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Crystal engineering: from promise to delivery

Twenty years ago, | wrote a Chem. Commun. feature article entitled “Crystal Engineering: where from?
Where to?": an update is in order. In this Highlight | argue that molecular crystal engineering, one of the
areas of fast development of the field, has definitely reached the stage of “delivering the goods”: new
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functional materials assembled via non-covalent interactions and/or improved properties of existing
materials. As a proof of concept, the crystal engineering approach to tackle two contemporary
emergencies, namely, urea fertilizer degradation and development of antimicrobial resistance by

pathogens, is discussed and application-driven examples are provided.
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In the beginning there was no crystal
engineering, only crystallization

The products of crystallization were crystals, and determining
the “molecular and crystal structure” was the challenge, the
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beginning and the end of the work of a small-molecule
crystallographer.

Crystals, often obtained after long and frustrating crystal-
lization reactions, were handed over to the crystallographer
with anxiety and expectations by the synthetic chemist. Crystal-
lographers - at least the vast majority of them — were engaged in
providing the synthetic chemists the answer they needed most:
the structure of their molecule, i.e., the “final word” on the
exact nature of the product of their synthetic strategy. Delivery
of the results of crystal structure determination, obtained after
long days of data collection, was usually met with a happy and
grateful smile. It was the end of a long journey or the beginning
of a new one. The information about the structure was essential
to confirm/contradict working hypotheses, as well as to under-
stand the results of other spectroscopic or analytical experi-
ments or to guide changes in the synthetic strategies.

Under this perspective, it is easy to understand why synthetic
chemists and crystallographers, in many areas, were bound by a
sort of love-hate relationship. The former depended on things
that could not be controlled: availability of the diffractometer,
hence time, queue, priorities, stability of the crystal over time or
under X-ray, etc., while the latter depended on the preparative
chemist to give good crystals to work with, exciting scientific
problems, new stuff and challenges.

Diffusion of automated diffractometers, advancement in
direct-methods for structure determination, and less expensive
computing facilities concurred to increase exponentially the
production of crystal structures, hence the output in crystal-
lographic data. It was thanks to the vision of Olga Kennard, at
the University of Cambridge, that in 1965 the Cambridge
Crystallographic data Centre” begun saving from oblivion the
plethora of structural data produced daily by the growing
community of structural chemists. The CSD contained 30 000
structures when, in 1983, Allen, Taylor and Kennard wrote

This journal is © The Royal Society of Chemistry 2023
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“The systematic analysis of large numbers of related structures is a
powerful research technique, capable of yielding results that could
not be obtained by any other method”.® Today this figure is ca.
1200 000.

At end of the 80s the strong wind of supramolecular chemistry
- the ‘“chemistry beyond the molecule, bearing on the organized
entities of higher complexity that result from the association of two
or more chemical species held together by intermolecular forces” —
had begun to blow. J. M. Lehn’s definition could be easily
stretched to encompass molecular crystals, as they are — undeni-
ably - “organized entities of higher complexity held together by
intermolecular forces”.

In 1989, G. R. Desiraju reminded us that molecular crystals,
as organized entities, are materials with collective properties,
and pointed out that these properties could be engineered if
only one could learn how to master the supramolecular inter-
actions holding crystal components together. Reading from his
book: “Crystal engineering is the understanding of intermolecular
interactions in the context of crystal packing and the utilization of
such understanding in design of new solids with desired physical
and chemical properties”.”> Although the association of the word
“crystal” with “engineering” or ‘“design” can be found in
earlier papers,”’ it was this definition that marked the begin-
ning of the crystal engineering era.

The success of crystal engineering is most certainly due to the
hybridization of supramolecular chemistry, e.g., the chemistry
of intermolecular bonding, with the chemistry of molecular
materials, e.g, the utilitarian, application-oriented side of
molecular recognition and self-assembly. But there were other
reasons for determining the rapid development of crystal engi-
neering as an entirely new area of research. Some of these
reasons were certainly technical in nature; as mentioned above,
others were a consequence of this progress. In simple terms, life
for small-molecule crystallographers had become ‘“‘too easy”.
As crystal structure determination became increasingly more
routine, many small molecule crystallographers begun to feel
the need for new purposes. Crystal engineering provided the
right conceptual frame. Many begun asking themselves the
crucial question: “why don’t we start making our own stuff’?

