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ABSTRACT

Kukkonen, Esa

Nonlinear optical materials through weak interactions and their application in
3D printing

Jyvaskyla: University of Jyvaskyld, 2021, 58 p.

(JYU Dissertations

ISSN 2489-9003; 441)

ISBN 978-951-39-8884-5 (PDF)

Nonlinear optical (NLO) materials are highly coveted for their ability to change
the properties of incident radiation as this feature has a variety of applications in
laser technology and optoelectronics. The primary focus of this study was second
harmonic generation (SHG), also known as frequency doubling, which is one of
the most sought-after and widely studied NLO phenomena.

In this work, several different approaches were used to study nonlinear
optical materials and their potential applications. First, noncovalent interactions
were investigated as a way to influence the packing of the molecules within
crystals to achieve favourable, non-centrosymmetric structures necessary for
second harmonic generation. Halogen bonding was studied via reactions
between simple di- and interhalogens and 4-aminopyridine. Instead of forming
co-crystal adducts, the halogens were observed to favour the formation of
iodonium-bridged bis(pyridines) or protonation of the pyridine ring, leading to
solely centrosymmetric structures.

Next, a variety of dipolar stilbenes and their diaromatic derivatives were
synthesized to investigate the effects of structural changes like doubling the
length of the ethylene bridge and replacement of one aromatic ring with
thiophene. While most of the modifications led to centrosymmetric structures,
the simple substituent changes afforded a compound with a significantly higher
second harmonic generation intensity than the reference material urea.

Lastly, a novel method of utilizing optically active materials within
transparent 3D printed objects was investigated. Powdered NLO active materials
were mixed with a photopolymerizable resin, which was then used to print
simple lenses via stereolithography. The lenses were able to generate the second
harmonic, and its intensity was found to strengthen almost linearly with the
increasing thickness of the 3D printed lens. This method offers a fast and simple
way of manufacturing highly customizable functional objects for optical
applications.

Keywords: Nonlinear Optics, Second Harmonic Generation, Noncovalent
Interactions, 3D Printing, Stereolithography.
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Epdlineaariset optiset (NLO) materiaalit ovat hyvin tavoiteltuja johtuen niiden
kyvystd muuttaa sidteilyn ominaisuuksia, milld on useita sovelluskohteita
laserteknologiassa ja optoelektroniikassa. Taméa tutkimus keskittyi toiseen
harmonisen siteilyyn, joka tunnetaan myos taajuuden kaksinkertaistumisena ja
joka on yksi halutuimmista ja eniten tutkituista NLO-ilmitista.

Téassd tyossd epdlineaarisia optisia materiaaleja sekd niiden mahdollisia
sovellutuksia tutkittiin monella tavalla. Ensiksi testattiin ei-kovalenttisten
vuorovaikutuksien vaikutusta molekyylien pakkautumiseen kiteissd, jotta
saavutettaisiin toisen harmonisen sdteilyn syntymiseen vaadittavia ei-
sentrosymmetrisid rakenteita. Halogeenisitoutumista tutkittiin yksinkertaisten
di- ja interhalogeenien sekd 4-aminopyridiinin vélisilld reaktioilla. Halogeenien
havaittiin suosivan jodonium-siltaisten bis(pyridiini)en tai protonoitujen
pyridiinien muodostumista adduktien sijaan, mikd johti yksinomaan
sentrosymmetrisiin rakenteisiin.

Tutkimuksen seuraavassa vaiheessa syntetisoitiin useita dipolaarisia
stilbeenejd sekd niiden diaromaattisia johdannaisia. Ndiden molekyylien avulla
tutkittiin ~ rakenteellisten = muutosten, kuten etyleenisillan pituuden
kaksinkertaistumisen sekd yhden aromaattisen renkaan korvaamisen tiofeenilld,
vaikutuksia yhdisteiden optisiin ominaisuuksiin. Vaikka suurin osa muutoksista
johtikin sentrosymmetrisiin rakenteisiin, yksinkertaiset substituentinvaihdokset
saivat aikaan yhdisteen, jonka tuottaman toisen harmonisen séteilyn intensiteetti
oli merkittavasti korkeampi kuin vertailukohtana kdytetyn urean.

Lopuksi tutkittiin mahdollisuutta hyodyntdd optisesti aktiivisia
materiaaleja ldpindkyvissd 3D-tulostetuissa kappaleissa. Jauhemaisia NLO-
aktiivisia materiaaleja sekoitettiin fotopolymeroituvaan hartsiin, josta tulostettiin
yksinkertaisia linssejda  stereolitografia-menetelmalld. Linssit  kykenivit
tuottamaan toista harmonista séteilyéd, jonka intensiteetin havaittiin voimistuvan
ldhes lineaarisesti 3D-tulostetun linssin paksuuden kasvaessa. Kehitetty metodi
tarjoaa nopean ja helpon tavan valmistaa erittdin kustomoitavia funktionaalisia
kappaleita optisiin sovellutuksiin.

Avainsanat: Epdlineaarinen optiikka, Toinen harmoninen siteily, FEi-
kovalenttiset vuorovaikutukset, 3D-tulostus, Stereolitografia.
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1 INTRODUCTION

Nonlinear optics (NLO) is a branch of optics that studies materials that have the
ability to modify incident radiation’s properties, such as its phase or frequency.
Consequently, NLO materials have a variety of current and potential
technological applications in e.g. optical data storage, optoelectronics, and
telecommunications, just to mention a few. One of the most sought-after
nonlinear optical properties is second harmonic generation (SHG). This
phenomenon is often referred to as frequency doubling since SHG active
materials are able to combine two incident photons into one, creating radiation
with twice the frequency and half the wavelength of the initial photons. This
important phenomenon is widely utilized in e.g. laser technology! and SHG
microscopy?.

The majority of SHG active materials which are currently in commercial use
are purely inorganic compounds that were discovered several decades ago, such
as potassium titanyl phosphate (KTP)3, [-barium borate (BBO)% and lithium
triborate (LBO)>. The main assets of these compounds are their wide
transparency ranges and good mechanical properties. As modern technology
continues to strive towards more efficient materials, organic compounds have
attracted a lot of scientific interest due to their large nonlinearities on both
molecular and macroscopic scales. These superior properties fundamentally arise
from the extensive conjugation of these systems, a feature that also gives rise to
ultrafast response times which are highly coveted in technological applications.

Another advantage of using organic compounds for second harmonic
generation is the ease of structural modifications in the molecules. This is an
important factor as SHG, like all other second-order nonlinear phenomena,
requires the material to have no inversion centre, which means that any form of
control over the arrangement of molecules in crystals is highly beneficial. One
way of trying to ensure a favourable alignment of molecules is to utilize
noncovalent interactions for steering the molecular assembly towards non-
centrosymmetry. Two types of noncovalent interactions with a particular
significance to organic materials are the closely related hydrogen and halogen
bonding. Both interactions are rather specific in nature and, importantly for
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crystal engineering, have a relatively high directionality of the bonds which
allows a rational approach to the structural design of the compounds.

However, some issues around the organic materials’ practical use remain
as is suggested by the inorganic materials’ continued commercial domination.
One of the biggest limitations in the use of organic materials has been the issue
of growing large crystals with sufficient optical quality. The organic crystals also
tend to lack the mechanical strength of their inorganic counterparts and are
consequently not as easily shaped into optical parts. Therefore, in addition to
investigating novel materials, searching for ways to circumvent the drawbacks
of the efficient, already-known materials could help the organics to realize their
potential in nonlinear optics.

The aim of this thesis was to develop novel nonlinear optical materials, with
a particular focus on their second harmonic generation properties. The materials
were designed to be based on dipolar conjugated organic molecules, which could
then be further modified to promote the non-centrosymmetric arrangement of
the molecules or adjust the orientation of molecular polarities within the
structures. Non-covalent interactions, primarily halogen and hydrogen bonding,
were studied as a way to influence the self-assembly of molecules into functional
materials. Furthermore, the effects of structural modifications of stilbenes, one of
the best-performing groups of organic NLO materials, were investigated. These
studies included changing the length of the ethylene bridge between aromatic
moieties as well as the nature of one of the aromatic rings.

Lastly, the possibility of using NLO active materials as a crystalline powder
within 3D printed lenses was investigated. While the emergence of the scientific
use of 3D printing has already led to reports of several optical applications,
studies on the inclusion of functional additives are still scarce at best. The
utilization of small crystals would eliminate the need for long and often tedious
crystallizations of the organic materials, and the plastic matrix could provide
additional protection to the active material against potentially unfavourable
environmental factors such as moisture.

12



2 NONLINEAR OPTICS

Nonlinear optics (NLO) as a concept covers a wide variety of phenomena that all
arise from the nonlinear response of the materials’ polarization to the electric
field of the incident light. This nonlinearity will cause changes in the phase,
polarization, or frequency of the radiation travelling through the material. The
polarization p of a single molecule can be formulated as

p =po +aE + BEE + yEEE +..., (1)

where py is the ground state polarization of the molecule, E is the external
electric field (of the incident radiation), a the linear polarizability of the molecule,
and p and y its second and third-order hyperpolarizabilities, respectively. These
parameters reflect the strength of the molecules” nonlinearity, and they can be
measured experimentally. The molecular polarizability terms are replaced by
susceptibilities y™ on the macroscopic level, where the index n denotes the
order of the susceptibility (e.g. the hyperpolarizability p gives rise to second-
order susceptibility y® of the material). It is noteworthy that high values of the
molecular parameters do not automatically lead to large susceptibilities, as the
latter are also dependent on the three-dimensional arrangement of molecules
within the material.

Due to the inherently low intensities of the nonlinear optical phenomena, it
took the invention of laser” in 1960 before they could be quantitatively
determined. The first NLO discovery didn’t have to wait for long as second
harmonic generation was observed in quartz within a year from the first laser.?
This started a whole new branch of research, and the amount of known nonlinear
optical phenomena quickly grew during the following years. Especially
frequency-mixing processes such as harmonic generation, optical parametric
amplification, and optical parametric oscillation have seen a lot of scientific
interest and technological applications thus far. One of the most important and
widely utilized of these phenomena, second harmonic generation, is discussed in
further detail in the following chapters.
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21 Second harmonic generation

Second harmonic generation (SHG) is one of the most important NLO
phenomena and has subsequently been the focus of a plethora of scientific
studies. In SHG, two photons interact with matter to create a single photon with
twice the frequency and thus half the wavelength of the original radiation. While
usually incomplete, the conversion can get close to 100% under the right
experimental conditions.? The phenomenon can be seen as a special case of sum-
frequency generation, where two photons of different wavelengths combine into
one. It also bears resemblance to two-photon fluorescence, but it does not require
real electronic states, nor is there any energy loss involved.

The main prerequisite for the material to exhibit second harmonic
generation, or any other second-order nonlinear property, is the non-
centrosymmetry of its crystal structure. The lack of an inversion centre prevents
the molecular second-order hyperpolarizabilities  from effectively cancelling
each other, therefore leading to a non-zero susceptibility y(?). Several structural
factors like the conjugation of the molecule and intramolecular charge transfer
have also been found beneficial for compounds to exhibit high second-order
nonlinearity.1

An important aspect when considering the usability of new SHG materials
in practical applications is their phase-matching ability. This means the existence
of an orientation of the crystal where the harmonics generated by individual
dipoles interact constructively, significantly strengthening the overall SHG
signal of the material. Conversely, the generated harmonics in crystals where
phase-matching is not possible to achieve will stay weak, which severely hinders
the use of the materials in most applications that are based on nonlinear wave
mixing processes (Figure 1). Phase-matching is commonly achieved by utilizing
the material’s birefringence to overcome the dispersion of the radiation. In the
so-called angle tuning method, the crystal is carefully oriented in a way that the
incidence angle of the radiation fulfils the phase-matching condition. Another
method called temperature tuning is possible in crystals where the birefringence
is strongly dependent on temperature, like lithium niobate.! As the name
suggests, phase-matching is achieved by keeping the incidence angle constant
and varying the crystal’s temperature instead. If neither method can be used, it
is possible to achieve efficient NLO properties through quasi-phase-matching,
where the materials’ crystal domains are affected by e.g. periodic poling!? to
compensate for the mismatch of the generated nonlinear radiation.’

14



SHG Intensity

Crystal units

FIGURE1  SHG intensity as a function of crystal size of perfectly phase-matched (blue),
quasi-phase-matched (green), and non-phase-matching (orange) nonlinear
optical materials.

211 Measurement techniques

A variety of measurement techniques that can be used to investigate materials’
second harmonic generation properties have been developed. Each of these
methods comes with different prerequisites and sample preparation methods, as
well as advantages and limitations. They also differ by the nature of the
parameters which can be obtained from the results. Commonly SHG
measurements have been performed with Nd:YAG lasers operating at 1064 nm,
meaning that the wavelength of the generated second harmonic is 532 nm, but
the use of other wavelengths such as 1907 nm has also been reported.13-15
Kurtz-Perry (sometimes only referred to as Kurtz) method is one of the most
common SHG measurement techniques due to its simplicity and suitability for
quick scanning of materials (Figure 2). The technique was first reported!® in 1968,
not long after the invention of lasers and the subsequent discovery of nonlinear
optics, and has been since named after its inventors. The measurement is
performed on a powdered sample, eliminating the need for growing large crystal
samples, and the produced SHG intensity is compared with a known reference
material. Commonly either potassium dihydrogen phosphate (KDP) or urea is
used since the relevant properties of both compounds are well-known in addition
to them being widely available. In order for the obtained results to be comparable
the samples should be of uniform crystal size, typically ranging from 5 um to 150
um, as the intensities produced by crystals of unequal size can vary drastically.
It should be noted that the Kurtz-Perry technique does not provide accurate
numerical data about the material’s NLO properties; the resulting value is merely
an estimate of the material’s nonlinear optical coefficient. Nevertheless, it
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provides valuable information about the relative efficiencies of NLO compounds
without extensive sample preparation.

Focusing
Beamsplitter mirror N\,

|
- Sample

Laser

) |
Trigger (J Oscilloscope

L I

FIGURE2 A schematic of a typical Kurtz-Perry measurement setup. The powder sam-
ple is irradiated with laser, the generated second harmonic is collected to a
photomultiplier tube (PMT) and measured with an oscilloscope or a charge-
coupled device (CCD).

Kurtz-Perry technique also enables the determination of whether the material
under investigation is phase-matchable or not. The material is powdered into
several distinct crystal sizes, and the second harmonic intensities obtained from
the different portions are plotted against the crystal sizes (Figure 3). If the plot
reaches an intensity maximum after which the intensities start to fall as the crystal
size grows, the material is not phase-matchable. If the intensities do not fall but
instead increase to a certain level after which they stay nearly constant despite
the growing crystal size, the material is phase-matchable.

SHG Intensity

Particle size

FIGURE3  Schematic representation of the behaviour of phase-matchable (blue) and
non-phase-matchable (orange) NLO materials in Kurtz-Perry SHG measure-
ments as a function of increasing crystal size.
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EFISHG (or EFISH, short for Electric Field Induced Second Harmonic Generation)
is a common method for defining the molecular second-order hyperpolarizability
p in the solution state, while also allowing measurements from the gas phase.1”.18
In the measurements a strong direct current electric field is applied to the solution,
which breaks the isotropy of the solute, thus allowing the SHG to occur. However,
in order to calculate the value of f from the obtained results, knowledge of other
molecular parameters like dipole moment p and third-order hyperpolarizability
y is required. Additionally, for this technique to be applicable, the compound of
interest should be polar and non-ionic; restrictions which are not trivial for all
SHG active materials. The technique also does not provide insight on the
properties of the solid material as the hyperpolarizability § alone does not give
any indication about the crystal’s packing which also has a critical role in the
material’s macroscopic properties.

Another similar solution state technique is Hyper-Rayleigh scattering, but
unlike EFISHG, it also allows non-polar and ionic samples due to the absence of
the external electric field. In the method incoherently scattered second harmonic
radiation is measured from an isotropic solution, and the second-order
hyperpolarizability f can be obtained from the results without the prerequisites
of EFISHG.1920 However, due to the scattered nature of the second harmonic, the
obtained signals are typically much weaker. Additionally, effects like
multiphoton fluorescence can interfere with the second harmonic signal, making
the interpretation of the results less straightforward.?!

Maker fringe technique is commonly used for accurate solid-state
determination of the nonlinear coefficient d;. The method was discovered by
Maker et al.?? and its theory was further developed by Jerphagnon and Kurtz?3.
The measurement is performed on a single crystal which is rotated around an
axis perpendicular to the laser beam direction, and the generated SHG intensity
is plotted against the rotation angle. As the optical path length which the laser
travels within the crystal changes, so does the interference and thus the intensity
of the generated harmonic, which leads to a periodically oscillating SHG plot.
The obtained peak amplitudes can then be used to determine the NLO coefficient.

2.2 Noncovalent interactions as tools for SHG material synthesis

Due to the importance of SHG, numerous studies to find novel materials with
high second-order nonlinear activity have been carried out. Inorganic materials
have been on the frontline of nonlinear optics ever since SHG was first observed
in quartz®. They have continued to dominate the commercial use of nonlinear
optics despite the organic materials displaying significantly higher nonlinearities,
as the former are mechanically more durable as well as easier to crystallize in
larger sizes that the applications often require. The inorganics also possess wider
transparency regions extending to deep UV, whereas organic materials tend to
be more limited due to the energy-absorbing vibrational states of the common
covalent bonds in these systems.
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Nevertheless, using organic materials as SHG generators offers profound
advantages over their inorganic counterparts, and they have consequently been
in the focus of intensive research for decades. The main appeal of these materials
is their potential for extensively conjugated structures which have given rise to
exceptionally strong nonlinearities. Especially 7n-bridged donor-acceptor
molecular structures with intramolecular charge transfer (Figure 4) have been
found to lead to high molecular hyperpolarizabilities.’%2* The conjugation allows
easier and faster electron movement which, in combination with the
polarizability, causes large dipole moment changes upon photoexcitation. This,
consequently, leads to strong nonlinear responses and ultrafast response times
which are highly valued in technological applications.

Sy

FIGURE4  General schematic of a molecule with the so-called “push-pull” effect, intra-
molecular charge transfer between the donor (D) and acceptor (A) groups
combined with a conjugated (m) structure.

However, moving from good properties on the molecular level into the material
level is not straightforward. For example, the utilization of strong electron donors
like the dimethylamino group in an attempt to maximize molecular
hyperpolarizability can lead to lower transparency on the material level.
Therefore, weak donors like bromine have been studied as a tool towards wider
transparency ranges without sacrificing the strength of the molecule’s nonlinear
response.?>?¢ An even more critical challenge in synthesizing novel materials
with second-order nonlinearity is trying to ensure their non-centrosymmetric
crystal structure which prevents the molecular hyperpolarizabilities from
effectively cancelling each other. Perhaps the most promising crystal engineering
approach is to use weak noncovalent interactions in guiding the assembly of the
molecules into NLO active materials. This method aims to take full advantage of
the tailorability of the organic compounds and, at least in theory, should also
allow structural control beyond mere symmetry considerations. For instance,
even if the material’s crystallization was non-centrosymmetric, an antiparallel
alignment of the molecular chains or sheets would weaken the nonlinearity
compared to a perfectly parallel alignment of all molecular dipoles (Figure 5),
which is why the tools to fine-tune the crystallization behaviour are so essential.
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FIGURES5  Simplified schematic representation of different molecular dipole arrange-
ments: (a) individual dipoles cancelling each other out, (b) antiparallel align-
ment of polar chains/sheets, and (c) ideal, parallel alignment of all dipoles.

Noncovalent interactions refer to chemical interactions of atoms that do not share
an electron pair between them. The strength of these forces varies greatly, from
the weak van der Waals to the ionic and metal-ligand interactions reaching the
strength of covalent bonds. The interactions have been intensively studied for
decades for their crucial role in crystal engineering and materials science as the
ordering of molecules in the crystal lattice often determines the properties of the
entire material, like in the case of nonlinear optics. Two especially important
interactions are hydrogen and halogen bonding, both of which arise primarily
from electrostatic interactions while also having contributions from charge
transfer and dispersion.?”:28 The predictable directionality of these forces, the like
of which most other noncovalent interactions are lacking, enables better
rationalization of the molecules’ alignment during the crystallization of the
compounds. The following chapters will go through some key compounds as
well as examples of the use of different noncovalent interactions in the synthesis
of NLO materials.

2.2.1 Ionic interactions

The vast majority of the inorganic NLO active compounds are ionic by nature.
Metal oxides have traditionally been the key group of SHG studies, and materials
like potassium dihydrogen phosphate KH.PO4 (KDP) and barium borate BaB>O4
(BBO)* (both strongly birefringent) continue to be widely utilized in NLO
applications. Especially various borate compounds have gained a lot of interest
due to the inherently large electronegativity differences between the anion’s
constituents as well as the anion’s anisotropic electron distribution, both of which
benefit the SHG properties. Due to their low cut-off wavelengths, these materials
are especially useful in applications requiring second or higher harmonic
generation in the deep UV region.??30 However, these compounds are less useful
in middle and far-infrared applications due to their increasing absorption. As a
result, research on novel chalcogenide and halide-based compounds for this
wavelength region continues as the current commercial materials like AgGaS»
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(silver thiogallate) and ZnGeP: (zinc germanium phosphide) suffer from
drawbacks that hinder their widespread use.31.32

In the case of organic compounds, the usefulness of the ionic interactions
stems from the coulombic forces’ ability to overtake the weaker dipole-dipole
interactions which often lead to crystalline centrosymmetry.3> One of the most
extensively studied groups of such compounds are the stilbazolium salts. The
tirst glimpse into the compounds’ potential was obtained when Meredith
reported’® a series of 4’-dimethylamino-N-methyl-4-stilbazolium salts, the
strongest of which reached SHG efficiency of around 220 times urea. The Kurtz-
Perry measurements of the study used a longer wavelength of 1.91 pm due to the
compounds’ strongly coloured nature, preventing the absorption of the
generated second harmonic. Some years later Marder et al.'* systematically
studied these compounds with a series of reactions that changed both the
counteranion and the substituents of the stilbazolium cation. These reactions
afforded among others 4-N,N-dimethylamino-4’-N-methyl-stilbazolium tosylate
(DAST, Figure 6), which was measured to generate 1000 times stronger SHG than
urea at 1907 nm. The study also confirmed the impact of the selected wavelength,
as the measurements were performed at 1064 nm as well, giving an SHG
efficiency of mere 15 times urea for DAST, and a similarly large variation was
observed with several other compounds. Additionally, the selection of
counteranion was found to have large implications on the materials” nonlinear
properties through changes in the cations” packing. Further systematic studies
have since been made3* and materials exceeding DAST’s SHG efficiency at 1907
nm have been reported.3>-37 In addition to strong SHG capabilities, stilbazolium
salts have also been studied as potential optical THz radiation generators3®.

