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ABSTRACT

In this work, the principles of theoretical density functional theory are briefly discussed first,
together with the method of searching for lowest-energy structures of molecules and predicting
the spectroscopic and electronic properties. Afterwards, the results of the theoretical analysis
of the geometry and electronic structure of two types of molecules is presented, combined with
experimental results. First, the alloxazine and lumazine, considered together as flavins, and
their derivatives represent molecular materials, while adamantyl substituted polythiophenes
represent polymer materials.

With respect to the flavins, different basis sets, together with the B3LYP functional, were used
to find the best possible fit to experimental absorption spectra. Here, the B3LYP/6-31+G** and
B3LYP/aug-cc-PVDZ methods proved to have the best correlation, with correlation
coefficients 0.95 and 0.96, respectively, while the def2SVP set reached 0.94. In this context,
the B3LYP/6-31+G** method seems to be the most cost-efficient. By measuring the absorption
spectra of selected flavins in a mixture of dimethylsulfoxide (DMSO) and water, the spectra of
flavin isomers — the alloxazine and isoalloxazine form were gained. The response of these
molecules to changes in the concentration of DMSO and water will be the object of further
study.

For the polythiophenes, the electronic and optical properties were theoretically investigated
using model octamers, while the conformations of the adamantylated side chains were
considered using trimer molecules, due to a high computational complexity. Here, the
methyladamantyl thiophene was found to have a more rigid structure compared to the
ethyladamantyl substituted chain, which was later confirmed via crystallographic analysis and
atomic force microscopy scans. Crystal structures were confirmed to be present, with lattice
parameters comparable to poly(3-hexylthiophene) (P3HT). Inspired by this research, different
polymer backbones based on polythiophene were considered for future synthesis. The main
recommendation here is to lower the amount of side substituents, so that only one in two or one
in three thiophenes bear an adamantylated side chain.

Overall, the molecules presented here are interesting candidates for future use in
optoelectronics, and the theoretical predictions generally agree with experimental results,
although the comparison with experiment is not always trivial, e.g., in the case of the
polythiophene side chains.
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ABSTRAKT

V této praci jsou nejprve rychle nastinény principy teorie funkciondlu elektronové hustoty
(DFT), spolu s praktickymi metodami hledani nejnize energeticky postavenych struktur
organickych molekul a predikovani jejich spektroskopickych a elektronickych vlastnosti. Poté
jsou prezentovany vysledky teoretické analyzy geometrie a elektronové struktury dvou druhi
molekul v kombinaci s experimentalnimi vysledky. Nejprve jsou diskutovany alloxazin,
lumazin a jejich derivaty, souhrnné nazyvané flaviny, které reprezentuji molekularni materialy.
Naproti tomu, struktury na bazi polythiofenu reprezentuji polymerni materialy.

V piipadé flavinii byla nejprve nalezena nejlepsi mozna korelace teoretickych absorpcnich
spekter s experimentalnimi na zakladé vypoctli se tfemi riznymi bazovymi soustavami
v kombinaci s funkcionalem B3LYP. Dobra shoda byla nalezena pomoci metod B3LYP/6-
31+G** a B3LYP/aug-cc-PVDZ, které dosahly korelac¢nich koeficienti 0.95 a 0.96. Naproti
tomu soustava def2SVP dosahla pouze 0.94. V tomto kontextu se tak metoda B3LYP/6-
31+G** jevi jako nejefektivnéjsi vzhledem k narocnosti na vypocetni kapacitu. Méfenim
absorp¢nich spekter vybranych flavinli ve smési dimethylsulfoxidu (DMSO) a vody byla
ziskana spektra jednotlivych izomerid — alloxazinové a isoalloxazinové formy. Reakce téchto
molekul na zmény koncentrace DMSO a vody bude pfedmétem dalsiho studia.

U polythiofent byly studovany optické a elektrické vlastnosti na modelovych oktamerech,
zatimco geometrie a konformace adamantylovanych substitutenti byly z divodu vysoké
vypocetni naro¢nosti modelovany na trimerovych molekulach. Bylo zjisténo, ze thiofenovy
fetézec s postrannimi methyladamantylovymi skupinami vykazuje vyssi rigiditu nezZ fetézec
substituovany ethyladamantylem, coz bylo pozdé&ji potvrzeno krystalografickou analyzou a
skenovanim povrchu pomoci mikroskopie atomérnich sil. Byly nalezeny krystalické struktury
s parametry srovnatelnymi s poly(3-hexylthiofenem) (P3HT). Na zaklad¢ tohoto vyzkumu byly
navrzeny nové patefni fetézce pro moznou syntézu, jako hlavni doporuceni se zde jevi sniZeni
poctu substituentl, aby adamantylovy postranni fetézec byl pfitomen pouze na kazdém druhém
¢i tfetim thiofenu.

Zde prezentované molekuly jsou zajimavymi kandidaty pro vyuziti v optoelektronice, a
teoretické predikce dosahuji dobrou shodu s experimentem, piestoze jejich srovnani neni vzdy
trivialni, jako je tomu naptiklad u postrannich fetézch polythiofenu.
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1 INTRODUCTION

The field of computational chemistry has gained a great deal of interest during the past decade.
Its enormous utility is based on the fact that it enables chemists to study structures that are
unstable or dangerous, such as transitional states or highly toxic molecules. Furthermore, even
before a new molecule is synthesized, its properties can be theoretically predicted. This
possibility allows for great savings of time and money for synthetic chemists, who can gain an
idea which potential molecules are worth synthesising. As such, the computational chemist may
serve as a “navigator” in the synthetic effort, helping his colleagues to reach their goals at a
lower cost than they would without his assistance.

First, a short overview of computational methods which are currently in use will be given, with
a special focus on the density functional theory (DFT) computations. Then, the practical use of
DFT in the prediction of molecular properties will be discussed in more detail. The properties
of interest include molecular geometry, spectroscopic properties, and aromaticity.

Since this work is aimed at novel molecules with interesting spectroscopic properties, special
attention will be paid to the prediction of different types of spectra. The most relevant type to
this work is the Ultraviolet and Visible Spectrum (UV/V1S), both in the sense of absorption and
emission. When discussing the spectroscopic behaviour of molecules, the effect of the solvent
or solid-state interactions must be also mentioned, especially when connected to UV/VIS
spectroscopy.

This work is further focused on two types of molecules — the flavins, alloxazine, lumazine and
their derivatives, and polythiophenes with different side substituents. Interestingly, alloxazine
and lumazine are rarely mentioned in conjunction in the literature, which motivates a detailed
side-by-side study of these molecules, with the hope of creating a unified theoretical basis for
their behaviour and modification These molecules have remarkable spectroscopic abilities, such
as the tunability of their spectrum by the modification of the parent molecule, or by the addition
on electron-donating or electron-accepting groups [1].

The polythiophenes will be theoretically investigated in terms of model octamers and trimers,
due to the large computational complexity involved, especially when the large adamantylated
side chains are considered. Finally, some candidates for future synthesis will be discussed,
based on their geometry and electronic structure. Different uses of these materials include
optoelectronics such as Organic Light Emitting Diodes (OLEDSs), or photocatalysis.



