 Å) involving
the carboxylate oxygen and the piperidinium nitrogen but not in the alternated mode
shown in Form I. In Form III, all BL molecules are orientated in the same way. Therefore,
a remarkable difference between both polymorphs is the different orientation of the self-
assembled BL chains. While in Form I BL molecules are interdigitated, in Form III, they
are organized as cascade layers (Figure 14). Moreover, in Form I benzimidazoles interact
via π-π stacking while in Form III, the same benzimidazoles interact via CH-π with one
hydrogen of the piperidinyl group (distance to the centroid: 2.93 Å, distance to the plane:
2.64 Å and H: 1.27 Å) and with one hydrogen of the methyl group (distance to the centroid:
3.41 Å, distance to the plane: 2.45 Å and H: 2.37 Å) (Figure 15).

(a) (b) 

Figure 14. Comparison between the crystal structures of (a) form I (corrugated layer) and (b) form
III (cascade layer) of BL.

Figure 15. CH-π stacking (CH–centroid distances in Å) observed in Form III of BL.
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The powder diffraction pattern of form II was indexed to a monoclinic cell (a = 28.3374 Å,
b = 9.9384 Å, c = 19.7547 Å, β = 109.2696◦) of about 5251.8 Å3 and the space group perfectly
determined to be P21/c from the systematic absences (Figure 16). Thus far, we have not
managed to solve its crystal structure by using the direct space methodology, being an
additional difficulty the presence of two different BL molecules in the asymmetric unit.
Further work is still in progress.

Figure 16. Pawley pattern matching plot of form II. Agreement factor: Rwp = 1.3%. The plot shows
the experimental powder XRD profile (red+marks), the calculated powder XRD profile (black solid
line) and the difference profile (blue, lower line). Tick marks indicate peak positions.

3.5.2. Bilastine Chloroform Solvates

As it has been mentioned, the solvated phase S3CHCl3-H2O has resulted to be unstable,
the crystals losing solvent rapidly after removal from the mother liquor and generally
rendering manipulation of the material and accurate analysis of its composition impossible.
The first visible signs of desolvation, such as opacification of the crystals, were observed
only after seconds at r.t. However, its crystal structure has been successfully determined
at 100K resulting in an orthorhombic Pna21 cell with Z = 4. In S3CHCl3-H2O BL molecules
are linked by hydrogen bonds involving the carboxylate oxygen of one BL molecule and
the piperidinium nitrogen of another BL in an alternated mode similar to form I, forming
corrugated layer structures (Figure 17).

Figure 17. Carboxylate/piperidinium H-bond interactions between BL molecules observed in the
crystal structure of S3CHCl3-H2O. Water molecules represented by red balls. Hydrogens have been
omitted for clarity.
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Water and chloroform molecules occupy voids inside the crystal structure as it is
shown in Figure 18.

Figure 18. Packing diagram of form S3CHCl3-H2O viewed parallel to [100]. Water molecules repre-
sented by red balls. Hydrogens have been omitted for clarity.

The X-ray structural analysis reveals the presence of one hydrogen-bonded water
molecule as well as three hydrogen- and halogen-bonded chloroform molecules and one
BL in its asymmetric unit. As shown in Figure 19, the water molecule acts as hydrogen
bond donor in a DD environment, its hydrogens showing H-bonding with the nitrogen
of the benzimidazol of one BL, on one hand (distance: 2.077 Å), and with an oxygen
of the carboxylate of another BL molecule, on the other hand (distance: 2.133 Å). This
carboxylate oxygen is also involved in an asymmetric three-center (or bifurcated) hydrogen
bond system (distances: 1.887 Å and 2.452 Å) with the piperidinium of the first BL (being
the structure zwitterionic), forming altogether R2

3 (11) and R2
1(4) supramolecular het-

erosynthons. Moreover, one chloroform molecule interacts via halogen bond with the other
oxygen of the carboxylate, being 3.139 Å its Cl2HC-Cl···O=C distance, shorter than the sum
of the van der Waals radii of the involved atoms. Moreover, this chloroform molecule is in-
volved in a Cl3C-H···O=C (distance: 2.142 Å) hydrogen bond with the carboxylate and in a
Cl2HC-Cl···Cl-CHCl2 (distance: 3.366 Å) halogen bond with a second chloroform molecule
which in turn interacts with the third chloroform forming also a Cl2HC-Cl···Cl-CHCl2
(distance: 3.322 Å) halogen bond. The second chloroform is involved also in a Cl3C-H···π
(distance Ph-center: 2.354 Å) interaction with the phenyl ring of another BL and the third
chloroform in turn interacts also with the water molecule via Cl3C-H···O-H2 (distance:
2.011 Å) hydrogen bond.

As stated, it was not possible to grow single crystals of SCHCl3-H2O as once its precursor
solvate was obtained, the crystals were not stable and two chloroform molecules were
rapidly lost after removal from the mother liquor, leaving a darkened crystal. Therefore,
its powder diffraction pattern was indexed to an orthorhombic cell and the space group
perfectly determined to be Pna21 from the systematic absences. The crystal structure was
solved with the direct-space strategy TALP, and its refinement was performed by the
Rietveld method. Figure 20 depicts the final Rietveld plot.

The X-ray structural analysis of the structure of SCHCl3-H2O solved from PXRD reveals
the presence of one hydrogen-bonded water molecule, one hydrogen-bonded chloroform
molecule and one BL in its asymmetric unit. BL molecules are also linked by hydrogen
bonds involving the carboxylate oxygen of one BL molecule and the piperidinium nitrogen
of another BL in an asymmetric three-center hydrogen bond system (distances: 1.731 Å
and 2.253 Å), with the same R2

1(4) heterosynthon, forming corrugated layer structures
as in S3CHCl3-H2O. In this case, an interlayer interaction is accomplished by π···π parallel
displaced phenyl stacking of the alternated BL (observed lateral offset stack: 4.66 Å,
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centroid to centroid distance d(π· · ·π): 5.19 Å, interplanar distance: 2.29 Å). Moreover, the
water molecule acts as hydrogen bond donor in a D environment as only one hydrogen is
involved in hydrogen-bonding (distance: 1.942 Å) with the nitrogen of the benzimidazol of
one BL. Finally, the chloroform molecule is involved in a Cl3C-H···O=C (distance: 2.337 Å)
hydrogen bond with the carboxylate (Figure 21).

Unlike solvate S3CHCl3-H2O, the water molecule cannot form another H-bond with
an oxygen of the carboxylate of another BL molecule as the carboxylate is not pointing
towards it as it has rotated some degrees being in this case too far. The conformations of
the BL molecules in both heterosolvates are compared in Figure 22, differing particularly
with respect to the orientation of the carboxylate fragment.

Figure 19. Intermolecular interactions (distances in Å) observed in the crystal structure of
S3CHCl3-H2O.

Figure 20. Final Rietveld plot for the crystal structure refinement of form SCHCl3-H2O. Agreement
factor: Rwp = 2.3%. The plot shows the experimental powder XRD profile (red+marks), the calculated
powder XRD profile (black solid line) and the difference profile (blue, lower line). Tick marks indicate
peak positions.
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Figure 21. Intermolecular interactions (distances in Å) observed in the crystal structure of SCHCl3-H2O.

Figure 22. Overlay of BL molecules of form S3CHCl3-H2O (yellow) and SCHCl3-H2O (green) showing
that the water molecule (represented by red balls) is too far (distances in Å) from the carboxylate of
SCHCl3-H2O. Hydrogen atoms are omitted for clarity.

The channeled crystal structure of solvate SCHCl3-H2O is shown in Figure 23 where
chloroform and water molecules occupy different channels.

Figure 23. Crystal packing of form SCHCl3-H2O viewed parallel to [100]. Water molecules represented
by red balls. Hydrogens have been omitted for clarity.
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Finally, single crystals of SCHCl3 were grown in anhydrous chloroform. This solvate
crystallizes in the monoclinic space group P21 with two molecules of BL and two molecules
of chloroform in the asymmetric unit. Again, BL molecules are linked by hydrogen bonds
(distance: 1.583 Å) involving one oxygen of the carboxylate and the piperidinium NH,
forming cascade layers as in Form III (Figure 24).

Figure 24. Hydrogen bonds between BL molecules observed in form SCHCl3.

There are two different chloroform molecules in this solvate: 1-CHCl3 which is in-
volved in a Cl3C-H···O=C (distance: 2.008 Å) hydrogen bond with the carboxylate of one
BL and 2-CHCl3 which forms the same H-bond (distance: 2.013 Å) with the carboxylate of
the other BL (Figure 25). This chloroform participates also in a Cl···π interaction with the
benzene ring of another BL (Cl-centroid distance: 3.683 Å, C-Cl-centroid angle: 159.51◦).
Figure 26 shows the crystal packing of SCHCl3.

The crystal data of all the crystal structures solved for BL are summarized in Table S15
(from SCXRD) and Table S16 (from PXRD) of the Supplementary Material.

The three anhydrous polymorphs of BL crystallize in the same space group P21/c
and Form II shows a unit cell similar to Form III except for the parameter “a” which is
approximately twice as much as in Form III. This results in a cell for Form II with double
volume than forms I and III and with Z = 8.

On the other hand, both heterosolvates S3CHCl3-H2O and SCHCl3-H2O crystallize in the
same orthorhombic space group Pna21 showing similar unit cell parameters, while the
monosolvate SCHCl3 crystallizes in P21, the three solvates with Z = 4.

BL is a molecule which shows an imbalance between hydrogen bond donors and
acceptor groups, having only one N-H donor group. All the structures solved are zwitteri-
onic and BL molecules are linked by hydrogen bonds involving the carboxylate oxygen
and the piperidinium nitrogen. The incorporation of water and chloroform molecules in
the solvates of BL can be attributed to the imbalance in the ratio of donors and acceptors
groups. Water molecules act as hydrogen bond donors in both heterosolvates, interacting
with the nitrogen of the benzimidazol of BL. Instead, chloroform molecules form hydrogen
bonds with the carboxylate in all solvates. Some halogen bonds are also observed in these
structures, confirming that halogen bonding is one of the stabilizing interactions in chloro-
form solvates. However, as it has been stated [30], halogen bonding does not seem to be
sufficiently strong to retain the solvent in the crystals on its own as other short contacts are
also present. In fact, the two chloroform molecules in S3CHCl3-H2O which are not linked by
hydrogen bonds to the carboxylate, are lost when this solvate is removed from the solution.
On the other hand, a water molecule captured from the air is incorporated in the crystal
structure of SCHCl3 when taking it out from the solution, probably to further stabilize its
structure. In fact, SCHCl3 can be considered a hygroscopic solid form as it has the ability
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to take up and retain water vapor. This is also true for many other compounds such as
1,10-phenanthroline [27].

Figure 25. Intermolecular interactions (distances in Å) observed in solvate SCHCl3.

Figure 26. Crystal packing of SCHCl3 along the b axis. Green color for 1-CHCl3 and purple color for
2-CHCl3.

4. Conclusions

Knowledge of even highly unstable and transient solvates is crucial for understanding
the formation of a specific solid form and for developing pharmaceuticals and needs
to be considered. Solvates that desolvate readily as soon as they are removed from the
mother liquor can easily be overlooked in polymorph screening programs, and wrong
conclusions concerning the solvent effects on the nucleation of individual solid forms may
result. The current study clearly indicates the existence of two elusive chloroform solvates
of BL, the heterosolvate S3CHCl3-H2O and the monosolvate SCHCl3, both transforming into
solvate SCHCl3-H2O when being exposed to ambient conditions, outside the solution of
crystallization. Thus, three chloroform solvates of BL with diverse stoichiometry have
been discovered. Solvate formation may be easily rationalized based on a mismatch of
H-bonding donor or acceptor groups. The reason for solvate formation in BL is the lack
of H-bonding donor groups. The analyses of their crystal structures when comparing
with the anhydrous forms shows that SCHCl3-H2O, the more stable solvate, incorporates
one water molecule and one chloroform molecule to satisfy the acceptor capacities of the
benzimidazole and the carboxylate, respectively. Thus, this study adds more data about
the structural reasons for hydrate formation. Interesting and novel, solvate SCHCl3-H2O can
serve as a useful intermediate towards any of the three anhydrous forms of BL, provided
the right conditions are chosen.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11040342/s1. Details of the solid form screening are shown in Tables S1–S14. Tables S15
and S16 summarize the crystal data of all the crystal structures solved in the present study for BL
from SCXRD and from PXRD, respectively.
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Abstract: Aripiprazole (ARI) is a third-generation antipsychotic with few side effects but a poor
solubility. Salt formation, as one common form of multicomponent crystals, is an effective strategy
to improve pharmacokinetic profiles. In this work, a new ARI salt with adipic acid (ADI) and its
acetone hemisolvate were obtained successfully, along with a known ARI salt with salicylic acid
(SAL). Their comprehensive characterizations were conducted using X-ray diffraction and differential
scanning calorimetry. The crystal structures of the ARI-ADI salt acetone hemisolvate and ARI-
SAL salt were elucidated by single-crystal X-ray diffraction for the first time, demonstrating the
proton transfer from a carboxyl group of acid to ARI piperazine. Theoretical calculations were
also performed on weak interactions. Moreover, comparative studies on pharmaceutical properties,
including powder hygroscopicity, stability, solubility, and the intrinsic dissolution rate, were carried
out. The results indicated that the solubility and intrinsic dissolution rate of the ARI-ADI salt and
its acetone hemisolvate significantly improved, clearly outperforming that of the ARI-SAL salt and
the untreated ARI. The study presented one potential alternative salt of aripiprazole and provided a
potential strategy to increase the solubility of poorly water-soluble drugs.

Keywords: aripiprazole; multicomponent crystal; crystal structure; solubility

1. Introduction

In the past few decades, a number of drugs have shown poor physicochemical prop-
erties, especially aqueous solubility and stability, often affecting their absorption in the
gastrointestinal tract [1]. Multicomponent crystal formation is an effective strategy to im-
prove pharmacokinetic profiles without altering the main chemical structures and inherent
biological activity [2,3]. Co-crystals and salts are two common forms of multicomponent
crystals which might have higher solubility and faster dissolution behavior compared to
untreated drugs [4,5]. Compared to cocrystals, salt formation is the simplest and most
cost-effective strategy and has significant advantages in addressing poor aqueous solubility
because of ionizable drugs [6].

Aripiprazole (ARI), a third-generation antipsychotic, is a dopamine D2 receptor partial
agonist and D1 receptor agonist which can ameliorate hyperprolactinemia induced by
other antipsychotic drugs and cause fewer side effects, such as weight gain, diabetes, and
dyslipidemia [7,8]. However, ARI belongs to the Biopharmaceutics Classification System
(BCS) class II and its clinical use is limited by its poor aqueous solubility [9,10]. As a
weakly basic drug, salt formation is one of the most popular and effective approaches
to improve physicochemical properties, especially solubility [6,11,12]. Many salts of ARI
have been reported. Freire et al. reported successively eight crystal structures of ARI
salts with nitrate, perchlorate, oxalate, phthalate, homophthalate, thiosalicilate, and two
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different dihidrogenphosphates [13–16]. Nanubolu et al. reported five ARI salts with
benzoic acid, 2,4-dihydroxy benzoic acid, 2,5-dihydroxy benzoic acid, salicylic acid, and
hydrochloric acid [17]. However, these studies mainly focus on the structure illustration,
and key pharmaceutical properties were not given. While Zhao et al. synthesized six ARI
salts with gallic acid, 4-aminosalicylic acid, acetylsalicylic acid, maleic acid, fumaric acid,
and malic acid and evaluated their solubility and dissolution profile [18], new ARI salts
with ideal pharmaceutical properties are still in demand.

Continuing to explore the excellent salts of ARI, we successfully obtained a new ARI
salt with adipic acid (ADI) and its acetone hemisolvate, along with a known ARI salt
with salicylic acid (SAL). The molecular structures of the ARI and cocrystal formers (CCF)
are displayed in Scheme 1. Their comprehensive characterizations were conducted using
powder X-ray diffraction (PXRD) and differential scanning calorimetry (DSC). The crystal
structures of the ARI-ADI salt acetone hemisolvate and ARI-SAL salt were elucidated
by single-crystal X-ray diffraction (SXRD) for the first time. Furthermore, computational
studies, including molecular electrostatic potential surface (MEPS) and Hirshfeld surface
analysis (HSA), were applied to explore molecular interactions between the active phar-
maceutical ingredient (API) and CCF. Above all, their pharmaceutical properties, such
as powder hygroscopicity, stability, solubility, and the intrinsic dissolution rate (IDR),
were evaluated. The results showed that the solubility and IDR of the ARI-ADI salt and
its acetone hemisolvate significantly improved. This study provides a potential strat-
egy to increase the solubility of poorly water-soluble drugs and gain a comprehensive
understanding of the structure–property relationship.

Scheme 1. Molecular structures of aripiprazole and cocrystal formers.

2. Materials and Methods

2.1. Materials

The aripiprazole was purchased from Sun Chemical & Technology (Shanghai, China)
Co., Ltd., and the CCF were purchased from J&K Scientific Ltd. (Beijing, China). All
chemicals were used without further purification. All reagents used for this study were of
analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Purified water was prepared by Millipore UP Water Purification System (Merck,
Kenilworth, NJ, USA).
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2.2. Preparation of Multicomponent Crystals

ARI-SAL salt. The equimolar amounts of ARI (224.2 mg, 0.5 mmol) and SAL (69.1 mg,
0.5 mmol) were dissolved in 30 mL of acetonitrile-water mixed solvent (v/v, 1:1) at 60 ◦C.
The resulting solution was filtered and then kept for eight days at 35 ◦C. White block
crystals were obtained. The bulk samples were prepared by slurry method. A mixture of
ARI (448 mg, 1 mmol) and SAL (138 mg, 1 mmol) was added to 6 mL of acetonitrile-water
mixed solvent (v/v, 1:1) and stirred for 12 h at a speed of 350 rpm. The solid obtained by
filtering the solution was dried to a constant weight in a vacuum oven at 30 ◦C.

ARI-ADI salt acetone hemisolvate. The mixture of ARI (224.2 mg, 0.5 mmol) and
ADI (36.5 mg, 0.25 mmol) was dissolved in 20 mL of acetone at 60 ◦C. The resulting solution
was filtered and then kept for four days at 35 ◦C. White block crystals were obtained. The
bulk samples were prepared by slurry method. A mixture of ARI (448 mg, 1 mmol) and
ADI (73 mg, 0.5 mmol) was added into 6 mL of acetone solution and stirred for 12 h at
a speed of 350 rpm. The solid obtained by filtering the solution was dried to a constant
weight in a vacuum oven at 30 ◦C.

Additionally, ARI-ADI salt was obtained by drying ARI-ADI salt acetone hemisol-
vate in a vacuum oven at 70 ◦C for 2 h.

2.3. Characterization
2.3.1. Single Crystal X-ray Diffraction (SXRD)

The crystal structures were determined with a Bruker APEX-II CCD diffractometer
using graphite monochromatic Mo-Kα radiation (λ = 0.71073 Å) at 296K. Frame integration
was performed using SAINT (version 7.68A) [19]. The resulting raw data were scaled
and the absorption was corrected using a multi-scan averaging of symmetry-equivalent
data by SADABS [20]. The structure was solved by the direct method with the olex2
software and then refined via full-matrix least-squares procedures using SHELXL-2014
on F2 with anisotropic displacement parameters (ADPs) for non-hydrogen atoms [21,22].
The H atoms were located in idealized difference Fourier maps and refined as riding
models with isotropic thermal parameters (Uiso(H) = 1.2 Ueq(C), Uiso(H) = 1.2 Ueq(N),
and Uiso(H) = 1.5 Ueq(O)).

Diamond [23] (version 4.6.3, Crystal Impact GbR, Bonn, Germany) was used for
preparing crystal packing diagrams.

2.3.2. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker D8 ADVANCE
X-ray powder diffractometer (Bruker, Germany) with Cu-Kα radiation at 40 KV and 40 mA.
After sieving through 100 mesh, about 50 mg samples were measured in the 2-theta range
of 5–50◦ at a scan rate of 8◦/min.

2.3.3. Differential Scanning Calorimetry (DSC)

DSC analyses were taken on a Mettler Toledo DSC1 instrument (Mettler, Zurich,
Switzerland). An amount of 3~5 mg samples were put into aluminum pans with pinhole
lids and heated in the 30~300 ◦C temperature range at a constant heating rate of 10 ◦C/min
under a nitrogen flux of 50 cm3/min.

2.4. Computational Studies
2.4.1. Acid Dissociation Constant (pKa)

The formation of the resultant supramolecules can be predicted according to the pKa
difference (ΔpKa = pKa[base] − pKa[acid]) of corresponding acid/base pairs [24,25]. It
is generally accepted that a salt will be formed if the ΔpKa value is greater than 3, and
a ΔpKa value less than 0 will lead to the formation of cocrystals. However, if the ΔpKa
value is in the range of 0~3, it will be not accurate to predict the resulting formation [25].
The pKa values of ARI and CCF were calculated by MarvinSketch 15.6.29 (ChemAxon,
Budapest, Hungary) [26].
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2.4.2. Molecular Electrostatic Potential Surface (MEPS)

The molecular structures of ARI and CCF were extracted from their crystal structures.
Full geometry optimization and wave functions were performed by density function
theory (DFT) using the B3LYP hybrid functional with 6-311G(d) basis set in the Gaussian
09 software. MEPS was mapped on the 0.001 a.u. electron density isosurface and analyzed
by the Multiwfn program [27] and VWD program [28].

2.4.3. Hirshfeld Surface Analysis (HSA)

HSA and fingerprint plots were performed by CrystalExplorer 17.5 software [29],
providing information about the nature of intermolecular interactions and their quantitative
contribution to the Hirshfeld surface [30].

2.5. Powder Hygroscopicity

Dry glass weighing bottles (outside diameter 50 mm, height 25 mm) were placed in
a dryer with ammonium chloride saturated solution at 25 ◦C ± 1 ◦C and weighed (m1)
after 24 h of storage. Then, about 100 mg samples were put into the bottles and weighed
accurately (m2), respectively. After storage at the aforementioned conditions with the
caps opened for 24 h, each sample was weighed again (m3). The hygroscopicity could be
calculated by the following equation.

Mass Change (%) = (m3 − m1) / (m2 − m1) × 100%.

2.6. Stability Test

The stabilities of ARI-SAL salt and ARI-ADI salt acetone hemisolvate were studied
under high-temperature (60 ± 1 ◦C) and high-humidity (95 ± 5%) tests. Materials were
randomly selected and exposed to high temperature and high humidity conditions. The
storage times were 10 days and PXRD was applied to measure the final samples.

2.7. Solubility Experiment
2.7.1. Solubility Test

The solubility measurements were performed under water (pH 7.0), hydrochloric acid
buffer (pH 1.2), acetate acid-sodium acetate buffered solution (pH 4.5), and phosphate
buffer solution (pH 6.8), respectively. An excess number of samples were added to a test
tube containing 10 mL of solvent and the tube was shaken in an orbital shaker (37 ± 0.5 ◦C)
until reaching the equilibrium condition (48 h). The solution was filtered through a 0.45 μm
mixed cellulose ester membrane and then analyzed by HPLC (LC-20, Shimadzu, Japan)
equipped with a SP-20 ultraviolet detector at 254 nm wavelength. Quantitative tests were
performed on a YMC C8 column (250 × 4.6 mm, 5 μm) with an external standard method.
The mobile phase consisted of acetonitrile and water (containing 0.1% trimethylamine)
(65:35, v/v), with a flow rate of 1.0 mL/min. Each test was performed in triplicate.

2.7.2. Intrinsic Dissolution Rate (IDR) Test

IDR is a key physicochemical parameter commonly used to assess in vivo dissolution
and reflect bioavailability of drugs [31]. In this work, IDR was measured by the rotary
basket method, which was applied to distinguish their dissolution properties. Prior to
the IDR test, round discs of the samples should be compressed with a hydraulic press
(Jintan Ruiding Machinery Co., Ltd. Changzhou, China). Specifically, 300 mg samples were
compressed at a pressure of 115.2 MPa for 10 s to form smooth discs 8 mm in diameter. The
acquired discs were coated with beeswax on three sides. The intrinsic dissolution study
was performed at 100 rpm in 500 mL of hydrochloric acid buffer (pH 1.2) as a dissolution
medium at 37 ◦C. The ARI concentration in solution was measured at the predetermined
time interval by the same analysis method as the solubility test. The sink conditions
were maintained during the entire dissolution experiment, and each test was performed
in triplicate.
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3. Results and Discussion

3.1. Characterization
3.1.1. SXRD Analysis

The crystal structures revealed that both ARI-SAL salt and ARI-ADI salt acetone
hemisolvate were salts and the protonation occurred at the N2 atom, forming a strong
charge assisted hydrogen bond formed by the strongest acceptor from the carboxylate
anion interacting with strongest N+-H donor of piperazinium (see Appendix A). The
crystallographic data are listed in Table 1 and the hydrogen bonding parameters are given
in Table 2. The C16-H16A· · ·Cl1 hydrogen bonds in Table 2 correspond to the typical
intramolecular interaction characteristic of the dichlorophenyl-1-piperazinyl group in all
reported ARI variants [16–18].

Table 1. Crystallographic data of two multicomponent crystals of aripiprazole.

Compound Reference ARI-SAL Salt ARI-ADI Salts Acetone Hemisolvate

Chemical formula C23H28Cl2N3O2·C7H5O3 C23H28Cl2N3O2·0.5(C6H8O4)·0.5(C3H6O)
Formula mass 586.49 550.48
Crystal system monoclinic triclinic

Space group P 21/c P-1
a/Å 15.082 (2) 7.6388(12)
b/Å 9.6912 (13) 10.7268(17)
c/Å 21.220 (3) 18.390(3)
α/◦ 90 97.229(3)
β/◦ 106.743 (2) 93.641(3)
γ/◦ 90 105.529(3)

Unit cell volume/Å3 2970.1 (7) 1432.9(4)
Temperature/k 296(2) 296(2)

No. of formula units per unit cell, Z 4 2
Crystal density (g/cm3) 1.312 1.276

No. of reflections measured 9612 7725
No. of independent reflections 6483 4047

Rint 0.0289 0.0321
Final R1 values (I > 2σ(I)) 0.0806 0.0689

Final wR (F2) values (I > 2σ(I)) 0.2526 0.2135
Final R1 values (all data) 0.1127 0.1308

Final wR (F2) values (all data) 0.2848 0.2725
F(000) 1232 582

Goodness of fit on F2 1.084 0.963
CCDC Number 1991810 2023732

ARI-SAL salt. The ARI-SAL salt crystallized in the monoclinic P21/c space group
with an aripiprazole cation, balanced by a salicylic counter-ion, in the asymmetric unit
(Figure 1a). The O5 atom of salicylic anion presented positional disorder over two sites
with a 0.6: 0.4 site-occupancy. ARI-SAL salt, like other lactam compounds, formed a
centrosymmetric N1-H1· · ·O1 dimer R2

2(8) motif with its inversion-related molecule [32].
Interestingly, the dimer formed a 1D ribbon through the short Cl1· · ·O1 interaction, which
formed another new dimeric substructure (Figure 2a). Furthermore, the dimer units
were arranged helically into the three-dimensional network (Figure 2b) by the bifurcated
N-H· · ·O hydrogen bonds (N2

+-H2· · ·O3- and N2-H2· · ·O4 hydrogen bond) and two
weaker C-H· · ·O interactions (C27-H27· · ·O1 and C17-H17A· · ·O5 hydrogen bond), which
generated two types of helices propagated along the b axis (Figure 2c,d).
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Table 2. Main hydrogen bonding parameters of two multicomponent crystals of ARI.

D-H· · ·A D-H/Å H· · ·A/Å D· · ·A/Å D-H· · ·A/◦

ARI-SAL Salt C16-H16A· · ·Cl1 0.97 2.675 3.248 118
O5-H5· · ·O4 0.82 1.789 2.497 143
N2-H2· · ·O3 0.98 1.691 2.670 177
N2-H2· · ·O4 0.98 2.503 3.122 121
N1-H1· · ·O1

i 0.86 2.062 2.908 168
C17-H17A· · ·O5

ii 0.97 2.542 3.467 160
C27-H27· · ·O1

iii 0.93 2.360 3.287 174
Symmetry transformation: i: −x+2, −y, −z+1; ii: −x+1, y−1/2, −z+3/2; iii: −x+2, y+1/2, −z+3/2.

ARI-ADI salt
acetone

hemisolvate

C16-H16A· · ·Cl1 0.97 2.595 3.214 121
N1-H1· · ·O1

i 0.86 2.023 2.869 167
N2-H2· · ·O3 0.98 1.729 2.685 164

C15-H15A· · ·Cl1ii 0.97 2.957 3.448 112
C11-

H11A· · ·π(Cg)iii 0.97 2.96 3.843 151

Symmetry transformation i: −x+1, −y−1, −z; ii: x+1, y, z; ii: x, −1+y, z. Cg is the centroid of C18/C19/C20/C21/C22/C23 atoms

Figure 1. The molecular structures of two ARI multicomponent crystals with displacement ellipsoids
drawn at the 30% probability level: (a) ARI-SAL salt; (b) ARI-ADI salt acetone hemisolvate.

ARI-ADI salt acetone hemisolvate. The ARI-ADI salt acetone hemisolvate crystal-
lized in the triclinic P-1 space group. The ORTEP diagram contained an aripiprazole
cation, half of an adipic acid counter-ion (bisected by an inversion center), and half of an
acetone molecule (Figure 1b). The solvent acetone molecule was disordered with a position
occupancy of 0.5 due to the location on the symmetric center, and acted as a filler in spatial
network. The centrosymmetric N1-H1· · ·O1 dimer R2

2(8) motif with its inversion-related
molecule also can be found and formed a 1D ribbon by the strongest charged N2

+-H2· · ·O3
hydrogen bond (Figure 3a). The 1D ribbon interacted with its adjacent ribbon and then
formed a 2D sheet through a C15-H15A· · ·Cl1 hydrogen bond (Figure 3b). Finally, the
2D sheets were arranged into the three-dimensional network by a weak C11-H11A· · ·π
hydrogen bond (Figure 3c).
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Figure 2. Packing diagrams of ARI-SAL salt: (a) the 1D ribbon was formed by N1-H1· · ·O1 hydrogen bond and short
Cl1· · ·O1 interaction; (b) packing diagram for ARI-SAL salt viewed down the b axis and the green dashed wireframe
indicates two different types of helices; (c) the type-1 helix was propagated by the bifurcated N-H· · ·O hydrogen bond and
weaker C27-H27· · ·O1 interactions; (d) the type-2 helix was propagated by the bifurcated N-H· · ·O hydrogen bond and
C17-H17A· · ·O5 interactions (only a partial aripiprazole molecule was drawn for clarity).
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Figure 3. Packing diagrams of ARI-ADI salt acetone hemisolvate: (a) the 1D ribbon formed by
N1-H1· · ·O1 and N2-H2· · ·O3 hydrogen bond; (b) the 2D sheet formed by C15-H15A· · ·Cl1 hydro-
gen bond; (c) packing diagram for ARI-ADI salt acetone hemisolvate formed by C11-H11A· · ·Cg
hydrogen bond.