FIGURE 6  The packing of DAST®. Cations are arranged in strands, which form stacks
with the help of n-m-interactions. Adjacent stacks are parallel despite being in
a different plane. Hydrogens have been removed for clarity.
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2.2.2 Hydrogen bonding

The chemical importance of the hydrogen bond is undeniable as it is responsible
for many properties of water, as well as having a crucial role in a variety of
biological systems. The interaction forms when a hydrogen atom, which is
covalently bonded to a more electronegative atom (commonly oxygen or
nitrogen) and is therefore slightly electron-deficient, is attracted to another
atom’s lone electron pair (Figure 7). The nature of the interaction leads to a
predictable directionality of the contact, which makes hydrogen bonding a useful
tool in crystal engineering.
e

DLH>:A

FIGURE7  Schematic representation of the hydrogen bond. The bond angle 0 is depend-
ent on the nature of the donor (D) and acceptor (A) of the hydrogen bond. In
general, the best donor forms a contact with the best acceptor.40

Nitroaniline derivatives were the first compounds where hydrogen bonds were
utilized to gain non-centrosymmetric structures for nonlinear optics?l. These
compounds have been extensively studied and powder SHG efficiencies of up to
1000 times of urea have been reported.*243 Etter et al. studied the intermolecular
NH:-- O hydrogen bond in nitroanilines both experimentally* and via a
structural database analysis®>. They concluded that NH:-- O is a rather
predictable synthon, which leads to the formation of nitroaniline chains and an
increased amount of non-centrosymmetric structures. Similar database analysis
was also conducted on benzoic acids and it was observed that ortho-substitution
of the acid could promote the non-centrosymmetry of the crystalline material,
therefore being of potential interest to NLO studies.46

Charge-assisted hydrogen bonding (CAHB), an interaction variant
possessing ionic character and often resulting from a reaction with a carboxylic
acid, has been a common tool in the synthesis of NLO materials. Amino acids,
whose SHG activity was found when the field of nonlinear optics was still
young,*” and their salts are some of the most intensively studied organo-ionic
compounds exhibiting these interactions. The inherent chirality of amino acids,
excluding the simplest compound glycine, ensures that the obtained crystals are
non-centrosymmetric and therefore able to create SHG. Their nonlinear activities,
however, have been much lower than the larger, more conjugated compounds
generally display.48-30 An exception to this trend have been the picrate salts,
where the anion’s conjugation enhances the compounds’ nonlinearity and has
led to reports of powder SHG intensities of over 10 times of urea.>152 Various
other hydrogen-bonded salts like ammonium dihydrogen phosphates, chiral L-
tartrates, and hydroxybenzoates have also been studied, but they haven’t been
able to reach the SHG efficiency of the larger conjugated compounds either.53-55
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Owing to its predictable nature, hydrogen bonding has been successfully
utilized in rationalizing step-by-step syntheses of novel SHG active structures.
Miyano®® et al. prepared a dipolar conjugated compound 4-aminoazobenzene-4-
sulfonic acid, which crystallized as sheets whose polarities cancelled each other
due to the centrosymmetry resulting from the hydrogen bonding motif.
Recrystallization of the acid with a chiral amine component afforded non-
centrosymmetric salts with helical CAHBs but the sheet-like structure was lost,
possibly due to molecular length discrepancy. This issue was solved by the
inclusion of various guest molecules capable of hydrogen bonding with the
amines. These guest molecules settled in the same layer with the chiral amines
without exceptions, which allowed the reformation of the polar 4-
aminoazobenzene-4-sulfonic acid sheets (Figure 8) and led to structures with
SHG activity up to 59 times of urea when measured from powder at 1.5 pm.

FIGURE8  An example of the reactions performed by Miyano et al.5 The initially centro-
symmetric crystal structure of 4-aminoazobenzene-4-sulfonic acid (top) was
re-ordered by hydrogen bonding interactions with (R)-1-(4-chlorophenyl)
ethylamine and dimethylformamide (bottom).

In addition to steering the crystallization of structures, the hydrogen bond
formation itself can affect the nonlinear optical properties of the system. Its effect
on the NLO chromophore’s hyperpolarizability has been studied both
experimentally®” and theoretically®®, and hydrogen bond formation has been
proven to have a clear impact on the measured f of the compound. By comparing
the results of Hyper-Rayleigh scattering measurements of para-nitroanilines in
around 50 solvents, the hyperpolarizability was observed to double between
certain solvents, and hydrogen bonding was found to consistently increase the
values of .57 Even larger shifts caused by hydrogen bonding were obtained from
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theoretical calculations of the hyperpolarizability f of highly solvatochromic
aminobenzodifuranone.? It is therefore integral to take note of potential solvent-
solute interactions upon solution-based measurements of molecular
hyperpolarizability to prevent erroneous results.

2.2.3 Halogen bonding

Halogen bonding has only recently risen to prominence as one of the most
studied interactions in crystal engineering despite being first observed over 150
years ago.”” The force arises from the halogen atom’s polarization within
covalently bonded systems. Despite the halogens’ high electronegativities, a
small positively charged region is formed on the opposite side of the covalent
bond. This so-called o-hole is electrophilic and therefore attracted to nucleophilic
regions of other atoms or molecules, forming the interaction known as the
halogen bond. The o-hole’s relatively small size is also the main reason for the
interaction’s high directionality as 61 rarely deviates much from 180° (Figure 9).
As the strength of this interaction heavily relies on the extent of the halogen
atom’s polarization, the larger and therefore more easily polarizable iodine and
bromine tend to form stronger halogen bonds than the smaller chlorine and
fluorine.

0,

o+
5- b
6.

FIGUREY9  Schematic representation of halogen bonding showing the formation of the o-
hole (blue) on the halogen atom (X). Traditionally, halogen-halogen contacts
have been divided into type I (61~ 82) and type II (61~ 180°, 82~ 90°), and only
type II are considered as true halogen bonds.®

One of the supramolecular halogen bonding synthons that has been found useful
in the design of nonlinearly active systems is the iodo ‘- nitro contact. A couple
of diaromatic systems containing these substituents have successfully been
crystallized in non-centrosymmetric space groups. While para-disubstituted
benzene utilizing the I--- O2N contacts crystallized with an inversion centre, a
biphenyl structure with the same interaction was found to be non-
centrosymmetric and SHG active.®! The same synthon was successfully used in
guiding the crystallization of N,N’-diphenyl urea derivatives. While all other
halogen substituents were unable to prevent a centrosymmetric urea - nitro-
synthon from forming, iodine’s competition for the nitro contact was enough to
make urea - urea the main hydrogen bonding synthon of the structure. This
compound displayed SHG activity of over 13 times of urea, clearly
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outperforming its few isostructural compounds with no possibility for halogen
bonding.62

The use of halogen bonding in combination with hydrogen bonding has
been explored in other studies as well. Halogen bonding in dipolar pyridine
derivatives was found to be more prominent in the bromo- and iodo-substituted
moieties, which were found to be rather consistent in forming non-
centrosymmetric structures, whereas the chloro-derivatives had a more
significant hydrogen bonding contribution.®? This trend is in line with the general
order of the polarization strength of the halogens and has been observed in other
SHG studies as well.®# Similar combinatory approach has been used with
benzylammonium carboxylates, where hydrogen bonds and van der Waals
interactions were responsible for forming polar two-dimensional layers which
the halogen--- halogen interactions then stacked into three-dimensional
structures. If type I halogen contacts were formed, the obtained crystals were
centrosymmetric whereas type II halogen bonds afforded the desired non-
centrosymmetric crystals (Figure 10).9

FIGURE 10 Contact lengths (in A) and angles of a) type I halogen contacts in (4-bromo-
phenyl)methaminium tridecanoate leading to centrosymmetric structure, and
b) type II halogen bonds in (4-bromophenyl)methaminium 12-bromododeca-
noate giving rise to a non-centrosymmetric arrangement.®

Like in the case of hydrogen bond formation, the solvent’s ability to interact with
the solute via halogen bonding has been found to affect the generated SHG in
solution both experimentally and theoretically.®® Large shifts in the
hyperpolarizabilities of the iodine-substituted diaromatic N,N-dimethylanilines’
were observed based on the solvent selection for the EFISHG measurements.
Changes of comparable extent were not observed with a structurally similar but
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iodine-less NLO chromophore, which further underlines the vital role of the
noncovalent interaction.

2.24 Metallo-organic materials

The search for metallo-organic NLO materials began in mid-1980s67¢8 with the
aim of combining the strengths of both organic and inorganic materials. The
discovery of a highly active ferrocene derivativel® giving a second harmonic
signal of 62 times of urea at 1907 nm showed the potential of metallo-organics,
and the following interest in ferro- and other metallocenes have made them one
of the most studied group of organometallic compounds for NLO
applications.®®70 Some of the best results so far have been achieved with (E)-1-
ferrocenyl-2-(1-methylpyridinium-4-yl)ethylenes, which structurally resemble
stilbazoliums with the exception of having a ferrocene on the place of the benzene
ring (Figure 11). A series of reactions focusing on counteranion changes afforded
several purple NLO active compounds, with the iodide salt reaching the highest
powder SHG efficiency, up to 220 times of urea. Analogous ruthenocenyl
compounds showed much more modest NLO activities, possibly due to
centrosymmetric packing.”!

FIGURE 11  Packing of (E)-1-ferrocenyl-2-(1-methylpyridinium-4-yl)ethylene nitrate.”
The molecules settle in two perpendicular, yet mostly parallel, planes to give
rise to SHG activity of 120 times of urea. Nitrate anions have been removed
for clarity.

The metal atoms within these compounds offer a unique way of switching their
second-order nonlinear properties through reversible redox reactions of the
metals. This ability has been observed in compounds involving metals such as
iron and ruthenium, in which the alteration between the metal’s oxidation states
IT and III causes clear changes in the complexes” hyperpolarizability f measured
via Hyper-Rayleigh scattering.”>”3 The potential for NLO switches is especially
pronounced with the ruthenium complex which essentially loses its SHG activity
upon oxidation of the metal due to the polarity changes in the cation. While
switching of the NLO properties has also been reported from purely organic
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compounds e.g. photoswitching via cis-trans isomerization of the molecules, the
extent of changes are often less complete and much slower.7*

While the use of metals adds a new dimension to the modification of NLO
compounds, the choice of the ligands remains as important, if not more, when
considering the nonlinear properties. Just like with purely organic compounds,
extensive conjugation remains a coveted property and consequently, the ligands
used for metallo-organic systems have been predominantly aromatic.
Bipyridines and their derivatives have been used with a variety of metals due to
their good coordination abilities and intense low-energy charge transfer
interactions. These usually bidentate ligands have been used to study octupolar
metallo-organic complexes as an alternative for the traditional dipolar structures
(Figure 12).75-77 Compounds known to exhibit high nonlinearities have also seen
use, like stilbazolium salts and their analogues, which have been utilized in
bimetallic metal(Il) chromium(III) oxalate complexes. Much like in the case of the
stilbazolium derivatives in Chapter 2.2.1, high powder SHG intensities up to 100
times of urea (measured at 1.907 pm) have been observed from these
ferromagnetic compounds.”87°
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FIGURE 12  Schematic representation of different two- and three-dimensional octupolar
arrangements of donor (D) and acceptor (A) moieties.

The rise of interest in the chemistry of metallo-organic frameworks (MOFs) has
also seen them being explored for NLO applications.89-82 The increasingly
covalent and directional metal-ligand coordination bonds allow rational
synthesis of multiple different geometries from 3D networks to 1D chains. The
three-dimensional diamondoid motif has been found especially useful in forming
non-centrosymmetric structures, particularly when using asymmetric ligands
(Figure 13). While a variety of metal centres have been used in the reported MOF
structures, d10 metals have been identified as especially useful due to their full d-
orbitals preventing any unwanted absorptions arising from d-d transitions.8°
Divalent Zn?* and Cd?* have been the most frequently used d® metals due to
their stability and useful coordination geometries. These metals have formed
some of the most efficient NLO MOFs to date in hydrothermal reactions with a
benzole]indole ligand, as SHG activities of 50 and 80 times of urea have been
reported for the 2D zinc and 1D cadmium structures, respectively. Both metals
significantly enhanced the nonlinearity of the compound when compared with
the pure organic ligand.884
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FIGURE 13  Three-dimensional diamondoid structure (left) in a SHG-active phenylte-
trazole-zinc-MOF# (right). Hydrogens have been removed and zinc centres
coloured red for clarity.

2.2.5 Van der Waals and n-interactions

Despite the improved structural control provided by the aforementioned
interactions, some of the most efficient second-order NLO compounds are only
interacting through weaker and non/less-directional van der Waals or n-
interactions. As the outcomes of these interactions are more difficult to
rationalize, the majority of the synthesis of these compounds has revolved
around simply altering the molecules’ substituents to cause changes in the
molecular hyperpolarizability f and the crystal packing.

Among the most prominent groups of compounds taking advantage of this
simple approach are substituted stilbenes. The extensive conjugation and donor-
acceptor structure of these molecules has led to several compounds with large
powder SHG efficiencies.268580 The most well-known stilbene, which continues
to be the benchmark for SHG activity measured from powder with the laser
wavelength of 1064 nm, is 3-methyl-4-methoxy-4"-nitrostilbene (MMONS),
which has been reported to have the efficiency of up to 1250 times of urea.®
Charge transfers excitons arising from the intermolecular n-i1 interactions have
been suggested to be part of the reason behind the compound’s high nonlinearity
(Figure 14). An earlier study? before the discovery of MMONS had already
presented a variety of stilbenes with high nonlinear activities, up to 300 times of
urea, while also revealing the extensive polymorphism that the compounds tend
to display.?64” As the weak dipole-dipole interactions are the main driving force
behind the structures, any competing forces from e.g. crystallization solvents are
more likely to make an impact. This can lead to an increase in the amount of
different and potentially non-centrosymmetric structures.
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FIGURE 14 V-shaped packing of MMONS®’, showing the influence of r-mm interactions
(centroid-centroid distances in A). Hydrogens have been removed for clarity.

Chalcones are another example of weakly interacting, diaromatic organic
compounds that have been systematically studied®®-%° and found to exhibit
notable SHG values. The compounds are structurally close to stilbenes, the only
difference being an additional carbonyl group attached to the ethylene bridge
between aromatic rings. The mid-chain oxygen can act as an electron acceptor of
the whole molecule,®! which is even more pronounced in certain long-chain 1,4-
pentadiene-3-one derivatives.?% The chalcones’ strength is their wider
transparency range compared to most conjugated organic compounds, which
enables applications that require blue light transmittance of the material. In
addition to mere substituent changes, greater structural modifications like
switching one of the benzene rings into thiophene® or pyridine* as well as co-
crystallization of different chalcones® have been reported as successful methods
to synthesize novel compounds with increased second-order nonlinearity.
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3 OPTICAL 3D PRINTING

Three-dimensional printing, sometimes called additive manufacturing, is a
technique that has been commercially available for several decades. During that
time, the variety of both different printing methods and their applications has
kept growing. Traditionally, 3D printing has been used to create prototypes or
objects for aesthetical or mechanical purposes, but recently researchers have
discovered the unique possibilities it offers for scientific use. While most of the
3D printing materials do not have interesting chemical properties by nature, a
variety of printing methods allow the inclusion of functional additives within the
printing matrix and, consequently, the printed object. As a result, 3D printing
techniques like powder-based Selective Laser Sintering (SLS) and extrusion-
based Direct Ink Writing (DIW) have already found potential applications in e.g.
metal scavenging®9” and electronics?®%, respectively.

Stereolithography (SLA, Figure 15) is the oldest commercial 3D printing
technique, first reported!® in the early 1980s and eventually patented!®! in 1986.
The method uses photopolymerizable resins, which are viscous liquids that
usually consist of acrylate monomers, oligomers, and various additives. The
building of the object begins when a UV laser beam excites the photoinitiator in
the resin which, in turn, starts the polymerization reaction.12 The object is then
built in a layer-by-layer fashion, and the finished object is post-processed by
washing the excess resin away before completing the interlayer polymerization
by another UV light treatment. The main advantage of the stereolithographic
method is the quality of printed objects, as it remains as one of the most accurate
techniques in the market. Importantly, the method intrinsically allows the
printing of transparent objects, which, combined with its high resolution, makes
stereolithography a promising way of manufacturing objects for optical use.
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FIGURE 15 Schematic of a stereolithography 3D printing setup with “upside-down”-con-
figuration, in which the build plate moves upwards after each printed layer.

Other techniques using transparent photopolymerizable resins have since been
developed, e.g. digital light processing (DLP), which uses a digital light projector
screen to cure an entire layer at a time, in contrast to the travelling laser beam in
SLA. Another example of resin-based 3D printing are the various inkjet
techniques, which in many ways operate similarly to extrusion-based printers
but utilize UV-curable liquids instead of plastic filament.1% The liquid resin is
sprayed through a nozzle as hundreds of small droplets at a time and cured with
a UV light source close to the printhead to form objects of high resolution and
smooth surface finish.

3.1 3D printing of optical systems

Optical applications have been one of the more recent trends in the scientific use
of 3D printing.194105 The near-limitless customizability offered by the techniques
alongside the constantly improving quality of the printed objects has enabled the
design of various optical objects from simple prisms and waveguides to more
complex lens systems down to the micrometre scale.

The earliest 3D printed optical components were simple waveguides.
Parker et al. used silk fibroin-based ink to print biocompatible waveguides via
Direct Ink Writing (DIW). Although the ink wets and spreads on the substrate,
leading to a non-circular cross-section, the printed objects were observed to
function well.1% Lorang et al. 3D printed waveguides with low optical loss by
using the same printing method with UV-curable ink. The shape was kept ideal
by using a custom printhead that allowed printing a fugitive hydrogel shell
around the waveguide core, which successfully prevented it from wetting and
spreading. After the core had been photopolymerized by a UV light source
mounted next to the printhead, the supporting shell could be liquified and
removed, allowing the repositioning of the printed waveguides (Figure 16).107
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FIGURE 16 Optical waveguides printed from UV-curable ink, exhibiting minimal cross-
talk between them. Reproduced from Lorang et al. with kind permission
from John Wiley & Sons.107

Hinman et al. used the stereolithographic 3D printing method to fabricate custom
prisms for biosensing of bacterial toxins. The surface roughness of the prisms
after printing was highly variable, and therefore the objects were post-processed
by wet sanding and polishing. One face of the smoothened prism was then coated
with a thin layer of gold (50 nm) onto which a biomimetic lipid membrane was
formed. The functionalized prism was successfully used in a cholera toxin
biosensing experiment. To further prove the method’s utility in optical detection,
a dove prism was printed and the growth of gold nanoparticles on its surface was
successfully monitored with UV-Vis spectroscopy.108

Direct laser writing (DLW) has been utilized as the 3D printing method to
achieve micrometre-scale freeform optical systems.109110 The technique is based
on two-photon absorption of photopolymerizable resins, which enables the
exposure of extremely small volumes at a time and leads to the manufacturing of
minuscule objects with unrivalled resolution. Other high-accuracy printing
techniques based on photopolymerization have been reported by Sun et al., who
used micro-stereolithographic and micro-continuous liquid interface production
(LCLIP) methods to print aspheric lenses.111.112 While the techniques cannot quite
reach DLW’s sub-micrometre scale, they are significantly faster, with the latter
technique allowing the printing of a 3 mm high lens in mere minutes.

3D printing has already found commercial success in the field of optics as
ophthalmic lenses are being printed by using inkjet technology alongside
photocurable resins. The patented process'’3114 deposits thousands of
microdroplets of resin at the same time and allows them to spread and merge
before UV curing, leading to exceptionally smooth surfaces.!’> The resulting
lenses do not need additional post-processing and are therefore much faster to
produce than via traditional methods. The utilization of 3D printing also allows
easier integration of technology within the lenses, which can help in designing
smart glasses. The next ophthalmic advancement could be 3D printing of contact
lenses, and an initial study on the topic by using Digital Light Processing (DLP)
as the printing method has already been reported.11®
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3.2 3D printing of optically functional objects

As evidenced by the previous chapter, 3D printing is emerging as a valuable tool
for manufacturing objects for optical use. Moreover, multiple techniques allow
the production of optical objects with additional functionality via mixing
additives into the printing material. This approach was already used in the
printing of the aforementioned silk waveguides. The silk fibroin ink was doped
with rhodamine 6G-dye, and the resulting waveguides were shown to produce
a yellow fluorescence emission.1% By using the same DIW-printing method, two-
component glass where one of the used silica inks was doped with gold
nanoparticles has also been manufactured. The resulting red colour in the printed
object remained throughout the post-processing.!” In another glass-printing
study, lanthanide salts were mixed into the printing material to fabricate an
object where a specific part of the 3D printed boro-phospho-silicate glass object
showed photoluminescent properties. Upon excitation with 980 nm infrared
beam, blue light was emitted from the object due to the erbium and ytterbium
ions within the structure (Figure 17).118

No filter Infrared filter

FIGURE 17 3D printed glass leaf with photoluminescent lanthanide-doped primary veins
printed separately on top of the object. Adapted from Moore et al. with kind
permission from Springer Nature.!18

The aforementioned examples prove that the concept of optically functional
additives within 3D printing materials works in practice, but is the method suited
for nonlinear optics? Conventionally, the active components in NLO devices
have been based on relatively large single crystals of the active material.
However, as the Kurtz-Perry techniquel® demonstrates, it is possible to obtain
nonlinear radiation from powderous materials despite their randomly oriented
nature. Similarly, a more recent study!®120 found that a polycrystalline material
can create relatively efficient nonlinear radiation despite the random orientation
of different crystalline regions, outperforming the phase-mismatched single
crystals. The radiation was also found to grow in intensity with increasing
thickness of the sample due to the random quasi-phase-matching of individual
crystalline domains. These observations suggest a potential new way of
designing NLO devices, as well as opening the door for the use of non-phase-
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matchable materials which has not been possible with any single-crystal-based
approach.

The concept of using powder-like NLO active materials as additives to give
an object SHG properties has been proven to work in several distinct studies.
Ferroelectric NLO active compounds have been used as nanocrystal additives
with a hot press technique!?! as well as microparticles within aerogels and
xerogels!?? to create composite materials with SHG properties. Optically active
crystallites have also been precipitated within glass-ceramics with equal
success.!?? These findings suggest that using microcrystalline NLO active
materials as an additive in 3D printing is a tantalising prospect, which remains
virtually unexplored to date.