Let's start making our own stuff

What kind of stuff, then? If crystal engineering is at the cross-
roads of supramolecular chemistry and materials chemistry,
the “stuff”, the chemical products that can be obtained with a
crystal engineering approach, must be the result of a supra-
molecular synthesis, ie., the result of breaking and forming
intermolecular interactions.

In this Highlight, the focus is on the engineering of mole-
cular crystals, including coordination complexes and molecular
ions as building blocks. However, we must not forget that a
similar, perhaps even faster development took place in the area
of coordination polymers.® When researchers moved from the
preparation and investigation of (mainly) “0-D’’ complexes and
clusters and began the systematic use of ligands capable of

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

bridging together metal centres or metal clusters, coordination
chemistry took up a crystal engineering dimension and 1-D, 2-D
and 3-D coordination polymers begun to be systematically
investigated.® The engineering of molecular crystals and that
of coordination polymers expanded together and with predict-
able osmosis. Treating these two subareas of crystal engineer-
ing separately can only be a practical choice (as in this article)
as there are many examples where there is no net distinction
between the two types of crystalline materials. Even a distinc-
tion based on topology does not suffice. For example, MOFs'® —
metal organic frameworks - have been and are amply investi-
gated for their ability to host/trap/interact with guest molecules
in the channels and cavities, generated within the framework
via ligand-metal coordination bonds. It has been recently
shown that analogous “‘emptiness” can be obtained in mole-
cular crystals by choosing organic building blocks able to form
multiple and “divergent” hydrogen bonds with neighbouring
molecules. HOFs'! - hydrogen bonded organic frameworks -
are indeed porous molecular crystals with properties analogous
to those of coordination polymers.

Indeed, the idea of being able to design crystals with
predefined properties was beautifully simple and extremely
appealing and was followed by many researchers. The two most
important learned chemical Societies, the RSC and the ACS,
responded by providing adequate publishing media with Crys-
tEngComm and with Crystal Growth and Design, respectively,
to the growing community of crystal engineers.

There is a catch, though. The crystal packing obtained, and
the associated patterns and energies of intermolecular interac-
tions, may, or may not, correspond to the free energy global
minimum, ie., to the most stable thermodynamic assembly for
that crystal. When it does not, the crystal structure might be
thermodynamically stable only within a specific temperature
range or be thermodynamically metastable because generated
under kinetic control at nucleation/crystallization stage. This is
crystal polymorphism of the enantiotropic or of the monotropic
type, respectively,'> a phenomenon well known and investi-
gated long before the advent of supramolecular chemistry and
crystal engineering."?

Polymorphism, the nemesis?

Clearly, the possibility of multiple crystal forms, not only
polymorphs, but also solvates and salts,"* even amorphous
phases,’® for the same molecular assembly, and their hardly
predictable formation, might seem to undermine the original
idea and discourage the crystal engineering practitioner. There
can be no engineering if the outcome of the project cannot be
truly predicted, or if it is multiple, or changeable. Crucial
aspects become particularly worrisome if the crystal of interest
is a drug,'® or a high energy material,'” or a pigment,'® or any
substance for which persistence of crystal properties over time
and/or environmental variables is a must."® Polymorphism
could indeed be seen as a sort of “Damocles’ sword” hanging
over the head of the crystal engineer.?’

Chem. Commun., 2023, 59, 14052-14062 | 14053
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Rather than putting people off, the crystal engineering
approach became instrumental to tackle crystal polymorphism
in a more systematic way. Thanks also to the inspirational work
of J. Bernstein,'® the effort to “making crystals by design” was
paralleled by a comparable push to gain some degree of control
on the outcome of crystallization processes, and on the
variables that could lead to different sets of intermolecular
interactions, hence to different packings, and to different
collective properties. Polymorph and solvate/hydrate screening
became not only an indispensable part of any crystal-making
process, but also a fundamental step in the development of a
new crystalline material, especially in the pharmaceutical field.
Several spinoff companies were born and thrived as the indus-
trial world begun to realize that “unattended” crystal poly-
morphism was a serious threat, indeed a Damocles’ sword.>’

Nonetheless, even if we are still far from being able to assert
with confidence “this is the most stable crystal form”, the
application of systematic screening procedures has minimized
the chances of unexpected appearance of a different, often
unwanted, crystal form.

