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ABSTRACT

Organic electronics is a branch of modern electronics, and it deals with organic materials, such as
polymers or small molecules. Its high flexibility, ease of manufacturing, low cost and
environmental impact gathered huge interest from industry and academia. While there have been
great progress in the area of organic electronic materials, many challenges limit the potentials of
various organic systems. The intrinsic structural and electronic inhomogeneity of the solid state
aggregates of organic molecules limit their performance and lower their stability. Mismatch
between the light absorption and the exciton transport length in organic photovoltaic cells is the
critical point of the issue. To solve this problem a better understanding of the excitation transport
properties on a local level is essential. However it is difficult to probe the exited dynamics due to
fast decay and short transport length of exciton. To better investigate these materials, superior
spatial and temporal resolved spectroscopy is essential. In this dissertation, various spectroscopic
methods have been introduced to analyze the exciton dynamics in local level. Interferometric two-
photon near-field scanning optical microscopy has been introduced to show the organic
macromolecular and aggregate systems assembled in different molecular structural orientation. A
focus will be placed on the combination of fs-laser interferometry and NSOM microscopy. ~100fs
temporal and ~50nm spatial resolution of the system efficiently highlight the structure-functional
relationship, discriminate the heterogeneity and measure the coherent excited state dynamic of the

molecular system aggregates. Additionally, the ultra-fast excited state behavior of selected organic

XV



electronic materials has been studied using fluorescence upconversion and transient absorption
spectroscopy. These investigations inform us of how these photophysical interactions occur in

several systems, including light -harvesting and -emitting systems.
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CHAPTER1

Introduction and Background

1-1.  Organic Electronics

Organic electronics is an important class of material, as these materials that have has gained
prominence due to their versatile functionality such as flexibility, transparency, relatively low cost
for production and light weight'->, While the Ching Tang’s first practical organic solar cell and
light emitting diode power conversion efficiency and EQE (External Quantum Efficiency) were
both only 1%%*°, many scientists and industrial companies have shown great interest in the
materials’ extendible potential application. Since then a huge amount of time, money and human
resources have been invested to promote and expand the field of organic electronic devices. Now,
it is not uncommon anymore to use the materials in display, light harvesting, sensor and other
semiconductor application'3. The organic photovoltaic power conversion efficiency is close to
15%%7 and the external quantum efficiency for OLED (Organic Light Emitting Diode) has already
exceeded 30% without special light coupling optical structure®. There are countless papers utilizing
the benefits of organic system in electronic applications', & 7> 8 While there have been great

progress in the area of organic electronics, many challenges remain unaddressed which limit our



ability in achieving the potentials of various organic materials’ 3 °. It is clear that there is still a
need to enhance the relatively low efficiency and device stability in comparison to Si, GaAs>.
These problems limit the application of organic electronic devices in specific area. Countless
scientists and engineers have worked over decades to solve the limitations, and uncover the design
rule for expanding the field of the organic applications. They reveal that charge transport,
molecular rigidity, conformation and vibration is very important to enhance the materials
properties'?. These properties in organic molecules have highly been affected by its intermolecular
interaction and excited state dynamics of the molecules. Organic electronic devices are known to
intrinsically possess structural and electronic inhomogeneity which limits their performance.
Relatively low efficiency and stability might result from the inhomogeneity of the organic
molecular arrangement in comparison with the well-organized inorganic materials! ''.To this
regard, a better understanding of the excitation transport properties on a local level opens a path to
solving the problem. Therefore, in this dissertation, the importance of the localized molecular
interactions of organic electronic materials has been investigated using various spectroscopic
methods such as NSOM microscope, ultra-fast photon-echo, up-conversion fluorescence and

transient analysis.

1-2. Organic Light Harvesting

Energy liberation is a long-standing human desire. Energy generation processes and facilities

spend huge resource such as money, time, materials and manpower, and cause critical problems

of environmental disruption threatening human wellbeing. Sunlight is the most abundant energy



resource. Although the first photovoltaic device for the energy liberation goes back to the ancient
Egypt, scientific approach using semiconductor was introduced by Charles Fritts in 1883. The
efficiency of the first photovoltaic by Charles Fritts is just 1%. However, many scientists and
business men have focused on the potential application. There has been a huge progress in the field.
Now the maximum efficiency is over 40% using solid state semiconductor which was achieved by
Boeing Spectrolab. This feature is similar in the organic light harvesting development. After
several decades from Tang’s first 1% organic light harvesting devices, a desire for low-cost,
flexible and transparent technologies has facilitated development of the organic photovoltaic cells.
Organic photovoltaic materials and devices for solar energy conversion have been researched
extensively in the last 2 decades, and remarkable progresses have been achieved, with recorded
PCE(Power Conversion Efficiencies) ~15% for organic solar cells®’. However there is still need
to enhance the PCE to a level close to that of solid state semiconductor. In order to harvest and
utilize sunlight enough for photo voltaic application it is essential to understand the photoinduced
electron behavior. The active layer of a photovoltaic cell plays the most important role for efficient
light harvesting and generation of the electronic power from the sun-light. Free charge carriers are
generated from sun light in the active layer. More importantly, these carriers have to efficiently
arrive at the electrode for high PCE (Power Conversion Efficiency). However heterogeneity of the
organic molecular system in the layer may experience short exciton transport length while the
distance is much longer than in lattice structure of inorganic materials because of the strongly
bound CT(Charge Transfer) exciton!. To solve this problems, the well-known bulk heterojunction
donor-acceptor structure has been introduced!? 3. It has been shown experimentally that the rate
of photoinduced electron transfer (ker) decreases exponentially with the distance (Rpa) between

donor and acceptor %14,



ket = ko exp(—BRDA) ................................................................................. (1 - 1)

Where ko is the electron transfer rate at the boundary between the donor and acceptor materials
and f is the attenuation factor. It is noteworthy that the electron transfer rate is critically affected
by the donor-acceptor distance based on the equation. This limitation has restricted the design rule
for the organic photovoltaic systems. That lowers the donor-acceptor distance dependence of the
electron transfer rate is one of the most important issues that researchers are facing now. As
conventional understanding, Forster resonance energy transfer (FRET) between the donor and
acceptor is a dominant process to the exciton transfer, then, diffusion allows the exciton transfer
in the materials. Recently, coherent energy transfer has been introduced for the natural light-
harvesting systems. Many results supporting coherent energy transfer extend the exciton diffusion
length!>!7, however, there is no direct observation of the coherent energy transportation on
artificial light harvesting materials. It is very important to better utilize the organic light harvesting
materials and develop new methods to analyze the materials. In this regime, developing new
methodology is one of the most important issues, presenting the design rule and utilizing of the
materials better. To achieve the purpose, it is essential to analyse the exciton dynamics in ns
resolution and fs-time scale due to its time scale and spatial restriction. The affordable solution for
the nm scale spatial resolution and fs-time has been proposed by combining the NSOM microscope
and fs-laser in this dissertation. I also introduce the methodology of the combination of the two

systems, and the experimental results.

1-3.  Organic Light Emitting Diode



Organic light-emitting diode (OLED)) is a very important class of display device, which has
properties such as a high color quality and rapid electrical response time over their liquid crystal
display counterparts (LCD)"-3 18, These superior qualities and operational features for display have
attracted many interests in industry as well as academia since the Forrest group was able to harvest
triplet-excited states in OLEDs via phosphorescence!*2!. Now the device is rapidly replacing the
predominant LCD (Liquid crystal display) market. However, OLED’s burn-in and high price in
comparison with the LCD are the most critical issues to replace the current dominant LCD
display??>. Many fascinating OLED materials has been introduced to solve the problem?. Among
them, TADF(Thermally Activated Delayed Fluorescence) is the idea that room thermal energy
may facilitate the non-emissive triplet conversion into emissive singlets in a RISC (Reverse
InterSystem Crossing) mechanism if the energy level difference between the triplet-singlet
manifold is sufficiently small (AEST < 0.2 ¢V)?>*?3. OLEDs using organic TADF emitters have
been able to pair the most applicable materials for solving the issues. TADF does not use the
expensive rare-earth metal such as Ir, Pt and Rb. Small AEg of the materials enables triplet to
singlet RISC by assistance of the thermal energy?*2°. In this regime, singlet and triplet have been
used for the luminescence in the same time, hence, high efficiency is achievable. High efficient
TADF materials shows almost ideal EQE (External Quantum Efficiency) (EQE) of 25% in
comparison to their phosphorescent counterpart without any additional coupling optics®. This
efficiency is near ideal. However, the key challenge precluding its commercialization is their poor
device operational stability.

It is still very poor in stability even in comparison with the P\ OLED(Phosphorescence OLED). It

is essential to solve the problem for expanding its application not only academia but also in real



world application. It was interesting to note that while many studies have been published in
understanding how the RISC of the TADF emitters may influence the EQE of the devices not to
many studies have been done in understanding the effect of aggregation on the TADF stability.
However, so far many research efforts in TADF OLED are mostly focusing on improvement of

the efficiency?6-?’

of TADF materials, while there are some reports to handle the molecular stability
issue?®3%. Empirical hypothesis based on the device life time measurement results has been
proposed to investigate the TADF molecular stability. Nakanotani et al. shows that increasing
TADF emitter ratio in EML (Emmisive layer) has increased the operational stability of the OLED?,
Lin-Song Cui et al. also shows the n-type host increases the device stability?®. Both papers claim
that stability has been achieved by expanding the electron and hole recombination zone?*?°. Zhang
et al. also emphasizes the importance of steric hindrance effect for the TADF stability*°. They
show that the additional carbonyl group critically increases the OLED device operational life time
by one magnitude. Hiroki et al. insist that an efficient RISC (Reverse Intersystem Crossing) can
increase the OLED device efficiency and stability®'. Most of the results have been focused on
finding OLED device life time and new TADF structure relationship by connecting the two
properties without any analysis of the excited states dynamics. Although the device operational
properties shows the direct results on the OLED stability, it is necessary to understand the chemical
and physical orientation of the TADF instability in molecular level to understand and utilize the
molecular systems better. The excited state dynamics, molecular orientation and intermolecular
interaction effects on the devices operational life-time is still vague. Therefore, I present the origin
of TADF degradation using various spectroscopic methods in this dissertation. I investigated the

molecular properties of several TADF isomers using carbazole, benzonitrile and triazine by

applying various spectroscopic methods such as fs-transient, time-resolved upconversion



fluorescence in different concentration. Different intermolecular interaction of the isomers in
varying concentrations shows the different excited state dynamics such as fluorescence spectrum,
excited state dynamics and transient absorption. Surprisingly, these different excitation dynamics
affect the molecular degradation via UV-exposure. In this dissertation, the study of the different

excitation dynamics and their effect on the TADF stability has been proposed.

1-4.  Ultra-fast optical investigation of the organic electronic materials

As mentioned before, organic photovoltaic and OLED are the most important application in the
area of organic electronics materials. The most crucial issues facing the field is getting higher
efficiency and increasing device operational life-time to extend its application to the real world
and compete with the conventional inorganic electronic devices® 3. The main difference between
the inorganic and organic electronics might be their structural orientation. Additionally, one has to
keep in mind that the solid-state properties of the materials are very different: inorganic
semiconductors are typically covalently bound and crystallize in simple structures such as the
cubic lattice; organic semiconductors on the contrary are characterized by dipole—dipole bonds
(van der Waals bonds) and crystallize, if they do at all, in rather complicated crystal classes such
as monoclinic or triclinic crystals'. Therefore, their semiconducting and other properties differ
strongly and they are consequently used for rather different applications. Inorganic molecules has
very regular and periodic lattice structure. However, organic molecular structural arrangement is
very random. This structural difference may lead the inhomogeneous excited- and ground- state

energy level distribution! >33, This inhomogeneity affect the exciton diffusion properties of the



organic molecular systems aggregates. Short exciton diffusion length below 10nm critically affect

the absorption and electronic mobility of the organic molecular system.

Inorganic organic

VS.

Excited

Ground

Figure 1-1. Structural difference between inorganic and organic solid-state phase.

Both properties highly affect the organic electronics properties and stability due to its non-uniform
excited state distribution due to its structural inhomogeneity3>*. It is hence very important to
investigate the exciton properties of the solid-state organic molecular in local level. In this
dissertation, the important exciton properties of molecules such as coherent energy transport,
dephasing and exciton life time will be discussed. The formation of the solid state and the effects
of coupling is also discussed. In particular, I will present the influence of the morphology and
differentiate between organic single crystals and polycrystalline or amorphous layers. Finally, we
discuss the optical properties of organic materials and in particular the importance of the Coulomb-

bound exciton. For this purpose, various spectroscopic methods has been used such as Two-photon



absorption, up-conversion fluorescence analysis, time-correlated single photon counting and time-

resolved NSOM microscopy. Following chapter II simply introduces the methods.

1-5. Dissertation Outline.

In this dissertation I mainly aimed to find answers about the importance of the localized molecular
interaction for organic electronics devices’ efficiency and stability. How critically does the
heterogeneity in solid state of the organic molecules affect the coupling properties of the materials?
Localized interaction is important to the device operational stability? The main purpose of that
interrogation is to understand and utilize the organic molecular system better. I strongly believe
that the inhomogeneous localized molecular interaction is one of the most important features
limiting the organic molecular systems’ potential. Using different sets of experiments, I studied
several important issues to answer these questions. The remainder of this dissertation has been
distributed as follows. In chapter II, various spectroscopic methods have been introduced to
investigate of the excited state dynamics and local interaction. Basic theory of non-linear
spectroscopy such as two-photon absorption, fluorescence upconversion has been explained.
Transient-absorption and two-photon NSOM interferometric methods have also been introduced
to understand the chapter I1I and VI. The work discussed in chapter III is published in the Journal
of Physical Chemistry C and the work in chapter IV is published in the Journal of Physical
Chemistry C. Chapter Il and IV shows an importance of the localized intermolecular interaction
using NSOM interferometric methods. NSOM microscopy allows us to understand the temporal

and spatial heterogeneity of molecular aggregation by combining high-spatial and temporal



resolution. I believe that this method may allow us to understand the important intermolecular
interaction of the organic molecular system in complex solid state, hence, utilizing these materials
better. Chapters V and VI (These works will be used for patent applications in Korea) show the
OLED materials stability measurement and analysis. OLED still has device operational stability
problem. In the chapter V fast OLED materials stability evaluation without device fabrication
using NSOM fluorescence microscopy is discussed. The origin of the TADF OLED molecules
deformation also has been illustrated using ultra-fast spectroscopic methods. In Chapter VII, I
summarize the insights gained from the investigations of organic electronic materials using NSOM

microscopy and other ultra-fast spectroscopic methods.
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CHAPTER II

Ultra-fast and localized spectroscopic methods to investigate the organic conjugated

molecular systems.

