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This thesis investigates the effects of intermolecular interactions such as hydrogen
bonding, halogen bonding and ionic interactions on the emission of organic com-
pounds in solution and solid state. The study focuses on carbazole derivatives with
either hydrogen or halogen bond acceptor and donor moieties. These non-covalent
bond donors and acceptors are characterized using absorption and emission spect-
roscopy as well as time-correlated single photon counting. In the solid state, the films
are also characterized using optical profilometry and digital holographic microscopy.

Titration series using pentafluoroiodobenzene, phenol, benzenesulfonic acid and py-
ridine are prepared to study the emission modulation induced by the non-covalent
bonding. In addition to emission spectra, the changes in the excited-state lifetime
and emission quantum yields are determined. The effects of non-covalent bonding
in the solid state are studied forming polymer-chromophore complexes capable of
weak interactions. Polystyrene is used as a reference polymer, poly(vinyl phenol)
as a hydrogen bond donor, poly(4-vinyl pyridine) as a halogen bond acceptor, and
finally poly(styrenesulfonic acid) in the formation of ionic interactions.

Halogen bonding in solution induces intramolecular charge transfer that modulates
the emission of the compound. The emission modulation results in increased emis-
sion intensity and a blue-shift in the emission spectra. Even greater effects can be
seen with ionic interactions using benzenesulfonic acid which enhances the emission
intensity and emission quantum yield up to 0.93. Weak hydrogen bonding did not
result in emission modulation. Halogen bonding in solution was also studied using
carbazole derivatives as halogen bond donors, but carbazole derivatives displayed
greater potential as halogen bond acceptors than donors. Similar effects were also
observed in the solid state, only in less significant amounts.
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Téassé diplomityossa perehdytdaéan molekyylien vélisten vuorovaikutusten, kuten vety-
ja halogeeni- seké ionisidoksen tutkimiseen liuoksessa ja kiintedssd olomuodossa.
Tutkimus keskittyy karbatsolijohdannaisiin, jotka voivat toimia vety- ja halogeeni-
sidoksen vastaanottajina tai luovuttajina. Heikkojen sidosten vastaanottaja- ja luo-
vuttajamolekyylejé karakterisoidaan absorptio- ja emissiospektroskopian avulla seké
Time Correlated Single Photon Counting -menetelmén avulla. Filmeja karakterisoi-
daan myds optisella profilometrilla ja digitaalisella holografiamikroskoopilla.

Heikkojen vuorovaikutusten indusoimaa emissiomodulaatiota liuoksessa tutkitaan
useilla titraatiosarjoilla. Emissiospektrin lisdksi méaéritetddn viritystilan elinikd ja
emission kvanttisaanto. Heikkojen vuorovaikutusten aikaansaamia vaikutuksia kiin-
tedssd olomuodossa tutkitaan muodostamalla polymeeri-kromofori komplekseja, jot-
ka muodostavat keskenédén heikkoja vuorovaikutuksia. Polystyreenia kiytetdan re-
ferenssimateriaalina, poly(vinyylifenolia) vetysidoksen luovuttajana, poly(4-vinyyli-
pyridiinid) halogeenisidoksen vastaanottajana ja poly(styreenisulfonihappoa) ionis-
ten vuorovaikutusten muodostamisessa.

Halogeenisidos liuoksessa aiheuttaa intramolekulaarista varauksen siirtoa, joka muut-
taa yhdisteen emissiota. Emission modulaatio johtaa suurempaan emission intensi-
teettiin ja sinisiirtyméaéan emissiospektrissi. Yha suuremmat vaikutukset voidaan ha-
vaita kiayttamalla bentseenisulfonihappoa. Ioniset vuorovaikutukset kasvattavat yh-
disteen emission intensiteettia ja emission kvanttisaantoa jopa 0.93 saakka. Heikot
vetysidokset eivit vaikuttaneet yhdisteen emission intensiteettiin. Halogeenisitoutu-
mista liuoksessa tutkittiin myos kayttamalla karbatsolijohdannaista halogeenisidok-
sen vastaanottajana, mutta muodostuneet sidokset olivat liian heikkoja aiheuttaak-
seen merkittdavid muutoksia yhdisteen emissiossa. Samankaltaisia tuloksia havaittiin
my6s kiintedssa olomuodossa, mutta pienemmisséd madrin.
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1. INTRODUCTION

The absorption of a photon is one of the most common chemical reactions that oc-
cur. The absorbed energy is released as heat or as an emission of a photon. Organic
luminescent materials are key components in many applications that range from
organic light emitting diodes (OLEDs) to fluorescence probes for example. |1, 2]
The search for highly efficient blue-light emitting materials is still a timely issue for
improving the efficiencies of organic light-emitting diodes for various technologies.
Carbazoles are highly emitting materials commonly used in blue-light emitting de-
vices. This Thesis is focused on characterization of the luminescence properties of

various carbazole derivatives and their emission modulation.

Emission properties are characteristic to a compound depending on the emitting
moiety of the molecule. In this Thesis, the emission properties of carbazole deriva-
tives are tuned through forming intermolecular interactions. Hydrogen bonding,
despite being a weak interaction, has proved its importance in many biological sys-
tems and is perhaps the most well-known non-covalent bond. Extremely strong
hydrogen bond donors can also be used to protonate the acceptor molecule and
the formation of a salt can affect the luminescence of the system. In addition to
that, halogen bonding as risen as a competitive alternative to hydrogen bond, and
is perhaps even more prominent than hydrogen bond. [3] The weak interactions in
light-emitting compounds could provide a path to tunable light-emitting devices by
controlling the non-covalent bonding in the system. Moreover, non-covalent bonding

provides the means to exploit self-assembly and to avoid intricate synthesis routes.

The carbazole core is highly electron dense and with different substituents, good
non-covalent bond donors and acceptors could be designed. Here, a pyridyl group
is added to benzophenone-carbazole to weaken the electron donating nature of the
carbazole core and to induce the formation of the non-covalent bond. Non-covalent
bond acceptors are studied with iodine derivatives of benzophenone-carbazole. The
samples are characterized using absorption and emission spectroscopy. Also, the
emission properties of the materials are described by determining the excited-state
lifetimes using Time Correlated Single Photon Counting (TCSPC) and by their

emission quantum yields.
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This thesis studies the supramolecular interactions between the molecular compo-
nents to further understand the possibilities in the modulation of the emission prop-
erties of the emitters. The non-covalent bonding is first studied in solution and
further in the solid state. Chapter 2 consists of the theoretical background needed
to comprehend the supramolecular and photochemistry behind the results of the ex-
periments. The materials used in the experiments as well as the instrumentation are
introduced in chapter 3. Chapter 3 also explains the execution of the experiments.
Chapter 4 presents the results and discussion of the experiments, and is composed of
the solution and solid-state studies. The solid-state studies also include topological
and stability studies of some of the compounds. Finally, the results are summarized

in the conclusions given in chapter 5.



2. THEORETICAL BACKGROUND

This chapter introduces the essential concepts needed to understand the chemistry
behind the results of this thesis. Subjects covered in this chapter include absorption,
emission, and intermolecular interactions. It also introduces the reader to polymers

as optical materials.
2.1 Interactions of photons with matter

When incident light hits matter the photons interact with it and excite the molecule.
The excited state spontaneously relaxes to the ground state using either non-radiative
or radiative relaxation route. This is the basis of absorption and emission of light.

These interactions are further described in this section.

2.1.1 Absorption

Absorption is a photon-assisted transition between two energy levels. It occurs
when a photon of appropriate energy is absorbed by a molecule, which induces
an electronic transition to a higher energy level. The energy absorbed is inversely

proportional to the wavelength of the incident light [4]

AE =2 (2.1)

where F is energy, h is Planck’s constant, ¢ is the speed of light and X is wavelength.
When a sample is irradiated with light, it absorbs energy according to Lambert-

Beer’s law: [5]

log([io) = —¢lc (2.2)

where I, is the intensity of the light entering the absorbing medium, I is the intensity

of the light leaving the absorbing medium, ¢ is the molar absorption coefficient, [ is
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the length of the path in which energy is absorbed and c is the concentration of the
absorbing species. The logarithmic ratio of the light intensities before and after the

sample can also be expressed in another form of the Lambert-Beer’s law

A=cle (2.3)

where A is the absorbance of the sample. The molar absorption coefficient can be
used to describe the strength of the electronic transition. [5] It expresses the ability
of a molecule to absorb light of certain wavelength in a given solvent. A high molar
absorption coefficient implies that an electronic transition is very probable. The
light absorbing part of the molecule is called a chromophore. [6] It is a chemical

moiety which absorbs radiation at nearly the same wavelength in different molecules.

[5]

2.1.2 Electronic transitions

Atoms are linked by either ¢ or 7 bonds depending on the nature of the bond. In
addition to those, a molecule may possess non-bonding electrons, which are referred
to as lone electron pairs. These orbitals are denoted by the letter n. The absorption
of a photon can result in many electronic transitions depending on the energy of
the absorbed photon. A transition from the 7 orbital to the antibonding 7 orbital
is denoted by m — 7*. Transitions from the ground state to the excited states are

generally classified according to the energy that is needed for the transition: [6]

n—o-nr<roarr<nooci<o—nt<o—o*

A 7 — 7* transition requires the molecule to have double or triple bonds, whereas
n — 7 transitions require both double or triple bonds and non-bonding electron
pairs. These transitions are typical for carbonyl and azo groups. [6] The highest
occupied molecular orbital (HOMO) is the highest electronic state in energy, which
has electrons on it, whereas, the lowest unoccupied molecular orbital (LUMO) is
the molecular orbital lowest in energy without any electrons. These are defined for

a molecule in the ground-state. Thus, the lowest energy transition for a molecule in
the ground-state will be the transition from HOMO to LUMO. [4]

An electronic transition in a polyatomic molecule can result in many vibrational

or rotational transitions. These transitions occur at similar energies which leads
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to overlapping and broad absorption bands in UV-visible absorption spectra. The
energy difference between the initial and final electronic states of the transition
determines the frequency of the spectral line. To a certain approximation, the
absorption spectrum of a molecule can be thought of as a sum of the absorption

spectra of the chromophores within the molecule. [5]

2.1.3 Excited-state relaxation routes

The relaxation route from an excited state depends on the rates of a number of com-
peting processes. The excited state can return to the ground state via radiative or
non-radiative decay. [6] There are two main selection rules for electronic transitions
induced by a photon; spin-forbidden transitions and symmetry-forbidden transitions.
According to the spin selection, when an electron from the ground state is excited to
a higher electronic state, its spin is unchanged, meaning that AS = 0. Spin multi-
plicity can be specified from the total spin, S, so that spin multiplicity = 25+ 1. [4]
A singlet state is denoted by spin multiplicity 1, whereas a triplet state is denoted by
spin multiplicity 3. The triplet state is called such, since is represents three separate

states that are all equal in energy. (6]

The ground state of a molecule is usually a singlet state, whereas an excited state
can be either a singlet or triplet state. The excited state can also have multiple
vibrational states. When a photon is absorbed it initiates an electronic transition
from the ground state Sy to usually one of the excited vibrational states of the
first excited-state S;. The electron quickly relaxes to the lowest vibrational state of
S1. This process is called vibrational relaxation (VR). It is a non-radiative process
which occurs due to thermal collisions in the system. In a non-radiative process, the
energy is lost as heat to the surroundings. [5] Vibrational relaxation always occurs
between vibrationally excited states and the vibrational ground state within a given

electronic state. This is a rapid process and occurs within 107 — 107 s. [4]

The different routes of relaxation of the excited state are often represented by a
Jablonski diagram, which is depicted in Figure 2.1 and further discussed in the

following sections.

