Alma Mater Studiorum 7 Universita di Bologna

DOTTORATO DI RICERCA IN
Chimica
Ciclo XVII

Settore Concorsuale di afferenza: 03/A2 1 Modelli e metodologie per le scienze
chimiche

Settore Scientifico disciplinare: CHIM/02 i Chimica Fisica

Structure, Dynamics and Reactivity in the Organic Solid State:
Anthracene Derivatives and Charge Transfer Crystals

Presentata da: Tommaso Salzillo

Coordinatore Dottorato Relatore
Prof. Aldo Roda Prof. Aldo Brillante
Co-Relatori

Prof. Elisabetta Venuti

Prof. Raffaele Guido Della Valle

Esame finale anno 2015






DOTTORATO IN SCIENZE CHIMICHE XXVII ° Ciclo

Dr. Tommaso Salzillo,Curriculum: Chimica FisicaRelatore: Prof. Aldo Brillante; Ceelatori: Prof. Elisabetta
Venuti, Pof. Raffaele Guido Della Valle.

Thesis title:iStructure, Dynamics and Reactivity in the OrgaSilid State: Anthracene
Derivatives and Charge Transfer Crysials

The work performed by Dr Salzillo during the first and second year of his PhD was mainly
focused on crystalto-crystal photochemical reactions of some anthracene derivatives, with the aim of
exploring the large variety of cases that can be encountered when photochemistry meets the solid state.

Dr. Salzillo first treated the remarkable transfotiom of dinitro-antracene to anthraquinone,
where the stunning acrobatics of the entire single crystals under irradiation mark a significant
relationship between molecular (chemical) changes and unit cell (physical) changes. Subsequently, the
classical exaple of the photodimerization reaction et@ancanthracene was revisited with a novel
approach. This reaction represents a typical case of violation of the topochemical principle, whose
paradigm implies the molecular preformation of the product in titecalh of the reactant as the strict
prerequisite to the positive outcome of the dimerization. The perfect structural fit which leads to a
complete topochemical reaction was instead found in the joliaterization of 9methylanthracene.

The last photoredion to be studied was the intriguing issue efrdhracenearboxylic acid, as a case
of a reversible dimerization in which crystal mechanical motions are indeed observed, but are not
sufficient to validate the successful outcome of the reaction.

In the bst year of his PhD work, Dr. Salzillo has been studying the phenomenon of
polymorphism in smalinolecule organic semiconductorsdiphenylanthracene) and charge transfer
(CT) crystals. CT crystals represent a new emerging class of organic semicondiatassquickly
gaining interest because of its potential for improved optoelectronic functionalities in devices. However,
there is still very little understanding and control over the solid state structure and properties of the
donoracceptor cecrystals Indeed, the scientific challenge of polymorphism is even more intellectually
stimulating for a two component crystal. Preliminary studies have been performed on this topic, by
working on the prototype semiconductor perylene combined with tetracyanompétbdne and its
fluorinated forms, which represent the donor and acceptor, respectively.

During his PhD studies, Dr. Salzillo has spent a three month period at the University of
Strasbourg (hosted by Prof. L. De Cola), as well as three more monthsDaptement of Physics,
University of Bath (hosted by Prof. Enrico Da Como). At the latter Institution Dr. Salzillo started to
work on CT crystals, and he showad unprecedented enthusiasm and a very mature approach in
conducting this research, contrimgito the consolidation of the links between Bath and Bologna. Such
links, in fact, are expected to get tighter in the future, also on the basis of a common research proposal
submitted within the EU program HORIZON 2020.

Over the entire time of his PhD dentship, Dr. Salzillo has shown a definite attitude to
research, with a marked disposition to work in a group and in collaboration with other colleagues and
researchers. He has consolidated his knowledge in solid state physical chemistry and has become
familiar with several complementary techniques, fundamental in the experimental study of materials
science. He has proven to be a very reliable, organized person with excellent laboratory practice. He has
acquired skills in many spectroscopic methods qujckigl has been planning experiments. He has also
been very good at supervising undergraduate student work.

His main scientific achievements during this three year period are documented by six papers in
peer review journalsthree contributions in Confemees and topical meetings, with two oral
communications, and two seminars given at foreign Institutions. He attended three international schools.
Two more papers are going to be submitted and more are planned on the basis of the research started in
the las three years.

In view of the results here presented, and as supervisor of his thesis, | judge as excellent the
work done by Dr Tommaso Salzillo during his PhD.
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1. Introduction

Structure, Dynamics and Reactivity in the OrgaBialid
State: Anthracene Derivatives and Charge Transfer Crystals

1. Introduction

1.1 Elementary Excitations in Molecular Crystals

Organic molecules when organized in a crystal lattice keep thelecular identity
forming the class of materials called molecular crystals, where strong intramolecular
interactions prevail on the weaker intramolecular ones. Thetlsuhter-play between these
interactions affect structure, dynamics and reactivityyigg rise to the wide variety of
properties encountered in these systems.

The physica&hemical properties in a crystal environment are strongly dependent on
the mutual position®fthe molecules and, in this sense, they are defineliective properties
Consequently, under excitation, the energy does not remain localized in a single lattice site,
but spreads from site to site as a wave which propagates throughout the crystabdesdive
excitation The complex equations of motions of the crystals solved by diagonalizing the
Hamiltonian in a harmonic approximation, if tiésplacemens of the molecules from their
equilibrium positions are small. The solutions represent todlective oscillation®f the
individual normal modes, each related to ation of a free oscillator with a definite frequency
and phase. According to quantum theory, these wazaasymomentum and thus can also be
described in terms of particles. These particles, or gpadicles, are calledklementary
excitations Depending o the nature of the excitation, there is a large variety of quasi
particles: phonons, excitons, plasmons and polaritons, among others. In terms of them,
spectroscopic properties related to IR, Raman and electronic processes are explained. An
experimental @scription and a theoretical treatment of these phenomena carfdaad in

various textbooks. [B]

1.2 Excitons in Molecular Crystals
Upon light absorption, an electronic excitatispreads throughout the crystdhue to
the intermolecular electrostaticteractions, an extended delocalized walike excitation is

established and travels from one molecule to its neighbor, coherent in space and time. This
10



1. Introduction

wave is calleéxciton The resulting neutral crystal state is calleceaniton stateand the early
description of Frenkel [4] still holds when electrons or holes are localized. In this sense, the
exciton theory describes localized charges but delocalized excitations. Related phenomena
are absorption and fluorescence spectra of molecular crystals. Moreexeitons may also
interact with electrodes, defects, impurities to reach an ionized state that produces an electric
current. Again, the relative positions and the interactions between molecules in the lattice are
the driving factors for exciton hoppingd dectron-hole separation/recombination. In these
cases, related phenomena are, among others, photoconductivity, electroluminescence,
photovoltaic effects and charge storage and release [5]. Therefore, the exciton theory stands
on the basis of the devepment of the emerging field of molecular electronics with its
applications to oganic optoelectronic devices{g].

By applying exciton theory to molecular crystals, Davydov showed that each molecular
energy level splits in as many components as the lmemof molecules in the unit cell{2], as
a consequence of the resonance interaction between translationally inequivalent molecular
sites. In terms of Group Theory, the split states belong to different irreducible representations
of the space group andew different polarization properties dictated by the symmetry rules.
Polarized absorption spectra are then the appropriate experiment to assign spectral
transitions in molecular crystals with reference to the molecular properties of the free
molecule. Thdow lattice energy of molecular crystals is the consequence of the weak binding
among the molecules which constitute distinct chemical species. According to this picture,
many properties of molecular crystals can be treated starting from a free molecue a
applying a small perturbation given by the weakly interacting molecular surrounding.
Absorption spectra of molecular crystals to low lying excited states can be explained in these
relatively simple terms. There are, instead, properties essentiallye@léd the collective
nature of the crystalline solid with no counterpart in a free molecules. An example of collective

properties is the photoconductivity in a molecular crystal.

1.3 Charge Transfer Crystals

Among molecular crystals there is a class ohgounds where the crystal is formed by
pairsor stacks of alternating donor (D) and acceptor (A) molecules in a definite stoichiometric
ratio, the most common one being 1:1. This class of compounds is referred to as weak DA
complex crystals or, more oftemeak chargdransfer (CT) crystals. These materials can be

11



1. Introduction

studied in order to gain information into processes where absorption of light generates the
separation and the transfer of charge from one molecule to another. This and the reverse
phenomenon of &ectron-hole recombination with light emission are fundamental processes

in molecular electronics based on devices where the semiconductor active layer is an organic

material with the potential for improved optoeleanic functionality.

1.4 Excitons in CComplexes

CT excitons in mixed stacks have peculiar properties that make them different from
excitons in molecular crystals likaphthalene and anthracene [115]. These peculiarities are
strongly related to the specific molecular and crystal structofehe CT solid. The ground
state of a CT crystal, unlike radicaltsauch as, for instance, FTENQ, has a weak, if any,
polar character. The charge transfer of a fraction of an electron gives rise to a stable CT ground
state with a characteristic Cbsorption band. The excited state is very polar and corresponds
to an almost complete transfer of an electron from the highest filled donor orbital (HOMO) to
the lowest unfilled acceptor orbital (LUMO). The polar character can be verified
experimentally bymeasuring the Stark shift of the CT transition when an electric field is
applied parallel to the PA stack direction [16]. With the electron and hole on separate
molecules, strong coupling to the lattice is expected and this interaction leads to broad and
structureless absorption CT bands as a consequence of the involvement of several lattice
phonons.

A second consequence of the strong exciffonon coupling is the relaxation of the
nuclei in a new equilibrium position with a reorientation of the molesuin a more relaxed
state with lower energy. In other words, the large intermolecular electronic delocalization
observed in these systems, due to the strong electrostatic interactions, results in an intense
CT absorption band lying at lower energy thae bcalized molecular excitations. Excitons no
longer undergo to a phenomenological behavior typical of Frenkel excitons in one component
crystals, but rather to a polarity flipping process [13]. Due to the CT excitons polarity along the
one-dimensional BA mixed stack, a donor (acceptor) molecule may lose (gain) its electron on
either side, that is, two CT exciton states can be formed for a diwesctor. In a centre
symmetric crystal, the CT exciton statekaD will have parity and only transitons toetlodd
parity state will be allowed from the ground state. This symmetry is broken in the presence of

an electric field and odd and even parity states will mix and both will be observed [16].
12



1. Introduction

1.5 Structure and Dynamics in Molecular Crystals: Polymorphisrd hattice

Phonons

The understanding of molecular structure, phonon dynamics and crystal packing, and
the relationships among them, is a key issue in the design of the peculiar properties of
molecular crystals in materials science, particularly for thepliaation in organic electronics.
One of the mosbften encountered problem related to the structure is the occurrence of
polymorphism,i.e.,, the possibilityfor the same chemical compound to exhibit two or more
crystalline modifications [118]. Since tleir early applications, -Kay diffraction (XRD)
methods were recognized as the technique of choice for the identification of the crystal
structure of a compound. In the past years, however, much effort has been put in pursuing
both experimental and computmsnal techniques for identifying and predicting new crystal
phases, with the aim of determining their relative thermodynamic stalii8] and kinetics.

The experimental techniquesvailablenowadays include, besides XRD, thermal analyses and
a variety d spectroscopic methodsand it is quite clear that a single one cannot provide
exhaustive information about the complex solid state diagrams emydtallization kinetics
that many substances display. It is then clear that the study of polymorphism mestata
from different sources, requiring a multidisciplinary approach.

Polymorphism is an issue of great importance in crystallography because of its key role
in pharmaceuticals andhaterials science. In fact, a large variety of chemical and physical
properties such as solubility and charge mobility, relevant to the field of application of the
compound, may dramaticallshangeon going from one crystalline modification to the other.

In particular, conformational polymorphism is most likely to occur in b electronics

[20]. The ideal organic semiconductor is, in fact, constituted by large and flexible molecules
with extended™ -conjugation and whose geometry may slightly change in the lattice, giving
rise to different packings, that is, different crystal structures. Polymorphism in organic
electronics may produce serious problems to an efficient carrier migration. In fact|inesbi
depend on the crystal structure [222] and to match the ideal device with the most suitable
polymorph becomes a challenge that requires a structural control during the preparation of
the semiconductor active layer. An additional drawback is thetdlare several experimental
evidences of phase mixing [21,23k., the simultaneous coexiatice of different crystal

structures in the same specimen, down to dimensions of the order of the micrometer. The
13



1. Introduction

boundaries between domains with different struces will then act as a source of intrinsic
disorder with detrimental effects on charge transport and other key properties. For these
reasons, polymorphism in organic electronic is an issue and the assessment of the phase purity
is of paramount importancéo optimize the device performance. Chemical purity and phase
homogeneity (i.ephysical purity are then both required for an optimal and reproducible
operation of a working device, ensuring that the efficiency parameters of the semiconductor
layer are effectively due to the intrinsic properties of the material.

The method applied in this thesis to tackle this problem, widely illustrated in the recent
years, is to use confocal Raman spectroscopy and sample mapping in the region of lattice

phonons [24 andefs therein), as illustratedn Fgure 11.
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Figure 1.1A sketch of the experiment.

These modes are collective translational or rotational motions efrtiolecules in the unit cell

and represent the dynamical deformations of the crystal called lattice vibrations or lattice
phonons, whose frequencies, involving Raman shifts in the rang&500cm!, probe the
intermolecular interactions and are hence vesgnsitive to even slightly different molecular
packings. Because each crystal structure has its own dynamics, in organic molecular crystals
lattice phonons are the fingerprints of the individual crystal structure. This method has proved
to be fast, non desuctive andin situy, both for crystal structure recognition and phase mixing

in domains at the micrometer scale and dam extendedrom bulk crystals to thin films on

technologically substrates and to working electronic devj2é6].

14



1. Introduction

In conclusion, th unique relationship between the lattice phonon spectrulattice
dynamic$ and its corresponding XRD pattelatijce structurg¢ makes Raman spectragzy a
powerful tool to obtaininformation on distinct crystal phaselgnlike XRD, the spectroscopic
technique can monitor crystal structures in the time scale of a few seconds, also scanning
them for physical impuritiesThe problem of polymorphism in the preparation and
characterization of functional molecular materials should then benefit from this teclenic
a sound method capable to control both crystal structure and molecular recognition in single

crystals, thin films and electronic devices.

1.6 Photochemical Reactions in the Solid State

Crystalto-crystal reactions represent an important category aboperative
phenomena occurring under conditions dictated by the intrinsic degree of order in the crystal
lattice. The energetic cost needed to evolve to products requires a large structural
reconstruction of the lattice of the reactant, which is often chad with the help of high
temperature or high pressure. When the chemical and physical transformations are driven by
photons, molecular displacements follow light absorption, which promotes chemical changes
according to the relative positions and orientats of the molecules in the crystal. The energy
transfer and the chemical reaction itself are then favored by the ordered structure of the
crystal, and the lattice becomes the actual cage where the photoreaction takes place [27]. Its
counterpart in solutn is the perfect fit of dimerized molecules in a confined environment
[28].

Systematic studies ophotoreactions date back teearly work on cinnamic acid
derivatives, when a topochemical principle was introduced [29], that is, the reaction product
is preformedin the packing of the reactant lattice so that only small reorientational motions
are required to promote the photoreactiod survey of the early experiments on the subject
can be found in the literature [30].

An important aspect of photoreactions the solid state is the transformation of the
photon energy in new forms, capable of driving the chemical and the physical changes. The
most spectacular one is the mechanical motion obtained in response to absorption of light,
which manifests as a movemeat the supramoleculalevel (molecular machines) [33] or

of the entire crysta(photomechanical actuators) [339].
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1. Introduction

It is of great importance to understand the mechanism underlying the crystatystal
transformation, a process complicated by theedeto consider all changes occurring in the
molecular environment during the course of the reaction. It is-eeiflent that molecular
changes ultimately produce modifications of the crystal lattice and, depending upon the
system studied, the extent of thdelay of the structural change may considerably vary. While
molecular changes under light are produced by a complex mechanism of energetics and
dynamics along the potential surface, the structural modifaas are strictly mediated bihe
lattice phononswhich couple to the electronic excitation. Structure and dynamics of the
crystal lattice are then equally involved and this should be taken into account when designing
an experiment aimed to reveal the evolution of the photorection in the solid state.

Amaong the various techniques that can be employed to study the crystatystal
photoreactions, and their evolution in time, we chose confocal Raman microscopy. The
spectroscopic approach has the advantage to efficiently follow in real time both thewstalict
molecular change and the unit cell transformation occurring on going from the reactant to the
product. It will be shown that moleculact{emica) transformation in most cases follows a
faster kinetics with respect to the unit cefii{ysical modificaton, the more so when a nen

topochemical mechanism underlies the photoreaction.

1.7 Aim of the thesis

The thesis is focused on some fundamental aspects of molecular crystals: structure,
dynamics and reactivity. The common ground of these topics is retgseelated to the
concept of excitons, phonons and the coupling between them, which has been briefly

introduced in the previous sections.

1.7a Structure

The structural aspects here treated are mostly related to the problem of
polymorphism, pseud@olymorphism and cerystals, as described in chapters 3, 4 and,
partially, 5.The sample systems studied are some anthracene derivatives, namely 9,10
diphenylanthracene (DPA) an@-anthracenecarboxylic acid (@CA). DPA is polyciclic
aromaticmolecule thatshows both high hole and electron mobilities in the solid state linked
to an intense photoluminescence. It seems, therefore, a good candidate of ambipolar organic
semiconductor. However, DPA is alsoexiemplary case of a material whose polymorphism

beconmes a key factoto achieve reproducible intrinsic electronic mobilities in organics.
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Indeed, different crystal packings lead to different transport properties, making the control of
the crystal phase a crucial point for device performance. In this thesiBave investigated

the experimental conditions to drive the crystal growth towards a specific polymorph in its
pure form, as well as how to avoid phase mixing, which would leatbstructive effectsof

the device performance. Two out of three polymorgiPA have beerharacterized by XRD

and Raman spectroscopy and their relative stability has been checked by using energy
minimization methods [40]. A third polymorph, grown as microribbons, has been predicted
on the basis of its different tice phonon gpectrum.

The problem of BCA is a different one. The two crystal forms of the monomer have
been investigated with the intent to clarify a relationship between crystal packing and
reactivity (photodimerization) in the solid state. In fact, as stated inigect.6, the initial
disposition of the reactant molecules may determine the outcome of the photoproduct. We
first started by characteriing the single crystals of the photodimer obtained in solution of
different solvents and, much surprisingly, encounttierich variety of pseudpolymorphs,
whose XRD analysis showed a diversity in the packing of solvent molecules in the unit cell of
the dimer. We have then moved our focus towards the study of how each solvent would drive
a specific structure of thdimer, to eventually discuss the crystal engineerofghis system.

The last subject reported in this thesis on the structural aspects in the organic solid
state, is relatedo CT mixed crystal€T crystals are binary systems grown with stoichiometry
ratios d chargedonor (D) and chargacceptor molecules (A). As a result of the electronic
coupling between the HOMO and LUMO levels of donor and acceptor, many of these
compounds exhibit interesting electrical properties, with a behavior which can vary from
insuator to semiconductor to metal. The donor aadceptorsystem of choice wasrmed by
perylene and tetracyanguinodimethane (TCNQ) and its fluorinated forni3ifferent
methods to grow the single crystals were experimented, resulting in a variety dhistwietric
ratios betweenD and A. We have tried to rationalize the crystal growth parameters, in order
to drive a specific stoichiometry, especially searching the experimental conditions which
would lead to the 1:1 ratio. We also tried to play with the feenature of growth to make
hypotheses on how the packing of perylene in its two polymorphic forms would eventually
affect the insertion of fluorinated TCNQ molecules into thé gell of the mixed crystalé\s
experimental methods of investigation;r&y scattering, Raman and IR spectroscopy have

been chosenLastly, the degree of ionicity changing the acceptor from the neutral TCNQ to its
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fully fluorinated form was calculated using bothiay diffraction and IR spectroscopy. The goal
was to select the mdssuitable system for ambipolar semicondung behaviorsearching for

the optimalsolid state organization (polymorphism) to reach the best electrical properties.

