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The important thing in science is not so much to obtain new facts
as to discover new ways of thinking about them.

- Sir William Bragg
British physicist (1862 - 1942)






Chapter 1

Introduction

1.1 Preface

n-conjugated polymers' have a backbone consisting of alternating single and double bonds,
which gives these polymers semiconducting properties. These semiconducting properties have
been exploited in the last few decades for numerous applications in opto-electronic devices
such as light-emitting diodes,” transistors,> and photovoltaic cells*.

The optical and electronic properties of conjugated polymers strongly depend on the
conformation of the backbone (folding) and on interchain contacts arising from aggregation
(packing) of the polymer chains.” Aggregation in polymer chains can occur in two ways:
intermolecular (between polymer chains) and intramolecular (within a single polymer chain).
Processing conditions used to deposit thin polymer films have a strong influence on the
aggregation behavior of the polymer and largely affect the morphology of the layers.® In fact
one of the important unsolved questions that hinders the development in polymer electronics
is how the film morphologies develop and how they can be influenced rationally by changing
the deposition conditions. An understanding of the aggregation behavior of m-conjugated
polymers can help to establish an approach to modify the morphology in a constructive way.
This may allow for further optimization of the device performance.

To investigate the relation between the optical properties of m-conjugated polymers and their
aggregates, we use chiral polymers. A chiral polymer has a chemical structure that is not
superimposable on its mirror image. The asymmetric nature of the arrangements of the atoms
in the molecules leads to a difference in the interaction with left and right circular polarized
light (chiroptical effect). An example is the difference in the absorbance of left and right
circular polarized light by chiral molecules. This is often referred to as circular dichroism
(CD). Further sections divulge into introducing the technique and its use to investigate
polymer aggregation.

1.2 Chirality as a label
The use of chiral materials is motivated by the fact that chiroptical effects in chiral

polymers, molecular materials, and aggregates are very sensitive to various aspects of the
molecular organization. The chirality in the materials acts as a probe allowing the use of CD
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spectroscopy. The CD effect in the molecules and aggregates can arise from various types of
molecular organization, as explained below:

1.2.1 Intramolecular interactions

CD in solutions of chiral biopolymers like DNA, proteins, and polypeptides, has been shown
to be very sensitive to the helical conformation of the polymer backbone.”* This CD can be
attributed to intramolecular interactions within the polymer backbone. Natural polymers like
proteins derive their functionality from a particular conformation achieved upon folding
(secondary structure). In addition, aggregation of proteins (quaternary structure) often plays a
decisive role in determining functionality. These secondary and quaternary structures have
been elucidated with the help of CD spectroscopy.’

In m-conjugated molecules like helicenes, which do not have any stereocenter as such, the
asymmetry (chirality) comes from an intramolecular twist in adjacent benzene rings in either a
clockwise or counterclockwise direction. These molecules can further self assemble
(aggregate) in a corkscrew shape giving rise to a helical structure. Using CD spectroscopy, the
different conformations of these molecules have been elucidated. '

1.2.2 Intermolecular interactions

With regard to intermolecular arrangements in molecular aggregates, it has been shown that
CD and circular polarization of luminescence (CPL) are sensitive probes for the helical
arrangements of molecules within the aggregate.'' CD in intermolecular arrangements arises
generally from exciton coupling.”'?

When one of the two identical interacting molecules held in a chiral arrangement is excited
with light, the excitation energy tends to resonate between the chromophores (part of the
molecule that absorbs and emits light, imparting the color) of the molecules and exchange in
excitation energy leads to two energy states: one higher and one lower compared to those of
two non-interacting chromophores. This causes a splitting of the dipole transition
(absorbance) into two transitions. This is known as exciton coupling. Sensitive to different
molecular arrangements between molecules, circularly polarized light behaves selectively to
these higher and lower energy transitions. This gives rise to CD."

In a very dilute solution, the molecules are too far away from each other to interact.
However, by increasing the concentration of the solution, or by adding a non-solvent to a
molecularly dissolved solution, the molecules can be made be to aggregate. The latter is often
referred as solvent-induced aggregation. The intermolecular interactions giving rise to
aggregation are non-covalent in nature and can arise from van der Waal forces, m-n
interactions, or hydrogen bonding. Similar to crystallization, aggregation of molecules can
also be induced by cooling down a molecularly dissolved solution, prepared at high
temperature. This is generally referred to temperature-induced aggregation. These tools are
often employed for aggregating molecules.

2
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For small chiral molecules and oligomers, aggregation (self-assembly) has been well studied

using chiroptical spectroscopy.'* !

Different models have been proposed to explain the
growth of an aggregate.'® In a cooperative model, the binding constant of a molecule to the
aggregate depends on the size of the aggregate, and often molecules bind stronger to larger
aggregates. This implies that it is relatively difficult to form small aggregates. The
aggregation process in this model therefore consists of two steps: first nucleus formation takes
place and later the nucleus grows into a larger self-assembled structure. Small C3 symmetrical
disc shaped molecules provide a clear example of a cooperative self-assembly
mechanism.'”*? In contrast, in a isodesmic self-assembly process®' the binding constant for a
molecule to an aggregate is independent of the size of the aggregate. In this mechanism
nucleation is not necessary and aggregates grow at a steady rate in the self-assembly process.
Using CD spectroscopy, it has been found that in order to form a chiral aggregate it is often
not necessary that all the molecules in the aggregate are enantiomerically pure or have the
same chirality. A variety of effects have been associated with this property: Seargent and
soldiers’,'**"* majority rules,” and chiral memory.”* Quite often these effects involve
changes in internal structure of pre-formed aggregates in addition to aggregate formation. The
sensitivity of CD spectroscopy has made it possible to understand the subtle changes in the
intermolecular interactions underlying in these mechanisms. With such an understanding on
self-assembled systems, one can look forward to manipulating them into next generation

materials for application,” in molecular electronics and biochemistry.
1.2.3 Cholesteric liquid crystals

CD effects have also been shown to be very sensitive to long range chiral molecular
ordering. Such long range chiral molecular order occurs in cholesteric liquid crystals.?® These
materials can selectively reflect one of the circular polarizations of light when the pitch length
of the helical molecular arrangement matches the wavelength of the light.”” Under this
condition the materials also show very large optical rotation. Interestingly, also optical
transitions of achiral molecules can acquire large CD when dissolved in a cholesteric liquid
crystal. 28-%

Considering m-conjugated molecules, it has been found that chiral nonameric oligofluorenes
form cholesteric liquid crystals with long range order.*

1.3 Chiral n-conjugated polymers

Unlike small molecules, such as oligomers and mesogens, m-conjugated polymers are
polydisperse in nature. This makes the folding, aggregation, crystallization and phase
behavior different from that of their small molecule counterparts. Knowledge on polymer
aggregation is of high importance owing to the application in devices like solar cells,
transistors, and light-emitting diodes. For example, well organized polymer structures can
improve charge transport in these devices. Several types of chiral t-conjugated polymers have

3
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been studied in the past, mainly with the aim of finding a relation between their (chir)optical
properties and the molecular structure and arrangement in the condensed phase. Chiral

31-33 3435 and polythiophene®® are the

derivatives of poly(p-phenylene vinylene), polyfluorene,
most commonly studied polymers owing to their enormous device applications. However, the
current understanding of polymer organization on a mesoscopic scale remains limited.

Similar to single and double stranded DNA, CD on polyacetylenes has shown formation of
single and double stranded helices.’ Intramolecular effects and intermolecular interaction
with other chiral units have often been held responsible for such arrangements. However, a
distinction between the individual contributions leading to the CD effect remains unclear. For
oligothiophenes, CD arising due to intermolecular interactions has been explained by exciton

" However, for conjugate polymers such an explanation is lacking. Besides

coupling.
intramolecular and intermolecular interactions, long range ordering in the form of cholesteric
phase is shown to exist in oligofluorenes.® CD effect arising due to long range ordering is

1,°® but remains largely unexplained. It shows that a large number

seen in polyfluorenes as wel
of factors may contribute to CD in conjugated polymers but the exact molecular origin of the
CD effects is not well understood.

With the help of CD spectroscopy, aggregation in films as a function of polymer

3241 annealing®~** has been studied

sidechains,” molecular weight,*® processing conditions,
for some of aforementioned polymers. Apparently, a systematic study on chiroptical
properties arising at various length scales (from nanometer to micrometer regime, i.e., larger
than wavelength of light) due to intramolecular and intermolecular interactions is absent. For
example, opposite CD effects can be seen in solutions of chiral polymers by changing the
solvent conditions.*** These effects have been explained by proposing a formation of two
different stacks under competitive conditions with respect to solvent polarity. For more non-
polar solvent mixtures, a cholesteric arrangement of coplanar polymer chains has been
proposed whereas for polar solvent mixtures a stack assembly of the twisted backbone chains
has been assumed. However, a complete understanding of such anomalous changes in CD
effects is still absent.

In some cases, it has been seen that the CD on thin films changes in magnitude and band
shape upon annealing. This has often been suggested to be due to a change in molecular
organization, which alters the bulk (intensive) property of the polymer. However the
explanations are unclear because the link to the organization at molecular level has often been
missing. For example, the CD in annealed films of a chiral poly(p-phenylene ethynylene)
copolymer shows high dissymmetry in circularly polarized absorbance (ga,s), which arises
during the annealing of the thin film.>> The origins of such high g.s values in absorbance
were never discussed. In another case, it was noticed that CD in thin films of a chiral
polyfluorene increases in magnitude with annealing temperature.*” This has been related to
increased intermolecular order upon annealing, but has never been studied in detail.
Furthermore, in some cases it has been shown that pristine films of a polymer spin coated
from different solvents or solvent mixtures give different CD spectra.*’ Such effects have
been attributed to different molecular arrangements.

4
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The aim of this thesis is threefold: to differentiate between intensive (independent of the size
of the system) and extensive (dependent on the size of the system) chiroptical properties, to
establish the origin of the chiroptical properties at a molecular level, and to distinguish
various CD effects arising in polymer aggregates at different length scale interactions.

1.4 Chiroptical spectroscopy

This thesis addresses optical, chiroptical, conformational, and electronic properties of m-
conjugated polymers in films using polarized light. Chirality serves as a spectroscopic ‘label’
allowing us to investigate aggregation and organization using a large variety of spectroscopic
techniques involving the (circular) polarization of light, some of which are mentioned below:

1.4.1 Optical absorption spectroscopy

Absorption of light is the result of interaction of electromagnetic (light) radiation with
molecules in a material.** The linear optical characteristics can be described in terms of a
complex refractive index 7. A representation of an electromagnetic wave E with initial
amplitude E( propagating through a material with time, ¢, can be written as:

E(r,?)=E, exp(irik, - r) exp(—iwt) (1)

where r is the position vector, w is the angular frequency, and k¢ the is the wave vector of
incident light. The complex index of refraction 77 (= n + ix) mentioned in this equation
governs the phase and amplitude change of the wave as it propagates through the medium. »
stands for refractive index which describes the velocity v with which an optical signal
propagates inside the material relative to the speed of light in vacuum (v = c¢/n). The
extinction index x in the complex refractive index is the measure of decay in amplitude upon
propagation. This is related to the absorbance in the following manner:

_ dmx )
A

where Ao is the wavelength of light in free space and « is the absorption or attenuation
coefficient of the material. It describes the attenuation of the intensity of light propagating in
the material along x

1(x) = I exp(—ax) 3)

where /(x) is the intensity at position x and /j is the incident light intensity at x = 0. The
absorbance 4 by a material is defined as:
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A =-log,, IL =In(10)al 4)
0

where [ is the intensity of light transmitted through a film with thickness /. An
electromagnetic wave can have different polarizations. An arbitrary polarization of light can
always be resolved into two unique components. Well known are the linear polarizations of
light, where the electric field oscillates in a unique direction perpendicular to the wave vector
K, describing the direction of the wave. In circular polarized light, the electric field oscillates
in a helical fashion and can be either right handed or left handed. A circular polarized wave
can be resolved into two linear components; one along y and one along z, that are phase
shifted by A/4 with respect to each other. Elliptical polarizations have a mixed character
containing both circular and linear polarized components.

Techniques like absorbance and photoluminescence are generally based on interaction of
unpolarized light with matter, whereas circular dichroism spectroscopy involves circularly
polarized light to study difference in absorbance by a material when it interacts with left and
right circularly polarized light.

1.4.2 Circular and linear dichroism

Circular dichroism (CD) refers to a difference in absorbance (4) for left and right circular
polarizations of light (A4 = CD = AL — Ar), displayed by chiral molecules and chiral
materials. For example, a simple exciton model’ explains a bisignate CD signal arising due to
intermolecular interactions between molecules."

The extent to which a molecule behaves differently to right and left circularly polarized light
can be expressed by its g value (dissymmetry ratio):

_ A 2(4 —4R)
Sabs =T T T T Ay

(5)

In dilute solutions of chiral molecules, the intermolecular interaction is minimized and the
dissymmetry ratio g is an intensive property of the solution, i.e. it does not depend on sample
size or concentration (provided that concentration is low enough to avoid intermolecular
interactions among the solute molecules). The g value is essentially a molecular property
under these conditions.

For chiral molecular materials, the dissymmetry ratio g is no longer necessarily an intrinsic
property of the material. An example of this is provided by cholesteric liquid crystals where
the selectivity in the reflection of light depends strongly on the thickness of the film.*
Another example is provided by thermally annealed film of chiral polyfluorene, where the
dissymmetry ratio varies strongly with the thickness of the polymer film.*®
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Linear dichroism works on the same principle as CD but utilizes linearly polarized light
instead. This technique can help in knowing the alignment of the polymer chains in a film or
solution.'” Coupled together with linear birefringence, it can also cause artifacts in circular
dichroism measurements. *®

1.4.3 Circular selective reflection and scattering

Previously we saw that CD is a measure of differential circularly selective absorbance.
However, typical CD experiments also involve detection of the transmitted light. Apart from
transmission and absorbance, incident light may also be reflected or scattered. For chiral
molecules and materials the efficiency of these processes may also depend on the circular
polarization of the light. For example, for cholesteric liquid crystalline materials, it is well
known that if the pitch of the cholesteric helix is similar to the wavelength of incident light,
one of the circularly polarized components of the light is completely reflected.*” The reflected
circularly polarized light has identical handedness as of the cholesteric helix. This technique
has been often employed to study liquid crystalline materials and molecules showing a
cholesteric phase.™

Circular differential scattering™ has been used to study biomolecules. The scattering
contribution has been evaluated for large conglomerates of nucleic acids.*” The studies have
helped in differentiating a true CD effect resulting from transmission normal to the substrate
to contribution from scattered light. These studies have been helpful in elucidating the
structural information of aggregated proteins™ or chloroplasts.”'

1.4.4 Photoinduced (transient) absorbance and circular dichroism

All techniques mentioned above involve transitions from the singlet ground level to an
excited singlet state. These transitions provide information about the ground state
conformation of the material. A singlet state in a molecule signifies that all electrons are spin
paired, whereas a triplet state signifies that one sets of spins in unpaired.

Photoinduced absorbance (PIA) is a technique that probes absorbance of light by a molecule
already in an excited state, inducing a transition to a higher lying excited state. This technique
provides information on excited states after they have undergone relaxation processes
subsequent to their initial creation. The excited states involved can be either singlet or triplet
in nature. Singlet states are generally very short-lived (picosecond time range), whereas
triplets are comparatively long-lived excited states (nanosecond to milliseconds).

PIA experiments can also be performed using circularly polarized light as the probe
(photoinduced circular dichroism, PICD). This transient circular dichroism technique
provides information on the molecular conformation in the excited state and has been used to
study various biomolecules like tRNA>? and heme proteins.”
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1.4.5 Ellipsometry

Ellipsometry is an optical technique that uses reflection of light. It is commonly used to
study bulk materials and multilayered thin films.

The basic experiment involves reflection of incident polarized light off the sample and
subsequent detection. These experiments involve different polarization components of the
light. One component is parallel to the plane of incidence denoted as ‘p” whereas the other
component is perpendicular to the plane and is denoted by ‘s’. Linearly polarized light is the
case where both p and s components are in phase with each other, whereas a circularly
polarized light results when the phase difference between them is 45 degrees. Any other phase
difference results in elliptically polarized light.

Comparison of polarization components before and after reflection yields information about
the sample, which is in form of ¥ (amplitude) and A (phase) as mentioned below:

ia_ Ry
tan(y)e™ =— (©6)

S

where R, and R; are the complex Fresnel reflection coefficients for p and s polarized light

respectively.
R = ny Cos gtransmission - IzCOS gincidence
b ny €Os etransmission +ncos eincidence (7)
Rs — ny €Os eincidence — ’z S%Il etransmission
gy COS gincidence +nsin gtransmission

where ny is the refractive index of the incident light medium (which in this case is air), 7 is the
refractive index of the medium (sample), and 6 is the angle of the incident/transmitted light to
the normal of the substrate. Ellipsometry is primarily used to determine the n and «
components of the complex refractive index 7. From these the dielectric constant of the
material can be determined.

The material under study may be isotropic or anisotropic. Let 7., iy, and 7, denote the
complex refractive indices along x, y, and z directions. Here the directions x and y lie parallel
to the plane of the substrate (in-plane) and the z direction is perpendicular to it (out-of-plane).
The former is also referred to the ordinary component, while the latter to extraordinary
component of refractive index.
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Isotropic fiy=f,=f,
Anisotropic A, = fi, # i, uniaxial
 # A, # i, biaxial

=]

(axis of anisotropy out-of-plane)

n

z
Figure 1: Isotropy and anisotropy in thin films. p and s are the polarization components of light whereas
subscripts i and f'stand for initial and final states during reflection.

If the optical constants do not depend on orientation, then 7, = 7iy, = 7, and the film is
isotropic in nature. In all other cases the film is anisotropic. Anisotropy can be uniaxial (e.g.
fix= Tiy # 1) or biaxial (7ix # fiy # 7i,) as illustrated mentioned in Figure 1. For uniaxial systems,
the axis of anisotropy is the axis along which the symmetry is broken (7, in Figure 1).

Anisotropy at the molecular level can be one of the underlying causes of the macroscopic
anisotropy of a molecular material but molecular anisotropy does not necessarily lead to
macroscopic anisotropy. The macroscopic properties also depend of the orientation
distribution of the molecules. If this is isotropic the molecular anisotropy can average out in
the bulk. This is expected for films of a completely amorphous molecular material. At a single
molecule level, anisotropy or isotropy depends on the structure of the molecule or single
polymer chain.

1.5 The aim of the thesis

As discussed above the optoelectronic properties of conjugated polymers depend in a
complex way on the conformation of the polymer backbone, interchain contacts arising from
aggregation of polymer chains and long range intermolecular order. Thus, the CD effects in
films of chiral n-conjugated polymer may originate on the molecular, on the intermolecular,
or on the macroscopic length scale. There have been a few systematic studies on the origin of
CD and there is uncertainty as to which length scale is the most relevant for understanding of
the chiroptical properties.

The aim of the thesis is to use circularly polarized light as a spectroscopic tool to understand
the molecular organization associated to chiroptical properties of conjugate polymers at
various structural levels.

1.6 The layout of the thesis

As the title of the thesis suggests, (circularly) polarized light is used to investigate the
molecular organizations giving rise to chiroptical response of the chiral polymeric materials.

The chiral n-conjugated polymers investigated in this thesis are illustrated in Figure 2.
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Figure 2. Structures of (a) poly[3-((3S)-3,7-dimethyloctyl)thiophene] and (b) poly[9,9-bis((3S)-3,7-
dimethyloctyl)-2,7-fluorene].

The thesis is divided into eight chapters including the introduction (Chapter I). Before
making any progress into probing various aggregation states of chiral polymers via circularly
polarized light, it is important to understand intensive and extensive properties of chiral n-
conjugated polymers in general.

Chapter 2 takes an example of a chiral polythiophene to study its intensive or extensive
properties. The chapter deals with the thickness dependence of CD in films of a chiral
polythiophene (Figure 2a). It shows that circular polarization in absorbance, gubs 1S
independent of the film thickness and that it can be considered as an intensive property or
bulk, a physical property of the material which is invariant to the size or amount of sample.
Thus circular polarization in absorbance can be associated to arise on a molecular level at the
site of photon absorbance.

Learning from the previous example on intensive properties in Chapter 2, similar
experiments are described in Chapter 3 on pristine films of a chiral polyfluorene (Figure 2b).
Here gabs 1s also found to be independent of film thickness. With help of AFM and solvent-
induced aggregation studies, the possible origin of the intensive g,,s was found to arise from a
helical arrangement of polymer chains within fibrillar aggregates. Upon annealing the films,
Zabs 18 found to become dependent on film thickness. Therefore, for annealed films, g5 is an
extensive property (not a bulk property but dependent on size and amount) of the material
arising from mesoscopic ordering in the film. In the following chapters, polymer organization
in the chiral polyfluorene is studied more into detail.

This mesoscopic ordering induced by annealing of the film gives rise to high CD effects
compared to unannealed films. Remarkably, CD effects are also observed for the thick
annealed films outside the region of polyfluorene absorbance (A > 450 nm). Chapter 4 looks
further into annealed films of chiral polyfluorene with an aim to understand the origin of these
uncharacteristic CD effects. Using a tailor-made chiroptical setup, CD effects outside the
absorbance band are found to originate from circularly polarized scattering from liquid
crystalline domains in the film.

With mesoscopic ordering having an influence on CD effects outside the absorbance range,
Chapter 5 investigates if the high CD effects for annealed films (chiral polyfluorene), also
exists in excited-state absorption. Photoinduced triplet-triplet absorption is found to show
circular dichroism. This is interpreted to arise from the interaction of the local linear

10
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polarization in triplet-triplet absorption in combination with the linear birefringence of the
surrounding polymer matrix.

In previous chapters, we can find that the main focus on polymer organization was in films.
Unlike films, the polymer organization in solutions is dynamic in nature. For example, during
spincoating a film, polymer organization is induced by evaporation of solvent and subsequent
vitrification. This causes a confined organization of polymer chains in a solid state. Whereas
in solutions, manipulating the processing conditions (like concentration, temperature, solvent)
allows one to study interaction of few chains to many chains. This provides a handle to study
finer aspects of polymer interaction in aggregates. As discussed before, polymer aggregation
in solution can be induced either via mixing of a good solvent and bad solvent (solvent-
induced) or by cooling a molecular dissolved solution (temperature-induced). Solvent-induced
studies in solutions of chiral polyfluorene are briefly described in Chapter 3, whereas
temperature-induced aggregation of the same are explained in Chapter 6.

Through temperature-induced aggregation, so called « and f-aggregates are identified by
different CD spectra. Cooling down the dilute solutions of molecular dissolved polymer often
yielded in formation of a-aggregates, whereas slow controlled cooling of concentrated
solutions led to formation of [-aggregates. [-aggregates were found to appear only via
formation of a precursor involving cooperative folding of two or more chains.

We know that by using CD spectroscopy one essentially probes into differential absorption
of the left and right circularly polarized light by the sample. This is done by detecting the
intensity of complementary transmitted light. Whatever is not transmitted is assumed to be
absorbed. However a part of light that is not transmitted, contributes to reflection. In Chapter
7, information on polymer organization is obtained from this reflection contribution by use of
spectroscopic ellipsometry (SE). For achiral m-conjugated polyfluorene, SE has revealed
anisotropy in thin films whereas for chiral polymer such studies were never done because of
the lack of understanding of optical rotation in reflection of light. Here in Chapter 7, the
anisotropic dielectric tensor of chiral polyfluorene is determined via SE and CD. Chirality in
the polymer results in off-diagonal matrix elements in the dielectric tensor. Consequences of
these off-diagonal terms in the reflection of light are further discussed. Furthermore, with help
of SE and CD studies, origin of intensive CD in chiral polyfluorene (as studied in Chapter 3)
is proposed.

Having learnt about circularly polarized light and its exploits in unearthing the polymer
organization in films and solutions, its utility in understanding device phenomena was an
obvious next step. With the help of Chapter 8, thesis reflects on the application oriented
spectroscopic studies that can be performed using polarized light. Chapter § utilizes
spectroscopic ellipsometry to study device phenomena for a quasi p-n Ohmic junction. The
ZnO/PEDOT:PSS n-p junction is studied under UV illumination. PEDOT:PSS is n-
conjugated polymer often used as a hole transporting polymer in photovoltaic devices. UV
illumination dopes the layer of ZnO nanoparticles and an excess of free charge carriers are
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generated in the conduction band of ZnO. This causes the p-n junction to behave as an Ohmic

contact for which the charge carrier density and depletion width are determined.
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Chapter 2

The chiroptical properties of chiral polythiophene

as a function of film thickness*

Abstract. Circular dichroism (CD) and circular polarization of the luminescence (CPL) of
spin coated films of chiral, regioregular poly[3-((3S)-3,7-dimethyloctyl)thiophene] are
investigated as a function of their film thickness (50-500 nm). The degrees of circular
polarization in absorption (gaps) and in emission (gm) do not significantly depend on the film
thickness and can therefore be considered as an intrinsic property of the material. This is
consistent with the circular polarization in absorption and emission originating on a molecular
level from a difference in the probability for absorption and emission of left and right handed
circular polarized photons at the site of the optical excitation.

* Girish Lakhwani, Guy Koeckelberghs, Stefan C.J. Meskers, René A.J. Janssen, Chem. Phys. Lett., 2007, 437,
193.



Chapter 2

2.1 Introduction

[T-conjugated polymers have attracted considerable interest in the last decade because of
their interesting electro-optical properties. Members of this class of materials are for instance
applied as active material in light-emitting diodes and photovoltaics. In these applications the
probability of photon emission and absorption is important. It has been recognized that the
absorption and emission characteristics of these materials are influenced not only by the local
chemical structure but also by the organization of the polymer on the mesoscopic length
scale.!” > These structure-property relation(s) have also been investigated using molecular
chirality as a label, monitoring the optical properties with circular polarized light.
Incorporation of functional groups on the polymer carrying enantiopure stereocenters makes
the polymer chiral and introduces a difference in the absorption of left and right circular
polarized light (circular dichroism, CD) as well as a difference in the intensity of left and right
polarized photoluminescence (circular polarization of luminescence, CPL).

When studying circular selective absorption or emission it is often convenient to express the
results in terms of a degree of circular polarization or dissymmetry ratio (g or Qaps), as
described in Chapter 1. When studying dilute solutions, the g value is an intrinsic property of
the chiral molecule and is independent of e.g. concentration and optical path length. For
emission of light, the g value is defined as:

|, — |
Oum =17 (1)

with Iy (Ir) being the intensity of left (right) polarized photoluminescence light. For the
absorptive and emissive transition between the ground state and the lowest excited singlet
state one expects Jabs = Jium-

Studies of small (oligomeric) model compounds in solution have shown that the circular
polarization may arise from the local chiral arrangement of two or more identical
chromophoric groups. Here interchromophoric coupling and delocalization of the optical

. . 7-10
excitation over more than one chromophore play an important role.

In practice, for small
molecules with allowed optical transitions, the g -values rarely reach above 107.

Studies on films of chiral n-conjugated polymers displaying thermotropic liquid crystalline
phases have shown very high g values after thermal annealing and mesophase formation in
both absorption and emission (in some cases > 0.1).'""'? For chiral poly[9,9-bis((3S)-3,7-
dimethyloctyl)-2,7-fluorene] it was shown that the g.s value depends strongly on the
thickness of the polymer film and varies over more than three orders of magnitude, reaching
values up to 1 for films with a thickness of 400 nm."* The thickness dependence shows that in
this case the g values cannot be interpreted as an intrinsic property of the material and this
contradicts the interpretation of the circular polarization in terms of a difference in the
probability for absorption (emission) of left and right circular polarized photons at the site of
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the optical excitation. Instead, the circular polarization seems associated with the long-range
order induced by thermal annealing.

