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Tiivistelma

Tama projekti keskittyy kationisiin isotiouroniumpolytiofeeneihin (CIT), jotka
ovat tietyntyyppisid konjugoituja polyelektrolyytteja (CPE). Yleensd CPE:t
yhdistavat pii-konjugoidun polymeerirungon funktionalisiin ioniryhmiin, mika
antaa niille kromo- ja fluoroforisia ominaisuuksia sekd myos vesiliukoisuuden.
Tama rakenne tarjoaa CPE:lle sekd konjugoitujen polymeerien pii-pii- ja
hydrofobiset = vuorovaikutukset ettd polyelektrolyyttien koordinatiiviset
vuorovaikutukset sdhkostaattisten voimien ja vetysitoutumisen kautta. Erityisesti
polytiofeeni-CPE-proteiinit ovat herkkia erilaisille arsykkeille, kuten liuottimelle
(solvatokromismi) tai muille molekyyleille (affiniteettikromismi), mitd voidaan
tutkia fluoresenssin avulla. Ndiden ominaisuuksien lisdksi isotiouronium-ryhman
kationinen toiminnallisuus tutkittavissa CIT:issd tarjoaa ndille polymeereille
hyvat vetysitoutumis- ja donoriominaisuudet. Tdssd tyOssa tutkittiin CIT:n
rakenteen vaikutusta erilaisiin ominaisuuksiin, kuten (i) sdhkoiset ominaisuudet
(ionisaatiopotentiaali, elektroniaffiniteetti, optiset siirtymat) ja (ii) polymeeri-
liuotin, polymeeri-polymeeri ja polymeerin-sammuttajavuorovaikutukset. Lisaksi
CIT:ien optisia ominaisuuksia tutkittiin vakiotila-
absorptiofluoresenssispektroskooppitekniikoilla molekyylin muutosten
seuraamiseksi, kun taas polymeerirakenteen aggregaatiota (ionisten ja
hydrofobisten aineosien kanssa) tutkittiin elektronien paramagneettisen
resonanssin spektroskopialla. (EPR) Syklistd voltammetriaa, tiheysfunktionaalista
teoriaa (DFT) ja molekyylimekaniikkaa (MM) kdytettiin tdydentavina tyodkaluina.

Nama tulokset palvelevat laajempaa konjugoituneiden polyelektrolyyttien
supramolekyylikemian tutkimuskenttéd, jossa kaikkien monimutkaisten ilmididen
mekaniikkaa ei vield tdysin tunneta. Parempi tuntemus hyddyttaisi esimerkiksi
anturikehityksessd ja orgaanisessa optoelektroniikassa, joissa jo parhaillaan
ollaan 10ytamassa sovelluskohteita useille konjugoituneille polyelektrolyyteille.

Avainsanat:  konjugoituneet  polyelektrolyytit,  kationinen  polytiofeeni,
isotiouronium, vetysitoutuminen, sivuketjun pituus, UV-Vis, vakiotilafluoresenssi,
elektronin paramagneettinen resonanssi, syklinen voltammetria,
tiheysfunktionaaliteoria, molekyylimekaniikka
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Abstract

This project focuses on cationic isothiouronium polythiophenes (CITs), a
particular type of conjugated polyelectrolytes (CPEs). In general, CPEs combine a
pi-conjugated polymer backbone with pendant ionic groups, which gives them
chromo- and fluoro-phoric properties, and also water-solubility. This structure
provides CPEs with interacting driving forces of conjugated polymers (pi-pi
stacking and hydrophobic interactions) and of polyelectrolytes, such as
coordination through electrostatic forces and hydrogen bonding (H-bonding).
Polythiophene-CPEs in particular, have a high sensitivity to different stimuli, such
as solvent (solvatochromism) or other chemical species (affinity chromism),
which can be traced by fluorescence. Besides these properties, the isothiouronium
cationic functionality in the CITs under study, gives them enhanced hydrogen-
bonding (H-bonding) donor capabilities.

The properties in the CITs were utilized for studying how structure influences on
functions such as (i) electronic properties (ionization potential, electron affinity,
optical transitions and (ii) polymer-solvent, polymer-polymer and polymer-
quencher interactions. The optical properties of the CITs were traced by steady-
state absorption-fluorescence spectroscopic techniques in order to track
molecular changes, while their aggregation was studied by electron paramagnetic
resonance (EPR) spectroscopy, using paramagnetic probes with different ionic
and hydrophobic constituents. Cyclic voltammetry, density functional theory
(DFT) and molecular mechanics (MM) were also used as complementary tools.

These results could be useful to the broad field of supramolecular chemistry of
CPEs, some of which complex phenomena is still not completely understood at a
mechanistic level. This in turn could benefit fields such as actuators and sensors
and organic optoelectronics, research areas which are currently finding
applications to several CPEs.

Keywords: Conjugated polyelectrolytes, cationic polythiophene, isothiouronium,
hydrogen bonding, side chain length, UV-Vis, steady-state fluorescence, electron
paramagnetic resonance, cyclic voltammetry, density functional theory, molecular
mechanics
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[l. Errata

In Paper II is stated (quote): “About tacticity, it is known that oxidative
polymerization of alkyl-thiophenes using FeCl; minimizes 2,4-linkages, therefore
generating mainly head-to-tail (HT) couplings between adjacent thiophene rings,
through 2,5-linkages.”

In this paragraph: (i) The term “tacticity” is incorrect, the correct term is
regioregularity; (ii) the statement is correct in regard to the minimization of 2,4-
linkages, however in order to generate mainly HT regioregularity, it is also
required the use of 3-alkoxy-4-methylthiophenes as monomers. For details see
section 1.7.

In Paper II, supplementary information, paragraph “Fluorescence quantum yield”,
it was mistakenly written @f instead of @r, when referring to the quantum yield of
the fluorescence standard quinine sulfate.

In Papers 1I and I, supplementary information, Tables S1: (i) are reported values
of “viscosity”, instead of “dynamic viscosity”; (ii) the units of dynamic viscosity
were reported as mPa, instead of the correct mPa s; and (iii) the units of density
(g/cm’) were not mentioned properly.

In Paper III, when referring to polymers, the terms “H-aggregate” or “J-aggregate”
were used, instead of the more appropriate “H-like ” or “J-like” aggregates.



lll. Abbreviations

"H-NMR
2Fo

4Fo
5DSA
6-31G**
Aj

ACQ
AGG
Alkox4
Alkox8
B3LYP

Ceo
CATS

CATI16

CC
CIT
CMC
CP
CPE
Ccv
DFT
DI
DIS
DLS
DP

Ea

Proton nuclear magnetic resonance
[6,6]-bis(diphosphonate)-bromomethanefullerene Ce
[6,6]-[(bis(diphosphonate)]2-bromomethanefullerene Cg
5-doxyl-stearic acid

basis set used in the present work

Ay, Ayyand A,, components of the hyperfine coupling tensor A for
the coupling between the electron spin and the nitrogen nuclear spin
aggregation-caused quenching

aggregated state, [POL]
[6,6]-bis(diethoxyphosphoryl)-bromomethanefullerene Cg
[6,6]-[bis(diisopropoxyphosphoryl)]2-bromomethanefullerene Cq
Becke 3-paramenter Lee-Yang-Parr hybrid exchange correlation
functional

fullerene-Cg, [60]fullerene, buckminsterfullerene, buckyball
4-octyl-dimethylammonium,2,2,6,6tetramethyl-piperidine-1oxyl
bromide
4-cetyldimethylammonium,2,2,6,6tetramethyl-piperidine-1oxyl
bromide

middle aggregation state, [POL]

cationic isothiouronium polythiophene

apparent critical micelle concentration

conjugated polymer

conjugated polyelectrolyte

cyclic voltammetry or cyclic voltammogram

density functional theory

1,4-dioxane

disaggregated state, [POL]

dynamic light scattering (or photon correlation spectroscopy)
degree of polymerization

energy of the zero-zero (0-0) vibronic transition

electron affinity
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EgEc
Egorr
EPR
eV
Fc/Fe+
FMO
FRET
G09
GPC
GSQ

electrochemical bandgap=Ip-Ea

optical bandgap

electron paramagnetic resonance (spectroscopy)

electron volt

ferrocene/ferrocenium (couple)

frontier molecular orbital

fluorescence resonance energy transfer

Gaussian 09 software/package

gel permeation chromatography

General static quenching model, a variation of SV model

H-acceptor H-bonding acceptor or proton acceptor
H-bond(ing) Hydrogen bond(ing)

H-donor
HOMO
HT

IC

Ip

IPA
ITO

kq

Ksv
LUMO

H-bonding donor or proton donor or electron acceptor

highest occupied molecular orbital

head-to-tail (couplings through 2,5-linkage between thiophene rings)
internal conversion (of an Sn excited state)

ionization potential

isopropanol

indium tin oxide

specific bimolecular collisional deactivation of electronic energy
constant

Stern-Volmer kinetic interaction constant

lowest unoccupied molecular orbital

MALDI-TOF matrix-assisted laserdesorption ionization time-of flight

MEPS

molecular electrostatic potential surface

milimolar

molecular mechanics

number-average molecular weight

weight-average molecular weight

organic light emitting diodes

organic solar cell

poly-3-hexylthiophene

poly(3-thiophene methyl acetate)

polarizable continuum model

photoinduced electron transfer

photoluminescence intensity in absence of a quencher
photoluminescence intensity

poly-3-( N, N-diethyl- S-iso-thiouronium)ethyloxy-4-methylthiophene
poly-3-(N, N-diethyl- S-iso-thiouronium)hexyloxy-4-methylthiophene
poly-3-(N, N-diethyl- S-iso-thiouronium)decyloxy-4-methylthiophene
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Q13 ranges of 4Fo concentration in SV plots of the PT1:4Fo pair

Rh hydrodynamic radius

R’ correlation coefficient

SO ground state

S1 relaxed excited state

SANS small-angle neutron scattering spectroscopy
SEC size-exclusion chromatography

Sn singlet exciton state

SV Stern-Volmer model (or plot)

TBATFB tetrabutylammonium tetra-fluoroborate

THF tetrahydrofuran

TOH 4-hydroxy, 2,2,6,6 tetramethyl-piperidine-1oxyl
UV-Vis ultraviolet—visible absorption spectrophotometry
Vmax most positive electrostatic potential

Vmin most negative electrostatic potential

v/v volume/volume (mixture)

W-DI water:1,4-dioxane 50:50 v/v mixture

W-IPA water:isopropanol 50:50 v/v mixture
W-THF water:tetrahydrofuran 50:50 v/v mixture

12



V. Symbols

b dispersity = Mw/Mn

[4Fo] concentration of the 4Fo fullerene

[POL] concentration of polymer, either PT1 or PT2

oH H-bonding interactive force of Hansen solubility parameters

AE peak potential difference

AGcs Gibbs free-energy change for charge separation

AH enthalpy change

AS entropy change

Av Stokes shift

€ molar absorption coefficient

n viscosity

Aem maximum in photoluminescence

Nex excitation wavelength

AexMAX maximum in excitation

Mmax maximum in absorbance

T “pi”, related to pi electronic delocalization, pi systems or pi-pi
interactions

T microviscosity (interaction) parameter

T0 fluorescence lifetime

(on fluorescence quantum yield
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1. Literature review

For the sake of brevity, some of the references cited in Papers I-IV are omitted in
here and can be consulted in these papers.

1.1. Conjugated polyelectrolytes and water-soluble
polythiophenes

Conjugated polyelectrolytes (CPEs) are conjugated polymers containing ionic
(cationic and/or anionic) functionalities, through side groups and/or pendant side
chains. Besides the electronic properties and noncovalent interaction forces related
to “pi” (m) systems (see next section), these molecules also possess physical-
chemical properties of polyelectrolytes, such as solubility in high dielectric media
such as water (and other polar solvents), together with the capability of
coordination through noncovalent forces such as electrostatic and hydrogen
bonding (H-bonding), either with solvent (which plays a role in solubilization) or
with other molecules. The ionic groups in CPEs introduce also ion-dipole and ion-
ion forces. All of these forces have an impact on their: (i) solubility, (ii)
conformation in solution, (iii) aggregation between polymer chains (intermolecular
aggregation) and between different segments of the same chain (intramolecular
aggregation), and (iv) interactions with other molecules (complex formation and
assembly)."™

Other important characteristics of CPEs are the rich synthetic chemistry associated
to their organic nature and their processability from solution (e.g. roll-to-roll
printing), for optoelectronic applications. In this regard, the first two sets of
conjugated polyelectrolytes were reported independently in 1987, by Patil et al.’
and Sundaresan et al.,® and were based either on thiophene or pyrrole, respectively,
both of them with anionic functionalizations. Some other conjugated backbones
functionalized in this way are (not in historical order, some of them used as
copolymers): polyacetylenes, polydiacetylenes, polyfluorenes, polyanilines,
poly(p-phenylenevinylene)s, poly(p-phenylene ethynylene)s, and poly(fluorene-
co-phenylene)s. "
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Cationic groups are commonly quaternary ammonium (NR;') and pyridinium
([CSH5NH]"), while anionic groups include carboxylate (CO, ), phosphonate
(PO5™), and sulfonate (SO™).” Figure 1 shows some examples of reported water
soluble ionic polythiophenes, anionic sulfonate (1), anionic phosphonate (2),
anionic carboxylate (3), one of the cationic isothiouronium polythiophenes (CITs)
studied in the present research (4) and a zwitterionic copolymer (5).

SO;Na

1 0/—/ 3 COONa

Patt ad 20 Pt S o
S n o MR
Dl

Figure 1. Some previously reported cationic, anionic and zwitterionic polythiophenes.
Modified from "'°.

The possible application for a particular conjugated polyelectrolyte depends on
three aspects: (i) the driving-force required (e.g. photons or potential), (ii) the
phase of application (i.e. solution or solid-state), and (iii) structural factors, such as
the type of conjugated backbone and its ionic nature.

Some CPEs, when in their disaggregated state, display similar photo-physical
properties to those of a neutral analog dissolved in a non-polar organic solvent.® In
this regard, neutral polythiophenes in solution have a high sensitivity (traceable by
fluorescence) to different stimuli, such as temperature (thermo chromism), solvent
(solvatochromism), surfactants (surfacto chromism), irradiation (photo chromism)
and other chemical species (affinity chromism, i.e. iono chromism).'' This allows
to study phenomena involved with the interaction of these molecules, either with
themselves (i.e. aggregation) or with other molecules (i.e. solubilization, or
complexing), and these properties remain in water-soluble polythiophenes.*"'

These properties are present also in CPEs in general, reason why these molecules
are capable of chemical and biological sensing, or as fluorescent probes for
imaging studies.”'” This is because it is possible to functionalize them with specific
functional groups which can act as “ligands”, which allows following molecular
interactions in water or other polar media by tracking photon-driven optical
transitions, which are highly sensitive to environmental and structural changes.
This is due to the electronic coupling taking place, caused by the proximity of the
conjugated units present in their conjugated backbone, which generates light
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harvesting followed by intra- and inter-chain energy transfer, which, if changed,
even only partially, changes the optical properties in an amplified way.” These
changes can be detected by spectrophotometric techniques, which in turn can be
steady-state or time-resolved."

Cationic CPEs are particularly useful because of the negatively charged phosphates
in either the backbone of DNA,’ or biologically important anions such as adenosine
phosphates.'® In this regard, the isothiouronium group in the polymers used in the
present work, is ideal for sensing of phosphates, through a double-point H-bonding,
as detailed ahead.

CPEs can also interact with multicharged targets, which allow performing imaging
studies on biological systems at higher levels of complexity, such as in vitro or in
vivo. It is believed that these molecules have the potential to be used as either
delivery systems, due to their hydrophobic backbones, or in photodynamic therapy,
due to their sensitization of oxygen and other reactive oxygen species, generating
biocidal or tumoricidal activity.”"

