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Abstract

N-Salicylideneaniline (also called anil) is a compound which exhibits
photochromism (reversible color change induced by light) in the solid-state.
Such a feature is quite rare and requires in-deep studies to fully understand
it, especially because it can be quite useful in many industrial applications
such as secured inks (for banknotes for instance), screens or even optical
data storage.

Within this thesis, N-Salicylideneaniline and many of its derivatives
(the “anils”) were studied in the scope of crystal engineering in order to
establish a structure-property relationship and to improve its properties.
More specifically, cocrystals were researched and studied using small organic
molecules (such as carboxylic acids, amides, amines, benzene halides) as
coformers. This resulted in the identification of about 100 cocrystals through
the use of X-ray powder diffraction (XRPD), single crystal X-ray diffraction
(SC-XRD), diffuse reflectance spectroscopy (DRS), thermal analysis such as
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
along with a few other methods such as Raman spectroscopy. The amount
of collected data allowed to show a correlation between the number of
intermolecular interactions involving the “moving moiety” of the anils and
the presence of photochromism. We also present here a new approach of
the Diffuse Reflectance Spectroscopy data treatment, which allows a better
classification of the photochromic properties and also allowed the discovery
of “weakly” photochromic compounds. These results encourage a revision of
the old-empirical “dihedral angle rule” especially because a link between the
intensity of photochromism and the torsion angle has been observed in this
work.

In the last part, we focused on cocrystals containing 2 different anils
(instead of one anil and one coformer) and this allowed to observe the
existence of a complex multi-phases binary diagram in the case of N-
Salicylideneaniline/  N-Salicylidene-4-fluoroaniline  solid-solution. Also,
intermediate photochromic intensity values and kinetical parameters could
be observed for the first time compared to parent anils alone, achieving a
step towards control and fine-tuning of photochromic properties of anils.

Ph. D. Thesis dissertation in Chemistry,
Ottignies-Louvain-la-Neuve, 04 Novembre 2021






Résumé

Le N-Salicylideneaniline (aussi appelé anil) est un composé
présentant une propriété particuliére a I'état solide : le photochromisme
(soit un changement de couleur réversible induit par la lumiére). Cette
propriété n’est pas courante et mérite une attention particuliére du fait de
ses nombreuses applications possibles telles que les encres inviolables (pour
les billets de banques par exemple), les écrans ou méme encore le stockage
optique d’information.

Au cours de cette these, nous avons étudié le photochromisme au
sein de nombreux dérivés du N-Salicylideneaniline (« les anils ») et sous
I'angle de I'ingénierie du cristal, afin d’essayer d’établir des liens entre la
structure du matériau et ses propriétés et de pouvoir améliorer celles-ci. Plus
précisément, nous avons recherché des cocristaux contenant un anil et un
coformer (ici une petite molécule organique du type acide carboxylique,
amide, amine ou encore benzene-halide). Cette recherche a abouti a
I'identification et la caractérisation d’une centaine de cocristaux via diverses
méthodes telles que la diffraction des rayons X sur poudre (XRPD), la
diffraction des rayons X sur monocristal (SC-XRD), la spectroscopie de
réflectance diffuse (DRS), les analyses thermiques telles que I’analyse
thermogravimétrique (TGA) et la calorimétrie différentielle a balayage (DSC)
ainsi que d’autres méthodes complémentaires telles que la spectroscopie
Raman par exemple. La quantité de données ainsi obtenue nous a permis
d’établir un lien entre le nombre d’interactions intermoléculaires impliquant
la partie mobile de la molécule et la présence ou non du photochromisme.

Nous présentons également une nouvelle approche dans le
traitement des données issues de la DRS qui a permis une meilleure
classification des composés et la découverte des composés « faiblement »
photochromiques. Ces résultats encouragent une révision de I’ancienne loi
empirique concernant I’angle diedre, d’autant plus qu’un lien entre intensité
du photochromisme et I'angle de torsion a pu étre observé dans le cadre de
cette thése.

Dans la derniere partie, nous avons étudiés les cocristaux contenant
deux anils (au lieu d’un anil et d’'un coformer) et cela a mené a la découverte
d’un cas particulier pour le systéme N-Salicylideneaniline/ N-Salicylidene-4-
fluoraniline qui présente un diagramme binaire complexe avec plusieurs
phases du type solution-solide. De plus, ce systeme permet d’obtenir pour la
premiere fois des valeurs intermédiaires de I'intensité du photochromisme
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et des parametres cinétiques par rapport aux deux anils isolés, ce qui
représente une avancée vers le contréle et [I'optimisation du
photochromisme des anils en général.

Dissertation doctorale en Chimie,

Ottignies-Louvain-la-Neuve, 04 Novembre 2021
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Chapter 1

Introduction






I.1. State of the art and general aim of this work

In a world constantly evolving and facing new crises on a regular
basis, there is a need for new technologies in order to adapt, discover and
tackle these. The development of new technologies naturally arises from a
deep understanding of the laws of physics and chemistry. Thus, fundamental
research is required in order to provide such knowledge.

The present project subscribes to the fundamental research as its
main aim is to reach new insights and understanding of a physicochemical
property which may ultimately lead to new applications both for research
and everyday life: photochromism.

Chromism in chemistry usually refers to the ability of a material to
undergo a reversible color change, thus photochromic compounds exhibit a
reversible color change induced by UV-Visible light. Other types of chromism
exist such as thermochromism (induced by heat), solvatochromism (induced
by the presence of a solvent) piezochromism (induced by pressure) etc [1].
Photochromism was discovered in the second half of the 19" century and
can be exhibited by both inorganic and organic compounds, in solution or
liquid state, in the amorphous solid-state and even in the crystalline solid-
state [2] [3] [4]. Since, compounds exhibiting this property have been widely
researched as industrial applications are numerous and range from secured
photochromic inks for banknotes, official stamps, etc. [5] to photochromic
glasses and lenses for everyday life [2] or new optical devices as well as
potential applications in optical data storage [6].

Photochromism is a very wide subject and the present thesis has
been made in the context of an ARC (“Action de la Recherche Concertée”)
constituted of different research groups working on different areas and
families of compounds which can present it: N-Salicylideneaniline derivatives
(also called anils) discussed within this work but also N-Salicylidene-3-
aminopyridine [7] and spiropyrans [8]. Theoretical and modelization studies
were also performed within the ARC project with the aim to advance on
structure prediction [9] but also to predict chromical properties with the
keto-enol equilibrium prediction [10]. In this last contribution, the
theoretical approach was combined with experimental results (absorption
spectra) of some anils studied within this thesis. These last researches won’t
be discussed further in the text but they illustrate the external added-value
of the present work.



At the beginning of this thesis project, the choice has been made to
study this property in the crystalline state as this later presents many
advantages such as facility to process [11], increased stability and resistance
to fatigue [12]. Sensitivity to light is not high for most compounds in their
crystalline form, however, it is not the case for N-Salicylideneaniline
derivatives among which some present photochromism, thermochromism or
both in the solid-state [13]. As these compounds have the advantage to be
easy to synthesize and easily crystallize, they perfectly matched the
requirements of this project. Still, many anils do exhibit photochromism in
solution but not in the solid-state [13] [14]. As a result, many approaches
have been performed over the years in order to switch on photochromism in
the solid-state, such as: adding bulky groups on the anils [15], including anils
in metal-organic frameworks [16], inserting anils in cyclodextrines [17] or in
zeolites [18].

All these results have proven that the molecular environment can
have a crucial impact over the photochromism of anils. As a result, in this
work we aimed to alter and switch on photochromical properties of anils by
directly changing their structural environment. Thus, the first goal of this
project was to prove that modifying the crystalline environment of a
molecule through cocrystallization affects or even enables its photochromic
properties. The effect of the crystalline environment was already highlighted
by the fact that various polymorphs present different degrees of
photochromism. However here we also aim at proving we can improve or
even switch on this property in compounds which do not present it
otherwise.

In order to do this, the first task was to create a database of anils and
to crystallize them in many different structural environments through
cocrystallization. The first part of the project was therefore focused on the
synthesis and cocrystal research of two well-known anils, one that is
photochromic only and the other one which is thermochromic only. Many
coformers were tested and a few cocrystal systems have been identified
among which one showed a strong variation of photochromic property of the
target compound. These results were published in Crystal Growth and Design
and constitute chapter 2 of the present thesis.

After the encouraging results obtained in the first part, we set the
goal to gain a deeper understanding of the cocrystallization effect on the
photochromic property. Thus, the anil dataset was extended with 13 new



anils. All anils contained a common core, allowing them to present
photochromism but differ in functional groups which should change their
propensity to cocrystallize in accordance with crystal engineering principles
presented in Section 1.4. of the introduction. Their synthesis was optimized
and the anils used for cocrystal screening. The coformers were selected using
those which successfully cocrystallized during the first part of the project as
well as some others known to easily cocrystallize, resulting in a total of 21
compounds among which 12 are carboxylic acids, 6 are amides and 3 are
halogenated benzenes (with fluorine and iodine). The complete cocrystal
screening led to the identification of about 100 cocrystal systems among
which more than 20 were structurally determined. Combined with the
crystalline structure of the parent anils a statistical insight could be drawn
relating structure properties to the photochromic ones and allowing
identifying a better descriptor than the empirical “dihedral-angle rule”.
These results were published in Crystal Growth and Design and constitute
chapter 3 of the present thesis.

Based on our findings, we showed how cocrystallization can have a
strong impact on photochromism. The downside of cocrystallization in a
stoichiometric manner, is that it can only serve to switch the property on or
off, or to modulate photochromism from one value to another. It does not,
however, allow to finetune photochromism, as this would require adding
various amounts of coformer into the crystalline lattice. This can however be
done when dealing with a solid solution. A final part of this thesis therefore
looks into this aspect as, theoretically, in a solid-solution we can change the
ratio of the two components. As a result, we could estimate how the
photochromic property changes with respect to the ratio of component. The
use of solid-solution could be powerful as it should allow to fine-tune
properties in a controlled way. This last would allow achieving full control of
the anils and may lead to the design of ideal systems for specific applications
and furthermore they could be extendable to other systems as well. These
results are presented in chapter 5 and are also expected to be published
shortly. We can now summarize the goals pursued in this project:

Verify whether cocrystallization affects photochromism of anils (chap. 2);

Search for suitable coformers and cocrystal propensity (chap. 2 and 3);

Discover new insights about the structure-reactivity relationship (chap. 3);

Design ideal systems (chap. 4 and 5).






1.2 Light and colors

I.2.a. The nature of light

Light is the beginning of everything. Life itself may have begun
because photochemical reactions occurred between CO,, CHs, N2 and O3 in
the early atmosphere and oceans 4 billion years ago [19]. Light is defined as
“the brightness that comes from the sun, fire, etc. and from electrical
devices, and that allows things to be seen” according to the Cambridge
dictionary [20]. This everyday life definition however doesn’t explain what
the nature of that “brightness” is and what its properties are.

From a physical point of view, light is defined as “an electromagnetic
radiation within the portion of the electromagnetic spectrum that can be
perceived by the human eye [21] which usually correspond to a wavelength
comprised between 400 and 700 nanometers. Above 700 nm are the infrared
radiations and below 400 nm are the ultraviolet ones [22] [23]”. By the
International Lighting Vocabulary, the definition of light is: "Any radiation
capable of causing a visual sensation directly."

The nature of light, an electromagnetic wave, was first stated by
Michael Faraday in 1845 and theoretically demonstrated by J. C. Maxwell in
1865 which in turn was verified experimentally in 1887 by H. Hertz and led
to the development of new technologies such as radio, television and all
forms of radio-communication [24]. Beside this wave behavior, it is also
important to note that light can also behave like a particle: using the
quantification of energy introduced by M. Planck in 1900, A. Einstein
demonstrated in 1905 that particles of light with quantified energy could
explain the results of the photoelectric effect experiments. These particles of
light are nowadays called “photons” and the energy of photons (Epn) is given

by Einstein formula: Epj, = h; (with h the Planck constant). This surprising

dual behavior for light (wave and particle) was later generalized by L. De
Broglie for all particles and is now known as the wave-particle duality [25].

The electromagnetic spectrum is very large varying from frequencies
as low as 100 Hz for radio-waves to 10?® Hz for gamma-rays and there are no
theoretical limits to the available frequencies [24]. Knowing that for an
electromagnetic wave the frequency (v) is linked to the wavelength (A)

through v = %where c is the speed of light (2.9979x10% m/s) this leads to
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observed wavelengths comprised between 3x10%° m to 3x10° m. Knowing
that the radius of a hydrogen atom is typically 0,529 A which is equal to
0,529x107° m (and that the radius of a proton is about 8,5x10%® m) it means
an electromagnetic wavelength can be smaller than the smallest atom or
larger than a continent. Within this large spectrum, visible light is comprised
between approx. 4x10** and 7.5x10* Hz.

1.2.b Discovery of Infra-Red and others forms of light

Infra-red light was discovered in 1800 by the British astronomer
William Herschel and is the first part of the electromagnetic spectrum which
is invisible to human eye ever to be discovered [26]. Herschel discovered it
while doing an experiment in order to measure the amount of heat
vehiculated by red and blue light: sun light was diffracted by a prism and
thermometers were placed under the outcoming red and blue lights while
the control thermometer was (fortunately) placed into the shadow next to
the red light, where no visible light could be observed. As a result, the
temperature measured under red light was higher than under blue light as
expected by Herschel, but surprisingly the control thermometer measured a
higher temperature in the shadow than under red light. Doing the
experiment many times with many thermometers (as presented in Figure 1)
finally proved the existence of an invisible type of light below red-light which
was in turn called “Infra-Red”.

After the discovery of I.R., other forms of light were discovered over
time such as:

- 1801: discovery of UV-rays by Johann Wilhelm Ritter,

- 1867: prediction of other forms of light by James Clerk Maxwell,
- 1888: discovery of Radio Waves/ Microwaves by Heinrich Hertz,
- 1895: discovery of X-rays by Wilhelm Conrad Roentgen.



_ White light
(sun ray)

Figure 1: the Herschel experiment: a sun ray was focalized on a prism and
two thermometers were placed under the outcoming blue and red lights
while the control thermometer was placed into the shadow next to the red
light. This last thermometer showed a larger increase in temperature, hence
proving the existence of an invisible light on the red side.



I.2.c. The origin of colors

Any object that we see has its own color. The origin of that color may
be easy to understand when we are facing a bright object (candle, lamp,
sun...): as light is an electromagnetic wave, any object emitting light appears
with the color it emits. However, most of the objects we face in everyday life
are not light sources or do not emit any visible light but still appear colored.
The reason of this phenomenon is due to the interaction of matter with light:
when an object is put under a ray of visible light it might absorb some of the
wavelengths composing the ray and reflect the others. Thus, its color
corresponds to the complementary color to the ones absorbed as shown in
Figure 2 [27]: for instance, if an object can absorb blue light, it will be
perceived as orange under white light. By extension, the color of a chemical
compound comes from two effects: the wavelength composition of the light
which illuminates it and the wavelengths which are absorbed by the
compound. An example of this is given with the absorption spectra of anil A
(shown in Figure 2): the enol forms before irradiation (yellow curve) can
absorb UV and violet light and thus appear yellow as shown in the picture.
The trans-keto form (after UV irradiation — red curve) absorbs also the green
light and thus appears red as shown on Figure 2. It’s important to note that
we are not describing objects/compounds which can re-emit light here (i.e.,
the phenomenon known as fluorescence).

From the above discussion, we can notice that any object or chemical
compound is able to absorb light. It is important to understand how such
phenomena can occur and how light and matter can interact.

First, we need to notice that not all wavelengths can be absorbed by
a compound, otherwise there would be no color anymore: everything would
appear black. There is thus a condition which states that a wavelength can
be absorbed if it corresponds to an energetic transition into the compounds
studied [27] [28]. This was discovered and explained in the early 20" century
with the works of M. Planck, A. Einstein and N. Bohr [28]. Using Einstein

formula (Epp, = h% ) for wavelengths equal to 400 to 700 nm, the calculated

values of the energy are similar to electronic transitions. As a result, UV and
visible light can change the energetic level of electrons as illustrated in Figure
3, IR and micro-waves radiation might respectively change the vibrational
and rotational levels of molecules, gamma rays can change the energetic
level of atom nuclei, etc. and these properties further lead to the
development of spectroscopic methods [27] [28].

10
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Figure 2: (top) complementary color disk (adapted from [27]) - the observed
color of a compound is the one opposed to the color it absorbs (numbers
represent the value of limit wavelengths in nm); (bottom) the absorption
spectra of anil A (structure shown below the curves) before irradiation
(yellow curve) and after UV-irradiation (red curve) and the corresponding
picture of irradiated and non-irradiated powders.
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Figure 3: simplified general representation of electronic transitions in the
case of atoms/simple molecules (adapted from [27]). A transition can occur
between an occupied orbital (here the HOMO — Highest Occupied Molecular
Orbital) and an unoccupied orbital (here the LUMO - Lowest Unoccupied
Molecular Orbital) if the energy of incident photon corresponds to the energy
difference between the two orbitals [27] [28].

As UV and visible light absorption leads to electronic transitions in
the atom/molecule, it is these electronic transitions which account for the
colors we perceive. It’s interesting to notice we include UV radiations but not
IR for instance in this discussion. This stems from a simple fact: as the
compound absorbs energy, the changes generated through this absorption
can only occur at an energy lower or equal to the incident light and thus at
higher wavelengths according to Einstein formula. As a result, the absorption
of UV light can generate a change in the visible region of the electromagnetic
spectrum while the absorption of higher wavelength radiations (such as IR,
Micro-wave, ...) will generate change(s) above the visible region and thus
won’t affect the color of the compounds, unless it generates chemical
reaction (for instance the degradation of chocolate by micro-wave heating
which easily occurs while preparing dessert). For a similar reason, x-rays and
gamma rays are not taken into account as they are too energetic and
generate ionization/nuclear degradation and further reactions. In that case,
the resulting color is not linked to the studied compound but to the newly
formed one.
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1.3. Chromism and Photochromism

As colors can be related to electronic energy levels of compounds,
changing the electron distribution in a compound (e.g., through molecular
rearrangement or chemical reaction) can change its color. The species
involved in such a photochemical reaction may have different absorption
spectra (different colors). In that case, and if the photochemical reaction is
reversible, we get a photochromic system. Photochromism is a reversible
color change of a system triggered by light [29]. It was discovered at the end
of 19" century and the label “photochromism” is used since 1950 [30].
Photochromic compounds can be useful in many industrial applications such
has intelligent screens [31], secured inks (for banknotes, stamps and official
papers) [32] [33], photochromic lenses for optical devices or glasses [34] [2]
[35] and ultimately for optical data storage [36] [37].

Besides light, other stimuli can also be used to induce reversible color
changes such as heat (thermochromism), solvation (solvatochromism),
pressure (piezochromism) etc. [1]. A wide variety of mechanisms/reactions
might lead to a color change. This is also true for photochromism itself as it
can occur in many different states: in solution, in the liquid state, in the
amorphous and crystalline solid-state state [3] [4]. This last one is of great
interest as the local environment of the molecule of interest is constant
which is important in order to study the structure-activity relationship of the
material. The most common mechanisms that can lead to photochromism in
the solid (and crystalline) state are the keto-enol equilibrium (which can be
observed in anils), the cis-trans isomerization (present in stilbenes and anils),
the ring opening — ring closure (in spyropyrans) and inter- or intra-molecular
proton transfer [1] [38]. This above list of mechanisms (and compounds that
can exhibit them) is non-exhaustive but already gives a good overview. The
mechanism involved in anils is detailed below along with some of the other
mechanisms and compounds in order to highlight some general trends.

1.3.a. Photochromism in anils

Anils or N-Salicylideneaniline derivatives are substituted aromatic
compounds which belong to the group of Schiff bases because they contain
an azomethine moiety (a carbon-nitrogen double bond). Furthermore, they
also contain an alcohol moiety which is located in the ortho position of the
azomethine bridge (Figure 4 — left). This hydroxy moiety can undergo a
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thermal keto-enol equilibrium as presented in Figure 4 and both states (keto
and enol) are usually present at room temperature [39]. Some of the
derivatives (including N-Salicylideneaniline itself) can switch (either from the
enol or cis-keto form) to a trans-keto form as presented in Figure 4 [40]. This
phenomenon can occur in the crystalline state were it mostly takes place on
the surface of the crystal (even though some part of the bulk can also react)
and the general conversion is also quite low — a conversion of only about 5%
has been reported in the case of the anils [41].

N-Salicylideneaniline exhibits two main absorption bands at room
temperature: an intense one around 340 nm and a weaker one around 440
nm. This last band is not present when the compound is dissolved in
hydrocarbon solvents at room temperature but is comparable to the cis-keto
form band when dissolved in methanol [42]. When the temperature
decreases, the intensity of the first band increases while it decreases for the
second one. The presence of an isosbestic point at 375nm clearly indicates
there is a thermal equilibrium between the enol and cis-keto forms in the
solid state [42]. After irradiation at 365 or 436 nm at room temperature,
another band appears at around 570-600 nm and the compounds color
switches to red. Once this color is reached, it slowly reverts to its original
color (through thermal equilibrium) if left into the dark, or it can also be re-
switched directly if irradiated at 560 nm [42].

The lowest energy state of the process is the trans-enol form (usually
labeled “enol”) and is colorless (and thus appears white) while the cis-keto
form usually exhibits a deep yellow to orange coloration and the trans-keto
form is red. Due to these equilibriums, some anils derivatives can exhibit
thermochromism, photochromism or both properties.

enol cis-keto trans-keto

[o]
o—y o
"‘.N A / \N Jv (436 nm)
/ -A == T N@
/
w

I
A or /v (560 nm)

Jv (365 nm)

Figure 4: summary of photo- and thermo-induced transitions in N-
Salicylideneaniline (adapted from [40]).
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In a simplified overview, the mechanism is that UV irradiation of the
enol form leads to an excited enol* form which can then tautomerize to the
excited cis-keto* form. This last either relaxes to the enol form in a radiative
way or undergoes a photo-isomerization to produce the excited trans-keto*
form. This latter relaxes in non-radiative way to the trans-keto form. This
trans-keto form is metastable and thermally decays towards the cis-keto or
enol forms as presented in Figure 5. [40].

*
=~ 4 Enol
5 4 ~ _ Cis-keto* .
c “a Trans-keto
w = - ..b_l_
1
1
1
: State
l —b
l Absorption
v -
L — Trans-keto Emission
v a7~  Cis-keto -——
Enol Thermal
- - > transition
Reaction coordinate

Figure 5: general mechanism of photo- and thermo-induced transitions in
anils (adapted from [40]).

The above presented mechanism is, however, too simple and doesn’t
draw an exact view of the process as a more complex mechanism based on
guantum simulations and ultrafast time resolved experiments (both in gas
phase and in solution) has been reported in literature [43] [44]. It is accepted
that light irradiation of the enol form leads to an excited enol form (enol*)
which can undergo an excited state intramolecular proton transfer (ESIPT)
yielding a fluorescent excited state (cis-keto*) [44]. This state can further
lead to both the cis-keto ground state by radiative decay or the trans-keto
form through non-radiative decay [43]. The enol* can in parallel also
deactivate through a rotational isomerization reaction, leading to twisted-
enol isomer [43] [44] as presented in Figure 6.
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Figure 6: reported mechanism for photo-induced transformations of N-
Salicylideneaniline and corresponding molecular products (adapted from
[43] and [44]).

Photochromism and thermochromism were thought to be mutually
exclusive properties in the case of anils, however recent studies based on
Diffuse Reflectance Spectroscopy (the measure of UV-visible absorption
spectrum of a compound in the solid state) at various temperatures and after
excitation found some photochromic anils to also be thermochromic [42].
New insights about this fact have been found during this work and are
presented in chapter 3 of the present thesis.

1.3.b. Other photochromic materials

Anils are not the only compounds that can undergo a reversible cis-
trans isomerization. As a matter of fact, any alkene which has different
substituents on each side may be photo-isomerisable following the general
scheme presented in Figure 7. As this isomerization is reversible (either
photo- or thermally-induced) it might lead to photochromism if the isomers
exhibit different absorption bands in the visible region of the spectrum. As a
result, many alkene derivatives are able to undergo such photo-
isomerization. Known examples of this are stilbene and its derivatives and in
a similar fashion azobenzene and its derivatives, as presented in Figure 8.
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Figure 7: general alkene scheme. If substituents are such that A#B and CD
then the two isomers have different chemical and physical properties and
such a system may be photochromic.

\ hv
- =
_—
hv'
Cis-stilbene Trans-stilbene
N \ hv
N _
N hv'
N—/—N
Cis-azobenzene Trans-azobenzene

Figure 8: (top) photo-isomerization of stilbene; (bottom) photo-
isomerization of azobenzene.

As already discussed, the above presented cis-trans isomerization of
a double bond is not the only mechanism that can lead to photochromism.
For instance, the ring-opening/ ring-closure, which occurs in spiropyran
derivatives and fulgides (as presented in Figure 9), is another known
mechanism [45].

Beside the above presented mechanisms, any mechanism which
leads to an equilibrium between two (or more) species might lead to
photochromism if at least one of the transitions can be triggered by light and
if at least one of the species involved presents an absorption band in the UV-
visible region of the electromagnetic spectrum.
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Figure 9: mechanism of the ring opening (triggered by light) of spiropyran

derivatives. The ring closure mechanism is the corresponding backwards
mechanism [45].

For instance, the photolytic decomposition of silver halide salts
followed by the formation of silver colloids leads to a strong darkening of the
salts. Because of its reversibility, it is a typical photochromic system and it is
used in industrial applications such as photochromic glasses [2] and lenses
[35]. Even though the mechanism differs from what is observed in the anils,
it is also simpler and deserves to be presented here to fully illustrate the
interest of photochromic systems.

