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ABSTRACT

The increasing global population has led to increased energy demand and
consumption due to the rise in the value of electricity for lighting and powering
entertainment, heating, medical and communication devices. This increase has also led to
high demand for cheap next—generation devices with improved performance and a broad
range of applications increasing the optoelectronics demand. While the conventional
inorganic optoelectronics have shown great performances, their high cost of production, as
well as low processability and flexibility, has shifted the attraction to organic
optoelectronics which have shown high optical absorption, high mechanical flexibility and
lightweight, high tunability and are cheap to fabricate. Since the demonstration of this first
device, organic semiconductors have found their way into the consumer market with a
myriad of applications like organic light-emitting diodes (OLEDs) for color display
systems, organic photovoltaics (OPVs) for low lost and efficient organic solar cells, and
organic light-emitting transistors (OLETs) which is a new class of optoelectronics that
combine the switching capabilities of a transistor and the emissive properties of OLEDSs.

Thus far, T — conjugated systems with donor and acceptor moieties have shown the
most semiconducting promise owing to the delocalization of = — electrons that move along
the conjugation chain. Bonding () and antibonding (7*) molecular orbitals overlap at this
conjugated backbone, creating a strong electron density which then supports moving charge
carriers. The longer the conjugation chain, the stronger the overlap which determines the
energy gap (E,) between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). The energy gap, as well as the polymer structure,
affect the processes of charge transfer (CT) and the energy transfer (ET) of the
semiconducting material. Some of these processes that have been reported to influence the
ultimate performance of the respective optoelectronics include singlet exciton fission

(SEF), thermally activated delayed fluorescence, and diradical or biradical formation.
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To design materials for highly efficient and stable optoelectronic devices, it is
therefore very important to understand these processes and how they relate to the structure
and function of materials. As a result, this thesis focuses on using both linear and nonlinear
optical as well as time-resolved spectroscopy techniques to expand the understanding of
CT and ET of key processes that define the photophysical properties of organic
optoelectronic systems. In particular, the structure-function relationships that affect the
charge and energy transfer dynamics of materials for efficient optoelectronics are
elucidated.

In summary, it was found that for OPVs, the flexibility of the n—linker, its point of
attachment in the PDI units, and its molecular dielectric environment are important in
activating SEF which increases the device efficiency. For OLEDs, a new approach that can
be used to experimentally calculate the rate of reverse intersystem crossing in TADF
organic molecules was proposed. It was found that both large rates of intersystem crossing
and high external quantum efficiency translate to low operating voltages of the investigated
chromophores. It was also evident that molecules need a reverse intersystem rate greater
than a millisecond to be able to undergo the TADF process. Finally, the first evidence of
diradical formation which reduces the efficiency of OLETs is reported. Overall, this
dissertation uses time-resolved spectroscopy to improve the current understanding of
structure-function relationships that affect SEF, TADF, or diradical/biradical formation
mechanisms in CT and ET processes for OPVS, OLEDS, and OLETSs.
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Chapter 1

Introduction, Background, and State of The Art of Organic Optoelectronic Systems

1.1 History of Organic Optoelectronics

Richard Soref defined optoelectronics as the integration of optics and electronics on
the same substrate to obtain chips referred to as optoelectronic integrated circuits (OEICs)
whose performance outdoes those of the individual optical and electrical circuits.® In short,
optoelectronics are electronic devices that emit or detect light. Those that emit light use
voltage and current to produce electromagnetic radiation (EMR) while those that detect

light do the opposite, i.e., converting the electromagnetic energy into current and voltage
(Figure 1.1.1).

2. Light emission
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Figure 1.1.1: Hlustration of light detecting and light emitting processes

Light emitting devices can be used for display systems and indicator lights while light-
detecting devices have been used for light sensing in switches and communication in
remote controls. In the earlier days, optoelectronics systems were made using inorganic
semiconductors like silicon and gallium arsenide which, although they perform very well,

huge mismatches existed in their application-based structure and properties.? Here,



controlling the inorganic thin film thickness and structure saw huge improvements in the
optoelectronics based on multiple quantum wells (MQW) which affect the density of
conduction and valence band states and the heterojunction energy band offsets.® These lead
to low-threshold current laser diodes, low-noise avalanche photodetectors, and high
bandwidth optical modulators.® However, these devices’ large-scale production was very
costly, and they faced low compatibility with flexible substrates. In addition, the
processability of these inorganic compounds is difficult making it a challenge to use
deposition and solution-based processes and hindering the extent of use.* One way around
these drawbacks was to start using organic semiconducting materials which showed high
optical absorption, high mechanical flexibility and lightweight, high tenability, and were
cheap to fabricate, and use the same procedure to control the density of states as well as
energy band offsets between differing materials. 3>° It was possible to process these
organic materials using different methods like spin-coating since they were processable,
the thin-film deposition could be done at room temperature, their properties were tailorable,
they were biocompatible and most importantly, their cost of production as well as a
fabrication was significantly lower than that of organic semiconductors.? Halogen
derivatives of polyacetylene which were among the first organic semiconductors were
synthesized by Shirakwa et al. in 1977 following their initial success in the synthesis of

highly flexible and good quality copper-colored films (Figure 1.1.2).7
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Figure 1.1.2: On the left is: (1) cis-isomer used to make flexible copper-colored films and
(2) trans-isomer used to make silvery films. On the right is the increase in room



temperature conductivity of organic trans-polyacetylene (CH), as a function of time at
fixed iodine vapor pressures adapted from Shirakwa et al.).’

For more than 6 decades, scientists have focused on investigating the capabilities of
organic electronics and sieved through the enormous practical application aspect to almost
pure research in a domain right at the intersection of organic electronics and optical
phenomena. *8 Despite concerns of device stability and hence performance in comparison
the conventional silicon-based semiconductors, the growing understanding of organic
materials and semiconductors has promoted the advancement of these optoelectronic
systems over the years since Chin Tang and Steven VanSlyke of Kodak demonstrated the
first light emitting diode (LED) in 1987s.23589 This novel electroluminescent device
fabrication was based on the idea that most organic materials possess high fluorescence
quantum yields in both the visible and the ultraviolet region making them ideal candidates
for multicolor display applications.® Here, and in contrast to the previous attempts to make
decent electroluminescent devices by using single layer semiconductors, this successful
debut employed the use of a double layer of an organic thin film with distributed polar

transportation roles as shown in Figure 1.1.3.
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Figure 1.1.3: Device configuration and molecular structures of the indium-tin-oxide (ITO)
coated glass device fabricated by Chin Tang and Steven VanSlyke.

An aromatic diamine was used as the first organic layer with around 750 A while a
luminescent film with 600 A was used as the second layer. In this device, a low-work
3



function alloy was also employed as the cathode to enhance electron injection.® The
electroluminescence diode of this device showed an external quantum efficiency (EQE) of
1%, a power conversion efficiency (PCE) of 0.46% at 5.5 V, and luminous efficiency of
1.5 Im/W which was analogous to the commercial LEDs at the time (Figure 1.1.4).
However, the device’s performance was not too low to get into the market, and more
research needed to be done to tune the structural and electrical properties that would
eventually result in better EQEs and PCEs. Ideally, organic photovoltaics need a PCE of
around 20-25% to get into the market while display systems have achieved up to 80%.°
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Figure 1.1.4: Brightness-current-voltage characteristics of the ITO/diamine.Alq3/Mg:Ag
electroluminescent cell.

Since the demonstration of this first device, organic semiconductors have found
their way into the consumer with a myriad of applications (Figure 1.1.5) like organic light
emitting diodes (OLEDS) for color display systems, organic photovoltaics (OPVs) for low
lost and efficient organic solar cells and organic light emitting transistors (OLETSs) which
is a new class of optoelectronics that combines the switching capabilities of a transistor
and emissive properties of OLEDs.® ! other applications include nonvolatile memory

devices, photo- and vapor-sensing devices, biological and chemical sensors.*



initials have been described at the beginning of this dissertation.

The increasing demand for next-generation electronics as shown in Figure 1.1.5 with
very high performance and multifaceted functions has been elevated by the emerging era
of the Internet of Things.!? As a result, a lot of multidisciplinary research has been
dedicated to suit this demand. Mostly, researchers seem to study and understand the
physical and chemical properties that could be used to develop low-cost, yet high
performance optoelectronic devices. Yet, a lot of research is still needed to characterize
these materials

1.2 Classifications of Investigated Optoelectronics
1.2.1 Organic Photovoltaics (OPVs)

The increasing global population growth has led to increased energy consumption
and demand, which has not only skyrocketed the energy cost; but also led to excessive
burning of fossil fuels. The main disadvantages attached to power plants that use coal oil
and gas fuel include the usage of valuable and limited natural resources, digging up the
earth or drilling wells to get the coal, oil, and gas, waste disposal problems for nuclear
power plants, and a lot of pollution. The burning of coal, oil, and gas to generate energy is
very harmful to the environment and has resulted in an overall climate change. The climate

change is as a result of excessive carbon dioxide emissions that come from electricity



production, pollution that comes from extracting fossil fuels, and low water supply since a
lot of water is used in these fossil fuel extraction and processing. Since the early 1970s,
this demand has led to increased burning of fossil fuels which, to this day, has led to
devastating global pollution. Early studies by researchers like Dasgupta, Heal, and Stiglitz
show that exhaustible natural resources like fossil fuels can lead to a stunted economic
growth and have pollution as a by-product adds even a more negative impact on the
economic welfare.!®* The human-generated greenhouse gases have posed the biggest threat
to ecology worldwide, and although there have been combined efforts to reduce the carbon
emission footprints through less consumption and better technology, better numbers and
technological advancements are still needed. For instance, it was reported that the carbon
legacy of a single child can produce up to 20 times more greenhouse gas than a single
person will save by driving a high-mileage car, recycling, using energy-efficient appliances
and lightbulbs and so on. This report further added that every child born in the United
States adds roughly 9,441 metric tons of carbon dioxide to the amount that an average
parent contributes. This data point beats the logic of changing lifestyles in order to reduce
carbon emissions.!* This study was published in 2009 when the global population was
roughly 6.8 billion. The current world population is ~8 billion, which gives a perspective
of the rate of global pollution. Therefore, in addition to the detailed attention that people
pay to home energy use, travel and other routine activities that affect carbon dioxide
emissions, different policies have been put in place in order to reduce these carbon
emissions. Most importantly, scientists started looking for alternative energy sources,
renewable energy, which has been for long the least employed source of energy (Figure

1.2.1.1), to save the environment.
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Figure 1.2.1.1: Primary energy consumption by source in 2011, worldwide highlighting
differences between the Organization for Economic and Co-operation and Development
(OECD) and non-OECD countries.

The major sources of renewable energy are hydro power, wind power, solar power
and geothermal. Hydro power is the largest source of renewable energy source in the world
and saw a remarkable increase in wattage production from 3400 terawatt-hour (TWh) in
1950 to 2994 TWh in 2005 which could cover a fifth of the required 15,000 TWh global
energy consumption at that time.*® In 2011, the hydropower increased to 1607 GW and
today, it represents about 17% of total electricity production. The disadvantages attached
to this magnificent source of renewable energy leading to difficulties in hydropower
development include: high investment costs, hydrology dependence, inundation of land and
wildlife habitat, loss or modification of fish habitat, fish entrainment or passage restriction,
changes in water quality and even displacement of local populations. Wind power has
continued to compete with hydro power and its installed capacity has shown an increase
from 4.8 MW in 1995 to more than 239 GW in 2011. It has been reported that wind energy
could generate as much electricity as a conventional power plant. However, there are
crucial limitations to the successful use of wind energy. For instance, the cost of installing
turbines as well as the operational expenditures can be very high. Geothermal energy is
created through radioactive decay at temperatures up to 4,000 °C at the core of the earth
and stored within the earth. While geothermal energy has the advantage of 24-hour
availability and produced a total of 24 GW worldwide, considerations like the geothermal
gradient and rock permeability affect the availability of this energy. Solar power is the
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most promising source of clean, green and renewable energy. To put this into perspective,
the amount of power that hits the earth every hour is more than the amount of power that
the entire world’s population consumes in a whole year. That is, the 173,000 terawatts of
solar energy that strike the earth continuously is 10,000 times the world’s total energy use.
The amazing fact is, for as long as the sun lives which will be billions of years to come,
this energy is completely renewable which is the biggest advantage. As a result, solar power
can see great technological advancements if harnessed properly. With this potential, there
is a skyrocketing research interest to make semi-conducting materials that could be used to
efficiently convert sunlight to electricity.

The science behind the working principles of solar cells was demonstrated by
Edmond Becquerel in 1839 who discovered the photovoltaic effect, a process that produces
voltage or electric current when exposed to light or radiant energy. In 1883, Charles Fritts
the first solar cell by coating selenium with a thin layer of gold. In 1888, Edward Weston
received two patents where in both cases, he proposed to transform radiant energy
harvested from the sun into electrical energy, or through electrical energy into mechanical
energy.1®

In the first demonstration of the photovoltaic effect (illustrated in Figure 1.2.1.2),
Becquerel noticed that the voltage of the cell increased upon the exposure of its silver
plates to sunlight. In a solar cell, there are two different types of semi-conductors, a p-type
and an n-type that are joined together leading to the creation of a p-n junction. The p-type
material is composed of atoms that have fewer electrons in their outer energy level while
the n-type material is made by including atoms that have more electrons in their outer level
than the p-types. As a result, the availability of excess electrons in the n-type layer and
excess positively charged holes created by the lack of valence electrons leads to a
movement across the p-n junction. This movement of electrons from the n-type layer into
the holes on the p-type layer creates a region around the junction called the depletion zone
in which the electrons fill up the holes. When all the holes are filled up with electrons in
the depletion zone, the p-type side of the depletion zone now contains negatively charged
ions and the n-type side of the depletion zone contains positively charged ions. The

interaction between these oppositely charged ions leads to an internal electric field that



hinders electrons in the n-type layer from filling holes in the p-type layer and therefore

creating a constant flow of electricity.
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Figure 1.2.1.2: The photovoltaic effect

Traditionally, the p—type was made by adding atoms that had one less electron in
their outer energy levels like boron and gallium while the n—type was made from atoms
like phosphorous. When the light of the suitable wavelength hits the solar cell, energy from
the light photons are transferred to the atom on the silicon semiconducting material leading
to the ejection of electrons to a higher energy state called the conduction band. This leads
to the creation of holes in the valence band as a result of the ejected electron. The movement
of the electron as a result of added energy creates two charge carriers, an electron-hole
pair. The resultant electric field will move the electrons to the n-type layer and holes to the
p-type layer and with a metallic wire, the electrons can cross the depletion zone and go
through the external wire which completes the circuit by connecting to the back of the n-
type layer, creating a flow of electricity.

Since the reinvigoration of semiconductor photo-electrochemistry in the 1940s, a
lot of research has been dedicated to improving the current literature and expanding the
breadth of knowledge and applications in this field. With the first breakthrough of the solar
p-n junction solar cells at Bell Labs in 1954 using silicon, silicon has continued to dominate
the photovoltaic industry for more than 65 years now. Although silicon-based photovoltaics
went through a challenge in supply due to a limited supply line for processor quality silicon
for the production industry, the massive expansion of silicon modules in the early 2000s in

Europe attracted more investors in the field. This expansion has increased the wattage of



photovoltaics to 0.5 TW and reduces the prices for modules and photovoltaic electricity by
almost 80% (Figure 1.2.1.3).1"18
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Figure 1.2.1.3: Projected (labeled by year of IEA publication) versus actual (labeled as
historical).

However, the disadvantages attached silicon like its over-the-room processing and
production cost of silicon, scientists started looking at alternative semiconducting
materials. Some materials that have been successfully used include: Cadmium Telluride
(CdTe), copper indium gallium selenide (CIGS) whose films were made through the
vacuum or electrochemical modes of deposition. The absorption limits led to more focus
on organic dyes which have a very strong optical absorption. For a long time, the
performance of these organic photovoltaics remained very low based on their power
conversion efficiencies (PCE).

PCE is the measure that is used to check the performance of solar cells and it is
determined by the maximum power output over the device as a ratio of power output to
power input. Usually, this conversion efficiency, n, is derived from relating the open-
circuit voltage (Vy¢), the short-circuit current (Js¢), and the fill factor (FF) in the equation

below and illustrated by Figure 1.2.1.4.1°

_ FFXJscXVoc

x 100% (Egqn 1.2.1.1)
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where P;, is the measure of power output per unit volume (power density) of the

incident light.
14
12 4
& 104
§ s
2 6‘ FF_VMppx’Mpp
E -‘ VocXJse
& & .
2 21 \.\lpp
< 0 oo
5 21 Fa™
Bt Jvpp -
) -6‘ .............. .MPP
-8‘ K']
9 sC
-10 T frfrf v gy vy oo v
-1.0 0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 08 1.0
Voltage (V)

Figure 1.2.1.4: Typical current density-voltage (J-V) curves of an OSC.

As a result, a holistic strategy that can simultaneously improve theopen-circuitt
voltage, short circuit current and field factor has been sought to improve the PCE. However,
morphological and structural constraints has led to performance tradeoffs. The ideal OPV
device simultaneously maximizes light absorption, enhances exciton splitting, and
facilitates the carrier extraction. Conventional OPVs were made using a single layer that is
sandwiched between two dissimilar electrodes. As such, the built-in potential is derived
from either the different work functions of the electrodes or from a Schottky-type potential
barrier at one of the matter/organic compounds. In both of these cases, the photovoltaic
properties strongly depend on the nature of the electrodes. Another disadvantage of these
single-layer OPVs is their poor FF which is usually attributed to their large series of
resistance from the insulating nature of the organic layer or the field-dependent generation
of charges. Therefore, for these single layer cells, PCEs remained less than 1%.

One way to increase the efficiency of these OPVs was through absorbing more light through

making a nonhomogeneous absorbent layer. While a lot of organic materials were
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investigated, it was not until 1986 that photovoltaic devices with a power conversion
efficiency of 1% from a two-layer organic photovoltaic cell.?? In a two-layer OPV, the
interface especially that responsible for the generation of charges, between the two thin
organic layers determines the photovoltaic properties of the solar cell. Since the charge
generation efficiency is barely dependent on the bias field, this double layer cell achieves
a higher FF compared to a single layer cell.?° The V,. magnitude in this two-layer cell
shows a stronger dependence on the nature of the organic-organic interface than on that of
the electrode-organic interface. As a result, the two-layer cells attained a PCE of 1% which

was a great improvement.
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Figure 1.2.1.5: Device architecture of the normal and inverted BHJ OPV.

A major improvement in the two-layer solar cells came with reports of bulk
heterojunctions (BHJ) which consists of a multilayer and the absorbent layer consists of a
blend of donor and acceptor materials (Figure 1.2.1.6). The donor material was usually a
conjugated polymer while the acceptor material was composed of fullerene derivatives.
While this step saw an increase in PCEs to 10% and a lifetime of several thousand hours
under favorable conditions, the stability of solar cells is still an issue. Rafique et al.
suggested several ways to improve the stability of these BHJ like encapsulation, interfacial
engineering, optimization of hole and electron transport layer, morphology control in the
photoactive layer, use of inverted geometry and alternative electrodes.'® Some of the
fullerene derivatives used for OSC development included PCs;BM, PC,;BM and ICBA.?*"
23 Despite the fact that terrific PCEs of up to 18% has been achieved using these fullerene-

based solar cells, their fabrication cost remains very high.?1:24:25
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Non-fullerene acceptors (NFASs) have therefore gained a lot of interest due to their
facile synthesis, easily tunable optoelectronic properties, strong absorption which can reach
the near infrared (NIR) and low fabrication cost.?#2® The Brookhaven National Lab in
collaboration with the U.S. Department of Energy reported a highly efficient NFA using
Poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8H-benzo[1,2-c:4,5-
c']dithiophene-1,3-diyl]-2,5-thiophenediyl]  (PM6) and dithieno[200 ,300:40 ,50
]thieno[20 ,30 :4,5]pyrrolo[3,2-e:20 ,30 -g] [2,1,3]benzothiadiazole (BTP) derivative
(BTP-BO-4Cl) as donor and acceptor, respectively, and processed using a halogen-free
(using benzyl viologen, BV, instead of halogenated additives solvent reaching an efficiency
of 17.33%.2" The BTP core had a great impact on the molecular aggregation and blend
morphology which affected the device performance.

Figure 1.2.1.6: Chemical structure of PM6, BTP-BO-4Cl and BV used for the efficient
NFAs to achieve a PCE of 17.3%.

5BDDBDT
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Figure 1.2.1.7: Chemical structure of PM6 and 5BDDBDT used for the efficient
NFAs to achieve a PCE of 17.54%.

As a follow-up study, Xia et al. recently reported a new record of NFA PCEs
standing at 17.54% where they used synthesized two novel structurally similar oligomers
(Figure 1.2.1.7) (named 5BDTBDD and 5BDDBDT) with D-A-D-A-D and A-D-A-D-A
for the high-performance ternary OSCs with low energy loss.?® This state-of-the-art shows
the potential that lies in these low-cost NFAs and with more research, their power
conversion efficiency can beat that of silicon-based OPVs (~25%) and meet the market
requirements of 20-25%.252% With this milestone, there are still critical aspects of the NFA
and OPVs that need to be fully comprehended to ensure the production of more efficient
devices. Understanding the structure-function relationships that affect the charge and

energy transfer dynamics will be useful in designing better organic photovoltaics.

1.2.2 Organic Light Emitting Diodes (OLEDS)

Organic light emitting diodes (OLEDSs) is a new cutting-edge display technology
that has seen the production of next-generation display monitors and lighting, an
advancement from light emitting diodes (LEDs) and liquid crystal displays (LCDs). LCDs
are non-emissive materials that were invented in the 1960s and have continued to grow,
dominating the current display market which ranges from smartphone screens, to computer
monitors and televisions, to data projectors.3°-32 The reasons for LCD market domination
are high brightness, long lifetime, low cost and high-resolution density.3®> However, the
slow response time, low contrast ratio and narrow color gamut has led to the poor image
quality of LCDs. However, the emissive property of OLEDSs leads to the true black state, a
fast response time and an ultra-thin profile, wider color gamut properties desired for second

generation flexible display systems.
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Figure 1.2.2.1: Device comparison of an OLED vs LCD adapted from Luo et al.3*
OLEDs were first proposed by Chin Tang and Steven VanSlyke of Kodak 1987s
(Figure 1.2.2.2).° Since then, they have been improved significantly with multiple layers
to enhance their performance. The different layers include the electron—injection layer
(EIL), the electron—transporting layer (HTL), the emitting layer (EML), the
hole—transporting layer and the hole—injection layer (HIL). The role and location of each

of these layers are summarized in Table 1.2.2.1 below.

b
Cathode
a EIL
Cathode ETL
EML :> EML
HTL HTL
Anode HIL
Anode

Figure 1.2.2.2: Schematic diagram of an OLED. (a) Basic structure proposed by Tang and
VanSlyke in 1987. (b) Multi-layer structure employed in current OLED products highlighting the
OLEDs principles of operation. EIL, electron-injection layer; ETL, electron-transporting layer;
EML, emitting layer; HTL, hole-transporting layer; HIL, hole-injection layer. Image adapted
from Chen et al. *

Table 1.2.2.1: Different layers of organic light emitting diodes and their roles.

Layer | Location in Device Role
EIL Between the cathode and | Facilitate electron injection from the conductor
ETL towards the organic layer
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ETL Between the EIL and | Bring electrons to the emissive layer for
emissive layer recombination

EML Between the ETL and HTL Used for light emission after recombination, and
consists of materials with high quantum efficiency
and high carrier mobility

HTL Between EML and HIL Bring holes to the emissive layer for recombination

HIL Between the HTL and anode | Facilitate hole injection from the conductor towards
the organic layer

The core of these systems is the emissive layer where the charge carrier
recombination occurs leading to light emission. Classifications of OLEDs are based on the
emitters used in the device, and there are 4 main classes of these emitters: fluorescence
(FOLED:S), triplet—triplet fluorescence (TTFOLEDSs), phosphorescence (PHOLEDSs), and
thermally activated delayed fluorescence (TADF OLEDSs) as shown in Figure 1.2.2.3.

Upon photoexcitation, only 25% of the excited excitons which are at a higher energy
formed are singlets, and the rest of them are triplets (75%) whose energy is lower than that
of the triplets. For normal fluorescent materials, the transition between two electronic
states with the same spin multiplicity is allowed while that between two electronic states
with different spin multiplicities like intersystem crossing with spin changes, is not
allowed. As a result, radiative decay through fluorescence is allowed while
phosphorescence is forbidden. For fluorescent OLEDSs, the theoretical internal quantum
efficiency (IQE) limit therefore becomes only 25% with a short lifetime of only a few
nanoseconds.

To circumvent this disadvantage, heavy metals like iridium and platinum have been
introduced to the emitter. These metals enhance the spin—orbit coupling between the
exciton and the orbital angular momentum resulting to a radiative transition from the triplet
(T,) to the ground state (S,) through radiative phosphorescence whose lifetime is in us.
This spin-orbit coupling also promotes intersystem crossing between S; and T;, populating
the T; and making the maximum attainable IQE 100%. This makes the phosphorescent
OLEDs more promising and efficient than their fluorescent counterparts. Under high
current, it is possible that the produced triplets can interact with other triplets leading to
triplet—triplet annihilation which leads to efficiency roll—off.*® This interaction is also
supported by the long lifetime of these triplets. The problem is that it is difficult to make

stable phosphorescent emitters that emit in the blue which is important for portable
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electronics with improved battery life. In addition, the metals employed in enhancing the
spin-orbit coupling are rare and expensive.

A promising solution to the PhROLED problem is through the use of metal-free and
emitting materials that exhibit a phenomenon called thermally activated delayed
fluorescence (TADF) which will be discussed in detail later in this chapter. It is a process
where a molecule in a non-emitting state incorporates surrounding thermal energy to
change states, and only then, does it undergo light emission. While this process was
reported almost a century ago by Perrin et al., it is not until 2012 when Adachi created an
efficient OLED display system using the TADF mechanism.®® Here, he reported an organic
electroluminescent molecule with a minimal energy gap between its singlet and triplet
excited state, AEgy, (0.5 — 1.0 eV) which could go through efficient spin-up conversion
from the non-radiative triplet states to the radiative singlet states, harnessing both triplet
and singlet excitons and leading to an IQE of 90%. Without heavy atoms in the organic
emitting material, it is possible to achieve an IQE of 100% which reduces the material cast

and can be used to make flexible OLEDs.
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Figure 1.2.2.3: Emission mechanisms of OLEDs

The most promising OLEDs have been described to have a small spatial overlap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), a reduced energy gap between the lowest singlet and triplet,

efficient reverse intersystem crossing rate which outdoes the rate of phosphorescence, high
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fluorescence quantum vyield, increased optical output coupling/extraction efficiency,
presence of emitting dipoles in the emissive layer.

To ensure that there is a balance between all the contributing factors, the overall
performance of OLEDs is presented using the external quantum efficiency (EQE). EQE is
the number of charge carriers that are collected to the number of photons that enter
incidentally. This measure of performance can be calculated based on Equation 1.2.2.1
below.

EQE = y X g1 X Np, X Nout (Equation. 1.2.2.1)
where:
y is the electron-hole balance,
ns,r 1S the triplet-singlet factor,
np. 1S the photoluminescence quantum yield and

Noue 1S the outcoupling efficiency.®’

1.2.3 Organic Light Emitting Transistors (OLETS)

Organic light emitting transistors (OLET) are an emerging class of optoelectronic
device that merges the switching abilities and amplification mechanisms of organic field
effect transistors (OFETSs) and the emissive properties of an organic light emitting diode
(OLED) which was first demonstrated in 2003.%® Transistors which were originally
designed by John Bardeen and Walter Brattain in 1948, are basically devices that transfer
resistance, allowing them to amplify signals and make them an important component of
modern-day electronics and were initially made of doped silicon as a semiconductor.3® A
doped silicon (using elements like arsenic, phosphorous, or antimony) will have extra
electrons making it an n-type or p-type if impurities like boron, gallium or aluminum are
used. A field effect transistor (FET) is a three terminal active semiconducting device, where
the output current is controlled by an electric field that is generated by the input voltage.
It is made of 3 main parts: the source (the terminal through which charge carriers in the
form of current enters), the gate (which is formed by the diffusion of an n-type
semiconductor with a p-type semiconductor creating a heavily doped p-n junction that
controls the flow of current, that is produced by charges, from the source to the drain), and

the drain (the terminal through which majority of the charge carriers exit the FET) as shown
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in Figure 1.2.3.1. The moment a positive voltage is applied to the gate, an electric field is
created that allows the flow of electrons from the device source to its drain. This generated
field effect allows a current to flow and switch the transistor on (Figure 1.2.3.1). When a
transistor functions as an amplifier, it takes in a bigger current at the source and produces
a bigger current at the drain which can be used in hearing aids and microphones. In simpler

words, a small current can be switched into a bigger current by a transistor.
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Figure 1.2.3.1: Metal oxide (silicon) semiconductor transistor (MOSFET).

Because of the high cost of silicon and metal oxides, low-cost organic materials
have been used to make organic field effect transistors (OFETSs). The operation of OFETSs
is just the same as that of FETs. Usually and in the linear mode, as the gate voltage

increases, the drain current increases as shown below.
Iy = = 1C(Vs = Vr)Vp (Equation. 1.2.3.1)

where:
W is the channel width,
L is the channel length,
u is the mobility,
C is the capacitance of the dielectric,
V; is the gate voltage,
Vr is the threshold voltage and

V;, is the drain voltage.
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However, when the transistor is in the active or saturation region, the drain current

is given by Egn 1.2.3.2:
Inga: = 5 HCga (Vs — Vr)? (Equation. 1.2.3.2)

where:
W is the channel width,
L is the channel length,
u is the mobility,
C is the capacitance of the dielectric,
V; is the gate voltage, and
Vr is the threshold voltage.

Here, the drain current does not depend on the source voltage once the voltage is
above the threshold.

The combination of these two abilities (switching and transistor from OFET and
luminescence from OLED) results in a multifunctional device with either unipolar or
ambipolar nature. A unipolar OLET uses either electrons or holes as majority carriers while
the ambipolar OLET uses both electrons and holes as majority carriers. As such, these
devices can be used for multiple applications like 1) applied physics which is an
intersection of material science and engineering as it explores the charge transport, charge
injection and optical characteristics of device architectures simultaneously, 2) integrated
circuitry and high speed signal processing which involves both electrical and optical
signals, 3) electrically pumped lasing because of their high current densities coupled to low
optical loses at the electrodes, and 4) display circuitry due to their intrinsic combination of
transistor and OLED which could be used to simplify the circuitry required for display
applications.t:%7

Research to understand this new field has been limited with less than 25 papers
published annually and only about 270 papers published since 2003 (Figure 1.2.3.2).%7
This study by Qin et al. suggested that the reason for the limited studies as i) limited
availability of ideal active materials for OLETs and ii) incompatibility of the conventional

device fabrication technology with the OLET structure fabrication requirements.
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Figure 1.2.3.2: Summary of the number of articles related to the OFETs published
between 2003 and 2020.

OLETs working mechanism is as follows:
i) Both holes and electrons are injected from the drain and source electrodes separately and
transported to the active layer.
i) In the ambipolar region, holes and electrons recombine to form excitons
iii) These high energy excitons decay to the ground state by emitting photons
iv) The emitted light is eventually detected as the final output.
Some of the most crucial parameters for a good OLET include: high carrier charge

mobility, good gate modulation capacity, high on/off current (Ion/off) ratio, low threshold

voltage and small subthreshold slope, balanced carrier transportation, efficient
recombination, low optical energy loss and efficient light outcoupling.®”#° Simply,
characterizing a good OLET takes into account the components of this dual functionality
device such that ideally, a good OLET is made of a good transistor and a good OLED. For
instance, to ensure great switching capabilities, one must look into the device mobility, the
threshold voltage, the contact resistance and the ON/OFF ratio. On the other hand, the
optical characteristics of an OLED like a good external quantum efficiency (EQE) and
brightness are considered (Egn. 1.2.2.1).

While it is expected that devices will have a good EQE and brightness, this is not
the case for OLEDs. This challenge arises from the fact that high charge carrier mobility
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and strong emission are mutually exclusive. 37 With immense efforts from recent studies,
scientists have been able to come up with some organic semiconductors with both high

charge mobility and high fluorescence quantum yield as shown in Figure 1.2.3.3.
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Figure 1.2.3.3: Chemical structures of structures that have been reported so far compiled
by Qui et al.®’

Tetracene which was used for the first OLET showed great mobility but low
brightness of only 45 Cd/m? compared to the current emitting OLED brightness of 1000
Cd/m? 3841 While single-component OLETs have been successfully developed, only an EQE of
1.61% has been obtained.*? Due to the difficulties in attaining large mobilities in a single OLET
materials, multilayer devices where different functions are delegated to different materials have
been developed and shown EQEs of up to 9.01%.* For the multi-layered devices, however, the
device fabrication process becomes extremely complicated as more layers are added since it
becomes very difficult to control the mutually exclusive device properties of the OSC active
materials while keeping their optoelectronic performance optimal.** For instance, high mobility
materials show efficient intermolecular charge transport owing to their optimal = — 7 stacking and
electronic coupling; the efficient m — m stacking may lead to the formation of excited state dimers
or other charge transfer states which quench fluorescence and reduces the performance of
OLETs.®

To date, some of the things that need to be done to improve the efficiency of OLETSs
include: improving charge transport properties as well as the PLQY while ensuring a
balanced transport of holes and electrons with increased exciton utilization, selecting the
right charge injection, charge transportation and light emitting layers for the multi-layer
OLETSs, maintaining a good gate field capacity, incorporating the characteristic of charge
transport and light emission and exploring other applications. Most importantly,
understanding the mechanisms of charge and energy transfer in materials for OLET
applications which is an area that is not yet understood will be a huge step towards making
highly efficient OFET devices.

1.3 Working Principles of Organic Optoelectronic

As mentioned previously, optoelectronic devices are divided into two: those that
emit light by using voltage and current to produce electromagnetic radiation (EMR) while
those that detect light do the opposite, i.e., converting the electromagnetic energy into
current and voltage. Organic optoelectronic devices are made of organic semiconductors

are their absorbing or emissive layer for light detecting (OPVs) or light-emitting
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(OLEDsS/OLETSs) functions, respectively. These organic semiconductors are donor-
acceptor (D-A) materials sandwiched between the other device layers and electrodes. To
understand the working principles of these materials, one needs to understand the electronic
properties of these materials which can be illustrated using the Jablonski diagram (Figure
1.3.1).
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Figure 1.3.1: The Jablonski Diagram highlighting excited state events.

Organic light absorbing and emitting materials should possess good absorption and
emissive properties, respectively. For conjugated donor-acceptor compounds which we will
explore, the semiconducting properties stem from the delocalization of = — electrons that
move along the conjugation chain. Bonding (m) and antibonding (m*) molecular orbitals
overlap at this conjugated backbone, creating a strong electron density which then supports
moving charge carriers. The longer the conjugation chain, the stronger the overlap which
determines the energy gap (E,) between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) which usually ranges between 1—4

eV.*® This E, can be optimized or tuned by modifying the chemical structure which tunes
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the optical excitations. This is important because the electronic properties of these organic
semiconductors are described in terms of their molecular orbitals.

As shown in Figure 1.3.1, upon photoabsorption, an electron is promoted from the
ground state, S,, to an excited state, S,, generating a tightly bound electron-hole pair called
an exciton. This process occurs within 10715s. There are several states and energies that
the exciton can go through before relaxing back to the ground state.

1) vibrational relaxation — this is a non-radiative transition where the molecule in
an excited state is not in equilibrium loses excess vibrational energy to its vibrational
modes within the same molecule or to surrounding molecules until the lowest vibrational
level is reached. This is the fastest transition and happens within a timescale of 10712 —
10719,

2) Internal conversion — this is a non-radiative transition between two electronic
states of the same spin multiplicity. Here, a molecule in a higher-lying singlet electronic
state undergoes internal conversion to a lower-lying singlet state and is immediately
followed by vibrational relaxation. The rate of this transition depends on the energy gap
between the two states, and it happens within a timescale of 10711 — 1077 s.

3) Fluorescence — this is a radiative transition between two electronic states of the
same multiplicity. The emission of photons from S; —S, occurs within a timescale of
10719 —-1077s

4) Intersystem crossing — this is a non-radiative transition between two isoenergetic
vibrational transitions that belong to electronic states of different spin multiplicity. This
transition occurs within a timescale of 1071° — 107¢ s

5) Phosphorescence — this is a radiative transition between two electronic states of
the same multiplicity and occurs within a timescale of 107 — 10 s

6) Delayed fluorescence — this is a radiative transition that occurs when a molecule
in the triplet state transition to the singlet state followed by a radiative transition to the

singlet ground state.

1.3.1 Charge Transfer (CT) Process
For OPVs which are the light detecting devices, a 4-step fundamental process

happens which, all together, explains the working principles of these devices. First, light
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is absorbed, and excitons are generated. Light from the sun is absorbed by the donor part
of the high extinction coefficient D-A material. When photons with high energy are
incident on the donor portion of the semiconducting material, electrons are excited from
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO). This leads to the formation of a tightly bound and localized electron-hole pair,
which is also known as a localized exciton in a singlet exciton state. Here, the electron and
hole have opposite spins. The binding energy usually ranges between 0.1 — 1.4 eV.*"*8 This
binding energy tends to be larger than the one in inorganic materials since the electron and
hole wavefunctions are localized and the dielectric constants are low (e~ 3 —4) which
enhances the Coulomb attraction between the electron and hole. The low dielectric
constants are associated with the reduced intermolecular coupling which leads to localized
molecular excitation and prevents band-to-band transitions. These excitons then move to
the D-A interface where there is enough chemical potential to drive the exciton
dissociation.

To ensure that this first step is done efficiently, materials with a high extinction
coefficient are essential in the photoactive layer in order to absorb maximum sunlight. Low
absorption may lead to low photocurrent generation. In addition, a low thickness (~100
nm) of the photoactive layer is recommended due to low charge-carrier mobilities in D-A
materials which limits absorption to only 60% of the incident light at the absorption
maximum.*® In addition, light absorption can be maximized by reducing the band gap of
the donor polymers which can ensure absorption of the maximum number of photons.*°
For instance, a band gap of 1.1 eV can cover 77% of the photon flux which outdoes the
reported capabilities of inorganic materials whereas a band gap of 1.9% only covers 30%
of the same photon flux.!®

Second, the exciton diffuses, and the charges dissociate. With the high binding
energy of around 0.4 eV of the photogenerated electron-hole pair, it is difficult for the
surrounding thermal energy to dissociate this exciton into independent electrons and holes
which serve as charge carriers. As a result, the acceptor is needed to facilitate the
generation of free carriers. Therefore, the bound excitons migrate to the D-A interface
where there is enough chemical potential to drive the exciton dissociation. The energy

offset in the LUMO between the donor and acceptor, as well as the electron affinities of
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the donor and acceptor help create a driving force for a rapid transfer of an electron from
the donor to the acceptor. Due to efficient acceptor materials, the coulombic attraction is
broken, and excitons dissociate into an electron and hole which serve as free energy
carriers. This step occurs at the interface of the donor and the acceptor resulting in the
transient formation of a charge-transfer state whereby the electron and hole exist on
different molecules. This is a very important step since it governs the transfer of the
photoexcitation energy towards the D-A interfaces where charge carriers are formed.

To ensure that this step proceeds efficiently, some factors need to be put into
consideration. First, the distance traveled by the exciton before recombination, which is
also called the diffusion length, L, is very critical. Most excitons from organic donor
materials are very short-lived (<1 ns) and therefore require a diffusion length, L,,shorter
than their optical pass length which is between 100 — 200 nm to obtain a quantitative charge
generation.>® Usually, L, is limited to a few nanometers, usually less than 20 nm.*%%° For
a bi-layer cell, the efficiency is limited to the number of photons that can be absorbed
within the effective Lj range of the polymer/acceptor interface. Most of the time, scientists
blend polymers with soluble electron acceptors to avoid the problem of additional L, which
would limit photocurrent generation in bulk heterojunction. Improving the exciton
diffusion enables the use of bigger polymers leading to enhanced absorption of highly
efficient solar cells. One direct way to determine the Lj is by probing the photogenerated
exciton population by observing the change in photoluminescence with varying polymer
layer thickness.® However, this method is inaccurate since intermixed evaporated
molecules obscure the intrinsic exciton diffusion process. A new method was developed to
accurately calculate the exciton quenching yield, as a function of the polymer thickness, L
(Egn 1.3.1.1).

_ (a?L?p+aLptanh(L/Lp))exp(—aLl)—a?L?p(cosh(L/Lp))~*
B (1-a2L?p)(1—exp(-aL))

Q (Egn 1.3.1.1)

where:
a is the absorption coefficient,
Lp is the exciton diffusion length, and

L is the polymer thickness.
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The dissociation efficiency depends on the distance between the charge carriers as
well as the strength of the applied field in cases where the exciton’s Coulombic potential
is modified by an electric field.*®°! it has also been proposed that excitons can directly
dissociate into free charge carriers owing to the excess photon energy after exciton
dissociation is used to separate the bound pair and the D-A interface. Additionally, the D-
A interface is also important in that the orientation of the electric dipole favors separation
perpendicular to the interface which aligns with the field, and large mobility plays a crucial
role as well.

Third, the charges are then transported towards the respective electrodes in the free
charge carriers transport step. This step only happens if the free charge carriers do not
recombine in the previous step or are trapped in a disordered organic material on their way
to the electrodes. The existence of an internal electric field which is formed as a result of
electrodes’ Fermi Level difference, leads to the hopping of free charge carriers from one
localized state to another, enabling the charge transport. ° This transport can also be driven
by carrier diffusion.!®#” The current that gets to the electrodes without an applied field is
called the short-circuit current, /-, and the maximum potential generated by the device is
called open-circuit voltage, V,..46 The quality of the device is directly related to these two
parameters, as well as the Fill Factor which is the ratio between the maximum power
generated and the product of Js. and V,.. These are the performance characteristics that
will be used to calculate the power conversion efficiency (PCE) of these OPV devices.

In ideal cases where there is no recombination or exciton trapping happening,
photocurrent can be directly measured where the internal field, E, is given by Eqn 1.3.1.2.

E=Woc—V)/L (Egqn 1.3.1.2)

where:
V is the applied voltage,
Voc is the open-circuit voltage and

L is the thickness of the active layer

The photocurrent generated by holes, J,,, can also be calculated by Eqn 1.3.1.3
Jpn = epukE (Egn 1.3.1.3)
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where:
u is the hole mobility,

p is the density of the photogenerated holes, which is given by their lifetime and
generation rate (G), p = G, at the steady state, while at long lifetimes, it is equal to the
transit time, T, = L2/uV,

e is the electric charge and

E is the internal electric field.

Thus, the hole photocurrent through the external circuit is given by Eqn 1.3.1.4 which is
obtained by substituting parameters in Eqn 1.3.1.2. and Eqn 1.3.1.3.

Jpn = eGL (Egn 1.3.1.3)

where all the parameters have been described above.

With diffusion factored in, the photocurrent is given by Eqn 1.3.1.4:

exp(¢V/,-)+1  2kT
]ph = eGL W— W] (Eqn 1314)

where:
eGL is the saturated photocurrent,
k is the Boltzmann constant and
T is the temperature.
In reality, not all excitons dissociate to form free charge carriers. When this happens,
in ideal cases, the generation rate is given by Guyax. However, for most organic
semiconductors, only a fraction of this G,y dissociates into free charge carriers. This

fraction is dependent on the applied field as well as the temperature. As a result, G can be

described as shown in Eqn 1.3.1.5:

where:

P(T,E) is the probability of charge separation at the D-A interface.
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Another important factor to note is that the exciton can also decay into the ground
state with a rate constant of kr or form free carriers with an electric-field-dependent
constant kj(E) where these separate carriers can re-bind at a rate of kg. This explains why
very long-lived charge transfer states are precursors for free charge carriers. With these
possibilities in mind, Braun came up with a new model to determine P(T,E) at a given
electric field E and temperature T (Eqn 1.3.1.6).

P(T,E) = —2&) (Eqn 1.3.1.6).

kp(E)+KFp

Finally, the photogenerated charge carriers that do not recombine are collected at
the electrodes. For maximum charge extraction, any possible barrier at the photoactive
layer should be reduced such that the work function of the anode matches the with the
HOMO of the donor material and that of the cathode matches the LUMO of the acceptor
material, aligning the Fermi level at the negative and positive electrodes, respectively.®
the electrode work function in this is pinned close to the LUMO/HOMO level meaning that
the V, will be governed by the energetics of the acceptor LUMO and the donor HOMO.
Any mismatch could lead to a reduced performance of the solar cell. In this case, the Fermi
levels of the anode and cathode contacts are within the insulator bandgap which is
sufficiently away from the HOMO and LUMO levels, respectively. It, therefore, follows
that the work function of the anode is highly relevant for the V,..*® This concludes the

mechanism of charge transfer in OPVs and is illustrated in Figure 1.3.1.1.
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Figure 1.3.1.1: Working principles of organic photovoltaics illustrating charge transfer.
To determine the power conversion efficiency (PCE) as shown in Eqn 1.2.1.1,

there are three major parameters that should be taken into consideration:

a) Short-Circuit Current (Jsc) — Maximum photocurrent density generated at zero applied

potential or the number of charge carriers getting to the electrodes without any applied

field/potential. There is no power produced at this point.

b) Open-Circuit voltage (V,.) — Maximum voltage that can be extracted for an external

circuit when the current is zero.

¢) Fill Factor (FF) — The ratio of the maximum output power to the product of the /5. and

Voc.

1.3.2 Energy Transfer (ET) Process
For the light emitting device, the process of light emission occurs in the opposite

direction as the process of light absorption that’s described in the charge transfer section
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above. This process has been discussed by Brédas et al. in their 2004 review and | will
summarize it below.>? First, electrons (negative charges) and holes (positive charges) are
injected from the Fermi level of the high and low work function, respectively, into the
LUMO and HOMO electronic levels of the semiconducting material at their respective
electrodes. Then, these separate charge carriers migrate to the donor-acceptor material
where they meet each other at the D-A interface. Here, they bind to form excitons. These
excitons then recombine radiatively generating light through electroluminescence (Figure
3.2.1).

Light Emission Exciton Recombination

LUMO (Energy-transfer state)
!
E, [ec — Y
1,
rO[Um’-H €sce, B
n
Ce
—
HOMO

LUMO

* =
. Energy Transfer 6
<0 —

Charge Injection e Charge Transport

HOMO
Figure 1.3.2.1: Working principles of light emitting illustrating energy transfer.

The number of photons emitted per a couple of charges injected is called the internal
quantum efficiency (IQE or n;,: ). To obtain a high IQE, the work function of the metal
electrodes should also match the HOMO and LUMO energies to generate the right potential
barriers for the electrons and holes. A high mobility of charges is also needed in order to

form excitons farther from the electrodes that usually act as quenching points.*® Additional
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charge regulating layers have also been proposed which may enhance the exciton formation
and recombination leading to more efficient emissive systems.

The formation of excitons in emissive systems results in 25% singlet with
antiparallel spins and 75% triplet excitons with parallel spins. As a result, emissive devices
can take advantage of both triplets and singlets and have a theoretical IQE = 1 in contrast
to light absorbing materials that only utilize singlets (25%). For an emissive system that
does not show phosphorescence, the display maximum IQE will be 0.25 counting only

singlets since the triplet states recombine non-radiatively.

1.4 Mechanisms of Singlet— and Triplet—State Energy and Charge Transfer
1.4.1 Singlet Exciton Fission (SEF)

SEF is a spin-allowed mechanism that has been extensively studied and it happens when
an excited singlet exciton splits to form two spin-correlated triplet excitons via a double-triplet
state (Figure 1.4.1.2).% Since the theoretical calculation of the Shockley-Queisser (SQ)
efficiency limit (~33%) for single-junction solar cells in 1991, a lot of research has focused on
different ways of circumventing this limit.>%-5! One of the most interesting photoinduced processes
to study are those with the capabilities to go through multi exciton generation (MEG) in the form
of singlet fission (SF). Literature reports that SF in organic photovoltaic devices (OPVs) reduces
the thermal relaxation losses due to the SQ limit and therefore has the capability to boost their
efficiency from 33 to 47%; this potential increase has led to increased curiosity and research in

singlet exciton fission (SEF) materials (Figure 1.4.1.1).576?
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Figure 1.4.1.1: Theoretical maximum power conversion efficiency as a function of bandgap
(51 = S, for single-junction; T; = S, for singlet fission) for single-junction (blue) and singlet
fission (green) solar cells.

This mechanism was initially used to explain the observation of delayed fluorescence in
crystalline acenes.>*%3%* For singlet fission to occur, electronic and structural conditions have to
be fulfilled: a) adiabatic energy conditions E(T,) > E(S;) andE(S;) > 2[E(T,)],b) molecular
packing that optimizes intermolecular electronic coupling for SF while minimizing competitive
singlet deactivation pathways and c) efficient separation of triplet excited state into free charges.’
There are two different mechanisms through which SEF proceeds. One is the direct coupling of a
singlet exciton involving two adjacent chromophores (S1So) produces a multiexciton correlated
triplet pair }(T1T1) with an overall singlet spin and the 1(T1T1) then decouples through a special
spin dephasing separation process to generate two independent triplet excitons (T1 + T1).8> SF
Second, SEF can be mediated indirectly through intermediate states like through a charge transfer
(CT) state where the conversion of 1(S1So) to 1(T1T1) is facilitated by coupling to higher-lying
charge transfer (CT) state or excimer states.%®~"* Charge transfer states have been shown to enhance
intramolecular singlet exciton fission (iISEF) while excimer states have been a subject of discussion
as to whether they enhance or inhibit or enhance iSEF. >

Recent studies report that the SEF mechanisms can either be inter or intramolecular. In
intermolecular exciton SF (ISEF), the optically excited singlet state on one molecule couples with
neighboring molecules to form an intermolecular triplet pair can be improved by tuning the

interchromophore interactions. This process highly depends on chromophore packing motifs. It is
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challenging to come up with highly ordered molecular structures to fulfill the packing requirement,
and reproducibility is often an issue.”® However, polymers and other small molecules can show
SEF as an intrinsic property through intramolecular singlet fission (iISEF) where the double triple
pair state is located on the same molecule. The iSF mechanism, which shows high processability
in solution, high tunability in both molecular and electronic structures, and ability to create tailored

interfaces, is not well understood.”6-"8
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Figure 1.4.1.2: Intramolecular and Intramolecular Singlet Exciton Fission.

Most of the research surrounding the idea of singlet fission in organic photovoltaics
(OPVs) has been carried out on dimeric systems of acenes. These molecules have shown
structural tunability, which allows control of the molecular orientation and
geometry.8%72.77.79-92 | these studies, the rate and yield of SEF are reported to be affected
by the coupling between the molecular units, and the degree of contortion in the structure.
9394 Although the previously mentioned acene molecules have shown great SF yields, their
limitations like photo-instability have made researchers venture into new materials with SF
potential.”>*>% Perylene Diimides (PDIs) are a class of chromophores whose packing is easily
controllable, possesses high thermal/photo-stability, have high extinction coefficients in the visible
region, and holds desirable triplet energies for semiconductor sensitization. %

Furthermore, other studies have shown that in addition to the nature of the chromophore,
the w-linker plays a crucial role in contributing to the occurrence of iSEF. It has been reported that
structural flexibility of the covalent linker is necessary to activate iSEF. & However, these studies

do not isolate the effect of the attachment position of the linker to the chromophore units.
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Additional studies point out that excimer formation affects singlet fission process.%*
These low-lying excimer states inhibit the formation of the correlated triplets. °® However, other
studies have shown that the correlated triplet pair state in SEF can be preceded by excimer
formation. In this case, excimer states act as precursors to triplet formation.” Excimer states and
their relationship to singlet fission have been a subject of discussion with some literature reporting
excimer mediated singlet fission %1% while others report that excimer formation hinders the SEF
process. 192103 The complication in understanding excimer states and their role in SEF is as a result
of the indistinguishable nature of the (S1So) and *(T1T1) states and their interactions. For instance,
an excimer or excimer-like state has been identified as a singlet-triplet hybrid state, as the *(T1T1)
state or as a state with significant CT character.®® For most chromophores, the potential excited
states are singlets 1(S1So), charge transfer state CT, double triplets }(T1T1), and triplets 3(T1). One
report showed that excimers form when the electronic coupling between the CT state and the
singlet excited state of two identical chromophores is strong.%® This results in the stabilization of
the resulting CT +%(S1So) mixture state — an excimer. The individual CT state or *(S1So) can
themselves individually act to inhibit the production of double triplets from the singlet state via a
highly stabilized CT (lower CT state) process or radiative decay, respectively.

In other studies, singlet fission has been reported as a solvent-dependent process for
molecules like terylenediimide (TDI) dimers.'% In these TDI dimers, SF was observed in low
dielectric constant solvents while symmetry breaking charge separation was observed in high
dielectric constant solvents. In this case, it follows that the higher dielectric constant solvent
stabilizes the CT state and lowers its energy allowing it to act as a trap state. On the other hand,
minimal or lack of the CT state stabilization in low dielectric environments enables the CT state
to act as a virtual state in a superexchange interaction that promotes SEF.2° On the contrary, other
reports show symmetry breaking as a crucial step to activating singlet fission. 819 In fact, coherent
singlet fission has been reported to proceed through an initial superposition of 1(S1So) and 1(T1T1)
which eventually dephases into the dark state. Coherent SF occurs through symmetry-breaking
vibrational modes, which allow the (S1So) and }(T1T1) to mix.

With the 1(T1T1) being a critical state for singlet fission to occur, a lot of studies have been
dedicated to elucidate this state and its excited state character. Reported information about this
triplet correlated state has been ambiguous owing to the difficulties in the direct observation of the

}(T1T1). There has been a lot of debate and a lot is needed to understand the mechanism of
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the double triplet state formation, which affects the mechanism of charge transfer in SEF

materials for OPV applications.

1.4.2 Thermally Activated Delayed Fluorescence (TADF)

The electronic states of light emitting materials can be changed by tuning the
molecular structure. For these emitting materials, emission occurs through energy transfer.
When voltage is applied across the organic semiconducting layer, the injected electrons
and holes strongly bind forming an exciton that can either have a total spin of S = 0 which
is a singlet, or a total spin of S = 1 which is a triplet exciton. Therefore, in these systems,
25% of the excitons formed are singlets while 75% of these are triplets. For emitting
materials, what matters most is the luminescence which is a radiative deactivation of
excitons from the excited state to the ground state which occurs through fluorescence (from
the singlet excited state) or phosphorescence (triplet excited state). Important to note, the
transition between two electronic states with the same spin multiplicity is allowed while
that between two electronic states with different spin multiplicities like intersystem
crossing with spin changes, is not allowed. It, therefore, follows that fluorescence, which
is a short lifetime process, is allowed while phosphorescence, which has a lifetime ranging
from microseconds to milliseconds is forbidden. At this condition, the maximum internal
quantum efficiency (IQE) obtainable for these display systems is 25%.

One way to get around this problem and increase the IQE was to use heavy metals
which increased the spin-orbit coupling between the exciton and the orbital angular
momentum resulting in a radiative transition from the triplet (7;) to the ground state (S,).
This spin-orbit coupling also promotes intersystem crossing between S; and T;, populating
the T; and making the maximum attainable IQE 100%. One disadvantage of the materials
that showed these capabilities was that it was challenging to get stable deep blue
phosphorescent emitters. This is a challenge to this day.