Internal conversion and fluorescence

Internal conversion (IC) is a non-radiative process in which a higher excited elec-
tronic state Sy, S3 etc. relaxes to the lowest excited electronic state S;. The energy

difference between higher excited electronic states is relatively small, and therefore
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Figure 2.1 Jablonski diagram of various excited-state relazation routes.

there is a high probability that vibrational states belonging to different electronic
states are very close in energy. Because of this, internal conversion is a rapid process
and the system is always relaxed to the lowest excited electronic state before fluores-
cence occurs. Internal conversion between excited states occurs within 10714 — 10~

s and always occurs between two states with the same multiplicity. [4, 6]

Fluorescence is the emission of a photon when the system relaxes from an excited
state to the ground state. A substance that emits light upon excitation is called a
fluorophore [1]. Internal conversion happens at a much higher rate than fluorescence
and according to Kasha’s rule, fluorescence from organic compounds usually origi-
nates from the lowest vibrational state of the lowest excited singlet state. Exceptions
to Kasha’s rule may occur with samples that have exceptionally large energy gap
between the first and second excited singlet state. [4] Vibrational relaxation to the
lowest vibrational state prior to emission results in losing some of the absorbed en-
ergy in the process. For this reason, the fluorescence spectrum is always located at
higher wavelengths than the absorption spectrum. The fluorescence spectrum forms
a mirror-image of the absorption spectrum only if the ground state and excited state
are similar in geometries. Apart from a few exceptions, fluorescence always occurs

from S to the ground state and is independent on excitation wavelength. [6]

One of the possible routes of relaxation of the excited state is delayed fluorescence. It

is generally described by two mechanisms. P-type delayed fluorescence is also called
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triplet-triplet annihilation. [7] Essentially, the interaction of two molecules in the
triplet state produces one molecule in the ground state and one in the first excited
state. The result is two species, one with emission at a normal fluorescence rate
and another with an emission rate half of that of phosphorescence. E-type delayed
fluorescence is initiated by thermal activation, in which the first excited singlet state

becomes populated by electrons from the first excited triplet state. [4, 8]

Intersystem crossing and phosphorescence

Although excitation from a singlet state to a triplet state is a spin-forbidden tran-
sition and does not occur, the triplet state can be accessed after excitation to a
singlet state. A molecule can undergo a conversion where the spin multiplicity of
the promoted electron is changed. This is called intersystem crossing (ISC) and it
occurs from an excited singlet state to the triplet state. [5] Intersystem crossing can

be fast enough to compete with other relaxation routes. [6]

Electronic transitions from a singlet state to a triplet state are forbidden. However,
there is always a weak interaction between states with different multiplicities due
to spin-orbit coupling, which enables intersystem crossing. The orbital motion of
an electron produces a magnetic field, which interacts with the electron spin and
causes spin-orbit coupling. The efficiency of spin-orbit coupling depends linearly
with the fourth power of the atomic number. Therefore, heavier atoms are more
likely to experience intersystem crossing. This is also called the "heavy atom effect".
[9] Thus, incorporating a heavy atom in a molecule can enhance the S — T
transition probability. Intersystem crossing is also more probable between symmetric
singlet and triplet states. Similar geometry occurs when the singlet state S; has the
same energy as one of the excited vibrational states of the T} triplet state. [6] The
efficiency of intersystem crossing is thus determined by the energy gap between the

singlet and triplet states. [4]

The wavelength difference between the first absorption maximum and the maximum
of fluorescence is called the Stokes shift. [6] It represents the energy difference lost in
the internal conversion. In general, the 77 excited state is lower in energy than the S;
excited state. This obeys Hund’s rule since electrons in a triplet state have parallel
spin and therefore minimum energy repulsion. [4] This results in a further shift to
higher wavelengths in the phosphorescence spectrum compared to the fluorescence
spectrum. An example of electronic transitions in a spectrum and the Stokes shift
is depicted in Figure 2.2. A shift to higher wavelengths in spectrum is also referred

to as a red-shift. Due to longer lifetime, phosphorescent materials have considerably
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Figure 2.2 A general example of absorption, fluorescence and phosphorescence spectra and
their relation to each other.

wider possibilities than their fluorescent counterparts and are desired materials for
optical devices because of the possibility to harness three times more energy from

the triplet excitons. [2]

Quantum yield and lifetime

Excited molecules stay in the S; electronic state a certain time before undergoing
one of the relaxation routes. During this time, fluorescence decreases exponentially
reflecting the average lifetime of the molecules in the S; state. [6] For organic
molecules, the lifetime of the excited S, state can range from tens of picoseconds to
hundreds of nanoseconds. Fluorescence is an allowed transition and therefore the
lifetime is usually quite short, typically less than 10~7 s. Triplet states, however,
have much longer lifetimes since phosphorescence is due to a forbidden transition.
Phosphorescence lifetimes usually range from microseconds to seconds. [6] The
lifetime 7 of the excited state is given by the time in which the concentration of
the excited state decreases to 1/e of its original value. [4] The excited state lifetime
can be determined using time-resolved fluorescence spectroscopy methods, such as
TCSPC, which is further described in section 3.1.

The emission quantum yield ¢ can be defined as the ratio between the number of
photons emitted from the S excited state and the number of absorbed photons by

the ground state. [4] It can be determined by integrating the area under the emission
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spectrum and comparing it to a reference with a known emission quantum yield.
This must be done with very dilute solutions to avoid inner filter effects and ensure
a linear response on the intensity. High concentration causes the excitation light to
be absorbed only on the surface of the sample. This results in spectral distortions
due to inhomogeneous excitation. The quantum yield (QY) of the substance can be

calculated using equation (2.4). [1]

I Aref n2

(2.4)
ref A nref

(b (bref]

where [ is the integrated intensity of the emission spectrum, A is the absorbance
at the excitation wavelength and n is the refractive index of the solvent used. [1]
When a molecule is excited, usually a number of competing processes occur and
fluorescence is only one of them. The fluorescence quantum yield is dependent on

these other processes in such a way that

G5+ d1sc + ¢rc =1 (2.5)

where ¢ is the quantum yield of fluorescence, ¢rgc is the quantum yield of intersys-
tem crossing, and ¢i¢ is the quantum yield of internal conversion. The fluorescence
quantum yield is always between 0 and 1, 1 meaning that all absorbed photons are

emitted as fluorescence. [4]

Fluorescence quenching

The relaxation of an excited state by intermolecular interactions is referred to as
quenching. This can be due to other absorber molecules or solvent molecules in
the surroundings, for example. One of the most common fluorescence quenchers
is molecular oxygen. [4] Oxygen causes fluorescence quenching, but its effect on
the quantum yields and lifetimes depends on the compound and the surrounding
medium. Generally quantum yields can be increased by lowering the temperature

and thereby reducing the non-radiative relaxations induced by thermal collisions.

Room temperature phosphorescence of organic molecules can be diminished by col-
lisions with oxygen, solvent molecules or impurities. [6] Due to the longer lifetimes,
phosphorescence is more susceptible to quenching than fluorescence and it is not usu-
ally observed in room temperature solutions. [4] Usually, phosphorescence needs to

be enhanced by other methods, such as lowering the temperature or rigid matrices.
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2.2 Intermolecular interactions

Intermolecular interactions are induced by intermolecular forces between different
molecules, that can be both attractive and repulsive forces. Intermolecular inter-
actions include dipole-dipole interactions, including hydrogen and halogen bonding,
ionic interactions and London-dispersion forces. They can be induced by other chro-
mophores or solvent molecules, for example. The intermolecular forces studied in

this thesis are described in this section.

2.2.1 Solvent and environmental effects

Solvent and the environment can have profound effects on the spectral properties of
chromophores. Solvent effects can be divided into general or specific solvent effects.
If the solvent effects occur only in the excited state of the molecule, the changes are
visible only in the emission spectrum. On the other hand, if the solvent interacts
with the molecules in the ground state, the changes are visible before excitation, in
the absorption spectrum for example. Solvent effects can also be weak in the ground

state and the strength of interaction may increase after excitation. [1]

Solvent effects are a wide combination of several interactions with their local en-
vironment and can often be hard to explain. Some examples of the factors that
can affect the emission spectrum and quantum yield of a compound include solvent
polarity, rigidity of the local environment, internal charge transfer as well as proton

transfer and excited state reactions. [10,11]

The interactions between the solvent and the fluorophore alter the energy difference
between the ground state and the excited electronic state. General solvent effects
mainly include solvent properties such as the refractive index and dielectric constant
of the solvent. Usually, the fluorophore has a larger dipole moment in the excited
state than it does in the ground state. [1] In a polar solvent, this can result in
reorientation or relaxation, which lowers the energy of the excited state. While
the solvent polarity increases, the effect also increases with increasing polarity. This
effect is most prominent with polar compounds. An increase in the solvent refractive
index stabilizes the ground and excited states due to electron movements within the
solvent molecules. This results in a lower energy of the excited state and the ground
state. General solvent effects depend on the bulk properties of the solvent and do

not alter the energy gap AFE between the ground state and the excited state. [1]

Specific solvent effects include direct interactions with the solvent and they de-

pend on the solvent and fluorophore properties. They are produced by only a few
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molecules surrounding the fluorophore and can induce substantial changes in the
emission spectra. Specific solvent effects most prominent to our case include hydro-
gen bonding, halogen bonding, and proton transfer reactions. Hydrogen bonding
with solvent molecules, for example, lowers the energy of the excited electronic state

resulting in a spectral shift to higher wavelengths. [1]

The fluorophore can also undergo intramolecular charge transfer (ICT). An ICT
state can be a result of intramolecular proton transfer in the excited state. The
initially excited state is usually called the locally excited state (LE). An internal
charge transfer state occurs in emission spectra as emission at longer wavelengths.
Changes between the LE and ICT state can manifest as a shoulder formation or a
shift in the emission maximum. In low polarity solvents, the LE state is lower in
energy and is the emitting species, whereas in high-polarity solvents, the ICT state

is lower in energy. [1]

Solvent effects can be studied using different additives with predicted interactions
with the fluorophore molecules in solution. Major spectral changes in very small
percentages of additive indicate specific solvent effects rather than general effects.
Specific solvent effects can also result in appearance of a new spectral component
due to a chemical reaction. General solvent effects usually result in more gradual
shifts in the emission spectra. In many cases, spectral changes due to interactions

with solvent molecules can be a result of both general and specific solvent effects.

1]
2.2.2 Hydrogen bond

Hydrogen bonding (HB) has claimed its importance in many branches of science
and continues to be an important subject of study. A hydrogen bond can be con-
sidered as a particular kind of dipole-dipole interaction. [12] It is an electrostatic
interaction between a proton donor D-H and an electronegative proton acceptor A.
[13] The proton donor does not necessarily need to be highly electronegative, but it
is necessary to be at least slightly polar. [14] A general way to describe hydrogen
bonding is using a water dimer. Interaction happens between two water molecules,
where oxygen atom acts in both proton donor and proton acceptor moieties, de-
scribed in Figure 2.3. [13] Hydrogen bonding can be linear, bent or bifurcated, for

example.