In the crystalline structure, halide ions can absorb UV-light and emit
an electron which in turn can be transferred to a silver cation to form a silver
atom following the reaction:

AgCl + hv > Ag® + CI°
However, the thermal back reaction:
Ag° + CI° > AgCl

is extremely fast, which is a problem because the total reaction does not last
enough to produce a darkening of the glass. As the darkening is still observed,
another mechanism takes place: if neutral atoms are quickly moved apart,
they can stay longer in this state. Inside the lattice it is extremely unlikely
that atoms move fast enough, but due to the presence of impurities such as
Cu*, another reaction can take place (instead of the thermal back reaction):

Cu*+CI° > Cu* +CI

This is equivalent to moving the neutral chlorine atom away from the silver
atom. The global reaction thus occurring within the salt is:
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Cu*+ Ag' > Cu? + Ag°

The silver atom can now move on the surface or within the crystalline defects
and aggregates with other silver atoms, hence producing a locally high
concentration of neutral silver atoms (colloid) and a darkening effect as
presented in Figure 10 [2] [35]. In order to produce a fading of the darkened
color, Cu?* cations need to move very close to silver atoms to allow the
opposite reaction:

Cu* + Ag® > Cu* + Ag*

However, due to their double positive charges, copper cations cannot move
very fast within the crystal lattice, hence explaining why the darkening effect
is faster than the fading effect, resulting in a global and observable color
change of the crystallite (and of the material containing this crystallite). It is
worth to note that silver halide crystallites should be small enough to not
diffract visible light and leave the lenses/glass transparent [2].

The above presented mechanism does not relate directly to what has
been done within this thesis. However, it enlightens many important aspects
of the photochromic systems: color change induced by UV-visible light, the
reversibility of the process and how fast this reversibility occurs — which is a
critical point for further applications. For this reason, photochromic studies
are often accompanied by kinetic studies of the thermal back reaction.
Kinetic aspects for photochromic anils (and anils cocrystals) were thus
studied in chapters 3 and 5 of the present thesis.
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Figure 10: (top) A realistic crystallite of silver chloride with some impurities
(Cu*) and defects; (bottom) the same crystallite after UV irradiation: a locally
high concentration of neutral silver atoms may occurs generating a darkening
of the material, leaving some vacancies and Cu?* in cation sites [2].
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1.4. Crystal engineering

Polymorphs of a photochromic anil are not necessarily photochromic
themselves [46], hence the nature of the solid state strongly impacts
photochromism, which is why we decided to use crystal engineering
principles to alter the photochromic property of a target anil.

Historically crystals were known as natural solids with a well-defined
geometric appearance [47] and the general definition in chemistry describes
them as highly ordered microscopic arrangements of the solid constituents
(atoms, ions or molecules) which may also present a well-defined geometric
appearance [48]. A recent crystallographic definition relates the definition of
a crystal to the observation of a discrete X-ray diffraction pattern and thus
the periodic arrangement of constituents is no longer a requirement to
define a solid as crystalline. This last definition is very large and includes
many recently discovered forms such as quasi-crystals, aperiodic crystals,
etc. [49].

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” [50]. The purpose is to design new crystal
structures while using molecule(s) of interest as building blocks. In the
context of the present thesis our purpose is to synthetize new photochromic
cocrystals using anils as building blocks combining them with a second
component in the crystal lattice.

Even though supramolecular interactions are not very strong
compared to covalent bonds (this is detailed in the next section) they play a
key role to form a stable structure thanks to the fact that they are very
numerous. This is known as the “Gulliver effect” [51].

One major issue encountered in crystal engineering is the relatively
low predictability of a crystal structure based on molecular structures and
properties despite an important increase in IT resources and performances.
This is especially true when some features such as molecular flexibility are
encountered [52]. An illustration of this issue is the case of acetic acid which
is found in solution as a dimer but as an infinite catemer in its crystal
structure [51]. The most likely explanation is that the dimer can form very
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quickly due to a strong double H-bond feature but is unable to grow further
(because only very weak interactions are available between dimers) while
the monomer unit of the catemer is maybe less stabilized but has strong H-
bond interactions available, which provide a pathway for crystal growth as
presented in Figure 11 [51].

The above presented case of acetic acid illustrates that the strongest
available intermolecular interactions do not systematically lead to crystal
growth. Such counter-intuitive results imply a series of difficulties when
performing crystal structure predictions based on a functional group
approach [50]. In order to face this challenge, the definition of new
representative kinetic units called supramolecular synthons (a few examples
are given in Figure 12) has become increasingly popular. Supramolecular
synthons are “structural units within supermolecules, which can be formed
and/or assembled by known or conceivable synthon operations involving
intermolecular interaction” [53]. The interpretation of this concept in the
field of crystal construction is the following: “a synthon is a probabilistic
event” which means the more probable a synthon is, the more often it will
be present in a crystal of molecule containing the requisite functional groups
[50]. Synthons are representative of the entire crystal structure in the ideal
case but as discontinuity can always occur in the building process (due to
competition between different synthons) this statement is not universal [51].

| " —> Possible crystal growth
)

Figure 11: (top) supramolecular interaction between dimers are not strong
enough to lead to crystal. (bottom) one dimensional growth is allowed due
to available H-bonds [50].
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Figure 12: Some common supramolecular synthons [50] [51] [53].

Starting from a viewpoint, where crystals are constructed of
synthons, one needs to determine which synthons may form or not. This
means that a careful analysis of all possible intermolecular interactions is
required. However, as presented above, the idea of fully describing synthons
with a set of specific interactions is not fully accurate [50]. Association
between molecules should be described in the limit of n-body interaction to
be more accurate and then merged into the domain of “close-packing”:
close-packing principle states that “molecules pack in a crystal so that any
reference molecule is surrounded by a maximum number of close neighbors”
and come from the model describing all crystals as the result of the most
efficient utilization of space of his molecules [51].

Crystallization is a kinetic phenomenon so crystal structures are built
with strong and/or directionally specific interactions with a tendency for the
most directional interaction to form first. Directionality is the second
important property of an intermolecular interaction and is very important in
crystal design strategy as it can be exploited to create a specific molecular
orientation [51].

Directional interactions are usually the most long-ranged and this
implies they are the first interactions which are able to form in solution which
means it’s a kinetical driving force [50]. The knowledge of these simple
principles leads to the strategy of describing crystals as networks where
molecules are nodes and interactions are nodes’ connections. Because the

23



formation and the breakage of both covalent and supramolecular bonds are
governed by kinetics, it's possible to use an approach equivalent to
(inorganic) retrosynthesis for crystals [50].

In order to provide a basis for future works, it’s important to realize
an as exhaustive as possible list of supramolecular interactions, to determine
their strength and to look at the “robustness” of synthons. A robust synthon
is “one which appears in a large number of cases wherein a particular set of
molecular functionalities is present” [50]. To define this concept more
precisely, if molecules have a set of functionalities (M1, M3, M3, ..., M,), then
the synthon Mi-Mj is robust if it appears in all molecules, irrespective to their
other functionalities. In other words, the presence of M; and M; ensures the
presence of the synthon Mi-M; [50].

I.4.a. Hydrogen bonds

The first supramolecular interactions to be considered are hydrogen
bonds because they are both strong (ranging from 1 to 4 kcal.mol® for the
weak ones and from 4 to 20 kcal.mol? for the strong ones - and they could
be even stronger) and directional. As a result, they are highly relevant to
understand the packing of crystal structures [50]. The interaction between a
hydrogen bond donor (labelled X-H) and a hydrogen bond acceptor (labelled
Y-Z) is usually noted X-H-:-Y-Z. A hydrogen bond tends to lower the distance
between element X and Y: the length of the hydrogen bond is usually lower
than the sum of the van der Waals radii of involved atoms. For instance, the
distance between oxygen and nitrogen in the hydrogen bond of an amide (N-
H---0=C) is around 2.7-2.8 A while the sum of their van der Waals radii is 3.1
A [50]. There is also a special type of moderately strong hydrogen bonds
occurring between two (or more) hydrogen atoms with one of them having
a hydridic character and thus act as a proton acceptor [54]. Evidences of such
specific interactions were advanced by Brown et al. in the case of amine-
boranes [55] and they were later called dihydrogen bonds by Crabtree and
al. [56]. These dihydrogen bonds usually range from 3 to 7 kcal.mol™* and thus
can have a high impact on the crystalline structure and the properties of the
compound [54]. However, the hydridic character of the hydrogen atom is
usually found in boranes and metal-organic compounds, which are not used
within this thesis and thus dihydrogen bonds won’t be discussed further here
as they are out of the scope of the present work.
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In order to build a cocrystal structure, the coformers used need to
have a geometrical complementarity with the parent molecule [57]. As a
result, directionality is a criterion of importance for supramolecular
interactions and so are the angular properties of hydrogen bonds.
Hydrogen bonds usually tend to be linear for the strong ones while the
weak ones (C-H::-0, O-H:--it) have a higher tendency to bend. Very weak
ones such as C-H---mt can have non-specific properties both with regard to
length and to angle properties [50].

Because organic molecules often have many functional groups, other
types of hydrogen bonding like bifurcated hydrogen bonds (three centered
interaction) and multifurcated hydrogen bonds (multi-centered interaction)
do exist and they are even common in organic crystals [50].

1.4.b. Halogen bonds

The second most important supramolecular interactions are the
halogen bonds which are able to form relatively strong non-covalent bonds
and with high directionality [58]. The ability of covalently bond halogen
atoms to attract negatively charged sites is due to an anisotropic charge
density distribution [59]. For instance, an lodine atom covalently bound to
carbon is polarized positively in its polar region (the furthest away from the
carbon) and negatively in its equatorial region and this way, is able to make
electrostatic contacts as shown in Figure 13 [50].

Typical energy values for this kind of interaction are ranging from 1
to 20 kcal.mol. Halogen bonds can be symmetrical (contact between two
halogen atoms) or un-symmetrical (one halogen and a different type of
atom). Geometry and orientation encountered in halogen bonds are more
variable, because here a single atom has two different regions that are able
to interact. As a result, a halogen bond can be linear or present an angle of
around 90° [50]. Other geometries are possible according to circumstances
and some examples are given in Figure 13.

According to literature, halogen bonds like I-:N, I-:-:O and Br---O are
well known (since the 1960s at least) with the work of Odd Hassel on
polarized interaction Br®*:--0% in a dioxane-bromine complex (Figure 14). The
geometry of halogen bonds in dioxane-bromine complexes is neither linear
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nor with a 90° angle because polarization of Br in Br; differs from C-Br
polarization [50].

Studies about halogen bonds tend to focus much more on heavier
halogens (iodine, bromine and chlorine) because fluorine is usually
considered as a poor halogen bond donor due to its non-polarizability.
However, it has been suggested that this non-polarizability can be modified
by the presence of other functional groups on the molecule and thus fluorine
bonds can also be used in crystal growth and design [59]. This last result is of
high interest as some fluorinated anils were selected within this thesis along
with a few fluorinated coformers as presented in Figure 15.
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Figure 13: (left) density charge distribution over an lodine atom covalently
bond to a carbon atom, with positively charged region highlighted in red and
negatively charged region highlighted in blue; (middle and right) two possible
geometries of halogen bonds arising from the anisotropic charge density:
type | and Il depending of the bond angles (in type | both bond angles are
similar while in type Il one angle is near linear and the second close to 90°).
Adapted from [50].
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Figure 14: dioxane-bromine complex with halogen bonds [50].

26
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Rj OH
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Figure 15: (left) common skeleton to fluorinated anils selected within this
thesis (with R; to R4 being functional groups); (right) skeleton common to
benzene halides used as coformers within this thesis (with X; to Xs being
either fluorine or iodine atoms).

I.4.c. Other important intermolecular interactions

Polarization can also occur in atoms like sulfur and leads to the
formation of short directional contacts such as: S%*---N%, §*...§% and S*..-CI®
. Intermolecular contacts of other chalcogen atoms (such as Se [60] and Te
[61]), pnictogens [62] as well as metalloids (like Bi) are also reported [61].

Metals have also been examined as design element for crystal
engineering but their primary interaction (coordination of negatively charged
ligands) does not strictly belong to supramolecular interactions. However,
halogen atoms linked to metal atoms can act as powerful hydrogen bond
acceptors [50].

Because they have different effects on the crystal packing,
interactions between ions can be separated into two different categories:
small inorganic ions and large organic ions. Large polarizable organic ions are
similar to neutral molecules whereas small inorganic ions can show a
considerable effect in directing crystal packing (ions like ammonium or
carboxylate, sulfonate, etc., are often used because of their strong charge-
assisted interaction) [50].
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To summarize the above discussion: supramolecular interaction
energies range from 1 to 20 kcal.mol™? and can be considered as the glue that
links molecules together to form a crystal structure which is the (often best)
compromise between these interactions. Among them, hydrogen bonds are
the most significant anisotropic interactions which thus are the easiest to use
in order to modify the crystalline structure [50].

As a result, most of the coformers used in the work of the present
thesis are able to form strong hydrogen bonds as presented in chapter 2.
Later, coformers able to provide halogen bonds were also added as
presented in chapter 3.

1.4.d. Hirshfeld surfaces

Above we discussed the nature and strength of intermolecular
interactions and how they can impact the growth of a crystal. Once the
crystal is formed, there are many more intermolecular interactions than the
crystallization driving ones, and the weakest of them can now play a major
role through a “Gulliver effect” over the packing and final properties of the
material [50].

From this statement, there is a need to quantify the entirety of the
interactions which affect the molecule in the crystal instead of focusing on a
few which are assumed to be of importance. This issue can be tackled with
the use of Hirshfeld surfaces [63]. A Hirshfeld surface is an isosurface which
surrounds the molecule of interest and delineates the space occupied by the
molecule within the crystal [64]. More precisely, it is defined as 0.5w(r)
where w(r) is the “weight function” i.e., the function corresponding to the
sum of spherical electron densities of atoms in the molecule of interest
divided by the same sum for atoms in the crystal. Corresponding equations
write [63]:

Ppromolecule (l‘) _ ZAEmolecule Pa (l‘)

W(r) = =
pprocrystal (l‘) ZAEcrystal Pa (l‘)

The consequence of this equation is that within the Hirshfeld surface
the electron density of the molecule dominates the electron density from the
crystal. Going away from the molecule (increasing r) reduces progressively
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its contribution and progressively increases the contribution of outside
atoms (crystal) until it comes arbitrarily close to 0 [63].

Beside this, another approach allows taking into account the relative
size of the atoms by considering a normalized contact distance (dnorm) such
as:

vdaw vaw
_di—r d, — 1,

dnorm - rvaw rvaw
i e

With rY9" the Van der Waals radius of the corresponding atom [63].

From this equation we see that an intermolecular contact shorter
than the Van der Waals radius of the corresponding atom will lead to a
negative dnorm While contacts longer than Van der Waals radius will give a
positive value. Negative, null and positive dnorm Values respectively colored in
red, white and blue can be added to Hirshfeld surface and allows a quick
visual analysis of the short contacts. A typical example is given in Figure 16
with anil N (studied further in chapter 3). The generation of the Hirshfeld
surface allows to quickly discover the strong short contacts and which
moieties of the molecule are involved, thanks to the visual observation of red
spots on the surface. As a result, the structural analysis of crystallized
structures is facilitated: for instance, we can directly observe (from Figure 16)
strong short contacts involving the fluorine atom, one of the oxygen atoms
and one of the hydrogen atoms. These pieces of information will allow to
establish easier links between the solid-state structure and the observed
properties of the studied compounds. Such analyses were performed during
the present work and are presented in chapter 3.

On the Hirshfeld surface, two distances can be defined: the internal
distance d; (corresponding to the distance between the surface and closest
atom of the molecule) and the external distance d. (corresponding to the
distance between the surface and closest atom of the crystal). Knowing these
distances for each point of the surface allows to study the intermolecular
interactions. Furthermore, a plot of d; versus de gives a two-dimensional
summary of the intermolecular interactions of the molecule and can be seen
as a fingerprint of it [63]. The fingerprint of anil N is given in Figure 17-left.
These fingerprints allow to study further specific aspects of the
intermolecular interactions. For instance, we observed strong short contacts
involving the fluorine atom in Figure 16 and using fingerprint analysis we can
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deduce it is mostly F---H interactions (Figure 17-right) while in another
analysis we observe no F---F interactions and very few F---C interactions. As a
result, fingerprint analysis of the Hirshfeld surface allows a deeper
comprehension of the studied interactions. These fingerprint analyses were
also used within this work and a few of them are presented in chapter 3.

Figure 16: Hirshfeld surface of an anil (anil N in chapter 3 — shown inside the
surface) mapped with dnorm property. Close short contacts appear red.
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Figure 17: (left) Intermolecular interactions fingerprint for anil N (grey
points); (right) Intermolecular interactions fingerprint for anil N with
enlightened F---H interactions (blue points).
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1.5. Solid-solutions

Among multi-component crystals there is a specific category where
crystal components have a range of composition but form a unique
crystalline structure. In these specific crystals, any crystal component can be
replaced by another one without changing the structure. Such systems are
called “solid-solution”. According to IUPAC dictionary, a solid-solution is “a
solid in which components are compatible and form a unique phase” [65].
Solid-solutions are also labelled “mixed crystals” and were first described by
Roozeboom in 1899 [66].

Solid-solutions are very common for inorganic materials such as
alloys and they usually crystallize in a structure close to the major constituent
[67]. In organic materials, solid-solutions can occur when the constituents of
a multi-component system are geometrically similar. As a result, there are
many examples including enantiomers or molecules with one atom
substituted by another such as carbon by nitrogen in aromatic compounds
or chlorine by bromine, hydrogen by fluorine etc. [50] [68].

Solid-solutions can exhibit specific properties regarding their nature
compared to their pure constituents alone. Because the structure is slightly
modified through the varying ratio of constituents, structurally dependent
properties can be impacted and fine-tuned through formation of solid-
solutions [69].

Before going further, it is important to notice there are different
possible types of solid-solutions which thus may have a significant impact on
the studied properties. At first Roozeboom described three types according
to their binary diagrams as presented in Figure 18 [66]. Type Il and Il are
similar to the binary diagrams exhibited by the azeotropic mixtures. Type |
represent the ideal case where components are perfectly compatible and no
specific interaction is present. In type Il and Ill however, the interactions
between the two compounds are respectively slightly stronger and slightly
weaker than within pure components leading to respectively an upwards and
a downwards deviation of the melting curves. Also, in both cases there is a
temperature area where a mixture of solid and liquid phase is observed (in
between the curves). If strong interactions arise (stronger than Van der
Waals interactions), the system may more likely form a new phase with a
definite stoichiometry (a cocrystal) instead of a solid-solution. The bottom
curves correspond to the solidus ones (below the solidus line the entire
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material is solid) and the upper curves are the liquidus ones (above the
liquidus line there is only a liquid phase present).

Temperature (°C) Temperature (°C) Temperature (°C)
A Liquid A Liquid Liquid
Type | pe Type 1l
Truss Thuss Truss
Solid selution Solid solution

R N R S R S

Figure 18: the different types of solid-solution in the case of an enantiomeric
system (adapted from [66]). Left: ideal case with no specific interaction;
middle: stabilizing interactions arise between the two components; right:
destabilizing interactions arise between the two components. The solid
solution phase is present under the liquidus/solidus line/curves.

Beside the complete solid-solution exists also partial solid-solutions
i.e., a solid-solution for which the miscibility domain does not cover all
possible ratios but only a certain range. In that case, the diagram presents a
eutectic line instead of a single point (an eutectic is defined as a
homogeneous mixture which melts at a lower temperature than its
separated components [70]). A few examples of this have been reported in
literature [71] and, for instance, a typical symmetrical binary diagram for
such system is presented in Figure 19. These diagrams are constructed
through precise DSC measurements of the eutectics and liquidus points for
many different molar ratios of the constituents. When the limit of solid-
solution domain is not directly observable due to lack or poor experimental
data, it can still be calculated using Tammann’s method: the eutectic
enthalpy is plotted versus the molar ratio and the intersection of the linear
regression with the x-axis gives the limit molar ratio [72]. This method has
been used in chapter 5 in order to construct the binary diagram of anils A
and B solid-solution system and is further described in section 1.6.c. of the
present chapter.
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Temperature (°C)
Temperature (°C)

(S)-Solid Solution
+ (R)-Solid Solution
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0.0 0.5 1.0

(R)- enantiomer (mol fraction)

Figure 19: a partial solid-solution system exhibiting a typical symmetrical
binary diagram — a feature which may appear in enantiomerical systems
(adapted from [71]).

However, most of the systems mentioned above with their
respective diagrams, including the original description of a solid-solution by
Roozebloom, concern symmetrical systems (e.g., racemates) while solid-
solutions can also occur with other type of compounds, usually ones with a
similar geometry but with one atom changed between the molecules of the
system as mentioned above. For such system the equivalent non-
symmetrical diagrams also exist, especially if there is a large difference
between the melting temperature of the parent compounds.

The above presented systems are among the simplest ones in terms
of their behavior and corresponding binary diagrams, and other more
complex situations can arise such as the so-called “secondary solid-solution
system” where a new phase is formed for specific molar ratios of the
compounds typically in the middle of the diagram which forms a solid-
solution in a given range (as extremal solid-solutions do on the extremes of
the diagram). A typical diagram of such system is presented in Figure 20 [73].

The interest of the last system is the apparition of a completely new
phase which is not structurally related to the pure components and which
also exists for a specific range of molar ratios. Within this range, the
properties of this new phase can be fine-tuned.
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Figure 20: a typical binary diagram for a secondary solid-solution system. The
new solid-solution is colored in yellow. SSa and SSg are the normal extremal
solid-solutions (adapted from [73]).

Furthermore, in partial and secondary solid-solution systems, it is
possible that one of the parent compounds does exhibit a property of
interest and not the other meaning at least one of the extremal solid-
solutions of such a system should be tunable through variation of the molar
ratio.

As a result, the formation of a solid-solution could provide a way to
improve photochromical properties of anils and this approach has already
been partially explored by Cohen et al. in 1968 [74] and more recently by
Uekusa et al. in 2018 [67]. However, both these studies mainly focused on
finding photochromic solid-solutions and they both presented only one
specific ratio of constituent for which photochromism could be visually
observed. Thus, they lacked in-deep analysis of this property as no
information about the evolution of photochromic intensity was reported
along with structural evolution of the system. Thus, we decided to focus on
such a system to study further the impact of solid-solution systems in the
case of anils and the results are presented in chapter 5.
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1.6. Methods for solid-state analysis

In order to study the properties of a compound it is a necessity to use
adapted methods to get proper qualitative and quantitative information. As
this thesis focuses on the solid-state (and more specifically on the crystalline
state) the present section will cover all relevant solid-state analytical tools
used within this project: Thermo Gravimetric Analysis (TGA); Differential
Scanning Calorimetry (DSC); Single-Crystal X-Ray Diffraction (SC-XRD); X-Ray
Powder Diffraction (XRPD); Diffuse Reflectance Spectroscopy (DRS). This
section will also quickly cover other interesting methods which are (or could
be) of interest in this field such as Infra-Red spectroscopy (IR) and Raman
spectroscopy and TeraHertz Spectroscopy (THz). For the sake of the clarity,
techniques are gathered into three sections: thermal analysis (TGA and DSC);
diffraction techniques (SC-XRD and XRPD) and spectroscopic methods (DSC,
IR, Raman, THz).

Of course, many other techniques can/could be used in order to get
other complementary information such as (non-exhaustive list): Solid-State
Nuclear Magnetic Resonance (SS-NMR) or Fluorimetry, but the project here
did not require them and thus they are not discussed further in the present
thesis.

I.6.a. Thermal analysis

Thermal analysis (TA) is a set of investigation tools which allow to
measure some physical properties and composition through the changes
which occur when the sample is heated or cooled. Popular thermal analysis
methods are [75]:

- Differential Scanning Calorimetry (DSC) which is based on the
measure of heat flux difference with a reference;

- Differential Thermal Analysis (DTA) which is based on the measure
of a temperature difference with a reference;

- Dynamic Mechanical Analysis (DMA) which is based on the measure
of oscillating force at given temperature(s);

- Thermogravimetric Analysis (TGA) which is based on the measure of
the mass loss;

- Thermal Volatilization Analysis (TVA) which is based on the measure
of the volatilization rate.
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Among these techniques, TGA and DSC were used in the present thesis and
are briefly described below.

1.6.b. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis method
which allows to quantify the change in mass weight which occurs when a
sample is submitted to a controlled temperature variation and under a
controlled atmosphere [76]. The results are often presented in a
thermogram which is a plot of the sample weight over temperature and/or
time of heating. Furthermore, the derivative of the resulting curve allows to
identify the temperature(s) for which the weigh change is the highest, hence
giving further insights about the thermal stability and occurring reaction(s)
and composition such as water/moisture content [76], volatile compounds
such as residual solvents, low-molecular mass additive, generation of low-
mass product etc. [77].

Usually, the TGA set-up is constituted of a thermobalance (allowing
to measure mass while heating and/or over time) placed in a furnace with
controlled atmosphere [77]. Factors which affect the measurements are the
buoyancy forces due to the atmosphere density changes with temperature
above the thermobalance or when changing the composition of the
atmosphere for a specific reason/experiment. These effects can be
controlled doing a baseline/blank measurement [77]. Along with this,
atmosphere convection movements may alter the measurements and thus
controlling its flow is required [77]. Another problem encountered is the
unequal expansion of thermobalance constituents with increasing
temperature which can affect the measured mass. However, some specific
set-ups allow to reduce it [77].

Within this thesis, TGA was mainly used to identify main transition
temperatures and especially the degradation temperature in order to know
in which temperature range Differential Scanning Calorimetry should be
performed. It also allows to identify the nature of peaks observed with DSC:
a peak with no mass loss corresponds to a phase transition for instance, while
a partial mass loss is linked to a partial degradation or de-solvation
(depending of the sample nature and composition) while a total mass loss
correspond to a total degradation or vaporization of the sample.
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1.6.c. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is a very popular thermal
analysis method based on the measurement of heat flow difference between
a sample and a reference while submitted to a controlled temperature
change [78]. This technique allows to determine heat capacity, melting and
crystallization temperature, glass transition temperature, heat of fusion and
some other thermal parameters [78].