In this Chapter we investigate films of a chiral regioregular polythiophene poly[3-((3S)-3,7-
dimethyloctyl)thiophene] (PT811, Figure 2, Chapter 1)'*'* obtained by spin coating. Circular
polarization in absorption and fluorescence of polythiophenes is known,'®™ ?* but a detailed
analysis of the origin of the circular polarization in films has not yet been given. Here we
study the degree of circular polarization as a function of film thickness for both absorption
and fluorescence in order to see whether the interpretation of the circular polarization in terms
of a local circular differential probability of absorption or emission can be falsified.
Regioregular poly(3-alkylthiophenes)® are known to form ordered domains and certain
polythiophenes even show mesomorphic behavior.”* Therefore, an influence of long-range
order on the chiroptical properties as observed for liquid crystals can not be ruled out a priori.
As mentioned above a pronounced thickness dependence of the g values, as previously
observed for a chiral polyfluorene, would argue against an interpretation in terms of the local
electronic structure of the material.

2.2 Experimental section

Polymer PT811 was synthesized as described earlier.'* Films were prepared by spin coating
from chloroform solution on glass substrates. The thickness was varied by changing the spin
speed or, alternatively, the concentration of PT811 in the solution used for spin coating. Film
thickness was measured using a Tencor P10 surface profilometer.

CD spectra were measured on a Jasco J600 spectropolarimeter. Circularly polarized
luminescence spectra were measured on a home-built setup that uses a photoelastic modulator
and a multichannel photon-counting detection system.”>*> For CPL measurements on films,
the excitation light source used was a Hg lamp with a 438 nm interference filter (spectral
bandwidth 4 nm). This light was depolarized by passing it through an optical fiber, and it was
incident on the film with a direction parallel to the normal of the film.?® The emission was
detected in an in-line geometry to avoid artifacts resulting from linear polarization. A cut-off
filter (1 > 610 nm) was placed before the monochromator used for emission wavelength
selection. CPL error bars in Figure 2 and 3 represent two standard deviations for each
measurement, estimated from repeated sampling of the degree of circular polarization in
luminescence Qum.

2.3 Results and discussion

In Figure 1 we show the absorption and circular dichroism spectra of films of PT811
prepared in various ways. The wavelength region studied covers the allowed optical transition
from the ground state to the lowest excited singlet state (So-S;). This transition appears as a
broad band with a maximum at around 525 nm. At longer wavelengths, some vibronic fine
structure in the spectrum may be discerned, which is usually associated with the presence of
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well ordered, aggregated material.>*’ In the top part of Figure 1 we illustrate the effect of the
spin speed in the spin coating process on the optical properties of the film. As expected, lower
spin speeds give thicker films and a higher absorbance. In the lower part of Figure 1, the
spectral data for films prepared by spin coating from solutions with different concentration of
polymer are shown. Here solutions with higher concentration are more viscous and hence give
a thicker film after spin coating. In addition, to the changes in the magnitude of the
absorbance, we also observe a small blue shift of the absorption maximum for films prepared
at lower spin speeds. The blue shift is also observed for films from solutions with
concentration > 6.7 mg/ml in comparison with the film coated from 6.7 mg/ml at 2000 rpm.

0.7 50
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0.6{ —— 500 rpm 140
1000 rpm
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° 20 ~
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Figure 1: Absorbance and CD spectra of films of PT811 spin coated at different spin speeds from a 6.7 mg/ml
CHCI; solution (top) and from solutions of different concentrations at 2000 rpm (bottom).

It is known that the absorption spectrum of films of poly(3-hexylthiophene) (P3HT) is
sensitive to the preparation conditions of the film and the molecular weight of the polymer.*”
For instance, it has been found that P3HT with M,, ~ 30 kD gives the most red shifted
spectrum and polymers with both higher and lower molecular weight give a slightly blue
shifted absorption spectrum. This has been interpreted in terms of the degree of crystallinity
and the magnitude of the exciton bandwidth.>”*” In our case the blue shift observed at slow
spin speed and high concentration may be related to a molecular arrangement with a slightly
higher degree of disorder.
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In Figure 1, also the CD spectra for the films are shown. The band shape of the CD spectrum
shows surprisingly little variation with the preparation method; the spectra generally show a
bisignate Cotton effect with a positive lobe at long wavelength and a negative lobe at shorter
wavelength. The zero crossing in the CD spectrum occurs near the wavelength of maximum
absorbance (525 nm). The band shape of the CD spectra is almost conservative, meaning that
the CD amplitude or ellipticity € divided by the photon energy integrated over the absorption
band sums up to a value close to zero when the ellipticity is plotted on an energy scale:

j@(v)/vdsz ()

abs.band

These characteristics are consistent with the predictions of the coupled oscillator model for
the CD.”®
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Figure 2: g, and gy, spectra of films of PT811 spin coated at different spin speed from a 6.7 mg/ml CHCI,
solution (top) and from solutions of different concentrations at 2000 rpm (bottom).

From the absorption and CD spectra, Qs can be calculated and the results are shown in
Figure 2. Also shown in Figure 2 are values for Qim obtained from luminescence
measurements. As can be seen the g.,s value for the negative Cotton effect near 480 nm is
practically independent of film thickness. At the red edge of the absorption band near 600 nm,
the observed Qups values vary from +3 to +4 x 10 with the thicker films giving a higher
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value. The gnm values have the same sign as Qaps in the red wing of the absorption band and
are similar in magnitude. For the thicker films, the gi,m value tends to be lower and a number
of explanations can be given for this observation. The first is circular dichroic self-absorption
which tends to reduce the gium. A second factor may be the migration of the optical excitations
towards trap sites. These trap sites, which hardly contribute to the light absorption, can act as
a luminescent center with polarization properties different from the bulk. Finally it has
recently been shown that coupling of the electronic and vibrational motion in exciton coupled
systems generally leads to gim values that change with emission wavelength, being smaller in
absolute magnitude for the higher vibronic transitions in emission at longer wavelength.'® We
have studied the wavelength dependence in more detail, investigating a thin film for which
the gium value can be reduced by at most 0.3 x 107 through self absorption effects.”> As shown
in Figure 3, a wavelength dependent g,m is indeed observed which suggests that the excitonic
bandwidth is of the same order of magnitude as the energy associated with the relaxation of

the nuclear geometry in the lowest excited singlet state (0.1 eV).>"°

SR
B % % ﬁ% LR %H
I &

620 640 660 680 700 720 740
Wavelength (nm)
Figure 3: CPL for a spin coated film of PT811 (thickness ~70 nm) with excitation light incident on the side of
the polymer film facing the glass support (0) and on the air side of the film (m).

The results of the absorption, CD and CPL measurements are summarized in Figure 4. In the
upper part the optical density at 525 nm and the magnitude of the CD probed at 484 and 600
nm are plotted as a function of the film thickness. This plot shows an approximately linear
relation between absorbance and CD with film thickness. For the thicker films a deviation for
the Beer law seems to set in. From the slope of the curve, excluding the thickest film, we find
the absorption coefficient = 0.5 x 10° cm™. The lower part of the figure shows the Q. at
484 and 600 nm as well as g, at 675 nm as a function of film thickness and, as can be seen,
the gabs values show a thickness dependence that is very weak in comparison with that of the

annealed polyfluorene films."
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Figure 4: Top: Absorbance and CD as function of film thickness for polymer PT811 in double logarithmic
representation. Bottom: degree of circular polarization in absorption (g,s) probed at 484 and 600 nm wavelength
and in emission (gy,,) probed at 675 nm plotted vs. film thickness.

2.4 Conclusion

Spin coated films of the polythiophene PT811 are characterized by degrees of circular
polarization in absorption and luminescence that are nearly independent of the film thickness.
This is consistent with the circular polarization arising from a circular differential probability
for photon absorption or emission at the site occupied by the optical excitation at the moment

of the transition.
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Chapter 3

Intensive chiroptical properties of chiral

polyfluorenes associated with fibril formation

Abstract. Thin films of chiral poly[9,9-bis((35)-3,7-dimethyloctyl)-2,7-fluorene] were
studied using circular dichroism (CD) spectroscopy. Films spin coated from chloroform
solution, show CD with a degree of polarization gus (= + 4 X 10* at 400 nm) that is
independent of film thickness (50-290 nm). This implies that g, is an intensive (i.e. a size-
independent or bulk) property of the material and related to the chiral organization of the
molecules on a length scale less than 50 nm. Atomic force microscopy (AFM) on the films
reveals fibrils. Addition of methanol as a non-solvent to a solution of PF811 in chloroform
leads to fibril formation in solution and results in CD similar in band shape to that of the
pristine spin coated films from chloroform solution and a g,»,s comparable in magnitude. Thus
the chiral molecular arrangement leading to circular dichroism is part of the internal structure
of these fibrils.



Chapter 3

3.1 Introduction

The optical and electronic properties of thin films of n-conjugated polymers depend on the
polymer organization within the film." The performance of polymer light-emitting diodes,
field-effect transistors or polymer photovoltaic cells is intimately related to the aggregation
state of the polymer chains.

Polyfluorenes (PF) are a class of m-conjugated polymers that has been studied intensively
because of their excellent blue light emitting properties.” Polyfluorenes are interesting
because they can occur in different liquid crystalline (LC) and (semi-)crystalline states, each
with its own optoelectronic properties. Processing conditions have a strong influence on
which of the conformational and crystallization states predominates in thin film deposited via
e.g. spincoating. This makes PF very attractive for investigations on the relation between
organization and optoelectronic properties.’

Circular dichroism (CD) spectroscopy” has been used to study the molecular organization of
chiral m-conjugated polymers,” including polyfluorenes. Here, chirality serves as a
spectroscopic ‘label’. The magnitude and sign of the CD has been shown to be very sensitive
to interchain electronic interactions,® but also to long range helical ordering occurring in e.g.
cholesteric phases.

Solid films of chiral polythiophenes often show CD effects as demonstrated Chapter 2. It
was shown that the magnitude of g, is independent of the thickness of the film. This
observation indicates that gups is an intensive (i.e. size-independent or bulk) property of these
films and that the difference in absorption of the two circular polarizations solely arises from
the local molecular arrangement at the site of photon absorption. In other words g, is the
bulk property intrinsic to the site where the excited state is created.

In contrast, for thermally annealed films of chiral poly[9,9-bis((3S)-3,7-dimethyloctyl)-2,7-
fluorene] PF811 (Figure 2, Chapter 1), it has been shown that g,,s varies strongly with the
thickness of the film.” In this case gaps is an extensive (i.e. depending on size) property and the
origin of the chiroptical effect is extrinsic to the site of photon absorption.® For annealed films
of sufficient thickness, guns can reach very high values (~1). The extraordinary magnitude of
these CD effects after annealing has been interpreted in terms of long range order in the film
induced by thermal annealing in the liquid crystalline state.”” For thermally annealed films of
oligofluorenes also very large CD effects have been observed.” These CD effects were
explained quantitatively, originating from chiral nematic ordering of the oligofluorenes in the
film.

The extensive circular dichroism can be explained qualitatively by a change in polarization
of the light before absorption. Linear birefringence in a film induces a linear polarization
component when light travels through it. The direction of the induced linear polarization for
left incident light will be at a 90° degree angle to the direction of linear polarization for right
incident light. In films with long range order, this induced linear polarization can lead to
selective absorption because the oriented molecules in the film will selectively absorb the
linear polarized light. As the two circular polarizations give rise to two perpendicular linear
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polarizations, one of the circular incident polarizations will be more strongly attenuated than
the other. The degree of linear polarization induced before photon absorption controls the
magnitude of the selective absorption and is of course dependent on the thickness of the film.

The occurrence of extensive CD effects for e.g. polyfluorenes, does not necessarily exclude
a contribution to the CD of intensive nature. However, given the very high gus values arising
from extensive effects and the small magnitude of g that is typical for genuine intensive
effects, an intensive effect can easily be overshadowed by an extensive effect. For films of
chiral polyfluorene, intensive CD effects are not known. However, the existence of CD effects
in dilute solution' indicates that such intensive CD is likely to exist.

In this chapter, we describe intensive CD in films of chiral PF811 spin coated from
chloroform solution based on systematic variation of the film thickness. Atomic force
microscopy (AFM) on these films shows the presence of fibrillar aggregates. Solvent induced
aggregation studies indicate that the intensive CD mainly results from interchain interactions
between chains held in a chiral arrangement within the aggregate.

3.2 Experimental
3.2.1 Material, film preparation and instrumentation

Poly[9,9-bis((35)-3,7-dimethyloctyl)-2,7-fluorene] (PF811) with amino end-groups having
M, = 20,400 g/mol and M, = 37,600 g/mol (PDI 1.84) was synthesized by Suzuki
polycondensation to the procedure reported in literature'' with a small percentage (1%) of p-
bromonitrobenzene as the end capper to control the molecular weight. Subsequent reduction
by SnCl, in EtOH/EtOAc led reduction of the nitro- to amino- end groups. Subsequent
reduction by SnCl, in EtOH/EtOAc led reduction of the nitro- to amino- end groups.

Films of PF811 were prepared by spin coating. The film thickness was varied by changing
the concentration of the solution and/or the spin speed (in the range 500 to 4000 rpm). For
films prepared from a chloroform solution, the concentration ranged between 10 to 15 mg/ml.
Films with different thickness from a chloroform/methanol solvent mixture, were prepared by
changing spin speed and keeping the polymer concentration constant (10 mg/ml). Thickness
of the films was measured by a Veeco surface profilometer. Thermal annealing of the films
was done in air at 120 °C for 10 min. For CD experiments in solution, a stock solution was
prepared in chloroform (7.6 x 10~ mg/ml). Aliquots volume of this stock solution was taken
and methanol was added dropwise until reaching the desired solvent composition (in volume
ratio, v:v). For dynamic and static light scattering, the same stock solution was used.

UV-VIS measurements were perfromed on a Perkin Elmer Lambda 900 UV/VIS/NIR
spectrometer. CD spectra were measured on a Jasco J-815 spectropolarimeter where the
sensitivity, and scan rate were chosen appropriately. Temperature dependent measurements
were performed with a PFD-425S/15 Peltier-type temperature controller with a temperature
range of 263-383 K and adjustable temperature gradient. CD effects in films with ellipticity >
2000 mdeg, were measured using a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer and
a circular sheet polarizer (Oriel).
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A Veeco MultiMode connected to a Nanoscope IV control unit was used for AFM. The
scanning was done in tapping mode in air. The tips used were PPP-NCH-50 from
Nanosensors, and were typically, operated at an amplitude setpoint of 1.5 V (free oscillation
amplitude was 2.0 V) in order to obtain better phase images.

3.2.2 Static (SLS) and dynamic light scattering (DLS) set up

For static (SLS) and dynamic light scattering (DLS) experiments, the light output of an
intensity-stabilized helium-neon laser (Spectra Physics, 4 = 632.8 nm, 4.5 mW) was focused
in the center of a cylindrical glass cell (Helma). The scattered light was transferred to a single
photon detector (ALV/SO-SIPD) through a single mode fiber to meet the spatial coherence
conditions. SLS measurements were performed with a computerized homemade goniometer,
using a step size of 1 degree in the angular range of 30 to 100 degrees, corresponding to the
scattering wavevector (¢) of 6 to 20 um™.

q :477msin(9/2) (1)

where 7 is the refractive index of dispersant and 6 the scattering angle. The integration time
per angle was 5 s. The intensity signal was processed with a 320-channel Multiple Tau Digital
Correlator (ALV-5000/E) using a typical acquisition time of 300 s. A temperature controller
was used to stabilize the temperature at 293.0 = 0.1 K. Evaluation of the autocorrelation

function gave the value of the decay constant I = Dg*, where D is the translational diffusion

coefficient.

3.3 Results and discussion
3.3.1 CD of unannealed and annealed films of chiral polyfluorene at different film
thicknesses

Solid films of PF811 spincoated from chloroform solution show CD. This is illustrated in
Figure la for a film of 2.3 x 10> nm thickness. The onset of the CD band at 415 nm
wavelength coincides with the onset of the first absorption band of PF811 assigned to the
allowed So — S; optical transition. The band shape of the CD spectrum is bisignate with a
positive maximum at a wavelength 4 =400 nm and a negative minimum at A = 360 nm. From
the CD and the absorption spectrum, gu,s can be calculated. g,ns reaches a maximum at 400
nm (+4 x 10™*) and a minimum at 360 nm (2 x 10™). In Figure 1b we have plotted these gaps
values for unannealed films as a function of the thickness of the films.
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Figure 1. (a) CD spectra of film (thickness 2.3 x 10> nm) of PF811 spincoated from chloroform solution (conc.
10 mg/ml) before (solid line) and after annealing (dashed line). (b) degree of circular polarization in absorbance
Zavs as a function of film thickness for unannealed films of PF811 spincoated from chloroform probed at 360 and
400 nm (peaks of maximum intensity CD), (c) same as b probed at 350 and 390 nm, but now after annealing at
120 °C for 10 min.

In agreement with earlier reports, we find that upon annealing of the films at 120 °C, the
band shape of the CD spectrum changes and the g, values become much larger.*’ For the
annealed films the g,,s value strongly depends on film thickness (Figure 1c) and reaches a
value -0.25 at 390 nm for the 2.9 x 10?> nm thick film. This strong variation of g,,s with films
thickness for the annealed films shows that in this case gups is not an intensive property of the
material.

For the unannealed films with thickness ranging from 50 to 290 nm, we find that gy is
essentially constant. Therefore we can consider gus to be an intensive property of the
material, originating from a chiral molecular organization on a length scale < 50 nm.
Curiously (as we shall see in section 3.3.4), a solution of PF811 in chloroform does not show
any CD (Figure 3a). This suggests that the chiral molecular organization responsible for the
CD effect involves intermolecular interactions.

3.3.2 Analysis of the band shape of the intensive CD spectra
The aggregation studies indicate that interchain interactions are important in the induction of

the CD signal. Electronic interchain interactions can give rise to CD effects via so called
exciton coupling, where two or more chains held in a chiral arrangement with respect to one
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another are treated as a system of coupled oscillators. This coupled oscillator model generally
leads to conservative band shapes in the CD spectra. Here conservative is expressed as the
integral of the CD spectrum over the whole absorption band on an energy scale (eq. (2))
having a value close to zero.

| o), )
absband U

Thus the coupled oscillator model generally predicts CD band shapes which show at least
one zero crossing. Below in Table 1 we analyze the intensive CD of PF811, which would
determine to which degree it can be considered as conservative. The table below mentions the
total area along with area of sub-sections of CD spectra (region of spectra with positive CD
denoted as +ve lobe and likewise for negative region of CD as —ve lobe). For unannealed film,
the total area is close to zero which supports the idea of CD in an unannealed film arising due
to exciton coupling. However for an annealed film the total area is non-zero.

Films spincoated Area swept by the CD curve (Eq. 2)

from solvent(s)

Solution Unannealed film Annealed film
0.25 approx. -75.4
- + - - + B
Chloroform No CD ve ve ve ve ve ve

lobe lobe lobe lobe lobe lobe
0.05 0.8 -0.6 98.3 -332.7 157.2

Table 1. Area swept by solution of PF811 in chloroform unannealed and annealed films spincoated from the
same. The area is calculated using equation 2.

3.3.3 AFM on unannealed and annealed films of chiral polyfluorene

- '.I'; . =
Figure 2. (A) AFM phase image of unannealed film spincoated from very dilute solution of PF811 in

chloroform, and B) corresponding AFM height image (height scale 20 nm, film thickness < 15 nm) of the same.
(C+D) AFM phase image of unannealed (C) and annealed (D) film spincoated from very dilute solution of
PF811 in CHCI3/MeOH (5:3 v/v). All images are 200 nm x 200 nm.
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In order to investigate the molecular organization effect further, we have performed atomic
force microscopy (AFM) on thin films of PF811 before annealing. In the height image of very
thin discontinuous films (Figure 2) fibrillar, worm-like structures can be observed with a
height of ~ 10 nm, a width of 10 nm and a contour length of ~80 nm. These fibrillar structures
can also be observed in the corresponding phase image. We ascribe these fibrillar structures to
aggregates of polymers chains formed during the evaporation of the solvent.

3.3.4 Aggregation of chiral polyfluorene in mixture of solvents

Addition of a non-solvent (methanol) to a solution of PF811 in the chloroform also induces a
CD effect (Figure 3). Stepwise addition of methanol to the chloroform solution shows an
onset of CD at a volume ratio of 5:3 (v/v CHCl3;/MeOH). Light scattering measurements on
solutions of PF811 in CHCIls/MeOH 3:2 v/v show the formation of aggregates of polymer
chains (Figure 4). Figure 4a shows that with increasing percentage of methanol, the intensity
of scattered light increases. This suggests that upon raising the methanol content of the
solution, more polymer chains form aggregates with a particle size of several hundred nm.
This conclusion is supported by dynamic light scattering measurements as shown in Figure
4b. We notice that the diffusion decay rate decreases with increasing methanol concentration
indicating a larger particle size. We conclude that the CD effect seen at volume ratio of 5:3
v/v (CHCI3/MeOH) is the result of aggregation of polymer chains.

40 - Solution study in:
Yas 0.0021 —&— CHCI /MeOH
30 —@— Chloroform soln
20
10
0
§ ]
-10 J¢(a
2 20 1@ = |
] g, = 0.0019 Spincoated from
@) 10 1 avs CHCI_/MeOH
] —l— unannealed
-<{3- annealed
0
-10 3
1)

300 400 500
Wavelength (nm)

Figure 3. (a) CD spectra of PF811 in dilute chloroform solution (7.6 x 10° mg/ml) and CHCl;/MeOH 5:3 v/v
solution (4.8 x 10~ mg/ml ) (b) CD spectra of pristine and annealed films (film thickness 3 x 10> nm
approximately) of PF811 spincoated from CHCI;/MeOH 5:3 v/v (37.5% MeOH).
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The aggregates formed in CHCl3/MeOH solvent mixtures (5:3 v/v) can be transferred from
solution to film by spin coating the solvent mixture. The shape of the CD spectra and the
magnitude of the associated guns values measured on the solution of PF811 in CHCI;/MeOH
(5:3 v/v) and the films of PF811 spincoated form this solution are virtually the same (Figure
3b). Thus we conclude that the CD effect shown by the films spin coated from CHCIl;/MeOH
(5:3 v/v) arises from intermolecular interaction within the aggregate. The unannealed films
deposited from pure CHCI; solution show a CD band shape (Figure 1) that strongly resembles
that of the films from CHCl3/MeOH solvent mixture (Figure 3b). In addition both types of
films show similar fibrillar features (Figure 2). This indicates that the intensive CD effect in
the films from CHCI; has its origin in the chiral arrangement of polymer chains in the fibrillar
aggregate structures. The magnitude of gus for the films from chloroform is however
significantly lower than for CHCl3/MeOH (5:3 v/v). This may indicate a significant fraction of
the chains is still in a random organization.
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Figure 4. (a) Static, and (b) dynamic light scattering spectra for solution of PF811 in mixture of solvents
(chloroform and methanol) in different ratio. Methanol was added drop wise to a freshly prepared solution of
PF811 in chloroform (chloroform solution 7.6 x 10~ mg/ml before addition of methanol).

AFM (Figure 2) indicates that the fibrillar structures observed in the films from
CHCIl3/MeOH remain intact upon thermal annealing. At the same time, the band shape and
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magnitude of the CD for these films changes in a very similar way as observed from the films
from CHCI;. Additionally, the fibrillar structures also remain intact upon annealing thin films
spincoated from CHCIl;. It seems possible that the extensive chiroptical effect in annealed
films could arise from a cholesteric-like arrangement of the fibrillar aggregates in the
annealed films. The contribution from the extensive component to the total CD varies strongly
with film thickness and should vanish in the limit of very thin film. Incidentally, earlier
studies done by Craig’ on very thin annealed films of PF811 showed a CD spectrum with the
same sign as the intensive effect reported here.” This can now be interpreted as the intensive
contribution to the CD. The intensive chiroptical properties of the unannealed films can
originate from either intramolecular chirality (e.g. a helical backbone conformation) or from
an intermolecular chiral organization of chains in the fibrils (eg. via exciton coupling). The
latter explanation is consistent with the CD effects arising upon aggregation of polymer
chains within the thin film, distinguished by bisignate CD spectra.

3.4 Conclusion

Pristine films of chiral polyfluorene, spincoated from good solvent without any thermal
treatment show intensive chiroptical properties. This indicates a local chiral molecular
organization at the site of photon absorption. On annealing the films, extensive chiroptical
properties are observed, originating from mesoscopic ordering in the film.
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Chapter 4

Circular differential scattering of light in films of

chiral polyfluorene™

Abstract. Circular differential transmission in thick films (1.1 pm) of poly[9,9-bis((3S5)-3,7-
dimethyloctyl)-2,7-fluorene] is investigated. The vitrified liquid crystalline film obtained after
annealing shows high circular differential transmission of light in the wavelength range where
the polyfluorene does not absorb (4 > 450 nm). Using a specifically designed chiroptical
setup, we show that circular selective reflection of light in which the circular polarization of
the light is retained after reflection, a process which is characteristic for cholesteric liquid
crystalline films, makes a negligible contribution to the differential transmission. Using an
integrating sphere, it is shown that circular differential scattering can account for the observed
circular differential transmission for 4 > 450 nm.

* Girish Lakhwani, Stefan C.J. Meskers, René A.J. Janssen, J. Phys. Chem. B, 2007, 111, 5124.



Chapter 4

4.1 Introduction

Polyfluorenes' * (PF) are m-conjugated polymers, displaying fascinating properties. They
have been studied intensively in the last decade as active material in blue polymer light-
emitting diodes (LEDs). Copolymers of fluorene with other monomers can produce emission
colors throughout the visible spectrum and can also be applied in polymer photovoltaic
devices.”™® Structure-property relations have been investigated for PF derivatives with a
variety of side groups at the 9 position of the fluorene. When introducing alkyl substituents,
the polymers generally show both thermotropic and lyotropic liquid crystalline phases and it
has been shown that the opto-electronic properties of the polyfluorenes can be influenced by

the structure and morphology of the polymer film.’*'

One of the most widely studied PF derivatives is poly(9,9-di-n-octyl-2,7-fluorene)'':'?
(PFO). This polymer melts at a temperature of 300 °C and displays a nematic liquid
crystalline state in the temperature range 160-300 °C. Below 160 °C the polymer is
crystalline. Also a mesomorphic, metastable S —phase has been identified,"* "> which forms
upon solvent treatment. Poly(9,9-di-n-hexyl-2,7-fluorene)'®'” displays a phase behavior very
similar to PFO, showing a nematic phase above 250 °C. Diffraction studies in combination

with molecular modeling have shown that the fluorene units in PFO chains, are not coplanar
o012

but twisted with a dihedral angle between two adjacent monomers of 156—165°"“ Racemic
poly[9,9-di-(2-ethylhexyl)-2,7-fluorene] (PF2/6) also shows a crystalline-to-liquid-crystalline
phase transition at about 160 °C. By rapid cooling from the nematic state, a vitrified
molecular arrangement can be obtained and diffraction studies have shown that chains are
ordered in a hexagonal lattice. Interestingly, the chains adopt a 5, (or possibly 5;) helical

*1% In the perfect 5, helix, the adjacent monomer units make a 144° dihedral

conformation
angle. Diffraction studies on oligomeric model compounds, which adopt smectic LC phases,
have confirmed the 144° torsion angle between the monomer units.'” In addition, molecular
modeling has shown that the planar conformation is unfavorable.? By depositing the
polymers on an alignment layer and heating the material above the Cr-N transition
temperature, it has been shown for PFO and PF2/6, that the polymer chains can be oriented.
In this way, the opto-electronic properties of the polymer can be influenced and a light-
emitting diodes generating highly linear polarized light can be constructed.'"*'**

Apart from achiral or racemic PF derivatives, chiral polyfluorenes have also been

investigated. > %

These materials also show a LC phase, and it was shown that highly
circular polarized electroluminescence could be obtained from these chiral polymers after
thermal annealing of the active layer above the LC transition.”” The chiroptical properties of
films of annealed poly[9,9-bis((35)-3,7-dimethyloctyl)-2,7-fluorene] (PF811) were studied as
a function of film thickness and it was found that the degree of circular polarization in
absorption is strongly dependent on thickness.® This indicates that the circular polarization
does not arise solely from the local molecular arrangement at the site of photon absorption,
but is also influenced by the mesoscale properties of the film. Unfortunately, the structural

arrangement of the chains in the chiral PF derivatives has not been investigated by e.g.
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diffraction studies and the expected helical conformation is not supported by direct
experimental evidence.