The challenge of crystal polymorphism is also being met
computationally.?" Crystal structure prediction (CSP) comprises
computational methods to search ab initio for the most thermo-
dynamically stable crystal structure of a given molecule by
evaluating the crystal energy landscape.”” In this respect, CSP
is complementary to experimental screening, and provides
information on the existence and relative energies of
polymorphs.>® Crystal structure prediction methods are peri-
odically assessed via the Blind Tests organized by the Cam-
bridge Crystallographic Data Centre.>* The Blind Test is carried
out on a selection of unpublished crystal structures, which are
sent out to scientists developing CSP methods in the form of
chemical diagrams. The challenge is to submit predictions of
crystal structures by a given deadline. The increasing number
of successful “predictions” in the Blind Test indicates that CSP
is becoming a useful guide in the experimental quest for
“hidden” stable polymorphs.

Co-crystallization: the crystal
engineering synthesis

Co-crystals are crystalline materials formed by two or more
stable compounds.?® The components that are assembled in
co-crystals can be in the neutral state, thus forming molecular
co-crystals, or bear charges, such as in ionic co-crystals,*” and
can be metal complexes, whether neutral or charged, thus
forming hybrid co-crystals.>** The most popular class of co-
crystals, namely pharmaceutical co-crystals, generally consist of
an active pharmaceutical ingredient, API, and one or more
ancillary molecules called “co-formers”.>®

The number of publications on co-crystals is still increasing
at a steady pace (see Fig. 1) covering very diverse areas such as
pharmaceuticals, nutraceuticals, high energy materials, fertili-
zers, food, cosmetics, etc.?’
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Fig. 1 Trend in number of publications containing cocrystal or co-crystal
in the title.?®

If preparing new solids with the desired physical and
chemical properties by mastering intermolecular interactions
is the goal of crystal engineering, the co-crystallization process
leading from an initial set of intermolecular interactions in
crystals of the reagents to a new set of intermolecular inter-
actions in the crystalline product is a crystal engineering
synthesis (see Scheme 1). Intermolecular bond breaking and
forming is what happens in the course of a co-crystallization
process.*> Obviously, if the co-crystallization process is carried
out in solution, intermolecular bond breaking and bond form-
ing with solvent molecules have also to be considered.

It is generally assumed that the method of choice to make
co-crystals is a crystallization from solution. As a matter of
fact, the use of solvents is at the heart of traditional chemistry,
and crystallization is the method of choice to purify materials
and to grow crystals. However, the problem arising from the
difference in solubilities of the crystalline reactants in a same
solvent or mixture of solvents, and/or between these and the
solubility of the co-crystalline product, often makes solution co-
crystallization simply not viable.

The alternative had been available since long. Reactants can
be mixed directly without solvent with the aid of mechanical
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Scheme 1 A representation of the intermolecular bond breaking and
forming in the formation of a co-crystal.
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energy.>® Mechanochemistry has a long history, with deep roots
in solid-state organic chemistry.>**°

Reactions between crystals can be used to make co-crystals.**
Making co-crystals without dissolving the reactants in a solvent
presents the huge advantage of generating crystalline materials
regardless of the relative solubilities of the starting components.
Moreover, it is cheaper and faster, and may also give access to
alternative routes to product formation.*>*3

Mechanochemistry: a tool for a
sustainable crystal engineering

As a matter of fact, mechanical grinding of molecular materials,
with or without the addition of a small quantity of solvent
(liquid assisted grinding - LAG),”** has revealed itself to be a
greener and cost-effective way not only to prepare molecular and
ionic co-crystals,?”* but also to study the effect of grinding and
comminution on polymorphism and/or on the uptake/release of
water in the formation of hydrates. Moreover, the course of a
reaction can be modulated by changing the milling conditions,
such as the amount of solvent, the milling time, the material of
the jars in ball milling, and the grinding media (see Fig. 2).**

Learning how to “make co-crystals without solution crystal-
lization” has been an important step forward in the development
of the field. It became possible to not only combine molecular
solids without worrying about differences in solubilities but also
create new solid-state reaction pathways. For example, McGillivray
and others have shown that mechanochemical methods can be
successfully used to combine co-crystallization and photocycliza-
tion rections.

