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Statement of Objectives

This thesis aims to investigate how the photo-responsive properties of organic chromophore co-
crystals and multi-component salts are affected by volatile or unstable molecules within the
crystalline material. More specifically, the photo-mechanical properties of these crystalline
materials are studied, including experimental and theoretical results suggesting a mechanism of
controlled photo-decomposition occurring in the crystalline materials on irradiation. We
investigate a total of seven organic co-crystals and study how different volatile components and
differing chromophores affect the photo-mechanical response of the crystalline materials.
Additionally, two thermally unstable salt complexes are studied to investigate the photo-

responsive nature of hypohalite ions in the solid state.



Abstract

Development of Light-Responsive Co-Crystals and Salts as Photo-Mechanical Materials

My Thesis research makes contributions in the areas of crystal engineering and photo-responsive
materials. It is based on co-crystals containing azobenzene dyes (Chapters 2—4) or mixed inorganic
salts (Chapter 5). The Thesis investigates a new photo-responsive phenomena coined ‘cold photo-
carving’ (CPC), a response seen in co-crystals containing a photo-responsive dye and a volatile
co-crystal former (coformer). Upon irradiation with low intensity visible light the crystals undergo
selective disassembly in which the volatile coformer evaporates out of the co-crystal and the
azobenzene recrystallizes at the edge of the irradiated area, resulting in a precise hole or other
controlled pattern in the crystal coincident with the laser irradiation. This unique response was
previously unreported in prior literature of either crystalline azobenzene or volatile co-crystals.
Chapter 2 reports the initial discovery of CPC, provides insight into the mechanism, focusing on
a pair of trans-azobenzene co-crystals. The chapter outlines a proposed mechanism of disassembly
through detailed analysis using powder X-ray diffraction, and Raman spectroscopy. Chapter 3
builds on the foundations laid out in Chapter 2, focusing on the subsequent cis-azobenzene co-
crystals that undergo different responses depending on the intensity of the laser light: photo-
chromic, photo-mechanical, or photo-carving. The various photo-responses are rationalized
throughout the chapter with periodic density functional theory (DFT), used to calculate the stability
of the co-crystals studied in Chapters 2 and 3. Additionally, there was found to be a disconnect
between thermal studies and photo-responsive studies, in which one proceeds via isomerization

prior to desolvation (photo) and the other proceeds by desolvation followed by isomerization



(thermal). Such findings further prove that CPC is a photo-specific effect. Chapter 4 introduces a
new form of photo-response in a co-crystal that contains a second chromophore class acting as the
volatile conformer, where the co-crystal display two different wavelength dependent responses to
light. When using green/blue visible light the co-crystal will undergo CPC, however, when
irradiated with IR light, epitaxial growth of yellow/orange crystals is visible from the location of
irradiation, enabling a material that can selectively produce two separate responses, triggered by
changing the wavelength of the excitation laser. Chapter 5 outlines the first example of CPC used
on a non-organic system, and without an azobenzene dye. Hypohalites (sodium hypobromite and
sodium hypochlorite) were shown to oxidize upon irradiation, with hypobromite or hypochlorite
converting to chlorite and bromite. The conversion was specific to the solid state, a finding that
was hypothesized as due to the near linear alignment of hypohalite anions in their respective crystal
structures. In summary this Thesis introduces CPC as new functional photo-response achievable
by crystal engineering, with 4 distinct studies outlining the mechanism, the wavelength
dependence, and the laser intensity dependence, using both experimental and theoretical methods

to give insight into the process.
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Abregé

Development of Light-Responsive Co-Crystals and Salts as Photo-Mechanical Materials

Mes recherches de thése apportent des contributions dans les domaines de lI'ingénierie des cristaux
et des matériaux photo-réactifs. Elle est basée sur des co-cristaux contenant des colourants
azobenzenes (chapitres 2—4) ou des sels inorganiques mixtes (Chapitre 5). La Theése étudie un
nouveau phénomeéne de photo-réaction appelé photo-gravure a froid, une réponse observée dans
les co-cristaux contenant un colourant photorécepteur et un agent de formation de co-cristaux
volatile (coformateur). Lors de l'irradiation par une lumiere visible de faible intensité, les cristaux
subissent un désassemblage sélectif au cours duquel le coformateur volatil s'évapore du co-cristal
et I'azobenzéne recristallise au bord de la zone irradiée, ce qui donne un trou précis ou un autre
motif contr6lé dans le cristal coincidant avec l'irradiation laser. Cette réponse unique n'a jamais
été rapportée dans la littérature antérieure, que ce soit pour l'azobenzéne cristallin ou les co-
cristaux volatils. Le Chapitre 2 donne un apercu et rapporte la découverte initiale de la photo-
gravure a froid, en se concentrant sur une paire de co-cristaux d'azobenzéne trans. Le chapitre
présente une proposition de mécanisme de désassemblage, a travers une analyse détaillée utilisant
la diffraction des rayons X sur poudre et la spectroscopie Raman. Le Chapitre 3 s'appuie sur les
bases établies dans le Chapitre 2, en se concentrant sur les co-cristaux de cis-azobenzene suivants
qui subissent différentes réponses en fonction de l'intensité de la lumiere laser : photo-chromique,
photo-mécanique, ou photo-sculpture. Les différentes photo-réponses sont largement rationalisées
tout au long du Chapitre a I'aide de la théorie fonctionnelle de la densité périodique, utilisée pour

calculer la stabilité des co-cristaux étudiés aux Chapitres 2 et 3. En outre, on a constaté une

xii



déconnexion entre les études thermiques et les études photo-réactives, dans lesquelles l'une
procede par isomérisation avant désolvatation (photo) et I'autre procéde par désolvatation suivie
d'isomérisation (thermique). Ces résultats prouvent une fois de plus que la photogravure a froid est
un effet photo-spécifique. Le Chapitre 4 présente une nouvelle forme de photo-réponse dans un
co-cristal qui contient un second chromophore agissant en tant que conformateur volatil ; ou le co-
cristal présente deux réponses différentes a la lumiére en fonction de la longueur d'onde. Le co-
cristal présente deux réponses différentes a la lumiére en fonction de la longueur d'onde. Lorsqu'il
est exposé a la lumiere visible verte/bleue, le co-cristal subit une photogravure a froid, mais
lorsqu'il est exposé a la lumiere infrarouge, la croissance épitaxiale du cristal jaune/orange est
visible a I'endroit de l'irradiation, ce qui permet d'obtenir un matériau capable de produire
sélectivement deux réponses distinctes, déclenchées par le changement de la longueur d'onde du
laser d'excitation. Le Chapitre 5 présente le premier exemple de photo-gravure a froid utilisé sur
un systeme non organique, et sans colourant azobenzene. Il a été démontré que les hypohalites
(hypobromite de sodium et hypochlorite de sodium) s'oxydent sous I'effet de l'irradiation,
I'nypobromite ou I'hypochlorite se transformant en chlorite et en bromite. La conversion était
spécifique a I'état solide, une découverte qui a été supposée étre due a I'alignement quasi linéaire
des anions hypohalites dans leurs structures cristallines respectives. En résumé, cette these
présente la photo-gravure a froid comme une nouvelle photo-réponse fonctionnelle réalisable par
I'ingeénierie cristalline, avec 4 études distinctes décrivant le mécanisme, la dépendance de la
longueur d'onde et de l'intensité du laser, en utilisant des méthodes expérimentales et théoriques

pour donner un apercu du processus.
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responses. In addition to once again investigating the process of CPC experimentally, it was also
investigated theoretically, leading to a better understanding of the relationship between halogen-

bond strength and the experimental decomposition studies.

Chapter 4 continues investigating the process of CPC with an additional three halogen-
bonded co-crystals. The use of a second chromophore within two of the co-crystals produced a
material that undergoes two separate photo-responses, dependent on the wavelength of light.
Additionally, this Chapter introduces halogen-bonding to m-systems as a new approach to develop

materials that will undergo CPC.
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Chapter 5 is the first photo-responsive study to date of solid state hypohalites. The process
of photo-decomposition of hypohalite ions was studied both experimentally and theoretically. It
was shown that the hypobromite ion undergoes a similar process to CPC, in which the crystal can

be cut, carved, and engraved.
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Introduction and Literature Review of Photo-Responsive Crystalline Materials

T. H. Borchers, T. Frisci¢, * and C. J. Barrett*

Department of Chemistry, McGill University, Montreal, QC, Canada

1.1 Abstract

This introduction summarizes the recent advances in the development and understanding of
crystalline materials that exhibit unique responses to light, be that optical, mechanical, or solid
state photochemical transformations. Special focus is paid to various methods of how to tune solid
state optical and photo-responsive properties of molecules in the solid state, including co-
crystallization and the use of halogen bonding as a versatile supramolecular interaction for the
assembly of structures with interesting properties. Furthermore, this Chapter is more specifically
focus on the fundamentals of azobenzene photo-switches in crystal engineering, and how these
types of systems have recently been used in the development and discovery of optical and photo-
responsive solid state materials. The use of crystal engineering and molecular chromophores
allows for physicists, chemists, material scientists and crystal engineers to develop a wide range
of new optical and light responsive materials, including luminescence, dichroic, photo-actuating

materials, and more.



1.2  Light matter interactions in molecular materials

Controlling the properties and behaviour of matter by light is a highly attractive concept in the
advancement of engineering, medicine, and materials science. The majority of materials or
biological systems are considered to be inherently non-photo-responsive to visible light,® and
inducing this type of behaviour necessitates the inclusion of a photo-active unit, such as a
molecule, into the system of interest. For example, once organic molecules are identified to exhibit
interesting photo-responsive behaviour, the strategies can, in principle, be developed for their
inclusion into polymer matrices or biological systems, either through covalent bond formation,?
assembly via intermolecular interactions,® or simply by doping into the system.* These molecules,
referred to as photo-switches,® are generally inexpensive® to make and have already been used in
holographic writing materials,” mass transport systems,® and photo-mechanical actuators.® Photo-
switches have also found use in biological systems involved in cavity opening or closing.*® In
materials design, the use of such photo-switches have been shown as promising strategy to control
surface properties, via on and off cell adhesion,** control of tunneling distance in electrodes,'? and

controlling self-assembly and self-organization.*3
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Azobenzenes are a unique class of molecular photo-switches, which exhibit two isomers:
a more stable trans- (E-), and a metastable cis- (Z-) isomer. Generally, these isomers are known to
interconvert upon ultraviolet (UV) irradiation, which causes trans—<cis isomerizations, while
visible light irradiation or introduction of thermal energy will cause the reverse cis—trans
isomerization (Scheme 1.1). This class of photo-switchable molecules is easily tunable, as the
introduction of substituent groups to the azobenzene backbone will often have a profound effect
on the absorbance of the molecule, as well as the excitation wavelength and the rate of thermal
relaxation from cis—trans. Traditionally, azobenzene molecules are divided into three broad
classes of derivatives; azobenzenes, amino-azobenzenes, and pseudo-stilbene azobenzenes
(Figure 1.1a).2® The amino-azobenzene system includes an electron-donating group substituted
onto the benzene ring, which results in red-shifting of the absorbance and an increase in the
relaxation rate of the cis-isomer. The pseudo-stilbene type of azobenzenes is considered to be a
‘push-pull’ system, where one of the benzene rings is substituted with an electron-withdrawing
group, while the second one contains an electron-donating substituent. The presence of both
electron-withdrawing and -donating groups on the molecules results in further red-shifting of the
absorbance and increase in the rate of relaxation relative to the amino-azobenzene systems. The
most significant benefit in the development of either the amino- or pseudo-stilbene type of
azobenzenes is that a lower frequency light is required to induce isomerization from the trans- to
the cis-isomer, allowing for the use of green/blue visible lasers as opposed to UV lasers in materials
science,® and biological applications.!” This lower energy irradiation reduces the potential for
damage or destruction of the surrounding environment of the material or tissue. However, the
azobenzenes of the amino- and pseudo-stilbene types exhibit a reduced cis-isomer lifetime, which

results in the lower overall conversion to the cis-isomer. This reduction in half-life is a downside,



as it limits the use of such azobenzene derivatives. Nevertheless, altering the substituent groups of
the azobenzene allows for control of the photo-response of a material by rational design (examples
are shown in Figure 1.2). Azobenzenes have so far been used in a number of systems, including
liquid crystals,®2° photo-mechanical actuators,®820-22 mass transport systems,”8224 nano-
tweezers,?® photo-switchable nanoparticle aggregation,?®® photo-responsive surfaces,!327-?

biological systems,3%3 and solid state crystalline materials.3233
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Figure 1.1. lllustration of different classes of azobenzene molecules. a) Typical chemical
structures and UV/Vis absorption spectra of the three traditional types of azobenzenes (reproduced
from reference **). b) Chemical structures and n-m* absorbance transitions of ortho-fluorine
functionalized azobenzenes (reproduced from reference ).
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Recent advances have now produced a new class of azobenzenes (azos) in which the ortho-
positions of the benzene rings are fluorinated, which impacts the azobenzene in three distinct ways
(Figure 1.1b). First, ortho-fluorination leads to the stabilization of the cis-isomer, which is unusual
and contrary to other substituent effects, and can permit the isolation of cis-azobenzenes in the
crystalline solid state. Second, fluorination of the aromatic ortho-position, red-shifts the
wavelength required to induce the E—Z isomerization.®* Lastly, ortho-fluorination of the
azobenzene core has an effect on the reverse process of Z—FE photo-isomerization, as it leads to a
reduced overlap of the n—z* transitions of the cis and trans isomers. The latter is important, as it
allows for quantitative isomerization of the azobenzene in either Z- or E-direction using visible
light. So far, such ortho-fluorinated azobenzene molecules have been used in a variety of ways in
the fields of biological and material sciences, such as in vivo studies,® and as photo-actuators,’
and surface relief gratings,®® respectively. Fluorination of the benzene rings of the azobenzene core
additionally produces an electron-withdrawing moiety, which gives rise to the possibility to use
such molecules as halogen-bond donors when appropriately substituted with heavy halogen atoms

(I'or Br).
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Figure 1.2. Selected advances in materials and biological sciences when incorporating
azobenzene molecules. a) A molecular machine built through an azo-polymer in which the system
will isomerize from the trans to the cis form and vice versa forming a molecular motor (reproduced
from reference 2). b) Surface relief gratings produced on the surface of silicon by using an azo-
polymer coating (reproduced from reference *°). c¢) Photo-chromic blockers of potassium ion

channels, produced by a red-shifted absorbing azobenzene dye (reproduced from reference *°).



1.3  Crystal engineering

The control of solid state materials with desired physical or chemical properties is the essence of
crystal engineering.*®#! The main strategies involve the development of multi-component solids,
such as co-crystals, in which functionalities of the components are combined to get solids with
tunable and/or desired physiochemical properties.*>*® This strategy has been used in
pharmaceuticals,***® photo- or thermo-responsive materials,*’ tunability of optical properties,*4°
or conductive properties of solids.>® One of the main tools of crystal engineering is the use of

intermolecular interactions to form co-crystals, primarily using n-m stacking,®® hydrogen,>

halogen,* or coordination bonding.>*

Hydrogen bonding is generally defined as an electrostatic interaction between a hydrogen
bond donor, which is a functional group containing a hydrogen that is bonded to electronegative
atom, and a hydrogen bond acceptor, an electronegative atom.>® The strength of such
intermolecular bonding varies from 4-170 kJ-mol™,*® and hydrogen bonding is generally seen as
a directional interaction.>®” Hydrogen bonds can form using a large variety of different hydrogen
bonding moieties (OH---O, NH:--O, etc), and the directionality of the interactions can sometimes
allow for the qualitative prediction of the orientation of the molecules within a solid state
structure.®® The combination of certain hydrogen bond moieties as functional groups on a
molecular skeleton will generate hydrogen bonding synthons®®%° (examples seen in Figure 3). An
advantage of using hydrogen bonding when forming a co-crystal is that it enables the ability to
alter physiochemical properties of pharmaceuticals directly through co-crystallization with an
active pharmaceutical ingredient (API) and a co-crystal former, typically denoted as a

coformer,*#5 altering properties such as solubility,%° shelf-life,®* thermostability,®> and



biovailability.®® In addition, hydrogen bonding has been used as a tool to enable co-crystallization

of two non-photo-responsive solids to produce a unique photo-responsive material.%*
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Figure 1.3. Examples of hydrogen-bonding synthons. a) Example of a hydrogen bond dimer,
water (reproduced from reference °°). b) Glutaric acid/API co-crystal dimer hydrogen bonds
formed from carboxylic acid groups on the glutaric acid and amide and pyridine groups on the
drug molecule (reproduced from reference ). ¢) A selection of hydrogen bonding synthons and
their respective interaction energy, the dimers had been taken from crystallographic structures

outlined in Sarma et al.®® (reproduced from reference ).

Halogen bonding, similar to hydrogen bonding, is an electrostatic interaction between an
electronegative atom, known as the halogen bond acceptor, and a region of positive electron
potential that is generated on a polarized halogen atom, identified as the halogen bond donor,
through proximity of the halogen to electron withdrawing groups.®®%” The area of positive potential
is referred to as a o-hole due to spatial overlap with the area of the o* orbital associated with the

8



covalent bond between the halogen atom and the adjoining atom (Figure 1.4c). Larger
polarizability of the halogen atom leads to a larger c-hole and, consequently, a stronger halogen
bonding interaction.®® As a result, the c-hole is more pronounced for heavier, more diffuse and
polarizable halogen atoms, such as iodine and bromine. In general, the halogen bond strength is
anticipated to increase with the size of the halogen atom: F < Cl < Br < | (Figure 1.4b).%® An atom
of iodine or bromine can be readily polarized when connected through a variety of electron-
withdrawing groups, including fluoro- or nitro-substituted aromatic rings, perfluoroalkyl groups,
alkynes, etc. As for the design of halogen bond acceptors, there is a variety of options available
including, but not limited to, the use of heteroatoms such as N, O, S, F, etc.,®® as well as other

electron-rich species, such as aromatic n-systems.
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Figure 1.4. Depiction of halogen-bonding. a) Type | and Type 1l Cl---Cl contacts (reproduced
from reference ). b) Electrostatic potential diagrams of various XCFs molecules, showing the
sigma hole size dependence on the size of the halogen. ¢) Schematic of the anisotropic distribution
of the electron density around a halogen atom covalently bonded to an electron withdrawing group.
d) Halogen-bonded chains in various co-crystals of the 1,4-diiodotetrafluorobenzene halogen bond
donor, with atoms shown in a ball-and-stick representation (b—d have been reproduced from

reference °7).

One of the properties of the halogen bond (XB) that is of particular value in the context of
crystal engineering is the directionality of the interaction, which is seen as nearly linear with
bonding angles nearing 180°.7° The bonding energies of halogen bonds have been evaluated to

range from 10-200 kJ-mol.”t On the other hand, halogen-halogen contacts (X---X contacts)
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appear in two types; Type 1 is considered to be a non-halogen bonding interaction, while Type 2
occurs through two halogen atoms interacting via a halogen-bonding interaction accomplished
between the positive 6-hole of one halogen atom, and the nucleophilic end in the equatorial region
of the second one (Figure 1.4a). Consistent with being halogen bonds, the Type 2
halogen---halogen interactions also show a directionality to them. Rather than being linear, as is
typically seen in halogen bonds, type IT X---X interactions occur as nearly orthogonal (=90 °).”2
Type I and Type 11 (XB, or X:--X) interactions are found throughout many structures of crystalline
halogenated organic compounds, and have been utilized in crystal engineering as a tool to form

predicable assemblies of halogen-bonded co-crystals.%®3

A large range of functional groups has been shown to engage in halogen bonding, including
halogen bonding acceptor groups like sulfur,’”* selenium,” and antimony’® —heavy elements that
rarely if ever partake in hydrogen bonding. Additionally, it has been shown that halogen bonding
is energetically favourable, while exhibiting better directionality and orthogonality than hydrogen
bonding.”” A wide number of available halogen bond acceptors also makes available a large range
of potential intermolecular geometries, that could be used to design a diversity of materials
including organic solids,”® metal-organic solids,”® host-guest systems,?® and liquid crystals.
Several of these materials have exhibited photo- or optical properties, including photo-mechanical

bending,®” dichroism,®? photo-emission,® mass-transport,384 and more.
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1.4 Bond formation

1.4.1 Photo-dimerization reactions

Crystal engineering has been used to direct reactions in the solid state,*! using either hydrogen or
halogen-bonding templates to assemble reactants at appropriate distances, ensuring reactivity. This
is especially important in light-driven [2+2] photo-dimerization reactions of olefins, in which the
molecular arrangement must satisfy the criteria laid out by Schmidt, i.e. the olefin C=C bonds need
to be aligned in parallel and at a separation of 4.2 A or less to undergo a light-driven conversion
into a cyclobutane product.®>®7 Due to this clear geometrical criteria there are crystal engineering
tools to engineer reactive structures, such as using either hydrogen,®® halogen,® or coordination
bonding,® to ensure reactants are an appropriate distance to ensure that the olefin will undergo

[2+2] photo-dimerizations.

MacGillivray et al.%* have shown the use of templates to influence the crystalline structure
when intermolecular interactions are used to obtain a stacking motif of olefins, within the criteria
set by Schmidt (Figure 1.5a). In one case, the authors used resorcinol as a co-crystal former
(coformer) in combination with trans-1,2-bis(4-pyridyl)ethylene (4,4’-bpe) (Figure 1.5b), an
olefin which in pure solid form adopts a layered structure in which the C=C bonds are separated
by 6.52 A, and should not be conducive to [2+2] photo-dimerization. Hydrogen-bonding between
the hydroxyl moiety and the nitrogen atom on the pyridyl substituent forms a 2:2 resorcinol:4,4’-
bpe solid state complex in which the two olefins are separated by a 3.65 A, and upon light

irradiation the desired photo-product is produced.
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Figure 1.5. Examples of template assisted [2+2] photo-dimerizations. a) Schematic of cinnamic
acid polymorphs (a, B, and y) and their respective distance between olefin groups in the solid state,
highlighted is their potential photo-reactivity (reproduced from reference **). b) Hydrogen-bonded
template created by resorcinol co-crystalized with trans-1,2-bis(4-pyridyl)ethylene and the
resultant photo-product (reproduced from reference #7). c) Crystallographic hydrogen-bonded
template of precursors to [n]ladderanes. d) Resultant photo-product of the templated reaction,
showing two examples of [n]ladderanes produced through using hydrogen-bonded templates (c—-d

reproduced from reference °%).

Additionally, the template approach has also been used to make ladderane molecules, based
on a sequence of edge-fused cyclobutane moieties, by using conjugated olefins as reactants in
[2+2] photo-dimerization (Figures 1.5¢,d).®* Coordination bonds have also successfully been used
to template the arrangement of molecules into orientations suitable for a topochemical [2+2] photo-

dimerization.%? This is illustrated through the use of 2-dimensional (2D) coordination polymers
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which can undergo [2+2] photo-dimerization to form a three-dimensional (3D) structure (Scheme
1.2),% or the use of gold atoms which will coordinate to the nitrogen atoms of trans-1,2-Bis(4-
pyridyl)ethane (4,4-bpe),®* and will successfully undergo a [2+2] photo-dimerization.
Additionally, chalcogen-bonding interactions can also coordinate to the nitrogen of 4,4’-bpe,*® and

undergo a photo-dimerization.

Scheme 1.2. Schematic of photo-induced structural change in which a 2D interdigitated layer
is converted into a 3D MOF structure, through a topochemical [2+2] photo-dimerization

(reproduced from reference %).

Halogen bonding was used as an interaction to template the arrangement of substrate
molecules for a [2+2] photo-dimerization.®® Using a halogen bond donor as a coformer with 2,4’-
bpe acting as a halogen bond acceptor, two olefins can induced to undergo a dimerization to form
a cyclobutane ring due to their close proximity in the crystal structure.®® Similarly, the reactive
olefin substrate can be used as the halogen bond donor. This is seen when the photo-stable olefin
trans-1,2-bis(4-iodotetrafluorophenyl)ethene is combined with 1,8-di(4-pyridyl)naphthalene as
the halogen-bonding template (Figure 1.6).8% The resulting co-crystal is composed of discrete
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assemblies in which the olefin and the template are halogen-bonded in a 2:2 stoichiometry, through
halogen bonds of N--I type. The resulting assemblies exhibit olefin groups arranged in parallel
and at a separation of 3.68 A, enabling the [2+2] photo-dimerization leading to quantitative

formation of the cyclobutane product upon irradiation with UV light.
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Figure 1.6. Halogen-bonding template used to mediate [2+2] photo-cycloadditions in the solid
state. a) Schematic of templated solid state photo-dimerization to form the photo product. b) The
crystallographic structure of the fluorinated olefin and coformer, showing the halogen bonding
template (top), and extended packing (bottom). ¢) X-ray crystal structure of the photo-product in

ORTEP (left) and space-fill model (right) (Images reproduced from reference ).
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Similarly to topochemical [2+2] photo-dimerizations, [4+4] cycloadditions can also occur
in the solid state. They require proximity between the reacting molecules to induce bond formation
by light.®” Chemical modification of anthracene molecules has been a popular technique to induce
such cycloadditions, as introduction of substituents is an effective albeit unpredictable means to
alter the solid state packing of reactive molecular cores. When modified appropriately, the
anthracene molecules can act as monomers in a polymerization.®® This could lead to a change in

crystalline habit, allowing the crystals to function as photo-actuators.®
1.4.2 Topochemical polymerizations

Co-crystallization has been shown as a crystal engineering method to enable topochemical
polymerization through hydrogen bonding, m-m interactions, or host-guest interaction systems.
These interactions have been used for solid state polymerization of diacetylenes, triacetylenes,
dienes and trienes. %1% Co-crystallization can also be used to enable the solid state formation of
alternating copolymers, as seen by the application of two molecules 7,7,8,8-
tetrakis(methoxycarbonyl)-quinodimethane (TMCQD) and 7,7,8,8-tetracyanooquinodimethane
(TCQDM) (Figures 1.7a,b).2% The monomers pack in an alternating fashion of TMCQD and
TCQDM, allowing for polymerization under UV-light irradiation, forming a polymer based on

alternating monomers with composition (poly(TMCQD - TCQDM)).

Halogen bonding has also been used to template topochemical polymerizations.102193
Using diiodobutadiyne as a monomer, in combination with a variety of self-assembled halogen
bond acceptors has enabled Sun et al. to achieve controlled solid state synthesis of
poly(diiododiacetylene). The synthesis of this halogenated polymeric carbon backbone requires
the use small molecule templates that are specifically chosen and designed to self-assemble into

extended structures in which the halogen bond accepting groups are arranged at repeat distances
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suitable for light- and/or heat-induced diacetylene polymerization. These examples described show
how co-crystallization can be used to engage otherwise non-reactive monomers and use
(supra)molecular templates to arrange them in a way conducive to solid state topochemical

polymerization.

a HCOOC  CN
H.COOC.__COOCH ,CO0C ¢
3 3 NC.__CN H,CO0C <CN

H,CO0C” “COOCH,  NC~ “CN ettt R
3

1 2 poly(1-2)

Polymer microcrystal

Figure 1.7. Selected examples of topochemical polymerizations. a) Schematic of photo-induced
co-polymerization of two separate monomers. b) Molecular packing of the co-crystals in ball-stick
and space fill models (panels 1 and 2). Crystal packing of the co-polymer crystal (panel 3), and
schematic of crystallographic changes occurring via photo-induced polymerization (panel 4). (a,b
reproduced from reference 1%). ¢) Single crystals and molecular diagram of the monomer and
polymer. d) Confocal optical images of the monomer-polymer heterostructure formation (c,d

reproduced from reference 1%).

Topochemical polymerization in the solid state can also change the optical properties of
the material. This is especially interesting when the polymerization is reversible,'% allowing for
optical control and development of functional materials that can be used for information storage,
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optical writing, and, for example, photo-patternable paper.1%” In a notable example, Reddy et al.1%
have described a monomer single crystal of 1,1’dioxo-1H-2,2’-biindene-3,3’-diyldidodecanoate
that was found to undergo a single-crystal-to-single-crystal polymerization upon photo-irradiation
(Figures 1.7c,d). Upon polymerization, the crystal appearance was observed to change from bright
red to transparent, showing a unique photo-chromic effect. As the crystal is heated the polymer
reverts back to repeating units of the monomer, with the colour of the crystal returning from
transparent to red. The reversibility of the colour is seen both in studies on individual single
crystals, as well as on polycrystalline films of the material. The authors additionally showed light
induced patterning of a single crystal, in which there where specific domains associated to the

polymer and the monomer.

1.5 Crystals active in the optical region

The design of single or multi-component crystals that exhibit unique optical properties such as
photo-chromism,%1% js important in a variety of engineering and material science fields.
Crystalline materials have been used as organic light emitting diodes (OLEDs),'° waveguides,'!!

components for non-linear optics,'!2 and as dichroic,!*® or pleochroic,'* materials.
1.5.1 Dichroic materials

Dichroic materials exhibit differing absorbances of plane-polarized light dependent on the
orientation of the light source to the sample.!'® Dichroism of a material is directly related to the
crystallographic structure, i.e. the arrangement of molecules in the crystalline solid state. For
instance, in a crystal structure that consists of molecular chromophores organized with their
distinct transition dipole moments aligned in a parallel, linear fashion, to the transition dipole

18



(whose magnitude is related to molecular dimension, where the longest molecular axis roughly
approximates the direction of the largest transition dipole moment).!18117 Their dipole moments
would appear in a single plane, increasing the dependence of light-matter interactions such as
transmission and/or absorbance, depending on the polarization orientation of the light source. On
the other hand, if such chromophores are packed in a fashion in which the transition dipole
moments of neighbouring molecules are not aligned, the dependence that the absorbance or

transmission has on the polarization orientation of light is greatly reduced.
F F
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trans-4,4'-diiodoperfluoroazobenzene trans-4,4'-dibromoperfluoroazobenzene

Scheme 1.3. Fluorinated azobenzene chromophores of trans-iodo-Fazo (left) and trans-

bromo-Fazo (right).

Bushuyev et al. have demonstrated a strategy to induce and tune dichroism of molecular
solids through halogen bond-driven co-crystal formation.® In particular, the strategy presented by
Bushuyev and co-workers rests on the use of linear ditopic halogen bond donors and acceptors that
are anticipated to self-assemble into parallel halogen-bonded supramolecular chains of alternating
XB donor and acceptor molecules. This simple approach provides a means to, at least in two

dimensions, ensure a linear, parallel arrangement of chromophores in a crystalline solid.
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Specifically, as halogen bond donors were investigated two separate chromophores; trans-4,4'-
diiodo- and 4,4’-dibromoperfluoroazobenzene (trans-iodo-Fazo, trans-bromo-Fazo, Scheme 1.3).
Despite similarities in their molecular structures, the two compounds exhibited remarkably
different dichroic properties as pure crystalline solids. Specifically, while trans-bromo-Fazo
derivatives would undergo a noticeable change in transmission colour upon variation of the
orientation of polarized light, trans-iodo-Fazo exhibited little change upon variation of polarized
light orientation. The reason for the difference in observed dichroic properties was explained
through differences in the crystallographic arrangement of the molecules for the two compounds.
Trans-bromo-Fazo was found to assemble in the solid state in a linear fashion, aligning the
molecules on a similar plane. In contrast, trans-iodo-Fazo molecules would arrange in a
herringbone-type crystal structure. However, upon co-crystallization of trans-iodo-Fazo with
various linear ditopic halogen bond acceptors, the dichroic behaviour was greatly enhanced
(Figure 1.8a), due to an all-parallel orientation of the chromophores related to the formation of
halogen-bonded chains with the coformer. This crystal engineering concept for the design of
dichroic solids was revisited through combining trans-iodo-Fazo with halogen bond acceptor
dicyanoaurate(l) ion in a four-component co-crystal salt solvate, containing the azobenzene,
KAU(CN)2, and in the presence of crown ether (15-crown-5).1*2 The linear ditopic halogen bond

acceptor forms anionic chains with trans-iodo-Fazo, leading to a highly dichroic material.

Coordination bonds have also been used as a crystal engineering tool to enhance dichroism
of a chromophore that exhibited poor dichroism as a single component crystal. For example, 4-
phylazopyridine acts as a Lewis base and coordinates orthogonally to the electron-deficient boron
atom in tris(pentafluorophenyl)borane.!8 Together, they self-assemble into molecular helices with

the chromophores aligned linear and parallel, leading to a strongly dichroic crystalline material.
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Vainauskas et al. have shown that the co-crystallization of multiple chromophores can be
developed into a rational design of pleochroic materials: solids that will switch between different
transmitted colours depending on their orientation with respect to plane-polarized light (Figure
1.8b).14 The design presented by Vainauskas and co-workers relied on the use of halogen bonding
to combine in the solid state two different types of chromophores, trans-iodo-Fazo (red dye) acting
as a halogen bond donor, and an aromatic compound azulene (blue dye) acting as halogen bond
acceptor. The two chromophores will co-crystalize into one of two supramolecular motifs: a
ladder-like motif in a 2:1 azobenzene:azulene stoichiometry, and a second motif containing
discrete (azulene).(azobenzene). moieties and an additional azulene molecule sitting between two
moieties. In the ladder-like motif the azobenzene molecules, as well as the azulene molecules, are
aligned parallel to each other along the major transition dipole moment. However, the major
transition dipole moment of the azulene is perpendicular to that of the azobenzene. Therefore,
when varying the polarization of the light, the crystal will change colours from red to blue. While
the second structure also exhibits pleochroic behaviour, it is not as pronounced as the ladder-like
motif. This could be due to the slight offset of the chromophores, making them less parallel than

those seen in the first structure.
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Figure 1.8. Optically responsive crystals and co-crystals. a) Example of crystal engineering to
induce dichroism by taking two components that are weakly dichroic and forming a strongly
dichroic co-crystal, and how those crystals pack (reproduced from reference 82). b) Two sets of
pleochroic crystals that appear as different colours under varying polarization and their respective
crystal packing (reproduced from reference 1!4). c¢) Optical images of the diarylethene crystals
before and after their photo-induced ring closing/opening reaction and their respective crystal

structures (reproduced from reference 1°).
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1a: Ry = Et, R, = Ph 1b: R4 = Et, R, = Ph
2a: Ry = Me, R, = Me 2b: Ry = Me, R, = Me

Scheme 1.4. Molecular structures of diarylethenes (reproduced from reference 19).

