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Abstract

Improving the PCE in OPVs is among the pioneering researches to satisfy the world energy
demand. Recently PCEs of above 19% are recorded by improving morphology of the active layer
in OSCs. Molecular aggregation, which was first developed by Kasha, and Jelly and Schiebe,
plays a role on the morphology of conjugated polymers. In this work, we study the aggregation
photophysics of three copolymers dividing into two objectives. We used three methods - Franck-
Condon (FC) analysis, HR factor evolution with temperature, and relative QY calculation - to
determine the aggregates types in a benzodithiophene-isoindigo-based (PBDTI-DT) copolymer
which show that both H- and J-aggregation types present, and the QY calculation clearly indi-
cates dominance of H-aggregates. As a second work the effect of backbone conformation on the
aggregation photophysics of isoindigo-based copolymers, namely, P2TT and P2TITT is studied.
P2TT was systematically tuned by inserting T'T into the former resulting in modification of the
backbone and was found to affect the planarity due to reduced steric hindrance between the
donor and the acceptor units, which was evidenced from the difference in oscillator strength of
the first excited state transition. Temperature-dependent PL of the two polymers was well re-
produced using two FC progressions, indicating the formation of both H- and J-type aggregates.
This was supported by the presence of two emission lifetimes obtained from time-resolved fluo-
rescence measurements. The evolution of the first two vibronic peaks with temperature clearly

showed stronger interchain interaction in P2TITT.
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Chapter 1

Introduction

Current energy sources like oil, coal, and natural gas have two major problems: they have a
significant negative influence on the global climate! and their amount on Earth is drastically
reducing over time. Finding clean and renewable energy sources that can solve the aforemen-
tioned issues is therefore essential. Given its abundance, free availability, and carbon-free nature,
solar energy is a prominent alternative among other renewable energy sources. The unique qual-
ities of organic solar cells (OSCs), including their light weight, low cost, ease of fabrication,
environmental friendliness, and potential for roll-to-roll large area device manufacturing, make
them highly intriguing for long-term solar energy harvesting technology.? In this regard, among
the pioneering researches to satisfy the world energy demand, the primary one is improving the
power conversion efficiency (PCEs) in organic photovoltaics (OPVs). Recently certified PCEs
of above 19% are recorded by improving morphology of the active layers in OSCs.®> One way of

4

improving morphology of active layers is adding a donor®* or acceptor®” to a donor-acceptor

binary blend in order to form ternary blends. Even in binary blends, solvent and solid additives,®
processing techniques aiming at facilitating inter-diffusion between donor and acceptor,” mate-
rials manipulation by a crystallization regulator that optimizes the film crystallization process'®
and molecular design!! are also found to be able to improve the PCE by providing with desired
morphologies.

Establishing structure-property relationships in polymers and blends for photovoltaic appli-

cations requires an understanding of the complexity of structures and related quantitative pa-



rameters. If we zoom-in a bulk hetrojunction (BHJ) active layer, we learn that the morphology is
dictated by phase-separated structure which is characterized by domain size and purity of donor
and acceptor, vertical composition distribution and interaction parameter of polymer/solvent
and donor/acceptor. Further zooming-in the phase-separated structure, the molecular aggrega-
tion which is characterized by parameters such as stacking distance and percentage of edge-on
or face-on orientation appears to play a major role on the morphology.'? Hence, studying the
molecular aggregation and corresponding photophysics in conjugated polymers is essential to

improving morphology of OPV active layers with appropriate post-processing techniques.

13-18 19,20

The molecular aggregation theory was first developed by Kasha, and Jelley and

Schiebe?!"?2 on the dye aggregates employing Coulombic dipole-dipole interaction. Following
the Kasha model a lot of studies have been conducted to determine the aggregation types
formed in polymers using different techniques.?> > The aggregate formation and correspond-

ing photophysics on conjugated polymers are studied from the simple dimer to more complex

structures. Conjugated polymers may assemble in structures with properties of either J-like*3 48

or H-like*>47%% or may interplay between H and J-aggregates due to factors as temperature,

30,35, 55-58 28,32, 35,55, 58-62

additive, concentration or others or as HJ-aggregates with competing in-

trachain J-promoting and interchain H-promoting interactions.

Among the different techniques used in the literature to determine the aggregation types

formed in polymers, some are spectral shift relative to single molecule spectra,?3 24:27,28,30,32

28,32

relative position of the absorbing/emissive excitonic band, progression of the first two vi-

1125, 26, 28,32 25,28,29,32

bronic peaks with exciton band widt or temperature/disorder, emission life-

time?%:28:30:32 and relative quantum yield (QY),2%:27:3%33 from which progression of the first two
vibronic peaks with temperature, emission lifetime and relative QY are used in this work.

In this work, the aggregation and photophysics of three copolymers®%° are studied. To this
end the thesis is organized as follows: In chapter two a review of selected works on molecular
packing ever since Kasha developed a head-to-tail and card-pack model is presented. The ex-
perimental and computational techniques employed in this work are explained in chapter three.

Chapter four is devoted to an investigation on aggregation types in a benzodithiophene isoindigo

copolymers using FC analysis on temperature-dependent photoluminescence (PL). In chapter five



the aggregation photophysics of bithiophene-isoindigo-based copolymers are addressed. Chapter

six presents the summary of the work and future outlooks.

Problem Statement

Conjugated polymers are applicable in organic light-emitting diodes (OLED), organic field-effect
transistors (OFET), and OSCs depending on their photophysical properties and packing types.
Studying the aggregation and photophysics of conjugated polymers is important to modulating
the synthesis of polymers that could give improved efficiencies of the corresponding applications.
On the other hand, identifying the type of aggregation in a polymer enables one to recommend
the polymer for a specific type of application. Among the many polymers synthesized at Prof.
Wendmagegn Mamo’s research group lab, benzodithiophene- and bithiophene-isoindigo-based
copolymers have promising PCEs. Hence, in this work three selected conjugated polymers -
benzodithiophene- and bithiophene-based copolymers - are characterized using experimental and

computational techniques.

Objective

The main objective of this work is to assess the aggregation photophysics of selected copoly-
mers. To achieve this objective two specific objectives were set: investigate the aggregation
types in a benzodithiophene-isoindigo copolymer and assess conformation-dictated aggregation

photophysics in isoindigo-based copolymers.



Chapter 2

Review on Aggregation Photophysics of

Conjugated Polymers

2.1 Semiconducting Properties of Conjugated Polymers

The term ‘organic semiconductors’ primarily refers to two things: first, that the materials are
mostly composed of carbon and hydrogen atoms, with other heteroatoms like sulfur, oxygen, and
nitrogen; second, that the materials usually exhibit semiconducting properties, which refers to
the ability to absorb and emit visible light as well as a conductivity level high enough to power
solar cells, field-effect transistors (FETSs), and light-emitting diodes (LEDs). The semiconduct-
ing properties of organic semiconductors have a distinct feature different from their inorganic
counterpart. In inorganic semiconductors because of their low band gaps thermal excitation can
create free charges. In addition, absorption of light at room temperature creates even more free
charge carriers due to their large dielectric constant which screens the Coulomb effect between
electrons and holes. On the contrary, in the case of organic semiconductors, conductivity is
caused by either of the following external factors; injection of charges at electrodes, intentional®
or unintentional doping and dissociation of excitons which are created by light absorption and
bound by mutual Coulomb attraction.®” This extrinsic conductivity of organic semiconductors
is mainly a characteristic feature of the electronic configuration of the carbon atom.

The electronic configuration in the ground state of carbon atom is 1522s%2p* and changes to



1522512p3 to form molecules. This configuration is obtained by the excitation of one of the 2s
electrons to a 2p state. The valence electrons in 2s'2p3 could have three different configurations in
forming compounds, resulting in sp?, sp? or sp! hybrid orbitals. In sp® hybridization, also known
as tetragonal hybridization, four hybrid equivalent orbitals are produced by the combination
of the four electron orbitals. These hybrid orbitals which are oriented toward the corners of a
conventional tetrahedron centered on the carbon atom make single bonds with other atoms to
form saturated molecules, like methane, C'Hy.

In sp? hybridization also known as trigonal hybridization, illustrated in Figure 2.1, while
one of the original p-orbitals is unchanged, mix up of s, p, and p, produce three equivalent
hybrid orbitals. The sp? hybrid orbitals, lying in the same plane, makes equal angles of 120° to
each other. This arrangement gives rise to the hexagonal ring structure of polycyclic aromatic
hydrocarbons. Whereas the p, orbital which is unchanged by the sp? hybridization is known
as m-orbital, the hybrid orbitals that are symmetrical both about the molecular plane and the
bonding axes, are known as o-orbitals. In benzene the sp? hybrid orbitals of carbon interact
with the 1s orbitals of hydrogen and orbitals of other carbon to produce the localized C-H and
C-C o-bonds. On the other hand, the six 7 atomic orbitals in benzene interact and produce
C-C m-bonds making the molecule more stable. o-electrons and m-electrons differ primarily in
that m-electrons are delocalized. For instance, in benzene, the 7 atomic orbitals of each carbon
form six delocalized m molecular orbitals, as the two 7 atomic orbitals form two 7 molecular
orbitals in Figure 2.1. In other aromatic molecules, there exists similar systems of delocalized
m-electrons.®® Excited states of such m-electron systems, along with their numerous transitions
and interactions, give rise to interesting optoelectronic properties of conjugated polymers.

The third configuration, known as diagonal or sp' hybridization, is characterized by two
unchanged (p, and p,) orbitals and two hybrid o-orbitals that are produced by mixing of s and
p. orbitals. The o-orbitals are oriented in a direction of 180° to one another. Linear molecules
like acetylene (H-C = C-H) have structure of sp' hybridization. The p, and p, atomic orbitals
(m-orbitals) of each C atom are paired to form two C-C m-bonds in addition to the C-H and C-C
o-bonds.58

Knowledge on the energy of molecular orbitals is crucial to understand the optical and electri-
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Figure 2.1: Representation of sp? hybridized molecular orbitals in forming C,Hy, one of the
electrons from 2s of C is excited to 2p orbital resulting in 2s'2p® configuration.

cal processes in organic molecules. One can use a linear combination of atomic orbitals (LCAO)
to approximate a molecular orbital. Take, for instance, the combination of two orbitals, ¢,
and ¢,. These two orbitals may undergo a constructive, ¥, = c1¢, + ca¢p, or destructive,
U_ =10, — ca¢p (1 and ¢y being positive numbers), interference. In constructive interference,
the enhanced charge density between the atomic nuclei leads to a bonding character, o, 7. In
contrast, in destructive interference the reduced charge density between the nuclei, in which re-
pulsion between the nuclei is not screened by electron density, results in anti-bonding character,
o*,m*, see Figure 2.1.

Two essential structural characteristics are required for polymeric semiconductors to be used
in OFET and OPV applications. The first is, in order to facilitate appropriate charge transport
and optical absorption, m-conjugation of backbone consisting of linked unsaturated units which
gives m orbitals extended over the polymer chain. While the second is functionalization of the
polymer core with solubilizing substituent, which is necessary to improve solid state core inter-
actions and enable low-cost manufacturing via solution methods. Optical absorption/emission,

redox properties, frontier molecular orbital energy levels, and other significant polymer proper-



ties are controlled by the electronic structure of the polymer solution or solid state, which is

determined by the degree to which polymer units conjugate or interact.®

2.2 Molecular Packing and Photophysics of Conjugated

Polymers

2.2.1 Basics on Photophysics

The emission and absorption properties of polymers are easily understood with the help of the
Jablonski diagram, Figure 2.2. As summarized in Figure 2.2, absorption (red arrows) of photon
excites electrons from Sy to S; or Sy depending on the photon energy to create closely bound
pairs of electron and hole (excitons). Electrons in excited states relax to lowest energy levels
before de-exciting to the ground state. Then, the relaxation may be from a higher excited elec-
tronic state to lowest excited electronic state or the ground electronic state (internal conversion).
It may also be from higher vibrational levels to lowest vibrational level within the same elec-
tronic state (vibrational relaxation) or from the singlet state to the triplet state (intersystem
crossing). The energy lost due to vibrational relaxation and internal conversion is transferred
to vibrational (kinetic) energy. After relaxation, the electrons de-excite from the singlet excited
state, S, (fluorescence) or from the triplet state, T;, (phosphorescence) to the ground electronic
state. The non-radiative decays, internal conversion (107! — 107%s) and vibrational relaxation
(10712 — 10719), exceed any radiative transitions, fluorescence (1071 — 10~"s) and phosphores-
cence (107% — 10s), by orders of magnitude according to Valeur and Berberan-Santos.™

The likelihood of transitions in absorption/emission between the ground and excited states
is dictated by selection rules. Energy, multiplicity, and symmetry - which in centrosymmetric
molecules includes parity - are fundamental characteristics of the electronic state. The inten-
sity distribution among electronic transitions are affected by selection rules like multiplicity,
symmetry, and parity.

There are even numbers of electrons in a condensed aromatic hydrocarbon. According to

the Pauli principle the spin of these electrons are paired and give singlet electronic states in



. c\'o\'
4 aon?
o
A
“of
S » L ‘5\0\
2 2 o™
%\i\‘“‘“‘
(1]
3 _“*\\\r
o &
2 et &
\
g ! v \¢ 3
& . : 2
2
23] Tl

Absorption

: F1 escence .
Incident ]ight ) ugrescence é
hv ) .
3

2 v
1

=
=
=

So

Figure 2.2: Jablonski diagram demonstrating different transitions between Sy (ground state) and
S1 and S (singlet excited states) or T} (triplet excited state) with vibrational levels denoted by
1,2,3, ...
unexcited molecules. In the excited electronic state, a singlet state results from the excitation
of m-electron without spin change in the molecule. The excited electronic state of a molecule
becomes triplet state when an excited m-electron experiences a spin reversal during the transition.
For an electronic state, the terms singlet (multiplicity of 1) and triplet (multiplicity of 3) indicate
multiplicity, which describes its degree of degeneracy where there is no a perturbing magnetic
field. Electric dipole transitions between electronic states with differing multiplicities are spin-
forbidden. The probability of transitions between distinct electronic states is also influenced
by the symmetry selection criterion. Accordingly, electric dipole transitions that occur between
electronic states of the same symmetry are forbidden. Depending on whether the electronic
wavefunction in a centrally symmetric system is symmetric or anti-symmetric about reflection
in the center of gravity, the states are classified as even (g = gerade) or odd (u = ungerade).
The parity selection rule prohibits electric dipole transitions between states that have the same
parity. This selection rule permits (prohibits) transitions from the even-parity ground state to
the odd (even) parity excited state.

The intensity distribution among the various transitions in absorption and emission is dictated

by the relative position of excited-state and ground-state equilibrium geometries demonstrated by
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Figure 2.3: Equilibrium position displacement AQ of the ground-state and excited-state poten-
tials with possible transitions ( absorption in red and emission in blue).

the potential energy surfaces in Figure 2.3. The spectral intensity distribution can be estimated
by the FC Principle which assumes all transitions to be vertical and proportional to the overlap
integral of the vibrational wave functions involved in the transitions squared, see Figure 2.3.
The Born-Oppenheimer approximation, or adiabatic approximation - which itself is predicated
on the idea that electronic and nuclear motions can be distinguished, i.e., that they take place
in separated time domains - is the foundation of the FC Principle. This is corroborated by
the observation that electrons move in molecules with fixed nuclei because mass of electron is
significantly smaller than mass of the nucleus. Mathematical derivations of FC analysis derived
from Born-Oppenheimer approximation is shown in Section 3.3.