A relation between the circular polarization in absorption and emission and the mesoscopic
organization of films of chiral fluorene oligomers was established by Chen and

coworkers.??**°

These molecules adopt a chiral nematic ordering in the film when heated
above the Cr-LC phase transition temperature. After rapid cooling, a vitrified molecular
arrangement is obtained, which shows pronounced chiroptical properties. For thick films, a
selective reflection band, characteristic of cholesteric ordering could in some cases be
observed. The optical properties of thin films for wavelengths resonant with the absorption
band could be modeled taking into account the cholesteric arrangement of the molecules in
combination with the linear dichroism and linear birefringence of the molecular layers within
the film.*® In this approach, the polarization of photons changes from purely circular to
(partially) linear as the photon moves through the material, with the two incident circular
polarizations giving rise to perpendicular linearly polarized components. Linear dichroism of
the molecules at the site of absorption or emission is then ultimately responsible for the
dichroism observed for the film as a whole. The findings for the chiral oligofluorenes has
prompted the question whether also for chiral polyfluorene polymers, the chiroptical
properties originate from a cholesteric organization of the polymers chains on a mesoscopic
length scale.

In this study we investigate circular differential transmission of light through thermally
annealed films of the chiral PF derivative PF811. We focus on the wavelength region 450—
630 nm for which the photon energy is too low to excite the polymer via the lowest allowed
singlet-singlet transition. For this wavelength region differential transmission of light could,
in principle, arise from circular selective scattering or reflection. The occurrence of the latter
process can give evidence for the presence of cholesteric ordering, because it is well known
that cholesteric phases selectively reflect one circular polarization of incident light.>' This
reflection process distinguishes itself from reflection at a dielectric boundary by the
polarization of the reflected light; upon reflection by a cholesteric LC, the circular
polarization of the reflected light is retained, while reflection at the interface between two
dielectrics leads to a reversal of the circular polarization. This feature allows one to probe
circular selective reflection by cholesteric LCs in a specific way and in this study we describe
a simple chiroptical setup by which this polarization-conserving, circular selective reflection
can be detected.

Apart from selective reflection, also circular differential scattering may contribute to the
circular differential transmission.> The scattering contribution has been evaluated for large

333 and also cholesteric liquid crystals have been

conglomerates of nucleic acids,
investigated. For the latter class of materials, the finite range in the correlation of molecular
orientation and position results in circular differential scattering of light in all directions.*
Here we describe a specifically designed chiroptical setup for the study of circular
differentials in transmission, scattering, and reflection. With regard to the circular polarized

reflection measurements, the setup can measure selectivity down to 10~ level and can
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distinguish between reflection in which the circular polarization is conserved and the one in
which it is reversed. The latter type of reflection is expected at the boundary of two dielectric
media and is usually considered to be independent of the medium chirality for light incident
along the interface normal.*® For specular reflection, circular selectivity has been reported.”’

While selective reflection of light by films of oligofluorenes has been demonstrated, we find
here that for films of PF811, circular selective reflection is below our current detection limit.
In contrast, we find that circular selective scattering of light can account for the observed
circular differential transmission in the wavelength range from 450 to 630 nm.

4.2 Experimental section
4.2.1 Materials

PF derivative poly[9,9-bis((3S5)-3,7-dimethyloctyl)-2,7-fluorene] (PF811, Figure 2, Chapter
1) was synthesized as described earlier.**** The My, of the polymer is 10,000 with a PDI of
1.6. The PF films were prepared by doctor blading and 1.1 pum thick films were obtained.
These films were further annealed for two hours at 120 °C, which is above the liquid
crystalline temperature of polyfluorene polymer.”” This method was preferred over spin
coating because it can produce thicker films for which the chances of observing selective
reflection are higher. These thick films did not show any significant linear polarized
absorption, and no significant depolarization or texture under a polarizing microscope. The
optical rotation measured at the Na-D line amounts to —0.22°.

Films with a known cholesteric ordering were prepared in the following way. The mesogens
RM257 and RMS82 (Merck, Germany) were mixed in ratio of 4:1, and 1% of IRG 184
(Irgacure 184, Ciba Specialty Chemicals, Switzerland) as photocure. 4.4% of the chiral
dopant LC756 (Merck, Germany) was added to induce a right handed cholesteric order. The
solution (xylene) was spin coated on glass substrates with polyimide alignment layer. The
film was then annealed at 80 °C for 5 min., quenched rapidly and photocured in an oxygen
free environment under a UV lamp.

CD spectra were measured on a Jasco J600 instrument, specular reflection on a Perkin Elmer
Lambda 900 with S0086703 accessory and film thickness on a Tencor P10 surface profiler.

4.2.2 Tailor made circular selective reflection/scattering optical setup optical setup

The setup used is depicted schematically in Figure 1. A laser (HeNe or Ar') is used as a
linear polarized source with the polarization in the vertical direction. The beam is incident on
a non-polarizing beam splitter (Thorlabs BS016). After deflection, the light is passed through
a photoelastic modulator (Morvue) operating at 50 kHz, resulting in time modulated circularly
polarized light. During the modulation cycle of 20 ps, the transmitted light is first linearly
polarized and then becomes left circularly polarized light when the modulator reaches /4
retardation at 5 ps (Figure 2). Halfway the modulation cycle (10 ps) the transmitted light is
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again linearly polarized along the vertical direction and, finally, at 15 pus when the retardation
reaches —A/4, the light is right circularly polarized.

b) Selective a) Selective

Optional Non-polarizing Photoelastic reflection Sample film transmission
polarizer beam splitter modulator right @ cholgsteric
@ vert. @ vert. e &
'N — — T T —I‘— pa .
¥ A y nas
= VA VAN Sy

detector @ vert. right @ detector
Optional
.vert. @ @ integrating sphere

" Source (HeNe, Ar*) ﬂ ¢) Selective
detector Y scattering

Figure 1: Schematic setup for measurement of (a) circular selective transmission (circular dichroism), (b)
circular selective reflection, and (c) circular selective scattering. Here reflection by a right handed cholesteric
reflector is illustrated.

The sample film is oriented such that its normal is parallel to the incoming light beam so that
part of the incident circularly polarized light is reflected in the opposite direction and passes
through the modulator again. If the light changes its circular polarization upon reflection (e.g.
right — left) then upon the second pass through the modulator it will be converted into
linearly polarized light with horizontal polarization. Contrary, light that retains its circular
polarization upon reflection is converted into vertically polarized light. By placing a linear
polarizer after the beam splitter, in front of the Si photodiode (Thorlabs PDA 520, response
up to 300 kHz) the two types of reflected light can be separated and circular selectivity in
both reflection modes can be evaluated. The reflected light is recorded using either a digital
oscilloscope triggered by the reference signal (Tektronix, TDS 3052) from the modulator or
using a lock-in amplifier (Stanford research systems SR830). The polarization of light at
different points in the experiment is listed in Table 1 for glass and for a cholesteric liquid
crystalline film as reflector (see Section 4.3.2).

B
o IL - IR
s ‘
2
i
c
Q
<
=0
A
c
i)
So
g
3]
14
-}\'/4 T T T 1
0 5 10 15 20
Time (us)

Figure 2: Schematic illustration of the action of the photoelastic modulator. Top: left and right circular
intensities for light generated by passing of a linear polarized beam through the modulator rotated by 45 degrees.
Bottom: optical retardation for light polarized in the direction of the applied mechanical stress as a function of
time.
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The setup can be adapted to measure also circular differential transmission by changing the
position of the photodiode. In addition, circular differential scattering can be monitored by
placing the film in an optional integrating sphere. The sphere has two exit ports. One is
perpendicular to the beam direction and is used to measure the scattered light with a
photodiode. The second exit is exactly opposite to the entrance port of the sphere, allowing
transmitted light to leave the sphere without contributing to the scattered signal. By placing
the photodetector at the exit port in the back, one can measure the differential transmission
signal under the same conditions as the differential scattering.

4.2.3 Stokes-Muller analysis

In order to develop an accurate description of the reflection experiment mentioned above,
the Stokes-Miiller formalism has been used to model the optical signal. To consider
polarization effects by our setup (Figure 1), we employ the Stokes-Miiller formalism; a given
polarization state is completely described by its Stokes vector and any optical element
(polarizer, modulator, sample, photodiode) is defined by its 4x4 Miiller matrix. The
transformation of a polarization state is given mathematically by pre-multiplication of the
corresponding Stokes vector with the Miiller matrix of the optical devices in order of their
application in the setup. The Stokes vector for polarized incident light is:

where Sj is the Stokes vector for incident light, / is the total intensity, /; is intensity of linear
polarization of light at 45°, I, is intensity of circular polarization of light, and /5 is intensity of
linear polarization of light at 0°.

1, = Modulator(in) x Sample;  x Modulator(out) x Pol,;.,; x Photodiode x S; (1)

1, = Modulator(in) x Sample . x Modulator(out) x Pol, i, .. X Photodiode x S;  (2)

glass

Here S;j is Stokes vector for incident vertically polarized light. The /, is the Stokes vector of
output light (position 4 in Figure 1) after passing through all optical elements in-route in the
setup. The intensity at the photodetector at position 4 in Figure 1 can now be calculated using
the eq. 1 and 2 for cholesteric LC film and glass samples respectively.
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Eq. I and eq. 2 contain the Miiller matrices for the several optical elements, which are
written below.

1 0 0 1 1 0 0 -1
110 0 0 O 110 0 0 O
Pol vertical — A POlhorizontal =5
20 0 0 O 210 0 0 O
1 0 0 1 -1 0 0 1
1 0 0 0 1 0 0 0
. 110 1 0 110 1 0
Modulator(in) = — Modulator(out) = —
210 0 C(5,t) -5(5,1) 210 0 C(o.1) S(5.¢)
0 0 S(5,t) C(5,1) 0 0 -S(8,1) C(8,1)
1 0 00
: 0000 3)
Photodiode =
0 00O
0 00O

where C(d,7) and S(o,¢) are given by cos(Xsin(27f#))/2) and sin(Xsin(27f%))/2) respectively,
and represent the periodic change of retardation in the quartz crystal of the modulator. J'is the
amplitude of the modulation, which can be adjusted by controlling the voltage of the circuit
that drives the modulator. f denotes the natural frequency of the modulator (50 kHz) and ¢
represents time.

The Miiller matrices describing the reflection by the LC film and by glass with refractive
index n are given by:

Sample; - =

(4)

N | —

1-n ?
Sampleglass = (mj

o - o ~
o o o o
o - o ~
c o o o
c o o ~
o o = o
=
—
- o o o

These matrices are derived from the general Miiller matrix describing the optical properties of
a (optically thin) sample’®:
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1 -LD' CD -LD
Sample = f -LD' 1 -LB -CB 5)
ample =
P CD LB 1 - LB

-LD CB LB 1

where LD is the Linear Dichroism and CB (LB) is the Circular (Linear) Birefringence in the
plane of the sample (x-y). LD' and LB' are the terms at 45° to the x axis. Here, f'is a factor
describing the reflectivity of the sample. In Figure 3 we show reflection measurements on
ordinary glass with the solid lines corresponding to the experiment and the dotted lines to the
modeling of reflection at an idealized, single dielectric interface. The output of the detector is
plotted versus time for three different configurations: a) without linear polarizer in front of the
detector b) with a vertical linear polarizer and finally ¢) with a horizontal linear polarizer.
When the polarizer is absent, the modeling predicts constant intensity, which is in good
agreement with the experimental trace. With the vertical polarizer present, the intensity is
practically zero when circular polarized light is reflected while the intensity peaks when linear
polarized light bounces of the glass slide. With the horizontal polarizer in place, the reflected
intensity maximizes for circular polarized light which confirms the reversal of the circular
polarization upon reflection at the dielectric boundary. Incidentally, the fact that in the
absence of a polarizer a constant intensity is measured shows that the combination of the non-
polarizing beam splitter and the photodetector is approximately equally sensitive to both

linear polarizations.
experimental modeled
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Figure 3: Experimental (solid) and modeled (dashed) intensity-time traces for reflection of light with 632 nm
wavelength at normal incidence on glass slide. Top: no polarizer inserted in front of the detector at pos. 4 in
Figure 2. Middle: vertical linear polarizer at pos. 4. Bottom: horizontal lin. polarizer. L, R: Left, Right circular
polarized light incident on the film. LP: vertical linear polarized light. Dashed lines refer to modeling using the
Stokes-Miiller calculus.
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4.2.4 Dissymmetry ratios

When studying circular selective absorption, transmission or reflection, it is often
convenient to express the results in terms of a degree of circular polarization or dissymmetry
ratio. For absorption of light the dissymmetry ratio is defined as gups, as we saw in Chapter 1.

Ears = A= Ay ©)
V(A + Ay)

For selective reflection, scattering or transmission, dissymmetry ratios may be defined in
various ways and here we briefly discuss the particular definitions used in this work. We also
address relation between various dissymmetry ratios. First we consider selective scattering.
Using an integrating sphere as illustrated in Figure 1, one can record the intensity of scattered
light for both left and right circular polarized incident light (/5" and Is"® ). The g value for
scattering can then be defined as:

L R
G = "

Va(lg +15)

If it is assumed that there is no absorption and because the integrating sphere allows one to
collect the light scattered in all directions, the intensity of detected scattered light will be
proportional to the difference of the intensities of the incident (/y) and transmitted (/1) beam.
The averaging of the scattered intensity over all directions is important, because Tinoco et al.
have shown that the circular differential scattering varies strongly with the scattering angle
and can even change sign.”

Igoc (1 —17) ()

If the loss in intensity upon transmission through the film is small, /r can be expressed in a
Taylor series:

Iy =I,(1- A'In10 +...) 9)

where A" is the apparent absorbance resulting from the scattering. The relations (6)-(9) then
imply:

A'L _A'R

AvAR (10)
(At Ay ) o

8scat =

41



Chapter 4

We recall that this relation has been derived under the premise that the reduced intensity of
the transmitted beam is due to scattering of light only. When recording the intensity of

transmitted light upon irradiation with either left or right circular polarized incident light (/ TL

and / ?) one can define a g value for transmission:
Iy — I} (Ag — A;)In10 Ay — A
T it R 4 )n R ~ AL

_ N _ 11
Ewans VB(IE+IR) 7 (1-%(A4g + 4;)In10)  (loge—Ya(4; + Ag)) .

In the reflection measurements we can distinguish between the reflection in polarization of
the incoming light is retained (LL,RR) and the reflection in which it is reversed (LR,RL).
Accordingly we can define two g-values for reflection:

JLL _ JRR
LLRR _ _rofl ™ ref (12)
* AV e
LR _ RL
gLRRL _ Tren = 1ren (13)
* VIR + IRE)
where cholesteric liquid crystals are characterized by high values for gri%]’RR, while

g3 can be expected to be zero for reflection at normal incidence. In the case where the

optical loss after transmission of light through a film is small and solely due to selective
reflection of light one finds in analogy to eq. 10 that g;.n = Gabs'-

4.3 Results and Discussion
4.3.1 Absorption, specular reflection and circular dichroism

Before addressing the circular polarized reflection and scattering measurements we first
discuss the optical characterization of the polyfluorene films using conventional methods. In
Figure 4, absorption, reflection and circular dichroism (CD) spectra are shown for the doctor
bladed film and after thermal annealing. The absorption spectrum shows the well known S¢-S;
transition of polyfluorene near 400 nm. After thermal annealing, the maximal absorbance is
reduced and saturates at optical density ~2. Optical microscopy shows that this is due to
formation of pinholes, a process that could not be avoided when working with these thick
films (1.1 pm) prepared by doctor blading. The specular reflection (middle) shows a
sigmoidal feature in the wavelength region that coincides with the absorption band which can
be attributed to the strong dispersion in the refractive index of the material near the allowed
optical transition. Upon annealing, the reflectivity near the onset of the absorption band (~430
nm) actually decreases, while the apparent optical density in this wavelength region increases.
This indicates that upon annealing, the scattering of light over large angles becomes more
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prominent as the setup for measuring specular reflection records only light scattered close to
the film normal with a limited acceptance angle. The reflection spectra for both the annealed
and as cast film show pronounced oscillations in the higher wavelength region which can be
interpreted in terms of interference between the wave reflected from the top air-polymer
interface and the wave reflected of the bottom polymer-glass interface. From these reflection
spectra there are no indications for the presence of a selective reflection band associated with
cholesteric ordering.

3.04 L as cast
oo annealed

Absorbance

Specular reflection (%)

CD (mdeg)

300 400 500 600 700 800
Wavelength (nm)
Figure 4: Absorbance, reflection and CD spectra of polyfluorene PF811 films as cast and after annealing (120
°C for 2 h).

232428 the CD of the polymer films as cast is very small (less

Consistent with earlier reports,
then 10 mdeg in this case). Upon annealing, very large Cotton effects arise in the wavelength
interval 410420 nm that even exceed the detection limit of the commercial spectrometer (2
deg). For wavelengths from 350 to 400 nm, the CD is affected by the pinholes. Curiously, the
annealed films show very high CD effects that extended into the wavelength range where the
polymer no longer absorbs light (450—-650 nm). The CD in this wavelength region (450-650
nm) has different sign from the CD shown in Figure 1 in Chapter 3. This is likely due of the
lower molecular weight of the PF811 used here and difference in processing conditions. gaps'
at 543 nm, as calculated using eq. 6, is —4.1 x 107, In this wavelength region, the photon
energies are too low to excite the conjugated polymer and an interpretation of the circular
differential transmission in this wavelength region in terms of selective absorption of light is
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not viable. Possible causes for the differential transmission are either selective reflection of
light or selective scattering. Below we first address the selective reflection.

4.3.2 Circular selective reflection

The setup shown in Figure 1 is used to verify the occurrence of circular selective reflection
as a result of cholesteric liquid crystalline ordering in the sample. In order to test the setup we
first investigated a known cholesteric material with a selective reflection band matched with

the wavelength of a HeNe laser.
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Figure 5: Absorbance, specular reflectance, and CD of a red reflecting, cholesteric liquid crystalline film made
from commercially available mesogens (see Experimental).

In Figure 5 some optical characteristics of the cholesteric film are illustrated. The
transmission and reflection spectra show a selective reflection band near 630 nm and at
shorter wavelengths subsidiary fringes can be observed.*’ These fringes are characteristic for
reflection by thin films. The circular differential transmission for wavelengths in the selective
reflection is very high (> 2 deg) and cannot be measured directly with the commercial CD
spectrometer. In the fringes, the apparent circular dichroism is much smaller and can be
recorded. Here, the apparent g,,s' values are very high: gu' = —1.3 at 539 nm and gus' = -0.3
at 363 nm.
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experimental modeled
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Figure 6: Experimental (solid) and modeled (dashed) intensity-time traces for curves for reflection at normal
incidence from a cholesteric liquid crystalline film (see Experimental) as recorded with the setup in Figure 1 at
632 nm wavelength. See also legend Figure 3.

Phase of Polarization at positionn * | Intensity at photodiode °
Sample mod. cycle
1 2 3 4 No Pol. | VPol. | Hpol.
(rad)
0, m, 21 v A" A" \" A2 ° i/ 0
Glass /2 \% R L H /2 0 i/
3n/2 v L R H A2 0 /2
0, m, 21 A% A% R R 1/4 1/8 1/8
R Cholesteric LC 2 VI RIR IV ” - 0
3n/2 \% L - - 0 0 0

((a) V (H): vertical (horizontal) linear polarized light. (b) with no polarizer at pos. 4, Figure 2 and with
vertical and horizontal polarizer. () 7i = [(1-n)/(1+n)]*, with n the refractive index of glass.)
Table 1: Polarization of the light at various positions in the setup for selective reflection, see Figure 1.
Predictions for the intensity of light after reflection off glass and a right handed cholesteric liquid crystalline
film relative to the intensity of light incident on the film.*

In Figure 6 we illustrate the selective reflection of light by a cholesteric liquid crystal as
measured using the setup illustrated in Figure 1. The solid lines show experimental time-
intensity traces for light reflected off the commercial material, while the dotted lines show
predictions for an idealized circular selective reflector. When the linear polarizer in front of
the detector (at pos. 4 in Figure 1) is left out, selective reflection of right circular polarized
light is immediately apparent. Upon inserting a linear polarizer, we can selectively probe for
light that has retained its circular polarization after being reflected. With a vertical polarizer
the intensity of right circular polarized light is comparable to that in the absence of the
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polarizer but with a horizontal polarizer the intensity of the reflected R light is reduced to
almost zero. This confirms the retention of the circular polarization upon reflection by the

cholesteric layer. Analyzing the time intensity trace with the vertical linear polarizer using eq.

12 we find a very large g value: g-"" = —1.5. Upon close inspection of the time trace with

the horizontal linear polarizer, we see there is some reflected intensity when right light is

incident on the film. This may be explained in terms of some depolarization of the light upon

reflection. Using eq. 13 we find grLelé’RL = —0.7. Control experiments performed on glass

(Figure 3) yield g values around 2 x 107, which we consider as the detection limit for the
current setup. With the horizontal polarizer, we see a maximum in the reflected intensity
when linear, vertical polarized light is incident on the film. Of this linearly polarized incident
light, the right circular component is reflected and its intensity is reduced by a factor 0.5 at the
beam splitter and by another factor 0.5 at the horizontal polarizer, where a linear component
of the circular polarized reflected light is selected. In total, the intensity of the reflected light
at the detector is then at maximum 1/8 of the intensity of light incident on the film.

In summary, reflection measurements on a cholesteric film illustrate the usefulness of the
optical setup in Figure 1 for measuring the selective reflection of light at normal incidence.
We find that reflection of light by a thin film of cholesteric material is highly circular
selective, even when the wavelength of light differs considerably from the pitch of the
cholesteric stack. We now turn our attention to possible selective reflection of light by films
of PF811. In Figure 7 we show the intensity-time trace for reflection of light with 543 nm
wavelength from a 1.1 um thick film of PF811. As can be seen, the traces resemble more
strongly to those of the glass substrate (Figure 3) than those of the cholesteric LC material
(Figure 6). In particular, the intensity of reflected light recorded with the vertical polarizer

reaches a minimum for circular polarized incident light and shows no appreciable selectivity
( grLe%]’RR =3 x 10, Table 2) taking into account the experimental uncertainty (Table 2, data

for glass).
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Figure 7: Intensity-time curves for reflection of time modulated circularly polarized light with 543 nm
wavelength, reflected by an annealed film of PF811. See also legend Figure 4.

Sample Dissymmetry Wavelength (nm)
p ratio
435 458 488 542 632
grih»LR 8x 107 4%x10* 4x10* 1x107 2% 107
Glass
gr];ﬁ’RR 6x10% | -7x10* | -1x10° | -2x10° | 2x10°
Cholesteric LC g rI;]a’RR -0.32 - - -0.95 -1.5
PF811 grLeg,RR - 2x10% | =2x10° | -3x10° | -=5x 103

Table 2: g..n values obtained by selective reflection experiments on glass, cholesteric liquid crystalline film and
annealed polyfluorene film at different wavelengths of incident circularly polarized light.

In Figure 8 we show additional measurements at 458 nm including the vertical polarizer.

Also at this wavelength the selectivity of the reflection is very low ( g5:"® = -2 x 10, Table

2). The fact that the intensity of reflected light reaches a minimum when circular polarized
light is incident on the film indicates that possible Bragg type reflection from the bulk of the
polymer layer is insignificant in comparison with reflection at the dielectric interfaces air-
polymer and/or polymer-glass. This finding also holds for the other wavelengths investigated
in the range 458632 nm. If circular differential reflection were to be the sole cause of the
differential transmission, it is expected that grn= gabs but this is clearly not the case.
Therefore we conclude that the reflection measurement do not give any indication for circular
selective reflection as the origin of the anomalously high circular differential transmission of
the polyfluorene films.
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Figure 8: Intensity-time curve for reflection of time modulated circularly polarized light with 458 nm

wavelength, reflected by an annealed film of PF811. A vertical polarizer has been inserted before the
photodiode.

4.3.3 Circular selective scattering

Apart from selective reflection, also circular selective scattering of light may contribute to
the circular differential transmission for the films of PF811 and 4> 450 nm. Therefore
circular selective scattering was evaluated experimentally using an integrating sphere as
shown in Figure 1. The detection limit for circular selective scattering was set by testing a
solution of achiral ZnO nanoparticles in acetone. In addition a film of ZnO particles drop cast
on a glass slide was evaluated (Table 3). The gy calculated from these control experiments is
generally in the order of 10,

In Figure 9 we show the intensity vs time trace for light transmitted though the film of
PF811 and also for the light scattered by the film. Transmission measurements clearly
indicate preferential transmission of left circular polarized light, which is in agreement with
the sign of the CD effect in Figure 4. Moreover, the g-value determined for transmission Zians
in the integrating sphere measurement (see Figure 10) matches quite well with the gi..ns value
as calculated from conventional absorbance and CD measurements in Figure 4, using eq. 11.
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Figure 9: Intensity-time curves for transmitted (upper) and scattered (lower) light of annealed (120 °C, 2 h) film
of PF811 at 458 nm wavelength upon irradiation with time modulated circularly polarized incident light using an
integrating sphere (Figure 1)

Polyfluorene film ZnO/Acetone
Wavelength R . .
(in nm) Zoea(x 10?) | geea(x 107%) | Guea(x 107 | Solution Film
polymer side | glass side | rotated 90°* | ggeal(X 1072) | geeal(x 107)
458 -3.7 -3.8 - - -
476 -3.6 —4.0 - - -
488 -3.0 -4.0 -3.6 0.1 0.1
542 -5.0 -5.0 —4.0 —0.05 -0.2
632 -33 -3.0 -3.2 - -

a) Rotated 90° around the normal to the film. Illumination incident on the polymer side.
Table 3: Wavelength dependent g, values of annealed polyfluorene film and ZnO nanoparticles.

The circular differential scattering signal recorded simultaneously with the differential
transmission, shows preferential scattering of right circular polarized incident light by the film
of PF811 (Figure 9). The g value for scattering at 458 nm is quite high, gsat =—3.7 x 102, and
well above the detection limit as determined from the measurements on achiral material. In
addition, scattering measurements with light incident on the back side of the film were
performed as well as measurement on films rotated 90° around the normal vector. All these
measurements yield very similar ggac values. The g values from the experiment can be
compared to those calculated using eq. 10, assuming that all differential transmission arises
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from selective scattering. For 458 nm wavelength this yields ggcat = —3 x 1072, a value close to
that obtained with direct scattering measurements (Figure 10).
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Figure 10: g-Values for transmission g, at different wavelengths measured directly with setup illustrated
in Figure 1 (-0-) and calculated from data in Figure 5 using eq. (11) (- A-). g-Values for scattering g, measured
with an integrating sphere (-0-) and calculated using eq. (7) from data in Figure 5 (- ¥ -), assuming that all
differential transmission is due to selective scattering.