Everything comes with a price

Grinding, ball milling, liquid-assisted grinding (LAG)** produce
polycrystalline powders, no single-crystals, of course. X-Ray pow-
der diffraction then becomes the method of choice to identify and
characterize a new product, whether alone or in mixture with
unreacted starting materials. Except in those fortunate cases
where, by means of seeding or other similar tricks, powders can
be recrystallized into crystals of adequate size without changing
structure with respect to the original mechanochemical product,
it is not possible to enjoy the speed and accuracy of a structure
determination by single crystal X-ray methods.

Fig. 2 Porcelain mortar and pestle for manual grinding (left), and ball mill
for vibrational grinding (right).
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Were it not for the progress in methods for structure
determination from powder diffraction,®” or from electron
diffraction (ED)**” data, as well as in complementary methods
based on solid state NMR spectroscopy,>®? and for the achieve-
ments in in situ methods**”° to monitor mechanochemical
reactions, the development of crystal engineering would have
been much slower.

Furthermore, determining the crystal structure of the pro-
duct is not sufficient. The behaviour with changing tempera-
ture, pressure, humidity, mechanical stress, etc. needs also
to be assessed for a material to be of any use. The aspiring
crystal engineer has to get acquainted with a broad series of
complementary techniques for the investigation of solids, such
as differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), dynamic vapour sorption (DVS), Fourier trans-
form IR and Raman spectroscopy, and atomic force microscopy
(AFM), as well as hot stage microscopy (HSM), scanning tunnel-
ling microscopy (STM), and scanning electron microscopy
(SEM). Since for many of these methods and techniques
collaborative efforts with experts of diverse fields are indispensa-
ble, crystal engineering also generated new collaborations with
neighbouring areas towards crystal making and characterization.

Time to deliver the goods

Choose the target, design the strategy to get there, make and
characterize the compounds, and evaluate the properties result-
ing from the convolution of the structural, electronic, magnetic,
charge properties of the components with crystal periodicity.
At the end of the crystal engineering path there is a functional
material. The periodical arrangement of the building blocks
will determine colour, crystal habit, surface properties, capacity
of vapour uptake, plasticity, mobility, thermodynamic and
kinetic stability with varying pressure, temperature, humidity
conditions, etc. In multi-component crystals, such as molecular
and ionic co-crystals, stoichiometric and non-stoichiometric
solvates, coordination polymers, metal organic frameworks,
or hydrogen bonded organic frameworks, a virtually unlimited
range of potential applications becomes possible. New areas,
such as mechanically responsive crystals,®” and proton con-
ducting materials®® are also receiving increasing attention.
Fig. 3 shows some of the most popular targets of molecular
crystal engineering.

There are no means to cover such breath and diversity of
applications in this short Highlight. The point that I want to
stress is that the attention of researchers is beginning to be
even more focused on the evaluation of the performance of the
engineered materials with respect to the objective of the crystal
engineering strategy. A change of paradigm with respect to the
stages of design and synthesis. Indeed, when the target is
reached, and a new or modified/improved property is attained,
crystal engineering ‘‘deliver the goods”.

As this is indeed happening for most of the activity areas
designed in Fig. 3, I have chosen, as a proof of concept, to focus
on two specific issues of great contemporary relevance. First,

Chem. Commun., 2023, 59, 14052-14062 | 14055
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Fig. 3 A non-exhaustive list of crystal engineering applications of mole-
cular crystals.

the decomposition of the most commonly used fertilizer, urea,
by soil enzymes, with consequent loss of fertilizer and air
pollution by ammonia and nitrogen oxides, and second, the
threat posed by the increase in antimicrobial resistance by
pathogens due to antibiotic overuse by humans and in farming
and agriculture. The reasons for these choices are evident:
everything should be done to guarantee food and health to
the ever-increasing human population. Answers can only come
from scientific research and from a multidisciplinary approach,
hence also from crystal engineering.