A very promising solution to this is through thermally activated delayed
fluorescence (TADF). This is a phenomenon where a molecule in a non-emitting state
incorporates surrounding thermal energy to change states, and only then, does it undergo
light emission. While this process was reported almost a century ago by Perrin et al., it is
not until 2012 that Adachi created an efficient OLED display system using the TADF

37



mechanism.3® Here, he reported an organic electroluminescent molecule with a minimal
energy gap between its singlet and triplet excited state, AEsr, (0.5 — 1.0 eV) which could
go through efficient spin-up conversion from the non-radiative triplet states to the radiative

singlet states, harnessing both triplet and singlet excitons and leading to an IQE of 90%.
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Figure 1.4.2.1: Energy level diagram of a conventional organic molecule illustrating
TADF
Adachi suggests that careful molecular design can lead to even a smaller AEg; which

makes the reverse intersystem crossing from T; — S; easier, enhancing TADF. He
highlighted characteristics of a good TADF material to have: 1) a small AEg; of <
100 meV, 2) reasonable radiative decay of > 10°s~ which will help in overcoming non-
radiative decay and 3) a balance in the HOMO/LUMO overlap. In this report, he
synthesized emitting molecules where carbazolyl was the donor and dicyanobenzene was
the acceptor based molecules shown in Figure 1.4.2.2. These materials had a small AEg;
due to the huge steric hindrance that leads to a distortion of the carbazolyl unit from the
dicyanobenzene plane. As such, the HOMOs are localized on the donor while the LUMOs
are localized on the acceptor moiety. It is also important to note that carbazole is known
for the emission of various colors while dicyanobenzene is known for its high
photoluminescence and breaking chemical bonds in the excited state to change the

electronic properties.
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Figure 1.4.2.2: Molecular Structures of investigated CDCBs where Me is methyl and Ph is
phenyl.
Adachi proposes an experimental method to calculate the rate of reverse intersystem
crossing, kgisc, by using the rate constants and the quantum yields of the prompt and

delayed fluorescence components (Equation 1.4.2.1).

kpkada
kiscop

krisc = Equation 1.4.2.1

where:
k, and k, are the rate constants for the prompt and delayed fluorescence
component, respectively,
k;sc is the rate of intersystem crossing from S; — T; and
¢, and ¢, are the photoluminescence quantum yields of the prompt and delayed

components, respectively.
Most scientists report the performance of emissive devices in terms of external quantum
efficiencies (n.,: or EQE). Pereira et al. describe a method to measure this performance
using an integrating sphere that collects all the light from a source placed inside it and
the configuration must allow integration over 4w steradian of solid angle.'% Here, the
calibration lamp (with a known (certified) power spectrum output, P.,; (1) in W /nm) is
positioned with the same experimental setup (sample position) used for the devices (which will
have a power spectrum output, P4.,,(4) in W /nm). By applying a constant current, the intensity
of the lamp, I.4; (1) is measured and the Reference spectra, R(A) calculated from Equation
1.4.2.2.
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R(A) = Leat®) (Equation 1.4.2.2)
Ical(l)

Since the shape of the calibration lamp affects the measurements, an auxiliary spectrum is
measured. The spectra with only a calibration lamp and only a device holder is measured and the

ratio between the two intensities gives the auxiliary area, A(4), given in Equation 1.4.2.3.

AQ) = Jawxeal® (Equation 1.4.2.3)

Iaux,dev (/1)

The power spectrum, Py..icc(4) device of the device is given by the product of the response
of the system to the auxiliary correction and the current of the device as shown in Equation
1.4.2.4 which can enable one to calculate the power efficiency by integrating the power spectrum

over wavelength divided by the electrical power (Equation 1.3.2.5).

Pgevice(4) = A(1).R(A). Igepice (1) (Equation 1.4.2.4)

np = w (Equaiton 1.4.2.5)

The power at each wavelength is converted to the number of photons emitted per
second. This is then integrated over wavelength and the ratio by the number of electrons

flowing into the device per second as shown in Equation 1.4.2.6 and Equation 1.4.2.7.

ns = J, P%)C dA (Equation 1.4.2.6)

Mext = 2= (Equation 1.4.2.6)

Alternatively, the EQE can be calculated based on Eqn. 1.2.3.3. described already
described, by relating the electron-hole balance, the triplet-singlet factor, the
photoluminescence quantum yield and the outcoupling efficiency.

Adachi et al. reported the performance of the TADF devices in EQE as a function

of current density as shown in Figure 1.4.2.3.
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Figure 1.4.2.3: External electroluminescence quantum efficiency as a function of
current density for the investigated emitting materials. Inset is the electroluminescence
spectra of the same emitting materials at a current density of 10mA cm™2.

Since this first demonstration, multiple studies have been carried out to design more
materials with TADF character since they are highly promising luminescence materials for
organic light emitting diodes. One method that has been used to enhance this design is
constructing twisted molecular conformations with electron donors and acceptors in order
to separate the HOMO and LUMO ensuring a small separation between their lowest excited
singlet state and their lowest triplet excited state and achieving a high rate of reverse
intersystem crossing, spiral donors structures with intrinsically bulky and rigid molecular
structure.’”11% These designs have successfully balanced the dilemma between high
photoluminescence quantum yield and a small singlet-triplet energy gap leading to high
EQE values of above 35%.107-10°

According to a review compiled by Yang et al. not only do we require a small AEg,
for efficient TADF materials, a large radiative decay constant, k,, of S; excitons is very
important to obtain a high electroluminescence efficiency. Mostly, a large k, is

accompanied by a large AEg; which makes it challenging to design materials that show both
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large k, and small AE¢r.'*® On the brighter side, studies have shown that interactions
between acceptors and donors from either intramolecular or intermolecular can lead to a
small AEs; by reducing the HOMO-LUMO overlap. Two ways can be used to increase k.
1) Increasing the overlap density distribution between the electronic wavefunction of the
ground state in which the S; state can promote S; — S, radiative decay process which
improves the photoluminescence quantum yield, 2) ensuring a large delocalization of
molecular orbitals with well separated HOMO and LUMO suppresses a decrease in the

radiative decay rate ky for fluorescence while lowering AEgr. New methods have been

devised to ensure a good HOMO-LUMO separation that leads to a small AEs: physical
separation of the donor and acceptor units, X-shaped molecular structures, dual
acceptor/donor units and multiple resonance effect. 1°

For purely organic D-A systems, design principles have been summarized as: 1) D—
A molecular structure with a twist between the donor and acceptor moieties, caused by
bulky substituents or a spiro-junction, to achieve a small AEs., 2) densely combining donors
and acceptors as well as strengthening the rigidity of the molecular structure to enhance radiative
luminescence efficiency, 3) the m-conjugation length, 4) the redox potential of the donor and
acceptor moieties along with the interruption of the conjugation between them.1>116

While a great number of TADF materials have been synthesized and reported as
summarized by Yang et al, the commercial application of TADF OLEDs has not been
possible due to their short device lifetimes. As a result, more studies are still required to
not only design long-lived TADF materials, but also come up with alternative ways to

accurately calculate the rate of reverse intersystem crossing.

1.4.3 Organic Open-Shell Systems and their effect of Effect on Energy and Charge
Transfer
Organic open-shell systems have one or more unpaired electrons in their electronic
structure which enables the systems to participate in covalent bonding processes in order to satisfy
valency. Since these unpaired electrons occupy the highest molecular orbitals, they make these
systems very reactive which explains their intrinsic property as thermodynamically and kinetically

unstable. Some of these processes include dimers doubling, hydrogen abstraction, recombination,
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or disproportion.t*” However, researchers have been able to make stable radicals by protecting the
reactive side of the radical to eliminate contact with the external active species which improves
the thermodynamic and chemical stability. The first stable radical was triphenylmethyl which was
reported in 1900 and its reactive site was protected using large phenyl rings.!'® It was noted that
chlorinating the three phenyl rings with sp? hybridization provided polychlorinated
triphenylmethyl radicals (PTM), where the bulky chlorine atoms provide more steric protection
effect and further enhance the thermal and chemical. It has been reported that these PTM radicals
are stable nearly indefinitely to oxygen in solution, decomposing only in the presence of light.
Another way to stabilize radicals is through the enhancement of the = —conjugation delocalization
to modulate their electronic structure. This method works to achieve controlled and perturbed
resonance of planar = —conjugated systems which tend to form multiple resonance structures with
a spin density that is delocalized along the planar = —conjugation backbone.**® The versatilities of
the chemistry of organic open shell radicals enable the tuning of their spin-spin interactions making
it easier to control their chemical and physical properties for various applications. Open-shell
materials have a broad range of applications ranging from spintronics like quantum computers,
conducting materials, researchable batteries, thermoelectric devices, optoelectronics and

biological technologies.'20-1%
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Figure 1.4.3.1: Organic open-shell radical applications (adapted from Chen et al. report!°)
Organic radicals can be placed in different classes as shown in Table 1.4.3.1 below. To
make an efficient organic open-shell system, one has to find a balance between the molecular

geometric conformations and the electronic structures, properties that cannot be mutually inclusive
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in a device. In most cases, these diradicals will fall in the last category which bases the
classification on the number of unpaired electrons. The presence of multiple spins in the open shell
polyradicals renders them highly reactive making them difficult to design, synthesize and purify.
Thus, a lot of focus has been on materials with one or two unpaired electrons. While monoradicals
are quite straightforward, it gets a little bit complicated when it comes to the presence of two
unpaired electrons. To this day, most literature reports use both diradicals and biradicals
interchangeably, which disregards their thermodynamics as well as coupling between the two
unpaired electrons.

Table 1.4.3.1: Classification of organic open-shell radicals

Classification | Groups Definition
Valence Neutral Electrically neutral with incomplete valencies

Doped (radical ions) | Electrically charged by gaining or losing = 1 electrons
Lifetimes Persistent Short-lived (hours or days) under an inert environment

Stable Can be readily purified as an isolated compound with high thermal

and electrochemical stability
Number  of | Monoradical Contain one unpaired electron in a single molecule with one
unpaired magnetic moment and a spin quantum number of § =% hence a
electrons spin multiplicity of doublet (25 + 1)

Diradical/Biradical Contain two unpaired electrons and can be differentiated by the
electron exchange interaction, J, between the unpaired electrons
which will be discussed later.

Polyradical Contain more than two unpaired electrons and are characterized by
their high spin which leads to multiple reactive sites.

A diradical can be described as a molecule with two unpaired electrons where the electron
interaction energy, /, so large it increases the coupling between the two unpaired electrons such
that these two electrons act as one.'?® The dipole-dipole interaction for diradicals is so large that it
can produce two spin states, singlet, and triplet. Diradicals can therefore be further divided into
two based on the number of spin multiplicities (which is used to describe their ground-state
electronic configurations without the excitation of photons) available after applying an external
magnetic field: 1) singlet diradical where S = 0 and the spin multiplicity = 1, and 2) triplet
diradicals where S =1 and the spin multiplicity = 3. In ideal cases, the two non-bonding
molecular orbitals are energetically degenerate. For nearly degenerate molecular orbitals, the term
used is diradicaloid, diradical-like or molecule with a diradical character. On the other hand, a
biradical is a molecule where the two unpaired electrons have a separation distance long enough
such that there is negligible interaction between the two spins. Ideally, these two separated
electrons are energetically degenerate and act independently. Biradicaloids are molecules where
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there is the existence of some interaction, and the
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Figure 1.4.3.2: Diradical vs biradical and diradicaloid vs diradicaloid (adapted from Abe’s
report*?®)
For two electrons in nonbonding molecular orbitals, there are 6 electronic configurations:

Ty2,T12' 812,512 811,522 When filling two degenerate orbitals in the absence of an external
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magnetic field, the triplet electronic configuration is more stable than the singlet configuration
based on Hunds’ Rule. Here, Ty, =Ty, > 81, =351, > S11,5,, and therefore, the triplet
should be the ground state spin multiplicity for diradicals or biradicals. In both biradicals and
diradicals, the singlet—triplet energy gap, AEsr, can be calculated from the electron exchange

interaction, J, as shown in Equation 1.4.3.1.

AEgy = Es—Er = 2] (Equation 1.4.3.1)
Where:
Es is the singlet energy and E; is the triplet energy.
Here, a negative J value indicates a singlet ground state while a positive J value indicates a triplet
ground state.

To quantify the diradical character, a lot of indices have been proposed. For instance,
Bachler et al. proposed the index below for ($2) of a broken symmetry spin correlated wave
function (Eqn 1.4.3.2).126:127

Nyraa = 1 — \/TZ)BS/ (Equation 1.4.3.2)
where:

(S?) o is the unrestricted Hertree—Fock (UHF) broken symmetry wave function.
Another study calculates the extent of diradical character, y, from the occupation numbers as

shown in equation Eqn 1.4.3.3.1%¢

—T)2 _
= 8;;2 where T = ~HOMO—TLUMO (Equation 1.4.3.3)

where:
Nyomo 1S the occupation number of the bonding spin-unrestricted natural orbitals, and

Nnyymo 1S the occupation number of the nonbonding spin-unrestricted natural orbitals

Kamada et al. used a 2-site system to present an analytical form of the diradical character as:

1—4|t -
y = | l/(UZ + 16¢2)1/2 (Equation 1.4.3.4)
where:
U is the difference between on-site and intersite Coulomb integrals, and

t is a transfer integral using the localized natural orbital basis.
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From this formula, a derivation was done which could be used to experimentally calculate the

diradical character.1®

1Eu_3Eu 2
y=1—j1—<ﬁ)
2g ig

2
E —-E
y=1- \/1 - ( S1ut1g T“‘Slg> (Equation 1.4.3.5)

ESZg,Slg

where:
1E19 is the energy of the neutral lowest—energy singlet state of g symmetry |Slg)

1E1u is the energy of the ionic singlet state with u symmetry |S;,,)

1Ezg is the energy of another singlet state of g symmetry but essentially ionic |Szg)
1E2g is the energy of the neutral triplet state |T;,,)

Es, .51, is the given by the lowest energy peak of the one photon absorption spectra,
Er,s., is the obtained from phosphorescence peak measurements and

Es, g1 corresponds to the lowest energy peak of the two-photon absorption spectra.

Biradicaloids have been reported to possess low-lying triplet energy levels making them
promising structures for singlet exciton fission (SEF) described in section 1.4.1. Varnavski et al.
reported the thermodynamics of biradicaloids as shown in Figure 1.4.3.3.”® Femtosecond and
nanosecond transient absorption measurements ultrafast formation of the reported triplet-like
species (biradicaloids) with a lifetime is 57 us. the absorption spectra of these compounds show
absorption that is extended further to the red, a biradicaloid character that fulfills the SEF energetic
requirement where [2E (T;) < E(S;)]. As aresult, biradicaloids have proven to be great candidates

for organic photovoltaic applications.
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Figure 1.4.3.3: Low-lying electronic states of biradicaloids reported by Varnavski et al.”®

In another report by Lukman et al., the thermodynamics of diradicaloids are highlighted
with applications to SEF.'?° The large activation energy reported would lead to the suppression of
triplet—pair separation. It was found that the radiative and non-radiative decay of the [TT],
assuming total suppression of the separation to form [T + T], was dependent on the diradical
character. Therefore, the formation of diradicals had a negative effect on SEF materials given that
it prevented the progression of the second step of singlet fission where the double triplet state

dephases to form two independent triplets.

$
r % closed-shell
| S

< r-cIMENRCIN T Y T

Acene (Closed-shell) W 4
32
nt m©
yA y ,
A 14 A\ diradicaloid
\ ‘A
Zethrene

(diradicaloid)

@"Q.O 00 01 02 03 04

9 diradical character, y

Figure 1.4.3.4: Electronic states of diradicaloids and their effect on SEF as highlighted by Lukman
et al.'?

Due to their unique characteristics of low-lying triplet states and the feasible conversion

between singlets (S,) and triplets (T;) that do not follow the spin prohibition due to the existence
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of the generated or nearly generated nonbonding orbitals containing radicals. These diradical
characters can offer intermolecular spin-spin interactions which lead to o —aggregation and
formation of o —polymerization which affects intermolecular stacking and charge transport.**

As shown in Figure 1.4.3.5, A) shows the quinoidal and aromatic resonance structure of the
studied thiophene based structures and B) shows the diradical character, y,, n —doped electrical
conductivity, ambient stability and supramolecular aggregation change with extended

7 —conjugation.

0240, air/ Oinitial

Yo 0 002 022 046
2DQBT 2DQTT 2DQQT 2DQPT

Figure 1.4.3.5: Molecular structures and n —doped property adapted from Yuan.**°

Another field that has attracted a lot of interest in diradicals is the organic field effect
transistors (OFETSs). This is because of the amazing characteristics like narrow bandgaps,
intimate intermolecular interactions, and redox amphoterism which increase the overall efficiency
of OFETs.!®! Although diradicaloid materials have been used as semiconductors for OFET
materials with attractive hole mobilities of 1.4 cm?V~1s~1 and ambipolar transport with
balanced electron and hole mobilities in the order of 1073 cm?V ~1s71, their stability is still
a huge problem. This problem has been solved by using organic light emitting transistors,
which combines the switching capabilities of OFETs and emissive properties of organic
light emitting diodes (OLEDSs). While diradical characters have been reported to improve
the emissive properties of OLEDs,3? there is no report on the diradical character and its

effect on the performance of OFETSs.
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1.5 Bigger Picture and Dissertation Outline

The increasing global population has increased the energy demand and consumption due to
the rise in the value of electricity for lighting and powering entertainment, heating, medical, and
communication devices. Previous research shows that solar energy is the most promising source
of renewable and sustainable energy and if harnessed properly, it can see excellent technological
advances. However, a lot of research is still needed to increase the efficiencies of optical electronic
technological devices in order to get them into the market at affordable costs. Therefore, this thesis
focuses on using both time resolved and nonlinear optical spectroscopic techniques to probe the
dynamics of charge and energy transfer processes which are important to the mechanisms of
intramolecular singlet exciton fission and thermally activated delayed fluorescence for organic
optoelectronic systems.

In chapter one, the history of optoelectronics is given where the advantages of these
organic optoelectronics have been highlighted compared to their conventional counterparts.
The different applications which have driven these technologies have been discussed,
which has led to the increasing research in a bid to design better optoelectronics for
technological advancement.

In chapter two, the experimental methods and techniques that were used to contribute to this
science are discussed. With donor-acceptor molecules being the most prominent materials for
optoelectronic systems, a lot of research has been done to improve the electron donating and
electron accepting capabilities of these materials, with an aim of improving their overall
performance while keeping their fabrication cost low. Understanding the two principles, charge
transfer and energy transfer, under which these systems operate calls for both linear and nonlinear
optical techniques that can probe the dynamics of these processes at different timescales.
Therefore, various time resolved and nonlinear optical spectroscopic techniques were used to
understand the charge and energy transfer mechanisms that are important in the characterization
of these optoelectronics.

In chapter three, the first study where an investigation of the optical properties of thiophene
additions to s-Indacene donors with diketopyrrolopyrrole, isoindigo and thienothiophene acceptors
was done is discussed. While different studies have reported the importance of the electron

donating or withdrawing capability of monomers in a D-A polymer system in improving the PCE
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of organic photovoltaic (OPV) devices, the influence of acceptor strength on the photophysical
properties of OPVs is still unclear. In this collaboration, different linear and nonlinear optics, as
well as time resolved spectroscopic techniques to probe the photophysics of polymers where
differently conjugated donors were incorporated with acceptors of varied strengths. It was found
that enhanced charge-transfer characteristics for the polymers with extended donor conjugation
and stronger acceptor and note that the size of the donor and acceptor (steric hindrance) played a
significant role in the photophysical properties of the polymers. These investigations pointed out
that not only the donor conjugation and the acceptor strength, but also the size of the donor and
acceptor should be considered while designing suitable D—A systems for organic photovoltaic
applications. This work was accepted and published by the Journal of Physical Chemistry, C (JPC
C)

In chapter four, a second study that looks at the effect of altering the m-bridge flexibility in
perylene diimide (PDI) trimers activates intramolecular singlet exciton fission and how it affects
the efficiency of the resulting organic solar cells is discussed. Donor—Acceptor configuration,
which induces an intramolecular charge transfer character, is a molecular design strategy for
intramolecular singlet exciton fission (iSEF), a process reported to enhance the theoretical
efficiency limit of photovoltaic (PV) devices. Although some studies report the nature of the
chromophore and the D-A n—linker to play a crucial role in contributing to the occurrence of iISEF
in organic perylene diimide (PDI) chromophores, the iISEF process is still not well understood. In
this study, we use nonlinear optical, and time resolved spectroscopic techniques to investigate two
analogous perylene diimide (PDI) trimers, whose structures show rotatable single bond n—bridge
connection (twisted) vs. rigid/fused n—bridge connection (planar). A fast (~300 ps) and efficient
(170% triplet yield) iSEF was observed in the twisted  trimer compound, which leads to the
conclusion that the linker flexibility in these multichromophoric PDI systems strongly affects the
triplet yield and triplet formation rate. This work was accepted and published by the Chemical
Science division of the Royal Society of Chemistry.

In chapter five, the role of the core attachment positioning in triggering intramolecular singlet
exciton fission in perylene diimide (PDI) tetramers is investigated. Our previous studies suggested
that a flexible n—bridge linker is crucial in activating intramolecular singlet exciton fission (iISEF)
in multichromophoric systems. In this study, we use time resolved and nonlinear optical techniques

to report the photophysical properties of three analogous perylene diimide (PDI) dendritic
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tetramers showing flexible/twisted n—bridged structures with a—and pS—substitutions, and a
rigid/planar structure with a f—fused ring (8C) connection to benzodithiophene—thiophene (BDT-
Th) core. We find that while the a—single—bond connection interrupts the coupling among the PDI
units leading to a fast and efficient iISEF (with a triplet quantum yield of 124%), the 8 connection
leads to strong n—n co—facial interactions between the adjacent PDI units in its structure, forming
excimer states which trap the singlet excitons inhibiting iISEF. We propose that the formation of
the double triplet ([TT]) state is through a superposition of singlet states known as [S1So];rrCT
which has been suggested previously for pentacene derivatives. This work was accepted and
published by the Journal of Physical Chemistry, B (JPC B)

In chapter six, a new direct approach for determining the reverse intersystem crossing rate in
organic thermally activated delayed fluorescent (TADT) emitters is presented. Thermally activated
delayed fluorescence (TADF) is a mechanism that has recently proven to improve the efficiency
of optoelectronic devices is by harvesting the 75% triplet excitons (through reverse intersystem
crossing) that usually go to waste upon a molecule’s photoexcitation. The conventional emission
lifetime-based methods used to estimate the rate of reverse intersystem crossing do not factor in
the known oxygen quenching effect on triplet species. To improve this area, we used carbazole or
acridine derivatives as donors and triazine or benzonitrile derivatives as acceptor moieties to
develop a new approach that can be used to calculate the rate of reverse intersystem crossing in
TADF organic molecules. We found that a large rate of intersystem crossing and high external
quantum efficiency translates to low operating voltages of the investigated chromophores; and that
these molecules need a reverse intersystem rate greater than a millisecond to be able to undergo
the TADF process. This work was accepted and published by the Journal of American Chemical
Society (JACS).

In chapter seven, a novel study that highlights the first-ever reported case of long-lived
diradical formation in thiophene-based polymer aggregates for organic light emitting transistors
(OLETS) is presented. Although traditional materials for organic light-emitting diodes (OLEDSs)
or organic field-effect transistors (OFETSs) have shown modest performance in Organic Light
Emitting Transistors (OLET) devices, design strategies towards high-performance OLET
materials and the crucial structure—performance relationship remain unclear. Here, we use time
resolved and nonlinear optical techniques to study the effect of furan on the charge and energy

transfer properties of cross-conjugated weak acceptor-weak donor polymers showing
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intramolecular H-aggregation that leads to their exceptional OLET properties in terms of high
external quantum efficiencies. Here, we investigate the excited state energy transfer dynamics of
two foldable polymer aggregates with two  different acceptor  monomers:
thienopyridothienoquinoline incorporated with a thiophene (TPTQ) and
thienopyridothienoquinoline incorporated with a furan molecule (TPTQF), both coupled to a
carbazole donor monomer moiety. With the current steady state and nonlinear optical
measurements, it was found find furan-based acceptor leads to enhanced energy transfer character
as shown by the blue shifted absorption and emission, decreased Stokes Shift, increased molar
extinction coefficient, increased photoluminescence quantum yield and enhanced transition dipole
moments for TPTQF_C, the molecule that showed enhanced external quantum efficiencies. We
find that thiophene-acceptor based foldamers show a diradical character with reduced dipole
moments which lowers the charge separation in the resonance structures, reducing the charge
transfer and the external quantum efficiency of the TPTQ_C molecule (0.005%). However, no
observed diradical character in the furan-based foldamers which exhibits superior device
performance with 3.5%. These results will be a step towards producing materials that can be used
for high-performance devices. The manuscript of this work is under preparation and will be
submitted to the Journal of American Chemical Society for consideration.

In chapter 8, a summary of the work is given as well as suggestions for future direction. This
could further enhance the current understanding and therefore improve the design of organic

optoelectronics
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Chapter 2
Experimental Methods and Techniques
2.1 Overview

To understand materials’ singlet and triplet state dynamics, time-resolved and nonlinear
optical spectroscopy techniques are required. This is because these techniques can probe the
excited state dynamics that can characterize these materials' energy and charge transfer dynamics.
Here, excited-state processes like intramolecular singlet exciton fission (iISEF), excimer formation,
thermally activated delayed fluorescence (TADF), and diradical states are investigated. Therefore,
it is critical to understand the techniques and methods used to perform the measurements that
ultimately help understand these optoelectronic systems' thermodynamic and kinetic properties.
Since the studies reported in this dissertation were all carried out in the solution phase, the
experimental methods described will be calibrated and configured for solution—state
measurements.

The absorption and emission measurements are done in all samples and used to determine
the reference standards that can be used for all other measurements. In the case of fluorescence
measurements like fluorescence quantum yield, ultrafast fluorescence up—conversion and
time—correlated single—photon counting, reference standards that closely match the fluorescence
of the sample are picked. On the other hand, excitation wavelengths are for all measurements are
picked based on the samples’ absorption maxima. For all the measurements, photo—degradation
was checked by measuring the absorption spectrum of the sample before and after conducting the
experiments. In cases where the samples’ photo-stability is a concern, fresh samples are prepared
and used for each experiment. In cases where triplet species needed to be checked, the
measurements were conducted in oxygen-rich (unpurged/air) and oxygen—free (purged)
environments. To achieve oxygen—free environment, the solutions were purged by bubbling
nitrogen for ~10 min. The fluorescence and excited—state lifetime of the investigated systems are
determined by fitting the decay or growth curves of the experimentally obtained data to the best

exponential function using the fitting function in Origin.
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2.2 Steady-State Absorption and Emission Spectroscopy

When light hits a material, the material interacts with this light and absorbs its radiation in
terms of energy photons as a function of frequency (v) or wavelength (1), to create an absorption
spectrum. The y —axis of the absorption spectrum is the intensity of absorption and the x —axis is
either v or A. For optoelectronic systems that are geared towards detecting light from the sun, the
focus is on materials that can absorb well within the strongest solar photon flux which lies between
the ultraviolet (UV) and the near—infrared (nIR) range of the electromagnetic spectrum. The
strongest spectra irradiation from the sun lies in the visible (Vis) wavelengths. Once the material
molecule absorbs the light photons in terms of a quantum of energy that corresponds to or is higher
than the transition energy between two molecular orbitals, electrons are excited from the ground
state to the excited state leaving a positively charged electron hole. Due to electrostatic Coulombic
forces, the negatively charged electron is tightly bound to the positively charged hole. This pair
tightly bound electron—hole pair is also known as an exciton and is described as an electronically
excited state. While the excited electron occupies the lowest unoccupied molecular orbital
(LUMO), the hole occupies the highest occupied molecular orbital (HOMO). At the excited state,
the molecule can go through vibrational relaxation back to the lowest singlet state (S;). While the
excited molecule can lose excess energy in form of heat as it collides with neighboring molecules,
it will emit the rest of its energy through the release of electromagnetic radiation. As a result, the
emitted radiation will be of low energy (longer wavelength) than the absorbed energy as shown in
Figure 2.2.1. This low energy emission from a relaxed singlet state and which happens at a longer
wavelength, is known as fluorescence, and substances that exhibit this phenomenon are called
fluorescent materials, and it happens very fast, as shown in Figure 1.3.1 in the introduction. When
these ground—state molecules absorb high—energy photons, this energy can change the
spin—multiplicity from the singlet state to a slower and low energy emitting triplet state, which is
quantum—mechanically spin forbidden. This transition happens through intersystem crossing
from the singlet state to the triplet state. Then, the molecules are emitted back to the ground state.
This emission continues even when the absorption of radiation has been cut off and is long—lived

and happens at even lower energies or longer wavelengths, as shown in Figure 2.2.1.
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Figure 2.2.1: Jablonski diagram illustrating absorption and emission

Absorption and emission are crucial processes that need to be measured to start thinking
about exploring the excited state dynamics of semiconducting materials. For most optoelectronic
systems, their absorption tends to lie around the region of maximum solar photon flux, which,
although is most intense in the visible region, extends to the UV and the nIR as shown in Figure
2.2.2.1 As aresult, a UV—Vis spectrometer whose wavelength ranges between 190 nm and 1100

nm is used to measure the absorption.
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Figure 2.2.2: Variation of photon flux of Sun’s spectrum with wavelength and photon

energy (adapted from reference 1).

A material’s absorption is better explained by Lambert —Beer’s Law. The light that
passes through a material entirely loses its energy through absorption, scattering, and reflection.?
Since the spectrophotometer cannot differentiate between absorption, scattering, and reflection, a
background measurement is measured to account for these additional interactions. The
absorbance of a material can be related to its transmission, concentration, and beam path. It can
be used to determine the extinction coefficient of the material at a specific wavelength

(Equation 2.2.1).

A=—logT = logIT0 =¢.C.1 Equation 2.2.1
where:

A is the absorbance

T is transmittance
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I, is the intensity of the measuring beam before passing through the sample;
1 is the intensity of the measuring beam after passing through the sample;
€ is the molar absorption coefficient or molar absorptivity or molar extinction coefficient
givenin l.mol™t.cm™1;
C is the concentration given in mol.[7;
L is the pathlength of the measuring beam in the sample in cm
€ is a critical parameter in this process as it indicates the capability of a molecule to absorb
light photons at a given wavelength. From Equation 2.2.1, the absorbance of a solute is directly
proportional to its concentration. This equation can be used to calculate the concentration of an
unknown compound. Absorption spectra in this work are plotted as A vs. wavelength or & vs.
wavelength. For all the absorption measurements reported here, Agilent 8453 UV-Vis absorption

spectrophotometer was used, and the schematic is shown in Figure 2.2.3 below.®

Absorbance (A)

A (nm)

Figure 2.2.3: a) Agilent 8453 spectrophotometer highlighting showing the: 1) photodiode
array, 2) monochromator grating, 3) slit, 4) source lens, 5) sample holder, 6) shutter, 7) source
lens, 8) Deuterium lamp, 9) Tungsten lamp and I, I and [ are described in Equation 2.2.1 above
and b) an example of obtained absorption spectra.

The emission of materials is obtained using a Horiba Scientific Fluorimeter (Figure 2.2.4).*
The excitation wavelength is picked from the absorption spectra, usually the maximum peak. Since
a material emits at a longer wavelength than its absorption, a longer wavelength is selected as the
emission wavelength, usually 10 nm longer than the excitation wavelength. The fluorimeter used
uses a xenon arc lamp as the excitation light source, producing light between 190 nm to 2000 nm.

The detector is a photomultiplier tube that can detect a wavelength range of 190 nm to 900 nm.
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This instrument also has an optional liquid nitrogen cooled detector that can cover the wavelength
range from 800 nm to 1600 nm.*

A shorter excitation wavelength than the absorption maximum is picked for materials
whose emission spectrum overlaps with their absorption spectra. The emission wavelength is
adjusted accordingly until the entire emission spectrum is captured. Every emissive material has a
characteristic excitation and emission wavelength pair to show maximum fluorescence. The
emission spectrum can be affected by temperature, pressure, viscosity, polarity, pH, hydrogen
bonding, or ionic potential, leading to a decrease or increase in fluorescence intensity a blue or red
shift in fluorescence emission.® Mostly, decrease or increase in fluorescence leads to a red or blue

shift in emission, respectively, and vice versa.
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Figure 2.2.4: a) Horiba Scientific Fluorimeter adapted from the Horiba Scientific_PTI

Quantamaster Series Manual # and b) an example of an emission spectrum.

Per the Beer—Lambert Law, the fluorescence intensity of an emissive material is directly

proportional to its concentration and can be shown by Equation 2.2.2 below.®

I5(C, Aexs Aemn) = KCADP(Apy) €E(Aox ) Lox Aex) Epy(Aem) Equation 2.2.2
Where:
I is fluorescence intensity;
C is concentration;

Aex IS the excitation wavelength;
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Aem 1S the emission wavelength;
& is the quantum vyield;
€ is the molar absorption coefficient and
1., is the intensity of the excitation light source;

E), is the characteristic emission profile of a fluorescing compound.

The fluorescence quantum yield, @, is an important parameter that is used to quantify the quantum
efficiency of fluorophores. @ is described as the ratio of absorbed photons to that of emitted
photons at a given wavelength. Upon absorption, energy can be dissipated through different
radiative or non-radiative pathways, which all together contribute to the ultimate quantum

efficiency of the material.® This is shown by Equation 2.2.3 below.

ke .
R T — Equation 2.2.3

where:
® is the quantum vyield,;
k¢ is the rate of fluorescence;
k. is the rate of intersystem crossing;
k.. the rate of external conversion;
k;. the rate of internal constant;
k,q the rate of pre-dissociation; and
k4 the rate of dissociation.

The Williams comparative method employs heavily studied and previously reported emissive
chromophores with similar steady—state properties. These well—known chromophores act as
standards, and some of them include coumarin and rhodamine derivatives.”® In this dissertation

report, ® was calculated using Equation 2.2.4 below.

Gradgng?

b, = Equation 2.2.4

std Gradseansta®

where;

d is the sample quantum yield in question;
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d,,4 is the known quantum yield of the standard;
Grad, is the slope obtained from plotting the fluorescence area versus the optical density of the
sample’s absorption;
Gradg:4is the slope obtained from plotting the fluorescence area versus the optical density of the
standard’s absorption;
7, IS the refractive index of the solvent used for the sample;

Nsta 1S the refractive index of the solvent used for the standard;

Absorption and emission spectroscopy can be used to show the existence of charge transfer (CT)in
a donor(D)—acceptor(A) molecule, determine the molecular HOMO—-LUMO bandgap of a
molecule, determining the extent of the ground state coupling between the individual acceptor
moieties in a D—A compound, the planarity of a compound based on the compounds Stokes Shift

as well as the emissive properties of a material through calculating its fluorescence quantum yield.®

2.3 Two-Photon Absorption Spectroscopy
Two—photon absorption (TPA) spectroscopy is a nonlinear process that involves the
simultaneous absorption of two photons of equal or different frequencies to excite a molecule

from the ground state to an excited electronic state as shown Figure 2.3.1.

E Excited State
hv
Virtual state
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Figure 2.3.1: Two—photon absorption (TPA) process
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Quantum two-photon processes which include two—photon emission (TPE) and
two—photon absorption (TPA) spectroscopy, were predicted by Maria Goeppert-Mayer in 1930 in
the early days of electrodynamics.%* The TPA phenomena was observed experimentally in 1961
and has attracted a lot of interest due to its potential applications in three—dimensional data
storage, two-photon fluorescence imaging, charge transfer optoelectronics, and microfabrication.
TPE was observed in accelerator beam—foil spectroscopy while TPA was observed in nonlinear
optics. ** The capability of a material TPA is characterized by its two—photon absorption
cross—section (g). One mostly known method to determine the o is the two—photon Excited
Fluorescence (TPEF) owing to the fact the two—photons induce an electric field that has a
non—linear response to the polarization density of the absorbing material. In this set-up, a mode-
locked Ti:Sapphire laser with a wavelength that is tunable from 700 to 900 nm. The output is 110
fs pulse with a repetition rate of 80 MHz. This pulse pumps the OPAL optical parametric oscillator
(OPO) lithium borate (LBO) crystal leading to a 1.3 and 1.5 um output with an output power of
200 mW. This beam is then propagated through a set of mirrors to a neutral density filter which
controls the power of the excitation beam. Additionally, optical glass is used to split the excitation
beam where a small percentage is reflected into a high—speed silicon photodiode. The photodiode
which monitors the excitation beam power is connected to a multimeter. The sample fluorescence
photons are collected at a right angle to the excitation beam and detected by a photomultiplier tube
(PMT). The perpendicular setting is meant to avoid the excitation beam.

Kapteyn-Murnane | |
-_—_ Ti:Sapphire Laser | - >
760-830 nm

- PMT

C ; 'Multimeter
OMPUET Monochromator
Lens Photodiode
ND Filter
Beam dump Lens [m I
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Figure 2.3.2: Schematic of the Two—Photon Absorption (TPA) spectroscopy experimental setup.

The fluorescence photons, F(t), collected per second (voltage) is given by Equation 2.3.1
below:
F(t) = ¢olcln 2 f(P(1))? Equation 2.3.1
where:
¢ is the fluorescence quantum yield of the material;
o is the two—photon absorption cross—section of the sample;
[c] is the concentration;
n is the refractive index of the solvent;
gp 1s the shape factor of the pulsed laser, which is 0.66 for a Gaussian shape;
v is the frequency of the laser;
A is the excitation wavelength;
T is the pulsed duration;
f is the collection efficiency and

P(t) is the input power intensity;

Equation 2.3.1 can be expressed in its linear regression form (y = mc + b) by taking its
logarithm as shown in Equation 2.3.2 below. Here, the parameters associated with the laser can
be treated as a constant, b. As a result, a quadratic response with a slope of two is expected in a
graph of the fluorescence intensity as a function of the power of the incident excitation for both
the sample and the standard. If the logarithm of the input power for both the sample and the
standard is assumed to be zero, the equation can be further simplified as shown in Equation 2.3.2-

2.3.5 to give the two—photon absorption cross—section (o).

Log (F()) = 2log(P(t)) + log G palcln e f) Equation 2.3.2

VAT

Log (F(t)Sample) - bsample = Log (F(t)standard) — bstandara Equation 2.3.3

LOg (F(t)Sample) - LOg (F(t)standard) = bsample - bstandard Equation 2.3.4
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b -b
10( sample Standard)-Ustandardgbstandard [C]standardnstandard Equation 2 3 5

Osample =
p ¢sample[c]sample775ample

2.4 Ultrafast Fluorescence Up-Conversion Spectroscopy

The ultrafast fluorescence up-conversion (FUC) is a technique used to investigate the
energy transfer processes with lifetimes ranging from hundreds of femtoseconds to hundreds of
picoseconds. It is used to measure the emissive lifetimes within this lifetime range. In the FUC
set—up shown in Figure 2.4.1, a Spectra—Physics Millenia laser with neodymium—doped yttrium
vanadate (Nd:YVO4) nonlinear crystal as its gain medium produces produce 4.21 W of CW power
at 532 nm through frequency doubling. This laser is powered using a continuous laser diode. The
532 nm beam is the input for the second laser, the Spectra—Physics Tsunami which, through
mode—Ilocking, its Ti—Sapphire nonlinear crystal can generate 80 fs pulses at wavelengths
between 780 and 820 nm at a repetition rate of 82 MHz and a power range between 680—720 mW.
It is worth noting that throughout this dissertation, 800 nm was used as the excitation wavelength.

This 800 nm beam is propagated through various optics and focused onto a second
harmonic generation crystal made of f—barium borate (BBO) to upconvert part of the 800 nm
fundamental beam to a 400 nm beam. A dichroic mirror is used to separate the 400 nm output from
the 800 nm fundamental. The residual 800 nm fundamental beam from the dichroic mirror is
directed into an optical delay line whose step size is 6.25 fs while the 400 nm beam is reflected
towards the 1 mm circular cuvette sample holder that rotates to minimize the potential photo-
degradation of the sample. In addition, a Berek compensator is used to control the polarization of
the beam so that the beam that excites the sample is polarized on the same plane (parallel). An
achromat is used to collect the sample fluorescence. This fluorescence is then directed into a
B —barium borate (BBO) nonlinear crystal where sum—frequency generation (SFG) happens to
generate a wavelength range of 300—400 nm. At this BBO, the fluorescence is recombined and
overlapped in space and time, with the fundamental beam gate pulse with a step size of 6.25 fs to

produce maximum fluorescence up-conversion.*?
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Figure 2.4.1: Schematic of the Ultrafast Fluorescence Up-Conversion Spectroscopy experimental
setup

The resultant SFG beam is propagated and focused into a monochromator which selects
the desired wavelength from the up—converted beam and a photomultiplier tube, PMT

(Hamamatsu R152P) is used as a detector.

2.5 Time-Correlated Single Photon Counting Spectroscopy

Time-Correlated Single Photon Counting (TCSPC) spectroscopy is used to characterize
the time—resolved emission of materials whose decay lifetime is too long to be captured by the
fluorescence up-conversion method described in section 2.4 above, usually ranging from the
nanosecond to the microsecond timescale.

As shown in Figure 2.5.1, the TCSPC setup consists of a 4W, 532 nm spectra physics
Millenia CW Nd: YVO4 laser which pumps a Kapteyn Murnane (KM) Laboratories Ti-sapphire
femtosecond laser. The KM tunable output ranges from 780 to 830 nm. However, the KM output
was set to 800 nm with a pulse duration of 30 fs and a repetition rate of 90 MHz for all the TCSPC
experimental work carried out in this dissertation. The fundamental 800 nm from the KM is
doubled through a g —barium borate (BBO) nonlinear crystal to produce a 400 nm pulsed beam.

Unlike in the fluorescence up—conversion spectroscopy experiment, the 800 nm fundamental from

76



the BBO crystal is not used. The beam was focused on the sample cuvette (1.0 cm path length)

using a lens with a focal length of 11.5 cm.
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Figure 2.5.1: Schematic of the Time-Correlated Single Photon Counting (TCSPC)
spectroscopy experimental set—up.

To avoid electrical interference, the time—resolved emission of the investigated systems is
collected perpendicular to the excitation source. A monochromator is placed in front of the
photomultiplier (PMT) to filter any potential external photon that can be converted into a signal.
The PMT detects the signal and sends it to the computer through a TimeHarp200 interface card.
The computer displays the created histogram using specialized software called PicoQuant. The
decay lifetimes were determined by fitting log plots of the obtained spectra to a linear fit. This
histogram is created by detecting and resolving the arrival time of single photons with respect to a
triggering signal, which is usually the excitation source. In order to ensure that the observed decay
is legitimate, the instrument response function (IRF) is measured using Rayleigh Scattering and
its expected full width at half max (FWHM) is 330 ps.

2.6 Femtosecond Transient Absorption Spectroscopy

The femtosecond Transient Absorption Spectroscopy (fSTAS) is a pump-probe technique
used to probe short-lived excited state dynamics of systems. This system can capture events that
happen as fast as 150 fs. A Spectra Physics Spitfire amplified laser system was used for the fSTAS
measurements in this dissertation. The amplified system is composed of many systems, however,

the main parts include the 800 nm light source, the optical parametric amplifier (OPA) and the
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spectrometer as shown in the figure below. A 4.2 W and 532 nm Nd:YVO4 CW laser is used to
pump the Tsumani Ti:sapphire laser to produce fast (100 fs) 3nJ of 800 nm with a high repetition
rate of 80 MHz that act as the seed pulses. These seed pulses are amplified in the spitfire which is
pumped by the 527 nm, 7W Empower from Spectra Physics to produce 130 fs pulses with the high
energy of ImJ and a low repetition rate of about 1kHz. After a series of stretching and compressing
in the Spitfire, an 130 fs and 800 nm pulse with an average power of 1 W is produced, and a beam
diameter of 7 mm. this 800 nm is split into two using a beam splitter to generate the pump (85%)
and the probe beam (15%).

Delay
stage White light

Optical Parametric Amplifier (om

=5
Figure 2.6.1: Schematic of the femtosecond Transient Absorption Spectroscopy (fsTAS)

experimental set—up.

The 85% pump is directed into the optical parametric amplifier (OPA) where various
configurations can be used to produce pump beam wavelengths ranging from 300 nm to 10um.
The 800 nm is passed through a type Il § —barium borate (BBO) crystal to produce a signal (1100
nm — 1600 nm) and idler (1600 nm — 3100 nm) beam through optical parametric generation (OPG).
Additional configurations are possible enabling the production of a longer range of wavelengths.
These configurations include second and fourth harmonic generation (SHG and FHG) of the signal
and idler to generate wavelength ranges of 580 nm — 1200 nm and 300 nm — 600 nm, respectively;
sum frequency mixing (SFM) of the signal and idler with the 800 nm residual pump to generate
480 nm — 600 nm and difference frequency mixing (DFM) of the signal and idler with the 800 nm
fundamental to produce 480 nm — 600 nm.

The other 15% of the 800 nm fundamental probe beam is propagated into the transient box
and focused into a sapphire plate to produce a white light continuum. This white light, which acts
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as the probe, is overlapped with the pump (the excitation beam) at the sample cuvette. The resultant
light is focused into a fiber-coupled UV-Vis spectrometer with a spectral range of 350 nm to 850
nm. This system records the change in absorption as a function of time and wavelength. The Helios
software by Ultrafast Systems Inc was used for the transient data acquisition, while the data

analysis was completed using Surface Explorer Pro and Glotaran software.

2.7 Nanosecond Transient Absorption Spectroscopy

The nanosecond Transient Absorption Spectroscopy (nsTAS) is a pump-probe technique
used to probe the emissive and non-emissive excited state dynamics of systems and the details of
the system have been described in its manual.*® The nsTAS is composed of 3 main parts, the laser
head, the optical parametric oscillator (OPQO) and the transient spectrometer. The laser head is a
Lab Series 170 neodymium-doped yttrium aluminum garnet (Nd:YAG) Quanta-Ray (Spectra
Physics) laser. This Quanta-Ray laser is used to a pump § —Barium Borate (BBO) crystals in an
Optical Parametric Oscillator (OPO) which can be used to generate a broad range of pump
wavelengths. The Edinburg transient spectrometer is the part of the system composed of the probe
lamp, the sample chamber, the monochromator, and the detection unit. This is where the transient
measurements happen.

The Nd:YAG laser has a pump chamber assembly with two xenon flash lamps that pump
Nd:YAG rods which generate a 1064 nm beam. To obtain short pulses, a Q-switch which is
composed of a polarizer, a quarter-wave plate, and a Pockels cell is located at the end of the pump
chamber and is used to generate 10 ns pulses and increase the peak power. In its normal mode, the
Q-switch delay circuit fires a fixed delay which triggers the Marx bank, a circuit that generates
high-voltage pulses from a DC voltage source. This high voltage pulse triggers a Pockels cell, an
electro-optical crystal that controls light propagation through it by controlling the phase delay of
the crystal by applying a variable voltage, generating the short laser pulses (< 10 ns)with a high
peak power (tens of megawatts). When there is no voltage applied to the Pockels cell, the light
entering the Q-switch is polarized horizontally by the polarizer and the quarter-wave plate converts
the polarization to circular polarization. The circularly polarized reflects off the high reflector and
the quarter-wave plate converts the circularly polarized light to vertically polarized light. The
polarizer only allows horizontally polarized light to be transmitted, thus the vertically polarized
light is reflected out of the resonator, resulting in high cavity loss. When the high voltage pulse
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triggers the Pockels cell, the polarization of the Pockels cell changes, canceling the polarization
retardation of the quarter-wave plate, allowing horizontally polarization light to exit the Q-switch,
resulting in the high peak power pulses.

The high peak power pulse of the 1064 nm fundamental beam from the Nd:YAG is used
to pump the harmonic generator composed of potassium dideuterium phosphate (KD*P) crystals.
Through the second harmonic generation (SHG) of the 1064 nm fundamental beam, a 450 mJ of
532 nm beam is produced. This 532 nm beam is then mixed with the 1064 nm fundamental through
sum-frequency mixing (SFM) to produce a 240 mJ of 355 nm, the desired wavelength that is used

to pump the OPO as shown in Figure 2.7.1 below.
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Figure 2.7.1: Schematic of the nanosecond Transient Absorption Spectroscopy (nsTAS)
experimental set—up.

The Optical Parametric Oscillator (OPO) is composed of the visible which is in the
VersaScan portion of the OPO and the ultraviolet which is in the UVScan portion of the OPO
which is described in the respective manuals*>, For the visible light production in OPO to
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happen, the 355 nm pump photon passes through a nonlinear BBO crystal, splitting into two lower-
energy photons that add up to the energy of the pump photon. Due to the birefringent properties
of the BBO crystal, its rotation leads to changes in its index of refraction and results in unique
frequency output of the two low energy photons, resulting in a signal photon and an idler photon.
The signal beam ranges between 410 nm — 709.4 nm while the idler beam ranges between 709.5
nm — 2630 nm. The UV beam can be produced by mixing the signal portion of the visible and the
1064 nm fundamental through Sum Frequency Mixing to produce a wavelength range of 257 nm -
409.5 nm.

To obtain these wavelengths, both modes of the OPO need to be calibrated. It is very
straightforward to calibrate the versaScan and obtain the wavelengths in the visible range as
described in the manual.’* The angle of the BBO crystal is tuned via an electric motor via a
computer using Spectra Physics supplied software to obtain the desired signal or idler wavelength
output. The electric motor position is accomplished by the following procedure:

1. Access the calibration by opening the ScanMaster SHG GWU program on the desktop.
Click on “Config” then open the calibration wizard. The base calibration window opens
with a drop-down menu where the calibration mode will be picked. Select any of the
previously saved calibrations and then click “OK”.

2. A window for crystal configuration appears and for the visible calibration, pick the UV-L
crystal on Stage 1 and then click “OK”.

3. A calibration wizard to calibrate the electric motor position opens. Construct a 5-point
calibration table by picking 5 wavelengths between 410 nm and 709 nm.

4. For the 1% position, select a wavelength in the middle of the calibration range, like 550 nm.
Then click “Go To” in order to move the motor to a wavelength of 550 nm. Monitor the
wavelength by measuring it’s the reflection of its output beam using a fiber optic and check
its power using a power meter. Maximize the power by clicking the “move in” and “move
out” buttons, the speed of motor position search is controlled by the sliding bar under the
moving in and moving out buttons. When the maximum power is obtained, the exact output
wavelength is recorded from the OceanView software. This is inputted in the wavelength
window for the first position. This position is saved by clicking on the Get position from
adjust button.
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5. For the 2" position, pick a wavelength at the start of the calibration range and click “Go
To” in order to move the motor to that wavelength. Follow step 4 to obtain the maximum
power in this position.

6. Repeat this process for the 3", 4™ and 5" wavelength positions and then click “next”. Use
the same procedure to calibrate the SHG crystal and prism positions.

7. Save the calibration and click “Finish”.

However, it gets a little bit complicated to obtain the UV wavelengths. In this dissertation,
the potential of the OPO was pushed to its limits and its uvScan was successfully calibrated as
described below. This made it possible to study systems that absorb light in the UV region.

There are two ways to calibrate the uvScan of the OPO: 1) Second Harmonic Generation
(SHG) of the OPO signal wave, covering the wavelength range 257 — 354 nm with the crystal UV-
Land2) Sun Frequency Mixing (SFM) of the OPO signal wave with 1064 nm of the pump laser,
covering 297 — 410 nm with the crystal UV-L.

The software ScanMaster, configured for a flexiScan offers 2 different shortcuts (start

buttons on the desktop of the computer) to launch the software ScanMaster:

a) ScanMaster SHG: If you launch the software with this shortcut, then the UV light is
generated inside the uvScan by doing SHG of the OPO signal wavelength.

b) ScanMaster SFM: If you launch the software with this shortcut, then the UV light is
generated inside the uvScan by doing SFM of 1064 nm with the OPO signal
wavelength.

In order to generate tunable UV in the uvScan, you HAVE TO take out the “OPO direct out”
prism which directs the OPO signal out of the VersaScan. Laser safety: Always switch off the
pump laser light, when you open the cover plates of flexiScan and versaScan or uvScan. Fasten
the screws of the cover plates of versaScan and uvScan only softly.

1. To calibrate the uvScan for the SHG option, ensure that the 1064 nm fundamental is
blocked, the OPO direct out prism is taken out of the VersaScan. Then start the software
ScanMaster, navigate to the calibration dialogue and select the previously done calibration
of the OPO and click “OK”.
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Then select the installed UV crystal option(s) and click “OK”. In our case, click the UV-L
crystal.

Click 2 times on “Next” to enter the calibration dialogue for the Pellin- Broca-Prism.
Calibrate the Pellin-Broca-Prism with the visible signal wave of the OPO, i.e. at 600 nm
since this is a 355 nm pumped OPO. Enter the wavelength 600 nm at the 1st position and
click on “Go to”. This step forces the OPO to tune to this wavelength. Do not use a
wavelength above 650 nm for a 355 nm pumped OPO. Ensure that the micrometer screw
of the OPO is completely turned out. Now use the buttons “Moving in” and “Moving out”
to turn the prism rotation stage until the visible OPO radiation exits through the uvScan
exit slit without clipping as near to the exit slit blade. Then click on the button “left to red”.
For the Pellin-Broca-Prism it is sufficient to do a 1—point calibration and select “left to
red”.

Click on “Back” to enter the calibration dialogue window for the “SHG” crystals. Note
down 5 wavelengths within the UV crystal option wavelengths range. All 5 wavelength
shall be distributed about equally distant over the whole wavelength range of the active
UV crystal option.

. Type in a wavelength that is in the middle of the wavelength range of the present selected
UV crystal option (i.e. 300 nm for UV-L) at the “1% position”. Click on “Go to” to force
the OPO and the prism to go to the corresponding wavelength to be able to generate the
corresponding UV wavelength in the uvScan.

. Now search for the uvScan crystal angle that generates the UV radiation. Click on “Moving
in” and “Moving out” and hold down the mouse button until the UV radiation is observed
on the paper screen as a bluish glowing. The motor stops when the mouse bottom is
released.

Once the UV radiation is found, measure the output power using a power meter. Optimize
the output by setting the “Interval” to 1000 counts and counting the single steps that are
executed by clicking on “+” and “-*“ to find the maximum output power. Now not only the

OPO and prism, but as well the SHG crystal is turning to the new wavelength using the
information from the already done 1% calibration position.

Click on “2™ position” and type in a new UV wavelength and follow processes 5-7 above.

Then click on “Go to”. If the UV crystal turns in the wrong direction, click on “left to red”
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10.

if “right to red” is highlighted and vice versa (click on “right to red” if “left to red” was
chosen) and click again on “Go to”. Optimize the UV output power for this new
wavelength. Start with slow motor speed and “Moving in” or “Moving out” or set the
“Interval” to 4000 and use “+” or “-*. For the final fine-tuning set the “Interval” to 1000
and use “+” or “-*.

Continue until all the 5 chosen wavelengths are done. After the calibration of the UV
crystals is finished click on “Next” and then on “Finish”. Choose a new name for this
calibration and click “OK”.

Save all calibrations that are present in the list under the display field “Calibration” on the

hard disk by clicking on “File” > “Save calibration set”.

For the UV production using SFM, ensure that the 1064 nm fundamental is entering the uvScan
by removing the 1064 nm beam dump that is located behind the versaScan OPO. DANGER,
LASER SAFETY: When the 1064 nm beam dump is removed, the invisible intense 1064 nm

radiation can possibly be emitted through the beam exit aperture of the flexiScan. Before

switching on the pump laser always launch the software ScanMaster first and command the

whole flexiScan OPO system to a UV wavelength (< 405 nm). If wavelength above 410 nm

shall be generated, always mount the 1064 nm beam dump in its place. Switch off the pump

laser light, when mounting or removing the beam dump. A similar procedure is used for this

calibration just like the SHG mode calibration.

1. Ensure that the OPO versaScan-ULD is calibrated to have a working signal wavelength.
Start the ScanMaster software, navigate to the calibration dialogue and select the
previously done calibration of the OPO and click “OK”. The versaScan-ULD is
calibrated by looking at the (signal) wavelength. Thus to calibrate the versaScan-ULD
you need to measure the wavelength of the visible signal light. All subsequent
calibrations rely on the correct calibration of the versaScan-ULD wavelength.

2. When the versaScan-ULD is calibrated, then you proceed to the calibration of the PBP
prism. Thus, skip the SFM1064 calibration (by clicking on “next” 2x). If you get the
error message “invalid calibration” when trying to skip the SFM1064 calibration
window, just enter a valid 1 position fake calibration: Click on 1% position, enter 350

nm, click on “get position from adjust”. Now you have the same data written in all 5
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positions and a valid wavelength. This 1-point calibration is always valid and you can
enter the PBP calibration table. For the calibration of the PBP, a calibration at 1 position
is sufficient and typically works better than a multi-point calibration there.

. You have to set the parameter “left to red” for the 1 position calibration of the
PBP. Do it like the following: Click on 1% position. Enter a visible wavelength (for
example 600 nm). Click on “Go to wavelength” and wait until the wavelength is
reached (now the OPO generates 600 nm). Use “Move In” or “Move Out” until the
visible OPO light passes trough the ceramic beam exit slit of the uvScan. Preferably as
near as possible to the ceramic edge, which is near to the beam dump. You need to hold
down the mouse button on “Move In” or “Move Out”, that the motor continues to move.
Click on “left to red”. Now the PBP calibration is done and this takes care that the
commanded wavelength will be directed through the uvScan output slit.

. Click on “Back” and calibrate the SFM 1064 by measuring the UV output energy.
Do it like the following: Click on 1% position. Enter preferably a wavelength in the
middle of the wavelength range you want to calibrate (the full SFM 1064 wavelength
range is 300 nm — 405 nm, thus 350 nm is a good start point). Click on “Go to
wavelength” and wait until the wavelength is reached. (Now the PBP prism is set to
direct 350 nm through the beam exit slit and the OPO is set to generate the wavelength
that mixes with the 1064 nm to the demanded UV wavelength (350 nm in our example:
521.5 nm + 1064.14 nm and 350 nm)). Place a white business card in the beam path
near the beam exit slit. Reduce the motor speed to about 1/3 on the speed bar and use
“Move In” or “Move Out” to search for a motor position that generates UV light, which
is visible on the business card as a blueish glowing. Once you see UV on the business
card, check that the UV is done by mixing with 1064 nm: Block the 1064 nm light to
enter the uvScan. (A good position to block the 1064 nm is on its beam pass where it
passes by the back side of the versaScan OPO.) When you block the 1064 nm light then
the UV has to vanish. If the UV is still generated, then you have found the motor
position where the UV crystal generates SHG of the OPO, which is a different
wavelength (in our example: SHG of 521.5 nm is 260.75 nm). In this case go on
searching for the correct motor position that generates SFM with 1064 nm. Once you

see the correct UV on the business card, take out the business card and place a power
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meter in the UV beam. Then use clicks on the “+” and “-* buttons to move the motor
and search for the maximum UV output energy (measured with a power meter). It is
recommended to set the step size 1000 [counts] for the “+” and “-* button. Now the
calibration of the 1% position is completed.