Depending on the integral overlap between states involved in electronic transitions, the rel-
ative intensity of pure electronic (0-0) and side-band (0-1,0-2,...) transitions is illustrated in
Figure 2.4. In Figure 2.4 three different cases are shown; Figure 2.4 A) shows the intensity
distribution in which the Huang-Rhys (HR) factor, which is related to the average number of
phonons excited when an electron makes a transition between two electronic states, A2 equals to
unity. Figures 2.4 B) and C), respectively, represent A\? values less than and greater than one.

RAQ _ Ereln kAQ

2 _ o . . . .
Because \* = = = =<z where E,¢, = ~5* is relaxation energy or reorganization energy and
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Figure 2.4: Possible intensity distributions in absorption (red) and emission (blue) according to
Frank-Condon Principle.
hw is vibrational energy, the value of A2 reflects on the relative strength of vibrational energy

and the corresponding reorganization energy associated with electronic transitions.

Energy and Electron Transfer Reactions

Along with the intrinsic decay mechanisms outlined by the Jablonski diagram, energy and elec-
tron transfer reactions are frequently observed in a system consisting of two molecules with
differing electronic energy levels. In conjugated polymers, photoexcitation generates singlet ex-
cited states whereby the hole and electron are bound by Coulombic attraction. In energy transfer
reaction, the excitation energy transfers from the donor component to component. Figure 2.5
illustrates an energy transfer reaction in which the excited donor deexcites to the ground state
concomitantly exciting the acceptor. In electron transfer reactions, on the other hand, depicted
in Figure 2.6, a charge-separated state is formed from the additional energy of an absorbed pho-
ton, in which the acceptor and the donor are, respectively, negatively and positively charged.
If the excitation involves the donor whereby an electron is promoted from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) by absorption

of a photon and the LUMO of the donor is higher in energy than the LUMO of the acceptor,
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transfer of electron can take place from the donor to the acceptor.

There are two mechanisms called Forster and Dexter which describe energy transfers,” Figure
2.5. In Forster mechanism, which often explains singlet energy transfer, the photoexcited donor
deexcites to the ground state concomitantly exciting the acceptor by coupling of transition dipole
moments at the acceptor and donor interface. In other words, Forster energy transfer takes
place when the photon energy emitted from the donor is equivalent to the excitation energy of
the acceptor, or mathematically, D(S1) — D(S0) + hv = A(S0) + hv — A(S1). Because it
depends on the resonance between the absorption of the acceptor and the emission of the donor,
the process is also known as Forster resonance energy transfer (FRET). The distance between the
acceptor and donor molecules as well as the absorption coefficient of the acceptor and radiative
decay of the donor affects FRET. In contrast, due to overlap of the acceptor and donor orbitals,
in Dexter energy transfer which is important for triplet-triplet energy transfer reaction double
exchange of electrons takes place, bottom of Figure 2.5. The efficiency of this process decreases

172 observed a singlet-energy

with the distance between acceptor and donor exponentially. Van Ha
transfer reaction in donor-acceptor oligothiophene (nT) moiety of Cgo —nT — Cg triads dissolved
in toluene, and a triplet-energy transfer from the fullerene molecule to the oligo(p-phenylene
vinylene) (OPVn) molecules in mixtures of OPVn and N-methylfulleropyrrolidine.

According to Marcus theory™ the transition state formulation can be used to treate the
electron transfer reaction labeling the excited donor/acceptor complex (D*A) and the charge-
separated donor and acceptor (DT, A7) states as the reactant and product states, respectively,
Figures 2.6 and 2.7. Figure 2.7 demonstrates the reactant and product potential energy surface
states, the changing geometries being represented by the displacement coordinate. To meet the
FC principle and energy conservation criteria, electron transfer must take place at the interface
of the two states - reactant state and product state. According to the FC principle, because the
nuclei are thought to be frozen for this period, photoexcitation of the D-A causes a transition
between the ground and excited states to be vertical. Thermally equilibrated singlet excited state
is obtained following vibrational relaxation. This energetically lowest excited state is then used

to describe electron transfer process.” Figure 2.6 provides a schematic description of the electron

transfer from this lowest excited state. Therefore, as shown in Figure 2.7, electron transfer is only
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Figure 2.5: Dexter and Forster energy transfer mechanisms, A and D denote acceptor and donor,
respectively, while the asterisks represent the corresponding excited states.
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Figure 2.6: Electron transfer mechanism in a donor-acceptor (D-A) copolymer, the asterisk
represents an excited state while (4) and (-) denote ions.
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Figure 2.7: Demonstrating potential energy surfaces for ground, excited and charge-separated
states. Also shown are Gibbs free energy, AG°, the activation barrier, AG* and the reorganiza-
tion energy kAQ/2.

possible when thermal fluctuations bring the reactant state’s geometry to the value of the nuclear
coordinate where the parabolas representing the reactant and product states intersect. Electron
transfer is enabled when the nuclei reorganize to form the configuration at which the charge-
separated state and the photoexcited D/A complex become energetically degenerate. Electron
transfer, according to Marcus, is an activated process with an energy activation barrier AG™

which is a function of the reorganization energy, kAQ/2, and Gibbs free energy, AG:™

(EAQ/2 + AG®)?

+
AGT = 4kAQ/2

The energy needed to move the reactant and the medium surrounding it to the product state’s
equilibrium geometry is known as the rearrangement energy. Therefore, isoenergetic electron
transfer occurs at the intersection point which represents the energy level and nuclear config-
uration achieved by the reactant state through vibrational motion.” When the reorganization
energy equals to the negative of Gibbs free energy, at which the reaction has no activation barrier,
a maximum reaction rate is reached.

However, the electronic and optical properties observed in the macroscopic states may not
be a direct transformation from isolated molecules. To obtain optimized optical and electronic

properties in the macroscopic states, one of the essential techniques is controlling molecular
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packing because molecular packing dictates these properties.”™

2.2.2 Theoretical Developments on Molecular Packing

In a lattice of N molecules the dipole-dipole interaction between excited states causes each state
of the isolated molecules to split into exciton band of N-fold. Because of the characteristics of
exciton bands optical transitions are possible only to certain exciton band components. For a
hypothetical molecular array, Kasha!3 '8 proposed three types of orientation of transition dipoles;
card-pack, head-to-tail and alternate translational (oblique). In the first type orientation, optical
absorption takes place only to the lowest exciton state resulting in red shift absorption of a linear
aggregate compared to the monomer unit or isolated species. In the card-pack orientation, the
upper exciton state is the allowed exciton level. The absorption of aggregate system blue shifts
relative to the unaggregated species. Whereas both the lowest and highest exciton states are
allowed exciton levels in oblique arrays of transition dipoles.'*1?

In addition to the spectral shifts, Kasha used phosphorescence yield, which depends critically
on the geometrical orientation of molecules in the aggregate, to distinguish between head-to-
tail and card-pack aggregation types. A maximum phosphorescence enhancement is anticipated
for card-pack structures because fluorescence from the bottom of the excited singlet band -
achieved by thermal re-equilibration following excitation - is prohibited.!”!® In the head-to-tail
arrangement, since the singlet levels with the lowest energy combine radiatively with the ground
state, fluorescence emission is enhanced.!®

The two orientations proposed by Kasha, head-to-tail and card-pack, later on are known
as J- and H- (for Hypsochromic shift) aggregates. Coulomb coupling between two molecules is
described mathematically by Equation 2.2.1. This equation has been driven for parallel transition
dipole moments using dipole-dipole approximation and packing arrangement of one molecule per

unit cell.

p*(1 — 3cos?0)

pd __
Jo = 4reR3

(2.2.1)

here p is the point-dipole moment, R is the distance connecting the molecular mass centers
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with slip angle 6, and e is dielectric constant in the medium, as depicted in Figure 2.8. The
spectral shifts of the head-to-tail and card-pack arrangements are directly related with the sign
of the Coulomb coupling. In accordance with Equation 2.2.1, the Coulomb coupling between
two molecules vanishes at 6 = 54.7 and changes sign from negative to positive for § < 54.7 and

0 > 54.7, respectively, representing head-to-tail (J) and card-pack (H) arrangements.

Figure 2.8: Coulomb coupling between two molecules with parallel transition dipole moments.

J-aggregate (after Jelly) was also discovered independently by Jelly'®2? and Schiebe.?"?? Ac-
cording to a review by Bricks et. al*® J-aggregates have characteristic features like strong shift
in their emission and absorption spectra to higher wavelength along with spectral sharpening,
increase in radiative decay and emission QY compared to the monomers. J-bands are nearly
symmetric because there is no discernible vibrational component to their broadening. Their
absorption and fluorescence spectra coincide resulting in negligible Stokes shifts, and their sim-
ilarly narrow width fluorescence spectra show almost resonant behavior. In marked contrast,
H-aggregates exhibit opposite behaviors to J-aggregates.

3-42

A huge number of studies?* *? were committed to the transition dipole orientations and related

optical properties following Kasha model. In a review on organic molecular aggregates, Ma

et.al*®

classified transition dipole orientations based on rotational (X-aggregate) and slip (J or H
aggregate) angles between dipole moments, illustrated in Figure 2.9. In this regard, H-aggregate

exhibits positive Coulomb coupling due to cofacial, parallel molecular stacking with slip angle
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greater than 54.7°, at which the Coulomb coupling vanishes as supported by Equation 2.2.1. As
the slip angle decreases below 54.7° the system changes from H-aggregate to J-aggregate giving
negative Coulomb coupling. According to theoretical studies, in X-aggregation, the splitting in
energy level of the two lowest excited states can be reduced due to rotation of adjacent transition
dipoles and this can optically permit the transition from both excited levels to the ground state.
The X-aggregates’ spectral signatures can resemble those of monomers, and the optical splitting
becomes negligible at rotation angles of 90°.%8 The intriguing X-aggregation on the packing of
distyrylbenzene derivatives in crystal modes was initially noted by Bartholomew et al.”® in 2000.
In the crystal of 1,4-bis(2,2-diphenylethenyl)benzene, one of the distyrylbenzene derivatives, the
benzene rings of neighboring molecules create a stacking mode of edge-to-face, indicating that

the C—H - - 7 interactions help generate a cross-stacking mode.

¢

- J- t
X-aggregate monomer aggregate H-aggregate
— s1
O
r
SO
0 0 0 54.7 %0
Rotational angle (r) slip angle (s)

Figure 2.9: Molecular aggregates (X, J and H) and exciton band splitting due to dipole-dipole
Coulomb coupling, gas-to-crystal frequency shift in units of energy is denoted by D.

In a much more intense review aiming to expanding the Kasha theory by addressing the lim-
itations by incorporating vibronic and intermolecular charge transfer (CT) mediated couplings,
Hestand and Spano®? explained the aggregation types, the corresponding photophysical prop-

erties and techniques to differentiate between each type theoretically with the help of Frenkel
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exciton Hamiltonian describing delocalized excited states as molecular excitons. The Frenkel
exciton Hamiltonian, describing linear aggregates consisting of N-coupled chromophores with

packing modes of one molecule in a unit cell, is given by Equation 2.2.2.32

Hep = Ey+ D+ Jpnlm)(n] (2.2.2)

m,n
where, F; is the Sy — S transition energy of monomer unit and D is the gas-to-crystal frequency
shift in units of energy, while .J,,, denotes the Coulomb coupling of the molecules n and m.
Here the ket |m) = |g1,92, .-, €m, ...gpr) stands for the mth chromophore that is excited to S;
electronically while every other chromophores is in their ground electronic states, Sj.

Applying boundary conditions that are periodic, the wavelike excitons each with a wave

number k are eigenstates of H,.

1 )
Ey=—=) e*™|n) k=0,+2r/N,+47/N, ..., =
b= 75 2o /N, 4r/

From Equation 2.2.2 follows Ej, which is the energy of the k™ exciton,
E,=FEy+ D+ J,

here Jy =) Jmncos(k(n —m)) and when retaining only nearest neighbor coupling changes to
Ji = 2Jcocosk. For linear aggregates this is a good approximation. Following identification of
the bright exciton to be £ = 0 and located at the top and bottom bands in H- and J-aggregates,
respectively, the energy dispersion curve in Figure 2.10 illustrates the Kasha spectral shifts.
Assigning H- and J-aggregates is typically dependent on the relative blue- or red-shift of the
aggregate absorption compared to, Fy; + D’ which denotes the peak of the monomer in solution,
with D’ representing the gas-to-solution frequency shift in unuts of energy. This clearly shows

that the assigning H/J-aggregate based on Kasha depends on the condition
|D — D'| < 2|J¢|

here D — D’ represents the solution-to-aggregate spectral shift in units of energy. The exciton

19



E.| E«=Eu+D+ 2] ccosk
Jc> 0, H-aggregate

Jc<0,J-aggregate

-1.0 -0.5 0.0 0.5 1.0
kin

Figure 2.10: Dispersion curves of energy for H- and J-aggregates, W = |Jy—o — Jp=r| = 4|Jc| is
the free exciton bandwidth in the limit of nearest neighbor coupling.
blue-shift might be less than the solution-to-crystal shift because D — D’ is likely a negative quan-
tity. In weakly coupled H-aggregates this could lead to inaccurate assignment giving an overall
red-shifted spectrum which is a property of J-aggregate. For example, in the case of P3HT,
as reported by Brown et al., while the molecules are cofacial and analogous to H aggregates, a
significant red shift was observed due to enhanced intrachain planarization.”” Other examples
include the aggregates formed in lutein, lutein diacetate, perylene diimide dimers and nonfluo-
rescent squaraine aggregates. Zsila et al.”® reported the formation of head-to-tail J-aggregate
assemblies in lutein diacetate and card-packed H-aggregates in lutein depending on the spec-
tral shifts. However, Spano later on, explaining that these different spectral line shapes arises
from weakly and strongly coupled H-aggregates, showed the spectral line shapes for both lutein
diacetate and lutein are characteristic of H-aggregates.” On the other hand, Margulies et al.
reported perylene diimide dimers form H-aggregates while the first vibronic peak is redshifted.™
Nonfluorescent squaraine aggregates reported by Zhang et al. to form J-aggregate®® was later
revealed to be a red-shifted H-aggregate by Sanyal et al. as the lowest energy excited state is
optically dark.®!

Band curvature is another method of differentiating between H- and J-aggregates. The band
curvature, given by Equation 2.2.3, is calculated as the second derivative of Ej in relation to k.

_ 1d°E,

=52 | k=kmin (2.2.3)

We
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where k., = 0 and k,,,;,, = 7w for J-aggregate and H-aggregate, respectively. As one can observe
in Figure 2.10, the band curvature is negative in H-aggregates and positive in J-aggregates.
This is because the £ = 0 exciton defines the band top and band bottom in H-aggregate and
J-aggregate, respectively. The characteristic of emission in H- and J-aggregates is different as,
according to Kasha, the origin of emission is the lowest energy excited state. In this regard, in J-
aggregates the radiate decay rate is enhanced and there is ideally no Stokes shift. In contrast, the
k = m exciton in H-aggregates is populated from the k = 0 exciton by rapid intraband relaxation,
then, either vibronic coupling or symmetry-breaking disorder must exist for emission to occur.
This shows the origin of absorption and emission are greatly influenced by the band curvature.
Under the nearest neighbor approximation, the band curvature evaluated at the minimum band
simplifies to w. = —J¢ and w. = J¢, in H- and J-aggregates, respectively.