These transmission and scattering measurements have been extended to other wavelengths
and the results are summarized graphically in Figure 10. As can be seen, values for gy, from
measurements of the intensity of scattered light and values calculated for gy, from
differential transmission measurement differ at most by 30 % from one another. This implies
that the circular differential transmission for wavelengths 4> 450 nm can be accounted for in
an almost quantitative way by circular selective scattering of light.

4.4 Conclusion

Annealed films of chiral polyfluorene show strong circular differential scattering of light for
wavelengths longer than those corresponding to the allowed Sy-S; transition. In contrast,
circular selective reflection of light makes up only an insignificant contribution to the circular
differential transmission of light. These measurements provide the first quantitative analysis
of scattering and reflection for chiral m-conjugated polymers, which may, in a next step, be
interpreted in terms of the arrangement of the chiral polymer chains in the film. The relatively
high values of the scattered intensity are consistent with the presence of relative small, poorly
aligned domains within the film. The latter inference is consistent with optical microscopy
which yields a featureless image, without any indications for the presence large birefringent
ordered domains. In this study we have not yet studied the optical properties of the film for
wavelengths resonant with the lowest allowed optical transition of the polymer and the
interesting question arises whether the optical properties of the film for these wavelengths are
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influenced by the mesoscopic structure of the film. Here, control over the mesoscopic

ordering, may allow one influence the in and out-coupling of light leading to enhanced

absorption or emission.
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Chapter 5

Circular Dichroism in photoinduced triplet-triplet

absorption in chiral polyfluorene

Abstract. At 77 K, thermally annealed films of chiral poly[9,9-bis((3S)-3,7-dimethyloctyl)-
2,7-fluorene] show photoinduced absorption (PIA) band near 1.5 eV due to a transition from
the lowest triplet state to a higher triplet state. This photoinduced absorption is found to show
circular dichroism CD. Dividing this CD by the magnitude of the PIA, we find that the
selectivity for absorption of left circular polarized light over right circularly polarized light is
remarkably high and characterized by a dissymmetry ratio g = +0.2. The unusual magnitude
of g is interpreted as arising from extrinsic CD, i.e. from the interaction of the local linear
polarization of the triplet-triplet absorption with the linear birefringence of the surrounding
polymer matrix.



Chapter 5

5.1 Introduction

Circular dichroism spectroscopy involves the measurement of the difference in absorbance
between left and right circular polarized light by chiral molecules or materials. This form of
linear spectroscopy is usually performed in continuous wave mode and is normally applied to
the samples in their electronic ground state. In the last few decades, this method has been
extended to cover circularly polarized absorption from excited states and the associated effect
can be termed photoinduced circular dichroism (PICD). PICD provides information on the
structure and dynamics of the chiral molecules in their excited state. The first reports
described circular dichroism in photostationary triplet-triplet absorption.' Later developments
involved time resolved methods using short light pulses to excite the sample.”* These
methods have been used to study light induced conformational changes in e.g. small
molecules’ and proteins.® More recently, also time resolved vibrational circular dichroism has
been reported.” So far photoinduced circular dichroism (PICD) has been carried out on
(frozen) solutions of molecules. Here we study PICD on films of chiral poly[9,9-bis((3S)-3,7-
dimethyloctyl)-2,7-fluorene] (PF811).

Polyfluorenes are m-conjugated polymers that are well known for their blue light-emitting
properties in polymer light-emitting diodes (pLED). Use of chiral polyfluorene polymers in
pLEDs results in circular polarized electroluminescence with a surprisingly large degree of
circular polarization gg=2(I.-lr)/ (I.tlr) that can reach up to 1. This large degree of
polarization g is achieved only after thermal annealing of the film to its liquid crystalline state
followed by rapid cooling. Such large values of g have been interpreted in terms of a
cholesteric arrangement of polymer chains in a vitrified chiral nematic liquid crystalline
state.”

The photophysical behavior of polyfluorene has been investigated in considerable detail. In
a pure film, a long lived excited state has been observed which is assigned to an excited triplet
state (Ty). *"2
dipole allowed transition from the T, to a higher lying triplet state T,. The PIA signal shows a

The T, state gives rise to a photoinduced absorption (PIA) resulting from a

single, relatively narrow band in the near infrared region of the spectrum with a maximum
intensity around 1.5 eV.

Here we investigate the circular dichroism in the T;-T, photoinduced absorption in a
thermally annealed film of chiral polyfluorene. The main question is whether the large degree
of circular polarization observed in ground state chiroptical measurements also transfers to the
excited state absorption. The results are of importance in understanding the origin of the
chiroptical response in solid films of n-conjugated polymer. Excited state optical properties of
polyfluorenes have been utilized to realize optical switching in polymer films."> Results
reported here also provide an insight into the feasibility of using the circular polarization of
light in all optical switching in polymer materials.
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5.2 Experimental section
5.2.1 Materials and preparation

The films were prepared by spincoating a chloroform solution (22.5 mg/ml) of chiral
polyfluorene (poly[9,9-bis((3S)-3,7-dimethyloctyl)-2,7-fluorene], PF811, Figure 2, Chapter 1)
at 1000 rpm. The details regarding polymer synthesis can be found in Chapter 3. The
thickness of the film was measured by Veeco surface profilometer and was found to be ~290
nm. Thermal annealing of the films was done in air at 120 °C for 10 minutes. UV-VIS
measurements were done on a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer. The CD
effect in this particular annealed film with ellipticity > 2000 mdeg, was measured using a
Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer and a circular sheet polarizer (Oriel).
The absorbance and g, of the spincoated film are shown in Figure 1 below. The band shape
of the CD spectrum of this film is similar to seen before (Figure 1, Chapter 3).
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Figure 1: (a) Absorbance, and (b) CD spectrum of a thick PF811 film.

5.2.2 Tailor made photoinduced circular dichroism (PICD) set up

In order to measure photoinduced absorbance effects, a tailor-made set up was installed as
shown in Figure 2. The sample was held in an N, flow cryostat at T = 77 K. The incident laser
light (argon ion laser, Spectra-Physics type 2020, 365 nm, 60 mW) was allowed to pass
through a chopper at 75 Hz. White light (halogen lamp) was used as probe. The intensity of
the white light transmitted through the sample (T) was determined first by modulating it at a
known frequency. In order to probe the PIA signal, the white light intensity was kept constant,
whereas the laser light was modulated at 75 Hz. Fluorescence corrections were made to the
PIA signal. However, the entire fluorescence could not be rectified. The setup measures PIA
and fluorescence in separate scans and takes a difference in the values to obtain the corrected
PIA. Owing to very high fluorescence from these thick annealed films, 100% corrections are
not achieved. Some residual fluorescence signal remains in the high energy region of the PIA
spectrum around 2.8 eV.
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When the modulated laser light illuminates the sample during one half of the modulation
period, the photoinduced absorption associated with the triplet-triplet transition gives rise to a

reduction of the transmission (ATONOF = TON . TOFF

) at wavelength of the probe light. The
associated PIA signal is the normalized differential transmission (AT N°F/T).

Defining absorbance A in the traditional way we write:

T
A=-log| — (1)
)

where T is the transmitted light intensity and T is the intensity of the incident light.
The differential absorbance (PIA) recorded between on and off laser modes can now be
expressed as:

ON OFF
PIA = AAPNTF = AN _ AOF — _]og T +log T
TO TO

T ON _ 1 T ON _ 1 AT ONOFF
=—1lo = Jn =
g(T OFF j In10 (T oFF j In10 ( T, J

_1 ( AT ONOFF
— PIA = (2)
In10\ T,
where we have used the Taylor expansion to approximate the logarithmic function:
= - 3)

TON _ TON ~TOFF_TON AT
—In :1_TOFF T -

0

T OFF T

0

The PIA signal was recorded by feeding the detector output directly into a lock-in amplifier
(Stanford research systems SR830) and monitoring the intensity of transmitted light with
chopper frequency as the reference (Figure 2). The detector signal was fed in directly to lock-
in amplifier (B) bypassing (A).

In order to measure PICD, the probe light has to be circularly polarized. This was achieved
by passing the probe light through a linear calcite polarizer and subsequently through a
photoelastic modulator (PEM, Morvue) held at A/4 retardation wavelength and rotated by 45
degrees from the vertical axis. The PEM operates at 50 kHz. After passing through the
sample, the probe light is depolarized using a Rochon prism or alternatively a multicrystalline
sapphire plate. The laser light used to excite the sample was also depolarized in order to avoid
photo-selective excitation of polymer chains with a particular orientation.
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Figure 2: PICD set-up.

To measure the PICD a double lock-in method was used. The signal from the detector is first
analyzed for components at 50 kHz using a lock-in amplifier (A). This records the circular
differential transmission by the sample. Illuminating the sample with the time-modulated laser
light, the circular differential transmission signal picked up by amplifier (A) will now
oscillate between two values. One corresponds to the ground state CD and the other to the
ground state CD plus the PICD. This modulation occurs at the same frequency as the
modulation of the laser light and can be recorded by feeding the output of lock-in amplifier
(A) into a second lock-in amplifier (B) with the frequency of the chopper (modulating the
laser light) as reference. Here it is important that the time constant for the first lock-in
amplifier (A) is set short enough in order for its output to follow the second modulation. Here
we used a time constant of 10 psec. The lock-in amplifier is autophased during the
measurement of scattered laser light through the sample. The phase angle recorded for PIA
and PICD measurements is relative to this measurement.

In summary, the output signal of lock-in amplifier (A) corresponds the circular differential
transmission (AT g = Ty - Tr) and oscillates between ATL%N and ATL%F P These latter values are

related to the circular dichroism in the dark and light period of the modulation cycle:

OFF OFF OFF TLOFF TROFF
AR, =A Ay =-log T OFF +log T OFF

TOFF _1 TOFF _T OFF _1 AT OFF
— ool L |= R Lo LR
g(TROFFJ nlo  TOF lnIO( T OFF J
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Lock-in amplifier (B) is used to record the amplitude of this oscillation (AT and AT,0™)

and the PICD can now be obtained by dividing this output by the white light intensity T using
the relation.

PICD = AAOS _ Ap0fF o LI AT ATRY | —1 | AT - ATRY (6)
i ® Tha1o| T T |7 Inlo =

0

The PICD is expected to be linearly dependent on the magnitude of the photoinduced
absorption. Therefore this quantity itself is not very characteristic for the material. If we
divide the PICD by the PIA, we obtain a quantity, gpicp Which would describe the degree of
circular polarization in the photoinduced CD. gpicp is expected to be independent of the
experimental parameters controlling the magnitude of the PIA signal.

PICD

(7)
PIA|

Opicp =

Here we take the absolute magnitude of the PIA signal to determine g. In our case we study
only pure photoinduced absorption and not bleaching so that the PIA >0.

Photoinduced linear dichroism (PILD) can be recorded using the same setup after changing
the retardation of the PEM to A/2 instead of A/4 and detecting the second harmonic of the
modulation frequency (i.e. 100 kHz) using lock-in amplifier (A).

5.3 Results and Discussion
5.3.1 PIA experiments on an annealed chiral polyfluorene film

Films of PF811 show PIA in the near infrared region of the spectrum (Figure 3) with a
maximum around 1.53 eV. For photon energies lower than 1.4 eV, no significant
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photoinduced absorption is observed (Figure 3). This is consistent with triplet-triplet
photoinduced absorption in this material.”'> At high photon energies (>2.5 eV), the
fluorescence from the polyfluorene can be observed, showing a vibronic progression that is
characteristic for this transition.
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Figure 3: PIA of an annealed film of the PF811 (Power 50 mW, 3.55 eV, modulation frequency 275 Hz, T =
77K)

5.3.2 PICD experiments on annealed chiral polyfluorene film

For films of PF811 we observe a PICD signal (Figure 4a). Here the PICD is plotted along
with the PIA signal measured under the same conditions. The PICD reaches a magnitude of
approximately 1 x 10 at 1.53 ¢V and this maximum coincides with that of the PIA. The
PICD and PIA signals follow practically the same band shape. At the maximum (1.53 eV), the
PIA is approximately 5 times larger that the PICD. Because of the similarity in band shape
and peak position, we assign the PICD to the triplet-triplet transition of the material. This
assignment is further supported by the similar dependence of the two signals on the frequency
of modulation of the primary UV excitation beam (Figure 4b). The intensity of both the PIA
and PICD decays with increasing frequency with a dependence that may be described by a
power law. This indicates a broad distribution of lifetimes for the triplet state with some
triplets having a lifetime exceeding 10 ms.
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Figure 4: PICD (-m-) and PIA (-0-) spectrum of the PF811 film with respect to (a) photon energy, and (b)
modulation frequency. The lines joining the points are to guide the eye. Experiments are done at modulation
frequency of 75 Hz, at temperature of 77K, and at laser excitation 3.55 eV. The signal is monitored at 1.53 eV.

The dependence of the PICD and PIA signals on the intensity of incident light is also very
similar. This is illustrated in Figure 5. When the power of the incident laser light (1) is low
(<30 mW), the PIA and PICD vary approximately linearly with | (cc 1°%). At higher power,
the dependence of the PIA and PICD signal is clearly sub linear in I. The change in power
dependence is accompanied by a change in the phase angle of the PIA and PICD signals. This
phase angle is virtually the same for both signals, which further supports the assignment of
both signals to a triplet-triplet transition. At low power, the phase angle is close to -37° which
indicates that the triplet state has an average lifetime that is comparable in magnitude to the
period of the UV modulation (13 ms). At higher power, the phase angle becomes smaller in
absolute magnitude, indicating a decrease in the average lifetime of the long lived excited
states. This indicates that at high excitation density, the triplet excitations decay via the
bimolecular triplet-triplet annihilation mechanism, whereas at low excitation density the
triplets decay mainly monomolecularly. This type of behavior is characteristic for triplet

excitations in -conjugated polymers.'*
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Figure 5: (a) Amplitude and (b) phase angle of the PICD and PIA signals of the PF811 film. Experiments are
done at modulation frequency of 75 Hz, at temperature of 77K, and at laser excitation 3.55 eV. The signal is
monitored at 1.53 eV.

As discussed above, the PICD and PIA spectra in the neighborhood of the triplet-triplet
absorption show a very similar band shape. The band shape of a CD spectrum often gives an
indication on the origin of the circular differential absorption. Systems with identical
chromophoric groups held in a chiral arrangement usually give rise to a bisignate CD
spectrum.’” Here a positive and a negative CD lobe are separated by a zero crossing that
usually occurs at the same photon energy as the maximum of absorbance. This bisignate band
shape can be explained by the coupled oscillator model. The monosignate band shape
observed in the PICD indicates that the coupled oscillator model does not apply to the PICD.
This is of course not surprising, because the density of triplet excitations is very low.
Therefore interactions between transition dipole moments for the triplet-triplet transition of
two triplet excitations are negligible because of the large distance between the triplet
excitations.

An important indication on the origin of the observed PICD comes from considering the
magnitude of the degree of circular polarization in the photoinduced triplet-triplet transition
PICD: gpicp = + 0.2 at 1.53 eV. This value of gpicp found here is considerably larger than
reported for the triplet-triplet absorption in binaphtyl derivatives (g = 107)' or for heme
proteins (g ~ 10™).'® Furthermore it is also much larger than gqys for dipole allowed transitions
in helically folded polymers or chiral small molecules in dilute solutions (Qaps = 102 to 107 ).
Because of this discrepancy in magnitude, it seems unlikely that the PICD arises from the
helical conformation of the polyfluorene chain that carries the triplet excitation.

In order to check for a possible artifact associated with the combination of a net linear
dichroism in the triplet-triplet absorption and a linear birefringence somewhere in the optical
system, net linear dichroism in the PIA (PILD) was measured. The degree of linear
polarization gpip = 2 (Iv-1u)/( Iv+ly) is found to be very low: at 1.53 eV we measure |gpiLp| =
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0.006. This is two orders of magnitude lower that gpicp. Hence instrument imperfections
resulting in any artificial contributions to the PICD are unlikely.'’

A possible explanation for the large magnitude of gpicp may be given by the extrinsic
mechanism for CD effects.'® This type of mechanism is operative for e.g. cholesteric liquid
crystals in which achiral dyes are dissolved." The extrinsic CD arises from a combination of
local linear dichroism (LD) of the achiral dye in combination with local linear birefringence
(LB) of the liquid crystalline host. Here it is important to stress that in multidomain liquid
crystalline samples, the net linear dichroism of the dye molecules can vanish but that the
apparent CD signal originating from the combination of local LD and LB can still give a net
average effect. To explain the large g values in PICD in a qualitative way, we assume that the
annealed PF811 has a multidomain vitrified chiral nematic structure. Because of the
multidomain structure of the film, the overall linear dichroism would be negligible. Upon
illumination, some chains will host a long lived triplet excitation that gives rise to the allowed
triplet-triplet transition. This transition probably has a transition dipole moment that is
oriented along the chain direction. These triplet excitations could play a role similar to achiral
dye molecules dissolved in a cholesteric matrix. The local anisotropic nature of the individual
triplet-triplet transitions may now, in combination with the linear birefringence of the
cholesteric matrix surrounding the triplet excitation, give rise to large extrinsic CD.

5.4 Conclusion

Our results show that by making use of the extrinsic mechanism for CD, very large degrees
of circular polarization in photoinduced transition of m-conjugated polymers is feasible. In
some respect, this may be similar to the use of chiral polyfluorene in light-emitting diodes,
where very large degrees of circular polarization can also be achieved. Given the large
degrees of circular polarization possible and the reported applications of polyfluorenes in all-
optical switching, it becomes interesting to consider the possibility to make use of circular
polarization of light in these switching processes.
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Chapter 6

[phase in chiral polyfluorene forms via a

precursor®

Abstract. Chiral poly[9,9-bis((3S)-3,7-dimethyloctyl)-2,7-fluorene] shows temperature
induced aggregation in 1-octanol. For polymer concentrations > 0.01 mg /ml and cooling rates
< 10 °C/h, aggregates form, showing characteristics of the Sphase of polyfluorene. At higher
cooling rates and/or lower concentration another type of aggregate forms (). o and f-phases
are distinguished by absorption, fluorescence, and circular dichroism (CD) spectroscopy.
Temperature dependent CD and dynamic light scattering show that the fphase forms only via
a precursor aggregate, whose formation is concentration, temperature, and time dependent.
The yield of f-phase can be optimized by choosing processing conditions that favor formation
of the precursor.

* Girish Lakhwani, Stefan C.J. Meskers Macromolecules, 2009, 42, 4220.
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6.1 Introduction

In the previous chapters we discovered chiroptical properties of chiral polyfluorene,
poly[9,9-bis((3S5)-3,7-dimethyloctyl)-2,7-fluorene] (PF811). Not only did we define intensive
and extensive properties in films of PF811, but we also saw other circularly selective
phenomena in scattering and photoinduced absorbance. What has been discussed briefly so
far is the chiroptical properties of PF811 in solutions. In chapter 3, solvent-induced
aggregation was discussed, whereas here we study temperature induced aggregation in detail.
Here we investigate PF811 in solution and identify different aggregates (phases) by CD
spectroscopy. We further investigate into the mechanism of formation of these aggregates and
develop an understanding on them via a phase diagram.

Crystallization of macromolecules can be a multistep process. In a number of cases,
intermediates present in the early stages of crystallization have been identified such as
transient mesophases,' precrystalline aggregates,® or crystallization precursors.’ It has been
recognized that the final morphology obtained in polymer processing is often imposed by
such precursor structures present early on in the crystallization process.* For m-conjugated
polymers, film morphology directly influences their optoelectronic properties, such as charge
carrier mobility and light emission characteristics.” Therefore, when trying to optimize these
properties, knowledge of precursor structures in the aggregation of n-conjugated chains is of
paramount importance. Here we investigate aggregation of chiral polyfluorene PF811°7 in 1-
octanol and distinguish two chiral polymorphs (a and f). For the formation of only one of
these polymorphs, we identify a precursor structure. Formation of this precursor is a time and
concentration dependent process. By choosing processing conditions favorable to precursor
formation, one can control which of the polymorphs is formed upon aggregation (« or f).

The polyfluorenes constitute a class of m-conjugated polymers for which organization in
solid phase and functional properties have been investigated in considerable detail. For
instance, poly[9,9-di-n-octyl-2,7-fluorene] (PFO)® can form a crystalline phase () below 160
°C. Besides this a-phase, also a mesomorphic S-phase has been identified’ which can be
induced by e.g. solvent treatment. This S-phase can be distinguished from « by its optical
properties: the absorption and luminescence band associated with the allowed transition
between the ground and the lowest excited singlet state for £ are red shifted in comparison
with those for a-phase. This indicates a larger effective conjugation length for m-electrons
along the backbone in the S-phase, resulting from a special conformation of the polymer
backbone.'” Several processing conditions are known to favor induction of S-phase.”'!
Although a number of characteristic diffraction features have been identified for the S-phase
in PF derivatives with linear side chains,'? the structure of the S-phase has not yet been
resolved and a detailed mechanistic understanding of its formation is still lacking.
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6.2 Experimental section

The polymer used is chiral PF poly[9,9-bis((3S5)-3,7-dimethyloctyl)-2,7-fluorene] (PF811,
Figure 2, Chapter 1) with amino end-groups having M, = 20,400 g/mol and M, = 37,600
g/mol (PDI 1.84). The details regarding polymer synthesis can be found in Chapter 3. Stock
solutions of PF811 were prepared by dissolving the polymer in I-octanol at high
temperatures.

CD and linear dichroism (LD) spectra were measured on a Jasco J-815 spectropolarimeter
where the sensitivity, time constant, and scan rate were chosen appropriately. Temperature
dependent measurements were performed with a PFD-425S/15 Peltier-type temperature
controller with a temperature range of 263-383 K and a controlled cooling/heating rate. In
these temperature dependent measurements, absorption can be measured simultaneously with
the CD. The temperature corresponding to the onset of the CD effect, Ty, 1s defined as the
temperature at which the CD signal rises above the noise level (= 2 mdeg). Unless stated
otherwise, CD and absorption spectra pertain to an optical path length of 1 cm. UV-VIS
absorption measurements at room temperature were done on a Perkin Elmer Lambda 900
UV/VIS/NIR spectrometer. Fluorescence measurements were performed on an Edinburgh
Instruments FS920 double-monochromator luminescence spectrometer using a Peltier-cooled,
red-sensitive photomultiplier. Scattering experiments were done using a Zetasizer Nano ZS,
with 632 nm light and detection at an angle of 173°, in the temperature range 283-263 K.
Equivalent hydrodynamic radii we determined by fitting the Siegert relation" including a
single exponential decay function to the experimental correlation function. From the decay
constant (I' = Dg”) we estimate the hydrodynamic radius using the Stokes Einstein relation
for a spherical particle.

6.3 Results and discussion
6.3.1 e and B-phase

To investigate the aggregation of the chiral polyfluorene PF811 in 1-octanol we use
temperature and time dependent CD. PF811 is dissolved in 1-octanol by heating it to 90 °C.
At this temperature, the solutions show no significant CD effect (see Fig. 1), indicating that
the polymer chains are present as free random coils. Upon cooling, the solubility of the rigid
rod like polymer is lowered and chains aggregate. During controlled cooling of the hot
solution containing 0.010 mg/ml of polymer at a rate of 10 °C/h, we see the induction of a
bisignate CD signal at temperatures 7' < 50 °C see Fig. la. These CD features are associated
with the electronic transition from the ground state to the lowest excited singlet state of the
polymer (So-S;). The CD signal reaches a minimum at a wavelength of 350 nm and a
maximum at 420 nm. We assign these features to a (semi-) crystalline state of the polymer: a-
phase.
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For a polymer concentration of 0.014 mg/ml, we find different CD features under the same
conditions (Fig. 1b). At -10 °C, the CD signal shows minima at 333 nm and 410 and a
maximum at 430 nm. This indicates the formation of a different polymorph at high
concentration. This polymorph is characterized by a long wavelength shoulder in the
absorption spectrum near 425 nm (Fig. 2a). This shoulder is also observed for the f~phase in
achiral polyfluorene. Upon excitation of this phase via the long wavelength transition with
425 nm light, we observe a structured fluorescence spectrum with rather narrow vibronic
bands (Fig. 2b). The bands are red shifted with respect to those from the a~phase by about 20
nm. These features are indicative of a highly ordered fphase. Upon heating, the long
wavelength shoulder vanishes from the spectrum at 7= 70 °C (Fig. 2¢). This marks the

melting temperature of the S-phase.

CD (mdeg)

-204 0.014 mg/ml

300 350 400 450 500
Wavelength (nm)

Figure 1: CD spectra of (PF811) chiral PF in 1-octanol at (a) 0.010 mg/ml and (b) 0.014 mg/ml concentration
(bottom) at 7= 90 °C (-[-), T=50 °C (-0-) and T=-10 °C ( ) at a cooling rate of 10 °C/h.
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Figure 2: (a) Absorption and CD spectra for PF811 (0.014 mg/ml) in 1-octanol at room temperature. (b)
Corresponding fluorescence and fluorescence excitation spectra. Wavelength of excitation: 425 nm and of
emission detection: 480 nm. The blue dashed lines show absorption and fluorescence (excitation at 380 nm) for
PF811 at 0.001 mg/ml (c) Temperature dependence of the long wavelength shoulder in the excitation spectrum
of PF811 as shown in (b). Fluorescence monitored at 490 nm. (d) Corresponding fluorescence intensity upon
excitation at 430 nm as a function of temperature.

An important question regarding the formation of the f-aggregates is whether this phase is
actually ‘pure’ or whether it is a mixture of phases whose CD spectrum contains contributions
from the various constituent types of aggregates. As mentioned before, the f-phase melts at a
relatively high temperature (>70 °C) while the a-aggregates obtained at low concentration
melt already below 60 °C. To investigate whether the so-called S-phase is actually a
homogenous phase or a mixture, we have monitored the CD spectrum of a solution containing
S-phase at low temperature (-10 °C) and also at a temperature just around the melting
temperature (70 °C). These spectra are illustrated in Fig. 3. As can be seen the band shape of
the CD spectrum at -10 °C and + 70 °C are almost the same. In particular the ration between
the negative Cotton effect at 416 nm and the positive Cotton effect at 440 is virtually the same
at the two temperatures. From this we conclude that there are no indications for the S-phase
being mixtures of different types of aggregates with different melting temperatures.
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Figure 3: CD spectra of B aggregate at -10 °C and at 70 °C. The CD spectrum at 70 °C is obtained by heating the
solution of PF811 in 1-octanol (conc. 0.33 mg/ml) from -10 °C at a rate of 10 °C/h.

6.3.2 Precursor formation and stability

Interestingly, we find that the fphase does not form in a single step from the molecularly
dissolved state but involves a precursor. This precursor can be observed in the temperature
dependent CD spectra while cooling to temperatures near 7 = 50 °C, just before the onset of
aggregation (Fig. 1b). The precursor is characterized by a CD band shape with a single
minimum at 410 nm. Importantly, we find that in cooling experiments, the induction of the /-
phase is invariably accompanied by the occurrence of the precursor in the early stages of
aggregation. Under those conditions where the a-phase is formed, this precursor is not
observed (Fig. la, 6 & 8).