1.7b Dynamics

In simple terms, the dynamics of a lattice is governed by phonons and, uled&oaic
excitation, by their coupling to excitons. The first phenomenological model of lattice dynamics
calculations was proposed in 1912 by Born and von Karman \#ij developeda formal
treatment of the quantum theory of crystalline solids [42] ar tconcept of phonon was
introduced. Lattice phonons are the collective excitations produced in the crystal by its
deformation following translational and librational motions of the molecules in the unit cell,
under optical excitation. Vibrations solidsare experimentally best studied by infrared and
Raman spectroscopy. A survey of the spectra of solids with comparison to molecular vibrations
can be exhaustively found in the book of Turrel [3], where alsdhbery of thesymmetry of
normal modes andheir selection rules can be found. Thest experimental tool to study
optical phonons is Raman spectroscopy in the wavenumber region below 150Asvshortly
outlined in previous sections, the analysis of lattice phonons is strictly related to the
correponding crystal structure. As long as the crystal structure reproduces the equilibrium
positions of the molecular nuclei, lattice phonons represent its dynamics. Consequently
strict relationship is established, since each crystal structure hasmtsphonon spectrum
We shall also show, in the next section, that optical phonons, when coupled to excitons, are
one of the driving factors governing solid state reactivity. Since lattice phonons probe crystal
packing and intermolecular interactions, phonomfren spectroscopy will prove to benzost
powerful method to stug both polymorphism and crystéb-crystal photoreactions. In this
thesis we have applied this technique by combining spectroscopy and microscopy, that is, by
making use of confocality, thugqviding insights on the phenomenological aspects of the

dynamics of crstal domains athe um scale.

1.7c Reactivity

The interest for solid state reactions is an evergreen and its application to organic
crystals dates back to the early work of the graffschmidt [29,43], who emphasized haw
collective propagation of the excited reactant molecules into the product had necessarily to

follow the rule governing ordered systems, that is, a topochemical principle or the capability
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of the reactant molecule® be in the correct registry to yield the product with a minimum of
orientational reconstruction. During the last few years a revival on the subjedidesfound

in the literature, mostly due to the increasing interest mechanically responsive single
crystals and their potential transformthermal or light energy into wortlkspecifically seeking
for systems behaving like photomechanical actuators [39].

In this thesis we focused our attention on two crydialcrystal photoreactions, both
related to the rich and widely studied class of anthracene derivatives. After the exemplary
case of thdight driventransformation of dinitreantracene (DNA) to anthraquinone (AQ) [44],
we will discuss the photodimerization reaction et@ancanthracene (9CNA) andrethyl-
anthracene (9M\). While the latter case refers to a perfect structural fit which leads to a
topochemical reaction [29], the former compounds represents the classic example of a
reaction which is triggered by defecig., a non topochemical one [45The novel approach
of this work is the study of crystal to crystal photoreactions, and their evolution in time, by
using the Raman spectroscopy as a probe of the modifications observed both in the molecular
environment and in the unit cell ding the cairse of the reactionWhile the analysis of the
lattice modes allowed for the study of the physical changes (lattice dynamics), the chemical
transformation can be monitored by measuring the intramolecular Raawive modes of
both reactant and product, othe very same spot at the same time. Besides, working in
confocal microscopy, with a Raman signal at a spatial resolution betow fiermits to follow
the evolution of the photoreactionn situand to compare crystal and molecular spectral
changes duringhe reaction with the microscopic optical images of the sample [44].

One of the major findings of this study is that molecular and lattice transformations do
not proceed at the same rate. The molecular transformation precedes tietstal crystal
changeand thedelay in time depends on the system studied as well as on sample history.
Former guest molecules (early content of photoproduct) eventually become the host
molecules and, at the same time, former host molecules (molecules of the starting reactant
material) take the place of guests. This is a key point when explaining the evolution mechanism
of the reaction in the solid statdhe observed time mismatch between chemical and lattice
transformation can be used for a modeling of the system and isnalimed by the different
behaviors in the kinetic law of molecular and lattice transformation [#0i{he case of GNA
the formation of the dimer crystal structure always takes place with some delay with respect

to the onset of the chemical reactiora behavior also found for the topochemical
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photodimerization of 9MA and previougl dbserved in another crystab-crystal
photoreaction [44]. The kinetic analysis of the spectroscopic datéircos the hypothesis of

an autocatalytic mechanism for the process.

1.8 Organization of the thesis

The thesis is organized as follows. In sleeondchapter the experimental techniques
are described. The photoinduced reactions in single crystals are illustrated in ci3ajpter
first show a detailed experimental and comotptional study of the photoinduced
transformation of DNA in AQ. The following cases treated are two phodimerization reactions
of 9-substituted anthracene derivatives representing two typioakamples of non
topochemical (£NA) and topochemical (4A) dimelizations. The intriguing case of the
pseudcpolymorphs of the photodimers d&-anthracenecarboxylic acids also treated here.
The polymorphism of the organic semiconduc®d0 diphenylanthracene (DPA)is the
content of chapted. Chaptelsis dedicatedo CT mixed crystals formed by perylene (D) and
tetracyanoequinodimethane (A) and its fluorinated forms. In chapiex survey of the activity
performed during a short stay at the University of Strasbourg is given, whereas the

Conclusions can be founddhapter?.
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2. Instruments, experimental setup andrgstal growth

2.1 Instruments

In this chapter we describe the experimental setup of the instruments used, the setup
for the irradiation in the solid state and in solution and the methods for crystal growth.

The instrumentation used for the the spectroseopneasurements was: a confocal
micro-Raman spectrometer Horiba Jobin Yvon T64000, a fluorescence spectrometer

Edimburgh FLS920, and arlRTmicroscope Bruker Hyperion 1000.

2.1.1 The Raman spectrometer

Raman spectra were recorded with the Horiba JolonYT64000 triple spectrometer
(Fgure 2.1) equipped with three monochromators in double subtractive configuration. This
configuration is optimized for the acquisition of Raman spectra very close to the laser line,

down to agn ¥ “penalli¥ig the detetion of the optical phonon region.

Kripton Laser 568.2 nm - 150 mW 752.5 nm - 250 MW
- 647.1 nm - 600 MW 7993nm- 30mw @ fr----------=" \
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Figure 2.1 Horiba Jobin Yvon T6400
spectrometer (left) and experimental setup o
the three monochromators with different laser
sources (right). Microscope

l

The spectrometer was coupled to an Olympus BX40 microscope eglypih 1@X,
50x, 20x and 1 objectives which allowed for a spatial resolution below 1 micron and
theoreticalfield depth ranging from about 7 to 450 unithe spectral acquisition was done

with a liquid nitrogen coole@dhargecoupled device (CCD) detectwith a spectral response
24
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in the range 508000 nm. The excitation was from a multiline (647.1 nm, 676.4 nmb752

and 792799 nm) tunable Krgas laser, using mainly the laser line at 647.1 nm with a nominal
power of 1 Watt. The power was reduced figutral density filters to avoid sample damage.
Besides to the gas laser, a diode laser equipped with an external cavity and tuned at 780 nm

with a nominal power of 150 m\WWas used.

2.1.2 Fluorescence spectrometer

Fluorescence spectra of the solid samplese recorded with a FLSP920 Spectrometer
by Edinburgh InstrumentsHgure 22), equipped with a 450 Xe lamp, single emission and
excitation monochromators. A Peltier cooled Hamamatsu R928P photomultiplier was used as
detector. The spectral range of thestrument goes from 185 to 800 nm (detector cooled to
20 °C) and is extended to 1700 nm (detector cooled with liquid nitrogen).

With this equipment it is also possible to analyze timsolved emissions
(determination of lifetimes) recorded over the whobkpectral range (UVisNIR) of the

instrument, by using pulsed laser sources (EPLED) or lamps for long phosphorescence.

ps flash lamp

Signal Attentuator S Universal
i Sample
Reference detector Chamber

Figure 2.2The fluorescence spectrometer (left) with its optical scheme (right).

2.1.3 FAIR microscope

Infrared spectra of ta CT crystals were recorded with a BrukdiiRspectrometer
coupled to anIR microscope Hyperion 1000. The spectrometer is equipped with a liquid
nitrogen cooled Mercury Cadmium Telluride (MCT) detector. The instrument setup allows for
reflection and tranmission measurements and polarized spectra. The optical scheme of the

spectrometer is shown iRigure 2.3.
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Figure2.3 Optical layout of the FTIR micrspectrometer.

2.2 Experimental setup of irradiation for the photochemical reactions

The absorption sgctra of anthracene derivatives show the typical vibronic structure
of aromatic molecules related tie electronic transitions "H = and™ "H n. For this reason,
sources with emissions ithe U\-Visible range have been uséor the irradiation of the
crystals.

The irradiation in solution was done with an air cooled 250 Watt Xenon |laB@)(X
vertical configuration (i§ure 2.4) andunder nitrogen flux to avoid oxidation of the samples
[1]. The irradiation of the samples in the solid state was done with a water cooled Xenpn lam
in horizontal configuration {§ure2.5) and with a nominal power of 75 Watt. In both setups
the broadband Xenon emission was selected with a glass filter (UG11) to obtain a specific
wavelength range between 250 and 400 nm. A pyrex glass was chosen to exclude the radiation

below 300 nm. Indeed, anthracene derivatives usually show a reversible reactiontayiexci
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below 300 nm or by heaf water filter was introduced in the optical path to prevent heating

of the crystals.

Figure2.4 Optical configuration for the irradiation in Figure2.5 Optical configuration for the irradiation of
solution. single eystals with the Xenon lamp.

The irradiation of single crystals was also performed by using a monochromatic source
from a diode laser tuned to 405 nm withnominal power of 25 m\WUsing laser excitation
allowed usto select a specific area of the samjpde irradiating with a focused or defocused
beam. Variable optical density filters were used to attenuate the laser power and the beam
was focused on the sampleith ahome-made microscope {§ure2.6). A suitable setup was

assembled for irradiation of #hcrystals at higlpressure (Fgure2.7) in a diamond anvil cell
(DAC).

Figure2.6 Optical configuration for the irradiation of the Figure2.7 Optical configuration for the irradiation of the
crystals with the diode laser. crystals in a DAC.
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2.3 Singlecrystal growth of molecular organic materials

A relevant part of the work of this thesis concerns with the application of growth
techniques for organic single crystals. In fact, obtaining suitable, pure samples of organic
materials is highly impoaint for the determination of the intrinsic physical properties of
organic semiconductors and of the reaction behavior in solid state photoreactions. The issue
becomes even more important when the goal is the formation of mixed crystals of controlled
stoichometry, such as those described in Chapter 5.

The low melting temperatures, the high vapor pressures and the good solubility of the
organic compounds in several organic solvents make these materials suitable candidates both
for solution and gas phase grtwmethods Hgh quality crystals can beften obtained in
different ways. The final choice is, of course, dependent on the nature of the individual
molecule and on the specific interactions in the condensed matter of each system. In a general
approach tothe problem, solution growth methods are selected for materials with very low
decomposition and melting temperatures in atmospheric conditions, whereas crystals of
materials with high vapor pressures but unstable at high temperatures in oxygen can be grown
from the gas phase at low pressures of inert gases [2].

As already mentioned, special efforts have been devoted to obtain binary crystalline
systems with interesting properties for applications in organic electronics. These systems are
formed by a pair ohcceptordonor charge transfer compounds and may show a wide range
of different physical properties showing semiconducting, conducting, and even
superconducting or reacting behaviors. The crystal growth methods for such mixed materials
are, of course, siifar to those for the pure compounds. However, their phase diagrams,
polymorphism, stoichiometry and melting properties are still not well understood and,
consequently, the outcome of the growth might be, in many cases, unknown. For this reason,
the defintion of a growth protocol is an important step to assure the reproducibility of the
whole process.

In this chapter, solution, ggshase, and melgrowth methods for organic pure and

mixed single crystals employed in this work are described and discussed.
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2.3.1 Method of Solvent Evaporation

Many organic compounds are well soluble in organic solvents over a wide range of
temperatures and pressures, and therefore the solvent evaporation method [2] is often used
to obtain single crystals suitable for XRD stane analysis.

When the saturated solution of a poorly volatile organic material in an organic solvent
(commonly used solvents are dichloromethane, chloroform, ethanol and methanol) is left to
evaporate, the system reaches slowly supaturation conditims, in which crystal nucleato
starts spontaneously and, whetiee process is slowHFgure2.10a), the initially formed seeds
can ripen into larger crystals. The main variables of the growth are the different solubility of
the compourd and the differentvolatility of the solvent. To obtain crystae films of organic
compoundswith good solubility, the drop casting method can be used, in which a drop of
solution is cast and leéb dry on a solid substrate such as glass or silicon wafer (9V&©
somesolvents have high volatility, their evaporation rate can be controlled by covering the

sample with a holed cap when the formation of large single crystals is needed.

2.3.2 Method of Solution Slow Cooling

The solubility of organic compounds may increasmsiderably as a function of
temperature and this can be exploited to reach saturation conditions [2], with more dissolved
materials, at high temperature. By subsequently decreasing the temperature, the solubility
also decreases slowlfgure 2.10b in paagraph 2.3.5). Deposition of new material tends to
occur in the seeds already present at the bottom of the eam#r, which grow to form large
single crystals. Ostwald ripening [3¢4h be achieved by moving slightly and repeatedly the
temperature aboveand below the saturation point. Smaller crystalould then dissolve and

their material can redeposit onto the larger crystals which therefore keep growing.

2.3.3 Method of the Floatingdrop (FD)

When placing a drop of a solvent on the surface of anotlgiid (liquid substrate),
immiscible with the former, two different behaviors can be observed: 1) the drop spreads over
the substrate covering its surface or 2) the drop takes the shape of a lens on the surface [5].
The different behaviors are thermodgmically described by the spreading coefficieht
defined ag{ I'1¢*2¢ 12 Here!'1Z 2and! 12 are the surface tensions of the liquid substrate,

of the solvent and of the substrate/solvent interface, respectively. $&0 the drop forms
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the lens onthe substrate surface; the case with S > 0 corresponds instead to the optimal
spreading of the solvent on the entire substrate surface.

The first treatment of the physics of layers of solvent on water surfaces is by Langmuir
[6], and it was found that thehickness of the lens, fo <0, assumes a limiting value at

equilibrium which is function of the physical properties of the two liquid phases:

0 ¢y ra v

Here” 1 and’ 2 are the densities of the liquid substrate and solvent, respectivelygand

is the gravity acceleration. A sketch of the systemcdesd by Langmuir is shown ingkre
28.
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Figure2.8 Lens flating on the liquid surface described by Langmuir [6].

In the FD method a drop of the solution containing the material to crystallize is placed
on the substrate surface and is left to dry slowly. At the beginning of the process, if the
concentration of tle material in the solvent is low, the system can be described as formed by
the substrate and the pure solvent, and the geometry of the lens can be estimated. To grow
good quality flat face crystals is necessary to have a flat interface between the tviasliqu
and this implies minimizing, scondition which is achieved, given water as a liquid substrate,
with a solvent of very low surface tensien and density” much lower than the water
density.

During the evaporation of the solvent the concenteatiof the material dissolved
increases and the lens geometry may charegther because of the increase of the solution
density, or of the possible decrease of the surface tensiaf the solution and, consequently,

of the interfacial tension at the sdlion/water interface.
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The first effect is not found to play a relevant role, while in most cases the lens
diameter remains constant during the evaporation while the thickness decreases
progressively, thus showing that the second effect is at work.

Water, wsed in the course of our experiments, is usually a good substrate, since after
the complete evaporation of the solvent, the crystals of the orgaraterialcan be recovered
floating on the surfacedue to the high surface tension of the liquid substradtawever, the
low density of water prevents the use of several common solvents. Clearly, the control of the
nucleation and of the thickness of the crystals is given by the suitable combination of substrate

and solvent.

2.3.4 1D and ser2D Organic Nanostrttures Method of Growth

In this method, described in details in a number of recent pape phd illustrated
in Hgure 2.9, nanostructures can be prepared by injecting under vigorous stirring a small
volume of the solution of the organic compound (apia poor solubility medium like water,
S0 to gain quick supesaturation of the organic compound in the new environment (b) [7]. To
interpret the result of this crystallization process, it has been suggested that in the first step
the nucleation proceedsia the formation of stable nuclei, together with some tiny meta
stable aggregates (c). Directional interactions such as dutiplae interactions will act as the
driving force for the process of crystal growth, which results in an isotropic molecatzirsg.
Under stirring, the metatable aggregates would dissolve and transform to yield crystallites
which grow preferentially along the orientation of the directional interactions.

The mixture is finally left undisturbed for the time needed to allow thgstal growth
and at this stage the size of the crystals increases. Thus the crystals become more stable, while

the solubility in the solvent limits the rates of growth and dissolution (d).

— — — -
Figure2.9 Schematic proposed mechanism [7] for 1D and s&mbinanostructure crystal growth method.
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2.3.5 Liquidliquid diffusion method
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dense of it, or collected at the bottom of the container when the opposite applies, in such a

way that two distinct layers are formed as showrHgure 2.10c. With time the poor solvent

diffuses into the solution, yieldingnainterface mixture in which the solubility of the
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place in the boundary liquiiquid region.
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Care must be taken to achieve the stratification of the two solvents on the top of

the other, to allow for the formation of a clear and distinct interface, in such a way that the

mixing of the two liquids occurs only by diffusion. By controlling the temperature of the

system, saturation conditions can be changed, dradrystal growth influenced.

A solvent system commonly used for layering consists of a combinationhddrdimethane

and ethanol. Othesuccessful combinations employ chloroform or dichloromethane together

with diethyl ether or a hydrocarbon.
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Figure2.10 Solution-based methods for the growth of organic single crystals [2].
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2.3.6 Melt growth method

Crystal growth techniques from the melt are used most frequently for inorganic
compounds, characterized by high stability at high temperature and veryadpar pressures.
However, also crystals of organic compounds such as anthracene, naphthalene, pyrene and
diphenylanthracene can be grown in this way, because these compounds are pretty stable up
to the melting point even though they may decompose or raauier long term treatment.
Large and high quality single crystal can be obtained for several materials, suitable for physical
and optical properties studies. It is often necessary to work in controlled atmosphere
conditions to avoid oxidation processeseawaporation of the material due to its high vapor

pressure [2].

2.3.7 Vacuum sublimation method
Sublimation processes employ the sedjds equilibrium, and therefore must take place
at low pressures and relatively high temperatures. At high temperataféhe sublimation
chamber the crystal growth at the cold end may result into too fast a process, yielding
twinned or statically disordered crystafSood quality crystals by this method can be obtained
playing on thep, T conditions, that is, decreasingetiemperature of the process by decreasing
the pressure of the system. There are numerous variations of the technique, which employ
either static or dynamic vacuum environments. In the case of static conditions, a small amount
of sample is placed under vaem in a Pyrex tubeHgure2.11) and the material is heated up
from the bottom. The crystal grows on a water cooled cold end at the top of the pyrex tube.
This setup produces good quality crystals in hours or possibly weeks, depending on the
volatility of the sample and the quality of the vacuum. Vacuum sublimation is also ideal for
compounds with low vapor pressure or which are very air sensitive, as the tubes can be loaded
in dry boxes, or when the low solubility of the material prevents the crystal gyrdoy any

solution method.
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Figure2.11 Sublimation experimental setup.

2.3.8 Physical vapor transport (PVT) method

PVT is a crystal growth technique [10] which belongs to thephase methods and
therefore works with physical principles which are tsame as those of the vacuum
sublimation method. A scheme of the experimental setup is shovAgire2.12.

Crystal growth fran vapor phase can be divided ahemical vapor transport (CVT),
which is common for the growth of inorganic compound using a ¢b&ntransport agent like
iodine, and physical vapor transport (PVT) which is instesetl for organic materia. In
general this method uses an ampoule sealed under vacuum, at the two ends of which
different temperatures are applied, so that the compouindide moves under the resulting
temperature gradient [10].

The ampoule is filled with the polycrystalline material, sealed after being evacuated in
inert atmosphere, typically nitrogen or argon, and then horizontally placed in a two
temperature zones ftnace. The ampoule end with the material lies in the high temperature
zone whereasthe other end of the ampoulewhere the crystals are going to grous
maintained at a lower temperature. The source material sublimes at the hot end and the
temperature gadient causes supesaturation, resulting in the deposition of the vaporized

compound at the cold end. The method is suitable for the preparation of high purity crystals,
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2. Instruments, experimental setup and crystal growth

since a purification process takes place during the growth, and it is very effdéatithe
preparation of mixed single crystals, obtained starting from mixed source materials. As a result
of the different conditions of supesaturation of the various compounds, mixed crystals of
different stoichiometry may be deposited along the direatiof the temperature gradient.