On the other hand, for solid-state applications, water- and/or alcohol-soluble CPEs
have been studied as constituents in inorganic optoelectronic devices such as
organic light emitting diodes (OLEDs) and organic solar cells (OSCs), because of
their solution processability. Solubility is ideal for (i) low-cost, large-scale
technologies such as roll-to-roll or ink-jet printing, (ii) control over interfacial
mixing during the production of multi-layered devices, especially if other layers are
processed from organic solvents, due to the phenomenon known as orthogonal-
solubility, compatible with flexible devices, (iii) environmental-friendly character
of the solvents,'®'"” (iv) their unique solid-state-interface properties, which promote
surface-dipoles,'®'® which in turn can improve charge or hole mobilities when
applied as electrode-selective “buffer” layers in OSCs. This has shown to promote
simultaneous improvement of two or all three main parameters affecting the
perforn}'gubce of OSCs (open-circuit voltage, short-circuit current density and fill
factor). ™

1.1.1. Polythiophene as an sp? pi-system

Despite carbon exists only in low concentrations on Earth (c. 0.01 wt%), this
element appears in an impressive variety of forms, since it is capable to change its
electronic configuration in the ground state (Is® 2s® 2p?), into sp', sp” or sp’
“degenerate”, hybrid electronic configurations, that are energetically intermediate
between the s- and p- orbitals, and possible to exist due to the very close binding
energies between the p electrons. The sp' and sp® hybridizations generate pi and
sigma bonds, however in different ways, presenting different spatial orientations
and transitions of their electronic orbitals."” In this regard, sp> hybridization and its
properties are the target in this thesis, since this is the hybridization present in the
thiophene rings, which constitute the molecules used in this project.

16



For the case of hydrocarbons (i.e. molecules consisting only of carbon and
hydrogen), the sp® hybridization, which generates alternating double and single
bonds (C-C=C-C), is present in ethylene (CH,=CH,), and the archetypical
polyacetylene (CH;-CH=CH-CH3;)n, molecule involved in the Nobel-prize winning
research on doping of organic semiconductors.

sp> hybridization is also present in the so-called 2D allotropes, such as polycyclic
aromatics (e.g. benzene), in which the atoms are arranged in planar cyclic arrays
with 4n+2 pi electrons (where n is an integer number), in which there is an
stabilizing effect thanks to electronic delocalization. For the case of molecules
containing heteroatoms different from hydrogen (i.e. oxygen, nitrogen or sulfur),
this hybridization is present in molecules such as furan, pyrrole, thiazole, imidazole
and thiophene."

Figure 2a shows that spatially, the sp> hybridization mixes the s orbital with two of
the three p-orbitals (px, py, p-), generating three hybrid sp’-orbitals, with one
electron each, and the p, orbital, which keeps one electron.

(a) - (d) — (e)
VA cB
Y gap
4 © VB
3p +1s

(b) (c) (f)
28

Figure 2. Polythiophenes possess a pi system. Modified from '#22!,

As depicted in red in Fibure 1b, bonds between two sp’ orbitals (i.e. sigma (o)
bonds) are formed between C-C and C-H, with the first forming the thiophene ring
(and therefore the backbone of a polythiophene). The p, orbitals lie perpendicularly
to the thiophene ring. In Figure 1c is shown the way these p, orbitals of adjacent
carbons combine to form pi bonds.

The thiophene ring is considered aromatic, because the electron pairs on its
constituent sulfur atom are highly localized in the pi system. This is the reason why
thiophene does not show the reactivity of conventional sulfides (the sulfur atom in
thiophenes resists alkylation and oxidation). However, the degree of aromaticity of
thiophene is smaller than that of benzene.
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Figure 1d shows that energetically, the overlap of two p, orbitals, each containing
one electron, brings about the formation of a bonding pi orbital occupied by two
electrons and an unoccupied antibonding state (n*) separated by an energy gap
known as bandgap, while the bond between two sp2-orbitals is known as a sigma
bond. Both types of bonds generates bonding (5-, n-) and antibonding (c*-, 7*-)
states. The bonding pi-orbitals generate the highest occupied molecular orbital
(HOMO), while the the antibonding pi*-orbitals generate the lowest unoccupied
molecular orbital (LUMO).

Energetically, sigma bonds have a strong overlap and large splitting, while pi
bonds generate lower overlap, and therefore smaller splitting. This causes pi bonds
to generate electronic delocalization through the molecule, generating the so-called
pi-system, in which it is not possible to assign pi bonds to a particular carbon.
Because of this, pi bonds are drawn as alternating single and double bonds, or
through a resonant scheme.

In polythiophenes (and conjugated polymers in general), the extension of the pi
system is known as conjugation length, which indicates the unperturbed expansion
of the pi system, which can be disrupted by the degree of polymerization (i.e.
number of repeating units) or chain distortions, which in turn can be caused by
twisting of the backbone or regioregularity. For larger/longer conjugation lengths,
the bonding states are populated accordingly and therefore, the energy of the
HOMO increases, whereas that of the LUMO decreases. Figure 2e¢ shows that for
an “infinite” polymer chain, these would form conduction-like and valence-like
bands (CB and VB), respectively.

Notice that this terminology is an analogy to the bands formed in inorganic
semiconductors, and such theoretical framework is commonly used since this
analogy is useful when interpreting the physical properties of organic
semiconducting materials. The “bands” in organic materials present larger
anisotropy, due to the soft nature and lack of extended crystalline regions in solids
of conjugated polymers, reason why it is more proper to refer to density of states of
these materials.””

In sp' hybridization, present in unidirectional double bonds (C=C=C) or alternating
triple-single bonds (C-C=C-C), the similarity with inorganic semiconductors is
larger, since in an infinite C=C=C chain (carbyne), the number of bonding and
antibonding states is so large that they form a continuum of energy levels, which is
referred to as an energy band."’

A further discussion on the implications of this in the solid state (e.g. exciton
coupling dynamics), is beyond the scope of the present research work and must be
omitted in here. However, exciton coupling relates to H- and J-aggregation, which
was also studied in this project, for details see section 1.2.

Since the pi electrons in the pi system can not be assigned to a parent atom, the
reactivity of a solid in terms of its redox potential is described by parameters such
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as ionization potential and electron affinity, which allows the identification of the
energy position of the HOMO and LUMO levels, or, in other words, the valence
band maximum and conduction band minimum levels." Delocalization also causes
pi electrons to be easily polarizable, which generates weak intermolecular
interactions known as pi interactions, which in turn generate “pi stacking”, as
depicted in Figure 2f.*

1.1.2. Electronic transitions in pi systems

The absorption and emission of photons, together with non-radiative processes
(e.g. internal conversion and intersystem crossing) are direct result of light and
matter interactions. Figure 3 shows a modified Jablonski diagram, in order to
visualize the processes of absorption and emission, their origin and timescales, and
how are related to the steady-state spectroscopic output.
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Figure 3. Modified Jablonski diagram, modified from '32*%!,

As depicted in Figure 3a, absorption involves the photonic excitation of a molecule
from its ground state (S0O) to a singlet exciton state (Sn). In pi systems, the SO->Sn
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transitions involves predominaltly pi-electrons, since the optical transitions with
lowest energy have a pi-pi* character. Figure 3b shows the relaxation from Sn to
the first excited state (S1), through picosecond, internal conversion (IC), which is
known as the Kasha’s rule.”® In regard to the spatial arrangement of the molecule
(i.e. its conformation) during this process, the Born-Oppenhaimer approximation
states that the rearrangement of the electronic-molecular orbitals is much faster (by
orders of magnitude) than the rearrangement of the constituent-nuclei of the
molecule. Therefore, the spatial location of the atoms in the molecule change only
during the S1->S0 relaxation, and not during the the Sn->S0 one. In other words,
the molecular conformation can be considered constant during the absorption
process, which is known as the Franck-Condon principle.”” The constant-character
of the spatial location of the nuclei during the SO->S1 transition is represented
through straight lines.

Because of the internal Sn->S1 relaxation, the fluorescence emission spectrum is
shifted to lower energies (i.e. higher nanometer values), which is known as a
bathochromic “red” shift, and the resultant difference in wavelenght (i.e. energy)
between the absorption and emission maxima, is known as Stokes shift, as shown
at Figure 3¢.”* The shift in the atomic coordinates of the molecule is labeled as
“Dx” (Figure 3d).

Every molecule exhibits several vibrational modes, which causes a fine structure of
vibronic modes in the fundamental electronic transitions. SO and Sn possess
particular vibrational and rotational structures, due to the displacement of charge
and shift in the atomic coordinates of the molecule (i.e. molecular conformation).”
This is visually represented in Figure 3 as the potential curves for the SO and S1
states, each of them sub-divided to represent their constituent vibronic modes. Each
vibronic mode has different values of absolute square of the amplitude of each
vibronic-mode wavefunction.

Even if a quantum-mechanical description of these phenomena is beyond the scope
of the present work, it can be said that the magnitude of the SO->Sn transitions is
proportional to the overlap of the electronic wavefunctions of both states. This is
described at the quantum-mechanic level by the “golden rule” of Fermi. It uses first
order perturbation theory to describe the probability of the SO->Sn transition, as a
function of the density of final states and the transition dipole moment, which in
turn depends on the wavefunctions of SO and Sn.*’

Each wavefunction is composed by the wave function of the nucleus of the m-th
vibrational level of the n-th electronic state (shown in Figure 3e), and the wave
function of the electrons in the n-th electronic state, with the latter being
independent of both the spatial coordinates and spin of the electrons. The
probability of the SO->Sn transition is then predicted using: (1) an operator of
dipole moment, which when zero, generates a null probability of the S0->S1
transition (which is known as a dipole-forbidden transitions), and (2) the Franck-
Condon factor, which is related to the vibration of the nuclei, and describes the
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probability of the excitation of a particular vibrational state during an electronic
S
transition.

The term oscillator strength refers to the probability for a particular vibronic
transition, i.e. the amplitude of an electronic transition, after integrating over all
frequencies. It is a function of the electron mass, speed of light in vacuum and
refractive index, and can be correlated to the transition dipole element.” Figure 3
shows how the different oscillator strengths of transitions give origin to the shape
of absorption and emission spectra.”!

The extent of displacement between the ground and excited states potentials (i.e.
curves in Figure 3) determine the degree of symmetry and overlap between these
spectra. With the latter being commonly known as the energy of the zero-zero (0-0)
vibronic transition, observed in Figure 3f."

The above rules and principles (Kasha’s rule, Franck-Condon principle and
oscillator strength) were necessary to be introduced since they allow a deeper
understanding of the changes in steady-state absorption and fluorescence spectra
analyzed in this project.

1.2. Aggregation of conjugated polyelectrolytes and
water-soluble polythiophenes

Precise control of solution-phase aggregation of CPEs has been a long time goal
because it is related with sensing in solution via conformational changes.” Control
on aggregation also opens the possibility to specific nanostructuring, desirable for
applications involving charge transport, such as (i) sensing in solution'” and (ii)
solid-state optoelectronic devices.'’

However, a clear understanding of aggregation of CPEs is a challenging topic
because it depends on the interplay between their molecular structure (rigidity and
twisting of the backbone, density and type of ionic functional groups), excluded
volume effects, and interaction forces from the backbone (hydrophobic, pi
stacking), ionic group (electrostatic, H-bonding, long range ion-ion interactions),
together with side-chain hydrophobic interactions with solvent or other polymer
chains§ since it is known that side chains also play a role in the water-solubility of
CPEs.

All of these factors define the architecture of the aggregates (e.g.  disordered
clusters to ordered micelles, liquid crystals, and highly structured vesicles), and in
consequence, their optical-electrical properties.

Early studies on CPEs showed that in water these molecules present intramolecular

aggregation,” *® which decrease properties useful for sensing, such as fluorescence
spectra and quantum yields.”” For poly(p-phenylene vinylene) based CPEs, there is
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an alignment during aggregation, causing the conjugated units (phenylene) to
become almost co-planar in order to optimize hydrophobic and pi stacking
interactions, present due to the highly conjugated nature of their backbones. These
forces, however seem not to be dominant, probably due to a balance between the
tendency of interactions between side chains to limit the structuring, and the
competing influence of electrostatic repulsion between side chains and attraction
between ionic head groups and counterions, through Coulombic interactions.”

The aggregates of CPEs are usually charged, leading to electrostatically-driven
ordering, as observed for poly(3-thiophene methyl acetate) (P3TMA) with different
degrees of polymerization, when analyzed with small-angle neutron scattering
(SANS) spectroscopy. The data indicated ordering arising from intermolecular
electrostatic repulsion, with increasing concentration causing a similar behavior to
that of isotropic model for overlapping polyelectrolytes. Electrostatic forces were
possible to screen by the addition of salt, causing larger aggregation. On the other
hand, ionic forces play a role through counterions, which can decrease
optoelectronic or other properties, a fact that can be avoided in zwitterionic
CPES'1,3,29,30

The structure of the aggregates vary widely, being possibly weakly bound, poorly-
defined clusters (something commonly formed in water). They can also be more
structured, self-assembled aggregates, with 2D or 3D ordering, formed by diblock-
CPEs, or in presence of surfactants or (non-conjugated) polyelectrolytes. In fact, it
is well known that surfactants offer a reliable platform to control the aggregation of
CPEs, due to specific interactions that lead to a variety of structures, that could be
useful for sensing.’

Solvents also can tune the aggregation of CPEs, since they can modify the
structural order and conjugation length of the backbone.®*® This is discussed in
more detail in the section “1.8. Role of solvent” in this thesis, since the use of
cosolvents for aggregation control was one of the main strategies used in this
research work.

The concept of H- and J-aggregation is an important tool developed to study the
self-association of small conjugated molecules (e.g. dyes), either in solution or at
the solid-liquid interface. J- and H-aggregation is related to head-to-tail
arrangement (end-to-end stacking) or to parallel arrangement (plane-to-plane
stacking), respectively, and is useful since these two types of aggregates generate
red and blue shifts in the absorption spectra, respectively. This concept was
expanded by Spano et al.”' to analyze films of polythiophenes, in order to perform
structure-function studies in conjugated polymer aggregates, by proposing that for
polythiophenes, H- and J-aggregates coexist in the form of “H-J aggregates”, and
the contribution of each mode differs in each practical situation. Later, Zhu et al.”
used this concept to study the molecular ordering in solution, of a hydrophilic,
thermo-responsive polythiophene, with ethylene oxide side groups, using
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synchrotron X-ray scattering and absorption in solution to track co-facial stacking
(i.e. [010] ordering) and [100] ordering (i.e. cofacial molecular stacking). The latter
analyses were possible because the polymer used presented a clear structuring of
both absorption and fluorescence, i.e. these spectra showed more than one clear
vibronic transition (e.g., 0—0 and 0—1, see Figure 2), and by comparing the
0—0/0—1 ratio it was possible to estimate the [010] ordering. Such structured
spectra is also present in nanofibers or thin films, in which case it is possible to
gain understanding on the exciton coupling (i.e. intra- or inter-chain) present, as
shown in previous studies on poly-3-hexylthiophene (P3HT), one of the most
studied polymers for OSCs applications.”

The CITs used in this work do not present such structured spectra, however, in
Paper III it was possible to discuss their aggregation, as a function of molecular
structure and solvent, by using the criterion reported by Deng et al.,** which
analyzes changes in the excitation spectra due to concentration (see section 4 for
more details). This criterion was previously used in the research field of ligno-
cellulosic materials, specifically to study the aggregation of lignin, through the use
of lignosulfonates as model molecules.

As previously mentioned, the fluorescence of CPEs is sensitive to changes in the
surrounding media. Studies on the effect of concentration on fluorescence provide
information on aggregation, since these changes cause shortening of the lifetime of
the S1 state. Alternately, decreases in the steady-state fluorescence of the
fluorophore, can be observed due to either an increase in concentration
(aggregation-caused quenching (ACQ) or self-quenching) or due to the presence of
other molecules (known as quenchers). Previously, steady-state fluorescence was
used to estimate the critical micelle concentration of micelles formed in water by
water-soluble block copolymers, using pyrene as fluorescent probe,”””® or
following the intrinsic fluorescence of a polythiophene graft polyampholyte,” in
order to estimate the apparent critical micelle concentration (CMC). An approach
similar to the latter reference was used in Paper III in order to study the
concentration-driven aggregation of CITs with H-bonding capabilities, in solvents
with different polarity/H-bonding capacity.

Electron Paramagnetic Resonance (EPR) spectroscopy also has also demonstrated
to be a useful tool to obtain information on the aggregation behavior of dendrons®
and surfactant micelles.*' This technique was also used to study J-type and H-type
aggregation of P3HT nanofiber dispersions, as a function of the concentration of a
strong charge transfer dopant.*”” In Paper ITI EPR spectroscopy was used to study
the concentration-driven aggregation of cationic polythiophenes in aqueous media.
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1.3. Electron and charge transfer

When the presence of a molecule shortens the lifetime of the excited state, or
decreases the steady-state fluorescence of a fluorophore, the molecule is acting as a
quencher. These ground- or excited-state interactions, and molecular
rearrangements  (mentioned before) are: (1) Fluorescence resonance energy
transfer (FRET), (2) photoinduced electron transfer (PET), (3) static quenching, (4)
dynamic quenching or (5) “pseudo-static” quenching.