5. Go on to the next position (-s, until the calibration table is completed): Click on the
position below. (If you do not click on the next position in the row first, any movement
of the motors would change the data of the previous position — an error that happens
often and lead to “Invalid calibration”). Enter a different wavelength.
(There are 4 more positions to calibrate. Recommended wavelengths are: 300 nm, 325
nm, 375 nm, 400 nm (when 350 nm is the 1% position). The order of these wavelengths
IS not important. Only the wavelength in the middle of the range shall be the
1% wavelength. Click on “Go to wavelength” and wait until the wavelength is reached.
Optimize the UV output for each wavelength as described above (with the business
card first and “Move In” and “Move Out” with slow speed and then with the power
meter and “+” and “-“ buttons).

6. The calibration is now completed, and you can save it as described in the previous SHG
mode procedure.

Even if the system is calibrated, one more step is recommended. In order to achieve the
maximum UV output you might need to execute the software function “Fine adjust” on the UV
crystal (Motor = “SHG” or “SFM”) after the system warms up on a daily base. Refer to pages 32
— 33 in the software manual ScanMaster. Just command 1 UV wavelength and optimize the UV
output by clicking on “Moving IN” or “Moving OUT” (holding down the mouse button that the
motor continues to move). Do not forget to click on “Commit” before you click on “OK” to exit
the “Fine Adjust” dialogue.

The pump beam is then propagated using various optics to the sample chamber where it
excites the sample. The delayed probe beam hits the sample perpendicular to the pump and probes
the excited state dynamics of the systems. The generated light is then directed into a
monochromator and detected using a PMT (Hamamatsu R928) with a spectral range from 185 to
870 nm. The Edinburgh supplied software converts the electrical signal into a change of optical
density.'® This technique is used to record the change in absorption as a function of wavelength

and time.
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While the nsTAS is used to look at the spectral properties and the lifetimes of long lived
transient species, this set-up was used to carry out experiments that were used to accurately
determine the triplet extinction coefficients as well as the triplet quantum yields of compounds by
using the triplet energy transfer sensitization and the relative actinometry experiments,
respectively.

The triplet energy transfer sensitization experiment, as its name suggests, is an experiment
where a molecule with a known triplet energy, triplet extinction coefficient and triplet quantum
yield as a triplet energy donor (to transfer triplet energy to a compound with lower triplet energy)
or triplet energy acceptor (to receive triplet energy from a compound with a higher triplet energy)
as shown in Figure 2.7.2. As a result, this method can be used to estimate the relative triplet state
energies of compounds based on whether the compound with the unknown triplet energy accepts
or donates triplet energy (E;) from the standard with a known triplet energy. For example, if
tetraphenyl porphyrin whose E; = 1.43 eV is used as a reference compound, it can transfer triplet
energy to compounds whose E; < 1.43 eV and receive triplet energy from a compound whose
Er >143¢V.

1.44 / 1
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1.2 1 1 Donor
124
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[=11] i
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Figure 2.7.2: Energy level diagram of a triplet energy transfer sensitizer where in one case,
the known standard/reference acts as the triplet energy transfer donor and in the other case, the
standard/reference acts as the triplet energy transfer acceptor.

Below is a step-by-step process on how to carry out the triplet energy transfer experiment
using the nsTAS set-up.

1. Pick a standard with a known triplet energy, the transient absorption spectroscopy

triplet species wavelength, ground state absorption energy, the singlet energy
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wavelength, triplet extinction coefficient and triplet quantum yield. Ensure that the
ground state absorption of this standard does not overlap with the ground state
absorption of the compound (sample) with an unknown triplet extinction coefficient
and triplet quantum yield, you do not want to excite both the sample and the reference
as this introduces an error that needs to be accounted for during the calculations, hence
complicating the process. This reference will act as the triplet energy donor (sensitizer)
or acceptor.

Measure the ground state absorption of both the standard and the sample.

Exciting at the compound’s absorption max, obtain the nanosecond transient absorption
spectrum of both the sample and the standard, and determine the triplet species
wavelength. These triplet species are excited state absorptions (ESAs) whose Kinetic

lifetimes are highly enhanced upon oxygen purging as shown in the example below

I ' 1
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Figure 2.7.3: nsTAS spectrum of a perylene diimie (PDI) tetramer where the m —linker is
connected to the individual PDI units at their a position. Here, the excited state absorption (ESA)

is peaked at 510 nm. Inset shows the ambient and oxygen purged kinetics of the 510 nm species
indicating that these are triplets.

4. Prepare a solution of the reference (in this case the donor) only where the optical

density (OD) is approximately ~1 at the absorption.
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10.

11.

Measure the triplet kinetic lifetime of this reference at the triplet wavelength
determined in step 3 to obtain the maximum change in absorption (AA,,4x p), donor
triplet lifetime (7p) and respective triplet rate (kj) rate

Measure the triplet kinetic lifetime of the same reference at the triplet wavelength of
the sample (acceptor) as determined in step 3 to obtain AA,,,,. In ideal cases, you
should not see an ESA peak at this wavelength but a negative peak is mostly observed.
Check the ground state absorption of the solution to check photodegradation. If the
sample’s absorption spectrum is the same and its absorption at the maximum peak is
still ~1, proceed to step 8. If the sample’s absorption spectrum and/or the absorption
intensity changed, prepare a new solution with an absorption max of ~1 before
proceeding to step 8.

Add a pinch of the solid sample into the reference solution and measure the absorption
of the mixture at the absorption max of the reference. The OD should remain the same
(~1) since the sample should not absorb at the same wavelength as the reference.
Obtain the nsSTAS spectra of the mixture of the reference and the sample. You should
notice a decrease in the intensity of the reference’s triplet ESA (change in optical
density — AOD ) and a new peak should form an increase in the AOD of the sample’s
triplet ESA.

Measure the triplet kinetic lifetime of the mixture of the reference and the sample at the
reference’s triplet wavelength determined in step 3. Here, you should observe a
decrease in the kinetic AOD. Obtain the different lifetime denoted as 7" and the
respective rate denoted as kj, .

Measure the triplet kinetic lifetime of the mixture of the reference and the sample at the
sample’s (acceptor’s) triplet wavelength determined in step 4 and you should see a rise
in the kinetics with increased AOD, also known as the A4, 4. This rise signifies the
transfer of triplet energy from the reference triplets to the sample triplets. Here you
should obtain two lifetimes where one is a formation as a result of triplet energy transfer
from the donor with the lifetime and rate denoted as t,” and kj’, respectively, and
the other one is a decay with the decay time and rate from the acceptor triplet denoted

!

as 4 and k4, respectively. In ideal cases, the 7, and kp obtained here should match

those obtained in step 10.

89



12. From the above measurements, use the equation below to calculate the triplet

extinction coefficient of the sample (acceptor) using Equation 2.7.1 below.

AAmaxA 1 H
&4 = &p X = X Equation 2.7.1
4 b AAmaxp  fDXPETXW 9

where:

g4 = triplet-triplet extinction coefficient of the acceptor (UNKNOWN)
ep = triplet-triplet extinction coefficient of the donor/sensitizer (KNOWN)
AApax,4 = maximum absorbance change of the Acceptor in the “Donor + Acceptor” mixture
AA 4, p = Maximum absorbance change of the Donor/sensitizer alone

fp = fraction of light absorbed by the Donor/sensitizer in the “Donor + Acceptor” mixture w.r.t.

the Donor alone

k;, = rise rate constant of the Acceptor in the “Sensitizer + Acceptor” mixture (should be similar

to the quenched Sensitizer decay rate constant)
k;, = decay rate constant of the Donor ONLY

k, = decay rate constant of the Acceptor in the “Donor + Acceptor” mixture

and:

Ap (1—10—AD+A
1-1074D

fo = ) is the fraction of light absorbed by the donor

Ap+A

Per = ka_,kD is the energy transfer probability
D

kl
ln(—D>
w = exp|—— “4/ | is a factor accounting for the quenched donor and acceptor lifetimes
“D_4

ka

The obtained triplet extinction coefficient of the sample is then used in a separate experiment
known as relative actinometry to determine the triplet extinction coefficient of the sample (donor)
as shown below.
13. Make solutions of the sample and the reference with the same ground state absorption
at the same excitation wavelength.

14. Measure the triplet kinetics to obtain the sample’s and reference’s respective 44.
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15. Use Equations 2.7.2 and 2.7.3 below to calculate the triplet quantum yield of the sample
(acceptor).

[¢T£T]sample — [AA]sample
[¢T5T]ref. [AA]ref.

Equation 2.7.2

[AA]sample

[aAl,0s Equation 2.7.3

[¢T3T]sample = [¢T£T]ref.x

Where:

r sample (g) = triplet-triplet extinction coefficient of the sample (computed using energy
transfer means.)

1 sampie (p) = triplet quantum yield of the sample

[4A]sampie () = change in absorption of the sample (whose OD is similar to that of the reference
at Aexcitation)

[4A],..¢ = change in absorption of the reference compound. (whose OD is similar to that of the
sample at Aexcitation)

The above description is in ideal cases of a donor (sensitizer whose triplet energy is higher
than that of the sample. However, there are two occasions where changes need to be done in the
procedure above.

1) In cases where the triplet energy of the reference is lower than that of the sample. In
this case, the triplet energy transfer goes from the sample to the reference. In this case,
the sample will be treated as the energy transfer donor while the reference will be
treated as the triplet energy transfer acceptor. The procedure to calculate the triple
extinction coefficient will be the same, except that the wavelengths need to be changed
accordingly, and the initial absorption recorded is that of the sample ONLY, before
adding a solid of the reference into the sample solution. In this case, where the sample
is the donor, a small change is done in the equation to calculate the triplet extinction
coefficient of the donor (sample) as shown in Equation 2.7.4 below.

AAmax,D

——— X fp X Ppgr X W
AAmax,A

SDZSA

Where although everything else remains the same, the calculation of these parameters changes as
follows:

Ap (1—10‘AD+A

104D ) is the fraction of light absorbed by the donor

fo =

Ap+A

Per = % is the energy transfer probability
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kD
ln<a)

!
kp_4
ka

w=exp|— is a factor accounting for the quenched donor and acceptor lifetimes

2) In cases where there is some overlap between the absorption of the sample and that of
the reference, the 7" and k" obtained in step 10 differ from those obtained in step 11.
In this case, the rise time obtained in step 11 is used to obtain kp’ since at this
wavelength, only the acceptor absorbs and not the reference. In addition, make sure to
account for the absorption overlap by subtracting the AA of the sample (acceptor) only
from the AA of both the sample and the reference at the sample’s triplet wavelength to

obtain an accurate rise.

Therefore, to accurately and successfully determine the 1 of a sample experimentally, the
above procedure should be followed. In the donor (reference) + acceptor (sample) mixture, a
decrease in the triplet lifetime (i.e. higher decay rate) is observed at the donor (reference) At in
comparison to its lifetime with only the donor (reference) in solution. Also, at the acceptor
(sample) At, a triplet concentration rise has to be observed. These observations thus confirm triplet
energy transfer from a donor (reference) to the sample (acceptor). Using the decay rate of the donor
(reference) only (ko) and the sample (acceptor) (ka) alongside the rate of energy transfer (ket), the
AAn and AAp, the et of the donor (reference) or acceptor (sample) can be evaluated knowing the

et of the other.
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Chapter 3

Investigating The Optical Properties of Thiophene Additions to s-Indacene Donors with
Diketopyrrolopyrrole, Idoindigo and Thienothiophene Acceptors

3.1 Original Publication Information and Author Contribution

Portions of this chapter were taken from a paper that was published in the Journal of Physical
Chemistry C entitled:

“Investigating the Optical Properties of Thiophene Additions to s-Indacene Donors with
Diketopyrrolopyrrole, Isoindigo, and Thienothiophene Acceptors” Bradley Keller, Zhengxu Cai,
Angelar K. Muthike, Prabhat Kumar Sahu, Hyungjun Kim, Audrey Eshun, Paul M. Zimmerman,
Deqing Zhang, Theodore Goodson Il1. J. Phys Chem. C, 2018, 122 (48), 27713-27733.

In this work, my contribution was on the nanosecond transient absorption section where |
obtained the experimental data of all the six investigated chromophores and analyzed this data.
Although most of the paper was written by the first author, I wrote the discussion and conclusion
sections of the paper and revised the paper since the first author had graduated. Here, 1 concluded
that in addition to the extended donor conjugation and acceptor strength, the bulkiness of the
system which leads to steric hindrance affects the charge transfer of these conjugated systems.

3.2 Abstract
New donor-acceptor light harvesting polymers with either a 4,4,9,9-tetrakis(4-

hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b']dithiophene (IDT) or a 4,4,9,9-tetrakis(4-
hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b"]dithienothiophene (IDTT) donor subunit and
either a 2-(nonadecan-9-yl)-5-(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-
c]pyrrole-1,4-dione (DPP), (E)-1,1'-bis(2-octyldodecyl)-[3,3"-biindolinylidene]-2,2'-dione (11), or
3-ethyl-1-(thieno[3,4-b]thiophen-2-yl)heptan-1-one (TT) acceptor were synthesized. In this study,
the effects of donor conjugation length and donor-acceptor combination on the optical properties

were investigated using steady state, up-conversion, qguantum chemical simulations and ultrafast

95



and transient spectroscopic techniques. At high energies, it was observed that polymers with
extended donor conjugation had significantly enhanced absorption while those with stronger
acceptors showed higher extinction coefficients at lower energies. Fluorescence up-conversion
experiments revealed that the donor conjugation length increased the fluorescence lifetimes for the
extended conjugated polymers. Two-Photon Absorption (TPA) experiments and quantum
chemical simulations showed that polymers with stronger acceptors exhibited enhanced charge
transfer characteristics. Transient Absorption (TA) investigations revealed new optical species for
the extended donor polymers. This study has shown the considerable effect that donor conjugation
has on the optical properties of donor-acceptor light harvesting conjugated polymers. The results
from this work can be used in the design and synthesis of new donor-acceptor polymers for organic

photovoltaics.

3.3 Introduction

The rapid growth in the global population has led to increased energy consumption which
has resulted in a high rate of burning fossil fuels hence climate change.? This has led to interest
in cleaner, renewable, and greener sources of energy, such as solar energy harvesting.! These
solar energy harvesting systems have seen an average annual growth in global photovoltaic
capacity of 40%.2 The most prominent solar harvesting systems are solar cells which consist of
electron rich and electron poor active material that absorb sunlight, converting photonic energy
into electron; and hole charge carriers that are responsible for electricity generation.®
Traditionally, solar cell absorbing active materials have used inorganic semiconductors for light
harvesting, however, these materials are brittle, inflexible, have low optical absorption coefficients
in the visible region of the electromagnetic spectrum, require high temperature and pressures for
manufacturing, or contain toxic elements.*’ These downsides have limited the number of
applications that the inorganic materials can be used in and contributed to the overall cost of using
these technologies and created a huge interest in organic light harvesting materials.

Organic solar energy harvesting materials have high optical absorption coefficients,
flexible, lightweight, easily tunable band gaps, and are readily solution processable.®*! In organic
solar cells, an absorbing organic layer is sandwiched between two conducting electrodes, typically
a conducting glass on the top and a metallic electrode on the bottom. Light is absorbed by the
absorbing organic layer forming a tightly bound exciton, an electron-hole pair. Another organic
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layer is used to overcome the binding energy of the exciton to dissociate the electron from the hole,
forming free charge carriers that then flow to the electrodes, with the electrons flowing to the
cathode and the holes flowing to the anode. The most promising organic solar harvesting devices
have incorporated low band gap organic donor-acceptor (D-A) with conjugated donors that serve
as the photon absorbing material and hole transporting material, and an organic acceptor material
that has high electron affinity to ease charge separation and electron transport.®

Donor-acceptor polymers have a relatively simple motif but finding suitable donor and
acceptor monomers that lead to high power conversion efficiencies (PCE) is not easy. Electron-
rich donors with strong acceptors are imperative in promoting charge transfer along the polymer
backbone. The HOMO of the donor significantly influences the HOMO of the polymer, and the
polymer HOMO and acceptor material LUMO offset determine the open circuit voltage.*? Strong
donors have lower onset oxidation potentials and contribute to lower band gaps.'®* But too strong
of a donor results in poor charge carrier extraction due to poor energy level mismatch in the device.
Attempts have been made to enhance the donating ability of the donor monomer to increase the
power efficiency of donor-acceptor devices. One method has focused on increasing the donor
conjugation, but too large of a conjugated donor system results in out of plane twisting of the donor
with respect to the acceptor resulting in poorer power efficiencies.!* Donating groups have also
been added to the donor monomer to increase the donating ability, but oftentimes the donating
groups can also increase steric hindrance between the donor and the acceptor decreasing the
conjugation length along the polymer backbone. >/

Much research has focused on synthesizing new donor materials and acceptor materials,
device architectures, morphologies, optical properties of devices, electrical properties of devices,
but limited attention has been on the dynamic fundamental optical properties of the D-A
conjugated polymers light absorbing materials.’322 In fact, there is still much debate on the
mechanisms that lead to the optoelectronic properties of these materials.?®>?> Numerous studies
have investigated the optoelectronic properties of bulk heterojunction donor-acceptor systems, but
a deeper understanding of the dynamic optical properties of D-A conjugated polymers that are
used as the donating materials in organic solar cells will go a long way in unraveling the mysteries
responsible for high power conversion efficiency organic solar cells.?6-28

There have been a few promising donor monomers that have been incorporated in light

harvesting D-A polymers that have resulted in high power conversion efficiencies like
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Benzodithiophene (BDT), carbazole and indacenodithiophene (IDT) .23-4% Our studies focus on
the IDT aromatic fused-ring system which provides a rigid structure that promotes planarity for
extended conjugation, and restricts twisting and out of plane rotation due to steric hindrance.?
The IDT structure provides great tunability with modification of the bridging atom, the
introduction of electronic influencing groups, and the introduction of side groups. IDT polymers
have shown high hole mobilities and resulted in PCE of more than 129%.4% 42

As important as the donor monomer is to the D-A polymer, the acceptor monomer is
equally important and much research has been devoted to designing electron-withdrawing
acceptors. The electron-withdrawing strength of the acceptor has a significant influence on the
electronic and optical properties of the donor-acceptor polymer. From electrochemical studies and
computations, it is known that the LUMO of the acceptor closely matches the LUMO of the donor-
acceptor polymer.3®3! By introducing electron-withdrawing groups to the acceptor monomer, the
band gap of the donor-acceptor polymer can be easily tuned.>> Acceptor strength has also had
profound effects on the optical properties of light-harvesting D-A polymers. D-A Polymers with
strong acceptors have seen an enhancement of light absorbing capabilities in the high solar flux
regions of the visible spectrum,® greater charge transfer, and quenched fluorescence; leading to
high PCE D-A polymers such as PTB7.4” One promising acceptor monomer is
diketopyrrolopyrrole (DPP), a strong electron withdrawing acceptor that has demonstrated high
electron and hole mobilities.3*% The introduction of thiophene subunits on both ends of DPP
connects the DPP to the donor monomer as well as creates a Donor-Acceptor-Donor motif between
the electron deficient DPP and electron rich thiophenes.®® D-A polymers that have incorporated
DPP have seen high PCEs of up to 10%.%” Another promising acceptor monomer is isoindigo (11)
which consists of two oxindole rings centro-symmetrically conjugated to each other at their 3-
carbons by a central double bond that binds two electron-withdrawing carbonyls and two electron-
rich benzene rings in trans conformation. It has good electron-withdrawing properties, two amides
that are readily functionalized, the phenyl rings have sites for conjugation elongation, high hole
mobilities, planar backbone, and strong inter-chain interactions due to the rigidity of the 11
core.®3®  [Isoindigo also has the advantage of large scale availability from natural sources which
leads to a greener overall synthetic pathway.*® Polymers that have incorporated Il as acceptor
units have seen efficiencies of up to 8%.* Another mostly studied and commonly incorporated

acceptor monomer is thienothiophene (TT).*># Thienothiophene is composed of two thiophene
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rings fused to each other. The fused ring promotes planarity and enhances conjugation along the
monomer backbone. Thienothiophene has four isomers: thieno[2,3-b]thiophene, thieno[3,4-c]
thiophene, thieno[3,2-b]thiophene, and thieno[3,4-b]thiophene; with thieno[3,4-b]thiophene
proving to be the most successfully incorporated isomer as an acceptor in donor-acceptor polymers
because it introduces an anisotropic charge distribution that is good for charge transport.*** The
doubly unsaturated cyclopentadiene does not show aromaticity, but aromaticity is achieved by
substituting the central carbon atom with a heteroatom having a lone pair that contributes to the ©
resonancy.®® One of the best aspects of the thienothiophene is its ease of functionalization. The
conjugation length can be extended or electron-withdrawing groups can be attached to the
monomer to impart optical and electronic changes to the structure.*®*’ D-A polymers that have
incorporated thienothiophene acceptors have achieved high power conversion efficiencies (7.4%)
, In fact, the seminal work of Liang et al demonstrated the great potential these acceptors can have
on the optoelectronic properties of D-A polymers.*® However, some D-A polymers with strong
acceptors and great charge transfer characteristics, quenched fluorescence, and good absorption
properties have also produced low power conversion efficiencies due to local exciton trapping
preventing efficient transfer along the polymer backbone.*® Thus more investigation is needed in
order to get a better understanding of the influence of acceptors on the fundamental optoelectronic
properties of light harvesting donor-acceptor polymers.

In this study, six donor-acceptor polymers were synthesized. A detailed synthetic
procedure is provided in the supporting information (Figure 3.8.1.1). Each polymer had a 4,4,9,9-
tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b"]dithiophene (IDT) or a 4,4,9,9-
tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-b"]dithienothiophene  (IDTT) donor
with either a 2-(nonadecan-9-yl)-5-(2-octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP), (E)-1,1'-bis(2-octyldodecyl)-[3,3'-
biindolinylidene]-2,2'-dione (I11), or 3-ethyl-1-(thieno[3,4-b]thiophen-2-yl)heptan-1-one (TT)
acceptor. These make up the polymers with longer conjugated donors, P1 (IDTT-DPP), P2
(IDTT-II), P3 (IDTT-TT) and their shorter conjugated donor analogues, P4 (IDT-DPP), P5
(IDT-11) and P6 (IDT-TT). Spectroscopic techniques like steady state spectroscopy, ultrafast two
photon excitation fluorescence (TPEF), ultrafast up-conversion, and transient (femtosecond and
nanosecond) and quantum chemical simulations were used to investigate the optical and nonlinear

properties, two photon absorption (TPA) properties, fluorescence lifetimes, excited state dynamics
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and effect of polymerization and donor conjugation length of these polymers on their optical

properties.
3.4 Experimental Methods

3.4.1 Steady State UV-Vis and Emission Measurements

The investigated polymers were dissolved in chloroform for all steady state experiments.
Concentrations of 3.0 X 10 M were used for all steady state experiments and concentrations of
3.0 X 10® M or lower were used for quantum yield experiments. Steady state absorption spectra
were measured using an Agilent 8432 UV-visible absorption spectrophotometer. Steady state
emission spectrum measurements were carried out using a Fluoromax-2 spectrophotometer. Styryl
9m (¢ = 0.07) in chloroform was used as the fluorimetric standard for the calculation of the
fluorescence quantum yield for P1, P2, P4 and P5 using the well-known comparative method.%%*
Zinc phthalocyanine (¢ = 0.30) in pyridine was used as the fluorimetric standard for quantum

yield determination of P3 and P6.%2 The quantum yields were measured at 430 nm excitation.

3.4.2. Two-Photon Absorption (TPA) Experiments

The two-photon-absorption (TPA) cross sections were measured using the two-photon
excited fluorescence (TPEF) method.>® The setup employs a mode-locked Spectra-Physics
femtosecond Mai Tai laser, which is tunable from 700 to 900 nm, to generate 110-fs pulses. For
the experiments in this study, the Spectra-Physics Mai Tai laser generated a 775 nm with 110-fs
pulse width to pump a Spectra-Physics femtosecond synchronously pumped optical parametric
oscillator (Opal), which produced 1250 nm(for P3 and P6 excitation) or 1300 nm( for P1, P2, P4,
and P5 excitation) with 150-fs excitation pulses. The beam was directed into a solution in a sample
cell (quartz cuvette, 1 cm path length), and the resultant fluorescence was collected in a direction
perpendicular to the incident beam. A lens was used to direct the collected fluorescence into a
monochromator. The output from the monochromator was directed into a photomultiplier tube
(PMT), and the photons were converted into counts by a photon counting unit. The photomultiplier
tube was connected to the computer through a photon counting unit (Hamamatsu) for signal
recording. Zn 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine and Styryl 9m have known TPA
cross-sections and were used as standards for comparative method determination of TPA cross-

sections.>*
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3.4.3. Fluorescence Up-conversion Experiments

The time-resolved fluorescence experiments were performed using a fluorescence setup
that had previously been described.®® A femtosecond Mode-locked Ti-sapphire pulsed laser
(Spectra Physics Tsunami) was used to generate 80 fs pulses at 800 nm wavelength with a
repetition rate of 82 MHz. The Tsunami was pumped by a 532 nm continuous wave Millennia
(Spectra Physics) laser. An excitation pulse of 400 nm was generated by a second harmonic BBO
crystal, and the residual 800 nm beam was used as an optical gate by a computer-controlled
motorized optical delay line. The polarization of the excitation beam was controlled by a berek
compensator. The fluorescence signal of the sample was up-converted by a BBO crystal by using
the residual 800 nm beam, which is delayed by the optical delay line with a gate step size of 6.25
fs. This allows the fluorescence decay dynamics to be measured temporally. A monochromator is
used to select the wavelength of the up-converted signal which is detected by a photomultiplier
tube (R152P, Hamamatsu). The instrument response function (IRF) has been determined from the

Raman signal of water to have a width of 110 fs.

3.4.4. Femtosecond Transient Absorption Experiments

The femtosecond transient absorption experiment setup has been described previously.>®
The femtosecond transient absorption investigations were carried out using ultrafast pump-probe
techniques with detection in the visible region. The laser system produces 1-mJ, 100-fs pulses at
800 nm with a repetition rate of 1 kHz that were obtained from an Nd:YLF (Spectra Physics
Empower)-pumped Ti:Sapphire regenerative amplifier (Spectra Physics Spitfire) with the input
from a continuous wave Nd:YVO4 (Spectra Physics Millennia)-pumped Ti:Sapphire oscillator
(Spectra Physics Tsunami). The output of laser beam was split to generate pump and probe beam
pulses with a beam splitter (85% and 15%, respectively). The pump beam was generated by an
optical parametric amplifier (Spectra Physics OPA-800). The 400 nm pump beam was produced
from the second harmonic of the idler beam using a BBO. The white light continuum probe beam
was generated from the amplified beam by a Helios system (Ultrafast Systems Inc). The probe
beam was generated by a 2 mm sapphire plate generating a white light continuum from 450 nm to
750 nm. The time delay between the pump and probe was controlled with a computer-controlled
motion controller. The white light and the pump beam were overlapped in a 2 mm quartz cuvette

containing the sample with a magnetic stirrer. The typical energy probe beam is < 0.1 uJ, while
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the pump beam energy is ~1 — 2 uJ per pulse. Magic angle polarization is kept consistent between
the pump and probe using a polarizer. The change in absorbance as a function of time for the
signal was collected by a CCD detector (Ocean Optics). Data acquisition was controlled by

software from Ultrafast Systems Inc.

3.4.5. Nanosecond Transient Absorption Experiments

The nanosecond transient absorption system is made up of two major components: the
excitation laser and the LP980-K spectrometer. The excitation laser is used to pump the optical
parametric oscillator (OPO) to produce the required excitation wavelength between 250nm and
2600nm. On the other hand, the spectrometer contains the probe source, the sample compartment
and the monochromator. The probe source, a 150W, ozone free xenon lamp continuously produces
a 6ms pulse within a wavelength range of 190nm to 2600nm and creates the background for the
time dependent absorption measurements. The excitation laser, which hits the sample
perpendicular to the probe light and after the lamp trigger stabilizes, creates the transient species
which reduces triplet-triplet annihilation and photodegradation. The light from the sample is then
directed into the monochromator and detected by a photomultiplier tube (PMT - Hamamatsu R928
—with a detection range of 185nm to 870 nm). The PMT converts the transmission response of the
sample into electric signals that are measured by a TDS3052B Model oscilloscope. These electrical

signals are converted from volts into optical density by use of the software supplied by Edinburgh.

3.4.6. Quantum Chemical Calculations

Quantum chemical simulations were conducted to analyze the experimental absorption
spectra, and two-photon absorption spectra. The photophysical properties of polymers should not
be described based on a single repeat unit due to the significant coupling between repeating
units.%®"° Therefore, the minimum geometry that can include the coupling, a dimer, was chosen as
models for the photophysical properties of the polymers. The methyl groups replace all
solubilizing groups in the dimer model, since these structural alternations only weakly affect the
low-lying electronic transitions occurring within the 7 backbone. The ground state geometries of
each dimer were optimized with density functional theory (DFT), using the @B97X-D functional

and 6-31G* basis sets.’:"2
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Based on the optimized geometries, time-dependent DFT (TD-DFT) single point energy
calculations were performed with a system-dependent, non-empirically tuned wB97X-D which is
known to significantly improve the charge delocalization problems in conventional DFT
functionals. ™ The tuned w value was chosen to minimize the square sum of the difference between
HOMO energy and ionization potential (IP), and LUMO energy and electron affinity (EA),
(eromo+1P)?+(eLumo+EA)? of the monomer model. The range-split parameter  is heavily affected
by the environment, and the inclusion of solvent dielectric field induced a reduction in e value.™
This process yielded the optimal « value to be 0.006, 0.008, 0.008, 0.006, 0.008, 0.010, for P1 to
P6, where chloroform (dielectric constant is 4.31) was used as the dielectric through a polarizable
continuum model.”>"® This quantum chemical approach has proven its capability to predict the
absorption energy of various chromophores highly accurately.’®’”® Character of excitations were
analyzed with natural transition orbitals (NTOs). " 8 All TD-DFT simulations were carried out
using Q-Chem 5.0. &

8n?a?w?
r

The TPA cross section is calculated as follows: o(w) = (agty)d(w), where a is
the fine structure constant, w is the frequency of the applied field (here, we consider the degenerate
TPA where o is half of the absorption energy), I is the full width at half maximum of the
Lorentzian lineshape broadening, which is set to 0.1 eV, and &(w) is the TPA transition
probability.8? For TPA calculations, we employed BH&HLYP functional which contains 50 % HF
exchange, and only monomer model was considered due to the limit of computational resource.

All TPA related simulations were conducted using GAMESS. 8384

3.5. Results
3.5.1. Synthesis of the D-A Polymers

The D-A polymers used in this experiment were successfully synthesized. All of the
chemicals were purchased from Aldrich or Alfa. All reagents purchased commercially were used
without further purification except for toluene and tetrahydrofuran (THF), which were dried over
sodium/benzophenone. *H NMR spectra shown in the supporting information (Figure 3.8.1.2-
3.8.1.7) were recorded on a Bruker DRX-400 spectrometer, with tetramethylsilane as an internal

reference. Detailed synthetic procedure can be found in the supporting information.
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Figure 3.5.1.1. The synthetic route of D-A polymers and their molecular structures.

3.5.2. Molecular Structures and Molecular Properties

The molecular properties of the investigated properties can be seen in Table 3.5.1.1 and
the molecular structures can be seen in Figure 3.5.1.1. All of the polymers had a polydispersity
(PDI) near 2 except for P3, which had a slightly higher PDI of 2.61. The average number
molecular weight (Mn) for all the polymers was between 20 kDa and 40 kDa. The weight average

molecular weight (Mw) was between 40 kDa to 90 kDa. The number of repeat units varied from
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13 repeat units (RPU) to 24 RPU. The number of repeat units was fairly close between polymers
with the same acceptor type, except for P2 and P5, where P2 has two times the number of repeat
units in P5. The two polymers are still comparable because the persistence length of conjugated
light harvesting polymers are much smaller than the length of the polymer, and optical properties
can be normalized to the number of repeat units.

Table 3.5.1.1. Molecular Properties of the investigated polymers

Polymer | Mn(Da) | Mw (Da) | PDI | RPU
P1 25900 48200 1.86 14
P2 42500 88400 2.08 23
P3 22600 59100 2.61 17
P4 34100 62800 1.84 19
P5 22600 42800 1.90 13
P6 28300 55500 1.96 24

3.5.3. Steady State Absorption Measurements

The steady state absorption spectra of the investigated polymers were performed in
chloroform solutions with concentrations of 3.0 X 10 M. The normalized steady state absorption
spectra for the polymers can be seen in Figure 3.5.3.1. All of the investigated polymers have
broad absorption in the visible spectral region with distinct absorption peaks in the 400-500 nm
region and absorption maxima in the 600-800 nm region. Poly(4,9-Dihydro-s-indaceno[1,2-b:5,6-
b’]dithiophene) polymers generally absorb in the 500 nm region, poly(bithienyl
diketopyrrolopyrrole) polymers have a weak absorption peak near 450 nm and broad maxima near
700-800 nm, poly(Isoindigo) polymers have weak absorption at 450 nm and broad maxima near
700 nm, and polymers with thienothiophene acceptors have an absorption maxima near 650 nm,
which makes each subunit ideal for incorporation in a donor-acceptor polymer. 3541425759 The
strong absorption in the 400-500 nm region of the 4,9-Dihydro-s-indaceno[1,2-b:5,6-
b’]dithiophene donor subunit, and the overlap of the weak absorption of the Isoindigo,
thienothiophene, and the bithienyl diketopyrrolopyrrole acceptor subunits in the 400-500 nm
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region with strong absorption in the 600-800 nm region makes a stronger absorbing polymer and
potentially introduces unique optical properties for the investigated polymers. The steady state
absorption properties of the investigated polymers can be seen in Table 3.5.3.1.

The polymers with the bithienyl diketopyrrolopyrrole and isoindigo acceptor moieties

showed distinct absorption peaks, whereas the polymers with the thienothiophene acceptor moiety
had an overlap of the lower energy and higher energy absorption peaks, regardless of donor subunit
conjugation length. For both polymer series P1-P3 and P4-P6, a bathochromic shift of the lower
energy absorption peak is seen with increasing strength of the acceptor, which is typically seen for
polymers with stronger acceptors.*® With about 20-30 nm bathochromic shift of the low energy
absorption of the polymers with the BTDPP acceptor compared to the polymers with 11 acceptor,
and 70-100 nm bathochromic shift of the low energy absorption of polymers with BTDPP acceptor
compared to the polymers with the TT acceptor. The higher energy absorption peak is less affected
by the acceptor strength, with red shifts of 30-40 nm for the peak absorption for the more
conjugated donor polymers with stronger acceptors and up to ~60 nm bathochromic shift for the
less conjugated donor polymers with stronger acceptors. This suggests that the acceptor strength
has more influence on the lower energy absorption than the higher energy absorption.
The donor conjugation length had a small effect on the peak absorption wavelength for the low
energy transition with ~10 nm blue shift of the low energy absorption peak maxima. Interestingly,
for P3 and P6, there was a drastic change in the low energy absorption peak maxima of a ~30 nm
blue shift for the longer conjugated donor polymer.
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Figure 3.5.3.1. Normalized steady state absorption spectra of more conjugated donor polymer
series P1-P3 (left) and less conjugated polymer series P4-P6 (right).

Table 3.5.3.1. Steady state absorption properties (Molar absorptivities: £x10* L mol™t cm™)

Polymer High Energy 3 Low Energy 3
Absorption(nm) Absorption (nm)
P1 437 2.35 715 7.01
P2 424 4.85 693 5.46
P3 471 1.65 622 1.83
P4 423 1.81 726 8.47
P5 405 2.45 697 4.36
P6 462 1.45 656 3.14

3.5.4. Steady State Fluorescence Measurements

The normalized steady state fluorescence spectra for all of polymers can be seen in Figure
3.5.4.1. In order to establish that we are not selectively exciting a specific emission maximum,
the polymers were excited using 430 nm and >600 nm excitation to target the donor monomer and
acceptor monomer of the polymer, respectively. The emission maxima are independent of the
excitation wavelength, which is congruent with Kasha’s rule.8® All of the polymers exhibit steady
state fluorescence maxima in the near-infrared region of the electromagnetic spectra, ~700 nm —
800 nm, with minor peaks near 500 nm for P2 and P5, and a minor peak near 550nm for P6. The
fluorescence spectra are narrower than the absorption spectra for the investigated polymers. This
is attributed to different absorption units that occur in polymers due to bending or twisting that
cause different conjugation absorbing segments of the polymer. Whereas the emission is attributed
to longer conjugated segments, with excitons migrating from the higher energy shorter segments
to the lower energy longer conjugated segments that serve as the major emitters.®

Since the polymers followed Kasha’s rule, 430 nm excitation was used for the Quantum
Yield (QY) determination. This wavelength is useful for exploring the direct excitation of the
higher energy transition as well as investigating the lower energy major emission maxima, thus
the contribution of the lower energy emission can be analyzed, if present, to the overall emission
behavior. The steady state fluorescence properties are summarized in Table 3.5.4.1. There were

significant differences between the polymer donor analogues in terms of their QYSs.
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Figure 3.5.4.1. Normalized steady state fluorescence of P1-P3 (Left) and P4-P6 (Right) at 430
nm excitation for donor excitation (solid line) and >600 nm excitation for acceptor excitation
(dashed line).
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Table 3.5.4.1. Steady state fluorescence properties

Polymer Max. Fluorescence (nm) QY Stokes Shift (nm)
P1 738 0.45 23
P2 780 0.13 88
P3 695 0.18 75
P4 749 0.27 24
PS5 772 0.08 76
P6 709 0.07 52

3.5.5. Quantum Chemical Simulations

The optimized ground state dimer model structures are graphically illustrated in Figure
3.5.5.1. With these structures, the electrochemical and optical properties are theoretically
estimated. Bandgap of the polymer is strongly correlated to the efficiency of solar cell. The
quantum chemical simulations estimated bandgap determined as the difference between HOMO
and LUMO energy levels, and the results are provided in Table 3.5.5.1. The dimer representation
significantly improves the overestimated bandgap calculated based on the monomer models and
the relative bandgap trend obtained from optical measurements was correctly reproduced. (see Sl
for the bandgap evaluated with the monomer models)
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Figure 3.5.5.1. Optimized ground state dimer model structures of P1-P6. Color scheme: carbon
atom, gray; hydrogen atom, white; oxygen atom, red; nitrogen atom, blue; sulfur atom, yellow.

Table 3.5.5.1. Bandgap of polymers P1-P6 using «B97X-D functional with the dimer model in
eV and cyclic voltammetric studies

Polymer | Monomer Dimer Elec (CV) Opt
P1 2.13 1.90 1.90 1.64
P2 2.02 1.84 2.01 1.62
P3 2.61 2.13 2.16 1.74
P4 2.20 1.90 2.01 1.61
P5 2.10 1.90 1.99 1.61
P6 2.74 2.20 2.03 1.71

TD-DFT simulation gave the first absorption energies of 1.90, 1.84, 2.13, 1.90, 1.90, and
2.20 eV, which is quite accurate prediction for the experimental absorption energies of 1.73, 1.79,
1.99,1.71,1.78, and 1.89 eV for the P1-P6 polymers, respectively. Figure 3.5.5.2 shows the hole—
electron Natural Transition Orbitals (NTOs) for the vertical excitation into first singlet state for
the polymer P1-P6 with the ground state dimer structures. It is found that one dominant hole—
electron NTO pair (>94 %) can represent the vertical excitation for all cases. The hole orbitals are
delocalized over the first repeating unit and the donor part of the second repeating unit, which
implying the significant coupling between the repeating units and the necessity of dimer models
at least to describe exciton’s behavior in the polymer. The electron orbitals tend to localize on the
acceptor moiety of the first repeating unit and the small portion resides on the donor part of the
second repeating unit. The difference in the hole and electron orbitals indicates the significant

charge transfer with non-legligible amount of ©-n* transition in all six polymers.
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Figure 3.5.5.2. Natural transition orbitals of P1-P6 for the vertical excitation into the first singlet
state at the ground-state geometries. The contribution of each transition is given above the arrow
(Isovalue = 0.05).

The HOMO, LUMO, HOMO-1 and LUMO+1 geometries for the monomers were
calculated and can be seen in Figure 3.8.2.1. We have observed a more symmetric distribution of
electron density for the HOMO, LUMO, HOMO-1 and LUMO+1 for P3 and P6 which differs
from the anti-symmetrical electron density distribution seen for other investigated polymers. This
suggests a less pronounced charge transfer in P3 and P6.

The electronic structure of the trimers in the ground and excited state of P1 and P4, P2 and
P5, and P3 and P6 are provided in Figure 3.8.2.2-3.8.2.7 in the SI. We have observed a more
localized distribution of electron density in the excited state of the polymers with more conjugated
donor moiety. However, the effect of donor conjugation in P2 is insignificant on the electronic
structures like what was seen for P1 and P4. This may be due to bulky Il acceptor having similar
interaction with both donor types due to the steric hindrance introduced by Il acceptor that is not

seen with the less bulky DPP acceptor.

3.5.6. Two-Photon Absorption Studies
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The TPA cross sections were determined by using the TPEF method as discussed in the
experimental section. An excitation wavelength of 1300 nm was used for P1, P2, P4, P5, and
styryl 9m; and emission was collected at 740 nm. The excitation wavelength was chosen for these
polymers because they exhibit one photon absorption maxima near 650 nm, and emission was
collected at 740 nm after performing wavescans and identifying the emission maxima, which can
be blue or red shifted from the one photon emission maxima. An excitation wavelength of 1250
nm was used for P3, P6, and Zn-tetra-tert-pc; and the emission was collected at 695 nm. The
excitation wavelength was chosen for these polymers because they exhibit one photon absorption
maxima near 625 nm, and emission was collected at 695 nm.

The two-photon excited fluorescence as a function of power for the TPA standards and
investigated polymers can be seen in Figure 3.5.6.1. The two-photon cross-sections calculated
using the comparative method can be seen in Table 3.5.6.1. P1, P2, P4, and P5 had higher two
photon cross sections as well as the highest two-photon cross-section per repeat unit compared to
P3 and P6. P3, which has a weaker dithiophene acceptor, had the lowest TPA cross-section and
TPA per repeat unit. The TPA cross-section could not be determined for P6 due to a likely smaller
TPA cross-section and smaller QY of P6. Calculations showed that P6 would have the lowest
TPA cross-section, and if P6 follows the same trend seen for P1, P2, and P3; it is likely that the P6

would have an even lower TPA cross-section than P3.
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Figure 3.5.6.1. Logarithmic plot of the quadratic dependence (counts per second vs power) for
standards styryl 9m, zn-tetra-tert-butyl-pc, and the investigated polymers. 1300 nm excitation
was used for P1, P2, P4, P5, and styryl 9m. 1250 nm excitation was used for P3 and P6 (not
shown), and zn-tetra-tert-butyl-pc. All have a slope ~2 and R%>0.99.

Table 3.5.6.1. TPA cross-section of the investigated polymers

Sample TPA BH&HLYP TPA/RPU
cross-section (GM) TPA
cross-section
P1 1000.4 52.9 71.46
P2 192.92 14.9 8.39
P3 0.17 1.0 0.01
P4 1247.03 42.3 65.63
PS5 642.25 11.4 49.40
P6 - 0.2 -

3.5.7. Time Resolved Fluorescence Measurements
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Fluorescence decay dynamics of the investigated polymers were performed in chloroform
solutions at the same concentrations that were used for the steady state experiments. The samples
were excited at 400 nm and the fluorescence decay dynamics were investigated at 680 nm. The
decay dynamics were investigated at 680 nm in order to investigate the polymer’s emission
maxima as well as to avoid the upconverting of the 800 nm gate signal which interferes with
collection at longer sample emission wavelengths due to the upconverting crystal angle. The donor
fluorescence decay dynamics were also investigated between 500 nm — 550 nm, but the emission
was too weak for the upconverting and collection process. Thus, our study focused on the major
emission decay dynamics. Unfortunately, the decay dynamics for P2 and P5 were not able to be
investigated because their emission maxima were too far into the near-infrared where the gate
upconversion signal made it impossible to investigate. To rule out emissive irregularities due to
degradation of the sample, steady state absorptions were taken before and after the upconversion
experiment. No change in intensity or spectral changes were seen between the steady state
absorptions before and after the upconversion experiment, thus no degradation was observed. The
decay dynamics can be seen in Figure 3.5.7.1. The fluorescence decay dynamics were fitted using
biexponential functions, the decay times can be seen in Table 3.5.7.1. The investigated polymers
had a short initial decay (<3ps) and a longer second decay component. P1 and P4 had the longest
long-lived decay components compared to polymers with weaker acceptors, 745 ps and 37 ps,
respectively. P3 and P6, which had the weakest acceptors of the investigated polymers, had the
shortest long-lived decay components within their respective donor series, 129 ps and 19 ps,
respectively.

Table 3.5.7.1. Fluorescence decay dynamics

Polymer | 11 (ps) 72 (pS)
P1 0.79 745
P3 1.27 129
P4 0.64 37
P6 2.04 19
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Figure 3.5.7.1. Fluorescence upconversion of P1 (top left), P4 (top right), P3 (bottom left), and
P6 (bottom right) at 400 nm excitation and 680 nm emission.

3.5.8. Ultrafast Transient Absorption Measurements

Ultrafast transient absorption experiments were performed in chloroform solutions at the
same concentrations that were used for the steady state experiments. Experiments were carried
out by exciting the polymer samples with 400 nm femtosecond pulses and probing the excited state
with a white light continuum at different delays, giving insight into the ultrafast excited-state
dynamics of the investigated polymers. The transient absorption spectra for P1 and P4 can be seen
in Figure 3.5.8.1 and the fitted lifetimes can be seen in Table 3.5.8.1. The transient absorption
spectra for P1 and P4 are quite similar, with a ground state bleach (GSB) near 650 nm and a
stimulated emission (SE) near 730 nm with overlap between the two bands. This matches well
with the steady state absorption and steady state fluorescence for both polymers. The GSB at ~650
nm for both polymers exhibited a biexponential decay and the SE at ~730nm for both polymers
exhibited a biexponential decay. The initial decay component of the GSB for both polymers was

~20 ps and is attributed to a hot relaxation to the S; state. This was followed by a ~500 ps
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relaxation from S; state to the charge transfer state. This is followed by a <100 ps relaxation from
a hot charge transfer state, CTy, to a relaxed charge transfer state, CTo via SE. This was followed
by a relaxation of the charge transfer state to the ground state via SE. The energy level diagrams
for the overall photophysical processes for P1 and P4 can be seen in Figure 3.5.8.2.
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Figure 3.5.8.1. Transient absorption spectra and kinetic fits of P1 (a.) and P4 (b.).

Table 3.5.8.1. Transient absorption Kinetic fits at selected wavelengths for P1 and P4
P1 |Wavelength (nm) [t1 (ps)| T2 (ps) |P4| Wavelength (nm) | t1(ps) | T2 (ps)
453 69 - 453 - -
649 20 658 653 19 488
729 22 435 737 65 1028
Polymer Wavelength (nm) 71 (pS) 72 (PS)
P1 453 69 -
649 20 658
729 22 435
P4 453 - -
653 19 488
737 65 1028
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Figure 3.5.8.2. Energy level diagrams of transient absorption processes for P1 (left) and P4
(right).
The transient absorption spectra for P2 and P5 can be seen in Figure 3.5.8.3 and the fitted
lifetimes can be seen in Table 3.5.8.2. P2 and P5 had a ground state bleach (GSB) near 435 nm

and 620 nm and a stimulated emission (SE) near 700 nm with overlap between the later GSB and

B E—— CTI

453 nm (2.74¢V) GSB
649 nm(1.91eV) GSB

W
S

SE emission peaks. This matches well with the steady state absorption and steady state
fluorescence for both polymers. Both polymers also had an ESA at 779 nm that overlaps with the
fluorescence seen in the steady state emission spectra. P2 also had an ESA near 500 nm that was
not seen for P5. The high energy GSB lifetimes for both polymers were fitted to exponential to
monoexponential decays of 531 ps and 644 nm, respectively. Both low energy GSB lifetimes
exhibited monoexponential decays of approximately 200 ps. The SE for both polymers had a
decay time of 200 ps, with a monoexponential decay for P2 and a biexponential decay for P5. The
biexponential decay of P5 has a short component of 41 ps that can be attributed to a hot relaxation
in the excited state. The energy level diagrams for the overall photophysical processes for P2 and

P5 can be seen in Figure 3.5.8.4.
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Figure 3.5.8.3. Transient absorption spectra and kinetic fits of P2 (a.) and P5 (b.).

Table 3.5.8.2. Transient absorption Kinetic fits at selected wavelengths for P2 and P5

P2 [Wavelength| 1 (ps) | T2 (ps) |[P5| Wavelength (nm) | 1 (ps) | T2 (ps)
(nm)
438 531 - 435 644 -
504 45 - 504 - -
622 184 - 625 212 -
694 210 - 719 41 243
779 6 222 779 6 193

Polymer Wavelength (nm) 71 (PS) T2 (PS)
P1 453 69 -
649 20 658
729 22 435
P4 453 - -
653 19 488
737 65 1028
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Figure 3.5.8.4. Energy level diagrams of transient absorption processes for P2 (left) and P5
(right).

The transient absorption spectra for P3 and P6 can be seen in Figure 3.5.8.5 and the fitted
lifetimes can be seen Table 3.5.8.2. The transient absorption spectra for P3 and P6 are quite
similar, with a ground state bleach (GSB) near 460 nm and a GSB near 600 nm with overlap
between the two bands, which matches the steady state absorption. There is a weak tail at ~700
nm for P6 that may be stimulated emission, which would match well with the steady state
fluorescence, but it is not well resolved due to the strength of the GSB, which is also the case for
P3 where the SE, if present, is masked by the strong GSB. The GSB at ~460 nm and ~600 nm
for both polymers exhibited a biexponential decay and the SE at ~700 nm for P6 exhibited a
biexponential decay. For both GSBs and for both Polymers, the first decay component is ~150 ps
and is attributed to the relaxation of the hot excited state to the first excited state, followed by a
long decay to the charge transfer state that is longer than the experimental window of this
experimental set up. The energy level diagrams for the overall photophysical processes for P3 and
P6 can be seen in Figure 3.5.8.6. This is followed by a decay of the hot charge transfer state to a
relaxed charge transfer state, which then relaxes to the ground state.
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Figure 3.5.8.5. Transient absorption spectra and kinetic fits of P3 (a.) and P6 (b.).

Table 3.5.8.3. Transient absorption kinetic fits at selected wavelengths for P3 and P6

P3

\Wavelength (nm)| 1 (ps) | T2 (ps) |P6 Wavelength t1(ps) | T2 (ps)
(nm)
470 151 inf 460 173 inf
615 159 inf 614 172 inf
693 - - 713 150 inf
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Figure 3.5.8.6. Energy level diagrams of transient absorption processes for P3 (left) and P6
(right).

3.5.9. Nanosecond Transient Absorption Measurements

As mentioned earlier, the main objective of this study was to investigate the optical
properties of the polymers. Nanosecond transient experiments were carried out to investigate the
contribution of the long-lived excited species to the overall photophysical properties of the
polymers. A recent study on PDPP-TNT (poly{3,6-dithiophene-2-yl-2,5-di(2-octyldodecyl)-
pyrrolo[3,4-c]pyrrolel,4-dione-alt-naphthalene}) has reported that the bleaching signal are
associated with the charge carrier and a small population of the charge carriers is long-lived and
decay in hundreds of nanoseconds.®® In another report, Jones et al. have shown that increasing
conjugation of thiophene (T,) oligomers up to a certain length (from T4 to Te) increases the excited
triplet state lifetime and decreases as the length increases further. ' In this report, we have
conducted nanosecond transient experiments in chloroform and maintained an approximate
concentration of 3.0x10°M of the polymers. For this investigation P2 was excited at 415 nm while
the rest of the polymers (P1, P3, P4, P5, and P6) were excited at 425 nm.

With an excitation wavelength of 425nm, both P1 and P4, showed two ground state
bleaching (GSB) regimes around 440nm and 650nm as shown in Figure 3.5.9.1 which matches
with their steady state absorption spectra. In P1, the GSB at high energy had a longer recovery
time (~1.6 times) compared to the GSB at low energy while for P4, the GSB recovery time for
both high and low energy are comparable (Table 3.5.9.1).
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Figure 3.5.9.1. Nanosecond Transient absorption spectra and kinetic fits of P1 (a.) and P4 (b.).

Table 3.5.9.1: Nanosecond transient lifetimes for both P1 and P4 at selected wavelengths

Polymer Wavelength (nm) T (ns)
P1 453 574
650 368
P4 440 452
650 440

As seen in Figure 3.5.9.2, P2 and P5 exhibited only one GSB regime at around 440nm
with P2 recovery time being two times faster than that of P5 (Table 3.5.9.2). We have also
observed stimulated emission at around 550 nm for both P2 and P5 which vanishes within a delay
of 50 ns after excitation (inset Figure 3.5.9.2).
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Figure 3.5.9.2. Nanosecond Transient absorption spectra and kinetic fits of P2 (a.) and P5 (b.).

Table 3.5.9.2: Nanosecond transient lifetimes for both P2 and P5 at selected wavelengths

Polymer | Wavelength (nm) 1 (ns)
P2 453 158
P5 440 309

Both P3 and P6 contain the weakest acceptor among the investigated polymers. Both P3
and P6 show similar GSB recovery times at both higher and lower energies (Figure 3.5.9.3).
However, in both cases, the GSB recovery time at higher energies is observed to be 1.4 times
slower than that in lower energies (Table 3.5.9.3). When P3 was excited at 600 nm, an ESA around

740 nm was seen alongside the two GSB regimes (Figure 3.5.9.4) with a lifetime of 199 ns.

124



AOD

-0.002 -

-0.004 -

-0.006

P3

——496 ns

—32ns

—1352 ns

300

1.0 4

g 2
= o
1 f

Normalized AOD
(=]
-

0.2

Wavelength (nm)

400 500 600 700

400 500 600 700 800

0.005 -
0.000 x>
a
9 .0.005-
48 ns
304 e -0.010
" 800 0.015
300
1.0
0.8
[m]
[o]
<10.6
o
I
£0.4]
£
2
0.2
0.0

Wavelength (n m)

ll i
W

A In
Ty

500 1000 1500
Time (ns)

2000

T
500

T T T T 1
1000 1500 2000 2500 3000
Time (ns)

Figure 3.5.9.3. Nanosecond Transient absorption spectra and kinetic fits of P3 (a.) and P6 (b.).

Table 3.5.9.3: Nanosecond transient lifetimes for both P3 and P6 at selected wavelengths

Polymer | Wavelength (nm) | 1 (ns)
P3 470 320
615 222
P6 460 306
614 218
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Figure 3.5.9.4. Nanosecond Transient absorption spectra (a.) and kinetic fits of P3 (b.).

As discussed in the quantum-mechanical calculations section, the investigated polymers
are expected to have a high charge carrier mobility due to localization of charge density in the
excited state. It has been observed that enhanced conjugation length enhances charge carrier
transport properties %% hence the dynamical change in the excited state absorption spectrum
(ESA) would give a better insight to the charge transfer dynamics of the investigated polymers.
However, in our femtosecond and nanosecond transient studies, we did not observe ESA for all
the polymers except for P2 and P5 in the femtosecond transient absorption studies. In recent
studies, polymers containing the indacenodithiophene (IDT) moiety have been observed to contain
an excited state absorption at near infrared region. * * In their picosecond-microsecond studies
on polymers containing silaindacenodithiophene (IDT) donor, Utzat et. al. observed an excited
state absorption in the near infrared region (900nm-1300nm).%* In a similar femtosecond study,
Holliday at al also observed an excited state absorption between 900nm and 1350nm.  In line
with these studies, the absence of ESA in our femtosecond and nanosecond transient studies can
be due to the detection range in our setups (i.e. 185nm to 870 nm for nanosecond detection and
400nm to 800 ns for femtosecond detection). However, in fs-TA of P2 and P5 polymers, an ESA
in the visible range (around 779nm) can be assigned to the weaker D-A interaction because the

steric hindrance arising from the bulkiness of the isoindigo acceptor.