The vapor phase in the ampoule moves by buoyant convection motion, driven by the
applied horizontal temperature gradient. Convection in horizontal cavities, as reported in Ref.
[10], has been studied by Simpkins and Cher,[tvho estimated the magnitude of this
phenomenon using the twdimensional Handley cell model. In such a tube with a horizontal
T gradient the Handley equation yields a velocity profile described by a cubic function of the
depth. Applying hot temperaturen the left end the motion will take place from left to right
on the upper part of the ampoule and reverses in the lower part. Simpkins and Chethgav
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maximum velocity, using the principal carrier gases such as Argon (R = 51800), Helium (R =
1120) and Nitrogen (R = 64660), which we used for @peements, are 14, 1.6 and 12 cm/s
respectivelyi.e. are substantialljyarger than the velocity given by forced convection flow in
ampoules with gas inlet. The circulation flow for a closestesy is therefore shown in the
Hgure2.12, entirely deterrmed by buoyant convection. It is important to say that the above
described model is a the result of a simplified system where are not considered several factor
like local temperature gradients and three dimensional aspects which are well described by
Rosenberger and coworkers [13]. From an experimental point of view, large high quality
crystals are obtained when the maximum gradi&itis small (around 25°C) and the high
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2. Instruments, experimental setup and crystal growth

temperature is only slightly higher than the sublimation temperature of the compouiticea

pressure of the experiment.

Temperature

Distance

Quartz ampoule

€ < <

Figure2.12 Schene of the ampoule in the two zone temperatures furnace and circulation pattern of the compounds in

the gas phase.
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3. Solid state photeactions

3. Solid state photoreactions

Materials capable to change their shape under the external stimulus of light, open the
new exciting field of mechanically responsive single crystals, with poteqmications in a
number of active devices where energy interconversion occurs at molecular level. The search
of photoreactions in the solid state, capable to exploit at best the amount of potential energy
developed during the progress of the reactioncbees a challenge of crystal engineering
when designing a solid state reactiam which the change of the chemical identity of the
reactant must also involve the adjustment of the structure of the lattice. A topochemical
perspective of the crystal packingually helps the selection of suitable reactant candidates
to drive their transformation in the solid state.

This chapter of the thesis describes a selection of crystal to crystal photoreactions with
the purpose to show the large variety of cases that ba encountered when photochemistry
meets the solid state.

The first example, section 3.1, deals with the remarkable transformation of dinitro
antracene (DN@A) to anthraquinone (AQ), where the stunning acrobatics of the entire single
crystals mark a sigiicant relationship between molecular (chemical) changes and unit cell
(physical) change.

Section 3.2 shows the classical exangslthe photodimerization reaction of-8yanc
anthracene (9CNA), the typical case of violation of the topochemical princifiese
paradigm implies the molecular preformation of the product in the unit cell of the reactant as
strict prerequisite for the positive outcome of the dimerization.

In section 3.3, the dimerization ofr@ethylanthracene (9MA) is indeed the classical
caseof a perfect structural fit which leads to a complete topochemical reaction.

The last section, 3.4, discusses the intriguing issue-aft®racenecarboxylic acid
(9ACA) as a different case of a reversible photodimerization where crystal mechanicalamotion
are not sufficient to validate the successful outcome of the reaction.

C2NJ 2dzNJ Ay@SadAadalraArz2ys 4SS KIFI@S dzaSR GKS y?2
YSFEya 2F fFL00A0S LK2VBSOKWIAYIMZE YKQ 2GS Ok | &NJ LIN
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The first subject of this chapter is the crystadcrystal photochemical reaction of 9,10
dinitroanthracene (DNgA) to anthraquinone (AQ) + 2NO. The reaction, has been observed
since long time in solution [Hnd its mechanism has been more recently rigets[2]. In the
solid state this reaction reveals intriguing aspects, since its path requires a striking
modification of the crystal lattice, starting from the triclinic structure of DNOwith one
molecule per unit cell (Z = 1), to yield the monoclstraicture of AQ with Z = 2. This involves
a considerable change of the chemical environment, which implies the use of sensitive probes
of intermolecular interactions. We have then used the approach of following the reaction by
means of lattice phonon Ramamicroscopy [3]a technique which directly probes even
slightly differences of molecular packing, becoming the ideal tool to monitor changes in the
unit cell structure. The additional feature of working in confocal microscopy, has allowed us
to follow theevolution of the photoreactionn sity, with a Raman signal at a spatial resolution
below 1 um, in order to compare crystal and molecular spectral changes with the optical
images of the sample. While the analysis of the lattice modes allowed for the efuithe
physical changes (lattice dynamics), the chemical transformation was monitored by measuring
the intramolecular Ramaiactive modes of both, reactant and product, on the very same spot
at the same time.

The experiments show that, once triggered, tresaction rapidly proceeds up to a
complete transformation to the product. The change in crystal morphology strongly depends
on the different conditions of irradiation and on the sample history. In any case, at the
macroscopic level, we have detected arpmssive relationship between incident light and
mechanical strain, which manifests as striking bending and unfolding of the specimens under
irradiation. In order to clarify the mechanism underlying the relationship between incident
photons and molecularanstraints, we have extended the study to high pressure, up to 2 GPa.
It was found that above 1 GPa the photoreaction becomes inhibited.

Lastly, lattice dynamics calculations based on standard intermolecular potential
models have been employed to simuldke reaction steps transforming the initial unit cell of
DNQ into the final AQ lattice.
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3. Solid state photoreactions

3.1.2 Experimental details.
Single crystals of DN® from Aldrich were grown by sublimation, obtaining in most

cases needles elongated along thaxis.

Raman spectravere obtained by placing the sample on the optical stage of a
microscope (Olympus BX40) interfaced to a Jobin Yvon T64000 Raman spectrometer, with 50x
or 100x objectives, which allowed us to obtain a spatial resolution just belew Bnd a
theoreticalfield depth from about 7 to 25 um. Raman spectra were recorded by excitation
from a krypton laser (647.1 nm), an energy sufficient low to avoid background fluorescence
from the sample and its possible photochemical side products. ade power was adjusted
in every experimento prevent crystal damage. The actual power focused on the sample was
always less than 1 mW. For more details on the spectroscopic characterization see ref. [3].

Two different procedures were followed to irrad@athe crystalj.e., broadband and
laser excitation. For the former, a 75 W Xe lamp was used and the spectral rangeé@b6Mh
was selected with a glass filter. Laser excitation was produced by a 25 mW diode laser tuned
at 405 nm.

High pressure measurementwere performed with a sapphire windows cell for
pressure up to 1 GPa, and a diamond anvil cell above 1AxR4&.methanckthanol solution
was used as hydrostatic medium and the ruby luminescence method was used for pressure

calibration [4].

3.1.3 Resilis.
3.1.3.1 Lattice phonon Raman spectra.

In order to follow the photoreaction we first collected, as a reference, the data of pure
reactant and productThe lattice phonon Raman spectra at ambignT) of DNQA and AQ
of the actual samples used in thegeriments are reported in FiguBl. Both agree with data
from literature [5,6]

The crystal structure of DN@ is triclinic p (GY) with one molecule per unit cell [7].
Since Z%, only threek=0 optical lattice phonons are expected and are gsyxmetry, i.e.,
Ramanactive [8]. They all show up ingare3.1. The crystal structure of AQ is monoclinig/£?2
(C2n) with two moleales per unit cell [9]. Since Z=ninek=0 optical lattice phonons are
allowed and six of them (3A3B) are Rama#active.Five out of six [6] are shown in Figure
3.1
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3.1.3.2 The crystal to crystal photoreaction.
Although studed in solution, no reports can be found in the literature of this reaction

in the solid state. Once the reaction is performed by phexaitation of the crystal, the initial

step, following light absorption, is the localization of the exciton in acttes,siisually physical
traps, which act as nucleation centers for the propagation throughout the entire crystal. In
this sense a solid state photoreactions can be classified as cooperative. Selectivity and
localization are then the dominant factors of theopess [10].

A collective propagation of the excited reactant molecules into the product must
necessarily follow the rule governing ordered systems, that is, a topochemical principle or the
capability of the molecules to be in the correct registry to yiblkel product with a minimum
of orientational reconstruction. Crystal packing, in other words, owns already the capability of
determining the chemical change produced by the incoming light.

Our study is described with reference to three experimental setypsbroadband
SEOAGIGAZY FNRY | '+ f1YL F20dzaSR 2y G(KS O
nm), with and without focusing; (iii) laser excitation in high pressure celsGPa). A number

of samples have been treated. The main resulesibiustrated in the following sections.

3.1.3.3 Broadband excitation
Single crystals of DN® have been irradiated by a Xe lamp (luminous emittance 350

Ix) with excitation in the range 25000 nm selected by a glass filter. A water filter was placed
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3. Solid state photoreactian

in the optical path to prevent sample heating. Lattice phonon Raman spectra have been
recorded as a function of time to follow the photoreaction. The UV light was focused on one
end only of the crystal, in order to compare reacted andreactedregions on tle same
specimen. Fure 3.2 shows the Raman spectra collected at regular time intervals together
with the picture of the sample with the indication of the area tested. As a reference, the
phonon spectrum of pure AQ, the photoproduct, is reported at the débphe spectra. After

only two minutes, a marked color difference was observed between the two ends of the
samples. Correspondingly, Raman profiles of the illuminated region (left side of the figure)
show the fast growth of AQ lattice phonons which idiyiaoverlap the phonon bands of the
starting DNQA crystal and eventually fully replace thefrhe right side of the figure shows
instead the unchanged spectrum of the DMOn the region of the sample not subjected to
irradiation. The reaction quickly preeds up to its completion after only 4 minutes. The
phonon spectrum of the photoproduct shows a large noise and broader bands with respect to
those of a pure pristineisgle crystal AQ (red trace ingkre 3.2). This can be accounted for

by the inhomogeneas broadening induced by local disorder of the irradiated regions.

18:00 min

Intensity
Intensity

9:00 min

M
4:15 min

e

2:15 min

. B A1 DNOA
20 40 60 80 100 120 140 20 40 60 80 100 120 140
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Figure3.2 Lattice phonon Raman spectra of an irradiated (left) and non irradiated (right) region of a #2N\gihgle crystal
whose picture is reported at the bottom. In the upper part ¢the figures the spectrum of the single crystal of AQ is
reported in red as reference.
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3.1.3.4 Laser excitation

A focused beam from a diode laser tuned at 405 medigtive flux 340 W/cr),
unfailingly produced an immediate and explosive breaking of tiystal. The experiments
were then performed with a series of variable optical density filters to attenuate the incoming
light up to three order of magnitude, which also resulted in scaling up the time required to get
the completion of the reaction in therder of hours. Results are reported kgure 3.3.
Although slower, the modification of the lattice occurs with a gradual change of the whole
phonon spectrum from the lattice modes of pure crystalline DN@® those of pure AQ. The
optimal control of the eaction can also be deduced by the lack of background fluorescence,
whose presence would certainly have been an indication of the formation of side
photoproducts acting as impurity traps. The pictures of the crystal at the right side of the figure
show tha in any case, although less dramatically, the crystal, initially long a few hundreds of
>Y>S ONBF1a dzLJ Ay | ydzYoSNI 2F FNIF3IYSyda I
mechanical strain, which starts in the middle point of crystal where therlagam was
focused, produces this destructive process. The post analysis of the Raman spectra of these
fragments indicates that they belong to pure AQ (upper spectrum of the Figure), an evidence
that the reaction had indeed reached its full completionlikenthe spectra of Figurg.2, all

phonon bands are now well resolved with an excellent signal to noise ratio.
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Figure3.3 Lattice phonon Raman spectra of a DMGsingle crystal as a function of time after irradiaton from a focused
laser at 405 nm. Ihe right side, the pictures of the crystal before (lower picture) and after (upper picture) the
photoreaction are shown.
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To avoid the fragmentation of the crystal we defocused the laser beam oarttstal
surface to get a more uniform irradiatiqradiative flux 3x1&¢ W/cm?), an expedient also used
to control the interfacial strain in the photodimerization o@thracenecarboxylic acid [11].
Under these conditions, the mechanical deformation of the crystal during the progress of the
reaction is homogesously distributed over the entire size of the crystal, avoiding its
destructive fragmentation. In other words, the macroscopic boundaries of the crystal, edges
and surface, act to soften the strain produced by photons. However, the most intriguing and

spectacular results obtained under these experimental conditions are showgume 3.4.
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Figure3.4 Left: lattice phonon Raman spectra of a DiOsingle crystal as a function of time under uniform irradiaton
from a defocused laser beam. Right: snapshaisthe corresponding times, of the irradiated crystal during the course of
the reaction.

Intensity

Here the photoreaction reaches its completion pretty much in the same time scale as
that of the previous experiment, where, though strongly attenuated, the lasembevas
focused on the crystal. However, in this case the crystal avoids breaking into smaller
fragments, but undergoes, under irradiation, a striking series of mechanical movements,
which manifest as bending, twisting and unfolding, as shown in the rigataf the figure.

The well shaped single crystal (a) initially bends, especially at one of its-ehdl{bn rotates
by 180° along its long axis to reach, after unfolding (d) and further twisting (e), its initial shape
(f). At this stage, the transforntian is not yet complete, as indicated by the spectral profiles

after 365 minutes, where residual phonon bands of DA @ittice are persisting. The final
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step, up to the complete formation of AQ, requires a new and fast deformation of the crystal
(g) which eventually leads to pure AQ, whose lattice phonon bands undergo some
inhomogeneous broadening, as shown by the congested region around0Tdm different
spectral distribution of phonon bands with respect to that of the reference crystal can be
accouried for an anisotropic effect determined by a reorientation of the crystal after
irradiation. Similar trends have been observed for other crystals of approximately the same
shape and sizé& more detailed series of snapshots of the spectacular behavibrsafeaction

is documented in Figure®

Figure 35 Snapshots of photochemical motions.
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3.1.3.5 The timing of the reaction and its molecular and lattice kinetics.

During the course of the photoreaction, the extensive stwfiythe Raman phonon
spectra (changes of the lattice) has been complemented by the simultaneous detection of the
intra-molecular modes (molecular modifications), in order to compare the molecular
transformation of DN@A to AQ with the changes of the crystattice (from triclinic to
monoclinic) at the same irradiation times. This investigation is crucial for the determination of

the reaction mechanism following photon absorption. Fig8i@ shows these data.
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Figure3.6 Lattice phonon Raman spectra it and internal vibration spectra in the region 30A800 cmt (right) at
different times of irradiation of a single crystal of DNA.

Quite interestingly, at reaction times for which the lattice phonon spectra are still
those of DN@A, the internal vibations of molecular AQ are already well visible, with
intensities comparable to those of Dias can be seen in Figurég3where AQ bands have
been marked by vertical linesThis can be verified, for instance, by comparihg telative
intensities of tle bands at 1403 crhand 1675 cm, corresponding to intranolecular modes
for DNQA and AQ, respectively, that have been analyzed at time 575 min, where the lattice
is still that of the pure triclinic DN@ crystal. Taking into account tlad-initio value of the
Raman intensities calculated for the isolated molecules (from the calculations of section 2.5),
we can estimate that about 40% of DMOhad already reacted at this time and therefore a
surprisingly large amount of AQ molecules is still preserther words, it is as though the
photoproduct AQ occupies substitutional sites of the triclinic lattice of E\©e., the
molecular transformation by faprecedesthe transformation of the crystal lattice, an

important finding that will be discussed iedion 2.4.

IN
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3.1.3.6 The photochemical reaction at high pressure

Pressure is a most efficient tool of perturbation of intermolecular interactions, though
leaving basically unchanged the molecular environment. Since large mechanical strain is
undoubtedly inwlved in the crystal to crystal transformation of DMOto AQ, we have
investigated the reaction as a function of pressure, to get further hints on a reaction
mechanism where incoming light and molecular constraints play a crucial role on the route to
the photoproduct.

High pressure experiments were performed in in a gasketed diamond anvil cell (DAC)
[12] with the procedure described in section 3.1.2. Several measurements have been
performed over a wide pressure range and under different irradiation candit We limit the
description of the experiment to few typical cases, one of which is illustratétyure 3.7.

Here the crystal was subjected to a constant pressure of 0.7 GPa and then irradiated by the
diode laser at 405 nm in the DAC. Changes of pbttmon spectra and crystal morphology

were simultaneously detected at constant time intervals.
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50 100 150
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Figure 37 Lattice phonorRaman spectra at p = 0.7 GPa (left) and corresponding changes in crystal morphology at
constant time intervals (right).
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3. Solid state photoreactions

After 80 mnutes the reaction reached its full completion in the irradiated region and
the observed phonon bands are uniquely attributed to AQ lattice vibrations. It is of some
interest to follow the changes of the shape of the crystal during the reaction. Althcwgh t
crystal is subjected to the strong mechanical strain induced by the incoming light, it is
nevertheless constrained in the gasket area, which produces a sort of physical barrier in
limiting the sample movement. The crystal bends and splits in two formikigd of ring in
correspondence of the point where the laser was focused. By further increasing the pressure
up to about 1 GPa a similprocess to that described ingtre3.7 occurs. Eventually, above 1
GPa, and irrespective of prolonged irradiation, tnansformation to AQ oces, as shown in
the spectra of lgure 3.8. We have further verified that the photoreaction is really inhibited
above 1.0 GPa by using different crystals loaded in the DAC up to pressures of about 2.0 GPa.
Furthermore, the very sae DNQGA crystal which went unreacted at 1.4 GPa completely
transforms to AQ after 20 minutes of irradiation once the pressure was released to 0.4 GPa
(Figure3.9). The complete alemce of molecular modes of AQd#&re 3.2,3.10) confirms that
the reaction has not started also at the molecular levelhe image of the crystal,
correspondingly, shows no major changes: although undergoing a longitudinal fracture under
pressure and light, it never bends or splits. It seems as though the release of the mechanical
energy, revealed by the crystal movements, is indeed the driving force required for the

advancement of the photoreaction.
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Figure3.8 Lattice phonon Raman spectra of a crystal irradiated at 1.0 GPa (left) and at 1.4 GPa (right). In the inset a
picture of the irradiated crystal at 1.0 GPa is shown.
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p=0.4 GPa; t=20 min
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Figure 39 Lattice phonon Raman spectra of irradiated crystals above and below the reactive threshold of 1 GPa of
pressure. The upper trace shows the pure AQ phonon spectrum once the crystal is irradielesv 1.0 GPa.
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Figure 310 Upper trace: Raman spectra of intn@olecular modes of a DN£\. A crystal irradiated at 1.0 GPa.
Comparison with reference spectra (lower traces) show that no molecular AQ is present, even after 120 minutes.
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An additional &ctor which can explain the inhibition of the reaction at high pressure is
that the release of NO cannot take place if the external pressure is too Hmlever, as
discussed later, we anticipate that a photochemical reaction inhibited at high pressame is
indication of a defeecbased nortopochemical mechanism, as shown by some experiments a
few decades old [13,14]. A topochemical mechanism instead would naturally be favored at
the reduced intermolecular separations at high pressures. The larger tlssymes the faster
the photoreaction. However, we have to notice that topochemical and-topochemical
mechanism have historically been introduced to describe how much compatible or not were
the mutual molecular orientations, finalized to produce the phditoerization reaction [15
17]. In the present study, in analogy to what occurs at molecular level, we can think of a
topochemicaroute as the one being compatible at a crystal structure lewel, crystal axes
and angles compatible with a cell doublimghalving determined by symmetry. This would be
better described as @pophysical principlewhose description based on a cell doubling

mechanism is delayed to section 2.4 and is theoretically simulated in section 2.5.

3.1.4 The progress of the reaction
In a most general description of a reaction in a solid one can think of the formation of

the active sites as the first step of the physical and chemical transformation. The nucleation is
instead the slowest step, as it requires the activation energy rsagggo trigger the reaction.
When a crystato-crystal transformation is activated, the propagation to the product follows

a collective process given by its ordered structure. In the present case, the activation energy,
initially given by light absorptigrsoon involves a large mechanical strain which fuels further
lattice deformations to eventually produce the structural change required for the formation
of the new crystal lattice of the photoproduct. To make some plausible hypotheses of the
reaction meclkanism, it is worthwhile to undergo a finer tuning of the steps at the basis of the

process.

1) Triggering of the reaction and formation of the active sites (nucleation centers)
2) The chemical reaction in the unit cell (the reaction cage)
3) Collective propagabin of the nucleation centers over the entire volume of the crystal

4) Final progress up to the complete formation of crystalline AQ
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Step 1.Triggering the reaction

The trigger of the reaction occurs through a well known mechanism of photochemical
reactionsin organic crystals [10]. Following light absorption, a delocalized exaditeal (
crysta) forms, which eventually localizesél crysta) into chemical or physical traps of the
crystal. These traps are sites of local disorder that becomeattizve sites, that is, the
nucleation centers which start the photoreaction. The transformation, in these local sites, of
molecules of DNEA to AQ, provides further disorder, increasing the number of active sites
capable of driving the reaction. The reaction stantsl @s long as DN@ molecules continue
to transform to AQ, the latter, being in a foreign lattice, creates further trapping sites which

favor the course of the reaction, following an awtatalytic mechanism.