2-1. Introduction

The Importance of the ultra-fast spectroscopy has been found from its etymology. The word
Spectroscopy comes from the Latin “spectron” meaning spirit and the Greek “ckomiev” meaning
to see. While we are not able to see the molecules, light is used to investigate the materials.
Different spectroscopies give you different perspectives on the materials. These noncontact light
matter interaction give us a bunch of signals from the materials. Important steady state information
such as resonance frequencies, spectral amplitudes and lineshapes has been generated from
traditional steady state spectroscopy from fluorescence and absorption spectrum. While this
general information is important to understand the basic properties of organic systems, it is difficult
to interrogate the excited states dynamics of the systems. It is well known that the excited state
exciton dynamics are critical to the organic electronics efficiency and stability'> 2. To understand
and utilize organic electronic materials better, it is essential to investigate the excited dynamics

rather than just focus on the conventional methods. However, excited state dynamics is generally
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very fast chemical process with timescales ranging from fs to ps. It is hence needed to invoke a
measurement process in that same time scale. Multiple light-matter interactions from ultra-fast
non-linear spectroscopy can be used to correlate different spectral features in the fast time domain.
Spectroscopic methods can be used to analyze molecular structure, vibration relaxation, interaction
and exciton transfer for understanding the molecular dynamics which is critical to the organic
electronic materials such as light-harvesting systems and OLED??. This is why ultra-fast
spectroscopy using fs-laser is critical for the organic electronic systems.

Additionally, complex system such as aggregate and conjugated polymer has many different
molecular orientation and the spectra from the molecules become congested or ensembles.
Therefore, the signals form the conventional far-field based microscopy is in vague by a number
of molecular orientation in solid state*. It is hence essential to develop better spectroscopic
methods to discriminate the heterogeneity of the molecular aggregate. For this purpose, near-field
microscopy methods have been introduced, allowing for better spatial resolution below optical
diffraction limit. More importantly, combination of ultra-fast nonlinear spectroscopy and near field
scanning microscopy (NSOM) may allow detect the heterogeneity of the transition dephasing time
and intermolecular coupling in organic molecular aggregates which is crucial for understanding of
the contribution of coherent effects in organic electronic systems. We can hence resonantly drive
one spectroscopic feature and see how another is influenced. In this chapter, basic theory and
feature of the spectroscopic methods has been introduced to better understand the chapters

following.
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2-2. Two-photon Absorption

Two photon absorption is a process when two different photons are absorbed simultaneously on a
molecular system or atom, then excited to a higher state where the energy is two folds of the
excitation photon. The molecular systems absorption is not the same, proportional to the photon
intensity, which is general feature of the non-linear optical behavior. Hence, the absorption

coefficient of the molecular system becomes quadratic feature. Electron displacement in an organic

\\ /
[ I
< \;’ Excited state
Absorption W, Fluorescence (W)
———pmmmm e e

Virtual state
\

Ground state

Figure 2-1. Graphical explanation of the two-photon absorption.
material due to light exposure in non-linear optics has been simplified as using anharmonic
oscillator model. The polarizability of a material P (t) can be described as a power series in electric

field strength as equation 2-1

P(t) = x1E(t) + x2E*(t) + x3E3(t) + - (2-1)

16



where y,, is called n" order molecular susceptibilities. It is noticeable that polarization of the
molecular systems of higher order susceptibilities is proportional to the power of the excitation
electronic wave. Using this feature higher resolution for microscope and micro-fabrication, higher
penetration depth for bio materials which is low absorption coefficient in IR (Infrared Rays) and
low Rayleigh scattering is achievable. This specific feature is why non-linear optical (NLO)
behavior is important and popular in scientific applications such as fluorescence microscopy,
micro-fabrication and optical storage. In spectroscopic application, two-photon absorption also
shows its superior advantage which not shown in single-photon spectroscopy. Simultaneous
absorption allows high lying excited states and forbidden states as combination of the multiple
photon which is difficult to access in single photon scheme. The synthesis of information from
these different spectroscopies provides a greatly clarified view of the excited state properties of a
molecule®. For example, by combining vibronic analyses from the spectra of one- and two-photon
transitions into the same electronic absorption band, it is possible to achieve a nearly complete
assignment of vibrations in the excited state®. Thus, my research has concentrated on using non-

linear optical techniques for investing the organic electronic materials.

2-3.  Fluorescence Upconversion.

Fluorescence of organic chromophores is sensitive to environmental changes. Hence, fluorescence
measurement of organic molecules is widely used for interrogating important molecular properties
such as conformation changes, solvent relaxation, charge transfer characteristics and vibration

relaxations’®. Most fluorescence decays occur between sub-ps and ns. Higher temporal resolution
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and fluorescence sensitivity is critical to investigate molecular systems better. Many spectroscopy
techniques have been introduced in fluorescence decay dynamics measurement for the purpose.
Time Correlated Single-Photon Counting (TCSPC) and streak camera using photoelectrical effect
sensitive to weak signal are the most popular and simple methods® '°. However, it is very difficult
and expensive to achieve sub-picosecond temporal resolution using these methods because of the
temporal limitation of the electrical process. It is hence needed to develop methods based on optical

fluorescence measurement using ultra-fast laser and NLO.

Nonlinear Crystal

Fluorescence (wy)

Time Delay T

Phase Matching (8)

Focus Lens

Figure 2-2. Schematic diagram of the fluorescence upconversion.

Fluorescence upconversion may be the solution to the problem. Combination of the fs-laser and
sum-frequency (2" order non-linear effect) allows the higher temporal resolution and sensitivity'"
12 Additionally, this methods has been used for broad spectrum range from UV to Near-IR!?13
and various chemical process such as solvation dynamics, coherent vibration relaxation and charge
transfer properties and solvation relaxation in both solution and solid phase* 613, It is also
noticeable that the sum frequency is very sensitive to the light polarization. Upconversion is

effectively used for the fluorescence anisotropy measurement. Hence we can sensitively verify the
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energy migration, molecular rotation and conformational change. Figure 2-2. shows the schematic
diagram of the fluorescence upconversion. As shown in the figure, upconversion is actually a
cross-correlation of the fluorescence and a laser pulse in different time. Fluorescence excited by
the light has been monitored by sum-frequency photons from the fs-laser pulse inside the nonlinear
crystal with phase-matching conditions. Sum frequency photons are only generated during the
pulse width of the fs-pulse laser. We can hence get very high temporal resolution around the fs-
laser pulse width. One thing we should consider is the phase matching conditions. To get the higher

signal wavelength and wave vector of the upconversion systems have to meet the condition

ws = wr + wp (2-2)

ke = ks + k, (2-3)

where wavevector k is the 2nmn/A. To meet these conditions, it is necessary rotate the nonlinear

crystal very carefully.

2-4. Transient Absorption Spectroscopy.

Transient Absorption (TA) is a well-known technique for investigating the excited state behavior

of molecular systems. The method involves using two pulses in different time domains so called

pump-probe.
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Figure 2-3. (a) Schematic diagram of the TA spectroscopy and (b) different mechansim of the TA

First pulse excites the molecules via single photon excitation at a wavelength lower than the
absorption maximum of the materials, then white super continuum second pulse is exposed to the
molecule to investigate the interaction of the excited state by the first pulse. One can interrogate
the excited state dynamic by measuring the variation of the second excited white super continuum
probe in wavelength and time. A schematic diagram of TA the has been shown in Figure 2-3. TA
signal can be obtained by three different processes, so called, excited state absorption (ESA),

Stimulated emission (SE) and ground state bleaching (GSB)'". Optically allowed transition from



the excited state to higher excited state may exist in certain wavelength regions due to the
absorption of the white probe pulse at these wavelengths when pump pulse is exposed to the sample
before the probe pulse. In this case absorption spectrum difference AA becomes positive in the
wavelength if the probe pulse is relatively weaker than the pump pulse that the excited-state
population is less affected by the white probe pulse. This process is known as excited state
absorption (ESA). The second process for TA is stimulated emission (SE). Assuming a two-level
system, the Einstein coefficients A12(Ground to exited state) and A»i(Excited state to ground state)
are the same. Thus, stimulated emission can occur if the white probe pulses spur the transition
from the excited state and ground state of the excited population by pump pulse. While the photon
in stimulated emission is emitted in the exact same direction as the probe photon, weak probe pulse
does not affect the signal critically. Hence, stimulated emission in TA will lead to a negative AA.
Final process is the ground state bleaching. Let us consider that the excited population is not fully
saturated via the pump pulse. In this case ground state absorption is favored rather than excited
state absorption from the white probe pulse. In this case, AA in ground state absorption wavelength
becomes negative. One can easily interrogate and resolve the excited state dynamics by monitoring
the these kinetics. However, it is noteworthy that the three processes are mostly not independent

processes for most molecules. We need to be careful when interpreting TA signals.
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2-5. NSOM microscopy

Ultrafast laser technologies opens a new world of the NLO spectroscopy in chemistry. Owing to
the vectorial nature and short pulse width of broad band fs-laser and combination of the linear and
nonlinear spectroscopy, real-time dynamics of organic molecules has been unveiled®®. We now
have more knowledge and information about the electronic charge transfer, vibration relaxation,
conformation change and other fast processes taking place in the organic molecules. However, it
is still challenging to get a higher spatial resolution beyond the optical diffraction limit (<200nm)
for discriminating the molecular heterogeneity depending on its orientation inside the solid state
phase of molecular aggregates. This poor resolution is not enough to understand the multiple
desired phenomena in condensed matter physics as determined by nanometer scale such as
electronic, phonon scattering lengths* 2, It is hence essential to develop new methods interrogating
the molecular interaction with better spatial resolution to achieve and understand better the
applications of the organic electronics devices. SEM (Scanning Electronic Microscopy), STM
(Scanning Tunneling Microscopy) and AFM (Atomic Force Micrscopy) allow the spatial
resolution beyond the optical diffraction limit. However, applying these methods is not appropriate
to utilize the huge benefit of ultra-fast optical spectroscopy at the same time. It is hence necessary
to find out the optical microscopy that fully appropriate the nature of the NLO spectroscopy. In
this regime, NSOM (Near Field Optical microscopy) is one of the best solution for that purpose.
NSOM exploiting near-field electro-magnetic field is a microscopy technique having higher spatial
resolution than the conventional optical microscopy using far-field. According to Abbe’s theory?!

of image formation, the highest spatial resolution of the optical component are limited

22



Fresnel Region N

re=VAr < a | Franunhofer Region \\\\
re=VAr » a N

Figure 2-4. Fresnel and Fraunhofer diffraction via aperture.

by its aperture size. The minimum resolution using light has been expressed as following

d=061-2 (2-4)

where, A, is the vacuum wavelength and N.A. is the numerical aperture. Based on the minimum
visible range light wavelength (400nm) and the equation, 200nm is the ideal spatial resolution of
the optical microscope. However, this equation is only effective in the Franunhofer diffraction
region, so called far-field?. As seen in the figure 2-4, optical diffraction after a size of aperture,
can be divided as Fresnel region and Fraunhofer region depending on the distance from the
aperture. NSOM uses the light field of the Fresnel Region, so called near-field. These fields carry
the high frequency spatial information that is equal to high spatial resolution based on the

information theory. NSOM therefore yields a higher spatial resolution
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Figure 2-5. SEM image of a sample NSOM probe used with ~40 nm tip diameter (a) SEM image

of ~10 um x ~18 um field of view (b) zoomed in SEM image of the NSOM tip (c) SEM profile.

beyond the optical diffraction limit through a careful distance control from the object within the
Fresnel region. Figure 2.5 shows the traditional NSOM tip. The NSOM tip size is ~40nm. This
tiny aperture size allows the near field formation at the end of the tip. Using this tip we can get a
superior spatial resolution as seen in Figure 2.6 in well-known fluorescence reference materials

like Rhodamine B.
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Figure 2-6. NSOM scanning for rhodamine B. Rhodamine B topology (left) and fluorescence

(right).

2-6. Time-Resolved NSOM microscopy.

While NSOM guarantees a superior spatial resolution, we only get the fluorescence intensity
information using NSOM only. Fluorescence gives some important information, but is not
sufficient to investigate the localized energy transfer and heterogeneity of the molecular aggregate,
and more importantly excited state dynamics of organic systems in coherent regime. We hence
combine the wave-packet interferometric spectroscopy and NSOM. The two photon NSOM
interferometric time resolved spectroscopy has been developed to investigate the intermolecular
coupling strength and dephasing of molecular systems. The excited state dynamics have been
investigated with the near-field optical scanning microscope excited in two-photon mode by a
sequence of phase-locked femtosecond pulses. The phase-locked pulse pair excitation technique

provides interferometric femtosecond time resolution with the capability of detecting coherent
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effects and a ~40 nm spatial resolution in two-photon excitation regime. The transition dephasing
time, which is crucial for understanding of the contribution of coherent effects in organic
photovoltaic structures, can also be measured with this method. Figure 2-7 illustrates the
representative feature of how the two-pulse two photon NSOM interferometric system works to

measure the molecular coherent excitation dynamics.
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Figure 2-7. Representative feature of coherent excitation transport via two photon excitation
interferometry. Dashed line indicate excitation laser autocorrelation. Solid line shows the

coherent excitation transition
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The two excitation fs-pulse pulses generates coherent excited state or wavepacket which is a
coherent superposition of electronic states of a molecular transition dipole aligned with the light
polarization?>?*, The wave function ¥ (t) of the molecular system after pulse excitation can be

expressed?’by

Y(©) =19) >+ Xncn()len) (2.5)

Where g is the ground state, c,(?) is the time dependent amplitude of the excited state e,.