3.6. Discussion
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All the investigated polymers showed a broad absorption with maxima in the 600-800 nm
region (Figure 3.5.3.1) which makes them ideal candidates for light harvesting for photovoltaics
to match the high photon flux region of the sun. The polymers with longer conjugated donors (P1,
P2 and P3) had higher molar absorptivities for the higher energy transitions, whereas the lower
energy molar absorptivity was relatively unaffected by the donor conjugation length. The higher
molar absorptivities for the high energy transition for the more conjugated donor polymers could
be due to the more conjugated system enhancing delocalization or may be due to the additional
rigidity promoting planarity along the polymer backbone.®2%? This suggests that the donor may
have a higher contribution than the acceptor to the high energy absorption transition. The polymers
with the stronger acceptors had higher molar absorptivities for the low energy transition and no
effect on the high energy transitions, which suggests that the acceptor contributes more to the low
energy transition.%® In addition, a red shift of the absorption spectra in polymers with increased
donor conjugation and acceptor strength has been observed. The above discussion indicates that a
higher donor conjugation and increased acceptor strength narrows the HOMO-LUMO bandgap.
Interestingly, there is an observed blue shift in low energy absorption of P3 compared to P6 which
may be due to steric hindrance introduced by the additional thiophene units of the donor of P3 that
is alleviated in the smaller donor of P6. This pronounced effect is not seen in the other series of
polymers because the acceptor monomers in those polymers are more bulky than the TT acceptors
of P3 and P6. These bulkier acceptors which result in structures that relieve the steric hindrance in
polymers P1, P2, P4 and P5 with both the high and the less conjugated donors. The emission
maxima can be attributed to the relaxation of the lower energy transition of the polymer. The minor
peaks near 500 nm and 550 nm can be attributed to the relaxation of high energy states from hot
excitons that recombine during relaxation before the energy can migrate to the lower energy
transition to be emitted. P1 and P4 only had one emission peak near 740 nm, lacking the 500 nm
emission seen in the other series of polymers. This suggests that these donor-acceptor motifs,
regardless of the donor conjugation length, can suppress other fluorescence pathways that are seen
in the other investigated polymers. The 500 nm emission is more pronounced in P2 than in P5,
which suggests that the longer conjugation donor of P2 promotes other radiative pathways. The
550 nm emission for P6 is attributed to the promotion of the higher energy transition state. The
emission maxima for polymers with comparative donors were relatively unaffected by the increase

in donor conjugation length, with the largest shifts amounting to only ~10 nm suggesting that the
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donor conjugation length does not have significant influence on the lower energy fluorescence
transition. The polymers with stronger acceptors had emissions that were more red shifted, which
is typical for donor-acceptor polymers due to the narrowing of the bandgap which is often
dominated by the acceptor strength.334° The Stokes shifts for comparative donor analogues were
also relatively unaffected by the increase in donor conjugation length, although P3 did have larger
Stokes shifts compared to P6 which is due to the better planarity of the polymer backbone of P3
attributed to its longer conjugated donor system.

Recent investigations have shown that the conjugated length of polymers play a role in the
optical properties of these polymers. Yamaguchi et al found that longer conjugated systems and
longer conjugated donor-acceptor systems of the same type had an increase in both QY and
emission maximum.® Whereas, Kurowska et al found in small molecule donor-acceptor systems,
that the QY decreased and the emission maximum increased with an increase in donor ratio.®®
Surprisingly, there has not been much investigation of conjugation length of the donor in donor-
acceptor polymers with tailored donor and acceptor subunits.  The polymers in this study with
longer donor conjugation lengths had higher QY than their corresponding shorter donor polymer
analogues. This suggests that the two additional fused thiophenes promotes radiation relaxation
pathways compared to their less conjugated donor polymers. The emission maxima for the
polymers increased with increasing acceptor strength due to the narrowing of the optical bandgap,
which is typically seen with polymers with strong acceptors.®® Interestingly, quenching of the
fluorescence was not seen with increasing acceptor strength for the investigated polymers, which
is also typically seen with polymers with strong acceptors.®” This suggests that the acceptors are
strong enough to promote exciton formation, but too strong where the exciton is trapped and then
quenched. In order to have efficient solar harvesting polymers, the exciton must be able to survive
long enough to eventually get to the donor polymer and acceptor interface for the exciton
dissociation.

Although electronic structures calculations can give great insight into the charge transfer
within the polymer backbone, two-photon absorption spectroscopy can be used to quantify the
charge transfer characteristics of the donor-acceptor polymers.®® The polymers with
diketopyrrolopyrrole and isoindigo acceptors (P1, P2, P4, and P5) had the highest TPA cross
sections as well as the highest TPA cross-section per repeat unit compared to P3 and P6 with the

weaker TT acceptors. This observation is consistent with the trend seen in the calculated TPA
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cross-sections shown in Table 3.5.6.1, and with other reports for strong acceptor donor-acceptor
organic conjugated molecules.®® The effect of donor conjugation on the TPA cross-section was
not so obvious. Calculations have indicated that the extended conjugated donor polymers should
have a higher TPA cross-section than their corresponding analogs. P1 and P4 had similarly high
TPA cross sections and presumably P3 has a higher cross-section than P6, according to
calculations. But this trend is not seen for P2 and P5. The discrepancy is most likely due to two
factors. The emission maxima for P2 and P5 are much further in the NIR, which means the
emission collection for the TPEF is collected at the tail of the emission which affects the accuracy
of the TPA determination. The efficiency of the PMT also decreases as detection wavelength
shifts towards the red, which makes collection difficult. Thus, the effects of donor conjugation on
the TPA cross section are not clear.

In the time resolved fluorescence measurements, all the investigated polymers had a short
initial decay and a long second decay. The observed short initial decay was relatively unaffected
by the donor conjugation length and acceptor strength. This short decay component has been
attributed to relaxation of the hot excited singlet state and conformational relaxation, and the longer
decay component has been attributed to the relaxation of the charge transfer state.*®’%"® The
polymers with the longer donor conjugation all had significantly longer long-lived decay
components compared to their corresponding analog, about an order of magnitude larger. This is
consistent with what others have reported, where the fluorescence rate increases for longer
conjugated systems of the same type.” The longer decay can be explained by the charge separation
that occurs in the excited state and has been seen for other conjugated donor-acceptor systems.”
In the excited state, the charge transfer states localize on specific segments, and therefore the
probability of recombining for emission is lower for states that are more separated, which occurs
when the longer conjugated donor is taken into account resulting in longer fluorescence decay
lifetimes. The importance of the acceptor strength cannot be understated. Too strong of an
acceptor can result in electron trapping and exciton trapping.*®"®"® Too weak of an acceptor, the
exciton lifetime will be too short for the exciton dissociation by an organic accepting material.”®#
The polymers with stronger acceptors within the same donor series showed longer exciton life-
times than their weaker acceptor counterparts. The DPP acceptor is strong enough to sufficiently
promote the charge transfer along the polymer, while not being too strong where the charge is not

able to migrate along the polymer backbone before recombining. The TT acceptor is also able to
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promote the charge transfer, but not to the extent that is seen with the DPP acceptor. This is
consistent with the results of the two-photon absorption spectroscopy and electronic structure
calculations, with larger charge transfer seen with the polymers with the stronger acceptors.

From the femtosecond transient measurements, the ground state recovery time near 650
nm for both polymers was observed to be ~500 ps, suggesting that extended conjugation of the
donor of P1 had a marginal effect on the ground state recovery. The fast emission process has
been attributed to structural relaxation of the polymers, before a slow decay of the charge transfer
state back to the ground state.8* The SE lifetime of P4 was more than two times longer than the
SE of P1, suggesting a greater influence of the donor on the SE dynamics. Interestingly, P1 had a
fast GSB with a monoexponential decay at 453 nm of 69 ps, whereas no such process exists for
P4, suggesting that the GSB is a result of the extension of the conjugation donor unit changes the
relaxation process for the polymer. For P2 and P5, the high energy GSB lifetimes were 3 times
longer than the lower energy GSB, suggesting two different recovery mechanisms. Interestingly,
both polymers had a biexponential ESA at 779 nm of 6ps and ~200 ps, which is the same
wavelength that these polymers had fluorescence in the steady state. The lack of SE at this
wavelength, and strong ESA indicates that excited state absorption cross-section must be larger
than the emission cross section at the same wavelength. The changes in the transient absorption
spectra of P2 and P5 compared to the other investigated polymers demonstrate the effect that the
conjugation of the donor has on the optical properties of these polymers, but also how donor and
acceptor interaction can produce major changes to the optical properties. Both P3 and P6 showed
similar time constants of the GSB at ~460 nm and ~600 nm suggesting that the extended
conjugation of the donor of P3 does not have an effect on the relaxation dynamics. This is a
striking finding compared to the stronger acceptor polymers where the polymers with extended
donor conjugation had other relaxation pathways compared to their less conjugated counterparts.
This may be due to the weaker acceptor strength of P3 and P6 as well as the less bulky acceptor
compared to polymers with the stronger acceptors. The more bulky acceptor polymers are more
constrained due to steric hindrance, whereas the smaller TT acceptors are not impinged by the
extended conjugation of the larger donors.

In the nanosecond transient measurements, the GSB recovery time for P1 at higher energy
region is observed to be 1.3 times slower than P4 (Table 3.5.9.1). As has been mentioned earlier,

the energy absorption peaks are significantly affected by donor conjugation. Hence, a longer GSB
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recovery time for P1 compared to P4 can be attributed to the high donor conjugation of P1 and
hence higher charge transfer. The GSB recovery time for P2 is observed to be two times faster
than that of P5 (Table 3.5.9.2). As shown in the computational studies, the stronger donor of P2
has less effect on the electronic structures (as seen in P1 and P4) which may be due to bulky
isoindigo acceptor. The isoindigo acceptor is expected to have similar interactions with the donor
moieties in both P2 and P5. However, the steric hindrance is expected to be more pronounced in
P2 which has a long conjugated bulky donor. On the other hand, D-A interaction is expected to be
more facilitated in P5 with a smaller donor and the same 11 acceptor. This can lead to longer GSB
recovery lifetime of P5 compared to P2. It has been discussed under the steady state studies that
the acceptor has a stronger influence on the longer wavelength region of the absorption spectra.
Therefore, the steric hindrance due to the bulkiness of the 11 acceptor in both P2 and P5 can be the
reason behind the absence of GSB at longer wavelengths. In both cases, the GSB recovery time at
higher energies is observed to be 1.4 times slower than that in lower energies (Table 3.5.9.3). This
can be attributed to the strong donor contribution on the high energy ground state bleaching. It also
indicates that the D-A interactions are similar in both P3 and P6 and hence follow similar charge
transfer dynamics. The GSB lifetimes for both P3 and P6 are observed to be faster than P1 and P4
(Table 3.5.9.3). The presence of weaker TT acceptor in P3 and P6 leads to weaker donor-acceptor
interactions as compared to P1 and P4. P2 and P5, with a stronger acceptor, are expected to have
higher GSB lifetimes compared to P3 and P6. Interestingly, the GSB lifetimes for P3 and P6 are
slower compared to P2. This observation can be due to steric hindrance arising from the bulky
donor and acceptor in P2 leading to weaker donor-acceptor interactions. However, P5 with a less
bulky donor compared to P2, experiences a less steric hindrance. Hence, the GSB lifetimes of P5
are observed to be comparable to that of P3 and P6.

The ultrafast and nanosecond transient absorption spectra for P1 and P4 can be seen in
Figure 3.6.1. No additional excited states are seen from the ultrafast to the longer nanosecond
regimes. This suggests that the larger donor system for this donor-acceptor motif does not
contribute to other excited species at longer timescales in the visible region, although there may
be charge separated states or evidence of polaron changes at wavelengths longer than 870 nm,
which were not observed due to the limitation of the detector. In the nanosecond spectra, there is
an additional GSB around 450nm which is not observed in the femtosecond transient experiment.

Our computational studies have shown more localization of the electron density in excited state of
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highly conjugated polymers and predicted higher charge transfer properties. This may lead to
longer charge transfer dynamics. Hence, we observed a very slow GSB recovery time (in the ns

timescale) around 450nm (Table 3.5.9.1) which could not be probed by fs transient experiment.
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Figure 3.6.1. Ultrafast transient absorption spectra (top) for P1 (left) and P4 (right).
Nanosecond transient absorption spectra (bottom) for P1 (left) and P4 (right).

The ultrafast and nanosecond transient absorption spectra for P2 and P5 can be seen in
Figure 3.6.2. There are significant differences between P2 and P5 in the ultrafast regime and
nanosecond regime. For P2, in the ultrafast there is a bleach at 430 nm, an ESA at ~500 nm, and
a bleach and SE from 600 nm to 750 nm. Whereas in the longer nanosecond regime, a bleach at
430 nm and an SE around 550nm has been observed but no ESA. This suggests that after the
initial singlet state is formed, a short-lived triplet state is formed at higher energies which is not

observed in the longer ns regime. The absence of ESA in higher energy for P5 compared to P2
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may be due to the shorter donor conjugation in P5. In the femtosecond regime, the observed ESA
around 775nm for both polymers (P2 and P5) which is not seen in the nanosecond regime suggests

a short-lived triplet state at lower energies.
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Figure 3.6.2. Ultrafast transient absorption spectra (top) for P2 (left) and P5 (right).
Nanosecond transient absorption spectra (bottom) for P2 (left) and P5 (right).

The ultrafast and nanosecond transient absorption spectra for P3 and P6 can be seen in
Figure 3.6.3. There are no significant differences between P3 and P6 in the nanosecond regime.
In both the ultrafast and the nanosecond regime, there is a bleach in the 430 nm region and 630
nm region for both polymers. However, an ESA at 740 nm with a lifetime of 199 ns was observed
for P3 when excited at 600 nm (Figure 3.6.1). The same has not been observed for P6. This
indicates that P3 with larger conjugated donor contributes to long-lived triplet state which is not

seen for P6.
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Figure 3.6.3. Ultrafast transient absorption spectra (top) for P3 (left) and P6 (right).
Nanosecond transient absorption spectra (bottom) for P3 (left) and P6 (right).

These results show that increased donor conjugation and enhanced acceptor strength lead
to high molar extinction coefficients, high TPA cross sections, high fluorescence lifetime and
longer GSB recovery time. Previous studies have reported higher PCEs in polymers having DPP
51 followed by 11 %° and TT % acceptors. Polymers with IDT donor have also shown high PCE 442
In line with these reports, the results of our present investigations indicate enhanced charge transfer
characteristics of the polymers with extended donor conjugation and stronger acceptor. Hence,
these polymers can be used in manufacturing better photovoltaic devices. However, along with
extended conjugation and acceptor strength, size of the donor and acceptor (steric hindrance) is

also observed to play a significant role on the photophysical properties of the polymers. This
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study points out that size of the donor and acceptor should also be taken into account while

designing suitable D-A systems for photovoltaic applications.

3.7. Conclusion

In this study, six polymers consisting of DPP, 1 or TT acceptors with an s-indacene donor
fused with a thiophene or a thienothiophene on either end were synthesized. The presence of
thiophenes increases the donor conjugation of these polymers. The optical properties of these six
polymers were investigated using different spectroscopic techniques as well as computational
methods. The steady state experimental results showed that increased donor conjugation leads to
increased extinction coefficient at higher energies while enhanced acceptor strength resulted in
increased extinction coefficient at lower energies for the investigated polymers. In addition,
increased donor conjugation and enhanced acceptor strength of these polymers resulted in a
significant red shift in the absorption spectra indicating reduced HOMO-LUMO bandgap in the
polymers. The fluorescence up-conversion results showed longer excitonic lifetimes for the
polymers with extended conjugated donor systems. Computational studies on these polymers
show that polymers with extended donor conjugation and higher acceptor strength have more
localized electron density in the excited state indicating enhanced charge transfer characteristics.
In addition, the TPA experiments showed enhanced charge transfer characteristics for the polymers
(P1 and P4) with strong acceptors. Femtosecond and nanosecond transient studies revealed
significant differences in excited state dynamics in polymers with different donor conjugation
lengths. This work clearly demonstrates the effect of donor conjugation, acceptor strength as well
as the relative sizes of the donor and acceptor on the charge transfer properties of donor-acceptor
light-harvesting conjugated polymers. The outcomes of the present investigations will help in the

design and development of efficient donor-acceptor polymers for organic photovoltaics.
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3.8 Supporting Information

Figure 3.8.1.1: Structure of the starting compounds used for polymer 1-6 synthesis.
Figure 3.8.1.2-3.8.1.7: NMR spectra of polymers P1-P6.

Figure 3.8.2.1. Electronic geometries for donor-acceptor monomers.

Figure 3.8.2.2: Electronic structure for the ground state (left) and excited state (right) that
contribute to the low energy So to S: transition for P1 (a.) and P4 (b.). The red arrows represent
the qualitative magnitudes of the electron density change.

Figure 3.8.2.3: Electronic structure for the ground state (left) and excited state (right) that
contribute to the high energy transition for P1 (a.) and P4 (b.). The red arrows represent the
qualitative magnitudes of the electron density change.

Figure 3.8.2.4: Electronic structure for the ground state (left) and excited state (right) that
contribute to the low energy So to S: transition for P2 (a.) and P5 (b.). The red arrows represent
the qualitative magnitudes of the electron density change.

Figure 3.8.2.5: Electronic structure for the ground state (left) and excited state (right) that
contribute to the high energy So to Sy transition for P2 (a.) and P5 (b.). The red arrows represent
the qualitative magnitudes of the electron density change.

Figure 3.8.2.6: Electronic structure for the ground state (left) and excited state (right) that
contribute to the low energy So to S; transition for P3 (a.) and P6 (b.). The red arrows represent
the qualitative magnitudes of the electron density change.

Figure 3.8.2.7: Electronic structure for the ground state (left) and excited state (right) that
contribute to the high energy So to Sg transition for P3 (a.) and P6 (b.). The red arrows represent
the qualitative magnitudes of the electron density change.

Figure 3.8.2.8: Cyclic voltammograms of P1 to P6.

3.8.1 The synthetic Procedure of D-A polymers
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Figure 3.8.1.1. Compound 1 and 2 was synthesized according to the previous report.'?
Synthesis of P1. Compound 1 (130 mg, 0.10 mmol) and compound 3 (71 mg, 0.10 mmol) were
taken in a Schlenk tube under nitrogen atmosphere with 10 mL of anhydrous toluene.
Tris(dibenzylideneacetone)dipalladium (0) (Pd2(dba)s) (0.88 mg) and tri(o-tolyl)phosphine (P(o-
tol)s) (2.4 mg) were added in one portion. The tube was charged with nitrogen through a
freeze—pump—thaw cycle for three times. The mixture was stirred for 24 h at 90 °C under nitrogen.
After cooling to room temperature, the highly viscous black gel-like solution was poured into
methanol and the resulting precipitate was filtered. The polymer was purified by Soxhlet extraction
using methanol, acetone, hexane and chloroform sequentially. The residue was collected and dried
under vacuum to afford polymer (172 mg, 95%). *H NMR (400 MHz, CDCls, §): 8.91 (s, 2H),
7.51 (s, 4H), 7.19 (d, 8H), 7.11 (d, 8H), 4.04 (m, 4H), 2.57 (s, 8H), 1.96 (m, 2H), 1.59 (s, 8H),
1.31-1.20 (m, 92H), 0.86-0.83 (m, 24H) GPC: Mn = 25.9 kDa, Mw = 48.2 kDa, PDI = 1.86. Anal.
Calcd for C122H160N202S6: C, 77.98; H, 8.58; N, 1.49, S, 10.24. Found: C, 78.25; H, 8.56; N, 1.56;
S, 10.25.
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Figure 3.8.1.2.

Synthesis of P2. This was prepared following the general procedure given for the preparation of
P1. From 1 (130 mg, 0.10 mmol) and 4 (93 mg, 0.10 mmol), there was obtained P2 (164 mg, 92.7
% yield). 'H NMR (400 MHz, CDCls, 8): 9.13 (s, 2H), 7.62 (s, 2H), 7.52 (d, 2H), 7.22 (d, 8H),
7.11 (d, 8H), 6.94 (s, 2H), 3.70 (d, 2H), 2.57 (s, 8H), 1.94 (s, 2H), 1.59 (s, 8H), 1.34-1.22 (m,
94H), 0.86-0.84 (m, 24H) GPC: Mn = 42.5 kDa, Mw = 88.4 kDa, PDI = 2.08. Anal. Calcd for

C124H162N202S2: C, 80.90; H, 8.87; N, 1.52, S, 6.97. Found: C, 80.73; H, 8.82; N, 1.54; S, 7.09.
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Synthesis of P3. This was prepared following the general procedure given for the preparation of
P1. From 1 (133 mg, 0.10 mmol) and 5 (41.1 mg, 0.10 mmol), there was obtained P3 (118 mg,
92.9 % vyield). *H NMR (400 MHz, CDCls, §): 7.57 -7.52 (m, 3H), 7.23 (m, 8H), 7.16 (m, 8H),
3.25 (s, 2H), 2.60 (s, 8H), 1.91 (s, 1H), 1.88 (s, 10H), 1.36-1.11 (m, 30H), 1.00 (s, 4 H), 0.89 (m,

18H). GPC: Mn = 22.6 kDa, Mw = 59.1 kDa, PDI = 2.61. Anal. Calcd for Cg3H920Se: C, 76.80;

H, 7.14; S, 14.82. Found: C, 74.85; H, 6.95; S, 14.20.
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Figure 3.8.1.4.

Synthesis of P4. This was prepared following the general procedure given for the preparation of
P1. From 3 (200 mg, 0.16 mmol) and 3 (162 mg, 0.16 mmol), there was obtained P4 (262 mg,
90.8 % vield). H NMR (400 MHz, CDCl3, 8): 8.86 (s, 2H), 7.41 (s, 2H), 7.17 (m, 10H), 7.09 (m,
8H), 3.01 (s, 4H), 2.57 (s, 8H), 1.94 (s, 2H), 1.59 (m, 8H), 1.23-1.81 (m, 92H), 0.87-0.81 (m, 24H).
GPC: Mn = 34.1 kDa, Mw = 62.8 kDa, PDI = 1.84. Anal. Calcd for C118H160N202S4: C, 80.22; H,

8.13; N, 1.59; S, 7.26. Found: C, 80.25; H, 8.13; N, 1.66; S, 7.27.
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Figure 3.8.1.5.

Synthesis of P5. This was prepared following the general procedure given for the preparation of
P1. From 2 (200 mg, 0.16 mmol) and 4 (68 mg, 0.16 mmol), there was obtained P5 (261 mg, 94.3
% yield). *tH NMR (400 MHz, CDCls, 8): 9.12 (s, 2H), 7.45 (s, 2H), 7.33 (s, 2H), 7.22 (d, 8H),
7.09 (m, 8H), 6.93 (s, 2H), 3.69 (s, 2H), 2.57 (s, 8H), 1.92 (s, 2H), 1.59 (m, 8H), 1.34-1.20 (m,
94H), 0.87-0.82 (m, 24H). GPC: Mn = 22.6 kDa, Mw = 46.8 kDa, PDI = 1.90. Anal. Calcd for

C120H162N205S2: C, 83.37; H, 9.45; N, 1.62; S, 3.71. Found: C, 83.27; H, 9.34; N, 1.61; S, 3.79.
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Figure 3.8.1.6.

Synthesis of P6. This was prepared following the general procedure given for the preparation of
P1. From 2 (200 mg, 0.16 mmol) and 5 (157 mg, 0.16 mmol), there was obtained P6 (173 mg,
91.2 % yield). 'H NMR (400 MHz, CDCl3, §): 8.02 (m, 1H), 7.49 (m, 2H), 7.20 (m, 8H), 7.11 (m,
8H), 3.26 (s, 2H), 2.60 (s, 8H), 1.81 (s, 1H), 1.62 (m, 10H), 1.32 (m, 30H), 1.0-0.9 (M, 22H). GPC:
Mn = 28.3 kDa, Mw = 55.5 kDa, PDI = 1.96. Anal. Calcd for C79Hs2N20Sa4: C, 80.01; H, 7.82; S,

10.82. Found: C, 80.01; H, 7.64; S, 10.60.
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3.8.2 Quantum Chemical Calculations
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Figure 3.8.2.7.
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Chapter 4

Activating Intramolecular Singlet Exciton Fission by Altering n—Bridge Flexibility in
Perylene Diimide Trimers for Organic Solar Cells

4.1 Original Publication Information and Author Contribution

Portions of this chapter were taken from a paper that was published in the Chemical Science journal
with the title:

This work was accepted by the Chemical Science with the title:
“Activating Intramolecular Singlet Exciton Fission by Altering n—Bridge Flexibility in Perylene
diimide Trimers for Organic Solar Cells” Benedetta Carlotti, Ifeanyi K. Madu, Hyungjun Kim,
Zhengxu. Cai, Hanjie Jiang, Angelar K. Muthike, Luping Yu, Paul M. Zimmerman, Theodore

Goodson I11.

In this work, my major contribution was performing the nanosecond transient absorption
expeirments which is important in probing the emissive and nonemissive excited state dynamics
of these systems. In addition, I carried out the triplet energy transfer sensitization as well as relative
actinometry experiments and used the obtained data to calculate the triplet extinction coefficients
of the investigated systems as well as their final triplet quantum yields. This experiment was used
to accurately calculate the triplet quantum yields of the systems and to determine which system
showed intramolecular singlet exciton fission (iISEF). Here, | find that the flexible compound
shows a triplet quantum yield of 170% while the rigid planar compound shows a triplet quantum
yield of only 16%.

4.2 Abstract
In this study, two analogous perylene diimide (PDI) trimers, whose structures show

rotatable single bond n—bridge connection (twisted) vs. rigid/fused n—bridge connection (planar),
were synthesized and investigated. We show via time resolved spectroscopic measurements how

the n—bridge connections in A—t—D—n—A—-n—D—n—A multichromophoric PDI systems strongly
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affect the triplet yield and triplet formation rate. In the planar compound, with stronger
intramolecular charge transfer (ICT) character, triplet formation occurs via conventional
intersystem crossing. However, clear evidence of efficient and fast intramolecular singlet exciton
fission (ISEF) is observed in the twisted trimer compound with weaker ICT character. Multiexciton
triplet generation and separation occur in the twisted (flexible—bridged) PDI trimer, where weak
coupling among the units is observed as a result of the degenerate double triplet and quintet states,
obtained by quantum chemical calculations. The high triplet yield and fast iSEF observed in the
twisted compound are due not only to enthalpic viability but also to the significant entropic gain
allowed by its trimeric structure. Our results represent a significant step forward in

structure—property understanding, and may direct the design of new efficient iSEF materials.

4.3 Introduction

The scientific benefits and applications of understanding the dynamics of multiexciton
triplet generation in organic chromophores cannot be overemphasized. One benefit is evaluating
the actual potential impact singlet exciton fission (SEF) has on improving the power conversion
efficiency (PCE) of organic solar cells.! The effect of SEF on the device photocurrent has been
demonstrated by means of magnetic field dependent measurements in literature reports.* Another
benefit is to account for the excess absorption energy used to generate singlet electron—hole pairs
often lost as heat.® Finally, understanding the dynamics of multiexciton generation aids in the
careful design and synthesis of selective organic chromophores with high SEF yields, to be used
in photovoltaic devices or photocatalytic cells, for the generation of more photocurrent.®2® The
ability to advance our insight is limited by the number of materials capable of undergoing SEF.%10
A lot of focus has been placed on acenes (mostly tetracene, pentacene) since the discovery of SEF
in anthracene crystals.”***" There are relatively fewer SEF studies on perylene diimides
(PDIs),’1% which are mostly used as electron acceptors in non—fullerene photovoltaic devices, in
comparison to acenes. Understanding the science and mechanism by which PDI acceptors
themselves exhibit SEF can be beneficial in avoiding the extra layer to be taken up by a “SEF
sensitizer” in an actual photovoltaic device, reducing the complexity, cell thickness, and greatly
improving the absorption of solar photons.

Intermolecular SEF (XSEF) has been observed in solid state aggregates of PDI

derivatives.'®22 High rate of xSEF has often been associated to highly—ordered crystalline systems
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in comparison to their amorphous counterpart. This has been associated with a SEF assisted
process — crystal lattice vibration.?® The ordered chromophores have to be in close proximity and
achieve a slip—stacked or herringbone dimeric structure. This leads to them having weaker
interchromophore (excitonic) interactions.?* In these solid state films, triplet formation is
significantly influenced by the morphology and crystal packing, which are usually difficult to
control. Hence, for devices made with XSEF chromophores where solid—state packing interactions
are crucial, slight perturbations can have a drastic effect on the rate and yield of XSEF. This limits
the understanding of the underlying key factors affecting the rate and efficiency of singlet fission
in XSEF materials. To this regard, a more suitable approach would be intramolecular singlet
exciton fission (iISEF).1325-2% Materials capable of iSEF can overcome these challenges because
each molecule undergoes SEF via through—bond interactions in multichromophoric systems — that
is, not depending on intermolecular orientation, intermolecular coupling, or through—space
interactions.

Donor—Acceptor configuration, which induces an intramolecular charge transfer character,
is a molecular design strategy for iSEF molecules.’® Another strategy involves the covalent
coupling of two XSEF chromophores where the triplet yield has been reported to be affected by
the conjugation between the two chromophores.1#*>30-32 There are also reports about the effects
of through—bond proximity between the chromophores on the triplet production. Campos et al*3
gave a very detailed account for pentacene dimers where the proximity of the pentacene moieties
and the extent of conjugation was varied using (oligo) phenylene spacers. It was suggested that the
rate of singlet fission (rate of triplet production) and the rate of recombination of the two triplets
could be controlled by using spacers of varying length. In another study, Thompson et al*” looked
at how connecting two SEF chromophores to a bridge moiety at its ortho, meta or para position
influences the through—bond and through—space contributions to the coupling of the compound.
Intramolecular SEF was observed only in the ortho and para systems, not in the meta; and this
was associated to the lack of effective conjugation, hence very weak coupling, causing
predominantly radiative decay of the excited state. However, all these studies were reported for
acene dimers for the end purpose of sandwiching them with organic photovoltaic (OPV) active
layer materials. There are little to no studies about the effects of the =—bridge in multichromophoric
OPV active layer materials themselves, e.g. PDIs, in tuning the ISEF rate or in

activating/deactivating iSEF.
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The aim of this study is to investigate the unique role of the n—bridge in allowing or
inhibiting triplet production (rate and yield) in oligomeric multichromophoric PDI systems. In few
recent literature reports,*>7 structural flexibility of the covalently linked units has been proposed
to be crucial in activating SEF. However, these studies lack a direct comparison with rigidly
bridged units of the same chromophore in order to isolate the effects of n—bridge flexibility. This
is what our current investigation seeks to illuminate — the impact of the m—bridge rotation vs.
rigidity on the dynamics of triplet exciton formation, and the triplet production efficiency. Most
literature studies involve dimers. Investigations about oligomeric structures, with more than two
chromophores attached linearly, are very few. In the development of iSEF—OPV materials using
a strong Acceptor—strong Donor configuration, the role of the flexibility/rigidity of the n—bridge
in influencing the triplet production rate and efficiency, has not been investigated.

In this work, two PDI trimers with push—pull character were synthetized (see Figure 4.3.1).
For each molecule, the unit PDI electron acceptor moieties are bridged at the beta (B) position(s)
with benzodithiophene (BDT) electron donor moieties, forming an A-D—A-D—A assembly. The
connections between the donor and the acceptor moieties were realized via single bonds in the B
compound, and through ring cyclization in the BC compound (color coded in the structures in
Figure 4.3.1). This results in the single—bond—bridged B compound having a twisted
PDI-BDT-PDI structure (dihedral angles ~ 55°), and the cyclized BC compound achieving a
planar PDI-BDT—PDI structure (dihedral angles ~ 0°). These two compounds show different
triplet production dynamics owing to their respective degree of electronic coupling. The
photoinduced dynamics of triplet production — via iSEF or regular intersystem crossing (ISC) —
was thoroughly investigated with a variety of time resolved spectroscopic techniques, employing
both femtosecond and nanosecond time resolution while probing both excited state absorption and
emission. The experimental spectroscopic study was carried out in a joint effort with theoretical

calculations to further elucidate the excited state deactivation mechanism of the two compounds.
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Figure 4.3.1. Molecular structures of the investigated trimers.

4.4 Results
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4.4.1 Steady-State and Two—Photon Absorption Measurements

The steady-state absorption and emission spectra of the investigated trimers are shown in
Figure 4.4.1.1. These electron acceptor compounds are excellent light absorbers with sizable
molar extinction coefficients, ca. 60000—70000 M~! cm™ (Table 4.4.1.1). Their broad absorption
spectra extend in a region complementary to that of electron donors employed in OPV devices.
Both the absorption and emission spectra of B appear to be less structured in comparison to those
of BC. The structured spectra and small Stokes shift (Figure 4.4.1.1/Table 4.4.1.1) of the BC
compound reflect its molecular rigidity. The emission spectrum of p is extremely broad and its
peak is significantly red shifted in comparison to the emission peak of BC. The extremely broad
emission spectrum and the large Stokes shift suggest a drastic rearrangement of this flexible
molecule in the excited state.>*** The theoretical calculations indeed reveal that the f compound
has a twisted PDI-BDT—PDI structure (dihedral angles ~ 55°), and the pC compound has a planar
PDI-BDT-PDI structure (dihedral angles ~ 0°) (Figure 4.7.7.1). In both cases, the hole transition
orbitals are localized on the electron-rich BDT units, and electron transition orbitals show more
localization on the PDI acceptor unit(s) (Figure 4.4.1.2). Also, the theoretical calculations reveal
electron localization on only one PDI unit for the twisted § compound, but complete delocalization
across all trimer units for the planar C compound. This indicates minimal ground state interaction
or excitonic coupling among the chromophores® in p — hence its similar absorption peak (A™) to
that of the parent PDI monomer (Figure 4.4.1.1). However, the spectral behavior of BC is

indicative of a much stronger coupling among the PDIs, and with the BDT core.
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Figure 4.4.1.1. Normalized absorption and emission spectra of the trimers in chloroform.
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Figure 4.4.1.2. Natural transition orbitals for the So geometry (So—S1 trahsition) of the trimers
(isodensity=0.05. Color scheme; Hydrogen—white, carbon—Dblack, nitrogen—blue, oxygen—
red, sulfur—yellow).

No concentration effect on the absorption spectral shape was observed in the range of
concentrations employed in this investigation (see Figure 4.7.2.1), which are similar to, or lower
than the ‘low concentration’/dilute limit employed in other literature studies about xSEF
compounds in solution.® Therefore, it is possible to rule out the occurrence of any intermolecular
interactions due to aggregation which may affect our experimental results. Hence, the optical
properties exhibited by the compounds investigated here are due to isolated molecules in solution.

The fluorescence quantum yield of the investigated compounds is low (0.3% and 9%, see
Table 4.4.1.1) in comparison to that of the parent PDI monomer (88%).%” The fluorescence
efficiency is 30 times lower in the case of compound p relative to BC. This behavior parallels the
observed trend of the Stokes shift in the two trimers and agrees with the increased molecular
rigidity of pC relative to p. More rigid molecular structures are indeed known to exhibit enhanced
fluorescence capability.®**® This result suggests that the excited state deactivation of these trimer
compounds takes place mainly through non—radiative pathways — possibly triplet

production/decay, in competition with the fluorescence decay pathway. This non—radiative
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deactivation is more efficient for the twisted p compound, whose fluorescence quantum vyield is
almost negligible.

Previous studies have observed the relationship between molecular planarity and
two—photon absorption.3*%%40 Here, the two—photon absorption cross section (8tpa) is enhanced
by over one order of magnitude for the planar BC (ca. 300 GM) relative to the twisted p compound
(ca. 10 GM). The increased two—photon absorption cross section of the planar, rigid, fused ring
connected molecule, as expected, indicates its higher intramolecular charge transfer character in
the excited state relative to the twisted, flexible, single bond bridged analogue. The degree of
charge transfer for the p and BC excited state was further analyzed in detail with the help of
quantum chemical simulations. These compounds were divided into 5 subunits/moieties,
considering their acceptor(1)—donor(2)—acceptor(3)—donor(4)—acceptor(5) structure where the
acceptors and the donors are the PDI the BDT fragments, respectively. The NTOs computed on
the S1 geometry which describe the S1—So transition are shown in Figure 4.7.7.4, and the amount
of charge transferred during emission is reported in Table 4.7.2.1. The charge transfer degree for
the excited state of pC (0.80 e7) is indeed higher than that of  (0.74 €").

Table 4.4.1.1. Absorption and fluorescence properties, and two—photon absorption cross sections
for the Trimers in chloroform.

STPA/ GM STPA/ GM

a -1 b -1 -1 0,
Comp.nd | Aaps/nm Aem/NM | Av?/cm /M em o/ % hec=810 MM | Aexc=875 Nm

B 2% 790 3215 71100 0.3 o 115
pc | 510,605 | % 215 58500 9 207 318

3Av is the Stokes shift; Pat the underlined wavelength; ®at Aex:=810 nm, strong interference from one photon excited
fluorescence was observed due to the long wavelength tail of the p absorption spectrum (Figure 4.4.1.1).

4.4.2 Femtosecond Transient Absorption

The excited state dynamics was investigated by femtosecond transient absorption. The time
resolved spectra (Figures 4.4.2.1 & Figure 4.7.3.1.) show positive excited state absorption (ESA)
and negative Ground State Bleaching (GSB) signals. The ESA at 740 nm has been previously
associated with the PDI anion, whereas signals between 550 and 600 nm have been assigned to
the PDI cation.***" The transient spectra of the investigated trimers at short delays following
photoexcitation suggest the occurrence of intramolecular charge transfer (ICT), and no significant

spectral shift was observed. It is possible that a singlet excited state with ICT character is formed
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very fast (within solvation).*” At longer delays this signal decays, resulting in the simultaneous
formation of an ESA at 514 nm and 543 nm for p and BC, respectively. The Kinetics at these
wavelengths exhibit a rise (Figure 4.4.2.1). This rise occurs very fast for the twisted  compound
(344 ps), but clearly slower for the rigid—bridged pC compound (1800 ps). Global analysis, via
singular value decomposition (SVD), of the transient absorption data revealed the presence of four
exponential components (Figure 4.7.3.1B & Table 4.7.3.1). The first two fast components can be
associated to solvation and vibrational cooling/structural relaxation. The third component,
assigned to the relaxed S1, shows a lifetime of 320 ps for the § compound and 1300 ps for the pC
compound. The fourth component represents the Rest species formed upon S; decay and peaked
around 510-550 nm. This long—lived species are triplets, as demonstrated by their spectral
similarity to the species detected by nanosecond transient absorption (see next section). Therefore,
the ultrafast absorption measurements allow us to follow the triplet formation dynamics in these
molecules. The triplet formation occurs fast for  (~340 ps) and much slower for BC pointing to
different mechanisms for triplet production in the two molecules—SEF for p and ISC for gC,
respectively. Additionally, triplet formation takes place slower in a less polar solvent relative to
chloroform (e. g. for B in toluene triplet rise occurs in ca. 690 ps).

Triplet quantum yields were also computed following the SVD analysis of the femtosecond
transient absorption results*®-! (see Sl for details on the procedure). Quantitatively related singlet
and triplet ESA spectra were obtained by matching their GSB and then the temporal population
dynamics of these states were determined. The population data (Figures 4.7.3.1.5 & 4.7.3.1.10)
indicate a triplet quantum yield of 189 % for p and higher than 46 % for BC. Although this analysis
contains some approximations, our result thus show that triplet production takes place via iISEF
for the twisted B compound (¢t close to 200 %) and via conventional ISC for the
planar/rigid—bridged BC system (o1 << 100 %).
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Figure 4.4.2.1. Time—resolved spectra obtained by femtosecond TA for the trimers in chloroform.
Singlet decay and triplet rise kinetics for the trimers in chloroform.
4.4.3 Nanosecond Transient Absorption

To investigate the long—lived excited state dynamics, nanosecond transient absorption
measurements were carried out (Figure 4.4.3.1). No pump wavelength dependence was observed
(see Figure 4.7.4.1). The transient spectra show negative signals due to GSB, and a positive ESA
peak centered at 490 nm and 540 nm for B and BC, respectively. It is worthy to note that signals
of triplet absorption have been reported for other PDI derivatives between 500 and 600 nm,1837:5253
This signal can be quenched by oxygen (either via energy transfer or electron transfer).>* The
transient lifetimes change from hundreds of nanoseconds in air equilibrated solution to tens of
microseconds in deaerated/nitrogen purged solution (Figure 4.7.4.2 & Table 4.4.3.1). Quenching
by molecular oxygen thus occurs at an almost diffusional rate (1.2x10%*° M-*s? in chloroform).
Also, these transient species can be sensitized by higher—triplet energy donors, or are able to

sensitize lower—triplet energy acceptors, such as tetracene as shown in Figure 4.4.3.2. These
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results allow us to undoubtedly assign these long—lived transients revealed by nanosecond

transient absorption experiments to the Tn«T1 transition of the trimers. As shown in Table 4.4.3.1,

for B, the triplets produced upon photoexcitation decay much faster i.e. shorter lifetimes (6.0 ps),

in comparison to the triplets produced in BC (40 us). This is an evidence leaning to a SEF—induced

mechanism of triplet production in the twisted . It has indeed been observed in many SEF

literature studies!”>->" that a molecule hosting two triplet excitons usually exhibits a much faster

triplet decay than one hosting a single triplet, due to the increased probability of triplet—triplet

annihilation.
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Figure 4.4.3.1. Time—resolved spectra obtained by nanosecond TA measurements for the Trimers
in air-equilibrated chloroform upon 415 nm laser excitation.

Table 4.4.3.1. Triplet properties for the trimers in chloroform from nanosecond transient

experiments.

Comp. A/inm | otrac/ps | otrne/HS | Kok / MEST | prrer/ MY | ep/ Memr or
[a] [b] ot 1[c]

B 490 0.39 6.0l 1.0x10° 2785 1637 1.70

pC 540 0.50 40 0.8x10° 7460 52800 0.16

[in air-saturated chloroform; ©lin Np-saturated chloroform; Elin cyclohexane; [ ~7us lifetime was obtained by
triplet sensitization in cyclohexane, see Figure 4.7.4.1.5.

Sensitization experiments were performed via nanosecond transient absorption

measurements. These experiments give important information about the triplet energy of the

compounds (see Figure 4.4.3.2). Tetracene (Et =1.27 eV) was successfully employed as an energy

donor to sensitize the triplet of B, but relatively acted as a triplet energy acceptor to BC. This result
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proves that the triplet energy of the twisted p trimer is significantly lower than the triplet energy
of the planar BC trimer. Our experimental results thus support the feasibility of SEF in the p
compound which requires a low triplet energy for the SEF energetic condition to be fulfilled (E+
= 0.55 eV; obtained from theoretical calculations). The sensitization experiments also allowed for
the accurate evaluation of triplet extinction coefficients (see Table 4.4.3.1), useful for evaluating
the singlet — triplet quantum yield. A very detailed step-by-step triplet extinction calculation for
the two compounds is given in the Supporting Information. A lower extinction coefficient was
observed for the twisted relative to the planar, rigid system. These experiments, together with the
relative actinometry measurements described in the Supporting Information, allowed for the
accurate computation of the singlet — triplet quantum yields. A triplet quantum yield of 16 % was
obtained for the planar fC compound, suggesting that conventional intersystem crossing occurs in
this chromophore. Triplet yield significantly higher than 100 % was obtained in the case of the

twisted p compound (¢t =170 %), thus suggesting that iSEF indeed takes place in this molecule.
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Figure 4.4.3.2. Decay and rise dynamics of trimers (extreme left for p; and extreme right for pC)
in cyclohexane obtained by nanosecond TA for triplet sensitization measurements. Middle graph
shows the triplet energy for samples and sensitizers.
4.4.4 Two—Color Transmission Measurements of Triplet Yield

To selectively probe the ESA without contribution from the GSB, the trimer compounds
were investigated using two-color transmission spectroscopy.?® This was performed by probing
the samples at 850 nm, where linear absorption is negligible, under excitation with femtosecond
pulses at 425 nm. Attenuation of the probe beam was observed for both samples: 29.7 %
attenuation for p at OD = 0.116 and 34.6 % attenuation for pC at OD = 0.885, both under an
average pump power of 4.25 mW (Figure 4.4.4.1). This demonstrates the accumulation of triplets
upon irradiation of the trimers, observed to be more in the case of . Indeed, the theoretical
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calculations predicted significant absorption by T1 species around 850 nm: transition T1—Tsg at
898 nm and T1—T1oat 826 nm for B; transition T1—T1e at 849 nm for BC.
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Figure 4.4.4.1. Transmission of p (left) and C (right) in CHCIs for the probe light at 850 nm as
a function of the pump power at 425 nm.

Analysis of the obtained results was carried out in order to obtain an estimation of the triplet
quantum yield for the two compounds. See the Supporting Information for the detailed calculation
performed according to a procedure described in ref. 25. It entails computing the triplet number
density using the 850 nm probe beam attenuation (as shown in Figure 4.4.4.1) and the singlet
excitation number density from the ground state OD and 425 nm pump beam parameters. The
triplet extinction coefficients at 850 nm used for this calculation were obtained via nanosecond
transient absorption measurements, by taking the ratio of the AA signal at 850 nm with that at the
triplet peak for which the extinction coefficient is known (see Table 4.4.3.1 and Figures 4.7.5.2,
and 4.7.5.3). This was accurately done for p which had a distinct triplet ESA signal ~850 nm (see
Figure 4.7.5.1). However, for BC the triplet ESA signal was convoluted with the phosphorescence
around 850 nm (see Figure 4.7.5.1). Therefore, the same ratio of the AA signal between the triplet
peak and that at 850 nm for B was assumed for the BC molecule. From the calculation, the triplet
number density was evaluated to be 2.32x10° cm™ for g and 8.61x108 cm™ for BC; the singlet
number density 1.24x10'° cm™ for p and 3.14x10*! cm™ for BC. Therefore, a much higher triplet
quantum yield was indeed obtained for the twisted B trimer (~187 %) relative to the planar BC
(~0.3 %). It has to be noted that for the case of the pC compound, the estimated triplet yield value
is not accurate because of the observed phosphorescence interference at 850 nm. This analysis

contains some approximations, however the result obtained for the B trimer is consistent with the
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triplet quantum vyield accurately measured by the nanosecond transient absorption sensitization
experiments. This once again confirms that the p compound thus undergo singlet exciton fission
in solution, owing to its triplet yield also obtained by two—color transmission measurements to be

>> 100%.

4.4.5 Time Resolved Fluorescence
Time resolved fluorescence measurements, both with femtosecond and nanosecond time

resolution, have been extremely valuable in providing information about the rate constants of the
ultrafast intramolecular charge transfer process and about the decay of the double triplet species,
respectively. Fluorescence kinetics were acquired by femtosecond fluorescence up conversion
(FUC) (Figure 4.7.6.1& 4.7.6.2). Their fitting revealed the presence of exponential components
(Table 4.7.6.1), whose lifetimes agree with those obtained via femtosecond transient absorption
measurements. The much smaller time window of the FUC allows for a more accurate evaluation
of the lifetime of the ultrafast components, as 1.0 ps for g and 0.2 ps for BC. Our FUC results show
that the ICT is indeed faster in the rigid relative to the twisted trimer. Also, that SEF could be a
CT-mediated process in the twisted trimer.'%?2 However, when ICT is extremely fast it becomes

competitive with SEF, as observed in the planar trimer.>
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Figure 4.4.5.1. Fluorescence Kkinetics obtained by nanosecond TCSPC in air equilibrated
chloroform.

Fluorescence kinetics were also acquired by single photon counting (SPC) with
nanosecond resolution (Figure 4.4.5.1). For the rigid pC, these experiments revealed a lifetime of

1.33 ns, in agreement with the femtosecond TA measurement — 1.3 ns (Figure 4.4.4.1 & Table
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4.7.4.1.2). For B, the SPC fluorescence decay is surprisingly slower, and the fitting revealed a
lifetime of 4.66 ns. This fluorescent component exhibits a lifetime quite different from that
estimated by the femtosecond transient absorption for S; — 320 ps, and by the high resolution FUC.
Therefore, the 4.66 ns component may be due to a precursor of Ty, possibly a double triplet excited
state 1(TT)". This component could be either a result of direct }(TT)" emission,>° or delayed S;
fluorescence from the (TT) state.1%?3° Time resolved emission and/or temperature-dependent
spectra obtained by photoluminescence measurements with broadband detection would be
required to identify the specific mechanism of the double triplet emission. A 4.66 ns lifetime is not
unusual for double triplet states as observed in the literature for perylene diimide chromophores.
Wasielewski et al'® reported a lifetime of 2.8 ns for polycrystalline thin films of slip stacked PDI,
attributed to a small amount of delayed fluorescence resulting from triplet-triplet annihilation. Sean
Roberts et al*® also reported lifetime of ~10 ns associated to the non-radiative decay of the triplet

(or double triplet) excitons to the ground state.

4.4.6 Quantum Chemical Simulations: Intersystem Crossing and Singlet Fission

Quantum chemical simulations were performed to give an insight into triplet formation
mechanisms. Triplet formation via ISC was predicted to be much faster for the planar pC than for
its twisted analogue due to large cancellation between AEst and reorganization energies for f (i.e.
8.44x10°s7!/1185 ns for p and 1.35x107s7!/74.1 ns for BC, see SI). However, experimentally, the
long—lived triplet species appear much faster (340 ps) for the twisted B. This implies the existence
of another pathway of triplet generation: iSEF. Similar timescales of triplet formation via SEF in
other PDI derivatives have been reported.'®>® TD-DFT was used to illustrate the SEF relevant
energetics and to check if the energetic requirement or thermodynamic feasibility, E(S1) >
2xE(T1), is met. Energies of the relaxed S; state were predicted to be 1.30 eV and 1.89 eV for
and BC, respectively (Figure 4.7.7.3). Ty state energies at its minimum structures (Figure 4.7.7.2)
were 0.55 eV and 1.24 eV for p and BC, respectively. These energetics indicates that SEF in the
twisted B is thermodynamically favorable by 0.20 eV (2x0.55 — 1.30 =—0.20), but not in the planar
BC for which it is energetically uphill by 0.59 eV (2x1.24 — 1.89 = 0.59).

A recent perspective pointed out that the accessibility of double triplet state of singlet
character (*TT), that is the kinetic feasibility, is more instrumental to judge the potentiality of SEF
taking place than just the simple singlet—triplet energy gap.%* Though TD-DFT calculations were
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conducted to obtain the energetics of singly excited states, it is clearly stated by theorists that TD—
DFT is not an ideal method for calculation of the multi—excitonic (ME) states, i.e., double-triplet
states. The RAS—SF method, on the other hand, has shown to be capable of correctly describing
the characters of multi—excitonic states and providing a more in—depth picture of the interactions
between the locally excited singlet and multi—exciton states. Importantly for trimers like p and pC,
RAS-SF is also able to compute all possible multi—exciton states, obtaining their spatial as well
as their spin components (Figures 4.4.6.1, 4.4.6.2 and 4.4.6.3). RAS—SF can provide the relative
energies of all the double—triplet states, and identify behavior discrimination between these states
in each trimer. However, RAS-SF overestimates the excitation energies because of an incomplete
account of dynamic correlation.?:6? Even though the absolute energies are not accurate (and this
explains the poor agreement with the DFT energies), the trends and the relative energy values can
still be discussed. The TT states from the RAS-SF trimer models are qualitatively described in
Figure 4.4.6.1. Detailed descriptions of the frontier orbitals for these states can be found in
Figures 4.7.7.7 and 4.7.7.8.

s
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Figure 4.4.6.1. Possible electronic configurations of active space orbitals for both g and pC
compounds.
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Krylov has shown that it is not uncommon for perylene diimide compounds to have their
lowest 'TT state above their lowest excited singlet exciton state.?* In g and pC, the lowest 'TT
state is placed 0.49 eV and 1.10 eV above their respective S; state (Table 4.7.7.2). This !TT state
becomes nearly inaccessible in the pC compound due to an additional energy of more than twice
that of the g compound (0.61 eV), required to reach the multiexcitonic state from the S; state. As
shown in Figure 4.4.6.2, the multi-excitonic state with lowest excitation energy for the p
compound is Configuration 3. More specifically, the RAS—SF calculation shows that excitons in
the lowest multi—exciton state are localized on adjacent PDI units. The two higher energy

configurations (Configuration 1 and 2) are within 0.02 eV of Configuration 3, indicating that all
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TT states of p compound are easily energetically accessible. In the case of the BC compound, the
lowest multi—exciton state is Configuration 2 of Figure 4.4.6.1, where the triplet excitons reside
on the left—most and right—most PDI units. The energy of this state is about 0.2 eV under that of
the two other configurations (one order of magnitude higher in comparison to f), suggesting a
nontrivial difference in energy to access Configurations 1 and 3.

A photo—excited singlet state S; can evolve into a triplet—paired state }(TT) in singlet
fission chromophores via state crossings when the S; and TT states are closein
energy.®® Throughout this non—adiabatic transition, it is true in some cases that the singlet exciton
of S: state resides over several adjacent chromophores. This phenomenon promotes the }(TT)
formation and thus increases the SF efficiency.®* Only the couplings of the singly excited state S;
with the ME state on adjacent chromophores will be playing significant roles throughout this non—
adiabatic transition. In this particular case of B compound, as suggested by the electronic
configuration of its lowest TT state (Figure 4.4.6.2), the S; exciton is located on two adjacent
units, PDI2 and 3. This spatial characteristic explains why the TT formation is promoted in this
compound. Nevertheless, this Sy exciton is spread out on the two isolated units in BC. As discussed
above, since the S; excitons are less likely to reside across PDI1 and PDI3, it is therefore not
surprising to conclude that forming the TT state is more difficult in C than it is in  compound.

Additionally, performing analysis on energy differences between 'TT state and quintet state
energies allows us to judge the feasibility of separation of the double triplet into two independent
triplets. This energy difference, sometimes called inter—triplet interaction energy, is also known as
the energy penalty for separating two triplets. This inter—triplet interaction energy accounts for the
unmixing of charge transfer contributions in the singlet TT state by comparing the 1 TT state to the
corresponding quintet state, which always is a pure diabatic TT state.?! For the twisted p
compound, the TT states are nearly degenerate with their corresponding quintet states, giving
inter—triplet interaction energies of 0.006 eV for the two lower multi—exciton states (Figure
4.4.6.2). This result suggests that the interaction between two triplets in g is quite small, and two
entangled triplets can thus easily be separated into two independent triplets. In BC compound,
however, the inter—triplet interaction energies increase by an order of magnitude, up to 0.066 eV,
for the two higher multi—exciton states (Figure 4.4.6.3). This result entails that the formation of
double triplets and the subsequent separation of entangled triplets require much less energy for g

than for BC. Another notable fact is that the lowest ME state in the planar BC compound, which
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is the same case as the highest ME state in the twisted § compound, has no other but only the pure
ME contributions toward the states. This fact also makes sense since the two triplet excitons are
located on the two isolated chromophores so that it is apparently harder for charge transfer
contribution to play a role in this particular situation.

Overall, quantum chemical simulations support that iSEF is the dominant pathway to
generate independent triplets only in B but not in BC, based on the thermodynamic viability (AEs.

2xT), Kinetic accessibility, and feasibility of separation of the double triplets.

£ compound
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Figure 4.4.6.2. Energy level diagram illustrating the relative energies of all the double—triplet
states found in p compound, with the colored PDI chromophores indicating where the triplet
excitons are located.

PC compound

E 4.982¢V mmmm— 4.982¢V
4.925 eV
4917 eV 4.919 eV
4916V
3(TT)
5(TT)
Y(TT)

4.785 eV

W0 080 000

PDI1 PDI2 PDI3 PDI1 PDI2 PDI3 PDI1 PDI2 PDI3

Figure 4.4.6.3. Energy level diagram illustrating the relative energies of all the double—triplet
states found in pC compound, with the colored PDI chromophores indicating where the triplet
excitons are located.

172



4.5 Discussion

In the literature, it has been proposed for multichromophoric systems that using a rotatable
linker is crucial in obtaining iSEF.'>"1” Those studies, however, do not report the direct comparison
between rigid—bridged and flexible—bridged units of the same chromophore in order to isolate the
effect of the m—bridge. In this work, we point out the key differences between planar
(rigid—bridged) and twisted (flexible—bridged) systems as they relate to the efficiency and rate of
triplet production upon singlet photoexcitation. The systems investigated are newly synthesized
oligomeric PDI trimers. Typically, the fluorescence quantum yield of PDI monomers is around 90
%, indicating that the radiative decay pathway is the most preferred. However, for these PDI
trimers, especially for the flexible—bridged p trimer, the fluorescence efficiency is found to be very
low suggesting a prevalent non—radiative deactivation — triplet production.