The involvement of the precursor in the formation of the S-phase can be illustrated further
by looking at the CD signal at 416 nm as a function of temperature (Fig. 4a). At low
concentration (0.006 mg/ml) the CD signal measured at 7' = 45 °C is slightly positive,
showing that the precursor does not form under these conditions. Upon further cooling we
observe formation of a-phase with an onset of aggregation at T,z = 40 °C. Upon further
cooling to -10 °C, and subsequent heating, this phase melts again around 50 °C. By contrast,
at higher polymer concentration (0.014 mg/ml), the emergence of a negative Cotton effect for
7T< 50 °C indicates the formation of the precursor. Below 40 °C, the negative CD signature for
the precursor signature gives way to the positive CD of the S-phase. Upon cooling to -10 °C
and subsequent heating to 90 °C, we see that the S-phase melts around 70 °C. The large
hysteresis indicates that the precursor structures assemble further in a cooperative manner
forming the f-phase. Consistent with this, the precursor signature is not observed in the
heating run of CD experiments. The CD band shape of the fphase hardly changes upon
heating to 70 °C, which indicates that this phase is homogeneous (Fig. 3). The intensity under
the long wavelength shoulder at 425 nm that is the main characteristic of the S-phase, is only
a fraction of the total intensity under the Sy-S; absorption band near 390 nm. This low relative

' indicates that not all polymer

intensity, which is also observed for achiral polyfluorene,
chains in the f-phase may have a backbone conformation with extended conjugation causing
the long wavelength absorption. This suggests that the f-phase accommodates different

backbone conformations and may not be a ‘pure’ phase at the molecular level.
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Time dependent CD measurements show that the precursor is stable in time at 7 = 45° C
(Fig. 4c). At this temperature, the precursor is characterized by a monosignate CD spectrum
(Fig. 4b). After rapid cooling (> 600 °C/h) of the solution containing the precursor from 45 °C
to -10 °C, a CD spectrum results (Fig. 4d) that shows some similarity with that of the
precursor but is markedly different from that of the fphase (Fig. 1b). Thus formation of the
[-phase from precursor is a time dependent phenomenon and may be interpreted in terms of
cooperative aggregation of precursor structures. From the same solution, the a-phase is

obtained when quenching directly from 90 °C to -10 °C.

20+ @
15] Heating p Heating o
0.014 mg/ml 0.006 mg/mi
104
2 /
° 54
£
(| .
O cooling B
0.014 mg/ml
-10 T T T T T
90 80 70 60 50 40
Temperature rc
(b) : 0
0 molecularly dissolved (90°C)
101 220
£ 21
20 8 Time (minutes) o
o)) -22+4 T T T T : precursor (45°C)
Q3 0O 10 20 30 40 50
'c = T T
€ 401(d) T=-10°C reached
E —m— from 90° at 600%/hr
O  99]—0—from 45° at 600°/hr
—A— from 90° at 10°/hr
0+

%00 350 400 450 500
Wavelength /nm
Figure 4: (a) CD of PF811 in 1-octanol monitored at 416 nm as a function of temperature upon cooling at 10
°C/h. from T =90 °C to -10 °C. Data for two different concentrations: 0.006 mg/ml (open symbols) and 0.014
mg/ml (filled symbols). (b) CD spectra of PF811 at T =90 °C and 45 °C (0.04 mg/ml, 1 mm optical path length,
cooling from 90 °C at 10 °C/h). (c) Time evolution of the CD at 416 nm and 45 °C. (d) CD spectra at -10 °C upon
rapid cooling (> 600 °C/h) the solutions shown in (b) from 90 °C (-M-) and from 45 °C (-0-). Slow cooling from
90 °C at 10 °C/h (-A-).

6.3.3 Dynamic light scattering on a and #-aggregates

Further evidence for the involvement of a precursor in the temperature induced aggregation
of PF811 at slow cooling rates, comes from dynamic light scattering experiments. Figure 5
illustrates changes in light scattering upon cooling a solution of PF811 in 1-octanol (0.33
mg/ml) at fast (60 °C/h) and slow (10 °C/h) cooling rate. As can be seen in Fig. 5a, at slow
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cooing rate, the scattered intensity rises above the base level at already a temperature of 64
°C, while at fast cooling rates the onset occurs at lower temperatures. Examining the intensity
of scattered light in a broader temperature range (Fig. 5b), we observe a distinct shoulder in
temperature range 64-55 °C upon slow cooling. This is consistent with a biphasic aggregation,
involving a precursor. At fast cooling the shoulder is absent. Analysis of the autocorrelation
function of the intensity of scattered light for slow cooling (Fig. 5c) confirms that in the
temperature range 64-55 °C, small aggregates are formed that grow into larger ones at lower
temperature. Taking into account the temperature dependent viscosity and refractive index of
1-octanol,'> we estimate an average equivalent hydrodynamic radius of the aggregates upon
slow cooling of 1 and 2 x 10? nm at resp. 57.5 and 20 °C respectively. For fast cooling (Fig.
5d) the corresponding numbers are 0.6 and 1 x 10> nm. Here the lower value of the correlation
function at 1 ps, shows that the intensity of light scattered by the aggregates is still
comparable to the intensity of light scattered by the solvent.
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Figure 5: Dynamic light scattering measurements on a solution of PF811 in 1-octanol (0.33 mg/ml) upon
cooling the solution down from 90 °C to room temperature at different cooling rates. a,b) intensity of scattered
light for cooling rates of 10 °C/h (-M-) and 60 °C/h (-o0-). ¢,d) Autocorrelation function for the fluctuating
intensity of scattered light recorded at 57.5 and 20 °C for cooling rates of 10 °C/h (-M-,-0-, ¢) and 60 °C/h (-® -,
-0-, d).

6.3.4 Role of concentration in existence of a and f-phases

Formation of the f-phase is found to be dependent on the concentration and cooling rate. It
is found that at high concentrations (> 0.014mg/ml) and slow cooling rates (< 10 °C/h), S
phase can be obtained. Failing of either of the above conditions yields o aggregates. In Fig. 6,
we illustrate this concentration dependence further by showing the CD spectra for different
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concentrations of PF811 in 1-octanol. Spectra were obtained by first heating the solutions to
90 °C and then cooling to -10 °C at a controlled rate of 10°C/h. During this cooling, spectra
were recorded at intervals of 10 °C. Spectra recorded at 90 °C, 50 °C and -10 °C are shown in
Fig. 6. At 90 °C none of the solutions shows any significant CD effect, indicating that at this
temperature all molecules are molecularly dissolved. Based on the CD features observed at 50
°C and -10 °C, we can now distinguish two different aggregation processes. One occurs at
low, the second at high polymer concentrations.
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Figure 6: CD spectra at 90 °C (top), 50 °C (middle), and -10 °C (bottom) of solution of PF811 in 1-octanol at
varying concentrations yielding different aggregates in a (left) and B (right) identifiable by different resultant CD
spectra at -10 °C. The cooling rate in all cases is 10 °C/h. Solutions with polymer concentrations of 0.04 and 0.33
mg/ml were studied using an optical path length of 1 mm. Results shown were rescaled to an optical path length

of 1cm by multiplication with a factor of 10.

The aggregation process for solutions with polymer concentration < 0.01 mg/ml is
characterized by the absence of any significant CD effect at 50 °C. Depending on the
concentration, a significant CD effect sets in the temperature range 45 — 30 °C (Fig. 4). For
this concentration range, CD spectra taken at -10 °C show a significant CD for wavelengths of
around 345 nm where a negative extremum occurs. For wavelengths around 415 nm we
observe a positive CD effect. These characteristics are taken to be indicative of a-aggregates.

For sample solutions with polymer concentration exceeding 0.01 mg/ml, a significant CD is
already recorded at 50 °C. Here we observe a single negative CD effect featuring an
extremum near wavelengths of 415 nm. Upon further cooling to -10 °C, the CD spectrum
changes significantly and at -10°C we observe minima with a net negative CD at 330 nm and
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at 420 nm combined with a positive maximum in the CD around 435 nm. These features were
assigned to f-phase. As can be seen from the collection of spectra in Fig. 6, in all cases where
B type aggregation is observed at -10 °C, we also observe a significant, monosignate CD
effect at 50 °C, that is assigned to a precursor.
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Figure 7: Variation in the CD intensity at 416 nm at 50 °C upon slow cooling from 90 °C (10 °C/h) as a function
of concentration. Data shown here are also shown in Fig. 4a, but here they are plotted on a linear concentration
scale.

Here it is important to stress that the concentration dependence of the CD signal that we
observe here is different from the trivial linear concentration dependence that one may expect
for normal CD measurements on dissolved small molecules. As CD is in essence an
absorption measurement, in case of non-interacting molecules one normally expects a linear
variation in the CD intensity with concentration. The variation of CD amplitude that we
observe for PF811 in 1-octanol is clearly different from linear, see Fig. 7. This is a direct
indication for the involvement of intermolecular interactions in the formations of the chemical
species that gives rise to the monosignate CD trace at 50 °C.

6.3.5 Role of cooling rate in existence of a and #-phases

Fig. 8 (a-c) shows the influence of the cooling rate upon formation of precursor and f-
aggregate for three different concentrations. It can be seen that at low concentration (0.006
mg/ml) irrespective of the cooling rate, a aggregate formation predominates. At higher
concentrations f-aggregate formation is also observed for cooling rates rate of 30 °C and
higher. However for cooling rates of 10 °C/h and concentrations > 0.01 mg/ml, formation of
p-aggregates is observed (Fig. 8 b, ¢).

74



[-phase in chiral polyfluorene forms via a precursor

1000

0

—a—10°C/hr
—e—30°C/hr
—4—60°C/hr

.021 mg/ml

-10°C

—
300

T T T T T T T 1
350 400 450 500 550

Wavelength /nm—-

-10°C

—
400

—
450

T T 1
500 550

Wavelength /nm —

CD /mdeg —=

5
0
-5
T 5
[o))
[}
e)
E o
[a)
(@)
-5
0.007 mg/ml
—a— 10°C/hr
200 ] —e—60°Cihr
—A—600°C/hr
0 X5
-10°C
Frrrrr o
300 350 400 450 500
Wavelength /nm —
20
0
T -20
o 0
[}
E
= -50
o]
o
-100
0.04mg/ml
500 —=—10°C/hr
—e— 30°C/hr
—4—60°C/hr
—¥—600°C/hr
0
T T T T
300 350
0.007mg/ml 416nm
—o—10°C/hr (d)
A 0
200~ 60CHr
—A—600°C/hr
[o2}
Q
©
E
o 1004
o
04

80

60

40
Temperature /°C

2004

100

o
&

-1004

0.04mg/ml 416nm
—0—10°C/hr
—e—30°C/hr
—/—60°Clhr
—¥— 600°C/hr

(€)

T

80 60 40

Temperature / °C—-
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Fig. 8 (d-e) shows the CD monitored at 416 nm for different cooling rates and for two
concentrations of polymer. At low concentration we only observe positive CD signal which
we attribute to formation of a-aggregates. At very high cooling rates the CD amplitude is
much smaller than after slow cooling. We interpret this by assuming formation of aggregates
with an amorphous structure upon very rapid cooling. At high concentration (0.04 mg/ml) and
slow cooling rate of 10 °C/h we observe negative CD in the temperature range 55 — 30 °C that
may be attributed to precursor formation. At higher cooling rates the negative CD effects are
not observed indicating that precursor formation is a time dependent process.

6.3.6 Temperature dependent LD in a and f-phases

CD spectra can contain artificial contributions which do not have their origin in chirality at
the (supra-) molecular level.'® Especially when the sample under study shows significant
linear dichroism (LD), CD measurements are prone to such errors. Large LD may occur when
studying large aggregates.'’ For the aggregation of PF811, LD has been measured in separate
experiments, at different concentrations and cooling rates (Fig. 9). We find that LD signals
are relatively small. Furthermore, no significant changes in the LD signal are observed in the
temperature range where the aggregation sets in and where the CD signal rises from zero
(Tager)- In Fig. 9a, the onset of aggregation is marked by the rise of the absorption signal. We
therefore conclude that there are no indications for large artificial contributions to the
measured CD signal related to LD.
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Figure 9: (Left) Absorbance and Linear Dichroism (LD) of solutions of PF811 in 1-octanol (0.33 mg/ml, 1 mm
path length) recorded at 416 nm for two different cooling rates (10 °C/h and 600 °C/h). (Right) Corresponding
results for different concentrations (0.006 and 0.019 mg/ml , 1 cm path length, wavelength 416 nm, fixed cooling
rate of 10 °C/h).
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6.3.7 Phase diagram

The magnitude of the CD effect after cooling to 50 °C as a function of concentration is
shown in Fig. 11. For concentrations below 0.01 mg/ml, the CD effect is negligible. For
concentrations exceeding 0.01 mg/ml, we observe negative CD, marking the formation of the
precursor. This non-linear dependence of the negative CD effect from the precursor on
concentration, shows that precursor formation involves intermolecular interactions between
several polymer chains coming together to form the precursor. This is reminiscent of the
formation of the triple helix from collagen mimicking peptides.'®

Cooling
| »
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L o 50°C

' 4 _’ >

) ) ""'“\-._ e =
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L -

Molecularly Precursor [phase

dissolved chains

Figure 10: Schematic illustration of the formation of S-phase via precursor.

The monosignate CD band shape of the precursor may be explained by a helical

19,20

conformation of the backbone of the polyfluorene. Diffraction studies®' and molecular

modeling®?

on achiral polyfluorene have indicated that helical conformations approximately
described by 5, (or 5,) are particularly stable. For the f-phase, helices close to 2; have been
proposed.'® The absence of the bisignate CD band shape expected for exciton coupling
between chains held in a chiral arrangement™ can only be explained assuming that, the
polyfluorene chains are oriented in the same direction in the precursor. A possible structural
model for the precursor could be intertwined helices as shown in Figure 10. Molecular
modeling studies on chiral oligofluorene indicate the possibility of such intertwined helices.”*

At cooling rates exceeding 10 °C/h, the precursor (and S-phase) is not formed (Figure 8).
This indicates that formation of precursor is an intrinsically slow process, involving e.g.
concerted folding of long random coils (Figure 10). The dependence of f-phase formation is
further illustrated in Fig. 11b. Here the temperature at which the CD sets is plotted as a
function of concentration upon cooling. The character of the aggregates obtained at -10 °C
(a/p) is illustrated by the different symbols. As can be seen, the f-phase is obtained for
concentrations > 0.01 mg/ml. This demarcation between «/f formation coincides with the
onset concentration for formation of precursor. Formation of the f~phase can also be inhibited
by increasing the rate of cooling. For cooling rates of 30 °C/h and higher, the a-phase is
obtained instead of the fphase. These data points can also be represented in a different way
where the type of aggregate obtained is plotted as a function of cooling rate and
concentration. Fig. 12 shows such a kinetic phase diagram.

77



Chapter 6

0
(@) 4
T o |
e -50 1
N |
by b I
o) : [
O-1004 : ¢
1 10° C/hr !
|I L) L)
55 3 | A A
03 ®) alp W8
: ag ® o
S 45_5 35 @a A 10°Clhr
~_ 403 . = 10°Chr
3 E a o 30°C/hr
— 355 a % ¥ & e0°Clhr
30 3 u # 600°C/hr
L) L) LI llll L) L) LI llll L) L)
1E-3 1E-2 1E-1

Concentration / mg/ml
Figure 11: (a) Maximum precursor CD observed at 50 °C in the neighborhood of 416 nm for different
concentrations upon cooling form T = 90 °C at a rate of at 10 °C/h. The curved solid line illustrates a linear
relation between CD and concentration. b) Temperature at which the CD signal at 416 nm sets in and nature of
the CD band shape (« /f, see text) upon further cooling to -10 °C at 10 °C/h (filled symbols). Open symbols:
corresponding data for faster cooling rates.

A
O o O a O o
<
O
o
@ 1001
o
E’ O o O a
S
(@]
O O m a
104 O m oA A A
1E-3 0.01 0.1

Concentration / mg/ml
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6.4 Conclusion

In summary, we have shown that a particular polymorph (f) of chiral polyfluorene exists,
whose formation involves a meta-stable, precursor. Due to the fact that formation of the other
polymorph (&) does apparently not proceed via this precursor, one can promote S-phase
formation by choosing those processing conditions that favor precursor formation.
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Chapter 7

Anisotropic dielectric tensor for chiral

polyfluorene at optical frequencies

Abstract. The anisotropic dielectric tensor of chiral polyfluorene is determined via variable
angle spectroscopic ellipsometry and circular dichroism spectroscopy. The anisotropy was
found to be influenced by high in-plane alignment of polymer chains in the thin film.
Chirality of the polymer results in small but non-zero off-diagonal matrix elements in the
dielectric tensor. Consequences for these off-diagonal terms in the reflection of light are
discussed. Subsequently, optical rotation and ellipticity in reflection are predicted for pristine
film of chiral polyfluorene.



Chapter 7

7.1 Introduction

Conjugated polymers such as polyfluorene and its derivatives can be applied as thin layers
in a variety of optical' and optoelectronic devices.” To understand and describe device
performance and phenomena, knowledge of the optical properties is of importance. The
response of any material to alternating electromagnetic fields like light can be described by
the frequency dependent dielectric constant &w) = &1(w) + i&(w), where & and &, are the real
and imaginary parts, and o is the angular frequency of the wave. Optical properties such as
the complex refractive index 7i(w) = n(w) + ix(w), in which # is the index of refraction and x
the extinction index, are directly related to the dielectric constant via i*= &.

Spin coated films of polyfluorene and other conjugated polymers often exhibit anisotropy.’”

7 This phenomenon can be related to the alignment of chains at a macroscopic level during
the deposition process. Alignment of chains has been supported by X-ray diffraction in some
cases.® Polyfluorenes have a rigid rod like character and also display anisotropy in their
optical properties at the molecular level. For instance, the transition dipole moment associated
with the lowest optical transition is oriented along the chain direction. The combination of
preferential alignment of the chains and the directionality of the molecular optical transitions
results in anisotropic optical properties of the film.

Spectroscopic ellipsometry can be employed to determine anisotropic optical constants in
thin films of polyfluorene.’” '* Knowledge of this optical anisotropy is important for modeling
the performance of optoelectronic devices. For polymer photovoltaic cells, absorbance of
sunlight may be increased by aligning the polymer chains in the plane of the film." Likewise,
out-coupling of light out of a polymer light emitting diode is influenced by the anisotropy."*
The optical anisotropy can be uniaxial or biaxial in nature. For the latter, the refractive index
in all three directions is different whereas in the former, two are identical.

For uniaxial anisotropy the frequency dependent dielectric tensor can be represented as:

¢ (o) 0 0
£@) = 0 ¢ (o) 0 (1)
%o 0 0 & (o)

where &, and g are the perpendicular and parallel components of the dielectric constant of the
medium and & is the vacuum permittivity. The dielectric tensor describes the polarization of
the material under the influence of the applied field Ey. Often it is assumed that the
polarization P(r) at the position r depends only on the value of the externally applied field at
position r (dipole approximation). However, this is not necessarily true and the polarization
may also depend in a non-local manner on the applied field. The non-locality of the response,
often also referred to as spatial dispersion, can be incorporated into the dielectric function by
including a dependence on the wavevector k of the light. In a series expansion one can
write:
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e(w,K) =e(@)+i)K+akk +... (2)

where yis a material’s constant and K is the wavevector (= wn/c, with n the refractive index).
For centrosymmetric materials, &,K) should remain unchanged under the inversion
symmetry operation. This excludes a contribution from the term i)k. This is because the
wavevector K changes sign under inversion while y remains unaltered so that the contribution
described by the term i)k changes sign under inversion, which is not compatible with the
supposed symmetry of the material. Hence for centrosymmetric materials = 0 and the first K
dependent term in eq. 2 is quadratic. Here we assume that all quadratic terms are negligible.

For chiral, i.e. non-centrosymmetric, materials y can have non zero values. The material
constant y describes the natural optical activity of a material. Far away from any optical
resonance, the value of yrelates to the magnitude of the optical rotation. The dielectric tensor
for non-centrosymmetric materials can now be written as:

£, (w) 0 0 0 -Gp(w) —Gjs(w)
D0 s@ 0 [+1Gu@ 0 -Gy 3)
‘ 0 0 g@| |Gs@) Gy 0

where the second term on the right hand side, G = yK is a pseudo tensor that changes its sign
upon the inversion symmetry operation.

In case of a uniaxial material, a light wave propagating along the optical axis (z) through a
dielectric material obeys the following wave equation:

62

a ml{ G}H “
0 O |E | LG, e |E

The two eigen polarizations of the medium, i.e. the two polarizations that travel through the
medium without changing, can be obtained from diagonalizing the relevant part of the
dielectric tensor.

e -1 —-iG,
det =0 (5)
iG, & -4

Here because of the symmetry of the matrix, the eigen polarizations are purely circular. The
non-zero value of G, describes the difference of the material in its response to left and right
circular polarized light incident along the optical axis. The eigen values correspond to the
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scalar values of the dielectric constant for the left and right circular polarized eigen
polarizations

Ai=hr=r =6 1G) (6)

The refractive index for the two eigen polarizations can obtained by taking the square root of
dielectric constants using Maclaurin series and neglecting high order terms in G,

N o o

The real and imaginary parts of these refractive indices 7, =n, , +ik,zcan now be

expressed in terms of #, and the complex pseudo tensor G2 = G12' +i G2

G "

Kip=kKk * 122 (8)
G '

Mpyr =n. =+ % ©)

In this study we determine the anisotropic dielectric tensor including terms of first order in k
for films of a chiral polyfluorene poly[9,9-bis((3S5)-3,7-dimethyloctyl)-2,7-fluorene] (PF811).
The main motivation for this is the following. Reflection of light by dielectric materials is of
major practical importance and very well studied. Yet reflection of light by chiral materials is
not well understood. There are reports claiming the existence of optical activity in reflection
of light incident along the surface normal, i.e. differences in the refection of left and right
circular polarized light incoming along the normal to the surface of the dielectric.'® Other
studies have denied the existence of such effects for homogeneous materials for light incident

along the normal.'”'®

Here it is important to realize that for chiral organic and polymeric
materials hardly any data for the dielectric tensor exist. In order to make progress in solving
this controversial issue of optical activity in reflection, it is of importance to determine the
dielectric tensors to come to a quantitative evaluation of various theoretical predictions.

Here we focus on unannealed films of chiral PF811. Earlier in Chapter 3 we have shown that
this material shows intensive chiroptical properties which allow a description using eq. 3.
This relation holds for homogeneous materials, showing intensive optical properties. For
unannealed films of chiral polyfluorene PF811 the chiroptical properties arise on a very short
length scale much smaller than the wavelength of light. In contrast, for cholesteric liquid
crystals, the chiroptical properties arise from long range molecular order. Here the variation
for the dielectric constants in space needs to be taken into account in an explicit way. "

In order to determine the dielectric tensor for films of the chiral polyfluorene, we use a

combination of techniques: spectroscopic ellipsometry and circular dichroism. The latter
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technique is used to determine the pseudo tensorial part G of & @,k), while we use the
ellipsometry to determine & @). This particular approach is necessary because there are no
procedures known to determine G directly from reflection based measurements such as
ellipsometry. This is related to the controversiality of the optical activity in reflection. The
fact that components of G turn out to be much smaller in magnitude than those of &( @) may be
put forward to justify the approach taken. Finally both the chirality dependent terms and the
anisotropy of the dielectric response of the film of chiral polyfluorene PF811 will be
interpreted in terms of the molecular orientation and organization in the film.

7.2 Experimental and modeling section
7.2.1 Film preparation and instrumentation

Chiral polyfluorene poly[9,9-bis((35)-3,7-dimethyloctyl)-2,7-fluorene] (PF811, Figure 2,
Chapter 1) films were prepared by spin coating the chloroform solution (conc. 10 mg/ml) on
silicon (Si) wafers (with a similar copy on glass substrates) at a spin rate of 1500 rpm. The
details regarding polymer synthesis can be found in Chapter 3. The films obtained were
homogeneous in nature with a thickness approximately 65 nm as recorded using a Veeco
surface profilometer. By varying the spin rate, films of varying thickness were obtained. For
achiral polyfluorene poly[9,9-di-n-octyl-2,7-fluorene] (PFO, Figure 8c), an 80 nm thick film
was prepared by spin coating from a 12 mg/ml chlorobenzene solution. The achiral
polyfluorene (ADS129BE, American Dye Source, Inc.) used here has M,, = 42000 g/mol.
Ellipsometric experiments were done on Woollam WVASE32 (J. A. Woollam Co., Inc)
ellipsometer. UV-VIS measurements were done on a Perkin Elmer Lambda 900 UV/VIS/NIR
spectrometer. CD spectra were measured on a Jasco J-815 spectropolarimeter where the
sensitivity, and scan rate were chosen appropriately.

7.2.2 Ellipsometry experiments and modeling

The ellipsometer yields y and A values, which are measure of attenuation of reflected light
intensity and the corresponding phase angle upon reflection. Data acquisition for y and A
values is done for a wide range of incident angles in and around Brewster angle of the
material. To obtain the optical constants » and x, a model is used starting with an approximate
input solution to the experimental data. The model contains mathematical descriptions of the
complex dielectric constant of the various layers and information on the thickness and
roughness of each individual layer in a stack. Using the Levenberg-Marquardt algorithm, a
curve is then fitted to the experimental y and A values. To obtain an optimum solution,
several iterations are performed over the various fitting parameters in order to minimize the
difference between experimental and modeled parameters. The fitting parameters are the
thickness of the layers and the parameters that describe the complex dielectric function in
terms of dispersion equations and oscillators.
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One of the basic equations involved in explaining the refractive index of the material is the
Cauchy equation:

B C
nA)y=A+—+—+--- 10
(4) 17 (10)

4

where A, B, and C are coefficients, with 4 a dimensionless quantity and A the wavelength of
incident light (A = 2nc/w). This equation considers that the refractive index is wavelength
dependent, common to most transparent materials (i.e., x = 0). For absorbing materials (i.e., x
# 0) the general oscillator model is commonly used to mimic the dielectric constants. This
model involves oscillators such as Gaussian (¢°), or Lorentzian (¢-) functions to mimic optical
transitions of the material. The real part of the permittivity, ¢;, which is related to the stored
energy within the medium, can be calculated from a Kramers-Kronig transformation of the
imaginary part of the permittivity, &, which is related to the dissipation of energy within the
medium. The Lorentzian and Gaussian oscillators as function of the photon energy E (= hc/A)
are given by:

AE

5 —6‘1(00)+E—2C_M (11)
2
b}
O
£9(E)=2. T 2(5) (12)
T 0 —

B
" 2JIn2’

where A4 is the amplitude, B is energy bandwidth at half maximum, and E. is the resonance
energy. Here, all three parameters A, B, and E, are in energy units. The &;(o0) is the offset term
attached to the real part of the dielectric constants in order to prevent it from converging to
zero for energies below the band gap. It should be noted that though A4 is called the amplitude,
it is more technically referred to the area under the absorbance peak.”* P stands for the
Cauchy principal part of the integral.”® However, the aforementioned oscillators are
symmetric in nature, while real absorbance spectra are often asymmetric and exhibit a steep
onset. To describe these asymmetrical band shapes several other oscillators such a Cody-

CL\21,22 TL\23
) )

Lorentz (¢ and Tauc-Lorentz (¢ are often useful.
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where L(E) and Gr(E) represent the Lorentz oscillator function and variable edge function
respectively. E, stands for the band gap (onset of absorbance). It can be seen that above the
band gap the Tauc-Lorentz function behaves like a typical Lorentz oscillator. The real part of
the Tauc-Lorentz can be found by a Kramers-Kronig transformation of the imaginary part &;.
In addition to A4, E., and B which are general variables used for fitting the experimental y and
A values, Tauc-Lorentz involves two more in £, and (o).

Whereas the Tauc-Lorentz model is rigid on the band gap side, Cody-Lorentz is said to offer
contribution past that. It has several other fitting parameters compared to Tauc-Lorentz. Here
the variable edge function G(E) is different from the one used in Tauc-Lorentz as shown
above.