2 THEORETICAL BACKGROUND
2.1 Static and Time-Dependent Density Functional Theory

The first Hohenberg-Kohn theorem states, that all properties of a molecule in the ground state
are determined by the ground-state density function po. Effectively, any ground state property
of a molecule is a functional of po. A functional is any rule that assigns a number to some
function. Since the exact functional is unknown, an approximate energy Eo can be obtained by
using an approximate functional [2]. The second Hohenberg-Kohn theorem states, that any
density function p other than po, commonly referred to as a trial function, will give an energy
higher than the true Eo. The electronic energy from the trial function pt is the energy of electrons
moving in the potential field of the nuclei.

To deal with the fact that the true po and &o are unknown, the Kohn-Sham (KS) approach relies
on two ideas: first, to divide Eq into a portion which can be calculated without the functional,
and a small term with the functional. This way, an error in the functional has the lowest
influence on the energy. The second idea is to use an initial guess for p, which is then iteratively
refined. Kohn and Sham have introduced a fictional reference system, in which n noninteracting
electrons experience a potential field, which is chosen to make the ground-state electron
probability density ps of the reference system equal to the true density po.

The ground state is expressed in terms of Kohn-Sham (KS) spinorbitals 1S [3]. The spatial
parts of these orbitals can be expanded into basis functions. The selection of an appropriate
basis set is a matter of balance between the accuracy and efficiency of the computation. Since
the computational complexity scales rapidly (with the 4™ power) with the number of individual
basis functions, the set should be as small as possible. Therefore, a basis set is typically chosen
to reflect the nature of the problem, such as using a diffuse basis set for ionized molecules. The
most often used basis sets at currently include the Pople 6-31G and 6-311 sets [4, 5]. Further,
there are the Alhrichs type sets, e.g., the def2SVP [6], often offering greater flexibility and
computational efficiency than the Pople sets [7]. Finally, the correlation-consistent basis sets,
such as cc-PVDZ, developed by Dunning et. al. [8], are aimed at reproducing the correlation
energy of valence electrons. From here, the energy is typically determined by an iterative
process using the Self Consistent Field (SCF) procedure, first proposed by Hartree [2].

In order to treat the behaviour of systems outside of equilibrium states, the time-dependent DFT
(TDDFT) was developed [3, 9]. Here, initial orbitals at time to, iS(r, to) are found from an
SCF of the static KS equation. The occupied initial orbitals are then propagated by the TD-KS
equation [11]. For electronic excitations of organic molecules, the small differences between
the states can be calculated using linear response theory [9].

The TDDFT method provides electronic spectra that are in good agreement with experiment,
especially when close to the Frontier Molecular Orbitals FMOs [9, 10]. Furthermore, if charge
transfer between two spatially separated regions is involved, range-separated hybrid
functionals, and non-adiabatic approximations should be used [9].



After accounting for the mutual repulsion of nuclei, the result is a molecular energy Epes,
parametrically dependent on the configuration of nuclei in the system. This relationship
between the energy of a molecule and its geometry is called the Potential Energy Surface (PES).
Although the PES is often not explicitly shown in scientific papers, it is an essential concept in
computational chemistry [1, 11]. Mathematically, the surface can be defined as a function of
generalized coordinates g1, g2 ..., gn, Which correspond to the individual bond lengths and
angles. Generally, stationary points, which describe either stable structures or transition
structures, are points on the geometry where derivatives of E with respect to all coordinates are
zero. Stationary points, corresponding to stable molecules are energy minima, transition
structures are saddle points [2, 12]. The SCF optimization is done using the Hessian, which is
a matrix of second-order derivatives of E with respect to molecular coordinates.

To check whether the result is a true minimum, normal mode vibrations are used — the stretching
and bending of chemical bonds where all atoms move in phase with the same frequency. Their
directions and force constants can be quite easily gained by the diagonalization of the Hessian.
All the force constants k are positive for a stable geometry and at least on is negative for
transitive states.

Aromaticity is a key concept when describing cyclic organic compounds, especially
heterocycles. Aromatic compounds are characterized by the ability to sustain a diamagnetic
ring current, and many unique substitution reactions [13]. A frequently used theory-based
measure of aromaticity is the Harmonic Oscillator Model of Heterocyclic Electron
Delocalization (HOMHED) index. This is a geometry-based index, where the geometry of some
cyclic molecule is compared to a standard. The standard should be a fully symmetrical aromatic
molecule, such as benzene, with the HOMHED value of 1 is assigned to it [13].

The electromagnetic radiation in the ultraviolet and visible (UV/VIS) range has enough energy
to change the electronic distribution of molecules. Here, the singlet ground state of the molecule
is typically denoted as So. When absorbing radiation with the wavelength 4 (nm), an electron is
excited into a singlet excited state Sn. From here, the electron will eventually relax back to So,
with the possibility of an intersystem crossing between Sy and a triplet state Tn. Furthermore,
there is an individual PES associated with each singlet and triplet excited state. From a quantum
mechanical point of view, intersystem crossings into T, states, and internal conversions happen
at intersections of the Sn excited state PES with the Tn PES and the Sp ground state PES,
respectively [14]. Deviations from experimental values are mostly caused by the interactions
of the analysed molecule and solvent (e.g. dimethyl sulfoxide — DMSQO). To deal with this,
either the dielectric properties of a bulk solvent may be studied in a so-called continuum model,
or several molecules of the solvent may be explicitly added to the analysed molecule during
computation — this is the specific solute-solvent interaction model.

Further, the Frontier Molecular Orbital (FMO) energy levels are important for the operation of
devices such as solar cells, transistors, or OLEDs. Generally, at the junction of the organic
material and some inorganic electrode, the alignment of Highest Occupied and Lowest



Unoccupied Molecular Orbital (HOMO, LUMO) and the Fermi energy level of the electrode
Er decides the nature of the charge transport [15]. In solar cells and OLEDs, an interface
between a p-semiconducting material and n-semiconducting material has a similar importance,
so that the electron and hole from external electrodes can recombine to produce a light emission
in an OLED, or that the exciton created by the light absorption of a solar cell can be split, and
the electron and hole can be transported into the circuit by the conducting materials [16].

Since it is generally not possible to model polymer chains of realistic length via DFT, the results
must be somehow extrapolated, or used indirectly, possibly to find the monomer equilibrium
geometries and use them in a molecular dynamics simulation. The other option is to extrapolate
results towards a limit, where the behaviour of the modelled oligomeric chain will match that
of the polymer. The studied property is taken as a function of the reciprocal of the number of
monomers or the number of conjugated double bonds in the backbone [17]. As the chain grows,
both quantities will approach zero. Therefore, if the relationship of the HOMO/LUMO gap with
one of the reciprocals can be fitted with an appropriate function, the value as the reciprocal
approaches zero will correspond to the polymer HOMO/LUMO gap or other desired quantity.