For the planar BC trimer, we obtain a triplet yield of 16 % via triplet sensitization
experiments employing a nanosecond transient absorption technique. The femtosecond transient
absorption results show ultrafast intramolecular charge transfer and slow triplet formation
occurring in few nanoseconds for this molecule. This rate agrees with the intersystem crossing rate
predicted by quantum chemical simulations. Our experimental and computational results thus
conclude that triplet production for the rigid pC trimer proceeds via regular intersystem crossing.
Conversely, in the case of the flexible—bridged B trimer we clearly show that the mechanism of
triplet production is different and involves iISEF, based on the following evidences. (i) Triplet yield
>> 100%, obtained via triplet sensitization as well as two—color transmission experiments. (ii) A
fast triplet formation (~340 ps) observed via femtosecond transient absorption measurements. (iii)
Distinct triplet species detected via transient absorption experiments — the correlated triplet pair
and the independent triplets with lifetime of 6 ps.5% (iv) A decay lifetime different from that of
the S; species (4.7 ns), attributed to the double triplet species. (v) Thermodynamic viability —
E(S;) =2 x E(Ty). (vi) Kinetic feasibility allowed by the energetic accessibility of the double

triplet state from the S; state — the rate is given as: 7 ~ e~¢Onst(ES1~E'TT) 21 Oyr findings thus
suggest that iSEF takes place in the flexible—bridged P trimer. As an important result of our
study, we demonstrate that the rotational flexibility of the linker, as in the B trimer
compound, is necessary to activate multiexciton triplet generation in multichromophoric
PDlIs. Our findings constitute a significant progress in structure—property relationships and may

drive future design of extremely efficient iISEF materials.
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spectroscopic experiments.

To gain a deeper insight into the thermodynamics of multiexciton generation, we obtained
all the relevant enthalpic and entropic quantities for the trimers following an approach proposed
by Krylov et al.?*®" Multiexciton generation was considered to occur in two steps: a first step
proceeding from the excited singlet to the double triplet state (from S to 1TT) and a second step
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leading to triplet separation (from 'TT to Ti). The total enthalpy and entropy change were
evaluated as the sum of the changes observed in the two steps. Detailed results are reported in
Table 4.7.7.3. The SEF process is indeed exothermic for the g twisted compound (AHpor =
—0.20eV) and endothermic for the BC planar trimer(AHror = +0.59¢eV). In the literature about
ISEF in covalently linked dimers, only enthalpy has been considered in describing their
thermodynamics. This is because covalently linked dimers can accommodate just one correlated
triplet pair, hence no entropic contribution. However, for trimeric structures the role of entropy
should be considered. In a covalently linked trimer, like those investigated here, the double triplet
has three possible accommodations on two of its three PDIs; and in particular two equivalent
accommodations on each pair of adjacent PDIs owing to molecular symmetry. In principle, the
trimeric structure allows entropic gain to play a significant role in the SEF thermodynamics, as
literature studies have reported for solid state films®¢” and very recently for oligomers.>® The
quantum chemical simulations indeed showed the presence of three multiexcitonic states. For B,
the two TT accommodated on adjacent PDIs of the structure, as well as that on the left—-most and
right—most PDI units, are energetically accessible from Si1. The high triplet yield and fast iSEF
rate observed in B is not only due to the enthalpic viability but also to the entropic gain
(TAS;or = +0.028eV) allowed by its trimeric structure. This leads to a negative total change
in Gibbs energy for p (AGror = —0.228eV), confirming the iISEF thermodynamic feasibility. On
the other hand, for BC, the lowest energy TT state is the one for which the triplet excitons reside
on the left—-most and right—most PDI units whereas the two *TT states allowing for an entropic
gain are enthalpically inaccessible from Si. This leads to no entropic contribution, and since the
total change in Gibbs energy is positive (AGror = +0.59¢eV), iSEF is not thermodynamically
feasible for the planar BC trimer.

While strong coupling among the PDI chromophores can be inferred for the planar pC
trimer, for the twisted g compound, weak coupling is observed because the singlet electron NTOs
are localized on a single PDI unit. We suggest that the poor electronic communication among
the PDI chromophores caused by the rotatable linker is crucial in permitting efficient iSEF.
Our results demonstrate that the single—bond connections capable of weakening the coupling
between the chromophores favor high iSEF yield. The fused ring connections induce strong
coupling among the PDI units, as the singlet electron NTOs are delocalized over the planar trimer
structure, and inhibit SEF completely. This is due to competition with other ultrafast processes in

175



the planar system, such as intramolecular charge transfer.?® The two—photon absorption (TPA)
cross section — a measure of intramolecular charge transfer character — is indeed enhanced by over
one order of magnitude for the planar BC (ca. 300 GM) with respect to the twisted g compound
(ca. 10 GM). Quantum chemical simulations confirm the higher degree of charge transfer in the
excited state for C (0.80 e) relative to p (0.74 e") by dividing their structure into 5 subunits of
PDI acceptor and BDT donor fragments. Weak coupling among the PDI units is crucial not only

for multiexciton generation but also for triplet separation. The rate of triplet separation is indeed

given as: r ~ e~ const(ESTT-E'TT) phy Krylov et al.?! For the twisted B compound, the TT states
are nearly degenerate with their corresponding °TT states, giving inter—triplet interaction energies
(E’TT-E!TT) as 0.006 eV. This result suggests that the interaction between two triplets in B is
indeed small, and two entangled triplets can thus easily be separated into two independent triplets.
However, in BC, the inter—triplet interaction energies increase by one order of magnitude, up to
0.066 eV. For the B trimer, the long—lived independent triplets are experimentally observed
following their separation, and each of them is localized on a single PDI unit, as shown by the
theoretical calculations. Compared to other SEF rylene derivatives reported in the literature, %503
the p trimer shows a much longer triplet lifetime. This is highly beneficial for its use in solar energy

conversion devices, allowing efficient extraction of multiple charge carriers per incident photon.®

4.6 Conclusions

Here, we report a comparative study between rigid—bridged (planar) and flexible—bridged
(twisted) perylene diimide trimer systems to highlight the role of the n—bridge linker in activating
intramolecular singlet exciton fission. We show via time resolved spectroscopic measurements
how a slight structural variation of the n—bridge of multichromophoric perylene diimide (PDI)
systems strongly affects the triplet yield and triplet formation rate. Triplet formation proceeds via
conventional intersystem crossing for the planar trimer as evidenced by its triplet yield of 16 %
and triplet production in the nanosecond timescale. On the other hand, we find clear evidence of
highly efficient (170 %) and fast (few hundred picoseconds) intramolecular singlet exciton fission
taking place in the twisted trimer. A fused ring connection induces strong coupling among the
PDI units as in the planar system and this inhibits singlet exciton fission completely due to a strong
competition with other ultrafast processes, such as intramolecular charge transfer. Our results

demonstrate that a rotatable n—bridge, capable of lowering the coupling between the
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chromophores, is necessary to activate intramolecular singlet exciton fission in multichromophoric
systems. The quantum chemical simulations prove that the entropic gain allowed by multiple
possibilities of accommodating the correlated triplet pair on adjacent PDIs in the twisted trimer is
a crucial determinant for multiexciton triplet generation. Successive multiexciton triplet separation
occurs in the flexible—bridged PDI due to weak coupling among the units, and degenerate double

triplet and quintet states.
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4.7.1. Experimental Section

4.7.1.1 Materials, Synthesis and Characterization. The trimer structures were synthesized
according to the synthetic route described in Figure 4.3.1. All of the chemicals were purchased
from Aldrich. All reagents purchased commercially were used without further purification except
for toluene and tetrahydrofuran (THF), which were dried over sodium/benzophenone. *H NMR
and 3C NMR spectra were recorded on a Bruker DRX-500 spectrometer with tetramethylsilane
as an internal reference. High Resolution MALDI-TOF spectra were recorded on Bruker Solarix

9.4T. Compounds B and pC were synthesized according to the procedures developed in our lab.t
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Synthesis of Compound g. To a round-bottom flask equipped with a condenser, 1 (311 mg, 0.37
mmol), 2 (170 mg, 0.41 mmol), Pdz(dba)s (34 mg, 0.04 mmol), and P(o-MePh)s (45 mg, 0.14
mmol) were added. The system was evacuated and refilled with N> three times, then charged with
toluene (50 mL). The reaction mixture was refluxed under N2 for 8 h. Then, compound 3 (102 mg,
0.11 mmol), Pdz(dba)s (8.5 mg, 0.01 mmol), and P(o-MePh)sz (12 mg, 0.04 mmol) were added.
The reaction mixture was refluxed under N> for another 8 h. After cooling to room temperature,
the reaction mixture was concentrated under reduced pressure. The residue was purified by column
chromatography with hexane and CHCl> (1:1, v/v) as the eluent. Compound f was obtained as a
red solid (292 mg, 25.4% yield). *H NMR (CDCls): & 8.87 (m, 4H), 8.70-8.65 (m, 8H), 8.35 (s,
4H), 8.23 (m, 4H), 7.77 (s, 2H), 7.68 (s. 2H) 5.19 (m, 6H), 3.14 (s, 4H), 3.02 (s, 4H), 2.25 (m,
12H), 1.84 (m, 16H), 1.23 (m, 130H), 0.83 (m, 48H), 0.74 (m, 12H). *C NMR (CDCls): & 144.4,
144.1, 139.6, 139.5, 137.9, 137.6, 134.2, 133.9, 133.9, 133.6, 130.1, 130.0, 129.9, 129.2, 129.1,
128.4,128.1,127.5,123.7, 123.0, 122.6, 122.0, 54.7, 40.3, 38.4, 32.4, 31.8, 31.7, 29.3, 29.2, 28.9,
28.8, 27.0, 26.9, 23.0, 22.6, 22.6, 14.1, 14.1, 14.1, 14.0, 11.2, 11.1. MALDI-TOF: calcd. for
[C202H256N6012S3], 3085.9, found, 3085.018.

Synthesis of Compound gC. A solution of FeClz (800 mg, 4.9 mmol) in 2 mL nitromethane was
added dropwise to a stirred solution of compound B (170 mg, 0.55 mmol) in 10 mL CH2Cl>. The
reaction was stirred with Ar. After stirring for 10 h at room temperature, 1 mL methanol was added
to the solution. The solvent was evaporated under reduced pressure, and the crude product was
filtered with silica gel with a large amount of CHCl; to yield the solid product (158 mg, 93%).'H
NMR (C2D2Cls, ppm, 353 K): & 10.54 (d, 2H), 10.39 (d, 2H), 9.99 (s, 2H), 9.93 (s, 2H), 9.35 (m,
4H), 9.08 (m, 4H), 5.48-5.21 (m, 6H), 4.13 (Br, 8H), 2.31-1.98 (br, 28H), 1.37-1.20 (m, 130H),
0.85-0.79 (m, 60H). *C NMR cannot be measured due to the aggregation issue. MALDI-TOF:
calcd. for [Co02H248N6s012S3], 3077.8, found, 3077.9.

4.7.1.2 Steady—State Measurements. All of the measurements were performed at room
temperature. Concentrations ranging from 1.6x107¢ to 1.6x10~* M were used for the spectroscopic
investigations. Absorption spectra were measured using an Agilent 8432 UV—visible absorption
spectrophotometer. The emission spectrum measurements were performed with a Fluoromax—2
spectrofluorimeter. The fluorescence quantum yields of the samples were calculated using a known

procedure?® and Rhodamine B in ethanol (¢r = 0.68)* was used as the standard.
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4.7.1.3 Two—Photon Excited Fluorescence Measurements. Two—photon excited fluorescence
measurements were performed using a Kapteyn Murnane (KM) mode—locked Ti:Sapphire laser
tunable from 700 to 900 nm, and delivering 110 fs output pulses at a repetition rate of 80 MHz as
described previously.>® Emission scans were performed either at 820 or 875 nm excitation while
scanning the emission in the 400—850 nm range, but the exact emission detection wavelength
during the power dependence scan was selected by the emission wavelength that produced the
highest number of counts. Input power from the laser was varied using a variable neutral density
filter. Two—photon power—dependent fluorescence intensity was utilized to determine the
two—photon absorption cross section using the comparative method. Rhodamine B in ethanol was

used as the standard (cross section 120 GM at 820 nm and 30 GM at 875 nm).”

4.7.1.4 Femtosecond Transient Absorption. An amplified laser (Spectra Physics Spitfire) with
pulse duration of ~100 fs, repetition rate of 1 kHz, and power of 1 W was directed at a beam splitter
to generate the pump (85%) and the probe beams (15%). The pump beam (~66 mJ per pulse) was
generated from the second harmonic of the amplifier’s output (~405 nm) using a BBO crystal in
an optical parametric amplifier (Spectra Physics OPA-800CF) and was focused onto the sample
cell (I = 2 mm) preceded by an optical chopper. The probe beam was passed through a
computer—controlled delay line and focused onto a 2 mm sapphire plate to generate the white light
continuum (Ultrafast Systems Inc.).8° The white light was focused onto the sample and overlapped
with the pump beam. The absorption difference (AA) of the signal was collected by a CCD detector
(Ocean Optics). Data acquisition was performed with the software Helios by Ultrafast Systems
Inc. The IRF was measured by the Raman scattering of water at 466 nm and is found to be 110 fs.
Data analysis was performed with Surface Xplorer Pro and Glotaran softwares. All the

experiments were performed in dilute solutions, at concentrations below 1x10-4 M.

4.7.1.5 Nanosecond Transient Absorption. The spectral properties and the lifetimes of long lived
transient species were probed by transient absorption with nanosecond time resolution
measurements.’® These experiments were performed in dilute deaerated solutions, where
photodegradation was checked by recording UV—vis absorption spectra before and after each

experiment. All the experiments were performed in dilute solutions, at concentrations below
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7x107°M. An LP980 (Edinburgh) spectrometer system, with a monochromator and PMT for signal
detection (PMT-LP), was coupled with a Spectra Physics QuantaRay Nd:Y AG nanosecond pulsed
laser and a GWU Optical Parametric Oscillator (OPO) tunable for the excitation source. Flash
lamps excite the ND:YAG rod in the laser head containing a polarizer, pockel cell, and ¥4 wave
plate, producing Q-switched 1064 nm light. Two-stage harmonic generation then produces high
energy 355 nm light used to pump the OPO. The OPO produces excitation source from 206 nm to
2600 nm employing second harmonic generation and sum-frequency mixing nonlinear processes.
For this investigation, 415 nm, 441 nm and 510 nm excitation wavelengths were used to pump the
samples and a pulsed xenon lamp white light continuum was used to probe the absorption
properties of the produced excited states. Relative actinometry measurement,''? using an
optically matched solution of Tetracene (1 = 0.62 and et = 31200 Mt cm™ at Ay of 465 nm)*3 in
chlorobenzene as reference, was used to compute the product of the triplet yield and triplet—triplet
extinction coefficient (¢t-€1) of the samples. The same OD was maintained at 441 nm excitation
A for both reference and sample, hence generating equal concentration of singlets in both solutions.
Then knowing that: [singlet] = [triplet]/¢r and using Beer-Lambert’s law: [triplet] =
AA/1 - e for both the sample and the reference, the product: ¢7-¢7 of the sample can be computed.
To compute the triplet yield (o), triplet—triplet absorption coefficients (e1) were determined by
triplet energy transfer measurements*6 to and from Tetracene in cyclohexane. Tetracene (Et =
1.27 eV) was employed as a triplet energy donor for B, but as an acceptor for BC, giving a
qualitative hint about their triplet energies i.e. Er < 1.27 eV for $, but Ex > 1.27 eV for BC. For
computing et successfully, in the donor + acceptor mixture, at the donor At there has to be a
decrease in the triplet lifetime (i.e. higher decay rate) in comparison to its lifetime with only the
donor in solution. Also, at the acceptor At, a triplet concentration rise has to be observed. These
observations thus confirm triplet energy transfer from a donor to an acceptor. Using the decay rate
of the donor only (kp) and the acceptor (ka) alongside the rate of energy transfer (ket), the AAa

and AAp, the et of donor or acceptor can be evaluated knowing the 1 of the other.

4.7.1.6 Two-Color Transmission Measurements of Triplet Yield. Femtosecond two-color
transmission measurements were carried out using a tunable Mai Tai laser system (Spectra
Physics) giving 130 fs pulses with a repetition rate of 80 MHz, tunable from 700 — 900 nm.%’ The
light with wavelength of 850 nm plays the role of probe beam, and second harmonic generated
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(425 nm) light using a BBO crystal was used as the pump beam. To obtain the transmission profile,
the excited state absorption at 850 nm was investigated with pump irradiation at 425 nm. The
selected wavelength region is reasonable since there is negligible steady-state absorption at 850
nm for the investigated samples. A variable neutral density filter is placed to modulate the
excitation power. The position of focusing lens is adjusted to place the focusing point on the
sample. Blank chloroform solvent gives a reference line. A calibrated photodiode was used to
measure the pump power. The transmitted power has been measured with a wide aperture power

meter which is free of any thermal lensing effect.

4.7.1.7 Time—Resolved Fluorescence Measurements. Time—correlated single photon counting
(TCSPC) technique, which has been described previously,® was used to study the long decay
component of the investigated samples. The laser used for the TCSPC measurements was a home-
built mode—locked Ti—sapphire laser with cavity dumper with repetition rate below 700 kHz. The
output beam from the KM laser was at 800 nm wavelength, with a pulse duration of ca. 30 fs. The
output beam was frequency—doubled using a nonlinear barium borate crystal to obtain a 400 nm
beam. A polarizer was used to vary the power of the 400 nm beam that excites the sample. 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 carried out 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 counts.

The femtosecond—resolved fluorescence experiments were performed using an ultrafast
fluorescence Up—Conversion setup that had previously been described.®¥2° Mode—locked
Ti—Sapphire femtosecond laser (Spectra Physics Tsunami) was used to generate 80 fs pulses at
800 nm wavelength with a repetition rate of 82 MHz. This mode—locked laser was pumped by a
532 nm continuous light output from another laser (Spectra Physics Millennia), which has a gain
medium of neodymium—doped yttrium vanadate (Nd:YVOgs). A 400 nm excitation pulse was
generated by a second harmonic f—barium borate crystal, and the residual 800 nm beam was made
to pass through a computer—controlled motorized optical delay line. The polarization of the
excitation beam was controlled by a Berek compensator. The power of the excitation beam varied
between 33 to 36 mW. The fluorescence emitted by the sample was up—converted by a nonlinear

crystal of B—barium borate by using the residual 800 nm beam, which had been delayed by the
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optical delay line with a gate step of 6.25 fs. By this procedure, the fluorescence can be measured
temporally. 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 converts the detected beam into photon counts,
which can be read from a computer. Coumarin 30 was used for calibrating the set up. 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. Mono and multi—exponential decay functions convoluted with IRF
in MATLAB and Origin 8 were necessary for the data analysis.

4.7.1.8 Quantum Chemical Simulations. Theoretical investigation has been performed on
molecular structures where the long alkyl chains are replaced by short chains (octyl and hexyl
groups [CesH13, CgH17] attached to the PDI moieties and the BDT linker are replaced by hydrogen
atoms and methyl groups, respectively) to save computational time without significant effect on
the electronic properties. The ground state geometry of each compound was obtained by density
functional theory (DFT). The B3LYP functional and the 6—31G* basis sets have been employed.
Excited state simulations using time—dependent DFT (TD-DFT) were performed. The same
functional and basis sets used in the ground state calculations, were employed for the geometry
optimization of the first singlet excited state (S1) and the first triplet excited state (T1) in the gas
phase. The geometries of S; were obtained with TD-DFT simulations. T1 geometries could be
obtained via two approaches: an unrestricted triplet calculation, and TD-DFT targeting a triplet
state. In this study, TD-DFT triplet geometry optimization was conducted for consistency with the
S1 geometries. Single—point energy calculations to evaluate the electronic property were
performed using the system—dependent, nonempirically tuned version of long—range corrected
functional wB97X-D?22 which is known to significantly improve the charge delocalization
problem in conventional DFT functionals and 6—31G* basis sets. The w value is tuned to minimize
the square sum of the difference between HOMO energy (enomo) and ionization potential (IP),
and LUMO energy (eLumo) and electron affinity (EA), (enomo+IP)*+(eLumo+EA)%. The o value
is significantly affected by the environment,? and inclusion of the solvent (chloroform) dielectric
field induces a reduced o value. The optimal » values of p and BC are 0.004 and 0.003,

respectively. The medium effect was included using polarizable continuum model with the
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dielectric constant of 4.31 for chloroform. Characters of excitations were described with natural
transition orbitals (NTOs). The driving force of singlet fission — the energy difference between
E(S1) and 2xE(T1), AEs.2xt — was estimated with the same computational details mentioned
above. S; and Ti energies should be calculated at the optimized states since the vibrational
relaxation is much faster than SF process. Recently, Krylov et al. pointed out the importance of
Y(TT) energy in predicting feasibility of SF and relevant kinetics.?* Restricted active space with
double spin-flip (RAS-2SF) has successfully provided the energetics of SF-relevant states in a
number of studies.?®>-32 While the RAS-2SF approach works well for dichromophoric systems, p
and BC trimeric compounds require one additional spin-flip to locate all available multiexcitonic
states distributed over three chromophores. In this study, we employed a high spin restricted open
Hartree-Fock septet reference state. The orbital space of interest was divided into three parts:
RAS1, RAS2 and RAS3. Two subspaces, RAS1 and RAS3, correspond to fully occupied, and
virtual spaces, respectively. Six singly occupied orbitals were considered in the RAS2 active space.
Core inactive occupied orbitals and 1200 virtual orbitals were kept frozen to enable RAS-3SF
calculation for such large chromophores. The localized frontier orbitals were obtained using RAS-
3SF method via Pipek-Mezey localization scheme with Q-Chem 4.0.%® Energies of multiexciton
state were estimated at the S1 geometries obtained by the TD-DFT calculation described above.
Details on the procedure of intersystem crossing calculations are provided in Supporting

Information. All the quantum chemical simulations were conducted using Q—Chem 5.0.

4.7.1.9 Device fabrication and characterization. Polymer PTB7-Th was obtained from
1—Material. Chlorobenzene and 1,8—diiodooctane for active layer solution preparation were
obtained from Sigma-Aldrich. For ZnO preparation using sol—gel approach, we used
Zn(CH3C0O0),-2H20, 2-methoxyethanol and 2-aminoethanol, all purchased from Sigma—Aldrich.
Chloroform and cyclohexane from Sigma—Aldrich were used as solvents for the spectral and
photophysical characterization. All chemicals were used as obtained from the manufacturer
without further purification. Devices were fabricated in inverted configuration consisting of
ITO/ZnO/active layer/MoO3z/Ag. ITO substrates, obtained from Thin Film Devices Inc., were
ultrasonicated in chloroform, acetone and isopropanol for 15 min and then treated with UV—ozone
for 30 min. Sol—gel solution of ZnO precursor, prepared following procedures described

elsewhere, was added dropwise onto ITO substrates through PTFE syringe filter and spin coated
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at 4000 rpm for 40 seconds. Immediately after spin coating, substrates were annealed at 200°C for
30 minutes in air. Active layer components were dissolved in chlorobenzene overnight at 70°C and
solution at room temperature was spin coated onto the substrates in a glovebox. Films were
immediately transferred to a vacuum chamber and MoOs (8 nm) and Ag (80 nm) were thermally
evaporated under the pressure lower than 2 - 107° Torr.

J=V curves of the devices were measured with Keithley 2420 source meter unit. Devices
were tested under 1 sun conditions (AM1.5G, 100 mW/cm?) using xenon lamp (Oriel 69920)
intensity of which was calibrated with a standard NREL certified Si cell (Newport, 91150V).

Masks with a well-defined area of 3.14 mm? were used to define an active area of the device.

4.7.2. Steady-State and Two-Photon Absorption Measurements

B BC ——4.74E-6 M
—— 1.69E-6 M A —— 542E-6M

~ 2.66E-6 M 7.95E-6 M

9.70E-6 M — 136E5M

\ ——3.03E-5M 2.70E-5 M

9.59E-5 M — 154E-4M

Normalized Absorbance
Normalized Absorbance

400 500 800 400 500 600 700

Alnm

Figure 4.7.2.1. Concentration effect on the absorption spectra of the Trimers in chloroform.
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Figure 4.7.2.2. Power dependence of the two—photon excited emission (left) and two—photon
emission spectra (right) for the Trimers in chloroform upon 820 nm excitation.
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Table 4.7.2.1. Change in atomic charge from So to S1 on the subunits of compound g and pC.?

B pC
A D A D A A D A D A
Absorptio | —0.07 | +0.50 |-0.66 +0.27 | -0.03 | -0.19 | +0.32 [-0.25 +0.32 | -0.19
nb
Emission® | +0.07 | +0.64 | -0.74 +0.03 | 0.00 |-0.79 | +0.61 |+0.10 +0.08 | —0.01

aMulliken charge is given in e”; °Calculated at So geometry; “Calculated at S; geometry

4.7.3. Femtosecond Transient Absorption (fsTA)

Table 4.7.3.1. Lifetimes (t) obtained by global fitting of the femtosecond Transient Absorption

data in chloroform.

Compound 11/ ps T2/ ps 3/ ps 14/ ps
B 0.18 7.4 320 Rest
pC 0.14 33 1300 Rest
assignment Solv. / ICT VC/SR S1 T
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Figure 4.7.3.1. A) Time—resolved spectra and kinetics (inset) obtained by femtosecond TA for the
Trimers in chloroform. B) Species Associated Spectra and lifetimes obtained by global fitting the
TA data. C) Population dynamics of the excited singlet and triplet states.
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4.7.3.1. Triplet Yield Calculation from fsTA

Triplet yield was evaluated from the temporal dynamics of the lowest excited singlet and triplet
state populations, as obtained through analysis of the femtosecond transient absorption data,
according to a procedure already described in the literature, and here detailed for the trimer

samples.3*%

pC Trimer

Global Fitting of the femtosecond transient absorption data was carried out using the Glotaran
software which provided us with the Species Associated Spectra of the four exponential
components (assignments and lifetimes described in Table 4.7.3.1) and their temporal composition
(Figure 4.7.3.1.1).
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Figure 4.7.3.1.1. Species Associated Spectra (left) and composition in time (right) of the four
exponential components resulting from global fitting of the femtosecond transient absorption data
of BC in chloroform.

To obtain the spectral shapes of the excited singlet and triplet states the transient spectra at time
delays of 129 and 1413 ps were selected, respectively (Figure 4.7.3.1.2). In fact, at these time
delays abundances of the singlet and triplet transients were at the maximum in the femtosecond

transient absorption data (Figure 4.7.3.1.1).
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Figure 4.7.3.1.2. Transient absorption spectra at 129 and 1413 ps delay from excitation recorded
for BC in chloroform.

The spectra of the lowest singlet and triplet excited states must be related through the GSB they
share in common. The ground state absorption spectrum was scaled and subtracted from the
129/1413 ps transient spectra in order to remove the GSB contribution. The ground state absorption
spectrum was normalized to the transient absorption spectrum at the peak of the ground state

bleaching, and then subtracted. The normalization was the method employed to determine the
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“right” amount of ground state absorption to subtract each time. The resulting spectra only show
the S1/T1 ESA relative to a known amount of GSB (Figure 4.7.3.1.3).
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-0.024~
'008 T T T T T T T T
500 600 700 800 500 600 700 800
A/ nm A/ nm

Figure 4.7.3.1.3. Transient (black) and steady state (red) absorption spectra used to reconstruct
the absorption spectra of the excited singlet (blue, left) and triplet (green, right) states.

The S1 and T spectra are then normalized to the GSB they share, resulting in two spectra that are
quantitatively related (Figure 4.7.3.1.4).
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Figure 4.7.3.1.4. Excited state absorption spectra, normalized to GSB, used to correct composition

profile in Figure 4.7.3.1.1 and to obtain population dynamics in Figure 4.7.3.1.5.

The quantitatively related spectra of S1 and T were used to correct the composition profiles
previously shown. The temporal composition of the components resulting from the global fitting
reported in Figure 4.7.3.1.1 is indeed related to the differential absorbance measured during the
ultrafast absorption experiments. Therefore, according to the Lambert—Beer law, it is dependent
on both the absorption ability and the concentration of S1 and T. From the quantitatively related
S1 and T spectra reported in Figure 4.7.3.1.4, it is clear that the ratio between the triplet excited
state absorption at its peak (0.0454 at 540 nm) and the singlet excited state absorption at its peak
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(0.0292 at 460 nm) is 2—75" = 1.55. By scaling the S1 and T temporal compositions in Figure

4.7.3.1.8 for this factor (multiplying the singlet profile by 1.55), the correct concentration profiles

. c AA
were obtained; = = =
cr AAT

peak (Figure 4.7.3.1.5), a triplet quantum yield higher than 46% was estimated for pC.

X i—T From the population profiles normalized at the singlet population
S
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Figure 4.7.3.1.5. Population dynamics of the excited singlet and triplet states for C in chloroform.

Note: For gC, from the fs transient data we estimate a triplet yield somehow higher than that
accurately measured by the ns sensitization experiments. However, all the methods agree in giving
a triplet yield lower than 100 % for the fC compound, clearly suggesting a triplet production via

conventional ISC.

p Trimer

A similar procedure was employed to evaluate the triplet yield for . Global Fitting revealed the
presence of four exponential components whose Species Associated Spectra and composition in
time are shown below in Figure 4.7.3.1.6.
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Figure 4.7.3.1.6. Species Associated Spectra (left) and composition in time (right) of the four
exponential components resulting from global fitting of the femtosecond transient absorption data

of B in chloroform.

Looking at the singlet and triplet composition profiles, transient spectra at time delays of 29 and
1165 ps were selected to obtain spectral shapes associated to the excited singlet and triplet state,

respectively (Figure 4.7.3.1.7).

0.03 ~

0.02 +

AA

0.01 4

T T T T
500 600 700 800
Anm

Figure 4.7.3.1.7. Transient absorption spectra at 29 and 1165 ps delay from excitation recorded
for g in chloroform.

The ground state absorption spectrum was scaled and subtracted from the 29/1165 ps transient
spectra in order to remove the GSB contribution (Figure 4.7.3.1.8). In this case the same amount
of GSB was subtracted from both spectra because no clear negative band is exhibited by the
transient spectrum at long delays. This is due to spectral overlap between the ground state and the

triplet excited state absorption.
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Figure 4.7.3.1.8. Transient (black) and steady state (red) absorption spectra used to reconstruct
the absorption spectra of the excited singlet (blue, left) and triplet (green, right) states.

The resulting spectra, which only show S1/T ESA signals peaked at very different wavelengths,
are quantitatively related (Figure 4.7.3.1.9).
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Figure 4.7.3.1.9. Excited state absorption spectra used to correct composition profile in Figure
4.7.3.1.6 and to obtain population dynamics in Figure 4.7.3.1.10.

These spectra were used to correct the composition profiles shown in Figure 4.7.3.1.6, after a
smoothing procedure was applied to be more accurate in determining differential absorbance
typical of singlet and triplet states. The ratio between the triplet excited state absorption at its peak
(0.0125 at 510 nm) and the singlet excited state absorption at its peak (0.0219 at 740 nm) is 0.571.
The temporal population profiles for these excited states were thus obtained, by scaling the
composition profiles in Figure 4.7.3.1.6 using this factor (multiplying the singlet profile by 0.571).

Population dynamics normalized at the singlet peak (Figure 4.7.3.1.10) demonstrates the
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formation of 1.89 triplets per initially excited singlet. A triplet quantum vyield of 189% was

estimated for .

2.4+

2.0+

¢r = 1.89
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Figure 4.7.3.1.10. Population dynamics of the excited singlet and triplet states for  in chloroform.

4.7.4. Nanosecond Transient Absorption (nsTA)

AA

A nm

200 500 500 700
Alnm

Figure 4.7.4.1. Time—resolved spectra obtained by nanosecond TA measurements for the Trimers
in air-equilibrated chloroform upon 500 nm (for ) and 600 nm (for BC) laser excitations.
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Figure 4.7.4.2. Kinetics of triplet species in air-equilibrated (gray) vs. deaerated (black)

chloroform.

|

|

5

time / us

10

514 nm BC 540 nm

1 012 - -
T 40 s

7 < 0.08 -

| <

4 004 .

0.50 ps
| Il OOO | | | |
15 0 5 10 15
time / us

4.7.4.1. Triplet Sensitization Experiments by nsTA

Figure 4.7.4.1.1. Transient absorption spectra of Tetracene in cyclohexane upon laser excitation

at 441 nm.
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Figure 4.7.4.1.2. Transient absorption sensitization spectra of the Trimer compounds and
Tetracene in cyclohexane, showing the triplet species decay of the donor and the rise of the
acceptor (inset).
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Figure 4.7.4.1.3. Triplet absorption spectrum of B from direct excitation and from sensitization by
using Tetracene (left) and tetraphenyl-Porphine (right) as triplet donor.

Triplet extinction coefficient of § was obtained by triplet energy transfer from Tetracene donor
(ET = 1.27 eV) to the B triplet energy acceptor (Er << 1.27 eV). For BC, its triplet extinction
coefficient was obtained by energy transfer to the Tetracene acceptor from BC acting as a triplet
energy donor (Et> 1.27 eV).

Here, the employed procedures for the two trimer compounds are reported.

1) Determination of the triplet extinction coefficient of f in cyclohexane (CH) at 520 nm by
energy transfer from Tetracene (hexc = 441 nm)1214-16
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Figure 4.7.4.1.4. Kinetics recorded during nanosecond transient absorption measurements of
Tetracene (donor) in cyclohexane upon laser excitation at 441 nm.
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Figure 4.7.4.1.5. Kinetics recorded during nanosecond transient absorption measurements of
sensitized by Tetracene (quenched donor at 465 nm and sensitized acceptor at 520 nm) in
cyclohexane upon laser excitation at 441 nm.

AAmGLx,A % 1
AAmax,D fD X PeT Xw
0.0043 1
X
0.254 0.8514 x 0.5773 x 0.6446

SAZSD

g4 = 31200 M~ tem™1 x = 1667 M~1cm™?!

Where:

fo = Ap (1—10‘AD+A
D™ apia 1-10~4D

) = 0.8514 is the fraction of light absorbed by the donor

_ kp=kp

Pgr = P 0.5773 is the energy transfer probability
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kD
In <H)

w=exp|—— = 0.6446 is a factor accounting for the quenched donor and acceptor
£—1

lifetimes

And where,

g4 = triplet-triplet extinction coefficient of the acceptor (UNKNOWN)

ep = triplet-triplet extinction coefficient of the donor/sensitizer (KNOWN)

AAqx 4 = maximum absorbance change of the Acceptor in the “Donor + Acceptor” mixture
AAp 4, p = maximum absorbance change of the Donor/sensitizer alone

fp = fraction of light absorbed by the Donor/sensitizer in the “Donor + Acceptor” mixture w.r.t.

the Donor alone

k;, = rise rate constant of the Acceptor in the “Sensitizer + Acceptor” mixture (should be similar

to the quenched Sensitizer decay rate constant)
k,, = decay rate constant of the Donor ONLY

k, = decay rate constant of the Acceptor in the “Donor + Acceptor” mixture

Note: In estimating kj,, ideally (in the absence of any spectral overlap) the decay rate constant of
the quenched Donor (at 465 nm) should match the rise rate constant of the Acceptor (at 520 nm).*®
This was not the case here for the # compound as there is an overlap of its triplet spectrum and
that of the tetracene Donor such that at 465 nm both the Donor and the Acceptor contribute to the
decay rate constant (see Figures 4.4.3.1 and 4.7.4.2). For this reason, we decided to set kj, as the
rise rate constant of the Acceptor because at 520 nm only the g compound triplet shows an

absorption.

To calculate the Triplet guantum yield.
Relative Actinometry approach was used.'! This was done using the computed triplet extinction

coefficient from the energy transfer measurement. Tetracene, with its known & and ¢, was used

as a reference compound (ref.). In order to obtain the 44 of both sample and reference, the ground
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state absorption (i.e. OD) of both sample and reference has to be the same at the excitation

wavelength (441 nm).

[d)TgT]sample B _ [AA]sample B)

[d)TgT]ref. B [AA]ref.
[AA]sampie (p) .. 0.0527
[Drer]sampie ) = [¢Ter]ref.x[ﬁ—’]'z;= (0.62 - 31200M " em ™) x ==
= 2785 M tem™?!

Where,

er sample () = triplet-triplet extinction coefficient of the p sample (computed using energy
transfer meas.)

7 sampte (p) = triplet quantum yield of the sample B
[4A]sampie () = Change in absorption of the sample p (whose OD is similar to that of the reference
at hexcitation)

[4A],..¢ = change in absorption of the reference compd. (whose OD is similar to that of the sample
at hexcitation)

Table 4.7.4.1.1. Summary of the parameters recorded for the two triplet energy transfer
measurements performed for p in CH to ensure reproducibility. Tetracene used as a triplet energy
donor.

Parameters Measurement 1 Measurement 2
£p(Donor) 31200 M~ tem™? 31200 M~tcm™?
(Tetracene) (Tetracene)
AAy 0.0043 0.005
AA, 0.254 0.170
fo 0.8514 0.746
kp 0.273 pst 0.175 pst
k) = kp + kgr[A] 0.647 pst 1.919 pst
k, 0.149 pst 0.109 pst
£4 = &7 sample (B) 1667 M~ *cm™ 1607 M~ *em™
(&1 * Drlsampie (B) 2785 M~ tem™t 2785 M~ 1em™t
(Rel. Actinom. meas.)
D1 sample (B) 1.67 1.73
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Taking an average of these two measurements, the triplet yield was evaluated to be: ~ 1.70

2) Determination of the triplet extinction coefficient of BC in cyclohexane (CH) at 540 nm
by energy transfer to Tetracene (Aexc=510 nm)

BC in CH (OD,y0 y = 0.948) at 540 nm
T — T T T T T T T T

BC in CH (ODyy ,y = 0.948) at 465 nm

0.004 i
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Figure 4.7.4.1.6. Kinetics recorded during nanosecond transient absorption measurements of pC
(donor) in cyclohexane upon laser excitation at 510 nm. It should be noted that the difference in
the lifetime of #C in comparison to that reported in Table 4.4.3.1 of the main paper is due to the
different solvent employed here and to the different nitrogen purging conditions (time, flow rate,

).

BC + Tetracene in CH (ODg, ,,, = 0.949) at 540 nm BC + Tetracene in CH (ODgyq i = 0.949) at 465 nm
—7r . r 1 T 1T T 1T 1T 1T ' T T
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Figure 4.7.4.1.7. Kinetics recorded during nanosecond transient absorption measurements of
Tetracene sensitized by BC (quenched donor at 540 nm and sensitized acceptor at 465 nm) in
cyclohexane upon laser excitation at 510 nm. The difference in the lifetime of Tetracene in
comparison to that reported in Figure 4.7.4.2 is due to the non-consistent nitrogen purging
conditions (time, flow rate, ...).
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A
Ep = &4 — 5 x fo X Per Xw
AAmax,A

= 31200 M~ tem™1 x 0.0814 X 0.9985 x 0.5594 x 0.4652
B 0.0183 = ' '
= 36061 M~ tcm™t
Where:
_ Ap 1-10"4D+4\ . . .
fo = y X ( o> ) = 0.9985 s the fraction of light absorbed by the donor

Per =~ 7= = 0.5594 is the energy transfer probability

w=exp|—— = 0.4652 is a factor accounting for the quenched donor and acceptor

lifetimes

Note: Here, in estimating k|, the decay rate constant of the quenched Donor (at 540 nm) matches
the rise rate constant of the Acceptor (at 465 nm). This is because there is no overlap of the triplet
absorption spectrum of the #C compound and that of the tetracene Acceptor (see Figures 4.4.2.1
and 4.7.3.1.3), unlike in the case of the # compound.

[¢T€T]sample (BC) _ [AA]sample(pC)

[d)TgT]ref. B [AA]ref.
[4A] sampt 0125
[brerlsampte o = [@rerlrer x —pur— = (0.62 - 31200Mem™1)x o
= 7460M~1em™? "

Table 4.7.4.1.2. Summary of the parameters recorded for the two triplet energy transfer
measurements performed for C in CH to ensure reproducibility. Tetracene used as a triplet energy
acceptor in this case.

Parameters Measurement 1 Measurement 2
£,4 (Acceptor) 31200 M~ tcm™? 31200 M~ tem™?
(Tetracene) (Tetracene)
AAp 0.0814 0.086
AA, 0.0183 0.012
fo 0.9985 1
kp 0.4470 pst 0.2476 pst
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kp = kp + kgr[A] 1.0145 ps™ 0.7158 us™

ks 0.6074 ps™ 0.4063 s
£p = &7 sample (BC) 36061 M~tcm™? 69545 M~tcm™1
[er- ¢T]sample (BC) 7460 M~ 1em™t 7460 M~ 1em™t

(Rel. Actinom. meas.)
¢T sample (BC) 0.21 0.11

Taking an average of these two measurements, the triplet yield was evaluated to be: ~ 0.16

4.7.5. Two—Color Transmission Measurement of Triplet Species to compute Triplet Yield
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Figure 4.7.5.1. Time resolved absorption spectra recorded in the region between 770 and 870 nm
via nanosecond transient absorption for  (left) and BC (right) in chloroform upon 510 nm laser
excitation.
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Figure 4.7.5.2. Kinetics recorded at 510 nm (left) and 850 nm (right) for B in chloroform via
nanosecond transient absorption upon 510 nm laser excitation.
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Figure 4.7.5.3. Kinetics recorded at 540 nm (left) and 850 nm (right) for BC in chloroform via
nanosecond transient absorption upon 510 nm laser excitation.

Using the laser parameters and the 850nm probe beam attenuation caused by the 425nm pump,

one can estimate the singlet to triplet conversion efficiency in the trimers. Following information

outlines the calculation of singlet-triplet conversion efficiency from experimental data. The triplet

extinction coefficient for the trimers at 850 nm was evaluated via nanosecond transient absorption

measurements (see Figure 4.7.4.1.7,4.7.5.1 and 4.7.5.2). Triplet extinction coefficients at 850 nm

of 280 M cm™* for p and of 9100 M cm™* for BC were used in the quantitative analysis of the

two-color transmission measurements.

Twisted Trimer p in chloroform

Number of singlet excitations have been created by ultrashort 425nm laser pulse

Average laser power at 425 nm = 4.25 mW (probe power at 850 nm <1.20 mW, beam
attenuation 29.7%)

Energy per pump pulse = 0.00425/(8x107) = 0.053 nJ/pulse

Pulse duration = 130 fs = 1.3 103 s

Laser beam divergence (full angle) : < 1 7zrad (Mai-Tai specs) = 107 rad

Focus of the focusing lens = 0.3 cm

Waist diameter of focal beam = 0.3 x 10 cm (30 xm)
Focal waist area =nD?/4 = 0.707x1077 cm?
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Excitation volume = 0.707x107 cm? x1cm=0.707x10" cm?®

Energy density for 425nm pump pulse = 0.053x10°/(0.707x10°) = 7.50x10® Jem?
Energy of a photon at 425 nm = 4.7 x 10® J/photon

Singlet excitations number density:

The number of absorbed photons at 425nm: Optical density of the sample at 425nm =0.116

|-l = 1, (1-200120) = | (1:0.76) = 0,231,
,,=0.053x107%/(4.7x101%)=1.1x10%phot/pulse

That is 0.23x1.1x108 = 0.259x108 photons have been absorbed per pulse.

The same number of molecules in the excited singlet state has been created in the excitation
volume (v = 0.707x10°cm?)

Excited singlet number density: n* = 0.259x108/(0.707x107°) = 3.66x10'? molecules/cm?

Triplet excitation number density:

850nm - probe beam attenuation observed under pump of 4.25 mW is 29.7 %

No focal mismatch is suggested in this version of calculations.
In order to create this attenuation for the matching part of the probe beam the concentration
of the triplet states responsible for attenuation can be obtained:

lou/ 1y = 1 - 0.297 = 0.703 = 10T, (e-extinction coefficient for triplet-triplet absorption, |
— cell length, M- - triplet states concentration) or

-eIMT=log (0.703) = -0.153

M1=0.153/(1x280)=0.546x10° M  where 280 Mecm? is the molar
extinction coefficient for triplet-triplet absorption

This molar concentration corresponds to the triplet population density

Ntz = NaxM1/1000= 3.29x10% triplets/cm?

Full number of triplet in the excitation volume v is

N17 = npexv = 3.29x10% x0.707x10°7 = 2.32x10'% molecules in the triplet state in the
excitation volume

Each pulse creates Ng* = 0.259x108 molecules in the singlet state

The number of triplet states created by each pulse is:
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Nip= 0x0.259x108 molecules in the triplet state in the excitation volume.
Now the triplet state accumulation at relatively high pulse repetition rate should be taken
into account:

Nppeeum = Nppxtx8x%107; where 1 is triplet state lifetime (~6ps), 8x107 - laser pulse

repetition rate

Nrpecum = 0.259%108x0x6x10°x8x107=1.24x10%q;
o =(2.32x10%°/1.24x10%) = 1.87 or 187%

Planar Trimer BC in chloroform

Number of singlet excitations have been created by ultrashort 425nm laser pulse

Average laser power at 425 nm = 4.25 mW (probe power at 850 nm <1.20 mW, beam
attenuation 36.6%)

Energy per pump pulse=0.00425/(8x10") = 0.053 nJ/pulse

Pulse duration = 130 fs = 1.3 x10%3 s

Laser beam divergence (full angle) : < 1 77zrad (Mai-Tai specs) = 107 rad

Focus of the focusing lens = 0.3 cm

Waist diameter of focal beam = 3 x 10 ¢cm (30 zm)
Focal waist area = 1D?/4 = 0.707x107" cm?

Excitation volume =0.707x10"" cm? x1cm = 0.707x10°" cm®

Energy density for 425nm pump pulse = 0.053x10°/(0.707x10°) = 7.50x10® Jem?
Energy of a photon at 425 nm = 4.7 x 10°*°® J/photon

Singlet excitations number density:

The number of absorbed photons at 425nm: Optical density of the sample at 425nm = 0.885

-1, = 1 (1-1070889%) = | (1:0.13)=0.87x1,

,,=0.053x107%/(4.7x101%)=1.1x10%phot/pulse
That is 0.980x108 photons have been absorbed per pulse.

The same number of molecules in the excited singlet state has been created in the excitation
volume (v = 0.707x10°cm?3)
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Excited singlet number density: ns* = 0.980x108/(0.707x10°°) = 13.9x10'? molecules/cm?

Triplet excitation number density:

850nm - probe beam attenuation observed under pump of 4.25 mW is 36.6 %

No focal mismatch is suggested in this version of calculations.

In order to create this attenuation for the matching part of the probe beam the concentration

of the triplet states responsible for attenuation can be obtained:

Lo/l = 0.654 = 10°™MT (e-extinction coefficient for triplet-triplet absorption, | — cell

length, M - triplet states concentration) or

-eIMT = log(0.654)=-0.184

M1=0.184/(1x9100)=0.202x10* ™M  where 9100 Micm?® is the molar

extinction coefficient for triplet-triplet absorption

This molar concentration corresponds to the triplet population density

Nre = NaxM7/1000= 1.22x10'° triplets/cm?

Full number of triplet in the excitation volume v is

Ny7 = npexv = 1.22x10% x0.707x10°7 = 8.61x10°® molecules in the triplet state in the

excitation volume

Each pulse creates Ng* = 0.980x108 molecules in the singlet state

The number of triplet states created by each pulse is:

N.p= ax0.980x108 molecules in the triplet state in the excitation volume.

Now the triplet state accumulation at relatively high pulse repetition rate should be taken

into account:

Nppecum = NpXT1%8%107; where 1, is triplet state lifetime (~40ps), 8x107 - laser pulse
repetition rate

Nacoum = 0-980x108xax40x10°x8x107=3.14x 10" xq:

o= (8.61x108/3.14x10') = 0.0027 or 0.27%

It has to be noted that for the case of the BC compound, the estimated triplet yield value is not
accurate because of the observed phosphorescence interference at 850 nm.
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4.7.6. Fluorescence Up-Conversion (FUC)

\ ——pCat 613 nm

—— B at 670 nm

Normalized Fluorescence
Normalized Fluorescence

0 100 200 300 400 500 600 700
time / ps

time / ps

Figure 4.7.6.1. Fluorescence decay kinetics recorded for compounds p and C in chloroform by
femtosecond resolved FUC, together with their poly-exponential fittings (black).

Table 4.7.6.1. Lifetimes (1) and pre—exponential factors (A) obtained by fitting the FUC kinetics.

Compound Aruc Truc / Ps Aruc,2 Truc,2 / PS Arucs Trucs / Ps
B 0.60 1.0 0.46 6.0 - P
pC -0.20? 0.202 0.11 110 0.90 1000°
assignment Solv. / ICT VC/SR S1

2Rise time obtained from fitting of the fluorescence kinetics acquired on a 3 ps time window (see Figure 4.7.4.1.7

left). ® The fact that the third component (t3in Table 4.7.4.1.2) is not revealed is likely due to acquisition at 670
nm, in the blue part of the emission spectrum, where time resolved red shift of the emission spectra accompanying
relaxation is primarily detected. Acquisition at the emission maximum was indeed prevented by the extremely red
shifted fluorescence of . ¢ Corresponds to the lifetime obtained with the single photon counting measurements (1.33
ns) with the latter being a better evaluation for the decay time of this long living component.

400 T T T T T T T T
5000 - E
300 4000 - / B
S 33000 - .
g200r 3 IRF 120 fs
2000 - Rise = 0.20 ps; Amplitude = -0.2 i
Decay = 500 ps; Amplitude = 1
100 7 |rF120 s 10001 |
Decay = 1 ps; Amplitude = 0.4
| Decay = 6 ps; Amplitude = 0.6
0 L 1 1 1 1 0 L L L L
0 1 2 3 0 1 2 3

time / ps time / ps
Figure 4.7.6.2. Fluorescence kinetics for g at 670 nm (left) and pC at 613 nm (right) in chloroform;
best fit to a bi—exponential function is also shown.

210



4.7.7. Quantum Chemical Simulations

Details about intersystem crossing rate calculations

The first excited triplet state (T1) geometry of the compound § and BC was obtained with
time—dependent density functional theory (TDDFT). The same functional and basis sets (B3LYP
and 6—31G*) used to locate the ground state geometry were employed for the geometry
optimization. Single—point energy was refined using the system—dependent, nonempirically tuned
version of long—range corrected functional wB97X—D with the optimal « values. (You can find
the optimal « values in the main text.) The medium effect was included using polarizable
continuum model with the dielectric constant of 4.31 for chloroform. The first excited singlet (S1)
geometry was used to calculate the spin—orbit coupling. All the quantum chemical simulations
were conducted using Q—Chem 5.0.

The rate constant of intersystem crossing (ISC) was estimated via Fermi’s Golden rule.®%

2T )
kisc = 5 PrC [{S1|Hs0 | T1)

Where, (S;|Hgo|T;) is the spin—orbit coupling element between S1 and Ti1, prc denotes the
Franck—Condon—weighted density of states, and # is the reduced Planck constant of 6.582x10!¢
eVs. PFC is evaluated with Marcus—Levich—Jortner
theory.3839<sup>39,40</sup><sup>39,40</sup><sup>11,12</sup><sup>11,12</sup><sup>7,8<
[sup><sup>7,8</sup>

(AEST + Tlfl(l)eff + AM)Z
4‘7TAMkBT

exp(— S)—ex [— ]

pre = ﬁz
Fe = 47'[/1MkB

Where, im is the Marcus reorganization energy associated with the intermolecular and
intramolecular low—frequency vibrations, kg is for Boltzmann constant of 8.6173x107° eV/K, T is
the temperature (in this study, 298.15 K), hwess represents the effective energy of a mode
representing the nonclassical high—frequency intramolecular vibrations, and AEst is the adiabatic
energy difference between S; and T1. Huang—Rhys factor associated with these modes are given
as S.

One recent computational study on thermally activated delayed fluorescence (TADF) mechanism
discussed the rate of reverse ISC within the same framework used in this work.*! The researchers

from the same group computed the contribution of nonclassical intramolecular vibrations, and
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estimated the Marcus reorganization energy due to low—frequency intramolecular vibrations and
the medium—induced relaxation effects. In addition, they assumed the Huang—Rhys factors can be
neglected without significant changes to the results for large molecules.3%4?

The numerical values of each property to predict the rate of ISC are given in Table 4.7.7.1.

Table 4.7.7.1. Properties used to predict the rate of ISC.

p BC
1 (eV) 0.244 0.424
Spin—orbit coupling (cm™') 2.704 0.257
AEst (eV) —0.704 —0.595
Rate of ISC (s7}) 8.44x10° 1.35x107

Figure 4.7.7.1. Ground state (So) optimized geometry computed for the trimers (color scheme;
Hydrogen—white, carbon—Dblack, nitrogen—blue, oxygen—red, sulfur—yellow).
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Figure 4.7.7.2. Excited state (T1) optimized geometry computed for the trimers.

B-Trimer BC-Trimer
2.2 2.2
1 --m-- S0 1 e .-®
20—- --®- S1 20—- T -@ T
1.8 AT 181 A
l—|16_- .\\ 16—- \\\‘\
E 1 e o 1 A
- 1.4 1.4 - “A
9 4 ]
§1.2-_ A 124
© 1.0 A 1.0 H
c 4 .o 4
208+ A 0.8 -
8 4 ]
ij 06 06 1
0.4 0.4
] e ]
02+ r 021 e
0'0_ !/’ T T 00_ !’___ T T
S0 St T S0 S1 T
Geometry
eV B BC
Geometry/ So S T, So S1 T1
Electronic state
So 0.00 0.20 0.25 0.00 0.11 0.17
Si 1.65 1.50 1.49 2.04 2.00 2.08
T, 1.20 1.00 0.80 1.83 1.55 1.41

Figure 4.7.7.3. Singlet fission energetics for p (left) and BC (right); energies are given in eV.

p | BC
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Electron
NTOs

Hole
NTOs

Figure 4.7.7.4. Natural transitioh orbitals for the S1 geometry (S1—So transition) of compounds
B and BC (isodensity=0.05. Color scheme; Hydrogen—white, carbon—black, nitrogen—blue,
oxygen—red, sulfur—yellow).

Electron
NTOs

Hole
NTOs

Figure 4.7.7.5. Natural transition orbitals for the T1 geometry (So— T3 transition) for the trimers.

214



p pC

Figure 4.7.7.6. Spin density of quintet state structure for the trimers (isodensity = 0.05. Color
scheme; Hydrogen—white, carbon—Dblack, nitrogen—blue, oxygen—red, sulfur—yellow).
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\
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Figure 4.7.7.7. Frontier orbitals considered in RAS-SF calculations for g compound.
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N\

Figure 4.7.7.8. Frontier orbitals considered in RAS-SF calculations for C compound.

Table 4.7.7.2. Energy levels estimated by 3SF-RAS based on the S; geometries of each
chromophore (S: Singlet, T: Triplet, Q: Quintet, ME: Multiexciton. Energies are given in eV).

B BC
State Energy State Energy
So 0.000 So 0.000
T1 1.960 T: 2.371
T, 1.962 T 2.371
Ts 1.967 T3 2.591
S1 3.452 S1 3.683
S2 3.568 S 4.100
Ss 3.586 Ss 4.106
S4, ME (*TT) 3.940 T4 4.187
T, 3.942 Ts 4.335
Ss, ME (*TT) 3.946 Te 4.340
Q1 3.946 Sq 4.596
Ts 3.948 Ss 4.604
Q2 3.952 T7 4.721
Se, ME (*TT) 3.955 Ts 4.732
Ts 3.955 To 4.785
Qs 3.955 Q1 4.785
Se, ME (*TT) 4.785
S7 4.812
S, ME (*TT) 4.916
Tio 4.917
S, ME (*TT) 4.919
Tu 4.925
S1o 4.962
Q2 4.982
Qs 4.982
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Figure 4.7.7.9. SF relevant energetics for p and BC Trimers showing interaction energies.
It should be noted that the LE (S1) and T1 energies are overestimated in SF-RAS calculations relative to TD-DFT calculations.

ME., S4

1.09 0.91

1.09 1.02 0.97 0.91
MEs3, Se

101 1.00 1.00 0.99
Figure 4.7.7.10. Natural Orbitals for the Multiexcitonic States of the p trimer together with their
occupation numbers.
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1.75 1.49 0.28

Figure 4.7.7.11. Natural Orbitals for the Multiexcitonic States of the pC trimer together with
their occupation numbers.

Table 4.7.7.3. Relevant thermodynamic quantities (eV) for  and BC at 298 K computed following
Krylov et al.

B BC
Eq =2 X E(T) — E(Sy) —0.20 +0.59
E, = ECTT) — E('TT) +0.006 +0.066
H, = Ey — E, ~0.206 +0.524
Hy = Eqy ~0.20 +0.59

TS, = kyTInQ, +0.028 0

TS, = ksT InQ, +0.028 0
Gy =Ey — E, — TS, ~0.234 +0.524
Gy = Eqr — TS, ~0.228 +0.59
AHpor = AH, + AH, = E, ~0.20 +0.59

TASror = TAS, + TAS, +0.028 0
AGror = AG, + AG, —0.228 +0.59

1 is the first step of singlet fission (from state 0, Sy, to state 1, 1TT); 2 is the second step of triplet
separation (from state 1, !TT, to state 2, T1); for B, Q1=Q,=3, all the three double triplets are
energetically close and accessible; for BC, Q1=0Q»=1, only one double triplet state is energetically
accessible; Ay1=y1—yo and Ay2=y2—y1 where x is H, S or G; keT=0.026 eV at 298 K.
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4.7.8 'H and 3C NMR of the compounds
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Figure 4.7.8.1. *H NMR of compound
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Figure 4.7.8.2. 3C NMR of compound p
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Figure 4.7.8.3. *H NMR of compound pC
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Chapter 5

The Role of the Core Attachment Positioning in Triggering Intramolecular Singlet Exciton
Fission in Perylene Diimide Tetramers

5.1 Original Publication Information and Author Contribution

Portions of this chapter were taken from a paper that was published in the Journal of Physical
Chemistry B with the title:

“The Role of the Core Attachment Positioning in Triggering Intramolecular Singlet Exciton
Fission in Perylene Diimide Tetramers” Angelar K. Muthike, Benedetta Carlotti, Ifeanyi K.
Madu, Hanjie Jiang, Hyungjun Kim, Qinghe Wu, Luping Yu, Paul M. Zimmerman, Theodore
Goodson Il11.