82CL ={E E,

G-(E)L(E) E>E,

(E—Eg)2 _

2 27
(E-E,)’+E,

E, Xp{(E—(Et+Eg))} 0<E<(E+E,)

GC(E)=

E = EL(E,)Gc(E) (14)

w0 g TL
& - :gl(oo)+3-Pj ‘fg; (9? dé
T g, & -F

where FE is a transition energy between the Urbach tail and band-to-band transition, £, is the
material parameter corresponding to weak Urback absorption. Ej is transition energy that
separates the absorbance onset behavior from the Lorentzian behavior. £, allows convergence
of DOS at higher energies.”

In order to model absorbing materials, certain steps are taken to make the convergence
easier. First, the wavelength region where the material does not absorb was modeled. This
was done by using a Cauchy dispersion layer. The 4 and B variables from the Cauchy
equation and layer thickness were used as parameters to obtain a good fit. In this way, the
thickness of the layer could be determined with relative ease. Upon obtaining the thickness,
approximate optical constants of the polyfluorene layer were determined via point by point fit
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for whole wavelength region. Point fit uses thickness, y and A values at each wavelength to
calculate dielectric constants using the Fresnel equations. These dielectric constants are
discrete values and hence not continuous functions. In order to obtain continuous Kramers-
Kronig consistent dielectric constants, the obtained dielectric constants were now mimicked
via Gaussian, Lorentzian, and other appropriate oscillators. Keeping the variables of the
oscillator equations and thickness as parameters, fits to the experimental y and A values were
obtained. For example, usage of three Gaussian oscillators involves a maximum of nine fitting
parameters. It is easy to see that with more fitting parameters, modeling can become more
difficult. By keeping the resonance energies fixed for all oscillators, the fitting parameters can
be reduced to six, making modeling a little easier. However to get accurate optical constants
with reduced parameters, some prior knowledge about the sample is required. For example, an
absorbance curve of the material can help setting the resonance energies. Moreover, with help
of the WVASE software,”* extrinsic factors like surface roughness, light bandwidth, and
depolarization effects can also be modeled.

The uniqueness of the fit is determined by the MSE (mean squared error) values and the
correlations between the fitting parameters. If the fitting variables are dependent on each other
one often gets a correlation of £1. This means that the parameter values cannot be determined
independently; even though the fit might be good but, the resulting » and « values obtained
might not be unique. To get unique optical constants, the correlation values between fitting
parameters need to be less than 1. Moreover, upon modeling, the software also yields final
values of fitting variables with their error margins. In order to obtain good fits, these error
margins should be less than 10 % of the final values. This is often termed as 90 % confidence
limit for fitting variables.

7.2.3 Optical constants of the substrates

As a first step, the optical constants of the substrates were determined. For the Si wafer
substrate the optical constants were taken from the WVASE software.”* However, Si wafers
always carry a thin silicon oxide (Si0O;) layer on top. To determine the thickness of SiO;
layer, ellipsometry experiments were carried out. Later a model was prepared utilizing the
optical constants of Si and SiO; from the WVASE software to determine the thickness of the
Si0; layer. Being transparent in region of 300—1700 nm, this could be achieved with relative
ease. The SiO, thickness was determined as 2.46 nm. These substrates were further used for
spin coating the polymer layers.

Similar experiments were done on bare glass substrates. The glass substrate in this case was
covered with Scotch tape on the backside to minimize backside reflections. The ¥ and A
values obtained for the glass were subsequently modeled, treating the glass substrate as
dispersive Cauchy layer. The optical constants of glass as derived from the model are shown
in Figure 1.
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Figure 1: Optical constants of glass
7.2.4 Isotropy vs. anisotropy in the optical constants of chiral polyfluorene

In order to study chiral polyfluorene PF811 spin coated films on Si wafers, it was first
assumed that the film is isotropic in nature. Using the thickness and oscillator variables as fit
parameters, the experimental results were modeled using a isotropic model to obtain a fit with
MSE values around 40 with maximum correlation around 8. The thickness of the film was
calculated to be 64.51 nm, which is in close proximity to values calculated from the surface
profilometer (~ 65 nm). The model fit complements the experimental values reasonably as
shown in Figure 2(a). Subsequently, the » and x values were derived from the model as
shown in Figure 2(b). However, the shortcoming of assuming an isotropic film can be seen
from the very poor overlap of the fit in the region around 350 nm (Figure 2(a)).
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Figure 2: (a) Experimental W values at different angles of incidence along with isotropic modeled fit for the thin
film of PF811 (~ 65nm) on Si wafer, (b) optical constants as obtained from the model fit.

In order to improve the fit, an anisotropic model can be considered. The uniaxial, rather than
the biaxial, nature of the anisotropy of the PF811 film was established by the fact that y and A
values are independent of rotation of the film about its normal (Figure 3a). Hence, the
anisotropic axis is perpendicular to the plane of the film. In agreement with this conclusion, a
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featureless image was observed under crossed polarizers with a polarizing microscope
consistent with the isotropic nature of the film in the plane.
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Figure 3: (a) y values recorded by the ellipsometer at 70° incidence for thin film of PF811 at different tilt
angles. (b) General oscillator layer representing oscillators mimicking the point-by-point fit (top line).

The modeling was now performed with an anisotropic uniaxial model, taking into
consideration contributions from ordinary and extraordinary optical constants. All steps were
done using a coupled layer of ordinary and extraordinary optical constants. The thickness
determined in this case was 64.84 nm; close to thickness calculate via isotropic model or
surface profilometer. The oscillators used to mimic the point-by-point fit of the dielectric
constant are shown in Figure 3b. All the oscillator variables (except, E;, E, E, in Cody
Lorentz equation) were used as fitting parameters to obtain the best match to experimental ¥
and A values, as can be seen in Figure 4. The parameters E;, E, E, were not optimized:
changing their value hardly influences the quality of the fit as estimated from the MSE values.
Values used for Ey, E, E, in the oscillator model are derive from point fit from the raw &, data
(the first step of the data analysis where n, k¥ & and & are determined for every wavelength
individually using Fresnel equations, see 7.2.2). The large value of £, and the zero value of E;
imply essentially that there is no Urbach tail in the absorption spectrum. The best model
yielded a fit with MSE around 13 and correlations around 0.9. All fitting variables and
thickness are determined with 90% confidence limit. The strength of the different oscillators
employed in the model, as derived from the solution are collected in Table 1.
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Figure 4: (a) ¥ and (b) A values recorded by the ellipsometer along with modeled fit for the thin film of chiral
PF811 on Si wafer at different angles of incidence.

Oscillators A(eV) B(eV) E(eV)
Cody-Lorentz (ordinary) 1.89 0.33 3.03
Gaussian (ordinary) 0.23 0.4 3.35
Gaussian (ordinary) 0.02 0.14 3.25
Gaussian (ordinary) 20.28 4.83 11.01
Gaussian (extraordinary) 0.30 0.42 3.28

Table 1: Strength of the oscillators used in the model for thin film of chiral PF811 on Si, as derived from the
solution set. Additional parameters for Cody-Lorentz being (£, 2.9 eV, E, 0.26 eV, E 0 eV, E, 100 eV). The
shapes of the oscillators can be seen in Figure 3b.

7.3 Results and discussion
7.3.1 Anisotropic optical constants of chiral polyfluorene with thickness and substrate

variation

By fitting the oscillator model to the experimental ¥ and A values, as explained in the
modeling section above, anisotropic optical constants were obtained for both 40 and 65 nm
thick films (Figure 5). The optical constants are largely independent of the film thickness. The
ordinary (in-plane) components of the refractive index are larger than the extraordinary (out-
of-plane) components. The absorption coefficient in the wavelength region corresponding to
the transition from the ground state (Sop) to the lowest excited singlet state (S;), for the light
with E in the direction of the normal («) is found to be 2 times less than for light with E in
the plane of the film (x).Because the transition dipole moment for this transition (So — Si)
lies parallel to the backbone of the polymer chain, the anisotropy indicates that the chains are

preferentially oriented in an in-plane direction.
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Figure 5: Anisotropic optical constants (n and x) values of thin film of chiral polyfluorene on Si wafer as
derived from the model fit for films with two different thicknesses.

Model (thin film PF811) MSE |[Max. correlation|
Reported model 13.1 091
(including all possible aberrations)
Ignoring surface roughness 22.31 0.74
Ignoring depolarization 16.4 0.92
Reduced number of fit parameters 7.61 1.0
Glass substrate 21.09 0.97

Table 2: Comparison of MSE and maximum correlation values for several models. See experimental section for
details.

Several models were used in order to establish the uniqueness of the fit. The optical
constants reported in Figure 5 are the solution to the model mentioned in first row of Table 2.
This model takes care of surface roughness, light bandwidth, and depolarization effects. The
MSE (13.1) and maximum correlation (0.91) are the best among different models and no
model satisfies both the criteria of lowest MSE and lowest correlation.

The choice of the substrate has little effect as can be seen by comparing optical constants
obtained from PF811 on a Si wafer (Figure 5) to those on glass (Figure 6). Optical constants
obtained for chiral PF811 over glass substrates are a little lower in intensity. Oscillator
strengths of the oscillators as used in the model are listed in Table 3. By using glass
substrates, the modeling is complicated due to reflections from the back side of the glass. This
could be a possible cause for some changes in optical constants. The obtained fit of chiral
PF811 on the glass is still good but the MSE is relatively higher to around 20. The thickness
determined from the ellipsometry is 67.8 nm, close to 65 nm value measured by the surface
profilometer.
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Figure 6: (a) ¥ and (b) A values recorded by the ellipsometer along with modeled fit for the thin film of chiral

PF811 on glass substrate at different angles of incidence (c) optical constants (n and ) of the same.
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Using glass substrates, the ellipsometry experiment can also be done in transmission mode
normal to the film. Using the model and oscillators as obtained from the solution (parameters
mentioned in Table 1); the optical constants were used to calculate the transmission spectrum.
The spectrum obtained matches well with the experimental curve, which was obtained from
ellipsometry in transmission mode (Figure 7a). This confirms the validity of the optical
constants. The transmission curve obtained from isotropic model is somewhat red shifted but
the shape and amplitude are similar. By using the optical constants (x) and thickness / as
obtained from the model an absorbance curve can be modeled (A = 4nxl /(A In10)). The
modeled absorbance curve matches well with the experimental UV-Vis spectra, thereby

validating the optical constants (Figure 7b).
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Oscillators A(eV) B(eV) E(eV)
Cody-Lorentz (ordinary) 1.64 0.33 2.96
Gaussian (ordinary) 0.38 0.43 3.27
Gaussian (ordinary) 10.84 4.58 10.37
Gaussian (extraordinary) 0.39 0.52 3.32

Table 3: Strength of the oscillators used in the model for thin film of chiral PF811 on glass, as derived from the
solution set. Additional parameters for Cody-Lorentz being (£, 2.91 eV, E, 0.23 eV, E; 0 eV, E,100 V).
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Figure 7: (a) Transmission experiments at 0°recorded from ellipsometer for a 38 nm film along with model fit.
(b) UV-vis spectra for a 65 nm film and modeled spectra. The model used in both figures is of chiral PF811 on
Si wafer, which also describes Figure 5.

7.3.2 Anisotropic optical constants of achiral polyfluorene

The optical constants of achiral polyfluorene (PFO) were also determined via ellipsometry
to allow comparison to chiral PF811. The anisotropic optical constants determined for PFO
(Figure 8) match well with the one reported in the literature.'? Oscillator strengths of the
oscillators as used in the model are listed in Table 4. The thickness measured via profilometer
(~80 nm) matches well with the determined thickness from the ellipsometer (82 nm).
Compared to its chiral analogue PF811 the optical constants of achiral PFO are somewhat

higher.
Oscillators A(eV) B(eV) E(eV)
Cody-Lorentz (ordinary) 8.44 0.19 3.03
Gaussian (ordinary) 0.18 0.24 3.19
Gaussian (ordinary) 0.29 0.34 3.35
Gaussian (ordinary) 0.04 0.39 4.32
Gaussian (ordinary) 0.28 0.69 5.29
Gaussian (extraordinary) 0.16 0.31 3.21

Table 4: Strength of the oscillators used in the model for thin film of achiral PFO on Si, as derived from the
solution set. Additional parameters for Cody-Lorentz being (£, 2.91 eV, E,,0.23 eV, E; 0 eV, E,100 V).
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Figure 8: (a) ¥ and (b) A values recorded by the ellipsometer along with modeled fit for the thin film of achiral

PFO on Si wafer at different angles of incidence (c) optical constants (z and k) of the PFO alongwith structure.

Table 5 reveals that the differences in total oscillator strengths (J.Sz(w)d(ﬂ) for the chiral and

achiral polymer are about 10 %. This difference is also noticeable looking at the optical
constants of both the polymers as shown in Figure 5 and Figure 8c respectively. The in-plane
optical constants of achiral polyfluorene are higher in amplitude to its chiral analogue,
whereas the out-of-plane component is lower for the achiral polymer. The differences in
between ordinary and extraordinary optical constants of achiral polyfluorene are much larger
than for the chiral counterpart, suggesting more in-plane alignment of the former (see dno in
Table 5 calculated for both polymers using eq. 17 explained in section 7.3.3). Both the
polymers differ from each other because the chiral polymer has branched side chains. This
can easily influence the way they crystallizes or aggregates in the film. This can possibly
explain the differences in optical constants and preferential alignment on the polymer in the
plane of the substrate.
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. . . 4eV
Oscillator strength of dielectric constants .[82 (®)do
Component oy
achiral polyfluorene chiral polyfluorene
Ordinary (in-plane)
s 1.2 1.0
J. g,,(w)dw
2elV
Extraordinary (out-of-plane)
4el
0.17 0.3
[, (@)do
2eV
Total
4elV 4el
2x1.240.17)=2.57 2x1.0+0.3)=23
J &, (0)do + J-sz,i(oa)doa
2eV 2eV
dro 0.93 0.87

Table 5: Total oscillator strength of dielectric constants for thin film of achiral PFO and chiral PF811 on Si.
7.3.3 Chiral polyfluorene orientation distribution in thin films

With the help of anisotropic optical constants as obtained for the thin film of chiral PF811,
the extent of polymer orientation distribution, ds can be determined via following equation:

d, = ! (15)
[e,. (@)do
+ &~y @@
2-'.82’” (w)dw

where drg = 2/3 for isotropic and dp9 = 1 for completely anisotropic (in-plane) orientation.
Here it is assumed that the transition dipole for the n-n* absorption of PF811 is oriented along
the polymer chain and that the subscript 6 represents the average polar angle of the polymer
chains normal to the film. For a thin film of chiral PF811, the value obtained is 0.87.
Assuming that the transition dipole moment is only along the polymer chain, this would
indicate that up to 87% of the polymer chains lie parallel to the substrate. This result is in
agreement to values reported elsewhere on various n-conjugated polymers*>*°

AFM studies on very thin films (< 20nm) of chiral PF811, as discussed in Chapter 3 and
shown in Figure 9, revealed fibrillar structures. It was also found out that existence of fibrillar
structures was conjoint with appearance of intensive CD spectra in pristine films. This
intensive CD was found to be independent of the film thickness. These fibrillar structures are
supposedly small aggregates containing few helically twisted polymer chains giving rise to
bisignate CD due to intermolecular coupling.
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Figure 9: (A) AFM phase image of unannealed film spincoated from very dilute solution of chiral PF811 in
chloroform, and B) corresponding AFM height image (height scale 20 nm, film thickness < 15 nm) of the same.

20 nm

We notice from the AFM images that the fibrillar structures lie in the plane of the film. The
polymer orientation distribution (dre) as calculated from the anisotropic optical constants also
reveals polymer alignment in the plane of the film. This indicates that fibril the polymer

chains are is aligned parallel to major fibril axis.

7.3.4 Contribution of the pseudotensor G to the dielectric tensor of chiral polyfluorene

Chiral materials show circular dichroism (CD), i.e. a difference in absorbance for left and
right circularly polarized light (A4 = AL — ARr). In Figure 10 this CD is illustrated together with
the absorbance for a thin, unannealed film of PF811 with a thickness of 65 nm. CD band

shape of these pristine films is similar to ones reported in Chapter 3.
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Figure 10: Absorbance and CD spectra of thin chiral polyfluorene film on glass substrate (~ 65nm).

The measurement illustrated in Figure 10 pertains to light incident along the normal of the
film. The CD measured in this way is related to the G, element of the pseudotensor G in eq.

3. Using eq. 8 we can express this relation as:
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Glz":AK:KL—KR:lnIOAAi (16)
4rl

The real Gy»' can be approximated by taking the Kramers-Kronig (KK) transform of Gi,".
This was done by fitting two Gaussian curves, one with positive and one with negative
amplitude to Gi»". Taking the regular fit parameters for the Gaussian curves, G2' can be
constructed as the sum of two KK transformed Gaussian curves. In this procedure, the
contribution of CD bands to the optical rotation in Gy," outside the window of measurements
is not included. This contribution will be a slowly varying offset. In the neighborhood of
resonance, the calculated Gi,' is a reasonable approximation. Results are shown in Figure 11b.

Figure 11 illustrates the photon energy dependence of various elements of the dielectric
tensor of chiral polyfluorene. As can be seen, the absolute magnitude of the real and
imaginary parts of the element G, is of the order 10'4, i.e. much smaller than &, This large
difference in magnitudes provides justification to the procedure involved in determining the
g,. Here we used ellipsometry and ignored the chirality dependent term in the dielectric
tensor.
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Figure 11: (a) In-plane and out-of-plane dielectric constants of chiral polyfluorene film on glass substrate (~

65nm). (b) Anisotropic tensor Gy,' and G," of the same.

As mentioned in the introduction of this chapter, the influence of the chirality dependent
pseudotensor G on the reflectivity of chiral materials is presently poorly understood.
Zheludev et. al. have proposed a relation between G and optical activity in reflection of light
on the interface between vacuum (air) and an infinitely thick layer of homogenous chiral
material:

Sn. +idar. = i—lzg (17)
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Here o7, 1s the degree of ellipticity (in radians) of light reflected from the interface between
air and chiral dielectric material when linear polarized light is incident along the surface
normal, whereas Ja; (in radians) is the corresponding optical rotation of the plane of
polarization in the reflected light. Using the elements of the dielectric tensor for the chiral
polyfluorene (Figure 11) we can now make predictions for the specular optical activity. These
predictions are shown in Figure 12. Based on eq. 17 rotation of linearly polarized light is
predicted up to angle of 0.05 mrad (~ 3 mdeg). Although these values are small, they are
comparable to the detection limit of modern optical equipment. The values predicted here are

similar to those reported for o-HgS. "

a
o
1
Q
o}

ellipticity

o
1

optical rotation

y ’
a
N

Ellipticity and Rotation angle (urad)

a
o
1

T T T T T T T T T T T T
4.0 3.8 3.6 34 3.2 3.0 2.8
Photon energy (eV)

Figure 12: Prediction based on eg. 17 for the ellipticity and angle of rotation of the plane of polarization (in 107
x rad) after reflection of a linearly polarized light beam incident along the surface normal to an infinitely thick
layer of chiral polyfluorene.

For photon energies around 3.1 eV the reflectivity of an infinitely thick layer of chiral
polyfluorene reaches a maximum (Figure 13). From the predicted ellipticity of the reflected
light, we can calculate the degree of circular polarization in the reflected light gi.q (see Figure
13a). We predict geq = 0.2 x 107 at 3.5 eV. This is slightly above to the detection limit for
experimental methods to determine the degree of circular polarization of light by e.g. photon
counting. From these calculations we conclude that the specular optical activity as predicted
by eg. 17 is amenable to experimental verification. Finally we also estimate the contribution
of selective reflection of circular polarized light to the measured circular dichroism. For an
infinitely thick layer we calculate a contribution as show in Figure 13b. This prediction can be
compared to the circular dichroism measured for a film of 65 nm thickness. Near the onset of
the absorption at 3.0 eV, both the selective absorption and the selective reflection contribute
to the positive value of A4. For higher photon energies the predicted reflection contribution
would cause the measured selective extinction to be lower than the selective absorption. For
photon energies around 3.2 eV, we estimate the contribution of reflection to the measured A4
to be about 5 x 10 at 3.2 eV (Figure 13b). This contribution is about 10 times smaller than
the experimental A4 from the 65 nm thick film. The fact that the predicted contribution of
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reflection to the total circular differential transmission, is significantly smaller that the
experimental data used to calculate G1,, indicates that our method for determining G is close
to self consistent if eg. 17 is indeed correct . The results also indicate that if eg. 17 holds then

CD spectra for films of chiral materials may be significantly affected by contributions from
selective reflection.
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Figure 13: a) Predicted degree of circular polarization after reflection (g.q) of an initially linearly polarized light
beam incident along the surface normal on an infinitely thick layer of chiral polyfluorene. Corresponding
intensity of reflected light relative to that of the incoming beam calculated from data on 7i as shown in Figure 6 (-
0-). b) Estimated contribution of the circular selective reflection to the measured extinction (AA, solid line). For
comparison the CD recorded on a 65 nm thick film is also shown (dashed line).

Finally we return to the elements of the dielectric tensor of the chiral polyfluorene as shown
in Figure 12. A possible qualitative interpretation of these elements in terms of the orientation
of the polymer chains in the film is illustrated in Figure 14.

Fibril Top view

sub-layer

Exciton (:E

in-plane
polymer chain

Figure 14: Pictorial representation of polymer alignment in the plain within a fibril. Only one chain is
represented in order to maintain the clarity of the image.

We assume here that all polymer chains are aligned in the plane of the film and that there is
a correlation in the orientation of the polymer chains in adjacent sub-layer of the film. This
gives rise to a helical arrangement of the chains through the sub-layers when viewed from
above. Coupling between the transition dipole moments of the chains in neighboring sub-
layers gives rise to CD and hence to a non-zero value of Gy,. A small value of the helical twist
angle between plans is compatible with small values of Gj>. Assuming that all polymers are
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oriented in the same plane, the elements G5 and G; are zero. The fibrillar aggregates
observed in AFM may now be interpreted being made up of a number of coplanar chains in
each sub-plane with a helical organization between the sub-planes. This is consistent with the
findings from chapter 3 where the occurrence of CD in the pristine polymer film was found to
be linked to the fibril formation.

7.4 Conclusion

The dielectric tensor & fora pristine thin film of chiral polyfluorene is found to be
anisotropic with non zero pseudoscalar off-diagonal elements determined by combining
results from spectroscopic ellipsometry and circular dichroism. This is the first time that such
a detailed characterization has been carried out on a film of chiral n-conjugated polymer.

The anisotropy was found to be uniaxial with a majority of the polymer chains lying in the
plane of the film. AFM studies (also discussed in Chapter 3) revealed fibrillous structures on
the surface of the film, also oriented along the plane of the substrate. This indicates that the
in-plane alignment of polymer chains and the formation of fibrils could be coupled process
taking place during spin coating upon evaporation of the solvent.

The chirality of the polymer expresses itself through a non-zero value of the pseudoscalar
off diagonal element G, of & These essentially describe a non-local response of the polymer
film to incident light. This non-local response also has implications for the reflection of light,
but this is not very well understood at the moment. Here we used the values of the dielectric
tensor obtained to make predictions for the optical rotation and circular selectivity in
reflection of light according to the theory developed by Zheludev ez al.'’*® We find that the
predicted optical rotation and circular selectivity in reflection are small but nevertheless of an
experimentally accessible magnitude. These predictions call for attention from the scientific
community in order to develop a deeper understanding of the reflection of light by molecular
materials.
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Chapter 8

Probing charge carrier density in a p-n junction of
conducting polymer and a layer of ZnO

nanoparticles by spectroscopic ellipsometry

Abstract. The Moss-Burstein shift, i.e. an apparent increase of the optical band gap, is
observed upon UV illumination of a layer of 5 nm ZnO nanoparticles in O,-free atmosphere
using spectroscopic ellipsometry. This shift is caused by populating the conduction band with
excess free charge carriers and depleting the valence band. The free charge carrier density was
determined to be 2 x 10" /cm?, about one carrier per particle. The shift can be reversed by
introduction of O,. For junctions of ZnO nanoparticle layers with a pH neutral-PEDOT:PSS
conducting polymer layer a depletion width of 5 nm in ZnO is observed under UV
illumination in O,-free atmosphere. At the junction free charge carriers in ZnO are transferred
to neutral-PEDOT:PSS causing a slight reduction of the latter.



Chapter 8

8.1 Introduction

By appropriate doping a semiconductor can be made to conduct either holes or electrons (p-
type and n-type). Junctions between p-type and n-type semiconductors are used in many
electronic devices (rectifier, solar cells, LEDs) and are characterized by a depletion layer in
which the charge carrier density is reduced to align the Fermi levels on both sides of the
junction. Upon increasing the doping levels the width of depletion layer of the p-n junction
becomes very narrow and tunneling of charge carriers can take place (Figure 1). This is
utilized in so-called tunnel or Esaki diodes." With very high degrees of doping, the p-n
junction is eventually expected to behave as Ohmic contact. p-n Junctions can be modeled
accurately and are well understood both from a physics and electronics perspective. However,
from a chemical point of view the formation of a quasi Ohmic contact in p-n junctions is less
clear.

depletion width

pEDOT-PSS 210 o -
¢ltiunneling
p-i junction p-n junction quasi ohmic
p-n junction

Figure 1: Band diagram of various p-n junctions. Here ‘i' stands for insulator.

Recently formation of an quasi Ohmic junction between a heavily doped organic p-type
conductor, poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS),” and an
inorganic n-type layer of ZnO nanoparticles has been demonstrated.” The formation of these
junctions can be studied into considerable detail because the effective doping level in the ZnO
layer can be controlled externally either by UV illumination or by applying a high bias
voltage over appropriately applied electrodes.’

Ohmic ZnO/PEDOT:PSS junctions are of considerable practical importance. It was found
that these junctions show resistive switching and may be applied as electronic memory cell.*
Here the resistance of the quasi Ohmic junction can be altered reversibly by applying a
potential difference across the junction. A second application of the ZnO/PEDOT:PSS
junctions is in solution processed multijunction solar cells.” Here an internal ZnO
nanoparticle/PEDOT:PSS junction between two photovoltaic active bulk heterojunction
layers is used to align the conduction band of one cell with the valence band of the other. This
alignment takes place when the junction becomes Ohmic after illuminating the ZnO layer
with UV light. Interestingly also other metal oxides are capable of forming such a Ohmic
junction like TiOx/PEDOT:PSS.® Therefore knowledge of the electronic structure of the
ZnO/PEDOT:PSS interface is important for a complete understanding of the operation of
these organic memories and multijunction solar cells.
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‘ 0, expcsure @
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Figure 2: Schematic representation of the UV light and bias voltage induced n-type doping of ZnO nanoparticles
under O,-free conditions.

ZnO has n-type character, resulting from the presence of positively charged, stationary
defects that are compensated by electrons in the conduction band. In the presence of O,, the
mobile electrons are scavenged by O, molecules adsorbed to the surface of the nanoparticles
and the n-type character is strongly suppressed (Figure 2). Under O,-free conditions,
introduction of mobile holes and electrons, either via contacts and applying a high bias
voltage or by photoexcitation, into the ZnO nanoparticles leads to recombination of the
mobile holes with O, and subsequent desorption of O, from the surface. As a result, the
remaining particles have an increased density of mobile electrons, leading to persistent
(photo)conductivity.’

Apart from changing the conductivity, the presence of the mobile electrons also changes the
optical properties of the ZnO. Earlier studies on ZnO, where the level of n-type doping was
varied systematically® (using e.g. In’ and Al'" as extrinsic dopants) have revealed a
correlation between the optical properties of the doped semiconductor and density of electrons
in the conduction band. The changes in optical properties near the onset of the absorption
resulting form the band to band transition can be understood in terms of the Moss-Burstein

'-12 photodoping of ZnO
13

effect, which is a shift of the band gap with increasing doping levels.
nanoparticles in dilute solution results in similar effects in the transmission spectra.