The Kasha model is restricted to Coulomb coupling between chromophores and does not
take into consideration the vibronic fine structure that is ubiquitous in many aggregating chro-
mophores. The Frenkel-Holstein Hamiltonian which describes the delocalizing effect of electronic
coupling takes the form of Equation 2.2.4 when written for excited chromophores in the local
basis set. Among the N chromophores comprising the system this expression includes only one

excited chromophore.

Hpp =woo+ D+ > Joalm)(n| + woin Y blibn +wi D {AD], + b)) X Hn)(n|  (2.2.4)

m,n

While the first three terms of Equation 2.2.4 represent the Frenkel exciton Hamiltonian, the fourth
one accounts for intramolecular vibration of energy w,;. In this case, a vibrational quantum is
created (annihilated) within the nth chromophore having nuclear potential of Sy, that is assumed
to be harmonic, by the operator b} (b,). The remaining terms indicate the shift of the excited
state nuclear potential, Sy, from the ground state nuclear potential, which is measured by the
HR parameter, \2.

The homogeneous absorption spectrum A(w) is obtained by adding up all of the electronic
transitions of the aggregate Hamiltonian from the vibrationless ground state |G) to each of the

excited state eigenstates, |¥;).
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Alw) = Ni,uz Z fiWrs(w — w;)

here f; denotes the oscillator strength corresponding to |G) — |¥;) transition
fi = wil (W M|G) P

while Wyg(w) represents the line shape function. Division by p? makes the ‘reduced’ spectrum
dimensionless. Moreover, the spectrum is divided by N to normalize it to the number of chro-
mophores.

According to Kasha’s rule, emission is considered to originate from the lowest energy exciton
|Wep) in analyzing the PL spectrum. At temperatures low enough to exclude emission from
exciton states that are thermally excited, a clear vibronic development can be seen in the PL

spectrum.

S<w) ~ Z (wem - I/twmb) IO VtW LS (CL) Wem T+ z/twmb)
v¢=0,1,2,...

where 0 — v, PL line strengths which describe the |W.,,) to ground electronic states emission are
defined as follows, provided that the electronic ground states consist of a total of v, vibrational

quanta, vy = 0,1, 2, ...

_ 1
170 = = |(Uepn | M|G)?
[L
1 N
1t = 2 Z Won|M|g; 01,02, ..., 1, .., On) |2
N

0-2 — i Vip® 2
I = ,U Z em|M|ga 01702a-'-7 ny | + Z em|M|ga 0171m70m+17"'71n7"'aON>| }

mn1>n

Summations over each potential terminal state with a total of v; vibrational quanta dispersed
across N chromophores are involved in the 0 — v; line strengths in every scenario.

Incorporation of the vibronic coupling enables distinguishing between H and J aggregates
with vibronic signatures other than spectral shift which might not be reliable for some cases

62

as discussed above.®® In J-(H-) aggregates, the line strengths of the vibrationless, A;, and
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first vibronic, As, peaks in the absorption spectrum are represented by the ratio A;/As, which
decreases (increases) as the exciton bandwidth decreases. On the other hand, the PL ratio,
Io_o/Iy—y in J-aggregates is N/A\?, with N representing the number of chromophores and A2
denoting the HR factor of a monomer unit, and this ratio is zero in H-aggregates at sufficiently
low temperatures and no disorder which enables emission to originate only from the lowest energy
state. This is explained in terms of enhancement of I;_ emission in J-aggregates and symmetry
forbidden of Ij_g emission in H-aggregates. The PL ratio has also an opposite relation with
increasing exciton coherence number, N, in H- and J-aggregates, with a decreasing and an
increasing trend, respectively. And this results in an increasing (decreasing) PL ratio in H- (J-)
aggregates as the temperature and energetic disorder rises.®? In relation to the enhancement in
J-aggregates and suppression in H-aggregates of Iy_g, emission QY and emission lifetimes are
also other factors used to distinguish between J- and H-aggregates.

The successful expansion of the exciton theory for H- and J-aggregates by incorporating
vibronic and intermolecular CT mediated couplings allowed for a better understanding of the
photophysics of conjugated molecules arranged in a variety of architectures.® The presence of
both long- and short-range couplings simultaneously allows for explanation of a wide range of
photophysical properties, some of which cannot be explained in the context of the basic Kasha
model 3283 Importantly, the vibronic signatures that were first driven for the Coulomb-coupled
aggregates remain valid for identifying H- and J-aggregates based on the spectral ratios A;/As
and Iy_o/Ip—1 when Coulomb and CT-mediated couplings both present. The relative position
of the £ = 0 band, which is the real distinction between H- and J-aggregates, defining the
band maximum/minimum in H- (J-) aggregates also works whether the coupling source is CT-
mediated, Coulombic or a combination of both.

In some cases, even though the proper H-like vibronic signatures are observed, such as the
position of bright exciton being at the band top, that clearly defines H-aggregate, the CT-
mediated interaction may cause a resultant red-shift of every exciton irrespective of the value of k.
This would produce an oxymoronic red-shifted H-aggregate, most likely because of nonresonance

51,

dispersion forces.’>>™ 8! In addition to influencing the type of optical response - H-like, J-like,

or a hybrid - Coulombic and CT-mediated couplings also have a significant effect on exciton
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dynamics. Depending on whether the two coupling sources interfere constructively (HH) or
destructively (HJ), the exciton mobility is enhanced or suppressed, respectively.548

In expanding Kasha model apart from addressing the limitations, there are also efforts com-
mitted to address more complicated architectures. The aggregates in systems such as in Figure
2.11, which gives rise to polarization dependence absorption due to packing modes of two or
more molecules per unit cell, support two types of transitions. 1) to the k = 0 exciton with an
oscillator strength proportional to | + pe|? and polarized normal (parallel) to the aggregate
axis in H-type (J-type) aggregates, top right of Figure 2.11 (bottom left of Figure 2.11). 2)
to the k = 7 exciton with oscillator strength proportional to |u; — pe|? and polarized parallel
(normal) to the aggregate axis in H-type (J-type) aggregates bottom right of Figure 2.11 (top
left of Figure 2.11). Many aggregates and crystals with herringbone-packed have been found to

exhibit strong polarization-dependent emission and absorption spectra.®6-94
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Figure 2.11: Dispersion curves of exciton (left) for J- and (right) H-type aggregates illustrating
two molecules per unit cell.

Muccini et al.”® found that the electronic coupling with completely symmetric modes results
in the activity of electronic false origins in the polarized absorption spectra which, inturn, brings
about notable deviations from the FC coupling expectations in the intensity of vibronic bands.
These experimental spectra can be consistently interpreted in terms of a special vibronic coupling

called Herzberg-Teller coupling.”®“ The transition moment i, between vibronic states g,

24



and m, is defined as

Hgpmg = (gp(Q)[1(Q)|my(Q)) (2.2.5)

Expanding the electronic transition moment p(@)) in the nuclear coordinates as a Taylor series
about the equilibrium configuration () leads to the vibronic transition moment given by Equation

2.2.6.%

o = (9 QUQIM(Q) + (5p(@) S (%f))@ Qulma(@) + - (2.26)

The first term of Equation 2.2.6 represents the Franck-Condon coupling, where the electronic
transition moment m(Q) is independent of the nuclear coordinates and the polarization of the
transition is that of the electronic origin m. The Herzberg-Teller vibronic coupling is repre-
sented by the second term in Equation 2.2.6. In this case, the electronic transition moment is
dependent on the nuclear coordinates and the Condon approximation is relaxed. Two electronic
excited states couple through molecular vibration in the Herzberg-Teller mechanism, causing the
oscillator strength of the higher excited electronic state to be borrowed to the vibronic level of
the lower excited electronic state. Hestand and Spano®? found that near the origin of the polar-
ized absorption of oligophenylenevinylene and oligothiophene crystals, and the PL spectrum of
H-aggregates in crystalline distyrylbenzene, had peaks originating from Herzberg-Teller coupling.

The observation of similar photophysical properties between a linear through-space coupled
J-aggregate molecules and a single through-bond coupled conjugated polymer chain of monomers
due to the positive band curvature at the k = 0 point common to both systems,? enables to
handle polymer m-stacks as a two dimensional aggregate, where J-like intrachain components and
H-like interchain components compete. Segregated HJ-aggregates manifest such competition
in conjugated polymer 7 stacks, as shown in Figure 2.12. In these stacks, chains of single
polymer can be thought of as J-chains, where repeat-unit chromophores interact through covalent
coupling, while neighboring polymers interact with one another through H-promoting Coulomb

coupling. The free-exciton energies for an N, x N, HJ-aggregate with N,, N, > 2 are dependent
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on the wave vectors kg, k,,

E(ky, ky) = Ey + D + 2Jipgrqc08ky + 2Jiptercosk, (2.2.7)

here k,, = 0,227 /Ny, ..., 7. If Jinter = Jintra, in what is known as null aggregate, the bright

exciton resides exactly in the middle of the band resulting in no exciton-induced spectral shift.

' ) jrm )

| Jsnn I Jintra

Jinter
/

Figure 2.12: Segregated HJ-aggregate demonstrating one molecule per unit cell, (left) J-type
nearest neighbor and H-type second-nearest neighbor interactions, and (right) H-promoting in-
terchain and J-promoting intrachain interactions.

In the literature a lot of materials are modeled as HJ-aggregates, including PDA,?% 55 P3HT,26,28,55
PPEB,*° MEH-PPV 2585961 9T_DPP-2T and 2T-BT-2T,%? PTB7-Th** and AnE-PVstat® to
mention just a few. Materials modeled as HJ-aggregates might undergo interplay between J-

1% in PDA, the H to J transition occurs at a

and H-aggregates. According to Yamagata et a
temperature where kT' = AFE, where k is Boltzmann constant and AF is the interchain splitting.
In contrast, in P3HT, H or J behavior is discovered to be tunable by changes in morphology. The
primary exciton coupling of P3HT nanofibers changed primarily from H-aggregation (interchain)
for low molecular weight to primarily J-aggregation (intrachain) coupling for high molecular
weight, according to Baghgar et al,.?® Eder et al.*® observed the switching between J- and H-
type aggregates by swelling and drying of the film in a matrix, with the aim of researching the
electrical coupling in PPEB. By transporting a acetone/chloroform saturated nitrogen vapor onto
the polymer thin film, the film in the matrix was annealed. As a result of this the single conju-

gated polymer chains diffused and the film swelled, enabling them aggregate with one another to

form mesoscopic objects composed of several conjugated polymer chains with the characteristic
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J-aggregate. The dry aggregate, on the other hand, demonstrates every characteristic of H-type
aggregation. According to Ziffer et al.,** in thin films of PTB7-Th the aggregation behavior
changes from a typical H-like to an unusual HJ-like due to change in orientation of fluorine atom
in thieno[3,4-b]thiophene unit with respect to the benzodithiophene unit. This indicates signif-
icant differences in interchain coupling between polymer chains and intrachain exciton coupling
along the polymer backbone. Additionally, Wang et al.?® observed that intrachain excitons
with J-like features dominated the PL emission in MEH-PPV films without annealing, while

H-aggregate behavior (interchain interaction) dominated for films annealed at 420 and 520 K.

2.2.3 Ways of Differentiating Between Aggregation Types

In this subsection we discuss the reliable ways used in the literature to distinguish between the
different aggregation types. Differentiating between the aggregation types in conjugated polymers
is not a simple task as there is a competition between H-promoting interchain and J-promoting
intrachain interactions. As was previously mentioned, one method of distinguishing between the
different types of aggregation is to use the aggregate absorption peak shift in solution or thin
film with respect to the monomer peak. However, in H-aggregates that are weakly coupled this
method is not reliable, where the gas-to-crystal frequency shift can overcome the exciton blue-
shift, resulting in an overall red-shifted spectrum leading to an incorrect assignment. In this case
people use other supporting techniques, in addition to absorption spectral shift, such as stokes
shift?® and fluorescence efficiency,?” for example.

The relative position the bright exciton that it the nodeless exciton in the exciton band, which
is unaffected by the source of coupling - be it Coulombic, CT-mediated or a combination of both
is a genuine distinguishing factor between H and J aggregation types. Additionally, the vibronic
fingerprints for categorizing H- and J-aggregation based on the spectral ratios Rps = Aog—o/Ao-1
and Rpy, = Iy_o/Ip—1 continue to be valid when both Coulomb and CT-mediated couplings are
present. These signatures were initially derived for Coulomb-coupled aggregates.®?> In general,
progression of the first two vibronic peak ratios with exciton bandwidth or temperature/disorder,
emission lifetime and relative QY are the criteria used to distinguish between the aggregation

types. Some of the works on aggregation types in conjugated polymers using these technique are
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summarized below.

Yamagata et al.?® highlighted that at "= 0K without disorder, 0—0 peak in the PL spectrum
is absent in H-aggregates. This is because in H-aggregates the nodeless bright exciton the exciton
band lies at the top. However, rising temperatures causes the k = 0 exciton which lies the top of
the lowest energy vibronic band to thermally activate, increasing 0 — 0 emission. Conversely, in
J-aggregates in the absence of disorder, 0 — 0 emission is amplified - also known as superradiant
- and decreases with rising temperature because the £ = 0 exciton population is being depleted.

On this basis, temperature-dependent PL has been used to infer the aggregation types formed in

29, 34,55,58,60,61 l 60

conjugated copolymer. In their study on AnE-PVstat copolymer, Saaidia et a
found that the PL ratio, Iy_o/ly_1, significantly exceeds unity, indicating intrachain through-
bond interactions (unconventional J-aggregates), and that increases with rising temperature
of the solution, indicating H-aggregate behavior (interchain interactions). They were able to
use the HJ-aggregate model because of this observation. Both J- and H-like behaviors were
shown to exist at room temperature when the 0 — 0 to 0 — 1 PL ratio was studied in relation to
temperature within this framework of the HJ-aggregate model. In MEH-PPV films, Wang et al.?8
also employed temperature-dependent PL. Intrachain excitons exhibiting J-like characteristics
dominated the PL emission in the films that were not annealed; the Iy_o/Iy_; PL ratio decreased
as the temperature increased. The H-like behavior (interchain interaction) predominated in
MEH-PPV films that were annealed at temperatures of 420 and 520 K, leading to an increase
in the Iy_o/Io_; PL ratio as temperatures rose. Additionally, Spano and Silva?® found that
as temperature or disorder increased, the ratio of the PL spectrum, Iy_o/Iy_1, increases in H-
aggregates and declines in J-aggregates.