Step 2.The chemical reaction in a cage: tlage is the unit cell

Once the reaction has been triggered, the ordered structure of the crystal is the
dominating factor for its propagation. By looking at the crystal parameters oBNGd AQ
(Table 2.1, section 2.5), it is tempting to think of a simplction mechanism mostly based
on a cell doubling, in a direction that could be the akeer c, or a more complicated
combination of them. This would result in an appropriat@ophysicaldisposition able to
justify how the reaction easily reaches imnapletion, starting from the triclinic cell (Z = 1) of
DNQA to get the monoclinic cell (Z = 2) of AQ of about a double volume. The triclinic unit cell
of DNQA can thus be considered as tblkeemical cagevhere the photoreaction begins [10].
However, as mviously shown, this reaction is inhibited at high pressure. One could then infer
that, although the two structures are definitely compatible with a crystal to crystal
modification, the role played by defects should be somehow predominant in governing the
proceeding of the reaction. This effect could be underestimated by merely looking at the unit
cell parameters of the two crystal structures.

The reaction path leading to the cell doubling will be computationally modeled in

section 2.5.

Step 3.The propgation of the reaction: from the cage to the entire crystal
The information of the crystal structure obtained through the Raman phonon spectra
give interesting clues on the progress of the reaction after its beginning. The key point is that

the moleculartransformation precedesthe transformation of the crystal lattice, as clearly
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indicated by Figur8.6. AQ guest molecules, which at the beginning of the reaction occupy
substitutional sites in the DN lattice,i.e., maintain positions and orientations tife host
molecules, soon reach a concentration sufficiently high to make hardly sustainable the
existence of a stable triclinic unit cell. This is possibly the reason why, at this very moment,
the energy stored in the system is released and gives risedng mechanical deformations
which manifest as bending and unfolding of the whole crystal, as illustratédunes3.4 and

3.5. We believe that this is the step (Figid, picture c) when the triclinic lattice of DNO
begins to transform into to thenonoclinic lattice of AQ, whose lattice phonons soon become
predominant in the Raman profiles. Therefore, the mechanical movement induced by light
absorption, as shown in the pictures fro@4c to 3.4f, provides the energetic cost of the

crystal to crysthtransformation.

Step 4.The complete formation of crystalline AQ

At the final stage the AQ molecules, formerly guest molecules in the triclinie/ANO
lattice, become themselves host molecules in a monoclinic lattice where unreactedADNO
molecules arenow guests. This implies that, although the new crystal lattice is formed, the
reaction is not complete until all reactant molecules are transformed to AQ in the AQ lattice.
This would allow us to advance an hypothesis on why in Figure 4, pi;ttive aystal, which
after having recovered its initial shape at time 365 min, undergoes further distortion by
shrinking and bending in a fashion similar to the process previously exhibited in piatiores
f. Indeed, the completion of the photoreaction still ieices that a sizable amount of DNO
molecules to react and a corresponding stoichiometric amount of NO molecules to leave the
crystal, which therefore shrinks to keep its cohesion. At this stage only, the reaction
completely ends.

We must remark once agathe importance of the relationship between the intra
molecular vibrational spectra and the intermolecular lattice phonon spectra. This relationship
is of paramount importance in probing, at the same tim®sth the photochemical

transformation of the matcules and the change of the crystal lattice.

3.1.5 Modeling the reaction
Now we aim to describe the transformation of DMOto AQ in the solidtate by

emulating the experimental process, that is by first chemically transforming:RMNTb AQ

without changes to the lattice, and then by continuously deforming the crystal lattice into the
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final AQ structure, without further chemical changes and along the path with the lowest
energy barrierWe must, in effect, identify the transition state, which is theammum energy
saddle point between reactants and products. To implement this program we need a model
for the molecules and then a model for their interactions in the crystal.

For the molecular model we have chosen the minimum energy geometries of isolated
DNQA and AQ molecules, determinad-initio with the program GAUSSIANO3 [18], using the
B3LYP/81G combination of density functional and basis set. The model is adequate, since
the equilibrium geometries so obtained closely match the experimental mtdegeometries
in the crystals [7,9], with the only noticeable difference of a small deviation (belpin the
GGN-O torsion angles in DNA.

Intermolecular interactions were modeled by an atatom potential with
electrostatic and Buckingham termé(r)=qq/r+A;S E LIND 5 € The atomic chargesare
the "ESP" charges [18] fitted to the electrostatic potential evaluated in the just mentiained
initio calculations on the isolated molecules. The parametgrdBfand G for H, C, N and O
atoms are from gotential model[19] specifically designed to be internally consistent and
transferable. Crystal structures were determined by seeking minimum energy lattice
configurations using the program WMIN [20], with molecules maintained rigid in #ieir
initio geametries. Several experimental and hypothetical initial lattice structures have been
considered, as discussed below. The stability, or lack of stability, of the optimized structures
was assessed by computing the phonon frequencies which, as a necessasyffacidnt
O2yRAGAZ2Y F2NJ f 20t &0l onehativeé rcecconstdnS). Ydza i 0 S

As a first validation of the molecular and potential models, starting from the
experimental structures [7,9pf DNQA (triclinic, space grougPl, with Z=1) and AQ
(monoclinic, space group P2, with Z=2), we have determined the equilibrium configurations
by minimizing the potential energy with respect to all independent structural parameters
allowed by the space group symmetry. The resgltstructures, hereafter labeled ag &nd
Ao, are shown in Figurg11, while their lattice parameters are listed in TaBlé. The excellent
agreement between calculated and experimental parameters confirms that the models are
realistic. Also excellens ithe agreement between the computed binding energy of the lattice
and its closest experimental equivalent, namely the sublimation enthalpy, available only for

AQ [22].
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Table3.1: Experimental and computed lattice parameters [7,9] and binding energieq.[2

Z Space | Structure a b c h i 4 \% E
group
A) A) A) (deg) (deg) (deg) 1S kcal/mol
DNQA | 1 f)p Expt[7] 3.950 8.680 | 8.760 | 106.77 98.98 98.02 278.59
Calc. 3.713 8.824 | 8.825 | 105.69 98.09 98.13 270.67 5£36.38
AQ 1 f)p Calc. A 4.157 8.258 | 7.778 | 107.74 85.60 106.30 | 244.08 b27.99
2 f)p Calc. A 16.407 | 4.157 | 8.138 77.08 101.47 70.83 488.15 bHT ®
2| C2/Im Calc. T 15.314 | 3.963 | 9.163 90.00 98.90 90.00 489.63 LHC DY
2| P2J/a Expt[9v22] 15.780 | 3.942 | 7.868 90.00 102.69 | 90.00 | 48021 | b HT ®H
CalcAx 16.010 | 3.929 | 7.805 | 90.00 102.71 | 90.00 | 478.75 LHpD

As discussed in previous sections, the photochemical molecular transformation of
DNQA to AQ precedes the transformation of the lattice. To model this behavior, starting from
the known structure oDNQA, we have converted all DN® molecules into AQ molecules
and then minimized the lattice energy. We have thus reachedtaal triclinic AQ structure
with Z=1 (labeled #, which represents a local energy minimum, since all computed force
constants & nornnegative. This hypothetical structure, althougimechanicallystable, is
predicted to bethermodynamicallyunstable, since it is less bound than the Z=2 monoclinic
structure A (see energies in Tab&1). Immediate conversion ofiAnto A is hindeed by the
energy barrier that separates the two structures. To estimate this barrier, we have searched
all possible reaction paths between and A. The procedure used to identify the transition
state is shortly described below and is extremely artifid\mvertheless, we will immediately
see that the resulting reaction path, illustrated in Fig@r&1, describes a quite obvious and
easily understandable process.

The transition state, labeled;Tis a Z=2 noprimitive monoclinic structure with space
group C2/m. The two molecules are equivalent by translation and parallat fdane. The
structure, optimized with respect to all structural parameters allowed by the monoclinic
lattice, sits on an energy saddle, since some of its phonons have negativectorstants.
When first perturbed by slightly rotating the two molecules, either in the same or in opposite
directions, the state Fin fact falls to either one of the two different minima& A ® Y & Y|
also be noticed, as shown iigEre3.11, that Ais just a cell halvingofAX | Y RI AWV R OG =
A1 have exactly the same energy (i.e. they are just two equivalent description of the same
structure).

We can now fully describe the transfoatmon, illustrated in the figure, from {Jthe

Z=1 DNQA lattice) to A (the Z=2 AQ lattice). We first phetdvemically transform Dinto A
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(AQ in the Z=1 DN lattice), which is immediately doubled inta A® 2 S (G KSy LINE =
deform the Z=2 triclimi lattice A Ay G2 | Y2y 20f AyA0 tFGGAOS:
two molecules until they lye parallel to the ac plane. Thealdle structure is thus reached,
after paying an activation energy of 1.11 kcal/mol. We then rotate the two molednles
opposite directions, finally reaching the monoclini¢cldttice and recovering 2.21 kcal/mol,

with a net, though small, gain.

Binding energy (kcal/mol)

=27

-28

=29

Arbitrary reaction coordinate

Figure3.11 Reaction path from DN@A to AQ. Ris the Z=1 DNgA structure which, when photochemically transformed
to AQ, kecomes the Z = 1 metastable structure. A is mathematically equivalent (through a cell doubling) ta A>X ¢ KA OK
may be transformed into the transition state ;I Finally, $ spontaneously converts to Althe Z = 2 AQ structure).
Axonometric views of the various computed structures along the path are shown close to their energies. AQ angADNO
molecules mainain their ab-initio geometries (with D and Gn symmetry, respectively) and reside on inversion sites.
Graphics by MolScript [23].

In conclusion, the photinduced reaction of dinitreanthracene to antraquinone fits

the general picture of molecular matals that change shape and dimensions by means of the
transformation of photon energy into mechanical work [24]. However, what we aim to
emphasize here, is the mechanism underlying the crystal to crystal transformation, a process
complicated by the needot consider all changes occurring in the molecular environment
during the course of the reaction. It is self evident that molecular changes ultimately produce
modifications of the crystal lattice. Raman spectroscopy has revealed to be the ideal tool to
conweniently follow this processVhile the analysis of the lattice modes allowed for the study

of the physical changes, the chemical transformation was monitored by measuring the intra

molecular Ramadactive modes of both, reactant and produdthe structurakeconstruction
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required to drive the photoreaction explains the different evolution of crystal morphology
under irradiation. We have shown that a completely destructive process is observed when
irradiation is produced by an intense focused laser beam,redeea uniform distribution of

the exciting radiation with a lower intensity permits a more controlled structural change. In
the latter case the crystal initially keeps its shape, propagating the mechanical strain to edges
and surfaces rather than underguy cracks or breaking in small fragments.

One of the major outcome of this study is that molecular and lattice transformations
do not proceedat the same rate. The molecular transformation precetesstructural crystal
change, which implies a key roliaped by host and guest molecules, that interchange in the
substitutional sites of the unit cellhe observed time mismatch between chemical and lattice
transformation allows for a clear way of modeling the crucial step of the cell doubling. In fact,
oncethe AQ molecules are formed inside the DIQ@attice, the system relaxes to a readily
accessible mechanically stable structure still with Z=1. From here, a local minimum, the
thermodynamically stable structure with Z=2 can be attained with a small ereeqggnse
which leads the system through a plausible transition state.

To clarify the mechanisms underlying the relationship between incoming light and
molecular constraints we have extended the study to high pressure up to 2 GPa. It was found
that after 1GPa the photoreactions becomes inhibited, a finding which fits a possible scenario
of a crystal to crystgdhotophysicaprocess triggered by defects [10,17].

As a last point we again underline the role played by the mechanical strain induced by
light. Alarge structural reconstruction, as that involved in the doubling of the triclinic unit cell
of DNQA to yield the monoclinic structure of AQ, cannot occur without striking crystal
deformations accompanying the photoreaction. Light energy initially prosiice chemical
transformation of the molecular units in the lattice. This change induces the mechanical
deformations which eventually become the driving factor of the structural change. At high
pressure (> 1 GPa) where crystal movements meet with molecctastraints, the

photoreaction lacks its driving force and cannot reach its completion.
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3.2 The Photodimerization reaction of@anoanthacene

The crystato-crystal photodimerizations of anthracene and-s@bstituted
anthracenes have been considered @ long time as model systems for bimolecular solid
state reactions. The dimer is formed through an excited state [4+4] cycloaddition, where the
reaction centers are a pair of carb@arbon double bonds located on two distinct molecules
lying adjacent irthe crystal lattice. It has been recogniz&b28] that in these systems the
dimerization mechanism involves as a first step the formation of an excimer intermediate, or
physical dimer, generated by electronic excitation of the monomer, from which theniclaé
dimer can be obtained via a neadiative decay pathZ9]. In agreement with the secalled
topochemical postulate [15the possibility for the reaction to follow its course is determined
by a number of parameters, the values of which depend on tlemamer crystal packing.
Distances between the potentially reactive atoms of the two adjacent molecules must be
below a threshold value, while relative orientations of the anthracene skeletons and lateral
shifts between the orbitals of the reactive atomsust be favorable to the formationf the
new molecular geometry [30Thus, only when all these parameters are within the boundaries
identified by the topochemical principl&(], can the photodimerization occur and the dimer
crystal obtained, with a strdare which was already present (or pif@med) in the lattice of
the monomer precursor.

The solidstate reaction of S&cyanoanthracene (9CNA31,39 is the earliest case in
which the dimerization occurs quite rapidly under irradiation, but the topochehgdaciple
cannot bea-priori applied. In fact, 9CNA molecules are arranged in the lattice in such a way to
give a heado-head or cis dimer as a product, but the formation of this is not
thermodynamically favoured due to the steric hindrance arising fnawing both substituents
on the same side. What is observed instead is the formation of the thermodynamically stable
trans dimer (headto-tail configuration) [3134]. Such a result is explained by assuming that
the reaction is first triggered in defecéiwsites of the crystal, and in particular along partial
(221) dislocations where the crystal planes are shifted in such a way that pairs of molecules

end up lying in a heatb-tail arrangenent, as schematically shown irggre 3.12.
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Figure3.12 Simulaion of a defective zone by (221) slip plane.

The pairs of molecules in a hegaltail arrangement can therefore easily form the
trans excimer and hence the chemical dimer via its -remtiative decay 32]. Once the
transformation is triggered in the origal defect, the reaction site itself is the origin of more
defects, so that the process can spread ac#malytically to the entire crystal due to the
progressive loss of order.

In this thesis work we wanted to revisit the classic 9CNA photodimerization by
employing the confocal Raman microscopy technique, already used to follow the unimolecular
reaction of dinitreanthracene B5] previously described. As in the case of dira@rghracene,
Raman spectra were collected both in the energy range of intramt@eaibrations and at
low wavenumbers (1050 cn%?), where the bands characteristic of the lattice vibrations can
be detected. In the former energy interval we have been able to follow the reaction from a
molecular point of view, detecting the bands tydicd the reactant and of the product as a
function of the irradiation time. Intermolecular interactions were instead probed in the region
at low wavenumbers, where the Raman spectrum displays dramatic changes when the
molecular packing changes or the orderd the spatial correlation in an existing structure are
disrupted. Therefore, the Raman technique allowed us to monitor directly and simultaneously
both the formation of a new chemical species and the associated structural changes. This
represents an adantage with respect to other spectroscopic methods used to investigate
solid state reactions, such as electronic absorption, emission and vibrational spectroscopy of
molecular normal modes. Besides, by exploiting the confocality of the Raman
technique, the entire process was followed on single crystals, precisely identifying portions of

the sample subjected to irradiation.
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One of the interesting results found for the reaction of the dinignathracene crystal
was also in this casehe delay betwen the chemical and the physical modifications, easily
observable on the time scale of the experiment. Thus, it felt important to understand if this
kind of behavior was altogether general, starting from a system that is in some respect

prototypical, such sithe 9CNA dimerization reaction.

3.2.1 Experimental

Single crystals of 9CNA were grown by slow evaporation of an ethanol solution of the
commercial product from Aldrich. Light yellow needles a few mm long were obtained,
elongated along the shos crystdlographic axis.

The trans Scyanoanthracene dimer (9CNAD) was also photochemicalthesized in
ethanol solution (Fgure3.13) to obtain nicely shaped single crystals to use as a spectroscopic

reference of the product of the solid state photoreaction.

#>300nm

A, 3. <300nm

9-cyancanthracene (CNA) 9-cyanoanthracene dimer (CNAD)
Figure3.13 Dimerization reaction scheme.

Following the procedure described in the literatuB6[37], a stirred solution of 9CNA
in ethanol was irradiated in a pyrex flask under nitrogen atmosphere with a 250 W Xe lamp.
As the pyrex glass light tramsssion is very low at wavelengths below 300 nm, with a
maximum above 340 nm, the reverse reaction from dimer to monomer was prevented under
these conditions. White needle crystals of 9CNAD, insoluble in ethanol, were separated by
filtration after about 4h of irradiation, repeatedly washed with ethanol and dried. Blasd
NMR spectra, reported inigures 314 and 3.15 respectively, were recorded to make sure
that the synthesized dimer was chemically pure of the monomer and the only species obtained
was the headto-tail configuration. In the mass spectra the molecular peaks of monomer and
dimer are observed, while in the!lIMR spectrum the formation of dimer is clearly present
as confirmed by the detection of the aliphatic hydrogens in the range&sQ&pm. Thel3C

NMR spectrum confirms the presence of the dimer structure.
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Figure3.14 Mass spectra of monomer (top) and dimer (bottom) of 9CNA
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Figure3.15 NMR spectraH (top) and'3C (bottom) of 9CNA dimer.
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To irradiate the 9CNA crystals twgstinct sources were employed: the UV excitation
of a 75 W Xe lamp (radiative flux 5%31@/cm?), in the range 30@00 nm, and the beam of
diode laser tuned at 405 nm. The focused laser source had a radiative flux of 348, Wiich
decreased to 0.03 Wro? when out of focus.

Raman spectra were recorded with the Raman mgpectrometer as described in
chapter 2. The Raman excitation source was a krypton laser at 647.1 nm and, when needed,
the impinging power was reduced with suitable filters to prevestal damage.

Fluorescence spectra of the solid samples were recorded with a FLSP920 Spectrometer

by Edinburgh Instruments, also described in chapter 2.

3.2.2 Results and Discussion
3.2.2.1 Lattice phonon Raman spectra of the reference crystals

The latti@ phonon spectra of pure 9CNA and 9CNAD crystals, which are needed as
reference spectra of reactant and product, respectively, are reponeéigure 3.16. The
orthorhombic structure of 9CNA crystal belongs to the space growPZ#22 (D,*), with Z=4
and unit cell parametersa = 17.15 A = 15.11 Ac = 3.93 A38]. The four molecules lie on
generic positions (site symmetry)Gnd are exchanged by the group symmetry operations.
The number and the symmetry of the Raman active lattice mokkeB) (in this othorhombic
structure can be determined by the factor group analysis. Of the 24 lattice modes, 21 are
Raman active, with symmetries 6A 5B + 5B + 5B.

The structure of the most stable polymorph of 9CNAD is triclinic and belongs to the
space group Pwith Z= [39], with unit cell parameters.= 10.217 Ab = 10,235 A¢= 11.594
A a = 95,20°b = 90.37 andy=120.13°. Two molecules lie on inversion sites at (0,0,0) and
(0,1/2,1/2) (site symmetryCwhile two more lie on generic sites (site symmetiy &d are
exchanged by inversion. Therefore, the unit cell contains 3 asymmetric units: one dimer
molecule and two half dimer molecules. Of the 24 lattice phonon normal modes, 12 are of

gerade symmetry fand are Raman active.
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Figure3.16 Lattice phaion Raman spectra and unit cells of 9CNA (bottom) and 9CNAD (top) crystals.

By observing the two spectra of figure 6, one could infer that lattice phonon bands of
either crystal, suitable for following the progress of the reaction, could be easily igehtif
especially in the range 8080 cm!. However, the simple features of the 9CNA spectrum of
Hgure 3.16 are quite deceptive. By recording the spectra of a sample of 9CNA with various
orientations of the crystal planes with respecttte incoming beam,ashown in igure3.17,
we could probe the high anisotropy of this system, arising from the high symmetry of the
lattice and its large number of vibrational modes. Different orientations also produce very
different spectral features, and it is clear thatnlike what anticipated, there are many
accidentally coincident bands observed in 9CNA and 9CNAD. Thus, the task of disentangling
the spectra of the two species in the course of the reaction is far from being easy, especially
considering that\(ide infrg the irradiated sample will transform into a polycrystalline system,

will move and get reriented.
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Figure3.17 Effect of crystal anisotropy on the lattice phonon Raman spectra of 9CNA crystal recorded in different
orientation and for various crystal fees.