These mechanisms, and the models used to study them, are described in Paper IV,
and will be briefly resumed here.

(1) FRET involves the transfer of the excited state energy from the initially excited
donor (the fluorophore), to an acceptor, which ideally should be non-fluorescent.
This kind of quenching mechanics typically involve an overlap of the emission
spectrum of the donor with the absorption spectrum of the acceptor.” The rate of
FRET (kt(r)) is a function of the donor-acceptor distance (r), the orientation factor
(), and the spectral overlap between the donor emission and the acceptor
absorption, expressed by the the overlap integral (J )+

ke(ry oo K2 (1) (1)

(2) PET is expected to occur in presence of strong electron-withdrawing quenchers
like fullerenes, and is controlled by the free energy of the reaction, the
reorganization energy, and the distance between the donor and acceptor, without
requiring intimate molecular contact.** According to the Marcus formulation, PET
depends on three parameters: (i) the electronic coupling between donor and
acceptor, (JDA); (ii) the reorganization energy of each molecule (AD,A); and (iii)
the available driving force, i.e. the free-energy change for charge separation
(AGcs).** The latter can be estimated using the Rehm-Weller equation (equation
2), which has been used to analyze systems in solution:'**

AGes = Eox(D) — Ered(A) — E00 + C ---(2)

where AGcs is the free energy change for changer separation (which must be
negative for PET to occur spontaneously), Eox(D) is the first one-electron
oxidation of the donor, Ered(A) is the the first one-electron reduction of the
acceptor, Eg is the energy of the zero-zero vibronic transition of PT1, and C is a
term related to Coulombic attraction, which in turn is dependent of the solvent.

(3) Static quenching occurs as a result of the formation of a non-fluorescent

fluorophore-quencher complex in the SO state (ground state complex), causing a
decrease of “free” fluorophore in the system.***’
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(4) Dynamic quenching, occurs due to random diffusive collisions between
fluorophore and quencher during the lifetime of the Sl state,™ without the
formation of a complex between them.*’

(5) Pseudo-static quenching refers to a phenomenon that occurs when the
concentration of quencher increases, which causes an enhancement of its local
concentration, causing superlinear quenching (or “superquenching”) which is
observed as an upward behavior in the Stern-Volmer plot (see equation 3),
indicating the onset of an additional quenching mechanism. Frank and Vavilov,*®
introduced the concept of “sphere-of-action”, or “quenching sphere”, and that the
probability to find the quencher in such sphere at the moment of excitation is a
function of both, concentration of quencher and the volume of the sphere.'>**’
Therefore, during a complete fluorophore-quencher interaction the probability of
quenching is unity.* Sphere of action quenching has also been named “pseudo” or
“false” static quenching, since no ground state complex is formed.*’

The photo-chemical or -physical phenomena present in static, dynamic or
pseudostatic quenching can be explored by using the Stern-Volmer (SV) model:*’

PLy

= 1+ Ksv[Q] —--(3)

where PLy, and PL are the photoluminescence intensity (PL) at Ao, of the
fluorophore in absence and presence of a quencher, respectively, [Q] the
concentration of quencher, and Ksv the Stern-Volmer interaction constant (with
units of 1/M), which provides information about quenching efficiency.

Equation 3 was proposed to study a process now referred to as dynamic
quenching,” therefore, this model generates linear SV plots only when the
fluorophore-quencher pair interact by dynamic quenching. When the pair interacts
partially or totally different to dynamic quenching non-linear Stern-Volmer plots
are obtained, showing either up- or down-wards shapes. It is also possible that a
linear Stern-Volmer plot, however with an extremely larger value of Ksv (e.g. to
the power of 10) indicate the presence of static quenching.**”'

For these cases deviating from purely dynamic quenching several variations of the
Stern-Volmer model have been proposed and will be briefly presented here, for
further details the reader is encouraged to read the references provided.

In the case of linear SV plots, with large Ksv values, following can be used:

(i) A modified SV equation is known as Benesi-Hildebrand by plotting ///Q] and
PLy/(PLy-PL) as the X and Y axes, respectively. This model has been used to study
large water-soluble conjugated molecules such as beta- cyclodextrin polymers™ or
also systems involving water-soluble fullerene derivatives.” This model has also
been used to analyze proteins such bovine serum albumin,™ in literature it can also
be found without being labeled as Benesi-Hildebrand, e.g. in reference .
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(i1) A modified SV model which allows estimating the number of binding sites, by
plotting log/Q] and log[(PLy/PL) / PL] as the X and Y axes, respectively. This
model has been used to analyze the quenching of a biocompatible water-soluble
anthracenyl polymer,” and a  water-soluble cationic piperidine-containing
polythiophene.”*

In the case of upward-shaped SV plots, there is a distinction regarding if the [Q]
can be considered as “low” or “high”, and this distinction varies in each particular
system. At low values of [Q], it is commonly assumed that there exists a
combination of static and dynamic quenching,”® and also possible quencher-
induced aggregation.”” If time-resolved fluorescence is not available, it is still
possible to distinguish between static and dynamic quenching graphically, by
applying the plotting method described by Geddes® and Lakowicz."” This method
has been used to analyze the quenching of a poly(para-phenylene ethynylenes) by
Coo fullerenes.*’

On the other hand, for upward-shaped SV plots at high values of [Q], it is
considered an emergent phenomenon, which involves a crossover from static
quenching, due to the increase of the quencher capabilities in the form of a “sphere
of effective quenching”. Perrin’s model for a sphere of effective quenching was
developed for viscous media or rigid matrices, where the fluorophore and quencher
cannot change their positions in space relative to one another during the excited-
state lifetime of the fluorophore. This model assumes that a complete quenching
occurs if a quencher molecule is located inside a sphere (called the sphere of
effective quenching, active sphere or quenching sphere) of volume Vq surrounding
the fluorophore.”®” Sphere of action quenching has been also named “pseudo” or
“false” static quenching, since no ground state complex is formed.*’

After assuming that the probability that “n” quenchers lie within Vq follows a
Poisson distribution, and since the emission intensity is proportional to PL,, then
Perrin’s model states that:

T = feVaNIQl 4 B ——(3b)
PL

where A and B are empirical constants, N is Avogadro’s number. This model
applies if (i) there is no evidence of ground-state complex formation and (ii) the
interactions between the fluorophore and quencher are likely to be non-specific in
nature.”® This equation can be solved by: (i) estimating empirical values for A and
B and then applying the method described by Deshmukh et al.”’ or (ii) by assuming
that A=1 and B=0, and plotting /O] and LN[(PLyPL) as the X and Y axes,
respectively. In the latter case, the slope of the plot yields Kp = VgN,”® which in
turn can be associated with the radius of the quenching sphere (Rs) by:*' Vg =

% 7REN.
Perrin’s model was developed in particular for the interpretation of non-radiative

energy transfer in rigid media.”® However, remarkably, it has been used to analyze
the quenching of small conjugated molecules such as anthracene,’ pyrene™ or
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phenanthrene,” and also to analyze quenching of water-soluble
poly(phenylenevinylene)s,% and a solution processable fluorescent porous organic
polymer.”” Some authors suggest the use of a correction factor for polymer-
quencher systems, in order to account for the charge-induced enhancement of the
local quencher concentration.*®

Upward-shaped SV plots at high values of [Q] had also been studied assuming
purely static-quenching by complexation, since it may also lead to upward
curvatures in the SV plots. In these cases, the model for general static quenching
(GSQ) can also be used. This model requires the same plotting as the Benesi-
Hildebrand method, with 1//Q] and PLy(PL)-PL) as the X and Y axes,
respectively. The difference between each of these models is the parameters
included in the slope and Y-intercept. These models allow analyzing upward
curves because at high values of [Q] the module 7//Q] compresses the values in the
X axis around a certain value, while the module PLy/(PLy-PL) compresses the
values in the Y axis around unity. These two effects cause a linearization of the
data.

The model for general static quenching has been used to analyze systems involving
pyrene.® However, since the Benesi-Hildebrand has been used for polymeric
systems, and the plotting is the same, the model for general static quenching could
constitute a tool for internal comparison.

Finally, downward-shaped curves at high [Q] had been interpreted as the possible
formation of micelles of a water-soluble fluorene-thiophene diblock copolymer."
For such systems, a modified Stern-Volmer relationship known as the
multiequilibrium model has been used which takes into account diffusion of a
quencher into the core of an ionic micelle.'*

For the sake of simplicity after choosing the best fittings to the data, only Perrin’s
and GSQ models were used in Paper IV to study the interactions between a water-
soluble polythiophene-fullerene pair.

Another tool to gain insight on the possible dominant mechanism(s), besides the
shape of the Stern-Volmer plot, is to evaluate the effect of temperature on the Ksv
value. A ground-state complex is dissociated due to increases in temperature,
causing a decrease in Ksv, while for dynamic quenching the case is oppossite,
higher temperatures increase the number of collisions in the excited state.*

The UV-Vis spectra also provides information, since the presence of quencher
causes a distortion in the absorption spectrum of the fluorophore, because a
ground-state complex possess its own absorption mechanisms.

Regardless which model provides the best fit, if kinetic constants obtained at

different temperatures are available, it is possible to insert these values into the van
‘t Hoff model, in order to estimate thermodynamic parameters:
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InK=—-"+2 —@)
RT R

where K is Ksv (or the corresponding to a modified model) at the corresponding
temperature, f=(T) and R is the universal gas constant. DH and DS are estimated
then from the slope and intercept from the plot of LnK(T) vs 1/T.”'

In Paper 1V, the van ‘t Hoff model was used to perform a thermodynamic analysis
on the interactions between a water-soluble polythiophene-fullerene pair.

1.4. Conjugated polyelectrolytes with hydrogen-
bonding capabilities

H-bonding is relevant for the field of anion coordination chemistry, since it allows
improved complexing with anions, some of which are critical in biology, medicine,
catalysis and environmental science. Complexing with anions is challenging due to
their varying sizes, shapes and charges, and their pH dependence. However success
in synthesis of different receptors (of anions) has been achieved. With neutral and
cationic receptors, the interactions with anions are mainly H-bonding and/or
electrostatic. Also, since H-bonding can be considered as incipient proton transfer
reactions (details after Figure 4),> complexing with anions sometimes involves
deprotonation.

For the particular type of receptors used in the present thesis, the work from the
groups of Wilcox® and Hamilton® is relevant. They showed that urea moieties are
good anion receptors, particularly oxoanions like CH;CO, . In consequence,
several neutral thio-urea (thiouronium) and cationic iso-thio-urea (isothiouronium)
receptors have been reported, and both of them allow anion-binding through two-
point H-bonding (see Figure 4).”

Isothiouroniums, the core of the present thesis work, have received less attention
than thiouroniums.® However, the work of Kubo et al.””**%" increased the interest
on isothiouroniums, because in general, these molecules showed stronger binding
with several anions. Their affinity is such, that in several cases they allow sensing
in aqueous media and other solvents that are prone to compete for intermolecular
H-bonding, such as water and hydroxylic solvents, also referred to as “competitive
solvents”, in the contexts of molecular recognition,*** or polymer solvation.*®

This occurs because S-alkylation of thiuoreas generates a relatively larger dipole
moment and enhanced acidity of the NH residues, reason why isothiourea groups
are improved binders to oxoanions, in comparison with thioureas.**”°

Teramae et al.”' studied the effect of spacer length of alkyl side chains between the

isothiouronium group with bibenzene, finding that a methylene side chain causes
decomposition in protic and nucleophilic solvents after photoexitation, while an
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ethylene spacer allowed 1:1 complexation of different anions (in order of
selectivity): HPO,* >CH;CO, >H,PO*", with kinetic interaction constants around
1x10* 1/M.

Some of these isothiouronium receptors interact with anions through PET, and

show increased fluorescence in presence of the anion (i.e. are ‘“turn-on”
65

receptors).

Isothiouroniums were later used, mainly by the same Japanese groups, to bind
anions at interfaces, as part of sensing systems together with gold nanoparticles or
polythiophene as signal reporter, to template photodimerization® and later to
functionalize a polythiophene for sensing of phytate in water.’’

Figure 4 shows some previously reported thiourea-based molecules (1 to 3),
together with an schematic representation of a two-point H-bonding with a
carboxylate anion (4).
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Figure 4. Thiorea based molecules reported by Kubo et al., (1-3) together with an
schematic of the isothiourea functionality forming a two-point H-bonding with a
carboxylate anion (4). Modified from % %

As mentioned before, H-bonds can be considered as incipient proton transfer
reactions, and for strong hydrogen bonds, such proton transfer is considered to be
in a very advanced state. In a H-bonding, “X-H---A”, X-H is the “proton donor” or
“electron acceptor” or “H-bonding donor” while A4 is the proton acceptor or
electron donor or H-bonding acceptor.

The donor can interact with one acceptor (simple H-bond), or, due to its long
range, it can interact with two or three acceptors, in the so called bifurcated or two-
point, and trifurcated or three-point H-bonds, respectively. H-bonds with more than
three acceptors are possible, yet not common since they require very high spatial
densities of acceptors.”

A H-bond has several constituents, different in nature. According to Morokuma,
the total energy of a H-bond is composed of electrostatic, polarization, charge
transfer, dispersion, and exchange repulsion forces, making H-bonds to merge with
other types of interactions, such as van der Waals, ionic, cation-pi and even
covalent (in the solid state).” The contribution of each component vary with the
chemical structures of donor and acceptor, and also with the environment, reason
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why a H-bond can gradually change into another interaction type. If the polarity of
X-H and A is reduced by changing X or A, the electrostatic part of the H-bond will
also decrease, while the van der Waals contribution is barely affected, increasing
then its relative contribution.*®

In regard to the range in distance of an H-bond, the van der Waals cutoff criterion
requires the H---A distance to be substantially shorter than the sum of the van der
Waals radii of donor and acceptor. However some authors consider this criterion
should be avoided since it is too restrictive, and suggest to simply consider that H--
-A distances up to 3.2 A as potential H-bonds.”

In regard to the distance dependence of each contribution, from all the components
of an H-bond, the electrostatic contribution is the one which decreases the least
with distance, making it dominant at long distances, even if charge transfer
dominates at optimal geometry: elongation of a H-bond always makes it more
electrostatic in nature. However charge transfer and van der Waals terms are
always present. For weak H-bonds, dispersion contributes as much as
electrostatics. In regard to the geometry of an H-bond, linear H---A angles are
statistically favored over bent ones.*

In Paper IV a study was performed on the solution-interactions between a water-
soluble polythiophene-fullerene pair with two-point hydrogen-bonding capabilities.

1.5. Hydrogen-bonding mediated aggregation of ionic
polythiophenes

To the best of the author’s knowledge, the study related to water-soluble lignin
sulfonates by Deng et al.,”® is the only contribution that can be found about studies
on H-bonding mediated, aggregation of macromolecules built from conjugated
units, using steady-state fluorescence spectroscopy.

Besides this, only the contribution by Briseno et al.” reported a study on solid-state
properties of thiophene oligomers and polymers, “end-functionalized” (see Figure
5) with a phosphonic functionality. It was proposed that the solid state was then
tuned by the interaction between adjacent molecules: (a) H-bonding through the
phosphonic-phosphonic groups (P-OH---O=P), (b) between terminal thiophene
rings, (c) van der Waals forces between adjacent alkyl chains, and (d) pi forces,
between adjacent rings (see Figure 5). The polythiophene and the substrate (ZnO
nanowire) were proposed to interact through H-bonding. However, in the referred
work, neither water was used as solvent, nor the role of the interaction forces in
solution were investigated. A modified scheme of this contribution is presented in
Figure 5.
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ZnO nanowire

Figure 5. H-bonding (dashed black lines), hydrophobic (in ovals) and pi-pi (in rectangles)
interactions between thiophene oligomers in the solid state. Modified from Briseno et al.”

1.6. Hydrogen-bonding mediated electron and charge
transfer

Particularly important for the present project are those works involving water-
soluble donor:Cey pairs, with two-point, triple-point, or multiple H-bonding
capabilities, in order to study the role of H-bonding on the mechanisms of
interaction (static and/or dynamic quenching, PET and FRET).” Most of these
water-soluble pairs involve the use of small-molecules as donors, however there
are some reports involving the use of CPEs donors.