Y26,27,31 and

The other techniques to distinguish between the aggregation types include Q
emission decay rate/lifetime.?%2830:55 Baghgar et al.?° identified low QYs as a characteristic of
H-aggregates and an increased PL decay rate to J-aggregate character while investigating the
impact of polymer chain folding on the transition from J- to H-aggregate behavior in P3HT
nanofibers with high and low molecular weight. Similarly, Deng and colleagues?” assert that

when compared to isolated chromophores, H-aggregates cause a significantly lower fluorescence

efficiency in addition to red-shift in fluorescence and blue-shift in absorption spectra, whereas
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J-aggregates cause both fluorescence and absorption spectral red-shifts along with a significantly
higher fluorescence efficiency. On the other hand, Spano and Silva?® reported that in H- (J-
) aggregates, the ratio in the absorption spectrum of the first two vibronic peaks, Ag_o/Ag_1
, decreases (increases) with exciton bandwidth. They further support this by comparing the
radiative decay rate claiming that the excited-state radiative decay rate is suppressed in an H-
aggregate and enhanced in a J-aggregate. Eder et al.3’ also assigned long (short) lifetimes as
characteristics of H- (J-) type coupled chromophores. Yamagata and Spano* while comparing
similarities in the photophysical properties between J-aggregates and single chain polymers,
attribute properties such as enhanced radiative decay rates to a single molecule and red-shifted

absorption spectrum with increasing chain length to J-aggregate characteristics.

2.3 Aggregation and Morphology Dictating Improvement
in PCE of OSCs

2.3.1 Aggregation and Polymer Structure Correlations

Although some molecules predominantly tend to form one type aggregation, for example, as re-
viewed by Wurthner et al.*3 and Bricks et al.*® a variety of dyes including porphyrins, cyanines,
perylene bisimides and phthalocyanines form J-aggregates, whereas oligothiophene nanostruc-

%0 carotenoid assemblies® and P3HT®* form H-aggregate, subtle structural changes of a

tures,
polymer could have a significant impact on the aggregation type to be formed. Kim et al.?*
designed and synthesized four quaterthiophene derivatives with end-groups composed of dicyclo-
hexyl butyl, dicyclohexyl ethyl, cyclohexyl butyl and cyclohexyl ethyl and observed that in thin
films of cyclohexylated quaterthiophenes the absorption peaks were blue-shifted compared to the
solution which could be explained by molecular packing structure that leads to H-aggregate for-
mation. On the contrary, in dicyclohexylated quaterthiophenes thin films the absorption peaks
were red-shifted relative to the solution, which could be well explained by J-aggregation. The
aggregation type formed by a polymer could be tuned by changes in the polymer structure due to

a variety of techniques such as varying side chains, additives, temperature, annealing and others.
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Eder et al.*® were able to tune between J-type and H-type coupling by side chain engineer-
ing on PPEB. They varied the side chains between hexyloxy, 2-ethylhexyloxy and cholestenol
substituted benzyloxy. They found that various side chains have significant impact on the pho-
tophysics of isolated aggregates but have no effect on the photophysics of the materials at the
single-molecule level when comparing the photophysics of the three PPEB derivatives in single-
molecule and isolated aggregate form. They also conclude that changing the side chains from
2-ethylhexyloxy to hexyloxy switches the dominant coupling from J-type to H-type. However,
as demonstrated by the lack of variations between the single-molecule and isolated aggregation
forms, the large side chain - cholestenol substituted benzyloxy - prevents any type of electronic
coupling.®® The way the side-chains get connected also affect the aggregation in addition vary-
ing the side chains. With a difference only in the connectivity of the side-chains - acyclic or
macrocyclic- on BDT derivatives, McDearmon et al.*® developed building block of macrocyclic
benzodithiophene and compared the resulting polymers properties to analogous acyclic deriva-
tives. The macrocyclic BDT building block was observed to modify aggregation in conjugated
polymers by decreasing interchain interactions, leading to enhanced PL both in the solid state
and solution. Apart from side chains and their connectivity, orientation of atoms in molecules has
also an effect on molecular aggregations. According to Ziffer et al,* the optical characteristics
of diluted solutions and thin films show that the orientation of fluorine atom on the thieno[3,4-
b]thiophene unit relative to the benzodithiophene unit does, in fact, affect electronic properties of
aggregated polymer chains in PTB7-Th in the excited state. Significant differences in interchain
coupling between polymer chains and intrachain exciton coupling along the polymer backbone
are indicated by their demonstration that this subtle change along the polymer backbone causes
thin films to change from an unusual HJ-like to typical H-like aggregate behavior. Single PTB7
strands in solution with strong self-aggregation caused similar absorption spectra between the
dilute solution and thin film in the orientation with HJ aggregation. In contrast, the orientation
with H aggregation showed a distinct blue shift and shape change between its dilute solution and
thin film absorption spectra, indicating that the polymers are not forming ordered aggregates in
solution.

Structural tuning by varying conjugation length can also induce aggregation types. Designing
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dimers of oligo(phenylene-butadiynylene) with conjugated units of 6 and 12 benzene rings long
and spaced by a biphenylene unit, 4.6 A apart on average, Eder et al.,*® showed that 12-ring
oligomer show a clear characteristic of J-aggregate with only weakly visible H-aggregate. In
contrast, the short dimer a a more pronounced H-type coupling was observed. In addition,

155 found that J-aggregate property is induced by longer conjugation length,

Yamagata et a
which results in long range intrachain order and weaker interchain interactions, contrary to
H-aggregate behavior induced by short range intrachain order resulting in stronger interchain
coupling. Molecular weight is also found to affect molecular aggregate due to structural effect as

126 on P3HT nanofibers. It is shown that the primary exciton coupling

reported by Baghgar et a
changes from interchain to intrachain for low and high molecular weight P3HT nanofibers. These
results are described by a structural image wherein high molecular weight P3HT chains fold inside
the lamellae, improving chain planarity and potentially reducing the slip-stacking of thiophene
rings in the subsequent lamellar packing. In line with an increase in J-aggregate character, there
was also a noticeable rise in the overall PL decay rate with increasing molecular weight.
Yamagata and Spano® reported that temperature could also affect the aggregation type
formed in polymers taking the case in PDA dimers in which they observed that one type of
coupling prevails below certain temperature and other coupling type prevails above it. In the
framework of the HJ-aggregate model on AnE-PVstat,% an investigation on the development of
the 0 — 0 to 0 — 1 PL ratio with temperature revealed the existence of J- and H-like properties
at room temperature. As the temperature rises, interchain intermolecular interaction decreases,
causing H-aggregates to dissociate, providing yet another illustration of how temperature influ-
ences the types of aggregations. The effect of temperature on aggregation types was further
extended by Zhao et al’” to compare the amount of aggregation formed in DT'S(PTThs), by
different solvents with different boiling points. Making films of DT'S(PTThsy)s from two sol-
vents, chlorobenzene and thiophene, and drying for several hours, they observed that the total
amount of J- and H-aggregation increased using chlorobenzene with more J-aggregation. This is
attributed to the higher boiling point of chlorobenzene. In other words, time of film forming is ex-
tended in a solution with high boiling point facilitating J-aggregation formation because in terms

of thermodynamics J-aggregation is the more stable stacking style and molecules tend to stack-
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ing in J-aggregation. Consequently, J-aggregation will be improved more than H-aggregation in
chlorobenzene. In addition to solvents, additives are also found to affect the stacking style of
DTS(PTThsy)s. It has been found that additives with (without) properties of selectively dis-
solving side chains promote H-aggregation (J-aggregate) formation. In BTIC-CF 3 -m%" it is
also found that the coexisting J- and H-aggregations can easily be controlled by using different
additives. Two common additives, DIO and CN, support the formation of J- and H-aggregation,
respectively.

In a study dealing with the effect of thermal annealing on conformation of MEH-PPV, Hu
et al.®' reported that the conformation of MEH-PPV which dictates the aggregation depends
on the matrix used and whether or not the samples are annealed. They compared this effect for
two matrices, PMMA and polystyrene with MEH-PPV:matrix weight ratios of 1:100 and 1:1000.
Similar to as-cast neat film, the conformation of the as-cast MEH-PPV/PMMA film from 1:100
solution displayed J-like PL emissions. While neat film showed no J-aggregate-like emissions
after being annealed at 160 °C, and PL of MEH-PPV/PMMA showed both H- and J-aggregate
characteristics after annealing at the same temperature. Conversely, the as-cast and annealed
conformation of the 1:1000 solution blends of MEH-PPV/PMMA exhibited an oligomer-like
emission that was insensitive to the annealing or measurement temperatures. But when the host
matrix was changed to polystyrene, the as-cast film mostly had an extended conformation and
showed oligomer-like emissions, regardless of the weight ratio of MEH-PPV: polystyrene. The
conformation transition in MEH-PPV /polystyrene blends from extended to aggregated during
thermal annealing was proven by the observation of both J- and H-like as well as relatively
weak oligomer-like emissions after annealing at 160 °C. In MEH-PPV/PMMA blends this was
unlikely to have happened during thermal annealing. Consequently, photophysical characteristics
of conjugated polymer chains can be significantly altered by choosing host matrices with the right
annealing procedures. As it has been widely argued, because polystyrene is a good solvent matrix
and PMMA is not polymer chains can form more extended conformations in polystyrene than in
PMMA. Another work by Ou et al.® on single molecules of MEH-PPV in PMMA matrix shows
how thermal annealing causes the molecules to transform from collapsed conformations to highly

ordered, extended rod-like forms. Because transition happens as the annealing temperature
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rises over 100 °Ca temperature approaching the glass transition temperature 7}, of the matrix is
optimal for the optimization and control of polymer films. Wang et al.® also investigated how
thermal annealing affected MEH-PPV aggregation. They reported that intrachain excitons with
J-like characteristics dominated the PL emission in the films without annealing, while H-like
behavior (interchain interaction) predominated for MEH-PPV films annealed at temperatures of

420 and 520 K.

2.3.2 Optimizing Morphology to Improve PCE of OSCs

In order for an OPV cell to effectively convert solar energy into electrical energy, it is necessary to
optimize the processes; absorption of light, diffusion and dissociation of exciton, charge transport,
and charge collection, Figure 2.13. In active layers, donor materials absorb photons and create
excitons which are tightly bonded electron-hole pairs, top-left of Figure 2.13. Subsequently, the
excitons diffuse towards the D:A interface, whereby the driving forces split the excitons into
electrons and holes, top-right of Figure 2.13. Note here that if the domain size in the active
layer is comparable to the exciton diffusion length, the charge generation efficiency maximizes.
Furthermore, in conjugated polymers, enhancing interchain coupling, establishing intercrystallite
connectivity, and promoting intrachain transport are all required to improve charge transport,
bottom-left of Figure 2.13. In other words, effective charge transport is facilitated by both the
pre-aggregation in solution and the short-range ordered aggregation in the film.'?

Mathematically, we use Equation 2.3.1 to calculate the PCE of solar cells.

_Vocx JSCXFF

PCFE
b

(2.3.1)

where P, is the incident power, FF is fill factor, Jg¢ is short circuit current density and Ve is
open circuit voltage.

However, this has come at the expense of Vps novel low band gap materials have been
designed and synthesize to improve Jgc. On the contrary, if the band gap of the light-absorbing
material is increased to increase the device’s Vo, Jso will decrease, and vice versa. It is therefore

detrimental that there needs to be a compromise between Ve and Jgo. While increasing the film
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Figure 2.13: Working principle of OPV cell

thickness by processing parameter adjustments might also increase the value of Jg¢; however,
this usually results in a concomitant decline of FF which results in no improvement on PCE.
As a result, the FF is essential to enhancing PCE for OPVs. FF is affected by features such
as domain size and purity, m — 7 stacking distance and orientation, and more when seen from
the perspective of a device or material design.”® By optimizing the domain size to suppress
recombination rate, a device can achieve high FF with an effective carrier extraction. It is also
conceivable that improving domain purity while keeping the optimal domain size could result in
better FF and PCE. This was achieved by ternary system as reported by Zhang et al.? adding a
high crystalline tendency small molecule p — DT'S(FBTT Hs)s into PT'B7T —Th : PC;1BM. In
contrast, the transporting direction and speed are determined by the m — 7 stacking orientation
and m — 7 stacking distance, respectively. Because conjugated polymers have a substantial 7-
conjugated structure, m-orbital overlap impacts charge transport which occurs along the backbone

of conjugated polymer at the fastest rate. The molecular packing information is reflected in the
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molecular spacing, like lamellar spacing and © — 7 stacking distance.

Theoretically it is possible to increase the FF of an OPV device and promote mobility by
decreasing the m — 7 stacking distance in thin films. As shown in Figure 2.14, the out-of-
plane and in-plane molecular self-aggregation information determines the three stacking modes
- face-on, flat-on and edge-on - that are frequently included in the texture orientation. The
molecular orientation will be edge-on when the lamellar stacking is perpendicular and the m —
stacking is parallel to the substrate. In contrast, molecules are orientated face-on when the the
lamellar stacking is parallel and m — 7 stacking is perpendicular to the substrate. While edge-
on molecular order is preferable for FETs because the in-plane direction is the efficient charge
transport pathway, face-on molecular order is generally better for polymer solar cells (PSCs)

because the out-of-plane direction is the effective charge transport pathway.!?

Conjugation
T direction

stacking D —
directic% . A
| U : ;

Alkyl Substrate

stacking
direction

Edge-on Flat-on Face-on

Figure 2.14: The three stacking modes

Enhanced device performance and reduced carrier recombination probability are generally
attributed to higher phase purity in the blend, which promotes effective exciton dissociation and
charge transport. Tuning domain size and purity can be achieved by a ternary blend systems.

577,100,101 otrategies elevate energy of CT state

Ternary blend via donor alloy®>* and acceptor alloy
in ternary OSCs. These strategies also minimize the energy loss for generation of charge and
enhance the hybridization between CT state and localized excited state which, in turn, reduces

the nonradiative energy loss and have a substantial influence on photoelectronic properties, blend
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nanomorphology and intermolecular 7 — stacking, leading to superior photovoltaic performance.
The ternary OSCs, when combined with the ideal morphology, provide an impressive PCE of more
than 19% with a markedly enhanced open-circuit voltage (V¢) without sacrificing FF and short-
circuit current density (Jgc) when compared to the binary ones.»® Examples of such ternary
OSCs include donor alloy of PM6:D18-Cl with L8-BO as the acceptor and BTP-eC9:isoIDITC
acceptor alloy with PM6 donor, as reported by Gao et al. and Chen et al., respectively. By
adding a second donor into a D:A blend, Zhu et al. effectively exhibited a show-case of 19.3%
average efficiency. This improvement in device performance was achieved by double-fibril network
morphology. This morphological scheme facilitates exciton diffusion and charge carrier transport
by forming double-fibril network of a multi-length with both high-quality donor and acceptor
crystallites.?

A thorough and comprehensive understanding of the aggregated structure of polymers in both
solution and solid phases is necessary for the morphological optimization of the active layers in
PSCs. The aggregated structure of active layer components and the interaction between each
component affects the final morphology. Plot of structural complexity schematic of aggregated
structure in PSCs is shown in Figure 2.15. The schematic diagram illustrates the multiscale
structure of conjugated polymers, ranging from the donor polymer aggregated structure to the
most complex BHJ morphology. The bulk-heterojunction (BHJ) active layer exhibits an aggre-
gated structure at various length scales. On a broader scale, the phase-separated structure of
blend films is significantly influenced by the miscibility of acceptor and donor materials. The
domain purity is typically low for hyper-miscibility systems, leading to insufficient exciton disso-
ciation. The acceptor component in the mixed phase is frequently quenched to the percolation
threshold in hypo-miscibility systems, where blends of polymer:small molecule are most suited
for domain purity. In hypo-miscibility systems optimizing the vertical phase separation structure
can also improve performance of the device.!?