After partially filling up the conduction band of ZnO with electrons, higher photon energy is
required to excite an electron from the valence band of ZnO to an empty level in the
conduction band. This results in an apparent increase in the semiconductor band gap that is
marked by a blue shift in the absorption edge of the ZnO. The following simple relation has
been proposed to describe the magnitude of the Moss-Burstein shift in ZnO:

m (1 2
By = Ey + 7[—}3”2%% )

Myeq

where nc denotes the density of charge carriers in the conduction band and m;eq the reduced
effective mass of the electron hole pair: 1/myeq = 1/mc + 1/my, with mc and my the effective
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masses of the carriers in the conduction and valence band (mc = 0.28m, my = 0.58mg and my
the electron rest mass)." E, is the undoped band gap and E.i, the photon energy
corresponding to the onset of absorbance arising from valence to conduction band transition
in the direct band gap semiconductor. Experiments on ZnO doped by various donors have
indeed revealed the predicted nc”” dependence at low doping densities® "' (nc < 2 x
10"/cm’). These experiments also showed that various corrections to eg 1 are necessary to
quantitatively explain the observed Moss-Burstein shift, especially at high doping densities. "

Here we use ellipsometry to study the optical properties of a layer ZnO nanoparticles and to
probe the electronic structure of the ZnO/PEDOT:PSS n-p junction. In these experiments we
use UV light to externally modify the effective degree of doping in ZnO. From evaluating the
magnitude of the Moss-Burstein shift we estimate the density of mobile electrons in the ZnO.
Using ellipsometry, we investigate ZnO/PEDOT:PSS junction directly and the results are
found to be consistent with transfer of electrons from the n to the p type material across the n-
p junction. Kelvin probe measurements are used as an independent measurement of the
estimated density of carriers and allow obtaining an estimate of the depletion width of the
ZnO/PEDOT:PSS junction.

8.2 Experimental section

ZnO layers were deposited from ZnO nanoparticles which were synthesized as described
previously by hydrolysis and condensation of zinc acetate dihydrate (Acros) by potassium
hydroxide (Merck) in methanol (Biosolve).'® After centrifugation the nanoparticles with an
average diameter of 5 nm were dissolved in acetone for spin coating to obtain 25, 35-40, and
100 nm thick layers from 10, 10 and 25 mg/ml concentrated solutions respectively on the
different substrates (Si wafer, glass/indium tin oxide (ITO), and bare glass). The ZnO films on
glass/ITO were used for Kelvin probe experiments whereas films on Si and bare glass were
used for ellipsometry experiments.

For the ITO/PEDOT:PSS/ZnO/LiF/Al p-n devices, 50 nm of PEDOT:PSS (Clevios™ P VP
Al 4083, HC Starck) was deposited on glass/ITO (Naranjo Substrates) by spin coating,
followed by deposition of 40 nm ZnO from nanoparticles dissolved in acetone. The sample
was subsequently transferred to a nitrogen filled glovebox for the evaporation of LiF (1 nm)
and Al (100 nm) at a pressure of 10”7 mbar. The current density vs. voltage measurements
(sweep from -2 to 2 V) were performed with a Labview controlled Keithley 2400 source
meter.

For fabricating ZnO/PEDOT:PSS junctions it is important to realize that ZnO readily
dissolves in the low pH PEDOT:PSS (Clevios™ P VP AI 4083) dispersion. Hence, we used a
pH-neutral PEDOT:PSS (n-PEDOT:PSS, Orgacon, batch 5541073, pH = 7, 1.2 wt%, Agfa
Gevaert NV), spin coated from water after 1:1 dilution to obtain a 15 nm layer on glass or on
a layer of ZnO nanoparticles.

Spin coating neutral-PEDOT:PSS on a bare Si wafer was hampered by poor wetting of the
substrate. These dewetting problems were avoided by using glass as a substrate. To minimize
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reflections from the backside of the glass substrate in the ellipsometry measurements, the
backside was covered with Scotch tape or scratched in order to give diffuse reflection to the
incident light at this interface.

Optical constants of layer of ZnO nanoparticle and PEDOT:PSS layers were determined via
ellipsometry experiments in air at variable angles over a 300-1700 nm wavelength region
using a WVASE32 ellipsometer (J. A. Woollam Co., Inc). Illumination with UV light under
O, free conditions was performed by placing the sample film in a special sample holder
(VASE heat cell attachment, Heatcell.03 c¢) and flushing with argon. The sample holder has
two fused silica windows that allow passage to incident and reflected light. Possible
attenuation and phase lag of incident and reflected light when passing through these windows
was taken into consideration while modeling the experimental ellipsometric data y and A.
These windows are held at a fixed angle to each other, which is why ellipsometry experiments
using this sample holder could only be done at 70° angle. For illumination experiments in
ellipsometry a UV lamp was used (Spectroline, ENF 260C/F) that can be operated in two
modes. The first gives 254 nm Hg emission with narrow wavelength distribution, the second
gives a broad emission band centered on 365 nm. UV illumination on the p-n diode device
ITO/PEDOT:PSS/ZnO/LiF/Al was carried out using a Money Detector (4 = 350 nm, 2 W,
NCT-168M, Zhongshan Ruihe Electric Appliance).

Ellipsometric measurements were done on Si wafer or glass substrates. Ellipsometric
measurements were performed on layer of ZnO nanoparticles on a Si wafer. Using Si
substrates makes the measurement and modeling easier primarily because it has no backside
reflections for photon energies above the band gap, unlike commonly used glass or quartz
substrates. The thickness of SiO; layer (2.28 nm) on top of Si wafer was determined using
ellipsometry and used in subsequent modeling. The optical constants of Si and SiO; used for
modeling were provided by ellipsometer software.'” In case of glass as a substrate, the optical
constants of the glass used were determined separately. The optical constants of glass are
shown in Figure 1 in Chapter 7. Roughness in the films was accounted by two different
methods. First, an additional (effective medium approximation, EMA) layer comprising ZnO
nanoparticles and 50% voids was used on top of the ZnO layer. The thickness of this layer
was an additional fitting parameter. Bruggeman approximation was used for the EMA layer.
Second, ‘global’ roughness was applied from the software options. This was used as the
standard method, unless mentioned otherwise.

Kelvin Probe measurements were performed in a nitrogen glove box. In every measurement,
the work function was monitored over 30 minutes. A commercial instrument was used
(Besocke Delta Phi, Kelvin Probe S and Kelvin Control 07) enclosed in a home-built Faraday
cage. The Kelvin Probe was calibrated with freshly cleaved highly oriented pyrolytic graphite
(HOPG), which has a stable work function of 4.48 ¢V.'® ZnO samples were put inside the
glove box and measured. Next, the samples were illuminated for 30 minutes with a solar
simulator (Steuernagel, Solar Constant 1200) in a nitrogen glove box and measured
afterwards. Finally, the samples were exposed to air outside the glove box for 30 minutes and
the work function was measured again afterwards.
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8.3 Results and discussion

In this section we will first investigate the electrical properties of ZnO/PEDOT:PSS n-p
junctions and illustrate the formation of the Ohmic junction between ZnO and PEDOT:PSS
after illumination of the ZnO layer with UV light. Secondly, we will investigate the changes
in optical properties induced in ZnO by the UV light, through spectroscopic ellipsometry.
This results in an estimate of the density of free carriers after photodoping. We then determine
optical constants for acidic and pH neutral PEDOT:PSS layers and subsequently investigate
the optical properties of ZnO/PEDOT:PSS junctions directly with ellipsometry upon
illumination with UV light. This provides evidence for charge transfer at the interface
between the two materials. Kelvin probe measurements on the ZnO layer of different
thicknesses will be used to check the estimate of free carriers after photodoping obtained from
ellipsometry and to estimate the width of the depletion zone.

8.3.1 Formation of a quasi ohmic contact in an ITO/ ZnO / PEDOT-PSS junction

The evolution of a p-n junction towards an Ohmic contact upon increasing the doping
density has been studied electrically in glass/ITO/ZnO/PEDOT:PSS/Al and glass/ITO/neutral-
PEDOT:PSS/ZnO/Al. Figure 3 shows -V characteristics of both device configurations.
Before UV illumination, the pristine devices show a typical non-linear I-V characteristic,
characteristic of a Schottky junction. Upon UV-illumination, the I-V characteristics of the
device become linear, i.e. Ohmic in nature, for both device configurations. Before UV
illumination the current densities are lower than after UV illumination. We attribute this to a
large increase in the density of mobile electrons in the ZnO upon illumination. Upon exposure
to oxygen we assume that all mobile electrons in the ZnO are scavenged by oxygen and that
the ZnO behaves as an intrinsic wide band gap semiconductor.

The fact that both devices show a transition to Ohmic behavior upon UV illumination
confirms photodoping of the ZnO layer.
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Figure 3: Diode setup and experimental current-voltage characteristics of ZnO/neutral-PEDOT:PSS interface in
(a) n-p junction mode, and (b) p-n junction mode. The experiments explain the transition from diode behavior
(Schottky contact) to Ohmic behavior upon UV-illumination.

8.3.2 Optical constants of layer of ZnO nanoparticles

Optical constants for a layer of ZnO nanoparticles on a Si wafer were determined in air by
spectroscopic ellipsometry. While modeling the experimental data obtained from the
ellipsometer for layer of ZnO nanoparticles, we assumed that the ZnO layer behaves as a
homogeneous and isotropic material. An AFM image (Figure 4) shows that the surface of the
ZnO layer is not completely flat and, hence, surface roughness has to be taken into account

while modeling. The RMS value for surface roughness as determined from the AFM software
was 10 nm.

Figure 4: (a) Phase and (b) height image of a 35 nm thin film of ZnO nanoparticles on glass.

Crystalline ZnO is an anisotropic material with a hexagonal crystal structure and therefore
one cannot a priori assume isotropic optical constants. However, transmission electron
microscopy on the ZnO nanoparticles shows that they are approximately spherical in shape
and, furthermore, the AFM image also does not show any deviations either from spherical
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symmetry or of any preferential alignment. In addition, the dielectric functions for ZnO show
only a very small variation for the different directions.'® Henceforth, an isotropic model
would suffice to determine the optical constants (77 = n + ix).
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Figure 5: (a) ¥ and (b) A values recorded by the ellipsometer along with modeled fit for the thin film of ZnO
nanoparticles on Si wafer at different angles of incidence. (c) Oscillators used to obtain the aforementioned fit.
The thickness of the film as obtained from the surface profilometer is 35nm.

Results of the fits of the isotropic oscillator are also illustrated in Figure 5a and 5b. The
fitting procedure is the same as explained in Chapter 7. First the transparent region was
modeled as a Cauchy layer (as x = 0) to determine thickness. Later, keeping thickness
constant a point by point fit is made through the whole wavelength region. A rough estimate
of optical constants is determined through this fit. This rough estimate is then used to set up a
general oscillator model to describe the dielectric function. Here we use a summation of
Gaussian oscillators and a Tauc-Lorentz*® oscillator. Tauc-Lorentz is a useful oscillator

model for semiconductors.
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where A is a constant with energy units, B is energy band width at half maximum, £, the
resonance energy (peak transition energy), E, the band gap energy (onset of absorbance), and
€1(0) is an additional fitting parameter. Here P stands for the Cauchy principal part of the
integral.’’ The real part of the Tauc-Lorentz can be found by a Kramers-Kronig
transformation for the imaginary part, &. In addition to A4, E., and B which are general
variables used for fitting the experimental y and A values, Tauc-Lorentz involves two more in
E, and &().

Fitting for the variables (for example band energy, bandwidth, energy onset, amplitude) of
all oscillators along with thickness and roughness for the sample, yielded a fit with a mean
squared error (MSE) and correlation values. The oscillator strengths of the general oscillators
used in the model to obtain the aforementioned fit are collected in Table 1 and shown in
Figure 5c. The MSE obtained was 6.42 with correlation values as low as 0.83. The fits
obtained adhere nicely to 90% confidence limits. The thickness determined by the
ellipsometry experiments was found to be 37.8 nm which is in good accordance with
thickness measured by surface profilometer (35 nm). The optical constants as obtained from
the modeled fit of layer of ZnO nanoparticles are shown in Figure 6. The extinction
coefficient, x for the layer of ZnO nanoparticles shows onset at ~400 nm and a characteristic
peak at ~375 nm. This is the absorption edge of the direct band gap semiconductor. A global
roughness fit was performed. With the help of the Woollam WVASE32 software, surface
roughness was fitted. This can be done by choosing roughness as a fitting parameter from the
model options in the software. The software then treats the model as non ideal in nature and
fits for average roughness. This technique was used throughout all experiments. For the layer
of ZnO nanoparticles on Si, 18% roughness was found. Another way of treating surface
roughness is by adding an additional layer on top of ZnO. This layer can be designed to
comprise of voids as source for surface roughness. It was assumed the layer was made of 50%
voids and the rest 50% were ZnO nanoparticles. The intermixing of the void and
nanoparticles was based on effective medium approximation involving Bruggeman theory.
The thickness of this intermix layer was an additional parameter during fitting of the
experimental values. This method of roughness correction did give very similar results as
obtained from global roughness in optical constants (Figure 6b).
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Oscillators A(eV) B(eV) E.(eV)
Tauc-Lorentz 72.88 0.26 3.34
Gaussian 0.04 0.49 3.87
Gaussian 0.15 0.86 4.44
Gaussian 2.52 243 6.07

Table 1: Fit parameters for oscillators used in the model for thin film of ZnO nps on Si, as derived from the
solution set. Additional parameter for Tauc-Lorentz being (£, 3.25 eV).
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Figure 6: Optical constants (a) n and x; and (b) & and &, values of thin film ZnO nanoparticles as derived from
the model fit to experimental data shown in Figure 5. Panel (b) also shows influence of alternate methods of
dealing with surface roughness.

The optical constants as shown in Figure 6 can be compared to those reported for crystalline
ZnO. "**? For this we calculated the dielectric spectrum &v) = &(v) + ie(v) and use the
maximal slope of the rising flank of the &(Vv) spectrum as a semi-empirical criterion to
determine 3.38 eV as the energy of the onset of the interband transition.® Using the same
criterion we find for single crystalline ZnO a value of 3.31 eV for optical electric field
perpendicular to the crystallographic c-axis and an onset at 3.34 eV for field parallel to the c-

axis.!??

The difference between the onset observed here and that reported for single
crystalline ZnO may be interpreted in terms of a quantum confinement effect. Here the
delocalization of the charge carriers is limited due to the finite radius of the ZnO nanocrystals
in the film.” For ZnO particles with diameter of 5 nm quantum confinement is still relatively
small and amounts to about 0.1 eV.** Apart from a relatively small difference in onset, the
g(v) and &(v) spectra of the nanoparticle layer and of single crystalline ZnO differ
considerably in amplitude. For single crystalline ZnO, &(v) shows a sharp exciton feature at
3.45 eV where (V) reaches a maximum value of 2.8.** The maximum amplitude of &(1) has
been shown to be very sensitive to the degree of crystallinity and decreases rapidly for
multicrystalline films."” Roughness in the films were found to have minimal effect on the
dielectric constants in order to explain the difference in aforementioned amplitude. The
multicrystalline nature of ZnO in spincoated films is most likely responsible for the lower

amplitude in &(v).
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8.3.3 Optical constants of layer of ZnO nanoparticles upon UV illumination
(photodoping)

[lluminating the layer of ZnO nanoparticles with UV light (365 nm wavelength) in argon
atmosphere results in changes in the y and A (Figure 7). The position of the local maximum
of v values near 375 nm shifts towards shorter wavelength to 360 nm and increases upto 42°
upon UV illumination (Figure 7b). The magnitude of the shifts increases with illumination
time but saturates after 1 h. Upon introduction of air into the sample chamber the changes are
fully reversed and the original y and A values are recovered. This observation is well in
agreement with the scheme as proposed in Figure 2.

By modeling y and A after illumination, the changes in optical constants induced by UV
light can be resolved (Figure 8). The n and x spectra clearly show a blue shift of the onset of
the absorption upon UV illumination, corresponding to the expected behavior for the Moss-
Burstein effect. UV illumination in inert atmosphere leads to population of the conduction
band with mobile electrons because the mobile holes recombine with O, at the surface. These
mobile electrons are scavenged again upon exposure to O from the air and the Moss-Burstein
shift is reversed. Here we notice a reduction of n upon illumination at in the 1200-1700 nm
region (Figure 9a). This indicates a possible rise of the absorption at wavelengths > 1700 nm
where ZnO free carriers are known to absorb,” of which the onset is already observable at

around 1200nm.
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Figure 7: ¥ and A values recorded by the ellipsometer for the thin film of ZnO nps on Si wafer at 70° angle of
incidence. Figure b is the magnified version of the circled part in Figure a.
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Figure 8: (a) x, (b) n, (¢) &, and (d) & values for layer of ZnO nanoparticles before and after UV illumination.

The changes in optical constants saturate for long illumination times (Figure 9b). With
illumination at 365 nm, saturation seems to be reached more slowly in comparison with
illumination at 254 nm. This is probably related to differences in intensity of the radiation
used and differences in the absorption by the ZnO. As a control experiment we verified that
the UV illumination does not cause a change in the optical properties of the underlying Si
substrate (Figure 9c). In addition it was also verified that only changing the atmosphere from
air to argon without illumination with UV light does not affect the optical constants of ZnO.

We can now try to estimate the magnitude of the Moss-Burstein shift using the criterion for
determining the onset of absorption from the &(v) spectrum (Figure 8c). We find that the
point of maximal slope shifts over 0.07 eV after illumination. By comparing with the
magnitude of the Moss-Burstein shift reported by Kim and Park for ZnO doped with different
amounts of Al,” we estimate that the density of mobile electrons in the valence band ZnO
nanoparticles layer is ~2 x 10'’/cm’. The same conclusion is reached after comparison with
other studies on the magnitude of the Moss-Burstein shift with respect to the density of the
dopants.*'® We interpret this high doping level reached upon illumination in terms of the
granular structure of the ZnO layer. O, molecules may be able to diffuse in and out of the
layer via the amorphous material and empty space between the nanoparticles, which results in
a high internal surface area of the ZnO layer available for adsorption of O, molecules and
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trapping of mobile electrons. A doping level of 2 x 10"’/cm’ implies a density of positively
charged defects in the ZnO of at least equal magnitude. This number density corresponds to
about one positively charged defect per nanoparticle. Considering the fact that these particles
were synthesized in solution this number density does not necessarily imply multiple charging
of the particles during their formation.
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Figure 9: (a) n and « values for layer of ZnO nanoparticles before and after UV illumination in infrared
wavelength region. (b) change on optical constants monitored at 366nm using two different illumination
wavelengths. (¢) ¥ and A values recorded by the ellipsometer for the thin film of SiO, on Si wafer at 70° angle of
incidence.

8.3.4 Anisotropic optical constants of PEDOT:PSS

In order to be able to study electron transfer processes in the ZnO/PEDOT:PSS junction
spectroscopically, it is important to first determine the optical constants of PEDOT:PSS. To
this end we investigated layers of PEDOT:PSS on glass. We studied the pH-neutral and acidic
forms.

Optical properties of the acidic PEDOT:PSS have been reported in literature.”® They are
found to be anisotropic in nature. Therefore when studying the neutral-PEDOT:PSS, for
which optical constants are not available from literature, we take anisotropy into account. The
ellipsometric angles y and A are shown in Figure 10 together with the fit of an appropriate
anisotropic oscillator model. To validate the results on the neutral-PEDOT:PSS and obtain a
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fair comparison with the properties of the acidic PEDOT:PSS, we have also studied the acidic
variant using the same conditions. The optical constants obtained are shown in Figures 10c
(acidic) and 10d (pH neutral). Optimized parameters of the oscillator model fitted to the data
are listed in Table 2. The thicknesses of the layers found from ellipsometric analysis were in
accordance with those determined from surface profilometer (18.2 nm from ellipsometry on
neutral-PEDOT:PSS vs. ~15 nm from profilometer). For acidic corresponding values are 13.6
vs. ~15 nm.

It can be seen that for both PEDOT:PSS films, the ordinary (in-plane) component of the
refractive index is much larger than the extraordinary (out-of-plane). As the transition dipole
moment for the strongly allowed low energy transitions are usually oriented parallel to the
chain direction in m-conjugated polymers, this anisotropy suggests a preferential in-plane
orientation of polymer chains. Looking at the spectrum for (A1) for neutral-PEDOT:PSS, we
notice a shoulder in the ordinary component position centered around 800 nm which is largely
absent in the acidic form. This band has been assigned to an interband transition.”’
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Figure 10: y and A values combined with the modeled fits for thin films of (a) PEDOT:PSS (Clevios P), and (b)
neutral- PEDOT:PSS on glass substrates. (c) and (d) spectrum show anisotropic optical constants for the same
respectively.
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PEDOT:PSS (Clevios P) neutral-PEDOT:PSS(Orgacon)
Oscillators
A(eV) B(eV) E(eV) A(eV) B(eV) E(eV)
Lorentz (ordinary) 0.81 0.45 4.64 1.16 0.53 5.42
Lorentz (ordinary) 4.81 0.86 0.23 3.73 0.35 0.28
Lorentz (ordinary) 0.21 7.88 5.46 0.20 1.5 1.6
Lorentz (extraordinary) 0.29 0.43 4.16 0.13 0.69 4.1
Lorentz (extraordinary) 0.19 0.46 0.35 0.57 1.42 0.35

Table 2: Parameters describing the individual oscillators contributing to &(v) in the model used to fit the
ellipsometric angles for thin films of PEDOT:PSS and neutral-PEDOT:PSS on glass substrate.

8.3.5 Influence of UV illumination on pH-neutral PEDOT:PSS

As part of a control experiment, it is important to determine the effect of UV illumination on
neutral-PEDOT:PSS in inert atmosphere. Figure 11a reveals the experimental y and A values.
The optical constants n and x do not change significantly upon UV-illumination as can be
seen from Figure 11b and 11c. There is a very small change when argon is introduced. This is
because of the fact that air and moisture are extracted from the sample cell thereby drying the
neutral-PEDOT:PSS layer, which generally contains a significant amount of water.
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Figure 11: (a) v and A values for thin film of neutral-PEDOT:PSS on glass substrates at fixed angle of 70°
together with optical constants (b ,c) as obtained from the model fit to the experimental y and A values for
different conditions.
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8.3.6 Photodoping at ZnO nanoparticles/neutral-PEDOT:PSS interface

After obtaining the optical constants of layers of ZnO nanoparticles and neutral-
PEDOT:PSS, the next step is to investigate the bilayer of these two materials. The stack
investigated by ellipsometry at different angles was glass/ZnO(100nm)/neutral-
PEDOT:PSS(15 nm). To model the experiments, oscillators from the previous experiments
(where each layer was treated independently) were taken. All parameters in every oscillator
for effective three layers (ZnO, ordinary neutral-PEDOT:PSS and extraordinary neutral-
PEDOT:PSS) including the thickness were fitted. Results in terms of optical constants are
shown in Figure 12. These optical constants have similar band shapes but only differ by 10%
in amplitude to their respective values as individual layers. These amplitude differences can
be due to intermixing of the layers at the interface, which affects morphology compared to
individual layers.

1@
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© |1l
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ordinary PSS

ZnO nps
glass

Model
Figure 12: Individual optical constants of (a) layer of ZnO nps, and (b) neutral-PEDOT:PSS as obtained from
the model fit to the experimental y and A values for the bilayer film Glass/ZnO(100nm)/neutral-
PEDOT:PSS(15nm). (c) Representation of layers as treated in the experiments and the model during UV
illumination experiments.

The measurements and analysis were then repeated for UV illumination experiments on the
bilayer in inert atmosphere. Here UV light was incident on the neutral-PEDOT:PSS and air
interface. Changes in y and A values are observed and shown in Figure 13. In the wavelength
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region of ZnO absorption, we notice a small shift in the peak of y around 375 nm to shorter
wavelength upon illumination. This shift reverses upon exposure to air. This behavior is
similar to that observed for a layer of ZnO nanoparticles on Si (paragraph 8.3.3).

22 4 —=— Argon atm.
—o— illum. 30 min
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214

20
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(a)
"s00 1000 1500
Wavelength (nm)
Figure 13: Change in y and A values for thin film of (a) ZnO(100nm) /neutral-PEDOT:PSS(15nm) at fixed
angle of 70°. The solid arrows indicate the direction of change upon illumination in inert atmosphere (90 minute
purging with argon) whereas dotted arrow shows changes occurring upon introduction of air after illumination

In the wavelength region where neutral-PEDOT:PSS absorbs light (700-1550 nm) we also
observe changes in the y and A values upon illumination. Remarkably though in this
wavelength region, the separate layers of ZnO and neutral-PEDOT:PSS show no appreciable
change in ellipsometric response upon illumination (paragraphs 8.3.3 and 8.3.5). Changes
observed in this region are not reversible upon exposure to air.

The changes in y and A were modeled to determine changes in the optical constants. In these
calculations, the thickness was taken as a constant and invariant to illumination. The oscillator
variables for in-plane refractive index of neutral-PEDOT:PSS and ZnO nanoparticles were
used as fitting parameters to record changes upon UV-illumination. Because measurements
were only possible at a fixed angle of 70°, limited data on the out-of-plane optical constants of
neutral-PEDOT:PSS could be obtained, hence the variables of the associated oscillators were
not deployed as fitting parameters.

Figure 14a shows that the Moss-Burstein shift still occurs in the layer of ZnO nanoparticles
and that the effect is reversed upon introduction of air. This is probably because the expected
depletion width is much smaller that the thickness of the ZnO film (100 nm).

Changes can also be seen in optical constants of neutral-PEDOT:PSS upon UV illumination
which otherwise were absent when illumination experiments were carried out on individual
layer of neutral-PEDOT:PSS (see section 8.3.5). These observations are indicative of charge
transfer happening at the ZnO/neutral-PEDOT:PSS junction. Upon UV illumination, the
electrons that are promoted to the conduction band of ZnO are transferred to lower lying
energy levels of neutral-PEDOT:PSS. These electrons combine with the holes in the doped
neutral-PEDOT:PSS and reducing the polymer. A decrease in x value in the interband region
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at ~900 nm of neutral-PEDOT:PSS (Figure 14b) indicates that some reduction of PEDOT
occurs.”

Upon introduction of air the Moss-Burstein shift in ZnO is reversed and the x value of
neutral-PEDOT:PSS at 900 nm is restored. This is consistent with the re-oxidation of neutral-
PEDOT:PSS, but the optical constants of neutral-PEDOT:PSS above 1000 nm have changed
irreversibly (Figure 14b). The origin of these irreversible changes is unknown. Introducing
argon at this stage did not change the optical constants.
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Figure 14: Optical constants of (a) layer of ZnO nps, and (b) neutral-PEDOT:PSS upon UV-illumination, as
obtained from the model fit to the experimental y and A values for the ZnO(100nm) /neutral-
PEDOT:PSS(15nm) film on glass substrates as shown in Figure 13. The solid arrows indicate the direction of
change upon illumination in inert atmosphere (90 minute purging with argon) whereas dotted arrow shows
changes occurring upon introduction of air after illumination

8.3.7 Estimation of a lower limit of the charge carrier density from Kelvin probe
experiments

In order to confirm the high doping levels after illumination determined from ellipsometry,
we performed Kelvin probe measurements. Here one measures the surface potential of the
ZnO layer before and after illumination. For these measurements, the particles are spin coated
on an ITO layer which serves as the back electrode in the Kelvin probe measurements.