While | did majority of the work in the chapter ranging from steady state absorption and
emission, two-photon absorption spectroscopy, femtosecond and nanosecond transient absorption
and analyzing the data and putting the manuscript together, 1 would like to acknowledge the
contribution of Dr. Ifeanyi Madu and Dr. Benedetta Carlotti who helped in the analysis of the
femtosecond transient absorption data, and obtaining time-resolved fluorescence date. Hanjie
Jiang in Prof. Zimmerman’s group did the quantum chemical calculatins with the help of Dr.
Hyungjun Kim. These investigated materials were synthesized by Qinghe Wu in Prof. Luping’
Lu’s lab at the University of Chicago.

5.2 Abstract
Previous studies have proposed that the presence of a flexible n—bridge linker is crucial in

activating intramolecular singlet exciton fission (iSEF) in multichromophoric systems. In this
study, we report the photophysical properties of three analogous perylene diimide (PDI) dendritic
tetramers showing flexible/twisted m—bridged structures with a—and g—substitutions, and a
rigid/planar structure with a f—fused ring (8C) connection to benzodithiophene—thiophene (BDT-

Th) core. The rigidity and enhanced planarity of SC leads to significant intramolecular charge
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transfer (iCT) and triplet formation via an intersystem crossing pathway. Steady state
spectroscopic measurements reveal similar absorption and emission spectra for the a—tetramer and
the parent PDI monomer. However, their fluorescence quantum yield is significantly different. The
negligible fluorescence yield of a—tetramer (0.04%) is associated with a competitive nonradiative
decay pathway. Indeed, for this twisted compound in a high polar environment, a fast and efficient
ISEF with a triplet quantum yield of 124% is observed. Our results show that the a—single—bond
connections in the @ compound are capable of interrupting the coupling among the PDI units,
favoring iSEF. We propose that the formation of the double triplet (}[TT]) state is through a
superposition of singlet states known as [S1So]rrjCT which has been suggested previously for
pentacene derivatives. Using steady state and time—resolved spectroscopic experiments, we
demonstrate that the conformational flexibility of the linker itself is necessary but not sufficient to
allow iSEF. For the case of the other twisted tetramer, £, the strong n—n co—facial interactions
between the adjacent PDI units in its structure, lead to excimer formation. These excimer states
trap the singlet excitons preventing the formation of the [TT] state, thus inhibiting iSEF.

5.3 Introduction

Singlet exciton fission (SEF) is a spin allowed process where a photogenerated singlet
exciton splits into two spin—correlated triplet excitons.! This mechanism has been reported to
reduce thermal losses factored in the Shockley—Queisser (SQ) limit and is therefore capable of
enhancing the theoretical efficiency limit of photovoltaic (PV) devices from 33 to 47%.1-° For SEF
to occur, electronic ( (E[S1] >2(E[T1]) and E[T2] > E[S1] ) and structural (molecular packing that
optimizes interchromophore electronic coupling) conditions have to be fulfilled.® There are two
different mechanisms through which SEF proceeds: direct coupling where two electrons move
between the singlet exciton and the adjacent ground state chromophore to yield the correlated
triplet pair state (*[TT]) or mediated through a charge transfer (CT) state where the conversion of
the first singlet state (*[S1So]) to }[TT] is facilitated by coupling to higher—lying CT state. 56-12
The formed [TT] can yield a quintet state (°[TT]) through spin evolution and/or go through spin
decoherence to produce two separated triplet states [T1+ T1].

Recent studies report that the SEF mechanism can either be inter— or intramolecular. In

intermolecular SEF (XSEF), the optically excited singlet state on one molecule couples with
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neighboring molecules to form an intermolecular triplet pair. xXSEF can be improved by tuning the
interchromophore interactions. This process highly depends on chromophore packing motifs. It is
challenging to come up with highly ordered molecular structures to fulfil the packing requirement,
and reproducibility is often an issue.'®* However, polymers and other small molecules can show SF
as an intrinsic property through intramolecular singlet exciton fission (iSEF) where the double
triplet pair state is located on the same molecule. This iISEF mechanism, which shows high
processability in solution, high tunability in both molecular and electronic structures and ability to
create tailored interfaces, is not well understood.!3141°

In an effort to improve the performance of organic photovoltaics (OPVs), SEF research on
structurally tunable systems of acene dimers'®-3! reports two main structural factors affecting the
rate and yield of SF: the coupling between the molecular units, and the degree of contortion in the
structure.®>33 Despite the great SEF yields from the aforementioned acene dimers, their limitations
like photo—instability have pushed researchers to venture into new materials with SF
potential 22343 Perylene Diimides (PDIs) are a class of chromophores whose packing is easily
controllable, possesses high thermal/photo—stability, has high extinction coefficients in the visible
region and holds desirable triplet energies for semiconductor sensitization.?36:37

Recently, iSEF has been observed in PDI dimers and trimers.?2%23-40 However,
Wasielewski and co—workers have observed excimer states that block the formation of {[TT] state
in solution—based aggregates of PDI dimers.*®4-43 This excimer formation has been associated
with the co—facial, slip—stacked morphology of the dimers ** which leads to a strong electronic
coupling between chromophores inhibiting SEF.* There has been varying information about the
role of excimer states in the SEF mechanism. %8 In some cases, excimer states inhibit the
formation of the correlated triplet pair, 445490 while in other cases, these excimer states act as
intermediates for SEF. 164751 The complication in understanding excimer states and their role in
SEF is as a result of the indistinguishable nature of these singlet states, the 1[S1Sq] and }[TT] states,
and their interactions.”® One report showed that excimers form when the electronic coupling
between the CT state and the singlet excited state of two identical chromophores is strong resulting
in a stable CT + [S1So] mixture state — an excimer.>? The individual CT state or 1[S1Sc] can
individually act to inhibit the production of double triplets from the singlet state via a highly

stabilized CT (lower CT state) process or radiative decay, respectively.
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Other studies have shown that in addition to the nature of the chromophore, the n—linker
plays a crucial role in contributing to the occurrence of iSEF in PDI chromophores.®° It has been
reported that structural flexibility of the covalent linker is necessary to activate iSEF1%394053 |n
our recent report “°, we investigate two analogous PDI trimers where one is planar and the other
one is twisted. Here, we follow up on the established work on the role and characteristics of the
linker that may necessitate iISEF. While it has been established that the presence of a linker is
important in triggering iSEF, this work dissects two similar structures, one with a flexible and the
other one with a rigid linker. We report that the flexibility of the linker is important in activating
intramolecular singlet fission since we observe a triplet yield of 170% for the flexible compound
and 16% for the rigid planar compound.

In other studies, singlet fission has been reported as a solvent—dependent process for
molecules like terylenediimide (TDI) dimers. *°¢ Here, SEF was observed in low dielectric
constant solvents and symmetry breaking charge separation in high dielectric constant solvents. In
this case, it follows that the higher dielectric constant solvent stabilizes the CT state and lowers its
energy allowing it to act as a trap state. On the other hand, minimal CT state stabilization in low
dielectric environments enables the CT state to act as a virtual state in a superexchange interaction
that promotes SF.>**° On the contrary, other reports show symmetry breaking as a crucial step to
activate singlet fission.2>*® Therefore, a lot of research is still needed to understand the mechanism
of iSEF, the structural character of the molecules and the appropriate dielectric environment for
these molecules to show iSEF.

In this present investigation, we use time—resolved spectroscopic techniques to elucidate
the crucial role of the core attachment position to the PDI units as well as the chromophore’s
dielectric environment in activating iISEF in PDI tetramers. Here, three analogous tetramer
structures were investigated, where the PDI electron acceptor units are linked with a central
benzodithiophene (BDT) electron donor moiety.>”*® The connections between the donor and the
four acceptor units are realized via single bonds through the a and 8 position of the PDI units for
a— and f—tetramers, respectively for the twisted structures and through g ring cyclization for the

planar gC—tetramer as shown in Figure 5.3.1.
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Figure 5.3.1: Structures of the investigated molecules as well as of the parent PDI monomer.

5.4 Experimental Methods
5.4.1 Materials
The synthetic procedure of all the tetramers has been previously discussed in detail. °78

These materials were synthesized through the Suzuki coupling between BDT—-Th—4Bpin with 4
equivalents of a—monobrominated and f—monobrominated for « and S respectively, while SC
was obtained through the cyclization between the perylene diimides (PDIs) and the
benzodithiophene—thiophene (BDT—Th) core of the f—tetramer. Chlorobenzene and toluene from

Sigma—Aldrich were used as solvents for the spectral and photophysical characterization.

5.4.2 Steady State Studies
For all our steady state spectroscopic investigation measurements performed at room

temperature and pressure, concentrations ranging from 3.0 x1078 to 1x107> M were used with
chlorobenzene or toluene as solvents. The absorption spectra were obtained using Agilent 8432
UV-—visible absorption spectrophotometer while a Fluoromax—2 spectrofluorimeter was used for
the emission measurements. To calculate the fluorescence quantum yields of the investigated
samples, a previously documented procedure was carried out >° and Rhodamine B in ethanol was
used as the standard.°

5.4.3 Two—Photon Excited Fluorescence (TPEF) Studies
Our previously described mode—locked Ti:Sapphire laser, tunable from 700 to 900 nm with

110 fs pulses as output at a repetition rate of 80 MHz was used for our two—photon excited
fluorescence measurements.®! The emission scans between a wavelength range of 400 — 850 nm

were performed with an 820 nm excitation. A power dependence scan was run at the emission
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wavelength detection and the highest number of counts was picked. During the TPEF
measurements, a neutral density filter was used to change the input power from the laser, which
would consequently vary the output intensity. Using Rhodamine B as the standard, the two—photon
absorption cross section was calculated through a comparative method using the obtained
two—photon power dependent fluorescence intensity.®°

5.4.4 Time—Resolved Fluorescence Studies
The previously described time—correlated single photon counting (TCSPC) technique was

used to study the long decay components of the investigated samples.®® A mode—locked
Kapteyn—Murnane (KM) Ti—sapphire laser with an output beam at 800 nm and a pulse duration
of ca. 30 fs was used for our time resolved fluorescence measurements. A nonlinear
B—barium—borate (BBO) crystal was used to double the output frequency beam to a 400 nm, and
a polarizer was used to vary the power of the 400 nm sample excitation beam. During the
measurements, a lens of focal length 11.5 cm was used to focus the 400 nm beam on the sample
cell (quartz cuvette, 0.4 cm path length). The fluorescence was then collected perpendicularly to
the incident beam into a monochromator. The output from the monochromator was coupled to a
photomultiplier tube, which converted the photons into counts.

In addition to the TCSPC, an ultrafast fluorescence Up—Conversion (FUC) setup was used
to obtain the fs—resolved fluorescence measurements. For this setup, a Mode—Locked Ti—Sapphire
fs laser (Spectra Physics Tsunami) pumped by a continuous 532 nm output from a Spectra Physics
Millenia laser whose gain medium is a neodymium-—doped yttrium vanadate (Nd:YVQO4) was used.
The mode—locked Ti—Sapphire generated 80 fs pulses at 800 nm, with a repetition rate of 82 MHz.
Using a second—harmonic B—barium-borate (BBO) crystal, a 400 nm excitation beam whose
power ranged between 33 to 35 mW was generated and the 800 nm residual propagated through a
computer controlled motorized optical delay line. The beam polarization was achieved using a
Berek compensator. The sample fluorescence emission was then up—converted by a nonlinear
BBO crystal using the 800 nm residual beam previously delayed by the optical delay line with a
gate step of 6.25 fs. A monochromator was used to select the wavelength of the up—converted
beam of interest which is then detected using a photomultiplier tube (Hamamatsu R152P)
converting the detected beam into computer—readable photon counts. To calibrate this set—up,
Coumarin 30 was used while a water Raman signal was used to determine the instrument response
function to have width of 110 fs.
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5.4.5 Femtosecond Transient Absorption

A Spectra Physics Spitfire amplified laser system previously described ® was used for the
femtosecond transient absorption (fsTA) measurements. The produced beam of ~ 100 fs pulse
duration, 1 kHz repetition rate, and a power of 1 W was directed at a beam splitter to generate the
pump (85%) and the probe beam (15%). The 510 nm ~ 66 mJ per pulse pump beam was focused
onto the sample cell (I =2 mm) which is preceded by an optical chopper. On the other hand, the
probe beam was passed through a computer—controlled delay line and focused onto a 2 mm
sapphire plate to generate the white light continuum (Helios by Ultrafast Systems Inc.). This white
light was then focused onto the sample where it overlapped with the pump beam. An Ocean Optics
charge—coupled device (CCD) detector collected the difference in the signal absorbance (AA). The
Helios software by Ultrafast Systems Inc was used for the transient data acquisition, while the data
analysis was completed using Surface Explorer Pro and Glotaran softwares.

5.4.6 Nanosecond Transient Absorption
The nanosecond transient absorption (nsTA) set—up was used to probe the spectral, emissive

and non—emissive lifetimes of long—lived transient species of the investigated chromophores as
described earlier.®-% A Spectra Physics QuantaRay neodymium-doped yttrium aluminum
(Nd:YAG) nanosecond laser coupled with a GWU Optical Parametric Oscillator (OPO) with
wavelength tunability ranging between 250 nm to 2600 nm was used as the pump excitation source.
A high energy Q—Switched 355 nm beam from the Nd:YAG’s third harmonic was used to pump
the OPO, which, through second harmonic generation and sum frequency mixing (with the 1064
nm) nonlinear processes can be used to produce the long range of pump wavelengths. An LP980
Edinburg spectrometer system houses the probe source, the sample chamber and the
monochromator. The probe source is a 150 W ozone—free xenon lamp that produces a continuous
6 ms pulse with a wavelength range of 190-2600 nm. The laser pump beam excites the sample
perpendicular to the probe beam, creating the transient species. The absorption properties of the
produced excited states are then probed using the xenon probe source. The resultant sample light
is focused to the monochromator and detected by a photomultiplier tube (PMT) (Hamamatsu
R928) whose detection ranges from 185 to 870 nm. The PMT converts the obtained transmission
to electric signals which can be measured by our TDS3052B oscilloscope and converted from
Volts to Change—in—Absorption (AA) using the L900 software supplied by Edinburg.

Measurements were performed in diluted aerated and deaerated solutions of 10-> M concentrations
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and photodegradation was checked by recording UV—vis absorption spectra before and after the
experiments. For this investigation, 415 nm, 510 nm and 594 nm excitation wavelengths were used
to pump the samples. The experimental setup was calibrated by an optically matched solution of
tetracene (o1 = 0.62 and er = 31200 Mt cm™ at the corresponding absorption maximum of 465
nm)® in chlorobenzene. Triplet—triplet absorption coefficients (1) were determined by energy
transfer from B/SC to tetracene and from 5, 10, 15, 20 — tetraphenyl — 21H, 23H — porphine in
chlorobenzene (et = 6000 Mt cm™ at Amax = 790 nm) to a by using a procedure previously detailed
by Carlotti et al.**%4

5.4.7 Quantum Chemical Calculations

The theoretical investigations were performed on the molecular structures where the long
alkyl chains were replaced by short chains (propyl and hexyl groups [CsH7, CsH13] attached to the
perylene diimide (PDI) while the benzodithiophene (BDT) linkers were replaced by hydrogen
atoms and methyl groups, respectively) to save computational time without significant effect on
the electronic properties. The ground state geometry of each compound was obtained by density
functional theory (DFT), using the long—range corrected wB97X-D functional %% and the
6—31G* basis set. Optimization of the lowest energy triplet state [T1] was performed using
unrestricted DFT and the ground state [So] was performed using the restricted DFT. Excited state
simulations were performed using time dependent DFT (TD-DFT). Single—point energy
calculations were done using wB97X—D,®>% the 6-31G* basis set and polarizable continuum
model (PCM)® with the dielectric constant of 5.62 for chlorobenzene and 2.38 for toluene.
Characters of excitations were described with natural transition orbitals (NTOs).

Restricted active space spin flip (RAS—SF) methods were used to provide relative energies
of all double—triplet states and identify the differences between the multi—excitonic states in the
three tetramers. To perform RAS-SF calculations for molecules with such large sizes, RAS—SF
was performed on the “half” tetramers with only 2 PDI units. To obtain these ‘half” tetramers, all
the molecules were truncated through the benzodithiophene (BDT) core where one of the two
remaining PDI units is connected to one end of the BDT core while the other PDI unit is connected
to the adjacent thiophene. Through the truncations of a, 8 and SC, respective Dimer—a, Dimer— 8
and Dimer— BC were obtained and used in the RAS—SF calculations. Because RAS—SF tends to

overestimate the excitation energies, the absolute excitation energy values are in poor agreement
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with TD-DFT. Regardless, RAS—SF does provide trends and relative energy values (especially
for double triplet states) that cannot be realized by any other methods.

The driving force of singlet fission — i.e. AEsr = 2xE[T1] —E[S1] —was estimated with the
methods just mentioned. Recently, multiple researchers have pointed out the importance of [TT]
energy in predicting feasibility of SF and relevant kinetics.1%%4547 Amongst the various
chromophores of this study, the truncated tetrameric PDI chromophores, Dimer— a, Dimer— f8
and Dimer— BC, with restricted active space double spin—flip method, which has successfully
provided useful characterization of ground and excited radical states in a number of studies.%®-"2
All the calculations were performed using Q—Chem 5.0 software package.” Natural transition
orbitals (NTOs) of TD-DFT calculations were visualized using IQMOL. Natural orbitals (NOs)
of RAS—-2SF calculations were plotted using Molden,” Visual Molecular Dynamics (VMD),” and
POV-ray.

5.5 Results

5.5.1 Steady State and Nonlinear Optical Properties

Shown in Figure 5.5.1.1 and Figure 5.12.1.1 are the steady—state absorption and emission
spectra for the investigated tetramers as well as those for the parent PDI monomer. For the a and
B compounds, the strongest absorption peaks, both of which are around 529 nm, have been
assigned to 0—0 transitions. For both of these compounds, the peaks located around 492 nm and
461 nm were assigned to 0—1 and 0-2 transitions respectively.>”*® For the SC, the absorption peaks
at 554 nm, 503 nm and 471 nm are assigned to 0-0, 0—1 and 02 transitions, respectively.>® For
this chromophore, the 0—1 and 0-2 transitions have been associated to the absorption of perylene
diimide—thiophene (PDI-Th) while the 0-0 transition peak is from the absorption of perylene
diimide—benzidithiophene—perylene diimide (PDI-BDT-PDI).”® The absorption and emission
spectra of the a chromophore in chlorobenzene are nearly identical to those of the parent PDI
monomer (Figure 5.5.1.1 and Figure 5.12.1.1). This similarity indicates minimal ground state
interaction/excitonic coupling among the chromophores. °/%7" In addition, it suggests that the
excitation is mainly localized on one of the PDIs in this a—tetramer. At the 0-0 transitions, the
extinction coefficient of a (~290000 M-cm™) is approximately four times that of the parent PDI

monomer (~85000 M-tcm™). A similar trend is observed in the other transitions in the visible part
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of the spectrum.”” This suggests that the extinction coefficient of « is the same as that of the parent
PDI monomer given that the a—tetramer is made up of four PDI units (Figure 5.5.1.1). The
structured spectra of BC reflect its molecular rigidity. However, less structured absorption and
emission spectra are observed for . These observations are consistent with the chromophore’s
increased flexibility and interchromophore coupling relative to a and SC. The emission spectrum
of 8 shows a narrow band peaked around 560 nm and an additional broad and red—shifted band at
710 nm. The absorption maximum wavelength for a and g (530 nm) is similar to that of the parent
PDI monomer, The BC absorption maxima is similar to that of a benzodithiophene (BDT)
substitute.” Therefore, the a— and S— substitutions favor the PDI acceptor absorption while the
ring fusion favors the BDT donor absorption. Additionally, 5’s absorption wavelength is the most
red—shifted, followed by «, while SC has the most blue—shifted absorption wavelength.
Additionally, it has been reported that when the n—bridge of a PDI derivative is a rigid cyclized
aromatic ring, the spectra appear narrower, structured and blue shifted, which is the case for §C.*°

The probability of aggregation was considered by investigating the concentration—dependence
of the absorption spectra. No concentration effect was observed on the absorption spectra of all
the investigated tetramers (Figure 5.12.1.2A) in the range of concentrations of 6 x 10~ to 1 x 10°°
M employed in this work. For SC compounds in chlorobenzene, there was no dependence of the
emission spectra on the sample concentration (Figure 5.12.1.2). However, @ shows an inconsistent
dependence of emission on concentration, which happens to the monomer peaks (Figure
5.5.1.1B). Interestingly, the significant spectral changes revealed upon increasing the f
concentration in chlorobenzene are associated with the formation of excimers.® These excimers
explain the characteristic shape of the emission spectrum of g, which shows both the monomer
(at 560 nm) and the excimer (at 710 nm) contributions (Figure 5.5.1.1B). The absorption and the
emission of § and BC in a less polar solvent (toluene as shown in Figure 5.12.1.1) are similar to
those measured in chlorobenzene. However, the emission spectrum of a in toluene had an
additional band near 700 nm (Figure 5.12.1.1), indicating the presence of excimers. The
investigation of the concentration effect on the emission in toluene thus confirms the formation of

excimers for both « and £ in toluene (Figure 5.5.1.2).
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Figure 5.5.1.1. Absorption (a) and normalized emission (b) spectra of the tetramers in
chlorobenzene. Spectra of the parent PDI monomer are also included.
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Figure 5.5.1.2. Concentration effect on the emission spectra of a (a) and g (b) tetramers in
toluene.

The fluorescence efficiency of all the investigated compounds was measured in
chlorobenzene. We found values of 0.04%, 0.4% and 7.2% for a—, f— and BC-tetramers,
respectively (see Table 5.5.1.1). These quantum yields are smaller in comparison to that of the
parent PDI monomer (~100%),%>"" particularly observed in the case of the flexible compounds.
The fluorescence quantum vyields for the tetramers are similar to the previously reported quantum
yields of similarly linked PDI trimers.*® The significantly small fluorescence quantum vyield
observed for the @ compound in comparison to that of the parent PDI monomer, whose absorption
spectra is very similar to that of o, indicates the presence of a non—radiative process and has been

associated with reduced oscillator strength as well as low torsional activation barrier. In toluene,
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fluorescence quantum yields for all the investigated molecules generally increase (by two orders
of magnitude for a, and an order of magnitude S— and BC—tetramers). It is clear that a’s quantum
yield increases significantly in toluene. In fact, the fluorescence quantum yield of « in toluene is
similar to that of g in toluene. This similarity shows that in toluene, both a« and g have similar
photophysical properties and substantiates the formation of excimer state for « in toluene.

The two—photon absorption (TPA) cross sections show remarkable values of tens and
hundreds of GM (see Table 5.5.1.1 and Figure 5.12.1.3). The TPA cross section for the
a compound is more than one order of magnitude bigger than that reported for the parent PDI
molecule. It is also clear that the TPA cross sections are enhanced by over one order of magnitude
for the rigid SC (ca. 234 GM) with respect to the flexible a and S (ca. 30—-71 GM). Increased TPA
cross section has been associated with increase in transition dipole moments, which is directly
proportional to the charge transfer character of the transition. Therefore, the increased TPA
absorption cross section of the rigid, fused ring connected molecule indicates its higher
intramolecular charge transfer (iCT) character in the excited state with respect to the flexible,
single—bond bridged analogues. In addition, the higher TPA cross section observed in &« compared
to the pared PDI monomer shows a significant increase in transition dipole moments for « and

hence increased iCT.

Table 5.5.1.1. Linear and Nonlinear Optical properties for the tetramers in chlorobenzene (and
toluene for the O/ % ™).

Stokes e/ o dtpal GM
Comp.nd Aabs / NM Aem / NM shift em! | Moot | O % | Oc/ % Aexc=820 nm
II?/I[z)Inomer 461,492,529 | 537,578 | 282 857006 | ~ggll |97 10
a 461, 492, 529 537,578¢" | 282 289500 0.04 1.3 71.1
B 499, 529 562, 710 1110 59200 0.4 2.7 30.5
pC 471,503,554 | 562, 603" | 257 131100 7.2 225 234

“at the underlined maximum wavelength
““in toluene as a solvent
[l See reference [35]
[®] See reference [40]
[l See reference [79]

5.6 Time Resolved Fluorescence
Fluorescence kinetics were acquired by both fluorescence up—conversion (FUC) and time—

correlated single photon counting (TCSPC) with femtosecond and nanosecond resolution,
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respectively. Concentrations of 4 X 10° M, 2.0 X 10* M, and 8.0 X 10° M for «, 8 and 5C,
respectively, were used for FUC while 2 X 10 M, 8.0 X 10° M, and 4.0 X 10 M for «, $ and
BC, respectively, were used for TCSPC measurements. From our FUC measurements, we obtained
different decay lifetimes (Figure 5.12.2.1 and Table 5.6.1). The fast decay times can be associated
with the decay of the singlet—associated species back to the ground state. The « compound decays
to zero very fast and therefore, only two components were applied during the data analysis.
However, three components were employed for both g and SC compounds. In the 8 compound, a
very long-lived component, whose lifetime could not be captured by our software, was observed.
A similar component was also observed for the §C compound as shown in Figure 5.12.2.1.

To gain more insights into these long components, more fluorescence measurements were
carried out using our TCSPC technique. For the rigid SC, these experiments revealed a lifetime of
2.64 ns at 538 nm and 2.68 ns at 562 nm (Figure 5.12.2.2 and Table 5.6.2). Therefore, the long—
lived component observed for the SC compound using the FUC measurements has a decay time
of about 2.7 ns. This decay time is expected to be seen as an infinite component using our
femtosecond transient absorption (fsTA) measurements which can only measure lifetimes up to
1.6 ns. For the § compound, we observed a fluorescence lifetime of 3.77 ns, 3.30 ns and 2.91 ns
at 538 nm, 560 nm and 710 nm respectively. Therefore, the lifetime of the long—lived component
(3.30 ns) observed for this g compound using the FUC measurements is assigned to the singlet
decay lifetime. For this § compound, the emission wavelength effect on the fluorescence decay
lifetime is consistent with the presence of different emissive species due to excimer formation for
B in chlorobenzene. For a, the fluorescence lifetime of 3.68 ns at 538 nm and 3.69 ns at 578 nm,
is significantly longer than the 3 ps obtained for S decay using the FUC (Table 5.6.1) studies. In
comparison to 8 and BC, a has a longer decay time observed using the TCSPC measurements.
The ca. 3.69 ns decay lifetime measured for a in chlorobenzene may be due to fluorescence (either
direct or delayed) associated with the double triplet excited state [TT] 8! intermediate of

intramolecular singlet exciton fission (iISEF).

Table 5.6.1. Lifetimes (1) obtained by fitting the FUC kinetics.

Compound TFUC,1 / ps TFUC,2 / ps TFUC,3 / ps
a 1.2 2.6 -
B 2.0 26 Very long—lived component
pC 18 130 Long-lived component
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Table 5.6.2. Fluorescence lifetimes obtained by fitting the SPC Kinetics acquired at different
emission wavelength for the tetramers in chlorobenzene.

a B BC
Aem /NM t/ns Aem / NM t/ns Aem / NM t/ns
538 3.68 538 3.77 538 2.64
578 3.69 560 3.30 562 2.68
710 2.91

5.7 Femtosecond Transient Absorption

The ultrafast excited state dynamics were investigated by femtosecond transient absorption
(fsTA) using concentrations of 3.0 X 10° M, 3.0 X 10° M, and 2.0 X 10° M for «, B and C,
respectively. The time—resolved spectra (Figure 5.7.1) show positive excited state absorption
(ESA) at 740 nm and around 560 nm, and negative ground state bleaching (GSB) signals at earlier
wavelengths. We also observe strong modulations in wavelengths beyond 600 nm which are due
to the instability of the white light used as the probe and does not affect the excited state dynamics
of the investigated molecules. The ESA at 740 nm has been previously associated with the perylene
diimide (PDI) anion,-87 whereas signals between 550 and 600 nm have been assigned to the PDI
cation.8385868 For these molecules, the PDI cationic absorption band may be convoluted with
GSB or triplet absorption signals, and the anionic band convoluted with the S, < S; signal, as a
result of spectral overlap. Global analysis of the fsTA spectra show the presence of several
exponential components as shown in Figure 5.7.2. At short delays after excitation, we observe
fast components in all the investigated molecules (black and red in Figure 5.7.2). The Species
Associated Spectra (SAS) of these fast components are similar to the SAS of the ‘longer’ living
component (blue spectra in Figure 5.7.2). This result suggests that the associated dynamics reflects
the relaxation processes occurring within the same electronic excited state — the singlet state.
Previous reports have mentioned the possibility of a singlet excited state with iCT character
forming very fast (within solvation).® Therefore, these two (black and red in Figure 5.7.2) fast
components can be associated to the decay of the first singlet state to form a singlet
solvation—relaxed state. This state relaxes further to form a final relaxed Sy state. This is proposed
to be a charge transfer (CT) related state from a superposition of the singlet states known as
[S1So]rmCT for «, an excimer state ([S1So]excimer) for f and a CT state ([S1So]CT) for SC (see
Figure 5.7.2). For 8, a CT state is not observed since the fsTA measurements were carried out in

high concentrations where the excimers are the dominating species. However, the CT state with a
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decay of 3.30 ns was observed using TCSPC measurements where the § monomer was more
dominant. For the @ compound, the component in blue leads to a subsequent formation of what is
proposed to be the double triplet state, *[TT], whose decay is infinite and cannot be determined
using our current fSTA due to the experimental time limit (1.6 ns). The components showing a
lifetime of 160 ps for a, 890 ps for § and 2700 ps for BC represent the relaxed S; state. At longer
delays, the signal decays result in the simultaneous formation of an ESA at 510 nm, 480 nm and
535 nm for the a, f and BC respectively. The kinetics at these wavelengths exhibit a rise as shown
in Figure 5.7.3, whose dynamics reported in Figure 5.12.3.1 match those observed in Figure
5.7.2. Therefore, for the f and SC compounds, the last component (in green) represents the
long—lived triplet species formed upon S: decay and are peaked around 480—-550 nm. However,
for the @ compound, the [S1So]rmiCT superposition state decays within 160 ps to form another
singlet species, with both singlet and triplet characteristics, double triplet state (*[TT]) as shown
in Figure 5.7.2. This [TT] state’s decay lifetime is longer than our instrumental time limit and
can only be assigned to infinite time using our fsTA. Therefore, for the a« compound, the infinite
time is assigned to the decay of the precursor of triplet states, [T1], which happens at lifetimes
longer than few nanoseconds. The fast decay of the superposition state indicates the formation of
the double triplet state, 1[TT], suggesting occurrence of singlet fission for the & compound. On the
other hand, for 8, a component which forms within 15 ps from the solvation state (S1So]solvation),
decays within 890 ps and has a singlet character, is assigned to the excimer formation ([S1So]excimer)
as shown in Figure 5.7.2. The components with infinite times are suggested to be triplet
precursors’ (and double triplet decay for the @ compound) decays since triplet decay times are
longer and could not be captured due to our system time limitations. For the @ compound, the only
tetramer whose steady state emission spectra and triplet yields were found to be
solvent—dependent, fsSTA measurements were carried out in toluene. For this sample, a slower
singlet decay and triplet formation (380 ps) was observed relative to chlorobenzene (160 ps). This
slower triplet formation could be as a result of the observed excimers in toluene.

In order to gain more insights into the mechanism of triplet production, triplet quantum yields
were computed following the singular value decomposition (SVD) analysis of the fsTA results %
(see Supporting Information (SI) for details on the procedure). Quantitatively related singlet
and triplet ESA spectra were obtained and then used to determine the temporal population

dynamics of these states. The population data (Figures 5.12.4.5, Figure 5.12.4.15) indicate a
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triplet quantum yield of 166% and 66% for a and SC respectively, in chlorobenzene. For the a
compound in toluene, the triplet yield was calculated to be 56% shown in Figure 5.12.4.10.
However, for the § compound, this calculation was inaccurate due to the spectral overlap between
the GSB and triplet absorption. Even though this analysis contains many approximations, it clearly
suggests that that triplet production takes place via intramolecular singlet exciton fission (iSEF)
for the @ and via conventional intersystem crossing (ISC) for the rigid—bridged SC (o1 lower than
100%). Since these triplet quantum vyields are mostly estimations, the nanosecond transient
absorption was used to perform a rigorous experiment to accurately determine the triplet quantum

yields of the investigated chromophores.
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Figure 5.7.1. Femtosecond transient spectra for the investigated molecules at 400 nm excitation
in chlorobenzene.
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Figure 5.7.2. Species Associated Spectra (SAS) and lifetimes obtained by global fitting of the
fsTA data obtained using chlorobenzene as the solvent.
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Figure 5.7.3. Femtosecond transient singlet decay (left) and triplet rise (right) kinetics for the
investigated PDI tetramers in chlorobenzene.

5.8 Nanosecond Transient Absorption

To investigate the triplet excited state dynamics of these molecules, nanosecond transient
absorption (nsTA) measurements were carried out (Figure 5.8.1) using concentrations of 3.0 X
10 M, 8.0 X 10° M, and 5.0 X 10® M for a, B and BC, respectively. No pump wavelength
dependence, solvent dependence or spectral shift was observed for all the investigated compounds
(Figures5.8.1,5.12.5.1 and 5.12.5.2). The nanosecond transient absorption spectra show negative
signals due to ground state bleach (GSB), as obtained in the steady state absorption spectra (Figure
5.5.1.1). The positive excited state absorption (ESA) peak is centered at 510 nm, 485 nm and 535

nm for the a—, f— and BC—tetramers, respectively. Signals of triplet absorption have been reported
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for many perylene diimide (PDI) derivatives around 500 nm.>*"® Decay lifetimes of the detected
transients range from hundreds of nanoseconds in air equilibrated solution to tens of microseconds
in nitrogen purged solution (see Table 5.8.1). Quenching by molecular oxygen thus occur at an
almost diffusional rate. Also, these transient species can be sensitized by higher—triplet energy
donors or are able to sensitize lower-triplet energy acceptors, such as tetraphenyl porphine or
tetracene (Figure 5.8.2). These results allow us to assign the long—lived transients revealed by
nsTA experiments to the Tn«—T1 transition of the tetramers. For the f— and S C—tetramers, negative
signals due to stimulated emission were observed in the transient spectra at early delays (see the
black and red spectra for SC in Figure 5.8.1). In addition, there was evidence of fast emission
peaks centered at 556 nm and 700 nm for S, and 558 nm and 610 nm for BC. These peaks are
consistent with the emission peaks observed from linear emission as shown in Figure 5.8.1. The
fast and broad emission peak observed for the § compound can be associated with the formation
of excimer states. Interestingly, there were additional negative peaks observed at longer delays
after excitation for both f— and pBC-tetramers. For the SC compound, these kinetics reveal
increased decay lifetimes in purged solutions relative to the unpurged solutions (Figure 5.12.5.3).
The negative signals observed around 750 nm for g and 800 nm for SC respectively, are attributed

to phosphorescence. However, no phosphorescence was detected for a, as shown in the spectra on
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Figure 5.8.1, suggesting a lower energetic triplet emitting in the infrared in this case.
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Figure 5.8.1. Nitrogen purged time—resolved spectra and triplet purged/unpurged Kinetics
(insets) obtained by nanosecond TA for the tetramers in chlorobenzene with 415 nm excitation.
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Table 5.8.1. Triplet properties for the tetramers in chlorobenzene from nanosecond transient
experiments.
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At TTair TTN2 eT or ot
Tetramer ’ ’ At Chlorobenzene
(nm) (ps) (ps) (M-lem™) (Average) Toluene
Moner g | 5059 _ 1401 600001 _ _
a 510 0.359 1.8 5180 1.24 0.61
B 485 0.567 8.1 12379 0.17 0.18
BC 570 0.638 14 16029 0.24 0.09

[9] See reference [91] Triplet wavelengths, lifetimes and extinction coefficients measurements
reported here were carried out using benzene as the solvent. The triplet quantum yield of the
parent PDI monomer reported in Table 5.8.1 is 0.03% in bromobenzene, 0.01% in acetonitrile
and 0.003% in benzene. %

Triplet energy transfer measurements and relative actinometry were used to accurately
evaluate the triplet extinction coefficients and the triplet yields, respectively. Important
information about triplet energies was also obtained from the sensitization experiments. Energy
transfer was observed from the triplets of g and SC to the triplet of tetracene (Et = 1.27 eV), while
no triplet energy transfer was observed from « to tetracene, suggesting a lower triplet energy for
o in comparison to the other two tetramers. The triplet of « could be sensitized by employing a
higher triplet energy donor such as tetraphenyl porphine (Er=1.43 eV). These experimental results
support the feasibility of intramolecular singlet exciton fission (iSEF) occurring in a and not in
and BC, because a low energy triplet is required for the SF energetic condition (E[S;] > 2 X
E[Ty]) to be fulfilled. The triplets produced upon photoexcitation of « in chlorobenzene show
shorter lifetimes (1.8 us) relative to those produced via ISC for g and SC (8.1 and 14 ps,
respectively). Also, the triplets decay lifetime of o was longer (by a factor of two) when the triplets
were produced by sensitization (3.7 us) relative to direct excitation (1.8 ps). This is additional
evidence indicating a SEF mechanism of triplet production for «a as there is a higher probability
that the independent triplets can return to S via triplet—triplet annihilation (TTA), resulting in the
reduced lifetime. A step—by-step triplet extinction and yield calculation for the three investigated
tetramers is detailed in the SI. From the calculations detailed in Section VI of the SI and the data
shown on Table 5.6, lower triplet extinction coefficients were observed for the flexible—bridged
systems in comparison to the rigid—bridged system. In addition, relative actinometry measurements
were coupled with the sensitization experiments (detailed in the supporting information) to allow

for accurate calculation of the triplet quantum yields per equation (1)
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[(.ngT]sample (BorBC) _ [AA]sample (B or BC)
[¢T£T]ref. [AA]ref.

(1)

As shown on Table 5.8.1 and Table 5.12.6.1, lower triplet extinction coefficients were
observed for the flexible—bridged systems in comparison to the rigid—bridged system. A triplet
yield higher than 100% was obtained only in the case of a in chlorobenzene (o1 = 124%),
suggesting that the mechanism of triplet production proceeds via iSEF for this sample, while
proceeding via traditional intersystem crossing (ISC) for the other two tetramers owing to ¢t Of
17% and 24% for g and SC compounds respectively. Interestingly, in the case of «a in toluene, a
lower triplet yield (61%) was measured. However, there was no significant change in the triplet
yields calculated for g (18%) and BC (9%) in toluene compared to chlorobenzene as shown in
Table 5.8.1.
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Figure 5.8.2. Decay and rise dynamics of the investigated PDI tetramers with the a sensitization
experiment carried out upon 594 nm laser excitation and the 5/ C sensitization experiments
upon 510 nm excitation, in chlorobenzene.

5.9 Quantum Chemical Calculations

Density functional theory (DFT) was used to optimize the geometries and obtain the dihedral
angles of the investigated chromophores. The optimized structures are shown in Figure 5.9.1 with
their dihedral angles shown in Figure 5.12.7.1. The ground state geometries showing similar
dihedral angles obtained for both « and 8 reveal that both of these molecules possess a twisted
structure. However, BC has the lowest dihedral angle and therefore, this molecule is almost
planar.5®"" In a, the covalent linker is connected to the perylene diimide (PDI) units at the «

position, allowing the most facile rotation of the PDI group with respect to the central unit.%? As a
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result, & has PDI units that are perpendicular to the central unit; this perpendicular orientation
eliminates the possibility of n—n stacking between the individual PDI units. For the § molecule,
the B positioning results in PDI units that pair off, with strong n—= stacking between two pairs of
interacting PDIs. On the other hand, in SC molecule, the PDI units are rigidly linked to the
benzodithiophene (BDT) core, which results in greater co—planarity between the linker and PDI
chromophores. These varying geometries among the investigated tetramers lead to differences in

the electronic structure of the chromophores’ excited states.

Front view Side view

(a)
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Front view Side view

(b)

Front view Side views

(©
Figure 5.9.1. Ground—state optimized geometries of the tetramers considered in this work. (a)
Ground-state optimized geometry of a—tetramer, (b) Ground-state optimized geometry of g, (c)
Ground-state optimized geometry of SC.

The natural transition orbitals (NTOs) for So—S: transitions of the tetramers are shown in
Figure 5.9.2. For a, the So—S1 NTOs are completely localized on a single PDI unit, suggesting

low coupling between the PDI units, which is also supported by the steady state measurements.
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The So—S1 NTOs for £ are slightly more delocalized with the electron density spread out to the
central PDI linker and the adjacent PDI unit. This delocalization indicates some coupling between
adjacent PDI units. However, for BC, the ease of n—conjugation across the coupled units enables
the NTOs to be delocalized across most parts of the molecular structure. This delocalization also
indicates the presence of a strong coupling among the PDI units in the rigidly bridged, planar
tetrameric system. Using time dependent DFT (TD-DFT) calculations and taking into account the
solvation effects of chlobenzene whose dielectric constant is 5.62, So—Si singlet energies of 2.90
eV for the a, 2.55 eV for the § and 2.91 eV for the SC (Table 5.9.1) were reported. From our
steady state measurements, it is clear that the singlet absorption energies (So—S1) for both « and
B tetramers are identical while that of SC is blue—shifted (2.34 eV, 2.34 eV and 2.46 eV for «a,
B and BC, respectively). A similar trend is also expected for the TD—DFT calculations. While the
TD-DFT method has been reported to overly estimate the singlet and triplet energies, the trend in
these energies should match the experimental energies trend. This is not the case for the tetramers
experimental results and TD—DFT calculations. The discrepancy may be as a result of the different
functionals, and bases sets used for the TD—DFT calculations or the fact that we are not sure that
the calculated So—S1 energies are from the relaxed state. While a better comparison of singlet
energies would be through the relaxed singlet state energies from the S1—So emission, the large
size of our molecules challenged our efforts to calculate these singlet emission energies using
TD-DFT. These relaxed singlet energies would be expected to match those obtained from our
steady state emission (2.31 eV for the «, 2.21 eV for the g and 2.21 eV for the SC).

a8, state (1 =0.84) B S, state (A =0.89) PBC S, state (2 =0.85)
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Figure 5.9.2. Natural transition orbitals (NTOs) of So—S; transitions for the three tetramers

considered in this work. Orbitals plotted in 1IQmol with isovalue 0.05.
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Table 5.9.1. Single point energies calculated with w-B97XD basis and dielectric constant of 5.62
for C¢H;Cl (chlorobenzene) and 2.38 for C;Hg (toluene) for the investigated tetramers.

(Energies are given in eV).

Tetramers Absolute Sy - S, Absolute Sy » T, Emission Emission T{ -

Energies Energies 51250 So
Energies Experimental

at S,
geometry
CcHsCl | C,Hg | Gas | CcH5Cl C,Hg Gas Gas CcHsCl

a 2.90 291 | 3.02 1.76 1.76 1.76 1.06 2.31

B 2.55 255 | 261 1.63 1.64 1.64 0.87 221

BC 2.91 292 | 295 2.05 2.05 2.05 1.43 2.21

Further quantum chemical simulations were performed to give insights into possible triplet
formation mechanisms for the tetramers. In the a—tetramer, the NTOs for the T; states (So—T:
transition; Figure 5.12.7.2) are each localized on a single PDI. Time dependent DFT (TD-DFT)
calculations give adiabatic So—T1 triplet energies of 1.76 eV for the a, 1.63 eV for the £ and 2.05
eV for the SC in chlorobenzene. For efficient iSEF, the lowest optically allowed singlet excited
state [S1] of the chromophore should have an excitation energy of at least twice its triplet energy:
(E[S1] > 2 x E[T4]). Considering the triplet and singlet absorption energies shown in Table 5.9.1,
ISEF is energetically uphill by 0.62 eV for the a, 0.71 eV for the £ and 1.19 eV for the SC. This
endothermic behavior shows that iSEF is not possible in any of the investigated chromophores.

In order to explore the accessibility of potential double—triplet states (}[TT]), restricted
active space spin flip (RAS—-SF) was used to describe the character of multi—excitonic states
(Figure 5.9.2, Table 5.12.7.1 and Table 5.12.7.1). To perform RAS-SF calculations for
molecules with such large sizes, RAS—SF was performed on the “half” tetramers with only 2 PDI
units (RAS-2SF), as shown in Figure 5.12.7.3 — 5.12.7.5. Similar to the TD-DFT calculations,
RAS-2SF is believed to overestimate the calculated energies in comparison to what is obtained
experimentally. However, our RAS-2SF calculations shown in Figure 5.9.3 show that the singlet
(S1) energy for the a—tetramer is 3.8 eV while that of the f—tetramer is 3.4 eV. This suggests that
the RAS—2SF method error could be around + 0.4 eV. Disregarding the + 0.4 eV error observed
in these S energies, iISEF should be energetically uphill by 0.60 eV for a, 0.80 eV for f—tetramer
and by 1.0 eV for BC. These results are consistent with those obtained through our TD-DFT
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calculations. While this thermodynamic behavior is strange for iSEF materials, it has been reported
that the production of independent triplets from a singlet becomes less endoergic as molecular size
increases.®® For acene materials, this endothermic SEF behavior (2T, > S;) is not new.! The
endothermic energy deficit (2T; — S,) for these iISEF acene molecules has been reported to be 0.53
eV and 0.18 eV for anthracene and tetracene, respectively.! Therefore, it is possible that some of
our investigated molecules are eligible to undergo iSEF even after defying the thermodynamic
conditions. In all three cases, the calculated energy for the double triplet [TT] state is above the
S1 which is also atypical. Similar energetics, where the ![TT] energy is higher than the S energy,
have been reported for PDI derivatives undergoing iSEF, with endothermic driving energies (*[TT]
— S1) ranging from 0.2 eV to 1.05 eV. % From our RAS-2SF, the calculated endothermic driving
energy is 0.614 eV, 0.983 eV and 1.157 eV for a , 3 and BC respectively with a probable error of
+ 0.57 eV for each of these energy differences. The RAS—-2SF energies provide insight about the
feasibility of formation of the double triplet ![TT] state and separation of excitons from the {[TT]
state into two independent triplets. Therefore, considering the endothermic energy drives from the

RAS-2SF calculations, a is likely to undergo iSEF compared to 8 and 3C.
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Figure 5.9.3. RAS-2SF results for the truncated tetramers. Due to the size limit of CI
calculations, in the truncated model structure, only one pair of the adjacent PDI unit in each
tetramer system is considered.

5.10 Discussion

Literature proposes that the presence of a n—bridge linker and its flexibility is important in
triggering intramolecular singlet exciton fission (iSEF). 2638 53 |n this present investigation, we
show that the n—bridge linker flexibility is necessary but not sufficient in activating iSEF in
multichromophoric perylene diimide (PDI) systems. Here, we show the importance of the position
of attachment of the PDI units to the core (n—bridge linker) in dendritic PDI tetramer systems.
Owing to the flexibility of the n—bridge linker, the triplet energy is tuned such that the iSEF
energetic criteria (Es1 = 2Et1) may be satisfied. In this work, key differences between a— and
B—functionalized flexible—bridged systems compared to a rigid—bridged SC system, are pointed
out as they relate to the efficiency and rate of triplet production upon photoexcitation. As an
important result of our study, we demonstrate that in addition to the conformational flexibility of
the n—bridge linker, the position of functionalization on the PDI (¢ and ) and the dielectric
environment play a role in activating iSEF or excimer formation in these molecules.

We observe differences in the steady state properties of the two flexible n—bridged
systems. The steady absorption and emission spectra of a in chlorobenzene show striking
resemblance with the spectra of the parent PDI monomer. This indicates minimal excitonic
coupling among its PDI units. This lack of coupling is further confirmed by the extinction
coefficient of the a, which is four (4x) times that of the parent PDI monomer. The relatively broad
absorption spectrum with less vibronic structures of g, compared to that of a, resembles the
reported absorption spectra of prepared films of the PDI monomer.®* The narrower, structured and
blue—shifted spectra of the rigid n—bridged SC system is expected for planar PDI molecules.*®"
The BC absorption maxima is similar to that of a benzodithiophene (BDT) substitute.”® The
similarities of @ and the PDI monomer surprisingly disappear upon comparing their fluorescence
quantum yield in chlorobenzene. The fluorescence quantum yield for a in chlorobenzene is four
orders of magnitude (0.04%) lower than that of the parent PDI monomer (97%).°* The
comparatively low quantum yield in @ suggest an alternative deactivation pathway that competes
with the traditional radiative deactivation pathway of photoexcited parent PDI monomer.

However, in toluene, the emission spectra of a have an additional broad peak centered around 710
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nm and these spectra are concentration dependent. In addition, «a's fluorescence quantum yield
increases significantly in toluene, matching that of £ in toluene. Therefore, in toluene, a has a
tendency to form excimers as evidenced the above emission spectra characteristics, which inhibit
ISEF. For B, the broad and red—shifted emission band at 710 nm, which happens to be
concentration dependent, points towards the formation of excimers for this compound in both
chlorobenzene and toluene. The low fluorescence quantum yield of «, as well as the observation
of excimers in B, has been addressed using quantum chemical calculations and time—resolved
measurements.

For a, optimized ground-state geometries showed large perylene diimide—thiophene
(PDI-Th) and perylene diimide — benzodithiophene — perylene diimide (PDI-BDT—-PDI) angles
of 78.7° and 63.5° respectively. This nearly perpendicular connection between the two PDI units
connected through the thiophene (Th), and the two PDI units connected through the BDT core
indicate the twisted nature of this PDI tetramer system. The almost perpendicular orientation of
the a—functionalized PDI units introduces a large steric hindrance between individual PDI units,
minimizing their exciton coupling and creating a good separation between the orbitals in the PDI
units of this molecule. As a result, it is expected that the photophysical characteristics of a should
resemble those of the parent PDI monomer. We observed that the S—position leads to PDI units
that pair off in a co—facial orientation with a strong n—= stacking between two pairs of interacting
PDIs, an orientation that supports the formation of excimers.

The thermodynamic condition of iISEF is E[S;] > 2 X E[T,]. Considering the singlet and
triplet energies obtained through time dependent—density functional theory (TD-DFT), with
chlorobenzene solvation effects factored in, iSEF is energetically uphill by 0.62 eV for a, 0.71 eV
for f—tetramer and by 1.19 eV for BC. These results show that iSEF is thermodynamically
impossible for all the investigated molecules. These results are consistent with those obtained from
RAS-2SF where iSEF is energetically uphill by 0.60 eV for a, 0.80 eV for f—tetramer and by 1.0
eV for FC. The thermodynamic rule has been defied by singlet exciton fission materials,
anthracene and tetracene, with endothermic energy deficit reported to be 0.53 eV and 0.18 eV,
respectively where singlet fission is thermally activated.” The endothermic fission was used to
explain the extremely low fluorescence quantum vyield of tetracene since singlet fission was the

dominant deactivation pathway for the singlets.®® It is therefore possible that the o compound,
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whose energy deficit is close to that of anthracene, is capable of showing iSEF. On the other hand,
using the calculated T1—So emission energies (1.06 eV for the a, 0.87 eV for the 8 and 1.46 eV
for the BC) together with our experimental relaxed S1—So energies (2.31 eV for the a, 2.21 eV
for the 5 and 2.21 eV for BC), we notice that iSEF is energetically favorable for the a by 0.21 eV
and 0.52 eV for the S, but energetically uphill for SC by 0.57 eV (Figure 5.12.7.7). From these
calculations, iSEF is thermodynamically viable for both @ and 5. However, for the parent PDI
monomer, iISEF thermodynamic requirement is not fulfilled owing to its reported triplet (~1.2 eV)
and singlet (2.34 eV) energies.®®

On the other hand, using the RAS—2SF to predict the iISEF kinetic feasibility, surprisingly
shows that among the three investigated tetramers, only the a—functionalized chromophore has
the possibility of undergoing iSEF. We use a model by Farag et al.*® which defines the factors
affecting the rates of the individual steps in the iSEF process. The rate of formation of the [TT]
from the S (first step) depends on the energy drive (Egr) and the nonadiabatic coupling (NAC)
between these two states as described in detail in the literature. 4> %7 On the other hand, the rate
of the second step depends on the multiexciton binding energy (E,). ® This multiexcitonic
interaction quantifies the charge transfer contributions to the singlet multi—excitonic states,
compared to the pure quintet multi—excitonic states. From our RAS—2SF calculations of truncated
molecules, we find that the Egr for a is 0.614 eV, as shown in Figure 5.10.1. This Egg is lower
compared to that of 8 (0.983 eV) and SC (1.148 eV) indicating that singlet fission would be more
probable in the a—tetramer. Using the same RAS—2SF calculations, we determine the modified
binding energy, E},, for all the investigated chromophores. Unlike g and BC tetramers, there is
negligible multiexcitonic interaction energy (~0 eV) for the o system, where the ![TT] state is
degenerate with its corresponding quintet °[TT] state. This zero coupling between the two excitons
leads to an easy separation of the entangled excitons to form the two independent triplets, since
for weakly interacting triplet pairs, only a small activation energy is required to spatially separate
the triplets. The E}, for g and SC are — 0.006 eV and — 0.009 eV, respectively. Thus, no additional
energy is required for the two triplets to be separated in a, whereas in  and SC systems, this step
requires more energy as shown in Figure 5.9.3. This lower binding energy for « indicates that the
energy penalty to decouple the double triplet state into two separated triplets is negligible, making

the second step of singlet fission possible for this molecule compared to g and SC. Overall, the
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RAS-2SF calculations reveal that iISEF is kinetically feasible for a making this molecule a
possible candidate for iISEF. The trend of Esr and E}, obtained for our molecules is consistent with
those previously obtained for PDI dimers.® The location of the *[TT] state above the S state shows
that the Eg, for our PDI tetramers is endoergic and leads to iSEF for the a. Therefore, it is possible
that the negligible fluorescence quantum yield obtained for « is as a result of the nonradiative
pathway due to the accessibility of the double triplet state in this molecule. The iSEF
thermodynamic disparities observed in these molecules and the conflicting iISEF kinetic feasibility
for the @ compound calls for a detailed analysis of the time—resolved spectroscopic measurements
to not only confirm the compound undergoing iSEF, but also explore the iSEF mechanism. This
analysis would also be used to explain the absence of iSEF in 8 despite the molecule showing
energy levels similar to those of a.

With our time—resolved measurements, we were able to confirm iSEF in only one of the
flexible m—bridged compounds, « in chlorobenzene. For this flexible o—functionalized
chromophore, we observe a triplet yield of 126% using our nanosecond sensitization experiments
and a fast triplet formation of 160 ps with the femtosecond transient absorption (fsTA) technique.
Our findings suggest that iISEF takes place in @ upon photoexcitation for which its thermodynamic
and Kinetic viability is predicted by quantum chemical simulations. Interestingly, the long—lived
independent triplets are experimentally observed following their separation, and each of them is
localized on a single PDI of the tetramer, as shown in the results of the theoretical calculations.
This is really interesting as long—lived triplet excitons are indeed required for efficient solar energy
conversion. We use a previous iSEF model by Wasielewski and Guldi ?° to explain iSEF in « as a
guantum coherent mechanism. For the a in chlorobenzene, and as shown in Figure 5.10.1, we
propose that optical excitation populates the [S1So] state, which then populates the [TT] through
electronic coupling to [S1So]. Due to the closeness in energy, coherent electronic coupling among
the CT state, the [S1So] and ![TT] form a coherent quantum superposition state: [S1So]rriCT. This
superposition state then loses coupling immediately (within 160 ps), forming the double triplet
state (*[TT]). The second step of iSEF follows where the spin coherence of [TT] is lost, and the
correlated double triplet state dephases to form two independent triplets and hence high fission
yield in a. Recent improvements in the field of singlet fission show that despite energetic
inconsistencies, this fission process can still proceed endoergically due to entropic contributions.*®
Therefore, even though a does not fulfil the thermodynamic requirements for singlet fission, we
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propose that the strong electronic coherent coupling between the molecule’s [S1Se], the CT and
the Y[TT] states enable the singlet excitons to access the endothermic multiexcitonic state. In
addition, the entropic gains mainly acquired through the excitonic interaction with its environment
enables the singlet excitons to overcome the thermodynamic energy barrier and proceed through

the production of the double triplet states, }[TT], and dephasing of these ![TT] to form independent
triplet states (iSEF).
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Figure 5.10.1: Proposed singlet deactivation and triplet formation pathways for the investigated
PDI tetramers in chlorobenzene from our RAS-2SF.