3.1.2. PXRD Analysis

The ARI multicomponent crystals were synthesized and characterized by PXRD. As
seen in Figure 4, their experimental patterns show significant differences compared with
those of ARI, which are confirmed as new crystalline forms due to the absence of the
characteristic peak of ARI at 20.483◦ and 22.199◦. The characteristic PXRD peaks of the
ARI-SAL salt were 12.948◦, 18.401◦, and 19.849◦, while those of the ARI-ADI salt were
25.079◦, 14.976◦, and 18.256◦, which were different from those of its acetone hemisolvte
with characteristic PXRD peaks at 18.197◦ and 24.897◦. Importantly, the experimental
patterns of ARI-ADI salt acetone hemisolvate and ARI-SAL salt coincided well with their
own calculated PXRD patterns from single crystal structures, indicating that the bulk pure
samples were prepared successfully.

 

Figure 4. PXRD patterns of ARI and its crystal salts.
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3.1.3. DSC Analysis

As reported by Zhao Yanxiao [18], the DSC thermogram (Figure 5) of ARI exhibited
two endothermic peaks and a small exothermic peak. The endothermic peak at 138.94 ◦C
corresponded to the melting point of form III, while the second endothermic peak at
147.79 ◦C represented the melting point of form I, demonstrating that form III might be
transformed to form I during the heating process. As expected, the DSC thermograms of
ARI multicomponent crystals were distinct from those of ARI and CCF. A single melting
endothermic peak was observed at 182.38 ◦C for the ARI-SAL salt, indicating the formation
of pure solid phase. For the ARI-ADI salt acetone hemisolvate, a weak endothermic event
of desolvation and a sharp melting endothermic peak were observed at 57.43 ◦C and
121.18 ◦C, respectively, which implied that it had a poor thermodynamic stability and may
transform into a desolvated salt. As we intended, the ARI-ADI salt showed a single melting
endothermic peak at 120.36 ◦C.

 

Figure 5. DSC thermograms of ARI, CCF, and its crystal salts.

3.2. Theoretical Calculation
3.2.1. Acid Dissociation Constant (pKa)

ARI is a weak base with a pKa of 7.46, and both salicylic acid and adipic acid are weak
acid excipients with pKa values of 2.79 and 3.92, respectively. According to the ΔpKa rule,
if the difference of pKa between active pharmaceutical ingredients and CCF was greater
than 3, the binary mixture tended to form a salt type [25]. Therefore, we predicted that both
of the synthesized multicomponent crystals of ARI were salts, which could be confirmed
by especially single-crystal X-ray diffraction.

3.2.2. Molecular Electrostatic Potential Surface

MEPs can provide some clear information in terms of the electrophilic and nucleophilic
attack region of the molecule. The values of MEP, related to the strength of intermolecular
interactions, can predict the formation possibility of multicomponent crystals. The MEPs
mapped on van der waals (VDW) surface of ARI, SAL, and ADI are given in Figure 6,
where the red color represents a positive electrical potential and the blue color represents
a negative electrical potential. The pKa values were calculated by MarvinSketch and are
presented in the black color.
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Figure 6. Electrostatic potential mapped onto the 0.001 a.u. electron density isosurface of ARI, SAL, and ADI. The maximal
and minimal extreme points of electrical potential are marked with red and blue, repectively. The pKa values are presented
in black.

As reported by Zhao Yanxiao [18], the global maxima and minima values of the
electrostatic potential on the surface in ARI were +36.98 and −41.23 kcal/mol, which
corresponded to carbonyl and amino group of the lactam ring, respectively, and formed the
N-H· · ·O homodimers as evidenced in this study. The N2 and N3 atoms of the piperazinyl
group had little difference in electrical potential, but the N3 atom had the strong p-π
conjugative effect with adjacent benzene ring. As a result, the N2 atom was vulnerable
to electrophilic attack, and no ARI variant containing an exclusive protonation of the
N3 atom was observed [16]. The global maxima value of the electrostatic potential on
the surface in SAL was +53.86 kcal/mol, which corresponded to carboxylate group with
a low pKa value (pKa = 2.79). As result, the deprotonated N+-H· · ·O hydrogen bond
was formed in ARI-SAL salt. For ADI, the global and secondary maxima values were
+49.71 and +49.66 kcal/mol, which corresponded to both of the carboxylate groups with
identical nucleophilic reactivity, respectively. As expected, the deprotonated N+-H· · ·O
hydrogen-bonding contacts occurred in real ARI-ADI salt, where the stoichiometric ratio
of ARI to ADI was 1:0.5.

3.2.3. Hirshfeld Surface Analysis

The 3D Hirshfeld surface and 2D fingerprint plots of two multicomponent crystals of
ARI are given in Figure 7. In their 3D Hirshfeld surface, the large and deep red spots corre-
spond to the close-contact N-H· · ·O interactions. The H· · ·H contacts appear as scattered
points in the middle region of the 2D fingerprint plots, which were the predominate type
of interactions. The relative percentage contributions of H· · ·H contacts in theARI-SAL salt
were markedly lower than that of the ARI-ADI salt acetone hemisolvate and compensated
by the C· · ·H/H· · ·C contacts shown as a pair of “wings”. However, these interactions
displayed higher interatomic distance. Interactions with less interatomic distance are
presented in fingerprint plots as pointy regions. The reciprocal O· · ·H contacts, corre-
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sponding to O-H· · ·O, N-H· · ·O, and C-H· · ·O interactions, are presented as long, sharp,
symmetrical spikes. Additionally, the Cl· · ·H contacts, corresponding to the Cl· · ·H-C,
Cl· · ·H-O and Cl· · ·H-N interactions, appear as a pair of “wings” and have equivalent
relative percentage contributions to their own Hirshfeld surfaces.

Figure 7. The 3D Hirshfeld surface and 2D fingerprint plots of two multicomponent crystals of ARI.

3.3. Powder Hygroscopicity

The moisture absorption is a crucial parameter that should be considered during the
process of drug development, production, and storage. Therefore, the powder hygroscopic-
ity was measured under 25 ◦C/80% RH condition. Ten days later, the hygroscopic gain of
ARI was 0.32 ± 1.30%. Meanwhile, ARI-SAL salt and ARI-ADI salt and its acetone hemisol-
vate showed greater hygroscopicity, with hygroscopic gains of 2.60 ± 0.78%, 1.36 ± 0.32%,
and 1.13 ± 0.7%, respectively. This might be presumably due to the presence of a polar
group (i.e., –OH and –COOH) introduced by synthesizing carboxylate salts, leading to the
formation of hydrogen bonds with water molecules [33].

3.4. Stability Test

Moisture and high temperatures may cause the transformation of drug crystal forms
and degradation, especially for solvates. Thus, close attention was paid to their stability
under high humidity and high temperatures in this work. Figure 8 illustrates that the
ARI-SAL salt was stable, while the ARI-ADI salt acetone hemisolvate was unstable under
a high temperature. There were significant differences at the two-theta range of 19◦
to 27◦ compared with the starting PXRD pattern. In conjunction with DSC patterns of
ARI-ADI salt acetone hemisolvate, we speculated that desolvation occurred under high
temperatures. Unexpectedly, the PXRD pattern of the ARI-ADI salt was inconsistent with
that of its acetone hemisolvate under high temperatures, demonstrating that ARI-ADI salt
might be unstable under high temperatures.

 

Figure 8. Results of stability testing of ARI-SAL salt (i) and ARI-ADI salt acetone hemisolvate (ii).
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3.5. Solubility
3.5.1. Equilibrium Solubility Test

The results of the equilibrium solubility experiments are summarized in Figure 9. The
equilibrium solubility of the ARI-ADI salt in water, hydrochloric acid buffer, and acetate
acid-sodium acetate buffered solution were 0.13, 0.63, and 0.15 mg/mL, respectively, which
was much better than that of the ARI and ARI-SAL salt but slightly smaller than that of the
ARI-ADI salt acetone hemisolvate. However, the equilibrium solubility of the ARI-SAL
salt was even worse than that of the ARI in both the hydrochloric acid buffer solution and
acetate acid-sodium acetate buffered solution, though slightly better in water. In addition,
the equilibrium solubility of ARI and its salts in the phosphate buffer solution were too
low to be acquired accurately.

Figure 9. The equilibrium solubilities of ARI and its crystal salts in different solutions. I: water
(pH 7.0); II: hydrochloric acid buffer (pH 1.2); III: acetate acid-sodium acetate buffered solution
(pH 4.5).

3.5.2. IDR Test

Given its kinetic nature, IDR assumes a better correlation with in vivo drug dissolution
dynamics than solubility [34]. Thus, IDR studies were carried out at pH 1.2 in this work, and
the results are summarized in Figure 10. The ARI held an IDR of 0.5051 mg·cm−2·min−1,
while the IDR of the ARI-ADI salt, slightly lower than that of its acetone hemisolvate,
significantly increased to 0.9263 mg·cm−2·min−1 and was about twice as much as that of
the ARI. Not unexpectedly, the IDR of the ARI-SAL salt was only 0.3745 mg·cm−2·min−1,
significantly lower than that of the ARI.

These findings indicated that ARI-ADI salt and its acetone hemisolvate had predictable
advantages in vivo absorption over ARI-SAL salt and the untreated ARI. This may be due
to many causes. First, the relatively higher hygroscopicity and lower melting point may
lead to easier dissolution in an aqueous solvent, because of it demanding less lattice energy
to break. Molecular constituents were also one of the important causes. The CCF of ARI-
ADI salt was more soluble than that of the ARI-SAL salt, and their solubility behaviors
follow the rule of thumb that the greater solubility of the CCF, the more soluble the salt
will be [18]. Finally, their spatial structures may also be associated with their differences
in solubility. The ADI molecules linked with the solvent molecules to form a hydrophilic
layer. As a result, water molecules permeate more easily into the layer stacking spatial
structure and cause it to disintegrate in aqueous solvent.
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Figure 10. Intrinsic dissolution profiles of the ARI and its crystal salts in hydrochloric acid buffer
(pH 1.2).

4. Conclusions

In this study, a new ARI-ADI salt and its acetone hemisolvate were successfully
synthesized and fully characterized by various methods, along with a reported ARI-SAL
salt. Their crystal structures revealed that the proton transferring occurred from a carboxylic
group of CCF to the N2 atoms of the piperazine region from the ARI. Structural analysis
showed that the ARI-SAL salt was arranged helically by two helices propagated along the
b axis, while the ARI-ADI salt acetone hemisolvate presented a typical layer stacking with
the help of weak C-H· · ·Cl and C-H· · ·π hydrogen bonds. The reactivity of ARI and CCF
was predicted by MEPS and matched well with their hydrogen bond schemes. Hirshfeld
surface analysis was also used to clarify the intermolecular interactions. Furthermore,
the ARI-ADI salt had a significant advantage over the ARI and ARI-SAL salt in terms of
equilibrium solubility and IDR. This study provided a valuable insight into the formation
of multicomponent pharmaceutical salts and presented potential alternative formulations
of ARI.
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Appendix A

The supplementary crystallographic data for this paper have been deposited in the
Cambridge Crystallographic Data Center and have reference numbers CCDC 1991810
and 2023732. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk
(accessed on 26 March 2021).
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Abstract: The design of drug–drug multicomponent pharmaceutical solids is one the latest drug
development approaches in the pharmaceutical industry. Its purpose is to modulate the physico-
chemical properties of active pharmaceutical ingredients (APIs), most of them already existing in
the market, achieving improved bioavailability properties, especially on oral administration drugs.
In this work, our efforts are focused on the mechanochemical synthesis and thorough solid-state
characterization of two drug–drug cocrystals involving furosemide and two different non-steroidal
anti-inflammatory drugs (NSAIDs) commonly prescribed together: ethenzamide and piroxicam.
Besides powder and single crystal X-ray diffraction, infrared spectroscopy and thermal analysis,
stability, and solubility tests were performed on the new solid materials. The aim of this work was
evaluating the physicochemical properties of such APIs in the new formulation, which revealed
a solubility improvement regarding the NSAIDs but not in furosemide. Further studies need to be
carried out to evaluate the drug–drug interaction in the novel multicomponent solids, looking for
potential novel therapeutic alternatives.

Keywords: drug–drug cocrystal; furosemide; ethenzamide; piroxicam; mechanochemical synthesis

1. Introduction

Diuretic drugs aim to regulate the volume and composition of body fluids by increas-
ing the rate of urine flow and sodium excretion. They are widely used in clinics for the
treatment of edematous disorders, such as those associated with congestive heart failure, as
well as liver or renal failure and hypertension [1,2]. Furosemide (FUR, Scheme 1), 4-chloro-
2-[(2-furanylmethyl)-amino]-5-sulfamoylbenzoic acid, is classified as a high ceiling loop
diuretic drug. Its mechanism of action is related to the inhibition of the sodium-potassium-
2chloride co-transporter (Na+-K+-2Cl−) located in the thick ascending limb of the loop of
Henle in the renal tubule.

According to the Biopharmaceutics Classification System (BCS), FUR belongs to class
IV drug, defined by low solubility and low permeability values [3]. Indeed, furosemide
is almost insoluble in water [4], which results in significant intraindividual variations in
absorption and very poor oral bioavailability [5]. Despite this relevant drawback, FUR has
shown great efficacy, hence it is highly used in therapeutics worldwide, including chronic
treatments. Thereby, the development of improved oral formulations of furosemide, which
aim to achieve higher bioavailability, are certainly relevant for the pharmaceutical industry.

The design of multicomponent pharmaceutical solids is actually one of the latest
research strategies in the development of new drug alternatives in the pharmaceutical
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industry [6]. They can be defined as crystalline materials in which at least one compo-
nent is an active pharmaceutical ingredient (API). The other components, incorporated
in the crystal lattice—so-called coformers—must be found in a stoichiometric ratio and
considered pharmaceutically acceptable—i.e., included in the Generally Recognized as
Safe (GRAS) list within the FDA’s “Substances Added to Food” Inventory. APIs and co-
formers recognize themselves by different kind of non-covalent intermolecular interactions,
so-called supramolecular synthons, mainly H-bonds, which organization has a profound
impact on the intimate 3D structure of the solid and therefore on its macroscopic physico-
chemical properties. The development of this novel strategy is rather interesting because
allows industry to save money compared to the traditional drug development scheme, still
guarantying the possibility of generating intellectual property rights [7]. In this context,
there has been reported several studies devoted to studying pharmaceutical cocrystals and
salts of furosemide [8–13].

 
Scheme 1. Chemical formula of furosemide (FUR), ethenzamide (ETZ), and piroxicam (PRX).

One of the most recent approaches in the development of multicomponent pharmaceu-
tical solids is the concurrent administration of two or more APIs, leading to drug–drug or
co-drug pharmaceutical solids [14]. APIs within the formulation might have similar or dif-
ferent mechanisms of actions, but always looking for a synergic effect, either targeting one
metabolic pathway at different levels or different pathways related to a particular disease.

Along with diuretics, nonsteroidal anti-inflammatory drugs (NSAIDs) are also widely pre-
scribed worldwide. Interestingly, the combination of diuretics—particularly furosemide—and
NSAIDs is rather common, especially among the elderly. However, although not con-
traindicated, there is clinical evidence on the moderate interaction between these two
kinds of drugs. The use of NSAIDs may decrease natriuretic response to loop diuretics,
thus reducing their efficacy and resulting in adverse effects on patients with different
edematous states. In addition, some NSAIDs may also show adverse nephrotoxic effects,
which may be exacerbated by diuretic therapy [15–17]. In these cases, dose adjustments or
special monitoring of the renal function and blood pressure are required for safety’s sake.
Unfortunately, the insights of such interactions are still poorly understood because they
do not seem to follow the same mechanism for all combination of drugs, some of them
being associated with the suppression of plasma renin activity or impaired synthesis of
vasodilator prostaglandins.

Since the concurrent prescription of FUR and NSAIDs is quite common, it is worth-
while exploring the formulation of drug–drug multicomponent pharmaceutical solids
involving such a combination, seeking new therapeutical alternatives that would improve
the bioavailability of the APIs and/or reduce the abovementioned drug–drug interactions.
In this work, the synthesis and physicochemical characterization of two different drug–
drug pharmaceutical solids, including the loop diuretic furosemide and one NSAID drug:
ethenzamide (ETZ, 2-ethoxybenzamide) or piroxicam (PRX, 4-hydroxyl-2- methyl-N-2-
pyridinyl-2H-1,2,-benzothiazine-3-carboxamide 1,1-dioxide) are reported (Scheme 1). To
the best of our knowledge, there are no conclusive studies on the interaction between
furosemide and ethenzamide, while one study was reported on piroxicam–furosemide
drug interaction in the late 1980s [18].
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2. Materials and Methods

2.1. Materials

Furosemide, ethenzamide, piroxicam, and solvents used are commercially available
from Sigma-Aldrich. All solvents were used as received without additional purification.

2.2. Coformer Selection

A search of the Cambridge Structural Database (CSD) [19] was conducted to identify
the coformers with complementary functional groups that can serve as components for
molecular recognition with FUR.

The excess enthalpy (Hex) of mixing between FUR and selected coformers was calcu-
lated using COSMOquick software [20] (COSMOlogic, Germany, Version 1.4).

2.3. General Procedure for Mechanochemical Synthesis

Mechanochemical syntheses of cocrystals were conducted by liquid-assisted grinding
(LAG) in a Retsch MM200 ball mill (Retsch, Haan, Germany) operating at 25 Hz frequency
using stainless steel jars along with stainless steel balls of 7 mm diameter. All syntheses
were repeated to ensure reproducibility. For liquid-assisted grinding screening, methanol
was used as solvent.

Synthesis of FUR–ETZ: a mixture of FUR (165.37 mg, 0.50 mmol) and ETZ (82.59 mg,
0.50 mmol) in a 1:1 stoichiometric ratio was placed in a 10 mL stainless steel jar along with
150.0 μL of methanol and two stainless steel balls of 7 mm diameter. The mixture was then
milled for 30 min.

Synthesis of FUR–PRX: a mixture of FUR (165.37 mg, 0.50 mmol) and PRX (165.67 mg,
0.50 mmol) in a 1:1 stoichiometric ratio was placed in a 10 mL stainless steel jar along with
150.0 μL of methanol and two stainless steel balls 7 mm in diameter. The mixture was then
milled for 30 min.

2.4. Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction data were collected using a Bruker D8 Advance Vαrio
diffractometer (Bruker-AXS, Karlsruhe, Germany) equipped with a LYNXEYE detector and
Cu-Kα1 radiation (1.5406 Å). All the profile fittings were conducted using the software
Diffrac.TOPAS 6.0 [21]. The bulk phase purity was checked by Le Bail profile fitting,
using cell parameters from structural crystallographic information of the constitutive
phases—namely FUR, ETZ, and PRX—as well as the new reported phases. In these fittings,
only the background, unit cell parameters and zero error were refined. Rwp values obtained
in all cases demonstrate an excellent agreement between the structural model and the bulk
phase measured by powder diffraction.

2.5. Preparation of Single Crystals

Single crystals were grown by solvent evaporation at room temperature using the
polycrystalline material obtained from mechanical synthesis. Suitable crystals for X-ray
diffraction studies were obtained from recrystallization in saturated solutions after approx-
imately 2 days: methanol and acetone for FUR–ETZ and ethanol for FUR–PRX.

2.6. Single-Crystal X-ray Diffraction (SCXRD)

Measured crystals were prepared under inert conditions immersed in perfluoropolyether
as protecting oil for manipulation. Suitable crystals were mounted on MiTeGen Micro-
mounts™ (MiTeGen, Ithaca, NY, USA), and these samples were used for data collection.
Data for FUR–ETZ and FUR–PRX were collected with a Bruker D8 Venture diffractome-
ter (Bruker-AXS, Karlsruhe, Germany) with graphite monochromated MoKα (FUR–ETZ,
λ = 0.71073 Å, at 298(2) K) or CuKα radiation (FUR–PRX, λ = 1.54178 Å, at 298(2) K).
The data were processed with APEX3 suite [22]. The structures were solved by Intrinsic
Phasing using the ShelXT program [23], which revealed the position of all non-hydrogen
atoms. These atoms were refined on F2 by a full-matrix least-squares procedure using
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anisotropic displacement parameter [24]. All hydrogen atoms were located in difference
Fourier maps and included as fixed contributions riding on attached atoms with isotropic
thermal displacement parameters 1.2- or 1.5-times those of the respective atom. The OLEX2
software was used as a graphical interface [25]. Intermolecular interactions were calcu-
lated using PLATON [26]. Molecular graphics were generated using Mercury [27]. The
crystallographic data for the reported structures were deposited with the Cambridge Crys-
tallographic Data Center as supplementary publication No. CCDC 2114160 and 2114161.
Additional crystal data are shown in Table 1. Copies of the data can be obtained free of charge
at http://www.ccdc.cam.ac.uk/products/csd/request (accessed on 30 October 2021).

Table 1. Crystallographic data and structure refinement details of FUR cocrystals.

Compound Name FUR–ETZ FUR–PRX

Formula C21H22ClN3O7S C27H24ClN5O9S2
Formula weight 495.92 662.08
Crystal system Monoclinic Monoclinic

Space group P21/c P21/n
a/Å 13.1846 (4) 9.0971 (4)
b/Å 9.8733 (3) 23.8637 (10)
c/Å 17.1518 (6) 13.7806 (6)
α/◦ 90 90
β/◦ 95.776 (2) 99.227 (2)
γ/◦ 90 90

V/Å3 2221.41 (12) 2952.9 (2)
Z 4 4

Dc/g cm−3 1.483 1.489
μ/mm−1 0.315 3.010

F(000) 1032 1368
Reflections collected 32,492 41,427
Unique reflections 5104 5172

Rint 0.1392 0.0331
Data/restraints/parameters 5104/0/305 5172/0/406

Goodness-of-fit (F2) 1.002 1.032
R1 (I > 2σ(I)) 0.0584 0.0379

wR2 (I > 2σ(I)) 0.1054 0.0959
Packing coefficient 0.69 0.67

2.7. Stability Test

Slurry experiments were conducted using excess powder samples of each phase in
1 mL of water for 24 h at room temperature in a sealed vial containing a magnetic stirrer.
The solids in the vials were collected, filtered, and dried at 35 ◦C for subsequent analysis
by PXRD.

Stability of all the new phases was also studied at accelerated storage condition;
200 mg of each solid was taken in watch glasses and the physical stability was evaluated
at 40 ◦C in 75% relative humidity using a Memmert HPP110 climate chamber (Memmert,
Schwabach, Germany). The samples were subjected to the above accelerated stability
conditions for 3 days and weekly intervals from 1 week to 8 weeks. PXRD was used to
monitor the stability of the solid forms.

2.8. Infrared Spectroscopy

Fourier-transform infrared (FTIR) spectroscopic measurements were performed on
a Bruker Tensor 27 FTIR instrument (Bruker Corporation, Billerica, MA, USA) equipped
with a single-reflection diamond crystal platinum ATR unit and OPUS data collection
program. The scanning range was from 4000 to 400 cm−1 with a resolution of 4 cm−1.
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2.9. Thermal Analysis

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were performed using a Mettler Toledo TGA/DSC1 thermal analyzer
(Mettler Toledo, Columbus, OH, USA). Samples (3–5 mg) were placed into sealed aluminum
pans and heated in a stream of nitrogen (100 mL min−1) from 25 to 400 ◦C at a heating rate
of 10 ◦C min−1.

2.10. Solubility Studies

Solubility studies for pure FUR and each new cocrystal were performed using the
Crystal16 equipment (Technobis Crystallization Systems, Alkmaar, The Netherlands) in
water PBS at pH 7.4. The equipment is comprised of four individually controlled reactors,
each with a working volume of 1 mL, allowing the measurement of cloud and clear points
based on the turbidity of 16 aliquots of 1 mL of solution in parallel and automatically. Each
composition was heated at 0.5 ◦C/min to 90 ◦C with a magnetic stirring rate of 700 rpm,
held at this temperature for 10 min and then cooled to 20 ◦C at 0.5 ◦C/min. The temperature
of dissolution for each compound was measured using different amounts of solid, and the
solubility data of the pure components were fitted to the Van’t Hoff equation [28] using the
CrystalClear software (Technobis Crystallization Systems, Alkmaar, The Netherlands).

3. Results and Discussion

3.1. Coformer Selection

Before the experimental trials, we performed virtual cocrystal screening to improve the
success rate. A survey on the Cambridge Structural Database (CSD version 5.42, update 2
from May 2021) based on FUR resulted in 70 hits. After excluding datasets corresponding to
FUR polymorphs, the remaining dataset corresponded to multi-component crystals (cocrys-
tals, salts, and solvates), 60 hits. Several authors have reported pharmaceutical salts and
cocrystals of FUR. A search of this dataset for drug–drug multi-component crystals revealed
a total of 11 systems [8,10–13,29–31]. A common structural feature observed is the key role
of the carboxylic group in the interaction with the coformer or counterion and the forma-
tion of other synthons involving the sulfonamide group that participates in stabilizing the
crystal structure packing. Hence, the abundance of heterosynthons observed in the survey
involving carboxylic group follows the order: carboxylic-pyridine (54%) > carboxylic-amide
(20%) > carboxylic-imidazole (8%) > carboxylate· · ·piperazinium/carboxylate· · · ammonium/
carboxylate· · ·pyridinium (6%). According to the abovementioned, the main prerequisite
for the coformer selection was having the above-referred groups and being a drug. From
our library of coformers, two molecules fulfil these criteria: ETZ and PRX. COSMOQuick
software was used to validate our selection, predicting the tendency of cocrystal forma-
tion based on thermodynamics calculations. This tool calculates the excess enthalpy of
formation (Hex) between FUR and the corresponding coformer/drug relative to the pure
components in a supercooled liquid phase [32]. It requires the simplified molecular input
line entry specification or SMILES of a molecule as input data. Table 2 shows COSMOQuick
calculations for a list of candidates to form multi-component crystals with FUR. The list
includes our two selected drugs and other coformer molecules involved in the formation
of cocrystals/salts reported in the survey. Compounds with negative Hex values show
an increased probability of forming cocrystals since Hex is a rough approximation of the
free energy of cocrystal formation ΔGcocrystal. The results obtained by COSMOQuick con-
firm FUR preference to form cocrystals with coformers that exhibit the functional groups
observed in the CSD survey, including our drug coformer candidates.
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Table 2. Ranking positions for FUR coformers reported at CSD, including the two drugs used in this
study (in bold) based on COSMOQuick calculations. Non-drug molecules marked with *.

Coformer Hex(kcal/mol)
Ref. for the Corresponding

Cocrystal/Salt

1,10-phenanthroline * −5.462215 [33]
4,4′-bipyridine * −3.87421 [34]

Piperazine * −3.85138 [9]
Triamterene −3.33838 [29]

Pentoxifylline −3.18718 [8]
Cytosine * −3.018425 [30]
Caffeine −2.910815 [30]
Gefitinib −2.8597 [11]

4-Aminopyridine * −2.6074 [35]
Urea * −2.41366 [36]

Ethenzamide −2.36084 This work
Erlotinib −2.3474 [10]

Nicotinamide −2.13354 [37]
5-fluorocytosine −2.101 [12]

4-toluamide * −1.95134 [9]
2,2′-bipyridine * −1.83637 [33]
2-picolinamide * −1.72857 [9]
Anthranilamide * −1.36987 [9]

Piroxicam −0.91377 This work, [31] for acetone solvate

3.2. Mechanochemical Synthesis

Mechanochemistry has proved to be a powerful tool to obtain multi-component solid
forms (salts, cocrystals, hydrates/solvates and their respective combinations), particu-
larly in searching for new solids involving pharmaceuticals [38–41]. Cocrystallization
of FUR with the corresponding coformers was carried out using various stoichiome-
tries (1:1, 1:2, and 2:1). The patterns obtained by grinding different molar ratios of the
two components were compared with the patterns of isolated API and coformers. The
comparison shows that all three ratios have common characteristic peaks that were dif-
ferent from the two APIs. The 1:2 and 2:1 FUR:coformer patterns also contained peaks
characteristics to one of the components (Figure S1, in Supplementary Materials). Only
the 1:1 products had a completely different pattern where all reflections of the reagents
disappeared completely, thus revealing new phases. These polycrystalline materials were
used for further recrystallization to obtain suitable crystals for structure determination. In
addition, there is a good agreement between the experimental and the simulated patterns
(Figures S2 and S3). This synthetic approach prevented the risk for solvate formation in the
case of FUR-PRX. An acetone solvate was reported previously [31] as having been obtained
from acetone solution of a 1:1 stoichiometric mixture of FUR and PRX by slow evaporation.

3.3. Structural Studies of Multi-Component Forms

Single-crystal X-ray diffraction analysis (Table 1 and Figures S4 and S5) confirmed the
cocrystal nature of FUR–ETZ and FUR–PRX obtained by LAG of the APIs in methanol.

Figure 1 shows a PXRD overlay of the ground and starting materials and the simulated
pattern from the single crystal structure. This figure shows that the ground material matches
the one from single crystal analysis, corresponding to FUR–ETZ cocrystal.

FUR–ETZ cocrystal crystallized in the monoclinic P21/c space group. The asymmet-
ric unit was composed of FUR and ETZ in a 1:1 stoichiometric ratio (Figure 2a). The
cocrystal adopts a ribbon structure through the acid· · · amide synthons which connect
FUR catemer-like chains formed from SO2HN−H· · ·Ofuran weak hydrogen bonds between
neighboring FUR molecules (Figure 2b). The ribbons stack 6-membered aromatic rings of
FUR and ETZ (centroid–centroid distance: 3.7262(17) Å) to form columns running along
the b axis (Figure 2c). These columns are reinforced by H-bonding interactions involving
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the sulfonamide and amide moieties of the cocrystal. Finally, weak C−H· · ·Osulfonamide
hydrogen bonds connect these columns to form the 3D structure.

Figure 1. PXRD patterns of the new phase FUR–ETZ obtained by liquid-assisted grinding (LAG) with
methanol (MET) solvent, the simulated pattern from crystal structure and the corresponding reactants.

Figure 2. (a) Asymmetric unit of the FUR–ETZ cocrystal. (b) acid· · · amide and sulfonamide· · · furan
synthons give a ribbon along the b-axis by H-bonding interactions (Table S1). (c) Left. Detail of
the column structure in FUR–ETZ. Carbon bound H atoms omitted for clarity Right. π−π stacking
interaction in the FUR–ETZ cocrystal.

Figure 3 shows a PXRD overlay of the ground and starting materials, as well as the
simulated patterns from the single crystal structure and the reported acetone solvate [31].
As shown in this figure, the ground material matches a new single crystal phase, corre-
sponding to the FUR–PRX solid form.

FUR–PRX cocrystal crystallizes in the monoclinic space group P21/n. The crystal struc-
ture contains one molecule each of FUR and PRX in the asymmetric unit that are associated
by the heterosynthon acid· · · pyridine (Figure 4a). PRX molecules exhibits a strong intramolec-
ular H-bonding interaction O-H· · ·O=C (Table S3). FUR molecules form centrosymmetric
dimers through H-bonding interactions involving sulfonamide groups (SO2HN−H· · ·O=S)
and connect PRX molecules by additional H-bonds (SO2HN−H· · ·O=SPRX) to generate rib-
bons running along a axis. The ribbons have FUR dimers forming the backbone of the
ribbon and PRX molecules in the periphery (Figure 4b). The structure is additionally
stabilized by weak C−H· · ·O hydrogen bonds formed from sulfonamide oxygen atoms
with methyl groups from PRX molecules to form the 3D structure.
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Figure 3. PXRD patterns of the new phase FUR–PRX obtained by liquid-assisted grinding (LAG)
with methanol (MET) solvent, the simulated patterns from crystal structure and reported acetone
solvate structure and the corresponding reactants.

Figure 4. (a) Asymmetric unit of the FUR–PRX cocrystal. (b) Detail of the ribbon structure along the a axis.