Hydrogen bonding is considered to be a directional interaction, meaning that the
bond formation is directional with the D-H bond. A hydrogen bond can be either

intermolecular, occurring between two molecules or intramolecular, occurring within
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Figure 2.3 a) Example of hydrogen bonding between the hydrogen bond donor (D-H) and
an acceptor (A) b) water dimer with hydrogen bonding. [12,13]

the same molecule. Some sources claim hydrogen bonding to be a contact-like inter-
action, due to the necessity of orbital overlap. [13] Charge transfer in hydrogen bond
occurs from the electron pair of a proton acceptor to an antibonding orbital of a
proton donor ny — ¢*py. The International Union of Pure and Applied Chemistry
(IUPAC) loosely defines a hydrogen bond as "an attractive interaction between a
group D-H and an atom or group of atom A in the same or different molecule(s),

where there is evidence of bond formation”. [15]

Hydrogen bond strength can range between 0.2 to 40 kJ mol!, landing it somewhere
between the strength of Van der Waals interactions and covalent bonding. The bond
strength varies widely depending on the molecules involved. [14| This wide variety of
strengths indicates that the hydrogen bond is a combination of different interaction
energies such as electrostatic, induction, electron delocalization, exchange repulsion,
and dispersion interactions. [13| Depending on the exact proton donor-acceptor

combination, all of these interactions affect with different weights. [14]

In a bifurcated situation, one molecule acts as a double proton donor, whereas
another acts as a double proton acceptor. In these cases, hydrogen bonding is a
nonlinear and relatively weak interaction. Since the hydrogen bond acceptor is
usually an atom of high electron density, such as a lone pair, w-systems can also act

as a proton acceptor in the formation of a hydrogen bond. [13]

Most systems containing a hydrogen bond are formed by two neutral molecules.
Depending on the acidity and basicity of the interacting molecules, a hydrogen
bond can also develop to be a proton-shared hydrogen bond. In this interaction, the
length of the D-H bond is slightly increased, while the D-A distance decreases. The
length of the interaction between the proton and the proton acceptor approaches the
length of a covalent bond. In hydrogen-bonded ion pairs, the proton transfer occurs
even further, slightly increasing the D-A and D-H bond lengths and decreasing the
length of the A-H bond. The changes from a normal to a proton-shared to an ion-

pair hydrogen bond depends on the degree of proton transfer and can be affected
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by solvent and temperature effects. [13]

b)

9 3

Figure 2.4 An comparison of a) proton-shared hydrogen bond (HCl interaction with
N(CHs)3) and b) ion-pair hydrogen bond (HBr interaction with N(CHs)s). [13]

The special properties of hydrogen bonded systems, even after decades, continuously
spark interest in further research. Hydrogen bonding between the chromophore
and a solvent or a host matrix can have significant effects on a solution or film
luminescence. Hydrogen bonding can reduce the mobility of the chromophores,
lower the energy of the excited states and reduce aggregation. Hydrogen bonds are
also important in biological systems, since they are responsible for the 3D structure
of proteins, cellular recognition and the double helix structure of DNA. [12] In this
thesis, the effect of hydrogen bonding on a compounds emission and lifetime is
studied both in solution and the solid state.

2.2.3 Halogen bond

According to IUPAC, halogen bonding (XB) can be defined as an electrostatic inter-
action between an electrophilic region associated with a halogen atom in a molecular
entity and a nucleophilic region in another, or the same, molecular entity.|[16] Halo-
gen bonding can be depicted as DX --- A, where X is a halogen atom, D is considered
as halogen bond donor and A as a halogen bond acceptor. The halogen bond ac-
ceptor donates electrons to the halogen bond, whereas the donor accepts electrons.
Both halogen bond donor and acceptor tend to be electronegative moieties and quite

often the bond acceptor is a Lewis base i.e. has a lone electron pair. [17]

Hydrogen is usually associated with having a positive partial charge, which makes
it indisputable that it would interact with electronegative moieties. Halogens are
usually associated with a negative charge, yet they participate in bond formation

in a similar fashion as hydrogen in hydrogen bonding. Halogen bonding can be
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Figure 2.5 a) Example of halogen bonding between the hydrogen bond donor (D-H) and ac-
ceptor (A) b) An example of halogen bonding between pyridine and commonly used halogen
bond donor pentafluoroiodobenzene.

explained using electrostatic potential, which has been found to be an effective tool
for analyzing covalent interactions. [17] Electrostatic potential analysis reveals a
region of positive electrostatic potential on the surface of the halogen atom as an
elongation of the D—X covalent bond axis, also called the o-hole. Because of this,
halogen bonding tends to be highly directional with its electrostatic potential being
aligned the D—X covalent bond axis, a typical bond angle being 180 °. [3]

The electrostatic potentials of halogen and hydrogen bond are described in Fig-
ure 2.6. The structures of the compounds la-c and 2 are presented above, and their
electrostatic potentials range from -0.03 (red) to 0.03 (blue). The electrostatic po-
tentials were calculated by Priimégi et al. using density functional theory. [18] The
figure presents the same structure with either I, Br or H attached to the benzene
ring. All compounds display positive electrostatic potential on the surface of I, Br
or H. But from compound 1c, one can see, that the positive charge on the hydrogen
atom is further distributed whereas the halogen bond is thought to be more direc-

tional, since the positive charge is more localized as an extension of the C-I covalent

bond. [18§]

It has been proven that the magnitude of the positive electrostatic potential depends
on both the halogen (X) and the electron-withdrawing power of the rest of the
molecule (D) [17]. The strength of the halogen bond interaction increases in the
order of F < Cl < Br < I, F being able to form halogen bonding only when attached
to highly electron-withdrawing groups. [3] Tunability of the halogen bond strength
makes it desirable in various applications. Halogen bonding can be used to modulate

emission properties of systems in solution, solid-state and polymer martices. [19-23|

Halogen atoms have a double effect in inducing triplet-state emission; being elec-
tron acceptors and due to heavy atom effect. Heavy atom effect can be due to the

heavy atom in the parent molecule (internal heavy atom effect) or the solvent (ex-
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Figure 2.6 Compounds la-c and 2 and their electrostatic potentials ranging from -0.03
(red) to 0.03 (blue). Figure describes the difference in electrostatic potential of the surface
of halogen and hydrogen atoms. [18]

ternal heavy atom effect), and it increases the probability of intersystem crossing by

increasing the magnitude of spin-orbit coupling. [4,22]

2.2.4 lonic interactions

Electrostatic interactions between two atoms or molecules that involve an electron
or proton transfer from one species to another are called ionic interactions. It is a
type of chemical bonding that involves interaction between two oppositely charged
ions. [24] Tonic interactions can be considered as a result of redox reactions or can

be induced by acid-base reactions.

The difference between ionic bonding and covalent bonding is not always clear. In
ionic bonding, the bond is formed by electrostatic interactions between two oppo-
sitely charged ions, whereas in covalent bonding the bond is formed by electron
sharing between two atoms to attain more stable electron configurations. Covalent

bonding is also considered to be more directional than ionic bonding. In the solid
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state, atoms forming covalent bonds are packed according to the minimum energy
principle where shared electron pairs repel each other. In ionic bonding, there are no
repelling forces and ionic substances from tightly packed lattices in the solid state.
[24]

Bonding can never be purely ionic, there is always some electron sharing occurring.
This can be thought of as all ionic bonds having some covalent character. Whether
a bond is classified as ionic or covalent depends on the difference of electronegativity
between the bond forming atoms or ions. When the difference in the electronega-
tivity is 1.7, the substance is usually associated with having 50 % of ionic character
and 50 % of covalent character. Therefore, bonds with electronegativity differences

over 1.7 can be taught of as ionic bonds.

When ionic bonds occur in the solid state, cohesive forces keep the lattice together
and no single bond can be distinguished. In the case of a covalent bond, there is
a more distinct bond between two atoms. Ionic compounds are also conductive in
liquid and solid states and they can be utilized in electronic applications such as in
the structures of OLEDs.

2.3 Polymers as optical materials

Polymers provide a considerable alternative to optical glasses. [25] They are becom-
ing more and more common in the design of optical devices due to the wide range
of properties that they provide and near infinite functionalization possibilities. [26]
Polymers can be used as rigid matrices to reduce non-radiative relaxations and deac-
tivation of excitation in luminescent systems. Incorporating luminescent materials
in polymer matrices provides opportunities to improve the phosphorescence of these
materials. [23| Polymer materials are desirable for optical applications also because

of their low cost, simple solution processing, and tunable mechanical properties.

2.3.1 Polymer host-guest assemblies

Due to the wide variety of polymer structures, polymer-chromophore complexes
with different functionalities can be designed. Various polymers have been used
as hosts to incorporate chromophores (guests) into the polymer matrix. [27] The
simplest way to introduce chromophores into polymer matrices is simply dissolving
them in the same solution and preparing the film from that. In this case, the
chromophores are randomly dispersed in the matrix. In a conventional host-guest

assembly the polymer has virtually no interaction with the chromophore. Therefore,
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a) b)

Figure 2.7 a) Conventional polymer host-guest assembly with a high degree of chromophore
mobility and b) decreased mobility in a polymer-chromophore complez.

the chromophore has a high degree of mobility 28], which induces chromophore
aggregation and phase separation, and thus reduces the optical quality of the system.
27]

Aggregation and phase separation limit the loading possibilities of the chromophores
in conventional host-guest assemblies. Polymer-chromophore complexes use non-
covalent interactions between the host polymer and guest chromophore molecules.
[29] Polymer-chromophore complexes limit the guest-guest interactions and suppress
the aggregation tendency of the chromophores. [27,30] Furthermore, non-covalent
bonding is a spontaneous event, which averts the need for multistep synthesis re-
quired when exploiting covalent bonding. [32] A reduction of the chromophore
mobility is one of the most effective ways to reduce quenching and increase the phos-
phorescence quantum yield. [28] The conventional polymer host-guest assembly and

polymer-chromophore complex with limited mobility are depicted in Figure 2.7.

The properties of polymer-chromophore complexes can be enhanced by function-
alization of the polymer chain. Functional groups can provide formation of non-
covalent bonds between the polymer and the chromophore. For example, the ad-
vantages of hydrogen bonding in polymer-chromophore matrices have been reported
in different applications. [31] Modular functionalization of polymer chains by non-
covalent bonding, such as hydrogen bonds, ionic interactions and metal coordination
has been widely exploited. [32] In this thesis, the aggregation tendencies of the chro-
mophore are reduced by exploiting hydrogen and halogen bonding in the formation
of polymer-chromophore complexes. This is expected to increase the loading possi-
bilities of the chromophore and therefore provide possibilities to enhance the systems

luminescent properties. [27]
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3. RESEARCH METHODS AND MATERIALS

This chapter describes the materials studied in this thesis, their characterization
and emission modulation in solution and solid state. Moreover, this chapter in-
cludes methods used to prepare the samples and the instrumentation used for the

characterization.

3.1 Materials

This section presents the materials studied in this thesis. This includes the lumines-
cent materials that are used to exploit their light-emitting properties as well as the
polymers that are used to rigidify the polymer-chromophore complexes and, possi-
bly, enhance the phosphorescence of the chromophores. Various polymers are tested

due to their possibilities to form non-covalent bonding with the chromophores.

3.1.1 Carbazole derivatives

Organic phosphorescent emitters are rare and usually based on toxic organometal-
lic complexes. Many blue-emissive materials have been developed, but so far, they
have not been optimal for commercial use due to short operational lifetimes when
employed in OLEDs. [33] This thesis investigates the effect of intermolecular in-
teractions in carbazole derivatives and their possibilities as blue-light emitters for

applications in OLEDs.