Paper IV reports a study on the effect of solvent polarity and H-bonding capacity
on the interactions between a water-soluble polythiophene:Cgy donor:acceptor pair.
One of the few contributions dealing with solution-phase studies using a similar
pair is that of Li et al.”* using a polythiophene block copolymer with diamino
pyrimide functional groups (1 in Figure 6) and a thymine tethered fullerene
derivative (2 in Figure 6). Three-point H-bonding increased the short-range
electron transfer. When the donor:acceptor pair was applied in OSC, H-bonding
increased the stability of the devices, allowing also control over the morphology,
by changing the donor:acceptor ratio.
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Figure 6. Triple-point H-bonding mediated charge transfer, between a polythiophene block
copolymer with diamino pyrimide functional groups (1) and a thymine tethered fullerene
derivative (2). Dashed horizontal lines represent the H-bonding. Modified from Li et al.”

1.7. Role of molecular structure

The most widely used polymerization methods of poly(3-alkylthiophenes) are
either electrochemical, or chemical oxidization. The latter is performed through

the Yamamoto and Suzuki coupling reactions or using FeCl; as catalyst. Although
all of these methods reduce or eliminate 2,4-linkages, they do not solve the lack of
regiochemical control over head-to-tail (HT) couplings between adjacent thiophene
rings. However, by using monomers that preferentially couple HT, such as 3-
alkoxy-4-methylthiophenes, the oxidative polymerization using FeCl; results in the
formation of regioregular polymers with mainly HT 2,5-linkages.”” FeCls-catalyzed
polymerization of 3-alkoxy-4-methylthiophenes was also used by Leclerc’s group
to synthesize different cationic thiophenes,'® by Minami et al. to polymerize a CIT
possessing mainly HT couplings,” and by this group, in order to synthesize the
CITs used in the present work (for details see Figure 9 in the methods section).

In neutral conjugated polymers, the attachment of flexible side chains, with
different lenghts, can improve dramatically the solubility of polythiophenes.”’®
Also, the self-assembly of neutral polythiophenes is very sensitive to the placement
and nature of the substituent side chains attached to the thiophene ring.”” For
example, inert side chains reduce the light absorbing and semiconducting
properties of copolymers, whereas alkyl or alkoxy groups raise the conformational
entropy of the macromolecule in solution and disturb molecular packing. Bulkier
branched-alkyl side chain reduces the tendency of the polymer to crystallize and
generates a more twisted and less rigid backbone because of steric effects. In turn,
these effects reduce the conjugation length and m-stacking.”® Side chains also
impact on solid-state properties such as crystallinity and backbone orientation.
These parameters in turn influence the exciton diffusion and charge transport,
affecti%g the morphology and performance of solid-state applications such as
OSCs.

32




For water soluble polythiophenes, side chain length has shown to have an impact
on (i) the isotropic decays and complexity of decay of non-ionic oligo(ethylene
oxide) polythiophenes,” (ii) the electronic properties of films of thiophene-
containing polymer zwitterions,® and (iii) the optoelectronic and photophysical
properties of polythiophenes bearing carboxylic acid groups, in solution and as part
of OSCs.* Molecular dynamics (MD) simulations have shown that the side chain
length of surfactants generates a fine balance between electrostatic and
hydrophobic interactions with a CPE.>*’

1.8. Role of solvent

As mentioned in section 1.2., solvents can also tune the aggregation of CPEs, since
they can modify the structural order and conjugation length of the polymer
backbone.*® Also changes in the partitioning between aggregated and
nonaggregated forms of the polymer due to solvent can be seen. This is due to
conformational changes taking place both in backbone and side chains of CPEs,
causing either easy dissolution, with an expanded conformation, or a “collapse” of
the backbone and aggregation, both inducing changes in the optical properties of
CPE:s in solution.?

This is critical for the present project, since the effect of solvent was used: (i) in
Paper II, in order to study its effect on the Stokes shift values of different CITs,
which allowed obtaining information on possible specific solvent—fluorophore
interactions by using, for example, the “Stokes shift vs. orientation polarizability”
Lippert-Mataga plot, and (ii) in Paper III, to exploit the changes in emission
spectra with the degree of self-quenching. This resulted in information on the
formation, number, and interaction pathways of these type of chromophores.

Some CPEs present important differences in solubility and aggregation in water
and alcohols, which is relevant for all the fields of applications commented before
in section 1.1. Clusters of CPEs in aqueous media could become completely
dissolved by using organic cosolvents, which is probably due to selective solvation,
obtained by the ionic groups being surrounded by water-rich regions. This
phenomenon could be exploited for sensing or nanostructuring.’

MD simulations have shown that in the aggregation of CPEs, there is a very fine
balance between electrostatic and hydrophobic interactions, which are strongly
dependent on the side chain length and solvent.’

Solvent also tunes the forces of interaction between donor:acceptor pairs, which
has been studied in the context of research of organic photovoltaics. One of the
study approaches has been the use of the Hansen solubility parameters to study
different donor:acceptor pairs, by correlating the solubility of Cg fullerene in
organic solvents and polymers.”” However, these studies did not include neither
CPEs nor water. In this regard, Papers III and IV uses these solubility parameters
qualitatively, to point out the H-bonding capacity of the solvents used.
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Concerning CPEs, the ortogonal solubility between water (or other hydroxylic
solvents) and organic solvents, during ink-jet or screen printing processing of
multi-layer organic photovoltaics, is being exploited, since such orthogonality
between solvents provides control over the morphology and efficiency of these
devices.* Also, the use of CPEs as electrode selective “buffer” layers in OSCs is
an active research field, since it allows simultaneously improvement of open circuit
voltage, short-circuit current, and fill factor."”

On the other hand, cosolvents have been used to gain information on H-bonding,
for example, a study using methanol—dimethylformamide mixtures, which provide
information on the H-bonding interactions and dipole association during polymer
intermolecular interactions."” The intermolecular complex between the two
solvents interferes with the hydrogen-bonding effect that typically yields a
nanoribbon morphology for such a molecule.

It is also known that mixed solvents generate preferential solvation of certain parts
of the polymer, such as backbone and attached functional group, in certain
component of the binary mixture.*®

It is worth to mention that just like the effect of solvents alone, the effect of
cosolvents has been also extensively studied in the field of organic photovoltaics
(field in which cosolvents are known as “additives™).

In this context, cosolvents provide larger control than solvents alone on the
interactions between donor:acceptor pairs since cosolvents provide control over the
solid-state properties of the films present in these devices. The formation of films
depend on two groups of parameters: (i) the kinetic parameters defining the drying
kinetics of the mixture (e.g. vapor pressure of solvents and deposition conditions),
and (ii) the thermodynamic parameters in solution, which involves solubility and
interactions between donors and acceptors.* From these approaches, and due to the
solid-state nature of these devices, the research concerning point “i” dominates the
current research,”* while the studies involving the effect of cosolvents on the
thermodynamics in solution (i.e. point “ii”) is largely missing, even more in
environmentally friendlier water-soluble donor:acceptor systems.

Papers II and III discuss the role of the side chain length on polymer-solvent and

polymer-polymer interactions of CITs, when interacting in pure water or water-
cosolvent mixtures.
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2. Aims of the Study

The aims of this work were to study H-bonding-influenced polymer-solvent,
polymer-polymer and polymer-quencher interactions of cationic isothiouronium
polythiophenes (CITs). These aims were achieved by exploiting the structural
properties of the CITs: Firstly, their chromo- and fluoro-phoric optical properties
allowed the use of steady-state absorption-fluorescence spectroscopic techniques.
Secondly, their solublility in water and hydrogen-bonding-donor capabilities
allowed to study molecular interactions as a function of the molecular structure of
the CITs and/or the polarity/hydrogen-bonding capacity of the solvent (with water
allowing to include high dielectric media). Finally, their molecular structure
containing ionic and hydrophobic constituents, allowed studying their aggregation
by means of electron paramagnetic resonance (EPR) spectroscopy, using
paramagnetic probes with different ionic and hydrophobic constituents. These
spectroscopic studies were complemented with other experimental (e.g. cyclic
voltammetry and dynamic light scattering) and computational (e.g. DFT)
techniques.

In Paper I it was noticed that a phosphonate [6,6]Ceo-fullerene had strong
quenching capabilities on the fluorescence of a CIT in aqueous solution. In order to
further study this result, it was necessary to further characterize the solution-phase
properties of the CIT. By adding homologous CITs with different side chain
lengths and solvents with different polarity/H-bonding capacity, it was possible to
perform an structure-function study in Paper II. The aims of Paper II were (i) to
determine the concentration required to avoid molecular aggregation, (ii) to
characterize the electronic properties of two CITs with different side chain length
and (iii) to evaluate the behavior of these molecules in solvents with different
polarity/H-bonding capacity. The aims of Paper III were to gain understanding on
the effect of the structural difference on the aggregation mechanisms of the CITs in
(a) solvents with different polarity/H-bonding capacity, by means of absorption-
fluorescence spectroscopic techniques and (b) in presence of paramagnetic probes
with probes with different ionic and hydrophobic constituents, by means of EPR
spectroscopy.

Finally, the aims of Paper IV were to evaluate the effect of solvent polarity/H-
bonding capacity on (A) the quenching mechanisms, by aid of spectroscopic and
Stern-Volmer analyses, and (B) on the thermodynamics of interaction, by
performing van ‘t Hoff analyses.
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3. Experimental

3.1. Materials

The structures of the molecules used in this work are presented in Figure 7: (a)
three cationic isothiouronium polythiophenes (poly-3-(N,N-diethyl-S-iso-
thiouronium)alkoxy-4-methyl thiophene), with alkoxy chains of different length in
the 3-position of the thiophene ring,”® and (b) four [6,6]-phosphonate Ceo-
fullerene derivatives, two of which have their phosphonate (PO; ), hydrogen
bonding (H-bonding), acceptor functionalities, protected through alkylation.”"**”

This set up of molecules allowed to evaluate systematically the effect of molecular
structure and solvent on polymer-solvent, polymer-polymer and polymer-quencher

interactions.
d
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Figure 7. Structures of the poly-3-(N,N-diethyl-S-iso-thiouronium)alkoxy-4-methyl
thiophenes, with ethyloxy (PT1), hexyloxy (PT2) or decyloxy (PT3) side chains in the 3-
position of the thiophene ring, and the  [6,6]-C4, fullerene derivatives [6,6]-
bis(diphosphonate)-bromomethanefullerene (2Fo), [6,6]-[bis(bis(diphosphonate)]2-
bromomethanefullerene  (4Fo), [6,6]-bis(diethoxy-phosphoryl)-bromomethanefullerene
(Alkox4) and [6,6]-[bis(diisopropoxyphosphoryl)]2-bromo-methanefullerene Cgy, (Alkox8).
Notice that PT1 shows the numbering (in red) of the carbon and sulphur atoms in the
thiophene ring.
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The control over media was further achieved by using two types of polarity agents,
shown in Figure 8: (a) solvents with different polarity and H-bonding capacity or
(b) paramagnetic probes with different polar and hydrophobic components (for
EPR studies in aqueous solutions). The structures of these are presented in Figure
8.

(a)

Water
ON  )—OH ‘ON +\/\/\/\/
TOH CAT 8
"ON ’llg/\/\/\/\/\/\/\/ 7 on o
! HO
CAT 16 SDSA

Figure 8. (a) 3D structures of the four solvents used: water, isopropanol (IPA),
tetrahydrofuran (THF) and 1,4-dioxane (DI), (the labels “D” and “A” on certain atoms
indicate a H-bonding donor or acceptor, respectively), and (b) skeletal formulas of the four
paramagnetic spin-probes used: 4-hydroxy, 2,2,6,6 tetramethyl-piperidine-1oxyl (TOH), 4-
octyl dimethylammonium, 2,2,6,6 tetramethyl-piperidine-1oxyl bromide (CATS), 5-doxyl-
stearic acid (SDSA), and 4-cetyl dimethylammonium, 2,2,6,6 tetramethyl-piperidine-1oxyl
bromide (CAT16).

As explained in Papers II and III, the three organic solvents mentioned above
were chosen due to their complete miscibility with water and the properties
obtained when mixed with water as cosolvents, generating protic—protic water—
isopropanol (W-IPA), protic—aprotic water—tetrahydrofuran (W-THF) and protic—
non polar water—1,4-dioxane (DI) mixtures. As shown in Table 1, this series of
cosolvents represent in named order decreasing polarity, H-bonding capacity and
values of the H-bonding interactive force (0H) of the Hansen solubility parameters.

Because of the properties listed in Table 1, these solvent mixtures enabled a study
on specific polymer-solvent interactions, in this case by evaluating the effect of the
alkoxy spacer length of PT1-3 and the polarity/H-bonding capacity of the solvent,
on the specific polymer-solvent interactions (Paper IT) and on the aggregation
processes of the polymers (Paper I1I).
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Table 1. Values of physical-chemical parameters relevant for the studies, from all
the solvents (at 20 or 29 °C). The hydrogen bonding capacities of each pure solvent
(according to the Hildebrand scale) are also shown. Next to each value is provided

the number of the reference.

Solvent Density Dynamic Dielectric | Relative | Refractive
(g/cm’) Viscosity constant Polarity index
(mPa s) 7
Water 0.99% *0.754%7 80.38% 1 *1.33%7
W-IPA 0.90” 2.8'% 43.68'"" 0.54 1.36”
W-THF 0.92°° *0.79"” 41.21' 0.51 *1.39”
W-DI 1.03'% 1.4 36.89% 0.46 *1.40”
* At 29 °C

+ Ratio “Dielectric constant of cosolvent mixture/Dielectric constant of water”

Table 1-cont.

Solvent | Hydrogen oD oP oH
bonding Dispersion | Polar | Hydrogen
capacity 7 7 bonding

* I
Water Strong 15.5 16.0 42.3
IPA Strong 15.8 6.1 16.4
THF Moderate 16.8 5.7 8.0
DI Moderate 17.5 1.8 9.0
+ 104
¥ 105

Among the cosolvents used, DI is of particular interest, because besides being
miscible with water in all proportions, it is a non-polar aprotic solvent with a
boiling point and density similar to water, but possessing a dielectric constant
significantly lower to water. Also, when used as cosolvent, DI disrupts the normal
three dimensional structure of water, caused by its relatively bulky structure, the
presence of 4 methylene groups and its ability to accept two hydrogen bonds
without donating any (see Figure 8a).'" Light scattering experiments showed that
water-DI mixtures (1:3 v/v) form clusters through H-bonds.'"”” DFT simulations
also showed such complexation,'” while MD simulations were used to compare
the interactions and aggregation between oligomers of an anionic phenylene-
fluorene copolymer in water or a 50:50 water-DI mixture. It was observed that DI
forms a “coating”, displacing water from the immediate environment of the
molecule, while the ionic parts are preferentially solvated by water. Such coating
reduces interchain and side-chains interactions and therefore aggregation.'*

In Papers II and 111, the mixture W-DI was used as one of the limiting experimental
conditions in regard to the decrease of polarity/H-bonding capacity (pure water was
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the opposite limiting condition). In Paper IV, the W-DI mixture was selected to
evaluate the effect of solvent polarity/H-bonding capacity, on the interactions
between a PT1:4Fo donor:acceptor pair prone to interact through H-bonding.

3.2. Methods

The techniques used in this work and the reasons behind their use are briefly
described here. More details of the particular experimental/computational setups
used in this project can be found in Papers I-1V.

3.2.1. UV-Vis absorption spectrophotometry

In Paper I, this technique was used to evaluate the effect of molecular structure on the
optical properties of the four Cg phosphonate derivatives in solution and as self
assembled films.

In Papers II and III it was used to analyse the absorption maxima (Amay), and also
(together with complementary steady-state fluorescence measurements), quantum
yields (®f) and Stokes shifts (Av) as a function of: (i) side chain length in PT1-PT2,
and (ii) polarity/H-bonding capacity of the solvent. Additionally, an estimation of the
optical bandgaps (Egopr) of PT1-PT2 could be made. In Paper II, it allowed the use of
the Lippert-Mataga plot, in order to get qualitative information on polymer-solvent
interactions.

In Paper IV this technique was used to evaluate the degree of fluorescence resonance
energy transfer (FRET) and photoinduced electron transfer (PET) between a PT1:4Fo
donor:acceptor pair as a function of polarity/H-bonding capacity of the solvent, and
also to verify if these molecules form a ground-state complex.