All the reported polymorphs of FUR exhibit carboxylic dimer synthons; however,
each polymorph has a variation in the hydrogen bonding of sulfonamide groups giving
different synthons. In the stable FUR polymorph 1 [42], a robust dimeric centrosymmetric
H-bonding interaction between sulfonamide groups is observed that further generate
a linear tape structure. As expected, in both drug–drug FUR cocrystals, carboxylic dimer
synthon is disrupted by the insertion of the amide or pyridine functional group for ETZ or
PRX coformer, respectively. Moreover, in the case of FUR-ETZ, the sulfonamide synthon
observed in the FUR polymorph 1 is replaced by two different synthons involving FUR and
ETZ meanwhile in FUR-PRX, this synthon is partially maintained as sulfonamide dimer
but the linear tape structure is blocked by PRX molecules. The resulting ribbon structures
are different in both cocrystals and in principle would anticipate that both cocrystal will
exhibit different physicochemical properties as will be discussed in the following sections.

3.4. Fourier Transform Infrared (FT-IR) Spectroscopy

FT–IR is a helpful technique that quickly detects the formation of novel multi-component
pharmaceutical solid forms [43]. Changes in vibrational frequencies due to cocrystal/salt
formation can be easily monitored. When the two APIs are joined together in the solid form,
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the reported IR bands with diagnostic values are expected to be shifted, thus indicating the
presence of intermolecular forces between functional groups—i.e., hydrogen bonds—which
build the cocrystal structures [44]. Band assignments (Table 3) were performed based on
the crystallographic analysis (Section 3.1) and considering the spectroscopic data available
for related FUR compounds found in the literature [13].

Table 3. Summary of relevant FT−IR vibrational frequencies (cm−1) in the spectra of FUR, FUR–ETZ, and FUR–PRX.

Compound
ν(NH2)

Sulfonamide
ν(NH)

Secondary Amine
ν(C=O)

Carboxyl
ν(COO−)

Carboxylate
ν(S=O)

Sulfonamide

FUR (as) 3400
(s) 3351 3285 1670 - (as) 1328

(s) 1139

FUR–ETZ (as) 3438
(s) 3291 3285 1670 - (as) 1339

(s) 1154

FUR–PRX (as) 3317
(s) 3230 3269 1670 - (as) 1339

(s) 1154

FUR exhibits stretching frequencies at 3400 and 3351 cm−1 (sulfonamide primary
amine), 3285 cm−1 (sulfonamide secondary amine), 1670 cm−1 (carboxyl stretch), and
1328 and 1139 cm−1 (sulfonamide S=O stretching modes). The FT–IR spectra of FUR and
the multi-component forms are shown in Figure 5. In FUR–ETZ and FUR–PRX cocrystals
the band corresponding to carboxyl group (1670 cm−1) appears in the same position as in
FUR. In the cocrystals, the –NH2 asymmetric and symmetric stretching modes are shifted
(3438 and 3291 cm−1 for FUR–ETZ and 3317 and 3230 cm−1 for FUR–PRX). S=O stretching
modes are shifted to 1345 and 1143 cm−1 in FUR–ETZ, 1339 and 1154 cm−1 in the case of
FUR–PRX, confirming that these functional groups interact with the coformer, as demon-
strated in the crystal structures analysis. The FT–IR vibrational frequency comparisons are
summarized in Table 3.

Figure 5. Comparison of Fourier transform infrared (FT−IR) spectra of FUR, FUR–ETZ and FUR–PRX
solid forms.

3.5. Thermal Analysis

It is well accepted that the melting point of an API can be altered through cocrystalliza-
tion [45]. The outcome will generally be a solid with a melting point between (M), lower
(L), or higher (H) than the isolated API and coformer, following the occurrence trend
M >> L > H [46]. The thermal behavior of the reported compounds was studied by DSC.
In Figure 6, the DSC of the corresponding FUR–ETZ and FUR–PRX cocrystals are reported.
Each trace shows one single endothermic event, which represents the melting point of these
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pure species. Interestingly, while the melting point of the FUR–ETZ cocrystal (187.67 ◦C)
is in between those of the reported for the two reference APIs (ETZ: 129–134 ◦C; FUR:
203–205 ◦C), FUR–PRX cocrystal shows a melting endotherm at 214.82 ◦C, higher than the
melting point of its components (PRX: 201.89 ◦C; FUR: 203–205 ◦C), an indication that this
pharmaceutical cocrystal is thermally more stable than FUR by itself. Although the density
and packing coefficient of the cocrystals are similar (Table 1), the overall packing arrange-
ment of FUR-PRX and the non-covalent interactions involved impact its thermal behavior.

Figure 6. Differential scanning calorimetry (DSC) plots of FUR–ETZ and FUR–PRX. Dotted lines
correspond to the range of temperature reported for melting of FUR.

3.6. Stability Studies

The stability of cocrystals was studied in this work by performing aqueous slurry
experiments at 25 ◦C and storing them at accelerated ageing conditions (40 ◦C and 75%
relative humidity). The thermodynamic stability of cocrystals was first evaluated by
slurry experiments at 25 ◦C. In these experiments, excess solids of the cocrystal powders
were stirred in deionized water for 24 h. The resulting filtered and air-dried samples
were analyzed by PXRD to evaluate their phase purity, and it was observed that the
two cocrystals were stable upon slurrying. These observations suggest that the cocrystals
are thermodynamically stable at room temperature. Likewise, results of the stability tests
suggest that the two new solid forms remained the same after storage for two months
(Figure 7). The stability of the cocrystals at accelerated test conditions is consistent with the
thermodynamic stability observed in the slurry experiments.

Figure 7. PXRD patterns of FUR–ETZ (a) and FUR–PRX (b) with respect to the stability under accelerated ageing conditions
(40 ◦C, 75% RH) at different time intervals.
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3.7. Equilibrium Solubility

As observed in the previous section, cocrystals were thermodynamically stable when
suspended in water at room temperature. They did not transform to component phases
or there is no evidence of phase transitions, suggesting that these phases have equal or
lower solubility than the drug or coformer. The equilibrium solubility of the new FUR
cocrystals was lower than that of FUR at pH 7.4. As seen in Table 4, cocrystals possess
lower solubility than FUR. Although the differences in equilibrium solubility between FUR
and the cocrystals were significant, interestingly, the extent of enhanced solubility of the
multi-component solids is more significant than the solubility of the drug coformers.

Table 4. Equilibrium solubility of FUR and its cocrystals in water PBS pH 7.4.

Solid Form
Equilibrium Solubility at

25 ◦C (mg/mL)
Extent of Increase Relative to

the Solubility of FUR.
Extent of Increase Relative to
the Solubility of Coformer.

FUR 2.40 - -
FUR–ETZ 1.24 ×0.52 ×41 (ETZ) a

FUR–PRX 1.47 ×0.61 ×84 (PRX) b

a Reported solubility of ETZ at 27 ◦C: 0.03 mg/mL [47]. b Reported solubility of PRX at 37 ◦C: 0.0198 mg/mL [48].

4. Conclusions

In conclusion, we have described two new drug–drug cocrystals containing FUR and
ETZ and PRX as coformers. A mechanochemical synthetic route have allowed to avoid
hydrate/solvate formation as evidenced in the case of FUR-PRX. Expected hydrogen bonds
contributed by the drug coformers sustain the cocrystals, disrupting the acid:aciddimer
synthon observed in the stable FUR polymorph 1. All the solids exhibit good thermal
stability, and good stability under accelerated ageing. Although they do not exhibit
increased solubility than FUR drug, the drug coformers notably do. However, the success
of these drug–drug cocrystals as potential fixed-dose solids requires an appropriately
designed clinical study to establish their safety and effectiveness.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/cryst11111339/s1, Figure S1. PXRD patterns of FUR–ETZ obtained by grinding the two components at
different molar ratios. Blue dotted lines indicate characteristic FUR reflections. Orange dotted lines
indicate characteristic ETZ reflections; Figure S2. PXRD patterns of FUR–PRX obtained by grinding
the two components at different molar ratios. Blue dotted lines indicate characteristic FUR reflections.
Orange dotted lines indicate characteristic PRX reflections; Figure S3. Le bail profile fit (red line)
to the experimental PXRD data (blue line) of FUR-ETZ (a) and FUR-PRX (b). The profile fitting for
both the cocrystals shows low discrepancy (grey line); Figure S4. ORTEP representation showing
the asymmetric unit of FUR—ETZ with atom numbering scheme (thermal ellipsoids are plotted
with the 50% probability level); Figure S5. ORTEP representation showing the asymmetric unit of
FUR—PRX with atom numbering scheme (thermal ellipsoids are plotted with the 50% probability
level); Figure S6. TGA traces of FUR–ETZ (top) and FUR–PRX (bottom); Figure S7. Solubility curve of
FUR—ETZ in water PBS at pH 7.4; Figure S8. Solubility curve of FUR—PRX in water PBS at pH 7.4;
Figure S9. PXRD patterns of FUR–ETZ after the stability slurry assay (at 25 ◦C, during 24 h, in water);
Figure S10. PXRD patterns of FUR–PRX after the stability slurry assay (at 25 ◦C, during 24 h, in
water); Table S1. Hydrogen bonds for FUR—ETZ (Å and deg.); Table S2. π,π-stacking interactions
analysis of compound FUR—ETZ. Table S3. Hydrogen bonds for FUR—PRX (Å and deg.).
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Abstract: Here, we report the synthesis and experimental characterization of three drug-drug eutectic
mixtures of drug aminoglutethimide (AMG) with caffeine (CAF), nicotinamide (NIC) and ethenza-
mide (ZMD). The eutectic mixtures i.e., AMG-CAF (1:0.4, molar ratio), AMG-NIC (1:1.9, molar ratio)
and AMG-ZMD (1:1.4, molar ratio) demonstrate significant melting point depressions ranging from
99.2 to 127.2 ◦C compared to the melting point of the drug AMG (151 ◦C) and also show moderately
higher aqueous solubilities than that of the AMG. The results presented include the determination
of the binary melt phase diagrams and accompanying analytical characterization via X-ray powder
diffraction, FT-IR spectroscopy and scanning electron microscopy.

Keywords: aminoglutethimide; eutectic mixture; solubility; melt phase diagram

1. Introduction

The multicomponent solid form of the drug is rapidly emerging as an effective way to
improve the drug physiochemical properties such as solubility, dissolution rate, bioavail-
ability and other crucial pharmaceutical properties like stability, hygroscopicity, chemical
stability, flowability, etc. [1–7]. Eutectic mixtures are multicomponent compounds made
up of two or more crystalline solids that show immiscibility in the solid-state and do
not combine to generate a new chemical compound but, at a certain ratio, the eutectic
composition will exhibit a melting or solidification point significantly lower than its con-
stituents [1,4,8]. The formation of eutectic mixtures can occur via different noncovalent
interactions primarily hydrogen bonding, van der Waals forces, and aromatic interactions
etc. [9,10]. It is a trial and error approach to get a eutectic composition for enhancing the
solubility and bioavailability of medicines with limited water solubility in BCS classes II
and IV [1,4]. Eutectic mixtures are frequently used for the design of medicines and delivery
methods for administration routes [1,11]. For example, the eutectic mixture of lidocaine
and prilocaine cream is a novel formulation of dermal anesthesia which is effective and
safe for the treatment option in premature ejaculation patients of various types [11]. Eutec-
tic mixtures generally exhibit high thermodynamic parameters, for example, free energy,
enthalpy and entropy etc., which alter the solubility and dissolution behavior [1]. Besides,
a higher soluble eutectic mixture component, called coformer in the following, also can
favorably influence the wettability of the drug, thus improving the bioavailability [12,13].
When taken orally, curcumin, for example, has low bioavailability and solubility. However,
the eutectic mixture of curcumin and nicotinamide in a 1:2 ratio exhibits a 10-fold faster in-
trinsic dissolution rate [14]. Another aspect is that it is critical to identifying the production
of eutectics during the formulation stage to minimize manufacturing difficulties [15,16].
During pharmaceutical research, understanding eutectic mixtures can aid in the discovery
of compounds with equivalent melting points.

In this work, we studied the chiral drug aminoglutethimide [3-(4-aminophenyl)-3-
ethyl-2, 6-piperidinedione] (AMG), a nonsteroidal aromatase inhibitor drug, used for the
treatment of Cushing’s syndrome, breast cancer, and prostate cancer [17–19]. According to
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the Biopharmaceutics Classification System (BCS), AMG is classified as a BCS class II drug
because of its poor solubility [20]. Attempts were made in this work to create multidrug
eutectics of AMG considering caffeine (CAF, a psychoactive drug [21]), nicotinamide
(NIC, a vitamin [22]) and ethenzamide (ZMD, nonsteroidal anti-inflammatory drug [23])
as coformers to improve the aqueous solubility of AMG. Scheme 1 shows the chemical
structures of AMG and the three coformers. For the synthesis of eutectics, mainly a
mechanochemical solvent-assisted grinding (LAG) method has been used. Differential
scanning calorimetry (DSC) data is utilized to establish the precise eutectic composition.
X-ray powder diffraction (PXRD), Fourier-transform infrared spectroscopy (FT-IR) and
scanning electron microscopy (SEM) were applied to characterize the eutectic mixtures
and their components. Further, the aqueous solubility of the eutectics was determined and
found to moderately exceed that of the parent compound AMG.

Scheme 1. Molecular structure of Aminoglutethimide and the coformers selected for the study.

2. Materials and Methods

2.1. Materials

Aminoglutethimide (purity: >98.0%) was purchased from TCI, Japan. Caffeine
(purity: >98%), nicotinamide (purity: >98%) and ethenzamide (purity: >97%) were pur-
chased from Sigma Aldrich (Darmstadt, Germany). Millipore water from the Milli-Q
system (Merck Millipore, Milli-Q Advantage, Darmstadt, Germany) was used for solubility
determination and HPLC-grade solvents for the mechanochemical experiments.

2.2. Aminoglutethimide Eutectic Mixture Screening and Eutectic Composition Determination

Multiple mixtures of AMG and the chosen coformer in different weight percentages,
e.g., 50%, 55%, 60%, 65%, 70%, 75%, and 80%, were prepared. The needed amount of each
component was added to a mortar to obtain 100 mg of the desired binary combination and
grinded using mortar and pestle with a dropwise addition of acetonitrile for 30 min.

The melting behavior of the resulting solids and the eutectic formation was determined
by means of a DSC linear heating run. Eutectic and pure compounds melting tempera-
tures were considered from the corresponding peak onsets, and liquidus temperatures for
mixtures were taken from the peak maximum. Therewith, the binary phase diagrams and
corresponding Tammann plots were constructed to specify the eutectic composition of the
respective drug-drug system. For the Tammann plot, the enthalpy of fusion of the eutectic
melting effects in the DSC curves of the mixtures are used.

The melting of the eutectic mixture is characterized by a single melt peak in the DSC
curve for the corresponding drug-drug, that is an eutectic composition. This is because the
eutectic is an invariant point in the binary system in analogy to the melting point of a pure
compound in a unary system.

2.3. Preparation of Bulk Mixtures at the Eutectic Composition

For liquid-assisted grinding, the components of each system were mixed and ho-
mogenized for 30 min in a glass mortar and pestle with acetonitrile as the solvent. The
AMG-CAF, AMG-NIC and AMG-ZMD systems were produced in their respective eutectic
compositions to perform solid-state characterization and solubility tests. In a nutshell, exact
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weights of AMG-CAF (75 wt.% of AMG), AMG-NIC (50 wt.% of AMG), and AMG-ZMD
(50 wt.% of AMG) systems were considered for the solubility evaluation.

2.4. Analytical Techniques

Powder X-ray Diffraction (PXRD). The solid-state properties of the system were
investigated by powder X-ray diffraction (PXRD) analysis with an X’pert Pro Diffractometer
(PANalytical GmbH, Kassel, Germany) with Cu Kα radiation and an X’Celerator detector
in the 2-theta range of 3–40◦ with a step size of 0.017◦ and a step time of 50 s.

Differential Scanning Calorimetry. Thermal analysis was carried out using a DSC
131 (Setaram, Diepholz, Germany), which was regularly calibrated using highly-pure
standard materials. The DSC measurements were carried out in aluminum crucibles with a
constant heating rate of 2 K/min, under a pure helium atmosphere at 8 mL/min.

Fourier Transform Infrared Spectroscopy (FT-IR). A Bruker ALPHA II FT-IR (Bruker,
Karlsruhe, Germany) with a diamond attenuated total reflectance (ATR) accessory was used
to gather Fourier transform infrared spectra. The solid materials were placed in the ATR
cell without further preparation and investigated in the 4000–400 cm−1 range, collecting
32 scans at a resolution of 2 cm−1.

Scanning Electron Microscopy. Scanning electron microscopy (SEM) was carried
out by using a Carl Zeiss Microscopy Ltd. (Jena, Germany) instrument at an acceleration
voltage of 10 keV.

Hot Stage Microscopy. Hot Stage Microscopy was carried out using a Linkam hot
stage LTS420 (Linkam Scientific Instruments Ltd., Waterfield, UK) with an Axioskop 2 mi-
croscope (Carl Zeiss, Oberkochen, Germany). Images were recorded and analyzed using
Axiovision 2 software.

2.5. Solubility Determination

The gravimetric method was used to determine the solubility of AMG and its binary
eutectic mixtures in water at room temperature (25 ◦C). An excess amount of solid eutectic
mixture was added to 4 mL water, and the suspension was stirred at 300 rpm at 25 ± 1 ◦C
for 72 h to reach equilibrium. Then it was allowed to settle before liquid phase sampling.
The saturated solutions of respective eutectic mixtures were filtered using a 0.45 μm syringe
filter and transported in a 5 mL vial. The weight of the full vial with the solution was
recorded immediately. The vials were kept in a fume hood for evaporation of the water.
Solids were obtained after ~3–4 days. They are further placed in a desiccator for 1 day. All
measurements were carried out in duplicate. The solubility of pure AMG (mg/mL) in water
was calculated from the product of the mass of the dried material (solubility of eutectic
mixture) and the respective AMG content in the dried eutectic mixture (in weight fraction).

3. Results and Discussion

In literature, it was pointed out [1,10] that organic eutectic formation happens when
the molecular interaction among identical molecules is comparably stronger than the
interaction between different molecules. Till now, there are no exact rules to design eutectics
based on the cohesive interactions dominant over the adhesive interaction to produce a
eutectic [4,10]. Generally, a cocrystal is expected to be obtained when the possibility
of formation of very strong adhesive interactions is high. However, when the cohesive
interactions are strong but auxiliary interactions are weak to nil, as long as molecular
mismatched shapes are there, then the formation of a eutectic mixture is expected [10].
In the case of AMG, the interactions like imide· · · imide and N−H· · ·O hydrogen bond
interactions are relatively stronger (Figure 1). However, in the case of multicomponent
systems with the coformers CAF, NIC and ZMD, the adhesive interactions are relatively
weaker as they are non-isomorphous molecules with a considerable mismatch in size and
shape. Moreover, the structural arrangement will have lack a unique lattice arrangement
distinct from the individual components and thus retains the cohesive interactions in its
eutectic mixtures. Therefore, the X-ray diffraction pattern and spectroscopic signature
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peaks of a eutectic mixture does not contain new crystalline arrangement, rather contains
the overlapping of diffraction peaks of the individual components.

Figure 1. Examples of some probable supramolecular synthons that may be present in AMG-
eutectic systems.

The Cambridge Structural Database (CSD) search for imide and carboxylic acid inter-
action only reveals two reported crystal structures with refcodes HUVGAI and UGOHUV,
demonstrating the weaker probability of cocrystal formation via the imide· · · carboxylic
acid heterosynthon. Similarly, no imide and only one monosubstituted pyridine interaction
have been observed from CSD search for the multicomponent crystalline systems of imide
functional molecules. There is also no reported structure with imide· · · carboxamide in-
teraction. Furthermore, cocrystal screening by considering the molecular complimentary
screening wizard of CSD [24] also reveals no-hit for cocrystals for the selected coformers.

Powder X-ray Diffraction (PXRD) Analysis

X-ray diffraction patterns can be used as one of the confirmatory tools for the detection
of the formation of a eutectic system. Figure 2 displays the comparison between the PXRD
patterns obtained for starting components and their respective eutectic systems.

Figure 2. Overlay of PXRD patterns of (a) AMG, CAF and the eutectic mixture of the AMG-CAF
system, (b) AMG, NIC and the eutectic mixture of the AMG-NIC system and (c) AMG, ZMD and the
eutectic mixture of the AMG-AMD system. Main characteristic peaks are indicated by dashes lines.

78



Crystals 2022, 12, 40

In a eutectic system, the retention of the crystal structure of individual components is
expected, consequently, the PXRD pattern of the eutectic system should contain the overlap
of diffraction peaks of starting components without the generation of new diffraction peaks.
As seen in the comparison of the diffraction patterns of the eutectic mixtures and the
pure starting components, no new peaks were observed and all the diffraction peaks of
the starting components are present in the grinded mixtures, signifying the formation of
eutectic mixtures in all three studied cases.

Differential Scanning Calorimetry (DSC) Analysis

DSC is one essential technique to characterize the solid phase behavior of a material
and mixtures. It is crucial to detect the eutectic nature of a multicomponent system
as typically the melting point of the eutectic mixture is lower than either of the parent
components and the eutectic melting can be identified via the melting events occurring.
The DSC patterns of the various AMG-coformer mixtures overlayed with those of the pure
components are shown in Figure 3, specifically for the AMG-CAF system in Figure 3a, the
AMG-NIC system in Figure 3b and the AMG-ZMD system in Figure 3c.

Figure 3. DSC patterns of the different AMG-coformer compositions showing the melting point
depressions and the eutectic peak, (a) AMG and CAF, (b) AMG and NIC, and (c) AMG and ZMD.

The thermogram of AMG exhibits only one endothermic melting peak, suggesting no
polymorphic transition during the heating cycle. The eutectic melting peak for the AMG-
NIC system (Figure 3b) is found at 99.2 ◦C, being, as expected, significantly lower than for
both the starting materials. A close-to single eutectic peak is observed for the ~50% mixture,
indicating the presence of the “purely” eutectic phase and thus, the eutectic composition
in the AMG-NIC system. In the case of the AMG-CAF system at different weight% ratios,
except at the eutectic composition, DSC curves exhibited three endothermic transition
effects (see Figure 3a). The first endothermic peak signifies the eutectic temperature,
whereas another endotherm signifies the melting of excess AMG or CAF, respectively. The
supplementary peak observed at 137.7 ◦C corresponds to the enantiotropic phase transition
of caffeine polymorphic form II to form I [25,26]. The eutectic composition is found to be
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close to 75 wt.% AMG composition. For the AMG-ZMD system, the melting endothermic
peak at 101.8 ◦C refers to the eutectic melting (see Figure 3c), while the eutectic composition
is found close to the AMG-ZMD composition of ~50 wt.%. Table 1 contains the measured
temperatures and enthalpies of melting for the pure AMG, the coformers used and their
eutectic mixtures. Hot stage microscopic analysis results of the eutectic mixtures which are
presented in Figure S1 (Supporting Information), also support the eutectic nature of the
AMG mixtures exhibiting a uniform melting in a narrow temperature range.

Table 1. Melting point (M.P) and melting enthalpy (M.E) of drug AMG, the coformers and their
eutectic compositions.

Drug Coformer
M.P
(◦C)

M.E
(J/g)

Eutectic
M.P
(◦C)

M.E
(J/g)

AMG CAF 235.9 128.51 AMG-CAF 127.2 74.21

M.P = 151.0 (◦C) NIC 128.68 186.81 AMG-NIC 99.2 125.55

M.E = 110.23 J/g ZMD 129.4 174.7 AMG-ZMD 101.8 124.15

Infrared Spectroscopy

IR spectroscopy was used to understand the probable intermolecular interactions
present in the eutectic system. The observed IR spectra of AMG, the coformers and the
respective eutectic systems are presented in Figure 4. As seen, the IR spectra of the eutectic
systems are comparable with their starting components. No new peak was observed in the
three eutectic systems and the spectra simply overlap with the spectra of the individual
components. All the characteristic vibrational bands of AMG and the coformers are
observed in the spectrum of the eutectic composition. For the AMG spectrum, the N−H
starching peak is observed at 3470 cm−1, and the C=O stretch vibration is observed at
1713 cm−1. The slight shifting of C=O peaks in the mixture’s absorption bands around
1713−15 cm−1 might be caused by the long-range interaction between the carbonyl groups
and other functionality in the molecules in the eutectic mixture.

Figure 4. Comparison of FT-IR spectra of starting materials AMG and coformer with their respective
eutectic composition for (a) AMG and CAF, (b) AMG and NIC, and (c) AMG and ZMD.
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Scanning Electron Microscopy (SEM) Analysis

The micrographs obtained from SEM are shown in Figure 5. Even all samples were
grinded in a similar way; SEM images contrast the morphological characteristics of the
coformers and partly of the AMG, showing some residual crystals left. However, in the
eutectic systems i.e., AMG-CAF, AMG-ZMD and AMG-NIC, a noteworthy reduction in
particle size is observed with the appearance of strongly agglomerating homogeneous fines
as compared to the parent components.

Figure 5. Comparison of micrographs of pure AMG and conformers after LAG treatment with their
respective eutectic mixtures at 1.0 Kx magnification.

Phase Diagrams and Related Tammann Plots

From the integration of the eutectic melting effects at different mixture compositions,
the related eutectic melting enthalpy ΔHeut can be obtained. At the eutectic composition,
the melting enthalpy is maximum and gradually decreases with composition towards the
pure components. Therefore, plotting the ΔHeut values as a function of the composition
(Tammann plot), the intersection of the two linearized parts provides a good measure of
the eutectic composition in the respective binary system.

AMG-CAF system. The presence of the single melting endotherm at 127.2 ◦C (see
Figure 3a), lower than that of both the starting components AMG and CAF, indicated
the formation of the eutectic composition in the AMG-CAF system at 75 wt.% of AMG.
The phase diagram and the Tammann plot for this system are presented in Figure 6a,b.
In the phase diagram, the liquidus and solidus temperatures are plotted as a function of
weight% (wt.%) of AMG in the CAF-AMG system. It shows the enantiotropic behavior of
caffeine and specifies the polymorphic phase transition at ~138◦C confirming the literature
data [25,26]. Additionally, this indicates the eutectic composition at ~75 wt.%, which is
verified in the Tammann plot (Figure 6b). In addition, the latter indicates a partial solid
solution behavior of CAF in AMG in a rather narrow composition range of ~95 ± 2 wt.%
of AMG (indicated by the dashed line in Figure 6b). However, since this is based on only
two points, it needs to be verified what is hardly to be done in the small existence region of
AMG in the phase diagram.
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Figure 6. (a) Binary melt phase diagram and (b) Tammann plot of the AMG-CAF system.

AMG-NIC system. The DSC profiles in Figure 3b illustrate the melting behavior
of solid samples at different AMG-NIC compositions prepared by neat grinding. The
system shows simple eutectic behavior; thus, mixtures of both components exhibit two
endothermic peaks in DSC curves corresponding to eutectic melting and the subsequent
dissolution effect of the excess compound. Figure 7a presents the derived melt phase
diagram with a eutectic composition of ~50 wt.% AMG. The eutectic temperature in this
system was found on average at 99.2 ◦C (Table 1). The Tammann plot shown in Figure 7b
confirms the ~50 wt.% eutectic composition.

Figure 7. (a) Binary melt phase diagram and (b) Tammann plot of the AMG-NIC system.

AMG-ZMD system. As for the AMG-NIC system, the melt phase diagram of the
AMG-ZMD system is characterized by a simple eutectic, possessing a eutectic point at
101.8 ◦C and composition of ~50 wt.% of AMG. The eutectic composition was derived from
the single endothermic event in the DSC thermogram and from the intersection of the
ZMD and AMG liquidus curves. Tammann’s plot (Figure 8b) for the AMG-ZMD system
verifies the eutectic composition close to 50 wt.% AMG and indicates partial miscibility at
the solid-state close to the ZMD side (indicated by the dashed line in Figure 8b), but similar
to the AMG-CAF system, this needs more detailed studies if important.
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Figure 8. (a) Binary melt phase diagram and (b) Tammann plot of the AMG-ZMD system.

Aqueous Solubility of the Eutectics

To measure the solubility, each experiment was performed in a jacketed, circulating
flask maintained at 25 ◦C and in two sets to ensure consistency. Interestingly, the eutectics
show significantly improved solubility over the parent drug AMG with a solubility of
1.9 ± 0.01 mg/mL at 25 ◦C (See Figure 9). The AMG-CAF, AMG-NIC and AMG-ZMD
eutectics exhibit nearly 2.5-fold, 1.5 fold and 1.3 times higher solubility than AMG.

Figure 9. Comparison of solubilities of AMG and its eutectic mixtures in water at 25 ◦C.

Different thermodynamic parameters like melting temperature depression and the
heat of fusion (ΔHf) can affect the overall solubility [27,28]. Considerable decrease in
the ΔHf (see Table 1) is observed for the AMG-CAF system and expectedly it is showing
higher solubility than the AMG. However, higher ΔHf has been observed for the eutectics
AMG-ZMD and AMG-NIC, and as a result, the solubility difference is not significant.
Particularly, despite having higher soluble coformer NIC, the eutectic AMG-NIC exhibited
less solubility compared to AMG-CAF. The experimental solubility results are supported
by the ideal solubility data for the eutectic mixtures calculated by using the van’t Hoff
equation (Figure S2, Supporting Information), showing similar trends for the solubilities.
Moreover, the precipitates obtained from the solubility experiment were further evaluated
by PXRD measurements, which are presented in Figure S3 (Supporting Information). The
PXRD patterns observed from the eutectics before and after solubility evaluations contain
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the characteristic peaks for the starting materials and, in addition are similar. Thus, they
confirmed no new phase or cocrystal formation during solubility experiments.

4. Conclusions

Solvent-assisted mechanochemical grinding of the drug aminoglutethimide with
pharmaceutical coformers enabled the production of binary eutectic mixtures. Considerable
lowering of the melting points in the eutectic mixtures was determined from DSC analysis.
Analogously, the aqueous solubility of the binary eutectic mixtures was improved compared
to the pure AMG. Solubilities at 25 ◦C were found to be 1.3–2.5 times higher than for the
AMG. The final aim of the work was to improve the AMG solubility through physical form
alteration, and this objective was achieved by the formation of binary eutectic mixtures with
caffeine, nicotinamide and ethenzamide as drug-drug eutectics, with the most significant
improvement for the AMG-CAF system.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12010040/s1, Figure S1: Comparison of Hot Stage Microscopic
images for the eutectic mixtures at room temperature, melting and subsequent cooling. Figure S2:
Van’t Hoff plot of ideal solubility values for the eutectics., Figure S3: PXRD of the AMG eutectics
after solubility determinations.
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Abstract: Six new multicomponent solids of 9-ethyladenine and oxalic acid have been detected and
characterized. The salt screening has been performed by mechanochemical and solvent crystallization
processes. Single crystals of the anhydrous salts in 1:1 and 2:1 nucleobase:coformer molar ratio were
obtained by solution crystallization and elucidated by single-crystal X-ray analysis. The supramolec-
ular interactions observed in these solids have been studied using density functional theory (DFT)
calculations and characterized by the quantum theory of “atoms in molecules” (QTAIM) and the
noncovalent interaction plot (NCIPlot) index methods. The energies of the H-bonding networks
observed in the solid state of the anhydrous salts in 1:1 and 2:1 nucleobase:coformer are reported,
disclosing the strong nature of the charge assisted NH···O hydrogen bonds and also the relative
importance of ancillary C–H··O H-bonds.