Carbazoles are highly emitting materials commonly used in blue light emitting de-
vices [34-36]. Here, benzophenone-carbazole and four of its derivatives are charac-
terized with the aim of improving blue light emitting materials. The structure of
benzophenone-carbazole (BpCz) is presented in Figure 3.1. To further enhance the
interaction of the chromophore with the polymer matrix, benzophenone-carbazole
was functionalized with pyridine and iodine substitutions. To analyze the effect of
the added groups, the materials were prepared with one or two substitutions. The

pyridine compounds could act as either HB or XB acceptors, whereas the iodine
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Figure 3.1 The structures of a) BpCz and its derivatives b) BpCzPy, ¢) BpCzdPy, d)
BpCzI and e) BpCzdl and their molar masses (g mol™!).

compounds could acts as XB donors. These structures are also presented in Fig-
ure 3.1. All the studied materials were synthesized in the Laboratory of Chemistry
and Bioengineering of Tampere University of Technology by Mr. Jagadish Salunke.

The synthesis of these materials is not included in this thesis.

Carbazole is a common fluorescent material due to its electron-rich core and easy
tunability. [34] The carbonyl group in the benzophenone moiety as well as the halo-
gen atoms in few of the derivatives make a significant contribution to the intersystem
crossing and thus, are expected to induce phosphorescence. [2] In these emitters,
the carbazole moiety acts as an electron donor and benzophenone acts as an elec-
tron acceptor. The addition of pyridyl groups should reduce the electron-donating
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character of the carbazole core and therefore reinforce the emission. [33]

3.1.2 Polymers

Polymers are macromolecules that have high relative molecular masses, and they
usually comprise of relatively simple repeating units. [37] They can be functionalized
using different monomers and side groups in the polymer chain. For example, adding
a hydroxyl group to a monomer significantly changes the properties of the polymer.
The structures of all the polymers used in this thesis are presented in Figure 3.2.
Polystyrene (PS) is one of the most widely used polymers in many industries. The
structure of polystyrene is a carbon chain with benzene side group. Therefore, it
is fairly unreactive and is used as a reference polymer in this thesis. Polystyrene is

also one of the most transparent plastics. 38|

Other polymers used in this thesis were chosen for their functional side groups.
Poly(vinyl phenol) (PVPh) was used to study the effect of hydrogen bonding in
pyridine-containing compounds. The structure is similar to that of PS apart from
the hydroxyl group attached to the 4-position of the benzene ring. This modification
enables the formation of a hydrogen bond between the hydroxyl group and the
pyridine nitrogen in the case of BpCzPy and BpCzdPy compounds. The effect of
hydrogen bonding can now be observed by comparing both PS and PVPh samples
to each other, and by the changes occurring with the addition of pyridine group
from carbazole to BpCzPy and BpCzdPy.

The iodine compounds are capable of forming weak halogen bonds with their poly-
mer matrices. To facilitate this, poly(4-vinyl pyridine) (P4VP) was used alongside
with PS as a reference. Both PVPh and P4VP were chosen because of their struc-
tural similarities with the reference polymer (PS) to limit any differences in the
properties of the films due to the structure of the polymer. P4VP has a pyridine
group instead of a benzene ring, which enables it to form halogen bonding with the
iodine compounds. The effect of halogen bonding can now be observed comparing
carbazole, BpCzIl and BpCzdI samples together and compare the differences in both

the reference matrix and in the halogen bonding matrix.

Poly(styrenesulfonic acid) (PSS) is a conductive polymer that has benzenesulfonic
acid group attached to a carbon chain. PSS is structurally similar to the other
polymers used in these experiments, but it has an acid group that provides the
possibility for ionic interactions. Ionic interactions can have significant effects on

the luminescent properties of the films as described in section 2.2.3.
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Figure 3.2 The structures of repeating units of polystyrene (PS), poly(4-vinylpyridine),
poly(vinyl phenol) and poly(styrenesulfonic acid) and their molar masses (g mol~'). [38]

3.2 Measurement methods

The compounds were first characterized in solution using dichloromethane (DCM)
as a solvent. For the characterization, both steady-state and time-resolved methods

were used, which are further described in the following sections.

Low temperatures and rigid media reduce the collisions and increase the possibility
of observing phosphorescence. Under these conditions, the lifetime of the triplet
state increases providing an opportunity to observe phosphorescence in the time-
scale from milliseconds to minutes or more. [6] For this reason, the compounds were
also embedded into polymer matrices to reduce the non-radiative relaxations in the

system.

3.2.1 Steady-state spectroscopy

Steady-state spectroscopy methods are standard techniques in the characterization
of new compounds. In this thesis, steady-state measurements include absorption
spectroscopy to determine absorption of the samples and emission spectroscopy to

characterize luminescent properties of the samples.
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Figure 3.3 A general scheme of one-channel spectrophotometer, where M1 and M2 are
mirrors, PMT is a photomultiplier and SD is a synchronous detector. [39]

Absorption Spectroscopy

Transmission spectroscopy is a relative measurement method that can provide infor-
mation about the electronic subsystem of the matter. The absorption of the samples
is determined using this method in this thesis. The instrumentation used to do this
is generally called an absorption spectrophotometer. It consists of a light source,
a sample chamber, and a detector. [39] The system can be one or two-channel in-
strument, of which the two-channel one is more precise and used in the absorption
measurements of the liquid samples. [40| The one-channel scheme is presented in
Figure 3.3. [39]

In principle, absorption spectroscopy measures the light intensity before entering the
sample and the intensity of the light leaving the sample. The one-channel scheme
has only the sample chamber, whereas the two-channel scheme consists of the sample
chamber and a reference chamber. The remaining parts of the instrument are alike.

[39] A general scheme of the two-channel instrument is presented in Figure 3.4. [39]

A light source consists of a lamp and a monochromator. The monochromator is
used to select the wavelength entering the sample. [39] Diffraction gratings in
the monochromator disperse polychromatic or white light into various wavelengths,
which allows a certain wavelength to be selected. [1,6,39] A motorized monochro-
mator enables automated scanning of wavelengths. To obtain a spectrum, measure-
ments must be repeated in the desired wavelength range. From the monochromator,
the light is focused into the reference chamber and sample chambers. [40] Part of
the light is absorbed by the sample and the remaining light arrives at the detector,
which consists of a photomultiplier tube (PMT) and synchronous detectors (SD).
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Figure 3.4 A general scheme of two-channel spectrophotometer, where M1 and M2 are
marrors, PMT1 and PMT2 are photomultipliers and SD1 and SD2 are synchronous detec-
tors. [39]

The actual detected signal is voltage. The ratio of the voltages before and after the
sample is equal to the ratio of the light intensities and can be used to calculate the

transmission. [39] For the one-channel scheme

T(\) = (3.1)

where T is the transmission, U;()) is the spectrum measured without the sample
and Us(\) is the spectrum measured with the sample. From Equation (3.1) the

absorbance A can be calculated as

Ui(N)
Us (M)

A(N) = log (32)

In the two-channel scheme, the light from the reference chamber is used as a "light
before the sample" since the reference chamber does not contain the absorbing sam-
ple of interest. The two-channel scheme also enables one to measure the absorption
of a molecule in a solvent, by inserting a similar cuvette with the same solvent into
the reference chamber and therefore, discarding the absorption of the solvent from
the calculation. Thermal fluctuations that might affect the spectrum are also dis-
carded in the two-channel scheme since the reference and the sample spectra are

recorded simultaneously. [39]

A recorded spectrum without a sample is called a baseline and is used to eliminate
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distortions from the sample spectrum due to the instrument. It is measured before
starting sample measurements to correct the differences between the reference and
sample chambers. If R()) is the ratio of the voltages from the sample and reference
chambers measured without the sample and S()) is the ratio of the voltages from
the sample and reference chambers measured with the sample, then the transmission

can be calculated for the two-channel scheme [39]

T(\) =222 (3.3)

Generally, one can decide the accumulation time (dwell time) of the measurement
at each wavelength. This can be used to improve measurement quality since longer

accumulation time provides greater signal-to-noise ratio. [39]

Emission spectroscopy

Like absorption spectroscopy, emission spectroscopy is a routine method in the char-
acterization of new compounds. A compound is excited at a certain wavelength and
a fluorescence spectrum is recorded. The fluorescence spectrum is the energy spec-
trum of the photons emitted during the relaxation of the excited state. It provides
information about the electronic states of the matter and is a sensitive method that

can be used to study even a single molecule. [39]

Emission is measured by keeping the excitation wavelength constant and scanning
the detection wavelength to measure a spectrum. The selection of excitation wave-
length depends on the subject under investigation and its absorption spectrum.
Detection wavelengths can vary but should be selected so that the whole emission

spectrum can be recorded.

Most instruments can record both emission and excitation spectra. Excitation spec-
trum describes the dependence of excitation wavelength on emission intensity and
depicts the relative amount of excitation throughout the spectrum. It is measured
by keeping the emission wavelength constant, generally at the emission maximum,
while scanning the excitation wavelength. Usually, the excitation spectrum closely
resembles the absorption spectrum of the sample, but might not be identical, since
the excitation spectrum only displays the absorption bands that contribute to the
fluorescence of the molecule. [41] The light source is usually wavelength-dependent,
and the intensity of the excitation source is not constant throughout the spectrum.

To obtain accurate excitation spectra, a correction spectrum must be used. [1]
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Figure 3.5 A general scheme of emission spectrofluorometer. [1]

Instrumentation used for fluorescence measurements is usually called a fluorimeter
or spectrofluorometer. The main parts of the instrument consist of the excitation
source, the sample chamber, and a detector. [39] This equipment can vary from in-
strument to instrument. A general scheme of a fluorimeter is presented in Figure 3.5,
[1] in which the emission is collected in a right angle. The excitation source consists
of a light source and a monochromator. Generally the light source is a xenon arc
lamp, because it has high intensity from 250 nm to the near infrared. [6] An excited
sample emits light in all directions and the instrument should be able to collect as

much as possible of the emission. [39]

Monochromators are used in fluorimeters as in the absorption spectrophotometers.
In addition to monochromators, optical filters can be used, which can limit the
wavelengths that are detected. They can be used to confine errors due to scattered
or stray light or to exclude the second order diffraction from the monochromators.
Shutters are used to eliminate the excitation light or shut the light to the emission

monochromator. [1]

The detection part of the instrument collects the emitted light. This is done using
an optical lens. The emission monochromator and a photomultiplier tube are used
to detect the collected light. Monochromator slits determine the bandwidth of the
light entering the PMT, so only the photons emitted in a concise bandwidth A\,
are detected. Larger monochromator slits provide larger signal intensity, but also
increase the bandwidth, which lowers the resolution. Total emission of the sample

can be determined by integration of the emission spectrum. [1]

In absorption spectroscopy, the light intensity is measured relative to a reference,
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thus, the wavelength-dependencies of the instruments are not a factor. [1| In emis-
sion spectroscopy, the correct emission spectrum of the sample is obtained after
removing the wavelength-dependencies of the instrument by applying a correction

spectrum supplied by the manufacturer. [39]

3.2.2 Time-resolved spectroscopy

Time correlated single photon counting is a time-resolved emission measurement
technique, which is extremely sensitive and in extreme cases allows one to study
even a single molecule. Fluorescence intensity is proportional to the population of
the excited state. Emission lifetime is defined as the time 7 in which the population
of the excited state is reduced to 1/e of its initial value. Detection of time-resolved
emission enables to determine the sample emission lifetime. TCSPC is one of the
most accurate measurement techniques to study emission lifetimes in the nano- and

subnanosecond time domains. [39]