In B, the expected iSEF (upon satisfying the thermodynamic condition) is hindered by
strong excimer formation. For this g — functionalized flexible system, we observe a low triplet
quantum yield and slow triplet formation. Additionally, our quantum chemical calculations show

that the B natural transition orbitals (NTOs) are highly delocalized and the electron density spreads

255



out from the central BDT linker to the adjacent PDI units. This strong delocalization supports
increased coupling between opposite PDI units of § compared to those of a.% This behavior is due
to the formation of intermediate excimer states which act as traps, competing with internal
conversion to the double triplet state.® Our experimental evidence for the excimer formation in 8
include: (i) broad, red—shifted emission (ii) concentration—dependent emission as previously
observed %, (iii) wavelength—dependent fluorescence decay lifetimes and (iv) co—facial
n—n stacking of the PDI units in the optimized geometry. These excimer species are observed in
a when the polarity of the environment is lowered (in toluene). For « in toluene, we observe a
concentration dependent emission, a slower singlet decay and triplet formation (380 ps) and a
triplet quantum yield of only 61%. These observations are due to the decreased viscosity of the
solvent, which has been observed to increase the ratio of the excimer to the monomer.1®1%t Dye
to the minimal coupling observed between the opposite PDI units of @ chromophore, its molecular
structure is subject to perturbations due to the solvation effects, and this could explain the
formation of excimer states in this molecule in toluene. In summary, the deactivation pathway of
photoexcited singlets in § and « in toluene is not via iSEF (regardless of satisfying the iSEF
thermodynamic condition) as there is strong competition with excimer formation, which trap
singlet excitons preventing the formation of the }[TT] state.

In addition, the different dielectric constants of solvent can affect the electrosctatic
interaction of molecule due to the effect on the molecular dipole moments, which has an ultimate
effect on the energetics of the molecule, affecting charge transfer rate. Noncovalrnt intramolecular
interactions that result from hydrogen bonds as well as dipole attractions affect the stability of
conformers. Electrostatic solvation energy is usually large for polar conformations and has been
grouped into three categories.®? 1) Organic molecules whose substituent (X) has a dipole moment
contribution parallel to the CX bond like F, Cl, CN, NO., lead to very stable anti-equatorial
conformations with a very large total dipole moment. 2) OH- and OCHs substituted molecules
where the oxygen lone pair contributes to the CX dipole moment that is in not parallel to that of
CX and therefore, the total dipole moment depends on the angle of rotation of the molecule. 3)
The CHs where the CX dipole is small and the total dipole moment does not change with
conformation. For molecules that contain F, Cl, CN and OH, the content of the axially oriented
molecules starts to increase as the polarity of the solvent increases owing to the improved

solute—solvent electrostatic interactions which then lead to conformers with a large dipole moment

256



and increased stability. Therefore, the dielectric constant of the solvent affects the interactions in
the solution that involes polar molecules and decreases the intermolecular energy when the
dielectric constant is increased. In the case of « in toluene, the reduced dielectric constant of
toluene leads to increased intermolecular energy which reduces the rate of charge transfer.

Although all the investigated molecules are charge transfer molecules, we observe the
highest two—photon absorption (TPA) cross section in SC. This suggests the presence of a
non—radiative singlet deactivation pathway and fluorescence quenching caused by intramolecular
charge transfer (iCT).1% The rigidity and enhanced planarity of SC leads to a stronger iCT
character. We find that triplet production for the rigid BC tetramer proceeds via intersystem
crossing because we observe triplet yields lower than 30% and slow triplet formation occurring in
few nanoseconds (~2 ns).

The crucial properties affecting multiexciton generation clearly emerge in comparing the
photobehavior of the flexible nt—bridged systems — 8 and a. Although both « and g are highly
twisted, the a—functionalized PDI units are completely isolated and do not show any interaction
with each other nor with the BDT core while the f—substituted units arrange in a co-facial stacked
structure. As a result, the absorption and emission spectra of the a resembles those of the parent
PDI monomer; this lack of coupling permits efficient iISEF. On the contrary, the f—substitution of
the core increases the coupling between the PDI chromophores leading them to have a co—facial
n—n interaction and therefore allowing the formation of excimers. These intermediate excimer
states trap the localized Frenkel excitons thus preventing singlet exciton fission into the correlated
triplet pair.

5.11 Conclusions

In this study, crucial properties affecting multiexciton generation clearly emerge in
comparing the photo—behavior of three analogous PDI tetramers showing flexible (¢ and g) and
rigid (8C) n—bridge linker, as well as their parent PDI monomer. The steady state spectral and
computational results of the a—tetramer suggest very minimal interaction among the individual
PDI units. However, while the reported fluorescence quantum yield for the parent PDI monomer
is close to unity, that of the @ compound is negligible, indicating the presence of a nonradiative

decay pathway for this compound. Our TD-DFT and RAS-2SF calculations predict that
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intramolecular singlet exciton fission (iISEF) is thermodynamically impossible for all the
investigated molecules. However, the triplet quantum yields obtained through triplet sensitization
experiments are 124% and 17% for « and  compounds respectively. In addition, our femtosecond
transient absorption shows an ultrafast triplet formation for a (160 ps). Therefore, we have solid
experimental evidence of ISEF only in the a —tetramer in chlorobenzene. Our RAS-2SF
calculations show that, among the studied tetramers, a has the lowest [S1So] — }[TT] energy gap
indicating the highest rate of forming the ![TT] state. In addition, the energy penalty for this [ TT]
to dissociate into independent triplets is ~ 0 eV for this molecule making it possible to complete
the second step of iSEF. We suggest this ![TT] state is formed from a superposition of singlet
states known as [S1So]rmCT which is made possible through the increased coherent coupling,
while the entropic energy drive necessitates the dephasing of the [TT] into independent triplet
states. The absence of iSEF in the other twisted n—bridged compound, S, is due to the production
of excimers following photoexcitation. These excimer states act as singlet exciton traps inhibiting
the formation of the double triplet states. Similarly, for « in a less polar solvent, we observe the
formation of excimers and a subsequent reduction of the triplet quantum yield (61%). For the rigid
B C tetramer, the main singlet deactivation pathway is through intramolecular charge transfer (iCT)
and a small triplet production was observed (24%) via intersystem crossing. The flexibility of the
linker has previously been demonstrated as an important factor in triggering iSEF. In this present
investigation, we show that the linker flexibility is necessary but not sufficient in activating iSEF
in multichromophoric systems. As an important result of our study, we demonstrate that in
addition to the conformational flexibility of the linker, the position of attachment of the core to the
PDI units the surrounding medium play a role in driving iSEF or excimer formation in these

dendritic molecules.
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5.12 Supporting Information

5.12.1 Steady State Absorption
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Figure 5.12.1.1. Normalized absorption of the tetramers in chlorobenzene (a) and toluene (b) and
normalized emission spectra of the tetramers in toluene (c). Spectra of the parent PDI monomer
are also included.
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Figure 5.12.1.2. Concentration effect on the absorption (A) and emission (B) spectra of all the
investigated tetramers in chlorobenzene
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Figure 5.12.1.3. Power dependence of the two—photon excited emission for the investigated
tetramers in chlorobenzene upon 820 nm excitation.
5.12.2 Time-Resolved Fluorescence Measurements
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5.12.3 Femtosecond Transient Absorption

Table 5.12.3.1. Lifetimes (t) obtained by global fitting of the femtosecond Transient Absorption

data.
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=Inf
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Figure 5.12.3.1. Femtosecond transient absorption decay and rise dynamics of the investigated
PDI tetramers as well as their polyexponential fittings.
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5.12.4 Triplet Yield Calculation from femtosecond transient absorption (fsTA)
Triplet yield was evaluated from the temporal dynamics of the lowest excited singlet and triplet
state populations, as obtained through analysis of the femtosecond transient absorption data,
according to a procedure already described in the literature, and here detailed for the tetramer
samples. 12

A. a—tetramer in chlorobenzene

Global Fitting of the femtosecond transient absorption data was carried out through the Glotaran
software which provided us with the Species Associated Spectra (SAS) of the four exponential
components (assignments and lifetimes described in Table 5.12.3.1) and their temporal

composition (Figure 5.12.4.1).
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Figure 5.12.4.1. Species Associated Spectra (left) and abundance in time (right) of the four
exponential components resulting from global fitting of the femtosecond transient absorption data
of a—tetramer in chlorobenzene.

To obtain the spectral shapes of the excited singlet and triplet states the transient spectra at
time delays of 160.80 and 1366 ps were selected, respectively (Figure 5.12.4.2). In fact, at these
time delays abundances of the singlet and triplet transients were maximum in the femtosecond

transient absorption data (Figure 5.12.4.1).
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Figure5.12.4.2. Transient absorption spectra at 160.80 and 1366 ps delay from excitation recorded

for a—tetramer in chlorobenzene.
The spectra of the lowest singlet and triplet excited states must be related though the ground

state bleach (GSB) they share in common. The ground state absorption spectrum was scaled and
subtracted from the 160.80/1366 ps transient spectra in order to remove the GSB contribution. The
amount of GSB to be subtracted was determined by normalizing the steady state absorption to the
transient spectra. The resulting spectra only show the S1/T1 excited state absorption (ESA) relative

to a known amount of GSB (Figure 5.12.4.3).
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Figure 5.12.4.3. Transient (blue/green) and steady state (black) absorption spectra used to
reconstruct the absorption spectra of the excited singlet (purple, straight) and triplet (purple,
dashed) states.
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The S; and Ty spectra are then normalized to the GSB they share, resulting in two spectra that are
quantitatively related (Figure 5.12.4.4).
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Figure 5.12.4.4. Excited state absorption spectra, normalized to GSB, used to correct composition
profile in Figure 5.12.4.2 and to obtain population dynamics in Figure 5.12.4.5.

The quantitatively related spectra of Sy and Ty were used to correct the composition profiles
previously shown. The temporal composition of the components resulting from the global fitting
reported in Figure 5.12.4.1 is indeed related to the differential absorbance measured during the
ultrafast absorption experiments. Therefore, according to the Lambert—Beer law, it is dependent
on both the absorption ability and the concentration of S; and T1. From the quantitatively related
S1 and Ty spectra reported in Figure 5.12.4.4, it is clear that the ratio between the triplet excited

state absorption at its peak (0.01125 at 511 nm) and the singlet excited state absorption at its peak
(0.01278 at 630 nm) is j—s = 1.136. By scaling the S1 and T1 temporal compositions in Figure
T

0.99974
0.68205

5.12.4.1 (multiplying the singlet profile by: = 1.465) for this factor, the correct

. . . AA
concentration profiles were obtained: =L = A—AT
S

. X j—s Population dynamics normalized at the singlet
S T

peak (Figure 5.12.4.5) demonstrates the formation of 1.66 triplets per initially excited singlet. A

triplet quantum yield of 166% was estimated for &« compound.
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Figure 5.12.4.5. Population dynamics of the excited singlet and triplet states for a in
chlorobenzene.
B. a—tetramer in toluene

The same method described in the case of a—tetramer in chlorobenzene used to determine the
triplet quantum yields of the a—tetramer in toluene. Our Global fitting showed the presence of

four components and their Species Associated Spectra (SAS) are presented in Figure 5.12.4.6.
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Figure 5.12.4.6. Species Associated Spectra (left) and abundance in time (right) of the four
exponential components resulting from global fitting of the femtosecond transient absorption data
of a—tetramer in toluene.
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Time delays of 43.5 and 1347.5 ps were used to obtain the spectral shapes of excited

singlet and triplet states, respectively (Figure 5.12.4.7).
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Figure 5.12.4.7. Transient absorption spectra at 43.5 and 1347.5 ps delay from excitation recorded
for a in toluene.

Then, the ground state bleach (GSB) contribution was accounted for by scaling and

subtracting the ground state absorption from the 43.5/1347.5 ps transient (Figure 14)
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Figure 5.12.4.8. Transient (blue/green) and steady state (black) absorption spectra used to
reconstruct the absorption spectra of the excited singlet (purple, straight) and triplet (purple,
dashed) states for a in toluene.
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The resulting spectra which only show S1/T1 excited state absorption (ESA) signals peaked

at very different wavelengths, are quantitatively related (Figure 5.12.4.9).
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Figure 5.12.4.9. Excited state absorption spectra used to correct composition profile in Figure
5.12.4.7 and to obtain population dynamics in Figure 5.12.4.10 for a in toluene.

Using these spectra, we corrected the composition profiles in Figure 5.12.4.6 in
determining differential absorbances typical of singlet and triplet states. The obtained ratio
between the singlet excited state absorption at its peak (0.0183 at 717 nm) and the triplet excited
state absorption at its peak (0.0354 at 512 nm) is 1.934. We then multiplied the singlet profile by
1.934 and the population was normalized at the singlet peak to obtain a triplet quantum yield of

56% (Figure 16) for the a—tetramer in toluene
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Figure 5.12.4.10. Population dynamics of the excited singlet and triplet states for a—tetramer in
chlorobenzene.

C. pC—tetramer
Global Fitting revealed the presence of five exponential components whose Species Associated

Spectra (SAS) and composition in time are shown below in Figure 5.12.4.11.
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Figure 5.12.4.11. Species Associated Spectra (left) and abundance in time (right) of the five
exponential components resulting from global fitting of the femtosecond transient absorption data
of SC in chlorobenzene.

Looking at the singlet and triplet composition profiles, transient spectra at time delays of
276.3 and 1466 ps (max. fsTA time window) were selected to obtain spectral shapes associated to

the excited singlet and triplet state, respectively (Figure 5.12.4.12).
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Figure 5.12.4.12. Transient absorption spectra at 276.3 and 1466 ps delay from excitation recorded
for SC in chlorobenzene.

The ground state absorption spectrum was scaled and subtracted from the 276.3/1466 ps
transient spectra in order to remove the ground state bleach (GSB) contribution (Figure 5.12.4.13).
In this case the same amount of GSB was subtracted from both spectra because no clear negative
band is exhibited by the transient spectrum at long delays.
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Figure 5.12.4.13. Transient (blue/green) and steady state (black) absorption spectra used to
reconstruct the absorption spectra of the excited singlet (purple, straight) and triplet (purple,
dashed) states.
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The resulting spectra, which only show S1/T; excited state absorption (ESA) signals peaked

at very different wavelengths, are quantitatively related (Figure 5.12.4.4).
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Figure 5.12.4.14. Excited state absorption spectra used to correct composition profile in Figure
5.12.4.11 and to obtain population dynamics in Figure 5.12.4.15.

These spectra were used to correct the composition profiles shown in Figure 5.12.4.11 in
determining differential absorbances typical of singlet and triplet states. The ratio between the
singlet excited state absorption at its peak (0.00824 at 584 nm) and the triplet excited state
absorption at its peak (0.00547 at 531 nm) is 1.4204. The temporal population profiles for these
excited states were thus obtained, by scaling the composition profiles in Figure 5.12.4.11 using

this factor (multiplying the singlet profile by: 2:5222 = 0.4633). From the population profiles

normalized at the singlet population peak (Figure 5.12.4.15), a triplet quantum yield ~ 66% was

estimated for SC compound.

278



0.8

¢r > 0.658

06

0.4

02

Population (normalized with S,)

OO 1 s sl | PRy | 1 soa sl
0.1 1 10 100 1000
Time / ps

Figure 5.12.4.15. Population dynamics of the excited singlet and triplet states for SC in
chlorobenzene.

For the case of the f—tetramer sample, the analysis of the femtosecond transient absorption
data to obtain the triplet yield was not carried out. In fact, the transient spectra at long delays after
excitation (corresponding to the triplet absorption) do not show any GSB features, as the triplet
ESA and the GSB spectrally overlap for this sample. Therefore, a quantitative analysis of these

data is not possible and would be inaccurate.

5.12.5 Nanosecond Transient Absorption

AA

Figure 5.12.5.1. Time—resolved spectra and kinetics (insets) obtained by nanosecond transient
absorption (nsTA) for the tetramers in nitrogen purged chlorobenzene with 510 nm excitation.
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Figure 5.12.5.2. Time—resolved spectra obtained by nanosecond TA for the tetramers in nitrogen
purged toluene with 510 nm excitation.
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Figure 5.12.5.3. Time—resolved kinetics obtained by nanosecond TA for the BC Tetramer in
ambient and nitrogen purged chlorobenzene with 510 nm excitation and 781 nm probe wavelength.

5.12.6 Triplet Sensitization Experiments by ns TA
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Figure 5.12.6.1. Transient absorption spectra of the sensitizers — tetracene in cyclohexane and
tetraphenyl porphine in chlorobenzene — upon laser excitation at 441 nm and 594 nm respectively.
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Figure 5.12.6.2. Transient absorption sensitization spectra of the tetramer compounds with their
respective sensitizers (porphine in chlorobenzene for a—tetramer only and tetracene in
cyclohexane for the rest).

Triplet extinction coefficients were obtained by triplet energy transfer measurements. 4
For the a—Tetramer compound, triplet energy was transferred from the 5, 10, 15, 20 — Tetraphenyl
— 21H, 23H — porphine donor (Er = 1.43 eV) to the a—tetramer acceptor. SC and S acted as triplet
energy donors to the Tetracene acceptor (Er = 1.27 eV).
Here, representative examples showing the employed procedure are reported.
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A. Determination of the triplet extinction coefficient of a in chlorobenzene (CB) at 510
nm by energy transfer from 5, 10, 15, 20 — Tetraphenyl — 21H, 23H — porphine
(lexc:594 nm)

Porphine in CB (ODgg, ,,,=1.076) at 510 nm.
T T T T

Porphine in CB (ODgy, ,,=1.0766) at 790 nm 0.010
010} 1
N AAngy, 5=0.1030 0.005 |
008 1 0.000
15=3.363 s ‘
L . J -0.005
<006 L kp=0.207 ps? <
y <
- | -0.010
-0.015
002} J
0,020 AA = - 00144 |
0.00 kM ‘ ‘ A A s s s s
0 5000 10000 15000 20000 0 5000 10000 15000
time / ns time / ns

Figure 5.12.6.3. Kinetics recorded during nanosecond transient absorption measurements of
Tetraphenyl — porphine (donor) in chlorobenzene upon laser excitation at 594 nm.
Porphine + a.in CB (ODgg, ,,,=1.142) at 790 nm
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Figure 5.12.6.4. Kinetics recorded during nanosecond transient absorption measurements of a
sensitized by Tetraphenyl — porphine (quenched donor at 790 nm and sensitized acceptor at 510
nm) in chlorobenzene upon laser excitation at 594 nm.
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a in CB (ODggy, = 0.065) at 510 nm
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Figure 5.12.6.5. Kinetics recorded during nanosecond transient absorption measurements of «a
(blank of the acceptor produced by direct excitation and not by energy transfer) in chlorobenzene
upon laser excitation at 594 nm.

— e % AAmax,a 1 — 6000M-'em-1 x 0.018 » 1
AT Mo fo XPEr XW M X103 * 0.9548 x 0.4309 x 0.492
= 5180M tcm™?
Where:
_1n-4
fo = al (1120_3:4) = 0.9548 is the fraction of light absorbed by the donor

Per = —7— = 0.4309 is the energy transfer probability

w = exp |————| = 0.492 is a factor accounting for the quenched donor and acceptor lifetimes

To calculate the triplet yield using the computed &,.

Relative actinometry approach was used. ** This was done using a reference compound
(Tetracene) with known e and ¢. To obtain the 44 of both sample and reference, the ground
state absorption (i.e. OD) of both sample and reference has to be the same at the excitation
wavelength (594 nm).

[¢T€A]sample — [AA]sample
[¢T€T]ref. [AA]ref.

B. Determination of the triplet extinction coefficient of SC in cyclohexane (CH) at 465
nm by energy transfer to Tetracene (hexc=510 nm)
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BC in CH (ODy0 ,,=1.0) at 533 nm

T T T T BC in CH (ODgyq ,,,=1.0) at 465 nm
0.06 . T T T T
0.000
ootk AP 5=0.0590
21 75=3.60 ps
k,=0.278 ps’* S omst AA = -0.009
0.02 -
-0.010 |-
0.00 e s .
0 5000 10000 15000 1 1 1 1
) 0 5000 10000 15000
time/ns

time / ns

Figure 5.12.6.6. Kinetics recorded during nanosecond transient absorption measurements of
BC—Tetramer (donor) in cyclohexane upon laser excitation at 510 nm. It should be noted that the
difference in the lifetime of SC in comparison to that reported in Table 5.6.1 of the main paper is
due to the different solvent employed here and to the different nitrogen purging conditions (time,
flow rate...).

BC+Tetracene in CH (ODg, ,,,=1.0) at 533 nm
T T T T T BC + Tetracene in CH (ODg,,,, = 1.0) at 465 nm
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Figure 5.12.6.8. Kinetics recorded during nanosecond transient absorption measurements of
tetracene sensitized by SC (quenched donor at 533 nm and sensitized acceptor at 465 nm) in
cyclohexane upon laser excitation at 510 nm.
No blank Kkinetics for the acceptor was recorded because no light absorption may occur for
Tetracene at 510 nm laser excitation.
A 0.0590
ﬁ X fo X pgr X w = 31200M " em ™! X
= 16029M~tcm™1

X 1 x0.5690 x 0.5356

SDZSAX

Where:
_ Ap 1-10"4D+4
fo = Ap+a ( 1-10~4D
kp—kp

Pgr = P 0.5690 is the energy transfer probability

) = 1 isthe fraction of light absorbed by the donor

284



kl
_Inl =2
ln(kA>
kl
D_4

kg
lifetimes

w = exp = 0.5356 is a factor accounting for the quenched donor and acceptor

[qugA]sample — [AA]sample
[¢T£T]ref. [AA]ref.

[4A]ampre 0.0161
L sample _ (.62 - 31200M~Lem™1) x
(44, (0.62-31200M ™ em™) X §5eg

[¢|Ter|sample] = [prer]rer. X
=4725M " 1em™1

C. Determination of the triplet extinction coefficient of g in chlorobenzene (CB) at 465
nm by energy transfer to Tetracene (hexc=510 nm)

P in CB (ODy;qyyy = 0.84) at 600nm + Tetracene in CB (ODy,,, = 0.896) at 465 nm
0.025 — . , 0035 1] : (ODs10nm : ) Y

Ay 4 = (0.0311-0.013) = 00181

0020k A, 5=0015 i 0.0301
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0.015 - 1, =8.870 s

0.0209 Ky =0.1127 st
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Figure 5.12.6.7. Kinetics recorded during nanosecond transient absorption measurements of S
(donor) and Tetracene sensitized by g in chlorobenzene upon laser excitation at 510 nm. It should
be noted that the difference in the lifetime of £ in comparison to that reported in Table 5.6.1 of the
main paper may be due to the different nitrogen purging conditions (time, flow rate, ...).

AAmaxD
=g X ——=X fp X X
€p = &a Moo fo X pgr X W
0.015
=31200M1cm™1 x 00181 x 0.9544 x 0.6877 x 0.7295 = 12379M~1cm™1
Where: '
_ Ap 1-1074D+4Y . . .
fo = ok ( — 04D ) = 0.9544 is the fraction of light absorbed by the donor

kp—kp

Per = ek 0.6877 is the energy transfer probability
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kD
—In <a>

w = exp | —r = 0.7295 is a factor accounting for the quenched donor and acceptor
L
lifetimes
[¢T£A]sample _ [AA]sample
[¢T£T]ref. [AA]ref.
[AA] sampie 0.0048

[¢p|Ter|sample] = [prer]rer. X [ = (0.62-31200M1cm™1) x

= 1420Mtem™?

AA] ey 0.0659

Table 5.12.6.1. Summary of the Triplet Extinction and Yield experiments for the Tetramers in
chlorobenzene.

with

with

with

Param. a—tetramer a—tetramer | a—tetramer a—tetramer with
with Porphine | with with Porphine | Dichloroanthracen
(Run 1) Porphine (Run 3) e (DCA)
(Run 2)
er(D) 6000 M~ tcm~ 6000 M~ tem7 6000 M~ 1cm™ 46000 M~ tem™1
(Porphine) (Porphine) (Porphine) (DCA)
AA, 0.018 0.020 0.037 0.0062
AAj 0.103 0.06 0.091 0.134
fs 0.9548 1.00 1.02 0.917
ki =kp 0.297 ps™ 0.467 ps*t 0.259 ps™ 0.174 ps™
k, 0.5219 ps* 1.094 pus™ 1.402 ps™ 0.500 ps
=kp
+ kgr[A]
ks =k, 0.272 ps? 0.285 pst 0.394 ps? 0.065 ps*
Pet 0.431 0.573 0.815 0.652
w 0.492 0.622 0.609 0.737
gr(4) 5180Mtcm™Y 5604M~tcm™| 4740Mtem™Y 2723Mcm™?
er(A) x pr | 6516M~tcm™! 6516M~1cm™ 6516M~1em™1 3182M~1cm™?
or 1.26 1.16 1.37 1.17
Param. B —tetramer | § —tetramer pC—tetramer | fC—tetramer

with
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Tetracene Tetracene Tetracene Tetracene
(Run 1) (Run 2) (Run 1) (Run 2)
er(4) 31200M~1cm 31200M~tcm~1 31200M~1cm™7 31200M tcm™
(Tetracene) (Tetracene) (Tetracene) (Tetracene)
AA, 0.0181 0.0086 0.035 0.044
AAj 0.015 0.010 0.059 0.074
fs 0.9544 1.01 1.00 1.03
k,=kp 0.257 ps™ 0.836 ps™ 0.278 st 0.654 pst
k, 0.823 us? 3.300 pst 0.645 pst 2.445 pst
=kp
+ kgr[A]
ks =k, 0.113 ps? 0.341 ps? 0.268 pust 0.676 st
Pet 0.688 0.747 0.569 0.732
w 0.730 0.770 0.536 0.612
er(D) 12379M~tcm| 6240M~*cm™1| 16028M~1cm™1 24412M~tem™]
er(D) X pr | 1420M~1em™ 1420M~tcm™t 4725M~tcm™1 | 4725M~1cm™?!
br 0.12 0.22 0.29 0.19

5.12.7 Quantum Chemical Simulations

Figure 5.12.7.1. The investigated Tetramers’ skeletons with their dihedral angles. From left to

right: «, g and SC.
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Figure 5.12.7.2. Natural transition 6rbitals (NTOs) of So—Tj transitions for the th

ree Tetramers

considered in this work. Orbitals plotted in IQmol with isovalue 0.05.
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Figure 5.12.7.3. Natural Orbitals (NOs) for the Multiexcitonic State (S4) of the truncated
o—Tetramer obtained by RAS—-2SF. Isovalue of these orbitals is set to be 0.02 in VMD.
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LUNO+1: 0.78

Figure 5.12.7.4. Natural Orbitals (NOs) for the Multiexcitonic State (Ss) of the truncated
o—Tetramer obtained by RAS—2SF. Isovalue of these orbitals is set to be 0.02 in VMD.
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Figure 5.12.7.5. Natural Orbitals (NOs) of the first excited singlet state (S1) of the truncated

B—tetramer obtained via RAS—-2SF with 6-31G* basis set. The isovalue of these orbitals is set to
be 0.02 in VMD.
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Figure 5.12.7.6. Natural Transition Orbitals (NTOs) of the first excited singlet state (S1) of: (a)
whole S—tetramer, and (b) the truncated f—tetramer obtained via TD—-DFT with wB97X-D
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functional/6—31G* basis set. The isovalue of these orbitals is set to be 0.05, 0.035 in IQMOL,
respectively.

Table 5.12.7.1. Energy levels estimated by RAS—2SF based on the optimized structures of
truncated Tetramer molecules (S: Singlet, T: Triplet, Q: Quintet, ME: Multiexciton. Energies are

given in eV).
a B BC
State Energy (eV) State Energy (eV) State Energy (eV)
So 0.000 So 0.000 So 0.000
T1 2.181 T1 2.131 T1 2.539
T, 2.192 T, 2.179 T2 2.558
S 3.796 Su 3.378 S 4.012
Sz 3.857 Ts 3.747 Sz 4.093
Ts 4.272 Sz 3.779 Ts 4.238
Ts 4.292 Ss 3.784 Ss 4.309
Ss 4.388 T4 3.939 T4 4.315
Q1—(ME) 4.410 S4 3.993 S4 4.424
Ts—(ME) 4.410 Ts 4.299 Ts 4503
S+—(ME) 4.410 Te 4.351 Te 4,535
Te 4.431 Q1—>(ME) 4.355 Ss 4.835
Tz 4.434 T:—(ME) 4.356 Tz 4.837
Ss 4,781 S+—Y(ME) 4.361 Ts 4.852
T8 4.866 Ts 4.369 To 4.878
To 4.906 Ss 4.390 T1o 4.937
T1o 4,977 To 4.462 Se 4,952
Tu 4.981 Se 4.719 Sy 5.035
Q:1—(ME) 5.160
Tu—(ME) 5.166
Ss—(ME) 5.169
T 5.305
So 5.335
Tis 5.394

Table 5.12.7.2. Energy levels estimated by 3SF—RAS of truncated «
(S: Singlet, T: Triplet, Q: Quintet, ME: Multiexciton. Energies are given in eV).

a
State Energy
So 0.000
T1 2.181
T2 2.181
Ts 2.192
S1 3.796
Sz 3.857
T4 4.272
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Figure 5.12.7.7: Proposed singlet deactivation and triplet formation pathways for the
investigated PDI tetramers in chlorobenzene using experimental singlet ([S1So]) absorption
energies, TD—DFT emission triplet (T1) energies, [S1So] + Esr for Y[TT] and [S1So] + Ep for °[TT]
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Chapter 6

New Direct Approach for Determining the Reverse Intersystem Crossing Rate in Organic
TADF Emitters
6.1 Original Publication Information and Author Contribution
Portions of this chapter were taken from a paper that was published in the Journal of

American Chemical Society with the title:

“New Direct Approach for Determining the Reverse Intersystem Crossing Rate in Organic
TADF Emitters” Ricardo Javier Vazquez, Ju Hui Yun, Angelar K. Muthike, Madeleine Howell,
Hyungjun Kim, Ifeanyi K. Madu, Taesu Kim, Paul Zimmerman, Jun Yeob Lee, and Theodore
Goodson 1.

My contribution in this work was performing the nanosecond transient absorption
spectroscopy experiments and helping with some of the data analysis. These experiments were
very important to the work since we were able to capture the excited state absorption (ESA) of the
molecule, determine whether these ESA was as a result of singlet or triplet species by purging out
oxygen that is a known quencher of triplets, determine the decay time of these triplet species which

was crucial in calculating the rate of reverse intersystem crossing.

6.2 Abstract

We developed a new optical method to determine the rate of reverse intersystem crossing
(knsc) in thermally activated delayed fluorescent (TADF) organic chromophores using time-
resolved transient absorption spectroscopy. We successfully correlated the knsc of the TADF-
chromophores with device performance. Specifically, we focused on the external quantum
efficiency (neqe) and the stability of the device at high brightness levels. It is believed that by
obtaining a large knsc one may reduce the possibility of triplet-triplet annihilation (TTA) and
increase the long-term stability of organic light emitting diodes (OLEDs) devices at high
brightness levels (neqe roll-off). In this contribution, we investigate the photophysical mechanism

in a series of TADF-chromophores based on carbazole or acridine derivatives as donor moieties,
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and triazine or benzonitrile derivatives as the acceptor moieties. We found a relationship between
large knsc values and high neqe values at low operating voltages for the TADF-chromophores
investigated. In addition, those chromophores with a larger krisc illustrated a smaller nege roll-off
(higher stability) at high operating voltages. These features are beneficial for superior OLEDs
performing devices. Contrarily, we found that if a chromophore has a knsc < 10%s? its nege is <
5%. Such as small krnsc suggests that there is no TADF effect operating in these organic systems
and the molecule is not efficient in harvesting triplet excitons. Emission lifetime-based
methodologies for determining the knsc were included for comparison but failed to predict the
devices performance of the investigated TADF-chromophores to the same extent of our proposed

methodology.

6.3 Introduction

Organic light emitting diodes (OLEDs) based on chromophores with thermally activated
delayed fluorescence (TADF) characteristics have captivated the attention of the scientific
community as a potential replacement for their organometallic phosphors counterparts.*® This is
due to improvements including the devices’ processability and ease of fabrication, synthetic
flexibility for optical tuning, and cost-efficiency.>”® In addition, these TADF-based OLEDs are
able to emulate the high internal quantum efficiencies (nioe ~ 100) offered by their Phosphors-
OLED counterparts.*°® However, the key challenge hampering their commercialization is their
poor device efficiency at high brightness levels, an effect known as efficiency roll-off.1%!

The high nige has been ascribed to the conversion of non-emissive triplets into emissive
singlets (T1 — S1) in a reverse intersystem crossing process (rISC), which is made possibly by the
small energy gap between the singlet-triplet manifolds (AEst).2!2 The field has primarily used
steady-state measurements and microsecond spectroscopy to illustrate and calculate their krsc,
under the premise that it may help to predict device performances »71314 Specifically, it is believed
that obtaining a high krsc is critical for reducing the triplet-triplet annihilation (TTA) mechanism
that causes neqe roll-off.31*15 However, these indirect methods require a combination of selected
tools and do not exclude the parallel coexistence of phosphorescence in the TADF-chromophore

nor the influence of the host material if the measurements are conducted in solid state.316-20
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New methodologies applied to this problem, such as nanosecond transient absorption
spectroscopy (ns TAS), can provide a powerful tool to examine the photophysical properties of

organic chromophores with TADF-characteristics. It is interesting to note that while there have
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Figure 6.3.1. Molecular structure of the investigated TADF-active chromophores

been reports of studies investigating the quenching effect of molecular oxygen (Oz) in the emissive
properties of highly efficient and well-known TADF-systems, there have not been any detailed ns
TAS O quenching studies of these promising materials.?*?> O, has been used for decades as a
fundamental molecule for excited state sensitization??*2 The ns TAS is a time-resolved
spectroscopic technique that can detect and resolve the dynamics of non-emissive intermediates
contributing to the excited state of these chromophores in relatively long timescales (> 10 ns).?%-
3 These non-emissive conformers are detected as positive A absorption bands, namely excited
state absorption (ESA).21303335-37 By coupling Oz with the ns TAS technique, we aim to identify
and characterize the ESA bands with O sensitivity, which in these timescales, should be observed
in a significant ESA decay lifetime lengthening attributed to triplets.

6.4 Results and Discussion
In this publication, we present the first results of ns TAS spectroscopy to determine the
krisc in organic chromophores with TADF characteristics by direct triplet state characterization. A
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series of chromophores with diverse molecular structures were investigated to demonstrate our
methodology (Figure 6.3.1). Emission lifetime-based methodologies for estimating the krisc were

included for comparison.
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Figure 6.4.1.Time-resolved absorption spectra of 2CbzPN (A), BCC-TPTA (B), BTAcTr (C),
and BFACPN (D). ESA decay relaxation profiles of 2CbzPN (E), BCC-TPTA (F), BTAcTr (G),
and BFACPN (H).

To demonstrate our transient absorption methodology, the well-known 2CzPN and BCC-
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TPTA were used as standards (Figure 6.4.1). For the 2CzPN system, two ESA bands were
detected. These bands have been previously reported and attributed to triplet state
conformations.?3 As we previously reported for BCC-TPTA, we did not detect ESA bands that
are consistent with triplet density.?! In contrast, similar ESA bands to those obtained for the 2CzPN
system were found for the remaining organic chromophores investigated. Therefore, oxygen
sensitization experiments were carried out to further characterize the relaxation pathways of these
ESA bands.

As it can be observed for 2CzPN in Figure 6.4.1B, a lengthening in its ESA relaxation
dynamics was obtained when the measurements were conducted in O-free enviroments. A similar
mono-exponential decay constant of ~ 1.7us (rate = 5.8x10°s%) was obtained for both ESA bands
regardless the solvent used. It is important to note that the lengthening in these ESA bands (triplets)
lifetimes correlate well with the lengthening in the long-lived emissive lifetime of 2CzPN (Figure
6.4.2A) and with the quantum yield enhancement after purging oxygen (®tapr). The ®tapF iS
quantified by the difference in @ of the chromophore before and after purging oxygen, and it has
been widely used to determine the knsc in emission lifetime-based methodologies.**"2? We need
to highlight that the ESA decay rate of 2CzPN is magnitudes higher than the reported rates of
phosphorescence (Kp) in chromophores with TADF characteristics determined at low
temperatures.® One can expect that this rate (Kp) will not get any larger at high temperatures.
Therefore, we can rule out the possibility of room-temperature phosphorescence. Conversley,
these observations suggest that the dynamics of these ESA bands are related to triplets that are

important to the characterization of the delayed fluorescence process in 2CzPN.
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Figure 6.4.2. (A) Emissive lifetime characterization of
2CbzPN (A), BTACTr (B), BFACTr (C) and BFACPN (D).

In the case of BTACTT, there are two ESA bands (see Figure 6.4.1) present. The ESA 2
band showed a higher sensitivity to the presence of 02.252° A lengthening in the mono-exponential
decay of ~ 310ns (Krriplet = 3.2x10°st) was obtained for the ESA 2 conformation in toluene (Figure
6.4.1B) and 183ns (Ktripiet = 5.6x10%?) in chloroform (Figure 6.6.7) after purging oxygen. The
lengthening in these ESA bands lifetime of BTACTT correlates well with its ®tapr and with the
lengthening in its long-lived emissive lifetime (Figure 6.4.2A). Similar behavior was obtained for
the BFACTT system in chloroform (Figure 6.6.7; 6.6.8). A lengthening in the mono-exponential
decay with time constant of 244ns (Krriplet = 4.2x10%™) was obtained for the ESA 2 band at O»-
free enviroments. Under these circumstances, we can attribute the ESA 2 band to triplet state
conformations. This assignment became more evident when a lack of ESA bands is observed for
BFACTT in toluene solution (Figure 6.6.7). This lack of ESA bands correlate well with BFACTr
discrete long-lived emissive component when toluene is used as the solvent (Figure 6.4.2A). In
the case of BFACPN (Figure 6.4.1), multiple ESA bands were detected with ESA 2 and ESA 3
showing a similar decay profile and time decay of ~ 1.1us (Krriplet = 9.1x10°s%) regardless of the
solvent used. As with the 2CzPN, BTACcTr, and BFACTr systems, the ESA bands lifetime
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lengthening of BFACPN in O»-free enviroments correlates well with its ®tapr and with the
lengthening in its long-lived emissive lifetime.

Despite that O is a fairly non-discriminatory excited-state quencher, the overwhelming
evidence obtained from multiple spectroscopic techniques connect the ®tapr 0Of the investigated
systems (Table 6.6.4) with: (1) an increase in their long-lived ESA band lifetime, and with (2) an
increase in their long-lived emissive lifetime. Under these circumstances and timescales, it
becomes evident that purging oxygen from the solution resulted in mostly unquenched triplet
excited states that may contribute to the long-lived emissive lifetime of the investigated
chromophores, as it was recently reported for some of these, and other, TADF-active
chromophores.?? Consequently, these results strongly suggest that at least part of the non-emissive
triplet density is converted into emissive singlets thru the rISC mechanism. Here, we use the
deactivation rates of these O sensitive ESA bands (Kripiets) at O»-free enviroments and multiply
them by the ®rtapr to quantify the ammount of non-emissive triplets converting into emissive

singlets, namely the knsc (Equation 1):

Krisc = Krriplet*®1ADF Equation 1
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A rate of 1.1x10%™, 9.8 x10%?, 4.6x10%?, and 7.2x10°s were obtained for 2CzPN,
BFACPN, BFACTT, and BTACTT, respectively. These knsc magnitudes seems to concur to some
extend with the quantum chemical simulations (QCS) presented in here (SI) and with those
published by Brédas.®> We used the knsc determined by our methodology and correlated them with
their device performance under the same device architectures. We obtained a proportional
relationship between the knsc and neqe (Figure 6.4.3), with TADF chromophores with the larger
knsc showing higher meqe. Specifically, nege of 9%, 14.1%, 20.4%, and 21.8% for 2CzPN,
BFACPN, BFACTr, and BTACTr systems were reported, respectively. To further validate our
methodology, we used it to determine the knsc of some well-known TADF-chromophores from
the limited transient absorption data available in the literature. A relationship between the krisc and
the neqe was obtained for well-known systems such as 4CzIPN and 4CzPN. Specifically, a krisc of
2.2x10%1

Table 6.4.1. knsc comparison and device performances summary of the TADF-active systems.
®EQEmax = maximun EQE value at low operating voltages. Not observed (N.O.)
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Chromophore Krisc Krisc

10°s? EQEmax 10°s?

(Our-Method) (Emission

lifetime-based)

BTACTr 1.2 2140 765
BFACTTr 4.6 20.4 40 103
4CzIPN 2.2 19.3 241 140%
4CzPN 0.70 17.8 24 4.65
BFACPN 0.98 14,15up-Info 145
2CzPN 0.11 92 6.0
BCC-TPTA N.O. 16.8 11! N.O.

, and 7.0x10%? correlating well with nege of 19.3% and 17.8% values were observed,
respectively.#! It is interesting to note that if the chromophore (0-CzBN, m-CzBN, p-CzBN)
possess a knsc < 103s™, an neqe < 5% is obtained (Table 6.6.2). This results suggests the minimum
knsc that a TADF chromophore must possess to be able to harvest triplet-excitons via a rISC
process and be a TADF-active emitter.

It is believed that TADF emitters with a large knsc may reduce the TTA mechanism
responsible for the neqe roll-off in OLEDs.1315% |n the case of the chromophroes with triazine as
acceptor, a reduced nege roll-off was observed for BTAcTr (5%) while the higher nege roll-off
was observed for BCC-TPTA (76%), which its lack of ESA bands in the multiple solvents tested
suggest minimal triplet exciton conversion to singlet excitons.?! In the case of the TADF
chromophores with benzonitrile functionalities as the acceptor, reduced neqe roll-offs were found
for 4CzIPN (6%), BFACPN (8.5%), and 4CzPN (10%) in comparison with that of 2CzPN
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(55%).24! These observations are also consistent with obtaining a large knsc and reducing the nege
roll-offs (Figure 6.6.3).

Emission lifetime-based methodologies for calculating the knsc were included for
comparison.’*1722 Rates of 6.0x10°s?, 1.45x107s?, 1.03x107s?, and 7.65x10"s™ were obtained for
2CzPN, BFACPN, BFACTTr, and BTACTT, respectively. Very interestingly, no trends between the
knsc determined by emission lifetime-based methodologies and the nege Was obtaied. This was
also true when the chromophores from the literature were taken into consideration. It is interesting
to note that nege < 5 %, which implies TADF-inactive emitters,® were reported for some
chromophores (0-CzBN and p-CzBN, Table 6.6.2) whose kysc determined by emission lifetime-
based methods were within the same order of magnitude (> 10%s™) as with TADF-active emitters.
Contrairly, our methodology showed that these TADF-inactive chromophores possess very small
knsc (< 10%sY), highlighting the minimal knsc magnitude that a TADF chromophore must possess
to be TADF-active. These observations suggest higher accuracy for the rISC illustration and direct

knsc determination by our methodology over emission lifetime-based methods.

6.5 Conclusion

In conclusion, we developed a new optical strategy for the direct determination of the krisc
in organic chromophores with TADF characteristics. Our methodology allowed us to: a) directly
characterize the triplet state dynamics for determining the krisc in organic TADF chromophores,
b) highlight the correlation of a large krnsc with a high neqe value and its device stability for TADF-
OLED:s at high operating voltages. We also illustrated the correlation of obtaining a krsc > 103
for efficient TADF-active molecules. These structure-function relationships were not possible by
using emission lifetime-based methodologies. This work may facilitate the excited state
characterization of organic chromophores with TADF characteristics and will help to discover top

TADF candidates for superior OLEDs device performance.
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6.6 Supporting Information

6.6.1 Materials: The BCC-TPTA chromophore was purchased from Luminescence
Technology Corporation. The BFAcTr, BTAcTr, and BFACPN systems were synthesized
according to the literature.*

6.6.2 Sample Preparation and Experimental Sample Handling: A stock solution (10
M) were prepared by mixing each sample in the corresponding solvent. Toluene or chloroform
were the solvents for all of the investigated samples. Consequent dilutions from the stock solutions
were made on each sample to run the different experiments conducted in this report. A 400 nm
excitation wavelength was used in all experimental set-ups and for all the chromophores while
their emissive lifetime were measured at their respective emissive Amax. In all, emission quenching
from purging out oxygen is carried out. Specifically, the oxygen free atmosphere was created by
bubbling N2 thought the solution for at least 8 minutes. The 8 minutes criteria was based on the
reproducibility of the emission spectrum intensity, quantum vyield, and emissive lifetime
characterization of the investigated systems.

6.6.3 Steady State Measurements: The absorption spectra were measured on an Agilent
8341 spectrophotometer while the emission spectra were collected on a Fluoromax-4 fluorimeter
with slits set at 2.5 nm and an integration time of 0.100 s. Quartz cells with 10 mm path length
were used for all the steady-state measurements, including the quantum vyield calculations. All
steady state optical measurements were carried out at ambient conditions unless otherwise stated
in the figure caption. The low temperature emission (phosphorescence) spectrum were obtained
by using a Photon Technologies International (PTI), QuantaMaster 400 scanning
spectrofluorometer. The emission spectrum of the samples at low temperature (77K) were obtained
after a delay > 300 us between the excitation beam and detection.

6.6.4 Fluorescence Quantum Yield Calculation: The Williams comparative method was
used to calculate the fluorescence quantum yields of the systems as described elsewhere.>* The
optical density was maintained around 0.10 or below to avoid reabsorption and internal filter

effects in the measurements. The absorption and fluorescence were measured for at least four
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samples with systematic decreasing concentrations. The quantum yield was calculated using the
following equation:

Grad,m2
Gradsrp Nirp

were @y is the calculated quantum yield, 7 is the refractive index of the solvent, and Grad is the

bx = dsrp

slope obtained from plotting the fluorescence area vs the optical density (OD). The quantum yields
for BFACTr, BTACTr, and BFACPN were measured in toluene and chloroform solutions using
BCC-TPTA (57 %)>° dissolved in toluene as the standard. The same is true for the @y
measurements at oxygen free atmospheres. N2 bubbling was the method to remove oxygen from
the solution (12 minutes). The emission spectra were collected on a Fluoromax-4 fluorimeter with
slits set at 1.5 nm and an integration time of 0.100 s. Quartz cells with 10 mm path lengths were
used for all the steady-state measurements. All optical measurements were carried out at STP.

6.6.5 Masui method for the indirect krisc calculation: The rate of reverse intersystem
crossing (knsc) was calculated followed by the equation:

k _ kp kabrapr
rise kiscPr

were ¢r is the quantum yield at oxygen rich atmospheres, ¢rapr is the delayed fluorescence
quantum yield (doxygenrree — OF), Kp is the rate of fluorescence (1/fluorescence lifetime), kq the rate
of delayed fluorescence (1/DF lifetime), and kisc is the rate of intersystem crossing ((1- ¢g)*Kp).

6.6.6 Time-Resolved Fluorescence and Phosphorescence Measurements: The time-
correlated single photon counting (TCSPC) technique was used to measure the time-resolved
fluorescence and phosphorescence of the investigated systems. The laser used for the TCSPC
measurement was a Kapteyn Murnane (KM) mode-locked Ti-sapphire laser with a beam at 800
nm wavelength, with a pulse duration of ~30 fs. The output beam was frequency-doubled using a
nonlinear barium borate (BBO) crystal to obtain a 400 nm beam as the excitation beam and a
polarizer was used to vary the power of the excitation beam. The excitation light was focused on
the sample cell using a lens of focal length 11.5 cm. Collection of fluorescence was done in a
perpendicular direction of the excitation source. The incident fluorescence beam is focused into a
monochromator, and the output from the monochromator was coupled to a photomultiplier tube,

which convert the photons into counts.
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6.6.7 Nanosecond Transient Absorption Spectroscopy Measurements: The absorption and
lifetime of the emissive and non-emissive transient species can be fully characterized by using this
transient absorption spectroscopy technique, which has been previously described.®>’ These
measurements were done in dilute solutions and in the same solvent in which the other
photophysical characterizations were carried out, unless otherwise described in the caption. A
LP980 (Edinburgh) system, which contains the PMT(PMT-LP), was coupled with a Spectra-
Physics QuantaRay Nd:YAG nanosecond pulsed laser and a GWU Optical Parameter Oscillator
(OPO) tunable from 250 nm to 2600 nm for the excitation source. For this investigation, a 350nm
and 415 nm excitation was used to pump the molecules to the excited state and a pulsed xenon
lamp (300-800 nm) white light continuum source was used for probing the excited state.

6.6.8 Quantum Chemical Simulation:
The rate of reverse intersystem crossing (k,sc) can be calculated via Fermi’s Golden

rule,®’

2T )
ksc = Tchl(SleolTH

where (S|Hgo |T) is the spin—orbit coupling element between singlet (S) and triplet (7), prc denotes
the Franck—Condon—weighted density of states, and # is the reduced Planck constant of 6.582x10
16 eVs. The Franck—Condon—weighted density of states is evaluated with Marcus—Levich—Jortner

theory,!%!!

(AEST + nh(t)eff + AM)Z
4‘7TAMkBT

exp(— S)—ex [— ]

prc = Z
Fe = ,/4m1MkB

where Am 1s the Marcus reorganization energy associated with the intermolecular and
intramolecular low—frequency vibrations, kg is for Boltzmann constant of 8.6173x10” eV/K, T is
the temperature (in this study, room temperature of 298.15 K), hwefr represents the effective energy
of a mode representing the nonclassical high—frequency intramolecular vibrations. Huang—Rhys
factor associated with these modes are given as S. AEst indicates singlet-triplet energy gap which
can be calculated as E[T]-E[S] for rISC processes. One recent computational study on TADF
mechanism discussed the rate of rISC within the same framework used in this work.!? They
computed the contribution of nonclassical intramolecular vibrations, and estimated the Marcus
reorganization energy due to low—frequency intramolecular vibrations and the medium—induced

relaxation effects to be in the range of ~0.1—0.2 eV.'"!*> The approximation setting Am to 0.1 or
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0.2 eV reproduced available experimental knsc values on the same order of magnitude. The close
examination revealed that use Am value of 0.2 eV gave better quantitative agreement with the
available experimental kusc data. Therefore, Am value was set to 0.2 eV in this study. In addition,
they assumed the Huang—Rhys factors can be neglected without significant changes to the results
for large molecules. With these conditions, the kisc values could be estimated with quantum
chemically computed AEst and Hso.

Quantum chemical simulations were performed to understand the kusc of three
chromophores. The ground state geometries were determined using density functional theory
(DFT). The range-separated functional, ¥B97X-D, was employed with 6-31G* basis sets. The first
singlet excited state (S1) geometries were located with time-dependent DFT (TDDFT). The same
functional and the basis sets employed in the ground state geometry optimization were used. The
computational benchmark study reported by H. Sun, C. Zhong, and J.-L. Brédas showed that
vertical singlet-triplet energy gaps obtained from nonempirically tuned range-separated
functionals are highly reliable.!* The range-split parameter o is tuned to minimize the square sum
of the difference between HOMO energy (enomo) and ionization potential (IP), and LUMO energy
(eLumo) and electron affinity (EA), (enomo+IP)*+(eLumo+EA)?. It is reported that the w value is
significantly affected by the environment such as the inclusion of solvent dielectric field effect.!
The optimal values of @ are given as 0.008, 0.008, and 0.010 for BTAcTr, BFAcTr, and BFAcPN,
respectively, when solvent (chloroform, dielectric constant of 4.31) is included using a polarizable
continuum model. The nonempirically tuned ®wB97X-D, o B97X-D, was employed to predict
vertical excitation energies and spin-orbit coupling element between singlets and triplets at the Si
geometries. For spin-orbit coupling element calculations, the one-electron Breit-Pauli Hamiltonian

was used. All quantum chemical simulations were performed with Q-Chem 5.0.

311



Table 6.6.1. Rate of rISC determined by quantum chemical simulations (QCS).

Chromophore | knsc
10°s
(QCS)

2CzPN 0.12°
BFACPN 1.87
4CzPN n/a
4CzIPN 49.2°
BFACTr 8.32
BTACTr 11.6
BCC-TPTA | 69%

g 590

Figure 6.6.1. Molecular structure of the TADF-inactive chromophores.

Table 6.6.2. Rate of rISC comparison for the TADF-inactive chromophores

10%6/21Y7 0.066 01%17/0.30 ¥/ 451

_ 216/1817 0.00512 0 1617/0.064 17 3.116

| P=BCzBN | 425Y 0.0114 0.120917/0.20 7 4516

Table 6.6.3. Rate of rISC correlation with the efficiency roll-off of the TADF-active
chromophores in chloroform. The device performances were compared under similar device
architectures. The parenthesis values indicates the percentage of device degradation (efficiency
roll-off) at a higher operating voltage
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Chromophore Krisc
10°s? nNece roll-off (%)
(TAS)
2CzPN 0.22 9/4.0'®
(55%)
BCC-TPTA 7.2 16.8/5°1°
(76%)
BTACTTr 4.6 21/20!
(5%)
BFACTr 0.98 20.4/17*
(15%)
BFACPN (n/a) 14.1/12.9
(8.5%)
4CzIPN 0.69 19.3/18 1820
(Phme) (6.7%)
4CzPN 2.0 17.8/16 1820
(Phvie) (10%)
25
B 0-3CzPN
20 ® m-3CzPN
1 A p-3CzPN
é ¥ 2CzPN
s 15-
O 10
LL] A 4
5- A O
o

2 4 6 38 10 12
krISC (10)

Figure 6.6.2. Close up of the TADF-inactive correlation of the device EQE with the Knsc
determined by our methodology.
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Figure 6.6.3. External quantum efficiency roll-off correlation with the krnsc determined by our
methodology for the TADF-active chromophores.
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Figure 6.6.4. Steady State absorption and emission of the investigated system in Toluene (Column

1), Chloroform (Column 2), and PMMA (Column 3). Measurements were taken at ambient

conditions.
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Figure 6.6.5. Fluorescence at RT (Black), fluorescence at 77K (Blue), and phosphorescence at
77K (Green) of the investigated chromophores in toluene solutions. The phosphorescence spectra
was measured with the help of an electrical shutter with a 300 ps delayed between the excitation

beam and the emission detection to avoid the fluorescence (S1) detection.
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Figure 6.6.6. Fitting of the ESA decay of the investigated systems in diluted toluene solutions.
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Figure 6.6.7. Time-resolved absorption spectra of the investigated system in chloroform solution
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Figure 6.6.10. Emissive lifetime fitting of the investigated chromophores in diluted chloroform

solutions by using the TCSPC. These measurements were done before and after the oxygen

purging process.

Table 6.6.4. Emissive lifetime of the investigated chromophores measured by the time correlated
single photon counting (TCSPC) technique. The ambient, purged and 77K measurements were

taken in chloroform as the solvent. The rate constants were obtained by the method published by

Matsui et al.®

Emissive lifetime Emissive D Rate Constants
Material (Ambient/Purged) lifetime (Rich/Free) (107 s
In (iPMMA) (%)
Chloroform | Si(ns) | Ti(ns) S | T Ke | Kr | kisc | knsc | Kor
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BCC-TPTA | 10.1/13 n/a 613 | nla | 25/37 | 10 | 25 | 75 0 0
BTACTR 7/8 116/169 | 11 | 711 | 1/14 | 83 | 008 | 86 | 7.65 | 052
BFACTR 17 31/758 | 21 | 723 | 15/115| 41 | 062 | 41 | 1.03 | 013
BFACPN 17/24 | 198/544 | 45 | 850 | 1.6/124 | 3.3 | 005 | 32 | 145 | 0.8
2CzPN 21/34 | 100/1910 | n/a | nla | 6/12 | 417 | 025 | 392 | 0.06 | 0.05
S iPMMA
BFACPN
w4 — BFACTT
= —— BTACTr
>
o 3
O
N
o 2
o !
— 14 "|‘|p‘|r
0. I R AT
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Figure 6.6.11. Emissive lifetime characteristics of the investigated chromophores in iPMMA

carried out with the time correlated single photon counting (TCSPC) technique (A).
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Figure 6.6.12. Time-resolved femtosecond transient absorption spectra of BCC-TPTA (A) and
the decay relaxation of the detected signals (B). Time resolved nanosecond absorption spectra of
BCC-TPTA (C). The data of Figure 6.6.12C is published in DOI: 10.1039/c8tc05957h.

Table 6.6.5. Spin—orbit coupling element, energy gap between S| and 7, (AEsr), and rate constant
of rISC process AEst was estimated between adjacent singlets and triplets. 7> (71) state energy was

used for BTAcTr and BFAcTr (BFACPN), respectively.

BTACTT BFACTr BFACPN
Hso (cm™) 0.544 0.568 0.058
AEst (eV) 0.120 0.134 0.019

krisc 10° (%) 11.6 8.32 1.87
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Chapter 7

Effect of Long-Lived Diradicaloids on the Photophysics of Semi-ladder Thiophene-Based
Polymer Aggregates for Organic Light Emitting Transistor (OLET) Applications.