Keywords: nucleobases; multicomponent solids; crystal engineering; DFT; H-bonding

1. Introduction

The preparation of alternative salts, and more recently cocrystals, of many active
pharmaceutical ingredients (APIs) has gained great attention as an important strategy in
crystal engineering for the last decades. The use of salts and cocrystals for improving the
physico-chemical properties of APIs has been demonstrated, as these solids can modify
the solubility or dissolution rate, or even improve the physical stability. Around a half of
the marketed products are estimated to be sold as salt forms [1]. Oxalic acid is among the
different salt-forming acids listed for this purpose. It belongs to the second class of salt
formers according to the Handbook of Pharmaceutical Salts: Properties, Selection and Use [1], as
they are not naturally occurring but during their application have shown low toxicity and
good tolerability. Through a search in the FDA Orange Book Database, we found only two
approved examples, which are the specialty dosage forms commercialized as Lexapro® and
Movantik®. The first one, in the market since 2009, is used for the treatment of depression
and anxiety. Interestingly, it is not a classical salt, but in fact it is a hydrated cocrystal
of a salt, composed of protonated escitalopram cations, oxalate dianions, unprotonated
oxalic acid molecules and water molecules [2]. The second dosage form contains naloxegol
oxalate, indicated for the treatment of opioid-induced constipation in adults with chronic
non-cancer pain. Curiously, it was found through a small-scale screening due to the
difficulties in preparing naloxegol in solid form [3]. As a result, two polymorphic forms
were described, and the crystal structure resolution of Form B showed that it contained
hydrogen oxalate anions [4]. In spite of the low incidence of oxalic acid in the list of the most
used anions in APIs [5], many other examples have also been described in the literature
exhibiting the interest of the scientific community for this coformer [6–9].

Among pharmaceutical compounds, nucleobases are of great value thanks to their
contribution as structural components of several pharmaceuticals as well as for their
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biological function as part of DNA and RNA. Very recently, a new cytosine derivative has
been announced for COVID-19 oral treatment, molnupiravir [10].

After a careful revision of cocrystals or salts between oxalic acid and nucleobases
or related compounds only a few examples resulted. These include pure adenine [11],
N6-benzyladenine [12], or the following xanthines: caffeine [13,14], theobromine [15] and
theophylline [16,17]. The only example described as a cytosine derivative was for the
antiretroviral compound, lamivudine [9].

9-Ethyladenine (9ETADE) is a modified nucleobase with the amino group at N(9)
blocked by an ethyl chain (Scheme 1a). We have previously reported the ability of this
modified nucleobase to form different salts and/or cocrystals with alkyl dicarboxylic acids
(HOOC-Xn-COOH, with n from 1 to 4) as coformers depending on the ΔpKa [18]. Now,
as a continuation of our work related to this modified purine, we describe herein the
special situation with oxalic acid. This is the most acidic (pKa = 1.19) and shortest alkyl
dicarboxylic acid we have studied but the most versatile and promiscuous in rendering
several solid forms.

 

Scheme 1. (a) Molecular structure of 9-ethyladenine with numbering and (b) compounds of
9-ethyladenine with oxalic acid prepared in this work.

Herein, we present several multicomponent forms obtained by combination of the
model compound 9-ethyladenine and oxalic acid, which have been prepared by sol-
vent/slurry crystallization or mechanochemistry (liquid assisted grinding (LAG) or neat
grinding (NG)) and their full characterization. The crystal structures of the two anhydrous
salts have been solved. Moreover, density functional theory (DFT) calculations were used
to understand/study their supramolecular interactions focusing on the energetics of the H-
bonds, which were computed by carrying out a topological analysis of the electron density.

2. Materials and Methods

2.1. Materials

All reagents were purchased from Sigma-Aldrich Co. (Merck KGaA, Darmstadt,
Germany) and used without further purification. Analytical grade solvents were used
for the crystallization experiments. 9-Ethyladenine (9ETADE) was obtained as previously
described by some of us [19].

2.2. Syntheses of Multicomponent Solids

Solution syntheses. In general, mixtures of 9ETADE and oxalic acid dihydrate in 1:1
or 2:1 molar ratio were suspended in Milli-Q water (for 1 and 3) or in acetonitrile (for 2

and 4) at room temperature for two days. After that, the solids were filtered and air-dried.
Additional detailed data are included in Supplementary Information (SI).

Grinding Screening. As a general method, mechanochemical syntheses of the new com-
pounds were performed using a Retsch MM400 mixer mill (Retsch, Haan, Germany) in 10 mL
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agate grinding jars with two 5 mm agate balls. Mixtures containing 1:1 or 2:1 stoichiometric
molar ratio of 9ETADE and oxalic acid dihydrate and the selected solvent were ground for
30 min at 30 Hz. Additional details are included in Supplementary Information (SI).

2.3. Characterization

Powder X-ray Diffraction (PXRD). PXRD data were collected using a Siemens D5000 pow-
der X-ray diffractometer (Siemens, Munich, Germany) with Cu-Kα radiation (λ = 1.5418 Å),
with 35 kV and 45 mA voltage and current applied. An amount of powder was gently
pressed on a glass slide to afford a flat surface and then analyzed. The samples were
scanned in the 2θ range of 2–50◦ using a step size of 0.02◦ and a scan rate of 1 s/step.

Single Crystal X-ray Diffraction (SC-XRD). Suitable crystals of 1 and 3 were selected for
X-ray single crystal diffraction experiments, covered with oil (Infineum V8512, formerly
known as Paratone N) and mounted at the tip of a nylon CryoLoop on a BRUKER-NONIUS
X8 APEX-II KAPPA CCD diffractometer (Bruker, Karlsruhe, Germany) using graphite
monochromated MoKα radiation (λ = 0.7107 Å). Crystallographic data were collected at
300 (2) K. Data were corrected for Lorentz and polarization effects and for absorption by
SADABS [20]. The structural resolution procedure was made using the WinGX package [21].
The structure factor phases were solved by SHELXT-2014/5 or SHELXT-2018/2 [22]. For
the full matrix refinement SHELXL-2017/1 or SHELXL2018/3 was used [23]. The structures
were checked for higher symmetry with help of the program PLATON [24]. H-atoms were
introduced in calculated positions and refined riding on their parent atoms, except for the
protonation sites (H1A and H1B).

In Table 1 general and crystallographic data for the two new salts described are
summarized.

Table 1. Crystallographic data and refinement for salts 1 and 3.

Crystal 1 3

Empirical Formula C9H11N5O4 C8H10N5O2
Mr 253.23 208.21

Crystal system Triclinic Monoclinic
Space group P ı̄ P21/c

a/Å 5.5478 (19) 10.325 (4)
b/Å 9.413 (3) 7.0783 (3)
c/Å 11.535 (4) 13.207 (5)
α/◦ 70.272 (5) 90
β/◦ 87.851 (5) 106.457 (5)
γ/◦ 81.231 (6) 90

V/Å3 560.3 (3) 925.6 (6)
Z 2 4

Radiation type Mo Kα Mo Kα

μ/mm−1 0.121 0.113
Temperature/K 300 (2) 300 (2)

Crystal size/mm 0.500 × 0.230 × 0.180 0.390 × 0.120 × 0.080
Dcalc/g·cm−3 1.501 1.494

Reflections collected 6719 1676
Independent Reflections 2581 [R(int) = 0.0277] 1676 [R(int) = 0.062]
Completeness to theta =

24.996◦ 99.8% 99.2%

F(000) 264 436
Data/restraints/parameters 2581/0/170 1676/0/140

Goodness-of-fit 1.056 1.090
Final R indices [I < 2d(I)] R1 = 0.0420, wR2 = 0.1147 R1 = 0.0610, wR2 = 0.1465

R indices (all data) R1 = 0.0478, wR2 = 0.1192 R1 = 0.0863, wR2 = 0.1540
Largest diff. peak and

hole/e·Å−3 0.318 and −0.222 0.235 and −0.275

CCDC nº 2126070 2126069
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Thermogravimetric analysis—Differential scanning calorimetry (TGA-DSC). A simulta-
neous thermogravimetric analysis (TGA)—differential scanning calorimetry/differential
thermal analysis (heat flow DSC/DTA) system NETZSCH -STA 449 F1 Jupiter (NETZSCH,
Selb, Germany) was used to perform thermal analysis on the solids. Samples (3–8 mg) were
placed in open alumina pan and measured at a scan speed of 10 ◦C min−1 from ambient
temperature to 250 ◦C under N2 atmosphere as protective and purge gas (their respective
flow velocities were 20 and 40 mL/min).

Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR-FT-IR). A Jasco
4700LE spectrophotometer (JASCO, Tokyo, Japan) with attenuated total reflectance acces-
sory was used to record the FT-IR spectra of 9ETADE, oxalic acid dihydrate and the new
compounds prepared in this work in the range from 4000 to 400 cm−1 and at a resolution
of 4.0 cm−1.

Determination of approximate solubilities. The approximate solubilities of the anhydrous
9ETADE salts were determined by the gravimetric method following the procedure de-
scribed in [25,26]. To sum up, in a vial, an amount of solid (ca. 40–50 mg) was added a
determined volume of Milli-Q water to obtain a supersaturated solution at room temper-
ature. The suspensions were stirred for 2 h and then the agitation was stopped to allow
slow settling of the solids in excess for at least 24 h. Samples of the supernatant liquid were
taken using a syringe and filter via a nylon syringe filter (0.22 μm). The clear solutions
were added to a pre-weighted vial (m1) and the vial was weighted again (m2). The solvent
was allowed to evaporate in the fume hood until dry and the mass was recorded (m3).
The solids were dried in an oven at 30 ◦C under vacuum for 2 h to confirm no further
weight decrease. The solubility was calculated as the amount of solid recovered (m3 − m1)
divided by the volume of the solution (m2 − m3). The given values are the median of three
replicates. The residual solids which did not dissolve were analyzed by PXRD to check the
stability of the salts.

2.4. Stability Studies

Stability studies in solution. Mixtures of 9ETADE and oxalic acid in 1:1 ratio and using
Milli-Q water or acetonitrile as a solvent were conducted at room temperature at different
times (2, 24 and 48 h) to follow phase evolution.

Physical stability in solid state. The physical stability of the two anhydrous salts was
carried out by exposing the solids to the certain range of relative humidity (RH). The
humidity inside the chamber/desiccator was maintained at 75% RH using a sodium
chloride saturated salt solution [27]. The samples were exposed for one week at 40 ◦C and
1 month at room temperature and subsequentially analyzed by PXRD.

2.5. Theoretical Calculations

Gaussian-16 [28] program package was used for the calculations reported in this work.
For the energies and wavefunction calculations we have used the PBE0 [29] functional
in combination with Grimme’s dispersion correction (D3) [30] and the triple-ζ basis set
def2-TZVP [31]. The molecular electrostatic potential (MEP) surfaces have been computed
at the same level of theory and using the 0.001 a.u. isosurface to emulate the van der
Waals surface. The experimental crystallographic coordinates have been used to evaluate
the interactions in the solid state. This level of theory and methodology was used before
to investigate similar interactions [32–35]. The Bader’s quantum theory of “Atoms in
molecules” (QTAIM) [36] and the noncovalent interaction index (NCIPlot) index [37]
methods were used to characterize the hydrogen bonding interactions by means of the
AIMall program [38]. The dissociation energies of the H-bonding interactions have been
evaluated using the methodology proposed by Espinosa et al. [39] based on the potential
energy density (Vr) at the bond critical points (CPs).
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3. Results and Discussion

3.1. Solid-State Characterization of the Solids Obtained from Slurry or Mechanochemical Methods

The cocrystallization of 9-ethyladenine and oxalic acid was carried out in 1:1 or 2:1
(9ETADE:OXA) molar ratios. On the one hand, by mechanochemical process by neat
grinding (NG) or liquid-assisted grinding (LAG), which have previously demonstrated
to be fast methods for salt/cocrystal screenings. On the other hand, slurry experiments
in water or acetonitrile were also performed with the purpose to check whether other
plausible solid forms or solvates were possible. In solution, we found that for these two
molar ratios and the two solvents, up to four different powder patterns were obtained (see
Figure 1). The solids were identified as shown in Scheme 1b (compounds 1–4).

Figure 1. Comparison of the experimental and calculated powder patterns of 9ETADE, oxalic acid
dihydrate and the as-synthesized compounds 1–6.

During the mechanochemical screening, for the 2:1 molar ratio by NG or LAG in
methanol or water, the powder patterns of the resulting solids were identical to the diffrac-
togram of compound 4. However, for the 1:1 ratio, the situation was much more complex.
Use of water or methanol afforded powder patterns not only different between them but
also to the ones obtained in solution with water or acetonitrile. The solid obtained by
LAG in water was identified as compound 5 and the solids obtained by NG or by LAG in
methanol, as compound 6. The diffractograms of solids 5 and 6 are shown in Figure 1).

Between the powder patterns of solids 2 and 5 some differences can be observed, and
therefore they will be treated as two different forms. Even if these two solid forms show
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some characteristics in common not only in their FT-IR spectra but also in their TGA-DSC
traces, as it will be commented below. Among all the other forms or respect to the starting
products, characteristic and distinguished peaks are clearly observed. Furthermore, the
agreement among the experimental and calculated patterns from single crystal data for
compounds 1 and 3 was excellent. Surprisingly, the shortest dicarboxylic acid we used
resulted the most fruitful in rendering different solid forms.

All the new compounds were analyzed by Fourier Transform Infrared spectroscopy
in Attenuated Total Reflectance mode (ATR-FT-IR) and thermal methods (TGA-DSC) to
elucidate the nature of these materials. Changes in the IR spectra of the new solids respect
to the starting compounds have provided evidence that new H-bond interactions have
taken place. Moreover, the presence or absence of several characteristic vibration modes, as
for instance NH2, COOH, C=N, gave further information of these new contacts. The IR
spectra are included in Figure 2.

Figure 2. FT-IR spectra of (a) 9ETADE, oxalic acid dihydrate and the as-synthesized compounds in
the full range, and in the ranges (b) 3600–3000 cm−1 or (c) 1850–1500 cm−1.

The main difference among compounds prepared from aqueous slurries (1 and 3) with
respect to all the others is the absence of one or two bands in the region 3450–3400 cm−1

(see Figure 2). While for these two solids no bands are observed, confirming the anhydrous
state observed in the thermal analysis, for all the other compounds (2, 4–6), two bands at
ca. 3446 and 3407 cm−1 were present, which could be assigned to OH from water, and
from the hydroxyl of unprotonated oxalic acid. Some differences in the NH region can be
also detected.

In the spectra of the starting compounds, the also characteristic ν(C=O), ν(C=N), and
δsciss (NH2) vibrations appear at 1654, 1610 and 1669 cm−1. For some of the compounds
(1, 4 and 6), only a broad band coincides at approximately at 1686 cm−1, or for 3 and 5, at
1678 cm−1, in agreement with previous observations [9]. However, for the solid 2 a doublet
overlapped band at 1694 and 1678 cm−1 can be detected. Moreover, for compounds 1, 2 and
4–6, a small band appears between 1728–1770 cm−1, which confirms again the presence of
C=O from unprotonated –COOH from oxalic acid [40]. No band is observed in this region
for compound 3.

By simultaneous thermogravimetric analysis (TGA)—differential scanning calorime-
try/differential thermal analysis (DSC/DTA)—the stability of the new salts was evaluated.
Both compounds 1 and 3 were anhydrous according to their TGA traces (Figures S1 and S2,
respectively). In the DSC trace for compound 3 only one big endothermic peak correspond-
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ing to the melting process (melting peak value of 227.5 ◦C) and concomitant degradation
was observed. This is the highest melting point for the solid forms prepared in this work.
Thus, this is the most stable form. For compound 1, the DSC showed a previous small endo
with an onset temperature of 176.2 ◦C followed by two overlapped endothermic processes
with an onset temperature for the first one at 211.6 ◦C. The second endothermic peak (Tpeak,
227.8 ◦C) agrees with the one observed for compound 3. This event would suggest the loss
of an oxalic acid molecule to achieve the salt 3 in 2:1 molar ratio.

On the contrary, compounds 2 and 4 showed each one a loss on drying (lod), of
2.74 and 4.19%, respectively, until 125 ◦C (Figures S3 and S4). They were assigned to
dehydration processes of 1/3 to 1/2 of molecule of water for 2 (being probably a non-
stoichiometric hydrated) and one molecule of water for 4 (theor. lod of one H2O, 4.16%). In
their DSC after these desolvation processes (at Tpeak 107.2 ◦C for 2 and Tpeak, 111.5 ◦C for
4), the melting of the solids followed by degradation was observed.

The TGA-DSC trace for compound 5 resembles to the one of 2. In its TGA a loss of
2.6% was observed closer to the theoretical value for a third hydrate compound (2.32%)
and appeared in the same region. Besides, in the DSC an endothermic desolvation process
was observed (peak temperature at 111.7 ◦C) and a subsequent melting (melting peak
temperature, 187.9 ◦C) and its degradation (Figure S5).

Finally, for compound 6, in the TGA trace a mass loss of about 5.8% was observed
before complete degradation of the solid, suggesting that a new solvate was formed. The
theoretical loss for a monohydrate solid form is 6.6%. The DSC thermogram showed
several endothermic events, unveiling a complex desolvation process for this solid form
(Figure S6).

3.2. Single-Crystal Structures

The crystal structures of compounds 1 and 3 were solved by single crystal X-ray
diffraction. All trials performed to obtain suitable single crystals for the other multicompo-
nent solids observed in this work were unfruitful. ORTEP images of both compounds are
included in Figure S7.

9-Ethyladenine—oxalic acid (1:1) salt (1). Crystal structure analysis of compound 1

reveals that this compound crystallizes in the triclinic P-1 space group and the asymmetric
unit consists of a protonated molecule of 9ETADE and a hydrogen oxalate anion. No solvent
molecules are observed in agreement with its FTIR spectrum or the TGA trace where no loss
on drying was observed before melting. Moreover, the agreement between the experimental
and the simulated patterns for the 9ETADE-oxalic acid (1:1) salt is excellent indicating the
high purity of the bulk solid obtained by slurry, Figure 1.

The structure consists of the self-assembly of two adenine moieties through its Hoog-
steen edge by N(6)–H···N(7) interactions (distance: 2.9469(18) Å; angle 161.6◦) form-
ing a R2

2(10) motif (see Figure 3). Oxalate anions are connected head-to-tail through
a strong hydrogen bond (distance: O(1B)–H(1B)···O(3B), 2.4728(15) Å). Furthermore,
two molecules of 9ETADE interact with two hydrogen oxalate molecules through the
NH2 group and N(1) to the carboxylic acids of different oxalate anions, as follows: N(6A)–
H···O(2B) (distance 2.9438(17) Å; angle 139.9◦), N(6A)–H···O(3B) (distance 3.0271(18) Å;
angle 128.7◦), N(1A)–H···O(1B) (distance 3.0412(17) Å; angle 124.0(16)◦) and N(1A)–H···O(4B)
(distance 2.7449(16) Å; angle 158.7(18)◦) following ring motifs R1

2(5), and a further C(2A)–
H(2A)···O(1B) interaction.

The whole structure is formed by the connection of the layers formed by 9ETADE
dimers and hydrogen oxalate ions (Figure 3c) through the hydrogen bonds, as follows:
C(10A)–H(10A)···O(4B) and C(8A)–H(8A)···O(2A). The complete list of H-bonding interac-
tions is shown in Table S1.

9-Ethyladenine—oxalic acid (2:1) salt (3). Single crystals of this salt were obtained by
slow evaporation of a mixture in acetonitrile—water (1:1 vol/vol). In this case, 9ETADE
and oxalic acid crystallize in the monoclinic P21/c space group containing two protonated
molecules of 9ETADE and an oxalate anion in the asymmetric unit forming a salt in a 2:1
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ratio. No solvent molecules are observed, again in agreement with the TGA trace or the
FTIR spectrum.

Figure 3. (a) Hydrogen bonding interactions, (b) layers (view along a axis) and (c) view along the
vector (−2 1 0) in compound 1 (9ETADE-OXA (1:1) salt).

Two molecules of 9ETADE are bridged by an oxalate molecule through the follow-
ing interactions (Figure 4): N(6A)–H···O(2B) (distance 2.743(3) Å; angle 152.7◦), N(1A)–
H···O(1B) (distance 2.746(3) Å; angle 148(3)◦) and N(1A)–H···O(2B) (distance 2.968(3) Å; an-
gle 133(3)◦). An additional hydrogen bond to a second oxalate anion is established through
N(6A)–H···O(1B) (distance 2.873(3) Å; angle 156.4◦), thus constituting belts perpendicular
to the c axis. These belts are pilled by hydrogen bonds through the methyl group from
the ethyl chain to the carbonyl from the oxalate anion (distance C(11A)–H(11A)···O(2B),
3.576(5) Å). Among 9-ethyladenine molecules, only C–H···N contacts are observed (C(2A)–
H(2A)···N(7A), 3.224(4) Å). Surprisingly, the N(7A)–Cg distance (3.398 Å) is shorter than the
distance between mean planes for two pilled 9ETADE molecules, suggesting an attractive
lone pair–π interaction (N(7A)···6-membered ring). The complete list of hydrogen bonds is
included in the Supplementary Information, Table S2.

Figure 4. (a) Hydrogen bonds and (b) packing of the belts (view along the b axis, slightly tilted to
improve the perspective) and (c) π–π stacking (view along the c axis) in 9ETADE-oxalic acid (2:1) salt (3).
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The agreement between the experimental and the simulated powder diffraction pat-
terns for the 9ETADE-oxalic acid (2:1) salt is excellent, Figure 1.

Although the crystal structures for the other multicomponent solids shown in this work
were unavailable, the data collected from IR spectroscopy, thermogravimetric analyses,
and the knowledge from previous crystal structures regarding to other salts and cocrystals
described for this compound allow to determine their composition. So, we hypothesize
that compound 4 contains a half double charge oxalate anion and a half unprotonated
oxalic acid molecule per 9ETADE molecule. Additionally, for compounds 2, 5 and 6, a half
mono-oxalate anion and a half unprotonated oxalic acid should be present, although with
different contents of water molecules in each case.

3.3. Aqueous Solubilities

One of the main objectives of conducting salt/cocrystal screenings of active molecules
is to find suitable candidates with the best physical-chemical properties. In a previous
work, we described two new hydrated salts (malonate and fumarate) and an anhydrous
succinate of 9ETADE [18]. Herein, the aqueous solubilities of 9-ethyladenine and the three
anhydrous candidates (the two anhydrous oxalate salts prepared in this work and the
succinate salt of 9ETADE) were determined for comparative purposes (Table 2).

Table 2. Aqueous solubilities of the succinate salt, compounds 1 and 3 and the precursors.

Compound
Solubility
(mg/mL)

Coformer
Solubility *

(mg/mL)

9ETADE 533
9ETADE-OXA (1:1) salt (1) 25 Oxalic acid dihydrate 100
9ETADE-OXA (2:1) salt (3) 10

9ETADE-SUC (1:1) salt 7 Succinic acid 83
* Sigma-Aldrich.

From these results, the modified nucleobase showed the highest solubility in water in
comparison to the other salts or even the former carboxylic acids used. Although the results
did not indicate an improvement in the solubility behavior of the new compounds, it shows
that it is possible to modulate this property, resulting apparently the 9ETADE-OXA (1:1)
solid form the most soluble of the three studied salts.

The undissolved residues were analyzed by PXRD. It is worth noting that the com-
pound 1 had transformed partially to the 2:1 salt, compound 3. Thus, this case is a new
example of a solvent-mediated phase transformation and the solubility value obtained for
this compound should be discarded. Nevertheless, the results obtained indicated that the
powder patterns for this compound 3 and the succinate (1:1) salt remained undisturbed
(Figure S8).

3.4. Stability Studies in Solution and Solid State

In order to understand the phase stability of the multicomponent forms in 1:1 molar
ratio in solution, the process was investigated over time by PXRD. After 2 h, either using
water or acetonitrile resulted to be almost undistinguished products, as the XRD patterns
were quite similar. However, the slurry in water after 24 h contained a mixture of the
previous phase and a new one, which resulted the unique after 48 h and matched with the
diffractogram obtained for compound 1 (Figure 5, below). For the mixture in acetonitrile,
the phase transformation was also detected by the presence of new peaks in the powder
pattern after stirring for 24 h, which after 48 h resulted in the same PXRD as for compound 2.
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Figure 5. Phase transformations in slurry experiments in (a) water or (b) in acetonitrile.

Furthermore, the physical stability of the anhydrous oxalate salts against humidity
was studied. These solids were stored in a desiccator at 75% RH using a saturated NaCl
salt solution for 7 days at 40 ◦C and for 1 month at room temperature. After these periods
the solids were again analyzed by PXRD to confirm the phase of the solids. The analysis of
the solids indicated that both anhydrous oxalate salts were stable under the two stability
conditions tested (Figure S9).

3.5. Computational Studies

The theoretical study is firstly focused on analyzing electronic nature of the 9ETADE
ring and, more importantly, how changes upon protonation and formation of the cor-
responding salts with hydrogenoxalate and oxalate. Secondly, we have evaluated the
H-bonding networks that are formed in the solid state of compounds 1 and 3, as described
above in Figures 3a and 4a.

Figure 6 shows the MEP surfaces of 9ETADE and its salts. In neutral 9ETADE, the
MEP minimum is located at N1 (see Scheme 1a for numbering of atoms) in line with the
protonation site observed in compounds 1 and 3. The MEP values at N3 and N7 are similar
(–25.1 and –24.7 kcal/mol, respectively). The MEP maximum is located at the exocyclic
NH2 group (+26.9 kcal/mol). The MEP is also large and positive (+20.0 kcal/mol) at the
aromatic CH group of the five membered ring. The MEP surface of the 9-ethyladeninium–
hydrogenoxalate salt extracted from the solid state of compound 1 is represented in
Figure 6b. The protonation increases the MEP values at the NH2 (+59.8 kcal/mol) and CH
(+48.9 kcal/mol) groups with respect to the neutral 9ETADE, as expected. It is interesting
to note that the MEP at the OH group is large and positive, despite the negative charge of
hydrogenoxalate moiety. The MEP minimum is located at the O-atom of hydrogenoxalate
(–81.6 kcal/mol). For the 9-ethyladeninium oxalate salt (Figure 6c), the MEP minimum is
located at the oxalate anion, as expected (–77.2 kcal/mol) and the maximum at the exocyclic
NH2 group (+36.7 kcal/mol). It is worth mentioning that in this salt, the MEP value at the
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CH group of the five membered ring is very large, similar to that at the NH2 group, thus
revealing an enhanced ability to establish H-bonds, as further discussed below.

 

Figure 6. MEP surfaces (isovalue 0.01 a.u.) of 9ETADE (a), 9-ethyldeninimum hydrogenoxalate salt
(b) and 9-ethyldeninimum oxalate salt (c) at the PBE0-D3/def2-TZVP level of theory. The energies at
selected points of the surfaces are given in kcal/mol.

In the solid state of compound 1, the protonated 9ETADE rings form centrosymmetric
R2

2(10) H-bonded synthons, as highlighted in Figure 7, which are surrounded by four
hydrogenoxalate monoanions (see Section 3.2 for distances and other geometric features).
The distribution of bond and ring critical points (CPs, red and yellow spheres, respectively)
and bond paths is represented in Figure 7 for the whole assembly, where the superimposed
noncovalent interaction plot (NCIPlot) index isosurfaces are also represented. The NCIplot
index method is conveniently used to characterize noncovalent interactions in real space. It
also reveals the attractive or repulsive nature of the interactions by using a color scale. The
QTAIM distribution shows that the two symmetrically equivalent N6–H7···N7 bonds that
generate the R2

2(10) synthon are characterized by bond CPs and bond paths connecting the
H-atoms to the N-atoms. Moreover, they are also characterized by small and blue NCIplot
isosurfaces, revealing a moderately strong interaction. The formation of this assembly
agrees well with the MEP analysis commented above that evidences the strong H-bond
donor ability of the NH2 group in the salts. The dissociation energy of each individual
H-bond has been computed using the potential energy density values at the bond CPs
(Vr) and the equation proposed by Espinosa et al. (Edis = –0.5 × Vr) [39]. The Edis values
are indicated in Figure 7 next to the bond CPs in red, showing that the binding energy
of the R2

2(10) synthon is 7.8 kcal/mol, in line with other studies related to the energetics
of Hoogsteen base pair [41,42]. Regarding the H-bonds of the R2

2(10) dimer with the
counterions, the combined QTAIM/NCIplot analysis shows a quite intricate H-bonding
network where each hydrogenoxalate anion establishes three H-bonds with the base pair,
each one characterized by the corresponding bond CP and bond path. The strongest one
corresponds to the charge assisted H-bond (N1+–H···O, 7.3 kcal/mol) and the rest of H···O
contacts range from 1.4 to 2.6 kcal/mol. In line with the MEP surface analysis, the CH
group also participates in the H-bonding network with a moderately strong interaction
energy (2.4 kcal/mol), comparable to other NH···O contacts. The total dissociation energy is
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42.4 kcal/mol, thus evidencing the importance of the H-bonding network on the solid-state
architecture of compound 1.

Figure 7. QTAIM distribution of bond and ring critical points (CPs, red and yellow spheres, re-
spectively) corresponding to the H-bonds in the R2

2(10) synthons and its interaction with four
surrounding [C2O4H]– anions. The dissociation energies of the H-bonds are indicated next to the
bond CPs. Superimposed NCIplot isosurfaces [s = 0.5, cut-off = 0.04 a.u., color scale –0.04 a.u. (blue)
≤ (signλ2)ρ ≤ 0.04 a.u. (red)] are also represented.

In the literature, the ability of adenine derivatives and cocrystals to form R2
2(10)

homodimers or a variety of heterodimers via the Hoogsteen face has been described and
energetically evaluated using the QTAIM analysis [41–43]. For instance, the reported
energies associated with NH···N H-bonds in R2

2(10) ethyl-adenine homodimers in its
co-crystals with malonic and fumaric acid are 3.6 and 4.0 kcal/mol [18], respectively. These
values are comparable to those obtained for compound 1. Similar interaction energies
have been also reported for Hoogsteen (adenine)· · ·Watson–Crick (N7-pyrimidyladenine)
heterodimers (3.7 and 4.2 kcal/mol) [44].

Figure 8 shows a similar QTAIM/NCIplot analysis performed for compound 3. In
this case, the R2

2(10) synthon via the Hoogsteen face is not formed. Each oxalate anion
is surrounded by four 9-ethyladeninium cations establishing a network of H-bonding,
characterized by the corresponding bond CPs, bond paths and blue NCIplot isosurfaces.
The individual dissociated energies shown in Figure 8 reveal that two strong H-bonds
are formed. One corresponds to the charge assisted HB (N1+–H···O, 7.1 kcal/mol) and
the other one corresponds to the N6–H6···O H-bond (6.1 kcal/mol) formed through the
Watson–Crick face. The N6–H6···O H-bond formed through the Hoogsteen face is weaker
(4.5 kcal/mol). These values are comparable to previously reported energies for adenine
co-crystals with several carboxylic acids [18]. The QTAIM analysis also reveals the existence
of a much weaker H-bond established between the aromatic CH bond of the six membered
ring and N7 (2.0 kcal/mol), in line with the MEP surface plot depicted in Figure 6c. The
total dissociation energy of this H-bonding network is very large (40.0 kcal/mol), specially
taking into consideration that involves only one oxalate dianion, thus providing a great
stability to compound 3.
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Figure 8. QTAIM distribution of bond and ring critical points (CPs, red and yellow spheres, re-
spectively) corresponding to the pentameric assembly of compound 3. The dissociation energies of
the H-bonds are indicated next to the bond CPs. Superimposed NCIplot isosurfaces [s = 0.5, cut-off =
0.04 a.u., color scale −0.04 a.u. (blue) ≤ (signλ2)ρ ≤ 0.04 a.u. (red)] are also represented.