The simplest possible fit — a linear function — often fails to predict the behaviour of polymers,
where the relation of excitation energy to length saturates for long chains [18]. In the case of
the HOMO/LUMO gap, a two-parameter model described by Kuhn, involving the electronic
excitation energy, the energy of a single double bond, and a relative force constant, measuring
the coupling of single and double bonds [19] has proven quite efficient [18, 20]

2.2 Alloxazine Chemistry

Alloxazines, commonly also known as flavins, are derivatives of the tri-cyclic
benzo[g]pteridine-2,4-dione, which is itself based on the parent molecule lumazine (see Fig. 1),
although lumazine itself typically is not considered to be a part of this family [21]. Alloxazine-
type molecules have long been known as efficient chromophores [22]. Presently, these
molecules are considered for use in bioorganic sensing and optoelectronics, highlighted by
Golczak [23], who has used the AL molecule with an additional fused benzene ring for a study
of human red blood cells with fluorescence microscopy. There are useful in the field, because
of the great tunability of their spectroscopic properties, and the ability to be incorporated into
DNA [1]. Lumazine is a part of the metabolic pathways of flavins, such as the biosynthesis of
riboflavin [24]. Due to the structural similarity, the possibilities for the application of lumazine
are almost the same as for AL.

The use of substituted Flavins as photosensitizers may also have a biological significance in the
context of photoantimicrobial therapy, where e.g., riboflavin has been proven to be able to
convert oxygen from the triplet state into singlet, which then kills bacteria due to its strong
oxidative properties [25]. However, even non-biological oxidations can be considered, e.g. the
preparation of sulfoxides from sulphides via an Alloxazine molecule, amidated at the N(3)
position [26].
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Fig. 1 The structures and isomers of alloxazine and lumazine

Furthermore, these molecules undergo isomerisation, which amounts to the transfer of a proton
from N(1) to N(10), see Fig. 1. This leads to a noticeable red shift of about 50-100 nm [21] in
the absorption and fluorescence spectrum. In aprotic solvents, this process is not expected to
happen [27], though absorption peaks, which could correspond to iAL, have been found in the
dimethyl sulfoxide (DMSOQO) solvent [28]. Whether the iAL form could be present due to trace
amounts of water in the DMSO, or if there is a different, aprotic, isomerisation mechanism is
still up to discussion, although a water-facilitated mechanism is generally considered in the
literature [29].

In the case of lumazine, the same basic isomerization is reported as in alloxazine, although the
red shift is often ascribed to an N(1) or N(3) deprotonated form, present in neutral and basic
solutions [30], while there is expected to be a minority population of the iLum form [31].
Interestingly, studies of AL are focused on the N(1)-N(10) tautomers, while studies of Lum
mostly consider ion forms. Recently the presence of an ionic form has been confirmed for
lumazine [32], while no such study supports the photo-induced deprotonation of AL.

Choudhury et. al. [33] have pointed out a red shift in solvents that consist of acetonitrile (ACN)
and water, and dimethylformamide and water mixtures, the absorption spectrum consistently
shifts into higher wavelengths, and an isoalloxazinic peak appears in the emission spectrum.
They have theorized, that this behaviour could be used to monitor the local solvent
concentration in the space around the Flavin molecule. Indeed, since then, the role of the
pteridine moiety in tyrosine-kinase inhibitance has been successfully described [34], using
fluorescence spectroscopy in an ACN—H20O mixture of varying concentration.

From the computational point of view, some groundwork was laid by Salzmann, Sikorska and
Kabir [35-37]. They have investigated the electronic excited states both in a vacuum and in an



implicit and explicit water solvent. They have found, that to fully account for the
solvatochromism of the two absorption peaks of AL and Lch, a combination of implicit and
explicit models is needed, requiring 4-6 H.O molecules to fully account for solvation in water.
However, both the studies of Kabir and Salzmann [35, 37] focus only on the parent AL and the
extremely simple derivative Lch, without even considering the isomerization. This leaves them
open to the question, how does their model account for other derivatives, and whether such
complexity is truly needed.

By investigating Alloxazine-water complexes, Mal et. al. [38] have concluded, that the
tautomerization is linked to the motion of the assisting H.O molecule, and to a large extent
driven by the solvation dynamics of water. Furthermore, they found that most of the proton
transfers occurs in the excited state, due to a significantly lower energetic barrier, which was
already observed as phototautomerism [39]. This observation could lead to a general description
of Flavin isomerization, independent of the solvent.

North et. al. [40] have concerned themselves with simple asymmetrical substitutions in the C(7)
and C(8) positions, i.e., using different substituents on C(7) and C(8) in every molecule. They
have predicted that electron-donating substituents, such as —CHs, lead to a more even
distribution of the HOMO orbital and a substantial bend along the imaginary axis formed by
N(5) and N(10), which correlates with their Mulliken atomic charges. Electron-withdrawing
substituents, e.g., —CN have the exact opposite effect, resulting in a planar molecule and frontier
MOs localized on individual atoms.

Afaneh et. al. [31] have performed an extensive study of the lumazine structure in neutral
conditions. They have considered many possible isomers, including protonated oxygens. By
ordering them in terms of relative energy, they have found that the Lum form as shown in fig.
4 is the lowest, followed by iLLum, around 8 kJ mol~ higher. Forms with protons on the C(2)=0
and C(4)=0 oxygen atoms are around 40 kJ mol~ higher. It follows that a majority presence of
Lum can be expected in pH-neutral water or aprotic solvents, along with a smaller population
of iLum or an anion in water. In acidic environments, the Lum form is expected exclusively,
with an addition of N(1) and N(3) deprotonated anions in alkaline solutions [30, 31].

A wealth of information exists on the structural modifications of lumazine, unfortunately often
focused on purely biological descriptors such as antibacterial activity [41], which makes a
comparison with the photophysics of AL modification impossible. Due to the similarity of the
two molecules, it could be assumed that most modification strategies can be carried over from
alloxazine, however, computational chemistry could provide at least a limited insight here. For
example, substituents in the C(6) and C(7) positions of Lum should have a stronger effect on
the electronic structure, since they are not shielded from the heterocyclic moiety by an
additional benzene ring as is the case in C(7) and C(8) substituted AL. Indeed, the strong
electron-withdrawing group —CN has a much larger effect on Lum, than other such groups have
on AL, leading to a substantial red shift in spectra and increased acidity of the N(1) proton [42].
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2.3 Polythiophene Chemistry

Polythiophene-based materials are used in the fabrication of devices such as OLEDs, Organic
Field Effect Transistors (OFETS), Organic Photovoltaic Cells (OPVs) or sensors since they are
efficient semiconductors with well-known optical properties. Their main advantages lie in the
low production cost and synthetic flexibility. Indeed, by modifying the molecule, it is possible
to tune the solubility, structure, and electrochemical properties [43]. A basic structure of
polythiophene (PT) is shown in Fig. 2. Furthermore, the sulphur atom on a thiophene ring
contributes to the molecular aromaticity and allows the formation of intermolecular S-S and S—
O weak bonds, due to the lone pair electrons in 3s and 3p orbitals [43]. Obviously, PT has the
capacity to create organised solid-state structures even without any modifications, which makes
it a prime candidate for use in optoelectronics. Finally, the quinoid resonance structure (see Fig.
9) of thiophene oligomers and polymers features higher rigidity and lower band gap, although
it is higher in energy.