And two-photon absorption in the excited state amplitude c,(?) of each pulse is :

Ca(0) = 3 ot X B2 (wn) (2.6)

j—wL+leg)

Where u,,; and u;, are transition dipole moment between the ground state and excited state j and
g, w; and wy, is the transition frequencies from the ground to the excited state, w,, is the excitation
laser frequency, I, is the homogeneous linewidth of the ju state and E? is the Fourier transform
of the excitation pulse. In adjusting the pulse pair with the interpulse delay of 7 the electric field
E(t) = A(t)e ™ttt + A(t — 1)e L= where A(t) is the slow varying pulse amplitude for
excitation. The excited state population has evolved as a function of the interpulse delay 7. 2% 24,
We measured the coherent excited state population dynamics as measuring the fluorescence of the
molecular system. The region can be divided into three parts : laser interference, molecular
coherent polarization interference and no interference region as a function of the interpulse delay
as shown in figure 2-7. If the interpulse delay is below the excitation pulse width, the collective

excitation population is highly affected by the laser itself?S than the molecular absorption wave
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packet. We hence say that this region is a laser interference region. Beyond the region, excited
state interference between molecular absorption wave packet from the first pulse and second laser
pulse becomes dominant and gives a significant coherent excitation dynamics evolution
corresponding with the exciton coupling and electronic dephasing® 2% 26, At the longer interpulse
delay time the excitation wavepacket diminished through electronic dephasing and lost its
coherence. One is not able to see the interference feature. In this region, no electronic coherent
dynamics has been expected although there is still vibronic coherence. However, we assume that
these vibronic coherence is very weak and not considered in this paper. We measure the excitation
wavepacket envelope and interference by measuring the fluorescence. The interference and
envelope gives some specific information of the molecular systems such as excited state coupling

to the external components and energy transfer to the other molecule® 2% 2°,
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CHAPTER III

Inhomogeneity of the Ultrafast Excited State Dynamics in Organic Photovoltaic Materials

Measured at Nanoscale

3-1. Introduction

New organic electronic devices, such as photovoltaics are of great interest in many different
areas of research and technology'?. Although there has been great progress in the area of organic
photovoltaics, many challenges remain which limit our ability to achieve the potential of various
organic materials'*. Solid state organic light conversion devices are known to intrinsically
possess structural and electronic inhomogeneity which limits their performance!*. A better
understanding of the excitation transport properties on a local level opens a path to solving the
problem of the mismatch between the light absorption and the exciton transport length in organic
photovoltaic cells and thus enhancement of their efficiency®. One of the long-standing questions
in this regard concerns the contributions of coherent and incoherent energy transport in organic
photovoltaic devices and their role in achieving long excitation transport lengths in organic
systems.®!! In order to get a deeper insight into the local transport dynamics in these systems there

is a need to probe transport processes in the condensed phase and to follow the energy transport
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dynamics with fast time resolution and high spatial resolution. There have been a number of reports
illustrating the importance of incoherent (distance dependent) energy transport in organic
photovoltaics utilizing spectroscopic techniques in solution and in the solid state*. However, the
case for coherent energy transport has not been thoroughly investigated in the solid state. Perhaps
the reason this challenge exists stems from the very fast (~100fs) time scale and relatively small
(<10nm) length scales a coherent energy transport mechanism may be operable in certain organic
photovoltaic systems®. Various approaches combining ultrafast pump-probe methods with
confocal'? and near field microscopy'*-'> have been demonstrated. Pioneering work of Hell and
coauthors with stimulated emission depletion (STED)!® combines microscopy with a nonlinear
pump-dump scheme. STED has been used to increase the spatial resolution of the fluorescence
microscopy but the time-resolution obtained with this method remains in the range of ~100ps.
Application of the third donut -shaped saturation pulse to the pump-probe microscopy can provide
resolution enhancement beyond the optical diffraction limit!” but distortions of the time profile by
the third pulse in the solid state are possible. Another interesting approach for the visualization of
the exciton transport has been suggested'® and further developed for ultrafast pump-probe
microscopy with spatial and time resolution 50nm and 300fs, respectively.!® This method also
allows for the spatial resolution below the diffraction limit in a confocal arrangement. However, it
requires relatively high light intensity to keep the noise at a low level' thus limiting the
applicability of this method for the organic systems. While the contribution of coherent energy

11 none of the

transport in solid state organic structures has been recognized by many authors
above time-resolved microscopy approaches were able to directly detect coherent effects. Near-

field scanning optical microscopy (NSOM) has been shown to be a powerful method to probe the

optical properties of the material in small domains that can be affected by the spatial
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inhomogeneity. The spatial resolution of NSOM can be below 50nm? and, in combination with
femtosecond excitation techniques, a time resolution of ~100fs can be achieved!*!3. However, the
technical complexity of the standard pump-probe NSOM combination along with the stability of
the sample system under the relatively high excitation power makes it challenging to realize the
method’s potential capabilities. The scientific information obtained with this approach in organic
systems remains very limited!>?!

In this chapter the excitation energy transport properties in a photovoltaic material
consisting of novel non-fullerene dimeric perylene diimide acceptor (DPDI) with PTB-7 donor
(molecular structures are provided in Fig. 3-1.) has been introduced. The energy transfer dynamics
have been investigated with the near-field scanning optical microscope excited in two-photon
mode by a sequence of phase-locked femtosecond pulses (Near Field Two Photon Interferometry
(NFTPI) method), Fig. 3-1. The phase-locked pulse pair excitation technique provides
interferometric femtosecond time resolution with the capability to detect coherent effects and
~40nm spatial resolution in two-photon excitation regime. Here we have observed coherent
transients in the near field microscope, including NSOM signal oscillations associated with the
excitation energy transport in the organic structure. To the best of my knowledge, this is the first
direct measurement of the coherent transport associated with the long range excitation energy
transport in a solid state organic material at room temperature with both high time and spatial

resolution by near-field optical microscopy.
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Figure 3-1. Schematic representation of near field scanning optical microscope utilizing an
ultrafast pulse sequence two-photon excitation. (a) Schematic of two-photon, pulse pair driven
NSOM. Ultrashort pulse sequence (< 125 fs pulse width) with inter-pulse delay T has been
introduced to the NSOM fiber. (b) The system’s time and spatial resolution allowed for the
detection of the specific modulation of the interferometric two-photon excited fluorescence signal
for the photovoltaic organic material between 125 ~ 500 fs pulse-to-pulse delay which is larger
than the pulse width used for the excitation. (c) Structures of a DPDI and PTB-7 investigated in

this work.
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3-2. Experimental section

A dimeric perylene diimide molecular system (DPDI) investigated in this work has been
developed as an efficient non-fullerene electron acceptor for the bulk heterojunction (BHJ) organic
solar cells.?> The synthesis and characterization of DPDI have been described elsewhere.?? This
class of molecule is an attractive alternative to the fullerenes as electron acceptors, which are
typically used in BHJ cells.?* They possess electron affinity comparable to that of fullerenes, are
inexpensive to synthesize, and strongly absorb the visible light which is advantageous for the BHJ
cell applications.?* The molecular structure of DPDI is shown in Figure 3-1c. It has the absorption
and fluorescence peaks in benzene-hexane mixture (2:3 ratio) solution at 461nm and 547nm,

respectively (spectroscopic information is provided in Figure 3-2.).
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Figure 3-2. Normalized absorption and emission spectra of compounds in 2:3 ratio of benzene-

hexane mixture.
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Solution of the perylene diimide dimer in benzene-hexane mixture (2:3 ratio) was drop cast on a
glass substrate. The resulting samples were vacuum dried under ~10 inHg at 30°C for ~24 hours.
The dried and cooled (to room temperature, under vacuum) samples were then used for NSOM
experiments. The absorption and fluorescence spectra of DPDI in solutions at different
concentrations of DPDI and in the thin films (overaged over the area 0.3 ¢cm? for the absorption
and over the area 10 c¢cm? for the fluorescence) have been measured (Fig. 1 in ref 22). The
absorption spectrum in the thin film was found to be shifted to the red by ~6 nm in comparison
with that in solution. The fluorescence spectrum in the thin film showed a spectral broadening with
a substantial increase of the red shoulder (Table 1, Fig. 1 in ref 22). These spectral changes from
the DPDI solution to the solid state film point to the aggregate formation in the thin film.?? It is
also worth noting that the different fluorescence spectra has been recorded at different excitation
spots (~100um in diameter) in the thin DPDI film. This indicates heterogeneity of the DPDI
aggregates at different locations. We have also performed the measurements on a polymer blend
containing the well-known donor polymer Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b'ldithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB-
7)?° and DPDI acceptor forming a composition used in BHJ photovoltaic cells. The structure of
PTB 7 is shown on Fig. 3-1c. PTB7 is one of the most efficient donor materials for organic solar
cells.? The synthesis procedure for PTB7 has been described elsewhere.?® This donor material has
relatively low band gap and rigid polymer backbone.?2¢ Solution of the PTB-7 and DPDI acceptor
blend has been made by mixing two solutions with same volume, each solution was made by using
the same substance weight and the same volume of chloroform. The sample was dried in vacuum

at 30°C after drop casting on a thin glass substrate.
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The NSOM excitation system used in this work provides the phase- locked femtosecond
pulse pairs with the accurate control of the inter-pulse separation in the pair. Interesting approach
based on the fluorescence detection after four-pulse excitation sequence has been reported?’. This
method utilizes the interpulse phase modulation decoupled from the interpulse envelope delays in
2D spectroscopy configuration (Phase-modulation 2D fluorescence spectroscopy : PM-2D FS)?3:2¢,
While this approach provide additional information on excitonic coupling?® its application to the
near-field microscopy of organic materials is very challenging due to its complexity and higher
excitation power. However, the theoretical instrumentation developed for PM-2D FS may be
helpful for deeper modelling of the two-photon two pulse microscopy described in this work. Our
method utilizes two wedged BBO crystals with the mutually orthogonal optical axis orientation
installed on the translation stage to produce a pair of femtosecond pulses from a single input
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Figure 3-3. Schematic diagram of two photon NSOM excitation. A switchable long time scale
inter- pulse variable delay line provides pulse pairs with relatively long inter-pulse delays up to

200ps (without inter-pulse phase control) is shown in the grey box.
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A detailed description and optical diagram of the system has been illustrated in Fig. 3-3. A
femtosecond pulse of duration 124 fs at the wavelength 810nm (peak of the laser spectrum) is
introduced to the system in the first stage. A variable attenuator is installed to adjust the intensity
of the laser pulse to the microscope appropriately. Spatial mode profile of the light after the
attenuator is rectified by passing the light through a spatial filter located just after the attenuator.
The switchable second harmonic generator is installed for one photon microscope excitation mode
but this was not used in this work. Two wedged BBO crystals arrangement is the main functional
part of the two-photon, two pulse NSOM excitation system?’. The birefringent crystal wedges
mounted on the delay stage provide a very accurate inter-pulse separation control with the
increment of 0.015fs. These two wedged a-BBO crystals with mutually orthogonal optical axis
orientations (FOCtek Photonics, Inc.) are used to produce the variable delay between two collinear
orthogonally polarized pulses.® The rectangular BBO- block with the optical axis aligned vertically
is installed in front of the BBO wedge to pre-compensate the constant interpulse delay introduced
by the wedges having non-zero thickness at the apex. The A/2 waveplate prepares the light beam
polarized a 45° with respect to the horizontal plane, two polarization components of which
(horizontal and vertical) experience different time delays in the 2-wedge BBO block installed on
the motorized delay stage (MFA-PPD, Newport). The output polarizer oriented at 45° with respect
to the horizontal (vertical) plane prepares two collinear pulses of equal amplitude having the same
polarization (45° with respect to horizontal plane) with the mutual inter-pulse delay dictated by the
amount of particularly oriented birefringent a-BBO crystal in the light path. Both pulses travel the
same optical path allowing mutual phase locking with high stability. The delay system is capable

of maintaining the phase difference between two pulses accurately and precisely. Interferometric
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Figure 3-4. Autocorrelation traces at different delays introduced by the BBO wedge system. Only
two pulses from the autocorrelation triplet are shown. Delay line positions in mm on the graphs

are 15mm, 10mm, Smm from top to bottom.

autocorrelator traces of the pulse pair created by the birefringent delay line at different delays show

the robust phase control between two pulses (See Fig. 3-4).
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Measurements were performed using Ti:Sapphire (Spectra Physics Mai Tai) providing 810nm
124fs (full width half maximum) pulses at 80 MHz. In the interpulse delay unit the birefringent
BBO wedges had an apex angle 6.2° and maximum thickness of 3.3mm. They were mounted on
translation stages driven by the actuators (MFA-PPD, Newport) with the resolution of 0.1um. The
wedge system provides an accurate inter-pulse separation control with the increment of 0.015fs
and the repeatability of 0.198fs. Interferometric autocorrelator traces of the pulse pair created by
the birefringent delay line at different delays show the robust phase control between two pulses
(See Fig. 3-3). Before entering the first BBO wedge, two orthogonally polarized pulses passed the
1.0 mm-thick rectangular BBO block with the optical axis aligned vertically to pre-compensate
the constant interpulse delay introduced by the wedges having non-zero thickness (~0.5 mm) at
the apex. The interpulse delay was calibrated using pulse pair traces from second order
interferometric autocorrelator (Avesta Ltd., AA 10D). Autocorrelation trace of the pulse pair forms
the three-peak picture symmetrical around the central peak. Only two peaks are shown on Fig. 3-
4 to obtain better interference fringes resolution. With the scan speed used in these measurements
the interference fringes are well resolved as shown in the insets. Interferometric pulse pair
autocorrelation measurements (with a small correction for the nonlinearity of the scan speed) were
used for the time calibration of the delay line. We have coupled the pulse sequence with the NSOM
microscope (CDP, MoScan Near- Field Multiscope) which utilizes non-metallized fiber probe.’
Our previous measurements on individual gold nanoclusters carried out with this NSOM utilizing
the same fiber tip for the near field sample illumination using two-photon excitation have
demonstrated the lateral point resolution below 40nm for this system.!° By removing the
fluorescence filter we were able to measure the excitation power after the tip as a function of the

delay line position. No systematic drift of the excitation power has been detected (Fig. 3-5).

41



2.5+

° ; by ¢ s T Py ¢
P T - b L RN z 1T 1
S 20 *
8
o) ]
= 1.5
(@]
o
S 10]
T
2
w 0.5
00 7 T T T T T T T T T T T T T T T T T 1
200 300 400 500 600
Delay time (fs)

Figure 3-5. The pulse pair excitation power measured in NSOM transmission mode using blank

substrate as a function of the delay line position.