4. Concluding Remarks

The mixture of 9-ethyladenine and oxalic acid have, surprisingly, resulted in the most
productive nucleobase or derivative up to the authors’ knowledge. For most of the studied
nucleobases or their derivatives found in the literature (adenine, n-benzyladenine, caffeine,
theobromine, theophylline or even lamivudine), the salt/cocrystal in a 2:1 ratio is the most
common solid form. In this work, we have described up to six different multicomponent
solids including two molar ratios and anhydrous/solvated forms using mechanochemistry,
slurry or crystallization experiments. Once again, it reflects the importance of the combina-
tion of all these techniques as complementary tools besides to computational methods to
fully understand the solid state landscape of multicomponent pharmaceutical solids for a
determined API or model compound.

The obtained solids have been characterized and the crystal structures for the two
anhydrous forms have been solved. The H-bonding networks observed in the solid-
state of both compounds have been analyzed using DFT calculations combined with the
QTAIM methodology. The energy of each individual H-bond has been computed, showing
the relevance of the R2

2(10) centrosymmetric dimer in 1. The dissociation energies of
the charge assisted H-bonds (N1+–H···O) are similar in both compounds, which are the
strongest H-bonds (~7 kcal/mol) formed in the solid state. The QTAIM analysis also
evidences the relevance of CH···O interactions (up to 2.4 kcal/mol) as ancillary interactions
in both compounds.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst12010089/s1, Experimental methods for solution syntheses and grinding screening.
Figure S1: TGA-DSC traces of 9-ethyladenine-oxalic acid (1:1) salt (1). Figures S2: TGA-DSC traces
of 9-ethyladenine-oxalic acid (2:1) salt (3). Figure S3: TGA-DSC traces of 9-ethyladenine-oxalic acid
hydrated (1:1) salt (2). Figure S4: TGA-DSC traces of 9-ethyladenine-oxalic acid hydrated salt (4).
Figures S5: TGA-DSC traces of 9-ethyladenine-oxalic acid hydrated (1:1) salt (5). Figure S6: TGA-DSC
traces of 9-ethyladenine-oxalic acid hydrated (1:1) hydrated salt (6). Figure S7: Ortep images of
compounds (a) 1 and (b) 3. Table S1: Hydrogen bond details for 9-ethyladenine-oxalic acid (1:1)
salt (1). Table S2: Hydrogen bond details for 9-ethyladenine-oxalic acid (2:1) salt (3). Figure S8:
Diffractograms of initial and undissolved solids for compounds 9ETADE-OXA (2:1) (3), 9ETADE-
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OXA (1:1) (1) and 9ETADE-SUC (1:1) salt. Figure S9: PXRD patterns of the anhydrous 9ETADE-OXA
salts under different temperature and relative humidity conditions.
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Abstract: We prepared cocrystals of DL-2-Hydroxy-2-phenylacetic acid (D, L-H2ma) with the
pyridinecarboxamide isomers, picolinamide (pic) and isonicotinamide (inam). They were char-
acterized by elemental analysis, single crystal and powder X-ray, IR spectroscopy and 1H and 13C
NMR. The crystal and molecular structures of (pic)-(D-H2ma) (1), (nam)-(L-H2ma) (2) and (inam)-
(L-H2ma) (3) were studied. The crystal packing is stabilized primarily by hydrogen bonding and in
some cases through π-π stacking interactions. The analysis of crystal structures reveals the existence
of the characteristic heterosynthons with the binding motif R2

2(8) (primary amide–carboxilic acid)
between pyridinecarboxamide molecules and the acid. Other synthons involve hydrogen bonds
such as O-H(carboxyl)···N(pyridine) and O-H(hydroxyl)···N(pyridine) depending on the isomer. The pack-
ing of 1 and 3 is formed by tetramers, for whose formation a crystallization mechanism based on
two stages is proposed, involving an amide–acid (1) or amide–amide (3) molecular recognition in
the first stage and the formation of others, and interdimeric hydrogen bonding interactions in the
second. The thermal stability of the cocrystals was studied by differential scanning calorimetry and
thermogravimetry. Further studies were conducted to evaluate other physicochemical properties
of the cocrystals in comparison to the pure coformers. Density-functional theory (DFT) calculations
(including NCIplot and QTAIM analyses) were performed to further characterize and rationalize the
noncovalent interactions.

Keywords: pyridinecarboxamides; cocrystals; mandelic acid; X-ray structure; DFT calculations

1. Introduction

Crystal engineering is the rational design of functional molecular solids from neutral
or ionic building blocks, using intermolecular interactions in the design strategy [1]. This
field has its origins in organic chemistry and in physical chemistry. The expansion of crystal
engineering during the last years as a research field parallels significant interest in the
origin and nature of intermolecular interactions and their use in the design and preparation
of new crystalline structures [2].

The concept of crystal engineering, mainly cocrystal, is gaining an extensive interest of
pharmaceutical researchers of both academia and industry during the last decade [3], the
prominent reason being its ability to enhance the physicochemical and biopharmaceutical
properties of active pharmaceutical ingredients without altering chemical structure, thus
maintaining its therapeutic activity. With the new guidelines issued by United States Food
and Drug Administration and European Medicines Agency for the regulatory aspect of
cocrystal, the development of pharmaceutical cocrystal has gained a high impetus [4].

Crystals 2022, 12, 142. https://doi.org/10.3390/cryst12020142 https://www.mdpi.com/journal/crystals103
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A supramolecular synthesis is used to prepare cocrystals, and the design of homo and
supramolecular heterosynthons is particularly one of the most exploited [5,6]. Although
the preparation of cocrystals does not involve great complexity, the selection of the solvent
can be critical in obtaining a particular crystal phase of cocrystal. The role of the solvent in
the nucleation of crystals and cocrystals is still far from being completely understood.

The three isomers of pyridinecarboxamide: 2-pyridine carboxamide or picolinamide
(pic), 3-pyridinecarboxamide or nicotinamide (nam) and 4-pyridinecarboxamide or isoni-
cotinamide (inam) (Scheme 1), are a class of medicinal agents that can be classified as GRAS
compounds (generally regarded as safe). Nicotinamide and isonicotinamide are popular
cocrystal formers, nam is vitamin B3 and therefore of pharmaceutical relevance [7], whilst
isonicotinamide is one of the most effectively used cocrystallizing compounds [8], as the
pyridine N atom of the isonicotinamide molecule readily acts as a hydrogen bond acceptor
when faced with good hydrogen bond donors such as carboxylic acids and alcohols [9]. In
fact, the carboxylic acid···pyridine hydrogen bond has been identified as a robust yet versa-
tile hydrogen bond and persists even in the presence of other good donors [10]. Cocrystals
of picolinamide are rarely seen in the literature, despite being a structural isomer of nam

and inam and a strong inhibitor of poly(ADP-ribose)synthetase [11], showing important
biological activity with a coenzyme called NAD (nicotinamide adenine dinucleotide),
which plays important roles in more than 200 amino acid and carbohydrate metabolic reac-
tions [12]. Apart from pharmaceutical value, in general, pyridinecarboxamides are excellent
cocrystallizing compounds. The amide group features two hydrogen bond donors and two
lone pairs on the carbonyl O atom. A second hydrogen bond acceptor is the lone pair on the
N atom of the pyridine ring. Consequently, these molecules are very versatile for a variety
of hydrogen bonding interactions, especially in pharmaceutical cocrystals [13]. The crystal
and molecular structures of the three isomers have been the subject of recent studies, and
from the crystal structure point of view, all isomer compounds exhibit polymorphism. Two
polymorphs are known of picolinamide [14] nicotinamide, which is a highly polymorphic
compound with nine solved single-crystal structures [15], and isonicotinamide has six
polymorphs in monoclinic and orthorhombic forms [16–19].

Scheme 1. Molecular diagrams of pyridinecarboxamides and mandelic acid. θ1, θ2 and θ3 indicate
angles of torsion.

DL-Mandelic acid (Scheme 1) is a useful precursor to various drugs, for example
homatropine and cyclandelate, which are esters of mandelic acid, and it is also known
to have antibacterial properties [20]. Generally, the profile of DL-H2ma allows us to
envisage this compound as an excellent coformer for cocrystals with the aforementioned
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carboxamides. Indeed, given that DL-H2ma is a substituted carboxylic acid containing a
hydroxyl group on the adjacent carbon, it also possesses a set of sites capable of hydrogen
bonding, both of donor and acceptor character.

For racemate of mandelic acid DL-H2ma and its enantiomers L-H2ma and D-H2ma,
different polymorphs are known. Racemic DL-H2ma occurs as orthorhombic form I and
also as polymorph II, monoclinic, metastable at normal conditions [21,22]. From D-H2ma

only one monoclinic form is known [23] and for L-H2ma two polymorphs are known, both
monoclinic [22].

Taking into account the previous considerations, the main objective of this work is the
preparation, characterization, study of physicochemical properties, and identification of
recurrent supramolecular patterns, within a new set of multicomponent pharmaceutical
crystals that involve the three isomers of pyridinecarboxamide with DL-mandelic acid as
coformer (Scheme 1), as well as to evaluate the effect of position isomerism of cocrystal
formers on the formation and robustness of the supramolecular structures and subsequent
physicochemical properties of cocrystals.

2. Experimental Part

2.1. Materials and Physical Measurements

DL-Mandelic acid and the pyridinecarboxamide isomers were purchased from Sigma-
Aldrich (Sigma-Aldrich. Inc., Tres Cantos, Madrid, Spain). Commercially available solvents
were used as received without further purification. Melting points were determined on
a Büchi melting point apparatus (Büchi Labortechnik AG-Flawil, Switzerland) and are
uncorrected. Elemental analyses for carbon, hydrogen and nitrogen were performed with a
Fisons-Carlo Erba 1108 microanalyser (CARLO ERBA Reagents SAS, Chaussée du Vexin,
France). 1H NMR and 13C NMR spectra in DMSO-d6 were run on a Varian Mercury 300
instrument (Varian Medical Systems, Inc., Palo Alto, CA, USA), using TMS as the internal
reference. IR spectra were recorded as KBr pellets (4000–400 cm–1) on a Bruker IFS-66v
spectrophotometer (Bruker Corporation, Billerica, MA, USA). TGA experiments were car-
ried out on a Shimadzu Thermobalance TGA-DTG-50H Instrument (TA Instruments, New
Castle, DE, EE. UU.) from room temperature to 700 ◦C in a flow of air (100 mL min–1) and
series of FTIR spectra (20–30 per sample) of evolved gasses were recorded using a coupled
FT–IR Nicolet Magma 550 spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). Differential scanning calorimetry (DSC) was conducted on a DSC Q100 apparatus
of TA Instruments. Accurately weighed samples (1–2 mg) were placed in hermetically
sealed aluminum crucibles (40 mL) and scanned from 0 to 350 ◦C at a heating rate of
10 ◦C min–1 under a dry nitrogen atmosphere. Powder X-ray diffraction (XRPD) patterns
were collected on a Philips PW1710 (Philips Engineering Solutions, Aachen, Germany) with
a Cu-Kα radiation (1.5406 Å). The tube voltage and amperage were set at 40 kV and 30 mA,
respectively. Each sample was scanned between 2 and 50◦ 2θ with a step size of 0.02◦. The
instrument was previously calibrated using a silicon standard.

2.2. Cocrystal Screening

Compounds were prepared by cocrystallization via solvent-drop grinding: Stoichio-
metric amounts of DL-H2ma with pic, or inam were ground with a mortar and pestle for ca.
5–7 min with the addition of 10 μL of Ethyl acetate per 50 mg of cocrystal formers. The clear,
nonsaturated resulting solutions were poured into a 5 mL vial and left to evaporate slowly
under ambient conditions until cocrystals formed. The single crystals of (pic)-(D-H2ma) (1)
and (inam)-(L-H2ma) (3), suitable for X-ray diffraction studies, were obtained in 2–15 days
from Ethyl acetate.

Preparation of the cocrystals was also attempted with other solvents, such as
dichloromethane, formamide, DMF, chloroform, acetonitrile, isopropyl alcohol, cyclo-
hexane, ethanol, methanol, CCl4, THF and toluene, but the yield was lower.
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2.3. Cocrystal Synthesis

(pic)-(D-H2ma) (1). DL-mandelic acid (0.152 g, 1.0 mmol) and picolinamide (0.122 g,
1.0 mmol). Ethyl acetate (3 mL). Colorless crystals after one day. M.p. (◦C): 88–92. Elemental
analysis: Found: C, 59.72; H, 5.10; N, 10.27. Calculated (%) for C14H14N2O4: C, 61.31; H,
5.45; N, 10.21. IR (νmax/cm–1): 3471–3435 ν(NH2), ν(OH), 3282 ν(NH2), 1695–1633 ν(C=O),
1589, 1570, 1418 ν(CN), 1293, 1269, 1187, 1107, 1066–1012 ν(C-O), 995, 755, 725, 697, 645–616
α(CCC), 600. 1H NMR (DMSO-d6, ppm): 12.50 (br, 1H, COOH), 8.62 (m, 1H, py), 8.12 (s,
1H, NH2), 8.05–7.97(m, 2H, py), 7.64 (s, 1H, NH2), 7.65–7.58 (m, 5H, ring), 5.86 (s, 1H, CH),
5.02 (s, 1H, OH). 13C NMR (DMSO-d6, ppm): 174.3 (C1), 166.3 (C11), 150.4 (C12), 140.4 (C3),
137.8 (C14), 128.3 (C3, C7), 127.8 (C6), 126.8 (C4, C8), 126.6 (C15), 122.0 (C13), 72.4 (C2).

(inam)-(L-H2ma) (3). DL-mandelic acid (0.152 g, 1.0 mmol) and isonicotinamide
(0.122 g, 1.0 mmol). Ethyl acetate (11 mL). Colorless crystals after one day. M.p. (◦C): 107–
114. Elemental analysis: Found: C, 59.89; H, 4.85; N, 10.55. Calculated (%) for C14H16N2O4:
C, 61.31; H, 5.45; N, 10.21. IR (νmax/cm–1): 3424–3379 ν(NH2), ν(OH), 3162 ν(NH2), 1729,
1694–1604 ν(C=O), 1555, 1420–1407 ν(CN), 1303, 1227, 1188, 1065–1018 ν(C-O), 756, 737,
695, 647 α(CCC), 606. 1H NMR (DMSO-d6, ppm): 12.53 (br, 1H, COOH), 8.70–8.60(m, 2H,
py), 8.22 (s, 1H, NH2), 7.75–7.70 (m, 3H, py) 7.40 (s, 1H, NH2), 7.37–7.23 (m, 5H, ring), 5.82
(s, 1H, CH), 4.99 (s, 1H, OH). 13C NMR (DMSO-d6, ppm): 174.3 (C1), 166.5 (C11), 150.4
(C14, C16), 140.3 (C12), 128.2 (C3, C7), 127.7 (C6), 126.7 (C4, C8), 121.5 (C13, C17), 72.4 (C2).

2.4. Solubility Determination

The water solubility of each cocrystal was determined in triplicate, and compared with
that of the corresponding pyridinecarboxamides coformer. For this, a quantitative method
based on the saturation of solutions at room temperature was used as follows: An excess of
coformer or cocrystal was dispersed in 0.5 or 1 mL of Milli-Q water in Eppendorf tubes and
left stirring for a week at room temperature. The samples were centrifuged at 12,000 rpm
for 45 min, in each case the supernatant liquid was removed, and the corresponding solid
was dried and weighed. This led us first to determine the solubility for pic (S = 177 mg/mL),
nam (S = 500 mg/mL), inam (S = 192 mg/mL) and DL-H2ma (S = 159 mg/mL), and then
that of their respective cocrystals.

2.5. Theoretical Methods

Calculations of the noncovalent interactions were performed using the Gaussian-
16 [24] program and the PBE0-D3/def2-TZVP level of theory [25–27]. To evaluate the
interactions in the solid state, the crystallographic coordinates were used apart from the
positions of the H-atoms, which were optimized at the same level. The interaction ener-
gies were calculated with correction for the basis set superposition error (BSSE) using the
Boys–Bernardi counterpoise technique [28]. Bader’s quantum theory “atoms in molecules”
theory (QTAIM) and noncovalent interaction plot (NCIPlot) [29] were used to study the
interactions discussed herein by means of the AIMall calculation package [30]. The molecu-
lar electrostatic potential surfaces were computed using the Gaussian-16 software and the
0.001 a.u. cutoff for the isosurface.
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Table 1. Crystal data and structure refinement for cocrystals.

Compound (pic)-(D-H2ma) (1) HOGGOB [31] JILZOU01 (2a) [32] JILZOU (2b) [33] (inam)-(L-H2ma) (3)

Empirical formula C14H14N2O4 C14H14N2O4 C14H14N2O4 C14H14N2O4 C14H14N2O4
Formula weight 274.27 274.27 274.27 274.27 274.27
Temperature/K 100 (2) 100 (2) 100 (2) 150 (2) 100 (2)
Wavelength/Å 0.71073 1.54178 1.54178 0.71073 0.71073
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group P21/n P21 P21 C2 P21/c
a/Å 5.4240 (3) 5.390 (2) 5.2406 (3) 32.6557 (9) 5.2201 (8)
b/Å 26.1177 (14) 9.897 (3) 10.0477 (6) 5.4751 (10) 27.662 (4)
c/Å 9.3622 (5) 24.214 (6) 12.6006 (7) 14.9264 (5) 9.1862 (15)
α/º
β/º 104.715 (2) 90.699 (13) 95.678 (4) 99.400 (1) 99.935 (10)
γ/º

Volume/Å–3 1282.77 (12) 1291.6 (7) 660.24 (7) 2632.9 (5) 1306.6 (4)
Z 4 4 2 8 4

Calc.
density/Mg/m3 1.420 1.410 1.380 1.384 1.394

Absorp.
coefc./mm−1 0.106 0.876 0.857 0.103 0.104

F(000) 576 576 288 1152 576
Crystal size 0.34 × 0.18 × 0.12 0.25 × 0.10 × 0.03 0.28 × 0.18 × 0.16 0.46 × 0.07 × 0.07 0.54 × 0.26 × 0.16
θ range/º 2.381–27.484 1.82–66.57 3.52–67.60 3.77–27.43 2.368–29.571

Limiting indices/h,k,l −7/6, −33/33,
−12/12

−6/6, −11/11,
−28/28

−6/6, −9/11,
−15/14

−42/41, −6/7,
−15/19

−7/7, −38/38,
−12/12

Absorp. correct. Multiscan Multiscan Multiscan Multiscan Multiscan
Max. /min. transm. 1.000–0.946 1.000–0.832 1.000–0.909 1.000–0.569 1.000–0.913

Data/parameters 2926/196 4517/365 1235/183 5773/385 3655/196
Goodness-of-fit on F2 1.026 1.066 1.011 1.122 1.097

Final R indices R1 = 0.0378,
wR2 = 0.0871

R1 = 0.0271,
wR2 = 0.0695

R1 = 0.0430,
wR2 = 0.1138

R1 = 0.0550,
wR2 = 0.1278

R1 = 0.0468,
wR2 = 0.1149

R indices (all data) R1 = 0.0492,
wR2 = 0.0936

R1 = 0.0287,
wR2 = 0.0708

R1 = 0.0472,
wR2 = 0.1174

R1 = 0.0703,
wR2 = 0.1374

R1 = 0.0633,
wR2 = 0.1234

Largest dif.
peak/hole 0.305/−0.248 0.159/−0.189 0.306/−0.248 0.291/−0.298 0.444/−0.276

CCDC number 2072590 977791 904263 626647 2072591

3. Results and Discussion

The cocrystallization processes were carried out considering the pKa of the mandelic
acid and the pyridinecarboxamide isomers as coformers, having the pKa values of 3.85
(DL-H2ma), based on the carboxylic group [34], 2.10 (pic), 3.35 (nam) and 3.61 (inam),
based on pyridine nitrogen [35]. These compounds were chosen to evaluate the degree of
acid proton transfer to the coformers, according to the ΔpKa rule, which can contribute to
the study of the salt/cocrystal continuum and provide information related to the ability to
predict and control synthesis of cocrystals that contain mandelic acid [36]. According to
this rule, it is generally accepted that a salt is formed when the value of ΔpKa is greater
than 3, while a value of ΔpKa less than 0 should lead to the formation of cocrystals [37].
The values of ΔpKa (pKa(protonated base)-pKa(acid)) calculated for pic, nam and inam are
−1.75, −0.50 and −0.24, respectively, so the formation of cocrystals should be expected.

The binary solid forms were characterized using NMR (Supplementary Information,
Figures S1–S11) and IR (Supplementary Information, Figures S13 and S14) spectroscopy,
powder X-ray diffraction (Supplementary Information, Figure S12), and thermal DSC tech-
nique. The (pic)-(D-H2ma) (1) and (inam)-(L-H2ma) (3) crystal structures were established
using the single crystal X-ray diffraction technique. The crystal data, experimental details
and refinement results are summarized in Table 1. Data of (nam)-(L-H2ma) (2) and its
crystal structure was taken from the bibliography (JILZOU01 [32]).

3.1. Crystal Structure Analysis

Cocrystallization of DL-H2ma and pic in 1:1 molar ratio from ethyl acetate produced
plate-shaped colorless crystals that belonged to a 1:1 cocrystal, a new polymorph that
differs from the one known with a 2:2 pic-D-H2ma ratio (HOGGOB, [31]). The crystal
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structure was solved in monoclinic space group P21/n. The crystallographic asymmetric
unit consists of one molecule each of D-H2ma and pic (Figure 1a). The crystal structure
features an acid–amide heterosynthon R2

2(8) between D-H2ma and pic involving O–H· · ·O
(2.547(1) Å, 168.3(2)◦) and N–H· · ·O (2.929(2) Å, 166.6(2)◦) hydrogen bonds (Table S1). The
anti-N–H of the pic forms an N–H· · ·O (2.948(2) Å, 126.3(1)◦) hydrogen bond with the
same carboxylic oxygen atom of a symmetrically related acid molecule, and the hydroxyl
O–H of the D-H2ma forms an O–H· · ·N (3.071(2) Å, 139.9(2)◦) hydrogen bond with the
adjacent pyridine N of the pic, forming a second heterosynthon of graph set R2

2(10). Thus, it
generates a four-component supramolecular plane unit that consists of each two molecules
of D-H2ma and pic, giving rise to a new ring motif R2

4(8) in the same way as in the other
polymorph [33] (Figure 1b).

Although little is known about the crystallization mechanisms involving the stages of
molecular aggregation to form cocrystals [38], in this case it is likely that the mechanism
is likely to include a first stage of molecular recognition between an acid molecule and
another of amides, the well-known amide–acid heterosynthon. In a second stage, two of
these heterodimers, symmetrically related, are associated by establishing new hydrogen
bonds, to form the above tetrameters (Figure 1b).

 
Figure 1. (a) A view of the molecular structure of 1 showing atomic labeling and displacement
ellipsoids drawn at the 50% probability level, and (b) four-component supramolecular unit showing
the intermolecular interactions and the supramolecular synthons. Hydrogen bonds are shown as
orange dashed lines. See Table S1 for symmetry codes.

Another aspect to consider is the molecular conformation of each of the cocrystals and
the difference between them and with mandelic acid and the conformers. Conformational
flexibility of pyridinecarboxamides is related to the torsion angle of the amide group in
relation to the pyridine ring (θ1), and in mandelic acid to the torsion angles involving the
carbonyl group of the carboxylic acid (θ2) and the group hydroxyl of the alcohol group (θ3)
(Scheme 1). Table 2 compares the molecular conformations of pyridinecarboxamides and
mandelic acid in these cocrystals.
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Table 2. Torsional angles of pyridinecarboxamides and mandelic acid crystals and correspond-
ing cocrystals.

Compound Polymorph θ1 * θ2 * θ3 * Molecule

pic I −161.3
DL-H2ma I −105.0 −65.8
DL-H2ma II −122.1 −91.5 1

II −125.7 −42.5 2
1 −168.5 −111.0 −25.8

HOGGOB [31] −173.3 125.5 90.9 1
175.5 −79.2 54.3 2

nam α 157.6
ε 26.8
ι 151.5

D-H2ma −124.5 −80.5 1
−122.0 −30.5 2

JILZOU01 (2a) [32] −28.7 −106.1 −72.8
JILZOU (2b) [33] 35.3 −129.6 −48.2 1

12.0 −103.5 −41.6 2
inam I 30.5

III 30.9
V 19.6

L-H2ma I 119.4 22.9 1
120.1 −87.4 2

II 115.5 10.9 1
116.8 100.0 2

3 −0.5 112.4 73.5
* θ1, θ2 and θ3 are defined in Scheme 1; values of torsional angles were calculated from the crystal structures
in CSD.

In 1, the oxygen atom of the amide group is opposite the nitrogen atom of the pyridine
ring outside the pyridine plane, in a similar way to that of polymorph I of pure pic. In the
mandelic acid molecule, small conformational changes are also observed, more pronounced
in θ3, which are consistent with those existing in the second symmetrically independent
molecule of D-H2ma, and close to those of the second molecule of polymorph II of DL-

H2ma (Table 2). When these values are compared with those of the HOGGOB polymorph,
noticeable and more pronounced discrepancies are observed in the torsion angles of the
second symmetrically independent acid molecule, not only in θ3 but also in θ2, probably
due to the different hydrogen bonds in which the donor alcoholic OH groups participate.

In crystal packing, the flat units are arranged one next to the other in the plane “bc”,
without any interaction (Figure 2a), so that in the direction of the diagonal of the angle
between the axes “a” and “c” are arranged intercalated in opposite orientations to form
a 3D network with an internal zigzag-like orientation (Figure 2b). The absence of strong
interactions between tetramers may justify for some softer properties in the cocrystals,
compared to those of picolinamide.
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Figure 2. Packing diagram for 1, viewed (a) in the “bc” plane and (b) parallel to “b” axis.

From the cocrystallization of DL-H2ma and nam are known several structures of
different stoichiometries in ratios 1:1, 2:1, 2:2 and 1:4 [23]. In this laboratory, the same
(nam)-(D-H2ma) (1:1) cocrystal was prepared by crystallization from ethyl acetate. Crys-
tal structure analysis of 2 revealed that the cocrystal belongs to monoclinic, P21 space
group with one molecule each of D-H2ma and nam in the crystallographic asymmetric
unit (Figure 3a). The crystal structure features an heterosynthon between the α-hydroxyl
carbonyl group of D-H2ma and the amide group of nam involving O–H· · ·O (2.708(1) Å,
143.3(2)◦) and N–H· · ·O (3.002(1) Å, 155.4(2)◦) with ring motif R2

2(9) (Table S1). These het-
erodimers are further joined by hydrogen bonds through O–H carboxyl acid and pyridine
N atom (2.684(1) Å, 175.0(2)◦), which is accompanied by a stabilizing C−H···O hydrogen
bond (H···O, 2.342 Å; C···O, 3.103 Å), resulting in a supramolecular synthon of graph
set R2

2(7). In addition, the amide anti-N–H and hydroxy O atom N–H· · ·O (2.921(1) Å,
144.9(1)◦) form heterosyntons of graph set R3

4(11), to originate a new four-component
supramolecular unit that is repeated along infinite ribbons (Figure 3b). In the 3D network,
these heterodimers are further joined by hydrogen bonds to form independent layers along
“b” axis (Figure 4a) [32], extending in the “ca” plane simulating a zigzag chain that, unlike
1 (Figure 2b), all molecules are oriented in the same way (Figure 4b).

Figure 3. (a) A view of the molecular structure of 2 showing atomic labeling and displacement
ellipsoids drawn at the 50% probability level, and (b) four-component supramolecular unit showing
the hydrogen patterns, as orange dashed lines, observed in 2. See Table S1 for symmetry codes.
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Figure 4. Packing diagram for 2, viewed (a) in the “bc” plane and (b) in the “ca” plane.

In the 2 system, taking as reference the data of the structure of the polymorph ε

(NICOAM07, from the CSD), in the crystals of pure nam it is observed that the O atom of
the amide group is on the same side of the atom nitrogen of the pyridine ring (θ1, 26.8◦),
which is the same conformation adopted by the polymorphs JILZOU01 [32] (−28.7◦) and
JILZOU [33] (35.3 and 12.0◦). It should be noted that this conformation is opposite to that
described above for the cocrystals of 1. Regarding the D-H2ma molecule in the cocrystal,
differences in conformation are also observed, as can be seen in the values of θ2 and θ3
compared with those of the two symmetrically independent molecules of the acid, although
they do not differ in excess of those found in HOGGOB molecule 1 [31] (Table 2).

The new cocrystals of DL-H2ma with inam in a 1:1 ratio, prepared by crystallization
in ethyl acetate, have also been previously obtained in warm ethanol [6]. The crystal
structure revealed that cocrystals 3 belong to the monoclinic space group, P21/c with
one molecule of each coformer in the asymmetric crystal unit (Figure 5a). L-H2ma and
inam interact with each other via an acid–pyridine heterosynthon involving O–H· · ·N
(2.624 Å, 177.3◦) hydrogen bond (Table S1). As in 2, the Npy···H−O hydrogen bond is
accompanied by a complementary C−H···O hydrogen bond (H···O, 2.640 Å; C···O, 3.131 Å,
CHO 127.9◦). The amide group forms a amide–amide homosynthon dimers of typical
ring motif R2

2(8) between inam molecules involving N–H· · ·O (2.881(1) Å, 179.7(2)◦). At
the same time, these dimers are attached to L-H2ma molecules in two ways. One is
through a O–H· · ·O bond formed between the hydroxyl O–H and the amide O of a nearest
neighboring acid molecule (2.775(1) Å, 162.9(2)◦) whereas the second one is via N–H· · ·O
(2.949(1) Å, 141.7(1)◦) between the amine anti-N–H and the hydroxy oxygen of the L-

H2ma (Figure 5b), which is reinforced by a hydrogen bond C−H···O in which carbonyl
participates, originating a heterosynthon of graph set R2

2(10) (Figure 5b).
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Figure 5. (a) A view of the molecular structure of 3 showing atomic labeling and displacement
ellipsoids drawn at the 50% probability level, and (b) primary hydrogen-bond interactions in 3.
Hydrogen bonds are shown as orange dashed lines. See Table S1 for symmetry codes.

In 3, inam is practically planar (θ1, −0.5◦), which contrasts with the values of this
torsion angle found in polymorphs I, III and V of the pyridinecarboamide (Table 2). Con-
formational differences are also observed in the L-H2ma molecule. Note especially that the
four molecules of the two polymorphs of L-H2ma have substantially different conforma-
tions from those found in the cocrystal, particularly θ3.

Another way to describe the hydrogen bond interactions in the crystal packing is
considering two self-complementary amide–amide pairwise homosynthon dimers between
inam mutually parallel molecules linked through two molecules of mandelic acid each by
hydrogen bonds of O−H···O type between OH of the alcohol group and the carbonyl O
atom of each symmetrically related amide, giving rise to a supramolecular dimer of graph
set R4

4(12), in the direction of the “a” axis (Figure 6a), and also in the plane “bc” by means of
a carboxylic acid–pyridine interaction forming supramolecular heterosynthons of graph set
R4

6(28) (Figure 6b). The set of these interactions gives rise to a crystal network constituted
by independent layers parallel to the “a” axis (Figure 6c).