As previously stated, one or more types of chromophores can be incorporated within a
crystal to develop dichroic or pleochroic materials, respectively, but the birefringence of a
crystalline material can be altered by isomerizing a photo-switch itself. Morinoto et al. have
demonstrated the ability to alter the transmittance and polarizability anisotropy of diarylethylenes
single crystals (Scheme 1.4) by isomerizing them with UV or visible light (Figure 1.8c).!*° The
authors found that the intensity of transmitted light through the crystals can be either increased or

decreased depending on the ring opening/ring closing of the diarylethene.
1.5.2 Luminescent crystals

Organic crystalline materials are highly attractive when developing flexible organic
optoelectronics,'?® due to their periodic structures, anisotropic photophysical properties, and
intense luminescence.'?! Recent studies have characterized flexible crystalline materials that,
rather than cracking under stress, will bend away from the stress through either reversible

(elastic),11122123 or jrreversible (plastic) deformation.’?* Such crystals can function as
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waveguides'?® — active via transmission of fluorescence, or passive via transmission of unaltered

input light, 1% optical transducing media, thermal sensers,'?” and lasing media.?®
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Organic Cocrystal Polymorphs
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Figure 1.9. Polymorphs of organic co-crystals exhibiting differing crystalline habits and
different luminescence properties based on a variety of interactions directing the
crystallographic arrangement. Polymorph 1 (top) molecules are arranged through m-stacking
leading to sheet-like crystalline habit, with yellow polarization dependent luminescent properties.
Polymorph 2 (bottom) molecules are arranged through C-H- -7 interactions leading to needle-like

crystalline habit, with green luminescent properties (reproduced from reference 129).
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Co-crystallization can also be used as a crystal engineering tool to develop either passive
or active waveguides, for instance by combing desired physical properties such as high elasticity,
with luminescence properties, allowing for their use as active waveguides. As an example, Du et
al. have described two differing optical waveguides composed of the same crystalline components
(organic polymorphs) (Figure 1.9).12° Polymorphs have been shown to exhibit differing emission
properties,*® and in the study of Du et al. one of the co-crystals (polymorph 1), molecules were
arranged through 7-7 interactions, resulting in a material exhibiting an overall sheet-like crystal
morphology, with yellow-like luminescence properties. In the second polymorph molecules
arranged through CH-m interactions forming a needle-like crystalline habit, with green
luminescence. Both co-crystals showed significant light propagation throughout the crystal, with
light traveling upwards of 5 mm in the second polymorph. Interestingly the two polymorphs’
emission properties exhibited differing amounts of polarization dependence. The first polymorph
emission intensity had no dependence on the polarization, while the second polymorph emission

intensity was strongly dependent on the angle of polarization at the emitting (011) plane.

Ma et al. synthesized various co-crystals of tetra(tert-butyl)perylene and phthalonitrile
isomers for application as tunable waveguides.'® The three co-crystals were isostructural, yet
exhibited remarkably different luminescence properties, with green, orange, and red photo-
luminescence emissions (Figure 1.10a). The authors showed that the crystal growth rate can be
modulated to obtain varying crystalline habits. While slow growth leads to single crystals
appearing in a rod-like crystalline habit, faster growth showed the crystallites will begin branching
off perpendicular to an existing rod. This allows for the co-crystals to act as either 1 or 2

dimensional waveguides.
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Co-crystallization of chromophores with diverse coformers is an excellent and simple way
to tune the emissive properties of a solid (Figure 1.10b).132134 In particular, halogen bonding-
based co-crystallization has been shown as a robust tool to control solid state luminescence
(Figure 1.10c).131% For example, Yan et al. used halogen bonding, as well as other intermolecular
interactions, to modify the solid state optical properties of 1,4-bis(4-cyanostyryl)benzene
chromophores,*** showing that co-crystalization can vary the absorbance, colour, and fluorescence
emission of the chromophore. These optical changes were explained through changes or the
arrangement of the molecules in the crystallographic structure. The authors also recognized that
varying the crystal size, as well as temperature, affected luminescence properties such as
fluorescence lifetime and fluorescence intensity. Additionally, temperature had a direct effect on
the I'“N and Br--N halogen bond distances, rationalizing the effect temperature has on the

emission intensity of the co-crystals.
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Figure 1.10. Using co-crystallization to alter luminescence properties by changing the
packing of emissive molecules. a) Schematic representation of co-crystals used in the study (1),
optical and fluorescent images of single crystals (2—4), and their respective photo-luminescence
spectra with calculated HOMO-LUMO orbitals (5) (reproduced from reference *31). b) Schematic
of co-crystallization of pyrene with either 1,4-TFIB or 1,2-TFIB and their respective excitation
and emission spectra (reproduced from reference ). ¢) Schematic of co-crystallization with 1,4-
TFIB and various emissive molecules, undergoing a variety of intermolecular interactions (left),
CIE colour coordinates of the differing co-crystals and the single crystal aromatic components

(mid), as well fluorescent microscopy images of the co-crystals (top) and the single crystal



Halogen bonding to m-systems has also been shown to modulate the luminescence
properties of a solid state chromophore. For example, d’ Agostino et al. have showed the ability to
alter the photo-luminescence of either diphenylacetylene (DPA) or trans-stilbene (TS) by varying
the stoichiometric composition of two C-I--n halogen-bonded co-crystal systems (Figure
1.11a).3" Using DPA or TS as halogen bond acceptors, and 1,4-TFIB as the halogen bond donor,
the authors developed 4 novel co-crystals: stiochomers (DPA)(1,4-TFIB), (DPA)(1,4-TFIB). and
stiochomers (TS)(1,4-TFIB), (TS)(1,4-TFIB).. Both chromophores DPA and TS showed intense
fluorescence emission at 358 nm and 366 nm respectively, however both sets of co-crystals altered
the emission properties of the solid. While the DPA co-crystal (DPA)(1,4-TFIB) showed a weak
fluorescence emission accompanied with a weak yet clear phosphorescence signal, its stoichomer
(DPA)(1,4-TFIB)2 completely suppresses the fluorescence signal while retaining the red-shifted
phosphorescence signal. The changes in emission properties of the second co-crystal were either
due to the higher coformer stoichiometry, or to the different packing of the DPA molecules. The
second system ((TS)(1,4-TFIB) and (TS)(1,4-TFIB),) was similar to the DPA co-crystals, with
even greater promotion of phosphorescence, but an overall weaker signal. Both systems showed
the role that the stoichiometry of a coformer can play in the tuning of emission properties of a

system via quenching fluorescence and promoting phosphorescence.
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Figure 1.11. Luminescence properties of co-crystals formed through halogen-bonding to -
systems. a) lllustration of the arrangement of molecules in crystal structures of co-crystals formed
from tolane XB acceptor and 1,4-TFIB as the XB donor, with stoichiometric compositions of (1)
(DPA)(1,4-TFIB) and (2) (DPA)(1,4-TFIB)2, luminescence images of the (3) (DPA)(1,4-TFIB)
and (4) (DPA)(1,4-TFIB). co-crystals and (5) their respective normalized emission profiles
((DPA)(1,4-TFIB) co-crystal blue trace, (DPA)(1,4-TFIB)2 co-crystal red trace) (reproduced from
reference *7). b) C-I--n halogen bonding of 1,4-TFIB with phenanthrene and naphthalene (left)
and their respective emissive properties (blue trace; starting material (naphthalene top and
phenanthrene bottom), green trace naphthalene:1,4-TFIB co-crystal and orange trace

phenanthrene:1,4-TFIB co-crystal) (reproduced from reference 1%).
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There have been other examples of using C-I'-m halogen bonding to alter emission
properties of molecules, which were achieved by co-crystallization of 1,4-TFIB with either
biphenyl, naphthalene (Nap), or phenanthrene (Phen) (Figure 1.11b).1% These polyaromatic
hydrocarbons (PAHSs) typically have strong luminescence structural units, however the emission
tends to be blue or green as it is most commonly fluorescent. Phosphorescence for PAHSs is difficult
to observe due to transition between singlet to triplet states being spin forbidden. While co-
crystallization of 1,4-TFIB with biphenyl showed no emission properties due to the biphenyl
existing in a nonplanar form in the crystal structure, the other two co-crystals (Nap-1.4-TFIB) and
(Phen-1,4-TFIB) exhibited strong green and red phosphorescence. The 1,4-TFIB affects the
emission properties of the solid in multiple ways. For instance, it allows for transitions from the
normally forbidden singlet to triplet states due to the strong spin-orbital coupling of the heavy
iodine atom, as well as diluting the concentration of Nap or Phen in the crystalline solid, which

prevents self-quenching.
1.6 Photo-mechanical crystals

Crystalline solids that change shape by hopping, twisting, bending, shattering, growing, or
shrinking upon external stimuli such as heat, pH, or light are considered mechanical crystals.*%
Such dynamic crystals can be used in a variety of applications, including molecular machines,4°
artificial muscles,**! and electric fuses.’*? Using a molecular photo-switch that will undergo a
change of conformation upon photo-irradiation is a common tool to develop such dynamic crystals,
as a small change on the molecular level can produce a profound effect on larger length scales
from pm to cm, due to the cumulative strain produced through the cooperative action of the

molecules found in the ordered crystals. Additionally, the use of light rather than other external
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stimuli allows for remote and directional operation without the need for physical contact with the

actuator.

1.6.1 Photo-mechanical actuation of organic photo-switches
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Figure 1.12. Crystals and molecular structures of two ring closing photo-isomerizations. a)
Molecular structure and crystal of 1,2-bis(2-ethyl-5-phenyl-3-thienyl)perfluorocyclopentene
before and after photo-isomerization. b) Molecular structure and crystal of 1,2-bis(5-methyl-2-
phenyl-4-thiazolyl)perfluorocyclopentene before and after photo-isomerization. (reproduced from

reference 143).
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Various photo-switches have been used in developing photo-mechanical crystals that can
perform a variety of tasks, depending on the photo-switch, its crystallographic packing and
crystalline habit. Such photo-responsive crystals can reversibly or irreversibly photo-mechanically
change, relaxing to the initial configuration thermally, photochemically, or with other external
stimuli. Using diarylethene chromophores as a photo-switch, Kobatake et al. developed a
reversible photo-switch in  which the single crystal of 1,2-bis(2-ethyl-5-phenyl-3-
thienyl)perfluorocyclopentene crystalline habit will change from a square shape to a lozenge-like
shape upon irradiation with UV-light (Figure 1.12).24 The process occurs through ring closure of
the diarylethene compound, resulting in a change of crystal shape, accompanied with an optical
colour change. The resultant crystal will revert to the square shape upon irradiation with visible
blue light. The authors further expanded their study by using a second diarylethene molecule; 1,2-
bis(5-methyl-2-phenyl-4-thiazolyl)perfluoro-cyclopentene. The molecules crystalize to produce
solids with two differing crystalline habits, one of which was rod-like and showed the ability to
undergo reversible photo-mechanical bending upon exposure to UV and visible light, while the 2"
was plate-like and had similar photo-responsive behaviour as the 1,2-bis(2-ethyl-5-phenyl-3-
thienyl)perfluorocyclopentene crystal. The rod-like crystal converted light to mechanical work by

moving a gold micro-particle that was 90 times its weight.
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Figure 1.13. Photo-actuation of functional anthracenes. a) Schematic of the isomerization of
cis-DMAAM to trans-DMAAM. b) Optical microscopy images of DMAAM nanowires before
(top) and after (bottom) photo-irradiation under linear (left) and cross polarized light (right) (a-b
are reproduced from reference #4), c) DVAAM nano-wires before (top) and after (mid, bottom)
irradiation, shown to undergo photo-induced crawling, linear (left) and cross (right) polarized
microscopy represent the first 4 panels SEM images the bottom two (reproduced from reference
145, d) cis-DMAAM single crystals undergoing a photo-induced peeling effect upon photo-
irradiation, (left) schematic of the reaction occurring and crystalline packing, (right) the optical
images of the crystal undergoing a peeling effect at different irradiation times (reproduced from

reference 14°).

Similar to azobenzenes, stilbenes can also undergo a photo-induced isomerization from the
more stable trans- into the metastable cis-isomer, providing potential to function as light-powered
molecular-level actuators. However, unlike azobenzenes, stilbenes have been shown to undergo
either [2+2] or [4+4] dimerizations, depending on the solid state crystalline arrangement of
molecules. In that context, crystal engineering is essential in designing photo-actuators when using

stilbenes. For example, Tong et al. used a stilbene anthracene derivative cis/trans-dimethyl-2(3-
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(anthracene-9-yl)allylidene)malonate (cis/trans-DMAAM), which has been shown to undergo
large changes in crystal shape upon photo-induced isomerization of crystalline nanowires (Figures
1.13a,b).1* The authors showed that nanowires of either the cis or the trans isomer will undergo
a photo-induced coiling upon exposure to a pulse of visible light with wavelength in the range of
450 nm to 550 nm. Interestingly, the shape of the crystal continued to change after the irradiation
source was removed. It was determined that the nanowires collapse into a coil, due to the mixture
of the trans and cis isomers. However, it was later shown that if cis-DMAAM was grown from
aqueous surfactant solutions, the micrometer sized crystals had a different effect upon irradiation,
as compared to the nanowires (Figure 1.13d).1%® Rather than coiling, a fraction of the crystal peels
from the existing block. It was determined that light converts a fraction of the molecules on the
surface of the crystal from the cis isomer to the trans isomer (trans-DMAAM), as the concentration
of trans-DMAAM increases as a photo-stationary state is reached containing a mixture of cis and
trans isomers. The mixture of isomers causes no periodic order and this amorphous phase will then
separate from the remaining cis-DMAAM crystalline block. It was suggested that the separation
was due to loss of order, or possibly solvent penetration. Similar to DMAAM crystalline
nanowires, DVAAM ((E,Z)-2-(3-(anthracene-9-yl)allylidene)malononitrile) nanowires undergo a
unique photo-induced curling upon photo-irradiation (Figure 1.13d).1*° Tong et al. showed that
these anthracene derivatives will undergo deformations that mimic the motion of biological
flagella, allowing the crystals to ‘swim’ through water. The motion is centered around the
reversible E—Z, which oscillates back and forth as irradiation continues, moving the crystals

through water.
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Figure 1.14. Azobenzene crystals and co-crystals that will bend and crawl. a) A single crystal
of an azobenzene molecule undergoing a photo-induced change to the crystal that will result in the
single crystal crawling away from the light irradiation (reproduced from reference 4’). b) o-
fluorinated azobenzene crystals that will undergo a cis to trans isomerization resulting in photo-
mechanical bending of the crystal (reproduced from reference 148). c) Crystallographic packing of
trans or cis o-fluorinated azobenzene co-crystals, shown as linear and zig-zig halogen-bonded
chains. d) A single crystal of a cis-azobenzene co-crystal before and after photo-irradiation,
showing significant photo-mechanical bending as it isomerizes to the trans co-crystal (top),
precession images of the cis co-crystal before and after irradiation and trans co-crystal shown as a

reference (images c) and d) are reproduced from reference %').

Azobenzene molecules have been used to form multiple different crystalline actuators.
These actuators can either be reversible through trans—cis isomerization, followed by thermal
relaxation or photo-induced isomerization, from cis—trans, or irreversibly, in which the crystal

will not revert back to its starting crystalline habit. Bushuyev et al. published an in-depth study on
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how crystalline packing will affect photo-actuation of azobenzene crystals, by using various
commercially available dyes, with differing functional groups.t*® All five crystal systems studied
would undergo various amounts of photo-mechanical bending, through trans—cis isomerization.
The authors suggested that there was a relationship between the crystal packing and the photo-
responsive properties of the crystal, resulting in differences of deflection angle between the
different crystals studied. It was found that the density of the crystal plays a large role in the photo-
mechanical bending, as those with the lowest density had the greatest angle of deflection while
those with the highest density had the lowest angle of deflection. Their findings highlight the

importance that density of the crystal plays into the photo-responsive nature of a crystal.

Fluorinated azobenzenes exhibit enhanced stability of the cis isomers (cis-Fazo),®
enabling their crystallization to form solid state photo-actuators. Cis-Fazo single crystals formed
long thin needles through azo--7 stacking.® When the needles were irradiated with blue (457 nm)
light the molecules within the crystal began to isomerize from cis azo to trans azo, resulting in the
crystal undergoing a large range of motion (Figure 1.14b).1*8 Due to the chemical isomerization
going from the meta-stable cis isomer to the more stable trans isomer this process is irreversible,
and the resultant crystal remains curved after irradiation. Interestingly, the crystals of the trans
isomer exhibited no photo-mechanical response. Due to the azobenzenes containing either iodine
or bromine in the para-position of the benzene rings, these molecules can act as halogen bond
donors. Bushuyev et al. used the molecules as halogen bond donors with multiple different halogen
bond acceptors, to tune the photo-response of the crystals (Figures 1.14c,d). It was found that the
use of different coformers can lead to co-crystal materials of different calculated densities, which
affects both the deflection angle and the laser power required to induce the photo-response. The

co-crystallization exhibited additional effects including stabilizing the thermodynamic properties
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of the crystals, with single crystals of the cis-azobenzenes converting to trans-azobenzene by
heating through a melt and recrystallization, while the co-crystals do not undergo this melt and
instead just isomerize. The authors also monitored the transitions between the cis co-crystals and
the trans co-crystals in situ by single crystal X-ray diffraction, with experiments performed at
room temperature and at 200 K. The room temperature experiments showed new crystallographic
reflections assigned as the trans co-crystal, while the low temperature experiments showed the
complete disappearance of reflections, suggesting that the single-crystal-to-single-crystal

experiment occurs via an amorphous intermediate which will recrystallize into the trans co-crystal.
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Figure 1.15. Photo-induced rolling of a highly strained azobenzene crystal. a) Schematic of

(bending light) (straightening light)

an azobenzene functionalized molecule, a demonstration of a single crystal of the copper complex
rolling upon photo-irradiation and the rotational speed dependence on irradiance. b) Example of
visible light that induces either bending of the single crystal (trans to cis) or straightening of the
single crystal (cis to trans) (left), and irradiation by a broad light source inducing rolling of a single

crystal through reversible trans to cis and cis to trans isomerization (a, b reproduced from

reference 1),

Photo-induced changes of shape for an azobenzene-based crystal do not necessarily involve
bending, as shown by the report of Uchida et al. which describes a crystalline material that will
retract away from the area of UV light irradiation and grow towards the area of visible irradiation

(Figure 1.14a).}*” The resultant photo-induced motion leads to translational crawling of the
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crystal. This motion is induced by rapid isomerization from trans—cis by the UV light, and
cis—trans by the visible light. Such crawling crystals can be used as remote-controlled
micrometre-sized vehicles. Similarly, continuous motion of azobenzene single crystals upon light
irradiation has been shown in a Cu(l)-isocyanoazobenzene complex (Figure 1.15).1 This
multicomponent crystal packs in the solid state with a highly twisted azobenzene ligand forming
a coordination bond to the copper atom. When the single crystal is irradiated under white light, the
crystal will continuously roll, which was associated to ongoing trans—cis and cis—trans
isomerization processes. Rolling was found to be a consequence of continuous bending and
straightening of the crystal: blue light of wavelength in the range 450-530 nm was found to induce
crystal bending due to trans—-cis isomerization, while light with wavelength in the 560-580 nm

range was found to result in cis—trans isomerization and straightening of the crystal.
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Scheme 1.5. Example of hydrazone photo-isomerization and stability (reproduced from

reference 1%2).

Hydrazone molecular photo-switches have two distinct isomers, a thermodynamically
favorable Z- and a meta-stable E-form. The two isomeric forms can interconvert upon light
irradiation, or the E isomer will thermally convert to the Z. Hydrazone-based molecular photo-
switches are of interest due to the high stability of both these isomers, with the E-isomers of many

hydrazone derivatives exhibiting half-lives longer than 1000 years.'®? Due to such high stability,
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the hydrazone systems have been used as photo-actuators in which photo-induced isomerization
causes the material to bend away from the light irradiation. As the irradiation stops, however, the
bent material will retain its current shape rather then recoiling back.!>® The material can then be
reversed via the back isomerization. Although these molecules have been used in developing solid
state on/off fluorescent probes, 1% when developing photo-actuators, the molecules have been
limited to polymeric and liquid crystalline materials. This allows for a unique opportunity for

future crystal engineers to develop photo-actuators based on crystalline materials.
1.6.2 Photo-salient crystals

In addition to the photo-mechanical crystals that have been highlighted already, where the
molecules can bend, twist, crawl, etc., other dynamic crystals can undergo a substantial size change
either growing or shrinking upon light, and potentially even jumping. Similar to thermo-salient
crystals that gain or lose size upon heating resulting in jumping,*® these photo-salient crystals will
undergo a size change or jumping effect either reversible or irreversible, through either a
polymorphic transition, isomerizations, or chemical bond formation. A photo-salient effect is
considered a photo-mechanical phenomenon in which stress is developed in response to a
mechanical force created inside a crystal due to changes of the structure as a result of

photochemical reaction or polymorphic switching culminating in a stochastic release of energy.
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Figure 1.16. Example of a photo-salient crystal. a) Differing effects that will occur upon photo-
induced irradiation of the cobalt complex. b) Descriptions of the motion of single crystals upon

photo-irradiation (reproduced from reference 7).

Naumov et al. proposed that molecular single crystals could be used to mimic some
motions in biological systems such as tissues, or organs.®" Specifically, this work focused on
single crystals of the monomeric coordination complex [Co(NHz3)s(NO2)]CI(NO3) that were found
to jump up to 102-10° times their own length upon irradiation by high intensity UV light (Figure
1.16). These cobalt complexes have been shown to undergo intramolecular linkage isomerization,
which causes strain and stress at the area of irradiation which causes cracking and breakage of the
crystal. The authors here discovered a second crystalline habit which, rather than cracking or
breaking, would undergo hopping suddenly in a random manner in random directions. Therefore,

the authors found that a small extent of a macroscopic photochemical reaction can cause
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centimetre-scale changes in the form of mechanical motion. In another report by Seki et al., a
gold(l) isocyanide complex was found to undergo a photo-induced polymorphic transition upon
irradiation with a high-powered UV light source.®®!%® The polymorphic change is accompanied
with a shortening of the Au---Au bond distance, and change of the emission profile of the solid.
Interestingly also the crystals will exhibit a salient effect due to changes in the unit cell, causing

the crystal to jump when irradiated.

The photo-salient effect has additionally been found to be triggered by [2+2]
cycloadditions.'®® The packing of several coordination metal complexes are such that the distance
between olefins are within 4.2 A, allowing for the possibility to form a photo-induced [2+2]
dimerization. Interestingly, the formation of the new bonds alters the packing of the molecules and
therefore puts enough strain on the crystalline habit to cause a salient effect. The authors reported
that even when using low powered light the crystals would pop “violently”. The crystals exhibited
3 different kinematic effects, shown to be dependent on the crystal size. While larger crystals
would roll, medium samples would break at a point of the crystal causing the intact part to be
propelled away, and small crystals would explode into smaller pieces, showing that careful control
over crystal shape and size is important in the design of photo-actuating systems. This work was
expanded by Medishetty et al. highlighting that salient effects are more common for [2+2]
cycloadditions than originally realized.*®® The authors used nine differing photo-reactive gold
complexes, of which six of the nine exhibit a photo-salient response whether it was hopping,
popping, or leaping. The authors concluded that the photo-salient nature of the crystals relied
heavily on the crystal packing of the system. Therefore crystal engineering contributes a large role

in the photo-actuation properties of these systems.

42



1.7 Conclusions and future outlook

Throughout this Introduction section many recent advances have been highlighted in the
development of photo-responsive molecular solids, with the aim to illustrate how concepts of
crystal engineering and solid state supramolecular chemistry can be used to alter the optical or
photo-responsive properties of crystalline solids. Among these examples, particular attention has
been given to systems based on halogen bonding, which enabled the assembly of molecular
building blocks to generate and enhance solid state properties, such as dichroism, luminescence
properties, photo-actuation, and ability to undergo topochemical solid state [2+2] photo-

cycloadditions.

While this review has covered a wide range of different types of photo-responsive
behaviour, there are still areas of the field that continue to grow, either by studying new photo-
switches and their specific photo-response such as hydrazones, or by finding completely new types
of photo-responsive behaviour by clever design of the crystalline structure. The subsequent Thesis
Chapters will focus on the latter approach, and will detail the design of a series of co-crystals
focused around a previously reported ortho-substituted fluorinated azobenzenes which are co-
crystalized with a variety of volatile coformers. The crystallization of a light responsive dye and a
volatile component allows for micrometer precision cutting of the material using low-powered
visible light. This is a similar process to traditional light-induced chemical surface etching known
as photo-lithography, which has been applied to polymeric resins,*! hyperbolic metamaterials,®2
nanostructures,'®® photonic crystals'®* and co-crystal thin films,'®® yet these traditional methods
require significantly higher energy and higher power than what we employed to our organic co-

crystals. The development of such photo-carvable co-crystals is an advance in both photo-
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responsive materials and crystal engineering, introducing molecular organic solids as a new class

of materials that can be precision machined.

The research described in this Thesis begins with Chapter 2, outlining the discovery of
photo-carvable co-crystals, highlighting the mechanism of decomposition occurring, and
discussing ways of tuning the properties by selecting appropriate coformers. This research is
further advanced in Chapter 3, where the photo-responsive trans azo dye is replaced with its meta-
stable cis isomer, and the resultant co-crystals are shown to undergo three different photo-
responses: photo-chromic, photo-mechanical, and photo-carving. These responses were found to
be selectively light intensity driven, and additionally theoretical studies were performed to analyze
the stability of the co-crystals covered in Chapters 2 and 3. Chapter 4, continues the research of
photo-carvable co-crystals, in which we study the effect that replacing the volatile component with
a blue absorbing dye will have on the system. The new co-crystals were found to undergo two
separate photo-responses dependent on the wavelength of the excitation laser. Finally Chapter 5
introduces new photochemistry occurring in solid state hypohalites, in which the resultant photo-
product is a direct result of the crystallographic arrangements of hypohalite ions in the solid state.
A discussion of all the findings is provided in Chapter 6, with conclusions, and a summary of how
overall this thesis highlights the power of crystal-engineering, and the effects that crystallographic
arrangements of dye and volatile conformer molecules have on a variety of photo-responses of

these materials in the solid state.
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Rationale for Chapter 2

As emphasized in Section 1.7, the study of photo-responsive crystals is continuously growing,
with a strong emphasis on developing materials with new types of photo-responsive behaviour by
design of the crystalline structure. The following Chapter takes a crystal engineering approach to
develop a crystalline solid which exhibits a new photo-response unique to this material, through
the combination of a volatile co-crystal former (coformer) and a light absorbing dye. This Chapter
focuses on a new form of photo-response called ‘Cold Photo-Carving’ (CPC) analogous to laser
beam machining (LBM) used to cut, shape, and engrave materials, yet performed at room
temperature via a photo- and not a thermal process. We highlight two novel co-crystals which
undergo the process of CPC upon irradiation with low-power visible light, and additionally we
discuss the mechanism of this controlled photo-decomposition of the co-crystals in the following

Chapter.

Chapter 2 was reproduced with permission from Nature springer publishing group.

Citation: Borchers, T. H., Topié¢, F., Christopherson, J.-C., Bushuyev, O. S., Vainauskas, J., Titi,

vwe

a volatile co-former using visible light. Nature Chemistry 14, 574-581 (2022).
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Cold Photo-Carving of Dye-Volatile Halogen-Bonded Co-Crystals

Using Low-Power Visible Light

T. H. Borchers, F. Topié, J.-C. Christopherson, O. S. Bushuyev, J. Vainauskas, H. M. Titi, T.
Frisci¢,* and C. J. Barrett*

Department of Chemistry, McGill University, Montreal, QC, Canada

2.1 Abstract

The formation of multi-component crystals (co-crystals) by the assembly of molecules with
complementary molecular recognition functionalities is a popular strategy to improve and design
a range of solid state properties, from pharmaceuticals, photo- or thermo-responsive materials, to
organic electronics. Here, we report halogen-bonded co-crystals of a fluorinated azobenzene with
a volatile component dioxane or pyrazine, that can be cut, carved, or engraved with low-powered
visible light. This cold photo-carving (CPC) process is enabled by co-crystallization of a light-
absorbing azo dye with a volatile component, giving rise to materials that can be selectively
disassembled with micrometer precision using low-power, non-burning free-laser irradiation, or a
commercial confocal microscope The ability to shape and even machine co-crystals in 3D using
laser powers between 0.5-20 mW, several orders of magnitude lower compared to those used for
machining metals, ceramics or polymers, is rationalized by CPC targeting the disruption of weak
supramolecular interactions, rather than covalent bonds or ionic structures targeted by

conventional laser beam or focused ion beam machining processes.
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2.2 Introduction

The formation of multi-component crystals (co-crystals) by the assembly of molecular building
blocks with complementary molecular recognition functionalities is a well-developed strategy for
improving solid state physicochemical properties of molecular solids*= such as pharmaceuticals*
and photo- or thermo-responsive materials,>~" as well as for tuning optical®® or conducting
properties of organic materials,'° and stabilizing volatile compounds.'! Halogen bonding*?*® has
been used as a design element to generate dynamic co-crystals'* with potential applications in
stabilization or separation®® of volatile molecules, as a tool for constructing amphidynamic*®t’ and

liquid crystals,*® for templating solid state reactions,'® and other uses in materials chemistry.2%:2!

Stimuli-responsive behaviour of molecular crystals has recently attracted great interest,?
and in particular a wide range of light-matter interactions has been achieved, including chemical
reactions (e.g. isomerization,>>?* dimerization,?®?® or polymerization®”?); photo-mechanical
motion,?22%-31 photochromism, and waveguide behaviour.3*** Additionally, photodimerization
in co-crystals with volatile co-crystal formers (coformers)® provides an ability to purify reaction
product via sublimation.®® While traditional light-induced chemical surface etching
(photolithography) has been applied to polymeric resins,®” hyperbolic metamaterials,®®
nanostructures, photonic crystals*® and co-crystal thin films,* the ability to accurately shape, or
machine, organic crystalline solids using low-powered visible or ultraviolet (UV) light has yet to
be achieved. Materials machining and lithography have been reported using high-energy beam
techniques, such as focused ion beam (FIB) milling,*? electron beam lithography, or femtosecond
laser beam machining.** These methods, however, operate at beam intensities (on the order of

kiloWatts per mm? to gigaWatts per mm?)* that will produce chemical damage to molecular
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organic materials, and are most commonly used for organic polymers and inorganic materials.*>-

48

Here we describe co-crystallization as a route to obtain crystalline organic materials that
can be engraved, cut, and/or punctured without chemical damage, with micrometer-scale precision,
using a laser beam with output powers in the milliwatt range (0.5-20 mW) and a maximum beam
intensity between 200-2500 mW-mm (Supplementary Figure 7), i.e. orders of magnitude lower
in comparison to conventional beam machining techniques, such as femtosecond laser beam
machining (=10%-10° W-mm).* The herein reported co-crystals are based on a photo-responsive
building block (trans-4,4’-diiodooctafluoroazobenzene, trans-azo, Figure 1a) combined with
dioxane or pyrazine (Figure 1a) as a loosely-bound halogen bond acceptor, and their susceptibility
to machining using a low-energy laser beam represents a property emergent from co-crystal
formation. Light exposure is thought to induce a localized evaporation event of the volatile
coformer due to the photochromic behaviour of the azobenzene. The resulting azobenzene
molecules recrystallize near the edge of the irradiation area. This work demonstrates gentle room-
temperature photo-machining of a molecular crystal with micrometer precision, and introduces a
technique for laser micro-shaping of co-crystals, analogous to laser beam machining yet using
energies far below the threshold of chemical damage, as a methodology to shape organic crystals.
As irradiation of azobenzenes in the solid state is expected to lead to only minor increases in

temperature®®, we term this process cold photo-carving (CPC).

