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ABSTRACT
In a society increasingly aware of and concerned about environmental issues, chemistry is being
asked to promote sustainability through the development of processes less impacting on the
environment and of products environmentally friendly. In this context, the field of chemistry
referred as crystal engineering can play a major role in the quest for sustainability. By exploiting
sustainable synthetic methodologies - first of all the mechanochemical method - crystal
engineering can guide solid-state modifications in order to obtain crystalline materials with an
improved sustainable character.

This doctoral research activity addressed the synthesis and characterization of

environmentally friendly crystalline materials. Two different lines of research were undertaken:

e Optimization of materials of agrochemical interest, mainly through the co-crystallization
method.

The first systems investigated were urea-based co-crystals, designed (i) to improve the chemical-
physical properties of urea by reducing its water solubility/dissolution rate and (ii) to exert an
inhibition activity towards the soil enzymes urease and ammonia monooxygenase (AMO). The
work resulted in the publication of three papers, which are presented in Chapter 2.
A further development of this research project concerned the synthesis and characterization of
crystalline materials based on AMO inhibitors, aimed to modulate the physico-chemical
properties of such inhibitors in terms of water solubility, thermal stability, and inhibition activity.
The experiments discussed in Chapter 3 are quite promising: a paper has been submitted upon

invitation, and two more manuscripts are in preparation.

e Improvement in the photostability of organic UV filters commonly used in sunscreen
formulations through their inclusion into 8-cyclodextrin.

The inclusion complexes of B-cyclodextrin with the UV filters avobenzone and octinoxate were

synthesized and proved to possess the desired properties. The results led to the publication of

a paper, which is presented in Chapter 4.



LIST OF ABBREVIATIONS AND ACRONYMS

AMO — ammonia monooxygenase

API(s) — Active Pharmaceutical Ingredient(s)

B-CD - B-cyclodextrin

CSD — Cambridge Structural Database

DCD - Dicyandiamide

DSC — Differential Scanning Calorimetry

IC(s) — Inclusion Complex(es)

IR - Infrared Spectroscopy

ICC(s) — lonic Co-Crystal(s)

NMR- Nuclear Magnetic Resonance Spectroscopy
SCXRD - Single Crystal X-Ray Diffraction

TGA — Thermal Gravimetric Analysis

VT XRPD — Variable Temperature X-Ray Powder Diffraction
XRPD — X-Ray Powder Diffraction.



CHAPTER 1
INTRODUCTION



1.1 Crystal engineering

Over the last decades, the concept of chemistry changed considerably, evolving from pure
molecular chemistry to the more sophisticated supramolecular chemistry.! The principle behind
this field relies on the spontaneous self-assembly of molecular components into high-
performing systems, able to accomplish more complex functions with respect to the simple
components. Therefore, such systems were found to play a key-role in the scientific progress,
with beneficial effects on essential areas such as medicine,? electronics® and catalysis,* just to
name a few.

Given the potential of such discipline, the quest for supramolecular systems has affected all
the fields of chemistry,>® both in solution and in the solid-state. With regard to the latter, crystals
turned out to be objects of interest for supramolecular purposes, resulting in one of the most
investigated systems among the solid-state materials. In fact, according to the definition by
Dunitz, a crystal is, in a sense, the supramolecule par excellence: a lump of matter, of
macroscopic dimensions, millions of molecules long, held together in a periodic arrangement by
just the same kind of interactions as are responsible for molecular recognition and complexation
at all levels - ion-ion, ion-dipole, dipole-dipole interactions, hydrogen bonding, London forces,
and so on.” Therefore, crystalline materials follow the principles of the supramolecular
chemistry, which can be referred to as ‘crystal engineering’ for this specific area.

According to the definition provided by Desiraju in 1989, crystal engineering is defined as the
understanding of intermolecular interactions in the context of crystal packing and the utilization
of such understanding in the design of new solids with desired physical and chemical properties.®
The first occurrences concerning this field date back to a few decades before, first with the brief
note by Pepinsky in 1955 entitled Crystal Engineering: A New Concept in Crystallography ° and
then with Schmidt’s research into solid-state photochemical reactivity,'® which resulted in the
knowledge that it is possible to control the solid-state behavior using crystal engineering
principles.

By exploiting the stages of modeling, synthesis, characterisation and evaluation of the
properties, crystal engineering is aimed to design and manufacture novel crystalline materials
through the control on the solid-state assembly of chemical building blocks via non-covalent
interactions.!

Since intermolecular interactions acquire great significance in the context of crystal
engineering, an understanding of these interactions in chemical and energy terms represents

the first step in the design of a crystal engineering experiment (Table 1).12



Interaction Energy (kJ/mol)

Hydrogen bonding
Strong >85
Moderate 15-85
Weak 5-15
Halogen bonding 5-45

lonic and dipolar interactions

ion -ion 200-300

lon - dipole 50-200
dipole - dipole 5-50
ntinteractions 2-50

Table 1: summary of the main supramolecular interactions.

1.1.1. Intermolecular interactions

Hydrogen bond

The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule or a
molecular fragment X-H in which X is more electronegative than H, and an atom or a group of
atoms in the same or a different molecule (Y), in which there is evidence of bond formation
(Fig.1).2® Specifically, donors are groups with a hydrogen atom attached to electronegative
atoms such as oxygen or nitrogen, so that a dipole is formed with a partial positive charge on
the H-atom; on the other hand, acceptors are electron-rich atoms/bonds that can interact with
the H-atom. The groups involved in a hydrogen bond can also bear a formal charge, as for [N-
H]* donors or carboxylate acceptors, thus resulting in a charged-assisted bond:}* the
electrostatic dipole-dipole component of hydrogen bonding is enhanced, so this bond is
generally stronger than its “neutral” counterpart.

The strength of the hydrogen bond varies with the electronegativity of the atoms X and Y, as
also with the geometry and the environment in which the hydrogen bond takes place.** As a
result, hydrogen bond is commonly divided into three categories, i.e. strong, moderate and
weak hydrogen bonds:> strong hydrogen bonds present a quasi-covalent nature and are close
to linearity (170-180°), moderate hydrogen bonds are largely electrostatic and weak hydrogen
bonds are mainly stabilized by dispersive interactions.

Hydrogen bonds drive and control crystal packing by combining strength with directionality,

resulting in one of the most powerful tool for supramolecular synthesis.®



Fig.1: examples of hydrogen bonds.

Halogen bond
The halogen bond occurs when there is evidence of a net attractive interaction between an
electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic
region in other, or the same, molecular entity (Fig.2).Y”*® The interaction energy follows the trend
I>Br>CI>F, with I-atoms involved in the strongest bonds.

Similar to hydrogen bond, halogen bond displays directional preferences, especially for the

linear arrangements, thus gaining increasing interest in the crystal engineering context.®

—0-—---- X—— \ _— -

Fig.2: examples of halogen bonds.

lonic and dipolar interactions
lonic and dipolar interactions - ion-ion, ion-dipole and dipole-dipole interactions - arise from the
electrostatic interactions between charges.

The ion-ion interactions - the strongest ones - rely on high charge densities, therefore they
generally act on long range distances and do not display a directional arrangement.

For the ion-dipole interactions, it is possible to drive the spatial arrangement especially with
regard to the metal-ligand coordination, since the number of links expected as well as the

geometry of the binding center are (at least in the case of d-block metals) predictable.?®



Finally, the dipole-dipole interaction can arrange itself in a parallel or orthogonal way - thus
displaying a sort of directional preference - as a result of the balance between repulsive and
attractive forces and of the shape of the components involved (Fig.3).

All these features make these interactions extensively exploited in the crystal engineering

field for the design of new materials.?

d+ - C S
—C=0 I I
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Fig.3: examples of different arrangements for dipole-dipole interactions.

Tt interactions
T interactions can be essentially of two types, depending on how the aromatic rings are oriented
towards each other: the aryl edge-face (EF) mode and the aryl offset face-face (OFF) mode
(Fig.4).22 In the first case, the C-H--1t interaction is formed as a result of the herringbone
arrangement of the molecules, while the OFF mode is based on m:-1t interactions between
molecules on top of each other (mt stacking).

Generally, small molecules base their arrangement on the EF mode, large molecules on the
OFF mode while intermediate size molecules can form both the interactions giving rise to a

sandwich herringbone crystal.?®

Fig.4: the aryl edge-face (EF) mode and the aryl offset face-face (OFF) mode (ref.12).



1.1.2 Supramolecular synthons

Along with the understanding of the nature and the energies of the intermolecular interactions
that can occur between the components of a crystal, crystal engineering is based on an
intentional and controlled use of such interactions. For this purpose, it is useful to find out the
preferred spatial arrangement(s) of these interactions, i.e. the synthon(s).?*

According to the definition provided by Desiraju in 1995, a synthon is an identifiable pattern
of interacting molecular groups that is likely to be repeated in other crystal structures that
contain the same molecular functional groups. These linkers largely control how the individual
molecules will assemble as crystals for both organic and inorganic substances (Fig.5).%* It follows
that the most robust synthons for a given functional group are the most frequent ones, so it is

theoretically possible to predict the preferred arrangements of such group in a crystal. ¢

OH: « -

o) R R
) j oo )\ .0 O-H. )\ .
.0 O_H . Y .0 O_H . +
H-O R

0.« .

Fig.5: example of synthons - two possible arrangements for the carboxylic acids.

The next step in a crystal engineering experiment is to draw on all the crystallographic
structures available and perform a statistical analysis of intermolecular interaction motifs and
packing patterns. This function is doubly fulfilled by the CSD database?” and the program
Mercury.?®

The CSD database gathers organic and organic-inorganic crystal structures, thus resulting in
a highly effective means in the design of a crystal engineering experiment. The potential of such
tool was acknowledged in 1983 by Allen and Kennard, which noted that 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.?

Through the program Mercury, it is possible to to identify supramolecular synthons for a given
functional group or to identify crystal structures containing a particular geometrical
arrangement of the atoms, thus providing the potential crystal packing features on the basis of
the chemical groups in the molecules.

However, it should be specified that the prediction of the crystal structure of a compound

before any experiment is carried out is still a serious challenge. In fact, a crystal structure is just



one of the many in the thermodynamic landscape of a crystal and the transition to a different
energy minimum can be triggered by random and unforeseen events.

Therefore, the understanding of all the intermolecular interactions in energy and geometrical
terms does help - but not guarantee — in predicting the outcome of a crystallization process.
Because of the strong dependence of such process on the experimental conditions, this

theoretical approach must always be accompanied by the experimental work.

1.1.3 Multiple crystal forms

The fundamental physicochemical properties of crystalline materials depend on the
arrangement of the molecules: different crystalline forms of the same molecule can display
different properties.

The crystallization process may result in the formation of several products,® especially when
more than one component is involved in the process. In Fig.6 a number of possible products is
shown, i.e. amorphous materials,3! hydrates and solvates,3 polymorphs,®* molecular and ionic
co-crystals,3 salts* and solid solutions.3%%7

Co-crystals, hydrates and polymorphs are the main crystalline forms investigated in this

research project, therefore they are presented more in detail later in this section.
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Fig.6: Schematic representation of the structural relationship between polymorphs, hydrates, solvates,

co-crystals, salts and amorphs.



Polymorphs

Polymorphism is the ability of a given compound to crystallize in at least two different packing
arrangements, resulting in materials with identical chemical composition but different spatial
arrangement.3®

Although such phenomenon was first recognized in 1822,%° and further investigated in the
years after,"® polymorphism returned to gain interest quite recently, along with the
understanding that the distribution of the molecules strongly influences the properties of a
material. In fact, polymorphs can exhibit different solubility, hygroscopicity, melting point and
compressibility, thus drawing the attention of the scientists working in the field of crystal
engineering.

The main processes responsible of the spatial arrangement are nucleation and crystal growth.
Given the impossibility of executing a full control on these determining steps, thus driving the
molecular self-assembly towards the desired crystal form, polymorphism presents an intrinsic
serendipitous nature.* In fact, external factors such as solvent and temperature can lead to the
formation of unpredictable or multiple polymorphs, with unexpected implications in term of
manufactory and reproducibility.*?

Despite the great progress in the understanding of the phenomenon of polymorphism, we
are still far from controlling such phenomenon: the computational prediction is not capable of
foretelling the exact number of observable polymorphic forms of even the simplest molecules
and an exhaustive experimental screening would require an infinite time. As stressed by
McCrone, the number of forms known for a given compound is proportional to the time and

money spent in research on that compound.*

Solvates and hydrates
Solvates are crystalline solids containing solvent molecules in a fixed (stoichiometry solvates) or
variable (non-stochiometric solvates) amount.

Since several work-up processes are water-based, a compound is more likely to be exposed
to water than organic solvents, and hydrates are formed.** Because of the extremely effective
hydrogen bonds that water can form with molecules, the incidence of hydrates is quite
impressive.*

The incorporation of water molecules into the crystal can induce a distribution of the
molecules different from that of the anhydrate, so the physical properties of the hydrates may

differ from those of the anhydrates.



Molecular and ionic co-crystals

The definition of co-crystal has been extensively debated in the academic literature over the last
years.*®*” Starting from the generic assumption that a co-crystal is a multi-component molecular
crystal,*® more specific definitions have been proposed,* with the aim of ruling out other types
of crystalline materials such as solvates, hydrates, clathrates, salts and non-stoichiometric
compounds. Zaworotko and coworkers, for example, have stated that a molecular co-crystal is
a multiple component crystal where neutral molecular components are present in a definite
stoichiometric ratio and all the components, when pure, are solid under ambient conditions.>
Similarly, Aakeréy and Salmon have proposed the following criteria to define a molecular co-
crystal, i.e. (1) only compounds constructed from discrete neutral molecular species are
considered, (2) the components should be solids at ambient conditions and (3) the crystal must
be a structurally homogeneous crystalline material containing two or more neutral building
blocks in well-defined stoichiometric amounts.