In the formation of cocrystals of 3, the probable mechanism must include a first stage of
molecular recognition between two amide molecules to form the well-known amide–amide
homosynthon. In a second stage, two of those homodimers, symmetrically related, are
associated by hydrogen bonds, to form the aforementioned tetrameters (Figure 6a,b).

 

Figure 6. View of amide–amide homosynthon showing (a) O−H···O interactions, (b) O−H···Npy

interactions and (c) packing diagram for 3, viewed in the “bc” plane.
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3.2. Supramolecular Synthons

Supramolecular synthons are spatial arrangements of intermolecular interactions
between complementary functional groups, and constitute the core of the retrosynthetic
strategy for supramolecular structures [39]. With crystal structures defined as networks
with the molecules as the nodes and the supramolecular synthons as the connections be-
tween them, retrosynthesis can be performed on network structures to produce appropriate
molecular structures. The advantage of such an approach in crystal engineering is that
comparisons between seemingly different crystal structures are facilitated. If we apply this
observation to the systems studied here, we can establish some differences between them
that can be attributed to the different constituent isomers.

With the structural data of the cocrystals studied here, we compare the main synthons
that they present in their 3D network, which are displayed in Scheme 2. In cocrystal 1, two
heteromeric interactions are observed that give rise to two heterosynthons between syn-
amide with carboxylic acid (B) and between pyridine amide with hydroxy carboxylic acid
(E). In cocrystal 2, two heteromeric interactions are also observed, causing two heterosyn-
thons, one between pyridine and carboxylic acid (C) and the other between syn-amide
and hydroxy carboxylic acid (D). In cocrystal 3, on the contrary, a homomeric interaction
corresponding to typical amide–amide homosinton (A) and two heteromeric interactions
stand out, one is the heterosinton pyridine with carboxylic acid (C), also observed in the
cocrystals of 2, and the other anti-amide with hydroxy carboxylic acid (F).

Scheme 2. Main supramolecular synthons in the cocrystals studied herein. Hydrogen bonds are
shown as dotted lines.

3.3. Theoretical DFT Study

To analyze and understand the different modes of interaction observed in the solid
state of the cocrystals, a density functional theory (DFT) study at the PBE0-D3/def2-
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TZVP level of theory was carried out. The recurrent motifs observed in the solid-state
X-ray structures are analyzed herein, focusing on the calculation of the individual H-bond
energies and also the unconventional stacking interactions in compounds 1 and 3 that
include the H-bonded arrays as described below.

Figure 7 shows the molecular electrostatic potential (MEP) surfaces of all coformers
(pyridylcarboxamides and mandelic acid) studied in this work. The MEP surface analysis is
useful to investigate the electron-rich and electron-poor regions of the crystal coformers. It
can be observed that the most positive region corresponds to the H-atom of carboxylic acid
(+58 kcal/mol) in mandelic acid followed by the H-atoms of the carboxamide groups. These
are more positive in nicotinamide and isonicotinamide due to the influence of the aromatic
H-atom in ortho (+52 and +53 kcal/mol for nicotinamide and isonicotinamide, respectively).
Moreover, the most negative regions correspond to the O-atoms of the carboxamide group
(ranging from −38 to −43 kcal/mol). The MEP values are also large and negative at the
O-atom of the carboxy group in mandelic acid and the aromatic N-atom of nicotinamide
and isonicotinamide rings (ranging from −30 to −35 kcal/mol). Finally, the MEP is slightly
less negative at the aromatic N-atom of picolinamide (−17 kcal/mol) and hydroxyl group
of mandelic acid (−27 kcal/mol). This analysis provides evidence that the carboxy group
of mandelic acid is the strongest H-bond donor and the O-atom of the carboxamide group
the best H-bond acceptor.

 

Figure 7. MEP surfaces of picolinamide (a), nicotinamide (b), isoniconitamide (c) and mandelic acid
(d) at the PBE0-D3/def2-TZVP level of theory. Isosurfaces plotted using 0.001 a.u. The energies at
selected points of the surface are indicated in kcal/mol.

The hydrogen bond and formation energies of the assemblies were estimated using the
QTAIM method and the value of the Lagrangian kinetic G(r) contribution to the local energy
density of electrons at the critical point (CP). The dissociation energy of each individual
H-bonding interaction was estimated using the approach proposed by Vener et al. [40],
which was specifically developed for HBs (Energy = 0.429 × G(r) at the bond CP).

Figure 8 represents the distribution of bond CPs and bond paths for the tetrameric
assembly observed in the picolinamide–mandelic acid cocrystal exhibiting a network of
H-bonds. The existence of a bond CP and bond path connecting two atoms is a universal
indication of an interaction [41]. The QTAIM analysis of the tetrameric assembly repre-
sented in Figure 8a shows the presence of appropriate bond CPs (red spheres) and bond
paths connecting the N/O-atoms to the H atoms in the H-bonding interactions. Moreover,
several ring CPs (yellow spheres) also emerge upon complexation due to the formation
of supramolecular rings. The distribution also shows the existence of weak C–H· · ·O
interactions between one aromatic C–H group and the hydroxyl O-atom of the mandelic
acid. The dissociation energy of the tetrameric assembly is large (39.7 kcal/mol), thus con-
firming the importance of this H-bonding network. Figure 8b also includes the individual
energy of each H-bond that is indicated in blue next to the bond CP that characterizes
each H-bond. In agreement with the MEP analysis, the H-bonds involving the carboxy
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group as H-bond donor (O–H···O) are the strongest (11.0 and 7.8 kcal/mol). Moreover,
several structure-guiding motifs are observed in the solid state structure of compound 1.
These are R2

2(8) and R4
4(8), involving only the carboxy and carboxamide groups, In addition,

a R2
2(10) motif is also important, where the pyridine N-atom and the hydroxyl groups

participate in addition to the dominant carboxy and carboxamide groups. We also evalu-
ated energetically the formation of a different tetrameric assembly where two R2

2(8) motifs
are stacked (see Figure 8c) in an antiparallel fashion. The binding energy computed as a
dimerization energy of two R2

2(8) motifs is −9.7 kcal/mol, thus revealing the strong nature
of this unconventional π-stacking interaction. The NCIplot index analysis is represented
in Figure 8c, showing large and green (meaning attractive interaction) isosurfaces located
between the carboxy and carboxamide groups of both crystal coformers, thus suggesting
that the interaction involves the π-system of both groups (πCOOH···πCONH2). The NCI
isosurface is dark blue for the OH···O and light blue for the NH···O H-bonds of the R2

2(8)
motifs, thus confirming the strong nature of the OH···O bonds in line with the QTAIM
dissociation energy and the MEP surface analysis.

Figure 8. (a) AIM distribution of bond and ring critical points (green and yellow spheres, respectively)
and bond paths obtained for the H-bond assembly of compound 1. The dissociation energies of the
H-bonds using the G(r) values are indicated next to the bond CPs. (b) AIM distribution of bond
and ring critical points (green and yellow spheres, respectively) and bond paths obtained for the
H-bonding R2

2(8) motif. (c) NCIplot index analysis of the π-stacked tetramer. |RGD| isosurface 0.5,
density cutoff 0.04 a.u., color range: −0.04 a.u. ≤ (signλ2) ρ ≤ 0.04 a.u.

For compounds 2a (JILZOU01) and 2b (JILZOU), a similar study was performed,
where we selected a representative tetrameric assembly for each one including the most
important interactions and motifs. The QTAIM analyses are shown in Figure 9, where each
H-bond is characterized by a bond CP connecting the O/N-atoms to the H-atoms. Similar to
1, the distribution shows the existence of weak C–H· · ·O interactions between H-atoms of
nicotinamide ring and the O-atoms of the hydroxyl groups in 2a or carboxamide group in 2b.
Moreover, a recurrent R2

2(7) motif is observed in both compounds where the carboxy group
of the mandelic acid forms a strong OH···Npy H-bond (8.4 and 10.4 kcal/mol in 2a and 2b,
respectively) combined with a much weaker C–H···O H-bond (2.6 and 1.7 kcal/mol in 2a

and 2b, respectively). In 2a, a R2
2(9) motif is observed where the hydroxyl group of mandelic

acid establishes a moderately strong H-bond (5.7 kcal/mol) with the carboxamide group
of the coformer. An interesting R2

2(8) motif is observed in 2b involving the carboxamide
groups (4.5 kcal/mol each H-bond) and leading to the formation of a self-assembled
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dimer. The formation energies of the selected tetramers are similar (24.6 kcal/mol in 2a

and 26.9 kcal/mol in 2b).

Figure 9. AIM distribution of bond and ring critical points (green and yellow spheres, respectively)
and bond paths obtained for the H-bond tetrameric assemblies of compounds 2a and 2b. The
dissociation energies of the H-bonds using the G(r) values are indicated next to the bond CPs.

In compound 3, the tetrameric assembly shown in Figure 10a was analyzed, where
the isonicotinamide molecule forms self-assembled dimers via two equivalent N–H···O
bonds (R2

2(8) motif) with a total dissociation energy of 10.4 kcal/mol. In addition, the
recurrent R2

2(8) motif described above in 2a and 2b is also observed in 3 with a dissociation
energy of 13.8 kcal/mol, thus revealing that the combination of the strong OH···H and
weak CH···O H-bonds is energetically favored over the two symmetric NH···O H-bonds
between the carboxamide groups. This tetrameric assembly, which presents a very large
dissociation energy (37.0 kcal/mol) self-assembly, forming π-stacking octamers in the solid
state, as represented in Figure 10b. The NCIplot index analysis shows a much extended
isosurface that embraces the whole assembly and explaining the large dimerization energy
(−27.3 kcal/mol). The isosurfaces clearly show that the H-bonded arrays are also involved
in the stacking interaction, as previously observed in the literature [42]. Actually, it has
been demonstrated that the formation of H-bonded arrays is energetically enhanced over
aromatic surfaces [43].

Figure 10. (a) AIM distribution of bond and ring critical points (green and yellow spheres, respec-
tively) and bond paths obtained for the H-bonding assembly of compound 3. The dissociation
energies of the H-bonds using the G(r) values are indicated next to the bond CPs. (b) NCIplot
index analysis of the π-stacked octamer. |RGD| isosurface 0.5, density cutoff 0.04 a.u., color range:
−0.04 a.u. ≤ (signλ2) ρ ≤ 0.04 a.u.
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Table 3 summarizes the interaction energies for the H-bonding assemblies represented
in Figures 8–10 computed using the supramolecular approach (BSSE corrected) and esti-
mated using Verner’s equation. In general, there is a good agreement between the BSSE
corrected energies and those derived from QTAIM, giving reliability to Verner’s approach.
In some cases, such as the pentameric assembly of compound 1 (Figure 8a) and the tetramer
of compound JILZOU (Figure 9b), the interaction energies are greater (in absolute value)
than the formation energies derived from the QTAIM approach. This is due to an extra
stabilization in those assemblies caused by van der Waals forces and other long-range inter-
actions due to the approximation of the bulk of the molecules. In any case, the H-bonding
interactions are clearly dominant.

Table 3. Interaction energies of the HB assemblies derived from the supramolecular approach
(BSSE corrected) and derived from the QTAIM (EBSSE and ΣEHB, respectively) in kcal/mol at the
PBE0-D3/def2-TZVP level of theory.

Compound EBSSE ΣEHB

(pic)-(D-H2ma) (1) (Figure 8a) −42.7 39.7
(pic)-(D-H2ma) (1) (Figure 8b) −17.0 16.9

JILZOU01 (2a) (Figure 9a) −22.5 24.6
JILZOU (2b) (Figure 9b) −32.3 26.9

(inam)-(L-H2ma) (3) (Figure 10a) −39.5 37.0

3.4. X-ray Powder Diffraction (XRPD) Analysis

The formation of cocrystals could be verified by XRPD. In Figure 11, each XRPD pattern
of mandelic acid cocrystals is different from either that of D, L-H2ma or the corresponding
coformer. All of the peaks displayed in the measured XRPD patterns of the D, L-H2ma

cocrystal bulk powder are in close accordance with those in the simulated patterns acquired
from single-crystal diffraction data, which confirm the formation of high-purity phases.
Similarly, in both cocrystals, the XRPD patterns simulated from the single-crystal structures
matches well with the XRPD patterns of powder obtained (Figure S12).

 

Figure 11. XRPD patterns of mandelic acid (red), pyridinecarboxamides (green) and cocrystal (blue)
in (a) 1 and (b) 3.
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3.5. DSC Analysis

The thermal behavior of coformers and cocrystals was tested using differential scan-
ning calorimetry (DSC). The DSC heating curves and melting temperatures are represented
in Figure 12.

The melting point of the cocrystals, DL-Mandelic acid and pyridinecarboxamides are
listed in Table 4. H2ma, pic, nam and inam exhibit a sharp melting endotherm followed
by decomposition, and do not show any phase change/transformation on heating before
melting. Similarly, the (pic)-(D-H2ma) (Figure 12a), (nam)-(L-H2ma) (Figure 12b) and
(inam)-(L-H2ma) (Figure 12c) binary solids exhibit melting, followed by decomposition.
There is no phase change before melting on heating. The cocrystals displayed a lower
melting point than the pure mandelic acid and the coformers. The thermal analysis of the
cocrystals and their comparison to that of the coformers revealed that in (1) and (3) there is
a direct correlation between the melting points of the coformers and the cocrystals (Table 4):
the higher the melting point of the coformer, the higher the melting point of the cocrystal.
However, in (nam)-(L-H2ma) this trend is broken and its melting point is the lowest of the
three cocrystals, probably because the strength of the hydrogen bonds is also the weakest.

 

° °

Figure 12. DSC analyses of the resulting powders of pure components and the cocrystals 1, 2a and 3.

Table 4. Melting points (M. p.) of coformers * and prepared cocrystals.

Coformer M. p. (◦C) Cocrystal M. p. (◦C)

DL-Mandelic acid (D,L-H2ma) 118–121

D/L-Mandelic acid (L-H2ma) 131–135

Picolinamide (pic) 104–108 (pic)-(D-H2ma) (1) 91.4

Nicotinamide (nam) 128–131 (nam)-(L-H2ma) (2) [25] 85.2

Isonicotinamide (inam) 155–157 (inam)-(L-H2ma) (3) 112.0
* Taken from http://www.chemspider.com/.

3.6. Thermal Analysis

To determine the thermal stability of cocrystals, thermogravimetric analysis (TGA) was
performed under a stream of air in the range 25–300 ◦C. Considering that the compounds are
thermally stable until a 10% weight loss of the sample occurs, it can be seen that (1) is stable
up to 179 ◦C, very similar to mandelic acid, while (3) undergoes a 10% weight loss when
209 ◦C is reached, so that its stability is comparable to that of isonicotinamide (Figure 13).
Above these temperatures a slow weight loss is observed up to 300 ◦C, decomposing and
releasing CO, CO2 and various nitrogen oxides, not resulting in final solid waste. The
phase purity of the as-synthesized samples could be confirmed by the PXRD pattern, where
the characteristic peaks match well with those of the simulated PXRD pattern based on the
single crystal data (Figure S10).
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Figure 13. TG thermograms of pure components and the cocrystals 1 (left) and 3 (right).

3.7. FT–IR Spectroscopy

The IR spectra of cocrystals 1 and 3 are depicted in Figures S13 and S14, respectively. A
comparison with the spectra of its coformers is represented in Figure 14. Regions 3500–3000
and 1700–600 cm−1 are important sources of information about the molecular interac-
tions, because these two regions are associated with hydrogen bonding interaction. In
solid DL-mandelic acid, these bands correspond to 3397 cm−1, ν(OH), 1716 cm−1, ν(C=O)
and 1078–1064 cm−1, ν(C-O) [44], while that in pyridine carboxamides appear at 3414
and 3164 cm−1, ν(NH2), 1658 cm−1, ν(C=O), 1603 cm−1, δ(NH2), 1386 cm−1, ν(CN) and
640–629 cm−1, α(CCC), in picolinamide; and 3362 and 3178 cm−1, ν(NH2), 1655 cm−1,
ν(C=O), 1622 cm−1, δ(NH2), 1390 cm−1, ν(CN) and 668–614 cm−11, α(CCC), in isonicoti-
namide [45]. Consequently, in cocrystals, the absorb peaks around 3400 and 3200 cm−1

attribute to stretching vibrations of OH and NH2 groups of the acid and of pyridine car-
boxamides, where the wavenumbers for the asymmetric stretching vibration of NH2 in
cocrystal 1 are about 3435 cm−1, while cocrystal 3 shows absorb peaks at about 3379 cm−1

due to stronger hydrogen bond interactions than in 1. In the ν(NH2) symmetric stretching
vibrations, the same behavior is observed for 3 respective to 1. For the two cocrystals, the
wavenumbers at around 3450 cm−1 indicate the O−H···O hydrogen bond interactions be-
tween them, while the slight differences of the wavenumbers for NH2 groups may attribute
to the different hydrogen bond interaction experienced by it. While for the region around
1700–600 cm−1, which are corresponding to C=O group, the almost identical plots for the
two cocrystals, at 1700–1600 cm−1, indicate similar hydrogen bond interactions around
the C=O groups for pic, and inam in cocrystals 1 and 3, respectively, but in 3 the band of
mean intensity at 1729 cm−1 corresponds to the C=O of H2ma that does not take part in
hydrogen bonding, which are in accordance with the structural analysis. We also point
out the presence of two new bands at 2506 and 1913 cm−1 for 1 and 2465 and 1891 cm−1

for 3 that result from the O−H···Npy hydrogen bond. This provides clear proof that the
hydroxyl or carboxylic group of H2ma interacts with the aromatic nitrogen of pyridine
carboxamides [46]. A similar behavior is deduced when observing the position of in-plane
and out-of-plane ring deformation bands of pyridinecarboxyamides in the cocrystals, which
reflect a greater strength of the O−H···N interaction in 3 than in 1 (Table S1), since while in
1 it is O−H(hydroxyl)···N(py) with a distance O···N of 3.071 Å, in 3 is 2.624 Å for that distance
in O−H(carboxylic)···N(py).
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Figure 14. IR spectra of the cocrystals 1 (left) and 3 (right).

3.8. Solubility and Dissolution

Drug solubility occurs under a dynamic equilibrium state, which determines the
maximum concentration in a saturated solution when excess solid is present in the media.
The dissolution rate is a kinetic process that measures the drug concentration, which passes
into the media with respect to time. These two parameters are determined by the solvation
of the molecular components and the strength of the crystal structure lattice [47]. To
improve the drug solubility, the solvent affinity must be increased and/or lower the lattice
energy. These can be altered via cocrystal formation, although it is also influenced by the
coformer solubility [48]. Since the aqueous solubility values pyridinecarboxyamides are
greater than those of D, L-H2ma, the presence of coformers may appear to improve the
dissolution profile of mandelic acid (Figure 15).

 

Figure 15. Solubility values in water (mg mL−1) of the coformers and cocrystals 1–3.

4. Concluding Remarks

The synthesis and X-ray characterization of two new cocrystals of mandelic acid
and pyridylcarboxamides are reported herein. There is competition and interplay of the
hydrogen bonding functional groups during binary cocrystallization. The results observed
suggest that the hydroxy carboxylic acid forms reliable synthons to afford cocrystals with
the pyridinecarboxamides. For the formation of tetramers in 1 and 3, a two-stage-based
crystallization mechanism is proposed. The first of acid–amide or amide–amide molecular
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recognition, respectively, and the second per association, by hydrogen bond, heterodimers
or homodimers, are symmetrically related. The energetic features of the H-bonds were
studied using the QTAIM and MEP surface analyses evidencing that the COOH···N, O
H-bonds are the strongest. Some recurrent motifs, such as R2

2(7) between carboxy group
and the pyridine ring and the self-assembled R2

2(8) motif between the carboxamide groups,
are described and analyzed energetically. We believe that the estimation of individual
contributions by means of QTAIM analysis reported herein is useful in terms of rationalizing
the interactions and for future design and synthesis of cocrystals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12020142/s1, Figure S1: 1H NMR spectra in DMSO-d6 of
cocrystals 1 (upper) and 3 (lower) comparative with their coformers; Figure S2: 1H NMR spectrum
of DL-H2ma; Figure S3: 1H NMR spectrum of pic; Figure S4. 1H NMR spectrum of (pic)-(D-H2ma)
(1); Figure S5: 1H NMR spectrum of inam; Figure S6: 1H NMR spectrum of (inam)-(L-H2ma) (3);
Figure S7: 13C NMR spectrum of DL-H2ma; Figure S8: 13C NMR spectrum of pic; Figure S9: 13C
NMR spectrum of (pic)-(D-H2ma) (1); Figure S10: 13C NMR spectrum of inam; Figure S11: 13C NMR
spectrum of (inam)-(L-H2ma) (3); Figure S12: XRPD patterns of the solid forms of 1 and 3, obtained
at room temperature. The XRPD patterns of the cocrystals match well with the simulated XRPD.
Table S1: Hydrogen bond parameters [Å, ◦] for cocrystals. Letters included as superscripts refer to
symmetry codes shown in text and figures; Figure S13: IR spectrum of (pic)-(D-H2ma) (1); Figure S14:
IR Spectrum of (inam)-(L-H2ma) (3).
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Abstract: Sustained released formulation is the most used strategy to control the efficacy and the
adverse reactions of an API (active pharmaceutical ingredient) with a narrow therapeutic index. In
this work, we used a different way to tailor the solubility and diffusion of a drug. Salification of
Theophylline with Squaric Acid was carried out to better control the absorption of Theophylline after
administration. Salification proved to be a winning strategy decreasing the dissolution of the APIs up
to 54% with respect to Theophylline. Most importantly, this was accomplished in the first 10 min of
the dissolution process, which are the most important for the API administration. Two polymorphs
were identified and fully characterized. Theophylline squarate was discovered as trihydrate (SC-XRD)
and as a metastable anhydrous form. Indeed, during the Variable Temperature-XRPD experiment,
the trihydrate form turned back into the two starting components after losing the three molecules of
water. On the other hand, the synthesis of the trihydrate form was observed when a simple mixing of
the two starting components were exposed to a high humidity relative percentage (90% RH).

Keywords: xanthines; theophylline; squaric acid; controlled release; dissolution; solubility

1. Introduction

Xanthines like theophylline, caffeine, and theobromine are a group of alkaloids, which
act as mild stimulants and as bronchodilators. Theophylline in particular has an anti-
inflammatory effect in asthma and chronic obstructive pulmonary disease (COPD) at lower
concentrations [1].

Theophylline’s mechanism of action implies the inhibition of phosphodiesterase,
which is responsible for the smooth muscle relaxation. However, theophylline is also
known for its narrow therapeutic index (30–100 μM) caused by a remarkably low selectivity.
Indeed, a concentration of 110 μM already leads to a wide range of adverse reactions such
as nausea, vomiting, metabolic acidosis, and arrhythmias [2]. For this reason, despite
being an effective API, theophylline is not considered the first choice in the treatment of
asthma. It is usually administered orally in slow-release preparations for chronic treatment
in combination with a short acting β2-agonist, long acting β2 agonist, or an inhaled
corticosteroid [3–5].

Lots of significant work has been done in the formulation field to optimize the theo-
phylline absorption profile. Pezoa et al. [6], Rodrigues et al. [7], and Jian et al. [8] are just
a few examples of the huge effort that has been done so far aiming at a better in-vivo
performance. Formulations were modified using excipients like Eudragit or involving
nanoparticles to have a prolonged effect and better control on the adverse reactions [9].
While optimizing a formulation many aspects must be taken into account [10], such as the
role of every single component and how they influence the final release or the scale up.
The interactions between excipient-excipient and drug-excipient are also to be considered.
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Hydrolysis of the drug, ion interactions leading to new insoluble forms, or other physical
interactions like adsorption of the API onto the surface of excipients might be significant
drawbacks, resulting from the interactions between excipients and drugs [11].

In this work, we used a different strategy to tune the properties of this active phar-
maceutical ingredient: a salification of theophylline with squaric acid was carried out
to optimize its solubility, dissolution rate, and diffusion. Squaric acid is a strong acid
belonging to the family of oxocarbons [12]. It has been studied extensively for its peculiar
physical properties [13] and for its use in the synthesis of dyes [14,15]. In the pharmaceuti-
cal industry, squaric acid derivatives have attracted interest for their potential use as topical
immunosensitizers [16], enzyme inhibitors, and receptor antagonists [17]. However, to
the best of our knowledge, squaric acid has never been studied in the formation of API
salts. From a crystal engineering perspective, the features that guided the selection of this
acid as salt-former are its strong acidity (pKa1 = 0.6, pKa2 = 3.4) [18], its highly symmetric
character, and the well-established tendency to form layered H-bonded assemblies [19,20],
that should couple effectively with mostly planar molecules such as xanthines.

Usually, when looking for a new salt to improve the pharmacokinetic properties of
an API, hydrate forms are unwelcome. Hydrates usually have a higher thermodynamic
stability leading to a slower dissolution profile [21,22]. In this peculiar case, the hydrate
form would turn useful, providing a better control of the released drug. Moreover, salifi-
cation might turn to be easier and quicker with respect to the formulation development.
Indeed, once the salt is synthesized already known manufacturing processes can be applied,
yielding standard tablets or capsules for instance. Some theophylline salts have already
been studied [23,24]. Furthermore, some systems have been designed with the aim of
improving bioactivity [25] or stability [26], however, in both cases, the salts resulted more
soluble than theophylline alone. Hence, salification has never been applied to theophylline
with the purpose to ameliorate the therapeutic index issues

2. Materials and Methods

2.1. General

Theophylline, Squaric acid, Tetrahydrofurane (THF), Diethyl Ether, and Ethanol were
used as received from MERCK-Sigma Aldrich (Taufkirchen, Germany, EU). Solvents were
commercially available and used without any other purification. Water was used after
filtration with MilliQ Advantage A10 technology from Millipore (MERCK-Sigma Aldrich
(Darmstadt, Germany)).

2.2. Theophylline Squarate

The bulk powder of the hydrate form (TS3w) was obtained via LAG (liquid assisted
grinding). Theophylline and Squaric Acid were weighed in an equimolar ratio (1:1, total
mass 163 mg), the sample was transferred to a 4.0 mL vial with three grinding balls (5 mm
φ, zirconia type) and the desired solvent was added (20 μL of water Milli-Q). Then, the
mixture was ground for 1 h using a multi-sample vibrating ball mill (Pulverisette 6—Fritsch,
Germany) under a rotational speed of 300 rpm and a temperature of 25 ◦C.

Along with TS3w, an anhydrous form was obtained (TSan). In order to obtain TSan,
Theophylline (100 mg) and Squaric Acid (63 mg) were both dissolved in water (10 ml) at
room temperature and lyophilized. An amorphous powder was obtained and crystallized
through slurry in acetone 10 mg/mL at room temperature for three days.

2.3. Single-Crystal X-ray Diffraction (SC-XRD)

Crystals of TS3w suitable for SC-XRD analysis were obtained alternatively from slow
evaporation of an EtOH solution of TS3w and from stratification of diethylether over an
EtOH solution of TS3w.

Single crystal data were collected at 220 K with a Bruker (US) D8 Venture diffrac-
tometer equipped with a Photon II detector, using a CuKα microfocus radiation source
(λ = 1.54184 Å). The intensity data were integrated from several series of exposure frames
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covering the sphere of reciprocal space. Data reductions were performed with APEX3 (III).
Absorption corrections were applied using the program SADABS [27]. The structures were
solved by intrinsic phasing with the program SHELXT (1.0.825/28 January 2017). Fourier
analysis and refinement were performed by the full-matrix least-squares methods based
on F2 using SHELXL-2017 [28,29] implemented in Olex2 software (1.3) [30]. Non-H atoms
were refined anisotropically, H atoms were placed in calculated positions and refined with
a riding model. Crystallographic data can be found in Supplementary Materials, Table S1.

CCDC 2124344 contains the supplementary crystallographic data for this paper.

2.4. X-ray Powder Diffraction (XRPD)

The crystalline state of samples was investigated by X-ray powder diffraction (XRPD)
with an Emyrean Panalytical (UK) V 2.0 instrument equipped with Cu radiation source.
Samples were placed on zero background sample holders. The measurements were per-
formed in reflection mode with 2Theta scans from 1.5 to 45◦, step size 0.02◦, soller slit
0.02 rad, divergence slit 1/8◦, antiscatter slit 1/4◦. The variable temperature and humidity
XRPD analyses were carried out with an Anton Paar (Austria) CHC+ camera equipped
with CCU100 temperature control and an MHG-32 humidity generator. The measurements
were performed in reflection mode, 2Theta scan from 1.5 to 45◦, step size 0.02◦, soller slit
0.02 rad, divergence slit 1/8◦, antiscatter slit 1/4◦.

2.5. Differential Scanning Calorimetry (DSC)

DSC analyses were performed using a routinely calibrated TA Instruments differential
scanning calorimeter Discovery equipped with a computer analyzing system (TRIOS).
Indium standard and a sapphire disk were used for temperature/enthalpy calibration
and heat capacity calibration, respectively. The system was equipped with a refrigerated
cooling system (RCS90) accessory under a dry nitrogen purge (50 mL/min). About 1–5 mg
of each sample were placed into a Tzero Aluminum hermetic DSC pan covered with a lid.
The sample cell was equilibrated at 0 ◦C and heated under a nitrogen purge (50 mL/min).
All samples were given similar thermal histories by linearly heating to 300 ◦C at a heating
rate of 10 ◦C/min.

2.6. Thermogravimetric Analysis (TGA)

TGA analyses were performed using a TA Instruments Discovery equipped with a
computer analyzing system (TRIOS V4.3). About 2 mg of each sample were placed into a
Platinum 100 μL pan. The heating rate was 10 ◦C/min to 300 ◦C.

2.7. Dynamic Vapour Sorption (DVS)

Moisture sorption/desorption data were collected on a TA Instruments (New Castle,
DE, USA) Vapor Sorption Analyzer Q5000SA. First step: sorption data were collected
in the range of 40% to 90% relative humidity. Second step: desorption, sorption, and
desorption data were collected over a range of 0% to 90% relative humidity (RH) at 10% RH
intervals under a nitrogen purge. Samples were not dried prior to the analysis. Equilibrium
criteria used for analyses were less than 0.100% weight change in 20 min, with a maximum
equilibration time of 1 h if the weight criterion was not met. Data were not corrected for
the initial moisture content of the samples. NaBr was used for humidity verification.

2.8. Dissolution Studies

Dissolution studies of theophylline and theophylline squarate trihydrate were carried
out using water MilliQ (pH 5.5) at room temperature. 6 suspensions at a concentration of
1.5 mg/mL were prepared for both theophylline and theophylline squarate trihydrate. Each
suspension corresponds to a different time point (0–2 min–4 min–6 min–8 min–10 min).
From each sample, 200 μL were taken at the corresponding time point and filtered. 20 μL
from each taken solution were then diluted (1:10) with H2O and injected.
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Ultra-high-performance liquid chromatography with ultraviolet detection (UHPLC-
UV) was used for quantitative analysis of the dissolved drug which absorbs UV-light in
the range of 200–290 nm with an absorbance maximum at 254 nm. UHPLC-UV analysis
was conducted on a Waters Acquity UPLC system (Milford, MA, USA) that was connected
to a diode array detector and equipped with a reversed phase Kinetex® EVO C8 LC-
column (100 × 2.1 mm; particle size 1.7 μm; pore size 100 Å, Phenomenex®). The mobile
phase consisted of 25 mM of ammonium formiate buffer (pH 3) and 0.1% formic acid in
acetonitrile, the flow rate was 0.5 mL/min and the column oven was set to 50 ◦C. The
injection volume was 2 μL.