Sample
Light pulse
generator
Monochromator
PD PMT

Figure 3.6 A general scheme of time correlated single photon counting instrument, where
PD is a photodiode, CFD is a constant fraction discriminator, TAC is a time-to-amplitude
converter and MCA is a multichannel analyzer. [39]

A general scheme of TCSPC instrumentation is presented in Figure 3.6. A pulsed
excitation source is used as a source of excitation light. A short light pulse is split
into two routes by a glass or quartz plate. The first route goes straight to the
detection system and acts as a start pulse. The other route excites the sample and

the emission is collected at the selected wavelength by the detection system. The
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first photon arriving at the detector acts as a stop signal and the time between these

two signals is used to calculate the emission lifetime. [39]

The excitation source is typically a pulsed LED or a sub-nanosecond solid state
laser, which has a relatively narrow pulse width and is suitable for measurements
in the nanosecond time domain. [1] A small part of the excitation light is directed
to a pulse triggering photodiode (PD). The light which passes through the sample
is collected by a lens, and directed to a monochromator. A small range of the
emission is collected by the detector, usually around the emission maximum. Each
photon hitting the photomultiplier generates an electric pulse on the photomultiplier
output. The electric pulses from the PD and PMT are directed to a constant fraction
discriminators (CFD), which determine the timing of the two different pulses. From
the CFD, the pulses are directed to the time-to-amplitude converter (TAC), which
is a voltage generator that ramps the voltage linearly with time in a nanosecond
timescale. [1] The pulse from the PD starts the generator and the photon from the
emission stops it. The output voltage is directly determined by the time difference
between the two pulses. A multichannel analyzer (MCA) analyzes the output voltage

and collects an emission time profile. [39]

For the emission decay to be measured, the sample must be excited multiple times.
For most of the pulses, there are no photons detected. Typically, the detection rate
is 1 photon per 100 excitation pulses. [1] The repetition rate of the excitation pulse
must be adjusted depending on the nature of the sample. For samples with long
lifetimes, and therefore long relaxation times of the excited state, a high repetition
rate might be unacceptable. If the sample is not fully relaxed, the arriving pulse

will excite an already excited state. 39|

The result of a TCSPC measurement is an emission decay. Measuring emission decay
at various wavelengths provides a time-resolved emission spectrum. Usually, three
curves are presented in the results. These are instrument response function (IRF),
emission decay and the fit curve. An example of an TCSPC result is presented
in Figure 3.7. IRF represents the response of the instrument to an empty sample
chamber, and it is characteristic to the detector and timing instruments. [1] The
fit curve is a convolution integral of the measured intensity decay and the IRF. If
the IRF is r(¢) and the sample response is s(t), then the experimentally measured

signal is given by

s(t) = / r(1)f(t —7)dr (3.4)

—0o0

This can be used to accurately fit the measured data taking into account the response
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Figure 3.7 An example of time-correlated single photon counting data and fitting.

of the instrument. In this thesis, TCSPC technique was used to characterize samples

in both liquid and solid state.

3.2.3 Topographical studies

Wyko Surface Profiler was used to determine the thickness of the polymer-chromo-
phore film on quartz substrates. The instrument uses phase-shifting interferometry,
which is a non-invasive technique. A filtered white light is passed through an in-
terferometer objective to a beamsplitter, from which half of the light travels to the
surface of the sample and half to the reference. The beams from the sample and the
reference are reflected back and recombine to form interference fringes. A piezoelec-
tric transducer moves the reference surface causing a phase shift between the two
beams resulting in an interference pattern. This collected phase data can be used

to calculate the surface height of the sample [42]

() = 260z y) (35)
where h(x,y) is the height and ¢(z,y) is the phase shift. The surface roughness of
the samples was studied using digital holographic microscope (DHM). DHM provides
quantitative phase contrast imaging that is suitable for high resolution imaging of
reflective surfaces. DHM uses typically a Nd:YAG laser as a source of coherent
light. The light is split into object illumination and reference wave. The light used

for sample illumination is coupled into the optical path of the microscope’s condenser
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by a beam splitter cube. The light reflected from the sample is passed through a
second beam splitter with a slight tilt to create two "off-axis" holograms recorded by
a digital image sensor (camera). From the camera, the holograms are transmitted

to an interface which produces the image. [43]

From DHM measurements, the roughness parameters S,, Sy, S, and Sg; were de-
termined. S, represents the roughness average of the surface and is the mean of
the absolute values of the surface departures from the mean plane. S, is the root
mean square of the surface roughness and it represents the standard deviation of
the surface heights. Sg, is the kurtosis of the surface and gives information on the
spikiness of the surface. Lastly, S, is the skewness of the surface and measures the
asymmetry of the plane. [42] For an optimal surface, these values are expected to

be small with only slight variation.

3.3 Experimental

The experimental work of this thesis was conducted in the Laboratory of Chemistry
and Bioengineering in Tampere University of Technology. It entails basic spectro-
scopic characterization of the carbazole derivatives as well as the preparation of poly-
mer solutions and polymer-carbazole films. The experimental section also includes
several titration series to further study the properties of the carbazole derivatives in

solution.

3.3.1 Solutions

Characterization of carbazole derivatives was done by absorption and emission spec-
troscopy. To avoid spectral distortions due to high concentration, 10 M solutions
were prepared. Several solvents were tested for good solubility of the compounds.
All of the compounds were easily soluble in chlorinated solvents and the solutions
were prepared out of DCM. This yielded desired absorbances around 0.2-0.4 at
the excitation wavelength for the emission measurements. Absorption spectra were
recorded from 240 nm to 500 nm using quartz absorption cuvettes since the samples
were expected to have absorption in the UV range of the spectrum. Absorption
spectra of the solutions were recorded using Shimadzu UV-3600 UV-Vis-NIR spec-

trophotometer.

The excitation wavelength for the emission measurements was selected so, that all
the compounds had a relatively good absorbance at that wavelength, close to ab-

sorbance maximum. Also, a factor in the wavelength selection was the laser choices
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for the lifetime measurements. It was desirable to determine both emission spectra
and lifetimes using the same excitation wavelength. For this reason, excitation was
chosen at 340 nm. To record the whole emission spectra, monitoring wavelengths
were chosen from 350 to 700 nm. All excitation spectra were recorded from 240
nm to 500 nm and monitored at the emission maximum. For all measurements the
excitation and emission monochromator slits were set to 1 nm width and quartz
fluorescence cuvettes were used. The excitation and emission spectra were recorded
using Edinburgh Instruments FLS1000 spectrometer.

The lifetimes of the samples were determined using time correlated single photon
counting -technique. The measurements were performed using PicoQuant PicoHarp
300 TCSPC system. The samples were excited using both 340 nm and 375 nm

excitation.

Emission quantum yield measurements

A concentration series was prepared to determine emission quantum yields for the
compounds. 9,10-Diphenylanthracene (DPA) was chosen for reference compound
and solutions with roughly 0.03, 0.05, 0.07 and 0.1 absorbances were prepared from
cyclohexane. For the reference compound, the emission quantum yield was pre-
sumed to be unity. All sample solutions (BpCz, BpCzPy, BpCzdPy, BpCzIl, and
BpCzdl) were prepared in DCM with similar concentration series. The absorbance

and emission of these solutions were measured as mentioned previously.

Total emission intensities were determined by integrating the emission spectra. Plot-
ting the emission intensities as a function of absorbance enabled to determine the
emission quantum yields using Equation (2.4). An example of the linear fitting in

the determination of the quantum yields is presented in the results section.

Titration series

Several titration series were prepared in order to investigate non-covalent bonding
in solution and its effects on emission modulation. Titration series were prepared
starting with 10 uM solutions of the samples in DCM. 5 ml of the solutions were
titrated with pentafluoroiodobenzene, phenol and benzenesulfonic acid. In between
each addition, the emission and absorption spectra, as well as excited-state lifetimes
of the solutions were recorded. The structures of the additives are presented in
Figure 3.8.
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Figure 3.8 The structures of a) pentafluoroiodobenzene b) phenol ¢) benzenesulfonic acid
and d) pyridine used in the titration series.

Pentafluoroiodobenzene (PFIB) is a commonly used XB donor that was used in this
thesis to form halogen bonding to the pyridyl group of the BpCzPy and BpCzdPy.
The carbazole core enhances the Lewis basic character of the pyridyl group and
therefore strengthens the halogen bond. [19] Phenol is a weak acid that can be used
as an HB donor molecule, while the pyridine compounds act as acceptor molecules.
Benzenesulfonic acid (BSA), however, is a strong acid that could possibly interact
with the pyridine compounds forming an ion-pair hydrogen bond or protonation of
the pyridyl group. One titration series was also performed using BpCzI and BpCzdI
as XB donors. In these compounds, the iodine atom is not very highly polarized,
but could still form weak halogen bonding. The series was prepared using pyridine

as the XB acceptor.

3.3.2 Films

Polymer-chromophore films were prepared from various polymers mentioned in sec-
tion 3.1. Since some of the polymers are highly polar due to their side groups, DCM
was not a suitable solvent for all of the films. A compromise was made, and BpCzdPy
was ruled out from the film studies due to its many solubility issues. PVPh and
PS have very different properties, and a common solvent for both of these polymers

and all the samples was not found.
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Polar polymers (PVPh, PAVP, and PSS) were dissolved in dimethylformamide (DMF),
whereas the nonpolar polymer (PS) was dissolved in tetrahydrofuran (THF). BpCz,
BpCzPy, and BpCzI were all soluble in these solvents, even in high concentrations.

BpCzdPy was not soluble at all, and BpCzdI only in small concentrations.

A polymer stock solution was prepared in 6 mol-% concentration in comparison to
the solvent. This value was kept constant throughout the experiments. A mole
percent can be defined as the percentage of the total moles in the solution. In
polymer solutions, the amount of substance is determined based on the molar mass
of the monomer unit. A few milligrams of the sample was weighted and polymer

stock solution added to that according to the desired concentration.

The films were prepared onto quartz substrates. The substrates were cleaned using
a sonicator. At first, the samples were sonicated with chloroform for 10 min, then
with isopropanol and lastly with Milli-QQ water for 10 minutes. The substrates were
dried with Ny. After this, the polymer-chromophore solutions were spin coated onto

the quartz substrates. The program used for the spin coater is presented in Table 3.1.

Table 3.1 The spin coating program used in the preparation of polymer-chromophore films.

Speed ‘ Acceleration ‘ Time ‘ Added volume
3000 rpm | 3000 rpm/s | 30s | 80-200 p 1

All the films were characterized using absorption and emission spectroscopy as well
as TCSPC. The film surface was studied using optical profilometer to determine the
film thickness and digital holographic microscope to study the surface roughness of

the samples.
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4. RESULTS AND DISCUSSION

This chapter presents the experimental data obtained during the implementation of
this thesis. The compounds presented in the materials section were first character-
ized in solution. Interactions due to non-covalent bonding in solution were studied
with several titration series, which are all described here. The compounds are also
characterized in the solid-state and the effects of non-covalent bonding are studied

in polymer matrices.

4.1 Characterization of carbazole derivatives in solution

This section presents all the results from the experiments done in solutions. These
include characterization using basic spectroscopic methods, lifetime measurements,

determination of emission quantum yields and the results from the titration series.

4.1.1 Carbazole derivatives in solutions

The characterization of the aforementioned compounds was performed first using
absorption spectroscopy. The molar absorption coefficients for the samples were
determined by preparing solutions with precise concentration and measuring the
absorbances of the samples. The molar absorption coefficients of BpCz, BpCzPy,
BpCzdPy, BpCzI, and BpCzdl are presented as a function of the wavelength in
Figure 4.1.