The search for an unambiguous definition of co-crystal is due to the increasing importance
that these materials are assuming in both the industrial and academic fields, especially for the
pharmaceutical sector.> In fact, co-crystals offer multiple opportunities to modify the chemical
and physical properties of an API, without making or breaking covalent bonds, but by changing
its crystalline habit. Consequently, through a controlled co-crystallization of an API it is possible
to dramatically expand the range of solid forms available for the formulation, obtaining in this
way crystalline materials with different properties, such as habit, bulk density, solubility,
compressibility, melting point, hygroscopicity, stability, bioavailability and dissolution rate.3*

Co-crystallization is often aimed to transform amorphous or hard-to-crystallize APIs into
crystalline products, which are generally preferred because of their easier and more
reproducible characterization, lower hygroscopicity and greater chemical stability with respect
to amorphs. Co-crystal formation plays a pivotal role also in the modulation of the solubility of
an API, which can be increased or lowered depending on the nature of the other component(s),
i.e. the co-former(s).>®

When a co-former is an inorganic salt, a co-crystal is specifically defined as an ionic co-crystal.
Although the first intentional crystallization of an organic molecule with a salt dates back to
1946,5* a widespread use of ionic co-crystals began to occur recently, with the paper on the
‘serendipitous’ co-crystallization of barbituric acid with KBr.>

ICCs fall into the category of organic-inorganic compounds along with salts, metal organic

framework, ionic liquids and deep eutectic mixtures. The advantage of ICCs over these other



forms is given to the fact that there is no limit on the types of compounds which can be co-
crystallized,”® thus expanding the landscape of these materials. In terms of structure and
intermolecular bonding features, these compounds do not differ from classical coordination
compounds - except for the purposeful preparation behind them.>?

ICCs are based on electrostatic interactions - oxygen or nitrogen atoms are usually electron
donors towards the metal cations - with the possible additional contribution of hydrogen bonds
between HB donors and anions (OH--ClI", NH--Br7).>” Because of the strong Coulombic
interactions, the change in physicochemical properties is definitely more dramatic than in
molecular co-crystals.

Since several inorganic salts are admitted by the pharmacopoeia, they result in suitable co-
formers also for pharmaceutical applications, not to mention that they can possess

pharmacological activity themselves.®

1.2 Mechanochemistry: a sustainable synthetic method

In the early nineties, Anastas and Warner introduced the concept of Green Chemistry, defined
as the design of chemical products and processes to reduce or eliminate the use and generation
of hazardous substances.>® From a first ideal concept, the Green Chemistry manifesto was then
structured, with the Twelve Principles as a guide for the design of new chemical products and
processes.

Industrial processes are still heavily dependent on the use of solvents environmentally
problematic, hazardous and energy-demanding during the production, purification and recycling
steps.” The quest for green and sustainable industrial processes paved the way for alternative
reaction media such as DES (Deep Eutectic Solvents),®® ionic liquids®! and supercritical carbon
dioxide.®? Even more remarkable is the possibility to break away from solvents, as for the
mechanochemical method.

With the term mechanochemistry is meant that set of reactions, generally between solid
materials, induced by the input of mechanical energy.®® Although mechanochemistry has been
known for centuries and Wilhelm Ostwald assessed the importance of such discipline already in
the early 1900s,%*% it has been resumed quite recently.®¢’

Mechanochemistry presents an intrinsically sustainable character, since reactions are quick,
often quantitative and occur in the absence of solvent (grinding) or in the presence of a

minimum amount of it (kneading).®® Recent works in mechano-synthesis of small organic

10



molecules®® and metal-organic materials’ suggest that mechanochemical methods can bring
about approximately 10000-fold improvements in the solvent- and energy-usage.

With regard to the crystal engineering field, this method presents a whole range of benefits
such as product crystallinity, control on stoichiometric composition and ability to generate
crystalline materials regardless of the relative solubilities of the starting components.”

Beyond these advantages, mechanochemistry brings considerable improvements over the
common solution-based methods in terms of crystallization control. In fact, the course of the
reaction can be modulated by changing the milling conditions, such as the amount of solvent
and the milling time.”>”3 Moreover, thanks to the development of new techniques, it is possible
to monitor the course of such reactions,”*’® thus getting into the details of the transformation
process at the molecular and crystalline levels.

In view of these overall considerations, mechanochemistry turned out to be the preferential
synthetic method adopted in my research activity. However, given the difficulties in obtaining
crystallographic information from powder diffraction data, the mechanochemical synthesis was
always performed along with the solution-based one, as the latter could yield single crystals

suitable for single crystal X-ray diffraction and crystal structure determination.

1.3 Aim of the work
My PhD research activity was addressed to the synthesis and characterization of
environmentally friendly crystalline materials. | took up two different lines of research, which

differ essentially in the field of application for which these materials are intended:

e Optimization of materials of agrochemical interest mainly through the co-crystallization
method.”®7® Specifically, the aim of the project was to improve the chemical-physical
properties of plants nutrients and inhibitors of the enzymes urease and AMO, in terms
of thermal stability, hygroscopicity and solubility.

The quest for innovative agrochemical materials was the main topic of my research
activity: | worked on this project during all the three years of my PhD.

The research activity was carried out in collaboration with the research group of prof.
Stefano Ciurli - Laboratory of Bioinorganic Chemistry, Department of Pharmacy and
Biotechnology, University of Bologna - which tested the inhibition activity of these

materials towards the enzymes urease and AMO.

11



A further development of this research project concerned the synthesis and
characterization of crystalline materials based on AMO inhibitors. A more in-depth solid-
state characterization of these materials was performed at the research institute BAM -
Federal Institute for Materials Research and Testing, Berlin - where | spent the last three

months of my PhD under the supervision of Dr.Franziska Emmerling.

e Improvement in the photostability of organic UV filters commonly used in sunscreen
formulation through the inclusion of such compounds into the B-CD cavity.”
This project was a branch line of my research activity, on which | worked during the

second year of my PhD program.

In the following chapters, an overview of the two topics is presented.

For copyright reasons, the manuscripts cannot be reproduced in this dissertation, but the links
to the published material will be provided. The supporting information related to published
works is instead reproduced here, as an evidence of the experimental work performed during

my PhD research activity.
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2.1 The journey of urea: from industrial production to applications

In recent years there has been a growing interest in environmental issues, such as global
warming and other human-driven changes to the environment, which raise concerns about the
future livability of the Earth.! With the #FridaysForFuture initiative promoted by the Swedish
activist Greta Thunberg, over than 1.6 million people around the globe mobilized last year to
defend the environment from climate change and plastic pollution, giving rise to an historical
breakthrough in environmental activism.? Political action is also being taken in this direction,
with several countries committed to align national policies with the 2030 Agenda for Sustainable
Development, a program of 17 goals signed by the governments of the 193 UN member states
in September 2015.3 These actions arise in response to the tangible environmental problems
caused by the modern society, whose irreversible consequences have been stressed for decades
by scientists.?

We live today in what the scientific community defines as Anthropocene, an age
characterized by the territorial, structural and climatic changes due to the human activity.®
Various start dates for the Anthropocene have been proposed, ranging from the Industrial
Revolution in the 19" century to the Great Acceleration after World War I1,° period characterized
by one of the most important invention of the 20th century - the Haber-Bosch process for the
synthesis of ammonia (NHs).”

The Haber-Bosch process enables to produce an endless source of reactive nitrogen through
the fixation of the atmospheric nitrogen (N3), obtaining in this way a constant availability of
nitrogen for plants nutrition and, consequently, food production. Therefore, it can be deduced
the importance of such process during the population boom of the 1950s, since it allowed
ensured food supply, as well as the growth of food factories and the diffusion of vast
monocultures.® However, this unprecedented and unbounded use of nitrogen has irreversibly
damaged its natural cycle, with several harmful effects on the environment such as pollution
and eutrophication.® Moreover, the synthesis of NH; occurs via hydrogenation of N, using H,
derived from natural gas, through a process that consumes ~1% of the global energy and ~4%
of the total natural gas supply.’® In view of these negative effects related to the Haber-Bosch
process, the research is aimed toward the optimization of such process,'* which is still central to
the fertilizers industry.

By the reaction of ammonia with carbon dioxide, urea - the nitrogen-based fertilizer most
commonly used — is obtained.!> However, because of the activity of several enzymes contained

in the soil, especially urease® and AMO,* the fertilizing capacity of urea is strongly
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compromised, this fact giving rise to serious agronomic, environmental and economic problems.
Once urea is deposited in the soil, it quickly undergoes several reactions, which interfere with

the nitrogen cycle, thus exacerbating the greenhouse effect (Fig.1).
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Fig.1. Schematic representation of the N cycle (black arrows). Loss pathways of the reactive N are shown

with red arrows, while green arrows indicate the N species available for plants.

From ammonia production to the actual use of urea, it was found that the processes behind
the agricultural field are environmentally hazardous. Since it has been estimated that the world
population will reach 9 billion by the year 2050, with a concomitant expansion in global
agricultural production of about 70-100% > and an annual production of urea projected to reach
226 million tons only in 2021,'® decisive actions in favor of a sustainable agriculture are
needed.!” The second objective of the UN program states to end hunger, achieve food security,
improve nutrition and promote sustainable agriculture.*® In order to pursue these goals,
different approaches have been followed, ranging from the development of new cultivation
methods, such as vertical farming,'® to an improvement of the actual urea-based fertilizers.

In the last few years, the traditional nitrogen fertilizers have been replaced with new
formulations based on urea and substances able to improve the effectiveness of urea itself. The

importance of these new formulations is stressed in a recent regulation of the European Union:
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“Certain products are being used in combination with fertilisers for the purpose of improving
nutrition efficiency, with the beneficial effect of reducing the amount of fertilisers used and hence
their environmental impact. In order to facilitate their free movement on the internal market,
not only fertilisers, i.e. products intended to provide plants with nutrient, but also products
intended to improve plants’ nutrition efficiency, should be covered by the harmonisation” (June
2019).%° This regulation is extremely important because, by placing the fertilizer and such
substances on an equal legal and commercial level, it not only legitimizes the use of these
substances but it also aims to equalize their use to that of the fertilizers.

These substances can improve the stability of urea in moist soils by acting substantially in two
ways, either by limiting the dissolution rate/water solubility of urea or by inhibiting the activity
of the enzymes in the soil, mainly urease and AMO. The first approach is essentially based on
the coating?® or encapsulation?? of urea granules. The second approach consists in the
improvement of urea-based fertilizers via addition of inhibitors, which are typically applied via
liguid formulation with N containing liquid fertilizers, such as urea-ammonium nitrate (UAN)
solution, or sprayed onto solid urea granules.

The aim of this research project is the design and development of innovative materials,
capable to reconcile both the above-mentioned aspects, i.e. improve the chemical-physical
properties of urea - by reducing its water solubility/dissolution rate - and manifest an inhibition
activity towards the enzymes urease and/or AMO.

To this end, crystal engineering represents a powerful tool for the design of such systems.
Through the solid-state modification of urea, it is in fact possible to obtain urea-based co-
crystals, which perfectly fulfill the dual purpose of this research project, as will be shown in the

next chapters.

2.2 Urea co-crystals

Urea, CO(NH,), is a molecule of primary interest in chemical practice and industry: besides its
fertilizing activity, urea plays a major role also in pharmaceutical, cosmetic and technological
fields.?

Given the key-role of such molecule in these primary sectors, the behavior of urea has been
extensively investigated by crystal engineering scientists,?* for a better understanding of its
solid-state molecular self-assembly. Such investigation resulted in a huge implementation of
urea-based crystalline structures such as co-crystals,?® salts?®?’ and clathrates:?® the CSD

database gathers 768 crystalline structures to the present day (December 2020).

20



In pure crystalline urea two NH protons act as hydrogen bond donors towards the O atom [N-
H---0 2.977 A], thus resulting in the formation of a robust one-dimensional hydrogen-bonded
chain (Fig.2a).2 The NH hydrogens not involved in the bifurcated interactions play a bridging
function, by bonding the near perpendicular chains [N-H---0 2.051 A]: the overall crystal packing
results in a channel-like structure (Fig.2b).

s
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Fig.2. Main crystalline packing of (a) urea and (b) its crystal arrangement along c-axis.

Given the voids (in yellow in Fig.2b) arising from such crystal arrangement, the urea structure
is quite susceptible to high pressure, which causes channel voids collapsing and N-H---O
hydrogen bonds being broken (and differently restored). 3° As shown in Fig.3, the high-pressure
condition can induce the conversion of the main form of urea - referred as phase | (P4-21m) -
into the form phase Il (P2:2:21) or phase IV (P2:2:2), depending on the experimental
conditions.3! To the present day, these are the only known polymorphs of urea, with phase |

being the crystalline form we routinely deal with.
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Fig.3. urea polymorphs at different pressures.
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Interestingly, none of the hydrogen bonds contained in phases |, lll and IV are of the type
most frequently encountered in urea co-crystals. By running the ‘motif search’ module on the
program Mercury,* it was found out that ca 42% of the urea-containing structures in CSD
database rely on a homosynthon-based dimer: the O atom acts as hydrogen bond acceptor

towards one of the N-H group on a complementary urea molecule (Fig.4).

Fig.4. urea main motif in co-crystals: homosynthon-based dimer.

With such crystal arrangement, the interaction of urea with other components can be
dramatically expanded: the oxygen can act as hydrogen bond acceptor or as a partner of a
cation-dipole interaction (just one lone pair on the O is involved in the dimer) while the free NH
protons can bond neutral and ionic hydrogen bond acceptors. It follows that urea is an extremely
versatile compound to co-crystallize with several kind of co-formers, both neutral and ionic.

For strategic co-crystal preparation, the CSD database can play a key-role in the design of a
co-crystallization experiment, helping in making assumptions about the crystal arrangement of
a potential co-crystal. Given the starting materials, it is in fact possible to perform a statistical
analysis on the structures containing such materials - or similar ones - thus getting a first clue
about a possible outcome of the co-crystallization.

In this research project urea has been co-crystallized with co-formers of agrochemical
interest, mainly through mechanochemical methods. Given the novelty of the topic, our first
attempt concerned the synthesis and characterization of a binary co-crystal based on urea and
a urease inhibitor. The second step consisted in a development of such system through the
inclusion of soil nutrients, thus resulting in a ternary co-crystal. Finally, the last system
successfully synthesized was still a ternary co-crystal, but with an AMO inhibitor as a co-former.

In the next paragraphs, each system will be presented in detail: an overview about the
corresponding agrochemical part will be followed by the link to the published manuscript and

the experimental data from the supporting information.
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2.3 Urease and urease inhibitors
Urease is a nickel-dependent enzyme which can be found in plants, algae, fungi as well as in the
soil, where it operates within the global nitrogen cycle.

Once urea is dissolved in the soil, it is hydrolyzed into hydrogen carbonate (HCOs) and
ammonium (NH4*), at a rate 10%® times faster than in the non-catalyzed reaction (Scheme 1).33
The rapid pH increase upon urea hydrolysis causes the loss of the unassimilated ammonium as
gaseous NHs, which is then released to the atmosphere, thus exacerbating the greenhouse

effect and contributing to the formation of fine inorganic particulate matter (PM 2.5).343536

2 2 : g ; > |
+ 5 2NH," + HCO; + On
t =20 min

Scheme 1: Overall urea hydrolysis catalyzed by urease.