3.2.2. Steady-state fluorescence spectrophotometry

In Paper I this technique was used to evaluate the effect of polymer functionalization
on the acceptor properties of 4Fo, by analyzing the extent of fluorescence quenching in
a PT1:4Fo donor:acceptor pair in water.

In Papers II and III, besides the analyses on quantum yields and Stokes shifts already
mentioned, this technique allowed analyzing the excitation and emission maxima (Aex,
Aem» TESPectively), as a function of molecular structure, concentration, and polarity/H-
bonding capacity of the solvent. In Paper III the shape of the excitation spectra as a
function of solvent was used to propose a simple criterion to evaluate the type of
dominant aggregation type (H- or J-like).

In Paper IV it was used to further study the fluorescence quenching between a
PT1:4Fo donor:acceptor, extending the study in Paper I, in order to evaluate the effect
of solvent (water or W-DI) on the interaction mechanisms and thermodynamics of the
system.

In regard to the UV-Vis/fluorescence studies, it is important to point out the critical
role of the SpectraGryph optical spectroscopy software'® in this research, since it
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provides a simple and efficient way to visualize, manipulate (e.g. smoothening, base-
line correction, normalization), analyze and plotting large numbers of spectra, which
was the case in this project.

3.2.3. Cyclic voltammetry

In Papers I and IV, this technique was used to evaluate the effect of polymer
functionalization and phase-state on the electron-accepting properties of Ceo.

In Paper TII, it allowed estimating the ionization potential (Ip) of PT1-PT2, through the
onset of electrochemical oxidation of drop-cast films.

3.2.4. Electron paramagnetic resonance spectroscopy (EPR)

In Paper II1, EPR (also known as electron spin resonance) was used to study the effect
of concentration of PT1 and PT2 in aqueous solutions, in presence of paramagnetic
probes of different polarities, in order to evaluate the effect of the side chain length on
their aggregation properties.

3.2.5. Density functional theory (DFT)

In Paper II, DFT calculations were performed by simulating oligomers (until
hexamers), in order to evaluate qualitatively the effect of the side chain length in PT1-
PT2, on the simulated frontier molecular orbitals (FMOs) and molecular conformation,
simulating implicit solvation in water and dioxane.

In Paper II1, it was used to obtain qualitative-supplementary insight on the effect of
the side chain length of PT1-PT2 on the electrostatic potential maps (EPMs) of dimers
of these molecules.

All calculations were carried out using the Gaussian 09 (G09) package,'' running in
the Taito supercomputer, hosted at the CSC — IT Center for Science (Finland). The
electrostatic potential surface maps were visualized using the softwares Avogadro,
Open Babel Version 2.3.2.4.""" or Jmol.'"?

In regard to DFT, in the electronic supplementary information of Paper II, the author
clearly pointed out the boundaries of the use of this tool, as qualitative, and
complementary, used for internal comparison. It is worth to mention that the author
also performed Time-Dependent DFT (TD-DFT) and molecular dynamics (MD)
studies during the duration of this project, however, only the results from DFT were
successful enough to be included in this research.

3.2.6. Dynamic light scattering (DLS)

In Paper II, DLS (also known as photon correlation spectroscopy) was used in order to
compare the particle size of aqueous solutions of PT1 and PT2 in disaggregated and
aggretated states.
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3.2.7. Synthesis/purification methods and "H-NMR

Previously, the polymers used in the present project presented challenges in regard to
the estimation of regioregularity. Regardless it is known that the FeCl; oxidative
polymerization of 3-alkoxy-4-methylthiophenes as monomers, generates mainly head-
to-tail regioregularity, through 2,5-linkages (for numbering see Figure 7).
Regardless, an attempt was made to obtain primary evidence, performing two
strategies. These strategies, following the guidelines of Minami et al.,”’ were
implemented in the steps pointed out by blue vertical arrows in the synthetic route
shown in Figure 9.
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Figure 9. Polymerization step in the synthetic route of PT2. Thick blue vertical arrows
indicate the modified steps.

The arrow labeled “stop” in Figure 9 indicates the step in which a time-dependent
polymerization was performed in order to gain understanding on the regioregularity of
the polymer, by analyzing the oxymethylene proton nuclear magnetic resonance (‘H-
NMR) signals from samples taken after 1, 6 and 12 hours of polymerization. These
samples were also aimed to provide information in regard to dispersity (D), as detailed
ahead.

On the other hand, the vertical arrow labeled “soxhlet” in Figure 9 indicates an extra
purification step, consisting of a 48 hours soxhlet reflux using THF, performed, as an
attempt to remove the traces of the catalyst, in order to obtain suitable 'H-NMR
spectra.

3.2.8. Time-of-flight matrix-assisted laser desorption/ionization
(MALDI-TOF)

The estimation of dispersity (P=Mw/Mn, in where Mw and Mn are the weight-average
and number-average molecular weights, respectively) of cationic CPEs is very
challenging due to (i) strong (and inconvenient) interactions with the chromatographic
columns, and (ii) the lack of structurally-analogous polymeric standards, as discussed
in Paper I1.

Regardless of this, the author attempted to obtain primary evidence, by using MALDI-
TOF, following the study of Liu et al.,'” focusing specifically at non-ionic
polythiophenes and evaluating: (i) matrix, (ii) effect of laser power, and (ii) the effect
of matrix/analyte ratio. For the project reported in this thesis, water-soluble matrices
were used: a-Cyano-4-hydroxycinnamic or 2,5-Dihydroxybenzoic acid.
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4. Results/Discussions

4.1. "H-NMR and MALDI-TOF

Despite of the soxhlet purification step performed in this project, the 'H-NMR
spectra from PT1 and PT2 suggested the presence of FeCls, since the signals were
broad and therefore not suitable for further structural analyses.

The MALDI-TOF spectra obtained did not provide information on Mw since none
of them showed any clear band, regardless the matrix, laser power, and
matrix/analyte ratios used.

As detailed in Paper II, both polymers were assumed to have similar degree of
polymerization (DP), dispersity (P = Mw/Mn) and regioregularity. DP was
estimated (using the polymer precursor) to be around 20-30 repeating units, value
consistently obtained by this research group''*'"” and other research groups,''®"'"®
for cationic and/or anionic polythiophenes.

Finally, in regard to their regioregularity, it was assumed to be mainly head-to-tail
(HT), through 2,5-linkages, since it is known that the FeCl; oxidative
polymerization of alkyl-thiophenes minimizes 2,4-linkages.”””

4.2. lonization potential, electron affinity and bandgap

The energy levels of PT1 and PT2 were determined either experimentally or
computationally. Figure 10 shows the cyclic voltammograms (CVs) used to
estimate the ionization potential (Ip). Figure 11 presents absorption and
fluorescence data of all the molecules used in this project, in solution and/or solid
state. The absorption spectra are used to estimate the bandgap (Eg) by means of the
absorption onset or the 0-0 transition. Figure 12 shows DFT-estimated energies of
the frontier molecular orbitals (FMOs) HOMO and LUMO, from dimers, tetramers
and hexamers of PT1 and PT2 (labeled OT1 and OT2), together with the simulated
spatial location of the electron densities in the FMOs of hexamers. Please notice
that in Paper Il the HOMO-LUMO values were also estimated in 1,4-dioxane, and
are omitted here because the simulations in water are those that fit better to the
study/case, probably because inherent limitations of the implicit solvation approach
when simulating an ionic molecule within 1,4-dioxane and/or incomplete
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representation of the 50:50 v/v binary mixture, which in the past has been

simulated more accurately by using molecular dynamics.
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Figure 10. Cyclic voltammograms of the first cycle of oxidation of drop-casted films of
PT1 and PT2 on the surface of a glassy carbon working electrode. The black dashed cyclic
voltammogram shows the blank measurement. Dashed black arrows indicate the oxidation
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Figure 11. Absorbance of PT1 and PT2, (a) in water (1.05 M), or (b) as drop casted films

on glass.
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Figure 12. (a) DFT energy estimations of FMOs of di-, tetra- and hexamers of PT1 and
PT2 (labeled OT1 and OT2, respectively), together with (b) images of the hexamers of OT1
and OT2, showing the spatial location of HOMO and LUMO. These oligomers lie in the x-
y plane as indicated for the hexamer OT1.

Table 2 shows the experimentally and computationally estimated values of the
energy levels of PT1-2.

Table 2. Energy levels estimated experimentally and by DFT (method B3LYP/6-

31G**).
SOLUTION FILMS DFT
Egopr™ Oxid. Ipf Eal Egopr HOMO LUMO Eg
(eV) onset (HOMO) (LUMO) (eV) V) § eV)§ (eV)
Water V) (eV) (eV)
PT1 2.35 +0.68 -5.08 -3.11 1.97 -4,77 -2,18 2,55
PT2 2.35 +0.62 -5.02 -3.02 2.06 -4,41 -1,84 2,57

*From absorption onsets in water at 1.05 M (Figure 11a).

F1p= -(Oxid. onset+4.8) eV (details in ESI of Paper II). Using the oxidation onsets in Figure
10.

1Estimated assuming Egopr ~ Ipcy - Eagpr, after reference ' (details ahead).

§From DFT simulation on hexamers, 1 Hartree =27.2114 eV

As reported in Paper II, in regard to the HOMO values of PT1-PT2,-Table 2
shows that the Ip values estimated from the oxidation onset of drop-casted films
(i.e. Figure 10), become slightly less negative for longer side chains, a trend which
is in agreement with the HOMO of the simulated hexamers. Table 2 shows that the
bandgap (Eg) values estimated from films (i.e. Figure 11b), indicate that the longer
side chain in the 3-position of the thiophene ring of PT2, causes an increase of
~0.09 eV in the bandgap. This trend is in agreement with the Eg of the simulated
hexamers, which predicts that a longer side chain causes an increase of 0.02 eV in
the bandgap.
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In Paper II the LUMO values of the polymers were estimated by combining the
HOMO estimation from onsets in CVs, with the optical bandgaps (Egopr) from
absorption onsets of films. This approach was used after the contribution of
Johansson et al. using 25 neutral polythiophenes,''*'*" in which was shown that
similar gaps are obtained from CV alone (i.e. electrochemical bandgap=Eggc=Ip-
Ea) or absorption of films (i.e. the Egopr).

It is worth to mention that in the reference cited the absorption maxima was used to
estimate Egopr, instead of the long-wavelength onset of absorption, as reported in
Paper II, after Page et al.*' This is relevant because using Amx generates higher
Egopr estimations and also swhitches the results in regard to PT1 and PT2:
resulting in EgoprPT1>EgoprPT2). However, to the best of the author’s knowledge,
the onset of absorption is preferred in literature (e.g. the Tauc plot).

The energy values predicted by DFT (Table 2) show that the maximum difference
between simulated and experimental data was observed in the LUMO values, for
which DFT estimates values 0.93 and 1.18 eV less negative than the
experimentally-estimated LUMOs of PT1 and PT2, respectively. In other words,
DFT estimates less negative LUMO values than the experimental estimations, by
~l eV. The DFT estimations of HOMO and Eg differ from the experimental
estimations by maximum 0.6 eV. A further discussion on the accuracy of DFT
methods, for predicting actual energy values for a given system, is beyond the
scope of this work. Therefore, as stated in the supporting information of Paper II,
despite the actual energy values, it can be concluded that DFT, with the B3LYP/ 6-
311+G* basis set, predicts the effect of the length of alkoxy side chains reasonably
well, at a qualitative level, as was previously reported in studies of
oligothiophenes.'?' Also, the B3LYP/ 6-31G** level has proved to be a reasonable
choice for thiophene based systems,'”* and to correlate well with the theory and
experiment for molecules with similar size to the oligomers used in this work, with
estimations of bandgap ~2 eV.'”

In Paper II DFT was also used to analyze the effects of a larger spacer on the
spatial geometry of the molecules. In this regard, Figure 13 presents the x- and y-
axial views of the oligomers simulated (according to the coordinate system defined
in Figure 12), in water, together with the dihedral angles between the two central
thiophene rings of the structures.

The angles were defined between the planes formed by each of the central
thiophene rings, by measuring (with aid of the software Avogadro) Sulphurgigi-
Carbon(2)ring1-Carbon(5)ring2-Sulphurging, (following the numbering of carbons
shown in the structure of PT1, in Figure 7). In Paper II, only the images from the y-
axial view were presented.
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Figure 13. Y- and x-axial views of the simulated oligomers. In the y-axis a stick-like
representation of the oligomers is used in order to see the bending of the side chains. The
numbers shown correspond to the dihedral angle between the central-thiophene rings, this
view also presents the value of the dihedral angle between the two central thiophene rings.
In the x-axial view a thinner, wire-type representation of the oligomers is used in order to
visualize the bending of the molecules through the HOMO electron densities. The added
black-dashed lines serve also as visual guides.

As reported in Paper II, the X-axial views in Figure 13 show that, the longer
spacers generate less bending of the polymeric chain, while the y-axial views show
that shorter spacers generate larger bending of the isothiouronium group.

In this regard, the dihedral angles show that for both spacer lengths, the increase in
monomer units increase the value of the dihedral angle, and that the dihedral angle
values of the oligomers of PT2 are larger than those of the monomers of PT1.
Notice that due to the head-to-tail nature of these simulated molecules, null
twisting would be reflected in dihedral angles of 180°, while dihedral angles of 90°
would indicate maximum twisting, with one thiophene ring perpendicular to the
next one.

The DFT simulations suggest that PT1 has a tendency to twist and bend more than
PT2. In Paper II it was mentioned that twisting of the conjugated backbone
generates segments with shorter effective conjugation length, observed
experimentally as blue-shifts in the absorption spectrum. Thus, the more twisted
conformation of PT1 could explain its larger sensitivity to cosolvents and could be
the result of specific solute—solvent interactions that only this polymer has with
water.
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Besides the qualitative analysis on the conformation of PT1 and PT2, this set of
DFT simulations were also used in Paper III, to show the effect of the spacer on
the molecular electrostatic potential surface (MEPS) maps of dimers. MEPS maps
indicate the electrical charge cloud generated through the electrons and nuclei, at
any point in the vicinity of the molecule, which can be estimated through a
constant value of electron density. Such mapping over the surface of a molecule
provides a qualitative visual guide about the reactivity of positively or negatively
charged molecules. The MEPS maps obtained after a DFT simulation are generated
according to the electronic density, while those generated without a DFT
simulation, using a molecular mechanics (MM) force field, are generated according
to atomic charges (see Figure 15).

Figure 14 shows the MEPS maps of oligomers of PT1 and PT2, either dimers
(Dim) and also tetramers (Tetra). Please notice, the MEPS maps of dimers differ
from those reported in Paper III because another visualization configuration was
used.

Diml Dim2

HE I .

Vimin Vinax

Figure 14. MEPS maps of DFT-optimized dimers and tetramers of PT1 and PT2. The
qualitative scale below Diml shows the range of electrostatic potentials: most negative
(Vin» red), neutral (green) and most positive (V,,,,., blue).

Figure 14 shows that the shorter spacer in the oligomers of PT1, causes a larger
spreading of the cationic charge from the isothiouronium into the backbone of the
oligomers (visualized as a greenish color on the thiophenes backbone) in
comparison with the oligomers of PT2. This qualitative result is in agreement with
previous studies on the structuring of hydrophilic ammonium-fullerenes with
different spacer lengths in aqueous solution, showing that with longer spacers the
influence of the charged nitrogen in the ammonium group on the fullerene is
decreased (see Paper III).

Therefore, we suggested that the spacer length has an impact on the electrostatic
potential of PT1 and PT2, which could partly explain the different behaviors of
these polymers in solution.

Figure 15 shows the MEPS maps estimated using MM (i.e. MEPS maps due to
atomic charges), with the Merck Molecular Force Field (MMFF94), for the frozen
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dodecamers of PT1 and PT2. These molecules were used as inputs in the DFT
calculations in Paper II (see methods section Paper II).

Figure 15. MEPS maps of dodecamers of PT1 (DDT1) and PT2 (DDT2). The qualitative
scale below DDT1 shows the range of electrostatic potentials: most negative (V,,;,, red),
neutral (green) and most positive (V,,,,, blue).

Figure 15 shows that MM predicts the same qualitative result than the DFT-
optimized oligomers shown in Figure 14. The smaller spacer increases the
spreading of cationic charge into the thiophenes backbone, visualized as a more
greenish-blueish thiophene backbone in the oligomers of PT1.