All in all, 3D printing has shown real promise in the field of optics and a
range of techniques have been successfully utilized to manufacture objects of
varied size and complexity. The methods” undeniable strengths lie in the
customizability of the objects as well as the printing material itself. Table 1
summarizes some of the key features of the different 3D printing methods used
in the examples mentioned in Chapters 3.1 and 3.2.

TABLE 1 The main properties of different manufacturing techniques used in 3D print-
ing of objects for optical use.

Vat photo- Ink Material Two-photon
polymerization | extrusion jetting polymerization
TechniqueslAl SLA, DLP, CLIP | DIW MJM, DoD | DLW
Layer height (um) | 25-100(E] 100-4008! 16-32(B] Down to 0.1[B]
5[C], 111 5[C], 106 ~4.11C], 115
Use of multiple Not possible Inherently Inherently Possible
materials at once possible possible
Additive Possible Possible Not possible | Not possible
introduction
Pros Easy to use Wide range | Excellent Exceptional
Inexpensive of materials | surface resolution
can be used | quality
Cons Limited to a Needs opti- | Expensive Very expensive
single material mization and Slow for macro-
post-pro- scopic printing
cessing

[A] SLA: Stereolithography, DLP: Direct Light Processing, CLIP: Continuous Liquid Interface
Production, DIW: Direct Ink Writing, MJM: MultiJet Modeling, DoD: Drop-on-Demand, DLW:
Direct Laser Writing

[B] Typical values for the technique

[C] Lowest reported values
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4 RESULTS AND DISCUSSION

This section goes through the work reported in papers I-III and discusses the
results, key findings, and their implications. The discussion begins with the
noncovalent interaction studies with halogen bonding in paper II, continues with
structural modification studies of highly NLO active materials in paper III, and
concludes with a novel optical 3D printing application for NLO materials in

paper L.

4.1 Halogen bonding interactions between 4-aminopyridine and
di- or interhalogens!!

The motivation for the study in paper II was to investigate the use of halogen
bonding in building NLO active materials. The study consisted of a series of
reactions between 4-aminopyridine, a compound capable of forming both
hydrogen and halogen bonds, and four di- and interhalogens in a 1:1 molar ratio.
The reaction with iodine was later repeated in a 2:1 ratio based on the products
and analysis results of the initial reaction. All reactions were carried out in air at
room temperature. In general, 1 mmol of each reactant was dissolved in
dichloromethane, and the halogen solution was added dropwise in the 4-
aminopyridine solution. The reaction mixtures were stirred for 2 hours, after
which the solution was decanted off and the precipitates formed during the
reactions were dried under vacuum. The resulting compounds are shown in
Figure 18 below.
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FIGURE 18 The cationic and neutral moieties 1-6 resulting from the 4-aminopyridine re-
actions with four di- and interhalogens.

Crystallizations from the two iodine reactions afforded three different structures
(1-3), as did the iodine monochloride reaction (2, 3, and 6). lodine monobromide
formed only one structure (2) which crystallized in two different polymorphs,
whereas bromine led to a total of four brominated pyridyl-pyridinium structures
(4-5) in addition to a simple protonated pyridine structure (3). Expectedly, a
variety of counteranions was observed.

In the reactions with iodine, both cation-bridged bis(pyridine) units 1 and 2
as well as protonated, single aminopyridine units 3 were observed as products.
The protonated structures were obtained from crystallizations of the product of
the reaction in 1:1 molar ratio, whereas the 2:1 ratio afforded the iodonium-
bridged moiety 2. The bridging hydrogen of 1 appears to be unequally shared
between the pyridines, unlike the iodonium ions of 2 in virtually all studied
compounds. The hydrogen bridge is also more bent compared to the iodine
bridges in this study (Figure 19). Whereas hydrogen bonding between amines
and iodides is strongly affecting the crystal structure in 1-I", only much weaker
hydrogen bonding is evident in 2 - I7". The polyiodides of the latter structure form
two-dimensional networks, and the bis(pyridine) units 2 are located at the
cavities of these structures with a slight tilt in respect to the plane of anions that
allows them to interact with two polyiodide layers. The bis(pyridine) units form

35



skewed stacks with long centroid - centroid distances (4.50 A). The third
compound 321" -I37, in turn, consists of protonated pyridines stacking with very
short centroid ‘- centroid distances (ranging from 3.48 to 3.68 A). All four unique
pyridines are oriented slightly differently, and the anions arrange vertically
around the pyridine stacks in six chains with alternating I and Is~ anions.1?*

ke

289 2.87%

FIGURE19 N---H*--N contact parameters and hydrogen bonding distances (in A) be-
tween amine groups and iodide anionsin1-I".

In the reaction with iodine monochloride, the two-pyridine, N --1* - N-bridged
moiety with chlorine as the counterion (2- Cl") was expectedly observed as one
of the products. However, another structure with a charge-transfer adduct of the
reactants (6) in the same crystal lattice alongside the bridged moiety in equimolar
ratio was also found. This curious compound is the first reported structure where
the two different moieties coexist within the same crystal structure, and it is likely
to be a reaction intermediate with pure 2 - Cl~ as the final product. As a distinctive
feature, the iodine-bridged pyridines (2) of the adduct-containing structure are
nearly perpendicularly aligned, in stark contrast to the nearly planar alignment
of pure 2- Cl” (Figure 20). In addition to these two products, the crystallizations
afforded a third structure with a protonated pyridine 3 where the interhalogen
has broken apart to form chloride and triiodide counteranions. The compound
32 Cl I~ forms similar anion-surrounded pyridine stacks than 32 -I" - I3~ as could
be expected from the analogous chemical composition. The packing of the
pyridine units in 32- Cl" - Is™ is even closer than in the iodine product (centroid-
centroid distances ranging from 3.42 to 3.63 A). As a common feature in all three
ICl-structures, the amino groups of 4-aminopyridine interact with chloride
anions via hydrogen bonding.
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FIGURE20 N --I* contact lengths (in A) and structural differences between the io-
donium-bridged bis(pyridine) units in a) the adduct of 2- Cl~ and 6, and b)
pure 2 - CI". Counteranions have been omitted for clarity.

a)

FIGURE 21  Stacking of the bis(pyridine) units (centroid-centroid distances in A) in the a)
monoclinic and b) orthorhombic polymorphs of 2 - IBr>".

The reaction with iodine monobromide, despite the close relation to the
aforementioned ICl, only produced two polymorphs of the iodonium-bridged
bis(pyridine) 2 with IBrz™ as the counteranion. The bridged moieties arrange very
differently in their respective monoclinic and orthorhombic crystal lattices. The
former has a layered structure with very planar units of 2, whereas the latter
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exhibits similar perpendicularity to 2+ Cl" of the ICl-structure with adduct 6
(Figure 21). Both structures are also clearly influenced by mn-n-interactions, with
the planar monoclinic polymorph having a more significant contribution and the
shortest centroid-centroid distance of all compounds which include the iodine-
bridged bis(pyridine) cation 2.

The reaction with bromine afforded the most products of all investigated
halogens due to its unique behaviour compared to the other three reagents. In
addition to forming a disordered dichloromethane solvate of a protonated
pyridine structure (3 - Br') much like the respective reactions with ICl and I» also
afforded, Br> continued to brominate the product in a reaction which also formed
a new covalent bond between two pyridines. All in all, this resulted in the
formation of two tribrominated (4) and two dibrominated (5) pyridyl-pyridinium
structures with either bromide or tribromide as the counteranion. All
brominations took place at meta-positions of the pyridine rings, and all four
compounds have a strong tilt between the aromatic rings (possibly) due to the
additional steric factors caused by the bromines. Unlike all other structures in the
study, 4- Br  includes water in its crystal lattice, forming an infinite
amine ‘- anion - - water hydrogen bonding synthon. Its tribromide congener
4 - Brs-, in turn, has the most halogen bonding interactions of the structures with
all three bromines of the pyridyl-pyridine unit in close contact with another
bromine (Figure 22). The structure 5- Br~ is affected by multiple interactions,
including C-H -+ C contacts which are less pronounced or not present in the
other three structures. 5- Brs~ displays the smallest tilt between the pyridyl-
pyridinium’s rings as well as the strongest m-m interactions between the
molecules.

¢ 1598

107.3 {352

FIGURE 22  The three unique halogen --- halogen contacts of 4 - Bry~ (in A).

In summary, all reactions with iodine-containing di- and interhalogens led to the
formation of iodonium-bridged bis(pyridine) compounds. Protonated 4-
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aminopyridine units were also obtained from multiple reactions, with one of
them leading to the formation of an asymmetric N ---‘H* --"N bridge. In contrast to
all other halogen reactants, the reaction with bromine resulted in a variety of
complex bromination-dimerization products, indicating greater reactivity
towards pyridine derivatives. lodine monochloride was the sole reactant to form
a neutral charge-transfer adduct (6), although the structure also contained the
iodonium-bridged 2- ClI" in its crystal lattice which suggests that the peculiar
product could be a reaction intermediate of sorts.

In most structures obtained from the reactions, the amine--- pyridine
hydrogen bond synthon prevalent in pure 4-aminopyridine was blocked by
either protonation or iodination of the pyridine nitrogen. The exceptions to this
trend were the bromine products, where the pyridyl-pyridiniums formed
hydrogen bonds in three different structures. In all other structures, the amines
formed hydrogen bonds with the anions, and these interactions in combination
with n-n-stacking had a major role in the crystallization of the compounds.
Nevertheless, all obtained structures were centrosymmetric and consequently,
the compounds were unable to generate the second harmonic.

4.2 Nonlinear optical properties of diaromatic stilbene
derivatives!!

For paper III, a total of 11 stilbene derivatives were synthesized via Horner-
Wadsworth-Emmons!?> reaction, where a phosphonate carbanion reacts with an
aldehyde in the presence of a strong base to produce alkenes (Figure 23). All
reactions were carried out in air at room temperature. In general, 1 mmol of each
reactant (an aldehyde and diethyl(4-nitrobenzyl)phosphonate) was dissolved in
ethanol, and 3 mL of 1.5 M sodium hydroxide solution was added. The addition
of the strong base led to a change of the solutions’ colour in every reaction, as
well as to partial precipitation of the product. The mixtures were stirred
overnight to verify the completeness of the reactions. The precipitates were then
tiltered, washed, and dried, and successful reactions were confirmed by NMR
and single-crystal x-ray diffraction measurements.

Each synthesized molecule was designed to have a highly conjugated
dipolar structure with 4-nitrobenzene acting as the electron acceptor for all
eleven compounds. As computational studies on similar molecules had
suggested an improvement in molecular nonlinearity with longer chain length
between the aromatic moieties'?¢ or the inclusion of thiophene!?’, these structural
modifications were investigated with compounds 8a-8c and 9a-9¢, respectively
(Figure 23).
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7d: Ri=R4=H, R>=R3=0CH3
7e: R1=R3=R4=H, Rz=N(CHs)2

FIGURE 23  The general Horner-Wadsworth-Emmons!? reaction used in the syntheses of
substituted stilbenes, and the eleven obtained products 7-9.

The synthesized compounds included five 4’-nitrostilbenes with variable
substituents on the electron donor end of the molecule (7a-7e). Compound 7a
proved to be the most interesting of them as it afforded various crystal structures.
In addition to non-centrosymmetric and centrosymmetric polymorphs of 7a, the
compound’s presumed photodimerization during crystallization led to the
formation of a cyclobutane derivative. Both polymorphs of the main product
form herringbone layers through m-m interactions, with the centrosymmetric
variant displaying a significantly shorter centroid-centroid distance. The crystal
structure of compound 7b bears resemblance to the non-centrosymmetric
polymorph of 7a (Figure 24), but with a stronger tilt between the aromatic rings.
While the aforementioned structures were clearly influenced by n-n-interactions,
their role in the methoxy-substituted 7c and 7d is far less evident. The former
compound is instead mostly held together with weak C-H--- O contacts, while
the latter displays slightly stronger dimeric OCHs --- OCHs contacts as its main
synthon. The methoxy-substituted 7c is very planar whereas the dimethoxy-
substituted 7d has a more heavily tilted structure. The intensively red and
disordered 7e also lacked m-i1 contacts as it displays no overlap of the aromatic
rings due to the different orientations of adjacent planes. Instead, the structure’s
main synthon is the weak cyclic N(CHzs)2 --- O2N contact.
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FIGURE 24 Weak ONO X contacts and 1-11 interactions (in A) in the crystal structures
of a) non-centrosymmetric polymorph of 7a and b) 7b. The centrosymmetric
polymorph of 7a does not exhibit the same halogen contact but displays even
shorter centroid-centroid distances.

The first tested structural alteration on the stilbene core was the elongation of the
ethylene bridge between the aromatic rings, leading to three diphenylbutadienes
8a-8¢c. The crystal structure determined for 8a was heavily disordered despite
several crystallizations and data collections, but indication of noncovalent
interactions can still be seen from the structure, nonetheless. The compound
displays V-shaped stacks, formed by weak C-H ‘- O contacts and -1 interactions
(Figure 25), which arrange into herringbone layers despite seemingly having no
interactions between adjacent stacks. The previously reported!?12° compounds
8b and 8c were synthesized to compare them with the similarly substituted
stilbenes 7c and 7e. From the two compound pairs, the dimethylamino-
substituted 8c and 7e exhibit rather similar features like the dimeric weak
N(CHs)2 - O2N contacts and the apparent lack of m-m-interactions. On the
contrary, the differences between 8b and 7c are more pronounced. Although both
structures exhibit OCHjs -+ O2N contacts, 8b forms a planar sheet-like structure
which has clear contributions from - interactions whereas 7c crystallizes in two
almost perpendicular planes with a lesser amount of -1 contribution.
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FIGURE 25 The weak C-H - O contacts and -1 interactions (in A) in the crystal struc-
ture of the non-centrosymmetric 8a. Disorder has been removed for clarity.

The second modification to the stilbene core was switching one of the benzene
rings into thiophene, leading to three phenylethenylthiophenes 9a-9c.
Compound 9a crystallized in two centrosymmetric polymorphs. The monoclinic
variant forms a rather planar, sheet-like structure whereas the orthorhombic
polymorph is more complex with molecules located in four different planes. Both
polymorphs display a bromine - nitro halogen bond (Figure 26), with the
orthorhombic contact being slightly shorter and its angle closer to 180°. Both
structures also show m-m1 interactions between thiophene and benzene rings.
Compound 9b forms non-planar chains through weak CHjs -+ O2N contacts and
lacks any real n-m interactions due to the alternating orientation of molecules,
instead showing signs of C-H - Cy contacts. Analogously, compound 9c forms
herringbone chains through weak SCHj3 - -- O2N contacts. These chains form two-
dimensional buckled sheets, which interact with each other via -1 interactions.

a)

FIGURE 26 The ONO - ‘Br contacts and 11-11 interactions (in A) in the crystal structures of
a) monoclinic 9a and b) orthorhombic 9a.
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Before the nonlinear optical measurements using the Kurtz-Perry technique, the
crystalline samples were ground and sieved to a specific powder size, usually
<125 pm. The powder samples were then packed within thin glass capillary tubes
which had been sealed from the bottom with wax. A laser beam was focused on
the capillaries, and the second harmonic generated by each respective sample
was collected with a CCD detector. The intensities were then compared with
similarly prepared and measured reference samples from urea and 3-methyl-4-
methoxy-4’-nitrostilbene (MMONS), to get the relative SHG efficiencies of each
compound.

Only some of the synthesized compounds proved to be useful for SHG as
most compounds crystallized in centrosymmetric space groups, preventing the
possibility for second-order nonlinear properties. All in all, three compounds
displayed detectable SHG activity. Stilbene 7b and the heavily disordered
diphenylbutadiene 8a produced SHG signals that were noticeably weaker than
that of the reference urea sample, whereas the signal from the non-
centrosymmetric polymorph of 7a was significantly more intensive than urea’s
(Table 2).

Due to the weakness of MMONS's second harmonic signal compared to the
literature values® as well as potential fluorescence of 7a in the measurements
with a femtosecond laser at 1030 nm, the experiment was repeated with a
nanosecond laser at both 1030 nm and 1060 nm. For 7a, the respective
measurements using 1030 nm wavelength produced similar intensities, up to
almost 8 times higher second harmonic efficiency than urea, whereas the switch
to 1060 nm more than quadrupled the efficiency (Figure 27). MMONS, in turn,
did not show such drastic changes with the alteration of measurement
wavelength, but instead with the switch from femtosecond to nanosecond laser.

40 -
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9 7a 1030 nm
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FIGURE 27 Kurtz-Perry SHG measurement results of the non-centrosymmetric poly-
morph of 7a and the urea reference with 1030 nm fundamental laser wave-
length compared to the same samples measured with 1060 nm wavelength.
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TABLE 2 Kurtz-Perry SHG measurement results for all stilbene derivatives from which
nonlinear optical activity was observed.

Sample Laser wavelength | SHG activity
(nm) (x urea)
MMONS 1030« 61.0
10300 205
1060v 210
7a-nc 10302 5.5
1030v 7.7
1060v 32.4
7b 1030« 0.04
8a 10304 0.18

a femtosecond laser
b nanosecond laser

In addition to the NLO properties, the absorption and fluorescence spectra of the
synthesized compounds were also measured. In the absorption studies with
UV/Vis spectroscopy, most products displayed two absorption maxima in
dichloromethane, with stilbene 7b being the only compound to have three
maxima instead. The strongest absorption maximum of each compound was
generally found between 350-400 nm. Dimethylamino-substituted 7e and 8c were
the clear outliers of the series as both of them had a maximum at around 450 nm.
The donor’s effect on the transparency of the crystal was evident as the
absorption maxima showed a general red shift with the increasing electron donor
nature of the substituents. Similar shifting can also be observed from the results
of the fluorescence measurements, where every synthesized compound apart
from 7b exhibited fluorescence in dichloromethane.

As a summary, several of the eleven synthesized diaromatic compounds
crystallized only in centrosymmetric structures which are fundamentally unable
to exhibit the second-order nonlinearity. These included most of the compounds
where modifications to the stilbene core were made (8b-9c¢), and therefore the
changes” impact on the compounds’ nonlinearity could not be properly evaluated
with Kurtz-Perry measurements. Nevertheless, the study also afforded three
novel SHG active compounds, the best of which (7a) reached a high powder SHG
efficiency of over 32 times of urea.

4.3 3D printing of NLO active lenses with stereolithography!

Lastly, the possibility for using optically active materials as functional additives
within a 3D printed polyacrylate matrix was investigated in paper I
Stereolithography was selected as the printing technique due to the possibility of
producing transparent objects, a natural prerequisite for optical use, as well as
the ease of additive introduction to the printing material.
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Before printing, five round and flat lenses with a diameter of 2 cm were
modelled using a CAD (computer-aided design) program. The thicknesses of the
lenses were evenly spaced, ranging from 300 to 1500 pm. The CAD design file
was then further processed with a slicer program to cut the modelled object into
layers of determined height (50 pm) and give G-Code files that are readable by
the 3D printer. This general workflow is visualized in Figure 28.

Supporting

—>

CAD design

3D Printing

@ Slicing

i

Finished object
FIGURE 28  Schematic of the general workflow of 3D printing.

Urea and potassium dihydrogen phosphate (KDP), both commonly used as
reference materials in Kurtz-Perry SHG measurements, were selected as the NLO
active materials to be used in the lenses. The crystalline materials were ground
and sieved to a crystal size of <125 um as in the case of Kurtz-Perry
measurements. The powdered material was then weighed and mixed with a
predetermined amount (usually around 55 mL in volume) of polyacrylate-based
resin meant for stereolithographic 3D printing to give mixtures containing a
known weight percentage of the active materials. After some initial testing with
varied amounts of the SHG active materials as additives in the resin, 5 w-%
mixtures of both additives were chosen for 3D printing experiments. The
respective mixtures were carefully stirred until a homogeneous blend was
obtained, poured into a resin vat, and used to print the lenses. To eliminate all
additional variables, all five lenses of each series were printed simultaneously.

After the printing had finished, the objects were still covered in
unpolymerized resin mixture which was washed away with a series of rinses
with ethanol and water. After the objects had been washed and dried, the
polymerization between the objects” layers was completed by another UV light
treatment. Finally, a layer of sprayed lacquer was added onto the lenses to
improve their transparency.

Uniform spread and crystallinity of the NLO active materials within the
lenses were confirmed by an optical microscope (Figure 29). To confirm the
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resin’s suitability for optical printing, the printed polymer’s transparency was
studied with UV/Vis spectroscopy. The resulting cut-off wavelength of around
420 nm suggests that while the material is not suitable for deep UV applications,
most organic compounds have higher transparency limits due to their inherent
absorption and thus the 3D printed polymer matrix would not negatively affect
their optical usability.

20 mm

FIGURE 29 Image of the 300 pm thick 3D printed lenses (blue background) and as seen
through an optical microscope (black background). Lens a. is a reference
without any NLO component, b. and d. contain KDP, and c. and e. were
printed with urea. Reproduced with kind permission from the American
Chemical Society.!

For the measurements of the lenses” nonlinear activity, a setup similar to the
Kurtz-Perry method was used, but instead of the powder sample, the laser was
now aimed at the centre of the lens. In addition, a relatively wide laser beam size
was used to get an average over a larger area of the lens to avoid misleading
results by merely hitting individual crystals within the printed object. The SHG
intensities were measured as an accumulation of 10 consecutive pulses, and a ten
times longer exposure time was used for KDP lenses due to its inherent weakness
compared to urea. In both KDP and urea’s case, the SHG intensity produced by
the lenses increased with the increasing thickness of the object (Figure 30).
Especially KDP displays a very linear growth of second harmonic intensity. The
results suggest that the additional amount of active material within the printed
objects is enough to overcome the decreasing transparency and other issues
caused by the increasing thickness of the lens, although urea shows signs of
starting to even out at 1500 pym. However, the results cannot be generalized
outside this particular additive weight percentage and further investigations
would be required to draw broader conclusions.
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FIGURE 30 SHG measurement results of KDP (blue) and urea (orange) containing lenses.
A laser wavelength of 1195 nm was used throughout the measurements.

Nevertheless, the results show that stereolithography can be used as an
alternative way of manufacturing optically active lenses from materials that are
tedious to crystallize in larger sizes or sparingly available. The technique also
allows the design of shapes which would be near impossible to manufacture with
conventional optical methods. Furthermore, the technique comes with inherent
protection of the active materials from potentially disadvantageous
environmental factors like moisture.
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SUMMARY

The work in this thesis consists of series of studies with the common goal of
synthesizing novel nonlinearly optically active compounds for second harmonic
generation applications. Weak interactions were studied as a potential tool for
obtaining non-centrosymmetric crystal structures, and novel ways of utilizing
already existing NLO active materials with 3D printing were explored.