Apart from being an object of agrochemical interest, urease is a key enzyme in the medical
field, since it is the main virulence factor of many human pathogens, such as Helicobacter
Pylori,®” a bacterium usually found in the stomach of people with chronic gastritis and gastric
ulcers.

Given the fact that a control on urease activity would be extremely important for
environmental and medical applications, the scientific research has been oriented for decades
in the understanding of the hydrolysis mechanism.

Urease holds a record in the field of biological chemistry since it was the first enzyme ever
crystallized and proven to be proteinaceous,®® the discovery paving the way for a better
understanding of enzymatic structures. Additional studies, performed using both
crystallographic techniques and X-ray absorption spectroscopy, revealed then the native
structure of urease, which was found to be a nickel-dependent enzyme.?® The active site is based
on two Ni?* spaced 3.5 A with a bridging hydroxide, with Nil coordinatively unsaturated, Ni2 in
an octahedral coordination and both the Ni cations bound to a water molecule (Fig.5).

The acquired knowledge on the urease structure was instrumental in the understanding of
the catalytic mechanism and, consequently, the development of new and efficient chemicals

able to inhibit urease.
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Over the last 40 years several mechanisms have been proposed, but all agreed on the first
step, whereby urea binds to the unsaturated nickel through its oxygen.*® As a result, it was found
out that urease inhibition could be activated by chemicals that target the nickel ion and prevent
urea from entering the active site. Such chemicals fall into the category of reversible inhibitors,
which comprises phosphates, diamidophosphates, thiols, sulfites, fluorides, as well as

hydroxamic, citric and boric acids.

Hig249 7

Fig.5: schematic representation of the urease active site (ref.37)

Concerning the second catalytic step, urea undergoes a nucleophilic attack through a process
for which three main mechanisms have been proposed (Fig.6). According to the first hypothesis,
water bound to Ni2 acts as a nucleophile towards the carbon atom of urea, which is coordinated
to Nil in a monodentate mode.** The second hypothesis holds urea in the monodentate
coordination mode, but proposes the OH bridge as a nucleophile.*>* Finally, the last hypothesis
- which was proven to be the effective one - preserves the OH bridge as a nucleophile, but states

that both Ni?* cations are involved in the coordination of urea.*

“Lys Lys "Lys
o TNH = NH
28 P J
o7 Yo 07 YO 07"’Q\*\\o
Ni(1) ' Ni(2) | NI 2 N2 | N L Ni(2)
~0 = ~0
\
(, OH /'r OM, l

Fig.6: comparison between the different nucleophilic attacks: water (left), OH monodentate (middle),

OH bidentate (right).
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The mechanism concerning this last step is elucidated in Scheme 2: the bidentate mode is
assisted by a mobile flap, whose histidine residue - marked in red - drives the entrance of the
substrate into the active site cavity along with the flap closure. The comprehension of this
catalytic step paved the way for a novel class of inhibitors, such as catechols and quinones, which
act by blocking irreversibly the flap in an open conformation, so that it is no longer able to assist

the urea coordination.*®
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Scheme 2: mechanism of urea hydrolysis (ref.40)

The first attempt at urea co-crystallization was performed with these inhibitors. Since the
molecular details of the irreversible inactivation have been recently elucidated,*” the use of such
compounds for agrochemical applications is quite recent, thus the designed co-crystals are even
more pioneering fertilizers.

After multiple attempts, catechol was found to be a good co-former (Fig.6). The successful
outcome of the crystallization process met the expectations: according to crystal engineering
principles, the complementarity between the hydroxyl groups on catechol and the carbonyl

groups on urea is likely to provide a strong hydrogen bonded network.
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Fig.6: scheme of catechol.

2.3.1. URCAT

The urea-catechol co-crystal - URCAT (Fig7) - was succesfully synthesized through the

mechanochemical method (crystalline powder) and from a EtOH solution of the reagents (single

crystals).

Fig.7: crystalline motif of URCAT.

The methods and techniques used for the characterization of the solid-state product were the

following:

Single Crystal X-ray Diffraction (SCXRD) for structure determination.

X-ray Powder Diffraction (XRPD) to determine whether the change of the phase took
place, i.e. wheter there were new peaks different from those of the starting materials.
Differential Scanning Calorimetry (DSC) for the detection of eventual phase changes
(dehydration/desolvation, polymorphic transition, melting).

Thermogravimetric Analysis (TGA) to estimate the mass loss of the sample.
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e Solubility test to determine the maximum quantity of urea in URCAT capable of

dissolving in a given amount of water.

e Stability test to compare the stability of the co-crystal and of the physical mixture of the

reagents in a chamber at controlled humidity.

The tests on the inhibition activity towards urease were performed by the research group of

prof. Stefano Ciurli.
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ABSTRACT: The mechanochemical reaction of urea and catechol affords the
quantitative formation of a 1:1 urea-catechol (URCAT) cocrystal that can act
simultaneously as a urease inhibitor and as a soil fertilizer. The novel compound has
been characterized using solid-state methods, and its environmental activity has been
assessed using the inhibition of Canavalia ensiformis urease and water vapor sorption
experiments at room temperature. The urea molecules within the cocrystal were
organized in hydrogen-bonded dimers bridged by two catechol molecules, with the
OH groups interacting via hydrogen bonds with the urea carbonyl groups. The
inhibition of jack bean urease enzyme by URCAT led to the complete loss of urease
activity after a 20 min incubation period. A large difference of water vapor adsorption
was observed between urea and URCAT, with the latter adsorbing 3.5 times less water
than urea. Our results suggested that cocrystal engineering strategies can be
successfully applied to tackle sustainability problems at the food—energy—water nexus.
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Fig. SI-1: DSC trace for URCAT (1st heating).

0
URCAT cooling
s
| o
|
L —
< L —
E .0
E
Z s
H
%o
£
25
0
a5
40
0 0 E EY w0 50 E E 100 10 1 125

Y
Temperature (°C)

Fig. SI-2: DSC trace for the urea-catechol co-crystal (URCAT, 1st cooling).
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Fig. SI-3: DSC trace for URCAT (2nd heating). The melting point corresponds to the one observed for
URCAT.
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Fig.SI-4: TGA trace for URCAT.
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Table SI-1. Crystal data and details of measurement for URCAT.

Chemical formula
M, g mol?
T/K

Morphology, colour

CH4N20:CsHe02
170.17
293 (2)

Plate, colourless

Crystal system Monoclinic
Space group P2i1/c

a/A 7.1751 (4)
b/A 6.2509 (4)
c/A 19.2212 (16)
a/° 90

B/° 97.888 (7)
v/° 90

v/ A 853.93 (10)
z 4
d/gem? 1.324
pu/mmt 0.11
Measd reflns 3897
Indep reflns 1976
Reflns with | > 20(l) 1255

Rint 0.028

R [F? > 20(F%)] 0.062

WR (F?) 0.182

Crystal data can be obtained free of charge from the Cambridge Crystallographic Data Centre via

https://www.ccdc.cam.ac.uk and have been allocated the accession number CCDC 1880413.
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2.4 Beyond nitrogen: the role of several elements in plant nutrition

Nitrogen-based fertilizers are the most used fertilizers, especially with regard to urea. Along with
nitrogen, also potassium and phosphorus play a pivotal role in the nutrition of the plants:*® these
are the three main nutrients for the plants - hence the NPK fertilizers* - and fall into the category
of macronutrients.

Phosphorous based fertilizers origin from mined ore, which is converted into a water-soluble
salt thanks to a chemical extraction with an acid.>® Potassium based fertilizers, instead, rely on
potash (physical mixture of potassium salts) extracted from mined rock. Since potash is water-
soluble, the production method is mainly based on a purification process of the potassium
rocks.”? Overall, the production of such fertilizers is less energy demanding compared to the
nitrogen-based ones and the dependence on natural gas is definitely lower.

Depending on factors such as crop types, soil characteristics and climatic conditions, the
application of NPK fertilizers can vary from country to country, resulting that Asia agriculture is
strongly nitrogen-based while South America is mainly potassium and phosphorous
dependent.>? Nitrogen-based fertilizers still represent more than 2/3 of the total use of NPK
fertilizers, but the use of potassium and phosphorous fertilizers is increasing at global level on
an annual basis by around 2%.%3°*

In addition to macronutrients, other elements are essential to the plants in small
concentrations, i.e. the micronutrients - such as iron (Fe), manganese (Mn), zinc (Zn), copper
(Cu), boron (B), molybdenum (Mo), chloride (Cl) and nickel (Ni) ->> which have to be delivered
with fertilizers. Micronutrient deficiencies affect plant growth by impairing physiological
processes related to seed formation, synthesis of carbohydrates, biological N fixation and
resistance to biotic and abiotic diseases. Moreover, the lack of micronutrients leads to a less
efficient use of other essential plant nutrients, resulting in greater nitrogen losses to the
environment, and reduces the plant’s ability to absorb water.>®

Micronutrient deficiencies in soils and plants were also found to directly cause micronutrient
deficiencies in humans, with awful consequences for human health. More than 2 billion people
suffer from micronutrient malnutrition, sometimes referred to as “hidden hunger”:>” according
to a report of the World Health Organization on the risk factors responsible for the development
of illnesses and diseases, Zn and Fe deficiencies rank 5th and 6th among the 10 most important
factors in low-income countries.>® Given the importance of the problem, it has been introduced
the agronomic biofortification,>*® i.e. the enrichment of food crops with micronutrient, aimed

to minimize the extent of micronutrient deficiencies.
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A further improvement in the formulation of urea-based co-crystals was then pursued by
inclusion of the above-mentioned elements. Among the micronutrients, zinc is also an
irreversible inhibitor towards the enzyme urease,®! thus contributing to the reduction of the
greenhouse effect and all the urea-use related problems.

In the CSD database there are currently more than 300 organic-inorganic urea-based
structures, as proof that urea is a well-suited building block for the ionic co-crystallization: the
oxygen atom is generally involved in ion-dipole interactions with cations while the NH; groups

point towards anions.

2.4.1. ZnKU
Urea was successfully co-crystallized with ZnCl, and KCI, with formation of K[Zn(urea)Cls] (ZnKU).
Interestingly, the presence of Zn is instrumental in the inclusion of the K* cation in the crystalline
edifice, resulting in one of the few structures in the CSD database involving both urea and
potassium.®?

Two different crystalline forms in a monotropic relationship were obtained, but all the
analyses were performed on the thermodynamically stable form (Fig.8), which was prepared via
all the main crystallization methods — mechanochemistry, slurry and precipitation, from a water

solution of the reagents, at room temperature.

Fig.8: crystalline motif of ZnKU.

The methods and techniques used for the characterization of the solid-state products were the
following:

e Single Crystal X-ray Diffraction (SCXRD) for structure determination.

e X-ray Powder Diffraction (XRPD) to determine whether the change of the phase took

place, i.e. wheter there were new peaks different from those of the starting materials.
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e Differential Scanning Calorimetry (DSC) for the detection of phase changes
(dehydration/desolvation, polymorphic transition, melting) and for the assesment of
the polymorphic relationship between the two forms.

e Thermogravimetric Analysis (TGA) to estimate the mass loss of the sample.

e Solubility test. This technique was used to determine the maximum quantity of urea in
ZnKU capable of dissolving in a given amount of water.

e Stability test. This technique was emplyed to evaluate the stability of ZnKU with respect

to a physical mixture of the reagents in a chamber at controlled humidity.

Also in this case, the inhibition of the enzymatic activity of urease was tested in the research

group of prof. Stefano Ciurli.
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2.4.2 Supporting Information

Experimental Procedures

All reagents were purchased from Sigma-Aldrich or Alfa Aesar and used without further
purification.

Solution Synthesis. Equimolar quantities of the starting materials (urea, ZnCl, and KCl) were
dissolved in 5 mL of water at room temperature. The solution was divided in two portions:
metastable form 1 was obtained by heating the solution to 80°C and leaving the solvent to
evaporate at this temperature, while stable form 2 was obtained by slow solvent evaporation at
room temperature.

Solid state synthesis. Pure form 2 was obtained by ball-milling urea (1 mmol) with ZnCl, (1
mmol) and KCI (1 mmol) in an agate jar for 60 min in dry conditions or with the addition of a
drop of water. Form 2 was also obtained during pellets preparation of form 1, i.e. under
hydrostatic pressure.

Slurry. Slurry experiments were performed in water at room temperature for 10 days. Form 2
appeared to be the only stable phase in the suspension, regardless of the of Urea:ZnCl,:KCl
stoichiometric ratio (1:1:1, 1:1:2 and 2:1:1) or the initial presence of only pure form 1.
Solubility tests. A qualitative analysis was performed for urea and ZnKU as described in the
following. Solubility of urea at room temperature ranges from 1 to 1.2 g mL™'%® therefore a
control experiment was conducted in which 1 g of urea was added to a vial and dissolved in 1mL
of bidistilled water. In a second vial an amount of ZnKU form 2 (4.5 g) containing 1 g of urea and
1 mL of bidistilled water were then added: the dissolution was not complete, as can be seen in
Figure ESI-1a.

The solid not dissolved was filtered and weighed, resulting in ca. 900 mg of powder material,
which corresponds to a reduction in the solubility of urea in ZnKU with respect to pure urea of
ca. 20%. The undissolved powder was analyzed via X-ray powder diffraction (see below in the X-
ray powder diffraction section) and found to be ZnKU form 2. The experiment was repeated
three times and, in all cases, the same behavior and amount of undissolved substance was
observed. In a fourth experiment, the addition of 1 mL of bidistilled water to the vial containing
the undissolved form 2 caused complete dissolution of the solid residue (see Figure ESI-1b).
Thermogravimetric analysis. TGA measurements were performed with a PerkinElmer TGA7 in
the temperature range 30-300 2C and 30-450°C for urea and ZnKU, respectively, under N, gas

flow at a heating rate of 5.00 2C min™.
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(a) (b)

Fig. ESI-1. Dissolution of the same quantity (1g) of urea as pure substance (left vial) and in ZnKU (right
vial), added to 1 (a) and 2 (b) mL of water.
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Differential Scanning Calorimetry. DSC traces were recorded using a Perkin-Elmer Diamond. The
samples (1-3 mg range) were placed in open Al-pans. All measurements were conducted in the
ranges 40-150/160/170 °C (for urea, ZnKU form 1 and ZnKU form 2, respectively), at a heating
rate of 52C min't. Melting points for urea, ZnKU form 1 and ZnKU form 2 are 137, 135 and 142

Fig. ESI-4. TGA trace for ZnKU form 2.
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Fig. ESI-7. DSC trace for ZnKU form 2.