The film casting process involves various factors that affect the polymer molecular arrange-
ment and active layer’s multilevel self-assembly structure. These factors include solvent volatiliza-
tion rate, material solubility, solvent additives, casting conditions, and post-deposition treat-

ments. Specifically, these factors affect properties like ordering and orientation, molecular con-
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Figure 2.15: Schematic diagram representing the aggregated structure, semicrystalline and phase-
separated structures, and BHJ morphology.

formation, crystalline and amorphous regions as well as domain size and purity. These properties,
in turn, are closely related to light-harvesting, exciton generation and dissociation, and charge
transport in PSCs.*? Conjugated polymer film morphology is dependent on spin-casting speed,
choice of solvent, and polymer concentration.!*? Macroscopic morphology and structure revealed

103 showed in

a considerable dependency on solvent molecule structure: for example, Kar et al.
linear solvents, core-substituted naphthalenediimide forms a fibrillar network, whereas in cyclic
solvents, it displays nanoscale spherical particles. The aggregate formation of the blend produces
a synergistic impact in one type of solvent and absence of this impact in another solvent due to
unbalanced crystallization of acceptor and donor in the latter case, according to another study

104 By selectively dissolving either

on H-aggregate donor and J-aggregate acceptor by Jiang et al..
components in the active layer, additives also play a role in tuning morphology resulting in al-
tered donor-acceptor interface density and domain size. Lou et al.,!?® for example, demonstrated
a case in which DIO selectively dissolves PC7; BM which facilitates integration of PC7y BM into
PTB7 resulting in greater donor-acceptor interface density. The active-layer morphology was
also shown to be determined by temperature-dependent aggregation properties polymer donors
in solution.!%

In a study on DT'S(PTThs)s : PC7gBM aiming at improving photovoltaic efficiency by bal-

157

ancing H- and J-aggregations, Zhao et al.”* concluded that optimizing morphology by precisely
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controlling H- and J-aggregations has been found to be the key factor in improving the efficiency
of organic solar cells. On the one hand, because J-aggregation requires less energy to excite, it
is beneficial for producing more excitons. H-aggregation, on the other hand, encourages exciton
dissociation because of two reasons: it provides excitons longer lifetime as well as stronger driv-
ing force of dissociate. Additionally, the two stacking modes complementary light absorption is

beneficial for maximum light absorption.
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Chapter 3

Materials and Methods

This chapter is devoted to list the materials and explain the experimental and computational

methods used in this study.

3.1 Materials

Polymers and solvents
Polymers

Three copolymers whose synthesis are reported in Refs. 63-65 and their corresponding chemical
structures depicted in Figures 3.1 and 3.2 are studied in this work. The three copolymers con-
sist of benzodithiophene (BDT), bithiophene and thienothiophene-spaced-bithiophene as donors
and isoindigo with 2-decyltetradecyl side chain as a common acceptor, denoted respectively, as

PBDTI-DT, P2TT and P2TITT.

Solvent

The solvent used in this study to prepare the solutions and thin film of polymers is 1, 2-
dichlorobenzene (o-DCB), while chloroform (CF) and other solvents like acetone, isopropanol,
dichloromethane, ammonia, hydrogen peroxide, and deionized water were also employed as clean-

ing agents.
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Figure 3.2: Chemical structures of P2TI and P2TITT
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3.2 Experimental Methods

Solution Preparation

The solutions of the copolymers were prepared using o-DCB as a solvent at an average concen-

tration of 0.02 mg/ml.

Thin Film Preparation

The thin films were prepared by spin-coating the polymer solutions on glass substrates at 1000

rpm, followed by annealing at 80 °C for 10 minutes to dry out the solvent.

Steady State UV-vis Spectra

UV-Vis spectra were among the experimental techniques employed in this work to study the
photophysics of the polymers. Steady state room temperature UV-Vis absorption spectra in
solution and spin-coated thin film were measured using an Edinburgh Instruments DS5 UV-Vis
spectrophotometer for PBDTI-DT and a Perkin-Elmer Lambda 19 UV-Vis/NIR spectropho-

tometer for P2TI and P2TITT.

Steady State and Temperature-dependent Photoluminescence

The aggregation of polymers can be inferred from the progression of vibronic peak ratios with
temperature. To this end the PL spectra of the polymer solutions were recorded while exciting the
solutions with light at their absorption maxima in the lower-energy region (below 2.5 eV) using
a HORIBA Jobin Yvon Fluoromax-4 spectrofluorometer. To control the temperature during the
PL measurements, a Thermo Scientific NESLAB RTE-7 circulating bath was used, allowing the
temperature to be varied from -10 to 90 °C for PBDTI-DT, and from -5 to 85 °C for P2TI
and P2TITT.
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Raman Spectra

The Raman spectra of PBDTI-DT were recorded using a WITEC «-300 spectrometer with a

laser excitation source operating at 532 nm.

Relative Quantum Yield

The relative QY (¢5) of PBDTI-DT was calculated using rhodamine 101 as a reference, which
was diluted to an optical density (A) of below 0.1 to avoid self-absorption. The QY was then

calculated using the following equation in five different concentrations:

¢s = &y (ggi;) (Z—z) : (3.2.1)

where the subscripts s and r denote the sample and reference, respectively. The symbols ¢,
V, and n are the fluorescence QY, the gradient from the plot of integrated fluorescence intensity

vs 1 — 104, and the refractive index of the solvent, respectively.

Emission Lifetimes Measurement

The emission lifetimes of the two copolymers, P2TI and P2TITT, were measured in solution
(0.02 mg/mL) and as thin film (15 mg/mL) using a home-built time-correlated single photon
counting (TCSPC) experimental setup, as described by Kyeyune et al.'%” The TCSPC setup was
equipped with a supercontinuum picosecond pulsed laser source (SuperK EVO, NKT Photonics).
An optically narrow excitation beam at 633 nm was produced by sending the laser beam through a
632.8 nm band-pass filter (FLH633-1, Thorlabs). The excitation beam was reflected by a dichroic
mirror (FF649-Di01-25x36 Semrock Brightline) into a water-immersion objective (Nikon CFI
NIR Apochromat 60x, NA 1.0). Fluorescence from the sample was measured by a single-photon
avalanche diode (COUNT-T100, Laser Components) coupled to a Becker & Hickl GmbH TCSPC
module (SPC-130 EM) by focusing through a 75-um pinhole and fluorescence filter (FELH0650,

Thorlabs) to block scattered excitation light. Each sample was measured for 60 seconds.
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3.3 Computational Methods

Density Functional Theory Calculations

The ideas of theoretical and quantum chemistry are incorporated into practical computer pro-
grams to perform computational chemistry, which is used to assess the structural properties of
various molecules. Density Functional Theory (DFT) is one of the increasingly popular tech-

niques for the calculation of molecular structure.!%®

DFT focuses on the electron density p rather
than considering the electron wavefunction W. The energy of the molecule which is constructed
from superposition of “Kohn-Sham-orbitals” is written as a function of the electron density,
which in turn, is a function of position. These orbitals are calculated by solving Kohn-Sham
equations, Equation 3.3.1, iteratively and self-consistently. And these orbitals are different the

common spatial electron orbitals. DFT theory is a powerful technique and is still being under

further development.

(——A2 + ’Ueff(T)) 0i(r) = €0i(r) (3.3.1)

2m

Here ¢; is the orbital energy of the corresponding Kohn-Sham orbital ¢;(7), vers(r) is the

Kohn—Sham potential, and the density for an N-particle system is

p(r) = Z i (7)]?

It is used to calculate different compounds’ energies, dipole moments, and thermodynamic
characteristics. In the case of solid organic materials in particular, aggregation may have large
influence on the spectrum but is more challenging to predict using time-dependent density func-
tional theory (TD-DFT) than single-molecule spectra, particularly when charge-transfer transi-
tions between molecular units are present. When there is considerable charge-transfer character
or a significant degree of conjugation, an artificial redshift is introduced into the TD-DFT spectra
of even single molecules.'®® 1% In this study DFT and TD-DFT calculations were conducted to

support experimental characterizations on selected polymers.
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DFT calculations were employed in the gas phase to optimize the backbone geometry, and
calculate frontier molecular orbitals, and Raman spectra of the BDTI oligomers (n = 1 — 3)
using Gaussian 16/C01.1*1 The calculations were executed using the B3LYP hybrid functional
and 6-31G(d,p) basis set after reducing the alkyl side chain lengths to single methyl units as their
contribution to the electron density of the polymer is negligible.!'> The excited-state analysis
together with the UV-Vis absorption of the oligomer were studied using TD-DFT with the CAM-
B3LYP functional and 6-31G(d,p) basis set. On the other hand, DFT calculations to optimize
the backbone geometry and calculate the frontier molecular orbitals (FMOs) on three units of
P2TTI and P2TITT were carried out using the B3LYP hybrid functional and 6-31g(d) basis set.
The excited-state properties and the UV-Vis absorption spectra of the oligomers were analyzed
using CAM-B3LYP functional and 6-31g(d) basis set. For the density of states (total/partial
density-of-state (TDOS/PDOS)) calculations on three units of P2TI and P2TITT, the CAM-
B3LYP functional was used instead. Geometry optimization and frequency calculations were

performed until a stationary point was found for both calculations in all cases.

The Franck-Condon Analysis

Intensities of vibronic transitions can be described by the FC Principle. In quantum mechanical
formulation FC principle is stated as follows: the strength of a vibronic transition is directly
related to the square of the overlap integral between the vibrational wavefunctions of the initial
and final states involved in that transition. This principle is based on the Born-Oppenheimer
approximation. The overall energy comprises both electronic and vibrational components, while
the total wavefunction is derived by multiplying the electronic wavefunction with the nuclear
wavefunction. According to Born-Oppenheimer approximation separation of the electronic, r,

and nuclear, R, wavefunctions are separable.

U(r, R) = ¢e(r, R)x;(R) (3.3.2)

where 1 is the electronic coordinate and R the nuclear coordinates. The index e corresponds to

an electronic state, while v is the vibrational quantum number.
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The dipole moment operator is

fL= —ezri—ezszkzﬂe—i‘ﬂN
i k

With the consideration of only one vibration, the dipole matrix element for a transition

between electronic state g with vibrational level m and electronic state e with vibrational level

n is given by,3

fi = (Ge(r, R)x;, (R)| fre + fin [@4(r, R)X7, (R))
fo = O (B)| (e(r, R)] fie [0g(r, R)) X7 (1))
+ 0G(B)] i (X3 (R)) (g (7, R)|¢e(r, R))

fr= O (B)| (e(r, R)| fie |9g(r, R)) X5 (R)) = (60 (R)] freg (R) [X7 (1))

fieg = (Pe(r, R)| fle |4(r, R)) is the electronic dipole moment.
The transition dipole moment between electronic state g with vibrational level m and elec-

tronic state e with vibrational level n, according to the Condon approximation, is

figm,en = tog (X5 (R)|XE,(R))

The absorption cross section is directly related to the square of this transition dipole moment,

0 o |figm,en|” = |1y|" x FC

Using the model of displaced harmonic oscillator and with the assumption of population
of the zero vibrational level in the ground state, Franck - Condon integrals can be worked

out analytically. The vibronic transition 0-n, which dictates the probability of each vibronic
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transition, has FC integral:

where, § = $72(AQ)? with m denoting the reduced ionic mass.

SikAQiErelx
- 2hw hw

The Huang-Rhys factor, S, denotes the average number of phonons generated by the vibronic
transitions. F,, is relaxation energy or reorganization energy. For a single-mode vibrational
progression, the value of S can be calculated from experimental spectra using Io_1/Ip_o = 5,
where [,,_,, represents the amplitude of the transition between vibrational level n and m.

Franck—Condon (FC) analysis was used to estimate the spectral intensity distribution of the
PL of PBDTI-DT, P2TI and P2TITT. In this regard, temperature-dependent PL spectral
profiles of these copolymers were fitted with two progressions for J- and H-type aggregates given

in Equations. 3.3.3 and 3.3.4, respectively.?® 114115

I;(hw) o (hw)niexp(—S) (Z %F(hw — FEy+ mEp)> (3.3.3)
Iy (hw) o (hw)*n®exp(—S9) (ar(hw — Ey) + Z %F(ﬁw — Ey+ mEp)> : (3.3.4)

where n is the real part of the refractive index at photon energy hw, S is the HR factor,
which gives a measure of the coupling between the electronic transition and a phonon mode, m
denotes the vibrational level, Ey is the 0-0 transition energy, E, is the phonon energy, and I is
a Gaussian line shape with constant width. The parameter « is the exciton coherence number
which appears only in the modified Franck - Condon model and denotes the competition between
intrachain and interchain exciton coupling. It is a function of disorder and dictates the intensity

of Iy, which is absent for a perfectly ordered H-aggregate at 0 K.
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Chapter 4

Investigation into Aggregation Types in
a Benzodithiophene-Isoindigo

Copolymer

4.1 Introduction

Incorporation of an electron-deficient moiety in the backbone of an electron-donating polymer to
produce a donor-acceptor (D-A) copolymer has been found to be a successful technique to produce
low-band gap polymers. Isoindigo has found broad application in the synthesis of low-band gap
polymers as acceptor units because of its highly planar structure, which favors good charge carrier

d1167125

mobility. Results from reports on isoindigo-base polymers indicate that such materials

show broad optical absorption, high extinction coefficient and high charge mobility.!?%:12” On
the other hand, benzodithiophene (BDT) is an electron-rich material that has already achieved
outstanding PCE in OSCs exceeding 19%.%12® BDT exhibits some attractive behaviors that
make it a good candidate as photoactive material for OSCs. The planar conjugated structure of
benzodithiophene forms 7 — 7 stacking that improves mobility in conjugated polymers. Recently,
benzodithiophene-isoindigo (PBDTI-DT) copolymer has been synthesized,%® the structure of
which is displayed in Figure 3.1, and shown to exhibit good photo and thermal stabilities.?"

In this chapter, we present investigation of the properties of PBDTI-DT by examining the
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aggregation types into which the copolymer self-assembles. This serves to further guide the syn-
thesis of benzodithiophene-isoindigo for enhanced device performance. The aggregation type of
PBDTI-DT was investigated by fitting its temperature-dependent PL spectra with a FC anal-
ysis. In addition, the evolution of the HR factor with temperature along with the measurement
of the relative QY, revealed that the copolymer consists of both H- and J-type aggregates, with
H being the dominant aggregation type. The photophysical investigation performed both com-
putationally and experimentally revealed that the Sy — S; and Sy — Sy transitions are mainly

due to intramolecular charge transfer (ICT) and 7 — 7* transitions, respectively.

4.2 Result and Discussion

4.2.1 Absorption of PBDTI-DT

Figure 4.1 A) shows the absorption spectrum of PBDTI-DT in solution and as a spin-coated
thin film, displaying the common two-band profile that arises from alternating donor-acceptor
bonding.!3® The absorption of PBDTI-DT in thin films is somewhat red-shifted from that of
the solution-based polymer, indicating aggregate formation in the solid state. To determine the
transition types of the absorption bands, the absorption of the uncoupled donor and acceptor
units and the polymer were recorded and are shown in Figure 4.2A). The absorption spectra
of both the donor (BDT) and acceptor (isoindigo) units peak near the high-energy band of the
polymer. This indicates that the absorption band of the polymer above 2.5 eV is a superposition
of the local m — 7* transition of the acceptor and donor units. However, the peak of the polymer
below 2.5 eV is observed neither in the spectrum of BDT nor of the isoindigo units, confirming
that it has evolved due to ICT between acceptor and donor moieties.