The pulse sequence was coupled with the NSOM microscope (CDP, MoScan Near-Field
Multiscope) which utilizes non-metallized fiber probe.?* 28 Pulse pair beam was coupled to a single
mode fiber. The tapered end of this fiber served as the local excitation source for the NSOM setup
(Mo Scan NSOM, CDP systems). The average power at the NSOM fiber coupler was below
0.5mW to ensure negligible sample degradation. Raster scanning of the lum x lum to 10um
x10um areas with the pixel size in the range 10-40nm at bin times in the range 20-40 ms was
performed. The fluorescence of the sample was collected using a far-field inverted objective and
transferred through a fiber optic cable to a filter set in front of the photomultiplier tube. Technical
details of the NSOM system used in this contribution can be found in refs 2% 28, Our previous
measurements on individual gold nanoclusters carried out with this NSOM utilizing the same fiber

tip for the near field sample illumination in two-photon regime have demonstrated the lateral point
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resolution below 40nm for this system?’. This sub optical diffraction limit at the NSOM
microscope has also been verified for small DPDI aggregate as well as for rhodamine B drop cast
sample (See Fig. 2-6). Investigation of the local exciton ultrafast dynamics in the aggregates of the
DPDI molecules and in the DPDI/PTB7 blend has been carried out using two-photon, two pulse

excitation regime of the NSOM described above.

3-3. Results and Discussion

The two-photon excited fluorescence signal from the NSOM as a function of the inter-pulse delay
of the excitation pulse pair holding the microscope tip at a fixed position on the solid phase
molecular sample has been measured from the newly developed NSOM interferometric system.
Two-photon excitation regime with the excitation at 810nm has been applied. The use of a
nonlinear two-photon regime allows the second order interferometry to provide information
regarding the evolution of both electronic population and coherences?®. To minimize the sample
degradation and shorten the time of the experiment we used the following interpulse delay
scanning protocol. We performed a series of short delay time scans with fine interpulse delay
increment of 0.21fs and a scan length of 7fs. Each short scan started at a particular time delay delay
point Ts. Starting delay line positions Ts for short scans varied stepwise with the increment ~20fs
(in the experiment shown in Fig. 3-6) and ~40fs (for the data shown in Fig. 3-9). The experiments
has been performed with increasing Ts (forth scan) followed by the scan with decreasing Ts to

make sure that the fluorescence profile is reproducible and there is no sample degradation effects
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Figure 3-6. The oscillations of the normalized NSOM two-photon excited fluorescence as a

function of the interpulse delay. The oscillation amplitude was obtained by changing the inter-
pulse delay by half of wavelength from max (filled red circles) to min (filled green triangles) at
each long delay time point. Dash blue lines are guides for eyes connecting the maximum and
minimum of fluorescence intensity when the delay is shifted by half a wavelength (1.35 fs) at each
delay. The excitation pulse autocorrelation function is shown as a reference (solid grey line) for
the comparison of the modulation depth as a function of the excitation laser interpulse delay. The
NSOM fluorescence intensity and the signal from the autocorrelator are normalized 0.125 at long
delays >450fs. The details of the normalization procedure are provided in the text. NSOM
fluorescence intensity as a function of the interpulse delay on short time scale near the delay of
340 fs is shown in the inset. Fast fluorescence oscillation is clearly observable as a function of the

interpulse delay.
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Figure 3-7. Fast oscillations of the NSOM fluorescence intensity as a function of the inter-pulse

delay.

contributed to the result. Within short scans the fluorescence signal from the microscope showed
a clear periodic modulation with the main period of 2.7 fs in the short scans with starting delay
times Ts near the optical pulse overlap area (optical interference) and more complex periodical
regime containing also additional short period of 1.35 fs for the short scans performed outside the
optical pulse overlap area (quantum interference)’®. Representative signal profiles are shown in
Figure 3-7. Similar trends have been previously reported for the ionization signal of the atomic
beam after two-photon phase locked pulse pair excitation in macroscopic experiment®’. The fast

oscillation of the TPA fluorescence in the transition area between two regimes is also shown in the
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inset of Figure 3-6. The period of 2.7 fs corresponds to the optical period of the excitation light
with wavelength 8 10nm while a shorter period corresponds to the molecular transition in the DPDI
excited via two-photon absorption. In the first set of experiments we measured the maximum and
minimum fluorescence at each starting delay time Ts. The entire scanning process has been
executed from Ts = 110fs to Ts = 450fs with ~20fs stepwise increment for investigating the long
delay area outside the pulse overlap. We set the delay line at each Ts position and found the
maximum NSOM fluorescence in the interferometric pattern. Then we measured the change in the
fluorescence intensity when the delay was changed by a half of the wavelength (1.35 fs) thus going
from the maximum to the minimum of the fluorescence signal. Figure 3-6 shows the maxima (red
filled circles) and minima (green triangles) of the NSOM fluorescence intensity from the DPDI
aggregate as a function of the delay time Ts (fluorescence maximum (or minimum) intensity at the
inset of Fig. 3-6 does not appreciably change within each short 7fs—scan starting at particular Ts).
The NSOM fluorescence signal has been normalized to the signal at long delays >400fs multiplied
by factor 8. It is known that the two-photon interferometric autocorrelation signal of the optical
pulse has the amplitude 1/8 of that for its peak value at zero delay.?! This normalization procedure
allows us to do a direct comparison of the observed NSOM fluorescence oscillations as a function
of the interpulse delay time with those obtained for the excitation pulse using two-photon
interferometric autocorrelator as a reference with instantaneous response. The excitation pulse
autocorrelation trace at positive delays obtained with two-photon interferometric aurtocorrelator
(Avesta Ltd., AA 10D) and normalized to 0.125 at long delays >400fs is shown in Fig.3-6 (solid
grey line). It is clearly seen from Fig. 3-6 that coherent oscillations last well beyond the pulse

autocorrelation time profile and the amplitude of these oscillations remains substantial up to time
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Figure 3-8. Images of DPDI film obtained with the near-field microscope at different inter-pulse
delays. (a) Two-photon excited NSOM scan of the aggregates of the perylene diimide dimer
acceptor molecule, (b) corresponding topographic profile (AFM). (c-f) Periodic NSOM two-
photon excited fluorescence intensity variation of NSOM image as a function of the inter-pulse
delay under phase-locked pulse pair excitation of the sample aggregate. (g) Corresponding
relative fluorescence intensity as a function of the interpulse delay (from 251.8 fs to 260.2 fs) when
the probe is located at a particular position (X=2200, Y=1000). See Fig S10. for detailed

quantitative information at this scan.

delays of ~350fs. This signal is associated with the interference of the second pulse in the pair with
the coherent polarization (wave packet) in the organic system created by the first pulse.’’3? At
longer delays the pulse autocorrelation trace showed just random noise while the material response
from the DPDI still demonstrated clear fast modulation depicted in the inset of the delay ~ 340 fs.
This experiment shows that even for interpulse delays substantially longer than the pulse duration,

strong oscillations in the two-photon excited NSOM fluorescence persist. A slower modulation
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of the coherent oscillations amplitude (envelope) as a function of the inter-pulse delay is also seen
in Fig. 3-6.

In order to get a better insight of this coherent signal origin and its relation to the local
molecular environment, we have performed the detailed investigation of the coherent excitation
dynamics for different types of local molecular arrangements obtained with the NSOM. We have
recorded the fluorescence intensity detected by the NSOM as a function of the interpulse separation
time at several particular locations in the sample. The topographic image (AFM-scan) as well as
the two-photon excited NSOM fluorescence intensity profile is shown in Fig. 3-8. By inspecting
the NSOM fluorescence intensity as a function of the spatial location of the NSOM tip in Fig. 3-
8a one can notice that the fluorescence intensity for the large and thick aggregate in the lower part
of Fig. 3-8b (AFM profile) is smaller than that for the smaller and thinner aggregate in the upper
part of the Fig. 3-8b. From the AFM profile Fig. 3-8b it is seen that the thickness of the lower
aggregate is 2.5 times larger than that for upper (thinner) structure. At the same time the
fluorescence intensity for the lower aggregate Fig. 3-8a is almost two times less than that for the
upper (thinner) aggregate. Keeping in mind the small attenuation of the excitation beam due to a
relatively weak two-photon absorption for 20-40nm thick structures the number of excited
monomers is expected to be proportional to the aggregate’s thickness. These observations clearly
point to the fluorescence quenching in larger and thicker aggregates (by factor 5 in this particular
case) in comparison with smaller and thinner aggregates. The enhanced fluorescence quenching in
larger aggregates can be associated with the excitation transport to the defects and other quenching
species in larger structure having larger amount of quenching centers than thinner structures with
less quenching defects. Also, a relatively weak but detectable fluorescence is seen in the central

part of the Figure 3-8a where the topographic profile in the positions near (X=2500, Y=3200,
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Figure 3-8b) showed no significant features higher than 2 nanometers. This indicates that the weak
fluorescence in this area is most probably emanating from isolated (non-aggregated) molecules at
the region. We have compared the amplitude of the fast fluorescence oscillations of the two-photon
excited fluorescence signal from the aggregates with that obtained in the area where the
fluorescence emanating most probably from isolated molecules (Figure 3-8a, b). The two-photon
fluorescence by two photon NSOM excitation at the lower aggregate in red rectangular frame
clearly oscillates as a function of the inter-pulse delay on the femtosecond time scale as shown in
Figure 3-8(c-f). The prominent oscillatory picture in fluorescence was observed for up to ~600 fs
for the aggregates while the fluorescence oscillation from isolated molecules was not detected for
the long delay (Figure 3-9). These results clearly showed longer lasting coherent transients of the
large aggregates than that from isolated molecules. The long lasting coherent signal indicates a
slower dephasing rate in the aggregates (Figure 3-9). The residual fit analysis of the slow envelope
of the fast oscillating amplitude reveal a damped oscillatory signal in the large aggregates (Fig. 3-
9 inset). The data has been obtained by subtracting the fluorescence oscillation amplitude from the
exponential fitting of the oscillation amplitude itself. The slow modulation at the fast oscillation
amplitude decayed with the characteristic time of ~300 fs and slow modulation periods of ~450fs
based on the residual fitting analysis. These two parameters (period and decay time) were found
to be dependent on the location of the NSOM tip on the aggregate (Fig. 3-10) with ~30% variation
of the modulation period. For the isolated molecules or small aggregates the slow modulation is
different from that observed in the aggregates: the amplitude decays near exponentially with no
recurring features which were observed for the aggregates (Figure 3-9). Relatively slow dephasing
for the aggregates can be related to the motional narrowing effect for the delocalized exciton in

the aggregate.3-34
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Figure 3-9. The oscillation amplitude decay profiles measured for two different microscope tip
positions (isolated molecules vs aggregate of DPDI) are shown. Near-field scanning fluorescence
intensity profile is shown in the middle inset. The temporal evolution of the oscillation amplitude
for the aggregate shows oscillations with the period 452 fs (black circles) while gradual near
exponential decay has been detected for the isolated molecules (green squares). Best fits using
sine —modulated exponential functions are depicted with the solid lines. The residual periodic
signal after subtraction of the gradual exponential decay component for the aggregate is shown

in the right inset. Schematic of the pulse pair two-photon excitation is shown in the top inset.

50



0 ~ 60 |

@ g % ?.

< 501 o 100] ~ 4]

g ; g

3 = 3 2]

h= Q =

- Q

£ 0 § 0 E o

© —_ @

© 3 T 201

3 ko) o}

o % ~100- ke,

o 504 ! Q 0 -40

) 4 0

ia 4
T T T T T T T T '60 T T T T
200 400 600 800 200 400 600 800 200 400 600 800
Delay time (fs) Time delay (fs) Delay time (fs)

Figure 3-10. The slow oscillating component of the interference envelope for different tip location
on the perylene diimide dimer aggregate. Solid lines indicate best fits to the sine-damp function.
y= Exp(—t/t4)Sin(Qt + @), where decay time t4, frequency (2, and phase ¢ are variable
parameters. The best fits show that the oscillating envelope periods shift from 382fs (left) to

520fs(right) in different tip position on DPDI aggregate.

The optical interferences should vanish when the inter-pulse delay t is longer than pulse duration
7, whereas the wave packet interferences survive as long as 7 is shorter than the characteristic time
of the dephasing process. Within the weak field excitation regime the two-photon fluorescence
signal associated with the excited state dynamics can be described utilizing the second order time-
dependent perturbation theory®®. The excited state time-dependent amplitude c(?) can be viewed

as a sum of contributions from three different excitation paths P;, P2, P33:

c(t, T) = P1(t)+ P2(t, T) +P3(t, T) (3-1)

where the wavefunction of the molecular system under two-photon excitation is
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Y(t) =|g > +c(t)|e > the contribution P; is related to the absorption of two photons from the
first pulse, P is related to the absorption of two photons from the second pulse. P3 corresponds to
the combination of the absorption of one photon from the first pulse, the second photon from the
second pulse and vice versa. The population of the excited state after the interaction (which is
reflected in the fluorescence signal) can be expressed as |c(,7)|? and contains contributions
from each path and the interference terms between various paths. These interference terms between
different excitation paths are responsible for the fast oscillation picture observed in the
fluorescence t-dependence. Outside the pulse overlap area and in the absence of sequential
transition via intermediate level® the contribution associated with the path P is negligible in the
absence of the near resonant intermediate state (with is the case for the DPDI acceptor molecule
used in this work). The contributions Pi" —P3" for the population for the excited state n in a system
with the multilevel excited state manifold can be calculated within the second order perturbation
theory. Outside the pulse overlap area the quantum interference between paths leads to the excited

state population N2

Ny (7) = 2%,[1+ cos (w, ) ] |P]'] 2 (3-2)

where P1" is independent of 7. The fast oscillations (as a function of 7) are described by the first
term. The slow modulation in this simple model appears when several excited states with different
frequencies present in the summation. It could be due to vibrational levels or due to the energy
transfer donor-acceptor coupling. In the time domain the slow modulation of the fast oscillations
envelope can be connected to the vibrational wavepacket motion as well as to the population

modulation associated with the excitation energy transfer in the aggregate.’®*’ In general, it is a
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challenging task to distinguish between pure electronic and vibrational coherences in complex
organic system’®. Depending on the electron-exciton coupling parameter, electronic dephasing
time, and interchromophore coupling strength®® 3° a combination of different method should be
used to investigate the vibration effects in the observed coherence. We made several observations
pointing that the electronic nature of the detected wavepacket is associated with the intermolecular
coupling and excitation energy transport rather than the vibrational coherences. Firstly, the
modulation measured in the aggregates in our experiments corresponds to the wavenumber ~75cm™
I, Vibrational spectrum is a fingerprint of the molecule representing the set of bonds present in the
material. Although it does depend on the environment, the line shifts are typically relatively small
not exceeding few percentage point*® 4. If this peak is associated with the particular vibrational
wavepacket motion, its position as a function of the interpulse delay is defined by the single
frequency. However, we have observed a large variation of this period from 382fs to 520fs for
different positions of the NSOM tip on the aggregate (Fig. 3-10). Additionally, for the derivatives
of PDI the relative Raman line shifts were also found very small for different configurations*? 43,
These indicate that the relatively large shift (~30%) of the frequency by the vibration-electronic
coupling is less probable. Second, for the thin layer of the DPDI molecules located at the
coordinates X=2500, Y=3200 in the Figure. 3-8a,b which is believed to contain isolated or weakly
coupled DPDIs due to its very thin thickness (<2nm), the periodic modulation of the oscillation
amplitude was completely lacking in our time window. This also indicates the intermolecular
nature of the peak in the amplitude of coherent oscillations as a function of the interpulse delay as
it disappears when the molecular organization and intermolecular interaction changes. This
observation is an evidence that the molecular vibration effect is not dominant to the peak in the

oscillation amplitude. Third, we have also measured the Raman spectrum in the film of DPDI. The
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Raman spectrum does not provide any indications of the strong peak in the area near 75 cm™! which
could be responsible for the vibrational wavepacket observation at the interpulse delay near 450fs.
Finally, the assertion is also supported by the following excitation dynamics measurement in a
polymer blend contains the well-known donor polymer PTB-7?° and DPDI acceptor. In the
measurements the polymer blend dephasing time is much shorter than the pristine DPDI film due
to strong coupling between DPDI and PTB-7. These facts, together with the absence of the slow
modulation for the isolated molecules, show that the observed slow modulation is not due to
intramolecular vibrational wavepacket evolution previously observed in the one-photon (linear),
phase-locked pulse pair experiments but most probably associated with the intermolecular
excitation states coupling in the aggregate.3>3¢ Fast intermolecular coherent energy transfer is the
rational explanation compatible with the whole set of data presented in this work.