Do not waste fertilizer

Urea is the most widely used plant fertilizer, accounting for
about 60% of the global nitrogen fertilizer used in the World.>*
It is prepared in huge quantities (ca. 210 Mt in 2022) from
ammonia (produced from nitrogen and hydrogen via the energy
expensive Haber-Bosh process) and from carbon dioxide. However,
much of the urea nitrogen is lost through volatilization, deni-
trification and leaching. Dry urea deposited in the soil is
degraded by the nickel-dependent enzyme urease. If the ferti-
lizer is not incorporated with tillage, injected beneath
the surface residue and rapidly irrigated,**” urease is able to
quickly hydrolyze urea into hydrogen carbonate (HCO;™) and
ammonium (NH,") at a rate 10" times faster than in the
absence of urease.>*° Although NH," serves as a nutrient to
plants, the overall pH increase leads to the formation of
gaseous ammonia, which is released in the atmosphere.*>
Urease is not the only enzyme acting in the soil. The copper-
dependent enzyme ammonia monooxygenase (AMO) present in
ammonia-oxidizing microorganisms catalyzes the oxidation of
NH; into hydroxylamine (NH,OH),>**/ that is further oxidized
to nitrite (NO, ) and nitrate (NO3 ), which are precursors of
gaseous NO and N,O and contribute to the greenhouse effect.
As a consequence of this complex reaction ensemble, a large
amount (ca. 50%) of nitrogen fertilizer applied to soils as urea
is lost, while the environment is polluted.3*?

At present, there are essentially two methods to tackle this
huge problem: (1) reduce urea water solubility and dissolution
rate and (2) inhibit the urea degradation activity by soil enzymes.

14056 | Chem. Commun., 2023, 59, 14052-14062

View Article Online

Highlight

4xUrea €as0,2H,0 [casO, - 4urea] + 2H,0

I+

Q
B sl

:\>=° 4 ":‘
< = + 0 ) I Pa
Po TP *‘?Ié}%%j . ; e

| L%

Milling parameters:

- Speed: 500 rpm
« Number of grinding balls = 15

« Retsch Planetary mill PM 100
« Time: 1 hour

Fig. 4 Mechanochemical synthesis of CaSO4-4urea cocrystal. Reproduced
under open access creative common from Sustainability, 2023, 15, 8010.

Several research groups are applying co-crystallization stra-
tegies to reach these two objectives. As a matter of fact, co-
crystallization is not only an efficient way to alter the solubility
of an active molecule, in our case urea, but can also provide a
means to carry in the soil the enzyme inhibitor together with
the fertilizer as a co-crystal coformer.

The recent literature provides many examples of how co-
crystallization may help in reducing urea solubility.

Baltrusaitis et al. have shown that, if urea is supplied in the
form of mechanochemically prepared CaSO,-4urea ionic co-
crystals (see Fig. 4), urea solubility is significantly decreased.*®
The reduction of nitrogen loss obtained with this approach has
been demonstrated by the observation of an appreciable
increase in the productivity of sorghum grains (Sorghum bicolor
(L.) Moench).

Aakeroy et al. have shown that urea-pimelic acid and urea
-4-nitrophenol co-crystals can reduce urea solubility and
hygroscopicity.*!

More recently, as a follow up of an earlier study of 2:1 urea-
adipic acid co-crystals,*> R. Thakuria et al. have reported the
mechanochemical synthesis of co-crystals of urea with hydro-
xybenzoic acid derivatives.*?” The release profiles (see Fig. 5)
showed that the co-crystals release ~90% urea in about a
month, whereas pure urea reaches a plateau within 8 days with
~85% urea release.

Casali et al.*® have otherwise tackled the problem from the
enzyme inhibition side. The mechanochemical reaction of urea
and catechol yields quantitatively a 1: 1 urea-catechol co-crystal

100
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Fig. 5 Urea release profile of urea-hydroxybenzoic acid co-crystal com-

pared with commercial urea for a period of 30 days. Reproduced from
ref. 42b with permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (top) The urea-catechol hydrogen bonded network (top) in urea-
cathecol co-crystals (URCAT), (bottom) residual activity as a function of
preincubation time of the enzyme in the presence of 40 uM URCAT (black
dots) or 40 uM catechol (red dots). Adapted with permission from ACS Sustain.
Chem. Eng., 2021, 7, 2852-2859. Copyright 2021 American Chemical Society.

that acts simultaneously as a urease inhibitor (catechol) and as
soil fertilizer (urea).**” The activity of the co-crystal has been
assessed by evaluating the inhibition of Canavalia ensiformis
urease and the effect on water vapor sorption of urea at room
temperature (see Fig. 6).