62



; b

a . F F
I {
/ F F F : m """ T ) 532 nm
A M o i
0 7\ d )i _ 0
=7 NN ) "y

(trans-azo)(dioxane) trans-azo-Il trans-azo-|

dioxane pyrazine

c Q g Q
dioxane (g) S

recrystallized
trans-azo-l

Figure 2.1. lllustration of cold photo-carving (CPC) of a halogen-bonded co-crystal. a)
Molecular structures of trans-azo, (1,4)-dioxane, and pyrazine. b) Illustration of the herein
observed co-crystal dissociation process underlying cold photo-carving of (trans-azo)(dioxane)
(Atom labels: F, green; O, red; N, blue; I, purple). c) lllustration of the photo-carving and/or
engraving of (trans-azo)(dioxane) co-crystal using a confocal microscope system, highlighting the
proposed explanation of the room-temperature photo-carving process based on the loss of the
volatile component dioxane, and recrystallization of remaining azo-dye as trans-azo Il near the
surface of irradiation. d) Fragment of the crystal structure of (trans-azo)(dioxane) co-crystal,
viewed along the crystallographic [010] direction. e-f) Examples of detailed cold photo-carving of
the surface of a (trans-azo)(dioxane) co-crystal using low-powered 532 nm light, illustrating the
creation of holes, as well as surface engraving of circles (1 mW power and 1 s irradiation was used

for engraving circles, 2 mW power and 1 s irradiation was used for making holes).
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2.3 Results and discussion

2.3.1 Laser cold photo-carving of the (trans-azo)(dioxane) co-crystals

The co-crystal (trans-azo)(dioxane) was synthesized as a part of our research program towards
controlling the optical and photo-mechanical behaviour of crystalline molecular solids based on
azobenzene (azo) dyes, which can photo-isomerize between trans and cis geometries reversibly
with low-power visible light.5%23% Single crystal X-ray diffraction analysis revealed that the
crystal structure of (trans-azo)(dioxane) is based on zig-zag chains held by I---O halogen bonds
occupying the equatorial positions of the oxygen atoms (d(I---O) = 2.981(3) A, Rxs = 0.852)
(Figure 1b).5*2 Single crystals of (trans-azo)(dioxane) exhibit strong dichroism under plane-
polarized light, changing from dark red to almost completely colourless, reflecting the parallel

alignment of azo-chromophores in the structure (Supplementary Figure 2.8).°

Unexpectedly, irradiating the largest (010) face (Figure 2.1c) of the thin, lath-shaped
crystals of (trans-azo)(dioxane) (thickness ~5-100 um) using a low-power diode green laser (532
nm wavelength, 2-20 mW power with a variable beam width of ~100-500 pm and thus a
corresponding beam intensity between 200-2500 mW-mm™, see Methods, Supplementary
Figure 2.7) resulted in cutting and the appearance of visible holes or slits at the spot of irradiation
(Supplementary Figure 2.9 and 2.10). Cutting was readily observed even for much thicker
crystal samples (ca. 250 um, Supplementary Figure 2.11), at a comparable laser power (15 mW),
and was not observed to depend on the face being directly cut. This laser machining behaviour
contrasts with previous reports on crystalline azobenzenes which, if photoactive, exhibit either
reversible or irreversible bending upon exposure to UV or visible light.5233353 In order to gain

further insight into the observed light-induced machining, we turned to spectroscopic observation
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using confocal Raman microscopy.®* Due to the larger numerical aperture (reducing the beam
width to 5-50 um), the confocal Raman microscope setup enabled the machining of (trans-
azo)(dioxane) crystals at even lower power levels, down to 0.5 mW, and with fine computer spatial
control that permitted improved (micrometer-scale) engraving precision (Figure 2.1e). By
combining an optical microscope and a Raman spectrometer, this technique also allowed the real-
time visualization and spectroscopic monitoring of molecular and physical changes during crystal
machining, with a spatial resolution below 1 um, and using a laser probe with either a 532 nm or
785 nm wavelength. Focusing the analysis on the spectral region above 150 cm™?, associated with
intramolecular vibrations, it was further possible to distinguish between the pure trans-azo and the

corresponding co-crystals.

Analysis by confocal Raman microscopy showed that the irradiation of (trans-
azo)(dioxane) using near-infrared (NIR) laser light (785 nm) resulted in no visual changes to the
material, even at the maximum power setting (70 mW), contrasting the machining effect observed
with low-power green (532 nm) light. To confirm this observation, we collected consecutive
Raman spectra for 150 seconds using either the 785 nm NIR laser at the 25 mW power setting, or
the 532 nm green laser at the power setting of 5 mW (Figure 2.2a, b, and c). Irradiation at 785
nm did not lead to any noticeable changes to the spectra, whereas spectral peaks acquired using
532 nm radiation were found to diminish over time, consistent with the creation of a hole
coincident with the irradiation. Specifically, the normalized intensity of the v(N=N) Raman band
was constant upon irradiation of the crystal with 785 nm light, but rapidly decayed upon exposure
to 532 nm light. The band intensity plateaued after 60 seconds, with the residual signal assigned
to scattering from the edges of the beam profile (Figure 2.2c). No new Raman signals appeared

during or after the disappearance of the v(N=N) band, indicating the absence of new chemical
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species or chemical degradation. The sensitivity of (trans-azo)(dioxane) to irradiation at 532 nm,
but not to 785 nm, is consistent with the absorption behaviour of trans-azo, which exhibits a n—u*
transition absorption maximum centered at 460 nm (Supplementary Figure 2.1). Similar
experiments were visualized using a laboratory laser system (Figure 2.2d), where irradiation of a
single crystal with a 633 nm laser at 30 m\W power for a duration of 2 minutes, resulted in no visual
change to the crystal. This was followed by irradiation of the crystal by a 532 nm laser with an

output power of 10 mW over a duration of 2 seconds, resulting in clean cutting of the crystal.

66



a 1o0p b - : : : 200

N W T TN i g s, 140f
09k i \ 18150
", 100¢ 1
0.8 %, ® 80F : 18100
x i 7
3 0.7 x * 532 nm laser 5 mW 60r
o
= i + 785 nm laser 25 mW 40t : ‘ 50
Z 06 * 20¢
545 1000 1200 1400 1600 W/cm''
8 *% Cc 80
2 g ; . ; .
5 ] 140}
©04f s
% 120 60
Eosf 1007
b
c 4 80 40
0.2 i Tt % 60F
" om Tw 1 0
0.1 P P xm:x L x&x:xx::x:x % 20
o 20r i i :
. ‘ ’ . b l 1T | s
50 75 100 125 t/s 150 1000 1200 1400 1600 ¥/cm™

Figure 2.2. Wavelength dependence of the machining of (trans-azo)(dioxane) co-crystal with
visible light. a) Normalized area of the v(N=N) Raman band (1372 cm™) over time, for both 785
nm (red) and 532 nm (green) studies. Contour plots of the change in Raman absorption bands over
time for co-crystal (trans-azo)(dioxane) at different laser wavelengths and power, yet with the
same beam width: b) 785 nm wavelength and 25 mW power, ¢) 532 nm wavelength and 5 mW
power. d) Behaviour of a single crystal of (trans-azo)(dioxane) upon irradiation via two separate
laser systems, with a constant beam width of 150 um (left-to-right): prior to irradiation, during
irradiation with a 633 nm laser at 30 mW for a total duration of 2 mins, the resulting crystal after
633 nm irradiation, during irradiation of the crystal with a 532 nm laser at 10 mW for a total
duration of 2 s which led to photo-carving, the crystal immediately after being cut, and the resulting

crystal following irradiation with a 532 nm laser.
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The crystal machining effect was associated with loss of the volatile dioxane, as evidenced
by Raman spectra obtained using the 785 nm probe before and after exposing a fresh crystal of
(trans-azo)(dioxane) to a 1 mW 532 nm 1 second laser pulse. Spectra acquired before and after
the pulse showed the disappearance of a Raman band at 830 cm™, associated with the v(ring
breathing) vibration of dioxane, assigned with the help of the calculated gas-phase vibrational
spectra of dioxane and trans-azo (Methods, Supplementary Figure 2.12, Supplementary Table
2.2). This suggests the loss of dioxane upon irradiation (Supplementary Figure 2.13). A Raman
spectrum recorded from the edge of a hole previously carved with a 532 nm laser beam also
revealed the absence of the band at 830 cm™, again indicating dioxane loss (Supplementary
Figure 2.14). We investigated the possibility of some of the trans-azo component also transferring
to the gas phase by mass spectrometry (MS) analysis of the headspace over a sample of several
irradiated (trans-azo)(dioxane) crystals, but were not able to detect any signal probably due to the

low quantity of the sample (Supplementary Figure 2.48).

Utilizing the confocal microscope-guided laser beam, a variety of more complex patterns
could be gently inscribed onto single crystals of (trans-azo)(dioxane) (Figure 2.3), either by fully
penetrating through the crystal or by deep engraving of the crystal surface. Examples in Figure 3
demonstrate the precision of such photo-carving on the order of microns (um) and illustrate the
variety of techniques that can be used to create (embossing and outline carving) and view (optical
and fluorescence microscopy) the obtained patterns. Additionally, adjusting the power of the
incident light (15, 10, 5, 2 mW) changed the diameter of the desired hole (17, 16, 14, 12 um
respectively, Figure 2.3d). The inscribed images do not exhibit any significant fading upon

prolonged standing (Supplementary Figure 2.15).
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Figure 2.3. Detailed patterns inscribed onto the surface of a (trans-azo)(dioxane) co-crystal
using either a laboratory laser setup (a—c), or a confocal microscope system (d,f). a) Lines and
holes inscribed into a crystal with low-power 532 nm wavelength laser. b) Illustration of larger
slits machined into a crystal by changing the distance between the crystal and the focal point of
the laser. c) A crystal manually machined in the shape of a staircase. d) A sequence of holes with
decreasing diameters machined into the crystal by changing the power of the laser with a confocal
microscope system (From top to bottom: 15, 10, 5, 2 mW). e) Top: Desired test outlines, Bottom:
(left to right) Achieved outcomes of an embossed letter “M”, shown in transmission mode of an
optical microscope; Microscopy image of a crystal that was cut into the iconic ‘Stanley Cup’
hockey trophy shape, by irradiating a crystal covered with a mask; Embossed image of a peace
sign. f) Image (left) of the Condor of the Nazca desert (Peru, left, Credit: iStock.com/digitalg) and
an analogous, approximately million-fold reduced, image (right) imprinted onto the surface of a

(trans-azo)(dioxane) crystal.
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The micrometer precision of the cold photo-carving process was confirmed via scanning
electron microscopy (SEM), in which cuts and holes can be seen in greater detail. The SEM images
(Figure 2.4a, Supplementary Figures 2.42-2.45) revealed only gentle ( ~ 1 um height) build-up
of material around a hole made by 532 nm irradiation, suggesting the relocation of the non-volatile
trans-azo upon irradiation. Analysis by SEM also revealed micro-sized crystals growing from the
edge of the irradiated hole or cut area, indicating high mobility of molecules that is reminiscent of

the fluidization effect seen in azo-containing polymers.>+>
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Figure 2.4. Comparison of the outcomes of the cold photo-carving process on the co-crystal
(trans-azo)(dioxane) and irradiation of a crystal of trans-azo, based on SEM. a) (left)
Micrometer-sized lines cut into the surface of a (trans-azo)(dioxane) crystal using a 1 mW, 532
nm confocal laser, demonstrating the appearance of crystals along the cut, attributed to trans-azo
polymorph II; (right) a hole of ca. 20 um diameter cut through a (trans-azo)(dioxane) co-crystal
using a 10 mW, 532 nm confocal laser. b) (left) The surface of a trans-azo crystal irradiated with
a 15 mW, 532 nm confocal laser, demonstrating significant disruption of the surface and crystal
cracking and (right) irradiated with a 5 mW, 532 nm confocal beam, again demonstrating
significant disruption of the surface. c) (left) Image of a co-crystal of (trans-azo)(pyrazine) with a
micrometer-sized line and a hole created on the right side of the crystal using a 1.5 mW, 532 nm
confocal laser and (right) a magnified image of the line cut into the crystal, illustrating micrometer-

scale thickness of the cut.
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Single-crystal Raman spectroscopy indicated that the clean machining of thin (trans-
azo)(dioxane) crystals is associated with dioxane loss, which was also supported by powder X-ray
diffraction (PXRD) studies of the bulk microcrystalline powder of the material. PXRD analysis of
a polycrystalline sample of (trans-azo)(dioxane) before and after 2 hours irradiation with dispersed
37 mW LED light of 532 nm wavelength revealed complete disappearance of the X-ray reflections
of the co-crystal, and the appearance of signals not consistent with the reported trans-azo crystal
structure (herein termed trans-azo I, Supplementary Figure 2.16). Specifically, the PXRD pattern
of the irradiated material changed rapidly to reveal another crystalline phase which was
subsequently identified as a polymorph of trans-azo, herein termed trans-azo 11, and was obtained

as diffraction-quality single crystals by rapid recrystallization from diethyl ether.

Thermogravimetric analysis coupled with differential scanning calorimetry (TGA/DSC) of
(trans-azo)(dioxane) revealed a mass loss step taking place between 70 and 90 °C, consistent with
a low temperature barrier for dioxane loss (calculated for dioxane: 13.2, measured: 14.7%). A
small exothermic signal was observed in the DSC trace between 140 and 150 °C, which was
attributed to the polymorphic transition trans-azo Il — trans-azo 1. This is followed by a larger
endothermic signal at 200 °C corresponding to the melting of trans-azo I (Supplementary Figure
2.17). The interpretation of DSC data was validated by variable-temperature PXRD analysis
(Supplementary Figure 2.18). A PXRD pattern collected at 25 °C was an excellent match to the
one simulated for (trans-azo)(dioxane). Upon heating to 115 °C, the pattern showed a mixture of
phases dominated by trans-azo Il which, upon heating to 160 °C, fully converted to trans-azo I.
Investigation by optical hot-stage microscopy reveals that thermally induced loss of dioxane from

a (trans-azo)(dioxane) crystal does not significantly perturb its shape (Supplementary Figure
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2.19). This observation, which is consistent across several explored crystals, is likely to be critical

for the high regularity of co-crystal machining.

To monitor the changes upon photo-carving of (trans-azo)(dioxane) co-crystals in more
detail, the laboratory laser setup was equipped with a high-speed laser beam shutter and a high-
speed camera. A co-crystal was irradiated via a 532 nm laser pulses between 40 and 143 ms in
length, at a constant power output of 10 mW, and with a recording rate of 1000 frames per second
(fps). Crystals showed different response to light depending on the irradiation duration of the
crystal. Even at short irradiation times (40 ms), the crystals were observed to emit a visibly opagque
fog of outgassing (Supplementary Figures 2.20-2.23). At longer irradiation times (143 ms),
larger holes are formed, with more opaque fog emanating from the crystal. The fog was tentatively
assigned to condensation of dioxane expelled from the co-crystal, and we envision its formation
as being analogous of the explosive boiling phenomenon observed in high-energy machining of

organic polymers.*®
2.3.2 Irradiation and attempted photo-carving of pure trans-azo solid

As a control, attempts to machine a single crystal of pure trans-azo I using the confocal microscopy
system revealed no significant changes upon irradiation with the 532 nm laser at low power (<10
mW). Laser power above 15 mW, however, led to a machining effect, but accompanied by crystal
cracking and/or visible displacement of material from the center towards the edge of the irradiated
area (Supplementary Figures 2.24a, 2.25). Confocal Raman spectroscopy surface mapping
revealed height differences of up to 10 pum in the vicinity of the irradiated crystal area, but without
any indication of chemical changes. The Raman signals were identical across all surface features
of the irradiated crystal, with the exception of the laser-induced hole that was readily detected by

the disappearance of Raman bands (Supplementary Figures 2.24b and c). The mapping studies
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indicate that the laser-induced displacement of the material is non-destructive, and analogous to

the light-induced surface fluidization observed in azobenzene-containing polymer films.>>>’

SEM analysis of features made on a crystal of trans-azo | by irradiation with laser power
of 10 mW are consistent with the observations made by Raman spectroscopy and optical
microscopy, revealing only partial penetration of the crystal leading to form a well, rather than a
hole, accompanied by cracking and significant surface distortion. (Figure 2.4b, Supplementary
Figure 2.45). Similar observation was observed by irradiation at 5 mW power where partial hole
formation was observed with significant build-up of material around the irradiation side. Overall,
these observations indicate that the ability to cleanly ‘machine’ (trans-azo)(dioxane) using low-

power visible light is an emergent property of the co-crystal formation.
2.3.3 Laser photo-carving of the (trans-azo)(pyrazine) co-crystals

To investigate a similar system exhibiting photo-carving potential, we designed a second co-crystal
based on trans-azo as a halogen bond donor, with pyrazine (volatile solid) as the halogen bond
acceptor.>® We expected the two pyridine-like nitrogen atoms of pyrazine to be much stronger XB
acceptors than the ether oxygen atoms in dioxane, therefore increasing the overall stability of the
resulting co-crystal. The co-crystal (trans-azo)(pyrazine) consists of anticipated linear chains of
alternating XB donors and acceptors held via I---N interactions (d(l---N) = 2.840(3) A, Rxg =
0.805) (Figure 5a). As expected from such a structure, (trans-azo)(pyrazine) also exhibits strong
dichroism in plane-polarized light, changing the colour from dark red to light yellow depending

on the orientation relative to the plane of polarization (Supplementary Figure 2.26).
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Figure 2.5. lllustration of cold photo-carving of (trans-azo)(pyrazine) co-crystal. a) Halogen-

bonded chains in the crystal structure of (trans-azo)(pyrazine), with halogen bonds shows as dotted
lines (Atom labels: F, green; N, blue, I, purple). b), a crystal of (trans-azo)(pyrazine) before (left)
and after (right) cutting using a 532 nm laser (power = 15 mW). c) Precession X-ray diffraction
image showing the crystallographic Okl plane for the co-crystal in part b) before (left) and after
(right) irradiation, with the data after irradiation being collected as close as possible to the cut
surface. d) Images of cold photo-carving of (trans-azo)(pyrazine) co-crystal using a 40 ms pulse
of the 532 nm laser light obtained by monitoring the process by a high-speed (1000 fps) camera.
e) Packing of molecules in the crystal structure of (trans-azo)(pyrazine), viewed along the [001]
direction, with trans-azo molecules shown in stick and pyrazine molecules in the space-filling

mode.
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A single crystal of (trans-azo)(pyrazine) was readily machined or cut via low-powered
light, while retaining crystallinity (Figure 2.5b,c). To investigate the retention of co-crystal
structure for both (trans-azo)(pyrazine) and (trans-azo)(dioxane) upon machining, a full X-ray
diffraction dataset was collected for a sample of each co-crystal, after which the crystals were cut
in half using a 532 nm 15 mW laser, and the full dataset recorded again for the resulting bottom
half of each crystal (Figure 2.5b,c, Supplementary Figures 2.27 and 2.28). In both cases, the
diffraction data collected on the daughter crystals consisted predominantly of respective co-crystal
phases, demonstrating that cold photo-carving is a localized phenomenon which does not change

the extended structure of the irradiated crystal as a whole.

Analogous to the (trans-azo)(dioxane) co-crystal, Raman microscopy was used to study
the machining of the (trans-azo)(pyrazine) co-crystal. Based on the calculated gas-phase spectra
of trans-azo and pyrazine, we assigned the characteristic Raman band at 1023 cm™ in the spectrum
of the (trans-azo)(pyrazine) co-crystal to a v(ring breathing) vibration of pyrazine
(Supplementary Figure 2.29, Supplementary Table 2.3). Irradiation of the co-crystal with a 532
nm laser at a power of 37 mW led to the disappearance of this characteristic band (Supplementary
Figure 2.30), indicating co-crystal disassembly by loss of pyrazine. Notably, the 1023 cm™* band
was still present in the Raman spectrum recorded from the very edge of the hole created by co-
crystal irradiation, indicating that the loss of pyrazine is restricted to the irradiated site and does
not significantly propagate through the crystal (Supplementary Figure 2.31). Investigation of the
cut and punctured crystal of (trans-azo)(pyrazine) by SEM confirmed the micrometer precision of
the process, and suggests cuts equivalent to those observed with (trans-azo)(dioxane) (Figure

2.4c).
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Next, the photo-stability of the (trans-azo)(pyrazine) co-crystal was studied in comparison
to its dioxane counterpart by monitoring the time-dependent evolution of the PXRD patterns of
the respective microcrystalline powder samples upon continuous irradiation by a dispersed 532
nm LED source with a power output of 37 mW. A sample of (trans-azo)(pyrazine) revealed the
transformation to trans-azo Il upon prolonged irradiation (Supplementary Figure 2.32), with
traces of the starting (trans-azo)(pyrazine) co-crystal still present even after 18 hours of irradiation.
This demonstrated the higher photo-stability of (trans-azo)(pyrazine) compared to (trans-
azo)(dioxane) which started converting to trans-azo Il within 10 mins of irradiation and only trace

quantities of the co-crystal could be detected after 2 hours (Supplementary Figure 2.16).

Thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) was
performed on a sample of (trans-azo)(pyrazine) (Supplementary Figure 2.33). The DSC trace
revealed two endothermic peaks, the first of which was coupled with a mass loss of 11.9%
occurring between 80 and 135 °C. The mass loss corresponds to the loss of pyrazine in the sample
(calculated for pyrazine: 12.2%) and the conversion of (trans-azo)(pyrazine) to solid trans-azo I1.
The second endothermic peak at 196 °C was assigned to the melting point of trans-azo I. Unlike
(trans-azo)(dioxane), this system does not exhibit a clear exothermic signal corresponding to the
conversion of trans-azo 11 to trans-azo 1. This is presumably due to the endothermic loss of the
halogen bond acceptor in (trans-azo)(pyrazine) taking place at a higher temperature than in (trans-
azo)(dioxane), obscuring the signal corresponding to the interconversion of trans-azo polymorphs.
The interpretation of DSC data was validated by variable-temperature PXRD analysis
(Supplementary Figure 2.34). A PXRD pattern collected at 25 °C was an excellent match to that
simulated for (trans-azo)(pyrazine). Upon heating to 125 °C, the pattern showed a mixture of

phases dominated by trans-azo Il which, upon heating to 180 °C, fully converted to trans-azo I.
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A single crystal of (trans-azo)(pyrazine) was investigated by hot-stage microscopy

(Supplementary Figure 35), revealing no major changes in crystal shape before melting.

The cold photo-carving of (trans-azo)(pyrazine) was also investigated using a laboratory
laser system equipped with a high-speed shutter and a high-speed camera (Figure 2.5d). Similar
to the dioxane-based system, (trans-azo)(pyrazine) showed a differential response to irradiation
by different laser power (Supplementary Figures 2.36-2.38). Irradiating a crystal of ~15 um
thickness at 5 mW for 40 ms produced no response, while irradiating with a pulse of the same
length but at a power of 15 mW led to fog emission. Formation of a hole by irradiating for 40 ms
required a power of 20 mW for (trans-azo)(pyrazine), which is higher than 10 mW required in the
case of (trans-azo)(dioxane) under analogous conditions. This suggests that, for the same length
of irradiation pulse, each co-crystal exhibits a different power threshold required for cold photo-
carving. However, CPC can also be achieved at lower power levels simply by prolonged
irradiation: hole formation in a crystal of (trans-azo)(pyrazine) of comparable thickness (~15 um)

was also achieved at a power of 15 mW by irradiating for 1 second.

2.3.4 Mechanistic studies

Additional studies were performed to better understand the mechanistic process occurring under
irradiation, including gravimetric analysis by monitoring the change in weight of a sample of
(trans-azo)(dioxane) placed on a Metler Toledo X3105 Dual range microbalence and continuously
irradiated by a 532 nm 37 mW-cm™ LED (Supplementary Figure 2.46). The sample weight prior
to irradiation was 28.79 mg, and the final weight was 25.19 mg. This 12.5% weight loss is very
close to that expected for the removal of dioxane from the co-crystal (calculated as 13.2%). At the

same time, PXRD analysis of the irradiated sample revealed complete disappearance of X-ray
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reflections associated with (trans-azo)(dioxane), and the appearance of signals of trans-azo I1. To
further investigate the possibility of sublimation of trans-azo occurring alongside dioxane loss
upon irradiation, a sample of (trans-azo)(dioxane) was irradiated with a 532 nm 37 mW-cm™ LED
covered with a glass slide placed ca. 2 mm from the surface of the powder sample (Supplementary
Figure 2.47). Visual inspection of the glass slide after 3 hours of irradiation revealed no evidence
of sublimation, while the PXRD analysis of irradiated sample showed only X-ray reflections of
solid trans-azo Il. These experiments all clearly show the loss of dioxane upon irradiation of
(trans-azo)(dioxane), but show no evidence for any noticeable loss of trans-azo. Additionally since
the X-ray reflections are predominately trans-azo Il reinforces the notion of cold photo-carving,
as temperatures induced by the laser would have to be greater then 130 °C to cause the formation

of the more stable trans-azo | polymorph.

These mechanistic studies, combined with the previously described Raman spectroscopy,
PXRD, and high-speed camera experiments indicate that the photo-carving behaviour is related to
the loss of a volatile coformer upon irradiation of a co-crystal containing an azo dye, with SEM
additionally indicating that the non-volatile dye after loss of volatile coformer is sufficiently

mobile to relocate and form nanocrystals in the vicinity of the irradiated area.

2.4  Conclusions

We presented a technique for gentle photo-carving of azo-volatile co-crystals (PAC): the ability to
use visible (532 nm) laser light, with power as low as 0.5 mW, for micrometer-precision machining
and imprinting of images onto organic molecular co-crystals. The low laser power needed for the
cold photo-carving CPC process enables precise and automated shaping and engraving of co-
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crystals using a commercial confocal Raman microscopy setup, and is explained by the general
co-crystal design comprising a trans-azo chromophore halogen-bonded to a volatile co-crystal
former such as dioxane or pyrazine. This supramolecular design, in which the light-absorbing and
volatilized components are segregated and held together by non-covalent interactions, provides an
opportunity to achieve micrometer control of the machining process and avoid the use of
significantly higher beam power commonly used in the conventional machining of organic
polymers. While the present work presents two examples of such behaviour, we believe that this
supramolecular design can be generally applicable to generate diverse co-crystal materials
amenable to cold photo-carving. The critical importance of co-crystallization for enabling CPC is
evident from the herein attempted machining of the pure trans-azo solid, which requires higher
power that also causes significant surface disruption and loss of machining precision. In contrast,
the herein explored co-crystals based on the same trans-azo component are readily cut, machined,
and embossed using low-power laser light. Although cold photo-carving is based on co-crystal
formation, we note that the observed retention of crystal shape upon thermal removal of the volatile
coformer suggests a potential route to obtain micrometer-precision machined crystals of the pure
azo dye. This is a possibility that will be explored in the future. This proof-of-principle work
presents a two-fold advance in materials science: it introduces co-crystals of a photo-reversible
dye with a volatile coformer as a class of materials that can be designed to be shaped and machined
with micrometer precision using low-power visible light, and introduces small-molecule organic
solids as a class of materials that can be machined using light, in addition to much more common

polymers, ceramics and metals.
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2.5 Methods

2.5.1 Synthesis

The compound trans-4,4’-diiodooctafluoroazobenzene (trans-azo) was synthesized in one step by
treatment of 4-iodo-2,3,5,6-tetrafluoroaniline (1.0 g, 3.4 mmol) with N-chlorosuccinimide (NCS)
(918 mg, 6.8 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (1.04 g 6.8 mmol), stirred in
50 mL CH2CI2 at -78 °C for 10 minutes.>® The resultant crude product was recrystallized with
boiling hexanes (isolated yield: 30%). All reagents and solvents were purchased from Sigma

Aldrich.

Synthesis of (trans-azo)(dioxane) co-crystal. In a typical experiment, 6 mg of trans-azo (0.010
mmol) were dissolved in a minimal volume of (1,4-)dioxane (2 mL). The solution was left to

evaporate at room temperature, yielding long, orange, lath-shaped crystals.

Synthesis of (trans-azo)(pyrazine) co-crystal. In a typical experiment, 6 mg of trans-azo (0.010
mmol) and 6 mg of pyrazine (0.075 mmol) were mixed with hexanes (5 mL) with methylene
chloride added dropwise until all material fully dissolved. The solution was left to evaporate at

room temperature, yielding prismatic red crystals.
2.5.2 Powder X-ray diffraction

Powder X-ray diffraction experiments were performed on a Bruker D8 Advance diffractometer,
using CuKo radiation (A = 1.54184 A) source operating at 40 mA and 40 kV, equipped with a
Lynxeye XE linear position-sensitive detector, in the 26 range of 4-40° with step size of 0.019°
or, alternatively, on a Bruker D2 Phaser diffractometer using nickel-filtered CuKa radiation (A =
1.54184 A) source operating at 10 mA and 30kV, equipped with a Lynxeye linear position-

sensitive detector, in the 20-range of 4-40°.
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2.5.3 Single-crystal X-ray diffraction

Data for (trans-azo)(dioxane), (trans-azo)(pyrazine), and trans-azo Il were collected on a Bruker
D8 Venture dual-source diffractometer equipped with a PHOTON Il detector and an Oxford
Cryostream 800 cooling system, using mirror-monochromated MoKa (A=0.71073 A) or CuKa
radiation (A =1.54184 A) from respective microfocus sources. Data were collected in a series of
¢- and o-scans. APEX3 software was used for data collection, integration, and reduction.®
Numerical absorption corrections were applied using SADABS-2016/2.5! Structures were solved
by dual-space iterative methods using SHELXT®? and refined by full-matrix least-squares on F?

using all data with SHELXL®3 within the OLEX254 and/or WinGX% environment.
2.5.4 UV-Vis absorbance spectroscopy

Absorbance measurements were collected on an Agilent Cary 300 Bio UV-Visible spectrometer.
A 55 mg/L solution of trans-azo was made up in THF, the absorbance spectrum was acquired
using instrument default conditions. The spectrum of the corresponding cis-azo isomer was taken

following 30 min of irradiation by a 532 nm LED (37 mW).
2.5.5 Raman spectroscopy

Raman microscopy experiments were performed on confocal Raman Witec 300 R microscope
setup using two separate probe wavelengths of 785 and 532 nm. Integration time, number of
accumulations and laser power were varied depending on experiment. Simulated Raman shifts
were calculated by DFT using Gaussian16,% employing the B3LYP density functional.®”% Basis
set 6-311G(d,p) was used for all atoms.®® The basis set for iodine’™ was obtained from the Basis

Set Exchange.”
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2.5.6 Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
were performed simultaneously using a Mettler-Toledo TGA/DSC 1 Star system thermobalance.
The samples were placed in alumina crucibles and measurements conducted in a stream of nitrogen
(50 cm® min™Y) gas, at a heating rate of 5 °C min~*. Data collection and analysis were performed
using the Mettler-Toledo STARe Software 16.20 program package. Alternatively, DSC
measurements were performed on a TA Instruments LTD DSC2500 at a heating rate of 1 °C min%,

under a stream of nitrogen (50 cm® min?) gas, using a hermetically closed aluminium pan.

Hot-stage microscopy was performed using a Mettler Toledo FP90 Central Processor, equipped
with a Mettler FP84 HT TA Microscopy Cell. Images were obtained on an Infinity 1 Lumenera
camera attached to a Leica DM2500 optical microscope, using the Studio Capture software suite.

Heating was performed from 20 to 200 °C at a rate of 20 °C min ™.
2.5.7 Scanning electron microscopy

Single crystals of (trans-azo)(dioxane), (trans-azo)(pyrazine), and trans-azo | were sputter-coated
with Pd, and placed into an FEI Helios Nanolab 660 DualBeam (Focused lon Beam-Extreme High-

Resolution Scanning Electron Microscope) for imaging.
2.5.8 General microscopy

Handling of crystals, for example for dichroism observation and sample selection for machining
or diffraction experiments, was done using a Nikon SMZ1500 stereomicroscope with zoom
capabilities (from 0.75x to 11x), the microscope was equipped with a Omax A35140U camera,

and Toupview was the acquisition software used.
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2.5.9 Detailed machining procedure A

Using the confocal Raman Witec 300 R 532 nm solid state laser with a range of power settings
(0.1-20 mW), and multiple objectives (10, 20, 50, and 100x Zeiss objectives with NA = 0.25, 0.5,
0.8, and 0.9, respectively), a series of detailed drawings were engraved into the crystals using a

pre-made input files with listed coordinates.

2.5.10 Detailed machining procedure B

Confocal machining experiments on crystals were conducted on a Zeiss710 Multiphoton
Microscope. The images were taken with a 20x PLAN APOCHROMAT, NA = 0.8, DIC objective,
and the bleaching module were performed with the aid of the Zeiss ZEN software, utilizing two-

photon excitation at 750 nm provided by a direct-coupled Chameleon laser.

2.5.11 Laboratory laser system including a high-speed camera

A Redlake MotionPro Y4 (Tallahassee, FL, USA) high-speed charge-coupled device camera was
used to capture machining events at 1000 frames/s. MGL-111-532 Green DPSS Laser and Lasos
lasertechnik 633nm Helium-Neon laser was coupled with a tunable neutral density filter, Melles
Griot electronic controlled shutter, and a Melles Griot convex lens with a focal length of 75 mm,

aligned onto a crystal mount with a 150 um loop (Supplementary Figure 2.6).
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2.7

2.7.1 Experimental data
2.7.1.1 UV-Vis spectra

Appendix 1: Supporting information for Chapter 2
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Supplementary Figure 2.1. UV-Vis absorbance spectra of trans- and cis-azo in THF solutions.
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2.7.1.2 Single-crystal X-ray diffraction

The X-ray data for (trans-azo)(dioxane), (trans-azo)(pyrazine) and trans-azo Il were collected on
a Bruker D8 Venture dual-source diffractometer equipped with a PHOTON Il detector and an
Oxford Cryostream 800 cooling system, using mirror-monochromated MoKa (4 =0.71073 A) or
CuKa radiation (1 =1.54184 A) from respective microfocus sources. Data were collected in a
series of - and w-scans. APEX3 software was used for data collection, integration and reduction.*
Numerical absorption corrections were applied using SADABS-2016/2.2

Structures were solved by dual-space iterative methods using SHELXT?® and refined by full-matrix
least-squares on F2 using all data with SHELXL* within the OLEX2° and/or WinGX® environment.
In all cases, some reflections were found to have been obscured by the beam stop and were omitted
from the refinement. Extinction correction was applied in all cases. Hydrogen atoms were placed
in calculated positions and treated as riding on the parent carbon atoms with isotropic displacement
parameters 1.2 times larger than the respective parent atoms. Planarity restrains and geometrical
restraints for equivalent 1,2- and 1,3-distances were applied to trans-azo molecules in all
structures. Rigid bond and proximity restraints were applied to the anisotropic displacement
parameters (ADPs) of all the atoms belonging to disordered moieties. Constraints were applied to
the anisotropic displacement parameters (ADPs) of all equivalent atoms in two disorder
components in trans-azo Il.