To further elucidate the assignment of the two transition bands, TD-DFT calculations on
oligomers up to three repeating units with 50 excited states were computed in the gas phase. The
absorption of BDTT was calculated from one to three repeating units as presented in Figure 4.1B).
The calculated absorption profile of the trimer resembles the experimental result sufficiently well
to use as a basis for studying the transitions in the polymer. The transitions in the four dominant

excited states of the trimer are summarized in Table 4.1. Whereas the frontier molecular orbitals
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Figure 4.1: A) Absorption spectra of PBDTI-DT solution and spin-coated film, and B) DFT-
calculated absorption spectra of BDTI monomer, dimer, and trimer. Sy, S3, S7, and Sg are
excited states having strong contributions.
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Figure 4.2: A) Absorption and B) PL spectra of PBDTI-DT and its donor (BDT) and ac-
ceptor (Isoindigo) units, and C) Gaussian fit of PBDTI-DT PL spectrum measure at room
temperature in solution with pure electronic, Iyy, and first vibrational, Iy;, transitions.
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Table 4.1: The four most probable excited states of the BDTI trimer with the corresponding
dominantly contributing transitions.

Excited State | Excitation Energy | Oscillator Strength Transition Contribution per band

(eV) (a.u.) (%)

S1 2.413 3.858 HOMO—LUMO 67
HOMO-3 -LUMO 11

HOMO-2 —-LUMO+3 9.6

S3 2.695 0.304 HOMO-1 — LUMO+2 31.4
HOMO —LUMO+2 31.1

HOMO-3 —-LUMO+1 18.6

S; 3.280 1.509 HOMO — LUMO 27
HOMO-3 —-LUMO+2 15

HOMO-3 -LUMO+1 14.3

HOMO-2 -LUMO+3 12

HOMO-2 —-LUMO 10

Sg 3.412 0.286 HOMO-2 —-LUMO 33.2
HOMO-2 -LUMO+1 22.8
HOMO-1 -LUMO+1 22.7

of the trimer are displayed in Figure 4.3.

The excited states S; and S; are the dominant ones lying in the lower and upper energy
regions, respectively. The HOMO — LUMO transition contributes to 67% of Si’s oscillator
strength. Since the HOMO is spread predominantly over the BDT unit while the LUMO is
concentrated in the isoindigo part (Figure 4.3), the HOMO — LUMO transition can be assigned
to an ICT state. On the contrary, almost 30% of the transitions in S; are due to HOMO-3—
LUMO+1 and HOMO-3— LUMO+2 transitions, slightly higher than the HOMO — LUMO
transition. Interestingly, the three molecular orbitals HOMO-3, LUMO+1, and LUMO+2 are
mostly localized on the isoindigo part (Figure 4.3), while the next dominant transition in Sz, the
HOMO-2— LUMO+3 transition, is localized on BDT. Hence, the transitions of S; are mainly

within localized donor and acceptor units, confirming its local 7 — 7* transition.

4.2.2 Temperature-dependent PL of PBDTI-DT

The PL spectra of PBDTI-DT and the uncoupled acceptor and donor units were recorded in
solution to determine the relaxation channel of the copolymer (see Figure 4.2B)). Note here
that the emissions were recorded at excitations matching the absorption maximum of each of
the polymers. The emission of the copolymer both in film and solution is substantially red-

shifted from that of the respective units, confirming its ICT characteristics. The PL spectrum
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Figure 4.3: Frontier molecular orbitals of the BDTT trimer.
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Figure 4.4: Temperature-dependent PL spectra of PBDTI-DT A) in solution and B) in spin-
coated film measured from —10 to 90 °C in steps of 10 °C.

of PBDTI-DT in solution shows a red shoulder owing to vibrational transitions. The spectrum
can be deconvoluted into three Gaussian envelopes (Figure 4.2C)), which we assign to the pure
electronic transition (Igyg), and the the next vibronic transition (/y;) with two phonon modes. This
Gaussian fit clearly demonstrates that the emission of the copolymer originates from vibronic
coupling.

The emission of the polymer was further recorded with increasing temperature both in so-
lution and film, as depicted in Figure 4.4, to investigate the types of aggregates that form in
PBDTI-DT. As the temperature raised from —10 to 90 °C , the PL spectra were blue-shifted by
55.7 meV and 24.8 meV in solution and in film, respectively (see Figures 4.5A) and 4.5B), black
lines), indicating that the excitonic band edge shifted towards higher energies as the tempera-
ture increased. One reason could be that the effective conjugation length of the polymer might
have decreased due to heat-induced conformational changes.® 13! Michelle and Marcelo establish
a quantitative relation between lowest-energy transition and effective conjugation length using

modified Kuhn equation,

E(N) = EO\/l — 2B cos (NLH) — Ae™V (4.2.1)

where E is the lowest-energy transition for the polymer, N number of identical oscillators
vibrating with energy Ej, § is a dimensionless parameter related to the force constant of N
oscillators, while b and A are free parameters.

Replacing the lowest-energy transition by emission peak energy and using the relation N =
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3Less + 2,2 we can relate the PL peak energy (P Lyear) to the effective conjugation length L.,

as follows,

T
PLyoui(Lett) = Egy[1—2 G E— P 422
e Ly \/ foos (33 ) — 4 (1.22)

This relation supports that as the effective conjugation length decreases the PL peak en-
ergy undergoes a blue shift, hence applicable for both thin film and solution provided that the
parameters could vary.

Here note that the blue-shift of the PBDTI-DT PL spectrum in solution is more than
double that of the film. The main difference between the solution and film is the dominant
interchain interaction in films.%* Hence, it is expected that conformational changes in the film
need higher thermal energy than in solution, supporting the idea that the blue shift originates
from heat-induced conformational changes in the backbone of PBDTI-DT.

The PL peak amplitude is displayed in Figure 4.5A) and 4.5B) (blue lines) against the
temperature to better understand the de-excitation photophysics of the polymer both in solution
and film. Unlike the peak positions, the PL amplitude reveals different dynamics, viz. an increase
in solution but a decrease in the film, confirming two different effects on the emissive species.
This change in the emissive species can be observed by integrating the copolymer’s emission
spectrum, which is shown in Figure 4.5C) in relation to temperature. In solution, a temperature
increase liberated the emissive states, probably by ordering the polymer chains. However, in the
films, the opposite is true, whereby an increasing temperature has reduced the emission yield of
the polymer. This may be explained by the interrupted interchain interaction that hampers the
planarity of the molecule.®

The effect of temperature on the pure electronic transition, oo, and the first side-band transi-
tion, Iy, can be used to understand the aggregate type in the polymer. In an ideal H-aggregate,
the oscillator strength of the free-exciton band is concentrated on top, making the 0-0 transition
optically forbidden, while side-band transitions with one or more vibrational phonons are allowed.

In contrast, in J-type aggregates, the 0-0 transition is allowed since the oscillator strength is con-
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Figure 4.5: PL peak energy (black) and intensity (blue) of PBDTI-DT A) in solution and
B) as spin-coated film as a function of temperature, and C) integrated PL of PBDTI-DT in
solution (black) and as thin film (green).
centrated on the bottom of the free exciton band.'' Hence, the effect of temperature on the I
is different in H- and J-aggregates: it increases significantly with temperature in H-aggregates as
an increasing temperature enhances the amount of disorder that can break the symmetry, while
the intensity decreases in J-aggregates because the symmetry breakage may favor the side-band
transition.'3!

The electronic-vibrational coupling in a polymer can be quantified by the HR factor, S, which
is related to the average number of phonons excited when an electron makes a transition between

two electronic states and its value can be obtained by calculating the relative strength of the

emission at the 0-1 peak, Iy;, intensity compared to the 0-0 peak, Iy, intensity,5”

_In
IOO'

S (4.2.3)

The HR factor is a measure of ratio between the potential energy associated with vibrational
excitation, 1/2kAQ?, and the energy of vibrational quanta, Aiw,,, where k is the force constant,
AQ the change in the equilibrium coordinate, w,, the angular frequency, and A the reduced
Planck constant. In this context, S also yields the number of quanta involved in the vibra-
tional excitation. The HR factor is expressed in Equation 4.2.3 under the assumption of same
vibrational frequency, w, for the excited and ground states, and that the potentials are perfectly

parabolic.!3® Due to relaxation transitions are supposed to originate near the bottom where the
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Figure 4.6: HR factor of PBDTI-DT in solution (black) and in film (green) as a function of
temperature.

potentials are parabolic and the spacing between vibrational levels is equal which supports the
above assumption.

The HR factor is sensitive to temperature and/or disorder and can be used to determine
the aggregation types formed by polymers. The factor increases (decreases) in J(H) aggregates
with increasing temperature/disorder.'! From the PL spectra of PBDTI-DT, both in film and
solution, the intensities corresponding to the first vibronic transition, /oy, and the second vibronic
transition, Iy, were extracted for the whole temperature range by taking the maximum amplitude
for Iy, while Iy; was determined from the second-order derivative of the spectra. The HR factors
of PBDTI-DT in solution and film were then calculated and found to decrease, as shown in
Figure 4.6, suggesting the presence of H-aggregates. However, the HR factor is significantly
smaller than unity due to the highly favored 0-0 transition over 0-1 in the polymer, which is
characteristic for J-aggregates.?® 114 However, this does not necessarily assure the presence of J-
aggregates rather this might be attributed to disorder even at lower temperatures. This makes the

assignment of the aggregates to both H and J-types in the polymer from HR factor insufficient.

4.2.3 Franck-Condon (FC) Analysis

An FC analysis can be used to estimate the spectral intensity distribution of the absorption and
PL of polymers.'3* 137 An FC analysis assumes all transitions to be vertical and directly related

to the square of the overlap integral between the vibrational wavefunctions of the initial and
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final states involved in the transition. Using this concept, the vibrational progressions in the
PL of the polymer can be used to accurately determine the type of aggregation. In this regard,
temperature-dependent PL spectral profiles of PBDTI-DT were fitted with two progressions
for J- and H-type aggregates given in Equations 3.3.3 and 3.3.4, respectively:>% 114

Three phonon modes were identified from the measured Raman spectra (Figure 4.7A)) with
frequencies of 558 cm™!, 1120 cm ™! and 1543 cm~!. The higher two frequencies were also found
in the DFT-calculated Raman spectra (Figure 4.7B)), albeit blue-shifted. These two frequencies
are connected to carbon-carbon single-bond stretching coupled with carbon-hydrogen bending
(C-C/C-H) and carbon-carbon double-bond stretching coupled with carbon-hydrogen bending
(C=C/C-H), respectively. Nearly similar phonon mode assignments are also given to MEH-
PPV and BEH-PPV in the literature.!3® The DFT calculated Raman spectra did not reveal
the low frequency vibration mode. It should be noted that the measured Raman spectrum was
obtained in thin film, where torsional disorder is expected, as opposed to the very planar molecule
generated in the optimized geometry (See Figure). The main stretching modes are also expected
to shift in frequency and fluctuate in intensity with the backbone geometry, as indicated by the
small frequency-shifted Raman signal in the trimer compared to the monomer. Furthermore, the
effect of side chain length on molecular ordering and hence the frequency of Raman modes could
explain the observed variation. For example, Razzell-Hollis et al.’s DF'T simulation demonstrated
that the C=C stretching mode in a poly-3-hexyl telluride (P3HTe) polymer shifts to a higher
frequency while the C-C stretching only decreases in intensity with increasing inter-unit torsion
angle, confirming the importance of backbone conformation in both the frequency and intensity

! was assigned to the torsional

of the Raman spectra.’?® As a result, the Raman mode at 558 cm.~
mode, which is present in the long-chained polymer that is more likely to adopt a non-planar
conformation than the three-unit monomer with trimmed side chain to a single methyl unit
considered in the calculation, owing to the different molecular conformation.'3®14% In the well-
studied MEH-PPV polymer, a similar assignment was used, and a torsional mode was found to
rise with increasing temperature.>

The PL spectra of the polymer in solution and spin-coated film recorded at temperatures of

—10, 30, 60, and 90 °C were fitted with the assigned phonon modes, as recorded in Figures 4.8 and
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Figure 4.7: Comparison of A) experimental and B) DFT-calculated monomer (green) and trimer
(blue) Raman spectra of PBDTI-DT.

4.9. The two modes with higher frequencies were used to fit the PL spectra of PBDTI-DT in
solution at the two lowest temperatures (—10 and 30 °C), while at higher temperatures the best
fits were obtained only when the third phonon mode was added, which suggests the activation of
torsional motion with the £, = 558 cm™ mode.® On the contrary, for FC-fitting of the thin film
the third phonon mode was activated starting from 30 °C. The difference in activation temperature
of the torsional phonon modes in solution and film suggests that separate mechanisms play a role
in polymer planarization. Polymers tend to form large aggregates in solution as the temperature
rises due to thermodynamically activated segment diffusion and solvation that eventually isolates
the chain leading to self-assembly and thus torsional disorder.'*:'42 Polymer conformation in
films, on the other hand, is controlled by a variety of factors, including interchain interaction.
Heating to a specific temperature below 7, (glass transition temperature), above which the
polymer chain start to adopt a new conformation that will result in twisting, can be used to
induce the rearrangement of the chains toward an ordered state.!*! As a result, the temperature
at which the polymer begins to twist in a film may be lower than the temperature at which it
begins to tangle in solution. In addition, Yamagata et.al reported the concomitant planarization
of polymer chains upon cooling when they are in solution with decreasing temperature.

The FC fitting parameters of PBDTI-DT are summarized in Table 4.2. Note here that the
two progressions given in Equations 3.3.3 and 3.3.4 were used iteratively to find the best fit that
gives physically feasible fitting parameter.

Table 4.2 indicates that the HR factor increased with the temperature for J-aggregates, while

it shows a decreasing trend for H-aggregates when considering the activation of the third phonon
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Figure 4.8: FC fit of PBDTI-DT in solution at selected temperatures, the green curves (FC
fit) are the sum of red (J) and blue (H) curves. The vibronic transitions Ioy and Ip; in H-type
aggregates are indicated by arrows.
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58



Table 4.2: Fitting results from FC analysis of PBDTI-DT: Ey, (the 0-0 transition energy),
E,q. (relaxation energy), Sy (HR factor), o (exciton coherence number), and o ( Gaussian
line width).