Heat flow can occur within three different mechanisms: conduction,
convection and thermal radiation. However, there is no way to measure it
directly. As a result, DSC is based on an indirect method which is the use of
the temperature difference between the sample and reference when they
are both submitted to a temperature change: reference and sample holders
are placed on temperature sensor inside a furnace. Depending on the specific
heat of the sample and transitions occurring, the temperatures measured by
the sensors below the sample and reference will differ [78]. The usual
corresponding set-up is presented in Figure 21.

_ _ Lid
Silver ring ad Gaz purge inlet

Reference pan Sample pan

Thermocouple
junction

Chromel disc

Thermoelectric disc
Heating block > Alumel wire

- » Chromel wire

Figure 21: Cross section of a classical DSC set-up (based on [78]).

Among the factors which may impact the measurements is the
establishment of a thermal gradient inside the sample (anisotropic
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distribution of temperature within the sample). This effect depends on many
parameters among which the size of the sample and the heat conductivity of
the sample holder. The size of the sample can be easily reduced while sample
holder with high thermal conductivity can be chosen in order to reduce this
effect. Other effects such as thermal lag (due to thermal resistance of
components) can be controlled with the use of symmetrical sample holders
and corrected by software [78].

DSC was used along with TGA to evaluate the thermal stability of
compounds and systems studied in all chapters but it also allowed to draw
the binary diagram of a solid-solution system (anils A and B in chapter 5),
which presented an unexpected multiple-phase behavior. The drawing of
that diagram was thus a necessity in order to match photochromical
properties with the corresponding phase. The main information researched
in that case is the presence and evolution of eutectic peaks, which allows to
determine the limits between the phases. Furthermore, the Tammann’s
approach can be used to calculate precisely the limit molar ratios. This
approach consists in plotting the eutectic enthalpies versus the molar
compositions [72] and is detailed and illustrated in Figure 22. Eutectic
enthalpies are calculated by performing the integration of the eutectic peaks.
This integration can be calculated directly with the DSC software used.
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Figure 22: (top) DSC screening for a theoretical two compound (labeled X and
Y) system: with decreasing X molar ratio a eutectic peak appears and grows
at around 110 °C while the peak of the pure X phase (green curve) decreases
at 175 °C; (middle) Individual DSC screening showing the integration on the

eutectic peaks; (bottom) Tammann’s graph giving the limit molar ratio (here
86.25%) at which the second phase appears.

1.6.d. X-rays diffraction techniques: SC-XRD and XRPD

Among the techniques used to characterize solid-state compounds,
X-ray diffraction (XRD) is extremely powerful when facing crystalline
structures as it allows obtaining the exact position of atoms and molecules
within the crystal. Its development came from the discovery by von Laue in

1912 that crystals can diffract X-Rays and that the diffraction pattern
depends of the crystalline structure [79].

X-ray powder diffraction (XRPD) is useful as it is a non-destructive
analysis which allow both qualitative and quantitative structural analysis: a
comparison with a database allows quick identification of phases (if already
known) and also allows to detect/monitor new phases appearing during a
process. It allows to study the crystallinity of a phase or monitor a
crystallization process. Beside this, it can give quantitative structural
information (crystal cell parameters for instance) or even allows finding the
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exact structure if the measurement is of high quality (synchrotron
measurement for instance) [79] [80] [81].

X-Rays are electromagnetic waves with wavelengths comprised
between 10 and 0.001 nm [47]. They are produced when a charged particle
with high kinetic energy is rapidly decelerated. Electrons are widely used for
this purpose due to the easiness to generate an electrical discharge between
high voltage (tens of thousands of volts) plates: during that process electrons
are accelerated from the cathode towards the anode by the electrical field
and already reach-up to one third of the speed of light for a 30 kV electrical
field. At the moment the electrons collide with the anode they lose their
kinetic energy mostly as heat but around 1 percent of it is converted into X-
Rays [79].

When X-rays penetrate a sample, they can be scattered by the
electrons around the nucleus of atoms, which compose the sample [47]. This
scattering occurs even without direct absorption and for any kind of
electromagnetic waves and is used in other spectroscopic methods such as
Raman spectroscopy discussed further on. Crystals are quite specific as they
consist (in most of the case) as a three-dimensional periodic arrangement of
their constituent atoms, each of them being able to scatter X-ray [82]. If the
crystal is exposed to strictly parallel incident X-Ray beams, each atom will
scatter them in the same way as other identical atoms as illustrated in Figure
23 for a 2-dimensional periodic arrangement (atoms separated by vectors a
and b) of one unique element atoms [82].

L ]
Atom

—_—
Incident
X-ray

-——
Scattered
X-ray
—
Crystal
parameters

Figure 23: a two-dimensional crystal composed of one kind of atoms hit by
parallel X-ray beams. Every atom scatters X-Ray according to its nature and
incident angle of the X-ray which are constant in this specific example
(adapted from [82]).
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The above example shows a crystal might scatter X-Rays but does not
explain how a diffraction pattern can be obtained. When von Laue proposed
that crystals might diffract X-Rays, he reasoned by analogy with optical
diffraction of visible light by a grating for which the repeat distance
corresponds to a few multiples of the wavelength: a crystal for which the
distance between identical units is of the order of ten Angstroms (around
one nanometer) could act as a grating for wavelengths around a few
Angstroms (tenths of nanometers) which in turn corresponds to X-rays
(which cover ten to 1 thousandths of nanometer) [82].

This hypothesis was proven experimentally by Friedrich and Knipping
with X-ray diffraction pictures and later, in 1913, the positions of diffraction
spots was explained mathematically by W. L. Bragg: the crystal consisting of
equi-spaced plans (containing the scatterers) which act as partial reflectors
for X-rays. When a parallel strain of X-rays hits a surface, all reflected rays
will have the same phase. However, when reflected rays come from different
surfaces, they will have the same phase only if the extra distance travelled
by the rays corresponds to an integer multiple of the wavelength A as
illustrated in Figure 24. The corresponding relationship is known as Bragg’s
law and gives:

2dsinf =n. A

Where 8 is the incident angle, d is the interplanar distance and nis an integer.
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Figure 24: phase of incident and reflected X-rays in accordance with Bragg
Law (adapted from [83]).
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Having the same phase will allow constructive interferences while
different phases will lead to destructive interferences and no diffraction spot
[82].

It is demonstrated that there is no significant diffracted intensity by

a three-dimensional periodic arrangement (characterized by vectors a, b and

c¢) unless the following system of equations (known as Laue equations) can
be verified:

as=h a(cos@y — cos@go) = hA

b.s = k which can also be written: b(cos@y, — cosp ) = kA

cs=1 c(cosp, — cos@.p) = 1A

With s being the scattered vector; h, k, | being integer values; a, b, c the
respective norms of vector a, b, ¢; ¢; o the incident angle with vector i; ¢;
the scattered angle with vector i and A the wavelength of X-rays [82].

This system is central in crystallography as it links crystal parameters
(a, b, c) with incident and scattered angles of X-rays of known wavelengths.
It is closely related to Bragg’s law (the two systems are mathematically
equivalent) and solving this system allows to calculate crystal parameters
once the diffraction pattern of the crystal as well as experimental parameters
such as 8 and A are known [82]. However, this is complicated and won't be
discussed further here as it is out of the scope of the present thesis. The main
point here is to know that crystals can diffract X-rays and that the diffraction
pattern is typical of the crystal. Recording the X-ray diffraction patterns of a
crystal thus may allow obtaining its structural parameters.

Beside the exact structure resolution of the crystal, there is another
application of X-ray diffraction by crystals which is easier to perform: the
powder diffraction of X-ray. A powder is constituted of a multitude of very
small crystals which are oriented in all possible directions (in the case of an
ideal powder).

As a result, if a single crystal gives a discrete diffraction pattern, a
powder which correspond to all possible orientations of this crystal will give
diffraction patterns constituted of continuous rings as presented in Figure 25
[79]. As a real powder sample is not ideal but may contains rather coarse
crystals it is useful to rotate the powder during the measurement to get an
average signal instead of a “spotty” one [79].
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Figure 25: (left) diffraction pattern of a single-crystal - black arrows showing
incident X-ray and grey arrows showing diffracted X-rays; (right) diffraction
pattern of an ideal powder (inside a capillary) - black arrows showing incident
X-ray and grey cone illustrating one of the diffraction cones (adapted from
[79]).

The intensity of X-Ray scattering by a charged particle is given by the
Thompson equation:
— et 2
I = IO m&‘ln a
Where: | is the measured intensity, lo the incoming intensity, e is the charge
of the particle, m is the mass of the particle, r is the distance between the
incoming X-ray wave and the particle, c is the velocity of light and a is the

angle between the incident X-ray and the generated motion of the particle
[79].

We can deduce from the Thompson equation that diffracted spot
intensity depends on the position and nature of atoms (and more specifically
their number of electrons) inside the crystal unit cell. As a result, the
diffraction pattern is unique for a specific crystalline structure compound and
so is its powder pattern [79].

Modern X-ray powder diffraction set-up use an X-ray counter which
also move around the rotating sample. This allows to measure the intensity
of diffracted X-ray along a cut of the rings plane shown in Figure 25. This gives
a pattern which is typical of the sample and thus, XRPD may be used to
identify the formation of new phases as shown in Figure 26.
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Figure 26: A X-ray powder pattern showing the intensity of diffracted X-ray
(normalized at 100 for highest peak) plotted versus the rotating angle of the
X-ray counter for an anil (anil L in chapter 3 and 4) after synthesis (blue
pattern) and after crystallization (red pattern): as the two patterns strongly
differs above 25°, a new phase is expected. This phase was later identified as
a hydrate with SC-XRD.

Both XRPD and SC-XRD techniques were used during the present
thesis and allowed to quickly find new phases (and cocrystals) after cocrystal
screening (as presented in the chapters 2 to 5) for XRPD and to get precise
structural information from SC-XRD. Beside this, the combination of these
two techniques allowed in-deep structural studies among which the impact
of supramolecular interactions on the photochromic property as presented
in chapter 3.
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1.6.e.1. Diffuse Reflectance Spectroscopy: theoretical aspects

DRS or Diffuse Reflectance Spectroscopy is a spectroscopic method
used in the UV-visible, near-infrared and mid-infrared domain. It allows to
get molecular information for opaque solid-samples for which usual
transmission (UV-vis) spectroscopy is impossible to perform [84]. As a result,
this technique has many applications such as characterizing the color of the
soils for geographic/geologic studies [85], studying paints and glass
properties for further applications, etc. [86]. This technique is also highly
relevant in the case of the present thesis to analyze optical and spectroscopic
properties of anils in the solid (crystalline) state.

This technique is based on the measurement of the light which is
reflected by the surface of a sample. This reflection is due to two distinct
phenomena as illustrated in Figure 27: the specular reflection (reflection by
smooth surfaces like mirrors) which occurs at a precise angle depending of
the incident angle and the diffuse reflection (due to textured surface like
powders) which is independent of the incident angle and takes into account
refraction and diffraction phenomena by the small crystals constituting the
powder [84].
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Figure 27: Left: An incident light (red arrow) hits a solid surface and produces
specular reflection at a precise angle (blue arrow) and scattered light at
various angles (black arrows); Right: detailed overview of an illuminated
discrete surface and resulting specular reflection and diffuse reflection
(adapted from [87]).

Beside surface characteristics, if the studied sample is of
spectroscopic interest, it will also absorb specific wavelengths depending on
its nature [84]. Thus, measuring intensity of scattered light (through the use
of hemispherical mirror) for varying incident wavelengths will provide the
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absorption spectrum of the compound if the sample is composed of infinitely
fine powder [86].

The main theory used to describe the phenomena involved in diffuse
reflectance has been developed by Kubelka and Munk. It is based on
analogies with classical transmission spectroscopy with for instance de
definition of the total remittance (R, ) as the ratio J/lo where J is the intensity
of reflected light and lp the intensity of incident light — similarly to the
definition of the total transmittance T= I/l where | is the intensity of
transmitted light [84].

As the absolute total remittance (also called diffuse reflectance) is not easy
to measure, the relative total remittance (relative diffuse reflectance) is
preferred and is defined as:

, R co,sample
R, = P2
Rw,standard

Where R, standart IS the reflectance of a non-absorbing standard [84].

Kubelka and Munk developed their equation similarly to Beer’s law
in transmission spectroscopy, in order to have an equation which links the
concentration and reflectance characteristics of a sample. This equation
writes:

132
PRy = SRk K
2R, s
Where R, is the relative diffuse reflectance (referred to a non-absorbing
standard) of an infinitely thick and opaque layer, k is the molar extinction
coefficient as defined by Lambert’s law and s is the scattering coefficient
(assumed to be independent of the wavelength) [86].

In this equation, both k and s are constants but k is also a function of
the concentration of the analyte which is fixed in the solid state [84]. As a
result, a plot of F (R, ) versus k should give a straight line [86] and this result
has been developed further in the chapter 3 of the present thesis in order to
yield a more quantitative approach of the anil photochromism.

As presented above, this technique allows to get spectroscopic
information for samples which are not suitable for classical transmission
spectroscopy. However, it has some major drawback as it is highly dependent
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of experimental parameters such as the grain-size of the powder and air
humidity [86]. Ideally the powder should be infinitely thin but practically this
is never achieved and thus some extra precaution has to be taken to have
reliable and reproducible results. Experimental aspects are discussed below
as well as the experimental protocol used through the whole thesis.

1.6.e.2. Diffuse Reflectance Spectroscopy: practical aspects

DRS is the most important analytical technique used within this work
and thus deserve extra explanations about the experimental aspects,
especially because a precise protocol has been developed and used during
the whole present thesis.

The device used is a regular UV-Vis spectrophotometer (specified in
each chapter) but with a solid-state set-up allowing to perform
measurements over powder samples. This set-up consists in a mirror system
permitting to send the incident UV-Vis beam towards the surface of the
(powder) sample and to collect the diffused reflection beam thanks to a
hemi-spherical mirror located above the sample holder as presented in
Figure 28. To correct the signal due to specular reflection, a baseline signal is
measured with a perfectly flat white surface such as PTFE prior to analysis.

The sample holder is a piece of steel (which allows a good thermal
conductivity in case a thermostatic set-up is available) with a small hole of
about 2 mm diameter and depth in which the solid sample can be loaded. As
explained in the theoretical aspects above, the grain-size of the powder
should be as small as possible, requiring grinding of the sample before
loading it in the sample holder. Furthermore, as the surface needs to be as
regular as possible, the powder sample is squeezed with a glass blade before
measurement in order to present the most regular surface as possible.

Because of these experimental constraints, the choice has been
made to operate using the following protocol when studying photochromic
properties of a sample: the first step consists in preparing the sample as
explained above (grinding it, loading it and squeezing it into the sample
holder); the second step consists in 3 measurements of the absorption
spectrum of the sample but each time removing and replacing it into the
spectrophotometer (in order to average variations due to small position
changes of the sample holder); the third step consists in directly irradiating
the sample within the sample holder with the selected wavelength (details

47



specified in related chapters) by a UV-Vis source in a black box; and finally
the fourth step which consists in measuring the absorption spectrum 3 times.
This protocol allows to make the comparison after/before irradiation of the
sample while controlling the most relevant experimental parameters and
ensure the changes measured/observed are mainly due to photo-induced
reactions.

UV-Vis spectrophotometer UV-Vis spectrophotometer
with standard set-up with solid-state set-up
Hemispherical
---------------------- T mirror
A
Light source - l - Detector Light source . \ Detector
7 / i ) \ r ¥ v “1 "
v v Al Incident  Mirror Sample Powder Outcoming
Incident beam Sample Cell Outcoming beam beam holder sample beams

Figure 28: (left) simplified representation of UV-Vis spectrophotometer with
standard set-up for absorption spectroscopy; (right) simplified
representation of UV-Vis spectrophotometer with solid-state set-up for
diffuse reflectance spectroscopy.

1.6.f. IR and Raman spectroscopy

Infra-red spectroscopy is a method similar to UV-Visible
spectroscopy but using infra-red light: an incident I.R. light is sent through
the analyzed sample and the intensity of outcoming light is measured. The
difference between incident and outcoming light corresponds to absorbed
light. Recording the absorbed intensity for different wavelengths can give
further insights into the nature of the sample.

More specifically, I.R. light corresponds to wavelengths in between 7
x10® m and 103 m while most of the molecular vibrations of interest (such
as C-C; C-0; C-H; C-N; ...) occur in a much narrower range comprised between
2.5x10° m and 1.5 x10° m, which in turn corresponds to a range comprised
between respectively 4000 cm™ and 667 cm™ (using spectroscopic unit v

expressed in cm™ and Epp = hv = h; = hcvV) [88]. Thus an L.R. ray can be

absorbed when an oscillating dipole moment (generated by molecular
vibration) corresponds to the electrical vector of the incident beam [88]. An
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example of this can be illustrated with the case of the CO, molecule which is
apolar due to its symmetry (Figure 29). However, CO; also has 4 vibration
modes among which 3 of them exhibit a dipolar moment change as
presented in Figure 29. As a result, CO; can absorb I.R. light explaining why it
is a well-known greenhouse gas.
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Figure 29: CO, vibration modes with corresponding movement of atoms
(green arrows) and resulting dipolar moment (red arrows).

The comparison of recorded |.R. absorption intensity of a complex
compound with experimental tables allows to identify the main functional
groups present on the molecule and may help to identify an unknown
structure. An example of the main absorption bands for organic compound
is given in Figure 30. The interest of such methods in the scope of this thesis
is that I.R. spectroscopy can easily be performed in the solid-state. Thus, once
the spectrum of a pure solid anil is known, one can identify phase changes
such has polymorphism and cocrystallization because in both cases the
intermolecular interactions will differ, leading to changes in the vibrations of
impacted functionalities (synthons) and different patterns on the LR.
spectrum. This is possible only in the solid-state as in solution molecules of
interest are separated from each other and interact mostly with solvent
molecules.
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Figure 30: A few common organic bonds and their corresponding absorption
areain I.R. (adapted from [89].
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A complementary technique to |.R. spectroscopy is Raman
Spectroscopy which often allows to get similar information despite different
physical effects and theory govern this spectroscopy. The effect studied here
is the inelastic scattering of photons by the materials studied: the interaction
of the incident photon leads to a transition towards virtual energy states
which have very short life-time. This transition is due to the interaction of the
electrical field of the incident photon which can induce a polarization of the
electron cloud (but is not a transition between electronic state of the
molecules). Once in the virtual energy state, the molecule quickly goes back
to a lower energy state while emitting a photon which might be shifted in
energy compared to incident light as a different vibrational final state might
be reached. This energy difference gives insight into the nature of the
transition and the vibrational states. The main principles behind Raman and
I.R. spectroscopies are illustrated in Figure 31 [90].

To resume the main difference between the two techniques: I.R.
spectroscopy allows to observe vibrational changes leading to an overall
change of the electric dipole moment while Raman spectroscopy allows to
observe vibrational changes leading to a change of the polarizability during
the vibration [91].

As a result, in unsymmetrical molecules all fundamental vibrations
will lead to a change of the electrical dipole moment but also to the
polarizability and thus the two methods can be used to analyze the molecule.
For molecules with a center of symmetry, there is a Mutual Exclusion rule
which states that any fundamental transition which is active in I.R. is unactive
in Raman and vice-versa and as a result, the two methods are
complementary [91].

The Raman effect is very weak as only around 0.1% of the incident
light is scattered and most of this scattering is due to Rayleigh diffusion. As a
result, Raman Scattering accounts for 107 of the incident light intensity only.
However, the use of high intensity monochromatic light emitters such as
lasers makes it a suitable technique [91].

As both methods can be used in the solid-state and as all molecules
studied within this work are unsymmetrical, we can use either |.R. or Raman
to identify the appearance of new phases through the vibrational changes
they induce by comparing the spectra of references and new samples. For
instance, Raman technique has been used at the beginning of the present
thesis but was not used further as XRPD and DRS both allowed to retrieve
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similar information but also other important information about properties
and structure. Thus, the choice was made to focus on these techniques
instead.

Virtual energy
states +

Vibrational
energy states

A 4 v A

Infrared Rayleigh Stokes Raman Anti-Stokes
absorption scattering scattering Raman scattering

Figure 31: transitions in I.R. and Raman spectroscopy (adapted from [90]).

1.6.g. Terahertz spectroscopy (THz)

Terahertz spectroscopy usually refers to the spectroscopy technique
which specifically focus on the portion of electromagnetic spectrum
comprised between 10 and 10 Hz [92] which in turn correspond
respectively to 3 and 0.03 mm wavelengths. These last ones correspond to
micro-waves and mid-infrared respectively and this part of the
electromagnetic spectrum covers most hydrogen-bonding motions (such as
stretching and bending) and low-frequencies vibrating bonds along such as
Van der Waals interaction [93] with molecular rotations and crystalline
phonon vibrations [92]. As a result, terahertz spectroscopy is a technique of
interest in order to study hydrogen bonding which is one of the most
important features in the case of organic multi-component crystals (as
presented in section |.4.a. of the present chapter). This technique is further
used to characterize small organic crystals and their solid-state transitions
[94].

Terahertz spectroscopy is divided into three techniques depending
on sample and experimental constraints: transmission which is used for
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weakly absorbing samples, reflection and attenuated total reflection (also
abbreviated ATR) which are used for strongly absorbing or scattering samples
[92]. This last one (ATR), presents major advantages as it is suitable for
powders, liquids, thin film samples etc. without further preparation of the
sample [92].

As for other spectroscopic method, terahertz spectroscopy measures
the difference between an incoming and outcoming electromagnetic wave
passed through the sample. In the ATR-THz set-up, the sample is placed and
pressed on an “ATR-crystal” — a crystal with high refractive index and
transparent to THz such as germanium, silicon, gallium arsenide and sapphire
[95] — and the incoming THz beam is totally internally reflected when it
encounter the interface between the ATR-crystal and the sample [93]. At the
crystal-sample interface, an evanescent wave (an oscillation electric of
magnetic field which does not propagate as an electromagnetic field [96] is
produced which penetrates (and is thus able to interact with) the sample
within a certain distance (called penetration depth — usually 10 to 140 pum)
before producing the outcoming THz wave which is measured as illustrated
in Figure 32 [93].

Sample

Evanescent wave [|\/\/| $ Penetration depth

Incident THz Qutcoming THz
Beam Beam

Figure 32: Principle of the ATR-THz spectroscopy technique: an incident THz
beam encounter the crystal-sample interface with an angle 6, produce an
evanescent wave which penetrate the sample before producing the
outcoming (reflected) THz beam (adapted from [93]).

Total internal reflection is produced only if the ATR-crystal refractive
index (n1) is higher than the sample refractive index (n,) and the penetration
depth which depends of the wavelength is given by the following equation:
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dp = 2 2
2m,/sin“6 —nj,

Where 4, is the wavelength in the denser medium; n,; = % is the ratio of
1

refractive index with n; the refractive index of the denser medium and 8 is
the incident angle [93].

In the scope of the present thesis, ATR-THz technique could produce
results of interest as the photo-responsive anils used could be irradiated by
UV-laser (in order to produce the photochromic transition) during the THz
measurement which would allow to monitor the transformation.
Furthermore, this would allow to study the role of hydrogen bonds and other
weak intermolecular bonds over the photochromic transition and should be
considered as an interesting perspective in order to gain new insights into
this phenomenon.
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Preface of Chapter 2

The chapter 2, which is entitled “Altering the Photochromic Properties of N-
Salicylideneanilines Using a Co-Crystal Engineering Approach” has been
published in Crystal Growth and Design and the text is presented as such. As
a result, the words “cocrystal” and “N-Salicylideneaniline” (used as such in

all other chapters) are here written “co-crystal” and “N-salicylideneaniline”.
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Abstract

In this work photochromic properties of N-salicylideneanilines were
modified using a crystal engineering approach. Co-crystallization allowed to
modify the structural arrangement and electronic properties of the target
compounds altering its photochromic behavior without having to change the
nature of the molecule. A co-crystal of N-salicylideneaniline and citraconic
acid characterized by a zwitterionic anil character and showing inverted
photochromic behavior when compared to the parent anil is reported here
for the first time.
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Introduction

Within the race to novel technologies, chromotropic materials have
gained an increasing amount of attention over the last few decades, from
industrial as well as academic point of view [1]. Photochromism is likely the
most sought chromotropic property, and is defined as a light induced
reversible color change of a material. Most often photochromism is
associated to a compound, which can occur in two specific forms absorbing
at different wavelengths [2].

Among photochromic materials, N-salicylideneaniline (anils)
derivatives have been widely studied since 1939 [3] as they present multiple
advantages: they are relatively straightforward to synthesize [4,5], easy to
handle and use in the solid state, and resistant to fatigue [6,7,8]. N-
salicylideneanilines belong to the group of Schiff bases as they contain an
azomethine (imine) bond [9]. The ortho-hydroxyl (phenol) group can
undergo a keto-enol equilibrium through a temperature induced proton
transfer to the nitrogen of the azomethine bond [4,10-12] (Figure 1). At room
temperature in general both the enol and cis-keto forms are present in
equilibrium. In some cases, upon UV-visible irradiation, both undergo
transition to a third form, the trans-keto form [4-12] as presented in Figure
1.

The enol form (usually the most stable form) is usually colorless
whereas the cis-keto form, which becomes more populated at high
temperature, exhibits more often a deep yellow to orange coloration. Finally,
the trans-keto form obtained after light irradiation is usually deep red-
colored [3,4]. As mentioned, color changes can either be thermally or photo-
induced, allowing to classify anil compounds as thermochromic and/or
photochromic. Figure 2 shows the overall mechanisms believed to occur
upon photo-irradiation [6,14-16]. In the simplest scheme, excitation of the
enol form, will lead to an exited enol state, which either returns to the
ground state by fluorescence, or which undergoes non-radiative transition to
an exited cis-keto state. This latter can undergo a radiative relaxation to the
ground cis-keto state, or undergo a non-radiative transition to an excited
trans-keto state. Non-radiative relaxation of this latter is believed to lead to
the red-colored ground state trans-keto species. Recent theoretical and
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ultra-fast laser spectroscopy studies have shown this scheme to be over
simplified, with a more complex situation involving multiple transient species

being more likely [17,18].
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Figure 1: Photo and thermo-induced transitions in N-salicylideneaniline
[13].
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Figure 2: Simplified scheme of transition pathways for anils upon light
irradiation.
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From a structural point of view, photochromic anils usually present a
non-planar shape with a dihedral angle between aromatic rings ¢ >25°
[12,16,19,20]. When the molecule is planar the anil tends to be only
thermochromic. Recent work, however, suggest that planarity or non-
planarity of the anil molecules is not the determining factor for
thermochromic or photochromic behavior of those compounds [21]. The
thermo and/or photochromic character of the anil strongly depends on the
overall structural environment, explaining why different polymorphs of the
same compound can exhibit different thermo/photochromic properties [4].