1.7 E-T diagram. Energy vs. Temperature (E-T) diagram for the dimorphic system ZnkKU form 1 /
ZnKU form 2. Form 2 has the higher melting point and the higher heat of fusion (AmH2 60 J/g vs.
AmH1 81 J/g, for form 2 and form 1, respectively). According to the heat-of-fusion rule of Burger-

Ramberger,® therefore, the system is monotropic.
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Fig. ESI-8. E-T diagram for the dimorphic system ZnKU form1 and ZnKU form 2.
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X-ray diffraction analysis

Single Crystal X-ray Diffraction. Single Crystal data were collected at room temperature with an

Oxford Diffraction XCalibur equipped with a graphite monochromator and a CCD detector. Mo-

Ka radiation (A=0.71073 A) was used. Unit cell parameters for all compounds discussed herein

are reported in Table ESI-1. The structure was solved by the Intrinsic Phasing methods and

refined by least squares methods again F? using SHELXT-2014% and SHELXL-2014°% with OLEX 2

interface.®” Non-hydrogen atoms were refined anisotropically. Hydrogen atoms bound to

nitrogen atoms were either located from a Fourier map or added in calculated positions, and

their position was refined riding on their N atoms. In ZnKU form 1 the NH; moieties of urea are

disordered over two equivalent positions, referred by a crystallographic mirror plane. The

software Mercury 3.10.1% was used for graphical representations and to simulate the powder

patterns based on single crystal data.

Table ESI-1. Crystal data and details of measurements for ZnKU form 1 and form 2.

ZnKU form1 ZnKU form2
Chemical formula CH.4CI3KN,0 Zn CH4CI3KN,0 Zn
M, g*mol* 270.88 270.88
T/K 293 (2) 293 (2)

Morphology, colour
Crystal system

Space group

a/A

b/A

c/A

a/°

B/°

v/°

v/A3

z

d / mg.cm3

p/ mmt

Reflections collected/unique
Rint

Threshold expression
R: (obs)

wR; (all)

Block, colourless
Monoclinic
P 2:1/m
6.8599(10)
7.3530(12)
8.4999(11)
90
99.069(13)
90
423.38(11)
2

2.125
4.266
1624/804
0.0521
>20(1)
0.0589
0.1006

Prism, colourless
Monoclinic
P 21/n
7.4220(6)
13.5530(10)
8.4219(5)
90
92.089(7)
90
846.60(11)
4

2.125

4.266
9911/1867
0.0301
>20(1)
0.0305
0.0834
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X-ray Diffraction from Powder. For phase identification purposes X-ray powder diffraction
(XRPD) patterns were collected on a PANalytical X'Pert Pro Automated diffractometer equipped
with an X'celerator detector in Bragg-Brentano geometry, using Cu-Ka radiation (y=1.5418 A)
without monochromator in 26 range between 32 and 502 (step size 0.0339; time/step: 20 s;

Soller slit 0,04 rad, antiscatter slit: 5, divergence slit: % ; 40 mA*40kV).

10 20 30 40 50 10 20 30 40 50
20 /deg (a) 20 /deg (b)

10 20 30 40 50 10 20 30 40

o
26 /deg (c) 20 /deg (d)
o,
__
10 20 30 40 50
20 /deg (e)

Fig. ESI-9 (a) Comparison of the experimental XRPD pattern for ZnKU form 1, as obtained from solution at
80°C, and the pattern calculated on the basis of single crystal data; (b) Comparison of the experimental
XRPD pattern for ZnKU form 2, as obtained from solution, and the pattern calculated on the basis of single
crystal data; (c) Comparison of the experimental XRPD pattern for ZnKU form 2, as obtained via ball
milling, and the pattern calculated on the basis of single crystal data. (d) Comparison of the experimental
XRPD pattern for the product of the 10 days slurry of ZnKU from 1; (e) Comparison of the experimental
XRPD pattern for the residual, undissolved solid obtained in the solubility test, and the pattern calculated
on the basis of single crystal data for ZnKU form 2. Black lines experimental, red lines calculated XRPD

patterns.
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Enzymatic assay using the pH-STAT method.

Urease activity was determined in triplicate using the pH-STAT method, as described by Blakeley
et al.3 In particular, a T1 pH-meter equipped with a 50-14 T electrode (Crison Instruments, SA),
was used to record, every 0.5 min and for a 3 min reaction time, the volume of a 100 mmol L*
HClI solution necessary to maintain the 10 mL solution containing urease and its substrate urea
at the fixed pH value of 7.5. The measurement started 0.5 min after urea addition in order to
allow time to reach uniform substrate concentration in the sample volume. One unit of enzyme

is defined as the amount of urease required to hydrolyze 1 umol urea min of reaction.

Determination of the kinetic parameters for urea hydrolysis by urease.

The 10 mL reaction mixture was composed of 9.9 mL of 2 mmol L 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer at pH 7.5, containing increasing concentrations of
urea in the range 1 - 64 mM. The reaction was started upon the addition of a concentrated
solution (0.1 mL) of urease from Canavalia ensiformis (Jack Bean urease, JBU) (Sigma-Aldrich) to
the reaction mixture. The resulting values for the enzyme activity measured at each
concentration of urea were plotted as a function of substrate concentration and fitted by using
the Michaelis-Menten equation (Equation S1) in order to derive the maximal velocity (Vmax) for
the enzymatic hydrolysis of urea, as well as the Michaelis constant (Ku) for the urease - urea

couple.

Vmax [S]

reaction rate =
Ky +[S]

Eq. S1

Determination of urease inhibition by ZnKU. The inhibition strengths of ZnKU form 1 and form
2 on urease were determined with the same experimental protocol of that described above for
the enzyme in the absence of ZnKU. In this case, the reaction mixture consisted of 9.9 mL of 2
mM HEPES buffer at pH 7.50, also containing 64 mM of urea and increasing concentrations of
ZnKU (0.54, 1.08 and 2.16 pg mL in the case of ZnKU form 1, 0.69, 1.38 and 2.76 pg mL in the
case of ZnKU form 2). The slightly dissimilar concentrations used for the two ZnKU forms reflect
the different stoichiometry of Zn(ll) inside the two crystal forms and have been chosen in order
to work at the same Zn?* concentration. The experimental results were normalized with respect
to the activity measured in the same conditions in the absence of ZnKU (control experiment)

and plotted, as a percentage, as a function of the amount of inhibitor tested.
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Fig. ESI-S10: Residual percentage activity of jack bean urease (JBU), referred to 100% (control, black bar)
in the presence of increasing concentrations of the two polymorphic ZnKU compounds, at pH 7.5. The
blue bars represent the residual activity of urease in the presence of 2, 4 and 8 uM of ZnKU form 1, while
the red bars represent the residual activity of urease in the presence of the same concentrations of ZnKU

form 2, as already described in the main text.

43



2.5 AMO and AMO inhibitors
Along with urease, another enzyme contained in the soil plays a key role in the nitrogen cycle,

):%%it catalyzes the oxidation

i.e. the copper-dependent enzyme ammonia monooxygenase (AMO
of ammonia into hydroxylamine (NH,OH), precursor of several species responsible for the
greenhouse effect.

AMO is produced in the ammonia oxidizing bacteria (AOB) together with the enzymes
hydroxylamine oxidoreductase (HAO) and nitric oxide reductase (NOR), which finalize the
nitrification process.” HAO catalyzes the conversion of NH,OH into nitrite (NO27), which is then
transformed to gaseous forms of N such as nitric oxide (NO) and nitrous oxide (N;O) - a
greenhouse gas with 300 times the heat-trapping capacity of CO,.”* When nitrite is not involved
in these processes, it is converted by NOR into nitrate (NOs~), which can be taken up by plant
roots, leached into groundwater or involved in an anaerobic denitrification route.”

Since the most employed inhibitors are addressed towards the first step of nitrification, the
enzyme target is mainly AMO.”® However, the search for AMO inhibitors is complicated by the
lack of information concerning its chemical structure: purified preparations of AMO with strong
activity are not yet available, so much of the knowledge about AMO is deduced from
experiments with intact cell or cell extracts.” Given the similarity between AMO and particulate
methane monooxygenase (pPMMO) from a catalytic, structural and genetic point of view, also
the acquired knowledge on pMMO helps in the understanding of AMO.” To the present day,
the studies support a model for the enzyme which consists of three subunits and metal centres

of copper and iron (Fig.9).7678

Fig.9: Detail of the copper-binding site (ref.78)
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The limited knowledge about AMO structure leads to serious problems in the understanding
of the inhibition mechanism, thus complicating the research of new inhibitors. At present, the
broadening of this class of inhibitors is carried on through the synergic action of theoretical and
experimental work, with the experimental data helping in the rationalisation of the mechanism.

The last urea-based co-crystal synthesized and characterized during my PhD research activity
displays an inhibition activity towards the enzyme AMO - thanks to the co-former thiourea

(Fig.11) - in addition to the inhibition activity towards urease.

S

J

HoN" ~NH,

Fig.11: scheme of thiourea.

2.5.1. ZnTU

The co-crystal ZnTU has been successfully prepared through the co-crystallization of urea with
thiourea and zinc chloride (Fig.12). The presence of Zn was found to be instrumental in the
presence of both urea and thiourea in the same crystal: there are no crystal structures

containing urea and thiourea in the CSD database.

-

w-y;u
e
- - U v

Fig.12: scheme of thiourea.

Also in this case, co-crystallization was a powerful method to modulate the chemical-physical
properties of urea as well as to provide important elements to the soil, i.e. nutrients and

enzymatic inhibitors.
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The methods and techniques used for the characterization of the solid-state products were the

following:

e Single Crystal X-ray Diffraction (SCXRD) for structure determination.

e X-ray Powder Diffraction (XRPD) to determine whether the change of the phase took
place, i.e. wheter there were new peaks different from those of the starting materials.

e Differential Scanning Calorimetry (DSC) for the detection of phase changes
(dehydration/desolvation, polymorphic transition, melting).

e Thermogravimetric Analysis (TGA) to estimate the mass loss of the sample.

e Solubility test. This technique was used to determine the maximum quantity of urea in
ZnTU capable of dissolving in a given amount of solvent.

e Stability test. This technique was emplyed to evaluate the stability of ZnTU with respect
to the binary co-crystals Zn[(urea),Cl,] (ZnU) and Zn[(thiourea),Cl,] (ZnT) in a chamber

at controlled humidity.

The inhibition of the enzymatic activity of both the enzymes, urease and AMO, was tested in the

research group of prof. Stefano Ciurli.
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ABSTRACT: The novel ternary Zn(1l)-thiourea—urea ionic cocrystal Urease
[Zn(thiourea)(urea)Cl,], (ZnTU) has been prepared by both solution
and mechanochemical processes and structurally characterized by solid-

state methods. ZnTU exhibited improved response properties to water as
relative humidity as inherited from thiourea. The results of enzymatic
activity measurements provide evidence that ZnTU is effective in
modulating urea hydrolysis both in vitro (negatively impacting on the X
activity of isolated urease) and in vivo (decreasing the ureolytic activity of

Sporosarcina pasteurii, a widespread soil bacterium), and that Zn(II) is the

component of the cocrystal acting as the actual urease inhibitor. Zn[(thiourea)urea)Cl,]
Concomitantly, the analysis of the ammonia monooxygenase (AMO)

enzymatic activity in Nitrosomonas europaed, taken as a representative of

soil ammonia-oxidizing bacteria, in the presence of ZnTU reveals that Ammonia monooxygenase

thiourea is the only component of ZnTU able to inhibit ammonia

conversion to nitrite. It has also been shown that ZnTU maintains these capabilities when applied to bacterial cultures
containing both S. pasteurii and N. europaca working in tandem. The compound can thus act both as a fertilizer via urea and via
the Zn(1I) and thiourea components, as a dual action inhibitor of the activities of the enzymes urease and AMO, which are
responsible for the negative environmental and economic impact of the agricultural use of urea as soil fertilizer. These results
indicate that ZnTU should be considered a novel material to improve N fertilization efficiency, d a more environment-
friendly agricultural practice.

KEYWORDS: Urease, Ammonia monooxygenase, Urea, Thiourea, Zine, Soil nitrogen fertilization, Green chemistry
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2.5.2 Supporting Information

Crystallographic data and details of measurements for ZnTU.

ZnTU
Chemical formula C2HsCl2N4OSZn
M, g mol? 272.47
T/K 293 (2)
Morphology, colour Block, colourless
Crystal system Monoclinic
Space group P 2i/c
a/A 11.7246(10)
b/A 6.8740(5)
c/A 11.9092(8)
a/° 90
B/° 97.013(7)
v/° 90
v/ A 952.6(1)
z 4
d/mgcm3 1.900
p/mm? 3.312
Reflections

7014/2256
collected/unique
Rint 0.0382
Threshold expression > 20(1)
R1 (obs) 0.0543
wR:2 (all) 0.1465

Figure 1-SI. DSC traces for (top to bottom) urea, thiourea, ZnU, ZnT, and ZnTU.
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Figure 2-SI. TGA traces for (top to bottom) urea, thiourea, ZnU, ZnT, and ZnTU.
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JREA 1 TIOUREA 1 ZnCI2 1

Figure 3-SI Representative raw data diagram showing the amount of oxygen consumed over
time during N. europaea reactions. The experimental conditions are described in the material

and methods section.
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Figure 4-Sl X-ray powder pattern (black line) of the residual solid (2.82 g) obtained upon addition
of 4.53 g of ZnTU (containing 1 g of urea) to 1 mL of water. It can be appreciated that the residual

solid is a mixture of ZnTU (red line) and ZnT (blue line).
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Figure 5-SI Comparison of the experimental powder patterns measured on a freshly prepared
sample (black line) of ZnTU and on the same sample stored for 6-months (red line) at ambient

conditions in an open flask.
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Figure 6-Sl. ZnTU, ZnU and ZnT as prepared (t = 0) and after three days in a chamber at controlled
humidity (82 % RH). It is evident that, while ZnU has absorbed water and turned into an aqueous
solution, ZnTU shows the same behavior as ZnT (still a dry powder), suggesting that urea in ZnTU

is stabilized with respect to urea in ZnU.
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Figure 7-SI. Adsorption/desorption branches of RH on urea, ZnU, thiourea, and ZnT
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2.6. Conclusions

Urea is projected to reach an annual production of 226 million tons in the next years therefore
the quest for sustainable urea-based fertilizers is today more important than ever. Indeed, only
47% of the total N delivered to the soil with urea-based fertilizers is effectively utilized by plants,
with serious economic, agronomic and environmental implications. The N-loss is mainly related
to the presence in the soil of the enzymes urease and AMO, which are responsible of the fast
hydrolysis of urea and of the subsequent production of greenhouse species.