Firstly, several di- and interhalogens’ ability to guide 4-aminopyridines
towards non-centrosymmetric structures by halogen bonding was investigated.
The studied compounds were observed to show a tendency towards the
formation of iodonium-bridged bis(pyridine) cations or protonation of the
pyridine nitrogen. Bromine was observed to have unique reactivity among the
studied halogen compounds as it formed several dimerized and brominated
structures. All in all, only centrosymmetric structures guided by hydrogen
bonding and m-m interactions were observed. The chemistry of the di- and
interhalogens was found to be versatile but poorly predictable, and as such, they
are not the best choice to use for the synthesis of NLO active materials.

Substituted stilbenes have provided some of the highest second-order
nonlinearities measured to date and therefore remain as one of the compound
groups of interest in the field of nonlinear optics. In this work, the impact of both
substituent changes and larger structural modifications on the stilbenes’
nonlinear optical properties were investigated. While the synthesized
diphenylbutadiene and phenylethenylthiophene derivatives did not show
considerable SHG activity due to their mostly centrosymmetric crystal structures,
a novel stilbene compound reached the second harmonic intensity of over 32
times of urea at 1060 nm. Overall, the results further evidenced that the stilbenes’
molecular orientations within their crystal structures are hard to predict or
control due to the weaker noncovalent van der Waals and -1 interactions acting
as the primary driving force of these structures. In the future, having better
structural control over the highly conjugated molecules through stronger and
directional noncovalent interactions could result in the rationalized synthesis of
NLO materials with even greater nonlinearities.

In the past decade, the scientific use of 3D printing has evolved from a mere
curiosity into a high-potential and versatile method for numerous research areas.
While the ever-increasing precision of the techniques has opened various
possibilities for optical applications, studies on the inclusion of functional
additives within the printed objects are still scarce. Therefore, a novel method of
utilizing microcrystalline NLO active compounds as additives in
photopolymerizable 3D printing resins was developed. Series of flat lenses
containing NLO active urea and KDP, respectively, were manufactured by
stereolithography. The printed lenses were shown to generate the second
harmonic upon laser irradiation, and its intensity was found to increase as a
function of lens thickness with both additives. These results confirm that the
basic concept works well and suggest that further studies on the usability of other
compounds as well as the optimization of the lenses’ properties should be carried
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out. In general, the ease of use and relatively low cost of the 3D printing method
could well see stereolithography getting more widespread attention in
manufacturing optically functional objects for nonlinear optics and beyond.

In conclusion, this thesis covers a range of topics around the synthesis of
new nonlinear optical materials and their subsequent use in applications like
NLO active lenses. The research presented provides further insight into the
chemistry of di- and interhalogens as well as stilbenes and their derivatives,
while also laying the groundwork for the utilization of 3D printing in the
manufacturing of optically active objects.
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ABSTRACT: In the current paper, a series of nonlinear
optical (NLO) active devices was prepared by utilizing
stereolithographic three-dimensional printing technique.
Microcrystalline NLO active component, urea, or potassium
dihydrogen phosphate was dispersed in a simple photo-
polymerizable polyacrylate-based resin and used as the
printing material to fabricate highly efficient transparent
NLO lenses. The nonlinear activity of the printed lenses was

confirmed by second-harmonic generation measurements using a femtosecond laser-pumped optical parametric amplifier
operating at a wavelength of 1195 nm. The three-dimensional printing provides a simple method to utilize a range of NLO
active compounds without tedious crystal growing and processing steps. Furthermore, introducing NLO additives in the
printing material provides an easy and cost-efficient way to manufacture lenses with NLO functionality.

Bl INTRODUCTION

The research on nonlinear optical (NLO) materials dates back
to the early days of lasers. Franken et al. reported the
observation of second-harmonic generation (SHG) phenom-
enon already in 1961." In SHG, two photons having the same
frequency are combined in a medium generating radiation that
has twice the frequency (“frequency doubling”) and thus half
the wavelength of the original photons. Half a century later,
SHG still remains as one of the most investigated NLO
property owing to its potential applications in laser technology
and optoelectronics.”’ Especially, the growing interest in
processes such as optical signal processing and electro-optical
switches® has been fueling the research in the field of NLO
materials and devices.”®

Most commonly used NLO devices contain large single
crystals of the active material. Although a variety of NLO active
materials, both inorganic and organic, are known, only a
limited number of these are commercially used. The
advantages of the most commonly used inorganic compounds,
such as f-barium borate” and potassium titanyl phosphate,*’
arise from the wide-transparency regions, wide phase matching
range, and high conversion efficiency, as well as high physical
and chemical stability and durability. Due to these reasons, the
selection of commercial materials has remained nearly
unchanged for decades even though numerous new inorganic
and orﬁanic materials have shown superior NLO proper-
ties.'”"> Especially, various organic compounds have dis-
played a number of NLO properties that clearly exceed that of
the commercial inorganic crystals."*™"* Unfortunately, many of
these organic NLO components suffer from inferior stability
and malleability, which has hindered their utilization in optical
devices. However, the stability problems of certain NLO films
have been successfully tackled by using specific preparation
techniques based on self-assembly of the NLO com-
pounds.'>'® Despite the steps taken forward, assembling

<7 ACS Publications  © 2018 American Chemical Society 11558

molecules or the need to grow single crystals of high quality
and substantial size have still limited the use of wider selection
of organic compounds. Crystallization techniques such as top-
seeded solution growth technique, Czochralski technique, and
hydrothermal methods, commonly used for inorganic com-
pounds, are often less suitable for organic materials.'”"®
Furthermore, the mechanical processing of NLO crystals,
required to meet the demands of optical components, may be
inapplicable for organic crystals. One way around these
problems is to fabricate thin films by the poling technique
where the organic NLO chromophore is mixed with a polymer
matrix. In this technique, the dipoles of the NLO components
are aligned by an external electric field."”*° Again, this method
is not suitable for all organic NLO compounds. Another
potential solution would be utilization of microcrystalline
materials, instead of large single crystals, as in the Kurtz—Perry
technique, which is used for measuring SHG properties.”!
However, the powdery material is difficult to handle and
therefore poorly applicable for practical NLO use as it is.

In this paper, we present a method for manufacturing NLO
active devices from microcrystalline NLO components by
three-dimensional (3D) printing. In this method, the
chromophore microcrystals, such as urea or potassium
dihydrogen phosphate (KDP), are mixed with photopolymer-
izable polyacrylate-based resin, commonly used as printing
material in stereolithographic (SLA) 3D printing technique.
The 3D printing opens possibilities of tailor-made size, shape
and, optical properties of the printed objects. The 3D printing
has already been successfully used for printing high-quality
lenses.”> By using an NLO additive in the printing material, it
is possible to prepare lenses with NLO properties. Use of
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Figure 1. Photographs (blue background) and optical microscope images (black background) of the printed lenses. (a) The 300 um thick reference
lens without the NLO component. (b, d) The 300 ym thick NLO lens with S wt % KDP. (c, e) The 300 um thick NLO lens with S wt % urea.

polymer matrix also serves as a protecting media for the NLO
component. This makes it possible to utilize a whole range of
less stable organic compounds as NLO chromophores.

B RESULTS AND DISCUSSION

The 3D printing experiments were conducted by adding
microcrystalline urea or potassium dihydrogen phosphate
(KDP) as the NLO active component in the printable
photopolymer matrix. Both of these highly effective NLO
chromophores are commonly used reference materials in the
SHG measurements carried out by the Kurtz—Perry powder
method.”**** A series of round NLO lenses with 5 wt % urea
or KDP were printed by SLA technique. The diameter of the
printed objects was 2 cm, and the thicknesses 300, 600, 900,
1200, and 1500 um (Figure 1). As can be seen in Figure 1,
both additives were uniformly dispersed throughout the
objects. Furthermore, the additives retained their original
microcrystalline structure even after the printing process.

The 3D printed NLO lenses’ ability to generate the second-
harmonic signal was confirmed by measurements with an
amplified femtosecond laser (Integra-C, Quantronix)-pumped
tunable optical parametric amplifier (TOPAS, Light Con-
version Ltd.) operating at 1195 nm. A laser beam of 3 mm (full
width at half maximum, FWHM), a 130 fs pulse width, and 8
uJ of pulse energy was aimed at the middle of each object, and
the intensity of the second-harmonic wavelength generated was
measured through the accumulation of 10 consecutive pulses.
Relatively wide laser beam was used to obtain an average result
covering the whole lens.

With both urea and KDP lenses, the intensity of the SHG
signal increased with the increasing thickness of the object
(Figures S1, S2 and Table S1). The intensities of the SHG
signals relative to the thickness of the lens are shown in Figure
2. With KDP, the intensity grew nearly linearly. The small

Figure 2. SHG intensities based on the integrated surface areas of the
SHG signals for KDP and urea lenses as the function of lens thickness.

deviations from the linear growth are likely due to inherently
random orientations of the microcrystals inside the NLO lens.
In the case of urea, the linear growth started to level after 1200
pum thickness. After certain thickness, the increased amount of
microcrystals, crystal-to-crystal interactions, and decreasing
transparency effectively reduce the intensity more than the new
microcrystals increase it.

Organic polymers typically absorb UV radiation. Depending
on the material, the absorption cutoff point can be reached
already in the visible region. This must be kept in mind when
choosing the matrix polymer. Therefore, the UV/vis spectrum
of the printed acrylate polymer was measured in the range of
890—300 nm (Figures S3 and S4). Significant absorption
started at ca. 420 nm, indicating the apparent cutoff
wavelength for this material. Although the absorption of the
polymer sets the limit for the usable wavelengths, it does not
necessarily set additional limitations in the case of objects with
organic NLO chromophores. It should be noted that also the
organic NLO components tend to absorb strongly in the UV
region.”>*® Consequently, a similar cutoff would occur even
without the polymer matrix.

The results show that stereolithography 3D printing can be
utilized to produce highly efficient NLO lenses by using simple
and readily available materials. Both urea- and KDP-based
objects displayed significant ability to generate second-
harmonic signal. The 3D printing method introduced here
provides a way to considerably extend the selection of NLO
active compounds that can be used for practical NLO devices.
One of the main advantages of this novel approach is that there
is no need for tedious preprocessing steps usually required
when conventional NLO crystals are manufactured. Use of
polymer matrix can also protect the highly efficient but less
stable organic NLO compounds, which makes also those
materials available for NLO applications. The ability to design
the shape and size of the NLO lenses makes 3D printing a
powerful tool for both research and manufacturing of new and
improved electro-optical devices. It is already well established
that 3D printing can be used to produce lenses with high-
quality optical properties. We believe that by combining the
choice of efficient NLO compounds with the optical design of
the object can open up a whole new era in manufacturing NLO
lenses.

B METHODS

Materials. The acrylate-based resin used in 3D printing was
purchased from PeoPoly. Urea was purchased from Sigma-
Aldrich (ACS Reagent, 99.0—100.5%) and potassium dihy-
drogen phosphate (KDP) from Merck (>99.5%). All
chemicals were used as received. High-purity water of 18.2
MQ cm resistivity was used throughout the experiments.

DOI: 10.1021/acsomega.8b01659
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Preparation of the NLO Lenses. Approximately, 55 mL
of a commercial acrylate-based resin was weighed in a beaker
and mixed with 5 wt % urea or KDP. The NLO components
had been sifted through 125 ym sieve to obtain uniform crystal
sizes. The mixtures were carefully stirred before printing until a
homogeneous printing material was obtained. The mixture was
used for SLA 3D printing immediately after the preparation.
After the 3D printing, the objects were first washed thoroughly
with ethanol and water and then cured using 405 nm UV lamp
for 10 min to make sure that the polymerization was complete.
The fully cured printed objects were coated with sprayed
lacquer to improve the transparency.

Three-Dimensional Printing. The models of the NLO
lenses were designed by FreeCad v.0.16 software. The PeoPoly
version of the Cura 2.6.2.-14 and B9Creator v.1.1.0. was used
for preparing the models for printing. All objects were printed
with the PeoPoly Moai SLA 3D printer operating with a 150
mW 405 nm laser. The layer height used for preparation of the
objects was 50 pm.

NLO Measurements. The SHG measurements were
conducted using a widely tunable optical parametric amplifier
(TOPAS, Light Conversion Ltd.) pumped by an amplified
femtosecond laser (Integra-C, Quantronix). OPA signal beam
output at 1195 nm was used to generate second harmonic on
the samples. The beam size at the sample was 3 mm (FWHM).
The pulse duration was ~130 fs, and pulse energy was 8 yJ.
Exposure time of 0.217 s was used for urea lenses, whereas 2.17
s was used for KDP lenses.

UV/Vis Measurements. UV/vis spectrum of the printed
polymer was measured from 890 to 300 nm using a
PerkinElmer Lambda 25 UV/vis spectrophotometer. The
analyzed NLO lens used as a sample was placed in front of
the sample cuvette holder, and the reference cuvette holder
was left empty as air was used as reference. A slit of 1.0 nm was
used, with a scan speed of 240 nm/min and a data interval of
5.0 nm.
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ABSTRACT: The reaction of 4-aminopyridine (4-AP) with
ICl in a 1:1 molar ratio in CH,Cl, produced the expected
charge-transfer complex [4-NH,-14*-C;H,N-1-ICI] (1-ICl)
and the ionic species [(4-NH,-14*-C;H,N),-1u-1"][CI7] (2-
CI7) in a 2:1 relation, as indicated by "H NMR spectroscopy
in solution. In contrast, only the ionic compound [(4-NH,-
12*-CH,N),-14-I*][IBr,”] (2-IBr,”) was observed in the
analogous reaction with IBr. The reaction between 4-AP and
I, in a 1:1 molar ratio also afforded two components, one of
which was identified as the congeneric cation in [(4-NH,-14*
CsH,N),-1u-T"][I,7] (2-1,7) that contains a polyiodide anion
as a result of transformation in a 1:2 molar ratio between the
starting materials. In all of these ionic products, the crystal

—

ICl, IBrandl, * \
reactions: iodonium |

and CI', IBr, or |; anion

4-aminopyridine-dihalogens:

ICl reaction: charge-
transfer compound

Rt
Br;, reaction:

protonation and
pyridyl-pyridiniums

structures feature an iodonium ion, I", trapped between two 4-AP rings through N---I"--N contact. Surprisingly, the reaction of
4-AP with Br, in CH,Cl, resulted in an immediate protonation of the 4-aminopyridine (*H NMR) and [4-NH,-14*C,H,N-1-
H*][Br~] (3-Br~) was characterized as the main product. A subsequent peculiar bromination—dimerization process afforded the
novel pyridyl-pyridinium cations {3,3’,5'-Br;-14*-[1,2'-(CsH,N),]-4,4"-(NH,),}*[X"] (4-Br™, 4-Br;”) and {3’,5"-Br,-11*-[1,2'-
(CsH,N),]-4,4’-(NH,),}*[X7] (5-Br~, 5-Br;”). Compounds 1—5 as well as two protonated species, [4-NH,-14*-C;H,N-1-
H'],[CI7][1;7] (3,-CI™-1;7) and [(4-NH,-14*-C;H,N),-1u-H*][I7] (6:17), all display extended 3D networks supported by

halogen and hydrogen bonding in the solid state.

H INTRODUCTION

The halogen bond (XB) was first discovered in 1863," some 50
years before its conceptual congener, the hydrogen bond.”
While the latter concept has drawn significantly more attention
during the last century, the past few decades have also
witnessed increasing interest toward both theoretical’™'® and
practical aspects of XB, especially through utilization of
halogen bonds in building functional materials."'™'” Accord-
ingly, numerous applications in a variety of fields such as ion
recognition,zo_26 optical materials,”” ~>° organic synthesis and
catalysis,”" medicinal chemistry,”” " and crystal engineering
and supramolecular chemistry’®~* have been reported. It is
evident that the halogen-bonding concept has grown from
infancy to maturity. Owing to the versatility of adjustable
properties, for example the directionality and strength of XB,
halogen bonding has the potential to become as widely used a
chemical tool as hydrogen bonding.

TUPAC’s recent definition for the halogen bond describes it
as an interaction between an electrophilic region of a polarized
halogen atom (XB donor) and a nucleophilic region of
another, or the same, molecular entity (XB acceptor).™
Effectively this means that, somewhat counterintuitively, the
XB donor (halogen atom) acts as the e™ acceptor and the XB
acceptor is the e” donor. Although the XB interaction is often

W ACS Publications  © 2019 American Chemical Society 2434

considered to be primarily electrostatic in nature, the definition
includes virtually all noncovalent electron donor—acceptor
connections involving halogen atoms: for example, charge-
transfer contacts and dispersion forces. Molecular properties of
the XB components (electron delocalization, exchange
repulsion, polarization, etc. of the XB donors and acceptors)
are also contributing factors to the nature of halogen
bonds.”***® Similarly to the perfluorohalocarbons, another
widely used group of halogen compounds,*’ dihalogens (X,)
can act as halogen bond donors. In the case of X,, the
formation of a halogen bond is often understood as a charge-
transfer process in which the XB acceptor donates electron
density to the o* orbital of the X, molecule, providing the
attractive electrostatic interaction between the XB compo-
nents. At the very least the XB contact results in polarization
and weakening in the X—X bond of dihalogen, but even
heterolytic cleavage with the formation of ion pairs (X*/X~
containing units) is commonly observed. Stabilization of the
consequent halonium cation (X") typically requires the
presence of two (or more) XB acceptors such as in the
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Scheme 1. Reactions of 4-Aminopyridine (4-AP) with ICl, IBr, Br,, and I, in CH,Cl,
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classical example of iodonium cation trapped between two
pyridine nitrogen donors through N---I*---N contacts.** Recent
studies suggest that the N---X*--N arrangement is comprised of
a three-center—four-electron bond*’ that also can be utilized as
useful XB donors.**™*

Halogen-bonded systems with X, molecules and charge
distribution in X, and polyhalides have been extensively
investigated.so_57 However, to our knowledge systematic
studies of the effect of charge distribution in dihalogens on
the formation of halogen bonds are virtually nonexistent.”® In
this connection, we describe here our investigations of the
reactions between 4-aminopyridine (4-AP) and heavier
halogens and interhalogens, namely ICl, IBr, Br,, and I,
conducted in CH,Cl,. The reactions were monitored by 'H
NMR spectroscopy in solution, and the formation (Scheme 1)
and single-crystal X-ray structures of [4-NH,-11*-C;H,N-1-
ICI] (1-1Cl), [(4-NH,-1A*-CH,N),-1u-T*][CI7] (2-CI7), [(4-
NH,-1A*-CH,N),-1p-1"][IBr,"] (2-1Br,”), [(4-NH,-14*
CsHyN),-1p-T°][1,7] (2-1,7), [4-NH,-14*CsH,N-1-H*][Br”]
(3-Br7), [4-NH,-14*-C{H,N-1-H*],[CI7][1;7] (3,-CII;7),
{3,3,5'-Bry-14%[1,2'-(C;H,N), ]-4,4'-(NH,),} [X"] (4-Br,
4-Br;”) and {3',5-Br,-14*-[1,2’-(CH,N),]-4,4'-
(NH,),}*[X"] (5-Br~, 5-Br;”) and [(4-NH,-14*CH,N),-
1u-H*][I"] (6-17), as well as the main features of the halogen-
and hydrogen-bonding-supported extended 3D networks, are
discussed.

B EXPERIMENTAL METHODS

Reagents and General Procedures. The reactions were carried
out in air. All of the starting materials and solvents were purchased
from commercial sources. Solvents were dried over 3 A molecular
sieves, and the remaining reagents were used without further
purification: 4-aminopyridine (Aldrich, 98%), iodine monochloride

2435

(Aldrich, 98%), iodine monobromide (Aldrich, 98%), iodine (Merck,
99.999%), bromine (Fluka, >99%), MeCN (VWR Chemicals, 99.9%),
Et,0 (Aldrich, >99.8%), CH,Cl, (VWR Chemicals, 99%), hexanes
(VWR Chemicals, 99%), THF (Aldrich, >99.9%), and toluene
(Aldrich, >99.5%). Elemental analyses were performed by analytical
services at the Department of Chemistry, University of Jyvaskyla.

Spectroscopic Methods. The "H NMR spectra were obtained in
CD+CN at 30 °C and at —20 °C (ICI and IBr reactions only) on
Bruker Avance III 300 and Bruker Avance III 500 spectrometers
operating at 300.15 and 500.13 MHz, respectively. '"H NMR spectra
are referenced to the solvent signal, and the chemical shifts are
reported relative to (CH,),Si.

X-ray Crystallography. Crystallographic data for compounds 1-
ICI and 2-CI7, 2-ClI7, 2-IBr, -mono, 2-IBr, -ortho, 3,-CI"-I;~, 3-Br™-
CH,Cl,, 4-Br™, 4-Br;~, 5-Br™, 5-Br;~, 2:I,7, and 61" are summarized
in Tables SI and S2 in the Supporting Information. Crystals were
coated with FomblinY oil and mounted on a MiTeGen loop.
Diffraction data were collected on an Agilent SuperNova Dual Source
diffractometer equipped with Atlas CCD area detector using graphite-
monochromatized Cu Ka radiation (1 = 1.54184 A; 1-ICl and 2-CI",
3,-CI™I;7, 2:IBr, *mono, 2:IBr, -ortho, 3-Br_-CH,Cl,, 4-Br™, 4-Br;~,
5-Br~, 5-Bry”, and 617) or Mo Ka radiation (4 = 0.71073 A; 2-CI~
and 2-1,7) at —150 °C. The data were processed by applying Gaussian
absorption correction for compounds 2-Cl~, 2:IBr, -ortho, and 61"
and by performing analytical numeric absorption correction for
compounds 1-ICl and 2-CI7, 3,-CI"-I;7, 2:IBr, -mono, 4-Br~, 4-Br;~,
5-Br, 5-Br;7, and 21,7 using a multifaceted crystal with the
CrysAlisPro program.®” All structures were solved by direct methods
with SHELXS or SHELXT and refined by using SHELXL
implemented in the Olex* program package.’”°' After full-matrix
least-squares refinement of the non-hydrogen atoms with anisotropic
thermal parameters, the carbon-bound hydrogen atoms were placed in
calculated positions (C—H = 0.93 A). The nitrogen-bonded H atoms
were located from the difference Fourier map for compounds 1-ICl
and 2-Cl7, 2-Cl7, 2:IBr, ‘mono, 2:IBr, -ortho, 4-Br~, 5-Br;~, 21,7,
and 61", while for compounds 3,-ClI™I;7, 4-Br;”, and $-Br~ the
—NH, hydrogens were calculated (N—H = 0.86 A). The isotropic
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thermal parameters of the calculated hydrogen atoms were fixed at 1.2
times that of the corresponding carbon or nitrogen. In the final
refinement, the calculated hydrogen atoms were riding on their
respective carbon or nitrogen atoms, and the —NH, hydrogens
located in the difference Fourier map were refined as isotropic with
case-specific restrictions in the N—H bond distances.