In (trans-azo)(dioxane), trans-azo molecule (except the iodine atoms) was modelled as disordered
over two components whose relative occupancies were freely refined, converging to 81.1(10) and
18.9(10)%, respectively.

In (trans-azo)(pyrazine), trans-azo was disordered over two components, around a two-fold axis
and a mirror plane (and thus an inversion centre, too), with only one half of a trans-azo molecule
modelled explicitly, and its other half, as well as the whole other disorder component, generated
by symmetry elements. Relative occupancies of the two disorder components were fixed at 50%,
as required by the symmetry.

In trans-azo 11, non-merohedric twinning was found with a two-fold axis around the reciprocal
axis c* as the operator. The data was therefore indexed by two orientation matrices and processed
accordingly. Similarly to (trans-azo)(dioxane), trans-azo molecule (except the iodine atoms) was
modelled as disordered over two components whose relative occupancies were freely refined,
converging to 51.6(15) and 48.4(15)%, respectively. The batch scale factor refined to 23.5(5)%.

Crystal structure figures were generated using Mercury’ and POV-Ray.®

CCDC 2068925-2068927 contain the supplementary crystallographic data for this paper. The data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures.
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Supplementary Table 2.1. Crystallographic data for the reported crystal structures of (trans-
azo)(dioxane), (trans-azo)(pyrazine) and trans-azo 1.

Compound (trans-azo)(dioxane) (trans-azo)(pyrazine) trans-azo Il
CCDC Number 2068925 2068926 2068927

T (K) 253.0(1) 298(2) 203.0(1)
Formula Ci6HsFgl2N20; CieHaFsl2N4 C12FsloN2

M; 666.04 658.03 577.94
Crystal system Triclinic Orthorhombic monoclinic
Space group P1 Pnnm P2:/n

a(A) 6.2861(7) 15.7552(3) 5.8516(2)

b (A) 7.6127(7) 5.00220(10) 5.9043(2)

c (A) 10.8138(11) 12.0214(2) 20.9411(8)

a (%) 86.737(3) 90 920

B(©) 81.911(4) 90 92.6120(10)

7 (°) 70.447(2) 90 920

V (A% 482.77(9) 947.41(3) 722.75(4)

Z 1 2 2

peaic (9 cm3) 2.291 2.307 2.656

(A 0.71073 1.54184 1.54184
u(mm1) 3.348 26.919 35.090
F(000) 312 612 528

Crystal size (mm?®) 0.747%x0.350x0.296  0.268x0.188x0.148 0.434x0.283x0.046
Data collection O range (°)  3.686-30.577 4.627-72.414 4.227-72.368
Reflections collected [Rin] 19492 [0.0483] 13631 [0.0518] 2936 [0.1060]
Reflections [7> 20(1)] 2805 [2668] 975 [960] 2936 [2856]
Data completeness (%) 94.9 to # = 30.50° 98.5t0 # =72.00° 97.4t0 6 = 67.75°
Data/parameters/restraints ~ 2805/237/628 975/117/166 2936/145/634
Goodness-of-fit on F2 1.203 1.099 1.056

i i 2200 [0 oot o
FnalRforallctn Ll w0057 wRas 03082
'(‘ea;?i;t diff. peak/hole 1.107/-0.873 0.521/-0.594 2.755/-2.054
Extinction coefficient 0.119(15) 0.0038(4) 0.011(4)
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Supplementary Figure 2.2. Asymmetric unit of (trans-azo)(dioxane), collected at 253 K, showing
the atom labelling scheme. Displacement ellipsoids are drawn at the 50 % probability level and
the hydrogen atoms are shown as small spheres of arbitrary radius. The symmetry-dependent parts
of trans-azo and dioxane molecules are shown in ball-and-stick model in light grey. Halogen bond
is shown as a dashed black line.

Supplementary Figure 2.3. Asymmetric unit of (trans-azo)(pyrazine), collected at 298 K,
showing the atom labelling scheme. Displacement ellipsoids are drawn at the 50 % probability
level and the hydrogen atoms are shown as small spheres of arbitrary radius. The symmetry-
dependent parts of trans-azo and pyrazine molecules are shown in ball-and-stick model in light
grey. Halogen bond is shown as a dashed black line.

Supplementary Figure 2.4. Asymmetric unit of trans-azo |1, collected at 203 K, showing the
atom labelling scheme. Displacement ellipsoids are drawn at the 50 % probability level. The
symmetry-dependent part of trans-azo molecule are shown in ball-and-stick model in light grey.
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The structure of the newly observed polymorph trans-azo-11 was found to be very similar to the
previously reported structure of trans-azo-I, with layers of trans-azo molecules parallel to the
respective ab-planes in either structure and short I---F contacts between the layers (Supplementary
Figure 5a,b). However, the asymmetric unit in trans-azo-11 was found to contain half a molecule
of trans-azo unlike the whole molecule of trans-azo in the asymmetric unit of trans-azo-I, reflected
in the approximate halving of unit cell volume from 1462.3(2) A% in trans-azo-1 to 722.75(4) A3
in trans-azo-11 despite the same space group (P21/n). Besides that, the difference in packing of
trans-azo molecules in the two structures gives rise to markedly different the centroid-centroid
distances between neighbouring molecules in columns: while in trans-azo-I, there are two distinct
distances of 4.733 and 5.789 A along the a-axis (Supplementary Figure 5c) and a single 5.968 A
distance along the b-axis (Supplementary Figure 5e), in trans-azo-I1 the corresponding distances
are 5.852 A along the a-axis (Supplementary Figure 5d) and 5.904 A along the b-axis
(Supplementary Figure 5f). Although the structures of the two polymorphs are very similar, the
two can be readily distinguished by PXRD even in a mixture (e.g. as in Supplementary Figure 18).

Supplementary Figure 2.5. Comparison of the crystal structures of two polymorphs of trans-azo.
Short |I---F contacts in the structure of: a trans-azo-I; and b trans-azo-Il. Projections along the
crystallographic a-axes of the structures of: ¢ trans-azo-I; and d trans-azo-I1. Projections along the
crystallographic b-axes of the structures of: e trans-azo-I; and f trans-azo-IlI.
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2.7.1.3 Laboratory laser setup

£ AR 5 Gl Lale “ ¢

Supplementary Figure 2.6. Laboratory laser setup with high-speed camera and shutter: (1) 532
nm Laser, (2) Redlake MotionPro Y4, (3) Tunable neutral density filter, (4) Melles Griot tuneable
shutter, (5) Melles Griot convex lens, (6) Crystal mount with a 150 um loop.
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2.7.1.4 Beam intensity profiles
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Supplementary Figure 2.7. (Left) a Gaussian beam profile of a 150 um size beam of differing
powers (of 2, 5, 10, 15, and 20 mW) discussed in this manuscript.. (Right) a Gaussian beam profile

at differing beam sizes (100, 150, 200, 300, 400 um) at a 10 mW output power, described by the
equation

fx)=a- e_(x_b)z/Zc2

Supplementary Formula 2.1. The Gaussian function used to simulate the beam intensity profile
where the variable a represents the intensity at the centre of the beam waist.
2 " PO
Iy = c w2
T W

Supplementary Formula 2.2. Intensity profile of a beam profile at the centre of the beam waist;
where Po = total power of the beam, and wo = the beam waist radius.
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2.7.2 Photo-carving of (trans-azo)(dioxane)

2.7.2.1 Optical properties and photo-carving of single crystals

-

' s ’
Vi -
| A e

500 pm 500 ym -

Supplementary Figure 2.8. Dichroism of the (trans-azo)(dioxane) crystals at different
orientations to plane-polarized light.

Supplementary Figure 2.9. A sequence of pictures, left to right, showing fine manual carving of
the crystal of (trans-azo)(dioxane) performed using the laboratory laser setup. Crystal was cut in
a zig-zag fashion using 10 mw 532 nm laser light.
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Supplementary Figure 2.10. A sequence of pictures, left to right, showing fine manual carving
of the crystal of (trans-azo)(dioxane) performed using the laboratory laser setup. Crystal was cut
in a zig-zag fashion or punctured to create holes using 10 mw 532 nm laser light.

2.7.2.2 Thickness dependence

Supplementary Figure 2.11. Laser cutting of a large (trans-azo)(dioxane) crystal (thickness ca.
250 pum): a, prior to irradiation with 15 mW 532 nm light, b, after irradiation, c, side view of the
crystal, displaying its thickness.
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2.7.2.3 Raman spectroscopy
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Supplementary Figure 2.12. a, Experimental Raman spectra of (trans-azo)(dioxane) and trans-
azo I1. Acquired with the 785 nm probe, 25 mW power, 2.5 s integration, 10 accumulations. b,
Simulated gas-phase Raman spectra of dioxane and trans-azo. Asterisk (*) indicates the position
of the dioxane v(ring breathing) Raman band.

Supplementary Table 2.2. Assigned Raman shifts for (trans-azo)(dioxane) co-crystal.

(trans-azo)(dioxane) trans-azo . . trans-azo
. . . dioxane simulated . .

experimental shifts experimental shifts (cm ) simulated assignment

(cm™) shifts (cm™) (cm™)

350 N/A N/A N/A

402 402 N/A N/A

423 423 N/A 413 v(Aromatic)

443 440 N/A 444 v(Aromatic)

499 497 N/A 491 v(Aromatic)

778 776 N/A N/A

830 N/A 810 N/A v(ring breathing),
dioxane

966 961 N/A 950 v(Aromatic)

1061 1056 N/A 1050 v(C—N)

1265 1263 N/A 1270 W(C-N)

N/A 1276 Sh N/A N/A

1375 1373 N/A 1364 v(N=N)

1426 1426 N/A 1424 v(N=N)

1461 1463 N/A 1452 v(N=N)

1492 1492 N/A 1484 v(N=N), v(Aromatic)

1622 1624 N/A 1640 v(Aromatic)
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Supplementary Figure 2.13. Experimental Raman spectra of a (trans-azo)(dioxane) crystal
before (top) and after (bottom) irradiation for 1 s with a 532 nm laser at 1 mW power setting.
Acquired with the 785 nm probe, 25 mW power, 2.5 s integration, 10 accumulations. Asterisk (*)
indicates the position of the dioxane v(ring breathing) Raman band that disappears upon
irradiation, indicating loss of dioxane.
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Supplementary Figure 2.14. Raman spectroscopy investigation of a hole created in a (trans-
azo)(dioxane) crystal by irradiation with a 532 nm laser. a, Micrograph of the hole and b, the
spectrum collected at the spot marked by the cross with the 785 nm probe, 25 mW power, 2.5 s
integration, 10 accumulations. Arrow indicates the expected position of the (absent) dioxane v(ring
breathing) Raman band.

100



2.7.2.4 Stability study

Supplementary Figure 2.15. Aging of a zig-zag lines of photo-engraved (trans-azo)(dioxane) co-
crystal, from top to bottom: directly after irradiation, 1, 2, and 3 days after irradiation.

2.7.2.5 Powder X-ray diffraction studies under irradiation

L (trans-azo)(dioxane) simulated

J A A
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Supplementary Figure 2.16. Time evolution of powder X-ray diffraction pattern of a bulk sample
of (trans-azo)(dioxane) upon irradiation with dispersed 532 nm light (37 mW LED). Simulated
(trans-azo)(dioxane) pattern was created with preferred orientation of the 001 crystallographic
plane, and March-Dollase parameter of 0.4. Simulated trans-azo | was created with preferred
orientation of the 013 crystallographic plane, and March-Dollase parameter of 0.2.
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2.7.2.6 Thermal analysis
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Supplementary Figure 2.17. TGA (red) and DSC (blue) traces of (trans-azo)(dioxane)
(left/center), and DSC trace of trans-azo Il (right) performed on a Mettler-Toledo TGA/DSC 1
Star system thermobalance. Measurements were done under a stream of nitrogen (50 cm® min™")
gas, at a heating rate of 5 °C min~!. As seen from the DSC plots, the compound trans-azo | melts
with an onset at 194 °C, while trans-azo 11 undergoes a polymorphic transformation with an
onset in the range 134-137 °C.
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Supplementary Figure 2.18. Hot-stage powder X-ray diffraction patterns of a bulk sample of
(trans-azo)(dioxane) at 25 °C and after heating to 115 and 160 °C.
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Supplementary Figure 2.19. Hot-stage microscopy of (trans-azo)(dioxane). The observed crystal
(left) becomes opaque yet largely maintains its shape upon heating to 100 °C (center) before
melting upon heating to 200 °C (right).

2.7.2.7 High-speed camera studies

Supplementary Figure 2.20. Co-crystal (trans-azo)(dioxane) irradiated with a 40 ms laser pulse
with a 10 mW 532 nm laser. White arrow indicates the fog released from the crystal.

Supplementary Figure 2.21. Co-crystal (trans-azo)(dioxane) irradiated with a 65 ms pulse of a
10 mW 532 nm laser. White arrow indicates the fog released from the crystal.
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Supplementary Figure 2.22. Co-crystal (trans-azo)(dioxane) irradiated with a 88 ms pulse of a
10 mW 532 nm laser. White arrow indicates the fog released from the crystal.

Supplementary Figure 2.23. Co-crystal (trans-azo)(dioxane) irradiated with a 140 ms pulse of a
10 mW 532 nm laser. White arrow indicates the ‘foggy vapour’ released from the crystal.
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2.7.3 Attempted photo-carving of trans-azo |
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Supplementary Figure 2.24. “Fluidization” effect of a trans-azo crystal mapped by confocal
Raman spectroscopy surface mapping. a, Microscopy image of crystal, with the mapping along
the blue line. b, Logarithm of the integrated Raman intensity, and changes in the distance between
the crystal surface and the objective, monitored by changes in the focal length of Raman signal
(smoothed z-displacement). ¢, Contour plots of normalized Raman spectra over mapping distance.
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Supplementary Figure 2.25. Confocal mapping of the surface of a trans-azo crystal upon
irradiation by a 20 mW, 532 nm laser beam.

2.7.4 Photo-carving of (trans-azo)(pyrazine)
2.7.4.1 Optical properties

— A—
500 ym s 500 pm

- J

Supplementary Figure 2.26. Dichroism of the (trans-azo)(pyrazine) crystals at different
orientations to plane-polarized light.
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2.7.4.2 Crystallographic studies of photo-carving of single crystals

hOl hkO

Supplementary Figure 2.27. Precession images of (trans-azo)(dioxane) showing the Okl, hOl and
hkO layers: a, before and b, after photo-carving by a 532 nm laser at 20 mW power. A portion of
the crystal was fully removed by laser light.

hOl hkO

Supplementary Figure 2.28. Precession images of (trans-azo)(pyrazine) showing the Okl, hOl and
hkO layers: a, before and b, after photocarving by a 532 nm laser at 20 mW power. A portion of
the crystal was fully removed by laser light.

Okl

Okl
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2.7.4.3 Raman spectroscopy
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Supplementary Figure 2.29. a, Experimental Raman spectra of (trans-azo)(pyrazine) and trans-
azo I1. Acquired with the 785 nm probe, 25 mW power, 2.5 s integration, 10 accumulations. b,
Simulated gas-phase Raman spectra of pyrazine and trans-azo. Asterisk (*) indicates the position
of the pyrazine v(ring breathing) Raman band.
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Supplementary Table 2.3. Assigned Raman shifts for (trans-azo)(pyrazine) co-crystal.

(trans-azo)(pyrazine) trans-azo L trans-azo

experimental shifts experimental pyrazine S,'In ulated simulated assignment

(cm™) on shifts (cm™) shifts (em™) (cm™)

409 402 N/A N/A v(Aromatic)

424 sh 423 N/A 413 v(Aromatic)

442 440 N/A 444 v(Aromatic)

501 497 N/A 491 v(Aromatic)

778 776 N/A N/A

965 961 N/A 950 v(Aromatic)

1023 N/A 1020 N/A v(ring breathing)
pyrazine

1065 1056 N/A 1050 WC-N)

1265 1263 N/A 1270 W(C-N)

1285 sh 1276 sh N/A N/A

1379 1373 N/A 1364 v(N=N)

1422 1426 N/A 1424 v(N=N)

1454 1463 N/A 1452 v(N=N)

1488 1492 N/A 1484 v(N=N), v(Aromatic)

1624 1624 N/A 1640 v(Aromatic)
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Supplementary Figure 2.30. Experimental Raman spectra of a (trans-azo)(pyrazine) crystal
before (top) and after (bottom) irradiation for 1 s with a 532 nm laser at 3 mW power setting.
Acquired with the 785 nm probe, 25 mW power, 2.5 s integration, 10 accumulations. Asterisk (*)
indicates the position of the pyrazine v(ring breathing) Raman band that disappears upon
irradiation, indicating loss of pyrazine.
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Supplementary Figure 2.31. Raman spectroscopy investigation of a hole created in a (trans-
azo)(pyrazine) crystal by irradiation with a 532 nm laser. Micrograph of the hole (left) and the
corresponding Raman spectrum (right) collected at the spot marked by the cross. Acquired with
the 785 nm probe, 25 mW power, 2.5 s integration, 10 accumulations. Arrow indicates the expected
position of the pyrazine v(ring breathing) Raman band.
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2.7.4.4 Powder X-ray diffraction studies under irradiation
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Supplementary Figure 2.32. Time evolution of the powder X-ray diffraction pattern of a bulk
sample of (trans-azo)(pyrazine) upon irradiation with dispersed 532 nm light (37 mW LED).

2.7.4.5 Thermal analysis

0.1 T T T T T T T T
100 S
oF — -
o ]
80 01F Integral  -95.466 Jig E
Step - 11.870% Onset  100.88°C
3 -oasime 2 02F
5 0F 1 303t
2 3
- 4 w
;u > 5-04F
s @
40F i
-05F
30F
0.6F Integral -49.742 J/g| 4
20F Onset  195.43°C
10F 0.7F
0 . . . . . 08 1 . . . . . . .
50 100 150 200 250 300 40 60 80 100 120 140 160 180 200
Temperature / C Temperature / C

Supplementary Figure 2.33. TGA (red) and DSC (blue) traces of (trans-azo)(pyrazine), TGA
was performed on a Mettler-Toledo TGA/DSC 1 Star system thermobalance. DSC was
performed on a TA instruments LTD DSC2500 both were performed under a stream of nitrogen
(50 cm® min™") gas, at a heating rate of 1 °C min™".
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Supplementary Figure 2.34. Hot-stage powder X-ray diffraction pattern of a bulk sample of
(trans-azo)(pyrazine) at 25 °C and after heating to 135 and 180 °C.
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Supplementary Figure 2.35. Hot-stage microscopy of a (trans-azo)(pyrazine) co-crystal. a,
Crystal before heating. b, Crystal upon heating to 100 °C, demonstrating darkening and loss of
transparency, while maintaining shape. ¢, Melting upon heating to 200 °C.

2.7.4.6 High-speed camera studies

0 ms
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40 ms
Supplementary Figure 2.36. Co-crystal (trans-azo)(pyrazine) irradiated with a 40 ms laser pulse
(20 mW, 532 nm). Formation of a cut, and emission of ‘foggy vapour’ is visible.
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Supplementary Figure 2.37. Co-crystal (trans-azo)(pyrazine) irradiated with a 40 ms laser
pulse (15 mW, 532 nm). In contrast to analogous experiment at 20 mW (Supplementary Figure
33), only the emission of ‘foggy vapour’ is visible, with no crystal cutting.

Supplementary Figure 2.38. Co-crystal (trans-azo)(pyrazine) irradiated with a 40 ms laser pulse
(5 mW, 532 nm). In contrast to analogous experiments at 20 mW and 15 mW (Supplementary
Figures 33, 34), no crystal cutting or fog emission is visible.
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2.7.5 Additional photo-carving images and videos

Supplementary Figure 2.39. A (trans-azo)(dioxane) (left), and the same crystal with a number of
parallel lines carved using 1 mw 532 nm laser light from a confocal Raman microscope using a

10x objective.
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Supplementary Figure 2.40. A sequence of pictures, from upper left to lower right corner,
showing a crystal of (trans-azo)(dioxane) with holes pierced using low-power 532 nm laser light
from a confocal Raman microscope at different powers 15, 10, 5, 2 mW using a 20x objective.
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Supplementary Figure 2.41. A selection of pictures, showing the image of a Nazca Condor
carved into the crystal of (trans-azo)(dioxane) at different scales using a 1 mW 532 nm laser light
from a confocal Raman microscope with a 50x objective.

2.7.5.1 Supplementary video and data files information

All videos were acquired on the laboratory laser setup, using either a Redlake MotionPro Y4 high-
speed camera or an Infinity Analyze microscope camera equipped with 4x lens.

Video 1: Photo-carving of (trans-azo)(pyrazine), performed using a 532 nm 15 mW laser.

Video 2: Photo-carving of (trans-azo)(dioxane), performed using a 532 nm 10 m\W laser.

Video 3: Detailed photo-carving of (trans-azo)(dioxane) co-crystal independent of crystal face,
performed using a 532 nm 10 mW laser.

Video 4: Precision photo-carving of (trans-azo)(dioxane). A series of ~200 um steps are carved
through the crystal using a 532 nm 10 mW laser.

Video 5: Slow motion video of (trans-azo)(dioxane) irradiated with a 140 ms pulse of a 10 mW
532 nm laser.

Video 6: Slow motion photo-carving of (trans-azo)(dioxane) crystal, performed using a 532 nm
10 mW laser.

Data File 1: Source file containing the data points with respect to figure 2a (532 nm laser).

Data File 2: Source file containing the data points with respect to figure 2a (785 nm laser).

Data File 3: Source file containing the data points with respect to figure 2b.

Data File 4: Source file containing the data points with respect to figure 2b.
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2.7.6 Selected SEM images

Supplementary Figure 2.42. SEM images of micrometer sized cuts into the surface of a (trans-
azo)(dioxane) co-crystal produced by a 1 mW 532 nm confocal laser beam.

Supplementary Figure 2.43. SEM images of a hole produced by a 532 nm, 5 mW confocal beam
in a (trans-azo)(dioxane) co-crystal: (left) focused on the surface of the crystal and (right) focused
into the hole.
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Supplementary Figure 2.44. SEM images of an unmodified surface of (trans-azo)(dioxane)
crystal.

Supplementary Figure 2.45. SEM images of the surface of trans-azo I, after attempted photo-
carving using a 20 mW 532 nm confocal beam (right), leading to cracking and breaking of the
crystal, or 5 mW 532 nm confocal beam (left).
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2.7.7 Mechanistic investigation
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Supplementary Figure 2.46. Gravimetric analysis of sample under irradiation by a 532 nm 37
mW-cm? LED and their corresponding PXRD. Weight was monitored by Mettler Toledo XS105
DualRange (beginning weight: 28.79 mg, final weight: 25.19 mg, weight loss %: 12.5%)
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Supplementary Figure 2.47. Sublimation test of (trans-azo)(dioxane) and their corresponding
PXRDs revealing no visible sublimation of trans-azo crystals.
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Headspace analysis for (frans-azo)(dioxane)
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Supplementary Figure 2.48. Results of GC-MS head space analysis for a (trans-azo)(dioxane)
co-crystal under different conditions, showing no signal associated with mass of either trans-azo
or dioxane throughout the experiment.
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Rationale for Chapter 3

In Chapter 3, we sought to further investigate the process of Cold Photo-Carving (CPC), by
replacing the stable halogen-bond donating component trans-azo (seen in Chapter 2), with its less
stable isomer cis-azo, while the halogen-bond acceptors remained the same (dioxane, and
pyrazine). This was done with a two-fold reasoning, firstly to investigate if CPC is reliant on trans-
azo, and secondly to see if the potentially more favourable isomerization from cis to trans would
have an impact on the precision of the photo-carving. Additionally cis-azo had previously been
shown to undergo large photo-mechanical bending associated with cis to trans isomerization, so
therefore we sought to develop a material which might undergo both a photo-mechanical and

photo-carving response.

Chapter 3 was reproduced with permission from ChemRXxiv pre-print server Cambridge

University press.
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3.1 Abstract

Co-crystallization of a cis-azobenzene dye with volatile co-crystal former molecules, such as
pyrazine and dioxane, leads to materials that exhibit at least three different light intensity-
dependent responses upon irradiation with low-energy visible light. Specifically, the halogen
bond-driven assembly of cis-(p-iodoperfluorophenyl)azobenzene with volatile halogen bond
acceptors produces co-crystals whose light-induced behaviour varies significantly depending on
the intensity of the light applied. Low-intensity (<1 mW-cm) light irradiation leads to a colour
change due to low levels of cis—trans isomerization. Irradiation at higher intensities (150
mW-mm2) produces photo-mechanical bending, caused by more extensive azo dye isomerization.
At still higher irradiation intensities (2.25 W-mm™) the co-crystals undergo photo-carving, i.e. they
are readily shaped, punctured, and cut with micrometer precision using laser light. This work
demonstrates how the recently reported photo-carving behaviour can be combined with different
types of photo-responses, providing a design for multi-responsive materials that can respond to
different levels of irradiation with optical colour change, photo-mechanical bending, or photo-

carving, as laser power is increased.
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3.2 Introduction

Modulating the optical or photo-responsive properties of solid state materials by light, i.e. inducing
changes in shape,! photo-mechanical motion,>* or optical properties,® is of great interest for
applications including molecular robotics,® nano-actuators,” and light harvesting.®2 Particular
interest has been given to crystalline materials, which can exhibit unique properties when used as
organic semiconductors,® OLEDs,*° or waveguides,'**? and a variety of transformations have been
used to elicit active photo-responsive properties in organic solids such as isomerizations,'3!*
polymerizations,'>® and dimerizations.'”?° Formation of multi-component crystals (co-crystals)
is a powerful crystal engineering and supramolecular strategy to tune the solid state
physicochemical properties of organic molecules, or even to develop materials with entirely new
emergent properties,? through molecular self-assembly rather than covalent derivatization.??
Notable applications of co-crystallization include pharmaceutical materials development,??* the
design of mechano-, photo- or thermo-responsive materials,?>?% organic semiconducting solids,?’

28 and luminescent crystals.?® The formation of co-crystals has provided a

optical materials,
successful route to develop materials that can exhibit complex solid state behaviour, including
different types of response to different types of stimuli, as illustrated by Liu et al. in which authors

showed control of emissive properties of organic co-crystals based on different external stimuli.®

The use of azobenzene-based (azo) dye molecules as co-crystal components was shown to
produce materials with unique photo-mechanical or enhanced optical behaviour, such as dichroism
or pleochroism.33 We have recently shown that co-crystallization of a trans-azo dye with a
volatile co-crystal former leads to a new class of organic solids: dye:volatile co-crystals which can
undergo ‘cold photo-carving’ (CPC), i.e. micrometer-precision cutting, shaping, or embossing

upon irradiation with low-energy visible light.>® Cold photo-carving offers a mild, low-energy
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approach compared to machining and photolithography, based on light and not heat. While
machining and photolithography techniques have previously been used to cut or introduce
micrometer engravings into polymers,®* polymeric resins,® co-crystal thin films,*® photonic
crystals,®” hyperbolic metamaterials,®® and nanostructures,® such processes typically require laser
powers on the order of kiloWatts per mm? to gigaWatts per mm?, or the use of other types of high
energy beams, as in focused ion beam milling.*®4! In contrast, cold photo-carving is not based on
high-temperature disruption of strong intramolecular covalent bonds, but on gentle, low-
temperature and localized cleavage of non-covalent interactions, such as halogen bonds (XB).*2
As a result, CPC can achieve micrometer-precision surface and volume effects, using laser beams
with only a small fraction of the intensity compared to those used for traditional laser beam

machining (LBM).*®

We now report that the use of cis-(p-iodoperfluorophenyl)azobenzene (cis-azo) dye
(Figure 3.1a) as a component of dye:volatile co-crystals provides access to a new class of photo-
responsive molecular crystals that can undergo at least three distinct types of photo-induced
response upon visible light irradiation. Combining a fluorinated cis-azo XB donor with volatile
XB acceptors dioxane or pyrazine (Figure 3.1a) produces structurally well-defined co-crystals
(cis-azo)(dioxane) and (cis-azo)(pyrazine) which selectively, and depending on the irradiation
light intensity, undergo optical colour change, photo-mechanical bending, or photo-carving. Each
of these optical responses, which result from using the photo-switchable cis-azo unit as a co-crystal
component, can be achieved in the same crystal by careful control of laser irradiation parameters,

including power and beam diameter.
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Figure 3.1. Illustration of 3-way responsive cis-azobenzene co-crystals a) Schematic
representation of azo isomerization, molecular structures of XB donor (cis-azo) and acceptors
(dioxane and pyrazine) used in this work. b) Fragment of the crystal structure of (cis-azo)(dioxane)
co-crystal, viewed along the [100] crystallographic direction. c) Images illustrating the optical
colour change occurring when (cis-azo)(dioxane) co-crystals are irradiated with a dispersed 532
nm LED. d) Images illustrating the observed photo-mechanical bending of the (cis-azo)(dioxane)
co-crystal upon irradiation by 488 nm light of power density 150 mW-mm for different lengths
of time. e) Images illustrating the photo-carving of a single (cis-azo)(dioxane) co-crystal upon
exposure to a laser beam of 532 nm wavelength and light intensity of 2.25 W-mm). f) Schematic
illustration of the multi-responsive behaviour of the (cis-azo)(dioxane) and (cis-azo)(pyrazine) co-
crystals upon irradiation with light of different intensities, controlled through modification of the

beam diameter. In ¢) and d), the direction of the incident beam is indicated by the blue arrow.
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3.3 Results and discussion

3.3.1 Triple photo-response in (cis-azo)(dioxane) co-crystals

Yellow needle-shaped single crystals of (cis-azo)(dioxane) were obtained by slow evaporation of
a solution of cis-azo in dioxane (Figure 3.1d). Structural analysis by single crystal X-ray
diffraction revealed a structure consisting of zigzag chains held together by I---O halogen bonds.
The 1---O distances were found to be significantly shorter (2.854(2) A, which corresponds to the
RXB parameter,*® i.e. the ratio of the I---O distance to the sum of the van der Waals radii* of O
and | atoms, of 0.815) than those previously reported for the analogous (trans-azo)(dioxane) co-
crystal (di..o = 2.981(3) A, RXB = 0.852). The irradiation of a (cis-azo)(dioxane) crystal was
carried out with either blue or green light at 488, 515, or 532 nm. Irradiation at the lowest light
intensity was achieved by using a 532 nm light-emitting diode (LED) of output power of 37 mW
cm?, placed 10 cm away from the crystal. Experiments at higher light intensities were performed
using an in-house laser system (Supplementary Figure 3.4) which included one or two separate
laser beams. In a typical experiment, the laser beam was passed through a 50:50 beam splitter,
with the transmitted beam passing through a series of optical elements to increase and collimate
the size of the beam prior to reaching the sample. The reflected beam, on the other hand, was
passed through a different series of optical elements, including a neutral density filter and a convex
lens, which reduced the diameter and thus increased the intensity of the beam reaching the sample
orthogonal to the transmitted beam. The use of this system enabled simple, shutter-controlled
switching between a laser beam of higher light intensity with a lower diameter, and a beam of
lower light intensity with a larger diameter. The reflected beam diameter was measured using the
“knife edge’ technique, and was determined to be 78 um while the transmited beam was determined

to be 2 mm in diameter (Supplementary Figures 3.5 and 3.6).
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The single crystals of (cis-azo)(dioxane) were found to exhibit three fundamentally
different types of photo-response upon irradiation, dependent on the light intensity employed.
Notably, using laser beams with wavelengths of 488, 515, or 532 nm revealed that the type of
photo-response was not noticeably dependent on the wavelength of incident irradiation, as long as
either green or blue light was used, as both excite well within the n-z* absorption band
(Supplementary Figure 3.1). At low power intensities (below 1 mW cm) generated using the
LED light source, irradiation resulted only in colour change (Figure 3.1c) to the single crystal,
which was assignable to isomerization of cis- to trans-azo taking place uniformly across the near-
surface region of the crystal. The extent of isomerization for a single crystal was estimated by '°F
nuclear magnetic resonance spectroscopy (NMR) of a solution made by dissolving in CDCls a
single crystal of (cis-azo)(dioxane) that was irradiated for 20 mins using a dispersed 532 nm LED
source. After overnight data collection, integration of the NMR spectrum revealed that irradiation
of the crystal produced only a small amount of trans-azo, with a ratio of cis to trans isomers of
92:8 (Supplementary Figure 3.7), as opposed to a non-irradiated (cis-azo)(dioxane) crystal which
showed no signal associated to the trans-isomer (Supplementary Figure 3.8). Increasing the
irradiation light intensity to 150 mW mm2, by switching to a laser light source with a beam
diameter of 2 mm, produced not only a change in crystal colour, but also a strong photo-mechanical
effect as the single crystals were observed to bend rapidly and significantly (within seconds) in a
direction perpendicular to the long needle axis. The initial bending motion was towards the
incident beam, followed by significant deflection in the opposite direction. The resulting curve-
shaped crystal was orange-red in colour, suggesting that the bending is also related to photo-
induced cis—trans isomerization, specifically the rapid build-up of trans-azo on the irradiated

crystal surface.'® The extent of the isomerization of the bent crystal was similarly studied by *°F
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NMR, where it was found that the resultant bent crystal exhibited larger amounts of isomerization
with the ratio between cis and trans isomers being 83:17 (Supplementary Figure 3.8). The larger

amount of isomerization could be a requirement to induce a photo-mechanical response.