To the present day, two main methods have been employed to tackle this problem, i.e. the
coating/encapsulation of urea or the amendment of urea-based fertilizers with AMO inhibitors:
the first approach is aimed to reduce the water solubility/dissolution rate of urea while the other
one directly affects the enzymatic activity of urease and AMO.

Part of my PhD research activity addressed the design and development of urea-based co-
crystals as a novel class of crystalline fertilizers. The design of urea co-crystals for agrochemical
applications had already been suggested,”” but the novelty of the systems here presented lies in
the ability to reconcile both the above-mentioned aspects, i.e. improve the chemical-physical
properties of urea - by reducing its water solubility/dissolution rate - and explicit an inhibition
activity towards the enzymes urease and/or AMO. The research project was developed in three
steps, starting with a binary co-crystal as prototype up to a more performing ternary co-crystal.

Urea-catechol was the first system succesfully synthesized and characterized. The dual
objective of improving the chemical-physical properties of urea and inhibiting the enzyme
urease was completely fullfilled: the water solubility and hygroscopicity of urea were reduced,
while the inhibition activity carried out by catechol was likely improved. The next step in the
development of innovative crystalline fertilizers resulted in the obtainment of ZnKU (ZnCl»-KCI-
urea based co-crystal): compared to urcat, this system has the added benefit of supplying to the
soil other essential elements for the plants, i.e. macronutrients and micronutrients. Finally, the
ternary co-crystal ZnTU (ZnCl>-thiourea-urea based co-crystal) represented the final step of this
research project, whereby urea has been co-crystallized with inhibitors of both urease and AMO.

Along with the already mentioned advantages, it is worth pointing out that these systems are
extremely advantageous also from a manufacturing point of view. Indeed, all the co-crystals
were synthsized through a solvent-free mechanochemical method, which provided pure
products quickly and quantitavely.

In the light of the results obtained in this research, the co-crystallization method was proven

to be a powerful tool for the design of novel crystalline fertilizers. A future work could be
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addressed to the investigation of new possible co-formers to co-crystallize urea with, thus

expanding the class of these novel urea-based fertilizers.
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CHAPTER 3
CRYSTALLINE MATERIALS OF AGROCHEMICAL INTEREST

PART I
CRYSTALLINE MATERIALS BASED ON AMO INHIBITORS
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In this chapter, the results of the thorough solid-state investigation of crystalline materials based
on AMO inhibitors will be presented. The experimental work was initiated at the University of
Bologna and has continued at the research institute BAM (Bundesanstalt flir Materialforschung
und -prifung) in Berlin, where | am currently (December 2020) spending a research period as
visiting PhD student. Since several experiments are still in progress, | report here promising - but

still preliminary - results.

3.1 Exploring the solid-state reactivity of AMO and urease inhibitors: co-crystallization of DCD
with copper(ll) inorganic salts

In recent years, the search for eco-sustainable methods has become increasingly urgent, given
the economic and environmental impact of traditional industrial processes.! In fact, the latter
are generally based on a massive use of solvents environmentally problematic, hazardous and
energy-demanding during the production, purification and recycling steps. Moreover, solvent-
related problems such as solubility and solvolysis often occur, hindering the successful outcome
of several syntheses.?

Among the eco-sustainable methods stands out the mechanochemical synthesis,® a synthetic
approach promoted by the input of mechanical energy in the absence (grinding)* or with a
minimum amount (kneading)® of solvent. The mechanochemical method can provide a wide
spectrum of materials,®’ ranging from metal-organic complexes® to novel organic molecules,
regardless of the relative solubilities of the starting components.

In this work, we investigate the mechanochemical synthesis of metal-organic complexes
through in-situ techniques, i.e. time-resolved X-ray diffraction (XRD) and Raman spectroscopy,
which provide real-time information about the solid-state transformations occurring during the
milling process. %1% With the purpose of highlighting the advantages/peculiarities of the solid-
state method, the synthesis of these compounds was also performed via slurry in water and
from an aqueous solution of the reagents.

The investigated complexes were based on copper(ll) and dicyandiamide (DCD), two species
extensively used in the agrochemical field. Copper(ll) serves the dual purpose of micronutrient!!
and inhibitor towards urease,*** while DCD is supplied to the soil with the aim of inhibiting AMO
(see Chapter 2). Co-crystallization of copper and DCD would result in the formation of novel
crystalline materials, possibly with combined inhibition activity, and improved stability, solubility
and inhibition activity with respect to the free components. In the previous chapter, we have

shown that co-crystals of urea mechanochemically synthesized could represent a novel class of
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fertilizers, 1416

proving that co-crystallization can be a new promising route for the delivery of
agrochemicals.

We selected from CSD database two coordination complexes based on DCD and copper salts,
i.e. [Cu(DCD)2(OH2)2(NO3)2]-:2H,0 (refcode DIVWAG) and [Cu(DCD),(OH,).Cl;] (refcode
AQCYCU), as models for testing the solid-state processes. The choice fell on these compounds
given the lack of information on their synthesis: the paper related to DIVWAG (M. J. Begley, P.
Hubberstey, C. H. M. Moore, J. Chem. Res. 1985, 378, 4001) is not available, while in the one on
AQCYCU there is no reference at all to the synthesis.'” Moreover, the efficacy of in-situ Raman
spectroscopy in monitoring the mechanochemical synthesis of DCD-based coordination
compounds has already been proven.!® To this end, we have attempted the co-crystallization of
DCD and copper salts through several methods, as detailed in the next paragraphs. Novel
crystalline forms, i.e. [Cu(DCD)2(OH2)>(NOs),] and [Cu(DCD),(OH,)Cl,]-H,0 were synthesized and
structurally characterized via solid-state methods: even if such methods do not provide the
precise structural information usually obtained from single-crystal X-ray diffraction, here we
proved that the integration of several solid-state analysis enables a successful solvent-free

methodology.
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[Cu(DCD),(OH,),][NO;],-2H,0

[Cu(DCD),(OH,),Cl,] [Cu(DCD),(0OH,)Cl,]-H,0
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Compound Code Reference Structure

[Cu(DCD)2(OH2)2(NOs):] 1 our work XRPD
[Cu(DCD)2(OH2)2][NO3]2-2H.0 2 DIVWAG SCXRD
[Cu(DCD)2(OH2)2Cl2] 3 AQCYCU SCXRD
[Cu(DCD)2(OH2)Cl2]-H20 4 our work XRPD

3.1.1. Materials and methods

Materials. All reagents were purchased from Sigma-Aldrich and used without further
purification.

Solid-State Synthesis. Crystalline 2 was synthesized by ball milling in a 2:1 stoichiometry DCD
(32.83 mg, 0.40 mmol) and Cu(NOs),:3H,0 (47.17 mg, 0.20 mmol), with the addition of a drop
of water, in an agate jar for 60 min at 20 Hz. The same procedure was adopted for the synthesis
of the co-crystals 3 (39.73 mg of DCD and 40.27 mg of CuCl,-2H,0).

Solution Synthesis. Crystalline 2 was obtained through evaporation of a water solution of the
reagents DCD (32.83 mg, 0.40 mmol) and Cu(NOs);:3H,0 (47.17 mg, 0.20 mmol). The same
procedure was adopted for the synthesis of the co-crystals 3 (39.73 mg of DCD and 40.27 mg of
CuCly-2H,0).

Slurry Method. Water (ca. 1 mL) was added dropwise to a physical mixture of DCD (0.41 g)
and Cu(NOs),-3H,0 (0.58 g) in a 2:1 stoichiometry. When a suspension that could be easily stirred
was obtained, the addition of water was interrupted, and the suspension was stirred for 3 days
at ambient conditions. Finally, the suspension was filtered and dried, resulting in the compound
1. The same procedure was employed to prepare 4 starting from a 2:1 physical mixture of DCD
and CuCl; (0.49 g and 0.51 g, respectively).

X-ray Diffraction from Powder. For phase identification purposes. X-ray powder diffraction
(XRPD) patterns on 1, 2, 3 and 4 were collected on a PANalytical X'Pert Pro Automated
diffractometer equipped with an X'celerator detector in Bragg-Brentano geometry, using the
Cu- Ka radiation (A = 1.5418 A) without monochromator in the 5-50° 20 range (step size 0.033°;
time/step: 20 s; Soller slit 0.04 rad, antiscatter slit: 1/2, divergence slit: 1/4 ; 40 mA-40 kV). For
crystal structure resolution from powder diffraction data. Room temperature X-ray powder
diffraction (XRPD) patterns of 1 and 4 were collected on a PANalytical X’Pert PRO automated
diffractometer with transmission geometry equipped with Focusing mirror and Pixcel detector
in the 20 range 3-70° (step size 0.0130°, time/step 118.32 s, VxA 40kV x 40mA). Data analyses

were carried out using the PANalytical X'Pert Highscore Plus program. The identity of the bulk
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materials obtained via solid-state processes was always verified by comparing calculated and
observed powder diffraction patterns. Variable temperature X-ray diffraction. X-ray powder
diffractograms in the 20 range between 3° and 50° were collected on a PANalytical X'Pert PRO
automated diffractometer equipped with an X'Celerator detector and an Anton Paar TTK 450
system for measurements at controlled temperature. Data were collected in open air in Bragg—
Brentano geometry using Cu-Ka radiation without a monochromator. Thermal programs were
selected on the basis of thermogravimetric measurement results.

Structural Characterization from Powder Data. Powder diffraction data for 1 and 4 were
analyzed with the software PANalytical X'Pert HighScore Plus. Unit cell parameters were found
using DICVOL4 algorithm. Both structures were solved via simulated annealing, performed with
EXP0O2014 (1 in the space group P-1 and 4 in the space group P2:/c). Ten runs for simulated
annealing trials were set, and a cooling rate (defined as the ratio Tn/Tn-1) of 0.95 was used. In
both cases the best solution was chosen for Rietveld refinement, which was performed with the
software TOPAS5.0. A shifted Chebyshev function with 8 parameters and a Pseudo-Voigt
function were used to fit background and peak shape, respectively. All the hydrogen atoms were
fixed in calculated positions with the software Mercury. Rietveld refinements for both the

structures are collected in the Supporting Information.
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Experimental (blue curve), calculated (red curve) and difference (grey curve) powder patterns for 1 (up)

and 4 (bottom). The peak marked in blue is due to an excess of DCD.
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1 4

a(A) 10.822(1) 13.138(3)
b (A) 6.931(7) 9.424(8)
c(A) 5.156(1) 10.967(7)
al(?) 67.235(1) 90
B (°) 102.797(1) 113.063(1)
v(°) 99.693(1) 90
V(A3) 346.32 1249.54
S.G. P-1 P21/c
Rwp 7.14% 6.4%
Rp 5.44% 8.3%

Table: cell parameters for 1 and 4

Differential Scanning Calorimetry (DSC). DSC traces were recorded with a PerkinElmer
Diamond differential scanning calorimeter. All samples (ca. 10 mg of DCD, 1, 2, 3 and 4) were
placed in open Al-pans. All measurements were conducted in the 40-200 °C temperature range,
at a heating rate of 5.00 °C min™.,

Thermogravimetric Analysis (TGA). TGA measurements for all samples (ca. 10 mg of DCD, 1,
2, 3 and 4) were performed using a PerkinElmer TGA7 thermogravimetric analyzer, in the 30-300
°C temperature range, under a N gas flow at a heating rate of 5.00 °C min™.

In situ Raman spectroscopy. Raman measurements were performed on a Raman RXN1TM
analyzer (Kaiser Optical systems, France). A non-contact probe head with a working distance of
6 cm (spot size =1 mm) and an excitation wavelength of A = 785 nm was used for the collection
of Raman spectra every 30 s. For every measurement, five spectra with an acquisition time of 5
s were accumulated.

In situ Synchrotron X-ray diffraction. In situ X-ray diffraction measurements were performed
every 30 s at the uSpot beamline (BESSY II, Helmholtz Centre Berlin for Materials and Energy).
The experiments were conducted with a wavelength of 1 A using a double crystal
monochromator (Si 111).° The obtained scattering images were processed via an algorithm of
the program FIT2D.' The resulting X-ray diffraction patterns (20 vs intensity) with A = 1 A were

corrected for background and plotted using EVA (Bruker AXS, Karlsruhe Germany).
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3.1.2. Results and discussions

The co-crystallization of DCD with Cu(NO3),-3H,0. Through the simultaneous combination of
in-situ time-resolved X-ray diffraction (XRD) and Raman spectroscopy, we monitored the
mechanochemical co-crystallization of DCD and Cu(NOs),-3H,0 at the molecular and crystalline
level. As shown in fig.1, the peaks attributable to the reagents are nearly undetectable and the
standard compound 2 (DIVWAG) is already formed at the time 0. Interestingly, after 30 minutes

appears a new crystalline phase, and the transformation is completed after 1 hour.

[Cu(DCD),(OH,),][NOs],-2H,0
[Cu(DCD),(0H,),(NO3),]
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Fig.1: 2D plot of the recorded diffractograms vs time (s).

The course of the mechanochemical reaction is also well detectable through in-situ Raman
spectroscopy, by following the changes on the frequency of N-C=N asymmetric stretching of

DCD (Fig.2).%° After a few seconds, the bands of pure DCD (2160 cm™) and DIVWAG (2220 cm™
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and 2280 cm) are active, then the band of pure DCD disappears simultaneously with the
increase in the intensities of DIVWAG bands. Finally, the appearance of the new crystalline phase

occurs with a new band at 2250 cm™, whose intensity increases during the reaction.

NH
3000

00:00:27

HoN

= 00:00:57
w— 00:02:57
2500
00:08:57

Intensity

~ 00:09:27
2000 = 00:09:57
00:12:57

00:16:27

2310 2280 2250 2220 2190 2160 2130 2100
RamanShift (cm-1)

Fig.2: recorded Raman spectra over time.