Muthike, A.K.; Awais, M.A.; Wang, C.; Orr, M.; da Silva Almeida, N.; Brookhouse, S.; Yu, L.;
Wilson, A.; Goodson 111, T. J. Am. Chem. Soc. To be submitted
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for doing the quantum chemical calculations.

This manuscript is under preparation and will be submitted to the Journal of American
Chemical Society. Therefore, some changes may be made before the submission and therefore the
final manuscript may have more or less content compared to what is reported in this dissertation.

7.2 Abstract

Open-shell structures have been reported to enhance the spin density that is delocalized along the
planar m —conjugation backbone and ultimately affecting their charge transfer and efficiency.
These structures tend to have low-lying triplets and small singlet-triplet bandgaps which are
favorable for charge and energy transfer. While diradicals have been reported to enhance the
efficiency of organic light emitting diodes (OLEDs) by offering intermolecular spin-spin
interactions which lead to o —aggregation. This eventually leads to and formation of
o —polymerization which affects intermolecular stacking and charge transport which has proved
to be good for OLEDs. The low bandgaps, intimate intermolecular interactions, and redox
amphoterism which increase the overall efficiency of organic field effect transistors (OFETS).
However, there is no report of how these diradical states affect the efficiency of organic light

emitting transistors (OLETS). To the best of our knowledge, this is the first report highlighting the
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formation of diradicals. We use time-resolved, linear and nonlinear optical spectroscopy to show
the existence of long-lived diradical states in the thiophene-based polymer. On the other hand, the
furan-based polymer shows the formation of long-lived zwitterions. We propose that the formed
diradical character with a lifetime of 25 us lowers the charge separation in the resonance structures,
reducing charge transfer and negatively affecting the external quantum efficiency of the thiophene-
based OLET.

7.3 Introduction

Organic light emitting transistors (OLETS), first reported in 2003, is a rising class of
organic optoelectronic devices that have the unique advantage of combining the electrical
switching functionality of organic field-effect transistors (OFETSs) and the light generation
capability of organic light emitting diodes (OLEDSs) in a single device.*® While the technology of
OFETs and OLEDs, are the working principles of OLETSs, are individually significantly
developed, their working mechanisms and potential have not been exploited enough.?* Scientists
have seen this upside as a potential method to reduce the complicated processes towards next
generation pixel circuitry.? Thus far, OLETs have shown magnificent potential in diverse range of
applications like optical communications systems, electroluminescent displays, electrically
pumped organic lasers and solid-state lighting sources.>® However, the applicability of these
OLETs is far from implementation due to their poor performance in terms of low brightness, low
carrier mobility and high driving voltage.® These properties have been reported in organic
semiconducting (OSC) materials that have been used as the active materials of the OLETS.

A good material for this application is supposed to show high and balanced ambipolar field
effect transport charge mobilities as well as increased fluorescent quantum yield in the same
material.” Recent reports have shown that OSC materials for these OLET devices are made of
small molecules and polymers which hold the right luminescent properties, have a small bandgap
is in the visible region of the electromagnetic spectra to minimize charge injection barriers, possess
high, balanced and ideally ambipolar charge carrier mobility for light emission and have high
shelf-life. The increased interest in small molecules as potential OLET active materials is due to
their molecular structure and high-mobility characteristics.® On the other hand, the n—bond
delocalization of the polymers which leads to good photoabsorption, charge carrier

photogeneration and transport makes these materials great for OLET applications. So far, the
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organic semi-conducting materials that have been considered and used to engineer highly
performing OLETSs could be grouped into fluorenes, oligothiophenes, phenylene-vinylene-based
polymers, biphenyl acenes, olygothiophenes, thiophene/phenylene co-olygomers, furan-
incorporated olygomers, spirobifluorenes, phosphorescent materials, etc... Although conjugated
polymers have shown a lot of promise as OLET materials, a major drawback in using these light
emitting polymers is their low charge carrier mobility which limits the device performance. A
lower bandgap of the conjugated polymers is preferable to enhance the intramolecular charge
transfer across the main donor-acceptor main chain, with a lower-lying lowest unoccupied
molecular orbital (LUMO) which is better for n-type OLETs.2° In addition, these donor-acceptor
polymers induce intermolecular interactions through increased molecular ordering resulting from
the self-assembly of polymer chains, and this effect has led to high field-effect mobility in
OFETs.M

While single-component OLETSs have been successfully developed, only an EQE of 1.61%
has been obtained.'? Due to the difficulties in attaining large mobilities in a single OLET materials,
multilayer devices where different functions are delegated to different materials have been
developed and shown EQEs of up to 9.01%.° For the multi-layered devices, however, the device
fabrication process becomes extremely complicated as more layers are added since it becomes
very difficult to control the mutually exclusive device properties of the OSC active materials while
keeping their optoelectronic performance optimal.® For instance, high mobility materials show
efficient intermolecular charge transport owing to their optimal m — m stacking and electronic
coupling; the efficient m — mr stacking may lead to the formation of excited state dimers or other
charge transfer states which quench fluorescence and reduces the performance of OLETS.®
Therefore, it is important to find a balance between the multiple parameters that should be
considered when fabricating high-performance OLET systems: suitable energy levels, optimal
fluorescent quantum yields, optimal charge mobility and correct aggregation state. 71013

Recently, Yuan et al. synthesized semi-ladder polymer systems that not only address the
above issues, but also the first of-a-kind OLET systems which exhibit a folding structure only
previously observed and well-studied in biological systems.® Shown in Figure 7.3.1 are the
structures of two investigated polymers, as well as the thiophene-based acceptor (TPTQ Acceptor).
Here, two different acceptor (A) monomers: thienopyridothienoquinoline which has a thiophene

incorporated (TPTQ) and thienopyridothienoquinoline with a furan molecule incorporated

328



(TPTQF), each acceptor coupled to a carbazole donor (D) monomer moiety, were synthesized.®
These D — A — D polymers were synthesized based on the idea that ring fusion in ladder building
blocks can enhance rigidity in the molecular system, which minimizes the non-radiative decay and
thus improve fluorescence quantum yield. Interestingly, they reported that these structures can
exist in their electron resonant forms as a result of their quadrupole interactions forming a D —
A~ — D% structures which tend to display non-kasha spectroscopic behavior.>** Furan
derivatives have been reported to be better than thiophene derivatives in terms of solubility,
increased power conversion efficiencies and formation of quinoidal structures owing to the less
aromaticity in sulfur in comparison to thiophene.! While thiophene based molecules have been
highly investigated due to their abilities to increase molecular conjugation, furan-based
counterparts are seemingly promising due to their reported tendency to increase conjugation and
improve the transport properties.'® The furan-based molecules have shown enhanced performance
which has been linked to their increased dipole moments due to the large electronegativity of
oxygen and weak solid-state interaction between furan moieties making them highly soluble.
Additionally, Yuan et al. report that these polymers have the special ability to form foldable
structures and exist in their resonant forms. ° Before this report, it had also been reported that
folding structures form ordered and helical self-assembled structures through non-covalent
interactions.>'1" The molecular conformation is rigidified by intramolecular hydrogen bonding,
leading to strong interactions between the discs.!® These n—conjugated compounds are believed to
form a helical conformation through solvophobic interactions in polar solvents and unravel into a
random coil in chloroform.!® Moreover, quinoline structures have shown the capability of existing
in their electron resonant forms while carbazole-based molecules have shown their capabilities to
form zwitterions and diradicals which then affect the energy and charge transfer mechanisms of
their derivatives.?>2 Interestingly, some of these zwitterions have displayed diradical character
and in other cases, photocatalyzation of different materials through proton transfer followed by
electron re-organization may convert the zwitterions into diradical intermediates.?%2*
Unfortunately, most literature reports use diradicals and biradicals interchangeably which
leads to confusing and conflicting information regarding their respective photophysical properties
and their effect on device performance. While both are defined by the presence of two unpaired
non-bonding and degenerate electrons (radicals) in an open shell structure, the distance between

the two unpaired electrons (r) as well as the electron exchange integral (J) can be used to
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differentiate between these two. In the case of the biradicals, the distance between the two non-
bonding electrons is so long such that the electron exchange interaction is negligible or almost
zero. On the other hand, when the coupling between the two non-bonding electrons is so strong
due to a large magnitude of dipole-dipole interaction in a molecule, the distance between the
electrons is ideally zero and these two electrons are referred to as diradicals.?® For nearly
degenerate molecular orbitals, the terms used are diradicaloids or biradicaloids for diradicals and
biradicals, respectively.

Recently, organic semiconductors that show open-shell diradical character that could be
used in organic electronics like organic light emitting diodes (OLEDS), organic photovoltaics
(OPVs) and organic field effect transistors (OFETSs) have been demonstrated. 232620 Increased
diradical character has been reported to activate exothermic singlet exciton fission which increases
the performance and stability of OPVs.?! Diradical character has also been reported to affect the
optical, electronic, magnetic properties as well as the chemical reactivity of organic optoelectronic
materials.? This is due to the presence of unpaired electrons which take part in the low- to high-
spin state transitions. In addition, various reports have shown the diradical effect on OFETs where
they increase the stability and half-life of these optoelectronics.3*% In a recent review, Dong and
Li mention that the ground state of these materials are highly controversial due to their high
reactivity towards oxygen. To go around these stability issues, they suggested that using various
substituents like mesityl on S-atom acene analogues, using bulky compounds led to the half-life
of more than a month.® Delocalization of these radicals on the organic m-system dilets the spin
density of the molecules and therefore reduces their reactivity. In another report, neutral radicals
from varions open-shell molecules have been used to fabricate OLEDs with upto 10% external
quantum efficiency.?>%® (give examples) Because luminescent radicals emit from the radiative
decay of doublet excitons, the theoretical internal quantum efficiency (IQE) can be upto 100%. To
the best of our knowledge, no one has reported the existence of diradical character in OLET
foldamers which would highly affect their energy transfer process and efficiency. Therefore, in
this study, we use time-resolved and nonlinear spectroscopic techniques in a groundbreaking report
that shows the formation and effect of diradicaloids on the photophysical properties of the
previously synthesized carbazole-donor based foldable polymers for OLET applications. We find
that thiophene-acceptor based foldamers show a diradical character with reduced dipole moments

which lowers the charge separation in the resonance structures, reducing the charge transfer and
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the external quantum efficiency of the TPTQ_C molecule (0.005%). However, no observed
diradical character in the furan-based foldamers which exhibits superior device performance with
3.5%. Our results will be a step towards producing materials that can be used for high-performance

devices.

(a) (b)

\ _ TPTQF C 3 .,

— TPTQ_C N T R, = 2-Butyloxytyl
R, = 2 Ethylhexyl

R, = 2-Butyloxytyl
R, = 2-Ethylhexyl

NR,

R, = 2-Butyloxytyl

0 r, TPTQ Acceptor
/

Figure 7.3.1: Structures of the investigated polymers (TPTQ_C and TPTQF_C and their
respective resonant forms) as well as the TPTQ Acceptor.

7.4 Results

7.4.1 Steady State Studies
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Figure 7.4.1.1: Absorption (a.) and emission (b) spectra of the two investigated polymers as well
as the parent thiophene-based acceptor.

T T
00 700

Shown in Figure 7.4.1.1 are the steady-state absorption and emission spectra for the investigated
polymers as well as that of the TPTQ acceptor. These measurements were done in chloroform and
their data is summarized in Table 7.4.1.1. As seen in Figure 7.4.1.1a, both the two polymers show
two distinct absorption bands which has been reported for donor-acceptor polymers. The two
absorption bands for the TPTQ acceptor also show some level of charge transfer happening within
the acceptor itself. In addition, the full width half max (FWHM) of the polymers’ absorption
spectrum (right absorption band) is significantly bigger than that of the TPTQ acceptor. This larger
FWHM shows that the polymers have a better capability to harvest sunlight.*° [The quantum
chemical calculations show that TPTQ _C has a lower HOMO-LUMO bandgap (2.25 eV)
compared to the TPTQF_C (2.38 eV). Incorporating the Furan in the electron-deficient material
interestingly leads to higher energies of both HOMO (-5.42 eV) and LUMO (-3.04 eV). However,
TPTQ_C has a slightly lower HOMO (-5.44 eV) and lower LUMO (-3.19 eV). These results
indicate a better intrachain charge transfer from the donor to the acceptor of the TPTQ C

polymer.*]

The steady state absorption shows two absorption bands in both investigated polymers as
well as the TPTQ acceptor. These bands have been associated with charge transfer from the donor
to the acceptor. For the polymers, the broader absorption maxima peaks which are shifted to the
red can be attributed to the highest unoccupied molecular orbital (HOMO) — lowest unoccupied
molecular orbital (LUMO) transition which signifies intramolecular charge transfer between the
donor and the acceptor. The slightly red-shifted absorption spectra of the TPTQ_C indicate that
this polymer has a lower HOMO-LUMO bandgap and is expected to show enhanced charge
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transfer capabilities compared to its furan-based TPTQF _C analogue. Interestingly, a weak low
energy shoulder is very visible in the broadened absorption of the TPTQ_C molecule at 520 nm.
However, the absorption bands in the blue have been attributed to localized -r* transitions.*? The
steady state absorption for TPTQF_C is narrower, and its maximum peak is blue shifted in
comparison to that of TPTQ_C which is an indicator of a good emissive material.

The decrease in the 0—0/0—1 absorption intensity ratio as one compares the absorption
spectra of the TPTQ acceptor to those of the polymer molecules shows that the polymers form H-
aggregates. These H-aggregates exist even at the level of a single polymer chain as shown by the
consistent spectral appearance at very low concentrations (Figure 7.4.1.1). This result means that
the polymer is folded to enhance H-aggregation, leading to INTRAchain H-aggregation. Previous
studies have shown that in semiconducting polymers, H-aggregates are as a result of strong
intrachain interactions.*® Therefore, we propose that these polymers form folded chains and the
movement of charge is through intrachain charge transfer.

The extinction coefficient of both polymers at their highest absorption wavelengths as well
as that of the TPTQ acceptor are shown in Table 7.4.1.1. Although the absorptivity is similar for
the investigated polymers, TPTQF _C has a slightly higher molar extinction coefficient in the
solution. Its molar extinction coefficient at the maximum absorption wavelength (470 nm) is 42505
M~'em™'. This slight increase is quite interesting given that the TPTQ _C polymer counterpart has

a broadened and red shifted absorption and is expected to show a higher extinction coefficient.

In addition, the absorption spectra of both polymers show well-resolved vibronic
transitions. Compared to the TPTQ acceptor absorption, the 0—0 transitions of the polymers are
totally different where their 0—0 transition intensity is significantly reduced, and the 0—1
transition becomes the strongest; this change in the feature intensity indicates the formation of H-
aggregates. In addition, there is a significant enhancement of the 0—0 transition peak at 470 nm of
TPTQF_C compared to the 0—0 transition peak of TPTQ _C at 483 nm indicating stronger
aggregation of the TPTQF_C polymer chain.

Table 7.4.1.1: Linear optical properties for the investigated polymers as well as the TPTQ
Acceptor in chloroform.
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Compound Aabs hem | Aphosph. | Stokes € OF ¢r | 8TPA/GM
nm nm nm Shift | M*em™ | % | % | hexc =790
cm? (UP) | (P) nm
426,
TPTQ Acceptor 332, 348, 450, 844 392 4261 14 11 67.4
397, 419
— 477
492,
TPTQ_C 455, 483, 548, 970 2456 42437 38 36 223
- 520
600
TPTQF_C 440,470,489 %’ 944 1435 42505 44 42 289

The emission spectra of both polymers as well as the acceptor, which were obtained in chloroform,
are shown in Figure 7.4.1.1 (right) and the relevant data recorded in Table 7.4.1.1. Structurally,
it is clear that the thiophene based polymer, TPTQ _C has an additional emissive peak of around
490 nm. The emission spectra of the rigid TPTQF_C are blue shifted compared to that of TPTQ
_C. A smaller Stokes Shift and higher fluorescence quantum yields (Table 7.4.1.1) are observed
for TPTQF_C compared to TPTQ_C which may be attributed to the heavy atom effectin TPTQ_C.
The decreased Stokes Shift of TPTQF_C confirms its increased backbone rigidity compared to
that of TPTQ _C.°> Compared to both polymers, the fluorescence quantum yield of the TPTQ
Acceptor is more than two times lower. However, an intense fluorescence in the furan-based
polymer (TPTQF_C) was observed which has been associated with decreased intersystem crossing
due to lack of the heavier atom, sulfur.® Here, the increased fluorescence quantum yield shows
enhanced radiative decay pathways. For the case of the TPTQ_C polymer, the decreased
fluorescence quantum yield has been associated with enhanced non-radiative processes. In all the
investigated materials, an approximately ~2% decrease in fluorescence quantum vyield is observed
upon oxygen purging. This decrease in fluorescence quantum yield indicates the lack of Thermally
Activated Delayed Fluorescence (TADF) activity on all investigated molecules.

Concentration dependence of absorption (Figure 7.7.1) measurements were used to check
evidence of polymer aggregate chain formation or polymer folding. In both polymer cases, a
decrease in concentration does not change the shape of the spectra indicating that the H-aggregates
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exist even at the level of a single polymer chain (in very low concentrations). This means that the

polymer is folded to enhance H-aggregation, leading to INTRAchain H-aggregation.

In addition, the temperature dependence of emission measurements were carried out to
check the possibility of triplet formation in these molecules through phosphorescence. It has been
reported that an increase in temperature induces intersystem crossing (ISC) of singlet (S, ) to triplet
(T,) leading to a decrease in fluorescence intensity. Since triplets are usually at lower energies
compared to singlet states, the temperature-dependent emission is usually observed in the nIR.
Therefore, shows the presence of phosphorescence and can be used to determine the energy of
triplets. As shown in Figure 7.7.2, temperature-dependent emission is observed in all the
investigated molecules. For the TPTQ Acceptor, two bands are observed, one peaked at 844 nm
and the other one peaked at 906 nm (Figure 7.7.2 and Table 7.4.1.1). The 844 nm peak decreases
in intensity as the temperature of the solution increases from 77 K to 273 K. On the contrary, the
intensity of the 906 nm peak increases as the temperature increases. Given that high temperatures
quench triplet emission, it is safe to assign 844 nm to the triplet state. Therefore, the energy of the
TPTQ Acceptor triplet is 1.469 eV. For the thiophene-based compound TPTQ_C and the furan-
based compound TPTQF_C, the emission band whose intensity decreases as the temperature of
their respective solutions increase from 77 K to 273 K are peaked at 970 nm and 944 nm,
respectively. As such, their triplet energies are 1.28 eV and 1.31 eV for TPTQ_C and TPTQF_C,

respectively.
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Figure 7.4.1.2: Two photon emission spectra (a.) and power dependence of the two photon excited
emission (b.) of the investigated polymers in choloform upon 800 nm excitation.

The two-photon absorption (TPA) cross sections show remarkable values of hundreds of GM
(Table 7.4.1.1 and Figure 7.4.1.2). The TPA cross section for the TPTQF_C polymer is 1.3 times
more than that of TPTQ _C. TPA cross section has been directly related to the change in static and
transition dipole moments, which are directly proportional to the charge transfer character of a
molecule. Therefore, from the obtained TPA results, TPTQF_C has enhanced intrachain charge
transfer compared to its thiophene-based analogue (TPTQ _C). The increased transition dipole
moments in TPTQF _C are due to the increased electronegativity of the oxygen atom. These
increased transition dipole moments could suggest a better interaction between the donor-acceptor
junctions, which leads to a better charge transfer. The increased TPA cross section in TPTQF_C
may be attributed to its expanded m-conjugation which increases the number of m-delocalized

electrons as well as the delocalized degree of m-electrons.

7.4.2 Time-Resolved Fluorescence Measurements

To understand the fluorescence dynamics of these polymers, time correlated single photon
measurements were carried out. The decay kinetics (Figure 7.4.2.1) as well as the fitted data
(Table 7.4.2.1) are shown below. At the emission maximum, a mono-exponential decay function
was used to fit the used reference (Coumarin 6), the unpurged and purged data of the TPTQ
Acceptor as well as the thiophene-based TPTQ _C polymer. However, a bi-exponential decay
function was used to fit both the unpurged and purged data of the TPTQF_C polymer. The
fluorescence lifetime of the Coumarin 6 reference was found to be 2.8 ns (Table 7.4.2.1) which
matches very well with the reported 2.4 ns.42 While both polymers’ decay at earlier times starts
off at the same rate, the decay of the furan-based polymer slows down midway showing a bi-
exponential decay. At ambient conditions, 71 contribution in the furan-based polymer is 28%
leaving only 72% for 72. However, when oxygen is purged out, the 71 contribution drops to 24%
while the 7> contribution increases to 76%. Since oxygen has been reported to quench triplet
excitons and with the rule 25% singlet and 76% triplet excitons rule, we can assign the slowly
decaying component of the TPTQF_C to triplet species. This contribution is shown by the lifetimes
reported in Table 7.4.2.1. For TPTQ_C polymer, only one species is observed which decays within

3.2 ns and its lifetime is not affected by oxygen purging, meaning that this contribution is from

336



singlet species. However, the TPTQ acceptor, which also decays mono-exponentially, decays more
than two times faster compared to TPTQ_C polymer and the first component of the TPTQF_C
polymer as shown in Figure 7.4.2.1 and Table 7.4.2.1.

1.0+ T T T T T T T T T E

Coumarin 6 UP
——TPTQ_CUP
—— TPTQF_C UP
——TPTQ_CP
——TPTQF_CP
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—— TPTQ Acceptor P
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Figure 7.4.2.1: Fluorescence decay lifetimes of the investigated polymers obtained using time

correlated single photon counting experiments. The inset shows the decay dynamics at earlier
times.

Table 7.4.2.1: Time resolved excited state lifetime dynamics of the investigated foldable polymers
as well as the TPTQ acceptor in chloroform at the underlined wavelengths.

Compound | 2em/nm | 71 (UP) 72 (UP) 71 (P) 72 (P)
TPTQ 426,
Acceptor | 450,477 | 13 N/A 13 N/A
492,
TPTQ C 548, 600 3.2 N/A 3.2 N/A
TPTQF_C | 504,544 2.9 7.4 2.9 9.0
Courgarm 28 i ] ]

Interestingly, fluorescence dynamics were also checked at other emitting wavelengths for
both polymers (Figure 7.7.2). For the furan-based polymer (TPTQF_C), the species at longer
wavelengths (542 nm) emit faster compared to those found at the maximum emission peak (504
nm). In the thiophene-based polymer, however, the low wavelength species emit the fastest. The
similarity in decay kinetics between the 498 nm and the 598 nm could mean that these are similarly
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emissive species. However, it is clear that 548 nm species emits differently and can be assigned to

different species.

Time-resolved fluorescence up-conversion measurements were used to resolve the fast
fluorescence of these investigated compounds. As shown in Figure 7.4.2.1, the three compounds
have different decay dynamics which were fitted and reported in 7.4.2.2. While the TPTQ acceptor
fitted into a bi-exponential function, both polymers fitted in a tri-exponential function. The earlier
two decay components for both polymers are very fast, however, that of TPTQ_C portrays faster
dynamics (1 ps and 23 ps) compared to the 5 ps and 51 ps decay time of TPTQF_C. Interestingly,
the final polymer decay component which does not necessarily decay completely shows that
TPTQF_C decays 2.3 times faster compared to the TPTQ_C. The result that the thirdultrafast
decay component of the polymers is faster in TPTQF_C matches well with the results obtained
using the time-correlated single photon counting where the decay time of the earlier components
of the furan-based polymer is faster compared to that of the thiophene-based counterpart.
Therefore, comparing just the polymers, the fluorescence decay results trend obtained using
ultrafast up-conversion results (later component) matches those obtained using the time correlated
single photon counting (earlier component). At earlier times, however, the TPTQ acceptor decay
time is significantly slower (more than an order of magnitude) than that of both polymer systems.
This could indicate that at these earlier times, the polymers are forming a fast species which is not
observed in the TPTQ acceptor.
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Figure 7.4.2.2: Ultrafast fluorescence up-conversion decay kinetics of the investigated polymers
obtained using time correlated single photon counting experiments.

Table 7.4.2.2: Ultrafast time resolved excited state lifetime dynamics of the investigated foldable
polymers as well as the TPTQ acceptor in chloroform at the underlined wavelengths.

Compound | Aem/nm T1 T2 73
AICF;;% 480 61 264 N/A
TPTQ C 500 4 50 651

TPTQF_C 500 16 205 N/A

7.4.3 Transient Absorption Spectroscopy

Both nanosecond and femtosecond transient absorption measurements were used to probe
the excited state dynamics of the investigated molecules. The nanosecond transient absorption
spectroscopy (nsTAS) measurements were used to probe the long-lived excited state dynamics
while the femtosecond transient absorption spectroscopy (fsSTAS) was used to probe the
contribution of short-lived states in the photophysics of these materials. The TAS spectra shows
depletion of the ground state, also known as the ground state bleach (GSB), or non-radiative decay,
which is usually a negative signal. One can also observe further excitation of photons to higher
excited states which are positive signals called excited state absorption (ESA). A negative signal

(Stimulated Emission — SE) can also be observed when radiative decay happens.
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For the nsTAS, the compounds were excited using both low (absorption maxima) and high
(348 nm) energies as shown in Figure 7.4.3.1- 7.4.3.5. All measurements were done at low fluence
(~1.2mJ) excitation. With a visible wavelength excitation (483 nm for TPTQ_C and 470 nm for
TPTQF_C), a broad and intense stimulated emission that decays within 100 ns is observed for both

polymers (Figure 7.4.3.1a-b).
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Figure 7.4.3.1: Nanosecond transient absorption spectroscopy measurements of the investigated
polymers with fluorescence background (a and b). Spectra shown in graphs c and d, and e and f
show the unpurged and purged spectra of the investigated polymers without the fluorescence
background. All the above spectra were obtained upon excitation in the visible.

Without the fluorescence background subtraction and exciting at their respective maximum
absorption, both polymers show a very small ESA as shown in Figure 7.4.3.2 a-d. The peak of
these ESASs can be estimated to be around 560 nm and 536 nm for both TPTQ_C and TPTQF _C
respectively. The GSBs whose peak maxima match well with the compounds’ absorption spectra
are observed for both molecules. This similarity is evidence that the GSB peaks are as a result of

ground state depletion.

The observed ESAs are more clear and less noisy when the compounds were excited
using higher energy (348 nm) as shown in Figure 7.4.3.3. The spectra and ESA kinetics of these
polymers did not change when the two molecules were excited in the UV with the fluence kept

low.
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Figure 7.4.3.2: Unpurged and purged transient spectra from 100 -1000 ns and excitation energy
of ~1 mJ.

As shown in Figure 7.4.3.3, a GSB which resembles the one obtained in Figure 7.4.3.2 is
observed. The small ESA that was observed at around 560 nm for TPTQ_C and 536 nm for
TPTQF_C becomes more prominent as shown in Figure 7.4.3.3. For the TPTQ_C molecule, the
lifetime of the GSB observed at 484 nm is clearly affected by oxygen purging which is an indicator
that there is a presence of triplet species in this molecule (Figure 7.4.3.4 left). However, the ESA
decay time from this molecule is not affected by oxygen-purging which showing that this ESA is
as a result of non-triplet species (Figure 7.4.3.5 left). For the case of the TPTQF_C compound,
both the ESA as well as its GSB are not affected by oxygen purging at all showing that this ESA
is as a result of purely singlet states (Figure 7.4.3.4).

341



0.004 .

TPTQ_C

Unpurged
0.002 purg

AOD
o
o
S
1

-0.004

-0.006

348 nm exc., 2.33 mJ

v~

—60.400 ns
90.800 ns
—— 486.000 ns
——1002.800 ns
— 1550.000 ns
——2006.000 ns
—— 2614.000 ns
—— 3009.200 ns

A

T
300 400

T T
500 600

A/nm

T
700

T T T T
TPTQF_C
0.002 4 Purged
48 nm exc., 2.33 mJ f
Y R
0.000 "y'v\wv!/v/'w,r \
A"
. ,V —— 60.400 ns
2 -0.002 90.800 ns T
—— 486.000 ns
——1002.800 ns
-0.004 —— 1550.000 ns ]
—— 2006.000 ns
— 2614.000 ns
-0.006 ——3009.200 ns i
T T T T
300 400 500 600 700
Anm

Figure 7.4.3.3: Nanosecond transient absorption spectra of the investigated polymers with UV

excitation.
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Figure 7.4.3.4: Nanosecond transitent absorption GSB kinetics of the investigated polymers with

UV excitation.
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Figure 7.4.3.5: Nanosecond transitent absorption ESA kinetics of the investigated polymers with
UV excitation.

The TPTQ Acceptor molecule shows very straightforward dynamics where a GSB with a
maximum peak at 420 nm which matches well with the ground state absorption was observed as
shown in Figure 7.4.3.6. Two ESA bands are also observed where the ESA at 302 nm decays
slower compared to that observed at 562 nm as shown in Table 7.4.3.1. The lifetimes of both of
these ESAs are enhanced upon oxygen purging showing that these are as a result of triplets (Figure
7.4.3.7). In addition, the GSB decay time is also enhanced by oxygen purging which further proves
the existence of triplet species (Figure 7.4.3.8).
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Figure 7.4.3.6: Nanosecond transitent absorption spectra and excited state absorption kinetics of
the investigated polymers with UV excitation.
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Figure 7.4.3.7: Nanosecond transitent absorption ESA kinetics of the TPTQ Acceptor with UV
excitation.
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Figure 7.4.3.8: Nanosecond transitent absorption GSB kinetics of the TPTQ Acceptor.

Interestingly, there is another GSB peak observed at 844 nm, whose decay time is also enhanced
by oxygen purging (Figure 7.4.3.8). This 844 nm peak matches well with the phosphorescence
peak observed in the steady state studies Figure 7.7.2 and Table 7.4.1.1.

Table 7.4.3.1: Purged (p) and unpurged (up) nsTAS ESA and GSB lifetime dynamics of the
investigated molecules as well as the TPTQ acceptor in chloroform at their indicated wavelengths.
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ESA GSB
Aem/ | T2(UP) T1(UP) | 72 (UP) | t1(P) | 72(P)
Compound am (ns) T1(P) (nS) [ Xem/ nNm (ns) (ns) (ns) (ns)
TPTO 302 591 2098 420 584 | N/A | 4415 | N/A
Acceptor | g, 568 1922 844 563 | N/A | 3793 | N/A
TPTQ C | 562 1164/24.9541 484 233 | 472 | 214 | 1204
TPTQF C | 536 1129/61,214] 470 447 | 801 | 180 | 1242

Femtosecond transient absorption spectroscopy (fsTAS) measurements were done to look

into the faster dynamics of all the investigated molecules. For both polymer molecules, a GSB

that matches well with the respective absorption spectra was observed. For TPTQ_C, the GSB
forms within the first 250 fs while for TPTQF_C, the GSB forms within the first 600 fs before

decaying back slowly (Figure 7.4.3.9). In both cases, the GSB does not decay completely to

zero which agrees well with the nsTAS results that show long-lived GSB. Additionally, a similar

ESA observed around the same range of wavelength as that in nsTAS was observed for both

molecules. As the GSBs decay, they form ESAs which are completely formed within While the
ESAs in both cases form within the first 10 ps for TPTQ_C and within the first 1.5 ps for
TPTQF_C as shown in Figure 7.4.3.9 and 7.4.3.10.
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Figure 7.4.3.9: fsSTAS spectra of both the TPTQ_C and TPTQF_C polymers at their absorption
maxima (TPTQ_C at 483 nm and TPTQF_C at 470 nm) excitation.
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Figure 7.4.3.10: fsSTAS kinetics of both the TPTQ_C and TPTQF_C polymers at their absorption
maxima (TPTQ_C at 483 nm and TPTQF_C at 470 nm) excitation.

For the TPTQ Acceptor, a very intense ESA with two bands was observed. Interestingly,
as the ESA at 489 nm decayed, the ESA at 566 nm formed (Figure 7.4.3.11). This decay and
formation which happens at approximately the same rate is evidence that singlets were
transferred through intersystem crossing to the triplets. The ESA at 566 nm is consistent with the
ESA observed in the nsTAS measurements, and whose decay time is 568 ns. The reason why the
singlet species are not observed using the nsTAS is clearly because their decay time is ~600 ps
which is too fast to be detected by our nsTAS whose instrument response function (IRF) is only

7 ns.
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Figure 7.4.3.11: fsSTAS spectra and kinetics of the TPTQ Acceptor at 420 nm excitation.

7.4.4 Electron Paramagnetic Resonance (EPR) Spectroscopy
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Since it was predicted that the TPTQ_C and TPTQF_C molecules can exist in their
resonance states as zwitterions, EPR spectroscopic measurements were done at ~100K to check
the presense of unpaired electrons in these samples as well as the TPTQ Acceptor. Interestingly,
only one of the investigated samples, TPTQ_C, showed a derivative peak where the g-factor of
the formally forbidden double quantum transition is ~1.9726 as shown by the red arrows in the
spectra in Figure 7.4.4.1. This g-factor shows the presence of organic radicals and has been

reported in multiple studies.*>4¢
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Figure 7.4.4.1: Electron paramagnetic resonance (EPR) measurements of the investigated
molecules.

It is worth noting that there is an additional peak at higher g-factor values and peaked at 2.2811.
The difference between this peak and the peak derivative is 0.3085.

7.5 Discussion

Numerous studies of biological macromolecules have reported the existence of foldamers
that adopt highly ordered and helical self-assembled structures through noncovalent interactions.
5161747 However, while a lot of research has been done in synthesizing these materials, very little
is known about the photophysics and charge transfer mechanisms that affect their external quantum
efficiencies (EQES). In this study, we report the photophysical properties of previously synthesized
semi-ladder polymers consisting of two different acceptor monomers:
thienopyridothienoquinoline  which  has a thiophene incorporated (TPTQ) and
thienopyridothienoquinoline with a furan molecule incorporated (TPTQF), both acceptors coupled

to a carbazole donor monomer moiety.® Previous reports have shown the photo-induced radical
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polymerization of quinolines through intramolecular charge transfer which cleaves certain C-O
bonds to form the radicals.®® Elsewhere, carbazole-donor-based fullerene polymers have been
reported to form long-lived singlet diradicals upon light absorption.*® To the best of our
knowledge, there is no one has reported the time-resolved and nonlinear optical properties and the
charge transfer mechanism that involves the formation of diradicalouds in similar foldable polymer
aggregates for organic light emitting transistors (OLET) applications. As a result, this report
investigates the self-doping intramolecular electron transfer in aromatically stable zwitterions to
form diradicaloids which lower the charge separation process and reduce the charge and energy
transfer rate of the thiophene-carbazole-based OLET polymers. The reduced energy transfer
process leads to decreased overall external quantum efficiency (EQE) of the resultant OLETS.
From the steady state absorption, and just considering the maximum absorption (Figure
7.4.1.1 and Table 7.4.1.1), it is clear that TPTQ_C has a slightly lower HOMO-LUMO bandgap
(2.567 eV) compared to the TPTQF_C (2.638 eV). Here, the HOMO-LUMO bandgap of the furan-
based polymer is 0.071 eV higher than the generally suggested difference of 0.3-0.4 eV.*® The
weak low-energy shoulder observed at 520 nm has been reported to originate from low-lying
singlet states which are mostly as a result of doubly excited electronic configuration (HH/LL), and
indicates the presence of open shell singlet ground states in the form of diradicaloids. 2¢5:>* This
weak and low energy shoulder is the first evidence that shows the presence of diradical character
in only the TPTQ_C molecule, and is backed up by its lowest HOMO-LUMO bandgap.
Additionally, the fluorescence quenching observed in the thiophene-based polymer can be
associated with increased molecular aromatization and conjugation which increases the
fluorophores density.>® Due to its high aromatic stability, TPTQ_C can form neutral zwitterions
through cleaving of the € = O in the thiophene acceptor and then going through an electronic
reorganization to form a cation on the amine side of the carbazole donor. This cation formation
can be followed by self-doping leading to the formation of diradicals as shown in equation 1.%°
However, the presence of furan in TPTQF_C reduces its aromaticity and increases the quinoidal
interactions which inhibit the diradical formation. Similar results were observed by Xue et al. and
Sander. 3% Low fluorescence quantum yields have been reported for materials with increased

diradical character. >*

A4+Do A +DY o A+D (Equation 1)
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Given the reported steady state results, a few parameters were obtained to calculate the singlet
diradical character , y, of the investigated materials using the expression (Equation 2) derived and

reported by Kamada et al.>’

2
E —E
y=1- \/ 1-— < Sty Tiutig > (Equation 2)

ESZg,Slg

where

Es, 51, is given by the lowest energy peak of the one photon absorption spectra,
Er,s., is obtained from phosphorescence peak measurements and

Es,gs1g corresponds to the lowest energy peak of the two-photon absorption spectra.
Based on these steady state parameters, the diradical character calculated shows an element of

diradical character in these molecules with the TPTQ_C molecule showing the largest y (Table

7.5.1).

Table 7.5.1: Calculated diradical character, y , AEs; and ] from the steady state measurements.

Compound ﬂ’sluslg ESluslg A'Tluslg ETluslg ﬂSZg,Slg ESZg,Slg y AEST ]
nm eV nm eV nm eV

TPTQ 419 | 20541 | 844 | 1.460 | 540 | 4502 | 0.053 | 1.485 | 0.74
Acceptor

TPTQ_C 522 2.375 970 1.278 | 600 | 2.296 | 0.122 | 1.097 | 0.55

TPTQF_C 496 2.500 944 1.313 | 540 | 4.592 | 0.034 | 1.186 | 0.59

Additionally, the singlet-triplet energy gap (AEs;) was calculated by subtracting the triplet
state energy (E;) from the singlet state energy (Es). It is clear that the TPTQ_C has the lowest
bandgap. Previous studies have used the singlet-triplet energy gap of diradicaloids to determine
the spin multiplicity of the diradicals. A diradical can either have a singlet ground state with a spin

multiplicity of 1 or a triplet ground state with a spin multiplicity of 3. Su et al. report that a singlet
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diradical and a triplet diradical can be indicated by a negative or positive electron exchange

interaction, J, respectively. 8
AEgy = Es — Ep = 2] (Equation 3)

Since the obtained values are positive, it is predicted that TPTQ_C contains a triplet diradical
character. The triplet diradical character is also ascertained by the presence of a signal observed
from the EPR measurements. Usually, singlet diradicals do not show any EPR signal and therefore,
it is likely that the observed EPR signal shows the presence of biradicals with a triplet ground state.

Further analysis of the EPR signal from the additional peaks with circled in red dotted ovals
in Figure 7.5.1 below. The location of the x,y peak which is 3241G is indicative of high
symmetry. The difference between the z and x, y can be used to calculate the D parameter, one of

the zero field splitting (ZFS) parameters.®® Relationships between the ZFS parameters can be used

to calculate their values. Here, D/Z = 71G, and therefore, D = 142G. Given that D = 3E, then

E = 47G. From Equation 4, the obtained spin-spin distance, r = 5.8A. This number is smaller
than the spin-spin distance that has been reported for diradicals which range between r = 6A —

12A.%4%6 This further proves the formation of diradicaloids for the TPTQ_C molecule.

D =1.39 x 10* (%) (Equation 4)
Where:
g is the g-factor and

r is the spin-spin distance between the two unpaired electrons.
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Figure 7.5.1: Electron paramagnetic resonance (EPR) measurements of the TPTQ_C molecule.

The presence of electron exchange interaction indicates that there is some coupling
between the nonbonding electrons which eliminates the possibility that the nonbonding electrons
could be forming diradicals instead of biradicals.

The nanosecond transient absorption shows extremely long-lived ESAs whose lifetime is
not enhanced in a nitrogen-rich environment. The lifetimes of these ESAs are 25 us and 60
us for TPTQ-C and TPTQ _C, respectively. The TPTQ_C ESA is assigned to diradicaloids.
These long lifetime diradicaloid species whose lifetime is not affected by purging out oxygen,
have been reported in previous studies.>® It is possible that the long lifetime observed for the
TPTQF _C is as a result of zwitterions.

Interestingly, it is possible for quinoline derivatives like TPTQ_C and TPTQF_C to exist
in their resonant forms as shown in Figure 7.3.1. Due to the presence of sulfur, the thiophene-
based polymer resonant structure becomes more unreactive due to its high aromatic stability
compared to the furan-based counterparts. The TPTQF_C, which is more reactive, is extremely
unstable and its resonant structure is very short-lived as shown in Figure 7.6.1. Similar results

were reported by Jursic where sulfur heterocyclic compounds showed the highest resonance
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stability while their furan derivatives were the most reactive. ®° Previous polymer studies show
that furan has reduced aromaticity which increases the contribution from quinoidal resonance
structure in polyfurans making furan-containing polymers more rigid with a planar conformation
as well as an overly increased conjugation.®! This decrease in aromaticity around the furan moiety
tends to enhance the probability of additional reactions like that of singlet oxygen and light,
compared to their counterpart thiophene based polymers.®! This is an interesting observation since
previous decrease in aromaticity has been related to an increase in the diradical character of
molecules.®? The saturation of this 7 conjugation leads to the unexpected shift of the absorption
maximum to high energies. However, the lone pair of electrons on the sulfur atom in the TPTQ
_C polymer leads to p-m conjugation extending the overall conjugation of the thiophene based
TPTQ _C polymer. This extended conjugation leads to intensified absorption which is shifted to

longer wavelengths as confirmed by the TPTQ _C absorption in Figure 7.4.1.1a.

Zwitterions

Diradicaloids g
I
=
E =
I
SOE =
TPTQ C TPTQF C
y =0.122 y =0.034
EQE = 0.005% EQE = 3.5%

Figure 7.6.1: Proposed energy level diagram for the diradicals vs zwitterions.
7.6 Conclusion

The presence of unpaired electrons in open shells has been reported to form resonant
structures with an enhanced spin density that is delocalized along the planar m —conjugation

backbone influencing the charge transfer. For biradicals, their low-lying triplet energy levels make
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them promising structures for singlet exciton fission (SEF) which enhances the performance of
organic photovoltaics. On the other hand, diradical formation has been reported to suppress the
second step of singlet exciton fission. However, due to their unique characteristics of low-lying
triplet states and the feasible conversion between singlets (S,) and triplets (T, ) that do not follow
the spin prohibition due to the existence of the generated or nearly generated nonbonding orbitals
containing radicals. These diradical characters can offer intermolecular spin-spin interactions
which lead to o —aggregation and formation of o —polymerization which affects intermolecular
stacking and charge transport which has proved to be good for organic light emitting diodes
(OLEDs). In addition, the low bandgaps, intimate intermolecular interactions, and redox
amphoterism which increase the overall efficiency of organic field effect transistors (OFETS).
However, there is no report of the effect of diradicals on the performance of organic light emitting
transistors, which is what this study reports. A diradical character is observed for the thiophene-
based polymer, TPTQ_C. This is evidenced by several properties: 1) The weak low-energy
shoulder observed at 520 nm has been reported to originate from low-lying singlet states which
are mostly as a result of doubly excited electronic configuration (HH/LL), and indicates the
presence of open shell singlet ground states in the form of diradicaloids. 2) Fluorescence quenching
observed in the thiophene-based polymer can be associated with increased molecular
aromatization and conjugation which increases the fluorophores density, low fluorescence
quantum yields have been reported for materials with increased diradical character. 3) Based on
these steady state singlet and triplet parameters, the diradical character calculated shows an
element of diradical character (y) in these molecules with the TPTQ_C molecule showing the
largest y. In addition, the calculation of the electron exchange interaction shows that there is some
interaction between the two unpaired electrons with a spin-spin distance, r = 5.84A, which means
that the open-shell formed is a diradical and not a biradical. 4) TPTQ_C has the lowest singlet-
triplet energy gap (AEsr) and 5) a signal is observed from EPR measurements with a g-factor of

~2.000 which is typical of organic radicals.
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Figure 7.7.2: Temperature-dependent emission in the NIR showing Phosphorescence.
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Chapter 8

Dissertation Summary, Conclusions and Possible Future impacts

The main goal of this dissertation was to understand the structure-function relationships
that affect the charge and energy transfer processes for optoelectronic systems using time-resolved
and nonlinear optical spectroscopy. This is to not only address the global need for cheap and high
performance optoelectronic devices, but also push the world toward sustainability by designing
better photovoltaic systems to harness solar energy.

In chapter 1, the history, background, and the state of the art of optoelectronic devices is
discussed. These optoelectronic systems are divided into two, light emitting systems that use
voltage and current to produce electromagnetic radiation (EMR) and light detecting
systems that convert the electromagnetic energy into current and voltage. While there are
a lot of optoelectronic applications, this dissertation focuses on light-harvesting
(photovoltaics) and display (light emitting) systems. While silicon semiconductors have
been used to produce optoelectronics that are currently in the market, large-scale
production was very costly, and they faced low compatibility with flexible substrates. In
addition, the processability of these inorganic compounds is difficult making it a challenge
to use deposition and solution-based processes and hindering the extent of use. Organic
semiconducting materials have been used as alternatives owing to their high optical
absorption, high mechanical flexibility and lightweight, high tunability and were cheap to
fabricate, and use the same procedure to control the density of states as well as energy band
offsets between differing materials. For organic photovoltaics (OPVs), their efficiency is
still very low (about 18%) and more research is needed to fabricate OPV devices with
efficiencies high enough to be commercialized (20-25%) and to outcompete the current
silicon-based systems. One way is to use materials that can harvest two triplet excitons for
a cost of one singlet exciton, which is singlet exciton fission (SEF). Organic light emitting
diodes (OLEDSs) have proved to be very useful in high-resolution display systems and are

already in the market. However, better architectures of the emitting materials are still
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needed to avoid the heavy metals that have been used in phosphorescing organic light
emitting diodes (PhOLEDS). In this case, materials that show thermally activated delayed
fluorescence TADF) have emerged as a solution to the previously employed PhOLEDs. An
emerging class of optoelectronics is an organic light emitting transistors (OLETS) which
combines the switching abilities of transistors with the emissive properties of OLEDs. A
good OLET device should be ideally made of a good transistor (material with high charge
carrier mobility) and a good OLED (material with a good photoluminescence). However,
these two properties tend to be mutually exclusive. Diradicals have been reported to
individually affect the performance of both OLEDs and transistors. However, there has not
been any report showing the effect of diradicals on the performance of OLETSs. Therefore,
finding a balance between the charge mobility, the fluorescence quantum yield, the
aggregation state as well as the diradical character is key in designing highly performing
OLET devices. This dissertation explores the processes of SEF, TADF as well as diradical
characters and shows their influence on organic semiconducting materials for
optoelectronic applications.

In chapter two, the experimental methods and techniques used in these studies are
described. Both linear and nonlinear optical spectroscopy, as well as time-resolved
spectroscopic techniques, are used to characterize the singlet and triplet state dynamics of
these materials. They include: 1) Steady state spectroscopy which can be used to obtain
both the absorption and emission of materials and to check the ground state coupling and
transitions, the absorption extinction coefficients, calculating the fluorescence quantum
yields and determining the presence of phosphorescence, 2) Two-photon absorption
spectroscopy which can be used to calculate the two-photon absorption cross-sections
which can be related to a molecules static and transition dipole moments that are directly
proportional to the charge transfer character of the molecule, 3) Ultrafast fluorescence up-
conversion which is used to probe ultrafast fluorescence, 4) time-correlated single-photon
counting spectroscopy which is used to look at long-lived fluorescence lifetimes of
materials that may show delayed fluorescence, 4) Femtosecond transient absorption
spectroscopy which is used to probe fast emissive excited state dynamics, 5) nanosecond
transient absorption spectroscopy which is used to probe long-lived emissive and non-

emissive excited states, and calculate the triplet extinction coefficients through the triplet

363



energy transfer sensitization experiment and calculating the triplet quantum yields through
the relative actinometry experiment.

The first study to isolate the role of donor conjugation and acceptor strength in
organic semiconducting systems is reported in chapter three. Here, new donor-acceptor light
harvesting polymers with either a 4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b]dithiophene (IDT) or a 4,4,9,9-tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-
b:5,6-b]dithienothiophene (IDTT) donor subunit and either a 2-(nonadecan-9-yl)-5-(2-
octyldodecyl)-3,6-di(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP), (E)-1,1'-
bis(2-octyldodecyl)-[3,3'-biindolinylidene]-2,2'-dione (11), or 3-ethyl-1-(thieno[3,4-b]thiophen-2-
yl)heptan-1-one (TT) acceptor were synthesized and investigated. From the obtained steady state
experimental results, the increased donor conjugation led to increased extinction coefficient at
higher energies while enhanced acceptor strength resulted in increased extinction coefficient at
lower energies. In addition, a significant red shift in the absorption spectra indicating reduced
HOMO-LUMO bandgap in the polymers was observed for polymers with increased donor
conjugation and enhanced acceptor. From the fluorescence up-conversion results, longer excitonic
lifetimes were seen for the polymers with extended conjugated donor systems. Additionally, the
guantum chemical calculations on these polymers show that polymers with extended donor
conjugation and higher acceptor strength have more localized electron density in the excited state
indicating enhanced charge transfer characteristics. From the TPA experiments, enhanced charge
transfer characteristics was observed for the polymers with strong acceptors. Femtosecond and
nanosecond transient studies revealed significant differences in excited state dynamics in polymers
with different donor conjugation lengths. Overall, this work demonstrated the effect of donor
conjugation, acceptor strength as well as the relative sizes of the donor and acceptor on the charge
transfer properties of donor-acceptor light-harvesting conjugated polymers. These results showed
that in addition to donor conjugation and acceptor strength, the bulkiness of the polymer which
induces strong steric hindrance should also be considered when designing materials for
optoelectronic applications.

With the knowledge that conjugated systems with strong acceptors are important for
optoelectronic applications, a study was done on perylene diimide acceptors which have been used
in non-fullerene devices. This work, which was geared towards understanding the role of twisted

versus rigid m—bridge connection on the charge transfer mechanism is reported in chapter four.
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Here, two analogous perylene diimide (PDI) trimers, whose structures showed rotatable single
bond n—bridge connection (twisted) vs. rigid/fused n—bridge connection (planar), were synthesized
and investigated. It turns out that the =—bridge connections highly affect the triplet yield and triplet
formation rate in these materials. In the planar compound, with stronger intramolecular charge
transfer (ICT) character, triplet formation occurred via conventional intersystem crossing.
However, clear evidence of efficient and fast intramolecular singlet exciton fission (iSEF) is
observed in the twisted trimer compound with weaker ICT character. These results demonstrated
that a rotatable n—bridge, capable of lowering the coupling between the chromophores, is necessary
to activate intramolecular singlet exciton fission in multichromophoric systems.

Since the studies in chapter four were done on PDI trimers and singlet fission was
observed in the single bond flexible compound, the question that followed was, would the same
structure-function relationships apply if another compound had a flexible single bond connection,
but in a different location of the perylene diimide? To answer this question, a study was done
where the photophysical properties of three analogous perylene diimide (PDI) dendritic tetramers
showing flexible/twisted n—bridged structures with a—and S—substitutions, and a rigid/planar
structure with a f—fused ring (S C) connection to benzodithiophene—thiophene (BDT-Th) core are
reported in chapter five. While the steady state spectroscopic measurements revealed similar
absorption and emission spectra for the a—tetramer and the parent PDI monomer, their
fluorescence quantum vyields were significantly different. The negligible fluorescence yield of
a—tetramer (0.04%) was associated with a competitive nonradiative decay pathway. This twisted
compound in a high polar environment, showed a fast and efficient iSEF with a triplet quantum
yield of 124% as calculated from the nanosecond triplet energy sensitization experiments coupled
with relative actinometry measurements. For the other twisted tetramer, g, the strong n—=n
co—facial interactions between the adjacent PDI units in its structure, led to excimer formation.
These excimer states trap the singlet excitons preventing the formation of the ![TT] state, thus
inhibiting iSEF. We proposed that the formation of the double triplet ([TT]) state is through a
superposition of singlet states known as [S1So]rriCT which has been suggested previously for
pentacene derivatives. This study demonstrated that in addition to the conformational flexibility
of the linker, the position of attachment of the core to the PDI units as well as the surrounding

medium play a role in driving iSEF or excimer formation in these dendritic molecules.
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In chapter six, a new optical method to new optical method to determine the rate of reverse
intersystem crossing (knsc) in thermally activated delayed fluorescent (TADF) organic
chromophores using time-resolved transient absorption spectroscopy is reported. Here, the
photophysical mechanisms in a series of TADF-chromophores based on carbazole or acridine
derivatives as donor moieties, and triazine or benzonitrile derivatives as the acceptor moieties are
investigated. A relationship between large knsc values and high external quantum efficiencies
(neqe) values at low operating voltages for the investigated TADF-chromophores was found. In
addition, the chromophores with a larger Krisc illustrated a smaller neqe roll-off (higher stability)
at high operating voltages.

In chapter seven, the photophysical properties of organic light emitting transistors
(OLETS) are investigated. Here, two different acceptor (A) monomers:
thienopyridothienoquinoline with incorporated thiophene (TPTQ) and
thienopyridothienoquinoline with a furan molecule incorporated (TPTQF), each acceptor coupled
to a carbazole donor (D) monomer moiety, were synthesized and studied. It was found that
thiophene-acceptor based foldamers show a diradical character with reduced dipole moments
which lowers the charge separation in the resonance structures, reducing the charge transfer and
the external quantum efficiency of the TPTQ_C molecule (0.005%). For this molecule, the
obtained spin-spin distance, r = 5.8A. However, no observed diradical character in the furan-
based foldamers which exhibits superior device performance with 3.5%. Our results will be a step
towards producing materials that can be used for high-performance devices.

Overall, this dissertation has used time-resolved and nonlinear optical spectroscopy to
probe the photophysical properties of materials for optoelectronic applications. It has highlighted
the important processes that affect charge and energy transfer mechanisms for efficient
optoelectronic devices. These processes include singlet exciton fission (SEF), thermally activated
delayed fluorescence (TADF), and diradical formation. Four main conclusions can be drawn from
these studies: 1) In addition to donor conjugation and acceptor strength, the bulkiness of the entire
polymer which induces strong steric hindrance should also be considered when designing materials
for optoelectronic applications. 2) Not only is conformational flexibility of the linker important,
but also the position of attachment of the core to the PDI units and the surrounding medium play
a role in driving iISEF or excimer formation in these dendritic molecules. 3) For carbazole-based

TADF-chromophores, a large rate of reverse intersystem crossing (krnsc) values leads to high
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external quantum efficiencies (neqe) values at low operating voltages while illustrating a smaller
neqe roll—off (higher stability) at high operating voltages. 4) The heavy atom (sulfur) effect in
thiophene-based quinolone-based polymers increases the molecular aromaticity leading to a
helical—like structure of the semi—ladder polymers. This helical—like structure then reduces the
distance between unpaired electrons leading to the formation of diradicaloids whose singlet state
lifetime is 25us. These diradicaloids are thermodynamically unstable leading to the shorter singlet
lifetime which is not enough for efficient charge transport and thus leads to a lower external
quantum efficiency.

On the other hand, the light atom oxygen in the furan-based polymers reduces the
aromaticity of the polymers enhancing the molecular planarity. This increased planarity enhances
the formation of long—lived zwitterions with a lifetime of 61us. The long singlet lifetime increases
lead to sufficient charge separation and transport and hence a high external quantum efficiency.
We propose that increasing the planarity of the thiophene—based compound will break the helical
structure and enhance the ladder—type structure. This increases the separation between the
unpaired electrons favoring the formation of long—lived singlet biradicals. The long—Ilived
biradicals give the charges enough time for transport and lead to a high external quantum
efficiency.

These conclusions can be very useful in designing next—gen and highly efficient
optoelectronic devices. For instance, the organic photovoltaic (OPV) state—of—the—art
performance stands at 18% and these devices have not been deployed for market use owing to their
low power conversion efficiency that does not meet the market requirements of 20—25%. With
the conclusions made from the above studies, it is possible to increase the OPV efficiency from
18% to a market—fit efficiency of above 20%. This can be done by designing compounds with 1)
ensure extended donor conjugation, 2) ensure strong withdrawing capabilities of the acceptor, 3)
ensure that the entire polymer is less bulky to reduce steric hindrance which also affects charge
transfer, 4) for molecules with linear acceptors, ensure that the backbone of the acceptor is not
only conjugated but also that the = —conjugated core is flexible in order to reduce the coupling
between the acceptor units which activates intramolecular singlet exciton fission (iSEF), 5) for
molecular systems with dendritic acceptors, ensure that the T —conjugated core of these molecules

are not flexible but also connected at the a position of the individual units which lowers the
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coupling between the individual acceptor units and between the multiexcitonic states which
enhances intramolecular singlet exciton fission (iSEF).

To increase the external quantum efficiency of organic light emitting transistors from the
8% that was observed in 2012, designing ladder materials that form biradicals instead of diradicals
will be useful in enhancing charge transport and could be the deal-breaker in increasing the
external quantum efficiency of OLETSs. Here, it is also important to factor in solvent effects on the
molecular confirmers since polar solvents are known to enhance helical conformations which will
ultimately will reduce the distance between the unpaired electrons leading to the formation of

diradicals and not biradicals, which is not good for OLETSs.

368