To measure polarized Raman spectra, the orientation of the crystal faces and axes in a
reference frame must be known. In the case of 9CNA, a reasonable guess of the
crystallographic axis could be made even without the aid of theyX, as this thehortest axis
and is very likely the direction of fastest growth and coincides with the long axis of the needle
crystals. Once the axis was identified, the 9CNA needle crystals could be rotated around it,
thus presenting to the observer (and to the d@igy light) either theacor the bcface. Finally,
by placing the needle perpendicular to the measuring stageatiface could be exposed.

To clarify the following discussion on polarized spectra of 9CNA crystal, in equation 1

the symmetry of the polazability matrix tensor of the unit cell group I3 given.

0 0 O | | |
6 o0 0 k | | |
6 06 0O | | |

Figure3.18shows the polarized spectra of a 9CNA needle single crystal in which the
alignment of thec crygallographic axis with respect to the laser beam polarization direction
is known. In partiglar, the spectra a) and b) oigtre 3.18 show the Raman scattering from
crystal faces containing theaxis (eitheracor bcface), whereas the spectra in c) cont¢he

scattering from theab face.
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By keeping excitation and detection both parallel to each other and tatnas (par
par configuration), all the modes of Bymmetry which owe their intensities (or part of it) to
the cccomponent of the polarizabiy tensor could be detected. Top spectra (ypar) 3.189
and3.18) must show the same bands, either as pure lattice vibrations (five) or coupled with
molecular vibrations. Variable relative intensities of the bands may occur, due to slight crystal
misalgnments. By aligning the crystal with tb@xisalong the direction of light propagation,
we were looking at facab as in spectraé8.18c). In the (patpar) spectrum ofFgure 3.18
excitation and analyzed scattering are polarized parallel to each otherolbserved modes
are still those of Asymmetry, but now theaa or bb tensor polarization components (or a
combination of both) are probed, so that the detected bands can display significant intensities
variability. As for the non totally symmetric vibians, symmetry selection rules tell us B
modes can be detected on tlab face, Bin bcand Bin ac.

The spectra ofigure 3.18a and3.1& labelled as (paperp) were collected with the
Raman scattering polarized perpendicular to both excitation lighitaaxis for theacandbc
faces. This was be attained by rotating both the crystal and the excitation polarization by 90°,
while keeping the position of the analyzer fixed. These spectra should allow us to disentangle
and assign Band B modes, probingeénsor polarizability componentcandbc. Analogously,
the bottom spectra ofHgure3.18c, also labelled paperp, give information only oniBnodes.

The careful analysis of the spectraFajure 3.18and many others has indeed allowed
us to identify wih certainty at least 19 of the expected 21 lattice phonon bands, safely
discriminating Aand B modes and obtaining the information needed to the interpretation of
spectra with overlap of monomer and dimer bands.

As a last remark, we should point out thtae analysis of the polarized 9CNAD Raman
spectra would not provide more information on this system. In the case of 9CNAD we are
dealing with the spectrum of a centrosymmetric triclinic crystal lattice, for which all the total
symmetric Amodes are alwayRaman allowed, regardless of the orientation of the crystal
and of the polarization of exciting and scattered light. However, different crystal orientations
probe different elements of the polarizability tensors, and also 9CNAD Raman spectra were
found to change dramatically from sample to sample, a phenomenon which was especially
evident when comparing the reference spectra with those of the photoproducts of the solid

state reaction.
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3.2.2.2 Raman spectra of irradiated samples
The broadband UV excitation of the 75 W Xe lamp was used to irradiate the 9CNA
crystal ofFigure 3.19 From the image it clearly appears that the sample is composed of a large

crystal having the shape of a needle with a micrgstal lying on top of it.

(b)

Figure3.19 9CNA crystal before (a) and after (b) UV irradiation with a Xe lamp.

The Ramarspectraof the sample are reported inigure 3.20 as a function of the
irradiation time, together with the reference spectrum of the 9CNAD dimer obtained from the
photochemical reaction in solution. As can be seen from the spectfgofe 3.2, in the
sample under investigation the vibrational bands of the 9CNAD molecule appear after 30 min
of irradiation and within a time span of 240 min no further spectral modifications could be

observed.
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Figure3.20 Raman spectra of a single crystal of 9C&R\a function of the irradiation time with a broadband excitation:
(a) lattice phonon modes, (b) molecular vibrations in the region 3600 cni!. The dashed lines identify the vibrational
modes which best show the progress of the dimerization.

The chang of the Raman spectrum with time was accompanied by a-sihiie (from
greenyellow to blue) of the fluorescence emission, detectable even by the naked eye while
the sample was irradiated. Indeed, the measurement of the fluorescentte course of the
reaction (fgure3.2u0 aK2 g SR GKI G yS¢ oFlyRa 4G F nmm FYyR
GKS aGNRy3 YIFIEAYdzY G F non yYZI 6KAOK OKI NIF Of
assigned to the trans excimerdJL The new bands are instead assigned to the exciton emission
of residual 9CNA molecules trapped within dimeric regions while the reaction proceeds. An
example of the behavior of the emission with irradiation time is reportedigure 3.21c.
LyYydSNBaldAy3ates || LINRPINBaaAzy 27 izéeskthgdissiond F nwm
spectrum of 9CNAD crystal obtained in solution. These bands probably mark the presence of
unreacted monomer impurities, which cannot be removed even after recrystallization and

which cannot even be detected by NMR as having too low aerdration.

68



3. Solid state photoreactions

a)

Intensity (a.u.)

- R -
/ A
\ 3L /s" \ \ |
\ g I \
> [
\ 2 f’/\.‘ { \‘\
s| /| N
= f I { \
*\. + :‘ "\.‘I “.‘ \ i
\ / A .
\\_ﬁ\ / ) \
. — — — —————— 2 . e
L L I I 1 I I I 1 I I L L I I I I L I _|7
400 500 600 700 800 400 450 500 550 600 650 700

wavelenght (nm)

Wavelenght (nm)

Intensity (a.u.)

CNA

| |
600 700
Wavelenght (nm)

l
400 500

Figure3.21 a) and b): fluorescence spectra of pure 9CNA and 9CNAD, respectively;

800

c) set of fluorescence spectra recorded as a function of the irradiation time.
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Experiments of irra@tion were performed on many single crystals which showed a
similar behavior as that whose Raman spectra appeareHguare 3.20 However, it was
observed the timing of the reaction depended on the size, shape and history of the starting
crystal. This apgars to be a common feature in crystalcrystalphotoreactions.

Figure3.22 shows the bands which allowed us to follow better the progress of the
chemical reactionvith time.

The energy interval typical ofl& bending vibrations is reported Fgure 3.22a, for
instance, and we can observe how the ratio between the intensities of the bands at 1640 cm
and 1018 crt, belonging to 9CNAD and 9CNA, respectively, monitors the increasing
concentration of the product and the disappearing of the reactant over a narrow wavenumber
range. This intensity ratio is therefore an ideal probe to collect quantitatif@mation on
the reaction yield.

In the range 135650 cni!, given inFgure 3.22b, the vibrations typical of the
aromatic anthracene systems can be foua@,41], with maxima for 9CNA at 1412, 1485, 1562
and 1628 crl, which correspond to-C and/or mg deformation modes, all ofisymmetry
in the 9substituted anthracene molecule. The weakening of the intensity of these bands
represents a good probe of the progress of the reaction, as it probes the loss of aromaticity
arising from reaction at the cadm atoms in position 9 and 10 of the anthracene central ring.

The two series of spectra figure 3.20(a and b) provide the piece of information we
were looking for: a detectable concentration of dimer molecules is already present after 30
min of irradiaton, but the lattice phonon spectra at this time are not changed yet. Lattice
phonon bands of the dimer appear only after 90 min of irradiation. We can therefore infer
that a significant concentration of dimer product must form in the parent phase, bafoew
crystal phase finally grows, thus following a path already detected by Raman microscopy in
the dinitro-anthracene photoreaction3s).

The dashed lines in the spectra Bfjure 3.20a identify the lattice dimer peaks the
intensity of which is visibljncreasing with time. While it is straightforward to follow the
behaviour of the 9CNAD phonon bands with time, it is remarkably more difficult to use Raman
bands for the disappearance of the monomer, especially below 80. ¢rhis is due to the
large speatal overlap between reactant and product, as can be seen by comparing the spectra
of the crystals of the pure compounds, where many accidental degeneracies can be singled

out. After 240 min the complete crowded spectrum of the dimer is clearly presentyisgo

70



3. Solid state photoreactions

that the system has undergone a crystaicrystal transformation. No further spectral
changes were detectable at longer irradiation times and the Raman signal remained
unchanged after keeping the sample for days at ambiitconditions. Differentntensity
distributions among the modes are observed when comparing the spectra of the photo
product with that the 9CNAD reference crystal. This is not surprising, in the light of the large
differences among the 9CNAD spectra collected at different crygtaitations, as mentioned
above. The spectrum of the photoproduct is likely the result of various crystal orientations
and polarization effects, as we expect that many randomly oriented ntuoroains are
formed upon irradiation in the sample &igure 3.19. In fact, similar large differences in peak
intensities have been observed for all the irradiated specimens.

Noticeably, we observed that in the course of the reaction, and precisely when the
dimer lattice phonons were just detectable, the position o tmicrocrystal ofFHgure 3.1%
changed with respect to the larger needle, so that at the end of the proéepsd€ 3.1%D),
after a macroscopic jump, it was seen stemming from the needle itself. The photomechanical
response which accompanies several dsadtate photoreactions is widely studied as a
potentially exploitable way of converting the absorbed light into mechanical v85,é2-47].
The mechanical work originates from of the release of the strain accumulated in the parent
lattice while the reactia is progressing. As possible sources of strain, we can identify both the
formation of the product molecules in the parent lattice (the gukest mechanism) and the
nucleation of the new phase (the dimer crystal) in the old one. In many cases, and #gpecia
when the reaction is fast, the uncontrolled energy release can lead to the shattering of the
crystal B8], and we will also see this in dimerization reaction @héthylanthracene, though
in small enough specimens with a large surfem®olume ratiothe excess energy may be

dissipated through the surface.
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Figure3.22 Selected bands of the Raman spectra which show the molecular transformation from 9CNA to 9CNAD; (a)
wavenumber intervals 100€L060 cni?, (b) wavenumber intervals 1350650 cnal.

A 9CNA

3.2.2.3 Laser irradiation of the 9CNA crystal

Either the focused (radiative flux 340 W/énor the unfocused (radiative flux 0.03
W/cm?) beam of a 25 mW diode laser tuned at 405 nm were also used to irrackaidies
only a few micremeters long. When the laser is unfocused, the impinging radiation is evenly
spread over the entire crystal, while the radiative flux is reduced. This has the effect of slowing
down the reaction, but to produce it simultaneously oeelarger area, and the strain arising
either at the interfaces of reacted and unreacted portions of the sample or from thermal
gradients can be avoided9]. This should prevent the localization of the photoreaction and
the fragmentation of the crystal wter irradiation. Indeed, the many crystals probed with the
unfocused laser all reacted on time scales comparable to those recorded when employing the
Xe lamp, despite the greater radiative flux of the 405 nm source. In view of the broader energy
spectrum @ the lamp excitation, this result is not unexpected, but it is difficult to quantify due
to the variable dimensions of the various samples. Interestingly, the reaction spread quickly
to the entire body of the crystals. Sometimes, macroscopic changes lbewdtserved, such
as the motion of the sample or even the nucleation of the dimer in the shape of thin whiskers

on the surface and on the edges of the disrupted monomer crystal. Such a variety of
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incontrollable behaviours is clearly the consequence of fae that the different samples
display different concentrations and distributions of the defects triggering the reaction in the
crystals.

By employing a focused laser beam the reaction was both started and then completed
in a shorter time but appeared t@main localized onto the irradiated area and the growth of

dimer crystals from the surface of the monomer was always observedHgee 3.23).

Figure3.23 9CNA crystal before (a) and after (b) irradiation with the 4(02)nm line of a diode laser.

3.2.2.4 Kinetics analysis based on the intensities of the Raman bands

As just pointed out, the initial concentration of defects in 9CNA crystals determines
the initial concentration of the préormed transdimers and hence of the trarexcimers
which can deca nonradiatively to form 9CNAD. The Raman experiments are a direct probe
of the local molecular response for the photoreaction via the time dependence of the band
intensities of reactant and product. Performing a kinetic analysis over the different Raman
energy ranges allows for the investigation of the observed delay between the dimerization bi
molecular event and the lattice transformation, quantitatively rather than by visually
analyzing the single spectra. Simultaneously, the applicability of theugakimetic models

can be tested on both processes.
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In choosing the sample to irradiate for the kinetic analysis, care was taken to select a
single needle crystal slightly bent at one end (and therefore certainly defective), as can be
seen from the microsque image ofigure3.24. The defective area could be entirely irradiated
with a slightly unfocused laser and we assumed that here the photoreaction could be started

quickly.

Figure3.24 9CNA crystal selected for the kinetic study; inset: before (ajlafter (b) UV irradiation with a 405 nm line of
a diode laser.

The spectra used for the analysisgure 3.2%were collected in the very same area,
which at the end of the irradiation displayed the growth of whiskers from the crystal surface.

The Ramaimspection of the growth confirmed this was formed by 9CNAD.
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Figure3.25 Raman spectra used for the kinetic study: on the left phonon region; on the right intramolecular modes
region.

Using the micrecRaman data to analyze the kinetics offers savedvantages: the
technique allows for the direct investigation of the area of the crystal which is irradiated with
a micrometric precision, and also allows for the close inspection of the effects in its
surroundings. On the other hand, the spectra maygdmae progressively noisier with the
advancing of the reaction, while all the bands become broader. This phenomenon, which is
due to the progressive loss of order in the reacting lattice while a new lattice is formed, is not
surprising, but undesirable. Bdgs, macroscopic movements of the 9CNA crystals under
irradiation, which have been recorded for a large number of specimens and normally occur
when the Raman spectrum of the lattice is also changing, require the adjustment of the
microscope focus, thus naifying slightly the measurement conditions. For all these reasons,
intensity measurements become less reliable at long reaction times and the estimate of the
reaction extent is possible only if bands of 9CNA and 9CNAD with increasing and decreasing
intengties, respectively, can be safely identified over the necessary time spans. This is
relatively easy for the molecular vibrations (see for instance the A@&D cni! interval in
Hgure 3.25), but it may pose a problem in the overcrowded lattice phonoriaegHere the

large overlap between the spectra of the two crystals limits the number of bands which can
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be used in the analysis and requires anyway global analysis methods for the determination of

the band amplitudes.

3.2.2.4.1 The kinetic equation
The ather overwhelming literature on the kinetics of sefithte reactions has been

reviewed in several paper§(}-52]. Following the literature on the photochemical reactions

of anthracene and the spectroscopic evidence, we can assume that 9CNA dimerization
proceeds via i) the absorption of a photon followed by creation of an exciton ifAthe
exciton migration to a defect trap, iii) the formation of excimer (Ad the defect site, and iv)

the final nonradiative decay of the physical excimer onto thesfical dimer (4). These
sequence of steps can be summarized in the following scheme (in which, for the reasons given

in the following, no kinetic constant are explicitly).

Chemical reaction and formation of the producystal phase, as we can probe them,
do not start simultaneously. The formation of the product in the host lattice and the
subsequent growth of the new crystal phase both increase the concentration of the defects
which trigger and then propagate the reactionith an autocatalytic effect.

Since steps we can identify as the reaction itself and the catalytic are certainly
interrelated B3], the actual reaction scheme must be quite complex and is best described with
kinetic constant which express it in terms loimped speciesH0]. If we use a pseudo
unimolecular step for the original necatalyzed reaction and then add an autocatalytic effect,

the kinetic equation proposed by Finkey and Watzky (P which directly accounts for
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autocatalysis, represents agicularly natural choice for analyzing our data. The FW equation,
NEGNARGGSY Ay (GSN¥xa 2F (GKS O2y@SNERAZ2Y FNI O

increasing from O to 1) as a function of time t is

’ | §.§' « @)

Here k is the rate constant of the original nesatalyzed reaction ancck G KS 0O2 y & i
for the autocatalytic process. Indeed equation (2) is adopted for processes where the product
of the reaction increasethe rate of that reaction and has been used to describe nucleation
processes with nucleation branchirgg], nucleation and growth34], autoinhibition in solids
[558 FyR GKS | dzii2OF (l f-®dnthécenstatbix@iRakiBFE NR T | G A2y

It has leen shown $257] that the behavior of FW equation is numerically
indistinguishable from that of the classical Johndéehl-AvramiErofeyevKolgomorov
(JMAEK) equatiorb8-64], that has often been used for treating both phase transitions and
solid state ractions. Although the two equations give totally equivalent fits to experimental
kinetic data, the FW equation appears preferable, since it is widely accepted that the two
parameters of the JIMAEK equation do not provide a real physical insight of thespnander
investigation $2]. The classical Prodthomkins (PT) autocatalytic equatidsil[57,65], also
often used, is just a limiting case of the FW equation (wherkk). Since the FW equation
is so flexible, separate fits with the JMAEK and PT equatiand other similar kinetic
equations, are unnecessary.

tKS O2y@SNEAZ2Y FTNIOGA2Yya h (G2 6S TSR AY
selected bands of reactant and product at different reaction times. Bands in the interval 1000
1300 cm® were taken for the intramolecular vibrations, while among thigi¢e phonons the
choice had to be limited to the interval 1a®0 cn¥!, with bands at 133, 146, 151 and 156

cmP! (shown inFigure 3.26), two each for reactant and product.

77



3. Solid state photoreactions

Intensity (a.u.)

T T T T T T T
100 110 120 130 140 150 160 170
Raman Shift (cm-1)

Figure3.26 Deconvolution of the bands used for the kinetic study in the phancegion.

The observed intensities at each time were fitted as linear combination of the
AyiuSyariaasSa 2F LINBRdAzOG YR NBIFIOGFyld 6AGK fAY
intensities of the pure compounds, overall intensity of each spectrum{iakdsS ¥ NI OG A2y bh X
the adjustable parameters.
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of either the intramolecular vibrations or of the lattice phonons, together with the

corresponding FW fitted curves. hoth cases, the fits yieldedB I £ dzZS& x ndppd
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Figure3.27 Conversion fractiort as a function of time as obtained from the band intensities of mieRaman spectra.
Blue and red pointsh values from the global fit to the measured intensities of intrastecular modes and lattice
phonons, respectively. The half width of the error bars indicates thes?andard deviation. Lines: fitted curves according
to the FW equation.
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Ly GKS OIFrasS 2F GKS AYyGaNI Y2t SOdzZ I NJ A 06 NI
65% of conversion for the sample chosen and the autocatalytic model works well, with fitted
constants k=(1.04+0.05)x18 min* and k ' 6 T ® 1 B mid®h AsRtivestwo rates have
comparable values, we may conclude that the initial concentration of defedtich may act
as "reaction intermediates” in the dimer formation, rules the early stage of the reaction.

The kinetic analysis based on the lattice phonon intensities provides information on
the rearrangement of the crystal lattice of the reactant inteetcrystal lattice of the product.
The investigated interval covers a range of transformation more limited than that of the
chemical reaction, partly due to the experimental problems reported above, but also due to
longer delay of the transformation itselNonetheless, some interesting conclusions can still
be drawn. The FW kinetic laws still applies, with fitted constars(R.8+0.3)x16 min>! and
ke ' OmMOyWmpA dnn 0 RMA

Since k b this i actually the limiting case in which the classial®dcatalytic rate
law applies. The non catalytic constamntskorders of magnitude smaller than the autocatalytic
constantsk 2F 020K (GKS OKSYAOIFf FyR LIK&aAOolft LIN

From a physical point of view, this implies thhetinitial concentration of nucleation
"seeds" of crystalline 9CNAD is very low and grows slowly with time. From a purely
mathematical point of view, it means that the curve describing the lattice transformation is
shifted forward on the time axis with rpsect to that of the chemical reaction by a delay which
corres YRa (G2 GKS AYyRdzOGA2Y LISNA2R 2F GKS LINER
monomer molecules have already reacted when finally the bands of the new lattice can be
observed in the Raman spectrum. The time elapsed between the onset of the chemical
reaction and the reorganization of the lattice is the time needed for the product
concentration to cross a saturation limit and determine the new phase segregation. The
autocatalytic effect, via an increasing concentration of (chemically and physicaltytjnige
centers, drives the transformation.