Reaction of 4-AP with ICl in 1:1 Molar Ratio. A solution of ICl
(0.162 g, 1.00 mmol) in 10 mL of CH,Cl, was added dropwise to a
solution of 4-AP (0.094 g, 1.00 mmol) in 10 mL of CH,Cl, at 23 °C.
The reaction mixture was stirred for 2 h, giving a red solution and a
pale red precipitate. The solvent was decanted, and the solid product
was dried under vacuum to afford 0.115 g of a red powder (45%,
calculated as an equimolar mixture of the starting materials). The
solvent portion was evaporated and dried under vacuum, giving a
brown powder (0.051 g) that was shown by 'H NMR spectroscopy to
contain primarily only one of the products observed in the initial
powder ("H NMR of the solvent portion (CD;CN, 30 °C): § 8.04
[m, 2H, —~CH,N], § 6.56 [m, 2H, —C{H,N], 5 5.76 [s, br, 2H,
—NH,]). Anal. Calcd for CyH,,NgCL]; (calculated as a 2:1 mixture
of [4-NH,-11*-C;H,N-1-ICl] (1-ICl) and [(4-NH,-14*-C{H,N),-1u-
I*][Cl7] (2-CI)): C, 27.82; H, 2.80; N, 12.98. Found: C, 27.64; H,
2.83; N, 13.10. '"H NMR of the initial powder (CD;CN, 30 °C): §
8.06 [m, 4H, —C{H,NJ, 8 6.58 [m, 4H, —C;H,N, 5 5.72 [s, br, 2H,
—NH,], § 5.32 [s, br, 2H, —NH,]. "H NMR of the initial powder
(CD;CN, —20 °C): & 8.06 [m, 2H, —C;H,N], 6 7.98 [m, 2H,
—C(H,N], 6 6.61 [m, 2H, —~C;H,N], § 6.52 [m, 2H, —C;H,N], &
5.88 [s, br, 2H, —NH,], & 5.53 [s, br, 2H, —NH,]. X-ray-quality
crystals of cocrystalline [4-NH,-11*-C;H,N-1-ICl] (1-ICl) and [(4-
NH,-12*C;H,N),-1p-I*][CI7] (2-Cl7) in a 1:1 molar ratio were
obtained by slow evaporation of an MeCN solution at 23 °C. The
crystals containing solely [(4-NH,-11*-CH,N),-1u-I"][Cl7] (2-Cl7)
were grown by diffusion from an MeCN solution layered with Et,O.
Extended crystallization time afforded protonation of the 4-amino-
pyridine; the crystals of [(4-NH,-11*-C;H,N-1-H)*],[CI"][I;7] (3,
Cl™1;”) were obtained by evaporation of a toluene solution at 23 °C.

Reaction of 4-AP with IBr in 1:1 Molar Ratio. A solution of IBr
(0.207 g, 1.00 mmol) in 10 mL of CH,Cl, was added dropwise to a
solution of 4-AP (0.094 g, 1.00 mmol) in S mL of CH,Cl, at 23 °C.
The resulting orange reaction mixture was stirred for 2 h. The solvent
was decanted, and the solid product was dried under vacuum to afford
a pale orange powder. The solvent portion was allowed to evaporate
under ambient conditions over a period of 3 days, giving an orange
powder that was shown by NMR spectroscopy to be identical with
that of the solution portion (combined yield 0.237 g, 79%, calculated
as an equimolar mixture of the starting materials). Anal. Calcd for
CH(N,Bil: C, 19.96; H, 2.01; N, 9.31. Found: C, 19.91; H, 2.13; N,
9.40. "H NMR (CD;CN, 30 °C): § 8.05 [s, br, 2H, —C;H,N], § 6.57
[s, br, 2H, —~C;H,N], 5 5.83 [s, br, 1H, —NH,], § 5.70 [s, br, 1H,
—NH,]. 'H NMR (CD;CN, —20 °C): § 8.03 [m, 2H, —C,H,N], §
6.54 [m, 2H, —C;H,N], 6 5.93 [s, br, 1H, —NH,], 5 5.83 [s, br, 1H,
—NH,]. X-ray-quality crystals of two polymorphs of [(4-NH,-14*
CsH,N),-1u-T"][IBr,”] (2-IBr,”) (monoclinic and orthorhombic; 2-
IBr, 'mono, 2-IBr, -ortho) were both obtained by slow evaporation
of a CH,Cl, solution at 23 °C.

Reaction of 4-AP with Br, in 1:1 Molar Ratio. A solution of Br,
(0.052 mL, 0.160 g, 1.00 mmol) in S mL of CH,Cl, was added
dropwise to a solution of 4-AP (0.094 g, 1.00 mmol) in 5 mL of
CH,Cl, at 23 °C. The reaction mixture was stirred for 2 h, giving an
orange solution and a yellow precipitate. The solvent was decanted,
and the solid product was dried under vacuum to afford an orange-
yellow powder (0.187 g, 74%, calculated as a 1:1 adduct of the starting
materials). Anal. Caled for C,gH,NgBr,: C, 20.37; H, 2.39; N, 9.50.
Found: C, 19.99; H, 2.21; N, 9.67. '"H NMR (CD,CN, 30 °C): §
11.29 [m, br, 1H, C.H,NH"), § 7.94 [m, 2H, C;H,NH*], 5 6.85 [m,
2H, C;H,NH'], § 6.60 [s, br, 2H, —NH, ]. X-ray-quality crystals of the
initial main product, [4-NH,-14*CH,N-1-H*][Br~] (3-Br~), were
obtained by slow diffusion from THF solution layered with CH,Cl, at
23 °C. Longer crystallization times resulted in the formation of
brominated pyridyl-pyridinium cations: tribromides {3,3',5'-Br;-11*
[1,2'-(CsH,N),]-4,4"-(NH,),}*[X"] (4-Br~, 4Br;”) by slow evapo-
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ration of MeCN (4-Br") and CH,Cl, (4-Br;”) solutions and
dibromides {3',5"-Br,-14*-[1,2’-(C;H,N),]-4,4"-(NH,),}'[X"] (5
Br~, §-Br;”) by slow diffusion from an MeCN solution layered with
Et,0 (5-Br~) and a CH,Cl, solution layered with hexanes (5-Br;~) at
23 °C.

Reaction of 4-AP with I, in 1:1 Molar Ratio. A solution of I,
(0.254 g, 1.00 mmol) in 10 mL of CH,Cl, was added dropwise to a
solution of 4-AP (0.094 g, 1.00 mmol) in S mL of CH,Cl, at 23 °C.
The reaction mixture was stirred for 2 h, giving a brownish yellow
solution and a brown precipitate. The solvent was decanted, and the
product was dried under vacuum to afford a brown powder (0.215 g,
62%, calculated as a 1:1 adduct of the starting materials). Anal. Calcd
for CJHN,L: C, 17.26; H, 1.74; N, 8.05. Found: C, 17.03; H, 1.86;
N, 8.07. '"H NMR (CD;CN, 30 °C): § 8.05 [m, 2H, C;H,N], 8.01
[m, 2H, C;H,N], 6 6.57 [m, 4H, C;H,N], 6 5.83 [s, br, 2H, —NH,], §
5.51 [s, br, 2H, —NH,]. Prolonged crystallization times resulted in the
formation of protonated 4-aminopyridines that were not detectable in
the initial product ("H NMR). X-ray-quality crystals of [(4-NH,-11*
CsH,N),-1u-H*][I7] (6:17) were obtained by slow evaporation (ca. 8
days) of a CH,Cl, solution at 23 °C. Also, crystals of the previously
determined salt of the 4-aminopyridinium species [4-NH,-11*
CHN-1-H'],[17][1;7] (3, 17-1;7; structure code WULTEE in the
CSD database)®” were detected on the basis of the unit cell
measurements.

Reaction of 4-AP with I, in 1:2 Molar Ratio. Due to the
apparent two products from the reaction of 4-AP and I, in a 1:1 molar
ratio (as indicated by NMR spectroscopy), the reaction was repeated
in a 1:2 molar ratio. A solution of 4-AP (0.047 g, 0.50 mmol) in 10
mL of CH,Cl, was added dropwise to a solution of I, (0.254 g, 1.00
mmol) in 10 mL of CH,Cl, at 23 °C. The reaction mixture was
stirred for 2 h, giving a red solution and a dark brown precipitate.
Solvent was evaporated under vacuum to afford a dark red powder
(0.263 g, 87%). Anal. Caled for C;HN,L,: C, 9.98; H, 1.01; N, 4.66.
Found: C, 10.72; H, 1.32; N, 4.98. 'H NMR (CD,CN, 30 °C): & 8.04
[m, 2H, CH,N], 6.59 [m, 2H, CH,N], § 5.82 [s, br, 2H, —NH,]. X-
ray-quality crystals of [(4-NH,-11*-CH,N),-1u-1"][1,7] (2-1,7) were
obtained by slow evaporation from a CH,Cl, solution at 23 °C.

B RESULTS AND DISCUSSION

Reaction of 4-AP with ICl: Formation and Structural
Characterization of [4-NH,-11%-C;H,N-1-ICI] (1-ICl), [(4-
NH,-1A*C5H,N),-1-4-1*1[CI7] (2:C17), and [(4-NH,-14%
CsH,N-1-H)*LICIT]57] (3,°CI*l37). The reaction of 4-AP
with 1 equiv of ICl was carried out in CH,Cl, to afford a red
solution and pale red precipitate. The '"H NMR spectrum of
the initial powder in CD;CN at 30 °C displays two sets of
multiplets arising from the pyridine hydrogens in the range of
6.58—8.06 ppm as well as two singlets at 6 5.32 and 5.72 for
the amine groups in an approximate ratio of 4:4:2:2 (Figure
S3). At —20 °C, the signals in the range of 6.58—8.06 ppm
show further splitting into four multiplets, while the singlets
arising from NH, groups remain unchanged, giving six signals
in equal intensity altogether (Figure S4). Consequently, the 'H
NMR data suggest the presence of two independent 4-AP units
in the initial reaction powder. Workup of the solution portion
(see Experimental Methods) resulted in a brown solid which,
on the basis of the "H NMR spectrum, contained primarily
only one of the products observed in the powder portion.

Crystallization efforts of the initial pale red powder in
various organic solvents (see Experimental Methods) afforded
three different sets of crystals: (1) a structure consisting of a
mixture of direct charge-transfer adduct between 4-AP and ICI,
[4-NH,-14*-C{H,N-1-ICl] (1-ICl), and an ionic compound in
which the I" cation is trapped between two 4-AP units through
N--I"-N contacts, [(4-NH,-1A*CH,N),-1u-T"][CI7] (2-
Cl7), both in the same crystal lattice (Figure lab), (2) a
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Figure 1. Crystal structure of the cocrystalline 1-ICl and 2-CI”
showing NH--Cl contacts of (a) the charge-transfer unit and (b)
the CI™ anion. Symmetry operations: (A) 1 — x, 0.5 +, 2.5 — z; (B)
1+%05—-9%05+z (C)—x, —32—-2z(D)1+xy1+y.

structure containing solely the I*/Cl™ ion pair in 2-Cl~ (Figure
2), and (3) a protonated 4-AP cation with Cl~ and I~
counterions in [(4-NH,-1A*CH,N-1-H)*],[CI"][1;"] (3,
CI™I;7, Figure 3). While the formation of both 1-ICI and 2-
CI is consistent with the observed '"H NMR spectrum of the
pale red powder, no protonation of 4-AP is evident in the
initial product. Therefore, the appearance of 3,-Cl™I;” is likely
a result of the prolonged crystallization process (Scheme 1).
Furthermore, elemental analysis suggests a 2:1 molar ratio
between the adduct 1-ICI and the ionic form 2+Cl~, which is in
excellent correspondence with the NMR spectroscopic data;
the 'H NMR spectrum of the pale red powder displays a 1:1
intensity ratio for the two independent —NH, singlets arising
from the 2:1 molar ratio of 1-ICI and 2-CI” due to the one 4-
AP unit in the former compound and two 4-AP molecules in
the latter compound. Taken together, these data indicate that
the equimolar reaction between 4-AP and ICl in CH,Cl, in
fact takes place in a 3:2 molar ratio initially. However, as
evidenced by the single crystals containing only the ionic form
2+Cl", the reaction likely does eventually proceed to create the
I'/CI” ion pair and the compound 2:Cl™ as the final product.

The unusual combination of the charge-transfer compound
1'ICl and the N--I"---N-bridged 2:CI” crystallizes in the
centrosymmetric space group P2,/c in an equimolar ratio of
the two constituents (Figure 1). The two components are
organized rather randomly in discrete strands of 1-ICl and 2-
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Figure 2. (a) Part of a single strand in 2-Cl™ and (b) a space-filling
depiction showing the perpendicular formation of strands through
NH--Cl interactions (van der Waals radii used (in A): I, 1.98; N,
1.55; C, 1.70; H, 1.20; Cl, 1.75).

I3E

Figure 3. Crystal structure of 3,-Cl™-I;~ showing NH---Cl and NH---I
contacts. Symmetry operations: (A) —1 — x, =y, —z; (B) —1 — «, 0.5
+9,—-05 -z (C) x,05 —y,0.5+z (D) —x, =y, —z; (B) x, 5, -1 +
z, (F) %, 0.5 — 3, =0.5 + z; (G) —x, 0.5 + , 0.5 — z.
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Table 1. Pertinent Bond Parameters and Close Contacts (in A and deg) for the Cocrystalline [4-NH,-14*-C,H,N-1-ICl] (1-
ICl), [(4-NH,-1A*-CsH,N),-1u-T*][CI7] (2+CI7), [(4-NH,-14*-C{H,N),-1p-1*][CI7] (2:CI7), and [4-NH,-1A*-C;H,N-1-

H'],[CI7][1;7] (3,CI"*I;”) from ICI Reaction”

1.ICl/2-CI™® 2.CI 3,-Cl" 1,
N1--I1 2.269(5) [0.64, 0.48] N1--I1 2.250(3) [0.64, 0.51] NI1--11D 3.690(S)
N3--I1 2.240(5) [0.64, 0.52] N3--I1 2.246(3) [0.64, 0.51] N1--I3E 3.782(5)
NS—12 2.186(5) [0.62, 0.62] NS§--12 2.254(2) [0.64, 0.50] N2---Cl1 3.275(5)
2-CI2 2.634(1) [0.71, 0.36] N7--12 2.240(3) [0.64, 0.52] N2A---Cl1 3.272(5)
N2--Cl1 3.284(5) N4---Cl1 3.266(3) N3B:--Cl1 3.176(6)
N4C--Cl1 3.340(6) N4---CI2 3.279(3) N4---Cl1 3.314(6)
N6D---Cl1 3.276(5) N6:---Cl1 3.230(3) N4C---Cl1 3.393(5)
N2A---CI2 3.349(6) N6--Cl2 3.243(3) 1-12 2.9557(3)
N6B---CI2 3.328(6) -13 2.9053(5)
NS-I2—-Cl2 178.4(1) N1--I1--N3 177.2(1) I1-12-13 179.27(2)
N1--I1---N3 178.3(2) NS--12---N7 177.8(1) N1--H--I1D 134.6
N2A--H2'--Cl2 158(7) N4---H4---Cl1 166(3) N1--H-I3E 130.7
N2---H2---Cl1 177(8) N4---H4'--Cl2 171(3) N2---H--Cl1 150.5
N4C---H4---Cl1 176(8) N6---H6---Cl1 163(3) N2A--H'--Cl1 161.9
N4D---H4'---Cl1 155(11) N4---H6'---CI2 170(3) N3B---H--Cl1 125.7
N6B---H6--Cl2 163(6) N4---H--Cl1 152.8
N6D---H6™---Cl1 156(7) N4C---H’--Cl1 123.7

“Ryp values (in italics) to evaluate the strength of halogen bonds and calculated bond orders are shown in brackets. Ry = dxp/ (Xaw + Byaw),
where Ryp = strength of XB, dyp = XB distance, and X, gy and B, gy = van der Waals radii of X and B, resp13ctively.67_69 Bond orders were calculated
by the Pauling equation N = 10°~%/0.71,”° where R = the observed bond length (A) and D = theoretical single-bond length estimated by the sums
of appropriate covalent radii (A):”* N—1I, 2.04; I-Cl, 2.32. *Symmetry operations: (A) 1 — x, 0.5+, 2.5 — z, (B) 1 + &, 0.5 — y, 0.5 + z; (C) —x,
—y,2 =z (D) 1 + %,y 1 +y. “Symmetry operations: (A) —1 — x, =y, —z; (B) =1 — x, 0.5 + y, —=0.5 — z; (C) %, 0.5 — 3, 0.5 + z, (D) —«, —y, —z;

(B) x, 9, =1 + z.

CI', respectively, with two orientations for both compounds.
The two pyridine rings around the bridging N---I"---N unit in
2-Cl™ are hinged close to 90° with respect to each other (cf.
Figure S1 in the Supporting Information). Overall, the crystal
packing is primarily guided by six discrete NH,---Cl hydrogen
bonds averaging at ca. 2.43 A (d(Cl--N) = 3.284(5)—3.349(6)
A, Table 1). The N---I*---N distances of 2.269(5) and 2.240(5)
A in the ionic 2-Cl™ are equal within the standard deviation
and, expectedly, they are somewhat longer than the
corresponding NS—I2 bond length of 2.186(5) A in the
charge-transfer component 1-ICl (Table 1). The adjacent [2—
CI2 contact in 1-ICl displays a distance of 2.634(1) A. Both the
NS—I2—CI2 unit in 1-ICI and the N1--I1---N3 portion of 2-
CI™ are nearly linear at 178.4(1) and 178.3(2)°, respectively.

The ionic N---I"--N bridging compound 2-CI~ was also
obtained as an independent species in tetragonal space group
I4,/a after an extended crystallization period (Figure 2). This
centrosymmetric structure displays three discrete [(4-NH,-
1A*+-C4H,N),-1u-T*][CI7] ion pairs, one of which is created by
symmetry. The 2-CI™ units form a 2D network of cross-linking
strands (Figure 2b) through 10 discrete hydrogen bonds with
the amine NH,--Cl distances between 2.36(4) and 2.58(3) A
(d(Cl-+N) = 3.230(3)—3.352(3) A, Table S4). In this
instance, the pyridine rings in the [(4-NH,-14*-CsH,N),-1u-
I'] cations are nearly coplanar and the almost linear N---I*--N
contacts (177.2(1)—180°) show distances of 2.240(3)—
2.254(2) A that are essentially equal with the corresponding
contacts in the 2-Cl™ component of the cocrystalline structure
containing both 1-ICl and 2-Cl™ (Table 1). A search of the
CSD database reveals 16 crystal structures of pyridine®” and
pyridine derivatives (including 2,4,6-Me3-PY,63’64 2,6-Me,-
PY,” 4-Me,N-PY,*° 4-MeO-PY,* and 4-CF;-PY") with
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various counteranions containing the N--I'---N bridging unit
analogous to that in 2-CI”. The pertinent bond parameters in
2-Cl™ are essentially equal with those reported earlier and
support the description of a three-center—four-electron
bonding situation in the bridging N--I*---N unit,****¢37

In an effort to evaluate the relative strengths of the N---I and
I---Cl contacts in 1-ICl and 2-CI”, the Ry values for halogen
bond strength® " and the Pauling bond orders’™® were
calculated (cf. selected values in square bracket in Table 1 and
a more comprehensive list in Table S3). The N--I"-N close
contacts in 2-Cl” exhibit Ry values of 0.64 and the Pauling
bond order averages 0.50, while the analogous values in 1-ICI
are 0.62 (Ryg) and 0.62 (bo) for the NS—I2 bond and 0.71
(Ryg) and 0.39 (bo) for the 12—CI2 contact. All these values
are indicative of a bonding situation in which the (4-AP)N—
I(Cl) bond in 1-ICI is approaching a covalent single bond,
resulting in significant weakening of the adjacent, highly polar
I---Cl contact as is typical for a halogen bond.

Although the ionic compound 2-ClI” is likely the end
product from the reaction between 4-AP and ICl, a prolonged
crystallization time does result in protonation and formation of
[4-NH,-1A*-C,H,N-1-H'],[CI7][I;7] (3,-Cl"1,, Figure 3).
The crystal structure of 3,-Cl™-I;~ consists of two amino-
pyridinium cations and Cl™ and I;~ counteranions. The ionic
compound crystallizes in the monoclinic space group P2,/c,
and the extended 3D network is formed primarily through
weak NH--Cl hydrogen bonds (d(N--Cl) = 3.176(6)—
3.393(5) A, Table S4) from both the —NH, unit and the
protonated N atom of the pyridine ring. All of the NH:---I close
contacts to the I;~ anion are relatively weak and likely mainly
created by the crystal-packing forces.
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Figure 4. Crystal structure of the monoclinic 2-IBr,”. Symmetry
operations: (A) 1 —x,9,1—2 (B)2—x,y -1 -2 (C)2 -«
-z (D)2 —x1—y -1-z

P

Reaction of 4-AP with IBr: Formation and Structural
Characterization of Two Polymorphs of [(4-NH,-11%-
CsHy4N),-1p-1M1[IBr, 7] (2:1Bry7). The reaction of 4-AP and 1
equiv of IBr was carried out in CH,CI, to afford an orange
precipitate in good yield (79%). The '"H NMR spectrum of the
product in CD;CN at 30 °C displays two multiplets arising
from the pyridine hydrogens at 6.57 and 8.05 ppm as well as
two singlets at 6 5.70 and 5.83 for the amine groups in a
2:2:1:1 ratio (Figure SS). In contrast to the reaction with ICl,
no further splitting of the signals is observed at —20 °C (Figure
S6), therefore suggesting the formation of only one 4-AP ring
with two inequivalent hydrogen atoms in the —NH, group on
the NMR time scale.