Although sought for, only a limited number of anils show
photochromism at the solid state. In general, identification of novel
photochromic anils focuses on the synthesis of new compounds by inserting
or combining different functional groups. Alternatively, the photochromic
compound can be inserted in a different environment such as polymers and
rigid glasses [19] or porous materials [22] and zeolite [23]. In a final approach,
a crystal engineering approach, the crystal environment of the compound
can be impacted. By adding a metal component, metal organic frameworks
(MOFs) can be obtained [13,24]. In a recent contribution, a novel
methodology was used, consisting in co-crystallizing the molecule of interest
with another organic molecule. This approach allows combining properties
of different materials rendering them for instance more stable or less
reactive to external factors. More specifically, co-crystallization allows the
creation of novel crystalline forms, even for those compounds for which no
salts or solvates can be formed [25,26].

In the case of N-salicylideneanilines, co-crystallization could allow to
increase the space available in the crystal structure required for the “pedal
motion” involved in the photochromic mechanism [20]. Doing so non-
photochromic materials have been shown to be transformable into
photochromic ones [27]. In their contribution, Johmoto et al. studied acid-
base co-crystallization [27], with a proton transfer occurring between the co-
former and the anil of interest, hereby obtaining two charged species.
Another recent research succeeded in obtaining a photochromic co-crystal
coming from a non-photochromic anil [28]. Hutchins et al. used a phenolic
derivative which was hydrogen bonded with 4,4-Bipyridin [28]. We used a
similar approach but aimed not only to avoid acid-base co-crystallization, but
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also to impact the photochromically active site directly by changing its
hydrogen bonding pattern. To do so, we focused on two model compounds
(see experimental section) that do not contain any basic or acidic group other
than the ones at the photochromically active site.

By allowing hydrogen bonding to the photochromic site of the anil,
the goal of this study was to directly impact the photochromic behavior of
these reference compound.

Experimental Section

Starting Materials.

Carboxylic acids used as co-formers, solvents and starting materials
for synthesis were all purchased and used as such. Product codes are given
in the brackets. From Accros Organic: 1-hydroxy-2-naphtoic acid
(149231000); 2,5-dihydroxybenzoic acid (165200500); 4-hydroxybenzoic
acid (120995000); Acetylsalicylic acid (158185000); Citric acid (110450010);
Fumaric acid (119750010); Maleic acid (125230010); Mandelic acid R
(101691137); Oxalic acid (186432500); Succinic acid (158745000); Tartaric
acid D (137871000); 4-fluoro-aniline (119290250). From Sigma Aldrich: 2,3-
dihydroxybenzoic acid (206-135-5); 2,4-dihydroxybenzoic acid (101527441);
3,4-dihydroxybenzoic acid (100986520); 3,5-dihydroxybenzoic acid (202-
730-7); Salicylaldehyde (101669521). From Alfa Aesar: 2,2-dimethylsuccinic
acid (209-899-6). From U.C.B. s.a.: Salicylic acid (4388); Aniline (1163-4944).
From Janssen Chimica: Acetic acid (14.893.52). From TCl: Citraconic acid
(207-858-7). From VWR Chemicals: Acetonitrile (200-835-2); Diethyl ether
(200-467-2); Ethanol (200-578-6); Ethyl acetate (205-500-4). From Fisher
Chemicals: Acetone (200-662-2).

Synthesis.

Compound A (N-salicylideneaniline) was prepared by hand grinding
(ten minutes) of salicylaldehyde (10 mmol) with aniline (10 mmol) in
presence of a catalytic amount of acetic acid (0.2 mmol) and dried for 48 h at
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45 °C and used as such (yield: 98%, purity: 99%). Compound B (4-fluoro-
Salicylideneaniline) was prepared by grinding (5 minutes) of salicylaldehyde
(10 mmol) with 4-fluoro-aniline (10 mmol) and dried for 48 h at 45°C and
used as such (yield: 98%, purity: 99%).

Mechanochemical co-crystal screen.

The experimental co-crystal screening procedure was performed as
follows: in a first stage, solvent-drop grinding (10 pul of acetonitrile) was
performed using an equimolar (10 mol) mixture of starting materials.
Samples were ground in a RETSCH Mixer Mill MM 400 for 90 min with a
beating frequency of 30 Hz. The resulting powders were characterized using
X-ray Powder Diffraction. Upon co-crystal identification, attempts were
made to obtain a single crystal of suitable size and quality for single crystal
X-ray diffraction measurement. As a chemical reaction can occur during
solvent-drop grinding, 'H-NMR was used to eliminate samples were
degradation/reaction occurred.

Single Crystal formation attempts.

Single crystals of A-C10 were grown by MeCN vapor diffusion in a
furnace at 45 °C for 1 week after grinding. Standard slow solvent evaporation
at room temperature was tried for each positive hit with acetone,
acetonitrile, diethylether, ethanol, ethylacetate but did not yield successful
results. MeCN vapor diffusion at 45 °C was tested for B co-crystals but did
not yield single crystals suitable for analysis.

X-ray Powder Diffraction (XRPD).

X-ray diffraction measurements were performed on a Siemens
D5000 diffractometer equipped with a Cu X-ray source operating at 40 kV
and 40 mA and a secondary monochromator allowing to select the Ka
radiation of Cu (A=1.5418 A). A 20 scanning range from 2° to 50° at a scan
rate of 0.6° min was applied. Simulated patterns of the known starting

! The photochromically active polymorph of this compound was
obtained using this procedure.
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compounds were calculated from their single crystal structures with Mercury
3.1 and plotted with WinPLOTR (version: September 2015). For each
reported mixture the diffraction pattern (in blue) is superimposed onto
simulated patterns of its components (in red for the corresponding anil and
green for the co-former). All data are normalized at 100 for the highest peak.
We assume formation of new phases when at least 2 new peaks appear and
at least 2 reference peaks are missing.

Single crystal X-Ray diffraction.

The structure of A-C10 was solved from single-crystal synchrotron X-
ray diffraction data, which were collected on the Swiss-Norwegian Beam Line
BMO1A at the European Synchrotron Radiation Facility (ESRF) (Grenoble,
France), using a PILATUS 2M hybrid pixel detector at a wavelength of 0.82103
A. Prior to the data collection the sample was flash-cooled to 100(2) K using
an Oxford Cryostream 700 system. The data were converted with the SNBL
toolbox software [29] for integration with the CrysAlisPro software [30].

Structure was integrated with the CrysalisPro software and the
implemented multi-scan absorption correction procedure was applied. The
structure was solved by direct methods, SHELXS-97 [30] and was refined by
full-matrix least squares on |F|? using SHELXL-2014 [31]. Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were either placed
on calculated positions in riding mode with temperature factors fixed at 1.2
times Ueq of the parent atoms and 1.5 times Ueq for methyl groups, or located
in the Fourier difference maps when involved in H-bonds.

NMR analysis.

'H NMR spectra were recorded on Bruker-300 MHz. 'H NMR
chemical shifts are reported relative to CDsCN (1.94 ppm).

Compound A: 6 (ppm): 13.26 (s, 1H); 8.82 (s, 1H); 7.56-7.31 (m, 7H);
7.03-6.98 (dt, 2H, J1=7.8Hz, J,=1.2Hz).
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Diffuse Reflectance Spectroscopy measurements.

DRS spectra were obtained on a Varian Cary 5E spectrometer using
PTFE as a reference. Spectra were measured on pure solid. Diffuse
Reflectance spectra were normalized (value at A=395 nm set at 1). Signal
assignment was supported by reported band range for N-salicylideneaniline
derivatives [15]. Light irradiations were carried out with a LOT-ORIEL 200 W
high-pressure mercury arc lamp combined with selected band pass filter.
Kubelka-Munk spectra were taken before and after irradiation (irradiation
time is described in the text).

CSD statistical analysis.

Reference bond lengths of interest were obtained by statistical
analysis of the data available in the CSD: we searched all reported organic
structure (with R factor £ 0.05) containing at least two bonds corresponding
to critical bonds of the two forms (enol and keto: Figure 3) studied. A search
was performed in order to specifically describe bond lengths in the case of
anil derivatives and to be more accurate than average values already
reported by Frank H. Allen et al. [32]. Reference structures used to
approximate enol-imine and conjugated-ketone form are presented in Figure
4. Doing so, reference bond lengths were obtained (noted as bond 2, 3, 4 and
5 in Figure 3) in various environments regardless of temperature. Results of
average bond lengths are reported in table 1 with standard deviation and
number of CSD hits. As shown by this table, there is a clear-cut difference
between enol-imine and ketone bond lengths, with a slightly narrower
distribution in the case of the enol-imine form. Bond lengths obtained for
Conjugated Ketone 1 are different from bond lengths of Conjugated Ketone
2 and Amine 1 (Figure 4). We considered Conjugated Ketone 1 already
partially displaced toward Enol-Imine 1 and furthermore there are only a few
hits (126) meaning results on this form are less accurate. We therefore used
both forms, Conjugated-Ketone 2 and Amine 1 (for bond 5), to better
describe the conjugated ketone character. To describe the enol-imine
character we selected bond length values of Enol-Imine 1 as it is the closest
to the anil A structure and they are in good agreement with the results
observed in Phenol 1 and Imine 1.
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Figure 4: Structures with bond lengths researched through CSD to approach
enol-imine form (Enol-Imine 1, Phenol 1, Imine 1) and ketone form

(Conjugated Ketone 1, 2 and Amine 1) bond lengths. Non described
bonds/atoms were not defined during the search.

74



Table 1: bond lengths and standard deviations for each pattern
researched with its number of hits in the CSD

Pattern Bond2,6(A) | Bond3,0(A) | Bond4,0(A) | Bond5, o (A)
Enol-Imine 1
. 1.344, 0.022 1.406, 0.017 1.450, 0.021 | 1.286,0.021
Hits = 2652
Phenol 1
. 1.364, 0.020 1.399, 0.017 1.499, 0.310 /
Hits = 10000
Imine 1
) / / 1.443,0.023 | 1.283,0.021
Hits = 10000
Conj. Ketone 1
) 1.291, 0.015 1.431,0.013 1.414,0.014 | 1.303,0.015
Hits =126
Conj. Ketone 2
) 1.249, 0.034 1.463,0.032 1.375, 0.040 /
Hits = 881
Amine 1
. / / 1.356, 0.026 | 1.358, 0.027
Hits = 10000
Results

Co-crystal screening. Two very basic, well-described model anil
derivatives were chosen as well as 18 common carboxylic acid co-former
candidates (Figure 5). A first anil is N-salicylideneaniline (A, reported with
crystal structures REFCOD SALCAN to SALCANO4 in the CSD [34,35,36])
known to show strong photochromism; the second one is 4-fluoro-N-
salicylideneaniline (B, reported as CAVQAR in the CSD [37]) known to show
only thermochromism in the solid-state. Both compounds have been
extensively studied [4,38,39]. With the principal functionality available on
classical anils being the hydroxyl function, carboxylic acids have been tested
in order to form a hydrogen bridge as this type of hydrogen bonding is strong
and regularly encountered in co-crystals [25,26]. A typical synthon occurring
between an alcohol and carboxylic acid group is the synthon D2 (4) (according
to Etter Nomenclature [33]) shown in Figure 6. Another common synthon is
R3(6) (which would extend to R%(10) in the case of anils) but wasn’t observed
here.
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Co-crystals were identified using a mechanochemical approach (see
experimental details). All possible combinations of 1:1 molar ratio between
the co-formers and the anils were tested. A change in XRPD pattern (Figure
7) is expected to be related to either a change in polymorphic nature of one
of the compounds, degradation (=reaction) or co-crystal formation. When
degradation occurred (usually dissociation of anil in amine and aldehyde),
the result was discarded.
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Figure 5: Compounds studied (IUPAC name in Table 1).
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Figure 6: Expected DZ(4) supramolecular interaction [33] between N-
salicylideneaniline and a carboxylic acid (R1 stands for alkyl group).

As shown in table 2, a positive hit was obtained when working with
N-salicylideneaniline (entry A) and citraconic acid (Entry C10). Figure 7 shows
that the XRPD patterns of the ground material is different from any of the
known polymorphic forms of A, as well as from the XRPD pattern of citraconic
acid. NMR analysis confirmed no degradation occurred, leaving co-crystal
formation as the likely outcome, as confirmed by single crystal analysis. This
result shows how co-crystallization can effectively occur even when a limited
amount of functional groups is present on the target compound. For
compound B, a total of 4 positive results were identified, using 2,4-
dihydroxybenzoic acid, 3,4-dihydroxybenzoic acid, maleic acid, or oxalic acid
as a co-former.
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Table 2: XRPD and H-NMR comparison results between ground compounds
and reference. X implies a perfect superposition of XRPD data, XX implies
reaction/degradation of products and v means a structural change without
degradation of starting materials (co-crystal or polymorph) 2

. A (N- B (4-fluoro-N-
Ground with: . . o o
salicylideneaniline) salicylideneaniline)
C1 (1-hydroxy-2-naphtoic acid) X X
C2 (2,2-dimethylsuccinic acid) X X
C3 (2,3-dihydroxybenzoic acid) X X
C4 (2,4-dihydroxybenzoic acid) XX Y
C5 (2,5-dihydroxybenzoic acid) X X
C6 (3,4-dihydroxybenzoic acid) XX Y
C7 (3,5-dihydroxybenzoic acid) X X
C8 (4 hydroxybenzoic acid) X X
C9 (acetylsalicylic acid) X X
C10 (citraconic acid) Y XX
C11 (citric acid) X X
C12 (fumaric acid) X X
C13 (maleic acid) XX Y
C14 (mandelic acid R) X X
C15 (oxalic acid) XX Y
C16 (salicylic acid) X X
C17 (succinic acid) X X
C18 (tartaric acid D) X X

Co-crystals of 4-fluoro-N-salicylideneaniline

Although 4 novel co-crystals of 4-fluoro-N-salicylideneaniline are
suspected based on the data in Table 2, no single crystals of these have been
obtained so far. One reason could be the sensitivity of anil to hydrolysis
catalyzed by acids (co-formers). As solvent used are all slightly hygroscopic
process like slow evaporation could lead to the degradation of anil and

2 Screening was limited to grinding methods, so the possibility exists
that some co-crystals might have been overlooked.

78



recombination of amine with the co-former to make a salt. Such a process
should then be performed under water-free atmosphere to avoid this.

Furthermore, DRS analyses on the ground co-crystal powders did not
show significant differences with respect to the reference compound, nor did
irradiation at different wavelengths for prolonged periods. These co-crystals,
are thus, like the reference parent compound, expected to be
thermochromic, with no significant difference between the keto-enol
equilibrium found in the parent compound as compared to that within the
co-crystals.

Co-crystal between N-salicylideneaniline (A) and citraconic acid
(C10)

A single crystal was successfully grown and structural analysis shows
both compounds to co-crystallize in the P21/c space group (structural details
are presented in table 3), with the expected D2(4) synthon (which is a
combination at the binary level of S(6) and D patterns) forming between the
carboxylic acid group and the phenolate function (Figure 8). To the best of
our knowledge, we are the first to report on a direct impact of co-
crystallization on the functional groups that are involved in the
thermochromic and photochromic nature of the anils by impacting the
hydrogen bonding pattern. The co-crystal is not a salt as the carboxylic
proton was clearly visible in the density maps and the carbon-oxygen bond
lengths in the carboxylic group are significantly different, identifying them as
a C=0 double bond (1.223(2) A) and a single C-O bond (1.298(2) A), opposed
to the salt form where equal bond distances are expected.
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Figure 7: XRPD pattern of A-C10 powder versus references: the ground

mixture (blue spectra) is clearly different from all references of A (four
polymorphs) and C10 (black).

Figure 8 left: ORTEP projection of crystal structure of co-crystal between anil
A and co-former C10. Dashed blue line represent the DZ(4) synthon with two
hydrogen atoms shared between the three electronegative atoms. Right:
schematic representation of the structure showing the zwitterionic character
of anil moiety.

To study the impact of co-crystallization on the keto-enol
equilibrium, we compare the main bond lengths involved in the A-C10 co-
crystal with those of the free anil (A), as well as with a statistical analysis as
specified in the experimental details of similar derivatives available in the
CSD (Figure 5). Results are given in table 3.
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Table 3: Expected values with their standards deviations? for bond lengths 2
to 5 of Enol-Imine and Keto-form (regardless to the temperature) based on
CSD statistical analysis and comparison with A-C10 co-crystal (bond lengths
measured and their standard deviations) and A (SALCANO1).

Bond 2,0 Bond 3,0 Bond 4, o Bond 5, o
(A) (A) (A) (A)
Enol-Imine 1.344,0.022 | 1.406,0.017 | 1.45,0.021 | 1.286,0.021
Conj. Ketone | 1.249,0.034 | 1.463,0.032 | 1.375,0.04 | 1.358,0.027
A
1.352,0.003 | 1.419, 0.003 | 1.455,0.003 | 1.280, 0.003
(120K)
A-C10
(100K) 1.316,0.002 | 1.424,0.003 | 1.407,0.003 | 1.309, 0.002

Table 3 clearly shows A to exist in an enol/cis-keto equilibrium which
is strongly displaced towards the enol form. An important structural variation
is observed when A co-crystallizes with C10 (crystal data and structure
refinement are given in table 4), as bond lengths indicate the equilibrium is
shifted in favor of the keto form. As data were collected at 120 K for A and
100 K for A-C10 we expect only a neglectable temperature effect on the bond
lengths. Bonds 2 and 4 are shorter within the co-crystal, whereas the length
of bond 5 increases.

Even though these bond lengths indicate a displacement towards the
keto form, at this stage, the use of the term ‘keto’-form does seem
inappropriate. The ‘keto’-form can actually be represented under two
resonance structures, either using a charge neutral keto representation or
through a zwitterionic representation. This latter seems much more
pertinent in the current case: the hydrogen of the enol is clearly transferred
to the nitrogen atom as shown by the Xray density maps. Even though, this
clear transfer of the hydrogen atom, bond 2 (1.316 A) is intermediate
between a pure C=0 double bond (1. 249 A) and a C-OH single bond (1.344

A) as shown in table 3. Furthermore, the C-C bond 3 (1.424 A) is almost not

3 The errors of the CSD search are one order of magnitude higher
compared to the error on a single structure, as they are derived from an
ensemble of structure.
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affected whereas a clear increase up to 1.46 A would be observed (according
to table 3) if one would expect a more keto character. Finally, the C-N bond
5 length (1.309 A) is closer to that of a C=N (1.286 A) double bond, than that
of a C-N single bond (1.358 A). These combined observations suggest to
consider the ‘keto’-form rather as a ‘zwitterionic form’ in this case, and the
keto-enol equilibrium should rather be presented as the “enol-zwitterionic”
equilibrium shown in Figure 9. This zwitterionic form was already reported
for anils inserted into zeolites however in that case no photochromism was
observed [23].

The displacement from the enol form towards the zwitterionic form
upon co-crystallization is likely induced by the hydrogen donating effect of
the co-former (synthon DZ(4)). The directionalized interaction of the co-
former hydrogen towards the alcohol function, could allow for a better
hydrogen transfer of this latter to the imine function, and stabilizes the
negative charge on the oxygen atom, create by doing so. This displacement
also induces a change in optical properties as illustrated in Figure 10 showing
the color change between the original compound and the co-crystals, at
room temperature and at 50 °C. At room temperature co-crystal A-C10 has a
more intense yellow color compared to the reference A which can be
explained by an increased amount of zwitterionic form. When heated up to
50 °C anil A starts to melt and is characterized by a more intense brown color
whereas A-C10 remains solid, exhibiting a more intense yellow color (melting
occurs at 80 °C). When cooled to -80 °C anil A turns to pale yellow whereas
no change is observed for A-C10.
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Figure 9: New equilibrium pattern based on structural analysis
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Figure 10: Comparison between A and A-C10 at room temperature (left) and
upon heating at 50 °C (right).

To study the effect of co-crystallization on the photochromic
properties of the parent anil, Kubelka-Munk spectra of the anil A and co-
crystal A-C10 were measured under standard conditions (room temperature
and pressure) as shown in Figure 11. Data are normalized to 1 for the peak
at 395 nm. Spectra of the two compounds clearly differ. No such difference
is found when comparing the spectrum of reference A (polymorph alpha 2)
with that of a physical mixture (see supporting information) between A and
C10. Both the parent anil A as well as the co-crystal A-C10 show a strong
absorption band at 375 nm, attributed to the absorption of the enol form [4].
The strongest difference for the co-crystal comes from the very strong
absorption band centered on 488 nm which is typically attributed to the keto
form (or the zwitterionic form in our case) of the product. This form appears
to be strongly populated which is in line with the structural analysis, pointing
towards an increased amount of zwitterionic form in the equilibrium. The
weak absorption at 450 nm clearly shows why the parent anil, was labeled
non-thermochromic.

When zooming into the 525-700 nm range both forms present a
small shoulder centered on 600 nm, attributed to the trans-keto form.
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Figure 11: Kubelka-Munk spectra of anil A and co-crystal A-C10 at room
temperature.

The photochromic effect of both forms was studied by comparing
variation of the absorption spectra upon prolonged irradiation (30 minutes
to 1 hour). Irradiation of A at 365 nm leads to an increase in cis-keto and
trans-keto form, whereas an irradiation at 436 nm leads to a depopulation of
the already small amount of cis-keto form in favor of the trans-keto form, in
agreement with the earlier work by Fujiwara et al. [15]. However, in the case
of A-C10 a surprisingly different behavior is observed. Irradiation at 365 nm,
leads to both a strong depletion of the cis-zwitterionic form (centered at 450
nm) and trans-keto (600 nm) forms relatively to the enol form (centered at
380 nm). Subsequent irradiation at 546 nm (+/- 20 minutes) restores the
original situation contrary to what is observed for the parent anil (Figure 12).
Another difference observed is irradiation at 436 nm which has no
observable effect on the zwitterion/enol equilibrium in this case. These
results might indicate that the trans-keto form is also impacted by co-
crystallization, and might also show a strong zwitterionic character, although
this remains to be proven.

After prolonged irradiation, the initial equilibrium can be restored
thermally (without irradiation), but at room temperature, one requires about
8 hours to return to original levels.
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Figure 12: Kubelka-Munk spectra of A-C10 after irradiation at 365 nm (blue)
for 20 minutes and reference (red).

From the results above, it is clear that co-crystallization strongly
affects the photochromic behavior of anils, likely due to the impact on the
hydrogen bonding pattern which is affected. To fully understand the
underlying mechanism, one would have to review the scheme as presented
in Figure 2. A future full investigation using, e.g., femtosecond spectroscopy
could be interesting to elucidate this behavior.

Our results clearly show that tackling the structure of anils through
co-crystallization and more specifically through alteration of the hydrogen
bonding pattern directly involved in the keto (zwitterion)/enol equilibrium,
offers new possibilities for varying the photochromic behavior of anils, and
might lead to promising results on future candidates.
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Table 4: Crystal data and structure refinement for co-crystal A-C10

Co-crystal A-C10

Empirical formula C18H17NOs

M 327.32

T [K] 100(2)
Crystal system Monoclinic
Space group P21/c (no.14)
a [A] 10.7434(4)

b [A] 8.3025(2)
c[A] 19.0548(7)

6 1[°] 113.813(3)
VA3 1554.94(10)
z 4

Peaica [Mg M) 1.398

F(000) 688

u [mm?] 0.142
Crystal size [mm)] 0.15x0.10x0.10
Umax [°] 31.2129
Reflection collected/unique 7945/2471
Rint 0.0393

Ry [1>20(/)] 0.0401

WR3 0.0926

Largest diff. Peak/hole [e A3] 0.152/-0.223

Conclusion

We have crystallized a co-crystal of N-salicylideneaniline and
citraconic acid which shows new and unexpected photochromic behavior. A
careful structural analysis reveals co-crystallization affected bond lengths
and electronic structure of the photochromic center in such a manner to
suggest viewing the classical keto-enol equilibrium rather as an enol-
zwitterionic equilibrium. This effect is due to the co-formers we chose for
synthon creation in order to build the co-crystal. By altering the hydrogen
bonding pattern of the alcohol functionality, we are able to impact the
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photochromic mechanism directly. To do so, we added a hydrogen donor to
the alcohol group, creating a push-and-pull effect on the hydrogen involved
in the enol-zwitterionic equilibrium. For the parent N-salicylideneaniline, co-
crystallization not only led to a substantial change in the classical view of the
keto/enol equilibrium, which is in our case described as an enol-zwitterionic
equilibrium, but furthermore to some unexpected photochromic behavior,
which up to now remains unexplained by the classical scheme. These findings
open new ways to fine-tune photochromism of N-salicylideneaniline
derivatives: one can not only increase the space available in the crystal
structure through co-crystallization (allowing cis-trans isomerization), but
one can also directly impact the electronic behavior of the centers involved
in the photochromic and thermochromic behavior.

Supporting Information.