3. Results

3.1. Theophylline Squarate
3.1.1. Single Crystal Molecular Structure

The asymmetric unit comprises one molecule of theophylline, one molecule of squaric
acid, and three molecules of water (See Figure S8). Theophylline exchanges four HBs with
two squarate anions via the N11, N21, and C11 atoms (N11· · ·O12, 2.63 Å; N21· · ·O32,
2.64 Å; C11· · ·O22, 3.03 Å; C11· · ·O42, 3.12 Å). Interestingly, C11 forms a bifurcated HB
with two squarate anions. In addition, O11 and O21 of Theophylline act as HB accep-
tors with respect to two symmetry-related O1W water molecules (O21· · ·O1W, 2.77 Å;
O11· · ·O1W, 2.92 Å). The two components interact through a HBs connectivity involving
two water molecules (O1W and O2W). O1W exchanges three HBs, two as a donor, as
already described, and one as acceptor (range 2.74 Å–2.92 Å), O2w exchanges three HBs,
two as a donor, and one as acceptor (range 2.53 Å–2.82 Å). O3W forms two HBs as a donor
with a symmetry related molecule (3.31 Å) and with O32 of a squarate anion (2.84 Å),
respectively, and it accepts HBs from O2W (2.82 Å), Figure 1. On the other hand, O3w is
located into a channel like cavity and, according to the long HB distances, it is more loosely
bound to the surrounding molecules, Figure S8.

Figure 1. Molecular structure of Theophylline squarate trihydrate with thermal ellipsoids plotted at
the 30% probability level, highlighting the intermolecular connection (a). The water channel hosting
the water molecule O3W is showed along the c-axes (b) and along a diagonal direction (c).
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C–O and C–C bond lengths of the C4 ring of the squarate are quite indicative of the
resonance condition because of the mono-anion formation, Figure 2.

Figure 2. Resonance structure of monodeprotonated squarate anion with bond distance (Å) indicated.

The C42–O42 bond is the longest being the only pure C–O single bond. C22–O22 is the
shortest being the only pure double bond. The other two C–O bonds have an intermediate
length having a partial double bond character [31]. It follows that C32–C42 and C42–C12
are the shortest covalent bonds associated with a partial double bond.

There are some intrinsic features in the network that the water molecules establish.
As previously discussed, O3W is located in a channel that runs parallel to the c-axis (see
Figure 1b,c). O3W is the most loosely bound to the surroundings and it would be most
likely the first molecule leaving the structure upon dehydration. This is also confirmed by
the calorimetric analysis as discussed below.

3.1.2. Thermal and Structural Characterization

VT-XRPD (Variable temperature—X-ray powder diffraction) experiment was carried out on
TS3w. The temperature was slowly increased from to 25 ◦C to 70 ◦C–120 ◦C–155 ◦C–190 ◦C as
shown in Figure 3. Once water is removed (120 ◦C) the structure does not collapse and does
not lead to the anhydrous form TSan either. It dissociates into the starting components. A
new diffraction line appears at high temperature (155 ◦C–190 ◦C) belonging to a different
theophylline polymorph (elusive form V) [32]. However, at the end of the experiment
theophylline can be easily detected and no diffraction lines belonging to TS3w pattern
is observed.

Figure 3. VT-XRPD of Theophylline Squarate trihydrate starting from 25 ◦C to 190 ◦C. Above the
reference Theophylline.
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Thermogravimetric analysis on TS3w (See Supplementary Materials, Figure S2) shows
a two steps weight loss while increasing the temperature. The first step might represent
the channel-water molecule O3W, and the second step might be interpreted as the other
two molecules leaving the system, according to the weight changes (5.7% and 10.6%,
respectively). DSC thermogram (See Supplementary Materials, Figure S1) shows two endo
peaks at 68.9 ◦C and 89.6 ◦C, associated with the two events observed in the TGA. VT-XRPD
experiment confirms that the structure remains intact at 70 ◦C. As described above, the salt
structure is disrupted only after all of the water molecules have abandoned the HB network
(>70 ◦C), which links Theophylline and Squarate together. The following exothermic event
around 138 ◦C could be interpreted as the rearrangement of the molecules into the two
pure components, see Figure 3. TS3w melting at 227.7 ◦C corresponds to the melting point
of the anhydrous form (See DSC thermogram of TSan in the Supplementary Materials,
Figure S5) and it suggests a previous crystallization of TSan, potentially happening where
the second exothermic peak (170.5 ◦C) can be detected.

A VH-XRPD (Variable Humidity—X-ray powder diffraction) experiment was also
carried out. Theophylline and Squaric Acid (molar ratio 1:1) powders were mixed and
exposed to 95% RH for 3 days (Figure 4).

Figure 4. VH-XRPD of Theophylline (T) and Squaric Acid (SA). Below the reference Theo-phylline
Monohydrate and above the reference Theophylline squarate trihydrate (TS3w).

This experiment confirmed the formation of the salts from the two components in
the humidity chamber via a solid-state process without the need of dissolving the compo-
nents in bulk solvents or applying energy from the milling processes. This observation is
complementary to what was observed during the VT-XRPD experiment.

Furthermore, along with the formation of the salts, a steep increase in theophylline
monohydrate was observed. After a few days though its signal started to drop while
the peak of TS3w rose. It can thus be tentatively proposed that the formation of the
theophylline monohydrate is a necessary step in the salt formation: as observed in VH-
XRPD of pure Theophylline (See Supporting Materials, Figure S9) the monohydrate process
starts in less than four hours and is completed in 11 h. The experiment never allowed us
to see the complete conversion into the pure theophylline salt. That is probably due to
the impossibility of mixing the powder during the experiment being the sample laid on a
zero-background XRPD sample stage.

The salt formation has been confirmed also by the FTIR analysis showing the proto-
nated nitrogen signal (See Supplementary Materials, Figure S7).

DVS shows that TS3w (See Supplementary Materials, Figure S3) might be considered
a stable form since after a cycle of increasing and decreasing humidity, XRPD shows
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again the same pattern without any loss of crystallinity in the powder (See Supplementary
Materials, Figure S4). That proved once again that the anhydrous form could be considered
a metastable form.

Figure 5 shows the different powder patterns of commercial Theophylline, Squaric
acid, Theophylline squarate trihydrate (TS3w), and Theophylline Squarate anhydrous
(TSan). Thermogravimetric analysis on TSan does not show any significant weight loss
(See Supplementary Materials, Figures S5 and S6).

Figure 5. Powder X-ray diffraction of Theophylline (a), Squaric acid (b), Theophylline Squarate
anhydrous (TSan, (c)) and Theophylline squarate trihydrate (TS3w, (d)).

3.2. Dissolution Studies

Dissolution studies were carried out to investigate whether the salification would
have improved the pharmacokinetic profile in the dissolution step which is mandatory
to have absorption of the API. Theophylline alone has an amazingly good bioavailability
provided by a very fast and effective dissolution. Nevertheless, we were interested in a
slower dissolution profile to better control the release of the drug into the blood stream.
This would help to mild the adverse effect when approaching the therapeutic dose.

Those studies demonstrated a better dissolution profile of the salt compared with the
free base (Figure 6) leading to a decrease of 52% at 2 min, 54% at 6 min, and 38% at 15 min
for TS3w. This valuable reduction might turn into an improved in-vivo performance
allowing a better control of the administrated drug in terms of both therapeutic effects and
adverse reactions. This is very useful in many cases, and it might even be essential when
the therapeutic index is very narrow like in this case for Theophylline.

Figure 6. Dissolution study of Theophylline (squares) and Theophylline Squarate trihydrate (rounds).
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4. Conclusions

Theophylline salt was treated with squaric acid giving two different forms: anhydrous
theophylline squarate and theophylline squarate trihydrate, whose crystal structure has
been elucidated allowing to interpret its thermal behavior. Thermal analysis, VH-XRPD,
and VT-XRPD experiments allowed us to characterize the stability of TS3w and the evolu-
tion of the various forms. Indeed, TS3w was stable until 70 ◦C and it dissociated into the
two starting components only above 70 ◦C, making it suitable for a tablet manufacturing
process for instance. Complementary, theophylline, and squaric acid alone led to the salt
formation in a high RH% ambient.

During the dissolution study, TS3w showed a relevant decrease in the percentage
of drugs released in the vehicle. This allows a better control of the administrated dose,
reducing the adverse effects without losing efficacy.

Salification of Theophylline can thus be considered a valuable strategy to modify its
physio-chemical properties and it can be taken into account as an alternative method for
controlled release of the drug.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst12020201/s1, Table S1. Summary of crystallographic data for Theophylline Squarate
trihydrate (TS3w); Figure S1. DSC thermogram of TS3w ; Figure S2. TGA thermogram of TS3w;
Figure S3. DVS of TS3w; Figure S4. XRPD of TS3w after DVS (a) compared to its pattern before DVS
(b); Figure S5. DSC thermogram of TSan; Figure S6. TGA thermogram of TSan. Figure S7. FTIR
of Theophylline (red), Squaric Acid (black) and Theophylline squarate trihydrate (blue). Figure S8.
Asymmetric unit of Theophylline squarate trihydrate (a) and molecular structure highlighting the
HB connections and distances (b). Figure S9. VH-XRPD of pure Theophylline.
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Abstract: In this investigation, three new crystal forms of lidocaine, and another three of lidocaine
hydrochloride with hydroquinone, resorcinol, and pyrogallol were synthetised. All the new forms
were characterised using multiple techniques, PXRD, SC-XRD, DSC, and FTIR. The stability of the
forms was studied, and, for the more stable forms, i.e., (lidhcl) forms, the solubility was determined
through FTIR analysis. The new crystalline forms obtained with (lidhcl) and the three coformers
showed an interesting steric stabilisation mechanism of the oxidation of hydroxybenzenes and
showed good physicochemical properties with respect to (lidhcl), constituting a mechanism of
modulation of the physicochemical properties.

Keywords: lidocaine; cocrystals; mechanochemistry; multicomponent materials; API; pharmaceutical
solids; solubility

1. Introduction

In the past years, crystal engineering and, more particularly, cocrystal design has
raised the attention of the pharmaceutical industry as an efficient method to develop new
pharmaceutical solid forms. The main advantages of such pharmaceutical cocrystals include
not only the enhancement of the physicochemical properties of active pharmaceutical
ingredients (APIs) but also the potential of obtaining synergic effects in codrug formulations,
keeping the options for intellectual property rights open at lower costs.

Lidocaine (2-diethylamino-N-(2,6-dimethylphenyl)acetamide), hereafter (lid), is an
active pharmaceutical ingredient widely used as an anaesthetic in intravenous injection
to treat and prevent pain [1,2] in some medical procedures. It is also used in clinics as an
antiarrhythmic drug [3] to treat ventricular arrhythmias, specifically ventricular tachycardia
and ventricular fibrillation, or as a vasoconstrictor in topical applications [4].

(Lid) shows low solubility in the base form [5]. Therefore, in pharmaceutical for-
mulations, lidocaine is generally used as its hydrochloride derivative (lidhcl). Solubility
problems are certainly a big concern regarding the efficacy of oral administration drugs.
Hence, if (lid) wants to be directly included in drug formulations, one of the best ap-
proaches seems to be the development of novel multicomponent pharmaceutical solids,
a well-established method able to modulate the physicochemical and biopharmaceutical
properties of APIs [6], such as stability, solubility, or manufacturability. In this context, only
a few studies can be found in the literature reporting a lidocaine base [7–9], where (lid)

salts with improved properties were obtained. To build such multicomponent solids, the
lidocaine molecule offers different functional groups able to participate in supramolecular
synthons (Figure 1), e.g., an amide group that allows hydrogen bonding and an aromatic
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moiety that can interact through π interactions. These groups are good candidates for
interaction with other aromatic rings and alcohol groups, among others.

 
Figure 1. Molecules used in this investigation (lidocaine as base and chlorhydrate).

Polyhydroxy benzenes (Figure 1) are a group of compounds intensely studied and
utilised as coformers with multiple APIs including lidocaine [7]. Indeed, they are included
in the Generally Recognised as Safe (GRAS) or Substances Added to Food (EAFUS) lists of
the US Food and Drug Administration (FDA). Interestingly, these compounds are quite
good H-donors; thus, they can easily form hydrogen bonds with other H-acceptor groups
such as amide groups, making them excellent candidates to act as coformers in lidocaine
formulations, as already reported for phloroglucinol [7], allowing a comparative study of
the structural effect of chlorine in the final products [7].

In this work, we focus on comparing the ability of (lid) and (lidhcl) to cocrystallise
with hydroquinone, resorcinol, and pyrogallol, to form multicomponent pharmaceutical
solids, and we study how structure can affect physicochemical properties and usability
compared to the parent API. The reported multicomponent solids of (lid) and (lidhcl)

were cocrystallised through liquid-assisted grinding (LAG), a versatile and green syn-
thetic method for obtaining solid forms [10,11] that uses mechanical forces to induce
chemical transformations, which is a fast and appropriate tool for multicomponent form
screening. The resulting multicomponent forms were characterised by powder X-ray
diffraction (PXRD), X-ray differential scanning calorimetry/thermogravimetric analysis
(DSC/TGA), Fourier-transform infrared spectroscopy (FTIR), and single-crystal X-ray
diffraction (SCXRD). In addition, a thorough analysis of the structural details of the cor-
responding solids forms obtained for (lid) and (lidhcl) was carried out to unravel the
influence of the structure on some relevant physicochemical properties, i.e., solubility
and stability.

2. Materials and Methods

All compounds were commercially available from Sigma-Aldrich (St. Louis, MO,
USA) and used as received. Solvents were of HPLC grade and were also supplied
from Sigma-Aldrich.

2.1. Liquid-Assisted Grinding (LAG)

For the LAG [10,12,13] experiments, different molar ratios of about 100 mg scale and
100 μL of dichloromethane (DCM) were added to each tube. Stoichiometric mixtures of
lidocaine (lid) and (lidhc) with the coformers resorcinol (res), hydroquinone (hq), and
pyrogallol (pyr) were gently ground for 30 min at 25 Hz in a Retsch MM400 ball mill (Haan,
Germany). A multiple milling homemade accessory allowing for grinding 12 samples at
once was used, placing 12 2 mL Eppendorf tubes with three corundum 1 mm balls each.

Three different stoichiometries (1:1, 2:1, 1:2) were screened for each system. The
powder materials obtained were analysed by PXRD, FTIR, and DSC/TGA to determine the
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formation of cocrystals. Cocrystals exhibited distinct PXRD patterns and melting points
compared to the starting materials.

2.2. Stability Experiments

In order to investigate the stability with respect to dissociation, a suspension of about
100 mg scale was made with 0.5–1 mL of 0.9% NaCl solution. The suspensions were
subjected to magnetic stirring at ambient conditions for 24 h without drying completely,
keeping a slurry all the time. Aliquots of the slurry were taken, gently ground, and analysed
by PXRD to determine if the cocrystal was dissociated into its components, suffered any
transformation, or remained stable in the cocrystal form.

To study the influence of temperature and humidity on the stability of the new phases,
these materials were left in a temperature/humidity-controlled chamber with a temperature
of 40 ◦C and 75% relative humidity for 2 months, taking sample aliquots during this time
to be analysed by PXRD to evaluate the stability of the crystalline phase. All the samples
remained stable as a cocrystal form after 2 months.

2.3. Hetero-Seeding Experiments

In order to obtain single crystals suitable for SCXRD characterisation, evaporation
experiments were performed from saturated solutions of the different powders obtained
from LAG experiments in DCM. In almost all six cases, single crystals suitable for SCXRD
were obtained, except for the (lid)2(res) phase, which only formed a microcrystalline
material. A hetero-seeding approach was used to obtain single crystals for this phase, using
microcrystalline phases obtained for other coformers with predictably similar structures,
getting good results using (lid)2(hq) as the hetero-seed. This was confirmed after the
structure solution because both new cocrystals were isostructural.

For the seeding experiment, a few micrometric solid particles of hetero-seed powder
(lid)2(hq) were added to the liquified mixture obtained from (lid)2(res) LAG experiments,
which immediately started to crystallise as single crystals later identified as (lid)2(res).

For the remaining phases, (lid)2(hq), (lid)2(pyr), (lidhcl)2(hq), (lidhcl)2(res), and

(lidhcl)2(pyr) were obtained by direct recrystallisation from the oily liquid obtained in
LAG experiments.

2.4. Powder X-ray Diffraction

PXRD patterns were measured on a Bruker D8 Advance Series II Vario diffractometer
(Bruker, AXS, Karlsruhe, Germany) using Cu-Kα1 radiation (λ = 1.5406 Å) at 40 kV and
40 mA. Diffraction patterns were collected over 2θ range of 5–60◦ and using a continuous
step size of 0.02◦ and a total acquisition time of 1 h. The software used for data analysis
was Diffrac.EVA v5.0 and TOPAS v6.0 (Bruker, AXS, Karlsruhe, Germany).

2.5. Single-Crystal X-ray Diffraction

Measured crystals were prepared under inert conditions immersed in perfluoropolyether
as the protecting oil for manipulation. Suitable crystals were mounted on MiTeGen Micro-
mounts™ (95 Brown Rd, Ithaca, NY, USA) and these samples were used for data collection.
Data were collected with a Bruker D8 Venture diffractometer and processed with the APEX3
suite [14]. Structures were solved by direct methods [15], which revealed the position of
all non-hydrogen atoms. These atoms were refined on F2 by a full-matrix least-squares
procedure using anisotropic displacement parameters [15]. All hydrogen atoms were lo-
cated by difference Fourier maps and included as fixed contributions riding on attached
atoms with isotropic thermal displacement parameters 1.2 times those of the respective
atom. Geometric calculations and molecular graphics were performed with Mercury [16]
and Olex2 [17]. Additional crystal data are shown in Table 1.
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2.6. Thermal Analysis

For the DSC/TGA experiments, samples in the range of 30 mg were studied using
a Mettler Toledo TGA/DSC 3+ Star analyser. Samples were heated at 10 ◦C/min in the
temperature range 25–190 ◦C under a nitrogen atmosphere with 100 mL/min flow in
aluminium capsules.

2.7. Fourier-Transform Infrared Spectra

Fourier-transform infrared spectra (FTIR) were recorded with an attenuated total
reflectance (ATR) accessory diamond crystal using an Invenio R FTIR spectrometer (Bruker).
FTIR spectra were recorded within the wavenumber range from 4000 cm−1 to 400 cm−1 at
2 cm−1 resolution. In order to correctly subtract the background and, hence, obtain less
noisy spectra, the solvent (0.9% NaCl water solution) was used at room temperature for the
background measurement.

2.8. Solubility Assays

Thermodynamic solubility measurements were performed in an Invenio R FTIR
spectrometer (Bruker) after equilibrating the solids in a 0.9% NaCl water solution [8] under
stirring at 500 rpm for 24 h. After the equilibrating time, the suspensions were filtrated
through a 20 μm filter, and the resulting clear solution was analysed by FTIR. Then, the
solid was analysed by PXRD to study the phase stability after equilibrium, resulting for
(lidhcl)2(res) and (lidhcl)2(hq) that the cocrystal form remained stable after 24 h but not for
(lidhcl)2(pyr). A calibration curve was built with different (lidhcl) concentrations [18,19]
obtaining linear models with R2 values greater than 0.99, which were used to calculate the
thermodynamic solubility. The peak used for the calibration curves was the area between
1712 cm−1 and 1612 cm−1, corresponding to (lidhcl), where there was no interference of
any coformer.

3. Results and Discussion

Six new phases were obtained for (lid) and (lidhcl) with hydroquinone, resorcinol, and
pyrogallol. Only the phases with (lidhcl) demonstrated improved stability; accordingly, the
physical characterisation is focused on these three new phases, after which the six phases
are characterised structurally in order to study this stability differences. In all the cases, the
correspondence between the SCXRD solved structures and the bulk powder was confirmed
by PXRD (see Supplementary Figure S1).

3.1. Stability Studies

After preparing slurries of the three new (lidhcl) phases, it can be clearly seen (Figure S2)
that (lidhcl)2(res) and (lidhcl)2(hq) were stable after 24 h stirring in water but not (lidhcl)2(pyr),
which transformed into a new phase that could not be structurally characterised but only
identified as new form. Moreover, it was observed that crystal forms with (lid), compared
to (lidhcl), drastically changed their colour (Figure S2), which is a clear indicative of their
poor stability with respect to oxidation.

Supplementary experiments were performed to evaluate the stability of (lidhcl) forms,
in ageing conditions (40 ◦C and 75% relative humidity), where it can be observed that all
three (lidhcl) new forms were stable after 2 months in ageing conditions (Figure 2), which
did not occur for (lid) forms, as can be easily seen from Figure S2.

3.2. FTIR Spectroscopy and Solubility Measurements

Figure 3 shows the FTIR spectra for all six new phases obtained in this investigation.
FTIR provides a fingerprint sign of each compound and wealthy information about the
noncovalent interactions between acceptor and donor groups. Peak shifts can be found in
the bands of the functional groups involved in the hydrogen bonds, namely, the carbonyl
–C=O functional group of the amine group of the lidocaine and lidocaine hydrochloride
molecule and –OH groups in the polyphenol molecules. The shifts in lidocaine’s –C=O
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group stretching vibration occurred from 1661 cm−1 to 1623–1620 cm−1 for the new crys-
talline forms obtained, and from 1680 cm−1 to 1677–1670 cm−1 for lidocaine hydrochloride.
These shifts demonstrate the hydrogen bonding between the –C=O group of lidocaine
molecules and the –OH groups of the polyphenols [7], which as further confirmed by the
structure solution.

Figure 2. Stability in ageing conditions (40 ◦C and 75% relative humidity) for the three (lidhcl) new forms.

Figure 3. FTIR spectra of (a) (lid) and (b) (lidhcl) multicomponent forms.
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In order to measure the solubility of the new (lidhcl) forms, FTIR measurements were
performed to avoid the overlapping observed in the UV spectra, due to the ability of FTIR
to show us isolated peaks from each component, allowing us to construct a calibration
curve with the intensity of an unambiguous peak of (lidhcl).

A calibration curve was built with different (lidhcl) concentrations [18,19] obtaining
linear models with R2 values greater than 0.99 (Figure 4), which were used to calculate
the apparent solubility. The peak used for the calibration curves was the area between
1712 cm−1 and 1612 cm−1 corresponding to (lidhcl), where there was no interference of any
of the used coformers.

Figure 4. Calibration curve of (lidhcl) concentrations ranging from 20 to 400 mg/mL.

The constructed calibration curve is shown in Figure 4, where the model’s excellent
agreement with the experimental concentrations can be appreciated. Each concentration
was prepared and measured in duplicate to assure reproducibility, and the mean value
is represented.

Table 2 presents the apparent solubilities calculated from FTIR data for each new
(lidhcl) phase.

Table 2. . Solubilities in (mg/mL) of (lidhcl) multicomponent forms obtained from FTIR data.

(lidhcl)2(hq) 244.7
(lidhcl)2(res) 241.0
(lidhcl)2(pyr) 126.0

The solubility decreased in the new phases with respect to reported values for
(lidhcl) [9], generating (lidhcl) forms with an interesting path to modulate solubility.

3.3. X-ray Diffraction

Powder X-ray diffraction patterns are a distinctive fingerprint of the crystalline phases.
It can be confirmed from Figure 5 how the PXRD patterns of the new (lid) and (lidhcl)

phases were entirely different from the starting API, ensuring the appearance of new
crystalline phases. Additionally, the comparison of the simulated PXRD data from SCXRD
solved structures with the observed patterns obtained for each bulk powder obtained from
LAG experiments could confirm the new obtained phases (Figure S1).

From the single crystals obtained for each new phase, structure solutions were
achieved, and these structures were analysed to extract information that could relate
stability to the structure.

Cocrystals of lidocaine free base (lid) with two di-hydroxy isomers (hydroquinone,
hq and resorcinol, res) and one tri-hydroxybenzene (pyrogallol, pyr) coformer were cocrys-
tallised, and their crystal structure was determined. To evaluate the effect of the chloride
ion on the stability and properties performance of lidocaine multicomponent solid forms,
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analogue cocrystals were also obtained using lidocaine hydrochloride salt (lidhcl). The
structural features of both free base and ionic lidocaine systems are discussed in this section.

Figure 5. PXRD patterns of (a) (lid) and (b) (lidhcl) new multicomponent forms.

3.3.1. (lid/hq) Systems

The asymmetric unit of (lid)2(hq) contains one (lid) molecule and half an (hq) molecule
located at an inversion centre, leading to a 2:1 stoichiometric ratio (Figure 6a). The hydroxy
groups of (hq) point in opposite directions, thus adopting a trans conformation, forming
discrete intermolecular OH(phenol)···O(carbonyl) hydrogen bonds with the D1

1(2) graph set
between the OH donor (hq) and the carbonyl oxygen acceptor of the (lid). These discrete
units are further connected by centrosymmetric –C–H···π (2.968 Å) and –N–H···π (3.254 Å)
interactions between (lid) molecules, generating a 1D chain (Figure 6b). Hydrophobic
interactions involving methyl groups associate chains to build up the 3D structure.

Figure 6. (a) Asymmetric unit of (lid)2(hq) cocrystal. (b) Detailed view of the –C–H···π and –N–H···π
interactions that connect discrete (lid)2(hq) units to form a chain structure.
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The asymmetric unit of (lidhcl)2(hq) contains one (lidhcl) salt and half an (hq)

molecule located at an inversion centre, with a 2:2:1 stoichiometric ratio considering all
the components (Figure 7a). Protonation of the N1 amine group results in a change in
the (lid) conformation, locating the amine groups in trans conformation. The N2 amine
group and the ammonium N1 group participate in electrostatic hydrogen bonds with
the chloride ion, generating a chain reinforced by C–H···O hydrogen bonds. The (hq)

molecules connect chains via additional hydrogen bonds involving chloride ions, gener-
ating a 3D structure. The participation of chloride ions through noncovalent interactions
results in a more compact crystal structure than the free base cocrystal analogue where
each (hq) molecule is surrounded by six (lid+) cations, protecting the OH groups of (hq)

from oxidation (Figure 7b).

Figure 7. (a) Asymmetric unit of (lidhcl)2(hq) ionic cocrystal. (b) Detailed view of the (hq) environ-
ment in the crystal structure. Blue: (lid+) ion, green: Cl− ion, red: (hq) molecule.

3.3.2. (lid/res) Systems

(lid)2(res) crystallises in the triclinic P-1 space group. As in the (lid)2(hq) cocrystal, the
coformer is sitting on an inversion centre; however, in this compound, the (res) coformer
molecular symmetry does not exhibit inversion. Therefore, a disorder of the molecule
about this particular special position is observed. The (res) adopts a syn–syn conformation,
pointing the –OH groups through the –C=O group of (lid) (D1

1(2) graph set) and establishing
a 2:1 stoichiometric ratio (Figure 8). These discrete units are connected in a similar way
than in (lid)2(hq) through shorter –C–H···π (2.864 Å) and –N–H···π (3.216 Å) interactions
between (lid) molecules, generating chains. Again, hydrophobic interactions involving
methyl groups associate chains to build up the 3D structure. Crystal structure similarities
in the (lid) cocrystals [20] with (hq) and (res) coformers could explain the template effect
of (lid)2(hq) solid when used as hetero-seeds during the synthesis of crystals of (lid)2(res)
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(see Section 2.3). The results obtained from crystal packing similarity calculations of one
of the alternative positions of the disordered (lid)2(res) structure and (lid)2(hq) structure
using Mercury [21] showed that 14 out of 20 molecules were matched in the pairs of 2:1
cocrystals with a PXRD similarity index of 0.96745 and RMSD of 0.268 (Figure 9). These
results suggest that these pairs possess identical intermolecular interactions and lead to the
same crystal packing [22].

Figure 8. (a) Asymmetric unit of (lid)2(res) cocrystal. Only one of the two alternative positions in the
disordered structure is shown for clarity. (b) Detailed view of the –C–H···π and –N–H···π interactions
that connect discrete (lid)(res) units to form a chain structure.

Figure 9. Crystal packing similarity plot comparing the (lid)2(hq) and (lid)2(res) crystal structures.
Green and red: lid-hq molecules.
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The (lidhcl)2(res) ionic cocrystal [20] contains one (lidhcl) salt and half a (res) molecule
located in an inversion centre, giving a 2:1:1 stoichiometric ratio (Figure 10a). As observed
in the ionic cocrystal of (lidhcl) with (hq), protonation of (lid) imposes a conformational
change resulting in a chain structure build-up by electrostatic hydrogen bonds involving
protonated lidocaine donor and acceptor groups, as well as chloride ions. Disordered (res)

molecules connect chains to generate the supramolecular 3D crystal structure. Similarly,
as in the ionic cocrystal (lidhcl)2(hq), (res) coformer molecules are protected with (lid+)

cations, preventing them from oxidation (Figure 10b).

Figure 10. (a) Asymmetric unit of (lidhcl)2(res) ionic cocrystal. Only one of the two alternative
positions in the disordered structure is shown for clarity. (b) Detailed view of the crystal pack-
ing of (lidhcl)2(res) ionic cocrystal (view along the a axis). Blue: (lid+) ion, green: Cl− ion, red:
(res) molecules.

3.3.3. (lid/pyr) Systems

The (lid)2(pyr) is an ionic cocrystal and crystallises in the triclinic P-1 space group.
Its asymmetric unit contains one (lid+) molecule, one (pyr-) anion, and one (pyr) neutral
molecule in a stoichiometric ratio 1:1:1 (Figure 11a). Protonation of the tertiary amine in (lid)

imposes a change in its molecular conformation, pointing both amine protons in opposite
directions with –N–C–C–N– torsion angles of −157.97◦ for (lid)2(pyr) in comparison with
−11.27◦ and 6.41◦ for (lid)2(hq) and (lid)2(res), respectively. The (pyr) molecules adopt
the anti-conformation [22]. This conformation is energetically the least stable. However,
considering the packing arrangement in (lid)2(pyr), the anti-conformation ensures that each
hydroxyl group of the pyrogallol moiety participates in hydrogen bonding interactions.
In the crystal, (pyr) molecules are connected to three (pyr-) anions through H-bonding
interactions generating chains running along the a axis. The (lid+) molecules intercalate
between two adjacent (pyr−) anions through N–H···O(hydroxyl) and O–H···O(carbonyl)
H-bonding and C–H interactions (Figure 11b). In the crystal, C–H···π interactions connect
these supramolecular chains to form the 3D structure.
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Figure 11. (a) Asymmetric unit of (lid)2(pyr) ionic cocrystal. (b) Fragment of the supramolecular
chain running along the a axis. Green: (lid+) cations, red: (pyr−) anions, blue: (pyr) molecules.

The (lidhcl)2(pyr) is also an ionic cocrystal and crystallises in the monoclinic P21/c
space group. Its asymmetric unit contains two (lid+) two chloride ions and one (pyr)

molecule in a stoichiometric ratio 2:2:1 (Figure 12a). As observed in the free base ionic
cocrystal, (pyr) adopts an anti-conformation where each hydroxyl group forms a hydrogen
bond interaction with the corresponding chloride ion. In the crystal, Cl1A and Cl1B ions
are H-bonded to four molecules, two (pyr) and two (lid+), and three molecules, one (pyr)

and two (lid+) ions, respectively. This arrangement leads to efficient packing, shielding
pairs of (pyr) molecules that are surrounded with (lid+) and Cl− ions, thus protecting the
coformer from oxidation (Figure 12b).