As mentioned, we also measured the excitation dynamics in a polymer blend containning the well-
known donor polymer PTB-7° and DPDI acceptor forming a composition used in BHJ
photovoltaic cells. The blend film was prepared from chloroform solution with acceptor/donor
mass ratio of 1:1 following the procedure similar to that used for preparation of neat DPDI sample
(Supplementary Information). The NFTPI method described above was used to detect the two —
photon excited fluorescence of the blend as a function of the interpulse delay. Figure 3-11 shows
the fluorescence originating from the PTB-7/ DPDI blend. The average fluorescence intensity from
DPDI was found substantially weaker in the blend in comparison with that from the neat DPDI
film due to efficient quenching caused by the charge transfer between donor and acceptor
components. For the DPDI aggregates in the blend we were able to observe the fast fluorescence
oscillation with the period of excitation laser frequency. This is similar to those observed for the

pristine DPDI film (See Fig. 3-12).
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Figure 3-11. PTB7 and DPDI blend sample fluorescence map and fluorescence oscillation
amplitude decay profile as a function of inter-pulse delay. (a) destructive phase fluorescence
image at the delay of 380.4fs. (b) constructive phase fluorescence image at the delay of 378.7fs.
Scale bar on the right side of the figure (a) and (b) indicates fluorescence level of the map. (c)
fluorescence oscillation amplitude (solid red squares) and the amplitude of the excitation
autocorrelation function (ACF, open blue circles) as functions of the interpulse delay.
Corresponding exponential fits are also shown (solid lines). Fluorescence oscillation amplitude

on the figure (c) is measured at the point of X=2200 and Y= 4100 in the green circle of figure (a)

and (b).

As for the case of neat DPDI sample we observed the fluorescence intensity clearly oscillating as
a function of the inter-pulse delay. However, the fluorescence oscillation amplitude monotonically
decays and the decay time in the PTB-7/ DPDI blend is much faster than that of the neat DPDI
sample. Analysis of the oscillation amplitude showed fast decay of the fast oscillating amplitude
in the blend (<100fs) which is indicative of higher dephasing rate (Figure 3-11c). Interestingly, we
have not observed any recurrent feature in the oscillation amplitude associated with the coherent
energy transport similar to that observed for neat DPDI (See, Fig. 3-10) pointing out of the

incoherent energy transport regime due to much higher dephasing rate in the blend in comparison
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overlap area. Best fit with the sine function (period 2.68fs) is shown as a reference.

with the neat DPDI. This fast dephasing is indicative of stronger coupling of the acceptor system
DPDI with the PTB7 donor which is expected in the blend. This strong coupling results in
shortening of the dephasing time from ~230fs in the neat DPDI film to ~46fs in the PTB7/DPDI
blend. This short electronic dephasing time should completely eliminate the coherent peak of
electronic origin in accordance with our experiment. In addition, the vibrations generally dephase
with >500fs dumping time*3® and should still be tangible in the blend if the additional peak in
neat DPDI film originates from molecular vibration. However, there is no significant additional
signal around the range in the blend (Fig. 3-11c). This observation also makes the assignment of
the peak as the vibrational coherence less justified. In our experiments we have shown that the
presence of the peak in coherent oscillations as a function of the interpulse delay correlated with

the intermolecular coupling strength in the DPDI structure. We assign the periodic modulation of
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the coherent signal to the coherent energy transport in the aggregate. Energy transfer period of 450
fs corresponds to the coupling strength in the aggregate ~38cm’! in the dimer approximation. In
spite of the fact that the energy transport mechanism in the particular blend was found to be
incoherent there is still a potential in using coherent energy transport discovered in neat DPDI to
be implemented in other organic photovoltaic blends by better managing of the donor and non-

fullerene acceptor aggregates structures.

3-4. Conclusions

Using near field optical scanning microscope excited in two-photon mode by a sequence of phase-
locked femtosecond pulses we were able to measure the coherence dynamics at the local level
including that coherent energy transfer in DPDI acceptor film as well as obtaining dephasing time
for the acceptor in the photovoltaic blend. Our experiments clearly show the feasibility of
detecting the coherent contribution to the local excitation energy transport on the femtosecond
time scale and measuring the dephasing time on a spatial scale of tens of nm in photovoltaic
systems. The effect of local structural properties on the coherent transport contribution in
multichromophoric systems can be probed with this approach. This work opens new avenues in
investigation of functionalities of solar and energy conversion devices enhanced by the quantum
coherence as well as the fast processes in other classical and quantum related phenomena in solid

state.
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CHAPTER 1V

Coherent Energy and Charge Transport Processes in Oligothiophene Dendrimers Probed in

Solution and Solid State with time-resolved spectroscopy and microscopy methods.

4-1. Introduction

Organic conjugated macromolecules continue to attract great interest in the broader community
related to optical and electronic applications.*Indeed, there are several advantages to light
harvesting and emitting devices constructed with organic conjugated systems such as better
transparency, flexibility, lightweight, as well as improved electron mobility and reduction in cost.>
12 Tn particular, dendritic macromolecules have shown great improvements in the processing,
purification, and understanding of the optical and electronic properties.!*!® Dendrons and
dendrimers macromolecules have demonstrated promising properties as organic semiconducting
materials for electronic devices due to low band gap, broad absorption spectrum, and efficient
charge transfer characteristics. Furthermore, conjugated dendrimers are expected to have both
advantages of good processability of polymers and good reproducibility of small molecules.!?
Inspired by these promising characteristics of this class of macromolecules, a new family of
oligothiophene dendrimers decorated with diketopyrrolopyrrole groups was investigated. In
regard to their optical properties, there have been reports illustrating that some organic dendrimers

show enhanced electronic coupling and very fast energy transfer dynamics.'>2? It has been
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suggested that the fast energy dynamics and strong intra-molecular coupling in these systems
results in a possible coherent energy transfer process involving several of the contributing
chromophores in the dendrimer macromolecule. While many of these experiments were done in
solution, it became evident that the process of energy transfer in synthetic light harvesting
materials in the solid-phase play a large role in the ultimate efficiency of a resulting device.?-26
Previous investigations have utilized ultrafast time-resolved spectroscopic techniques to probe the
energy dynamics in dendrimers.?”3! These methods allow one to relate excited state ultrafast
processes with the dynamics of electronic coupling in the organic structure.!’-32It was found that
strong electronic coupling between different chromophores (inter-molecular) and between
different portions of the same dendrimer macromolecule (intra-molecular) can be explained by
either a coherent or incoherent energy transfer mechanism.?-2632 Many of these reports were
completed with solution phase measurements. In our work, for the first-time solution and solid -
phase ultrafast dynamic investigations were carried out on these organic macromolecules. Three-
pulse photon echo peak shift (3PEPS) and time-resolved nonlinear near-field scanning optical
microscopy (NSOM), in addition to transient absorption and fluorescence up-conversion, have
been utilized. 3PEPS spectroscopy is well known to be strongly sensitive to intra-molecular
interactions in solution with very high time resolution (~50 fs)*; this method is capable of
providing time scales and coupling strengths of dephasing processes that are coupled to electronic
transitions.**“ On the other hand, time-resolved two-photon NSOM microscopy measurements
illustrate both intra- and inter-molecular transfer processes (~100 fs) in the solid phase with a high
spatial resolution (~40nm).#! Different trends have been found from this comparison, showing a

way to utilize coherent transport in this class of organic materials for light harvesting applications.
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Figure 4-1. Chemical Structures of 3T-p-DPP, 9T-p-DPP and 18T-p-DPP.
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4-2. Experimental results

The investigated systems fall into a new family of dendritic oligothiophenes functionalized with
diketopyrrolopryrrole groups (DOT-p-DPPs) synthesized by Ma et al.'® (Figure 4-1). These
macromolecules present oligothiophene units as the core electron donor and diketopyrrolopryrrole
(DPP) groups as electron acceptors on the multi-branched portion. Figure 4-2. shows normalized
UV-Vis absorption (a) and fluorescence emission spectra (b) for all the systems. Absorption
spectra present dual-band features typical of DPP derivative molecules, one low-energy band
centered at 600 nm and a high-energy absorption band centered at 400 nm. The low-energy can be
ascribed to the absorption of the diketopyrrolopryrrole unit. The high-energy band corresponds to
the 7t = 7" transition and it can be associated with the oligothiophene core portion of the systems.
In the case of 3T-p-DPP a fluorescence efficiency of 40% was found, while for 9T-p-DPP system
the fluorescence quantum yield decreases to 15%, and, for the higher generation system (18T-p-
DPP) to a value of 2%. The fluorescence quenching could suggest the occurrence of intramolecular
charge transfer processes occurring in the systems between the electron donor portion and the
electron acceptor unit>®-%’, Nevertheless, fluorescence spectra show only a slightly bathochromic
behavior passing from 3T-p-DPP to 18T-p-DPP, and in all cases, emission spectra are comparable

with the fluorescence spectra of T-DPP sub-unit®.
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Figure 4-2. Normalized UV-vis absorption (a) and fluorescence (b) spectra of T-p-DPPs in

dichloromethane solution.

Time-resolved absorption anisotropy measurements were carried out using a polarized degenerate

transient absorption experiment at 410 nm. The experimental anisotropy decays were calculated

from the decays curves of the polarized parallel, I,,(t), and polarized perpendicular, IL,.(t),

intensity with respect to the pump polarization (Figure 4-3.). The anisotropy decays were best

modeled by a bi-exponential decay with an ultrafast component and a residual component in all

cases, which suggest the presence of a fast energy redistribution between dipoles oriented in

different directions.

Aabs/NM Aem/NM OF
3T-p-DPP 615 668 0.39
9T-p-DPP 600 683 0.15
18T-p-DPP 603 688 0.02

Table 4-1. Absorption and Emission properties of DPP-functionalized dendritic oligothiophenes.
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Figure 4-3. Transient absorption components polarized parallel and perpendicular with respect

to the pump of dendritic sampples. Pump and Probe wavelength = 410 nm.

When molecules are excited by polarized light, in fact, the transition dipole moment is going to be
oriented initially in the same direction of the light polarization, then, during relaxation process, a
change of anisotropy will be observed if processes involving a change in the orientation of

transition occur.
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Figure 4-4. a) Magic Angle fluorescence dynamics components and best fit for 3T-p-DPP, 9T-p-
DPP and 18T-p-DPP. Excitation wavelength 400 nm. Emission wavelength 650 nm (3T-p-DPP,
9T-p-DPP) and 680 nm (18T-p-DPP). b) Fluorescence Anisotropy decay in a short time scale for

3T-p-DPP, 9T-p-DPP and 18T-p-DPP, thick line is the result of a best fitting model.
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Comparing the different macromolecules, the dendron 3T-p-DPP presents a slower anisotropy
decay compared to the dendrimer 18T-p-DPP and the dendron 9T-p-DPP. Furthermore, an initial
anisotropy higher than 0.4 was observed for all the investigated systems probably due to excited
state absorption contribution, which lead to higher anisotropy. After these ultrafast decays, the
anisotropy assumes a significantly slower decay described by a long decay component (rest),
which contributes the residual anisotropy value. Anisotropy decay was also investigated using the
femtosecond fluorescence up-conversion technique. Figure 4-4. shows the isotropic (Inat+2lper)
fluorescence decay profile in case of 3T-p-DPP, 9T-p-DPP and 18T-p-DPP together with
exponential fitting functions. Experimental results and model fittings of the anisotropy decay are
shown in Figure 4-4. together with the Instrument Response Function (IRF). Comparing these
findings with the fluorescence dynamics of the single subunit T-DPP%, the faster dynamic
observed in 18T-p-DPP is probably due to a charge transfer process occurring from the
oligothiophene core unit to the T-DPP subunit. In order to better understand the nature of the
intramolecular interaction between the electron donor and electron acceptor portion in these
dendrimers systems in solution, a 3-pulse Photon Echo Peak Shift (3PEPS) experiment has been
performed. 3PEPS spectroscopy is well known to be strongly sensitive to these interactions, and
provides, under certain conditions, direct insight into the energy gap correlation function34404748,
Figure 4-5. shows photon echo signals in both phase-matching directions for 18T-p-DPP 9T-p-
DPP and 3T-p-DPP at T=0 (population period). Peak shift values were determined by fitting
Gaussian to the two 3PE signals and taking half the distance in time between the maxima of these
fits. Comparing the three systems, a difference in the initial peak shift value is observed: 18T-p-
DPP presents a peak shift of about 10 fs, while the initial peak shift for 3T-p-DPP and 9T-p-DPP

appear to be very small. A non-zero initial peak shift is inversely related to the system-bath
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Figure 4-5. Echo signals in both phase matching directions k;-k>+ks (red) and -ki+k>+ks

(black) for 18T-p-DPP, 9T-p-DPP and 3T-p-DPP macromolecule at T=0 (population period).