H13Cs H13Cs

Fig. 2 The structure of polythiophene: a) the aromatic form and the numbering of the thiophene
moiety; b) the quinoid form; c) poly(3-hexylthiophene), the most common substituted PT

Unsubstituted oligothiophenes are p-type semiconductors with a comparatively low charge
carrier mobility, below 0.1 cm? V1 s%. This can be raised substantially by ending the chain
with alkyl groups in the C(2) and C(5) positions on the ends of the oligomer chain. Fluoride-
substituted benzene was found to have a similar effect. In this way, the mobility rises to
0.6 cm? V1s [44]. The thiophene dimer absorbs visible light around 300 nm and has an
emission band around 360 nm. The addition of thiophene units to the chain causes a red shift
due to higher conjugation, and a substantially larger fluorescence quantum yield. Once over 25
thiophene units are present in the chain, the absorption and emission wavelengths stabilize at
450 nm and 650 nm, respectively.
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While the systematic studies of the side chain influence on thermal stability started relatively
recently, Cao et. al. [45] have explored the effect of different linear and branching alkyls and
have found that by placing the branching point closer to the backbone, both melting point and
glass transition temperature are increased as a result of tighter molecular packing in the side-
chain direction. For an illustration of substituted PT packing, see Fig. 3. At the same time,
Schaffrinna et. al. [46] have investigated the optical properties of substituted PTs, and have
managed to create a significant blue shift of around 100 nm, both in solution and in a thin film,
by substituting acetic acid in the C(3) position. This material also exhibited good adhesion to
the polar surfaces due to packing in the edge-on direction (see Fig. 3).

a) HyC H,C, CH,

H,C o, HiC
Head-to-Tail Head-to-Head Tail-to-Tail

b)

c
o |
g i i 2 R .‘//—'\\ -
% \ =17 3 e W 2 = _.%\ s
z el |
<

m-stacking direction
o Face-on packing

Fig. 3 a) Possible regioregularities of substituted polythiophenes; b) An illustration of the possible
packing of side-chain substituted polythiophenes in relation to the substrate (grey surface) [43]

Perhaps the most used molecule of the polythiophene class is the hexyl-substituted poly(3-
hexylthiophene), denoted P3HT. It reaches charge carrier mobilities of around 0.2 cm? V1 st
when in the edge-on orientation and head-to-tail regioregularity (see Fig. 3). On the other hand,
other the head-to-head and tail-to-tail arrangements cause torsion in the structure, thus lowering
the overall conjugation and charge mobility. The absorption and emission bands of P3HT are
located around 450 nm and 550 nm, respectively, while in solution. Deposition into thin film
leads to a red shift of around 50 nm in absorption, and 200 nm in emission.

Since the favourable conductive properties of P3HT stem largely from its packing [47], a viable
strategy to further improve the crystallinity and n-stacking of PTs could be side chain
engineering. Some groundwork has been laid by Nguyen et. al. [48], who have synthesized
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poly(3-alkylthiophenes) (P3ATSs) with butyl, hexyl, and octyl side chains, with well-defined
molecular weights (MWSs). Subsequent analysis has revealed that larger alkyl chains lead to
higher crystallinity, and optimal performance in OPV cells, which was likely caused by the
higher degree of crystallinity. On the other hand, the side chains proved to have only a small
influence on the position of optical absorption and emission bands, whereas the length of the
main chain, characterised by MW, had a much greater influence. This is hardly surprising, since
the spectroscopic properties are mainly a function of FMO energy levels, which are not
influenced by alkyl substitution very much, and side chains with some heteroatoms would need
to be used.

While current research focuses on different linear and branched molecules, there is a lack of
studies performed with a large, three-dimensional substituent, such as adamantane. This
molecule is stable, biocompatible, and readily self-organizes into crystals [49]. In the past, this
substituent has been used to enhance the crystallinity and hole mobility of molecular materials
such as PPs, without compromising their spectroscopic properties and fluorescence quantum
yields. In fact, adamantyl substitution was found to induce crystallization in long, needle-like
structures, that are around 1 um long [49]. Thus, it represents unexplored opportunities in side-
chain engineering.

Although DFT methods are not yet able to give precise insight into polymer molecular packing,
some information, especially about the intramolecular effects can be extracted from
computations carried out on oligomers. Already in 2004, Marcon et. al. [50] used ab initio
intramolecular torsional potential and charge distribution of 6—membered oligomers
(sexithiophenes) to obtain a better fit of the molecular mechanics force field. By using these
more advanced parameters, they managed to obtain a theoretical crystal structure of
sexithiophene and fluorinated sexithiophene that were in good agreement with the experiment.

Later, Darling et. al. [51] addressed the question of the polymer limit — how many thiophene
units are needed for a DFT model to be accurate for a polymer chain, especially when the side
chains are treated explicitly. While the alkyl side chains do not participate in forming FMOs,
and thus do not directly contribute to light absorption, they are extremely important for crystal
packing and therefore the conductivity of P3HT, and it is difficult to imagine a successful
model of side-substituted PTs that does not explicitly treat them. Furthermore, the side
substituents affect the dihedral angles between thiophene units, thus contributing to the
conjugation in the backbone. The study of Darling was especially focused on dihedrals and has
determined, that 8-10 thiophene units provide a good approximation for the PT chain, while
there are only negligible differences between the torsional potential profiles of 10- and 14-unit
P3AT chains. Indeed, the global minimum of torsional potential is around 150 ° for dimer
thiophene, and 180 ° for an octamer and higher. This behaviour is attributed to the increasing
electron dislocation in longer chains, which makes deviations from a planar conformation less
energetically favourable [52].
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3 AIMS OF THE THESIS

Apart from giving an overview of the DFT method and its practical use, this work mainly aims
to investigate the properties of the two types of molecules mentioned above, especially to see
whether they could find some use in the field of optoelectronics.

Concerning the flavin class of molecules, the first aim of the research is to develop a consistent
model of their spectroscopic behaviour based on existing experimental data from our own
research, and from literature. This model could then be used to predict the behaviour of possible
synthesized molecules, and to pick the most suitable candidates for a given application in
optoelectronics, for instance, information such as the FMO energies and the HOMO/LUMO
gap can be used to determine possible candidates for OPVs or other areas like photocatalysis.

Further, it should be possible to find some insight into the molecular structure, e.g., by
investigating the geometrical distortion caused by different substituents, that could be useful
for further synthesis.

Since the topics of AL and Lum chemistry are so rarely mentioned together, it is a further goal
to determine, whether a coherent model could be prepared for both of these classes
simultaneously. On the other hand, deazaflavins have been shown as too different in reactivity
(see the beginning of chapter 3.1, or ref. [21] for details), and it is doubtful that they fit the same
chemical space, i.e. that a model made for alloxazine would fully fit them. Furthermore, there
is significantly less data on the photophysics of deazaflavins in the literature, essentially all of
it being done by the group of Sikorski [23], and no samples were available for this work, since
the synthetic route is different [53].