A further solid-state investigation led to a full understanding of the relationship between the
two crystalline phases, which helped in the crystal structure resolution of the new phase from
powder diffraction data.

Figure 3a shows the main packing feature of crystalline 2 (refcode DIVWAG): the copper ion
is in a square planar geometry, with two water molecules and the Nimino atoms belonging to DCD
molecules at opposite vertices of the square. DCD is organized in hydrogen bonded dimers,
which are bridged by two coplanar nitrate groups involved in bifurcated interactions of N-
Hocp O™ type. When comparing the crystal packing of 2 with that of DCD (refcode CYAMPDO02),
it can be seen that in pure DCD all molecules form hydrogen bonded dimers, resulting in each
dimer interacting with four dimers arranged perpendicularly to the dimer plane (Fig.3b). The
main difference arises then from the mutual orientation of the DCD dimers, which lie in the same
plane for the compound 2, resulting in the formation of a flat layer: the overall crystal packing
can be described as a layered structure, with the parallel layers connected to each other via
hydrogen bonds between the water molecules (Fig.4). The crystal packing of this compound was
found to rely on the second coordination sphere interactions, which are typically weak, but can

have significant effects on the crystal arrangement.
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By heating the sample up to 80 °C, the removal of the two non-coordinated water molecules
deeply affects the crystal structure, resulting in the formation of a new crystalline phase - the
same that occurred during the mechanochemical synthesis: the dihydrated compound 1 (Fig.5).
The TGA trace for 2 (Fig.6a) reveals such event, showing two weight losses, one between 60-80
°C and the second between 100-120 °C: it confirms the stepwise nature of the dehydration
process, involving first the water molecules on the second coordination sphere, then the water
molecules coordinated to the copper cation. TGA trace of 1, on the contrary, shows just one
event attributable to the loss of the coordinated water molecules, confirming the dihydrated

nature of the compound (Fig.6b).

-
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Fig.3: (a) The main packing feature in crystalline 2: dicyandiamide is organized in hydrogen-bonded
dimers (left) — (b) as in its pure crystal (right) - which are bridged by nitrate groups.
[Catoms in grey, N atoms in light blue, H atoms in light grey, O atoms in nitrate in red, O atoms in the

first coordination sphere in blue and O atoms in the second coordination sphere in cyan].

Fig.4: layered structure of 2.
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As shown in Fig.7a, in the new crystalline phase the copper ion switched from being tetra-
coordinated to be hexa-coordinated, with the nitrate groups entering in the first coordination
sphere: copper(ll) is in a tetragonally elongated octahedral geometry, typical of Jahn-Teller
distorted d° systems, with strongly bonded N-donor [Cu-Npcp 1.909 A] and O-donor [Cu-Owater
2.021 A] ligands in the equatorial sites and weakly bonded nitrates [Cu-Npiwate 2.486 A] in the
axial sites. Contrary to what was previously observed, DCD is still organized in hydrogen bonded
dimers, but with the nitrate anions, which act as hydrogen bond acceptors of the double N-Hpcp
donor [N-Hpcp++-0™2.924 A and 3.068 A]. Such crystal arrangement is consistent with data in the
CSD database: among the 7 structures containing DCD and nitrate, only DIVWAG does not
display this kind of interaction. Similar to 2, such arrangement results in the formation of parallel
layers of the dimers, connected to each other via the water molecules [C-Npcp*+*H-Owater 2.839 A
and N-Onirrate'**H-Owater 2.815 A]. However, given the octahedral distorted geometry of the
bridging copper ion, the overall crystal packing is best described as a ribbon-like structure
(Fig.7b).

The structural identity between the experimental product and the calculated crystal structure
was verified by comparing the experimental X-ray powder diffraction pattern (XRPD) and the

calculated one (Fig.8), which confirmed the reliability of the model.

-¥
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Fig.7: (a) bridging intermolecular dimer and (b) layered crystal packing for 1.
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1 experimental

1 calculated

26(°)

Fig.8: Comparison between experimental (black line) and calculated (red line) diffractrograms for 1.

To get a better understanding of the relative stability of these two compounds, we performed
further mechanochemical syntheses by changing parameters such as the water content or the
milling frequency. Preliminary results - here not reported - show that the pure phase 1 is
generally obtained through the intermediate 2, with a kinetic that depends on the water
amount. Moreover, it seems possible to direct the reaction towards the pure phase 2 using an
excess of water.

Form 1 was obtained by slurry, while the synthesis from solution predominantly yielded the
phase 2. All these data may suggest that the dihydrated form is the most stable one - but further

experimental investigation is needed, possibly assisted by computational calculations.

The co-crystallization of DCD with CuCl;:2H,0. The mechanochemical synthesis of the
tabulated compound AQCYCU was monitored through in-situ time-resolved X-ray diffraction
(XRD) and Raman spectroscopy. Fig.9 shows that the formation of the expected compound is
quite fast - it is not even possible to detect the peaks attributable to the reagents. Interestingly,
also a second crystalline phase seems to concomitantly occur in the first seconds.

With regard to the in-situ Raman spectroscopy, it was not possible to follow the reaction:
data should be recorded again with a shorter acquisition time. However, it is possible to
unambiguously assign the bands at 2250 cm™and 2220 cm™ to the asymmetric stretching of N-

C=N of the coordinated DCD molecules, as previously seen for 1.
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Fig.9: 2D plot of the recorded diffractograms vs time (s).
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Fig.10: recorded Raman spectra over time.

Co-crystallization of DCD with CuCl,-2H,0 was then conducted from a water solution of the
reagents: a physical mixture of both the phases - AQCYCU and the intermediate compound -

were obtained (Fig.11). However, single crystals of the intermediate compound did not grow,

72



therefore it was not possible to determine its crystal structure through single crystal X-ray

diffraction (the crystal structure resolution from powder diffraction data is in progress).

Experimental

3 calculated

i W TR

5 10 15 20 25 30 35 40 45 50
26(°)

Fig.11: Comparison between experimental (solution product, blue line) and calculated (red line) for 3

(AQCYCU). The extra-peaks are attributable to the unexpected compound.

Finally, it was performed the synthesis from slurry, which surprisingly provided another
different phase - a polymorph of AQCYCU. The polymorphic relationship between the two
structures was confirmed by thermal analysis: TGA and DSC profiles pointed out that in both the
cases the systems loss two water molecules starting from 60°C (Fig.12 and Fig.13). By heating
the samples up to 80 °C, they convert into the same anhydrous phase (Fig.14), which then

degrades starting from 160 °C.
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Fig.14: diffractograms recorded at room temperature (black line) and 80 °C (red line) for 3 (left) and 4
(right).

In 3 (refcode AQCYCU), the coordination geometry of the copper atom, which is located on
an inversion centre, is that typical of Jahn-Teller distorted octahedral systems, as previously
observed for 1: copper is surrounded equatorially by two monodentate DCD molecules and two
water molecules, and axially by two chloride anions. Contrary to what seen above, the main
packing feature of 3 relies on the charge-assisted hydrogen bonds between the chloride anions
and the NH groups on DCD molecules, resulting in the formation of alternating layers of DCD

molecules and copper ions (Fig.15).

Fig.15: Crystal packing for compound 3.

[Catoms in grey, N atoms in light blue, H atoms in white, O atoms in red and Cl atoms in green].
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The main difference between the structures of the two polymorphs resides in the
coordination geometry around the Cu?* cation, which changes from octahedral in the triclinic
phase 3 to square pyramidal in the monoclinic phase 4.

In 4, copper is coordinated by two DCD ligands, one water molecule and a chloride anion,
while axially by a second chloride anion. The asymmetric unit contains also a second water
molecule, which is not coordinated to the copper ion (Fig.16a) The crystallographically
independent DCD molecules are involved in different hydrogen bond networks: one of the
molecules is hydrogen bond acceptor of the non-coordinated water [C-Npcp-+-H-Owater 2.783 Al,
while the second molecule is hydrogen bond donor toward the non-coordinated water molecule
[N-Hocp***Owater 2.928 A] and two chloride anions in equatorial position [N-Hpcp+ Cl 3.211 A and
3.257 A]. The chloride anion in the axial position is instead the hydrogen bond acceptor of the
coordinated water molecule [O-Hwater- CI'3.211 A]. All these interactions result in the formation
hydrogen bonded wavy chains, which are held together by hydrogen bonds between the axial
chloride anions and the coordinated water molecule, giving rise to a ribbon-like structure

(Fig.16b).

(b)

Fig.16: Crystal packing of 4 via hydrogen bonded zig-zag chains.

[Catoms in grey, N atoms in light blue, H atoms in white, O atoms in cyan and Cl atoms in green].
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The X-ray powder diffractogram calculated on the basis of the powder diffraction data

corresponds to the experimental one (Fig.17), suggesting that the model is correct.

4 experimental

4 calculated

5 10 15 20 25 30 35 40 45 50
26(%)

Fig.17: comparison between the experimental diffractogram (black line) and the calculated
diffractogram (red line) for 4.

Further investigation on the mechanochemical reaction between DCD and CuCl; - currently in
progress - could represent an additional step in the understanding of the solid-state reactivity
of these compounds. The variation of the milling conditions, such as water amount or frequency,
may in fact drive to the appearance of one crystalline phase over the others or to more phases
concomitantly. These experiments, along with computational calculations, could provide more

information about the thermodynamic stability of these compounds.
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3.2 B-CD-nitrapyrin: a novel prototype of AMO inhibitors
With the global agricultural production ever-expanding, the quest for a sustainable soil
fertilization and crop productivity is all the more necessary.?! In fact, at the present day
approximately 50% of nitrogen fertilizer applied to the soil is lost to the environment instead of
being utilized by the plants. The N loss is mainly due to the activity of the enzymes contained in
the soil, such as ammonia monooxygenase (AMO), which is responsible for the oxidation of NH,*
to hydroxylamine (NH,OH), a key process in the production of greenhouse gases such as NHs,
NO, N,0.% Given the awful economic, agronomic and environmental consequences arising from
the oxidation process, the current agrochemical formulations are aimed to increase N use
efficiency by suppling AMO inhibitors to the soil.?

Nitrapyrin (NP) (Fig.1) is an AMO inhibitor extremely effective, which acts even at the nM
range. However, it is characterized by a high vapor pressure, so it is generally incorporated into
the soil via injection - at a depth of at least 5 to 10 cm - and preferably in cold-climate countries.?*

NP presents then a pretty low versatility, which dramatically limits its use and potential.

Fig.1: nitrapyrin

In this work, we attempted the stabilization of NP through crystal engineering methods. NP
turned out to be a low-reactive molecule, therefore any co-crystallization/salification effort was
unsuccessful. Given the hydrophobicity of such compound, we decided to test its reactivity with
B-CD, which is known to form inclusion complexes mainly by exploiting the hydrophobic effect,?®
while being at the same time unharmful for health and environment and not expensive.

B-CD belongs to the family of cyclodextrins, cyclic oligosaccharides with glucose units - 6 (a-
cyclodextrins), 7 (B-cyclodextrins) or 8 (y-cyclodextrins) - bonded via a-1,4 glycosidic bonds
(Fig.2). They possess a hydrophobic cavity - able to include apolar guests - and a hydrophilic
surface, which makes them/the included compounds soluble in water.?® Through the
preparation of B-CD inclusion complexes is then possible to (1) improve the water

solubility/stability of the guest molecules, (2) perform a controlled release of the included
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molecules and (3) increase the bio- and eco-compatibility of the guest molecules. As a result of
these properties, B-CD has been widely employed as drug carrier in the pharmaceutical field,?
as well as in food industry and in the environmental sciences. Interestingly, although the
preparation of B-CD inclusion complexes with agrochemicals is already reported,? there are no

studies concerning the stabilization of AMO inhibitors by inclusion into B-CD cavity.

0.57 nm 0.78 nm 0.95 nm
—>

«—> eia——
a-CD B-CD

wug/0

H

Fig.2: scheme of a, B, y cyclodextrins.

In this work we investigated the mechanochemical synthesis of the inclusion complex 3-CD-
NP. The compound was then characterized by a combination of techniques, including X-ray
diffraction (XRD), thermogravimetric analysis (TGA) and solution NMR. Further analyses - such
as solid-state NMR, Raman spectroscopy and crystal structure resolution from powder diffraction
data - are still in progress (at BAM research centre) and are not reported here. Along with the
complex, also pure NP was characterized in the solid-state.

Finally, the inhibition activity of the complex was evaluated - thanks to the collaboration with
the research group of prof. Stefano Ciurli at the University of Bologna- and found to be as
effective as that of the unprotected molecules. Moreover, since the current methodologies for
the evaluation of the inhibition activity are all water-based, the utilization of B-CD inclusion
complexes is even more revolutionary: the included molecules are now water-soluble, therefore

also the apolar compounds can be investigated.
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3.2.1 Experimental conditions

Materials. All reagents were purchased from Sigma—Aldrich and used without further
purification. Double distilled water and reagent grade solvents were used. All solid materials
were preliminarily screened for chemical and crystal phase purity via XRPD analysis.

Synthesis. The inclusion complex B-CD-NP was obtained by ball milling B -CD-8H,0 (89.44 mg,
0.068 mmol) and NP (10.55 mg, 0.034 mmol), with the addition of a few drops of water, for 120
min at 20 Hz in an agate jar.

X-ray Diffraction. Single Crystal X-ray diffraction. Single-crystal data for pure NP were
collected at RT with an Oxford XCalibur S CCD diffractometer equipped with a graphite
monochromator (Mo-Ka radiation, A = 0.71073 A). The structure was solved by intrinsic phasing
with SHELXT> and refined on F? by full-matrix least squares refinement with SHELXL
implemented in the Olex2 software.® All non-hydrogen atoms were refined anisotropically. The
program Mercury?® was used to calculate the powder patterns from single crystal data and for

molecular graphics.

S.G. a (A) b (A) c(A) B () Vv (A)?

P21/m 9.0327(4) 7.2075(6) 13.7485(6) 102.079(4) 875.25(9)

Powder X-ray diffraction for phase identification purposes. XRPD pattern of B-CD-NP was
collected on a PANalytical X'Pert Pro Automated diffractometer equipped with an X'celerator
detector in Bragg-Brentano geometry, using Cu-Ka radiation (A = 1.5418 A) without
monochromator in the 3-40° 20 range (step size 0.0339; time/step: 20 s; soller-slit 0.04 rad,
antiscatter slit: %, divergence slit: % ; 40 mA, 40kV). The program Mercury?® was used for
simulation of XRPD patterns on the basis of single crystal data retrieved from the CSD.3° Chemical

and structural identity between bulk materials and single crystals was always verified by

80



comparing experimental and simulated powder diffraction patterns. For Pawley refinement
purposes, XRPD patterns were collected on a PANalytical X’Pert PRO automated diffractometer
with transmission geometry, equipped with Focusing Mirror and Pixcel detector, in the 20 range
3-70° (step size 0.02608, time/step 200 s, 0.02 rad soller; 40 kV, 40 mA). Powder diffraction data
were analysed with the software TOPAS4.1.3! A shifted Chebyshev function with 8 parameters

was used to fit the background.