Finally, switching to a laser beam of a 78 um diameter, increasing light intensity to 2.25
W mm?, resulted in photo-carving that was evident by clean cutting of the crystal. In contrast to
irradiation at lower power densities, which led to a change in colour throughout the crystal, in this
case the colour change from yellow to red was only observed on the irradiated spot, suggesting
that only the directly irradiated part of the crystal undergoes isomerization. Consequently, single
crystals of (cis-azo)(dioxane) were found to undergo three distinct types of photo-response: photo-
chemical colour change, photo-mechanical bending, and photo-carving, each achievable through
manipulating the intensity of the incident light. Moreover, eliciting a photo-response at a lower
light intensity did not prevent the co-crystal from also exhibiting a different response at a higher
light intensity. This was evident by using a beam of 78 um diameter to irradiate a single crystal
that was already bent through irradiation with a beam 2 mm wide: irradiation with the 78 pum
diameter beam led to photo-carving, independent of whether or not the crystal was previously

irradiated.
3.3.2 Photo-chromic response at low light intensity

The mechanism of the observed transformations was investigated by irradiating a polycrystalline
powder of (cis-azo)(dioxane) with a 532 nm LED source of 37 mW cm light intensity. Structural
changes to the material were then monitored through powder X-ray diffraction (PXRD) after
different durations of irradiation, revealing the formation of the previously reported trans-azo
polymorph I1 (Figure 3.2a). The PXRD pattern of a sample after 2 h irradiation showed complete

disappearance of Bragg reflections of (cis-azo)(dioxane), along with the appearance of new
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reflections corresponding to the metastable and thermodynamically preferred polymorphs trans-
azo Il and trans-azo I, respectively, along with small amount of solid cis-azo (Figure 2a). The
PXRD analysis was also performed on a single crystal of (cis-azo)(dioxane) that was first cut using
the higher light intensity (78 pum beam diameter) 532 nm laser beam, and then placed on a zero-
background Si sample holder. The resulting PXRD pattern (Figure 3.2c,d) again clearly
demonstrated the formation of trans-azo | and Il polymorphs, as well as residual (cis-
azo)(dioxane). Overall, PXRD analyses of the photo-responsive behaviour of (cis-azo)(dioxane)
in the form of either bulk microcrystalline powder, or a single crystal, all revealed only the

formation of trans-azo I and I1, with no indication of intermediate phases.
3.3.3 Raman spectroscopy reveals an intermediate co-crystal

Next, the photo-responsive behaviour of a single crystal of (cis-azo)(dioxane) was investigated by
Raman spectroscopy (Figure 3.2b, Supplementary Figure 3.9). Both the isomerization and
dioxane loss from the crystal were probed on a confocal Raman microscope using a sequence of
two rapid pulses (0.1 s each) of laser light of 532 nm wavelength and 0.1 mW power. After each
pulse, the Raman spectrum of the irradiated spot on the crystal was immediately recorded using a
red laser at 785 nm, which was previously verified not to elicit a photo-response. After the first
532 nm pulse, the Raman signals associated with the cis-azo component disappeared completely,
concomitant with the appearance of new Raman bands associated with trans-azo. Importantly, the
characteristic v(C-O-C) Raman band for dioxane at 830 cm™ remained, suggesting that irradiation
induced a rapid transformation of (cis-azo)(dioxane) to the corresponding (trans-azo)(dioxane) co-
crystal. Raman spectroscopy analysis of the irradiated spot following the second 532 nm laser
pulse then revealed the complete disappearance of the v(C-O-C) Raman band, with the overall

spectrum exhibiting only the Raman shifts of pure trans-azo. This band disappearance suggests
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the complete loss of dioxane, consistent with the results of PXRD analyses. Overall, the Raman
spectroscopy analyses on the single crystal indicate that the laser light-induced desolvation of (cis-
azo)(dioxane) proceeds through a cis—trans photo-isomerization, giving rise first to a transient
appearance of (trans-azo)(dioxane), which subsequently converts to pure solid trans-azo.
Although the short-lived (trans-azo)(dioxane) phase was not observed by PXRD, such behaviour
IS consistent with our previous in situ investigation of the irradiation of a cis-azo co-crystal with a
non-volatile coformer, which revealed a topotactic transformation to a corresponding trans-azo

co-crystal. 3
3.3.4 Micrometer-precision photo-carving

Next, we explored whether cutting and engraving of (cis-azo)(dioxane) could be achieved with the
same micrometer-level precision that was observed for (trans-azo)(dioxane). Single crystals of
(cis-azo)(dioxane) were irradiated with 532 nm laser light using a confocal microscope system
which enabled numerically-controlled precision photo-carving of the crystal surface. The changes
to the co-crystal surface upon irradiation with the same confocal microscope laser system were

characterized by scanning electron microscopy.
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Figure 3.2. Photo-response of (cis-azo)(dioxane) co-crystal studied by various methods a)
PXRD analysis of bulk (cis-azo)(dioxane). b) Raman analysis of a single crystal of (cis-
azo)(dioxane). c) Optical image of a single crystal of (cis-azo)(dioxane) after a photo-carving
experiment using a 2.25 W-mm™ 532 nm laser, the square box indicates the area over which PXRD
analysis was performed . d) Resultant PXRD pattern of the single crystal in part ¢), square box

indicates the area studied.
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microscopy (SEM) (Figure 3.3, Supplementary Figure 3.10), with micrometer analysis of the
precision cuts and holes. Upon irradiation with laser light of higher power (>5 mW, which
corresponds to a light intensity of approximately 5W mm-2), larger holes of approximately 20 pm
diameter were carved into the crystal surface, with SEM imaging revealing significant buildup of
material, most likely trans-azo 11, with ridges over 1 um in height forming around the area of the

hole.

The use of a lower power (1 mW) laser beam in the confocal microscope photo-carving
experiment was found to decrease the cut diameter to approximately 1 um, with SEM imaging
revealing the appearance of small plate-like crystals aligned perpendicular to the cut and lying
parallel to the crystal surface. The appearance and orientation of the crystallites indicate a high
mobility of trans-azo molecules, and crystalization of trans-azo 11, constrained in the direction of
the laser movement. The demonstrated control of the cuts/holes produced by the confocal laser
system suggests that despite being based on a process that involves both molecular- (cis—trans)
and supramolecular-level (loss of volatile coformer) transformations, the photo-carving of (cis-
azo)(dioxane) can achieve a similar level of precision as reported for the analogous trans-azo co-

crystal.®
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Figure 3.3. Selected SEM images of a hole and a cut created on the surface of a (cis-

azo)(dioxane) co-crystal by photo-carving using the confocal laser setup. a) SEM image of
resulting (cis-azo)(dioxane) crystal, showing controled size of CPC using varying laser powers. b)
A large hole obtained by a 5 mW 5s duration 532 nmirradiation. c) A linear cut created by a

dragging a 1 mW 532 nm beam across the surface.

3.3.5 High-speed optical monitoring of the photo-carving process

Photo-carving was also studied visually, using a 78 pum beam diameter laser at powers of 5-15
mW and a high-speed camera operating at 1000 frames per second (fps) (Supplementary Figures
3.11-3.13). While irradiation at the low power setting of 5 mW did not result in a hole, the higher
irradiation powers of 10 and 15 mW both resulted in photo-carving, evident by the formation of a
hole in the crystal surface. In both cases a change in colour was observed at the hole edges,

consistent with cis—trans isomerization.

3.3.6 Photo-responsive behaviour of the (cis-azo)(pyrazine) co-crystal

Crystals of (cis-azo)(pyrazine) were readily obtained by crystallization of a pre-ground equimolar
mixture of trans-azo and pyrazine. The sample was then dissolved in hexanes with dropwise
addition of DCM to fully solubilize the sample. The resultant solution was irradiated by a 532 nm

LED, and left to crystalize by slow evaporation. In contrast to needle-shaped crystals of (cis-
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azo)(dioxane), the crystals of (cis-azo)(pyrazine) adopted the form of large (typical dimensions of
1000 x 250 x 50 um) plates (Figures 3.4c,d). Single crystal X-ray diffraction analysis revealed a
structure analogous to that of (cis-azo)(dioxane), with zigzag chains of alternating molecules of
pyrazine and cis-azo molecules connected through I---N halogen bonds. The I---N halogen-
bonding distances were found to be longer (di..nRB = 2.896(5) A, RXB = 0.820) than those in

the previously reported (trans-azo)(pyrazine) co-crystal (di...n = 2.840(3) A, RXB = 0.805).%

The (cis-azo)(pyrazine) co-crystal also exhibited three distinct types of responses upon
irradiation with green or blue light of different light intensities. Irradiation with low light intensity
532 LED light led to a change in colour from bright yellow to dark orange (Figure 4c), which was
accompanied by minor cracking seen on the crystal, indicating strain caused by cis-trans
isomerization. After dissolving the irradiated co-crystal in CDCIz solvent F NMR analysis
revealed that cis- to trans-azo conversion took place to an extent of ca. 8% (Supplementary Figure
14). Notably, such conversion was achieved after 2 hours of irradiation, indicating greater photo-
stability of (cis-azo)(pyrazine) compared to (cis-azo)(dioxane) which showed conversion after

only 20 minutes of irradiation.
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Figure 3.4. An overview of the photo-responsive behaviour of the (cis-azo)(pyrazine) co-
crystal. a) Fragment of the crystal structure of the (cis-azo)(pyrazine) co-crystal, viewed along
the crystallographic [001] direction; b) composite diffraction images for the crystallographic hOl
plane for a (cis-azo)(pyrazine) single crystal before (left) and after (right) photo-carving using a
532 nm 2.25 W-mm laser, the crystal was cut in half and the resultant bottom half was recovered
and re-run. c) Optical images of (cis-azo)(pyrazine) irradiated by a dispersed 532 nm LED. d)
Photographic images of a (cis-azo)(pyrazine) co-crystal that was irradiated with a 488 nm laser
150 mW-mm2, demonstrating photo-mechanical behaviour with the first panel being the crystal
prior to irradiation, the 2" after a minute of irradiation. The blue arrow represents the direction of
the laser beam, and the white outline represents the location of the original crystal prior to
irradiation. e) Photographic images of a (cis-azo)(pyrazine) crystal before (left) and after (right)

being irradiated with a 2.25 W-mm™ 532 nm laser.
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The (cis-azo)(pyrazine) crystals also exhibited a photo-mechanical response, albeit less
pronounced than for (cis-azo)(dioxane) (Figure 3.4C). Upon irradiation by dispersed laser light of
488 nm wavelength and intensity of 150 mW-mm, a crystal of (cis-azo)(pyrazine) was observed
to bend away from the source of irradiation over a course of a minute, with the irradiated section
changing colour from yellow to red, consistent with cis — trans isomerization in the solid. Similar

results were obtained when using 532 nm radiation of the same light intensity.

Photo-induced carving was demonstrated by either green/blue light, and can be
demonstrated on both fresh or prevoiusly irradiated crystals. Using a sample of (cis-azo)(pyrazine)
the sample was exposed to 532 nm laser radiation, showing the ability to readily carve through the
crystal with ease using the smaller diameter higher light intensity beam (2.25 W-mm2, Figure
3.4d). In contrast to its dioxane counterpart, crystals of (cis-azo)(pyrazine) were found to retain
crystallinity after cutting with a 532 nm laser beam, which was evident from full X-ray diffraction
data that was collected from a parent (cis-azo)(pyrazine) single crystal before irradiation, and on
the daughter crystal resulting from cutting (Figure 3.4b, supplementary Figure 3.15-3.16). The
freshly laser-cut crystal exhibited only X-ray diffraction signals of (cis-azo)(pyrazine), with the
only indication of cis—trans isomerization being a slight change in the colour of the cut crystal

surface from yellow to red.

Changes to (cis-azo)(pyrazine) upon irradiation were also followed by PXRD
(Supplementary Figure S16), by irradiating a bulk crystalline powder of the co-crystal with
dispersed green (532 nm wavelength) LED light of light intensity 37 mW-cm™. Visual inspection
of the PXRD patterns of the material before and after irradiation indicated the complete
transformation of (cis-azo)(pyrazine) to a physical mixture of trans-azo | and trans-azo 11 solids

over a period of 20 hours, demonstrating improved photo-stability compared to (cis-
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azo)(dioxane). Similiarly to (cis-azo)(dioxane), analysis of the PXRD patterns did not reveal any
sign of (trans-azo)(pyrazine) or solid cis-azo, suggesting that cis — trans isomerization and loss
of co-former upon irradiation of the (cis-azo)(pyrazine) co-crystal are either simultaneous or occur
through intermediates that are too minute to be observed via PXRD. Attempts to follow the
irradiation of (cis-azo)(pyrazine) by single crystal Raman spectroscopy were not successful due to

co-crystals exhibiting significant fluoresence upon irradiation with the 785 nm laser probe.

Analysis by SEM revealed similar precision cuts compared to the analogous dioxane co-
crystal (Supplementary Figure 3.17). Using a higher power green laser (>15 mW) irradiating a
single point for 5s, the resultant crystal exhibited the presence of hole at the spot of irradiation,
with significant material buildup around the hole. Reducing the power of the laser line (~3 mW)
and automating a linear cutting process revealed plate-like crystallites forming on the edge of the
cut similar to the analogous dioxane co-crystal suggesting the same crystallization of trans-azo 11

near the edges of the cut, due to material displacement from the irradiated area.
3.3.7 Theoretical modelling

The stability of cis-azo co-crystals was also evaluated and compared to that of the corresponding
previously reported trans-azo systems through calculations based on periodic density-functional
theory (DFT) with semi-empirical dispersion correction (SEDC). Specifically, periodic DFT was
used to calculate the energy difference (AEisomerization, Table 3.1) between (cis-azo)(dioxane) or
(cis-azo)(pyrazine) and their trans-azo analogs,® as well as the energy of co-crystal decomposition
(AEdgecomp, Table 3.2) into the crystalline solid azo and the gaseous coformer. The AEdecomp Values
were calculated for two possible outcomes of co-crystal decomposition, specifically the formation

of the azo component as either the solid cis-azo or the trans-azo polymorph I1. Finally, the strength
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of halogen bonding in each co-crystal was evaluated by calculating the interaction strength for a

pair of azo and coformer molecules (Table 3.2).

Calculations indicated that the isomerization of the cis- to the respective trans-azo co-
crystal should be enthalpically favourable in all cases, with AEisomerization Values of -34.25 and -
43.68 kJ-mol™* for the (cis-azo)(dioxane) and (cis-azo)(pyrazine) co-crystal, respectively. These
energy differences are also in good agreement with those calculated for individual crystalline azo-
compounds, e.g. isomerization of cis-azo to either trans-azo | (-37.67 kJ mol™) or trans-azo 11 (-
36.97 kJ mol?), and with previously reported gas-phase calculations®® (-36.99 kJ-mol™?). The
significant stabilization calculated for the process of cis—trans isomerization is in agreement with
the observations based on Raman spectroscopy which indicated that the isomerization takes place
prior to evaporation of the coformers. The calculated values indicate that the cis—trans
isomerization in the (cis-azo)(pyrazine) co-crystal is ca 10 kJ mol* more favourable compared to

(cis-azo)(dioxane).

Table 3.1. Calculated energy of cis—trans isomerization for the co-crystals and azo component.

Co-crystal isomerization process AEisomerization /kJ mol
(cis-azo)(dioxane) — (trans-azo)(dioxane) -34.25
(cis-azo)(pyrazine) — (trans-azo)(pyrazine) -43.68
cis-azo — trans-azo | -37.67
cis-azo — trans-azo Il -36.97
cis-azo — trans-azo (g)*® -36.99
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Table 3.2. Calculated energies (in kJ mol™?) associated with the loss of volatile coformer from the
crystal structures of (cis-azo)(dioxane), (cis-azo)(pyrazine), (trans-azo)(dioxane) and (trans-
azo)(pyrazine) co-crystals, and energy of halogen bond (XB) interactions, obtained through

periodic DFT analysis.

Model AEdecomp(Cis) /kJ mol- AEdecomp(trans 1) /kJ XB interaction

! molt energy /kJ mol*!
(cis-azo)(dioxane) 86.86 49.74 -18.55
(cis-azo)(pyrazine) 100.18 63.07 -28.11
(trans- N/A 84.13 -19.05

azo)(dioxane)

(trans- N/A 106.86 -27.15

azo)(pyrazine)

Decomposition energies for the co-crystals were calculated considering two potential
decomposition pathways: the cis-azo co-crystals converting into either a mixture of crystalline cis-
azo and the gaseous coformer, or into a mixture of crystalline trans-azo Il and gaseous coformer.
The calculated values suggest that both decompostion pathways should be enthalpically
unfavourable, which is consistent with the required input of energy in the form of light or heat.
Independent of the decomposition pathway, calculations indicate that the pyrazine-based co-
crystals should be more stable against decomposition than their dioxane counterparts, which is in
agreement with the results of irradiation experiments. The calculated halogen-bonding energies

additionally highlight the stability of the pyrazine co-crystals compared to their dioxane
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counterparts, and suggest that the increase in halogen-bonding strength upon switching from an

oxygen-based to a nitrogen-based acceptor contributes to the overall stability of the co-crystal.
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Figure 3.5. Thermal studies of the cis-azo co-crystals. a) Overlay of DSC thermograms for the
(cis-azo)(pyrazine) (red) and (cis-azo)(dioxane) (black) co-crystals. b) Hot-stage optical
microscopy images of a (cis-azo)(pyrazine) crystal in paraffin oil, before and after recrystalization
into trans-azo. c) Hot-stage optical microscopy images of a (cis-azo)(dioxane) in paraffin oil,
before and after recrystalization into trans-azo. d) Overlay of Raman spectra collected from a
single crystal of (cis-azo)(dioxane) at different temperatures demonstrating the desolvation of the
dioxane prior to isomerization into trans-azo, the dashed line representing the location of the

Raman band for the ring-breathing vibration of dioxane.
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3.3.8 Thermal analysis

The observed mechanism of light-driven isomerization and loss of coformer from (cis-
azo)(dioxane) is different from the analogous heat-driven process, as evidenced by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) on a bulk sample of (cis-
azo)(dioxane). The DSC thermogram for (cis-azo)(dioxane) heated at a rate of 5 °C min shows
an endothermic process in the 80 — 110 °C range, attributed to dioxane loss. This assignment was
supported by TGA, which revealed a 14.2% loss of weight in the same thermal range, consistent
with the theoretically calculated content of dioxane (13.2%) in (cis-azo)(dioxane)
(Supplementary Figure 3.19). Further heating leads to another endothermic event at 141 °C,
immediately followed by an exothermic process, which have been interpreted as the melting of
cis-azo followed by thermally-induced isomerization and crystallization into solid trans-azo.%!
Upon further heating, the DSC thermogram exhibits a sharp endothermic process at 197 °C,
consistent with the melting of trans-azo. The interpretation of DSC data was verified by hot-stage
optical microscopy (Figure 3.5c, Supplementary Figure 3.23). Heating of a yellow (cis-
azo)(dioxane) crystal did not produce visible changes in shape or colour until 104 °C, when the
crystal begins to darken and crack, which was interpreted as due to the loss of dioxane coformer.
Indeed, if the heating is conducted with a (cis-azo)(dioxane) co-crystal submerged in oil, the
darkening of the crystal is associated with the appearance of bubbles on the crystal surface,
consistent with removal of gaseous dioxane. Further heating leads to liquefaction at ca. 121 °C,
followed by recrystallization at ca. 139 °C to form crystallites of trans-azo that subsequently melt
at the expected melting point temperature of 185 °C. Thermal decomposition of (cis-azo)(dioxane)
was also studied in situ through variable-temperature Raman spectroscopy (Figure 3.5d) on a

single crystal of (cis-azo)(dioxane). While the initial Raman spectrum (25 °C) revealed only bands
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of cis-azo and dioxane (v(C-O-C) at 830 cm™?), increasing the temperature to 105 °C led to the
appearance of new low-frequency bands (<150 cm™), indicating changes in intermolecular
vibrations, and the disappearance of the dioxane Raman band at 830 cm™. Further heating to 165
°C leads also to the appearance of new Raman bands which were consistent with trans-azo. These
observations are consistent with thermal decomposition of (cis-azo)(dioxane) proceeding first

through the loss of dioxane, followed by cis—trans isomerization.

Overall, the sequence of heat-induced events that transform (cis-azo)(dioxane) into trans-
azo is clearly different from the analogous light-driven process. The DSC, TGA and hot-stage
microscopy show that the first step in the heat-driven process is desolvation of the co-crystal to
form solid cis-azo which subsequently melts and then undergoes isomerization and crystallization
to form solid trans-azo. In contrast, irradiation of (cis-azo)(dioxane) proceeds through a
qualitatively distinct process of cis—trans isomerization to first yield solid (trans-azo)(dioxane)

which subsequently loses dioxane to form solid trans-azo.

DSC analysis of bulk (cis-azo)(pyrazine) (Figure 3.5a) revealed two distinct endothermic
events, the first between 80 — 120 °C, which was identified as loss of pyrazine coformer (confirmed
by TGA, which revealed a mass loss of ca. 12.5%, Supplementary Figure 3.20), and the second
at 196 °C, which was assigned to the melting of trans-azo. An exothermic process was also
observed between ca. 129 — 148 °C, which was identified as a combination of recrystallization and
cis—trans isomerization. The interpretation of DSC measurements was again validated by variable
temperature optical microscopy on a single crystal of (cis-azo)(pyrazine), conducted either with a
neat crystal (Supplementary Figure 23) or a crystal submerged in oil (Figure 3.5b). The two
experiments yielded very similar results, with the crystal retaining the overall appearance until ca.

90 °C, followed by darkening and appearance of bubbles (in case of the crystal submerged in oil)
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at higher temperatures. These observations are consistent with cis—trans isomerization and
thermal loss of pyrazine. After ca. 140 °C the sample consists of solid trans-azo, which was

identified by PXRD, and subsequently either melts or dissolves in oil around 200 °C.

3.4 Conclusions

We presented new materials which exhibit multiple different optical, mechanical, and structural
responses to visible green or blue light. Using a high-intensity light beam, the herein presented
halogen-bonded co-crystals can be readily carved, machined or engraved. Upon reducing light
intensity, however, the photo-response can be switched from photo-carving to photo-mechanical
bending. Further reduction in the light intensity enables the photo-response to be further modified,
leading only to a change in crystal colour. These various responses in a single material are enabled
by the general co-crystal design which pairs a cis-azo chromophore halogen-bonded to a volatile
co-crystal former (dioxane, pyrazine). The light-induced colour change and photo-mechanical
bending occur due to different extents of the dye cis—trans isomerization taking place at different
irradiation intensities, while the photo-carving effect is due the combination of the volatility of the
co-crystal former and the photochromic nature of the azobenzene. Mechanistic studies by in situ
Raman spectroscopy on a single crystal show that light-driven desolvation of the (cis-
azo)(dioxane) co-crystal occurs through an intermediate of (trans-azo)(dioxane), i.e. that light
absorption leads first to isomerization, followed by loss of volatile co-crystal component. By
conducting analogous thermal analysis and hot-stage microscopy experiments, this mechanism is
shown to be different from the analogous heat-induced process, in which co-crystal decomposition
is observed prior to the isomerization of the azo component. Overall, this work demonstrates the
ability to design multi-response organic crystals, by combining light-responsive behaviour at the
molecular (cis—trans) and supramolecular (light-induced loss of volatile coformer) level. We
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believe that this simple design for dye-volatile co-crystals provides an exciting new opportunity to
rationally design materials that not only respond to an external stimulus, but can also adapt their

response to finer properties of the stimulus.
3.5 Materials and methods

3.5.1 Synthesis

Trans-azo was synthesized in one step by treatment of 4-iodo-2,3,5,6-tetrafluoroaniline with N-
chlorosuccinimide (NCS) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).*® All reagents and
solvents were purchased from Sigma Aldrich. For co-crystallization of (trans-azo)(dioxane)
approx. 6 mg of trans-azo (0.010 mmol) was dissolved in a minimal volume of (1,4-)dioxane (ca.
2 mL). The solution was then irradiated for 30 mins via a 532 nm 37 mW-cm™ LED and left to
evaporate at room temperature, yielding long, yellow, needle-shaped crystals. For co-
crystallization of (cis-azo)(pyrazine), approx. 6 mg of trans-azo (0.010 mmol) and 6 mg of
pyrazine (0.075 mmol) were mixed in hexanes (ca. 5 mL) with methylene chloride added dropwise
until all material fully dissolved. The solution was then irradiated with a 532 nm 37 mW-cm™

LED. The solution was left to evaporate at room temperature, yielding lath-shaped yellow crystals.
3.5.2 Powder X-ray diffraction

Powder X-ray diffraction experiments were performed on a Bruker D8 Advance diffractometer,
using CuKa radiation (1 = 1.54184 A) source operating at 40 mA and 40 kV, equipped with a
Lynxeye XE linear position-sensitive detector, in the 26 range of 4-40° with step size of 0.019°
or, alternatively, on a Bruker D2 Phaser diffractometer using nickel-filtered CuKa. radiation (4 =
1.54184 A) source operating at 10 mA and 30kV, equipped with a Lynxeye linear position-

sensitive detector, in the 26-range of 4-40°.
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3.5.3 Single-crystal X-ray diffraction

Data for (cis-azo)(dioxane), and (cis-azo)(pyrazine), were collected on a Bruker D8 Venture dual-
source diffractometer equipped with a PHOTON Il detector and an Oxford Cryostream 800
cooling system, using mirror-monochromated MoKo (1=0.71073 A) or CuKa radiation
(A=1.54184 A) from respective microfocus sources. Data were collected in a series of - and -
scans. APEX3 software was used for data collection, integration, and reduction.*® Numerical
absorption corrections were applied using SADABS-2016/2.4" Structures were solved by dual-
space iterative methods using SHELXT,*® and refined by full-matrix least-squares on F? using all

data with SHELXL,*® within the OLEX2,% and/or WinGX>°! environments.
3.5.4 UV-Vis absorbance spectroscopy

Absorbance measurements were collected on an Agilent Cary 300 Bio UV-Visible spectrometer.
A 55 mg/L solution of trans-azo was prepared in THF, and the absorbance spectrum was acquired
using instrument default conditions. The spectrum of the corresponding cis-azo isomer was

collected following 30 min of irradiation by a 532 nm LED (37 mW).
3.5.5 Raman spectroscopy

Raman microscopy experiments were performed on a confocal Raman Witec 300 R microscope
setup using two separate probe wavelengths of 785 and 532 nm. Integration time, number of
accumulations and laser power were varied depending on experiment. Simulated Raman shifts
were calculated by DFT using Gaussian16,% employing the B3LYP density functional.>*5* Basis
sets 6-311G(d,p) were used for all atoms.>® The basis set for iodine> was obtained from the Basis

Set Exchange.®’
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3.5.6 Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
were performed simultaneously using a Mettler-Toledo TGA/DSC 1 Star system thermobalance.
The samples were placed in alumina crucibles and measurements conducted under a stream of
nitrogen (50 cm® min?) gas, at a heating rate of 5 C° min™*. Data collection and analysis were
performed using the Mettler-Toledo STAR® Software 16.20 program package. Alternatively, DSC
measurements were performed on a TA Instruments LTD DSC2500 at a heating rate of 5 C° min%,
under a stream of nitrogen (50 cm® min™?) gas, using a hermetically closed aluminum pan. Hot-
stage microscopy was performed using a Mettler Toledo FP90 Central Processor, equipped with a
Mettler FP84 HT TA Microscopy Cell. Images were obtained on an Infinity 1 Lumenera camera
attached to a Leica DM2500 optical microscope, using the Studio Capture software suite. Heating

was performed from 20 to 200 °C at a rate of 20 C° min 2.
3.5.7 Scanning electron microscopy

Single crystals of (cis-azo)(dioxane) and (cis-azo)(pyrazine) were sputter-coated with Pt, and
placed into an FEI Helios Nanolab 660 DualBeam (Focused lon Beam-Extreme High-Resolution

Scanning Electron Microscope) for imaging.
3.5.8 Detailed machining procedure

A confocal Raman Witec 300 R 532 nm solid state laser was used with a range of power settings
(0.1-20 mW), and multiple objectives (10, 20, 50, and 100x Zeiss objectives with NA = 0.25, 0.5,
0.8, and 0.9, respectively). A series of detailed drawings were copied and then engraved into the

crystals using a pre-made input files with listed coordinates.
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3.5.9 Laboratory laser system including a high-speed camera

A Redlake MotionPro Y4 (Tallahassee, FL, USA) high-speed charge-coupled device camera was
used to capture machining events at 1000 frames/s. A MGL-I111-532 Green DPSS Laser and Lasos
lasertechnik 633nm Helium-Neon laser was coupled with a tunable neutral density filter, a Melles
Griot electronic controlled shutter, and a Melles Griot convex lens with a focal length of 75 mm,

aligned onto a crystal mount with a 150 um loop (Supplementary Figure 3.6).
3.5.10 Periodic DFT calculations

Periodic DFT calculations were performed using the plane-wave DFT code CASTEP 20.% The
input files were prepared from the CIFs of the experimentally-determined crystal structures using
the program cif2cell.*® Crystal structures of all materials were geometry-optimized with respect to
atom positions and unit cell parameters, subject to the space group symmetry constraints. The
calculations were performed with PBE®® functionals combined with a Grimme D3 semiempirical
dispersion correction scheme.®! The plane-wave basis set was truncated at 750 eV cutoff and the
1% electronic Brillouin zone was sampled with the 2m x 0.07 A Monkhorst-Pack grid k-point
spacing.5? Tight convergence criteria were used in the optimization, namely: 5 x 10 eV atom™
for total energy; 0.01 eV Al for atomic forces; 5 x 10 A for atomic displacement and 0.02 GPa

for residual stress.

Calculations for the gas-phase molecules were performed by placing one molecule in a
cubic simulation cell of 20 A dimension and performing a fixed cell geometry optimization. In that
case a single I" k-point was used for electronic Brillouin zone sampling, all other settings were
kept the same as for the optimization of the crystal structures. For dimer interaction energies, two

molecules were placed in the same 30 x 30 x 30 A simulation box, with their geometries extracted
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from the optimized crystal structures. In that case only single-point calculations were performed,
rather than geometry optimizations, since the aim was to calculate interaction energies for the in-
crystal intermolecular orientation. The dimer interaction energies were computed by subtracting
the total energies of individual molecules from the total energy of the dimer. The energies of
individual crystal structures and gas-phase molecules were used to compute decomposition

energies.
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3.7

Appendix 2: Supporting information for Chapter 3

3.7.1 Experimental data

3.7.1.1 UV-Vis absorbance
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Supplementary Figure 3.1. UV/Vis absorbance spectra of trans- and cis-azo in THF solutions.
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3.7.1.2 Single crystal X-ray diffraction

The X-ray data for (cis-azo)(dioxane), (cis-azo)(pyrazine) were collected on a Bruker D8 Venture
dual-source diffractometer equipped with a PHOTON |1 detector and an Oxford Cryostream 800
cooling system, using mirror-monochromated MoKa (1=0.71073 A) or CuKo radiation
(A=1.54184 A) from respective microfocus sources. Data were collected in a series of ¢- and w-
scans. APEX3 software was used for data collection, integration and reduction.! Numerical
absorption corrections were applied using SADABS-2016/2.2

Structures were solved by dual-space iterative methods using SHELXT? and refined by
full-matrix least-squares on F? using all data with SHELXL* within the OLEX2® and/or WinGX®
environment. For both structure models, some reflections were found to have been obscured by
the beam stop and were omitted from the refinement. Hydrogen atoms were placed in calculated
positions and treated as riding on the parent carbon atoms with isotropic displacement parameters
1.2 times larger than the respective parent atoms. Equivalent 1,2- and 1,3-distances were restrained
to be of the same length for dioxane molecules in (cis-azo)(dioxane), with rigid bond and proximity
restraints also applied to their anisotropic displacement parameters. The dioxane molecules were
modelled as disordered around the inversion centre over two components, with their occupancies
refining to 0.675(10) and 0.325(10), respective.

Crystal structure figures were generated using Mercury,” and POV-Ray methods.®

CCDC 2162225 and 2162226 contain the supplementary crystallographic data for this
paper. The data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/structures.
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Supplementary Table 3.1. Crystallographic data for the reported crystal structures of
(cis-azo)(dioxane) and (cis-azo)(pyrazine).

Compound (cis-azo)(dioxane) (cis-azo)(pyrazine)
CCDC Number 2162225 2162226

T (K) 253.0(1) 298(2)
Formula Ci6HsFslo2N2O2  CisHaFsloNg
M 666.04 658.03
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c

a (A) 21.1357(14) 29.0978(6)
b (A) 5.4973(4) 5.72450(10)
c(A) 18.4971(12) 11.5731(3)
a (°) 90 90

B(°) 112.909(2) 95.6637(11)
7 (°) 90 90

V (A% 1979.6(2) 1918.32(7)
z 4 4

pealc (g cm™) 2.235 2.278

A (A) 0.71073 1.54184
u(mm™) 3.266 26.589
F(000) 1248.0 1224

Crystal size (mm?3)

Data collection & range (°)
Reflections collected [Rin]

Reflections [7> 25(1)]
Data completeness (%)

Data/parameters/restraints

Goodness-of-fit on F?

Final R, data with 7> 24(J)

Final R for all data

Largest diff. peak/hole
(e A?)

0.522 x 0.120 x
0.075

3.852-32.629
28174

2915

98.9
3596/164/103
1.065

R:=0.0313
WR2 =0.0737

R1=10.0420
WR2 =0.0817

1.196/-1.015

0.456 x 0.214 x 0.096

3.052-72.433
14995

1556

99.4
1875/136/0
1.092

R1 =0.0346
WR2 =0.0771

R1 =0.0460
WR2 = 0.0882

0.856/—0.864
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v

Supplementary Figure 3.2. ORTEP view of the asymmetric unit of (cis-azo)(pyrazine), collected
at 298 k. showing the atom labelling scheme (CCDC code). Hydrogen atoms are shown as small
spheres of arbitrary radius. The symmetry-dependent parts of cis-azo and pyrazine molecules are
shown in ball-and-stick model in light grey. The halogen bond is shown as a dashed black line.