Figure 12. (a) Asymmetric unit of (lidhcl)2(pyr) ionic cocrystal. (b) Detailed view of the environment
of a pair of (pyr) molecules in the crystal structure. Red: (lid+) cations, blue: (pyr) molecules, green:
Cl− ions.
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3.4. Thermal Analysis

DSC experiments were performed to evaluate the stability of the new phases, as well
as to determine the melting points of the new multicomponent phases. Figure 13 shows
the DSC of the three (lidhcl) and (lid) phases.

Figure 13. DSC diagrams for (lid) phases (left) and for (lidhcl) phases (right).

In the case of the (lidhcl) phases, a decrease in the melting point can clearly be seen in
the order (hq) > (res) > (pyr), with apparently no relation with structure effects.

There was a certain tendency with the measured solubilities, which also decreased in
the same order, relating the melting point with the apparent solubility.

4. Conclusions

In this investigation, six new multicomponent forms, three for lidocaine and three for
lidocaine hydrochloride, with hydroquinone, resorcinol, and pyrogallol, were obtained and
characterised by different techniques. LAG allowed the synthesis of six new crystal forms,
and the stability assays revealed the high stability of the (lidhcl) forms compared with (lid)

phases, which were selected for further analysis. The SC-XRD structure solution allowed
a comparative structural analysis, highlighting how (lidhcl) increases the stability of the
new forms compared to (lid) through a steric protection effect. The structural information
obtained revealed the important role that chloride ions play in the stabilisation of the
(lidhcl) new multicomponent forms, allowing an improved oxidation behaviour.

There was a tendency between melting points and solubility for the new (lidhcl)

phases. The solubility of the new crystal forms of (lidhcl) was lower than (lidhcl) itself,
which, far from being a drawback, can be an interesting way to modulate the (lidhcl)

solubility and stability, as can be concluded from the DSC of the new phases showing an
increase in thermal stability. In this concern, the synthesis of molecular or ionic cocrystals
can be taken as a valuable approach to tuning the properties of the API to adapt it to
the requirements.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst12060798/s1: Figure S1. Calculated vs. experimental PXRD patterns for the six new
phases; Figure S2. (lidhcl) vs. (lid) new phases: visual comparative slurry stabilities. Left: (lidhcl)

forms, right: (lid) forms.
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Abstract: Multicomponent pharmaceutical materials offer new opportunities to address drug physic-
ochemical issues and to obtain improved drug formulation, especially on oral administration drugs.
This work reports three new multicomponent pharmaceutical crystals of the non-steroidal anti-
inflammatory drug diclofenac and the nucleobases adenine, cytosine, and isocytosine. They have
been synthesized by mechanochemical methods and been characterized in-depth in solid-state by
powder and single crystal X-ray diffraction, as well as other techniques such as thermal analyses
and infrared spectroscopy. Stability and solubility tests were also performed on these materials. This
work aimed to evaluate the physicochemical properties of these solid forms, which revealed thermal
stability improvement. Dissociation of the new phases was observed in water, though. This fact is
consistent with the reported observed layered structures and BFDH morphology calculations.

Keywords: diclofenac; nucleobases; mechanochemical synthesis; multicomponent materials;
pharmaceutical solid forms

1. Introduction

Diclofenac (DIC), a phenylacetic derivative non-steroidal anti-inflammatory drug
(NSAID), is widely used in human and veterinary practice for the treatment of acute
and chronic pain as well as in inflammatory and degenerative rheumatic diseases [1,2]. Di-
clofenac exerts its action through the inhibition of cyclooxygenase-1 (COX-1) and
cyclooxygenase-2 (COX-2) enzymes, which inhibit the synthesis of prostaglandins [3].
According to the Biopharmaceutics Classification System (BCS), DIC is a class II drug with
low solubility and high permeability [4]. Due to its low solubility (0.9 ± 0.1 μg/mL) [5],
achieving its minimum effective concentration requires a higher dosage in the formulation.
However, the side effects of DIC have shown dosage-dependency; these include gastroin-
testinal damage and bleeding, nausea, hepatotoxicity, or renal failure. Moreover, when DIC
is administrated orally, its low solubility increases the residence time in the stomach and the
contact with the gastric mucosa, increasing the risk of gastric damage [6]. However, poor
solubility is a major drawback not only for DIC but also for other Active Pharmaceutical
Ingredients (APIs). For that reason, significant efforts have been made by both the industry
and academia to develop new methodologies to enhance the physicochemical properties of
APIs. Pharmaceutical multicomponent solid forms have gained much interest in the last
decade due to their great potential to overcome drug performance limitations [7]. These
solid forms are crystalline materials composed of two or more components. At least one
must be an API, and the other, called cocrystal former or coformer, must be pharmaceuti-
cally acceptable, which means to be recognized as a safe molecule. Both components are
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in a stoichiometric ratio and interact through non-covalent interactions, mainly hydrogen
bonds. These non-covalent interactions guide the organization of the molecules in the
crystalline structure and allow the modulation of the physicochemical properties without
covalent alterations of the API, whose activity and efficacy remain intact [8]. The literature
reports pharmaceutical salts and cocrystals of DIC with amide (isonicotinamide [9]), amine
(metformin [10], L-proline [11]), and xanthine (theophylline [12]), as well as pyridine-based
coformers [13].

Nucleobases, the main component of nucleic acids, have attracted interest from the
crystal engineering point of view because they can establish different hydrogen bond
patterns [14]. This ability has been explored previously to form cocrystals and salts through
NH···O=C hydrogen bond motifs [15]. Amine-carbonyl synthon has a remarkable key role
in the transfer of genetic information and nucleic acid-protein recognition [16]. Moreover,
nucleobase-derived drugs exhibit different biological roles, including anti-viral, antibacte-
rial, and antitumoral activities [17,18].

This work reports the synthesis and physicochemical characterization of new multi-
component forms with diclofenac and a nucleobase: adenine, cytosine, and isocytosine
(Scheme 1). The single crystal structure of all solid forms is thoroughly described, providing
valuable insights into the structural differences that drive their physicochemical properties,
mainly stability and solubility.

Scheme 1. Chemical formula of diclofenac (DIC), adenine (ADE), cytosine (CYT), and isocytosine (ICT).

2. Materials and Methods

2.1. Materials

Sodium diclofenac (DICNa), adenine, cytosine, and isocytosine were commercially
available from Sigma-Aldrich (purity > 98%, Sigma-Aldrich, St. Louis, MO, USA). All
solvents were also purchased from Sigma-Aldrich and were used as received.

Synthesis of Diclofenac Acid Form

Diclofenac acid form (DIC) was obtained from hydrolysis of DICNa. For this purpose,
5 mol of DICNa (1.590 g) were dissolved in 30 mL of ultrapure water (Milli-Q, Millipore,
Burlington, MA, USA) at 40 ◦C. HCl 1 M was added dropwise to the solution until no more
diclofenac was precipitating. The product was filtrated and washed three times with cold
deionized water and let dry at 35 ◦C for 24 h. Powder X-ray diffraction (PXRD) was used
to confirm the purity of DIC.

2.2. Coformer Selection

A search of the Cambridge Structural Database (CSD) [19] was conducted to identify
complementary functional groups with the potential for molecular recognition with DIC. A
virtual cocrystal screening was performed afterwards using COSMOQuick software [20]
(COSMOlogic, Germany, Version 1.4), calculating the excess enthalpy (Hex) of mixing
between DIC and selected coformers from an internal library.

2.3. General Procedure for Mechanochemical Synthesis

Mechanochemical experiments were carried out via liquid-assisted grinding (LAG)
using a Retsh MM200 ball mill (Retsch, Haan, Germany) operating for 30 min at a 25 Hz
frequency using methanol as a solvent.

Synthesis of DIC–ADE: A mixture of DIC (74.1 mg, 0.25 mmol) and ADE (33.80 mg,
0.25 mmol) in a 1:1 stoichiometric ratio was placed in a 10 mL stainless-steel jar along with
100 μL of methanol and two stainless-steel balls of 5 mm diameter.
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Synthesis of DIC–CYT: A mixture of DIC (74.1 mg, 0.25 mmol) and CYT (22.20 mg,
0.25 mmol) in a 1:1 stoichiometric ratio was placed in a 10 mL stainless-steel jar along with
100 μL of methanol and two stainless-steel balls of 5 mm diameter.

Synthesis of DIC–ICT: A mixture of DIC (74.1 mg, 0.25 mmol) and ICT (22.20 mg,
0.25 mmol) in a 1:1 stoichiometric ratio was placed in a 10 mL stainless-steel jar along with
100 μL of methanol and two stainless-steel balls of 5 mm diameter.

2.4. Powder X-ray Diffraction (PXRD)

PXRD data were collected using a Bruker D8 Advance Series II Vαrio diffractome-
ter (Bruker-AXS, Karlsruhe, Germany) equipped with a LYNXEYE detector and Cu-Kα1
radiation (1.5406 Å). Diffraction patterns were collected over a 2θ range of 5–60◦ using a
continuous step size of 0.02◦ and a total acquisition time of 30 min.

2.5. Preparation of Single Crystals

Single crystals were grown from saturated solutions (methanol) of the polycrystalline
material obtained from LAG synthesis. Suitable single crystals for X-ray diffraction studies
were grown by slow solvent evaporation at room temperature for two days.

2.6. Single-Crystal X-ray Diffraction (SCXRD)

Measured crystals were prepared under inert conditions immersed in perfluoropolyether
as protecting oil for manipulation. Suitable crystals were mounted on MiTeGen Mi-
cromounts™, and these samples were used for data collection. Data for DIC–ADE,
DIC–CYT, and DIC–ICT were collected with a Bruker D8 Venture diffractometer with
graphite monochromated Cu-Kα radiation (λ = 1.54178 Å). The data were processed
with APEX4 suite [21]. The structures were solved by intrinsic phasing using the ShelXT
program [22], which revealed the position of all non-hydrogen atoms. These atoms were
refined on F2 by a full-matrix least-squares procedure using an anisotropic displacement
parameter [23]. All hydrogen atoms were located in difference Fourier maps and in-
cluded as fixed contributions riding on attached atoms with isotropic thermal displace-
ment parameters 1.2 or 1.5 times those of the respective atom. The Olex2 software was
used as a graphical interface [24]. Intermolecular interactions were calculated using
PLATON [25]. Molecular graphics were generated using Mercury [26,27]. The crystal-
lographic data for the reported structures were deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC 2180776-2180778. Additional
crystal data are shown in Table 1. Copies of the data can be obtained free of charge at
https://www.ccdc.cam.ac.uk/structures/.

Table 1. Crystallographic data and structure refinement of DIC polymorphs and new solid forms.

Compound Name DIC form I * DIC form II * DIC–ADE DIC–CYT DIC–ICT

Formula C14H11Cl2NO2 C14H11Cl2NO2 C19H16Cl2N6O2 C36H32Cl4N8O6 C36H32Cl4N8O6
Formula weight 296.14 296.14 431.28 814.49 814.49
Crystal system Monoclinic Monoclinic Triclinic Orthorhombic Triclinic

Space group C2/c P21/c P-1 Pca21 P1
a/Å 20.226 (4) 8.384 (2) 7.0545 (2) 13.8431 (4) 4.720 (2)
b/Å 6.971 (3) 10.898 (2) 10.3452 (4) 8.4502 (4) 9.701 (3)
c/Å 20.061 (4) 14.822 (5) 14.3310 (5) 32.0448 (11) 20.189 (7)
α/◦ 90 90 97.913 (2) 90 84.328 (16)
β/◦ 109.64 (2) 92.76 (2) 104.237 (2) 90 88.058 (16)
γ/◦ 90 90 100.934 (2) 90 85.963 (16)

V/Å3 2664 (1) 1352.7 (6) 976.51 (6) 3748.5 (2) 917.4 (6)
Z 8 4 2 4 1

Dc/g cm−3 1.477 1.454 1.467 1.443 1.474
F(000) 1216 608 444 1680 420
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Table 1. Cont.

Reflections collected 4383 4079 12246 29559 6125
Unique reflections 2589 3940 3398 6581 6125

Data/restraints/parameters 2582/36/217 3937/36/216 3398/0/263 6581/1/487 6125/3/488
Goodness-of-fit (on F2) 1.057 1.005 1.066 1.016 1.059

R1 [I > 2σ(I)] 0.0374 0.0397 0.0526 0.0506 0.0683
wR2 [I > 2σ(I)] 0.0992 0.0859 0.1531 0.1302 0.1800

Absolute structure
parameter - - - 0.067 (15) 0.01 (2)

CCDC 128772 128771 2180776 2180777 2180778

* Reported in [28].

2.7. Thermal Analysis

Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were performed using a Mettler Toledo TGA/DSC1 thermal ana-
lyzer (Mettler Toledo, Columbus, OH, USA). Samples (3–5 mg) were placed into sealed
aluminium pans and heated in a stream of nitrogen (100 mL min−1) from 25 to 400 ◦C at a
heating rate of 10 ◦C min−1.

2.8. Infrared Spectroscopy

Fourier-transform infrared (FT–IR) spectroscopic measurements were performed on a
Bruker Tensor 27 FT–IR instrument (Bruker Corporation, Billerica, MA, USA) equipped
with a single-reflection diamond crystal platinum ATR unit and OPUS data collection
program. The scanning range was from 4000 to 400 cm−1 with a resolution of 4 cm−1.

2.9. Stability Test

Stability in aqueous solution was evaluated through slurry experiments. Excess of
powder samples of each phase was added to 1 mL of water and stirred for 24 h in sealed
vials. The solids were collected, filtered, and dried for further analysis by PXRD.

Stability at accelerated ageing conditions was also studied: 200 mg of solid was placed
in watch glasses and left at 40 ◦C in 75% relative humidity using a Memmert HPP110
climate chamber (Memmert, Schwabach, Germany). The samples were subjected to the
above-accelerated stability conditions for two months. PXRD was used to monitor the
stability of the solid forms.

2.10. Solubility Test

Solubility studies were performed using the Crystal16 equipment (Technobis
Crystallization Systems, Alkmaar, The Netherlands) in water. The equipment comprised
four individually controlled reactors, each with a working volume of 1 mL, allowing the
measurement of cloud and clear points based on the turbidity of 16 aliquots of 1 mL of solu-
tion in parallel and automatically. Each solution was heated at 0.3 ◦C/min from 20 to 90 ◦C
with a magnetic stirring rate of 700 rpm, held at this temperature for 10 min and then cooled
to 20 ◦C at 0.3 ◦C/min. The dissolution temperature for each compound was measured
using different amounts of solid, and the solubility data of the pure components were fitted
to a quadratic equation [29] using the CrystalClear software (Technobis Crystallization
Systems, Alkmaar, The Netherlands).

3. Results and Discussion

3.1. Coformer Selection

Before the experimental trials were conducted, a virtual cocrystal screening was per-
formed to improve the success ratio. A survey on the Cambridge Structural Database
(CSD version 5.43, update from June 2022) based on DIC resulted in 70 hits. After exclud-
ing the three reported polymorphs [28,30,31] and metal complexes [32–41], the dataset
contained 28 hits corresponding to multicomponent forms (salts, cocrystals, hydrates,
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and solvates). Only in one hit, the dimer DIC–DIC, observed in the monoclinic DIC
polymorphs [28,30], was maintained; meanwhile, the remaining hits exhibited common
structural features for DIC salts, COO−···amine and COO−··· ammonium synthons, or
cocrystals: COOH···N(pyridine) and COOH···N(imidazole) synthons. According to the
above-mentioned, our main prerequisite for the coformer selection was having the above-
referred N-groups and being a safe molecule. From our library of coformers, two groups of
molecules fulfil these criteria: amino acids and nucleobases. COSMOQuick software was
used to validate our selection. Table 2 shows calculations from a list of candidates to form
multicomponent crystals with DIC. The list includes our reported coformers and other
coformer molecule involved in the formation of cocrystals/salts reported in the survey.
Compounds with negative Hex values show an increased probability of forming cocrystals.

Table 2. Ranking of potential DIC coformers used in this work, based on COSMOQuick calculations.

Coformer Hex (kcal/mol)

Glycine −5.070
Proline −4.743 Ref. [11]
Alanine −3.949

Glutamic Acid −3.699
Aspartic Acid −3.285

Cytosine −3.177 This work
Adenine −2.393 This work
Cysteine −2.015
Thymine −1.498

Phenylglycine −1.09
Isocytosine −1.075 This work

3.2. Mechanochemical Synthesis

Liquid-Assisted Grinding is a versatile and efficient methodology widely used to
obtain pharmaceutical multicomponent solid forms [42]. A screening through LAG was
conducted with DIC and all coformers listed in Table 2. Unfortunately, despite the promis-
ing results obtained by the COSMOQuick analysis, only those LAG synthesis with the
coformers ADE, CYT, and ICT were successful and achieved new phases whilst the other
coformers yielded only physical mixtures of the two components. The product of these
reactions was characterized by PXRD and compared with the X-ray powder pattern of the
parent components (Table S1, Figure S1). Only experiments using ADE, CYT, and ICT as
coformers provided a new PXRD pattern and were used for subsequent characterization
(Figure 1). After the screening procedure, the work was focused on the search for fine-
tuning conditions to obtain multicomponent materials of DIC with ADE, CYT, and ICT.
Neat grinding experiments resulted in physical mixtures of the components (Figure S1).
Neat grinding approach only led to physical mixtures (Figure S2). It is reported that this
synthesis technique sometimes yields products with low crystallinity, partial reactions,
or not even a reaction at all [43]. However, it is well known that adding small amounts
of liquids accelerate the reaction, which essentially drove us to the idea of using LAG
synthesis instead. LAG experiments were then performed using methanol and different
stoichiometries (1:1, 1:2, and 2:1) (Figure S3). A new common pattern was observed in the
three stoichiometries. However, in the 1:2 and 2:1 ratios, there were also peaks correspond-
ing to the coformer and DIC, respectively. Only the 1:1 ratio provided unique different
PXRD patterns. Comparing these patterns with those simulated from the crystal structures
confirmed the monophasic nature of the bulk solids (Figure S4).
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Figure 1. PXRD patterns of DIC, DIC–ADE, DIC–CYT, and DIC–ICT obtained by Liquid-Assisted
Grinding (LAG) with methanol in a 1:1 ratio.

3.3. Structural Analysis of Multicomponent Forms

DIC–ADE cocrystal crystallized in the triclinic P-1 space group. The asymmetric unit is
composed of DIC and ADE in a 1:1 stoichiometric ratio, where ADE adopts its most stable
and expected 9H tautomeric form. DIC exhibits its aromatic ring twisted out (dihedral
angle: 71.92◦) and is stabilized by an intramolecular N–H(amine)· · ·O(carbonyl) hydrogen
bond (Figure 2a). Centrosymmetric H-bonded adenine dimers (N29-H29···N23#2 2.00 Å,
166.6◦; #2: -x + 3,-y + 2,-z) aggregate through the Hoogsteen edge (N26-H26B···N27#1:
2.10 Å, 162.7◦; #1:-x + 2,-y + 1,-z), creating infinite zig-zag chains. DIC molecules con-
nect to the chain structure by H-bonding interactions through the Watson–Crick edge
(O2-H2···N21: 1.84 Å, 169◦; N26-H26A···O1: 2.10 Å, 169◦), resulting in an infinite tape
structure (Figure 2b). C–H···F hydrogen bonds reinforce this structure and also connect ad-
jacent tapes. Finally, the 3D structure is accomplished by piling these tapes through C=O···π
and C-H···π interactions among DIC and aromatic rings from the adenine (Figure 2c).

DIC–CYT crystallized as a molecular salt in the orthorhombic Pca21 spacegroup. The
asymmetric unit consisted of two symmetry-independent molecules of diclofenac anion
and two symmetry-independent molecules of cytosinium cation in a 1:1 stoichiometric ratio
(Figure 3a). Cytosinium over hemicytosinium duplex formation was observed in agreement
with the cutoff pKa value for acids reported by Sun et al. [44] (pKa value for DIC: 4.15).
The analysis of the C–O bond distances of the carboxylate group of DIC supports the salt
formation [45]. In the DIC–CYT system, C–O distances were indicative of a deprotonated
acid, as expected for a salt with ΔDC–O values of 0.001 Å and 0.002 Å for both DIC anions,
respectively, according to the ΔDC–O values observed in salts (typically less than 0.03 Å). As
in DIC–ADE, the two aromatic rings of diclofenac are bent out of plane, with dihedral angles
of 81.78 and 84.06◦. In the crystal, DIC− and CYT–H+ form an alternating layered structure
where cytosinium molecules are associated through single-point N–H···O bonds, graph set
C1

1(6), generating CYT–H+···CYT–H+ chains running along the a-axis [Figure 3b]. DIC−
layers are reinforced by C–H···F hydrogen bonds. The two-point 2-amino-pyridinium–
carboxylate synthon (N4A–H4AA···O1A, 1.85 Å, 178◦, N2A–H2A+···O2A, 1.92 Å, 176.3◦,
and N4B–H4BA···O1B, 1.84 Å, 178.4◦, N2B–H2B+···O2B, 1.92 Å, 176.5◦) associates the DIC−
and CYT–H+ layers, generating the supramolecular 3D structure.
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Figure 2. (a) Asymmetric unit of the DIC–ADE cocrystal. (b) Fragment of the tape structure gener-
ated by H-bonding interactions. (c) Detailed view of the crystal packing of the DIC–ADE cocrys-
tal. Orange: DIC molecules, green: ADE molecules. (d) C=O···π and C-H···π interactions in the
DIC–ADE cocrystal.

Figure 3. (a) Asymmetric unit of the DIC–CYT molecular salt. (b) Detailed view of the packing
arrangement of DIC− anions (blue and green) and CYT–H+ cations (red and yellow) in the DIC–CYT
crystal structure (viewed along the b and a axes), showing an alternating layered structure.
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DIC–ICT crystallized in the triclinic P1 spacegroup. Both diclofenac and isocyto-
sine components are present in their neutral and ionic forms, resulting in a hybrid solid
with a cocrystal and a salt in the asymmetric unit (Figure 4a). In the DIC–ICT system, C–
O distances confirmed the presence of carboxylate and carboxylic groups, as expected
for ΔDC–O values observed for the two symmetry-independent diclofenac molecules
(0.080 Å and 0.006 Å for neutral diclofenac and diclofenac anion, respectively). Isocy-
tosine and isocytosinium molecules formed a dimeric structure through H-bonds involving
the 2-amino-pyridinium–carbonyl synthon (graph set motif D1

1(2)). These dimers connect
with adjacent dimers using the amine-carbonyl synthon (graph set motif D1

1(2)), generating
a chain structure. The two-point 2-amino-pyridine–carboxylic (N4B–H4BA···O1B, 2.02 Å,
166.5◦, and O2B–H2B···N2B#1, 1.80 Å, 171.7◦; #1: x + 1, y, z) and 2-amino-pyridinium–
carboxylate (N4A–H4AB···O1A, 1.82 Å, 158.1◦, and N2A–H2A+···O2A, 1.99 Å, 174.0◦) syn-
thons connect components to build up a ribbon structure (Figure 4b). C–H···π interactions
(C13B-H13D···Cg; H···Cg distance: 2.97 Å; C-H···Cg angle: 118◦; Cg = C7B-C8B-C9B-C10B-
C11B-C12B) associate these ribbons to form a layered structure. Finally, weak C–H···F
hydrogen bonds connect these layers to create the 3D structure.

Figure 4. (a) Asymmetric unit of the DIC–ICT multicomponent form. (b) Fragment of the ribbon struc-
ture generated by H-bonding interactions between DIC components and a chain of –ICT–H+···ICT–
dimmers. (c) Detailed view of the packing arrangement of ribbons structures containing DIC (blue),
DIC− (green), ICT (yellow), and ICT–H+ (red), building up a layered structure. (d) Detailed view of
the C–H···π interaction between DIC molecules.

3.4. Thermal Analysis

DSC was used to evaluate the thermal behaviour and to determine the melting point of
the new DIC phases. Figure 5 shows the melting point of DIC, as well as the DSC traces of
DIC–ADE, DIC–CYT, and DIC–ICT. Each plot shows a well-defined endothermic event that
corresponds with the melting point of the material. A single endothermic transition indi-
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cates the absence of solvation or hydration phenomena and also demonstrates the stability
of the phase until the melting point. Above the melting point, some endothermic events
are also observed, corresponding to the degradation of the samples. The multicomponent
materials display a melting point that falls in a region between the melting point of DIC
(179 ◦C) and the coformer (ADE: 360 ◦C; CYT: 320–325 ◦C; ICT:248–254 ◦C). This feature
has already been described by other researchers [46]. A higher melting point was obtained
through multicomponent crystallization, resulting in better thermal stability, probably due
to stronger intermolecular interactions between DIC and nucleobases. TGA showed no
weight loss until melting, suggesting that the new DIC phases were not hydrated or sol-
vated. The occurrence of mass loss was observed after melting points, which was attributed
to the degradation of cocrystals (Figure S5).

Figure 5. Differential scanning calorimetry (DSC) traces of DIC and multicomponent compounds
DIC–ADE, DIC–CYT, and DIC–ICT.

3.5. Fourier Transform Infrared (FT–IR) Spectroscopy

Due to its simplicity and reduced consumption of time and samples, FT–IR spec-
troscopy is a widely used technique for detecting new multicomponent materials [47].
Functional groups exhibit defined bands in the IR spectrum, and intermolecular interac-
tions, such as hydrogen bonds, induce changes in the position of these bands. Hence, the
study of the shifts can detect the formation of a cocrystal or a salt and gives information
about the groups involved in the interaction [48].

Figure 6 shows the FT–IR spectra of DIC and DIC multicomponent materials. The
DIC spectrum has a characteristic band at 3322 cm−1, ascribed to the stretching mode
of –NH. In DIC–ADE, DIC–CYT, and DIC–ICT, this band is shifted to 3326, 3300, and
3298 cm−1, respectively. Another characteristic band of DIC is the C=O stretching vi-
bration that appears at 1961 cm−1. This band is shifted to 1671 (DIC–ADE), 1693 (DIC–
CYT), and 1678 cm−1 (DIC–ICT). FT–IR data support the information observed in SCXRD,
where –COOH and –NH groups from DIC and coformers, respectively, drive the formation
of the crystalline structures.
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Figure 6. Fourier transform infrared (FT–IR) spectra of DIC, DIC–ADE, DIC–CYT, and DIC–ICT.

3.6. Stability Studies

Thermodynamic stability in an aqueous solution was evaluated by placing an excess
of the sample in a vial and stirring in deionized water at 25 ◦C. After 24 h, the product
was filtered, dried at room temperature, and characterized by PXRD. Powder patterns
showed high stability for the pure DIC and DIC–ADE cocrystal. However, DIC–CYT
and DIC–ICT phases could not remain stable for more than 3 h and 30 min, respectively
(Figures 7 and S7). Multicomponent DIC phases were also stored at accelerating ageing
conditions (40 ◦C, 75% RH). At the determined time, samples were characterized by PXRD
to assess their stability. DIC was included in the experiment for better comparison with the
new materials. Under these conditions, it was observed that all samples remained stable
for two months (Figure 8).

Figure 7. PXRD diagrams corresponding to the stability of DIC–ADE, DIC–CYT, and DIC–ICT in
aqueous slurry experiments at 24 h.

160



Crystals 2022, 12, 1038

Figure 8. PXRD diagrams corresponding to the stability of DIC–ADE, DIC–CYT, and DIC–ICT in
accelerated ageing conditions (40 ◦C, 75% RH) at two months.

3.7. Solubility Studies

As observed in the previous section, only the DIC–ADE cocrystal was thermodynami-
cally stable in a water solution at room temperature. Initial attempts to determine solubility
by the shake-flask method [49] were not possible due to the overlap of UV absorption max-
ima of both the API and coformer (Figure S8). Evaluation of solubility was then performed
by a polythermal method using the Crystal16 equipment. Results showed an improvement
in the solubility of DIC–ADE (0.993 mg/mL, Figure 9) compared with the reported solu-
bility of DIC (0.9 μg/mL) [5]. Although the difference in solubility between DIC and the
DIC–ADE cocrystal was significant, the amount of solubility improvement is not significant
compared with the solubility of the sodium salt (16.18 mg/mL) [50]. The layered structure
observed in the DIC–ADE cocrystal directly impacts the solubility improvement of DIC.
Different studies have reported the effect of a layer structure consisting of high-solubility
molecules on the solubility of multicomponent solid forms [51–53]. Although the dimeric
DIC structure is disrupted and a better solubility is obtained in DIC–ADE, the intercalated
layers composed of low water-soluble ADE molecules do not confer enough solubility
improvement themselves in comparison with other multicomponent DIC solids.

A potential risk observed in the use of multicomponent systems is their tendency
to experience unexpected dissociation in contact with water or with high relative hu-
midity (RH), which leads to a return to the respective free API and coformer [54,55]
and denies the solubility advantage achieved by multicomponent solid formation. To
rationalize the dissociation observed for DIC–CYT and DIC–ICT solids, crystal morpholo-
gies of the three reported multicomponent DIC forms were computed using the Bravais–
Friedel–Donnay–Harker (BFDH) method included in the visualization software package
Mercury [27]. As described previously, all the crystal structures consist of alternate layers
of type DIC···coformer···DIC··· and these supramolecular arrangements seem responsi-
ble for the enhanced properties. Figure 10 shows the predicted morphologies for the
reported multicomponent solids. Notably, the facets with the largest surface, following the
order: DIC–ICT (57.2%) > DIC–CYT (50%) > DIC–ADE (24.2%), contain hydrogen bond
donor and acceptor groups that potentially could interact with water during the dissolu-
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tion process. Water solubility depends not only on the groups exposed on the surface of
a crystal but on other different factors, including density, coformer solubility, or lattice
energy [56]. We cannot argue that the high polarity of the crystal surfaces could impact
the solubility performance by itself, but it does affect the dissolution of the reported solids
as evidenced by the rapid dissociation observed for DIC–CYT and DIC–ICT during the
slurry experiments in water. Dissolution is carried out at higher rate in the DIC–CYT and
DIC–ICT species. As expected, dissolution in these species is favored by extensive surface
exposure. On the other hand, dissolution of the DIC–ADE phase occurs at a slower rate,
evidenced by the apparent stability at 24 h.

Figure 9. Solubility curve for DIC–ADE in water as a function of concentration and temperature.

Figure 10. BFDH-predicted morphologies of (a) DIC–ADE I (green: DIC, blue: ADE); (b) DIC–CYT
(blue and green: DIC, yellow and red: CYT), and (c) DIC–ICT (DIC: blue and green: ICT: red and
yellow), showing the largest faces.
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4. Conclusions

In conclusion, we have described three new pharmaceutical multicomponent crystals
containing DIC and nucleobases (ADE, CYT, and ICT) as coformers. Expected heterosyn-
thons assist formation of the new solid forms, disrupting the robust acid:acid dimmer
synthon observed in reported DIC polymorphs. All solids consist of alternated layered
structures connected by hydrogen bonds. This supramolecular organization confers good
thermal stability, and good stability under accelerated ageing conditions and seems to have
an important role in the dissolution properties of the solids. Relevant insights are inferred
from the BFDH calculations where CYT and ICT, containing solids, possess a large crystal
surface that expose hydrogen donor and acceptor groups, which interact with the water
molecules of the bulk solvent.
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plotted with the 50% probability level); Figure S11. ORTEP representation showing the asymmetric
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