As far as the expected reaction yield is concerned, it has been demonstG8&d][
that photodimerizations in one dimensional stacks cannot proceed to a complete monomer
to dimer conversion, due to formation dbolated monomers which remain unreacted.
Photodimerization driven by defects has also been theoretically considé&ddnd it has

been suggested that a sizable population of isolated monomers should remain also in this
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case. Due to this theoretical pitestion and to the observation of exciton emission attributable

to unreacted 9CNA, we cannot assert that the 9CNA to 9CNAD reaction proceeds to
completion. For this reason, we have repeated the fits with equation scaled to yield an
adjustable final convefs2 y FdPO il 2 NIK2 dz3K (G KS RFdGF | NBp y2i
just below 1, no statistical improvement of the fits was found with respect to the unmodified
Sljdzl GeeBy o

In conclusionthe Raman, fluorescence and optical observations describetthis
thesis, together with the kinetic analysis of the Raman intensities yield a coherent picture of
the 9CNA solid state dimerization. In the classic literature on solid state photochemistry (Ref.
[15,2529] and references therein), reactions in whieh phase separation occurs were
classified as heterogeneous, as opposed to those in which there is not such separation. The
distinction might not be rigid, as in some cases the system can remain homogeneous up to a
certain degree of chemical conversion ahén switch to heterogeneous. Very recent8],
photoinduced denitrogenation solid state reactions in triazolines were studied as test models
and the nature of the physical changes accompanying the reactions were reviewed, also in the
light of a previos analysis on the same subje48]. Following an initial stage of solid solution
with the reactant, which can be identified as a homogeneous system, the product can i)
transform into an amorphous phase, ii) form a metastable phase in the lattice of dotard,

iii) undergo a structural reconstruction into a new lattice or, finally and more rarely, iv) show
a singlecrystatto-singlecrystal transformation.

Indeed, the growth of the new crystal phase of the product portrays the
photodimerization of a silg 9CNA crystal as a typical case of phase reconstruction. By
employing the micreRaman technique, a single measurement clearly allows for the
identification both of the stage in which the reacted molecules are hosted in the parent lattice,
with the dimerforming a solid solution with the monomer, and the onset of the structural
reconstruction. The spectroscopic data show that no amorphous phase is formed during the
irradiation, as a lattice phonon pattern is retained in the irradiated spot at all reattioes.

The dimer crystal structure is detected to appear only when a sizable portion of monomer
molecules have reacted, without the single crystal showing at this stage macroscopic changes
as shattering or fragmentation. However, as the spectroscopic igolenreveals that the
lattice is finally changing, the accumulated lattice strain can be released and the relaxation

process induces quick movements or jumps.
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The kinetics analysis here performed of the chemical reaction and of the phase
transformation suports the early hypothesis of an autocatalytic mechanism [45d8
Certainly, the complexity of solid state reaction mechanisms precludes the possibility of
identifying the elementary autocatalytic stegs0]. Nonetheless, the picture of an advancing
front of reacted molecules, starting from a defect and propagating in its surroundings, conveys
the idea of an autocatalytic process in our chemical intuition. In fact, it has been proposed
[69-71] that in defect induced reactions, new defects are createdH®y separation of the
product phase. However, even before a phase separation occurs, the formation of any new
dimer molecule generates new defect sité§]|, which are the source from where the reaction

can spread further.
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3.3 9methyl anthracene photodmerization reaction

9-methyl anthracene (9MA) is another anthracene derivativat undergoes a [4+4]
LIK2G2RAYSNAT FGA2y 0@ ANNI RA 16[7A77 Yothdnisdlkionl & @S f
and in the solid state. The reverse process can be inducdeeaing or by UV ligh ¢ A 1 K <
below 300 nm (igure 3.28 [78-80], but the crystalline photodimer is stable at ambient

conditions and the reaction can be classified as effectively irreversible.
<

UV light
A >300 nm

) .

A >300 nm ¢
or heating

Figure 3.28Photodimerization scheme of 9MA

In the literauure, a number of Substituted anthracenes have been investigated and
most of them follow the topochemical principle, with the noticeable exception-of&o
anthracene, treated in the previous section. 9MA follows this general rule, thus onisatie
dimer is expected in the solid state, as observed in previous experiméni8] and in the
present work.

The structure of the monomer 9MA and of the dimer 9MAD have been published by
Bart et al. 82] and Cox et al83] and have been more recently-getermined by Turowska
Tyrk et al. 75]. 9MA and 9MAD crystallize in the same monoclinic structure, space group
P2/c, with 4 molecules (Z=4) and 2 molecules (Z=2) per unit cell, respectively. The cell

parameters are reported in Tab82

Table3.2 Cell pammaters of both 9MA and 9MAD structure3%].

Chemical Formula GisHiz GeoHaa
Molecular weight 192.25 g/mol 384.49 g/mol
Crystal system monoclinic monoclinic

Space group P2/c P2/c
A 8.8859(B) A 9.7650(13) A
B 14.594(2) A 13.6035(19) A
C 8.0395(11) A 8.1177(10) A
5 90° 90°
w 96.505(14)° 113.308(15)°
m 90° 90°
\Y 1035.86 A 990.338 A
Z 4 2
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A comparison between the two structureSdure 3.29 provides useful hints for the
understandingdf the mechanism of the photodimerization reaction. First of all, the monomer
in the packing is organized in pairs of molecules related by the crystal inversion centre, with
distances between adjacent ones below the threshold of 4 A. In this almost pétfear a
transdimerization, a reaction quickly progressing with a high yield is expected. Sedbedly,
structures of both monomer and dimer belong to the same space grougc,P@ith

differences in cell parameters in the 1% to 10% range.

a)

b)

Figure3.29 Crystal structure of a) 9MA monomer and b) 9MALL]. View is along the
a axis
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Such a limited variation accounts for the reasonable volume contraction of 4.4%
observed in going from the monomer to the dimer. Lastly, the molecular orientimboth
structures are well compatible with the established reaction mechanism, which predicts the
bending of the anthracene rings at positions 9 and 10 under irradiation, to facilitate the
photodimerization. In other words, reactant molecules appeab&in an ideal structural
preformation to give thetrans topochemical dimer, with a reaction yield which can be
estimated to be close to 100%. The crydtatrystal transformation would still require slight
structural rearrangements, and these would explthe mechanical motions that accompany
this as well as the other solid state reactions described in the previous paragraphs of this
chapter.

The structural match between reactant and product in the present case gives the
chance of having a 100% conversiThis makes of 9MA an ideal model system to illustrate
how heterogeneous reaction kinetics, together with a suitable crystal shape, can be used to

design elements of new potential photomechanical materidi.

3.3.1 Lattice phonon Raman spectra ofetheference crystals.
9MA was purchased from Sigma Aldrich and the single crystals were grown from an

acetone solution by slow evaporation at room temperature. 9MAD was synthesized by
irradiating a nearly saturated solution of 9MA in ethanol with a XB@ leor 4 hours, using a
bandpass filter to select the 3600 nm wavelength range. Colorless rhombohedral crystals
of 9MAD, as shown iRgure3.30b, were obtained by precipitation from the ethanol solution.
Both 9MA and 9MAD crystals were characterize®bgnan spectroscopy in the lattice phonon
(Hgure 330a) as well as in the internal vibrationsgure 330c) regions. The latter spectra
were found to differ especially around 1400 émwhere some typical modes of the
anthracene backbone obviously disaap after dimerization, as reported above 9CNAD.
More different spectral features characterize the range 800 cm* and above 120 crh

(Hgure 330a).
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Figure3.30 a) Raman spectra down to the lattice phonon region of 9MA and 9MAD,; b) crystal shaffeedMAD
crystals obtained from the irradiated in solution; ¢) Comparison of iMralecular modes of reactant, 9MA, and product,
9MAD.

Polarized phonon spectra of 9MA and 9MAD are showfguare 3.31 An accurate
analysis of mode assignment was beyahe aim of the present work, where the main
purpose was to understand qualitatively the anisotropic effects due to reorientations of the
samples during the reaction. It was also important to check the profiles of the spectra of the
crystal powder againstibse of single crystals in different polarization conditions. Therefore,
we limit the discussion to recall that a mutual exclusion rule is expected for ¢(jgakallet
parallel, or paipar configuration) and 8 modes (paralleperpendicular, or paperp
configuration) of a centrosymmetric monoclinic crystal. All the bands of gerade symmetry
must be instead visible in a powdkke sample, where all possible orientations are present
and therefore the complete & B, spectrum should appear. This is perfecdproduced in the
spectra of 9MA (left side of the figure) as in a textbook example. The bands in the region above
110 cm! belong to internal modes, which are expected show as closely spa¢&idaublets.

Lattice dynamics calculations, not reported hegenfirm this finding.
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Figure3.31 Polarized lattice phonon spectra of a) 9MA and b) OSMAD.

The same considerations hold for the polarized spectra of the dimer showgtre
3.31b, which also follow the selection rutgf mutual AyBg exclusion in tle corresponding
monoclinic system. Here the frequency range boundary between-iaied intramolecular
modes is even more evident: the three most intense bands above 12Gosreasily assigned
as intramolecular. For these modes, doublets with differpalarizations are expected, but
just one band for both of them shows up in either configuration, not being resolved at room
temperature. Their unusually high intensity can be explained by the more flexible nature of
the dimer molecule, whose low frequenayternal modes should therefore be larger than
those of the monomer, both in number and activity, carrying a stronger coupling with the

lattice phonons. Again, what observed above is confirmed by lattice dynamics calculations.

3.3.2 Raman spectra of theradiated samples.

The photodimerization of 9MA crystals was first studied using-hegblution solid
state 13C NMR by Takegoshi et &3], who showed that only the trans photodimer was
formed. The same study reports that bots and trans dimers are poduced in solution,
although thecisdimer is thermodynamically unstable and a thermal reverse reaction occurs

[16,84]. Later, Turowskdyrk [/5] and coworkers monitored the structural changes in a crystal
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of 9MA during the photodimerization by means ofay diffraction, recording only a 28%
degree of monomedimer conversion, because of crystal disintegration. They justified the
disintegration process as due to the dimer crystal packing, which resulted in an increase of the
unit cell volume at the beginng of the reaction, followed by a subsequent contraction. It is
worth mentioning, however, that the irradiation power they used was of 24 mW#nthat is

four order of magnitude larger than that used in the present work, and this can reasonably
explain theoutcome of their experiment. In a time resolveday diffraction study by Mabied

and coworkers6], the complete transformation of the reactant was reported for powder
samples and, obviously, using these rather than macroscopic single crystals pretrented
system disintegration.

A very recent study [7] reports on how crystal morphology and reaction dynamics can
affect the photomechanical deformations of single microcrystals. By changing preparation
conditions, Bardeen and coworkers obtained differgnshaped crystals, microneedles or
microribbons, which bent or twisted, respectively, under irradiati6or both shapes, the
maximum deformation occurred at roughly the midpoint of the reaction, after which the
crystals recovered their original shape.S'hehavior was qualitatively explained as the result
of the motion driven by the strain between spatially distinct reactant and product domains,
also called heterometry7[7]. However, the Authors found no explanation for a sizable amount
of unreacted monorer still found in their system at the end of the process.

Different techniques have been used to study 9MA photodimerization but not all of
them are equally effective to follow the dynamics of the reaction. The crystal size is also of
relevant importance, because of the constraints produced in large crystals under
transformation, which lead to disintegration and prevent following the reaction-taysingle
crystal technique. In this thesis we report the study of 9MA photodimerization by means of
Raman spetroscopy both in the lattice phonon and in the intramolecular vibrational regions,
where we have detected the structural modifications and the chemical transformation,
respectively.

Figure3.32shows the morphology of a crystal of monomer before andraftadiation
with a diode laser of 20 mW of power, tuned at 405 nm and focused on a specific region of
the sample. The starting power impinging onto the sample was -3xd@/mm?, but was
attenuated with an optical filter by a factor of two. Nonetheledteab minutes of irradiation

the crystal had already split in two bits. TRaman spectra were collecteddére 3.33) and
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the transformation resulted so fast that both intesind intramolecular spectra did not show
any residual peak of the monomer, sugtjag that the reaction had reached its completion.
It is worth mentioning that the reaction was not confined to the surface of the crystal but had

been propagating in its depth, as confirmed by the spectra recorded by varying the microscope

objective from50x to 10x.

Airrat'.liatic'.m =405 nm
OD filter= 0.3

time = 5 min

Figure3.32 Crystal morphology of the crystal before (left) and after (right) 5 minutes of irradiation.
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Figure3.33 Raman spectra in the lattice phonon region (left) and in the 3800 cm! intra-molecular region (right) for
the irradiation process of the crystal shown iRgure 3.32
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A new crystal, shown iRgure 3.35 was also irradiated, attenuating the power by a
factor of two order of magnitude. Even with such a lower irradiation power the crystal broke
again in two parts afte25 minutes. The Raman spectra of the largest segment at this stage of

the reaction are shown iRigure 3.34.
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Figure3.34 Raman spectra in the lattice phonon region (left) and in the 3800 cm! intra-molecular region (right) at
time 25 minutes.

Bylooking at the figure, it is interesting to notice that, in these conditions and at this
reaction time, wehave picked up the onset of the molecular transformation at its very
beginning, whereas the lattice has not yet changed. In fact, the small ban@ &0@vcm' is
the only modification observed in the Raman spectra, and it probes the initial appearance of
dimer molecules in the unchanged monomer lattice.

The largest fragment was irradiated for further 10 minutes and the spectra of figure 8
indicate that this additional irradiation time was sufficient to reach the completion of the
photodimerization. Also shown in the figure is a linear scan of the spectral profiles, which was
recorded starting from the point where the laser beam was focused up to theérradiated
end. The purpose of this experiment was to identify the possible propagation of the front of
dimer molecules into the non irradiated regions of the crystal, by producing a set of spectra
of both phonons Figure 3.35 left side) and internal irations in the range 15600 cmt
(Hgure 3.35 left and right sides). Both spectral regions show that the reaction is indeed

confined to the irradiated zone of the sample, without any propagation to the rest of the
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crystal. Reacted and unreacted zones @so be distinguished from each other by the

different degree of grey shade on the crystal surface.

fragmentation

A =405 nm

irradiation
t =25 min
OD filter=2,0

t =35 min

|

Intensity (a.u.)
Intensity (a.u.)

050 e T 00 5% irradiation 500 400 __ 500 600

Raman shift (cm™) Raman Shift (cm™)
Figure3.35 Crystal shape of the 9MA before and after irradiation and linear map of the lattice phonon (left) and
intramolecular (right) spectral rang,.

Finally, to better understand the progress of the reaction, a fresh monomer crystal was
irradiated with an attenuation of the laser beam by a factor of 10@0, an effective power
onto the crystal o8x10° mW/mm?. The pictures of the crystal befoamd after 21 minutes of
irradiation, together with the corresponding Raman spectra, are showsgure 3.36. The
spectra definitely confirm that after 21 minutes some dimer bands start to appear (see the
internal vibration bands marked with vertical rdishes in the figure) whereas the lattice
phonon spectra are still entirely those of the monomer lattice. The crystal, despite being
transformed, maintains its shape without breaking.

It is now definitely clear that the molecular transformation precedex tf the crystal
and the dimer molecules are hosted in the monomer lattice in the early stages of the reaction.
In the specific case of 9MBMAD, this agrees with the idea of the almost perfect geometrical
fit of reactant and product systems, which we weable to infer on the basis of the structural
data of Hgure 3.29. This is also in agreement with the results obtained for other solid state
photoreactions reported in literature35,85] and illustrated in the previous sections of this

chapter.
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Figure3.36 Crystal morphologies before and after irradiation by a diode laser tuned at 405 nm with an optical filter OD =
3.0. Raman spectra in the phonon (left) and in the intramolecular (right) regions. In the middle a close up of the actual
irradiated zone @ the crystal is shown. The vertical lines mark internal modes of the dimer molecule.

In conclusion, we performed a Raman study of 9MA during its [4+4] photodimerization
reaction. By using microscopy and confocality we were able to investigate at thetsaene
and in the very same spot the reaction dynamics for both its molecular and its lattice
transformations. This [4+4] cyebdiction is a typical example of a crydiacrystal
photodimerization which follows perfectly the topochemical princi@€][ The study was
carried out using the setup described in chapter 2 and irradiating the sample by a diode laser
tuned at 405 nm and modulating its power of irradiation to slow down the reaction in its initial
stage. In this way the fragmentation of the smglystal could also be avoided.

It is worth comparing these last results obtained what obtained for the photoreactions
of DNQA (paragraph 3.1) and 9CNA (paragraph 3.2). As already observed with thetorystal
crystal reaction of DN\ to AQ and with thedimerization of 9CNA, the chemical
transformation (molecular changes) precedes the crystal lattice transformation (physical
changes).

The mechanical response to the light, which is clearly depending on the shape and the
length scale of the crystal, has dae attributed to the interfacial strain generated at the

interface between different domains of the dimer embedded in the monomer mafidk [
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The actual value of the reaction yield for the solid state dimerization of 9MA is still
matter of debate. The gectation would be for a yield close to 100%, because of the perfect
fit between reactant to product molecules. In their work, Mabied and coworkéskreported
that the reaction in a polycrystalline powder had gone to completion. However, their analysis
was based on the disappearing of the monomer signals in the IR spectra, which can monitor
the reaction progress from the molecular point of view only, and give no information on the
corresponding changes of the unit cell. Bardeen and cowork&is\yorking on microribbons
and microneedles, observed a-20% of unreacted monomer. As mentioned above, the
Authors could not provide a clear reason for this behavior tadike 9ACA and 9CNA,
monomers are already paired in their lattice, and statistically norteéerh should be left out
as the reaction goes on. Lattice distortions and formation of local defects in the course of the
reaction were claimed as possible explanationg |

In the present experiments we did not observe any residual monomer bands (see
FHgures 3.33 and 3.35 in the Raman spectra, and this is a neat indication of a complete
reaction, within the detection limits of the spectroscopic method. Moreover, the
topochemical nature of the process makes this transformation dramatically faster thae tho
previously studied35,85], with the photoproduct that can be obtained within minutes. We
believe that reaction rate and reaction yield are two non separable factors in solid state
reactions, which both drive the outcome of the reaction. It may welbbeourse that a role,
for the purpose, is played by defects, kind and size of the sample and its history: intrinsic
defects of the sample can destroy the perfect order of the molecuydaer of the formation
of reactive sites, changing the kinetics oétleaction and forming an amount of weacted

monomer.
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3.4 The Reversible Photodimerization reaction ehfithracenecarboxylic
acid

In the search of model systems for solid state photodimerizations of substituted
anthracene compounds it was unavoidalio deal with the case of-8nthracenecarboxylic

acid (9ACAXgure3.37), as an example of reversible reaction.

T )
/\

|
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s

Figure 3.379-Anthracenecarboxylic acid structure and reactivity scheme.

In both the known polymorphs of 9ACE6[49,86,8T7the anthraene backbones of the
molecules are aligned in stacks in which the geometrical requirements for the [4+4]
dimerization, following the topochemical principle, are fully satisfied. Besides, the system
displays excimer fluorescence, that is the proof of therfation of the intermediate state,
whose existence is the first necessary step of the reaction. However, the molecules in the
9ACA crystal stacks are arranged to yield the sterically hindered-tbeaehd (cis)
photodimer, and already in 1971 Schmidt anéller [16] stated that 9ACA was highly
photostable in the solid state. Since then there have been a number of rept9187,8%
which contradict the early findings. In the light of the results of these reports, 9ACA does
dimerize in its crystal state, bthe reaction is reversible within a timespan which depends on
sample size and history, temperature and exposition to ambient light. The photoreaction takes
place relatively quickly in solutioB9], where it yields a mixture of both he&d-tail and head
to-head dimers, with the former prevailing by a ratio of 5:1, but 88| found that the head
to-head form was actually more stable in the solid state than in solution. Most recently
Bardeen and coworkerd.1,47,4990] have described a reversible twistingmicroribbons of
9ACA resulting from its light irradiation. The analysis of the experimental data suggested that
crystal motion is generated by the interfacial strain between unreacted monomer and
photoreacted dimer regions within the crystal, as in tase of 9CNA reported in chapter 3.2.

Photoactivated motions in reversible systems have been considered particularly
appealing in the search of micro and nano photoresponsive obj&&tdT,4990], and this is
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one of the reasons why research on systeike BACA and similar compounds has been
revisited.