120 BCDP 0.00%
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5.G. a(A) b (A) c(A) B (%) Vv (A)? Rwp
c2 19.0117 24.4573 15.7788 110.2143 6884.93 3.387

In situ Synchrotron X-ray diffraction. In situ X-ray diffraction measurements were performed
every 30 s at the uSpot beamline (BESSY Il, Helmholtz Centre Berlin for Materials and Energy).
The experiments were conducted with a wavelength of 1 A using a double crystal
monochromator (Si 111).° For processing of the obtained scattering images an algorithm of the
program FIT2D was used.' The resulting X-ray diffraction patterns (20 vs intensity) with A, = 1 A
were background corrected and plotted using EVA (Bruker AXS, Karlsruhe Germany).

'H-NMR Spectroscopy

'H-NMR spectra were recorded on a Varian INOVA 400 (400MHz) spectrometer; the solvent used
was D,0, bought from Sigma-Aldrich. The solution was prepared with the sample
mechanochemically synthesized. Chemical shifts are reported in ppm, with tetramethylsilane as

internal reference standard.
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Thermogravimetric analysis (TGA)

TGA measurements on all samples were performed with a PerkinElmer TGA7 thermogravimetric
analyzer, in the 30-400 °C temperature range, under an N; gas flow and at the heating rate of
5.00 °C min™.

Differential scanning calorimetry (DSC)

DSC traces were recorded using a Perkin-ElImer Diamond differential scanning calorimeter. All
samples [10 mg of B-CD, NP, B-CD-NP] were placed in open Al-pans. All measurements were

conducted in the 40-200 °C temperature range, at the heating rate of 5.00 °C min™.

3.2.2 Results and discussion

The mechanochemical reaction between B -CD and NP kneaded in a 1:1 stoichiometric ratio was
monitored through time-resolved in-situ x-ray diffraction. Fig.2 shows that the formation of a
new phase occurs in the first minutes, but that the total conversion of the reagents into the final

product takes at least 15 minutes.

BCD — NP complex

5 10 15 20 25 30 35

4000

2000

q (hm)
BCD

Fig.2: 2D plot of the recorder diffractograms vs time (s) for the mechanochemical reactions between B-

CD and NP.
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In accordance with the principle of isostructurality stated by Mino Caira,*? B-CD inclusion
complexes crystallize in isostructural series, each with the same packing arrangement and unit
cell parameters (see Chapter 4). The experimental PXRD pattern was thus compared with a set
of reference patterns for all the isostructural series and found to fall in the C2 isostructural series
(see experimental section), which is characterized by a channel-like arrangement of the 3-CD
molecules.

Proton NMR spectroscopy turned out to be a powerful technique to validate the formation
of B-CD inclusion complexes. The NMR spectrum recorded in D0 reveals the presence of NP,
which is soluble in water once inside the B-CD hydrophobic cavity. Moreover, the 1 to 1
stoichiometry of the complex is confirmed, thanks to the intrinsic quantitative character of NMR

(Fig.3).

NT
Cl al
NP3 H
1Hyp=1
1 HNF =1
( BCD )
Complesso BCD — NP 1:1 BCD
BCD
|
( 1
NP
4 A I\ . y
JIL,__,.,L_P J A A
elg n-'la "'." IO s‘s 6.0 .l...s s:-:. 4.5 4.0 1.5 prm

Fig.3: NMR spectrum in D20 for the complex B-CD-NP.

The TGA analysis provides further evidence of the successful encapsulation of NP and was
also employed to evaluate the water content. As shown in fig.4, NP presents a single weight loss
in the range 80-180 °C, which is ascribable to its volatility/decomposition. B-CD, instead, loses
weight in two distinct steps, related to the dehydration (40-80 °C) and the degradation (300-350
°C). Finally, the complex B -CD-NP presents an intermediate character with the degradation step

in the range 250-300° C, preceded by the loss of three water molecules up to 100 °C.
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Fig.5: TGA traces for NP (up), B-CD (middle) and B-CD-NP (bottom).

All the performed analysis proved the effective inclusion of NP into $-CD and provided several
information concerning the solid-state structure, i.e. the crystal packing, the stoichiometry and
the water content. However, further investigation is needed to get an exhaustive information
about the crystal structure as well as the intermolecular interactions that occur between the

components (ongoing experiments).
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This study can represent a turning point in the formulation of AMO inhibitors. Through the

inclusion of NP into B-CD it is in fact possible to (1) obtain a solid-state formulation of NP, (2)

improve the stability of NP, (3) maintain its inhibition capability and (4) increase the water

solubility.
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CHAPTER 4
SUNSCREENS
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4.1 Sunscreens: state of the art

With an annual incidence constantly growing, skin cancer is considered one of the fastest rising
forms of cancer.! One of the main risk factor for skin cancer development is ultraviolet (UV)
radiation, whose action is also responsible for sunburn and photoaging.? The increasing
awareness regarding photoprotection has led to a widespread use of sunscreens lotions, meant
to prevent skin damage with a concomitant gradual tanning.3

Depending on the kind of interaction with UV radiation, the active ingredients of sunscreens
are divided into inorganic (physical) and organic (chemical) filters.* Inorganic filters - mainly
titanium dioxide® and zinc oxide - protect from solar radiation by reflecting and refracting UV
photons while organic filters are designed to absorb UVA and UVB photons.

Although the main feature of sunscreens should be the photostability, a formulation 100%
photostable is still a utopia.®” Indeed, singlet oxygen, reactive oxygen species and other harmful
reactive intermediates are generally formed under the UV irradiation, with dreadful
consequences for health® and environment.?

The environmental impact of sunscreens - especially regarding the sea environment - has been
highlighted quite recently.?*> UV filters were found to be the main responsible of severe
damages to the coral reefs in terms of bleaching, depression of coral reproductive system and
deformation of coral larvae.’ Given the huge amount of sun creams annually released in the

1221 some countries such as Palau®® and Hawaii** have banned a series of UV filters

seawater,
starting from 2020.1>°%7

The quest for new sun creams formulations is oriented towards a photostabilization of the
main UV filters, including avobenzone (UVA filter) and octinoxate (UVB filter). When these two
compounds are combined together, they interact with each other, giving rise to a photoproduct
which is no longer photoactive.’®?> Moreover, they can easily photodegrade along with the
exposition under the UV radiation:3>3? avobenzone converts into the diketo form - which absorbs

7

in the UVC range -’ and degrades in radical fragments, while octinoxate undergoes
photoisomerization from E-octinoxate to Z-octinoxate, which is the less active form.%°

In this research project, the photostabilization of avobenzone and octinoxate has been
pursued through their encapsulation into B-CD molecules. Although such approach is already
known,*? the novelty of the topic lies in the utilization of the mechanochemical method as

synthetic route and in a fully characterization of the obtained complexes through the solid-state

methods.
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4.2 -CD inclusion complexes

B-CD is a cyclic oligosaccharide formed by seven D-glucose units linked by a-1,4 glycosidic bonds
with a truncated cone shape (Fig.1). The main feature of B-CD - as of all the cyclodextrins - is to
possess a hydrophilic surface and a hydrophobic cavity, thus resulting in a water-soluble
compound able to include apolar organic molecules.?° The main driving force for the inclusion
of guest molecules into B-CD cavity is the hydrophobic effect, but also van der Waals interactions
and hydrogen bonds may contribute to the formation of host-guest inclusion complexes.

B-CD inclusion complexes represent a powerful tool to improve the chemical-physical
properties of the guest molecules in terms of water solubility, chemical stability, bioavailability
and dissolution rate,®® while preserving the characteristics of biocompatibility and
bioavailability. As a result of these features, B-CD has been extensively employed in the
pharmaceutical field - as a drug carrier - as well as in the food industry and in the environmental

sciences.3%33
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B-Cyclodextrin

Fig.1: schematic representation of B-CD (ref.30).

Given the wide use of B-CD inclusion complexes, they have been extensively studied from the
solid-state point of view, resulting in more than 300 structures deposited in the CSD database.
The main technique for crystal structural resolution is single crystal X-ray diffraction, through
which it is possible to (1) unequivocally prove the inclusion of the guest molecule into the 3-CD
cavity, (2) gain a better understanding of the interactions involved as well as of the role of the
water molecules in such interactions and (3) obtain a calculated XRPD pattern to use as
reference pattern.343°
When it is not possible to grow single crystals suitable for crystal structure resolution,

structural information can be obtained from powder diffraction data.3*3” As already pointed out

in Caira's works,33° B-CD molecules crystallize in eight possible isostructural series, each with B-
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CD molecules essentially in the same crystal arrangement and the corresponding unit cell
parameters almost coincident. Therefore, the XRD patterns are extremely similar - then
superimposable - regardless of the chemical nature of the guest molecules.

In this research project, structural information on the mechanochemically synthesized 3-CD
inclusion complexes were obtained from powder diffraction data: interestingly, both complexes
were found to be isostructural and fall in the C2 isostructural series.*

With the help of spectroscopic, spectrometric and thermal techniques,**2

a fully solid-state
characterization was performed and the filters were proven to be effectively improved in terms

of photostability.

4.3 Methods and techniques
My contribution to the work was mainly through the use/interpretion of the following
techniques and methods:
e Synthesis of the inclusion complexes through the mechanochemical method, via slurry
and from solution (water/EtOH).
e X-ray Powder Diffraction (XRPD) to assess the formation of the complexes and deduce
the related space groups according to the principle of isostructurality.
e Differential Scanning Calorimetry (DSC) for the detection of eventual phase changes
(dehydration/desolvation, polymorphic transition, melting).
e Thermogravimetric Analysis (TGA) to calculate the degree of hydration and evaluate the
thermal stability.

e HNMR to confirm the stoichiometry of the complexes.
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4.4 Supporting Information

XRPD patterns of the reactants B-CD and avobenzone

(@)

(b)

T T T T T T 1

10 20 30 40
20/°

Figure SI-1. Experimental (red line) and calculated (black line) X-ray powder diffraction patterns of: (a)
hydrated B-cyclodextrin (CSD refcode: BCDEXD04), and (b) avobenzone Form | (CSD refcode: WEBGAL).

Polycrystalline Avobenzone Form | was obtained after recrystallization in acetonitrile.
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Figure SI-2. Comparison of the XRPD patterns for the mechanochemical synthesis of (B-CD)3-OCT2 from
the parent materials: (a) B-CD, (b) the product obtained from grinding, and by (c) kneading with few drops

of water.
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Figure SI-3. Comparison between experimental XRPD patterns for the inclusion complexes obtained from
different synthetic methods: (B-CD).-AVO from kneading (a) and slurry (b), and (B-CD)3-OCT. from
kneading (c) and slurry (d).

Y _

10 20 30 40
20/°

Figure SI-4. Comparison between the X-ray powder diffraction patterns of (B-CD)2-AVO: (a) experimental,

recorded at RT (red line), and calculated from the single crystal data as determined at 100K (black line).
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Avobenzone Form Il

The crystal structure of avobenzone was first published in 1993 by Kagawa et al,** and
corresponds to the major component of commercial avobenzone. A different form was detected

upon phase purity check of commercial avobenzone.

o Ut JLA oo

10 4 20 30 40 10 20 30 40

________

20/°

Figure SI-5. (a) The peak at low angle detected upon phase purity check of a commercial sample of
avovenzone; experimental (red line) and calculated (CSD refcode: WEBGAL, black line) XRPD patterns. (b)

Experimental (red line) and calculated (black line) XRPD patterns for avobenzone Form Il.

Thermal analyses (TGA and DSC) allowed us to better understand the behaviour of the
avobenzone polymorphic system. The TGA thermogram (Figure SI-9) of commercial powders of
avobenzone, corresponding to Form |, shows a degradation process starting at ca. 150°C, while
the DSC trace shows a peak at ca 87 °C (74 J/g), ascribable to the melting of avobenzone, as
previously reported. The melted material was then cooled to RT and tapped with a needle. A
crystallization process took place, and a new DSC (Figure SI-10) was recorded. A new

endothermic peak at ca 76°C (36 J/g) was detected.

Variable Temperature PXRD and Hot Stage Microscopy (Figure SI-6) were successfully applied to
confirm what previously observed. Avobenzone Form | was melted at 90°C and cooled to RT to
afford a high viscous amorphous material, that after tapping crystallized as polycrystalline Form

1. This powder was used as seeds to grow single crystals from methanol.
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In conclusion, the form obtained from melt is a new, metastable polymorph. As the new Form Il
is only accessible from melt, and no endothermic transition is observed in the solid state, the

two forms constitute a monotropic system.

T
5 10 15 20 25 30 35 40
20/°

(a)

Figure SI-6. (a) VT-PXRD: avobenzone Form | (black line), melted avobenzone at 90°C (orange line),

amorphous phase at RT (blue line), and avobenzone Form Il (green line). (b) The same process followed

by hot-stage microscopy.

(a) (b)

Figure SI-7. (a) Ortep Plot (thermal ellipsoids drawn at 50% probability) showing the intramolecular
hydrogen bond [Oon+--Oco = 2.465(6) A] for avobenzone Form 11, and (b) crystal packing viewed along the

a-axis.



Crystal data and refinement details for crystalline avobenzone Form Il and (3-CD),-AVO

Table SI-1. Crystal data and refinement details for crystalline avobenzone Form Il and (3-CD)2-AVO.