Structures described in this contribution have been deposited at the
Cambridge Crystallographic Data Centre and allocated the deposition
numbers CCDC 1448718 for A-C10. Supporting information also contains
TGA, DSC, XRPD and DRS patterns of discussed compounds. This material is
available free of charge via the Internet at:
https://pubs.acs.org/doi/10.1021/acs.cegd.6b00108.
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Preface of Chapter 3

The chapter 3, which is entitled “New Insights into Photochromic Properties
of N-Salicylideneaniline Derivatives Using a CoCrystal Engineering Approach”

has been published in Crystal Growth and Design and the text is presented
as such.
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Abstract

In this contribution, we aim to modify the photochromic properties
of anils using a crystal engineering approach. Previous work has shown
cocrystallization to alter the photochromic behavior of anils. Here a full
screening of 15 anil derivatives (including 8 newly described anils) with 21
coformers (carboxylic acids, amides and halogenated benzene derivatives)
was performed, resulting in 89 new anil cocrystals. This large amount of
results allows drawing statistically valid insights on the complex
photochromic mechanism providing evidence of a continuous phenomenon
instead of the classic binary photochromic/non-photochromic one. This is
supported by the discovery of “weakly photochromic compounds” presented
in this contribution. All the results allowed confirming that an enol-imine
character is a requirement and that reducing the amount of short contacts
involving the moieties of interest is an interesting way to fine-tune properties
as this acts on both electronical and structural aspects. Following this
“continuous hypothesis”, the role of the dihedral angle has been explored
and shown to be related to the intensity of photochromism instead of being
determinant for its occurrence. On top, in this contribution we present a
novel way of interpreting DRS (Diffuse Reflectance Spectroscopy) data.
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Introduction

Photochromism, defined as a light induced reversible color change of
a material [1] is a property of continuous interest as it serves for many
applications such as: optical devices [2,3], intelligent screens [4], changing
color lenses [5], secured inks for banknotes or confidential notes [6,7] and
optical data storage [8,9].

Among photochromic materials N-Salicylideneaniline (anil)
derivatives are among the most studied as they present this property at the
solid-state, showing high solid-state stability [10] and easy synthesis [11,12].

Anil photochromism is attributed to a cis-trans isomerization
mechanism as illustrated in Figure 1. At room temperature, most anils
present an enol /cis-keto equilibrium usually in favor of the enol form. This
equilibrium involves an internal proton transfer between the nitrogen of the
azomethine bond and the oxygen of the ortho-phenolic moiety. A change in
temperature shifts the equilibrium to the cis-keto form, associated with a
change in color from white (enol) to yellow (cis-keto). Upon UV-vis
irradiation, both enol and cis-keto form can undergo a transition to a trans-
keto form [3,11-18]. As this latter absorbs at higher wavelengths, this
“photochromic” transition is clearly visible with the solid usually presenting
a color change from colorless/yellow to red. Even if many anils are
photochromic in solution [19], only a limited number of them present this
feature in the solid state.

Cis-Enol R Cis-Keto R

(Colorless) |\ (Yellow) /@
R R,
-A
/ OH \ Q
A
hv
v
—“RI
HN
[o]
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Figure 1: general scheme of the main thermo- and photochromic transitions
in anils.

To understand why at the solid state some anils are photochromic
and others not, early studies tried to link the photochromic characteristic to
structural features, mainly focusing on the dihedral angle present between
the aromatic moieties. Indeed, most of the photochromic anils reported
show a dihedral angle ¢ > 25° [18,20-22] while planar anils usually tend to be
thermochromic only [23]. However, recent findings disclosed this feature is
no longer sufficient, with increasing counter-examples appearing in
literature [19]. The full structural environment of an anil does nevertheless
have an important impact on its photochromism as shown by alteration of
the properties when inserting anils in environments such as a polymers [21],
Metal-Organic Frameworks (MOFs) [24,25], zeolites [26] or through a
cocrystallization approach [27-29]. All of these studies combined with a
theoretical study [22] highlight the necessity of an open-packing structure to
be a prerequisite for photochromism (presence of an interplanar distance of
at least 3.3 A between molecular planes) [14,30].

Even though an open-packing is a requirement, it is not a guarantee
for photochromism. A full understanding of why some anils are
photochromic and others are not remains an open question. Such an
understanding can help guide future synthetic efforts for novel
photochromic materials, and furthermore will allow transforming non-
respondent anils into photochromically active ones by changing structural
surroundings [28]. Cocrystallization might be the most promising approach
to perform such studies, as it is commonly applied to modify and improve
the chemical and physical properties of pharmaceutical compounds [31-33].
This approach has already been used in the context of Schiff bases (to which
anils belong [15]) and specifically in the case of N-Salicylideneaniline
derivatives through hydrogen bonding [27-29] which recently provided a
successful way to reversibly switch properties through
hydration/dehydration [34] or through ammoniation/deammoniation in
case of salts [35]. Another recent approach used halogen bonding [36,37] as
a tool to change photochromical properties.
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In order to gain new insights into the link between photochromic
activity and structural features, we performed a statistical study on a full set
of anils as well as their cocrystals. By considering 15 different anils and
coupling them to 21 coformers, a substantial dataset is obtained with a
variety of different structural environments for a limited set of target
compounds. This data underlines cocrystal screening efficiency for anils, and
allows linking structural features to the photochromic characteristics.
Furthermore, we were able to show that each non-photochromic anil could
be ‘switched on’ using a cocrystallization approach, highlighting the fact that,
in principle, all anils can become photochromic in the solid state when given
the right structural surroundings. From this dataset we were able to place
many hypotheses/results already present in literature in perspective such as
the keto-enol equilibrium, dihedral angle, free space and short contacts
confirming the importance of these last ones over the ortho-hydroxy moiety
[19] but also with the moving moiety which is a new conclusion to the best
of our knowledge.

Experimental Section

Starting Materials and Synthesis of the different anils are described
in the supporting information (section 10).

Mechanochemical Cocrystal Screening.

Liquid-assisted grinding (10 pl of acetonitrile) was performed using
an equimolar (+/- 10-3 mol) mixture of starting materials. Samples were
ground in a RETSCH Mixer Mill MM 400 for 90 min with a beating frequency
of 30 Hz. The resulting powders were characterized using X-ray Powder
Diffraction. Upon cocrystal identification, attempts were made to obtain a
single crystal of suitable size and quality for X-RD single crystal measurement.
As chemical reactions can occur during liquid-assisted grinding, 1H-NMR was
used to eliminate samples that led to degradation/reaction.

Single Crystal Formation. Solvent evaporation at room temperature
starting from an under-saturated solution, yielded single crystals of suitable
quality for: C-C16, D-C1, E, E-C1, E-C2, E-C4, E-C5, E-C6, E-C8, E-C8, E-C9, E-
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C11, E-C12 (solvate), F-C4 (hydrate), F-C5, H, I-C10 (hydrate), L (hydrate), M,
M-C15, N, N-C5 (hydrate), 0-C13 from acetonitrile; for C-C20 from ethanol;
for D from acetone; and for F-C9 from ethyl-acetate.

Saturated solutions were prepared by adding an excess of compound
to acetonitrile. By combining equivalent supernatant volumes of target anil
and coformer and leaving this combined solution to evaporate at room
temperature single crystals were obtained for A-C20, a monohydrate of D
(from the experiment coupling anil D and coformer C2), a dihydrate structure
of E (from the experiment coupling anil E and coformer C13) for anil G (from
the experiment coupling anil G and coformer C3) and for anil H (from the
experiment coupling anil H and coformer C9).

X-Ray Powder Diffraction (XRPD).

X-ray diffraction measurements were performed on a Siemens
D5000 diffractometer equipped with a Cu X-ray source operating at 40 kV
and 40 mA and a secondary monochromator allowing to select the Ka
radiation of Cu (A=1.5418 A). A 20 scanning range from 2° to 50° at a scan
rate of 0.6° min' was applied. Simulated patterns of the known starting
compounds were calculated from their single crystal structures with Mercury
3.5.1 and plotted with WinPLOTR (version: September 2015). For each
reported mixture the diffraction pattern (in blue) is superimposed onto
simulated patterns of its components (in red for the corresponding anil and
green for the co-former). All data are normalized to 100 for the highest peak.
We assume formation of new phases when at least 2 new peaks appear and
at least 2 reference peaks are missing.

Single Crystal X-Ray Diffraction.

Structures were integrated with the CrysalisPro software [38] and
the implemented multi-scan absorption correction procedure was applied.
Each structure was solved by direct methods, SHELXT [39] and refined by full-
matrix least squares on |F|? using SHELXL-2014 or 2018 [40]. Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were either placed
on calculated positions in riding mode with temperature factors fixed at 1.2
times Ueq of the parent atoms and 1.5 times Ueq for methyl groups, or located
in the Fourier difference maps when involved in H-bonds.
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Diffuse Reflectance Spectroscopy Measurements.

DRS spectra were obtained with a Varian 5E spectrophotometer
equipped with a “praying mantis” diffuse reflection accessory and were
converted to absorption spectra using the Kubelka-Munk function [41,42]
and using PTFE as a reference for baseline correction. Spectra were
measured on pure solid and were normalized relatively to their highest peak.
Signal assignment was supported by reported band range for N-
Salicylideneaniline derivatives [43]. Prior to the DRS measurement, the purity
of the new solid phase was checked through XRPD to ensure the cocrystal
phase is the only phase present, and the measurement does not suffer
interference from one of the parent compounds. DRS results show an
important shift of the trans-keto band (CFR Table 2) which also inherently
confirms the presence of a new phase.

A novel alternative way of looking at the DRS data is presented here.
Photochromic profiles are obtained by plotting the ratio of the spectra
after/before irradiation. According to Kubelka-Munk theory, the Kubelka-
Munk function F(R) = k/s where R is the reflectance, k is the molar extinction
coefficient from the UV-Vis measurements in solution and s a scattering
coefficient depending on all physical parameters of the sample surface
[41,44]. If one assumes each existing electronic state (noted & (T,A) with A the
probe wavelength) to contribute to k, then k is dependent on the population
Ni(T) of these states and thus one can write: k(A) = i Ni(T).& (T,A). The ratio
of consecutive solid state measurements m and n (with conservation of the
sample surface throughout the experiment) would give for a given
wavelength: Fn(A)/Fa(A) = 3i Nim(T).& (T,A) / Sin Nin(T).& (T,A) under the
assumption that the scattering coefficient s does not change. For a given
wavelength and temperature, this ratio changes upon irradiation, if a change
in population of absorbing species occurs. If no population change occurs, or
the species do not respond at a given wavelength, a fixed ratio is obtained.
The ratio can therefore be directly related to population changes
independently of experimental parameters such as surface, scattering
coefficient or powder grain-size. Under the assumption that only a limited
amount of absorbing species are present, non-photochromical compounds
should present a perfectly linear profile (i.e. no evolution of state
populations) equal to 1 (in case there is no experimental variation) while

101



photo-respondent compounds should present upward and/or downward
peaks as the state-population changes. In the context of this work, a change
in ratio was considered significant when larger than > 0.3 (30% intensity
variation occurring over less than 50 nm). This value was chosen as
experimental variations between consecutive measurements on a single
sample were 10% (ratio change = 0.1) in the worst case. Considering 3 times
this value, any change in ratio should represent a true population change.
The highest ratio change is noted Imax (in case of downward peak the ratio is
inverted to have a clear comparison with normal cases). We then introduced
A = F(R);-F(R)i, the absorption intensity difference between irradiated and
non-irradiated compound (from normalized Kubelka-Munk measurements)
at the wavelength where the ratio is highest. We found that A values below
0.25 were not visible anymore by the naked eye.

Light irradiations were carried out with a MAX-303 lamp (Xenon light
source 300 W) at 360 nm (by the use of 20 nm bandpass filters) for 30
minutes. Kubelka-Munk spectra were averaged over three measurements
(removing and replacing the sample from the device between each but
without changing the surface).

Thermal fading was analyzed by monitoring the evolution of
absorption at 550 nm after irradiation (absorption measured each second
over 6000 sec in a dark environment).

Short Contacts Analysis.

We measured the total amount of close contacts involving any atom
of a moiety of interest (detailed in the text) within a defined distance D,
allowing quantifying weak, medium and strong short contacts. Thus, we
assigned a strong short contact when this contact is shorter than the sum of
the Vander Waals radii of involved atoms (noted as >rvaw, with values as
defined in Mercury version 3.5.1) reduced by 0.05 A (D < Sruaw -0.05 A). A
medium short contact is considered for lengths comprised between >ryqw -
0.05 A and Sruw +0.05 A and a weak short contact for a length comprised
between Sryaw +0.05 A and Srysw +0.2 A. Hirshfeld surfaces and 2D molecular
fingerprints were calculated and drawn using the Dnorm function of
CrystalExplorer 17.5 Software [45] and corresponding CIF files.
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Results
Cocrystal screening

Scheme 1 shows the fifteen anil derivatives used (A to O) (see
supporting information-section 10 for their synthesis) and Scheme 2 the
selected 21 coformers (C1 to C21), among which carboxylic acids, amides and
halogenated benzene derivatives. Table 1 shows the results of the full
cocrystal screening between anils and coformers. For 33 combinations
degradation of the anil occurred upon grinding.

Table 1 shows a total of 95 cocrystals identified out of 315 possible
combinations, 21 of which were structurally analyzed. This corresponds to a
cocrystal formation success rate of +/- 30%. Even though such high rates are
occasionally observed in literature [46] the generally accepted success rate
is about 10 to 15% [44,47]. The high number observed here is likely due to
the co-former selection, as we focused on co-formers already prove to
cocrystallize with anils [28,29]. The efficiency of carboxylic acids as co-
formersis apparent from Table 2 and is likely due to the possibility of forming
hydrogen bonds between the carboxylic acid of the coformer and the anil -
OH bond. Itis also apparent from Table 1 that the second and third anil series
(respectively with the naphtyl and para hydroxy group on the salicylidene
moiety) have an enhanced tendency to form cocrystals. This can also be
explained by intermolecular interactions such as m-m interactions or
hydrogen bonding with the —OH group.
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H,CO OH
Scheme 1: anils studied in this work.
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Scheme 2: coformers selected for the cocrystal screen.
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Table 1: Cocrystal screening results. Deg. = degradation. CC = cocrystal
formation and CC-SC = cocrystal which is structurally characterized.
Empty cell = no cocrystal observed.
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Photo- and non-photochromic behavior

All cocrystals as well as all parent anils were irradiated at 365 nm for
30 minutes and their solid-state absorption spectra were recorded. DRS
strongly depends on experimental parameters such as surface planarity,
grain-size, sample holder position, etc. [41], as illustrated in Figure 2 (left).
An absolute variation up to 10% is not rare between two consecutive
measurements, even when leaving the sample holder and sample in place.
We thus decided to treat the data as mentioned above, coming to a signal
that is less parameter dependent (Figure 2 - right).

F(R)
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Figure 2 (left): Averaged DRS (Kulbelka-Munk) measurements of anil B (blue
curve) over 8 measurements, with +/- 1 standard deviation (grey curves).
(Right): ratio of two consecutive measurements (blue curve) and ratio of 1%
and 8" measurement (orange curve) for anil B.

As mentioned above, this relative signal shows upwards and
downwards peaks when irradiation leads to population changes of different
forms. This is illustrated in Figure 3, showing the DRS spectra for the A-C20
(photochromic) and C-C4 (non-photochromic) cocrystals, as well as the
relative signal of the spectra before and after irradiation. The non-
photochromic cocrystal show a flat line for all wavelengths, while a positive
peak is observed when the cocrystal is photo-responsive, with a population
increase of the trans-keto form as shown by the positive peak at around 560
nm. The value of the maximum ratio is further defined as Imax.
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Figure 3: Normalized DRS spectra of cocrystals (a) A-C20 and (b) C-C4. Spectra
before (blue) and after (orange) irradiation at 360 nm. Relative ratio of both
spectra for cocrystal A-C20 (c) and C-C4 (d).

This result is also confirmed visually (Figure 4), with cocrystal A-C20
showing a weak but visible color change (from yellow to orange).

Figure 4: compounds A-C20 (left) and C-C4 (right). Top part (A) has been
irradiated at 360 nm for 30 minutes while bottom part (B) was masked during
the irradiation.

Analysis of the signal ratio (appearance of a peak at +/- 600 nm upon
irradiation at 360 nm) allowed identifying 5 photochromic anils: A, C, D, M
and O, with anil A and C already been reported as such [48,49]. Among the
95 cocrystals 20 were found photochromic: A-C20, B-C4, B-C9, B-C10, B-C20,
C-C8, C-C16, C-C20, C-C21, D-C2, D-C5, E-C15, H-C1, H-C16, I-C7, I-C12, J-C6,
J-C7, M-C15 and O-C15. It is interesting to highlight that B-C4, B-C9 and B-
C10 were previously reported as non-photochromic [28]. This is
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understandable as the peak height is around 1.3 (the lower limit used in this
work). Furthermore, calculating the absorption difference A (as detailed in
experimental part) we found a A = 0.05%, an extremely low value (not
detectable by the naked eye) which explains they were reported non-
photochromic. The data treatment presented in this paper can therefore
help to identify borderline cases (Figure 5). The presence itself of borderline
cases is new and shows photochromism to be a continuous phenomenon
instead of a binary one, as the limit between photochromic and non-
photochromic character is hard to find and has been established here based
on experimental limitations (see experimental part) more than on an
explicative model.

All the compounds presented here completely faded under visible light and
some interesting cases were studied further (see Kinetic paragraphs below).

C-C16

»
.

A=5% A=24% A=2% A=0.7%

A-C20

Figure 5: Comparison of not-irradiated (Bottom part - B) and irradiated (Top
part - A) materials for different delta values/different cocrystals. As delta
decreases it is harder to distinguish the color change.

Table 1 (combined with DRS-ratio analysis) also reveals that most of
anils considered in this work lead to both photochromic as well as non-
photochromic cocrystals. This also implies that for all parent compounds
which are non-photochromic (B, E, F, H and I) cocrystallization can always be
used as a tool to render them photochromic. Similarly, all photochromic anils
(C, D, M, O) can be ‘turned off’ using this tool.
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Linking photochromism to structural characteristics

Among the 110 forms identified (95 cocrystals and 15 parent anils),
8 photochromic ones were structurally characterized (A [48], C [27], D, M
[50], A-C20 [36], C-C16, C-C20 and M-C15). The structural data and ORTEP
representations of the ones determined here can be found in the supporting
information (section 9).

Table 2 reports the main structural features of the photochromic
center (Scheme 3), the maximum ratio change Imax and the intermolecular
distances: distance between parallel planes (Figure 6) for structures
presenting a “close-packing” feature.

Rl

\

Tl

Scheme 3: Reference diagram with the bond lengths of interest marked as 1
to 4 and the main dihedral angle T1 (between the two aromatic rings).

Figure 6: Interplanar distance illustrated in case of anil D along two
different views.
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Table 2: Main structural data of photochromic solids, as well as maximum
ratio intensity (and its corresponding wavelength). Novel structures are
highlighted in green.

Compound Bond 1 Bond 2 Bond 3 Bond 4 T1 Angle e (A UL) I_nterplanar
(&) (&) &) (&) ] (A nm) Distances (A)

A 1.352 1.419 1.455 1.280 47(2) 45 (535 nm) /

c 1.345 1.351 1.446 1.276 5.4(4) 9.3 (572 nm) 3.420

C-C16 1.359(8) | 1.269(8) | 1.435(8) | 1.296(7) 12(2) 2.2 (560 nm) 3.424

C-C20 1.347(5) | 1.406(6) | 1.465(5) | 1.283(5) 5.6(2) 1.6 (569 nm) 3.462

D 1.344(2) | 1.384(3) | 1.445(3) | 1.268(2) 0.6(5) 1.6 (571 nm) 3.472

M 1.356(2) | 1.406(2) | 1.449(3) | 1.284(2) 30(2) 3.1 (578 nm) /

M-C158 1.347(4) | 1.397(7) | 1.445(9) | 1.282(5) | 26.4(2) | 2.1 (587 nm) /

X, 1.350(3) | 1.400(3) | 1.444(3) | 1.284(3) | 30(3) 6 (550 nm) 3.597

X 1.350(2) | 1.403(3) | 1.446(3) | 1.281(3) | 395(2) 16 (555 nm) 3.275

X;* 1.345(2) | 1.402(2) | 1.446(2) | 1.281(2) | 30(3) 7 (575 nm) 3.533

Average 1.350 1.358 1.448 1.282 23 / /

Standard

deviation 0.005 0.014 0.008 0.007 16 / /

3 Compound A, C and M from respective refs [48], [27] and [50]. X3, X, X3 are
taken from [29]

b Cocrystal M-C15 presents two slightly different molecules in the
asymmetric unit. The results presented here are the average values.

Table 2 shows photochromic centers to have rather similar bond
lengths as reflected by the small standard deviations. Based on reference
bond lengths [28] the photochromically active compounds can be considered
of the Enol-Imine type confirming previous studies [19]. All compounds
(except A) were measured at room temperature proving a weak
thermochromic character (as the thermal equilibrium is displaced toward
keto form with increasing temperature). Interestingly, the values of the
dihedral angle vary between 0 and 40°, with a strong standard deviation. The
largest dihedral angle found in literature for a photochromic anil is 90° [51]
while we here present a cocrystal C-C20 showing visible photochromism with
a dihedral angle as low as 5.6°. In total, 4 photochromic compounds studied
here presented a dihedral angle lower than 25° as shown in table 2. Also 2
non-photochromic compounds presented a high dihedral angle of about 35°
as shown in table 3 which means in total 6 over 28 compounds do not obey
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the “dihedral angle rule” in this contribution. Again, the standard deviation
is thus very important compared to the average value for non-photochromic
compounds. Another statistical study performed over a small dataset of 40
N-Salicylideneaniline derivatives still concludes to the importance of this rule
despite the presence of counter-examples (6 over 40) [52]. Our results
confirm the recent believe that the dihedral angle (between the two
aromatic rings) is not fully representative of the photochromic character, and
the ‘dihedral angle rule’ (¢ > 25° is required for photochromism to occur)
should therefore be revised [19,20].

Nevertheless, the value of the dihedral angle has a non-negligible
impact on the photochromic process as it impacts the maximum ratio change
observed upon irradiation. Figure 7 shows photochromic compounds with
low dihedral angles (between 0° and 25°) to show only weak photochromic
behavior whereas a stronger effect is obtained for the higher angles. This can
possibly be explained by a loss of rigidity of the molecule in the solid with
higher dihedral angles, allowing an easier cis/trans isomerization [49]. The
low ratio changes associated with the lower dihedral angle cases leads to
visually difficult to observe color changes, and possibly explains why these
anils could have been classified as non-photochromic. This would also explain
how the dihedral angle rule came about. Thus, we propose a revision of this
rule, with the dihedral angle relating to the intensity of the color change
rather than to the photo- or non-photochromic character of the compound,
leading to strong color changes for those photochromic compounds with ¢
> 25°,

Compounds E-C2, E-C4, E-C6 and 0-C13 present two or more significantly
different anil forms in the asymmetric unit meaning averaging the values of
bond lengths makes little sense. Values are then shown for each different
form and noted with a small letter (a to d). In case of E-C6, the second form
is disordered and no accurate values can be extracted. Along with
compounds presented in Table 3, MeCN solvate of E-C12 and hydrates of D,
I-C10% L and N-C5 were also found during the crystallization experiments but
their simulated powder pattern did not match the initial powder pattern

41-C10 was observed as a cocrystal salt instead of pure cocrystal.
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after grinding. They are thus discarded from discussion but their structures
are displayed with the other CIF files in the supporting information. F-C4
hydrate perfectly matched the initial powder pattern and thus is conserved
for further analysis.

Ratio max (A.U.)
_ [~ N w w P -y wu
w o w o wl [=} [l (=]
>
.

=
.

0 10 20 30 40 50
Torsion angle (°}

Figure 7: the maximum ratio change (arbitrary units) with respect to the
absolute dihedral angle for 12 photochromic forms studied in this work
(round dots) and those coming from literature (Ref. [29] - triangles and Ref.
[3] - square).

Table 3, in turn, reports the data for 20 non-photochromic
compounds. With exception of B, N and 0-C13, all the compounds present
an enhanced keto character. This seems to suggest that a more pronounced
keto form leads to a reduced possibility of photochromism in accordance
with previously reported results [19]. In other words, the enol-imine
character can therefore be seen as a requirement for photochromism.
However, as mentioned there are also some anils showing enol-character
which are non-photochromic only, or which show both characteristics as e.g.,
anil C [49]. On the other hand, no photochromic anil was identified showing
an enhanced keto-character. One could therefore conclude that a partial
keto-character (bond 1 < 1.34 A) excludes photochromism while an enol-
imine character is a necessary condition (but not a guarantee) for
photochromism.
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Table 3: Structural data for non-photochromic solid forms — novel structures
are highlighted in green.