4.3. Studies on polymer-solvent and polymer-polymer
interactions

4.3.1. Disaggregated and aggregated ranges of polymer
concentration

The present research work relies heavily on knowing at which concentration PT1-
PT2 can be considered to be in disaggregated or aggregated state. Studies on the
polymer-solvent (Paper 1II), polymer-polymer (Paper III) and PTI-4Fo
interactions (Paper 1V) are presented and evaluated focusing on the effect of the
spacer length and/or polarity/H-bonding capacity of solvent.

Steady-state fluorescence spectroscopy was used to gain understanding on the
relationship between polymer concentration ( [POL] ) and aggregation, by
assuming that any deviation of a linear increase in the PL intensity with [POL]
would indicate aggregation-driven self-quenching.

Figure 16a-d shows curves of PL versus [POL] obtained for PT1 and PT2 in four
different solvents used in this study.

Figure 16 shows that regardless the solvent, for [POL]<0.1 mM (monomer base),

there is an almost linear, positive, dependence between PL and [POL]. Because of
this, 0.084 mM was labeled as the concentration at which polymers are
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disaggregated (DIS). On the other hand, at [POL]>0.1 mM, the positive, linear

relationship is lost, due to aggregation self-quenching, reason why
mM were labeled as the concentrations which generate “middl

“maximum” (AGG) aggregation states.
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Figure 16. Plots of PL intensity versus concentration of polymer, [POL],

from PT1 (blue

solid squares) and PT2 (red hollow diamonds) in (a) water, (b) W-IPA, (c) W-THF and (d)
W-DI (Papers II and III). The reason for labeling values of [POL] as “DIS”, “CC” and

“AGG” is explained ahead.

4.3.2. Effect of spacer length on polymer-solvent interactions

As discussed in Paper II, the Lippert-Mataga equation uses

the dielectric

continuum model to correlate the energy difference between absorption and

emission maxima (i.e. Stokes shift) to the orientation polarizability.

However, after

previous unsuccessful attempts of using the Lippert-Mataga, or Onsager functions,
to correlate dielectric constant to the spectral shifs from anionic CPEs, this plot was
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used at a qualitative level, to evaluate the effect of the spacer length. Figure 17
shows the Lippert-Mataga plot of PT1 and PT2 in the four solvents used, around
“DIS” concentration (0.084 mM), as reported in Paper II.
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Figure 17. Lippert-Mataga plot of PT1 (blue diamods) and PT2 (red squares), in four
solvent systems, at 0.084 mM.

Stokes shift (nm)

Figure 17 shows that the Stokes shift values for PT2 is almost constant, regardless
the increase in the value of Af, showing Stokes shift values of ~127 nm, while that
of PT1 shows a downward behavior in W-IPA, and a large increase in the Stokes
shift, up to =170 nm, in water. As discussed in Paper II: (i) the average Stokes
shifts of PT1 are slightly larger than those of PT2 (W-IPA and W-THF are
statistically similar), which indicates PT1 has a larger structural difference between
the SO and S1 states; (ii) for PT1, W—IPA generates a valley in the curve. It is
known that negative deviations in alcohols indicate non-specific polymer-solvent
interactions in the SO state, (e.g. hydrogen bonding); (iii) large Stokes shift of PT1
value in water, which indicates increased polymer-solvent interactions, in
comparison with PT2 (see Paper II for details).

4.3.3. Effect of spacer length on relative quantum yields

The effect of spacer length and solvent on the quantum yields (of PT1 and PT2)
was studied in Paper II. It was found that PT2 has higher quantum yields in
comparison with PT1. It is known that changes in quantum yields (dy) are
associated with different pi-conjugation and/or triplet formation of conjugated ring
molecules (e.g., thiophenes).
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4.3.4. Effect of spacer length and solvent on polymer-polymer
interactions

Figure 18 shows the plots with four scales reported in Paper III, two of the scales
are the maxima of absorbance (Amax) and that of excitation (Aexmax) OF PL (Aem),
while the third and fourth scales are the wavelength and [POL]. The size of the
symbols provide qualitative information on polymer concentration (i.e. the largest
symbol represents the highest [POL]). A plot for each solvent is shown, using the
same scale for comparative purposes.
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Figure 18. Plots of wavelength and intensity of Ay, Aexmax and Aey, from PT1 and P2, as a
function of wavelength, at each [POL], in (a) water, (b) W-IPA, (¢) W-THF and (d) W-DI.

4.3.4.1. Amax wavelenght and excitation spectra

The data in Figure 18 were further analyzed at different levels in Paper ITI, with
the first level of analyses being to analyze the effect of concentration and solvent
on the wavelength of hmax. In this regard, in Figure 18 it is observed that regardless
the solvent and concentration, the Amax of PT2 (A,,xPT2) is bathochromically (red)
shifted with respect to AmaxPT1, with water maximizing this behavior.

In Paper II it was proposed that the shift of Amax due to the spacer length indicates a
different ground state (SO) in each polymer, while the role of water maximizing
this difference was linked to the specific interactions of PT1 with water.
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Figure 18a shows also that in water, Am.xPT1 has a large and sudden red shift when
concentration increases up to CC, with cosolvents decreasing the extent of this
shift. On the other hand, A,,,xPT2 remains unchanged regardless the concentration.
This indicate that PT1 goes through a clear transition in which the polymer—water
interactions become weaker than polymer—polymer forces of interaction. Figure
18(b-d) adds to the assumption of PT1 having the strongest interactions with water,
since it is observed that a decrease of polarity/H-bonding capacity of the solvent
reduces the difference between the curves of Amax of the polymers in the
disaggregated state.

Finally, the size of the red shift in wavelenght of Amax (decrease in the energy of
the SO state) of each polymer, due to a change in the polarity/H-bonding capacity
of the solvent is easier to visualize by plotting the difference between the
absorption maxima in the three cosolvent mixtures (Amax*) and the absorption
maxima in water (AmaxWater), which normalizes the data in Figure 16 with respect
to water. Figure 19 shows the value of the module (Ama.x™- AmaxWater), in the three
aggregation states, as presented in the supporting information of Paper II, y-axes
scales are kept the same for comparison purposes.
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Figure 19. Shift of A, due to a decrease in solvent polarity/H-bonding capacity at (a) DIS,
(b) CC and (c) AGG. Black arrows indicate the red shift caused by W—DI in comparison
with the other cosolvent mixtures in each aggregtion state.

Figure 19 shows that at the three aggregation states (specially at the DIS state), the
presence of cosolvents caused larger red shifts in AmaxPT1 than in
AmaxPT2. On the other hand, AmaxPT2 shows similar curves in the three
aggregation states. This indicates that the energy of the SO level in the
disaggregated or aggregated chains of PT2, remained almost unchanged (with
shifts of Amax smaller to 4 nm) because of a change in the polarity/H-bonding
capacity of the solvent, while the SO level of PT1 shows a larger decrease after
cosolvent addition, especially in the disaggregated state. These in turn suggest that
the aggregates of PT1 retained the tendency of this polymer to interact with water
in a stronger way than PT2, which is a reasonable assumption. It is known that
molecules in aggregates largely retain their electronic and nuclear structure.

Notice that this rationalization considers that the polymer-solvent interactions
between PT1 and water are associated with a twisting of the polymeric backbone,
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as suggested in Paper II. As an attempt to rationalize these differences in the way
the SO levels of the polymers behave due to concentration and polarity/H-bonding
capacity of the media, the use of the H-like or J-like behavior of PT1 and PT2 is
used, following the contributions of Spano et al.,*! Zhu et al.,”* and Deng. et al.*®

In Paper I1I the effect of organic cosolvents and [POL] on the excitation spectra of
PT1 and PT2 was analyzed. Figure 20 presents the normalized fluorescence
excitation spectra of both polymers in the DIS and AGG states, in water and W-DI.
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Figure 20. Normalized fluorescence excitation spectra of both polymers in the DIS and
AGG states, in water (a-b) or W-DI (c-d).

Figure 20 shows that in water, the excitation spectra for both of the polymers do
not show a distortion due to aggregation, which suggests that for neither polymer J-
like aggregation is not the dominant form of aggregation in water. In presence of
DI (or IPA or THF, see supplementary information in Paper III), a distortion in the
excitation spectra is seen, which suggests a major tendency of both polymers to
form J-like aggregates in presence of any of the cosolvents, following the criterion
proposed by Deng et al.*

In Paper III, the experimental results of the wavelength of A, and the shape of the
excitation spectra, were explained using the mechanism proposed by Deng et al.:
(i) in water, some aromatic groups approach each other through diffusion, forming
a stable J-like aggregate with a low aggregation number because of strong pi-pi
attraction. Under such conditions, there is an equilibrium between J-like aggregates
and chains aggregated through forces different from pi-pi attraction. In such cases
an increase in concentration do not modify the molar ratios of each type of
aggregate, as demonstrated by the invariance of the excitation spectra. (ii) In the
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solvent mixtures the number of J-like aggregates increases, because the presence of
cosolvents cause an increase in the number of isolated aromatic groups, increasing
thus the number of J-like aggregates. This in turn causes a decrease in the intensity
of the excitation band at shorter wavelengths, whereas the bands at longer
wavelengths are strengthening, distorting the excitation spectrum.These results
suggest that in presence of cosolvents, particularly the nonprotic (i.e., W—THF and
W-DI), J-like aggregation is larger than in water. This is because in the cosolvent
systems: (i) both polymers, regardless of the structural difference, show distortions
in the excitation spectra with changes in the concentration, and (ii) a decrease in
the polarity/H-bonding capacity of the solvent causes a systematic increase in the
extent of red shift of A.,,x due to aggregation.

At the same time, the data shows that J-like aggregation does not dominate in
water, since: firstly, in this solvent, both polymers show almost null distortion in
the excitation spectra due to concentration, which suggests that the driving force
for aggregation is a mechanism different from J-like aggregation (i.e., H-like
aggregation) and secondly, a clear difference between the polymers in the effect of
concentration on the SO state is observed in water (i.e. the linear behavior of the
curve of AmxPT2 in Figure 18a).

In Paper III it is also proposed that in PT1 aggregates, the isothiouronium groups
limit the extent of intermolecular thiophene-thiophene interactions between
neighboring rings because of electrostatic repulsion, whereas the longer more
flexible hexyloxy spacer of PT2 would allow other forces of interaction, with
intermolecular pi-pi interactions being a possibility. In other words, when the
isothiouronium functionality plays a secondary role in the interactions, pi-pi
interactions dominate, forming nonsoluble aggregates (PT3 being the limiting
case).

4.3.4.2. Aem wavelengths

Figure 18a shows that in water, the increase in concentration causes a shift of
AemPT1 and A.,PT2, by 12 and 5 nm, respectively. This indicates that aggregation
causes larger S1 -> SO relaxations in PT1 than in PT2, in other words, when
concentration increases, PT1 wundergoes larger geometric distortion (and
subsequent relaxation) due to the photons absorbed. On the other hand, the
presence of any of the cosolvents nulls this difference between the polymers,
generating shifts in AemPT1 and AemPT2 of ~ 10 nm. This indicates that a reduced
amount of water molecules decrease the interactions with PT1, generating a smaller
difference between the polymers.

It is known that the change involved in the SO->S1 transition of polythiophenes
involves conformational changes (e.g., from twisted aromatic into planar quinoidal
geometries),*”'** these changes depends on the rigidness of the conjugated
backbone and on the H-bonding interactions between the charged side chains of the
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polymer and water. Also, as mentioned in Paper II, non-specific interactions in the
SO state, such as hydrogen bonding, become weaker in the excited state.'*’

In Paper III the results are interpreted as such that when the number of water
molecules decreases, the S0->S1 conformational changes are similar in both
polymers, regardless of the cosolvent mixture. Conversely, pure water seems to
increase the SO->S1 changes for PT1, whereas it reduces them for PT2.

In Figure 18 shows for both polymers, particularly for PT1, that the curves of Aem
in the cosolvent mixtures are blue shifted in comparison to those in water. These
shifts were not discussed in Paper III. Previous studies on poly(2-methoxy-5-(2-
ethylhexyloxy)-1,4-phenylenevinylene) (MEH-PPV), which showed blue shifts of
both Amax and Aem When going from a “good” solvent to a “poor” solvent (in terms
of solubilization) were attributed to a tighter, more twisted conformation of the
backbone in the poor solvent, resulting in segments with a shorter effective
conjugation length,* which is in agreement with the hypothesis proposed in Paper
II. Another study involving an amine-PPV molecule, showed blue shifts of Amax
and A due to protonation, which was rationalized to be caused by the collapse of
the polymer chains due to the charge of the side groups, which decreases the
conjugation length.* These changes in conformation, causing red shifts when
going from poor to good solvents, or blue shifts when going from good to poor
solvents, can be understood as an order-disorder phenomenon, regardless if they
are caused by temperature or solvent.'**'?’

4.3.4.3. Stokes shifts

In Paper TII the effect of spacer length and solvent on the difference between the
wavelengths of Aem and Amax (i.€. the Stokes shift, Av) are discussed. This allows to
compare the relaxation energies, i.e. differences between SO and Sl states (see
Paper II).

Figure 21 shows the Stokes shift values of PT1 and PT2 at the DIS, CC and AGG
states. Notice that in presence of aggregation, the Lippert-Mataga equation (i.e.
Figure 17) can not be used.

Figure 21 shows that the specific interactions between PT1 and water present in the
DIS state, discussed before with the Lippert-Mataga plot (i.e. Figure 17), remain in
the CC and AGG states, with Stokes shift values of 150 and 145 nm respectively.
In the water-cosolvent mixtures PT1 presents Stokes shift values between 120-140
nm, which are similar to those of PT2 in all the solvents, as depicted with the
dashed rectangle in Figure 21.
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Figure 21. Stokes shift values at DIS (smaller icons), CC and AGG (largest icons) states, of
PT1 (blue circles) and PT2 (red squares) in four solvent systems. Black-dashed rectangle
points out the range of values common to both polymers.

Interestingly, in W-DI both polymers show Stokes shifts of around 130 nm,
regardless their aggregation state. This is probably caused due to the hydrophobic-
hydrophilic surface area of the aggregates at the maximum concentration becomes
similarly available for interactions with the media, regardless of the length of the
alkoxy spacer.

4.3.4.4. Absorbance and PL intensities

Besides the wavelengths of Amax and Aem, the effect of spacer length and solvent on
the intensities of absorption and fluorescence was analyzed in Paper III. These
provide information on the oscillator strengths associated with the SO -> S1 and S1
-> S0 transitions, respectively.

Figure 18 shows that regardless the solvent, PT1 shows absorbances smaller than
those of PT2, which indicates that the oscillator strength of PT2 is larger than that
of PT1 in all solvents.

It is also observed that presence of any cosolvent increases the absorbance (i.e.
oscillator strenght) of both polymers (see Paper 111, Figure S1-b).

The effect of spacer length and solvent on the PL intensities can be seen in Figure
18. The PL intensity of both polymers increase with concentration, however, for
concentrations close to the aggregated state (AGG), the intensity of PT1 keeps
increasing while that of PT2 decreases, which indicate that the aggregates of PT2
undergo self-quenching to a larger extent.

In polar protic solvents (i.e. water and W-IPA), both polymers generate similar
intensities in the aggregated states. Aprotic cosolvents generate larger PL
intensities of PT2 in comparison to PT1, in W-DI the PL intensities of PT1 are
similar to those obtained in water, despite that high polarities decrease the PL
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intensity. In Paper III it was concluded that PT1 shows an unusually low S1->S0
relaxation in W-DIL.

The ratio between the PL values obtained at the n-th increasing concentration
(PL[n]) and the lowest concentration (PL[1]), for both polymers, in water and W-
DI is discussed in Paper III. This comparison allows to see “how many times” the
PL intensity changes (increases or decreases) due to a specific increase in
concentration. For a molecule which self-quenches, this approach is analogous to
that of the Stern-Volmer plot which normalizes the changes in the PL intensity of a
fluorophore due to a specific change in mass of a particular quencher. Thus, these
plots were used as an attempt to normalize the effects of the cosolvents on the PL
intensities of both polymers. Figure 22 shows PL[n]/PL[1] versus [POL] plots of
both polymers in the four solvent systems. The same scale is maintained for
comparison purposes.