In the case of the thiophene derivatives, the main aim was to theoretically investigate the
influence of the novel adamantyl side substituents on the properties of PT, especially with
regards to the possible conformations of the side chains with respect to the backbone and
sterical effects, which could provide some insight on the possibility of intermolecular packing
in the side chain direction. As before, the FMO energy levels and spectroscopic properties will
be important.
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4 METHODS OF RESEARCH
4.1 Calculation

In the case of DFT studies of flavins, the three-parameter hybrid B3LYP functional [54] was
used, together with the 6-31+G**, aug-cc-PVDZ [55] and def2SVP [56] basis sets to compare
their results and create a meaningful model. Tight optimisation criteria were set for the
computation, with a large DFT integration grid. For molecules with freely rotating substituents,
the lowest energy conformation was found first via a relaxed PES scan. Computations were
done by first stabilizing the gas phase geometry, and then using the PCM model [57] for minor
alterations. Later, the vertical singlet transition energies and oscillator strengths between the
initial and final electronic states were computed by the TDDFT method using the B3LYP
functional. Excited state geometries and deexcitation energies were found by the same method.
True minima on the potential energy surface were confirmed by an inspection of the frequencies
for all geometry stabilizations.

For future reference, the molecules considered in the flavin-focused part of the study are shown
in Fig. 4, where the molecules drawn in bold black lines have been previously prepared and
characterised — and so they can be compared to experimental results. The molecules drawn in
thin grey lines are not available for synthesis at this time. Further, the A, B, and C notation for
the individual rings of the AL and Lum moieties is introduced, useful for describing structural
changes caused by different substituents by the HOMHED index.

For the computations on PT and its derivatives, the B3LYP/def2SVP method was used. For the
sake of simplicity, calculations were performed in the gas phase. As before, the optimisation
process was performed by tight optimisation criteria and a large DFT integration grid. True
minima on potential energy surface were confirmed for small model molecules through
vibrational analysis by no imaginary frequencies check. The minimum-energy geometries were
found for model octamers and trimers of the molecules in Fig. 5. Two all-trans arrangements
were considered for all molecules since cis conformations are not preferred in unsubstituted
and alkyl-substituted PTs due to sterical repulsion [58]. One of the two considered orientations
was the syn-conformer, with positive values for all dihedral angles between thiophene rings,
which gives it a spiral shape. The second was the anti-conformer, with alternating positive and
negative values of the dihedrals.

Once the lowest-energy geometries were found, the vertical transition energies and oscillator
strengths between the initial and final electronic states were computed by the TDDFT method.
The trimer calculations were focused on finding the potential energy profile of rotation around
the dihedral angle between the thiophene chain and its substituent, this was performed by a
relaxed PES scan across the whole range of rotation, with a 20° step and a finer 5° step scan at
the energy maxima. This part of the study was performed only for the (3HT)s, (MAT)3 and
(EAT)s trimers, since the relaxed PES scan is very resource and time intensive, and it did not
seem to make sense to perform it for the other substituted molecules that only exist in theory.
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(ETT), (ETAT),

Fig. 5 The structures considered in the study of adamantylated thiophenes [JT3]. The trimers are not
pictured.
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4.2 Experimental

The absorption spectra were measured using a Specord 50 Plus UV-Vis spectrophotometer
(Analytik Jena, Jena, Germany). Emission measurements were done using a Horiba Fluorolog
(Horiba Jobin Yvon, Kyoto, Japan). The concentration of all samples was 1 10° mol I, The
baseline for the spectra was determined by measuring the absorption of the solvent, either pure
DMSO (purchased from Honeywell Research Chemicals, 99.9 % purity, maximum 0.02 %
water content [59]) or the appropriate DMSO-H20 mixture. A Hellma QS quartz cuvette with
an optical path of 1 cm was used for the optical measurements. All experiments were performed
at room temperature, while deionized water with the conductivity of 0.06 pS cm™ (prepared in-
house at the Faculty of Chemistry) was used to dilute the samples when needed.

The molecules studied by this method were Lum, AL, FAL, and ImiLum. The Lum molecule
was supplied by the BDL Czech Republic at > 99.0 % purity, and other measured samples were
prepared according to the work of Richtar et al [28], and generously donated by dr. Richtar.

Further, the molecules Ph2, PyPh2, Phe and Pyr were measured in DMSO only, at the same
concentration and room temperature. Other measurements, such as the heterocycle-substituted
lumazines were taken from literature or the previous work of this group, such as [28]. The
DMSO used in this part contained a larger fraction of water (Penta Chemicals, max. 0.3 % water
content [60]), and the samples can be expected to contain both isomers.

Atomic Force Microscopy (AFM) was performed on thin layer samples of P3HT, and the newly
prepared PEAT and PMAT. The AFM scans were done using a Burker NanoWizard
microscope in the noncontact mode using the TESPA V2 cantilever. After the measurement, an
automatically determined baseline was subtracted from all scanned lines to account for the
internal vibrations of the cantilever. The samples for measurement were prepared by spin
coating a thin layer of the polymer in question onto an Indium Tin Oxide (ITO)/glass substrate
at 3000 revolutions per minute (rpm) for 60 seconds with a 30 s pre-spin at 1500 rpm. The
chloroform solutions for spin coating had the concentration of 10 mg ml,

4.3 Software

To carry out the computations described above, the Gaussian 16 [61] program package was
used, allowing for the simple use of a plethora of functionals and basis sets, with the
corresponding corrections, e.g., range correction or empirical dispersion. The absorption
spectra recording was done via the ASpectUV [62] program, provided by the manufacturer of
the spectrometer. Similarly, the fluorescence measurements were recorded and processed using
the FluorEssence [63] software. The computations were carried out with the use of the
Metacentrum VO [64] infrastructure. For the visualisations of molecular geometries, molecular
orbitals and dipole moments, the Avogadro [65] and Molekel [66] freeware program packages
were used. For processing the computational results and measured data, the MS Excel and
Origin 2019 proprietary packages were used.
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5 RESULTS AND DISCUSSION
5.1 Flavins structure and spectroscopy

In Tab. 1, the dihedral angles y1, y2, and ¢ of these conformations are given, as shown in Fig. 6.
The angles y1, and y2 are always taken from the C atom opposite to the heteroatom, to take the
asymmetry of heterocyclics into account. Thus, when both y1 and y, have a positive or negative
value, the molecule is arranged symmetrically, while if they do not have the same sign, the
molecule is asymmetrical. Further, molecules which have the heterocyclic substituents close to
a planar arrangement cause a large distortion of the B ring, indicated by the z dihedral.

Further, the isomerisation introduces asymmetry into many of the Lum derivatives, as one of
the heterocycles interacts with the N(10) hydrogen, and the other possibly increases the angle
y2, in order to compensate for the distortion of the central moiety. On the other hand, the
hypothetical PyLum derivative is the closest to a planar structure, but at the cost of a very large
strain on the central rings.