Supplementary Figure 3.3. ORTEP view of the asymmetric unit of (cis-azo)(dioxane), collected
at 253 k. showing the atom labelling scheme (CDC code). Displacement ellipsoids are drawn at a
50 % probability level. The symmetry-dependent parts of cis-azo and dioxane molecules are shown
in ball-and-stick model in light grey. Halogen bonds are shown as a dashed black line.
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3.7.1.3 Laboratory laser setup

Microscope
Camera
BS
ND S L Broad band light
I {/\) 9
o N + E‘
Sample
Laser 1/4 WP

1/4 WP: 1/4 waveplate
ND: Neutral density filter G
L: Lense 1000 FPS
M: Mirror Camera

iy L
S: Shutter %pH
PH: Pin hole L
BS: Beam splitter

=
=

Supplementary Figure 3.4. Schematic of the laboratory laser setup including the various optical
components and equipment and multiple cameras.
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Supplementary Figure 3.5. Determination of beam diameter at the irradiation surface of the
photo-carving beam via a knife edge experiment. Left) output energy with respect to knife position.

Right) beam width at various positions of sampling.
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P

P=P,+ 2“"(1—erf

V2(x — xo)
(=5

Supplementary Formula 3.1. Fit for measured data, P, is background power, B, IS maximum

power, x, is the position of shift at half of the real power, erf is a standard error function, and w
is the beam radius.

_(x-b)?

f(x)=a-e 2c?

Supplementary Formula 3.2. Gaussian function used to simulate the beam intensity profile
where the variable a is the intensity at the centre of the beam diameter.
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Supplementary Formula 3.3. intensity of a beam profile at the centre of the beam diameter; P,
= total power of the beam, and w, = beam radius.
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Supplementary Figure 3.6. A Gaussian beam profile, to show the intensity distribution of the two
beams used throughout this study; a photo-carving beam (green), and a photo-actuating beam
(blue). The beam size of the photo-carving beam was calculated via a knife-edge experiment.
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3.7.2 (cis-azo)(dioxane) co-crystals

3.7.2.1 NMR analysis
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Supplementary Figure 3.7. F19 NMR spectra of a dissolved (cis-azo)(dioxane
after 20 min of irradiation by a dispersed LED.
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Supplementary Figure 3.8. F19 NMR spectra of a dissolved (cis-azo)(dioxane) single crystal
after approximately 1 min irradiation by a 532 nm 150 mW laser (Top). F19 NMR spectra of a
dissolved (cis-azo)(dioxane) single crystal before any irradiation.

3.7.2.2 Raman spectroscopy
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Supplementary Figure 3.9. Right) Experimental Raman spectra of (cis-azo)(dioxane), (trans-
azo)(dioxane) and trans-azo Il acquired with a 785 nm probe, at 25 mW power, 2.5 s integration,
over 10 accumulations. Left) Simulated gas-phase Raman spectra of dioxane, cis-azo and trans-
azo. The asterisk (*) indicates the position of the dioxane v(ring breathing) Raman band.
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Supplementary Table 3.2. Assigned Raman shifts.

(cis- (trans- trans-azo cis-azo dioxane trans-azo
azo)(dioxane)  azo)(dioxane) ) simulated  simulated  simulated :
experimental  experimental  Crperimenta I shifts shifts shifts assignment
shifts €M ™) shifts cm) S M) em  emty (em Y
336 N/A N/A 324 N/A N/A v(Aromatic)
N/A 350 N/A N/A N/A N/A
N/A 402 402 N/A N/A N/A
410 N/A N/A 405 N/A N/A v(Aromatic)
N/A 423 423 N/A N/A 413 v(Aromatic)
437 443 440 443 N/A 444 v(Aromatic)
501 499 497 506 N/A 491 v(Aromatic)
, V(N=N)
557 N/A N/A 544 N/A N/A v(Aromatic)
, V(N=N)
N/A 778 776 N/A N/A N/A
833 830 N/A N/A 810 N/A v(ring
breathing),
dioxane
970 966 961 971 N/A 950 v(Aromatic)
N/A 1061 1056 N/A N/A 1050 V(C-N)
N/A 1265 1263 N/A N/A 1270 V(C-N)
N/A N/A 1276 Sh N/A N/A N/A
N/A 1375 1373 N/A N/A 1364 v(N=N)
1368 N/A N/A 1387 N/A N/A v(Aromatic)
N/A 1426 1426 N/A N/A 1424 v(N=N)
N/A 1461 1463 N/A N/A 1452 v(N=N)
N/A 1492 1492 N/A N/A 1484 v(N=N),
v(Aromatic)
1525 N/A N/A 1532 N/A N/A v(N=N)
1634 1622 1624 1648 N/A 1640 v(Aromatic)
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3.7.2.3 Scanning electron microscopy

4681x 10.00kv | LFD

Supplementary Figure 3.10. SEM images of (cis-azo)(dioxane) after carving showing precision
hole formation, via a 532 nm 1 mW confocal laser system.

3.7.2.4 High speed camera studies

23 ms 155 ms

Supplementary Figure 3.11. Images of a machining process of (cis-azo)(dioxane) captured via a
high speed camera using a 532 nm 5 mW laser.
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80 ms 89 ms

Supplementary Figure 3.12. Images of a machining process of (cis-azo)(dioxane) captured via a
high speed camera using a 532 nm 15 mW laser.

30 ms

Supplementary Figure 3.13. Images of a machining process of (cis-azo)(dioxane) captured via a
high speed camera using a 532 nm 10 mW laser.
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3.7.3 (cis-azo)(pyrazine) co-crystals
3.7.3.1 NMR analysis
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Supplementary Figure 3.14. F19 NMR spectrum of a dissolved (cis-azo)(pyrazine) single
crystal after 2 hrs of irradiation.

3.7.3.2 Crystallographic studies of photo-carving of single crystals

LN
\
N\ A
A

N

R

T
A1

B

et e e e

AN N

Supplementary Figure 3.15. Precision images of (cis-azo)(pyrazine) showing the Okl layers: (left)

before and after (right) photo-carving by a 532 nm laser at 20 mW power. A portion of the crystal
was fully removed by laser light.
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Supplementary Figure 3.16. Precision images of (cis-azo)(pyrazine) showing the hkO layers:
(left) before and after (right) photo-carving by a 532 nm laser at 20 mW power. A portion of the
crystal was fully removed by laser light.
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3.7.3.3 X-ray diffraction analysis
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Supplementary Figure 3.17. Time evolution of powder X-ray diffraction patterns of a bulk
sample of (cis-azo)(pyrazine) under irradiation by a 532 nm 37 mW-cm™ LED.
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3.7.3.4 Scanning electron microscopy analysis

Supplementary Figure 3.18. SEM images of (cis-azo)(pyrazine) after photo-induced carving by
a 532 nm 15 mW confocal laser system (top right/bottom left), and photo-induced carving by a
532 nm 3 mW confocal laser system (bottom right).

3.7.3.5 Computational analysis of co-crystals

Supplementary Table 3.3. Periodic density functional theory results of models discussed in this
study.

Model Energy per # of Molecules inthe Energy per formula
unit cell /eV  cell unit /eV

(trans-azo)(dioxane) -10963.46 2 (1 trans, 1 dioxane) -10963.46
(cis-azo)(dioxane) -21926.21 4 (2 trans, 2 dioxane) -10963.11
(trans-azo)(pyrazine) -21147.07 4 (2 trans, 2 pyrazine) -10573.54
(model reduced sym to

P21/n (parallel azos))

(cis-azo)(pyrazine) -21146.16 4 (2 cis, 2 pyrazine) -10573.08
Pyrazine (crystal) -2496.19 2 -1248.10
Pyrazine () -1247.02 1 -1247.02
Dioxane (g) -1637.18 1 -1637.18
trans-azo | -37301.68 4 -9325.42
trans-azo 11 -18650.83 2 -9325.415
cis-azo -18650.06 2 -9325.03
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Supplementary Table 3.4. Formation energy calculations of various models discussed in this
study.

Formation energies Energy /eV Energy /kJ/mol
(cis-azo) + pyrazine to (cis-  0.040685 3.92553291
azo)(pyrazine)

(trans-azo 1) + pyrazine to -0.02099 -2.02524114
(trans-azo)(pyrazine)

(trans-azo Il) + pyrazineto  -0.028265 -2.72717679

(trans-azo)(pyrazine)

3.7.4 Thermodynamic studies
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Supplementary Figure 3.19. Thermogravimetric analysis of (cis-azo)(dioxane).
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Supplementary Figure 3.20. Differential scanning calorimetry analysis of (cis-azo)(dioxane).
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Supplementary Figure 3.21. Thermogravimetric analysis of (cis-azo)(pyrazine).
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Supplementary Figure 3.22. Differential scanning calorimetry analysis of (cis-azo)(pyrazine).

Supplementary Figure 3.23. Hot-stage microscopy images of (cis-azo)(dioxane).
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Supplementary Figure 3.24. Hot-stage microscopy images of (cis-azo)(pyrazine).
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3.7.5 Additional photo-carving images and movies of cis-azo co-crystals

Supplementary Figure 3.25. (cis-azo)(dioxane) before (left) and after (right) photo-irradiation
using a confocal Raman 532 nm at 10 mW laser power for 1s duration.

Supplementary Figure 3.26. (cis-azo)(dioxane) after photo-irradiation using a confocal Raman
532 nm at 5 mW laser power for 1s duration.

Supplementary Figure 3.27. (cis-azo)(dioxane) after photo-irradiation using a confocal Raman
532 nm at 2.5 mW laser power for 1s duration.
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Supplementary Figure 3.28. (cis-azo)(dioxane) before (left) and after (right) photo-irradiation
using the laboratory laser system (Sl Figure 4) at 2.25 W cm laser power.

3.7.5.1 Supplementary video and data file information

Video 1. Photo-mechanical bending of (cis-azo)(dioxane).

Video 2. Photo-mechanical bending of (cis-azo)(pyrazine).

Video 3. Photo-carving of (cis-azo)(dioxane).

Video 4. Photo-carving of (cis-azo)(pyrazine).

Video 5. High-speed camera video of (cis)(dioxane) photo-carving 15 mW 532 nm irradiation.
Video 6. High-speed camera video of (cis)(dioxane) photo-carving 10 mW 532 nm irradiation.

Video 7. High-speed camera video of (cis)(dioxane) photo-carving 5 mW 532 nm irradiation.
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Rationale for Chapter 4

In the previous two Chapters 2 and 3, the new phenomenon of ‘Cold Photo-carving’ (CPC) was
described in detail with a series of azo dye and volatile conformer co-crystals. This CPC technique
demonstrated dye-volatile co-crystals that could be readily cut, carved, or machined with
micrometer precession using low-intensity visible light. This Chapter 4 builds upon these photo-
carving and photo-mechanical effects by expanding CPC to a new class of co-crystals, combining
two distinct chromophores into a photo-responsive co-crystal. We report here the successful
synthesis and investigation of the photo-responsive behaviour of materials based on a co-
crystallization of a trans azo dye as halogen bonding donor, with both a deeply coloured aromatic
conformer azulene, and also its structural yet colourless isomer naphthalene, as halogen bonding
acceptors. These azulene co-crystals displayed two separate responses upon irradiation with low-
powered green visible, and high-powered infrared (IR) light, both CPC similar to previously
described co-crystals in Chapters 2 and 3, but, when irradiated by a high-powered IR laser source,
these azulene co-crystals also displayed a re-formation at the spot of irradiation, with the growth
of a new crystalline phase. This provides a single material that can produce two distinct photo-
responses, selected by the wavelength of irradiation to target either of the 2 dye coformers

separately.

Chapter 4 is being prepared as a manuscript for submission, after this Thesis submission.
Citation: Borchers, T. H., Vainauskas, J., Titi, H. M., Barrett, C. J., & Fris¢i¢., T. “Multi-
Component Crystals with Wavelength-Dependent Mechanical Response to Visible and Infrared

Light” manuscript in preparation (2022).
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Multi-Component Crystals with Wavelength-Dependent Mechanical Response

to Visible and Infrared Light

T. H. Borchers, J. Vainauskas, H. M. Titi, C. J. Barrett*, and T. Frisc¢ic*

Department of Chemistry, McGill University, Montreal, QC, Canada

4.1 Abstract

‘Cold Photo-carving’ (CPC) is a phenomenon recently observed in azobenzene co-crystals, in
which a new material is synthesized through co-crystallization of a chromophore (dye) with a
volatile co-crystal former. The resulting dye-volatile co-crystals are found to be readily cut, carved,
or punctured with micrometer precession using low-intensity visible light, providing a unique
opportunity to design materials that are inherently machinable. This Chapter outlines the synthesis
and investigation of the behaviour of materials based on a related design, involving co-
crystallization of two distinct chromophores into a photo-responsive co-crystal. Specifically, the
herein described materials are based on co-crystallization of an azo dye (trans-azo) with a deeply
coloured aromatic component (azulene). The co-crystals are found to exhibit two separate
responses upon irradiation with low-powered green and high-powered infrared (IR) light. Co-
crystals of azulene and trans-azo will undergo CPC when irradiated by a green laser but, when
irradiated by a high-powered IR laser source, these co-crystals undergo a large change in the
surface at the spot of irradiation, including the growth of a new crystalline phase. These effects
appear dependent on the wavelength of radiation, and therefore these multi-chromophore co-
crystals act as a material that can selectively display either of two separate responses triggered

simply by the wavelength of the excitation laser.
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4.2 Introduction

Molecules that exhibit light-responsive behaviour, also known as photo-switching, have been key
to the development of advanced molecular materials® such as organic semiconductors,?® energy
transduction and storage materials,* as well as polymeric molecular machines.® Azobenzene-based
(azo) dyes are a well-established class of molecular photo-switches that undergo photo-induced
isomerization reversibly between a stable trans- and a metastable cis-form (Figure 4.1a).
Typically, the cis-form will readily transform back to the trans-isomer either through photo-
isomerization driven by visible light, or via thermal relaxation at room temperature.® Tailoring the
functional groups on the azo unit allows for tuning of the optical properties of the molecules, and
the resulting solid state materials,” including the cis—trans relaxation rate. A notable example of
such behaviour is the introduction of fluorine substituents which provides sufficient stabilization
for the cis-isomers to be isolated in the form of crystalline solids.” More broadly, the covalent
modification of the azo moiety has led to optimizing the synthesis of a broad class of azobenzene-
based dyes that have been developed into various functional materials applications, including as

components of photo-responsive thin-films,®° liquid crystals,'® and crystalline solids.*!

Designing crystalline solids is an effective way to produce materials that exhibit unique
responses to light,1>1* specifically when the molecular building blocks of the crystal contain a
chromophore in either a single- or a multi-component crystal (a co-crystal).!®!’ Since the
pioneering work of Etter,'® co-crystallization has been recognized as a powerful crystal
engineering method to control the molecular assembly of molecules, and is now central to the
production of pharmaceuticals,'”?° materials that undergo photo-dimerization reactions,?-23
waveguides,?* and for tuning of photo-luminescent properties.?>? The design of co-crystals relies
on carefully combining supramolecular synthons,?’ and a good understanding of various
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intermolecular interactions, including hydrogen-bonding, - stacking, and halogen bonding.?®
Halogen bonding (XB) occurs through polarization of a large halogen atom (I, Br, Cl) bonded to
a highly-electron-withdrawing group, leading to the formation of an c-hole; an area of positive
potential on the halogen atom opposite the c-bond.?° These polarized atoms can now form XBs
with heteroatoms (N, O, S, F) which possess concentrated electron density, held together by the
electrostatic interactions between the halogen atom as the XB donor, and the heteroatom as the
XB acceptor.?®3! The highly directional nature of the XB supramolecular interactions has been
exploited in the formation of azobenzene-based co-crystals as a way to control various optical
properties of the crystals, as well as the photo-mechanical properties.*>323% Halogen bonds to n-
systems of arene molecules have also been explored,®%® yet are considered to be weaker in

interaction compared to traditional XBs with heteroatoms as acceptors.*

Recent studies (Chapters 2 and 3) reported halogen bonding co-crystals that can be cut,
carved, or punctured with low-powered visible light. Such behaviour was termed ‘cold photo-
carving’ (CPC) due to the low power (non-heating, room Temperature) laser light able to produce
such cutting or surface patterning.>” The CPC phenomenon is enabled through the co-crystal
design of a light-absorbing dye and a volatile co-crystal former (coformer),?® and it is speculated

that the geometric isomerization of the azo dye is key to photo-carving.
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Figure 4.1. Schematic representation of molecules used in this study: a) schematic of azo
isomerization, b) molecular structures, and c) a general I---7 bonding motif. Linear (Step-ladder
motif) arrangements of supramolecular chains of the co-crystals studied: d) (naph)(trans-azo)., e)

(azu)(trans-azo)a, f) (azu)s(trans-azo): .

This Chapter investigates the behaviour of photo-responsive co-crystals combining two
distinctly absorbing chromophores: an azobenzene dye (trans-4,4’-diiodooctafluoroazobenzene,
trans-azo, Figure 4.1b) and a second volatile chromophore azulene (azu, Figure 4.1b), a strongly-
coloured dark blue dye. Co-crystallization of azu and trans-azo leads to two distinct co-crystals
with different compositions (stoichiomorphs): (azu)s(trans-azo). and (azu)(trans-azo). (Figure
4.1d,e). These previously reported co-crystals form through a step-ladder motif, held together by
unique I---w halogen bonds (Figure 4.1c). The shortest I---C contact distances of each stiochomorph
were found to be 3.245 A and 3.543 A for (azu)s(trans-azo), while (azu)(trans-azo), had contact
distances of 3.323 A and 3.378 A.% Both co-crystals exhibit strong pleochromism under polarized

light, changing colour from red to blue (Figure 2b) upon rotation with respect to the polarization
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of the light source. The pleochroic behaviour is a result of the crystal structures of both materials,
exhibiting mutually orthogonal alignment of the transition dipole moments of the two molecules

(Figure 2a).

The trans-azo dye was also co-crystallized with naphthalene (naph) (Supplementary
Figure 4.1), which is a structural isomer of azulene, yet colourless, non-absorbing at the visible
and IR wavelengths used to address the azu. This co-crystallization results in the (naph)(trans-
azo), co-crystal, containing naph and trans-azo in a respective 1:2 stoichiometric ratio.® The
(naph)(trans-azo). co-crystal is isostructural to the (azu)(trans-azo). co-crystal (Figure 4.1d,e),
and the underlying crystal structure exhibits similar I---z contact distances to those found in azulene
co-crystals, with lengths of 3.366(7) A, and 3.343(7) A. Despite several attempts, a co-crystal of
(naph)s(trans-azo). composition, which would be analogous to the known co-crystal (azu)s(trans-
azo)2, has never been observed (Supplementary Figure 4.2). Instead, the powder X-ray
diffraction (PXRD) patterns of the resulting materials indicated only the presence of crystalline
(naph)(trans-azo). co-crystal and solid naph. However, mixing varying proportions of naphthalene
and azulene successfully formed solid solutions in a 3:2 stoichiometry; ((naph)(azu)z(trans-azo).,
(naph)2(azu)(trans-azo).) (Supplementary Figure 4.3). However, when using equivalent amounts
of azulene and naphthalene (1:1), the PXRD pattern of the resulting material revealed X-ray
diffraction signals that are interpreted as a combination of (naph)(azu)(trans-azo), and
(naph)2(azu)(trans-azo)., suggesting that some distinctive order may exist in the solid solutions.
Unlike azu, solid naph appears colourless, yet the (naph)(trans-azo). co-crystal retains strong
dichroism under polarized light ranging from red to transparent (Figure 4.2C). As naphthalene
has near-zero absorbance in the visible region, it was used it as a control throughout this study, as

we expected low frequency (red/IR) light to have no effect on the molecule.
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Figure 4.2. Photo and optical response of co-crystals studied. a) Schematic representation of a
trans-azo and an azulene molecule, with the direction of the maximum transition dipole moments
shown for both molecules. b) Optical images of a (azu)(trans-azo). crystal under polarized light
before and after irradiation with 532 nm and 785 nm lasers. ¢) Optical microscopy image of the
surface of a (azu)(trans-azo). co-crystal following irradiation with a 785 nm laser. d) Optical
microscopy images of (naph)(trans-azo). under polarized light before and after irradiation with a

532 nm laser. e) Example of CPC successfully performed on a (naph)(trans-azo). co-crystal.
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4.3 Results and Discussion

4.3.1 CPC of (azu)s(trans-azo)2 and (azu)(trans-azo)z co-crystals

Upon irradiation with low-power green light (532 nm, = 0.5 mW), single crystals of (azu)(trans-
azo)» were found to undergo CPC (Figure 4.2b). Clean lines can be seen cut into the crystals, with
the edges of the cuts undergoing a large optical colour change (blue to orange/red), suggesting
evaporation of azu and recrystallization of trans-azo near the rea of the surface being irradiated.
Similar CPC behaviour is observed on the surfaces of the isostructural (naph)(trans-azo). co-
crystals when irradiated with a 532 nm laser of 0.5 mW power (Figure 4.2d,e). Lines or holes can
be seen on the crystals at the areas of irradiation, indicating that the two co-crystals ((azu)(trans-
azo)2, and (naph)(trans-azo)2) exhibit identical behaviour upon irradiation by green light. Next, we
studied the response of the isostructural crystals to light of lower frequency. Specifically, upon
irradiation by low-powered infrared (IR, 785 nm) light, the co-crystal (azu)(trans-azo), did not
exhibit any surface modification. However, increasing the power of the IR laser to > 20 mW led
to the appearance of changes on the co-crystal surface. The surface disruption induced by IR laser
appears different to that achieved upon irradiation by green laser. Rather than clean cuts and holes
in the crystal, yellow/orange single crystals were observed to grow from the location of irradiation
(Figure 4.2b,c). The (naph)(trans-azo). co-crystals were irradiated under identical conditions and
showed no response to the IR laser light, even when irradiated by a 785 nm IR laser at maximum
power (70 mW). These findings indicate that the photo-response to irradiation by IR light directly

relates to the absorbance profile of the azu and not the naph co-crystal components.
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Next we explored the photo-responsive nature of the second stoichiomorph, (azu)s(trans-
azo),, by irradiating polycrystalline samples using a green 532 nm laser. The resultant
polycrystalline powder was removed at the point of irradiation, allowing for detailed lines to be
drawn into a polycrystalline sample (Supplementary Figure 4.4). Similar to the single crystal
studies, the area in the vicinity of the laser irradiation showed a large change in colour, from dark
blue to bright orange. Optical microscopy, however, could not be performed with sufficient
resolution to observe any other differences between the resulting crystallites. However, using the
higher power 785 nm IR laser line, the resulting powder was observed to produce micrometer-

sized yellow/red crystallites growing from the surface (Supplementary Figure 4.5).
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Figure 4.3. Time-resolved monitoring of (azu)s(trans-azo)2 under continuous irradiation by
a 532 nm LED. a) Time-resolved in situ powder X-ray diffractogram. b) Normalized intensity of
various components. ¢) The proposed mechanism of light-induced transformation of (azu)s(trans-

azo) to (azu)(trans-azo)2, and finally to trans-azo I1.
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The photo-stability and mechanism of the photo-evaporation of the two azulene co-crystals
was studied by time-resolved PXRD monitoring of (azu)s(trans-azo). under constant irradiation
by a LED of 37 mW-cm™ intensity and 532 nm wavelength (Figure 4.3). The (azu)s(trans-azo),
co-crystal was found to rapidly convert into (azu)(trans-azo)., with full conversion occurring
within 10 hours of irradiation. The (azu)(trans-azo). co-crystal eventually converted to the
kinetically favoured trans-azo polymorph (trans-azo IlI). Such conversion however, took
significantly longer, and trace amounts of (azu)(trans-azo). could be detected in the powder X-ray
diffraction pattern even after 70 hours of irradiation. Based on these results, the (azu)(trans-azo):
appears to be the more photo-stable co-crystal. These observations can be rationalized through the
molecular packing in the co-crystal structure, as for every azulene unit in (azu)(trans-azo). there
are four halogen bonds to neighbouring XB donors. In contrast, the structure of the second
stoichiomorph, (azu)s(trans-azo),, exhibits two azulene molecules that are symmetrically
equivalent, each participating in two halogen bonds, as well as a third azulene molecule that is not
engaging in any Iz halogen-bonding contacts. The comparison between the two co-crystal
structures suggests that the observed instability of (azu)s(trans-azo). is related to the overall
smaller number of halogen bonds to azulene molecules. In addition, the polycrystalline powder
optically changed throughout the experiment progression. The powder colour changed from dark
blue to green and, ultimately, to a yellow-orange powder, consistent with the experimentally

measured bandgaps (See Supplementary Information).

To test if the photo-responsive behaviour of (azu)s(trans-azo). is dependent on the
wavelength of light, another polycrystalline sample of (azu)s(trans-azo). was irradiated with a 633
nm 37 mW-cm? LED and the process was continuously monitored by PXRD (Supplementary

Figure 4.6). Analysis of the observed changes in the PXRD pattern of the irradiated material
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revealed that the complete conversion of (azu)s(trans-azo): to the (azu)(trans-azo). co-crystal took
over 20 hours, and after a period of 65 hours the X-ray reflections corresponding to (azu)(trans-
azo), remained dominant in the powder X-ray diffractogram. Despite the 532 and 633 nm LEDs
operating at the same power levels, these results indicate that irradiation with the 532 nm LED
converts the starting co-crystal to the final photo-product more quickly, suggesting that green light
is more effective as a tool for CPC. Additionally, as a control (azu)s(trans-azo). was monitored by
PXRD over a period of 24 hours under no irradiation (Supplementary Figures 4.7, 4.8). While
conversion of (azu)s(trans-azo), to (azu)(trans-azo). was observable in this case also, the
conversion is minor in comparison to that of the samples irradiated by either the 532 nm or 633

nm LED.

Thermal analysis of the (azu)s(trans-azo), co-crystal was performed via variable
temperature PXRD (VT-PXRD) ranging from 25-150 °C (Supplementary Figure 4.9) and
showed a conversion similar to that observed in the photo-irradiation studies, in which the
(azu)s(trans-azo). was found to convert to the (azu)(trans-azo). co-crystal, with full conversion
occurring at ca. 65 °C. The resulting co-crystal appears stable until ca. 90 °C, when new X-ray
reflections appeared that were consistent with the formation of crystalline trans-azo I1. In contrast
to the photo-irradiation studies, thermal analysis revealed an additional process in which trans-azo
Il converts to trans-azo I, with the polymorphic transition occurring between 115-135 °C. The
temperature observed to be required for the polymorphic conversion and the lack of trans-azo I
observed in the resultant photo-studies are consistent with CPC being a low temperature
phenomenon. Differential scanning calorimetry (DSC) and thermogravometric analysis (TGA)
were used to confirm the stoichiomorphic and polymorphic transitions occurring throughout the

study (Supplementary Figure 4.10). The DSC traces consisted of three distinct endothermic
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events at 74 °C, 110 °C, and 141 °C. The first event was identified as the transition from
(azu)s(trans-azo): to (azu)(trans-azo). with the additional formation of amorphous azulene. The
temperature of the second endotherm is consistent with the transition from (azu)(trans-azo). to
trans-azo 11, while the final endotherm at 141 °C is in agreement with the TGA results showing a
mass loss of 24.5% (theoretical expectation 24.6 % of 3 parts azulene) occurring between 125-
175 °C. Although several transitions were observed, the evaporation of the azulene appeared to
occur through a single step rather than in multiple steps. The TGA observations suggest that the
transition from (azu)s(trans-azo), to (azu)(trans-azo). , or from (azu)(trans-azo), co-crystal to
pure solid trans-azo 11, occurs with the appearance of additional azulene in amorphous form,

which is in agreement with the endothermic events observed in the DSC.
4.3.2 CPC of (naph)(trans-azo)2 co-crystals

Photo-stability of the (naph)(trans-azo). was studied via continuous irradiation of a polycrystalline
sample of (naph)(trans-azo): by a 532 nm 37 mW-cm™ LED, and the monitoring occurred via
PXRD in the same fashion as for the azulene co-crystals (Supplementary Figure 4.11). Similar
to (azu)(trans-azo), a conversion to trans-azo Il was observed. The conversion begins steadily
and an increase of trans-azo 11 reflections is observed rapidly with 50% of the polymorph forming
after 17 hours. The rate steadily slows down and near conversion is reached after 90 hours of
irradiation. The slowing in rate could be explained by the thickness of the sample, as the upper
surface of the sample converted first and the sample near the far side required longer to convert.

No additional species were seen in the X-ray powder diffractogram.

Analysis by VT-PXRD of the (naph)(trans-azo). crystals showed the same solid form
transformation pathway as for the photo-irradiated sample (Supplementary Figure 4.12). The

(naph)(trans-azo), co-crystal begins to convert to the solid trans-azo 11 at 80 °C, and the resulting
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crystalline phase underwent an additional transition with new Bragg reflections assigned to trans-
azo | beginning at 95 °C. While the thermodynamically favourable trans-azo | polymorph is not
visible when irradiation is conducted using a low-powered LED (mW-cm™), it is present when the
sample is heated, again suggesting that CPC is a low temperature phenomenon. Analysis by
thermal methods, specifically by DSC and TGA measurements on the same sample, showed
agreement with the VT-PXRD (Supplementary Figure 4.13). The DSC thermogram exhibited
two distinct endothermic events at 117 °C and 192 °C. The first event was also found to be
associated with a mass loss of ca. 10.5 %, as established by TGA, and was interpreted as the loss
of naph (theoretically calculated content of naph is ca. 10 %). The second endotherm was

interpreted as the melting of trans-azo 1.
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Figure 4.4. Irradiation of the (azu)(trans-azo)2 with IR light. a) Calculated molecular orbitals
of naph and azu, highlighting the respective HOMO-LUMO gap in the gas phase. b) Calculated
electrostatic potential maps of naphthalene and azulene. c) Precession X-ray images (left to right)
for a single crystal of (azu)(trans-azo). prior to irradiation by IR light, and for a resulting daughter
crystal after irradiation of IR light. d) Optical image of a (azu)(trans-azo). crystal after irradiation
with a 785 nm IR laser. ) SEM images of an (azu)(trans-azo). co-crystal after 785 nm IR
irradiation. f) Schematic representation of the light-driven transformation of (azu)(trans-azo): to

trans-azo I.
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4.3.3 Response of (azu)(trans-azo). and (naph)(trans-azo). co-crystals to IR irradiation

As previously noted, exposure of a single crystal of (azu)(trans-azo). to IR light leads to the
appearance of X-ray diffraction-quality yellow-orange crystals growing from the surface of the
irradiated area of the crystal (Figure 4.4 d-e). One of such resulting crystals was carefully removed
and diffraction spectra collected using a single crystal X-ray diffractometer (Figure 4.4c,
Supplementary Figure 4.14). The crystal structure was solved in a P21/n space group, in which
trans-azo molecules arrange in a herringbone fashion. The structure was assigned as the previously
reported thermodynamically favourable polymorph trans-azo I, rather than the kinetic polymorph
trans-azo 11 which is the photo-product in previously reported co-crystals that undergo CPC. The
discrepancies between the photo-product upon IR irradiation and green light irradiation, is
potentially due to the IR laser being operated at a higher power then the green laser. The high-
powered laser would induce more heat on the surface of crystal, and therefore cause the
crystallization of the higher temperature polymorph trans-azo I. As for the mechanism of the
evaporation of azulene and recrystallization to trans-azo I, we suggest that the high-powered IR
laser has a larger beam width than the low-powered green laser, therefore causing the evaporation
of a larger amount of azu. The removal of larger quantities of azu also makes available a larger
amount of trans-azo for crystallization into trans-azo | crystals that can now grow to sizes of tens
of microns, as observed by scanning electron microscopy (Figure 4.4e, Supplementary Figure

4.15).

In contrast to the (azu)(trans-azo). co-crystals, irradiation by IR light appeared to have no
effect on the co-crystals of (naph)(trans-azo).. We speculate that this is directly due to the
electronic structure differences of azulene compared to naphthalene, which could be related to

different absorbance profiles of the two molecules. The gas phase HOMO-LUMO energy gaps of
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the individual molecules were calculated using the program package Gaussian16,%° using PBEO
functionals at a cc-pvtz level of theory.*'? Azulene had a lower calculated energy gap (Figure
4.4a) than its structural isomer naphthalene (5.21 eV to 6.89 eV respectively). This difference is
proposed to be due to the strong electronic polarization of the azulene molecule, compared to the
naphthalene molecule (Figure 4.4b). Optical properties of the three separate co-crystals were also
studied by solution UV-Vis absorbance spectroscopy (Supplementary Figure 4.16) and solid
state UV-Vis reflection spectroscopy (Supplementary Figure 4.17-4.18). In the solution studies,
the three co-crystals were prepared prior to desolvation in THF through mechano-chemical
methods. All three co-crystals exhibited major absorbance bands in the UV region between 200
400 nm, and minor bands in the visible region ranging from 400 nm to 800 nm. The co-crystal
(naph)(trans-azo). displayed a minor absorbance band located in the 400-600 nm range, which
was assigned to the n-* transitions associated with the azo molecule. The two azulene co-crystals
exhibited significantly wider bands in the visible region, ranging from 400—750 nm, and from 400—
800 nm, for the (azu)(trans-azo). and (azu)s(trans-azo). co-crystals, respectively. The increased
broadness of the bands in comparison to the naphthalene co-crystal is due to the azulene bandgap.
In addition, the absorbance band was found to trail off at the laser line wavelength of 785 nm,
suggesting that azulene molecules absorb the IR laser while naphthalene molecules don not. Solid
state reflectance measurements were acquired to calculate band-gaps within the solids via tauc
plots, where the 3 co-crystals and their individual components were measured. The measured
bandgaps for the individual components were found to be 3.55 eV, 1.57 eV, and 1.89 eV for
naphthalene, azulene, and trans-azo respectively. The co-crystals all exhibited red-shifted bandgap
values compared to those of the individual components, notably 1.63 eV, 1.39 eV, and 1.31 eV,

for (naph)(trans-azo)2, (azu)s(trans-azo)z, and (azu)(trans-azo). respectively. Both azulene co-
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crystals were found to have a smaller bandgap than the naphthalene co-crystals, and fall within the
wavelength of the IR laser (785 nm, 891 nm, and 946 nm for (azu)s(trans-azo)., and (azu)(trans-
azo). respectively). The bandgap of the (naph)(trans-azo). co-crystal appeared slightly higher in
energy at 760 nm. As the bandgaps of the two azulene co-crystals are within excitation of the IR
laser (785 nm), the solid would be expected to absorb the laser light, and produce heat. The
naphthalene co-crystal bandgap is higher in energy than the IR laser, and therefore would not be
expected to produce the same heat as would the azulene co-crystals. This could explain why we
see the photo-response to IR light with the azulene co-crystals and not with the naphthalene co-

crystals.