coupling. The higher initial peak shift observed in case of the dendrimer 18T-p-DPP, may suggest
a higher inhomogeneity. In fact, initial peak shift value is inversely related to the system-bath
coupling 34404548 Furthermore, larger FWHM of the photon echo signal (18T-p-DPP > 9T-p-DPP
>3T-p-DPP) indicates a decrease of the effective system-bath electronic coupling.*> For the
investigated systems, no echo signal was observed at longer population period T. The absence of
echo signal at a population period longer than the pulse duration (T>50 fs) is probably due to
excitation beam utilized to perform the measurements (410 nm) which involve an So-S, transition;
thus, internal conversion S, = S; may occur before the third pulse arrives. A two-pulse two-photon
interferometric NSOM experiment has been utilized to evaluate intra- and inter-molecular
coupling and coherent dynamics of the dendritic systems in the solid state*!. Figure 2-7. in chapter
2 invited again illustrates the representative feature of the two-pulse two-photon NSOM
interferometric system. Three different regions can be identified as a function of the interpulse
delay: the laser interference region, the molecular coherent polarization interference region, and
no-interference region. The pulse interference gives some specific information on the molecular

systems such as excited state coupling to the external components and energy transfer to the other
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molecule*3862 Figure 4-6a shows the long scan of the 3T-p-DPP, and short scan data at a specific
interpulse delay position. As expected, the fluorescence modulation amplitude monotonically
decreased with increasing the interpulse delay due to the electronic dephasing of the molecular
system. In order to estimate the dephasing rate of the 3T-p-DPP system, we calculated the expected
dephasing rate by convoluting the autocorrelation function (ACF) at various dephasing rates.
Figure 4-6a shows that the 3T-p-DPP dephasing rate is well adjusted with the 35fs dephasing rate.
Inset of Figure 4-6a shows the interferometric fluorescence modulation as a function of the
interpulse delay of the NSOM interferometry system at the specific delay region. Clear
fluorescence oscillation at the delay due to the interference between the two absorption
wavepackets can be observed. The best fitting results of the measurement shows the prominent
fluorescence modulation of 2.7 fs period due to the coherent excitation polarization at the delay.
This period is in accordance with the excitation laser wavelength of 810 nm. The same feature is
also verified by the NSOM image in Figure 4-6b. The NSOM images illustrate the topology and
fluorescence intensity at delay A and B (inset of Figure 4-6a). Delay position A is constructive and
position B is a destructive delay position. At the different delay positions, we can see clear
fluorescence difference due to the interference of the absorption wavepackets. However, if the
interpulse delay increases beyond ~400 fs, we could not see the clear fluorescence modulation as
the polarization at the excited state by the fs-laser pulse lost its coherence due to electronic
dephasing. Figure 4-6¢ shows the coherent fluorescence amplitude modulation as a function of the
interpulse delay. The fluorescence oscillation amplitude monotonically decays and each dendritic
system has shown clearly different decay rates due to electronic dephasing®. The fluorescence

oscillation amplitude decay time for the 3T-p-DPP, 9T-p-DPP, and 18T-p-DPP are
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Figure 4-6. (a) Fluorescence modulation amplitude of the 3T-p-DPP as a function of the interpulse
delay. Inset indicates the fluorescence modulation amplitude from 295 fs to 304 fs interpulse delay.
ACF shows the two-photon autocorrelation function of the excitation laser for the two photon
NSOM interferometry system. (b) Two-photon interferometric NSOM image at different interpulse
delay position of the inset. Constructive interference and destructive interference has been shown
at the delay A and B in the inset, respectively. (c¢) Fluorescence modulation amplitude of the
dendritic systems in this work. Solid lines indicate the different dephasing decay curve by single
decay exponential fitting. Solid lines indicate the best fitting results to the exponential decay
function: y=y0+A1Exp(-t/t4), where decay time t;, maximum fluorescence modulation amplitude

A1 and average fluorescence background noise level yy are variable parameters.
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87fs, 71fs, and 82fs, respectively. It is intriguing that the 9T-p-DPP has the fastest dephasing rate
among the three molecules. Efficient and fast charge transfer rate leads to fast electronic dephasing
of the molecular systems®3. In this regards, the fastest dephasing rate of 9T-p-DPP can be attributed

to its efficient intermolecular charge transfer characteristic.

4-3. Discussion

In this chapter, the combination of time-resolved spectroscopy in solution-phase and
interferometric near field microscopy in solid-phase allows us to compare coherent transport in
solution and in organic films. In the solution phase, larger peak shift was observed for the
dendrimer with respect to the dendron systems, which may be attributed with higher transition

dipole moment and longer dephasing time!6-22:27-3

with respect to the other two dendron systems.
Interestingly, even though 18T-p-DPP and 9T-p-DPP present the same electron donor/electron
acceptor groups ratio, 18T-p-DPP has shown a faster anisotropy decay time compared to 9T-p-
DPP, suggesting that intra-molecular coupling effects may contribute to this faster depolarization
time. In order to analyze the nature of molecular coupling, we have utilized a simple
phenomenological model developed by Leegwater® for the dendrimer system 18 T-p-DPP. Details
on this theoretical model are provided in the supporting information. Figure 4-7. shows that a
coherence process must be taken into account to support the faster decay time component of the
anisotropy observed from experimental measurements. Based on these findings, an estimation of
the interaction strength can be found for the dendrimer macromolecule. For all the calculated

curves, a decay time of 50 fs gives an interaction strength around 700 cm™. From these

experimental and modeling findings, coherent domains due to the strong coupling between

74



chromophores may be identified in case of the higher generation dendrimer system. A qualitative
conclusion in regards to the excitation energy transfer in solution phase is that energy is transferred
coherently between slightly delocalized states at early times, and then more slowly through a
hopping mechanism (incoherent dynamic) between more localized states. Furthermore, in order to
rationalize solid phase results obtained using NSOM methods, larger homogeneous linewidths

were considered. Assuming the same interaction strength within macromolecules,
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Figure 4-7. Theoretical dependence of depolarization time on the interaction strength J
for the symmetric dendrimer system 18T-p-DPP. The dash line shows the depolarization time

obtained from transient anisotropy experiment.

it can be inferred that, as we pass from solution to solid phase coherence dynamics is
gradually lost in case of the dendrimer 18T-p-DPP. Interestingly, this trend parallels with the
analysis of NSOM data. The symmetric dendrimer system, 18T-p-DPP, has shown more localized
interactions among a smaller number of chromophores. On the other hand, in case of the dendron

structure, 9T-p-DPP, NSOM results support a more efficient inter-molecular charge transport. The
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different photo-behavior shown by these systems can be rationalized considering the molecular
structure and the symmetry of the system. The larger and higher generation of the 18T-p-DPP
leads to more molecular orientation and organization. This might be detrimental to confirm the
strong molecular coupling of the molecular system. In general, dendrimers systems gave superior
results compared to dendrons as well as higher generations to smaller ones.®5-% However, from
these findings, we have demonstrated how excited state electronic properties change drastically
upon going from solution to the solid phase. Stronger coherent transport properties and longer
charge delocalization length have been observed for the smaller dendritic system in the solid-phase.
On the other hand, in the solution-phase stronger coherent dynamics and faster depolarization were
found in case of the bigger dendrimer macromolecule. These differences observed in the solution
and in the solid-phase can be rationalized in terms of intra- and inter-molecular couplings
properties. The dendron structure has shown more promising properties due to two couplings
contributions. The first is due to a strong intra-molecular coupling occurring between the electron
donor core portion and the electron acceptor branches. The second contribution is due to the strong
ability to delocalize the charge via inter-molecular couplings among macromolecules. On the other
hand, the bigger dendrimer in the solution-phase has shown localized intra-molecular interactions
among smaller portions of the macromolecule. This different behavior may be due to the less
availability of the core portion to the surroundings in case of the dendrimer with respect to the

dendron macromolecule.

4-4. Conclusion

In summary, the time-resolved spectroscopy and microscopy investigation presented in this

work have provided information on coherent transport properties of dendritic macromolecules in
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solution and in organic films. Through this comparison, we believe that dendron structures could
lead to longer exciton mobility properties due to stronger intra-and inter-molecular couplings
occurring in the solid-phase with respect to dendrimer structure. The importance of combining
liquid and solid phase spectroscopy results has been shown. This combination of powerful
spectroscopic methods could give an efficient way to improve the potential of this class of organic

macromolecules for light harvesting applications.
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CHAPTER V

Effective and fast OLED device stability estimation using NSOM two-photon fluorescence

microscopy.

5-1. Introduction

OLED display has been rapidly replacing the conventional LCD (Liquid crystal display) market.
However, it is still challenging to get a better device operational lifetime competitive with the LCD
display because of its self-light-emitting mechanism!-3. Most properties for display of OLED are

superior to the LCD.

Figure 5-1. An example of burn-in in OLED devices.
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Figure 5-2. Traditional OLED structure and emission mechanism.

However, the poor device stability in comparison with LCD is prohibiting the rapid expansion of

the OLED display market. As seen in the figure 5-1, OLED shows critical burn-in problem not
seen in LCD. To solve this problem large number of materials have been introduced and developed
such as heavy metal, polymer and oligomer based phosphorescence and TADF (Thermally
Activated Delayed Fluorescence) OLED materials’-. However, it is difficult to evaluate the device
operation life time of the materials in short. Because of its structural complexity having multiple
layers seen in figure 5-2 the device fabrication needs huge time and long test-time is required to
estimate the operational life time. These feature may disturb the fast evaluation of the OLED
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materials. It is hence necessary to develop new methods for the fast device life-time estimation of
the newly developed OLED materials. The OLED structure consists of multiple layers of thin films
in the order of a few hundred angstrom stacked between two anode and cathode electrodes. During
the device operation, hole and electron injected from the two electrodes are recombined to form
the exciton, then, emit the light from radiative decay® in emissive layer of ~10nm layer. This
operation process instinctively indicates that the OLED device efficiency and stability may be
critically affected by the localized excited state dynamics of the materials. It is also important to
evaluate how critically localized excitation dynamics effect the OLED device efficiency and
stability. To interrogate this question in this chapter NSOM microscopy for localized fluorescence
measurement has been introduced. Surprisingly, NSOM microscopy efficiently estimates the real
device operational life time of the OLED device. NSOM measurement has been utilized to obtain
fluorescence decay of newly developed TADF OLED materials from LG Chem doped inside of
PMMA film. TADF OLED is expected to replace the current dominant phosphorescence or
fluorescence OLED materials as expected owing to their high efficiency and stability>7-'°. Because
the OLED materials uses triplet species without using metal-ligand bonding which is critical to the
molecular stability by using unique donor-acceptor structure®> 7-'°. It is presented that the
fluorescence decay during the NSOM fluorescence measurement is highly correlated with the real

device operational life time for the TADF materials.
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5-2.  Experimental Results and Discussion.

LGC-MC-01 LGC-MC-02 -03 LGC-MC-04

5 dog é&a 5 G

O3 oot

LGC-MC-05 LGC-MC-06 LGC-MC-07

Figure 5-3. Structure of the TADF OLED materials.

The steady state analysis of the materials has been probed using UV-Vis and two photon absorption.
The focus of our investigation is to probe the steady state difference of the isomer-molecules in
Fiugre 5-3. Among them we selected a series of samples (LGC-MC- 01, 05 and 07) to evaluate
the material properties better and determine which set of the samples has a significant difference
in Q.E. and LT90 properties, which would enable us to clarify the molecular orientation effect
based on the device data (Table 5-1) from LG Chem. The three chromophores studied showed
distinct steady state properties in chloroform. Their UV-Vis results (Fig. 5-4.) show almost ideal
absorption spectra but differing the charge transfer absorption band between 375~450nm.

Interestingly, the absorption value has been correlated with the device Q.E.
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Figure 5-4. Steady state absorption and emission spectra of LGC-MC- 01,05 and 07 in chloroform.

This results indicates that charge transfer characteristics in TADF is an important parameter for

characterization. Photoluminescence spectra and intensity of the materials in the same exposure

and solvent condition has also displayed the different peak wavelength and fluorescence intensity.

This also shows that the donor and acceptor moiety orientation of the TADF materials is very

critical to the emission properties. Extinction coefficient measurements were performed following

Beer and Lambert’s law, and LGC-MC-01 showed the highest potential

Samples Absorptivity (10*°M-'cm™) Quantum Yield | TPA cross-section (GM)
LGC-MC-01 1.32 @ Absorption Peak 0.0090 6.48
LGC-MC-05 1.07 @ Absorption Peak 0.0014 631.4
LGC-MC-07 1.24 @ Absorption Peak 0.076 6.54

Table 5-1. Absorptivity, Quantum Yield and TPA cross-section of the LGC-MC-01, 05 and 07.
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Figure 5-5. TPA absorption measurement of LGC-MC-01, 05 and 07.

for photon absorptivity. Fluorescence quantum yield measurements were performed with two
reference chromophores that were cross-referenced, and with concentrations of about 10> M. Their
fluorescence quantum yield values were different by about one order of magnitude in comparison
as shown in the Table 5-1. LGC-MC-07 displayed the highest quantum yield of only about 7.6%.
It can be said that these chromophores are not the best emitters of singlet photons, however the
study of the mechanisms at which they give up their excitation energy would be interesting to
figure out. The three studied chromophores showed TPA (Two-Photon Absorption) capabilities at
790 nm excitation. LGC-MC-05, the sample with the lowest quantum yield, yielded the highest

TPA cross-section. For the other two chromophores (LGC-MC-01 and LGC-MC-07),
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Figure 5-6. NSOM fluorescence measurement of the LGC-MC-01 OLED molecular doped

PMMA film. Solid bar indicate lum scale.

despite their fluorescence quantum yield values being different by an order of magnitude, they
showed equivalent TPA cross-section. Interestingly, LGC-MC-05 the highest TPA cross-section
among them, shows the smallest Q.E. This result needs to be noted and further studied to cover
the reason as to why this is. Light emitting film were fabricated by adding the materials into
PMMA by using simple spin coating methods. OLED : PMMA ratios is 1:20 and chloroform was
used for better spin coating quality. After spin coating, the film was left inside a vacuum chamber
for 24 hours at room temperature to allow the solvent evaporation. For all measurements, the
OLED materials and PMMA ratio was fixed to prevent the ratio dependent fluorescence decay rate
change!' 2. Two-photon NSOM microscopy has been used to excite the excited population of the

OLED materials and measure the fluorescence decay rate depending on the exposure time.
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Figure 5-7. Fluorescence decay curve of LGC-MC-01 and LGC-MC-07 in different laser

excitation power.