Finally, the substituents in the N(1) and N(10) positions of CH have a dihedral 6 dependent on
their structure, with But and CF3 preferring a non-eclipsed conformation, and the planar phenyl
and thiazole prefer a 90 °angle. The ribityl chain in N(1) interacts with the C(2)=0 group, which
leads to a large change in structure versus the typically encountered riboflavin N10Rib. Further,
with large substituents such as But and CF3, a bending of the isoalloxazine moiety is observed,
as previously shown by North [40]. It seems that a pyramid-shaped substituent directly bound
to N(10) is required to induce this effect since it is not present in N10Rib, N10Phe or N10ONS.

The native AL molecule shows a high degree of aromaticity, with the HOMED index being
0.94,0.93 and 0.83 for rings A, B and C, respectively. The isomerisation brings about a decrease
in aromaticity, with iAL having the values 0.98, 0.87 and 0.68 in the three rings, obviously
caused by the double bond shifting from ring B to ring C. Binding substituents in the N(1) or
N(10) position decreases the aromaticity of the C and B ring respectively, due to deforming the
rings, especially in the case of large three-dimensional substituents like CF3 [JT2]. Interestingly,
as more benzenes are fused to the A ring, the aromaticity also generally decreases, showing that
the A ring geometry deviates from benzene [JT1].

Next, statistically significant fits of the experimental and predicted values have been by the
procedure described above. The CAM-B3LYP functional was abandoned early on, as it proved
to have the worst fit. Figure 7 shows the linear regression of the fits described above, for the
best performing basis set — aug-cc-PVDZ — in terms of the wavelengths and energies. The fits
of the other methods are summarized in Tab. 2. Further, there is a slight discrepancy between
the energy and wavelength fits, as seen in Fig. 7 this is likely caused by the computational errors
introduced by converting the experimental wavelength data into energy values. Generally, the
fit is slightly worsened by adding the Lum-type molecules, especially their iso forms, due to
the inconsistency in underestimating iIAL peaks, while overestimating substituted iLum peaks.
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Asymmetrical

b)

C ¢

Fig. 6 a) the symmetrical / asymmetrical arrangement of the lumazines, where yellow atoms are
sulfur, blue atoms are nitrogen, and red atoms are oxygen; b) the structural bend of the B ring,
observed with butyl and CF; substitutions into the N(10) position.

Tab. 1 the dihedral angles of the lowest-energy configurations in the heterocycle-substituted Lum and
the N(1) and N(10) substituted CHAL. Due to the negligible differences across basis sets, only
def2SVP values are given.

Molecule 71 (°) 72 (°) 7(°) Molecule )
PheLum -149.089 -140.049 8.524 N1But 38.831
iPheLum -135.309 -140.95 5.115 N10But -123.206
ImiLum 145.013 149.624 -8.409 N1CFs 60.001
ilmiLum 28.396 -157.221 7.618 N10CF3 79.495
PyLum 24.997 15.212 26.961 N1INS 100.008
iPyLum 14.725 13.822 24.977 N1ONS 97.083
FurLum -23.457 156.349 -9.174 N1Phe 82.198
iFurLum -22.05 176.174 -6.438 N10Phe 89.502
ThLum -24.741 -35.007 -10.899 N1Rib 63.192
iThLum 48.24 26.096 4.746 N10Rib -75.045
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The def2SVP fit line is the closest to y = x, meaning the values are accurate, but lack precision,
and have a larger spread than the other methods. At the same time, the aug-cc-PVDZ basis set
has the greatest overestimation, which may be caused by overestimating the degree of =-
conjugation, thus calculating the orbital gaps too low. Outliers from this basis set, are the iPh2
So — Sy transition, the iPyr So — Sy transition, and the iF So — S4 transition. There are visible
aggregates in Fig. 7, especially around the y = 300 nm and y = 280 nm lines. This is caused by
reading values from experimental spectra, where the absorption band at 280—-300 nm is often
not clearly resolved, and multiple molecules get this wavelength assigned due to experimental
imprecision. Therefore, deleting the iso-forms from the dataset automatically improves all fits,
since these ambiguities are partly removed. Finally, the cluster seen around the y = 450 nm line
is the product of underestimating the So — S: transition of isoalloxazine isomers.

Due to the broad fluorescence bands, and the fact that the method in this work was optimized
for ground-state molecules and absorption predictions, the predicted emissions do not correlate
satisfactorily with the experiment. However, there is at least a qualitative agreement, especially
for the aug-cc-PVDZ basis set. Interestingly, while the calculations typically underestimate the
IAL and iLum absorptions as seen above, the opposite is true in the case of heterocyclic
substitution. Otherwise, the theoretical predictions are within 30 nm of experimental values,
which is an acceptable outcome concerning the SCRF model.

Finally, a brief overview of the energy levels is now presented, accompanied by an illustration
in Fig. 8. The results of the two well-performing basis sets, 6-31+G** and aug-cc-PVDZ, have
been selected for this part. Generally, the isoalloxazine / isolumazine form has a smaller
HOMO/LUMO gap, as predicted by Chang [67]. The large conjugated Ph2, Ph3, and PhePh2
molecules appear to be exceptions to this rule, although there is no experimental confirmation
currently and available measurements [28, 23] do not indicate this to be the case for Ph2.

Further, the strong electron-withdrawing group seems to have a profound effect on Lum, with
the gaps of CNLum being around 0.4 eV lower than those of Lum. On the other hand, the
energy levels of FAL remain essentially unchanged w.r.t. AL. Substituents in the N(1) or N(10)
positions have very little effect on FMOs, except for —CF3, which lowers the iAL gap by around
0.1 eV. The effect of these substituents would likely have been bigger if they contained a
heteroatom bound directly to the N(1) or N(10) positions. As the conjugated system grows, the
HOMO/LUMO gap predictably decreases, and in the extreme case of very large molecules such
as PhePh2, it is lowered by around 1.5 eV w.r.t. the parent molecule AL or iAL. On the other
hand, substituting heterocycles in the C(6) and C(7) positions of Lum consistently lowers the
respective HOMO/LUMO gaps by around 1.5 eV. In this context, both enlarging the fused
system, and substituting freely rotating rings seem to be valid design strategies for tuning the
electronic structure of the molecules.
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Fig. 7 The obtained linear dependences for the 6-31+G**, def2SVP, and aug-cc-PVDZ computations,
in terms of both wavelength on the left and energy on the right.

Tab. 2 The summary of the linear fits of CAM-B3LYP/6-31+G** and B3LYP/def2SVP theoretical and

experimental spectra.