While catechol is a good urease inhibitor, nitrapyrin inhibits
the activity of the enzyme ammonia monooxygenase (AMO),
also responsible for the urea decomposition cycle. The poor
aqueous solubility and high volatility of nitrapyrin was dealt
with by mechanochemical preparation of its inclusion

complex with B-cyclodextrine (see Fig. 7).*** With respect to
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Fig. 7 (a) Oxygen consumption and (b) nitrite production after 2 h incu-
bation of N. europaea in the absence of inhibitors (red bar) and in the
presence of 100 uM NP or B-CD-NP complex; (c) channel-like packing of
B-CD molecules and (d) possible arrangement of nitrapyrin within the
hydrophobic cavity of B-CD. Adapted with permission from Cryst. Growth
Des., 2021, 21, 5792-5799. Copyright 2021 American Chemical Society.
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nitrapyrin, the complex presents improved solubility and ther-
mal stability, at the same time maintaining an efficient enzy-
matic inhibition activity.

Respond to antimicrobial resistance

The second emergency that is calling for concerted multidisci-
plinary research efforts is that of antimicrobial resistance
(AMR), the condition in which bacteria, viruses, parasites,
and fungi no longer respond to medication. The development
of antimicrobial resistance (AMR) in pathogenic microorgan-
isms is caused by the overuse of antimicrobials not only in the
treatment of humans and animals but also in agriculture.** The
rates at which clinically and agriculturally relevant pathogens
are gaining resistance towards treatment with available anti-
microbials are outpacing the rates at which new antimicrobials
arrive to the market. WHO now considers AMR the “hidden
pandemic”, with a gloomy expectation of millions of human
deaths per year by 2050. This huge problem is being addressed
in different ways: (1) search for novel therapeutic strategies,
(2) strengthening or revitalizing of “‘exhausted” drugs, and (3)
increasing the strength of the biofilm barriers to penetration
and spread of pathogens from the environment. Clearly, stra-
tegies 2 and 3, and, to some extent also strategy 1, are all very
suitable for a crystal engineering approach.

Indeed, co-crystallization of known antibiotics with ad hoc
coformers takes the lion’s share of the research efforts in the
field.*> Modifying the properties of “old” drugs, improving
solubility and permeability, dissolution rate, etc. or obtaining
novel co-drugs by a pharmaceutical synthon approach® pro-
vides a strong motivation for both academic and industrial
research. The number of patents filed on pharmaceutical
co-crystals, some of which are already on the market, can
also be taken as a measure of the impact of crystal engineering
in this area.”’

One way to increase the efficacy of an “old” drug could be
searching for a synergistic interaction with natural antimicro-
bials. This way was used by Shemchuk et al. with the preparation
and antimicrobial assessment of co-crystals of ciprofloxacin, a
well-known antibiotic, with thymol and carvacrol, which are
natural antimicrobials.***

The idea was inspired by an earlier study by Bacchi et al. who
explored the possibility of using mechanochemically prepared
co-crystals of thymol and carvacrol in combination with iso-
nicotinamide, pyrazine, 2,3,5,6-tetramethyl pyrazine, and 2,3-
dimethyl quinoxaline to increase their release profiles in the
soil in order to make these natural products competitive to
conventional pesticides or synthetic food additives.*’

The solid-state association with thymol and carvacrol is
indeed able to increase the overall antimicrobial activity of
ciprofloxacin.*®* Since thymol and carvacrol are not effective on
E. coli on their own, the increased bacteriostatic activity of the
co-crystals, evaluated via measurements of minimal inhibitory
concentration (MIC) also with respect to the physical mixtures
of the same compounds, was ascribed to the performance of
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Fig. 8 The opposite effects on the antibacterial activity of the co-
crystallization with thymol (THY) with ciprofloxacin (CIP)*8? and with the
cephalosporines cefradine (CFD), cephalexin (CPX) and cefaclor (CFC).48?

the co-crystals. It is worth mentioning, that the same co-
crystallization approach with antibiotics of the cephalosporin
(CEPH) class, namely, cephalexin (CPX), cefradine (CFD), and
cefaclor (CFC), led to the opposite effect: inhibition of anti-
microbial activity.**? The different response of the co-crystals of
ciprofloxacin and of the cephalosporines has been ascribed to a
significant decrease in solubility of the co-crystals of the latter
compounds with respect to the CEPH APIs, due to formation of
less soluble hydrates. The results of the two experiments are
represented together in Fig. 8.