Avobenzone Form Il (B-CD)2:AVO
Formula C20H2203 C104H1780s1
fw 310.38 2724,49
Temperature (K) 300 100
Cryst. System Orthorhombic Monoclinic
Space group Pbca Cc2
z 1 0.5
z 8 4
a(A) 7.3175(10) 18.9533(14)
b (A) 11.8808(10) 24.4863(17)
c(A) 40.778(7) 15.4504(12)
a (deg) 90 90
B (deg) 90 109.543(4)
v (deg) 90 90
Vv (A3) 3545.1(8) 6757.4(9)
Dcaic (g/cm?3) 1.163 1.339
M (mmd) 0.077 1.009
Measd reflns 12729 51430
Indep refins 3124 12359
Largest diff. peak/hole (e/A3) 0.10/-0.09 0.46/-0.48
Ri[on Fo?, 1>20(1)] 0.0761 0.0650
wR: (all data) 0.1399 0.1925
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Pawley Refinement Plots of the inclusion complexes (B-CD),-AVO and (-CD)s- OCT,
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SG  a/A b/A c/A a/° 8/° v/°  Volume/A*  Rwp; GoF

CD);AVO | C2 18.976(2) 24.533(2) 15.701(2) 90 110.675(8) 90 6839.6(1) 3.4%; 1.8
(5-CD)
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(f-CD)s-OCT, | C2 18.941(4) 24.433(7) 15.646(3) 90 111.39(1) 90 6742.2(9) 3.5%; 1.7

Figure SI-8. Pawley refinements plots with the corresponding unit cell parameters and FOMs for the

inclusion complexes (-CD)2-AVO (top) and (-CD)3-OCT2 (bottom) obtained via slurry
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'H-NMR of the B-cyclodextrin (B-CD), avobenzone (AVO), and octinoxate (OCT)
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H-2 + 14H20
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Figure SI-9. *H-NMR spectra in DMSO-d6 of the starting materials: avobenzone (top), octinoxate (middle),
and B-cyclodextrin (bottom). Note: the signal assignment for the B-cyclodextrin was based on the

reported one*,

'H-NMR of the inclusion complexes ($-CD),-AVO and (B-CD)s-OCT,
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Figure SI-10. *H-NMR spectra in DMSD-d® of the inclusion complexes (B-CD)2-AVO (top) and (B-CD)s-OCT-
(bottom) obtained via slurry. These *H-NMR analyses allowed to calculate the host/guest stoichiometric
ratio by comparing the integration of the peaks corresponding to the two components. It must be noticed
that this calculation can be done in samples containing the inclusion complex alone and the purity of these
samples was verified by PXRD analysis. It results in a stoichiometry (3-CD).-AVO for avobenzone (see
Figure SI-10 above, peak at 8.16 ppm corresponding to one hydrogen and integrating for 0,55 H-atoms)
and (B-CD)3- OCT: for (see Figure SI-10 under, peak at 7.65 ppm corresponding to two hydrogens and

integrating for 1.24 H-atoms).
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Figure SI-11. Top, TGA thermograms for B-CD (black line), avobenzone form | (red line), and octinoxate

(blue line). Bottom, TGA thermograms for inclusion complexes (-CD)2-AVO (red line) and (B-CD)s- OCT2

(blue line) superimposed to the one of the B-CD (black line).
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Raman and FTIR spectra
Table SI-2. Raman wavenumbers and assignments*% for the main bands of the (B-CD);-OCT,
inclusion complex, octinoxate and B-CD. [For sake of clarity, octinoxate and 3-CD are indicated

here as O and B, respectively.]

(B-CD)3-OCT octinoxate B-CcD Assignments*>4¢
~ 3290 ~3290 OH stretching (B)

3073 3073 CH stretching (O)
2940 2937 CH stretching (B)
2903 2903 CH stretching (B)
1709 1708 C=0 stretching (0)
1632 1636 exocyclic C=C stretching (O)
1604 1606 ring stretching (O)
1575 1577 ring stretching (O)
1384 1386 CH bending (B)
1327 1334 OH in plane bending (B)
1263 1267 ester and methoxy C-O

stretching (O)

1253 1251 ester and methoxy C-O

stretching (O)

1205 1205 methoxy C-O-C bending (O)
1170 1172 CH bending (O)
1055-1034 1049 coupled CC and CO stretching
(B)
597-579 587-579 ring vibration (B)
535 ring vibration (B)
481 481 ring vibration (B)
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449 441 ring vibration (B)

359 351 ring vibration (B)
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Figure SI-14. Raman spectra of the (3-CD)s-OCT2 inclusion compound and 3:2 physical mixture. The main
bands showing differences in the two spectra are indicated and assigned prevalently to octinoxate (O) or

B-CD (B).
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Figure SI-15. Raman spectrum of the 3:2 3-CD/octinoxate physical mixture. The spectra of octinoxate and
B-CD are reported for comparison. The bands in the spectrum of the physical mixture prevalently
assignable to octinoxate or B-CD are indicated with O and B, respectively. The bands not indicated have

comparable contributions from both components.
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Figure SI-16. IR spectra of (f-CD)3-OCT>, octinoxate and 3-CD. The main bands of octinoxate and 3-CD that

underwent changes upon formation of the inclusion compound are indicated with O and B, respectively.

Table SI-3. Raman wavenumbers and assignments**~>! of the main bands of (B-CD)2-AVO, avobenzone and

[-CD. [For sake of clarity, avobenzone and B-CD are indicated here as A and B, respectively.]

(B-CD)2-A avobenzone form | B-cD Assignments*>—>1
~3290 ~3290 OH stretching (B)
3074 3073 CH stretching (A)
2937 2937 CH stretching (B)
2906 2903 CH stretching (B)
1683 B-diketone C=0 stretching
(A)
1608 1607 C=0 stretching, ring
stretching coupled to C-C—
C=0 asymmetric stretching
(A)
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1557 ring stretching coupled to C-
C-C=0 and OH bending (A)
1513 1518 ring stretching coupled to C-
C—C=0 and OH bending (A)
1383 1386 CH bending (B)
1309 1298 C-0 stretching (A)
1263 1260 methoxy C-O stretching (A)
1230 1231 methoxy C-O stretching (A)
1197 1200 methoxy C-O-C bending (A)
1175 1170 CH bending (A)
1111 1114 CH bending + CO stretching
(A)
1088 1082 coupled CCand CO
stretching (B)
1055-1031 1049 coupled CC and CO
stretching (B)
948 944 ring vibration (B)
865 856 C1 group vibration (B)
772-756 774-756 CH out-of-plane bending +
ring deformation (A)
700 698 ring deformation + CH out-
of-plane bending (A)
599-580 587-579 ring vibration (B)
535 ring vibration (B)
481 481 ring vibration (B)
449 441 ring vibration (B)
415 406 ring vibration (B)
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357 351 ring vibration (B)
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Figure SI-17. Raman spectra of (B-CD)2-A and 2:1 physical mixture. The main bands showing differences

in the two spectra are indicated, and assigned prevalently to avobenzone (A) or 3-CD (B).
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Figure SI-18. Raman spectrum of the 2:1 3-CD/avobenzone physical mixture. The spectra of avobenzone
and B-CD are reported for comparison. The bands in the spectrum of the physical mixture prevalently
assignable to avobenzone or B-CD are indicated with A and B, respectively. The bands not indicated have

comparable contributions from both components.
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Figure SI-20. ESI-MS spectrum of the non-irradiated physical mixture containing the inclusion complexes

(B-CD)2-AVO and (B-CD)s-OCT>.
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Figure SI-21. ESI-MS spectrum of the irradiated physical mixture containing the inclusion complexes (j3-

CD)2-AVO and (B-CD)3-OCTa2.

Table SI-4. List of the m/z peaks found in the ESI-MS spectrum solution of the non-irradiated inclusion

complexes (B-CD)2-AVO and (B-CD)s-OCT..

m/z int.
291,2073 453,9766 [OCT+H]*
311,1702 7698,495 [AVO+H]*
313,182 1304,758 [OCT+Na]*
333,1457 2933,152 [AVO+Na]*
603,2771 1760,921 [20CT+Na]*
623,2391 620,4783 [AVO+OCT+Na]*
643,2004 75,95998 [2AVO+Na]*
1152,098 2018,459 [B-CD+NHa4]*
1157,051 6170,942 [B-CD+Na]*
1291,599 157,1981 [OCT+2B-CD+H*+Na]*
1302,587 432,5796 [OCT+2 B-CD+2Nal*
1312,567 192,6248 [AVO+2 B-CD+2Nal*
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1445,107 134,5882 [AVO+B-CD+H]*
1447,115 221,2681 [OCT+B-CD+Nal*
1467,078 171,3711 [AVO+B-CD+Na]*
1724,491 716,0297 [3B-CD+2NaJ*
1869,52 194,877

1879,503 139,8818

2291,918 462,4195

2581,97 31,8599 [OCT+2B-CD+NaJ*
2601,924 19,70599 [AVO+2B-CD+Na]*

Here it can be evidenced the presence of different stoichiometries for the host guest system>>3,

as 1:1 H:G [AVO+ B-CD+H]*, [OCT+ B-CD+Na]*, [AVO+ B-CD+Nal]* at m/z 1445, 1447 and 1467,
respectively. For the stoichiometry 2:1, doubly charged peaks, m/z 1302 and 1312 for species
[OCT+2 B-CD+2Na]**and [AVO+2 B-CD+2Na]*, as well as singly charged species at very low
intensity [OCT+ 2 B-CD+Na]*and [AVO+2 B-CD+Na]* at m/z 2582 and 2602.

It must be noticed that octinoxate being less easily ionized, in this solvents system, with respect
to avobenzone, results in a lower intensity of the mass peak. The spectrum of (B-CD),-AVO and

(B-CD)5-OCT,; after irradiation was similar, as shown in SI-19.

Unexpected peaks were found in these spectra at around 600 m/z and more precisely at 603,
623 and 643. These peaks were expected to appear only after irradiation, due to the formation
of molecular dimers via [2+2] photoinduced cyclization.2 MS/MS for all three peaks was
conducted and it results that at 603 m/z, by increasing collision energy, the peak at 313
appeared, after MS/MS at 623 the peaks at 313 and 333 appeared (Figure 5) and after MS/MS
at 643 the peak at 333 appeared. This means that the peaks at higher m/z are an artefact of the

analysis, ionizing two molecules together.
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Figure SI-22. MS spectra for a mixture of avobenzone and octinoxate before (left) and after (right) UV
irradiation. In the spectrum of the irradiated sample the peak revealing the photoadduct at 623 m/z ([2+2]
photoreaction of AVO and OCTI) is predominant and also a small peak around 639 m/z, associated with

the adduct [AVO+OCT+K]*is present here and could not be found before irradiation.
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Figure SI-23. MS/MS spectra with collision energy at 6eV (top) and 12eV (bottom) of the peak at m/z 623
for: (left) a mixture of avobenzone and octinoxate, (right) the same mixture after irradiation. Peak at 623

highlights the photodimerization product.
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UV-VIS spectra
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Figure SI-24. Normalized UV-VIS spectra of: (a) the three reactants used, (b) a solution containing

equimolar amounts of the sunscreens, and (c) a solution containing an equimolar amount of (3-CD)2-AVO,

and (B-CD)s-OCTa. Note how the spectral features of the sunscreens remain unaltered after complexation.
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Figure SI-25. UV-VIS spectra recorded in a 50:50 water/ACN solution of avobenzone (black line),

octinoxate (green line) and the mixture of the two irradiated for 24 hours (red line).
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4.5 Conclusions

Along with the awareness that the UV radiation can be extremely dangerous for human health,
the utilization of sun creams has become highly recommended. However, the UV filters
contained in the common formulations can present low photostability, thus leading to the
formation of species harmful for the health and the environment.

The quest for photostable sunscreens resulted in the investigation of new formulations, such
as the inclusion of organic UV filters into f-CD molecules. This approach has been followed in
this research project: B-CD inclusion complexes of the UV filters avobenzone and octinoxate
were synthesized and characterized through solid-state methods, and were proven to effectively

improve the photostability of the included organic filters.
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CHAPTER 5
SUMMARY
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The frame of this doctoral project was the synthesis and characterization of environmentally
friendly crystalline materials through solid-state methods.

The research activity was focused on two main topics, that can be summarised as follows:

1. Optimization of materials of agrochemical interest, mainly through the co-crystallization
method.
2. Improvement in the photostability of organic UV filters commonly used in sunscreen

formulation by their inclusion into B-cyclodextrin.

1. The main topic of my PhD activity was based on the design and development of urea-based
co-crystals as a novel class of crystalline fertilizers, aimed to improve the chemical-physical
properties of urea - by reducing its water solubility/dissolution rate - and explicit an inhibition
activity towards the enzymes urease and/or AMO. The inhibition activity of these materials was
tested by the research group of prof. Stefano Ciurli - Laboratory of Bioinorganic Chemistry,
Department of Pharmacy and Biotechnology, University of Bologna.

The first system succesfully synthesized and characterized was the molecular co-crystal
urea-catechol. The dual objective of improving the chemical-physical properties of urea and
inhibiting the enzyme urease was achieved: the water solubility and hygroscopicity of urea were
reduced, while the inhibition activity carried out by catechol was improved. The second system
developed was the ionic co-crystal ZnCl,:KCl-urea, which presented the added benefit of
supplying the soil with other essential elements for the plants, i.e. macronutrients and
micronutrients. Finally, urea was co-crystallized with ZnCl, and thiourea, an improved system
thanks to its dual use as inhibitor of both urease and AMO.

A further development of this research project concerned the synthesis and characterization
of crystalline materials based on AMO inhibitors, aimed to modulate the chemical-physical
properties of these inhibitors in terms of water solubility, thermal stability, and inhibition
activity. A thorough solid-state analysis of these materials was performed at the research
institute BAM - Federal Institute for Materials Research and Testing, Berlin - where | have spent
a 3-month research period under the supervision of Dr. Franziska Emmerling.

The compound mainly investigated was dicyandiamide, whose solid-state reactivity was
explored by monitoring the mechanochemical reactions with two copper salts, i.e.

Cu(NOs),:3H,0 and CuCl,-2H,0. The preliminary data suggested that the milling conditions can
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affect the formation of one polymorph/hydrate over other crystalline forms as well as the kinetic

of the reactions.

2. This project - which represented a branch line of my research activity - was aimed to the
optimization of the UV filters avobenzone and octinoxate, whose photostability is quite low
despite of their extensive use in sunscreens formulations.

Through the inclusion of such compounds into the B-CD cavity, their photostability turned out

to be dramatically improved, thus representing interesting systems for future applications.

The leitmotif of these two lines of research was the use of mechanochemistry as solvent-free
synthetic method. Given the highlighted advantages related to this method in terms of
sustainability, versatility and efficiency, it should be further developed for the synthesis of novel
materials.

A future development of the project may rely on the design of materials able to control the
release of chemicals (both agrochemicals and pharmaceuticals) such as MOFs (Metal Organic
Frameworks), silicates (clays and zeolites) and clathrates, while maintaining the characteristics

of bio- and eco-compatibility.
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