Temperature (°C) Eoo (eV) | Erer (meV) | Sirar o o (meV)
Solution J 1.5229 0.4220 0.0022 — 63.05
-10 H 1.5715 59.2619 0.4281 0.0732 26.36
Film J 1.5178 0.2954 0.0015 — 84.09
H 1.5622 14.6846 0.1061 | 0.01352 12.20
Solution J 1.5406 0.6177 0.0032 — 70.72
30 H | 1.5813 57.2463 0.4135 | 0.1597 32.94
Film J 1.5297 0.1918 0.001 — 78.90
H | 1.5695 127.8578 1.0009 | 0.1284 26.46
Solution J 1.5550 0.8556 0.0045 - 7727
60 H 1.5957 133.5390 1.0179 | 0.2988 43.68
Film J 1.5335 0.6810 0.00355 - 87.72
H | 1.5648 99.5562 0.7855 | 0.2005 27.70
Solution J 1.5674 1.3831 0.0072 - 84.16
90 H | 1.5978 129.3618 0.9675 | 0.45276 49.19
Film J 1.5364 1.0072 0.0053 — 92.80
H | 1.5657 94.24 0.7391 | 0.41295 59.92

mode at 60 °C and 30 °C for polymers in solution and film, respectively. Specifically, the
decreasing HR factor for H-aggregates can be observed between —10 and 30 °C and between 60
and 90 °C for polymers in solution, and between 30 and 90 °C for the film-embedded polymers.
The large increases at 60 °C and 30 °C for polymers in solution and film, respectively, are
explained by the addition of a third phonon mode to the calculation of the HR factor. Taking this
into consideration, the HR factor increases (decreases) for J(H) aggregates in both solution and
thin film, as expected, while the total HR factor decreased with temperature, which agrees with
the experimental result in section 4.2.2 Figure 4.6. This now leads to the conclusion that both
H- and J-aggregates are present and that the fitting results are feasible because the temperature-
dependent trends are as expected. Schematic illustration displaying the presence of both H- and
J-type aggregates in BDTI-DT is shown in Fig 4.10.

The relaxation energy, which measures the strength of the electron-phonon coupling, is related

to the HR factor as follows: 43
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Figure 4.10: Illustration of aggregation types in PBDTI-DT.

Erew = Y _ Sihw, (4.2.4)

where S; and Aw; are respectively the HR factor and energy of the i** phonon.

Table 4.2 shows that the relaxation energy displays the opposite temperature dependence
for H- and J-type aggregates. Specifically, it increases for J-aggregates and decreases for H-
aggregates with raising temperature. This is expected as disorder favors emission from lower
states in H-aggregates, leading to a lowering of the relaxation energy, while it pushes the emissive
J-aggregation states away from the lowest state, resulting in a higher relaxation energy. From the
fit results, it can also be seen that both o, which quantifies disorder, and «, the exciton coherence
number, increased with temperature, as expected. The energetic disorder, o, is related to the

distance d between accessible excitonic sites through Equation 4.2.5.144
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Figure 4.11: Integrated PL of A) PBDTI-DT and B) rhodamine 101 vs their absorbance
(1—10"4) along with corresponding linear fits with R? values of 0.9975 and 0.9645, respectively.

o= P (L) azs

where Nj is the total density of available excitonic states, which is in the order of 10*! cm™3

for organic semiconductors, and 7" and k are the absolute temperature and Boltzmann constant,
respectively.

The value of d, calculated in the film, shows that important diffusion between two sites takes
place at low temperatures due to the reduced energetic disorder o that leads to a decreasing
distance d between accessible excitonic states. At low temperatures, in the thin film, the disorder
for H-aggregates is much lower than the disorder in J-aggregates leading to the conclusion that

effective diffusion takes place in H-aggregates.

4.2.4 Relative Quantum Yield

Quantum yield indicates how effectively absorbed photons are transformed into emitted photons.
It is expected that J-aggregates have a high emission QY while H-aggregates have a lower yield.
In this regard, the relative QY of PBDTI-DT was calculated using five dilute solutions of
rhodamine 101 as a reference. Equation 3.2.1 was used to calculate the relative QY for the five
concentrations of the sample and reference by plotting the integrated fluorescence intensity vs
1—-10"* at a common excitation energy of 2.10 eV (Figure 4.11).15 A low QY of approximately

22.43% was found for the copolymer, confirming that most aggregates are of H-type.*°
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4.3 Conclusion

Polymer aggregation has been highlighted to be crucial to the morphology of organic electron-
ics. In this study, computational and experimental techniques were employed to assess the
photophysics and aggregate formation of a benzodithiophene-isoindigo copolymer (PBDTI-DT).
TD-DFT calculations executed on three units of the copolymer showed that the band-gap tran-
sition (Sp — S1) has ICT characteristics while the higher-energy transition (Sy — S7) has m — 7
characteristics, in agreement with the experimental results. An FC analysis was used to fit the
temperature-dependent PL spectra, and the appropriate HR factors were computed. The poly-
mer adopts both H- and J-aggregation, according to both the FC simulation and calculation of
the HR factors. Furthermore, the H-aggregate is the dominant stacking that the polymer adopts,
which confirms that it will be a good candidate for OSCs application, according to the relative

QY measurement.
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Chapter 5

Conformation-Dictated Aggregation
Photophysics in Isoindigo-Based

Copolymers

5.1 Introduction

Techniques such as modifying the side chains, molecular weight, and transition temperatures
have been employed to tailor the aggregation type of polymers.'46 7 Furthermore, even minor
modifications to the polymer backbone have been found to significantly impact the interchain
and intrachain excitonic couplings, leading to a transition from H-like to HJ-like aggregation.®*
While structural modification of polymers has been widely used to enhance performance in OSCs,
there has been little emphasis on understanding its impact on the molecular aggregation behav-
ior. Donor-acceptor copolymers offer a unique opportunity to tailor the optical and electrical
properties of polymers, especially in the context of their application in OSCs. Isoindigo has
been successfully introduced as an acceptor unit in well-performing polymers. Evidently, the
conformation of isoindigo-based copolymers can be controlled by the selection of the donor unit,
through donor-acceptor intramolecular coupling.!3® However, to the best of our knowledge, the

effect of the backbone conformation on the aggregation photophysics of isoindigo-based copoly-

mers has not yet been reported.
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In this chapter, we studied the effect of conformation on the aggregation photophysics of two
isoindigo-based copolymers shown in Figure 3.2. The conformation of the two copolymers was
systematically tuned by inserting a thieno[3,2-b|thiophene (T'T) spacer in the bithiophene donor
unit. This produced two copolymers, namely P2TI and P2TITT, synthesises are reported
in references. 64 and 65. The backbone of P2TITT was found to be more planar compared
to P2TT due to reduced steric hindrance between the acceptor and donor units. Additionally,
the inclusion of the TT unit in the donor moiety shifted the HOMO level higher owing to
the stronger electron-donating ability of the TT-spaced donor. FC analysis, combined with
time-resolved PL, was employed to determine the aggregation type. The results indicate that
the TT-spaced copolymer exhibits more H-type aggregation characteristics. This was further
supported by temperature-dependent PL measurements showing stronger interchain interaction

in P2TITT.

5.2 Results and Discussion

5.2.1 Backbone conformation and electrochemistry

The degree of conjugation and planarity of copolymers are key factors that determine their
potential applications as well as their charge-transfer and self-aggregation characteristics.4® 49
The planarity of the copolymers P2TI and P2TITT was evaluated using the DFT-optimized
backbone geometries, which were obtained using the B3LYP functional and 6-31g(d) basis set as
displayed in Figure 5.1.

To quantitatively characterize the planarity of the polymers, two metrics were employed: the
span of deviation from the plane (SDP) and the molecular planarity parameter (MPP).'5° The
MPP reflects the overall deviation of the molecular structure from a fitting plane, while the
SDP represents the deviation span of the structure relative to the fitting plane. Generally, a
more planar molecular structure is expected to exhibit lower values for both the MPP and the
SDP.1517153 Tntroducing a thieno[3,2-b]thiophene (T'T) spacer between the two thiophene rings of
the donor unit was found to significantly affect the MPP and SDP values resulting in MPP and

SDP values, respectively, of 0.91 and 5.25 A in P2T1I, and 0.73 and 4.07 A in P2TITT. Notably,
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Figure 5.1: Optimized geometries and dihedral angles Dij between the donor and acceptor units
for 3-unit oligomers of the two polymers, where h i and j represent the donor and acceptor units,
respectively; red (O), blue (N), yellow (S) and gray (C).

the incorporation of a TT spacer between the thiophene rings of the donor unit was found to
planarize the copolymer by minimizing intramolecular steric hindrance between the acceptor and
the donor units. To understand the origin of the backbone twist in P2TI the dihedral angles
Dij (where i and j represent, respectively, the labels of the donor and acceptor units denoted in
Figure 5.1), were measured from the optimized geometries and summarized in Table 5.1. The
results indicate that the dihedral angles between the acceptor and donor units of the copolymers
were not significantly affected by the spacer. However, the introduction of the T'T spacer notably
enhanced the overall planarity, as evident from the side views of the optimized trimers of each

polymer shown in Figure 5.2.
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Figure 5.2: Side views of optimized geometries for trimeric units of P2TT (top) P2TITT (bot-
tom)

In addition to the backbone conformation, m-spacers are also known to affect the electrical
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Table 5.1: Dihedral angles (°) between the thiophene and isoindigo units in the trimer units as
denoted in Figure 5.1.

Dihedral Angle | P2TI | P2TITT
D11 158.73 | 158.94
D21 158.82 158.50
D22 159.04 | 159.31
D32 159.18 | 158.38
D33 158.95 | 158.78

and optical properties of polymers. Thus, the frontier molecular orbitals (FMOs) of P2TT and
P2TITT were computed using the B3LYP functional and 6-31g(d) basis set, and the results
are shown in Figure 5.3 along with the experimentally obtained values.®#% The experimental
LUMO and HOMO energy levels were investigated using squarewave voltammetry (SWV) with
their values calculated from the onsets of their reduction and oxidation potentials, respectively,

using Equation 5.2.1 as reported by Bekri et al. and Desalegn et al.5% 5

EHOMO/LUMO = _(on/red + 44)6V (521)

In addition to determining the energy levels of FMOs, the spatial distribution of the electron
density in these FMOs plays a major role in the electron-transfer processes in donor-acceptor
copolymer systems. This is because ICT occurs through the transfer of electron density from
the donor to the acceptor moieties.!® The incorporation of TT between the two thiophene
rings in the donor unit was found to raise the HOMO energy level of the copolymer compared to
P2T1, indicating an enhanced electron-donating capability, corroborating previous studies. 5% 156
In contrast, the introduction of the electron-rich T'T bridge had only a slight influence on the
LUMO energy level, confirming that the LUMO level is primarily determined by the electron-
deficient acceptor unit.'®”1%® Similar findings were reported by Tao et al.'®” who observed that
the DFT-calculated LUMO levels of isoindigo-based copolymers were quite comparable. Notably,
the DFT-calculated FMO energies closely followed the trend observed in the experimental data,
as shown in Figure 5.3.

Furthermore, the electron cloud distribution in the FMO surfaces of P2TI and P2TITT,

depicted in Figures 5.5 and 5.6, reveals that the HOMOs of the two copolymers are delocalized
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Figure 5.3: Comparison of the DFT-calculated and experimental HOMO - LUMO energy levels
of P2TI and P2TITT.

along the m-conjugated backbone. In contrast, their LUMOs are primarily concentrated on
the isoindigo-based acceptor unit, indicating efficient ICT in these D-A copolymers. To further
evaluate the contribution of the donor and acceptor units to the electron cloud distribution in the
FMOs, we calculated the partial and total density of states (PDOS and TDOS, red in Fig. 5.4)
for each copolymer using the CAM-B3LYP/6-31G(d) functional by fragmenting the polymer
into a donor (blue) and acceptor (green) components, as shown in Figure 5.4. The density
distribution of the HOMO (valence band) and the LUMO (conduction band) are represented by
the negative and positive x-axes, respectively. Both in P2TI and P2TITT, the TDOS occupies
more space on the valence band than the conduction band, which supports the donating property
of the copolymers. Comparing the TDOS of the two copolymers further reveals P2TITT has
a stronger donating capacity, as evidenced by a higher TDOS amplitude in the valence band.
This finding is analogous to previous studies on acceptors in which the density of state rather
occupies more space on the conduction band.'®®%° The analysis reveals that the contribution
of the donor unit to the electron density in the HOMO level increased from 47.8% in P2TI to
58.4% in P2TITT confirming a more localized HOMO in the TT-spaced copolymer P2TITT.
The localization of the HOMO level in P2TITT is expected to enhance the ICT in this material.
In contrast, the contribution of the acceptor moiety to the LUMO level decreased from 87.3% to
77.5% due to the inclusion of the TT spacer.

The copolymers energy levels are a direct result of the electron distribution at each atomic
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partial density of states of the donor and acceptor moieties, calculated using CAM-B3LYP /6-
31g(d).

site within the polymer structure. Therefore, calculating the electrostatic potential (ESP) is an
important tool to quantify the differences between the two polymers.1®:12 The ESP surface for
three repeat units of P2TI and P2TITT, calculated at the B3LYP/6-31g(d) level of theory,
are shown in Figure 5.7. Interestingly, the ESP values of the donor units were found to be
less negative in the P2TT copolymer compared to P2TITT. This indicates a stronger electron-
donating affinity of the P2TITT copolymer as a result of incorporating the TT spacer units.
Consequently, the HOMO level of the P2TITT copolymer was found to shift upward as observed
in Figure 5.3.1%%163 Intriguingly, the isoindigo units in the two copolymers displayed different ESP
values, suggesting that the intramolecular charge-transfer process has modulated the electron
distribution along the polymer backbone. This agrees with the electron cloud distribution in the
FMO surfaces shown in Figures 5.5 and 5.6.

In summary, the analysis indicates that the TT bridges play an important role in impart-
ing increased planarity to the bithiophene-isoindigo-based copolymer P2TITT. Moreover, the
incorporation of the T'T spacer enhances the electron-donating strength of the donor units,
which increased the energy of the HOMO level compared to the P2TI copolymer. This is also

supported by a higher density of states in P2TITT compared to P2TI in the valence band.
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The more planar molecular geometry facilitated by the TT-bridge is anticipated to improve the

charge mobility in the P2TITT copolymer.

5.2.2 Absorption

To further investigate the optoelectronic properties, TD-DFT calculations were performed on
trimer units of P2TI and P2TITT using the CAM-B3LYP/6-31G(d) functional in the gaseous
state. The results are plotted in Figure 5.8(B). The TT-spaced copolymer P2TITT was found
to exhibit a higher oscillator strength than P2TI. The Sy — 57 transition occurred at 2.56 eV
for P2TT and 2.55 eV for P2TITT indicating that the TT spacer has a negligible effect on the
optical bandgap. In contrast, there are clear differences in the electrochemical bandgap calculated
from Eﬁg = Eruvmo— FEromo, where in the case of P2T1, the transition to the first excited state

consists of HLOMO) — L(UMO) and H—1 — L+ 1 transitions with contributions of 52.5% and

18.2%, respectively, and in P2TITT, the H - L, H—1 — L+ 1, and H—3 — L+ 1 transitions
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Figure 5.6: Electron cloud distribution in frontier molecular orbitals of P2TITT.

comprise the first excited state with respective contributions of 40.7%, 14.7%, and 10.8%. As
depicted in Figures 5.5 and 5.6, while the HOMO orbitals are delocalized over the backbone
and HOMO-—1 is slightly shifted towards the donor units, the LUMO orbital is highly localized
on the isoindigo acceptor unit. This confirms that the first excited state in both polymers is
predominantly an intramolecular charge-transfer (ICT) state.