Basis set

CAM-B3LYP/6-31+G**

6-31+G** No iso forms

Linear Fit (Wavelength, nm)
R

Jexp = 1,366 Aieor — 85,686
0,876

/lexp = 0,970 : /1teor — 105,197
0,825

Linear Fit (Energy, eV)
R

Eexp = 1,032 Eteor — 0,460
0,839

Eexp = 1,110 . Eteor — 0,759
0,786

Basis set

def2SVP

def2SVP No iso forms

Linear Fit (Wavelength, nm)
R

Linear Fit (Energy, eV)

R

iexp = 0,990 iteor + 1,840
0,948
Eexp = 0,991 Eteor + 0,051
0,936

lexp = 1,079 iteor — 25,442
0,954
Eexp = 1,054 : Eteor — 0,204
0,933

Basis set

6-31+G**

6-31+G** No iso forms

Linear Fit (Wavelength, nm)
R

Linear Fit (Energy, eV)

R

iexp = 0,919 . /lteor + 25,638
0,951
Eexp = 0,953 . Eteor + 0,195
0,944

lexp = 0,970 . lteor + 8,704
0,953
Eexp = 0,987 Eteor + 0,067
0,936
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Fig. 8 The HOMO and LUMO energy levels and associated gaps of the molecules in this study. Values

gained from the aug-cc-PVDZ set are shown as semitransparent, values from the 6-31+G** set are in

solid colours. HOMO/LUMO Gap values of 6-31+G** are on the top, values from aug-cc-PVDZ are
on the bottom of the columns.
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5.2 Adamantylated Polythiophene Building Blocks

For the syn-conformers, helical structure is predicted, while the anti-conformers take on a bow-
like shape of the backbone, especially prominent in the adamantyl-substituted molecules. The
exceptions are (EDOT)s and (PT)s octamers, which have a practically planar optimized
conformation starting from both syn- and anti- orientations. The anti-conformation is slightly
energetically preferred, even for extremely large substituents like in the (ETAT)s molecule.
Further, the differences in energy between the conformers increase with the size of the
substituents, as they are of the same order of magnitude for (PT)s and (3HT)s, and three orders
of magnitude larger for the bulky substituents.

Further, it seems that a large, branched substituent, represented by (MPT)s, creates a chaotic
structure around the backbone, where we cannot consistently expect favourable packing. On
the other hand, the addition of an extremely large 3D substituent, like in (ETAT)s, causes a
torsional strain in the whole structure due to steric repulsion between the individual substituents,
evidenced by the large variation on the (ETAT)s-a dihedral angles. Further, the
methyladamanty!| substitution has a similar effect, causing a strain on the backbone due to the
proximity of the bulky group, which may have a negative effect on the conjugation and
therefore the optical and electronic properties.

With regards to experiment, the dihedrals found for (T)s and (3HT)s are overestimated [68].
The same is the case for the 1,3,4,6-hexyl substituted sexithiophene [69], although the
comparison with (3HT)s is not exactly possible — the experimental sexithiophene is not
substituted on all rings, which will surely increase the rotational freedom of the hexamer.
Further, the gas-phase optimised length of the hexy! side chain was found to be 7.32 A, while
the X-Ray diffraction experiments give the value of 7.70 A [70] for P3HT, which is probably
the result of inter-chain interactions in the crystal, which lead to the planarization of the
experimentally studied polymers and oligomers.

Next, the side-chain conformations were studied on trimer building blocks — the (3HT)s,
(MAT)s, and (EAT)s. The potential energy profiles are shown in Fig. 9, together with the
relevant dihedral angles. For the model (3HT)s chain, a global minimum was found at 280°.
Further, rotation is allowed in the range of 0° to 100° with respect to the thiophene ring, with a
small torsion barrier at 60°. Furthermore Fig. 9 (d) shows the torsional energy with respect to
the ethyl bridge between thiophene and the adamantyl substituent, with a clear minimum at
180°. The potential curves are mirrored in the ethyladamantyl substituted molecules since the
side chains prefer a conformation, where both hydrogens on the ethyl C(22) and C(23) atoms
are equidistant to the S(36) sulphur atom. This happens at 280° in the syn- conformer, and at
80° in the anti-conformer. It seems that the side chains of MAT are restricted in rotation, while
the EAT chain possesses rigid ethyladamantyl groups with a 180 ° dihedral around the ethyl
bridge, which relatively freely rotate with respect to the thiophene moiety. These results agree
with previous molecular dynamics studies and crystal structures of P3HT [71].

24



Relative Energy (kJ mal ™)

Relative Energy (kJ mol™")

- - 80 4 . 80
0 - - ANl / “° 75.;- ~ Anil /“\‘} . 175
as ] |—=—Syn Jas 70 {—=—Syn m /e b
- 654 / % o 165
0 4 { \ 430 TB 60 4 \ {'_4‘ ) 160
{ N £ 55 / o U\ 55
[ l&/( P
25 , L J {25 2 50 l’ s” Y %
L s a5 las
20 l ‘*‘ 2 S/K‘; 420 ? 40 - ! 4 40
% g8 9 \‘ 435
15 \ J1s e 30 {30
{ \ £ $ 25
10 { 410 E 20 | \ 20
; P 15 e / \‘ )l 15
54 / / Nl 5 10 ~u / 10
~———— ‘ . / v/ .
5\ / e \ ‘_; 5
0v'v-v'v'v’v'v’v'v}V1"'V° 0 vy L B e S A S A S s S el |
0 30 60 90 120 150 180 210 240 270 300 330 360 0 30 60 G0 120 150 180 210 240 270 300 330 360
Dihedral Angle (°) Dihedral Angle (*)
c)
40 ~ - 40
* 1
e A X 13 7 A AES
o ) \ / /"
P AN k\ _ ! D "
0 4 it A SE T - fr 130
}| ‘l , II ‘.‘ g (-‘ I“
2 A N - #
I | | 'l{ '| ‘A',' \ |
’ TR ,‘L AL W Ui
24 '.f VT Y q ? e 4) {20
;| \ " c
| v -y I
154 Ny v 415 @ 4 415
II |‘ ll[ ﬁ . ‘:'l
I - ), \
b H I'I 3 10 @ I "--~j 1"°
e - “ ,I ." 'l ||l e N\ e ‘* \\-" 45
B ) i \ ‘q t B j
Se——b__ '/ W\ -

. e <"/ 5 '} I N A—
0 30 ﬂ’O 9’0 150 1%0 1;)0 ZiD 240 27"0 3(')0 31;0 360 oosm 12;"50 1'83 21'0 ZfO 210300 330 360
Dihedral Angle (") ihedral Angle ()

26 ¢
e 27 » .
ANS
24 E/n
Cn _C»
S2 cu C=
&~ N\ c”‘c*\'\
Ci7—Cis S3e
é\J\ / N /c”\C)s/ \
Ca Si9 \ Cs:
\ 7
Cirw
Cs C
ck
Cr—Cs
Ciwo” |
\Co
Cc -*Cu
f’cn.-—Cu Ca5
15"

Fig. 9 The change of relative B3LYP/def2svp energy of single substituent rotation with respect to the
indicated torsional angle of the linkage between the thiophene plane and the substituent for model 3-
hexylthiophene (a) and 3-methyladamantylthiophene (b) trimers.
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The MAT especially has very few stable conformations and steep energetic barriers and thus
has the highest chance to create a highly organized structure in comparison to 3HT. So,
although it is not possible to predict the crystal structures exactly, it seems that the PEAT
should have a slightly higher degree of crystallinity than P3HT, and PMAT should be
significantly better. This arrangement could in turn support the semiconducting properties due
to the enhanced packing.