Consistently with the formation of 2-Cl7, crystallization of
the orange powder by slow evaporation of a CH,Cl, solution
revealed the existence of the congeneric N--I"---N bridged
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Figure S. Crystal structure of the orthorhombic 2-IBr,”. Symmetry
operations: (A) 0.75 — x, 0.75 — y, z; (B) x, 1.75 — y, 0.75 — z; (C)
0.75 — %, y, 0.75 — z.

cation with a polyhalide counteranion in [(4-NH,-14*
CsH,N),-1u-I*][IBr,”] (2-IBr,”, Figures 4 and S). Two sets
of crystals with different morphologies were obtained, yellow
plates and orange block-shaped crystals, that were identified as
monoclinic and orthorhombic polymorphs of 2:IBr,,
respectively. In contrast to the reaction between 4-AP and
ICl, no charge-transfer product analogous to 1-ICl is
observable in the reaction with IBr in the solid state or in
solution (NMR spectroscopy). This is somewhat counter-
intuitive, given the higher polarity of ICI in comparison to IBr,
but can, possibly, be contributed to the easier formation of the
polyiodide anion IBr,” and therefore faster ionization process
in the latter reaction (cf. Conclusions). Notably, recently
reported experiments performed under similar conditions
between the bare, unsubstituted pyridine and ICl or IBr
resulted in the isolation of only the simple adducts [C;H,N-1-
IX] (X = Cl, Br), without any evidence of ionization.”” A
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Table 2. Pertinent Bond Parameters and Close Contacts (in A and deg) for [(4-NH,-1A*-C;H,N),-1u-1"][IBr,”] (2:IBr,™
mono and 2-IBr, *ortho), [(4-NH,-1A*-C;H,N),-1u-1'][I,7] (2'I,7), and [(4-NH,-1A*-C;H,N),-1u-H*][I"] (6I") from IBr

and I, Reactions

2-1Br, -mono” 2.IBr, -ortho” 2.1, 61

N1--I1 2.242(7) N1--11 2.244(5) N1--I1 2.243(5) N1--Hl1 1.32(5)
N3--12 2.228(9) N2---Brl 3.589(6) N2--12 3.974(6) N1--N3 2.662(5)
N2--Brl 3.693(7) N2---Br1C 3.593(6) N2--I3 3.711(6) N2--I1 3.731(4)
N2---Br2 3.782(7) Br1-12 2.7309(6) N2--IS 3.962(6) N2--I1A 3.641(4)
N4---Brl 3.746(2) 12-13 2.7535(6) N4--11 3.667(4)
Br1-13 2.710(1) 14-15 2.9273(4) N4---11A 3.684(4)
Br2—14 2.753(1) 1314 3.2804(6)
N1--I1---N1A 179.0(3) N1--I1---N1A 176.4(2) N1--I1---N1A 180.0(2) N1--H1--N3 160.7
N3--12--N3A 180 Br1-12—BrlB 176.54(3) 14—-15—-14B 180.00(1) N2--H-I1 174(S)
Br1-13—Br1C 178.5(1) N2---H-Brl 172(6) N2--H-12 155(7) N2--H 165(5)
Br2—14—Br2C 180.0(1) N2--H’--BrlC 140(6) N2---H-I3 131(8) N4---H'--I1A--11 166(4)
N2---H--Brl 170(8) N2--H'--1S 152(6) N4---H'-11A 165(4)
N2---H'-Br2 169(10) 13--14-15 90.61(1)

2-13--14 171.58(2)

“Symmetry operations: (A) 1 —x,9, 1 —z (B) 2 —x,y, =1 —z (C) 2 — x,y, —z; (D) 2 — &, 1 — y, —1 — z. "Symmetry operations: (A) 0.75 — x,
0.75 — y, z; (B) x, 1.75 — 3, 0.75 — z; (C) 0.75S — «x, y, 0.75 — z. “Symmetry operations: (A) 2 —x, 1 — 52—z (B) -1 —x, 1 —y 1 — z
4Symmetry operations: (A) 0.5 — x, —=1.5 + 3, 1.5 — z; (B) 0.5 — x, 0.5 + y, 1.5 — z.

further literature survey on the reactions of pyridine derivatives
with dihalogens reveals a fine balance between charge-transfer
adducts similar to 1-ICl and the ionic species containing the
cation 2: while pyridine and pyridine derivatives 2,4,6-Me;-PY,
3-Br-PY, and 4-Me,N-PY prefer charge-transfer complexes, the
2,6-Me,-PY congener forms ionic species with the N---I"---N
unit similarly to 4-AP.”>”?

The centrosymmetric, monoclinic polymorph of 2-IBr,”
displays two parallel strands of the [(4-NH,-14*-C;H,N),-
14-I"] units which are separated by analogous, perpendicular
cations (Figure 4). The spatial arrangement of the components
takes place through weak NH--Br contacts (d(N--Br) =
3.693(7)—3.782(7) A, Table 2) between the cations and IBr,”
anions. Slight slippage of the layered strands prevents
significant 77—z interactions between the 4-AP rings. The
orthorhombic polymorph of 2-IBr,~ (Figure $) also crystallizes
in a centrosymmetric space group (Fddd). The NH--Br
connections are somewhat stronger than in the monoclinic
form with d(N---Br) = 3.589(6) and 3.593(6) A. The N---I*--
N distances of 2.228(9)—2.244(5) A as well as the linearity of
this unit (176.2(4)—180°) are analogous to those in 2-CI".
Unsurprisingly, the I-Br bond lengths (2.7309(6)—2.753(1)
A) in both polymorphs of 2-IBr,” show typical values for the
polyhalide anion.”®

Reaction of 4-AP with Br,: Formation and Crystal
Structures of [4-NH,-14*-CsH,N-1-H*][Br~]1 (3:Br7),
{3,3',5'-Br3-1l4-[1,2'-(C5H4N)2]-4,4'-(NH2)2}+[X7] (4'Br7,
4-Br;7), and {3’,5'-Br,-11%-[1,2’-(CsH,N),]1-4,4’-
(NH,),}[X71 (5:Br~, 5:Br;7). The reaction of 4-AP with 1
equiv of Br, was carried out in CH,Cl, to afford a yellow
powder in good yield (74%, calculated as 3-Br”). The 'H
NMR spectrum of the product in CD;CN (Figure S7) displays
typical signal patterns for the pyridine hydrogens at 6.85 and
7.94 ppm and a singlet at 6.60 ppm for the amine group. In
addition, a broad multiplet at 6 11.29 with ca. half the intensity
in comparison to the other signals was observable in the 'H
NMR spectrum, suggesting that protonation of 4-AP has
occurred during the reaction.
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Crystallization of the yellow product by slow diffusion of
THEF solution layered with CH,Cl, confirmed that, in contrast
to the reactions of 4-AP with interhalogens ICl and IBr, the
analogous mixture with Br, results in an immediate
protonation of the 4-AP unit and formation of [4-NH,-11*
C;H,N-1-H*][Br"] (3-Br") as the primary product.74 The
crystal structure of 3-Br™ is comprised of five discrete [4-NH,-
1A*-CH,N-1-H*][Br™] ion pairs and two CH,CI, solvates
(Figure S2) with an extensive hydrogen-bonding network.
However, three of the cations 3 and both solvent molecules are
disordered, and a detailed structural discussion is therefore
ambiguous.

While the reason for the apparent propensit;f toward
protonation in the reaction with Br, is not clear,”* further
reactivity of the 4-AP/Br, mixture is evidenced by multiple
products obtained when the reaction mixture is left in solution
for 12—14 h. The 'H NMR spectra of the solution shows the
appearance of numerous signal patterns, especially in the
aromatic region. Subsequent crystallization efforts of the initial
yellow product revealed additional chemical transformations to
produce brominated pyridyl-pyridinium cations with either
two or three bromine substituents in the pyridine rings
(Scheme 1); single-crystal X-ray structures of {3,3,5'-Br;-11*
[1,2-(CiH,N), | -4,4"-(NH,),F[X] (4:Br, 4:Bry") and
{3/:5"Brz'124'[1:2/'(C5H4N)2]‘4;4/'(NH2)2}+[X_] (5Br7, s
Br;™) were determined (Figure 6). In all the structures of 4
and § (with Br™ and Br;~ counterions) a covalent N*—C®
bond has formed between two pyridine rings. The formally
neutral pyridyl ring is disubstituted with Br atoms in meta
positions in both ring systems 4 and S, whereas the cationic
pyridinium unit is monobrominated in the meta position only
in the structures of pyridyl-pyridinium 4. The bond parameters
in 4 and 5 (Table 3) are comparable with those of similar,
although only monosubstituted (with -Bu, -NH, and -S
groups), pyridyl-pyridinium cations reported previously.”>~"”

The previously reported [4-R-14*-1,2"-(CsH,N),]* (R =
‘Bu, Me,N) cations comparable to 4 and § have been prepared
by a direct reaction between the appropriate pyridinium
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Figure 6. Crystal structures of (a) 4-Br;~, (b) 4-Br”, (c) 5-Br;~, and
(d) 5-Br".

derivative (triflate salt) and neutral pyridine under relatively
harsh conditions: a sealed vial under vacuum at 150 °C.” It is
therefore somewhat surprising that the protonated 3-Br™ reacts
further in CH,Cl, at room temperature to produce pyridyl-
pyridinium cations 4 and S. It is conceivable, however, that a
partial cleavage of HBr acid in the solution of 3-Br™ affords a
mixture of both components, protonated and neutral 4-AP,
required for the direct synthesis of substituted pyridyl-
pyridinium cations. In addition, it has been reported that the
equimolar reaction between 2-AP and Br, in the presence of
acetic acid results in bromination of the pyridine ring.*’ In a
similar vein, the acidic condition due to the presence of HBr
could account for the bromination of 4-AP rings and formation
of cations 4 and 5 during an extended period in solution.

Reactions of 4-AP with I,: Formation and Structural
Characterization of [(4-NH,-14*CsH,N),-1p-1"101,71 (2
I,7) and [(4-NH,-14*CsH N),-1p-H*1[I7] (6+17). The reac-
tion of 4-AP with 1 equiv of I, was carried out in CH,Cl,,
affording a brown precipitate. The '"H NMR spectrum of the
product in CD;CN (Figure S8) displays four multiplets arising
from the pyridine hydrogens in the range of 6.57—8.05 ppm
and two singlets at ¢ 5.51 and 5.83 for the amine groups in
approximately equal ratio indicating two inequivalent 4-AP
components in solution. Owing to the two discrete 4-AP units
and, especially, the well-known ability of iodine to form
polyiodides, the reaction between 4-AP and I, was also
performed in a 1:2 molar ratio under similar conditions. The
reaction produced a dark red powder, which displays signals at
5.82, 6.59, and 8.04 ppm in a I1:1:1 ratio in the "H NMR
spectrum in CD;CN (Figure S9), suggesting the formation of
only one of the two compounds observed in the reaction in a
1:1 molar ratio as a pure product in good yield (87%).

Slow evaporation of the CH,CI, solution of the product
afforded dark red crystals that were determined as [(4-NH,-
14%-CHyN),-1p-17][1,7] (2:1,7) by single-crystal X-ray
crystallography (Figure 7). Similarly to the reactions with
interhalogens ICl and IBr, the crystal structure of 2-I,” exhibits
an ionic compound with an I* cation trapped between two 4-
AP units through N--I"---N contacts and an I,” polyiodide
counterion. The compound 2-I,” displays symmetry centers
both in the cation (N--I*---N unit) and in the anion (central
I;7). In the latter, the 12—I3 and I3—I4 bond lengths of

Table 3. Pertinent Bond Parameters and Close Contacts (in A and deg) for {3,3',5"-Br;-14*-[1,2’-(CsH,N),]-4,4'-
(NH,),}*[X"] (4°Br™, 4°Br;”) and {3’,5"-Br,-14*-[1,2’-(C{H,N),]-4,4'-(NH,),}*[X"] (5'Br~, 5°Br,”) from Br, Reaction

4-Br~ 4-Bry~ SBr ¢ 5Bry” "

Br1-C9 1.894(6) Br1-C9 1.910(9) Br1-C9 1.898(5) Br1-C9 1.893(6)

Br2—C7 1.890(6) Br2—C7 1.920(9) Br2—C7 1.892(5) Br2—C7 1.901(6)

Br3—C4 1.873(6) Br3—C2 1.890(9) Br3-N2 3.388(4) Br3-N2 3.542(6)

Br4---N2 3.339(5) Br4--N2 3.404(9) Br3A--N2 3.426(5) BrSB--N2 3.461(6)

C3—C4—Br3 120.8(4) C1-C2-Br3 116.8(7)

C5—C4—Br3 117.1(4) C3-C2—-Br3 120.1(7)

C6—C7-Br2 120.8(4) C6—C7-Br2 122.8(7) C6—C7-Br2 121.5(4) C6—C7-Br2 122.4(4)

C8—C7-Br2 119.0(4) C8—C7-Br2 115.5(7) C8—C7-Br2 118.8(4) C8—C7-Br2 117.5(4)

C8—C9—Brl 120.5(5) C8—C9—Brl 118.1(7) C8—C9—Brl 120.5(4) C8—C9—Brl 118.5(5)

C10—C9—Brl 118.6(4) C10—C9—Brl 118.4(7) C10—C9—Brl 117.7(4) C10—C9—Brl 120.6(5)

N2---H--Br4 167(8) N2---H--Br4 168.0 N2---H--Br3 155.5 N2---H--Br3 164(8)
N2--H'-Br3A 149.4 N2--H’---BrSB 139(10)

“Symmetry operations: (A) 1 — x, —0.5 + y, —0.5 — z (Br3A not shown in Figure 6d). “Symmetry operations: (B) 2 — x, 1 — y, 2 — z (BrSB not

shown in Figure 6c).
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2.7535(6) and 2.9273(4) A, respectively (Table 2), along with
the 13---I4 distance of 3.2804(6) A are consistent with an I,”
component comprised of two neutral I, units and one I;~
anion. The ion pairs are connected to infinite strands through
weak NH-I contacts (d(N--I) = 3.711(6) —3.974(6) A, Table
S5). The 4-AP rings around the I" cation are essentially
coplanar, and the N--I*:-N distance of 2.244(5) A is equal to
those observed for 2-Cl™ and 2-IBr,”. The formation of 2-I, is
consistent with the analogous reaction between unsubstituted
pyridine and 2 equiv of I,.**

Similarly to the Br, reaction, the proclivity for protonation of
2:1,” is evident from the single-crystal structures of [(4-NH,-
14*-CsH,N),-1u-H*][I"] (617, Figure 8) and the previously
reported [4-NH,-14*-C;H,N-1-H*],[I17][I;"] (CCDC
1403481)%” obtained after long standing of the product in
various solvents (Scheme 1). The centrosymmetric crystal
structure of 6-1" is comprised of an H" cation trapped between
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Figure 8. Crystal structure of 6:1”. Symmetry operations: (A) 0.5 — x,
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two 4-AP rings by N---H"--N contacts and an I” counteranion
(Figure 8). The ion pairs form cross-linking strands through
four NH--I contacts of ca. 2.88 A (d(N--I) = 3.641(4)—
3.731(4) A, Table S5). The CSD database contains 12
structures in which a proton is trapped between two pyridine
or substituted pyridine units. Both coplanar and perpendicular
arrangements of the pyridine rings exist with N---N distance of
ca. 2.58—2.68 A in the nearly linear N---H*---N units (177—
180°). While the N1---N3 distance of 2.662(5) A in 6-1” falls
within same range with the previously reported values, the
distinctive tilting between the pyridines is clearly noticeable in
the N1---HI--N3 angle of 160.7° (Table 2) in comparison to
the value of 172°, representing the narrowest angle in the
corresponding systems.”’

B CONCLUSIONS

The reactions of 4-aminopyridine (4-AP) with dihalogens (IC,
IBr, Br,, and I,) reveal versatile chemical and structural
behavior. Intriguingly, the chemical transformation between 4-
AP and ICl in a 1:1 molar ratio results in the formation of both
the charge-transfer adduct 1-ICl and the iodonium cation in 2-
CI". Although the two basic units in these compounds, neutral
C;H,N—ICl and C;H,N---I"--NH,C; cation, have been well-
characterized in various pyridine derivates, this is the first time
the coexistence of both components has been observed in
solution (NMR) and as a cocrystalline material in the solid
state. Moreover, to the best of our knowledge the
unsubstituted pyridine (PY) is the only congener for which
both the charge-transfer C;H,N—L,* and ionic CsH,N--I*---
NH,C;** forms have been structurally characterized by X-ray
crystallography in independent investigations.

Somewhat surprisingly, the analogous reaction between 4-
AP and IBr affords solely the iodonium salt [(4-NH,-14*
CsH,N),-1u-1"][IBr,”] (2:IBr,”) with polyhalide as the
counteranion despite the lower polarity of IBr in comparison
to ICL. Consistently, 1 equiv of virtually nonpolar I, also reacts
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with 4-AP to produce the I* cation in [(4-NH,-14*-CH,N),-
1-I*][1,7] (2'1,7) without any evidence of a charge-transfer
compound comparable to 1-ICL In this instance, additional
iodine is also needed for the formation of I,” polyiodide
instead of triiodide I3~ analogous to IBr,” and, consequently,
the reaction between I, and 4-AP takes place in a 2:1 molar
ratio. A series of the charge-transfer compounds comparable to
1-ICI has been previously regorted for unsubstituted pyridine,
C;H,N-IX (X = Cl, Br, 1).”%%2 In these compounds, the N—
I(X) bond lengths of 2.284(3) (X = Cl),”* 2.304(3) (X =
Br),”* and 2.425(8) A (X = I),** and the calculated (N)I-X
bond orders” of 0.52 (d(I-Cl) = 2.523(1) A”?), 0.54 (d(1-
Br) = 2.654(1) A”®), and 0.75 (d(I-1) = 2.8043(9) A%)
display the expected trend: the N—I bond is strengthening and
the I-X bond is weakening when the polarity of the IX
component is increasing (ICI > IBr > 1). In light of these data,
stabilization of the charge-transfer compound 1-ICl and, in
contrast, the apparent ready formation of the iodonium cation
in 2-IBr,” and 2-I,” is somewhat surprising. It is conceivable,
however, that the easier formation of the polyhalides IBr,” and
I,” in comparison to the reaction with ICl provides the driving
force for a rapid cleavage of the I-Br and I-I bonds and
subsequent formation of an iodonium cation. On the basis of
this study and a literature survey, there is a fine balance
between the two components that, presumably, can also be
controlled by the selection of substituents.

The chemical transformation between 4-AP and Br, exhibits
unique reactivity in comparison to those involving ICl, IBr, and
I,. The reaction displays immediate protonation of the 4-AP
ring, affording [4-NH,-14*-C;H,N-1-H*][Br™] (3-Br") as the
initial product. While the presence of a catalytic amount of
HBr in the starting material to initiate the protonation cannot
be completely ruled out,”* the subsequent intriguing
bromination—dimerization process and formation of pyridyl-
pyridinium cations 4 and $ indicates greater reactivity in the
reactions with Br, in comparison to those of the other
dihalogens. Consequently, the present study shows that, while
the reactions between 4-AP and IC], IBr, and I, conveniently
produce N---I*---N-bonded iodonium cations, potentially useful
XB donors in applications, the chemical transformation with
Br, is much more complex and the observed bromination—
dimerization process merits further investigations.
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Series of highly polar stilbene (1la—e), diphenylbutadiene (2a—c) and phenylethenylthiophene (3a—c) derivatives
were prepared via Horner—Wadsworth—Emmons method with a view to produce new and efficient materials
for second harmonic generation (SHG) in the solid-state. The single-crystal X-ray structures of compounds
1-3 reveal extensive polymorphism and a peculiar photodimerization of the 2-chloro-3,4-dimethoxy-4’-
nitrostilbene derivative 1a to afford two polymorphs of tetra-aryl cyclobutane 4. The stilbene congeners
2-chloro-3,4-dimethoxy-4'-nitrostilbene  (1a-non-centro),  5-bromo-2-hydroxy-3-nitro-4’-nitrostilbene
(1b) and 4-dimethylamino-4'-nitrostilbene (le), as well as 4’-fluoro-4"-nitro-1,4-diphenyl-1,3-butadiene
(2a) present the ideal, non-centrosymmetric arrangement of the chromophores for nonlinear optical
(NLO) activity. Compounds 1b and 2a exhibit only relatively low intensity for second harmonic generation
(0.04 and 0.18 times that of urea reference, respectively), while the stilbene polymorph 1a-non-centro
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shows NLO activity of over 32 times that of urea. In addition, the conjugated diaromatic compounds 1-3
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Introduction

The study of nonlinear optical (NLO) materials has gained
increasing interest especially owing to their significance in
laser technology and optoelectronics. Ultrafast electro-optical
switches, optical signal processing and computing, data storage,
and photonic technologies are just some of the various applica-
tions where these materials have become indispensable.'® One
of the most sought-after nonlinear properties for these applica-
tions is the second harmonic generation (SHG), a phenomenon
in which the material combines two photons into one, creating
radiation with twice the frequency of the original. The funda-
mental requirement for a material to have SHG activity is to
possess non-zero second-order nonlinear susceptibility s, which
necessitates the compound to have non-zero first-order hyperpo-
larizability § at the molecular level.’ It is highly beneficial if the
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display fluorescence behaviour in CH,Cl, solutions with the exception of stilbene derivative 1b.

NLO active material crystallizes in a non-centrosymmetric space
group (lack of inversion symmetry) to avoid the effective cancela-
tion of hyperpolarizability, even though centrosymmetric crystals
have also been reported to display SHG through processes
involving intermolecular interactions.'®™*

Although most of the commercially available NLO crystals
are based on inorganic compounds such as B-barium borate
(BBO) and potassium titanyl phosphate (KTP), primarily owing
to their high chemical and physical stability,">™** the academic
research on new NLO active materials has largely focused on
organic “push-pull” molecules for which high SHG activities
have been observed frequently.””® A group of compounds
consistently showing remarkable SHG efficiencies are diary-
lethenes, commonly known as stilbenes (compound 1,
Scheme 1). They have been studied extensively by both theore-
tical and experimental methods,'**® and, for example,
3-methyl-4-methoxy-4’-nitrostilbene (MMONS, Scheme 1), the
most efficient second order NLO material reported to date with
the SHG efficiency of up to 1250 times of urea,”" belongs to this
group of conjugated systems. Additionally, a variety of hetero-
aromatic, diarylethene-based systems where one or both aryl
moieties have been replaced with thiophene, thiazole, or pyr-
role rings have also been investigated.>””>® The primary aim of
these studies was to increase the hyperpolarizability (f) of the
chromophores by altering the charge-transfer properties. While
the electric field induced second harmonic generation (EFISHG)
measurements of especially thiophene containing diarylethenes
in solution have shown to improve the NLO properties at molecular

New J. Chem.
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Scheme 1 Synthesis of the stilbene (1), diphenylbutadiene (2), and phe-
nylethenylthiophene (3) derivatives.

level,”*? the information on SHG activity of these systems in
the solid-state, requiring the most advantageous non-centro-
symmetric molecular packing in the crystal lattice, is much more
scarce.