All the carbazole derivatives absorb light in the UV-region of the spectrum. The ab-
sorbances of the samples are very similar in a way that three absorption bands occur
in all of the samples. In both pyridine and iodine cases, the addition of a new group
to the carbazole core increases the absorbance of the sample. The absorption band
around 300 nm for BpCzPy and BpCzdPy can be localized on the pyridylcarbazole
donor based on time-dependent density functional theory calculations (TDDFT)
carried out by Rajamalli et al. [33] The band at 340 nm can be assigned to the

intramolecular charge transfer from the carbazole moiety to the benzophenone. [33|



4.1. Characterization of carbazole derivatives in solution 34

a) s b)
——BpCz ——BpCz
] —— BpCzPy 3 — BpCaz|
—— BpCzdPy —— BpCazdl
ﬁE 4 TE T
()
i To 2 —
= ] =
W‘g VO -
o2 - =
W W 1 —
O ) I ) l ) l L) 0 ) I ) l L] l L]
250 300 350 400 450 250 300 350 400 450
A (nm) A (nm)

Figure 4.1 The molar absorption coefficients € of the carbazole derivatives as a function
of the wavelength X.

The addition of an iodine to the carbazole core increases the absorbance while shift-
ing it to the higher wavelengths. Going from BpCz to BpCzI and BpCzdl, the ab-
sorbance band around 300 nm becomes more distinct and a new absorbance shoulder
develops at 340 nm. In the case of BpCzdl, this shoulder increases even more and

changes the shape of the spectrum.
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Figure 4.2 The emission intensities (a.u.) of the carbazole derivatives as a function of
wavelength \. The samples were excited at 340 nm.

The emission spectra of the samples are presented in Figure 4.2. All the compounds
show broad emission spectra in DCM. BpCz has an emission maximum M\, at
487 nm, whereas BpCzPy has an emission maximum at 481 nm and BpCzdPy at
473 nm. The addition of pyridyl group slightly lowers the emission wavelengths
and decreases the emission intensity due to the electron-withdrawing nature of the

pyridyl ring.
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Similar effects can be observed in the case of the iodine compounds. BpCzI has an
emission maximum \,,,, at 478 nm and the BpCzdI at 475 nm. Heavy atoms in a
molecule promote intersystem crossing, thus increasing the phosphorescence quan-
tum yield. This can be seen as a decrease in the emission since the phosphorescence

is readily quenched by atmospheric oxygen. [4]
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Figure 4.3 The results of emission lifetime measurements of a) BpCz b) BpCzPy c)
BpCzdPy and d) BpC=zI in DCM solutions using excitation at 340 nm.

The emission lifetimes of the samples were determined using TCSPC. All the life-
times of the compounds in solution were determined using biexponential convolution
integral to fitting of the data. BpCz has an emission lifetime of 6.1 ns (78 %) and 1.1
ns (22 %). BpCzPy has lifetimes of 4.0 ns (72 %) and 1.2 ns (28 %), BpCzdPy 2.8
ns (53 %) and (47 %), and lastly, BpCzI 5.4 ns (98 %) and 0.7 ns (2 %). The emis-
sion lifetime of BpCzdl compound was not determined due to its very low emission

intensity.
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Determination of emission quantum yield

The emission quantum yields of the compounds were determined in DCM using
a concentration series and linear fitting. Exact absorbances and integrated total
emission intensities were used in the calculation of the slope, the values of which are
listed in Table 4.1. The table also lists the refractive indices of the used solvents
and the calculated emission quantum yields. An example of the linear fitting of the

data is presented in Figure 4.4.

Table 4.1 The value of the slope of the linear fit of emission intensity against absorbance,
solvent refractive indices, and emission quantum yields of the carbazole derivatives.

Sample Slope Refractive index (solvent) Quantum yield
9,10-Diphenylanthracene 13.53 1.4242 100.0 %
BpCz 3.53 1.4235 26.1 %
BpCzPy 2.57 1.4235 19.0 %
BpCzdPy 2.08 1.4235 15.3 %
BpCzl 1.66 1.4235 12.0 %
BpCzdl 0.63 1.4235 4.55 %
15 —{ A BpCz
®  BpCzPy
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Figure 4.4 An example of the linear fitting used in determination of the emission quantum
yields, where intensity I of the emission is plotted against absorbance (A) of the sample at
the excitation wavelength 340 nm.

By using equation (2.4) the emission quantum yield of BpCz was determined as
0.26, BpCzPy 0.19, BpCzdPy 0.15, BpCzI 0.12 and BpCzdI 0.05. Room temper-
ature phosphorescence from organic compounds is rare and nearly non-existent in
solution. Therefore, the observed quantum yield can be assumed to be fluorescence

quantum yield. The quantum yields of the samples decrease with the addition of
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pyridyl or iodine groups to the carbazole core. This is assigned to the increase in

phosphorescence quantum yield, which is not observed due to oxygen quenching. [4]

4.1.2 Pentafluoroiodobenzene titration series

The titration series was performed to study non-covalent bonding in solution. The
structure of PFIB is presented in the experimental section in Figure 3.8 and the
absorption spectrum in Figure 4.5. The results of the absorbance measurements
with the addition of PFIB are presented in Figure 4.6. In BpCz spectra, the changes
occur in the region of PFIB absorbance. Since PFIB has no interaction with BpCz,
it should not affect the absorbance bands out of PFIB absorbance region. Therefore,
the absorbance previously assigned to intramolecular charge transfer from carbazole

to benzophenone remains the same.
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Figure 4.5 The absorbance (A) of PFIB as a function of wavelength (\).

The absorbance of BpCzPy and BpCzdPy experience similar changes in their spec-
tra. The intensity of the spectra increases with the addition of PFIB and both
spectra have an isosbestic point around 340 nm. In both BpCzPy and BpCzdPy
spectra, a new absorbance band appears around 380 nm, which can be assigned to

intramolecular charge transfer to the pyridine moieties after halogen bonding.

The results of the emission measurements of the titrated solutions are presented in
Figure 4.7. The addition of PFIB to BpCz solution resulted in no changes in the
small concentrations. After a significant addition of PFIB, the emission intensity
of BpCz decreased slightly. BpCz compound has no halogen-bond acceptor moiety,
and thus, should have no interactions with PFIB. The increasing PFIB absorbance
reduces the BpCz absorbance and therefore the addition of PFIB shows up as a
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Figure 4.6 Absorbances of the titration series with pentafluoroiodobenzene.

decrease in the emission intensity of the solution. The emission maximum remained

at roughly the same position and no spectral shifts occurred.

In the case of BpCzPy and BpCzdPy samples, the emission intensity increases with
the addition of PFIB. The differences in the increase can be seen from Figure 4.7d.
This figure presents the relative integrated emission intensity change as a function
of the added PFIB concentration. Each measurement point represents the change
in emission intensity that occurs in respect to the zero PFIB concentration point.
The emission intensity of BpCzdPy increases more significantly than in the case of
BpCzPy, though both experience an increase that behaves in the same manner. In

the case of BpCzdPy, the emission maximum also experiences a blue-shift of 25 nm.

The increase in emission intensity seems to be linear having two different slopes. At
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Figure 4.7 Emission intensities of the titration series with pentafluoroiodobenzene. Figure
d) presents the integrated relative intensity change.

first, the intensity increases very rapidly until the change slows down, still upholding
its linear form. BpCzPy is able to form halogen bonding with the iodine in PFIB.
Halogen bonding in these systems induces intramolecular charge transfer, which
modulates the emission properties of the system. This has been previously shown
in literature. [19] In the case of BpCzdPy, there are two halogen bond-acceptor
moieties, it having two pyridyl groups. Therefore, the increase is roughly twice as
high.

Lifetimes of the samples were studied during this titration series. Changes in the
quantum yields and the longest component of the lifetime are presented in Fig-
ure 4.8. Both components of the lifetime and their percentages are presented in the

Appendix A. The lifetime of BpCz increases approximately 0.5 ns, which approaches
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Figure 4.8 Lifetimes and quantum yields of the titration series with pentafluoroiodoben-
zene. Samples were excited at 340 nm.

the instrument resolution, whereas BpCzPy remains the same and BpCzdPy life-
time increases 1.5 ns. The excited-state lifetime is characteristic to a compound and
changes in the lifetime indicate changes to the light emitting molecule. In this case,

the changes are quite small and inconclusive.

The absorbance and emission measurement results were used to determine the
changes in the emission quantum yield while titrating with PFIB. The emission
quantum yields in these titration series are determined from one measurement point
and are not as accurate as the linear fitting method. The effects of PFIB absorbance
are visible in the BpCz emission spectra and it plays a role in the determination of
the quantum yield as well. QY of BpCz has little to no change with the addition
of PFIB. BpCzPy and BpCzdPy however, experience a significant increase in their
quantum yields. BpCzPy quantum yield increases from 0.18 to 0.38 and BpCzdPy

from 0.13 to 0.56 experiencing the greatest relative increase.

4.1.3 Phenol titration series

The results of titration series performed with using phenol are presented in Fig-
ure 4.9. At first, with a low concentration of phenol, there were no visible changes
in the emission intensity of the samples. A significant increase in the phenol concen-
tration of the solution resulted in a linear decrease in the emission intensity of all
the samples. This is shown in Figure 4.9d where the relative change in the emission

intensity is plotted against the added phenol concentration.
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Figure 4.9 The emission spectra of a) BpCz b) BpCzPy and c¢) BpCzdPy while titrated
with phenol. Figure 4.9 d) presents the relative emission intensity change as a function of
phenol concentration. Samples were excited at 340 nm.

Phenol is a weak acid and its protonation is incomplete. It is more likely, that
it will form hydrogen bonding with electron withdrawing atoms than form ionic
interactions. The changes that occur during the addition of phenol are identical for
all the samples. This indicates that hydrogen bonding with these compounds has
no significant effects on the emission modulation. Also, no spectral shifts are visible
with any of the samples. The decrease in the emission intensity of the samples is
due to general solvent effects, rather than specific ones. Meaning that the addition
of phenol to DCM solution changes the solvent properties to extent that results in

a decrease in the emission intensity.

In the previous case, the absorbance of the PFIB lowered the emission intensity
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Figure 4.10 The molar absorption coefficient (€) of phenol as a function of wavelength
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with increasing PFIB concentration. Phenol however, does not absorb light at the
excitation wavelength 340 nm as do the carbazole derivatives, and the decrease in
the emission intensity is not affected by that. The molar absorption coefficient of

phenol is presented in Figure 4.10 as a function of wavelength.

4.1.4 Benzenesulfonic acid titration series

Benzenesulfonic acid is a strong acid and the effects observed in the titration series
are presumably from the protonation of the carbazole derivatives. BpCz has a
carbonyl group which can be protonated, whereas BpCzPy and BpCzdPy have an
additional one or two pyridyl groups with electron lone pairs. The changes in the

absorbance of the samples while titrating with BSA, are presented in Figure 4.11.

The addition of BSA to BpCz solution seems to have little to no effect on the
absorbance. However, absorption spectra of BpCzPy and BpCzdPy change signifi-
cantly. BpCzPy has three isosbestic points at 308, 327 and 354 nm. The changes in
the absorption bands are indicated with arrows in the figure. After BSA achieves
20 uM concentration, the changes in the spectrum are less significant. Similar trend
occurs with BpCzdPy. It has one isosbestic point at 340 nm, absorption bands at
260, 300 and 325 nm decrease, whereas bands at 348 and 380 nm increase while the

BSA concentration increases.