4.4 Conclusions

Here we have further investigated the process of CPC, by studying the photo-responsive properties
of three new co-crystals; (azu)s(trans-azo),, (azu)(trans-azo)., and (naph)(trans-azo).. All three
co-crystals exhibited successful CPC properties when irradiated with low power green light, yet
the two azulene crystals also exhibited a second photo-response to a high-powered IR irradiation.
We speculate that this is due to the stronger absorption of the azulene co-crystals compared to the
naphthalene co-crystal. The second photo-response differed greatly from CPC; while CPC can be
used to cut detailed patterns into the crystal with micrometer precision, the response to IR light by
the azulene co-crystals led to a much larger surface change in which micron size diffraction quality
single crystals was seen growing from the surface of the mother crystal. The second response also
produced a different photo-product, with the resultant crystals being characterized as trans-azo |

rather than the kinetic polymorph trans-azo 11 seen in traditional CPC. This leads to a material that
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follows two separate transformation pathways, allowing control over the co-crystal surface
properties simply by varying the excitation laser wavelength. This work provides a better
understanding of the low heat requirements of CPC and introduces a new form of photo-carving

with higher powered laser light.

45 Materials and Methods

45.1 Synthesis

Trans-azo was synthesized in one step by treatment of 4-iodo-2,3,5,6-tetrafluoroaniline with N-
chlorosuccinimide (NCS) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU).*> All reagents and
solvents were purchased from Sigma Aldrich. Co-crystallization of (azu)(trans-azo)z, (azu)s(trans-
azo)2, and (naph)(trans-azo). were all prepared mechano-chemically at a 50 mg scale using 5 mL
stainless steel jars with a 2 mg ball. In a typical experiment the reactants would be placed in the
jar at the appropriate molar ratio with the addition of 10 pl of nitromethane, and the resultant
mixture would be milled for 15 mins at 30 Hz using a Retsch MM 400 mixer mill. If the objective
was to grow single crystals of the material then the resultant mixtures would be recrystallized

through slow evaporation in hexanes.
4.5.2 Powder X-ray diffraction

Powder X-ray diffraction experiments were performed on a Bruker D8 Advance diffractometer,
using a CuKa radiation (4 = 1.54184 A) source operating at 40 mA and 40 kV, equipped with a
Lynxeye XE linear position-sensitive detector, in the 26 range of 4-40° with step size of 0.019°

or, alternatively, on a Bruker D2 Phaser diffractometer using nickel-filtered CuKa radiation (4 =
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1.54184 A) source operating at 10 mA and 30kV, equipped with a Lynxeye linear position-

sensitive detector, in the 26-range of 4-40°.
4.5.3 Single-crystal X-ray diffraction

Data for (naph)(trans-azo)., were collected on a Bruker D8 Venture dual-source diffractometer
equipped witha PHOTON Il detector and an Oxford Cryostream 800 cooling system, using mirror-
monochromated MoKa (1=0.71073 A) or CuKa radiation (A1=1.54184 A) from respective
microfocus sources. Data were collected in a series of ¢- and w-scans. APEX3 software was used
for data collection, integration, and reduction.** Numerical absorption corrections were applied
using SADABS-2016/2.4 Structures were solved by dual-space iterative methods using
SHELXT* and refined by full-matrix least-squares on F? using all data with SHELXL*® within

the OLEX2*" and/or WinGX“8 environment.
4.5.4 Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements
were performed simultaneously using a Mettler-Toledo TGA/DSC 1 Star system thermobalance.
The samples were placed in alumina crucibles and measurements conducted under a stream of
nitrogen (50 cm® min™Y) gas, at a heating rate of 5 C° min™™. Data collection and analysis were
performed using the Mettler-Toledo STAR® Software 16.20 program package. Alternatively, DSC
measurements were performed on a TA Instruments LTD DSC2500 at a heating rate of 1 C° min™?,

under a stream of nitrogen (50 cm® min™1) gas, using a hermetically closed aluminum pan.
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4.5.5 Scanning electron microscopy

Single crystals of (azu)(trans-azo). were sputter-coated with Pt, and placed into an FEI Helios
Nanolab 660 DualBeam (Focused lon Beam-Extreme High-Resolution Scanning Electron

Microscope) for imaging.

4.5.6 General microscopy

Assessment of crystals, for example for dichroism observation and sample selection for machining
or diffraction experiments, was performed using a Nikon SMZ1500 stereomicroscope with zoom
capabilities (from 0.75x to 11x). The microscope was equipped with a Omax A35140U camera,

and Toupview acquisition software was used.

4.5.7 Detailed machining procedure

Using a confocal Raman Witec 300 R 532 nm and 785 nm solid state lasers with a range of power
settings (0.1-20 mW, 532 nm and 0.1-70 mW 785 nm), and multiple objectives (10, 20, 50, and
100x Zeiss objectives with NA = 0.25, 0.5, 0.8, and 0.9, respectively), a series of photo-

experiments are undertaken.

4.5.8 UV-Vis absorbance spectroscopy

Absorbance measurements were collected on an Agilent Cary 300 Bio UV-Visible spectrometer.
A 55 mg/L solution was prepared from dissolving one of the three co-crystals; (azu)(trans-azo),
(azu)s(trans-azo)z, and (naph)(trans-azo) in acetonitrile. The absorbance spectrum was acquired

using instrument default conditions.
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459 Raman spectroscopy

Raman microscopy experiments were performed on confocal Raman Witec 300 R microscope
setup using two separate probe wavelengths of 785 nm and 532 nm. Integration time, number of

accumulations and laser power were varied depending on experiment.
4.5.10 Gaussian calculations

Molecular orbitals and electrostatic potential maps (ESP) were calculated by DFT using

Gaussian16,* with PBEO functionals* at a cc-pvtz*! level of theory.
4.5.11 UV-Vis reflectance spectroscopy

% R vs wavelength spectra were acquired on a Lambda 750 UV/Vis/NIR spectrometer from
Perkin-Elmer. BaSO4 (ACS) was used as a standard for instrumental calibration (autozero
corrections). Samples were filled into a 1 cm quartz cuvette. Full spectra were recorded in
reflectance in the range of 2500-300 nm with 5 nm intervals and between 620-300 nm with 0.5

nm intervals.
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4.7  Appendix 3: Supporting information for Chapter 4

4.7.1 Single crystal X-ray diffraction data

== T IO

Supplementary Figure 4.1. ORTEP representation of (naph)(trans-azo)., showing ellipsoids at
the 50% probability level.
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Supplementary Table 4.1. Crystallographic data for the reported crystal structures of

(naph)(trans-azo)a.

Identification code (naph)(azo),
Empirical formula C,5H,F5lN,
Formula weight 642.02
Temperature/K 273.15
Crystal system triclinic
Space group P-1

a/A 5.98220(10)
b/A 11.9530(2)
c/A 12.9134(3)
a/° 90.1920(10)
B/° 98.7290(10)
v/° 91.2400(10)
Volume/A? 912.45(3)

z 2

P 8/cm? 2.337
p/mm-t 27.894
F(000) 596.0

Crystal size/mm?3

0.040x 0.005 x 0.005

Radiation

CuKa (A = 1.54178)

]

20 range for data collection/

6.926to 144.958

Data completeness %

99.5

Index ranges

-75hs7,-14<k<14,-1551<
15

Reflections collected

13528

Independent reflections

3601 [R,,, = 0.0796, Ry,
0.0705]

Data/restraints/parameters

3601/0/263

Goodness-of-fit on F2

1.043

Final R indexes [I>=20 ()]

R, =0.0757,wR, = 0.1999

Final R indexes [all data]

R, =0.0869, wR, = 0.2222

Largest diff. peak/hole / e A

2.80/-1.90
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4.7.2 Powder X-ray Diffraction analysis of (naph)(trans-azo): co-crystals

Intensity / a.u.

(napht)(trans-azo), simulated

(napht)(irans-azo), 30Hz 15min mill

Attempted 3:2 Napht:trans-aze stioc 30Hz 15min milll

Simulated Naphtalene

|
,JL - ,JU\EJ\, M

20 /°

Supplementary Figure 4.2.PXRD of different stoichiometric equivalents of naphthalene, and
trans-azo, formed through ball milling at 30 Hz for 15 mins using a 0.7 mg steel ball, on a 50 mg

scale with 10 pL of Nitromethane added to the solution.

Ju

(napht)(azu),(trans-azo), solution

(napht),(azu)(trans-azo), solution

(napht), g{azu), s(trans-azo), solution

LAW

Intensity / a.u.

(azu)(trans-azo), cocrystal

(azu)(trans-azo), cocrystal simulated

f I
20 30

10
20 /°

Supplementary Figure 4.3. PXRD of different stoichiometric equivalents of azulene,
naphthalene, and trans-azo, formed through ball milling at 30 Hz for 15 mins using a 0.7 mg steel

ball, on a 50 mg scale with 10 pL of Nitromethane added to the solution.
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4.7.3 CPC of (azu)s(trans-azo). and (azu)(trans-azo)2 co-crystals

Supplementary Figure 4.4. Surface of a bulk sample of (azu)s(trans-azo). irradiated with a
confocal system using a 1 mW 532 nm probe, to show CPC patterning achieved.

Supplementary Figure 4.5. Surface of a bulk sample of (azu)s(trans-azo). irradiated with a
confocal system using a 20 mW 785 nm probe.
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Supplementary Figure 4.6. Time-resolved monitoring of (azu)s(trans-azo), under continuous
irradiation by a 633 nm 37 mW-cm™ dispersed LED. The green trace represents the normalized
integrated peak intensity of the 011 Bragg reflection of (azu)(trans-azo), (20 = 10.2 °) throughout
the reaction. The blue trace represents the normalized integrated peak intensity of the 001 Bragg
reflection of (azu)s(trans-azo). (20 = 4.8 °). The red trace represents the normalized integrated
peak intensity of the 002 Bragg reflection of trans-azo Il (20 = 8.4 °) throughout the reaction.
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Supplementary Figure 4.7. Time-resolved monitoring of (azu)s(trans-azo). under no irradiation.
The green trace represents the normalized integrated peak intensity of the 011 Bragg reflection of
(azu)(trans-azo)2 (26 = 10.2 °) throughout the reaction. The blue trace represents normalized
integrated peak intensity of the 001 Bragg reflection of (azu)s(trans-azo): (26 = 4.8 °).
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Supplementary Figure 4.8. a) Time-resolved monitoring of (azu)s(trans-azo)> under no
irradiation. b) Time-resolved monitoring of (azu)s(trans-azo). under continuous irradiation by a
532 nm 37 mW-cm dispersed LED. c) Time-resolved monitoring of (azu)s(trans-azo), under
continuous irradiation by a 633 nm dispersed 37 mW-cm LED. d) overlaid normalized integrated
peak intensities of the 001 Bragg reflections of (azu)s(trans-azo). (20 ~ 4.8 °). The black trace
represents no irradiation, the red trace represents irradiation at 633 nm from a, and the green trace

represents irradiation at 532 nm.
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4.7.4 Thermal analysis of (azu)s(trans-azo):

|

I

145
135
125
15
105
95
85
75-
65
55
45
35-
25-

Temperature / °C

10 20 ‘ 30

20/°
Supplementary Figure 4.9. Variable temperature PXRD taken of (azu)s(trans-azo). co-crystals
with a AT of 5 C° per scan, taken over a temperature range of 25-150 °C. The blue trace is a
simulated PXRD of (azu)s(trans-azo)z, the green trace is a simulated PXRD of (azu)(trans-azo)z,

the light red trace is a simulated PXRD of trans-azo 11, and dark red trace is a simulated PXRD of
trans-azo I.

40 Min

(azu)s(trans-azo), cocrystal

1 ———————— — ——————————3 110

Heat Flow /mW
% of Weight

50 100 150 200 250 300
Temperature / c

Supplementary Figure 4.10. TGA (red) and DSC (blue) traces of (azu)s(trans-azo)., performed
on a Mettler-Toledo TGA/DSC 1 Star system thermobalance. Both runs were performed under a
stream of nitrogen (50 cm® min?) gas, at a heating rate of 1 C° min™2.
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4.75 CPC of (naph)(trans-azo)2 co-crystals
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Supplementary Figure 4.11. Time-resolved monitoring of (naph)(trans-azo), under continuous
irradiation by a 532 nm dispersed LED, powered at 750 mA, 5V. The green trace represents the
normalized integrated peak intensity of the 002 Bragg reflection of trans-azo Il (20 = 8.4 °)
throughout the reaction. The blue trace represents the normalized integrated peak intensity of the

011 Bragg reflection of (naph)(trans-azo), (20 = 10.2 °).

4.7.6 Thermal analysis of (naph)(trans-azo):
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Supplementary Figure 4.12. Variable temperature PXRD taken of (naph)(trans-azo). co-crystals,
with a AT of 5 C° per scan, taken over a temperature range of 25-120 °C. The green trace is a
simulated PXRD of (napht)(trans-azo), the light red trace is a simulated PXRD of trans-azo I,

and the dark red trace is a simulated PXRD of trans-azo |.
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(napht)(trans-azo), cocrystal
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Supplementary Figure 4.13. TGA (red) and DSC (blue) traces of (naph)(trans-azo)., performed
on a Mettler-Toledo TGA/DSC 1 Star system thermobalance. Both runs were performed under a
stream of nitrogen (50 cm® min?) gas, at a heating rate of 1 C° min™2.

4.7.7 Single crystal analysis of daughter crystal following irradiation with IR light

hOl diffraction plane (azu)(trans-azo), hOl diffraction plane daughter crystal

Supplementary Figure 4.14. Left) hOl Diffraction images of a ‘mother crystal’ (azu)(trans-azo):
and a ‘daughter crystal’ (confirmed as trans-azo 1) recovered from the surface of the mother crystal
after irradiation from a 785 nm 20 mW laser. Right) the trans-azo | crystal used for diffraction
collection.
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4.7.8 Scanning electron microscopy of an irradiated (azu)(trans-azo)2 co-crystal

PRI e, 6 © VN T G A 70 § T

det  vacmode  spot WD 10/26/2022 mode| ——— 10ym—— | mag ® | Hv | det  vacmode
2500x | 500kV | ETD High vacuum 2.5 63 mm 2:1 7 PM SE 1000x |5.00kv | ETD High vacuum | 2.5 6.3

Supplementary Figure 4.15. Scanning electron microscopy image of (azu)(trans-azo). co-crystal
after irradiation by a 50 mW 785 nm IR laser.

4.7.9 UV-Vis absorbance and reflectance spectroscopy
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Supplementary Figure 4.16. UV-Vis absorbance spectra of (azu)s(trans-azo)., (azu)(trans-azo).,
and (naph)(trans-azo) co-crystals dissolved in acetonitrile. Green trace represents location of 532
nm irradiation, dark red trace represents location of 785 nm irradiation.
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Supplementary Figure 4.17. Tauc plots of naphthlene, trans-azo, and (naph)(trans-azo). co-
crystals calculated through % R vs wavelength spectra taken on a Lambda 750 UV/Vis/NIR
spectrometer from Perkin-Elmer. BaSO4 (ACS) was used as a standard for instrumental calibration
(autozero corrections). Samples were placed into a 1 cm quartz cuvette. Full spectra were recorded
in reflectance in the range of 2500-300 nm with 5 nm intervals and between 620-300 nm with 0.5
nm intervals.
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Supplementary Figure 4.18. Tauc plots of azulene, trans-azo, (azu)(trans-azo)z, and (azu)-
3(trans-azo), co-crystals calculated through %R vs wavelength spectra taken on a Lambda 750
UV/Vis/NIR spectrometer from Perkin-Elmer. BaSOs (ACS) was used as a standard for
instrumental calibration (autozero corrections). Samples were placed into a 1 cm quartz cuvette.
Full spectra were recorded in reflectance in the range of 2500-300 nm with 5 nm intervals and
between 620-300 nm with 0.5 nm intervals.
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4.7.10 Additional images and data

1000

900

300 Wavelength (nm)

Supplementary Figure 4.19. Left) Time-resolved Raman spectrum of (azu)(trans-azo). under
constant irradiation with a 785 nm 25 mW probe. Right) optical image of the resultant crystal
showing the formation of new orange crystals growing from the surface of the original crystal.

10 20 30 40 50 60 70
um

Supplementary Figure 4.20. Confocal Z-mapping of the surface of a crystal used for photo-
induced crystallization of trans-azo I. The red line in Figure S4 above shows the cross-section
location for the mapping.
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Supplementary Figure 4.21. Left) (naph)(trans-azo). before and Right) after irradiation from a 1
mW 532 nm laser with 1 s irradiation time. Black box highlights area of irradiation.

Supplementary Figure 4.22. Example of IR laser induced growth of trans-azo | crystals from a
(azu)(trans-azo)2 co-crystal. The co-crystal was irradiated with a 20 mW 785 nm IR laser for 10
seconds to induce crystallization.
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Rationale for Chapter 5

Previous chapters (Chapters 2—4) focused on the photo-responsive nature of organic co-crystals,
consisting of an organic photo-switch and a volatile component. Here in Chapter 5, we investigate
the photo-responsive nature of inorganic crystalline materials, to complement the organic studies.
Specifically the inorganic salts studied here are sodium hypochlorite pentahydrate, and
hypobromite pentahydrate (NaOCI-5H.0, and NaOBr-5H20). The crystallographic structure of
the hypochlorite and hypobromite ions have only recently been reported by our team, for the first
time, despite these hypohalites being used as bleaching agents for nearly 200 years (Topi¢, et al.?°
Angew Chemie 2021). Additionally, to date no photo-responsive study has been published for solid
state hypohalite ions. Therefore, this Chapter is the first report to investigate the photo-responsive
nature of these inorganic bleaching agents in the solid state. We report new topochemical reactions
occurring in the solid state, where the hypohalites convert to combination of halite and most likely,
halide species upon irradiation with visible and UV light. Additionally, the yellow-coloured
hypobromite is investigated as an inorganic material that can be machined using low-powered laser
light, similar to the materials presented in the previous three Chapters, now extending this
phenomenon from organic materials into inorganic. This is not only the first report highlighting
the photo-responsive nature of hypohalite species in the solid state, but also a discovery that the
photo-response differs from what has been reported in solution or solid state heating studies.
Chapter 5 is being prepared as a manuscript for submission, after this Thesis submission.
Citation: Borchers, T. H., Marrett, J. M., Shields, D. J., Barrett, C. J., & Fris¢i¢., T. “New
Photochemistry of Hypohalites: a Topochemical, Light-Induced Solid-State Conversion of

Hypohalites (CIO, BrO") into Halites (CIO2", BrO2")” manuscript in preparation (2022).
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New Photochemistry of Hypohalites: a Topochemical, Light-Induced Solid-

State Conversion of Hypohalites (CIO-, BrO) into Halites (CIO2, BrOy)

T. H. Borchers, J. M. Marrett, D. J. Shields, C. J. Barrett*, and T. Frisci¢*

Department of Chemistry, McGill University, Montreal, QC, Canada

5.1 Abstract

We report that the crystalline hypohalite salts NaClO-5H,O and NaBrO-5H.O undergo
disproportionate to their corresponding halites and halide salts when irradiated with laser light,
leading to a complete, selective photo-transformation. This solid state photochemical
transformation contrasts the analagous thermally-induced process, and the well-established
reactivity in solution, which all lead to the corresponding halates (CIO3", BrOs") as the final
products. This unexpected solid state photochemistry, which is here readily monitored in situ
through Raman spectroscopy, is rationalized by the confinement and organization of anions in the
solid state. We propose that this unexpected solid state behaviour, not observed for these materials
when in solution, is due to their unique crystal structures, where hypohalite anions are aligned

head-to-tail and separated by less than 4 A, primed for ready conversion.
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5.2 Introduction

Hypohalite ions (XO-, where X = halogen) are among the central species in the chemistry of
halogens, and are ubiquitous in discussions of systematic trends in textbooks of general and
inorganic chemistry.}® Moreover, hypochlorite (CIO-) and hypobromite (BrO-) ions have been
extensively used as oxidizing agents, with the hypochlorite ion being the first industrially
manufactured chemical bleaching agent since being discovered by Berthelot back in the 18"
century.*® Aqueous solutions of sodium hypochlorite (NaOCI), commercially known as liquid
bleach or eau de Javel, remain one of the most widely used bleaching agents. The manufacture of
aqueous bleach today is being estimated at over 2 billion gallons annually.” The BrO™ ion is known
as an intermediate in the Hoffmann rearrangement,® and as an in situ generated water disinfection
agent.® Solid hypobromite (NaOBr-5H,0) was first reported by Sholder and Krauss in 1952.1
Consistent with their long history and extensive industrial use, the reactivity of hypohalites has
also been extensively studied,'* ™ and is generally considered to be well understood. A staple of
hypohalite chemistry is the disproportionation to form corresponding halates (XOz", where X = Cl,
Br, I, Figure 5.1a). Mechanistic and kinetic studies of this well-known transformation have
revealed that the disproportionation can take place either thermally, or photochemically. For
example the thermal conversion of hypochlorite or hypobromite in solution proceeds to chlorate,
or bromate, respectively.**> Similarly, the photochemical conversion of a hypohalite in solution
is known to produce the corresponding halite as the final product.1®

To the best of our knowledge, all reports of hypohalite disproportionation describe the
formation of the halate and halide (X°) ions. In particular, detailed studies exemplified by those
conducted by Lister,'* and by Buxton and Williams,*® reveal the appearance of a small, steady-

state amount of halite (XO2") during such process, indicating that the disproportionation reaction
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to form the XOs species is mediated by short-lived XO,.2*® Such thermal reaction studies
indicate that the formation of XO3™ involves a slower step in which the hypohalite is converted to
the halite which, subsequently and rapidly, converts into the final halate product.!* In case of

hypobromite, these reactions proceed rapidly even in the dark, at room temperature.®®

a) Established solution chemistry

3NaOCl —— NaClO, + 2NaCl

Herein proposed solid-state reactions

2NaOC| —— NaClO, + NaCl

’ C.«‘-Ca‘-

LLLL
&&&&

G&G&

Figure 5.1. Solution and solid state transformations of hypohalites. a) Schematic of established

solution decomposition of hypochlorite. b) Schematic of herein proposed solid state photo-reaction
of hypochlorite. ¢) Example of the hydrogen bonding network between the water and the oxygen
atoms leading to near linear alignment of hypochlorite ions. d) Example of the hydrogen bonding
network between the water and the oxygen atoms leading to near linear alignment of hypobromite

ions.

215



The light-driven hypohalite disproportionation reactions in solution were found to be
considerably more complicated, with prolonged photolysis of the hypochlorite ion producing
oxygen gas, chlorate, as well as chloride ions.'®" In the case of such photolysis, the formation of
chlorite was also identified as the initial step of the disproportionation.® It should be noted that the
total photolysis pathways also include different back-conversions involving the halate, halite ions,
and hypohalites ions, leading to photoproducts CI', CI-, 0" and O(®P).1® However after a period of
steady-state irradiation, the overall final products remained halate and halide ions, in addition to
molecular oxygen.

In contrast to reactions in aqueous solution, the chemistry of hypohalites in the solid state
has been significantly less explored. The investigations of solid state reactivity appear to be
dominated by a small number of reports on using hypohalites as oxidants in solid state mechano-
chemical oxidation protocols.!® The lack of understanding on the reactivity of hypohalite solids is
not surprising, however, considering that the first report of the crystal structures of hypohalite salts,
specifically of NaOCI-5H,0 and NaOBr-5H-0, have only been reported in 2021.2° That work, as
well as others,?22% has described that thermal decomposition of solid state crystalline hypohalites
leads directly to the formation of halates, with no observed intermediates. To the best of our
knowledge, there have not yet been any reports on potential photochemical reactions of
hypohalites in the crystalline solid state.

Here we report the first observation of the photochemical transformation of hypohalite salts
in the crystalline solid state. In particular, we find that exposure of solid NaOCI-5H,O and
NaOBr-5H,0 to ultraviolet (UV) or visible light leads to the unexpected, selective solid state
formation of the halite ions CIO. and BrO.’, with no detectable trace of other halogen oxoanions,

such as halate or perhalate. This transformation, which is qualitatively different from either the

216



thermal or solution-based hypohalite disproportionations to form the corresponding halate ions,
proceeds to completion in the case of NaOCI-5H>O and is near-complete in the case of
NaOBr-5H,0. Samples of NaOCI-5H20 were obtained commercially from TCI, while samples of
NaOBr-5H,0 were prepared following a procedure modified from previous reports by Schloder

and Krauss,*® and by Levason et al.?*

5.3 Results and Discussion

5.3.1 Raman spectroscopy reveals halite conversion upon irradiation

Raman spectroscopy was used as the main characterization technique, which allowed us to use a
single wavelength laser to probe Raman vibrational spectra while simultaneously using the laser
to induce a photo-response in the hypochlorite solid. The experiments were carried out using a
confocal Raman microscope equipped with a laser source of 532 nm wavelength and an output
power of 11 mW. The laser was focused on the surface of a single crystal of hypochlorite cooled
to -30 °C by using a THMS600 Linkam stage to ensure no thermal degradation. A Raman spectrum
was acquired every 1 second continuously over the duration of the experiment (Figure 2). It was
found that the Raman bands would quickly evolve upon irradiation, with the characteristic
stretching band of the hypochlorite ion v(C1-O) at 711 cm™ being replaced by a new, prominent
band at 787 cm™ and a minor band at 401 cm™. Both of these new Raman bands are consistent
with the v(C1-O) stretches found in sodium chlorite.® In addition to those stretches, other changes
were also observable in the Raman spectra of the irradiated material, including low frequency
bands (< 200 cm™) suggesting the occurrence of a phase transition, as well as v(O-H) stretching
bands. With prolonged irradiation times (> 5 min) the new Raman bands remained constant,

suggesting no further phase change occurs.
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To ensure the reaction would occur uniformly in a larger amount of material, a 20 mg
sample of crystalline powder NaOCI-5H,0 was cooled to -30 °C using a THMS 600 Linkam stage
and then irradiated with a 385 nm wavelength light-emitting diode (LED) array. The solid state
transformation upon irradiation was monitored continuously using a Raman spectroscopy probe
laser of 785 nm (Supplementary Figures 5.1, 5,2). Spectra were acquired at 25 separate and
random locations across the sample, and the resulting spectra were then averaged to ensure a
uniform distribution of data collection over the entire sample. After 10 minutes of irradiation,
such monitoring of the microcrystalline NaOCI-5H20 powder revealed the characteristic v(CI-O)
stretching bands of the hypochlorite ion, but also the appearance of bands characteristic of chlorite
ions. After further 10 minutes of irradiation, the Raman spectra of the sample contain largely the
bands associated with the chlorite ion, with only weak bands of the starting hypochlorite. Finally,
after a total of 30 minutes irradiation, Raman spectra of the irradiated sample revealed only
stretching bands that matched those of sodium chlorite. While the sample remained a solid
throughout the entire process, the irradiation also induced a clear change in the appearance of the
sample, which transformed from small yellow crystallites into an off-white powder. This
experiment clearly demonstrated the possibility to completely and selectively convert a sample of
a hypochlorite salt into a chlorite through solid state irradiation. Upon warming to room

Temperature, the irradiated sample was found to liquify.
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Figure 5.2. Time-resolved Raman spectra. Real-time in situ monitoring of the photo-induced
disappearance of OCI" and appearance of CIO2 upon irradiation of a crystal of NaOCI-5H.0 with
a laser of 532 nm wavelength and 11 mW power. The spectra have been obtained using a 1 second

integration time, on a Witec alpha300 R Confocal Raman microscope.

5.3.2 Heating of solid state hypochlorite pentahydrate

The observed complete and selective transformation of solid NaOCI-5H20 to a ClO-based
material upon irradiation is surprising and is very different from the reactivity observed upon
heating of a sodium hypochlorite sample (Supplementary Figure 5.3). In particular, we have
again used a 785 nm wavelength Raman spectroscopy laser probe to follow changes in a 20 mg
sample of polycrystalline NaOCI-5H>0 upon heating from 0 °C to 120 °C. While the sample was

found to liquify upon heating to 20 °C, there are no changes to the region of the Raman spectrum

219



associated with the v(CI-O) stretching vibrations, except for the broadening and reduction in
intensity of the hypochlorite band at 711 cm™. Upon reaching 80 °C, however, a new band at 938
cm appears, which is an excellent match for sodium chlorate. Upon further heating, the new 938
cm 1 v(Cl1-0) band continues to gain prominence, with the 711 cm™ band gradually disappearing
until a crystalline solid forms again. Raman spectroscopy reveals CIO3™ as the only chlorine
oxoanion present in the resulting solid. Importantly, Raman spectroscopy throughout the entire
heating experiment did not reveal any sign of chlorite, in contrast to the behaviour observed upon

solid state irradiation.

5.3.3 Photo-irradiation of solution-based hypochlorite

In order to evaluate the importance of the crystalline arrangement on the course of the
observed photochemical CIO~ — CIO2™ transformation, we explored the behaviour of a 10 M
concentration aqueous solution of sodium hypochlorite upon irradiation with either a 532 nm laser
of 100 mW power, or a 375 nm laser of 50 mW power (Supplementary Figure 5.4). In each case,
the process was followed in real time through Raman spectroscopy using a 785 nm laser probe,
which revealed no change upon exposure to 532 nm laser light, even after 24 hours of irradiation.
In contrast, Raman spectroscopy monitoring of the solution that was irradiated at 375 nm revealed
transformation from hypochlorite to chlorate within 24 hours. Overall, the described solid state
and solution studies indicate that the unexpected CIO° — CIlO2 transformation in solid
NaOCI-5H>0 is distinct from the reaction that takes place upon external heating of the sample,
and also requires the reactant to be present in the form of a crystal. These observations suggest a

topochemically-controlled reaction mechanism, in which the alignment of CIO™ ions in crystalline
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NaOCI-5H>0 facilitates an oxygen transfer reaction leading exclusively to chlorite ions (Figure

5.1c,d)

5.3.4 Theoretical structural models
To gain further insight into the solid state conversion of hypochlorite to chlorite, we considered
that the irradiation of solid NaOCI-5H.O might take place through an intermolecular oxygen
transfer process (Figure 5.1b), which would initially produce solid solutions in which some of the
pairs of CIO" ions are replaced by a combination of a Cl-and a ClO2" ions. Models for these putative
mixed-salt structures were built by reducing the symmetry of the experimentally obtained
crystallographic structures from the orthorhombic and monoclinic space groups Pbca and P21/n
for the hypochlorite and hypobromite crystal structures respectively, to the triclinic P-1. This was
followed by developing a supercell through joining of two crystallographic unit cells along
crystallographic a-axis, after which selected oxygen atoms would be removed from the hypohalites
and placed on neighbouring hypohalites to form halites and halides.

The resulting structural models were then optimized via periodic density-functional theory
(DFT, Fig. 3, also see ESI) using plane-wave DFT code CASTEP.?® The calculations were
performed using Perdew-Burke-Ernzerhof (PBE)?’ functionals combined with a Grimme D3
semiempirical dispersion correction scheme.?® The functional and dispersion corrections were
chosen, because they have previously been used to model these hypohalite crystal structures, and
have shown only minor variations when compared to the experimental crystal structure.? A total
of four structural models were investigated, for which the structures were developed for different

ratios (y) of CIO2 to CIO™ ions of 0.25, 0.50, 0.75 and 1. The energies for the optimized structures
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were calculated and compared to that calculated of the original NaOCI-5H20 crystal structure

(Figure 5.3, Table 5.1, Supplementary Table 5.1).

Table 5.1. Theoretically obtained energies. Calculated energies between differing models of y

compared to the calculated energies of the optimized experimentally obtained hypohalite

structures.
Initial structure | y=(XO;/XO) | AE (kJ-mol?)
0 0.00
0.25 16.10
NaOBr-5H,0 0.50 29.49
0.75 67.77
1 70.17
0 0.00
0.25 -2.07
NaOCI-5H,0 0.50 12.03
0.75 7.10
1 22.11

The calculations showed that the replacement of pairs of ClIO™ ions with a set of CI" and
CIOz ions led to little distortion in the overall structure — an inspection of the optimized models
revealed the retention of similar hydrogen-bonding chains between layers of the chlorite/chloride
and hypochlorite layers as the original structures. The energies of the respective models trended
enthalpically positive with increasing y for all models except for y = 0.25, which was found to be

exothermic with respect to the crystal structure of NaOCI-5H20.
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Figure 5.3. Theoretical studies of halite/hypohalite mixed salt models. a) Calculated periodic
DFT determined enthalpies of mixed salt models with values y = 0, 0.25, 0.50, 0.75 and 1. b)
Optimized crystal structure for x = 0.50 mixed salt model, highlighting the arrangement of
hypochlorite, chlorite, and chloride ions, and connectivity of the hydrogen-bonded framework
within calculated mixed salt model. c) Optimized crystal structure for x = 1 mixed salt model,
highlighting the arrangement of chlorite, and chloride ions, as well as connectivity of the

hydrogen-bonded framework within calculated salt model.