Indeed, as found by the AFM scans shown in Fig. 10, the samples show noticeable large
structures, that are significantly taller than the rest of the surface (rendered in white). These tall
clusters could be impurities left behind from the synthesis but may contain at least some
polymer chains. Further, there are visible domains in all the samples that could be crystalline
clusters. In P3HT, they are around 0.5 um across and 0.1 um thick and spaced far apart in a
noisy matrix. In PEAT, the surface seems to have less noise, and the domains are around 0.5 pm
in both directions, rising by a few nm from the matrix, which is rendered in dark orange. The
PMAT sample contains many domains that are around 0.5 um in both directions, and they take
up most of the surface. This gives some evidence of the increased degree of crystallinity of the
adamantyl-substituted polymers. Finally, grooves are found on the surfaces, depicted as black
lines, which are likely a product of the thin layer preparation.

This is supported by the Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS)
measurement, has revealed edge-on oriented intermolecular packing features with an
intramolecular periodicity comparable to P3HT, and about double crystal stacking periodicity
in the other directions. Overall, the PMAT sample was found to have the most ordered structure
[JT3]. Next, the optical absorption and emission were investigated, along with the computed
electronic transitions and orbital energies. In all cases, only one significant transition was found,
the So — S, from the HOMO to the LUMO. A comparison of theoretical transitions with
experimental results is shown in Tab. 3. Since the experiments were performed in chloroform
solution and thin layer, the results are accordingly marked.

The theoretical absorptions of the new molecules are significantly dependent on the
conformation, unlike the previously synthesized counterparts. The (MAT)s has the best
agreement between theory and experiment, where the anti-conformer fits the measurements
better both in solution and in thin layer. Indeed, it is unlikely that a crystal structure comparable
to P3HT would contain the helical structures found in the syn-derivates. It should also be noted
that there is essentially no change in the PMAT spectra in the solution and thin layer, likely
due to the structural rigidity of the methyladamantyl moiety. On the other hand, the (3HT)s and
(EAT)s have a comparable agreement with experimental values, as both are about 40 nm off.
The (EAT)s-s variant is closer to experimental data, although it is unlikely that such structures
would be present, as discussed before. The PEAT sample, however, has a longer effective
conjugation compared to PMAT, evidenced by the higher absorption wavelength, which should
give it better charge transfer properties. Indeed, PEAT was shown to have an order of
magnitude larger charge carrier mobility than PMAT. These findings illustrate the influence of
the side chain geometry on optical properties.
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Fig. 10 the AFM scans of (a) P3HT; (b) PEAT; (c) PMAT,; the large clusters are rendered in white,
the crystalline domains are circled

Tab. 3 The theoretical So — S: transitions of the model octamers, compared with experimental
absorption wavelengths where applicable; sol. denotes measurement in chloroform solution, layer
denotes results from thin layer measurements.

Theoretical

Theoretical Theoretical Experimental
Molecule wavelength .
energy (eV) (nm) oscillator strength  wavelength (nm)
HT-s 3.050 406 2.61 450 sol.
HT-a 3.050 406 2.61 508 layer
MAT-s 3.025 409 248 390 sol.
MAT-a 3.215 385 2.36 387 layer
EAT-s 2.933 422 2.46 458 sol.
EAT-a 3.094 400 2.49 475 layer
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The frontier molecular orbital energies are shown in Fig. 11. The syn- and anti-conformations
have no influence on the energy levels of (T)s and (3HT)s, and the HOMO/LUMO gap is lower
for the syn-forms of the other molecules, which is consistent with the electronic excitation
predictions. The values are slightly larger in (MAT)s, documenting the larger influence of the
adamantyl when it is closer to the backbone. The polymer limit of the P3HT HOMO/LUMO
gap is around 2.50 eV [17], indicating that these oligomers do not reach it. The situation is
likely the same for (EAT)s as the predicted absorption wavelength is considerably lower than
the experimental value, indicating that the predicted excitation energy is larger than it truly is.
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Fig. 11 The theoretical frontier molecular orbital energies and the HOMO/LUMO gap values of the
model octamers

Finally, the novel polymers possess the thermal and chemical stability to produce long-lived
devices and are processable in solvents convenient for upscaling and industrial production, such
as chloroform [JT3]. The adamantane side chains have proved to provide a good amount of
space for intermolecular interactions and the insertion of the side substituents of a neighbouring
chain, showing a crystal structure comparable to P3HT. Thus, these materials could be serious
competitors in the future.
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6 CONCLUSION

For the flavin molecules, several basis sets were tested in combination with the B3LYP
functional to see which has the best fit to experimental electronic spectra. Interestingly, the
def2SVP basis set was found to be accurate but not precise, being the closest to a 1:1 correlation,
but with a larger spread of individual values. On the other hand, the 6-31+G** and aug-cc-
PVDZ sets overestimate many transitions but have an overall better correlation. A common
flaw is the inaccuracy concerning the isoalloxazine and isolumazine So — Sz absorption peak.
Indeed, if these isomeric forms are excluded, the fit is significantly better. This also represents
room for improvement of the computational model. Nevertheless, the B3LYP/6-31+G**
method represents a cost-effective and accurate way of computing electronic spectra.

Briefly, the flavin structure was investigated. The modifications considered in this work were
found to generally distort the alloxazine and lumazine moieties and lower their aromaticity. The
geometry of lumazines substituted with freely rotating rings was found to be strongly dependent
on the N(1) to N(8) isomerization, and a bend of the alloxazine moiety was found for N(10)
substituted molecules as previously reported. A larger impact of electron-withdrawing
substituents on the Lum molecule compared to AL was found. This is likely caused by the
shielding of the substituent by the additional benzene ring of AL. From this point of view, the
better synthetic strategy seems to be using electron-withdrawing or donating substituents to
modify Lum, while fusing aromatic rings to AL, to tune the energy levels and absorption
spectra. Synthesis of new derivatives according to the theoretical investigation is ongoing.

The novel polythiophene molecules were found to have optoelectronic properties like P3HT,
with molecular packing that seems to agree with the shape of the computed anti-conformers of
the model octamers in question. The analysis of side chain conformations has found the
methyladamantyl substituted chains to have a more rigid structure, due to having fewer degrees
of freedom than ethyladamantyl chains. With later AFM and crystallographic analysis, the
PMAT sample was indeed found to have a higher degree of crystallinity than PEAT. Since the
conductivity of polythiophenes stems mainly from molecular packing, it is interesting to note
that the PEAT sample was found to have a larger charge carrier mobility than PMAT, although
a theoretical explanation for this would likely require a molecular dynamics treatment.

In the future, the models could be improved by the use of molecular dynamics models, to better
study the conformations and molecular packing of both flavins and polythiophenes in the solid
state, bringing more accurate predictions and a better understanding of the charge transfer
processes involved. Experimentally, more attention could be paid to the interactions of flavins
with water and other solvents, especially in the case of such molecules as CNLum and FAL,
where the interaction of the exposed electron-withdrawing groups with polar solvent molecules
could have interesting effects. A publication focused on this topic is currently in preparation.
As far as polythiophenes are concerned, more attention could be paid to the modifications of
the polymer backbone, and detailed studies of adiabatic ionization potentials, electron affinities
and reorganization energies will have to be carried out to gain a truly deep understanding of the
effects of both side substitution and backbone modification.
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