The absorption spectra of P2TI and P2TITT were measured in both solution and thin
film, while the PL spectra of the two copolymers were obtained in solution, as shown in Figure
5.8. Both copolymers display the common two-band absorption features that originate from ICT
and local m — 7* transitions. The ICT double-band of the thin film is particularly evident for
P2TT and indicates the formation of aggregates in the thin films. In solution, the absorption
spectrum of P2TT is red-shifted compared to P2TITT. Conversely, P2T1’s thin film absorption
spectrum is blue-shifted relative to that of P2TITT. Because thin films usually give rise to

strong interchain m — 7 interaction,'®® the opposite trend between the solution- and thin-film-
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Figure 5.7: Electrostatic potentials surface in trimeric units of P2TT (top) and P2TITT (bot-
tom).

based absorption spectra can be attributed to the following potential reasons: i) P2TT in solution
already exhibits strong m — 7 stacking, which is negligibly enhanced in the thin film, leading to a
negligible additional red-shift, whereas in P2TITT, the thin film produces stronger aggregation,
resulting in a more pronounced red shift. ii) The trend observed in thin films agrees with the
DFT-calculated results, confirming that the T'T spacer narrows the band gap in P2TITT. The
opposite trend in solution could be related to solvation effects.

The PL spectra of the two copolymers in solution (Figure 5.8) reveal broader and more red-
shifted emission for P2TITT compared to P2TI. This may arise from additional vibrational

modes introduced by the TT spacer.
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Figure 5.8: (A) Experimental absorption spectra in solution (dotted lines) and thin films (solid
lines), PL spectra (dashed lines) in solution of P2TI (blue) and P2TITT (red) and (B)
TD/DFT-calculated absorption of the copolymers in 3 units.
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Furthermore, the Stokes shifts were calculated to be 0.38 eV for P2TI and 0.47 eV for
P2TITT. The larger Stokes shift of P2TITT suggests that it undergoes more intraband re-
laxation prior to emission compared to P2TI. According to Kasha’s model, emission comes out
from the minimum band, where the band has necessarily positive curvature.'>!® To distinguish
between J- and H-type aggregation, the band curvature of free-exciton at the minimum band

can be evaluated from the second derivative of the energy using Equation 5.2.2,32

1 d2E,
We = =
2 di? |,

(5.2.2)

=kmin

where w, is the band curvature, k is the wave number, and E}, the energy at the k™ exciton.

In J-aggregates, since the & = 0 exciton represents the minimum band, the free-exciton
curvature is positive at the bottom band. Hence, emission originates directly from the k = 0
exciton with negligible Stokes shift. In contrast, the & = 0 state in H-aggregates resides at the
top of the band resulting in a negative curvature. Therefore, in H-aggregates, emission will be
possible only when there is symmetry-breaking disorder or vibronic coupling due to intraband
relaxation that populates excitons from the & = 0 to the & = 7 band. In this regard, the
chromophores in both P2TT and P2TITT might assemble preferably in an H-type aggregate
form, with the symmetry-breaking disorder potentially being greater in P2TI. Alternatively, the
shift in the potential wells between the ground state and excited states could be more substantial

in P2TITT than P2TI leading to the observed larger Stokes shift for P2TITT.

5.2.3 Temperature-dependent photoluminescence

The aggregation type of polymers can be determined by analyzing the evolution of the 0-0 and
0—1 emission peaks (Ipg and (Ip1), respectively) as a function of temperature. To this end, the
temperature-dependent PL spectra of the two copolymers were recorded in solution over the
temperature range of —5 °C to 85 °C in steps of 10 °C as depicted in Figure 5.9. To assess
the effect of temperature on the vibronic peak energy and intensity, a two-peak Gaussian fit was

carried out at the end temperatures, T' = —5 and T" = 80 °C, as shown in the bottom panels
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of Figure 5.9. As the temperature increased from —5 °C to 85 °C, the main emission peak
(Igo) of both P2TT and P2TITT exhibited a blue-shift by 51.54 and 49.15 meV, respectively,
accompanied by spectral broadening and increased intensity. The blue-shift of the emission peak
can be attributed to a decrease in the effective conjugation length due to thermally-induced
dissociation of interchain couplings, while the broadening and intensity increase are likely due to

the liberation of new emissive states facilitated by the elevated temperature.!64-166

P2TI

PL intensity (a.u)

PL intensity (a.u)
PL intensity (a.u)
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Figure 5.9: Temperature-dependent PL spectra over a temperature range of —5 °C to 85 °C (top
panels) and two-peak Gaussian fit (bottom panels) at —5 (red) and 80 °C (blue) of P2TT (left)
and P2TITT (right). The dashed, solid, and dotted lines represent the measured data, the
cumulative fit, and the two distinct bands, respectively.

A cursory examination of the PL spectra reveals that the Iy, peak intensity dominates over
the [y; peak intensity, characteristic of J-aggregate formation. However, the observation that the
Iy intensity increases with rising temperature also suggests H-aggregate characteristics, because
the 0-0 transition is optically forbidden in an ideal H-aggregate, but as temperature increases, the
amount of disorder increases and the transition becomes more likely. To gain deeper insight into
the aggregation behavior, a FC analysis was employed to curve-fit the temperature-dependent
PL spectra. This analysis utilized two FC progressions to account for the potential co-existence

of both J- and H-type aggregates in the copolymers, as given by Equations 3.3.3 and 3.3.4.5% 114
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Figure 5.10: Franck-Condon curve fits at selected temperatures of P2TI (top) and P2TITT
(bottom) PL spectra in solution.

As shown in Figure 5.10, the PL spectra of P2TI and P2TITT were successfully fitted with
H-type and J-type FC progressions at some representative temperatures. This suggests that both
H- and J-type aggregates are present in the polymers. Upon increasing temperature, an enhance-
ment in the 0-0 peak emission intensity occurred, particularly for the H-type spectral component.
This is likely due to thermal disorder-induced relaxation of the selection rules, which makes the
0-0 transition more allowed. In other words, an enhanced Iy intensity can be attributed to a
decrease in interchain interaction.®® The PL peak ratio (lyg/Io;) calculated from the curve fits is
plotted in Figure 5.11. This ratio is lower for P2TITT than for P2TT, indicating higher temper-
atures are required to break the symmetry in P2TITT, consistent with the greater Stokes shift
of P2TITT in Figure 5.8. A similar study on anthracene-containing statistical poly(phenylene
ethynylene)-alt-(phenylene vinylene) (AnE-PVstat) copolymers in solution revealed an increase
in the Ioo/Io; ratio with increasing temperature which the authors attributed to a reduction in
the interchain interaction potentially leading to a breakdown of H-aggregates.®

Figure 5.11 also indicates a more gradual increase in the PL peak ratio with temperature for
P2TITT than for P2TT, from which it can be inferred that the TT-spaced copolymer P2TITT
exhibits stronger interchain interactions than P2TI. This could be due to the more planar
geometry of P2TITT, which would suppress molecular torsion upon increasing temperature.®’

As pointed out in the work of Kanemoto et al. on 16-mer oligothiophene (16 T),%¢ the full
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Figure 5.11: Temperature-dependent PL peak ratios calculated after Franck-Condon curve fits.

width at half maximum (FWHM) of the emission spectra can be used to assess conformational
changes induced by temperature. In this regard, the FWHM values were extracted from the
FC fits of the PL spectra. The results show that P2TITT exhibits higher FWHM values than
P2TI, supporting the broader PL spectra of P2TITT due to the presence of additional phonon
modes. Moreover, the FWHM increases with rising temperature for both P2TI and P2TITT,
as higher temperatures lead to increased conformational disorder. Specifically, the FWHM of
P2TT increased from 40.80 to 45.90 meV (a 12.50% increase), while for P2TITT it increased
from 42.60 to 46.10 meV (an 8.22% increase), over the measured temperature range. These
results suggest that the temperature-induced conformational changes are more pronounced in
P2TT than in P2TITT.

Another parameter used to compare the exciton interchain coupling in the copolymers is «,
which dictates the intensity of the Iyy peak as described in Equation 3.3.4. The value of a can
range from 0 to 1, with 0 indicating complete dominance of interchain interaction and perfect
H-aggregate formation, while 1 would suggest the dominance of intrachain interaction. Over the
measured temperature range, the value of a increased from 0.46 to 0.98 for P2TT and from 0.35
to 0.87 for P2TITT. Smaller values of a for P2TITT than P2TI at any temperature further

supports the notion that interchain exciton coupling is stronger in P2TITT than in P2TT.!*

5.2.4 Emission lifetimes

Time-resolved PL measurements were performed on diluted solutions and films of P2TI and

P2TITT. The emission decay profiles were best fitted using bi-exponential functions convolved
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Table 5.2: Lifetimes and corresponding amplitudes of the copolymers.

71 (ns) Ay (%) | 72 (ns) Ay (%) | average T (ns)
Solution | 034 66 | L0l 34 057
P2T1 Film | 030 50 | 110 50 0.70
Solution | 046 80 | 1ol 20 057
P2TITT "oy | 026 47 | 109 53 0.70

with a simulated instrument response function (IRF) using the software described in Ref.!5” The

fitted function is of the form

IRF @ (Are™™ 4+ Aye™/™), (5.2.3)

where A; and 7; (with i =1,2) are fitting parameters representing the fraction of molecules
decaying and the corresponding PL lifetime, respectively.

The experimental PL decay curves along with their corresponding bi-exponential fits are
presented in Figure 5.12. Small values of x? close to unity and lack of structure in the residuals
were used to confirm the goodness of the fits. The extracted lifetime values are also summarized
in Table 5.2. As far as we are considering donor copolymers, and not blends, factors such
as bimolecular recombination and carrier traps may not have significant effects because we do
not expect free charge carriers and carrier traps, especially in solution. Hence, the presence of
two distinct lifetimes in the decay profile may suggest the coexistence of two different types of
aggregation species, namely H- and J-aggregates, within the polymers. However, as mentioned in
the experimental section, the polymer solutions were prepared at a relatively low concentration of
approximately 0.02 mg/mL, which is unlikely to promote significant aggregation. Therefore, the
two observed lifetime components in the solution-phase measurement can be more appropriately
assigned to isolated (non-aggregated) polymer chains for fast decaying and H-aggregated polymer
chains for long-lived components.

A closer examination of the relative amplitudes of the two lifetime components revealed that
the faster decays tend to dominate over the longer lifetimes in the solution state as evidenced
by the higher pre-exponential factors (A; > Aj) associated with the shorter lifetime species.

Attributing the longer lifetimes to H-aggregated species® and the shorter lifetimes to isolated
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Figure 5.12: Emission decay curves fitted with two exponential functions.

chain segments, the increase in the amplitude of longer lifetime component in the thin films
compared to solution suggests that the proportion of aggregated species increases in the solid
state.

Similar assignments of longer lifetimes to aggregated species and shorter lifetimes to non-
aggregated chain segments have been reported in the literature for other polymer systems.!6-17
For example, in poly(p-pyridyl vinylene) (PPyV), the solution-phase PL decay was found to
be nearly mono-exponential while the film emission consisted of both very fast and long-lived

% Likewise, in PPE-PPV copolymers, the emission lifetimes in solution were well-

species.!
described by single-exponential decays assigned to H-aggregated species, whereas the lifetimes
in the film were better fitted using a bi-exponential function, with the longer lifetime component
attributed to H-aggregate and the shorter lifetime to J-aggregated chain segments.!6%170

The need to employ a bi-exponential function to fit the PL decay profiles of P2TI and
P2TITT copolymers further supports the presence of two distinct emissive species, likely corre-

sponding to H-aggregated and isolated chain segments in the solution state or H-aggregated and

J-aggregated (isolated chain) segments in the thin film as the photophysical properties of single

7



conjugated polymer chains and J-aggregates are similar.? The notion of two distinct emissive

species is in agreement with the FC analysis of the temperature-dependent PL spectra.

5.3 Conclusion

In this part of the work, we have studied the effect backbone conformation has on aggregation-
induced photophysics of two isoindigo-based bithiophene-isoindigo copolymers with (P2TITT)
and without (P2TI) TT spacer. The introduction of a TT spacer in P2TITT improved the
planarity of the copolymer backbone and shifted the HOMO energy level upward due to the
stronger electron-donating nature of the TT moiety. These structural and electronic changes
also affected the extent of HOMO-LUMO delocalization in the two copolymers. To probe the
aggregation behavior of these materials, temperature-dependent PL measurements were con-
ducted. The temperature-dependent evolution of the key parameters such as the first two vi-
bronic peaks intensity ratio, the peak positions, and spectral broadening provided insights into
the temperature-induced changes in the effective conjugation length and the activation of more
emissive conformational species due to the dissociation of interchain couplings. Interestingly, a
comparison of the temperature-dependent PL peak ratios between the two copolymers revealed
stronger interchain interaction in the TT-containing P2TITT. Furthermore, the PL spectra
were best fitted using two FC progressions suggesting the coexistence of two distinct aggregation
types, which was further supported by the observation of two emission lifetime components in the
time-resolved PL measurements. The longer lifetime component was attributed to H-aggregate
species, while the shorter lifetime was assigned to J-aggregate (isolated) chain segments. The
relative contributions of these lifetime components, as reflected in the pre-exponential factors, in-
dicated that the proportion of aggregated species increases in the thin films compared to the dilute
solutions. These observations give important insights into the role of the backbone conformation
and interchain interaction in modulating the aggregation-induced photophysical properties of

conjugated polymers, which is crucial for their optimization in optoelectronic applications.
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Chapter 6

Summary and Outlook

Polymer aggregation has been highlighted to be crucial to the morphology of organic electronics
which has a direct bearing on device performance. In this study, computational and experimental
techniques were used to assess the photophysics and aggregate formation of a benzodithiophene-
isoindigo copolymer (PBDTI-DT) and two bithiophene-isoindigo copolymers with (P2TITT)
and without (P2TI) TT spacer. In the study on PBDTI-DT, FC analysis show the poly-
mer adopts both J- and H-aggregation, the H-aggregate being the dominant stacking according
to the relative QY measurement. In the second work, we have studied the effect of backbone
conformation on aggregation-induced photophysics of P2TITT and P2TI. The introduction of
a T'T spacer in P2TITT improved the planarity of the copolymer backbone and shifted the
HOMO energy level upward due to the stronger electron-donating nature of the TT moiety.
These structural and electronic changes also affected the extent of HOMO-LUMO delocalization
in the two copolymers. Interestingly, a comparison of the temperature-dependent PL peak ra-
tios between the two copolymers revealed stronger interchain interaction in the T'T-containing
P2TITT. Furthermore, the PL spectra were best fitted using two FC progressions suggesting
the coexistence of two distinct aggregation types, which was further supported by the observa-
tion of two emission lifetime components in the time-resolved PL measurements. These results
provide important insights into the role of the backbone conformation and interchain interaction
in modulating the aggregation-induced photophysical properties of conjugated polymers, which

is crucial for their optimization in optoelectronic applications.
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In molecules that have two or more molecules in a unit cell packing arrangements, the ab-
sorption/emission spectrum depends on the polarization of the excitation source. In this regard,
we recommend polarized absorption/emission spectra measurement to be carried out in addition
to the other experimental techniques used in this study to have a more reliable assignment of the
aggregation types. The study of photophysics would be complete if the excited state dynamics
were investigated with transient absorption spectroscopy. We also recommend contrasting device

performances from these polymers with the identified photophysical properties and aggregation

types.
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