Another example of the application of co-crystallization to
modify existing properties is the use of co-crystallization to
reduce the intake dosage of the fluoro quinolone antibiotic
sparfloxacin, which is widely used mainly in respiratory tract
infections. Alternative forms that may allow the intake of lower
dosages of sparfloxacin are desirable. André et al.>® have shown
that the co-crystals with nicotinic, anthranilic, isophthalic,
maleic, and citric acids (see Fig. 9) all showed higher solubility
in water than sparfloxacin itself. In particular, the one order
higher aqueous solubility of the citrate salt may indeed allow
lower dosages of the drug.

;(f' - é fﬁg‘u (g.
7 H}‘"’"I ) ”"‘/
s J’,*l

.v.s.%‘«*"./ { .*.5.53"“/"

S

Nicotinic Acid

m

Anthranilic Acid v Stable
SPARFLOXACIN SALTS WITH —- Isophthalic Acid v Soluble
- Maleic Acid
- Citric Acid

Fig. 9 Highly soluble co-crystals of sparfloxacin with nicotinic, anthrani-
lic, isophthalic, maleic, and citric acids. Reproduced under open access
creative common from Cryst. Growth Des., 2021 21(2), 995-1005.
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Another significant example involving flavonoids is that of
quercetin, which is one of the most abundant flavonoids in
natural products. Its use in the pure form is hampered by its
low absorption in the gut because of its low solubility. Zawor-
otko et al. prepared and evaluated co-crystals of quercetin with
caffeine, isonicotinamide, and theobromine (see Fig. 10) obser-
ving pharmacokinetic properties vastly superior to those of
quercetin alone.”* The co-crystals with caffeine showed an
increase in solubility of quercetin between 8 and 14 times
higher than quercetin dihydrate. This difference in solubility
was reflected in an up to nearly 10-fold increase in bioavail-
ability with respect to quercetin dihydrate.

The low solubility and low permeability of the drug nafto-
pidil were also tackled by co-crystallization with mono-, di-, tri-,
and tetra-fluorobenzoic acids as coformers (see Fig. 11) by
Nangia et al®®> Of all the co-crystals, those with 2,4,5-
trifluorobenzoic acid appeared to form the optimal product
with faster dissolution and high permeability. Permeability was
evaluated in pH 7 phosphate buffered saline medium showing
a clear effect of the fluoro-substitution on the passage though
the semi-permeable membrane used for testing.>”

Another area where antimicrobial resistance®* represents a
major problem is that of biofilms, which might affect, for
example, the sterilization of surfaces and medical devices.

QUETBR QUECAFeMeOH

;% - %éf
cateine
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5 mL EtOH + 10 mL (1:1) EtOH/H20

5 mL MeOH
Isonicotinamide Caffeine, S mL MQON
5 mL Methanol Heat 150°C, 3 hrs
QUEINM g E QUECAF
4000+
35004 - QUE
= 30004 QUEINM
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£ | \
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= 20004 ||
g ‘ [ - QUETBR+2H,0
o 15004 | |
g 10004 | T ]-

3

S &

e
S ®
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Fig. 10 Top: Preparation scheme of co-crystals of quercetin (QUE) with
theobromine, caffeine and isonicotinamide; bottom: pharmacokinetic pro-
files (mean plasma concentration versus time). There were n = 3 rats per
group. Statistical significance was achieved for QUEINM at t = 10 (p < 0.01)
and for QUECAF 3 MeOH att = 5 (p < 0.001). Reproduced under open
access creative common from Mol. Pharmaceutics, 2011, 8, 1867-1876.
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Fig. 11 Co-crystals of naftopidil (NFPD) with fluorobenzoic acids (FBA). (a) Drug
flux with respect to the duration of the presence of NFPD salts in pH 7 phosphate
buffer. (b) Membrane permeability of NFPD—FBA salts in PBS medium. Repro-
duced from ref. 50 with permission from the Royal Society of Chemistry.