Figure 22 shows that in the disaggregated regime, PL[n]/PL[1] curves of the
polymers are similar in all solvents, which suggest that the difference in spacer
length does not play a major role in the “kinetics” of photophysical intermolecular
deactivation processes. On the other hand in water, at aggregated conditions, the
values of PL[n]/PL[1] for PT1 are almost twice as those for PT2 (which means that
aggregation doubles the PL intensity of PT1 compared to PT2). The presence of
cosolvents with decreasing polarity/H-bonding capacity cause a systematic
reduction of the difference between the curves of the two polymers with respect to
the differences observed in water. Due to this, the plots of both polymers are
almost the same in W-DI. This phenomenon is less pronounced in the plots of PT2,
i.e. water promotes larger concentration-driven increases in the PL of PTI in
comparison with PT2.

The study of the interactions between PT1 or PT2 with a common quencher
molecule, in water and W-DI should provide information on the role of the spacer
and solvent on polymer-quencher interactions which would be useful in
rationalizing the results presented so far about aggregation. In this regard, Paper
IV studies the interactions between PT1 and 4Fo, in water and W-DI.
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Figure 22. Ratios PL[n]/PL[0] for both polymers, in different [POL], in (a) water, (b) W-
IPA, (c) W-THF and (d) W-DI. The labels indicate the values obtained at using DIS, CC or

AGG.

4.3.5. EPR study on the effect of spacer length on the concentration-driven
aggregation in water

A computer-aided EPR study is presented in Paper III with the intent to follow the
aggregation and interacting ability of PT1 and PT2 with paramagnetic probes
containing different polar and dispersive constituents: TOH, CAT8, CAT16 and

SDSA, shown in Figure 8b.

Figure 23 presents the effect of [POL] on the EPR-intensity variation (measured as
double integral of the spectra) and the microviscosity (interaction) parameter (t) of
TOH, CAT8 and CATI16, which are the probes containing hydrophilic and
hydrophobic groups. Since the completely hydrophobic probe (SDSA) generated
results that do not follow the same trend, these results are discussed separately in
Paper III. Notice that, differently from Paper III, Figure 23 uses the same scales of

intensity or t, for comparison purposes.
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Figures 23(a-c) show that all the probes generate a maximum intensity at
[POL]=0.25 mM, which suggests increased probe solubility at this [POL]. As
discussed in Paper III, the hydrophilic/hydrophobic nature of these probes allow
considering increases in intensity as proof of formation of micellar aggregates, in
which the hydrophobic parts of the polymers are condensing, surrounded by the
hydrophilic parts.

Figure 23a shows that the intensity from the probe without a hydrophobic alkyl
chain (TOH), generates almost identical solubility (i.e. intensity values) with both
polymers, while the probes with a hydrophobic portion (alkyl chains) generates
larger increases in solubility (i.e. intensity values). Such probes also generate larger
intensity values for PT2, in comparison with PT1.

The results with TOH indicate that this probe interacts mainly with the cationic
isothiouronium group in both polymers, regardless of whether PT2 forms a slightly
larger hydrophobic core, because of the hydrophobic interactions between the
packed hexyloxy chains within the pi-pi cores of the micelles.

In resume, these results suggest that around 0.25 mM, larger spacers generate
larger hydrophobic surface area in the aggregates and that the aggregates possess
similar hydrophilic surface area, regardless of the spacer.

Figure 23 also shows that regardless the probe, at 0.05 mM similar intensities of
the polymers are obtained. This suggests that in the disaggregated regime both
polymers have similar hydrophobic/hydrophilic areas available for the probes to
interact with.

The decrease in EPR-intensity values for [POL]>0.25 mM indicates that high
values of [POL] generate less organized aggregates.

Figure 23(d-f) show that for all the probes, the curves of the microviscosity
(interaction) parameter (1), as a function of [POL], display a maximum. Higher
microviscosity values were observed for PT1 with respect to PT2, inversely to the
EPR-intensity values, which is explained by that the shorter spacer chain in PT1
forms aggregates where the stronger hydrophilic interactions with the probes
prevail in respect to the weaker hydrophobic ones.
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Figure 23. EPR spectral intensity (measured as double integral of the spectra) as a function
of concentration of PT1 (black squares) and PT2 (red circles) in the presence of 0.1 mM
TOH (a), CAT8 (b), and CAT16 (c), together with the microviscosity (interaction)
parameter (1), as a function of concentration of PT1 (black squares), PT2 (red circles) in
presence of 0.1 mM TOH (d), CAT8 (¢), and CAT16 (f). The labels “DIS” and “CC” refeer
to the concentrations defined with steady-state fluorescence spectroscopy (Figure 16).

Figure 23d shows that the microviscosity of PT2 increases until reaching [POL] of

about 0.35 mM when using TOH, due to weak interactions with the isothiouronium
groups. Interactions are quite independent on the aggregate formation, but largely
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depended on the aggregate size. Figures 23e-f show that CATS and CAT16 show a
maximum at [POL] 0.25 mM, for both polymers.
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Figure 24. First hyperfine line of the EPR-spectra of CATS in presence of PT1 and PT2
(both 0.5 mM), at -9.15 °C (263 K)

Figure 24 shows that, at high concentrations (0.5 mM), the EPR intensity for PT1
decreases up to 95% in comparison to PT2. This indicates that PT1 forms smaller
aggregates than PT2, with the latter being able to create a protected region to host
CATS, avoiding a phase separation of the probe from the solution. PT1 forms
aggregates that host CAT8 poorly and therefore is not possible to avoid a
separation of a large fraction of probes due to freezing of the solution.

However, as discussed in Paper III, spectral computations on the microviscosity
(interaction) parameter T for CATS8 under these conditions (i.e. [POL] = 0.5 mM, at
263 K), show a stronger interaction of CAT8 with PT1 (t = 215 ps) than with PT2
(t = 180 ps). Therefore, the EPR spectrum for PT1 in such conditions was
generated by the nonfrozen fraction of CATS, trapped in few small aggregates in
solution showing stronger interactions than in the more fluid and larger PT2
aggregates.

Figure 25 shows the experimental and computed spectra of CAT16 at 264 K, with
[PT1]=0.5 mM (computation was obtained by adding two spectral components at
about 50%), together with the experimental and computed broad spectral
component, only present for PT2 (15%), which was extracted from the overall
spectrum after subtraction of the spectrum for PT1.
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Figure 25. (a) Experimental and computed spectra for CAT16 with [PT1]=0.5 mM at ~-10
°C (263 K). Computation was obtained by adding two spectral components at about 50%;
(b) experimental and computed broad spectral component only present for PT2 (15%).

Figure 25 shows that at [POL]=0.5 mM, 263 K, CAT16 distributes the signal in
three different regions. For PT1, the spectrum (Figure 25a) was constituted by 50%
of a component, which (according to the computation parameters), arose from a
fluid region (t = 52 ps), at middle/low polarity (Aii = 6, 6, 36.6 G). This fluid
region probably is the interphase at the surface of the polymer aggregates.

The other 50% of the spectrum for PT1 was characteristic of slightly less fluid
character (t = 74 ps) but more polar (Aii = 6, 6, and 39.3 G) region, which was
probably the water solution trapped in the polar head groups of the polymers. On
the other hand, Figure 25b shows that the PT2 spectrum contained a broad spectral
component at a relative percentage of 15%, computational parameters indicated a
middle/low polar (Aii = 6, 6, 36.6 G) region, quite microviscous (t = 4200 ps) and
well-packed (line width = 12.5 G), formed inside the polymer aggregates.

As mentioned before, the completely hydrophobic spin probe (5DSA) generated
results different from TOH and CATS8-16. Firstly, no spectrum could be recorded
for PT1 in the entire concentration range, while a low-intensity spectrum was
recorded for PT2 at the highest concentrations (mainly above 0.25 mM). This
indicates that the alkoxy chain in PT1 was not long enough to interact with the
hydrophobic 5DSA, which provides further evidence to the fact that the
interactions observed between PT1 and the other probes were mainly hydrophilic.

Figure 26 shows the experimental EPR spectra at =25 °C (298 K), for (a) CAT16

probe (0.05 mM) in solution of [PT2]=0.1 mM and (b) SDSA probe at [PT2]=0.5
mM, together with their computations (red lines).
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Figure 26. Experimental EPR spectrum at ~25 °C (298 K) for (a) CAT16 probe (0.05 mM)
in solution of [PT2]=0.1 mM and its computation (red line) and (b) SDSA (0.1 mM) with
[PT2]=0.5 mM and its computation (red line).

The spectra obtained with either CAT16 or 5DSA in a solution of PT2 show a high
noise level, which is caused by the low solubility of SDSA in this system, in which
the probe only solubilizes into the hydrophobic region formed by polymer
aggregates, but is repulsed by the charged polymer heads.

The computated spectrum in Figure 26b generates the parameters Aii = 6, 6, 35 G,
and t = 1.3 ns, which interestingly indicate the radical group (at position 5 of the
stearic chain) was located in a region of low polarity and quite high microviscosity,
as expected for the hydrophobic core of a lipid aggregate.

Figure 27 shows the hydrodynamic radius (Rh) distributions of PT1 and PT2 in
water at [POL]=0.084, 0.2, and 0.4 mM, at room temperature.
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Figure 27. Hydrodynamic radius (Rh) distributions of PT1 and PT2 in water at [POL]=
0.084, 0.2 and 0.4 mM, at room temperature.

Figure 27 shows that for both polymers, the highest concentration generates a
broader distribution with lower intensity, with hydrodynamic radii (Rh) values of
around 190 and 200 nm for PT1 and PT2, respectively. The broader nature of the
profiles at higher concentrations indicate the presence of smaller and larger
aggregates, maintaining the average Rh unchanged.
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In regard to the possible micellar-like aggregation discussed in the EPR studies, the
fluorescence data shown in Figure 16 can be replotted showing the values of [POL]
in a logarithmic scale, as shown in Figure 28. This is made following previous
studies on micelle formation of water-soluble block copolymers, using pyrene as
fluorescent probe,’”** or following the intrinsic fluorescence of a polythiophene
graft polyampholy‘[e3 ’ in order to estimate the apparent critical micelle
concentration (CMC).
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Figure 28. Logarithmic arrangement of the x-axis shown in Figure 16. Dashed vertical
lines indicate the value of log[POL] at the intersection of slopes, used to estimate the CMC
of PT1 (red squares) and PT2 (blue diamonds) in (a) water, (b) W-IPA, (¢) W-THF and (d)
W-DL

The plots in Figure 28 are similar to those reported previously’ >’ and show that
the replotting of the data in Figure 19 clearly exposes the change in the slopes
observed at low concentrations. It is observed that both polymers show almost
identical CMC values, additionally, in W-DI, PT2 does not show a clear transition.
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4.4. Effect of solvent polarity and hydrogen-bonding capacity on the
solution interactions between the PT1:4Fo pair

The PT1:4Fo donor:acceptor pair is used as a starting point to study the possible H-
bonding-driven interactions as a function of the polarity/H-bonding capacity of the
solvent, by using water or the W-DI mixture.

PT1 and 4Fo offer a good model system because it allows a two-point H-bonding
interaction, due to the topological complementarity between the Y-shaped
isothiouronium functionality when interacting with phosphates, carboxylates or
spherical anions,”'*® which is a principle exploited to allow ideal anion
recognition in water for sensing applications.'”

The fullerene derivatives, 2Fo, Alkoxy4 and Alkoxy8 were not chosen due to poor
solubility.

In Paper IV all the possible interaction phenomena between the PT1:4Fo pair are
analyzed, which, due to the nature of the pair, could include: fluorescence
resonance energy transfer (FRET), photoinduced electron transfer (PET), static
and/or dynamic quenching.

Figure 29 shows some of the absorption/fluorescence spectra and SV plots
(generated by using equation 3) used in Paper IV to analyze the donor:acceptor
interactions.

As shown in Figure 29a and discussed in Paper IV, in water, the addition of
aliquots of 4Fo to causes a decrease of approximately 80% in the PL of PT1, when
the concentration of 4Fo ( [4Fo] ) is ~ 2x10” M. This indicates a strong interaction
between these molecules. In the supplementary information of Paper IV it is shown
that this also occurs in W-DIL.

The largest overlapping, between the PL of PT1 and absorption of 4Fo, observed in
W-DI (pointed out as the dashed area in Figure 29b) indicates that in this solvent
the extent of FRET is expected to be larger.

PET is expected to occur due to the strong electron-acceptor nature of fullerene. As
mentioned before the Rehm-Wheller equation (equation 2) allows estimating the
extent of PET in each solvent. As discussed in Paper IV, the parameter “C” in this
equation can be ignored in water. The zero-zero (0-0) vibronic transition of PT1
can be estimated by the intersection point of the absorption and PL emission
spectra of PT1, since at such energy there is no Stokes shift between the absorption
and emission bands.'* Figure 29¢ shows that in both solvents PT1 has practically
the same intersection points between the absorption and PL, at around 475 nm (i.e.
a 0-0 transitions of around 2.61 e¢V) in both solvents.

The Eox(PT1) and Ered(4Fo) are ~+0.78 and ~-0.81 V, respectively (according to
Papers I and II) (considering 1 e-, i.e. 1V=1eV). Thus, equation 2 predicts
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AGcsWater=AGcsW-DI=-1.02 eV. This indicates that in both solvents, PET can
occur spontaneously, at a similar extent in both solvents. This is expected, since as
mentioned before, PET does not require close molecular contact, and can occur
over larger distances.

These results also suggest that PET remains similar regardless of the presence or
not of a H-bonding. These values are also similar to the AGcss-1 eV reported by
Fox et al.,' estimated for a water-soluble poly(fluorene—thiophene):phosphate-
nucleotides donor:acceptor system, regardless the fact that such system does not
possess H-bonding capabilities.

In regard to the possible ground-state complexing between the PT1:4Fo pair, the
intermediate absorption spectra observed in Figure 29d, caused by increasing
concentrations of 4Fo, together with the lack of an isosbestic point, indicate that
ground-state complexing is occurring in some extent, and also to possible
aggregation and possible multiple site binding (notice that similar features are
observed in W-DI, as shown in Paper IV Figure S3). In this regard, Figure 29¢
shows that in both solvents, the values of the SV plots from the PT1:4Fo pair
correlate inversely with temperature, which gives further evidence of the presence
of ground-state, static quenching.

This figure also shows that in both solvents, the SV plots lose linearity when [4Fo]
increases, particularly in water, which in turn gives evidence of the presence of
dynamic quenching.

Thus, the spectra and SV plots suggest the occurrence of both static and dynamic
quenching mechanisms, which is known to happen in pairs containing
polythiophenes.

The shape of the SV plots in Figure 29¢ also indicate that the dominance of this
mechanisms varies as a function of [4Fo], regardless the solvent, reason why three
characteristic [4Fo] were defined according to the changes observed in different
regions of the SV plots in Figure 29¢ Q1 stands for values of [4Fo] < 1x10° M,
since it defines an almost linear region, Q2 stands for [4Fo] < 1.7x10° M,
conditions that generates an upward region, and Q3 means [4Fo] < 2.1 x10” M.

Figure 29e shows that above Q3 the SV plots obtained in water show a downward
behavior, while those obtained in W-DI show an upward behavior, which indicate
completely different mechanisms in each case. As discussed in Paper IV, the
downward behavior has been related to possible micelle-formation between the
donor:acceptor pair, and/or saturation of the H-bonding donor units of a water-
soluble polythiophene:fullerene pair with three-point H-bonding capabilities.

On the other hand, the upward behavior of the SV plots in W-DI indicate that DI
delays some of the mechanisms PT1 undergoes when in water.
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In Paper IV the range of [4Fo] below QI, which generates a linear behavior
(depicted in Figure 29f) was analyzed by the regular SV model (equation 1). The
range below Q2 was analyzed by the Perrin model, by plotting [4Fo] versus
LN(PL, / PLI), and the whole range of [4Fo] was analyzed with the general static
quenching (GSQ) model, by plotting [//4Fo] versus PLy/(PLy-PL) (see
supplementary information in Paper IV for further details on these models).