Compound | Bond 1 (&) | Bond 2 (A) | Bond 3 (A) | Bond 4 (&) Angle Intfarmolecu_llar
T1 (% distance (A}

B* 1.352 1.410 1.448 1.275 6.3(1) 3.435
E 1.332(2) | 1.408(2) | 1.427(2) | 1297(2) | 35(1) /
D-C1 1.336(2) | 1.414(2) | 1.436(2) | 1.291(2) | 5.9(8) 3.367
E-C1® 1.286(2) | 1.434(4) | 1.350{(2) | 1.314(5) | 11{1) 3.518
E-C2a 1.283(5) | 1.434(5) | 1.401(5) | 1.300{5) | 10.1(6) 3.431
E-CZb 1.287(5) | 1.432(5) | 1.397(5) | 1.315(5) | 11.4(2) 3.607
E-C2c 1.329(6) | 1.447(6) | 1.377(6) | 1.245(5) | 0.90(2) 3.410
E-C2d 1.285(5) | 1.428(6) | 1.401(5) | 1.213(5) 4{2) 3.326
E-Cab 1.294(11) | 1.436(11) | 1.404(10) | 1.312(11) | 9(5) 3.321
E-C5a 1.331(6) | 1.416(6) | 1.400(6) | 1.304(5) | 7.3(8) 3.342
E-C5h 1.296(6) | 1.427(6) | 1.408(6) | 1.315(6) [ 6.90(8) 3.342
E-C6a 1.293(5) | 1.441(6) | 1.388(5) | 1.329(5) | 3.2(8) 3.477
E-C6b 1.284(11) | 1.398(11) | 1.392(9) | 1.326(10) | 7.68(7) 3.270
E-C6ct 1.277(14) | 1.402(14) | 1.394(14) | 1.325(15) | 6(4) 3.270
E-C9* 1.318(3) | 1.412(3) | 1.418(3) | 1.302(3) | 0.9(9) 3.495
E-C11%* 1.298(5) 1.44(3) | 1.3%4(12) | 1.316(12) | 5(5) 3.477
F 1.322(2) | 1.409(2) 1.423(2) | 1.296(2) | 21(1) 3.412
F-ca 1.289(2) | 1.430(2) | 1.398(2) | 1.308(2) | 10{1) 3.524
F-C5® 1.287(2) | 1.427(2) | 1.394(5) | 1.310(5) | 12(3) 3.258
F-C3 1.276(2) | 1.437(2) | 1.392(2) | 1.317(2) | 18.0(8) 3.389
G* 1.265 1.448 1.354 1.325 1 3.310
H 1.274(2) | 1.438(3) | 1.385(3) | 1.315(2) | 0.3(2) 3.440
N 1.342(2) | 1.398(2) | 1.441(3) | 1275(2) | 12.4(6) 3.353
0-C13a 1.355(4) | 1.397(5) | 1.444(s) | 1.284(s) | 38(2) 3.516
0-C13b 1.364(4) | 1.398(5) | 1.447(5) | 1.27a8(5) | 38(1) 2.882
Averages 1.206 1.422 1.405 1.205 10.6 3.328
Standard

o 0.027 0.015 0.020 0.015 10.2 0.14
deviations

aStructure from CSD: CAVQARO2 [53] and DIWMAY [54] for Anils B and
G respectively.

b Average values of extremely similar structures in crystal packing.
Errors displayed are the highest value between bond lengths error and
calculated standard deviation on the average.

¢ Structure is disordered so values are less accurate.

d E-C9 was observed as a cocrystal salt.

®Values used here are from a newly crystallized structure and not from
MUDGAT [55] structure in CSD.

114



A further factor which is often mentioned in the context of
photochromism is the presence of an open or close packing structure [11].
We therefore investigated whether an open packing is present in all
photochromic anils (enol-imine character) and absent for the non-
photochromic compounds. First of all, it should be noted that all
photochromic compounds show an interplanar distance of at least 3.3 A, the
limit for open packing according to literature [11]. However, all non-
photochromic studied here also present this feature. The difference between
open and closed packing on its own does therefore not seem a determining
factor. Recent studies, indeed show a combination of different structural
factors such as free available space, packing index and dihedral angle is likely
required if one would aim at predicting photochromism [56,57]. In future
efforts, the open-packing feature could therefore still intervene when
combined with other factors. To understand close-packing on a more
fundamental level, short contacts were investigated. Short contacts are
expected to block the movement of the anil and hence block the
photochromic behavior. Through Hirshfeld surface analysis Wouters et al.
already highlighted a link between the C::-C m-stacking interactions and the
presence of photochromism [29]. As this type of interaction is correlated
with the overall packing, studying short-contacts might therefore be a valid
approach to increase the understanding of the structure-property
relationship. We therefore focused first on the total number of short
contacts involving any of the atoms of two sub-units of the anil: the
“photochromic center” and the “moving phenyl moiety” as shown in scheme
4. These subunits are present in all cases considered here and are expected
to be the most important with respect to the photochromic process. Short
contacts were divided into three categories in order to rationalize the results:
strong (D < Srvaw -0.05 A), medium (3rvaw -0.05 A < D < Sryaw+0.2 A) and weak
(D > Srvw +0.2 A). This analysis was performed on the 8 photochromic
compounds and 20 non-photochromic compounds discussed here (see
experimental section for detailed explanation and Supporting Information-
section 13 for detailed results). A summary of this analysis is presented in
Table 4 below.
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Scheme 4: General anil skeleton with the 7 atoms of the “photochromic
center” (A) circled in yellow and the 12 atoms of the “moving phenyl moiety”
(B) circled in red.

Table 4: Average amount of strong, medium and weak short contacts for
each moiety in function of the photochromic nature.

. Nature of . Standard
moiety Strong | Medium Weak Total .
compounds deviation
A Photochromic 0.44 1.88 5.00 7.31 2.25
Non-photo. 1.80 1.58 4.23 7.65 2.50
5 Photochromic 0.88 2.06 6.63 9.56 2.13
Non-photo. 1.85 2.48 7.58 12.23 2.43

Table 4 shows some interesting overall features. The total cumulated
average number of short contacts is significantly higher for the moving
moiety of non-photochromic compounds (12.23 vs 9.56). One could
therefore state that this moiety is in average more stabilized in non-
photochromic compounds, impeding rotation around T1.

For the photochromic center there does not seem to be a major
different in total amount of short contacts between the photochromic and
non-photochromic compounds. However, there is a significant difference in
strong (shorter) close contacts: non-photochromic compounds show a four-
fold increase in strong interactions (1.80 vs. 0.44). In depth analysis revealed
that for the photochromic compounds, only 2 (25% of photochromic
compounds studied here) present a strong short contact involving the
hydroxy group of the photochromic center while this feature was observed
for 18 (90% of non-photochromic compounds studied here) of the non-
photochromic compounds. From these we can draw two conclusions: 1) the
moving moiety (B) is more stabilized (more involved in all type of short
contacts) for non-photochromic compounds; 2) for the photochromic center
(A) there is an important difference in amount of strong short contacts
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between the photochromic and non-photochromic compounds meaning
these strong short contacts might play a role in inactivating photochromism.
As the majority of these strong short contacts are in fact hydrogen bonding
interactions (with the —OH group) they are able to shift the keto-enol
equilibrium toward the keto form [58], thus increasing the energy-barrier to
reach the trans-keto state and rendering the anils non-photochromic [19]. To
illustrate this, we decided to calculate Hirshfeld surfaces and 2D molecular
fingerprints [59,60] for newly presented enol structures: C-C16, C-C20, D, M
and M-C15 along with C as reference for photochromic compounds and D-
C1, N and O-C13 along with C as reference for non-photochromic compounds
(both D-C1 and E are close to the enol form with bond 1 > 1.33 A). Calculated
Hirshfeld surfaces with Dnorm functions are presented in Figure 8 and
corresponding fingerprints in Figure 9. As shown by Figure 8, most of
photochromic compounds don’t have strong short contacts involving the
ortho-hydroxy moiety of the photochromic center with the exception of
cocrystal M-C15 (f) which shows photochromism can still occur when strong
short contacts are not able to displace the keto-enol equilibrium. In parallel,
non-photochromic structures more likely present strong interaction
involving the moving moiety as in the case of E (h) and N (i)

From the fingerprints (Figure 9) we can notice strong contributions
to the O-:-H interactions in almost all cases. By comparison with Figure 8, we
can assign this to the carboxylic/amide or methoxy moiety for photochromic
compounds C (a), C-C16 (b), C-C20 (c) and M (e) while in case of the non-
photochromic compound E (h) and N (i) the only possible contribution is due
to ortho-phenolic moiety. In the case of photochromic compounds D (d), M-
C15 (f) and non-photochromic cocrystal D-C1 (g) and O-C13 (j) both moieties
contribute to the signal. The anil D/ cocrystal D-C1 presents an interesting
comparison of the impact of short-contacts on photochromism as anil D (d)
exhibits weak photochromism and a weak contribution of the ortho-hydroxy
group on Hirshfeld surfaces while cocrystal D-C1 (g) shows a stronger
contribution of this moiety with a complete removal of the photochromic
behavior. Hirshfeld maps and fingerprints of other compounds (keto form)
also exhibit strong short contacts involving the ortho-hydroxy moiety in most
cases and are displayed in the supporting information, section 15. This result
confirms previous studies on the impact of this moiety/short contacts in
disabling photochromism [19] which means this can be used to fine-tune
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photochromical properties of anils: to promote photochromism in these
compounds it is beneficial to reduce the number of short contacts in
particular with two moieties of interest. For instance, the addition of bulky
groups on the anil might reduce the hydrogen bonds or n-stacking and T-axial
interactions. This has already been successfully experimented (but in order
to force a non-planar conformation - a completely different approach) by T.
Kawato et al. [13]. They also performed the “Bulky-group substitution
method” to increase the space available in order to allow the movement of
the phenyl moiety [13] but which should also result in a global reduction of

the amount of strong short-contacts and thus again show that engineering
short-contacts might be a key to fine-tune photochromism.

Figure 8: Mapped Hirshfeld surfaces with Dnorm functions for the anil moiety
of photochromic compounds C (a), C-C16 (b), C-C20 (c), D (d), M (e), M-C15
(f) and non-photochromic enol compounds D-C1 (g), E (h), N (i) and O-C13 (j).
Red spots show strong intermolecular contacts, white spots show weak
intermolecular contacts and blue spots show no intermolecular contacts.

118



N ™7 y I O 4 0 OO 7
¢ ST de
S, 2 1 v .
5 4 . a3 | .

Figure 9: Fingerprints of calculated Hirshfeld surfaces for the anil moiety of
of photochromic compounds C (a), C-C16 (b), C-C20 (c), D (d), M (e), M-C15
(f) and non-photochromic enol compounds D-C1 (g), E (h), N (i) and O-C13 (j).
Highlighted area corresponds to O---H interactions.

Kinetic measurements

In order to study further the impact of short-contacts, the thermal
reversibility of photochromism of the cocrystals was studied focusing on two
different photochromic systems, cocrystals A-C20 and C-C16, as for these
compounds the respective parent anils A and C have already been studied
[49,61].

The kinetic measurements were done at 550 nm which is close to the
maximum ratio change for both compounds (respectively 556 nm and 558
nm) and present an expected exponential decay over time after irradiation
(disappearance of trans-keto band). The data was linearized and shows a
two-stage first order kinetics for both cases, similar to reported behavior for
anil C [13].

The corresponding rate constants k; and k; were calculated using the
. . AbSOO—Abs(t)) _ . _ 4 -
Malkin equation (Ln(—Absm_Abso = -k.t) and yield values of k; = 1.96 x10* s

Yand k, = 1.17x10* s for A-C20 and for C-C16: k; = 3.58x10* s and k; =
6.32x10“ sL. These latest values are of the same order of magnitude than
those reported for anil C: ky = 3.28x10* s and k, = 7.04x10* s* [49]. For anil
A we measured a value of k; = 3.57x10 s at 20 °C while k; = 1.4x103 s is
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reported at 30 °C [61]). The usual reported range for ki in anils varies
between 3x10%s? and 1.8x10% s [2].
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Figure 10: (a): Absorbance at 550 nm over time of A-C20 after irradiation at
365 nm. (b): First order linearization. (c): Absorbance at 550 nm over time of
C-C16 after irradiation at 365 nm. (d): First order linearization.
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Cocrystallization in the case of compound C therefore almost shows
no effect on the relaxation process. For anil A the rate constant (ki) is about
2 times lower when A is inserted in the cocrystal. This can be correlated to
the structure of these systems: both anil C and cocrystal C-C16 have a similar
interplanar distance (3.424 A and 3.420 A respectively for C-C16 and C) and
one intermolecular interaction (O---HC in both cases) directly involving the
moving moiety. For the system with anil A, there are significant differences
between the structure of anil and the cocrystal: in case of anil A there is no
face-to-face orientation and only one (average-medium) T-Axial interaction
CH---1t while cocrystal A-C20 presents an interplanar distance of 3.291 A and
two strong (short) |-t interactions involving the moving moiety. These
features show the moving moiety is more stabilized in the cocrystal possibly
explaining the slower relaxation.
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Conclusion

Within this work 15 anils were screened with respect to 21 cocrystal
formers, leading to 95 cocrystal systems. Carboxylic acids were found to be
good coformer candidates as a hydrogen bonding interaction with the anil —
OH group can be expected. Furthermore, we showed that cocrystallization
can be used to ‘switch on’ any non-photochromic anil.

We also introduced a novel approach to the data interpretation by
looking at the ratio of consecutive DRS measurements. This led to a better
classification of photochromic and non-photochromic solids, allowing
identifying those “weakly photochromic compounds” that do not (or barely)
show a visible change when looking with the naked eye. Our data
furthermore consolidates the current believe that the ‘dihedral angle rule’
should be revised, as the dihedral angle is not decisive for the photochromic
nature of a compound, but rather impacts the intensity of this effect. These
results clearly suggest that photochromism is a continuous phenomenon and
not a binary one.

Interestingly, all anils presenting a photochromic behavior at 360 nm
showed a marked enol character at room temperature while non-
photochromic (at 360 nm) compounds exhibited an enhanced keto-
character. One can therefore conclude that a partial keto-character (bond 1
< 1.34 A) excludes photochromism while enol-imine character is a necessary
condition (but not a guarantee) for photochromism to occur at the working
wavelength. Hydrogen bonding to the anil ortho—OH group can have a strong
impact on the keto-enol character of a target compound and should be
avoided as much as possible. Anils showing enol character but no
photochromism show an important number of short contacts involving the
moving moiety, and hence a likely reduced possibility of molecular
movement (a requirement for photochromism). Overall, this analysis thus
confirms that to promote photochromism, intermolecular interactions
should be reduced as much as possible, in alignment with the bulky
substitution approach.
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Supporting Information.

Structures described in this contribution have been deposited at the
Cambridge Crystallographic Data Centre and allocated the deposition
numbers CCDC 1903903 to 1903930. Supporting Information also contains
XRPD, DRS spectra, H-NMR Data, starting materials, thermal analysis
(TGA/DSC), synthesis, structural chemical data and short contacts analysis of
discussed compounds (PDF). This material is available free of charge via the
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Preface of Chapter 4

The chapter 4, which is entitled “Anils cross crystallization” presents some
unpublished results. In this chapter, the notation X+Y has been used to
design two-component (X and Y) systems for which no cocrystal structure
could be obtained while the notation X/Y has been used to design systems
for which solid-solution structures could be obtained through SC-XRD.

131



132



Chapter 4

Anils cross crystallization
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Introduction

The previous chapters focused on the cocrystal screening of anils
with small organic molecules of various kinds (such as carboxylic acids,
amines, amides and benzene halides) and resulted in the establishment of an
important data set of cocrystals among which many were found to be
photochromic [1, 2]. However, this extensive search can never be exhaustive
as millions of coformer candidates exist and the chosen selection criteria
were mostly based on practical constraints such as availability, stability, cost
and toxicity. However, besides these considerations, efforts were placed in
choosing specific functionalities (as cited above) in order to permit the
formation of known synthons as presented in the introduction of the present
thesis.

Continuing the search for the “ideal” coformer, we noticed that
almost all the successful coformers had common features with selected anils:
the presence of either a hydroxy group or an aromatic ring or both. In other
words: anils cocrystallize quite well with compounds that are similar to
themselves. This can be easily understood considering the presence of two
aromatic rings in their structure which allows m interactions such has m---m
stacking, axial m---H interactions [3], etc. We therefore picked up the idea to
try and use anils as coformers themselves, or in other words to couple anils
together through cocrystallization. Such an approach should have many
advantages: better cocrystal yield due to structural similarity, the
combination of properties and the “patron effect” of one of the species
which could dominate the structure and force the other species to crystallize
in a different crystal form. As a result, photochromism might be strongly
impacted.

This approach (called anils cross crystallization within this thesis) led
to two different types of solid states and which need to be considered: true
stoichiometric cocrystals and the solid-solutions. Stoichiometric cocrystals
contain a fixed amount of both compounds present in the cocrystal, whereas
for solid-solutions this ratio may vary [4]. The latter form due to the high
similarities between parent anils. This was observed when the only
difference between the two anils was the fluorine substitution of a hydrogen
and corresponding results are treated in the Chapter 5 of the present thesis.
However, cocrystal screening is provided in the current chapter and
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therefore also includes those positive hits, which were shown later on to
correspond to solid-solution.

In the context of this thesis, we decided to focus on solid-solutions,
as they allow modulating the anill-anil2 ratio freely. The part covering
stoichiometric anil cocrystals presented in this chapter is therefore not fully
completed. Nevertheless, the preliminary results obtained are presented
here and may serve as a basis for future work in this field.

Materials and methods

Materials, compounds, solvents and methodologies used within this
work are mostly identical to those of chapter 3 and any variation is discussed
in the text below.
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Results

All anils reported in Chapter 3 were used in the current chapter and
are presented in Figure 1. The same methodology for cocrystal screening was
applied with the exception that two different anils were ground together
instead of an anil with another type of compound. An equimolar mixture of
two compounds was prepared and ground through liquid assisted ball-milling
(with acetonitrile). The resulting powder was analyzed by X-ray powder
diffraction and the resulting  diffractogram  compared to
simulated/experimental parent anils diffractograms. When a new phase was
observed (appearance of new peaks), a routine NMR check was performed
to identify unexpected reactions/degradations. At last, when a combination
passed the previous tests, an ultimate check was performed in order to verify
the new pattern was due to cocrystal appearance, and not due to a solid-
state transition such as a new polymorph appearing. When a sample showed
a new phase with no further reaction and no observed polymorphism, it was
assumed to be a new cocrystal. Detailed analysis can be found in the
Supporting Information (annexes of Ch.4). Also, a crystallization screening
was performed in order to provide single crystals of suitable quality for SC-
XRD and in-deep structural study (as well as ultimate proof of the cocrystal
existence). Corresponding results are presented with the selected systems
along with DSC analysis when performed.

Screening results
Final results of the screening are presented in Table 1.

After removing polymorph/degradation occurrences, a total of 11 of
the 105 anil combinations showed the presence of a new phase upon
grinding, among which 3 were identified as solid-solutions (A/B, E/F, M/N)
and are treated in Chapter 5. This corresponds to a positive rate of 10% which
is in agreement with screening results presented in literature [5] but below
the 30% found in previous research [1]. As a result, cocrystallizing anils
together instead of using other selected coformers does not improve the
cocrystal yield.

Among the 11 newly identified anil phases, 3 are identified as solid-
solutions (A/B; E/F and M/N) and are treated in chapter 5. Attempts to
crystallize the 8 other systems failed and thus no in-deep structural study can
be performed with the means used throughout this thesis. Other techniques
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exist (such as synchrotron XRPD, as discussed in the introduction, which may
allow to obtain compounds structures) but require other materials and
devices and thus these systems are classified as perspectives of the current
work.

Even though structural studies were not available, some preliminary
studies were performed on a few systems in order to assess their interest for
future work and the results are presented below.

Photochromic studies

Three systems (A+M, E+N and G+H) were studied through Diffuse
Reflectance Spectroscopy and the results presented below. Other systems
were not studied.

At first, the absorption spectra of the new phases were measured from 800
to 200 nm and compared to the average absorption spectrum of the two
parent anils used. This further yield evidence of a new solid phase after
grinding as the spectra strongly differ from those of the parent compounds.
Following this confirmation, the photochromic intensity was measured
through a previously established experimental protocol [1].
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Table 1: Screening results after grinding. NP means New Phase identified
(but no single crystal obtained) and NP: SS means New Phase: Solid-
Solution identified (these cases are treated in chapter 5). Empty cell
means no cocrystal phase has been identified. Symmetrical combinations
are colored in grey to avoid double counting.




System A+M

System A+M exhibits a strong difference in its absorption spectrum
after grinding compared to the average of A and M spectra (equivalent to a
physical mixture) as presented in Figure 2. In particular, a relative increase of
the band at 500 nm is observed in the new phase meaning the keto-enol
equilibrium is shifted towards the cis-keto form [6]. This sample exhibits
strong photochromism with a large difference between absorption spectrum
before and after irradiation at 365 nm as shown in Figure 3. Consequently, it
exhibits a maximum ratio intensity of 6.2 centered at 575 nm (as shown in
Figure 4) which represents a hypochromic and a 40 nm bathochromic shift
compared to anil A alone (ratio intensity = 45.0 at 535 nm) but is similar to
anil M photochromism (ratio intensity = 3.1 at 578 nm) [1]. As a result, we
can make the hypothesis that the anil M structure dominates the new phase
and the properties of the A+M cocrystal system. This is also coherent with
the intense band at 500 nm observed in the ground sample and which is not
present in A sample alone but is present in anil M alone. Getting a single
crystal of the novel A+M phase is necessary to prove this hypothesis,
however, all attempts failed so far. Single crystal tests were run using
acetonitrile, ethyl acetate, methanol and ethanol/acetonitrile (20/80) as
solvents through slow solvent evaporation. Dissolving M into the melt of anil
A at 50°C was also tried but no crystal of suitable quality for SC-XRD could be
produced. System A+M was also studied through DSC and the corresponding
thermogram (presented in Figure 5) shows the presence of one unique thin
peak at 35 °C associated to the melting of the sample which remains in the
liquid phase up to 100 °C. The presence of a single and well-defined peak is
also another element in the favor of a new cocrystal phase being formed.
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Figure 2: comparison between A+M spectrum after grinding (blue curve)
and the average of A and M spectra before grinding (orange curve).
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System E+N

System E+N also exhibits a strong difference in its absorption
spectrum after grinding compared to the average of E and N spectra before
grinding (equivalent to a physical mixture) as presented in Figure 6. In
particular, a slight relative decrease of the band at 500 nm is observed in the
new phase meaning the keto-enol equilibrium is shifted towards the enol
form [6]. This sample may seem to exhibit photochromism with a slight
difference between the absorption spectrum before and after irradiation as
shown in Figure 7. Consequently, the calculated maximum ratio intensity
gives a value of 6.0 centered at 597 nm (as shown in Figure 8) which seems
to represent a switch of the photochromic properties as both of the parent
anils alone were found to be non-photochromic [1]. However, the quality of
the spectra isn’t high with some experimental noise present below 500 nm
as shown on Figure 6 and 7. Thus, another analysis has been performed in
order to compare system E+N with system A+M for which the DRS spectra
after irradiation strongly differs visually and for which the ratio profile gives

a peak of similar intensity to E+N system: replacing the ratio laster/lbefore bY
lafter ~ Tveore gives the graphs presented in Figure 9 and 10. These new ratio
Iafter + Ipefore

profiles should give further hints about the accuracy of the ratio analysis. No
major difference is observed between the shape of the curves within the two
analyses. However, E+N ratios present some discontinuities in both analyses
(which are magnified in the second ratio analysis performed) while no such
feature is observed for A+M system. These discontinuities may indicate the
presence of experimental artefacts. Thus, no conclusion can be drawn about
a photochromic change in the case of E+N system based on the performed

analyses.

As a result, this experiment should be performed again along with,
for instance, pictures of the sample, in order to definitely conclude on this
system. Still, we can clearly see from Figure 6 there is a new phase which
strongly differs from parent anils.

In conclusion, this compound might be of interest for further studies,
however the attempts to crystallize it all failed so far: tests were run using
acetonitrile, ethyl acetate, methanol and ethanol/acetonitrile (20/80) as
solvents through slow solvent evaporation and no crystal of suitable quality
for SC-XRD could be produced.
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System G+H

System G+H does not exhibit a strong change in the area between
350 and 600 nm after grinding compared to the average of the references G
and H (equivalent to a physical mixture) as presented in Figure 11, meaning
the keto-enol equilibrium is not strongly impacted after the appearance of
the new phase.

No change is observed in the photochromic properties as both
parent anils were found to be non-photochromic in previous research [1] and
no change was observed for the sample spectrum after irradiation as
presented in Figure 12. This is confirmed by the ratio of the absorption
spectra after and before irradiation which is almost perfectly linear for the
whole studied wavelength range as shown in Figure 13.

Further attempts to crystallize this new phase also failed: tests were
run using acetonitrile, ethyl acetate, methanol and ethanol/acetonitrile
(20/80) as solvents through slow solvent evaporation but no crystal of
suitable quality for SC-XRD could be produced.
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Figure 11: comparison between G+H spectrum after grinding (blue curve)
and the average of G and H spectra before grinding (orange curve).
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Conclusion

Through this preliminary work on anil cocrystals with other anils,
cocrystal screening through ball-milling grinding allowed to identify 11 new
phases out of the 105 possible combinations. Attempts to crystallize these
systems failed but the differences in absorption spectrum of the samples
after grinding compared to references evidence cocrystal formation. Three
of the newly observed phases are identified as solid-solution (A/B; E/F and
M/N) and among the 8 remaining systems (expected to be stoichiometric
cocrystals), 3 were studied further with Diffuse Reflectance Spectroscopy
(A+M, E+N and G+H) and showed interesting features for system A+M which
seems to exhibit photochromism.

The results and analysis presented within this chapter are
uncomplete but may serve as the basis for future work in the field.
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Preface of Chapter 5

The chapter 5, which is entitled “N-Salicylideneaniline solid-solutions
between structurally related anils: a complex multitude of phases and
evidences of an organic four-phasic solid-solution” presents some
unpublished results. This chapter is however structured as a publication and
for this reason, the anil labels used in chapter 3 and 4 do not correspond to
these of the present chapter.
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Chapter 5

N-Salicylideneaniline solid-solutions
between structurally related anils: a
complex multitude of phases and
evidences of an organic four-phasic
solid-solution
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Abstract

In this contribution, four solid-solution systems of anils were studied
in order to check photochromic property alteration through solid-solution
formation. Among these 4 systems, one shows important changes of its
photochromic properties, as well as the presence of multiple phases. These
observations were confirmed by the crystallization of two types of solid-
solutions, both of which differ from the parent anils. These results point to a
four-phasic solid-solution binary diagram - an extremely rare occurrence in
the case of organic molecules.
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Introduction

Anils or N-Salicylideneaniline derivatives form a family of well-known
organic molecules most of which exhibit a reversible UV-Vis induced color-
change at the solid state — a property known as photochromism. This feature
has led to the use of anils in various applications such as photochromic glass
lenses, secured inks for banknotes and official stamps, intelligent screens,
new optical devices and for optical data storage.