The results of the emission measurements of the titration are presented in Fig-

ure 4.12. BpCz shows a slight decrease in the emission intensity. BpCz has only
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Figure 4.11 Absorbances of the titration series with benzenesulfonic acid.

the benzophenone carbonyl which is available for protonation, whereas BpCzPy and
BpCzdPy have also pyridyl groups. The interaction observed in the case of BpCz
is most likely due to changes in the solvent or hydrogen bonding to the carbonyl
group. Although, with phenol titration series, no effects could be associated with
hydrogen bonding.

In the case of the pyridine samples, the emission intensity increases significantly.
The increase in the emission intensity is due to intramolecular charge transfer in
the carbazole derivatives. For BpCzPy, the emission intensity increases until the
BSA concentration reaches 20 uM. At this point, the concentration is twice the
concentration of BpCzPy. The protonation of the pyridyl group induces the first
increase of the emission intensity up to 10 uM concentration of BSA. At this point,

all the pyridyl groups are protonated and the additional increase in the emission
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Figure 4.12 Emission intensities of the titration series with benzenesulfonic acid. Figure
d) presents the integrated relative emission intensity change. Samples were excited at 340
nm.

intensity is due to BSA interaction with the carbonyl group. Without the pyridyl
group, the interaction with the carbonyl decreases emission intensity, but with the
protonated pyridyl, the emission intensity increases significantly. This might be
due to a solvation effect on the carbonyl, which is decreased after a charge transfer

induced by the protonation of the pyridyl group.

BpCzdPy experiences even more significant increase in the emission intensity until
BSA concentration reaches 30 pM. At this point, both of the pyridyl groups are
protonated and the emission intensity is increased even further because of BSA in-
teraction with the carbonyl. In case of PFIB, it shows no saturation even though the

used concentration goes up to five hundred times the concentration of the carbazole
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derivative, but perhaps with larger concentrations the saturation would occur. BSA
however, does show saturation, and the emission intensity increase is stoichiomet-
ric depending on how many pyridine and carbonyl groups the molecule possesses.
With PFIB, there is no resemblance to stoichiometry in the relative integrated emis-
sion intensity change. BpCzdPy emission also shows a blue-shift of 50 nm, which
is twice as large as for the PFIB. The effects of ionic interactions are significantly
higher with very low concentrations in comparison with the halogen-bond-assisted
emission modulation. Using 10 M concentration of the benzenesulfonic acid, which
is the initial concentration of the carbazole, we obtain similar results as with PFIB

using five hundred times larger concentration.
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Figure 4.13 Lifetimes and quantum yields of the titration series with benzenesulfonic acid.
Samples were excited at 340 nm.

Lastly, Figure 4.13 presents the changes in the longest component of the excited-
state lifetime and quantum yield of the samples. BpCz experiences no changes in
the lifetime or the emission quantum yield. BpCzPy has an increase of 0.5 ns in
the excited-state lifetime and extremely high increase in the emission quantum yield
from 0.18 to 0.93. BpCzdPy has also a significant increase in the quantum yield from
0.12 to 0.73. Lifetimes with both components and their percentages are presented
in the Appendix A.
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4.1.5 Pyridine titration series

The absorption spectra of the carbazole iodine derivatives titrated with pyridine are
presented in Figure 4.14. The absorbance of BpCz increases below 300 nm with
the addition of pyridine. For BpCzIl, the case is similar, but there is also a slight
increase in the absorption band around 340 nm. BpCzdl has two significant bands
at 300 and 340 nm, which are both increased with the addition of pyridine to the
solution.
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Figure 4.14 Absorbances of the titration series with pyridine.

The results of the emission measurements are presented in Figure 4.15. The emission
intensity of BpCz decreases slightly with the increasing pyridine concentration. The
changes are minor and due to general solvent effects. In the case of BpCzI, the

emission intensity increases as pyridine concentration increases. This is most likely
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due to halogen bonding. In this case, the BpCzI is the halogen bond donor and
the added pyridine acts as an acceptor. A similar increase in the emission intensity
of BpCzdl can be observed. In contrast to previous cases, the relative intensity
change is greater for BpCzl than BpCzdl. None of the cases show saturation and
the halogen bonding seems to have a weak effect on the intensity. The relative

emission intensities are presented in Figure 4.15 d.
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Figure 4.15 Emission intensities of the titration series with pyridine. Samples were
excited at 340 nm.

The changes in the emission quantum yields and lifetimes of the samples are pre-
sented in Figure 4.16. The lifetime of BpCz decreases only 0.2 ns, which approaches
the resolution of the TCSPC system. The quantum yield of BpCz has no change
during the titration. For BpCzl, lifetime decreases 0.5 ns and the quantum yield
increases 0.03 units. For BpCzdl, these values increase approximately 0.8 ns and

0.02 units. The lifetimes of the samples are also presented in a table in Appendix A.
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Figure 4.16 Lifetimes and quantum yields of the titration series with pyridine. Samples
were excited at 540 nm.

From these results, one can determine that the benzophenone carbazole derivatives

are much stronger halogen bond acceptors than they are donors. If we were to use

iodoasetylene instead of iodine in the carbazole derivatives as was initially planned,

we would have had a stronger halogen-bond donor and most likely obtained greater

changes in the results. But unfortunately, the synthesis of this compound turned

out to be difficult. Still, the protonation shows most significant interaction resulting

in an extremely high increase in the emission intensity.
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4.2 Non-covalent bonding in films

The pyridine compounds were characterized both in a reference matrix (PS) as well
as hydrogen bond donor matrix (PVPh). The characterization of the films was done
using 1 mol-% carbazole concentration for all the samples. Absorbance and emission

spectra of BpCz and BpCzPy are presented in Figure 4.17.
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Figure 4.17 Absorbance and emission intensities of BpCz and BpCzPy in PS and PVPh
films. Samples were excited at 340 nm.

All the samples absorb light in the UV region of the spectrum. In both cases, the
spectrum displays features characteristic for the polymer matrix that are similar for
BpCz and BpCzPy. Also, in both polymers, the absorbance of BpCzPy is higher
than BpCz. In the case of the pyridine sample, the absorbance is more efficient in

the reference polymer than the hydrogen bond donor.

The same trend continues in the emission spectra. The PS samples have stronger
emission intensities than PVPh samples. Contrary to the solutions, BpCzPy has
also higher emission intensities in both PS and PVPh samples than BpCz.

The iodine samples were characterized in PS and P4VP polymer matrices. P4VP was
presumed to act as a halogen bond acceptor and the carbazole derivatives as halogen
bond donors. The absorbance and emission spectra of the iodine compounds are
presented in Figure 4.18. P4VP samples have very low absorbances at the excitation
wavelength (340 nm), though experience relatively high emission intensities. In
P4VP, BpCzI has higher absorbance and emission than BpCzdl. In PS samples,
both absorbance and emission are nearly identical for BpCzIl and BpCzdI. Lower

BpCzdI absorbance and emission might be due to the worse solubility of BpCzdlI to
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Figure 4.18 Absorbance and emission intensities of BpCzI and BpCzdl in PS and P4 VP
films. Samples were excited at 340 nm.

polymer solutions.

Overall, the halogen bonding seems to affect the polymer-chromophore complex,
since the very low absorbances result in relatively high emission intensities, even
though the heavy-atom effect and oxygen quenching presumably reduce the fluores-

cence.

4.2.1 Concentration series of thin films

Similar films that were described in the previous section were prepared as a con-
centration series to further study the effect of non-covalent bonding to the polymer
matrix. Figure 4.19 presents the absorption and emission intensities of BpCz and
BpCzPy in 2 to 40 mol-% concentrations relative to the PVPh concentration. The
absorbance of both BpCz and BpCzPy increase linearly with the increasing chro-
mophore concentration with few deviations. In both cases, while the chromophore
concentration increases, the features in the spectra become more defined. The lin-

earity of the increasing absorbance can be seen from Figure 4.20.

The emission of the BpCz:PVPh samples maintains its linear increase. It experiences
a slight red-shift of 17 nm until the 15 mol-% concentration, and then the emission
is shifted to lower wavelengths, the final maximums being 459, 447 and 445 nm. A
similar occurrence can be observed for the BpCzPy, except that there is no significant
red-shift. For BpCzPy, the emission intensity no longer follows the linear form but

shows more of a saturation (Figure 4.20).
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Figure 4.19 Absorbance and emission intensities of the concentration series of a) BpCz
and b) BpCzPy in PVPh films. Samples were excited at 340 nm.

A similar concentration series was performed for the iodine compounds. The results
of the series are presented in Figure 4.21. The shape of the absorption spectra of
BpCzI produces distinct features belonging to the BpCzI while the concentration
increases. At 20 mol-% concentration, the absorbance suddenly drops due to phase
separation and keeps getting lower with increasing BpCzI concentration. Similar
effects can be expected for the BpCzdI, but due to solubility issues, this saturation

point was not obtained.

The emission of the samples follows the same trend as the absorbance. For BpCzI, it
increases until 10 mol-% concentration, experiences a 15 nm blue-shift and decreases
while the concentration increases. Overall, the emission of the iodine compounds is

lower than the pyridine compounds in both solution and solid-state. The results of
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Figure 4.20 The changes in the absorbance and integrated emission intensities during the
concentration series. The results are scaled to fit into the same figure.

the higher concentration films might not be reliable, since there was visible phase
separation at least in samples 20-40 mol-% in the case of BpCzI. For BpCzdl, all the
samples showed phase separation. When the sample shows phase separation, the
film is no longer homogenous and the measurement position can significantly affect
the result.
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Figure 4.21 Absorbance and emission intensities of the concentration (mol-%) series of
a) BpCzI and b) BpCzdl in P4VP films where. Samples were excited at 340 nm.

Determination of film thickness using optical profilometer

Film thickness was studied using an optical profilometer. The 3D images of some of
the films with different concentrations are presented in Figure 4.22. The measured

samples were BpCz and BpCzPy samples from 2 to 20 mol-%.

In these images, blue represents the surface of the quartz substrate that was covered
with a tape while spin-coating, the sudden rise (light green to red) is the solution
that was packed against the edge of the tape and the green part is the surface of the
film. From these 3D images, the thickness of the films can be determined to be from
roughly 160 to 180 nm. Also several samples were measured using DHM to study

their surface roughness. The results are presented in Figure 4.22d. The "spikiness"
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Figure 4.22 Optical profilometer measurements of carbazole derivatives a) BpCzPy 2
mol-% b) BpCzPy 6 mol-% c¢) BpCz 20 mol-% d) results of DHM measurements of
BpCzPy:PVPh samples with roughness parameters S,, Sy, Spu and Ssk.

and the asymmetry if the surfaces displays no significant variation between different
samples. The average and root mean square values show more deviation, but no clear
trend with the increasing concentration. From these measurements, no significant

differences between samples with concentration differences can be determined.

4.2.2 lonic interactions in films

Due to the results obtained from the titration series performed using BSA, poly(styre-
nesulfonic acid) films were prepared hoping to observe similar effects in the solid-
state. The absorbances and emission intensities of PSS samples are presented in
Figure 4.23. The BpCzPy:PSS samples, in comparison with PVPh samples (4.19),
have broader absorbance starting as high as 500 nm. The intensity of the absorbance
remains similar to that of PVPh samples. BpCz in PSS had only minimal light ab-

sorption.
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Figure 4.23 Absorbance and emission intensities of BpCz and BpCzPy in PSS films.
Figure b) presents only the emission intensities of BpCzPy in PSS at different BpCzPy
concentrations (mol-%). Samples were excited at 340 nm.