5.3.5 Photo-responsive properties of hypobromite pentahydrate

The unexpected photochemical transformation observed in solid NaOCI-5H20 was also
observed in the analogous hypobromite salt. Specifically, irradiation of a crystal of NaOBr-5H,0
using a laser source of green visible 532 nm wavelength and 1 mW power led to a significant loss
in intensity of the hypobromite v(Br-O) Raman band at 622 cm™, and the appearance of a new
v(Br-0) signal at 708 cm™, which is consistent with the bromite ion.

It remained difficult however to obtain Raman spectra demonstrating complete

disappearance of hypobromite signal (Figure 5.4a). Even when using a very low-powered laser
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source (power below 0.5 mW), the irradiation led to rapid physical deterioration of the crystal,
resulting in a hole and loss of Raman signal (Figure 5.4c). The ability to induce the formation of
bromite ions in NaOBr-5H,0 using green light, whereas the formation of chlorite NaOCI-5H,0
required the use of UV radiation, reflects the differing UV-Vis absorbance spectra of the two
hypohalite salts (Supplementary Figures 5.5, 5.6). Specifically, measuring the UV-Vis spectrum
of NaOCI-5H,0 in aqueous solution revealed a major absorbance band centred at 300 nm.
Similarly, measuring the absorbance spectrum of an aqueous solution of NaOBr-5H,0 revealed
that the major absorbance band was centred around 350 nm. The red-shifted absorbance of
NaOBr-5H,0 can explain well why the hypobromite sample reacts more quickly to visible light
compared to the hypochlorite sample. The bandgaps of hypochlorite and hypobromite species were
also calculated from their absorbance spectra through developing Tauc plots. The hypobromite
sample (bandgap of 2.95 eV, corresponding to 420 nm wavelength) was found to exhibit a lower
band gap compared to the hypochlorite (bandgap of 3.36 eV, corresponding to 370 nm wavelength)
and, consequently, irradiation with green light would be expected to readily induce reactivity in a
hypobromite sample.

We also explored the thermal behaviour of NaOBr-5H,O using a confocal Raman
microscope combined with a THMS600 Linkam stage. The initially solid yellow crystalline
sample was heated from -50 °C to +50 °C, which led to two sequential transformations. While the
sample is first observed to liquify around 0 °C, no chemical changes were detected in the Raman
spectra throughout the melting process, with the observed v(Br-O) band at 622 cm™ being
consistent with the presence of the hypobromite ion only. Further heating led to sample
crystallization at ca. 50 °C, with concomitant disappearance of the v(Br-O) band assigned to the

hypobromite ion and the emergence of a new band at 802 cm™* that was consistent with the bromate
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ion (Supplementary Figure 5.7). Notably, the measured Raman spectra also revealed no sign of
any bromite intermediate throughout the heating experiment, again indicating that the observed
formation of BrO>™ upon green light irradiation is a light-enabled solid state process, different from
thermal disproportionation that also involves a liquid phase.

We also used periodic DFT modelling to investigate the possibility of forming solid
solutions based on the crystal structure of NaOBr-5H,0, in which pairs of OBr™ ions would be
replaced with a combination of Br- and BrO> (Figure 5.3, Table 5.1). Compared to analogous
calculations for NaOCI-5H0, the formation of such solid solutions was found to be much less
favourable for NaOBr-5H20, as the resulting structural models were significantly more
endothermic. Such results, which indicate a rapid loss of stability upon replacing OBrions with a
combination of Br and BrOy", provide a potential explanation for the observed rapid physical

degradation of the NaOBr-5H,0O upon irradiation.

5.3.6 Gas-phase transition state modeling

To further investigate the observed solid state transformation of hypohalite to halite, we
also evaluated the gas-phase transition state energies for a transformation resembling the proposed
2X0O" — X+ XO2 process. Specifically, we used gas-phase calculations to investigate the
difference in transition state energies between hypochlorite- and hypobromite-based reactions in
which an oxygen atom is transferred from one hypohalite ion to a neighbouring one, with the two
starting ions arranged in a way resembling that in the crystal structures of solid NaOCI-5H,0 and
NaOBr-5H,O. The gas-phase calculations involved the calculation of the intrinsic reaction
coordinate (IRC). The IRC calculation was used to show that the reactant side of the transition

state closely resembles the two hypohalites sitting linearly to each other as seen in the solid state,
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while the product side of the transition state resembles a halide ion and a newly formed halite ion
(Supplementary Figures 8 and 9). Because the photo-reaction occurs in the solid state, a point
of the IRC that most closely resembled the experimentally determined X-ray structure was chosen
for which to compare the energy of the transition state. Using this treatment, the transition state
for the transformation of two hypohalite ions into a halide-halite pair was estimated to be 87 kJ/mol
for OCI, and 55 kJ/mol for OBr-. The lower value obtained in case of hypobromite is consistent

with the observed faster reactions compared to analogous hypochlorite-based processes.
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Figure 5.4. Photo-responsive nature of hypobromite ions in the solid state. a) Resultant Raman
spectra using either a 785 nm 20 mW probe with 10 s of integration (red), showing only
hypobromite stretches, or a 532 nm 1 mW probe with 2 s integration (blue), showing stretches
associated with hypobromite but also with bromite. b) Resultant hypobromite crystal following

Raman experiments, with holes a result of using a 532 nm 1 mW 2s integration laser probe.
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We believe that the light-induced reactivity of hypochlorites described here in the solid
state represents an example of such topochemically-controlled transformations in a purely
inorganic system. Specifically, in the herein investigated crystalline salts, the hypohalites are
arranged in a head-to-tail fashion to form chains in which the interionic distance between the
halogen atom of one ion and the oxygen atom on a neighbouring one are placed at 3.656 A and
3.522 A for CI---O and Br---O, respectively.?’ These distances slightly exceed those calculated for
the sum of the accepted van der Waals radii of the hypochlorite and hypobromite ions of 3.27 A
and 3.37 A respectively. Due to the short distance between neighboring ions, we suggest that the
laser acts as a localized heating source to convert the two hypohalite ions into their respective
halite and halide, with the reaction not progressing further due to sufficient space of the remaining

ions.

5.4 Conclusions

We have reported the first solid state photo-reaction of hypohalites, in which we have
spectroscopic evidence of full conversion from hypochlorite to chlorite. This result differs from
previous decomposition experiments of hypohalites in solution or in the solid state, in which the
major product converted to the resultant halite. We found that even after continuous irradiation
the photo-product would remain as the halite form and would not progress to halate. These results
were supported by both Raman spectroscopy and theoretical calculations. Control experiments
using thermal means in the solid state shows that the reaction indeed progresses photochemically.
Furthermore, the necessity of the solid state structure in promoting the photochemical
transformation is confirmed both by solution irradiation control experiments and quantum

mechanical calculations. The quantum mechanical calculations suggest that the solid state
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structure of these hypohalites works to stabilize the photochemical transition state, which is an

important factor to explain the difference between solution and solid state photochemistry in this

case. Lastly, these hypohalite reactions have been shown to be the first inorganic crystals able to

be cold-carved, which represents further progress in the field of cold photo-carving of crystalline

materials.
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5.6

5.6.1 Bulk Raman study

Appendix 4: Supporting information for Chapter 5
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Supplementary Figure 5.1. Individual Raman spectra of NaOCI-5H,0 before and after 10 min,
20min, and 30 min of irradiation by a 385 nm LED, and heating to 20 °C. Each spectrum is the
sum of 25 individual spectra acquired at random locations throughout the sample. A 785 nm 20
mW laser was used as the Raman probe. For the irradiation studies the sample was cooled to -30

°C using a TSMS600 Linkem stage.
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Supplementary Figure 5.2: left) Photographs of the experimental set up using a 400 mA, 14.5
V, 385 nm LED, cooled to -30 °C using a TSMS600 Linkem stage attached to a nitrogen dewar.
right) Photograph of sample following 30 mins of irradiation.

5.6.2 Monitoring of heating solid-state hypochlorite by Raman spectroscopy
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Supplementary Figure 5.3. in situ Raman monitoring of heating of a solid NaOCI-5H20 from
0-120 °C. Using a 785 nm 400 mW Raman probe.
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5.6.3 Montoring of solution-based photo-reaction of hypochlorite
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Supplementary Figure 5.4. in situ Raman monitoring of a pre-dissolved 10 M solution of
NaOCI-5H20 under constant irradiation by either a 100 mW 532 nm laser (left) or 50 mW 375 nm
laser (right), both experiments used a 785 nm Raman probe.

5.6.4 Periodic DFT computational studies

Periodic DFT calculations were performed using the plane-wave DFT code CASTEP . The input
files were prepared from the CIFs of the experimentally-determined crystal structures using the
program cif2cell.? For the 8 mixed salt models, they were generated from the original crystal
structures of either hypochlorite or hypobromite. Each model was generated by reducing symmetry
from Pbca and P21/n to P-1, and creating a [2 0 0] supercell, after which the oxygen atoms would
be removed from predetermined hyphohalites and placed on neighbouring hypohalites to form

halites and halides.

Crystal structures of all models were geometry-optimized with respect to atom positions
and unit cell parameters, subject to the space group symmetry constraints. The calculations were
performed with PBE? functionals combined with Grimme D3 semiempirical dispersion correction
schemes.* The plane-wave basis set was truncated at a 750 eV cutoff and the 1%t electronic Brillouin
zone was sampled with the 21x0.07 A"t Monkhorst-Pack grid k-point spacing.® Tight convergence
criteria were used in the optimization, namely: 5 x 10 eV atom™ for total energy, 0.01 eV A for

atomic forces, 5 x 10 A for atomic displacement and 0.02 GPa for residual stress.
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Supplementary Table 5.1: Calculated energies of different mixed salt models

Model %Halite | Energy /eV AE / kJsmol*
0 -18296.83 0.00
25 -18296.67 16.10
Hypobromite 50 -18296.53 29.49
75 -18296.13 67.77
100 -18296.11 70.17
0 -36266.42 0.00
25 -36266.44 -2.07
Hypochlorite 50 -36266.29 12.03
75 -36266.34 7.10
100 -36266.19 22.11

5.6.5 UV-Vis absorbance studies
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Supplementary Figure 5.5. UV-Vis absorption spectra of hypochlorite desolved in water (left),
and calculated tauc plot (right).
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Supplementary Figure 5.6. UV-Vis absorption spectra of hypobromite dissolved in water (left),
and calculated from a tauc plot (right).

5.6.6 Monitoring heating response of solid hypobromite
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Supplementary Figure 5.7. Individual Raman spectra of NaBrO-5H0 at variable Temperatures,
with the single crystal heated from -50 °C to +50 °C using a TSMS600 Linkem stage. Raman
spectra were acquired using a 785 nm 20 mW Raman probe.
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5.6.7 Gas-phase calculations

Structures of hypochlorite, hypobromite, chlorite, and bromite were optimized using the B3LYP
theory level with a 6-31G+(d) basis set with Gaussian16 Software®1°. The initial transition state
calculation was performed by adopting a geometry the experimentally determined crystal structure
for each hypohalite, and further refined until a valid transition state calculation was produced. The
observation of one imaginary frequency as determined by the second derivative of the of the energy
with respect to the internal energy was seen as confirmation of a valid transition state. The
transition state geometry was determined to be at a maximum of energy between the reactant and
product by Internal Reaction Coordinate (IRC) calculations*'*4, The geometry of the reactant side
of the IRC calculation were those of hypohalite molecules, and the geometry of product side of
the IRC was one halide ion and one halite ion. To obtain a suitable energy for the transition state,
a point from the IRC calculation that matched the interatomic distances from the experimentally
determined X-ray structure for each hypohalite was chosen. The resulting energies from the

calculation are shown in the table below.

Supplementary Table 5.2: Calculated energy values of the gas-phase components.

Energies of components (Au)

Chloride ion |Hypochlorite ion |Chlorite ion  [TS Transition State vs Starting Materials (kcal/mol) |Products vs Reactants (kcal/mol)

-460.27 -1070.77 -610.52 -1070.64 82.65 -17.47

Bromide lon |Hypobromite ion |Bromiteion |TS Transition State vs Starting Materials (kcal/mol) |Products vs Reactants (kcal/mol)

-2571.80 -5293.84 -2722.07 -5293.73 71.04 -19.19
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Supplementary Figure 5.8. Intrinsic reaction coordinate energies of a transition state between
two hypobromite molecules and bromite + bromine and the corresponding total energy of the
system.
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Supplementary Figure 5.9. Intrinsic reaction coordinate energies of a transition state between
two hypochlorite molecules and chlorite + chlorine and the corresponding total energy of the
system.
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Discussion, Summary, and Conclusions

6.1 Discussion

Throughout this Thesis a variety of new photo-active materials and photo-responsive effects have
been described in detail. Principally, a completely new and unique photo-mechanical effect coined
‘Cold Photo-Carving’ (CPC) has been discovered and developed, along with advances in the same
materials of already-reported effects of photo-mechanics and photo-chromism in organic crystals
and co-crystals. A new photochemistry of inorganic hypohalite ions has also been described here,
all of which will now be discussed in a broader context. Chapter 1 provided new insights into
previous work on photo-responsive organic solids, and their unique behaviour upon light
irradiation, such as photo-mechanical bending. The important role that the crystallographic
arrangement has on the potential photo-response has also been discussed, and how one can use
crystal engineering tools to mediate chemical reactions,! tune luminescent properties,> and
optimize photo-mechanical properties.® The question has been addressed of how using volatile or
structurally unstable molecules in crystalline materials as either co-crystals or multicomponent
salts can enable a large scale mechanical photo-response of the material as a whole. This Thesis is
hoped to lay groundwork for future research which can advance the understanding of photo-
responsive solids and how they can be harnessed to provide designer functional optically-

responsive materials.

Chapter 2 introduced a pair of halogen-bonded co-crystals of fluorinated azobenzene dyes
(trans-azo) and a volatile co-crystal former (coformer), either 1,4-dioxane or pyrazine. A single
crystal of either (trans-azo)(dioxane) or (trans-azo)(pyrazine) could be selectively disassembled

through irradiation with low-power visible light at room Temperature, shown to be cut, carved,
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or engraved with micrometer precision upon laser irradiation. The low-power light required is
orders of magnitudes less in intensity than traditional laser beam machining or photo-lithography
techniques used to carve metals,* ceramics,® or polymer resins.® It is hypothesized here that the
reason that these crystals undergo cold photo-carving, as opposed to other crystalline solids, is due
to the unique combination of the thermo- and photo-active properties molecules making up the co-
crystals. Trans-azo is a light-responsive chromophore, which will convert incident photons to
excited state energy sufficient to isomerization to its cis geometric form, while pyrazine and
dioxane are volatile conformer molecules that can readily sublime away by the input of this energy.
These molecules are held together by weak supramolecular interactions through the halogen bonds
formed between the iodine of the trans-azo and the nitrogen or oxygen atoms of the pyrazine and
dioxane respectively. Using weak, soft-bonded supramolecular interactions rather than stronger
covalent bonds substantially reduces the required input of energy for laser machining to occur, to
wavelengths and intensities low and gentle enough to approach just sunshine. In essence,
optimizing both factors described above are key to why CPC can occur in these crystalline solids,

under just mild visible irradiation, at just room Temperature.

The process of CPC was characterized by powder X-ray diffraction (PXRD), Raman
spectroscopy, high-speed camera photography, and scanning electron microscopy (SEM). Based
on these results a mechanism of decomposition was proposed, in which the incident light causes
isomerization of the azo component, structural disruption of the crystal packing, and then
evaporation of the volatile coformer and recrystallization of trans-azo at the edges of the incident
beam, all at room Temperature. This proved particularly interesting as the process of irradiation
of the co-crystal would lead to decomposition of the co-crystal into a new polymorph of trans-azo

(trans-azo I1). Trans-azo Il was identified as a kinetic polymorph, which will convert to the more
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stable thermodynamically favoured polymorph (trans-azo 1) upon heating to 135 °C. The fact that
the final photo-product is the kinetic polymorph is a clear indication that CPC occurs below 135
°C, as opposed to traditional laser machining techniques which have been described as “explosive
boiling”,” in which Temperatures over femtoseconds of machining can theoretically reach several
thousand Kelvin.2 The various co-crystals studied possessed different photo-stabilities, with the
(trans-azo)(pyrazine) co-crystal being the more photo-stable of the two. In PXRD irradiation
experiments the pyrazine co-crystal would require a total of 18 hours of continuous irradiation by
visible light to convert to trans-azo 11, while the subsequent (trans-azo)(dioxane) co-crystal would
convert within just 2 hours of irradiation. It was hypothesized that the increased interaction energy
(halogen-bond strength) between the chromophore and the volatile coformer is the reason for the

enhanced stability of the pyrazine co-crystals.

Chapter 3 introduced two new photo-carvable co-crystals: (cis-azo)(dioxane) and (cis-
azo)(pyrazine), with the halogen-bond donor cis-azo being the higher energy, less-stable cis isomer
of the fluorinated trans-azo (cis-(p-iodoperfluorophenyl)azobenzene) discussed in Chapter 2. Similar
to the trans co-crystals, experimental results indicated that the (cis-azo)(pyrazine) co-crystal
offered greater photo-stability than its dioxane counterpart. In addition to the experimental results,
the stability of the four co-crystals were explored through theoretical calculations using CASTEP,
a periodic density functional theory (DFT) code. These calculations focused on the decomposition
energy, for which the predictions were of the enthalpic difference between the respective co-
crystals and trans-azo Il crystal + gaseous coformer (dioxane or pyrazine). In both cases the
calculations suggested that the pyrazine co-crystals were more stable than their dioxane
counterparts, in agreement with experimental results. Additionally, halogen-bond energies

between the chromophores and the coformers where calculated, and as expected the pyrazine co-
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crystal interaction energies predicted were higher than those of the dioxane co-crystals, suggesting
that the stability seen in the photo-studies was related to the halogen-bond strength of the co-
crystals. The stability studies also indicated that periodic DFT can be considered a valid technique
for comparing decomposition energies of different co-crystals that decompose back into solid and

gaseous components.

Cis-azobenzenes are known to be less stable then their trans-azobenzene counterparts, and
will readily isomerize from cis to trans through light irradiation or thermal relaxation. The
fluorinated cis-azo crystals described in Chapter 3 possess enhanced thermal stability against back-
isomerization due to the fluorination, and therefore this allows for crystallization as stable solids
as either single crystals or as co-crystals. Differing co-crystals of cis-azo have been shown to
undergo significant mechanical motion upon visible light irradiation. It was proposed that tuning
the intensity of light would provide selective control over desired photo-responses of these (cis-
azo)(dioxane) or (cis-azo)(pyrazine) co-crystals. This was indeed found possible when irradiating
the co-crystals with either green or blue visible light, as it was observed that the cis co-crystals
will undergo three separate and distinct intensity-dependent photo-responses. Irradiation with low-
intensity (<1 mW-cm) light irradiation leads to a colour change from a bright yellow to dark red
crystals, due to low levels of surface cis—trans isomerization. Irradiation at higher intensities (150
mW-mm), causes more extensive azo dye isomerization sufficient to produce photo-mechanical
bending driven by a significant near-surface force. At still higher irradiation intensities (2.25
W-mm) the co-crystals undergo photo-carving, i.e. they are readily shaped, punctured, and cut

with micrometer precision similar to the trans co-crystals, at deep depths.

The photochromic and photo-mechanical responses were directly related to the total cis to

trans isomerization extents occurring within the material. To quantify the amount of isomerization
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occurring during these processes, single crystals of (cis-azo)(dioxane) were irradiated using either
a low intensity source (to induce a colour change) or a higher intensity source (to induce photo-
mechanical bending), after which the extent of isomerization for a single crystal was estimated by
¥F nuclear magnetic resonance spectroscopy (NMR). The NMR results suggested that the photo-
chromic process caused an extent of only 8% isomerization from the cis isomer to the trans isomer,
while the NMR spectra for the photo-mechanical process showed a larger extent of isomerization,
with the integration of the peaks assigned as trans-azo indicating 17% of the sample was
isomerized. A rationalization of the extent of isomerization for the two different processes is as
follows: the higher intensity light will induce a larger, more deeply penetrgating amount of cis to
trans isomerization resulting in the photo-mechanical bending due to sufficient internal strain of
reorganization of the crystallographic arrangement, while in contrast the lower intensity light leads
to a lower, insufficient, surface-confined extent of isomerization, unable to pass a threshold to
induce enough strain of the crystal through the cis to trans isomerization to bend, instead causing
the isomerization to be localized to the surface of the crystal causing only the optical change to

occur.

An explanation towards the third photo-response (CPC) is that the cis co-crystals undergo
similar isomerization to that of the trans-azo co-crystals i.e. the light absorbing dye and volatile
coformers combine in such a way that the dye can convert incident photons to mechanical energy
sufficient to reach the barrier to crystal re-structuring, allowing the volatile coformers to sublime.
To induce this structural photo-response required the highest intensity of light, which could be
expected, as opposed to the lower intensity light driven responses, as the change occurring is
decomposition of the co-crystal rather than just reversible isomerization-induced photo-chromic

or photo-bending of the co-crystals. Raman spectroscopy was used to study the CPC process of
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(cis-azo)(dioxane) and suggested that the mechanism of the photo-driven process occurs through
isomerization of the cis co-crystal prior to evaporation of the coformer. Interestingly, a
combination of differential scanning colorimetry (DSC), Raman spectroscopy, and optical
microscopy revealed that the ‘heating process’ undergoes a different mechanism of decomposition,
in which the evaporation of the coformer occurs prior to isomerization of cis-azo. The difference
between the two mechanisms could be potentially explained by the heating process inputting
energy into the system as a whole, while the photo-process inputs energy specifically to the
chromophore, therefore driving the isomerization of the meta stable cis back to the

thermodynamically favoured trans before evaporation of the coformer.

Chapter 4 introduced three additional different co-crystals that undergo CPC with low-
powered visible light. The co-crystals are made from the halogen-bond donating trans-azo, and
halogen-bond accepting azulene (azu) or naphthalene (naph) coformers acting as the volatile
components. The co-crystals differ from the previously described co-crystals highlighted in
Chapters 2 and 3, as rather than the halogen bond occurring through the iodine atom to heteroatoms
(oxygen or nitrogen) the halogen bonding occurs in this case from the C-I---n system of the azu or
naph acceptors. The azu co-crystals can form in two separate stoichiometric morphs: a 1:2
(azu)(trans-azo),, and a 3:2 (azu)s(trans-azo).. The azu acts as a second chromophore in these
structures as the strongly blue-coloured molecule absorbs red/near-IR light. These co-crystals were
designed to investigate how the CPC properties are affected by an additional chromophore, since
we had questioned if CPC was strictly a thermal process related to the absorption of the
chromophore, or if the azobenzene plays a more pronounced geometric role. If the process is more
linked only to the absorption of the molecule, it was hypothesized that the addition of a red

absorbing component could have an effect of altering the excitation energy needed to induce CPC.
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Naph is the constitutional (structural) isomer of azulene, and forms a 1:2 co-crystal (naph)(trans-
azo). isostructural to (azu)(trans-azo).. Unlike its structural isomer azu, naph does not absorb

visible light, and therefore is used as a colourless control throughout the experiments.

All three co-crystals undergo CPC upon irradiation of low powered green light, and the
crystals can be cut, carved, and punctured with similar precision to the co-crystals described in
Chapters 2 and 3. A 785 nm IR laser was used to test the photo-responsive nature of the co-crystals
to low frequency light, and as expected the non-absorbing (naph)(trans-azo). co-crystal exhibited
no inherent photo-response to the IR light even at maximum power. Similarly, azu co-crystals
showed no photo-response to low power IR light, however as the power of the laser was increased,
the two azu co-crystals underwent a large surface structural modification in the form of epitaxial
growth of yellow/orange crystals from the location of irradiation. This response was completely
different compared to CPC, in which the laser allows fine control of the surface modification of
the crystal, with small trans-azo 11 crystallites growing parallel to the surface spot of irradiation.
Instead, this IR induced evaporation of azulene is much more pervasive with crystallites of 10+
microns in size growing in an uncontrolled manner in all directions. Interestingly, the resultant
crystallites of the IR irradiation were also assigned as trans-azo I, instead of trans-azo Il (the
photo-product of CPC). It is proposed that this is due to the higher power/intensity required to
enable the surface modulation when using the IR laser, that would induce greater heating of the
surface of the crystal, and therefore cause the crystallization of the higher Temperature polymorph
trans-azo . Additionally we rationalize the larger modification as also due to the higher power IR
laser’s larger beam diameter that could evaporate greater areas of the crystal and therefore allowed
trans-azo to recrystallize as tens of microns-sized trans-azo | crystallites. Due to the disruptive

nature of the IR-based photo-response, we do not consider this a form of CPC, and instead consider

246



the effect being strictly photo-thermal, in which the high powered IR laser acts as a localized heat

source on the area of the irradiation.

Chapters 2—4 have described a total of 7 different co-crystals that exhibit the necessary
properties to undergo CPC, and we have shown that CPC isn’t reliant on either the halogen-bond
donor or acceptor, as long as the components contain both a photo-switch and a volatile conformer
molecule. Additionally, the results described in Chapter 4 indicate that halogen-bonding to a m-
system is also a plausible crystal engineering approach to form co-crystals that are able to undergo
CPC, while adding additional chromophores can allow for more precise optical addressing of the
co-crystal through a second distinct response achievable by IR irradiation. Using cis-azo rather
than trans-azo as the photo-switch, the co-crystals will undergo three distinct photo-responses
dependant on the intensity of the incoming light. Overall this proof-of-principle work presents a
two-fold advance in materials science: it introduces co-crystals of a photo-reversible dye with a
volatile co-former as a new class of materials that can be shaped and machined with micrometre
precision using low-power visible light, and introduces a new process with clear advantages over

those currently used to shape and machine polymers, ceramics, and metals lithographically.

Using the knowledge gained from developing this photo-responsive process for crystalline
organic solids, we next wanted to investigate how inorganic salts might respond similarly to visible
light. More specifically, in Chapter 5 the photo-responsive nature of crystalline hypochlorite
(NaOCI-5H20) and crystalline hypobromite (NaOCI-5H,0) was described. Despite hypohalites
being used as common bleaching agents worldwide for over 200 years,® the crystal structures of
hypochlorite or hypobromite have only recently been reported, by myself and our Group.°
Additionally the stability of solid hypohalites had rarely been studied, with only a few thermal

stability studies to date, and no studies of any potential photo-response had been published, leading
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to a clear lack of understanding of how these common bleaching agents decompose in the solid
state. Previous thermal and photo-studies of hypohalites were primarily conducted in solution, and
it was found in both cases that hypohalites would decompose into their respective halate, halide,
and oxygen components upon photo-irradiation or heating. In both cases the halate formation
occurs through a halite intermediate, which remained in low concentration throughout

experiments.

Raman spectroscopy investigations revealed that heating of solid state hypohalites leads to
decomposition of the hypohalite into halate and halide, the decomposition pathway occurring via
a melt of the hypohalite and recrystallization into their respective halite forms. Although there was
no spectral evidence of any halite intermediate, it was postulated that the reaction progressed with
a short-lived halite intermediate. This hypothesis was in good agreement with previously reported
solution experiments, suggesting that the melt acts as a saturated solution of hypohalites. In
contrast, the photo-studies described here indicated a differing final product, as rather than
decomposing into halate as seen in the heating experiments, upon irradiation by UV or visible light
the hypohalite would convert to halite. Even with continuous irradiation the resultant halite would

not convert to halate.

We believe that the results obtained from these irradiation experiments are a consequence
of the unique crystallographic arrangement of these hypohalites in the solid state, in which
hypohalite ions of both hypochlorite and hypobromite arrange in linear rows connected by
hydrogen-bonding chains of water molecules. Within each row the hypohalites exhibit an
intermolecular distance between the halogen atom on one molecule and its neighbouring oxygen
atom of 3.656 A for CI---O and 3.522 A for Br---O, which slightly exceeds the accepted van der

Waals radii of the molecules of 3.27 A and 3.37 A respectively. Due to this proximity of the

248



molecules, we believe that the laser induces localized heating at the point of irradiation sufficient
to cause a transition from the hypohalite to halite and halide, through the oxygen ‘leaping’ from
one hypohalite to the next. We also believe that the crystallographic arrangement is the reason why
the reaction doesn’t progress further towards a halate final product, with either multiple hypohalite
ions or halite ions being too far apart from each other to react within the rigid structure. This differs
from solution or melt experiments in which these ions have far larger freedom to form the

thermodynamically favoured halate product.

Interestingly, irradiation of hypobromite produced visible holes in the single crystals,
similar to the cold photo-carving of the organic co-crystals studied in Chapters 2—4. Even at low
powers (< 0.5 mW), the process of conversion of hypobromite to bromite and bromide
decomposed the crystal so rapidly that Raman spectra of a fully converted bromite photo-product
could not be obtained. The more rapid decomposition of the hypobromite crystal compared to the
hypochlorite crystal can be explained through a combination of theoretical results and bandgap
studies. Periodic DFT code CASTEP analysis provided insight into the potential stability of several
mixed salt models (containing a combination of halite, hypohalite, and halide), in which the models
containing a combination of hypobromite, bromite, and bromide were predicted to be less stable
than their hypochlorite counterparts, when compared to the stability of the initial crystal structure.
Additional gas-phase calculations were used to estimate proposed transition states from hypohalite
to halite + halide, and in this case the transition state of the hypobromite system was lower in
energy than that of the hypochlorite system, and therefore it can be assumed that the formation of
bromite would progress more quickly than the formation of chlorite. Finally, bandgap estimates
through the experimentally obtained absorbance spectra of hypobromite and hypochlorite

dissolved in water indicated that hypobromite possessed the lower bandgap and would absorb
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blue/green light as opposed to the UV absorbing hypochlorite ion. Therefore through the
absorbance of the hypobromite solid, the green laser would be expected to induce more heating as
opposed to with the hypochlorite solid. The combination of the instability of the product, the lower
energy transition state, and the absorbance of the hypobromite ion all may potentially play a role
in why the ‘photo-carving’ occurs in this inorganic salt. We have demonstrated here the first-ever
report of photo-reactivity of hypohalites in the solid state, in which hypohalites decompose into
halite and halide species upon photo-irradiation, as opposed to the halate and halide forms reported
upon thermal heating of solids or solutions. We believe that the unique crystallographic
arrangement of the hypohalites is the reason for this specific photo-reactivity, and that the light

acts as a localized heat source to induce the reaction.

6.2 Summary and Conclusions

Overall this Thesis outlined how light irradiation can be used to induce a variety of effects
in crystalline materials, from cis to trans isomerization leading to photo-chromic and photo-
mechanical responses, to photo-decomposition leading to materials that can be cut, carved, and
engraved precisely with low powered light, through evaporation of a volatile component (CPC) or
due to decomposition of an inorganic hypobromite to bromite and bromide. In a broader context,
this Thesis not only introduces CPC as a new photo-mechanical effect, but it also demonstrates the
potential of crystal engineering in optimizing desired photo-responsive materials. It was shown
here that one can fine-tune the stability of co-crystals by using a variety of halogen-bond acceptors,
which was investigated both theoretically and experimentally. Additionally, varying the halogen-

bond donor (i.e. cis-azo for trans-azo) introduced new controllable photo-responses, triggered
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selectively with the intensity of the irradiation of the light. We also explored new photo-responsive
properties that are introduced by adding a second chromophore as the volatile component, in which
we have developed a wavelength-dependent multi-responsive crystalline material. Lastly, we
discovered new chemistry occurring in the solid state by using a laser beam as a localized heating
source. Inorganic topochemical reactions were enabled, converting hypohalites to halites plus
halides in the solid state, a reaction which previously showed only minor conversion in solution
studies. In addition to expanding development of the process of CPC into inorganic materials, we
have introduced a new way to convert hypohalites to halites photo-chemically in the solid state, a
process which can be scaled up in the future. Perhaps more importantly, we have shown that when
these OXO ions are arranged in a head-to-tail fashion to form chains, they can undergo an unusual
photo-response, not seen in solution. This process may be further investigated with a large range
of different OXO ions that arrange in a similar manner in the solid state, allowing us to better

understand these aspects of fundamental inorganic solid state photo-chemistry.

This Thesis has attempted to highlight the potential of using molecular photo-switches to
engineer materials that will undergo CPC. Two specific azobenzene dyes (cis-azo, and trans-azo)
have been reported here, though many more photo-switchable dyes remain to be studied, including
additional azobenzenes, but also perhaps different types of photo-switches such as stilbenes,
hydrazones, spiropyrans, or diarylethenes might also be successful. Using such dyes and volatile
molecules in the development of future materials might be beneficial as a ‘bottom-up’ molecular
approach for shaping future optoelectronics materials by CPC. Materials that can be shaped and
engraved precisely to micrometer or higher resolution in a controlled low-energy process using

low-powered visible light, as introduced and discussed throughout this Thesis, may well enable
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significant advances to a wide variety of micro-optical and nano-engineering materials

applications in the future.

It is hoped that this Thesis lays groundwork for future research that can advance the
understanding of photo-responsive solids and how they can be optimized to provide advanced
functional materials. CPC has exclusively been studied with specific systems (halogen-bonding
organic co-crystals), yet perhaps future research can explore how CPC might be adapted to
different supramolecular systems, such as hydrogen-bonding crystalline materials, or even
coordination polymers. Further understanding of the CPC process may also allow for
implementation of the technique to other non-crystalline systems, such as polymers, liquid crystals,
and molecular glasses. A basic understanding of how CPC occurs in the solid state has been
presented and addressed throughout this Thesis, and it is now hoped that from this work, a wider

variety of materials that can undergo CPC might be discovered and developed in the future.
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