Anils are typically characterized by two aromatic rings linked
together by an azomethyn bridge and possessing an ortho-hydroxy group
which can form an internal H-bond feature with the nitrogen atom of the
azomethyn bridge. Due to this special feature, anils can undergo a keto-enol
tautomerization. The keto form can furthermore undergo a cis-trans
isomerization (Figure 1). Both transformations are reversible and can be
induced either by heat, light or both depending on the nature of the
molecule. The three thus obtained isomers often present a different
absorption behavior leading to characteristic chromic properties: the ground
state (trans-enol) is often found colorless; the cis-keto state yellow and the
trans-keto form red.

One of the main interests of anils lie in the fact that these transitions
not only occur in solution but also in the solid-state, which make them ideal
candidates for applications as in this state, they are easy to handle, and
resistant to fatigue [1] [2]. On the downside, at the solid state, most anils are
limited to either a pronounced photo- or thermochromic behavior.
Furthermore, photochromic transitions mostly occur at the surface of
crystals and with a low conversion: around 5% conversion has been reported
in the case of the anils [3].

In the past, a general empiric rule of thumb stated that photochromic
anils showed a torsion angle of 30° and above, whereas non-photochromic
anils (and thus thermochromic anils) were characterized by a torsion angle
of 20° or less [4] [5]. Even though structural packing could potentially explain
this observation [6], in the recent years an increasing amount of counter-
examples were reported, including weakly photochromic anils [7], which
incited a revision of this rule. In a previous contribution, we showed a direct
relation between the intensity of the photochromic effect and the torsion
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angle rather than a binary “photochromic/non-photochromic” cut-off due to
the torsion angle. However, a large majority of anils remain non-
photochromic at the solid-state while most of them exhibit photochromism
in solution showing structural aspect are predominant factors for the
photochromic behavior. To render anils responsive, efforts thus focused on
engineering their molecular environment using tools such as: dispersion in
polymers, inclusion into zeolites or, more recently, using a cocrystallization
approach [7, 8, 9, 10, 11, 12]. In this paper, we continue on this latter
approach focusing on a particular case of multi-component crystalline
systems, mainly those that lead to a solid-solution.

A solid-solution can be defined as “Solid in which components are
compatible and form a unique phase” according to the IUPAC definition [13].
This implies any composition of the components can exist in the same
crystalline structure resulting in a constant evolution of the macroscopic
properties which in turn allow fully controlling them [14]. The main interest
of solid solutions lies in the fact that a continuous (albeit often minor)
structural evolution is obtained according to the overall composition. As the
photochromic property of anils is very sensitive to slight structural variations,
even such slight variations can have a significant impact as shown in this
contribution. Furthermore, the possibility of having a continuous
composition evolution, allows a true fine-tuning of the photochromic
property [14]. A similar approach was adopted by Cohen et al. who studied
solid-solutions of photochromic N-Salicylidene-4-bromoaniline with non-
photochromic N-Salicylidene-4-chloroaniline derivatives and found a
photochromic solid-solution with 35% of the non-photochromic derivative
[15]. A recent study performed by Uekusa et al. used this approach to
combine non-photochromic planar anils with non-planar coformers acting as
a template. As a result, a solid solution exhibiting a high torsion angle (55°)
and showing photochromism was obtained [2]. Both these studies focused
on the on-off switch of the photochromic property. In previous work (chapter
3), we showed how weak photochromism can be detected [7]. Using such
techniques allowed us to monitor how the maximal photochromic intensity
changes over the varying molar ratios of a two-component system.
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Figure 1: Generally accepted transition scheme between N-
Salicylideneaniline isomers and corresponding chromic characteristic [6].

To evaluate the potential of solid-solutions in the scope of anil
photochromism, 4 solid-solutions of well-known anils with their para-fluor-
substituted equivalents (presented in Scheme 1) were successfully prepared
using a mechanochemical approach and their optical properties evaluated
through Diffuse Reflectance Spectroscopy (DRS). Among these 4 systems,
one shows important changes in photochromic character and this case was
studied in detail.
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Experimental Section
Starting Materials and Synthesis

Following materials and solvent were purchased and used as
such:

From Alfa Aesar: 4-aminobenzoic acid (10177463). From Accros
Organic: 2,4-dihydroxybenzaldehyde (173640250); 4-fluoro-aniline
(119290250); Ortho-vanilin (153071000). From Janssen Chimica: Acetic
acid (14.893.52). From Sigma Aldrich: Salicylaldehyde (101669521);
Salicylamide (101235208). From U.C.B. s.a.: Aniline (1163-4944). From
TCl: hydroxy-1-naphtaldehyde (708-06-5). From VWR Chemicals:
Acetonitrile (200-835-2); Ethanol (200-578-6); Ethyl acetate (205-500-4);
Hexane (203-777-6); Methanol (20847.307).

Synthesis of the compounds were carried out following
previously described method [7]:

Compound A (N-Salicylideneaniline) was prepared by hand
grinding (ten minutes) of salicylaldehyde (0.1 mol) with aniline (0.1 mol)
in presence of a catalytic amount of acetic acid (1 drop) in a 100 ml
beaker and dried for 48 h at 45 °C and used as such (yield: 98%, purity:
99%). Compound B (4-fluoro-Salicylideneaniline) was prepared by hand
grinding (5 minutes) of salicylaldehyde (0.1 mol) with 4-fluoro-aniline (0.1
mol) in a 100 ml beaker and dried for 48 h at 45°C and used as such (yield:
98%, purity: 99%). Compound C (3'-Methoxysalicylideneaniline) was
prepared by dissolution of ortho-vanilin (0.1 mol) in 2 ml of acetonitrile
at 50 °C after which benzamine (0.1 mol) and ethanol (5 mL) were added
in @ 100 ml beaker and the solution was stirred regularly with a spatula
for 30 minutes. The solution was then left to evaporate overnight at 50
°C and led to a red gel. This gel was triturated with pure hexane and was
left to evaporate leading to led to a red crystalline powder which was
dried for 48 h at 50°C and used as such (yield: 98%, purity: 99%).
Compound D (2-[[(4-Fluorophenyl)imino]lmethyl]-6-methoxyphenol) was
prepared by dissolution of ortho-vanilin (0.1 mol) in 2 ml of acetonitrile
at 50 °C in a 100 ml beaker. To this solution were added 4-fluoro-
benzamine (0.1 mol) and ethanol (5 mL) and the solution was stirred
regularly with a spatula for 30 minutes. The solution was left to evaporate
overnight at 50 °C and led to a red gel. This gel was triturated with pure
hexane and was left to evaporate at 50 °C leading to a dark-red crystalline
powder which was dried for 48 h at 50°C and used as such (yield: 98%,
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purity: 99%). Compound E (4-[(Phenylimino)methyl]-1,3-benzenediol)
was prepared by addition of benzamine (10 mmol) to a mixture of 2,4-
dihydroxy-benzaldehyde (10 mmol) and 10 ml of acetonitrile in a 100 ml
beaker. The solution was kept at 60 °C overnight and led to a red gel. This
gel was triturated with pure hexane and led to a yellow precipitate. The
solution was left to evaporate and the yellow solid was dried for 48 h at
45°C and used as such (yield: 98%, purity: 99%). Compound F (4-[[(4-
Fluorophenyl)imino]methyl]-1,3-benzenediol) was prepared by addition
of 4-fluoro-benzamine (10 mmol) to a mixture of 2,4-dihydroxy-
benzaldehyde (10 mmol) and 10 ml of acetonitrile in a 100 ml beaker.
The solution was kept at 60 °C overnight and led to a red gel. This gel was
triturated with pure hexane and led to a yellow precipitate. The solution
was left to evaporate and the yellow solid was dried for 48 h at 45°C and
used as such (yield: 98%, purity: 99%). Compound G (2-Hydroxy-1-
naphthalaniline) was prepared by dissolution of hydroxy-1-
naphthaldehyde (10 mmol) in 5 ml of acetonitrile at 50 °C in a 100 ml
beaker. Benzamine (10 mmol) was added to this solution and the
solution was stirred regularly with a spatula. Precipitate started to
appear after 10 minutes. The solution was then left to evaporate and the
yellow solid was dried for 48 h at 45°C and used as such (yield: 98%,
purity: 97%). Compound H (2-Hydroxy-1-naphthalidene-p-fluoroaniline)
was prepared by dissolution of hydroxy-1-naphthaldehyde (10 mmol) in
5 ml of acetonitrile at 45 °C in a 100 ml beaker. To this solution were
added 1 drop of pure acetic acid and 4-fluoro-benzamine (10 mmol) and
the solution was stirred regularly with a spatula. Precipitate started to
appear after 2 minutes. The solution was left to evaporate and the yellow
solid obtained was dried for 48 h at 45°C and used as such (yield: 98%,
purity: 97-99%).

Mechanochemical Solid-Solution Synthesis

Solid-solution mixtures were prepared through liquid-assisted
grinding using variable amounts of starting materials corresponding to
the sample’s labels used in the text (for a total mass of around 200 mg)
and 10 pL of acetonitrile. Samples were ground in a RETSCH Mixer Mill
MM 400 for 90 min at 30 Hz and dried in a desiccator at room
temperature for at least 48h before use. The resulting powders were
characterized using X-ray Powder Diffraction. Upon solid-solution
identification, attempts were made to obtain a single crystal of suitable
size and quality for X-RD single crystal measurement.
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Single Crystal Formation

Solvent slow evaporation at room temperature starting from an
under-saturated solution yielded single crystals of suitable quality for:
A/B: 50/50 from acetonitrile; A/B: 10/90; A/B: 05/95; C/D: 50/50; C/D:
75/25 and G/H: 50/50 from acetonitrile/ethanol: 20/80 mixture; E/F:
50/50 from methanol.

Solutions were prepared by adding around 10-20 mg of the
corresponding ground powder to 1 mL of the corresponding solvent (see
above) into a 1.5 mL vial. Crystals appeared after 1 to 3 weeks. Other
attempts with pure ethanol, methanol or acetonitrile did not lead to
crystal with sufficient quality for SC-XRD.

X-Ray Powder Diffraction (XRPD). X-ray diffraction
measurements were performed on a Panalytical X'Pert PRO
diffractometer (Bragg-Brentano geometry, X'Celerator detector)
equipped with a Cu Ka X-ray source (operating at 30 kV and 45 mA). A 26
scanning range from 4° to 40° with a 0.017° step size was applied. All data
are normalized to 100 for the highest peak.

Single Crystal X-Ray Diffraction. Structures were integrated with
the CrysalisPro software [16] and the implemented multi-scan
absorption correction procedure was applied. Each structure was solved
by direct methods, SHELXT [17] and refined by full-matrix least squares
on |F|? using SHELXL-2014 or 2018 [18]. Non-hydrogen atoms were
refined anisotropically and hydrogen atoms were either placed on
calculated positions in riding mode with temperature factors fixed at 1.2
times Ueq Of the parent atoms and 1.5 times Ueq for methyl groups, or
located in the Fourier difference maps when involved in H-bonds.

Diffuse Reflectance Spectroscopy Measurements

DRS spectra were obtained with a Varian 5E spectrophotometer
equipped with a “praying mantis” diffuse reflection accessory and were
converted to absorption spectra using the Kubelka-Munk function [19]
[20] and using PTFE as a reference for baseline correction. Spectra were
measured on directly on sample powders and were normalized relatively
to their highest peak. Kubelka-Munk spectra were averaged over three
measurements (without changing the sample surface) and Imax values
were calculated using the ratio method previously described [7]. Thermal
fading was analyzed by monitoring the evolution of absorption at 550 nm
after irradiation (absorption measured each second in a dark
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environment). Irradiations were carried out with a MAX-303 lamp (Xenon
light source 300 W) at 360 nm (by the use of 20 nm bandpass filters) for
5 minutes.

Anils and systems studied:

Scheme 1: List of anils used within this work

Solid-solution A/B Solid-solution C/D
H H
OH MeO OH
A:X=H C:X=H
B:X=F D:X=F
Solid-solution E/F Solid-solution G/H
H O
HO \ H
N X \
OH N X
OH
E:X=H G X=H
F:X=F H:X=F
Results

Solid-solution formation

Equimolar mixtures of the four above-cited systems were
prepared through ball-milling and the resulting powders used to
synthesize single crystals which could be characterized through SC-XRD.
This highlights the ability of the anils to easily form solid solution with
fluorinated derivatives. Furthermore, 3 others structures with different
molar ratios were found for A/B system and 1 for C/D system, hence
definitely proving the easiness these systems have to crystallize as solid-
solutions with different ratios. Structures crystallized from equimolar
mixtures for the 4 systems are presented in Figure 2.
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Interestingly, E/F was successfully crystallized in a 48/52 ratio,
whereas attempts to obtain single crystals of the parent compounds
failed.

Figure 2: Crystal packing with thermal displacement ellipsoids drawn at
the 50% probability level of solid-solutions a) A/B: 53/47 molar ratio; b)
C/D: 68/32 molar ratio; c) E/F: 48/52 molar ratio and d) G/H: 53/47 molar
ratio; all crystallized from an equimolar solution.

Structural studies

As mentioned above, 4 different A/B solid-solution structures
were obtained for the A/B system through crystallization (after ball-
milling) and SC-XRD and correspond to 2 new phases as discussed below.
Relevant structural parameters are reported in Table 1 below, along with
these of parent anils A and B polymorphs used in this work and allowed
to identify two different solid-solution phases which both differ from all
anil A polymorphs and B structures: the sample prepared from a A/B:
80/20 molar ratio (yellow column; labeled A/B-l in the text) and the
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family of 3 structures prepared from A/B: 50/50 to 05/95 molar ratios
(green columns; labeled A/B-Il in the text). As the molar ratios presented
in Table 1 came from refinement of the structures after crystallization
and SC-XRD, they slightly differ from the initial molar ratios specified in
the sample names.

The B angle of the two new phases differs from all polymorphs of
A and B, as well as the a, b and c unit cell parameters (while they are very
similar within the 3 green columns), hence proving the existence of at
least 4 phases in this system - a feature which has never been reported
for organic solid-solution to the best of our knowledge. To further study
this system and establish its binary diagram, XRPD and DSC
measurements have been performed through the whole molar ratio
domain (from 100% A to 100% B) and results are presented in the
following section. Along with crystalline parameters given in Table 1 for
the different phases, the corresponding molecular geometries of the new
structures are given in Table 2.

Table 2 shows the new solid-solution phases are flat with a
torsion angle (T1 as presented in Figure 3) below 10° and that interplanar
distances are all around 3.4 A, which is similar to what is found in anil B
structure. Interestingly, the A/B-lI phase strongly differs from anil A
structure but is similar to A/B-Il structure containing 47% of B with an
enhanced keto-character of bond 1. Within the A/B-Il phase, there is an
evolution of this particular bond length from 1.336 A with 47% B to 1.355
A with 92% of B, this last value being close to what is found in anil B alone.
As a result, there is a sharp transition from anil A to solid-solution A/B-I
followed by a smooth transition towards A/B-ll solid-solution and further
anil B structure.

Figure 3: bonds of interest — labelled from 1 to 4, and the main torsion
angle T1
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Table 1: relevant structural parameters of parent anils A (4 polymorphs
reported) and B and the 4 newly identified solid-solution structures.

Newly identified structures are highlighted (yellow for phase A/B-1 and

green for phase A/B-Il).
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Table 2: Geometrical molecular parameters of new phases and pure parent
anils.

Bond 1 Bond 2 Bond 3 Bond 4 T1 Angle Interplanar
Compound .
(&) (&) (&) (&) %) Distances ()
A* 1.352 1.419 1.455 1.280 47 /
A/B-1(33/17)8 1.330 1.355 1.434 1.254 5.1 3.453
A/B-Il (53/47)° 1.336 1.359 1.452 1.270 0.3 3.424
A/B-1I (08/92)° 1.355 1.402 1.442 1.275 0.3 3.448
B* 1.352 1.410 1.448 1.275 6.3 3.435

2 Compound A and B values from respective references [21] and [22].

® Molar ratio of A and B anils from Table 1.

¢ A/B-l structure is a disordered structure and the given values have less
precision but are still provided here as they were similar to the values of
other structures.

XRPD results

Prior to further XRPD analysis, the XRPD patterns of the two new
solid-solution structures (A/B-I and A/B-Il) were simulated and compared in
order to identify specific peaks of each compound. The patterns are quite
similar as presented in Figure 4, but a few differences can be found: the first
peak appears at 206 = 9.97° for the A/B-I structure and at 26 = 9.75° for the
A/B-ll structure. Also the patterns differ between 19° and 22° and A/B-II
exhibits a typical peak at 206 = 22.35°. All the 4 phases observed in the A/B
system present a peak at around 15° which slightly differs: 15.2° for anil A,
14.75° for A/B-l, 14.7° for A/B-Il, and 14.5° for anil B. This might allow to
monitor transformation based on this area only, however in the case of A/B-
I and A/B-lI, the difference is within the experimental uncertainty and the
transition between these two phases cannot be monitored unless high
precision XRPD is performed.
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Figure 4: XRPD patterns of A/B-l (red) and A/B-ll (black) simulated from
crystal structure.

Mixtures with varying molar amount of B (from pure anil A to pure
anil B) were prepared through ball-milling and XRPD results are presented in
Figure 5. Pattern 1 (blue - 0% B) shows pure anil A while pattern 2 (turquoise
- 13% B) exhibits peaks from both anil A and a new phase. This new phase
matches to pattern 3 (black - 17% B) which is simulated from solid-solution
A/B-I crystal. Pattern 4 (green - 35% B) is an intermediate between pattern 3
and 5 and thus corresponds to a mixture of A/B-land A/B-Il. Pattern 5 (violet
- 47% B) is simulated from A/B-Il crystal. Pattern 6 (orange - 83% B)
corresponds to a superposition of A/B-ll pattern and pure anil B pattern (with
a typical peak at 7.3°) and finally pattern 7 (red - 100% B), which corresponds
to the simulated pattern of B (CAVQARO02).

It would be interesting to use Vegard’s law using these XRPD analysis
as this law stipulates that crystal lattice parameters do evolve linearly with
molar composition in a solid-solution [23]. As crystal lattice parameters can
be deduced from XRPD (using Rietveld refinement), plotting their evolution
along with varying B molar ratio might allow to deduce the limit composition
for phase transitions (as parameters should behave differently in the
different phases but linearly within the same phase) [24]. However this
would requires more XRPD measurements and of high quality in order to
draw a precise figure and is thus left as a perspective of the current work.

166



160

140

120

100

80

Intensity (A.U.)

60

lkf&_ﬂ]\ fﬂ‘;ia 5. A/B-ll simulated
i 4. A/B-1+A/BII

. A W' "L/xugﬁ Fl~ 3. A/B-l simulated
| [\ WA ‘F\JI\ -‘\.““, AT oL Wl Ak AR

N ‘
M N Lﬁ"ﬂWv‘\j 1. Pure A

/
~

40

p———

20

P L AR N AR AR RERns s punny |

10 15 20 25 30 35
28 ()

Figure 5: X-ray powder diffraction pattern of parent anils A and B and A/B
mixtures.

Thermal analysis

Differential Scanning Calorimetry measurements were performed
on eighteen samples in order to have a precise view of the melting points
evolutions. Single melting endotherms are observed for 0, 26, 63 and 100%
B respectively (thermograms 1, 9, 14 and 18 on Figure 6) and with all other
thermograms characterized by a eutectic melt followed by a liquidus.

For mixtures containing 0.2% to 23% B (thermograms 2-8) with a
eutectic peak at 44.6 °C for 13.1% B (thermogram 7). The second transition
is expected to start around 35% B as the peak of pattern 10 (orange —35.07%
B) is not very well defined meaning a new eutectic peak is appearing, even
though the corresponding XRPD pattern matched pure A/B-l structure
pattern (meaning the other product is only present as traces or amorphous
phase). The second transition thus occurs from 35% B and is perfectly visible
on thermograms 11-13 (orange - 43.42 to 58.44% B) with and eutectic peak
at 51 °C and a liquidus peak at different temperatures. The third and last
transition is visible on thermograms 15-17 (red — 70.03 to 93.37% B) with and
eutectic peak at around 61 °C and again a liquidus peak at different
temperatures.
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Figure 6: DSC patterns for various A/B powders with molar content of B
varying from 0 to 100%.

Based on these results, we can plot the eutectic (first peak) and
liquidus (second peak) temperatures when two peaks are observed and the
single melting endotherm temperature when only one peak is encountered,
as a function of the B molar ratio in the system and the results are displayed

in Figure 7.
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Figure 7: eutectic and liquidus points temperature with varying molar
amount of B in the A/B system and corresponding pure phases.

Photochromic properties of A/B system

Among the 4 systems discussed in the solid-solution formation
section, A/B was the only one exhibiting an observable change in
photochromic property while comparing the solid-solution to parents anils.
Anil A is strongly photochromic [25] and B is not [26]. To evaluate the
evolution of the photochromic property, different samples were prepared
through ball-milling with varying ratios of A and B and their maximum
photochromic intensity change measured through Diffuse Reflectance
Spectroscopy (according to our previously reported method [7] which can be
found in chapter 3).

Even though a complete disappearance of photochromism in the
system could be expected over increasing B molar ratio, it didn’t occur in a
constant and regular way — a typical feature for regular solid-solution [13]
hence showing at least one new phase does appear. This is in agreement with
the structural analysis showing multiple phases appearing. Among them,
only the A-phase is photochromic and this feature disappears quickly over
increasing B molar ratio as presented in Figure 8 and is also in accordance
with visual observations of the powders after irradiation as presented in
Figure 9.
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Figure 8: Evolution of the maximum photochromic intensity with varying
molar ratio of anil B in the system.

Figure 9: Observed color changes in A/B solid solution with varying amount
of B (expressed in molar percentage). The right part of each sample was
irradiated for 5 min at 365 nm while left part was masked.

Kinetical decay of photochromism was studied through DRS
measurements which were performed on 5 different A/B solid-solutions with
B amount comprised between 0% (pure A —already reported value [27]) and
13% (the identified transition point). Powders were irradiated 5 min at 365
nm and the Kubelka-munk function measured at 550 nm over time and were
linearized using the Malkin equation [11]. The kinetic is expected to be a bi-
exponential one [11] but k, parameters were not calculated. Obtained k;
parameters are given in Table 3 and plotted as a function of A molar content
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with corresponding tendency curve as presented in Figure 10. Original graphs
and ki analysis can be found in the supporting information section Ch5.2.

Figure 10 shows a ki increase of almost one order of magnitude
through increase of B molar fraction in the solid solution from 3.5 x10* s for
pure A to 27.6 x10* s with 13% of B. Thus, the addition of B to the structure
leads to a much faster depletion of the color after irradiation (faster thermal-
back reaction) and this could be due to a decreased stability of the trans-keto
form. This hypothesis explains why no photochromism is observed above
13% B.

Table 3: kinetical parameter (ki) for studied solid solutions.

B Molar fraction (%) ki (.10%s)
0 3.5
0.5 7.3
2.0 6.1
2.5 9.0
10.0 26.2
13.1 27.6
0,003 .
" A
A
0,0025 .
0,002
H'm
— 0,0015
-
A  Measured k1
0,001 _‘ ......... k1 linearization:y = 0,000192x +0,000431
A 7 R? =0,965456
A
0,0005 .-
A
0
0 2 4 6 8 10 12 14

B Molar fraction (%)

Figure 10: evolution of kinetical parameter ki (s) over A molar fraction in
the A/B solid-solution.
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Discussion

XRPD measurements over different powder compositions revealed
the existence of two intermediate solid-solution phases which were
successfully crystallized and analysed through SC-XRD. XRPD patterns
allowed to observe transitions between pure parent anils A and B phases and
the solid-solution A/B-l and A/B-ll phases (with intermediate patterns
corresponding to superposition of phases) and these results were also
confirmed with DSC measurements (Figure 6) which revealed 3 differents
eutectic areas which in turn separate 4 different phases. All these results put
together provide evidence for the existence of a four-phasic solid-solution
binary diagram for this system - a feature never reported in litterature for
organic molecules to the best of our knowledge.

The existence of two intermediate solid-solution phases is
responsible for the strange evolution of photochromic properties. Pure solid-
solutions were not photo-responsive (this is proven by the absence of
photochromic response after irradiation for samples with more than 20% B
molar content, as shown on Figure 8 and 9), the disappeance of
photochromism occurs quickly within mixture of pure A (strongly
photochromic) and pure A/B-I (non-photochromic) with an inflexion point in
the photochromic evolution pattern (Figure 8) at 13% B molar composition
which in turn corresponded to the eutectic point between A and A/B-l on
DSC patterns. Thus, as long as phase A is present in the environment there is
a visible photochromic response. The three other phases are not photo-
responsive.

To complete the binary diagram of Figure 7, the limits of many areas
can be determined through the realization of Tammanns’s plot (plot of
eutectics enthalpy vs molar content) [28]. As many eutectic peaks were not

completely separated from liquidus peak, a mathematical correction was
corrected _

applied to approximate total peaks enthalpy : AHg toctic

d
AH, gqutceliltlirce measured : measured
AHT with  AHgyiectic .~ the measured

measured measured
AHeutectic +AHliquidus

enthalpy of the eutectic peak (A on Figure 11); AH

measured
liquidus
measured

enthalpy of the liquidus peak (B on Figure 11) and AH{ ¢} the total
measured enthalpy (A+B+C as presented in Figure 11).

the measured
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Figure 11: Example of close eutectic and liquidus peaks and corresponding
areas (integrals) used in the calculations.

Using the AHSSITected calculated from DSC patterns allowed to draw
Tammann'’s plot for the A side (transition A - A+A/B-l) eutectic limit and for
the eutectic limit for transition A/B-1 + A/B-Il > A/B-ll with accuracy
(respectively 0,4% and 62,7% B molar composition for the eutectic limits) and
corresponding graphs are presented below (Figure 12; limits are calculated

fory=0).
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Figure 12: (top) Tammann’s plot for transition A - A+A/B-l; (bottom)
Tammann'’s plot for transition A/B-1 + A/B-1l > A/B-II.