800nm 100fs-pulse laser from Spectra-Physics was used for the measurement. Figure 5-6. shows
the NSOM fluorescence measurement of the LGC-MC-01 doped PMMA film when the exposure
power is 15mW. Sum x Sum area was scanned using the NSOM system. Very uniform

fluorescence distribution indicates the uniform distribution of the OLED material in PMMA matrix.

Intrinsic Extrinsic
Electrochemical (Oxidation, Reduction) Encapsulation (Water, O2)
Thermal Impurities
Interfacial (Chathode delamination) Vacuum level
Photochemical Substrate
Carrier/Charge Balance Operation condition (Voltage, Currents)

Table 5-2. Intrinsic and Extrinsic factor for OLED stability.
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Figure 5-8. Neat OLED materials NSOM fluorescence measurement results.

To estimate the LGC-MC-01 fluorescence decay rate on multiple position was measured from
different laser excitation power. For the LGC-MC-01 initial fluorescence was ~1430 cps and
~4610cps when the excitation power was SmW and 9mW, respectively. This results shows the
traditional quadratic two-photon absorption feature. The initial excitation is almost same in
different position of the OLED film samples as shown in figure 5-6. Interestingly, the fluorescence
decay rate is proportional to the initial fluorescence intensity. In two-photon absorption regime,
the excitation population is directly related with the excitation power. The fluorescence decay rate
is critically related to the molecular system deformation inside of the film, although it is not
directly related to the molecule’s electro luminescence'> 4. Additionally, although there are many
intrinsic and extrinsic factors that affect an OLED lifetime® as shown in Table 5-2, NSOM
fluorescence microscopy excitation and measurements are mostly affected by the localized
molecular interaction in the film due to its high spatial resolution. This indicates that the
fluorescence decay rate is essentially correspondent with the excited state population. This is why

high light intensity in
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Figure 5-9. Fluorescence decay dynamics of same initial fluorescence intensity in different

position of OLED doped PMMA film and neat OLED film.

OLED device facilitate its degradation. This hypothesis has been proved in the measurement of
the different OLED samples in neat OLED film without PMMA matrix. LGC-MC-07 shows also
same trends. Initial fluorescence intensity of LGC-MC-07 is ~2050cps and ~4690cps from 3mW
and SmW laser excitation, respectively. Same initial intensity has been shown in different
measurement position. For the OLED molecules higher initial intensity sample position also shows
faster fluorescence decay curve. More interesting results were obtained for neat OLED materials
samples as shown in Figure 5.8. The NSOM fluorescent map has been processed from the neat
OLED materials not from the OLED doped PMMA. Small aggregates below 1um were shown in
the map. Each aggregates shows different fluorescence intensity. This is not shown in the OLED
materials doped PMMA. Molecular interaction and orientation should be different in different

aggregates. Hence charge transfer, molecular vibration and energy
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Figure 5-10. Fluorescence decay rate of the LGC-MC-01, 05 and 07 doped PMMA films.

transfer are also different in the different aggregates. This may lead the fluorescence difference in
the aggregates. The results in Figure 5-9 is more intriguing. In the figure, fluorescence decay of
the two different OLED film were illustrated for the OLED material doped PMMA film and neat
OLED film. The OLED materials doped in PMMA film show similar fluorescence decay rate even
in different positions. However, neat film fluorescence decay rate is very dependent on the
measurement position. It should be noted that the fluorescence intensity in different positions is
adjusted with similar value of about 5000 cps. We can assume the homogeneity of molecular
interaction in the PMMA films and heterogeneity of molecular interaction in neat OLED films.

The difference fluorescence decay rate in the neat OLED films infer the importance of the
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intermolecular interaction of OLED materials. It is also hypothesized that localized fluorescence
measurement using NSOM microscopy may depict the OLED devices operational stability. Three
different kinds of OLED doped PMMA film have been fabricated using spin coating methods.
Their initial fluorescence decay was measured using NSOM fluorescence microscopy by adjusting
the fluorescence to a similar level with ~3000CPS. Figure 5-10. shows the measurement results.
For the sample films, their decay rates look similar, although the three materials show different
decay curves. In the figure LGC-MC-05 shows the slowest decay rate and LGC-MC-01 illustrates
the fastest decay rate. This decay rate is highly correlated to the real device operational stability
measurement as shown in Table 5-3. In the real device operation, we used traditional OLED device
structure as shown in Figure 5-2. As the host materials of the emissive layer 3,30-bis(8a,9a-

dihydro-9H-carbazol-9-yl)-1,10 -biphenyl (mCBP) was used for the device fabrication. LT90 of
the LGC-MC-05 is the longest 11.1hrs and LGC-MC-01 is the shortest 0.94hrs. This results
correlates well with the OLED doped PMMA film measurement using NSOM microscopy. NSOM
microscopy measurement is based on the OLED materials doped in PMMA film while real OLED
devices are using multiple layer structure. This simple structure for the measurement crucially
reduces the sample fabrication time. Additionally, conducting LT 90 measurements required at

several hours, while NSOM microscoy for measuring the fluorescence decay requires only several

minutes.
@ 3000cd/m?
Color QE(%) LE(Im/W) J(Cd/A) LT90
V(V) | coordinates (hrs)

(x,y) 3000cd [ Max |3000cd | Max | 3000cd | Max

7.3 (0.32,0.56) 6.6 7.5 8.9 13.4 20.7 23.5 0.94
9.2 (0.39,0.57) 2.1 23 23 4.9 6.9 7.6 1.1

6.4 (0.30,0.56) 13.5 14.1 20.7 26.9 421 442 4.2

Table 5-3. Real OLED device performance measurement resullts.
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Hence we can save tremendous amount of time in estimating the OLED material stability when
we using the NSOM microscopy method. It is necessary to understand why the NSOM microscopy
fluorescence decay corresponds with the OLED device operation lifetime. As shown in Table 5-2,
there are intrinsic and extrinsic factors to consider in the OLED materials’ stability in diode
operation. Extrinsic factors such as humidity, leakage current due to the dust and surface roughness
are generally not related to the material properties because of their random occurrence not related
with the materials itself properties. Additionally, intrinsic properties such as electro- and
photochemical reaction, charge balance and thermal degradation may be a critically affected by
intermolecular interaction in the local level. In this regime, high spatial resolution NSOM
microscopy interrogates the localized intermolecular interaction with highly localized light-matter
interaction. Therefore, we can get a more reliable signal depicting OLED materials stability from

the NSOM systems.

5-3. Conclusion

In this chapter, a simple method to estimate the molecular system stability for OLED devices.
NSOM microscope fluorescence measurement methods has been introduced for measuring the
OLED materials’ stability. It has been shown that localized fluorescence measurement using
NSOM is efficiently used for this purpose. Using this methods it is expected that the measurement
time for OLED stability is minimized. Hence it is expected to decrease the amount of time spent

in making devices to test their stability (LT90) and facilitate the development of more materials.
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CHAPTER VI

Orientation of the carbazole donor and triazine acceptor based

TADF deformation.

6-1. Introduction

Organic light-emitting diode (OLED) is a very important class of display devices, which
has properties such as a high color quality and rapid electrical response time over their LCD(Liquid
Crystal Display) counterparts.!> These superior operational features have attracted industrial as
well as academic interest since the Forrest group was able to harvest triplet-excited states in
OLEDS via phosphorescence.’ Recently, an unconventional way for harvesting the non-emissive
triplets in organic materials has been developed. Thermally Activated Delayed Fluorescence
(TADF) is the idea that room thermal energy may facilitate the non-emissive triplet conversion
into emissive singlets in a reverse intersystem crossing (rISC) mechanism if the energy level
difference between the triplet-singlet manifold is sufficiently small (AEst < 0.2 V). OLEDs
using organic TADF emitters have been able to pair the high EQE (External Quantum Efficiency)

of their phosphorescent counterpart without the need of any additional coupling optics®. However,
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the remaining key challenge precluding its commercialization is their poor device operational
stability.

It was interesting to note that while many studies have been conducted to understand how
the rISC of the TADF emitters may influence the device performances, not too many studies have
been done in understanding the effect of aggregation on the device stability '%!4. Adachi et al,
reported photophysical properties and device efficiencies highly dependent on the type of host
utilized for the device characterization.'®!! Hidach et al. have shown that increasing the TADF
emitter wt % in the emissive layer (EML) may increase the operational stability of the OLED'2.
Increment in the device stability was reported by Cui et al. when n-type host was used in the EML
instead of traditional hosts!3. These findings have been explained in terms of increased device
stability due to an expansion of the electron and hole recombination zone!"'*. Zhang et al.
emphasizes the importance of steric hindrance effect on the TADF stability'4. The study shows
that the additional carbonyl group increase the OLED device operational life time by at least one
order of magnitude. Most of these results have focused on structure-function properties. However,
little to none has been done in understanding the excited state dynamics of TADF emitters upon
aggregation and how they may influence the device operation.

In this chapter, we used multiple ultrafast spectroscopic techniques, with emphasis on the
fluorescence upconversion and TA (Transient Absorption), to understand the excited state
dynamics of multiple TADF isomer emitters shown in Fig. 5-3 upon aggregation. The TADF
isomers are based on carbazole, benzonitrile, and Triazine, and were designed by the systematic
modulation of their molecular structure. Their excited state dynamics were correlated with their
device operational stability. We found particular differences in the excited state dynamics upon

enhancing their intermolecular interaction that may dictate their device operational stability.
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6-2. Time-Resolved Fluorescence and Phosphorescence Measurements

The ultra-fast fluorescence upconversion (UpC) setup was used to measure the fluorescence with
ps time resolution as it has been previously described.!> A mode-locked Ti-sapphire femtosecond
laser (Spectra-Physics Tsunami) was used to generate 80 fs pulses at 800 nm with a repetition rate
of 82 MHz. This Ti-sapphire mode-locked laser was pumped by a 532 nm CW laser (Spectra-
Physics Millennia), which has a gain medium of neodymium-doped yttrium vanadate (Nd:YVO4).
After the 800 nm pulsed beam is generated, a second harmonic (B- barium borate crystal) generates
a 400 nm excitation pulse. The residual 800 nm beam is directed to pass through a computer-
controlled motorized optical delay line. A Berek compensator controlled the polarization of the
800 nm excitation beam power varied between 33 to 40 mW. The fluorescence emitted by the
sample is upconverted by the residual 800 nm beam by a nonlinear crystal of B-barium borate. It
is important to mention that the 800 nm beam is passed by the optical delay line with a minimum
gate step of 6.25 fs. The monochromator is used to select the wavelength of the up-converted beam
of interest, and the selected beam is detected by a photomultiplier tube (R152P, Hamamatsu,
Hamamatsu City, Japan). The photomultiplier tube (PMT) converts the detected beam into photon
counts, which can be read from a computer. Coumarin 30 was used for calibrating the laser for the
range of emission wavelengths in this study. The instrument response function (IRF) has been
determined from the Raman signal of water to have a width of 110 fs.!¢ Lifetimes of fluorescence

decay were obtained by fitting the fluorescence decay profile to the most accurate fit.

The time-correlated single photon counting (TCSPC) technique was used to study the

fluorescence and phosphorescence of the investigated chromophores. The laser used for the

104



TCSPC measurement was a Home-built mode-locked Ti-sapphire laser. The output beam from the
laser was at 800 nm wavelength has a pulse duration of ~30 fs. The 800 nm output beam was
frequency-doubled using a nonlinear barium borate crystal to obtain a 400 nm beam. Focus on the
sample cell (quartz cuvette, 0.4 cm path length) was ensured using a lens of focal length 11.5 cm.
Collection of fluorescence was done in a direction perpendicular to the incident beam into a
monochromator, and the output from the monochromator was coupled to a photomultiplier tube,
which converted the photons into electrical signals (counts). The Time Harp 200 is the PCI-board
in charge of the histogram of photon creation (65,000 max) and its subsequent conversion into
electrical signals. This electronic conversion process allows other electronic equipment in the room
to interfere with the detection if the histograms are not finished fast enough. Therefore, electronic
interference could be detected depending on how much time it takes to create the histogram (collect
the 65,000 photons). The high density of photons by the excitation source make the IRF detection
fast enough so no electronic interference is detected. In contrast to the IRF detection, the histogram

created for the investigated samples are usually significantly slower than that of the IRF.

6-3. Femtosecond Transient Absorption Measurements

Transient absorption measurement was carried out to observe the excited-state dynamics within
one ns after photoexcitation of the TADF chromophores. A known procedure for this setup has
been described in the literature.'"'7 Our system contains 1 mJ, 100 fs pulses at 800 nm with a
repetition rate of 1 kHz. The output beam was split to generate pump (85 %) and probe beam (15 %)
pulses with a beam splitter. An optical parametric amplifier (OPA-800C) was used to generate he

pump beam. It was obtained from the fourth harmonic of the signal-idler beams and focused onto
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a 2 mm quartz cuvette containing the sample. For the continuous white light generation, the probe
beam was delayed with a computer-controlled motion controller and then focused into a sapphire
plate. The white light was then overlapped with the pump beam in the sample cuvette, and the
change in absorbance for the signal was collected by a charge-coupled device detector (Ocean
Optics). Data acquisition was controlled by specialized software from Ultrafast Systems Inc. The
typical power of the probe beam was < 0.1 pJ, and that of the pump beam was between 0.1-0.4 pJ
per pulse. Magic angle polarization was maintained between the pump and probe beam using a
wave plate. The pulse duration was around 130 fs. The sample was stirred with a rotating magnetic

stirrer to prevent degradation.

6-4. Results and discussion

All samples show similar absorption spectrum in chloroform and toluene (See Figure 5-4) except
for the well-known charge transfer absorption region beyond the 380nm'°. This indicates that the
ground state molecular orbital is not critically changed by environment polarity and donor-
acceptor orientation but critically affect the CT (Charge Transfer) state strength. Interestingly the
different charge transfer absorption affects the TADF fluorescence spectrum and intensity of the
TADF isomer. If the CT band in the absorption spectrum is strong the fluorescence intensity is
strong as well, otherwise, the fluorescence intensity is very weak. The fluorescence spectrum of
the compound with the stronger intensity is more blue color. This indicates that AE; between the

singlet and triplet or LE (Localized Excitation) of
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Figure 6-1. Fluorescence spectrum of LGC-MC-03, LGC-MC-05 and LGC-MC-07.

the molecular system'% !!-18-20 hag been increased. To estimate the molecular interaction in similar
molecular distance, we adjusted the different molecule’s absorption around 360nm to 1.5 O.D. We
believe that similar absorption coefficient leads to similar concentration of the different molecular
TADF isomers. Steady state fluorescence results in Figure 6-1. show the different fluorescence
spectra. The lowest fluorescence intensity of LGC-MC-05 indicates that its molecular systems has
higher AEst among the samples and stresses the importance of the localized triplet level of the
TADF molecules. To verify that the samples thus indeed have the TADF properties, single photon
counting used to measure the fluorescence decay dynamics. All samples were investigated at
ambient condition. Figure 6-2. shows that the fluorescence decay dynamics of the samples. All
samples show the traditional fluorescence decay dynamics of TADF OLED molecules, a prompt

and delayed fluorescence.
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Figure 6-2. Fluorescence decay dynamics of the TADF OLED isomers.