Fiore et al. have applied crystal engineering strategies to pre-
pare co-crystals combining metal complexes and organic mole-
cules that can be used for antimicrobial coating.>® The idea is that
of exploiting the antimicrobial properties of metals such as silver,
zinc, copper, and others, which have been used for millennia as
antimicrobial agents, to enhance antibacterial properties in the
association with an active organic molecule in a synergistic way.>*

As an example, the mechanochemically prepared co-crystals
of the antimicrobial agents proflavine (PF) and methyl viologen
(MV) with a silver, copper and zinc complexes have been proven
by Lekhan et al to exert bacteriostatic and antibiofilm
activities®® against the pathogen indicator bacteria strains
Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia
coli (see Fig. 12 for the proflavine co-crystals). For the biofilm
state of growth, the silver proflavine co-crystal appears to have
the best antibiofilm activity. However, all other proflavine-
metal co-crystals also show activity against E. coli and S. aureus.

Extending the co-crystallization approach to metal com-
plexes and active organic molecules is a way to expand the
toolbox available to contrast antimicrobial resistance.>

This journal is © The Royal Society of Chemistry 2023
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S. aureus P. aeruginosa

Normalized clearing zone

AgCu PFla 1b Ag CuPFla 1b AgCu PFla 1b

Fig. 12 (top) Packing of the co-crystal PF-CuCl (PF = proflavine). (bottom)
Efficacy of PF based compounds: normalized zones of growth inhibition
with compounds deposited in agar well [1a and 1b are PF-CuCl and PF-
AgNOs3, respectively]. Reproduced from ref. 56 with permission from the
Royal Society of Chemistry.

Conclusions

When crystal engineering was born, many small-molecule
crystallographers became crystal makers. This evolutionary step
had consequences: first, the need to explore viable alternatives to
crystallization from solution, for example by mechanically mix-
ing solid reactants; second, the need to strengthen methods for
structure determination in the absence of suitable single crys-
tals, hence structure solution from powder and computational
simulations; third, the need to expand competence to an ample
variety of solid-state techniques complementary to crystallogra-
phy. Beyond all that, or, perhaps, above all that, the need to
minimize the chance of investing efforts and funds on thermo-
dynamically metastable materials was strongly felt, which might
change structures and properties as a consequence of ‘“‘unat-
tended” crystal polymorphism. However, what could be a serious
threat to any attempt to control crystal properties by assembling
molecules in a designed way became - in the hands of scientists
- a challenge to face up. Screening for crystal polymorphs and, of
course, also for solvates/hydrate formation, is now an essential
step in the investigation of crystal forms of active molecules. Co-
crystal screening, especially with GRAS® (generally recognized as
safe) coformers, is also becoming common practice.

In view of the enormous implications of the structure-
property control in many diverse areas, the prospect of being
able to produce new materials or to change the properties of
existing ones provide a motivation for scientific innovation in
solid state research comparable to that of supramolecular
chemistry in solution.
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As a “proof of concept”’, I have chosen to focus on two huge
environmental, economic and health-related problems of our
days. I have reported examples of successful applications of co-
crystallization techniques to prepare novel materials to inhibit
enzyme activity in the soil, to reduce environmental pollution
and increase soil productivity, to enhance the activity of anti-
biotics, and to make available alternative antimicrobials to
respond to the antimicrobial resistance threat. It could only
be a limited selection from a rapidly expanding literature but
should suffice to demonstrate that the promise of crystal
engineering is coming true.

This Highlight has been focused on the making and evalua-
tion of crystalline materials formed by molecules or molecular
ions, but it is important to underline that the evolutionary
sequence design — synthesis — characterization — assess-
ment applies to all areas of crystal engineering.

As a corollary, the examples discussed herein also demon-
strate that crystal makers cannot work alone. The assessment of
the performance of the engineered materials and the evaluation
of the results requires a synergistic interaction not only with
scientists operating in neighbouring academic research com-
munities (microbiology, biotechnology, pharmacology, food,
nutraceuticals, cosmetics, energetic materials, etc.) but also
with researchers operating in the industrial world. New colla-
borations are established across disciplinary barriers sharing
interests, projects and targets.

In summary, crystal engineering has become a “hub” con-
necting different areas of research from fundamental to applied
science. Using a multidisciplinary approach, crystal engineer-
ing may indeed contribute to efficaciously address relevant
challenges of our time.
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