Transitions A+A/B-l > A/B-l and B+A/B-ll > B could also be
evaluated but with less data and thus a decreased accuracy and give
respectively 23,3% and 94,5% B molar composition for the eutectic limits. All
these values are in agreement with DSC and XRPD measurements. However
there weren’t enough data to properly evaluate A/B-1 > A/B-l + A/B-Il and
A/B-Il > A/B-Il + B eutectic limits.

Based on eutectic and liquidus temperatures from DSC
measurements along with calculated Tammann’s limits, we propose the
following binary diagram for the A/B system (Figure 13).
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Figure 13: proposed binary diagram of the A/B system with calculated
Tammann limits (blue dashed lines) and unknown limits (red dashed lines).

Conclusion

To evaluate the impact solid-solutions can have over photochromic
properties of N-Salicylideneaniline derivatives, 4 systems composed by an
anil and one of its fluorinated derivatives were prepared and a total of 8 new
solid-solution structures were obtained through SC-XRD. The A/B system
exhibited a dramatic change in its photochromism with the 50/50 molar ratio
powder sample being non-photochromic while parent anil A is strongly
photochromic. Further studies of this system revealed two different
intermediates solid-solution phases which also structurally differs from
parent anils A and B phases, hence providing evidences for a four-phasic
solid-solution binary diagram — an extremely rare pattern for organic
molecules. Based on DSC, XRPD and Tammann’s plots, an approximative
binary diagram could be draw and is proposed for this system.

As a dramatic change in photochromic property was observed with
varying B molar ratio within anil A phase, this system deserves further studies
in order to assess exactly which parameters affects this evolution — especially
from the structural point of view, which is left as a perspective of the current
work.
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Conclusion

The general aim of the present thesis was to achieve a fine-tuning of
photochromic properties of N-Salicylideneaniline derivatives through a
cocrystal engineering approach. In order to do so, a step-by-step plan was
designed: the first step (chapter 2) consisted in an exploration of potential
coformers for cocrystallization with anils in order to prove that the
photochromic properties of anils can be altered through this process. The
second step (chapter 3) consisted in an exhaustive search of cocrystals of
various anils with selected coformers with the purpose to establish an
important data set of structures to provide statistical information for future
researches. The last step (chapter 4 and 5) consisted in the design of ideal
systems (i.e., systems with improved photochromism and/or with tunable
properties) based on the knowledge gathered within the previous steps.

“«

In the first step, we aimed to answer the question: “can
cocrystallization alter photochromism?”. The answer is “yes” as we here
reported for the first time a cocrystal (not a salt or solvate for instance) with
modified photochromic properties. In order to do so, two well-known anils
(N-Salicylideneaniline and 4-fluoro N-Salicylideneaniline respectively called A
and B in all chapters) were ground with eighteen different carboxylic acids
(specified in chapter 2) and resulted in the identification of 6 new phases
among which one could be crystallized and provided a new cocrystal
structure. This cocrystal resulted from the combination of anil A and
citraconic acid (labelled C10) through liquid-assisted ball-milling grinding and
presented new and unexpected properties: an inverted photochromism
could be observed compared to parent anil A alone. The yellow-brown
coloration of the sample disappeared after irradiation at 365 nm and it
turned white, instead of the classical red-appearing coloration. This change
of color could be reproduced at least 5 times before the compound color
completely faded away (probably due to degradation in contact with air
humidity).

These results were published in Crystal Growth and Design and the
conclusions of this first chapter is that anils can easily co-crystallize with small
carboxylic acid molecules and that the photochromism can be completely
altered/modified through this process. One of the reasons advanced to
explain such a change is the involvement of the ortho-hydroxy moiety in the
supra-molecular bonding with one of the carboxylic moieties of the citraconic
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acid. As this ortho-hydroxy moiety plays a central role in the keto-enol
equilibrium, any supramolecular bonding involving this moiety is expected to
alter the process. These conclusions were drawn in regards to a statistical
analysis performed on the CCSD over structures presenting an enol-imine or
a conjugated ketone in order to assess the average bond length involved in
the photochromic process. Using this analysis, we were able to show the
equilibrium was shifted towards the keto form in cocrystal A-C10 and that a
zwitterionic representation of the structure is the most accurate as shown in
Figure 1.

Figure 1: (Left) Ortep representation of A-C10 cocrystal structure, (right)
molecular scheme showing the zwitterionic character of the anil.

In a second step, we aimed to study further the role intermolecular
interactions in the photochromic process. In order to do so, a large cocrystal
screening of anils A and B and 13 of their derivatives with 21 different
coformers (carboxylic acids, amides and benzene halides) was performed
and resulted in the identification of 95 cocrystals over the 315 possible
combinations. This gives a cocrystal yield of around 30% which is much higher
than the usual 10% rate reported and shows the efficiency of the selected
coformers.

Among these 95 cocrystals, 21 were successfully crystallized and
structurally analyzed. The amount of data collected allowed us to determine
statistically valid insights: the main conclusions are that photochromic
structures are very close to the average enol-imine bond lengths and that the
“moving moiety” (the phenolic moiety which is expected to move through
the photochromic process) is in average involved in more supramolecular
interactions in non-photochromic structures. Also, we observed that the
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involvement of the ortho-hydroxy moiety in strong supramolecular
interactions tends to switch off photochromism - in agreement with other
already reported studies in literature.

As a result, it is now recommended to reduce the total amount of
short contacts involving these specific moieties (the moving moiety and the
ortho-hydroxy moiety) in order to improve photochromism. Thus, precise
crystal structure prediction is now a requirement to pursue on this way and
is left as a perspective of this work.

Along with these observations, a fundamental discovery — the
existence of weakly photochromic compounds - was made and published in
Crystal Growth and Design along with above cited results. This discovery is
due to a new approach performed in the data treatment of DRS spectra and
the definition of the “photochromic profile” which correspond to the ratio of
the absorption spectra of a sample before and after irradiation. This profile
(or ratio) is directly dependent of the state’s populations and any change of
these populations (through irradiation for instance) generates an intense
peak in the photochromic profile. Without such treatment, changes could be
overlooked (when occurring for weakly absorbing states or when different
states have similar absorbing properties).

The discovery of weakly photochromic compounds allowed us to
shift the paradigm of the classical binary photochromic/non-photochromic
approach and consider instead photochromism as a continuous property.
This is in agreement with experimental observations of the photochromic
intensity (the maximum measured ratio on the photochromic profile) versus
the torsion angle: there seems to be a correlation between the two as an
increasing torsion angle corresponds to an increasing photochromic intensity
as shown in Figure 2 (which also includes other examples found in literature)
instead of being only responsible for the occurrence of the property. Our
conclusion is now that structures with low dihedral angles tends to exhibit
weaker photochromism.
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Figure 2: Photochromic intensity versus the torsion angle for anils studied
within this thesis (circle marks) and other examples found in literature
(triangles and square marks).

The last step of the present thesis focused on designing “ideal
systems” of anil cocrystals. It has been noticed that all used coformers were
able to hydrogen and/or halogen bond and most of them also had
delocalized electrons or an aromatic ring. All these features are already
present in most of the selected anils in chapter 3. As a result, the next logical
step was to use anil derivatives as coformer for other anils as they all
crystallize easily as demonstrated in previous chapters. The resulting
screening allowed to identify 11 combinations resulting in a new phase, 3 of
which were identified as solid-solutions.

Among the other 8 expected stoichiometric cocrystal systems, one
(E+N) exhibited detectable photochromism while both constituent anils
alone are non-photochromic.

Due to time limitation, we did not focus on these systems but rather
put efforts on the solid-solution systems, as a last part of this thesis, as they
allow theoretically to achieve fine-tuning of the properties over a wide
composition range. Depending on the nature of the systems, properties may
reach a maximum for a specific molar ratio when using solid-solutions.
Furthermore, as photochromism is highly dependent of structural aspects,
even slight structural changes may produce a very large difference in
photochromic properties. Going along with one of the main conclusions of
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that chapter, which is the easiness to produce solid-solutions using the
hydrogen-fluorine replacement in the case of the anils, this incited us to
move forward on this path. This easiness was demonstrated as all systems
tried were successfully crystallized, and especially for system 1/J, which
produced solid-solution crystals suitable for SC-XRD while all attempts to
crystallize parent anils alone failed.

A more profound investigation of the A/B system showed a
complicated solid-state landscape, exhibiting a four-phasic solid-solution, a
never reported before feature for organic molecules. This was ultimately
proven with the SC-XRD measurements of two different solid-solution
structures which also both differ from the parent anils. Based on DSC, XRPD
and SC-XRD analysis, the binary diagram of this system could be drawn and
is presented in Figure 3. However, this system presents a drawback as it
revealed to be sensitive to air humidity and thus is not stable over time.

Among the four observed phases, only one (the A-phase) revealed to
be photochromic, and the measured photochromic intensity quickly goes
down to reach a minimum at the first eutectic point (at 13% B molar ratio).
Also, the thermal back-reaction shows a linear correlation of the kinetic ki
parameter with increasing B molar ratio — meaning the thermal-back
reaction is faster and from this, we can conclude the trans-keto form state of
A is less stabilized with increasing molar amount of B. Nevertheless, this is
the first time a variety of different photochromic intensities and ki
parameters could be obtained for the same system, thus achieving a major
step towards the fine-tuning of properties.
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Figure 3: proposed binary diagram for the A/B system from experimental and
calculated results. Question marks shows limits for which no exact results
could be obtained.
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Perspectives

The current work leaves various paths to explore to come to the
“ideal photochromic system” using anils. First of all, despite many advances,
the coformer selection is still not optimized and many trials still have to be
performed to find coformers allowing not only to cocrystallize but also to
switch on photochromism or to improve it. The second and third chapter
show carboxylic acid functional groups to lead to many cocrystals but they
do not improve photochromism (no switch-on observed within this thesis)
and more often switch it off or change it completely (like anil A — citraconic
acid cocrystal). On the other hand, amide and benzene halide derivatives
allowed to find photochromic cocrystals with improved properties but with
a lesser cocrystal yield. As a result, findings should continue towards this type
of coformer in order to find cocrystals with enhanced photochromic
properties.

The dataset of cocrystals presented within this thesis still remains
small with “only” 106 newly identified cocrystals and a total of 34 structures
(including parent anils alone) could be studied through SC-XRD. However, it
would require hundreds of structures in order to have highly significant
statistics and tendencies about the roles of bond lengths, short contacts or
the torsion angle. For this last, the largest study published by Uekusa et al. in
order to prove the empirical “torsion angle rule” (stipulating a dihedral angle
higher than 30° leads to photochromism in anils) only focused over 40 anils
structures which is still a quite small dataset — especially considering many
counter-examples to this rule were found within this thesis but also by other
groups and published in literature. In this work we found a link between the
value of this angle and the intensity of photochromism rather than its
occurrence. Hence, having data over hundreds of structures would allow a
better understanding of this link and may open new pathways for improving
photochromic properties of anils. Thus, using the synthesis and methods
elaborated and generated withing this thesis, one may consider to perform
a drastically increased cocrystal screening, adding a few new anils but also
many new coformers such as amines and alcohols and exploring other
amides and more benzene halides (especially because these last allowed to
find cocrystals with improved properties).

To tackle this lack of exhaustive studies and perform a large statistical
analysis, efforts should also be done to improve the crystallization yield of
cocrystals in order to grow more single crystals suitable for SC-XRD analysis.

187



Within this thesis, only about 30% of the identified cocrystals could be
properly crystallized. However, only the following experimental methods
were tried in order to get crystals: solvent slow evaporation, cooling of
supersaturated solutions, vapor slow diffusion, melting and cooling of solids.
Meanwhile, no detailed studies of crystallization conditions were performed
such as ternary diagrams. This might require time and efforts but improving
the crystallization yield is a necessity to move forwards within this field as
studying anil properties in various solid environment is the central part of all
these researches. Another option is to perform high precision XRPD (using
synchrotron reaction) which may allow to obtain crystalline structure directly
from the powder. However, this would require high purity sample and costly
experimental set-ups, with no guarantee to obtain the desired structures. At
last, theoretical approaches and studies may also help to link properties with
structure and would allow to directly find which structural parameters are
relevant in order to fine-tune photochromic properties of anils.

From the conclusions of chapter 3, the aim is now to reduce the
strength/ number of intermolecular interactions involving some specific
moieties of the anils. Such an approach is now limited by the ability to predict
the final crystalline structure in order to select best coformers and to design
systems with desired properties. Many progresses have been made in that
field and the recent developments of A.l. using deep-learning in order to
predict crystals or protein structures shows it’s maybe just a matter of a few
years before we achieve the design of ideal systems towards specific
industrial applications.

Interestingly, the results of last chapter show anils easily form solid-
solutions with their corresponding fluorinated derivatives. In this thesis, only
4 different anils with only one of their fluorinated derivatives were explored
while hundreds of possibilities exist for each anil: anil usually have around 10
hydrogen atoms meaning there exist at least 10 mono-fluorinated
derivatives, 45 bi-fluorinated derivatives, 120 tri-fluorinated derivatives etc.,
the total number of possible solid-solutions structures already reaching 1022
in that case!

Even though solid-solution properties should be the exact average of
its constituent properties in the ideal case, in most cases there are slight
variations as the replacement of one by another may cause slight
stabilization or destabilization of the structure. This allows to find either
increased or decreased properties and thus, there are many potential solid-
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solution structures with improved properties for each anil: a naive approach
would be to consider half of the possible solid-solution structures will have
improved properties and thus there could already be as much as 500 possible
different structures with enhanced properties compared to the parent anils.
Furthermore, while the variations of properties are usually expected to be
small within the solid-solution range, in the case of anil photochromism the
impact might be much stronger as this property is highly sensitive to
structural parameters. For instance, the dramatic photochromic change
observed for anil A phase in chapter 5 should be studied along the structural
changes provoked by the increase of anil B molar ratio within the structure
by combining SC-XRD or XRPD with DRS measurements. This experiment
might give further indications about critical structural parameters in the case
of anil photochromism.

After the research carried within this thesis, there is also a chapter
which remains completely open for study: the impact on temperature over
the photochromic process. Very few studies can be found in literature about
this as it requires to precisely control the temperature while using techniques
such as DRS, SC-XRD and XRPD. These experiments are all feasible with
appropriate experimental set-up and could give additional relevant
information over the mechanism and process involved in photochromism.

Similarly, there is also the possibility to combine UV irradiation with
SC-XRD and XRPD in order to study any structural changes due to the
photochromic process. Furthermore, it would be extremely interesting to
perform UV irradiation while recording DRS spectra at controlled
temperature. Such measurement would allow to directly observe the
photochromism without any experimental modifications of the surface
sample or its position within the device, allowing extremely precise
measurements and a clear classification of photochromic behavior for
borderline cases.

Combining properties of different anils (such as combining
thermochromism and photochromism or combining different wavelengths
of activation for photochromism etc.) could be a very interesting
continuation of the current works, leading to potentially more complex
applications. Some preliminary researches have been performed in chapter
4 but they were stopped due to the lack of crystallization results. As a result,
exploring other crystallization methods for the 8 identified cocrystal systems
might lead to new structures and the possibility to explore deeper these
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property combinations. Also, performing the ternary diagram for the most
interesting systems might allow to find the best methods/parameters to
crystallize these systems of interests.

All the above cited perspectives for future works are related to
fundamental research, especially because it is the global context of this
thesis. The next step is to use this newly acquired knowledge in order to
perform new industrial applications. Many of them have already be cited in
the Introduction such as secured inks, photochromic glasses etc. but many
other options can be evaluated such as photochromic and/or thermochromic
tiles to perform a more efficient heating/insulation of houses and building
with changing weather conditions: the roof could turn black if the
temperature is low in order to absorb more energy from the sun and thus
use less energy to heat during winter. As this process is reversible, the roof
would turn clear/white during summer in order to avoid overheating and the
use of air conditioning.

Such industrials applications would require extremely stable
compounds in order to resists to external conditions such has rain, snow, etc.
Another option would be to study the photochromic properties of anils
included in a matrix such has polymers, which could offer sufficient
protection over weather changes and external conditions. Also, we could
expect a better resistance to fatigue etc. Hence, having photochromic
compounds included into polymers could open the doors to many other
industrial applications such as screens for electronic devices for instance. As
some anils have already been reported to be photochromic while included in
such matrix, there is a clear room for research, improvement and industrial
applications in such areas.
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The present section covers some relevant supporting information of chapters
4 and 5. As chapter 2 and 3 correspond to publications, their respective
supporting information is already available online and can be downloaded
free of charge via the internet at:

https://pubs.acs.org/doi/10.1021/acs.cgd.6b00108 for chapter 2;

https://pubs.acs.org/doi/abs/10.1021/acs.cgd.9b00363 for chapter
3.

Supporting information for chapter 4 contains:

Ch4.1. XRPD patterns of ground anil mixtures and p.195
comparison with anil references

Ch4.2. Cross-crystallization screening results p.207

Ch4.3. Screening polymorph/degradation check p.208

Ch4.4. E+J NMR check p.216

Supporting information for chapter 5 contains:

Ch5.1. Table 1: complementary structural p.217
information for new solid-solutions structures
Ch5.2. Kinetical studies of A/B system p.218
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Chapter 4 Supporting Information

Ch4.1. XRPD patterns of ground anil mixtures and comparison
with anil references

All data are normalized with highest peak = 100 (arbitrary units). Each
ground sample is presented in blue while parents anil patterns are
presented in red and green. Results are shown only when a new phase has
been detected.
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Shown with polymorph of anil A which is the closest to the ground sample
(best match). Most of the peaks are slightly moved either to left or right:
expected solid-solution.
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2) Sample A+G:
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Compared with experimental anil A pattern. Many new peaks. Perfect match
with reference A and no match with reference G. New phase expected —
possible polymorph/degradation product of G.

3) Sample A+H:
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Compared with experimental anil A pattern. Many new peaks. Perfect match
with reference A and no match with reference H. New phase expected —
possible polymorph/degradation product of H.
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4) Sample A+l:
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12.625 21.750 30.875 40.000
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Compared with experimental anil A and J patterns. Partly amorphous
material. Many new peaks and no match with references: new phase
expected.

5) Sample A+M:
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Compared with experimental anil A and M patterns. Many new peaks, good
match with M reference patterns, partial match with A reference: possible
new phase or polymorph of A.
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6) Sample B+G:
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&5 10.8 3 X . 40.0
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Compared with experimental anil B and simulated anil G patterns. Excellent
match with B reference pattern, no match with G reference pattern: new
phase expected — possible polymorph/degradation product of G.

7) Sample C+G:

26 (°)
Compared with experimental anil C and simulated anil G patterns. No match
with both reference patterns: new phase expected.

198



8) Sample C+H:

100
B b ccennaxy
80 — —— 2. knil C_emp.dat .
B —— 3. knil Hoaye i
60 [~ -1
40 —
20 [ w -1
0 ke U h (W Sl by .Ju...m.‘m.».:.%'@. ;Lj L
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Compared with experimental anil C and simulated anil H patterns. No match
with both reference patterns: new phase expected.
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Compared with simulated anil D and G patterns. Excellent match with D
reference pattern, no match with G reference pattern: new phase expected
— possible polymorph/degradation product of G.
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10) Sample D+H:
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Compared with simulated anil D and F patterns. No match with both
reference patterns: new phase expected.
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11) Sample E+F:
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Compared with simulated anil E and F patterns. No match with E, Good
match with F reference patterns but many peaks are slightly displaced either
towards left (25.43°, 25.95°) or right (13.60°, 15.50°, 17.94°, 19.47°,...) while
others shows no displacement (14.15°, 22,17°,...). Expected new phase (a
solid-solution close to F structure).
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12) Sample E+G:
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Compared with simulated anil E and G patterns. Excellent match with E
reference pattern, no match with G reference pattern: new phase expected
— possible polymorph/degradation product of G. Similar case to samples 6,
19 and 42.

13) Sample E+H:
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Compared with simulated anil E and H patterns. Excellent match with E
reference pattern, no match with G reference pattern: new phase expected
+anil E.
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14) Sample E+l:
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Compared with simulated anil E and experimental anil | patterns. No match
with both references: new phase expected.
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Compared with simulated anil E and experimental anil J patterns. No match
with both references: new phase expected.
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16) Sample E+N:
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Compared with simulated anil E and experimental anil N patterns. Good
match with reference N, no match with anil E, many new peaks: new phase
expected.
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17) Sample F+G:
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Compared with simulated anil F and G patterns. Excellent match with F

reference pattern, no match with G reference pattern: new phase expected

— possible polymorph/degradation product of G. Similar case to samples 6,

19, 42 and 52.
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18) Sample G+H:
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Compared with simulated anil G and H patterns. No match with both
references: new phase expected.
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Compared with simulated anil G and experimental anil | patterns. No match
with both references: new phase expected.
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20) Sample G+J:
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Compared with simulated anil G and experimental anil J patterns. No match
with both references: new phase expected.
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Compared with simulated anil H and experimental anil J patterns. Good
match with both references but a few new peaks: possible new phase +
mixture of 2 parent anils.
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22) Sample I+J:
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Compared with experimental anil | and J patterns. Complete amorphization
of the sample: no conclusion possible.

23) Sample M+N:
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Compared with experimental anil M and N patterns. Good match with both
references with some peaks slightly shifted either to left or right for both
references: Solid-solution expected.
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Ch4.2. Cross-crystallization screening results

Summary of results after first analyze: NP means “New Phase”, NP: SS
means “New Phase Solid-Solution”, Amorph. means the sample was
partly or totally amorphous and no conclusion can be drawn so far.

B c D E F G H 1 ] K L M N o
NP: S5 NP NP Amorph. NP NP

NP Amorph.

=
=

Amorph.  Amorph.

=] = E4 - = - - E4 o - m o L] L] B>
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Ch4.3. Screening polymorph/degradation check

Each time an anil had more than one identified new phase after cross-
screening, a two-by-two comparison of the results has been performed in
order to identify polymorph transformation or degradation reaction.

1) Sample A+J and A+M:
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No correspondence between the two samples: new phase confirmed in both
cases.
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2) Sample C+D and C+G:
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Unexplained new peaks in C+G are not present in C+D and vice-versa: new
phase confirmed in both cases.
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3) Sample E+l and E+N:
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Unexplained new peaks in E+l are not present in E+N and vice-versa: new
phase confirmed in both cases.

4) Samples A+G vs B+G:
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Peaks at 4.8°, 9.5°, 12.0° and 13.0° which were unexplained in A+G and B+G
do match perfectly: no cocrystal but either polymorph or degradation

product of G.
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—— 3. C4G Grinding.zy
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12.625 21.750 30.875 40.000
26 (°)

Peaks at 4.8°, 9.5°, 12.0° and 13.0° which are characteristic of the impurity
(polymorph or degradation product of G) are not present in C+G: new phase
confirmed.
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6) Samples D+G, E+G, F+G:

—— 4. D4G Grinding.my
—— 5. E+G Grinding.zy
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20 (°)

Peaks at 4.8°,9.5°, 12.0° and 13.0° which were unexplained in D+G, E+G, F+G
are also present here and do match perfectly: no cocrystal but either
polymorph or degradation product of G.
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7) Samples A+G vs G+H:
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Peaks at 4.8°, 9.5°, 12.0° and 13.0° which are characteristic of the impurity
(polymorph or degradation product of G) are not present in G+H: new phase
confirmed.

8) Samples G+l vs G+J:
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Peaks at 4.8°, 9.5°, 12.0° and 13.0° which were unexplained in G+l, G+J, are
also present here and do match perfectly (the whole patterns match
perfectly): no cocrystal but either polymorph or degradation product of G
and amorphization of anils I and J.
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9) Samples A+G vs G+K:
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Peaks at 4.8°, 9.5°, 12.0° and 13.0° which are characteristic of the impurity
(polymorph or degradation product of G) are not present in G+K: new phase

confirmed.

10) Samples G+L, G+M, G+N, G+O:

100 T

269
Peaks at 4.8°, 9.5°, 12.0° and 13.0° which were unexplained in G+L, G+M,
G+N and G+0 are also present here and do match perfectly: no cocrystal but
either polymorph or degradation product of G.
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11) Samples A+H, C+H:
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Peaks at 6.5°, 7.5°,9.8°, 11.2° and 13.1° which were unexplained in A+H, are
also present in C+H: no cocrystal but either polymorph or degradation
product of H.

12) Sample D+H:
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Peaks at 6.5°, 7.5°,9.8°, 11.2° and 13.1° which were unexplained in D+H, are
also present in A+H: no cocrystal but either polymorph or degradation
product of H.
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13) Sample E+H:
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Unexplained E+H peaks (11.25°, 15.0°, 16.5°,17.6°, 17.8°, 20.8°, etc.) are also
present in A+H: no cocrystal but either polymorph or degradation product of
H.
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14) Sample G+H:
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No match between A+H and G+H and characteristic peaks of the impurity
(6.5°,7.5°,9.8° 11.2° and 13.1°) are not present. New phase is confirmed.
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15) Sample H+J:
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Peaks at 6.5°, 7.5°, 11.2° and 13.1° which were unexplained in H+J, are also
present in A+H along with other common peaks: no cocrystal but either
polymorph or degradation product of H.
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Ch4.4. E+) NMR check

Among the remaining cocrystal candidates, E+J Showed unexpected peak in
H-NMR analysis at 10.27 and 8.78 ppm. These peaks indicate further
reaction/degradation occurred and thus the new observed phase for this
sample is discarded.
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: complementary

Ch5.1. Table 1

structural information for new solid-solutions structures

Chapter 5 Supporting Information
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*Molar compositions were calculated through XRD refinement and thus present an

uncertainty of about 0.05. Also, crystals composition (after crystallization) may differ from

initial powder composition (after grinding).
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Ch5.2. Kinetical studies of A/B system

The kinetic measurements (blue curves) of a few A/B mixtures were done at
550 nm after 5 minutes irradiation at 365 nm of the powders. Results show
an expected exponential decay over time after irradiation (disappearance of

trans-keto band). The kinetical curves were linearized using the Malkin
AbSoo—AbS(t)
AbSe—Absg
(orange curves) are displayed for each sample. K, parameters were not

calculated.

equation: In(M) = -k.t, with M = and results for k; parameter
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