The samples have prompt fluorescence decays of ~50ns and delayed fluorescence decay
component after the prompt fluorescence decay which shows much slower decay rate. Interestingly,
LGC-MC-03 and 07 showed longer prompt fluorescence, then LGC-MC-06 and 07 followed. The
delayed component of the isomers is opposite in comparison with the prompt fluorescence. This
shows the relationship between the prompt and delayed fluorescence decay time in RISC regime.
If the RISC rate is higher the delayed fluorescence decay time will be smaller due to its fast up-
conversion from triplet to singlet. The prompt fluorescence decay time is highly correlated with
the fluorescence intensity in same concentration of the isomer samples. It is well known that the
higher rate of the TADF donor in the emissive layer of OLEDs increases the operational life time
of the OLED devices'? 3. Adachi et al. explains that increasing TADF concentration expands the

hole-electron recombination region!!'-!3

. This increases device operational life time. However, the
intermolecular interaction such as pi-pi stacking due to increasing of the aggregation or crystalline

rate inside of the layer cannot be neglected?!.
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Figure 6-3. Concentration dependent spectrum of LGC-MC-03(a) and 07 (b) and degradation

late from UV-Exposure(c),(c).

We therefore prepared the samples which have different concentration in toluene. Very high
concentration sample were made and tested using steady state fluorescence analysis. Optical
Density of the peak absorption of the samples was adjusted to 1.5. The TADF samples showed
similar absorption spectrum except for the well-known CT absorption (Figure 5-4). Then, the
samples were diluted by 5, 25, 125 times. We measured the fluorescence spectrum of the different
concentration samples for LGC-MC-03 and LGC-MC-07. Figure 6-3. shows the steady state

fluorescence spectrum. Interestingly, LGC-MC-03 and LGC-MC-07 shows very different
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spectrum, LGC-MC-03 shows red shift fluorescence peak (~535nm), while LGC-MC-07 shows
505nm fluorescence maximum peak. If we assume that the fluorescence peak has been from the
singlet CT state, the triplet CT state might be closer to the ~505nm peak based on the TADF
efficiency equation®. This was also supported by the LGC-MC-06 results which shows that the
sample has a more red shifted fluorescence peak relative to LGC-MC-03, and shows very poor
fluorescence intensity due to larger AEst. More interesting results are shown on the different
concentration fluorescence spectrum results. For LGC-MC-03 lower concentration samples show
additional fluorescence spectrum around 450nm. The lower concentration, the more intense the
peak strength. However, LGC-MC-07 does not show the critical additional peak in comparison to
the LGC-MC-03. The sample LGC-MC-07 shows only tiny additional fluorescence in very diluted
(125 times) samples (Figure 6-3). However, the sample LGC-MC-03 shows fast fluorescence
decay from 280nm deep U.V. exposures (Figure 6-3) while LGC-MC-07 does not. It is surprising
that similar trends were introduced in the TADF OLED devices in different publication by Adachi
et al.'? although the authors did not critically focus on the feature. In the publication, low
concentration samples which has additional fluorescence band shows faster degradation rate of the
fluorescence intensity. Core materials of the samples in the publication is carbazole and
benzonitrile. The structure of their core materials is very similar with the TADF isomers
investigated in this chapter. Hence we conclude that the additional fluorescence is detrimental to
the molecular stability for TADF fluorescence scheme. However, it is unclear why the dual
fluorescence cause less stable feature of the TADF molecules. To verify this, it is necessary to
understand the origin of the dual fluorescence. There are several reports of TADF showing dual
fluorescence?® 23, In the papers, additional fluorescence in blue region originates from the LE state

or CT state?> 23,
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Figure 6-4. Fluorescence and excitation spectrum of LGC-MC-03.

It is essential to verify the origin of the additional fluorescence. To verify that the additional
fluorescence is caused from LE or CT, we measured the fluorescence spectrum and excitation of
LGC-MC-03 in different solvents as shown in Figure 6-4. It is noteworthy that the main TADF
fluorescence peak shifted from ~540 to 555nm in different polarity of solvent (chloroform and
toluene). However, the additional spectrum from low concentration samples does not shift. That
feature shows that the fluorescence spectrum is not related to the CT state fluorescence.
Additionally, excitation measurements result supports that the additional fluorescence is originated
from the LE state. Because the excitation spectrum resembles a mirror image of the additional
fluorescence around 450nm while the excitation spectrum of the main TADF band is very similar
to the absorption spectrum of the molecular system. These two features strongly support that the
additional fluorescence caused form LE state of the TADF isomer. However, the reason as to why
additional fluorescence from the LE state facilitate the fragmentation of the OLED materials is not
clear yet. To verify this we need to understand the excited state dynamic of the TADF OLED

molecules.
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Figure 6-5. Upconversion fluorescence measurement of the LGC-MC-07.

We hence investigate the excited state fast dynamics of the two fluorescence spectrum area of the
LGCMCO7 using upconversion fluorescence spectroscopy. Although LGC-MC-03 shows the
fastest degradation rate, its quantum efficiency is too low. It is difficult to achieve enough
upconversion signals from the sample. We hence measured the fluorescence signals from LGC-
MC-07. Figure 6-5. shows two fluorescence state decay dynamics of the two different wave length.
Based on the eqation 2-2 and 2-3, 289nm and 301nm are responsible to the LE state and CT state
fluorescence in Figure 6-4, respectively. The rise time to the peak fluorescence intensity is ~2.5ps
and ~3.75ps for CT and LE state, respectively. This similar rise time shows that the two states are
competitive for the very initial excited state. The fluorescence upconversion dynamics in different
concentration has also been measured for the LGC-MC-07 and shown in Figure 6-6. Interestingly,
the amount of upconversion fluorescence photon of the samples below 15ps is increased if the
concentration is decreased. This means that the fluorescence intensity from the LE states has been
increased in comparison with the higher concentration by consideration of the LE and TADF time

domain.
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Figure 6-6. Upcoversion fluorescence measurement results of LGC-MC-07 in different

concentration.

These results are well correlated to the steady state fluorescence results of the TADF isomers.
Additionally fs-transient absorption analysis supports that the low concentration TADF samples
show more fluorescence orienting form the LE state. Figure 6-7. shows the fs-transient spectrum
measurement results in visible and near IR. The TADF isomer shows almost similar transient
absorption profile in very initial time (<10ps) for all concentration. All samples shows very similar
ESA (Excited state absorption) spectrum. The ESA spectrum around 750nm might be assigned to
the cationic carbazole moiety and the spectrum below 450nm, the benzonitrile moiety!'% 4. Broad
absorption between the two spectrum looks like the CT state absorption of the TADF molecules.
There is no significant ESA spectrum due to the LE state in the fs-Transient absorption, however,

we can deduce relative LE state population, if the LE and CT states are competitive.
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Figure 6-7. Ultra-fast transient absorption of LGC-MC-03 in different concentration. a) Initial
transient absorption on (<I10ps). b) Transient-absorption dynamics at 745nm in different

concentration.

Fast excitation decay of the CT state has been interpreted as relatively higher LE state population.
It is clear that a lower the TADF molecule concentration facilitates the rapid ESA decay at 745nm
(Cationic Carbazole) from the figure 6-7. The cationic carbazole can be interpreted as the TICT
(Twisted Intermolecular Charge Transfer) state'?. This also supports that the higher LE state ratio
on low concentration TADF samples if the CT state for TADF luminescence and LE state are
competitive. All of the results from steady state, fs-upconversion fluorescence measurement and
fs-transient has supported that low concentration TADF samples show the higher LE state emission.
However, we need to verify why higher LE state emission increases the TADF molecular
degradation. Firstly, the higher LE state emission can be induced from the poor LE state and CT
state coupling. Monkman et al. insists that the spin forbidden RISC of the TADF is critically
assisted by the LE and CT state coupling'3-?°. In this regime the higher LE state emission decreases
the coupling rate, hence, the RISC rate. Hiroyuki et al. showed that higher RISC rate is important

to enhance the TADF molecular stability'!.
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Figure 6-8. DFT (Density Function Theory) calculation of the LGC-MC-07.

It is clear that this decoupling between the LE and CT state is detrimental to the TADF molecular
system stability. Secondly, we can get an idea of the structural orientation of the TADF materials.
Core structure of the TADF has carbazole donor and benzonitrile and triazine acceptor. The
structure is very similar with DMABN ((Dimethiamino)benzonitrile) representative dual
fluorescence materials from LE and CT states?>2°. Many publication insists that the CT state
molecular structure is mostly TICT(Twist Intermolecular Charge Transfer) State that has high
dihedral angle between donor acceptor bonding. In the molecule LE state has been oriented from
planar structure®>-26, Additionally, another TADF OLED molecule which has dual fluorescence
has TADF features from quasi-equatorial TICT states and non-delayed fluorescence from the
quasi axial structure??. Hence, it is rational to state that the TADF fluorescence caused from the
TICT states and its dihedral angle is close to 90° and LE fluorescence of the molecules is via the
planar structure of the molecules. These feature explain why low concentration samples shows

much higher LE emission for the materials. Based on the DFT (Density Functional Theory) the
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TADF isomers’ ground state dihedral angle is between 40~60° (shown in Figure 6-8). Higher
concentration might increase molecular aggregates leading to a more planar structure formation,
while low concentration leads to a less intermolecular interaction. When we consider the different
molecular structured orientation of each state, additional fluorescence may lead to more molecular
structural change. By consideration of the very fast rise and relaxation time of the LE state, this
structural change has increased the molecular bonding dissociation. Additionally, bond
dissociation energy between the carbazole and benzonitrile also supports that the higher LE state
emission is detrimental to molecular stability. Alexandra Ya. et al. calculates the bond dissociation
energy of the phenyl and carbazole. In the paper the bond dissociation energy in neutral state is
lower than the radical ionic states between the carbazole and phenyl bonding?’. Although the
molecular structure in the paper is not exactly same, it is noteworthy that the unexpected feature
of the bond dissociation energy has been correlated with our measurement data. Finally, our DFT
calculation data shows that the dihedral angel beyond a specific angle (~50 degree) is inversely
proportional of the delayed fluorescence decay time. We believe that the higher dihedral angle
favors the TICT state rather than planar LE state. As a consideration that the shorter delayed
fluorescence decay time leads to a higher RISC rate which is beneficial to the TADF stability'!, it
might also be noteworthy that additional fluorescence from the LE state is not a good sign for

TADF molecular stability.
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6-5. Conclusion

In this chapter the origin of the TADF molecules fragmentation mechanism from LE state
fluorescence using ultra-fast femtosecond spectroscopic analysis has been proposed. Our findings
show one possible TADF molecular degradation pathway from the LE state in ps time scale. DFT
calculation, upconversion fluorescence measurement and fs-transient results support the
relationship of the concentration dependent LE state population and TADF degradation. Our
measurements shows that the degradation also highly affected by the fast time scale at the LE
states. Higher LE state induces molecular structural change within 10ps and leads unstable planar
structure of the TADF. The structural change in such very fast time scale might cause additional
TADF molecular instability. To this regards, our results may give a new design rule of the TADF

materials to solve the current poor operational life time problem.
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CHAPTER VII

Conclusion

In this dissertation the localized molecular interaction of organic electronic materials has been
investigated. The main purpose of this dissertation is a give a pathway to understand and utilize
the organic molecular system better. Using different sets of experiments, I studied several
important issues to answer the question raised in this dissertation. Near field optical scanning
microscope in two-photon mode by a sequence of phase-locked femtosecond pulses allows us to
measure the coherence dynamics at the local level including the coherent energy transfer in DPDI
acceptor film, as well as obtaining the dephasing time for the acceptor in the photovoltaic blend.
The experiment clearly shows the feasibility of detecting the coherent contribution to the local
excitation energy transport on the femtosecond time scale and measuring the dephasing time on a
spatial scale of tens of nm in photovoltaic systems. More importantly the effect of local structural
properties on the coherent transport contribution in multi-chromophore systems were probed with
this approach. I believe that the work opens important avenues in the investigation of
functionalities of solar and energy conversion devices enhanced by the quantum coherence as well
as the fast processes in other classical and quantum related phenomena in the solid state.
Additionally, the time-resolved spectroscopy and microscopy investigation presented in this

dissertation have provided information on coherent transport properties of dendritic
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macromolecules in solution and in organic films. Through this comparison, the dendron structures
lead to longer exciton mobility properties due to stronger intra-and inter-molecular couplings
occurring in the solid-phase with respect to dendrimer structure. This result shows the importance
of combining liquid and solid phase spectroscopy results. This combination of powerful
spectroscopic methods could yield an efficient way of improving the potential of this class of
organic macromolecules for light harvesting applications. A simple method to estimate the
molecular system stability for the OLED devices has also been proposed. NSOM microscopy for
fluorescence measurement in molecular level shows its powerful possibility to measure the OLED
materials stability without real OLED device fabrication. Using this methods it is expected to
minimize the measurement time for the OLED properties measurement, and therefore, decrease
the device measurement time to facilitate more material development. Finally, the origin of the
TADF molecules fragmentation mechanism has been proposed using ultra-fast femtosecond
spectroscopic analysis. The findings show one possible TADF molecular degradation in fast time
scale. Our measurements shows that the degradation is also highly affected by the fast time scale
of LE states population dynamics. Higher LE state population induces molecular structural change
within 10ps and leads unstable planar structure of the TADF. Overall, my work in this dissertation
is mainly focused on the verification of the intermolecular interaction of organic molecules
aggregates and indicates the importance of fundamental physical investigation of the materials.
The results in this dissertation may give a new design rule of the TADF and light-harvesting
materials to solve the current poor operational life time problem and relatively low efficiency. At
the moment in which the field of organic electronic materials is still burgeoning, I wish that the
fundamental physical investigation assist the development of highly applicable materials for the

organic electronic devices which has the potential to make our life more valuable.
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