The emission intensities of the BpCz samples were not measured due to the very

low absorbance. BpCzPy samples, however, present very high emission intensities

compared to the previous films. The maximum varies from 560 nm to 550 nm, which

is also roughly 100 nm higher in wavelength than PS or PVPh films. Unfortunately,

the samples were not stable under illumination, but the emission intensity decreased

rapidly while exciting the sample. Lifetimes of the PSS concentration series are
presented in Table 4.2.

Table 4.2 Lifetimes (ns) of PSS samples with various BpCzPy concentrations (mol-%).

Concentration (mol-%) BpCzPy
1 72 73
2 18.8 (25%) 4.4 (34%) 1.1 (41%)
6 14.9 (15%) 4.6 (32%) 1.0 (53%)
10 15.1 (16%) 4.1 (36%) 0.8 (48%)
20 158 (21%) 5.2 (36%) 1.1 (43%)
30 142 (17%) 4.4 (38%) 1.1 (45%)

The longest component of the lifetime of the PSS samples decreases with the increas-

ing chromophore concentration. The second and third components remain relatively

the same during the concentration increase.
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Stability studies in solid-state

PSS samples showed rapid degradation under illumination, so the effect was further
studied by performing various measurements with a few samples. In Figure 4.24,
the degradation process is illustrated. Figure 4.24 presents several measurements
performed in 30 minutes under continuous irradiation. The starting intensity was
200 000 counts/s, from which the intensity decreased 60 % during the first 30 minutes

of irradiation.
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Figure 4.24 Stability studies of PSS samples. a) presents the change in emission intensity
of the sample under continuous irradiation and b) displays the same set of measurements
as a function of time. c¢) and d) presents the same measurements for a different sample
and d) also presents the value of the emission intensity after a relazation until the next
day. Samples were excited at 340 nm.

The sample S89-BpCzPy:PSS was excited using 340 nm light and several emission
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scans were measured keeping the sample under continuous irradiation. After this,
the sample was left in the dark chamber overnight the ensure same measurement
position and another emission scan was measured. The decrease in the emission
intensity is described in Figure 4.24 d. The emission intensity neither returns to its

initial value even after relaxation overnight nor does it decrease.

The optical properties of the sample are only decreased when the sample is under il-
lumination. This suggests that the degradation process is due to the excitation of the
sample. The sample was further studied to determine a reason for the photodegra-
dation performing absorption and lifetime measurements. These results remained
the same during 30 minutes of irradiation. The fact that the absorbance of the
sample remains the same, even though the emission intensity decreases, suggests
that the change occurs in the excited state of the sample only. Though, from the
lifetime measurements, it was determined that the excited-state lifetime remained
the same. It could also be that the excitation sources of the transient absorption
spectrophotometer and the laser of the TCSPC system were not as powerful as the

fluorimeter excitation source to study the degradation.

The sample was also studied using Fourier transform infrared spectroscopy (FTIR)
to see possible structural changes before and after illumination, but the results
remained the same. The IR spectra of the sample before and after irradiation are

presented in Appendix B.
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5. CONCLUSIONS AND OUTLOOK

Organic phosphorescent emitters are rare and usually based on toxic organometallic
materials. This thesis investigates carbazole-based non-covalent bond acceptor and
donor molecules as possible blue-light emitters with possibilities to even modulate
the emission wavelength and intensity by non-covalent complex formation. The
modulation of emission is affected by non-covalent bonding between the emitter and
an additive compound. The effect of this modulation was studied both in solution

and polymer-chromophore matrices.

The main focus of this thesis was to study the emission modulation of carbazole
derivatives using non-covalent bonding. Carbazole is known as highly emitting ma-
terial commonly used in blue-light emitting devices. Here, benzophenone-carbazole
was used as a reference compound and two compounds with pyridyl substituents
were characterized as HB and XB acceptors. In addition to that, two compounds
with iodine substituents were characterized as XB donors. Having one or two sub-
stituents enabled to distinguish the extent of the effect induced by non-covalent
bonding. All the compounds were characterized using absorption and emission spec-

troscopy as well as TCSPC.

The effects of non-covalent bonding to the carbazole derivatives were most clearly
observed in solution. Halogen bonding to the carbazole derivatives, using pyridine
compounds as XB acceptors resulted in a significant increase in the emission in-
tensity of the emitter. The halogen-bond induced intramolecular charge transfer is
enhanced by the electron-rich carbazole core by increasing the electron density of
the pyridine acceptor moieties. Similar results with even more significant effects
could be observed with ionic interactions where pyridine compounds were proto-
nated. These experiments also resulted in significant increases in emission quantum
yields, BpCzPy achieving 0.93 QY due to protonation. Both pyridine compounds
could be exposed to emission color change upon complexation with HB and XB
donors. A weak hydrogen bonding to these pyridine compounds did not affect the

emission properties.

The iodine compounds were studied as XB donor molecules in a similar fashion.
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This also resulted in emission intensity increase, but much less significant than with
the pyridine compounds. From these solution experiments, it was concluded that
the pyridine compounds are much stronger HB and XB acceptors than the iodine
compounds are XB donors. Also, the emission intensity can be effectively modu-
lated through halogen bonding and very strong hydrogen bonding or protonation in

solution.

The compounds were studied as possible materials for tunable light emitting de-
vices and therefore were also characterized in the solid state. In the solid state, the
effects of non-covalent bonding led to similar results as in solution, but the effects
were not as distinct. The effect of protonation was also studied in solid-state with
poly(styrenesulfonic acid) polymer. Again, it conveyed similar results as the solu-
tion studies, but unfortunately, these films were not photostable. Overall, the film
thicknesses had only slight variation and were relatively planar using a spin-coating
method.

The results of this study suggest that halogen bonding increases the emission in-
tensity of organic compounds due to halogen-bond induced charge transfer and can
be used to tune the luminescence of organic compounds. Also, protonation of the
compound can be used to modify the charge distribution and enhance the emission
intensity. The protonation is highly dependent on stoichiometry and the interactions
are easier to predict than in the case of halogen bonding. In both cases, the emission
wavelength can also be tuned by controlling the intermolecular interactions. These

can also be used to increase the emission quantum yield of organic compounds.

The results of this study raise further interest to study the behaviour of organic com-
pounds in solution and the changes in their luminescence induced by non-covalent
bonding. This study could be taken further to perform more titration series using
multiple acids with similar structures but various dissociation constants. In this
way the process of protonation could be studied step by step. Additionally, X-ray
crystallography could be used to confirm the presumptions drawn from these results.
Halogen bonding could also be studied in similar way by varying the strength of the

XB donor molecule.
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APPENDIX A

Table 1 Lifetimes of BpCz, BpCzPy and BpCzdPy with various PFIB concentrations (mM).

component are also presented in Figure 4.8.

The changes in the lifetime of the longest living

[PFIB] (mM) BpCz BpCzPy BpCzdPy
0 1.33 (14%) 5.03 (86%) 3.77 (76%) 1.62 (24%) 3.10 (36%) 1.63 (64%)
0.2 1.19 (14%) 4.99 (36%) | 3.72 (77%) 1.46 (23%) | 3.45 (33%) 1.65 (67%)
0.4 2.07 (17%)  5.22 (83%) | 3.77 (77%) 1.42 (23%) | 3.95 (33%) 1.68 (67%)
0.6 - - 3.78 (78%) 1.42 (22%) | 4.16 (37%) 1.72 (63%)
0.8 01 (16%) 5.23 (84%) | 3.80 (80%) 1.37 (20%) | 4.26 (44%) 1.71 (56%)
1 - - 3.74 (83%) 0.86 (27%) | 4.40 (51%) 1.74 (49%)
2 1.91 (19%) 5.35 (81%) | 3.82 (83%) 1.38 (17%) | 4.38 (63%) 1.64 (37%)
3 5.43 (80%) 1.77 (20%) | 3.85 (83%) 1.58 (17%) | 4.47 (70%) 1.80 (30%)
4 5.54 (79%) 1.63 (21%) | 3.72 (89%) 0.57 (11%) | 4.13 (43%) 2.18 (57%)
5 i i 3.72 (93%) L1 (7%) | 4.22 (27%) 2.39 (73%)

79



Table 2 Lifetimes of BpCz, BpCzPy and BpCzdPy with various BSA concentrations (uM).

component are also presented in Figure 4.13.

The changes in the lifetime of the longest living

[BSA] (uM) BpCz BpCzPy BpCzdPy
0 5.35 (87%) 1.54 (13%) 3.76 (77%) 1.72 (23%) 3.99 (26%) 1.56 (74%)
2 5.30 (87%) 1.54 (13%) | 3.78 (82%) 1.15 (18%) | 4.55 (43%) 1.67 (57%)
4 5.27 (87%) 1.68 (13%) - - - -
6 5.32 (86%) 1.54 (14%) | 3.90 (86%) 1.09 (14%) | 4.57 (63%) 1.68 (37%)
8 5.45 (83%) 1.87 (17%) - - - -
10 5.52 (80%) 1.98 (20%) | 3.97 (88%) 1.01 (12%) | 4.53 (68%) 1.81 (32%)
20 5.30 (82%) 1.60 (18%) | 4.0 (91%)  0.88 (9%) | 4.28 (38%) 2.30 (62%)
30 5.42 (81%) 1.23 (19%) | 4.0 (90%) 0.81 (10%) | 3.81 (32%) 2.28 (68%)
40 5.43 (81%) 1.35 (19%) | 4.01 (88%) 0.82 (12%) | 4.07 (27%) 2.29 (73%)
50 5.50 (80%) 1.91 (20%) | 4.04 (88%) 0.97 (12%) | 4.0 (30%) 2.24 (70%)
60 5.48 (78%) 1.51 (22%) - - ) )

V XIANHddV

99



Table 3 Lifetimes of BpCz, BpCzPy and BpCzdPy with various pyridine (Py) concentrations (mM). The changes in the lifetime of the longest
living component are also presented in Figure 4.16.

V XIANHddV

[Py] (mM) BpCz BpCzPy BpCzdPy
71
0 6.20 (66%) 0.98 (34%) 5.60 (25%) 0.70 (75%) 1.98 (2%) 0.43 (98%)
1 6.21 (66%) 0.97 (34%) | 5.74 (25%) 0.72 (75%) | 5.19 (4%) 0.43 (96%)
5 6.15 (66%) 0.94 (34%) | 5.58 (27%) 0.67 (73%) | 5.54 (4%) 0.4 (96%)
10 6.10 (67%) 0.95 (33%) | 5.60 (31%) 0.70 (70%) | 5.65 (5%) 0.47 (95%)
15 6.02 (66%) 0.99 (34%) | 5.47 (35%) 0.71 (65%) | 5.85 (6%) 0.49 (94%)
20 - - 5.46 (41%)  0.73 (59%) | 5.69 (8%)  0.49 (92%)
30 - ; 5.49 (13%) 0.52 (87%)
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APPENDIX B
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Figure 1 IR spectrum of BpCzPy:PSS sample before illumination

L9



%T

1004

q XIANHddV

1652, 88cm-
1597 &4cm-1

1457, 41em-1

1472, 71em-1
1486,7Tem-1

652,52cm-1

896, 71cm-1

776.53cm-1

28
4000

3500

3000 2500 2000 1500 1000 650
cm-1

Figure 2 IR spectrum of BpCzPy:PSS sample after 30 minutes of illumination
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