We recently reported a novel method for producing NLO
active lenses by stereolithographic (SLA) 3D printing tech-
nique.”® This new approach avoids the often tedious and
time-consuming process of growing large single crystals by
utilizing microcrystalline powders of NLO active components
similarly to the Kurtz-Perry powder method for determination
of relative SHG intensities.”” At the same time, the protective
layer of photopolymer resin used in the SLA 3D printing could
enable the use of labile organic chromophores as NLO active
units.”® In this context and with the above considerations in
mind, we have now investigated the conjugated, -NO, sub-
stituted stilbene-based systems with the goal of producing new
NLO active materials in the solid-state by the means of (1)
changing the functional groups at the electron-donating end of
stilbene, (2) extending the chain length between the aromatic
groups to afford diarylbutadiene derivatives, and (3) changing
one of the phenyl groups to thiophene. Consequently, we report
here the synthesis, spectroscopic (‘"H NMR, IR, UV-Visible and
fluorescence) and structural characterization (single-crystal XRD),
and the SHG properties (Kurtz-Perry powder method)*” of stilbene
(1a-e), diphenylbutadiene (2a-c), and phenylethenylthiophene
(3a—c) derivatives (Scheme 1).
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Experimental methods
Reagents and general procedures

The reactions were carried out in air. All the starting materials and
solvents were purchased from commercial sources. Solvents were
dried over 3 A molecular sieves and the remaining reagents
were used without further purification: diethyl(4-nitrobenzyl)-
phosphonate (TCI Chemicals, > 97.0%), 4-methoxy-3-methylbenzal-
dehyde (Sigma-Aldrich, 99%), 2-chloro-3,4-dimethoxybenzaldehyde
(TCI Chemicals, >98.0%), 5-bromo-3-nitrosalicylaldehyde (TCI
Chemicals, >97.0%), 4-bromothiophene-2-carboxaldehyde (TCI
Chemicals, >98.0%), 5-methylthiophene-2-carboxaldehyde
(TCI Chemicals, >97.0%), 4-fluorocinnamaldehyde (TCI Chemicals,
>95.0%), sodium hydroxide (VWR Chemicals, 99%), 4-anisal-
dehyde (Merck, 99%), 3,4-dimethoxybenzaldehyde (Aldrich,
99%), 5-(methylthio)thiophenecarboxaldehyde (TCI Chemicals,
>98.0%), 4-methoxycinnamaldehyde (Sigma-Aldrich, >98%),
4-dimethylaminocinnamaldehyde (TCI Chemicals, >98.0%),
CH,Cl, (VWR Chemicals, 99%), chloroform (Fisher Chemical,
analytical reagent grade), acetone (Mallinckrodt, >99.5%), Ethanol
(Altia, >99.5%). Elemental analyses were performed by analytical
services at the Department of Chemistry, University of Jyvaskyl4.

Spectroscopic methods

The 'H NMR spectra were obtained in CD,Cl, at 30 °C on
Bruker Avance III 300 spectrometer operating at 300.15 MHz.
"H NMR spectra are referenced to the solvent signal and the
chemical shifts are reported relative to (CH;),Si. The IR spectra
were measured with Bruker Alpha FTIR spectrometer. The
extinction coefficients (molar absorptivity) were determined
with PerkinElmer Lambda 650 spectrophotometer by measuring
the absorbances of 1 mM and 10 uM solutions in CH,Cl, (800 to
250 nm). The fluorescence spectra of the compounds were
recorded on a Varian Cary Eclipse spectrophotometer from
0.1-10 uM solutions in CH,Cl,.

Nonlinear optical (NLO) measurements

The nonlinear optical properties of compounds 1a-e, 2a-c, and
3a-c¢ were measured with Kurtz-Perry powder method®” by
using femtosecond laser radiation at 1030 nm. In addition,
the second harmonic generation (SHG) was double-checked by
using spectrally resolving detection scheme using Kurtz-Perry
sample geometry. For these experiments, both femtosecond
and nanosecond laser pulses were used. Femtosecond experi-
ments were performed with the setup consisting an amplified
femtosecond laser source at 1030 nm (Pharos, Light Conversion
Ltd) running at 600 kHz repetition rate. Generated SHG signal
was detected by using a high-resolution spectrometer equipped
with 300 mm spectrograph (Acton SpectraPro 300i) with spectro-
scopy CCD detector (Newton DU971N-BV, Andor). Nano-second
laser pulses at 100 Hz repetition rate and at 1030 nm and
1060 nm were taken from the ns-OPO (Ekspla Ltd.). Spectrum
of the SHG signal was recorded by using time-gated ICCD
detector (ISTAR, Andor) with 150 mm spectrograph. (Acton
SpectraPro 150i). The crystalline samples, apart from 1b, were
sieved to a particle size of <125 pm and placed into capillary
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tubes for the determination of relative SHG intensity of the
compounds. A capillary tube with urea sieved to the same particle
size was used as a reference.

X-Ray crystallography. Crystallographic data for compounds
1a-centro, 1a-non-centro, 1b, 1c, 1d, 1e, 4-Pcell, 4-Ccell, 2a, 3a-
mono, 3a-ortho, 3b, and 3c are summarized in Tables S1-S3
(¢f ESIL7 also for molecular figures with atomic numbering
schemes and the tables of pertinent bond parameters). Crystals
were coated with Fomblin®Y oil and mounted on a MiTeGen
loop. Diffraction data were collected on Rikagu-Oxford Super-
Nova Single or Dual Source diffractometers equipped with Atlas
CCD area-detector using graphite monochromatized CuKa
radiation (4 = 1.54184 A; 1a-centro, 1a-non-centro, 1b, 1c, 1e,
4-Pcell, 4-Ccell, 2a, and 3b) or MoKa. radiation (4 = 0.71073 A;
1d, 3a-mono, 3a-ortho, and 3c¢) at —120 or —150 °C. The data
were processed primarily by performing analytical numeric absorp-
tion correction using a multifaceted crystal with CrysAlisPro
program.”® All structures were solved by direct methods with
SHELXS or SHELXT and refined by using SHELXL implemented
in the Olex® program package.>*° After full-matrix least-squares
refinement of the non-hydrogen atoms with anisotropic thermal
parameters, the hydrogen atoms were placed in calculated posi-
tions (C-H = 0.93 A for -CH and 0.98 A for -CH; hydrogen atoms,
and O-H = 0.82 A for -OH hydrogen atoms). The isotropic thermal
parameters of the calculated hydrogen atoms were fixed at 1.2
(-CH) or 1.5 (-CH,) times that of the corresponding carbon or
oxygen. In the final refinement, the calculated hydrogen atoms
were riding on their respective carbon or oxygen atoms.

Preparation of 2-chloro-3,4-dimethoxy-4’-nitrostilbene (1a).
0.202 g (1.00 mmol) of 2-chloro-3,4-dimethoxybenzaldehyde
was dissolved in 10 mL of ethanol and 0.22 mL (1.00 mmol)
of diethyl(4-nitrobenzyl)phosphonate was added to the solution
at 23 °C. 3 mL of 1.5 M of sodium hydroxide solution in ethanol
was then added and the reaction mixture was stirred overnight.
The resulting precipitate was then filtered and washed with
5 mL of cold ethanol. The reaction afforded 0.255 g of yellow
powder (80% yield).

Anal. caled (%): C, 60.10; H, 4.41; N, 4.38 found: C, 59.54; H,
4.19; N, 4.40%. "H NMR (CD,Cl,, 30 °C): § 8.21 [m, 2H, ~C6H,;NO,],
 7.68 [m, 2H, ~-C¢H4NO,), 6 7.65 [d, 1H, -CH=CH-, *J (‘"H,'H) =
16 Hz], § 7.49 [m, 1H, -CgH>), & 7.05 [d, 1H, -CH=CH-, *J ("H,'H) =
17 Hz], 6 6.93 [m, 1H, -CeH,], & 3.91 [s, 3H, “OCHj], 6 3.85 [s, 3H,
—-OCHj3]. X-Ray quality crystals of the two polymorphs of compound
1a (1a-centro and la-non-centro) as well as two polymorphs of the
subsequent dimerization products (4-Pcell and 4-Ccell, ¢f main text)
were obtained by slow evaporation of ethanol/chloroform and
ethanol/dichloromethane solutions at 23 °C.

Preparation of 5-bromo-2-hydroxy-3-nitro-4’-nitrostilbene
(1b). 0.247 g (1.00 mmol) of solid 5-bromo-3-nitrosalicylaldehyde
was dissolved in 15 mL of ethanol at 23 °C. 0.22 mL (1.00 mmol) of
diethyl(4-nitrobenzyl)phosphonate was added to the solution. The
flask was gently heated until all aldehyde had dissolved. 3 mL
of 1.5 M solution of sodium hydroxide in ethanol was then
added and the reaction mixture was stirred overnight. The
resulting precipitate was then filtered and washed with 5 mL
of cold ethanol, affording 0.200 g of red-brown product (55% yield).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

View Article Online

Paper

The product was then extracted with CH,Cl,/H,O-mixture followed
by evaporation of the organic phase to give an orange powder of
0.023 g (6% yield) as the spectroscopically pure product.

Anal. caled (%): C, 46.05; H, 2.48; N, 7.67 found: C, 44.98; H,
2.64; N, 7.86%. "H NMR (CD;CN, 30 °C): 6 11.10 [s, 1H, ~OH], &
8.24 [m, 3H, -C¢H;NO, (2H) and -C¢H, (1H)], J 8.04 [m, 1H,
~CgHy], 6 7.72 [m, 2H, -C¢H,;NO,], 6 7.58 [d, 1H, ~-CH—CH-,
31 (*H,'H) = 16 Hz],  7.32 [d, 1H, -CH—CH-, *J (*H,"H) = 16 Hz].
X-Ray quality crystals of compound 1b were obtained by slow
evaporation of ethanol/chloroform solution at 23 °C.

Preparation of 4-methoxy-4'-nitrostilbene (1c). 0.133 g (1.00 mmol)
of 4-anisaldehyde was dissolved in 10 mL of ethanol and 0.22 mL
(1.00 mmol) of diethyl(4-nitrobenzyljphosphonate was added at 23 °C.
3 mL of 1.5 M solution of sodium hydroxide in ethanol was then
added and the reaction mixture was stirred overnight. The
resulting precipitate was then filtered and washed with 5 mL
of cold ethanol. The reaction afforded 0.170 g of yellow powder
(66% yield).

Anal. caled (%): C, 70.57; H, 5.13; N, 5.49 found: C, 69.83; H,
4.82; N, 5.52%. 'H NMR (CD,Cl,, 30 °C): 6 8.19 [m, 2H,
-C6H NO,], 6 7.63 [m, 2H, -C¢H,NO,], & 7.52 [m, 2H,
-C¢H,OMe], & 7.27 [d, 1H, -CH=CH-, *J ("H,'H) = 16 Hz], §
7.05 [d, 1H, -CH=CH-, *J ("H,'H) = 16 Hz], J 6.94 [m, 2H,
-C¢H,OMe], 6 3.84 [s, 3H, -OCH;]. X-Ray quality crystals of
compound 1c were obtained by slow evaporation of methanol
solution at 23 °C.

Preparation of 3,4-dimethoxy-4’'-nitrostilbene (1d). 0.165 g
(1.00 mmol) of solid 3,4-dimethoxybenzaldehyde was dissolved
in 10 mL of ethanol at 23 °C. 0.22 mL (1.00 mmol) of diethyl-
(4-nitrobenzyl)phosphonate was added to the solution. 3 mL of
1.5 M solution of sodium hydroxide in ethanol was then added
and the reaction mixture was stirred overnight. The resulting
precipitate was then filtered and washed with 5 mL of cold
ethanol. The reaction afforded 0.219 g of yellow powder (77%
yield).

Anal. caled (%): C, 67.36; H, 5.30; N, 4.91 found: C, 66.46; H,
5.08; N, 4.81%. 'H NMR (CD,Cl,, 30 °C): & 8.20 [m, 2H,
—CeH,NO,], & 7.64 [m, 2H, -C¢H,NO,], & 7.26 [d, 1H,
-CH=CH-, %] ("H,'H) = 16 Hz], § 7.12 [m, 2H, -CcH;], § 7.05
[d, 1H, -CH=CH-, *] ("H,"H) = 16 Hz], § 6.90 [m, 2H, ~C¢H;0],
3.91 [s, 3H, -OCHj3] 0 3.87 [s, 3H, ~OCH3;]. X-Ray quality crystals
of compound 1d were obtained by slow evaporation of metha-
nol solution at 23 °C.

Preparation of 4-dimethylamino-4'-nitrostilbene (1e). 0.148 g
(1.00 mmol) of 4-dimethylaminobenzaldehyde was dissolved in
10 mL of ethanol at 23 °C. 0.22 mL (1.00 mmol) of diethyl-
(4-nitrobenzyl)phosphonate was added to the solution. 3 mL of
1.5 M solution of sodium hydroxide in ethanol was then added
and the reaction mixture was stirred overnight. The resulting
precipitate was then filtered and washed with 5 mL of cold
ethanol. The reaction afforded 0.182 g of red powder (68% yield).

Anal. caled (%): C, 71.62; H, 6.01; N, 10.44 found: C, 70.25;
H, 5.81; N, 10.32%. 'H NMR (CD,Cl,, 30 °C): § 8.17 [m, 2H,
-C¢H;NO,], 6 7.59 [m, 2H, -C¢H,NO,], § 7.45 [m, 2H,
-C¢H,;NMe,], § 7.24 [d, 1H, -CH—CH-, *J (*H,'H) = 16 Hz],
4 6.96 [d, 1H, -CH—CH-, °] ("H,'H) = 16 Hz], § 6.72 [m, 2H,
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-CgH NMe,], ¢ 3.01 [s, 6H, -N(CH3;),]. X-Ray quality crystals of
the compound 1e were obtained by slow evaporation of metha-
nol solution at 23 °C.

Preparation of 4’-fluoro-4"-nitro-1,4-diphenyl-1,3-butadiene
(2a). 0.151 g (1.00 mmol) of solid 4-fluorocinnamaldehyde was
dissolved in 10 mL of ethanol at 23 °C. 0.22 mL (1.00 mmol) of
diethyl(4-nitrobenzyl)phosphonate was added to the solution.
3 mL of 1.5 M solution of sodium hydroxide in ethanol was
then added and the reaction mixture was stirred overnight. The
resulting precipitate was then filtered and washed with 5 mL of
cold ethanol. The reaction afforded 0.093 g of yellow powder
(35% yield).

Anal. caled (%): C, 71.36; H, 4.49; N, 5.20 found: C, 70.05; H,
4.33; N, 5.18%. 'H NMR (CD,Cl,, 30 °C): 6 8.18 [m, 2H,
-C6H,NO,], 0 7.58 [m, 2H, -C¢H,NO,|, J 7.47 [m, 2H,
-CeH OMe], & 7.18-6.71 [m, 6H, -C¢H,OMe & —CH—CH-].
X-Ray quality crystals of compound 2a were obtained by slow
evaporation of acetone/water solution at 23 °C.

Preparation of 4’-methoxy-4"-nitro-1,4-diphenyl-1,3-butadiene
(2b). 0.162 g (1.00 mmol) of solid 4-methoxycinnamaldehyde was
dissolved in 10 mL of ethanol at 23 °C. 0.22 mL (1.00 mmol) of
diethyl(4-nitrobenzyl)phosphonate was added to the solution.
3 mL of 1.5 M solution of sodium hydroxide in ethanol was then
added and the reaction mixture was stirred overnight. The
resulting precipitate was then filtered and washed with 5 mL
of cold ethanol. The reaction afforded 0.175 g of orange powder
(62% yield).

Anal. caled (%): C, 72.58; H, 5.38; N, 4.98 found: C, 71.36; H,
5.27; N, 5.01%. "H NMR (CD,Cl,, 30 °C):  8.17 [m, 2H, ~-C¢H,NO,],
0 7.57 [m, 2H, -C¢H,NO,], § 7.43 [m, 2H, -C¢H,OMe], d 7.14 [q, 1H,
~CH=CH-],  6.90 [m, 3H, ~C¢H,OMe & -CH—CH-], § 6.78 [d, 1H,
-CH—CH-, ¥ ('H,'H) = 15 Hz], § 6.69 [d, 1H, -CH—CH-,
*I (*H,"H) = 16 Hz], § 3.82 [s, 3H, ~OCH,]. X-Ray quality crystals
of compound 2b were obtained by slow evaporation of dichlor-
omethane solution at 23 °C and the structure was confirmed to be
analogous to that reported previously*! by unit cell measurement.

Preparation of 4'-dimethylamino-4”-nitro-1,4-diphenyl-1,3-
butadiene (2c). 0.175 g (1.00 mmol) of solid 4-dimethylaminocin-
namaldehyde was dissolved in 15 mL of ethanol at 23 °C. 0.22 mL
(1.00 mmol) of diethyl(4-nitrobenzyl)phosphonate was added to
the solution. 3 mL of 1.5 M solution of sodium hydroxide in
ethanol was then added and the reaction mixture was stirred
overnight. The resulting precipitate was then filtered and washed
with 5 mL of cold ethanol. The reaction afforded 0.1451 g of
copper-brown product (49% yield).

Anal. caled (%): C, 73.44; H, 6.16; N, 9.52 found: C, 72.83; H,
6.07; N, 9.47%. "H NMR (CD,Cl,, 30 °C): d 8.15 [m, 2H, ~C¢H,NO,],
d 7.54 [m, 2H, ~-C¢H,NO,], & 7.36 [m, 2H, ~C¢H,NMe,], J 7.14 [q,
1H, -CH—CH-], § 6.87-6.68 [m, 4H, ~-C¢H,NMe, & ~-CH—CH-], §
6.62 [d, 1H, -CH=CH-, *J (‘H,'H) = 16 Hz], § 2.99 [s, 6H,
-N(CH;),]. X-Ray quality crystals of compound 2c¢ were obtained
by slow evaporation of dichloromethane solution at 23 °C and
the structure was confirmed to be analogous to that reported
previously** by unit cell measurement.

Preparation of 2-[(4-nitrophenyl)ethenyl]-4-bromothiophene (3a).
0.191 g (1.00 mmol) of solid 4-bromothiophene-2-carboxaldehyde
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was dissolved in 10 mL of ethanol at 23 °C. 0.22 mL (1.00 mmol) of
diethyl(4-nitrobenzyl)phosphonate was added to the solution. 3 mL
of 1.5 M solution of sodium hydroxide in ethanol was then added
and the reaction mixture was stirred overnight. The resulting
precipitate was then filtered and washed with 5 mL of cold ethanol.
The reaction afforded 0.186 g of yellow powder (60% yield).

Anal. caled (%): C, 46.47; H, 2.60; N, 4.52 found: C, 45.91; H,
2.62; N, 4.53%. "H NMR (CD,Cl, 30 °C): 6 8.20 [m, 2H, ~C¢H,NO,], o
7.62 [m, 2H, -C¢H,NO,], 8 7.34 [d, 1H, -CH=CH-, ¥J ("H,'H) = 16
Hz], § 7.23 [m, 1H, -C,HS), & 7.12 [m, 1H, -C,H,S], 6 7.01 [d, 1H,
~CH=CH-, ¥ ("H,"'H) = 16 Hz]. X-Ray quality crystals of compound
3a-mono were obtained by slow evaporation of ethanol/chloroform
solution at 23 °C, while the crystals of 3a-ortho were obtained by slow
evaporation of toluene solution at 23 °C.

Preparation of 2-[(4-nitrophenyl)ethenyl]-5-methylthiophene
(3b). 0.11 mL (1.00 mmol) of liquid 5-methylthiophene-2-
carboxaldehyde was dissolved in 10 mL of ethanol at 23 °C.
0.22 mL (1.00 mmol) of diethyl(4-nitrobenzyl)phosphonate was
added to the solution. 3 mL of 1.5 M solution of sodium
hydroxide in ethanol was then added and the reaction mixture
was stirred overnight. The resulting precipitate was then fil-
tered and washed with 5 mL of cold ethanol. The reaction
afforded 0.191 g of yellow powder (78% yield).

Anal. caled (%): C, 63.65; H, 4.52; N, 5.71 found: C, 62.70; H,
4.40; N, 5.59%. "H NMR (CD,Cl,, 30 °C):  8.18 [m, 2H, ~C6H;NO,],
d 7.58 [m, 2H, ~-C¢H4NO,], 6 7.35 [d, 1H, -CH=CH-, *] (‘H,'H) =
16 Hz], § 6.99 [m, 1H, -C,H,S], § 6.84 [d, 1H, -CH—CH-, *J ("H,'H) =
16 Hz),  6.72 [m, 1H, -C,H,S], J 2.51 [s, 3H, -CH;]. X-Ray quality
crystals of compound 3b were obtained by slow evaporation of
ethanol/chloroform solution at 23 °C.

Preparation of 2-[(4-nitrophenyl)ethenyl]-5-(methylthio)thiophe
(3¢). 0.152 g (1.00 mmol) of liquid (5-methylthio)thiophene-
2-carboxaldehyde was dissolved in 10 mL of ethanol at 23 °C.
0.22 mL (1.00 mmol) of diethyl(4-nitrobenzyl)phosphonate was
added to the solution. 3 mL of 1.5 M of sodium hydroxide in
ethanol was then added and the reaction mixture was stirred
overnight. The precipitate was then filtered and washed with
5 mL of cold ethanol. The reaction afforded 0.224 g of orange
powder (81% yield).

Anal. caled (%): C, 56.29; H, 4.00; N, 5.05 found: C, 55.53; H,
3.97; N, 5.05%. 'H NMR (CD,Cl,, 30 °C): 6 8.19 [m, 2H,
~C6H;NO,], & 7.59 [m, 2H, ~C¢H,NO,], § 7.33 [d, 1H, -CH—CH-,
31 ("H,'H) = 16 Hz], 6 7.04 [m, 1H, ~C,H,S], § 6.96 [m, 1H, ~C,H,S],
4 6.87 [d, 1H, -CH—=CH-, %] (*H,"H) = 16 Hz], § 2.55 [s, 3H, ~CHj].
X-Ray quality crystals of compound 3c were obtained by slow
evaporation of dichloromethane solution at 23 °C.

Results and discussion
Synthesis and crystal structures of compounds 1-4

Horner-Wadsworth-Emmons synthetic method*® was used to
synthesize the compounds 1-3 (Scheme 1). Equimolar amounts of
aromatic aldehyde and phosphonate were reacted in basic condi-
tions to yield spectroscopically and analytically pure products in
good yields (cf. ESIT for the "H NMR and IR spectra). The reactions
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resulted in the precipitation of pure products with the exception of
compound 1b which was extracted with a mixture of CH,Cl, and
H,O followed by evaporation of the organic phase. All the com-
pounds 1-3 possess -NO, group at the electron withdrawing end
of the push-pull molecules. Various substituents at the electron
donating end were selected with a view to have an effect on the
charge-transfer properties and therefore the molecular hyperpolari-
zability as well as to increase the possibility for the ideal, non-
centrosymmetric packing of the chromophores in the crystal lattice
(Scheme 1).