Interestingly, however, -Xay characterization of neither photodimer, he#attail- or
headto-head have ever been reported in the literature, being in fact the crystal motion under
irradiation the sole mt of the structural modification. In the case of the hetmdhead dimer
in the solid state reaction, one can assume that this is due to the short lifetime of the species
and that by the time the system could be probed bya)}s, it has already revertea tthe
monomeric state. It is all the same quite surprising that even after 77.8 h of irradiation, crystal
samples still display the-pdy structure of the monomer, just with an increased disord.[

In the light of the somehow controversial and incontplénformation available on
9ACA solid state behavior under irradiation, our work on this system focused on the detection
of the structural change linked to the chemical transformation. In other words: after
recognizing that NMR and spectroscopic result$edt the (labile) existence of the dimer
under irradiation, we wondered whether the elusive crydtaicrystal step could be observed
by lattice phonon Raman spectroscopy. The presence of two stable 9ACA polymorphs and

their possible different reactivitglso needed be investigated.

3.4.1 Experimental

The overall instrumental set up and the irradiation conditions were the same as for
9CNA and have already been described in detail in Section 3.2.1 of this Chapter.

Well formed, single crystals of 9ACAijtable for irradiation, were grown by slow
evaporation either from ethyl acetate orxylene solutions of the commercial product from
Aldrich, following the procedure described in R&i][ In the former case it is possible to
obtain the monoclinic P2n polymorph [11,84, also present in the pristine material and
VI YSR KSSEA Mih&latfericase the triclinio® (i NHzO-0ARN)s indtéad grown.
Light yellow needles a few mm long were obtained in both cases. We also prepasy
microribbors as those studied in Refl1]. The microribbons were obtained at the interface
between 9ACA dissolved in ethyl acetate and milliQ purified water, following the method and
the concentration conditions of Ref49]. When the ethyl acetate evaporated, theAGA
microribbons floating on the water surface were carefully recovered after letting also the

water evaporate slowly in the dark over a period of two weeks.
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Following Ito and Wolff§8,89], we assumed that both heaih-head and heado-tail
photodimers, &hough in different proportions, could be synthesized and then separated by
precipitation in solutions of various solvents, such as ethanol, methanol, -atieyate,
methyktert-butylether (MTBE), acetone, anisole and metargisole. As in the case of 98,
the aim was to synthesize through a different route the pure product of the reaction, to have
a reference Raman spectrum to compare with those obtained during the reaction progression
in the solid state. The surprising results of our approach wildsebed in detail in paragraph

3.5. Here we only report that it did not produce the expected dimer phases.

3.4.2 Results and Discussion
3.4.2.1 Lattice phonon Raman spectra of the reactant crystals

Figure 3.38 shows the lattice phonon Raman spectra of ttvvo known 9ACA
polymorphs. The monoclinic F& structure B66  29ACAhas 4 molecules per unit cell (Z =
4) and structural parametews= 3.897 Ab=9.355AcT Hy ®dpyn ) FyR i T cnodr
lie on generic positions (site symmetn) 8o they are all symmetry equivalent and exchanged

by the group four gmmetry operations.
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Figure3.38 Lattice phonon Raman spectra of the two 9ACA polymorphs.
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The factor group analysis of the 24 lattice mode& at0 shows that 12 of them are
Raman active, with symmetries §A 6B. To identify all the expected bands oPACA, the
polarized Raman spectra 6igure 3.39 were measured. This approach was needed as the
spectrum of the ciglimer solid phase, which could not be synthesized in solution, is unknown.
Therefore, we wanted to make sure that any changes observéd®nS & LJS Q9ARAlzY 2 F
under irradiation were not due merely to polarization effects as a result of sample movements

and reorientation.
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Figure3.39t 2t  NAT SR LIK2y2y9ACGA Yl Yy &LISOGNI 27F h

¢ KS f 2y 3 {ACA aeedleTerysiak tBat i8 the dition of its fastest growth,
was assumed to be coincident with the short@strystallographic axis. The crystal placed
between the crossed polarizers of an optical microscope gave extinction in the direction nearly
perpendicular to the needle axis, and cbu a direction was identified with the
crystallographic axis of the monoclinic structure. Accordingly, the needle was placed vertically

aligned on the spectrometer measuring stage, and the Raman spediiguog3.39were thus
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recorded in such a way keep the polarization direction of the excitation light either parallel
or perpendicular to theb monoclinic axis, while the Raman scattering was analyzed with a
polarization always parallel to the axis. The spectra obtained are then labeled as (bbbyand (a
NBaLISOGAGSte F2tft26Ay3 (GKS FaiIiBaigthefdes G A 2 y
of Ay symmetry can be observed. ThgrmBodes can instead be detected when the ab matrix
elements are probed, as in the bottom spectrumrafure 3.39. Residubpolarization should
account for features common to the two spectra.

The triclinic B structure 98  29ACA has cell parameteass 3.8896 Ab = 9.384 A,
cl' Mmn®ypH )X h [ wmamdtrync i TpPdnprtcsx * T
generic positions and are exchanged by the crystal centre of symmetry. Out of the 12 lattice
modes, the 6of Aysymmetry are Ramaactive. Measuring polarized Raman spectra is not
necessary here, as all thgl#ands can be detected Figure 3.39and in any other orientation
of the triclinic structure. Intensity variations among bands in different spectray ma
nonetheless occur, as a result of different selections of the polarizability matrix elements

when the crystal orientation changes.

3.4.2.2 Molecular arrangements and reactivity

The two 9ACA structureBigure 340) have almost identical densities (1738nd 1.398
g/cm? for monoclinic and triclinic phase, respectively) and therefore higher density, usually
corresponding to a more efficient packing, is not in this case a criterion that can be used to
predict the more stable polymorph. On the other handher form can be obtained by simply
changing the recrystallization solvent, and predictably their energies are very close.

To verify which polymorph is the more stable, we performed crystal lattice energy
minimization calculations with a model potenti@l detailed description of the computational
approach and the potential model used will be given and can be found in Chapter 4. A
comparison between the molecular geometries in the two crystal structures confirms that
these are virtually identical. The rtexyl group isn both cases (nearly) planar and its plane
F2NYA | RAKSRNYIf |y3tS 2F F pnc gAGKabi KS LI
initio optimized geometry for the molecule in the gas phase is very similar to that found in the
crystal, with a dihedralragle of 47.8°. Since it was very reasonable to assume the same starting
molecular geometry for both polymorphs, it was also reasonable to calculate their crystal

lattice energies adopting identical molecules for them, especially in view of the very close
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energy values. The choice of thb-initio geometry did not appear to be the one to prefer. In
fact, the hydrogen bonds involving the COOH groups are very important features in the
molecular packing of these systems and certainly the small, but signifidéertence in the
experimental dihedral angle can be attributed to the solid state pattern of interactions. For
these reasons, the molecular geometry selected for our calculations was the one calculated
as the average of all the asymmetric units of botk thonoclinic and the triclinic structures.
Minimum potential energy structures for the two structures are reported in TaBealong

with the computed cell unit parameters. For the latter, the match with the experimental
parameters is excellent, thus ciiming that the chosen potential model properly describes
this crystal structures. As a matter of fact, from our calculations emerges that the two
polymorphs have almost identical energies, and the monoclinic is calculated to be more stable
just by lesshan 4.0 1€ kcal/mol. This is also in agreement with the experimental findings

and an analysis of the molecular packings.

¢l oofdBoK S SELISNAYSY
N

f aiNUzOG dzNByazde Tl NESO2 YV RIB NB B! iJREeYRNRIKE
SySNm®me SNHA Sa 5 O S

gl 02
B Ay (110G NB2 AT dzph i yASHERHS $ES 4 YR OSt f @2 f dzY

a b c h j 1 \ Energy
Polymorphh

Experimental | 3897 | 9.355 | 28.98 90.0 90.79 | 90.0 | 1056.407

Minimum 3.727 9505 @ 29.90 90.0 88.0 90.0 | 1058.620 -27.5752
t 2f &Y2NLK I

Experimental | 38896 9.3840 @ 14.8520 101.784 95.457 90.220 = 528.117

aAyAYdzY 3747 | 9470 | 15.356 | 100.97 | 98.52 | 87.35 | 528.865 | -27.5379

A detailed discussion on the similaritiesdadifferences of the two structures can be

found in reference [9], and is only resumed here.

98



3. Solid state photoreactions

Figure3.40/ 2 YL NAh a2y 2F GKS (62! LI2{ & Vi 2ONEIKHoGOIRNIEZO (G dZNB &Y h

In both 9ACA structures there is a single type of hydrogen bamieh¢tif) which forms
a cyclic dimer around a site of §ymmetry, as clearly illustrated Fgure 3.41, in which the
carboxylic groups are rotated by about 55° with respect to the nearly planar anthracene
backbone. Each molecule belongs to a stack forrbgdthe anthracene cores, and the
hydrogen bonds link pairs of molecules belonging to neighboring stacks. The solid state
dimerization reaction is an intratack process, which should only perturb the irséack
hydrogen bonds. Since there are only 2 nidldzf S & LJS NOATA striictude yonlylioKeS |
GeL)ls 2F aGF O]l LIANAY3IA A& -Q6FAstriciufe ith ZEF &8O S R:
distinct pairs of stack can be identified, rotated with respect to each other, while the-intra
stack distancesral relative molecular orientations within the stacks are virtually the same for
both structures. This means that no large differences should be expected in the-photo

reactivity of the two polymorphs.
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(o2

Figure3.411 @ RNR 3 Sy 0 29AGA (B3 {LIR-94CK (right).

3.4.2.3 Lattice phonon Raman spectra of 9ACA single crystals under irradiation
Figure3.42aK2ga GKS {1 G4GAOS LK?2Yy 2 yAQAradiated a LIS O G N.
with the unfocused light of a diode laser at 405 nm, as a function @fittadiation time,

together with the image of the sample.

24 hin dark

4h

Intensity (a.u.)

2h

0 min

TN T T TN TN T A YT O YT T T T A T Y T [T T T N
50 100 150 200 250 300
Raman Shift (cm™)
Figure3.42[ STGY [ GGAOS LI 2-9AEX crystal Mradistedbi iiOduded diogefaser (left); Right: image
of the irradiated specimen.
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The choice of using the laser beam unieed was dictated by the need of irradiating
in a uniform way in area as large as possible of a macroscopic sdfgples 8.42right). This
allowed us to identify easily the irradiated spot also in the Raman measurements taken at very
different times andn the case of bending and twisting of the specimen.

As can be seen frofAgure 3.42Z -9ACA proved to be very resilient to reacting, and
ALISOGNY GFH1Sy |4 AYyaGSNBIrta 2F onQ 27F fA3IKG
finally, and suddenly, new phonon bands appeared. In the meantime, no macroscopic
movements of the sample werdetected, and the Raman measurements in the energy
interval of the internal vibrations (here not shown) turned out to be very noisy for all the
tested samples and did not give a clear hint of a chemical process. In fact, we could not
monitor unambiguouslya decrease of the intensity in the vibrational bands characteristic of
the anthracene aromatic cores, decrease which would be the evidence of the dimerization
reaction. However, the outcome of the spectrum taken after 2h is unmistakable: the monomer
lattice is transforming into a new one, with new spectral features at 44 and between 110
and 145 crmt. Such a transformation must be accompanied by a chemical process, marked by
the observed changes in the intramolecular vibrational bands which fall isghee spectral
range of the lattice phonons, like the band at 318-crimfwo more hours of continuous
irradiation, did not produce any further progression of the reaction. The study of this
photodimerization by UWis absorption spectroscop$7] revealed ttat in 9ACA powder the
behaviour of the monomer concentration with time is accounted for by a kinetic equation
which includes a step of autoinhibition or negative catalysis. The origin of the inhibition
process is not clear, but, as a result of it, the mpreduct is formed the more the reaction
slows down, never reaching completion. Indeed, also for the sampigufe 3.43 no further
spectral changes were observed during an illumination of hours. Besides, the transformations
undergone by the crystal werfound to be totally reversible, as the Raman lattice phonon
a LIS O (i NHzYOA@AFpolymigrh is'fully recovered after 24 h in the dark, as sefgure
3.42 Note that the spectrum does not even display band broadening and increased spectral
noise, ast would be expected if the systems turned back into its monomeric state but with
some structural disorder. It would be worth mentioning that the sequence of spectigufe
3.42is in fact the first evidence of a structural transformation linked todimerization of the
h-9ACA system. As reported above, no dimer structure could be found by single cmegal X

diffraction [87], as the only effect of long hours of irradiation of crystals larger than 50 um was
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an apparently more disordered monomer struog, with unit cell parameters only slightly
OKIFYy3aSR gAU0K NBaLISOG G2 (GKS 2NRIDPACABhov@NME a0 f ©
the evidence of structural changes, but in some, instead, an increase of disorder was

detectable from the lattice phaon spectra.
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Figure3.43 Time sequence of Raman spectra and images of irradiated sample.

In Hgure 3.43a, for instance, the time sequence of the spectra recorded upon
irradiation with focused laser light for the sampleFgure3.43 is repated. It can be noticed
that, after several hours of illumination, the Raman spectrum has retained the feature of the
monomer, but it has become more noisy and intensity variations in the bands can be
observed. Either structural changes did not occur oeyttwere reversible even on the
timescale of each single experiment. In the latter case the variation of intensity could be
ascribed to the fact that at the end of the sequence of transformations, the crystal must be
formed by many micralomains differentlyoriented.

CAYLFfft&x ANNI RALIGAY 3 -9ACA/ME hdd pracdie® ifsteddfady 2 F G K
change in the lattice phonon spectra despite the high number of tested samples and

prolonged irradiation. As in the example mentioned above, long illunonatimes yielded
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monomer spectra noisier than at the beginning, and affected the intensity ratios of the various

bands, but what lies behind it could not actually be disclosed.

3.4.2.4 Lattice phonon Raman spectra of 9ACA microribbons under irradiation

TS NBGSNEBAOGES LIK20G2AYRdMzOS RACA diidér (spayaly 2 F
uniform irradiation were studied in Refl]], and a detailed analysis of the movement was
performed in that work. The microribbons prepared for this thesis work were found by the
wkEYFYy fF0GA0S LK2y 2y aLISADANS expe@edR INRS. 11, KS & (
the orientation of the crystallographic planes in the microribbons was determinedrays
and the ribbon face was found to be parallel to thbk crystal plane In fact, through the
comparison between the microribbon spectréigure 3.44) and the bulk single crystal
polarized spectra, we were able to confirm the correctness of the orientations assumed for
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In the case of the microribbons, the onset of the photodimerization reactidh ip
given by the intensity decrease of the gregellow excimer fluorescence, which is partly

replaced by an excitehke blueshifted emission, assigned to unreacted, isolated monomers,
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trapped in the environment of the dimer species, as in the case of 9CNA. -flye X
determination of the dimer structure was not possibile neither in the bulk or in the
microribbons of 9ACA and afseries of its derivative4T], as only the monomer structure
was found after the time elapsed between the end of the irradiation and the actual X
measurement. The most remarkable feature of the microribbon is, however, their twisting
under irradiaton, which was present also in all our samples. This motion, proceeds by cycles,
at the end of which the initial conformation of the sample is restored, and it is assumed to be
caused from the buildingp in the crystal lattice of the strain resulting fraime coexistence

of two or more chemical species. In our system the different species could be identified in the
monomer and the dimer molecules, but could also be reaction intermediates. The
phenomenon is generally called heterometf]. It is not cleawhat role lattice distortions

and modifications can play in this kind of process.

In our experiments, microribbons were seen to twist and bend, qualitatively in the
same way as described in ref [LHowever, despite the fact that the time elapsing beeme
the switching off of the irradiation and the positioning of the sample on the riRaiman
stage was less than a minute, no changes in the Raman lattice phonon spectra were ever
detected. This means that no structural modification could be seen, at ¢eettte time scale
of our experiments. Therefore, the origin of the motion cannot be likely ascribed the
adjustment of the product lattice into the one of the reactant. No aid in the interpretation of
the cause of the motion came from the analysis of thectra in the internal vibrations modes,
0SOlFdzaSz | & A-gACA Buk crydtalziie reguls war& &fected by the high noise
present in the spectra and small changes were observed only in the fingerprint region. The
difficulties encountered ithe spectral analysis is also probably due to the large concentration
of unreacted monomer left in the samples. The only possible way of interpreting these results
is assuming that, while the chemical reaction (reversibly) occurs, with the microribboarmoti
being the effect, no phase reconstruction does take place.

In conclusion, we have attempted the study of the reversible [4+4] photodimerization
reaction of 9ACA. In the literature, the spectroscopic evidence of the chemical reaction in the
solid state $ based on the change of the fluorescence emissidh gnd of the absorption
spectrum B7], but so far there is no clear evidence of a phase transformation linked to the
chemical step. We have recorded a significant change in the lattice phonon Raméma sffec

I y"-9ACA single crystal, which also proved to be fully reversible. This means that, at least in
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some specimens, the lattice transformation occurs. There are hints that something is
happening in the lattice under irradiation also when we are deakity microribbons of the
a I Y $olymorph, but they are very elusive, whereas, at least for the few samples tested,
i K $olymorph seems to be definitely (and unexpectedly) photostable.

Both polymorphic forms of 9ACA are characterized by the same hynltoged motif.
Each potentially reacting pair of monomers in a stack is linked to another pair in a neighboring
stack. However, statistically, two dimerization reactions in the two stacks may not involve the
molecules connected by two adjacent centres ahsyetry. In other words, at any stage of
the reaction, the hydrogen bond patterns can be highly disrupted because the bonds may be
now exerted between pairs of dimers, pairs of monomers or dimers and monomers. This
constitutes an important source of straimnd the necessary rearrangements of the
interaction patterns may produce the macroscopic crystal motion and also contribute to the
intrinsic instability of the product. Statistically, of course, this prevents the completion of the
reaction, but it could Bo be the origin of the negative autocatalytic step identified by Moré
and coworkers §7]. In these conditions, it is not perhaps unrealistic to think that the
concomitant steric hindrance of the dimers and the hydrogen bonds dynamic disruption
concur todrive the reaction backwards, so that, when the light is switched off, the system
fully reverts to its initial chemical state. In the meantime, with high probability, the product
lattice has never formed.

Given the strong similarities between the two polgrphs of 9ACA, we cannot really

SELX FAY ¢K& G(GKS 7 F2N¥Y |LIWSEFNE G2 0SS LK2G?2

worth pursuing.
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3.5 Pseudepolymorphism

Pseudepolymorphism was first defined by McCrone in 1968][and occurs when
different crystal structures of a specific compound differ in the nature or stoichiometry of
solvent molecules included in its lattic@]. Actually, there is a still open debate about the
exact definition of the terms pseudpolymorph, cecrystal and solvatehfydrate when the
solvent is water) 93] but a clarification about that distinction has been made by Bernstein

[94] and a schematic representation of his classification is showgume 3.45
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Figure3.45Schematic representation of polymorphs (A), psimtpolymorphs (B) and carystals (C)94].

A first distinction among the different crystal structures can be made on the basis of
the number of different molecules involved in the packing. When the structure is composed
only of molecules of a single cheral species the phenomenon of different packings is called
polymorphism Egure 3.45). When more chemical species are involved, different names are
conventionally adopted, depending on the physical status and the nature of one of the
components at roomémperature. If this component is found as a liquid at room T the term
G a2t GFguel®4%) ghould be used, otherwise the denomination otarystal Figure
34500 A& GKS O2NNBOG 2ySed ¢KS GSNXY daaz2ft gl (S
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0 SNpseudoLI2 f @ Y2NLIKEEZ BKAOK @gAff 0SS dzaSR KSNB
nomenclature 94].

In the recent years the interest in the regulation and manipulation of the crystal
pseudapolymorphism of organic compounds has been subject of several studigEarent
scientific fields including pharmaceutical chemistry and materials sci®bge [

The pseudepolymorphs of a certain compound are distinct chemical structures in a
supramolecular sense, and should be therefore treated like the normal crystahpmphs
encountered in molecular crystals, as they exhibit different physical and chemical properties
due to their different molecular packing or conformational modifications in the cry@& [

The variety of crystal packings found in molecular cryspaiginates from subtle
differences in the noftovalent interactions between molecules, as described in chapter 4,
which determine the complex phase diagram of most solid systems. The various alternative
packing arrangements of the pseugolymorphic strutures arise from the nature of the
interactions between the molecules of the material and the molecules of the solvent in which
the crystallization process takes place: hydroggemding is often at play, with the formation
of typical hydrogerbond motifs ad influencing the final conformation of the species in the
crystal structure 97].