The Perrin model was also used for the whole range of [4Fo] in W-DI, since in this
solvent a downwards behavior was not observed for values of [4Fo] > Q3.
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Figure 29. (a) PL spectra of PT1 in water upon addition of 4Fo; (b) PL of PTI and
absorbance spectra of 4Fo, in water and W-DI (the dashed area points out the extra
overlapping area in W-DI compared with that present in water); (c) normalized absorbance
and PL intensity of PT1, in water and W-DI (vertical arrows indicate an estimation of the
zero-zero (0-0) transition of PT1 in each solvent); (d) absorption spectra of PT1 and 4Fo,
together with the intermediate spectra of their mixtures in water (dashed inclined black
arrow indicates increasing amounts of 4Fo0); (e) SV plots of the PT1:4Fo pair, in water and
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W-DI, at three different temperatures, and the PT:phosphoric acid pair at 25 °C (dashed
black vertical lines indicate the three characteristic concentrations of quencher, as defined
ahead, while continuous inclined red arrows indicate increase in temperature); and (f) SV
plots of the PT1:4Fo pair until [Q1], showing the fittings to equation 3.

Table 3 shows the values of interaction kinetic constants (K’s) and quenching
sphere radii in the PT1:4Fo system, estimated by using regular SV model, and
Perrin and GSQ models, for both polymers in both solvent systems, and two
different temperatures. All fittings generate correlation coefficients (R*) >0.98 (see
supplementary information in Paper V).

Table 3. Interaction constants estimated in the different ranges of [4Fo].

Region of [4Fo] fitted <Q1 <02 <02 Whole Whole Whole
. . Model ST Perrin | Perrin GSQ Perrin Perrin
Conditions
T Ksv kp Ks kp
Solvent - , ; Rs ) ; Rs
°0 (M) (11 (1'M) (M)
Water 25 1.1x10° 9.2x10* 33.1 1x10°
Water 35 6.7x10* 7.7x10% 31.3 5x10%
W-DI 25 5.9x10* 4.9x10* 26.8 5x10% 5.6X10% 28.1
W-DI 35 4.5x10* 4.1x10* 254 3.3x10* 5X10* 27.1

As detailed in Paper IV, the Ksv=1.1x10> estimated in water at 25 °C is similar to
previously reported donor:acceptor systems involving a CIT,” polythiophene:fullerene
pairs with three-point H-bonding capabilities,”* aminopurine:uracil-Cq pair with two-
point  H-bonding (:.':1}53::1bi1ities,53 anthracenyl  polymer:DNA pair,48 and
polythiophene:Cu+2 pair.”'

Table 3 shows that the presence of DI decreases the value of Ksv by 46%, which could
be related to either a saturation of available H-bonding donors in the fluorophore, as
reported before for a water-soluble polythiophene:fullerene pair with three-point H-
bonding capabilities,* and/or related to the viscosity of the W-DI mixture, which is
40% more viscous than water (see Table 1). This is particularly important in the region
below Q1, since the linear behavior observed in this region indicates dominance of
dynamic quenching, which depends on diffusion-controlled collisions in the S1 state.

In regard to viscosity, it is possible to analyze its effect under the assumption of
dominant static or dynamic quenching (regardless Figures 29d-e suggest dominance of
static quenching). Assuming static quenching, larger viscosities would be expected to
increase the PT1:4Fo complexing. However water generates larger Ksv values than W-
DI, which is 40% more viscous than water (see Table 1). This suggests that water
promotes larger PT1:4Fo complexing due to the other parameters differing from W-DI,
namely dielectric constant and H-bonding capacity. On the other hand, in regard to
assuming dominant dynamic quenching, in Paper IV, a brief parameter-sensitivity
analysis is performed using the experimental value of the ratio KsvWater/KsvW-
DI=1.86 as a constraint. It demonstrated that the larger viscosity in the W-DI mixture
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can not explain the decrease in the Ksv value observed, which suggests that the
polarity/H-bonding capacity also play a role in such decrease of Ksv.

Table 3 shows that in water at 25 °C, the kp value estimated from the region below Q2
is similar to that estimated with the data below Q1. The kp value is also similar to
previous studies involving a water-soluble tetraphenyl polymer:nitroaromatics pairs.*’
In regard to the whole range of [4Fo], Table 3 shows that the K value estimated at 25
°C is similar to the values estimated in the other two regions.

In regard to the values of the radius of the quenching sphere (Rs), the values below Q2,
at 25 °C shown in Table 3, are 1 order of magnitude smaller to previous estimations
involving CPEs (sphere-of-action with radius ~400 A)* or a fluorescent porous
organic polymer (radii of quenching sphere ~150 A).* A possible reason for this
difference is the slightly different methodology used in these references, which use
correction factors. Regardless, the Rs values estimated in Paper IV are meant to be
used for internal comparison in regard to the effect of DI. On the other hand, Table 3
shows that when the data from the region above Q3 is included (only from W-DI, since
in water the SV plots are downward shaped), the values of Rs increase 5 and 7%, at 25
and 35 °C, respectively, suggesting that the quenching sphere increases with
temperature. It is also observed that at all temperatures, the presence of DI decreases
Rs in around 20%, suggesting that this solvent reduces the interaction between the
isothuiouronium and phosphate functionalities in the system. Therefore, a larger sphere
of action in water would be the result of more available isothiouronium groups, while
the presence of 1,4-dioxane would disrupt the H-bonding of the media, due to its two
H-bonding donor oxygens, without any H-bonding donor hydrogens.

In order to analyze the thermodynamics of the system, the van ’t Hoff model (equation
4) was used to gain insight on the dominant binding forces between PT1 and 4Fo, in
both solvents, at different concentrations of 4Fo, using the kinetic interaction values
listed in Table 3.

The thermodynamic parameters estimated from the van ‘t Hoff plots are resumed in
Table 4. Please notice that the van ‘t Hoff plots are shown in the supplementary

information of Paper I'V.

Table 4. Thermodynamic parameters of PT1 and PT2 in water and W-DI, at 25 and 35

°C.
General static quenching
Model (range) -> SV (4Fo=Q1 PERRIN ( 4F0<Q2
(whole range of 4Fo)
COLUMN 4 B c D E F G o I
Row
Solvent T AH AS AG AH AS AG AH AS AG
(K) |EIM)| (/K) |(KIM) [ (EIM)| J/K) |(KIM) [ EIM)| K) | (KI/M)
1 |Water |298,15]|-31.78( -10.23 | -28.74 | -13.43 |49,97| -28,33 | -52.,95 | -81,86 | -28,54
2 |W-DI |298,15]|-21,44| 19,49 | -27,25 | -12,45 |47,97| -26,75 | -30,97 | -13,92 | -26,82
3 |Water |308,15]-31.78 | -10.23 | -28.63 | -13.43 |49,97| -28,83 | -52,95 | -81,86 | -27.72
4 |W-DI |308,15(-2144| 1949 | -27.44 | -12,45 |47.97| -27.23 | -30.97 | -13.92 | -26.65
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Table 4 shows that in each solvent the enthalpy change (AH) does not vary
significantly in the temperature range studied, which is known to be a criterion of
validity to the use of the van’t Hoff equation to study changes of enthalpy (AH) and
entropy (AS)."** Table 4 shows that in water, at a [4Fo]<Q1, a AH=-31.78 KJ/M was
estimated (row 1 column A), which is similar to previous studies on a polythiophene-
CPEs:Cu+2 pair and a water-soluble poly-anthracene:DNA pair™' (see Paper IV).

In Table 4 was also shown that regardless solvent and [4Fo], AG<0 values are
estimated. This indicates spontaneous binding/complexing. Water generates the largest
negative values, while W-DI generates similar values to the other two ranges of [4Fo].

Rows 1-2 in Table 4 show that for all the ranges of [4Fo], AH represents most of the
value of AG. When AS is the main contribution to AG (i.e. for the opposite case to
these results), hydrophobic interactions dominate over H-bonding and electrostatic
interactions.”' Therefore, apparently, at any of the [4Fo], H-bonding and electrostatic
interactions dominate in both solvents. However, the imbalance in the H-bonding
acceptors and donors that DI causes is enough to cause the big difference in the SV
plots shown in Figure 29e.

Table 4 shows that at [4Fo]<Q1 positive and negative values of AS are estimated for
water and W-DI, respectively. In water AH and AS are both negative (i.e. row 1
columns A-B), which suggests the presence of H-bonding or van der Waals forces.*™'
On the other hand, the data from W-DI generates values of AH<0 and AS>0. This
combination of values was previously interpreted as an indication of dominance of
electrostatic interactions, in studies using bovine serin albumin.”*"**"*" Also, very low
values (positive or negative) of AH, together with AS>0, have been associated with
electrostatic interactions in donor:acceptor systems involving CPEs.”'

It is known that the electrostatic contribution of a H-bond is the one less affected by an
increase in the bond length.** This causes a dominance of electrostatic interactions at
relatively long H-bonding distance. Therefore, these results suggest that in W-DI, at
[4Fo]<Ql, the importance of electrostatic interactions increase, while water would
promote other interactions (e.g. H-bonding).

Table 4 shows that the three models generate similar values of AH and AG, but that
those of AS clearly vary when using data from each model, particularly when using
Perrin’s model, case in which positive AS values are estimated.

In regard to the effect of solvent, Table 4 shows that, according to the three models, the
presence of DI decreases the values of AH and AG.

Figure 30 shows the molecular electrostatic potential surface (MEPS) maps (as
estimated with the UFF MM force field, with aid of the software Avogadro) of mono-
and tetra-mer of PT1 and a bisphosphonate Cg fullerene (2Fo), either alone or next to
each other, by placing them arbitrarily within ~6 A in between the isothiouronium and
phosphonate functionalities.
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Figures 30a-d show that when alone, the electrostatic potential of the monomer and
tetramer of PT1 exhibits a negative (reddish) charge over the thiophene ring, and a
positive (bluish-greenish) charge over the isothioronium group(s). 2Fo on the other
hand exhibits a charged nature within the biphosphonate group. Cs does not present
partial charges at all.

Figures 30f and 30h show that when in presence of 2Fo, the mono- and tetra-mers of
PT1 become the positively charged constituent of the complex thiophene:2Fo. This
indicates a distribution of positive charge over the monomer (or oligomer), ** while the
fullerene sphere remains relatively less charged. On the other hand, Figures 30e and
30g show that in presence of bare Cg the effect of distribution of positive charge over
the monomer (or oligomer) is less pronounced.

Molecules alone In presence of each other

Z
Figure 30. MM simulations of MEPS maps of alone molecules: (a) monomer of PT1, (b)
tetramer of PT1, (c) bare Cg and (d) 2Fo, together with the MEPS maps of the monomer of
PT1 in presence (at around 6 A) of (e) bare Cg, or (f) 4Fo, and the MEPS maps of a
tetramer of PT1 in presence (at around 6 A) of (g) bare Cg, or (h) 4Fo. Dashed rectangles
indicate a single MM simulation. The qualitative scale below (a) and (b) shows the range of

electrostatic potentials: most negative (V,,;,, red), neutral (green) and most positive (¥,
blue).
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5. Conclusions

The optical and structural properties of homologous cationic isothiouronium
polythiophenes (CITs) with H-bonding donor capabilities were exploited in order to
perform solution-phase, structure-function spectroscopic studies on electronic
properties and H-bonding-influenced (i) polymer-solvent, (ii) polymer-polymer and
(iii) polymer-quencher interactions. The first two of these studies were performed by
controlling polymer concentration and the polarity/H-bonding capacity of the solvent,
and also by using paramagnetic probes with different ionic and hydrophobic
constituents. The latter study was performed using as quencher a phosphonate fullerene
with topological complementarity to the isothiouronium group, promoting a two-point
H-bonding interaction, and solvents with clearly different polarity/H-bonding capacity.
In all cases, DFT and MM provided complementary information.

When in disaggregated state, the side chain length causes the isothiouronium polymers
to have different electronic properties (Amax, Aem, molar absorption coefficient, quantum
yield and Stokes shift). The polymer with a shorter spacer shows higher energy of the
SO state, as shown by the red shift in water. This shift is more than double in the
polymer with a shorter spacer in comparison with the polymer with a longer spacer.

In the cosolvent mixtures both polymers show similar values of Stokes shift. However,
in water these molecules present a dramatic difference. This indicates larger geometry
changes for the shorter-spacer polymer in water. Empirical data also suggests that
shorter spacers increase the ionization potential and decrease the band gap.

DFT simulations suggest that shorter spacers promote a more twisted and bent
conformation of the polymers, and also a larger effect of the cationic isothiouronium
group on the thiophene backbone. The latter is also predicted by MM simulations. This
could explain the empirically observed largest specific water-polymer interactions of
the polymer with the shortest spacer, and the largest sensitivity of this polymer with the
shortest spacer to the presence of cosolvents.

Regardless if this assumptions based on DFT or MM are correct, the studies in
aggregated state show that the largest interactions with water of the polymer with
shorter spacer remain in the aggregated state, as shown by the largest extent of
polymer—water interactions in comparison with polymer —polymer interactions.

Regardless the spacer length, the presence of cosolvents causes the polymers to have
practically the same relaxation energies in the aggregated state.

During aggregation, the cosolvent with smaller polarity/H-bonding capacity (1,4-
dioxane), generates an equivalent increase in PL for the two polymers. This suggests
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that a decrease in water content decreases the effect of the isothiouronium groups on
aggregation, favored by pi-pi interactions. These results confirm that H-bonding is
maximized in water in the presence of a shorter spacer, with the electrostatic potential
surface probably playing a role.

Following reported studies on lignosulfonates, the distortion (or not) of the excitation
spectra due to aggregation, was used as a simple criterion to classify the aggregates in
the framework of H- and J-like aggregation. Thus, water seems to minimize
aggregation through pi-pi interactions, while the presence of organic cosolvents
promote J-like pi-pi interactions.

Absorption, fluorescence, electron paramagnetic resonance and photon correlation
spectroscopic results show that the aggregates of the polymer with shorter spacer have
smaller inner cavities and hydrodynamic radius, suggesting that the water inside the
aggregate still has an effect on the twisting of the polymeric backbone, causing higher
energy of the SO state and relaxation energies (Stokes shifts).

Electron paramagnetic resonance spectroscopy also shows that the polymer with a
shorter spacer has larger hydrophilic interactions because their surface has smaller
hydrophobic areas, which are larger in the aggregates of PT2 probably due to the
exposure of the hexyloxy chains.

Electrochemical measurements indicate a difference in the packing between polymers,
with the polymer having longer spacer being more easily p-dopable and de-dopable.

The use of the polymer with shorter spacer (PT1) as fluorophore in studies of
quenching by a phosphonate Cgo-fullerene allowed to gain insight on different aspects
of the interaction of this water-soluble pair with H-bonding capabilities, as a function
of solvent polarity, viscosity and H-bonding capacity, by studying their interaction in
water and W-DI.

The possibility of PET remains the same despite the solvent, while that of FRET
increases, mainly due to the higher quantum yield PT1 has in the W-DI mixture.

This pair seems to interact through a mixture of static and dynamic quenching, which
however depend on the concentration of 4Fo. At low concentrations of 4Fo the
presence of DI seems to increase the distance between the isothiouronium and
phosphonate functionalities, increasing the electrostatic nature of the complex and
decreasing the value of the Stern-Volmer (SV) constant Ksv. The effect of DI seems to
be mostly related with the decrease of the polarity/H-bonding capacity of the media,
instead of the increase in viscosity.

At higher concentrations of 4Fo, the quenching sphere of 4Fo seems to increase,
particularly in water. Also, the sphere of action radii values decrease due to the
presence of DI, which also delays the formation of aggregates.

The data from both solvents, particularly from water, generate similar K values
regardless the model used.

The estimations of AH and AG are similar regardless the model, however those of AS
seem to be quite more model-dependent.

Apparently, the H-bonding present in water increases the sphere of action radii,
generating the larger PT1:4Fo complexing, despite the similar thermodynamics to
those present in W-DI, and despite the fact that in W-DI FRET is expected to be larger.
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6. Future perspectives

As future perspectives must be considered those studies also performed during the
duration of this project, using the CITs (PT1 and PT2) and also other cationic
polythiophenes: (i) solution-phase solvent-dependent spectroscopic studies on HJ-
like aggregation; (ii) quenching of the CITs by non-conjugated quenchers; (iii)
cationic-anionic polymeric complexation; (iii) MD computational studies on
conformation and aggregation of oligomers, and also DFT and/or MD donor-
acceptor interactions, and (iv) solid-state studies focused on the surface free energy
and morphology of films made of cationic polythiophenes.

Another future perspective is the evaluation of these cationic polythiophenes as
electrode selective buffer layers (through a collaboration with a group specialized
in OSCs), applied from different solvents, in well-investigated polymer—fullerene
solar cell systems, in normal and/or inverted device architectures.
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