Single-crystal X-ray structures of stilbene derivatives

Similarly to many reported stilbene derivatives,>**"***> the 2-
chloro-3,4-dimethoxy-4'-nitrostilbene compound 1a shows poly-
morphism by crystallization in both centrosymmetric (P2,/c, 1a-
centro) and non-centrosymmetric (P2, la-non-centro) space
groups (Fig. 1, ¢f. ESIT for molecular figures of all the structures
with atomic numbering schemes and the tables of pertinent
bond parameters). Analogously to 3-methyl-4-methoxy-4'-nitro-
stilbene (MMONS),** the discrete molecules in the centrosym-
metric form 1a-centro are nearly planar with ca. 3.8° angle
between the aryl rings. By contrast, more pronounced twisting
is notable in the non-centrosymmetric polymorph 1a-non-centro
as evidenced by the corresponding angle of ca. 19.2° in the
molecule. The primary driving force of the crystal packing in
both polymorphs of 1a seems to be n-n interactions, and while
in 1a-centro this leads to a herringbone-like linear arrangement
of molecular chains (Fig. 1a), in lanon-centro half of the
molecules are rotated by ca. 90° (Fig. 1b). Consequently, only
1a-non-centro displays intermolecular CI---ONO interactions of
3.27 A whereas the remaining close contacts (e.g. MeO---H,
NO,: - -H) are virtually insignificant in both polymorphs.
Stilbene 1a was also noted to go through, presumably, a
photodimerization process of the ethenyl linkage to afford tetra-
aryl cyclobutane compound 4 (Fig. 2). Analogous behaviour has

a)

¢ ¢

Fig. 1 Molecular packing in (a) 1a-centro (along c-axis) and (b) 1a-non-
centro (along a-axis).
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been previously observed with other stilbenes and diaromatic
olefins where a distance of ca. 3.5-4.2 A between the central C—=C
bonds of adjacent molecules facilitates the solid state photo-
dimerization process.**™® Suitable alignment of molecules and
a distance of ca. 3.7 A between the double bonds can be found in
1a-centro whereas no such arrangement is observable in 1a-non-
centro therefore suggesting that the former polymorph is the
primary source for the formation of tetra-aryl cyclobutane dimer 4.

The cyclobutane dimer 4 also shows polymorphism with
crystallization in two monoclinic space groups, P2,/n (4-Pcell)
and C2/c (4-Ccell). The difference in crystal packing can also be
seen in a slightly different orientation of the phenyl groups
around the central cyclobutane unit (Fig. 2). The dimerization
results in the expected lengthening of the double bond in the
ethenyl part of the original monomers from 1.333(2)-1.333(4) A
in 1a-non-centro and 1a-centro to 1.546(2)-1.558(2) A in 4-Pcell
and 4-Ccell. In addition, the C-C bonds between the two
stilbene units in cyclobutane rings in 4-Pcell and 4-Ccell are
slightly longer than within each stilbene unit at 1.583(2)-
1.600(2) A vs. 1.546(2)-1.558(2) A, respectively (cf. ESIY).

Stilbene derivative 1b with -OH, -Br and two -NO, substi-
tuents crystallizes in a non-centrosymmetric space group Cc.
The phenyl rings within each molecule are strongly twisted
compared to both polymorphs of 1a with an angle of 29.7°
between the aryl groups (Fig. 3a). Similarly to 1a, the crystal
packing in 1b can be primarily contributed to n-r interactions
even though weak Br---ONO halogen contacts of ca. 3.51 and
3.37 A, analogous to the CI---ONO contacts in 1a-non-centro,
also exist. The two orientations of independent molecules in 1b
(Fig. 3b) and those observed in 1a-non-centro (Fig. 1b) also bear
a close resemblance.

Stilbene 1c with -NO, and -MeO substituents displays three
independent molecules in the crystal lattice arranged in a
rather random manner in triclinic space group P1 (Fig. 4a).
In contrast to the structures of 1a and 1b, there is an apparent
lack of m-m interactions in 1c. Instead, one of the three indepen-
dent molecules forms centrosymmetric dimers through weak
H---OMe hydrogen bonds between the MeO group and one of
the hydrogens of the phenyl rings (Fig. 4b).

Fig. 2 The difference in phenyl ring and substituent orientations between
P-cell (red) and C-cell (blue) tetra-aryl cyclobutanes 4.
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Fig. 3 (a) Crystal packing in compound 1b showing the orientation of the
molecules within each layer (along a-axis) and (b) side view of the layer
revealing the molecular distortion.

Stilbene derivative 1d with one -NO, and two -MeO groups
crystallizes in a centrosymmetric space group P2,/c. The aromatic
rings within each molecule are heavily twisted with an angle of
43.7° between the rings (Fig. 5a). The molecules in 1d form dimeric
units through MeO- - -H;CO interactions (Fig. 5b) while the overall
arrangement of molecules in the crystal lattice is rather arbitrary.

Stilbene congener 1e with -NO, and -NMe, substituents
crystallizes in a non-centrosymmetric space group P2;. The
structure shows disorder in which the molecules are organized
in two orientations in the crystal lattice in 60 :40 ratio (¢f. ESIT
for a molecular figure of disorders in 1e). The slightly twisted
stilbene molecules form planes along g-axis, and chains
through weak NO,---(H;C)N hydrogen bonding along c-axis
with alternating chain directions in the planes (Fig. 6).

Single-crystal X-ray structures of diphenylbutadiene derivatives

The diphenylbutadiene 2a crystallizes in non-centrosymmetric
space group Pc. Despite multiple crystallizations and several
data collections, the crystal structure consistently shows orien-
tational disorder where adjacent molecules are placed opposite

«il-m.

U

Fig. 4 (a) Orientation of stilbene molecules in the crystal lattice, and
(b) close contacts in 1c.
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Fig. 5 (a) Rotation of the phenyl rings, and (b) the dimeric unit in 1d.
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Fig. 6 Molecular packing of stilbene derivative 1e viewed along a-axis (H
atoms removed for clarity, disorder indicated with lighter colours).

Fig. 7 Crystal structure of 2a with herringbone-style layers viewed along
a-axis (H atoms removed for clarity, disorder indicated with lighter colours).

directions in head-to-tail fashion (c¢f. ESIt for a molecular figure
of disorder in 2a).** The slightly twisted diphenylbutadienes in
2a form planes along a-axis with alternating orientation of the
molecules within each plane, and a herringbone style layering
between the planes (Fig. 7). The crystal structures of diphenyl-
butadienes 2b and 2c¢c have been reported previously (CSD
entries YIQJEQ and EDUSAA).*"*> The former crystallizes in
centrosymmetric space group P1 with head-to-tail organization
of the molecules. Despite the increase in chain length com-
pared to stilbenes derivatives 1a-e, the conjugated molecules in
2b are notably planar (Fig. 8) forming a sheet-like structure with
n-7 interactions leading to a relatively short distance of 3.70 A
between centroids of the phenyl rings. The diphenylbutadiene
2c¢ crystallizes in centrosymmetric space group P2;/c and,
analogously to 2b, with markedly planar geometry within the
molecules. In contrast to 2b, however, there is some angling of the
molecules between the layers (Fig. 8c), and therefore no n-n
interactions can be observed. Despite the extensive crystallization
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Fig. 8 (a) Side view and (b) end view of molecular arrangement in 2b (CSD
entry “YIQIEQ"),*! and (c) molecular arrangement in 2c (CSD entry
“EDUSAA").32 Disorder in 2c has been removed for clarity.

efforts, no polymorphism and discovery of new, non-centro-
symmetric crystal structures of 2b and 2c were observed.

Single-crystal X-ray structures of phenylethenylthiophene
derivatives

Similarly to stilbene 1a, the phenylethenylthiophene 3a displays
polymorphism by crystallizing in two centrosymmetric space
groups, monoclinic P2,/c (3a-mono) and orthorhombic Phca
(3a-ortho). Most notably, the phenyl and thiophene rings in 3a-
mono are significantly twisted (by 12.4° and 17.5° in two
independent molecules, respectively) while the analogous twisting
in 3a-ortho is less pronounced (4.7°). Both polymorphs exhibit
significant halogen bonding through NO,: - -Br contacts of ca. 3.06
and 3.00 A in 3a-mono and 3a-ortho, respectively. Overall, the
molecules form layered structure in 3a-mono (Fig. 9a) whereas in
3a-ortho the distortion between layers is notable (Fig. 9b).

Phenylethenylthiophene derivative 3b crystallizes in a centro-
symmetric space group P2;/n (Fig. 10a). The crystal structure
displays two independent molecules in the unit cell with only
slight deviation from planarity (ca. 6.8° and 5.7° angles between
the aromatic rings, respectively). One of the two molecules in
asymmetric unit exhibits significant rotation of the -NO, sub-
stituent with respect to the phenyl ring (3.6° vs. 27.8° in the two
distinct molecules). This behaviour is similar to 3a-mono, in
which the -NO, groups show various degrees of rotation
(3.2° and 13.7° degrees), whereas in 3a-ortho all the substituents
are virtually planar with respect to the phenyl and thiophene
rings. The weak NO,- - -H;C interactions result in chain forma-
tion with alternating directions and V-shaped geometry along
the chains (Fig. 10b).

Phenylethenylthiophene 3¢ crystallizes in centrosymmetric
space group P2,/n. The molecular chains form herringbone-
style planes with altering direction of the chains within each
layer (Fig. 11). The only intermolecular interactions are the
weak NO,- - -H;CS contacts between the two substituents.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 9 (a) Crystal structure of 3a-mono viewed along b-axis, and (b) side
view of 3a-ortho.

Nonlinear optical properties of compounds 1a-e, 2a—c and 3a-c

The nonlinear optical properties of compounds 1a-e, 2a-c, and
3a-c were initially measured with Kurtz-Perry powder method*’
by using femtosecond laser radiation at 1030 nm. In these
experiments the SHG efficiency of MMONS (Scheme 1) dis-
played intensity of 61 times compared to that of urea (Table 1),
far from the reported literatures values of ca. 750-1250 times
urea.”’ In view of the possible competing processes, such as
two-photon fluorescence, the SHG intensities of MMONS, urea
and the most promising new stilbene derivative, 1a-non-centro,
were also measured by using nanosecond laser radiation at
both 1030 and 1060 nm to closely reproduce the literature experi-
ments (Table 1 and Fig. 12).*! While the switch from femto-
second to nanosecond laser source did increase the SHG intensity
of MMONS from 61 to ca. 200 times to that of urea, the change of
the wavelength from 1030 to 1060 nm did not show significant
effect on the SHG intensity consistently with the solid-state
absorption maxima of MMONS reported at lower wavelength
(346 and 474 nm)*' than either of the SHG signals at 515 and

a: zjz f'{ﬁi b)y
3kl Y
Boatesiert et RN V2

Fig. 10 (a) Crystal structure of compound 3b viewed along b-axis, and
(b) side view of the layers showing the V-shaped arrangement.

New J. Chem.



Open Access Article. Published on 19 March 2021. Downloaded on 3/30/2021 9:46:56 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Paper

1)

Fig. 11 Herringbone style layers of 3c viewed along a-axis.

Table 1 Areas of SHG signals of 1la-non-centro, 1b and 2a compared to
urea and MMONS?

Femtosecond laser radiation at 1030 nm (laser power: °1.3 mW, 6.2 mW)

Signal Relative area” Signal Relative area®
Sample® area® (a.u.) (times urea) Sample® area® (a.u.) (times urea)
Urea 31000 1 Urea 397800 1
MMONS 1890000 61.0 1b 15600 0.04
la-non- 169700 5.5 2a 71300 0.18
centro

Nanosecond laser radiation at 91030 and 1060 nm

Signal Relative area Signal Relative area®
Sample® area? (a.u.) (times urea)® Sample? area® (a.u.) (times urea)
Urea 4760 1 Urea 7120 1
MMONS 977100 205 MMONS 1498300 210
la-non- 36640 7.7 la-non- 230650 32.4
centro centro

“ Crystalline samples sieved to particle size of <125 pum.

530 nm. However, the SHG intensity of MMONS still remained
notably lower than the literature values (200 vs. 750-1250 times of
urea) possibly owing to the fragmentation of fragile MMONS
samples into too small microcrystalline material in the sieving
process to reduce the SHG intensity,”! or because of partial
contamination of the samples with inactive polymorphs of
MMONS.* The latter, however, was rendered unlikely by space
group determinations of several individual crystals and by X-ray
powder measurements.

Hand-picked crystalline sample of the non-centrosymmetric
polymorph 1a-non-centro displays SHG intensity of ca. 5.5 times
to that of urea in the femtosecond laser experiments at 1030 nm.
The SHG intensity of 1a-non-centro increases to 7.7 and, signifi-
cantly, 32.4 times to that of urea when nanosecond laser source
is used at 1030 and 1060 nm wavelength, respectively. In all
measurements the microcrystalline sample of 1a-non-centro
shows detectable broad fluorescence indicating that some SHG
efficiency is lost due to electronic excitation of the material,
namely two-photon absorption of the laser radiation or absorp-
tion of the generated SH signal. The absorbance at 515 nm is
virtually non-existing in CH,Cl, solution (see below), but in the
microcrystalline sample signal faces multiple interactions
increasing absorption significantly. This may explain the
observed difference in the intensity of SHG signal between
two fundamental wavelengths. In addition, fluorescence is not
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Fig. 12 SHG signals of 1a-non-centro, MMONS and urea generated at (a)
1030 nm and (b) 1060 nm with nanosecond laser source.

evident to be two-photon induced process as the intensity is not
clearly dependent on the duration of laser pulse, suggesting
that the generated SHG signal is to some extent absorbed in the
sample.

The stilbene derivatives 1b and 1e also display non-centro-
symmetric crystal packing in the solid state with the space
groups Cc and P2,, respectively. However, only negligible SHG
activity is observed for compound 1b (0.04 times that of urea),
and virtually no SHG activity is detected for 1e with femto-
second laser experiments at 1030 nm. The stilbene derivative 1c has
also been reported to give rise to SHG signal, and polymorphism by
crystallization in both centrosymmetric and non-centrosymmetric
triclinic space groups.”****' However, our investigation revealed
only centrosymmetric space group (P1) and no SHG activity for 1c.**

While the stilbene derivatives 1a-e expectedly display varying
degree of SHG activity in the solid state depending on the
efficiency of crystal packing, the alterations in the chain length
between aryl groups to give diarylbutadienes 2 and changing
one of the aryl groups to thiophene in compounds 3 resulted
primarily in centrosymmetric arrangements of the chromo-
phores despite the extensive crystallization efforts to obtain
non-centrosymmetric polymorphs. Consequently, among all
the derivatives of 2 and 3, only the diarylbutadiene compound
2a shows SHG intensity (0.18 times of urea) consistently with the
non-centrosymmetric space group Pc.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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It has been suggested that the highest recorded SHG activity
of 3-methyl-4-methoxy-4'-nitrostilbene (MMONS) arises partly
from the strong n-n interactions that enhance the intermole-
cular charge-transfer and, consequently, the second order
polarizability.?* In accordance, MMONS displays distances as
short as ca. 3.56 A between the phenyl ring centroids despite
the two distinct orientations of the molecules. The same
distances in stilbene derivatives 1a-non-centro and 1b are ca.
4.22 and 3.82 A, respectively, even though it is the former
chromophore that displays higher SHG intensity. This is likely
a result of the better arrangement of polar centres in the crystal
lattice of 1a-non-centro and the presence of electron withdrawing
-NO, group also in the “push” part of the chromophore 1b.
In contrast to the aforementioned compounds, the non-centro-
symmetric stilbene derivative 1e does not show significant m-n
interactions, which is possibly contributing to the virtual absence
of SHG activity.

Optical spectroscopy of compounds 1-3

The absorption spectra of compounds 1-3 were measured in
CH,Cl, at room temperature (Table 2 and Fig. 13). All com-
pounds display one high and one low energy absorption maximum
in solution, albeit the former is observable only as a small shoulder
with the solvent signal in the case of stilbene derivatives 1a and 1c.
Additionally, stilbene congener 1b, the only compound with -NO,
group at both ends of the molecule, displays a distinct shoulder
also at 410 nm. The high energy (low wavelength) absorption
maxima show relatively narrow range of 278-303 nm for stilbene
derivatives 1, 289-322 nm for diphenylbutadiene compounds 2,

Table 2 Absorption and fluorescence spectroscopic properties of com-
pounds 1-3

Absorption bands”

Japs’ ((M) &€ (Mt em™Y) Japs’ (M) & (Mt em ™)
1a 365 17200 2a 381 23350
289 10700
1b 336 23800 2b 401 36450
278 13700 301 16350
1c 376 23100 2¢ 452 35350
322 18450
1d 385 24350 3a 358 10600
280 13000 272 13750
1e 439 23850 3b 390 16300
303 12750 278 10800
3c 397 27350
291 8850

Fluorescence bands?

I’ (NM) Agyy’ (nm) A% (cm )

I (NM) Apy (nm) Azf (em™)

1a 380 560 9540 2a 380 550 8065
1c 380 585 9502 2b 400 615 8677
1d 390 605 9445 2¢ 460 780 9303
1le 450 730 9080 3a 380 520 8702
3b 395 570 8097
3¢ 400 635 9441

“1 mM and 10 uM sol. in CH,Cl, at 23 °C. * Absorption maximum.
¢ Extinction coefficient. ¢ 0.1-10 UM solutions in CH,Cl, at 23 °C.
¢ Excitation maximum.” Emission maximum. £ Stokes shift in wave-
numbers calculated by the equation (10”/2aps) — (10”/Agm)-
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Fig. 13 Visible spectra of compounds (a) 1la—e, (b) 2a—c and (c) 3a—c (1 mM
and 10 uM sol. in CH,Cl, at 23 °C).

and 272-291 nm for phenylethenylthiophene species 3, while the
corresponding low energy (high wavelength) bands exhibit signifi-
cantly broader range of 336-439 nm for 1a-e, 381-452 nm for 2a—c
and 358-397 nm for 3a—c. Expectedly, all the extinction coefficient
values of ca. 9-37 x 10° M em ' are in the range typically
observed for 1 — n* transition. Given the wider wavelength range
observed for the low energy absorption maxima, these bands are
likely reflecting the modifications made by substituent alterations
at the electron donating part of compounds 1-3 whereas the high
energy bands in the absorption spectra are contributed to the
electron withdrawing, -NO, substituted end of the conjugated
push-pull systems where no alterations were made within each
series. Consistently, both diphenylbutadiene (2) and phenyl-
ethenylthiophene (3) derivatives exhibit a steady red shift in the
low energy absorption maximum following the approximate
order of increasing electron donating power of the substituents:
F (2a, 381 nm) < OCHj; (2b, 401 nm) < NMe, (2¢, 452 nm), and
Br (3a, 358 nm) < CH; (3b, 390 nm) < SCH; (3¢, 397 nm),
respectively. Similarly, stilbene derivative 1e with the strongest
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Fig. 14 Fluorescence spectra of compounds (a) 1a, 1c-1e, (b) 2a—c and
(c) 3a—c (emission spectra: solid line, excitation spectra: dotted line, 0.1-10 pM
sol. in CH,Cl, at 23 °C).

electron donating group (NMe,) gives the lowest energy absorp-
tion maximum of the series at 439 nm.

The fluorescent nature of stilbene and its derivatives is well
established and various aspects of their optical, photophysical
and photochemical properties have been exhaustively studied.***”
Consistently with the high optical activity, the stilbene (1), diphenyl-
butadiene (2) and phenylethenylthiophene (3) derivatives in this
investigation all show fluorescent properties with the exception of
compound 1b (Table 2 and Fig. 14). In contrast to the two
absorption bands, only single maximum with poorly resolved
shoulders is observed in the excitation spectra of all the com-
pounds 1-3 in CH,Cl, at room temperature. However, the wave-
length of the excitation maximum of each derivative displays close
correlation with the corresponding low energy absorption band.
Similarly to the absorption spectra, both the excitation and emis-
sion spectra of compounds 1-3 exhibit more pronounced red shift
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together with the increasing electron donating power of the sub-
stituent(s) within each series. Accordingly, the -NMe, containing
derivatives 1e and 2c give rise to the highest wavelength excitation
and emission maxima. The large Stokes red shift values expectedly
indicate high dipole moment in the excited state for all the com-
pounds 1-3 in CH,Cl, as has been previously demonstrated, for
example, for compound 1e.**

Conclusions

We report here the preparation and characterization of conju-
gated stilbene, diphenylbutadiene and phenylethenylthiophene
based diaromatic compounds and their SHG activities measured
from the crystalline samples by the Kurtz—Perry powder method.
The most significant activity was observed for the stilbene 1a,
which produces SHG signal with intensity ca. 32 times stronger
than that of the urea reference when nanosecond laser radiation
at 1060 nm is applied. The stilbene derivative 1b and diphenyl-
butadiene 2a also display SHG activity, albeit with significantly
lower intensity compared to 1a. The often high SHG intensities
reported for stilbene derivatives have been contributed, in part,
to the strong m-7 interactions that enhance the intermolecular
charge-transfer and, consequently, the second order polariz-
ability.>! Consistently, the stilbene derivative 1a exhibits somewhat
weaker 1-7 interactions compared to 3-methyl-4-methoxy-4'-nitro-
stilbene (MMONS, Scheme 1) with significantly higher SHG
intensity.

Our efforts to further investigate the effect of weak interactions
to the NLO properties by changing the functional groups at the
electron-donating end of stilbene, the extended chain length
between the aromatic groups in diarylbutadienes and with thio-
phene derivatives were hampered by the extensive polymorphism
that resulted in mainly centrosymmetric, NLO inactive chromo-
phores despite the comprehensive crystallization efforts. Even the
stilbene 1a with notable SHG activity also crystallizes in centro-
symmetric, inactive space group and goes through, presumably, a
photodimerization process to form two polymorphs of the tetra-
aryl cyclobutane 4. Nevertheless, the high SHG intensities of
especially 3-methyl-4-methoxy-4'-nitrostilbene (MMONS) and con-
generic derivative 1a make them attractive chromophores for
future studies to produce NLO active lenses by stereolithographic
3D printing technique.”® Furthermore, the current study illustrates
the versatility of the structural, chemical and optical properties in
these diaromatic, conjugated systems as also evidenced by their
fluorescent nature in solution.
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