In Figure 15 we have illustrated this type of measurement schematically. For simplicity we
assume that the ITO substrate and the metallic probe head have the same work function. This
is allowed because we are only interested in changes of the work function after illumination.
Before illumination, the ZnO may be assumed to behave as an intrinsic wide band gap
semiconductor. In this case, the electrical current flowing between the probe head and the ITO
electrode through the external circuit upon moving the probe head to and from the ITO
substrate is minimal when zero bias voltage is applied between ITO and the probe head. After
UV illumination under O,-free conditions, free carriers are induced in the ZnO that
equilibrate. Some of these migrate to the ITO electrode. This migration induces a net space
charge in the ZnO which leads to a shift of the vacuum level. The migration stops when the
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conduction band of the ZnO is aligned with the Fermi level of the ITO. Under these
conditions, the current between probe head and ITO electrode is minimal while the potential
difference (AV) arising from electron migration from ZnO to ITO is compensated in the
external circuit of the setup.

Pristine, dark After illumination

Vacuum

4.4eV

Figure 15: Band diagram illustrating the Kelvin probe experiments on ITO/ ZnO structures before (left) and
after illumination. For simplicity it is assumed that the vibrating probe head has the same work function as ITO.

Based on a rough estimate of the work function of ITO (~5.1 eV) and the position of the
conduction band edge of ZnO with respect to the vacuum level (4.4 eV), one expects a change
in the work function of 0.7 eV. Here we assume of course that the charge carrier density in the
ZnO is high enough for the potential difference AV to be reached within the finite thickness of
the ZnO layer. Now by varying the thickness of the ZnO layer and measuring the change in
surface potential upon illumination we can estimate a lower limit for the charge carrier
density in the ZnO after photodoping.

The problem of calculating the surface potential in these planar junctions may be reduced to
one spatial dimension (perpendicular to the layers). In this case the Poisson equation that
relates the space charge density p to the derivative of the electric field E is:

dp_p 3)
dx EoE,

If we now assume complete ionization of the donors in the depletion zone of the photodoped
Zn0O near the interface, e.g. a rectangular ionization profile, we can calculate the minimal
layer thickness d that is needed to make up the potential difference AV for a given value of the
donor density p

2
AV(d)zLJ{E(x)dx :TL.xdxzi.d? 4)
0

0 g()gr 80 gr
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Kelvin probe experiments of a layer of 40 nm thickness yielded a change in the work
function of 0.7 V upon illumination in O,-free atmosphere. Upon exposure to O, the work
function reverted back to its original value. Experiments on a layer of 25 nm thickness, which
is practically the lower limit for obtaining continuous films, yielded a shift of the surface
voltage of 0.55 V upon illumination.

Using the latter experimental numbers and a static relative dielectric constant of ZnO of 8.5,
we estimate a lower limit for the charge carrier density in the photodoped ZnO of 10" /em?.
For the data on the film with 40 nm thickness we calculate a lower limit of 4 x 10" /em’.
These lower limits are in agreement with the estimate of the charge carrier density from
analysis of the Moss-Burstein shift. We note however that the estimate from spectroscopic
analysis is much higher (2 x 10" /ecm’).

Now using eg 4 we can estimate the depletion width of the ZnO/PEDOT:PSS junction. For
this we assume a work function of the PEDOT:PSS of 5.2 eV. This gives an estimate of the
depletion width of dz,0 = 5 nm. Although this is a short distance, it is still quite long
compared to the distances for fast tunneling of charge carriers. We note that the Debye length
Lp for the doped ZnO (0.8 nm) is much smaller then the estimated depletion width for the
junction. Therefore the potential barrier than a charge carrier has to overcome will be
screened significantly by the surrounding charge carriers and efficient tunneling of charge
carriers may be expected. Debye length can be calculated as mentioned below:

BT 1/2

E.8

-[227)
q-N

where, ky, is the Boltzmann constant, 7 is the temperature, and N, is the charge carrier density.

Furthermore we a point out that the net positive charge in the ZnO responsible for the band
bending is not a continuous charge density but point like due to the atomic nature of the
dopants. This gives much higher local charge densities and suggests that charge transfer
across the ZnO/PEDOT:PSS interface actually occurs via positively charged ions (or
vacancies) at the interface serving as a point of entry for the electrons into the ZnO.

Based on the estimates of the charge carrier density in photodoped ZnO we can now predict
what happens in a isolated bilayer structure of PEDOT:PSS and ZnO upon photoillumination.
Upon photodoping the ZnO we expect charge transfer of electrons from the ZnO to
PEDOT:PSS across the interface. The number of charge carriers transferred per unit area
interface is equal to pzno.dzno = 102/ cmz). If the PEDOT:PSS layer has a thickness lpgpot =
15 nm, this will result a average number density of transferred charges in the PEDOT:PSS
layer equal to pzno.dzno / lpepor = 7 x 10" /em® . This number may be compared to the total
charge carrier density in PEDOT:PSS which is estimated at 10*' /cm®.*® This implies a very
small fractional change in the charge carrier density in the PEDOT:PSS layer upon
photoillumination of a ZnO/PEDOT:PSS junction. Nevertheless, as described above, we still
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find spectroscopic support for charge transfer of electrons from ZnO to PEDOT:PSS upon
photoillumination.

8.4 Conclusion

The optical constants for a layer of ZnO nanoparticles were determined via variable angle
spectroscopic ellipsometry. Upon photodoping the layer in inert (oxygen-free) atmosphere, a
Moss-Burstein shift is observed in the optical constants. This shift is associated to apparent
increase in band gap, which results due to population of conduction band with electrons
excited from valence band of ZnO. These free electrons in the conduction band account for
increased conductivity in the layer of ZnO nanoparticles explaining its Ohmic behavior. The
free charge carrier density corresponding to this shift was estimated to be 2 x 10™"? /em®. The
shift can be reversed on introduction of air.

On UV illuminating the n-p junction of ZnO/neutral-PEDOT:PSS, it was observed that the
free charge carriers generated in the conduction band of ZnO are transferred to neutral-
PEDOT:PSS. The depletion width in the layer of ZnO for this quasi-ohmic p-n junction was
estimated to be 5 nm. Though the estimated number density of transferred charges is fairly
low to significantly reduce the heavily doped neutral-PEDOT:PSS, yet changes in y and A
values were detected using spectroscopic ellipsometry. This suggests slight reduction of
neutral-PEDOT:PSS. For the ZnO layer of the junction, a reversible Moss-Burstein is
observed as expected for a ZnO film with thickness greater than the depletion width.
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Conclusion

Chapter 1, page 9: “The aim of the thesis is to use circularly polarized light as a
spectroscopic tool to understand the molecular organization associated to the chiroptical
properties of conjugate polymers at various structural levels”

To answer the above question, the thesis is structured into several chapters. Chiral -
conjugated polymers —especially chiral polyfluorene— are studied in great detail. Chirality
serves mainly as a spectroscopic ‘label’ allowing us to investigate aggregation and chiroptical
properties of the polymer chains using circular dichroism (CD) spectroscopy. CD
spectroscopy allows us to study differential absorption between left and right handed
circularly polarized light. The dissymmetry ratio in absorbance is often termed as Qaps.
However, before looking deeply into the molecular organization associated to chiroptical
properties of m-conjugated polymers, the foremost step is to define the chiroptical properties
which are inherent to a material. Chiroptical properties that are independent to the amount of
material are regarded as intensive, whereas properties dependent on the amount of the
material are attributed as extensive properties. In order to define intensive properties of chiral
conjugated polymers, we take chiral polythiophene as an example. The gas values for the
films of the chiral polymer were found to be independent of film thickness. Thus gaps can be
regarded as the intensive property of the material. Hence, circular polarization in absorbance
can be associated to arise on a molecular level at the site of photon absorbance.

Taking a step further, similar experiments were performed on chiral polyfluorene with an
aim to first establish the intensive property and second to investigate its origin. Also in
pristine films of a chiral polyfluorene we established that gass is an intensive property, that
arises at a length scale < 50nm. These intensive effects seem common for unannealed films,
where little or no long range order might be expected. With the help of AFM, the presence of
a fibrillar structure could be associated with the origin of CD. These fibrils lie in the plane of
the film. Spectroscopic ellipsometry (SE) reveals anisotropy in the films and it is found that
the majority of polymer chains lie in the plane of the film. A helical arrangement of the
coplanar chains across the sub-planes results in coupling between the transition dipole
moments of the chains, giving rise to the CD. Such an arrangement results in non-zero off
diagonal matrix elements, Gi, in the anisotropic dielectric tensor of the polymer film
determined from the CD and SE. These non-zero values of Gi, have been related to optical
rotation and ellipticity in reflection of light in a particular theory. Though the circular
selectivity in reflection is predicted to be quite small and unlikely causes aberrations in CD,
its existence is of paramount importance in defining the true nature of CD effects for chiral



polymer films in general. A possible follow up to these experiments would be to determine
the value of Gy, directly from the reflection measurements.

On annealing the films of chiral polyfluorene, gaps is found to dependent on the film
thickness. gans for annealed films of chiral polyfluorene can be associated as an extensive
property arising at length scale > 50 nm. The extensive property is a result of long range
mesoscopic ordering within the film. At even larger length scales, for example 1 um thick
annealed films, these extensive properties could be translated to circular selective scattering in
region of no absorbance (4 > 450 nm). The multidomain nature of the film causes light
scattering in the film and the dissymmetry ratio in scattering of left and right handed
circularly polarized light contributes to apparent CD in this wavelength region. Additionally,
the CD signal associated to the long range ordering in the circular differential absorbance in
the electronic ground states of chiral polyfluorene also extends to a large monosignate
photoinduced CD (PICD) associated with the triplet-triplet transition in the excited states of
the polymer. The large effect originates from the interaction of the local linear polarization of
the triplet-triplet absorption with the linear birefringence of the surrounding polymer matrix
and emphasizes the role of long range molecular order in explaining the exceptionally large
CD effects observed in chiral conjugated polymers.

The band shape of the CD as observed for the pristine films of chiral polyfluorene (with gaps
as intensive property) is also found in solutions of the polymer in mixture of solvents. A
molecularly dissolved solution of the polymer in chloroform does not show CD because the
polymer chains are far from each other and hence intermolecular attraction is minimal. On
adding non-solvent methanol to chloroform solution, the polymer chains become less soluble
in the solution mixture and interact with each other resulting in CD. This CD has same band
shape and sign as CD observed for the thin pristine films of the polymer. Dynamic light
scattering suggest formation of smaller aggregates. The CD of these aggregates can be
interpreted to arise at molecular length scale. Similar CD is also obtained on cooling the dilute
octanol solutions of the polymer from 90 °C to -10 °C. This CD is also classified as a
characteristic of a-phase. However, on slow cooling concentrated polyfluorene solutions, a /-
phase is formed having a different CD than the one seen in a-phase. This f-phase is found to
be concentration and cooling rate dependent suggesting dependence on slow dynamics and
dependence on the amount of material. Surprisingly, the fphase is found to be form via a
precursor formation. This precursor is interpreted as a small nucleus containing few
intertwined polymer helices. The idea is supported by the monosignate nature of the CD.
Interestingly, the occurrence of difference polymorphs like a-phase, f-phase, and precursor
arising due to secondary and tertiary interactions provide a good example of synthetic
polymer displaying aggregating behavior analogous to a natural polymer like DNA. It would
be interesting if the B-phase formed in solution could be transferred to the film providing a
relatively easier access of this highly organized phase in films, which otherwise is obtained by
some cryptic techniques.
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Conclusion

Therefore in achieving the aim of the thesis, we firstly established the intensive and
extensive properties of the chiral polymers and later investigated their origins to molecular
organizations. Furthermore, with that knowledge we investigated chiroptical properties in
films and in solutions. Adding another facet to the current knowledge we have gained using
circular polarized spectroscopy on chiral w-conjugated polymers, we investigated a p-n
junction device. Here an application of polarized spectroscopy in SE provides us information
at an electronic charge level like for example, about charge carrier density and depletion
width in n-p junction comprising of a layer of ZnO nanoparticles and PEDOT:PSS.

In the thesis experimental evidence has been presented supporting the usefulness of
circularly polarized light to probe the molecular organization on various length scales. It has
been shown that spectroscopy with circularly polarized light is very sensitive to long range
helical order in films of polyfluorenes. This long range ordering gives rise to various related
effects like circularly polarized scattering, reflection, and CD in photoinduced absorbance.
The information provided in the thesis on the origin of long range order and its interaction
with the light could act as a starting point to performing similar studies on various other n-
conjugated polymers. Understanding the molecular organization of n-conjugated polymers at
various length scales would allow us to manipulate their optoelectronic properties in a desired
way.
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Probing n-conjugated polymers with circularly

polarized light

Summary

In this thesis, we use circular polarized light to study aggregation in n-conjugated polymers
at various structural levels. The importance of this study stems from the necessity to
understand polymer packing and aggregation in thin films, used as active layer in opto-
electronic devices like solar cells and light-emitting diodes. A systematic study on
understanding polymer aggregation would provide freedom to tune the opto-electronic
properties of the polymer in desired fashion.

n-conjugated polymer have a backbone consisting of alternating single and double bonds,
which gives these polymers semiconducting properties and creates optical transitions in
visible wavelength region. These opto-electronic properties depend strongly on the
conformation of the polymer backbone and on interchain contacts arising from aggregation of
polymer chains. Here we use circularly polarized light to probe the optical, conformational
and electronic properties of m-conjugated polymers. This thesis focuses on chiral m-
conjugated polymers. Chirality serves here as a spectroscopic ‘label’ allowing us to
investigate aggregation and chiroptical properties of the polymer chains using circular
dichroism (CD) spectroscopy.

CD spectroscopy allows us to study differential absorption between left and right handed
circularly polarized light. The dissymmetry ratio in absorbance is often termed as g,»;. The
Zabs can be independent of the amount of the material, in which case the g, can be regarded
as intensive property of the material. On the other hand, if it is dependent on the amount of the
material, g.,s can be associated as the extemsive property. Chapters 2 and 3 utilize these
definitions to study the intensive and extensive properties of chiral polythiophene and chiral
polyfluorene respectively. Chapter 3 divulges further into the origins of the intensive and
extensive nature of g, hence outlining the polymer aggregation at different structural levels.

On investigating poly[3-((35)-3,7-dimethyloctyl)thiophene] (PT811), g.s was found to be
independent of the film thickness (Chapter 2). Thus the g, in this case can be regarded as
intensive, originating from a chiral molecular organization on a length scale < 50 nm. Having
understood the intensive nature of gu, a detailed study on aggregation of poly[9,9-bis((3S)-
3,7-dimethyloctyl)-2,7-fluorene] (PF811) was carried out (Chapter 3). It was found that
pristine films of PF811 also show g, that is independent of the film thickness and hence can
be regarded as intensive in nature. AFM reveals that the polymer chains collapse into



fibrillous aggregates upon spin coating the solutions of PF811. Similar CD effects were also
observed in solution by inducing aggregation in polymer chains by adding a non-solvent
(MeOH) to molecularly dissolved solutions of PF811 in chloroform. These aggregates can be
transferred from solution to film. These films also show similar fibrillous aggregates. This
suggests that the intensive g, is probably related to chiral arrangement of a few polymer
chains within a fibril. Interestingly, it was found that thermally annealed films of PF811 show
gabs dependent of the thickness of the film, indicating that here the CD effects arise on a larger
length scale (>50 nm). The AFM shows retention of fibrils, suggesting long range ordering of
fibrils, probably cholesteric in nature.

Chapters 2 and 3 dealt with the differential absorbance of circularly polarized light in
transmission mode. However, information about polymer aggregation can also be extracted
from reflection and scattering of circularly polarized light, which is emphasized in Chapter 4.
It was observed that the annealed films of PF811 show a CD effect for 4 > 450nm, even
though polymer does not absorb in this wavelength range. This anomalous behavior was
investigated via a tailor-made setup and it was found that this apparent CD is a result of
selectivity in scattering of left and right circular polarized light by the polymer film.

Interestingly CD effects are also observed in triplet-triplet photoinduced absorbance of the
PF811 polymer (Chapter 5). The large CD observed here most likely arises from interaction
of the linearly polarized photoinduced transition T;-T, with the surrounding birefringent
matrix of thermally annealed polymer.

Besides being an important blue light-emitting polymer, polyfluorenes (PFs) are also
interesting because they can occur in a and f aggregates, each having its own optoelectronic
properties. Processing conditions are of paramount importance in promoting the
aggregation/phase. Through temperature dependent CD studies of PF811 in 1-octanol, these
aggregates could be identified by their different CD spectra for the first time (Chapter 6). It
was discovered that dilute solutions often yielded a-aggregates, whereas slow controlled
cooling of concentrated solutions led to formation of f-aggregates. Remarkably though, /-
aggregates were found to appear only via formation of a precursor involving cooperative
folding of two or more chains.

Rod-like behavior of PFs is well known and anisotropy in achiral PF films has already been
established by their different in-plane and out-of-plane optical constants obtained by
spectroscopic ellipsometry (SE). Here one essential measures the change of linearly polarized
light into elliptically polarized light upon reflection from the polymer film. The anisotropic
dielectric tensor of chiral polyfluorene is determined via variable angle spectroscopic
ellipsometry and circular dichroism spectroscopy (Chapter 7). The anisotropy was found to be
influenced by high in-plane alignment of polymer chains in the thin film. Chirality of the
polymer results in small but non-zero off diagonal matrix elements in the dielectric tensor.
Subsequently, optical rotation and ellipticity in reflection are predicted for pristine film of
chiral polyfluorene.

In all previous chapters circular polarized light has been mostly employed to investigate
optical and conformational aspects of m-conjugated polymers. Chapter 8 utilizes polarized
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English summary

light to study electronic properties of m-conjugated polymer in p-n junction device involving
poly(ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and ZnO. The Moss-
Burstein shift, i.e. an apparent increase of the optical band gap, is observed upon UV
illumination of a layer of 5 nm ZnO nanoparticles in O,-free atmosphere using spectroscopic
ellipsometry. This shift is caused by populating the conduction band with excess free charge
carriers and depleting the valence band. The free charge carrier density was determined to be
2 x 10" /em’, about one carrier per particle. The shift can be reversed by introduction of O,.
For junctions of ZnO nanoparticle layers with a pH neutral PEDOT:PSS conducting polymer
layer a depletion width of 5 nm in ZnO is observed under UV illumination in O,-free
atmosphere. At the junction free charge carriers in ZnO are transferred to neutral-
PEDOT:PSS causing a slight reduction of the latter.
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Het onderzoeken van m-geconjugeerde polymeren

met circulair gepolariseerd licht

Samenvatting

In dit proefschrift wordt circulair gepolariseerd licht gebruikt om de assemblage van =-
geconjugeerde polymeren op verschillende lengteschalen te onderzoeken. Het belang van
deze studie komt voort uit het feit dat de polymeerpakking (assemblage) in dunne lagen een
rol speelt in toepassingen zoals zonnecellen en lichtemitterende diodes. Een systematisch
onderzoek naar de assemblage van m-geconjugeerde polymeren kan bijdragen aan het
verkrijgen en verbeteren van de gewenste opto-elektronische eigenschappen.

n-geconjugeerde polymeren hebben een moleculaire structuur die bestaat uit afwisselende
enkele en dubbele bindingen. Dit leidt tot een polymeer met halfgeleidende eigenschappen en
optische overgangen in het zichtbare golflengtegebied. De opto-elektronische eigenschappen
hangen sterk af van de conformatie van de polymeerketens en van hun onderlinge interacties.
In dit proefschrift wordt circulair gepolariseerd licht gebruikt om de optische,
conformationele en elektronische eigenschappen van chirale w-geconjugeerde polymeren te
onderzoeken. Chiraliteit wordt toegepast als een spectroscopisch ‘label” om de assemblage
van de polymeerketens te onderzoeken met circulair dichroisme (CD) spectroscopie.

CD spectroscopie meet verschillen in absorptie tussen links en rechts circulair gepolariseerd
licht. Een maat voor dit verschil is de dissymmetrie ratio gans. De gans kan onafhankelijk zijn
van de hoeveelheid materiaal en in dit geval kan de gans als intensieve grootheid van het
materiaal worden beschouwd. Echter als gaps Wel afhankelijk is van de hoeveelheid materie,
dan is gaps €en extensieve eigenschap. In de Hoofdstukken 2 en 3 worden deze definities
gebruikt om de chiroptische eigenschappen van films gemaakt uit chiraal polythiofeen of
chiraal polyfluoreen te onderzoeken.

Voor films van poly[3-((3S)-3,7-dimethyloctyl)thiofeen] (PT811) bleek gans onafhankelijk
te zijn van de laagdikte (Hoofdstuk 2). In dit geval is gans €en intensieve materiaal eigenschap
die zijn oorsprong vindt in de chirale moleculaire organisatie op een lengteschaal kleiner dan
50 nm. Vervolgens is een gedetailleerde studie uitgevoerd naar de assemblage van poly[9,9-
bis((3S)-3,7-dimethyloctyl)-2,7-fluoreen] (PF811) (Hoofdstuk 3). Ook voor polymeerlagen
van PF811, gedeponeerd vanuit oplossing met behulp van spin-coating, is gass Onafhankelijk
van de dikte van de laag en is het CD signaal dus intensief. Uit AFM blijkt dat de
polymeerketens geassembleerd zijn in fibrilachtige structuren tijdens het drogen van de film.
Vergelijkbare CD effecten zijn waargenomen in oplossingen van de polymeerketens waarin
de assemblage was gestimuleerd door toevoeging van een slecht oplosmiddel (MeOH) aan
een moleculair opgeloste oplossing van PF811 in chloroform. Het was mogelijk om de



aggregaten vanuit de oplossing over te dragen naar een oppervlak. Deze lagen vertoonden
vergelijkbare fibrilachtige structuren. Dit suggereert dat de intensieve gaps aan een chirale
pakking van enkele polymeerketens in een fibril kan worden gerelateerd. Thermisch
behandelde lagen van PF811 vertoonden een gaps die wel van de laagdikte afhankelijk is, wat
aangeeft dat deze CD effecten samenhangen met een moleculaire organisatie op een grotere
lengteschaal (> 50 nm). De AFM opnames duiden op de aanwezigheid van fibrilachtige
structuren. Dit suggereert een organisatie over een grote lengteschaal waarin deze fibrillen
geordend zijn op een vergelijkbare manier als de moleculen in een cholesterisch vloeibaar
kristal.

De eerste twee hoofdstukken behandelden de selectieve absorptie van circulair
gepolariseerd licht. Informatie over de polymeerassemblage kan ook met reflectie en
verstrooiing van circulair gepolariseerd licht worden verkregen. Dit is verder onderzocht in
Hoofdstuk 4. Thermische behandelde lagen van PF811 tonen een CD effect voor golflengtes
van licht boven 450 nm. In dit golflengtegebied absorbeert het polymeer geen licht meer. Dit
effect is bestudeerd met een zelfgemaakte opstelling waarmee selectiviteit in de reflectie en
verstrooiing van inkomend circulair gepolariseerd licht door de polymeerfilm gemeten kan
worden. In dit geval bleek selectiviteit in verstrooiing van licht het schijnbare CD effect
kwantitatief te kunnen verklaren.

CD effecten zijn ook in de fotogeinduceerde triplet-triplet absorptie van het polymeer
worden waargenomen (Hoofdstuk 5). Deze relatief sterke CD effecten worden toegeschreven
aan een moleculaire organisatie op een grote lengteschaal in de film van het thermische
behandelde polymeer in combinatie met lineaire polarisatie van de fotogeinduceerde triplet-
triplet overgang.

Polyfluorenen zijn interessant omdat ze zowel een - als ffase vertonen. Deze twee fases
kunnen, op grond van hun karakteristieke opto-elektronische eigenschappen herkend worden.
De omstandigheden tijdens de depositie zijn cruciaal voor de mate en onderlinge verhouding
waarin de twee fases voorkomen. De afzonderlijke fases zijn voor het eerst geidentificeerd
met temperatuurafhankelijke CD metingen (Hoofdstuk 6). Het afkoelen van sterk verdunde
oplossingen van PF811 in 1-octanol, geeft overwegend de o-fase, terwijl bij het langzaam
afkoelen van een geconcentreerde oplossing, de f-fase domineert. Aangetoond is dat de /-
fase alleen via een zogenoemde voorloper-fase wordt gevormd. De vorming van de voorloper-
fase wordt voorgesteld als een codperatieve vouwing van twee of meer polymeerketens.

Na het ophelderen van de moleculaire organisatie van polyfluoreen in dunne lagen, worden,
in een volgende stap, de optische eigenschappen van dunne films van het chirale polymeer
bepaald met behulp van spectroscopische ellipsometrie (SE) (Hoofdstuk 7). Deze optisch
eigenschappen blijken anisotroop te zijn, een feit dat al bekend was voor achiraal
polyfluoreen. De gemeten anisotropie duidt op een uitlijning van de polymeerketens in het
vlak van de dunne laag. De chiraliteit van het polymeer resulteert in waardes voor de niet-
diagonaal elementen van de diélektrische tensor die ongelijk aan nul zijn. Een procedure voor
het afschatten van de grootte van deze niet-diagonaal elementen uit het CD spectrum van de
dunne laag is beschreven. Volgens sommige theorieén leiden deze niet-diagonaal elementen
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Samenvatting

to selectieve reflectie van circulair gepolariseerd licht door de film voor licht invallend langs
de normaalvector van het oppervlak en ook draaiing van het polarisatie vlak van het licht na
reflectie langs de normaal. De grootte van deze selectiviteit en draaiing is afgeschat met
behulp van de waarden bepaald voor de diélektrische tensor. De selectiviteit in reflectie blijkt
Klein te zijn en qua grootte vergelijkbaar met de detectielimiet van bestaande meetmethodes.

In de voorafgaande hoofdstukken is circulair gepolariseerd licht voornamelijk gebruikt om
de conformationele aspecten van m-geconjugeerde polymeren te onderzoeken. In Hoofdstuk 8
wordt gepolariseerd licht toegepast om de eigenschappen een p-n junctie bestaande uit
poly(ethyleendioxythiofeen)-poly(styreensulfonaat) (PEDOT:PSS) en ZnO. In deze juncties
leidt fotodoping van ZnO door UV licht tot de vorming van vrije ladingsdragers. De
aanwezigheid van de ladingdragers kan worden vastgesteld aan de hand van een verandering
in de bandafstand. Hier leidt de aanwezigheid van ladingen tot een blauwverschuiving van de
absorptieband, ook wel bekend als de Moss-Burstein verschuiving. Na UV belichting van een
dunne laag van ZnO nanodeeltjes in een zuurstofvrije omgeving kon, met behulp van
spectroscopische ellipsometrie, de Moss-Burstein verschuiving worden waargenomen. De
dichtheid aan vrije ladingsdragers bleek 2 x 10*° /cm® te zijn, wat overeen komt met ongeveer
één lading per nanodeeltje. De Moss-Burstein verschuiving kan door blootstelling aan
zuurstof weer ongedaan worden gemaakt. VVoor juncties tussen een laag van ZnO nanodeeltjes
en een laag van het geleidende PEDOT:PSS met neutrale pH waarde kon berekend worden
dat vrije ladingsdragers elektrostatische barriere van 5 nm moeten doorkruisen om van de
ZnO laag in the polymeerlaag te kunnen komen. Deze afstand is kort genoeg voor goed
elektrisch contact De elektrostatische barriere ontstaat doordat op het grensvlak van de ZnO
en polymeer laag, vrije ladingsdragers worden overgedragen van ZnO aan PEDOT:PSS
waardoor deze laatste laag een klein beetje wordt gereduceerd.
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