In the literature it is possible to find several examples of compounds, such as aromatic
amides and aromatic sulfonamides, that, additionally to polymorphism, also exisiitdo
polymorphism phenomena, depending on the crystallization conditions adop&id [

The cause of the existence of psetgl@ymorphism is related to the tendency for a
solvent to be retained in the crystal lattice via the formation of multipoint recthgm
hydrogen bonding synthons, involving the specific solvent used and the molecule during the
crystallization proces99]. For this very reason the strong and directional nature of hydrogen
bonds is the master key in crystal engineering, supramoleahamistry, and biological
recognition [1@]. Interestingly, literature data show that solvents whichve only a single
hydrogerbonding recognizing site are not included in molecular crystal as often as solvents
with many sites. The stability of a soledtstructure is connected to the balance between the
entropic gain made in releasing the solvent molecules of the crystal nuclei into the bulk
solution, and the enthalpic gain, given by the formation of strong and directionat®'N -O

and/or C¢ H- --O hydrogen bonds (energy 0 kcal/mott) [101]. Only when the enthalpic
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contributions override the negative enthalpy variations, the solvent can be retained in the
nucleating crystal to give a stable systg91].

An interesting subject of investigatiodi K246 (KS LINBaSyO0S 27F (KS
Y2t SOdzt Sa Y2RAFTASE GKS IINNIy3ISYSyld Ay (GKS daK?2
the nature and strength of the interactions and on the size and shape of the guest.
Consequently, a guest can either indureall changes, so that even the lattice parameter of
the solvated and noisolvated form are very close, or lead to dramatic modifications of the
host solid state architecturgl02.

Desolvation processes in pseugdolymorphic structures are the object aieveral
studies, as several stable and metastable polymorphs can be so obtained. The possibility of
having a stable structure after desolvation, instead of the collapse of the crystal structure and
therefore an amorphous material, is the complex functidm@any parameters, such #se
kinetics of the reaction, the thermodynamic relation between solvated and solvent free forms,
the nature of the solvate and the specific conditions and method for the removal of the solvent
[103.

The main challenge in crgdtdesign and engineering is the understanding of how to
use, modulate and rule strong and weak hydrogen bonds to govern the resulting crystal
structure [104)]. Certainly, the understanding of the forces that govern recognition between
multifunctional moleales is still a goal in the field of supramolecular chemistry for building

nanoscale architectures from molecular scaffoltidq.

3.5.1 9anthracene carboxylic acid dimer (9ACAD) psetmiymorphs

As mentioned in the paragraph 3.4, we tried to obtdie BACA dimers by synthesizing
them in solution, with the aim to have the reference crystals for the product of the solid state
reaction. However, the process gave unexpected results, which, we thought, deserved a
separate discussion and some consideratibthe phenomenon of pseudpolymorphism. In
fact, the crystal phases isolated and analyzed, all turned out to be psgolgmorphs, or
solvates, formed by the hea-tail (or trans) 9ACA dimer (9ACAD) and the solvent used for
the synthesis in a stoichieetric ratio. It was not fully unexpected that the formation of the
trans isomer would be favored in solution (despite the fact that according to the literature
[88,89 the formation of both isomers was predicted). It was nonetheless surprising that it was

impossible to find the conditions in which to obtain directly from the solution crystals of the
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pure trans9ACAD. This happened regardless of the specific nature of the solvents used. As a
matter of fact, the solvent molecules appear to play distinct sole the building of the
resulting lattice of the dimer, as they either get engaged in hydrogen bond interactions with
the 9ACAD molecules or enter the composition of the unit cell by filling the cavities left by the
spatial organization of the dimer units/Vhile it is well known that the larger the solute, the
higher is the probability that crystallization in solution occurs via the formation of solvates
[106,107, 9ACAD can be still classified as a relatively small molecule, and it would be
reasonable toassume that it should be possible to obtain it in the solid state also in a
unsolvated form. The pursuing of this goal, linked to our general interest for polymorphism,
took our research on anthracene derivatives solid state reactivity on a side track.
Thermodynamics and kinetics of desolvation mechanisms in crystals have been studied for the
past 20 yearsl07-109 especially for pharmaceutical compounds, identifying structural and
phenomenological parameters which allow for a classification of a widgerahphenomena.
Also, a number of techniques are available for studying solid state transitions in solvates.
Heating in controlled conditions, for instance, is a common technique of desolvation, yielding
either into amorphous material or a polymorphic e of the pure compound, often
metastable. Unfortunately, the technique turned out to be unsuited for our samples, in which
the 9ACAD dimer undergoes a thermal dissociation into two 9ACA monomers. Analogously,
the thermal instability of 9ACAD, preventecethse of techniques usually applied in the study
of solvates, such as TGA and DSC. The spectroscopic approach, however, turned out to be
quite useful to give some insight of the processes concerning solvation in 9ACAD crystals.
Following the procedure aady described in Chapter 3.2 for 9CNA, the stirred
solutions of 9ACA in a number of solvents were irradiated in inert atmosphere with the
broadband light of a 250 W Xe lamp, using as a container a pyrex flask, which effectively stops
the light transmisgin at wavelengths below 300 nm and prevents the back reaction of
photodissociation of the dimer product. The dimer was far less soluble than the monomer in
all the solvents used, and could be recovered as a crystalline precipitate after 8 hours of
irradiation, washed with fresh solvent and then dried. As solvents, ebgtate, methanol,
ethanol/CHG| acetone, methytert-butyl-ether (MTBE), anisole and metkaphisole were
used. The solvate crystals were treated W K @ OdzdzY R hd) XoypEomaleF vy E 1

evaporation of solvent.
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3.5.1.1 9ACAD from ethyl acetate: Crystal Structure and Raman Spectra

The Xray diffraction analysis of crystals obtained from ethgktate (EtOAc) gave the
triclinic B structure ofa solvate, with parametera = 8.4667(9) Ab = 9.3649(10) A¢ =
MAPHHCHOMMO )X h T codHynnomniOcIE i T TndyyTnol
664.25(12) A There is one asymmetric unit per cell with a 1:1 ratio of 9ACAD and EtOAc. The
asymmeric unit is made by half a molecule of 9ACAD and one molecule of EtOAc. Both entities
lie on distinct inversion centers of the lattice. Whereas the dimer molecule is
centrosymmetric, EtOAc is not. However, statistically, 50% of the EtOAc molecules can be
generated by applying the inversion symmetry operation to the remaining 50%. The calculated
crystal density is 1.331 g/cininFgure 3.46the packing in the crystal is shown in a projection
along theb crystallographic axis. As can be seen, each 9ACA&cut®lis engaged in two
dimer synthons in trans position to each other, with the hydrogen bonds aligned along the
crystallographic axis. The way the chains of hydrogen bonds assemble, generates a-channel
type skeleton in which the solvent molecules aredted. The CO group of the solvent presents

a short contact of 2.553 A with a hydrogen of the dimer aromatic ring.

Figure3.46 X-ray structure of the 1:1 9ACABtOACc solvate: a) cell axes and extended packing viewed alondpthe
crystallographic axis. Dotted blue lines show hydrogen bond interactions between the carboxyl groups. Occupancies are
shown for disordered EtOAc molecules; b) a projection along ttegystallographic axis displays the molecular geometry

of the dimer; c) picture 6the actual crystal.
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The Raman spectrum of the 9ACEIDACc system in the lattice phonon wavenumber
interval is reported irHgure 3.47a. Despite the fact that lattice phonon Raman spectra have
recently become an important tool for phase recognition inuanber of in pharmaceutical
solvate solid compounds, the technique has been used exclusively with an analytical
approach. Different polymorphs or pseugolymorphs have been identified by their different
spectra, without attempting the assignment of theatds. We have adopted the same
approach in the present analysis of the 9ACAD psealpgmorphs. Indeed, a rigorous
assignments of the crystal vibrational bands can be cumbersome especially when, as in the
cases we are dealing with, a supramolecular framdwes generated via the strong
intermolecular interaction due to the hydrogen bonds. In this situation, in fact, a clear
distinction between interand intramolecular vibrational modes is not be possible, as a result
of the cooperative behavior of the hyogen bond structures. In the QACAIDIOAC system, a
further complication arises from the presence of a statistically disordered solvate, for which,

to the best of our knowledge, a specific lattice dynamics treatment does not exist.
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Figure3.47 Raman fhonon spectrum of the 9CAIBtOAc crystal in the lattice phonon region. a) Crystal obtained by
crystallization in EtOAc; b) the same crystal kept 24h at 8 mbar.
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9ACABREtOAC crystals were put in vacuum drying for 24h at RT. Since the structure is
characterzed by the absence of hydrogen bonds with the solvent molecules located in
channels of the structure, promoting the solvent evaporation was expected to be easy in the
2LISNI A2y O2yRAGA2Y&E O60GKS @I LR NI LINS&adz2NBE 2
comparison of the lattice phonon patterns recorded before and after the permanence in
vacuum (figure 3) does not reveal changes in the phonon peak positions. A different intensity
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distribution throughout the entire spectrum is accounted for by a partial esgations of the
anisotropic crystal domains after the drying process. NMR measurements confirm that EtOAc
is still present in the sample in the initial stoichiometric amount, even after evacuation in mild

heating conditions (40 °C).

3.5.1.2 9ACAD from ethanol: Crystal Structure and Raman Spectra

The crystals obtained from methanol (MeOH) have a monoclinic C2/m structure with
cell parameters= 12.051(6) Ap=14.2486) AcT' y ®dcpcond ) FyR i T mMmpd
one asymmetric unit per cell wita 1:2 ratio of 9ACAD and MeOH and a calculated density of
1.257 g/cni. There are two 9ACAD molecules per unit cell and each one is located on a center
of inversion which lies on & @xis, which corresponds to thecrystallographic direction. In
this structure the 9ACAD molecules thus belong to thepinctual symmetry group. There
are four MeOH molecules per unit cell, with theOCbond lying on the symmetry plane
perpendicular to the g€axis. The methyl group is statistically disordered as its hydragmns
can rotate around the axis passing through th@®ond. Each MeOH molecule forms
hydrogen bonds with the carboxyl groups of two adjacent 9ACAD molecules, as shown in the

projection ofHgure 3.48

Figure3.48 X-ray structure of the 1:2 8CABMeOH solvate: top) cell axes and extended packing viewed alongathed
b crystallographic axes; bottom)-zlipped projection to show the hydrogen bond motif. Dotted blue lines are for
hydrogen bonds between the carboxyl groups and the MeOH. Notet ihahe measurements the position of the MeOH
hydrogen bonds was not resolved.
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The 9ACADIeOH crystals were subjected to vacuum drying for 24 hours at réom
Due to the presence of the hydrogen bonds with the 9QACAD molecules, MeOH in the crystal
was assmed to be less volatile than in its pure liquid form, but considering that MeOH has a

Pl LI2N) LINSaadz2NBE 2F F mMon YOINJIFG Hn ¢/ X GKS

remove it from the lattice.
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Figure3.49 a) (top) NMR spectrum of the ACADMeOH solvate recorded as freshly prepared, b) (bottom) NMR
spectrum of the 9ACADeOH after vacuum drying the sample.
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NMR spectra of the solvate crystals were recorded before and after the drying
procedure FHgures3.4% and3.4%) and the analysidearly showed that MeOH was removed.
No further Xray analysis was then performed, also because the dried crystals got cracked or
their quality deteriorated at such an extent to prevent the measurement. The Raman spectra

in the lattice phonon region are shvn in kgure 3.50
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Figure 6. a) Raman Spectrum of the 9AGMBOH 1:2 crystal in the lattice phonon region. b) Raman spectrum of the
same crystal after desolvation for 24h by vacuum drying.

As expected, the Raman spectrum was found to change uporerdohemoval.
Although the analysis is not trivial, the comparison of the two spectra in the figure 6 indicates
that the bands missing after the drying process can be easily accounted for by the contribution
of the solvent. After desolvation, a total of twigid bodies are left in the unit cell of the/@
centrosymmetric system. By considering the primitive psetrdiinic cell (Z=1), a total of 3
k=0 lattice phonons of gerade symmetry would be Raman active. However, the rigid body
approximation very unkely applies here, and a clear boundary between internal and external
vibrations is therefore not present. As a result, more bands in the low wavenumber region are
observed, having an inter/intrenolecular mixed character. Certainly, the NMR datum is
confirmed by Raman spectroscopy, as the spectra before and after desolvation differ, even
though not dramatically so. Indeed, it has been recently repor@b[107 that when the
solvent is removed in a smooth way, the unary phase so obtained can have astttartgral
filiation with the mother solvated phase, so much as to display very little differences at the X

114



3. Solid state photoreactions

ray diffraction analysis. The new phase is generally a metastable polymorph of the pure
component, obtained from the cooperative release of theveak molecules, with little or no
relaxation at all of the entire structure. This would be what is called topotactic or -quasi
topotactic desolvation in reflj0g]. If this is what happens in our system, the Raman spectra
identify a new metastable polymorplihe packing of which is very close to that of mother

phase.

3.5.1.3 9ACAD from ethanol/CHCCrystal Structure and Raman Spectra

The precipitate obtained from the photodimerization reaction of 9ACA in methyl
butyl ether was dissolved in a 1:1 solvenixture of ethanol (EtOH) and CkiG@Gind single
crystalswere grown by slow evaporation. These crystals were found to have a triclmic P
structure with cell parameters = 8.456(13) Ab = 9.607(15) AcT mMndycmMOMT O )
MAp®ndnomc OmTs0 d T yMR1 MOMH Mo PpTnomT 0 ETheeA G K
is one asymmetric unit per cell, formed by half a molecule of 9ACAD (lying on a center of mass)
and a molecule of ethanol (lying in a general position, and with some rotational disevider)
a 1:2 ratio of 9ACAD and EtOH. Similarly to the solvate with MeOH, the solvent forms hydrogen
bonds with the carboxylic groups of 9ACAD, vyielding a hydrogen bond motif very similar to
that of the former case, as can be seerFigure 3.51 However, de to the larger molecular
volume of the alcohol, the entire structure is much less dense (calculated density = 1.211
glcm?).

Figure3.51 X-ray structure of the 1:2 9ACABTOH solvate: Extended packing viewed to show the hydrogen bor
motif. Dotted blue lines show hydrogen bond interactions between the carboxyl groups and the ethanol molecu
Multiple occupancies are shown for disordered EtOH molecules.
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NMR spectra taken after prolonged vacuum drying at RT (a few days) showed un
unchanged stoichioméc ratio of 9ACAD and alcohol. Clearly the solvent could not be
released in these conditions and no further attempt was made. Raman phonon spectra in the

low wavenumber region, accordingly, showed no change.

3.5.1.4 9ACAD from other solvents: Ramare&pa

Single crystals of solvates of 9ACAD were also grown from a number of other solvents,
namely: acetone, anisole, methghisole and methyl-butyl ether for which we have no-bay
determination since the work is still in progress. For these, we cayg the NMR spectra to
indicate that the solvent is anyway present in a stoichiometric ratio in the lattice of 9ACAD,
and that the RT vacuum drying is not sufficient for its release, evidence which is confirmed by
the Raman lattice phonon spectra which reimunchanged after the drying process. The only
exception is for crystals grown from acetone, for which NMR spectra show that all the solvent
has disappeared after drying. Indeed, for this case only, we correspondingly observe marked
differences in the Raan spectra before and after drying, most noticeable in thel20 cm!

wavenumber range, as documentedFigure 3.52.
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Figure3.52 a) Raman Spectrum of the 9ACA{getone crystal in the lattice phonon wavenumber range. b) Raman
spectrum of the same cigtal after desolvation for 24h by vacuum drying.
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Once the crystal structure is known frorara§ data, the energy contribution of the

solvent to the stability of a crystal structure can be estimated in an inexpensive and fast way,

starting from the total @ergy of the pseudgolymorphs structure at the minimum of a
chosen potential model. We have done this for the structures of 9ACAD EAOAOACAD

MeOH, as representative of cases in which desolvation failed or was successful, respectively.

The method folattice energy minimization is described elsewhere in this thesis and will not

be given here. In the energy minimization calculations for both of the solvates the rigid body

approximation was adopted, employing the potential model which had already repezt

satisfactorily the 9ACA monoclinic and triclinic structures. The molecular geometries of both

solute and solvent used for the calculations was that obtained from thayX In fact, for
9ACAD the value of the torsional angle between the anthracemk&bmne and the plane of

the carboxylic group determined for the crystal does not coincide with that determinedb-by

initio calculations for the molecule in the gas phase. This is not surprising, as the solid state

geometry is governed by the formation loydrogen bond network.

As already illustrated above, the space group symmetry of 9ARBBC is the result
of the statistically disordered solvent. The same happens for 9AGLOH, for which the
source of disorder is the methyl group of the solvent, tlsafree of rotating about the -©
bond.

In both cases, symmetry cannot be used in generating the input structure for the lattice

dynamics calculations, where the entire crystal unit cell is therefore used as an asymmetric in

which only one of the solvergossible orientations must be selected.
The minimum potential energy structures both for the EtOAc Bie®DH solvates are
reported inBble3.4> | £ 2y 3 gA G ©KSA NIbydaeN B thassum of

three distinct intermolecular contributions:

U 0=U 9ACAmACDAD  sdiisovb  9AEABsolv

U 9acamacoal Y Rsovddy are the terms for the interactions involving the 9ACAD and
thea2ft ISyl Y2t SOdzf S agcaashd dheIedidasgibiigahe intgricoh S
between 9ACAD and the solvent.

hyOS (GKS YAYyAYdzy SySNB& & (bhabzooil dyNSovsds | &
can be computed by removing the 9ACAD and the sbla®lecules, respectively, without
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further minimization of the energy of the resulting system. The remaining term can thus be
2001 A yorcRsonF 3G @ tncamacoib sdisov). The various contributions are also listed

in Table3.4both for theEtOAc and MeOH solvates.

Tab3.4/ I £ Odzf + § SR YA Y A Y daYkcdlifol) & sirdcturtal pBaynbtdiddrthe pseudepolymorph
structures of 9ACAIEtOAcand 9ACAEMeOH. The experimental structural values are given for comparison. The terms
contributing to the total energyus o are also reported.

Uo U 9ACADIACDA U solvsolv U 9ACABsolv a(h) b(A) c(A) h j 1 V(5)

9ACAD
EtOAc
(Z=2)

8.4667 9.3649 10.2262 63.280 70.887 69.503 664.246

-49.117 -25.849 -0.7895  -22.4786 8.2836 9.5326 10.7448 59.963 69.816 67.383 665.567

9ACADB
MeOH

(2=4)
8.6560 14.2480 11.3770 107.470 1338.413
-33.238  -23.0575 -0.1490 -10.0316 8.4667 13.9250 11.5192 103.914 1318.252

Let us analyze first the case of EtOAc. Itis worthn6ta (i K I (i sondoiisSin féicS N ©
negligible. The solvent molecules, located in the structure quite far apart from each other,
AYGiSNI OG0 GSNE f hatabd iSvery large, ahdaScoudta fgriadbiit N 45% of
the total lattice enegy. The solvent actually acts like the glue holding together the entire
scaffold of the quasilD arrays generated by the hydrogen bond network. By minimizing the
energy of the structure deprived of the solvent molecules, unexpectedly the system relaxes
onto a new local minimum, which, however, has very little resemblance with the mother
structure.

Also in the 9ACADIeOH structure the actual interaction between solvent molecules
Ad OSNE avYlfttsz Fa Ol ybacadodtera S Bynd ifsted Yo canfilite G | 6 f S @
to the total energy for no more than the 30%. This may be unexpected,ths packing of
this solvate, as we have seen, the solvent actively participates in the highly directional
hydrogen bonds. However, if this computed datum is be trusted, it would explain why the
desolvation for this system was made possible by applying emipgrimental conditions. In
support to the idea that here we are dealing with a topotactic desolvation, we have found that
by removing the MeOH molecules from the structure, the system does relax onto a new
minimum which is strongly affiliated with tlegiginal one.

At this stage of our investigation we conclude that, under the mild drying conditions
used,the release of the solvent has proven unsuccessful in all cases, with the only exceptions
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3. Solid state photoreactions

of MeOH and acetone, perhaps owing to their lower boilemgperatures. In either case, what
has been obtained is likely to be a metastable polymorph of the unary system. Interestingly,
both solvates underwent the desolvation process without transforming into an amorphous
phase, as can be verified by the permaneont a lattice phonon pattern in the Raman spectra.
This means that in the energy landscape of the solid state diagram of the unary system there
is a local minimum accessible from the solvate system, with a closely related structure. This
thesis appears tde confirmed by our preliminary calculations of crystal structure minimum
energy.

A summary of the Raman phonon spectra of the all psepmgmorphs is given in

FHgure3.53

Figure3.53 Lattice phonon Raman spectra of all pseugolymorphs of 9ACADiained.

The total of seven dimers insofar synthesized certainly does not represent the upper
limit for 9ACAD, because, following the Mc Crone r@,[still a number of solvents are

planned to be tried. We believe that 9ACAD is going to become an dxgmgase of a
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